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Foreword

Cotton Research is edited by Dr. Ibrokhim Y. Abdurakhmonov, a young scientist who has 

gained an excellent international research reputation. He has received many awards for his 

innovative research in cotton breeding. The book describes the status of the current research 
in cotton from a worldwide perspective. The authors for the individual chapters are pri-
marily from outside the United States. Individual chapter authors are from Australia, Brazil, 

China, Ghana, India, Iran, Italy, Pakistan, Palestine, Tunisia, Turkey, the United States, and 
Uzbekistan. Collectively, they present a picture of cotton research around the world. Not all 
topics of interest to cotton scientists are included in the book chapters, but they do repre-

sent some current highlights of research that has been conducted in cotton. What the book 
does accomplish is to provide the reader with a current view of research scientists primarily 

working in major cotton-producing countries. This is an important perspective, as cotton is 
a world commodity and these international authors collectively describe the current status 

of cotton research in their countries as well as including relevant references from elsewhere. 
The book is not intended to be a comprehensive review of all cotton research but is com-

posed of selected topics across the broad areas of production and utilization of cotton. It 
will be useful to practicing researchers, academics, PhD students, and those who want to 

understand the breadth of the cotton research community on a worldwide basis. It empha-

sizes some of the latest technologies and potential research approaches in cotton. It serves a 
worthwhile objective, by providing selected views of research in major cotton laboratories 
around the world.

Johnie N. Jenkins
Research Leader

Genetics and Sustainable Agriculture Research Unit

ARS, USDA

Mississippi State, MS





Preface

Scientific research on Gossypium genus and its products is important because cotton is a
unique natural fiber producing cash crop. It brings significant worldwide economic impact
with a large clothing and household usage, followed by production of industrial items that
account for many thousands of bales. Besides its fiber, cotton is valued for its cotton seed
products (meal and hulls), which are used for livestock feed; people use cotton seed oil as an
ingredient in food products as well as a premium cooking oil and salad dressing. Further‐
more, the cotton stalks and leaves are used as an organic matter to enrich soil as well as to
obtain biogas and/or biofertilizers and firewood for primary energy in cooking process in
rural areas.

Cotton fiber has been utilized by humans for more than seven thousand years, and cotton
started to be grown for its fiber around three thousand years ago. Over this long historic
period, up to date, cotton investigations have been timely developed and advanced from
simple utilization of its fiber/products from naturally grown perennial shrubs to uninten‐
tional collection of seeds and plant selection, leading to domesticated, annually propagated
primitive genotypes. These historic advances, efforts, and demand for cotton products re‐
sulted in worldwide cultivation of cotton in 32–36 million-hectare area in over 80 countries
of the world, spreading cotton to virtually all tropical and northernmost agricultural lati‐
tudes as Uzbekistan.

Cotton research is progressively advanced over the past 100 years with the increased de‐
mand for cotton products, introduction and replacement of diploid cultivars with more pro‐
ductive allotetraploid varieties, development of germplasm resources, and understanding
and advances on technologies in breeding/genetics, agronomy and crop management, and
fiber and textile processing. This progress resulted in the development of novel cotton culti‐
vars with high yield, early maturity, and superior fiber quality. For the past 30 years, scien‐
tific advances on genetics, breeding, agronomy, molecular biology and genetic engineering,
and decoding of cotton genomes, as well as developments made in ginning, fiber process‐
ing, fiber dyeing, and textile technologies, have greatly accelerated cotton research. These
advances have helped to address key issues of cotton production and farming although neg‐
ative genetic correlations between the key fiber and agronomic traits, as well as a low genet‐
ic diversity among cultivars, continue to be a major limiting factor of cotton improvement.
There is an increasing need for more feed and food products and demand for better-quality
natural fiber production to make cotton completive over the man-made synthetic fibers.

Therefore, the objective of this Cotton Research book, written by the international team of cot‐
ton researchers, is to provide the latest updates on cotton research. This book is compiled
into 13 chapters including an introductory chapter that describe and discuss cotton research



structures; advances on cotton genetics, variety development, and molecular breeding; and
latest developments on cotton transformation, agronomy, physiology, and crop manage‐
ment technologies, covering key traits for sustainable cotton production. The chapters also
cover cotton fiber processing, textile, and other by-product research updates. I hope all
chapter materials of this book should be useful for university students, life science research‐
ers, and interested readers.

I am thankful for the InTech book department and its publication manager Ms. Romina �o‐
van for the opportunity to work on this book project and help with my editorial duties. All
authors of the book chapters are gratefully acknowledged for their valuable chapter contri‐
butions and cooperations.

Ibrokhim Y. Abdurakhmonov
Center of Genomics and Bioinformatics

Academy of Sciences of Uzbekistan
Tashkent, Uzbekistan
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Chapter 1

Introductory Chapter: Cotton Research Highlights

Ibrokhim Y. Abdurakhmonov

Additional information is available at the end of the chapter
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Provisional chapter

Introductory Chapter: Introduction to Cotton Research
Highlights

Ibrokhim Y. Abdurakhmonov

Additional information is available at the end of the chapter

1. Introduction

Cotton, derived from the Arabic word ‘quotn’ [1], belongs to Gossypium genus, which was also
derived from the Arabic word ‘goz’, meaning a soft substance [2]. Cotton is a unique natural
fiber producing most common fiber crop of the world, which provides humanity with cloth
and vegetable oil, medicinal compounds, meal and hull for livestock feed, energy sources,
organic matter to enrich soil, and industrial lubricants [3]. The genus Gossypium includes five
52-chromosome species  (2n=4x=52)  that  arose  some 1–2  million years  ago [4–6]  through
allotetraploidization between the extinct representatives of A and D cotton genomes. Current
representatives of putative ancestor-like A-genome species (2n=2x=26) are G. herbaceum (A1)
and G. arboretum (A2), referred as the Old World cottons, whereas a putative ancestor like ‘D-
genome’ species is G. raimondii (D5) Ulbrich (2n=2x=26), referred as the New World cottons.
There are five allotetraploids and 45 extant diploid cotton species that are classified into eight
genomic groups (A to G, and K) [4]. The two allotetraploid cultivated species include the G.
hirsutum [AD]1 and G. barbadense [AD]2. The remaining three wild tetraploids, G. tomentosum
[AD]3, G. mustelinum [AD]4, and G. darwinii [AD]5, are endemic to the Hawaii, Brazil, and
Galapagos Islands, respectively.

Based on archeological evidence, humans utilized cotton fiber from at least more than four to
seven thousand years ago, and cotton started to be grown as a fiber crop around three thousand
years ago [1, 7]. Demands for natural fiber and cotton products had historically developed that
advanced cotton research for  the  past  century.  Progressive  scientific  advances  on cotton
biotechnology and decoding of cotton genomes have resulted in the development of novel
cotton cultivars with high yield, early maturity, improved resistance to pests, and superior
fiber quality;  however,  a negative correlation between fiber traits and yield components/
maturity as well as genetic “bottlenecks” in cultivar germplasm still hinders to overcome

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



conventionally longstanding problems of simultaneous yield and quality improvements in
cotton [3, Ş].

Cotton is grown on around 32–36 million-hectares area of tropical and northernmost agricul-
tural latitudes in over ŞŖ countries of the world [Ş, ş] to fulfill the current global needs of
humanity for the natural fiber. �or the past decade, however, global cotton production, demand,
and market significantly Ěuctuated that caused a pressure on farmers, consumers, and traders.
Area for cotton farming decreased by şƖ to 31.1 million hectares leading to a total annual
production of 21.74 million metric tons (��Ts) in 2Ŗ15/16 [1Ŗ]. The world average yield was
6şş kg per hectare in 2Ŗ15/16 and also decreased by şƖ compared to previous season although
the average yield is expected to increase to 735 kg/ha that would lead to increase a total world
production by ǅ5Ɩ to 22.7 million tons in 2Ŗ16/17 [1Ŗ]. �imilarly, world cotton consumption saw
its ‘ups’ and ‘downs’ from 2ŖŖ7 and has been on decline since 2Ŗ11 (ǅ23 ��T) [11]; it has been
23.7 million tons in 2Ŗ15/16 [12] with a similar expected consumption of 23.7 million tons in
2Ŗ16/17 [1Ŗ]. In other words, for the past two years world cotton production did not match world
consumption of cotton, making the deficit to be covered from cotton stocks [13].

The significant Ěuctuations in world cotton production and consumption and decreasing yields
require world cotton science to pursue new research directions and develop innovations to
substantially increase and stabilize cotton production worldwide [14, 15]. In that, innovations
on increasing yield with the improvements of fiber quality without aěecting the maturity and
other key agronomic traits are the key challenges faced by the cotton research community. In
parallel, due to global climate change, increased heat and drought stress and biosecurity issues,
it is demanded to improve drought, salt and heat tolerance traits as well as to increase the
resistance characteristics of cotton cultivars to better respond to existing and emerging bacterial,
fungal, and insect pest infestations [15, 16]. At the same time, increasing human population
highlights an urgent need for investigations on cottonseed feed and food product qualities as
well as cottonseed marketing, which moved cotton research and its increased financing in this
direction for the past decade period [17]. �oreover, a continuous lower price of synthetic fibers
compared to cotton prompts researchers to make cotton competitive with manmade fibers
through improvements in quality, while being friendly to the environment [3, 15, 16].

Ř. �oĴon r����rc� u�d�t�� �nd �d��nc��

Cotton research has witnessed many progressive developments over the past half a century to
address the above-mentioned challenges and limitations, and cotton researchers worldwide
have initiated and performed largely coordinated research pro�ects in every aspects of cotton
sciences. These eěorts have greatly accelerated cotton research worldwide and helped to
address the key issues of cotton production and farming [7, 14].

�ome of the best examples of these progressive developments of cotton research can be
the worldwide collection, maintenance, and inventory eěorts of 53,ŖŖŖ [1Ş] to 63,ş46 [14,
1ş] world cotton germplasm resources preserved in ma�or cotton-growing countries. Cot-
ton research community has extensively developed cotton genetic mapping population re-
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sources, and characterized large sets of DNA-based molecular markers such as simple
sequence repeats (���s) and other restriction site-derived polymorphisms [2Ŗ]. �esearch-
ers have widely and successfully applied molecular marker technology [21] to create
densely covered genetic linkage maps of cotton genome(s) using various mapping popula-
tions. �cientists also succeeded to characterize cotton germplasm resources using both tra-
ditional quantitative trait loci (�T�) and modern linkage disequilibrium (�D)-based
association mapping strategies [2Ŗ–23]. �urthermore, cotton researchers have successfully
developed a �NP marker system, and with the emergence and application of high-
throughput next generation sequencing (NG�) technologies, a large number of �NPs were
developed and made available for cotton research and breeding [24–27]. These advances
provided an opportunity of shifting molecular marker applications from restriction en-
zyme or ���-based characterizations toward �NP-based analyses and high-throughput
genotyping by sequencing (GB�)-based mapping methods [14, 24].

As a result of advances on molecular markers and genetic mapping of important cotton traits,
cotton breeding research has enriched with molecular breeding techniques and “breeding by
design” approaches such as modern marker assisted-selection and genomic selection. This has
not only accelerated the development of superior cotton cultivars with reduced cost and time,
but it also helped in widening the “conventionally-narrow” genetic base of novel cultivars via
introducing ‘yet-unexploited’ genetic diversities from cotton germplasm resources [Ş, 14, 2Ŗ–
23, 2Ş]. �urther, molecular marker technology has helped to establish and genetically diěer-
entiate 13 homeologous chromosome pairs accelerating cotton cytogenetics and genetics
studies [2ş]. Detailed cytogenetic studies and the characterization of aneuploidy and translo-
cation lines identified almost all 26 chromosomes of allotetraploid cottons and provided an
innovative way of replacing the G. hirsutum (referred to as Upland cotton [Ş]) chromosome
pairs with corresponding chromosome pairs of other cultivated and wild allotetraploids
such as G. barbadenseǰ G. mustelinum, and G. tomentosum. This eěort created unique sets of
chromosome substitution backcross (C�-B) cotton germplasm resources of Upland cottons that
are widely used as a novel direction in cotton improvement, supplementing and enhancing
conventional cotton breeding programs worldwide [3Ŗ, 31].

Development of cotton genetic engineering (G�) and somatic embryogenesis research have
further revolutionized cotton science and production for the past 3Ŗ-year period, resulting in
the development and commercialization of “biotech” cotton varieties of insect-pest and
herbicide tolerance traits [7]. G� research with transgenic, cisgenic, and intergenic approaches
and its integration with traditional and modern breeding methods such as backcross, gene
staking, and forward breeding [32] have helped and carry a great promise to boost the yield and
quality of cotton, which undoubtedly opened a new era for cotton production worldwide [3, 7].

�ost revolutionizing eěorts and achievements of cotton research for the past 1Ŗ years, however,
were the successful completion and assembly of whole genomes of the two diploids (D5 and
A2 genomes) [33–35] and two widely cultivated Upland (G. hirsutumǼ [36, 37] and �ea Island
allotetraploid cotton genomes (G. barbadense) [3Ş]. These achievements have greatly accelerated
current cotton research programs and undoubtedly will foster the exploitation of genetic
signatures behind the key cotton traits, helping to overcome the above-mentioned negative
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correlation and narrow diversity obstacles through a ‘skilled’ utilization and introduction of
the complex eěect genetic signatures. �or example, due to understanding cotton genomes and
genetic signatures, cotton researchers have discovered the key genes conditioning ma�or fiber
quality traits of cotton, where the improvement of key characteristics of fiber quality is the most
priority task of cotton biotechnology worldwide [15, 2Ŗ]. As an example, these findings include
but not limited to the characterization and biotechnological utilization of (1) Gh���Ř� and
Gh���Ř� genes and its trans-acting regulatory mi�Ş2Ş and mi�Ş5Ş signatures in trichome
and fiber development [3ş]; (2) cotton phytochrome gene family and its �NA interference
(�NAi) in simultaneous improvement of ma�or fiber characteristics and several important
agronomic traits of Upland cotton [4Ŗ]; and (3) phytosulfokine-΅ (P�K-΅) signaling genes,
aěecting cotton fiber development through the regulation of the respiratory electron-transport
chain and reactive oxygen species [41]. These advances, with many other seminal discoveries
[7] that could not be covered in this short introduction chapter, provided novel biotechnological
strategies to improve complex cotton fiber quality traits and paved the ways and opportunities
to compete with man-made fibers.

The characterization of small �NA and micro�NA world of cotton, including long noncoding
natural antisense transcript (lncNAT) and long noncoding �NA (lnc�NA) loci in Gossypium
spp [15] and their functional associations with the genetic and epigenetic regulation of many
complex traits of cotton were the other seminal achievements of cotton research in the past
decade. “All of these natural mi�NAs, lnc�NA, and lncNAT are the key candidate loci to
elucidate many challenging functional questions in cotton that will serve as a base for designing
novel �NAi approaches and studies in the near future” [15]. These innovative developments
in cotton research have provided “golden” opportunities for improving fiber quality param-
eters, oil and seed quality traits, cotton fertility and embryogenesis, pests, viral, bacterial, and
fungal disease, and abiotic stresses through application of novel transgenomics (e.g., antisense
and �NAi) [ş, 15, 42] and genome editing tools (e.g., C�I�P�/Cas) for cotton [43].

Cotton research advances for the past decade period include also the development of cotton
bioinformatics research and resources to analyze and utilize a large volume of “gossypomics”
data [44, 45] in the plant genomics and postgenomics era. This opened a new paradigm for the
development of fine-tuned innovations for cotton breeding and farming with the integration
of knowledge gained from “omics” sciences, system biology, and chemical genomics as well
as from the translation of the concept of “personalized agriculture” [2Ş], which should increase
cotton production worldwide [14].

�imilarly, progressive advances were made to understand cotton crop physiology in a complex
view from seed germination to maturation stages under diěerent temperatures, water, light,
and nutrient applications, as well as in the event of global climate change scenarios [46, 47],
which aěects cotton yield and quality [16]. Cotton farming and management practices, the
utilization of new generation of chemical and biological fertilizers and their assessment tools,
including modern conservation tillage, winter cover cropping, site-specific nutrient applica-
tions [4Ş], and remote sensing technologies [4ş], as well as integrated pest and disease
management programs [5Ŗ] have greatly accelerated and improved cotton production
worldwide.

Cotton Research6



Cotton research community has also witnessed the advancements of cotton harvesting mecha-
nizations and machinery [51], modifications in cotton ginning equipment and approaches [52],
improvements in cotton fiber quality testing methodology and instrumentation such as high
volume instrumentations (H�Is) and advanced fiber information system (A�I�) and cotton
classification. All these along with developments in cotton combing, spinning, fabric manufac-
turing as well as fiber and yarn finishing technologies [53] have not only helped to grow the
cotton industry, and increase the satisfaction and demand of consumers for natural fiber but also
equipped cotton genetics/breeding programs with in-depth-trait-analysis tools to breed
superior quality varieties of cotton and consumers demand.

At the same time, the above-highlighted past-decade scientific and technological advances;
current challenges and demand of cotton production, market Ěuctuations; global climate
change and increased biosecurity issues due to adapted and emerging pests and diseases; and
global food security policies, as mentioned above, emphasize an urgent need to determine future
new research directions, priority tasks and updated approaches and view for cotton research,
which recently is well highlighted by world cotton research community under the leadership
of International Cotton Advisory Committee (ICAC) [54]. This document highlights many new
cotton research directions and grand tasks ahead requiring global collaborations, preparation
of new generation of cotton scientists, large investments, and funding. In this context, to timely
update, enhance, coordinate, and initiate largely integrated collaborative research and
educational programs, discussions, and conferences on global cotton science, cotton researchers
have recently established a new international organization, International Cotton �esearchers
Association (IC�A) [55], that together with ICAC and its member governments, International
Cotton Genome Initiative (ICGI), universities and research institutions, is trusted to be a key
player for the development and address new directions of cotton research in future.

ř. 
i���i��t� o� c���t�r�

The book aimed to collect the latest research results of to cover some of the past decade
achievements and updates on cotton research. Topics are generally divided in five sections
including (1) cotton research structure and institutions, cotton agronomy, physiology and crop
management, (2) cotton genetics, breeding and biotechnology, and (3) cotton-based products
and textile research.

In particular, among many other proposed chapters from Iran and Uzbekistan, the first section
incorporated a chapter from �enugopalan and his colleagues of the Central Institute for Cotton
�esearch, India on cotton research structure and institutions in India, the largest cotton
growing country in the world with about 12 million-hectares production area in 2Ŗ16/17 [1Ŗ].
�enugopalan and his colleagues successfully traced historical evolution of cotton research of
the country with current research directions, developments, achievements, and “institutional
mechanism responsible for varietal release, seed production and transfer of technology”. The
chapter has also discussed future challenges and solutions of the cotton sector in the country
and beyond.
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In the cotton agronomy, physiology and crop management topic, �ali �hang and his colleagues
from the �hihezi University of China and Australian National University of Australia reviewed
the mechanisms of cotton photoprotection during the leaf movement and drought conditions
in nonfoliar organs, its impact on photosynthetic capacity and enzymes inĚuencing the cotton
yield. A multi-institutional �oint chapter authored by Ademar Pereira �erra and his colleagues
from Brazil and Tunisia presented a methodology chapter on the use of compositional nutrient
diagnosis (CND) to better and eĜciently assess the status, dynamics, interactions, and demand
of nutrients in cotton that have advantages over the traditional methods of fertilizer manage-
ment. Cotton research advances in farming and cultivation of cotton are well discussed by
�ianlong Dai and Hezhong Dong from �handong Academy of Agricultural �cience, China. In
a Chinese example, authors reviewed “the achievements, challenges, countermeasures and
prospects for intensive cotton cultivation” highlighting a need to apply the light and simplified
farming and cultural system for future sustainable cotton production in China. �urther, Price
and his colleagues from U�DA-A��, U�A have presented a research study on the use of winter
cover crops in a corn and cotton plantings. �esults have shown an importance of early cover
plant planting and its late termination that leaded to increased biomass accumulation, helping
to suppress early-season weeds in cotton and corn plantations. �esearchers have suggested
optimal schemes for winter cover crops using crimson clover or rye crops.

The cotton genetics, breeding and biotechnology section has included four chapters. The first
chapter of �uksel Bolek and his collegues from Kahramanmaras �utcu Imam University and
Agriculture University �aisalabad of Pakistan has been devoted to review the achievements
and perspectives of molecular breeding of cotton. The chapter has described the development
and types of DNA markers, genetic mapping approaches and mapping population resources,
breeding challenges for polygenic traits and schemes for molecular breeding, including
marker-assisted backcrossing, pedigree selection, gene pyramiding, and marker-assisted
recurrent selection as well as database resources in cotton. Authors also reviewed the eěorts
on some advanced approaches and technologies such as NG�, GB�, association mapping, and
‘targeting induced local lesions in genomes (TI��ING)’. The review demonstrated significant
advances made on molecular breeding and genomics of cotton for the past decade and
highlighted future perspectives. �ulti-institutional collaborative chapter of �arina �anamyan
and her colleagues from Uzbekistan and the U�A has described advances made on the
molecular and cytogenetic characterization of “yet-unexplored” cotton cytogenetic collection
of Uzbekistan. Using microsatellite markers and a well-defined tester set of translocation lines,
authors succeeded to detect the chromosome identity of “unknown” monosomic lines from
the collection, which will be useful for cotton genetics and improvement programs. In a
continuation of highlighting the cotton genetics and breeding advances of cotton research
community, �eloame Nyaku and his colleagues from research institutes of Ghana and the U�A
reviewed the achievements of world laboratories on the identification of tolerance and
resistance mechanisms, and evaluation, introgression and functional analysis of reniform
nematode resistance genes in cotton. It is noteworthy to mention that reniform nematode is
one of the most devastating diseases causing approximately Ǟ13Ŗ million loss every year in the
U.�. cotton belt [56]. Authors provided a positive conclusion on great perspectives of current
omics-derived results to solve reniform resistance problems in cotton.
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A book chapter on cotton biotechnology has incorporated the chapter by Abdul �ayyum �ao
and his colleagues from the University of the Pun�ab and the University of Central Pun�ab,
which reviewed the advances made on plant transformation techniques, and its application
and suitability for tissue culture of cotton. Authors have described plant regeneration, embryo
formation, and genetic vector constructions used in cotton transformation, largely concentrat-
ing on all ma�or transformation techniques and methods used in plant transformation, their
advantages and disadvantages, and suitability for cotton transformation.

The last section of the book consists of three chapters on cotton-based products and textile
research eěorts. �ulti-institutional group of H.-B. �ue and his colleagues presented their
research results on the utilization of glandless cotton seed Ěour to produce environmen-
tally nonhazardous bioplastic films. Authors have investigated optimum synthesis condi-
tions and various chemical modifications with the analysis and characterization of
structure, stability, and biodegradability of obtained bioplastics in diěerent thermal and
water treatment conditions. This chapter concluded the usefulness of these cottonseed-de-
rived bioplastics, and among other important points in this direction, highlighted that the
cotton seed-derived bioplastics can be significantly improved through the genetic modifi-
cations of amino acid compositions of specific cotton seed proteins. The two other chap-
ters are related to modern approaches for textile finishing of cotton fibers. In particular,
�ranco �erro and his colleagues from Italy have presented a chapter on U�-assisted diěer-
ential cotton fiber dyeing using direct and reactive dyes that yields various chromatic ef-
fects. This chapter highlighted U�-aided surface modifications of cotton fabrics to
improve oil and water repellency, and the use of U� grafting based chitosan finishing to
obtain washing resistant antimicrobial cotton fabrics. �imilarly, Issa �. �l Nahal and his
colleagues from Al-Azhar and Islamic Universities of Gaza, Palestine, investigated diěer-
ent methods of synthesis of metal oxide nanoparticles and their deposition onto cotton
fibers that resulted in enhancement of antimicrobial activity of cotton fabrics. Authors’
contributions exemplified the advances made on application of modern nanotechnologies
for cotton textile research.

Ś. �onc�u�ion�

The cotton research has significantly progressed in the last 3Ŗ years that resulted in many
seminal and historic discoveries in many aspects of cotton science. Cotton research community
decoded whole genome of important cotton species, and thus opened a new era for more
“targeted” research than ever. Highlighting some updates, all 12 chapters compiled in this
book cover a wide range of cotton research topics and describe the latest developments in
cotton science and research from both developed and developing country perspectives. The
editor of this book is sure that the chapter materials will enrich data, results, and opinions on
the progress of worldwide cotton research that should be useful for readers interested with
this unique and the most important fiber crop of our planet.
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���tr�ct

The chapter traces the landmark events in the contemporary history of cotton in India.
The achievements in research and development that transformed India from a chronic
importer of cotton to the largest producer and a net exporter of cotton are highlighted.
The  structure  of  cotton  research  undertaken  by  the  institutes  under  the  National
Agricultural  �esearch  and  �ducation  �ystem  (NA���)  are  also  elaborated.  The
institutional mechanism responsible for varietal release, seed production and transfer
of technology are brieĚy described. The immediate challenges facing the cotton sector
and approaches to tackle them are also discussed.


�¢ ord�Ǳ ICA�-CIC�, ICA�-CI�COT, AIC�P on Cotton, cotton research, transfer of
technology

1. Introduction

India is the country with primarily an agrarian economy. Despite massive industrialization
and rapid growth of tertiary sector following the economic liberations in 1şşŖs, agriculture
sector still contributes about 14Ɩ to the national gross domestic product (GDP). Agriculture
supports the livelihood of about 5ŖƖ of its population. In the post-independence era, huge
investments were made in agricultural research for the expansion of irrigation and soil water
conservation and to increase the adoption of new agricultural technologies.

The Indian Council of Agricultural �esearch (ICA�) is the apex agriculture research organi-
zation under the Department of Agricultural �esearch and �ducation (DA��), �inistry of
Agriculture, Government of India. It coordinates, guides, and manages research, education
and extension services in the agriculture sector comprising field crops, horticultural crops,
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agro-forestry, animal sciences and fisheries. These functions are discharged through the
NA��� comprising ş6 ICA� research institutes, 77 ‘All India Coordinated �esearch Pro�ects/
Networks’, 4 deemed to be Universities [Indian Agricultural �esearch Institute (IA�I), Indian
�eterinary �esearch Institute (I��I), National Dairy �esearch Institute (ND�I) and Central
Institute of �isheries �ducation (CI��)], 62 �tate Agricultural/�eterinary/Horticulture/�ishery
Universities and 641 Krishi �igyan Kendra [1]. The ICA� played a key role in ushering the
green revolution and subsequent sector-wise development that transformed in India from a
chronic importer to an era of self-suĜciency in food grains and allied agricultural products.
The technologies developed through the NA��� system helped farmers to increase the
production of food grains from 5Ŗ million metric tonnes (��Ts) in 1ş5Ŗ to 264 ��Ts in 2Ŗ13.
During the same period, there was a 6-fold increase in horticultural crops, 12-fold increase in
fish production, Ş-fold increase in milk production, 27-fold increase in egg production [1] and
an 11-fold increase in cotton production from Ŗ.5Ş ��T in 1ş5Ŗ/1ş51 to 6.7 ��T in 2Ŗ13/2Ŗ14.

Ř. �o�� o� coĴon in t�� Indi�n �cono�¢

The textile and clothing industry has a long history in India. Today, this sector contributes 6Ɩ
of the GDP and 14Ɩ of India’s exports [2]. Around 65Ɩ of textile production and over 75Ɩ of
textile exports are based on cotton. During 2Ŗ14/2Ŗ15, India produced 6.5 ��T of cotton fibres
from 11.ş6 million hectares (m ha) area. The cotton cultivation sector engages around 1Ŗ million
farmers and involves another about 3Ŗ million people operations related to cotton cultivation,
cotton trade and its processing such as ginning, spinning, weaving and garmenting. Out of the
total cotton consumed, ş4Ɩ is spun into yarn and the rest used in the production of surgical
cotton and other applications [3].

Cotton is a multi-component crop, and apart from lint, it provides valuable by-products such
as cotton seed, linter, oil, meal and biomass (cotton stalk). Considering the importance of cotton
to India’s economy, the ICA� supports research on cotton production through the ICA�ȯ
Central Institute for Cotton �esearch (CIC�) and All India Coordinated �esearch Pro�ect on
Cotton (AIC�P on Cotton). �esearch on post-harvest technology and value addition is led by
ICA�ȯCentral Institute for �esearch on Cotton Technology (CI�COT).

ř. I��u�� �nd c�����n��� in coĴon �roduction r����rc�

During the post-independence period, the cotton sector faced several challenges at diěerent
periods and the cotton �ǭD continuously changed its priorities to address these challenges.
The first task of independent India was to ensure suĜcient cotton to its domestic mills. During
partition, 21Ɩ of the prime cotton area that provided 4ŖƖ of the total production became a
part of Pakistan, but 4Ŗş out of the 423 cotton mills remained in the Indian Union. This caused
a huge shortage of domestic cotton. To tide over this crisis and reduce imports, the ‘G�OW
�O�� COTTON’ programme was implemented between 1ş51/1ş52 and 1ş6Ŗ/1ş61. �pecial
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schemes were initiated to increase in area under cotton, increase in area under irrigation,
supply improved seeds and fertilizers at subsidized rates and raise the basic ruling price [4].
The net result was an increase in area from 4.3 m ha in 1ş47/1ş4Ş to 7.61 m ha in 1ş6Ŗ/1ş61.

During 1ş5Ŗs, India was producing more of short staple cotton and a huge quantity of long
and extra-long staple was imported. �ocus of research hence shifted to replace indigenous
Gossypium arboreum and Gossypium herbaceum cotton by Indian Gossypium hirsutum varieties.
The resulting ‘�adras Combodia’ series and ‘�axmi’ in south India, inter-specific Indo-
American varieties ‘Devira�’ and ‘Devite�’ in Gu�arat and �aharashtra and the Pun�ab-
American cottons ‘P 216�’ and ‘32Ŗ�’ brought about substantial quality improvement [5].
Agronomic field trials to optimize yields from these varieties were initiated. Because of these
eěorts, the area under G. hirsutum cotton increased from 3Ɩ in 1ş47/1ş4Ş to 2şƖ in 1ş6Ŗ/1ş61
and 5ŖƖ in 1ş7Ŗ/1ş71 [6]. Basu [7] has reviewed the cotton genetics and breeding work carried
out during the 1ş7Ŗs and 1şŞŖs. To further increase the productivity of cotton and widen the
quality spectrum, hybrids �i£. ‘Hybrid 4’ (intra- hirsutum) and ‘DCH 32’ (hirsutum Ƽ barbaȬ
dense) were released. These became popular and heralded in the hybrid cotton era in India.
�xtra-long staple ‘�uvin’ was introduced in the 1ş7Ŗs.

A large-scale replacement of indigenous cotton with G. hirsutum varieties and increase in the
application rates of fertilizers changed the pest complex. WhiteĚy (�emisia tabaci) and Amer-
ican bollworm (
elico�erpa armi�era) replaced the conventional insect pest-spotted bollworm
(�rias �itella), spiny bollworm (�rias insulana) and pink bollworm (�ectinophora �ossypiella) and
emerged as ma�or pests of cotton [Ş]. Insecticides were introduced in the 1ş6Ŗs. The availability
of carbamates and organophosphates shifted research focus on chemical-based pest control in
cotton. Pyrethroids were introduced in 1şŞ5. �limination of natural enemies and subsequent
outbreaks of whiteĚy and bollworms promoted research and development of integrated pest
management (IP�) systems [ş] in the 1şşŖs. The phase between 1şş2 and 2ŖŖ2 saw the
emergence of private sector as a ma�or contributor to seed and pesticide research. To modernize
the entire cotton scenario, the government initiated the ‘Technology �ission on Cotton’ in 2ŖŖŖ.
�epeated crop failure and rising pesticide resistance to bollworms led to the promotion of
insecticide resistance management (I��) strategies and subsequently the introduction of
�acillus thurin�iensis toxin containing (Bt) cotton in 2ŖŖ2.

ř.1. �urr�nt c�����n��� ��cin� coĴon in t�� �o�tȬ�t �r�

A critical note on the contemporary challenges being confronted by the cotton farmer is
available in [1Ŗ]. Here, we highlight some key challengesǱ

��c�inin� t�� tot�� ��ctor �roducti�it¢ �nd �oi� ����t� �nd ��rti�it¢. A widespread adoption
of Bt hybrids converted traditional multi-cropping systems (i.e. inter cropping, crop rotations,
mixed cropping, etc.) to mono-cropping systems. An imbalanced application of fertilizers in
favour of N and progressive depletion of macro and micro-nutrients has deteriorated soil heath
and fertility. �rom 2ŖŖ2 to 2Ŗ12, the fertilizer use for cotton cultivation increased about Ş.1Ɩ
per annum [11], but the partial factor productivity (expressed as kg of lint/kg of fertilizer
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applied) for fertilizers declined. �esearch is, therefore, necessary to rationalize fertilizer use
through soil enriching cropping systems.

���ur��nc� o� ���� �o���r� �nd  �it�Ě¢ǰ �nd ���r��nc� o� �inor ���t�. �inor pests, such
as thrips, mirid bugs, mealy bugs, stem weevil, etc., have emerged as serious pests. Bt-cotton
seeds are treated with imidacloprid to protect the crop from sucking pests. �epeated over the
top application of the same molecule made �assids resistant to this chemical. The resurgence
of whiteĚy caused huge economic loss to farmers in the North India. Alternate pest manage-
ment strategies are needed.

�in� �o�� or� r��i�t�nc� to �t to¡in. Transgenic Bt-cotton conferring resistance to bollworms
was introduced to provide protection against bollworms. Poor stewardship, such as extending
the crop duration from 1ŞŖ days to 22Ŗ or even 25Ŗ days by providing additional irrigation
and fertilizers, non-compliance of refugia put Indian cotton at the doorstep of an era of
resistance to Bt toxins. The damage in Bollgard IIț (BG II) and Bt-hybrid in parts of Gu�arat
and Andhra Pradesh by pink bollworms is compelling researchers to reformulate the pest
management strategies.

Incr���in� t�� �roduction co�t �nd d�c�inin� t�� �roęt��i�it¢. During the last decade, there
has been a tremendous increase in the input usage particularly fertilizers. There has been a
reduction in partial factor productivity of fertilizers (kg yield/kg of fertilizer) and increase in
the cost of production [11].

��c� o� �¢nc�ron¢ ��t ��n in�ut r��uir���nt �¢ cro� �nd in�ut ���i���i�it¢Ȧ�u���¢ in
r�in��d coĴon. About 6ŖƖ of the cotton is cultivated under rainfed conditions, mostly in the
Central and �outh India. �owing commences with the onset of the monsoon in �une and the
monsoon recedes by mid �eptember. The present-day hybrids are of long duration with a long
fruiting window beginning from the end of �eptember during the post-monsoon phase. The
peak water requirement during early boll development phase coincides with the receding soil
moisture phase. This induces moisture stress and reduces yield. �imilarly, the peak nutrient
requirement is when the crop is şŖ–12Ŗ days old. �ack of nutrient in soil (due to lopsided
application schedule) or inadequate soil moisture to solubilize nutrients causes nutrient
deficiency adversely aěecting yield. �arly maturing genotypes and revised nutrient schedul-
ing based on demand/supply synchrony is another challenge.

���our ��ort���ǰ d���¢� in �o in� �nd cro��in� o��r�tion� t��t ���d to r�ducin� ¢i��d�.
The entire cotton produced in India is handpicked. Non-availability of low-cost machines
adoptable by small farmers is another ma�or challenge and will remain the focus of research.

Ś. �ri�� �i�tor¢ o� coĴon r����rc� �nd d����o���nt in Indi�

Indian sub-continent is recognized as the home of diploid cotton and the cotton-based clothing,
and textile industry Ěourished even during the pre-Christian era. India is globally recognized
as a traditional home of cotton and cotton textile. The domestication of diploid Asiatic cotton
(G. arboreum and G. herbaceum) for commercial cultivation to meet the clothing needs is
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considered to have begun from Harappan civilization [12]. Only G. arboreum and G. herbaceum
cotton were grown until the middle of eighteenth century.

The �ast India Company in 17şŖ first attempted to grow ‘Bourbon’ (G. hirsutum race punc-
tatum) in Bombay and �adras Provinces, but the eěorts were not successful. In 1Ş4Ŗ, tri-
als with G. hirsutum cotton was carried out in Gu�arat, the Deccan and Konkan regions
and the introduction of New Orleans (G. hirsutum race latifolium) proved partly successful
in Hubli (Karnataka). Attempts to introduce American, Peruvian, �gyptian and �ea Island
varieties of Gossypium barbadense cotton in 1şŖ5 in Coimbatore were also not successful
[13].

The first significant research achievement was the successful introduction of G. hirsutum
(Cambodian cotton) during 1şŖ4/1şŖ5 in the �adras �tate [14]. Agriculture Departments
in various provinces of India were established in 1şŖ4. �taě posted in the Department of
Agriculture in Bombay, Pun�ab, �adras, Central Provinces and Berar and United Provin-
ces initiated cotton improvement work through the selection of superior lines for yield
and fibre quality from the existing mixtures. The eěorts resulted in the development of
‘Co 1’, ‘Co 2’, ‘Cawnpore American No. ş’, ‘4 �’ in G. hirsutum, ‘� 262’, ‘� 434’, ‘N 14’, ‘C
52Ŗ’ in G. arboreum and ‘H 1’ in G. herbaceum suitable for various cotton growing tracts
[15].

The establishment of the Indian Central Cotton Committee (ICCC) in Bombay as a Technical
Advisory body to the Government in 1ş21 is considered as a ma�or landmark in the history of
cotton research in India. The Indian Cotton Cess Act was enacted in 1ş23 to levy a cess on
cotton consumed by the domestic textile mills or exported to generate funds to promote
systematic research on cotton. The ICCC became a statutory body with funds at its disposal
for promoting research in cotton. It established the Cotton Technological �esearch �aboratory
(CT��) [later rechristened as Central Institute for �esearch on Cotton Technology (CI�COT)]
at Bombay in 1ş24 with Dr. A. �. Turner as its founder Director [16]. It undertook two main
activitiesǱ (1) conducting spinning tests on various strains of cotton received from Agricultural
Departments situated in various locations of the country and (2) conducting tests on fibre
properties to relate fibre properties with the spinning value of cotton. �mphasis was also given
to the development and standardization of testing procedures for fibre evaluation and
spinning performance [16].

�rom 1ş24 to 1ş37, the ICCC funded the Department of Agriculture of the Provincial Govern-
ments for the improvement of cotton cultivation in the country. �ystematic research on cotton
breeding, varietal improvement, seed production, agronomy, entomology and physiology
were initiated. ICCC organized the first conference of cotton workers in Bombay in 1ş37 during
which a historic decision to intensively pursue cotton breeding and varietal improvement work
in G. hirsutum cotton for increasing the yield and fibre quality was adopted. This chartered the
future of cotton research in India, and it received further impetus after the partition and
independence of India in 1ş47.

The concerted, research and development eěorts under the aegis of ICCC helped inde-
pendent India to increase the cotton area to 7.Ş m ha and the production to 5.3 million
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bales (a bale is equal to 17Ŗ kg) by 1ş66/1ş67. The ICCC was abolished in 1ş66, and CT��
was placed under the administrative control of ICA�. The ICA� reorganized its research
set-up in ‘Crop �ciences’ and the ‘All India Coordinated Cotton Improvement pro�ect’
(AICCIP) [now rechristened as All India Coordinated �esearch Pro�ect on Cotton (AIC�P
on Cotton)] was launched in 1ş67 with its headquarters in Coimbatore (Tamil Nadu) with
a network of cotton research centres. This set-up, along with basic and strategic research
on cotton production conducted at the ICA�-Central Institute for Cotton �esearch (Nag-
pur) and that on fibre quality testing and post-harvest value chain at ICA�-CI�COT,
forms the present structure of cotton research.

The �inistry of Agriculture, Government of India set up the Directorate of Cotton Devel-
opment (DOCD) in Bombay in 1ş66 for implementing developmental schemes on cotton.
To cater to the marketing of cotton and to provide remunerative prices to farmers, the
�inistry of Textiles, Government of India, established the Cotton Corporation India, in
1ş7Ŗ with its headquarters in Bombay. The launching of Technology �ission on Cotton
(T�C) in 2ŖŖŖ to boost research and extension capabilities as well as modernize the mar-
keting and processing sectors was another landmark by the Government of India [12].

ś. �r���nt �tructur� o� coĴon r����rc� in Indi�

The ICA�-CIC� (Nagpur), ICA�-CI�COT (�umbai) along with the AIC�P on Cotton to-
gether conducts/coordinates the research work on cotton (�i�ur� 1). The CIC�, a premier
national institute under the ICA�, is the nodal agency for cotton production research.
With its headquarters in Nagpur and regional stations at �irsa (north India) and Coimba-
tore (south India), CIC� conducts basic and strategic research on all aspects of cotton pro-
duction. �rom 2ŖŖŖ, it is also coordinating the T�C (�ini �ission I) being carried out in
a networking mode with Agricultural Universities located in the cotton growing regions
and sister ICA� institutes. The AIC�P on Cotton with headquarters at Coimbatore has a
network of 22 cotton research centres located in 11 cotton-growing states. AIC�P on Cot-
ton conducts multi-location and multi-disciplinary research on applied aspects of cotton
including varietal development and evaluation/site-specific modifications of agro-technolo-
gies. �esearch on post-harvest processing of seed cotton and value addition of cotton is
carried out at the ICA�-CI�COT (�umbai). Its regional centres assist the AIC�P on Cot-
ton for fibre quality analysis of cultures and spinning test of varieties developed.

The Government of India approved the commercial cultivations of Bt transgenic cotton in 2ŖŖ2.
Currently, Bt hybrids are developed by private seed companies under license from �onsanto.
�or their release, one year of field trial in �tate Agricultural Universities is mandatory. These
hybrids are then released by event-based approval mechanism (�BA�) committee under
�eview Committee on Genetic �anipulation (�CG�)/Genetic �ngineering Approval
Committee (G�AC) based on criteria laid out by G�AC.
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�i�ur� 1. �tructure of cotton research in India.

Ŝ. �oĴon r����rc� in�titut��

Ŝ.1. I���Ȭ��ntr�� In�titut� �or �oĴon �����rc� ǻ�I��Ǽ

The ICA�-CIC� was established at Nagpur, �aharashtra (central India), in 1ş76. ICA�-CIC�
is ��nd�t�d to conduct basic and strategic research to improve yield and quality of cotton and
to create new genetic variability in cotton to facilitate location/cropping system-based adop-
tion. It also facilitates technology transfer to diěerent user agencies and extends consultancy
and linkage with national and international agencies.

Ŝ.ŗ.ŗ. �esearch pro�ectsȦpro�rammes under plan scheme

Details regarding the research programmes undertaken in the past have been made available
by International Cotton Advisory Committee (ICAC) [17], and hence it is not presented here.
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The programmes being undertaken during �II five year Plan (2Ŗ12/2Ŗ13 to 2Ŗ16/2Ŗ17) under
plan scheme are enlisted hereǱ

1. Genetic improvement and precision breeding of diěerent cotton varieties for specific agro-
eco sub-regions with an emphasis on improving the crop architecture, harvest index,
ginning outturn, fibre quality, resistant to biotic and abiotic stresses;

Ř. Documentation of genetic diversity of cotton germplasm through DNA barcoding and
utilization of molecular markers in breeding;

ř. Discovery of novel genes for resistance to insect pests, leaf-curl virus, water logging and
drought for transgenic development;

Ś. Development of sustainable precision input management systems through consolidation
of integrated weed, water and nutrient management strategies;

ś. Consolidating ecologically compatible and profitable sustainable crop health manage-
ment for conventional and transgenic cotton;

Ŝ. Priority setting and market intelligence to prioritize ‘demand driven research’ and
appropriate ‘technology placement’.

Ŝ.ŗ.Ř. �echnolo�y �ission on �oĴon ǻ���Ǽ

The �ini �ission-I (��-I) of T�C was aimed at strengthening strategic cotton research to
provide critical interventions to improve the production, productivity and quality of cotton.
ICA�-CIC� is the nodal agency for implementing these research programmes through a
network of partners under the NA��� selected based on human resource/infrastructure
present at diěerent centres. The programmes undertaken under T�C ��-I during �II five-
year plan period are summarized belowǱ

1. Development of indigenous multi-gene constructs and Bt transgenic varietiesǱ

Ř. Development of varieties resistant to cotton leaf curl disease (C�CuD), bacterial leaf blight
(B�B) and nematodes through marker-assisted breeding;

ř. Consolidation of repository of high-strength cotton genotypes. �valuation of genotypes
and standardization of agro-techniques for high-density planting and surgical cotton
production;

Ś. �imulation models/electronic gadgets to predict insect infestation, bollworm resistance to
Bt cotton, area, production and price of cotton;

ś. �oice call-based e-Kapas network and technology documentation for eěective dissemi-
nation;

Ŝ. Development of cotton picker for small scale cotton production systems.
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Ŝ.ŗ.ř. �tructure

ICA�-CIC� has its headquarters at Nagpur (�aharashtra) and regional stations at �irsa
(Haryana) and Coimbatore (Tamil Nadu). Presently, there are 65 scientists belonging to 16
disciplines. �i�ur� Ř describes the organizational structure of ICA�-CIC� with details of
scientists working in diěerent disciplines.

Ŝ.ŗ.Ś. �esearch achie�ements

ICA�- CIC� is globally acclaimed for its basic and strategic research outputs that led to the
development of several products, processes and technologies. A detailed account of the
research achievements is available in ICA�-CIC� �ision 2Ŗ3Ŗ and �ision 2Ŗ5Ŗ document and
in the Annual �eports uploaded in [1Ş]. A summary is presented here.

�i�ur� Ř. Organogram of ICA�-CIC�.
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The institute is the custodian of the world’s largest germplasm collection on cotton. At present,
the repository has 11,543 accessions including Ş413 accessions of G. hirsutum, 31Ŗ accessions
of G. barbadense, 1ş36 accessions of G. arboreum, 565 accessions of G. herbaceum and 4Ŗ inter-
specific derivatives in addition to 26 wild species, 253 accessions of perennials and land races.
The collection is being continuously enriched by procuring exotic accessions under the
ȇ�eciprocal �xchange of Germplasm Agreementȇ. �ěorts are underway to characterize them.
These serve as valuable resources of biodiversity and are being utilized for developing varieties
with economically important traits. All the land races of indigenous cotton are being collected
and conserved e¡ situ.

ICA�-CIC� has released 3Ŗ improved genotypes with high yield potential, excellent adapta-
bility and fibre characteristics (����� 1).

���� o� ���ci�� ���� o� �¢�rid�Ȧ��ri�ti��

Intra-hirsutum hybrids ‘�avitha’, ‘�uguna’, ‘�urya’, ‘Kirthi’, ‘Omshankar’, ‘C�HH 1şŞ’, ‘C�HH 23Ş’, ‘C�HH 243’

and ‘C�HG 1Ş62’

Interspecific hybrids

(G. hirsutum Ƽ G. barbadense)ȳ

‘HB 224’ and ‘�hruthi’

Intra-arboreum hybrid ‘CI�AA 2’

G. hirsutum varieties ‘�CU 5 �T’, ‘��A 5166’, ‘�upriya’, ‘Kanchana’, ‘An�ali’, ‘CNH36’, ‘Arogya’, ‘�urabhi’,

‘�umangala’, ‘CNH 12Ŗ �B’, ‘�ura�’, ‘CNHO 12’, ‘C�H-312ş’ and ‘CCH 2623’

G. arboreum varieties ‘CI�A 31Ŗ‘,‘CI�A 614‘ and ‘CNA 1ŖŖ3 (�o�a)‘

G. barbadense variety ‘�uvin‘

����� 1. �ist of hybrids and varieties released by ICA�-CIC� for commercial cultivation.

Notable among them are ‘��A 5166’, ‘��K 516’, ‘�urabhi’, ‘�ura�’, ‘CI�A 2’ and ‘�uvin’. ‘�uvin’
is the World’s best extra-long staple variety. ‘�ura�’ has excellent fibre quality and is now being
promoted for high-density planting system (HDP�). In addition, researchers have developed
4ş genetic stocks (G. hirsutumȯ33, G. arboreumȯ16) that have been registered for their unique,
novel and distinct characteristics. �or instance, a G. arboreum genetic stock with the highest
ever fibre strength of 2ş g/tex [International Calibration Cotton (ICC mode)] is available. These
are being used to develop genotypes with economically important traits and unique morpho-
logical markers.

Cytoplasmic genetic male sterile system comprising 137 Gossypium har�nessii, 15 Gossypium
aridum, 57 G. har�nessii–based restorers, and 2Ŗ genetic male sterile lines are being maintained
at ICA�-CIC�. Utilizing male sterility system, Ş2 genotypes have been converted under
cytoplasmic male sterility (C��) background and, 66 genotypes have been converted under
genetic male sterility (G��) background. To reduce the cost of hybrid seed production, a
thermosensitive genetic male sterile line, TG�� 1-1, was identified and characterized in G.
arboreum. This could be used for hybrid seed production during summer months. �ecombinant
inbred lines for ginning out turn, fibre quality traits (length, strength, micronaire) and disease
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(B�B) resistance have been developed. These are being used in marker-assisted breeding
programme for specific traits.

CIC� developed, patented and commercialized ‘farmer-usable’ immunodiagnostic kits for
genetically modified (G�) cotton and insecticide quality. The Bt kits are popular among
farmers and seed testing agencies in the country, and these helped to curb the spread of illegal
and spurious Bt-cotton seeds. The ��I�A and dip stick kits to test the quality and residue of
pyrethroids and organophosphates are also popular. The institute has developed ‘PC�-based
kits’ to detect various diseases including the dreaded cotton leaf curl virus.

The institute is globally recognized for its pioneering work on fundamental research on insect
resistance to insecticides and Bt toxins. It has developed stochastic models and insecticide
resistance management (I��) strategies. The institute provides leadership for national
dissemination of the I�� and integrated pest management (IP�) technologies for conven-
tional and Bt cotton. It has won national and international awards for its contribution in
development and dissemination of I�� strategies.

�ealy bugs (�henacoccus solenopsis) caused considerable economic damage to cotton during
2ŖŖ5 to 2ŖŖŞ, and ICA�-CIC� devised a minimum invention strategy to control this pest.
Biological formulations, ‘��A��-KI��’ and ‘��A��-�UIT’ have been developed and found
eěective for the control of mealy bug. Three novel lectins have been identified having potential
to control sap-sucking insect pests (aphids, leaf hoppers, whiteĚies).

The agronomists developed several production technologies. �ome promising ones include
technology for organic cotton production, poly-mulch techniques, multi-tier cropping systems,
innovative inter-cropping systems, conservation tillage system, in situ soil moisture conserva-
tion, water harvesting and recycling, stale seed-bed technique for weed management, foliar
nutrition in cotton, integrated nutrient management in cotton-based cropping system, enhance
nitrogen use eĜciency (NU�) using coated urea, dry seeding and transplanting technology,
etc. A cotton crop simulation model InfoCrop-cotton was developed and validated to simulate
cotton growth and yield. This is being put to use in land evaluation and climate change studies.

�or sustainable cotton production on marginal soils, the institute developed and demonstrated
a new concept of HDP� using non-Bt varieties that has potential to improve yields of rainfed
cotton, especially in the states of �aharashtra, �adhya Pradesh and Andhra Pradesh. �ore
than 1Ŗ,ŖŖŖ demonstrations on HDP� technology were conducted. �esults showed that HDP�
is a viable option to improve the productivity of cotton particularly under rainfed conditions
at reduced production costs.

The eěect of elevated CO2 at ambient and increased temperatures and diěerent soil moisture
regimes has been researched. Both dry matter production and seed cotton yields were higher
at elevated CO2 (6ŖŖ ppm) compared to ambient temperature. �levated levels of CO2 signifi-
cantly increased plant height, node number, sympodia number, leaf number, reduced shed-
ding of bud and bolls and delayed senescence of leaves. The increased biomass production
under elevated CO2 atmosphere also helps in sequestering more carbon.

ICA�-CIC� has recently established a ‘voice call’ weekly advisory system called ȇe-kapasȇ
network and connected more than Ŗ.2 million cotton farmers for technology dissemination and
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backstopping. Advisories and alert services are being issued to these cotton growers in eight
regional languages so as to enable them initiate proactive measures. The institute is also
engaged in first-line transfer of technology. These include front-line demonstration (��D), on-
campus/oě-campus demonstrations, seed village programme, farmer-scientist interaction and
training of farmers and extension personnel.

�i�ur� ř. Organizational structure of ICA�-CI�COT (�ourceǱ ICA�-CI�COT Annual �eport 2Ŗ14–2Ŗ15 available at
[1ş]).

Ŝ.Ř. I���Ȭ ��ntr�� In�titut� �or �����rc� on �oĴon ��c�no�o�¢ ǻ�I����Ǽǰ �u���i

The ICA�-CI�COT was established in 1ş24 for conducting research on all aspects of cotton
processing. It houses state-of-the-art research facilities and is notified as a referral laboratory
on cotton textile. Its �i�ion is to achieve global excellence in cotton technology. Its �i��ion is
to provide scientific and managerial interventions to post-harvest processing and value
addition to cotton and utilization of cotton by-products to maximize economic, environmental
and societal benefits. The ��nd�t�� of the ICA�-CI�COT are as followsǱ (1) technology
development for enhanced utilization of cotton and other natural fibres and their by-products;
(2) improve the quality of cotton and other textile products through participatory research in
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national programmes; (3) develop human resource and standard reference materials, under-
take technology commercialization, consultancy and testing and function as referral laboratory
for cotton and allied sectors.

Ŝ.Ř.ŗ. �ore areas o� current research pro�rammes

1. Pre-ginning and ginning;

Ř. �echanical processing, technical textiles and composites;

ř. Characterization of cotton and other natural fibres, yarn and textiles;

Ś. Chemical and bio-chemical processing and biomass and by-product utilization;

ś. �ntrepreneurship and human resource development along the cotton value chain.

Ŝ.Ř.Ř. �tructure

ICA�-CI�COT has four research divisions (�i�ur� ř). These are the mechanical processing
division (�PD), quality evaluation and improvement division (��ID), chemical and bio-
chemical processing division (CBPD) and transfer of technology division (TTD). It has five
regional units at �irsa (Haryana), �urat (Gu�arat), Dharward (Karnataka), Guntur (Andhra
Pradesh) and Coimbatore (Tamil Nadu). Additionally, the Ginning Training Centre (GTC)
situated at Nagpur (�aharashtra) regional unit also provides training to persons employed in
ginning-pressing industries.

Ŝ.Ř.ř. �esearch achie�ements

The institute is constantly engaged in developing new technologies and machineries for better
utilization of cotton and other natural fibres. It provides yeomen service to the cotton trade
and industry by providing the quality assessment support for fibre, yarn and fabrics. A glimpse
on important research achievements of CI�COT is as follows. This portion has been adapted
from CI�COT �ision 2Ŗ5Ŗ document.

�ince its inception, ICA�-CI�COT has been guiding cotton breeders of India by fixing norms
for fibre characteristics. It also evaluates fibre quality parameters of elite cultures sponsored
by breeders into AIC�P on Cotton and evaluates the spinning potential of pre-release varieties/
hybrids. It has also developed a miniature spinning system for assessing the spinning potential
of small quantity of cotton available with researchers and preparation of fibre sliver and yarn
samples. �esearch on rotor spinning has proved its utility in Indian spinning sector for the
production of quality cotton and blended yarns. Outputs from its research on yarn faults have
helped the textile industry to produce yarn with fewer defects at par with world standards.

ICA�-CI�COT has conducted pioneering research in revealing the basic structure of cotton
and other natural fibres. It has also developed a non-destructive infrared technique to deter-
mine the cellulose content in fibres. The institute supplies ‘calibration cotton’, a standard
reference material, to spinning mills, cotton-trading houses and various other organizations.
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It provides separate sets of standards for conventional fibre testing instruments and for high-
volume instrumentation.

The institute undertakes regular cotton ginning and skill training of technicians for ginning
industry. The Ginning Training Centre at Nagpur, �aharashtra, with state-of-the-art facility
for research and training, is first of its kind in Asia. Designing, development and commerci-
alization of inclined and horizontal pre-cleaners for removal of sticks, bur, etc. for installation
in ginning centres was another remarkable achievement. It has also developed an array of pre-
cleaning systems for processing machine picked cotton and lowering the trash to 5Ɩ in the
ginned lint. It was actively engaged in the T�C programme that led to the modernization of
over Ş5Ŗ ginneries. This helped in the reduction of trash and other contaminants in Indian
cotton.

The institute has developed a variable speed double roller gin where in the speed of both rollers
and beaters can be ad�usted without any additional demand of power. It has also developed
portable ginning machines (�illiput Gin, C�O� gin, Hipro Gin) for assisting cotton breeders,
seed producers, traders and farmers to gin small quantity of seed cotton for assessment of
ginning out turn (GOT) and quality of fibres.

The institute has developed a technology for dying of cotton and other cellulosic fabrics using
natural (lac) dyes. Its research on the use of natural dyes to achieve uniform shades through
machine dyeing has received global appreciation. ICA�-CI�COT has also developed a
technology for bio-scouring of cotton and blended fabrics that saves energy load by 3ŖƖ and
also minimizes the pollution load by 25Ɩ.

ICA�-CI�COT is engaged in basic research on the application of nontechnology, keeping in
view the ethical and ecological issues. �esearch programmes are focusing on the preparation
of nano-composites from biopolymers, nano-functional (U� protection, self cleaning, anti-
bacterial, file retardant) textiles electro-spinning of nano-fibres for nano-filters and nano-
absorbents [3]. It has recently developed a technology for coating of cotton fabrics using zinc
oxide nano-particles to impart U� protection and anti-microbial properties.

In the field of bi-product utilization, use of cotton stalks for the production of pulp and paper,
kraft paper for the preparation of corrugated boxes, charcoal briquettes and particle boards
and bio-methanation from textile waste are some noteworthy achievements. Its technology of
aerobic composting of willow dust using NaOH and microbial consortia provides valuable
organic manure in 3Ŗ days. �olid-state fermentation technology for producing gossypol-free
lysine-rich cotton seed cake for feeding non-ruminants has been developed. The institute is
also credited with the development of an enzymatic process to prepare peptones from cotton
seed meal. Peptones are used for producing enzymes, antibiotics and bio-pesticides.

Ŝ.ř. ��� Indi� �oordin�t�d �����rc� �ro��ct on �oĴon ǻ�I��� on coĴonǼ

The AIC�P on Cotton was established in 1ş67 with Headquarters at Coimbatore. AIC�P on
Cotton conducts multi-location and multi-disciplinary research with network of centres
involving �tate Agricultural Universities (�AUs) of all the ma�or cotton-growing states of the
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country. The centres of AIC�P on Cotton, located in all the ma�or cotton-growing states have
researchers from diěerent disciplines to facilitate multi-locational evaluation. Its ob�ectives are
to identify and facilitate release of best varieties and hybrids for diěerent agro-climatic
situation. The centres also validate and fine tune agro technologies and pest/disease manage-
ment strategies. After a techno-economic feasibility assessment, these technologies are
incorporated into the package of practices for cotton production in the respective location [2Ŗ].

�i�ur� Ś. �tructure of the AIC�P on Cotton network.

Ŝ.ř.ŗ. �urrent coĴon research pro�rammes

Currently, the research programmes of AIC�P on Cotton is focusing on developing high-
yielding (1) high-strength, cotton leaf curl virus disease-resistant varieties/hybrids for north
zone; (2) early maturing diploid cotton varieties/hybrids with improved fibre quality; (3) short-
duration, high-strength hirsutum varieties/intra-hirsutum hybrids for central zone and south
zone and (4) extra-long staple (���) G. barbadense/G. hirsutum Ƽ G. barbadense hybrids for central
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and south zone. The breeders are also entrusted with the responsibility of the maintenance of
breeding and production of the required quantity of nucleus and breeder seeds of varieties/
parents of hybrids. Agronomists are involved in standardizing planting geometry and
fertilizer requirement of pre-release of varieties/hybrids, fine-tuning integrated nutrient
management (IN�) and integrated weed management strategies, scheduling water delivery
through drip and developing production technology for organic cotton production. �ntomol-
ogists and pathologists are focusing on the seasonal dynamics of pests, pathogens and natural
enemies, testing the eĜcacy of new molecules and fine-tuning of location-specific IP�/I��
strategies and their promotion through ��Ds.

Ŝ.ř.Ř. �tructure

The AIC�P on Cotton operates in a multi-locational network mode through 11 main centres
and 11 sub-centres involving 17 �AUs (�i�ur� Ś). This structure facilitates the evaluation of
cultures and validation of technologies in diěerent agro-ecological situations.

Ŝ.ř.ř. �esearch achie�ements

�ince its inception in 1ş67, the AIC�P on Cotton has played a stellar role in shaping the cotton
sector in India through the development of several varieties/hybrids and fine tuning agro-eco
region-specific cotton production and protection technologies. Detailed account on its past and
recent achievements have been published elsewhere [21, 22] and is also available in [23]. The
AIC�P on Cotton also acts as a nodal centre for transfer of technologies through ��Ds. A
complete account of the ��Ds is available in [2Ŗ]. Only salient achievements are presented in
this section.

Around 25Ŗ high-yielding varieties and hybrids of cotton have been developed by the network
partners and released. �ome popular ones are given in ����� Ř.

���� o� ���ci�� ���� o� �¢�rid�Ȧ��ri�ti��

G. hirsutum varietiesȳ ‘��A 5166’, ‘An�ali’, ‘�CU 5’, ‘�CU 7’, ‘��P� 2’, ‘H 777’, ‘Abhadita’,
‘Khandwa 2’, ‘Narasimha’, ‘ND�H 1ş3Ş’, ‘�ura�’, ‘PK� ŖŞ1’, ‘NH 615’, ‘�H
şŖŖ’, ‘�urabhi’, ‘Pusa Ş-6’ and ‘�ahana’

G. barbadense varietyȳ ‘�uvin’

G. arboreum varietiesȳ ‘HD 123’, ‘HD 324’, ‘PA 255’, ‘AKH 4’, ‘AKA 7’, ‘AKA Ş’ and ‘AKA Ş4Ŗ1’

Intra-hirsutum hybridsȳ ‘NHH 44’, ‘�HH 144’, ‘�hresth’, ‘HHH 2Ş7’, ‘DHH 11’, ‘H 6’, ‘H Ş’, ‘PK� Hy 2’
and ‘�K Hy 2’

Interspecific hybrids (G. hirsutum Ƽ G.
barbadense)ȳ

‘DCH 32’, ‘TCHB 213’ and ‘DHB 1Ŗ5’

Intra-arboreum hybridȳ ‘AAH 1’, ‘�A� DH ş’ and ‘CI�AA 2’

Interspecific hybrids (G. herbaceum Ƽ G.
arboreum)ȳȳ

‘G cot DH 7’ and ‘G cot DH ş’

����� Ř. Prominent hybrids and varieties released through AIC�P on Cotton for commercial cultivation.

Cotton Research34



The breeding and varietal release priorities changed with time to meet the changing quality
requirements of the textile industry and also to suit specific requirements of the region in terms
of maturity, agronomic traits tolerance to biotic and abiotic stresses, etc. The production and
distribution of breeder seed of all the varieties and parents of hybrids released by the public
sector based on the indent received from the Government of India is coordinated and moni-
tored by AIC�P on Cotton. The production has kept pace with the demand.

�ocation-specific agro-technologiesȯIN� (organic, bio-fertilizers, Azospirillum, Azotobact-
er) for nutrient management, prevention of boll shedding using naphthalic acetic acid (4Ŗ
ppm), weed management through pre-emergence application of pendimethalin ȓ 1.5 kg
a.i./ha or Ěuchloralin ȓ 1.Ŗ kg a.i./ha, soil moisture conversation using ridges/furrow system,
microirrigation and fertigation using drip system, canopy managements using de-topping,
diversification through innovative crop rotation/inter cropping, production technology of Bt
hybrids (spacing, fertilizer requirement, water management, micro nutrient nutrition through
foliar sprays) etc. were standardized, demonstrated and approved for subsequent incorpora-
tion into the package of practices for cotton production by the respective Agricultural Univer-
sities. A recent review by �enugopalan et al. [24] traces the agronomic research during the last
six decades.

�creening for pest and disease resistance has been a regular feature of AIC�P on Cotton
programmes. �ines showing resistance/tolerance to key pest and diseases were recommended
for utilizations as donors in breeding programmes (����� ř). �everal multi-adversity-resistant
lines with high yield have been developed.

�tudies on seasonal dynamics of key pests and diseases at diěerent locations over several years
led to the development of robust pest and disease forecasting models using weather parame-
ters. These modules are used to forewarn farmers through advisories disseminated using mass
media. �conomic threshold limits (�T�s) of various pests have been worked out to suggest
timing of intervention for pest management. A simple symptom-based �T� was developed
for ma�or pests replacing the more cumbersome procedure of counting the number of insect
pest. AIC�P on Cotton is involved in testing the eĜcacy of new molecules and biological agents
against pests and evaluation of their bio-safety. This has resulted in continuous revision of
plant protection strategies using more eěective and softer molecules. �ocation-specific IP�,
I�� and disease management strategies have been formulated, validated, demonstrated and
incorporated into the package of practices for commercial cotton cultivation in respective agro-
climatic regions.

�ront-line demonstrations on integrated nutrient management, novel inter-cropping systems,
drip irrigation system, seed treatment with bio-fertilizers, maintenance of optimum plant
density, in situ soil moisture conservation techniques, IP�, disease management, residue
management techniques helped in bridging yield gaps, increasing yields and improving farm
income. New farm implements and plant protection equipment with better ergonomics were
demonstrated to reduce drudgery in cotton farming.
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�iotic �tr��� ��ri�t¢

WhiteĚy Abhadita, �K Ş61, Kanchana and �upriya

Boll worms Abhadita

Pink bollworms Bikaneri Narma, H 777, � 414, � 2Ş6 and Ganganagar Ageti

�assids B 1ŖŖ7, Khandwa 2, Kirti, �ahalakshmi and CNHO 12

�usarium wilt G Cot 13, �knath and �ohini

Bacterial blight Arogya

�erticillium wilt �CU 5 �T and �urabhi

�ourceǱ CI�COT annual reports [1ş]

����� ř. �arieties conferring resistance to biotic stress.

Ŝ.Ś. �t��r or��ni£�tion�Ȧ�oci�ti��

Apart from the three institutions discussed earlier, several other government/non-govern-
mental organizations (NGOs) and professional societies are also involved in the development,
validation and dissemination of technologies on cotton. Prominent among the government
organizations are the Directorate of Cotton Development (DCD), Nagpur, under the �inistry
of Agriculture, and Cotton Corporation of India (CCI), �umbai, under the �inistry of Textiles.
While the Cotton Association of India, �umbai, facilitates cotton testing and trade, its
extension unit The Cotton and Allied products (COTAAP) �esearch �oundation conducts
extension programmes to improve cotton productivity. Associations of the textile industries
such as Ahmedabad Textile Industry �esearch �oundation (AIT�A), Ahmedabad; Bombay
Textile �esearch Association (BT�A), �umbai; �outh India Textile �esearch Association
(�IT�A), Coimbatore; Northern India Textile Association (NIT�A), Ghaziabad, Uttar Pradesh;
and �outhern India �ills Association (�I�A) along with Cotton Development and �esearch
Association (CD�A), Coimbatore, are also involved in promoting cotton production and textile
research. Three professional societies �i£. the Indian �ociety for Cotton Improvement (I�CI),
�umbai; Cotton �esearch and Development Associations (C�DA), Hisar, Haryana; and the
Indian �ibre �ociety, �umbai, promote dissemination of research information through its
�ournals and newsletters, and by organizing seminars, conferences and symposia.

ŝ. In�titution�� ��c��ni��� �or tr�n���r o� t�c�no�o�¢ǰ ��ri�t�� r������ �nd
���d �roduction

ŝ.1. �r�n���r o� t�c�no�o�¢

Under the NA���, several institutional arrangements have been made to transfer new
products and technologies to cotton farmers. The ‘first-line extension system’ includes the
operational research pro�ects (O�Ps), on-farm demonstrations (O�Ds), �ab-to-�and Pro-
grammes (��Ps), Krishi �igyan Kendras (K�Ks), e-kapas and Institute �illage �inkage
Programmes (I��Ps). The Directorate of �xtension in �AUs also provide a variety of extension
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services. The General �xtension Programmes are sponsored by the �inistry of Agriculture.
Government of India comprises package programmes. Training and �isit (Tǭ�), Agriculture
Technology �anagement Agency (AT�A) and �armer �ield �chools (���). The ‘�pecial
�xtension Programmes’ with focus on cotton sponsored by the �inistry of Agriculture,
Government of India, included ‘Grow �ore Cotton’ campaign, Intensive Cotton Development
Programme (ICDP), T�C ��-II in the past and I��ȯHDP� at present. The ICT-enabled e-
kapas is another novel initiative to reach cotton farmers.

Among these institutions, ICDP made remarkable impact in the past [25]. It was launched in
1ş71/1ş72 and continued up to 1şşŞ/1şşş. Its ob�ective was to achieve self-suĜciency in raw
cotton by improving productivity through the adoption of improved farm practices and
modern cotton production technologies. �rom 2ŖŖŖ, these functions were carried out under
the T�C ��-II. The ICA� launched �ab-to-�and Programme to transfer latest agro-technol-
ogies especially to small and marginal farmers. In cotton, the programme concentrated on
promoting the use of improved seeds, IP�, disease management, nutrient management and
yield maximization. The ���, initiated in the 1şşŖs by the Government of India to promote the
concept of IP� in cotton through a participatory learning approach was funded by the T�C.
The ��D in cotton began in 1şş6–1şş7 for demonstrating new cotton technologies and reduce

�i�ur� ś. Protocol for testing and release of cotton varieties.

Institutional Structure of Cotton Research in India
http://dx.doi.org/10.5772/63798

37



the time gap between technology generation and technology adoption. The AIC�P on Cotton
is the nodal agency for implementing ��Ds, and the funds are provided by Government of
India initially through the ICDP and later through the T�C ��-II. In a landmark initiative,
the Government of India launched the T�C in 2ŖŖŖ, to improve the yield and quality of cotton
and increase the income of cotton farmers by reducing the cost of cultivation. Another ob�ective
of T�C was to improve the quality of processing of cotton by improving the infrastructure for
market yards, for modernizing the existing ginning and pressing units and also to set up new
units. Detailed account on the transfer of cotton technology has been discussed by �ithal et al.
[25] and Wasnik et al. [26].

ŝ.Ř. ��ri�t�� r������

The AIC�P on Cotton facilitates the development, evaluation and release of a variety/hybrid
of cotton through a multi-location and multi-disciplinary approach. The entire process leading
to the release of a variety by the �arietal Identification Committee is given in �i�ur� ś. If a
variety is indented to be released in a state, it is done by the �tate �arietal �elease Committee.
If during the evaluation trials, the variety/hybrid performs well in more than one state, the
proposal for release is submitted to the �ub-Committee on Crop �tandards Notification and
�elease of �ariety of Central �eed Committee where it is released and notified. �ven if a variety
is released by the �tate Committee, it has to be notified by the Central Committee for its
notification [27]. The denotification of old/obsolete varieties is also done by the same commit-
tee.

ŝ.ř. �tructur� o� coĴon ���d �roduction c��in

To meet the requirement of quality seed, it is very much essential to produce large quantity of
genetically pure seed which has to be multiplied in the following stagesǱ

1. Nucleus seed is produced by the breeder who developed the variety;

Ř. Breeder’s seed is produced from nucleus seed by the concerned ICA�/Institutes/�AUs as
per the state indents;

ř. �oundation seed is produced from breeder’s seed by National �eed Corporation (N�C)/
�tate �eed Corporations (��C)/�tate �arm Corporation of India (��CI) sub�ected to
certification by a certification agency;

Certified seed/registered seed is produced from foundation seed by ��C and gets it certified
by �tate �eed Certification agency. Alternatively, in the case of shortage of certified seed,
truthfully labelled seeds are multiplied under oĜcial supervision.

The �ǭD divisions of various seed companies in private sector are engaged in developing
superior Bt-cotton hybrids. These are also tested in multi-location trials through sponsored
trials in �AUs, and the companies own research farms for productivity and adaptability. �or
approved events, these hybrids are released through the �BA�. The mechanism and func-
tional linkages between the diěerent institutions involved in the approval of Bt cotton for
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commercial release is available in [2Ş]. The seed quality testing and marketing of these hybrids
are also exclusively undertaken by the private seed companies.

Ş. �in����� �nd co����or�tion�

The ICA�-CIC� and ICA�-CI�COT are actively involved in guiding, formulating, monitoring
and evaluating the research and technology transfer works undertaken by the collaborating
centres of AIC�P on Cotton. Need-based research collaborations within the NA��� system
and with other scientific organizations and universities are common. International collabora-
tions and linkages to strengthen research capabilities and enhance human resource capabilities
of ICA�-CIC� involved the Indo-Australian Pro�ect with the �nergy and �esources Institute
ȯCentre for �nvironmental �tress and Adaptation �esearch, �elbourne (T��I-C�A�A�) ‘for
insect transgenic detection kits, International Plant Genetic �esource Institute (IPG�I)’, �ome
for augmenting cotton germplasm, International Centre for Genetic �ngineering Biotechnol-
ogy (ICG�B) for the development of gene construct and International Cotton Genome Initiative
(ICGI) for the development of cotton genome.

A collaborative programme on the management of 
elico�erpa armi�era was operating
with Central Cotton �esearch Institute, Pakistan, Nan�ing Agricultural University, China,
and Natural �esources Institute, UK. ICA�-CIC� is also closely involved in the activities
of the ICAC and International Cotton �esearchers Association (IC�A). It collaborates with
the C4 countries, Nigeria, Uganda and �alawi under the Cotton Technical Assistance Pro-
gramme for Africa for capacity building and human resource development. ICA�-CI�-
COT has developed close collaboration with international organizations such as ICAC;
Common �und for Commodities (C�C); United Nations Development Programme
(UNDP); World Bank Cotton Development Organization (CDO), Uganda; �inistry of Ag-
riculture and �ood �ecurity, �alawi; and �nstitut �ational des �echerches ��ricoles du �enin
(IN�AB), Benin.

ş. �utur� ��r���cti���

The last two decades witnessed the emergence of private sector as a strong partner to pub-
lic sector research organizations particularly in the development of transgenic Bt hybrids
and seed production. There was a rapid adoption of Bt hybrids. Cotton spread to new
areas and the production increased, but today several pointers are being raised at the sus-
tainability of the ȇhybridȇ technology. High cost of inputs (seed, fertilizer, pesticides), in-
creasing production cost, increasing severity of �assids, whiteĚy, leaf reddening and
resistance in pink bollworms to Cry1Ac and Cry2Ab are the challenges evading solutions.
Currently, the cotton varietal seed production chain in public sector is almost defunct, and
this needs to be revived. Technologies for future must be based on sustainable practices
giving high yield at low production cost.
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Immediate challenges in cotton production include but not limited toǱ

1. Development of novel technologies to reduce cost of cultivation and make cotton
farming more profitable by reducing the dependence on chemical fertilizers, pesticides
and labour.

Ř. Delineation of areas not suitable for hybrid cotton and replacement of this area with cotton
production systems using straight varieties of G. hirsutum or G. arboreum.

ř. Improvement of the management options to delay the development of resistance of
bollworms to Cry toxins and manage sucking pests more eĜciently.

Ś. �echanization of cotton production ȇincluding mechanical pickingȇ to suit small land
holding and reduce drudgery among labour.

ś. Application of eĜcient cropping systems (inter and sequential cropping) preferably with
pulses/legumes to enhance atmospheric N fixation and increase pulse production.

Ŝ. Utilization of climate resilient technologies to realize stable and sustainable yields on
marginal soils under rainfed conditions.

ŝ. Intensification of researches on I�� and host plant resistance to whiteĚy and cotton leaf
curl virus disease to combat biotic stress.

Ş. Development of human resource for improving research infrastructure and research
funding to address emerging challenges.

ş. �etention of the competitive edge of cotton over other natural and synthetic fibres.

�esearch and development expertise available in the public and private sector needs to
complement each other to deliver the best solutions to the cotton farmer. There is a need to
consolidate international linkage activities with International �ice �esearch Institute (I��I),
ICG�B, International �aize and Wheat Improvement Center (CI���T), International Crops
�esearch Institute for the �emi-Arid Tropics (IC�I�AT), ICAC, International Board for Plant
Genetic �esources (IBPG�), Bio-21 Biodiversity International-�ome, International �ood Policy
�esearch Institute (I�P�I), Indo-American Knowledge Initiative, International Centre for
Agricultural �esearch for Dry Area (ICA�DA), IITA-International Institute for Tropical
Agriculture (legumes, cereals, pulses), Commonwealth �cientific and Industrial �esearch
Organisation (C�I�O), Australia, through collaborative research programmes.

1Ŗ. �onc�u�ion

The ICA�-CIC�, ICA�- CI�COT and the AICCIP now renamed as AIC�P on Cotton form the
pillars of public sector �ǭD in cotton. A strong public sector �ǭD set-up backed by a vibrant
private sector has provided cutting-edge technological support to enable India to emerge from
a chronic importer into a global leader in cotton production over the years. The production of
a wide variety of cotton provides the desired raw material to the textile industry at competitive
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price and enables the industry produce apparels and other end-products in a globally com-
petitive environment. The entire value chain of cottonseed to finished products is primarily
built on technologies generated by indigenous �ǭD. The entry of private sector in the
development and marketing of Bt hybrids is another feature of Indian cotton sector that
enabled it to emerge as the largest cotton producer in the world. Challenges still remain in both
cotton production, and processing and these institutions will continue to play a ma�or role in
the years ahead.
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���tr�ct

This  chapter  focuses on the mechanisms by which cotton leaves regulate  and use
incident light and dissipate the excess light energy when cotton suěers from drought
in the field. The photoprotection of non-foliar organs, including bract, capsule wall and
stem, will also be considered. This chapter includes a general description of photo-
protection from the perspective of leaf movement, drought and non-foliar organs. �eaf
diaheliotropic movement and wilting movement can regulate the excess light energy
of the photosynthetic apparatus. Besides non-photochemical (heat) energy dissipation,
the alternative electron sinks for the electron transport chains are of vital importance
for  resistance  of  the  photosynthetic  apparatus  against  excess  light  energy  under
drought. Thus, the functioning of both photosystem II (P�II) and the photosynthetic
electron transport systems of cotton leaves shows a relatively high stability. Compared
with  leaf,  bract  mainly  relies  on  high  activities  of  thermal  energy  dissipation  for
photoprotection. Nevertheless, capsule wall of bolls is less able to dissipate energy via
heat.


�¢ ord�Ǳ cotton, leaf movement, thermal dissipation, photochemistry, �O� scaveng-
ing

1. Introduction

�unlight is essential for photosynthesis and supports most life on earth. However, too much
sunlight damages the photosynthetic machinery. The amount of light energy encountered by
plants in excess of that needed for photosynthetic assimilation is termed excess light energy.
When the excess light energy cannot be dissipated safely, the electron transport chain becomes
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highly reduced, and electron transfer to O2 increases, producing reactive oxygen species (�O�).
�O� is very damaging to the photosynthetic apparatus, primarily photosystem II (P�II),
causing photoinhibition [1–3]. To counteract photoinhibition, plants have evolved multiple
photoprotective mechanisms to cope with the potentially damaging eěects of excess light
energy. On the one hand, acclimation to adverse conditions can occur in terms of morpholog-
ical characteristics such as light avoidance associated with the movement of leaves [4, 5] and
chloroplasts [6]. On the other hand, biochemical processes such as photorespiration [7, Ş], the
�ehler-peroxidase reaction [ş], cyclic electron transport [1Ŗ, 11] and thermal dissipation [12,
13] can help to dissipate excess light energy from the photosynthetic apparatus.

High-light stress is exacerbated by drought. Drought is considered to be the most limiting
environment factor [14, 15]. During drought, the process of photosynthetic carbon assimilation
is primarily suppressed [15, 16]. As a result, the plant has to dissipate more excess light energy
in order to avoid photo-oxidative stress, thereby maintaining photosynthetic productivity
under drought.

Cotton (Gossypium spp.) is a plant of tropical origin, an oilseed and fibre crop that is cultivated
in more than 7Ŗ countries worldwide. There are four species of cultivated cotton, G. hirsutumǰ
G. barbadenseǰ G. arboretum and G. herbaceum, providing the world’s most important textile fibre.
G. hirsutum, commonly referred to as upland cotton, is the most extensively developed species
and accounts for about şŖƖ of total world production. G. barbadense, referred to as pima cotton,
is valued for superior fibre properties. Thus, two cotton species, upland cotton and pima cotton,
will be discussed here. In this chapter, we not only focus on the photoprotection of the leaf but
also on the photoprotection of non-foliar organs, because photosynthetic production of non-
foliar organs significantly contributes to the yield in cotton [17]. In addition, we emphasize
results from the field experiments on cotton, not from the lab or greenhouse.

Ř. ���� �o����nt �nd ��oto�rot�ction

Generally, leaf movement includes three typesǱ leaf diaheliotropic movement, leaf parahelio-
tropic movement and leaf wilting movement. The first one provides maximum interception of
sunlight, whereas both the second and the third give minimum interception of sunlight. �any
researchers have reported that leaf paraheliotropic movement is a vital important way to
reduce the excess light energy of the leaves generally in leguminous species [1Ş, 1ş]. However,
cotton has leaf diaheliotropic movement and wilting movement depending on the water status
of leaves. Actually, leaf wilting movement is quite general in higher plants.

Upland cotton has leaf diaheliotropic movement, but pima cotton has no or only weak
diaheliotropic movement [2Ŗ, 21]. Given their maximum interception of light, the leaves of
upland cotton must be accompanied by strong photosynthetic assimilation or dissipation of
excess light energy. When leaves of upland cotton are restrained to the horizontal position,
carbon assimilation decreases compared to diaheliotropic leaves because of less interception
of light [22]. However, there is no diěerence in the recovery of maximal quantum yield of P�II
photochemistry (�v/�m) between diaheliotropic and restrained leaves [22]. This means that the
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leaves of upland cotton have photoprotection mechanisms to trade-oě the maximum inter-
ception of light and excess light energy. A number of reports have suggested that thermal
energy dissipation in the photosynthetic apparatus is involved in photoprotection in upland
cotton and pima cotton [22–24]. As mentioned above, leaf diaheliotropic movement is absent
or weakly expressed in pima cotton. Pima cotton has lower actual photosynthetic assimilation
than upland cotton in the field even if diaheliotropic leaf movement of upland cotton resulting
in high incident leaf sunlight is taken into account. However, both cotton species exhibit similar
photosynthetic potential [24].

�hang et al. [25] found that upland cotton preferentially dissipates light energy via electron
transport, whereas pima cotton mainly does so through thermal energy dissipation. Indeed,
Wise et al. [26] reported that electron transport limits the photosynthesis of field-grown pima
cotton. Thus, using diěerent photoprotective mechanisms, both cotton species have a strong
capacity for photoprotection to maintain the activity of the two photosystems. �urther, some
photoprotective mechanisms, such as thermal energy dissipation and photorespiration,
mitigate against excess light energy. Interestingly, in young leaves of upland cotton, the
photoprotective mechanisms also operated well even when the photosynthetic apparatus was
not yet fully assembled [27]. In addition, in an experiment conducted to compare cotton and
soybean which diěer in leaf movement under drought, cotton and soybean showed diěerent
strategies for conferring photoprotection [2Ş].

�eaf wilting movement occurs generally under drought when the water potential of leaves
and the osmotic potential of petiole cells exceed the threshold. This leaf movement may have
multiple physiological significance for plants because it may reduce both water loss from the
leaf and the amount of light incident on the leaf surface, the latter lowering the energy load on
a leaf [2ş]. �eaf wilting movement becomes apparent only after several anatomical and
physiological ad�ustments have occurred as drought develops [3Ŗ]. In cotton, when leaves are
not restrained to the horizontal position, the wilting movement of leaves protects water-
stressed cotton plants against photoinhibition and maintains considerable carbon assimilation
in the long term [5]. Clearly, passive wilting leaf movement can be a strategy for photoprotec-
tion that enables plants to survive under drought.

ř. ��oto�rot�ction und�r drou��t

ř.1. �rou��t �nd ��otoin�i�ition

Drought decreases CO2 assimilation rate [31], and photosynthesis saturates at a lower PP�D
in drought plants. �or instance, maximum CO2 assimilation rates under well-watered condi-
tions are about 42.4 (upland cotton) and 37.1 (pima cotton) ΐmol mƺ2 sƺ1, and 25.1 (upland
cotton) and 23.ş (pima cotton) ΐmol mƺ2 sƺ1 under drought, respectively [32]. The light
saturation points are 23Ŗ4 and 1şş6 ΐmol mƺ2 sƺ1 in well-watered and drought upland cotton
plants, respectively [2Ş]. In field conditions, drought is usually accompanied by other limiting
factors, such as high temperature and irradiance. Therefore, when drought stress occurs
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simultaneously with high irradiance, cotton plants may be exposed to an excess of excitation
energy, potentially increasing the susceptibility of P�II to photoinhibition.

�hang et al. [5] have reported that the diurnal time course of �v/�m is similar in both well-
watered upland and pima cotton plants; the values of �v/�m are ǅŖ.ŞŖ in the morning, after
which the values decrease to ǅŖ.72 at noon and recover to ǅŖ.ŞŖ in late afternoon. �ome reports
have demonstrated that drought-stressed upland cotton plants are characterized by a higher
�v/�m [33–35]. �or example, �i et al. [32] have reported that the pre-dawn �v/�m is ǅŖ.Ş5 in both
upland and pima cotton under well-watered and water-deficit conditions. �ustained photoin-
hibition of P�II seems not to occur in field-grown cotton plants under drought since no
significant decrease in pre-dawn �v/�m has been reported. This phenomenon has been observed
earlier by Genty et al. [36] who demonstrated that water stress does not induce sensitization
to photoinhibition in cotton. Additionally, �i et al. [37] found that the activities of photosystem
II (P�II) and photosystem I (P�I) show almost no changes during water deficit and recovery,
though water deficit leads to a reversible reduction in the photosynthetic rate. Therefore, the
photosystems of field-grown cotton plants are relatively stable under drought stress.

As describe above, drought stress decreases CO2 assimilation rate but does not induce
sustained photoinhibition of P�II in field-grown cotton plants. Therefore, field-grown cotton
plants may possess multiple photoprotective strategies to cope with drought stress (see below).

ř.Ř. ���r��� di��i��tion o� ���or��d �i��t �n�r�¢

Plants can dissipate excessive light energy harmlessly as heat [3Ş–4Ŗ] which is called ‘thermal
energy dissipation’. Thermal dissipation, measured as non-photochemical quenching of Chl
Ěuorescence (NP�), is related to the pH gradient across the photosynthetic (thylakoid)
membrane and promoted by the activity of the xanthophyll cycle, with conversion of viola-
xanthin to zeaxanthin, via antheraxanthin, by the catalyst violaxanthin de-epoxidase (�D�)
[41]. Demmig-Adams et al. [42] showed that in well-watered sunĚower plants, more than 5ŖƖ
of absorbed light is thermally dissipated at midday. In well-watered cotton plants, ǅ44Ɩ of the
absorbed light energy is used in photosynthetic electron transport (photosynthesis and
photorespiration), and the remaining 56Ɩ is dissipated as thermal energy [43]. Kornyeyev et
al. [44] and �assacci et al. [33] also reported that non-photochemical energy dissipation serves
as the ma�or photoprotective mechanism when light energy absorption becomes excessive in
cotton plants. Under moderate and severe drought, thermal dissipation increases up to 7Ŗ–
Ş2Ɩ of the total absorbed light in cotton plants [43]. In addition, �hang et al. [2Ş] and �i et al.
[32] observed that pima cotton has generally higher thermal energy dissipation capacity than
upland cotton under well-watered conditions. However, Genty et al. [36] and �i et al. [32] also
found that water deficit does not increase thermal dissipation in upland cotton plants. A similar
result was reported by Inamullah and Isoda [45] who found that there is no significant change
in photochemical reĚectance index (P�I) (which is correlated with the epoxidation state of the
xanthophyll cycle) in upland cotton under water deficit. Perhaps diěerent cotton cultivars,
studied under diěerent experimental conditions such as temperature and irradiance, exhibit
diěerent thermal energy dissipation capacities in response to drought (�i�ur� 1).
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�i�ur� 1. A model of photoprotection mechanisms in field-grown cotton plants under drought. Cotton leaves can uti-
lize diaheliotropic movement and wilting movement to ad�ust the absorption of light energy. In addition, leaves can
dissipate excessive energy through electron transport pathways, including photorespiration, �ehler reaction and cy-
clic electron transport. �urthermore, �O� scavenging and repair process also have an important role in avoiding sus-
tained photoinhibition in leaves. Arrow indicates the induction processes, and the shades of red indicate the response
of biochemical processes to drought.

ř.ř. ��oto�rot�ction t�rou�� ��otoc���i�tr¢

It is well known that under normal conditions much of the photosynthetic electron Ěow is used
to drive the photochemical reaction, with conversion of the absorbed light energy to active
chemical energy stored in ATP, NADPH and �dred. The excitation energy, distributed in favour
of photochemical reactions, is mainly used for photosynthetic carbon reduction, photorespir-
atory carbon oxidation and alternative electron transport. A few studies have reported that
when the CO2 assimilation rate is decreased under drought, cotton plants can dissipate
excessive energy through other electron transport pathways, including photorespiration [23,
32–34], �ehler reaction [23, 32] and cyclic electron transport [46, 47].

ř.ř.ŗ. �hotorespiration

Photorespiration is the reaction of O2 with ribulose-1,5-bisphosphate (�uBP) catalysed by
ribulose-1,5-bisphosphate carboxylase/oxygenase (rubisco), producing glycolate-2-P [4Ş].
Photorespiration is second only to photosynthesis as the most important mechanism for uti-
lization of electrons, occurring at high rates in the leaves of C3 plants [Ş]. Under well-wa-
tered and saturating light conditions, photosynthesis and photorespiration dissipate 2Ŗ–3ŖƖ
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and 1Ŗ–2ŖƖ of absorbed light, respectively [4ş]. �imilarly, B�ãrkman and �ch§fer [43] report-
ed that in well-watered cotton plants, 25Ɩ of the absorbed light is used for photosynthesis
and 1şƖ for photorespiration. Tourneux and Peltier [5Ŗ] demonstrated that photorespiration
is a substantial sink for electrons in leaves at high and low relative water content (�WC).
Chastain et al. [34] and �i et al. [23] concluded that water deficit increases photorespiration
since photosynthesis is decreased by stomatal (CO2) limitation in field-grown cotton plants.
However, Cornic and �resneau [51] pointed that during mild drought, photosynthesis and
photorespiration are the main electron sinks for P�II activity. �urther, �assacci et al. [33]
demonstrated that cotton leaves can increase the capacity for photorespiration to prevent
photodamage during the onset of drought stress. A similar result was reported by �i et al.
[32] who showed that under mild water deficit, pima cotton appears to rely on enhanced
photorespiration to dissipate light energy while under moderate water deficit, the contribu-
tion of photorespiration decreases. Actually, all the results that reported increased photores-
piration under conditions of CO2 limitation have been based on relative values (such as the
ratio of photorespiration to photosynthesis or the ratio of oxygenation to carboxylation) or
indirect data [23, 32, 33, 43, 52, 53]; the absolute rate of photorespiration decreases [2Ş, 52,
54, 55].

ř.ř.Ř. �ehlerȬpero¡idase reaction or the waterȬwater cycle

The �ehler-peroxidase reaction (�P�) is the reduction of O2 to water in P�I by the electrons
generated in P�II from water [56]. The functions of the �ehler-peroxidase reaction for
protection from photoinhibition are to scavenge reactive oxygen species (�O�), thereby
protecting chloroplasts from the direct eěects of �O� [ş]. Badawi et al. [57] reported that over-
expression of ascorbate peroxidase (AP�) in tobacco chloroplasts show enhanced tolerance to
salt and drought stresses. In addition, the �ehler-peroxidase reaction can regulate CO2 fixation
and excess energy dissipation through ad�ustment of the production ratio of ATP/NADPH.
�iem-Hanck and Heber [5Ş] demonstrated that under anaerobic conditions, no CO2 is fixed in
intact chloroplasts because of a low ratio of ATP/NADPH, but the addition of O2 allows CO2

assimilation to start by increasing the production of ATP through the �ehler-peroxidase
reaction. Osmond [7] indicated that higher ATP/NADPH is required to operate photorespira-
tion, and that the �ehler-peroxidase reaction may supply additional ATP for photorespiration.
Neubauer and �amamoto [5ş] reported that the �ehler-peroxidase reaction contributes to the
generation of a transmembrane proton gradient for thermal dissipation of excess absorbed
light energy. �urthermore, the �ehler-peroxidase reaction itself can dissipate excess electrons
using O2 as the electron acceptor.

Wingler et al. [6Ŗ] suggested that at low water potential, the increased electron Ěow to O2 was
mainly due to the �ehler reaction. Biehler and �ock [55] observed that 2şƖ of the photosyn-
thetic electrons are consumed in the �ehler-peroxidase reaction in drought-stressed wheat
leaves. Our recent results showed that water deficit increases the electron Ěux for O2-dependent
alternative electron transport in upland cotton plants, which is related to the �ehler-peroxi-
dase reaction activity [23]. However, studies conducted with diěerent species under drought
stress provide partly contradictory results on the role of �ehler-peroxidase reaction. �i et al.
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[32] found that the contribution of the �ehler-peroxidase reaction to excess electrons dissipa-
tion is very low in water-deficit pima cotton. �imilar results were also reported by Haupt-
Herting and �ock [61] in tomato and �lexas et al. [53] in grapevines. In addition, B�ãrkman and
�ch§fer [43] reported that energy dissipation through photorespiration plus the �ehler-
peroxidase reaction gradually decreases with increasing water deficit in cotton plants, and the
contribution of the �ehler-peroxidase reaction to total dissipation is low or null.

ř.ř.ř. �yclic electron transport

Cyclic electron Ěow (C��) around P�I (C��-P�I) is the recycling of electrons from P�I to the
plastoquinone pool and the cytochrome b6f complex via reduced �d or NADPH [1Ŗ, 62–65].
It is well known that C��-P�I is essential for protecting P�II against excess excitation pressure
because C��-dependent build-up of a ̇ pH across the thylakoid membrane helps the activation
of NP� [1Ŗ, 66–7Ŗ] and prevents the inhibition of the repair of photodamaged P�II [3, 11]. The
result can be explained by the fact that NP� suppresses the production of �O� [71].

A number of studies indicated that C��-P�I plays a significant physiological role in plant
responses to drought or desiccation [11, 6Ş, 7Ŗ, 72, 73]. �ingh et al. [46] demonstrated that C��-
P�I plays an important role in tolerance under drought stress in upland cotton plants, which
are grown in a growth chamber. A similar result was also observed in our recent experiment
on greenhouse-grown upland cotton, using the method of Kou et al. [7Ŗ] to estimate C��-P�I
(data not shown). In addition, �ingh et al. [47] compared the activity of C��-P�I in drought
stress upland and pima cotton plants and concluded that drought increases the activity of C��-
P�I in both cotton species, but that pima cotton showed lower C��-P�I under drought as well
as well-watered condition in comparison to upland cotton. However, our recent studies with
field-grown cotton under water-deficit conditions showed that pima cotton possessed a higher
C��-P�I capacity compared with upland cotton (data not shown). Diěerent grown conditions
and methods may result in diěerent conclusions, and so far, there is still a considerable lack
of knowledge about the photoprotective functions of C��-P�I in field-grown cotton. Therefore,
C��-P�I in cotton requires further study.

ř.Ś. �c���n�in� o� r��cti�� o¡¢��n ���ci��

Drought may induce an oxidative stress due to the inhibition of photosynthesis, resulting in
the production and accumulation of reactive oxygen species (�O�) at the photosystems [ş].
�O� can damage the photosynthetic apparatus, through oxidation of lipids, proteins, carbo-
hydrates and nucleic acids [74, 75]. The ma�or antioxidative systems in the plant, including
superoxide dismutases (�OD), ascorbate peroxidase (AP�), peroxidase (POD) and catalase
(CAT), together with carotenoids, ascorbate (AsA) and glutathione (G�H), provide cells
with highly eĜcient machinery for detoxifying O2 and H2O2 [76]. Additionally, some osmo-
lytes such as proline and glycine betaine can also contribute to the relief of oxidative stress
[77].

�ahan and Wan�ura [7Ş] reported that the content of AsA and the activity of AP� are increased
in response to water stress, but the G�H amount and form are not. �urther, there is no
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significant change in the levels of malondialdehyde (�DA), an indicator of cell-membrane
damage. Therefore, they concluded that antioxidative metabolism in field-grown cotton plants
exposed to drought stress is suĜcient to protect against oxidative damage. A similar result
was also observed in our experiment [37]. Over-expression of AP� improves the antioxidative
system and enhances tolerance of cotton plants against low temperature [7ş]. In addition, our
results also showed that the activities of �OD and POD are increased under water deficit [23,
37] and that the activities of �OD and AP� increase under water deficit in upland cotton, while
those enzymes do not response to water deficit in pima cotton [32]. However, Kawakami et al.
[ŞŖ] also reported that the activity of �OD in water-stressed cotton plants is significantly
decreased compared to the well-watered plants. It appears that the levels of the antioxidative
systems may increase, decrease or remain unchanged depending on plant species, the period
and the intensity of water deficit and plant age or developmental stage [Ş1]. Additionally, De
�onde et al. [Ş2] and �i et al. [37] reported that with increasing water deficit there is a pro-
gressive increase in free proline in cotton plants.

ř.ś. ����ir o� ��otod�����

Although there are multiple photoprotective mechanisms, photo-oxidative damage to the
photosynthetic apparatus is an inevitable process under drought. Takahashi and Badger [3]
reported that net photoinhibition only occurs when the rate of damage exceeds the rate of
repair. Chow and Aro [Ş3] reported that during the course of a sunny day, the entire population
of P�II could be photoinactivated if repair is inhibited. Aro et al. [Ş4] suggested that fast
recovery of damaged P�II helps the plant reduce the susceptibility to photoinhibition. �ee et
al. [Ş5] and Kato et al. [Ş6] indicated that a higher rate of turnover of D1 protein plays a crucial
role in photoprotection in high light-grown plants. A similar result was also observed by
Oguchi et al. [Ş7] in spinach and �locasia leaves. �ield-grown cotton plants are often exposed
to high irradiance, but there is no sustained net photoinhibition of P�II. It means that the rate
of repair must match the rate of damage to avoid the occurrence of net photoinhibition in field-
grown cotton plants under water deficit. Indeed, the rate coeĜcient of repair of upland cotton
increases steadily with irradiance up to at least 13ŖŖ ΐmol photons mƺ2 sƺ1, provided there is
no oxidative stress [ŞŞ].

ř.Ŝ. �onȬ�o�i�r or��n� �nd ��oto�rot�ction

Aschan and Pfanz [Şş] in a review have concluded that photosynthesis of non-foliar organs is
an important, additional contribution to carbon acquisition and yield. �xamples are the
panicles of rice, the ear of wheat [şŖ, ş1], the spikes of barley and the fruit in tomato [ş2]. Besides
leaves, many parts of cotton, including stem, bract and boll, contain chlorophyll and, therefore,
capture light energy to perform photosynthesis. The stems, bracts and the capsule wall of bolls
contribute to carbon gain [ş3–ş6]. In cotton, Hu et al. [17] have reported that darkening the
non-foliar organs reduced the boll weight by 24.1 (boll) and şƖ (main stem) and the seed weight
by 35.ş (boll) and 16.3Ɩ (main stem). Therefore, we have concluded that non-foliar organs of
cotton are of vital importance to the yield at the late growth stage due to leaves tending to
senesce earlier than non-foliar organs [17].
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Undoubtedly, the leaves are more physiologically active, with greater rates of photosynthesis
and respiration than the bracts and capsule walls [17, ş3, ş5]. As we can see in the field,
however, non-foliar organs and leaves are normally exposed to similar irradiance. Therefore,
one wonders whether the non-foliars organs have diěerent ways of dissipating the excess light
energy safely to confer on photoprotection. �hang et al. [ş7] have conducted an experiment to
compare the characteristics of P�II behaviour in leaves and non-foliar organs and concluded
that lower P�II photochemical activity in non-foliar organs may result from limitations at the
donor side of P�II and the acceptor sides of both photosystems. Compared to leaves, the
thermal dissipation fraction of light absorbed by the P�II antennae is the highest in the bract
and the lowest in the capsule wall of bolls. �urthermore, the capsule wall of bolls is character-
ized by a smaller combined constitutive thermal dissipation (with little dependence on
irradiance) and dissipation as Ěuorescence emission [ş7]. �urthermore, Hu et al. [şŞ] suggested
that the bract dissipates its absorbed light energy via ̇ pH- and xanthophyll-regulated thermal
dissipation for photoprotection, aided by the high activities of antioxidative enzymes. The
main stem preferentially uses both light-regulated and light-independent non-photochemical
quenching to confer photoprotection. The capsule wall of bolls is less able to dissipate energy
via heat. Thus, its main photoprotective mechanisms of the capsule wall of bolls seem to be
direct quenching of the energy by abundant carotenoids and light-independent constitutive
thermal dissipation. �urthermore, because of lower activities of antioxidative enzymes, the
capsule wall of bolls is less able to scavenge reactive oxygen species.

In addition, we have proposed that the photosynthesis from non-foliar organs is important for
increasing cotton yield especially under drought conditions [şŞ, şş]. Non-foliar organs (bract
and capsule wall) show less ontogenetic decrease in photosynthetic capacity, photosynthetic
enzyme activity and better antioxidative systems than leaves in response to drought stress.
Thus, the relative photosynthetic contribution of the non-foliar organs to the whole plant is
expected to increase under drought [şŞ]. In the bract, both photorespiration and energy
dissipation appear to alleviate photoinhibition and play important roles in photoprotection
[1ŖŖ].

Ś. �onc�u�ion

A brief review of the photoprotection of cotton in the field has been presented. We included a
general description of photoprotection from the perspective of leaf movement, drought and
non-foliar organs. Clearly, leaf diaheliotropic movement and wilting movement can regulate
the excess light energy of the photosynthetic apparatus. Besides non-photochemical (heat)
energy dissipation, the alternative electron sinks for the electron transport chains are of vital
importance for resistance of the photosynthetic apparatus against excess light energy in the
field. Thus, both the functioning of P�II and the photosynthetic electron transport systems of
cotton leaves show a relatively high stability. Compared with leaf, bract mainly relies on high
activities of thermal energy dissipation for photoprotection. Nevertheless, the capsule wall of
bolls is less able to dissipate energy via heat.
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���tr�ct

The use of compositional nutrient diagnosis (CND) to assess the nutritional status of
cotton crop is quite important to improve knowledge on plant nutritional requirement
and assist the fertilizer recommendation. The aim of this chapter is to introduce the
possibility of using CND for cotton crop. This method has scarcely been used to assess
the nutritional status of cotton plant although a few results have indicated that it can be
promising. In fact, CND methodology seems to be better in the nutritional diagnosis
than traditional methods such as suĜcient range (��) and critical value approach (C�A).
Its  eĜciency  has  increased  with  the  possibility  of  applying  multivariate  analysis,
principal component analysis (PCA), canonical correlation, and so on. The application
of PCA possibility to note some interactions among the nutrients is  important for
understanding the dynamics of nutrients in plants.


�¢ ord�Ǳ multivariate analysis, nutritional balance, nutrient concentration, PCA,
plant nutrition, soil science, Gossypium hirsutum �
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1. Introduction

The knowledge of nutritional status of cotton is essential to understand plant nutritional
requirement and to help the fertilizer recommendations to improve crop production. Without
understanding cotton nutrient requirement, it is diĜcult to know about plant response to
fertilizers. The traditional methods to assess plant nutrient status are the suĜciency range (��)
and critical value approach (C�A); however, these methods do not allow the diagnosis of the
nutritional balance of the plant, and their usage is dependent on sampling time and plant
development stage [1]. Additionally, in �� and C�A, it is not possible to know which nutrient
is more or less required by plant, because there is no interaction among nutrients in these
traditional diagnoses.

In order to improve nutritional diagnosis by conventional methods (C�A and ��), Beaufils [2]
developed the diagnosis and recommendation integrated system (D�I�), which was based on
“minimum law.” Through the D�I� index, it is possible to observe the plant nutritional
requirement, and the most deficient nutrient is limiting the plant development and production.
It is possible to consider D�I� as an early attempt to analyze the compositional space of leaf
analysis results [3]. Parent and Dafir [4] developed the compositional nutrient diagnosis (CND)
that is conformed to be a multivariate analysis and can combine other refined analysis to
improve the nutritional diagnosis. CND uses the row-centered log ratio instead of dual ratios
between nutrients [5]. CND consists in the relation between each individual nutrient concen-
tration with the geometric mean of the other nutrients in composition. Thus, CND comprises
multiple interactions among all nutrients in diagnosis. Therefore, CND method has more
advantages than D�I� method due to the interaction among all nutrients instead of dual ratios
mentioned above [4].

�or cotton crop, �erra et al. [6, 7] have compared C�A and �� diagnosis with CND method
and observed that CND shows more precise diagnosis results than C�A and ��, and the
authors have reported that the use of �� may generate wide nutrient range that can disturb
the accurate diagnosis.

The aim of this chapter is to introduce the CND applications to assess the nutritional status of
cotton plant as a more precise method of plant diagnosis than the widely applied traditional
C�A and �� methods.

Ř. �utrition�� di��no�i� in coĴon ���nt

C�A or �� method has been defined as an interventionist approach because the production
variability is explained by the variation on nutrient supply or availability of the nutrients under
analysis. In C�A and ��, the other production factors are remained under unlimited levels.
The understanding of the principles, considered by diěerent diagnosis methods, and the
comparison of their results are important to the application of these diagnosis tools.

In cotton and most grain crops, usually, the nutritional diagnoses are conducted using �� and
C�A, which measure only individual leaf nutrient concentration of a nutrient in diagnosis
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without any relationship with other nutrients in the sample of leaf tissue. These traditional
methods do not report the nutritional balance in plant tissue. Bates [1] noted the nutritional
diagnosis through C�A was aěected by the interaction of nutrients in plant tissue and other
factors related to plant growth depending on the age of plant.

In the last decade, the interests for bivariate and multivariate methods of nutritional diagnosis,
as D�I� and CND, increased. D�I� is based on the dual ratio between nutrients, as N/P, N/K,
etc., which is considered to have a bivariate relation. D�I� method allows the assessment of
the nutritional equilibrium of a plant, ranking the nutrient contents in relative order of
nutritional requirement, from the most deficient nutrient to the most excessive [2].

In D�I� results, in order to express the relative nutrient balance into the plant tissue, the D�I�
index is calculated through the comparison of dual nutrient ratios (N/P, P/K, K/Ca, Ca/�g,
etc.) in the sample with the D�I� norms from a reference population (N/Pȼ, P/Kȼ, K/Caȼ,
Ca/�gȼ, etc.). Besides, in the D�I�, there are other bivariate methods such as modified D�I�
(�-D�I�) [Ş] and multivariate method like the CND, which was developed by Parent and Dafir
[4].

ř. �t��� to d����o� ��� nor��

ř.1. ��t�inin� ���� nutri�nt conc�ntr�tion �nd coĴon cro� ¢i��d to co��o�� t�� d�t�����

The first step to develop CND norms is to obtain leaf nutrient concentration and cotton yield
(database). The leaf sampling may be conducted in commercial or experimental cotton field,
but it is recommended that the number of samples cannot be under 3Ŗ samples of complete
leaves (blade Ƹ petiole) per plot, which must be combined to form �ust 1 composed sample [ş].

One leaf sample per plant should be taken from the fifth leaf on the main stem, during Ěowering
of the cotton crop (stages �1–�4), according to classification of �arur and �uano [1Ŗ]. The
cotton yield is assessed at the end of plant cycle, which is usually accomplished with a combine
harvester in commercial field or manually in experimental plots.

In the leaf samples, the total concentrations of N, P, K, Ca, �g, �, B, �n, Cu, �n, and �e are
usually determined. Nevertheless, there are cases where authors used �ust five nutrients (N, P,
K, Ca, and �g) [4, 11] or more, as the case of An�aneyulu and �aghupathi [12], who used ten
nutrients (N, P, K, Ca, �g, �, �e, �n, �n, and Cu).

The leaf nutrient concentration must follow normal distribution. That is why, it is necessary to
transform the data of nutrient concentration from leaf tissue. However, with CND method, the
calculation of row-centered log ratio corrects the non-normal distribution. As observed by
�erra et al. [6], the multinutrient variable (�i) showed 1ŖŖƖ normal distribution in data of leaf
nutrient concentration of cotton.

The size of the database (leaf nutrient concentration and yield) is not well defined in the
literature. �erra et al. [6, 7] used 65 sampling from commercial plots to develop CND norms
in the Western region of Bahia �tate, in Brazil, whereas �erra et al. [13] used 1ŖŞ sampling in
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the database for D�I�. Khiari et al. [11] used 24Ŗ observations of commercial plots of sweet
corn and five nutrient determinations, and Parent et al. [5] collected 1117 samples in potato
crop to establish the database. �ore than quantity, the quality of the database might be more
far reaching to obtain profitable CND norms. In fact, the essential to have an eěective database
is to acquire plots with high-yield and healthy leaves with no damage to make possible the
development of the CND or D�I� norms.

ř.Ř. ����ctin� t�� �i��Ȭ¢i��din� �u��o�u��tion to d����o� ��� nor��

In order to develop the CND norms, it is necessary to define the high-yielding subpopulation
into the database. The database might be divided into two subpopulations, using the mean
Ƹ Ŗ.5 standard deviation (�D) as criterion to separate the populations into a high-yielding group
and low-yielding group [6].

�erra et al. [13] published a paper about the criterion of population selection for cotton crops
to separate low-yielding from high-yielding population to develop D�I� norms; nevertheless,
it is possible to apply these criteria for CND norms. In this criterion, they used the mean and
standard deviation of the yield in the database to separate the high-yielding from low-yielding
subpopulation.

�i�ur� 1. Graphic representation of the observed frequency of yields. The criteria for establishing the high-yield subpo-
pulations were plots with (A) yield above average (43ŞŖ kg haƺ1), (B) yield above average Ƹ 2/3 standard deviation
(above 465Ŗ kg haƺ1), (C) yield above average Ƹ 1 standard deviation (above 47Ş5 kg haƺ1), and (D) yield above aver-
age Ƹ 4/3 standard deviation (above 4ş2Ŗ kg haƺ1).
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As shown in �i�ur� 1, �erra et al. [13] used as criteria for determining the high-cotton-yield
subpopulation plots with yields above the population mean (�i�ur� 1�), yield above mean
Ƹ 2/3 standard deviation (�D) (�i�ur� 1�), yield above mean Ƹ 1 �D (�i�ur� 1�), and yield
above mean Ƹ 4/3 �D (�i�ur� 1�). They concluded that the increasing of rigor to select the
high-yielding subpopulation increases the capacity to discriminate low yielding from high-
yielding subpopulation.

�or other crops as well as for cotton crop, the selection of the high-yielding reference subpo-
pulation may be carried across multiple ratios using a cumulative variance function fit to cubic
[11] or Bolĵmann [14] equations.

ř.ř. ���cu��tion o� t�� ��� nor��

The nutrient leaf tissue composition is defined by the simplex � where the sum of all com-
ponents is constrained to 1ŖŖƖ, which forms a d-dimensional nutrient arrangement, i.e.,
simplex (�d) made of d Ƹ 1 nutrient proportions including d nutrients and a filling value (�d)
[4]Ǳ

where 1ŖŖ is the dry matter concentration (Ɩ); N, P, K, etc., are nutrient proportions (Ɩ); and
�d is the filling value computed as followsǱ

The geometric mean (G) is computed as follows [4]Ǳ

After calculation of the geometric mean (G), the new expression for the multinutrient is log-
transformed to generate a row-centered log ratio as follows [4]Ǳ

The sum of all row-centered log ratios must be equal to zero (ܸܰ + ܸܲ + ܭܸ + … + ܸܴ݀
= 0. CND

norms are the means and standard deviations (�D) of row-centered log ratios of high-yielding
subpopulation from the database.

�ollowing the procedure above, �erra et al. [6] developed the CND norms for cotton crop in
the Western region of Bahia �tate, Brazil (����� 1).
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�o Ȭc�nt�r�d �o� r�tio� ���n ��

�N 3.136 Ŗ.Ŗ6ş6

�P Ŗ.456 Ŗ.1432

�K 2.42Ş2 Ŗ.2256

�Ca 2.63şş Ŗ.1554

��g 1.47Ŗş Ŗ.176ş

�� Ŗ.şŖ33 Ŗ.253ş

��e ƺ2.Ŗş31 Ŗ.Ŗ46

��n ƺ2.Şş72 Ŗ.Ŗ42

�Cu ƺ5.Ŗ26Ş Ŗ.ŖŞ12

��n ƺ3.6224 Ŗ.1641

�B ƺ3.Ş234 Ŗ.Ŗ464

1CND norms based on the high-yield subpopulation (ǁ425Ŗ kg haƺ1) of cotton crop in the Western region of Bahia state
in Brazil [6].

����� 1. Compositional nutrient diagnosis (CND) norms [mean and standard deviation (�D) of row-centered log
ratio]1.

Ś. ��� ind�¡ �nd int�r�r�t�tion

Ś.1. �roc�dur� to c��cu��t� ��� ind�¡ in coĴon cro�

As reported in �ection 3.3, from the leaf nutrient concentration of the high-yielding subpopu-
lation (ǁ425Ŗ kg haƺ1), CND norms were defined (����� 1), which are the means, and standard
deviations of row-centered log ratios of the nutrients concentration in leaf tissue, denoted as
Ʋܸܰ + Ʋܸܲ + Ʋܸܭ + … + Ʋܸܴ݀

 and ȼ�DN, ȼ�DP, ȼ�DK,.... ȼ�D�d, respectively, were then calculated.

The CND indices, denoted as ��, ��, �
,ǳ, ��d, were calculated from the row-centered log ra-
tios as follows [4]Ǳ

The nutrient imbalance index (NII) of a diagnosed specimen, which is its CND r2, followed
the recommendation of Parent and Dafir [4]Ǳ

The interpretation of CND is based on CND index. CND index is defined as the distance of a
given nutrient �i from its geometric mean [4], which is relative to the distance of the same
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nutrient from the geometric mean of the target population (reference population with high
yield).

�rom this point of view above, it is expected that when CND index is closer to zero, �i nutrient
is less imbalanced than others in analysis. �erra et al. [6, 7] observed CND index close to zero
showed higher nutritional balance. This may be related to nutrient leaf concentration and result
in high relationship in cotton crop.

Ś.Ř. Int�r�r�t�tion o� ��� ind�¡ �¢ nutri�nt ����ic�tion �ot�nti�� r���on�� ǻ����Ǽ

Wadt [15] developed the nutrient application potential response (NAP�), which was originally
used to interpret the D�I� index. However, the use of this method was extended to interpret
CND index for cotton crop [6, 7]. This method proved to be eĜcient to accomplish the
interpretation of CND index. Besides the interpretation of CND index in cotton crop, the
methodology has already been applied in other crops to interpret the D�I� index, such as
�ucalyptus �randis [16], coěee [17], and “cupua³u” trees [1Ş].

The NAP� consists in defining five groups of crop response (����� Ř). The use of this meth-
odology enables to obtain the most responsive nutrient in the case of fertilizer recommenda-
tion; however, this recommendation might be carried with the soil physical and chemical
analysis to guide the decisions.

�utrition�� �t�tu�ȳ�rit�ri�ȳ �¢�� o� nutri�nt ����ic�tion �ot�nti��

r���on��1ȳ

Deficiencyȳ IA ǀ Ŗ, ȩIAȩ ǁ NIIa2, and IA is the index of lower

valueȳ

Positive, with higher probability (p)ȳ

Deficiency proneȳ IA ǀ Ŗ and ȩIAȩ ǁ NIIaȳ Positive, with low probability (pz)ȳ

�uĜcientȳ ȩIAȩ ǂ NIIaȳ Null (z)ȳ

�xcess proneȳ IA ǁ Ŗ and ȩIAȩ ǁ NIIaȳ Negative, with a low probability (nz)ȳ

�xcessȳ IA ǁ Ŗ, ȩIAȩ ǁ NIIa, and IA is the index of higher

valueȳ

Negative, with a higher probability (n)ȳ

1The NAP� was calculated based on Wadt [17].
NIIa = nutritional imbalance index average. IA = CND index for nutrient A.
Adapted with permission from Wadt [17].

����� Ř. Criteria to interpret the CND index by nutrient application potential response (NAP�).

The practical interpretation for the nutritional status of the plant in ����� Ř is that “deficiency”
means this nutrient shows high probability to positive response if applied in soil, which expects
higher cotton yields. On the other hand, “excess” means the application of the nutrient in soil
may result in luxury consumption and no response ought to be shown in terms of yield or food
quality [15].
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�utri�nt� ��t�od o� di��no�i� �utri�nt ����ic�tion �ot�nti�� r���on�� ǻ����Ǽ1 ǻƖǼ

� �£ £ n£ n

N D�I� Ŗ 16.ş2 64.62 13.Ş5 4.62

CND 1.54 24.62 47.6ş ş.23 16.ş2

P D�I� 7.6ş 12.31 4ş.23 6.15 24.62

CND 6.15 ş.23 5Ş.46 4.62 21.54

K D�I� 23.ŖŞ 13.Ş5 4Ŗ 7.6ş 15.3Ş

CND 2Ŗ 7.6ş 53.Ş5 ş.23 ş.23

Ca D�I� 23.ŖŞ 1Ŗ.77 5Ŗ.77 ş.23 6.15

CND 21.54 7.6ş 56.ş2 ş.23 4.62

�g D�I� 6.15 6.15 41.54 32.31 13.Ş5

CND 3.ŖŞ 4.62 6Ŗ 23.ŖŞ ş.23

� D�I� ş.23 12.31 5Ŗ.77 12.31 15.3Ş

CND 7.6ş 1Ŗ.77 6Ŗ 13.Ş5 7.6ş

�e D�I� 3.ŖŞ 4.62 Ş6.15 1.54 4.62

CND 6.15 1Ŗ.77 61.54 16.ş2 4.62

�n D�I� Ŗ 4.62 Şş.23 6.15 Ŗ

CND Ŗ 7.6ş 75.3Ş 12.31 4.62

Cu D�I� 7.6ş 1Ş.46 61.54 ş.23 3.ŖŞ

CND 1Ŗ.77 16.ş2 56.ş2 1Ŗ.77 4.62

�n D�I� 1Ş.46 15.3Ş 46.15 ş.23 1Ŗ.77

CND 13.Ş5 15.3Ş 5Ŗ.77 1Ŗ.77 ş.23

B D�I� 1.54 1Ŗ.77 76.ş2 6.15 4.62

CND 6.15 13.Ş5 5Ş.46 13.Ş5 7.6ş

1(p) positive, with higher probability; (pz) positive, with low probability; (z) null; (nz) negative, with a low probability;
(n) negative, with a higher probability.

����� ř. Percentage of nutrient application potential response (NAP�) in cotton crop in Western region of Bahia �tate,
Brazil [6].

The use of CND index interpretation for cotton crop can be a useful tool in association with
soil analysis and experience of the agronomist to recommend fertilizer for cotton crop.
�urthermore, the absence of nutritional diagnosis can result in excess of fertilizer as the case
of P fertilizer observed by �erra et al. [6] in cotton crop in Western region of Bahia �tate, Brazil.
In some specific plots where 1ŞŖ kg P2O5 haƺ1 was applied, �erra et al. [6] noted that by using
NAP� the P In some specific leaf tissue was higher than plant requirement and it could be
reduced by the P fertilizer doses (����� ř).
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ś. �utri�nt int�r�ction� t�rou�� �rinci��� co��on�nt �n��¢�i� on ���
�u�ti��ri����

In order to calculate the principal components analysis (PCA) of the row-centered log ratio in
the high-yielding subpopulation, it was used the database (leaf nutrient content and crop yield)
from �erra [1ş]. As reported by Parent and Dafir [4], the row-centered log ratios are compatible
with PCA; based on it, this section aims at observing some interaction among the nutrients in
PCA.

�o Ȭc�nt�r�d �o� r�tio 
i��Ȭ¢i��d �u��o�u��tion ǻn ƽ ŚŖǼ

��1 ��Ř ��ř

�N Ŗ.ŜŘŞŞ Ŗ.ŚŞŝś ƺŖ.ŖŖş3

�P ƺŖ.śśŞŞ ƺŖ.śşřś ƺŖ.2575

�K ƺŖ.215Ŗ ƺŖ.1672 ƺŖ.ŝŝŜ1

�Ca ƺŖ.1Ş6Ş Ŗ.ŝŘŘř ƺŖ.Ŗ6Ŗ5

��g Ŗ.24Ŗ1 Ŗ.ŖŖ17 Ŗ.ŜŞŚŘ

�� ƺŖ.ŚřśŘ ƺŖ.2ş37 Ŗ.śŜş1

��e Ŗ.Ş1śş ƺŖ.ŚśŘş ƺŖ.Ŗş1ş

��n Ŗ.ŞŖŝŞ ƺŖ.ŚŖřŝ ƺŖ.Ŗ46ş

��n Ŗ.řŞŝş Ŗ.ŜŜŞŜ ƺŖ.16Şş

�B Ŗ.ŘŞşŘ ƺŖ.ŖŞ71 Ŗ.Ŗ4ş4

�Cu ƺŖ.215Ŗ Ŗ.1Ŗ26 ƺŖ.114Ş

�igenvalues 3.11 2.Ŗ6 1.51ş2

�xplained variance (Ɩ) 2Ş.25 1Ş.72 13.Ş1

Accumulated variance (Ɩ) 2Ş.25 46.ş7 6Ŗ.7Ş

�election criterion (�C) Ŗ.2Ş36 Ŗ.34Ş4 Ŗ.4Ŗ56

�alues in boldface are the dominant in the PC loadings by setting the level of significance defined according the
selection criterion (�C).
Database from �erra [1ş].

����� Ś. Correlations between the row-centered log ratio and the first three principal components (PC) for the high-
yield subpopulation (4Ŗ observations).

One of the ma�or ob�ectives of the PCA is to reduce the number of interdependent variables
into smaller numbers of independent principal component (PC), which are linear combinations
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of original variables. According to Parent and Dafir [4], CND is the multivariate expansion of
C�A and D�I� and fully compatible to PCA.

Based on the PCA, it was obtained three PCs with eigenvalues above 1 and accumulated
variance equal 6Ŗ.7ŞƖ (����� Ś). The definition of the loading significance was defined
according to Ovalles and Collins [2Ŗ]. PC loadings or correlations between row-centered log
ratios and the first three principal components must have values greater than the selection
criterion (�C) for significant acceptation. �C proposed by Ovalles and Collins [2Ŗ] was defined
as followsǱ

The three PCs combined explained 6Ŗ.7ŞȹƖ of the total variance (����� Ś). The first principal
component was positively correlated with �N, ��e, ��n, ��n, and �B and negatively correlated
to �P, �, and �Cu (����� Ś). The second principal component was positively correlated with �N,
�Ca, and ��n and negatively correlated with �P, ��e, and ��n (����� Ś). �inally, the third
principal component showed positively correlated with ��g and �� and negatively correlated
with �K (����� Ś).

�i�ur� Ř. Distribution of principal component analysis (PCA) for row-centered log ratios. PC = principal components.
Database from �erra [1ş].
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The structures obtained by PC-1 (NƸP-�-�eƸ�nƸCu-�nƸBƸ), PC-2 (NƸP-CaƸ�e-�n-�nƸ), and
PC-3 (K-�gƸ�Ƹ) are supported by some rules of plant nutrition relative to interaction between
nutrients, but other structures should be studied carefully for a better understanding
(�i�ur� Ř).

In PC-1, it is feasible to observe positive interaction among N, �e, and �n; this result may be
explained as reported by �arschner [21] that �e, �n, and protein are very highly correlated,
which infer that protein is a sink for �e and �n. In PC-2, the inverse relation between P and Ca
may be explained because of dilution and accumulation eěects with plant age. The PC-3
showed the opposite direction for K and �g inferring the antagonism eěects between these
nutrients (�i�ur� Ř).

N and � showed to be highly correlated with the first PC; however, � was negatively correlated
with N (�i�ur� Ř�). It is important to have N availability in soil in balance with �, since this
nutrient is a component of amino acids and proteins. Cysteine is the first stable compost of the
assimilatory reduction of � that is the precursor of all compounds, in which � makes part in
the plants [21]. Thus, � deficiency compromised the formation of amino acids. �urthermore,
the N and � show essential functions in the activity of chlorophyll molecule. The � deficiency
may deplete the action of chlorophyll and consequently reduction of photosynthesis [22].

The second PC was strongly inĚuenced by positive and negative eigenvectors �N, �Ca, and
��n and �P, ��e, and ��n, respectively (�i�ur� Ř�). In positive and negative quadrant, the
nutrients are grouped according to the relationship among them in the plant metabolism, as
example, the �n aěects the metabolism of �e [23], or interactions among nutrients in the
rhizosphere. ��g (positive) and �K (negative) aěected the third PC, which showed opposite
directions between these variables inferring the excessive application of K source in soil, inhibit
the uptake of �g by plant roots [21].

Ŝ. �onc�u�ion

Being an eěective diagnosis tool for the nutritional status of cotton, CND may improve the
diagnosis with the application of multivariate analysis. The development of CND norms
including means and standard deviation of row-centered log ratios in high-yielding subpo-
pulation can be accomplished based on field trials or experimental database. This information
in database is comprised at least by the concentration of leaf nutrients and cotton yield in well-
defined plots. CND, due to its interactions with multi-nutrients, can improve the nutritional
diagnosis in cotton crop better than traditional methods as C�A and ��. In literature, there are
not many results published about CND in cotton crop, but researches should be encouraged
worldwide to use this method because of CND importance, to know the plant nutritional
requirement, and to direct the decision on fertilizer management. �oreover, the row-centered
log ratio is fully compatible with principal component analysis (PCA) that can expand the
results of nutrient interaction in leaf tissue of cotton crops.
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���tr�ct

Cotton production in China has developed rapidly during the last 6Ŗ years. Using only
15Ɩ of the world’s cotton land, China currently has produced 3ŖƖ of the worldȇs cotton.
�uch  a  great  achievement  is  largely  attributed  to  adoption  of  intensive  farming
technologies and cultural practices, including seedling transplanting, plastic mulching,
double cropping, plant pruning, and super-high plant density technique. However, the
intensive technologies are labor intensive and involve large input of materials such as
fertilizers, pesticides, and plastic films. Thus, there are increasing challenges from labor
shortage, soil pollution, and low competitiveness. Here, the achievements, challenges,
countermeasures, and prospects for intensive cotton cultivation in China are reviewed.
An important conclusion from this review is to reform the current intensive technology
to be more light and simplified. �ustainable development of cotton production in China
will be supported by the light and simplified farming and cultural system, and China
cotton has a bright prospect.


�¢ ord�Ǳ cotton, challenges and countermeasures, intensive farming technologies,
sustainable development

1. Introduction

China is one of the largest cotton producers and consumers in the world [1]. The planting area
of cotton in China was 4.35 million hectares in 2Ŗ14 with an average lint yield of 14Ş4 kg haƺ1

and total production of 6.53 million tons (mt). Currently, there are three ma�or cotton-growing
regions, including the northwest inland cotton region, the �ellow �iver valley region, and the
�angĵe �iver valley region (����� 1). These three main cotton regions account for şş.5Ɩ of
output and şş.3Ɩ of growing area in the nation [2].
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�oĴon ��ro�co�o�ic�� £on��ȳ�ro�inc�� �nd r��ion�ȳ ���ntin� �r��

ǻ�i��ion ��ct�r��Ǽȳ

�ot�� out�ut

ǻ�i��ion ton�Ǽȳ

�int ¢i��d

ǻ�� ��ƺ1Ǽȳ

Northwest inland cotton

region

�in�iang and Gansu 1.76 3.64 2Ŗ6Ş

�ellow �iver valley region �handong, Hebei, Henan, �hanxi,

�hanxi, Tian�in

1.45 1.61 111Ŗ

�angĵe �iver valley region Hubei, Hunan, Anhui, �iangsu,

�iangxi, �ichuan

1.11 1.25 1126

�ource [3].

����� 1. �ain cotton planting areas, total output, and average lint yield for 2Ŗ14/2Ŗ15 in China.

Although cotton cultivation has a long history in China, scientific cultivation was not adopted
until the founding of People’s �epublic of China in 1ş4ş. As a result, average unit yield
increased by 3.12Ɩ annually, from 16Ŗ kg haƺ1 in 1ş4ş to 12ŞŖ kg haƺ1 in 2ŖŖş [4]. �any factors
have contributed to the increased average yield, including adoption of improved varieties and
intensive farming technologies. Although such intensive farming technologies meet the need
of a growing population under limited arable land in China, they are labor-intensive and
involve large input of various kinds of chemical products like fertilizers, pesticides, and plastic
films. Therefore, a transition has been occurring from intensive farming to light and simplified
cotton cultivation to cope with the increasing challenges of soil pollution and labor shortage.
The achievements, challenges, and the occurring transition of intensive cotton cultivation in
China are reviewed in this chapter.

Ř. Int�n�i�� ��r�in� t�c�no�o�i�� �nd �c�i�����nt�

Intensive farming technologies have supported China to be one of the countries with the
highest unit yield of cotton in the world. In 2Ŗ14/2Ŗ15, the average lint yield was 76Ş kg haƺ1

in the world, while it was 14Ş4 kg haƺ1 in China, being 5ŞƖ, 1ŞşƖ, şŖƖ, and ş3Ɩ higher than
the yield in the U�, India, Pakistan, and the world average ǻ����� ŘǼ. These technologies include
double cropping, seedling transplanting, plastic mulching, plant training, and “short-dense-
early” high-yielding cultivation pattern in northwest inland which have played more impor-
tant roles than cotton varieties and other contributors to the significant increase in lint yield
for the past 6Ŗ years.

Ř.1. �ou��� cro��in�

There has existed a strong competition for land between grain crops and cotton in China. The
grain-cotton double cropping can ease such a competition by improving farmland and solar
energy use eĜciency, thus it becomes to be one of the most popular cropping systems in the
nation. It ensures higher total output than monocropping, particularly the cotton-wheat double
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cropping system [6], because it meets the need of farmers to grow a profitable cash crop and
secure food supply [7]. According to seeding time (season) of cotton, the double cropping
system consists of spring cotton (full-season cotton) double cropping and summer cotton
(short-season cotton) double cropping. Of the double cropping, the summer cotton double
cropping exhibits obvious advantages in alleviating plant diseases and insect pests by using
short-season cotton varieties. Thus it was once widely adopted from the 1şŞŖs to the 1şşŖs [Ş].
It was noted that double cropping of summer cotton and wheat was relatively lower in lint
yield and fiber quality of short-season cotton. Therefore, double cropping of spring cotton and
wheat began to replace summer cotton and wheat system from the 2ŖŖŖs [ş], and currently
occupies a dominant position in the cropping system in China ǻ�i�ur� 1Ǽ. According to the
diěerent planting modes of cotton-wheat, three kinds of planting modes (3–1 planting modesǱ
3 rows wheat and 1 row cotton; 3–2 planting modesǱ 3 rows wheat and 2 rows cotton; and 4–
2 planting modesǱ 4 rows wheat and 2 rows cotton) were commonly adopted in Huang-Huai-
Hai Plain of China.

�ountr¢ �r�� ǻ�i��ion ��ct�r��Ǽ ���r��� ¢i��d ǻ�� ��ƺ1Ǽ �ot�� �int ¢i��d ǻ�i��ion ton�Ǽ

World 33.Ş3 76Ş 26.4

United �tates 3.7Ş ş3ş 3.55

India 12.7 514 6.53

Pakistan 2.ş5 7Ş2 2.1Ş

Brazil Ŗ.şŞ 1563 1.52

China 4.35 14Ş4 6.53

�ource [5].

����� Ř. Cotton area, average yield, and total lint yield for 2Ŗ14/2Ŗ15 in the world.

�i�ur� 1. Double cropping systems in China. (a) Double-cropping of cotton-wheat; (b) multicropping of cotton-wheat-
watermelon.
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As a popular intensive cultivation technology, wheat-cotton intercropping significantly
increases multiple crop index and reduces the competition between grain and cotton for land
compared with monoculture. �or example, the average seed cotton yield under wheat-cotton
system in Huang-Huai-Hai Plain in China since 1ş5ş was 2Ş36 kg haƺ1, being roughly ŞŞƖ of
that under monocropping, but an extra harvest of 3Ş61 kg wheat per hectare was also obtained
compared to monocropping [1Ŗ]. Thus the total output and economic benefits were signifi-
cantly raised.

However, the planting area and the proportion of cotton-wheat double cropping system to
traditional monocropping system was sharply reduced owing to the following disadvantagesǱ
(a) relatively low lint yield and poorer fiber quality owing to delaying seedlings growth at
intergrowth stage of wheat-cotton and late senescence either in spring cotton double cropping
system or summer cotton double cropping system; (b) relay intercropping of cotton into wheat
being not conducive to mechanization; (c) decreased comparative benefits due to high labor
input.

Ř.Ř. ���d�in� tr�n����ntin�

In double cropping system of wheat-cotton, wheat is harvested in early or mid �une, while
cotton is directly sown in late April. Both crops overlap for approximately 7 weeks. The two
crops in the system interact directly during the overlapping period, which usually delays plant
growth and maturity, as well as reduces cotton yield due to shading and competition for water
and nutrients between the two crops [11]. An investigation of the relationship between boll
weight in wheat-cotton double cropping and meteorological factors showed that hours of
sunshine was the key meteorological factor in most wheat-cotton double cropping patterns
and position of most bolls in the plant; temperature had an important inĚuence on upper and
top bolls, especially for double cropped short-season cotton [12]. Although a wider cotton belt
may reduce crop interaction, it will definitely decrease wheat yield and not be adopted by
farmers. Transplanting cotton seedlings into field �ust before or after wheat harvest can solve
or alleviate the interaction eěects of both crops [13].

The technology of seedling transplanting in cotton was initiated in the 1ş5Ŗs and was widely
adopted from the 1şŞŖs in China [14]. It once accounted for 1ŞƖ of the nationȇs total cotton
growing areas in the 1şŞŖs. Traditionally, seedling nursery in the bed, transplanting seedlings
to the fields, and field management after transplanting are the three main steps of seedling
transplanting [15]. �eedlings were nursed in “columned soil blocks” (4–6 cm in diameter and
Ş–12 cm high) made of soil and organic fertilizer (şǱ1, w/w) in a 5Ŗ cm-high arciform hut. After
emergence, the seedlings were allowed to grow in the hut until transplanting. �eedlings should
experience cold acclimation by keeping the hut open for at least a week before transplanting.
�oil blocks along with seedlings were then transplanted to the fields manually. Generally,
seedling transplanting can be conducted about 35 days before wheat harvest with spring (full-
season) cotton or soon after wheat harvest with summer (short-season) cotton, when the mean
soil temperature at the 5 cm depth reaches 17–1şǚC and cotton seedlings have 2–4 true leaves
on the main stem. �oon after transplanting, seedlings were watered to recover normal growth
quickly. Intertillage and irrigation are conducted timely after transplanting [16].
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�eedling transplanting has several advantages compared with direct seedingǱ (a) it reduces the
quantity of seeds; (b) the growing process is accelerated and cotton maturity is fully guaran-
teed [17]; (c) water and nutrient uptake was improved with promoted lateral root growth. Also,
the root weight and lateral root number of soil-cubes transplanting were 43.4Ɩ and 1Ş.ŞƖ
higher than those in direct seeding cotton [1Ş]; (d) cotton germination, emergence, and early
seedling growth are sensitive to salinity stress. �tand establishment was greatly improved by
seedling transplanting with nonsaline soil as nursery substrate relative to direct seeding in
saline soils [1ş]. �eedling transplanting is thus used as an eĜcient practice to increase stand
establishment of cotton in saline soils.

Compared with direct-seeded cotton after wheat harvest, the yield of transplanted seedlings
was increased by 2Ŗ–3ŖƖ [2Ŗ]. �oreover, seed yield and quality parameters were significantly
improved in the transplanting system through the increased number of bolls per square meter
and earlier blooming; the net revenue for producers was also increased relative to direct
planting. About 2 million hectares of cotton were covered with the seedling transplanting
technology in the 1şşŖs.

However, traditional seedling nursery and transplanting is considerably labor-intensive. The
intensive process can be simplified by replacing nutrient soil clay with medium, and by
transplanting naked seedling rather than soil-clay combined seedling to fields, and by
mechanized transplanting instead of manual transplanting [21]. Because simplified seedling
transplanting decreases labor cost and increases working eĜciency, it is a promising alternative
for transplanting.

Ř.ř. ����tic �u�c�in�

�ow temperature and drought at sowing as well as soil salinity stress and disease during the
seedling stage usually decrease the rate of seed emergence and stand establishment [22, 23].
�ow temperature combined with salinity stress can further reduce cotton emergence and stand
establishment in saline fields [24]. Although late sowing may reduce environmental stress of
early season chilling and disease incidence, cotton yield was decreased by shortening of growth
period. �ortunately, all these problems can be solved by plastic mulching, because it functions
well in increasing soil temperature, water conservation, salinity control in the root zone, and
weed control [25].

Plastic mulching has been widely adopted for cotton production since the 1şŞŖs. Currently,
about 7ŖƖ of total cotton fields, equivalent to 2.7 million hectares, are covered with plastic film
each year, especially in the arid and semi-arid regions of northern China and coastal saline-
alkali areas. Plastic mulching increases soil temperature through greenhouse eěect and
conserves moisture through preventing direct evaporation of moisture from the soil, finally
leading to improved seedling establishment, plant growth, and economical yield. �oreover,
plastic mulching in saline field could eěectively reduce the accumulation of salts in the surface
soil by suppressing evaporation and salinity stress is thus decreased [26].

Plastic film coverage (mulching) is usually conducted soon after sowing manually or mechan-
ically in the �ellow �iver and the �angĵe �iver valley region ǻ�i�ur� Ř�Ǽ. �eedlings are freed

Farming and Cultivation Technologies of Cotton in China
http://dx.doi.org/10.5772/64485

81



from mulching cover by cutting film above hills at emergence ǻ�i�ur� Ř�Ǽ, and thinned to the
planned population density by leaving one vigorous plant per hill at the two-leaf stage. It
should be noted that with the development of cotton’s whole-course mechanization, plastic
film coverage (mulching) before sowing can be interactively conducted with machine in the
northwest inland cotton region (�i�ur� Řc), which can avoid the process of seedling freed under
rainless sowing stage (�i�ur� Řd).

�i�ur� Ř. �ow covering with plastic mulching. (a) Plastic mulching after sowing conducted with machine;(b) manually
freeing seedlings from mulching cover at emergence; (c) plastic film coverage (mulching) before sowing conducted
with machine; (d) avoiding the process of seedling freed.

�r��t��ntȳ �io����

ǻ�Ȧ���ntǼȳ

��Ƹ

ǻ��Ȧ� Ǽȳ

�t�nd

��t���i����nt ǻƖǼȳ

�int ¢i��d

ǻ�� ��ƺ1Ǽȳ

��r�in���

ǻƖǼȳ

No-mulchingȳ 1.47cȳ 11.3aȳ 47.Şcȳ şŖŖcȳ 64.Ŗbȳ

Conventional

mulchingȳ

1.71bȳ 1Ŗ.Ŗbȳ 5ş.5bȳ 1ŖŖŖbȳ 71.4aȳ

�arly mulchingȳ 1.ŞŞaȳ ş.2cȳ 66.3aȳ 1Ŗ71aȳ 73.Ŗaȳ

�ource [27].

����� ř. �ěects of early and conventional mulching on biomass, NaƸ content, stand establishment, lint yield, and
earliness of cotton.
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�arge evaporation usually occurs in naked land without coverage before sowing in spring,
and a large quantity of salts would accumulate in the surface layer of saline soils. Plastic film
mulching before sowing would reduce salt accumulation in soil surface layer and improve
stand establishment in saline soils. As indicated in a previous report, row covering with plastic
film 3Ŗ days before sowing (early mulching) greatly improved stand establishment, and
increased lint yield by 1ş.ŖƖ and earliness by 14.1Ɩ relative to no-mulching (����� ř).
Compared with conventional post-sowing coverage, early mulching reduced leaf NaƸ levels
by Ş.ŖƖ and increased stand establishment by 11.4Ɩ, plant biomass by ş.şƖ, and lint yield by
7.1Ɩ in the saline �ellow �iver Delta. �urthermore, furrow seeding with plastic mulching was
also a suitable cultural practice for enhancing cotton production in saline field owing to
increase stand establishment, especially in moderate and high levels of saline-alkaline soil.
Compared with Ěat-seeded cotton without mulching, the stand establishment and lint yield
under furrow seeding with plastic mulching was increased by ş2Ɩ and 22Ɩ in saline field with
�Ce of 12.Ş d� mƺ1.

Plastic film mulching in combination with seedling transplanting was recommended because
it had dual advantages of increasing soil temperature and promoting early maturity. In such
a way, cotton seedlings are transplanted to film-covered fields rather than open fields. An
integration of mulching and transplanting was demonstrated to significantly improve plant
growth and development, yield, and earliness compared with transplanting or plastic
mulching alone [2Ş]. �int yields were increased with a combination of both practices by 17.4Ɩ
and 14.6Ɩ compared with individual use of plastic mulching and transplanting

Ř.Ś. ���nt �runin�

Plant pruning has been widely applied for more than 7Ŗ years in China. It mainly includes
vegetative branch removal, plant topping, and excising empty fruit branches and old leaves.
It is generally believed that plant training can reduce the nutrient consumption of surplus
organs, decrease the number of boll abscission and boll rot, and increase cotton yield and fiber
quality [2ş].

Ř.Ś.ŗ. �emo�al o� �e�etati�e branches

�egetative branches of cotton plants do not set fruit directly, thus they excessively consume
nutrients and result in boll shedding especially at a medium plant population density of 4.5–
7.5 plants mƺ2. �egetative branches can manually be removed after the first fruit branch appears
in mid �une ǻ�i�ur� ř�Ǽ. It was reported that removal of vegetative branches decreased boll
shedding rate of cotton plants by şƖ and increased the boll weight by 7Ɩ and seed cotton yield
by Ş.7Ɩ [3Ŗ]. It also improved the number of fruiting nods per leaf area (31.1Ɩ) and dry mass
of fruiting parts per leaf area (ŞŞ.şƖ) [31].

Ř.Ś.Ř. �lant toppin�

�emoval of growth tips on the main stem by hand (topping) inhibits apical dominance and
vegetative growth, allowing more nutrients to be partitioned to reproductive organs, leading
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to more squares, Ěowers, bolls, and lint yield. It is critical to identify the best topping time in
practice. Topping later always caused an increase in ineěective fruit branches and ineěective
Ěower buds in upper fruit branches; topping earlier always increases the abscission of squares
and bolls in the upper fruit branches. It was suggested that topping should be conducted by
mid- or late-�uly when the number of fruit branches achieve Ş–1Ŗ per m2 ground area. Plant
topping is also suggested to be done in windless and clear day to facilitate wound healing
(�i�ur� ř�).

�i�ur� ř. Intensive plant training measures. (a) �emoval of vegetative branches; (b) manual plant topping.

Ř.Ś.ř. �emo�al o� early �ruit branches

�ruit shedding or loss appears necessary to ensure normal development of retained bolls that
are carried through to maturity because cotton produces many more fruits than they can
mature [32]. �oss of early fruiting forms can elicit compensatory growth [33]. �arly-fruit
removal enhances vegetative growth and development, thus it can be used to coordinate
relationship between vegetative and reproductive growth [34]. �emoval of early fruiting forms
is currently used in early squaring cotton to mitigate premature senescence because it increased
levels of total nitrogen (N), soluble protein, as well as glutamic-pyruvic transaminase (GPT)
activity in leaves [35], and lint yield was thus increased [36]. It was also reported that removal
of early squares reduced the �erticillium wilt disease indexes and early senescence indexes [37].
The lowermost two or three fruiting branches on the main stem are manually removed 5 days
after squaring.

Ř.ś. �u��rȬ�i�� ���nt d�n�it¢ t�c�ni�u�

Northwest inland cotton region occupies abundant light and heat resources, but cotton
growing season is very short due to low temperature in spring and autumn in this region. In
order to avoid such a limitation, a cultivation pattern called “short-dense-early” was developed
in the 1şşŖs and has been widely adopted in the northwest inland cotton region. In this pattern,
plant density is greatly increased as one of the most important practices. Plant height is reduced
and early maturity is improved with the help of drip irrigation under plastic mulching.

In the “short-dense-early” pattern, the plant density usually ranges from 2ŖŖ,ŖŖŖ to 3ŖŖ,ŖŖŖ
plants haƺ1, and the plant height is controlled to a range of 6Ŗ–75 cm through chemical reg-
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ulation, water and fertilizer management as well as using early-maturity variety, early
planting and drip irrigation under plastic film mulching. The average lint yield in this re-
gion reached 1ş27 kg haƺ1. Currently, it is not diĜcult for farmers in �in�iang to produce
225Ŗ kg haƺ1 of lint yield with “short-dense-early” pattern [3Ş]. It was also reported that a
lint yield record of 4şŖŖ kg haƺ1 was obtained in a small area in �in�iang in 2ŖŖş [3ş].

The northwest inland of China is an arid inland with little precipitation but high evaporation,
thus drip irrigation under film mulching is well adopted in the region. In the drip irrigation
system, one tube can be responsible for two or four rows of cotton. Currently, the most
commonly used pattern is four rows of cotton per drip irrigation tube ǻ�i�ur� ŚǼ. On the one
hand, drip irrigation under film eěectively reduces moisture loss and improves water and
nutrient use eĜciency [4Ŗ]. Compared with Ěood irrigation, the water saving and yield
increase with drip irrigation under film were improved by 2Ŗ–5ŖƖ and 1Ŗ–3ŖƖ, respectively
[41], and water and nitrogen use eĜciency were also greatly improved in �outhern �in�iang;
on the other hand, it eěectively alleviates weeds, diseases, and insect pests; decreases the
number of boll rots; and improves seed cotton yield and fiber quality.

�i�ur� Ś. Drip irrigation system with four rows per drip irrigation tube.

In saline fields, drip irrigation under film could induce low salinity distribution around the
root zone, which significantly alleviated salinity stress and enhanced seedling establishment
and plant growth [42]. It was reported that cotton roots were mainly distributed in the mulched
area [43]. Unequal salt distribution decreased NaƸ concentration in leaves owing to higher root
NaƸ eĝux in the low salinity side, and increased leaf photosynthesis, transpiration and water
and nutrient uptake. It thus greatly improved cotton biomass, lint yield, and earliness com-
pared with equal salt distribution in the root zone [44].

ř. �ro����� �nd c�����n���

�ven though intensive farming technologies have played crucial roles in supporting China to
become the largest cotton producer in the world, it is currently facing great challenges, such
as soil pollution caused by plastic film and chemicals, labor shortage due to urbanization and
competition for land from grain crops.
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ř.1. �oi� �o��ution

In cotton fields, soil pollutants mainly come from plastic mulch, fertilizers, and pesticides.

ř.ŗ.ŗ. �lastic pollution

Plastic mulching has been one of the most important intensive farming and cultural measures,
but its residue in the soil destroys soil structure and inhibits crop growth, and has become a
common soil pollution phenomenon in China.

As plastic coverage is used year after year, more and more plastic film residues accumulate in
the plow layer, which destroys soil integrity and permeability, inhibits the infiltration of soil
capillary and free water, and impairs microbial activity and plant growth [45]. It was reported
that the germination rate, number of plants at harvest and cotton yield in film-polluted soil
were decreased by ş.ş–1ş.1Ɩ, 7.3–16.5Ɩ, and 7.3–21.6Ɩ, respectively [46]. Thus, plastic
pollution is a big challenge for intensive farming of cotton in China.

ř.ŗ.Ř. �ertili£er pollution

Nitrogen (N) as an essential macronutrient is more required consistently and in larger
amounts than other nutrients for cotton production [47]. Nitrogen fertilization had signifi-
cant impacts on cotton growth, lint yields, and fiber quality, making it be excessively ap-
plied by cotton growers in China. In the northwest inland cotton regions, an overdose of
45Ŗ kg N haƺ1 was applied to cotton fields, leading to excessive vegetative growth and de-
layed maturity [4Ş]. In addition, excessive nitrogen application decreases the uptake of oth-
er nutrient elements and use eĜciency of nitrogen; it also destroys the granular soil
structure and compact soil, which finally leads to decreases in cotton yield and fiber quali-
ty. An overdose of nitrogen fertilizer and the resulting pollution also commonly exist in
saline-alkali cotton fields [4ş].

ř.ŗ.ř. �esticide pollution

Cotton is considered a high pesticide consumer crop; about 25–3ŖƖ of total pesticides pro-
duced in China is used for cotton [5Ŗ]. Pesticide is so indispensable to cotton production,
yet while only 1Ɩ of the sprayed pesticides is eěective, şşƖ of pesticides applied is re-
leased to nontarget soils, water bodies, and atmosphere [51]. Although Bt (�acillus thurinȬ
�iensis) transgenic cotton has eěectively helped to control cotton bollworm (
elico�erpa
armi�era Hûbner), other pests like mirid bugs (HeteropteraǱ �iridae) have progressively in-
creased in population sizes in association with a regional increase in Bt cotton adoption
[52]. Organochlorined pesticides (OCPs) such as HCH, DDT, HCB, aldrin, endrin, and
chlordane, were commonly used to control pests in China, and were still detected in some
cotton fields although OCPs have been banned since 1şŞ3. In addition, much more herbi-
cide was excessively applied to control weed in cotton fields, resulting in soil, water, and
atmospheric pollution [53].
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ř.Ř. ���or ��ort���

Intensive farming and cultivation is depending on a huge labor power. With the rapid
urbanization in the nation, more and more rural laborers have migrated to cities and towns to
work in secondary and tertiary industries, leaving only the elderly, women, and children to be
engaged in agriculture. According to the statistics, about Ŗ.24 billion rural laborers migrated
to cities from 1şş6 to 2ŖŖ7 in China. Thus, the intensive cultivation techniques are facing severe
challenges of labor shortage and low level of mechanization for cotton production in China.

ř.ř. �ood ����t¢ �nd c�i��t� c��n��

�apid urbanization has gradually reduced the total cultivated land in China. The Chinese
government is facing a growing pressure of Ȉfood securityȈ and pays more attention to grain
crops than cotton. A lot of supporting policies and measures such as improving grain price
and providing grain subsidy were taken in China to stimulate grain production. This resulted
in more cotton fields being converted to grain fields in China. Intensive farming techniques of
cotton also have to face a challenge from relatively extensive and simple cultivation techniques
of food crops.

Global warming has also resulted in temperature change in the cotton production area of
China, especially in fall and winter seasons. As the temperature increases, cotton plants grow
and develop more quickly than before. As a result, on the one hand, cotton is sub�ect to
premature senescence; on the other hand, more rainfall occurred with increases in water
evaporation owing to temperature increase. “�he pollination o� coĴon is inĚuenced by hi�h rain�all
durin� the reproducti�e �rowth sta�eǰ which causes more budǰ Ěower and boll abscission. 
i�h andȦor
prolon�ed rain�all duration also causes plant lod�in� and serious boll spoilin� diseasesǰ �urther
decreasin� seed coĴon yield and ęber �uality” [4]. Therefore, the increasing area of waterlogging,
more serious pest incidence and premature senescence resulting from climate change are also
strong challenges which the intensive farming must face.

Ś. �ount�r����ur�� �nd �ro���ct�

In order to support sustainable and green production of cotton in China, the traditional
intensive farming technologies should be reformed.

Ś.1. ��ducin� �oi� �o��ution

�easures to decrease plastic film residues in soils include (a) plastic film recovery. Timely
removal of plastic film could eěectively increase its residual recovery. This may be achieved
by increasing the current film thickness of Ŗ.ŖŖ4–Ŗ.ŖŖ6 mm to Ŗ.Ŗ12 mm or above. It was
reported that the recovery of plastic film residues with Ŗ.Ŗ12 mm was higher (6ş.2Ɩ) than that
with Ŗ.ŖŖ6 mm [54]; (b) mechanic collection of plastic film residues after harvest or before
planting. Plastic film residues in the soil can be greatly reduced with the help of a cleaning
machine. This is usually conducted in combination with tillage; (c) application of degradable
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plastic film. Photodegradable or biodegradable films have attracted wide interests of research-
ers and farmer. Once the photodegradable or biodegradable films get to be commercialized,
the pollution problems will be solved.

�ustainable development of cotton production also needs to reduce pesticide-and fertilizer-
caused soil pollution. Application of Bt transgenic cotton and transgenic herbicide-resistant
cotton is an eěective alternative to reduce pesticide contamination; Applying low-toxicity and
low-residue pesticides can be another eěective way to reduce chemical contamination.
Appropriate application of fertilizers, especially nitrogen fertilizer inputs, is able to decrease
fertilizer contamination of soil. Application of organic fertilizer, increasing plant density as
well as fertilization improvement favor lower input of fertilizers without cotton yield reduc-
tion.

Ś.Ř. �i���i�¢in� ę��d ��n�����nt

Cotton is intensively cultivated currently in China with more than 4Ŗ procedures during the
whole growth period. The amount of labor input for cotton is 3.5 and 3 times that for wheat
and corn, respectively. Only simplifying the intensive farming technologies and mechanization
of the whole production process can eěectively deal with the challenges of the current labor
shortage for cotton production.

���r ���din� ��Ĵ�rn� �¡��ri��nt�� �it�� ���n�

�in�in� �i��in 
ui�in �on�¢in�

2Ŗ11 Conventional seeding 3445a 3741a 3673a 3ŞŖ5a 3666a

Precision seeding 34Ŗ3a 372Ŗa 3665a 3264b 3513b

2Ŗ12 Conventional seeding 32ş5a 3Ş77a 3Ş45a 363şa 3664a

Precision seeding 325Şa 3Ş5Ŗa 3632b 3615a 35Şşa

2Ŗ13 Conventional seeding 3514a 3445a 337Ŗa 32Ş7a 34Ŗ4a

Precision seeding 34şŖa 3366a 332Şa 3232a 3354a

�ource [56].

����� Ś. �ěects of precision seeding on seed cotton yield at four experimental sites from 2Ŗ11 to 2Ŗ13.

Ś.Ř.ŗ. �recision seedin� without thinnin�

Traditionally, the seeding rate of cotton is usually 35–45 kg haƺ1 in China, and the resulting
number of seedlings is always much larger than the targeted plant density. It thus requires one
or two times of manual thinning to remove the extra seedlings after emergence. It is known
that cotton yield is not inĚuenced within a certain plant density range owing to its broader
adaptability to plant density [55], thus precision seeding can be an important simplification
measure. Compared with conventional seeding, the precision seeding on the one hand,
significantly reduced the seeding rate without decreasing yield (����� Ś) and fiber quality; on
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the other hand, the labor input is also reduced by eliminating the process of thinning. Precision
seeding is usually conducted soon after mulching in the northwest inland of China because of
dry weather in spring there, while it should be conducted before plastic mulching in the �ellow
�iver valley to avoid interference of raining weather in spring.

Additionally, a precision seeding with double mulching ǻ�i�ur� śǼ, in which seeds were
inserted into the mulched soil and re-covered by plastic film above the first mulch and the re-
coverage was removed soon after full emergence. Double mulching is an important practice
to improve stand establishment in case of rainfall after seeding in the �ellow �iver valley of
China.

�i�ur� ś. Conventional seeding (a) and precision seeding with double mulching (b).

Ś.Ř.Ř. �pplication o� controlledȬrelease �ertili£er

Cotton is traditionally fertilized at least three times with rapid release fertilizers in China. The
conventional split fertilization with rapid release fertilizer always results in a great deal of
labor input and fertilizer loss. Application of slow- or controlled-release fertilizer reduces labor
input and fertilizer loss, because it can be applied only once before planting (basal application)
without yield loss [57].

Ś.Ř.ř. �implięed plant prunin� technolo�y

Plant pruning including removal of vegetative branches, old leaves and redundant buds and
growth terminals of the main stem is labor intensive. In practice, removal of vegetative
branches can be replaced without yield reduction either by retaining vegetative branches at
lower plant density or by inhibiting their growth with high plant density [5Ş]. The application
of chemical substitutes instead of manual pruning can eěectively regulate the relationship
between vegetative and reproductive growth without decreasing yield and fiber quality,
especially the application of chemicals in plant topping [5ş].
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Ś.Ř.Ś. �educed intertilla�e

Intertillage is traditionally conducted 5–1Ŗ times from seedling to harvest in cotton in China.
�ome recent studies have shown that the reduced number of intertillage did not aěect final
lint yield. It can be reduced to two times, the first at full emergence and the second at full
squaring, in the whole season without yield reduction. Intertillage can be conducted in
combination with weeding, earthing up, plastic film uncovering, and fertilization with the help
of machinery at full squaring.

Ś.Ř.ś. 
ar�estȬaid application technolo�y

Cotton is a perennial plant that will shed its mature leaves naturally as the growing season
progresses and the crop matures. With the demonstration and extension of machine-harvested
cotton, harvest-aid application technologies play an important role in stimulating defoliation
and boll opening. Harvest-aid application decisions largely are based on crop maturity, crop
condition, weather conditions, desired harvest schedule, and harvest-aid choices and rate.
�thephon is eěective in accelerating the opening of mature cotton bolls. Though not labeled
as defoliants, satisfactory defoliation may result from applications made under favorable
weather conditions or at higher use rates. Commonly, in order to enhance the eĜcacy of
harvest-aid products, ethephon was tank-mixed with defoliants, such as tribufos, thidiazuron,
and dimethipin. In cotton with a dense canopy, ethephon can be applied at the boll-opening
rate with a low rate of defoliant to achieve both boll opening and leaf drop.

Thorough spray coverage is necessary for good defoliation, because harvest aids are not able
to be translocated from one leaf to the other. �ach leaf must be sprayed to initiate the abscission
process. A second application is usually needed on rank cotton with dense foliage. Addition-
ally, ad�uvants were usually added to harvest-aid chemical formulation or tank mixes to
enhance performance by improving leaf-surface wetting and penetration and uniformity of
deposit.

Ś.Ř.Ŝ. �e�elopment o� mechani£ation

Because of high labor input and labor shortage, intensive cotton farming will inevitably be
reformed with mechanization. There exist large diěerences in mechanization rate among
regions in China. The northwest inland cotton region is the highest in the integrated ratio of
mechanized cotton farming, while the �angĵe �iver valley cotton region is the lowest.

A full mechanization for cotton production mainly consists of mechanical tillage, soil prepa-
ration, seeding, plant protection, intertillage and fertilization, harvesting, and straw returning.
At present, some machineries for soil preparation, seeding, intertillage, plant protection, and
straw returning have been developed and widely used in cotton production in China. Al-
though cotton pickers from abroad basically meets the mechanic harvest demand of cotton in
China, other supporting measures or equipments such as adaptive varieties, techniques of
cultivation and defoliation and machine-picked cotton cleaning lines need to be further
developed. The integration of agricultural machinery and agronomic measures should be
strengthened to accelerate mechanized cotton harvesting. These measures includeǱ (a) im-
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proving cotton picker performance and seed cotton quality through developing more eĜcient
harvesting machinery and equipment suitable for diěerent cotton regions; (b) development of
cotton varieties suitable for mechanized harvesting; (c) development of new agricultural
cultivation technologies well matched to mechanic harvesting; (d) establishment of quality
standards for machine-picked cotton.

Ś.ř. ���or� o� ���ntin� �¢�t�� in dou��� cro��in�

In a traditional double-cropping system, it is mainly implemented through direct seeding or
transplanting before harvest of wheat, garlic, or rape (intercropping). This not only takes a
large amount of labor input, but also inhibits mechanization. Traditional plant system should
be reformed to meet the demands of mechanization and reduced labor inputs ǻ�i�ur� ŜǼ. The
first alternative is cotton seedling transplanting after wheat or rape. Traditional seedling
nursery and transplanting is labor-intensive. The intensive process can be simplified by
replacing nutrient soil clay with commercialized medium, and by transplanting naked
seedlings rather than soil-clay combined seedlings to fields, and by mechanized transplanting
instead of manual transplanting. The second alternative is to use direct seeding of short-season
cotton after the harvest of wheat, garlic, or rape instead of intercropping.

�i�ur� Ŝ. �echanized transplanting of full-season cotton after harvest of garlic (a) and direct seeding of short-season
cotton after harvest of garlic (b).

ś. �onc�u�ion�

Intensive farming technologies including seedling transplanting, plastic mulching, plant
pruning, double cropping, and “short-dense-early” have been widely applied for the past 5Ŗ
years in China. These intensive technologies have played key roles in supporting China to be
the largest cotton producer in the world. However, it should be noted that current cotton
production in China is facing a series of challenges, such as soil pollution, labor shortage, and
intense competition for land from food crops. Therefore, it is essential to reform the traditional
intensive farming technologies. New farming and cultural technologies should be established
to reduce soil pollution through rational use of plastic film and chemicals, save labor through
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simplifying managements and intensifying mechanization, and increase benefit through
reforming the cropping system and management mode. It is believed that China cotton has a
good prospect with the support of new farming technologies (����� ś).

����ur�� �r���nt �ro���ct
Planting and
thinning

Conventional seeding, 3Ŗ–45 kg seed per
hectare, and 2–3 times of manual thinning

Precision seeding, 15–1Ş.75 kg seed per hectare, and
no-thinning

Intertillage Ş–1Ŗ times during the whole growth season 2–3 times at the full post emergence and full
squaring or Ěowering stage

�ertilization 3–4 times at planting, squaring, or Ěowering
stage and after topping with rapid release
fertilizers. With more labor input and lower
fertilizer use eĜciency

One time at planting with slow- or controlled-
release fertilizer. �abor saving and higher fertilizer
use eĜciency

Plant training �anual removal of vegetative branches, old
leaves and redundant buds and growth
terminals of the main stem

�etaining vegetative branches at lower plant
density or inhibit growth of vegetative branches
through increased plant density, or using chemical
substitutes for plant training

Plastic mulching �ilm thickness of Ŗ.ŖŖ4–Ŗ.ŖŖ6 mm, lower film
residual recovery

ǃŖ.Ŗ12 mm in film thickness for recovery, or using
film substitutes instead of conventional plastic film

Planting pattern Double-cropping through direct seeding or
transplanting before harvest of wheat/garlic/
rape

Direct seeding of short-season cotton after the
harvest of wheat/rape, or transplanting after wheat/
garlic /rape

�anagement
mode

�cattered distribution and small-scale
plantation

Concentrated distribution and scaling up plantation

�echanization 4ŖƖ level, including tillage, sowing,
fertilization and intertillage, straw returning

ǃ7ŖƖ level in ten years, including tillage, sowing,
fertilization and intertillage, harvesting, and straw
returning

����� ś. Current status and prospect of cotton cultivation measures in China.
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���tr�ct

The use of winter cover crops is an integral component of conservation systems in a
corn and cotton conservation agriculture rotation. �ield experiments were conducted
from the autumn of 2ŖŖ3 through cash crop harvest in 2ŖŖ6 at three locations. The
treatments  were  five  cover-crop-planting  timings  each  fall  and  four  cover-crop
termination timings each spring. �ive crimson clover or cereal rye planting timings
occurredǱ on the average first Ŗ○C temperature date, 4 and 2 weeks prior and 4 and 2
weeks after the average Ŗ○C temperature date. Termination dates were 1–4 weeks prior
to the average optimum soil temperature date for the establishment of each cash crop.
�esults showed that biomass production by winter covers decreased with even a week’s
delay in winter cover-crop seeding and resulted in a corresponding increase in summer
annual weed biomass. �ore than 1Ŗ times diěerence in biomass produced by clover
was observed when clover was planted on the earliest date and terminated on the last
date compared to late planting and early termination, rye eight times. Correspondingly,
weed biomass was 556 kg haƺ1 in the treatment with least rye biomass, eight times higher
compared to the treatment with greatest rye biomass.


�¢ ord�Ǳ alternative weed control, conservation tillage, cover crops, crop rotation,
weed biomass
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1. Introduction

�esistance management has become the dominating weed science research and extension
focus. In the �outheastern and �id-�outh United �tates, questions concerning management
of  herbicide  resistant  �maranthus  species,  horseweed (�ony£a  �anadensis  �.),  and  Italian
ryegrass (�olium multiĚorum �am.), comprise the ma�ority of Cooperative �xtension �ervice
(C��) calls in these regions. Conservation agriculture (CA) practices are especially threatened
by the emergence and rapid spread of glyphosate-resistant Palmer amaranth (�. palmeri �.
Wats.).  Hundreds of  thousands of  CA hectares are at  risk of  being converted to higher-
intensity tillage systems due to the inability to reliably control herbicide-resistant weeds in
CA systems, especially dry land systems where soil applied herbicides risk non-activation [1].
Currently, the integration of high-residue cover-crop systems, inversion of the soil profile
facilitating burial of the surface seedbank, and overlapping residual herbicides are increas-
ingly being recommended by state C�� throughout the �outheastern Coastal Plain and �id-
�outh Delta for herbicide-resistance management [1–3]. The C�� in the �outheastern and �id-
�outh United �tates is also more frequently recommending tillage to enable increased pre-
planting and pre-emergence herbicide use [3–5]. Between-row cultivation is also a proven
method  of  controlling  many  troublesome  and  resistant  weed  species  [4,  6].  However,
conventional tillage practices decrease soil and water quality and may exclude producers
from  participating  in  government  loan,  insurance,  and  incentive  programs  designed  to
promote soil conservation stewardship. With the rapid spread of acetolactate synthase (A��)
and glyphosate-resistant  Palmer  amaranth,  the  hectares  in  CA could  potentially  decline
further without the development of new, eěective weed-control strategies [1].

In the 2Ŗ12 Weed �cience special issue “Herbicide �esistant Weeds”, authors describe the need
to understand a diverse best management practices (B�Ps), including “emphasizing cultural
management techniques that suppress weeds by using crop competitiveness” and “using
mechanical and biological management practices where appropriate” [7]. �pecific examples
among many B�Ps include crop rotation and cover-crops mulches, respectively. Interest in
utilizing high-residue cover crops as a weed management tool is continually increasing from
both producers and conservation organizations such as the �oil and Water Conservation
�ociety and U�DA Natural �esource Conservation �ervice among others who both actively
support conservation practices through outreach programs and fiscal incentives. This special
issue manuscript also states that the appropriate time for cover-crop termination is complex
and that the optimum planting and termination timing will be regional and often farm-specific,
and concludes “the greatest challenge to the use of any cover crop is the added complexity
associated with integration into existing cropping systems.”

To reduce the use of intensive tillage practices in integrated weed management systems for
controlling problematic weeds, further evaluation of alternative control strategies is necessary.
High-residue cover crops, which have been shown to provide early-season weed control, may
be utilized in cotton along with other management tactics to suppress �maranthus growth [Ş–
1Ş]. Although early-season weed control is possible with cover crops, season-long control has
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required the use of herbicides [14, 16, 1ş–21]. In addition, the quantity of mulch needed to
physically suppress weeds has been evaluated [22].

In the past, cover-crop termination has been facilitated utilizing pre-plant (PP) burndown
herbicides before planting. The C�� recommends terminating winter covers relatively early
in the spring, due to concerns for excessive cover-crop biomass interfering with planting
operations or excessive soil moisture depletion [23, 24]. However, planting into residue is
commonplace (�i�ur� 1) and it is well known that planting date aěects subsequent residue
cover [25].

�i�ur� 1. Cotton planted into cereal rye cover crop for weed suppression.

Cooperative extension service recommendations also generally recommend waiting approxi-
mately 2–4 weeks after desiccating cereal winter covers before planting cotton to avoid
allelopathic eěects [26, 27]. However, little research has been conducted evaluating how
management of high-residue cover-crop biomass production in situ aěects biomass amounts
attained as well as weed and crop response. Thus, the ob�ective of this research was to
determine how cover-crop planting and termination timing inĚuence subsequent residue and
weed biomass and crop yield responses.
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Ř. ��t�ri��� �nd ��t�od�

�ield experiments were conducted at the Alabama Agricultural �xperiment �tation’s �.�.
�mith �esearch Center at �horter, A�, and Tennessee �alley �esearch and �xtension Center at
Belle �ina, A�, from autumn of 2ŖŖ3 through cash crop harvest in 2ŖŖ6. The experiment was
also conducted at the University of �lorida West �lorida �ducation and �esearch Center at �ay,
��, from autumn of 2ŖŖ4 to cash crop harvest in 2ŖŖ6. The three locations were selected due
to their relatively distant latitude positions and diěering soil types, which, according to
previous observations concerning forage biomass yield, would inĚuence winter cover-crop
growth. �atitude ranged from Belle �ina at 34.6Şş5ş5, �.�. �mith at 32.427626 to �ay, ��, at
3Ŗ.77761Ş. The soil types were Compass loamy sand (coarse-loamy, siliceous, subactive,
thermic Plinthic Paleudults) at �.�. �mith, Decatur silty loam (fine, kaolinitic, thermic, �hodic
Paleudult) at Tennessee �alley, and a Dothan sandy loam (fine-loamy, siliceous, thermic
Plinthic Kandiudults) at �ay.

The treatments were five cover-crop-planting timings each fall and four cover-crop termination
timings each spring. The five crimson clover or cereal rye-planting timings occurred on the
average 3Ŗ year first Ŗ○C temperature date, 4 and 2 weeks prior and 4 and 2 weeks after the
average 3Ŗ year Ŗ○C temperature date. Termination dates were 1–4 weeks prior to the average
3Ŗ-year optimum soil temperature date for the establishment of corn or cotton (����� 1 and
Ř). Termination dates were 4, 3, 2, and 1 week prior to the chosen date for corn and cotton
establishment, which we based on the long-term average date of the minimum soil temperature
ideal for corn (�ea mays �.) or cotton (Gossypium hirsutum �.) seeding as recommended by the
Auburn University C�� recommendations (������ 1 and Ř).

����� �in�ǰ �� ��ort�rǰ �� ��¢ǰ ��

ŘŖŖřȦŘŖŖŚ ŘŖŖŚȦŘŖŖś ŘŖŖśȦŘŖŖŜ ŘŖŖřȦŘŖŖŚ ŘŖŖŚȦŘŖŖś ŘŖŖśȦŘŖŖŜ ŘŖŖŚȦŘŖŖś ŘŖŖśȦŘŖŖŜ

�����n�ȱ�����

25-�ep 27-�ep 25-�ep Ŗş-Oct ŖŞ-Oct 12-Oct 2ş-Oct Ŗ4-Nov

Ŗş-Oct 11-Oct 11-Oct 2Ŗ-Oct 21-Oct 25-Oct 1Ŗ-Nov 17-Nov

22-Oct 26-Oct 24-Oct 1Ŗ-Nov 1Ŗ-Nov Ŗ7-Nov 2ş-Nov Ŗ2-Dec

Ŗ4-Nov ŖŞ-Nov Ŗ7-Nov 21-Nov Ŗ3-Dec 22-Nov 13-Dec 12-Dec

1Ş-Nov 1Ş-Nov 1Ş-Nov ŖŞ-Dec 16-Dec Ŗ7-Dec 2Ŗ-Dec 22-Dec

�����n����nȱ�����

23-�eb 23-�eb 22-�eb 23-�eb 23-�eb 22-�eb Ŗ3-�eb 1Ŗ-�eb

Ŗ1-�ar Ŗ1-�ar Ŗ1-�ar Ŗ1-�ar Ŗ1-�ar Ŗ1-�ar 1Ŗ-�eb 17-�eb

ŖŞ-�ar Ŗş-�ar ŖŞ-�ar ŖŞ-�ar Ŗş-�ar ŖŞ-�ar 17-�eb 24-�eb

15-�ar 1Ş-�ar 15-�ar 15-�ar 1Ş-�ar 15-�ar 24-�eb Ŗ3-�ar

����� 1. Crimson clover seeding and termination dates.
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The experiment for each location was a randomized complete block design (r = 3) with a split-
block restriction on randomization. This design was chosen for practical reasons because it
enabled us to handle seeding and termination operations for the cover crop eĜciently. We
assigned cover-crop-planting dates (5) to horizontal and termination dates (4) to vertical strips.
�or each location ¡-year combination, therefore, we had three diěerent sizes of experimental
units (�teel and Torrie, 1şŞ7). The largest experimental unit (TD) equals one-quarter of the
block size, the second largest (PD) equals one-fifth of the block size, and the smallest (PD Ƽ TD
combinations) equals 1/2Ŗ of the block size. This design also led to three diěerent sources of
experimental errors catering to each experimental unit. Depending on location, the smallest
experimental unit (henceforth called plot) was 4 m wide and Ş m long containing four rows of
corn and cotton with a 1-m row spacing.

����� �in�ǰ �� ��ort�rǰ �� ��¢ǰ ��

ŘŖŖřȦŘŖŖŚ ŘŖŖŚȦŘŖŖś ŘŖŖśȦŘŖŖŜ ŘŖŖřȦŘŖŖŚ ŘŖŖŚȦŘŖŖś ŘŖŖśȦŘŖŖŜ ŘŖŖŚȦŘŖŖś ŘŖŖśȦŘŖŖŜ

�����n�ȱ�����

25-�ep 27-�ep 25-�ep Ŗş-Oct ŖŞ-Oct 12-Oct 2ş-Oct Ŗ4-Nov

Ŗş-Oct 11-Oct 11-Oct 2Ŗ-Oct 21-Oct 25-Oct 1Ŗ-Nov 17-Nov

22-Oct 26-Oct 24-Oct 1Ŗ-Nov 1Ŗ-Nov Ŗ7-Nov 2ş-Nov Ŗ2-Dec

Ŗ4-Nov ŖŞ-Nov Ŗ7-Nov 21-Nov Ŗ3-Dec 22-Nov 13-Dec 12-Dec

1Ş-Nov 1Ş-Nov 1Ş-Nov ŖŞ-Dec 16-Dec Ŗ7-Dec 2Ŗ-Dec 22-Dec

�����n����nȱ�����

Ŗ2-Apr Ŗ4-Apr Ŗ5-Apr 23-�ar 23-�ar 22-�ar 1Ŗ-�ar 16-�ar

Ŗş-Apr 11-Apr 1Ŗ-Apr 31-�ar 3Ŗ-�ar 2ş-�ar 17-�ar 24-�ar

16-Apr 1Ş-Apr 17-Apr Ŗ7-Apr Ŗ6-Apr Ŗ4-Apr 24-�ar 31-�ar

22-Apr 2Ş-Apr 24-Apr 13-Apr 13-Apr 12-Apr 2ş-�ar Ŗ7-Apr

����� Ř. Cereal rye seeding and termination dates.

Winter cover crops included crimson clover (�ri�olium incarnatum �.) cv. AU �obin preceding
corn and cereal rye (�ecale cereale �.) cv. �lbon preceding cotton. Both the phases of rotation
were present on ad�acent areas within the same field tier. Crimson clover and cereal rye were
established with a no-till drill at a seeding rate of 2Ş and 1ŖŖ kg haƺ1, respectively, at the times
described previously. In the spring, cover-crop biomass samples were collected immediately
prior to termination by clipping all aboveground plant parts close to the soil surface from one
randomly selected Ŗ.25-m2 section in each plot. Plant material was dried at 6Ŗ○C for 72 h and
weighed. �ach plot was mechanically rolled/crimped at the timings described previously
immediately prior to chemical termination, as described by Ashford and �eeves [2Ş], to aid in
cover-crop desiccation and the process leaves a uniform mat of residue on the soil surface.
Clover was then sprayed with glyphosate (N-(phosphonomethyl) glycine) at 1.12 kg ae haƺ1

plus 2,4-D amine (2,4-D-dimethylammonium) at Ŗ.2Ŗ kg ai haƺ1, while rye was terminated with
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glyphosate alone, utilizing a compressed CO2 backpack sprayer delivering 14Ŗ � haƺ1 at 147
kPa.

Because the central Alabama and West �lorida sites had a well-developed hardpan, the
experimental areas were in-row subsoiled within the week prior to corn and cotton planting
with a narrow-shank parabolic subsoiler equipped with pneumatic tires to close the subsoil
channel (K�C, Tifton GA, U�A). Corn hybrid cv. Dekalb 6ş-72�� and cotton cultivars DP 444
BG/��, �T 5242 B� and DP555B�� were planted at �horter, Belle �ina, and �ay �lorida,
respectively. �ach cash crop was planted 1 week after the final termination date for winter
cover crops at each location with a four-row planter equipped with row cleaners and double-
disk openers (Great Plains �fg., Inc. �alina, K�, U�A).

At the corn eight-leaf or cotton four-leaf growth stage, all aboveground biomass for all weeds
were harvested from two between the row randomly selected Ŗ.25-m2 sections per plot and
treated in a similar manner as to cover-crop samples described above. Immediately after weed
sampling, glyphosate was applied at 1.12 kg ae haƺ1. Plots were then kept weed-free until
harvest utilizing Alabama C��-recommended herbicide applications. �or the determination
of corn grain yield, the two center rows of each plot were harvested with a plot combine, dried
to constant moisture (15Ŗ g H2O kgƺ1), and weighed. �eed cotton yield was determined by
machine harvesting the middle two rows of each plot with a spindle picker.

Data were analyzed separately for each location using generalized linear-mixed models
methodology as implemented in �A�ț P�OC G�I��I�. �ear, planting date and termination
date, and all their interactions were considered fixed eěects. Interaction of reps with planting
date and termination date was considered random eěects. Interaction eěects were considered
to be important whenever the calculated �-value was less than Ŗ.1Ŗ. Treatment diěerences were
calculated by Dunnett’s single degree-of-freedom contrasts.

ř. ���u�t� �nd di�cu��ion

ř.1. �ri��on c�o��r co��rȬcro� �io����

Climatic conditions encountered at the three locations resulted in large diěerences in biomass
production. The maximum biomass production (5447 kg haƺ1) was observed at �horter, A�,
when crimson clover was seeded 4 weeks prior to the average first Ŗ○C temperature and
terminated 1 week prior to planting the corn cash crop (data not shown). The least biomass
production (24 kg haƺ1) was observed at Belle �ina, A�, when the clover was seeded at the last
establishment date (4 weeks post Ŗ○C temperature) and terminated 1 week prior to corn
planting (data not shown).

The most general model for this type of study is a classification model that treats seeding and
termination dates as categorical variables resulting in a 5 by 4 factorial arrangement. The three-
way interaction was significant (� = Ŗ.Ŗ51) only for the Bella �ina location (data not shown).
The two-way interactions termination date by year was significant for the northern and
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southernmost locations only (� ǂ Ŗ.ŖŖ1), whereas seeding date interacted significantly with
years for all three locations (� ǀ Ŗ.ŖŖŖ1). The seeding by termination date interaction was
significant only for Belle �ina and �ay (� ǀ Ŗ.Ŗ26). �ain eěects for seeding and termination
dates were significant at all locations except for termination date at �horter.

�o��r cro� ���din� d�t� 	ro in� ����on

ŘŖŖřȮŘŖŖŚ ŘŖŖŚȮŘŖŖś ŘŖŖśȮŘŖŖŜ

��o��r �io���� ǻ�� ��ƺ1Ǽ

����� �in�ǰ ��

ƺ4 weeks 2Ş61 1ş2Ş 1şŖ4

ƺ2 weeks 1435 2336 1753

�edian date 6Ŗ4 ş45 757

Ƹ2 weeks 3Ŗ4 263 3Ş1

Ƹ4 weeks 76 121 Ş5

�� 172

Dunnett’s � versus median-seeding date

ƺ4 weeks ǀŖ.ŖŖŖ1 ǀŖ.ŖŖŖ1 ǀŖ.ŖŖŖ1

ƺ2 weeks ǀŖ.ŖŖŖ1 ǀŖ.ŖŖŖ1 ǀŖ.ŖŖŖ1

Ƹ2 weeks ǀŖ.ŖŖŖ1 Ŗ.ŖŖş Ŗ.265

Ƹ4 weeks ǀŖ.ŖŖŖ1 Ŗ.ŖŖ1 Ŗ.Ŗ1Ŗ

��ort�rǰ ��

ƺ4 weeks 1ŞŖŞ 475Ŗ 4511

ƺ2 weeks 2135 3Ş27 3ş35

�edian date 1223 1Ŗ61 1ş5Ş

Ƹ2 weeks 1321 35ş ŞŖ5

Ƹ4 weeks ş14 414 425

�� 332

Dunnett’s � versus median-seeding date

ƺ4 weeks Ŗ.462 ǀŖ.ŖŖŖ1 ǀŖ.ŖŖŖ1

ƺ2 weeks Ŗ.117 ǀŖ.ŖŖŖ1 ǀŖ.ŖŖŖ1

Ƹ2 weeks Ŗ.şşŞ Ŗ.3Ŗ2 Ŗ.Ŗ3Ŗ

Ƹ4 weeks Ŗ.ŞŞ4 Ŗ.373 Ŗ.ŖŖ2

��¢ǰ ��

ƺ4 weeks NA 6Ŗ1 2123

ƺ2 weeks NA 46Ş ş7ş

�edian date NA 23Ŗ 465
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�o��r cro� ���din� d�t� 	ro in� ����on

ŘŖŖřȮŘŖŖŚ ŘŖŖŚȮŘŖŖś ŘŖŖśȮŘŖŖŜ

��o��r �io���� ǻ�� ��ƺ1Ǽ

����� �in�ǰ ��

Ƹ2 weeks NA 1Ŗ3 2Ŗ5

Ƹ4 weeks NA şŖ 132

�� Ş6

Dunnett’s � versus median-seeding date

ƺ4 weeks NA Ŗ.Ŗ11 ǀŖ.ŖŖŖ1

ƺ2 weeks NA Ŗ.164 ǀŖ.ŖŖŖ1

Ƹ2 weeks NA Ŗ.6Ş3 Ŗ.113

Ƹ4 weeks NA Ŗ.6Ŗ5 Ŗ.Ŗ26

����� ř. Clover biomass (kg haƺ1) by location and year as inĚuenced by cover-crop seeding date, which were based on
the 3Ŗ-year average day of first frost at each location. �urther seeding dates were either 2 or 4 weeks prior (ƺ) or later
(Ƹ) than that date. Data are averaged over termination dates.

Crimson clover dry biomass yield was significantly reduced by the delay in seeding date at all
locations and years (����� ř).

In 2ŖŖ3–2ŖŖ4 at Belle �ina, crimson clover planted 4 and 2 weeks prior to the average Ŗ○C date
yielded 2257 and Ş31 kg haƺ1 higher, respectively, than plots planted on the average Ŗ○C date
(6Ŗ4 kg haƺ1), and 27Ş5 and 135ş kg haƺ1 higher, respectively, than the latest planting date.
�imilar trends were observed in 2ŖŖ4–2ŖŖ5 and 2ŖŖ5–2ŖŖ6 except for one comparison. Belle
�ina is the coldest of the three experiment locations with an average temperature of 1Ŗ, 5.5,
and 3.Ş○C during November, December, and �anuary, respectively. These observations indicate
that it is very important to plant a legume cover crop such as crimson clover early enough to
get suĜcient growth before cooler temperatures reduce growing degree days. �ess than 4ŖŖ
kg haƺ1 of biomass was produced when crimson clover was seeded 2 weeks after the average
Ŗ○C temperature at Belle �ina in any year. At Belle �ina in 2ŖŖ3–2ŖŖ4 and 2ŖŖ5–2ŖŖ6, clover
biomass was maximized by waiting until 1 week prior to planting to terminate the cover crop
gaining an additional 521 and 1ş5 kg haƺ1, respectively, compared to terminating at the C��
recommended 2 weeks prior to planting.

At �horter, the variability in crimson clover biomass production among the years was very
pronounced; biomass production was less in 2ŖŖ3 compared to 2ŖŖ4 and 2ŖŖ5. �ignificant
reduction in crimson clover biomass production was observed with an advanced seeding
date only in 2ŖŖ4 and 2ŖŖ5, as indicated by contrasts. If the seeding of crimson clover was
delayed by 4 weeks compared to the earliest date, 36Şş and 2553 kg haƺ1 less biomass were
produced in 2ŖŖ4 and 2ŖŖ5, respectively. No significant diěerences in crimson clover bio-
mass production were, however, observed with early or delayed termination in 2ŖŖ4 and
2ŖŖ5 (����� Ś).
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�o��r cro� ���din� d�t� 	ro in� ����on

ŘŖŖřȮŘŖŖŚ ŘŖŖŚȮŘŖŖś ŘŖŖśȮŘŖŖŜ

��o��r �io���� ǻ�� ��ƺ1Ǽ

����� �in�ǰ ��

ƺ1 week prior 1637 1Ŗ15 1323

ƺ2 week prior 1116 1364 1131

ƺ3 week prior Ş32 111ş Ş33

ƺ4 week prior 63ş ş77 617

�� 144

Dunnett’s � versus first termination date

ƺ1 week prior ǀŖ.ŖŖŖ1 Ŗ.şş1 ǀŖ.ŖŖŖ1

ƺ2 week prior Ŗ.Ŗ22 Ŗ.Ŗ5ş Ŗ.ŖŖ7

ƺ3 week prior Ŗ.55Ŗ Ŗ.72ş Ŗ.431

��ort�rǰ ��

ƺ1 week prior 1Ş6Ŗ 234Ş 2Ş27

ƺ2 week prior 1315 2ŖŖ5 23Ş5

ƺ3 week prior 16ş1 1Ş13 23Şş

ƺ4 week prior 1Ŗ54 2162 17Ŗ6

�� 335

Dunnett’s � versus first termination date

ƺ1 week prior Ŗ.1Ş7 Ŗ.ş56 Ŗ.Ŗ3ş

ƺ2 week prior Ŗ.Şş1 Ŗ.ş72 Ŗ.31Ŗ

ƺ3 week prior Ŗ.36Ŗ Ŗ.7Ş1 Ŗ.3Ŗ6

��¢ǰ ��

ƺ1 week prior NA 474 1144

ƺ2 week prior NA 217 ş45

ƺ3 week prior NA 2Ŗ1 5ŞŞ

ƺ4 week prior NA 3ŖŖ 446

�� 77

Dunnett’s � versus first termination date

ƺ1 week prior NA Ŗ.264 ǀŖ.ŖŖŖ1

ƺ2 week prior NA Ŗ.7Ş7 ǀŖ.ŖŖŖ1

ƺ3 week prior NA Ŗ.6Ş7 Ŗ.426

����� Ś. Clover biomass (kg haƺ1) by location and year as inĚuenced by cover-crop termination date, which were 4, 3, 2,
and 1 week prior to corn planting. Termination dates were based on a 3Ŗ-year average soil temperature. Data are
averaged over seeding dates.
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Dry biomass accumulation was maximized if crimson clover was allowed to grow until 1 week
prior to corn planting compared in 2ŖŖ6.

At the southernmost location �ay, except the three-way interaction, all other main and inter-
action eěects were significant for crimson clover biomass production. �ignificant diěerences
among years were observed, with biomass production less in 2ŖŖ4–2ŖŖ5 compared to 2ŖŖ5–
2ŖŖ6. In 2ŖŖ4–2ŖŖ5 and 2ŖŖ5–2ŖŖ6, the earliest planting date resulted in 6Ŗ1 and 2123, respec-
tively. With every 2-week delay in seeding, the cover-crop biomass production was reduced
by more than half in almost all comparisons (����� ř). �ignificantly high biomass was accu-
mulated when crimson clover was terminated only a week or 2 prior to the corn planting in
2ŖŖ5–2ŖŖ6 compared with the earliest termination date (����� Ś).

ř.Ř. ���d �io���� in corn

The three-way interaction (year by PD by KD) was not significant for any location. The
interaction of termination date with year was significant for both Belle �ina and �horter
locations (� ǂ Ŗ.Ŗ4). Interactions of seeding date with year as well as with termination date
were not significant (� ǃ Ŗ.11). �ears did not have a significant eěect at any of the locations (�
ǃ Ŗ.12). The eěect of termination date (� ǂ Ŗ.Ŗ5) and seeding date (� = Ŗ.Ŗş) was significant at
Belle �ina and �horter only.

At Belle �ina, weed biomass was only Ş1 kg haƺ1 in 2ŖŖ3/2ŖŖ4 growing season corresponding
to crimson clover biomass of 2Ş61 kg haƺ1 when the cover crop was seeded 4 weeks prior to the
average Ŗ○C temperature (data not shown). Weed biomass increased with delay in cover-crop
seeding date indicating that a greater amount of crimson clover residue produced by earlier
seeding dates suppressed early-season weed biomass production in corn. However, contrasts
indicate no significant reduction in weed biomass if crimson clover was planted 4 or 2 weeks
after the average Ŗ○C temperature. In the 2ŖŖ4–2ŖŖ5 growing season, weed biomass production
was significantly reduced by seeding crimson clover 4 and 2 weeks prior to the average Ŗ○C
temperature; again, the higher biomass production resulted in less weed biomass. No
significant diěerences in weed biomass production were observed if crimson clover was
seeded on the average Ŗ○C temperature or thereafter. In 2ŖŖ5/2ŖŖ6, seeding dates had no
significant eěect on weed biomass production. No significant eěect of delayed termination on
weed biomass production was observed in 2ŖŖ3–2ŖŖ4 and 2ŖŖ4/2ŖŖ5 growing seasons com-
pared to the first termination date (4 weeks prior to average Ŗ○C temperature). However, in
2ŖŖ5/2ŖŖ6 growing season, a significant reduction in weed biomass was observed with only a
week’s delay in crimson clover termination. This could be attributed to the increase in crimson
clover biomass production with delayed termination, which in turn resulted in early season
weed suppression.

At �horter location, no significant increase or decrease in weed biomass production was
observed with seeding of crimson clover earlier or later than the average Ŗ○C temperature date.
However, weed biomass production in general increased with delay in crimson clover seeding
date; in 2ŖŖ3/2ŖŖ4 and 2ŖŖ5/2ŖŖ6 growing seasons, weed biomass ranged from 16 to 2Ş kg ha
ƺ1 for the first two crimson clover seeding dates, whereas the final seeding date plots averaged
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nearly 1Ŗş kg haƺ1 weed biomass during both the growing seasons. The eěect of termination
dates was pronounced only in 2ŖŖ5/2ŖŖ6; significantly less weed biomass was produced if the
termination was delayed by even a week (data not shown).

At �ay location, our southernmost location, no definite trend in weed biomass production was
observed with earlier seeding or termination of the crimson clover (data not shown). This could
be due to rapid decomposition of residue due to warmer temperatures and higher rainfall at
this location compared to the northern locations.

ř.ř. �orn �r�in ¢i��d

Corn grain yield was not aěected by crimson clover seeding and termination dates at
Belle �ina. Though no statistically significant diěerences were observed, plots with the
earliest seeding of the crimson clover yielded numerically highest at this location. At both
�horter and Belle �ina, significant diěerences in corn grain yield were observed across
years (������ ś and Ŝ).

�o��r cro� ���din� d�t� 	ro in� ����on

ŘŖŖřȮŘŖŖŚ ŘŖŖŚȮŘŖŖś ŘŖŖśȮŘŖŖŜ

�orn �r�in ¢i��d ǻ�� ��ƺ1Ǽ

����� �in�ǰ ��

ƺ4 weeks 1Ŗ,471 ş262 4646

ƺ2 weeks ş474 Ş712 46Ş6

�edian date şş63 Ş6Ş4 522Ş

Ƹ2 weeks 1Ŗ,Ŗ54 Ş434 46Ŗ7

Ƹ4 weeks ş344 Ş414 4Ş31

�� 37Ŗ

Dunnett’s � versus median-seeding date

ƺ4 weeks Ŗ.5Ŗ1 Ŗ.3Ş6 Ŗ.3ŞŖ

ƺ2 weeks Ŗ.534 1.ŖŖŖ Ŗ.445

Ƹ2 weeks Ŗ.şşŞ Ŗ.ş1ş Ŗ.324

Ƹ4 weeks Ŗ.326 Ŗ.Şş7 Ŗ.7Ŗ2

��ort�rǰ ��

ƺ4 weeks 11,şŞ6 7631 57Ŗ3

ƺ2 weeks 11,7Ŗ1 77Ŗ1 57Ŗş

�edian date 12,42ş 7333 562ş

Ƹ2 weeks 11,325 7363 5Ş4Ŗ
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�o��r cro� ���din� d�t� 	ro in� ����on

ŘŖŖřȮŘŖŖŚ ŘŖŖŚȮŘŖŖś ŘŖŖśȮŘŖŖŜ

�orn �r�in ¢i��d ǻ�� ��ƺ1Ǽ

����� �in�ǰ ��

Ƹ4 weeks 11,533 7Ş64 52ş6

�� 37ş

Dunnett’s � versus median-seeding date

ƺ4 weeks Ŗ.5ş2 Ŗ.Ş47 Ŗ.şşş

ƺ2 weeks Ŗ.175 Ŗ.731 Ŗ.şşş

Ƹ2 weeks Ŗ.Ŗ15 1.ŖŖŖ Ŗ.ş4ş

Ƹ4 weeks Ŗ.Ŗ65 Ŗ.431 Ŗ.7ş2

��¢ǰ ��

ƺ4 weeks NA 55Ş2 1352Ŗ

ƺ2 weeks NA 625ş 1432Ş

�edian date NA 5236 12şŞ2

Ƹ2 weeks NA 631Ş 12ŖŞ3

Ƹ4 weeks NA 6432 126ş4

�� ş45

Dunnett’s � versus median-seeding date

ƺ4 weeks NA Ŗ.ş72 Ŗ.Ş7Ş

ƺ2 weeks NA Ŗ.446 Ŗ.216

Ƹ2 weeks NA Ŗ.3ş7 Ŗ.56Ŗ

Ƹ4 weeks NA Ŗ.31Ŗ Ŗ.şŞ6

����� ś. Corn grain yield (kg haƺ1) by location and year as inĚuenced by cover-crop seeding date, which were based on
the 3Ŗ-year average day of first frost at each location. �urther seeding dates were either 2 or 4 week prior (ƺ) or later (Ƹ)
than that date. Data are averaged over termination dates.

Grain yield decreased with the progression of the experiment. Weather conditions were
diěerent among the years, 2ŖŖ4 being a normal rainfall year whereas in 2ŖŖ5 ma�ority of the
rainfall was received in �uly at Belle �ina (6 in.) and �horter (Ş.5 in.); 2ŖŖ6 was a drought year
at both the locations throughout the summer. These diěerences in rainfall events can likely
explain some of the yield diěerences observed among years at both the locations. Corn is most
sensitive to water stress during silking or Ěowering, and pollination stages of growth and
drought stress during this period can result in poor grain development and yield losses.

Cotton Research110



�o��r cro� ���din� d�t� 	ro in� ����on

ŘŖŖřȮŘŖŖŚ ŘŖŖŚȮŘŖŖś ŘŖŖśȮŘŖŖŜ

�orn �r�in ¢i��d ǻ�� ��ƺ1Ǽ

����� �in�ǰ ��

ƺ1 week prior şŞŞŖ Ş3Şş 4ş46

ƺ2 week prior ş7Ŗ7 Ş3ş2 52Ŗ1

ƺ3 week prior 1Ŗ,117 ş1ş6 4Ş42

ƺ4 week prior ş741 ŞŞ27 42Ŗş

�� 425

Dunnett’s � versus first termination date

ƺ1 week prior Ŗ.şŞŞ Ŗ.745 Ŗ.37Ŗ

ƺ2 week prior 1.ŖŖŖ Ŗ.74Ş Ŗ.155

ƺ3 week prior Ŗ.Ş1Ş Ŗ.Ş27 Ŗ.4ş1

��ort�rǰ ��

ƺ1 week prior 1Ŗ,ş16 757ş 43Ş2

ƺ2 week prior 12,Ŗş4 7424 5ş4ş

ƺ3 week prior 12,453 Ş225 6ş33

ƺ4 week prior 11,717 7ŖŞ5 527Ş

�� 5ŖŖ

Dunnett’s � versus first termination date

ƺ1 week prior Ŗ.4Ş2 Ŗ.7ş7 Ŗ.3ş2

ƺ2 week prior Ŗ.Şş5 Ŗ.ş2Ŗ Ŗ.616

ƺ3 week prior Ŗ.547 Ŗ.2Ŗş Ŗ.Ŗ37

��¢ǰ ��

ƺ1 week prior NA 5615 12,565

ƺ2 week prior NA 5Ş67 12,Ş72

ƺ3 week prior NA 6225 13,46Ş

ƺ4 week prior NA 6155 13,5Ş1

�� 7Ş4

Dunnett’s � versus first termination date

ƺ1 week prior NA Ŗ.ş26 Ŗ.673

ƺ2 week prior NA Ŗ.şŞ7 Ŗ.Ş53

ƺ3 week prior NA 1.ŖŖŖ Ŗ.şşş

����� Ŝ. Corn grain yield (kg haƺ1) by location and year as inĚuenced by cover-crop termination date, which were 4, 3,
2, and 1 week prior to corn planting. Termination dates were based on 3Ŗ-year average soil temperature. Data are
averaged over seeding dates.
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ř.Ś. ��r��� r¢� co��rȬcro� �io����

When analyzed by location, the three-way interaction was not significant at Belle �ina. The
interaction of experiment years with seeding date was significant. The main eěect of seeding
date, termination date, and year was also significant. In general, rye biomass production
declined with every 2-week delay in seeding the cover crop (����� ŝ).

�o��r cro� ���din� d�t� 	ro in� ����on

ŘŖŖřȮŘŖŖŚ ŘŖŖŚȮŘŖŖś ŘŖŖśȮŘŖŖŜ

�¢� �io���� ǻ�� ��ƺ1Ǽ

����� �in�ǰ ��

ƺ4 weeks ŞŞ7Ş 5Ŗ62 63ş6

ƺ2 weeks 7Ş52 5232 4Ŗ7Ş

�edian date 65Ş4 2Ş63 247ş

Ƹ2 weeks 45ŖŖ 214ş 3ŖŞ5

Ƹ4 weeks 264ş ş13 2Ŗ66

�� 611

Dunnett’s � versus median-seeding date

ƺ4 weeks Ŗ.ŖŖ4 Ŗ.ŖŖ6 ǀŖ.ŖŖŖ1

ƺ2 weeks Ŗ.2ŖŖ Ŗ.ŖŖ3 Ŗ.Ŗ7Ŗ

Ƹ2 weeks Ŗ.Ŗ1Ŗ Ŗ.7Ŗ1 Ŗ.7ŞŞ

Ƹ4 weeks ǀŖ.ŖŖŖ1 Ŗ.Ŗ1Ş Ŗ.ş33

��ort�rǰ ��

ƺ4 weeks 5566 5331 6177

ƺ2 weeks 5Ŗ53 4Şş3 626ş

�edian date 4344 261Ŗ 5372

Ƹ2 weeks 277ş 51Ş 2553

Ƹ4 weeks 1276 213 137Ŗ

�� 356

Dunnett’s � versus median-seeding date

ƺ4 weeks Ŗ.Ŗ2Ŗ ǀŖ.ŖŖŖ1 Ŗ.1şŞ

ƺ2 weeks Ŗ.2şŞ ǀŖ.ŖŖŖ1 Ŗ.12Ş

Ƹ2 weeks Ŗ.ŖŖ2 ǀŖ.ŖŖŖ1 ǀŖ.ŖŖŖ1

Ƹ4 weeks ǀŖ.ŖŖŖ1 ǀŖ.ŖŖŖ1 ǀŖ.ŖŖŖ1

��¢ǰ ��

ƺ4 weeks NA 36Ŗ5 5ŖŖ6
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�o��r cro� ���din� d�t� 	ro in� ����on

ŘŖŖřȮŘŖŖŚ ŘŖŖŚȮŘŖŖś ŘŖŖśȮŘŖŖŜ

�¢� �io���� ǻ�� ��ƺ1Ǽ

����� �in�ǰ ��

ƺ2 weeks NA 2şŞ2 5341

�edian date NA 255ş 46ş5

Ƹ2 weeks NA 16Ş7 334ş

Ƹ4 weeks NA 1545 27Ŗ6

�� 253

Dunnett’s � versus median-seeding date

ƺ4 weeks NA Ŗ.ŖŖ5 Ŗ.727

ƺ2 weeks NA Ŗ.4ŞŖ Ŗ.142

Ƹ2 weeks NA Ŗ.Ŗ26 ǀŖ.ŖŖŖ1

Ƹ4 weeks NA Ŗ.ŖŖ7 ǀŖ.ŖŖŖ1

����� ŝ. �ye biomass (kg haƺ1) by location and year as inĚuenced by cover-crop seeding date, which were based on the
3Ŗ-year average day of first frost at each location. �urther seeding dates were either 2 or 4 week prior (ƺ) or later (Ƹ)
than that date. Data are averaged over termination dates.

Delaying cereal rye planting 4 weeks significantly lowered the rye biomass yield in all the
years. Biomass production was in general less at this location in 2ŖŖ3/2ŖŖ4 and 2ŖŖ4/2ŖŖ5
growing seasons. �arlier termination of rye also significantly reduced biomass. Biomass
production in all the years was increased if rye was terminated a week or 2 prior to cotton
planting (����� ŝ). However, no significant diěerences in biomass production were observed
if rye was terminated 3 or 4 weeks prior to cotton planting.

At �horter location, all the interactions and main eěects were significant for rye biomass
production. Delayed seeding of rye significantly reduced dry biomass accumulation (�����
ŝ). In 2ŖŖ4–2ŖŖ5, no significant diěerences in rye dry biomass accumulation occurred if rye
was seeded on the third seeding date or later. �ignificant planting and termination date
interaction were also observed at this location. The maximum biomass production was Ş523
kg haƺ1 in year 2ŖŖ6 when rye was planted 2 weeks before the Ŗ○C temperature date and
terminated a week prior to cash crop planting. The least biomass produced at �horter was 14Ŗ
kg haƺ1 when covers were planted on the last planting date and terminated on the first planting
date (data not shown).

At our southernmost location �ay, all two-way interactions and main eěects were significant.
�ye biomass production was better in year 2ŖŖ6 compared to year 2ŖŖ5. As observed at other
two locations, delayed seeding or earlier termination reduced dry biomass accumulation by
rye (data not shown). The maximum observed rye biomass at this location was 746Ş kg haƺ1

produced when rye was planted 4 weeks prior to the average Ŗ○C temperature and terminated
2 weeks before the seeding of cotton.
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ř.ś. ���d �io���� in coĴon

Dry weights of weeds were more in cotton compared to corn at all site years due to the earlier
sampling time in corn when fewer summer annual weeds had emerged. The cover-crop
biomass observed at each location was reĚected in the subsequent results observed for weed
control. The three-way interaction was not significant at any of the locations. The interaction
of year with seeding and termination date was significant at all the locations except at �ay. The
seeding by termination date interaction was not significant at any location.

In general, there was an increase in weed biomass in cotton with earlier termination and late
planting of the rye cover crop. At Belle �ina, numerically less weed dry biomass was observed
corresponding to a high rye cover-crop residue (����� Ş).

�o��r cro� ���din� d�t� 	ro in� ����on

ŘŖŖřȮŘŖŖŚ ŘŖŖŚȮŘŖŖś ŘŖŖśȮŘŖŖŜ

����� �in�ǰ ��

ƺ4 weeks 31 133 214

ƺ2 weeks 54 1Ş2 455

�edian date 4Ŗ6 275 ş45

Ƹ2 weeks 25Ŗ 2ş7 36Ş

Ƹ4 weeks 345 47Ş 664

�� 1Ŗ2

Dunnett’s � versus median-seeding date

ƺ4 weeks Ŗ.Ŗ1Ŗ Ŗ.6Ŗ1 ǀŖ.ŖŖŖ1

ƺ2 weeks Ŗ.Ŗ17 Ŗ.Ş65 ǀŖ.ŖŖŖ1

Ƹ2 weeks Ŗ.51ş Ŗ.şşş ǀŖ.ŖŖŖ1

Ƹ4 weeks Ŗ.ş65 Ŗ.2Ş3 Ŗ.Ŗ77

��ort�rǰ ��

ƺ4 weeks 316 2Şş 62

ƺ2 weeks 31Ş 3Ş1 53

�edian date 47Ŗ 44Ŗ 5Ş

Ƹ2 weeks 474 467 Ş1

Ƹ4 weeks ş7Ŗ 37Ş ŞŞ

�� 1Ŗ1

Dunnett’s � versus median-seeding date

ƺ4 weeks Ŗ.425 Ŗ.43Ş 1.ŖŖŖ

ƺ2 weeks Ŗ.437 Ŗ.ş53 1.ŖŖŖ

Ƹ2 weeks 1.ŖŖŖ Ŗ.şş7 Ŗ.şşŞ
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�o��r cro� ���din� d�t� 	ro in� ����on

ŘŖŖřȮŘŖŖŚ ŘŖŖŚȮŘŖŖś ŘŖŖśȮŘŖŖŜ

����� �in�ǰ ��

Ƹ4 weeks ǀŖ.ŖŖŖ1 Ŗ.ş44 Ŗ.şş6

��¢ǰ ��

ƺ4 weeks NA 4Ş 53

ƺ2 weeks NA 5Ŗ 4Ş

�edian date NA ŞŖ ŞŞ

Ƹ2 weeks NA 53 Ş5

Ƹ4 weeks NA Ş7 65

�� 14

Dunnett’s � versus median-seeding date

ƺ4 weeks NA Ŗ.33Ş Ŗ.25ş

ƺ2 weeks NA Ŗ.3şŖ Ŗ.16Ŗ

Ƹ2 weeks NA Ŗ.4ş5 1.ŖŖŖ

Ƹ4 weeks NA Ŗ.şş3 Ŗ.626

����� Ş. Weed dry biomass (kg haƺ1) in cotton by location and year as inĚuenced by cover-crop seeding date, which
were based on the 3Ŗ-year average day of first frost at each location. �urther seeding dates were either 2 or 4 week
prior (ƺ) or later (Ƹ) than that date. Data are averaged over termination dates.

Weed biomass averaged only 31 kg haƺ1 corresponding to rye biomass of ŞŞ7Ş kg haƺ1 in plots
seeded with rye 4 weeks before the average Ŗ○C temperature in 2ŖŖ3. No significant diěerences
in weed biomass production were observed in 2ŖŖ4 among diěerent seeding dates. In 2ŖŖ5,
weed biomass was maximum in plots seeded with rye on the median seeding date averaging
ş45 kg haƺ1 and less in the later-seeded plots. This is likely due to less rye biomass (247ş kg ha
ƺ1) production in these plots. No significant diěerences in the weed biomass production were
observed among the termination dates in 2ŖŖ3 and 2ŖŖ4 (data not shown). In 2ŖŖ5, however,
the plots terminated on the final termination date had the least weed biomass.

At �horter, no significant diěerences in weed biomass production were observed among
seeding dates in 2ŖŖ4 and 2ŖŖ5 (����� Ş). The maximum observed weed biomass was ş7Ŗ kg
haƺ1 corresponding to rye biomass of 1276 kg haƺ1 in 2ŖŖ5, when rye was seeded 4 weeks after
Ŗ○C freeze. The eěect of termination dates on weed biomass production was significant in 2ŖŖ3;
weed biomass decreased with delay in rye cover-crop termination date (����� ş).

At �ay location, weed biomass production was less compared to other two locations. No
diěerences in weed biomass production were observed among seeding dates at this location
(����� Ş). The delay in rye termination decreased weed biomass production. In 2ŖŖ4, however,
plots terminated a week before cotton planting had more weed biomass than plots terminated
2 and 3 weeks prior to cotton planting (����� ş).
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�o��r cro� ���din� d�t� 	ro in� ����on

ŘŖŖřȮŘŖŖŚ ŘŖŖŚȮŘŖŖś ŘŖŖśȮŘŖŖŜ

����� �in�ǰ ��

ƺ1 week prior 2Ş7 2Ŗ1 272

ƺ2 week prior 153 15Ŗ 424

ƺ3 week prior 165 3ş7 755

ƺ4 week prior 265 345 665

�� 116

Dunnett’s � versus first termination date

ƺ1 week prior Ŗ.şşŞ Ŗ.67Ş Ŗ.Ŗ35

ƺ2 week prior Ŗ.Ş15 Ŗ.456 Ŗ.2ŞŞ

ƺ3 week prior Ŗ.Ş5Ş Ŗ.ş75 Ŗ.ŞşŖ

��ort�rǰ ��

ƺ1 week prior 1Ŗ4 141 17

ƺ2 week prior 341 3Şş 74

ƺ3 week prior 532 43Ŗ 64

ƺ4 week prior 1Ŗ61 6Ŗ3 11Ş

�� 24

Dunnett’s � versus first termination date

ƺ1 week prior ǀŖ.ŖŖŖ1 Ŗ.ŖŖ1 Ŗ.771

ƺ2 week prior ǀŖ.ŖŖŖ1 Ŗ.22Ş Ŗ.ş73

ƺ3 week prior ǀŖ.ŖŖŖ1 Ŗ.3ş2 Ŗ.ş52

��¢ǰ ��

ƺ1 week prior NA 64 2Ŗ

ƺ2 week prior NA 51 51

ƺ3 week prior NA 4Ş Ş3

ƺ4 week prior NA ş1 11Ş

�� 77

Dunnett’s � versus first termination date

ƺ1 week prior NA Ŗ.322 ǀŖ.ŖŖŖ1

ƺ2 week prior NA Ŗ.Ŗ7Ŗ Ŗ.ŖŖ1

ƺ3 week prior NA Ŗ.Ŗ52 Ŗ.125

����� ş. Weed dry biomass (kg haƺ1) in cotton by location and year as inĚuenced by cover-crop termination date, which
were 4, 3, 2, and 1 week prior to cotton planting. Termination dates were based on 3Ŗ-year average soil temperature.
Data are averaged over seeding dates.

The decrease in dry weed biomass with corresponding increase in rye biomass is in accordance
with the previous studies. Teasdale [2ş] concluded that weed biomass production is correlated
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with the cover-crop biomass. �meda and Weller [3Ŗ] also reported an increase in residual weed
suppression by no-till-rye residues when the time between cover-crop desiccation and crop
planting was reduced, probably due to allelopathic eěects.

ř.Ŝ. �oĴon ���d �int ¢i��d

There were diěerences in cotton seed lint yield among the years likely due to weather condi-
tions but cotton lint yield was not aěected by the rye cover-crop seeding and termination dates
at any site year (data not shown). Cotton seed lint yield averaged 37Ş4 kg haƺ1 in 2ŖŖ3, 426ş kg
haƺ1 in 2ŖŖ4 to 2252 kg haƺ1 in 2ŖŖ5 at Belle �ina. At �horter, the maximum seed cotton lint
yield was obtained in the year 2ŖŖ4 averaging 4Ŗ65 kg haƺ1. At �ay, yield was less in 2ŖŖ5 but
was comparable to other two locations in 2ŖŖ5. Thus, cover-crop biomass did not interfere with
attaining yields, and it reĚects current knowledge on residue management at planting.

Ś. �onc�u�ion�

In this study, early planting of the cover crop with its later termination for subsequent corn
and cotton plantings has increased cover-crop biomass accumulation compared to the late
planting and early termination of the cover crop. Increased cover-crop biomass suppressed
subsequent total weed dry biomass. These findings indicate that high-residue cover crops have
predictable potential for suppressing early-season weeds in corn and cotton. If farmers are
utilizing glyphosate-resistant corn-cotton rotation systems, these findings hold particular
importance with current glyphosate-resistant weed-control issues. Because corn and cotton
yields were not negatively impacted, we can conclude that high residue obtained by planting
crimson clover or rye cover crops timely and terminating either a week or 2 prior to cash crop
planting is feasible. Ideal management will result in maximum cover-crop biomass production
and subsequent weed suppression.

�ut�or d�t�i��

Andrew �. Price1Ș, �dzard van �anten2 and �ina �arunaite3

ȘAddress all correspondence toǱ andrew.priceȓars.usda.gov

1 United �tates Department of Agriculture, Agricultural �esearch �ervice, National �oil
Dynamics �aboratory, Auburn, Alabama, United �tates

2 Auburn University, Auburn, Alabama, United �tates

3 Institute of Agriculture, �ithuanian �esearch Center for Agriculture and �orestry, Akade-
mi�a, �ithuania

Cover-Crop Management Influences Residue Biomass and Subsequent Weed Suppression...
http://dx.doi.org/10.5772/64132

117



����r�nc��

[1] Price A�, Balkcom K�, Culpepper �A, Kelton �A, Nichols ��, and �chomberg H.
Glyphosate-resistant Palmer amaranthǱ a threat to conservation tillage. � �oil Water
Conserv. 2Ŗ11; 66Ǳ 265–275. doiǱ1Ŗ.24Şş/�swc.66.4.265

[2] Culpepper A�, �ork AC, Kichler �, and � �mith. University of Georgia programs for
controlling Palmer amaranth in 2Ŗ16 cotton, University of Georgia Cooperative
�xtension circular ş52, Athens, GA [Internet]. Available fromǱ httpǱ//extension.uga.edu/
publications/files/pdf/CƖ2Ŗş52ȏ7.PD�

[3] �cott �C and �mith K. Prevention and control of glyphosate-resistant pigweed in
�oundup �eadyT� soybean and cotton. University of Arkansas Cooperative �xtension
�act �heet ��A2152 [Internet]. Available fromǱ httpǱ//www.uaex.edu/publications/PD�/
��A-2152.pdf 2ŖŖ6. [AccessedǱ 2Ŗ15-ŖŞ-Ŗ1]

[4] �dmisten K�, �elverton �H, �pears ��, Bowman DT, Bachelor ��, Koenning ��, Crozier
C�, �ei�er AD, and Culpepper A�. 2Ŗ1Ŗ cotton information. NC�U Cooperative
�xtension Publication [Internet]. Available fromǱ httpǱ//ipm.ncsu.edu/cotton/insect-
corner/PD�/Cotton2Ŗ1Ŗ.pdf 2Ŗ1Ŗ. [AccessedǱ 2Ŗ15-Ŗ1-ŖŞ]

[5] �osnoskie �� and Culpepper A�. Glyphosate-resistant Palmer amaranth (�maranthus
palmeri) increases herbicide use, tillage, and hand-weeding in Georgia cotton. Weed �ci.
2Ŗ14; 62Ǳ 3ş3–4Ŗ2. doiǱ1Ŗ.1614/W�-D-13-ŖŖŖ77.1

[6] [UA] University of Arkansas. Herbicide resistanceǱ A growing issue in Arkansas.
University of Arkansas Cooperative �xtension Publication [Internet]. Available fromǱ
httpsǱ//www.uaex.edu/farm-ranch/crops-commercial-horticulture/cotton/Herbicide
Ɩ2Ŗ�esistance.pdf 2ŖŖ6. [AccessedǱ 2Ŗ15-Ŗ1-Ŗş]

[7] Norsworthy �K, Ward ��, �haw D�, �lewellyn ��, Nichols ��, Webster T�, Bradley
KW, �risvold G, Powles �B, Burgos N�, Witt WW, and Barrett �. �educing the risks of
herbicide resistanceǱ best management practices and recommendations. Weed �ci. 2Ŗ12;
6ŖǱ 31–62. doiǱ1Ŗ.1614/W�-D-11-ŖŖ155.1

[Ş] Aulakh ��, Price A�, and Balkcom K�. Weed management and cotton yield under two
row spacings in conventional and conservation tillage systems utilizing conventional,
glufosinate-, and glyphosate-based weed management systems. Weed Technol. 2Ŗ11;
25Ǳ 542–547. doiǱ1Ŗ.1614/WT-D-1Ŗ-ŖŖ124.1

[ş] De�ore �D, Norsworthy �K, and Brye K�. InĚuence of deep tillage, a rye cover crop,
and various soybean production systems on Palmer amaranth emergence in soybean.
Weed Technol. 2Ŗ13; 27Ǳ 263–27Ŗ. doiǱ1Ŗ.1614/WT-D-12-ŖŖ125.1

[1Ŗ] �irsky �B, Curran W�, �ortensen D�, �yan ��, and �humway D�. Timing of cover
crop management eěects on seed suppression in no-till planted soybean using a roller-
crimper. Weed �ci. 2Ŗ11; 5şǱ3ŞŖ–3Şş. doiǱ1Ŗ.1614/WT-D-12-ŖŖŖ7Ş.1

Cotton Research118



[11] Price A�, Balkcom K�, �aper ��, �onks CD, Barentine ��, and Iversen K�. Controlling
glyphosate-resistant pigweed in conservation tillage cotton systems. �pecial Publica-
tion Ŗş. [Internet] httpǱ//www.ars.usda.gov/�P2User�iles/Place/6Ŗ1ŖŖ5ŖŖ/csr/�pecial-
Pubs/�PŖş.pdf. 2Ŗ11b. [Accessed 1/Ş/2Ŗ15]

[12] Price A�, �eeves DW, Patterson �G, Gamble B�, Balkcom K�, Arriaga ��, and �onks
CD. Weed control in peanut in a high residue conservation-tillage system. Peanut �ci.
2ŖŖ7; 34Ǳ 5ş–64. doiǱ1Ŗ.5772/6165Ŗ

[13] Price A�, �eeves DW, and Patterson �G. �valuation of weed control provided by three
winter cereals in conservation-tillage soybean. �enew Agr �ood �yst. 2ŖŖ6; 21Ǳ 15ş–164.
doiǱ1Ŗ.1Ŗ7ş/�A�2ŖŖ5135

[14] �eeves DW, Price A�, and Patterson �G. �valuation of three winter cereals for weed
control in conservation-tillage non-transgenic cotton. Weed Technol. 2ŖŖ5; 1şǱ 731–736.
doiǱ1Ŗ.1614/WT-Ŗ4-245�1.1

[15] �yan ��, Curran W�, Grantham A�, Hunsberger �K, �irsky �B, �ortensen DA,
Nord �A, and Wilson DO. �ěects of seeding rate and poultry litter on weed suppression
from a rolled cereal rye cover crop. Weed �ci. 2Ŗ11; 5şǱ 43Ş–444. doiǱ1Ŗ.1614/W�-
D-1Ŗ-ŖŖ1ŞŖ.1

[16] �mith AN, �eberg-Horton �C, Place GT, �ei�er AD, Arellano C, and �ueller �P. �olled
rye mulch for weed suppression in organic no-tillage soybeans. Weed �ci. 2Ŗ11; 5şǱ 224–
231. doiǱ1Ŗ.1614/W�-D-1Ŗ-ŖŖ112.1

[17] Teasdale ��. Contribution of cover crops to weed management in sustainable agricul-
tural systems. � Prod Agric. 2Ŗ13; şǱ 475–47ş. doiǱ1Ŗ.2134/�pa1şş6.Ŗ475

[1Ş] Wiggins  ��,  �cClure  �A,  Hayes  ��,  and  �teckel  ��.  Integrating  cover  crops
and  PO�T  herbicides  for  glyphosate-resistant  Palmer  amaranth  (�maranthus
palmeri)  control  in  corn.  Weed  Technol.  2Ŗ15;  2şǱ  412–41Ş.  doiǱ1Ŗ.1614/WT-
D-14-ŖŖ145.1

[1ş] Norsworthy �K, �cClelland �, GriĜth G, Bangarwa �K, and �till �. �valuation of cereal
and Brassica cover crops in conservation-tillage, enhanced glyphosate-resistant cotton.
Weed Technol. 2Ŗ11; 26Ǳ 4şŖ–4şŞ. doiǱ1Ŗ.1614/WT-D-1Ŗ-ŖŖŖ4Ŗ.1

[2Ŗ] �asilakoglou I, Dhima I, �leftherohorinos �, and �ithourgidis A. Winter cereal cover
crop mulches and inter-row cultivation eěects on cotton development and grass
suppression. Agron �. 2ŖŖ6; şŞǱ 12şŖ–12ş7. doiǱ1Ŗ.2134/agron�2ŖŖ6.ŖŖŖ2

[21] �enish �P, Worsham AD, and �ork AC. Cover crops for herbicide replacement in no-
tillage corn (�ea mays). Weed Technol. 1şş6; 1ŖǱ Ş15–Ş21.

[22] Teasdale �� and �ohler C�. The quantitative relationship between weed emergence
and the physical properties of mulches. Weed �ci. 2ŖŖŖ; 4ŞǱ 3Ş5–3ş2. doiǱ
1Ŗ.1614/ŖŖ43-1745(2ŖŖŖ)Ŗ4Ş[Ŗ3Ş5ǱT��BW�]2.Ŗ.CO;2

Cover-Crop Management Influences Residue Biomass and Subsequent Weed Suppression...
http://dx.doi.org/10.5772/64132

119



[23] �ost P, Brown �, Culpepper �, Harris G, Kemerait B, �oberts P, �hurley D, and Williams
�. Conservation tillage. In P. �ost, ed. 2ŖŖ4 Georgia Cotton Production Guide. University
of Georgia Cooperative �xtension �ervice, Athens, GA. 2ŖŖ4.

[24] �cCarty WH, Blaine A, and Byrd �D. Cotton no-till production. �ississippi �tate
University Cooperative �xtension �ervice Publication P16ş5. 2ŖŖ3.

[25] Bauer P� and �eeves DW. A comparison of winter cereal species and planting dates as
residue cover for cotton growth with conservation tillage. Crop �ci. 1şşş; 3şǱ 1Ş24–1Ş3Ŗ.
doiǱ 1Ŗ.2135/cropsci1şşş.3ş61Ş24x

[26] Collins G, Whitaker �, Culpepper �, Harris G, Kemerait B, Perry C, �oberts P, �hurley,
D, �mith A, and Porter W. 2Ŗ15 Georgia cotton production guide, University of Georgia
Cooperative �xtension publication C��-15-Ŗ1, Athens, GA [Internet]. Available fromǱ
httpǱ//www.ugacotton.com/vault/file/2Ŗ15-UGA-Cotton-Production-Guide.pdf.2Ŗ15.
[AccessedǱ 2Ŗ15-Ŗ1-Ŗş]

[27] �eeves DW. Cover crops and rotations. �n �. �. Hatfield and B. A. �tewart, eds. Advances
in �oil �cienceǱ Crops �esidue �anagement. �ewis Publishers, C�C Press Inc., Boca
�aton, ��, pp. 125–172 . 1şş4.

[2Ş] Ashford D� and �eeves DW. Use of a mechanical roller-crimper as an alternative kill
method for cover crops. Am � Altern Agric. 2ŖŖ3; 1ŞǱ 37–45. doiǱ1Ŗ.1Ŗ7ş/A�AA2ŖŖ232

[2ş] Teasdale ��. Contribution of cover crops to weed management in sustainable agricul-
tural systems. � Prod Agric. 1şş6; şǱ 475–47ş. doiǱ1Ŗ.2134/�pa1şş6.Ŗ475

[3Ŗ] �meda �� and Weller �C. Potential of rye (�ecale cereal) for weed management in
transplant tomatoes (�ycopersicon esculentum). Weed �ci. 1şş6; 44Ǳ 5ş6–6Ŗ2.

Cotton Research120



Section 3

Cotton Genetics, Breeding and Biotechnology





Chapter 7

Molecular Breeding of Cotton

Yuksel Bolek, Khezir Hayat, Adem Bardak and

Muhammad Tehseen Azhar

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64593

Provisional chapter

Molecular Breeding of Cotton

Yuksel Bolek, Khezir Hayat, Adem Bardak and

Muhammad Tehseen Azhar

Additional information is available at the end of the chapter

���tr�ct

�olecular characterization provides comprehensive information about the extent of
genetic diversity, it assists for the development of an eěective, highly accurate, and rapid
marker-assisted cotton breeding program. Due to one of the world’s leading fiber crops,
molecular studies of cotton are being explored widely by cotton researchers. Cotton
provides raw material to the textile industry among other products. �imitations in
conventional breeding program for genetic improvement are due to the complexity and
limited knowledge on economically important traits. The use of molecular markers for
the detection and exploitation of DNA polymorphism is one of the most significant
developments in molecular genetics. In the present scenerio, cotton molecular breeding
has become a reliable source through the study and exploitation of its genetic diversity
and due to better  understanding of  the cotton genomes using the next-generation
sequencing  technologies.  Cotton  breeders  should  utilize  genomics  in  breeding
programs for eěective selection of best parents for agronomic and fiber-related traits,
as well as for the development of resistance against biotic and abiotic stresses. The
genomic  research  work  could  be  based  upon  genotyping  using  DNA  markers,
quantitative  trait  loci  mapping,  genome-wide  associations,  and  next-generation
sequencing. The ob�ective of this chapter is to describe evolution as well as utilization
of various molecular markers and review the contribution of marker-assisted selection
(�A�) in cotton breeding.


�¢ ord�Ǳ cotton, DNA markers, genotyping by sequencing (GB�), genome-wide as-
sociation studies (GWA�), marker-assisted selection (�A�)
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1. Introduction

Plant breeders select those plants, which looks phenotypically more promising due to the
presence of desirable traits.  �ost of the traits are controlled by polygenes with complex
nonallelic quantitative eěects and environmental interactions. In most cases, despite the fact
that  biometrical  genetics  reveals  the presence of  additive or  non-additive eěects  on loci
involved in the inheritance of quantitative trait, a specific locus may not be detected [1]. Tightly
linked loci with desired trait can support plant breeding program by rapid introgression of
quantitative trait loci (�T�) using associated molecular markers [2]. Genomic region having
genes of interest for a particular trait is designated as �T� (�uantitative Trait �oc). �T�
analysis  involves  partioning  of  genetic  variation  in  single  component.  �o,  DNA-based
molecular markers provide a tool to plant breeders for the selection of desirable plants based
on genotype instead of phenotype.

The expression of gene(s) individually their interaction with the climatic factors and agronomic
measures can determine the cultivar adaptability [3]. �election of new plant varieties with the
desirable traits under given environmental conditions and cultural practices is the fundamen-
tal basis of plant breeding [4], genetic variability produced in germplasm as a result of selection,
which alter the inheritance pattern of the traits, is quite useful to screen and select the cultivars
for required traits. New cultivars have been developed by exploiting genotypes with enormous
variation [5]. �apid changes are needed in agricultural production, and biologically diverse as
well as low-input novel farming systems must be developed and employed. There is also a
need for new crop varieties that are (1) fitting-in to global climate change in the present era,
(2) adapted to biodiverse farming systems, and finally (3) giving more products to farmers and
eventually to consumers.

Cotton (Gossypium spp.) is one of the most intensively cultivated species grown in more than
ŞŖ countries in varying climatic conditions [6]. Globally, cotton is the ultimate source of fiber
for industry and provides oil to diet [7]. Being utmost fiber manufacturing crop and the third
contributor to oilseed production; China, India and U�A are top contributors for fiber [Ş].
Gossypium genus is divided into eight genomes (A-G and K) and comprised of 45 diploids and
five allotetraploid species which are found in the arid and semiarid regions of Africa, Central
and �outh America, Galapagos, Indian subcontinent, Australia, Arabia, and Hawaii [ş–11].

At the beginning of the 2Ŗth century, scientists discovered that �endelian factors controlling
inheritance are organized in linear order on chromosomes. It was shown that genes could be
inherited individually or in combination with other genes. The individual fragments Ěanking
within a defined interval are known as molecular DNA markers [12]. Precise DNA portion
with a known position on the chromosome [13], or a measurable trait that is associated with
variation in DNA sequence [14, 15] or a diěerence may act as a genetic marker if it identifies
characteristics of an individual.

�arkers are broadly divided into three classesǱ (1) morphological markers, which themselves
have phenotypic traits meaning the morphological and physiological features of plants are
used to understand the genetic variation. Although morphological features may be indicative
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of the phenotype, they are also highly aěected by environmental factors and growth practices;
(2) biochemical markers, including isozymes, which involve allelic variants of proteins/
enzymes; (3) molecular markers, manifest mutations in heredity material such as DNAs and
�NAs [16–1ş].

Polymorphism of molecular markers shows diěerentiation of homozygotes and heterozygotes
[2Ŗ]. Thottappilly et al. [21] refer to molecular markers as naturally occurring polymorphism,
which include the proteins and nucleic acids that indicate certain diěerences. The use of
molecular markers in plant breeding is called marker-assisted selection, often referred as �A�
or marker-assisted breeding (�AB) (�i�ur� 1) [4, 22].

�i�ur� 1. �arker-assisted scheme [4].

In traditional plant breeding, traits are selected depending on the phenotype, which is highly
aěected by the climatic factors. This approach makes the breeding a slow, expensive, and
challenging process [23–25]. Practical advantages of using genetic markers, potential values of
linkage maps, and exploiting for direct selection in plant breeding were begun to be studied
about the 1ş3Ŗs [26]. �olecular markers are essential for mapping the genes of interest, �A�/
�AB, and cloning of genes using mapping-based cloning strategies [27]. In addition, the use
of molecular markers includes gene introgression through backcrossing, germplasm charac-
terization, and phylogenetic analysis [2Ş]. It has been observed that �A� is more eĜcient than
conventional breeding techniques [4, 2ş, 3Ŗ]. �election based on genotypic structure through
employment of molecular markers in the field crops [31] has laid the foundation of �A� [32,
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33]. �any biological and medical science applications and studies, including genetic diversity,
molecular tagging of economic traits, and procurement of heritable diseases have successfully
utilized molecular markers [2, 34–37]. Thus far, molecular markers have been exploited in rice
[3Ş], wheat [3ş], maize [4Ŗ, 41], and barley [42, 43]. However, �A� has achieved the desired
goals in cotton with limited success due to a genetic bottleneck through historic domestication
and limited polymorphism in cultivar germplasm [44–47].

About 145 morphological markers are reported in cotton so far, but they have low utility in
variety development because of incapability to assemble diverse markers in a genotype [4Ş].
Isozymes produced through allelic variants are considered more authentic but not widely used
due to their diěerential expression in diěerent growth stages. �or improving productivity and
other key quantitative traits, cotton genetic markers have more value than morphological or
isozyme markers [4Ş]. DNA markers have become handy and eěective tools for plant breeders
because their expression is not necessary for their detection [4ş]. In order to enhance the
benefits through molecular markers, vast developments have been made in ‘omics’, which, in
turn, allowed the use of these markers in diverse ways for genetic studies instead of using them
solely for phylogenetic studies [5Ŗ]. Obtaining pure DNA plays a ma�or role for the develop-
ment of molecular markers in cotton [51–53]; genetic analysis has many drawbacks due to the
presence of phenolic compounds, which aěect quality of DNA and protein during tissues
grinding [51].

Polygenic traits are mostly aěected by the climatic conditions and show discrete variability
after hybridization. �ecombination frequency allows investigators to diěerentiate genes on
linkage map by relative distance between a generation and their parents. The main hindrance
for �T� mapping of agronomic traits is related to a large number of genes involved in
phenotypic expression and their interaction with the environment [54]. As number of genes
aěects the trait phenotypically, it is desired that more loci should be evaluated for �T�
determination, and the screening of individuals should be done at multiple locations/envi-
ronments to maximize the use of �T�s. �AB uses �T�s to pyramid favorable alleles and break
linkage groups for tagging �T�s of interest [55–57]. In recent years, conventional plant
breeders started to use �A� for the identification of traits with high heritability such as disease
resistance, as well as the yield of ma�or field crops [57]. However, yield-related components
have low heritability, which is a ma�or challenge for the utilization of �A� [56, 5Ş]. �A� is
being employed for the identification of transgressive segregants. Transgressive segregation
is the production of plants in �2 generation that are superior to both parents for one or more
traits. Transgressive breeding aims at improving yield or contributing to yield-related traits
through transgressive segregation [5ş–61]. �everal �T�s have been identified for seed cotton
yield, fiber quality, plant architecture, resistance to diseases such as bacterial blight and
�erticillium wilt [57], resistance to pests like root knot nematode, and Ěowering date [62] as
well as for abiotic stresses (drought, salt tolerance) [55, 63].

There is a gap between discovery of useful genes and �T�s, and their utilization in breeding
programs. To date, few examples are reported [55, 63] for the successful release of genotypes
developed by �A�, and they have shown significant contribution to yield improvement. High-
throughput, high-density genome-profiling tools enable the rapid and low-cost of crop
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genome in a precise and high-resolution manner. Identification of molecular variants in DNA
sequence opens opportunities for plant scientists [55]. The potential exists in plant breeding
for eĜcient use of next-generation sequencing (NG�) that also has revolutionized the plant
genomics [55]. �arkers can be analyzed across the genomes simply and accurately, with high-
throughput. Increased number of next generation sequencing allows conducting genome-wide
association studies (GWA�) [63]. It is thanks to the developments in knowledge of useful
genetic diversity and �T�s, advances in sequencing, genotyping, and bioinformatics ap-
proaches that rapid, high-throughput molecular marker discovery methods have been
enabled.

Day-by-day developments of new, specific markers, and trait determination tools makes
molecular markers important in understanding the genomic variability and diversity within
and among species. In this chapter, we discuss about the applications and types of molecular
markers, next-generation sequencing, and role of molecular breeding in development of plants
with improved economical traits in cotton.

Ř. �r��din� �or �o�¢��nic tr�it�

�conomically important traits such as nutritive value, earliness, agronomic traits, resistance
etc. can be improved through �A� [64, 65]. Polygenic mapping allows breeders to estimate
and assess the hereditary pattern of the traits governed by many genes found throughout
genome; Ultimately it leads to eĜcient utilization of these traits for molecular breeding. Highly
saturated genetic maps in a high population index permits to observe the impact of many
regions of genomes on a single trait value. Paterson [66] revealed that sharing of homologues
during crossing over is the basis of �T�s. The regions of the genomes connected to the traits
of economic value are �T�s [67]. Association of a marker’s genotypic value to a phenotype is
the basis of �T� mapping. �ecombination frequency is used to evaluate the relative distance
among markers in the linkage map. It is assumed that markers at or lower recombination ratio
of 5ŖƖ are considered as unlinked found either on homologues or alternative loci while the
markers which are tightly connected will be transferred to oěspring more often than the
unlinked markers [67].

�einisch et al. [6Ş] developed the pioneer genetic map of cotton during 1şş4. Although large
number linkage maps have been constructed since then due to abundance of several DNA
markers, it is still needed to determine reliable �T�s from breeding perspective. �u et al. [6ş]
screened genotypes by simple sequence repeats (���s) to map loci connected to fiber quality
and lint yield in a backcross inbred line and developed a pioneer genetic map using BI� within
allotetraploid cultivated cotton species. �ap consisted of 3ş2 highly cosegregated loci covering
2Şş5 c� length and having mean interlocus distance 7.4 c�. As a whole, 3ş �T�s were directly
connected to yield components and 2Ş were associated to fiber quality.

Altaf et al. [7Ŗ] explored �2 population developed from three diěerent species of Gossypium for
identification of evolutionary relationship among these species by linkage map. �leven linkage
groups were constructed having 521.7 c� map size in cotton genome and relative distance of
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16.Ş c� was found among markers through screening randomly amplified polymorphic DNAs
(�APDs) and amplified fragment length polymorphisms (A��Ps). �iang et al. [71] utilized �2

population developed from G. hirsutum Ƽ G. barbadense, and produced a restriction fragment
length polymorphism (���P) genetic map having 3767 c� length; 27 linkage groups with
distance of 14.4 c� among loci.

�happley et al. [72] used �2Ǳ3 families derived from H�-46 and �A�CABUCAAG-1-ŞŞş6
genotypes and constructed genetic map by using 12Ŗ ���Ps which spanned to Ş65 c� and
arranged in 31 linkage groups. �ifty one linked groups were developed through a map
constructed with ���P and �APD markers [73] spanning to 6663 c� including 332 A��Ps, ş1
�APDs and three morphological markers. Khan et al. [74] studied comparison for ploidy level
to diploid ancestors and tetraploid cotton with �APD markers. 11ş �2Ǳ3 families developed from
�D567Şne Ƽ Prema and utilized ���Ps for genetic map. �eventeen linkage panels were
distributed on 7ŖŖ.7 c� map having mean distance of 7–Ş c� among the markers [75].

���P, A��P, and ���s were screened in a backcrossed breeding population derived from
crosses of [(G. hirsutum cv. Guazunchoz Ƽ G. barbadense cv. �HŞ-46Ŗ2) Ƽ G. hirsutum cv.
Guazunchoz] [76]. �inkage map covered 44ŖŖ c� of genome and consist of ŞŞŞ loci arranged
on 26 and 11, long- and short-linkage groups, respectively. ��T-���s from G. arboreum were
used for linkage map construction in backcross inbred line [(T�1 Ƽ Hai7124) Ƽ T�1] [77]. �ap
spans to 5644.3 c� with mean interlocus distance of ş.Ŗ c�. As a whole, 111 loci were detected
with these şş ��T-���s incorporated into backbone map including 511 ��� loci. These ��T-
���s will be useful in �A� for improving fiber quality.

�ei et al. [7Ş] developed interspecific population among G. hirsutum �. cv. Acala-44 and G.
barbadense �. cv. Pima �-7 and published genetic map, which covers 32Ş7 c� of the genome.
They used A��Ps, ���Ps, and ���s and have; identified total 3ş2 loci being 333, 12, and 47
markers, respectively. They were able to identify high repetitive DNA and heterochromatin in
D-genome and relative distance among mapped loci in A-genomes that were also compared
to homologous in D-genome [7ş].

Two hundred and thirty-three linked loci were mapped in backcross population of [G. hirsutum
cv. Guazunchoz Ƽ G. barbadense �HŞ-46Ŗ2) Ƽ G. hirsutum cv. Guazunchoz] by using 2Ŗ4 ���
markers, which produced 261 polymorphic bands [ŞŖ]. �inkage map was published by adding
233 loci to already developed map [76] covering 551ş c� genome and having mean inter-
related marker distance of 4.Ş c� and consisting of 116Ŗ loci. Nugyun et al. [ŞŖ] applied �T�
markers for developing linkage maps that will fasten the genomics era by using diploid and
tetraploid (AtDt) genomes. The genetic map consists of 25Ş4 loci having Gnter-locus marker
distance of 1.72 c� and 763 loci intervals depending on 2ŖŖ7 probes from allotetraploid
genome while 763 loci at relative marker distance of 1.ş6 c� intervals identified by 662 probes
in D-genome. All desired homologous chromosome pairs were observed owing to locus
repetition. �oreover, number of chromosomal variations including number of inversions and
reciprocal translocations were observed.

Wang et al. [Ş1] applied microsatellites for identifying �T�s related to fiber quality in �I�
population. The genetic map was published with two common �T�s for lint percentage and
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fiber length. The results were in accordance to earlier studies and can be utilized in marker-
assisted breeding. �in et al. [Ş2], screened ��AP, ���, and �APDs, have constructed linkage
map, and a mean relevant distance was ş.ŖŞ c� among markers and total length of the map
was 5141.Ş c�. Park et al. [Ş3] published the pioneer linkage map by applying ��T-���s in �I�
population derived from (G. hirsutum T�1 Ƽ G. barbadense Pima) for fiber. The linkage having
about 27Ɩ genome coverage, covering 1277 c� genome and having 1ş3 loci of those 121 newly
mapped for fiber traits.

�esearchers [Ş4, Ş5] have used ���s and A��Ps for determining oligonucleotides that is a good
source for pyramiding of genes for marker-assisted selection. The mapping population
developed by crossing parents having diversity for drought. Highly favorable environment
was used; dryland and irrigated regimes for screening of genotypes. �uantitative trait loci
mapped on diěerent loci including one �T� (BN�16ş3) for seed cotton production on
chromosomes 1 and 15 and two additional �T�s (BN�1153 and BN�2ŞŞ4) on chromosome 6.
�oreover, chromosomes 6, 14, and 25 having BN�2ŞŞ4, BN�325ş, and BN�1153 marker-
associated �T�s found for osmotic pressure for drought in highly uniform lines. �esearchers
also revealed that NAU2715 and NAU2ş54 can be used as marker for relative water contents
while relative water contents with NAU2ş54 will contribute a lot to drought tolerance in cotton.

���s were analyzed for establishing genetic diversity and �T�s [Ş6]. �2 population of crosses
(7235 Ƽ T� 1), (H� 427-1Ŗ Ƽ T�-1), and (PD 6şş2 Ƽ �� 3) utilized for assigning �T�s for fiber
traits in the three diěerent linkage maps which span to 666.7, 557.Ş, and 5ŞŞ c�, respectively,
with number of mapped loci with diěerence of Ş6, 56, and 73 [Ş6].

He et al. [Ş7] screened �APDs, �etrotransposon-microsatellite amplified polymorphism
(���AP), ���s, and sequence-related amplified polymorphisms in hybrids of G. hirsutum �.
cv. Handan 2ŖŞ and G. barbadense �. cv. Pima şŖ for construction of linkage map. As a whole,
1Ŗ2ş loci were mapped on 26 chromosomes; map spans to 5472.3 c� with mean Gnter-locus
distance of 5.32 c�. �aleem et al. [Ş5] determined two �T�s related to drought tolerance in �2

progeny developed from diverse parents by applying ���s and ��T-���s. The progeny
screened with parents for osmotic pressure using hydroponic culture.

Abdurakhmonov et al. [ŞŞ] revealed that chromosomes 12, 1Ş, 23, and 26 having �T�s
controlling lint percentage by applying ���s and ��T-���s in a �I� population. �our �T�s for
lint index, eight for seed index, 11 for lint yield, four for seed cotton yield, nine for number of
seeds per boll, three for fiber strength, five for fiber length, and eight for fiber fineness were
determined in �2 population (G. hirsutum �. cv. Handan 2ŖŞ Ƽ G. barbadense �. cv. Pima şŖ) [Ş7].

���s were used to screen �2 progeny for nematode resistance [Şş], and researchers identified
gene “GB713” that control resistance, and could be used for reni�orm nematode resistance. They
found two �T�s located on chromosome 21 having 16Ş.6 c� on the genetic map while other
�T� was located on chromosome 1Ş. �orphological traits of �I� populations developed by
hybridization of G. hirsutum and G. barbadense [şŖ]. �T�s governing the plant architecture
including plant height, number of primary and secondary branches were screened. �esearch-
ers found that angle of branch, angle of fruits, plant height, leaf size, main fruiting, etc. were
governed by a single �T�. Infestation of disease is a severe problem in cotton, e.g., �anthomonas
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o¡ysporum [ş1], root knot nematode [Şş, ş2–ş4], �erticillium [57], and cotton leaf curl disease
(C�CuD) [ş5, ş6] that warn the cotton scientist to find natural resistance sources and their
urgent exploitation by using �A�.

ř. ��� ����r� in coĴon

�everal types of molecular markers are available for characterization of germplasm of crop
plants (����� 1). The amount of variation prevailing in the germplasm helps to maintain genetic
conservation [şŞ]. Availability of vast genomic database provides opportunity to develop
enormous markers for detection of genetic variation [şş, 1ŖŖ]. According to Weising et al. [1Ŗ1],
these molecular markers must be (1) highly polymorphic, (2) codominant, (3) evenly distrib-
uted in a genome, (4) without pleiotropic eěects, (5) easy to handle and fast assayed, (6) low
cost and reproducible.

The cost of production of a marker is directly related to marker technique in use, polymorphic
nature, and eĜciency [1Ŗ2]. Polymorphic markers are divided into three typesǱ (1) hybridiza-
tion-based, (2) polymerase chain reaction (PC�) based, and (3) DNA sequence based markers
[1Ŗ3].

ř.1. 
¢�ridi£�tionȬ����d ��r��r�

Hybridization is occurred to the fragments of genomic DNAs produced by restriction endo-
nucleases with various lengths among individuals. These types of markers are called “hybrid-
ization-based markers.”

ř.ŗ.ŗ. �estriction �ra�ment len�th polymorphism

�estriction fragment length polymorphism (���P) is a type of hybridization-based marker in
plant genome and initially used for detection of polymorphism in a DNA sequence for gene
mapping during the 1ş75s [31]. Nucleotide sequences of 4, 5, 6, or Ş bp, called restriction sites,
are recognized by restriction endonucleases [1Ŗ4]. Digestion of DNA with restriction enzymes
results in fragments whose number and size can vary among individuals, populations, and
even within species.

�any scientists developed genetic mapping during the 1ş75s populations of cottons that were
analyzed by using ���P. Domestication of G. hirsutum was investigated with ���Ps [1Ŗ5]; they
have revealed that �ucatan is the wild ancestor of upland cotton. Wright et al. [1Ŗ6] used ���P
for �A� and evaluated resistance allele for bacterial blight resistance. Hybridization carried
out with probes for microsatellite sequences to yield a variable number of tandem repeats
(�NT�) and allow oligonucleotide fingerprinting [1Ŗ7]. �oint map was constructed by using
�2Ǳ3 populations derived from diěerent intra-hirsutum accessions [1ŖŞ]. Two hundred and
eighty-four polymorphic markers and 4ş linked pairs were observed on the map. The genetic
map spanned to 15Ŗ2.6 c� having 5.3 c� distance between markers. ���Ps have played a
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significant part for omics studies [1Ŗş]. �ow level of polymorphism, costly chemicals, and more
time for analysis limit ���P use in �A� [1Ŗ4].

�.�. ���tur� ���� ���� ���� ���� ����
1 DNA require

(ΐg)ȳ
1Ŗ Ŗ.Ŗ2 Ŗ.5–1.Ŗ Ŗ.Ŗ5 Ŗ.Ŗ5

2 PC� based No �es �es �es �es
3 DNA quality High High �oderate �oderate High
4 No of

polymorphic
loci analyzed

1–3 1.5Ŗ–5Ŗ 2Ŗ–1ŖŖ 1–3 1

5 Type of
polymorphism

�ingle base
change,
insertion
deletion

�ingle base
change,
insertion
deletion

�ingle base
change,
insertion
deletion

Change in
repeat
length

�ingle base
change,
insertion
deletion

6 Dominance Codominant Dominant Dominant/
codominant

Codominant Codominant

7 �eproducibility High Unreliable High High High
Ş �ase of

use and
development

Not easy �asy �asy �asy �asy

ş Automation �ow �oderate �oderate High High
1Ŗ Cost per

analysis
High �ow �oderate �ow �ow

11 Developmental
cost

�ow �ow �oderate High High

12 Need for
sequence
data

�es No No �es �es

13 Accuracy �ery high �ery low �edium High �ery high
14 �adioactivity

detection
Usually yes No No No �es

15 Genomic
abundance

High �ery high �ery high �edium �edium

16 Part of
genome
surveyed

�ow copy
coding
regions

Whole
genome

Whole
genome

Whole
genome

Whole
genome

17 �evel of
polymorphism

�ow �ow to
moderate

�ow to
moderate

High High

1Ş Inheritance Codominant Dominant Dominant Codominant Codominant
1ş Detection

of alleles
�es No No �es �es

2Ŗ Utility for
genetic
mapping

�pecies
specific

Cross
specific

Cross
specific

�pecies
specific

�pecies
specific

21 Utility in
marker-assisted
selection

�oderate �ow to
moderate

�ow to
moderate

High �ow to
moderate

22 Cost and
labor involved
in generation

High �ow moderate �ow moderate High High

����� 1. �alient features of various molecular markers [ş7].
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Ulloa et al. [11Ŗ] published genetic maps by using intraspecific populations developed from
parents having diverse genetic background. �ifteen linkage groups were used for designating
the chromosomes. �arlier mapped data was used for construction of map by observing the
deficiency analysis of the probes. �T�s were determined for fiber and yield traits by using this
map. As a whole 63 �T�s were found in A subgenome at five diěerent loci and 2ş �T�s
observed at 3-loci of D-subgenome. �irst genetic map spans to 117 c� produced 26 �T�s with
54 ���Ps while second map produced 1ş �T�s with 27 ���Ps, and spanned to 77.6 c�. It was
revealed that these maps will serve as map-based cloning for fiber quality.

ř.Ř. ���Ȭ����d ��r��r�

PC�-based markers, i.e., �APD [111–113], A��P [114-116], microsatellites (���s) [117-11ş],
and inter-simple sequence repeats (I���s) [12Ŗ-121] represent ma�or class of markers in cotton
genomics due to their high utility and exploitation. Below are the ma�or advantages of PC�
techniques as compared to hybridization-based methodsǱ (1) low amount of DNA used for
genotyping; (2) capacity to amplify fragments from frozen cells; (3) high polymorphism that
enables to generate many genetic markers within a short time; and (4) ability to screen many
genes simultaneously either for direct collection of data or provide opportunity to collect
information prior to submit for nucleotide sequencing [1Ŗş].

The comparison of diěerent aspects of generally used molecular markers is given in (����� 1)
and brief description of these three classes of molecular markers is described below with
reference to cotton genetics.

ř.Ř.ŗ. �mplięed �ra�ment len�th polymorphism

Amplified fragment length polymorphism (A��P) relies on the restricted sequences and PC�
amplification. Initially, genomic DNA is digested by a restriction enzyme and resulting
fragments are ligated with adapters to both ends. Then, the adapter and restriction site
sequences are selectively amplified; only the fragments whose ends are complementary to 3’
ends of selective primers are amplified resulting in small sequences. �inally, a gel is run for the
separation of amplified fragments and it is visualized by Ěuorescence [34]. The focal point of
this methodology relies on the magnification of endonuclease restricted fragments through
PC�.

The important advantages of using of A��P markers is that they exist in large numbers in
genomes, they have a great reproducibility due to high PC� annealing temperatures, and less
cost per marker basis [1Ŗ4]. In addition to reliability and reproducibility [116], there is no need
of DNA sequence for analysis. In contrast to ���Ps and microsatellites, enormous polymorphic
loci can be investigated by having single oligonucleotide pair running a single gel through
A��Ps [122]. �or digestion; partially degraded DNA and good quality DNA can be utilized,
but care should be taken that isolated genomic DNA should be free of chemicals that interferes
with polymerase chain reaction.

�acape et al. [ş7] initially developed �I�s population by introgression of Guazuncho 2 (G.
hirsutum) and �HŞ-46Ŗ2 (G. barbadense), and constructed a genetic map with ŞŖŖ markers
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(A��P, ���P, and ���) loci. A��Ps and �APDs were used for development of linkage map in
cotton [123]. Three hundred and seven ��� markers and 72 A��P oligonucleotides were used
for the development of genetic map in �2 population which derived from intra-hirsutum
hybridization. The map consisted of 27 linkage groups and it has 21, 72 c� distance between
the markers [114]. �ap saturation in various genotypes of cottons was analyzed [115].

A��Ps were screened in a backcross population developed from intra-hirsutum cultivars for
agronomic traits and fiber quality enhancement [124]. They found 5Ŗ A��Ps associated with
the fiber quality traits and few for other; further evaluated that �1�1-1Ŗ6, �1�4-153; �1�3-
16Ş, �6�3-266 for lint yield and lint percentage, respectively can be used in future for �A�
[124]. A��Ps were used for introgression among G. hirsutum and G. tomentosum being close
relative to Upland cotton [125]. Through analysis, species-specific [11, 16] A��P markers were
selected from G. hirsutum and G. tomentosum, respectively for assessing G. hirsutum relatedness.
These species-specific A��P markers would be useful for detecting gene Ěow between G.
hirsutum and G. tomentosum.

�ixang et al. [124] revealed genetic diversity in a germplasm by using A��Ps. A range of Ŗ.1–
Ŗ.34 estimates of genetic diversity were found among the genotypes, and showed that
genotypes having significant variation in the gene stock include AU 5367, Acala 1517-şş, and
�A Ŗ53Ŗ7Ŗ25.

ř.Ř.Ř. �andom amplięed polymorphic ���

�andomly amplified polymorphic DNA (�APD) relies on use of short and random primers to
amplify random portions of genome [126]. �uch markers have found to be widespread in
population genetic studies whose characterizations of genetic diversity and divergence within
and among populations are based on assumptions of Hardy-Weinberg equilibrium and
selective neutrality of the markers is employed [127]. Ultimate success of �APDs is shown in
the increase of molecular markers which require small amount of DNA and no need for
sequencing, except of having all prerequisites for PC� conditions [126]. DNA fragments having
sequence of about 1Ŗ bp are amplified with artificial primers by using PC� [12Ş]. �APDs are
being used vigorously for profiling of genotype of important field crops, also for mapping for
certain traits in addition to biotic and abiotic stresses. �or such studies, �APD primers show
polymorphism and should be free from palindromic sequences and should have minimum
4ŖƖ GC contents in the fragments [113].

�any scientists have explored �APDs in cotton for studying diěerent aspects like phylogenetic
studies, genetic diversity, and C�Cu� disease screening [111, 112, 12Ş]. �-65ş2 and
UBC6Ŗ75ŖŖ [113, 12ş] male sterility and fertility restorer traits can be improved by using
�APDs. �an et al. [13Ŗ] applied �APDs for mapping fertility genes that is of immense value
in cotton and tagged fertility restorer gene �ȬŜśşŘ which may be utilized for productivity
enhancement. �an et al. [13Ŗ] conducted phylogenetic studies in cotton and argued that this
procedure is helpful and reliable for introgression of desirable traits. �APDs were used in
cotton for comparing cotton cultivars resistance to �assids, mites, and aphids [131]. DNA finger
printing, mapping and genetic diversity has been studied in cotton through �APDs [132–134].
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Noormohammadi et al. [135] screened �2 population of Upland cotton and Opal variety by
using 1Ŗ homo-primers and seven hetero-primers out of 26 �APDs and found 261 reproducible
bands, with an average of 4.1Ş [261 bands/17 primers = 15 bands/primer] bands per primer and
22Ɩ polymorphism for analyzing genetic resemblance in agronomic traits with 45 (Upland)
and ŞŖƖ (Opal) polymorphism, respectively. By applying agarose gel, multilocus genotyping
can be carried out by staining with ethidium bromide and this facility is available in every lab
working on molecular breeding [136].

�APDs are often laboratory dependent and require immense care to design protocols for
getting polymorphism. �everal factors have been reported to inĚuence the reproducibility of
�APD results such as quantity of template DNA, buěers of polymerase, concentration of
magnesium chloride, primer to template ratio, annealing temperature, type or source of DNA
polymerase, and brand of thermal cycler [137]. �APDs also fail to discriminate between
homozygotes and heterozygotes and complication of expressing �endelian ratio of loci [13Ş].

ř.Ř.ř. �ntersimple se�uence repeat

�odifications of microsatellites, which utilize microsatellites-complementary primers,
overcome the need for Ěanking fragment information [13ş]. Polymorphism is revealed among
simple sequence repeat (���) markers by using primer (16–25 bp) ad�acent to a single ��� and
annealing occur at either ends [13ş]. I��� utilizes microsatellites as oligonucleotides in a PC�
reaction to amplify inter simple sequence repeats for desired DNA. I���s utilize ���s repeats
dinucleotide, trinucleotide, and tetranucleotide as oligonucleotide [14Ŗ]. Usually, I��� primers
have substantial fragments contrary to �APD primers, enabling elevated annealing tempera-
ture, which produce highly polymorphic bands as compared to �APDs [12Ŗ, 141]. The
amplified products can be separated by agarose and polyacrylamide gel due to longer length
ranged from 2ŖŖ to 2ŖŖŖ bp [13ş].

I��� markers have been vastly used in cotton improvement, phylogenetic study and for
mapping of germplasm [12Ŗ, 121]. Parkihya et al. [142] studied genetic diversity among cotton
genotypes by using nine I��� oligonucleotides and detected Ş6 bands of which 54 bands
exhibited polymorphism of 62.7şƖ having mean of six bands per primer. The PIC ranged from
Ŗ.Ş616 to Ŗ.şŖşŖ and genetic similarity ranged from Ŗ.6Ŗ to Ŗ.ş17. Phylogenetic relation was
revealed in 21 cotton genotypes by using 12 intersimple sequence repeat primers and observed
4ş.6Ɩ reproducibility [143].

Genetic diversity was studied in cotton with 1Ŗ I��� and showed ŞŞ.5Ɩ polymorphism [144].
�iu and Wendel [145] showed that I��� can be designed with low cost. Genetic diversity
observed in genepool comprised of wild species and elite lines through ���s and I��� [146].
They observed 173 alleles having mean 3.ş3 alleles per locus by analyzing 3ş ���s and 5 I���
markers which produced Şş.6Ɩ reproducible bands. Among genotypes variation ranged from
Ŗ.Ŗ4 to Ŗ.5Ş while in diploid and tetraploid species it was Ŗ.23–Ŗ.57Ɩ. �imilar to �APD, there
may be some fragments with the same mobility originate from non-homologous regions [12Ŗ].
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ř.Ř.Ś. �e�uence characteri£ed amplięed re�ion

�APDs have more demerits of polymorphism as compared to other PC�-based markers which
are used for analyzing a large number of individuals with low cost. This problem was overcome
by using sequence characterized amplified region. PC� assay uses couple of distinct oligonu-
cleotides for DNA sequence at a specific locus [147]; oligonucleotides might be having a high-
copy, dispersed fragment within polymorphic loci. After sequencing the two ends of the two
reproducible DNA fragments, one can develop two �CA� markers. �CA� 4311ş2Ŗ can be used
in �A� program for screening genotypes with fiber strength. By using �CA�, codominance
is produced [14Ş].

These markers have been used in genetic analysis and used for molecular breeding [14ş, 15Ŗ].
�xtended sequence specificity of primers in �CA�s results in higher reproducibility than
�APDs [151]. �CA� is widely used among researchers for mapping studies within closely
related species [152]. �CA�s are more authentic for �A� after conversion of DNA markers.
�CA� markers are cost eěective and highly polymorphic which make them suitable to be used
for evaluating large number of mapping populations in cotton [152]. �T�s for leaf traits were
observed [153].

ř.Ř.ś. �e�uenceȬta��ed site

Oslen et al. [154] developed sequence tag sites (�T�) through observing impact of the PC� on
human genome research, and argued that single-copy DNA sequences of known map location
could serve as markers for genetic and physical mapping of genes along the chromosome. �T�
marker allows the utilization of PC� with specific primers which produces one oligonucleotide
connected to the trait of interest. In order to utilize �T� for molecular breeding, ���P, A��P,
and �APDs are usually converted into �T� [155]. Thus, in a broad sense, �T� include the
markers such as microsatellites (���s), �CA�s, and I���s mentioned above. Backcross
breeding population was developed [(B416� Ƽ ArkŞ51Ş) Ƽ ArkŞ51Ş] and used for identification
of �T� markers related to fertility [155]. Tetraploid and diploid species were involved and
artificial hybrids created by colchiploidy.

�APDs such as UBC14714ŖŖ, UBC6Ŗ75ŖŖ, UBCş7ş7ŖŖ, and UBC16şŞŖŖ loci were associat-
ed to productivity restoration, and it was verified that UBC6Ŗ75ŖŖ is having enormous val-
ue for pyramiding genes to be used in molecular breeding [12ş]. �inkage maps were
developed by using �T� for diploid and tetraploid (AtDt) Gossypium genomes [156]. Genet-
ic map composed of 763 loci at 1.ş6 c� (approximately 5ŖŖ kb) intervals detected by 662
probes (D), and 25Ş4 loci at 1.72 c� (approximately 6ŖŖ kb) intervals based on 2ŖŖ7
probes (AtDt).

�everal cotton breeders have used �T� markers for identification of male restorer parental
lines for hybrid cotton [12ş] who mapped cotton genotypes by using backcross inbred lines
(BI�s) and �I� populations with informative primers, and detected 21 and 7 polymorphic
�T� markers in BI�s and �I� populations, respectively. Twelve �T� markers were mapped
in BI� population, and four of them were located along with resistance gene analog-ampli-
fied fragment length polymorphism (�GA-A��P) markers on the same chromosome. Im-
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portantly, two were mapped on chromosome c 4, Ěanking two main-eěect �T�s, which
were previously detected. These �T� markers should be useful for high-throughput geno-
typing, gene mapping, and �A� for disease resistance including �erticillium wilt resistance
in cotton.

ř.Ř.Ŝ. �imple se�uence repeats

Tandem repeats composed of several to over hundred repeats of one to four nucleotide motifs
are found in all eukaryotic genomes. These repeats are designated as (AAAC)n, here “n”
represents number of tandem repeats. The Ěanking sequences of simple sequence repeats
(���s) are used for the development of oligonucleotides [11Ş]. Tandem repeats induce
variability, which evolve polymorphism of diěerent size due to slipped strand arise because
of mispairing occurs during DNA replication [11Ş], variation in size of PC� amplification/
products induce polymorphism which can be separated by electrophoresis.

Kinship studies are conducted by employing ��� markers assess the extent of variation
[11ş]. �os et al. [157] used agarose and polyacrylamide gel for the identification of ���s hav-
ing codominance nature like A��P. Akkaya et al. [15Ş] stated that genetic mapping is on fast
track due to the use of ���s in self-pollinated crops where these markers are of great inter-
est for breeders [15ş, 16Ŗ]. ���s are mostly codominant, and are indeed excellent for study-
ing of population genetics and mapping [161–163]. The use of Ěuorescent primers in
combination with automatic capillary or gel-based DNA sequencers has got its way in most
advanced laboratories, and ���s are also shown to be excellent markers for Ěuorescent tech-
niques, multiplexing and high-throughput analysis.

Derived from trispecies hybridization that can be segregated for natural leaf defoliation
trait. This �I� population screened with microsatellite markers, ���P�-13, ���P�-153, and
���P�17Ş tandem repeats were found to be highly associated to leaf defoliation trait value
[162]. It was found that ���P�17Ş is closely linked to this trait in cotton. It has an immense
importance that gene pyramiding can be accomplished for molecular breeding [164]. �T�s
were tagged using ���s in the nematode resistance �I� population developed via introgres-
sion from G. barbadense [165]. In that study, a single marker analysis identified four ma�or
�T�s located on chromosomes 3, 4, 11, and 17 were identified to account for Ş.Ŗ–12.3Ɩ of
the phenotypic variance.

�iber length was increased up to 12–2ŖƖ in cotton by using microsatellites in a population
derived from interspecific hybridization and loci were discovered for marker-assisted selec-
tion [166]. Twenty-three chromosomes were analyzed by ���s and found on an average
relative distance of 4.ş c� [167]. �esearchers [16Ş–17Ŗ] have utilized ��� markers for studying
genetic diversity in cotton and observed limited genetic variations. �eddy et al. [171] used ���-
enriched genomic libraries and identified 3ŖŖ ��� markers. �ultinational �eed Company has
reported more than 12ŖŖ ���s [172].

Abdurakhmonov et al. [173] conducted genome-wide association mapping based on linkage
disequilibrium (�D), scanning Upland germplasm consisting of 334 G. hirsutum accessions
collected from Uzbek, �atin American, and Australian ecotypes. �creening under diěerent
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climates and by using mixed linear model involving population kinship and population
structure 12–22 ��� markers were associated with fiber length, fiber strength, fiber fineness
and six other fiber quality traits. �ei et al. [7Ş] have reported 145 ��� polymorphic markers
for yield and yield components in cotton by screening germplasm of 35Ş upland cotton
varieties. Cao et al. [174] assessed genetic stock fiber quality and reported ş7 polymorphic ���
markers by using �D.

Bolek et al. [57] used ��� markers for verticilium resistance in cotton by using �2 population;
255 ���s were screened over bulks constituted by 1Ŗ resistant, and 1Ŗ susceptible progenies.
�T�s were tagged by using 6Ŗ polymorphic markers. Genetic map produced 11 linkage groups
having 15.17 c� inter-locus distance and spanning 531 c�.

Backcross inbred lines used [175] for observing the genetic variation of 446 ��� markers having
relative mean distance of 1Ŗ c� interspecific linkage map and also detected 5Ş �T�s related
to fiber quality and yield components. By using ���s, genetic markers associated to cotton
earliness were determined in progeny developed from intra-hirsutum hybrids [117], and these
markers correspond to bud to Ěower duration and Ěower to boll period.

�arliness in cotton can be induced by the introgression of �T�� located near to the ��� markers
such as BN�1Ŗ44, DP�Ŗ2Ŗş, NAU1ŖŖ4a, NAU 5Ŗ46, NAU6Ŗ7Ş, and T�BŖ4Ş1 [117]. �2 progeny
was developed within G. hirsutum for utilizing gene pyramiding in marker-assisted breeding
to enhance fiber quality and agronomic traits of economical value by using ���s, ��APs, ��T-
���s, and ��CP-�NPs [176]. �conomically valuable traits were evaluated through construction
of linkage map, segregation pattern observed among the traits and 33 �T�s were identified
[176].

Textile industry entirely depends upon fiber with good quality. �arker-assisted selection
allows developing a cultivar having good fiber quality. There are many ���s which can be
used for fostering the breeding program; for example, lint percentage can be approved by
using T�BŖ471 and �GH��-31, T�BŖ366, BN�35şŖ, BN�13ş5, BN�1672, BN�16ş4, ���-
P��1Ŗ1, ���P�2Ŗ4, NAU33ŖŞ, BN�1672, NAU33ŖŞ; NAU4Ŗ24 [16Ş, 177–1ŞŖ]. Genetic base
can be broadened for span length by using BN� 13ş5, DC4Ŗ1Ş2, NAU2şŞŖ, BN�2752,
NAU2şŞ5, NAU1167, NAU12ŖŖ, NAU2277 [5Ŗ, 123, 177, 17ş]. BN�1122, BN�1317,
BN�3145, BN�1521, CI�3Ŗ7, CG�6164, CG�66Ş3, GH454, BN�3463, ���P��153, DC4Ŗ1Ş2,
NAU 1Ŗ37, �HIN-Ŗ463, T��B161Ş, NAU3736, NAU445, NAU7ŞŖ, NAU11Ŗ2, NAU11ş7,
NAU1322, NAU136ş, ���P�21Ş, T�DŖ5 can be applied for fiber strength enhancement [52,
ş2, 173, 174, 176, 1Ş1–1ŞŞ].

ř.Ř.ŝ. �in�le nucleotide polymorphism

�ingle nucleotide polymorphisms (�NPs) manifest alteration in single base. �NPs are the most
frequent occurring variability in the individuals which is found in each 1ŖŖŖ bases [1Şş]. These
are changes in bases from transitions (C/T or G/A) to transversions (C/G, A/T, C/A, or T/G)
while insertions and deletions also induce �NPs which show single base changes. �NPs show
useful allelic variations and have been markers of choice in various genetic studies [1şŖ]. �apid
progress in high-through put sequencing has allowed discovering �NPs in complex genomes
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with economic value by using genotyping by sequencing [1ş1]. �relichowski et al. [167]
revealed that reproducibility is a ma�or hindrance for using large number of markers devel-
oped in G. arboreumǰ G. raimondii and G. hirsutum [1ş2]. In combination with genome and
expressed sequence tags (��Ts) in model plant species [1ş3], the eĜciency of �anger sequenc-
ing has been improved to accelerate the identification of variations at single base pair resolu-
tion [1ş4].

Genotyping in plant sciences is progressing rapidly because �NPs for observing variation in
a specific locus are utilized. �oreover, availability of enormous �NPs due to insertions-
deletions and whole genome genomic studies is laying the corner stone for next generation
sequencing [1ş5]. Developed genomic databases and �NPs information allow evolving �NPs
to an inĚuential research for related relatives. Owing to most common type of DNA polymor-
phism, �NPs are also Ěexible in the selection of �NP variants at target loci, and they provide
the option to choose from a large number of genome-wide loci when selecting sets of infor-
mative markers for specific germplasm pools [1ş6]. Breeding programs comprised of genomic
estimated breeding values are highly favored for whole genome techniques additional to
targeted loci [1ş7–1şş].

�conomically important traits from breeding perspective are also investigated through
genome-wide sequencing [2ŖŖ], saturated mapping of polygenic traits [2Ŗ1], and by using �D-
mapping [2Ŗ2]. An et al. [2Ŗ3] studied the expression of �2�3-��B transcription factors where
few are expressed during fiber initiation and elongation. They observed phylogenetic relation
among �2�3-��B genes and published a map by using �NPs in Upland cotton. �T�s were
mapped in population derived from intra-hirsutum and interspecific (G. hirsutum Ƽ G.
barbadense) [2Ŗ4]. �esearchers [2Ŗ4] have collected all published �T� data. �T�s were
identified for seed, yield and fiber quality by using two populations through meta-analysis.
�T�s connected to biotic and abiotic stressed were also detected. However, the development
of high-throughput genotyping platforms for large numbers (thousands to millions) of �NPs
has proved to be relatively time-consuming and costly.

Deynze et al. [2Ŗ5] reported more than 2ŖŖ loci in G. hirsutum breeding germplasm, which
were genetically mapped on mapping population derived from T�-1 and 3-7ş. Genepool
comprised of 24-accessions derived from Ş-parental lines of mapping populations of six cot-
ton species and16 promising cotton strains used for genotyping. As a whole more than 1ŖŖŖ
�NPs were polymorphic among G. hirsutum and G. barbadense were developed from 27Ŗ
loci and 2şŖ indels from ş2 loci. [2Ŗ5]. �oche 454 pyrosequencing platform in four allotetra-
ploid cottons using reduced representation library (���) have helped to map a large num-
ber of �NPs [2Ŗ6]. The conversion rate of �NPs using KA�Par assay was about 35.ŞƖ. Three
hundred and sixty-seven �NP markers were used for linkage map construction, which span-
ned to 16ŞŞ c�. High-resolution maps can be formed rapidly by utilizing parallel sequenc-
ing methods to determine the reads in resequencing. Pacific Biosciences technologies used
for long reads [2Ŗ7] while Illumina and Ion Torrent are applied in sequencing for getting
short reads [1ş6].
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Ś. ����in� �o�u��tion�

The group of plants, which is used for screening of molecular markers and segregated for the
trait of interest, is designated as “mapping population.” �rom commercial point of view, such
populations are developed from within species and can be also developed between diěerent
species for creating desirable variation. Polymorphism is compulsory in the progenitors for
required trait [2ŖŞ]. The exchange of chromosome fragments during crossing over produces
recombination, which provides the basis for developing linkage maps [5ş]. Populations are
required for creating genetic maps in order to locate the quantitative trait loci from economical
point of view.

�apping populations can be exemplified by �2, backcross, recombinant inbred lines (�I�s),
doubled haploid lines (DH�), �2-derived �3 (�2Ǳ�3) populations, and near-isogenic lines (NI�s).
�1 is produced by selfing two parents, having extreme properties for trait of interest that show
a significant polymorphism for whichever type of loci are scored. �ostly, this population is
used for genetic mapping as it requires less time for development. However, there are some
drawbacks for this population, most important of which is the fact that it is not stable.
�ualitative and quantitative traits in cotton have been mapped by using �2 [7Ŗ, 74, Ş1, Ş6].

Backcross (BC) population is developed by crossing a genotype with an elite cultivar, which
is deficient for a single gene or �T� [67]. A concept of BC population was developed in 1ş22
and widely applied in plant breeding programs till 1ş6Ŗ [2Ŗş]. Backcross population has been
used for linkage mapping in cotton for improving various traits [12ş, 155–156].

Near isogenic lines(NI�s) can be developed either by using selfing until purity is Achieved;
for all traits with wide variation of the trait of interest among NI�s or by hybridizing the donor
parent to the �1 plants and choosing the desired trait [63]. NI�s are of high importance for
genetic studies as they are stable like �I�s. �esearchers [21Ŗ] used NI�s for observing �T�s
related to yield and drought related traits. They evaluated that NI�s can be used for evaluating
drought and can be used for �A�. �ssenberg et al. [116] developed NI�s in cotton and mapped
bacterial blight resistance. They revealed that lines having Acala-44 in their parentage are
showing dominance to bacterial blight.

�ecombinant inbred lines (�I�) are stable and are developed by using single seed descent
method from first filial generation. It continues until homozygosity is obtained in the individ-
uals. �I�s are permanent and can be screened at multiple locations for desired traits. �ach
strain is homozygous and stable in the �I� population. �ach cycle of selfing results in enhanced
recombination frequency and these populations are highly suitable for saturated mapping
[12ş]. �oreover, for genetic mapping in cotton this population has been utilized for various
traits including nematode resistance [165], fiber quality improvement [166], and verticilium
resistance [175]. One of the drawbacks of this population is long duration for development in
which segregation bias can occur due to removal of some genotypes after selfing. Another
disadvantage of using these populations is that ma�or �T�s are having a masking eěect, and
multiple �T�s are having epistatic eěects.
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Nested association mapping (NA�) [1ŞŞ] is designed for precise identification of �T�s [177].
�conomically valued traits related to yield and subsequently to textile sector can be eĜciently
studied through developing new populations like NA�. NA� populations potentially
address the limitations of conventional mapping populations

ś. �o�� ����ic�tion� o� ��r��r� in �r��din� �c�����

ś.1. ��r��rȬ���i�t�d ��c�cro��in�

The simplest, most widely used, and the most eĜcient form of �A� is �AB. In this form, two
parents are used for the development; one is “donor parent” having trait of interest for
transferring the targeted gene/loci and the other is “recipient parent” which is lacking gene.
Parents are hybridized and �1 is developed. �arker-assisted backcrossing relies upon the
presence of a molecular marker associated with the trait, instead of targeting the expression
of phenotypic value in traditional breeding. �1 is planted for confirming the marker loci at
initial stages of development, and pure �1 is hybridized to recurrent parent. �arkers are
evaluated among individuals at the initial development stages of BC�1 and hybridized to
recurrent parent having alternative alleles. BC1 individuals show segregation frequency of �1
population gametes as two genotypes are involved in this population. Highly eĜcient map is
constructed by using this population in contrast to �2 population. This population is mostly
used for overcoming hybrid in viability and hybrid breakdown in interspecific crosses [12ş].
This process is continued until three to four filial generation for stabilizing the marker and its
associated trait of interest. �AB population has been utilized for observing traits of interest
through quantitative trait loci [115].

ś.Ř. ��di�r�� ����ction

Breeding techniques within the two cultivated tetraploid species rely on crossing and selection
of traits using pedigree and recurrent selection methods. Promising genotypes having
desirable traits can be developed using �A� and can be combined into a pedigree-based
selection. �ostly, the eĜciency of �A� was investigated using two populations from pedigree
selection, and modified backcrossing pyramiding has been developed [211]. The selection
eĜciency for the fiber strength was greatly increased when �T�fs-1 was selected simultane-
ously with two molecular markers with known genetic distance [211].

ś.ř. ��r��rȬ���i�t�d r�curr�nt ����ction ǻ����Ǽ

�olecular markers should be applied for plant improvement in con�unction with the latest
breeding methodologies. �arker-assisted recurrent selection oěers an opportunity to get
maximum output from a recurrent selection [212]; and it is used for introgression of multiple
genes.

�uantitative traits can be enhanced eĜciently by using �A��, which allows selfing and
genotyping within same cropping season in one cycle of selection. The increase in genetic
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gain was doubled from �A�� in some populations as compared to phenotypic selection
[213]. In cotton, resistance to American bollworm was achieved by using marker-assisted
recurrent selection; they revealed highly significant diěerences in individuals studied by
�A�� for this insect resistance [214].

Ŝ. 	�n� �¢r��idin� �or ���

Gene pyramiding has been widely used for combining number of genes especially disease
resistance genes for specific races of a pathogen. �ertical resistance for diěerent strains of
pathogens is done by involving multiple strains. It is also done by “molecular breeding”
because breeding for resistance is extremely diĜcult to achieve using conventional methods.
Guti·rrez et al. [215] have used this technique for nematode resistance in cotton while [155]
they applied sequence tag sites and screened �T� markers associated with fertility restoring
genes in cotton.

ŝ. ��¡tȬ��n�r�tion ���u�ncin� ǻ�	�Ǽ

�NP genotyping with latest high-throughput sequencing has the potential to speed up the
breeding programs [216]. New DNA sequencing technologies have made it possible for the
breeders and investigators to perform a genome analysis not only more rapidly but also less
expensively [17ş]. High-throughput bioinformatics assist to identify large number of nucleo-
tides per run [217]. �esearchers have developed a lot of NG� methods with success in diverse
platforms, which include �oche 454 ��� Titanium [21Ş–22Ŗ], Illumina �i�eq and Hi�eq25ŖŖ
[221], Ion Torrent PG� [222]. Genomic research contributes immensely to plant and animal
sciences thanks to the advances in sequencing techniques [1ŞŖ, 221, 223–22Ş]. The ultimate aim
of all these techniques is to discover an authentic marker that could be used for sequencing in
�A� with economical benefits [22ş–23Ŗ].

Polyploidy is the main hindrance for isolation of useful �NPs in cotton because it produces
homeologous and paralogous sequence variants which are combined together in allelic
variations among cultivars [231–232]. Two cultivated tetraploids species were screened for the
development of genomic �NPs through NG� by using reduced representation library obtained
from �oche 454 pyrosequencing [2Ŗ6]. Competitive allele-specific PC� (KA�Par) showed
35.ŞƖ validity of �NPs and developed the genetic map of G. hirsutm via 367 �NP markers which
spanned to 16ŞŞ c�.

Gore et al. [233] developed a linkage map in a �I� population derived from intra-hirsutum cv.
T�-1, and N�24Ŗ16. The genetic map covered about 5ŖƖ of the G. hirsutum genome which
consisted of 42ş ���s and 412 �NPs. They also tagged 1Ŗ �T�s related to fiber quality, which
provided a unique resource for mapping. Before Aěymetrix became commercially available,
Gene Chip cotton genome array consisting of 23ş,777 probe sets that represent 21,4Ş5 cotton
transcripts has been developed [234, 235]. �equences from Genome database, db��T and
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�ef�eq were used for the development of Chip which promises to be an excellent source for
genomics.

Ş. 	�not¢�in� �¢ ���u�ncin�

In agricultural sciences, the discovery of reliable and true �NPs is compulsory for knowing
about the utilization and importance of particular sequences. �olecular breeding tools can be
applied to explore germplasm without available genomic data through genotyping by
sequencing (GB�) methodology. GB� permits researchers to analyze complex genomes of
polyploid species eĜciently at low cost and it has been widely used due to the latest devel-
opments in high-throughput sequencing [1ş1]. �educed representative libraries are developed
by using endonucleases [55, 17Ş, 236]. �ingle nucleotide polymorphism is discovered for
genomic studies [237]. Genomic techniques; genome-wide association study (GWA�), genomic
diversity, genetic linkage analysis, molecular marker discovery oěer to screen genotypes upon
genotypic basis for traits of interest through GB�. Genotyping and reproducibility of markers
are performed in a single step through GB� and �NPs are developed [23Ş].

GB�-based sequencing data are used for developing genetic map and tagging markers with
quantitative traits in populations derived from diěerent ways, i.e., filial generations, �I�s, etc.
and germplasm collections [21Ş]. GB� approach has been used eĜciently for genetic analysis
and marker development of rapeseed, lupin, lettuce, switchgrass, soybean, maize, and cotton
[3Ş, 21ş, 222–224, 233, 23ş].

The merits of GB� over existing marker development methodologies include availability of
large number of markers, fast screening of populations composed of more number of indi-
viduals, diverse genotyping systems to tackle multiple traits, and more precise �NPs discovery
and validity due to availability of high-throughput sequencing data [216]. �ecently, GB�
approach has been used to identify �NPs in the collections of �I�s of wheat and to map various
traits useful for breeding programs [55]. It is needed that eěorts should be made to develop
strategies for getting the benefits of NG� and advanced genotyping from breeder perspectives
[1ş6]. GB� protocol of Poland et al. [236] likely is needed to maximize the cost-eěective
concurrent discovery and genotyping of �NPs within cotton populations.

Although very eĜcient and productive in terms of achieving the desired goals, there are some
drawbacks in GB� as well. GB� has incapability to assign true alleles of each locus in polyploids
as compared to other techniques. As exemplified, Huang et al. [17Ş] used �I�s and biparental
populations for assessing the utility of GB� in hexaploid oat. They observed that data analysis
algorithm factors involved in �NP discovery, developed GB� derived loci description by
forming two bioinformatics workĚow. Its genetic map spans to 45,117 loci, which will be a
source of further genetic studies [17Ş].

Islam et al. [24Ŗ] used GB� with two diěerent approaches in cultivated cotton germplasm
consisting of 11 diverse cultivars and their random-mated �I�s. Authors have discovered a
large set of polymorphic �NPs with broad applicability. They identified 4441 and 1176

Cotton Research142



polymorphic �NPs with minor allele frequency of ǃŖ.1. The utility of developed �NP markers
were confirmed using �NPs in 154 Upland cotton accessions with high genetic diversity.

ş. ���oci�tion ����in�

Genome-wide association study is used for developing highly saturated maps in cotton
germplasm [241]. This technique allows detecting association among various markers and
traits through assessing of the genetic diversity of required traits [242]. �inkage disequilibrium-
based mapping (�D-mapping) is the advanced tool to study complex traits governed by many
genes. �D-mapping has been successfully used in self-pollinated plants [243]. �icrosatellites
were screened in germplasm consisting of varieties at diěerent locations to tag yield and fiber
quality �T�s [2Ŗ2]. �T�s mapped for yield and fiber quality traits will serve as a reliable source
to determine the diversity within the species and will contribute a lot in �A� [2Ŗ2]. In contrast
to biparental populations, association mapping fosters molecular breeding because a vast
genetic diversity is present in germplasms due to diverse sources [173]. �everal protocols have
been developed including complexity reduction of polymorphic sequences (C�oP�) [244],
restriction site associated DNA (�AD) [216], GB� [1ş5], and sequence-based genotyping
(�BG) [245, 246] for genome analysis. Of all protocols, �D-mapping is on the top thanks to
innovations done for high resolution. Association mapping is an authentic way for molecular
tagging as it allows the screening of quantitative traits of value in a precise way [247]. Genome-
wide association makes it possible to detect association among various markers and traits.

Abdurakhmonov et al. [46] used �D-mapping in a germplasm collection, which included
photoperiodic lines. �imple sequence repeats were used for assessing the extent of �D in cotton
and the ma�or fiber quality �T�s were tagged using mixed linear model.

Nested association mapping is also being used for identification of suitable ���s in a NA�
population derived from 2Ŗ diverse genotypes of G. hirsutum with Namangan-77. ��� marker
screening for development of highly saturated map through NA� �2Ǳ3 populations for traits
of immense value in cotton is underway [1ŞŞ].

1Ŗ. �u��ic d�t� r��ourc��

�equenced genomic information allows breeders to analyze the genetic variation [24Ş]. �a�or
databases, which serve as a foundation, include CottonGen [5Ş], Comparative �volutionary
Genomics of Cotton [24ş], National Center for Biotechnology Information [25Ŗ] for �xpress
sequence tags resource, TropG�N� Database [251], the Cotton Diversity Database [252] and
BAC�an resources at Plant Genome �apping �aboratory [253]. These resources provide
genomic and heredity data of the cotton germplasm, �T�s tagged to loci and highly saturated
linkage maps.
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11. ��r��tin�Ȭinduc�d �oc�� ���ion� in ��no��� ǻ�I��I�	�Ǽ

Phenotypic variation in plant genomes is produced by variation in DNA bases, which can be
induced naturally and/or using diěerent chemicals [254]. The targeting-induced local lesions
in genomes (TI��ING) technique allows determining an allelic variation precisely in a single-
base pair for the targeted gene. Chemical treatments have been applied to generate �NP
mutations. Point mutations, which are useful from breeder’s perspective, can be detected by
TI��ING and �COTI��ING techniques [255]. The mutagens used for induction of point
mutation are highly selective and optimal concentration can spontaneously produce single
base alternations at a high frequency in TI��ING.

Knock-out population is developed by treating the seed with chemicals, inducing change in
DNA sequence [256]. Auld et al. [257] used TI��ING in G. arboreum and demonstrated the
applicability of this technique in cotton. The ultimate success to produce large number of
sequence variations of target genome depends upon duration of application, relative capability
of ethyl methane sulfonate (���), and ·-rays [53]. Aslam et al. [53] screened three Gossypium
sp. (G. hirsutum, G. barbadense and G. arboreum) and constructed a kill curve. They observed the
impact of diěerent mutagens (��� and ·-rays) consisting of eight diěerent concentrations of
��� (Ŗ.1–Ŗ.ŞƖ) and two levels of ·-rays (1ŖŖ–ŞŖŖ Gy). The genotypes of each species were
evaluated with morphological parameters emergence and plant height, and yield traits
(number of bolls per plant, boll weight, lint yield and lint percentage). �or reverse and forward
genetics point of view, viable accessions were selected from mutagenized genotypes. They
revealed that ��� showed significantly high mutation rate than ·-rays.

There are many software tools which help to observe the bases variation; for instance, the
method that determines whether a change occurs in an amino acid hampering codon is named
conservation-based �I�T (sorting intolerant from tolerant) [25Ş]. Taylor [25ş] described that
any alternation of a gene can be detected by PA����NP (for Pro�ect Aligned �elated �equences
and �valuate �NPs [26Ŗ]; graphs show the changes in sequence by using precise co-segregating
information, positioning of coding/and noncoding regions and reference DNA sequence.

1Ř. �onc�u�ion�

Developing reliable markers, which will work in diěerent populations and utilized in the
breeding to enhance selection eĜciency, is a very important step for breeding. �arkers should
allow desired genotype selection because of their tight linkage to the trait of interest. On the
other hand, emerging technologies like high-throughput marker systems and marker-based
selection methodologies have been developed, and are currently being used eĜciently in
cotton breeding. It is also promising that some economically important traits like fiber quality,
yield, �erticillium wilt resistance, cotton leaf curl virus, drought tolerance, nematode resistance
can be enhanced by using �A�. Genetic diversity can also be evaluated by using DNA markers
before starting breeding program. Tremendous eěorts have been carried for studying genetic
diversity from genotypic and phenotypic aspects in germplasm accessions of cotton. �any
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�T�s related to economical traits have been discovered. It is an emerging concern that eěorts
should be made for the utilization of molecular breeding methodologies to enhance cotton
productivity, which can be enhanced through the recent developments in NG�. �oreover,
highly saturated maps are useful for determining genetic manipulations from heredity
perspectives, and �NPs are the best for this purpose. These markers along with �T�s provide
innovative tools in the cotton genomics era.
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���tr�ct

�imple sequence repeats (���) have been applied as useful markers for understanding
cotton genetics. In the last decade, chromosome-deficient stocks of Gossypium hirsutum
�. were used in the development of chromosome substitution lines for G. barbadense
�.,  G.  tomentosum  Nuttall  et  �eemann,  and  G.  mustelinum  Watt  chromosomes  or
chromosome  segments.  �everal  DNA  markers  have  already  been  assigned  to  the
individual chromosomes of G. hirsutum. We created new cotton monosomic lines in
Uzbekistan after irradiation of seeds by thermal neutrons or pollen gamma-irradiation
to  complement  other  global  eěorts  in  the  development  of  cotton  chromosome
substitution  lines.  The  primary  ob�ective  of  this  chapter  is  to  report  the  use  of
chromosome-specific ��� markers and a well-defined tester set of cotton translocation
lines  from the  Cotton Cytogenetic  Collection  at  Texas  Aǭ� Agri�ife  �esearch  to
confirm  chromosome  specificity  of  monosomic  lines  in  Uzbekistan  cytogenetic
collection of cotton. Our results have assigned several diěerent monosomic lines to the
chromosomes 2, 4, 6, and telosome 11 At-subgenome and chromosomes 1Ş and 2Ŗ or
22 Dt-subgenome. These lines will be very useful in molecular mapping, the creation
of substitution lines, and cotton breeding.


�¢ ord�Ǳ cotton (Gossypium hirsutum �.), chromosome, identification, monosome,
molecular markers
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1. Introduction

�onosomic plants can be used for the synthesis of the chromosome substitution (C�-B) lines [1].
�uch substitution lines are a useful means of interspecific introgression and for studying econom-
ically important genes. In upland cotton (Gossypium hirsutum �.), Kohel et al. [2] studied multiple
traits of disomic substitution lines that contained chromosomes 6 or 17 of G. barbadense (�.).

About 1Ŗ years ago, replacement and additional G. barbadense chromosome substitution lines
became available. These were developed similarly by hybridization of the same G. barbadense
donor line to quasi-isogenic G. hirsutum hypoaneuploids, followed by iterative modified back-
crossing and then inbreeding. �ach resultant C�-B line was expected to be substituted for one
chromosome or segment and to be largely though not necessarily completely devoid of unre-
lated G. barbadense segments [3, 4]. The results revealed information on the association of spe-
cific chromosomes with genes for agronomic and fiber traits. �ore recently, substitution lines
were created for G. tomentosum [5] and G. mustelinum [6], as well as for additional chromo-
somes of G. barbadense [7]. �aha et al. subsequently used the C�-B lines to identify chromoso-
mal locations of important traits and beneficial genes and interactions [3, Ş, ş].

�imple sequence repeats (���) of cotton have been applied widely as molecular markers for
genetics, mapping, trait analysis, and germplasm diversity analysis and comparisons of spe-
cific individuals, lines, and populations. �everal ��� markers associated with lint percentage
have been located to chromosomes 12, 1Ş, 23, and 26 using deletion analysis in aneuploid
chromosome substitution lines. ���s were used to analyze the genetic identities of specific
hypoaneuploid interspecific �1 hybrids and disomic chromosome substitution intermediates
genotypes, using the principles of deletion molecular analysis [1Ŗ, 11]. �ecent reports extend-
ed the systematic characterizations of additional hypoaneuploid chromosome substitution �1

hybrids and many chromosome substitution lines using chromosome-specific ���-markers [6,
7].

A Cotton Cytogenetic Collection of Uzbekistan now includes ş5 primary monosomics derived
from the highly inbred G. hirsutum line “�-45Ş” by irradiation of the seeds with thermal neu-
trons and pollen with gamma-rays [12]. The chromosome identities of these monosomic lines
of the Uzbek Collection need to be determined to optimize the eĜciency of collection mainte-
nance and its use in breeding-related research, for example, development of chromosome sub-
stitution lines.

The primary ob�ective of this chapter is to report the use of chromosome-specific ��� markers
and a well-defined tester set of translocation lines of the U�A collection to confirm chromo-
some specificity of monosomic lines in Uzbekistan collection.

Ř. ��t�ri��� �nd ��t�od�

Ř.1. ���nt ��t�ri��

�onosomic lines of the Uzbek Cytogenetic collection were developed in a common genetic
background of the highly inbred line G. hirsutum line �-45Ş, which was created through
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multiple generations of self-pollination (�2Ŗ) of cultivar 1ŖŞ-� [13, 14]. Because all of the ş5
primary monosomics were isolated from a common genetic background, some diěerences
observed among them can be attributed to the diěerences in their monosomic state [15].
Irradiation of seeds by thermal neutrons or pollen gamma-irradiation gave rise to most (76) of
the monosomics. Other monosomic plants were detected among progenies of desynaptic
plants (17) and translocation heterozygote plants (2). The primary monosomics were num-
bered according to their order of detection (�o1-�oş5).

The G. barbadense line 3-7ş is nonphotoperiod sensitive and is highly homozygous as it is
originated as a doubled haploid [16]. It has been used extensively as parent in genetic studies,
genomics [17], and as a donor parent for the substituted chromosome (C�) or chromosome
segments from G. barbadense in our study. The overall method of the C� line development was
discussed in previous reports [4, 1Ş].

A well-defined tester set of translocation lines of Cytogenetic Collection of the U�A was kindly
provided by Prof. D.�. �telly through a U�DA-Uzbekistan cotton germplasm exchange
program. All plant materials were vegetatively maintained in the greenhouse of National
University of Uzbekistan.

Ř.Ř. �¢to�o�ic�� �n��¢���

�or studies of meiotic chromosome pairing at metaphase-I (�I) and sporad normality Ěoral
buds were collected in the morning, and after the removal of calyx and corolla, fixed in a
solution of ş6Ɩ alcohol and acetic acid (7Ǳ3). Buds were kept at room temperature for 3 days
then immersed in fresh fixative and stored at 4ǚC. �or cytological preparations, buds were
rinsed in tap water before being examined for meiotic �I chromosome configurations in the
microsporocytes, commonly known as “pollen mother cells” (P�Cs) using the iron acetocar-
mine squash technique. Analyses of hybrid plant chromosomes were carried out on the basis
of �I configurations. The development of �1 hybrid plant P�Cs was assessed based on the
cytological features observed at the tetrad stage. The meiotic index was calculated as the
percentage of sporads that were normal tetrads. Pollen viability was estimated as percentage
of mature pollen grains stainable in acetocarmine. All cytological observations were made
using Biomed (�eica, Heerbrugg, �wiĵerland) and Axioskop A1 (Carl �eiss, Germany)
microscopes.

Ř.ř. Id�ntięc�tion o� �¢�rid �1 �ono�o�ic tr�n��oc�tion ��t�ro£¢�ot��

�onosomes were chromosomally identified using translocation tests. �or this purpose, the
monosomic (2n = 51) lines from Uzbek Cytogenetic Collection were crossed as seed parent with
translocation lines (2n = 52) of the tester set from U�A Cotton Cytogenetic Collection provided
by Texas Aǭ� Agri�ife �esearch. �loral buds of �1 hybrid progeny were analyzed to identify
individuals that were monosomic (2n = 51) and also heterozygous for the respective translo-
cation, that is, monosomic translocation heterozygotes. To reveal “critical configurations” and
detect common chromosomes among the chromosomes involved in interchanges with
monosomes, the meiotic �I configurations were analyzed in heterozygotes of monosomic
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translocations heterozygous �1 hybrids. Progeny modally forming 23II Ƹ I� Ƹ I were interpreted
as indicating independence between chromosomes aěected by monosomy and the transloca-
tion, whereas progeny modally forming 24II Ƹ III were interpreted as evidence of association
between the monosome and one of the two translocation chromosomes. It was generally
presumed that parent and progeny monosomic conditions were similar, that is, no monosomic
“shift” occurred.

Ř.Ś. ��� �¡tr�ction �nd ��not¢�in�

Genomic DNAs were extracted from young leaf samples of cytogenetically identified �1

monosomic cotton hybrids using CTAB method [1Ş]. �xtracted genomic DNAs were checked
in Ŗ.şƖ agarose electrophoresis, and DNA concentrations were diluted to a working concen-
tration of 15 ΐl based on Hind III-digested Ώ-phage DNA 25 ng/ΐl. PC� amplification carried
out in a 1Ŗ ΐl volume reaction mix containing 1.Ŗ ΐl 1ŖƼ PC� buěer, (with 25 m� �g Cl2), Ŗ.2
ΐl B�A, Ŗ.ŖŞ ΐl dNTPs (25m�), Ŗ.2 ΐl primer pairs, Ŗ.1 ΐl Taq-polymerase, and 2 ΐl DNA
template. PC� runs were conducted with an initial denaturation of DNA at ş4ǚC for 2 min,
followed by 35 cycles of ş4ǚC (step 1) for 2Ŗ sec, 55ǚC (step 2) for 3Ŗ sec, and 72ǚC (step 3) for
5Ŗ sec. After 35 cycles, the extension temperature of 72ǚC was held for 7 min. The PC� products
were visualized in 3.5Ɩ high-resolution agarose gel, stained with ethidium bromide and
photodocumented using an Alpha Imager (Innotech Inc., U�A) gel documentation system.

Chromosome-specific ��� primer pairs were collected according to recently published genetic
mapping papers [11, 1ş–27]. �or each chromosome, we chose four loci that were polymorphic
between �-45Ş (G. hirsutum) and 3-7ş (G. barbadense). Documented electrophoregram results
for ���s were scored as “a/b/h” where “a” locus similar to recipient �-45Ş, “b” locus similar
to donor line 3-7ş and “h” genotype similar to normal �1 hybrid. To identify the chromosome
deficient from a given �1 monosomic cotton hybrid, the ���s of that chromosome were
expected to exhibit “b” genotype, that is, to lack of the G. hirsutum (maternal) allele and to
possess only the G. barbadense (paternal) allele [1Ŗ].

ř. ���u�t�

ř.1. �¢to��n�tic c��r�ct�ri�tic� o� t�� �n�u��oid �¢�rid �1 ���nt�

We crossed 46 monosomic and two monotelodisomic lines of G. hirsutum from Uzbek cytoge-
netic collection of cotton and a G. barbadense doubled haploid line Pima 3-7ş. Among resulting
progeny, the aneuploid hybrid �1 plants were detected in 37 interspecific �1 progeny families
based on hybrid phenotypes and meiotic metaphase-I configuration analyses. In five of the
aneuploid hybrid �1 families, three hybrid monosomic plants were detected in each progeny,
in 11 aneuploid hybrid �1 families two hybrid monosomic were isolated, and in the remaining
21 hybrid families, one aneuploid hybrid �1 plant was detected. These results showed
diěerences in the ease monosomic detection in various hybrid backgrounds and/or diěerences
in maternal transmission rates for various monosomes. Deficiencies for one chromosome arm
occurred in the progenies of two monotelodisomic hybrid �1 plants.
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Hybrid �1 plants had intermediate phenotypes, including strong eěects on plant shape and
size; clustering (Ěower positions and density); number, sizes and shapes of leaves, bracts, and
stipules; sizes and number bract teeth; coloration; number and sizes of external nectarines; and
boll shape. Additional phenotypic eěects by monosomy were super-imposed on these general
phenotypic eěects of interspecific hybridity.

�eiotic metaphase-I analysis of 56 monosomic hybrid �1 plants revealed that 46 plants
exhibited modal chromosome pairing of 25 bivalents and one univalent. �even monosomic
hybrid �1 plants were characterized with the presence of additional univalents and their
average univalent frequencies per cell among them ranged from 1.Ŗ6 ƹ Ŗ.Ŗ6 in �o67xPima 3-7ş
to 1.22 ƹ Ŗ.15 in �o11xPima 3-7ş. Three univalents were observed in some P�Cs of the seven
monosomic hybrid �1 plants from �o7, �o11, �o27, �o67, �o72, �o75 and �oŞş. Three
monosomic hybrid �1 plants from families �o17xPima 3-7ş formed three univalents in many
P�Cs, and they accordingly exhibited relatively high average univalent frequencies per cell,
which ranged from 1.24 ƹ Ŗ.13 to 1.45 ƹ Ŗ.15. The similarity of relative univalent sizes across
the aěected cells (24 II Ƹ 3 I) suggested that the extra pair of univalents in all of these cells arose
from the same pair of chromosomes. A similar eěect was noted in the parental monosomic
plant in selfed �o17 progenies, and could indicate that �o17 is aěected by more than simple
monosomy. The three monosomic hybrid �1 plants (�o17xPima 3-7ş) also seemed to diěer in
their morphology, which suggests the possibility that one or more of them arose following a
univalent shifts due to irregular chromosome dis�unction in meiosis of the maternal �o17
parent.

�eiotic products were characterized by examining sporads in most of the monosomic hybrid
families, looking for example for the frequency of normal tetrad conformation. �eiotic index,
originally proposed by �ove [2Ş] for evaluation of meiosis in wheat, reports the normal tetrad
percentage and is an indicator of meiotic stability. �ost of monosomic hybrid �1 plants had a
higher meiotic index (more than şŖƖ) than that of the control hybrid �1 plants (�-45ŞxPima
3-7şȯŞş.25 ƹ Ŗ.5ŞƖ), which indicated that their univalent chromosome underwent regular
dis�unction. However, the meiotic index values of four of the monosomic hybrid �1 plants
(�o4ŞxPima 3-7ş, �o5şxPima 3-7ş, �o62xPima 3-7ş, �oş2xPima 3-7ş) were characterized
ranging from Şş.7Ş ƹ Ŗ.5ŖƖ to Ş5.ş6 ƹ 1.2şƖ. Two monosomic hybrid �1 plants showed an
increase of percentage of tetrads with micronuclei to 4.41 ƹ Ŗ.45Ɩ (�o5şxPima 3-7ş) and 4.53
ƹ Ŗ.37Ɩ (�oş2xPima 3-7ş) in comparison with control hybrid �1 plants (�-45ŞxPima 3-7şȯ
1.Ŗ2 ƹ Ŗ.Ŗ6Ɩ), which demonstrated disturbances in monosome dis�unction and formation of
imbalanced gametes.

Pollen viability after acetocarmine staining was studied in monosomic hybrid families. Pollen
viability was high in most monosomic hybrid �1 plants. However, nine monosomic hybrid �1

plants had reduced pollen viability and showed early haplo-deficient microspore abortion
prior to mature pollen stage. Two monosomic hybrid �1 plants had small reductions in pollen
viability (up to 2ŖƖ), four monosomic hybrid �1 plants had more reductions in pollen viability
(up to 3ŖƖ), and three monosomic hybrid �1 plants had reductions in semisterile pollen (up to
5ŖƖ). Thus, some of monosomic hybrid �1 plants had decreased meiotic index and decreased
pollen viability.
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ř.Ř. �o��cu��r ��r��r �n��¢�i�

�or molecular analysis of the monosomic hybrid �1 plants, the principles of deletion molecular
analysis were used [1Ŗ, 11]. Considering that many DNA markers have already been assigned
to the individual chromosomes of G. hirsutum �., we aimed to utilize chromosome-specific ���
markers to identify and reconfirm the chromosome specificity identities of monosomic lines
of our collection, based on ��� content monosomic substitution �1 hybrids created by crossing
with the doubled haploid G. barbadense �. line 3-7ş. Detection and genotyping of ��� markers
were straightforward and in a manner described in previous reports that utilized a PC�
amplification of chromosome-specific markers in the genomic DNAs of hybrid plants. To
localize ��� loci to chromosomes, we screened monosomic hybrid �1 plants for the �-45Ş allele
using labeled and/or unlabeled primers. �or ��� loci located at sites other than the chromatin
deficient segment, the �-45Ş marker would be present and �1 hybrids would exhibit hetero-
zygous phenotype. In comparison, if an ��� locus was on the segment deficient from the
hypoaneuploid hybrid �1 plant, the electropherogram would lack the �-45Ş allele and exhibit
hemizygous pattern for the donor allele from G. barbadense Pima 3-7ş.

�i�ur� 1. Chromosome identification of monosomic interspecific �1 hybrids, monosomic G. hirsutum Ƽ G. barbadense.
��� primer pairs specific for chromosome 2 At-subgenomeǱ (a) BN�35şŖ; (b) BN�3ş71; (c) Gh1şŞ; (d) BN�1434; (e)
BN�3ş71; and (f) BN�1Şş7.

Our results revealed that four monosomic hybrid �1 plants (�o11xPima 3-7ş, �o16xPima 3-7ş,
�o1şxPima 3-7ş, and �oş3xPima 3-7ş) deficient for unknown chromosome(s) showed the
presence of only G. barbadense-specific ��� markers bands (BN�35şŖ and GH-1şŞ for �o11),
(BN�3ş71, BN�35şŖ, and GH-1şŞ for �o16 and �o1ş), (BN�1434, BN�1Şş7, and BN�3ş71 for
�oş3), and corresponding absence of the respective �-45Ş allele. The results helped reveal the
chromosomal identities of monosomes �o11, �o16, �o1ş, and �oş3 based on known
chromosomal locations of the respective ��� markers. Because the aforementioned ���
markers were assigned previously to chromosome 2 of the At-subgenome of cotton [11, 1ş–
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27] the ���-based results for �o11, �o16, �o1ş, and �oş3 indicate that they are monosomic
for cotton chromosome 2 (�i�ur� 1).

�i�ur� Ř. Chromosome identification of monosomic interspecific �1 hybrids, monosomic G. hirsutum Ƽ G. barbadense.
��� primer pairs specific for chromosome 4 At-subgenomeǱ BN�2572.

�i�ur� ř. Chromosome identification of monosomic interspecific �1 hybrids, monosomic G. hirsutum Ƽ G. barbadense.
��� primer pairs specific for chromosome 6 At-subgenomeǱ (a) BN�2ŞŞ4; (b) CI�2Ŗ3; (c) BN�1Ŗ64; and (d) GhŖŞ2.

���-based deficiency analysis of the six monosomic hybrid �1 plants (�o7ŖxPima 3-7ş,
�o71xPima 3-7ş, �o76xPima 3-7ş, �oŞ1xPima 3-7ş, �oŞşxPima 3-7ş, and �oşŖxPima 3-7ş),
each deficient for an unknown chromosome showed the presence of only G. barbadenseȬspecific
��� marker bands for BN�2572, CI�122, and GH-1Ŗ7, was lacking the respective �-45Ş alleles.
�imilarly, analysis of the 1Ŗ other monosomic hybrid �1 plants (�o7xPima 3-7ş, �o31xPima
3-7ş, �o3ŞxPima 3-7ş, �o5şxPima 3-7ş, �o66xPima 3-7ş, �o6şxPima 3-7ş, �o72xPima 3-7ş,
�o73xPima 3-7ş, �o75xPima 3-7ş, and �o7şxPima 3-7ş), each deficient for one unknown
chromosome showed the presence of only the polymorphic G. barbadense-specific ��� marker
bands for BN�2572, CI�122, and GH-Ŗ4Ş, was lacking the respective missing �-45Ş alleles.
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Because all of these ��� markers previously were assigned to chromosome 4 At-subgenome
of cotton [11, 1ş–27], the results indicated that the unknown monosomes �o7, �o31, �o3Ş,
�o5ş, �o66, �o6ş, �o7Ŗ, �o71, �o72, �o73, �o75, �o76, �o7ş, �oŞ1, �oŞş, and �oşŖ
all involved monosomy for chromosome 4 of the cotton At-subgenome (�i�ur� Ř).

�urther, our results revealed that two monosomic hybrid �1 plants (�o13xPima 3-7ş and
�o67xPima 3-7ş), each of which deficient for unknown chromosome, showed diěerential
presence of polymorphic G. barbadense-specific ��� markers BN�1Ŗ64, BN�2ŞŞ4, BN�365Ŗ,
CI�2Ŗ3, GhŖ32, GhŖ3ş, GhŖŞ2, and T�B153Ş and were missing the �-45Ş allele. Our results
indicated that the monosomic chromosome in �o13 and �o67 is chromosome 6 At-subgenome
of cotton because previous assignment of these diěerential ��� markers has been assigned to
this chromosome [11, 1ş–27] (�i�ur� ř).

Using the similar approach, monosomic line �o4Ş was assigned to the chromosome 1Ş of the
Dt-subgenome of cotton based on polymorphism of BN�32ŞŖ marker from chromosome 1Ş.
�onosomic line �o17 was assigned to the chromosome 2Ŗ or 22 of the Dt-subgenome using
chromosome-specific ��� markerȯ���P�235 genotyping experiment with monosomic �1

substitution hybrids (�o17x Pima 3-7ş) [1ş, 26], because of this ��� marker was assigned to
these two chromosomes.

A monotelodisomic line recovered among progeny of �o21 and was identified using the
chromosome-specific ��� markersȯBN�3442, Gh246, CI�212 that were polymorphic mono-
somic �1 substitution hybrids (Telo21x Pima 3-7ş). This result suggested that monotelodisomic
line Telo21 is chromosome arm 11 of the At-subgenome of cotton because these ��� markers
are from the arm of chromosome arm 11 of cotton [11, 1ş–27].

�i�ur� Ś. �xamples of bolls from cotton monosomic lines with identified monosomesǱ (A) �-45Ş-parental line; (B)
�o11; (C) �o16; (D) �o76; (�) �oşŖ; (�) �o13; (G) �o4Ş; and (H) �o17.

Thus, we identified chromosomes specificities for 24 monosomic and one monotelodisomic
line using �1 substitution hybrids and chromosome-specific ��� markers. �esults demonstrat-
ed the diěerential rates of monosome occurrence and/or recovery among the cotton chromo-
some complement. In our Uzbekistan-based experiments, chromosome 2, 4, 6, 11, 1Ş, and 2Ŗ
or 22 were recovered as monosomic/monotelodisomic individuals. The identities of 11
additional �1 substitution hybrids have yet to be identified, namely �o1, �o4, �oş, �o2Ş,
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�o3ş, �o5Ŗ, �o62, �oŞ2, �oŞ4, �oş1, and �oş2. Individual cotton chromosome deficiency
had a specific inĚuence in plant morphology and some characters such as bolls (�i�ur� Ś).

�or instance, monosomic lines of the chromosome 2 At-subgenome including �o11, �o16,
�o1ş, and �oş3, all have a similar phenotypic syndrome that includes features such as dwarf
plant architecture; small, narrow, and dense leaf; short sympodia and small and round bolls.

�onosomic lines of the chromosome 4 At-subgenome including �o7, �o31, �o3Ş, �o5ş,
�o66, �o6ş, �o7Ŗ, �o71, �o72, �o73, �o75, �o76, �o7ş, �oŞ1, �oŞş, and �oşŖ, all have
such characters as bushy plant; leaves usually with wavy margins; long peduncle and bolls;
and long bolls. �onosomic lines of the chromosome 6 At-subgenome including �o13 and
�o67ȯboth have bushy plant; short sympodia; small and rounded bolls; and late Ěowering
(�i�ur� ś).

�onosomic plants deficient for a copy of chromosome 11 of the At-subgenome (�o21) have
dwarf plant architecture; short sympodia; small leaves; and small and defectiveed bolls with
curved apical tips. �onosomic plants deficient for a copy of chromosome 1Ş of the Dt-
subgenome (�o4Ş) have dwarf plant architecture, short sympodia, small leaves and bolls that
are smaller and rounder. �onosomic plants deficient for a copy of chromosome 2Ŗ or 22 of the
Dt-subgenome (�o17) have dwarf plant architecture; small leaves; short sympodia; small,
defective, unsymmetrical bracteoles; late Ěowering and set fewer seed.

�i�ur� ś. �ome unique morphologic characters of the cotton monosomic lines with identified monosomesǱ (A) short
sympodia on the monosomic line �o1ş (on chromosome 2) and (B) fragment of the stem of the monosomic line �o67
(on chromosome 6).

ř.ř. Id�ntięc�tion �nd nu��r�tion o� t�� un�no n �ono�o���

We have begun a new eěort to identify cotton monosomic lines of the Uzbek cytogenetic cotton
collection using a well-defined tester set of translocation lines of the cytogenetic collection of
the U�A, kindly provided by Prof. D.�. �telly, Texas Aǭ� University, U�A, through U�DA–
Uzbekistan cotton germplasm exchange program. We performed numerous sexual crosses
between monosomic lines of our collection and tester-translocation lines, but some monosomic
lines were distinguished by low crossing characteristics and few seed set. �onosomes were
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identified by analyzing meiotic metaphase I configurations of monosomic translocation
heterozygous �1 hybrids. When monosome of such a hybrid involves neither of the translocated
chromosomes, each metaphase I cell typically includes a quadrivalent and a monosome (23 II
Ƹ 1 I� Ƹ 1 I). In contrast, when the monosome involves one of the translocated chromosomes,
a trivalent typically occurs (24 II Ƹ 1 III) [2ş].

�i�ur� Ŝ. “Critical configuration” of the chromosomes at the meiotic metaphase I, showing 24 bivalents and 1 trivalent
in cotton �1 plant from the cross of monosomic �o1şxTT2�-6� (arrow point to the trivalent).

Cytological analyses of the two hybrid combinations involving two tester set lines
(�o1şxTT6�-7�, �o1şxTT1Ŗ�-11�) showed that monosome �o1ş is not chromosome 6, 7, 1Ŗ,
or 11 because the modal �I pairing configuration in the respective monosomic �1 hybrids
included 23 II Ƹ 1 I� Ƹ 1 I. In contrast, the tests with translocation lines TT2�-6� and TT2�-Ş�b
showed that the monosome �o1ş is chromosome 2, because the modal �I pairing configura-
tions in the monosomic �1 hybrids of �o1şxTT2�-6� and �o1şxTT2�-Ş�b � I were 24 II Ƹ 1
III (�i�ur� Ŝ).

�ince the monosomic line �o1ş had common chromosome 2 in the two translocation lines and
it was assigned to chromosome 2 At-subgenome of cotton using ��� markers (BN�3ş71,
BN�35şŖ, and GH-1şŞ), we can now confidently tell that the monosome �o1ş from chromo-
some 2 At-subgenome (����� 1).

The cytological analyses of the two hybrid combinations involving two tester lines
(�o67xTT3�-5�, �o67xTTş�-25) showed that monosome �o67 is not chromosome 3, 5, ş, or
25 because the modal �I pairing configuration of its monosomic �1 hybrids was 23 II Ƹ 1 I�
Ƹ 1 I. The test with translocation line TT6�-7� showed, however, that the monosome �o67
could be from chromosome 6 or 7, because in the monosomic �1 hybrid of �o67xTT6�-7� �I
the modal �I pairing configuration was 24 II Ƹ 1 III. �olecular marker data suggested that the
monosome �o67 must be chromosome 6 of the At-subgenome (����� 1).

The cytological test of the hybrid combination involving one tester line (�o75xTT4�-15�)
showed that monosome �o75 could be from chromosome 4 or 15, because in the monosomic
�1 hybrid of �o75xTT4�-15� �I pairing was 24 II Ƹ 1 III. �olecular marker data suggested
that the monosome �o75 is chromosome 4 At-subgenome (����� 1; �i�ur� ŝ).
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�ono�o�icȳ

�in�ȳ

�ri�inȳ ���r o�

t�� o�t�in�dȳ

��ro�o�o��ȳ �o��cu��r

��r��r�ȳ�i£�ȳ Id�ntit¢ȳ

�o11ȳ Pollen irradiationȳ1şş1ȳ �ediumȳA 2ȳ BN�35şŖ, GH-1şŞȳ

�o16ȳ Pollen irradiationȳ1şş1ȳ �ediumȳA 2ȳ BN�3ş71, BN�35şŖ, GH1şŞȳ

�o1şȳ Pollen irradiationȳ1şş1ȳ �argeȳ A 2ȳ BN�3ş71, BN�35şŖ, GH1şŞȳ

�oş3ȳ Pollen irradiationȳ2ŖŖ7ȳ �ediumȳA 2ȳ BN�1434, BN�1Şş7, BN�3ş71ȳ

�o7ȳ Pollen irradiationȳ1şşŖȳ �ediumȳA 4ȳ BN�2572, CI�122, CI�Ŗ4Şȳ

�o31ȳ Pollen irradiationȳ1şş3ȳ �ediumȳA 4ȳ BN�2572, CI�122, CI�Ŗ4Şȳ

�o3Şȳ Pollen irradiationȳ1şş3ȳ �argeȳ A 4ȳ BN�2572, CI�122, CI�Ŗ4Şȳ

�o5şȳ Desynapsisȳ 1şş6ȳ �ediumȳA 4ȳ BN�2572, CI�122, CI�Ŗ4Şȳ

�o66ȳ Pollen irradiationȳ1şş5ȳ �ediumȳA 4ȳ BN�2572, CI�122, CI�Ŗ4Şȳ

�o6şȳ Desynapsisȳ 1şş7ȳ �ediumȳA 4ȳ BN�2572, CI�122, CI�Ŗ4Şȳ

�o7Ŗȳ Desynapsisȳ 1şş7ȳ �ediumȳA 4ȳ BN�2572, CI�122, GH-1Ŗ7ȳ

�o71ȳ Desynapsisȳ 1şş7ȳ �ediumȳA 4ȳ BN�2572, CI�122, GH-1Ŗ7ȳ

�o72ȳ Desynapsisȳ 1şş7ȳ �ediumȳA 4ȳ BN�2572, CI�122, CI�Ŗ4Şȳ

�o73ȳ Desynapsisȳ 1şş7ȳ �ediumȳA 4ȳ BN�2572, CI�122, CI�Ŗ4Şȳ

�o75ȳ Pollen irradiationȳ1şşşȳ �ediumȳA 4ȳ BN�2572, CI�122, CI�Ŗ4Şȳ

�o76ȳ Pollen irradiationȳ2ŖŖ1ȳ �ediumȳA 4ȳ BN�2572, CI�122, GH-1Ŗ7ȳ

�o7şȳ Desynapsisȳ 2ŖŖ2ȳ �mallȳ A 4ȳ BN�2572, CI�122, CI�Ŗ4Şȳ

�oŞ1ȳ Pollen irradiationȳ2ŖŖ3ȳ �ediumȳA 4ȳ BN�2572, CI�122, GH-1Ŗ7ȳ

�oŞşȳ Desynapsisȳ 2ŖŖ3ȳ �ediumȳA 4ȳ BN�2572, CI�122, GH-1Ŗ7ȳ

�oşŖȳ Pollen irradiationȳ2ŖŖ3ȳ �mallȳ A 4ȳ BN�2572, CI�122, GH-1Ŗ7ȳ

�o13ȳ Pollen irradiationȳ1şş1ȳ �argeȳ A 6ȳ BN�1Ŗ64, BN�2ŞŞ4, BN�365Ŗ, CI�2Ŗ3,

GhŖ32,GhŖ3ş, GhŖŞ2, T�B153Şȳ

�o67ȳ Translocationȳ 1şş6ȳ �argeȳ A 6ȳ BN�1Ŗ64, BN�2ŞŞ4, BN�365Ŗ, CI�2Ŗ3,

GhŖ32,GhŖ3ş, GhŖŞ2, T�B153Şȳ

Telo �o21ȳ Pollen irradiationȳ1şş1ȳ �argeȳ A 11ȳ BN�3442, GH246, CI�212ȳ

�o4Şȳ Pollen irradiationȳ1şş4ȳ �mallȳ D 1Şȳ BN�32ŞŖȳ

�o17ȳ Pollen irradiationȳ1şş1ȳ �ediumȳD 2Ŗ or 22ȳ���P�235ȳ

����� 1. Origin and some characters of the cotton monosomic lines of cotton G. hirsutum �.

The Utilization of Translocation Lines and Microsatellite Markers for the Identification of Unknown Cotton...
http://dx.doi.org/10.5772/64558

177



�i�ur� ŝ. “Critical configuration” of the chromosomes at the meiotic metaphase I, showing 24 bivalents and 1 trivalent
in cotton �1 plant from the cross of monosomic �o75 with TT4�-15� (arrow point to the trivalent).

Thus, out of one monotelodisomic and 24 monosomic lines identified using chromosome-
specific ��� markers, three monosomes were confirmed by means of the translocation test.
�rom 24 identified monosomic lines, four are chromosome At-2, 16 are chromosome At-4, two
are chromosome At-6, and one each is chromosome Dt-1Ş, chromosome Dt- 2Ŗ or 22 and
telosome At-11.

Ś. �i�cu��ion

The utilization of the microsatellite markers and translocation lines for the identification of
unknown cotton monosomic lines in our study provided the unified identification and
numeration of the chromosomes and chromosome arm for 24 aneuploid lines of the Uzbek
cytogenetic collection of cotton. On the basis of molecular-genetic and cytogenetic tests
involving translocations, three of the six monosomes were designated chromosomes 2, 4, and
6 of the At-subgenome and two chromosomes were designated chromosomes 1Ş and 2Ŗ or 22
Dt-subgenome. One telosome was designated as a telosome 11 At-subgenome.

Twenty other monosomes were identified as duplicates of three of aforementioned monosomes
(chromosomes 2, 4, and 6). Chromosome 4 of the At-subgenome was recovered more frequently
(16 times), than chromosome 2 of the At-subgenome (4 times) and chromosome 6 of the At-
subgenome (2 times) during the pollen irradiation in diěerent doses and in progeny of the
desynaptic plants (����� 1). The other chromosomes were recovered only once (chromosomes
1Ş and 2Ŗ or 22 Dt-subgenome and one telosome as a telosome 11 At-subgenome). These data
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demonstrated diěerences between the studied chromosomes on the response to irradiation
treatments, and/or diěerences in their ability to survive as embryos and plants, and/or their
ability to be maternally transmitted through nullisomic maternal gametes and gametophytes.
It is possible that the centromeric region of the cotton chromosome 4 is more susceptible to
treatments, and/or this chromosome is under less severe selection against monosomy and thus
deficiencies are recovered and transmitted more frequently in the natural and irradiated
populations. Identification of other monosomic lines using similar strategy is in progress in
our laboratories.

According to our previous results, two monosomics lines (�o11 and �o1ş) from our collection
may be involved the same monosome and were homologous because they had chromosomal
associations with the same translocation line Tr16 of Uzbek cytogenetic collection [12, 15].

There are many challenges in genetic and molecular-genetic analyses of the complex genomes
of cotton [5, 3Ŗ–32], and the development of novel aneuploid lines for tetraploid cotton will be
important to solve mapping of molecular markers in the cotton genome. Our results, which
are largely based on radiation-induced aneuploidy, paralleled the findings of �ndrizzi et al.
[16] showed that chromosomes 4 and 6 are the two chromosomes that occur most frequently
as spontaneous monosomes in natural populations of cotton. A challenge in attaining complete
genome coverage, that is, monosomes for all chromosomes may be that some chromosomes
may contain genes that are unique and essential to the zygote, plant, functional megaspore or
megagametophyte. �or these chromosomes, it may not possible to recover or sexually utilize
monosomes; for others, the diĜculty is likely to range from relatively easy to challenging.

ś. �onc�u�ion

The results presented in this report suggest that microsatellite markers are facile and useful
tools for cytogenetic analysis of the cotton chromosome deficient plants. The utilization of the
microsatellite markers for the identification of unknown cotton monosomic lines provided an
opportunity to foster the identification and numeration of the chromosomes and chromosome
arm for 24 aneuploid lines of the Uzbekistan cytogenetic collection of cotton. These markers
can also be readily used for the development of new cotton chromosome substitution lines and
germplasm introgression.
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���tr�ct

Among ma�or nematode pests of Upland, cotton production is the reniform nematode,
which  is  a  serious  threat  in  various  cotton-producing  regions.  The  availability  of
germplasm lines with tolerance or resistance to this menacing pest is a valued asset.
To date, various laboratories and research institutions have collaborated to transfer the
reniform nematode resistance from wild gene pools of cotton into widely cultivated
Upland cotton, which have led to positive results. This chapter focuses on the current
status of these introgressions and resistance mechanisms in cotton. In this overview,
four ma�or themes are being pursedǱ (1) tolerance mechanisms in cotton to the reniform
nematode,  (2)  genotype  evaluations,  (3)  introgression  of  reniform  resistance  into
Upland cotton,  and (4)  functional  analysis  of  reniform infection in Upland cotton.
Genetic resistance in Upland cotton to the reniform nematode is the only practical
solution  because  conventional  control  measures  are  the  most  cost-eěective  and
environmentally sustainable and therefore have been and will be actively pursued.
�esistance  genes,  if  successfully  introgressed into  crop plants  from wild relatives,
should complement management of the reniform nematode with traditional methods.


�¢ ord�Ǳ functional analysis, introgression, reniform nematode, resistance mecha-
nisms, tolerance

1. Introduction

Cotton (Gossypium hirsutum �.) is one of the most important fiber crops of the world. However,
in selected regions, yields are being reduced drastically by the reniform nematode, �otylenȬ
chulus reni�ormis. This pest was reported in 1ş4Ŗ [1] and to date has become a significant pest
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of cotton in the southeastern and south-central United �tates [2, 3]. The estimated cotton
production loss that occurred in the United �tates due to reniform nematode in 2ŖŖ5 was
115 Ƽ 1Ŗ6 kg (526,ŖŖŖ bales), conservatively worth U�Ǟ1 kg–1 [4, 5].

The reniform nematode is a semi-endoparasite and derives its name from having a kidney-
shaped body, usually of the adult female, and the males are, however, vermiform. The reni-
form life cycle is in four stages beginning from the egg. The first �uvenile stage (�1) molts to
become the second �uvenile (�2) which also occurs within the egg. The �2 then hatches 1–2
weeks after eggs are laid especially when conditions are favorable [5]. Cuticles may some-
times overlay the other and are seen usually in the third- and fourth-stage �uveniles, �3 and
�4 [6]. Generally, after molting, there is a reduction in the body size of the reniform nema-
tode [5]. The young adult reniform nematode females move towards the germinating host
seedlings and to certain organic substances secreted by the roots [7]. Penetration by the
nematode is in the elongation zone of the host plant root, proximal to the meristem. The
epidermis and cortex are pierced by the vermiform young female intracellularly with the
pericycle being the permanent feeding site [Ş, ş]. Half to two-thirds of the nematodes’ body
usually remains outside the root, and the nematode swells with kidney-like shape mor-
phology.

Among the cellular changes observed after penetration of the cells by the reniform nem-
atode include the formation of dense granular cytoplasm, hardening of cell walls through
accumulation of polysaccharides, disintegration of cell walls, and enlargement of cells [1Ŗ–
12]. The adult female reniform nematode oviposits into a gelatinous matrix, produced by
the vaginal glands, and the number of eggs within an egg mass varies, from 6Ŗ to 2ŖŖ
by a single adult female nematode [13]. The reniform nematode has the capability to
undergo anhydrobiosis, a survival mechanism in the absence of water, making it thrive
for at least 2 years in the absence of a host in dry soil [14]. The state of anhydrobiosis
for the reniform nematode can last for more than 2Ŗ years in the absence of host plants
[15].

�oot-knot nematode (�eloido�yne spp.), another damaging nematode of cotton, are sedentary
endoparasites that feed within the roots of host plants, resulting in drastic yield losses [16,
17]. The ma�or observable signs on plants are the root knots that indicate colonization of roots
of infected plants by these organisms. �ymptoms include low yields, stunted growth, wilting,
and predisposition to other pathogens. The most damaging stage is the second-stage �uveniles
(�2), which penetrate and invade their hosts near root tips and then migrate intercellularly
toward the vascular cylinder. These nematodes puncture the cell wall continuously, and there
is secretion release from the stylet into the cytoplasm, and the cytoplasm contents are ingested.
The cells enlarged to form giant cells [1Ş], and these have multiple nuclei and are very active
metabolically in their functions [1ş]. The life cycle of �eloido�yne lasts for about 3 weeks, and
eggs are then released into a gelatinous matrix by the adult female. During this period of
feeding within the plant roots, physiological changes occur which alter gene expression
mechanisms of the host [2Ŗ].
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Ř. �o��r�nc� �nd r��i�t�nc� ��c��ni��� o� coĴon to r�ni�or� n���tod�

�tudies have shown changes in host gene expression during infection of roots by nematodes
especially within the syncytium [21–23]. During the formation of syncytium, a number of
changes occur within plant cells, among these are changes in cell cycle mechanisms, hormone
regulation events, and cell wall architecture [24, 25]. �stablishment of nematode feeding cells
is through specific processes which are controlled and directed by encoded products of
nematode parasitism genes found within the esophageal glands. These products are then
delivered into the feeding cell through the nematode stylet [26]. Processes and events occurring
at the nematode feeding sites play roles related to various degrees of susceptibility of cotton
plants to the reniform nematode. Among these events are early degradation of syncytia [1Ŗ],
formation of wall deposits, and absence of hypertrophy in pericycle cells. These are some
known mechanisms proposed for cotton resistance to reniform nematode.

�arious Upland cotton varieties were planted in Unites �tates (U�) in 2Ŗ15 [27]. Among the
varieties grown in United �tates, the largest and least acreages of cultivation were ‘Deltapine’
(31.2Ɩ) and ȇ�eed �ource Geneticsȇ (Ŗ.Ŗ2Ɩ), respectively. ‘Deltapine’ cultivar covered about
5Ŗ.1Ɩ of the acreage planted to Upland cotton in the southeastern states (Alabama, �lorida,
Georgia, North Carolina, �outh Carolina, and �irginia). Bayer Crop�cience (ȇ�iber�axȇ and
ȇ�tonevilleȇ) also covered significantly higher acreages (21.61 and 16.ş3Ɩ), respectively. An
early study was conducted on susceptible (DP5Ŗ-H�Ǳ ȇDeltapine 5Ŗȇ with higher reproduction)
and resistant (DP5Ŗ-��Ǳ ȇDeltapine 5Ŗȇ with lower reproduction) genotypes, which were
inoculated with 3ŖŖŖ reniform nematodes [2Ş]. �oots collected 3, 6, ş, 12, and 15 days after
inoculation (dai) revealed reduced reproduction in susceptible genotypes with degeneration
of the syncytial cells and absence of hypertrophy within the pericycle cells.

�eniform nematodes show significant variations in populations [2ş–34]. Cotton genotypes
will, therefore, have varying reproductive and pathogenicity responses to reniform nematode
variants if present in populations. The ‘�ON��N ’genotypes (‘�ON��N-1’ and ȇ�ON��N-2ȇ
both of which are resistant to the reniform nematode) were used in association with susceptible
genotypes (ȇ�iber�ax ş66ȇ and ȇDeltapine 555B�ȇ) to six levels of inocula (Ŗ, 5ŖŖ, 1ŖŖŖ, 5ŖŖŖ,
1Ŗ,ŖŖŖ, or 5Ŗ,ŖŖŖ), consisting of eggs and vermiform life stages of reniform nematodes [35].
High inoculum levels (1Ŗ,ŖŖŖ and 5Ŗ,ŖŖŖ) significantly reduced the root dry mass of ȇ�ON��Nȇ
genotypes; however, higher levels in the susceptible genotypes rather stimulated root mass.
Thus, the ȇ�ON��Nȇ genotypes may be involved in hypersensitive responses to nematode
parasitism.

Another study was conducted on five cotton genotypes with various resistance/tolerance levels
to reniform nematode isolates obtained from cotton field in �ouisiana [36]. High reproduction
of isolates was observed from �van (33,7ş3 �uveniles/25Ŗ g soil) and Avoyelles (27,ŞŖŖ �uveniles/
25Ŗ g soil) genotypes. Data revealed that the G. arboreum (ȇA2-1şŖȇ) and ȇ�ON��N-2ȇ were the
most resistant genotypes among the nematode isolates. However, ȇT�-11Ŗȇ and ȇBA�B��N-713ȇ
both had high levels of resistance to the reniform nematodes in terms of pathogenicity. The
ȇ�ON��N-1ȇ, ȇ�ON��N-2ȇ, and ȇA2-1şŖȇ genotypes showed hypersensitivity to reniform
nematode invasion of roots as seen in stunted plant growth. This study therefore confirms the
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presence of variation in both pathogenicity and reproduction of reniform nematode isolates
in cotton fields. Isolates obtained from various infested cotton fields may have various adaptive
mechanisms in the soils in which they occur [37, 3Ş]. �urther, genetic variation within specific
genes, for example, r�NA and IT�1 and microsatellite loci of the reniform nematode [2ş–31,
34, 3ş, 4Ŗ] might inĚuence pathogenicity and reproductive ability of nematodes. �imple
sequence repeat (���) markers have been used to reveal the polymorphism in reniform
nematode sampled from infested fields in �ississippi [4Ŗ].

�xploring of host resistance to nematode parasitism is the most eěective and environmentally
friendly method of nematode management. �esistant cultivars pose an incompatible interac-
tion with nematodes. A hypersensitive reaction is produced in a response to the feeding or
invading nematode leading to lignification of the cells in close proximity to the reniform
nematodeȇs head, or the cells either collapse or become necrotic [41, 42]. However, in a
compatible interaction, there is a formation of active syncytia with cells becoming hypertro-
phic, dense cytoplasm, enlarged nuclei, in most instances a partial disintegration of cell walls
[2ş]. Application of nematicides to the resistant genotypes of cotton, for example, ȇ�ON��Nȇ
have a positive impact on plant response and yield [43]. This hypersensitivity which is
produced can be reduced in seedlings after nematicide applications. �our-resistant breeding
lines from (ȇ�ON��N-1ȇ Ƽ ȇ��ş66ȇ) cross, a susceptible line from the ȇ�ON��Nȇ Ƽ ȇ��ş66ȇ cross,
ȇ�ON��N-1ȇ, ȇBA�B��N-713ȇ, and the ȇDP3ş3ȇ (susceptible cultivar) were explored in a
nematicide trial [43]. There was an increase in plant height and yield among plants to which
nematicides were applied in greenhouse experiments. �urthermore, the number of reniform
nematodes isolated was about 5ŖƖ lower in resistant genotypes 45 days after planting (DAP).
Diěerences were also observed among ȇBA�B��N-713ȇ and ȇ�ON��Nȇ-derived lines in
relation to reniform nematode egg number counts, with lower counts noted on ȇBA�B-
��N-713ȇ. There was also a reduction in stunting of genotypes that received aldicarb treatment.

ř. ����u�tion o� 	ǯȱ�������� ��not¢��� to r�ni�or� n���tod�

Within the Gossypium genus, about 5Ŗ diploid and allotetraploid species are known. Two
widely cultivated diploids include Gossypium arboreum �. and G. herbaceum �., and the two
cultivated allotetraploids are G. hirsutum �. and G. barbadense �. [44]. There are eight diploid
genome groups (A, B, C, D, �, �, G, and K) with the same chromosome number (2n = 26) [45].
Among the wild diploid species, three geographical groups are known (Australian, American,
and Afro-Arabian).

Towards the end of the 1şŞŖs, some germplasm lines (ȇ�a. �N 4-4ȇ, ȇ�a. �N şŖşȇ, ȇ�a. �N ş1Ŗȇ,
and ȇ�a. �N 1Ŗ32ȇ) were developed in �ouisiana �tate University in Baton �ouge with low-to-
moderate levels of resistance to the reniform nematode [46]. These lines were from Upland
cotton and were the first with some levels of resistance to the reniform nematode. Towards the
latter part of 1şş7, the Unites �tates Department of Agriculture (U�DA) Agricultural �esearch
�ervice (A��) scientists in Texas released four germplasm lines (ȇN22Ŗ-1-ş1ȇ, ȇN222-1-ş1ȇ,
ȇN32Ŗ-2-ş1ȇ, and ȇN41ş-1-ş1ȇ) with slightly higher levels resistance to the reniform nematode
compared to earlier released lines [47].
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�urther screening of G. hirsutum genotypes has been conducted [46–4ş]. However, most of
these lines have varying tolerance levels to the reniform nematode [47]. �everal genotypes (G.
hirsutum (11Ŗ), G. herbaceum (7)ǰ G. arboreum (14)ǰ G. barbadense (6)ǰ wild Gossypium spp. (33),

ibiscus spp. (22), and other �alvaceae (7) were evaluated for their resistance against the
reniform nematode, through their ability to reproduce on roots [5Ŗ]. The genotypes (G. stoc�siiǰ
G. somalense, and G. barbadense and ȇTexas11Ŗȇ possessed high resistance to the reniform
nematode. Gossypium hirsutum Şş3, G. herbaceum PI 4ŖŞ775, G. arboreum PI 41Şş5, PI 417Şş1,
and CB 3Ş3ş also have low nematode egg productions (2ŖƖ).

�esistance has also been explored in wild accessions of G. hirsutum and G. barbadense to �.
inco�nita race 3 and reniform nematodes [51]. The G. barbadense accessions (‘T�-1347’ and
‘T�-134Ş’) had lower reproduction on them compared to the G. hirsutum accessions although
were susceptible to �. inco�nita race 3. A greenhouse study was conducted on 52 cultivars of
cotton to identify those with some resistance to the reniform nematode; however, all the
cultivars were susceptible to this organism [4Ş]. Among the various cultivars, those with the
lowest reproductive factors (��) were ‘�G 1Ŗ5’, ȇDP 543 BGIIȇ/ȇ��ȇ, ȇDP 445BGȇ/ȇ��ȇ, and ȇ��
şŞş �ȇ. Other G. hirsutum lines (ȇ�T246Ş �en1ȇ, ȇ�T246Ş �en2ȇ, and ȇ�T246Ş �en3ȇ) with
resistance to the reniform nematode were released [52]. This eěort was from �cientists at the
U�DA A�� and the �ississippi Agricultural and �orestry �xperiment �tation.

Ś. Intro�r���ion o� r�ni�or� n���tod� r��i�t�nc� into ����nd coĴon

�esearchers over the years have screened genotypes and believed to have resistance to the
reniform nematode. They have proved that these genotypes are not 1ŖŖƖ resistant to the
reniform nematode [4Ş–5Ŗ]. This, therefore, has resulted in multi-institutional collaborations
on the introgression of resistance into Upland cotton from close and distant relatives of
Gossypium [53, 54]. �onosomic addition lines were developed with the aim of transferring
resistance into Upland cotton from G. lon�icaly¡ [55]. However, after screening 12 lines that
were segregating, resistance to this pest was minimal. However, there have been successful
introgressions into the reniform nematode into G. hirsutum from G. arboreum [56], G. aridum
[57], G. barbadense [5Ş–6Ŗ] making the introgressed lines resistant to the reniform nematode.

The introgression of the reniform nematode resistance trait of G. lon�icaly¡ into Upland cotton
was achieved through the development of two 52-chromosome trispecies hybrids [(G.
hirsutum Ƽ G. lon�icaly¡) chromosome-doubled Ƽ G. armourianum] (abbreviated as H�A) and
[(G. hirsutum Ƽ G. herbaceum) chromosome-doubled Ƽ G. lon�icaly¡] (abbreviated as HH�) [61].
The G. lon�icaly¡ (�1) had the resistance trait. In this approach, there was a need to include a
genotype that could reduce ploidy characteristics existing between the ȇdonorȇ and ȇrecipientȇ
genotypes. Therefore, either G. armourianum Kearney (D2–1) or G. herbaceum �. (A1) were used
in genetic crosses. A number of recurrent backcrossings were undertaken that produced 2Ş
lines with reniform nematode resistance, and segregation (1Ǳ1) was observed in all the
backcrosses for resistant and susceptible traits [61, 62]. This demonstrated that the trait
responsible for reniform nematode resistance is single gene controlled and heritable. This eěort
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led to the release of two G. hirsutum germplasm lines, ȇ�ON��N-1ȇ (�egistration Ǜ GP-ş77, PI
66ş5Ŗş) and ȇ�ON��N-2ȇ (�egistration Ǜ GP-ş7Ş, PI 66ş51Ŗ). The release was by both U�DA
and Cotton Incorporated to enable cotton farmers’ access to the reniform nematode-resistant
germplasm with improved yields. The introgressed chromosome segments in both lines diěer
slightly in terms of size, with that of ȇ�ON��N-2ȇ much smaller than that of ȇ�ON��N-1ȇ.
�xperimental assays revealed a ş5Ɩ reduction in nematode populations in growth chambers
and 5Ŗ–şŖƖ reductions in field trials. A disadvantage with these lines, however, is the reduced
plant growth and stunting in fields with very high populations of reniform nematodes,
reĚecting in poor yields [63, 64]. This gene conferring high resistance to the reniform nematode
has also been introgressed from the African species G. lon�icaly¡ (Hutch. ǭ �ee, 2n = 2x = 26;
2�1) [65]. The allele conferring this resistance (�enlon) was linked to chromosome 11. In that
study [65], two trispecies hybrids made up of G. hirsutum (AD)1, the recipient species, G.
lon�icaly¡ (�1) the donor parent, and two wild diploids, G. armourianum (D2–1) and G. herbaceum
(A1), were used as ȇbridgesȇ.

�arious screens were performed on G. hirsutumǰ G. lon�icaly¡, G. armourianum, and H�A
trispecies hybrids to identify markers that could be linked to resistance in the reniform
nematode [65]. �ixty-two simple sequence repeat (���) markers were used in amplifying
pooled DNA from G. hirsutum cultivars [ȇAuburn (Aub)-623ȇ, ȇAcalaNem�ȇ, and ȇDeltapine
(DP)-45Şȇ] for the identification of polymorphisms on the A-sub-genome. �ome primer pairs
revealed polymorphisms among various groups of resistant (�1 and H�A) and susceptible
(AD)1 and (D)2–1 genotypes. These primer pairs were selected and used for screening genotypes
in BC2�1 populations to identify markers associated with the reniform resistance locus �en. A
phenotypic marker in G. lon�icaly¡ could be linked with green seed fuzz (�£�lon) which was
closely associated with the reniform nematode. This association was confirmed by screening
şŞ4 resistant and susceptible genotypes in various backcrosses.

Transfer of reniform nematode resistance into Upland cotton has also been successfully
achieved through crossing the resistant G. arboreum (A-genome) with a D-genome species [66].
Backcrossing with Upland cotton (AD)1, and screenings of the BC2�1 and the BC2�2 for
resistance to reniform nematode showed plants with resistance to this pest. Another successful
reniform nematode resistance introgression into G. hirsutum was from G. aridum [57]. This
study involved mapping of traits from various genotypes that have been backcrossed. This
included a trispecies hybrid, [G. arboreum Ƽ (G. hirsutum Ƽ G. aridum)], crossed with ’�D51ne’
(G. hirsutum). One hundred and four simple sequence repeat markers were then used to
identify markers linked with resistance in the reniform nematode in 5Ŗ and 26 resistant and
susceptible progenies, respectively, obtained from the above crosses. Among the various
markers utilized, 25 of them were resistance specific to the reniform nematode and were all
localized to chromosome 21 of cotton. The locus of resistance was �enari and two of these
markers identified were BN�327şȏ132 and BN�2662ȏŖşŖ.

�eniform nematode resistance introgression into G. hirsutum from G. arboreum accession
(’A2-1şŖ’) crossed with a hexaploid (AD1) Ƽ D4 bridging line (G 371) is another success story
[56]. The progenies were tetraploid triple-species hybrids. They were progressively back-
crossed into G. hirsutum producing 277 BC1 new genotypes. Growth chamber experiments
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revealed that the ‘G371’, a hexaploid bridging line, poses resistance to the reniform nematode.
Therefore, resistance to the reniform nematode was controlled by dominant genes.

Trispecies hybrids with G. thurberi have been utilized in transferring resistant traits into G.
hirsutum [67]. This hybrid [(G. hirsutum Ƽ G. thurberi) a hexaploid [2n = 6Ƽ = 7Ş,
(AADD)1 Ƽ D1] Ƽ G. lon�icaly¡ (�)] was used in cytogenetic analysis. �ifteen simple sequence
repeat (���) markers were also utilized in accessing the introgressions in the various hybrid
plants through specific bands, which confirmed successful introgressions. Cytogenetic
analysis revealed a chromosome configuration 2n = 52 = 14.13 I Ƹ 15.1Ŗ II Ƹ 1.Ŗ3III Ƹ Ŗ.ş I� Ƹ Ŗ.Ŗ3
� Ƹ Ŗ.13 �I (I, II, III, I�, �, and �I refer to univalents, bivalents, trivalents, tetravalents, penta-
valents, and hexavalents, respectively). �itotic chromosome analysis provided evidence on
the number of chromosome within the genomes of the species and hybrids. The chromosomes
varied in number for G. hirsutum (52)ǰ G. thurberi (26)ǰ G. lon�icaly¡ (26), and (G. hirsutum Ƽ G.
thurberi) (7Ş), and three-species hybrid [(G. hirsutum Ƽ G. herbaceum) Ƽ G. lon�icaly¡] (HT�) (52).

�arge germplasm lines (‘1Ş66’ and ‘şŖ7’) of G. hirsutum and G. barbadenseǰ respectively, have
been eěectively screened in eěorts to identify resistance to the reniform nematode [6Ş].
Introgressions from G. barbadense into G. hirsutum against the reniform nematode, and markers
linked to resistance in this pest have been a success [5Ş–6Ŗ, 6Ş, 6ş].

Greenhouse assays also complement field screening of germplasm lines for nematode resist-
ance in these lines [7Ŗ]. In one of these assays, a single test plant was screened against six
susceptible and resistant plants of G. hirsutum, ȇDeltaple-16ȇ and moderately resistant G.
barbadense ȇT�-134Şȇ, respectively [51]. �creening assays revealed about 5 and 12Ɩ of G.
hirsutum and G. barbadense accessions having lower numbers of reniform nematodes compared
to as susceptible check ȇT�-134Şȇ, respectively. �oderate resistance was observed in the G.
barbadense cultivar ȇT�-11Ŗȇ (PI 1636ŖŞ) and G. barbadense accession ȇGB 713ȇ (PI 6ŖŞ13ş). Among
the various G. barbadense accessions screened with moderate resistance to �. inco�nita, none
of these was resistant to the reniform nematode.

Texas Agri�ife �esearch released two breeding lines ȇTA� �K�N�-şȇ (�eg. No. GP-ş41; PI
662Ŗ3ş) and ȇTA� �K�N�-12ȇ (�eg. No. CP-ş42; PI 662Ŗ4Ŗ) of Upland cotton in 2Ŗ1Ŗ [5Ş]. Both
of these lines poses resistance to �. inco�nita and the reniform nematode. These germplasm
lines were developed through the crosses between ȇ�-315 �N�ȇ, an �. inco�nita resistant G.
hirsutum line, and a reniform nematode-resistant G. barbadense line ‘T�-11Ŗȇ. Both germplasm
lines are commercially available and can be utilized in cotton breeding research. In other
collaborative eěorts, �esearch �cientists at the U�DA and �ississippi Agricultural and
�orestry �xperiment �tation released three germplasm lines, ȇ�713 �en1ȇ (�eg. No. GP-ş5Ş,
PI 665ş2Ş), ȇ�713 �en2ȇ (�eg. No. GP-ş5ş, PI 665ş2ş), and ȇ�713 �en5ȇ (�eg. No. GP-ş6Ŗ, PI
665ş3Ŗ) in 2Ŗ12 [5ş]. The reniform nematode resistance within these lines was from the G.
barbadense accession ȇGB 713ȇ.

��� markers associated with reniform nematode quantitative trait loci (�T�s) involved in
resistance are known [6ş]. This was achieved through genotyping of 3ŖŖ �2 populations of
ȇGB713ȇ Ƽ ȇAcalaNem-�ȇ crosses. �T�s were localized to chromosomes 21 and 1Ş, respectively.
The �T�s on chromosome 21 were on map positions 16Ş (�OD 2Ş.Ŗ) and 1Ş2.7 (�OD 24.6),

Genetic Resistance to the Reniform Nematode in Cotton
http://dx.doi.org/10.5772/64389

191



with the specific ��� markers BN� 1551ȏ162 and GH 132ȏ1şş on position 154.2 and 177.3 and
BN� 4Ŗ11ȏ155 and BN� 327şȏ1Ŗ6 on positions 1ŞŖ.6 and 1Ş4.5 associated with these loci,
respectively. However, the only single �T� on chromosome 1Ş was on the map position 3ş.6
(�OD 4.Ŗ) with the specific ��� markers BN� 1721ȏ17Ş and BN� 56şȏ131 on positions 27.6 and
42.ş, respectively. The authors, therefore, suggested the following designations �enbarbŗ and
�enbarbŘ for �T�s located on chromosome 21 and �enbarbř for those on chromosome 1Ş. �urther
experiments in controlled environments on ȇGB-713ȇ showed a reduction in reniform and �.
inco�nita numbers by şŖƖ [6Ŗ].

ś. �unction�� �n��¢�i� o� r�ni�or� n���tod� in��ction in coĴon

ś.1. ��r��iti�� ��n��

�equencing of the nematode parasitome usually involves gene products that the nematode
secretes during its cycle; critical study of genes will enhance the understanding of the nature
of damage caused by nematodes to host plants [22]. �a�ority of these genes encode cell wall-
modifying proteins such as galactosidases, xylanases, pectinases, and expansins [71]. Isolation
of the parasitome from plant–parasitic nematodes, for example, Ά-1-4-endoglucanases
(cellulases) was from the subventral glands of 
eterodera �lycines and Globodera rostochiensis
[72, 73]. These proteins were the first isolated molecules in plant–parasitic nematodes.
Cellulases are needed by nematodes to degrade cell walls for easy penetration to the roots [74].

Cellulase genes have been identified within reniform nematode [75–77], 
. �lycines [7Ş], G.
tabacum [7ş], �ratylenchus penetrans [ŞŖ], �. inco�nita [Ş1], and 
. schachtii [Ş2]. Within the cyst
nematode, cellulase activity has been observed in �2 �uveniles, but rarely in �3 �uveniles [7Ş].
These cellulases are associated with the glycosyl hydrolase family 5, with two domain
structures (i.e., a catalytic domain with and without a cellulose-binding domain). The cellulase
gene (��Ȭ��GȬŗ) of 1341-bp length has also been molecularly characterized in the reniform
nematode. This gene had a 1ş-bp 5ȝ-untranslated region (UT�), a 1245-bp open-reading frame
(O��), and an ŞŖ-bp 3ȝ-UT� region [75]. �ultiple sequence alignment of the cDNA and
genomic sequences revealed seven introns and eight exons for ��Ȭ��GȬŗ gene.

�urther B�A�T analysis gave hits to 
GȬ��GȬŜ m�NA in 
. �lycines. �emiquantitative �T-
PC� used in studying gene expression revealed ��Ȭ��GȬŗ highly expressed in the second-
stage �uvenile (�2) and adult vermiform life stages. However, expression levels in the adult
female were much lower. �ecent characterization of the reniform nematode genome revealed
hits to 
GȬ��GȬŜ and ��GȬŗ genes in 
. �lycines (Accession Ǜ AAŖ255Ŗ6) and �adophilus similis
(AccessionǛ ACB3Ş2Şş), respectively [77]. �imilarly, transcriptome sequencing of the reniform
nematode revealed hits to ��GȬŘ (Accession Ǜ AAK21ŞŞ1.1 and AAK21ŞŞ3.2), ��GȬŗ
(Accession Ǜ AAD45Ş6Ş.1), and ��GȬŝ (Accession Ǜ AAK21ŞŞ7.1) genes in �eloido�yne spp.
[76].

Two cellulase cDNAs (
GȬ��GȬŗ and G�Ȭ��GȬŗ), that code for a secretion of signal pep-
tide, cellulase catalytic domain, cellulose binding domain (CBD), and a small peptide link-
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er, are within the cyst nematode genome. �ecretion of these cellulases was within the
subventral esophageal gland cells, and their presence was confirmed through m�NA in
situ hybridization and immunolocalization. The cellulase activity is usually enhanced by
the presence of the CBD. In G. rostochiensis, characterization of its cellulase cDNA (G�Ȭ
��GȬŘ) showed absence of a CBD, which inhibits synthesis of crystalline cellulose [72, Ş3].
Horizontal gene transfer from prokaryotic microbes such as bacteria to nematodes is
known [Ş4]. Cyst nematode cellulases are similar to those found in bacteria, and theories
of horizontal gene transfer to ancestor cyst nematodes have been proposed [26, Ş5]. This
phenomenon has also been observed in �eloido�yne species ��T data and the existence of
associations to parasitism [Ş6]. Two �eloido�yne genes of rhizobial origin encode љ-threo-
nine aldolase (miŖ1644) and a protein of unknown function (miŖŖ1Ŗş). �ympatric organ-
isms share the same soil ecological niche and both �eloido�yne and rhizobia fall into this
class [Ş7]. Another group of parasitism genes characterized in the reniform nematode ge-
nome are the C-type lectins (CT�s) [76, 77, ŞŞ]. The C-type lectins (CT�s) are a family of
Ca2Ƹ-dependent carbohydrate-binding proteins with roles in innate immune response. A 5ȝ-
and 3ȝ-�AC� analysis was used in the identification of 11 reniform nematode CT� tran-
scripts (��Ȭ���Ȭŗ–��Ȭ���Ȭŗŗ), and these ranged from 1ŖŞ3 to 11ş4 bp with ş3–şşƖ
sequence identity with the other [ŞŞ]. �ultiple sequence alignment of cDNA and genomic
sequences showed three intronic regions. �pecific B�A�T hits were to 
eli�mosomoides polȬ
y�yrus and 
. �lycines. The genes ��Ȭ���Ȭŗ, ��Ȭ���-2, and ��Ȭ���-3 expressions were
constant in the life cycle of the reniform nematode. The �r-ctl transcripts were not con-
stant in the various �uvenile stages and were Ş3ş-fold higher in sedentary female nemato-
des compared to any other �uvenile stage. A previous expresses sequence tag (��T) study
[Şş] revealed C-type lectin domain peptides. These groups of peptides are carbohydrate-
binding proteins, and therefore, calcium is a requirement for their eěective functioning
[şŖ] and it is found in metazoans [ş1]. The ��� genes have been characterized in some
animal–parasitic nematodes, 
eli�mosomoides poly�yrus, �o¡ocara canis, and �ippostron�ylus
brasiliensis [ş2, ş3]. These CT�s have also been identified in the subventral glands of �.
�raminicola [ş4]. Characterization of the reniform nematode genome and transcriptome
through 454 sequencing showed hits to ��ŗȏŖŘŝśŖ (Accession Ǜ �PȏŖŖ1Şş2Ŗ52) and
����ȬŗŞŖ (Accession ǛNPȏ5Ŗ122ş.2) in �ru�ia malayi and �aenorhabditis ele�ansǰ respective-
ly [77].

ś.Ř. ��r��iti�� �rot�in�

Parasitism proteins released from the cell of nematodes induce changes in host cell physiology
through specific signals in the nucleus within the host cells [ş5]. The regulation of the host’s
cells by nematodes occurs during transcription and direct interaction between nematode-
secreted protein and plant-protein target has been observed. In the root knot nematode (�KN),
a 13-aa secretory peptide 16D1Ŗ has interactions with two �CA��C�OW-like transcription
factors [ş6].

The root knot and cyst nematodes both secrete chorismate mutase (C�) which aěects the
cellular shikimic acid pathway [71]. An overexpression of this protein in �. �a�anica in plant
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roots inĚuences indole acetic acid (IAA) secretion which may result in improper tissue
development [ş7]. Other proteins (14-3-3, sxp-ral-2, and ranbpm-like family proteins) inĚuence
cell-cycle, calcium binding, and defense regulation mechanisms in plants [71]. The 14-3-3
proteins have also been identified in reniform ��Ts and these had homologies to 14-3-3
sequences of �. bri��sae (Accession Ǜ �PȏŖŖ2643ş36.1) and �. ele�ans (AccessionǛ NPȏ5Ŗşş3ş.1)
[76]. Within the reniform, nematode genomic sequence hits to 14-3-3 sequences were observed
in �ursaphelenchus ¡ylophilus (AccessionǛ AC�13351), �ncylostoma caninum (Accession Ǜ
ACO5şş62), and �. inco�nita (AccessionǛ AA�Ş5527) [77].

�xpansin-like proteins in the potato cyst nematode (G. rostochiensis) can imitate some of their
host genes in their function. An example is the hg-syv46 parasitism gene with a C-terminus
having a similar function to C�A�ATA3/��� (C��), a conserved domain in �rabidopsis thaliana
[şŞ, şş]. Three reniform nematode genes that code for putative C�� motifs (rr-cle-1, rr-cle-2,
and rr-cle-3) have been isolated [1ŖŖ]. These peptides have an amino-terminal signal peptide
with specific roles in secretion and pose a C-terminal C�� motif which can be associated with
that of 
eterodera spp. The parasitism gene (16D1Ŗ) is a conserved gene found in root knot
nematode species controlling signaling events in �KN and its host associations. A double-
stranded �NA (ds�NA) within the genomes of nematodes produces �NA interference (�NAi)
of the targeted transcript. The technique of �NAi was first studied in �. ele�ans [1Ŗ1] and has
been applied in gene silencing of variety organisms [1Ŗ2]. There are in �itro assays that facilitate
stimulation of parasitic �2 nematodes to intake ds�NA from solutions through the nematodes
stylet for �NAi induction [ş6, 1Ŗ3]. �pecific nematode parasitism genes that are targeted could
be easily knocked out and their functions eěectively studied at the molecular level through
�NAi approach [1Ŗ3].

ś.ř. 
o�tȬ��t�o��n int�r�ction�

Plant host-pathogen interactions have fascinated plant pathologists over hundreds of years
[1Ŗ4]. Contemporary studies on interactions began with seminal work on the gene-for-gene
concept in plant host-pathogen interactions [1Ŗ5]. The gene-for-gene concept states that for
every host � (resistance) gene, a corresponding Avr (avirulence) gene exists; thus, a successful
host-defensive response requires a successful interaction [1Ŗ5]. The ranbpm-like family
proteins and chorismate mutase (C�) interact with plant � genes, indicating nematode
parasitism proteins act as avirulence genes [1Ŗ6, 1Ŗ7].

Proteins made by animal parasitic nematodes have been found in some plant parasitic
nematode genomes and they are conserved [1ŖŞ]. These proteins function to challenge the
host’s immune system invoking specific responses [1Ŗş]. The last two decades have ad-
vanced the global approach to studying gene expression. We now have advanced recombi-
nant DNA technologies to study gene expression at the m�NA or total �NA
(transcriptome) and protein (proteome) levels. Approaches employed in the study of plant
response to nematode parasitism include diěerential display [11Ŗ, 111], promoter-reporter
gene fusions [112–114], �NA blotting, protein immunolocalization, in situ hybridization
[7ş, 115], and diěerential library screening [116]. Identification of genes playing useful
roles in parasitism have been achieved through development of cDNA libraries from
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esophageal gland cells of the soybean cyst nematode [117, 11Ş]. Other techniques used in
the study of gene expression in plants at a single time point during early stages of infection
of nematodes include oligonucleotide and cDNA microarrays [11ş, 12Ŗ]; for example, in
soybean cyst nematode, 135Ş cDNAs from the esophageal glands were identified in expres-
sion analysis [121].

�ecently, �NA-�eq analysis has been used in transcriptome sequencing of cotton (G. hirsuȬ
tum �.) genotypes to measure comparative transcript abundance in reniform nematode sus-
ceptible (’DPşŖ’ ǭ ’�G747’), resistant (’BA�B��N-713’), and hypersensitive (’�ON��N-1’)
genotypes of cotton (G. hirsutum �.) with and without reniform nematode infestation [122].
�everal resistance genes that encode proteins known to be tightly linked to pathogen per-
ception and resistance, for example, ���-like and NB�-��� domain-containing proteins
were identified.

�ost gene expression is a regulated process with genes being active in some situations and
inactive in others. Gene expression relates to the physical signals from the environment and
developmental cues of the organism in question. The rate of protein synthesis was once thought
to be proportional to the concentration of m�NA; therefore, gene expression regulation
depends on the regulation of the steady-state concentration of m�NAs [123]. However, m�NA
levels and protein concentrations only partially correlate, a finding based on thoroughly
composed reference datasets accounting for factors where ribosome occupancy and density
and open-reading frame (O��)-specific translation elongation rates were considered [124].
Therefore, many regulatory mechanisms involved with gene expression operate at many
levels. The mechanisms inĚuence on alterations in DNA structure, modification of transcrip-
tion, stability, or translation of m�NA, or alterations in protein activity through post-transla-
tional modification.

Plants display varying levels of resistance to most pathogens in their environment, often being
able to recognize pathogens through specifically distinct methods of detection [125]. A series
of mechanisms of defense have been developed by plants, some of which can be constitutive
or inducible. �esistance in plants is defined as the inability of a pathogen to propagate and
spread on a host plant, usually involving a response referred to as the hypersensitive response
(H�) [125]. The lines between a plant and its pathogens are truly battlegrounds where there
are deployments of defense. The most current description of the action that takes place applies
also to cotton-reniform interactions. Inducible defense responses in this type of interaction
follow the ‘zigzag’ model [126].

According to the model suppression of immune-associated macroscopic programmed cell
death (PCD) triggered by �APK cascades or by the �TI cognate elicitors �3a/Avr3a occurs in
susceptible hosts [126, 127]. The study showed that nematodes in�ected into the plant, thereby
suppress PA�P-triggered immunity (PTI) or eěector-triggered immunity (�TI) that are
associated with the activation of PCD. Therefore, resistance is the ability of the host plant to
evade the suppression of PCD. In other words, the host is resistant when its cells are able to
undergo PCD and susceptible when the cells cannot undergo PCD.
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Ŝ. �onc�u�ion

There has been much progress and success made by researchers in introgression of reniform
nematode resistance into Upland cotton from distant and close relatives. However, intro-
gressed genotypes, solely developed to withstand reniform nematode parasitism, may have
low crop yields in fields where mixed-populations of nematodes occur. The challenge now is
to develop germplasm lines that may be able to withstand more than two nematode types in
the same field. The rapid advances in genomics, transcriptomics, and proteomic analysis
provide huge datasets, from which several resistance genes to the reniform nematode and
other nematodes have been identified. These genes could be further explored and transferred
into Upland cotton with various trials initiated in specific cotton-producing localities, for this
overarching goal to be achieved.
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Abstract

The introduction of foreign genes into plant has made possible to bring out desired traits
into crop of our own interest. With the advancement in cell biology, regeneration of
plants from single cell and advent of different procedures for gene transformation to the
plants have opened new avenues for the efficient and applicable implementation of
biotechnology for the modifications of desired crop characteristics. Identifications and
isolation of different genes for various traits from different organisms have made possi-
ble to get the crop plants with modified characters. Over time improvement has been
made in transformation technology depending upon the crop of interest. The efficiency
of plant transformation has been increased with advances in plant transformation vec-
tors and methodologies, which resulted in the improvement of crops. A detailed discus-
sion on advanced techniques for genetic modification of plants with their handy use and
limitation has been focused in this chapter.

Keywords: Agrobacterium, biolistic gun, infiltration, microinjection, transformation

1. Introduction

Cell theory of Schleiden established the framework of modern plant biotechnology [1], and
Schwann’s cell theory [2] was based upon phenomenon that cell is the basic unit of living
organisms.

The idea of totipotency has been originated from the concept of cell theory, which later on laid
the foundation of plant biotechnology. Hernalsteens [3] further provided the evidence and
forecasted the production of somatic embryos from vegetative cells.
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Among the key discoveries of plant biotechnology, gene transformation in crop plants and
regeneration of plants from callus are the most significant achievements. In 1980s, chimeric
genes were produced, which resulted in further expansion of genetic modification technology
of the plants [1]. It led to the development of new transformation vectors [2], which ultimately
changed the ways of DNA delivery systems [3]. Genetic transformation of crop plant can be
achieved by a number of ways like Agrobacterium Ti plasmid vectors, microinjection,
microprojectile bombardment, electroporation of protoplasts, and/or chemical (PEG) treatment
of protoplasts. All of these methods have certain merits over each other with some demerits, but
transformation using Agrobacterium and microprojectile bombardment is currently the most
extensively used methods [4]. Due to regeneration ability of tobacco, as done by Skoog and
Miller [5] in 1957, tobacco is the first and model plant to be used for genetic transformation. It
provided the basis for tissue culture [6]. The ongoing technological expansions in rice, barley,
wheat, and cotton may prove to be a hindrance in commercial release of novel GM cereals.
Below, a concise narration of all methodologies used in transformation has been presented.

2. Plant regeneration

A number of attempts were made during 1950 to provide clear understanding of the phenom-
enon of totipotency but it was 1954 when Muir et al. [7] demonstrated the possible aspects of
culturing of single plant cell. The cell divisions obtained by him from callus of tobacco placed
on a small piece of filter paper provided the basis for totipotency. Davidonis and Hamilton
further confirmed the results by obtaining similar results from single cell and group of cells
suspended in the agar medium. It was the extension of these experiments when Jones et al.
compared with many other crops, reported that it is more difficult to obtain somatic embryo-
genesis and plant regeneration from cotton except Coker 312. Davidonis and Hamilton [8] first
described that plant regeneration from 2-year-old callus of Gossypium hirsutum L. [9] was able
to grow single isolated cell in microculture chamber providing devised nutrient medium. For
the survival and growth of isolated cells, the role of nurse or nutrition medium becomes
evident from these studies.

Rao et al. [12] in 2009 were the first who provide the clear evidence of totipotency and its use
during regeneration from callus of plants when they were able to regenerate isolated single
cells into flowering plants of tobacco, cultured in microchambers, without the aid of nurse cells
or conditioned media. Verdiel et al. [9] in 2007 demonstrated that stem cells in meristematic
regions are pluripotent and are dependent, whereas those that are present in embryogenic
regions are totipotent and hence are independent.

3. Embryo formation

Improvements of many plants, such as cereals, soybean, cotton, canola, cassava, and woody tree
species, are dependent on the development of somatic embryos; therefore, the formation of
competent embryogenic cultures is imperative for the success of plant biotechnology. Somatic
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embryogenesis in cotton species has been reported to be the most difficult to regenerate [10, 11].
Regeneration in cotton has not been achieved rapidly, with the report of regeneration of
G. hirsutum [12]. Plants obtained from embryogenic cultures are free from any variations pheno-
typically or genotypically because they are formed from single cells and during the process of
embryogenesis normal cells are selected rigorously [13]. Nowadays, embryogenic cultures of
extensive range of plant species can be grown on synthetic media due to ever-increasing infor-
mation about the physiological aspects and genetic regulation of zygotic as well as somatic
embryogenesis [14]. In most cases, embryogenic cultures are initiated by using 2,4-dichlorophe-
noxyacetic acid (2,4-D), and when such plant cell cultures are relocated to media that contains no
or very low quantity of 2,4-D they develop into somatic embryos.

4. Binary vectors

In 1984, Braybrook [14] constructed the first binary vector pBIN19, since then efforts are being
made to modify binary vectors in order to amplify their efficacy and transformation effective-
ness. Japonica rice was successfully transformed using Agrobacterium bearing the super binary
vector pTOK233 constructed by taking virB, virG, and virC genes from pTiBo542 and cloning
them into pGA472 [15]. Afterwards, maize, javanica rice, indica rice [16], Sorghum, and Allium
cepa [17] transformation was also performed by the same method. The misconception that
monocots cannot be transformed by Agrobacterium-mediated transformation has been cleared
now. Lately, mung bean has been transformed using Agrobacterium bearing pTOK233 binary
vector [18].

Complete sequencing of pBIN19 has been performed [19]. A modified version pBIN20 has
more single restriction sites within the multiple cloning site (MCS) [20]. A newly developed
types of pPZP vectors are small and are steady in Agrobacterium cells [21]. pCAMBIA series of
vectors are extensively used for the transformation of rice. These have kanamycin resistance
(neomycin phosphotransferase II; NPTII) or bialaphos herbicide resistance (BAR) genes as
selection markers and beta-glucuronidase (GUS) or green florescence protein (GFP) as reporter
genes and were constructed by using the backbone of pPZP vector.

Plant expression vectors of pRT100 series with a polyA signal under CaMV 35S promoter were
developed by Töpfer et al. [22]. Making single-restriction sites available in the expression
cassette holding the target gene is usually a very difficult task. Hou and Guo [23] constructed
a set of pART7 and pART27 plasmids to deal with this problem. A MCS is present between
CaMV35S promoter and OCS polyA signal of the shuttle plasmid pART7. NofI sites (an
infrequent 8 bp recognition site) are present on both sides of the expression cassette. In
pART27, the coding sequence of a target gene has been cloned in its MCS. NotI is used to cut
the expression cassette, which is then cloned in the Not I site of pART27, a binary vector. In
pART27 vector, NPTII gene is positioned next to the left border to make sure that the selection
marker is transferred in the last in the plants. Zapata et al. [24] reported the use of gramineous
expression vectors pGU4AGBar and pGBIU4AGBar [23]. Twenty transformants of winter
wheat showed protein expression after transforming the snowdrop lectin (Galanthus nivalis
agglutinin; GNA) gene in them through the pollen tube pathway. This method confirms that
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whole T-DNA containing the target gene would be present in the transformed plants having
kanamycin selection.

5. Methods involved in transformation

Transformation methods can be divided in two main categories: (1) direct and (2) indirect
transformations, which are detailed in below sections.

5.1. Indirect transformation

In these methods, plants are transformed using Agrobacterium tumefaciens or Agrobacterium
rhizogenes to introduce the plasmid construct carrying the target gene into the target cell.

5.2. Direct transformation

In direct methods of transformation, bacterial cells are not used. The most frequently used
direct methods include microprojectile bombardment or protoplast transformation. Problems
with plant regeneration low transient expression of transgenes arise as a result of protoplast
transformation (mostly in monocots).

The chemical substances used to disintegrate the cell walls and electrical field protoplasts
lose their viability and ability to divide. In cotton, some attempts have been made to transform
cells directly in the shoot apex either through the gene gun or Agrobacterium [24], but these
methods suffer from extremely low transformation efficiencies. Others have used particle
bombardment of suspension cultures of cotton. This method suffers from the fact that addi-
tional time is required for establishment of suspension cultures [25]. The most distinguishing
limiting factor of using the gene gun is that it causes the presence of multiple copies of the
target genes, which may lead to alteration or concealing of the expression. In addition, gene
gun is a very expensive method. The usage of in vitro cultures for plant transformation may
give rise to few somaclonal changes. Due to this, they cannot be used in further studies, and
analysis of the transformants becomes quite complex. As a result of the limitations mentioned,
many new transformation methods are being introduced as substitutes. Most commonly
mentioned methods out of them are (a) silicon carbide fiber-mediated transformation; (b)
microinjection; (c) infiltration; (d) electrophoresis of embryos; (e) transformation through the
pollen tube pathway; (f) electroporation of cells and tissues; and (g) liposome-mediated trans-
formation.

6. Overview of transformation techniques

6.1. Protoplasts and somatic hybridization

In 1970 and 1971, two major advances were made, which proved the beneficial role of
protoplasts in the enhancement of plants: (i) somatic hybrid cells and novel hybrid plants
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are developed by inducing fusion of protoplasts of different species having no taxonomic rela-
tionships between them [26], and (ii) use of cultured protoplasts in regeneration of plants [27].

Geerts et al. [28] initiated the micropod culture and Schryer et al. [29] improved it [29]. In grain
legumes, protoplast fusion is not well studied [30], but today, a variety of plants can be
regenerated from protoplasts. Likewise, vast ranges of somatic hybrids are developed among
related as well as unrelated plant species. However, functional hybrids have been developed in
case of small number of plants such as Citrus, Solanum, and Brassica. A significant role has
been played by protoplasts in the successful genetic transformation of variety of plants [31]
including cereal crops [32]. Limitation of protoplast transformation method is given below;
Protoplast transformation method consists of variable frequencies of gene transfer in both
cases within or between experiments. Therefore, the results of this transformation method are
not accurately assessed. This transformation method is recommended only to those plants
species which have quality of callus regeneration [33].

6.2. Direct gene transformation through imbibitions

Desiccated plant tissues can uptake foreign DNA through the process of imbibition [34].
Numerous asserts and disproof can be found in literature regarding this method. During the
process of desiccation, various physiological and substantial alterations take place such as
bursting of the cell wall, leakiness and changes in structure of the cell membrane, quick
expansion of the cell, and development of a huge water flow among the peripheral solution
and the dehydrated tissue. Uptake and transitory expression, by the cereal and legume seed
embryos, of the DNA plasmid bearing the NPTII gene through the process of imbibition were
confirmed by Töpfer et al. [22].

Permeability of the membrane is a key factor in this process. This was proved by an increase in
uptake and expression of the DNA as a result of using 20% DMSO during the process.
Successive studies have led to 70% transitory GUS expression in dehydrated somatic embryos
of alfalfa [35]. Yoo and Jung have also stated a stability of transformation in rice through the
process of imbibition. From 30% to 50% incidence of transient expression of GUSA and NPT
genes was observed using vectors, where insertions were driven by CaMV35S promoter.
Meristematic regions of the roots and leaf vascular bundles are the major locations for the
expression of GUSA gene. Different PCR techniques and southern blot analysis of genome
showed the uptake, incorporation, and expression of the HPT gene in rice. Hygromycin
phosphotransferase (HPT) DNA was not found as a plasmid but rather it was present in an
incorporated form in the genome of rice [36]. This method is the easiest of all the direct gene
transformation techniques because the formation of target plant tissues is quite uncomplicated
and no professional equipment is needed to perform it. Few drawbacks of this transformation
method are given below; this method cannot be applied to very specific organs or tissues such
as new pollinated flowers or hydrating embryos.

6.3. Agrobacterium-mediated transformation

A. tumefaciens causes the crown gal disease in plants. Pett et al. [37] in 1958 performed an
experiment and proposed that tumor-inducing property of this soil bacterium is responsible
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for transformation in plants. Bacteria-free tumor cells contain large number of opines, which is
a new class of metabolites.

Chilton et al. [39] introduced the idea of virulent strain of Agrobacterium, which leads to
the discovery of mega plasmid. The plasmid were called tumor-inducing plasmid and only
a small portion of that plasmid known as T-border is considered responsible for tumor
induction [38] and was found to be present in the nuclear DNA of the tumor-inducing
cells [39].

Ti plasmid is an integrated part of the plant genome during tumor formation (transformation),
suggesting that the plasmid could be used as a vector to transfer other genes. It was reported
that various methods were tested to insert genes into the Ti plasmid. Transformed crown-gall
tumor tissues, which were grown on hormone-free media, only formed highly aberrant shoots
in culture [40]. This was related to the presence of genes controlling the expression of auxin
and cytokinin synthesis. Deletion of these genes resulted in the production of transformed
tissues that required media supplemented with auxin and cytokinin for continued growth and
regeneration of normal shoots and plants. Nadolska-Orczyk et al. [43] showed that efficient
Agrobacterium-mediated transformation of Metrosideros polymorpha provide molecular tech-
niques to facilitate comparative genomics. It was reported that above-discussed facts led to
the use of Ti plasmid of Agrobacterium as a vector for plant transformation and kanamycin
resistance genes as selection marker for transformed cells, and then transformed plants are
regenerated [41] (Figures 1 and 2). Agrobacterium-mediated transformation followed by somatic
embryogenesis remains the method of choice for most cotton transformation. However, regen-
eration aspect of the transformation process remains more difficult and choices are limited in
case of cotton, one of the most difficult crop for transformation [42].

As Agrobacterium is highly attracted to phenolics, this method of transformation is not prefer-
able for monocots due to production of phenolics, whereas it can be used for dicots. However,
recently, Agrobacterium-mediated transformation has been optimized and becomes the best
method for transformation of monocots [43].

6.4. Biolistic transformation

In early 1980s, direct DNA delivery methods for protoplast were developed [44], especially for
the economically important cereal crops, which were not subjected to the umbrella
Agrobacterium-mediated transformation [45]. In this procedure, osmotic or electric shocks are
applied to the protoplasts suspended in solutions containing DNA. After that planting on
selection media is performed. Transformation based on embryogenic cell suspension cultures
produced the first transgenic cereals [13]. The use of protoplasts for genetic transformation
became less striking once it was shown that monocots could be transformed by co-cultivation
of embryonic tissues and supervirulent strains of Agrobacterium in the presence of
acetosyringone [15]. In case of Ricinus (castor oil plant), transformation through gene gun is
dependent on many factors such as helium pressure, target distance, osmoticum, microcarrier
type and size, DNA quantity, explant type, and number of bombardments had significant
influence on transformation efficiency (Figure 2). Recommended distance is 6.0 cm, helium
pressure of 1100 psi, 0.6-μm gold microcarriers, furthermore single bombardment has shown
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positive results [46]. Finer and McMullen [47] demonstrated the successful recovery of trans-
genic cotton plants by biolistic bombardment of embryogenic suspension cultures and
reported a transient to stable conversion frequency of about 0.7%. Biolistic method is not
recommended for the crops, which cannot be tissue cultured.

6.5. Biolistic with Agrobacterium

Limitations of Agrobacterium-mediated transformation and difficulties involved in isolation and
maintaining of embryogenic cultures have led to the discovery of universal transformation
method redundant [48]. However, not a single transformation technique had proved satisfactory
to be universal; therefore, a novel transformation technique for transformation was developed by
Sanford et al. [49]. DNA-coated gold or tungsten particles are bombardedwith high velocity to the
intact cells or tissues. Combination of Agrobacterium and biolistics methods of transformation is
most widely used method. However, choice depends on the individual researcher or plant tissue/
sample [50]. Figure 2 explains the schematic overview of biolistic gene transformation in plants.

6.6. Chemical method

To enhance the uptake of DNA, a combination of polybrene-spermidine treatment is used to
obtain non-chimeric transgenic cotton plants. Polybrene-spermidine combination treatment for
plant genetic transformation has the advantage because it is less toxic than the other chemicals;
furthermore, it also protects condensation effect, DNA shearing, and integration of the plasmid
with host genome [35]. To deliver plasmid DNA into cotton suspension culture obtained from

Figure 1. Basic concept of gene transformation through Agrobacterium.
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cotyledon-induced callus, polybrene and/or spermidine treatments were used. Researchers
have also regenerated and analyzed the cotton plants containing HPT genes as a selectable
marker [51]. Major limitation in chemical transformation technique is its low efficiency when
compared to other transformation techniques.

6.7. Microinjection

Microinjection technique is based on introducing DNA in the cells using injection pipette of
microcapillary glass [51]. This operation requires a micromanipulator. In this case, cells are
immobilized by holding glass and gentle suction. Both pipettes are filled with mineral oil.

Microinjection is mostly used for animal cells, while with plants, a cell wall causes hindrance
for transformation by microinjection as it works as barrier for microglass tools. Using

Figure 2. Schematic overview of gene transformation through gene gun.
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microinjection technique for protoplast, there is a risk of toxic compounds to be released,
which may cause sudden death of the protoplast. It is also possible to remove vacuoles before
microinjection but regeneration and division may be decreased [52].

Protoplast microinjection involves different methods for immobilization, in which instead of
using sucking poly-L-lysine is coated to the protoplasts. One of the major advantages of the
microinjection is that it not only allows the transformation of the DNA plasmid but also the
whole chromosome [53]. This technique is being used for the cellular mechanism and functions
of the plant cells and to study the physiology of the plastids especially for tobacco [54]
(Figure 3). Major limitation of microinjection method involves the use of expensive microma-
nipulator and it is a time-consuming procedure. Furthermore, frequency of transformation is
very low and dependent on the species, i.e., proved to be successful in tobacco [55], Petunia
[53], Rape [56], and Barley [57].

6.8. The pollen tube pathway method

Transformation by pollen tube pathway has got great intention in molecular breeding [58].
After pollination, a foreign DNA/plasmid is applied to the styles. To reach ovule, DNA uses
the pollen tube pathway. This method of transformation was first used by Luo et al. [60] in rice
[59]. In case of rice, a high frequency of transgenic plants was obtained, and this method was
then applied to the other commercially important crops, such as wheat [60], soybean [61],
Petunia hybrid [62], and watermelon [63]. At the premeiotic stage, bacterial inoculum can be
applied to the inflorescence without removing the stigma. Pena et al. [65] used this protocol for
transformation in rye. Limitation of pollen tube pathway method reported by Shou et al. [66]
collected pollens from the genetically engineered plants and reported 10-fold less efficiency in
soybean. It was concluded that pollen tube pathway is not reproducible in case of cotton and
soybean (Figure 4).

6.9. Liposomes

Direct transformation of the foreign DNA into the plant cells using liposomes was Employed
in the 1980s. Liposomes are phospholipids with spherical shape, carry nucleic acid, and

Figure 3. Schematic overview of gene transformation through chemical [12].
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internally aqueous. Liposomes were put in a nutshell with the DNA fragments to get attached
to the cell membranes. Thus, in this way DNA enters the cell and then to the nucleus. For the
transfer of the bacterial, plant, and animal genes, lipofection has been a very competent
technique. Lipofection takes place by fusion through membrane, and it has improved transfor-
mation efficiency because the genetic material used for lipofection is not naked as used in
conventional techniques [64, 65]. In spite of cheap and less equipment demanding technique,
liposome transformation is not so common. Major limitations in this technique are its low
efficiency and being so hectic. Therefore, success story for liposome-mediated transformation
have been published so far only for tobacco [66] and wheat [67].

6.10. Shoot apex method of transformation

Transformation by shoot apex method is a rapid method of transformation in cotton, and it is a
genotype independent method. In this method, shoots are isolated from the plant and
subjected to a virulent strain of A. tumefaciens, an antibiotic selection is also applied, and shoots
are regenerated in vitro. In shoots, dedifferentiation does not take place and is less prone to
mutations. Rooting occurs in 6–10 days depending on the cotton cultivar [68]. The shoot apex

Figure 4. Schematic overview of gene transformation through pollen tube [12].
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gives hairy transformed roots because it is most reactive to develop tumor. Shoot apex method
is a substitute method for Agrobacterium-mediated transformation of dicotyledonous cultivars
in which regeneration by protoplasts, leaf disks, or epidermal strips does not take place. This
technique offers a rapid method for transformation with less risk of mutations [27]. Katageri
et al. [59,71] transformed an Indian variety with shoot apex method and showed a great
potential for transformation. Shoot apex transformation method is a time consuming and
laborious method for transformation, and there are higher rates of somaclonal variations.

6.11. Sonication-assisted Agrobacterium-mediated transformation (SAAT)

SAAT method is based on principle of causing thousands of wounds by ultrasound. These
wounds allow the Agrobacterium to infect and cause gall formation. The chance of transforma-
tion of gene of interest is increased in sonication-assisted method due to infecting deeper plant
cells. For the GUSA, transient expression protocol was optimized. This method has shown
competitive advantage for being used as a routine method [10]. A sonication-assisted method
of transformation was used to improve the transformation efficiency of the flax. These wounds
created by the ultrasounds allow the uptake of the plasmid DNA into the flax hypocotyls and
cotyledons, and its efficiency is dependent on duration and frequency of the sonication
applied. SAAT could be a potential tool for increasing transformation efficiency in flax [11].
Due to low efficiency of Agrobacterium-mediated method in cotton, an alternative method was
required to overcome the barrier of efficiency. SAAT should be a valuable and alternative
method for demonstrating the stable cotton transformation [69].

6.12. Infiltration

In vitro culture is required for some transformation procedures. Some transformation pro-
cedures do not require in vitro culture. In the case of infiltration, plant parts at meiotic or
mitotic stages are applied with bacterial inoculums. This method is mainly applied for
Arabidopsis species for the past many years.

This simple procedure in which plant at the early stages is placed upside down in the beaker
containing 5% sucrose solution with A. tumefaciens in such a way that only the inflorescences
are submerged in the inoculum. Beakers are placed in vacuum chamber with usually 0.05 bar
pressure. Seeds are collected and sown on selected media under sterile condition in order to
protect from microbial contamination. Up to 95% plants with transgenic seeds can be obtained
by keeping optimal conditions.

Vacuum infiltration was applied for the first time in 1993 for transformation of Arabidopsis [11].
Over the next 5 years, the optimal conditions were improved and efficiency increased about
2%. Another version of this protocol is to use optimum concentration of sucrose and bacterial
inoculum by the surfactant, Silwet L-19 [70]. This modified protocol, which was optimized by
Clough and Bent, gives the best result in transformation of Arabidopsis [71]. Modified infiltra-
tion method was replaced the vacuum infiltration, and the protocol was modified a bit by
immersing flowering plant in bacterial culture or spraying bacterial culture on plant. In
another study, which was performed by Chung et al. [72], there is a comparison of the classical
vacuum infiltration and new version which include modification. The results indicated that
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plants with bacterial suspension produced much better results, i.e., 2.41% vs. 1.76% for vac-
uum infiltration and 2.09% for immersion.

Infiltration method is most suitable to plants which have smaller genome. Vacuum infiltration
is excluded for plants having genome greater than Arabidopsis. Attempts were failed with
Chinese cabbage so far. Hence this technique is species specific [12].

6.13. Silicon carbide-mediated transformation (SCMT)

SCMT is less complicated method of plant transformation. Silicon carbide fibers are added to a
suspension containing plant tissue (cell clusters, immature embryos, and/or callus) and plas-
mid DNA; it is mixed and then vortexed. Kaeppler et al. [73] demonstrated that DNA-coated
fibers penetrate the cell wall in the presence of small holes created by collisions between the
plant cells and fibers. The fibers mostly used in this procedure are single crystals of silica
organic minerals like silicon carbide, elongated in shape having a length of 10–80 mm, and a
diameter of 0.6 mm and show a high resistance to expandability.

The factors controlling the efficiency of SCMTare fiber size, vortexing parameters, shape of the
vessels used, the plant material, and the characteristics of the plant cells, especially the thick-
ness of the cell wall. The main advantages of this procedure are the low expenses and its
usefulness for various plant materials. Disadvantages of this method are low transformation
efficiency, damage to cells negatively influencing their further regeneration capability, and the
necessity of obeying extraordinarily rigorous precaution protocols during laboratory work, as
breathing the fibers in, especially asbestos ones, can lead to serious sicknesses [74].

Transgenic forms, cell colonies, or plants were derived from maize [75], and rice [76], from
wheat [77], from tobacco [78], and from Lolium multiflorum, Lolium perenne, Festuca arundinacea,
and Agrostis stolonifera [79]. Maize variety Black Mexican Sweet (BMS) cell suspension was
transformed with the plasmid carrying the BAR gene [73]. They found that 3.4% transgenic cell
lines were expressing both transgenes from a 300 ml of packed cell volume, which shows that
the integration of transgenes occurred in one per one million cells. The efficiency was signifi-
cantly lower as described earlier by the same team or other authors employing micro bom-
bardment for transformation. Vortexing with silicon carbide fibers caused the damage to cells
decreasing their viability about 29% and causing the decrease in the efficiency of transforma-
tion. However, SCMT is speedy and cost-effective with easy to perform. Therefore, this
method may prove an alternative method for plant transformation where gene gun method is
restricted (i.e., most of monocots). It was suggested that SCMT system of using commercial
shakers, which has been reported for maize, seemed to be very good for commercial large-
scale transformation [80]. Frame et al. [81] obtained first fertile transgenics for maize in 1994.
Out of 22 independent transgenic cell lines, 311 transgenic plants were derived, and 8 of those
turned out to be stable transformants. The efficiency of SCMT was 5- to 10-fold lower than
gene gun-mediated transformation. Petolino et al. [79] reported that efficiency is much lower in
comparison with micro bombardment. The authors concluded that silicon carbide fibers cause
damage to transformed cells that is why the results obtained were unsatisfactory [75].
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6.14. Electroporation of intact plant cells and tissues

The principles of electroporation are the same for plant cells and protoplasts. However, differ-
ence may exist in other plant tissues such as pollen, microspores, leaf fragments, embryos,
callus, seeds, or buds. During electroporation, the material used can be in the form of plasmid
DNA and Agrobacterium inoculums. To check the transient expression of transgenes, different
efforts were performed in early 1990s by applying electroporation technology.

Protocols were established for successful electroporation in cell suspensions, e.g., in tobacco
[82], rice [24], and in wheat [83]. In early 1990s, experiments were performed to obtain trans-
genic plants. It was reported that the best results were obtained for maize. Researchers
transformed immature embryos and embryogenic callus type I, which were treated by a
solution of pectolytic enzymes, and then transferred into electroporating cuvettes [66]. The
electroporation efficiency was relatively high when compared with micro bombardment
conducted for same species, and about 90 transgenic plants were regenerated from 1440
embryos (6.25%) and 31 plants from 55 callus clusters (54.6%).

Laursen et al. [86] obtained similar results for this species. The authors estimated that the
integration of transgenes took place approximately in one per 10,000 cells. Sorokin et al. [87]
reported that much lower efficiency, i.e., about three transgenic plants from 1080 immature
embryos (0.28%), was observed in the case of wheat electroporation. The transformation
efficiency could be increased by the post-pulse addition of ascorbic acid or another ascorbate
without any negative influence on cell viability [69]. Tissues were electroporated in liquid
media containing 8 mg/L benzyl adenine that showed maximal regeneration through second-
ary somatic embryogenesis. DaSilva et al. [88] reported that the secondary somatic embryos
regenerated from electroporation were positive for GUS expression. PCR analysis was positive
for the GUS and BAR genes at torpedo shape somatic embryos. For some species, electropora-
tion is an effective method but it is not widely used for plant transformation.

6.15. Electrophoresis

At the end of the 1980s, Songstad et al. [78] developed a method employing electrophoresis for
the transformation of immature embryos, especially in monocotyledonous plants. This method
was adopted as an alternative for transformation, but it is very expensive and yield poor results
when compared with micro-projectile bombardment [53]. Transfected embryos were placed
between the tip of two pipettes and connected to electrodes. The pipette connected to the anode
was filled with agar / agarose followed by an EDTA containing electrophoresis buffer.

The pipette connected to the cathode contained agar that was mixed with DNA and an
electrophoresis buffer. This pipette was in contact with the apical meristem of the embryo,
whereas the second one was located near basal apical part of embryo. Electrophoresis-medi-
ated transformation efficiency depends on various factors, such as electrical field parameters,
duration of electrophoresis, contents of electrophoresis buffer, and physicochemical properties
of the embryonic tissues. Voltage of 25 mV and an amperage of 0.5 mA for 15 minutes are
mostly used for electrophoresis program [74]. In spite of its simplicity, electrophoresis is not
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considerable method in plant transformation, and the reason behind is less viability of treated
embryos. Ahokas et al. [84] showed that none of the plants showed expression of transgene
inserted. Griesbach et al. [85] obtained successfully transformed plants of Calnthe orchid L.

7. Conclusion

Plant transformation is an essential tool for incorporating new characteristics in crop plant like
cotton. Cotton is recalcitrant crop hence a reproducible regeneration is not available in local
cotton varieties. Among all strategies developed by different researchers, a little success in
cotton (G. hirsutum) genetic modification has been reported using Agrobacterium-mediated
shoot apex cut method of cotton or embryo and sonication-assisted Agrobacterium-mediated
transformation, except Coker genotypes, where regeneration potential leads to the use of
particle bombardment or even Agrobacterium-mediated gene transformation as the best proce-
dure. Limitations of gene transformation in cotton are observed in almost all of other pro-
cedures. One the most listed limitations of their application is the decreased viability of cells.
Infiltration is the main transformation method for Arabidopsis, whereas SCMT is for maize,
which does not have much success in cotton. With optimizing conditions, these transformation
procedures might soon be available for a broad spectrum of plant transformation. The investi-
gations like RNAseq of cotton regeneration in comparison with Coker genotypes or 2D-gel
electrophoresis of embryogenic callus of cotton in comparison with control can give better
insight to further improve the regeneration potential of cotton cultivars for improvement of
cotton regeneration and for better cotton genetic modification in future.
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���tr�ct

Ultraviolet (U�) radiations can act in diěerent ways on the functionalization of textiles,
through  pre-  or  posttreatments,  in  order  to  modify  their  behavior  in  dyeing  and
finishing processes. In cotton fiber, unlike the wool, the U� absorption is not due to
any of the structural groups of the normal cellulosic chains and can only be attributed
to  “impurities”  or  “faults”  bearing  carbonyl  and/or  carboxyl  groups.  In  fact,  U�
irradiation coupled with mild oxidation can improve some properties of the cotton
fibers such as pilling resistance, water swelling, and dyeability. Therefore, the process
of diěerential dyeing with direct and reactive dyes assisted by U� irradiation was
studied and interesting diěerential chromatic eěects were obtained by a U� posttreat-
ment capable to fade dyeing. On the other hand, the surface modification of cotton
fabrics by U� curing and U� grafting with suitable chemicals was pursued to obtain
finishing treatments able to confer oil and/or water repellency. �inally, antimicrobial
finishing  by  chitosan  U�  grafting  was  proposed  as  valid  environmental  friendly
method  to  confer  a  satisfactory  washing-resistant  antimicrobial  activity  to  cotton
fabrics even with low polymer add-on.


�¢ ord�Ǳ cotton, dyeing, finishing, U� curing, U� grafting, U� radiation

1. Introduction

Cotton fiber diěers markedly from other cellulose fibers in morphological traits. Due to its
many features, cotton, even though it was discovered later than other fibers, gained a high
position and strongly stimulated the development of textile industry. Cotton today is the most
used textile fiber in the world. Its current market share is 56Ɩ for all fibers used for apparel
and home furnishings; another contribution is attributed to nonwoven textiles and personal

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



care items. It is generally recognized that most consumers prefer cotton fiber for personal
care items to those containing synthetic fibers.

�oft hand, good absorbency, and color retaining are among the advantages of cotton fabric; it
is easy to print, handle, and sew; it is machine-washable and dry-cleanable; and it has good
strength and hangs well. These are all the desirable properties for a textile but, for some
applications, they can show drawbacks, which suggested modifications of the fibers achievable
with chemical or physical treatments. Among the latter, ultraviolet (U�) irradiation was
experimented.

U� radiations can act in diěerent ways on the functionalization of textiles, through pre- or
post-treatments, in order to modify their behavior in dyeing and finishing processes.

The U� treatments applied in textile field, in addition to required specific eěects, should also
have the following advantagesǱ (1) easy application, not needing expensive and sophisticated
equipment; (2) durability and fastness of the degree of treatment looking at the future uses;
(3) limited treatment costs, without precluding any market segment; and (4) environmentally
friendly requirements, for sustainable textile processes. �any research works were developed
with the aim to utilize the eěects of U� radiations on various natural as well as synthetic fibers
[1–6]. �ost of these studies were devoted to the surface modification of wool, but even cotton
fiber was considered.

In cotton, unlike the wool, the true origin of the U� absorption, which is not due to any of the
structural groups that make up the normal cellulosic chains, is uncertain and can only be
attributed to “impurities” or “faults” bearing carbonyl and/or carboxyl groups.

Naturally pigmented green cotton fiber derives its color from caěeic acid that is deposited in
alternating layers with cellulose around the outside of the fiber. The isolated compound is
Ěuorescent (2Ş7 and 31Ŗ nm absorption wavelengths), and it has been theorized that its purpose
is to absorb U� radiation in order to protect the seed. Brown and tan cottons derive their color
from tannin vacuoles in the lumen of the fiber cells rather than in the wax layer as in green
cotton. The brown color appears after the fibers are exposed to oxygen and sunlight, which
happens when the seed pod opens.

The gray cotton fiber contains the above-cited impurities, so one or more pretreatment
processes before dyeing are applied to attain its full textile exploitation. The pretreatment
processes of cotton fabrics include scouring to get oě noncellulosic impurities, pigments, and
waxes. An oxidative bleaching is carried out to wipe out natural coloring matter for white or
dyeing, while singing is applied to eliminate the protruding loose fibers [7].

�ansuri et al. [Ş] claimed that cotton-knitted fabric padded in a solution of hydrogen peroxide
and then irradiated with U� lamp showed a significant pilling reduction, comparable to that
obtained with industrial system of biopolishing. �oreover, �illington said that �iroĚashț

treatment (U� irradiation coupled with mild wet oxidation with hydrogen peroxide) is highly
eěective against pilling formation of wool as well as of cotton fiber [ş]. In the latter case, the
application of �iroĚashț process would require the presence of a sensitizer or a photoinitiator
to absorb U� radiation in the primary photochemical step. �uch a photoinitiator must be odor-
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free, nontoxic, low expensive, and easily removable by aqueous washing. This rules out many
of the commercial U� photoinitiators, but hydrogen peroxide is able to absorb U� radiations
below 3ŖŖ nm to produce highly reactive hydroxyl radicals. One would expect these radicals
to reduce the strength of knitted cotton fabric by breaking the cellulose chains. In fact,
significant dry-burst strength losses were observed in dependence on hydrogen peroxide
concentration, but some fabric strength loss would be acceptable if the limiting factor is an
unacceptable level of pills.

�ercerization is the treatment of cotton yarns, fabrics, and knit goods with cold, strong caustic
soda bath under tension to give increased luster, smoothness, dye and finishing chemical
uptake, dimensional constancy, and better mechanical properties. �uber et al. [1Ŗ] demon-
strated that U� rays have a similar eěect, on cellulosic fibers, as the alkaline treatment;
irradiated cellulosic fibers showed higher swelling in comparison with any concentration of
soda treatment, but tear and tensile strength were worse compared to the untreated and to the
alkali-treated ones. They emphasized that U� rays do not produce loss in weight after exposure
of cotton fabrics, and aĜnity for direct dyes is slightly enhanced in comparison with that found
with mercerization. However, with a reactive dye it is found that U� irradiation not only
enhanced the strength of dye on irradiated fabric but also improved the dyeing properties [11].
The reason for this might be that the exposure of cotton fiber to U� radiation in the presence
of oxygen causes cellulose oxidation to carboxylic acids and opens spaces between the fibers
causing imbibition of more dye, hence the interaction for dyeing becomes more significant [12].

Iqbal et al. [13] and more recently Adeel et al. [14] observed that U� radiation not only enhances
the uptake and fastness of natural dyes on pre-irradiated cotton fabric using low concentrations
of dye but also with a low concentration of mordant.

Cotton fiber immersed in water develops a negative surface potential, which consequently
gives rise to electrostatic repulsion of anionic dyes. Therefore, a large amount of electrolyte,
such as sodium sulfate or chloride, is required in order to reduce the repulsion between the
negatively charged fibers and the anionic dyes. �oreover, the complete dye exhaustion is not
normally reached, causing environmental problems due to the discharge of colored eĝuent
having a high salt concentration. To overcome these problems, the cationization of cotton fiber
was applied to increase the substantivity of anionic dyes by introducing positively charged
sites on the fibers. Pretreatments with glycidyltrimethylammonium chloride and other
cationization reagents were reported. However, cationic polymerizable monomers, such as
methacryloyl quaternary ammonium compounds, have also been fixed onto cotton fabric using
U� radiation with a view to producing print-patterned dyeings [15].

Instead, �ang et al. [16] have examined the potential of photografting cationic monomers onto
crease-resistant cross-linked cotton fabric by incorporation of a water-soluble photoinitiator to
improve grafting. In fact, whereas untreated cotton is readily dyeable with anionic dyes in the
presence of salt, the cross-linked fiber is undyeable to a comparable deep shade, since the
diěusion of relatively large dye molecules into the cross-linked substrate is hindered by a low
swelling under aqueous conditions. The dyeability of cationized cotton fiber by three classes
of dyes (direct, reactive, and sulfur dyes) has been significantly improved owing to the
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increased ionic attraction between dyes and cationized cellulose, even in the absence of salts
[17].

On the other hand, Dong and �ang [1Ş] proposed the direct photografting of wool-reactive
dyes themselves onto cotton fabric. This coloration utilizes the photoreactivity of certain dyes
under U� irradiation, through photopolymerization, photografting, and photocross-linking
processes, to form a polymerized and cross-linked dye network. Thus, a single class of dye can
color almost any textile substrate since no specific aĜnity of particular dyes to individual fibers
is required. �eactive dyes containing an ΅-bromoacrylamido reactive group are among the
most successful metal-free dyes for protein fibers because of their brilliant color and high wet-
fastness properties. However, these reactive dyes hardly react with cotton fiber under similar
conditions owing to the rather low nucleophilicity of the hydroxyl groups in cellulose
compared with the thiol and amino groups in proteins. Therefore, dyes containing ΅-bromoa-
crylamido groups were employed as grafting monomers to be photografted onto cellulose
under continuous U� irradiation. This novel approach may realize the photoactive coloration
of cotton fiber even with dyes of low aĜnity for conventional reactive dyeing. �urthermore,
the coloration does not require large amounts of salt, time, and energy, which makes it an
alternative process of excellent environmental friendliness.

Ř. �iě�r�nti�� d¢�in� on coĴon ���ric �¢ �� irr�di�tion

Ř.1. �iě�r�nti�� d¢�in�

Textile world is always looking for new color eěects, both for artistic questions and in order
to meet the current fashion demands; for these reasons, diěerential dyeing eěects mainly on
wool fibers were studied. These can be achieved by surface modification on selected areas of
fabric by a physical surface treatment such as plasma [1ş] or U� irradiation on one side
followed by a conventional dyeing [2Ŗ]. �oreover, patterning eěects can be obtained if a
suitable mask is interposed between energy source and fabric for selective surface modifica-
tion. This represents an alternative and less expensive method than the usual production of
patterned fabrics by printing or color weaving.

In the �un-Wash method patented by Nearchimica with �tamperia �miliana (Italy) [21], the
continuous U� pretreatment of wool fabric on one face before dyeing has been proposed to
obtain diěerent shades on the two faces or patterning eěects. A careful selection of dyes is
needed to obtain satisfactory tone-on-tone eěects and even more to produce double-face eěects
with diěerent colors. These suggestions inspired the experiments on diěerential dyeing of
wool by U� irradiation carried out by �igliavacca et al. [22]. A good final shade uniformity
was obtained, with an acceptable color diěerence (̇� ǃ5.Ŗ) between U�-treated and untreated
fabric area (double-face eěect), due to an increased dye-fiber aĜnity of the side previously
treated with U� radiation.

The same type of chromatic eěect was also wanted for cellulosic fibers, in particular for cotton
[23]. An unscoured 1ŖŖƖ cotton yarn was chosen (�m = 2/34), and from this material many
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knitted fabrics were prepared in order to do dyeing tests with direct dyes. At first, these fabrics
were sub�ected to a dynamic U� irradiation under a Hg-medium pressure vapor lamp, with
the following parametersǱ

U�A irradianceǱ 43Ŗ mW/cm2

source working lengthǱ Ŗ.6 m

radiant exposureǱ Ş.6 �/cm2

fabric speedǱ 11 m/min

no. of irradiation stepsǱ 6

total irradiation timeǱ 3Ŗ s

Colorimetric measurements were made comparing the U�-treated fabric with the untreated
one, using a reĚectance spectrophotometer Datacolor Check II Plus, with the results reported
in ����� 1.

������ ̇� ̇� ̇� ̇�

U� treated ƺŖ.65 ƺŖ.1Ş 2.Ş6 2.ş4

����� 1. CI� � a b diěerence parameters for unscoured cotton fabric after U� treatment.

In these conditions of treatment, a global fiber-yellowing eěect is observed, mainly due to a
process that involves both photodegradation and photochromic reactions; chemical species
probably involved in this phenomenon are quinol and phenylcoumaran residues (belonging
to lignin impurity).

Ř.Ř. �¢�in�� ��r�or��d  it� dir�ct d¢��

Dyeing tests were carried out on cotton fabrics (U� irradiated and not) using �olophenylț

(Huntsman) direct dyes for cellulosic fibers applied on Ŗ.1Ɩ o.w.f. (on the weight of fabric),
1Ǳ4Ŗ material to liquor ratio, with 2.Ŗ g/� Albatex UNI as leveling agent, and 1.Ŗ g/� NaCl. The
dyeing was performed at 1ŖŖǚC for 3Ŗ min, then the samples were cooled at ŞŖǚC, and
maintained at ŞŖǚC for 15 min. The irradiation conditions were the same as reported in �ection
2.1.

The final bath exhaustion was about 7ŖƖ for all the dyes, and the resulted dyeings showed
good color level and chromatic homogeneity. However, the color diěerences between U�-
treated and untreated fabrics were minimal, as shown in ����� Ř, where a color diěerence
greater than 5.Ŗ ̇� units was evidenced only with Navy �olophenyl B��, evidenced in bold.

Increasing the dyeing depth over Ŗ.1Ɩ, the chromatic diěerences between U�-treated and
untreated fabrics would increase; however, the wet fastness of dyed cotton fabric would be
less, then not acceptable. Therefore, this dye selection seems not to be suitable for the diěer-
ential dyeing.

UV Treatments on Cotton Fibers
http://dx.doi.org/10.5772/63796

237



�¢� ̇� ̇� ̇� ̇�

Orange �olophenyl TG� 1Ş2Ɩ Ŗ.5Ş ƺ1.Ŗ ƺ1.2Ŗ 1.6Ş

Bordeaux �olophenyl 3B�� 1.2Ŗ ƺŖ.75 Ŗ.52 1.51

Blue �olophenyl �G�� 22ŖƖ 1.3Ŗ Ŗ.75 2.3Ŗ 2.75

Navy �olophenyl B�� 25ŖƖ 4.ş4 Ŗ.Ŗ6 3.5Ş Ŝ.1Ŗ

����� Ř. Color diěerence parameters for Ŗ.1Ɩ dyeings with �olophenyl dyes.

On the other hand, diěerential dyeing eěects can be pursued applying U� irradiation on dyed
samples, �ust using the discoloration induced by radiation. In this case, the fading ability of
the dyes on cotton yarn was exploited and in many cases significant color diěerences (̇�
higher than 5.Ŗ) were found between U�-irradiated and untreated samples.

Ř.ř. �iě�r�nti�� d¢�in� ��r�or��d  it� �� ��din� o� r��cti�� d¢��

�ading of dyed cotton yarns was carried out on dyed yarn samples wrapped on cardboard
where one side was exposed for half area to U� rays. The irradiation condition and color
evaluation were the same as reported in �ection 2.1.

Two series of reactive dyes for cellulosic fibers were investigated, at first reactive dyes namely
Kayacelon �eactț (Nippon Kayaku) and Kemacelonț (Kem Color) having reactive groups
belonging to triazinyl betaine (�i�ur� 1).

�i�ur� 1. Triazinyl reactive group.

These dyes were applied at 1.ŖƖ o.w.f. with liquor ratio of 1Ǳ2Ŗ, in the presence of an alkali
donor (1.Ŗ g/� of Buslid 5Ŗş, which slowly releases hexamethylenetetramine increasing pH)
and 4Ŗ g/� Na2�O4 working at şŖǚC for 6Ŗ min. The results are reported in ����� ř.

�ven this series of reactive dyes presents only a term (Kayacelon �eact �ed CN-3B, evidenced
in bold) with acceptable color diěerence for a diěerential dyeing between U�-treated and
untreated samples.

The chromatic investigation was continued with the reactive dyes Avitera ��ț (Huntsman),
constituted by a chromogen with three reactive groups (chemical structure still under patent),
applied at Ŗ.5Ɩ o.w.f., 1Ǳ2Ŗ liquor ratio, and 5Ŗ g/� NaCl working at 6ŖǚC for 3Ŗ min adding ş
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g/� of Na2CO3 divided into three aliquots (1/6, 2/6, 3/6), always working at 6ŖǚC for another
3Ŗ min. The results are reported in ����� Ś.

�¢� ̇� ̇� ̇� ̇�

Kayacelon �eact �ellow CN-�� ƺŖ.1Ş Ŗ.7ş ƺŖ.4Ş Ŗ.ş4

Kayacelon �eact �ellow CN-�� 1.11 ƺŖ.4ş ƺŖ.33 1.26

Kayacelon �eact G. �ellow CN-G� ƺŖ.Ŗ2 Ŗ.45 ƺ2.43 2.47

Kayacelon �eact �ed CN-3B 2.2Ş ƺ6.Ş4 2.27 ŝ.śŜ

Kayacelon �eact Blue CN-�G 1.1ş Ŗ.55 3.6Ş 3.ş1

Kayacelon �eact Dark Blue CN-� 3.36 1.7Ş 3.1 4.ş2

����� ř. Color diěerence parameters for 1.ŖƖ dyeings with Kayacelon �eact dyes.

�¢� ̇� ̇� ̇� ̇�

Avitera �ellow �� Ŗ.Ş6 ƺŖ.77 ƺ2.4Ş 2.74

Avitera �ed �� 4.ş2 ƺ1Ŗ.Ŗ 4.Ŗ2 11.Ş

Avitera deep Blue �� 5.3ş 4.14 5.Ŗ6 Ş.Śŝ

����� Ś. Color diěerence parameters for Ŗ.5Ɩ dyeings with Avitera dyes.

This series of reactive dyes presents only two terms, evidenced in bold, with acceptable values
for diěerential dyeing eěects. It was then decided to consider other series of Dy�tar reactive
dyes, based on the monochloro-diĚuoro-pyrimidine reactive group, �evafix type (�i�ur� Ř�),
and Ά-sulfatoethylsulfonic reactive group, �emazol type (�i�ur� Ř�).

�i�ur� Ř. �olecular structure of dyes with monochloro-diĚuoro-pyrimidine reactive group (a) and Ά-sulfatoethylsul-
fonic reactive group (b).

In accordance with the works carried out by Batchelor et al. [24] about photofading, it was
observed that light fastness (and therefore also the fading ability toward U� radiations) is
instead related to the chemical structure of the chromogen; they showed that fading is caused
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by both visible and U� light, with visible light responsible for azo dyes and U� light respon-
sible for phthalocyanines.

Generally speaking, the photofading is mainly due to singlet oxygen development, 1O2, which
can be formed by the quenching of excited states of dyes by the triplet ground state of oxygen,
3O2Ǳ

light quench
* 3 1

2 2dye  dye  + O  dye+ O® ®

�o�or ind�¡ �o���rci�� n��� �i��t ���tn��� ǻ1ȦŜ ��Ǽ �tructur� ���cti�� �rou�

�.�. 16Ŗ �ellow br. �emazol 4G� 5 Azo �inylsulfone

�.�. 176 �ellow �emazol 3�� 5 Unknown Unknown

�.O. 1Ŗ7 G. yellow �emazol �N� 15ŖƖ 4/5 Azo �inylsulfone

�.O.16 Orange br. �emazol 3� spec. 4/5 Azo �inylsulfone

Unknown �carlet �evafix CA 4 Azo Triazinyl Ƹ vinylsulfone

Unknown �ed �evafix CA 4 Azo Triazinyl Ƹ vinylsulfone

�.�. 1ŞŖ �ed br. �emazol �-3B 3/4 Azo �inylsulfone

�.Bl. 21 Turquoise �emazol G 133Ɩ 5 Phthal. �inylsulfone

Unknown Navy �evafix CA 3/4 Azo Triazinyl Ƹ vinylsulfone

�.Bk. 5 Black �emazol B 133Ɩ 3/4 Disazo 2 vinylsulfone

Unknown �ellow �emazol �� 4 Unknown Unknown

Unknown Orange �emazol �� 4 Unknown Unknown

Unknown �ed �emazol �� 4 Unknown Unknown

Unknown Blue �emazol �� 4 Unknown Unknown

�.�. 217 �ellow Avitera �� 5/6 Unknown 3 reactive groups

�.�. 2Ş6 �ed Avitera �� 4 Unknown 3 reactive groups

�.Bl. 2Ş1 Deep blue Avitera �� 4 Unknown 3 reactive groups

Unknown Blue �arbofix �P-B�� 15ŖƖ 4/5 Unknown Unknown

Unknown Navy �arbofix �P-B�K/N 3/4 Unknown Unknown

�.Bl. 225 Navy �evafix �-BNA 2/3 Unknown Unknown

Unknown Blue br. Neareafix AC-B�� 15ŖƖ 5 Unknown Unknown

����� ś. �ight fastness, structure, and groups of commercial dyes experimented.

����� ś shows light fastness and structure types of the investigated reactive dyes (data derived
from color charts of the producers).
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����� Ŝ shows the measured color diěerences between U�-irradiated and untreated cotton
yarns of the dyeings carried out with Ŗ.5Ɩ �evafix dyes, while ����� ŝ reports those obtained
with Ŗ.5Ɩ �emazol dyes (in both tables ̇� ǁ 5 are evidenced in bold).

�¢� ̇� ̇� ̇� ̇�

�evafix �ellow CA ƺŖ.65 ƺŖ.36 ƺ3.ş4 4.Ŗ1

�evafix Amber CA 2.Ŗş ƺ3.27 ƺ4.şŞ Ŝ.ř1

�evafix �carlet CA 4.Ŗ2 ƺ3.ŞŖ ƺ1.12 ś.ŜŚ

�evafix �ed CA 4.37 ƺ5.21 3.15 ŝ.Śş

�evafix �ubin CA 3.Ŗ5 ƺ4.66 Ŗ.42 ś.śŞ

�evafix Blue CA 1.77 ƺŖ.42 4.6ş ś.Ŗř

�evafix Navy CA 4.47 2.61 4.35 Ŝ.ŝŜ

����� Ŝ. Color diěerence parameters for Ŗ.5Ɩ dyeings with �evafix dyes.

�¢� ̇� ̇� ̇� ̇�

�emazol �ellow br. 4G� ƺ1.Ŗ5 Ŗ.şş ƺ1.33 1.ş6

�emazol �ellow �� ƺŖ.17 ƺŖ.1Ŗ ƺŖ.53 Ŗ.56

�emazol Orange �� 3.Ŗ5 ƺ5.ş4 ƺ5.63 Ş.şř

�emazol �ed �B 133Ɩ 4.65 ƺ11.5Ŗ 3.6ş 1Ř.şŖ

�emazol �ed �� ş.62 ƺ13.17 4.1Ŗ 1Ŝ.ŞŖ

�emazol �ed 3B� 15ŖƖ 3.3ş ƺ7.62 2.33 Ş.ŜŜ

�emazol Blue �� 6.5Ŗ 2.4Ŗ 5.21 Ş.Ŝŝ

�emazol Navy GG 133Ɩ 2.77 3.şŖ 2.Ş3 ś.śŜ

�emazol Black B 133Ɩ 4.5Ş 2.76 4.76 ŝ.1Ŝ

����� ŝ. Color diěerence parameters for Ŗ.5Ɩ dyeings with �emazol dyes.

�pecifically, it was noted that the chromogens more diĜcult to fade under U� radiations are
those providing yellow shades, typically made up of pyrazolone. Only the amber tone (�evafix)
is interesting as a yellow, but it is an orange yellow; the fading ability increases going from
orange shades (azo) toward red (azo), while in the case of shades provided by diazo dyes the
fading ability increases going from navy until the maximum value in the case of �emazol Blue
��, as demonstrated in ����� ŝ (�emazol dyeings).

A selection of dyes sensitive toward U�-generated fade was thus performed oěering a
combination of the six terms reported in ����� Ş.
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�¢� ̇�

�evafix Amber CA Ŝ.ř1

�emazol Orange �� Ş.şř

�emazol �ed �B 133Ɩ 1Ř.şŖ

�emazol Navy GG 133Ɩ ś.śŜ

�emazol Black B 133Ɩ ŝ.1Ŝ

�emazol Blue �� Ş.Ŝŝ

����� Ş. Total color diěerence (̇�) for Ŗ.5Ɩ selected dyeings.

It is possible to observe, as reported in ������ Ŝ and ŝ, that the total color diěerence (̇�) is
due not only by an achromatic fading (̇�) but also results from a variation of chromatic
parameters (̇a and ̇b), because a tone change after U� exposure occurs.

The selection shown in �i�ur� ř has characteristics of good mutual combinability and syn-
chronism in dye exhaustion, together with a color diěerence higher than 5.Ŗ units of ̇�.

�i�ur� ř. Dyeings with Ŗ.5Ɩ selected dyesǱ (a) �evafix Amber CA, (b) �emazol Orange ��, (c) �emazol �ed �B 133Ɩ,
(d) �emazol Navy GG 133Ɩ, (e) �emazol Black B 133Ɩ, (f) �emazol Blue �� (for each shadeǱ untreated yarn on the left
side, U� faded on the right side).

In conclusion, on cotton fibers, unlike wool, a U� pretreatment does not substantially change
the dyeing aĜnity, but a U� posttreatment is capable to fade dyeing, allowing to obtain
interesting diěerential chromatic eěects.
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ř. �ur��c� �odięc�tion o� coĴon ���ric� �¢ �� curin� �nd �� �r��tin�

Cotton fabrics often find its application in producing home furnishing, such as table linen,
clothing, or work wear with high hygienic requirements. The high concentration of hydroxyl
groups on cotton fabric surface makes the fabrics water adsorbent and easily stained by liquids.
�oreover, the chemical composition and morphological properties of cellulosic fibers provide
an excellent medium for bacterial growth. To overcome these limits, a finishing treatment is
required on cotton fabrics to confer oil and/or water repellency and antibacterial activity.

Usually, the desired properties are achieved by thermal polymerization, regardless of energy
consumption and costs of the process [25]. �luorinated or silicone monomers, applied to the
fabrics by padding, can confer oil and water repellency, while Triclosan, quaternary ammoni-
um salts, and silver ions [26] are commonly used as antibacterial agents [27].

�errero et al. [3] proposed the U� curing as eco-friendly and cheap alternative to thermal
curing of functional monomers onto cotton fibers. In U�-curing processes, a suitable photoi-
nitiator is able to interact with U� radiations yielding radical or cationic species, which induce
a rapid curing of reactive monomers and oligomers at low temperature, with lower environ-
mental impact and lower cost than thermal process.

�or textile applications on cotton fabrics, if a mixture of monomer and initiator is absorbed by
the fibers and subsequently U�-irradiated, the polymeric chains can form inside the textile
structure, establishing also graft bonds (U� grafting) with the cellulose macromolecules and
making the treatment solid and water resistant. �oreover, the interpenetration of components
and homogeneous distribution of monomers, even at a low concentration, contribute to obtain
textile materials with modified surface properties without high add-on of polymer. In this way,
the bulk properties of the fibers, such as mechanical and thermal resistance, are not aěected
and also the fabric breathability can be kept unvaried.

ř.1. ��t�rȬ �nd oi�Ȭr������nt ęni��in� o� coĴon ���ric� �¢ �� r�di�tion

Water and oil repellency are among the most common functional properties that need to be
assessed for protective clothing. This property can be conferred by the modification of the
surface energy of textile fibers, possibly confined to a thin surface layer, so that the bulk
properties of the textile fabric such as mechanical strength, Ěexibility, breathability, and
softness should remain uncompromised.

Hydrophobic or oleophobic surfaces are diĜcult to wet by water or apolar liquids, respectively,
and are called low-energy surfaces. Wetting primarily comes from the non-ideality of solid
substrates that are both rough and chemically heterogeneous. The surface modification of
textile fibers to confer these properties can be achieved by physical or chemical methods or by
the combination of both. Plasma treatments and exposure to radiations, often accomplished
in the presence of reactive gases or after impregnation with suitable chemicals, are mainly
representative of physical methods, while chemical treatments can generally be carried out
with oxidants or other finishing agents, followed by thermal treatment or by sol-gel techniques.
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Polysiloxanes are widely used for textile finishing to impart desirable properties such as
softness, crease resistance, and water repellency, depending on the nature of organic functional
groups incorporated in the polymer structure. The application of a polymeric coating to a
cotton fabric in the form of a thin film ensures waterproof properties, but the fabric could lose
comfort characteristics, such as handling and breathability. Therefore, hydrorepellency
obtained by homogeneous adsorption of monomers onto each fiber and followed by a radiation
curing method should be preferred. This was proposed by �errero et al. [3], which obtained
water-repellent cotton fabrics by radical U� curing of silicone and urethane acrylates. The
values of contact angle (����� ş), wettability, and moisture adsorption showed that a low resin
add-on on the fabric is enough to confer water repellency, while scanning electron microscopy
(���) analysis confirmed that U� curing yields a coating layer onto each single fiber than a
film on the fabric surface (�i�ur� Ś) without damage of breathability.

���in ����ic�� n�tur� ��i��t on coĴon ǻƖǼ �ont�ct �n��� ǻǚǼ

Coatosil 35Ŗ3 �ilicone (medium) acrylate 1.3 143

Coatosil 35Ŗş �ilicone (high) acrylate 2.ş 114

Tego �ad 26ŖŖ Polysiloxane epoxy 2.6 1ŖŖ

Ucecoat 7Ş4ş Urethane acrylate (�W = 1Ŗ,ŖŖŖ) 2 1ŖŖ

����� ş. Hydrorepellent finishing of cotton fabrics by radical U� curing of silicone and urethane acrylates.

�i�ur� Ś. ��� images of cotton fibers untreated (a) and treated by radical U� curing of a silicone acrylate resin 3Ɩ
add-on (b).
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Periolatto et al. [2Ş] recently investigated the application by U� grafting of polyhedral
oligomeric silsesquioxanes (PO��s) and a polysilazane (KION 2Ŗ) to cotton fabrics to confer
hydrorepellency.

PO��s are polyhedral clusters yielded by hydrolytic condensation of trifunctional silanes. The
generic formula is (��iO1.5)n, where each silicon atom is bound on average to one and a half
oxygen atoms and to one hydrocarbon group. The single nanoparticle may be represented as
a silica cage core (diameters in the range of 1–3 nm) bearing organic functional groups attached
to the corners of the cage (�i�ur� ś�).

�i�ur� ś. �olecular structures of polyhedral oligomeric silsesquioxanes (PO��s), where � = i-butyl, � = methacryloiso-
butyl functional groups (a) and KION 2Ŗ structural units (b).

KION polysilazane contains repeating units in which silicon and nitrogen atoms are bonded
in an alternating sequence. Both of these units contain cyclic and linear features. In addition,
KION 2Ŗ contains fewer low-molecular-weight polysilazane components (�i�ur� ś�).

�or what concerns the hydrorepellency, it was clearly conferred by the treatment, as confirmed
by water contact angles measured on the as-prepared samples higher than şŖǚ, for both PO��-
and KION-treated samples. �easurements on aged samples revealed that KION-treated
samples could maintain better properties during time, with respect to PO�� treated. �oreover,
for these two oligomers, higher contact angles were measured on samples treated with
solutions at higher concentration. In particular, samples treated with 1- and 5-g/� PO��
solutions, although showing an initial water contact angle higher than 1ŖŖǚ, after aging
immediately absorb the water drop, denouncing the total loss of hydrorepellency.

�any research papers have been published on the production and application of diěerent
types of Ěuorochemicals to textile finishing [2ş]. �luorochemicals are organic compounds
consisting of perĚuorinated carbon chains, which impart water and oil repellency to the fiber
surface when incorporated into polymer backbone with perĚuoro groups as side chains. The
old Ěuorochemicals used were based on CŞ carbon chains, which release highly hazardous
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and toxic substances, such as perĚuoro-octanoic acid and perĚuoro-octanesulfonates. Nowa-
days, C6 Ěuorochemicals are still in use although the rules on this topic became more stringent,
banding also C6 Ěuorochemicals, so studies about the performance conferred by C2–C3
products are of great interest [3Ŗ].

�luorochemical finishings are commercially available as water emulsions and are applied to
fabrics by the pad-dry-cure method, with a thermal-curing step at 15Ŗ–175ǚC in hot Ěue for
some minutes. As alternative, �errero et al. [2, 6] proposed the U� curing of perĚuoro-alkyl-
polyacrylate resins (�epellan �P� and N�C by Pulcra Chemicals and Oleophobol CP-C by
Huntsman), in water emulsions, able to impart water as well as oil repellency to cotton fabrics,
and the results were compared with those obtained by thermal polymerization. A radical
photoinitiator was added in the proper amount, then the solution was diluted with water,
mixed, and applied by dipping or spraying onto strips of fabric that were dried in an oven.
�inal weight add-ons of 3 and 5Ɩ o.w.f. were usually applied in order to obtain the desired
properties without loss of fabric handling. Then, the samples were U� radiated on both sides
by a medium pressure mercury lamp (about 6Ŗ mW/cm2 ) under inert atmosphere for 3Ŗ–6Ŗ s.
Thermally cured fabrics were considered as reference, treated for 2–3 min at 14Ŗ or 15ŖǚC
according to the indications of the producer.

�ont�ct �n��� ǻǚǼ

���or�  ���in� ��t�r  ���in�

�esin Add-on (Ɩ) Curing type ΌA Ό� ̇Ό ΌA Ό� ̇Ό

�epellan �P� 3 Thermal 134 126 Ş 142 136 6

3 U� 13Ş 12ş ş 134 131 3

5 Thermal 145 133 12 143 14Ŗ 3

5 U� 142 134 Ş 13Ş 134 4

�epellan N�C 3 Thermal 14Ŗ 13Ŗ 1Ŗ 13ş 122 17

3 U� 14Ŗ 132 Ş 137 123 14

5 Thermal 136 125 ş 134 124 1Ŗ

5 U� 133 126 7 131 11ş 12

����� 1Ŗ. Dynamic water contact angles (average of repeated measurements, standard deviation about 4ǚ, ΌA =
advancing, Ό� = receding, ̇Ό = hysteresis) before and after washing on cotton fabrics cured with �epellan �P� and
N�C.

The eěectiveness of the U� treatment was evaluated by the determination of weight loss in
chloroform. �epellan �P� showed the highest yields after U� curing, quite similar to those
reached with the thermal treatment (ş3–ş6Ɩ), whereas �epellan N�C showed lower, although
acceptable, yields in U� curing (ŞŖ–Ş1Ɩ) than in the thermal one (şŞƖ), without the inĚuence
of irradiation time and polymer add-on. However, with Oleophobol CP-C lower yields were
obtained in both finishing treatments, and longer U� irradiation time, at least 6Ŗ s, is necessary
to achieve a yield of ş1Ɩ with a 3Ɩ add-on. �easurements of dynamic contact angles of water
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and oil drops allowed comparing the repellent behavior of the cotton fabrics finished with both
curing methods before and after five domestic washing cycles (����� 1Ŗ). A hysteresis ̇Ό ǁ Ŗ
is typical of most real surfaces, as confirmed by all the results obtained. The good wash fastness
of water repellency was proved by the slight reduction of the advancing contact angles after
washing, regardless of the curing type and polymer add-on. Oleophobol (data not reported)
gave slightly lower contact angles but was practically unaěected by repeated washings.

In conclusion, the laboratory-scale application of the hydro- and oil-repellent finishing on
textile fabrics by U� curing of silica based or Ěuorocarbon resins, with the optimization of
process parameters, followed by a deep characterization of treated samples, confirmed the
eěectiveness of the treatment.

The study of �errero and Periolatto went on with the semi-industrial scale-up of the processǱ
a great number (about ŞŖ) of larger fabric samples were padded by foulard with Oleophobol
and then were irradiated in air by �un-Washț, an apparatus for continuous treatment of fabrics
by U� light providing an irradiance of ş13 mW/cm2 on an exposed area of about 12Ŗ Ƽ 6Ŗ cm2.
�amples were exposed to the radiation with a carpet speed of 5 m/min, by five passes,
corresponding to an irradiation time of 35 s, on both sides [31]. �abric add-on was significantly
reduced in order to hold down the finishing cost. White and dyed samples of diěerent textile
composition were treated and evaluated in terms of conferred repellency, yellowing, or color
changes. �ost relevant process parameters were investigated, considering the thermal process
normally adopted at industrial level as reference. �esults were so statistically evaluated by �ix
�igma method with �initab 16 software, to point out the most inĚuencing parameters and the
real possibility to replace the thermal treatment with U�. Water and oil drop sorption times
higher than 2 h were found on all treated samples, showing that Oleophobol works very well
as oil- and water-repellent agent for textiles.

U� process was revealed to work better than thermal one, in fact higher water and oil contact
angles were obtained with a lower amount (1Ɩ o.w.f.) of finishing agent. Considering the U�
process, best results were related to white fabrics, rather than dyed, and medium values of
both radiation dose and product concentration, taking into account both contact angles and
color reĚectance evaluations. �inally, contact angle measurements carried out on aged samples
(2 years) showed no variations with respect to fresh samples, meaning that the finishing is not
aěected by aging. Obtained results were considered encouraging and can open the way for a
real application of the U� process to industrial field.

ř.Ř. �nti�icro�i�� ęni��in� �¢ c�ito��n �� �r��tin�

The textile manufacturing industry is going through a period of severe crisis due to the
globalization of the world market. A highly competitive context and stringent ecological
regulations make quality and eco-friendly processes the ma�or demands for a company.

A first ob�ective aims to lower water and energy consumption; another relevant factor is the
possibility of replacing high-polluting or toxic chemicals with others characterized by lower
or zero environmental impact. �rom this point of view, the products of green chemistry, of
natural origin, are particularly interesting for applications in the field of textile finishing.
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Increased attention toward health and hygiene, due to frequent diseases and invasive infec-
tions, brought the attention of the research in textile field on antibacterial materials, which can
not only prevent degradation and discoloration of the fabrics by microorganisms but also
eěectively prevent the spread of pathogenic bacteria. An antibacterial finishing, by means of
a suitable surface chemical modification of fibers, is mainly required on natural fibers for
furnishing, technical textiles, medical devices, hygienic textiles, food industry, and packaging.
Chemicals bearing functional biocide groups are usually applied by padding, followed by a
thermal treatment. Unfortunately, most of these products are toxic or carcinogenic, so the
application to textiles is not advisable, also considering a possible release of the antibacterial
agent during the use, in skin contact.

�or these reasons, a strong chemical grafting to treated fibers is mandatory for a fast, stable,
and resistant treatment. However, the finishing should not compromise the hand, appearance,
and color of the fabric, considering that finishing processes are normally carried out after
dyeing. In this view, the application of natural biopolymers by an eco-friendly and cheap
process can be the winning choice to develop bioactive eco-sustainable textiles from renewable
sources [32].

Cellulose and chitin, the main components of cotton fibers and crustacean shells, respectively,
are the two most abundant polysaccharides in nature. They are mutually compatible, due to
their similar structure (�i�ur� Ŝ), and biodegradable; it makes them good candidates as eco-
friendly and eco-sustainable substrates for textile applications. Chitosan (2-amino-2-deoxy-(1–
4)-Ά-ё-glucopyranan) is a carbohydrate biopolymer derived from the deacetylation of the
chitin with unique biological, physiological, and pharmacological properties, such as biode-
gradability, no toxicity, and high antibacterial activity toward both Gram-positive and Gram-
negative microorganisms, due to the combined bacteriostatic and bactericide action.

�i�ur� Ŝ. �olecular structures of cellulose (a) and chitosan (b).

In textile field, chitosan is mainly used as a dyeing auxiliary or a finishing agent, but the
finishing fastness is limited by the weak interactions between chitosan macromolecules and
fibers. To obtain a stable treatment, a thermal wet process is required, with high energy, water
consumption, and possible degradation of the treated substrate. �oreover, the addition of
cross-linking agents is required. Usually, toxic chemicals bearing aldehyde groups are used in
thermal processes; recently, genipin was proposed as natural, nontoxic alternativeǱ encourag-
ing results in terms of fastness improvement were obtained, opening the way for biomedical

Cotton Research248



and pharmaceutical applications [33], but the prohibitive cost of genipin makes it not appli-
cable in textile field.

�errero and Periolatto [34] proposed photocuring (U� curing and/or U� grafting) as cheap
and eco-friendly process to bind chitosan to textiles by means of radical reactions. �tudies
about the photodegradation of chitosan macromolecules due to U� exposure confirmed the
formation of macroradicals on the polymer. �ame radicals can be involved in cross-linking
process, promoted by the presence of a suitable radical photoinitiator. Among the substrates
considered, there are wool [35], silk [36], polyester, polyamide, and cotton fiber [37], in the
form of weft-warp and knitted piquet fabrics [3Ş] but also filter substrates and gauzes with
more open structures [3ş–41].

�ocusing on cotton, the research work started with laboratory test on samples of small
dimensions, aimed to optimize the process parameters and confirm the treatment eĜciency
and fastness [36]. A low-viscosity chitosan with deacetylation degree of 75–Ş5Ɩ was dissolved
in acetic acid solution at pH 4. The solution was added of 2-hydroxy-2-methyl-phenyl-
propane-1-one, 4Ɩ wt on chitosan, as radical photoinitiator, properly diluted and applied to
the fabric surface by dipping, to reach a chitosan add-on ranging from 1 to 3Ɩ wt. An impreg-
nation time of 12 h at 25ǚC or 1 h at 5ŖǚC was necessary to obtain 1ŖŖƖ process yield.

Chitosan U� curing yielded high antimicrobial properties, against �scherichia coli and
�taphylococcus aureus, on cotton fabrics. The test was carried out according to A�T� � 214ş-Ŗ1
standard test. A microorganism reduction higher than ş7Ɩ was found on all treated samples,
regardless of the application method for chitosan. �oreover, about 2Ɩ polymer add-on was
enough to confer a strong antibacterial activity to the fabrics without endangerment of hand
and breathability. An impregnation time of 12 h at ambient temperature was necessary so that
treated fabrics maintained about one half of their own antimicrobial activity after washing
with standard �C� detergent, according to UNI-�N I�O 1Ŗ5 CŖ1 standard test, while at lower
impregnation time, the antimicrobial activity was more reduced. This was attributed to a not-
enough penetration of chitosan inside the fiber structure, due even to the high viscosity of the
solution. A prolonged contact time between chitosan solution and fabrics improved this
penetration and chitosan could graft to the fibers, showing increased washing fastness.
However, this was strongly dependent on the ionic nature of the detergents, and a nonionic
surfactant could assure that an antimicrobial activity completely retained after repeated
washings.

�emi-industrial scaled tests were carried out on samples of higher dimension, using commer-
cial chitosan powder (Peripret or Chitoclear) dissolved in acetic acid solution [3Ş]. In some
cases, a softener (Nearfinish ��/4Ŗ) or an antioxidant agent (Nearcand) was added to the
recipe, while the radical photoinitiator was kept in the same amount. The chitosan add-on was
drastically lowered till Ŗ.3Ɩ o.w.f, diluting the solution to Ŗ.25Ɩ before the impregnation by
padding. The as-impregnated samples were dried in a rameuse and finally radiated by �un-
Washț, as reported in �ection 3.1. �esults of antibacterial activity tests are reported in ����� 11
and confirmed those previously obtained with samples prepared at laboratory scale.
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������ d��cri�tion �ondition �icroor��ni�� r�duction ǻƖǼ

Untreated –

Ultrafresh GH-2Ŗ 2Ɩ Initial ǁşş.ş

1Ŗ washes ǁşş.ş

3Ŗ washes şŞ.4

Chitosan finishingǱ 3Ɩ Peripret Initial ǁşş.ş

Wet irradiation 1Ŗ washes ǁşş.ş

3Ŗ washes ǁşş.ş

Chitosan finishing 3Ɩ Peripret Initial ǁşş.ş

Dry irradiation 1Ŗ washes ǁşş.ş

3Ŗ washes ǁşş.ş

Chitosan finishingǱ 3Ɩ Peripret Initial ǁşş.ş

With Nearfinish ��/4Ŗ 1Ŗ washes ǁşş.ş

Dry irradiation 3Ŗ washes ǁşş.ş

Chitosan finishingǱ Ŗ.3Ɩ Chitoclear Initial şŞ.6

Wet irradiation 1Ŗ washes ǁşş.ş

3Ŗ washes ǁşş.ş

Chitosan finishingǱ Ŗ.6Ɩ Chitoclear Initial şş

Wet irradiation 1Ŗ washes ǁşş.ş

3Ŗ washes ǁşş.ş

Chitosan finishingǱ Ŗ.6Ɩ Chitoclear Initial şş.2

With Nearcand 1Ŗ washes ǁşş.ş

Wet irradiation 3Ŗ washes ǁşş.ş

����� 11. Antibacterial activity of chitosan-treated samples as prepared and after 1Ŗ and 3Ŗ washing cycles.
�uantitative assessment of activity according to I�O 2Ŗ743Ǳ 2ŖŖ7 (�) against �taphylococcus aureus.

“�hitosan con�erred a stron� antibacterial acti�ityǰ with the total reduction o� the microor�anism
colonies on all the tested samples. �oreo�erǰ chitosan treated samples showed optimum washin� �astnessǰ
maintainin� their antibacterial acti�ity un�aried e�en a�ter řŖ washes” [3Ş]. Comparing the results
with those related to Ultra-�resh, a commercial sanitizing agent considered as reference, the
performances are similar or even better for chitosan-treated samples after 3Ŗ washes. Obtained
results are of particular interest considering that the U� exposure was carried out in the
presence of oxygen, even on wet samples. “�hese are �enerally considered un�a�orable conditions
�or radical reactions occurrin� or �or photoinitiator eěecti�eness. �oreo�erǰ the stron� antibacterial
acti�ity and washin� �astness were obtained on all treated samples re�ardless the addȬon or the presence
o� additi�es [3Ş].”
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“�esults obtained with the lowest amount o� chitosan on ębers is particularly interestin� because ma�es
chitosan competiti�e with other antibacterial a�ents commonly usedǰ such as �riclosanǰ sil�er ions or
�uaternary ammonium saltsǰ e�en �rom an economical point o� �iew” [3Ş]. The homogeneous
distribution of chitosan on fabrics, in particular in correspondence to the sample that presented
the best fastness, was confirmed by dyeing tests with an acid dye (�i�ur� ŝ) and by ���
analysis (�i�ur� Ş) that showed the optimal distribution of the finish on a single fiber surface.

�i�ur� ŝ. Dyeing test with Direct �ed Ş1Ǳ untreated cotton fabric (a), treated with Ŗ.6Ɩ wt. chitosan (Peripret CT�) (b).

�i�ur� Ş. ��� analysis on cotton fabric treated with 3Ɩ wt. chitosan (45ŖŖƼ).

Ś. �onc�u�ion

The U� treatments on cotton fibers can be utilized in dyeing and finishing processes. U�
irradiation coupled with mild oxidation can improve some properties of the cotton fibers such
as pilling resistance, water swelling, and dyeability. However, significant eěects of diěerential
dyeing were obtained by a U� posttreatment capable to fade dyeings with reactive dyes. U�
curing and U� grafting with suitable chemical enabled to modify the surface of cotton fibers
in order to confer oil and/or water repellency with an eco-friendly and cheap alternative to
chemical and thermal finishing treatments. �oreover, the chitosan U� grafting was proposed

UV Treatments on Cotton Fibers
http://dx.doi.org/10.5772/63796

251



as valid environmental friendly method to obtain cotton fabrics with a satisfactory washing-
resistant antimicrobial activity even with low polymer add-on.
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���tr�ct

�nvironmentally friendly bioplastics have attracted renewed attention over the last few
decades due to the ever-growing awareness of the environmental impact of petroleum-
based polymers and the rising costs of raw materials. Cottonseed protein (CP) extracted
from cottonseed meal has abundant amino acid components and nutrition value, but
are not carefully considered in non-feed industries. �or the purpose of being explored,
glandless  cottonseed  Ěour  is  utilized  in  this  work,  as  a  raw  material,  to  prepare
cottonseed  protein  bioplastics  (CPBs)  as  environmentally  friendly  products.  The
optimum  synthesis  conditions  of  CPBs  were  firstly  investigated,  followed  by  the
analysis of protein modification and cross-linking mechanism, with a close view on
changes  of  their  micro-  or  chemical  structures.  Detailed  morphologies,  element
composition and biodegradabilities of CPBs were characterized via scanning electron
microscopy, energy dispersive spectroscopy (�D�) and soil-burial test,  respectively,
pointing out its structural heterogeneity as well as nature of biodegradability. Charac-
terizations of the thermal stability and thermomechanical relaxation of thermal-treated
CPBs and its  interaction with molecule  revealed the presence of  diěerent  thermal
relaxation behaviours and diěerent water states. Concluding remarks shortly summa-
rize the importance of the work and point out possible solutions to addressing future
potential challenges.


�¢ ord�Ǳ biodegradability, bioplastics, cottonseed protein, synthesis, water states

1. Introduction

The soaring consumption of organically synthesized polymers in agriculture and a wide
variety of industries around the globe poses a great threat to our living environment, mainly
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because of the non-biodegradability of such polymers. The increased awareness of environ-
mental impact of using petroleum-derived polymers and the rising costs of chemical raw
materials  shift  peopleȇs  attention  to  seeking  out  environmentally  friendly  polymers  for
sustainable development. In the course of this searching over the last few decades across the
world, protein-based bioplastics (PBBs) have attracted renewed attention due to the following
reasonsǱ they can be completely degraded through regular composting, readily obtained from
abundant natural resources (i.e. plant and animal proteins such as soy, corn zein, wheat gluten,
sunĚower, peanut, cottonseed, milk casein, fish gelatin, feather quill and serum albumin) [1–
4], as well as easily modified and manufactured. All these advantages together make PBBs
suitable alternatives to petroleum-based plastics, which are being considered or have already
fabricated in many environmentally sensitive industries, including agriculture (e.g. mulch
films, greenhouse films, Ěower pots, planting pots, etc.), green packaging (one-time or short-
term  use  before  disposal)  and  possible  biomedical  industries  (e.g.  soft-tissue  scaěold,
superabsorbent) [2, 5–7].

In addition, tons of wasted protein from cottonseed, feather quill, soya residue and animal
keratin are being utilized to fabricate bioplastics, which have even emerged as a new family
of renewable and sustainable plastics, known as ‘�econd-generation bioplastics’ [1, Ş, ş] owing
again mostly to their low cost, availability and biodegradability.

Cottonseed proteins (CPs) extracted from cottonseed meal after degreasing and peeling
process contain rich amino acid components en�oying nutrition value, thereby they were used
mostly as dairy-cattle feeding products. However, this type of protein has not been considered
as non-feed industries, especially being used as a raw material for producing biodegradable
plastics. The main component of cottonseed protein is globulin, approximately şŖƖ, which
contains 6ŖƖ of globulins with gossypin (11�) and congossypin (7�) and 3ŖƖ of albumins (2�)
[1Ŗ], resembling soy protein, the most studied material for bioplastic synthesis. In addition,
the processability of CP with respect to plasticizer eĜciency (P�) calculated from the relative
contents of amino acids was similar to that of other proteins that have already been synthesized
into various bioplastics [ş]. Good amino acid composition together with a relatively high P�
value (ǁ5) makes cottonseed protein a good candidate as a renewable raw material for
bioplastics production. However, little research to date has been carried out on cottonseed
protein bioplastics (CPBs) while most studies focus on soy protein and wheat gluten bioplas-
tics. Casting of CP films has been achieved by �arqui· [11], but this process is time consuming
and film formation is very limited. On the contrary, hot compression moulding is a more
eĜcient strategy in achieving protein films.

In this chapter, a series of CPBs were synthesized starting from glandless cottonseed Ěour
purified from cottonseed meal that was sub�ected to the processes of protein denaturation,
plasticizing, cross-linking and hot compression; they showed good biodegradability, thermal
stability and a low degree of water absorption (WA), but they are structurally heterogeneous
even after thorough mixing and dispersion. The results of this study should provide important
theoretical guidance on the development of environmentally friendly protein-derived
bioplastics with improved properties, and necessary steps to pave the way towards expanding
non-feed industry of cottonseed protein after oil extraction.
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Ř. �¢nt���i� o� ���nd���� ����

Ř.1. ��ti�u� �¢nt���i� condition�

The synthesis route of the bioplastics is demonstrated in �i�ur� 1. A typical synthesis experi-
ment includes the following steps in sequencesǱ (i) glandless cottonseed Ěour was placed into
a beaker where deionized water was added at a solid-liquid weight ratio of 1Ǳ6, followed by
the addition of 1-� urea solution. Denatured cottonseed protein (DCP) was obtained after the
mixture was agitated by a magnetic stirrer for 4 h at room temperature; (ii) using 1 N NaOH
solution, acidity/alkalinity of the DCP solution was ad�usted to pH 11 with stirring for 1Ŗ min;
(iii) the alkaline solution was kept in a water bath at 7ŖǚC, stirred for a further 3Ŗ min, and a
cross-linking agent (formaldehyde (�A), glyoxal (G�) or glutaraldehyde (GA)) at 1Ŗ wtƖ of
cottonseed Ěour was added; (iv) the resultant mixture was vacuum-dried for 1Ŗ h at ŞŖǚC prior
to further fabrication; (v) glycerol was added to the dried denatured protein and then homo-
genized in a high-speed mixer (H�17Ŗ4, PHI�IP� �td.) for 5 min; (vi) the mixture was then
ground and processed for three to five times using a three-roller (at a speed of şǱ3Ǳ1) mill with
the clearance of the outlet roller less than 1 mm; (vii) this mixture was then further conditioned
in a desiccator at room temperature for 24 h; (viii) the conditioned mixture was placed on the
surface of a stainless steel plate covered with aluminium (Al) foil with a layer of Al foil mounted
on the back side; then the mixture was hot pressed at 2Ŗ �Pa, 13ŖǚC for 5 min; and (ix) after
cooling, the prepared CPBs were carefully removed from the mould, and then stored in
desiccators at room temperature for further uses.

�i�ur� 1. Diagram of cottonseed protein bioplastic preparation, primarily including protein denaturation and cross-
linking, plasticizing, homogenization and hot-press moulding.

�egulation and optimization of synthesis and processing conditions are particularly important
for improving the comprehensive properties of the bioplastic products. �acroscopic proper-
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ties and/or microscopic structure of the CPBs are inĚuenced by a series of experimental
conditionsǱ the CP Ěour dosage, solid-liquid ratio of protein solution, concentration of the
denaturation agents (urea), cross-linker (aldehyde) content, concentration of the plasticizer
(glycerol), reaction temperature and solution pH value. At the same time, a good mixing and
homogeneous dispersion of the precursors are necessary while the hot-press processing
parameters (temperature, pressure, time) are reasonably controlled. The optimum CPB
synthesis conditions were obtained and summarized as followsǱ initially, cottonseed protein
was denatured using a urea solution, which was then ad�usted to pH 11 with NaOH solution,
the aldehyde cross-linking agent added, and the mixture vacuum-dried for 1Ŗ h at ŞŖǚC.
Glycerol as plasticizer was then added homogeneously to the dried solid using both a high-
speed mixer and a three-roller mill. This mixture was conditioned in a desiccator at room
temperature for 24 h and then hot pressed at 2Ŗ �Pa, 13ŖǚC for 5 min.

Ř.Ř. ��c��ni�� o� �rot�in �odięc�tion �nd cro��Ȭ�in�in�

Ř.Ř.ŗ. �rotein denaturation induced by urea

A schematic illustrating the denaturation of cottonseed protein in the presence of urea is
depicted in �i�ur� Ř�. It is shown that the process of protein denaturation involves both indirect
and direct hydrogen bonding between urea molecules and water molecules as well as protein
macromolecules, which has been confirmed by Bennion and Daggett [12] using atomic-
resolution molecular dynamics simulation. In case of the indirect denaturation, the presence

�i�ur� Ř. (a) �chematic illustration of the urea-induced CP denaturation via indirect and direct interactions and (b)
�TI� spectra of pristine and denatured CP [15]. �eproduced with permission from The �oyal �ociety of Chemistry
(2Ŗ12).
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of urea weakens the cohesion of water molecules by reducing the water-water and/or water-
protein interactions; as a result, water diěusion is decreased, thus exposing more functional
groups in side chains so as to increase water-urea hydrogen bonding. As for the direct
denaturation, urea molecules interact with the peptide backbone as well as polar moieties of
the protein via direct hydrogen bonding; in particular, the strength of hydrogen bonds between
urea and the peptide backbone of CP will largely increase on the condition that the secondary
structure of CP is disrupted.

�i�ur� Ř� shows �ourier transform infrared (�TI�) spectra of the cottonseed proteins (pristine
and denatured CP). Clearly, amide NņH-stretching vibration bands for the CP appear at
around 35ŖŖ cm-1 as a broad absorption, whereas two bands at similar region (343ş and 3335
cm-1) are observed for the denatured cottonseed protein being assigned to the amide NņH-
stretching vibration bands in CP and urea, respectively. In addition, the appearance of
absorbing band ranging from 163Ŗ to 16ŞŖ cm-1 can be assigned to the CőO stretch vibrations
of the peptide linkages of amide I, the most sensitive spectral area of protein secondary
structure [13].

On the contrary, the characteristic amide II band at 14ŞŖ–1575 cm-1 is attributed to in-plane
NņH bending and CņN-stretching vibrations. As the position of absorbing amide I and amide
II bands is very sensitive to the secondary structure of the protein, the frequency of these bands
would be mainly dependent on the hydrogen bonds between CőO and NņH groups. The
presence of urea has a noticed impact on the characteristic absorbing band position. �or
instance, the amide I band shifts from 164Ş cm-1 (CP) to a lower frequency, 161Ş cm-1 (DCP),
and the amide II band shifts from 1541 cm-1 (CP) to 1467 cm-1 (DCP), as shown in �i�ur� Ř�.

Ř.Ř.Ř. �rotein crossȬlin�in� with aldehyde

Three aldehydes (formaldehyde, glyoxal and glutaraldehyde) react with cottonseed protein
molecules in a quite diěerent manner, creating the cross-linked structures. �pecifically,
methylene bridge formation is responsible for the formaldehyde cross-linked networks
(�i�ur� ř�) [14]; however, the formaldehyde polymer (in �A solution) cannot generate further
methylene bridges. As for the glutaraldehyde cross-linked networks (�i�ur� ř�), both GA
monomer and GA polymer are able to react with protein molecules via �aillard-driven
generation of the imine covalent bond formation [15]. Glyoxal maintains the same mechanism
as GA.

This reaction can be accelerated with the increased nucleophilicity as long as the amino groups
are deprotonated. In this work, the carbonyl groups in the aldehydes react with the amino
groups within CP under an alkaline condition at elevated temperature, leading to the forma-
tion of an imine group (ņCHőNņ), ultimately improving the thermal stability, mechanical
strength and moisture resistance of the CPB bioplastics. In addition, �aillard-driven reaction
explains the changes in colour and odour [15] before and after the hot press. �i�ur� 1 shows
the colour of the CPBs changing from yellow-brown before preparation to golden-brown after
hot compression moulding. Interestingly, the odour was not the same after hot-press mould-
ing. �or example, CP-GA smelled like persimmon while the smell of the CP-�A CPBs was a
bit malodourous.
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ř. �or��o�o�¢ǰ �����nt co��o�ition �nd �iod��r�d��i�it¢

�i�ur� Ś shows scanning electron microscopic (���) micrographs of the CPBs, including their
surface morphology and fracture surface. A Ěuctuated and continuous structure can be
observed from the surface morphology of the cross-linked samples (CP-�A, CP-G� and CP-
GA CPBs), compared to the cracks appeared at the smooth surface of CP-ŖC� indicating its
brittle nature. �oreover, the height of the asperities at the fractured surface indicates a ductile

�i�ur� ř. Cross-linking reactions of protein macromolecules with formaldehyde (a) showing the formation of methyl-
ene bridge and glutaraldehyde monomer/polymer, and (b) creating imine covalent bonds.
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failure behaviour for the cross-linked bioplastics, whereas it is discontinuous for the CP-ŖC�
structure.

�i�ur� Ś. ��� images of the fractured microstructure (a–d) and the surface morphology (e–h) of the CPBs (CP-ŖC�,
CP-�A, CP-G� and CP-GA, respectively) [15]. �eproduced with permission from The �oyal �ociety of Chemistry
(2Ŗ12).

In addition to the ductile characteristics of the cross-linked samples, they exhibit a certain
degree of heterogeneity within the whole networks with respect to their element composition
distributed as well as the presence of unreacted or partially reacted aldehydes with variable
concentration.
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ř.1. �����nt co��o�ition �nd ��t�ro��n�it¢ ���tur�

The element composition of the CPBs is detected by �-ray energy dispersive spectroscopy
(�D�), as shown in �i�ur� ś. The dominant presence of three elements, carbon C, nitrogen N
and oxygen O, is at an atomic ratio of 4Ǳ1Ǳ1, or 3Ǳ1Ǳ1 in weight, while three other elements,
magnesium �g, sulphur � and phosphorus P, are present at a trace amount (weight percentage
of ǀ2Ɩ, atomic percentage of ǀ1Ɩ). All the elements are randomly distributed on the measured
surface, especially for �g, � and P, as can be seen from element mapping (�i�ur� Ŝ), suggesting

�i�ur� ś. �D�-��� analysis of the bioplastics, showing all the elements detected.

Cotton Research264



a characteristic of heterogeneity of the bioplastics. This characteristic is further confirmed by
its infrared spectra collected from diěerent locations across the sample surface at micro-scale
resolution.

�i�ur� Ŝ. �D�-��� analysis using element mapping of (a) CP-�A, (b) CP-G� and (c) CP-GA.

�i�ur� ŝ shows infrared spectra recorded from various positions on the diěerent samples using
an attenuated total reĚection (AT�) ob�ective with a Ge crystal with a contact surface of 1ŖŖ-
ΐm diameter. It can be observed that for each cross-linked sample, heterogeneity is observed,
notably reĚected in the relative intensity of the band appearing around 16ş7 cm-1 associated
with carbonyl-stretching vibration (marked) of unreacted or partially reacted aldehyde
distributed with variable concentration in the CPB networks.

To develop environmentally friendly protein-derived bioplastics with desired optimized
properties, it is expected that a homogeneous distribution of all elements within the sample
network and a balanced formula with respect to ideal chemical reaction (in stoichiometry)
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involved in the synthesis process are initially important. �uture studies addressing these two
issues are currently under investigation.

�i�ur� ŝ. Infrared spectra recorded from diěerent positions of samples (a) CP-�A, (b) CP-G� and (c) CP-GA. �pectrum
of (d) water and (e) CP�-ŖC� is shown for comparison.

ř.Ř. �iod��r�d��i�it¢ und�r n�tur��Ȭ�tor��� �nd �oi�Ȭ�uri�� condition�

Biodegradability of the synthesized bioplastics was verified under both natural-storage and
soil-burial conditions. �ungi growth on the surface of the CPBs after 6 months under ambient
condition is pictured in �i�ur� Ş� at two diěerent magnifications. It can be seen that filamen-
tous fungi, commonly known as moulds growing as multicellular colonies, lives by absorbing
nutrients from the contacting organic matter (the bioplastic). In fact, the natural-storage
conditionȯroom temperature and 4ŖƖ relative humidityȯis an unfavourable environment
for mould growth for the reason that, on one hand, only a limited number of filamentous fungi
such as �acillus subtilis and �sper�illus ni�er are actually available in air; on the other hand, the
sample surface starts to unevenly dehydrate and dry due to the evaporation of moisture in the
desiccators storing the CPBs, which is unpleasant for moulds to live thus covering only part
of the sample surface. However, in spite of its small quantities, the microbial biomass can live
on with the carbon source stored in the sample, indicating that the cottonseed protein-derived
bioplastics is biodegradable to a certain extent. �till, it is necessary to use a more standard test
of biodegradability for the synthesized bioplasticsȯfor example, the measurements in a
nutrient agar culture medium, which contain a large number of microbial fungi (e.g. �.
subtilis, �taphylococcus aureus, �acillus, �scherichia coli, �sper�illus Ěa�us, �. ory£ae and �. ni�er)
to degrade almost all organic matter under ideal conditions.

�i�ur� Ş� illustrates how the biodegradability of the synthesized bioplastics was measured in
soil environment. �pecifically, soil was firstly collected at the campus of �hongkai University
of Agriculture and �ngineering, crushed, sieved and transferred to a wide-mouth bottle.
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�econdly, the samples were carefully added in the bottle in the way that they were buried in
parallel in the soil. Then, the bottle was kept in an incubator and thirdly the samples were taken
out after a certain period of time, rinsed with 75Ɩ ethanol solution as well as deionized water,
dried and weighed. The ability of soil to degrade organic matters is often quantified by the
weight loss (Ɩ) of the sample after the soil-burial test, shown as

a b

b

Weight loss 100%W W
W
�

= ´ (1)

where �b and �a are the weight of the bioplastic sample before and after the soil-burial test,
respectively. Background experiments for comparison, the same bioplastics, were stored in an
empty wide-mouth bottle under the same condition, and their weight loss measured using
�q. (1) following exactly the same procedure as described above. �i�ur� Şc shows the weight
loss of a typical CPB bioplastic after the soil-burial measurement as a function of the recorded
degrading time. It can be seen that the bioplastic degrades fast in the first 3Ŗ days, losing its
weight up to 4ŖƖ, followed by no obvious changes of its weight in the following month. The
experimental data are fitted with multiple regression fitting, written as Weight loss = Ŗ.11ş2

�i�ur� Ş. Biodegradability test of the CPB bioplastics. (a) �icrobial fungi growth after 6 months under natural-storage
condition (at room temperature and 4Ŗ �HƖ); (b) schematic of soil-burial test and (c) results of weight loss (Ɩ) of the
bioplastics measured by soil-burial test referenced with a background.
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Ƹ 2.ŞşŖŞt ƺ Ŗ.Ŗ772t2 Ƹ Ŗ.ŖŖŖ1t3, where t is the number of days of degradation. The weight loss
of the cross-linked (CP-GA) and non-cross-linked (CP-ŖC�) bioplastics, after 3Ŗ days of being
buried in the soil, are 2Ş and 45Ɩ, respectively, indicating that the cross-linked treatment can
eěectively decrease the degree of biodegradation. It should be pointed out that the cottonseed
protein reacts with the aldehyde under certain circumstances (�ection 2.2.2), creating a high-
density cross-linked network, in which the cross-linked/entangled macromolecules and their
chains contribute to resisting the invasion of the microorganisms.

Ś. ���r��� �t��i�it¢ �nd t��r�o��c��nic�� r���¡�tion

Ś.1. ���r�o�r��i��tr¢ �n��¢�i� o� t��r��� �t��i�it¢

Thermal stability of glandless cottonseed protein bioplastics was evaluated by thermogravim-
etry analysis (TGA), which was carried out on a TG 2Ŗş under nitrogen atmosphere (protective
gas Ěow was 15 ml min-1) at a heating rate of 3ŖǚC min-1 from 25 to 5ŖŖǚC. Overall, the cross-
linked bioplastics (CP-�A, CP-G� and CP-GA) have less mass loss compared with CP-ŖC�
over the tested temperature range, implying an improvement to thermal stability. The
formation of strong imine covalent bonds for the cross-linked samples after the hot press
should account for the improved thermal stability, similar to the cross-linked soy protein
bioplastics [16].

�i�ur� ş. Weight loss and DTG curves of the CPBs as a function of temperature. Inset graphs denote the first stage (A)
and second stage (B) of the CPB weight loss [15]. �eproduced with permission from The �oyal �ociety of Chemistry
(2Ŗ12).

�pecifically, three distinct stages of mass loss for the CPBs are observed from the TGA curves
in �i�ur� ş. In the first one (Inset graph A, �i�ur� ş), less than 1Ŗ wtƖ of sample mass losses
between room temperature and 1ŖŖǚC, mainly because of the evaporation of moisture
previously absorbed by samples. In the next stage from 16Ŗ to 23ŖǚC (Inset graph B, �i�ur� ş),
the CPBs decomposed rapidly with a mass loss of 2Ŗ–4Ŗ wtƖ, which is due to the decompo-
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sition of small molecules (glycerol and urea residues), as verified by �hang et al. [17]. In the
last one, decomposition of CP occurs at temperature of ǁ26ŖǚC, in which the volatile molecules
such as CO2, CO and NH3 are released as a consequence of degradation. Unsaturated com-
pounds with carbonyl groups may also present in this stage, according to the study carried
out by �chmidt et al. [1Ş] using �TI� spectra.

It is also interesting to see that the CP-�A sample showed the least mass loss at temperature
below 1şŖǚC, suggesting the best thermal stability among all the CPBs, while CP-GA was the
best at temperature above 1şŖǚC. This might suggest that the interactions between CP and GA
are greater than that between CP and �A with increasing temperature, probably due to the
higher cross-linking eĜciency of GA compared to �A at elevated temperatures [1ş].

Ś.Ř. �iě�r�nti�� �c�nnin� c��ori��tr¢ �nd d¢n��ic ��c��nic�� �n��¢�i� o� t��r���
r���¡�tion �����iour�

To investigate the thermal relaxation behaviours of glandless cottonseed protein bioplastics,
both diěerential scanning calorimetry (D�C) and dynamic mechanical analysis (D�A) were
carried out; see the detailed experimental testing conditions in the published papers [15, 2Ŗ].
�i�ur� 1Ŗ� shows a baseline increase from the minima at ∼15ŖǚC, suggesting a complete
denaturation of the pristine CP within the bioplastic matrix, in contrast to other proteins in
particular soy protein, which exhibited two similar temperature characteristic of gossypin and
congossypin globulin fractions [21]. In addition, all the modified CPBs regardless of the type
of aldehyde cross-linking agent used showed such trend at similar denaturation temperature
(�d). �ince protein macromolecules comprise a large number of amino acid species, multiple
movements simultaneously occur during the CP denaturation including hydrogen bonding,
dipole-dipole, charge-charge and hydrophobic interactions. As a consequence of these

�i�ur� 1Ŗ. D�C (a) and D�A (b) thermograms of the aldehyde cross-linked CP-�A, CP-G� and CP-GA CPBs. The tem-
peratures marked in D�C curves indicate the �d. Inset is the enlarged plots marked by dashed rectangle [2Ŗ]. �epro-
duced with permission from The �oyal �ociety of Chemistry (2Ŗ14).
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interactions, insoluble protein aggregation is often formed, which is, however, accompanied
by a low transitional energy [22], thus making it diĜcult to detect using D�C.

Dynamic mechanical analysis has better sensitivity to detect thermal events such as thermo-
mechanical relaxation of macromolecule chains, similar to the sub-�g transitions. Denaturation
temperature of the cross-linked CPBs can be clearly identified from D�A curves (�i�ur� 1Ŗ�)
at �d about 12ŖǚC, corresponding to the ΅-transition temperature. In line with D�C results,
D�A signals suggest that cross-linking leads to little change in �d, meaning that the three
aldehydesȯformaldehyde, glyoxal and glutaraldehydeȯcross-linked network have a similar
density, which is nonetheless dependent on the type of plasticizer [23]. A small Ά-transition
peak at ∼ŖǚC, shown in the Tan Έ graph, �i�ur� 1Ŗ�, is probably associated with the absorption
of moisture from air. A similar behaviour occurring at a relative humidity of ǁ35Ɩ for soy
protein-glycerol-water ternary systems was observed by �hangȇs group [17].

The large decrease/increase in �ȝ from D�A graphs usually suggests the occurrence of glass
transitions of macromolecules. �torage modulus, �ȝ profile shown in �i�ur� 1Ŗ�, indicates a
broad glass transition irrespective of the type of cross-linking agent used, specifically showing
two transitions below ŖǚC from the tan delta curvesȯ· and Έ observed at approximately -25
and -55ǚC, respectively.

It is well acknowledged that protein-based bioplastics have more than one �g [17, 24] due to
its heterogeneous feature. A sub-�g transitional behaviour is apparent for the CP-G� sample
at the start of the �ȝ decrement at approximately -1ŖŖǚC, but is less obvious in the other samples.
Changes in storage modulus at low temperatures are more severeǱ the highest �ȝ value (∼Ş5ŖŖ
�Pa) was found for CP-G� and the lowest for CP-�A (∼45ŖŖ �Pa) at -14ŖǚC. However, after
the glass transition, a slightly lower value of �ȝ for CP-G� may suggest a lower cross-linking
density, implying longer molecular chain length between cross-links. This may lead to the
increase of chain mobility favouring the formation of multiple intra- and intermolecular
interactions such as hydrogen bonding, which would contribute to the mechanical reinforce-
ment in the glassy state. Indeed, glyoxal is more easy to form hydrogen bonds with electro-
negative elements in the protein (O, �, N, etc.) than formaldehyde would, according to
hydrogen-bonding theories [25].

ś. Int�r�ction ��t ��n �io����tic� �nd  �t�r

ś.1. ��t�r ���or�tion �nd tr�n��ort�tion �in�tic�

Water absorption of the CPB (CP-ŖC�, CP-�A, CP-G� and CP-GA) films was carried out
according to A�T� D57Ŗ-şŞ standards. BrieĚy, the pre-dried and weighed CPBs were firstly
immersed in distilled water at room temperature, removed from the water at regular time
intervals, dabbed with filter paper to remove excess water on the sample surface and the weight
of the sample registered.

Water absorption (WA) is calculated using �q. (2)
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0

WA (%) 100tW W
W
�

= ´ (2)

where �Ŗ and �t are the initial weight of the bioplastics and the weight of the sample after
being immerged in water for t min, respectively. It is found that water absorption of all
bioplastics increased markedly over the first 2 h of immersion, followed by a gradual decrease
in absorption rate in the subsequent Ş h. After this stage, water absorption reaches an equili-
brium state, ensuring no further mass increase. It is found that cross-linking helps reducing
water absorption, as the bioplastics (CP-�A, CP-G� and CP-GA) absorbed less water than the
control sample (CP-ŖC�) over the course of testing period. These bioplastics have a more
compact and tightly bound network, which limits the distance water molecules can diěuse
within, and hence lowers the total capacity of water that can be absorbed; so a lower amount
of water absorption is obtained, compared with the control sample.

Water absorption is a big concern, in general, for practical applications of protein-based plastics
due to the fact that most proteins contain a big number of carboxyl and hydroxyl groups that
are typically characteristic of hydrophilicity. �or example, soy protein-derived plastics increase
in mass by 7Ş.66Ɩ after being immersed in distilled water for 2 h at room temperature [26].
�trikingly, the mass increase of the cottonseed protein-derived plastics (CP-ŖC�, CP-�A, CP-
G� and CP-GA CBPs) studied in this work, under the same experimental conditions, was much
lower (1ş.3ş, 16.35, 14.15 and 13.51Ɩ, respectively), suggesting a significant improvement in
water resistance properties.

The results of CPB water absorption test were further analysed using theories of �ickian
diěusivity, �iquid transport and �iquid permeability, to evaluate the liquid transit properties
of the polymer network [2Ŗ]. As rate indicators between polymer chain relaxation and water
diěusion, values of the kinetic exponent n and characteristic constant of water absorption �
vary from diěerent bioplastics, with the n value increasing, whereas the � value decreases after
addition of the cross-linking agent. Interestingly, a high diěusion coeĜcient � value for the
cross-linked bioplastics indicates that water diěuses easily in the cross-linked networks
according to the theory of �iquid transport. �urthermore, the findings based on the theory of
�iquid permeability suggest that the presence of cross-linked structure promotes the physical
transport process, including water diěusion and permeability, while that in the absence of
cross-linking, it is chemical interaction such as hydrogen bonding or van der Waals interactions
that facilitate water transport within the protein.

ś.Ř. �iě�r�nt  �t�r �t�t��

Diěerential scanning calorimetry measurements were performed on a TA Instruments �2ŖŖ
D�C under nitrogen atmosphere, in order to find out possible water states within the CPBs
after their water absorption. In a typical experiment, a specimen (weighed ∼5–6 mg) was
placed into an Al pan and a known amount of water added by a micro-syringe. The pan was
then hermetically sealed by an Al lid and conditioned for 24 h at room temperature to enable
the water absorption states to equilibrate. The conditioned samples were first equilibrated at
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-ŞŖǚC for 1Ŗ min, and then heated up to 5ŖǚC at a rate of 1ŖǚC min-1, with the same programme
repeated three times to verify reproducibility. All the hermetic Al pans were weighed after the
measurements to confirm no loss of sample weight during the experiment.

Water content ɘ�ʹ�
 of the bioplastics was calculated as

( )2 2

add
H O  H O CPBs(%) / 100W WZ = ´ (3)

where ܹ��ʹ�
���  and �CPBs stand for weight of added water and that of the CPBs tested, respec-

tively. �CPBs is the total mass of the sample, namely the sum of the dried sample and the water
added. �ree water contains both freezable bulk water and that weakly bound to the polymer,

and whose weight percentage ߱��ʹ�
����  is expressed as

( )2 2 2

free free add
 H O  H O  H O(%) / 100W WZ = ´ (4)

( )2 CPBs 2

free
 H O pure H O CPBs/WW H H W ' ' u (5)

where ܹ��ʹ�
����  is the weight of the free water component within the bulk sample, obtained by

multiplying the weight fraction of water (determined as ̇
WCPBs
/̇
pure H2O) with the total mass

of the tested sample (�CPBs). Here, ̇
WCPBs
 is calculated by integrating the endothermic ice-

melting peak, related to the total mass of the tested sample (sum of the dried sample and water
added). ̇
pure H2O is the melting enthalpy of pure water; it equals to 365 � g-1 using distilled
water as a reference for all samples in this study. The weight percentage of non-free water

߱��ʹ�
���Ǧ���� is estimated from the diěerence between the weight of water added and that of free

waterǱ

( )2 2 2

non free non free add
 H O  H O  H O(%) / 100W WZ = ´̺ ̺ (6)

2 2 2

non free add free
 H O  H O  H OW W W �̺ (7)

If no endothermic peak can be detected by adding very small amount of water, it is considered
to be strongly bound to the polymer and thus non-freezable.

�i�ur� 11 shows the change in the D�C fusion of water within the CPBs as a function of water
concentration. The heat of fusion changes significantly for each sample by increasing the water
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content, from almost no endothermic signal at a water content below 15Ɩ to a strong response
at water contents above 7ŖƖ, causing a broad peak to appear centred around ŖǚC. �urthermore,
increases in water content can bring about increases in the peak fusion temperature. �or
example, the heat fusion maximum temperature of the CP-�A sample changes by 25ǚC (from
-24.ş to Ŗ.1ǚC) as a result of the increase of the amount of water added, from 1ş to 75Ɩ. We
believe that the formation of water layers on/within the biomass surface largely depends on
water content added into the bioplasticsȯbeing strongly bound to CPBs at a lower content,
both strongly and weakly bound at a slightly higher concentration, and ultimately a ternary
strongly to weakly bound to free system at an even higher water content (i.e. saturation).

The trend of the heat of fusion shown in �i�ur� 11 indicates that diěerent states of water
contained within the CPB structures exist, namely non-freezable water, free bulk-like water
and freezable bound water, as reported for other hydrophilic polymers [27]. �i�ur� 1Ř
schematically demonstrates the bonding ability of CPB polymer networks with the water
molecules, correspondingly showing the presence of a fraction of strongly-bound-to-polymer
water that could not freeze upon cooling, freezable weakly-bound-to-polymer water whose
mobility is partially retarded and a certain amount of freezable bulk-like water.

With increasing water content within the CPB network, it is believed that water adopts at least
three diěerent states. At lower concentrations, water is present in strongly-bond-to-polymer
state where it is strongly connected to protein polymer chains, and thus cannot freeze. When

�i�ur� 11. D�C thermograms showing the change in enthalpy and peak fusion temperature of the CPBs with respect to
water content (WC, Ɩ). (a) CP-ŖC�, (b) CP-�A, (c) CP-G� and (d) CP-GA series [2Ŗ]. �eproduced with permission from
The �oyal �ociety of Chemistry (2Ŗ14).
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the CPB system contains a content of water above a certain threshold, it appears as weakly-
bond-to-polymer water, the intermediate state, suggesting a boundary where water molecules
whose mobility is partially retarded could not suĜciently interact with the polymer chains to
prevent the state of fusion, yet are able to crystallize. �astly, excess water or bulk-like water is
free of interactions with the protein chains, and is a predominant fraction at higher water
contents.

�i�ur� 1Ř. �chematic of CPB polymer chains aĜnity to water molecules, illustrating the presence of diěerent states of
waterǱ freezable bulk-like water, freezable and non-freezable bound-to-polymer water [2Ŗ]. �eproduced with permis-
sion from The �oyal �ociety of Chemistry (2Ŗ14).

Ŝ. �onc�udin� r���r��

�nvironmentally friendly bioplastics were successfully synthesized utilizing glandless
cottonseed protein that was sub�ected to the processes of protein denaturation, plasticizing,
cross-linking and hot compression; they are readily biodegradable, fairly thermal stable and
resistive of water absorption while showing a fraction of the structural heterogeneity. The
results presented in this chapter could be valuable for further development of protein-derived
bioplastics with demanding properties as well as extending the value of cottonseed protein in
non-feed industries. However, both the intrinsic heterogeneity feature and unsatisfied
mechanical performance of protein-derived bioplastics (in general) impose large challenges to
their large-scale industrial production. �uture directions in this field may be taken as followsǱ
(i) controllable design of protein-derived bioplastics with balanced propertiesȯbiodegrada-
ble, mechanical performance and the extension of service lifeȯis needed; (ii) desired functions
of the bioplastics are required to meet the needs in value-added applications where extreme
environments, for example, high temperature and/or high moisture content, might be in-
volved; and (iii) exploring new protein resources will play an important role in the develop-
ment of biodegradable plastic industry. Genetically modified crops for instance can be used in
the future to provide specific amino acid composition of protein as known building blocks for
the resulting bioplastics, in order to optimize their structure and properties.
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���tr�ct

�everal selected studies dealing with the development of novel antimicrobial metal
oxide–coated cotton nanocomposites and their antimicrobial applications have been
reviewed  in  this  chapter.  �ynthesis  of  metal  oxide  nanoparticles  (NPs)  and  its
deposition onto cotton fibers were conducted using various methods. These include
the high energy ·-radiation, thermal treatment-assisted impregnation, “pad-dry-cure”
of  the  impregnated  fabric  in  the  colloid  formulation  of  metal  oxide  soluble,  and
ultrasonic radiation methods. The coated metal oxide nanoparticles have shown an
eěective enhancement for antimicrobial activity. They reduce the chance of diseases
originating  from hospital  infections.  The  antimicrobial  properties  of  cotton fabrics
finished  with  metal  oxide  NPs  against  a  variety  of  bacterial  strains  commonly
associated with nosocomial infections, caused by �taphylococcus aureus and �scherichia
coli, have been investigated by four diěerent methods. The morphology of the cotton-
coated metal oxide nanoparticles and their chemical structure have been analyzed by
U�-vis, �ourier transform infrared spectroscopy (�TI�), scanning electron microscopy
(���), �-ray diěraction (��D) and �-ray photoelectron spectra (�P�). ��� and ��D
analyses revealed that the shape and size of the coated nanoparticles are dependent
on the nature of the metal oxide and its preparation conditions.


�¢ ord�Ǳ antimicrobial activity, metal oxide–coated cotton, coated cotton nanocom-
posites, CuO and �nO nanoparticles, ultrasonic radiations

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



1. Introduction

Textile fabric, especially those made from natural fibers, provides an excellent environment
for the growth of microorganisms because of their large surface area and the ability to retain
moisture. A large number of chemicals have been used to impart antimicrobial activity to
textile materials. The development of new clothing products based on the immobilization of
nanophased materials on textile has recently received growing interest from both academic
and  industrial  sectors  [1].  Currently,  a  wide  range  of  nanoparticles  (NPs)  with  various
structures can be immobilized onto the textile fibers in order to bring new properties to the
textile product [1]. In this scene, the preparation and applications of nanoparticle coatings onto
cotton fibers have received much attention due to its promising applications.

There are three general methods to impregnate metal oxide nanoparticles onto the cotton
fibersǱ the first method is “pad-dry-cure process” while the second method is ultrasonic
irradiation, which is an eěective method for the deposition of nanoparticles onto the surface
of cotton textile fibers and other substrates. The third method is a thermal chemical treatment
[2–4]. Among these methods, ultrasonic irradiation represents a promising tool in nanosyn-
thesis and deposition of NPs on/into the natural cotton fiber as it reduces the operation time,
allows one-step preparation and deposition of nanomaterials on textile substrates, and
enhances the quality of products [5]. In addition, the sonication method results in an appreci-
able quantity of coating, higher dispersion, and more diěusion of the particles onto the
substrate compared to the other coating methods [6]. �oreover, sonication results in a smooth
and homogeneous layer of coating, and it is capable of pro�ecting nanoparticles toward the
fabric surface at a very high speed, which causes nanoparticles to adhere strongly to fabric
surfaces [7]. Abramov and his coworkers [Ş] have developed a method for introducing copper
oxide NPs (CuO-NPs) into cotton fabrics using sonochemical reactor and their antimicrobial
activity has been studied.

Gouda and his coworkers [4] have succeeded in the synthesis of some nanometal oxides via
microwave irradiation technique and applied them onto cotton fabric to study their multi-
functional properties. Antibacterial activity was evaluated quantitatively against Gram-
positive bacteria such as �taphylococcus aureus and Gram-negative bacteria such as �scherichia
coli. The antimicrobial activity of cotton fiber coated with zinc oxide (�nO) and CuO-NPs was
investigated against �. coli and �. aureus cultures by �l-Nahhal and his coworkers [2, 3]. In this
study, they have prepared crystalline �nO of hexagonal and CuO of monoclinic phases with
an average crystallite size of 12 and 5Ŗ nm, respectively. These nanoparticles were physically
adsorbed onto the cotton fiber surface by ultrasonic irradiation. These results proved that the
coated cotton samples have displayed a high activity with a great reduction in the bacterial
growth [2, 3].

�hateri-Khalilabad and �azdanshenas [ş] have synthesized �nO-NPs on the surface of cotton
fabric via a simple wet chemical method to impart antimicrobial activity and ultraviolet (U�)
protection. ��� images revealed that significant amounts of hierarchical �nO-NPs were
homogeneously formed on the fibers’ surface; most of them were bundle-/Ěower-like particles
having diěerent sizes. It was stated that the �nO-NP–coated cotton fabric has a good bacter-
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iostatic activity against two representative bacteria, 
lebseilla pneumoniae and �. aureus, which
was demonstrated by the zone of inhibition. It was proved that the coated fibers have an
excellent ability to block the U� radiation [ş]. �everal authors have examined and investigated
the antimicrobial activity of metal oxide–coated cotton nanocomposites, and they have showed
an eěective reduction in the bacterial activities [1Ŗ–16]. �nO nanoparticle assembly for the
multilayer film formation on the cotton fabrics was prepared by layer-by-layer deposition
process [17]. Hong�um and others have successfully synthesized �nO films deposited onto the
surface of cotton fibers by a simple two-step process [1Ş]. The growth of �nO films was carried
out in �n (CH3COO)2 solution, with NaOH solution [1Ş]. In this chapter, we discussed the
synthesis, characterization, and antimicrobial activity of metal oxide nanoparticles with
emphasis on CuO and �nO.

Ř. �nti��ct�ri�� ���nt�

Antibacterial agents are classified into two typesǱ organic and inorganic. The organic materials
are often less stable than that of the inorganic antibacterial agents with respect to the high
temperatures and pressures compared to inorganic antibacterial agents [1ş]. The inorganic
materials such as metal and metal oxides are considered to be stable at harsh processing
conditions. Among these materials are the metal oxides �nO, CuO, and �gO. One of these
inorganic materials is zinc oxide (�nO). �nO belongs to a group of metal oxides that are
characterized by several properties [2Ŗ]. �nO is generally regarded as a safe material for human
beings and animals, and it has been used extensively in the formulation of many personal care
products [21, 22].

CuO-NPs are very eĜcient in imparting antibacterial eěect to fabric [7, 1]. They have been
investigated as antibacterial agent against Gram-negative and Gram-positive microorganism
�. coli. These copper oxide-plated or impregnated synthetic fibers possess broad spectrum
biocidal propertiesǱ they are antibacterial, antifungal, antiviral, and they kill dust mites.
�oreover, animal studies demonstrated that these fibers do not possess skin-sensitization
properties [23].

ř. ���o�ition ��t�od�

�arious methods have been developed for depositing metal oxide nanoparticles on the textiles.
There are only a few methods in the literature that describe the coating of fabrics with metal
oxide nanoparticles, for example, the “pad-dry-cure” method [24–26], radiation, and thermal
chemical treatment [4, 27, 2Ş]. These techniques have some disadvantagesǱ first, they are rather
complicated and involve several stages; second, a stabilizer agent is used in order to get small
nanoparticles, resulting in the presence of impurities in the final products. A new simple
method for coating fabric surfaces with metal oxides is via ultrasound irradiation. �onochem-
ical irradiation has been proven as an eěective technique for the synthesis of nanophased
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materials [1, 24, 2ş, 3Ŗ]. The deposition and insertion of nanoparticles on/into the mesoporous
ceramic and polymer supports, fabrics, and glasses is also reported [31–33]. The process
involves the formation of metal oxide nanoparticles and subsequent deposition on fabrics in
a one-step reaction. This coating process is not only safe and cheap but also shows that even
with a low coating concentration of metal oxides in the composite, excellent antibacterial
activity is maintained. In other systems, cross-linkers or binder agents are used to increase the
adherence of inorganic agents NPs onto cotton fiber [17, 34–36]. In our unpublished research,
surfactants were used as catalysts, which increase the homogeneity and adsorption of inor-
ganic NPs onto cotton substrate [37].

ř.1. ��tr��onic irr�di�tion ��t�od

In this method, metal salt (Cu�2 or �n�2) precursor was dissolved in aqueous ethanolic
solution. The pH was ad�usted to Ş–ş by the addition of NH3·H2O or NaOH. The reaction
mixture was irradiated with a high-intensity ultrasonic radiation under a Ěow of Ar. The
sonication Ěask was placed in water bath maintained at a constant temperature of 3ŖǚC. The
coated fibers were washed thoroughly with water and dried under vacuum at 6ŖǚC. The CuO-
or �nO-NPs–coated cotton fiber was obtained by the deposition of the corresponding nano-
particles onto the cotton fibers via the ultrasound irradiation of metal hydroxide according to
the reaction in a similar way as previously reported [1–3].

During the formation process, a blue fresh product of Cu(OH)2 is formed immediately after
the addition of OHƺ, which turns into brown color of copper oxide, after a few minutes of
sonication. The CuO nanoparticles produced by the reaction were probably physically
adsorbed onto cotton fibers (�i�ur� 1).

�i�ur� 1. Coating steps of CuO-NPs onto cotton fibersǱ (1) aqueous solution of copper sulfate, (2) copper hydroxide
“dark blue precipitate,“ (3) CuO-NPs, and (4) CuO-NP–coated cotton. �.�c. thesis 2Ŗ16, Islamic University Gaza.
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ř.Ř. ��dȬdr¢Ȭcur� ��t�od

The metal oxide nanoparticles were treated with the fabric by pad-dry-cure method. Two
percent of metal oxide nanoparticles were treated with 2ŖƖ of wet pickup of cotton fabrics.
�ubsequently, these fabric samples were padded continuously for 15 min using two bowl-
padding mangles. Then, the fabrics were cured at 12ŖǚC for 3 min. The excess of nanoparticles
were removed by washing with sodium lauryl sulfate solution. The coated fabrics were
completely washed with water and dried.

ř.ř. �icro ��� ��t�od

The thiol-modified cotton fabrics chelated with metal salt were prepared [4]. This was done
by dipping the modified cotton fabrics into a conical Ěask containing 1ŖŖȹml of metal ion
solution. The Ěask was shaken overnight using Bench-top �haker. Dipped fabric samples were
squeezed at 1ŖŖƖ wet pickup. �odified cotton fabrics containing metal salt were then placed
in the microwave oven (�A��6, C�� microwave systems C�� GmbH, Germany) operating
at a power of 1ŞŖŖȹW and a frequency of 2455ȹ�Hz and sub�ected to microwave irradiation at
1ŖŖǚC for 5ȹmin. Upon microwave irradiation, the cotton fabric samples gained a color
corresponding to the metal oxide nanoparticles. The fabric samples containing metal oxide
nanoparticles obtained were washed with double distilled water and then dried in an oven at
7ŖǚC for 1ȹh.

Ś. InĚu�nc� o� �ur��ct�nt�

�everal surfactants include sodium dodecyl sulfate (�D�), cetyl trimethylammonium bromide
(CTAB), Triton-� (T�)-1ŖŖƖ, and H� were used for coating process to form metal oxide (�nO
and CuO)–coated cotton nanocomposites [37]. �urfactants were used as stabilizing agents for
the metal oxide controlling their shape and size as encapsulated species within which were
interacted with cellulose chain and metal oxide nanoparticles [3Ş] (�i�ur� Ř).

�i�ur� Ř. Interaction of �nO with surfactant and cellulose, �anufacturing Nanostructures, chapter 4 (2Ŗ14) 1Ŗş-127.
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ś. �ro�o��d �nti��ct�ri�� �cti�it¢ ��c��ni��

�everal studies have reported the mechanism responsible for the antibacterial action of the
coated materials. The results showed that hydrogen peroxide and/or radical species are formed
by the metal oxide-modified hybrid polymer, which probably contributes to the antibacterial
activity. The generation of highly reactive species such as OH-H2O2 and O2 is explained as
follows, since both U� and U� light can activate �O with defects, electron hole pairs can be
created. The holes split H2O molecules into OHƺ, HƸ and then they react with hydrogen ions
to produce molecules of H2O2. The generated H2O2 can penetrate the cell membrane and kill
the bacteria [3ş].

Ŝ. ���� dur��i�it¢ o� co�t�d coĴon ��t�ri���

Wash durability test carried out on coated cotton fabrics showed that the diěerent washing
cycles resulted in significant release of �O-NPs out of the cotton substrate [37].

The results showed that CuO-NPs are adhered well onto the surface of the cotton fibers
compared with �nO-NPs (�i�ur� ř).

�i�ur� ř. Concentration of CuO and �nO-NPs before and after washing, �.�c. thesis 2Ŗ16, Islamic University Gaza.

ŝ. ���r�ct�ri£�tion ��t�od�

ŝ.1. ��I� �n��¢�i�

The infrared spectra of blank sample showed characteristic absorption peak at 332ş cmƺ1, which
is attributed to OH-stretching vibration; the band at 2ŞŞ7 cmƺ1is assigned to the C-H-stretching
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vibration peak, and the band at 1427 cmƺ1 is ascribed to C-H bending vibration peak [1Ş]. The
strongest absorption peak of pristine cotton samples appears at 1Ŗ37 cmƺ1, which is character-
istic of the OH-stretching vibration peak. The absorption peak at 115ş cmƺ1 is observed for all
samples, which may refer to C-O-C asymmetric-stretching vibrations. The peak at 1643 cmƺ1

indicates the presence of water. �TI� spectra were recorded at room temperature for pristine-
and �nO-coated cotton fibers, respectively (�i�ur� Ś). Both spectra are characterized by two
intense and broad bands in the range of 33ŖŖ–35ŖŖ cmƺ1 and 14ŖŖ–15ŖŖ cmƺ1, assigned to the
existence of hydroxyl groups on the surface [1Ş]. It indicates that both of them show the
characteristic bands of cellulose. An additional peak at 464 cmƺ1 is observed for �nO-coated
cotton fibers, which is attributed to the �n-O vibration band [4Ŗ].

�i�ur� Ś. �TI� spectra of pristine fibers and �nO-coated fibers, �aterials �etters 65 (2Ŗ11) 1316–131Ş.

ŝ.Ř. ��Ȧ�i� ���ctr�

U� visible spectrum of �nO nanoparticle synthesized with Ŗ.5Ɩ soluble starch (�i�ur� ś)
shows an absorption peak at 361 nm. By using eěective mass approximation, the size (diam-
eter) was calculated to be 4Ŗ nm [3Ş].

�i�ur� ś. Absorption spectra of �nO-NPs in ethanol. �anufacturing Nanostructures, chapter 4 (2Ŗ14) 1Ŗş-127.

Synthesis of Nanometal Oxide–Coated Cotton Composites
http://dx.doi.org/10.5772/63505

285



�i�ur� Ŝ. U�-spectra of �nO-NPs in diěerent surfactants, �.�c. thesis (2Ŗ15), Islamic University Gaza.

�i�ur� Ŝ displays the absorption spectra of �nO-NPs prepared in diěerent surfactants (CTAB,
H�, �D�, and T�-1ŖŖ). There was a blue shift of the peak maximum from 371 for �nO/H� to
362 nm for �nO/�D� [37]. It is also shown that the highest peak intensity was obtained when
�D� was used whereas the lowest intensity resulted when H� was used. This is in consistence
with the fact that smaller particles “in case of using �D�” were bound strongly to the fiber
surface compared with the larger particles “in case of using H�” which were not strongly
adhered to the surface. This explains why the addition of �D� shows the least leaching of CuO-
and �nO-NPs compared with H� (�i�ur� ř).

�i�ur� ŝ. ��� imagesǱ (a) blank cotton, (b) �nO-coated cotton, (c) �nO nanorods onto cotton fiber (high magnified),
and (d) �D� spectra of coated �nO. � �ater �ciǱ�ater �lectron 24 (2Ŗ13).
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ŝ.ř. ��� r��u�t�

The morphology of the fiber surface before and after coating with �nO nanoparticles was
reported [3]. �i�ur� ŝ� shows the ��� image of the original cotton fiber before coating where
grooves and fibrils could be easily seen on the surface of the fiber. �i�ur� ŝ� presents the ���
image of �nO-NP–coated fibers, where �nO nanoparticles can be easily observed. Under these
conditions, it is found that nanorod crystals of various sizes as well as assemblies of well-
defined Ěower of nanorods of �nO are observed (�i�ur� ŝc). That is in agreement with
previously reported results [41]. The chemical composition of the �nO-coated cotton samples
is presented in �i�ur� ŝd. �D� spectrum of the �nO-coated cotton composite showed C, �n,
and O components.

�urfactants can play an important role in synthesizing nanomaterials of diěerent interesting
morphologies. It has found that surfactants can be used to control the size, shape, and
agglomeration among the particles [37].

ŝ.Ś. ��� r��u�t�

The crystalline nature of the commercial �nO and CuO was analyzed by ��D (�i�ur� 1Ŗ� and
�), respectively. According to the results, the �nO pattern is assigned to the hexagonal phase
of zincite and the CuO pattern corresponds to the monoclinic tenorite phase [1–3, 16].

�-ray diěraction analysis revealed the presence of the crystalline zinc oxide on the cotton fibers
(�i�ur� Ş�). The pattern corresponds to the hexagonal phase of �nO. The pattern can be
indexed for diěractions from the (1Ŗ Ŗ), (Ŗ Ŗ 2), (1 Ŗ 1), (1 Ŗ 2), (1 1 Ŗ), (1 Ŗ 3), and (112) planes
of wurĵite crystals. The average crystallite size of zinc oxide nanoparticles estimated by ��D
data was around 12 nm, which is very close to the reported values of similar �nO-coated cotton
materials, which provides evidence that a sphere crystallite shape of �nO is more probable.

�i�ur� Ş. ��D analysis for (a) �nO, � �ater �ciǱ�ater �lectron 24(2Ŗ13) and (b) CuO-NP–coated cotton substrate, In-
tern. Nano �ett. 2, 62 (2Ŗ12).
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The ��D pattern of the coated cotton (�i�ur� Ş�) reveals that copper oxide is present onto the
cotton fibers. The pattern corresponds to the monoclinic phase of CuO; the diěraction peaks
match very well with the PD� file ŞŖ–1ş16. The peaks at 2Ό = 35.53 and 3Ş.37 are assigned to
the (ƺ111) and (111) reĚection lines of monoclinic CuO particles. �cherer’s equation was used
to estimate the mean size of nanoparticles.

ŝ.ś. ��� r��u�t�

�-ray photoelectron spectroscopy was used to examine �nO nanoparticle film coated onto the
cotton fabrics. The survey scan �P� spectrum of cationized cotton fabric showed distinctive
peaks at 2Ş3.ş5, 3şş.6, and 53Ŗ.11 e�, which indicate the presence of carbon, nitrogen, and
oxygen, respectively (�i�ur� ş�). �i�ur� ş� showed a survey scan �P� spectrum of 16 multi-
layer �nO nanoparticle film deposited on cationized cotton fabrics. Distinctive peaks at 2Ş3.ş5,
53Ŗ.11, and 1Ŗ33.7 e� indicate the presence of carbon, oxygen, and zinc, respectively.

�i�ur� ş. �P� survey for (a) cationized cotton and (b) �nO/cotton composite, Nanoscale �es �ett 5 (2Ŗ1Ŗ) 12Ŗ4–121Ŗ.

Ş. �nti�icro�i�� �cti�it¢

Ş.1. �nti��ct�ri�� t��t�

Two diěerent types of cell wall in bacteria, called Gram-positive and Gram-negative, are well
known. The Gram-positive bacteria have a thick cell wall and bear many layers of peptido-
glycan and teichoic acids, whereas the Gram-negative bacteria are characterized by a relatively
thin cell wall with a few layers of peptides surrounded by a second lipid membrane containing
lipopolysaccharides and lipoproteins.
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�i�ur� 1Ŗ. Antimicrobial activity of cotton coated with CuO-NPs, Applied �aterial Interface, 2 (2Ŗ1Ŗ) 1şşş-2ŖŖ4.

Coated cotton with antimicrobial activity materials (metal oxides) showed good antibacterial
activity against �. coliǰ 
. pneumoniaeǰ �. aureus, and methicillin-resistant �taphylococcus aureus
(���A). �ess antibacterial activity was also observed against �seudomonas aeru�inosa and no
activity was observed against �cinetobacter baumannii [Ş]. The antibacterial activity of the CuO-
NP–coated fabrics was assessed using the absorption method from B� �N I�O2Ŗ743Ǳ2ŖŖ7. The
results of the analysis are shown in �i�ur� 1Ŗ.

The antimicrobial activity of cotton coated with �nO-NPs and CuO-NPs was tested against �.
coli and �. aureus cultures by �l-Nahhal and his coworkers [3]. Their results have reported that
coated cotton samples displayed high activity with a great reduction in the bacteria population.
The antibacterial activity of �nO-NPs coated onto cotton against �. coli is shown in �i�ur� 11.
No growth was observed in the tubes containing the �nO-coated cotton as evident by the clear
appearance of the tubes and the absence of growth from the subcultured samples. �imilar
results were observed against �. aureus.

�hateri-Khalilabad and �azdanshenas [ş] have confirmed that the �nO-NP–coated cotton
fabric have a good bacteriostatic activity against two representative bacteria, 
. pneumoniae
and �. aureus, which was demonstrated by the zone of inhibition and it was proved that the
coated fibers have an excellent ability to block the U� radiation.

�inghand and his coworkers [1Ŗ] have characterized the antimicrobial properties of cotton
fabrics finished with �nO-NPs against a variety of bacterial strains commonly associated with
nosocomial infections, �. aureus and �. coli. In their work, they have investigated the antibac-
terial properties by four diěerent tests including semi-quantitative testingǱ agar diěusion
method, shake-Ěask method, quantitatively by the shake-Ěask method (saline), and the
absorption method. The results showed a very high antimicrobial activity of �nO-coated
material against both types of bacteria, with a slightly higher activity for �. aureus than for �.
coli [1Ŗ].
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The antibacterial activity of �nO nanoparticles was assessed using four diěerent methods in
order to investigate the eĜcacy under diěerent conditions. The ability of the antibacterial agent
to inhibit bacterial growth was first tested using a disk diěusion method. Cotton disks (1Ŗ mm)
with or without the �nO nanoparticle coating were examined. �i�ur� 1Ř shows a clear zone
of inhibition around �nO-treated fabric disk, with higher inhibition zone against �. aureus as
compared with �. coli.

�i�ur� 11. Photos of antimicrobial activity of �nO-NPs/cotton, � �ater �ciǱ�ater �lectron 24 (2Ŗ13) 3ş7Ŗ–3ş75, (middle
sample; right negative control).

�i�ur� 1Ř. Antibacterial activity of �nO-NP-treated fabrics by a disk diěusion method, � �icrobial Biotechnol �ood �ci
2(2Ŗ12) 1Ŗ6-12Ŗ.
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The antibacterial activity of �nO-coated cotton was determined using two shake-Ěask
methods, with nutrient broth, and saline as media. The bacterial growth was monitored by
measuring the optical density of the medium versus time. �i�ur� 1ř shows the change in
absorbance over time. A very high antimicrobial activity was seen against both bacteria.

�i�ur� 1ř. Graphs showing change in absorbance over time (3 h) for nutrient broth shake and Ěask tests, � �icrobiol
Biotechnol �ood �ci 2(2Ŗ12) 1Ŗ6-12Ŗ.

The antibacterial activity of the finished fabrics was assessed against �. aureus and �. coli,
qualitatively by agar diěusion, parallel streak method, and quantitatively by percentage
reduction test. The results demonstrated that �nO-NP–coated cotton fabrics showed higher
antimicrobial activity against �. aureus in both qualitative and quantitative tests [11]. The
results of the qualitative antibacterial assessment by agar diěusion show that the fabric sample
treated with �nO-NPs showed a maximum inhibitory eěect against �. aureus. It is observed
that the �nO-NP-treated fabric showed higher antibacterial activity when compared with �nO
bulk-treated fabrics, whereas the untreated fabrics showed no antibacterial activity (�i�ur�
1Ś�–c).

�i�ur� 1Ś. Antibacterial activity of (a) �nO-NP-treated fabric, (b) �nO bulk-treated fabric, and (c) untreated fabric
(control) by disk diěusion method, International �ournal of �ngineering, �cience.
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Perelshtein and his colleagues [42] have prepared CuO-NP–coated cotton bandages and tested
their antimicrobial activity against �. coli and �. aureus. The viable bacteria were monitored by
counting the number of colony-forming units from the appropriate dilution on nutrient agar
plates. As shown in �i�ur� 1ś, treatment for 1 h with the coated cotton leads to the complete
inhibition of �. coli and �. aureus growth [42].

�i�ur� 1ś. Antimicrobial activity of the CuO-coated bandages against �. coli and �. aureus, �urf Coat Technol2Ŗ4, 1-2,
(2ŖŖş) 54-57.

�igneshwaran and his team [12] have prepared �nO-soluble starch nanocomposites using
water as a solvent and soluble starch as a stabilizer. The synthesized �nO-NPs of 3Ş ƹ 3 nm
were then impregnated onto cotton fabrics and its antibacterial and U� protection functions
of �nO-NP–coated cotton fabrics were studied. It was reported that the �nO-NP–coated cotton
fabrics showed an excellent antibacterial activity against two representative bacteria, �. aureus
and 
. pneumoniae. In addition, nano-�nO impregnation enhanced the protection of cotton
fabrics against U� radiation in comparison with the untreated cotton fabrics [12].

The antibacterial properties of nanometal oxides (�nO, CuO) are based on the formation of
reactive oxygen species (�O�). This work reveals that the antibacterial properties of these
nanometal oxides are strongly dependent on their crystalline structure. The sonochemically
prepared nanometal oxides are better antimicrobials than commercially available metal oxides
with the same particle size range [16].

Ş.Ř. �nti�un��� t��t

The �nO and CuO NP–coated cotton composites were assessed and investigated for antifungal
activity against �andida albicans and �icrosporum canis [37]. The results showed that both CuO-
NP- and �nO-NP–coated cotton showed greater antifungal activity against �. albicans
compared with �. canis and that CuO-NP–coated cotton has greater activity against both
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fungal species (�. albicans and �. canisǼ compared with �nO-NP–coated cotton (�i�ur� 1Ŝ). It
was also shown that NP-coated cotton fabric was able to retain the antifungal activity against
both fungal species even after 1Ŗ washes. However, this activity (expressed as Ɩ reduction)
was reduced as the number of washes increased.

�i�ur� 1Ŝ. Antifungal activity of CuO-NPs against (a) �andida albicans and (b) �icrosporum canis, �.�c. thesis 2Ŗ16, Is-
lamic University Gaza.

ş. �onc�u�ion

In this chapter, selected studies dealing with the development of antimicrobial metal oxide–
coated cotton nanocomposites and their antimicrobial applications have been reviewed with
respect to the synthesis of metal oxide NP–coated cotton composites and their application for
antimicrobial activities. The deposition onto cotton fibers was conducted in various methodsǱ
high-energy ·-radiation, thermal treatment-assisted impregnation, and “pad-dry-cure” of the
impregnated fabric in the colloid formulation of metal oxide nanocomposites; these methods
are mostly based on long-duration multistage procedures and require some binding agents
for the anchoring of the nanoparticles onto the substrate. A third eěective method was used
for the synthesis and deposition of nanoparticles onto the substrate in a one-step process
without using any type of binding agents. This method was based on using ultrasonic
radiations. It has been demonstrated that the use of surfactants increased the durability of the
NPs and its activity in the coated fabric. The results showed that there was subsequent decrease
in the concentration of the adsorbed NPs accompanied with reduction in the antibacterial
eĜciency as the number of washes increased. �D� was the most eěective surfactant in
minimizing the leaching of both �O-NPs and it helped in getting the smallest size for CuO
and metal oxides. The physical and chemical characteristics of the cotton-coated material
prepared in the presence of surfactants were markedly diěerent from those prepared in the
absence of surfactants. It is also shown that the size of the �O-NPs, which were obtained when
surfactants were used, is smaller than that obtained in the absence of surfactants.
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The coated metal oxide nanoparticles have shown an eěective enhancement for protection
against U� radiation and antimicrobial activity, and they reduce the chance of disease
originating from hospital infections. In this work, the antibacterial and antifungal activities
were examined by several diěerent methods. The results showed a very high antimicrobial
activity of metal oxide–coated material against both types of bacteria, with a slightly higher
activity for �. aureus than for �. coli. The morphology of the cotton-coated metal oxide nano-
particles and their chemical structure. �everal methods have been employed for their chemical
and structural characterization, and these include U�-vis spectrophotometer, �TI�, ���, ��D,
and �P�.
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