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The

ICAC Editorial

Recorder

This volume of the ICAC RECORDER is a special issue focussing on ‘Cotton Breeding and Genomics’ Plant breeding
plays a key role in crop improvement. In modern times, genetics, genomics and molecular biology dominate agricultural
research, often overriding the science of plant breeding. In a private conversation I had during a poster session at the
recent Beltwide conference in Austin, Texas, a PhD student remarked to me that plant breeding was no longer ‘sexy’
and it was far less attractive than genomics and molecular sciences. It was interesting to hear him tell me confidently
that ‘plant breeding was a supporting science as it supports the science of genomics’ and that genomics was the main
gateway to improving agriculture — a generational change indeed. I always thought that it was the other way around
where genetics, genomics and molecular sciences assisted and supported plant breeding, which played a pivotal role in
crop improvement.

Each of these branches of cotton science has its own importance. Though plant breeding is widely believed to have
contributed more substantially to crop improvement than any other branch of agricultural sciences, young researchers
— for reasons best known to them — appear to be oriented more towards genomics and molecular biology to enhance
fibre quality and increase yields. Nevertheless, plant breeding continues to be acknowledged for its critical role in crop
improvement. At the ICAC Plenary Meeting in India in 2015, Dr Greg Constable, the renowned Australian cotton agrono-
mist and plant breeder, pointed out that in Australia, plant breeding was responsible for 48% of the large yield gains of
over 1,300 kg/ha of lint over a 30-year period; about 24% of the gain was due to modern crop management; and about
28% of the yield improvement was new cultivars responding more to modern management, thus attributing 76% of
yield gains to the role played by cultivars. Interestingly, not once did he mention that transgenic technology may have
played a role in yield enhancement in Australia. Dr Constable also showed that the theoretical yield was about 5,034
kg/ha of lint, while the best irrigated crops in Australia reached 3,500 kg/ha lint in 2015. Commendably, the Australian
plant breeders not only succeeded in developing cultivars for high yields but also achieved high-quality fibre simultane-
ously, something that many plant breeders in other parts of the world think is not easy to achieve. In one of this issue’s
articles, Dr Shreekant Patil expresses his confidence that it is possible to develop cotton cultivars for high yields with
high fibre quality through innovative approaches of plant breeding based on the principles of quantitative genetics.

Agricultural sciences are very complex and so are the concepts related to yield enhancement. High yields and high fibre
quality are a function of many factors that include climate, water, nutrients, management and cultivars. A cultivar can
contribute to high yields if it has the genetic capability to perform well under both ideal and challenging environments.
Such cultivars are generally developed by plant breeders who have a sound background in agronomy, physiology and
plant protection. What kind of plant-type should breeders develop for high yields? Big plants or small plants? Should
they have100 bolls per plant or 10 bolls per plant? Short duration or long duration? Big seeded or small seeded? Single
picking or multiple picking?

These questions solicit different responses from different countries. Plant breeders from India and Africa believe that
to get high yields, it is important to have more bolls per plant, big-seeded cultivars, large-statured plants, long duration
and multiple pickings. Plant breeders from Australia, China, Brazil, Turkey and USA, on the other hand, have strived over
the past 30 to 40 years to achieve exactly the opposite of what the Indian and African plant breeders aim to develop.
They obtained high yields and high-quality fibre with short-statured plants, fewer (10-15) bolls per plant, small-seeded,
short-season cultivars and fewer pickings — and they also achieved a high harvest index in the process. Having diamet-
rically opposed ideas seeking to achieve the same goal, high yields, is indeed perplexing. Nevertheless, the fact remains
that with concepts of big plants, big seeds, more bolls per plant, long-season and multiple pickings, India and Africa
aren’t succeeding and are stuck with low annual national average yields of less than 500 kg lint per hectare whereas
Australia, China, Turkey, Brazil harvest more than 1500 kg lint per hectare.

Australia’s successful cotton journey is inspiring the world. It remains to be seen if cotton scientists of Africa and India
are willing to be inspired by the Australian cotton success story. On the sidelines of the recent ICAC Plenary Meeting
in Brisbane, I was part of an international group that visited cotton fields in Australia. The effects of drought were
telling on the fields and the plants looked smaller than usual. ‘Beyond doubt this crop will give low yields declared a
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visitor from India. A cotton scientist from Africa seemed very unhappy with the 50-days old short-statured plants. He
explained animatedly to the Australian farmer that the crop in his country would have reached waist height at 50 days
and wouldn’t be at half-knee height, as it was in Australia. He asserted that something was not right with the crop in
Australia. It was interesting to hear the cool, casual response of the Australian farmer: ‘Wel] / usually get 11 to 12 bales
from this kind of a crop and am confident of the same this year; too. The farmer was expecting 11 to 12 Australian bales
(227 Kg per bale), which would translate to 2497 to 2724 kg lint per hectare — something that neither the African sci-
entist nor the Indian delegate could dream of achieving in their countries. I feel that cotton scientists can greatly benefit
by understanding the Australian approaches and sustainable strategies of yield enhancement through plant breeding
and scientific crop management. There is also a need to introspect if the current plant breeding strategies in India and
Africa would succeed in breaking yield stagnation or if a paradigm shift in plant breeding objectives would be necessary.

This issue of the ICAC RECORDER has articles that discuss plant breeding strategies to enhance yields. It has articles
authored by Dr. Shreekant Patil, an eminent cotton geneticist and a renowned Indian cotton breeder; Dr. Dharminder
Pathak, an acknowledged cotton breeder; and Prof. Yuolu Yuan, a cotton genomics expert from China. The three articles
describe concepts, ideas and innovations in cotton breeding, genetics, genomics and molecular sciences in the context
of the recent progress made in cotton cultivar improvement, which I earnestly believe will be very useful for cotton
researchers to formulate projects for high yields and premium fibre quality. I am thankful to Dr H. B. Santosh, the young
talented plant breeder of ICAR-Central Institute for Cotton Research, Nagpur India for sharing his critical insights on the
articles.

-Keshav R Kranthi

Dr. JOHN YU -COTTON RESEARCHER OF THE YEAR 2019

maps of portable SSR and SNP markers. He has freely filled
numerous requests from the global cotton research com-
munity for genomic resources and information. Dr Yu has
received several national and international awards and
published more than 100 peer-reviewed papers, which
have 8,945 citations. Dr Yu has also delivered more than
60 talks/seminars to the global scientific community.

Dr Yu demonstrated dynamic, outstanding organisational
capacity in a leadership role to benefit the global cotton
community. This includes his election in 2005 and re-elec-
tion in 2015 by the global cotton community as Chairman
of the International Cotton Genome Initiative (ICGI), the
first international organisation to facilitate global collab-
Dr John Yu has been working with the USDA-ARS since orative research work on cotton genomics and genetics.
1995. He earned his PhD in plant genomics and molecular
genetics at Cornell University. He demonstrated outstand-
ing dedication, with 36 years of professional experience,
and received significant recognition as an international
authority in cotton genomics for developing genetic re-
sources that are currently being used by scientists world-
wide. He made major contributions on cotton genomics
and germplasm, including genome mapping and sequenc-
ing, characterisation of gene pools, and identification of
QTLs for molecular breeding.

Dr Yu led international efforts to develop and release ge-
nome sequences for G. arboreum, G. raimondii, and G. hir-
sutum, among other cotton species. The research opens a
new paradigm in cotton genomics that revolutionises ge-
netic improvement of cotton plants through better exploi-
tation of genetic variation otherwise buried in Gossypium
germplasm. His discovery of gene-rich islands and sub-ge-
nomic roles in upland cotton provides critical information
for genetic applications. His development of new concepts
and methodologies for standardising characterisation of
Dr Yu developed the world’s first integrated genetic, Gossypium germplasm makes it possible for cotton re-
physical and transcript maps of cultivated tetraploid cot- searchers worldwide to collaborate, relate and utilise ge-
ton chromosomes with large insert DNA clones, molecular netic diversity data among cotton germplasm collections.
markers, and EST genes; and high-density cotton genetic
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Mini-Review

Global Status of Cotton Genomics and
Utilisation in Improving Trait Value

Dharminder Pathak, Department of Plant Breeding and Genetics, Yadhu Suneja, Department
of Biochemistry and Amandeep Kaur Gill, School of Agricultural Biotechnology
Punjab Agricultural University, Ludhiana - 141004, Punjab, India

Cotton belonging to the genus Gossypium is one of the
most important commercial crops of the world and con-
tributes immensely to the economy of many countries.
Lint, the major product of cotton, is the chief raw material
of the textile industry. In addition to the lint, edible oil and
proteins in the cotton seed enhance the value of cotton as
a crop. During 2018/19, cotton was planted in an area of
32.65 million hectares (ha) globally with India, China, USA,
Pakistan, Brazil, and Uzbekistan accounting for 4/5 of the
world cotton production of 25.694 million metric tonnes
(www.icac.org). The term ‘cotton’ represents four culti-
vated Gossypium species viz., G. hirsutum, G. barbadense,
G. arboreum, and G. herbaceum. Among the four species, G.
hirsutum, also known as Upland/American cotton, is the
dominant cotton species accounting for about 95% of the
total cotton production (Trapero et al, 2016). The extra-
long staple cotton species, G. barbadense, is cultivated
in in Egypt, USA, Sudan, Uzbekistan, China, India, Israel,
Turkmenistan, Peru, etc., which accounts for 2% to 3% of
the global cotton area. The diploid cultivated cotton spe-
cies namely G. arboreum and G. herbaceum (collectively
called Asiatic cottons) possessing short and coarse fibres,
is primarily cultivated in India, Pakistan, China, Iran, Ban-
gladesh, Myanmar, Thailand etc., in less than 1% of global
cotton area.

The genus Gossypium includes about 50 species and are
distributed in arid to semi-arid regions of the tropics and
subtropics (Wendel and Cronn, 2003). The diploid Gossy-
pium species (2n = 2x = 26) belong to any one of the eight
(A, B, C D, E, F G, and K) genomes. Seven allotetraploid
cotton species (2n = 4x = 52) with AD genomes have been
recognised. Of these, two species, namely G. ekmanianum
(Krapovickas and Seijo, 2008) and G. stephensii (Gallagher
etal, 2017), have been described relatively recently. A re-
cent review on the designations of individual Gossypium
genomes and chromosomes (Wang K et al, 2018) is avail-
able. The allopolyploid cotton species originated about 1
- 2 million years ago through the hybridisation between
A-genome diploid species from the old world (resembling
extant G. herbaceum) and a D-genome cotton species from
the new world (resembling extant G. raimondii) followed
by chromosome doubling -have a monophylectic origin
(Grover et al, 2012). Greater than threefold variation

among the genome sizes of the diploid cotton species (885
MB in D-genome species through 2570 MB in K-genome
species) has been observed (Hendrix and Stewart, 2005).
Depending on the ease of development of inter-specific
hybrids and the frequency of chromosomal recombina-
tion, Gossypium species have been divided into primary,
secondary, and tertiary gene pools. All the tetraploid Gos-
sypium species constitute the primary gene pool. The sec-
ondary gene pool is comprised of species with A, D, B, and
F genomes. C, E, G, and K genome species are included in
the tertiary gene pool. These are difficult to hybridise with
tetraploid cotton and a low level of genetic recombination
has been observed.

DNA-based markers such as restriction fragment length
polymorphisms (RFLPs), random amplified polymorphic
DNAs (RAPDs), amplified fragment length polymorphisms
(AFLPs), simple sequence repeats (SSRs), and single nucle-
otide polymorphisms (SNPs) have been extensively used
in cotton for various purposes including the development
of genetic maps, tagging of economically important genes/
quantitative trait loci (QTLs), marker aided selection
(MAS), germplasm characterisation, varietal fingerprint-
ing, etc. Construction of high-density linkage maps is one
of the most important applications of molecular markers.
The first molecular linkage map in cotton was reported
25 years ago by Reinisch et al, (1994). Since then, a large
number of molecular linkage maps using interspecific (G.
hirsutum x G. barbadense, G. hirsutum x G. darwinii, G. hir-
sutum x G. tomentosum, G. hirsutum x G. mustelinum, G. ar-
boreum x G. herbaceum, G. thurberi and G. trilobum, G. da-
vidsonii X G. klotzschianum) as well as intraspecific popu-
lations (within G. hirsutum, G. barbadense, G. arboreum, G.
sturtianum) have been generated. Selected cotton linkage
maps developed since 2011 and their salient features have
been presented in Table 1. The target traits reported in
these maps include fibre length, fibre strength, micronaire,
fibre elongation, fibre uniformity, earliness, plant height,
number of monopods and sympods, number of bolls per
plant, boll weight/size, lint percentage, seed index, salt and
drought tolerance, photoperiod insensitivity, seed nutri-
ents, somatic embryogenesis etc. A comprehensive review
on cotton molecular breeding by Fang (2015) that includes
marker development, construction of molecular linkage
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Table 1: List of cotton molecular linkage maps developed since 2011
. L. Mapping Population Marker system No. of No. of loci Map
Sr. No. | Gossypium species involved Parentage population size employed linkage mapped distance Reference
1 |G. hirsutum Zhongmiansuo-12 x J8891 RIL 171 cDNA-AFLP 26 302 2477.06 (L;:Meﬁ f"'
2 |G. sturtianum Gos-5131 x G0s-5050 Fa 114 |AFLP 20 291 1697  |Lopez-Lavalle
etal, (2011)
3 |G. hirsutum FH-901 x RH-510 F, 136 |SSR 12 35 273.1 ?2291&1(1) etal,
4 G. hirsutum and G. barbadense |Emian22/3-79/ Emian22 BC, 141 SSR 26 2316 44189 z(zume:]t)a/.,
) SSR, AFLP, RFLP, Blenda et al.,
5 G. hirsutum and G. barbadense Consensus map - - SNP 26 8254 4070 (2012)
6 G. hirsutum Acala Maxxa x TX2094 Fas 174 |SNP 38 367 1688 2’5;)6’ al,
7 |G. hirsutum and G. barbadense |TM-1 x 3-79 RIL 186 |SSR, SNP 2 2527 3430 (ano’;gz)a”d Yu
8 |G. hirsutum HS46 x MARKCBUCAGBUS-1-88 Fa 376 |SSR 30 388 1946.22 '(‘;‘éféf’
9 |G. hirsutum MCU-5 x Siokra F, 244 |SSR, AFLP 18 151 1189  |Lopez-Lavalle
etal, (2012)
10 |G. hirsutum 0-153 x SGK9708 F. 250  [SSR 26 155 959.4 ;3'2”0"125 al,
11 |G. hirsutum 0-153 x SGK9708 RIL 196 |SSR 34 190 700.9 (52“0"1; al,
12 |G. hirsutum and G. barbadense |TM-1 x 3-79 RIL 186 |SSR, SNP 26 2072 3380 2(2“0:’2?"’
13 |G. hirsutum Yumian 1/CRI 35//Yumian 1/7,235 | COmPosite cross 180  |SSR 69 978 41844 |Zhangetal,
population (2012)
AFLP, SSR, SNP, Zhao ot al.
14 |G. hirsutum and G. barbadense | TM-1/ Hai7124/ TM-1 BC, 138 |InDels, REMAP,RT,| 26 3414 3667.62 s
(2012)
SRAP
15 |G. hirsutum GX1135 x GX100-2 F, 173 |SSR 49 421 38143 '(';%’;93)9’ al,
16 |G. arboreum Ravi x Entry-17 F, 180  |SSR, RAPD 10 45 346  |Shaheen et
al, (2013)
17 |G. barbadense Hai7124 x 3-79 F, 124 [SSR, SRAP, SNP 52 337 2108 \(’;’g:gft al,
18 G. hirsutum and G. barbadense |SG 747/Giza 75/SG 747 BIL 146 SSR 29 392 2895 z(zuofgfl"
. . Gore et al.,
19 G. hirsutum and G. barbadense |TM-1 x Introgressed line NM24016 RIL 98 SSR, SNP 117 841 2061 (2014)
20 G. hirsutum Yumian-1 x AcalaMaxxa F, 180 SSR 63 323 1617.2 (Szh(;ift al,
21 |G. hirsutum Yumian-1x CA3084 F, 180  |SSR 57 302 1639.9 Zh(;‘;ft al,
22 |G. hirsutum Yumian-1 x TAM94L-25 F, 180  |SSR 49 262 1441.4 (Szh(;if' al,
23 |G. hirsutum Baimian 1 x TM-1 Fas SSR 37 144 1273 gg:g)et al,
24 |G. hirsutum Acala-Prema x 86-1 RIL 180  |SSR 54 279 1576.25 (Zzhé’;j?” etal,
Badigannavar
25 G. arboreum and G. herbaceum |SMA-4 x A-97 Fa 94 SSR, AFLP, TRAP 37 606 1109 and Myers
(2015)
. . Chen et al,,
26 G . hirsutum and G . darwinii CCRI 12-4 x (AD) 5-7 F, 188 SSR 26 2763 4176.7 (2015)
27 |G. barbadense and G. hirsutum  |3-79 x TM-1 F, 118 [SNP 26 19191 4439 |Hulse-Kemp
etal, (2015)
. . Hulse-Kemp
28 |G. hirsutum Phytogen 72 x Stoneville 474 Fa 93 SNP 2 7171 3499 |0’ 2otm)
. X Liu et al.,
29 G. hirsutum Yumian 1 x T586 RIL 270 SSR 26 1675 3338.2 (2015)
30 |G. hirsutum GX1135 x GX100-2 RIL 177 |ssR 14 581 37144 Zh(;”; etal,
31 |G. hirsutum CCRI-35 x Yumian-1 RIL 180  |SSR 26 1274 3076.4 (Tzao’; g; al,
32 |G. hirsutum Yumian-1 x 7235 RIL 180  |sSR 2 1582 2842.06 (T;O';QST' al,
33 |G. hirsutum DH962 X Ji Mian 5 F, SNP, SSR, InDels 50 1013 3004.71 gg:gbe; al,
34 |G. hirsutum DH962 x Ji Mian 5 RIL 178 SSR, InDels, SNP 59 616 2016.44 \(’;’g:g:)t al,
35 |G. hirsutum Acala Prema x 861 RIL 161 SNP 103 4153 3500 Y\Z’g:g)\( etal,
36 |G. hirsutum W10 x TM-1 F, 140 |SSR 42 411 2300.41 é“of;_)a"'
37 |G. hirsutum and G. barbadense |CCRI36 x G2005 RIL 137 |SNP, SSR 2 6434 4071.98 z;]fé)a’
. Khan et al.,
38 G. hirsutum and G. tomentosum |CRI12-2 x P0601211 F, 188 SSR 26 3093 4365.3 (2016)
39 |G. hirsutum and G. barbadense |Emian22/ 3-79/Emian22 BC, 141 SSR 2 5152 4696.03 (Lééz‘; al,
40 |G. hirsutum HS46 x MARCABUCAGBUS-1-88 RIL 188 |SNP 26 2618 178428 |- Cetal,

(2016)
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Table 1: List of cotton molecular linkage maps developed since 2011
5 L. Mapping Population Marker system No. of No. of loci Map
Sr.No. | Gossypium species involved Parentage population size employed linkage mapped distance Reference
41 |G. hirsutum 0-153 x sGK9708 RIL 196 |SSR 76 793 4110 |Jamshed et
al, (2016)
42 |G. hirsutum GX1135 x GX100-2 RIL 180  |sSR 39 308 3048.4 (Szh(;”eg) etal,
43 | G. hirsutum GX1135 x GX100-2 RIL 177 |ssR 32 622 3889.9 th;nzg etal,
44 |G. hirsutum TM-1 x (TX-0256 + TX-1046) csiL 115 [sSR 37 713 3594.70 (Zzh(;”eg etal,
. . SSR, STS, CAPS, Wang B et al.
) E , STS, ,
45 G. hirsutum and G. mustelinum PD 94042 x (AD)4-08 2 92 DNA probes 26 1055 5595 (2016)
46 |G. hirsutum and G. barbadense |Fibre Max 966 x CIR1348 Fa 174 |ssR 29 262 4294 (CZET;Z etal,
. LiLetal,
47 |G. hirsutum LU28 x ZHONG213 Fa 170 |sNP 26 3978 2480 |00 %)
48 |G. hirsutum CCRI35 x Nan Dan Fas 277 |sNP 26 5178 4768.098 ([28;”7;9’ al,
. . Ulloa et al.,
49 |G. hirsutum Phytogen 72 x Stoneville 474 RIL 132 |sNP 26 7059 3966 | ooy
50 |G. hirsutum Stoneville 474 x Phytogen 72 RIL 104 |SNP 26 6320 3862 g'&aﬁ al,
51 |G. hirsutum Phytogen 72 x Stoneville 474 Fa 93 SNP 26 7034 3597 gg’fgt al,
52 |G. hirsutum 0-153 x SGK9708 RIL 196 |SNP, SSR 2 2393 2865.73 (Zzh(;”% etal,
Wild type G. darwinii accession x Kushanov ef
53 G . darwinii photo-insensitive mutant Fa 129 SSR 25 194 1158.5
al, (2017)
counterpart
54 |G. hirsutum 7571 x CCR149 F. 188 |SNP 26 3187 3828.55 g‘oﬁt;’)""
. y Fan et al.,
55  |G. hirsutum and G. barbadense |Pima S-7 x 5917 RIL 143 |sNP 26 3557 307623 |0
56 G. thurberi and G. trilobum G. thurberi x G. trilobum F, 188 SSR 13 849 1012.458 I(';g 12[) al,
57 |G. davidsonii and G. klotzschianur| D3K-57 x D3D-1 Fas 188 |SSR 13 728 1480.23 '((2':)“1”;” etal,
58 | G. hirsutum and G. tomentosum |CRI-12/AD3-00/CRI-12 BC,F, 200 |SNP 26 10888 41913 Zag‘:’za(;gg et
. . Tanetal,
59 G. hirsutum Yumian 1 x Acala Maxxa RIL 180 SNP 26 12116 3741.81 (2018)
60 |G. hirsutum Lumianyan 28 x Xinluzao24 RIL 231 SSR, SNP 26 4851 2477.99 (L;aféf'
61 |G. barbadense Suvin x BCS 23-18-7 F, 185  |SNP 21 460 1219.4 é“or:g; etal,
62 |G. hirsutum JKCT737 x JKCT25 RIL 180  |sSR 18 120 2883, |Ravichandran
etal, (2019)
63 |G. hirsutum CRI50 x CRIBO0 F, 198 |SNP 26 5280 3848.29 (Zzhangi etal,
64 |G. hirsutum and G. barbadense |DS28 x SBYF425 RIL 136 |SNP 2 1430 3149.8 ';anzgg?ge)t
65 |G. hirsutum and G. barbadense |CRI36/Hai7124/CRI36 BIL 250  |SNP 26 7709 3433.24 :‘ngé)a/"

maps, mapping of economically important traits such as
fibre quality, yield, disease resistance, seed traits/con-
stituents, plant morphology, male-sterility etc. and marker
assisted selection is available. Here, we give an update on
the mapping of genes/QTL linked with male-sterility, root
knot nematode, and verticillium wilt (Table 2).

The ultimate physical map of an organism is the nucleo-
tide sequence of its genome. It provides an insight on the
ultra-structure of the genome, its evolution, etc. Moreover,
no gene can escape identification. Genomes of a few Gos-
sypium species have been sequenced. G. raimondii (DD)
was the first cotton (progenitor) species to have been se-
quenced (Paterson et al, 2012; Wang et al, 2012). This
was followed by the genome sequencing of G. arboreum
(AA) (Li et al, 2014). The genome sequence of the culti-
vated allotetraploid cotton species namely G. hirsutum
(AD)1 and G. barbadense (AD)2 became available in 2015
(Li et al, 2015; Zhang T et al, 2015; Liu X et al, 2015).
However, there are differences in the sequenced and as-

sembled draft genomes of the cotton species with respect
to chromosome length and annotated genes that needs
consideration. Availability of genome sequences of cotton
species has facilitated the development of a 63K (Hulse-
Kemp et al, 2015) and an 80K single nucleotide poly-
morphism (SNP) array (Cai et al, 2017). These SNP chips
have been used for the construction of highly dense cotton
linkage maps, mapping of fibre quality, yield and compo-
nent traits, male-sterility, disease resistance, lint percent-
age, salt stress etc. (Table 3). Resequencing of more than
800 cotton accessions has also been reported (Page et al,
2016; Fang et al, 2017a, 2017b; Wang M et al,, 2017).

Geneticvariation serves as the raw material and is central to
plant-breeding activities. Crop scientists around the globe
are working to identify novel allelic variants in the existing
germplasm (worldwide collection of cultivars, landraces,
and un-adapted/wild accessions) or create new sources
of genetic variation by either using traditional breeding
approaches (intensive selection and hybridisation), de-
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Table 2: Mapping of root knot nematode, verticilliam wilt and male-sterility in cotton
Gossypium . Marker
No. of
species Parentage Population . No-° system Reference Remarks
f type individuals
involved employed
Root Knot Nematode (RKN)
G. hirsutum Gomez et al Four chromosomal regions harboring QTLs for RKN
and G. Fibre Max 966 x CIR1348 Fa 174 SSR (2016) " |resistance in a novel G. barbadense source were
barbadense identified.
Verticillium Wilt (VW)
G. hirsutum Zhang et al. Ten VW resistance QTLs on eight chromosomes were
and G. SG 747/Giza 75/SG727 BIL 146 SSR (2015) " |identified. These QTLs have been reported in previous
barbadense studies also.
G. Forty eight QTLs associated with VW on 19
barbadense . BC,F4, BCS,, Shiet al, chromosomes were detected. 37 QTLs were positive
Hai1/CCRI36/CCRI36 135
and G. ' BC,F, SSR (2016) and 6 were observed to be stable. The study validated
hirsutum six previously identified QTLs.
Three loci for VW resistance were detected in the D-
) Germplasm Fang etal, |subgenome. A candidate gene (Gh_D06G0687)
- 318 _
G. hirsutum Accessions SNP (2017b) encoding an NB-ARC domain-containing disease
resistance protein was identified.
. Germplasm LiTetal, 17 Trait-SNP associations including one candidate
G. hirsutum |- 299 SNP
Accessions (2017) gene for VW resistance were detected.
. Germplasm Zhao Y et al., [Three QTLs and several minor loci for VW resistance
G. hirsutum |- ) 120 SNP
Accessions (2017) were selected.
. Palanga et 119 QTLs of disease index and of disease incidence
0-153 x sGK9708 196
G. hirsutum X RIL SNP al, (2017)  |were detected on al the chromosomes except 13.
. Introgressed line SuUVR043 x Zhao et al., i
G. hirsutum Sumian 8 Fy 176 SSR (2018) Two VW resistance QTLs were detected.
Male-sterility
Sibcross F,, F3 |For fine
populations | mapping, Fengetal, |Four SNPs for both ms5 and ms6 i
G. hirsutum |DPGh98018 x DPGh04651 |derived from  |population of | SNP eng etal, |Four STES for both mso and mso gene regions were
! ) (2015) identified and validated.
14 sibcross F, |1044 inbred
populations lines was used.
G. hirsutum - -
and G. Kang A x 601588 F, 180 SSR Wang P et ms 14 conditioning male sterility mapped on
al., (2016) chromosome 2
barbadense
Fertile and .
. Sekhar et al.,, [NAU2176, NAU2096 and BNL1227 markers linked to
G. arboreum |Ga TGMS-3 sterile plants of - SSR (2016) TGMS in G.arboreum line Ga TGMS-3 were identified.
Ga TGMS-3
G. hirsutum |RC403 x RC370 BC, 4 bulks g"\’l‘;"”%k (F%?;’;’ @ | Four SNP markers found to be linked with male sterility
Zhang M et ys-1 gene governing photoperiod-sensitive male
G. hirsutum |CCRI 9106 x Letu 603 Fa 186 SSR al (29017) sterility was identified on chromosome D12 within
’ markers NAU3442 and CGR6339.
G. hirsut CMS-2074A, CMS-2074S Mioochomdrial mt RNA LiSetal, Four novel and recombinant ORFs were found to be
-hirsutum - J restorer lines genomes ) sequencing ((2018) potential candidates for CMS.
. Fertility restorer candidate genes located on 1.35 Mb of
Zhao C et al.
G. hirsutum  |3096A x 866R Fa fertll_e and SLAF-seq " |chromosome D05, and 20 candidate genes were
sterile bulks (2018) dentified

velopment of cis-genic and trans-genic plants, reverse ge-
netics tools like T-DNA insertional mutagenesis, Targeting
Induced Local Lesions In Genome (TILLING), transposon
tagging etc., or by using the more recent genome editing
tools. While genetic variation introduced through earlier
approaches was essentially dictated by chance, genome
editing ensures introduction of the variation at a specific
genomic locus. Genome editing mediated by site specific
nucleases (SSNs) — like meganucleases/homing endonu-
cleases, zinc-finger nucleases (ZFNs); transcription activa-
tion like effector nucleases (TALENSs); clustered, regularly
interspaced, short palindromic repeats (CRISPR)/CRISPR
associated (Cas) 9 — allows targeted genome modifica-
tions. Though the feasibility of use of these SSNs for site
specific cleavage was first demonstrated in early 1990s,

one of the major bottlenecks in their successful imple-
mentation was limited information available with respect
to the genomic landscape, functional characterisation of
gene or specific knowledge on relevance of the particular
gene/network in influencing the trait of interest. However,
with the availability of whole genome sequence for most of
the crops (alongside functional annotation for model plant
species like Arabidopsis and rice), and ease of conducting
de novo transcriptome analysis, it is now possible to iden-
tify target genomic loci and accordingly hit the DNA at the
core nucleotide level. The post-genomic era is truly seeing
the upsurge of genome-editing-based precision breeding.
A brief description concerning RNAi, TILLING and differ-
ent site-specific nucleases is given below.
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Table 3: Reports on the development and use of cotton SNP chips
Gossypium .
. Population No. of .
Sr. No. species Parentage L No. of loci | Reference Remarks
. type individuals
involved
CottonSNP63K
G. barbadense
! and G. hirsutum |> 0 X M1 F2 118 19191 Hulse-Kemp |Development of highly dense
G. hirsutum Phytoggn 72 x F, 93 7171 et al.,, (2015)[intraspecific and interspecific maps
Stoneville 474
HS46 x . . ) .
2 G. hirsutum MARCABUCAG |RIL 188 2618 '(‘2'001 g; al, Digltgcttr'a"ifs‘gzﬂsf'bre qualty and
8US-1-88 Y
3 G. hirsutum - Germpl.asm 85 -|Zhu etal, Narrowing down of okra leaf locus
accessions (2016)
Germplasm Handi et al Identification of markers associated
4 G. hirsutum - p. 201 23254 ” |with yield, yield components and
accessions (2017) ) ! .
fibre quality traits
G. hirsutum, G.
arboreum, G.
amourianum, G.
longicalyx, G.
raimondii, G. G | Hi tal Assessment of diversity and
5 thurber, G. - ermpasm 390 33507|'112¢ €085 identification of loci linked to seed
. accessions (2017) )
trilobum, G. protein content
barbadense, G.
ekmanianum, G.
mustelinumand
G. tomentosum
G | H ¢ 324 SNPs and 160 QTL regions
6 G. hirsutum - ermpiasm 503 11975|Ua8NG 8 i ntified as associated with 16
accessions al., (2017) . .
agronomic traits
. Raja et al. Four SNP markers found to be
7 G. hirsut RC403 x RC370 |BC 4 bulk 2855 !
rsutum X 1 ulks (2017) linked with male sterility
. Germplasm Sun et al. Detection of 46 significant SNPs
. hirsut - 71 10511 !
8 G. hirsutum accessions o 05 (2017) associated with fibre quality traits
Fa, 93 7034 Generation of consensus map and
) Phytogen 72 x | RIL 132 7059|Ulloa et al., |information on chromosome
9 G. hirsutum . ’ .
Stoneville 474 Reciprocal 104 63201(2017) arrangement of genic and non-
) genic SNPs
RIL respectively
10 G. hirsutum SGKO708x 0- oy 196 2393|2hang etal. |, tification of fibre strength QTLs
153 (2017)
. Germplasm Zhao et al., |Detection of three verticillium wilt
i G. hirsutum ) accessions 120 18,726 (2017) resistance QTLs
G | Ma ef al. Ten SNPs forming five QTL regions
12 G. hirsutum - ermpiasm 93 15369 1@ €t akohowing comelations with fibre-
accessions (2018)
length growth rate
Five genetic loci, including a major
G. barbadense |Pima S-7 x Zhu et al., contributing locus containing
13 and G. hirsutum |Sicala 40 NILs 2 bulks 5426 (2018) MYB25-like_Dt associated with Gb
fuzzless seeds
Suvin x BCS 23- Kumar et al., |Identification of yield components
14 . F 1 4 !
G. barbadense | o 7 2 85 601 2019) and fibre quality QTLs
15 G.hirsutum and |DS28 x RIL 178 1430 Ramesh et QTL detected for fibre quality and
G. barbadense |SBYF425 al, (2019) |yield components
. Germplasm Song et al, [QTLs and two candidate genes
16 G. hirsutum . accessions 276 10660 (2019) identified for lint percentage
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Table 3: Reports on the development and use of cotton SNP chips
Gossypium Population No. of
Sr. No. species Parentage P e No. of loci | Reference Remarks
. type individuals
involved
CottonSNP80K
17 G. hirsutum and Germplasm 332 59502 Caietal, Phylogenetic analysis and SNPs
G. barbadense accessions (2017) associated with salt stress identified
18 G. hirsutum B Germpl.asm 169 49650 Lietal, Two potent.lal .cand.@ate genes for
accessions (2018a) early maturity identified
. Germplasm Lietal, P ) .
19 G. hirsutum accessions 169 53848 (2018b) Identification of fibre quality QTLs
. Xinluzao24 x Liu et al., QTLs for fibre quality and yield
20 G. hirsutum Lumianyan28 RIL 231 4729 (2018) components trait identified
. Yumian 1 x Tan et al., e ) .
21 G. hirsutum AcalaMaxxa RIL 180 12116 (2018) Identification of fibre quality QTL

RNAIi (RNA interference)

RNAi was first identified as a biologically conserved re-
sponse to pathogenic attack from studies in C. elegans
(Fire et al, 1998). In response to parasitic/pathogenic in-
vasions, dsRNA is cleaved by Dicer enzyme into small 21-
24 nucleotide long RNAs (siRNA, miRNA etc.) which when
loaded on to RNA Induced Silencing Complex (RISC) recog-
nise and degrade complementary mRNA preventing dam-
age to the plant. This innate mechanism of post transcrip-
tional gene silencing and potential of an artificial dSRNA to
silence a gene (nucleotide sequence known) has been ex-
tensively exploited by scientists as a reverse genetics ap-
proach to reduce the expression of selected genes with the
aim of producing the desired phenotype. Abdurakhmonov
and colleagues (2016) have provided a comprehensive re-
view on the use of RNAI for functional genomics purposes
and practical cotton improvement in terms of enhancing
disease resistance, abiotic stress tolerance, fertility and
embryogenesis, quality fibre development and enhancing
seed and oil quality. RNAi was employed to enhance resis-
tance of cotton plants to the cotton bollworm Helicoverpa
armigera by expressing insect-derived cytochrome P450
monooxygenase gene (dsCYP6AE14) (Mao et al, 2011).
Further, to enhance nutritional quality of cottonseed oil,
endogenous genes like FAD2 and SAD1 were functionally
disrupted to increase the content of oleic acid and stearic
acid, respectively (Liu et al, 2002). §-cadinene synthase
which catalyses the first step in the formation of cadenine
was silenced by RNAi strategy to reduce the content of
gossypol in cottonseed (Sunilkumar et al,, 2006). Recently,
a genetically engineered event (TAM66274) for ultra-low
gossypol levels in the cottonseed has been approved in the
United States (c.f. Hagenbucher et al, 2019).

TILLING (Targeting Induced Local

Lesions in Genomes)
Soon after the ground-breaking discovery of RNAIi by Fire

and Mello in 1998, a report demonstrating successful use
of chemical mutagenesis to characterise chromo-meth-
ylase gene in Arabidopsis laid the foundation of another
very effective and a high-throughput reverse genetics ap-
proach now popularly known as Targeting Induced Local
Lesions in Genome (TILLING) (McCallum et al, 2000).
Treating seeds with ethyl-methane-sulphonate (EMS), a
well-known chemical mutagen, leads to point mutations
particularly transitions (G/C : A/T) which result in the
creation of bi-allelic mutations in the form of SNPs (single
nucleotide polymorphisms). The genetic variation so in-
duced may be evaluated in the M, population by amplify-
ing the target gene fragments from pooled DNA samples
and observing the cleavage of heteroduplexes so formed
by cell nuclease (recognises the mismatch and cleaves
the DNA on the 3’end of the mismatch). This shall allow
the identification of new allelic variants and their precise
location in the genome where the mutation has been in-
troduced which may then be confirmed by sequencing.
Aslam et al, (2016) developed TILLING population of
two cotton cultivars PB-899 and PB-900 in G. hirsutum
using different concentrations of EMS (0.3 and 0.2% re-
spectively). M, and M, populations were phenotyped
for several important traits like branching pattern, leaf
morphology, disease resistance (particularly CLCuD), pho-
tosynthetic lesions and flower sterility. When screened
at the molecular level, highest mutation frequency was
found in NAC transcription factor gene. This cotton TILL-
ING platform (COTIP) has created wealth of mutants to be
screened and used for improving traits of agronomic sig-
nificance in cotton. Though TILLING is a relatively simple,
non-transgenic approach to create new sources of genetic
variation, the method is strongly limited by the need to
phenotype thousands of plants in the population to iden-
tify the desired phenotype. A key defining feature of TILL-
ING is an element of randomness and chance mutation at
many locations in the genome, rather than a specific gene
sequence that may be targeted using this strategy.
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MegaN (Meganucleases/Homing
Endonucleases)

Among the various SSNs, meganucleases/homing endo-
nucleases were the first enzymes to be used for genome
editing in plants (Smith et al, 2006). They belong to the
family of naturally occurring restriction endonucleases
that can recognise and cut larger unique DNA sequences
(from 12-40 bp) in most genomes (Paques and Duchateau
2007). Four different families of meganucleases have been
identified- LAGLIDADG, His-Cys box, GIY-YIG, and the HNH
family. Commonly used homing endonucleases- I-Crel and
I-Scel belong to LAGLIDADG family. Overlapping nature of
DNA binding and nuclease domain in these meganucleases
poses difficulty in engineering these proteins for target-
ing a specific site in the genome as target site specificity is
generally achieved at the cost of reduced catalytic activity
(Paques and Duchateau 2007). Further, there is need to in-
corporate recognition sites of these endonucleases in the
plant genome as these do not occur naturally in the plant
genome, which is the major limitation in the use of these
endonucleases. Meganucleases have been modified for use
in genome editing by different companies such as Cellectis
and Precision Biosciences Inc. In cotton, meganucleases
were employed to edit hppd and epsps genes to enhance
herbicide resistance (D’Halluin et al, 2013). Since each
new GE target requires an initial protein engineering step
to produce a custom nuclease, meganucleases have proved
technically challenging to work with and have been hin-
dered by patent disputes (Smith et al, 2011).

ZFNs (Zinc-finger nucleases)

The second category of sequence-specific nucleases in-
cludes synthetic hybrid protein, namely zinc-finger nucle-
ases (ZFNs) and transcription activator like effector nucle-
ases (TALENSs). Zinc fingers, an important class of tran-
scription factors found in the eukaryotes are known to rec-
ognise specific DNA sequence elements (each zinc finger
recognises three consecutive nucleotides) and promote
gene transcription. Made up of a 30 amino acid long Cys, -
His, motif (Beerli and Barbas 2002), each zinc finger unit
consists of 3-4 modules that may be tailor-joined to detect
a specific DNA sequence in the genome. Thus, each zinc
finger nuclease (ZFN) contains an engineered array of zinc
finger motifs that serve as DNA recognition and binding
domains (Bibikova et al, 2003, Carroll 2011) attached via
conserved linker sequences to a catalytic domain of mo-
nomeric Fok1 endonuclease. The first report on successful
demonstration of cleavage activity of ZFNs was published
in 1996 (Kim et al, 1996). Since then, several methods
like modular assembly, Oligomerised Pooled Engineering
(OPEN) and Context Dependent Assembly (CoDA) have
been developed for linking together individual zinc fin-
gers and custom synthesising ZFNs. Since Fok1 functions
as a dimer, a pair of zinc finger arrays (ZFAs) is designed

to bind to target sequence (with a spacer sequence of
5-7 nucleotides between them) to create a double strand
break (DSB). For many years, ZF protein technology was
the only approach available to create custom site-specific
DNA binding protein and enzymes. Despite its unique abil-
ity to recognise a specific site and cleave DNA segment, the
method suffered from several limitations like identifica-
tion of a unique triplet nucleotide by each ZF, content de-
pendent binding of ZFN to the target site, difficulty in de-
signing and synthesising protein-based nucleases for each
individual site and predicted cleavage of off-target sites in
complex plant genomes. To our knowledge, there is no re-
port of use of ZF nucleases for genome editing in cotton.

TALENSs (Transcription-activator like
effector nuclease)

The next wave of innovation in the field of protein-engi-
neered genome editing tools was the use of TALE proteins
— transcription activator like effector proteins to design
synthetic nucleases. The landmark discovery that resulted
in the identification of DNA recognition code for estab-
lishing target DNA specificity in TALEs paved the way for
combining DNA-protein interaction ability of TALE and
catalytic activity of FokI nuclease to design and synthesise
next generation sequence specific nucleases i.e. TALENs
(Christian et al, 2010). TALE proteins are virulence fac-
tors released by Xanthomonas bacteria that bind to host
DNA and alter gene transcription in plants. The ‘TALE’
component that serves as the DNA binding domain of
TALENs is made up of N- terminal secretion (translocation
signal), C-terminal nuclear localisation signal (NLS), an
acidic transcription activation domain (AD) and a central
DNA binding domain (DBD). Within this central protein
domain reside up to 30 tandem arrays of highly conserved
33-35 amino acids long repeats. The unique combination
of amino acids at position 12 (P-12) and position 13 (P-13)
within this repeat is responsible for the recognition of a
specific nucleotide i.e. repeat variable di residues (RVDRs)
like HD = C, NG =T, NI = A, NN, NK and NH = G (Boch et
al, 2009, Moscou and Bgdanove 2009). Keeping this RVDR
code as the base, order of stitching TALE molecules may
be worked out to design custom binding sites. A pair of
TALEs may be associated with Fok1 dimer to recognise a
contiguous stretch of DNA and mediate cleavage on both
the strands. The double strand break so created may then
be ligated by a cell’s innate repair mechanism like homolo-
gous recombination (HDR) or non-homologous end join-
ing (NHE]) pathways.

Several methods have been developed to assemble TALEs.
These include-ligation independent standard cloning
(Huangetal, 2011, Reyon et al, 2012a), HH ligation based
golden gate assembly method (Cermak et al, 2011, Weber
et al, 2011) and high throughput solid phase assembly
method (Reyon et al, 2012b). Unlike ZFNs where a linker
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connecting each zinc finger has to be re-engineered, as-
sembling TALE repeats does not suffer from any such limi-
tation. TALEs can easily be linked together to recognise
any user defined sequence. Further, where each ZFN may
recognise a triplet nucleotide, ability of TALEs to identify a
single base allows greater flexibility in designing TALE ar-
rays. However, repetitive nature of DBDs and larger size of
the TALE protein poses hindrance to engineering and de-
livering TALENS to the target cell. Moreover, the need for
the incorporation of a “T” before the first nucleotide at the
target site and presence of around 15-30 bases between
two TALEN binding sites may affect its activity. Khan et
al. (2017) have advocated the use of engineered nucle-
ases including TALENs for the suppression of cotton leaf
curl disease (CLCuD), a whitefly transmitted viral disease
prevalent in Pakistan, North Indian cotton growing states,
and China.

CRISPR/Cas9 system

Unlike the DNA-protein interactions that formed the ba-
sis of target site recognition in meganucleases, Zinc finger
nucleases and TALENSs, the most recent addition to class
of site specific nucleases i.e. CRISPR/Cas9 system edits
genomes by mediating the formation of a DNA-RNA hy-
brid and its subsequent interaction in the presence of a
nuclease. Greater ease of designing and robust nature of
this RNA guided endonuclease (RGENSs) has allowed rapid
adoption of CRISPR/Cas9. Clustered Regularly Interspaced
Short Palindromic Repeats CRISPR and CRISPR-associated
enzyme (Cas) is a simple three-component system made
of crRNA, tracrRNA and an endonuclease protein like
Cas9 to induce targeted genetic alterations (Datsenko et
al, 2012, Jinek et al, 2012). The first evidence on the exis-
tence of CRISPR can be traced back to a Japanese discovery
of the presence of a 29-nucleotide long repeat sequence
in the genome of E. coli (Ishino et al, 1987). Since then,
these tandem repeat arrays as a remnant of phage attack
have been found in several bacteria and archae bacteria
and have been named CRISPR (Jansen et al, 2002). Abil-
ity of the CRISPR/Cas system to acquire and integrate
segments (spacers) of foreign DNA during the first attack
and express them (in the form of CRISPR RNAs crRNA and
trans-activating-tra-crRNA) along with an endonuclease
to degrade exogenous DNA in the subsequent attack forms
the basis of native immune system functional in these or-
ganisms (Pourcel et al, 2005, Mojica et al, 2005 and Barr-
angou et al, 2007). This property of bacteria has been suc-
cessfully exploited by scientists to design a 20-nucleotide
gRNA (complementary to the target site), assembling into
a chimeric gRNA scaffold (100-nucleotide long) and using
type 1l Cas9 (obtained from Streptococcus pyogenes) for
sequence-directed genome editing (Doudna and Charpen-
tier 2014).

In sharp contrast to FokI nuclease that cleaves as a dimer,
the monomeric form of Cas9 is able to direct cleavage on

account of two nuclease activities vested in it — HNH nu-
clease domain that cleaves the complementary strand and
RuvC-like domain that cleaves the non-complementary
strand of DNA. The double-strand break it induces may
then be joined by HDR or NHE]. However, the presence
of a characteristic protospacer adjacent motif (PAM) (e.g.
5’-NGG-3’ in case of Cas9 from Streptococcus pyogenes)
downstream of the recognition site (that may interact with
PAM interacting domain in Cas9 and assist in its binding
to target region) is an essential requirement for cleav-
age (Jinek et al, 2012). Once recognised, the specificity of
gRNA binding is governed by ‘seed sequence’ present ap-
proximately 12 base pairs upstream of PAM. Mismatch be-
tween gRNA and DNA within this region may severely af-
fect binding, formation of gRNA-DNA duplex and cleavage
by Cas9. Further, higher GC content of gRNA-DNA hybrid
has been found to support and stabilise binding between
the two. Presence or addition of one or two ‘G’ at the 5’
end of 20 nucleotide long gRNA ensures better on-target
cleavage efficiency.

The simplicity of gRNA designing, smaller length of gRNA,
amenability to multiplex several gRNAs with a single Cas9
to cleave multiple targets are some of the benefits offered
by Cas9 over MegaN, ZFNs and TALENs. However, the pos-
sibility of a 20-nucleotide long gRNA to bind at a site other
than the target site (in large complex genomes) leading
to off-target mutations has emerged as one of the major
limitations of CRISPR/Cas9 strategy. Designing gRNA thus
becomes very critical in successful implementation of this
genome editing tool. Paired gRNA approach (i.e. using 2
gRNA to target a specific region) and replacement of Cas9
with Cas9 nickase (that cleaves just one and not both the
strands of DNA) has been found to lower down the rates of
off-target mutations.

The use of CRISPR/Cas9 for genome editing in plants was
first reported in 2013 (Li et al, 2013; Shan et al, 2013).
The use of this technology in cotton is still in its early
stages and few reports demonstrating the potential use
of CRISPR/Cas9 for genome editing in cotton are available
(Table 4). Majority of these studies essentially represent a
proof-of-concept reporting feasibility of targeting a poly-
ploid complex genome of cotton for editing. In most of the
cases, visual marker genes like DsRED, green fluorescent
protein (GFP), phyotene desaturase or Cloroplastos altera-
dos that upon knock-out result into albino phenotypes
have been edited using CRISPR/Cas9. The possibility of
editing GhMYBZ25-like gene involved in pollen develop-
ment was explored in cotton (Li C et al, 2017). Wang Y
et al, (2017) used CRISPR/Cas9 to knock-out GhARG in-
volved in the catabolism of amino acid arginine. Mainte-
nance of appreciable amount of arginine allowed greater
synthesis of nitric oxide on account of NOS activity. This
allowed improved lateral root growth in cotton plants.
Likewise, GhALARP concerned with production of alanine
rich protein allowed the effect of its knock-out to be stud-
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Table 4: Reports of CRISPR/Cas9 on genome editing in cotton
Sr. Cotton . . Knock-out/ off-target
No.| species Target gene Trait Delivery method HR Remarks detection Reference
Vector based .
1 | 6. hirsutum GFP marker gene for identification of Agrobacterium Knock-out Ohf the 2:9 To plants, th;l;l)lantletts off-target detection |Janga et
| transgenics mediated generated S OWT d ;miZﬁ/gpL:jS,lw feres not carried out al., (2017)
transformation revealed bi-allelic indels
GhCLA1 |Development of chloroplast Vector basgd No off-target edis
Agrobacterium detected in
With insertions and deletions
2 | G. hirsutum vacuolar proton pump concerned - detected, mutation efficiency varied Chen ef
: with regulating cell expansion; H+ mediated ) . . Y 30 of the 64 loci al., (2017)
GhVP . : . from 47.6-81.8% in edited plants X
electrochemical gradient and transformation examined
secondary active transport of ions
GhPDS  |Biosynthesis of chiorophyll Vector based Simultaneous editing of
Agrobacterium homeologous genes in cotton; 50-61
mediated nucleotide long gene fragment
GhCLA1 |Development of chloroplast . 2 i
3 | G. hirsutum i i transformation |- deletion in GhPDS locus using |C1-target detection | Gao et al,
. R ) not carried out (2017)
. . . paired gRNA approach; multiple
Elongation factor-1 involved in . )
GhEF1 rotein synthesis gene edits created simultaneously
P y (GhEF-1 and GhPDS)
Vector based No off-target edits
inti i i Agrobacterium _ o, : detected in i
4 | 6. nirsutum | GhmyB25 transcription factor involved in pollen ' R 14.2-21.4% truncation events : LiCetal,
development mediated observed two putative off- (2017)
transformation target sequences
Arginase involved in the catabolism |Vector based
of arginine, resulting in its decreased |Agrobacterium
5 | G hirsutum | GRARG concentration which reduces the knock-outs |Gene editing created variants that | off-target detection [Wang Y et
: activity of NOS enzymes increases |mediated generated |varied from 1-44 bp deletions not carried out al., (2017)
NO concentration improving lateral  [transformation
root development
DsRED2 |Discosoma red fluorescent protein 2 Vector basgd Multllplexmg based CSISPR/CaQ
Agrobacterium mediated genome editing performed
6 | G. hirsutum knock-outs No off-target edits [Wang P et
: generated detected al, (2018)
mediated efficiency of gene editing at target
GhCLAT | Development of chioroplast transformation site varied from 66.7-100%
alanine rich proteininvolved in the Vector based No off-target edits
development Agrobacterium i N detected in
7 | 6. hirsutum ALARP p J > B ppto ?)5 bp deletion and 99-bp : . Zhu S et
] mediated insertion observed 15 predicted sites |al,, (2018)
of cotton fibre .
transformation analyzed
Vector based Regions of U6 genes used as
Agrobacterium promoter to drive the expression of
. . . R sgRNA-PDS and targeting efficiency |off-target detection |Long et al.,
8 | G- hirsutum GhPDS Biosynthesis of chiorophyl mediated compared; proGhU6.3.3 generated [not carried out (2018)
transformation 6-7 times higher expression than
proAtU6-29

ied in development of cotton fibre. These studies have
provided sufficient evidence that CRISPR/Cas9 can be ef-
fectively used for genome editing in cotton setting up the
stage for using CRISPR/Cas9 strategy to enhance growth,
yield, fibre and seed quality characteristics of cotton. Khan
etal, (2018) envisages the use of this technology to target
signal transduction pathways, genes for metabolite pro-
duction for developing climate resilient cotton genotypes.
This RNA-guided endonuclease (RGEN) may be used for
protecting plants against bacterial and viral attacks, es-
pecially by the cotton leaf curl virus (CLCuV) (Igbal et al,
2016). Several uses of CRISPR/Cas9 are being contem-
plated in cotton. The commercial value of cottonseed oil
may be enhanced by targeting fatty acid desaturase genes
using CRISPR/Cas9 to increase the content of stearic acid
and oleic acid. Further, palatability of cotton seed may be
enhanced by using genome editing to reduce the content
of gossypol, a toxic terpenoid compound which inhibits
cotton-seed utilisation as a feed for livestock despite its

rich protein content. In addition to practical cotton im-
provement, CRISPR/Cas9 offers immense potential to un-
dertake functional genomic studies in cotton. Epigenetic
modifications that distinguish present day domesticated
cotton varieties from its wild accessions may be used to
fine tune the expression of specific set of genes (using
CRISPRi and/or CRISPRa) to study their role in plant de-
velopment and stress resilience.
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Indian cotton yields have been stagnant at 437 to 566 Kg/
hectares (ha) from 2004 to 2018. The 15-years (2004 to
2018) average yield (511 Kg/ha) of Indian cotton is 44%
less than the 15-years average yield (905 Kg/ha) of rest of
the world (Kranthi, ICAC, personal communication). Cot-
ton in north India is grown under almost completely irri-
gated conditions on about 1.5 million ha. Even the 15-year
average yield of 567 Kg/ha in irrigated north India is 37%
less than the 15-year average yield of rest of the world,
where only 45% of cotton is grown under irrigation (Kran-
thi, ICAC, personal communication). Indian cotton yield
ranks below at least 32 countries. The low rank is despite
hybrid technology, double-gene-Bt, high fertiliser use, 35%
irrigated area, access to pesticides and other technologies
— advantages that many African countries do not have, yet
they are ahead of India in yields. This paper explores inno-
vative approaches to breeding cotton that can catalyse high
yields in India with lowered production costs.

Cotton is a unique commercial crop, which constantly
encounters an array of intimidating problems that bring
down the remunerative value of the crop. There are prob-
lems of biotic stresses like bollworms, sucking pests and
viruses, which constantly evolve and adapt to break down
the barriers of host-plant resistance. Agriculture, espe-
cially cotton cultivation in the Indian subcontinent, still
continues to be labour intensive and least mechanised.
The current bushy type of plant architecture in India is not
well suited for mechanical planting and harvesting. Fur-
ther, the planting density in India is low and the crop sea-
son extends over 5-8 months, which requires more labour
for crop production and multiple pickings. The increas-
ing labour costs in cotton cultivation result in declining
returns. It has now become necessary to explore options
to alter the plant type to make it as compact as possible
so as to increase the planting density, condense the grow-
ing season to 5 months and make it amenable for mecha-
nised planting and harvesting. Compact cottons have the
primary advantage of planting in high density thereby
contributing to high yields coupled with mechanised cot-
ton cultivation, reduced intensity of pest damage due to a
shorter season and facilitating a double-cropping system
for ecological sustainability and enhanced remuneration
in cotton-based cropping systems.

Interestingly, even the Indian seed industry has been
contemplating a change in its mindset to develop short-

season Bt hybrids with compact architecture due to their
ability to escape the late season pink bollworm infesta-
tion and their suitability for machine sowing and picking.
However, there is a practical limit up to which compact-
ness can be introduced in hybrids to reduce spacing and
increase density, as it leads to increase in hybrid seed
cost. In contrast, it is possible to introduce a high degree
of compactness in varietal background to easily increase
the density to more than 100,000 plants per hectare. It is
thus possible to reap the benefit of varietal compactness
to a much greater extent than compactness in hybrids. It is
necessary for public sector institutions to focus research
on developing gradations of compact types and determine
the ideotype of cotton for different growing conditions in
India. There is a need for research work to determine the
optimum height of the productive compact cotton variet-
ies grown for manual picking at present and for machine
picking to be followed in future under different situations.
Presently, cotton is manually picked in the Indian subcon-
tinent and a plant height of 6-8 feet is common. For ma-
chine picking, the plant dimensions are restricted to 3 feet
high and 2 feet wide so that the plants do not break when
they pass through the spindle assembly window. Thus,
the future plant types being developed for high density
planting should be suitable for machine sowing and there
should be a scientific debate among breeders on the ideal
height for manual picking and whether tall compact plant
types can out-yield dwarf compact types under different
crop production systems in India. In any case, the plant
type should be accessible for weeding, spraying with trac-
tor and such other forms of mechanised operations. Im-
portantly, the cost of varietal seed in high density is much
lower compared to hybrids apart from making farmers
self-sufficient for their seed needs.

There are several challenges with breeding for compact
plant types. While it has taken several years for countries
such as Australia, Brazil, China, Mexico, Turkey, Uzbeki-
stan and USA to develop varieties with compact archi-
tecture and premium quality fibres, efforts in India are
in their infancy. Modernisation of textile industrial op-
erations constantly raises the benchmark of fibre quality
requirements. When breeders in India opt for developing
compact types with earliness, they still wish the plant to
retain a larger boll size for convenience of manual picking,
coupled with high fibre quality and synchronous maturi-
ty. However, this involves a contradictory combination of
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traits which goes against the general trend of correlations
existing among them. When requirements of genetic im-
provement become so complex, the approaches of breed-
ing should also match the challenge to become advanced
and comprehensive.

A thorough understanding of principles of population ge-
netics and quantitative genetics is fundamental for plan-
ning and execution of breeding approaches for creation
and exploitation of genetic variability for higher genetic
gains. Every breeder, even in remote research centres, ad-
dresses these complex issues in his own way and there is
no system available for assessment of magnitude of useful
variability released and the extent of genetic improvement
achieved in the attempts. There should be a simple report-
ing system among breeders that incorporates the results
of successes, reports of failures. assessment of reasons of
failure, mistakes committed and their impact in terms of
reduced genetic improvement. These studies should act
as guides to other breeders in pursuing different breeding
approaches in cotton and even other crops. This will help
breeders learn and benefit from prior breeding attempts.

The harvesters currently used in developed countries de-
mand the choice of compact cotton genotypes ideally suit-
ed for such machine picking. The kind of pickers chosen
for use will have a bearing on the plant type suiting the sit-
uation of cotton cultivation. While research on developing
plant types suited for machine pickers continues, research
should also be contemplated to modify tractor drawn cot-
ton picking machines to suit the small-medium holder
conditions of India and also to develop back-pack type of
pickers for the resource-poor small-holder farmers.

Genetic improvement of cotton is aimed at developing im-
proved varieties and potential hybrids for which a sound
knowledge of principles of plant breeding and genetics
is fundamental to guide the various stages of genetic im-
provement. Lack of this leads to oversimplified procedures
and defective execution of steps at different phases of vari-
etal improvement. Due to this, though the amount of time
and energy involved in the procedures for creation of vari-
ability and its exploitation remains same, realised genetic
gains produced by breeders remains low. This paper dwells
on explaining the genetic basis in deriving modifications in
conventional breeding methods. It shows how it is neces-
sary to extend some principal steps of breeding cross-pol-
linated (random mating system) crops and blending them
with routine procedures of self-pollinated crops to improve
the efficiency in genetic improvement of cotton for both
varietal and hybrid development. Whenever possible, out-
comes of our own research findings are summarised and
presented in support of the concepts and in some areas,
modifications in procedures/steps are suggested based
only on explanation of genetic basis of the innovative ap-
proaches and modifications in steps of cotton breeding.

Genetic complementation of parents for
creation of useful variability

Success of varietal improvement depends up on the magni-
tude of useful variability availed for a large number of traits
such asyield, fibre quality and stress tolerance, followed by
efficient exploitation through selection. Desirable variabili-
ty for an array of these traits will be released only when the
parents chosen for hybridisation are genetically diverse
enough to complement for all these traits and as a result
the F, progeny segregates for this large number of loci.

National programs for creation of pool

of desirable alleles and structuring
transgressive segregants blending desirable
traits

Success of a national programme depends on creation of
sufficient positive variability and successful exploitation
of the same to derive desired potential transgressive seg-
regants. If a single attempt of genetic improvement has to
address such complex group of traits and needs of cotton
plant, attempts of hybridisation for varietal improvement
should systematically address complementation of the
parents for the entire range of these traits. Generally, it is
very difficult to get two parents that are perfectly comple-
mentary for the entire range of traits. It is necessary to
choose diverse sets of parents complementing each other
for a range of traits of interest and utilise them scientifi-
cally to create a wide range of variability through inno-
vative breeder approaches and novel methods of genetic
improvements. The distribution of desirable traits in a
parent must determine its contribution to the pool of fa-
vourable alleles generated. Thus, the contribution of each
parent to the pool of alleles could be same or different. In
the development process, the expertise of entomologists,
physiologists and agronomists can be crucial in determin-
ing the score card of each genotype in terms of desirable
expression for traits of economic importance like yield, its
trait components, fibre quality, stress tolerance, biomass
features, harvest index and relative growth rate.

When such an integrated attempt is made, it is possible
that variability is created for a very large number of loci
with huge variability for isolation of potential transgres-
sive segregants blending a big list of desired traits. The
huge magnitude of variability released by the large sets of
parents cannot be managed by individual breeders. There-
fore, concerted efforts should be made regularly through
national programs to create enormous positive variability
by supporting a large group of breeders identified in a re-
gion who would screen the large populations and distrib-
ute them for practicing selection and exploiting the same
for genetic improvement.

Choice of a set of parents for hybridisation can be effec-
tively done by assessing the score card of genotypes for an
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array of requisite traits to decide upon the group of par-
ents that can complement each other for the entire range
of traits. It is difficult to expect just two parents to per-
fectly complement each other for the entire range of yield
components either influencing biomass or translocation of
photosynthates to sink, (as shown in Fig. 1) biotic, abiotic
stress related traits and an array of other desired traits.

EED COTTON YIELD
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through hybridisation. For this, it is essential to recollect
some basic concepts related to the consequences of selfing.

Consequences of selfing and constitution of
selfed generations

Simple Mendelian expectations of segregation at a locus
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Figure 1. Path of productivity in cotton

Efficiency of releasing useful variability improves when
multiple parents accounting for the desirable expression
for an array of characters are used as they account for bet-
ter complementation of an array of important traits as
compared with the use of just two parents.

We studied variability in different combinations of four
carefully chosen diverse parents representing genetically
diverse (heterotic) groups to compare with that based
on two parents. For this purpose, four parents were used
from proven plant type diversity groups such as robust,
stay green types on one side and compact, high relative
growth rate (RGR) types on other side. It was observed
that the proportion of transgressive segregants was much
higher when such four-parent based segregating popula-
tions were developed for practicing selection in segregat-
ing generations (Edke, 2016). These results clearly indi-
cate that for effective varietal improvement (genetic gain)
in cotton, the existence of diversity of parents and comple-
mentation for the entire range of traits is very essential.

Effective modifications in approaches of
handling segregating populations

After creation of useful variability, the next dimension of
factors operates at exploitation of the variability created

expected population size
changes over different
segregating generations.
When an F, segregates for a meagre 21 loci over 2 million
gametic types are produced by F , and when these gametes
unite, 10 billion genotypes are produced and this demands
a minimum population of 4 trillion plants raised in F, gen-
eration and this is far less than the optimum population
size required to be raised for these many loci. Though Al-
lard (1960) addresses the issue of minimum population
size, no mention is made about the optimum population
size required to be grown. It is difficult to achieve optimum
plant population size even when a F, population is segre-
gating even for 21 loci? If a realistic number of loci (hun-
dreds) governing inheritance of a dependent character like
yield are considered, the genotypic classes and minimum
population size reach astronomical figures and the popula-
tion size normally used for handling F, segregating genera-
tion becomes abysmally insufficient to capture the variabil-
ity. If the entire range of variability is not captured, it is dif-
ficult to expect the most potential genotypes to be seen in
small population raised by a breeder. The cartoon (Fig. 2)
highlights how small population size becomes just incom-
petent to capture the full range of variability released in F,
generation obtained from a cross of truly diverse parents
(segregating for hundreds of loci).



22

The ICAC Recorder, December 2019

. Cwlire range of fauna .
1 am going to study covering blue whatle
tals zen.aith sample

from this bucket.!!

From ttarfish to
BLUE WHALE

)
. copbu I a bucket 177

Figure 2. Cartoon depicting contradictions about optimum
plant population and actual plant population on
which a breeder exercise selectionwith
an aim to develop most ideal variety.

National programmes consisting of team of
breeders and supporting scientists

Many of the problems of cotton are too complex to be tack-
led by individual breeder and therefore there is a dire need
for national level programs aimed at concerted efforts of
team of breeders across different centres and supported
by scientists of other related disciplines like entomology,
pathology, physiology, agronomy, etc., so that the seeds of
the broad-based populations developed in this manner
are distributed to individual breeders for selection and
stabilisation.

Such programs can generate useful data. One of the ob-
jectives of research could be to determine what happens
when the F, population is shared and distributed to num-
ber of breeders at various locations so that its true poten-
tiality is realised somewhere by some breeder compared
to the results obtained by a single breeder — who would
have created a huge useful variability but ultimately would
have struggled to handle the transgressive segregants.
There is a need for developing a yardstick for determina-
tion of the acceptable optimum population size based on
the visible diversity among the parents for different yield
related traits. It is essential that breeders exercise modifi-
cations in procedures of handling segregating generations
along with a team of subject experts like entomologists,
agronomists, pathologists for help in determining the tar-
get genotype and to ensure higher success rate.

Thus far, there are hardly any studies conducted to deter-
mine the minimum F, population of cotton that should
be raised and to evaluate the possible impact of a small
sample size (a few hundred plants) on the reduction in ob-
served variability and loss of transgressive segregants. We
compared the variability and frequency of transgressive
segregants out of 2000 plants by taking a random sample

of 200 plants each time out of this reasonable F, popula-
tion for recording observations on productivity traits. Our
data show how the most potential plants are often missed
when a small population sample is examined. If the cross
is segregating for realistic number of loci — hundreds, for
example — it is impossible to capture the essence of the
total variability released by the cross.

As an outcome of this study, it is suggested that when-
ever diverse parents are used in hybridisation and large
amount of variability is released, individual breeders will
not be able to handle such alarge F2 population for captur-
ing the most potential transgressive segregants. Instead,
if such plans are executed through national programmes
and the segregating population can be shared to groups of
breeders working at different locations. This will poten-
tially increase the chance of identifying the most potential
segregants which can later be shared with the breeders of
the region. In this manner, such segregating populations of
planned diverse crosses can be exploited better by a team
of breeders.

Innovative steps to recover the most
potential transgressive segregants

The genetic explanation amply reinforces the fact that just
as the blue whale is missing in the bucket of the breeder,
the most potential transgressive segregants are missed
from the small F, population. Now the condition of the
cotton breeder is comparable to the fate of the passenger
who reaches the railway station with heavy luggage just
to discover that the train has already left the station. The
challenge of catching the missed train could be compared
to the challenge of creating the most potential transgres-
sive segregants.

If the F, population is sufficiently large — thousands —
the visible most productive segregants carry many of the
desirable alleles distributed among them. This is compara-
ble to a situation when an ardent fan of a famous celebrity
is ridiculed by tearing the photo of the celebrity star into
pieces (Fig. 3) and the fan out of dedication collects these
pieces to recreate the lost picture to the extent possible.
Only when the productive segregants are recombined, it is
possible to recreate most potential segregants which were

Figure 3. Recombination of characters in F, populations and
their recreation by intermating promising F, plants.
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missed in segregating generation because of small popula-
tion size raised.

In a study conducted at Dharwad on a segregating F, gen-
eration of G. hirsutum_varietal cross, the top 20 plants
were advanced to F, in the off-season and were recom-
bined through simulated random mating. The recombined
population resulting from recombining the genetic back-
grounds of these progenies was evaluated along with the
normal selected plants progenies of the cross and normal
(unselected) population. The mean, variance and frequen-
cy of transgressive segregants observed in this churned
(recombined) population was found to be improved over
the population derived by just selecting for high yield and
the random population. This highlights the need for a
mandatory step of recombination among the available po-
tential segregants in early segregating generations to gen-
erate the missing most potential transgressive segregants.

Modifications in the procedures of
handling segregating generations of
cotton crosses

Depending on the extent of genetic divergence encoun-
tered by the breeder, it is possible to plan modifications
in procedures for creation of variability and to exploit the
same through selection by appropriate handling of segre-
gating populations. Some of the modified procedures are
provided below along with their genetic basis.

Genetic basis of some modifications

By F, generation, the minimal population size reduces
from 4" to 2" per locus which gives a huge advantage for
a large scale of segregation. Therefore, a method such as
single seed descent (SSD) gets a blanket benefit over pedi-
gree/bulk methods of breeding. There is a need to com-
pare the efficiency of SSD over other methods in terms of
reduction in minimum population size. It is suggested to
delay the selection up to F, generation and F, population
can be forwarded to F, generation exploring the option of
off-season, wherever available. Postponing the artificial
selection just by one generation (to F,) provides a big ad-
vantage, considering the large number of genes for which
the population is segregating as, the minimum population
to be evaluated gets reduced to 3" per locus.

Combination of SSD and pedigree methods
of breeding

The main advantage of SSD is the reduction in population
size to be evaluated for selection. When segregating gen-
erations are handled, minimum population size reduces
from 4" in F, to 2" by about F  and later This opens up pos-
sibilities of series of modifications of handling selfed seg-
regating generations. Even if selection is postponed to F,
by raising F, in off season through close spacing or broad-
casting method of sowing and advancing F, to F, the mini-

mum population size reduces approximately to 3" in F,
Intermating among the selected promising F, plants may
be attempted to recreate the potential genetic variability
which could have been achieved by evaluating large F,
population. This greatly increases the chance of obtaining
the most potential transgressive segregants. By following
this deviation, it is possible to save one season and even
gain a big advantage of reducing minimum population size.

Exploring the nature of gene action for
higher genetic gains

It is possible to exploit both additive and complete domi-
nance gene action in often-self-pollinated crops like cot-
ton. To exploit dominance gene action, it is necessary to
have lesser heterozygosity in plants to be selected. Hence,
it is desirable to avoid selection in early generation like F,
to F,. By doing so, the deceptive level of genotypes in gen-
eral reduces. This becomes an additional advantage apart
from the advantage of reduced minimum population size.

Initial generations through SSD

The initial two segregating generations (F, and F,) result-
ing from selfing show higher rise in inbreeding coefficient
(to 0.75) thereby indicating that it is beneficial to follow
SSD in these two early generations by raising very large
population since the aim is to get just one seed from each
segregant in these F, and F, generations. Artificial selec-
tion can very well be initiated in F, generation and all the
benefits of reducing minimum size and associated benefits
of starting artificial selection in F, can be exploited.

Alternate generations through SSD

Another alternate procedure is to grow even numbered
segregating generations in off season and odd numbered
segregating generations in the regular season. These pro-
cedures also ensure quickest advancing to later genera-
tions and exploiting the benefit of both pedigree and bulk
method of breeding. Here, it is necessary that during off-
season while advancing the population, identity is main-
tained for each plant by proper labelling. The F, popula-
tion, in particular, needs to be raised during the off-season
as the inbreeding coefficient increases rapidly.

Representing two generations in an
evaluation

Using seeds of plants in regular season and off-season of
each year, one can explore evaluation of two generations
in a single row (season). Here the seeds of earlier genera-
tion (say F,) may be used for evaluation while, at the end of
each row, a small extended row (corresponding progeny of
F,) may be planted (Fig. 4). Based on performance, supe-
rior F, row lines can be selected but corresponding F, row
may be harvested for advancing it to F, for evaluation. One
can also explore to evaluate both F, and F_ rows of selected
lines in next year as this will help in confirming the perfor-
mance of the selected lines with two generations grown in
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a single season per year. The suggested modifications have
general value in all self-pollinated crops and cotton breed-
ers should make use of these innovative modifications by
exercising care in handling segregating generations.

Year Regular season Off-season
2015 |Evaluation of F, generation Breadoast Fy ssads fo
raise large population
2016 | Evaluation of F, generation ;4sngenorat|on through
Fyline |11 Fe advanced from
‘ ‘ | | ‘ I | selected F; lines
identified based on the
2017 performance of F,
lines
Fytine [ LLLLLEEREEEREELEELT
Fyline
With every passing year,
minimum population to be
2018 | ¢ iine grown for selection of most
productive segregants
decreases significantly
Selection for multiple traits

Figure. 4. Evaluation of two generations in the same
season for improving selection efficiency

Genetic basis of backcrossing

We uncovered many interesting facts upon our detailed
studies on the constitution of segregating populations as
compared to constitution of backcross derived popula-
tions. The proportion of homozygous genotypes is equal
to proportion of plants resembling recurrent parent.
Hence, the proportion of plants which are exactly like re-
current parent is still very less in even BC, generation. It is
the proportion of plants nearly like recurrent parent that
becomes more than 90% of the BC, population.

By deciphering similarities and differences in consequenc-
es of selfing and backcrossing, it is possible to show that
the size of backcross populations normally involved in
backcrossing is very small and this can adversely affect the
recovery of constitution of backcross derived generations.
The minimum population size is 2" in BC, generation. It
works out to be 2 million plants if the genetic background
is definable by just 21 genes and considering a large ge-
netic background (n in hundreds), this becomes a very
large population size. As against this requirement, the
commonly used size of a BC, population for backcrossing
is much smaller. Due to sampling effect, it can lead to drift
in allelic frequencies which may slow down the recovery
of constitution of the recurrent parent. The implications
of these findings are that the number of plants carrying
the trait under transfer from donor parent have to be large
and indeed this becomes the BC population which must
account for the entire range of variability released in the
population. During regular backcross breeding programs
of cotton meant either for transferring Bt genes or for
other traits, whenever very few plants are used in differ-

ent backcross generations, the introgressed or improved
version show differences from the original version of re-
current parent used in backcrossing. It should be noted
that the effect mentioned here is specifically for the back-
ground genes (loci) of the genotypic constitution which
are not linked to the gene under transfer. The problem of
delay caused in recovery of constitution of recurrent par-
ent adds another dimension to the problem. As an impli-
cation of this, it is necessary for the breeder to use a large
number of plants and even observe progeny row from
each plant used for back crossing for its resemblance with
the recurrent parent and preserve remnant backcross and
selfed seeds of each plant for a possible future use.

Conceptualisation of ‘target
genotype’

When hybridisation work involving the chosen parents
is initiated, the breeder should have a clear perception of
the constitution of the most potential transgressive segre-
gant (aimed to become constitution of the new variety).
The idea is to define such a genotype as ‘target genotype’
in terms of the proportion of alleles retained from the two
parents chosen for hybridisation (it can be defined in terms
of multiple parents as well but for simplicity sake, the case
of using only two parents in hybridisation is considered).
The perception of a target genotype should be clear to the
breeder and this enables the breeder to choose an appro-
priate breeding method and even to make suitable modifi-
cations in handling the segregating generations.

Procedures of handling segregating generations after hy-
bridisation can be broadly grouped into a) Pedigree/ Bulk/
SSD method and b) Backcross method of breeding. This
distinction between the breeding methods can be made
in terms of the proportion of alleles from two parents (in-
volved in crossing) observed among the segregants in the
generations derived (after hybridisation) in these methods
of breeding. Backcross method of breeding is used when
the donor parent has highly undesirable genetic back-
ground except for one desirable simply inherited trait (Al-
lard, 1960). Here, the proportion of alleles required from
the two parents in the target genotype would be defined
as 98:2 or 99:1. The genetic consequences of backcross-
ing and about when to use backcross breeding are well
explained in different books on plant breeding and the pro-
cedure followed during backcross breeding precisely in-
creases the chance of occurrence of such a target genotype.

The backcross method of breeding is considered as
uniquely scientific especially because this breeding pro-
cedure facilitates and enhances the chance of occurrence
of the target genotype (something like 99:1 in terms of
proportions of alleles from the two parents) by modifying
constitution of the base F, population (with 50:50 allelic
proportions of the two parents) developed through hy-
bridisation. In every backcross generation, the proportion
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goes on increasing with every
backcross generation. This
is always seen as a major dif-
ference in the consequence of
selfing and backcrossing. The

very purpose of back cross-

Development of variety through backcross generations

Il ing is to decrease the propor-

X

tion of alleles of the donor
parent which are associated

Figure 5. Handling the material after hybridisation in varietal breeding and
the proportion of alleles from parents

of alleles from the recurrent parent goes on increasing and
the undesirable alleles of donor parent are flushed out at
high speed. If the breeder keeps track of the desirable trait
of the donor parent under transfer and holds that intact in
the plants chosen for back crossing, the targeted genotype
is produced with great ease.

Varietal development vis-a-vis proportion of
alleles from parents

With breeding methods such as Pedigree, Bulk and SSD, is
it possible to expect a high frequency of target genotype?
How do they compare with backcross breeding method in
terms of efficiency in generating high frequency of the de-
sired target genotype? Should these methods be rated as
less scientific because the breeder is not clear about the
expected target genotype set and hence thinks that it is
not achieved? These are the important aspects on which
a lot of information has to be generated through breeding
system research, but there is a dearth of planned research
in this direction. In the entire population of plants in a seg-
regating generation, the average proportion of alleles of
the two parents in F,and any subsequent segregating self-
ed generation is 50:50. It has been worked out and shown
(Patil, 2014) that when genotype of each plant is examined
in terms of alleles contributed by the two parents and the
frequency distribution is worked out, it is observed that
the proportion of plants with allelic contribution being
equal to or close to 50:50 is highest (Table 1).

When this explanation is extended to cover polygenic
traits, the distribution assumes the shape of normal curve.
The inference derived from this distribution is that all three
procedures of handling segregating generations (pedigree,
bulk and SSD) will be successful when the desirable alleles
for all the loci are distributed equally among the parents

with an undesirable genetic
background. With continuous
backcrossing, there is a me-
thodical and rapid increase
in the proportion of plants (in
the backcross population) which resemble the recurrent
parent.

The segregants most commonly observed in a breeding
approach should match with the target genotype concep-
tualised in the beginning of varietal improvement pro-
gram. Otherwise, the selected selection approach may not
give the desired results. Hence, it is necessary to under-
stand the kind of target genotype set by the particular pair
of parents before embarking on the choice of breeding
procedure. It is also equally important to understand the
types of segregants most commonly observed in a selected
breeding approach.

A segregation ratio of 1:2:1 is observed in F, generation
with respect to a locus under consideration. When segre-
gation at two loci is considered, a ratio of 1:4:6:4:1 is ob-
served where the segregants with 50:50 allelic contribu-
tions from the two parents are most common (Table 1).
The extreme types and those with unequal contribution
of alleles from the two parents are less common. Extend-
ing it to three loci, a ratio of 1:6:15:20:15:6:1 is seen in
F,and here again segregants with 50:50 or nearly 50:50
allelic contribution from the two parents occur most com-
monly in an early segregating generation. This pattern of
segregation remains the same even when a large number
of loci affecting a quantitative character is considered as
depicted in Figure 6 and 7. In both methods of Bulk and
SSD, artificial selection begins at a stage when the popu-
lation is fixed or nearly fixed at the segregating loci gov-
erning inheritance of quantitative traits and at this stage
the number of gametic classes and genotypic classes are
same(2" ). With the help of Pascal’s triangle, the segrega-
tion ratios can be worked out in F, generation and also in
the generation representing fixation.
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Table 1: Proportion of alleles of two parents among segregation ratios

a) F, generation

Genotypes and proportion of alleles of two parents

One gene case AA Aa Aa
Proportion of 100:00:00 | 50:50:00 | 0,06944444
alleles of parents

Segregation ratio 1 2 1

Genotypes and proportion of alleles of two parents

AaBb (4)
Two genecase | AABB (1) 2’:32 g; AAbb (1) | 22BP @) | Lapb (1)
aaBB (1) Aabb (2)
Proportion of 100:00:00 | 75:25:00 | 50:50:00 25:75 | 0,06944444
alleles of parents
Segregation ratio 1 4 6 4 1

b) F¢ generation

Genotypes and proportion of alleles of two parents

Two gene case AABB (1) 2:;; 21; Aabb (1)
Proportion of 100:00:00 | 50:50:00 | 0,06944444
alleles of parents
Segregation ratio 1 2 1
No. of genes segregating in ‘ 50/50 ‘ ‘ No. of genes segregating il
F2 | | 1 F6
‘ 1 1 1
1 | 1 2 1 2
‘ ‘ 3 3
2 | | | I 3 4 1 4
‘ ‘ 5 10 0 B 1 5
T\:iijT 6 15 20 15 T 6
\ 1 7 2 35 35 21 7 1 7
[ 4 | J 1 8 28 56 70 56 2% 8 1 8
‘ 1 3 84 126 26 84 36 9 1 9
\ET 10 45 120 210 252 210 120 45 10 110
|| | | || | Nearys50:50 Types [ | [ [ [ [ J

Figure 6. Proportion of alleles from the two parents among segregants
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in early as well as later segregating generations

In Figure 6, it is observed that the
trend of prominence of 50:50 types
among segregants continues even at
this stage of fixation. It means that
whether it is pedigree or bulk or SSD
method of handling segregating popu-
lations, 50:50 types of segregants are
most commonly seen in these popula-
tions subjected to artificial selection.
As compared to this there is a lower
frequency of 70:30 types (or symmet-
rically 30:70 types) and an even lesser
frequency of 95:5 (or 5:95) type. It is
important to remember for this rea-
son that the target genotype achieved
through back cross method of breed-
ing (say 98:2 type) is very much avail-
able even in F, generation but locating
such segregants in F, becomes a Her-
culean task. Therefore, it is avoided,
and the tedious procedure of continu-
ous back crossing is preferred over se-
lection for the target 98:2 type in F, or
later segregating generation.

Thus, the selection processes prac-
ticed in these segregating popula-
tions will be successful only if the
‘target genotype’ set by the pair of
hybridised parents is close to 50:50.
This means that if the two parents are
perfectly complimenting each other
on gene for gene basis or crudely
speaking trait for trait (component
trait) basis, the target genotype set
will be 50:50 type. In simpler terms,
in any segregating generation (F,, ...
F,.), the segregants which are 50:50
types (50% alleles from each par-
ents) are the most commonly ob-
served types. If the two parents are
complementing each other
perfectly by sharing the de-
sirable alleles each at 50%
of the total number of loci
responsible for yield, then
the target genotype in case
of the parental pair chosen
for hybridisation is a 50:50
type. Since the segregat-
ing population consists of
mainly 50:50 types the task
of the breeder is restricted
to selecting the “Best 50:50

Figure 7. Proportion of alleles from the two parents among segregants in BC1 generation

type”, which could be con-
sidered as the target recom-
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binant type. This incidentally it is a positive transgressive
segregant which blends the desirable favourable alleles
equally distributed between the two parents. Apart from
these extreme positive transgressive segregants among
this wide array of 50:50 types of segregants, one can also
expect extreme negative transgressive segregants, which
may perfectly blend only the undesirable alleles distrib-
uted equally from the two parents. Since the population
has high frequency of 50:50 types, selecting the best 50:50
among them becomes relatively easy. Based on this theory,
it is expected that these three methods of handling seg-
regating populations after hybridisation will be successful
only when the target genotype is a 50:50 type. It should
also be remembered that following these methods will be
ineffective if the parents used in hybridisation possess un-
equal distribution of desirable alleles (traits) between the
parents (say 70:30 or 80:20). It is because the frequency of
the desirable genotypes in early or later segregating gen-
erations is very low. Searching for the best 80:20 in a pop-
ulation containing a full of an array of 50:50 types at a very
low frequency occurrence of these different 80:20 types
is perhaps equivalent to searching a pin in a haystack.
Very often plant breeders fail to find potential transgres-
sive segregants in the segregating generations and it is
therefore important to understand reasons for the failures
which often depends on how the segregating populations
are handled during selection and stabilisation process.

The methods of handling segregating generations are well
defined when the target genotype is 50:50 type (Pedigree/
Bulk/ Single seed descent method) or an extreme type
such as 99:1 or 98:2 or 100:0 (Backcross breeding). It is
advised to practice limited backcross breeding when the
target genotype is in between these two types, say 70:30
or 80:30. In a single backcross derived populations (BC,F,,
BC/F,... etc.), 75:25 types are most commonly observed
and hence it is easier to expect higher frequency
of 70:30, 75:25 or 80:20 types (Fig. 7). Here again,
the task of the breeder is simplified to the extent
of finding which 75 are seen from the first par-

Backcross derived Pedigree/Bulk/Single
seed descent method

Itis important to note that limited backcrossing just refers
to creation of base BC,F, population with higher frequency
of the target genotype. Once such base population is cre-
ated, the breeder has many options of initiating artificial
selection right from the BC,F, generation. This modified
approach is similar to pedigree method of breeding and
can be continued by implementing selection schemes de-
scribed for F,, F, etc., in the corresponding BClFZ’ BC,F, etc.
generations, respectively. If the considerable heterozygos-
ity existing in a backcross derived population is consid-
ered as a disadvantage, then the artificial selection can be
delayed up to BC,F_ when the proportion of homozygous
plants is increased substantially. Either bulk method of ad-
vancing or SSD approach can be followed through these
early segregating generations. There is a need for research
on comparing efficiency of following Pedigree/SSD/Bulk
methods in handling segregating generations derived
through limited backcross breeding

Following the approach of determining the target geno-
type involves comparison of backcross Populations to P,
(BC,) and P, (BC,) with F, population. The segregation pat-
tern observed in BC,, BC, and F, populations shows differ-
ences in prominent types namely 75:25, 50:50 and 25:75
types in them. This becomes the genetic basis for under-
standing the differences in means of these populations. If
the target genotype set by the pair of parents involved in
hybridisation matches with the prominent segregant type
observed in a generation, the mean performance of that
population will be higher than the mean of the remaining
two populations. As per this basis of inheritance, any of
the following three situations can be observed in an evalu-
ation study where these three segregating populations are
compared.

Table 2: Comparison of Means of Segregating Populations

Situation I: Decreasing order of performance being BC ;>F ,>BC ,

ent and which 25 are seen from second parent. Highest Proportion of Method of Result of
When majority of segregants are 75:25 types, |Population alleles of parents b?-ee?:lino selection in the
it becomes easy to pick up the extreme positive P, P, 9 population
transgressive segregants with the required desir-

i Limited back
able 75 alleles from the first parent and 25 from BC, (F, XP;) 75 25 imited backcross 1, ~ rewarding
the second parent. breeding (with P;)
Thus, s.electi(.)n in a limited backcross-derived | (seffing F,) 50 50 Pedigree/Bulk/SSD |Less rewarding
population (single backcross) would be success-
ful when the desirable alleles are unequally dis- |gc, (F, x p,) 25 75 tlmlthi baC'ftzf;SS Least rewarding
tributed between the parents (say around 75:25) reeding (with P2)

while selfed breeding methods will be more effi-
cient when parents possess nearly equal distribu-
tion of desired alleles between them. The utility of
limited backcross approach of breeding has been
highlighted earlier by Patil (2007, 2011).

Here the P, parent has higher proportion of desired alleles contributing to higher
productivity, and as a result of this, the decreasing order of performance of
populations will be BC;>F,>BC,. In such a case, selfed generations of BC,
populations can be subjected to selection either by following pedigree or bulk or
single seed decent methods of breeding.
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Situation 2: Decreasing order of performance being BC , >F , >BC ,

volving a compact parent and a stay green type, F,

population was significantly superior to B, indi-

) Hig:‘leISt Pr?p°'ﬁ°t" of Method of Result of cating that the parents were complimenting each
Population 27968 of parents breeding selectlor] n other for the yield influencing loci due to which
P, P, population 1 - I hi

T —— F, revealed superior performance and this trend
BC, (F{ XPy) 75 25 blrn;;din (with P1) Least rewarding | of superiority continued in F, generation. In RAH
: g - 111 X RAH 16, BC, population revealed higher

F, 50 50 Pedigree/Bulk/SSD |[Less rewarding . 2
P population mean as compared to the other two
BC, (F1 X Py) 25 75 Limited backcross 1y rewarding opulations and this trend continued in next self-

breeding (with P2) bop

Here the P, parent has higher proportion of desired alleles contributing to higher
productivity because of which these populations reveal a decreasing order of
performance of BC,>F,>BC,. In this situation, selfed generation of BC, populations
can be subjected to selection either by following pedigree or bulk or single seed

decent method of breeding.

Situation 3: Decreasing order of performance being F ,>BC ; or BC ,.

ed generation. The number of transgressive seg-
regants observed in these populations in general
matched with the higher mean seen in the popu-
lations. Thus, different combinations of parents
included in the study differed with respect to the
pattern of complementation of genes for which
they differ.

The parental genotypes used in the study were

evaluated for an array of yield attributing charac-
ters including physiological characters related to
photosynthesis. An overall assessment of parents

for these many important traits gave insight on
complementation pattern of desirable traits (al-

Highest Proportion of
Population alleles of parents Result of selection in population
P P,
F, 50 50 More rewarding
BC, L 25 Less rewarding
BC, 25 75

leles) between the elite genotypes chosen. This
assessment matched with the previously men-

Here P1 and P2 parents have an equal proportion of desired alleles contributing to
higher productivity of F2>BC1>BC2 or F2>BC2>BC1. In this situation advancing
selfed F2 and later segregating generations can be subjected to selection either

by following pedigree or bulk or SSD method of breeding.

Studies on determining the ‘target genotype’

To test this concept, a study was conducted to understand
the differences in performance of the three segregating
populations and their subsequent selfed generations in
cotton at Dharwad, India. Among the three crosses han-
dled in RAH100 X SAM 4, BC, population revealed higher
mean seed cotton yield/plant and this trend of superior-
ity was continued in the next selfed generation, confirm-
ing that the trend of observed superiority occurring in
this population did continue in the next selfed generation
(Table 3). Many transgressive segregants were noticed in
this population. As per
the expectations of the

tioned conclusion derived from comparing the
three segregating generations — F,, BC, and BC..

In another study, different populations with gra-
dation of allelic contributions from the two par-
ents were developed. This study involved two in-
tra-hirsutum crosses involving four varietal lines
1) DRGR 2572 x M 5 and 2) DRCR 4 X DSMR 10. The nine
generations (P, P, F,BC,BC,F, BCF,, BCF, F3) of both
crosses were sown and evaluated in kharif 2015. The data
on these generations confirmed that the trend of superior
performance and gradations in performance is confirmed
in succeeding selfed generations. Further in an effort to
exploit the variability released in these populations top
30% of the best plants were selected from the BC,, BC,, F,,
BC,F,, BC,F,, F, generations and All the nine generations

12 272
(P, P, F,BCF, BCF,F, BCF,BC}F, F4‘) of both crosses

12

Table 3. Comparison of Performance of Limited Backcross and

genetic basis explained
earlier,, RAH 100 has
many important yield
contributing characters
including boll number
because of which BC,
and the subsequent
selfed population re-
vealed improved per-
formance as compared
to the remaining two
populations. In a cross
of DSC 7 X RAH 53 in-

Selfed Populations for Seed Cotton Yield (g/plant)

Cross 2007-2008 2009-2010
I. RAH100 X SAM4 BC;, F, BC, BC,F, Fi BC,F,
No. of plants/lines (L) 154 468 198 96 L 287 L 71L
Mean Seed Cotton Yield(g/pl) 167.1* 1443 129.8 138.6* 118.5 99.4
Il. DSC 7X RAH 53
No. of plants/lines (L) 166 398 184 78 L 243 L 97 L
Mean Seed Cotton Yield(g/pl) 174.8 189.1* 131.7 142.8 154.9* 139.6
IIl. RAH 111 X RAH 16
No. of plants/lines (L) 165 371 200 77L 216 L 0L
Mean Seed Cotton Yield(g/pl) 157.7 150.4 169.0 1214 146.2 164.1*

*Significantly higher.
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were sown for evaluation in kharif 2016 (Adarsha, 2017).
The superior variability observed in the specific popula-
tions responded to selection practiced for high yield. This
confirms that the higher mean and variability seen in back
cross populations responds to selection and confirms that
these modified procedures are effective in achieving high-
er genetic gain for productivity enhancement.

Genetic basis of exploiting heterotic groups
and improving performance of hybrids

Performance of hybrids depends upon genetic diversity
and complementation of parents for loci influencing dif-
ferent important traits between parents. In a self-pollinat-
ed crop like cotton, in which inbreeding depression is not
much of a concern, it is possible to observe per se perfor-
mance by grouping genotypes into heterotic groups before
understanding their combining ability pattern. Continu-
ous efforts made on relating hybrid performance in cot-
ton with genetic diversity existing among parents has led
to development of heterotic groups in cotton. In general,
crosses between robust, bushy types and compact types
were found to be heterotic because of complementation
between these groups. In addition, the stay green groups
of genotypes combined well with high ‘relative growth
rate’ types and also compact types. Several studies were
conducted to identify elite combiners of each group and
exploit these heterotic groups for improving combining
ability by practicing procedures such as reciprocal selec-
tion for combining ability (Patil et al 2007, Patil and Patil
2007, Patil et al., 2011, Pranesh and Patil 2014). Initially,
variability for favourable dominant alleles was created by
using two parents in each group. In recent years, broad
based populations are developed based on four parents in
each group. Other studies on checking consistency of com-
bining ability over generations was carried out. Though
potential crosses were obtained between F, lines and the
opposite groups testers, performance of crosses between
the new double cross F, lines of the opposite groups were
found to be of more potential. This indicates diversity cre-
ated between the lines of opposite groups obtained from
four parent crosses. Development of populations of oppo-
site groups based on four elite combiner parents appears
to be a promising approach in exploiting heterotic groups.

Two different breeders with varied understanding of ge-
netic principles can produce different results even after
handling the same population for developing a variety or
the same germplasm for developing a hybrid. The innova-
tive approaches followed in the creation of useful variabil-
ity required for varietal development and modifications
in approaches of exploiting this variability have shown
encouraging results indicating in general that instead of
the conventional varietal development approaches there
is a need to incorporate these innovative modifications in
breeding methodologies for developing superior varieties
and hybrids.

Developing broad-based populations under
national programmes

There is a need to develop broad based populations by
pooling genes of resistance to diseases like CLCuV, and
pests such as jassids and bollworms, which are known for
their ability to quickly develop resistance to protection
measures used against them. Plant breeding solutions of
incorporating such special traits should involve pooling
genes for resistance by utilising resistant sources. In addi-
tion to wild species, diploid species can also be explored for
improvement of these traits. The approaches of introgres-
sion through systematically planned, limited backcrossing
may become necessary. The size of a backcross population
grown/found to be resistant/and used for backcrossing
needs to be distinguished. The optimum/minimum popu-
lation sizes assume astronomical figures and the implica-
tions of a limited sample size on the chance of recovering
‘recurrent parents constitution’ becomes more difficult
than what is assumed in consequences of backcrossing.

National/continental programs of exploring
useful alleles in wild species through limited
introgression

Wild species need to be explored for the hidden valuable
genes, alleles for stress tolerance and rare alleles associ-
ated with the main productivity traits. It is essential to ini-
tiate national programs of developing backcross programs
involving wild species and diploid species. While practic-
ing backcrossing, it is essential to understand and distin-
guish concepts of minimum and optimum population sizes
to be grown with plants carrying the desirable target trait
and their influence on recovering constitution of the re-
current parent.

Use of induced mutations to supplement and
compliment recombinational variability

It is possible to complement hybridisation with induced
mutations to generate more useful variability. In addition,
induced variability can be helpful in producing rare alleles
for biotic and abiotic stress resistance. Apart from induc-
ing mutations for creation of variability in varietal breed-
ing, it can be used to create variability for gene action and
multiple alleles helpful in hybrid breeding.

Development of heterotic populations for
common use by breeders

The modified procedures of ‘reciprocal recurrent’ selec-
tion which are basically defined for cross pollinated crops
are aimed at increasing genetic diversity between oppo-
site populations. The phenomenon of heterosis is basically
having the same genetic basis of H,, =),dy* and implica-
tions of the formula clearly show that by increasing ge-
netic diversity, it is possible to increase the magnitude of
heterosis. A series of these studies on exploiting heterotic
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groups have proved that it is possible to transcend the lim-
its of mating system and utilise the procedures originally
described for cross-pollinated crops used for improving
self-pollinated crops as well.

Options of breeding genetically modified
(GM) events

Populations or pools of alleles should be built with active
and effective GM events. Apart from deregulated events
like Mon531, some new events are being compared and
many more are being developed and identified. New
events from UAS, Dharwad (crylAc event, UASD No. 78),
Delhi University (crylAc event, Tg2E13), NBRI, Lucknow
(Tmal2 & CrylEc events) are prominent among them.
There is a need for identifying the most effective ones
among these events to incorporate them into elite variet-
ies and release them for commercial cultivation through
fast-track approaches. With appropriate pyramiding or
stacking of potential events, it is possible to achieve sus-
tainable cotton production in the years to come. Providing
access to these events for the breeders in state agricultural
universities (SAUs) can expedite the progress.

Need for special support for conventional
breeding research

There is a severe dearth of support for plant breeding
research and procedures of varietal improvement and
hybrid development. This paper draws the attention of
cotton researchers to the recent findings from our plant
breeding research and also toward some inferences and
plant breeding implications derived from the basic prin-
ciples of ‘population and quantitative genetics’.
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Programmes on varietal development and hybrid develop-
ment that need to be approached by a team of breeders,
covering different locations are highlighted above. Some
additional joint ventures of teams of scientists which need
to be supported with an open mindset are explained. Plant
breeders often experience that that innovative ideas of
research submitted as research projects generally do not
attract the attention of funding agencies and this situation
is highlighted in the cartoon (Figure 8). While molecular
approaches can complement plant breeding approaches,

there is a need for funding agencies as well as government
institutions to appreciate the importance of innovative
conventional breeding methodologies that may provide
a much higher value of returns for investments than the
investment made on molecular aspects for plant breeding.
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Summary

Cotton is widely cultivated globally because it provides
natural fibre for the textile industry and human use. To
identify quantitative trait loci (QTLs)/genes associated
with fibre quality and yield, a recombinant inbred line
(RIL) population was developed in upland cotton. A con-
sensus map covering the whole genome was constructed
with three types of markers (8295 markers, 5197.17 cen-
timorgans (cM)). Six fibre yield and quality traits were
evaluated in 17 environments, and 983 QTLs were identi-
fied, 198 of which were stable and mainly distributed on
chromosomes4,6,7,13,21,and 25. Thirty-seven QTL clus-
ters were identified, in which 92.8% of paired traits with
significant medium or high positive correlations had the
same QTL additive effect directions, and all of the paired
traits with significant medium or high negative correla-

tions had opposite additive effect directions. Six impor-
tant QTL clusters that included both fibre quality and yield
traits were identified with opposite additive effect direc-
tions, and those on chromosome 13 (qClu-chr13-2) could
increase fibre quality but reduce yield; this result was vali-
dated in a natural population using three markers. These
data could provide information about the genetic basis of
cotton fibre quality and yield and help cotton breeders to
improve fibre quality and yield simultaneously.

Introduction

Among the four cultivated Gossypium species, G. hirsutum
(upland cotton) accounts for 90% to 95% of the total cot-
ton fibre production because of its wide adaptability and
attractive fibre qualities (Percival et al.,, 1999; Rong et al.,
2004; Park et al., 2005; Lacape et al., 2009). In convention-
al breeding procedures, which use sexual hybridisation,
parents are selected based on their desired phenotypic
performance for the target traits. For complex traits such
as cotton fibre quality and yield, however, it becomes chal-
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lenging to further improve one without compromising the
other (Shen et al.,, 2005; Qin et al., 2008; Yu et al., 2013;
Ning et al, 2014; Cao et al.,, 2015; Li et al, 2016a). There-
fore, uncovering the genetic basis of the fibre quality and
yield traits in upland cotton is becoming increasingly nec-
essary for the simultaneous improvement of fibre quality
and yield in the future (Sun et al, 2012; Ning et al., 2014).

Sequencing of the genomes of G. raimondii (Paterson et
al, 2012; Wang et al., 2012), G. arboreum (Li et al., 2014;
Du et al,, 2018), G. barbadense (Liu et al., 2015; Yuan et
al, 2015), and G. hirsutum (Li et al, 2015; Zhang et al,
2015b;Wang et al., 2019) has provided new platforms for
linkage-map-based QTL identification. To explain the ge-
netic basis of cotton fibre quality and yield-related traits,
many genetic linkage maps have been constructed, includ-
ing interspecific maps mainly between G. barbadense and
G. hirsutum (Chee et al,, 2005a and 2005b; He et al, 2007;
Lacape et al, 2010; Yang et al., 2015;Zhaiet al., 2016;Wang
et al, 2016;Song et al, 2017; Chandnani et al, 2018)and
intra-hirsutum maps (Sun et al.,, 2012; Zhang et al., 2012,
2016 and 2017; Ning et al, 2014, Tan et al., 2014, Tang
et al, 2015, Shang et al.,, 2015;Liu et al,, 2017); QTLs have
been identified based on these maps. Restriction frag-
ment length polymorphism (RFLP) markers were used
to construct the initial genetic map in cotton (Peterson et
al., 2003; Ualloa et al., 2002 and 2005; Rong et al, 2004),
followed by simple sequence repeat (SSR) markers (Sun
etal, 2012; Zhang et al, 2012 and 2015; Tan et al.,, 2014;
Tang et al, 2015; Yang et al, 2016; Liu et al, 2017) and
single nucleotide polymorphism (SNP) markers (Hulse-
Kemp et al., 2015; Wang et al.,, 2015a and 2015b; Li et al,
2016a; Zhangetal,, 2016 and 2017; Qietal.,, 2017; Diouf et
al., 2018). A QTL is a chromosome region that might cumu-
latively contribute to phenotypic variation; each QTL has
a varying degree of efficacy for a specific trait (Ulloa et al.,
2000; Peterson et al., 2003; Rong et al., 2004; Shen et al,
2005 and 2007; Zhang et al., 2012; Tan et
al, 2014; Wang et al., 2015b and 2015c).
QTLs for fibre quality and yield traits have
contributed to cotton breeding through
marker-assisted selection, fine mapping,
functional characterisation of genes, and
gene cloning. However, the maps used

a high-density genetic linkage map with coverage of the
entire upland cotton genome.

In this study, we developed a population of intraspecific
RILs in upland cotton consisting of 196 lines with the par-
ents 0-153 and sGK9708. The fibre quality and yield traits
were evaluated across 22 environments. A whole-genome-
based high-density genetic linkage map was constructed
by integrating five previously reported basic linkage
maps generated using SSR (Sun et al, 2012; Jamshed et
al, 2016), SSR and SNP-BSA (bulked segregation analysis)
(Zhang et al, 2015c), SNP-specific-locus amplified frag-
ment sequencing (SLAF) (Zhang et al.,, 2016b), and SNP-
chip (Zhang et al., 2017b). QTLs for fibre quality and yield
traits were identified in 17 of the 22 environments. QTL
clusters were also identified to determine the genetic ba-
sis of the correlation between fibre quality and fibre yield.

This study demonstrates the integration of various link-
age maps with different marker types to construct a high-
density genetic map covering the whole genome. This
technique could be a powerful complementary strategy
to dissect the genetic basis of complex traits and their ge-
netic correlations in cotton. In addition to providing new
insights into the genetic basis of the traits related to fibre
quality and yield and their relationships, this study also
provided information about improving cotton fibre quality
and yield simultaneously.

Results

Phenotypic variation and correlation of traits
relating to fibre quality and yield

A RIL population developed between the two parents
0-153 and sGK9708 was planted from 2007 to 2015 across
22 environments. The phenotypic variation ranges of fi-
bre strength (FS), fibre length (FL), and micronaire (FM)
for the parents are summarised in Figure 1. All the traits

Table 1. The Phenotypic Variation Range

of Fibre Strength (FS), Fibre Length (FL) and Micronaire (FM)

Fiber

did not cover the whole genome and the
environments used to assess the pheno-

types were insufficient (Hulse-Kemp et al.,
2015; Tang et al., 2015; Wang et al., 2015a

and 2015b, Li et al,, 2016a; Liu et al., 217;
Qi et al,, 2017; Diouf et al, 2018; Jia et al.,

2018). Thus, many QTLs for fibre quality
and yield traits remain to be identified and

characterised across the upland cotton

genome. It remains necessary to dissect
the genetic basis of traits related to fibre

Fiber length . .
Year parents strength iber lengt Micronaire
cN/tex mm
sGK9708 25.0040.31 27.2210.14 3.94+0.11
2003 Anyang
0-153 32.31+0.72 28.55+0.38 4.3340.19
sGK9708 25.00+0.21 28.68+0.11 4.3940.11
2004 Anyang
0-153 35.8810.44 29.0410.20 4.2910.07
sGK9708 25.65+1.20 27.4410.01 4.68+0.18
2007 Anyang
0-153 33.75+1.06 31.1410.17 4.5040.09
sGK9708 25.60%0.71 28.1840.08 5.35+0.12
2008 Anyang
0-153 32.6040.85 31.2410.06 5.00£0.13
2008 Quzhou sGK9708 26.70+1.56 27.54+0.87 5.37+0.03
0-153 34.50+0.57 30.2110.51 4.28+0.11
— sGK9708 24.20+0.28 26.67+0.11 5.19+0.14
2008 Linging
0-153 33.40%1.27 30.0010.68 4.541+0.23

quality and yield by identifying QTLs using
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showed approximately normal distributions with an abso-
lute skewness value of less than one and were character-
ised by transgressive segregation with respect to parental
performance.

The heritability for FS, FL, FM, BW, and LP were calculated
across 21 environments, excluding 2013 in Anyang; the
heritability for SI was calculated across 20 environments,
excluding 2012 in Zhengzhou and 2013 in Anyang. The
heritability for all traits was more than 50%, except in
2015 Shihezi (49.80%) and 2014 Alaer (31.20%), which
indicates that these six traits had high heritability.

To establish correlations between different traits in the
same environment, three categories of correlations were
observed among the six traits. In the first category, the
trait pairs (FS and FL, FS and SI, FL and SI, FM and BW,
and BW and SI) showed significant medium or high posi-
tive correlations in most of the environments; in the sec-
ond category, the trait pairs (FS and FM, FS and LP, FL and
FM, FL and LP, and LP and SI) showed significant medium
or high negative correlations in most of the environments;
and in the third category, the trait-pairs (FM and LP, FS and
BW, FL and BW, FM and SI, BW and LP) showed no or weak
positive or negative correlations in most of the environ-
ments (Figure 1).

The correlations between the traits differed significantly
from those in the other environments In 2012 in Zheng-
zhou, in 2014 in Kuerle, and in 2015 in Kuerle. Some
traits did not show any significant positive correlations
with those in the other environments in 2011 in Anyang,

in 2011 in Zhengzhou and in 2012 in Zhengzhou. These
results indicated that these five environments were dis-
torted; thus, the other 17 environments were used for QTL
identification.

Genotyping for constructing the genetic
linkage map

To ensure the quality of the genetic consensus map, all
three types of markers (SSR, SLAF-SNP, and chip-SNP)
were first filtered. For the SLAF-SNP markers, the pro-
cessing and the results of filtering the markers are shown
in Zhang's reports (Zhang et al, 2016). For the chip-SNP
markers, 6989 SNPs were shown to be polymorphic be-
tween the parents, 4863 were located on the genome of
upland cotton, 2734 were genotyped as AA x BB with a
missing rate of less than 40%, and 2315 showed nonsig-
nificant segregation distortion with P values of more than
0.001 and could therefore be used to construct the consen-
sus genetic map (Zhang et al,, 2017b). For the SSR mark-
ers, 398 markers with 458 loci from Sun’s and Jamshed’s
research could be located in the upland cotton genome
and used to construct the consensus genetic map; these
markers were developed by other organisations (Sun et
al, 2012; Jamshed et al,, 2016).

Construction of the consensus genetic
linkage map

After combining the filtered markers, the consensus genet-
iclinkage map consisted of 8295 markers (458 SSRs, 5521
SLAF-SNPs, and 2316 chip-SNPs) and spanned 5197.17

Table 2. Detailed Information on the Consensus Genetic map for the RIL Population

No. Chr Marker Tf)tal Genetic A(\;veenr:tgi): Largest NO'SSNI;,AF- Noé;:p-

Num  Distance (cM) Distance (cM) Gap Markers Markers
chr01 414 181.81 0.44 6.77 297 108
chr02 238 151.99 0.64 11.18 180 54
chr03 329 191.94 0.59 16.29 218 100
chr04 646 208.85 0.32 15.12 574 60
chro5 571 221.34 0.39 8.13 434 119
chr06 181 207.63 1.15 16.98 101 42
chr07 422 168.99 0.4 4.76 318 97
chr08 78 85.3 1.11 4.79 56 21
chr09 376 193.16 0.52 14.15 274 91
chr10 218 199.12 0.92 9.90 133 68
chr11 120 154.86 1.3 5.39 88 28
chr12 368 212.73 0.58 4.76 273 89
chr13 766 207.22 0.27 5.07 604 151
chr14 727 234.63 0.32 2.98 408 305
chr15 85 226.61 2.7 13.20 29 27
chr16 620 245.76 0.4 16.17 399 175
chr17 184 199.41 1.09 16.59 102 60
chr18 286 236.88 0.83 23.66 172 96
chr19 180 219.65 1.23 13.95 109 56
chr20 150 226.79 1.52 13.51 60 62
chr21 271 221.93 0.82 5.44 174 89
chr22 149 152.86 1.03 4.76 75 64
chr23 302 244.88 0.81 13.29 142 131
chr24 109 132.17 1.22 3.90 60 46
chr25 353 230.04 0.65 24.36 166 121
chr26 152 240.62 1.59 16.07 75 56

No. SSR  Nmuber of S'Luh:;bi:):)fo Percentage chi- P_value SD.R
Markers  Gap(>5cM) 1<=P<0.05) of SDMs (%) square Region
9 1 119 28.74 2.84 0.21 3
4 6 21 8.82 1.32 0.45 2
11 5 68 20.67 2.35 0.48 3
12 7 8 1.24 0.94 0.47 1
18 5 196 34.33 2.87 0.29 5
38 3 76 41.99 6.80 0.35 4
7 0 29 6.87 1.13 0.45 2
1 0 20 25.64 7.01 0.31 1
11 5 90 23.94 2.60 0.40 7
17 11 74 33.94 9.36 0.24 2
4 1 5 417 1.55 0.33 1
6 0 89 24.18 2.61 0.24 5
11 1 64 8.36 1.67 0.36 6
14 0 477 65.61 7.32 0.15 2
29 18 8 9.41 1.49 0.38 1
46 8 202 32.58 5.37 0.28 5
22 10 11 5.98 1.01 0.51 1
18 15 52 18.18 2.10 0.31 4
15 14 50 27.78 2.67 0.35 5
28 12 43 28.67 6.03 0.34 4
8 2 8 2.95 0.90 0.53 2
10 0 2 1.34 0.54 0.65 0
29 7 109 36.09 7.95 0.22 6
3 0 16 14.68 1.82 0.43 1
66 7 249 70.54 12.16 0.10 8
21 12 22 14.47 1.86 0.42 3
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Table 3. The Number of QTLs and Stable QTLs for the Six Fibre Quality and Yield Traits in 17 Environments

No.Chr FS FL FM BW LP Sl Total

Total Stable Total Stable Total Stable Total Stable Total Stable Total Stable Total Stable
Chr01 1 0 12 4 7 1 8 4 2 1 4 0 34 10
Chr02 0 0 3 0 3 2 6 0 4 1 5 1 21 4
Chr03 4 0 4 0 6 0 5 1 8 3 6 0 33 4
Chro4 12 5 13 8 14 3 8 0 8 3 13 4 68 23
Chr05 7 0 7 1 8 2 1" 2 5 0 5 1 43 6
Chr06 10 3 4 2 8 2 18 3 6 2 5 1 51 13
Chro7 14 3 16 3 8 2 13 4 9 2 22 7 82 21
Chr08 4 2 2 1 6 1 2 0 5 0 2 0 21 4
Chr09 4 0 1 0 1 1 10 3 5 0 5 0 26 4
Chr10 1 0 5 0 12 1 16 2 7 0 7 1 48 4
Chr11 7 1 10 2 5 2 4 1 3 0 5 2 34 8
Chr12 1 0 2 0 5 0 12 1 2 0 1 0 23 1
Chr13 8 3 11 3 1 3 16 4 1 3 7 0 64 16
Chr14 12 1 8 2 12 0 8 0 9 3 8 0 57 6
Chr15 3 0 8 0 4 2 5 1 2 0 1 0 23 3
Chr16 8 3 4 1 8 1 8 3 7 1 8 0 43 9
Chr17 1 0 1 0 3 3 3 1 5 0 5 1 18 5
Chr18 5 1 5 0 7 1 8 0 5 0 1 0 31 2
Chr19 6 1 6 1 6 0 5 0 5 0 9 2 37 4
Chr20 3 1 4 1 3 0 4 0 6 2 3 0 23 4
Chr21 8 2 6 4 6 3 5 1 6 1 8 1 39 12
Chr22 6 2 3 0 6 0 6 1 3 0 8 1 32 4
Chr23 3 0 2 0 4 1 5 1 1 0 3 0 18 2
Chr24 0 0 1 0 2 0 5 1 1 2 5 1 24 4
Chr25 6 5 10 2 13 1 16 8 14 2 12 3 71 21
Chr26 4 0 1 0 2 0 4 1 4 2 4 1 19 4
Total 138 33 149 35 170 32 211 43 153 28 162 27 983 198

cM, with 2384.94 cM for the At sub-genome and 2812.23
cM for the Dt sub-genome. The average interval between
adjacent markers was 0.88 cM. The gaps (more than 10cM)
in the integrated genetic linkage map were mainly found
on Dt-sub-genome chromosomes, with five on chromo-
somel5 and four onchromosome26. The largest map gap
was found on chromosome 25 (24.36 cM). The segregation
distortion of the markers (SDM) (0.001<Pvalue<0.05) in
the integrated linkage map remained at almost the same
level as in the component maps. Chromosomel4 (447)
and chromosome 25 (249) were the two chromosomes
with the highest levels of SDM. The marker density in the
genetic and physical maps along the whole genome indi-
cated high coverage, although the markers were unevenly
distributed throughout the upland cotton genome, and
there were large variations across chromosome regions.
For the collinearity analysis, most of the SNP loci on the
linkage map were in the same order as those on the corre-
sponding chromosomes of the physical map of the upland
cotton genome. These results demonstrated that the cur-
rent linkage map could provide an effective and reliable
tool for QTL mapping (Table 2).

QTL identification for fibre quality and yield

Based on the consensus genetic map and the phenotype
data across 17 environments, 983 QTLs (548 on A, 435
on D) for fibre quality and yield were identified. Among

them, 198 were stable (118 on A and 80 on Dt) in at least
three environments, and 53.53% of stable QTLs were
mainly distributed on chromosomes 4, 6, 7, 13, 21, and
25, especially the three-environment-stable QTLs (Table 3
and Figure 1).

There were 138 QTLs for FS, 149 for FL, 170 for FM, 211
for BW, 153 for LP and 162 for SI. Among them, 33 (A was
17, D was 16), 35(Atwas 24, D was 11), 32 (Atwas 20,
D, was 12), 43 (Atwas 25, D, was 18), 28 (A was 15, D,
was 13), and 27 (A, was 17, D was 10) QTLs were stable,
respectively. These stable QTLs were distributed on all 26
chromosomes of cotton, mainly on chromosomes 4, 6, 7,
11, 13, 16, 20, 21 and 25. Detailed information about the
confidence intervals, observed phenotypic variance (PV)
values, and additive effects of each QTL is shown in Table
3, and Figure 1.

QTL cluster identification

Among the QTLs identified for fibre quality and yield,
there were QTLs for different traits that shared the same
confidence intervals and were considered to constitute
QTL clusters. In this research, 37 QTL clusters were identi-
fied (23 on A and 14 on D). All these QTL clusters were
distributed on 17 chromosomes (chromosomes2, 4, 5, 6,
7,8,11,13,15,16,17,19, 20, 21, 22, 25, and 26). Six chro-
mosomes (chromosomes 4, 6, 7,13, 21, and 25) harboured
25 QTL clusters, accounting for 67.6% of the total clusters
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Figure 1. QTL Mapping of Chromosomes 6, 7, 24 and 25 (Jamshed et al.

BMC Genomics, 2016. 17:197)

identified, and could be considered important chromo-
somes in this study. Among these QTL clusters, there were
six QTL clusters that harboured QTLs for FS or FL. and BW
or LP. The 0-153 allele increased FS and FL but decreased
LP or BW in the qClu-chr16-1, qClu-chr20-1, qClu-chré-
2,qClu-chr25-2, and qClu-chr13-2cluster; it also increased
LP but decreased FS in qClu-chr21-3.

Discussion

Coverage and saturation of the consensus
genetic map

Based on the reference genome of upland cotton, the to-
tal genetic distance of the genetic map should be between
4500cMand 5500cM without visible gaps (Wang et al.,
2012; Peterson et al, 2012; Lietal, 2013 and 2015; Zhang
et al, 2015b, Du et al.,, 2018). In previous studies, several
high-density genetic maps were constructed using differ-
ent markers with different populations; these maps, how-
ever, included genetic gaps of more than 20cM (Tan et al.,

Chromosome 24

2014; Hulse-Kemp et al.,, 2015; Liu et al,
2015 and 2017; Tang et al., 2015;Wang et
al, 2015a and 2015b, Li et al,, 2016a; Zhang
et al., 2016 and 2017; Qi et al., 2017; Diouf
etal,2018; Jia et al., 2018). In this study, we
used three types of markers to construct a
consensus genetic map that could fill some
of the gaps in the previously generated
maps. This consensus genetic map covered
the whole genome of upland cotton with
high saturation and is therefore a valuable
tool for QTL and candidate gene identifica-
tion, functional characterisation, and pyra-
miding breeding across the whole genome.

QTL numbers compared with
previous reports

Because quantitative traits are influenced by
the environment, some QTLs could be iden-
tified in several environments, while others
could be identified only in specific environ-
ments; QTLs that could be identified in mul-
tiple environments or generations are con-
sidered stable QTLs (Sun et al., 2012) and
may be of use for marker-assisted breeding
and gene cloning. As cotton fibre quality and
yield traits are quantitative traits, they are
controlled by multiple loci/genes. In previ-
ous studies, no more than 16 stable QTLs
were identified within a population for each
of the fibre quality or yield traits, i.e., the
maximum of 16 was found for FS, seven for
FL, five for FM, 16 for BW, seven for LP, and
four for SI (Tan et al., 2014 and 2018;Hulse-
Kemp et al,, 2015; Tang et al., 2015;Wang et
al, 2015aand 2015b; Lietal,, 2016a; Yang et al.,, 2016; Liu
etal,2017; Qietal., 2017; Diouf et al., 2018). In this study,
we used a consensus genetic map with high coverage and
saturation and identified more than 25stable QTLs across
17 environments. Therefore, this study identified the
greatest number of stable QTLs for fibre quality and yield.
These results could provide more information about the
genetic mechanisms underlying cotton fibre development
and provide important loci related to the improvement of
both cotton fibre quality and yield.

At LRI EL

Congruence with previously reported QTLs

To determine whether the QTLs in our study were novel
or had been previously identified, we compared our re-
sults with those from the cotton QTL database based on
their physical confidence intervals and the reports of pre-
vious genome-wide association studies (GWAS). A total
of 43QTLs shared the same or overlapping confidence in-
tervals with QTLs identified in previous studies (Rong et
al, 2007; Lacape et al., 2010; Said et al.,, 2013, 2015a and
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2015b; Fang et al., 2014).0f these, 22 were in the cotton
QTL database, and 25were identified in previous GWAS
(Fang et al, 2017; Huang et al, 2017; Sun et al,, 2017;
Wang et al., 2017a; Ma et al., 2018).

Overall, of the 198 stable QTLs identified in our study, 43
have been identified in previous studies (seven for FS, sev-
en for FL, 11for FM, four for BW, ten for LP, and four for
S1.) The others (78.3% of 198) were newly identified (26
for FS,28 for FL,21 for FM, 39 for BW, 18 for LP, and 23 for
SI) and could provide more information about the mecha-
nisms of cotton fibre development and yield formation.

Congruence with previously reported QTL
clusters

In previous studies, many QTL clusters were reported
and are available in the cotton QTL database (Rong et
al, 2007; Lacape et al., 2010; Said et al.,, 2013, 2015a and
2015b; Fang et al.,, 2014). In this database, all the chro-
mosomes harboured QTL clusters for no fewer than two
traits among FS, FL, FM, BW, LP, and SI. Among the 37 QTL
clusters identified in our study, there were six QTL clus-
ters (qClu-chr6-2, qClu-chr7-1, qClu-chr13-1, qClu-chri3-2,
qClu-chr17-1, and qClu-chr19-1) that shared the same or
overlapping confidence intervals with those in the data-
base; the other 31 clusters were newly identified in our
research.

Three markers, Marker 8331, Marker 8332 and Marker
8333 related to qClu-chr13-2, were selected to genotype
a natural population with 278 breeding parents (Figure
2). For all three markers, the phenotypes of the materi-
als with markers and without markers showed significant
differences, with P values less than 0.05. The FS increased
from 9.77 cN/tex to 10.61 cN/tex, and the FL increased
from 6.40mm to 4.21mm with the markers. However, the
BW decreased from 2.19g to 2.70g, and the LP decreased
from 3.17% to 4.20% with the markers. These results
could provide information about the mechanism underly-
ing the negative correlation between yield traits and fibre
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quality traits and act as a reference for improving the yield
and fibre quality of cotton.

QTL clusters and genetic correlation
between fibre quality and fibre yield

Some previous studies in cotton have addressed the corre-
lation between traits and QTL clusters but did not combine
these results for further analysis (Tan et al., 2018; Li et al,,
2016a; Liu et al., 2017; Diouf et al., 2018). In these studies,
the number of QTL clusters ranged from 2 to 18, and the
paired-trait QTL clusters ranged from 2 to 27. Through de-
tailed analysis of these results, we found that when paired
traits had a medium or high significant positive correla-
tion, the QTL additive effect directions for these two traits
were the same (positive or negative) in most QTL clusters
(Liu et al,, 2017; Diouf et al., 2018;Tan et al., 2018); when
paired traits had a medium or high significant negative
correlation, the QTL additive effect directions for these
two traits were opposite (positive and negative) in most of
the QTL clusters (Liu et al., 2017); and when paired traits
had no or only a weakly significant correlation, the QTL
additive effect directions for these two traits were some-
times the same and sometimes opposite (Liu et al., 2017;
Tan et al,, 2018).

In our research, a total of 59 paired-trait QTL clusters were
identified for the fibre yield and quality traits; 28 (47.5%)
showed the same QTL additive effect direction (positive or
negative), and 31 (52.5%) showed the opposite QTL addi-
tive effect directions (positive and negative).

Five paired traits (FS and FL, FS and SI, FL and SI, FM and
BW, and BW and SI) showed significant medium or high
positive correlations in most environments; 27 paired-
trait QTL clusters were identified for these traits. Except
for two of the paired-trait QTL clusters between FM and
BW and SI and BW, the other 25 paired-trait QTL clusters
(92.8%) showed the same QTL additive effect directions
(positive or negative), especially the 14 QTL clusters iden-
tified between FS and FL.
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Figure 2. The three makers located in the confidence interval of qClu-chr13-2 could increase FS from 9.77 cN/tex to 10.61 cN/
tex; FL from 4.21mm to 6.40 mm with the markers. While decrease BW from 2.19 g to 2.70 g, LP
from 3.17% to 4.20% (Zhang zhen et al. Plant Biotechnology Journal, 2019)
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Five paired traits (FS and FM, FS and LP, FL and FM, FL
and LP, and LP and SI) showed significant medium or
high negative correlations in most environments, and 16
paired-trait QTL clusters were identified for these traits,
all of which (100%) showed opposite QTL additive effect
directions (positive and negative).

Five paired traits (FM and LP, FS and BW, FL and BW,
FM and SI, and BW and LP) showed no or weak positive
or negative correlations in most environments, and 16
paired-trait QTL clusters were identified for these traits,
13 of which (81.2%) showed opposite QTL additive effect
directions (positive and negative). Seventeen paired-trait
QTL clusters were identified for BW with FS, FM, SI, and
LP, nine of which (53%) showed the same QTL additive ef-
fect direction, and eight of which (47%) showed opposite
additive effect directions.

Overall, the QTL clusters for cotton fibre quality and yield
throughout the genome showed that paired traits with
significant medium or high positive correlations always
had the same QTL additive effect direction, indicating that
it could be easy to simultaneously improve these traits.
However, the paired traits with significant medium or high
negative correlations always had opposite QTL additive
effect directions, indicating that it could be difficult to si-
multaneously improve these traits. The paired traits with
no or weak positive or negative correlations had either the
same or opposite QTL additive effect directions, indicating
that the positive and negative additive effects of QTLs in
different clusters might have a mutually neutralising effect
with respect to these traits.

These conclusions indicated that genes and QTLs in clus-
ters might be closely linked (Cai et al., 2002; Durand et al.,
2012;Reddy et al,, 2013; Gu et al., 2015; Ku et al., 2015; Li
etal, 2015b;Vikram et al.,, 2015; Zhao et al., 2016) or have
pleiotropic effects (Li et al.; 2016c; Zhao et al., 2018; Xie et
al,, 2018; Yuan et al., 2018; You et al., 2019) in the same ge-
nomic region, which provides an explanation for the signif-
icant phenotypic correlations between related traits and
linkage drag. However, as in previous reports, especially
inbreeding populations, the negative genetic correlations
between traits could be broken to a certain degree(Cai et
al, 2002; Durand et al., 2012;Reddy et al.,, 2013; Gu et al.,
2015; Ku et al,, 2015; Li et al., 2015b;Vikram et al., 2015;
Zhao et al., 2016). This result suggests that genetic linkage
maybe the main genetic basis of trait correlation. To break
the negative correlations between fibre quality traits
and yield traits, the six QTL clusters (qClu-chr16-1, qClu-
chr20-1, qClu-chr6-2, qClu-chr25-2, qClu-chr13-2, and qClu-
chr21-3) should be considered for fine mapping of QTLs
for FS, FL, and LP. Techniques such as further separation of
the confidence intervals of QTL clusters via secondary sep-
aration populations (Cao et al., 2015; Liu et al,2016; Fang
etal,2017; Xu et al.,, 2017), mutation with ethyl-methane-
sulfonate (EMS) and radiation to change genes related to

traits (Patel et al.,, 2014; Naoumkina et al., 2017), and the
use of clustered regularly interspaced short palindromic
repeats (CRISPR)technology to edit genes related to traits
(Gaoetal, 2017; Janga et al,2017; Wang et al,, 2017b and
2018) could be used to improve fibre quality and yield.

Experimental procedures

Development and phenotypic evaluation of
the mapping population

An RIL population derived from two upland cotton cul-
tivars, 0-153 and sGK9708, was evaluated and used
throughout this study. Briefly, the cross was made in 2001,
and a segregation population consisting 0f196 F,, RILs
was developed as detailed by Sun et al. (2012). From 2007
to 2015, multi environmental evaluations were conducted
in 22 different ecological locations across two principal
cotton planting areas, Xinjiang Uygur Autonomous Region
(XUAR) and Yellow River Valley (YRV). In the years 2007-
2010 and 2013, this experiment was described in Zhang’s
report (Zhang et al.,, 2015b). In 2011, the population was
planted in Anyang and Zhengzhou; in 2012, it was planted
in Zhengzhou; in 2014 and 2015, it was planted in Anyang,
Alaer, Shihezi, and Kuerle. The phenotypic evaluations of
the population at each location were conducted in a com-
pletely randomised block design of one-row plots with
two replicates in the YRV locations. Each row was 5 m long
and 0.8 m apart, with 20 plants planted in each row except
for2013Anyang, which had only one replicate. In the XUAR
locations, two-narrow-row plots were applied; each row
was 3 m long and planted in wide/narrow alternating row
spacing of 0.66/0.10 m, with 25 plants in each row. Field
management was performed according to the local farm-
ing practices.

Three fibre quality traits, FL, FS, and FM, and three yield
traits, BW, LP, and SI, were evaluated for their phenotypic
performances throughout the population. Thirty normally
opened bolls were sampled from each plot during the har-
vesting season in September of each testing year to evalu-
ate the phenotypic performances of the aforementioned
traits. Briefly, after the seed cotton samples were weighed
and ginned, BW, LP, and SI were evaluated. The methods of
testing the fibre quality traits are described in Sun’s and
Zhang’s reports (Sun et al.,, 2012; Zhang et al., 2016). One-
way ANOVA was used to test the significance of the differ-
ences in the traits between the two parents. The descrip-
tive statistics were calculated with SPSS 20.0 software
(SPSS, Chicago, IL, USA), and the variance and heritability
were analysed with Ici Mapping software (Li et al., 2007
and 2015c; Meng et al.,, 2015).

Correlation analysis of the six phenotype
traits

The correlations between the different traits in the same
environments and between the same traits in different en-
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vironments were analysed with SPSS 20.0 software if the
P value was more than 0.05, the two traits had no correla-
tion. When the P value was less than 0.05, if the correlation
coefficient was from 0 to 0.3or from -0.3 to 0, the two traits
had a weak positive or negative correlation; if the correla-
tion coefficient was from 0.3 to 0.50r from -0.5 to -0.3, the
two traits had a medium positive or negative correlation;
if the correlation coefficient was from 0.5 to 1or from -1
to -0.5, the two traits had a high positive or negative cor-
relation.

Marker filtration

The SSR markers (Sun et al, 2012; Zhang et al., 2015c;
Jamshed et al.,, 2017), the markers developed by SLAF-Seq
(Zhang et al., 2016), and markers discovered using the Intl
Cotton SNP Consortium_70k chip (Zhang et al, 2017b)
were used to generate the consensus genetic map. Before
the construction of the consensus genetic map, the mark-
ers were filtered. Markers with no position or more than
one position on the genome of upland cotton were re-
moved (Lietal, 2015a; Zhang et al., 2015b), as were mark-
ers with unclear genotyping, those with no polymorphism
between the parents, those that were heterozygous in at
least one parent, those with a missing rate of more than
40%, and those that showed segregation distortion with a
P value of the Chi-square test less than 0.001.

Consensus genetic map construction

All the markers remaining after filtration were initially
partitioned into linkage groups and located on the chro-
mosomes following the procedures detailed in Zhang’s re-
search (Zhang et al., 2015a) and according to the reference
genome database developed from TM-1 (Li et al, 2015a;
Zhang et al, 2015b). High Map software was applied to
order the alleles and correct genotyping errors within all
chromosomes (w=3,1=200, r=7) (Jansen et al., 2001; Liu et
al., 2014; van Ooijen et al., 2011). The method of process-
ing and constructing the consensus map was the same as
described in Zhang's research (Zhang et al., 2016)

The density of markers in the physical map and genetic
map was calculated with Perl script with windows of
500Kb and 5cM, and the picture was drawn by CIRCOS
0.66 (Krzywinski et al, 2009). The segregation distor-
tion of each marker was analysed by the Chi-square test
using JoinMap 4.0software (van Ooijen., 2006). The SDM
loci showing significance with P values between 0.001 and
0.05 were maintained to construct the consensus genetic
map, any region on the map with more than three SDM
loci was defined as a segregation distortion region (SDR)
(Zhang et al, 2013).

QTL and QTL cluster identification for fibre
quality and yield

Windows QTL Cartographer 2.5 (Wang et al.,, 2001) was
applied to map the QTLs using the composite interval

mapping method. QTLs identified consistently in at least
three environments were considered to be stable (Sun
et al, 2012). A positive additive effect indicates that the
favourable allele comes from the parent 0-153, while a
negative effect indicates that the favourable allele comes
from the parent sGK9708. The parameter of the software
and the rules of QTL naming were described in Sun’s and
Zhang’s reports (Sun et al.,, 2012; Zhang et al., 2016).

The stable QTLs identified were compared with the Cot-
ton QTL db database (http://www.cottonqtldb.org) to de-
termine whether they were novel or had been published
in previous studies (Rong et al., 2007; Lacape et al.,, 2010;
Said et al, 2013, 2015a and 2015b; Fang et al.,, 2014)or
previous GWAS research (Fang et al, 2017; Huang et al,,
2017; Sunetal.,, 2017; Wang et al,, 2017a; Ma et al., 2018).
The stable QTLs in the database that shared the same or
overlapping confidence intervals as the QTLs found in this
study were considered to have been identified in previ-
ous studies. Stable QTLs for different traits that shared the
same or overlapping confidence intervals were consid-
ered to reside in QTL clusters, and the overlapping regions
were considered to be the confidence intervals of the QTL
clusters.
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