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Abstract We recently released a set of 17 chromosome

substitution (CS-B) lines (2n = 52) that contain Gossypium

barbadense L. doubled-haploid line ‘3-79’ germplasm sys-

tematically introgressed into the Upland inbred ‘TM-1’ of

G. hirsutum (L.). TM-1 yields much more than 3-79, but

cotton from the latter has superior fiber properties. To

explore the use of these quasi-isogenic lines in studying

gene interactions, we created a partial diallel among six

CS-B lines and the inbred TM-1, and characterized their

descendents for lint percentage, boll weight, seedcotton

yield and lint yield across four environments. Phenotypic

data on the traits were analyzed according to the ADAA

genetic model to detect significant additive, dominance, and

additive-by-additive epistasis effects at the chromosome and

chromosome-by-chromosome levels of CS-B lines. For

example, line 3-79 had the lowest boll weight, seedcotton

yield and lint yield, but CS-B22Lo homozygous dominance

genetic effects on seedcotton and lint yield were nearly four

times those of TM-1, and its hybrids with TM-1 had the

highest additive-by-additive epistatic effects on seedcotton

and lint yield. CS-B14sh, 17, 22Lo and 25 produced positive

homozygous dominance effects on lint yield, whereas dou-

bly heterozygous combinations of CS-B14sh with CS-B17,

22Lo and 25 produced negative dominance effects, sug-

gesting that epistatic effects between genes in these chro-

mosomes strongly affect lint yield. The results underscore

the opportunities to systematically identify genomic regions

harboring genes that impart agronomically significant effects

via epistatic interactions. The chromosome-by-chromosome

approach significantly complements other strategies to

detect and quantify epistatic interaction effects, and the

quasi-isogenic nature of families and lines from CS-B

intermatings will facilitate high-resolution localization,

development of markers for selection and map-assisted

identification of genes involved in strong epistatic effects.

Introduction

Cotton is the primary source of non-synthetic textile fiber,

as well as an important source of food, feed, fuel and other

products. With a raw product value of *$6 billion year-1,

cotton has been an important element of the US economy

and balance of trade (Gingle et al. 2006). It is a major crop

in 13 states and grown in 17 states in USA on about

5 million hectares, more than all crops except maize, wheat

or soybean, with a return of about $6.5 billion annually for
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its fiber and seed byproducts (USDA-NASS 2002; Gingle

et al. 2006). Worldwide, more than 100 million family units

are involved in cotton production, and the value is estimated

at $24 billion. A committee of public and private scientists

organized by the National Cotton Council of USA sug-

gested that US cotton yields peaked in 1992 and reached an

alarming rate of declining of about 16.8 kg ha-1 year-1

(3.3% annual rate) and year to year variations in yield were

almost four times higher in the period from 1980 to 1998

than in 1960 to 1979 (Gingle et al. 2006).

Genetic diversity in Upland cotton cultivars in the USA

is low (Bowman et al. 1996). Upland cotton breeding relies

primarily on crossing a few elite lines of closely related

genotypes with high yield and superior fiber quality as well

as reselection within existing cultivars (Van Esbroeck and

Bowman 1998; Gingle et al. 2006). Commercial breeding

has been devoted largely to marker-assisted backcrossing

to expedite development of transgenic lines that combine

transgenic insect resistance and/or herbicides tolerance

with desirable attributes of previously developed cultivars.

Additional wide-cross introgression and interspecific

breeding are needed to reduce genetic vulnerability of the

crop, and to infuse more genetic diversity into adapted

backgrounds.

Exotic species have contributed beneficial alleles for

improving valuable traits in many plant species (Tanksley

and McCough 1997). In many cases, ‘‘cryptic’’ and unex-

pectedly useful genetic variations from wild species have

been used to improve tomato, canola and other crops (Osborn

et al. 2008). Wild and unadapted species have been utilized

in cotton mostly for the improvement of simply inherited

traits such as disease and pest resistance, drought tolerance

and cytoplasmic male sterility (Mergeai 2003; Robinson and

Percival 1997). A number of primitive accessions of

Gossypium hirsutum have been bred into improved germ-

plasm, providing diversity that is useful to commercial cot-

ton breeders for genetic improvement of agronomic and fiber

traits (McCarty and Jenkins 2005, McCarty et al. 2007).

Although it is widely recognized that exotic cotton germ-

plasm contains potentially valuable genes, the exotic gene

pools from species other than G. hirsutum remain largely

untapped and underutilized. This may be due partly to the

paucity of information about the beneficial alleles in these

related species, and the difficulty, time and cost of inter-

specific introgression, which increase greatly with genetic

distance between donor and recipient genomes.

Pima and Sea Island cottons (Gossypium barbadense)

are well known for their exceptional fiber length, strength

and fineness. Their fiber offers superior spinning and

manufacturing performance, better textile products, and

thus normally commands a 30–50% price advantage over

fiber from high-yielding Upland cottons (G. hirsutum).

Pima and Sea Island cottons require long growing seasons

to produce profitable yield of high quality fiber and are thus

primarily grown in Arizona, California, and New Mexico

in USA. However, cotton farmers grow early maturing

Upland cotton cultivars over 90% of the US cotton growing

area because of their high yield, good agronomic qualities

and wide adaptation.

Breeders have long aspired to combine the best attributes

of G. hirsutum and G. barbadense (Lacape et al. 2005; He

et al. 2008), but conventional methods of interspecific

introgression using G. barbadense have fallen far short of

being fully successful. This is predominantly due to com-

plex interactions among traits, as well as numerous genomic

incompatibilities between these two species. Indeed, inter-

specific crosses and introgression into cotton entail diffi-

culties such as infertility, cytological abnormalities and

distorted segregation (Reinisch et al. 1994; Ulloa et al.

2005). Alien gene retention and genetic recombination are

often limited to non-random products from the conventional

methods of interspecific introgression. Rhyne (1958)

reported that the actual number of recombinants obtained

were significantly fewer than the expected number in an

interspecific backcross program of Upland cotton and Jiang

et al. (2000) showed limited genetic transmission in

advanced generation of the interspecific hybrids. A geneti-

cally distinct alternative to conventional introgression is to

create interspecific chromosome substitution lines.

We developed and recently released a set of 17 disomic

alien chromosome substitution (CS-B) lines through

hypoaneuploid-based backcross chromosome substitution

lines in a near-isogenic genetic background of TM-1

(Stelly et al. 2005). In each CS-B line, a pair of chromo-

somes (or chromosome arms) of G. hirsutum inbred TM-1

was replaced by the respective pair from G. barbadense

doubled-haploid line 3-79. These disomic substitution lines

are nearly isogenic to the common parent TM-1 for 25

chromosome pairs, as well as to each other, for 24 chro-

mosome pairs. Given n = 26, each idealized CS-B chro-

mosome substitution replaces about 4% of the G. hirsutum

genome with a G. barbadense homoeolog and thereby

reduces genetic ‘‘noise’’ from 96% of the genome.

Epistatic effects tend to be of paramount importance in

wide crosses, so the CS-B lines presented an novel oppor-

tunity for studying potent epistatic interaction effects on a

chromosome-by-chromosome basis. Previous studies based

on the introgression of an individual or a pair of alien

chromosome or single heterozygous combination for a

specific substituted chromosome or chromosome arm

demonstrated that the CS-B lines are unique research

resources for chromosomally localizing genes that signifi-

cantly affect important agronomic and fiber traits, and a

powerful means of interspecific introgression for germplasm

improvement (Saha et al. 2006; Jenkins et al. 2006, 2007).

This study provided a unique opportunity to compare a
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double heterozygous combination versus a single hetero-

zygous combination for any two specific substituted chro-

mosome or chromosome arm and revealed chromosome

based genetic maps showing non-additive genetic effects

played a major role for most of the traits including seed-

cotton and lint yields. We explored this novel application by

creating a partial diallel of CS-B lines and the recurrent

parent TM-1. The specific objective was to detect the

chromosomal effects, especially interaction effects, on four

agronomic traits including lint percentage (LP), boll weight

(BW), seedcotton yield (YLD) and lint yield (LY).

Materials and methods

Materials and experiment

Each CS-B line has a pair of chromosomes (Fig. 1) or

arm segments of G. hirsutum inbred TM-1 replaced by

the respective pair from G. barbadense doubled-haploid

3-79. CS-B designations for substitutions of terminal

short-arm segments and long-arm segments bear ‘‘sh’’ and

‘‘Lo’’ suffixes, e.g., CS-B14sh, whereas whole-chromo-

some substitutions bear no suffice, e.g., CS-B16. A partial

diallel cross among six CS-B lines (CS-B14sh, CS-B16,

CS-B17, CS-B22sh, CS-B22Lo and CS-B25) and TM-1

(the recurrent parent) was made in the summer of 2003 at

Mississippi State, USA. These CS-B lines were selected

based on our previous reports on the potential to improve

fiber and agronomic traits (Saha et al. 2006; Jenkins et al.

2006, 2007). The F1 seeds were sent to Mexico in the fall

of 2003 for F2 seed development. The seven parents,

including TM-1, were also sent there to make F1 seeds. In

2004, 21 F1 and F2 hybrids and the parents, including

3-79 (the donor line), were grown in two locations (des-

ignated as environments 1 and 2) at Mississippi State,

MS. Bulk samples from open bolls of F2 plants in 2004

were used as F3 seeds in 2005. In 2005, 21 F2 hybrids and

F3 hybrids and the parents were grown in two locations

(designated as environments 3 and 4). The hybrids and

parental lines were planted in a randomized complete

block design with four replications at two locations in

2004 and 2005.

Soil types of the two locations were very different, and

included a Leeper silty clay loam (Fine, smectitic, nonacid,

thermic Vertic Epiaquept, Environment 1 and 3) and

Marietta loam (Fine-loamy, siliceous, active, fluvaquentic

Eutrudepts, Environment 2 and 4). Our previous studies on

the same farm revealed that the soil and environmental

conditions of these two locations were very diverse with

different potential for yield and other agronomic traits in

cotton (Saha et al. 2006; Jenkins et al. 2007). Standard field

practices were followed during the growing season for all

environments. All experiments were conducted on the

Plant Science Research Center, Mississippi State, MS

(33.4�N 88.4�W).

Prior to machine harvest, 25-boll samples were ‘‘hand

picked’’ for all plots in all four environments. Samples

were used to determine boll weight (BW, g) and ginned to

determine the lint percentage (LP, %). The seedcotton yield

(YLD, kg/ha) was calculated from the plot weight obtained

by a cotton picker and the lint yield (LY, kg/ha) was

determined by multiplying seedcotton yield by mean lint

percentage for each entry in each environment.

Genetic models and statistical methods

The genetic model including additive, dominance, addi-

tive 9 additive effects and their corresponding G 9 E

interaction effects (ADAA model) was employed for the

data analysis (Cockerham 1980; Zhu 1994; Wu et al.

2006a).

The mixed linear models were as follows:

Parents : yhiikðPÞ ¼ lþ Eh þ 2Ai þ Dii þ 4AAii þ 2AEhi

þ DEhii þ 4AAEhii þ BkðhÞ þ ehiik ð1Þ

F1 : yhijkðF1Þ ¼ lþ Eh þ ðAi þ AjÞ þ Dij

þ ðAAii þ AAjj þ 2AAijÞ þ ðAEhi þ AEhjÞ
þ DEhii þ ðAAEhii þ AAEhjj þ 2AAEhijÞ
þ BkðhÞ þ ehijk ð2Þ

F2 : yhijkðF2Þ ¼ lþ Eh þ ðAi þ AjÞ þ
1

4
Dii þ

1

4
Djj þ

1

2
Dij

� �

þ ðAAii þ AAjj þ 2AAijÞ þ ðAEhi þ AEhjÞ

þ 1

4
DEhii þ

1

4
DEhjj þ

1

2
DEhij

� �

þ ðAAEhii þ AAEhjj

þ 2AAEhijÞ þ BkðhÞ þ ehijk ð3Þ

F3 : yhijkðF3Þ ¼ lþ Eh þ ðAi þ AjÞ þ
3

8
Dii þ

3

8
Djj þ

1

4
Dij

� �

þ ðAAii þ AAjj þ 2AAijÞ þ ðAEhi þ AEhjÞ

þ 3

8
DEhii þ

3

8
DEhjj þ

1

4
DEhij

� �
þ ðAAEhii

þ AAEhjj þ 2AAEhijÞ þ BkðhÞ þ ehijk ð4Þ

where l is the population mean, a fixed effect; Eh is the

environment effect, either random or fixed (fixed in this

study); Ai (or Aj) is additive effect from parent i (or j); Dii,

Djj or Dij is the dominance effect; AAii, AAjj, or AAij is the

additive 9 additive (AA) epistatic effect; AEhi (or AEhj) is

additive by environment interaction effect; DEhii, DEhjj or

DEhij is the dominance by environment interaction effect;

AAEhii, AAEhjj, or AAEhij is the AA 9 environment
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interaction effect; Bk(h) is the block effect; ehijk is the ran-

dom error.

Variance components were estimated by MINQUE (1)

in which all prior values were set as 1.0 (Zhu 1989).

Random effects were predicted by the adjusted unbiased

prediction (AUP) method (Zhu 1993). The phenotypic

variance was partitioned into the variance components for

additive (VA ¼ 2r2
A), dominance (VD ¼ r2

D), additive 9

additive (VAA ¼ 4r2
AA) additive 9 environment (VAE ¼

2r2
AE), dominance by environment (VDE ¼ r2

DE), AA 9

environment (VAAE ¼ 4r2
AAE), residual (Ve ¼ r2

e). The

proportions of variance components to the phenotypic

variance for each trait were calculated as well. Re-sam-

pling (jackknife method) was applied to calculate the

standard error (SE) for each parameter by removal of one

replicate within each environment (Miller 1974). An

approximate t test (df = 15) was used to detect the sig-

nificance of each parameter. All data analyses were con-

ducted by a program in C?? by the authors. This program

is available upon request from Dr. Jixiang Wu

(Jixiang.Wu@sdstate.edu).

The genetic effects were estimated based on the devia-

tions from the respective population grand mean l, not

from TM-1. A two-tailed t test was used to detect the

genetic effects significance from zero. Additive or homo-

zygous dominance effects of the entire genome of the CS-B

parent (25 chromosomes from TM-1 and one chromosome

or chromosome arm from 3-79) were measured for each of

the CS-B parents. In addition, a significant difference in

additive or homozygous dominance effects between a

specific CS-B line and TM-1 was considered to be a sig-

nificant additive or homozygous dominance chromosome

effect attributable to the specific substituted chromosome

or chromosome arm from 3-79. Other significant differ-

ences among the lines were also attributed to the substi-

tuted chromosomes/arm segments, on the assumption that

all other chromosomes were identical to TM-1.

As for any backcross-derived germplasm, the assumption

of isogenicity would be only partially valid. Among CS-B

lines, quasi-isogenicity would be expectedly for two rea-

sons. First, the G. hirsutum hypaneuploids used as recurrent

parents to create the CS-B line were themselves rendered

quasi-isogenic by multiple backcrosses with TM-1, i.e.,

prior to using them as recurrent parents to create CS-B lines,

so segments of non-TM-1 G. hirsutum genomes could

remain in some of the G. hirsutum hypaneuploid recurrent

   

   

   

   

   

   

   

   

1 2 3 4 5 7 9 11 13 15 17 19 21 6 8 10 12 14 16 18 20 22 23 24 25 26 

TM-1 (G. hirsutum)

1 2 3 4 5 7 9 11 13 15 17 19 21 6 8 10 12 14 16 18 20 22 23 24 25 26 

3-79 ( G. barbadense )

1 2 3 4 5 7 9 11 13 15 17 19 21 6 8 10 12 14 16 18 20 22 23 24 25 26 

CS-B16 

1 2 3 4 5 7 9 11 13 15 17 19 21 6 8 10 12 14 16 18 20 22 23 24 25 26 

CS-B25 

1 2 3 4 5 7 9 11 13 15 17 19 21 6 8 10 12 14 16 18 20 22 23 24 25 26 

CS-B16 x CS-B25 F1

Fig. 1 Diagrammatic

representation of CS-B lines and

their crosses showing the

substituted chromosome in

black color from G. barbadense
(3-79) in G. hirsutum genetic

background. A comparative

analysis of such unique lines

provided opportunity to discern

the chromosomal effects on

agronomic traits
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parents. Secondly, each CS-B line was recovered after five

or more backcrosses to the respective G. hirsutum hypo-

aneuploid, so residual G. barbadense L. segments could

remain in other 25 chromosome pairs (Saha et al. 2006).

Thus, CS-B line effects are likely due to the specific

substituted chromosome, but could be due to remnant

chromatin elsewhere in the CS-B line genome.

Results

Most of our results are concordant with our previous

studies based on similar agronomic methods and experi-

mental practices (Saha et al. 2006; Jenkins et al. 2006,

2007; Wu et al. 2006a) using CS-B lines. Differences

among the lines were attributed to the contribution of the

alien species substituted chromosome according to the

simplifying assumption of isogenicity of non-substituted

chromosomes.

Mean comparisons of the intercross of CS-B

and parental lines

Line 3-79 had the lowest boll weight, seedcotton yield and

lint yield among all parents (Table 1). TM-1 and 3-79, the

ultimate recurrent and donor parents of the CS-B lines,

differed significantly in the majority of agronomic traits as

expected. TM-1 had 1.8% lower absolute lint percent, 53%

higher boll weight, 131% more seedcotton and 120% more

lint yield compared to 3-79 line. However, CS-B16 and

CS-B22sh and CS-B22Lo had higher lint percentage than

both donor and recurrent parents. The overall mean of lint

percentage of the hybrids of CS-B lines ranged 34.2–36.7

(Table 2). The average boll weight, seedcotton yield and

lint yield of the hybrids was smaller than TM-1, the

recurrent parent. The mean boll weight of all CS-B lines

ranged from 4.09 to 5.08 g (Table 1). The boll weight of

the CS-B hybrids ranged from 4.53 to 5.56 g (Table 2).

Lint yield in cotton is determined by two major com-

ponents: (1) the number of seeds and the weight of lint fiber

produced on the seeds. The mean seedcotton yield was

highest (1,917 kg ha-1) in TM-1, relative to all of the

parental CS-B lines, their hybrids and the donor line, 3-79.

The mean seedcotton yield of CS-B lines ranged from

1,279 kg ha-1 (CS-B16) to 1,588 kg ha-1 (CS-B22sh) and

in their hybrids from 1,695 kg ha-1 (CS-B16) to

1,805 kg ha-1 (CS-B17).

Variance analysis

Results showed that additive genetic effects had a signifi-

cant role on lint percentage (54% of phenotypic variance,

Table 3). The high additive and low residual variances for

lint percentage among all the traits suggested that it is more

stable than other traits across environments. In contrast,

seedcotton and lint yields were affected more by the

environments than the genetic components. Dominance

and environment interaction were also major contributors

to boll weight (57%), lint yield (34%), and seedcotton yield

(25%).

Additive effects

Most of the CS-B lines exerted significant additive genetic

effects on lint percentage and boll weight (Table 4). We

detected additive genetic effect for higher lint percentage

with CS-B16, CS-B22sh, and CS-B22Lo lines compared to

TM-1. However, lines CS-B14sh and CS-B25 had signifi-

cant negative additive effects for lint percentage compared

to TM-1. TM-1 had lower lint percentage compared to line

3-79. Results suggested that genes for lint percentage were

located on the alien chromosome associated with most of

the CS-B lines.

CS-B16 and CS-B22sh resulted in significant positive

additive effects, while CS-B14sh, CS-B22Lo and CS-B25

had significant negative additive effects on boll weight,

Table 1 Mean values of eight

parents for four quantitative

traits

Means calculated over four

environments

* Significant from TM-1 at

P = 0.05
a Parent lines are in bold font

Lint

percentage (%)

Boll

weight (g)

Seedcotton

yield (kg ha-1)

Lint yield

(kg ha-1)

CS-B14sh 33.24* 4.09* 1,360* 452*

CS-B16 38.74* 5.08* 1,278* 495*

CS-B17 30.47* 5.02* 1,476* 449*

CS-B22sh 38.59* 4.71* 1,588* 610

CS-B22Lo 39.08* 4.27* 1,557* 607

CS-B25 32.30* 4.23* 1,455* 469*

TM-1a 33.85 5.54 1,917 648

3-79 35.65 3.61 831 294

LSD 0.05 0.50 0.19 237 86
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suggesting genes associated with boll weight might be

located on these chromosomes (Table 4). Results showed

that the two arms of the substituted chromosome 22 carried

genes with antagonistic additive genetic effects on boll

weight suggesting some of the challenges associated with

the improvement of this trait. None of the CS-B lines had

greater additive effect on boll weight than TM-1.

Dominance effects

The dominance effects for lint percentage, seedcotton yield

and lint yield varied among the CS-B lines and their crosses

(Table 5). The dominance effects on average lint percentage

ranged from -1.41% (CS-B14sh 9 CS-B17) to 1.35%

(CS-B22sh 9 CS-B22Lo) among the lines. All of the lines

except CS-B16 had opposite dominance effects on lint

percentage in heterozygous versus homozygous conditions,

which indicates these differences were due to the interac-

tions of different alleles of the substituted chromosome in

the same chromosome pair or alleles in other chromosome

pair. Results showed that CS-B16, CS-B22sh and

CS-B22Lo had negative dominance effects when carrying

homozygous substituted chromosome pair, suggesting these

alien chromosomes carry genes that affect lint percentage

and could cause inbreeding depression in crosses with any of

these lines. CS-B14sh, CS-B17 and CS-B25 did not have

any significant dominance effect for lint percentage. How-

ever, all of the CS-B lines including CS-B14sh, CS-B17 and

CS-B25 exhibited significant dominance effects on lint

percentages in all crosses except CS-B22sh 9 CS-B25,

suggesting lint percentages were subject to interaction

effects of alleles when both of the substituted chromosomes

were in heterozygous.

All of the CS-B lines had significant homozygous

dominance effects on seedcotton yield ranging from

-108 kg ha-1 (CS-B22sh) to 281 kg ha-1 (CS-B22Lo)

(Table 5). Results showed that the two arms of chromosome

22 carry genes with opposing dominance effects on seed-

cotton yield. All of the lines, except CS-B17, had opposite

dominance effects on seedcotton yield in heterozygous

versus homozygous conditions specific to the substituted

chromosomes, which suggests epistasis affected this trait.

All of the CS-B lines except CS-B17 had significant

dominance effects on lint yield, which ranged from

-28 kg ha-1 (CS-B16) to 91 kg ha-1 (CS-B22Lo) when

carrying a substituted chromosome pair in homozygous

condition (Table 5; Fig. 2). Similar to the results of seed-

cotton yield, all of the lines except CS-B17 had opposite

dominance effects on lint yield in heterozygous versus

homozygous condition of the substituted chromosome.

CS-B22Lo had almost four times higher dominance genetic

effect on seedcotton and lint yield compared to TM-1 when

carrying the substituted chromosome as a homozygous pair

suggesting the substituted chromosome of 3-79 carried

some beneficial genes with potential to improve yield in

TM-1. Although CS-B14sh, CS-B22Lo and CS-B25 had

high positive dominance effects on lint yield when carrying

substituted chromosome pair in homozygous condition, the

hybrids of CS-B14sh with CS-B22Lo or CS-B25 had

negative dominance effects on lint yield. The reduction of

lint yield in the hybrids was likely due to the interactions

between genes of the substituted chromosomes (Fig. 1).

Additive-by-additive epistatic effects

All of the CS-B lines including their hybrids had significant

epistatic effects on lint percentage ranging from -0.83

(CS-B17) to 0.6% (CS-B16) (Table 6). CS-B16, CS-B22sh

and CS-22Lo had higher epistatic effects on lint percentage

compared to TM-1 when carrying the substituted chro-

mosome pair in homozygous condition.

All of the CS-B lines had lower interaction effects

ranging from -0.247 g (CS-B14sh) to -0.050 g (CS-B17)

Table 3 Variance components expressed as proportions to the phe-

notypic variances for four traits

Lint percentage Boll weight Seedcotton yield Lint yield

VA=VP 0.536** 0.173** 0.000 0.000

VD=VP 0.096** 0.000 0.071** 0.058**

VAA=VP 0.078** 0.090** 0.065** 0.069**

VAE=VP 0.000 0.000 0.016** 0.005

VDE=VP 0.176** 0.570 ** 0.253** 0.337**

VAAE=VP 0.000 0.000 0.012** 0.007*

Ve=VP 0.115 0.167 ** 0.583** 0.524**

* and ** variance component are significant at 0.05 and 0.01

respectively

VA additive variance, VD dominance variance, VAE additive by

environment variance, VDE dominance by environment variance,

Ve error variance, VP phenotypic variance, VAAE additive by additive

by environment variance

Table 4 Predicted additive effects (±SE) as deviations from the

grand means for lint percentage and boll weight

Lint percent (%) ± S.E. Boll weight (g) ± S.E.

CS-B14sh -0.972 ± 0.003* -0.223 ± 0.002*

CS-B16 1.136 ± 0.005* 0.151 ± 0.001*

CS-B17 -1.263 ± 0.006* 0.206 ± 0.002

CS-B22sh 1.481 ± 0.006* 0.072 ± 0.002*

CS-B22Lo 1.295 ± 0.005* -0.209 ± 0.002*

CS-B25 -1.110 ± 0.006* -0.211 ± 0.002*

TM-1 -0.565 ± 0.006 0.214 ± 0.002

Grand means for lint percentage and boll weight are 35.40% and

5.58 g, respectively

* Significance from TM-1 at P B 0.05
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on average boll weight compared to TM-1 when carrying

the substituted chromosomes in homozygous condition

suggesting that genes associated with the substituted

chromosomes most likely lower the boll weight. This is

expected because 3-79, the donor line, has 35% lower boll

weight than TM-1, the recurrent parent. All of the hybrids

of CS-B lines except two (CS-B14sh 9 CS-B16 and

CS-B22sh 9 CS-B25) had significant epistatic effects on

boll weight. We also observed the majority of the hybrids

had positive epistatic effects, indicating these epistatic

effects were likely associated with heterosis. Hybrids of

CS-B16 9 CS-B22sh had the highest epistatic effect on

boll weight among all others, thus the interaction of the

genes located on these two substituted chromosome most

likely caused this effect.

All of the CS-B lines had negative epistatic effect on

seedcotton yield ranging from -141 kg ha-1 (CS-B22Lo)

to -14 kg ha-1 (CS-B22sh) when carrying the substituted

chromosomes in homozygous condition (Table 6). How-

ever, the majority of the hybrids had positive epistatic

effects on seedcotton yield, implying heterotic performance

resulted from significant interaction effects between alleles

of the substituted chromosome(s) in heterozygous condi-

tion. Hybrids of CS-B22Lo and CS-B25 with TM-1 had the

Table 5 Predicted dominance effects as deviations from the grand means for lint percentage, seedcotton yield and lint yield

Name of the line Lint percentage

(%) ± S.E.

Seedcotton yield

(kg ha-1) ± S.E

Lint yield

(kg ha-1) ± S.E

CS-B14sh 0.433 ± 0.024 97 ± 7.9* 37 ± 2.9*

CS-B16 -0.742 ± 0.022* -68 ± 6.5* -28 ± 2.6*

CS-B17 0.354 ± 0.020 32 ± 5.1* 16 ± 1.8

CS-B22sh -0.684 ± 0.023* -108 ± 7.6* -42 ± 3.0*

CS-B22Lo -0.368 ± 0.017* 281 ± 15.9* 91 ± 5.9*

CS-B25 0.414 ± 0.023 143 ± 9.9* 48 ± 3.7*

TM-1 0.342 ± 0.025 64 ± 5.3 23 ± 1.9

CS-B14sh 9 CS-B16 0.892 ± 0.033* 62 ± 6.4 26 ± 2.5

CS-B14sh 9 CS-B17 -1.411 ± 0.033* 16 ± 7.0* -7 ± 2.1*

CS-B14sh 9 CS-B22sh -0.004 ± 0.025* -34 ± 8.2* -12 ± 2.7*

CS-B14sh 9 CS-B22Lo -0.914 ± 0.028* -71 ± 8.1* -31 ± 3.1*

CS-B14sh 9 CS-B25 0.587 ± 0.021* -54 ± 6.5* -11 ± 2.1*

CS-B14sh 9 TM-1 -0.435 ± 0.036* -127 ± 12.0* -46 ± 4.3*

CS-B16 9 CS-B17 1.674 ± 0.030* -120 ± 10.8* -24 ± 3.1*

CS-B16 9 CS-B22sh 0.060 ± 0.023* -0 ± 6.2* 0 ± 2.2*

CS-B16 9 CS-B22Lo 0.858 ± 0.028* 68 ± 7.1 31 ± 2.7*

CS-B16 9 CS-B25 -1.200 ± 0.037* -95 ± 8.0* -41 ± 3.3*

CS-B16 9 TM-1 -0.309 ± 0.022* 202 ± 16.0* 62 ± 5.4*

TCS-B17 9 CS-B22sh -0.054 ± 0.022* 77 ± 9.5 24 ± 3.1

CS-B17 9 CS-B22Lo -0.614 ± 0.032* -137 ± 9.6* -51 ± 3.7*

CS-B17 9 CS-B25 -0.573 ± 0.026* 23 ± 6.5* 0 ± 1.8*

CS-B17 9 TM-1 -0.278 ± 0.019* 95 ± 5.6* 27 ± 1.8

CS-B22sh 9 CS-B22Lo 1.350 ± 0.035* -168 ± 10.2 -44 ± 3.2*

CS-B22sh 9 CS-B25 0.442 ± 0.027 131 ± 9.3* 47 ± 3.3*

CS-B22sh 9 TM-1 0.215 ± 0.028* 203 ± 12.3* 71 ± 4.8*

CS-B22Lo 9 CS-B25 0.087 ± 0.020* -33 ± 7.7* -11 ± 2.6*

CS-B22Lo 9 TM-1 0.529 ± 0.032* -216 ± 11.9* -68 ± 4.3*

CS-B25 9 TM-1 -0.651 ± 0.028* -265 ± 18.1* -87 ± 6.4*

Grand means for lint percentage, seedcotton yield, and lint yield are 35.40%, 1,666, and 588 kg ha-1, respectively

e.g. CS-B14sh means the effect of the substituted chromosome 14sh in homozygous condition

CS-B14sh 9 CS-B16 means the substituted chromosomes 14sh and 16 are in heterozygous condition due to the cross between CS-B14sh and

CS-B16

CS-B14sh 9 TM-1 means the substituted chromosome 14sh was in heterozygous condition due to the cross between CS-B14sh and TM-1, the

recurrent parent

* Significance from TM-1 at P B 0.05

1200 Theor Appl Genet (2010) 120:1193–1205

123



greatest additive-by-additive epistatic effect for seedcotton

yield.

All CS-B lines in homozygous condition, except CS-

B22sh, had negative additive-by-additive interaction

effects on lint yield. This suggests that epistatic effects

associated with the substituted chromosomes cause lint

yield reduction (Table 6). Homozygous CS-B22sh had the

highest additive-by-additive effects on lint yield among the

lines, including TM-1, suggesting chromosome 22sh carry

genes that most likely will be useful for improving lint

yield. Most of the CS-B lines showed higher interaction

effect on lint yield when carrying the substituted chromo-

somes in heterozygous condition indicating the interaction

effect of the genes located on the substituted chromosome

most likely caused the heterosis in the hybrids.

Discussion

The CS-B partial diallel revealed epistatic interactions for

specific chromosome–chromosome combinations and

demonstrated that this approach is particularly effective as

a tool to dissect epistatic genetic effects. The study was

facilitated by the ADAA model, which enabled genetic

effects to be partitioned into additive, dominance, inter-

action effects for each of the CS-B lines (Wu et al. 2006b).

To help resolve genetic effects, several CS-B lines were

intermated with each other and the recurrent parent, and the

progeny were used to define inter-chromosomal genetic

effects, thus implying inter-locus interactions. The com-

parisons among CS-B lines and their crosses enabled the

detection of significant alleles that were masked at the

whole-genome level associated with various chromosomes

in 3-79. The definition of cryptic effects, whether agricul-

turally desirable or not, is critical to advancing the devel-

opment of new tools for breeding, e.g., marker-assisted and

genome selection. Because epistasis is such a dominating

force in wide-cross introgression and it is so difficult to

analyze conventionally, such findings are expected to be

especially beneficial to germplasm diversification efforts.

The CS partial-diallel approach can be extended to include

more CS lines and/or more rounds of CS inter-mating, e.g.,

double-crosses, ratcheting upwards the numbers of poten-

tially interacting alleles. The isogenic nature of CS-B lines

will expectedly facilitate finer localization of the epistati-

cally interacting genes and advanced methods for molec-

ular selection by enabling experiments with higher

phenotypic and genetic resolution.

In their efforts to define gene networks, Li et al. (2005)

used a much different experimental approach—selection

and genome scanning of individuals with extreme pheno-

types among many backcross-inbred families. It seems to

have been very effective. In contrast to the CS approach to

epistasis described here, the Li et al. (2005) approach was

genome-wide, defined relatively complex (multi-factor)

networks, required far more resources, and provided

opportunities to discover variation among recurrent parents

for differential interactions with the donors. On the other

hand, CS lines can be subjected to topcross analyses to

reveal important genotype-specific interactions between CS

lines and other genotypes, e.g., specific combining ability

(SCA) between CS lines and cultivars (Jenkins et al. 2006,

2007). With inclusion of the appropriate sets of families,

epistasis can be identified (Wu et al. 2006b).

Overall, results from the partial diallel further confirmed

the early findings that some of these CS-B lines carry some
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beneficial genes with potential to improve Upland cotton

(Saha et al. 2006). The additive genetic effect estimates

from this partial diallel provide an assessment of general

combining ability due to the presence of specific alien

chromosome or chromosome arm of 3-79 in TM-1 back-

ground. CS-B16, CS-B22sh and CS-B22Lo had high

additive effects for lint percentage than TM-1. Thus,

evaluating the additive effects for these CS-B lines may

help cotton researchers to choose an appropriate CS-B line

as a good general combiner in cultivar development.

Additive-by-additive epistasis effects are also important

for selection of pure lines in a breeding program and

transferable to the progenies (McCarty et al. 2004, 2007),

and reflect cumulative effects of interactions among dif-

ferent loci. Dominance effects can be considered as the

SCA of parents in specific hybrid combination, and reflect

the cumulative effects of interactions between alleles. Both

can broadly be divided into three categories of effects,

based on different combinations associated with the

substituted alien chromosome: (1) the difference of inter-

action effects between the homozygous substituted chro-

mosome pair (e.g. CS-B14sh, Tables 5, 6) and the

interaction effects between the respective pair of TM-1

chromosomes; (2) the difference of the interaction effects

Table 6 Predicted additive 9 additive epistatic effects as deviations from the respective grand mean for four agronomic traits

Name of the line Lint percentage

(%) ± S.E.

Boll weight

(g) ± S.E.

Seedcotton yield

(kg ha-1) ± S.E.

Lint yield

(kg ha-1) ± S.E.

CS-B14sh -0.356 ± 0.007* -0.247 ± 0.004* -115 ± 3.5* -48 ± 1.3*

CS-B16 0.607 ± 0.005* -0.034 ± 0.002* -78 ± 2.9* -21 ± 1.1*

CS-B17 -0.839 ± 0.007* -0.050 ± 0.003* -92 ± 2.5* -47 ± 0.9*

CS-B22sh 0.518 ± 0.005* -0.167 ± 0.002* -14 ± 2.0* 3 ± 0.7*

CS-B22Lo 0.587 ± 0.007* -0.218 ± 0.003* -141 ± 2.8* -44 ± 1.0*

CS-B25 -0.514 ± 0.006* -0.211 ± 0.002* -114 ± 2.8* -49 ± 1.0*

TM-1 -0.281 ± 0.006 -0.010 ± 0.002 -17 ± 2.2 -12 ± 0.8

CS-B14sh 9 CS-B16 -0.371 ± 0.008* 0.003 ± 0.003 0 ± 2.4 -5 ± 0.9

CS-B14sh 9 CS-B17 0.075 ± 0.006* 0.059 ± 0.003* 56 ± 3.1* 19 ± 1.1*

CS-B14sh 9 CS-B22sh 0.182 ± 0.006* 0.021 ± 0.004* 19 ± 3.2* 10 ± 1.2*

CS-B14sh 9 CS-B22Lo 0.222 ± 0.007* -0.002 ± 0.003* 55 ± 3.5* 24 ± 1.3*

CS-B14sh 9 CS-B25 -0.370 ± 0.006* 0.092 ± 0.003* 11 ± 3.4* -2 ± 1.2*

CS-B14sh 9 TM-1 -0.161 ± 0.007* -0.030 ± 0.004* 30 ± 4.1* 9 ± 1.5*

CS-B16 9 CS-B17 -0.302 ± 0.004* 0.054 ± 0.004* 52 ± 2.4* 14 ± 0.9*

CS-B16 9 CS-B22sh 0.404 ± 0.006* 0.166 ± 0.003* 2 ± 2.9* 8 ± 1.2*

CS-B16 9 CS-B22Lo 0.025 ± 0.007* -0.025 ± 0.003* 18 ± 3.5* 8 ± 1.4*

CS-B16 9 CS-B25 0.256 ± 0.008* 0.035 ± 0.003* 53 ± 3.0* 25 ± 1.1*

CS-B16 9 TM-1 0.103 ± 0.005* 0.074 ± 0.004* -59 ± 3.1* -19 ± 1.2*

CS-B17 9 CS-B22sh 0.063 ± 0.008* 0.126 ± 0.004* 13 ± 2.9* 4 ± 1.1*

CS-B17 9 CS-B22Lo 0.264 ± 0.009* 0.048 ± 0.003* 65 ± 3.1* 29 ± 1.2*

CS-B17 9 CS-B25 -0.022 ± 0.007* -0.004 ± 0.003* 67 ± 2.9* 22 ± 1.0*

CS-B17 9 TM-1 0.124 ± 0.004* 0.144 ± 0.003* 25 ± 2.7* 10 ± 0.9*

CS-B22sh 9 CS-B22Lo -0.036 ± 0.008* 0.045 ± 0.003* 50 ± 2.4* 19 ± 0.9*

CS-B22sh 9 CS-B25 0.027 ± 0.008* -0.007 ± 0.003 -40 ± 3.8* -14 ± 1.4*

CS-B22sh 9 TM-1 0.057 ± 0.006* 0.098 ± 0.004* -50 ± 2.6* -17 ± 1.0*

CS-B22Lo 9 CS-B25 -0.035 ± 0.006* -0.030 ± 0.003* 13 ± 2.1* 5 ± 0.8*

CS-B22Lo 9 TM-1 -0.099 ± 0.008* 0.069 ± 0.002* 97 ± 2.8* 36 ± 1.0*

CS-B25 9 TM-1 -0.124 ± 0.008* 0.003 ± 0.003* 92 ± 3.3* 29 ± 1.2*

Grand means for lint percentage, seedcotton yield, and lint yield are 35.40%, 1,666, and 588 kg ha-1, respectively

e.g. CS-B14sh means the effect of the substituted chromosome 14sh in homozygous condition

CS-B14sh 9 CS-B16 means the substituted chromosomes 14sh and 16 are in heterozygous condition due to the cross between CS-B14sh and

CS-B16

CS-B14sh 9 TM-1 means the substituted chromosome 14sh was in heterozygous condition due to the cross between CS-B14sh and TM-1, the

recurrent parent

* Significance from TM-1 at P B 0.05
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between the 3-79 and TM-1 alleles on the specific pair of

the substituted chromosome (chromosome interaction

effects in hybrids of the cross between a CS-B line and

TM-1, e.g. CS-B14sh 9 TM-1, Tables 5, 6), from the

interaction effects of the TM1 alleles on the same chro-

mosome; and, 3) the difference of the interaction effects

between the 3-79 and TM-1 alleles on the specific two pairs

of the substituted chromosomes (chromosome interaction

effects in bulk F2 in the cross between two CS-B lines, e.g.

CS-B14sh 9 CS-B16, Tables 5, 6) from the interaction

effects of the TM1 alleles on the same two pair of the

chromosomes (Fig. 1).

Complex traits of cotton and other crops involve genes

that interact, directly or indirectly, as part of a network at

the whole genome level. Linkage and pleiotropic effects on

multiple traits can lead to conflicting results for various

traits, some beneficial and others adverse (Ulloa 2006).

Rong et al. (2004, 2007) detected over 400 QTLs con-

trolling fiber and agronomic traits in Upland cotton.

Strategies that reduce the ‘‘noise’’ level from other genes

will facilitate delimitation of beneficial genes. Assuming

the cotton genome (n = 26) has approximately 50,000

genes, then each substituted chromosome contains

approximately 2,000 genes from G. barbadense L. Thus,

the quasi-isogenic nature of CS-B lines provides much

more detailed and precise quantitative genetic dissection of

the complex agronomic traits, by reducing the noise of

interacting genes at the whole genome level. Theoretically,

the reduction in genetic complexities for single-locus

effects would be approximately inversely proportional to

the haploid chromosome number, 1/(n - 1) for whole

chromosome substitutions. For multilocus interactions the

reductions would be geometric with more extreme effect

(Saha et al. 2006). This provided a unique opportunity to

detect many of the cryptic alleles associated with the 3-79

substituted chromosomes in the CS-B lines.

Epistasis made a substantial contribution to each of the

complex quantitative trait loci (QTLs). The importance of

epistasis as the genetic basis for complex traits including

flowering in cotton had been documented in our previous

studies using CS-B lines (McCarty et al. 2006; Saha et al.

2006). Although the genetic phenomena of ‘‘epistasis’’,

‘‘transgressive segregation’’ and ‘‘adaptive peaks’’ were

recognized long ago, recent molecular marker research has

documented the advantage of interspecific introgression

into tomato and other species using exotic germplasm as a

source for beneficial alleles (Tanksley and McCough

1997). The results reported here document chromosome-

specific ‘‘epistatic’’ effects on complex agronomic traits,

showing the quantitative genetic effects of masking alleles

at some loci by alleles at other loci under homozygous and

heterozygous conditions (Tables 5, 6; Fig. 2). For example,

TM-1, the recurrent parent, had 131% more seedcotton

yield and 120% more lint yield compared to 3-79, the

donor parent of the CS-B lines in this experiment. How-

ever, CS-B14sh, CS-B22Lo and CS-B25 lines had higher

dominance effects on both seedcotton and lint yield under

homozygous condition compared to TM-1. We detected in

this research that interaction effects of alleles located on

several G. barbadense 3-79 substituted chromosomes or

chromosome arms have the potential to improve agronomic

traits such as seedcotton and lint yield in G. hirsutum TM-1

(Tables 5, 6; Fig. 2).

The diallel data provided opportunities to compare

effects of a single alien chromosome or chromosome pair

versus two alien chromosomes or segregating chromosome

pairs in the same genetic background. These provided a

unique opportunity to detect epistatic interaction effects

through comparisons of homozygous and heterozygous

conditions on a chromosome-by-chromosome basis for

individual agronomic traits. Assuming uniform genetic

background of the CS-B lines, the comparative analysis of

a double heterozygous combination versus a single

heterozygous combination for any two specific substituted

chromosome or chromosome arm (Tables 5, 6; Fig. 1)

revealed that genetic effects were predominately non-

additive for most of the traits including seedcotton and lint

yields.

The results reported here document CS-B line agro-

nomic attributes, but our previous studies showed that

some of these CS-B lines have superior fiber quality traits.

For example, alleles in CS-B25 decrease fiber micronaire,

increase span length and fiber strength, all of which

improve fiber quality (Saha et al. 2006; Jenkins et al.

2007). CS-B14sh had positive additive effect on 2.5% span

length (Saha et al. 2006; Jenkins et al. 2007). Results from

previous studies and this research suggested that some of

these CS-B lines such as CS-B25 and CS-B14sh can be use

to improve both fiber quality and agronomic traits.

Many breeders routinely select sources of high yield

genes that are harbored by the limited number of high-

yielding adapted cultivars in Upland cotton (Van Esbroeck

and Bowman 1998). In effect, they tend to avoid incor-

poration of diverse sources of germplasm because doing so

is likely to introduce unfavorable linkage groups that

reduce yield (Robinson and Percival 1997). Recently,

Bowman (1999) suggested that ‘‘the number one objective

of the breeder—to increase lint yield—has been the ulti-

mate deterrent to the introduction and maintenance of

genetic diversity’’. Our results indeed indicate the cryptic

presence of useful loci in G. barbadense with the potential

to improve agronomic traits including seedcotton and lint

yield in Upland cotton. For example, the heterozygous

dominance effects for the substituted chromosome 16 (CS-

B16 9 TM-1) and 22sh (CS-B22sh 9 TM-1), respec-

tively, showed significant positive dominance effects on
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seedcotton yield, suggesting that these CS-B lines harbor

genes having the potential to improve seedcotton yield in

the hybrids. This suggests, contrary to common assump-

tion, that G. barbadense alleles could be used to improve

yield and other agronomic traits, as well as fiber traits.

Conventional methods of interspecific introgression are

common plagued by hybrid breakdown due to incompati-

bility at the whole genome level between the two species

(Beaseley and Brown 1942). By associating these effects

with CS-B lines and, tentatively, specific chromosomes,

this research provides a stepping stone towards under-

standing the role of epistasis and high-resolution chromo-

some-specific genetic dissection of complex agronomic

traits in cotton. Our findings indicate additional genetic

resolution is desirable for scientific and breeding purposes.

In cases where epistatic interactions are the principal

genetic effect (Jenkins et al. 2006, 2007; Saha et al. 2006),

the CS-B lines can be used to determine which chromo-

some or chromosome arm was most likely to yield the

desired sorts of information and genetic products.

The results here demonstrate another useful application

of the cotton chromosome substitution lines. The CS-B

lines are not only good candidates for introgressing specific

chromosomal regions harboring useful traits in breeding

program, as reported previously (Saha et al. 2006; Jenkins

et al. 2006, 2007), but, as shown here, are also superb tools

for dissecting genetic effects, including epistatic ones.

These findings are highly relevant to both applied breeding

and basic research. Epistatic interactions are especially

important to the attainment of extreme phenotypes (Li et al.

2005), and exceptional phenotypes are highly desirable in

both research and breeding. Having means to dissect and/or

synthesize them are highly desirable. When assessed in

unadapted germplasm and most early generation products

of wide-cross introgression, alleles of potential value for

complex traits are usually obscured from detection by

overwhelmingly negative epistatic effects from other

genes, or ignored, because they are negatively associated

through linkages with other undesirable genes that epi-

statically undermine other traits, i.e., they occur in very

undesirable types. Thus, CS-B lines and other chromosome

substitution lines provide a means for bringing about

chromosome specific introgression, and identifying means

to establish knowledge and methods to better use the new

germplasm.

In conclusion, the strength of this research derived from

several perspectives including the: (1) documentation of

chromosome-specific epistasis effect as the major factor for

all of the agronomis traits; (2) identification on the cryptic

presence of useful loci associated with G. barbadense

chromosome or chromosome arm with the potential to

improve agronomic traits including seedcotton and lint

yield; and (3) discoveries of some new QTLs associated

with the substituted chromosome or chromosome arm, not

reported in our previous studies (Saha et al. 2006). Results

suggested that CS-B lines can be used as complementary

tools in conjunction with the conventional mapping

methods to discover valuable genes and in wide-cross

introgression with other traditional interspecific breeding

methods for harboring useful traits.
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