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less than expected. Despite surprisingly high retention of G. 
mustelinum alleles in  BC3F1, 46 genomic regions showed no 
introgression. Regions on chromosomes 3 and 15 lacking 
introgression were closely associated with possible small 
inversions previously reported. Nonlinear two-locus interac-
tions are abundant among loci with single-locus segregation 
distortion, and among loci originating from one of the two 
subgenomes. Comparison of the present results with those 
of prior studies indicates different permeability of Upland 
cotton for donor chromatin from different allotetraploid rela-
tives. Different contributions of subgenomes to two-locus 
interactions suggest different fates of subgenomes in the 
evolution of allotetraploid cottons. Transmission genetics of 
G. hirsutum × G. mustelinum crosses reveals allelic interac-
tions, constraints on fixation and selection of donor alleles, 
and challenges with retention of introgressed chromatin for 
crop improvement.

Introduction

Interspecific hybridization has been a major source of 
selectable variation for important traits (Anderson 1949). 
Interspecific hybrids and introgression populations are an 
attractive natural means for introducing novel variation into 
crop improvement (Benbouza et al. 2010; Levi et al. 2009; 
Tanksley and Nelson 1996). Strong directional selection has 
resulted in narrow genetic diversity in many self-pollinated 
crops, and has become a major barrier in crop improvement 
(Chee et al. 2004). Genetic diversity studies have revealed 
genetic bottlenecks affecting elite cultivars of several crops 
such as rice, wheat, beans and cotton (Galvan et al. 2003; 
Mercado et al. 1996; Wendel et al. 1992; Yu and Nguyen 
1994). Wild relatives have shown great potential for broad-
ening the genetic resources that facilitate crop improvement 
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(Hodgkin et al. 2007). Exotic genetic resources have been 
under-utilized and have huge potential to introduce novel 
genetic variation into crop gene pools (Zamir 2001). The 
development of interspecific introgression (IL) lines in 
tomato has included increased knowledge of QTL for eco-
nomically important traits, cloning of genes underlying 
QTLs and new insight into trait evolution (Gur et al. 2011). 
Development of high yielding and disease resistant synthetic 
hexaploid wheat by crossing a cultivated tetraploid (Triticum 
durum) and wild relative Aegilops tauschii, is another exam-
ple of the potential of wild relatives for contributing to crop 
gene pools (Dreisigacker et al. 2005).

Realizing the benefits of introgression from wild rela-
tives may necessitate knowledge of interspecific transmis-
sion genetics. While Mendelian principles should predict 
the inheritance pattern of an allele at a genetic locus, intro-
gressed chromosome segments often include genes or struc-
tural rearrangements that result in selection. Widespread 
deviations from Mendelian segregation ratios have been 
studied for nearly a century (Mangelsdorf and Jones 1926) 
and remain of much interest (Li et al. 2011). Segregation 
distortion can reduce power to determine marker orders on 
genetic maps and increase the rate of false detection of QTL 
(Zhang et al. 2010). In backcross populations that resem-
ble introgressions likely occur in nature, loci with segre-
gation distortion can represent incompatibilities between 
new interspecific allelic combinations, and may be selected 
against as populations advance (Jiang et al. 2000). The rate 
of retention of introgressed chromosomal segments has a 
practical impact on population size needed to find particular 
gene combinations. Genomic rearrangements such as inver-
sions and/or translocations may occur during the evolution 
of polyploids and may explain why some regions lacked 
introgression in advanced backcross cotton populations 
(Jiang et al. 2000; Waghmare et al. 2016). Availability of 
genomic resources such as molecular markers, genetic maps 
and genome sequence has made identification of type of 
genes involved in creation of gene flow barriers much more 
feasible (Yang et al. 2012). For example, genetic analysis 
helped to identify genomic regions that underwent possible 
selection and whether the nature of selection was zygotic or 
gametic (Li et al. 2011).

Tetraploid cotton is an attractive platform to study inter-
specific introgression, with potential practical benefits for 
crop improvement. The cotton genus Gossypium L., con-
tains more than 40 diploid (2n = 26) and 7 allotetraploid 
species (2n = 4x = 52). The diploid Gossypium species 
are composed of eight different genome types (A through 
G plus K) and allotetraploids evolved by joining of A and 
D genome progenitors (Endrizzi et al. 1984; Wendel et al. 
1995). Genetic mapping coupled with use of aneuploid or 
hyperploid genetic stocks has revealed in cotton the identity 
and subgenomic origins of most linkage groups (Rong et al. 

2004). In tetraploid cotton, the A genome-derived chromo-
somes (1–13) are designated the At subgenome, and the D 
genome-derived chromosomes (14–26) are designated the 
Dt subgenome (Brown 1980). Several lines of evidence have 
suggested that different subgenomes of allopolyploid species 
have different roles in the evolution of phenotypes and may 
show strong bias in homeolog expression (Jiang et al. 1998; 
Zhu et al. 2011).

Motivated by practical needs and empowered with 
genomic tools, the introgression tolerance, retention and 
transmission genetics of both subgenomes have been inves-
tigated in several cotton species. Repetitive use of a small 
group of elite tetraploid cultivars in cotton breeding has 
resulted in narrow genetic variation in present cultivars and 
limited the potential for further improvement (May et al. 
1995; Tyagi et al. 2014). In contrast, wild species show 
potential for contributions to cotton improvement (Wang 
et  al. 2016a; Zhang et  al. 2011). Interactions between 
unlinked loci contribute to skewed transmission of Gos-
sypium barbadense chromatin in crosses with G. hirsutum 
(Jiang et al. 2000). While a preponderance of inter-sub-
genomic epistatic interactions contribute to novel features 
that differentiate tetraploid cotton from its diploid ancestors 
(Jiang et al. 2000), a preponderance of intra-subgenomic 
interactions and chromosomal rearrangements restrict intro-
gression in cultivated species from wild relatives (Waghmare 
et al. 2016).

Here, we explore the transmission genetics of G. muste-
linum, the sole member identified to date of the tetraploid 
cotton clade that is most distant from Upland cotton, G. hir-
sutum (Wendel and Cronn 2003). Among the seven tetra-
ploid cotton species, G. hirsutum and G. barbadense are 
widely cultivated whereas Gossypium tomentosum (Nuttall 
ex Seemann), G. mustelinum (Miers ex Watt), Gossypium 
darwinii Watt, Gossypium ekmanianum (Wittm.) and Gos-
sypium Sp. Nov. are wild relatives. Together with prior stud-
ies of G. barbadense and G. tomentosum, this will complete 
our survey of the transmission genetics of crosses among 
the three clades of tetraploid cottons, and provide for useful 
comparisons among them.

Materials and methods

Gossypium hirsutum inbred line “PD98042” was used as 
a maternal parent to cross with G. mustelinum accession 
“AD4-8” to yield 35  F1 plants. Three backcrosses involved 
repeated back crossing of one hybrid individual from each 
generation to PD98042.  F1 hybrids and backcrosses were 
carried out in the greenhouse, using plants grown in com-
mercial potting mix. Greenhouse temperature was set to 
78 °F (day) and 68 °F (night). A total of 12–13 h of light 
was provided and plants were fertilized twice a month. 
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Among 35  BC3F1 plants, 21 that produced large progeny 
numbers were selected for this study, with  BC3F2 families 
totaling 3202 individuals (an average of 152.4 per family). 
 BC3F1 and  BC3F2 populations were planted in the field 
(Tifton, GA), following population development and agro-
nomic practices described by Wang et al. (2016a). DNA 
extractions from  BC3F1 and  BC3F2 plants were performed 
as described by Paterson et al. (1993). The genome com-
position of the  BC3F1 plants and the segregation patterns 
in 21  BC3F2 populations were analyzed by genotyping 
216 SSR marker loci drawn from genetic map of the  F2 
generation (Wang et al. 2016b). SSR markers were ampli-
fied as described by Wang et al. (2016b). Distortion from 
Mendelian segregation, i.e., expected genotypic and allelic 
segregation ratios were calculated using SAS. SAS proce-
dure FREQ and TABLE statement were used to calculate 
deviations (SAS and Software 2011). Chi-squared contin-
gency tests (CHISQ option) were performed for associa-
tion between alleles at pairs of unlinked loci (digenic inter-
actions) while Microsoft Excel spreadsheet software was 
used to perform tests of homogeneity among two-locus 
genotypes in different backcross families as described in 
Snedecor and Cochran (1980).

Results

Genomic composition of  BC3F1 plants

Gossypium mustelinum alleles were introgressed at much 
higher than the expected percentage of loci in  BC3F1 indi-
viduals, ranging from 21.75 to 40.27% with an average of 
27.86% in contrast to the expected 12.5%. Surprisingly, 
not a single  BC3F1 plant fell below the expected rate of 
retention. Only 9.2% (20 of 216) of loci contain G. muste-
linum alleles in fewer than the expected numbers of fami-
lies (an average of 2.6 families, or 12.5% of 21). At two 
loci, NAU3695 and NAU3074, G. mustelinum alleles were 
retained in 76.19% (16) of  BC3F1 families. Only 3 of 26 
chromosomes (chr. 2, 4, 10) were introgressed throughout 
their lengths. Regions lacking introgression were required 
to have six or more linked markers spanning 15 cM or 
more than showed no introgression—46 such regions were 
found on 23 chromosomes, spanning 15.06–132.4 cM and 
totaling 2040.9 cM, or 36.47% of the recombinational 
length (5595 cM) of the  F2 map. The numbers and lengths 
of regions lacking introgression for individual chromo-
somes are shown in Table 1. The average frequency of G. 
mustelinum alleles across all loci and  BC3F1 individuals 
was 27.87%, with no significant difference between the At 
subgenome (26.98%) and Dt subgenomes (28.79%).

Segregation and retention of donor chromatin in  BC3F2 
families

A total of 21  BC3F2 progeny lines comprising a total of 
3202 individuals (an average of 152.4 per family) derived 
by selfing of  BC3F1 individuals were subjected to study 
of segregation ratios. The average frequency of G. mus-
telinum alleles across all segregating families was lower 
(38.17%) than expected (50% according to Mendelian 
expectations). The average G. mustelinum allele frequen-
cies of individual loci varied from 18.94 to 60.84%. Both 
genotypic and allelic segregation studies were conducted 
and there was widespread segregation distortion. Regard-
ing genotypic segregation ratios (1:2:1), 98.6% of markers 
distorted significantly (p < 0.01) across the whole popu-
lation and 89.4% of markers were significantly distorted 
in at least one family for allelic segregation (1:1). There 

Table 1  Summary of correlation between average frequency of 
donor allele in  BC3F1 and  BC3F2 families, and number and length of 
introgression lacking region for all the chromosomes

Correlation is in the average frequency of G. mustelinum allele 
between  BC3F1 and  BC3F2 population

Chrom Correlation Total length of introgres-
sion lacking region

Number 
of regions

1 0.86 27.7 1
2 0.43 0 0
3 −0.53 87.8 2
4 −0.31 0 0
5 −0.62 151.3 3
6 0.41 196 3
7 −0.20 90.9 2
8 −0.66 91 3
9 0.55 132.4 1
10 0.14 0 0
11 0.41 39 2
12 0.00 140.2 2
13 −1.00 61.2 1
14 −0.65 85.3 3
15 0.14 101 2
16 −0.23 38.7 1
17 0.44 24.1 1
18 −0.16 44.5 2
19 0.11 44.4 1
20 0.20 120 2
21 0.68 208.8 3
22 0.67 40.4 1
23 0.35 99.3 2
24 −0.30 56.5 3
25 −0.05 72 2
26 −0.44 88.4 3
Total 2040.9 46
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was no significant difference in the average (48.67%) and 
expected (50%) frequency of heterozygotes but the average 
genotypic frequencies for G. hirsutum and G. mustelinum 
homozygotes were 38.58 and 14.44%, respectively, versus 
expected frequencies of 25% each. Correlations between 

the average frequencies of G. mustelinum alleles in  BC3F1 
and the average frequencies across all the  BC3F2 families 
(presented in Table 1) were negative for 12 chromosomes, 
positive for 11, and not significant for one (chromosome 
12).
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Two‑locus and multilocus interactions and their 
assortment among  BC3F2 families

Multilocus interactions can cause differences in genome 
composition of  BC3F1 individuals, and deviations from 
expected segregation ratios in  BC3F2 families (Jiang et al. 
2000). We have studied genome-wide digenic interactions 
among all unlinked loci. A few loci that have striking differ-
ences in segregation ratios among different segregating fam-
ilies might be involved in such interactions. A total of 23 loci 
for which segregation ratios deviated by more than 0.2 stand-
ard deviation (SD) from the overall average were selected 
for studying interactions in detail. Deviations from random 
assortment of two-locus genotypes in different segregating 
families (Fig. 1) were 13 times more frequent than expected 
by chance (about 13% of total two-locus interactions were 
significant at p < 0.01). A total of 7079 interactions could 
be tested, among which 933 (13%) were highly significant 
(p < 0.01). Details of digenic interactions among these loci 
are presented in Table 2. Marker loci with higher standard 
deviations of segregation ratios among  BC3F2 families were 
involved in a higher proportion of significant digenic inter-
actions than other loci. Two loci, DPL0085 (0.23 SD) and 
BNL3779a (0.22 SD), were each involved in more than 18% 
of significant interactions. At DPL0085, the frequency of G. 
hirsutum homozygotes ranged from 82.24% in family B27 to 
7.64% in family B17. Similarly, at BNL3779a, heterozygote 
frequency ranged from 11.26% in family B27 to 67.95% in 
family B05. Genotypic frequencies of eight loci (>0.25 SD) 
in  BC3F2 segregating families are mentioned in Table 3. The 
two-locus genotype patterns for identical pairs of loci in dif-
ferent segregating families were also quite variable in some 
cases, for example two-locus interactions for DPL0085 × 

BNL3977 were similar in families B9 and B10 but quite 
different in family B27 (Fig. 2). Most digenic interactions 
were in favor of heterozygotes.   

Subgenomic differentiation for donor allele retention 
and digenic interactions

Knowledge of the subgenomic origin of most marker loci 
enabled us to compare the introgression of G. mustelinum 
alleles in  BC3F1 individuals, allele frequencies in segregat-
ing  BC3F2 families, and the types of digenic interactions 
between and within the subgenomes. Among a total of 
508 At subgenomic loci and 545 Dt subgenomic marker 
loci mapped in the  F2 generation, 105 (20.67%) and 111 
(20.37%) were introgressed in advanced backcross popula-
tions  (BC3) from At and Dt subgenomes, respectively. The 
average frequencies of G. mustelinum alleles for At and Dt 
subgenomic loci, respectively, were similar in the  BC3F1 
population (26.98%, 28.79%) and  BC3F2 families (38.72%, 
37.64%). The correlation between the rate of retention of 
donor alleles in the  BC3F1 plants and the segregation ratios 
at the same loci in their  BC3F2 progenies was marginally 
significant for the At subgenome (r = 0.21, p < 0.028) but 
not for Dt subgenome (r = 0.12, p < 0.206).

Subgenomic origins of digenic interactions were com-
pared in detail. Genome-wide digenic interactions between 
all possible combinations of 216 marker loci were calcu-
lated, finding 9.78% of total interactions significant at 
p < 0.01. From a total of 7079 digenic interactions calcu-
lated among the 23 loci studied in detail, 933 (13.18%) devi-
ated significantly from random assortment. Among these 
933 interactions, intergenomic interactions (A–D, 529) 
were significantly more frequent (X2 = 16.7, p < 0.01) than 
intragenomic interactions (A–A or D–D, 404). The At sub-
genome (519) was involved in significantly more interactions 
(X2 = 11.8, P < 0.01) than the Dt (414), with subgenomic 
origins of digenic interactions presented in Table 2. The 
proportion of intragenomic interactions was similar to the 
expected rate for the Dt subgenome (20.36 ~ 19.68%) but 
less than expected for the At subgenome (22.93 < 30.94%).

Selection against Gossypium mustelinum alleles

A total of 61 loci showed no G. mustelinum (MM) homozy-
gotes in 107 cases across all the segregating families, which 
suggests strong negative selection against G. mustelinum 
alleles at or near these loci. Selection against G. mustelinum 
homozygotes was slightly (not significant, Χ2 = 1.2) stronger 
against At (54.09%) than Dt subgenomic loci (45.90%). Seg-
regation distortion from genotypic versus allelic frequency 
ratios indicates the type of selection. There was no signifi-
cant difference in the number of loci deviating from geno-
typic and allelic frequencies, respectively. Among cases with 

Fig. 1  Deviations from random assortment of two-locus genotypes 
in G. mustelinum × G. hirsutum  BC3F2 populations. Panels show the 
number of significant deviations from random assortment (p < 0.01) 
between the indicated locus and unlinked loci that co-occur in dif-
ferent segregating families. Rows 1–9 in the leftmost column of each 
panel indicate the number of families in which the indicated marker 
co-occurs with other unlinked markers. The Y row (bottom cells) 
shows the sum of two-locus genotypes deviating significantly from 
random assortment in the indicated number of cases. Columns 0–8 of 
each panel indicate the number of families in which tests show sig-
nificant deviation from random assortment of two-locus genotypes. 
The X (rightmost) column shows the total number of markers that can 
be tested for random assortment in the indicated number of families. 
The bottom right cell of each panel (in bold) shows the total num-
ber of two-locus genotypes that can be tested between the indicated 
marker and all other unlinked loci. For example, in a, among a total 
of 194 unlinked markers that occur with MUSB0846a, 39 co-occur 
in only one family. Of the 39 marker pairs tested, 0 cases show sig-
nificant deviation from random assortment (p < 0.01). Also, 44 other 
unlinked loci co-occur with MUSB0846a in two families. Of those 
44 tested interactions, 38 are not significant in both families, and six 
show significant deviation from random assortment in one of the two 
families

◂
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very strong deviations, (p < 0.0001) more have genotypic 
(189 loci) than allelic segregation distortion (156 loci).

Discussion

Transmission genetics of introgressed chromatin from G. 
mustelinum, the tetraploid cotton thought to be the most dis-
tant genetically from G. hirsutum contributes to knowledge 
of transmission patterns in allotetraploid Gossypium species 
(Jiang et al. 2000; Waghmare et al. 2016). Similarity in DNA 
markers and experimental procedures enabled us to com-
pare transmission genetics among three species represent-
ing divergent allotetraploid cotton clades: G. barbadense, 
G. tomentosum and G. mustelinum (Jiang et al. 2000; Wagh-
mare et al. 2016).

A common theme in the transmission genetics of crosses 
between each wild tetraploid and G. hirsutum is that some 
regions of the genome are recalcitrant to introgression. We 
found a total of 46 regions located on 23 G. mustelinum 
chromosomes completely lacking introgression, accounting 

for 36.47% of total recombinational length whereas in G. 
tomentosum, we found 21 regions representing 28.5% of 
total recombinational length. However, while underrepre-
sentation of donor alleles was common in G. barbadense 
(7.3%) and G. tomentosum (4.63%) studies, the average 
 BC3F1 individual retained G. mustelinum alleles at more 
than twice the expected (12.5%) percent of loci. This indi-
cates that although each  BC3F1 individual was introgressed 
with G. mustelinum alleles at a higher than expected fraction 
of loci, introgression was possible in limited regions only. 
Segregation distortion was generally evident from multiple 
linked DNA markers, thus was clearly not attributable to 
genotyping errors but was a result of biological factors. If 
the elimination of donor chromatin occurs randomly after a 
backcross then the probability of any one unlinked region 
lacking introgression in any one BC3F1 line would be (1 
− 0.125) = 0.875. With the simplifying assumption that each 
of the 23 unlinked regions of segregation distortion behaves 
as single unit of inheritance and all segregate independently, 
the probability of all 23 unlinked regions lacking introgres-
sion in all 21  BC3F1 plants would be [(0.875)23]21 = 9.76 

Table 2  Summary of two-locus 
genotype interactions of loci 
with higher standard deviation 
(>0.2 SD) in segregation 
distortion among G. mustelinum 
× G. hirsutum  BC3F2 families

Locus Chrom Position SD Number of significant 
interactions (total 
tested)

Propor-
tion of 
tested

Intra 
genomic 
(A–A/D–D)

Inter 
genomic 
(A-D)

DPL0085 Chr04 109.3 23.59 112 (396) 0.28 53 59
DPL0325 Chr11 58.9 21.63 68 (271) 0.25 27 41
BNL3779a Chr09 55.1 22.81 74 (403) 0.18 32 42
MUSB0846a Chr12 120.3 25.55 67 (576) 0.12 22 45
NAU3695 Chr11 199.4 24.53 100 (877) 0.11 46 54
NAU2640b Chr12 197.6 20.64 57 (686) 0.08 21 36
NAU3791 Chr04 193.5 20.70 15 (238) 0.06 4 11
DPL0270 Chr11 48.6 32.00 6 (98) 0.06 2 4
BNL2835 Chr08 32 28.24 9 (155) 0.06 3 6
DPL0183a Chr06 190.4 27.50 11 (302) 0.04 4 7
At sum 519 (4002) 214 305
BNL226a Chr14 114.1 22.84 93 (442) 0.21 39 54
NAU5443 Chr17 100.8 28.20 69 (399) 0.17 31 38
NAU5138 Chr15 216.5 20.87 48 (281) 0.17 18 30
STV188 Chr23 0 23.83 57 (340) 0.17 21 36
STS511 Chr25 0 20.51 37 (239) 0.15 20 17
BNL1163 Chr25 175.1 32.27 14 (96) 0.15 6 8
BNL1059 Chr17 225.6 23.91 15 (123) 0.12 11 4
DPL0378 Chr23 109.5 21.97 19 (215) 0.09 6 13
BNL3443 Chr17 234.7 23.55 15 (179) 0.08 10 5
STS236 Chr14 94.5 30.85 8 (107) 0.07 5 3
NAU5465 Chr14 60.4 22.49 16 (237) 0.07 9 7
DPL0385a Chr16 146.2 25.17 9 (151) 0.06 6 3
MUCS422 Chr15 222.3 22.40 14 (268) 0.05 8 6
Dt sum 414 (3077) 190 224
Total 933 (7079) 404 529
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×  10−29. Thus, it is unlikely that all of these regions lack 
introgression in all  BC3F1 plants (21) due to chance. Com-
parison of introgression from G. mustelinum and G. tomen-
tosum to G. hirsutum revealed that 15 of 26 chromosomes 
lacking introgression were common in both studies, with 
four regions (Ch. 03, 08, 15 and 24) also lacking introgres-
sion in G. hirsutum from G. barbadense (Jiang et al. 2000; 
Waghmare et al. 2016).

Patterns of segregation in the G. mustelinum  BC3F2 fami-
lies were similar to those found in previous studies of G. 

barbadense and G. tomentosum, with lower than expected 
frequencies of donor alleles across most segregating fami-
lies (Jiang et al. 2000; Waghmare et al. 2016). Segregation 
in  BC3F2 families favors the recipient haplotype with a 
higher average frequency of G. hirsutum than G. mustelinum 
homozygotes, which adds to prior evidence of non-random 
maintenance of integrity of the recipient genome.

Several lines of evidence add further strength to the 
finding from our prior studies that multilocus interactions 
between unlinked loci are an important determinant of 

Table 3  Genotypic segregation pattern across all the  BC3F2 segregating families for the loci with higher standard deviation (>0.25 SD) in geno-
typic frequencies among different families

BC3F2 family DPL0085 BNL3779a DPL0325 MUSB0846

HH HM MM HH HM MM HH HM MM HH HM MM

B02 – – – – – – – – – 23.9 56.0 20.1
B03 – – – – – – – – – 19.4 80.6 0.0
B05 – – – 31.4 68.0 0.6 – – – 31.4 68.6 0.0
B08 78.7 21.3 0.0 – – – – – – – – –
B09 22.2 54.8 23.0 – – – 34.1 55.3 10.6 – – –
B10 32.6 48.2 19.2 – – – – – – – – –
B11 27.0 60.5 12.5 – – – – – – 35.8 51.7 12.6
B12 – – – 36.0 63.3 0.7 – – – 29.1 53.0 17.9
B15 – – – 97.5 2.6 0.0 99.4 0.6 0.0 – – –
B16 – – – – – – – – – 20.8 78.5 0.8
B17 7.6 17.8 74.5 – – – 89.8 8.3 1.9 41.0 44.2 14.7
B20 – – – 21.0 65.6 13.4 – – – 96.1 3.9 0.0
B27 82.2 16.5 1.3 88.7 11.3 0.0 91.2 8.8 0.0 88.2 11.8 0.0
B31 – – – 26.6 42.4 31.0 – – – – – –
B32 – – – – – – 24.5 52.8 22.6 95.6 4.4 0.0
B34 – – – 32.2 67.8 0.0 – – – – – –
B35 24.4 50.0 25.6 – – – – – – – – –
Percent genotype 39.3 38.4 22.3 47.6 45.9 6.5 67.8 25.2 7.0 48.1 45.3 6.6

BC3F2 family BNL0226a NAU5138 NAU5443 STV188

HH M- HH HM MM HH HM MM HH HM MM

B01 – – – – – – – – – 35.7 61.8 2.6
B03 25.6 – 74.4 – – – – – – – – –
B05 – – – – – – 28.7 71.3 0.0 30.4 69.6 0.0
B06 – – – – – – 16.3 81.3 2.5 – – –
B07 93.8 – 6.3 29.8 54.4 15.8 – – – – – –
B10 24.1 – 75.9 97.2 2.8 0.0 27.7 72.3 0.0 – – –
B11 32.0 – 68.0 – – – 36.8 63.2 0.0 – – –
B12 – – – – – – – – – 37.8 62.3 0.0
B17 89.0 – 11.0 – – – – – – – – –
B20 31.8 – 68.2 – – – – – – 39.5 60.5 0.0
B27 91.3 – 8.7 93.4 6.6 0.0 85.9 14.1 0.0 88.8 11.2 0.0
B31 – – – 27.5 51.9 20.6 – – – – – –
B34 – – – – – – – – – 29.5 70.6 0.0
B35 – – – 35.6 54.4 10.0 32.3 67.1 0.6 – – –
Percent genotype 55.4 44.6 56.7 34.0 9.3 38.0 61.5 0.5 43.6 56.0 0.4
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single-locus segregation patterns. Segregation distortion was 
prevalent in the G. mustelinum  BC3F2 families with respect 
to both genotypic and allelic segregation ratios (Table 3; 

Fig. 3). Most loci did not show independent assortment, 
and most introgressed alleles did not segregate according to 
single-locus models. For example, G. mustelinum alleles at 
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BNL1034 had homozygote frequencies ranging from zero 
(selected negatively) to 26.42% (near the Mendelian expec-
tation) in different  BC3F2 families, indicating that these 
frequencies were affected by alleles at other unlinked loci 
that differed among the families. Highly significant two-
locus interactions (Chi-squared test, p < 0.01) were found 
in 13% of combinations with heterogeneity in the pattern 
of two-locus genotypes among different families (Fig. 2). 
Low correlation between retention of donor alleles in  BC3F1 
individuals and their segregation ratios in  BC3F2 families 
suggests, as have our prior results, that two-locus interac-
tions between unlinked loci are an important determinant 
of segregation patterns in individual families. Indeed, we 
found that the loci involved in higher numbers of significant 
interactions have the highest variation in segregation ratios 
among different families.

The respective tetraploid cotton subgenomes have con-
tributed differently to multilocus interactions in the G. mus-
telinum  BC3F2 families, another recurring theme in cotton 
introgression (Jiang et al. 2000; Waghmare et al. 2016). 
In our previous studies of G. barbadense and G. tomen-
tosum transmission genetics, At and Dt subgenomes were 
involved in significant two-locus interactions but different 
subgenomes were favored for the respective donor genomes 
(Jiang et al. 2000; Waghmare et al. 2016). A higher num-
ber of significant interactions originated from At than Dt 
subgenomic loci in G. mustelinum, correlated with aver-
age frequency of donor alleles in each  BC3F1 individual, 
for all three studies. In G. tomentosum, the At subgenome 
was involved in fewer interactions than the Dt subgenome, 
while in G. barbadense the two subgenomes were involved 
in similar number of interactions. Biased involvement of 
the At subgenome only in G. mustelinum coincides with a 
previous report of a closer relationship of only this tetraploid 
genome with the A genome than the D genome (Wu et al. 
2013). A higher number of intergenomic than intragenomic 
interactions is similar in G. mustelinum and G. barbadense, 
whereas there was a preponderance of intragenomic inter-
actions in G. tomentosum. Comparison of the three studies 
suggests evolution of different types and amount of inter-
actions (intragenomic A–A or D–D; intergenomic A–D) 

between At and Dt subgenomes in divergent allotetraploid 
species after their divergence from a common ancestor.

Our data about selection against G. mustelinum alleles 
further support the notion that different subgenomes have 
different evolutionary fates. Selection against At subgenomic 
loci was slightly stronger than Dt subgenomic loci. Perhaps, 
this may be related to the observations that D genome has 
higher expression than A genome and most fiber quality 
QTLs have been mapped on Dt subgenomic loci in allotetra-
ploid cotton (Flagel and Wendel 2010; Rong et al. 2004).

Different ‘permeability’ of various regions of the recipi-
ent genome may indicate differential levels of fitness for 
donor alleles, as noted by others (Rieseberg et al. 1999). 
Complete absence of G. hirsutum homozygotes at a few 
loci or fixation of G. mustelinum alleles at those loci show 
that only a single introgression event can be sufficient to 
fix the donor allele in a population. On the other hand, the 
absence of G. mustelinum homozygotes suggests that the 
donor allele dramatically reduces fitness at the relevant locus 
in the recipient genome. Fitness of G. mustelinum alleles at 
a locus seems to be related to G. mustelinum alleles at other 
loci that are present or absent in that family, and the multi-
locus interactions acting upon combinations of loci. Selec-
tion against G. mustelinum alleles was widespread—how-
ever, ironically, higher numbers of loci were able to tolerate 
homozygosity for alleles from G. mustelinum than from the 
more closely related G. tomentosum (Waghmare et al. 2016). 
Although G. tomentosum and G. mustelinum both are wild 
allotetraploid species, and in spite of higher average reten-
tion of donor alleles in the G. mustelinum  BC3F1 (27.86%) 
than G. tomentosum (4.63%) population, the G. tomentosum 
population had fewer regions (17) than the G. mustelinum 
populations (46) in which introgression was completely 
absent. A number of possible reasons for these differences 
can be envisioned. For example, selection against individual 
G. mustelinum alleles may have been stronger, and more 
frequently met our criterion of affecting six consecutive loci. 
This may also have the consequence that fewer unfit alleles 
may have been introgressed in early generations and com-
paratively fewer segregating alleles remain under selection 
in advanced generations of G. mustelinum.

The nature of selection has been an important aspect (Li 
et al. 2011) of segregation distortion studies. Although not 
statistically significant, higher numbers of G. mustelinum 
loci are distorted from genotypic than allelic segregation, 
which suggests that zygotic selection may be somewhat 
more important than gametic selection in G. mustelinum.

Chromosomal rearrangements are one of the possible 
reasons for resistance of some genomic regions to intro-
gression. Since many of the regions lacking introgression 
from G. mustelinum were in common with those lack-
ing introgression from other species, we also looked for 
possible rearrangements in those regions. A recent study 

Fig. 2  Examples of patterns of two-locus genotypic frequen-
cies among different segregating families. DPL0085, BNL3779a, 
NAU3695 and MUSB0846a all have >0.2 SD among segregation 
families. Both locus X locus and family X locus interactions are 
exhibited here. For example, locus X locus interaction was shown by 
DPL0085, which was in significant interaction with two different loci 
MUSB0846 and BNL3977 in family B27. Family X locus interaction 
is exemplified by a pair of loci (BNL3779a × BNL3511) showing dif-
ferent segregation ratios in family B27 and B34. Green lines with tri-
angles, red lines with squares, blue lines with diamonds and yellow 
lines with squares represent G. mustelinum homozygotes, heterozy-
gotes, G. hirsutum homozygotes and genotypes with presence of G. 
mustelinum alleles for dominant markers

◂



2228 Theor Appl Genet (2017) 130:2219–2230

1 3

(Wang et al. 2016b) reported possible chromosome struc-
tural changes specific to G. mustelinum, particularly pos-
sible inversions on chromosomes 3, 15 and 17. We found 

regions lacking introgression from G. mustelinum on chro-
mosomes 3 and 15 (Fig. 4) in the inverted regions, span-
ning 55 and 81.5 cM, respectively. On chromosome 17, we 

Fig. 3  Segregation pattern of G. mustelinum alleles in  BC3F1 indi-
viduals and  BC3F2 families. Blue dots represent observed average 
frequencies of G. mustelinum alleles in  BC3F1 individuals and black 
discontinuous lines represent the expected frequency (12.5%) in 
 BC3F1. Orange dots represent observed average frequency of G. mus-
telinum alleles in  BC3F2 families and the black solid line represents 
the expected frequency (50%) of G. mustelinum alleles in  BC3F2 fam-

ilies. Marker positions along the chromosomes are from an F2 map 
between G. mustelinum and G hirsutum (Wang et al. 2016b). The fig-
ure shows the segregation pattern of loci on chromosomes with the 
highest (Chr. 11, 19) and lowest number of introgressed loci (Chr. 
3, 22) and the chromosomes with highest positive (Chr. 1, 0.86) and 
lowest negative (Chr. 3, −1.00) correlation between average frequen-
cies of G. mustelinum alleles in  BC3F1 and  BC3F2 families
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found more than six markers lacking introgression in the 
inverted regions but our criteria (6 consecutive markers 
lacking introgression) were not met because two groups of 
three non-introgressed loci were interrupted by one locus 
that showed introgression. Knowledge of these variations 
in the pattern of introgression from divergent species may 
be useful to breeders if novel alleles are sought on a spe-
cific chromosome. Regions that are impermeable to intro-
gression may be important in the evolution of reproduc-
tive isolation between the tetraploid Gossypium species. 
Cytonuclear interactions may contribute to outbreeding 
depression which indirectly contributes to resistance to 
introgression in an interspecific population (Etterson et al. 
2007).

In summary, transmission genetic study of G. muste-
linum shows that the extent of introgression and the fate 
of introgressed chromatin depend on multilocus interac-
tions, fitness of substituted alleles and allelic combina-
tions, chromosomal rearrangements and cytonuclear 
interactions. Comparative knowledge of the extent and 
distribution of introgression and the transmission pattern 
among G. barbadense, G. tomentosum and now G. muste-
linum enables us to develop hypotheses about evolutionary 
changes in genomic arrangements, and helps to choose 
specific populations for future breeding efforts to improve 
cotton for economically important traits.
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