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Abstract The primary gene pool for tetraploid
cotton species includes Gossypium hirsutum L., as
well as the other four 2n = 52 species of Gossypium
(G. barbadense, G. mustellinum, G. tomentosum and
G. darwinii). To help overcome barriers to effective
introgression, we have developed a number of alien
chromosome substitution (CS) lines from G. bar-
badense, G. mustellinum and G. tomentosum, most of
which are nearly isogenic to the inbred ‘Texas Marker-
1’, a genetic standard. At the time CS line develop-
ment was initiated, molecular markers did not exist for
some CS lines, and most of these lines were developed
based on cytological analysis without using any
marker-based testing. Here we report on tests with
SSR markers from one ore more linkage maps specific
to the substituted chromosome or chromosome seg-
ment from one or more linkage maps to assess the
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constitution and genetic identity of the CS lines. The
specific objective of this paper is to report on the
genetic identity of the CS lines using SSR markers and
some special characteristics associated with some of
the CS lines. We used chromosome-specific SSR
markers following standard methods of DNA extrac-
tion, PCR and according to manufacturer’s protocol on
ABI Genetic Analyzer 3130x1 to confirm the identity
of the introgressed alien chromosome or chromosome
segments in the CS lines. For most CS lines and most
mapped markers, the observed SSR profiles were
concordant with expectations as per the results of
cytological analysis. For a minority of markers and
lines, however, the results were discordant; these
markers, linkage groups, and CS lines will be further
investigated to understand and define their genetic
identity for use as breeding resources. Interspecific
germplasm introgression can be useful for genetic
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improvement of Upland cotton. However, such efforts
are constrained by genetic incompatibilities between
the species. Our results document for the first time the
development of CS lines from G. tomentosum and G.
mustelinum. These CS lines will open a new paradigm
in cotton breeding program by providing a tool for
introgression of useful genes from wild and unadapted
species in the genetic improvement of Upland cotton.

Keywords Cotton - Chromosome substitution lines -
SSR markers

Introduction

The narrow genetic base of Upland cotton cultivars,
Gossypium hirsutum L. was one of the major constrains
contributing to the recent declines in fiber yield and
quality (Esbroeck and Bowman 1998; Paterson et al.
2004). Wild species and unadapted types are useful
genetic resources that can be tapped to broaden the
germplasm base. The primary gene pool for cotton
consists of the natural tetraploid (AD genome, 2n = 52)
species including G. hirsutum L. (AD);, Gossypium
barbadense L. (AD),, Gossypium tomentosum Nutt. ex
Seem (AD)s, Gossypium mustelinum Watt (AD), and
Gossypium darwinii Watt (AD)s. These species have
26-chromosome haploid genomes with grossly similar
A-D genomic architecture and produced fertile hybrids.
These characteristics justify selection of these species to
be the first line of choice to tap valuable exotic gene pools
to broaden the germplasm base of Upland cotton lines.
However, the exotic gene pools of wild species and
unadapted germplasms in Gossypium spp. have been
under-characterized and under-utilized in the genetic
improvement of Upland cotton because of technological
and biological challenges associated with conventional
methods of interspecific introgression. Interspecific chro-
mosome substitution lines in which a pair of chromo-
somes or chromosome segments has been substituted
with a pair of alien species’ chromosomes or chromosome
segments are useful tools that complement conventional
methods of interspecific introgression (Saha et al. 2006,
2011; Bernacchi et al. 1998; Eshed and Zamir 1994).
About 10 years ago, we developed 17 backcrossed
chromosomal substitutions (CS-B) line (Stelly et al.
2005). Through hypoaneuploid-based backcross chro-
mosome substitution, pairs of chromosomes (or chro-
mosome arms) in TM-1 (G. hirsutum) were replaced by

@ Springer

the respective homozygous chromosome (or chromo-
some arm) pair from G. barbadense line 3-79. The
methods of each CS-B line development were discussed
in our previous studies (Stelly et al. 2005; Saha et al.
2011). This method included the following stages:
(1) create isogenic Upland chromosome-deficient
stocks, by backcrossing various chromosome deficien-
cies (monosome or monotelodisome) to a common line,
namely ‘Texas Marker-1" (TM-1); (ii) cross the TM-1
hypoaneuploid with the donor to create a F; substitu-
tion stock that is monosomic or monotelodisomic (i.e.,
partially hemizygous), then backcross the F; and
succeeding BCnF; hypoaneuploid to isogenic cytoge-
netic stock as a recurrent seed parent; (iii) inbreed the
BCsF; hypoaneuploid derivative to recover a euploid
disomic substitution line.

We also documented that chromosome substitution
lines are useful tools to introgress novel genes from
other species in Upland cotton (Saha et al. 2006, 2011,
2013). In addition to the released CS-B lines, we
extended our study recently with chromosome substi-
tution line development for G. fomentosum and G.
mustelinum and some other chromosomes of G.
barbadense. These substitution lines are nearly iso-
genic to the common parent TM-1 for 25 chromosome
pairs, as well as to each other, for 24 chromosome
pairs. These lines were developed based on diagnostic
metaphase I meiotic configurations in microsporo-
cytes (Stelly et al. 2005; Saha et al. 2011).

However, we could not confirm the genetic identity
of all of the CS lines based on chromosome-specific
molecular markers of these CS lines because very few
chromosome-specific molecular markers were avail-
able at that time in the public domain. Recently the
genetic identity of several of the released CS-B lines
have been confirmed by molecular markers (Buyyara-
puetal. 2011). The overall objective of this paper is to
report on: (1) some novel phenotypes associated with
the chromosome substitution lines from G. tomento-
sum and G. mustelinum and some other chromosomes
of G. barbadense and (2) confirmation on the cytoge-
netic identity of the CS lines using chromosome-
specific SSR markers.

Materials

The interspecific chromosome substitution lines for
this study were developed at Texas A&M University,
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primarily by cytogenetically modified backcross-inbred
breeding. Each line was developed using a specific
hypoaneuploid type of G. hirsutum, e.g., primary
monosomic for chromosome 1 (HO1) or acrocentric
(“monotelodisomic”) for the long arm of chromosome 8
(TeO8Lo) or tertiary monosomic for parts of chromo-
somes 10and 19 (NTN10-19), as the recurrent parent for
hybridization and backcrossing until the BCsF; hypoa-
neuploid F; was recovered. In most cases, the recurrent
hypoaneuploid parent had been previously backcrossed
to inbred TM-1 and was thus quasi-isogenic to it. Upon
identification, a hypoaneuploid BCsF; segregate was
selfed to identify a disomic, true-breeding disomic
substitution. The substitution lines are named according
to the expectedly substituted alien chromosome or
segment(s), e.g., CS-BO1, CS-M08sh or CS-T10-19,
where B, M and T refer to the species of origin, G.
barbadense, G. mustelinum or G. tomentosum, respec-
tively. We followed the nomenclature procedure for the
CS lines as per our previous report (Stelly et al. 2005).

The chromosome substitution lines were grown in
fields at the Plant Science Research Farm at Mississippi
State, MS for increase and field evaluation of all the
lines. Standard agronomic technologies and irrigation
systems were used. We recorded the morphology of the
CS lines in two successive years in four replicated plots
at two different locations. Leaf samples from CS lines
were collected for DNA analysis.

Methods
DNA extraction

From each chromosome substitution line and its
parents, two or three young, fully expanded leaves
were collected, lyophilized at —40 °C and genomic
DNA were isolated from approximately 10 mg of the
leaf tissues, using DNAeasy cotton genomic DNA
extraction protocol (Qiagen kit) which was optimized
for robotic extraction. Extracted genomic DNAs were
checked with Nanodrop, and diluted to appropriate
concentrations before using for PCR.

PCR
PCR-amplifications were performed in a 10 pl reac-

tion mix containing 1 pl 10x PCR buffer, 0.2 pl
dNTPs (10 mM each), 1.2 pl 25 mM MgCl,, 0.3 pul

5 uM labeled primers (FAM, HEX, VIC, PET), 0.1 pl
AmpliTaq Gold DNA polymerase (Applied Biosys-
tems, USA), and 5 ng/pl genomic DNA. PCR ampli-
fication was carried out using a PTC-225 DNA Engine
Tetrad thermocycler (MJ Research, USA) with first
denaturation at 95 °C for 4 min, followed by 10 cycles
0of 94 °C for 1 min, 55 °C for 30 s (decreases of 0.5 °C
in each cycle) and 72 °C for 1 min; 39 cycles of 94 °C
for 15 s, 55 °C for 30 s and 72 °C for 30:00 min. A
final 6 min extension at 72 °C was performed.

ABI

With labelled primers, polymorphisms among chro-
mosome substitution lines at amplified SSR loci were
visualized in a denaturing capillary electrophoresis
according to manufacturer’s protocol on Genetic
Analyzer 3130x1 (Applied Biosystems, Foster City,
CA, USA). PCR products were diluted 1:20 before
loading into capillaries. The size standards of LIZ 500
or ROX 400 were loaded with the diluted PCR-
products according to the manufacturer’s guidelines
(Applied Biosystems, USA). Calling the size of
amplified products was performed using Gene Mapper
4.0 (Applied Biosystems, USA) as well.

Results and discussion

The development of chromosome substitution lines in
cotton by cytogenetically modified backcross-inbreed-
ing is facilitated by differential transmission of
hypoaneuploidy via G. hirsutum mega- versus mi-
cro-gametophytes. Though maternal rates vary widely
among the specific chromosomal deficiencies, each
hypoaneuploid condition is typically transmissible via
mega-gametophytes but not micro-gametophytes (En-
drizzi et al. 1985; Stelly et al. 2005; Saha et al. 2011).
Thus, cytogenetically selected hypoaneuploid segre-
gates will not only remain non-recombinant for the
hemizygous chromosome (or segment), when used as
a pollen parent, they will typically transmit that intact
alien chromosome (segment) to all progeny.

The cytogenetic behavior, gamete transmission and
patterns of inheritance for CS lines are similar to TM-
1, the recurrent parent, except that each line differs by
the replacement of a specific homologous pair of
chromosomes or chromosome segments from the
donor alien species (Stelly et al. 2005). TM-1, an

@ Springer
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inbred line, was developed by Kohel et al. (1970) from
the commercial cultivar Deltapine 14 and has been
maintained over 50 generations by self-pollination
(Kohel et al. 1970). Line 379, originated as a doubled-
haploid (Endrizzi et al. 1985), used as the donor parent
for the substituted chromosome or chromosome seg-
ments from G. barbadense and labeled as CS-B lines. A
plant of G. fomentosum and another plant of G.
mustelinum, maintained at the Beasley Laboratory,
Texas A&M University, was used as the donor parent
for the substituted chromosome or chromosome seg-
ment and labeled as CS-T and CS-M, respectively, for
the CS lines. The overall method of the CS line
development was discussed in our previous reports
(Stelly et al. 2005; Saha et al. 2011). A euploid BCsS;
26II plant was selected on the basis of phenotype and
cytological analysis of the metaphase-I microsporo-
cytes at the last step of CS line development, and selfed
to establish the corresponding euploid BCsS; CS line.

The initial development of a euploid BCsS;
(2n = 52) plant for a CS line was based on plant
phenotypes and cytological analysis of the metaphase-
I microsporocytes. The cytological observation that
euploid F; and BC,F; hybrids typically form 26 ring
bivalents (IIs) at metaphase I, compared to the
diagnostic metaphase-I meiotic configurations of
monosomic and monotelodisomic hybrids that include
aunivalent (I) or an unequal rod bivalent (Ii), 25 II + I
or 25 II + Ii, respectively (Stelly et al. 2005). While,
the conventional cotton karyotyping techniques suf-
fice in many ways, they are limited by small chromo-
some size, low heterochromatic polymorphism and
minimal karyotypic differences between AD species
genomes (Gardunia 2006). A number of interspecific
F, hypoaneuploids have been assessed with SSRs (Liu
et al. 2000; Gutierrez et al. 2009), but this is the first
systematic characterization of advanced chromosome
substitution lines using currently available chromo-
some-specific SSR markers (Table 1).

Molecular marker analysis

For molecular analysis on the genetic identity of disomic
chromosome substitution intermediates, we followed
the principles of deletion molecular analysis, such as
loss of heterozygosity (Liu et al. 2000; Gutierrez et al.
2009) (Fig. 1). Due to absence of the G. hirsutum
chromosome (segment), the chromosome substitution

@ Springer

line CS line is expected to carry only the allele of the
donor alien species specific to the substituted alien
chromosome or chromosome segment and will lack the
respective TM-1 allele, the recurrent parent, allele
specific to the locus of the substituted chromosome or
chromosome segment (Saha et al. 2011). The detailed
molecular results (Table 1) suggest that the observed
SSR profiles were concordant for most of the chromo-
some substitution lines. For example, in CS-B05sh line
the short arm of chromosome five of TM-1, G. hirsutum,
was substituted with the short arm of chromosome
five from G. tomentosum. Our molecular results from
deletion analysis showed the presence of only the G.
tomentosum allele for the short arm of chromosome five
in CS-TO05sh line and missing the TM-1 allele (Fig. 1).
We also confirmed the recovery of the recurrent parental
alleles for the non-substituted chromosomes by running
several markers specific to chromosomes other than the
substituted chromosome. Our results were concordant
with the cytological diagnostic results of the CS lines
showing the presence of only TM-1 alleles for the other
chromosomes or chromosome segments and alien
species allele for the substituted chromosome or chro-
mosome segment. Many of the results were concordant
with and thus substantiated by previous molecular maps
of SSR markers including BNL2921 associated with lint
yield on chromosome one, BNL3408 linked to lint
percentage on chromosome three, BNL3241 associated
with micronaire, CIR 328 linked with seed cotton yield
and JESPR65 associated with fiber wall thickness and
maturity on the short arm of chromosome five,
BNL3650 associated with lint percentage on chromo-
some six, CIR148 associated with fiber span length on
chromosome 12, CIR216 associated with maturity on
chromosome 18 (Wu et al. 2009), and BNL1395
associated with lint percentage on chromosome seven,
CIR307 linked to fiber strength on the short arm of
chromosome 15, BNL827 associated with fiber strength
on chromosome 25 (Qin et al. 2015).

However, for a minority of markers and lines, the
results were discordant with expectations. The lack of
congruence suggests that these markers, linkage
groups, and CS lines should be investigated further.

Morphological characteristics

All of the CS lines produced fertile flowers and seeds
with both fuzz and lint fibers with overall morphology
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Table 1 continued

Confirmation of alien chromosome
(ch) based on both molecular and

cytological analysis

Base pair size of the SSR marker

SSR primer

CS line

G. mustelinum CS line

G. tomentosum

G. barbadense

(3-79)

G. hirsutum
(TM-1)

name

Confirmed for chromosome 26

CS-B26Lo_New

149

NA
NA
NA
NA
NA
NA
NA

149 NA

133

BNL3510

185 CS-B26Lo_New

Confirmed for chromosome 26

CS-B26Lo_New

160, 167, 171,

148

NA

162, 172, 186

149

160, 167, 188, 202

157

BNL3816

Confirmed for chromosome 26

NA
NA
NA

BNL840

CS-B26Lo_New

Confirmed for chromosome 26

CS-B26Lo_New

224,233

224, 233

224

BNL2557

Confirmed for chromosome 26

193, 212

178, 212
NA
NA

193
213

BNL3599

Confirmed for chromosome 26

CS-T26Lo
CS-T26Lo

202, 213

202, 213

BNL1045

Confirmed for chromosome 26

224,239

224, 239

224

BNL2557

CS-B indicated chromosome substitution line of G. barbadense and the number indicated specific chromosome number, CS-T indicated chromosome substitution lines of G.

tomentosum and CS-M designated chromosome substitution line of G. mustelinum. The numbers in NTN line suggested it contain two homozygous segment of the specific alien

chromosomes. NA indicated not relevant with reference to the donor parent for the substituted chromosomes or chromosome segments

like TM-1, the recurrent Upland cotton parent (Fig. 2).
Most of the CS lines did not have phenotypes like their
donor parents (Fig. 3). Some CS lines were pheno-
typically distinctive from TM-1 (Table 2; Fig. 4),
suggesting the phenotype could have been inherited
through the substituted alien chromosome or chromo-
some segment (Fig. 4). For example, CS-B18 pro-
duced “open-bud” floral buds, with the stigma
protruding out of bud during its development
(Fig. 4a). However, CS-T18 and CS-M18 produced
normal buds like TM-1 without such open bud
characteristics suggesting the substituted alleles were
functionally similar to TM-1 in these CS lines.
Previous studies reported that the locus Open bud-1
(ob-1) is associated with Y, in the chromosome 18,
complementary mutations exist in G. hirsutum (Ob-1
ob-2) and G. darwinii (ob-1 Ob-2) (Endrizzi and
Nelson 1989; Endrizzi and Ray 1991). The ob-1 was
previously recovered as an introgression product from
G. darwinii (Endrizzi and Nelson 1989), a Galapagos
Island sibling species of G. barbadense, so our finding
that CS-B18 is afflicted by the open-bud phenotype is
not unexpected.

Plants of CS-T06 were pilose and produced fertile
flowers with unfurled petals (Fig. 4b). In both Mis-
sissippi and Texas, CS-T06 line produced unopened
flowers over most of the flowering time (observed in
two successive years), but towards the end of flower-
ing, some flowers opened more or less normally. This
effect on flower opening is likely due to increased
hairiness of the petal, with various interactions of plant
growth, turgor, humidity and so on. Gossypium
tomentosum, endemic only to the Hawaiian Islands,
is one of the most heat-resistant species of the genus
and produced normal open flower (Percival et al. 1999;
Akhtar et al. 1996). Our results revealed that this
feature is only associated with the substituted alien
chromosome six (A genome) from G. fomentosum in
CS-TO06 line, but absent in the donor parent of G.
tomentosum. However, flower petals of G. tomento-
sum are much smaller and so the velcro-like effects
may be proportionately much smaller. It will be
interesting to investigate in future to understand if this
phenotype is due to physical effects and/or genetic
interactions. At this time, we do not know if the closed
flower phenotype promotes self pollination or not,
and/or if it modifies tolerance to heat, or would be
sufficient to protect pollen from water droplets, e.g.,
from irrigation or rain. A trait that promotes self
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Fig. 1 Electropherograms results by ABI3100 capillary elec- molecular results illustrate confirmation that the genome CS-
trophoresis showing CS-TO05sh line to be homozygous for G. TOS5sh line contains a substituted short-arm segment from
tomentosum for BNL3241 SSR marker specific to chromosome chromosome 5 from G. tomentosum, and lacks the homologous
five, but missing the allele from G. hirsutum line TM-1. The segment from TM-1

Fig. 2 Comparative pictures of TM-1 with the CS lines from three species showing similarities and differences in overall phenotypes

@ Springer



Euphytica

Fig. 3 The recurrent parent TM-1, 3-79 and G. tomentosum
and G. mustelinum plant (the donor parents for the substituted

chromosomes or chromosome segments). a TM-1, b 3-79 (G.

barbadense), ¢ boll of G. tomentosum showing brownish fiber,
d flower of G. romentosum, e flower of G. mustelinum, f plant of
G. mustelinum plant in wild habitat. (Color figure online)

Table 2 Morphological and reproductive characteristics of specific chromosome substitution (CS) lines

S1 No. CS line Morphological characters of the CS-lines

1 CS-B02 Big size boll

2 CS-M04 Very late flowering and maturity; taller plant than CS-T04, CS-B04

3 CS-T04 Early maturity with more open boll than CS-M04 and CS-B04

4 CS-B04 Shorter plant than CS-M04 and CS-T04

5 CS-T06 Later flowering than CS-MO06 and CS-B06; more glaburous than CS-M06,
CS-B06 and TM-1; more insect infestation than CS-M06 and CS-B06,
very late maturity with few open boll; fiber more brown color compared to
CS-M06 and CS-B06, most flower cleistogamyous type but produces open
flowers late in the season

6 CS_B08sh Shorter plant than CS-M08sh, CS-T08sh and TM-1

7 CS-Ml11sh Very late flowering and maturity; taller than CS-T11sh and CS-B11sh; hairy

8 CS-Bl1sh Very late flowering and maturity compared to TM-1 and CS-T11sh

9 CS-M22sh Late flowering and maturity compared to CS-T22sh, CS-B22sh and TM-1

10 CS-T26Lo Late flowering and maturity; tall plant

11 CS-B26Lo Very late flowering and maturity; very tall plant

12 CS-M 16-15 Shorter plant than CS-T 16-15 and TM-1

pollination and reduces cross-pollination might be
useful to protect transgenic cotton lines from con-
tamination and/or transfer of pollen to neighboring
non-transgenic cotton. We also observed that CS-B10-
19, developed from a translocation-derived tertiary
monosomic (NTN10R-19R), produced deep golden-
yellow pollen like the donor parent 3-79 (Fig. 4c).
However, the analogous substitutions from G. tomen-
tosum and G. mustelinum, CS-T10-19 and CS-M10-

19, produced cream-colored pollen like TM-1. It has
been reported that the tetraploid cotton species
produces pollen from cream to deep golden yellow
and the true yellow color pollen produced by the
genotype of PP,P,P, (Endrizzi et al. 1985). More-
over, the P; gene was mapped to chromosome 5
(Endrizzi and Ramsay 1980), which is a segmental
homeolog of chromosome 19, so the association with
CS-B10-19 indicates that a part of the substituted
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CS-M10R-19R CS-T10R-19R CS-'I.’;IOR-IQR

C

CS-T06

CS-T10R-19R ™-1

D

Fig. 4 Some specific characteristics associated with the CS lines: a Open-bud mutant with protruding stigma from CS-B18, b a
cleistogamous type flower from CS-T06, ¢ yellow pollen from CS-B 10R-19R, d leaf from CS-T 10R-19R. (Color figure online)

segment of G. barbadense chromosome-19 is home-
ologous to chromosome 5. We also observed that most
of the substitution lines developed from tertiary
monosomic stocks had different shape of the lobe on
the leaf compared to TM-1 parent (Fig. 4d). This
observation presumably reflects the fact that most of
the tertiary monosomic recurrent parents were derived
from a non-TM-1 background and were not as isogenic
with TM-1 as other CS lines. It could be that lobing on
the leaf was not due the substituted chromosomes.

In conclusion, we confirmed the cytological results
of the following CS lines using chromosome specific
SSR markers: CS-B0O1, CS-B02, CS-B03, CS-B04,
CS-B08sh, CS-B09, CS-B10, CS-Bllsh_A, CS-
Bllsh_B, CS-B12, CS-Bl4sh, CS-B16, CS-B17,
CS-B18, CS-B22Lo, CS-B22sh, CS-B25, CS-
B26Lo_A, CS-B26Lo_B, CS-B04-15, CS-B10-19,
CS-B12-19, CS-B16-15, CS-B17-11, CS-TO1, CS-

@ Springer

T02, CS-T04-15, CS-T05sh, CS-T06, CS-T07, CS-
T10, CS-T10-19, CS-T11sh, CS-T14sh, CS-T16-15,
CS-T17, CS-T18, CS-T22sh, CS-M02, CS-M04, CS-
MO04-15, CS-M06, CS-MO08sh, CS-Mll1sh, CS-
MIl15sh, CS-M16-15, CS-M22sh. Our results
documented the development of CS lines from G.
tomentosum and G. mustelinum for the first time.
These CS lines can be used as an alternative approach
to complement conventional pedigreed or population-
based interspecific introgression inducing recombina-
tion specific only to the targeted substituted chromo-
somes or chromosome segments, thereby reducing the
linkage drag effects in the genetic improvement of
Upland cotton. Our previous studies revealed that
many of these chromosome substitution lines are
associated with economically important fiber traits
(Saha et al. 2011, 2013). We also demonstrated that
chromosome substitution lines would be very useful
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for improvement of fiber traits in Upland cultivars
(Jenkins et al. 2006, 2007). We observed that
molecular results with some CS lines are discordant
according to our expectation for the donor alleles and
further investigation is in progress to discern the
underlying basis of these results. Results also showed
that some of the CS lines had some specific morpho-
logical characteristics compared to the recurrent
parents and CS lines for the same substituted chro-
mosome or chromosome segment from other species
suggesting that this phenotype was associated with the
substituted chromosome or chromosome segment.
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