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Abstract In this study, to identify the deficient chromosomes in monosomic lines of Gossypium hirsutum L., the lines
were crossed with the Pima 3-79 line of G. barbadense L., and SSR marker-based molecular analyses were performed on the
resulting BC,F; and BC,F; hybrid plants. The study material comprised 8 monosomic lines (Mol, Mo39, Mo41, Mo50,
Mo62, Mo63, Mo65, Mo84) from the Unique Cytogenetic Collection of the National University of Uzbekistan (NUUZ),
together with their hybrid and backcross progenies. Genomic DNA was extracted from young leaf tissues by the CTAB
method; PCR amplification was carried out with a “hot-start” program using a set of 198 pairs of chromosome-specific SSR
primers of the BNL, CIR, CM, GH, JESPR, TMB, DPL, MUCS, STV, MUSB and NAU types, and the products were
separated by electrophoresis in 3.5% agarose gel. As a result, the Mo63 line was found to be monosomic for chromosome 7
(primer Gh548), and the Mo62 line for chromosome 22 (primer BNL358). In the Mo50 line, only the paternal (Pima 3-79)
allele was detected with markers specific to chromosome 9, confirming monosomy for this chromosome. In the Mo65 line, 78
SSR markers specific to chromosomes 14-26 of the Dt subgenome were applied, showing that the chromosomal deficiency
does not involve this subgenome. The results provide a scientific basis for the cytogenetic and molecular identification stage
required for developing chromosome substitution (CS) lines in cotton.

Keywords Fiber quality QTLs, Alien chromosome introgression, Allotetraploid cotton, Chromosome substitution lines
(CSLs), Marker-assisted selection (MAS)

1. Introduction

important tool for constructing genetic linkage maps in
cotton species with complex genomes, such as Gossypium
hirsutum L. To develop new Gh microsatellite markers for
G. hirsutum, 700 primer pairs were designed, 86% of which
yielded successful PCR amplification; polymorphism between
TM-1 and 3-79 was determined with high accuracy, and 165
polymorphic markers were used to genotype a recombinant
inbred population [14].

In cotton, the population structure of a germplasm panel
of 99 cultivars was studied with 177 SSR markers, and
genealogical relationships among the cultivars were established
[1]. Markers such as GH486, JESPR151 and TMB1484
proved effective in confirming the genetic purity of hybrids
[36]. These data show that SSR markers can reliably distinguish
paternal and maternal alleles in interspecific hybrids and
justify their choice as the main tool for chromosome
identification.

Gossypium hirsutum L. is the main source of industrial
fiber worldwide. However, because this species developed
on a limited genetic base during its breeding history, genetic
diversity among existing cultivars is insufficient [45].
This situation makes the development of new high-quality
cultivars in breeding programs considerably more difficult.
In particular, low genetic potential for traits such as fiber
quality and disease resistance is regarded as a serious
problem. Therefore, the transfer of individual chromosomes
or chromosome segments from other tetraploid species,
primarily from the gene pool of G. barbadense L., into the
genome of G. hirsutum L. cotton — that is, the development
of chromosome substitution lines (CSLs) — has become
one of the promising directions of cotton genetics [27].
Microsatellite DNA markers, i.e., SSR markers, are an
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Quantitative trait loci (QTLs) of cotton have been mapped
using SSR and SNP markers. For fiber quality traits, 9 QTLs
in the A subgenome and 7 in the D subgenome were
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identified in 19 genotypes [6]. Using a linkage map
constructed from 3,009 SNPs in a RIL population, 32 QTLs
located on 15 chromosomes were identified, 24 of which
were shown to lie in the D subgenome [46]. In a MAGIC
population of 960 lines, 52 significant loci associated with
six fiber traits were identified using 284 polymorphic SSR
markers, and markers BNL1231 and BNL3452 were
confirmed as “hotspots” [15].

For drought stress, 100 of 2,365 SSR primers were
polymorphic, and nine QTLs were identified on seven
chromosomes [2]. In 466 F, progeny derived from a cross
between wild and cultivated G. hirsutum, 120 QTLs were
identified, more than half of which were located in the A
subgenome, whereas QTLs associated with the major fiber
traits were mostly located in the D subgenome [12]. For wild
species, 1,060 SNP markers developed from transcriptome
sequencing were tested [5], and more than 10,000 SNPs were
identified in three genotypes of Pima cotton [19]. In addition,
the leaf shape locus (L-A2, L-D1) was mapped using SSR
and STS markers [3,18], markers BL1646 and DOWO047
associated with jassid resistance were identified [39], and
38 of 48 SSR markers were found to be polymorphic for
tolerance to waterlogging in cotton [37]. In Gossypium
hirsutum, 336 SSR markers and 157 F, progeny were
analyzed for photoperiod sensitivity, and five flowering-
related QTLs were found to be located on chromosomes
At-05, At-11 and Dt-07 [20].

Chromosome segment substitution lines (CSSLs) are a set
of lines with nearly identical genotypes, each carrying a
single homozygous chromosome segment transferred from
the donor parent; they are considered the most convenient
material for QTL mapping [40]. Using marker-assisted
selection and whole-genome resequencing, 1,211 chromosome
segments were identified and 64 QTLs associated with yield,
fiber quality and seed oil content were mapped [45]; in
17 chromosome segment substitution lines, the positive and
negative effects of individual Pima chromosomes in the
TM-1 background were described in detail [43]. In a primary
introgression population, 7 stable QTLs and 5 QTL clusters
were identified, and candidate genes belonging to a cluster
associated with fiber length and strength were found in a
segment of chromosome 7 [10].

The key step in developing chromosome substitution lines
is to determine precisely which chromosome is deficient in
the monosomic line used for crossing with the donor line.
The presence of a univalent at metaphase | of meiosis and its
relative size indicate the deficient chromosome only
approximately — at the subgenome level — because in the
allotetraploid cotton genome (2n = 4x = 52) large univalents
usually belong to the A, subgenome and small ones to the D,
subgenome; however, chromosomes within each subgenome
are similar in size, and medium-sized univalents cannot be
reliably assigned even to a subgenome [11,48]. Moreover,
the potential of cytogenetic analysis is even more limited in
lines carrying translocations [34]. For this reason, molecular
genetic identification with chromosome-specific microsatellite
(SSR) markers is regarded as the final step that completes
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cytogenetic analysis.

Chromosome substitution lines in cotton were first
developed in the USA, and their agronomically valuable
traits have been studied extensively. When 13 CS-B lines
and the parents TM-1 and 3-79 were tested in three states in
2002, chromosomes 2, 6, 16, 18, 5sh, 22Lo and 22sh were
found to increase lint percentage, chromosome 25 to reduce
micronaire and increase fiber strength, and chromosomes
14sh, 15sh and 25 to increase fiber length [25,26]. In G.
hirsutum cotton cultivars, chromosomes 2 and 25 were found
to carry gene segments that increase fiber strength, whereas
chromosome 17 had a negative effect on fiber quality [27].
The CS-B18 line improved the leaf content of nitrogen,
potassium, manganese and zinc, while CS-B15Lo and
CS-B18 improved fiber strength and elongation [29].
Chromosome substitution was also found to affect seed
macronutrient levels and gossypol enantiomer levels [7,8],
and the mechanisms of tolerance to the herbicide 2,4-D were
studied in the CS-B15sh line [23].

Over the past three decades, Uzbek scientists established
the Unique Cytogenetic Collection based on monosomic and
monotelodisomic lines of G. hirsutum L.; in addition, this
collection contains 33 homozygous translocation lines and
more than 100 primary monosomic and desynaptic forms
[31,32,33,49]. Sanamyan and colleagues developed, for the
first time, a scheme for obtaining individual chromosome
substitution lines in cotton, in which hypoaneuploid lines
from the collection are crossed with the donor line Pima 3-79,
and the resulting hybrids from F; and BC;F; through BCsF;
are analyzed cytogenetically and molecular-genetically
[34,35,50]. Within this approach and scheme, introgression
of G. barbadense chromosomes 4, 6 and 12 of the At
subgenome and chromosome 22 of the Dt subgenome
predominated in BC,F; hybrids, whereas, conversely,
elimination of chromosomes 2 and 7 of the At subgenome
and chromosome 18 of the Dt subgenome was observed
for the first time in cotton during the development of
chromosome substitution lines [34]. When the crossability of
31 monosomic lines of G. hirsutum with Pima 3-79 was
evaluated, the crossing rate was found to be reduced in lines
lacking chromosomes 2, 4, 6, 7, 12, 17, 18, 21 and 22 [35].
Analysis of the biomorphological traits of F; monosomic
hybrids showed that hybrids with a substituted chromosome
4 were tall and had large bolls [9]. Nevertheless, the deficient
chromosome of many monosomic lines in the collection has
not yet been identified, and this constitutes the direct subject
of the present study.

The aim of this study is to identify the deficient
chromosomes using SSR markers in F; and backcross
BC;F,—BC,F; hybrids obtained by crossing monosomic lines
of G. hirsutum L. from the Unique Cytogenetic Collection of
the National University of Uzbekistan with the Pima 3-79
line of G. barbadense L. The objectives were: to isolate
genomic DNA from interspecific monosomic F; and backcross
BC;F,—BC,F; hybrids; to determine polymorphism between
the parental lines for chromosome-specific SSR markers;
and to identify the deficient chromosome by genotyping
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the presence or loss of paternal and maternal alleles in
monosomic F; and backcross BC;F;—BC,F; hybrid plants.

2. Materials and Methods

Plant material

In this study, the monosomic lines Mol, Mo39, Mo41,
Mo50, Mo62, Mo63, Mo65 and Mo84 of G. hirsutum
(2n=51), the line Pima 3-79 of G. barbadense (2n=52), the
interspecific hybrids F;(Mo>Pima 3-79), the BC,F; hybrids
involving lines Mo1, Mo39, Mo41, Mo50, M062 and Mo84,
and the BC,F; hybrids involving lines Mol, Mo41, M062
and Mo84 were studied. The parental plants of these
interspecific hybrids included monosomic lines derived from
the primary monosomics Mo039, Mo41, Mo50, Mo62, Mo63,
Mo65 and Mo84, which were induced in the first generation
by pollinating flowers of line L-458, emasculated the day
before, with gamma-irradiated pollen of the same line at
doses of 10-35 Gy (Table 1). The monosomic lines were
crossed as female parents with the line Pima 3-79 of G.
barbadense, which was derived from a doubled haploid
(DH), is therefore highly homozygous, and is the genetic
standard for this cotton species in the USA [11]. This line is
characterized by long, high-quality fiber; therefore, we use it
as the donor parent of the substituted chromosome when
developing new chromosome substitution lines of cotton.
The monosomic lines, Pima 3-79 and the hybrids F;(Mox
Pima 3-79), BC,F; and BC,F; were grown in a plastic-film
greenhouse under natural temperature and light during the
summer and under film cover at a day/night temperature of
30/15 T during the autumn—winter period.

Table 1. Monosomic lines used in the study and the doses of gamma and

neutron irradiation used to obtain them [47,49]
Ne | Monosomic line Dose, Gy Treatment factor
1 Mol 27 neutron irradiation
2 Mo39 10 gamma irradiation
3 Mo41l 10 gamma irradiation
4 Mo50 10 gamma irradiation
5 Mo62 35 neutron irradiation
6 Mo63 15 neutron irradiation
7 Mo65 15 gamma irradiation
8 Mog4 - desgi/lre]g;\)/teig :Jrr%rgeny

Cytological tests. Chromosome behavior was studied in
pollen mother cells (PMCs) at metaphase | (MI) and at the
tetrad stage of meiosis. For this purpose, 2-3 mm buds were
fixed in an ethanol-acetic acid mixture (7:3). The PMCs
were then stained with iron acetocarmine. The pattern of
chromosome pairing at the MI stage was scored on temporary
squash preparations. To analyze the tetrad stage, three
buds were analyzed from each plant, and the percentage
of normal tetrads was calculated from their total number.

To analyze pollen fertility, open flowers were collected
in the morning on the day of flowering, and temporary
acetocarmine preparations were made, placed in Petri dishes
and kept in a refrigerator for one day to improve staining of
the pollen grains. Then, 10 fields of view were analyzed for
each flower. Cytological analysis was performed according
to the method we described previously [51].

All cytological observations were carried out using
AxioScope Al and Laboval microscopes (Carl Zeiss,
Germany) and a Biomed microscope (Leica, Switzerland)
with 10> and 100> objectives, a 1.6 binocular attachment,
GF 12.5 <120 and a 10> eyepiece. Photomicrographs were
taken with an AxioCam ERc5s digital microscope camera.
A green optical filter (ZS-11) was used during exposure.
Statistical processing of the data obtained was carried out
according to B.A. Dospekhov (1985) [55].

DNA extraction and genotyping. Genomic DNA was
isolated by the CTAB method from young leaf samples of
cytogenetically identified monosomic F; and backcross
hybrids and from young seedlings of hybrid plants
(BC,F—BC,F;) [51,52]. Genomic DNA was checked by
electrophoresis in 0.9% agarose gel, and the DNA was
diluted in 15 pl to a working concentration using a control
solution of Hindlll-digested A phage DNA (25 ng/ul). PCR
amplification was carried out in 10 pl of reaction mixture
containing 1.0 pl of 10x PCR buffer (with 25 mM MgCly),
0.2 ul BSA, 0.08 pul ANTPs (25 mM), 0.2 pl of primers, 0.1
ul Taq polymerase and 2 pl of DNA template. PCR was
performed with initial DNA denaturation at 94 <C for 2 min,
followed by 35 cycles of 94 <C for 20 s (step 1), 55 <C for
30 s (step 2) and 72 T for 50 s (step 3). After 35 cycles, a
final extension at 72 <C was held for 7 min. The PCR products
were separated in a 3.5% high-resolution agarose gel,
stained with ethidium bromide and photodocumented using
an Alpha Imager gel documentation system (Innotech Inc.,
USA).

Primer pairs for codominant chromosome-specific SSR
markers were synthesized in accordance with genetic
mapping data [21,52]. A set of 198 primer pairs for SSR
markers of the BNL, CIR, CM, GH, JESPR, TMB, DPL,
MUCS, STV, MUSB and NAU types was used to determine
microsatellite polymorphism between the parental genotypes;
the primers were manufactured by Integrated DNA Technologies
(IDT, USA) and supplied by Hayot Technology. Chromosome
-specific markers were selected according to [53,14,41,44,
28,52].

The SSR electropherogram results were scored as a/b/h,
where the a allele corresponded to the recipient L-458, the b
allele to the donor line Pima 3-79, and the h genotype to the
disomic F;, BC,F; and BC,F; hybrids. Elimination of G.
hirsutum chromosomes in the monosomic cotton hybrids
BC;F; and BC,F; was determined by the absence of marker
amplification from G. hirsutum (maternal) chromosomes
and the presence of only the allele-specific PCR products of
G. barbadense (paternal) [53].
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3. Results

Hybrid forms obtained by crossing 8 monosomic lines of
G. hirsutum L. with the Pima 3-79 line of G. barbadense L.

were used to identify the monosomic lines with SSR markers.

Because small univalents were observed at metaphase | of
meiosis in most F; monosomic hybrids, and medium-sized
univalents in some of them, the analysis was started with
SSR markers of the Dt subgenome.

Molecular genetic analysis of interspecific monosomic
F1 hybrids with 163 markers specific to the Dt subgenome of
cotton. Genomic DNA was isolated from young leaves of
monosomic F; plants of the combinations F; (Mol>Pima
3-79, Mo39>Pima 3-79, Mo4l>Pima 3-79, Mo62>Pima
3-79, Mo84>Pima 3-79), and PCR analyses were performed
with 163 SSR markers specific to chromosomes 14-26 of the
Dt subgenome. With primers BNL3932 and BNL3267
specific to chromosome 14, all interspecific monosomic F;
hybrid plants were found to carry both alleles, indicating that
they are not monosomic for chromosome 14. Similar results
were obtained for chromosome 15 (BNL3902, BNL2920),
chromosome 17 (BNL1606, JESPR0304), chromosome
18 (BNL3280, TMB1664), chromosome 19 (Gh109,
NAU1221), chromosome 20 (TMB1630, BNL3646) and
chromosome 21 (BNL1705, BNL1034): in all cases, the
alleles of the paternal and maternal control plants were
present in the electropherograms of the DNA amplicons.
Two primers were selected for chromosome 22. With primer
DPL0489, the paternal control plant and the control F; plant
gave the same reaction, precluding the differentiation of
parental alleles in the F; hybrid. However, with primer
BNL358, only the allele of the paternal control was observed
in the monosomic F; (Mo62>Pima 3-79) (532,) plant derived
from the monosomic line Mo62. Thus, the molecular genetic
studies preliminarily revealed that the monosomic line Mo62
is monosomic for chromosome 22. With the primers for
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chromosome 23 (BNL3383, BNL3511), chromosome 24
(BNL2568, BNL3638), chromosome 25 (BNL3806,
BNL3190) and chromosome 26 (BNL840, BNL3368) of the
Dt subgenome, the markers were monomorphic, while in
some cases the alleles of the parental controls were found to
be present in the genome.

In the molecular genetic analyses of the following
monosomic hybrid plants — F;(Mo50>Pima3-79) (693s),
BC.F; M050>4:1(6935)(2977), M050>4:1(6935)(7834), Mo50
>1(6935)(7835) and M0o50>F(6935) (783¢) — the allele of
the paternal control was observed with the At-subgenome-
specific primers BNL1162 and TMB1758 in the F;(Mo50
>XPima3-79)(6935) and BC;F;(M050>¢F(6935) (783;) plants.
With markers DPL0679, BNL4053 and BNL2590 of cotton
chromosome 9, the presence of the allele of the paternal line
Pima 3-79 and the absence of the allele of the maternal line
L-458 were also recorded in the F; and BC,F; backcross
progenies; with primers BNL686-2, Gh027 and NAU5017,
the Pima 3-79 allele was likewise observed in the BC;F;
backcross progenies, whereas the allele of the maternal line
L-458 was absent. To ensure the reliability of the results,
PCR was repeated for the BC,F; plant Mo50>¢,(6935)(297;)
with primers Gh027, MUSS087, NAU5017, DPL0679,
BNL1162 and BNL2590 of chromosome 9: primer
MUSS087 gave no amplification, whereas the remaining
primers showed the presence of the allele of the donor line
Pima 3-79 and the absence of the allele of the maternal line
L-458. In the backcross BC;F; progenies, among primers
BNL686-2, BNL2590, BNL4053, MUSS022, JESPR208
and TMB1758, the allele of the maternal line L-458 was
observed only with MUSS022; since the analyzed plant was
a BC,F; backcross progeny, the region amplified by primer
MUSS022 may also be located on a chromosome other
than chromosome 9. Thus, the monosomic line Mo50 of
G. hirsutum L. was found to be highly likely monosomic for
chromosome 9 (Figure 1).
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Figure 1. Electropherogram of DNA amplicons of SSR markers specific to chromosome 9 of the At subgenome in the monosomic backcross hybrid plant
BC:F1 M050%(F1693s) (297;) of cotton: a) Gh027 (9 chr); b) MUSS087 (9 chr); ¢c) NAU5017 (9 chr); d) DPL0679 (9 chr); e) BNL1162 (9 chr); f) BNL2590
(9 chr). Arrows indicate the hemizygous state in the monosomic hybrid (presence of the paternal Pima 3-79 allele and loss of the maternal L-458 allele)



274 J. S. Uralov et al.:

Molecular Identification of Deficient Chromosomes in Monosomic

Lines of Cotton (Gossypium hirsutum L.) Using Chromosome-Specific SSR Markers

— 223
) &
[} Py
£ —
~ ~
5 o > o o=
:o\\ll\, S = =
n ™M o oon A
< < <
oo B = o= <
=
g 3 8 g =
Ay P A~y [~ B
N > X N > < SN X
"-?;’g ) 5 oo
4 w
0 L iF S 0 2 T 8 o 2=
2 o203 8 a8’
ST EEe“ YT EHE == 5 8§42
[ = T < PR < VR B R < P I - VI o
R o SRR AT v P s e
— S g 41— g —
——'i—""-""-‘—
-‘-——--—.—.
= . -
a b c

{JF) Mo63 Pima 3-79 (103;)

—~ _ —
[sa) [sa] &
o = [=1
— s —
= — N
P P =N
[=2) o D (= =
S = 5y Gt i
A on o~ e
< < < < < <
— — — [ -
8 .= g .= 8 g
A A [P o &R
o X o X <
Lo o 5o M O - L oo
N = o = S P 5
2Ty A S ¥ < ' 23? < 5
L EQL 2L 52 =2% 52 =
[ = T N = T B = T & o I = R = =
— = o g
e D _—— e
----—---
- -
S S = -
d e f

Figure 2. Electropherogram of DNA amplicons of At-subgenome-specific SSR markers in the interspecific monosomic hybrid plant Fi(Mo63xPima 3-79)
(103;) of cotton: a) Gh548 (7 chr); b) CIR169 (7 chr); c) CIR141 (7 chr); d) CML60 (7 chr); e) TMB0180 (7 chr); f) BNL1597 (7 chr). Arrows indicate the
hemizygous state in the monosomic hybrid (presence of the paternal Pima 3-79 allele and loss of the maternal L-458 allele)

In the combination F;(M063>Pima3-79) (103,) obtained
by interspecific crossing, cytogenetic analysis at metaphase |
of meiosis showed that plant (103;) was monosomic;
because 23 bivalents and one large univalent, as well as one
quadrivalent, were observed, it could be identified only by
molecular genetic methods. Given that large univalents
usually belong to the At subgenome, the analysis was started
with At-subgenome-specific markers. In the monosomic
plant F;(Mo63>Pima 3-79)(103;), both alleles of the parental
control plants were detected with 6 markers of chromosome
1 (BNL3848, BNL3580, NAU2437, TMB0283, CIR009,
DPLQ752) and with the markers of chromosome 3 (TMB0564,
NAU862, TMBO0605, BNL1379, BNL226, BNL3408),
chromosome 4 (TMBO0809, Ghl1l7, DPL0273, Gh124,
BNL2572, BNL530), chromosome 5 (BNL3556, BNL3255,
CIR373, BNL3029, NAU4057, BNL3995), chromosome 6
(TMB1538, TMB0853, TMB1277, TMBO0154, TMB1346,
NAU4946), chromosome 8 (CIR244, BNL3559, JESPR232,
BNL2772, NAU1164, BNL1646), chromosome 9 (NAU5017,
BNL4053, BNL2590, BNL686-2, Gh027, DPL0679),
chromosome 11 (NAU5064, BNL1034, BNL1681, BNL2632,
TMBO0043, BNL4094), chromosome 12 (BNL2709,
BNL3599-2, TMB1660, BNL4059, NAU2176, CIR148)
and chromosome 13 (BNL1660, BNL1495, NAU2285,
TMBO0820, MUSS550, NAU6699). Of the 6 primers applied
to chromosome 10, TMBO0325 failed to amplify, while the
remaining Gh283, TMB1288, DPL0431, BNL0256 and
BNL1665 showed a disomic state. For chromosome 16 of the
Dt subgenome of cotton, a total of 12 markers (TMB2068,
CIR175, BNL1395, DPL0511, TMB0564, TMB1271, Gh684,
BNL2986, JESPR297, CIR107, TMB2036, DPL0800) were
applied in two rounds, and the parental alleles were observed
with all of them.

In the PCR analyses with primers Gh548, CIR169,
CIR141, CML60, TMB0180 and BNL1597 of chromosome
7, only the allele of the Pima 3-79 line was observed with

marker Gh548 in the monosomic hybrid F;(M063>Pima
3-79) (1037), and the allele of the maternal line L-458
was not observed with primer Gh548. On this basis, the
monosomic line Mo63 was found to be highly likely
monosomic for chromosome 7 (Figure 2). In total, 84 SSR
markers for 13 chromosomes were included in the analysis.
In addition, another cross combination, F;(Mo65>Pima
3-79), was obtained. Four interspecific hybrid families (60n,
61n, 62n, 63n) were included in the study. Examination of
metaphase | of meiosis revealed 25 bivalents and one small
univalent in two interspecific monosomic hybrids (60, and
6110). For the small univalent, 4 to 12 SSR markers specific
to each of the 13 chromosomes of the Dt subgenome
of cotton, i.e., chromosomes 14 through 26, were selected.
The PCR screening showed the following: for chromosome
14, 9 SSR markers of 4 types (BNL, MUSS, Gh, CIR) were
used. Of these SSR markers, only BNL3267, BNL3932 and
BNL3545 were polymorphic, and Gh067 was monomorphic;
for chromosome 15, of 4 primers, BNL3902 was polymorphic
and the other three were monomorphic; for chromosome
16, polymorphism was observed in 7 of 12 primers; for
chromosome 17, of 4 primers, two (BNL2496 and JESPR0304)
were polymorphic, one marker (CIR112) was monomorphic
and one (TMBO0874) was not amplified; for chromosome
18, markers BNL4079, BNL2544 and BNL3280 were
polymorphic and marker TMB1231 was monomorphic; for
chromosome 19, of 9 primers, Gh109, NAU1221, BNL3347
and Gh182 were polymorphic, NAU2816 was monomorphic
and 4 were not amplified; for chromosome 20, of 7 primers,
TMB1630, BNL3646 and BNL3993 were polymorphic; for
chromosome 21, BNL1705, BNL1034, BNL3171 and BNL3649
were polymorphic; for chromosome 22, of 8 primers,
DPL0489 was polymorphic; for chromosome 23, BNL3383
and BNL3511 were polymorphic, and BNL2611 and BNL3858
were monomorphic; for chromosome 24, of 4 primers,
BNL2568, BNL3638 and Gh171 were polymorphic; for
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chromosome 25, of 6 primers, BNL3190, BNL3806 and
BNL3103 were polymorphic; and for chromosome 26,
BNL3368 and BNL840 were polymorphic. Thus, a total of
78 SSR markers were used for the 13 chromosomes (Table 2),
and it was shown that the chromosome deficiency in the
Mo65 line does not involve chromosome pairs 14-26;
studies are continuing with markers specific to chromosomes
1-13 (Figure 3).

Overall, molecular genetic studies of hybrid plants
obtained by crossing the monosomic lines (Mol, Mo39,
Mo41, Mo50, Mo62, Mo63, Mo65, Mo84) with the Pima
3-79 line of G. barbadense L. were carried out on the following
forms: interspecific monosomic F; hybrids obtained from 8
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combinations; backcross monosomic BC1F1 hybrids
obtained involving 6 monosomic lines (Mol, Mo39, Mo41,
Mo50, Mo62, Mo84); and backcross monosomic BC2F1
hybrids obtained with the participation of 4 monosomic lines
(Mol, Mo4l, Mo62, Mo84). As a result, the monosomic
line Mo63 was found to be highly likely monosomic for
chromosome 7 of the At subgenome, and probable monosomy
was recorded for chromosome 9 of the At subgenome in the
monosomic line Mo50 and for chromosome 22 of the Dt
subgenome in the monosomic line Mo62. In the remaining
lines, parental alleles were observed with the chromosome
markers applied, indicating that these lines are not monosomic
for those chromosomes (Table 3).

Dt Subgenome: Chromosomes 14-19 (PCR Analysis of F1 Mo65 x Pima 3-79)

Chr 14 Chr 15 Chr 16 Chr 17 Chr 18 Chr 19
(Dt-01) (Dt-02) (Dt-03) (Dt-04) (Dt-05) (Dt-06)
R246 |—— - BNL2646 TMB2068 JESPR0304 BNL3280 © BNL1671
DPL0800 |— e BNL1611
Gh182
— —— e NAU2816
BNL3545 |—— e BNL40B2 BNL3008 © TMB0874 BNL2544 BNL3347
BNL3932 |——1--e BNL2920 Gh224 112 |—— e TMB1231 NAU1221
F——-1 o MUCS616
 E— o ML F— e NAU2503
Gh345
MUCS594
— e 8NL3661 Gh109
Gh295
® BNL3267 BNL3902 BNL2734 BNL2496 BNL4079 |—1--eCR112
Poly: 3/9 Poly: 1/4 Poly: 7/12 Poly: 2/4 Poly: 3/4 Poly: 4/9
(33%) (25%) (58%) (50%) (75%) (44%)
Dt Subgenome: Chromosomes 20-26 (PCR Analysis of F1 Mo65 x Pima 3-79)
Chr 20 Chr 21 Chr 22 Chr 23 Chr 24 Chr 25 Chr 26
(Dt-07) (Dt-08) (Dt-09) (Dt-10) (Dt-11) (Dt-12) (Dt-13)
© TMB1629 ®BNL3649 DPL0489 ©BNL3511 —--eGh167 |—--eBNL1153 9BNL840
TMB1313 Gho12
F— o BNL3937
BNL3993 *BNL673
BNL3646 BNL3171 — o BNL448 — o BNL3858 Gh171 — eGh537 — eDPLO183
TMB1630 BNL1034 52 BNL3383 BNL3638 BNL3103 BNL24:
©BNL2570 ©BNL3873 BNL3806
©BNLI46 ©BNL1705 *BNL358 |—--eBNL2611 ©BNL2568 #BNL3190 BNL3368
Poly: 3/7 Poly: 4/4 Poly: 1/7 Poly: 2/4 Poly: 3/4 Poly: 3/6 Poly: 2/4

(43%) (100%) (14%)

B Polymorphic SSR marker (disomic / heterozygous in F1)

(50%)

B Monomorphic SSR marker (non-informative)

(75%) (50%) (50%)

3 Centromere (Cen)

Figure 3. A comprehensive scheme illustrating the chromosomal locations, polymorphism levels, and disomic status of 78 SSR markers analyzed across

all 13 chromosomes of the Dt subgenome in Fi (Mo65 x Pima 3-79) hybrids
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Table 2. SSR markers used in the PCR analysis of interspecific Fi(Mo65xPima 3-79) cotton hybrids and markers showing polymorphism
Ne | Chr. SSR markers Total number Polymorphic SSR markers
of markers
BNL3267, BNL3661, MUSS354, BNL3932, BNL3545,
1 14 Gh067, GhO51, BNL3502, CIR246 9 BNL3267, BNL3932, BNL3545
2 15 | BNL3902, BNL2920, BNL4082, BNL2646 4 BNL3902
3 16 BNL2734, Gh295, MUCS594, Gh345, MUCS616, Gh224, 12 BNL2734, Gh295, Gh345, Gh224,
BNL3008, BNL3065, BNL3500, BNL1531, DPL0800, TMB2068 BNL3008, DPL0800, TMB2068
4 17 | BNL2496, CIR112, TMB0874, JESPR0304 BNL2496, JESPR0304
18 | BNL4079, TMB1231, BNL2544, BNL3280 BNL4079, BNL2544, BNL3280
CIR112, Gh109, NAU2503, NAU1221, BNL3347, NAU2816,
6 19 Gh182, BNL1611, BNL1671 9 Gh109, NAU1221, BNL3347, Gh182
7 20 BNL946, BNL2570, TMB1630, BNL3646, BNL3993, TMB1313, 7 TMB1630, BNL3646, BNL3993
TMB1629
8 21 | BNL1705, BNL1034, BNL3171, BNL3649 4 BNL1705, BNL1034, BNL3171, BNL3649
9 22 | BNL358, BNL3873, Gh052, BNL448, BNL673, Gh012, DPL0489 7 DPL0489
10 | 23 | BNL2611, BNL3383, BNL3858, BNL3511 4 BNL3383, BNL3511
11 | 24 | BNL2568, BNL3638, Gh171, Gh167 4 BNL2568, BNL3638, Gh171
12 | 25 | BNL3190, BNL3806, BNL3103, Gh537, BNL3937, BNL1153 6 BNL3190, BNL3806, BNL3103
13 | 26 | BNL3368, BNL2495, DPL0183, BNL840 4 BNL3368, BNL840
Table 3. Results of the molecular genetic analysis of monosomic lines using SSR markers
Monosomic Generations Chromosomes Number of
Ne . Result
line analyzed analyzed SSR markers
Highly likely monosomic for chromosome 9. MUSS087 yielded
no PCR amplification; the maternal allele was retained at putative
1 Mo50 Fi, BCiF, 9 (At) 11 paralogous locus MUSS022; maternal alleles were lost across
8 loci on both arms (Gh027, NAU5017, DPL0679, BNL1162,
BNL2590, BNL4053, BNL686-2, TMB1758).
1,3-13 (At) Monosomic for chromosome 7. Deficiency of the maternal allele
2 Mo63 Fi ' 16 (O ' 84 verified at locus Gh548 (32 cM, g-arm); confirmed disomic for all
Gl other analyzed chromosomes.
Mol, Preliminary monosomy identified for chromosome 22 in line
Mo39, Mo62. Maternal allele loss confirmed at BNL358 (18 cM, g-arm),
3 Mo4l, Fi 14-26 (Dt) 24 while distal marker DPL0489 showed disomic heterozygosity.
Mo62, The remaining lines (Mo1, M039, Mo41, Mo84) are disomic
Mo84 for tested chromosomes.
Not monosomic for Dt chromosomes 14-26. Heterozygous
4 Mo65 F 14-26 (DY) 78 dlsc_)mlc inheritance was preserved across al I_ 34 po!ymorphlc
loci (no loss of maternal alleles). Screening is continuing
across At subgenome chromosomes (1-13).

4. Discussion

The results confirmed once again that the most delicate
step in developing individual chromosome substitution lines
in cotton is the identification of the univalent chromosome
in a monosomic line. Cytogenetic analysis provides
information on the presence of a univalent and its relative
size, but it does not show exactly which chromosome the
univalent is. In this study, precisely this gap was filled with
chromosome-specific SSR markers: for markers polymorphic
between the paternal line Pima 3-79 (G. barbadense L.) and
the maternal line L-458 (G. hirsutum L.), the loss of one
allele in the hybrid plant in gel electrophoresis directly

indicated the deficient chromosome. In the monosomic
line M063, 23 bivalents and one large univalent, as well as
one quadrivalent, were observed in meiosis, which makes it
difficult to draw a conclusion by cytogenetic means. Of the
84 At-subgenome-specific markers, only marker Gh548
exhibited the loss of the maternal (L-458) allele, confirming
a hemizygous state (presence of only the paternal Pima 3-79
allele), which allowed us to identify this line as putatively
monosomic for chromosome 7.

During the analysis, two important limitations related
to the identity of SSR markers in the paternal and maternal
lines were also identified. The first is monomorphism: with
markers such as Gh067 (14 chr), CIR112 (17 chr), TMB1231
(18 chr), NAU2816 (19 chr), DPL0489 (22 chr), and
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BNL2611 and BNL3858 (23 chr), the paternal and maternal
lines were monomorphic, which did not allow differences
between the generations to be distinguished. The second is
the presence of several loci of a marker in the genome: the
result obtained with marker MUSS022 indicates that this
primer may also be located on a chromosome other than
chromosome 9. The high level of sequence conservation
between the At and Dt subgenomes of the allotetraploid
genome [44] increases the likelihood of such homeologous
amplification. In addition, no amplification at all was
observed for some markers (MUSS087, TMB0325, and
five primers specific to chromosomes 17 and 19). These
limitations require the use of at least six to nine markers per
chromosome and basing conclusions on concordant results
from several independent SSR markers — the approach that
was applied in this study.

The “negative” result obtained for the monosomic line
Mo65 is also of practical importance: 78 markers were applied
for all 13 chromosomes (14-26) of the Dt subgenome, which
increases the probability that the line is not monosomic for
the Dt subgenome. This does not support the assumption that
a small univalent automatically belongs to the Dt subgenome,
and it directs further research toward chromosomes 1-13.
Similarly, the consistent presence of the paternal allele with
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several SSR markers specific to chromosome 9 in the
Mo50 line gives grounds to assess the probability of
monosomy for chromosome 9 in this line as high; however,
the contradictory result obtained with MUSS022 indicates
that additional analysis is required for a final conclusion.
Likewise, confirmation of the preliminary result of monosomy
for chromosome 22 recorded with marker BNL358 in the
Mo62 line requires the inclusion of additional polymorphic
markers specific to this chromosome.

It has been reported that a QTL cluster associated
with fiber length and strength is located in a segment of
chromosome 7 of the At subgenome of cotton G. barbadense
L. and that the related candidate genes have been identified
[10], and that fiber quality parameters can be improved through
interspecific introgression [25,27]. From this perspective, the
identification of chromosome 7 of the A, subgenome in the
monosomic line M063 opens up the possibility of developing
a new chromosome substitution line specifically for genetics
and breeding. At the same time, the earlier report, made for
the first time in cotton, that chromosome 7 may be eliminated
in BC1F; monosomic backcross forms [34] indicates that, in
subsequent backcross generations based on the monosomic
line Mo63, introgression must be monitored with SSR
markers at every stage.

Chromosome 9 (At-09)

Chromosome 7 (At-07)
M Monosomic line Mo63
140 A

120 4

100 A

80

60 -

40

—t—@ Gh548 (32 cM)

20

I Loss of maternal allele (monosomic deficiency)
Putative paralogous locus (maternal allele retained)

B Monomorphic marker (non-informative)

Monosomic line Mo50

Chromosome 22 (Dt-09)
Monosomic line M062

—t @ BNL2590 (96 cM)

[ L[ [@ ]

| —@ TMB1758 (135 cM)

et @ BNL686-2 (124 cM)

—t————g BNL4053 (112 cM)

et @ DPL0489 (104 cM)

——t e (GN012 (94

—= BNL1162 (68 cM) ——— BNL448 (¢

——=@ DPL0679 (50 cM)

|——@ NAU5017 (38 cM)

-----@ MUSS087 (24 cM)
@ BNL358 (18 cM)

——=@ Gh027 (12 cM)

Il No PCR amplification (null allele)
I Polymorphic disomic marker

Figure 4. Schematic map of the positions of chromosome-specific SSR markers on chromosomes 7 (At-07) and 9 (At-09) of the At subgenome and
chromosome 22 (Dt-09) of the Dt subgenome in the monosomic lines Mo63, Mo50 and Mo62 of cotton (genetic distances in cM). Red — loss of the maternal
allele (monosomic deficiency); grey — monomorphic marker (non-informative); blue — polymorphic disomic marker; orange — putative homoeologous locus
(maternal allele retained); dark grey, dashed line — no PCR amplification (null allele); Cen — centromere
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Thus, genes for fiber length and strength are known to be
located on chromosome 7 of the A, subgenome of cotton, and
loci for phytochrome and stress tolerance on chromosome 9
of the A; subgenome. Accordingly, the Mo63 (chromosome
7) and Mo50 (chromosome 9) lines may in future serve as
initial donors for specific practical breeding goals (e.g.,
increasing fiber strength, wilt resistance).

5. Conclusions

SSR marker analysis of hybrids between monosomic lines
of G. hirsutum L. from the Unique Cytogenetic Collection of
the National University of Uzbekistan and G. barbadense L.
(Pima 3-79) substantiated at the molecular level, for the first
time, that the Mo50 line is monosomic for chromosome 9 of
the At subgenome, based on 6 SSR markers (DPL0679,
BNL4053, BNL2590, BNL686-2, Gh027, NAU5017), and
that the Mo62 line is monosomic for chromosome 22 of the
Dt subgenome, based on marker BNL358; the Mo63 line
was found to be a putative monosomic line for chromosome
7, and a deficiency of chromosomes 14-26 of the Dt
subgenome was ruled out in Mo65. The results demonstrate
the necessity of integrating cytogenetic analysis and
polymorphic SSR markers for the reliable identification of
monosomic lines; the loss of the maternal (L-458) allele at
the chromosome 7-specific marker Gh548 established the
probability of monosomy of this line for chromosome 7. The
lines are recommended as initial sources for developing new
chromosome substitution lines and expanding the genetic
diversity of cotton.
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