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1. Introduction
Cotton (genus Gossypium, Malvaceae) is a major natural 
fiber crop used by the textile industry and is an important 
oil crop, as well as a byproduct provider (seeds for cattle 
feed, short fibers to obtain cellulose for chemistry, etc.). 
Although the EU represents only 1.2% of the world’s 
cotton production with 283,400 metric tons of raw cotton 
(Cotton Inc., 2017), the crop plays a determinant role in 
economic and social aspects of countries like Greece and 
Spain. The two countries account for 81.4% and 17.3% of 
the total European output, respectively (Eurostat, 2016). 
These regions provide cotton plants with high boll yields 
and high fiber quality due to the specialized, professional, 
and intensive farming practices being implemented. 
Nevertheless, there is a scarcity of research on European 
cotton, especially related to genetic diversity and molecular 
marker analysis. An enhanced understanding of both of 
these topics would be highly beneficial for developing 
new breeding strategies. The success of plant breeding 
programs mainly depends on the available genetic 
variability of crops. This variance depends on the genetic 

relationship and diversity between and within plant 
groups (Yu et al., 2012a; Abdellatif and Soliman, 2013). 
Thus, having a set of varieties that globally represent useful 
alleles is critical in any breeding program. It requires the 
management, conservation, and evaluation of valuable 
cotton materials while maintaining a continued supply of 
new germplasm. This plant breeding set could be made 
of new or old improved varieties with yield potential to 
our crop environment and other related wild materials or 
different species with desirable traits (Kaur et al., 2014). 
Nowadays, more than 95% of world cotton production 
comes from American cotton species Gossypium hirsutum 
L. and Gossypium barbadense L. (Upland and Pima cotton, 
respectively) (Abdurakhmonov et al., 2012). Upland 
varieties, which represent 90% of the total, are appreciated 
for their high yield and wide adaptability. Conversely, 
Pima varieties are cultivated for their fiber length and 
quality. Both New World species are allotetraploidic (AD) 
with 2n = 4x = 52 chromosomes (Fryxell et al., 1992) 
and can be cross-pollinated for commercial purposes in 
order to interchange traits via backcrossing or segregating 
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populations. Alternatively, they can be used to produce 
many intra- and interspecific F1 hybrid varieties (Boopathi 
et al., 2011). Since 2000, and mainly in India, approximately 
20% of the total global acreage has been grown with cotton 
hybrids (Dong et al., 2006; Nacoulima et al., 2016). Another 
way to improve genetic variability of tetraploid cotton is the 
use of Gossypium diploid species (2n = 2x= 26) (Mergeai, 
2006) or exotic tetraploid germplasms (McCarty and 
Percy, 2001). Notably, wild species related to most diploid 
genomes are currently used as important reservoirs for 
alleles of interest and can be used to enhance fiber fineness 
(e.g., Nacoulima et al., 2016).

The use of DNA-based molecular markers represents 
a powerful tool for any breeding objective, including 
characterization of germplasm collections, estimation 
of genetic diversity, acceleration of the selection process, 
varietal identification, seed certification, and plant breeder 
rights implementation (Yu et al., 2012a). Microsatellite 
markers (SSRs) are considered the marker system of choice 
for the majority of applications in the plant breeding field 
because of their high polymorphism level, PCR-based 
performance, multiallelic nature, high reproducibility, 
codominant inheritance, relative abundance, and uniform 
dispersion in the plant genome (Kantartzi et al., 2013). 
Public marker databases are available with 18,796 SSRs; 
their corresponding primer sequences are developed from 
genomic, EST, or BAC libraries (www.cottongen.org). In 
the past few years, SSR and ISSR markers have been widely 
used to characterize many cotton collections (Sapkal et 
al., 2011; Ullah et al., 2012; Abdellatif and Soliman, 2013; 
Tyagi et al., 2014; Zhao et al., 2015; Moiana et al., 2015; 
Poortavakoli et al., 2017). However, there is only one 
published study using SSRs for breeding in Europe that is 
based on the identification of quantitative trait loci for fiber 
quality in a Bulgarian cotton breeding collection (Ivanova 
and Bojinov, 2009).

Genetic variability remains unknown in European 
commercial cotton varieties for breeding purposes, as there 
are no diversity or phylogeny studies. Such information 
would hold immense value for countries like Spain where 
the need for adapted and improved cotton varieties is 
increasing. In the 2016/2017 season, the entirety of the 
Spanish cotton cultivation area (60,781 ha) was located in 
the valley of the Guadalquivir River (Andalusia, southern 
Spain). Over the last 100 years, cotton has brought great 
wealth to this region due to the generation of many daily 
jobs and the high prices of raw cotton. Even today, it remains 
one of the few crops that can support rural populations and 
preserve small farming economies (those who own less 
than 10 ha), which represents 82% of the total number of 
Spanish holdings (COAG, 2012). In addition to its rural 
society assets, cotton is fairly unique in its ability to tolerate 
the extreme summer temperatures (more than 40 °C) and 

moderate salt content soil found in the Andalusia region. 
Nevertheless, since changes to the European Common 
Agricultural Policy came into effect in 2006 (Council 
Regulation (EC) No. 1782/2003 of 29 September 2003), 
the cotton sector has been losing its profitability with these 
new environmental regulations and higher requirements 
of fiber quality. Hence, there is an increasing demand for 
suitable cotton varieties with shorter cycles, high fiber 
quality, high yields, improved agronomic adaptation, and 
resistance to Verticillium, which is the main cotton fungal 
disease found in European growing regions like Spain, and 
especially among early maturing cotton (Erdogan et al., 
2013). 

The purpose of this study was to evaluate genetic 
diversity and phylogenetic relationships of a potential 
cotton collection for European breeding efforts (mainly 
G. hirsutum and G. barbadense varieties). All generated 
information will contribute to facilitating the initiation of 
future breeding programs inside European cotton regions 
or in areas of similar climatic conditions.

2. Materials and methods
2.1. Plant materials and DNA extraction
A total of 48 cotton cultivars (inbred lines) were selected 
by Algodonera del Sur S.A. and the Andalusian Institute 
of Agricultural Research and Training (Spanish acronym: 
IFAPA) (Table 1). Thirty-nine commercial and experimental 
plant materials were selected for their potential adaptation 
to the Andalusian field and climate conditions or for being 
donors of desired phenotypic traits for breeding. The 
remaining 9 cultivars were obtained from the US National 
Plant Germplasm System (USDA-ARS) as well-known 
genetic variability sources, 6 of which have previously been 
used as genetic standards for the Cotton Marker Database 
(CMD) and other cotton genomic studies (Yu, 2004; Blenda 
et al., 2006; Lacape et al., 2007; Yu et al., 2012a). 

For DNA extraction, 100 mg of fresh young leaves 
was taken from a pool of 5 plants per cultivar to 
minimize the genomic influence of possible off-types in 
commercial cultivar samples with less control of progeny. 
The total genomic DNA was extracted using a modified 
cetyltrimethylammonium bromide (CTAB) method 
following Paterson et al. (1993). Modification to the 
traditional protocol involved adding 1 µL of RNAse once 
DNA was extracted, diluting in TE buffer, and incubating for 
less than 30 min at 37 °C to avoid DNA degradation caused 
by the high content of polyphenolic compounds in cotton 
tissues. DNA quality was then checked by electrophoresis 
on 0.8% (w/v) agarose gel and DNA quantity was checked 
using a NanoDrop 1000 spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA, USA) at 260/280 nm. 
Subsequently, DNA samples were diluted to 25 ng/mL and 
stored at 20 °C until used. 
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Table 1. The information on 48 cotton cultivars used in this study.

Name Species Genome Statusa Originb Donorc Yeard

ALEPO G. barbadense (AD)2 C Caucasus Hazera 2016
ARMADA G. barbadense (AD)2 C Caucasus Spirou 2013
CIMA G. barbadense (AD)2 E Caucasus Hazera 2006
E1 G. barbadense (AD)2 C USA, CA Israel S 2014
GW-4265 G. barbadense (AD)2 E Caucasus Spirou 2010
GW-4269 G. barbadense (AD)2 E USA Spirou 2014
LAGIRALDA G. barbadense (AD)2 C Caucasus Spirou 2016
LANOVIA G. barbadense (AD)2 C Caucasus Spirou 2016
SAN DIEGO G. barbadense (AD)2 Cc USA, CA - 2010
AI-270 G. hirsutum (AD)1 E Israel Hazera 1999
AI-292 G. hirsutum (AD)1 E Israel Hazera 1999
ALEXANDROS G. hirsutum (AD)1 C Greece Mons 2002
AMAZONA G. hirsutum (AD)1 C Greece Spirou 2012
AVANGARD 264 G. hirsutum (AD)1 C Bulgaria Chirpan 2001
BABYLON G. hirsutum (AD)1 C Greece Spirou 2002
CAMPO G. hirsutum (AD)1 C Greece Spirou 2001
CARISMA G. hirsutum (AD)1 C USA ProGen 2013
CELIA G. hirsutum (AD)1 C Australia CSIRO 2001
COKER 312 G. hirsutum (AD)1 C USA, TX USDA 1974
DARMI G. hirsutum (AD)1 C Bulgaria Chirpan 2010
DP ACALA 90 G. hirsutum (AD)1 C USA Mons 1992
DP-332 G. hirsutum (AD)1 C USA, MS Mons 2010
DP-377 G. hirsutum (AD)1 C USA, MS Mons 2010
ELPIDA G. hirsutum (AD)1 C Greece Spirou 2015
ELSA G. hirsutum (AD)1 C Australia CSIRO 2009
FANTOM G. hirsutum (AD)1 C Greece Spirou 1999
JULIA G. hirsutum (AD)1 C Australia CSIRO 2005
JUNCAL G. hirsutum (AD)1 C USA Mons 2004
KOLORIT G. hirsutum (AD)1 C Bulgaria Chirpan 2010
LAMBADA G. hirsutum (AD)1 C Greece Spirou 2007
LIDER G. hirsutum (AD)1 C Greece Spirou 2001
MASSALA G. hirsutum (AD)1 Cc Israel - 2014
MISTRAL G. hirsutum (AD)1 C Greece Spirou 2012
NATALIYA G. hirsutum (AD)1 C Bulgaria Chirpan 2008
RUMI G. hirsutum (AD)1 C Bulgaria Chirpan 2011
SP-57 G. hirsutum (AD)1 E Greece Spirou 2013
SS-UPL-01 G. hirsutum (AD)1 E Spain SSI 2002
ST-467 G. hirsutum (AD)1 E USA, MS Stonev 2001
VIKY G. hirsutum (AD)1 C Spain Eusem 2005
180F G. hirsutum (AD)1 BM Uzbekistan USDA 1940
ACALA 3080 G. hirsutum (AD)1 BM USA, TX USDA 1989
TEX 1425 G. hirsutum (AD)1 WM Bulgaria USDA 1989
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2.2. Genotyping by SSR markers
A total of 67 pairs of primers were selected to represent 6 
diverse SSR sources (BNL, CIR, JESPR, MGHES, NAU, and 
TMB) developed by different research groups of the cotton 
community (Blenda et al., 2006) (Table S1). Markers were 
chosen to be well distributed among the 26 chromosomes 
of allotetraploidic cotton based on previous genetic linkage 
mapping studies (chiefly from Guo et al., 2008; Yu et al., 
2012b) (Table S1). Each chromosome was represented by 
at least 1 or 2 SSR loci in different chromosomal arms, and 
those with the longest chromosomes were represented by 4 
or 5 SSR loci (Yu et al., 2012b). Other criteria to equilibrate 
the marker distribution included single-copy versus 
multiple-copy markers and markers that amplified in both 
A- and D-subgenomes. In addition, most of the selected 
markers were reported as polymorphic in previous 
diversity studies (Bertini et al., 2006; Abdurakmonov et 
al., 2007; Lacape et al., 2007; Shen et al., 2011; Yu et al., 
2012a; Mishra and Fougat, 2013; Cai et al., 2014; Elçi et 
al., 2014). The sequence of individual primer pairs can 
be found in the CMD (www.cottongen.org). They were 
custom synthesized by Integrated DNA Technologies Inc. 
in Coralville, IA, USA.

Polymerase chain reactions (PCRs) were carried out 
in a volume of 10 µL containing 25 ng of DNA, 2 µL of 
5X GoTaq reaction buffer, 2.5 mM MgCl2, 0.3 mM dNTP, 
0.3 mM each forward and reverse SSR primer, and 0.25 
U of GoTaq G2 (Promega, Madison, WI, USA). The PCR 
conditions were as follows: 3 min at 94 °C, followed by 
40 cycles of 30 s at 94 °C, 30 s at 55 °C, and 30 s at 72 
°C and then 10 min at 72 °C for final extension. MgCl2 
concentration and annealing temperature were adjusted 

in some SSR reactions (Table S1). Forward primers were 
then labeled at the 5’ end with 6-FAM, HEX, or NED 
fluorescent dyes, multiplexing the reactions by 21 triplex 
PCR bin sets. Amplified DNA products were separated 
using capillary electrophoresis on an automated ABI 
Prism 3130XL genetic analyzer (Applied Biosystems/Life 
Technology, Foster City, CA, USA) using GeneScan-400 
Rox as an internal DNA standard size. 
2.3. Genetic diversity, phylogeny, and ploidy analysis
These SSR amplification products were analyzed by Peak 
Studio v.2.2 software (Bioinformatics Solutions Inc., 
Waterloo, ON, Canada). Using a GeneCall threshold of 
0.45, present peaks or supposed alleles were scored as 
1 (present) or 0 (absent) in each cultivar to generate a 
binary matrix. Based on Jaccard algorithms, a genetic 
distance matrix was computed by running the NTSYSpc 
2.1 software using the unweighted pair group method 
with arithmetic means (UPGMA) to construct the genetic 
dendrogram. The PIC values of each SSR marker were 
used as indicators of existing diversity and were calculated 
as PIC = 1 – ∑pj 

2, where pj is the frequency of the jth alleles 
in the examined cultivars (Anderson et al., 1993).

We also implemented flow cytometer analysis for an 
unknown accession that had an unknown ploidy level and 
botanical origin. Following Moreno et al. (2006), samples 
of tetraploid asparagus landrace Morado de Huetor were 
employed as the internal standard and then compared 
with cultivar (cv.) Amazona (G. hirsutum, tetraploid) and 
our unknown accession. A Partec PA flow cytometer was 
employed (Sysmex Partec GmbH, Münster, Germany) 
with its corresponding nuclei extraction and staining 
buffers (CyStain UV Precise P, Partec).

WC-19NSSL G. hirsutum (AD)1 BM USA, AZ USDA 1991
TM-1 (CMD1) G. hirsutum (AD)1 BM USA, TX USDA 1956
ACALA MAXXA (CMD3) G. hirsutum (AD)1 Cu USA, CA USDA 1990
PIMA S-6 (CMD8) G. barbadense (AD)2 Cu USA, AZ USDA 1983
A2-0008 (CMD9) G. arboreum A2 BM USA, TX USDA 1989
KIBALA unknown - WM Angola - 2014

 a C — commercial, E — experimental, Cc — commercial collecting of interesting off types, BM — breeding material, WM — wild 
material, Cu — cultivar.
b Breeding origin (varieties with traits adapted or domesticated to that climatic region conditions).
c Hazera — Hazera Seeds Ltd., Shikmim, Israel; Spirou — House of Agriculture Spirou AEBE, Athens, Greece; Israel S — Israel 
Seeds Ltd., Shefaim, Israel; CSIRO — Commonwealth Scientific and Industrial Research Organisation, Canberra, Australia; Mons — 
Monsanto Company, St. Louis, MO, USA; SSI — Semillas Sostenibles Ibérica S.L.U., Seville, Spain; Chirpan — Institute of Agriculture 
Crops, Chirpan, Bulgaria; Stonev — Stoneville Pedigreed Seed Company, Stoneville, MS, USA; Eusem — Eurosemillas, Cordoba, 
Spain; USDA — Agricultural Research Service of the United States Department of Agriculture (USDA-ARS); ProGen — ProGen 
Seeds S.A., Antalya, Turkey.
d Year of admission to European plant variety catalogues (C) / year of experimentation testing (E) / year of own collection or donation 
(Cc, Cu, BM, WM).

Table 1. (Continued).
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3. Results 
3.1. Polymorphism information content (PIC) values
Among the 67 SSRs chosen, 62 primer pairs (92.54%) 
were amplified successfully and showed polymorphisms 
between all 48 cultivars, confirming the ability of most of 
our markers to reveal genetic diversity within this plant 
collection (Table 2). Based on the results, 464 allele loci were 
detected with an average of 2.38 markers per chromosome 
and 7.48 alleles per SSR loci (ranging from 2 to 17). These 
62 SSRs were represented in all 26 chromosomes, between 
1 SSR (c.12 and c.22) and 6 SSRs (c.19 and c.24) (Table S1).

The total average PIC value of markers for all 48 
accessions including both G. hirsutum and G. barbadense 
was 0.70, ranging from 0.3 (NAU2649) to 0.89 (JESPR0152) 
(Table 2). Thirty-six out of the 62 SSR marker sets were 
potentially informative (0.7 < PIC < 0.9), 19 SSRs were 
highly informative (0.5 < PIC < 0.7), and 7 SSR markers 
were moderately informative (0.25 < PIC < 0.50). Within 
G. hirsutum, the mean PIC value was 0.57 and ranged 
from 0 (NAU2649 and BNL3308) to 0.88 (BNL3255). 
In the G. barbadense group, the average PIC value was 
0.54, ranging from 0 (BNL3563, BNL3580, BNL2544, 
BNL2495, NAU1322, and BNL3590) to 0.83 (BNL3255). 
Most markers were more informative among G. hirsutum 
varieties, with the exception of 7 markers (NAU2649, 
NAU3770, JESPR0127, BNL3594, CIR0203, MGHES0031, 
TMB0366) that were more informative in G. barbadense 
varieties (PIC < 0.5 in G. hirsutum). In general, more than 
half of the employed SSR markers showed high PIC values 
in both species. For example, markers BNL3255 on c.08, 
BNL3545 on c.02/c.14, and BNL1521 on c.24 had very 
high PIC values not only among G. hirsutum (0.88, 0.85, 
and 0.83, respectively) but also within the G. barbadense 
varieties (0.83, 0.75, and 0.72, respectively). These highly 
informative SSR markers amplified between 11 and 15 
alleles in our plant collection.
3.2. Phylogenetic relationships clusters
The UPGMA analysis based on the genetic distance matrix 
(Table S2) clustered the 48 genotypes (36 G. hirsutum, 10 
G. barbadense, 1 G. arboreum, and 1 unknown) into three 
main groups (A, B, and H) that mainly comprise our 3 
different species analyzed (Figure): Group A represented 
the diploid G. arboreum species (A2-0008). It was distinctly 
separated from the remaining varieties, where the highest 
genetic distances were found with G. barbadense cv. 
Cima (0.92) and G. hirsutum cv. Massala (0.9). Group 
B consisted of all 10 G. barbadense varieties and the 
unknown accession from Angola, which is separated 
from the 10 G. barbadense with a mean genetic distance 
of 0.56. In parallel to cluster analysis, flow cytometry 
analysis of this unknown genotype showed around 30% 
less fluorescence intensity for the G0/G1 peak than for the 
allotetraploid Amazona (G. hirsutum), which indicated 

different and lower DNA content. The varieties of G. 
barbadense were divided into two subgroups: B-I, which 
corresponded to Caucasian-origin breeding varieties, and 
B-II, which was mainly composed of breeding varieties 
with USA origin. In the B-I group, it is interesting to note 
the lowest genetic distance of 0.12 between cv. Armada 
and cv. Lanovia. Cv. Armada and cv. Lanovia have very 
similar bush structure and leaf color and shape, although 
cv. Lanovia shows higher precocity and lower height. Only 
5 SSRs showed polymorphism between them (BNL0569, 
BNL1672, BNL2570, JESPR0152, TMB0471).

Finally, group H was composed of 36 G. hirsutum 
varieties and cv. 180-F, which clustered alone in the lower 
part of the group, completely separated from the rest of 
the G. hirsutum varieties. The remaining G. hirsutum 
accessions could not clearly be separated in other 
subgroups, although it has been possible to differentiate 
all of them with at least 5 polymorphic markers from the 
initial 62 SSR markers. Some G. hirsutum accessions from 
the same breeding origin clustered together, like Australian 
varieties (cv. Celia to cv. Julia) and Bulgarian varieties 
(cv. Avangard 264 to cv. TEX-1425). Our average genetic 
distance for the G. hirsutum group was 0.43, ranging from 
a highest value of 0.59 between cv. Fantom and cv. AI-270 
or cv. TM-1 to the lowest value of 0.22 between cv. DP 
Acala 90 and cv. AI-292.

4. Discussion
The molecular methods used in this genetic analysis 
provided us with a better understanding of the genetic 
diversity of this cotton collection, chosen for its diverse 
origins and phenotypic potential for future European 
breeding purposes.

A high level of amplification success (92.54%) was 
obtained with our initial selection of 67 markers, probably 
due to the selection of previous polymorphic markers. 
Comparing our PIC value results with previous studies, Yu 
et al. (2012a) obtained an average PIC value of 0.713 for 25 
SSRs in 12 genotypes belonging to six Gossypium species 
(known collectively as the CMD panel). In this study, a 
similar PIC value (0.69) was obtained for these same SSRs 
in our 48 accessions (4 Gossypium species). Similar results 
were obtained when compared with another 25 SSRs used 
previously by Lacape et al. (2007) in 4 tetraploid species. 
They reported an average PIC value of 0.712, and in our 
study it had a value of 0.70. Therefore, in terms of different 
species diversity, our results were similar to previous 
studies.

However, our G. hirsutum mean PIC value (0.57) was 
very high compared with other diversity studies with more 
varieties and markers used, or with lower PIC values. 
For example, Abdurakhmonov et al. (2008) obtained an 
average PIC value of 0.122 (287 accessions and 95 SSRs), 
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Table 2. Polymorphism information content (PIC) values, number of alleles found in all 48 accessions, and allele size range in G. 
hirsutum and G. barbadense accessions obtained from 62 SSR (microsatellite) markers.

48 varieties Gossypium hirsutum Gossypium barbadense

Markerabc PIC Total alleles PIC No. alleles Range PIC No. alleles Range

BNL0387b 0.64 7 0.5 3 222–309 0.49 3 237–241
BNL0530ab 0.72 6 0.58 5 155–197 0.59 4 153–197
BNL0569b 0.73 8 0.54 4 145–161 0.64 4 149–177
BNL1122a 0.74 6 0.74 4 182–192 0.5 2 182/186
BNL1227b 0.81 14 0.76 12 136–202 0.52 3 176–188
BNL1423c 0.64 5 0.54 3 134–146 0.41 2 134/224
BNL1521abc 0.86 15 0.83 13 104–207 0.72 4 107–167
BNL1531b 0.8 11 0.76 6 134–155 0.79 6 134–170
BNL1551bc 0.82 10 0.74 6 188–264 0.67 3 188–260
BNL1672c 0.83 10 0.74 7 103–166 0.64 4 99–127
BNL1897bc 0.6 5 0.5 2 142/158 0.55 3 142–152
BNL2495bc 0.65 4 0.52 3 202–212 0 1 202
BNL2544bc 0.43 4 0.12 3 93–233 0 1 221
BNL2570bc 0.84 11 0.79 7 239–296 0.68 5 247–296
BNL2572bc 0.38 3 0.1 3 252–266 0.18 2 252/266
BNL2921c 0.81 7 0.73 4 158–173 0.5 2 162/175
BNL3090bc 0.8 8 0.73 5 227–285 0.54 3 242–305
BNL3255a 0.89 12 0.88 10 223–391 0.83 6 223–391
BNL3257c 0.84 14 0.75 8 147–225 0.75 6 147–207
BNL3308 0.44 4 0 1 212 0.18 2 212/214
BNL3408c 0.82 10 0.72 5 134–187 0.76 5 134–187
BNL3474ab 0.67 5 0.51 3 188–205 0.69 4 188–207
BNL3545b 0.86 11 0.85 8 131–233 0.75 5 121–233
BNL3563c 0.45 4 0.07 2 223/243 0 1 259
BNL3580bc 0.42 3 0.1 3 215–229 0 1 223
BNL3590 0.75 8 0.68 6 180–205 0 1 191
BNL3594bc 0.72 5 0.36 2 198/213 0.63 3 196–215
BNL3992b 0.8 7 0.73 7 135–170 0.55 3 135–164
CIR0105bc 0.85 11 0.78 9 94–256 0.7 4 108–242
CIR0165bc 0.68 5 0.63 4 224–243 0.55 3 224–245
CIR0169bc 0.38 2 0.06 2 152/154 0.2 2 152/154
CIR0203bc 0.55 8 0.39 4 268–278 0.66 3 262–274
CIR0246c 0.83 17 0.74 9 136–258 0.74 7 142–231
CIR0413c 0.84 17 0.81 13 95–225 0.57 4 100/130
JESPR0056 0.79 9 0.72 5 136–206 0.75 5 136–200
JESPR0127a 0.69 6 0.32 3 214–233 0.65 3 200/236
JESPR0152c 0.89 12 0.81 7 224–283 0.74 5 195–245
JESPR0153abc 0.79 11 0.66 8 113–232 0.59 4 113–164

JESPR0208c 0.69 6 0.54 3 105–128 0.75 5 94–132
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Tyagi et al. (2014) obtained 0.17 (378 accessions with 120 
SSRs), Moiana et al. (2015) obtained 0.361 (20 accessions 
with 27 SSRs), and Qin et al. (2015) obtained an average 
PIC of 0.3 (241 accessions and 333 SSRs). To explain this 
result, we selected 20 SSRs that were used previously by 
Cai et al. (2014), who employed similar electrophoresis 
resolution systems. They analyzed 99 G. hirsutum and 2 G. 
barbadense genotypes and they obtained an average PIC 
value of 0.48 for these same 20 SSRs, while in our study a 
higher average PIC value of 0.63 was obtained. It is known 
that most G. hirsutum current cultivars share common 
parental inbred ancestors in their pedigrees (Meredith, 
1998; Boopathi et al., 2011) and this usually causes low 
variability between most commercial materials worldwide. 
Nevertheless, our higher mean PIC value must be related 
to our different genotypes coming from different species, 
origins, and breeding companies, suggesting that our 36 
G. hirsutum varieties represent a collection with high 

variability. Unexpectedly, a similar PIC value was found 
between 36 G. hirsutum and 10 G. barbadense accessions 
(0.57 and 0.54, respectively). These results suggest that 
we could find higher diversity with fewer G. barbadense 
accessions, probably because G. barbadense’s genetic 
background has suffered less breeding pressure from the 
cotton seed community. 

The high variability obtained in our set of G. hirsutum 
varieties did not show a clear distribution according to 
their breeding origins. This could be due to the fact that 
most breeding programs have used similar germplasm, 
like the Spanish experimental variety SS-UPL-01 that 
comes from crosses involving cv. Lider, which has 
a Greek origin (Semillas Sostenibles Iberica S.L.U., 
personal communication). Another example is the case 
of Acala parentals, which are cultigens derived from early 
maturing Latifolium or Mexican Highlands and has been 
highly used in many intervarietal hybridizations by most 

JESPR0220b 0.69 7 0.63 3 145–178 0.67 4 145–200
JESPR0274b 0.85 13 0.77 6 118–245 0.69 4 122–194
MGHES0031 0.52 4 0.43 4 216–228 0.5 2 216/222
MGHES0055 0.71 4 0.67 3 216–236 0.75 4 216–241
NAU0905a 0.76 9 0.59 3 171–183 0.65 3 168–195
NAU0934a 0.77 7 0.7 5 211–231 0.61 3 211–223
NAU0943a 0.57 5 0.21 2 195/207 0.17 2 164/176
NAU0998a 0.79 6 0.67 4 173–185 0.63 4 173–195
NAU1042a 0.72 5 0.67 5 236–260 0.61 3 236–260
NAU1043a 0.79 7 0.63 4 240–254 0.6 3 167–257
NAU1070a 0.68 5 0.64 5 168–194 0.5 2 178/194
NAU1162a 0.66 4 0.62 3 198–210 0.5 2 198/201
NAU1167a 0.79 7 0.79 7 201–224 0.64 3 201–217
NAU1200a 0.76 6 0.7 4 220–249 0.48 2 204/220
NAU1221a 0.79 8 0.74 4 115–261 0.79 7 115–261
NAU1322a 0.68 4 0.65 4 189–213 0 1 189
NAU2508a 0.55 4 0.54 3 161–174 0.5 2 161/174
NAU2649 0.3 2 0 1 202 0.5 2 202/207
NAU3341 0.66 5 0.51 3 260–270 0.55 3 266–272
NAU3770 0.61 6 0.1 3 181–191 0.71 5 179–193
NAU6634 0.78 6 0.66  4 158–190 0.65 4 167–199
TMB0366 0.64 5 0.48 3 220–235 0.58 3 194–231
TMB0471 0.87 14 0.77 9 212–276 0.73 5 183–221
Average 0.70 7.48 0.57 0.54

a Markers also used in the study of Cai et al. (2014).
b Markers also used in the study of Yu et al. (2012a).
c Markers also used in the study of Lacape et al. (2007).

Table 2. (Continued).
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breeding programs worldwide (Iqbal et al., 2001). In our 
phylogenetic study it was observed that Acala germplasms 
(Acala Maxxa, Acala 3080, DP Acala 90, AI-270, and AI-
292) did not cluster together, as probably they have more 
in common with other varietal lineages that could have 
been developed from them than with different Acala 
germplasms.

On the other hand, introgressions from other species 
materials have been extensively employed to increase G. 
hirsutum variability, as was shown in our phylogenetic 
results. First, we found cv. 108-F at the bottom of the 
H block, separated from the rest (Figure). This variety 
was developed by Rumshevich in 1940 and was widely 
cultivated during the 1960s in Uzbekistan (74% of the 
cotton growing area), Tajikistan, and Turkmenistan. Cv. 
108-F was bred from G. hirsutum spp. mexicanum var. 
nervosum (Galicinsky et al., 1962) and this may be the 

reason for its genetic distance from the other G. hirsutum. 
Second, we also observed some cases of G. barbadense 
genes in our G. hirsutum collection. An example is the 
breeding material WC-19NSSL, which clustered far from 
the other G. hirsutum varieties of group H (Figure). This 
genotype is commonly named Okra leaf type because 
it possesses a semidominant mutation of cotton (L2

0) 
that came from G. barbadense and alters leaf shape by 
increasing the length of lobes and decreasing lamina 
expansion (Dolan and Poethig, 1998). Another example 
is cv. Massala, which had the lowest genetic distance 
mean of 0.75 from G. barbadense varieties. Cv. Massala 
probably has G. barbadense genes that could have restored 
cv. Massala fertility, as it was derived from fertile off-type 
plants that came from male sterile parental blocks in an 
interspecific hybrid field (Semillas Sostenibles Iberica 
S.L.U., personal communication). Similar G. barbadense 

Figure. Dendrogram of 48 Gossypium genotypes using the UPGMA algorithm, constructed with 62 SSR markers.
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introgressions have been found in G. hirsutum commercial 
materials, like the first 5 Bulgarian varieties (cv. Avangard 
264 to cv. Darmi), whose pedigrees are well known and 
obtained by the crossing of G. hirsutum and inbred lines 
of G. hirsutum × G. barbadense (Stoilova, 2011; Stoilova 
et al., 2014). In addition, it seems that some of the Greek 
varieties have some G. barbadense origin, like cv. Fantom 
with its columnar brush structure and high fiber length 
(Stoilova, 2013), or cv. Amazona and cv. Elpida, which have 
very high fiber quality, typically from the G. barbadense 
varieties (Semillas Sostenibles Iberica S.L.U., personal 
communication). Other diversity studies obtained a lower 
genetic distance value compared to our value of 0.43. For 
example, Bertini et al. (2006) obtained 0.40, Tyagi et al. 
(2014) obtained 0.195, and Moiana et al. (2015) obtained 
0.378. Consequently, the presence of varieties with 
introgression of G. barbadense germplasm and coming 
from different countries could explain the high average 
genetic distance and diversity found in our collection of 
Upland cotton.

The unknown accession that showed lower DNA 
content was defined as diploid G. herbaceum (A1). 
Besides its significant phenotypical differences, this 
unknown accession produced spinnable fibers, which is 
an exclusive trait of A-genome diploids (G. arboreum and 
G. herbaceum) (Applequist et al., 2001). It has also been 
shown to be genetically similar to G. barbadense. These 
facts point at diploid G. herbaceum (A1), which is the 
closest living ancestor of the A-genome of allotetraploidic 

cotton (Paterson et al., 2012). In addition, G. herbaceum has 
around two-thirds of the tetraploid DNA content (Hendrix 
and Stewart, 2005), which is similar to what we observed 
in the flow cytometer analysis. Nacoulima et al. (2016) and 
Kulkarni et al. (2009) reinforced the importance of diploid 
species to cotton breeders, especially G. herbaceum and 
G. arboreum. More research is required to explore their 
genetic potential, such as being resistant to drought, pests 
(white flies, thrips, and aphids), and leaf curl virus; having 
higher cotton fiber qualities (Mergeai, 2006); and solving 
lodging problems in columnar G. barbadense varieties like 
cv. Armada and cv. Alepo when they support the high 
weight of their green bolls.

In conclusion, the polymorphic markers and 
phylogenetic relationships between different varieties 
identified by this study may guide future breeding efforts 
in order to produce more competitive varieties. Taking 
into account our results, the high genetic variability found 
in our cotton germplasm collection could be employed in 
future breeding programs. 
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