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Abstract

Background Durum wheat has a genetic capacity to accumulate toxic metals that can exceed the safety limit of the interna-
tional standards, which may seriously affect human health. Identifying germplasms with low, nontoxic accumulated metal
contents is important to select and develop new varieties. Thus, the objective of this study is to identify the levels of accu-
mulated platinum in durum wheat and detect novel QTL.

Methods and Results Platinum contents were determined using 130 durum genotypes. Results generally showed low val-
ues of accumulated Pt and significantly less than the maximum grain’s Pt content determined by international standards. Pt
contents among genotypes varied from <0.001 to 0.72 pg/kg with an average of 0.02. Landraces showed the lowest average
accumulated Pt. GWAS was then performed with 780 SSR markers. Five QTL were detected and explained 14.4-23.1% of
the total phenotypic variation. Chromosomes 3 A, 3B, and 5B appear to be hotspots and may play a crucial role in accumu-
lated Pt and were harbored in 1, 3, and 1 QTL, respectively.

Conclusions This assessment of accumulated Pt within a unique panel included accessions mostly from Turkish regions, and
GWAS used is the first study regarding accumulated Pt indices to reveal novel QTL. It will allow breeders to accelerate their
selection of proper genotypes according to desired alleles and offer an opportunity to apply MAS to minimize Pt toxicity in
durum wheat. Results indicated that the significance of genome (B) regions are likely related to the inheritance control of Pt
content and may play a pivotal role regarding durum wheat’s Pt contents. Nonetheless, these novel QTL should be validated
in independent populations in numerous environments.

Keywords Platinum - Toxic - SSR - Quantitative trait loci (QTL) - Genome-wide association study (GWAS) - Marker
trait associations (MTA) - And durum wheat

Introduction

Durum wheat (Triticum turgidum) is one of the most
important food crops in South West Asia and North Africa
(SWANA). It plays a pivotal role in the food of domestic
people in SWANA, where about 75% of the world’s durum
wheat is produced [1, 2]. Providing high-quality durum
wheat varieties that meet international standards has become
a focus, an increasing goal for breeders and consumers. Fac-
ing this shortage in availability has become an urgent neces-
sity in wheat production areas for local and international
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markets. However, heavy metals are the highest risk of
environmental pollutants that contribute significantly to soil
contamination which causes damage to soil quality, plant
health, and agricultural productivity. Moreover, these toxic
elements may accumulate quickly and easily in the seeds
and other parts of plants. They can be considered a universal
problem is influencing food safety and human health [3].
Recently, durum wheat production in Turkey reached 4 mil-
lion tons per year, with 1.257 million ha of the growing area
[4]. Durum wheat is preferred mainly for pasta or maca-
roni products, couscous, burghul, and freekeh [5-7]. More
emphasis has been shown in recent years on obtaining new
cultivars with superior output, high grain quality, and biotic-
abiotic stress resistance. Varieties generally obtain special
prices in local or international marketing based on the high
yield of varieties coupled with the high quality of the end
product. Turkey’s total number of registered durum wheat
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varieties is continuously relatively increasing. Nevertheless,
durum wheat has a genetic potential to accumulate heavy
metals and toxic elements from soils in grains which can
exceed the safety limit of the international standards [3].

The heavy metal platinum (Pt) is usually used as an elec-
trode in car catalytic converters, so Pt pollution is the pri-
mary source of soil and roadsides dust. When Pt is forming
complex ions, these complexes are fully bioavailable and
highly toxic, which can accumulate in plants. Thus, we are
concerned about secondary toxicity to humans from Pt plant
accumulation. Considering the vast number of automobiles
on the road each day and various other human activities,
so Pt emissions will be significantly increased many times
and contribute to an alarming increase in the accumula-
tion of Pt [8]. Based to World Health Organization (WHO)
Regional Office for Europe mean platinum concentration in
grain products is 3.2 ng/g [9], and the Pt intake from the
diet was at 1.44 pg/day for adults, has been reported by the
Australian Federal Department of Health [10]. Therefore, it
is vital to measure the Pt contents in the durum genotypes
with analytical tools. However, it is still necessary to men-
tion many disadvantages of analytical phenotypic analysis,
as the process is hazardous, time- and labor-consuming, and
requires expensive equipment and expertise [3].

Simple sequence repeats (SSRs) have numerous advan-
tages, like co-dominance character, high polymorphism
level, chromosome-specific, and high repeatability; it is also
perfect for identifying and tracking target traits within vari-
eties. Thus, SSRs could help durum wheat breeders as a use-
ful molecular marker [11]. Additionally, SSR markers were
plenty used for the construction of genetic linkage maps and
quantitative trait loci (QTL) analysis [7, 12—15], and also
for genome-wide association studies (GWAS) as a powerful
tool to scrutinize the genetic architecture of complex traits.
GWA studies have been widely applied in different crops:
wheat, rice, maize, and Arabidopsis thaliana, it is prevalent
for association studies of many traits in crops [16]. Many
GWAS have used SSRs for different crops [17-20].

Recent development in molecular markers and the
exploitation of QTL mapping and GWAS have also been
submitted to uncover new functional allelic variants through
a genome-wide scan. Elucidating phenotypic variabil-
ity based on changes in DNA is an objective of numerous
breeders in breeding programs generally and especially in
durum wheat breeding programs. Moreover, detecting loci’s
positions involving a specific trait delivers plant breeders
an opportunity to apply marker-assisted selection. Durum
wheat has a complex genome, so geneticists are required
to simplify the complexity, Therefore, at the current time,
GWAS may be a preferred option to identify favorable
alleles, which can support breeders in better controlling
crosses and selecting desired attributes in genotypes of
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durum wheat breeding programs. Association studies also
provide valuable insights into the genetic architecture of
quantitative traits across many unrelated genotypes [21].
Detection and identifying the association of specific genetic
functional variants with phenotypic variations remains an
urgent need. Therefore, association studies are an optimal
option, provide a powerful tool, and have been broadly
employed in plant research since it was first declared to be
used in maize. Thus, association mapping has been widely
utilized in many crops [22-30].

Turkey is a remarkable segment of the Fertile Crescent,
the incipient wheat domestication and variousness center.
Despite the significance of the gene pool in this essential
region, there was no exploration of the accumulated plati-
num levels of the Turkish durum wheat gene pool. There-
fore, in the present study, a diversity panel of durum wheat
genotypes was used for the following objectives: (i) mea-
sure and evaluate the phenotypic Pt contents variation using
ICP-MS analytical analysis for a panel of Turkish, foreign
cultivars, and landraces, (ii) screening the genetic polymor-
phisms using SSR markers (iii) performing marker-trait
association of genotypic data with Pt phenotypic trait, and
alleles identification of underpinning trait variation to mine
the markers linked to Pt content trait and to detect putative
candidate gene loci, which can be used as marker-assisted
selection (MAS) for durum wheat breeding programs.

Plant materials and methods:

The plant material in the present study originated from a
wide range of ecological conditions and consists of a panel
of 130 durum wheat (Triticum turgidum L.) genotypes,
provided by Professor Dr. Hakan Ozkan, Field Crops
Department, Cukurova University, Adana, Turkey. The
single-seed descent method was utilized for each genotype
advanced [31]. Cultivars and landraces of the entire study
were sourced from four groups: 50 local cultivars (Turk-
ish CVs), 21 foreign cultivars (Foreign CVs), 44 landraces
received from the National Genebank in Aegean Agricul-
tural Research Institute, Izmir/Turkey (hereafter ex-situ
LDs), and 15 landraces which are most prevalent among
the growers and domestically grown on a momentous level,
especially in southeastern Turkey (hereafter in situ LDs).
The same panel was used in 2016 for a PhD study; where
quite different traits were studied at that time, where agro-
nomic, spike and some quality characteristics like thousand
kernel weight, vitreousness kernel count, and test weight
were analyzed. The diversity structure analysis of the same
panel was recently reported for Turkish durum wheat diver-
sity studies by Alsaleh et al. [3, 24, and 32]. Full details of
these genotypes are presented in Table 1.



Molecular Biology Reports (2022) 49:11289-11300 11291

Table 1 The list of selected durum wheat genotypes for Pt assessments and GWAS

No Name Country year Group Pedigree/collection side/ growing locations

1 Kunduru-1149 Turkey 1967 Turkish CV  (S)LV-TUR

2 Cesit-1252 Turkey 1999 Turkish CV  61-130/KUNDURU-414-44//377-2

3 Yilmaz-98 Turkey 1998 Turkish CV DF-9-71/3/V-2466//ND-61-130/414 — 44/4/ERGENE

4 Yelken-2000 Turkey 2000 Turkish CV  ZF/LEEDS//FORAT/3/ND-61-130/LEEDS/4/(TR.SE)
AU-107/5/GERARDO

5 Altin Turkey 1998 Turkish CV. BARRIGON-YAQUI-ENANO/2*TEHUACAN-60//2B//
LONGSHANKS/3/BERKMEN-469

6 Meram-2002 Turkey 2002 Turkish CV ND-61-130/414 - 44//CAKMAK-79

7 Dumlupinar Turkey 2006 Turkish CV. BERKMEN/G-75-T-181

8 Solen-2002 Turkey 2002 Turkish CV. STERNA,MEX/ALTAR-84/3/GANSO/FLAMINGO,MEX//
CANDO

9 Altintoprak-98 Turkey 1998 Turkish CV ALTAR-84/ARAOS

10 Cakmak-79 Turkey 1979 Turkish CV. UVEYIK-162/ND-61-130

11 Eminbey Turkey 2007 Turkish CV. CMK79//14-44/OVIACHIC-65/3/BERKMEN/

OVIACHIC-65/4/KUNDURU-1149/5/LEEDS//
DWARF-MUTANT/SARIBASAK

12 Kiimbet-2000 Turkey 2000 Turkish CV. ND-61-130//414 —44/377-2/3/DF-15-72

13 Imren Turkey 2009 Turkish CV  DF-21-72/GERARDO-VZ-466//ND-61-130/414 —44/3/
ERGENE/4/DF-21-72//ND-61-130/UVEYIK-162/3/128-3

14 Balcal1-2000 Turkey 2000 Turkish CV. MAGHREBI-72/(SIB)FLAMINGO,MEX//CRANE(SIB)/ND-

USA-2299/3/(SIB)YAVAROS-79/4/DACKIYE/(SIB)RABI-
CORNO//(SIB)WINGET; (SIB)STERNA,MEX

15 Sham-1 Turkey 1984 Turkish CV PELICANO/RUFF//GAVIOTA/ROLETTE; PELICANO(SIB)/
(SIB)RUFF//GAVIOTA(SIB)/(SIB)ROLETTE

16 Ankara-98 Turkey 1998 Turkish CV. KOBAK-2916/LEEDS//6783/3/BERKMEN-469/7/CRANE/
GANSO//APULICUM/3/DF-17-72/4/DI-165,137/GEDIZ-

17 Balcali-85 Turkey 1985 Turkish CV JORI-69(SIB)/(SIB)ANHINGA//(SIB)FLAMINGO,MEX

18 Fuatbey-2000 Turkey 2000 Turkish CV  ---

19 Akbasak-073144 Turkey 1970 Turkish CV  (S)LV-TUR

20 Artuklu Turkey 2008 Turkish CV. LAHN//GANSO/STORK

21 Mirzabey-2000 Turkey 2000 Turkish CV GD-2/D-1,184,528

22 Aydin-93 Turkey 1993 Turkish CV JORI-69/HAURANI

23 Diyarbakir-81 Turkey 1981 Turkish CV  LD-393//BELADI-116-E/2*TEHUACAN-60/3/COCORIT-71

24 Eyyubi Turkey 2008 Turkish CV. MORUS//ALTAR-84/ALONDRA

25 Selguklu-97 Turkey 1997 Turkish CV 073 —44*2/0OV1/3/DF-21-72//ND-61-130/UVEYIK-162

26 Fatasel-185/1 Turkey 1964 Turkish CV  Selected from FATA bring from Burdur in 1952

27 Altinbag-95 Turkey 1995 Turkish CV. KUNDURUY//D-68,111/WARD

28 Harran-95 Turkey 1995 Turkish CV. KORIFLA//DS-15/GEIGER ; DURUM-DWAREF-S-15/
CRANE//GEIER

29 Sariganak-98 Turkey 1998 Turkish CV. DACKIYE/GEDIZ-75//USDA-575

30 Tiiten-2002 Turkey 2002 Turkish CV ALTAR/AVETORO/3/GANSO/FLAMINGO,MEX//CANDO

31 Turabi Turkey 2004 Turkish CV. CRESO/CRANE

32 Ege-88 Turkey 1988 Turkish CV  JORI-C-69/ANHINGA/FLAMINGO,MEX

33 Giiney yildiz1 Turkey 2010 Turkish CV. RASCON-39/TILD-1

34 Firat-93 Turkey 2002 Turkish CV SNIPE/3/JORI-C-69/CRANE/GANSO/ANHINGA;
ANHINGA(SIB)/(SIB)VOL//(SIB)FLAMINGO,MEX/3/SHAW

35 Sahinbey Turkey 2008 Turkish CV  Lagost-2 ICD.86-0471-ABL-OTR-8AP-0TR-20AP-OTR

36 Ziihre Turkey 2011 Turkish CV SN-TURK-M-183-84-375/(SIB)NIGRIS//TANTLO-1

37 Giindag Turkey 2012 Turkish CV LGT3/4/BICRE/3/CHAM-1//GAVIOTA/STARKE

38 Akgakale-2000 Turkey 2002 Turkish CV. SCHELLENTE//CORMORANT/RUFFOUS/3/AJAIA

39 Gokgol-79 Turkey 1979 Turkish CV. BUCK-BALCARCE//BARRIGON-YAQUI-ENANO*2/
TEHUACAN-60

40 Amanos 97 Turkey 1997 Turkish CV. OSTRERO//CELTA/YAVAROS,AUS

41 Kiziltan-91 Turkey 1991 Turkish CV UVEYIK-162/61-130/BARRIGON-YAQUI-ENANO*2/TE
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Table 1 (continued)

No Name Country year Group Pedigree/collection side/ growing locations

42 Ozberk Turkey 2005 Turkish CV. FLAMINGO,MEX/GARZA//CANDEAL-1/GREBE/3/CEN-
TRIFEN/FLAMINGO,MEX/PETREL/5/AKBASAK-073-44/
YERLI/6/CAR

43 Urfa-2005 Turkey 2005 Turkish CV  Fg’S’/Gr’S’//Candeal 1/4/Grebe *S’/3/Ctfn/Fg’S’//Ptl °S’/5/
Akb.073.44/ye rli/6/Carc’S

44 Ceylan-95 Turkey 1995 Turkish CV  STORK(SIB)/(SIB)RABICORNO

45 Salihli-92 Turkey 1992 Turkish CV. SHWA//21,563/ANHINGA/3/EGE-88; B.BAL//
BARRIGON-YAQUI-ENANO*2/TEHUACAN-60

46 Gap Turkey 2004 Turkish CV  GEDIZ-75(SIB)/(SIB)FLAMINGO,MEX//(SIB)TEAL,MEX

47 Soylu Turkey 2012 Turkish CV  ----

48 Ali baba Turkey 2010 Turkish CV. AWALI-2/BITTERN

49 Tunca-79 Turkey 1979 Turkish CV FATA(SEL.181-1)/ND-61-130//LEEDS

50 Saribasak Turkey 1970 Turkish CV  LV-TUR

51 Vatan Tadjikistan 1978 Foreign CV. TADZHIKSKAYA-CHERNOKOLOSAYA/KHORANKA-46

52 Zenit Italy 1992 Foreign CV VALRICCARDO/VIC

53 Saragolia Italy 2004 Foreign CV IRIDE/LINEA-PSB-0114

54 Svevo Italy 1996 Foreign CV. CIMMYT-SELECTION/ZENIT

55 Claudio Italy 2011 Foreign CV  Sel. CIMMYT-35/Durango/ISEA-1938/Grazia

56 Baio Italy 1998 Foreign CV DUILLO/F-21//G-76

57 Ul-Darwin USA 2006 Foreign CV IDO-445/MANNING

58 UCl1113 USA 2005 Foreign CV KIFS//RSS/BD-1419/3/MEXIS-CP/4/WAHAS/5/YAVAROS-79

59 AC-Pathifinder Canada 1999 Foreign CV. WESTBRED-881/DT-367; DT-367/WESTBRED-881

60 AC-Navigator Canada 1999 Foreign CV  KYLE/WESTBRED-881

61 Floradur Austria 2003 Foreign CV. HELIDUR/CIMMYT-4833

62 C9 West bank - Foreign CV  ---

63 C43 West bank - Foreign CV  ---

64 Inbar West bank 1978 Foreign CV  D-27,534/3/JORI(SIB)//LD-357-E/2*TEHUACAN-60; LD-

357-E/2*TEHUACAN-60//JORI-69; D-27534-13-M-4-Y-1-M/3/
JORI(SIB)//LD-357-E/2*TEHUACAN-60

65 Creso Italy 1974 Foreign CV  60/4/CPB-144; CAPELLI-B-144/5/YAKTANA-54//
(SELECTION-14)NORIN-10/BREVOR/3/CAPELLI-
63/4/3* TEHUACAN-60; MARINGA/ZENATI/CPB-144

66 Simeto Italy 1988 Foreign CV CAPEITI-8/VALNOVA

67 Irde Italy 1996 Foreign CV ALTAR-84/IONIO; ALTAR-84/(SIB)ARES

68 Dylan Italy 2002 Foreign CV. NEUDUR/ULISSE

69 Ofanto Italy 1990 Foreign CV. ADAMELLO/APPULO

70 Cham-1 Syria 1984 Foreign CV PELICANO/RUFF//GAVIOTA/ROLETTE; PELICANO(SIB)/
(SIB)RUFF//

71 Cham-9 Syria 2010 Foreign CV  STJ3//BICRE/LOUKOS-4

72 TR 32,090 Turkey - Ex-situ Ankara

73 TR 53,861 Turkey - Ex-situ Yozgat

74 TR 80,984 Turkey - Ex-situ Eskisehir

75 TR 72,025 Turkey - Ex-situ Konya

76 TR 81,249 Turkey - Ex-situ Elazig

77 TR 81,371 Turkey --- Ex-situ Nigde

78 TR 71,914 Turkey - Ex-situ Konya

79 TR 81,356 Turkey - Ex-situ Konya

80 TR 81,381 Turkey - Ex-situ Sivas

81 TR 45,305 Turkey - Ex-situ Yozgat

82 TR 46,881 Turkey - Ex-situ Erzincan

83 TR 81,259 Turkey - Ex-situ Malatya

84 TR 81,273 Turkey - Ex-situ Ankara

85 TR 47,949 Turkey - Ex-situ Kars

86 TR 54,969 Turkey - Ex-situ Yozgat

87 TR 63,315 Turkey - Ex-situ Konya

88 TR 81,238 Turkey - Ex-situ Erzincan
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Table 1 (continued)

No Name Country year Group Pedigree/collection side/ growing locations
89 TR 56,206 Turkey - Ex-situ Eskisehir

90 TR 56,128 Turkey - Ex-situ Eskisehir

91 TR 54,977 Turkey - Ex-situ Yozgat

92 TR 54,973 Turkey - Ex-situ Yozgat

93 TR 53,860 Turkey - Ex-situ Yozgat

94 TR 56,135 Turkey - Ex-situ Eskisehir

95 TR 32,015 Turkey - Ex-situ Malatya

96 TR 31,930 Turkey - Ex-situ Malatya

97 TR 32,167 Turkey - Ex-situ Yozgat

98 TR 35,150 Turkey - Ex-situ Yozgat

99 TR 31,887 Turkey - Ex-situ Elazig

100 TR 31,902 Turkey - Ex-situ Malatya

101 TR 31,893 Turkey - Ex-situ Malatya

102 TR 35,148 Turkey - Ex-situ Yozgat

103 TR 81,277 Turkey - Ex-situ Ankara

104 TR 81,283 Turkey --- Ex-situ Ankara

105 TR 81,284 Turkey - Ex-situ Ankara

106 TR 81,367 Turkey - Ex-situ Konya

107 TR 81,374 Turkey - Ex-situ Konya

108 TR 81,258 Turkey - Ex-situ Malatya

109 TR 81,278 Turkey - Ex-situ Ankara

110 TR 81,323 Turkey - Ex-situ Ankara

111 TR 81,304 Turkey - Ex-situ Malatya

112 TR 81,369 Turkey - Ex-situ Nigde

113 TR 81,550 Turkey - Ex-situ Nigde

114 TR 81,544 Turkey - Ex-situ Nigde

115 TR 81,338 Turkey - Ex-situ Ankara

116 Bagacak Turkey - In-situ Southeast of Turkey
117 Menceki Turkey - In-situ Southeast of Turkey
118 Mersiniye Turkey - In-situ Southeast of Turkey
119 Sivaslan Turkey - In-situ Southeast of Turkey
120 Sirnak Alkaya Turkey --- In-situ Southeast of Turkey
121 Kurtulan Turkey - In-situ Southeast of Turkey
122 Karadere Turkey - In-situ Southeast of Turkey
123 Hacihalil Turkey - In-situ Southeast of Turkey
124 Hevidi Turkey - In-situ Southeast of Turkey
125 Beyaziye Turkey - In-situ Southeast of Turkey
126 Misrt Turkey - In-situ Southeast of Turkey
127 Iskenderiye Turkey - In-situ Southeast of Turkey
128 Karakilgik Turkey - In-situ Southeast of Turkey
129 Havrani Turkey - In-situ Southeast of Turkey
130 Levante Turkey - In-situ Southeast of Turkey

The genotypes were sown in the 2019/2020 growing
season at the research and implementation area of the Field
Crops Department of Cukurova University, Adana, Turkey
(370 21” N latitude, 350 10” E longitude, and 20 m above
the sea level). This area has hot summers and high humidity
with Mediterranean climate. Nitrogen (180 kg/ha) and phos-
phorus fertilizers (60 kg/ha) were applied to the experimen-
tal plots. The experiment was established in a randomized
block design with three replications. The genotypes were
sown in rows at 30-cm row spacing and a length of 5 m.

The trial site was maintained free from weeds and diseases
by spewing herbicides and fungicides, where measurement
was carried out at a normal level throughout the experiment.

DNA isolation:

A single plant was selected randomly from each genotype
and used for molecular markers screening. The young plant
leaves were harvested in the middle of February 2020. The
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leaves were immersed in liquid nitrogen and brought to the
Molecular Genetic Laboratory at Science and Technology
Application and Research Center (BILTEM), Yozgat Bozok
University, Yozgat-Turkey, to be stored in a deep freezer at
-80 °C until the total genomic DNA was isolated according
to CTAB protocol [33] with modification [34]. The extracted
DNA was evaluated quantitatively and qualitatively by low
agarose concentration (0.8%) gel electrophoresis. Before
use, the DNA was diluted to a necessary concentration of 10
ng/ul for SSR applications.

Simple sequence repeats analysis

A group from different sources of microsatellites prim-
ers were selected to cover part somewhat of durum wheat
chromosomes. Moreover, it was screened first to con-
firm their polymorphism level on a few genotypes. Based
on the initial screening results, a total of 82 SSR primers
were genotyped for the entire panel of 130 genotypes. The
supplementary table briefly describes the SSR primers used
and their information. PCR was used to amplify the SSRs
region, as mentioned by Schuelke [35], where the M13-
tailed primer method utilized a forward primer with a nucle-
otide extension at its 5’-end, uniform to an M13 sequencing
(5-TGTAAAACGAAGGCCAGT-3), a standard length
reverse of a fluorescently labeled M13 primer. The SSR
fragments were scored twice for accuracy using the Gene
Mapper software v3.7 (Applied Biosystems) described in
the device user instructions. PCR reaction accomplished
with a final volume of 12pl, contained 1X buffer, 0.125 mM
dNTPs, 0.4 pmol “M13” forward primer, 0.3 pmol reverse
primers, 3.0 pmol universal M13 primer labeled with one of
four (6-FAM, VIC, NED or PET) fluorescent dyes, 0.12U
Taq DNA polymerase, and roughly 25 ng genomic DNA.
PCR amplification was performed with a primary denatur-
ation at 94°C for 5 min; followed by 30 cycles of 94°C for 1
min, 55 to 65°C (annealing temperature depending on prim-
ers) for 1 min, 72°C for 1 min; followed by eight cycles of
94°C for 30 s, 53°C for 45 s, and 72°C for 45 s; and final
extension was 72°C for 10 min. A set of four PCR prod-
ucts (1 pl each) labeled with various dyes was mixed with
0.25ul GeneScan-500 LIZ size standards (Applied Biosys-
tems) and 9.86ul Hi-Di Formamide (Applied Biosystems),
then denatured for 5 min at 94°C, and chilled on ice before
loading. The bands fragmented on an ABI 3130xl Genetic
Analyzer device (Applied Biosystems). The SSR individual
bands were evaluated to represent a locus and scored as
binary data, with the existence of bands marked as ‘1’ and
their absence as ‘0’ because alleles scoring in such a binary
type simplifies the appraisal and statistical investigation of
co-dominant SSR data [36].
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Phenotyping

Three spikes, “one from each replication” for each geno-
type, were selected randomly and harvested manually from
the experimental plots in Adana location at the beginning
of June 2020. Manually the collected spikes were also
threshed, and the harvested grains were kept in paper bags
in a dry place. However, to reduce the cost of analytical
analysis, seeds from three replications of each genotype
were mixed, milled, and dried in an oven. The digestion step
was used by dissolving 0.5 g of mixed flour into an acidic
solution, based on the “HPR-FO-52” procedure for wheat
flour by SK-10 high-pressure rotor microwave digestion
system (ETHOS EASY Milestone, Italy). Once the diges-
tion process ended, the samples were cooled to room tem-
perature; each was diluted with 10% v/v nitric acid up to
20 ml. To estimate Pt content, Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) (Thermo Scientific ICAPQC,
USA) was used, with the following settings: 1550 W for
radiofrequency power, 0.96 L/min for nebulizer gas, 0.88 L/
min for a plasma gas, 3.01 bar for nebulizer pressure,
dwell time 0.01 ms, and spray chamber temperature 3.7°C.
Between injections, the sampler probe was rinsed for a half
minute with ultrapure water, followed by washing for 50 s
with 2% HNO3 and rinsing with ultrapure water for 50 s.
For results accuracy, each measurement was repeated three
times for the whole samples and the standards. The diges-
tion step and the Pt measurements (ICP-MS) activities were
done at the laboratories of “BILTEM” Yozgat Bozok Uni-
versity, Yozgat, Turkey [3].

Statistical analysis of phenotypic and
molecular data

Based on sources of genotypes, the studied genotypes were
classified into four groups for analysis of variance (ANOVA).
The first group involved released Turkish cultivars; the sec-
ond was foreign cultivars, while ex-situ and in-situ land-
races were the third and fourth. The variance analysis for
the investigated Pt toxic element and the phenotypic fre-
quency distribution was undertaken using Excel software.
The proportion of the phenotypic variation explained by Pt
content by each marker was estimated by the relevant R2 in
TASSEL 5 [37]. The significant association’s levels were
detected firstly based on the Bonferroni threshold for mul-
tiple testing and adjusted corrective threshold. For instance,
the 5% Bonferroni threshold for multiple comparisons was
considered [38].
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Table 2 Assessment of cultivars and landraces for Pt content based on ICP-MS analytical analysis

Genotype Pt content Genotype Pt content Genotype Pt content Genotype Pt content

No (ngrke) No (ngrkg) No (ngrkg) No (ng/kg)

1 0.1956 35 <0.001 69 <0.001 103 <0.001

2 0.1566 36 <0.001 70 <0.001 104 <0.001

3 0.1540 37 0.0368 71 <0.001 105 <0.001

4 0.1228 38 0.0155 72 <0.001 106 <0.001

5 0.0863 39 0.0088 73 <0.001 107 <0.001

6 0.0834 40 0.0241 74 0.0250 108 <0.001

7 0.0538 41 0.0546 75 0.0106 109 0.0033

8 0.0617 42 0.0317 76 0.0152 110 <0.001

9 0.0535 43 0.0307 77 <0.001 111 <0.001

10 0.0659 44 0.0120 78 0.0100 112 <0.001

11 0.0189 45 <0.001 79 <0.001 113 <0.001

12 0.0198 46 0.0160 80 <0.001 114 <0.001

13 0.0099 47 <0.001 81 <0.001 115 <0.001

14 0.0171 48 <0.001 82 <0.001 116 <0.001

15 0.0122 49 0.0193 83 <0.001 117 0.0087

16 0.0080 50 0.0108 84 <0.001 118 <0.001

17 0.0244 51 <0.001 85 <0.001 119 0.0169

18 0.0203 52 <0.001 86 <0.001 120 <0.001

19 0.0160 53 <0.001 87 <0.001 121 <0.001

20 0.0151 54 0.0231 88 <0.001 122 <0.001

21 0.0171 55 0.0132 89 <0.001 123 <0.001

22 0.0050 56 0.0206 90 0.0169 124 <0.001

23 0.0010 57 0.0118 91 0.0179 125 <0.001

24 0.0053 58 0.0416 92 <0.001 126 <0.001

25 <0.001 59 0.0266 93 <0.001 127 <0.001

26 0.0234 60 0.0151 94 <0.001 128 <0.001

27 0.0066 61 0.7245 95 <0.001 129 <0.001

28 0.0061 62 <0.001 96 <0.001 130 <0.001

29 0.0058 63 0.0330 97 <0.001 Min <0.001

30 0.0112 64 0.0177 98 <0.001 Max 0.72

31 0.0190 65 <0.001 99 0.0178 Average 0.02

32 0.0080 66 <0.001 100 <0.001 STDS 0.07

33 <0.001 67 <0.001 101 <0.001

34 <0.001 68 0.0110 102 <0.001

Results Figure 1-(a): illustrates the frequency distribution of
grain Pt concentrations for the whole panel; 1-(b): illustrates

Phenotypic variations the frequency distribution of grain Pt concentrations among

The genotypes generally showed low and nontoxic Pt lev-
els by ICP-MC analysis; Pt content variation varied from
<0.001 to 0.725 pg/kg, with a mean of 0.020 pg/kg; one of
the foreign CVs showed the highest value but was far from
the risky limit (>3.2 ng/g) (Table 2).

The frequency distribution of grain Pt concentrations for
the whole panel is illustrated in Fig. la; as the genotypes
were categorized into four groups, the average Pt contents
for the Turkish and foreign CVs groups were the highest at
0.44 and 0.43 pg/kg, respectively, while it was lower for
ex-situ and in-situ LDs at 0.03 and 0.02 pg/kg, respectively

(Fig. 1).

groups and for each group separately; 1-(c): illustrates the
number of genotypes frequency distribution for each group
separately.

Genetic variations and marker-trait
associations

In the present study, 82 SSR primers genotyped across the
130 genotypes showed 780 polymorphic markers. The fre-
quency for allele “1” ranged from 0.023 to 0.992, while for
allele “0” ranged from 0.008 to 0.969. Many markers have a
low allele frequency of 0.05, which is considered non-useful.
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Fig. 1 (a): illustrates the frequency distribution of grain Pt concentrations for the whole panel; 1-(b): illustrates the frequency distribution of grain
Pt concentrations among groups and for each group separately; 1-(c): illustrates the number of genotypes frequency distribution for each group

separately

So the 780 markers were filtered based on minor allele fre-
quency (MAF) value, where markers with MAF < 0.05 were
ignored, and those with MAF >0.05 were kept; therefore,
among 780 SSR markers, only 337 markers remained and
were utilized for current GWAS. However, to detect a highly
significant association, and to reduce false spurious or posi-
tive associations, the population structure (Q) and kinship
(K) were figured first, then used as covariates in a mixed

@ Springer

linear model (MLM + Q +K). By conducting GWAS in the
present study, five marker-trait associations (MTAs) were
detected and significantly associated with Pt contents using
a Bonferroni correction at p<0.05 [38] (Table 3; Fig. 2).
The Manhattan plot illustrated in Fig. 2 shows significant
SSRs markers associated with Pt content (with 5% Bonfer-
roni correction threshold; p<0.01; and MAF > 5%).



Molecular Biology Reports (2022) 49:11289-11300

11297

Table 3 Markers list significantly associated with Pt contents using
MLM (Q +K) models

Marker Locus MAF p Mzarker
R
gwm335-bp270 5B 0.06 0.00169 0.231
wmc612-bp306 3B 0.07 0.00106 0.225
gwml56-bp308 3B 0.10  0.00100 0.189
wme532-bp204 3A 0.20  0.00585 0.180
wmc612-bp294 3B 0.11  0.00755 0.144

MAF: minor allele frequency, p: values of the association effect and
significance. R?: phenotypic variance imparted by each marker

Discussion

Recently, improving low toxicity varieties has become an
important goal in crop breeding naturally. Breeding wheat
genotypes with enhanced quality, especially for common
toxic elements, along with a set of desirable agronomic
and desired traits, also became one of the main priorities
of durum wheat breeding programs, as durum wheat is an
important economic crop. Generally, durum wheat is not
only a significant crop for food security but furthermore has
higher prices than bread wheat [39]. The extensive genetic
diversity in Turkish durum wheat landraces could generally
be a potential gene pool for durum wheat improvements.
Identifying and using low Pt contents accessions from the
current panel could overcome the severe effect of accumu-
lated toxicity [32]. Nevertheless, despite the importance

of this issue, no previous studies on Pt accumulation have
been reported in Turkish durum wheat germplasm. There-
fore, in the present study, Pt contents were assessed in a var-
ied panel of genotypes, including historical cultivars from
Turkey and different countries, landraces originating from
a broad area of ecological conditions, whether ex-situ LDs
from the Izmir gene bank, or locally adapted “in-situ LDs”
gathered from diverse sources.

Although the phenotypic analysis showed variations for
the Pt trait, most of the genotypes (51.5%) exhibited val-
ues<0.001 pg/kg. The highest Pt contents in the studied
germplasms were within the safe range; it was less than the
maximum level (3.2 ng/g) of grain Pt contents determined by
international standards. Regarding the four groups formed
in the studied panel, significant variations in the mean Pt
content were found among the four different groups. The
highest average grain accumulated Pt content (0.044 pg/kg)
was found in Turkish cultivars, while the average Pt con-
tents among studied groups were in the following order:
in-situ LDs < ex-situ LDs < foreign cultivars < Turkish culti-
vars. While the in-situ group has an average Pt content of
(0.02 pg/kg), and (0.03 pg/kg) for ex-situ landraces, both
groups showed significantly low nontoxic Pt contents.
Therefore, landraces could be valuable and vital candidate
sources for developing durum wheat cultivars having low Pt
contents (Table 2; Fig. 1).
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Conventional plant breeding methods have significantly
contributed to crop improvement. However, they have not
been hurriedly progressing as required for current needs
in picking out complex traits, whether morphological or
agronomic characteristics. Therefore, to overcome the dif-
ficulties of conventional breeding and for disadvantages
associated with chemical analytical phenotype profiling of
Pt content trait. Unearthing the loci and alleles related to
accumulating Pt is suggested to have more practical impor-
tance for the genetic improvement of the low toxic crops
through molecular breeding using GWAS. The exploitation
of recent development in molecular markers and their essen-
tial advantages for GWAS has been conducted to find novel
functional allelic variants through a genome-wide scan. It is
incredibly significant to find associations related to accumu-
lated Pt to develop low toxic cultivars. So, a genome-wide
association study is recommended, as GWAS has been used
plenty for different crops recently. Therefore, to explore the
genetic factors associated with the accumulated Pt, the phe-
notypic values of accumulated Pt contents with the geno-
typic data of SSR markers were used to conduct GWAS
analysis.

The new approach to association studies uses natural
germplasm and historical recombination “as genotypes
panel used with the present study” with several advantages
such as increased resolution, more overall allele coverage,
time-saving, and gene tagging is economically [40]. Besides,
no efforts have been reported previously for selecting durum
wheat genotypes based on molecular markers for reduced Pt
contents. Thus, GWAS was conducted in the present study,
which sought to detect genetic factors that control accumu-
lated Pt. Detecting alleles at particular loci associated with
Pt content reduces the research time of phenotype detection
of durum wheat breeders to develop new varieties with low
Pt content. Generally, SNPs markers were widely used for
most GWA studies because microsatellites resources were
previously limited and considerably less widely exploited.
However, this obstacle has been overcome as now thou-
sands approximately are highly polymorphic microsatellites
available. Many studies have acknowledged using micro-
satellites for GWA studies, where a single SSR catches a
more genomic region than a single SNP. SSR also supplies
additional benefits, such as higher information content, a
minor inter-population variability, and significant intrinsic
functional relevance. Therefore, SSRs primers were used in
the present study for their numerous advantages [41].

Based on the proportion for genotype scored either “1”
or “0”, rather than “- for missing data, the initial score
showed 780 SSR markers. However, for GWAS, scored
markers have been filtered based on two criteria for qual-
ity control: 1- selecting markers with zero missing scores,
2- disregarding all makers with MAF <0.05%. Finally, 337
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markers only remain and distributed over A and B of the
durum wheat genome; therefore, GWAS in the current study
utilized 337 markers. However, to enhance the strength and
robustness of association analysis, many previous stud-
ies used the mixed linear model (MLM). Additionally, to
reduce false or spurious associations, population structure
(Q) and kinship (K) were calculated, and both were used
as covariates in a mixed linear model (MLM) for the asso-
ciations. So, (MLM + Q +K) model was used to reduce the
false positives and detect the high significance of associa-
tions. Significance levels were considered and established
using a Bonferroni modification at p<0.05 based on the
number of independent tests determined. Any result below
the corrected < 0.05 p-value has been considered significant,
so based on this regard GWAS analysis revealed that five
MTAs “gwm335-bp270”, “wmc612-bp306”, “gwmli56-
bp308”, “wmc532-bp204”, and “wmc612-bp294” were sig-
nificantly associated with accumulated low grain Pt content
and explained phenotypic variation, with values ranging
from 14.4-23.1%. Chromosome 5B harbors the significant
MTA (gwm335-bp270) with the highest explanation value
of total phenotypic variance (23.1%).

The detected MTAs were located apart, so they were
considered different QTL. Chromosome 3B was found to
harbor three QTL, as three MTAs were detected (wmc612-
bp306, gwm156-bp308, and wmc612-bp294) and explained
22.5, 18.9, and 14.4% of total phenotypic variance, respec-
tively. Generally, chromosomes 3 A, 3B, and 5B showed
significant results and were found to harbor the significant
QTL, which were spread 1, 3, and 1 QTL, respectively. The
detected QTL were distributed in genomes (A) and (B).
Nevertheless, genome (B) significantly has a higher harbor
to QTL and acquired four QTL (80%) which were located in
the (B) genome when compared to the genome (A), which
had only one (20%) of detected QTL. Therefore, these chro-
mosomal regions are considered hotspots for Pt accumula-
tion in durum wheat. So, the present study indicates that
genome (B) regions are likely related to the inheritance con-
trol of Pt content. The five Pt-associated markers detected
in the present study were not previously reported for any
of the durum wheat gene pools, so this marker’s associa-
tions will be considered novel QTL (Table 3; Fig. 2). These
chromosomes and the respective QTL may be exploited by
marker-assisted selection to improve durum wheat cultivars
with low Pt contents. In the present GWAS, it is necessary
to mention that several QTL were detected at a=0.01 and
explained nearly up to 19% of the total phenotypic variance
but were considered a false positive and thus not considered
or included in the current study.

Although the phenotypic data in this work were from a
single environment only, the GWAS results identified sev-
eral significant QTL of accumulated Pt that provide potential
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candidates for durum wheat improvement programs and may
prove helpful in marker-assisted breeding. However, this
work in which a unique panel of durum wheat was described
and characterized concerning Pt accumulation was a funda-
mental and necessary study. There have also been no QTL
reported previously related to Pt contents in durum wheat.
Therefore, it is the first and vital GWA study for platinum
toxicity in durum wheat. The SSR markers associated with
Pt contents within this study could be a starting point, help-
ful gesture, and valuable resource for durum wheat breeders
for marker-assisted selection, resulting in new durum wheat
genotypes with low Pt contents. The detected markers in the
current study could also be integrated into genomic selec-
tion strategy. This work may be considered a jump-start-
ing process to help durum wheat breeding programs with
introgression or selection processes. Nevertheless, detect-
ing stable loci remains an urgent necessity. More functional
genomic research is still pivotal and remains a critical need
to validate the effect of the detected nominee QTL on Pt
contents in several different environments.
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