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ABSTRACT

Sunflower (Helianthus annuus L.) is one of the most valuable agricultural products, mainly cultivated
for edible oil. Phosphorus is a suitable nutrient in plants that plays key roles in several cellular structures
and catalytic functions of enzymes involved in metabolism. In order to produce and develop phosphorus-
efficient cultivars, 100 sunflower lines from different parts of the world were evaluated in an experiment
based on agro-morphological traits under two optimal and phosphorus deficient conditions in a
completely randomized design with three replications in pots in 2017-18 cropping season. Based on
results of descriptive statistics, the average of most studied traits was reduced in phosphorus deficient
compared to optimal conditions, and the most damage caused by phosphorus deficiency were observed in
plant phosphorus percentage, grain yield per plant and head and plant dried weights, respectively. In
population structure analysis based on 128 IRAP and 120 REMAP markers, two sub-populations (K=2)
were identified in association panel and amount of linkage disequilibrium for the retrotransposon based
molecular markers was 3.4%. In association analysis using MLM model, 17 and 19 markers were
identified for traits in optimal and phosphorus deficient conditions, respectively and the cfcr8-1 marker
was common between traits in optimal and phosphorus deficient conditions. The results obtained from
this study present valuable information on the genetic basis of studied traits that can be used for breeding
and developing high performance varieties in sunflower.

Keywords: Genetic diversity, linkage disequilibrium mapping, molecular markers, phosphorous,
sunflower.
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Figure 1. A view of experiment conducted to study the agro-morphological traits of 100 oil seed
sunflower lines under normal and phosphorous deficit stress conditions.
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Table 1. Variance analysis of the studied traits in 100 oil seed sunflower lines under optimal phosphorus
conditions.

Source of df Mean square

variation Dayto Number Chlorophyll Petiole  Canopy Plant Stem Leaf Leaf Leaf area
flowering  of leaf rate length temperature  height  diameter length wide
Line 99 83.75** 33.75** 292.70** 10.43**  9.93**  1778.81** 54.05** 18.88** 22.21** 25844968**
Error 200 21.34 9.11 74.08 4.44 3.22 312.18 20.28 7.85 114 7940474
CV (%) 6.96 16.2 20.35 22.92 7.02 15.28 20.28 18.37  26.09 19.81

Source of df Mean square

variation Relative Dayto Leafangle Head 1000  Seed yield Weight of Phosphorous Oil
water  maturity diameter grain perplant  empty percentage percentage
content weight head
Line 99 150.04** 69.70** 351.83** 16.59** 997.44** 448.42** 378.94**  0.002** 84.17**
Error 200  86.76 431 161.26 6.86 283.39 58.74 57.81 0.001 9.72
CV (%) 12.21 1.70 10.13 22.17 31.22 31.73 39.13 30.98 7.96

oy So s iy et gl o s (e ls ime o8

F* 2k ns

$8) pdS o po CV sg0l5T as o df

df: degree of freedom; CV: Coefficient of variation. ns, *, **: Not significan and significan at 5% and 1% of probability levels,

respectively.
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Table 2. Variance analysis of the studied traits in 100 oil seed sunflower lines under phosphorus deficit
conditions.

Source of df

Mean square

variation Dayto  Number Chlorophyll Petiole
flowering  of leaf rate length

Canopy Plant Stem Leaf Leaf Leaf area
temperature  height  diameter length wide

Line 99 104.40** 37.09** 607.68** 11.43**

Error 200  19.04 15.69 59.88 4.39

10.44**  1384.92** 58.48** 27.56** 27.56** 91729838**

348.84 22.46 27.56 11.66 10881095

CV (%) 6.3 21.24 17.96 24.25

17.79 32.00 30.94  30.94 24.96

Source of  df

Mean square

variation Relative Dayto Leafangle Head
water  maturity diameter
content

1000  Seed yield Weight of Phosphorous Oil
grain  perplant empty  percentage percentage

Line 99 130.65** 97.85** 714.83** 18.25**
Error 200 90.75 5.21 235.87 7.35

CV (%) 13.06 1.79 12.74 26.24

weight head

801.58** 267.58** 388.36**  0.001** 72.25%*
274.83 37.99 4730 0.0004 17.16
31.88 38.38 43.81 42.10 11.88

Ao, S g gy Jleix! v jo s pxe lo S 8 S gyt

Kk K
Pl

$ s oo CV 10l3] a0 df

df: degree of freedom; CV: Coefficient of variation. ns, *, **: Not significan and significan at 5% and 1% of probability levels,

respectively
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Table 3. Descriptive statistics of studied traits of 100 oil seed sunflower lines under optimal phosphorus

conditions.
Standard Pher)o_typic ) Normality
Characters Mean deviation Range coeffl_cu?nt of Kurtosis Skewness  test (P-
variation value)
Day to flowering (day) 65.27 475 78.67 - 56.33 7.28 042 031 0.20
Number of leaf 19.68 3.06 32.00 - 13.33 15.57 2.81 1 0.03
Chlorophyll rate (SPAD) 43,57 7.28 66.93 - 31.47 16.72 0.77 0.85 0.00
Petiole length (cm) 9.31 2.14 19.89 - 5.83 22.98 4.65 1.35 0.20
Canopy temperature (°C) 25.74 1.97 33.08 - 21.27 7.65 0.74 0.19 0.20
Plant height (cm) 117.99 23.78 185.00 - 62.87 20.16 0.67 0.31 0.20
Stem diameter (mm) 17.63 4.2 35.11-9.43 23.82 3.72 1.3 0.01
Leaf length (mm) 15.57 2.4 23.56 - 10.67 15.44 0.4 0.52 0.20
Leaf wide (mm) 13.23 2.7 22.05 - 8.33 20.43 0.1 0.52 0.01
Leaf area (cm?) 1464125  2856.03  25280.00 - 9761.33 19.51 3.14 1.61 0.00
Relative water content (%) 77 7.32 100.04 - 48.66 9.5 243 -0.28 0.20
Day to maturity (day) 121.97 4.82 134.33 - 115.00 3.95 0.4 1.09 0.00
Leaf angle (degree) 125.03 11.37 155.00 — 9067 9.09 025  -0.08 0.18
Head diameter (cm) 12.32 2.38 21.17-7.33 19.3 2.59 1.09 0.20
Plant dry weight (gr) 0.11 0.08 0.47 - 0.04 68.92 10.04 296 0.00
1000 grain weight (gr) 59.82 17.86 108.00 - 24.33 29.85 0.39 0.72 0.00
Seed yield per plant (gr) 27.03 14.89 83.80 - 4.97 55.07 37 1.77 0.01
Weight of empty head (gr) 22.94 16.02 126.37 - 4.57 69.84 19.1 3.72 0.00
Phosphorous percentage (%)  0.09 0.03 0.16 - 0.03 35.03 -046 059 0.02
Oil percentage (%) 39.4 531 55.67 - 23.00 13.47 1.05 -0.11 0.20
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Table 4. Descriptive statistics of studied traits of 100 oil seed sunflower lines under phosphorus deficit

conditions.
Standard Phenotypic Normality
Characters Mean deviati Range coefficient of Kurtosis Skewness  test (P-
eviation o
variation value)
Day to flowering (day) 70.33 5.86 84.00 - 57.67 8.33 -0.53 -0.15 0.20
Number of leaf 17.38 2.88 29.33-12.00 16.54 2.93 1.06 0.00
Chlorophyll rate (SPAD) 36.18 5.48 51.53-22.37 15.14 0.18 0.25 0.03
Petiole length (cm) 8.62 1.99 14.94 - 3.44 23.08 0.50 0.44 0.02
Canopy temperature (°C) 25.39 1.76 29.64 - 19.40 6.95 0.87 -0.28 0.20
Plant height (cm) 101.60 21.00 169.00 - 55.67 20.66 0.68 0.41 0.20
Stem diameter (mm) 14.18 4.02 26.53 - 5.97 28.37 0.16 0.51 0.20
Leaf length (mm) 13.92 2.56 19.61 -7.94 18.42 -0.43 -0.14 0.20
Leaf wide (mm) 10.78 2.73 17.66 -5.44 25.34 -0.36 0.23 0.15
Leaf area (cm?) 11917.54 3592.41  24642.67 - 4113.67 30.14 1.72 0.65 0.00
Relative water content (%) 72.59 13.04 176.66 - 40.21 17.97 41.08 4.96 0.09
Day to maturity (day) 127.54 5.71 138.67 - 117.00 4.48 -1.12 0.47 0.00
Leaf angle (degree) 120.26 16.23 158.33 - 66.67 13.49 0.59 -0.47 0.20
Head diameter (cm) 10.17 2.27 15.50 - 5.67 22.32 -0.63 0.13 0.20
Plant dry weight (gr) 0.08 0.05 0.24-0.03 54.16 1.80 131 0.00
1000 grain weight (gr) 50.11 14.81 98.67 - 20.00 29.56 0.44 0.56 0.20
Seed yield per plant (gr) 15.35 10.16 56.77 - 2.23 66.17 5.49 2.03 0.00
Weight of empty head (gr) 14.05 9.79 71.00 - 2.80 69.72 11.03 2.59 0.00
Phosphorous percentage (%) 0.05 0.02 0.11-.02 34.74 157 1.03 0.01

Oil percentage (%) 34.79 4.90 44.67 - 19.00 14.09 1.34 -0.58 0.20
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Figure 2. IRAP fingerprints of some sunflower lines using 1063-1064 primers. Fist lane from left to right:
M, 1kb DNA ladder (Fermentas) in base pairs.
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Figure 3. REMAP fingerprints of some sunflower lines using 1066-UBC818 primers. Fist lane from left
to right: M, 1kb DNA ladder (Fermentas) in base pairs.
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Figure 4. Determining the structure of population based on IRAP and REMAP markers with Structure
2.3.4 software. Vertical and horizontal axis shows the K value and the number of subpopulations,
respectively.

S b ol LS 8 o5 adgl Cumes g
Gie galy w0 ]y Siles L ol e
b Joe lel g (Bl a0 Loges
IRAP  Sgsoemifs i, Sl MY byl
b oald Lulyh o Slao b ategy REMAP
i an glbls

9
Silis s ol ol )l
LSl ez (29l sled Cho b (Jgjsm sy,
Syl Cho b KL ez w@ils e s Cdo
Sdo b Nl 90 S p Job che b Sl S
S« e Job i L Sl S Sy ool
hos o b TS S, (e S8 ko b S
gy Awgm g, S0,y o b Slid aw g 2l
S poolass g ails i 59 Slas (s Cfer8-1 Silis

O Jguz) 09 S jine

Olao bl a i
—00l (55 i o Bg Tl (95T gl el
hd dgeaS 25 5 Jloy Luld 5SS e 0 b
&S Ll 5l sl by gy Olao 5l golaas
b el (o o0ls ows 3,k 5l ool g3l Jbeys
O Dol @e S e S @S slaps o9eiS
Doerge & Churchill, ) aas lis casyob 1) ol 3l
1994, Mutschler et al., 1996; Poormohammad
sl Jlos 5 4w el (Kiani et al., 2009
5 b bl s g sleosls (g5, SbLS)
S ol Djg0 0 4S5 iz (28,55 plonil Sgyhig
Bl aied I e Lews a5 gla Sl ool
Wgid aid Sl o LSS Olalllas (o g 00l
Silis ol oS adgl Sldllas o ol g ol



YAQ Ve Gl F 5,Les DY 5,90 ¢l pl 2l)y LS pole

bl Structure 2.3.4 J158ls 5 .o REMAP 5 IRAP (sl Silis 5l oolamwl b yls ,SobsT Cusgis AN (sauseg,S -0 IS
(K=Y) oo oo plas 1) Camaz 5 S5 (S, 2 Bayesian Jow

Figure 5. Bayesian model-based grouping of 88 oilseed sunflower lines using IRAP and REMAP markers
in Structure 2.3.4 software. Each color represents a subpopulation (K=2).
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Figure 6. Linkage disequilibrium plot (LD plot) between pairs of molecular markers loci in sunflower
lines using TASSEL 3.0 software. Above of diameter indicates the degree of linkage disequilibrium using
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markers.
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Table 5. Identified IRAP and REMAP markers for evaluated sunflower traits under optimal phosphorus

conditions with mixed linear model

Characters (unit) Marker F P-value R? marker
Canopy temperature (°C) 64al132 8.394399 0.004798 0.097904
ufl2 8.241346 0.00518 0.095759
cfcr9 7.227124 0.008994 0.092944
1000 grain weight (gr) cfcr8-1 8.377711 0.005081 0.132879
cfcrg8-2 8.408755 0.005005 0.133473
618574-1 7.049471 0.009484 0.082607
618574-2 7.051986 0.009472 0.082639
Leaf length (cm) CR1 8.661846 0.004188 0.100328
62653 7.773988 0.006797 0.095085
64655 7.035974 0.009653 0.084858

623 7.856341 0.006569 0.1114
Leaf angle (degree) 646510 9.568599 0.002736 0.114014
Number of leaf 63654 8.250149 0.005279 0.117868
cfcr8-1 7.566953 0.007586 0.096222
Petiole length (cm) 648182 7.832263 0.00638 0.091055
Head diameter (cm) cf8264 7.290392 0.0084 0.085213
Phosphorous percentage (%) 63645 8.702906 0.004165 0.104875
Oil percentage (%) 646510 7.864589 0.006342 0.091538
646511 11.07442 0.001324 0.128888
cr9 7.08774 0.009299 0.081239
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Table 6. Identified IRAP and REMAP markers for evaluated sunflower characters under phosphorus
deficit conditions with mixed linear model.

Characters (unit) Marker F P-value R? marker
Canopy temperature (°C) uf9 12.01344 8.35E-04 0.146081
cfcr8-1 8.137503 0.005717 0.131074

Day to flowering (day) 658182 8.310145 0.004992 0.096098
1000 grain weight (gr) ufurl?7-1 8.874765 0.003791 0.102577
ufurl7-2 8.869205 0.003801 0.102524

cfcr8-1 8.144062 0.005699 0.131145

Petiole length (cm) cf3 13.1675 5.14E-04 0.178692
Leaf area (cm2) ufurl?7-1 12.55601 6.51E-04 0.144381
618572 11.58639 0.00102 0.132332

Leaf angle (degree) 6181811 8.341238 0.004928 0.095781
648405 7.383089 0.007977 0.084777

Leaf length (cm) 61657 10.07783 0.002149 0.117533
655 8.561839 0.00451 0.104156

cfl 7.308662 0.008441 0.093236

Leaf wide (cm) cfl 9.597013 0.00272 0.128222
638262 9.334287 0.003014 0.104134

655 7.267425 0.008619 0.08528

61657 8.262723 0.005213 0.097033

Head diameter (cm) 655 9.895548 0.002355 0.119483
cfl 8.592876 0.004441 0.107383

cfcrg-1 7.246331 0.008908 0.101616

Head wieght (gr) 648573 16.91298 9.00E-05 0.19634
cfcrg-1 9.589111 0.002829 0.126199

Plant dry weight (gr) cfer8-1 7.778363 0.006828 0.103038
Day to maturity (day) 648409 7.90046 0.006134 0.091612
61658 7.104422 0.009343 0.085475

618406 7.458274 0.007677 0.086485

Phosphorous percentage (%) 6484010 7.382904 0.007978 0.08579
Chlorophyll rate (SPAD) 658261 7.814081 0.006423 0.091811
Plant height (cm) 61657 7.21586 0.008827 0.085677
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Supplementary file 1. Name and origin of studied oil seed sunflower lines

Code Line name Country Research Centre  Code Line name Country  Research Centre
1 H100A/83HR4 France ASGROW 51 RHA265 USA USDA
2 H209A/LC1064 France ASGROW 52 PM1-3 USA USDA
3 H205A/H543R France ASGROW 53 RT948 France RUSTICA
4 AS5306 France ENSAT 54 283-ENSAT - -
5 RHA858 USA USDA 55 QHP-1 France INRAMONT
6 H209A/83HR4 France ASGROW 56 SDR19 USA USDA
7 AS3211 France ENSAT 57 HA337B USA USDA
8 254-ENSAT France ENSAT 58 H100B France ASGROW
9 AS5304 France ASGROW 59 B454/03 Hungary -
10 1009329.2(100K)  France ENSAT 60 HA304 USA USDA
11 270-ENSAT France ENSAT 61 RT931 France RUSTICA
12 AS613 France ASGROW 62 HA335B USA USDA
13 A-F1POPA France NOVARTIS 63 NS_B5 France NOVARTIS
14 OES France INRAMONT 64 SDB3 USA USDA
15 H100A/LC1064 France ASGROW 65 LC1064C France ASGROW
16 RHA266 USA USDA 66 NS-R5 France NOVARTIS
17 PAC2 France ENSAT 67 DM-2 USA USDA
18 H157A/LC1064 France ASGROW 68 H156A/RHA274 France ASGROW
19 5DES20QR France BRN 69 SDB1 USA USDA
20 1009337(100K) France ENSAT 70 HAR-4 USA USDA
21 AS3232 France ENSAT 71 AS5305 France ASGROW
22 12ASB3 France ASGROW 72 RHA274 USA USDA
23 8ASB2 France ASGROW 73 H158A/H543R-B France ASGROW
24 9CSA3 France  Caussade semences 74 H100A/RHA274 France ASGROW
25 HO049+FSB France - 75 H209A/H566R France ASGROW
26 SSD-580 France ASGROW 76 ASO-1-POP-A France ENSAT
27 5AS-Fi/A*R, France ASGROW 77 AS6305 France ENSAT
28 7CR16=PRH6 France C.F 78 B-F1POPB France NOVARTIS
29 ENSAT699 France ENSAT 79 D34 USA USDA
30 SSD-581 France ASGROW 80 CAY France ENSAT
31 TMB-51 France INRAMONT 81 346 Iran SPII
32 10-59 Iran SPII 82 NS-F:-As*Rs France NOVARTIS
33 110 Iran SPII 83 36 Iran SPII
34 H603R France INRAMONT 84 38 Iran SPII
35 4 Iran SPII 85 SDB2 France INRAMONT
36 703-CHLORINA  France ENSAT 86 H158A/LC1064 - -
37 NSFi-As*Rs France NOVARTIS 87 H156A/H543R France ASGROW
38 28 Iran SPII 88 H543R/H543R France ASGROW
39 30 Iran SPII 89 H543R France -
40 F1250/03 Hungary - 90 15038 France ASGROW
41 SDR18 USA USDA 91 SF076 France ENSAT
42 LP-CSYB France ENSAT 92 8A*LC1064C* - -
43 803-1 Serbia IFVC 93 SF085 France ENSAT
44 1009370-1(100K)  France ENSAT 94 SF092 - -
45 CSWW2X France  Caussade semences 95 HCI1 Iran SPII
46 1009370-3(100K)  France ENSAT 96 10-59 Iran SPII
47 H158A/H543R-A  France ASGROW 97 H-100A-90RL8
48 H100A France ASGROW 98 SF109 France ENSAT
49 15031 France ASGROW 99 SF105 France ENSAT
50 H205A/83HR4 France ASGROW 100 SF-023 - -
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Supplementary file 2. Physical and chemical properties of soil used in the experiment

EC pH Lime Silt Sand Clay Soil texture Organic carbon Item
(dS/m) - % - (%) Unit
0.78 7.92 315 30 30 40 Clay loam 0.74 Amount
K P Cu Mn Fe Zn Organic matter (%) ltem
(marka) Unit
102 7.2 13 10.3 11 0.11 1.28 Amount

EC: Electrical conductivity; pH: Potential hydrogen; Zn: Zinc; Fe: Iron; Mn: Magnesium; Cu: Copper; P: Phosphorus; K: Potassium

dS/m: DeciSiemens per meter.



