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ABSTRACT

Introduction: Barley (Hordeum vulgare L.) is known as the fourth most important grain crop in the world. Drought stress is also one of the main
factors that reduce the growth and yield of barley, and grain yield is directly related to the morphological characteristics of the flag leaf..
Materials and methods: In order to identify the main and epistatic genomic regions and investigate their interaction with the environment for
morphological traits related to flag leaf, including length, width, area, and flag leaf sheath length, an experiment was conducted with 136 doubled
haploid lines of barley along with their parents ‘Nure' and ‘Tremois' using an alpha lattice design with two replications under normal and drought
stress conditions at the Zabol Agricultural Research Station, Iran, in 2015-16 growing season. The genetic map of the target population comprised
543 markers (including DArT, SSR, SNP, and AFLP markers) for the QTL analysis. In this study, single-locus and two-locus QTL analyses were
performed using the composite interval mapping (CIM) and mixed-model based composite interval mapping (MCIM) methods, respectively.
Results: Based on a single-locus analysis, five QTLs were identified, including three putative QTLs, Q1FLW-1H.SZ, Q1SHFLL-
1H.NZ and Q2SHFLL-1H.NZ at bPb-6343-bPb-8081, bPb-1419-bPb-9180, and bPb-9108-bPb-6343 marker intervals, and two suggestive QTLs,
on chromosomes 1H and 5H for the traits of flag leaf width (FLW, cm) and flag leaf sheath length (SHFLL, cm). Based on a two-locus analysis,
eight additive (M-QTL) QTLs and 15 pairs of epistatic effects (E-QTL) were detected for different traits, among which two pairs of epistatic
QTLs for the FLW trait showed significant QTL x environment interactions (AAEI). All detected M-QTLs for flag-leaf-related traits across two
environments, without additive x environment interactions (AEI), were identified as stable QTLs, and the highest number of stable QTLs was
associated with chromosome 1H. In this study, drought stress-tolerant QTLs were identified in all barley chromosomes except chromosome 2H.
Conclusion: Most of the QTLs associated with the investigated traits in the Nure/Tremois population in the present study have not been reported
previously and, therefore, are novel. The stable and putative QTLs controlling flag-leaf-related traits in this study, along with the markers linked
to these QTLs, can be utilized in marker-assisted selection (MAS) and gene pyramiding breeding programs after confirmation and validation in
different environmental conditions and genetic backgrounds to create high-yielding and drought-tolerant barley cultivars. Additionally, these
findings will accelerate the understanding of the genetic relationships among spike-related traits at the molecular level.
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Table 1- Analysis of variance for flag-leaf related traits of barley doubled haploid (DH)
population under normal and drought stress conditions.

Mean squares (Normal)

SOV DF FLL FLW FLA SHFLL
41,55 Replication 1 69.16™ 0.64™ 34.15™ 0.74ns
(,,55) b Block (Replication) 22 3.83s 0.04™ 1.87" 1.01ns
oY Line 137 8.31™ 0.05™ 10.50™ 3.88™
Uas- Error 115 2.57 0.02 0.94 1.28
i gy CV (%) - 17.64 26.66 20.89 6.13
(1) e w52 R2 (%) - 82.00 82.00 94.00 81.00

Mean squares (Stress)

,1,55 Replication 1

(,1,55) S ol Block (Replication) 22
oY Line 137
U3 Error 115

Sl a5 CV (%) :

(1) e i yo RE (%) -

72.70™ 0.24™ 15.70™ 3.26"3
5.39" 0.02"s 0.80"s 2.09"s
6.88™ 0.03™ 8.25™ 3.95™
291 0.01 0.69 131
20.42 27.39 21.33 6.30
79.00 78.00 94.00 82.00

n.s L2 ]
3

* K

, " and ": Significant (a= 5%), highly significant (0= 1%) and non-significant, respectively.FLL: Flag leaf length (cm),

FLW: Flag leaf width (cm), FLA: Flag leaf area (cm?) and SHFLL: Flag leaf sheath length (cm).



Y4 Sis s g Jboy byl s cow (Hordeum vulgare L) s>, vz S o b as o las (S005 4500

SHgo & o pd pl WS oo s Sl Jaw S Cmo
o3l eamsylas ol s Jlade g Sgd oo e (Go,0
WS Dygo 97 Cexex Gy 2 & (6N G 0
Soldsne b ;o Gudgy Jlie il g iy Sl el

Jabbari et al., ) coul oot 5,155 il Slao sly

(2018

oY o oS ol (Las Lanmeo 99 )3 &S pe (wil)ly 452
Sy90 Olao der gl o)l sre ey Solay lass
3 oY blie Sl uizmen (¥ Jgaz) 5,1 042 aslllas
o) sl b gme (pw)p 950 Dlao den gl Lae
ao slp (RY) s copo Jlade walllae opl o (Y
Al iy (Slao 5ST 6l 509 YU gy 050 Slao

5 ) Jslaz) cewl Jaw oYU cds oasanlis aS vg duo o

bl lp el Jlae SO plareds s oy (F

byl coxd 92 g Jlo Camoz 10 v 9 S b bad o Slho gl o5 g0 il ylg 4 x5 Y Jgu

(K G g Jlo

Table 2- Combined analysis of variance for flag-leaf related traits of barley doubled
haploid (DH) population under normal and drought stress conditions.

Mean squares

sov DF FLL FLW FLA SHFLL
L. Environment 1 521.18™ 8.27" 1822.71"  230.72"
Lys 5,55 RIE 2 154.43* 2.27" 26.14" 62.35™
(Lo x ,1,55) Sk Block (R x E) 44 3.48" 0.03" 1.01* 0.91"s
oY Line 137 9.29" 0.06™ 15.41* 6.09"
Y (L) Line (E) 137 4.48" 0.03™ 7.39" 1.25"
s Error 230 2.40 0.02 0.51 0.97
S gy CV (%) 15.34 20.52 10.91 5.15
(1) (e oo RZ (%) - 85.00 89.00 98.00 87.00

EE
3

* *

, " and ™: Significant (a= 5%), highly significant (a= 1%) and non-significant, respectively. FLL: Flag leaf length

(cm), FLW: Flag leaf width (cm), FLA: Flag leaf area (cm?) and SHFLL: Flag leaf sheath length.
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Table 3- Correlation coefficients between flag-leaf related traits under normal (above
the diagonal) and drought stress (below the diagonal) conditions.

Traits FLL FLW FLA SHFLL
FLL 1 0.643™ 0.835™ -0.026
FLW 0.723" 0.936™ -0.005
FLA 0.878™ 0.926™ 1 -0.017

SHFLL 0.014 -0.097 -0.028 1

CT

*and **: Significant (o= 5%), and highly significant (a= 1%), respectively. FLL: Flag leaf
length (cm), FLW: Flag leaf width (cm), FLA: Flag leaf area (cm?) and SHFLL: Flag leaf

sheath length (cm).
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Table 4- Detected QTLs for flag-leaf related traits by composite interval mapping in barley doubled
haploid (DH) population under normal and drought stress conditions.

. o feg] ¢ |

lim QTL 4 Sl alub QTL codiye QTLosluel 50> Lob a3l 3l o )5

. . . QTL interval score®  Additive
a

Traits QTL name Markers interval QTL position (95%) offect R (%)
FLW QFLW-1H.NZ HvZFP16-1-bPb-9418 23.00 13.90-46.20 2.99 0.06 0.02
Q1FLW-1H.5Z bPb-6343-bPbh-8081 87.50 80.10-88.90 3.35 -0.05 0.02
Q2FLW-5H.5Z bPb-3611-bPb-5333 199.40 183.50-201.30 2.85 -0.04 0.02
SHFLL Q1SHFLL-1H.NZ bPb-1419-bPb-9180 79.60 76.40-80.10 3.09 -0.49 1.61
Q2SHFLL-1H.NZ bPb-9108-bPh-6343 87.20 84.20-98.60 3.06 -0.50 1.61

(o gilo) oz p S e Jobo SHFLL ¢ (o lw) oz p S 2,e FLW
FLW: Flag leaf width (cm) and SHFLL: Flag leaf sheath length (cm). 2 QTL position expressed in cM, from origin of the linkage

group (end of shortarm); b peak value of the LOD; © proportion of phenotypic variance explained by the QTL; N: Normal
environment; S: Stress environment and Z: Zabol region. A positive and negative value indicates that the Nure and Tremois alleles

increased trait, respectively.
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1H[1]
bPb-0405-1H
Hor2-1H
bPb-7697-1H
bPb-7112-1H
bPb-7043-1H \|
[E42M38_320-1H bPb-1318-1H | \\
bPb-7137-1H bPb-3116-1H
bPb-2055-1H bPb-9414-1H bPb-0589-1H bPb-8112-1H
bPb-8973-1H bPb-5201-1H
Horl-1H WMCLES-1H
bPb-4657-1H bPb-2260-1H

bPb-7306-1H bPb-2183-1H
Bmac0399-1H
HVZFP16-1-1H

bPb-5550-1H bPb-3756-1H
HVHDAC2_1-1H E39M61_332-1H
bPb-1487-1H scssr02748-1H
E39M61_346-1H

bPb-3201-1H

bPb-3217-1H \\|
bPb-2175-1H bPb-8884-1H
bPb-2976-1H

ZN'HT-M140

bPb-0357-1H
bPb-6621-1H bPb-7186-1H
bPb-9717-1H

bPb-1541-1H

bPb-1366-1H bPb-4898-1H
bPb-1213-1H bPb-9121-1H
bPb-6911-1H
bPb-5249-1H bPb-6901-1H
E39M61_247-1H Y|
HV347D22_HVFT3-1H Jf
bPb-1419-1H 4/
bPb-9180-1H
bPb-7429-1H Bmag0382-1H
bPb-3992-1H 4
bPb-9108-1H 4
bPb-6343-1H bPb-8081-1H ]
bPb-5014-1H
bPb-5198-1H
bPb-0617-1H bPb-8935-1HH
bPb-8453-1H
bPb-0631-1H

|
ZN'HT-114HSTO

]
ZS'HT-M14TO

ZN'HT-1714HSZO

1H[2]

1111
1119
112.6
1158
116.0

116.1
ur7

5H [1] 5H [2]
bPD-2330-5H
bPb-5317-5H
5c55102306-5H
TC138581_LOS2-5H | PSR637-5H 1042
bPB-4814.5H E39M61_229-5H 107.6
bPb-1084-5H bPb-2460-5H SCsnp00177-5H 1093
bPD-8072-5H E42M38_190-5H 109.4
bPb-7676-5H bPb-2591-5H DPD-0486-5H\\ {1102
bro7eo7sH L B 2.0 N 1175
\ n1_2- = .
DPL-0091-5H :Eﬁfggigﬁ \ bPb-2325-5H bPb-7854-5H —=F 113.1
bPb.6568-5H bP-9S185H~ | | ~1180
bPb-6183.5H bPb-4115-5H = 1188
TM38 261.5H bPb-3241-5H <\~ 119.0
bPb-1820-5H bPb.5166.5H bPb-7953-5H bPb-0071-5H ¥//=\\ 110.2
bPb.2266.5H bPb-4758-5H 1196
bPb.8256.5H HVBMSA_VRN-HL-5H 1222
bPb-0327-5H bPb-4494-5H bPb-8854-5H 1231
bPb-9632-5H bPb-6067-5H bPb-2580-5H 1247
DPL-6495 g:ﬁg;’?gf;ﬁ bP-5379-5H~ | | 1398
5 bPD-1420-5H bPb-4970-5H |
bPb-6608-5H bPb-2006-5H b— 1423
bPD-9317-5H bPb-2795-5H DPo-2000 SH K ioa
bPb-4135-5H bPb-8589-5H
bPb-4273-5H bPb-2273-5H
E42M32_184-4-5H
E39M61_106-5H bPD-4733-5H 155.2
E35M61_289-5H E38MS50_215-5H ~—f/~ 156.6
E42M38_149-5H bPL-0171-5H ~J [ ~1586
E35M61_L17-5H bPD-3500-5H ~— I~ 158.7
woB44c-5H Bmag0222-5H 1509
Bmac0113-5H scind02587-5H H
HVBPBF-5H I bPb-6195-5H bPb-9147-5HK. | | ~168.7
E42M38_640-5H bPb-8070-5H —F—— 169.7
bPD-6260-5H bPb-7627-5H bPb-3138-5H ———171.8
HVABI5-5H bPb-6179-5H bPb-0835-5H | 1730
Bmag0113f5H 7 | | \70.8
HVCBF8-5H | [™-76.3
Bmag0223-5H ——— 80.7 .
MWG583.5H 900 E42M38_170-5H 1835 O
Scsnp02737-5H 9056 bl
HVCBF4-5H HVCBF2B-5H C
HVCBF12-5H HVCBFI3-5H| \=f . ' bPb-4971-6H bPb-3611-5H i B
HVCBF3A-5H HVCBF10B-5H bPb-5333-5H 1994 [ &
HVCBF6-5H TC140529-5H | Y 5css103907-5H 2013 T
bPD-9476-5H —g—k— 97.1 bPD-9244-5H 2018 [ 0
bPb-4698-5H 72§ 973 bPb-7360-5H ? §202 1 N
oPA17a-5H /| —\- 075 bPb-4725-5H bPb-6124-5H H /AN 202.2
bPb-5596-5H 9.9 bPb-5766-5H 2023
bPD-7395-5H 9.1 HVMO6-5H 203.3
HVM62b-5H 996
HYMYB1-5H 9.8

S o glabold SLadd Shgy b2y S 0 b b po Olas (gl ouds (o Lwlids GLQTL (530wl - S
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Table 4- The map of detected QTLs for flag-leaf related traits by CIM in barley population under
normal and drought stress conditions.
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Table 5- Estimated additive (A) and additive X environment interaction (AE) effects of detected M-QTLs for flag-leaf related
traits in barley doubled haploid (DH) population under normal and drought stress conditions.

ULQ“ Pﬁ)}"j; d)i’l'“" alets QTZ::BP Wl)ﬁl )"‘ 099IZe R2 (Av %)b AE1 AE2 R20 (AE1
Traits ~ Chromosome Markers interval positiona Additive effect Range (cM) %)c
FLL 3H E42M38_230-6-BPB-1264 6.90 0.53"" 0.00-16.20 241 - -
4H BPB-7275-E39M61_181 3.90 0.48™ 0.00-36.90 2.90 - -
FLW 1H E39M61_346-BPB-3201 117.10 0.03™ 105.60-117.10 3.17 - -
FLA 1H BPB-0589-BPB-8112 111.90 0.40™ 104.60-117.10 2.54 - -
6H BPB-4409-BPB-6721 53.20 -0.37 49.00-100.80 1.35 - -
7H BPB-1806-EBMAC0603 32.20 0.29" 23.10-38.40 3.35 - -
SHFLL 1H BPB-9108-BPB-6343 87.20 0.28™ 76.20-106.60 2.48 - -
6H BPB-1009-BPB-3554 7.50 -0.28" 3.30-14.50 3.19 - -

L2 ]
¢

o s e g (O=V1) Lo cire Jhenn (0=07) o xe o gy M g

(o ile) w2 S S Jsb SHELL 5 e i) o2 2 S » gl FLA (0 3le) 022 S G2 FLW (e il o2 2 52 Job FLL

ke 51 Lags o o3l idgy £33 R2 (AE, %) 5 (b5 bagoms by oigldl i il AEL (Jloy bawoms b otglisl i 1 AEL o Liyl3 51 Lasgs oud ools Ligy g5 R2 (A, %)
e b 258

* *

, " and ™: Significant (a= 5%), highly significant (o= 1%) and non-significant, respectively.

FLL: Flag leaf length (cm), FLW: Flag leaf width (cm), FLA: Flag leaf area (cm?) and SHFLL: Flag leaf sheath length (cm).

2 QTL position expressed in cM, from origin of the linkage group; ® Contribution of phenotypic variance explained by putative main-effect QTL or additive effect; ¢
Contribution of phenotypic variance explained by AE interaction effect. E1: Normal environment and E2: Stress environment. A positive and negative value
indicates that the Nure and Tremois alleles increased trait, respectively.
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Table 6- Estimated epistatic (AA) and epistatic x environment interaction (AAE) effects of detected E-QTLs for flag-leaf related traits in
barley population under normal and drought stress conditions.

ol ol 5o o S0les alols (i coadge) pojge9,S Jollr o 5,5l alobs (J cesBse) pojse9,S R2 R2
) ! . e i ) Nl AA 0 AAE 0
Traits Markers interval i Chr (Position i) Markers interval j Chr (Position j) (AA, %)a (AAE, %)b
FLL BPB-6408-BPB-4813 1H-A (30.90) BPB-4564-BPB-4156 3H (148.20) -0.87" 3.28 -
E41M38_210-BMAC0032 1H-B (46.30) BPB-4564-BPB-4156 3H (148.20) 0.78™ 1.04 -
E39M61_247-HV347D22_HVFT3 1H-C (73.20) E38M50_215-BPB-0171 5H-A (156.60) 0.26" 2.49 -
BPB-6755-BPB-1212 2H (47.30) BPB-5166-BPB-2266 5H-B (26.90) 0.29™ 157 -

FLW  E39M61 247-HV347D22_HVFT3 1H-A (75.20) BPB-8043-BPB-5902 TH-A (15.40) -0.021™ 1.86 -
E39M61_346-BPB-3201 1H-B (117.10) BPB-9104-E38M50_220 7H-B (103.30) -0.01m 0.23 nEéz(igggig*g'
E39M61_346-BPB-3201 1H-B (117.10) BPB-8260-BPB-0994 2H (114.70) 0.02" 0.92 -

HVFT4-BPB-2230 2H (68.90) HVHDAC?2_2-BMAG0013 3H-A (129.70) -0.04™ 5.18 -

BPB-2965-BPB-0312 3H (37.60) E42M38_850-BPB-6765 3H-B(67.50)  0.03" 3.23 -

BPB-7275-E39M61_181 4H (6.90) BPB-2054-BPB-5748 6H (124.40) -0.03™ 4.68 -
BMAC0316-BPB-0065 6H-A (2.00) BPB-8043-BPB-5902 THA(1540) 002" 094 RAE ff’doozgg%

BPB-1666-BPB-9114 6H-B (46.60) TC147474 FRY1-BPB-1806 7H-C (32.10) 0.030™ 5.91 -

FLA BPB-3985-BPB-5087 2H (72.20) BPB-9111-BPB-1481 3H-A (145.20) -0.55™ 5.77 -

BPB-2965-BPB-0312 3H (38.60) HVM33-SCSSR25691 3H-B (65.40) 0.51" 3.06 -

SHFLL BPB-1264-BPB-9402 3H (15.20) BPB-0610-BPB-9820 4H (117.70) -0.70™ 8.21 -

#*

0=V s e o 9 (0=07) o gixe ool Sy *% 4
R? (AA, L sal38 50 (c2al58) (g5t Jolie I 3TAA (e i6le) oz 5 S M Job SHFLL o (o 26le) o2 Sy o FLA (o 6lo) oy Sy (o0 FLW (e L) oz 5 S Jobo FLL
e b 53l e 51 a0 ool ity 95 RE (AAE, 96) 5 55 e b 53tmms] blie 31 AAEL L Loy Laomo b (65! blisie 51 AAEL 163l 5l Lags o0 o0ls Siigs 555 %)

*and ™" Significant (o= 5%), and highly significant (a= 1%), respectively.

FLL: Flag leaf length (cm), FLW: Flag leaf width (cm), FLA: Flag leaf area (cm?) and SHFLL: Flag leaf sheath length (cm).

2 Contribution of phenotypic variance explained by epistatic QTL or additive x additive effect; ® Contribution of phenotypic variance explained by additive x additive x environment
interaction effect. E1: Normal environment and E2: Stress environment. A positive and negative value indicates that the Nure and Tremois alleles increased trait, respectively.
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> Cuxe> o J(Tondelli et al., 2014) ., Ko
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w92 5> (TH 5 BH IH (slapgjses S 59, ») o200 S 2
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GLQTL (b ol b ad canlie azy 5y D
L 2H p55909,S 555 pzn Sp e lp oad IS
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&Sy 18 ez S ore g Job Slae sl 2H
arsi 1) i oulls 5l @Yk we s il LQTL
» oad plxil sl ags o (Du et al., 2019) aus
szl g o Sdes slp ‘_',-.’.l-‘bQTL 9T ComeZr 4w (89,
wals glells TH g 4H 3H slapgieeg,S o o,Sles

50 39290 sQTL L a5 (Mikotajczak et al., 2016)

P93 p emlie lly 5 G5 slagbe ool cnlnle
W0,S Aog |y omded g 5l ey BDIFY 5 Wog
Civo ol gl (B-QTL) (ki) Sl i S copeizman
aoys ATV a5 wi bolSe BHIAH lapgsses,S oo,
Josine AAE 1 36 4 sl Libs |, SHELL ggi5 5|
ol Olssa (LS o oz S (P Jsaz) Wi
3 Slge Dz yo pwlul 28 aliw H0eb 5l B3 S
Yangetal., ) o,ls ails o, Shae ams o g asls 0, sl p
G Al G 4 oz Sl Olhoey s sl (2016
Lid Sy plo jlas Jbo j0 05 (o0 &j50 5 5k
Ali et al, ) o5 o colaa @l S & (g090> b
Sl orn Sp b b Sigledse olae (2010
cilize GLQTL L ol by by & aitwn o5
G5 wiile e slais Sl Co g digd e J5S
5 oS (Tian et al., 2017) 0,5 o 8 Sas
Jsb sl QTL aw «(Gyenis et al., 2007) ., Ko
QTL 4w 5 7H 5 5H 3H (slopsis0s,5 9y vz S
SH 5 4H 2H Glapssoes,S 65 o270 Sr 250 sl
@l QTL 5 352 clandllas o is,5 lolid o> 4
9 TH 9 SH (slopgjoes S (59, » pzp Sp Job cao

959095 89y 2 TR Sr o Che slp QTL g

L a5 «(Xue et al., 2008) wi 3,155 4> Cones ,05H

CLQTL ol g o ol cilhe ol axdllas

O bl 0 ez Sp oy Gl el ol
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