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Abstract; Leaf is an important organ for photosynthesis and a key factor affecting yield in barley. In
this study, a total of 23 papers on quantitative trait loci(QTL) mapping for leaf morphological and
physiological traits in barley, published from 1999 to 2023, were collected to explore the genetic
mechanisms of leaf-related traits in barley. The 356 initial QTLs {from different genetic populations
were integrated into a high-density consensus map of barley and subjected to QTL meta-analysis. A
total of 31 meta-QTLs(MQTLs) were identified. These MQTLs were unevenly distributed across the
seven chromosomes, with the majority (54. 8% ) consisting of 3—75 initial QTLs and three MQTLs
containing at least 13 initial QTLs. The average confidence interval (CI) width of these MQTLs was
1.54 cM, which is 6. 73 times narrower than the average CI width of the initial QTLs. Among these
31 MQTLs, 10 breeder’'s MQTLs were selected for further candidate gene mining. Using the barley-
rice homology comparative strategy, a total of 12 barley orthologs associated with rice leaf morpholo-
gy or physiological traits were identified within the breeder’s MQTL regions, which may be candidate

genes for regulating leaf morphology and physiological traits in barley.
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Table 1 Basic information on QTLs for leaf morphological and physiological traits in barley used for meta-QTL analysis

5 RO RS I PR prigsen QUL g
1 . Population o~ QTL
Code Population . Trait Marker type Reference
type/size number
R A Primsa X Apex .
1 Spring barley cultivars Primsa X Apex RIL/94 SLA AFLP = Le]
=] e .
g R Primsax Apex RIL/94 LNC. SLA AFLP 8 [22]

Spring barley cultivars Primsa X Apex

TR SR FE AP Lewis X Karl NA. NMGF
3 Two-rowed and six-rowed barley cultivars RIL146 ’ AN AFLP 19 [23]
. NM, DNCAM
Lewis X Karl

K 5 Fl Ashqgelon X Mehola FLL, FLW,

4 Barley cultivars Ashgelon X Mehola Fs/233 FAR, SLA, NF SSR, AFLP 19 L7]
T RN AR K FE S AR Brenda X HS584

5 Two-rowed and wild barley cultivars Brenda BC;3/207 FLL, FLA SSR 10 [24]
X HS584
K F b Fh Harrington X OUH602 N . . .

6 Barley cultivars Harrington X OUH602 BC,Fs/98 FLL, FLW SSR 6 [25]
K Fh ArtaxX Hordeum spontaneum 41-1 IF. MF. VE

7 /I?lelf}cy cultivars ArtaX Hordeum spontaneum RIL/94 Ml:;PQE: CH’C SSR, AFLP 15 [26]
AR W K FE S A Yerong X Franklin

8  Six-rowed and two-rowed barley cultivars DH/154 CHC, FLL., FLW DArT 9 [27]
Yerong X Franklin
Barley cultivars ZQ320 X 1277

9 Jo 2 iR ZQ320 % 1277 F,/246 FLL SSR 2 [28]
Six-rowed barley cultivars Steptoe X Morex

10 K A A Steptoe X Morex DH/150 FLL RFLP 2 [26]
AN R WA RE 11 X B RE 6 NPR, SC, CC, TR,

11  Six-rowed and two-rowed barley cultivars DH/122 FLA, FLL, FLW, SSR 38 [8]
Huaai 11X Huadamai 6 RWC, CHC., LNC
K R ND24260 X Flagship . . .

12 Barley cultivars ND24260 X Flagship DH/100 FLL, SLL, LAG, GFL DArT 8 [30]
R VK B 5 A Commander X Fleet .

13 Elite Australian varieties Commander X Fleet DH/229 LR, LW, NDVI SNP 4 [31]
WK K & & AR SE i F A R Com-
mander X W14304 .

14 Elite Australian variety and advanced breed- DH/228 LW, NDVI A S 4 [31]
ing line Commander X W14304
WA S 5 R R 58 3E Rl R Fleet X

. WI4304 _ .

15 Elite Australian variety and advanced breed- DH/299 LR, LW, NDVI, CHC SNP 7 (31]
ing line Fleet X W14304
g o FLL, FLW, FLA,

16 JVEERZ AR Steptoe X Morex DH/150 CHC. RWC, RFLP.RAPD 20 [32]
Six-rowed barley cultivars Steptoe X Morex PC. WSC

o . . SPA, TR, SC, CC,
17 & dnER CM72X Gairdner DH/108 LT, LVPD, AWL, DArT, SSR 15 [33]

Barley cultivars CM72 X Gairdner SCL. FLW. SCV

TR RIS K E AP Clipper X Sahara 3771
18 Two-rowed and six-rowed barley cultivars DH/146 FLL RFLP, SSR 3 [34]
Clipper X Sahara 3771

PR AR I AP AERE 11X R 6 FLL. SLL, TLL,
19 Six-rowed and two-rowed barley cultivars DH/122 FOLL, FLA, SELA, SNP, SSR 44 [35]
Huaai 11 X Huadamai 6 TLA. FOLA

K& S Fh Badia X Kavir

20 Barley cultivars Badia X Kavir

Fz.4/104 FLL SSR, ISSR 6 [36]
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X . Population . QTL
Code Population . Trait Marker type Reference
type/size number
K i J36528 X BMJ8Y o ~
2L G e 136528 % BMI89 RIL/125 FLL. FLA DArT, SSR 16 [37]
TR AKE AP Gairdner X SYRO1 FLT. FLI
22  Two-rowed barley cultivars Gairdner X DH/155 T T a DArT, SNP 29 [9]
FLW, FLA
SYRO1
K Fh H602 X Golden Promise o
23 Barley cultivars H602 X Golden Promise RIL/134 CHC SNP 15 [38]
PN AR A AR B AR K Morex X AWCS 276
24 Six-rowed cultivars and two-rowed wild barley RIL/201 FLT, SLT SNP 33 [39]
Morex X AWCS 276
=) .
g5 RZEMFH NureX Tremois DH/136 FLW, FLSL, DArT, SSR, 13 [40]

FLL, FLA SNP, AFLP

Barley cultivars Nure X Tremois

RIL: B A AR s SLA ARSI T AL LNC. M58 S0 NA L IFAE ) 508 s NMGF SR 208 5 s NM: R 0 0% 5 DNCAM:
AR A R S R A 25 S FLL MK B FLW . B M 58 3 FAR 10 AR LG 285 SLA 45 5k i 1 AR NF - b F5 80 FLA B i A7 5
IF: B AR s MF i K90 ; VE 1] £ 9¢51 ; MPPQE: PSTT #4 fg K/ ¥ 78 4 1 304 s CHC M4 5% 45 DH : BUEL A% 4 s NPR: 0t 5
5 SC AL CC AWK B 5 TR 2515 3 A RWC AN 3 K Ak s SLL 3 0 K LAG ) @R I AR GFL . IH T 95— A
gt LR R B B s LW 0 5 95 52 s NDVI: 3 — 1k 22 S Al 46 80 PC L Il &0RR & 5 s WSC K I MK /L & s SPA S FLE AL LT
M s LVPD: 28 SR 75 B AWL ALK B He 3 SCLL .« )@ 40 I B2 5 SCV - B I 40 i (A B TLL 38 = PR B2 FOLL . 38 Ui 5 SELA
S IR TLA 38 = M A FOLA 55 P n AR FLT  MERJRE s SLT . 55 — 05 B FLSL T 5 1

RIL: Recombinant inbred line; SLLA: Specific leaf area; LNC: Leaf nitrogen content; NA: Nitrogen at anthesis; NMGF: Nitrogen
at mid-grain fill; NM: Nitrogen at maturity; DNCAM: Difference in leaf nitrogen content between anthesis and maturity; FLL: Flag leal
length; FLW. Flag leaf width; FAR: Leaf area ratio; SLLA: Specific leaf area; NF: Number of leaves; FLLA: Flag leaf area; IF. Initial
fluorescence; MF: Maximum fluorescence; VF: Variable fluorescence; MPPQE: Maximum/potential quantum efficiency of PSII; CHC.
Chlorophyll content; DH: Doubled haploid; NPR: Net photosynthetic rate; SC: Stomatal conductance; CC: CO; concentration; TR:
Transpiration rate; RWC.: Relative water content; SLL: Second leaf length; LLAG: Leaf area under the green; GFL: Green first leaf un-

der the flag leaf; LR: Leaf rolling; LW. Leaf waxiness; NDVI. Normalised difference vegetation index; PC: Proline content; WSC:

Water soluble carbohydrates; SPA: Stomatal pore area; LLT: Leal temperature; LVPD: Leafl vapour pressure deficit; AWL: Aperture
width/length; SCL: Subsidiary cell length; SCV: Subsidiary cell volume; TLL: Third leaf length; FOLL: Fourth leaf length; SELA:
Second leaf area; TLA: Third leaf area; FOLA: Fourth leaf area; FLT: Flag leaf thickness; SLT: Second leaf thickness; FLSL: Flag

leaf sheath length.
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A. Distribution of initial QTL and MQTL on each chromosome; B. Frequency distribution of PVE for initial QTL; C. Number of
trait types and initial QTLs included in MQTLs; D. Comparison of CI widths for initial QTL and MQTL.
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Fig. 1

Basic information of initial QTL and MQTL
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From inside to outside, the circles indicates the position of the initial QTL on the consensus map, Position of the MQTL on the con-

sensus map and Consensus genetic map, respectively. The numbers in the outer circle indicate the genetic length of each chromosome.
B2 XKEMAESMEEEKGE QTL 71 MQTL £ — B EE LM E
Fig. 2 Position of initial QTL and MQTL for leaf morphology and physiological traits in barley on consensus map
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K2 RERTE—BMEBEENELRER

Table 2 Basic information on high-density consensus mapping in barley

Y A Fric % B Y (R 2 PRIC %
Chromosome Marker number Chromosome length/cM Marker density/(markers « cM~1)
1H 3 494 140. 08 24,94
2H 5413 158. 39 34,18
3H 4261 173.17 24,61
1H 2 813 148. 00 19.01
5H 4 335 198. 86 21. 80
6H 3 555 146. 23 24.31
7TH 4191 167.22 25.06

B (H Average 4 008. 86 161.71 24. 84
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Table 3 Details of MQTL for leaf morphological and physiological traits in barley

MQTL Posi{t%f-/cl\/[ Cl/cM CI SVIEECM Flar{lmﬂi%:;ﬂ:‘rjgrkcr . %PE%I‘VCiL QI\?UI;’%”E
interval/Mb of QTL
MQTLIH-1  58.82  58.57~58.92 0.35 11_20121~JHI Hv50k 201637599 449. 70~449. 93 2
MQTLIH2  80.91  80.47~81.35 0.88 bPh-2007~ 1_0822 476.91~479.34 4
MQTLIH-3  97.62  97.38~097. 86 0. 48 JHI Hv50k 201650355~ bPb 5014 490. 59~497. 20 4
MQTLIH4  131.02  130.22~131.94  1.72 bPb-8307~3_0264 512. 49~512. 62 6
MQTLZH-1  44.31  41.29~47.33 04 bPt-8049~JHI-Hv50k-2016-79830 37.32~50. 44 3
MQTLZH-2  68.85  68.52~69. 13 0.61 21337 ~JHI-Hv50k-2016-105525 278.05~564.05 19
MQTLZH3  69.45  69.25~69. 46 0.21 2HL_43960788~2_ 406934594 347. 26~565. 55 9
MQTL2H-4  70.44  70.32~70.56 0.24 JHI-HvS0K-2016-106227 ~2_394340366 566.28~566. 61 17
MQTL2H-5  90.31  90.14~90.47 0.33 bPh-4706~1_0969 582. 17~583. 34 4
MQTL2H 6  99.01  98.91~99. 1 0.19 bPb-3563~1_1346 596. 19~601. 54 3
MQTL2H-7  107.75  107.35~108.15  0.80 JHI-HyS0k-2016-120806 ~ JHI-HVS0k-2016-121639 618, 43~619. 95 5
MQTL2H-8  128.92 128.71~129.16  0.45 20895~ JHI-Hv50k-2016-136118 633.01~644.73 4
MQTL3H-1  60.64  60.52~60.77 0.22 JHI-Hv50k-2016-196030~SCRI_RS_116760 524. 07~586. 99 7
MQTL3H-2  85.45  84.22~86. 68 2. 46 JHI-Hv50k-2016-204497 ~JHI-Hv50k-2016-205353  560. 81~563. 58 7
MQTL3H-3  118.33 116.91~119.75  2.84 bPb-2550~2_0788 581. 69~585. 42 6
MQTLAH-1  26.65  25.6~27.71 2.11 JHI-Hv50k-2016-230504~JHI-Hv50k-2016-230725 12, 38~13. 48 4
MQTL4H-2  83.59  82.85~83.83 0.27 2 0765~2_ 0358 569. 19~569. 33 3
MQTL4H-3  106.02  105.23~106.8 1.57 3_1472~ JHI-Hv50k-2016-269901 593.60~597. 54 7
MQTL5H-1  28.64  27.91~29.37 1.46 2 1327~3257067D5 4.92~5.97 2
MQTL5H-2  72.15  69.73~74.56 1.83 JHI-Fv50k-2016-312838 ~ JHI-Hv50k-2016-314647  473. 85~ 480. 25 4
MQTLSH-3  94.86  93.94~95.78 1.84 JHI-HvS0k-2016-321115~ JHI-Hv50k-2016-322553 498, 31~503. 07 4
MQTLSH-4  130.8  129.84~131.76  1.92 3_0556~ JHI-Hv50k-2016-339429 535.91~536.28 7
MQTL5H5  145.77  145.56~145.89  0.33 3_0165~bPt-9923 557. 72~559. 36 4
MQTL6H-1  20.63  19.21~22. 04 2.83 JHI-Hv50k-2016-374485~ JHI-Hv50k-2016-377234  13.56~16. 70 4
MQTL6H-2  58.24  57.81~58.67 0.86 JHI-HvS0k-2016-411985 ~ JHI-Hv50k-2016-413596  490. 37~502. 98 4
MQTL6H-3  64.29  63.51~65. 06 1.55 20190~ E33M61-130 444.22~451.68 4
MQTL6H4  80.72  79.88~8l.57 1.69 THI-Hv50k-2016-419606 ~ JHT-Fv50k-2016-421076  530. 57~ 534. 23 3
MQTL7H-1  32.07  31.56~32.58 1.02 3 0040~JHI Hv50k 2016459165 30. 40~39. 56 2
MQTL7H-2  52.6  50.29~54. 92 1.63 JHI-Hv50k-2016-467399~ bPh-9803 62. 44~65.79 3
MQTL7H-3  76.48  76.24~76.61 0.37 3 1415~2 0042 444, 38~505. 11 13
MQTL7H-4  133.58 132.33~134.84  2.51 bPb-8702~2_0926 616. 02~620. 45 7

S MQTL &R F fi# MQTL.
Bolded MQTL indicates breeder’'s MQTL.
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2.4 KEMAESNAREERZEERNTED
HRYEEFPEH MQTL bR 255 MQTL 9
HFE BS/NT 20 Mb, ik i 10 A F#E MQTL i
AT BEE I M . FEIX S H A MQTL X s py 3t
YEF 1395 MERE, M T#H-PEENSRE

RS AR B R AR SC A R L XL 7 10 A
Ffid MQTL X 3 P i it K 227K A ) ] 9556 2% L
BRI T 12 MK R 3 AL
AL P S5 AR OCHE R B R A AR R R R I (3R
4) XL AT BEARIRA R A i R AR G IR A i e HE A

4 EFMEMQILXEAKEHHFEXMRERANAZERRERERE
Table 4 Barley orthologs of rice leaf-related trait genes within the breeder’s MQTL region
. S 1D it KRR I PR 2%k
- Gene 1D Description Ortholog in rice Trait Reference
= K i A 2
MQTLIH 2 HORVU. MOREX. r3. 1HG0077210 A2k T BEIERRRR £ 0AE _ 0s05g0518800 M RE [53]
Carbamoyl-phosphate synthase large chain Leal senescence
K Ras E I 2
MQTL1H-2 HORVU. MOREX. r3. IHG0077340 75 Ra.b H . 0s05g0516600 T RE [54]
Ras-like protein Leaf senescence
L=
F0 B B 3 W?LE’FF{_
MQTL2H-5 HORVU. MOREX. r3. 2HG0186720 g ) 'ﬁfﬁm 0s04g0574700 Stomatal [55]
S-type anion channel
conductance
N . HIRAERK
3/ U- i .
MQTL2H-8 HORVU. MOREX. r3. 2H1G0204830 g%ﬁ‘(/g EOX ﬂ%ﬁ?‘ﬁ? . 0s04g0648800  Light-regulated [56]
5/ U-box superfamily protein growth
TS R Y o
MQTL2H-8 HORVU. MOREX. r3. 2HG0205260 @%@(Hﬁfﬁm 0s08g0140300 T RE [57]
Tryptophan decarboxylase Leaf senescence
- . ons 5 R B 72 i ) ] R s
MQTL2H-8 HORVU. MOREX. r3. 2HG0205290 Tryptophan decarboxylase 0s08g0140300 Leaf sencscence [57]
MQTL2H§ HORVU. MOREX. r3. 2HG0205310 (o A MR Bl ] 05080140300 M RE [57]
Tryptophan decarboxylase Leal senescence
. , H g
MQTL2H-8 HORVU. MOREX. r3. 2HG0205970 *JJ%W?E H . 0s04g0641700 Plant [58]
Transcription factor protein
development
: . | o NAC Z5i s A . LI =
MQTL4H-3 HORVU. MOREX. r3. 4HG0413050 NAC domain protein 0s03g0119966 Leaf sencscence [59]
o~ . L S PR A . . TH R 25 1
MQTL4H-3 HORVU. MOREX. r3. 4HG0413540 Zine finger protein, putative 0s07g0153600 Plant structure [60]
e TR TR A ot . SALA A
MQTL5H-3 HORVU. MOREX. r3. 5HG0499370 Copalyl diphosphate synthase 0s04g0178300 Stomatal closure [61]
A~ 9 4t 9 .
MQTL6H-3 HORVU. MOREX. r3. 6HG0604470 1, B3 & f s ik 15 050280683500 ISy [62]

B3 domain-containing protein

Leaf angle

3 it

A A — ke R R Y s A TR T DL
PETH QTL AL A B b N, ARAFS i T
6 KUz A B K 2 st A% Rk AT R A 2 ke 1
MK EZSH KB, HE, KIER 23 I QTL
WFoE Y 8 ik ikt 1% B 1% e 5 21 5 25 B3E 1, &
224l AL & 28 062 AMARid, B 1 131,95 cM
NG Aol T € ech i L R N B e S R A R )
TS FARIC R EE R L B e R
QTL F Mg 25 R 46 %8 MQTL BB AEIE B . N )5
Sz (RS Al L TAEZEE T RS Sk

DIAEWRSE h AL T K d K 22 R B 28 R AR 3
PRI QTLEI 52 QTL AYRLNAR, & 15 X

8] 5, BR T B ATTHE 43 F b ic il Bh ik B b a i .
WA FEAS [ A L RE AR o % 5 21 QTL 33t % fif
AN A A AN A R BELAS T AT AR s AR B R
PN H . QTL JG 43 A1 e 05 4% ok A A [A] 3 36 1Y
QTL Bd & 4 31—k — 2ork K 3% 1 AR {CH B F
W EAR/IN QTL (1 8 A X 8], 107 FL 68 5 8 e %5
WA HoRA E 19 MQTLMY , HAT, AR B M
FHT R BT | 7 d A G MR K i 5T P 4R i) ok
T Akbari AF IO TR 2 it AE AR W an
PR 1 162 N1 QTL BEAT T/ M, S A6 I 5]
128 > MQTL, 7E sb 3L i |, %2 %] 3 4~ PVE &
30 M9 MQTL, [A] B 52 i 2 /> 470 38 P 4R s Du
SELIXE 2000 4 DA K 2 1 45 i K 22 kR b T
AR 454 4~ QTL #EAT JC 40 Hr, %€ 3 41 4
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MQTL,FH¥ CL % E N 1. 66 <M, H5FH CL A b
WE QTL /T 88.9% .M QTL T/ g
TS 41 Hb e 7 2 B AR R . ABFRIE T R A
23 TWFSR 1Y 356 A~ K2z it B 245 A AR B R
QTL. MHET @ % B — B0 B, i o oo 70 i 4
E 31 4 MQTL, HAF¥ CLSEE N 1. 54 <M, Al
TR QTL, 45/NT 6. 73 £%. 14N, MQTLs
0 A M RN RT SR S B iR QTL Bt i 3
FHIESY . FEABEFE L T 90 %0 1 MQTL &
3A KU BRI QTL, Hid, 11 4~ MQTL H &
D6 DI QTL 4. AHXTI & A5 KK
P om T 4 R R 2 i R R A AR R S PR 1Y
AL X HERRPE . 78 BT IWCEE 9 KA - R A OGPk
R, 28 MQTL ¥ 5t K 58 AR At 4 %
T ARG, Bt A E MR QTL i 481 3
AT e B TSR G Tl A EE AR QTL
I 5 B s . b, X S R — 2 24
LR FEAS TR 15 57 00 a5t A% B AR b AT BB 46 o A
[F] F10) 45 o7 o R 2] L8 o8)

AHEL T HA AR ABHEY KA W BE 4 ek
PR I3 BT SR P b A i PR 20 2 1) O ik ol 6 e Tl B R
SRR L . % TR R A B W AR
R WEFER N B AR W, A R DR A 2 F 5 0
D] 1 oA 400 3 249 Ak 43 0 A7, PRI O 3R] B K 2 K
et Ay [) 0 25 DRI T T 48 s K 22 o MR ) e [
HAEEE N, AUF5RE 10 4HFME MQTL X
BRI E] 1 395 AR, DL s [ o, e 0
FE AN 12 A EKREM B AL A R AL
VA G P AR AR DG TR PR A K 22 &R () R I L 3R ] &
TTAT RE 2 52 e K22 W T 25 AR B IR 1 % 328
B, filhn, A7 7 MQTLIH-2 K93 HORVU.
MOREX. r3. 1HG0077210, 4w fith 22 5 F ok i 0 R &
G 7E KRG b, [A]R 3E R OsS20-2 FE T B 8%
3 TR RS 4 o 2 3 Ab BT SRR R 1
PH MK AR I i R 0 T MQTL2H-5
X Ik g F K HORVU. MOREX. r3. 2HG0186720
(HvSLACI) . 4ifi% S B &5 38 38 2 (1, 76 50 W
R R KRS R P OsSLACT S
PEOKAE 0 S AL T B IR — 2P o it 7ok & AR
FHP A F MQTLSH-3 X 8 (19 2% [ HORVU.
MOREX. r3. 5HG0499370, % i — B B2 4 Wk &
fiff 75 K A oL [ R 3 R OsCPS4 18 ¥ S FL A
G H R B R epse AL & H WD, % T 2 )
HAURSY 7 F MQTL6H-3 X 3 i 5 A HOR-

VU. MOREX. r3. 6HG0604470, 4 5% & B3 454
WEA . HKBRFEEXHNOsRAVE Wi @ =8
R [ T 11 R 3 Ok B2 W) K R I R AR R RO R R
AN TR AE A F MR MQTL X 30E %& B
— S SR RREE R i o OB AE K SRR B A
DI 7K R i BRI R 22 ) I P, 3k BB K RS- K &
[F] 95 35 PR A KA W e 8 28 R A 3 R Y s A AL
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