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Abstract: Heading date is a crucial agronomic trait that significantly influences crop yield formation and
environmental adaptability. Elucidating the molecular regulatory mechanisms of heading date is essential for forage
germplasm innovation and for breeding new varieties. FEchinochloa species (barnyard grass) are ideal forage
resources for marginal land utilization because of their remarkable salt-alkali tolerance. However, the molecular

mechanisms underlying the regulation of heading date in Echinochloa remain unclear. This knowledge gap
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substantially constrains molecular breeding of ecologically adapted varieties and the agricultural development of areas
with saline-alkali soils. To decipher the genetic regulatory network controlling heading date in barnyard grass, we
employed bulked segregant analysis sequencing (BSA-Seq) to analyze Echinochloa crusgalli var. frumentacea,
Echinochloa crusgalli var. mitis, and their F,., hybrid population (62 samples in total) , using the Echinochloa
genome as a reference. Then, quantitative trait locus (QTL) mapping was performed using the Index algorithm in R
4.2.2, and a protein-protein interaction network was constructed using the String database to identify candidate
genes. Functional annotation of these genes was conducted using the Gene Ontology and Kyoto Encyclopedia of
Genes and Genomes databases. A total of 11347 single nucleotide polymorphisms and 1992 insertion/deletion
mutations were identified as effective variants. Two candidate QTLs were mapped: qHD-16-1 (193. 14 kb,
containing 17 genes) and qHD-6-1 (11. 05 kb, containing two genes). Six key candidate genes [ EcCRCS3, EcCYSK
(missense mutation) , EcP0710H01. 9, EcAPG, EcCFAT, and EcNBA 1] were identified. Functional annotation
revealed that these genes regulate heading date primarily by modulating sulfur, cysteine, and methionine metabolic
pathways, thereby influencing the expression of flowering-related genes and flower bud differentiation. This study
provides valuable genetic resources and potential molecular targets for molecular marker-assisted breeding and offers
critical insights into the molecular mechanisms underlying the regulation of heading date in barnyard grass
(Echinochloa spp. ). These findings establish a theoretical foundation for precision breeding of saline-alkali-adapted
forage varieties, demonstrating significant scientific merit and promising application prospects for the utilization of
saline-alkali land.
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Table 1 Distribution characteristics of the heading stage days of the F, ,generation population and parental

i H SEAH{E Parental mean (d) F, ,#EIA F,,, population
ftem W T TR P ifie 22 R AL 78 5 i A S5 B 354 T £
E. crusgalli var. E. crusgalli Standard Mean Range of variation Coefficient of ~ Kurtosis Skewness
Jfrumentacea var. mitis deviation (d) (d) variation (%)
JH i Heading stage 10949. 35a 96-£10. 80b 19.17 94.00 66.00~130. 00 20.39 —1.20 0.00

T AT AN R/NG 50308 P ) 22 53 W 2% (P<<0. 05) .

Note: Values within a row followed by different lowercase letters are significantly different at P<<0. 05.
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WU 7E (33, 81X ) ~(34. 42X ) [a] , 23k 15 120. 46 G J5

BT A 28t B L R S A ) 116. 99 G

Jit 8 1Y Clean reads ¥t ¥ . GC & & J 45.73% ~
48.35% ,GC 43 Ml IEH , Qu=94. 82 %0 , I ¥ %5 4 T 1

i FH BW A B4 ¥ Clean reads H X ) B 04 2 2% 51
BI2H o 4 DFEA Y FE XS 34 T 98.97%6~99. 75% , %L
it bE X 28 e o R A () G o A X3 1) 7 55 R R O O
Sy tE oL DX SR H A AR A G o 91,57 %0,
TACIR MR i 93. 69 % , 4 X 78 35 R 4 W A BEAS M ot
81.55% , TARIE M M it 91.35% . 5 % HL N4 g 15y
o AL R AT
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Fig. 1 Frequency distribution of heading stage in parents
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and F, ; population

E: R ##E K Early heading population; M. H 8] £ ## /K Intermediate
population; L: B il B A 4K Late heading population; P,: ] 5§ 52 1 (
A)E. crusgalli var. frumentacea (Female) ; P: T H G5 H (LA )E.

crusgalli var. mitis (Male).

Table 2 Quality statistics of raw data and matching of quality control data with reference genome

FEA % THIM
Sample ID E. crusgalli var. mitis

JE IR T 5141 Raw reads 110698444
JU U B L B Raw bases (bp) 16715465044
1L T B 4L Clean reads 108936494
i JE i FE %L Clean bases (bp) 16249584281
GC % & GC content (%) 48.35
Q. 7 i Qy content (%) 94.82
He X} 2R Mapped ratio (%) 99.72
It 5t L X6t % Proper ratio (%) 96. 38
i A K BEK B Tnsert fregment length (bp) 338
-4 Fp PR BE Average sequencing depth 13. 20
i <>1><>Lovemge(>1><)<m 91.57
W6 (=4 Coverage (=4X) (%) 81.55

W T T AR A v el AR 5 itk

E. crusgalli var. frumentacea Early heading pool Late heading pool
97387918 293041906 296602604
14705575618 44249327806 44786993204
95849704 287622304 291064822
14308880560 42973291907 43460506570

46.63 45.73 46.13

94. 96 94.97 95. 06

99.75 98.97 99.48

96.61 96.07 96. 60
345 323 310

11.58 33.81 34.42

91.93 93.84 93.69

84.93 91. 36 91.35

e B (10O M (=40 FoR A BT M 7 24 8 e B L R 40K

Note: Coverage (=1x) and (=4X) indicates the percentage of bases that are read at least once and four times during sequencing.
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%4 Indel-index B % XM X 8

Table 4 Indel-index correlation interval

Loess {814 Loess fitting W 7 H 1§ Sliding window strategy
Ye a1k Chromosome  JF 4R & Start position  Z53{fi & End position | Yt {k Chromosome — JFUA {7 & Start position &5 4 & End position
2 17062211 51531094 1 4108439 9491129
6 6601800 16813256 13 9003411 9044483
7 6840956 9180095 14 40414541 49041093
21 10182932 41322793 16 1612839 2819921
24 28707547 28722744 17 32032451 32989414
26 15686452 36334572 26 15686452 36334572
4 5777936 5787128 6 16802203 16813256
7 3110078 8649515
8 19854393 24310847
2 17062211 51531094
4 5777936 5787128
GOE % 73 ¥ GO enrichment analysis
VSR BBV P Cysteine synthase activity [
N2 TR P I 2R 1 AE 4 A5 ik B2 Cysteine biosynthetic process from serine o
PR ER AW OSFE Cysteine biosynthetic process o
LR FE Cysteine metabolic process [ ] BB P,
L-22 5 R id 2 L-serine metabolic process o 0 20" et
22 R IR LR A6 IS FE Serine family amino acid biosynthetic process [ ] 015
T 28 SR 1 2B W) 5 i #2 Sulfur amnino acid biosynthetic process () 0.10
Tt & LR AR L A2 Sulfur amino acid metabolic process © 0.05
22 BIRF R FETR AR UL FE Serine family amino acid metabolic process o 0
AL S AE A et 2 Sulfur compound biosynthetic process o % Number
o-ZIERR A & L F2 Alpha-amino acid biosynthetic process @ .gé—l
N A IEFR (1) A=) 45 L A2 Cellular amino acid biosynthetic process o )
R BREE, R bkl 05 I Transferase activity, transferring alkyl or aryl ) @3
o-ZEIR IR S FE Alpha-amino acid metabolic process [ ) o4
A SR EHE 2 Sulfur compound metabolic process )
FRIR AW IS 2 Carboxylic acid biosynthetic process o
HHLRR A i B2 Organic acid biosynthetic process Y
2N A FEFR (1) 4R L 72 Cellular amino acid metabolic process o
INF T A G FE Small molecule biosynthetic process ()

TR R IEAT I 8 A FO-1E k#3418 Protein O-linked glycosylation via hydroxyproline
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KEGG & 470 #T KEGG enrichment analysis

AU Sulfur metabolism
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B R Tryptophan metabolism . 0.08
HAMR. 2RI Z IR Glycine, serine and threonine metabolism . 0.04
g i 0
2 ik iy § E78 . =
N N 7f14 BERRAIGA(TCATHIR) Citrate cycle (TCA cycle) 5 Number
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ABHER AL Pyruvate metabolism

[ Y% 5 2. Homologous recombination
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Fig.5 Annotation analysis of gHD-16-1 and qHD-6-1 gene GO and KEGG databases

B 5 Rl XA O A 7 1 T G R BT IR JF A o R R R R DX SRR T 2 4 BLAT O

0.05 0.10 0.15 020 0.25 0.30

BT LR

e P A R 114 23 1 s A AL, 6 R MAS HOR 85 B AT 0 R AR 2R 58T Bl B AT 2 B B AN (i S



5 35 B 3 W Fll2F 3 2026 4F 219
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ST (3R 5) , Fe 20k 6 A 8 45 AL i e 2 AR R g G network of 19 genes
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Table 5 Functional analysis of candidate genes

e FE K 44 BRI ER R AL E S g AR
Chro- Gene name f Start site 3 End site Function Variant annotation

mosome of the gene of the gene
16 EcRCS3 2363209 2369975 VAR & W Cysteine synthase N5 T8 5 Intron_variant
16 EcCYSK 2375433 2377934 4R 4 B Cysteine synthase Ak [A] X %74% Nonsynonymous mutation
16 EcP0710HOI. 9 2372051 2374659 | G Cysteine synthase T SE R A 5 Downstream _gene _variant
16 EcAPG 2320024 2321505  GDSLE&/JIg Wi GDSL esterase/lipase FEPH X [H] Intergenic_region
16 EcCFAT 2455168 2456550  FAMARERE L 2 Coniferyl alcohol acyltransferase i3 R 458 5% Downstream _gene _variant
16 EcNBA1 2382266 2384322  BRISC & 414 BRISC complex T W IR AR S /P A2 S Down-

stream_gene _varian/Intron_variant

W A Al — > 5 2 0 A A A e aﬁ%?ﬁ&@%ﬂ@%%% BER, R B3Z YU R A B R 4R . TR BRI
PRI v, 2 e 202 A AR 2R VR o SCBEARSE L Jl i 2 5 R Y A BRARE NS B 5 Sk AR R OG22 1k
FIFFALEE ], 36 52 0 fE A K & AT &>, Wang %5 MXHLKFJEE B WK AR 25 it B SR AR B AR g A B s 2
(lincRNAs) #4757 26 B, 4 5 2= B & R A B 1Y) RCS 3 3k R 78 7K R 10 A6 75 FAE 2 v ke S v i 8 2k, T 4 2 e
SR A UG (Y 5 — A~ PO7I0HOL. 9 & B W e ZE W1 (A6 75 AR AT 3847 2 25 52 R B M0 . Huang %60 X5 1 1 &
(reactive oxygen species, ROS ) & 5 1 5T AH 43 125 22 1 1 40 Ml i i 09 WF 58 3 — 20487 1 2 e 20 R i o Ak T8 1
T, i #F TMF (terminating flower) £ 19 it AH 4325, 3 107 9 45 46 It 25 0 AL 56 I AN (Anarha) 9 3R 35 , ARG 1fE
W T il (Solanum Lycopersicum) W) 2592 53 7 41 SU BRI FF A6, 3X — ML A BRAR T AL = 4L T i /. 7
B TR AU D 286 v 2 e R AN AR SR W AR B AR %%E&Eéﬂk*ﬂZJ%T:EEEVJA}JME’JEEHMZIK% IFi
22 WA S DT R AR A RN R B 5 AR B LR O TE AR AR SC I A (0 e 38 A 1 4K 2508 10 M) 43 Ak | M e
KEBHEAMARKSRES . OIHENEYEZENNIFEEER, #id M Z 1K ETR (ethylene receptor)%ﬁ%—’CTR
(constitutive triple response) & & —FEIN2 ( Ethylene insensitive 2) —>EIN3 (Ethylene insensitive 3)/EILs (Ethylene
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6/MEIEFE K MKEGG & &0t

KEGG pathway enrichment analysis of the six candidate genes
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Fig.7 KEGG enrichment analysis of candidate genes
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response factor 1) 7] H %456 FT(Flowering locus 1) K2R J5 2l DI, 410 ] A% S 0 1k, R BOTF AR AE IR o X PRI
W 5% 3L (5] B W1 20 A 5 38 9 76 TF A I () 38 42 o 8 XU AR PR o 76 A B & B A I 27 23 T [ O B 24y 0
B RO R e R DR S € ARG B 43 5 RE AR W) SRR A A% 3B, X AR A At R AN 4 S A AR T AR Kl R AL
HUYEMEER™, B R, X — SRS EY NSRS FAEE RN EECR., B, R &EEEmYH%
AR R S 1A () VR 4R G 3 PR A e, 0 T B MR A 0 A K R B R AR G AR ORI R — e B A B
7] 8] 2 WL 1 Ay R A LA A 20 Ao 114 0 - SR B AL TR I A 5 Oy

ABIF 5T S 0 L 1 G B A 35 35 PR A L A il A R b R B 2 A AR W 2 Ui RE . o EcRCS3 \EcCYSK
M EcPO710HOL. 95 322 5 5 & SE MR A G 12 , 76 b B A0 1 09 5 22 2 1 Wy BOJ 95 TF 76 AH O 38 X 1) 223k I 2%, 5%
M) O B ) 4% 2 11 09 S B A, DT AR 2 A 2 AR RS Bl o T EcNBA 135 DR i 2 15 5 D9 24 B2 1 (DNA 4 43
&5 MG AR5 55 PR e AR vh k#5432 % 30y I B B A 14 41 O
s 90 4 SR AL T R A B AR RS B PE

G T A FUESE EcRCS3 Fl EcPO710HO01. 9 16 /K A8 v (4[] 6 5 K 2 5 il A 100 0] 42, {9 JFE A fik 35 56 PR 7 A
Py I A6 oF ] ] 4% o ) EL R DR T 6 = EHE U o R Tl KR N R DL N AT - 15 L a4 i SR 4 (RNA-
Seq) 43 BT M 3 5 PR 14 ) 23 38 3K R AF 3 FLTR L R CRISPR-Cas9 i K 4 857 A ) 2 3y B Bl 2 9875 1A k47 38 B B63iE
TR, ) FH e BE X% 58 2 G0 fff AT M6 2 32 PR 4 B 6 10 A9 R E 1 P D99 486 5 e, ol 9Ol 28 1 e 1 2 R 0 HL 0 40
TENLRFAE o 3K — ZR G0 (1 W 50K AT B 1 4 T AT LU AR A Ak BN 1 2 T R LR AS A AT Ol R AR BHAE W O A6 B[R]
4 32E A0 B 9 B A A0 A, s D B R Y 43 R B P B Y PR R SR
4 it

1) b B S0P bR 43 A 32 W, RO ) A7 7 2 25 5 (P<C0. 05) , SR A RGN T F, BER 4> 70 IX 0] 9, 1% 2% 22 B4
H B EH R A AR

2) 3 5k BSA-Seq 4341, 76 LR L DA 21 v b 7 3] 34> 5l B A b 35 A G 9 QT L X |), 43 51 qHD-6-2, i T
65 YL {ffA 6. 91~16. 81 Mb IX [f] , B5 )& 9. 9 Mb, £ &% 944 i 3% 3 [H ; qHD-6-1, {3 T 6 5 4 {44 16. 80~16. 81
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Mb X [i] , 5 B 11. 05 kb, £ 7 2 Mk 3L I 5 qHD-16-1, 47 T 16 5 Y2 ik 2. 30~2. 49 Mb X i), #5 & 193. 14 kb, {3
TR

3k QTL i 1% 45 e A 4% qHD-16-1(16 5 YL fafk , 2. 30~2. 49 Mb) # 52 1y e & X [11] , qHD-6-1(6 5 4L {4
4,16. 80~16. 81 Mb) il Ay 6 35 [X [

4) 38 i PPI A3 #7, N E 3R A~ QTL DX ] 8 19 /> ¢ 3 56 PRI v i 3% 3 6 4> DG B i 3% % [ EcRCS3 . EcCYSK
EcP0710HO01. 9 .EcAPG .EcCFAT M EcNBA 1, Hitf EcCYSK fFAERE X 5878 . GO/KEGG &8 Hr& i, X $o 5
HEZ S5m0 2 0 A8 B CF ez i f A 2R A , DNA BB 2 ik (R EL) .
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