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WE WA T (Setaria italica var. germanica)Z i 55 i 2L AL 58 & 4 T F 58 Fh ™= 5 0 5 Bl . 2023-20244F,
PN T A AP K 2245466 K 44152922 F 1K 24 43 333 e s AR AL bl 5 2 58 P B LS A 7= e otk e A 3
TRFR, XA STRN = A SR K T3 AT RE M, FIEMENT 78RR AL L . 45 RE W, EBEANMEFIA, 3
N FHI G S B T R0E, Horh KA 46670 1 1 I 4 5 & B fi s, 1413.86 mg-g™ FW. 7 i I AIK T 41, 3
AN JASFP AR BRI 1 B2 & T X0E, Heh KA 4667E i MR 205 1 s, 91.76 mg-g -h™", 2 BN AR A K)7.8
5 FI5.50%; K244 292278 Hi AR 2% /18 REA /) 51 #50.38410.66 mg-g -h™"; MK 22 3337E 3R 15 IR 34 o hy 5.3,
B ALREASY 1 #50.31H10.62 mg-g ™ h™ o FEFS R RIEIRTT T, 15 0T EG, 4458 Rl Ao e 0 o 3 R B8 300 S 3 v, KAk
BRABOTEN G 19K R Rk i KA, 158 g-d™" per panicle; K- 2254661 K 2 333G HN T & & T Hop A, K40
29225 B R EE M. WhAh, MR AN AR R RBNEARHS BRI —E MRS, HPKEm29221R ZAEM
EMPE K AR EEBBNR(I56%)mE, BEETHRAM22, 4 Y, KB RIIZZMESTRE AR F0W

WM PR R R SR o R AN A6 B s ™

REIE BT, ERREE, APRERESR, KRR, R

WFER, XA, ERE, HRE, XI& BN, FTHEE, TLE (2025). KAEKRINA TR EIH LIERBLS]. EY

4R 60, 931-943.

TP 3 (heterosis) & 44 38 JE AR K 34 HLidi 1k
TEREME R A T AL TR AR LR (H SRR
%, 2015), O ZNHTIEME M. BAREH, D
RANIFE R HICATER  FA = i8 5 7 Bic DL K
L IR R PR L ) e (R EX %S, 2022). 4+ T (Setaria
italica var. germanica){t 5 JE BT 5 B &
T 160%—90% (5%, 2013); T /N2 (Tri-
ticum aestivum) ¥ K o 5 BAFF 2 I [R] ) 28 K AR R
HEMN(Zhang et al., 2024). X & A YIHE R T 7
SHEDI =2 R B, thah, FpE, FURLE, bR,
K, B, AR TR EMEEWA T &
(B R & (AR AR 4, 2016; FKEE ALK &, 2017,
BESE, 2019; 1%, 2020). Kk, 1Er= &
Pl 34 B B VRN 48 br 32 2260 5 AR AR L AORLEORD TR

ks H 3H: 2024-12-02; #:5%% H i#H: 2025-03-18
FEEIH: DGR MR AR 0 3R T T (No.CXGC2023098)
* JBIRE#E . E-mail: nkygzslhx@sxau.edu.cn

FEBT AR AR 5K 2 R BC & 7+ MM AL R
BT . RALIREE(2024) R FH 0 A% B B A &
JI77ETIN T Bk (Capsicum annuum) B 1 44
P o B 56 55 (2024 ) % /1 J5 R & 24 2C 7K 7 (Oryza
sativa) ¥ Z A FHRR AL AT TA P E ST . 1E
FReFhAR HHUER B FL 07 T, X KFEA E K (Zea mays)
SEEMIRIE FC LR N o )T ZE 55 (2023) N IE R A 2
X A 2 A8 K A 2% o A0 55 01 FH 1) DG B PR 2R AT 16 4%
FRT o 535(2023)i8 i A4 £ FOKH ToR A A A R IZ
SR RIAR I S By, F2308 H R OR AR L34 L R 2
e BB FE RRAR DI IR o3RI 78 AR N B AR A
VIR AL AR AL T R R S B R T
ZARILTE R TR RIS, H AT 82
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43 000 kg-hm™. #EKIFEIREA 1778, FHRE
PR BORGEZ — o HEBRVPAS J b 35 1) 5T 4 2 X 2
FROLF AT B 5, 5 A B R hn S R AL A K
SRR PR SR S . SRS (2021) %)
18T I A S R A T B S5 MR & )
BEAT AT, ROLF= MR AT Bsm i R gs, o
HAEICRI B A SRR . R IE55(2023) R 4
[ 3T v [ 43 - A R bR B R R 9 (0 R R D RE, AR
T AP P AZAE I 19 8, SR A R AL AT 75 R
RAEHLGE A /T, BT AP RS 5T HLH
5 TH BB TR TS, E R AR S AT L ER A
WG, MR T R RRAEEGNIEE. Fik, A
WETF RS T AP ML 24T, A5 7= B AR G
HIAP AR T AR AEAD P SR A B G b M Ho AR e, S
LIRSS LRI A SR, SR A A A Fl
3% B M

AR 52 LA L PG A K 2 4 7 0F 5E BT IE A K34
R J AT A 77 466 . K AR5 2922F1 K I 45333 1
HopAR NI B, EFEFTHBENR TR ST
RAVE B IR bR AT A, FEXE T 2R 45 1 A 1
BUEIEAT 00T, B 1 NIk B SRt A48 7 22 28 Fh 4 4t
HEKS.

1 MR55EE

1.1 gidee

BEAA B 1L PG ROV 23 PR T T IE B M3 T
(Setaria italica var. germanica (Mill.) Schred.)/ >
TG KLIB466 (153A x K34). K442922 (%
29A x M22)F1H: 2445333 (H151A x K410) 26/ 3%
AR, BEARZR3A. T29ARI S 1AL N B AT R o

1.2 R

20232024 4F 1 11 P15 4% Mk K 24 4% 7 1F 9t B ik 5 1 3
PR . RIGHIEEIR923 m, LI N KT L. R
HBENLX H i, w3RELE, 27X, f/hX4
17, 17HEH0.45 m, 47K7 m, NXTHFI)12.6 m?.
BRIGH AT HE AR oK . 47 el b, B & 4 b
it BT & 9 &I 105 kg-hm™, B IR 63 kg-hm™, 4 i
42 kg-hm™.  JERHA AR SRR AT M. 58 TR A,
10 7 Ik . T )5 2R ) = 7 P A

1.3 $RFRAE

1.3.1 HETBIEFR

TER T4 E IR (RT3 L 35795 00 SERRUTRIE S 30),
TN X S BB A— S kR, WEM GRS EK
WRIE I KA CBERSEE(ERR, 2006)M 5E 2%
. HTTCIE(HR =R, 2015)M 2R ARG /7.

1.3.2 ERER
BT ARE, G E— R R R AT EE AR, A
AR S 3R IT 4R B B 10 R B TFE, i HU10 24 A,
FRff 5 J5 NSRS, 105°CAH 30408, 80°CHET &
{HEE, FrETHE. HLogistic (Du et al., 2024)J5 F£ i,
BB TR

K
1+ax el
Ao, WIRERALE AR 5, KRR KR KT, e
NEHL U E], afb 24

B KHEHE AV, = Kb/4
T R RE S AN [A] ¢ = Inalb
VE S 2R i 2R 24 455 R AR R Bt A,
In{zJﬁ/§

Ta] t,=-In [2—/3)/al/b

W =

t»]—_

1.3.3 RZMK

BTG, /N XK 3 5 AR — B 1 Ok AR Pk
BT RBRIFE A, SiHEMN 5L . R
MR A R TR =T AR o AR AT 5 FRAR T8 -
TOE (BRAR). PRRRREEE. BORIE. ORI, TRIEM
FHCEEE . N S =

134 BERBENTRETYE
EATSEETIONI. S8, M. R
R, BE/NXH3RE, 2 AR, 2+ R4
4y, 105°CAEH300 8, 80°CHt T iHE, FREKas
BTV E, K&l E, IReER
&, FIYLKE BAL(KO840) I 4/ & & . A E M
FE LA RS R (RIS, 2023).

FREREMNERE=SBEATEXSBETY
i R &

FERT R R R R E =1L T TV A R E =TT eI
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J A SRR B R = R T o R 3R <
IR R

RE R IR =((Te il B H R R B dilE 7=
WHEARMR )R ZN R E)x100%.

1.4 HIESH
{fi FHExcel 2019F1SPSS 25% {13347 ¥ ¥ kb 11 5 43
#r. FHOrigin 20224441 & .

2 HERESH

21 MERFENRRFHSH
WA R ER, MEETHENHEDS, 57t Rs
=2 AR ERRER(E). EENMEEN, 2%
FhE R R E T HAR AR, K466 2k
S G AT IR T IIA FI4AH(13.86 mg-g™' FW), H48
APPSR B E ) B SR AR . K
466 TER T I SRR S E B E & T H AR A (4.3H
5.88 mg-g” FW), fEXEMIH GRS BN EEST
HALBFA(0.55F10.98 mg-g™' FW). 76 R
WK 4752022 4 A BB 3 = T RGE, SN 4
RILLA BFA 5 1.85F11.4 mg-g™ FW, 4RIt
A BEA1.97F11.08 mg-g™ FW. 78 B HF13k 15 1K
333N R TR E =T AR, B M AR
A E1.47F13.67 mg-g™ FW, K35 143 5l b A2 B A i
2.59#11.78 mg-g”' FW.

ARG REY], WELETHENIEHR, B TRA
W BT R R RS . KA 466H RIE HTET
A BIEAE, }1.76 mg-g™ FW, 5355 T H e
IFTA S Fh(B2). 3 A A PR F 35 J 70 B AR A 1T
W E T UEE . KAB4661E 1 IR 1% 71252
ARK34H7.865%, REEARLBIAMS. M. KIu29227F
B AT AR RS ) 2 R AN, B RS REAR S
5 75 0.38 §110.66 mg-g~"-h™", & 7 11 4> 5 % 0.38 Al
0.26 mg-g -h™". K24 33375 1 IR 3% 1143 Wl b
A BFAE0.31H10.62 mg-g-h™", 4k 15 114> 5 75041
#0.42 mg-g"h™".

2.2 BVVEBIEARAFIE S
ABFFR IR, 34N AR AT £33 5 BAE % A K 1

g

=

FRE: KB RING T AT 2R LA NS 933
A 50~ [ Changzagud66 [ K34 [ Gu3A
5 a
2 _ 151
C o~
8% b a b
— [+ adga
> 1079 b
F=lie)] a
5o b
L
© 0
O O O <O
e & S5 S
@& 2 @ 3
e & ¥ e &\‘0@ & o &F
B
[] Changzagu2922 [l M22 [] Jin29A
= 20+
T . e
[e] -
i E 15 aa b b b
= a a
85 104 =p
5 E
5 97
0 .3 &)
Mg g e o
&P P I
N
c 20 [] Changzagu333 [l K410 [] Gao51A
5 1l
o~
Qo= a a
O a b aa a
E‘Tm 10 4 b . b a
S5
SE 51
L
© 0
O O O O
N Fe e e
QQéé(bg Bo\o é{bg (\QQ’ é(bg 600 é{bg
< Q&\

Bl REEKEHSTHSEESE

AR MR A8 75466, H A HK34, BEACHA3A; K
2922, HARAAAM22, BEANE29A; K843 333, HAAK
K410, BEARRS51A. AN FREERTE0.05KFEREE .

»
H

Figure 1 Chlorophyll content of millet at different growth sta-
ges

The materials Changzagu466, its paternal parent is K34 and
its maternal parent is Gu3A; Changzagu2922, its paternal
parent is M22 and its maternal parent is Jin29A; Changza-
gu333, its paternal parent is K410 and its maternal parent is
Gao51A. Different lowercase letters indicate significant dif-
ferences at the 0.05 level.

W3 B A R H(E3) . K I B 46671 TR T W 43
R mRIH BRI ZMI S, HEERA. KRR
AR SER I HIN45% . T4%F158% . K-2443333



934 Hi¥%4R  60(6) 2025

A
T 20- a L]Changzagu466 [ K34 [[]Gu3A
T2
© 15
()]
£
> 1.0 4
=
S 05 - I b aba
° a
g o ID TN b.gé.b
& 2, &
b ‘\\ b\ \3
P @Q‘ NS S \\on e@fb s T
B <
_T: 2.0 - [ ] Changzagu2922 [@M22 []Jin29A
o
> 1.5 T
£
> 1.0
=
g 0.5 4 ’—X“ a aa
“— b a
8 o WID_ra:ub.f::
o & & O, &
\\ & & R
& \'bQ’ 50\0 \'bg .(\Q;b \QQ & g \'??Q’
»
c <
f: 20 - [Changzagu333 [ K410 []Gao51A
i” 15 2
e b
> 1.0
=
S 0.5 4
g ID___D
& 0
6\\ cf’ 6‘ &S 5 &
'b 0 'b 0 >
%0 EX X \\,Q &
QQ

B2 ARAEKEIASFRAE S

ALEAPRHRI B . A AN FRERIRAE0.067KF 2 57 i 3 .
Figure 2 Root activity of millet at different growth stages
The materials are the same as shown in Figure 1. Different

lowercase letters indicate significant differences at the 0.05
level.

TE T B 4 3R 2 i R I 56 % RSB L 34« th4h, 3
AN T AP LE B I )RR 2R3 7735 2 T R AR 0 ) A A AR
B, KEBA66HEM B RFEMA T B HA 5 5
15452%. 677%H550%, Z=FRHAEH HE . 458
FLEHRTT IR R 98 R I BRI A AL 34, BAE
FEARIPAIEE S AR 20E 1K T X%

2.3 EERAWFNTYRRRIDSLEFRME
BTN A E TR REFIIF PR TR R ST E K

th2k(&14), 1651040 KT ER R, 40K)5 T
AR SO AR RSz . KA AB6EAL S 19RILH K
VESH#(1.58 g-d” per panicle), FAXAK341ELESF20
Kk B KHER % (1.24 g-d”' per panicle). K27
2922 {E 4% JE 17 KA Bl KR % #.(1.24 g-d™' per
panicle), HACARM227EAL J5 14 K15 2 f KRR
(0.86 g-d ™" per panicle), KZ4%3337E1E /523 KA
f RMES T 2%.(1.36 g-d™' per panicle), H424A&K410
FE 7 J5 21 K 3% B £ K % % % (1.00 g-d™' per pa-
nicle). Zi b, 3N ACFPAEAN [F)HE K B I T4 B AR
REB AT HAAR, R MR

H H Logistic E K ih 2k 77 #2106 2% 7 9% h 22,
HA*H?%%%%%J?(?O 98, ARk FEHKF, K9

i AP VEE S R 1 2 £ A Logistic AR K ML . X
Logshc?ﬁzjﬁ%}: AR 52 HE IR I R ) 24 4 A
T 8 55 U 43 R E S v S E S R R HE S 5 1
KR 43466. K 415292214 7 453 B33TE HE A [F)
B B R I 3 SR AR 35 (K1) K A4 4661E
FEIZ AT SR I8 63%, K44 45292217F #E 3
W R BB N 44%, K 4245 33310 I 5 Wi
FRBEIETI% . LB TR, KI43337EEA
FRLHER S e p SRR AP B T e

HeAZFh

24 FEREBHERERRNEERAREEHE
MAFAE B &AL AR R E(BISA-E)RE, &
TMESEEMEEAZHEERTHIA., HHEA
FA R TR R A R DU > 2>, FFAE
FESR I RIS =241 AT FTE SR B IR R A
R REHRIEZMS, KIA5466 7 11 2 HE ]
MARZRRBEE S TR, KER29227 %
MEBHIR R AR R m T HAR, KEA3337E
BRI R A FE R R T HAOAR TR 4
AR ZR BRI FH AR B B I APl 3

RR ISR R F 58P 38 = T H A (B
5F). K%466 5K MR RKIEMRLEEE
Fo KIB20228 Rt ia iR e, £41856%, HiE
ErETHARAM22, K333 A RFEIZRERLN
35%, HARXAKAOMBARFIZHFERIL, 217814%.
MERTE, KR 29221E B R a3k F R A,
REBTHERM.
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Figure 3 Heterosis in physiological index of millet

RA: Root activity; Chl: Chlorophyll content; S: Seedling stage; J: Jointing stage; FH: Full heading stage; G: Grouting
stage; H: Over-parent advantage; L: Low-parent advantage; M: Medium-parent advantage. The scale color indicates the
dominance range (-100-100); red represents the positive dominance level and blue represents the negative dominance
level, and the dominance color beyond the range is indicated by the deepest color.
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Figure 4 Dynamic of grain dry matter accumulation of millet
in grouting stage

25 FBEXREMRERBESHT

FoR IR AR R EMRTT ZE i o, KRG
466 KR LT DAMAIREL . R 98 RART
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Table 1 Over-parent advantage of dry matter accumulation of millet in different grouting stages

Variety Dry matter accumulation (g-d™' per panicle) Over-parent heterosis (%)
0-t1 t1-t2 t2—3 0-t1 t1-t2 t2—3
Changzagu466 0.53 1.39 0.39 63 28 29
K34 0.32 1.09 0.31
Changzagu2922 0.43 1.09 0.30 27 44 38
M22 0.34 0.76 0.21
Changzagu333 0.49 1.20 0.33 30 36 79
K410 0.38 0.88 0.25

O—t1: FEIZRT, t1—t2: VR I, 1243 EREIM

0-t1: Early grouting stage; t1-t2: Middle grouting stage; t2—t3: Late grouting stage
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Figure 5 Nitrogen accumulation and nitrogen translocation efficiency in different organs of millet at different growth stages

(A) Nitrogen accumulation at seedling stage; (B) Nitrogen accumulation at jointing stage; (C) Nitrogen accumulation at full
heading stage; (D) Nitrogen accumulation at grouting stage; (E) Nitrogen accumulation at maturity stage; (F) Nitrogen transport
efficiency. Different lowercase letters indicate significant differences at the 0.05 level.
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Figure 6 Heterosis in agronomic traits of millet

The abbreviations of traits are the same as shown in Table 2. H: Over-parent advantage; L: Low-parent advantage; M: Me-
dium-parent advantage. The scale color indicates the dominance range (—100-100); red represents the positive dominance level
and blue represents the negative dominance level, and the dominance color beyond the range is indicated by the deepest color.
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Heterosis in Yield and Its Physiological Mechanism of
Changzagu Series Millet Hybrids

Yurong Guo"?, Hong Liu?, Zhenhua Wang?, Gang Tian?, Xin Liu"?
Jie Guo', Chunyong Li%, Huixia Li" 2

'College of Agronomy, Shanxi Agricultural University, Taigu 030801, China; “Millet Research Institute,
Shanxi Agricultural University, Changzhi 046011, China; 3Shanxi Center for Testing of
Functional Agro-Products, Shanxi Agricultural University, Taiyuan 030031, China

INTRODUCTION: In agricultural production, the utilization of heterosis has brought significant benefits to society and
economic development by markedly increasing crop yield, stress resistance, and quality. Foxtail millet (Setaria italica var.
germanica), as an important coarse grain crop in the arid and semi-arid regions of northern China, holds a significant
position in dry land ecological agriculture. However, the slow increase in the yield of foxtail millet has limited the further
realization of its production potential. Utilizing heterosis has thus become one of the effective ways to increase the yield of
foxtail millet. Nevertheless, research on the physiological and molecular mechanisms of its heterosis is still relatively
weak, and the mechanism remains unclear. Therefore, to understand the physiological mechanisms of heterosis in foxtail
millet is of great importance for improving the yield of hybrid varieties.

RATIONALE: The Changzagu series of foxtail millet hybrids (Changzagu466, Changzagu2922, and Changzagu333)
exhibit significant heterosis in yield. In order to elucidate its mechanism, we systematically analyzed the yield advantages
of these hybrids and their influencing factors by measuring yield-related traits and key physiological indicators of the hy-
brids and their parental lines.

RESULTS: Throughout the entire growth period, the chlorophyll content of the three hybrid varieties was higher than that
of their parents. Among them, Changzagu466 exhibited the highest chlorophyll content at the jointing stage, reaching
13.86 mg-g‘1 FW. During the seedling and jointing stages, the root activity of the three hybrids was significantly higher
than that of their parents. Specifically, Changzagu466 showed the highest root activity at the seedling stage, measuring
1.76 mg-g‘1-h‘1, which was 7.8 times and 5.5 times higher than its female and male parents, respectively. The root ac-
tivity values of Changzagu2922 at the seedling stage were 0.38 and 0.66 mg-g‘1-h‘1 higher than its female and male
parents, respectively. Meanwhile, Changzagu333 displayed pronounced advantages at the jointing stage, with root ac-
tivity values 0.31 and 0.62 mg-g~"-h™" higher than its female and male parents, respectively. In terms of yield-related
traits, compared to their parents, the hybrids showed significant improvements in both grain filling rate and spikelet
number. Changzagu466 reached its maximum grain filling rate of 1.58 g-d‘1 per panicle at 19 days after flowering. Both
Changzagu466 and Changzagu333 had significantly higher spikelet numbers than their parents, while Changzagu2922
also showed a significant increase in spikelet numbers. In addition, the hybrid varieties also demonstrate certain ad-
vantages in root nitrogen accumulation and nitrogen translocation efficiency. Among them, Changzagu2922 exhibits the
strongest root nitrogen accumulation advantage and the highest nitrogen translocation efficiency (nearly 56%), both are
significantly higher than that of its male parent line M22.

CONCLUSION: The Changzagu series of foxtail millet hybrids effectively enhances photosynthetic capacity, nutrient
absorption and utilization efficiency by significantly increasing chlorophyll content, root activity during the early growth
stages, and root nitrogen accumulation. Meanwhile, the significant increase in grain filling rate and spikelet number of
the hybrids further enhances both grain weight and grain number per panicle, ultimately achieving high yield.



WFRE: KEBRING T 2H BN LA 043

Spikelet number

Chlorophyll

Foxtail millet Male parent

Foxtail millet and parental trait comparison chart

Key words hybrid millet, physiological index, grain filling rate, agronomic traits, yield

Guo YR, Liu H, Wang ZH, Tian G, Liu X, Guo J, Li CY, Li HX (2025). Heterosis in yield and its physiological mechanism
of Changzagu series millet hybrids. Chin Bull Bot 60, 931-943.

* Author for correspondence. E-mail: nkygzslhx@sxau.edu.cn

(DUES % P

B EE/FB B/t

FLAE, UORLKRFETFTARHARLR, B2 TRRFMHAERTA, LOEELTHRERIZEER, ME4F)7,30
55 R EFARANRES THT AL AFARAAF DA LT, AT LT R4, AABLT A H 4
45k, A Btk 1207 L AP K25 A KEKR T 8 £ F T RS T A A, 20125 5% L 8 4 AL
By %R E3E, KA A FIES @AKRE1.3x10 hmE, BB E S S KT,



