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Effect of dielectric barrier discharge plasma on alfalfa seed vigor and the construction of

comprehensive evaluation model

LIYingyan CHANG Jiging QIAO Yiying DONG Lulu LIU Jiaging LONG Haitao PU Lumei
(College of Science, Gansu Agricultural University, Lanzhou 730000, China)

ABSTRACT Low temperature plasma has been considered as a green technology that can stimulate seed
germination and seedling growth. In order to explore the optimal conditions for the effect of dielectric barrier
discharge plasma (DBD) discharge voltage and treatment time on alfalfa seed vigor, this paper used binary quadratic
orthogonal regression rotation combination design to investigate the effects of treatment voltage and time on seed
germination rate, germination potential, germination index, vigor index, water absorption, relative conductivity and
seedling fresh-dry ratio. The comprehensive evaluation model (Z value ) of seed vigor was constructed by AHP-
entropy weight method to determine the optimal treatment conditions. The results showed that under the
experimental conditions of the binary quadratic orthogonal regression rotation combination design, plasma treatment
could significantly improve the seed germination index, with the rate and vigor index reaching 78.33% and 613.71,
respectively. The seedling length increased to 46.83 mm. The fresh-dry ratio and water absorption rate reached 19.03
and 94.23%, respectively. The relative conductivity and MDA content decreased to 28.15% and 0.009 umol/g,
respectively. Analysis of variance showed that voltage and time had extremely significant effects on Z values (p<
0.01), and the effect of voltage was greater than that of time. The model optimization showed that the optimal
conditions for DBD treatment of alfalfa seeds were voltage of 18.60 kV and time of 24 s, and the predicted score Z
was 83.60. The experimental results showed that the Z value is 90.54 under this condition, which is better than the
predicted value. Scanning electron microscopy analysis confirmed that DBD treatment enhanced the water
absorption capacity of seeds and accelerated the germination process. The comprehensive evaluation model
established in this paper provides a reliable method for optimizing DBD seed treatment conditions, and the obtained
results also lay a theoretical foundation for the application of plasma in agriculture.

KEYWORDS Alfalfa seed vigor, Condition optimization, AHP-entropy weight method, Dielectric barrier

discharge plasma
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Table 2 Binary quadratic orthogonal regression rotation combination design table
S 2H ) i E AbEE
Text group Coding value Treatment
z1 z2 Als B/kV
CK - - - -
Gl 1 1 52 23.53
G2 1 -1 52 16.48
G3 -1 1 13.05 23.53
G4 -1 -1 13.05 16.48
G5 1.414 60 20
G6 -1.414 5 20
G7 0 1.414 325 25
G8 0 -1.4314 32.5 15
G9 0 0 325 20
G10 0 0 32.5 20
Gll 0 0 32.5 20
G12 0 0 32.5 20
G13 0 0 32.5 20
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(1) BB = [ IR 5%, R Pk [vta0 = G [y P g, dran, -
0 0

TBS1102C $0 7 7~ I 23 A i JE AR Sk AT R I 4R 2k U
B0 I R IR S R F R R B A, IR
HAE 55 2R 3 2% F IR A7, DBD T2 111
38 H K Lissajous Bk . 24 & AERF, i
Ef TG R ] B v ) DN F 2 C, SRR TR Bk (1)
M & Q, M B ER A T A 00 (D
do d(CyVy Vy
I:T?: (dt ) Mddt (v
A DR EEE B, A YV, NNEREC,
PSR, Vs W, 0E BT R G B R O,

=C

fC\S 2)
X PN IR (W), Vo HIES B E
TR EER R (o, fHilEERIE A=
/T (Hz), VAV, 7 WINAE 7R 28 ) X-Y il F15
I A 2k, BIN Lissajous I, SAMIE HHZk
MR (VD, IELTFEIIEP,, .
S=kxkexkyxA (3)
s ONIFE R A2, =1 ke N
TRV AR PR IE CHI 5 CH2 5, k=ky=

XXXXXX-4



A ST BHA TR A B T AR T A DTS 0 B S R A AN R A 2

1; AN Lissajous K AME, H Origin AR 1HH H A
=31.7317, WA ThZE (P) A 4.

P =fxC,xkxkcxkyxA 4

(2) K FH Ve M Ak B0 2 IR O e 8 (v Y, 9F
b 25 B R = AR S PR IO 5B 7. BRYER AN
MALER 0.5 g, T 100 mL Ji K 3.2% 3
REVE W, EHVBINSEFRIL A, 32 il i 5 B )
AN 2 mm 4 mm, AT R T IR R
1, HJIA BB YIZ 3.5%3.5 (em) (7B,
BT MRS, 520 kV HJE N ALHE S min, AbHE
SO S RIS 941 IR0 sk B i R T e AR AL
133 #MFHEBAEE L FI/FN

PP fE, BT, ES g
T NS, FTIF DBD % & HE, TS
AR, 3R 2 Wik S AR AL BEA o e HX 20 Fif
FFET 9 om G FRMA AT K SF 5258, A 3.5 mL
TEHE K, I B C s 02, R E A 16 h, B
WIS E] 8 hfE R L TR 392 7 d, B H Al
THIRE . MR R R HKEZEE 1 mm
PL BRI BT R2F, R BEH R =S .
P RFER (G RFEH (G). KFRE (G
WEAFEEC () R 5 ~ ®) HE.

N.

Gr:ﬁ; x 100% 5
G. :% % 100% 6
G, :Z%‘j <)
V.=G,* L, (8

X Ny N Npv G LAY T dWFT R 2
B PR BT e d i R B R KRB
KK, mm.
1.34 wKE&HTM

REFSIG LR I, ARIEENLECRE 3 kR4,
Z B RN 48w B, mme. MR IR BB AL 3R Y 3
PRghv, WROLEEE, BT TREE, WE
HFH, ¢ WREESTFHERIWAE, B ET
tto
1.3.5 A FRKEFetn st @ F 690 2

TR PRI — M B 15 KRR, HERRPR B4R i
=M, BT30mLZ&EEKFHE24L WHEH
JEARR TR IMK 5, £ H 1 J5 R H i & M,
go WkE (w) HE I (9,

wo= M= M 000, (9

ar
1

Kb MR FHIG R &, MR FIR/K 24 h5
R, g.

Z:7% Liu (17746 20 kil g A0 HL 3 36, Bl AL
20 KT 1, HEBFKMBE3 Ik, £/
F M PG B AT, DR AR TR S R T K 4 .
N 20 mL 285 7K Ja, oF B S AR
(BEC-6600, China) M E&HHEHFH (EC). &
WanfE, HERWEMFRBBPBSE (EC).
BEJ5 100 °C/K¥# 15 min, DIRFEMEMIAL, 5248
AR P A HR T, A A R S IR
RAHTR (EC), MIHETE (R MiTHL
X (10),

_ EC, - EC,

“  EC, - EC,
K ECAWIIGH FHAE; EC ARIE4hEHER
FAH; EC,NBRAHSHEM, us/em,

1.3.6 #-F H,0,4# MDA &=l &

H,0, 114 2 A R K b s HE AT s 2 A
0.2 g Bl 7T A HI I BE A AF B, 2O sE BiE R
7E0.5 mL 3 N 0.25 mL Ji &R FE 5% i Ti
(SO, (BRI VAW 0.5 mL 27K, V&2 5 O BT
VE, FEIN3 mLIRERER A AEVTE, 105 415 nm (1K
JEREEAE, I DARIRE 7 32 ) 4 bn o i 261 5 H,0, 9K
o

K F AR B L 22 R W R F R
(MDA) #& ™, o2 gfr&THeEF, mA
3mL FIERE 10% 1 =& LREWR, &0 E
EW, B SEAAE L Z RIS AR D 1R
5], KB 15 min, SEEIAHED, B0 5 min, WE
L IEVRAE 450 nm. 532 nm. 600 nm &b KOG .
1.3.7 AR LM 2

W T R 7 N B I S (SBC-12) M
W2 J5, K F Phenom Pure G6 4 H T &5k
B (SEMD fE10 kV g i TS24 i .
1.3.8 HAREZ 8%

(1) JE R #riE (Analytic hierarchy process,
AHP): T & IURFREAR R P EZEEAF, K
I A S s ) 8 e 7R R T A LR R 2 Rt
AHP /& H1 35 [7 12 % 22 5 Saaty ) 20 {H 22 70 4E4%
O TR ) — Rl E B S E YA SS S 2 B AR
WM T

WO, METERE RGN, FidsE Saaty 45 H

x 100% QL)

XXXXXX-5



XXXXXX

M 1-9hREEVR (LR 3) IRk HE Rk, MG
S A5 F5 b 18] E B VERE BE A FI T CRoxt BLBD JR
B s L RORAR ) B R £ 5 KRR AU AL e S X T
A — AR &, LA SRR, JF I AN

&:% (an

Ref: ROWHINTAEREROBINL — BehE b, 1 I
ﬁ%%#ﬁﬁ%ﬁﬂg=%ﬁ¥ﬁgﬁﬂ%ﬁ@

RABAT =B F B — SLPEIR bR, 55 B 00320067 K e
H#A4.
R3 AWIERERE
Table 3 Judgment matrix scale
BRFE Ca,) I X
Scale Intensity (factor i vs. j) Meaning
1 S P P 3R E A [
Equal importance Factors i and j are equally important
3 LA PRI ZRAR B — SR ER B 5 — M T
Moderate importance Factor i is slightly more important than factor j
5 i PR R A L — MR R S —
Strong importance Factor i is strongly more important than factor j
7 R 5 PIRI AR L — MR R L — MO E
Very strong importance Factor i is very strongly more important than factor j
9 #a%F P IR A L — AN R ZR G 53— il s
Extreme importance Factor 7 is extremely more important than factor j
2.4.6.8 R 2 AN AR 3 S £ e A
Intermediate values Compromise values between adjacent judgments
R4 FHREIL—B R RIRE
Table 4 Average random consistency index value
W %7 Order 1 2 3 4 6 7 8 9
I, 0 0 0.58 0.9 1.12 1.24 1.41 1.45 1.49
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RtEE S &M, BRMIERE, SR ER
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X (15 HE S d A E, WERS.
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Table 5 Weights of each index
fabr L Weight
Indicators |2/ IRES GTYEFS AHP-f# AL
AHP Entropy weight method ~ AHP-entropy weight method

% %% Germination rate 0.35 0.09 0.26

R ZEH Germination energy 0.15 0.11 0.13

K 2840 Germination index 0.10 0.12 0.10

% J1483 Vigor index 0.13 0.15 0.16

W 7K % Water absorption rate 0.14 0.18 0.19

FAXT HE 5 Relative electrical conductivity — 0.05 0.21 0.08

fifF Lt Fresh-dry ratio 0.08 0.12 0.07

1.3.9 #IE4aE
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WK, R IESL S, IFE g B R L
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2 (D) 58 (E2 (o) ) HiFEm £ 0K

R, 2 B R A RS PR R SEE A RIS .
MZ T, 4 mm BRI G R BEE S TF1
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P IS T) PRI B 2 1) B A i, AE R AR 28 TR B A PR
ZEREMUESE, HO,REMA A XY B, ZFiE
BBHREEMTE, FEMEEENT HER
R IE T, A2 R . Fi R B
g R R 5 SR o P R NS B VA R = 42
TE I A 0 B Jis TR AR 1808 B 2 KRR 1o 7,
R, AR SC4h S B0 R B A5 B 1 A0S MR R T R %
BEM T 55 2 R 2= KR B
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2.2 DBD XM EBMFENIEIRHIRN

2.2.1 DBD AT A F Hir60%5vh

FEM T BRI, KPR R F R TR
& T8 BUR %O VP Fa R DBD Ab B X 1 1
Pl R 2 FE A s a0 ) 3 o, XFRRZHIN G G
G V.5 N 73.33%+73.33%+12.78.547.53 , kb B
) 4 32.5 s B (B 3Ca)) , 4b HH AL R ZH ) G50 il R
70.00%- 65.83%-73.84%+43.33%- 13.33%, H. 1, &b
PR 20 KV IS, 25 2208 B e ey 5 LU AR BRZH )
GG VAR T R HEA

MALEE R Y20 kVEF (B3 (b) ), AbFERS
1B 24 1) /% 25 32 00 3 N 78.33% 58.33% 52.17%-
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50.83%-  70%; G, 4r Al N 75.00%  58.33%.
47.78%- 50.00%- 65.00%; G 5314 13.02. 8.67+
7.66. 7.93. 9.47; V, 7 5l A 613.71. 344.26.
296.00. 364.01. 425.94, M, ACHELEFE]NS s B
B R AR IIE B B &

DL S5 RARE, IR E . J I [A] Ak B B T
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(ROS)D, it B A0 1 AT il e 2 BV
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@ 20— Voltage — Current 2

15
10F
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o

0.15 0.20 0.25

Time / ms

I E gt " \
335 RALSL
L P AT !
‘ -, s

0.10

0 0.05

(d)

(9)

-15
0.30

Current / mA

2 - HLIALEOR B S TR T R PR

2.2.2 DBDM#%#& ¥ Kk

K] DL AR 25 A8 A ) AR O B DA
BARAERKIE S ™, WE 4R, AFER AN 32.5 s
B 4Ca)), X 2H 0 e A 3328 19 1 K il R
42.83 mm. 38.06 mm. 46.58 mm. 44.24 mm.
35.42 mm. 19.67 mm, AbFEH KN 16.48 kV i 71
KIE B RAE, 25 kV AR 1 7 K B 35K T HoAth
RHAME K (p<0.05), Rl THEL M T
PERIAEK.

(b) 400

—— Q-V lissajous figure
300

Current / nC

X
o
o

-200

-300

_400 1 1 1 1 1 3 1 1 i E 1 ¢ €
-30-25-20-15-10 -5 0 5 10 15 20 25 30
Voltage / kV

(e Pl

-

Ca) HE LR T LIS I TR] RO T 5 (D) Q-V Lissajous ;3 (c~e)2 mm JE BRI : (o) A ALFL IR, (d) ACFE 5 IETH , (e) AbFE 5 15 1M ;
(f~h)4 mm JEHARHR : (O ARAEFXF I, (@) 4035 IE T, (h) AP 5 5 T
Fig.2 Voltage-current waveform and active particle color evaluation
(a) Voltage and current waveforms over time; (b) Q-V Lissajous diagram;(c - ¢) 2 mm thick agar plates: (c) untreated control, (d)
front side after treatment, (¢) back side after treatment; (f - h) 4 mm thick agar plates: (f) untreated control, (g) front side after
treatment, (h) back side after treatment
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Fig. 4 Effects of voltage and time on seedling length

2.2.3 DBD X4 & F b Rivm
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LN 1479, A FREE] 9 32.5 sBF (& 5(a)) , fi
BRI K, 4l T Heok ETHE TR, BIERN
16.48 KV I - Lk B e KA (19.03), =X
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INF[R] g 52 s ISp - EU ik B d KB (18.65), &ARAk
FRLF)1.26 1% . 4 DBD ACFE J5 40 1 2 1 Eb 5 %t
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0.05).
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W 7K 28 2 B 7 W 7K g 70 R0 IR ()i 1 B Xt
TR IR K 0 16.69%, AL PRI 1A] y 32.5 s Bif (&)

6(a)), HLEA M IKZ 508 92.02%. 54.24%.
72.01%- 53.29%-. 92.63%. i, HLJEAN25kV
IR K R e, AR X IR AL 5.55 1%, SR 41AH
b2 H 3% . DBD ALFEE N T Rh 1 B9 W K BE
ARG T 5 5 TR B M K, PN
5 B8 Z WK AT AL FE R 5 R e v A R UM IR 4
AR, My F R ROS I 4 i bR se 77, ki 5l
RIERRL AL, SRS R DY,
MALH RN 20 KV S (B 6(b)), AbHR [RIZH
W K R o 5N 63.17% T4.72% 94.23%-
32.81%- 54.86%, FLH, WA 32.5 s IR /KRIA
Pl KAE, RXTIRALH 5.65 M. XHIE4 53y
W EAEEEER (p<0.05). MW KERE L
RN [ (1) A S0 1 5 J5 PRI, TEIRTR] (60 8D (1)
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Fig.6 Effects of voltage and time on water absorption and relative conductivity
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Y N HLO, A SR o A B HL R D 20 kV B (1] 7
(b)), Kb BRI [E] 25 1) H,0, 7 & 73 5125 0.018 pmol/g-
0.032 umol/g. 0.015 pmol/g. 0.023 pmol/g\
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Fig.7 Effects of voltage and time on seed H,0, and MDA
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0.001).

YA s (2 S4B (4 FibE
M (B) @Ar[EETTRE, w17 B,

7 =-479.5048 + 2.116 64 + 57.8472B -

0.077 84B - 0.014 14° - 1.5053B°  (17)

[ VA1 A5E 2R v R 00 0 (L 1R DR/ e 08 AT 1 4% (A
B ERE R B = AR R N, IR 55 RN &
PRI 20 H A o s e ) e il (17wl
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2.116 6. 57.8472, KIALESLIEITTEREIN, P
FXE MR E RFLRRA S BA RN, H
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SR VR N A PR R R > AR PRI A] . R RN 0.804,
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B (DMK . 2 = 4R 1 5 5 AR R R
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ZIRIRIER B e A A Bt SE R AR

Table 6 Experimental results of binary quadratic orthogonal regression rotation combination design

2H 5] Group b3 Treatment %:4 144} Comprehensive core
Als B/kV V4

CK - - 59.600 3

Gl 52 23.53 28.090 7
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sk

2H.53 Group 4b3 Treatment 25543 %7 Comprehensive core
G2 52 16.48 65.271 0
G3 13.05 23.53 52.064 1
G4 13.05 16.48 68.253 5
G5 60 20 58.782 4
G6 5 20 79.209 9
G7 32.5 25 11.5810
GS8 32.5 15 72.098 8
G9 32.5 20 71.784 9
GI10 32.5 20 84.582 7
Gl1 32.5 20 86.036 3
Gl12 32.5 20 73.1775
G13 32.5 20 79.840 5

e ZNR TR SRR B 1350

Note: Z represents the comprehensive score of each indicator for seed germination.

®7 BERERGTESR

Table 7 Regression model analysis of variance table

I IR H Fl pfE
Source Sum of squares Degrees of freedom F-value p-value

FF 1) 4 Time 4 5810.30 4 9.88 <0.000 1**
1% B Voltage B 32 029.62 4 54.46 <0.000 1**
i [] 4° Time A 5810.30 4 9.88 <0.000 1**
Hi & B* Voltage B 32 029.62 4 54.46 <0.000 1**
22 H.I AxB Interaction AxB 19 701.99 8 16.75 <0.000 1**
%7 Residual 3822.87 26

RERH R 0.804

Coefficient of determination R’

W RREREE (P<0.05), ** FRERWEZ (p<0.0D.
Note: * indicates a significant difference (p < 0.05) and ** indicates an extremely significant difference (p < 0.01).

e 84
(a) (b) *  Optimal point
o Raw data 24 40.00_ - Raw data 7 72
% Optimal point 80
- 60
22
60
100 - - 48
75 =
N 50 40 N %20 F36 N
25 S
0 20 § F24
18 L12
0 |
0
16
- -12
10 20 30 40 50 60

Time /s

8  TIRIEONNEAE SRS R SRR K R SN TR A5 e 2
Fig.8 Response surface and contour map of two factors on comprehensive germination index of alfalfa
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Fig. 9 Validation of experimental seed germination
parameters
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0.005 10008
0 0
CK Treat

E 10 IoEseie 5 A HURRE R A i AR ICHR B
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Fig. 10 The physiological characteristics of experimental seeds and seedling growth indexes were verified
(a) seed water absorption, relative conductivity, fresh-dry ratio, seedling length; (b) changes in the contents of H,0, and MDA in
seeds before and after DBD treatment; (c) and (d) are the visual images of seedling length of the control group and the treatment
group, respectively
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Fig. 11 Micro-morphology of seed surface before and after
treatment
(a) and (b) are the SEM images of the control group magnified

by 1 000 and 3 000 times, respectively; (c) and (d) are the
images of the corresponding treatment groups, respectively
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