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Abstract: In order to reduce the acidification of farmland caused by excessive application of ammonium fer-
tilizer and frequent acid rain, which affects crop growth, a comprehensive evaluation method was used to
screen aluminum tolerant germplasm through root phenotype during the seedling stage. The parents
10D130 and Zhongshuang 11 of the recombinant inbred lines (RIL) of Brassica napus were used as materi-
als to screen the suitable aluminum stress concentrations during the seedling stage. 138 seedlings of Bras-
sica napus RIL population were treated with this concentration of aluminum solution. The coefficient of
variation analysis, correlation analysis, principal component analysis, systematic cluster analysis and step-
wise regression analysis were carried out for analyzing the single tolerance coefficients of aluminum toxicity
of 7 root parameters, including root length, surface area, average diameter, root volume, root crossings.,
root tips and dry weight. The aluminum tolerance characteristics of roots in different rape lines were com-
prehensively evaluated by using the membership function method. The results showed that there were sig-
nificant differences in root indexes among 138 rape lines (»<Z0.05). The aluminum-tolerant lines 27034,
27036 and 27007 at seedling stage were screened out. According to the results of grey correlation degree
and stepwise regression analysis, it was considered that seven key indicators such as root length, surface
area, root volume, root crossings, etc. » could preliminarily determine the aluminum tolerance of Brassica
napus germplasm at seedling stage. The comprehensive evaluation of the tolerance rape to aluminum by these
methods can avoid the one-sidedness and instability of a single index, and the results are more reliable.
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B AR 2 AR L AR AR AR RR . LA T K RIL BERAY AR, Butare 2557 i H3E B RIL #EA, i
i M b R IAR AR AR RO A 2 T E BRI BT

¢ (Brassica napus L) S5 ZIGHRHMEY) . BAT O NSERAE R AT . SR .tk M348 | s
FURCRL G Z R0 . BHAr, FEmSEMAE RO B 720 77 km®, EBAA LRI R i X, (HiE
AR, 1M X 2 B R - A T AR A T TS MR R A BUR L DRL I 5 9 3 A K A 5
TS P 7 L U e 4 S R T IZ O, EEG AT AT L SRR A LU R S RILREOR A4 R
3 500 % B RE A0 R BT A ARG IR L 2 D6 A MO TERBEAT T QTL 7. i 2 A5 B 2 i A o ™
T CRCRD FIZR T 7 B ORPRD B JERE , i 2R, S R R IR R A RE PR IIE s B 325 i SR SER9IE 7
KE S G, M ZEG PR Y T 1k 8 i 4 v U AR e R 0 U TR B ARl OGS B o A ORI R ML AF ST B
TR S ARG LU EE RS RIL SEA 10D130 A rfr XL 11 bk i 6 v 30938 B 00 40 W as o B2, O LUKk B2
AR RIL B 138 AN dh R IAIHT . GEiT 25 ah RARAVEIR R E WIS 7307 . R 58 RS0 M ALz AP (1] 15 23 Hr 25
AR J5 i o XTI ER I8 TR BT SEAR AR AR PR R AT 2R G IO . U O R A S b DX AR i S R (RO
F4 i 32 12 (4t BRI A .

1 ME5AFZ®
1.1 iR 5

FH T &)y v 950 75 T 30 A B9 32 955 R B AR 9 10D130 XL 11 (Zhongshuang 11, ZS11) 5 H T % 8
Ve T8 FNZE A TR R 2R 2 BRI A RHE FH 10D130 S REARFI ZS11 R ACAS . SR FH Bk 5 vk 7 42 1 58 8 1R 3k
AL 138 Oy dhFh (RO Y RIL BEUR, BT b (RO 3 P9 R 220 3 TR B ARB P04 0L, T4 5
A EE IR R 97 % A1CL - 6H, 0.
1.2 EHEFBMERERE

W ZS11 A1 10D130 WA iy ot 4 T8 £ ORI . K /N1 8y 90 KA+ 11 75 % /K Z BEH % 1min J5, 1
TR BEAT VR BB, W Bl o4& Bl T2 47 2/3 RIS A A L R Z b . BTG 5 kL. FRCR A
KRS 2 R BB, SEATEE . BT RAT E PIRR A IR 1/2 AR 2L E SRR, FRAI AR 4 R E K
H B I FE A BRSO AT 40 e b B, b B 02 BRGSOk A4 BRSO (CKD , 800,
1600, 2 400, 3 200 Al 4 000 pmol/L A1CL, « 6H,O B 1/2 AR 2 E R, BHCHM 3 HEE, Hh4dE
e 1 UAH A A B

R aAb B 15 d JE, B M RR R, R AR & H#54% (Perfection V850 Pro. Epson Crop. Beijing.,
China) #EATHR R 15 B R AL B IF A2 A THE L 0 807 AR R R . SR AR 3R R 4 BT S 1
WinRHIZO Pro 32-bit 2020a(Regent Instruments, Quebec, Canada) 23 J3HE MK (cm) . HFEHH (cm”) |
R A% (mm) . AR (em®) L MR 38 LELAS) FIARREL(AS).
1.3 %) &89 3E RIL BHER 2SR M E

M 138 53 H i B3k 5% RIL B AR v Bk 32 16 3 X ST B Fp 7 2 S4B A fE b A B s kb i &, R K
F2~3 A EMMBRIMWIKET EH 60 emX 34 em X3 em), B TH AR (67 emX 41 em X 15 cm)
H, JRINA 1/2 B B R TE R IR, BAMACE FRWE 6 L. o B (CKO FER 38 41 O 28 H 0 B
WEEAAL B, pHAAE N 4. 0~4.5)2 403, ARG A4 d B4 1 A R A B AR Ab 15 d R
HEATAR R IFE 105 'C FAH 10 min, 75 CHET 24 h 5 T i, SMHRMOEE WO TF: WK
(Root Length, RL) . # & H H (Surface Area, SA) . #F¥ 12 (Average Diameter, AD) . R & FH (Root
Volume, RV) | #58 X £t (Root Crossings, RC) . R E (Root Tips, RT) . M 1 it ik (Dry Weight, DW).
PRl 3 N EA.
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1.4 HiEKESESH
i Microsoft Excel 2019 % Ji 4k B4 #4748 11 b B I il £ M1 € B 2%, R A 1BM SPSS 22. 07 Al
DPS V9. 50 X &b B 1 B8 oE 1748 S R BT . HIOGHE MM . A AT . K G BRE A i . R K
OY BT BGE A A A3 BT 55 SR ISR TR oA BORN A o 22 2R B0W T B V8 AT T A0 R 1 25 B 0P M. S TR AR T SRR
PR % (average sub-ordinative function value, ASF) . £ 8 Wrifl it £ 25 & ¥ (aluminum toxicity tolerance
value, A) ., 5835 IIALT 1 2 50 (weight aluminum toxicity tolerance coefficient, WAC) (358 )5 R A XS
MSCHR[25-27 1.
DL SR (RO 7 AR R MR I (1 Ry S mb B0die , 2R 4748 53 RBO T, 40 3 (D T3 BRI A 0 7 T
£ £ %0 (aluminum toxicity tolerance coefficient, AC). £ X} &8¥5 AC {8, SEAFH B MG G0, HHE
AC, =X,/CK, i =1,2,3,m; j =1,2,3,n (D
X X0 CK GBI FOR 5 i ARAR A A ah Bl RO 5 25 [0 380 0008 AR 3 7% 938 7 D & (A
F AR R TS SR (RO 25 18 h5 ISR IR BB R (AC ) 1R 38 R AL (ASF) .
R(AC,;) =(AC,;, —AC,;. )/ (AC, e — AC;. i) i =1,2,3,sm; j=1,2,3,n  (2)

1 n
ASF =— >R, i =1.,2.3,um (3)
[

K AC,  AC,, s AC, o P RIRRER « AHEAR T2 a0 AC {H K5 1 A8 b T 19 fie /b LA
R AE.
N O TN O TR i Bl (RO A48 R AU (o) RIS 35 T PR 255 PR (A fEL:

k
w, =P,/ > P, i =1,2,3, .k o)
i=1

A, :Z”)[R(XJ X w, ] i =1.2.3, .k (5)
K, PR DNEEAIEPRTECR, RS N IEREET A IR R E BRI s £ Ak BUAY 3 B
R(X ) N4 T 50155014,
FEA O TN (DI F LB REE) MR (7))

& = (minA,; + pmaxA,;)/(A; + pmaxA,;) i =1,2,3,>sm; j =1,2,3,",n (6)
1 .
7, =— D& i =1.2.3,,m (7
nmoi—

X, A, AR REEIRSSE j DRFGOSE § DR LX 22 E. mind, /D 940 2218,
maxA, NIRRT HAEFRTEE, p NOFERE(ELO0.5).
Fi2 5 (&) FNA F (O T A5 P8 AR AUE R () FER B AL 14 REL(WAC) .

w, =) =7./>.7 i =1.2.3,.m (8
i=1

WAC, = > Jw, (¥) X AC, i =1,2.3,m; j =1,2,3,n (9

LA A bR AC B8 LEBUF A, FFLL A A5 AT K @O OCERE 0 # » BRFF45 4808 AC (5 A {H 1)
A SRIBREE (70 5 i 2 T M H S B =R M I A {E, SR JH 8 25 °F- 75 Mk (Sum of Squares of Deviations) il
RRICHE B JEAT R RIHT, IR ME S, [ R 155 gatree REUZ NI BIL R E ™. LA (N
AR, A 480R09 AC (620 A 728 5 I A7 2 48 WA 307, 3RA% 015 05 2.
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2 HRE54HH
2.1 B R 4R BE R 0 i

AT LA A Sy B 30 0 355 0 1 30 1) e i MR BE AR AR, AR 1 AT DAL AR R MR B Dy 800 pmol/L
f, ZS11 MARK B &8 T X IR (p<<0.05), 1 10D130 AR K S5 BMAMEL ZF LG H¥E X (p >
0.05). Bl 7 40 A0 B3k B 14 PSR AR I A X AR 38 2 R B R A, (R SR AR R B R B OR ] B AR
ZS11 4R 36 T 32 8 B W L 10D130 58, S A [R] AR 2R 04 90061 1 50 B SO ), R AR g b X 43 T 40 M 22
S MM AR IE N 1 600 pmol/L BF, P 2E A [ AH X AR K 3 B 3 TR (p<<0.05). 7E 0~1 600 pmol/L
YRR AL RV BE R . PR AS SR K H KT 100 em, £E 2 400~4 000 pmol/L B4R AL VR B T, BARKAL T
100 cm, MK T XA (p<T0.05), HBEHE 2 400 pmol/ L 47 il ¥ BE 15 S 70 32 40 75 39 i 45 75 Fh 5 9% IR

B 32 F) T PR

R1 TREBREMBX 4 & BRI FERARKOHM
e/ sy fif Box Az A/

(pmol « L) Z811 10D130 B %
0 182.83414.792b 173. 384 14. 806a 178.11 0

800 209. 611+13. 456a 167.91£17. 647a 188. 76 6.01

1 600 168. 72+20. 221b 104. 37+£7. 939b 136.55 —23.31

2 400 91.51£8. 847¢ 64.01£8. 436¢ 77.76 —56. 33

3200 89.31417.420¢ 80.04=£7.931c 84. 68 —52. 44

4 000 62.583. 499d 25.75%4.593d 44.17 —75. 20

e N FRARRER p<0.05, ALK L.
i3 RIL B4 EHIR RIEFR ST
th& 2 I, FEXTRERER AL 2 Fp AT, RIL BERS R (RO 7 MR RMER2ZE RSB R 502 8 X
(p<<0.05). XF BALH A& MORAE S R B0 B 14. 34 % ~59. 25 %, 728 5 2R BN /N B K AR R CH AR P 1 B 4%
MR MR A, AR . AR REL, MRASECRIAR T s AR FRA P A MR AR R R B Ry 18. 36 % ~
49.63% » A8 5 REN/N BN KAR GO AR H AR . RR AL, AR . MR MRAE H . HRAREORIAR T T .
X B AL B 2 Fh S8 A8 S BB KR T 14 % . £ W] 138 43 RIL BEIR MR B B 812 8 AL 748 5. 4835 1
BN, R R AR ER L R A SE AR O BRI e 6 B 43 0 R B 53,3500, 50.00%, 42.76%,
57.25% 1 50. 19 %, MiAR P35 BAR . AR 5T o D) 43 il 35 X6 BEBG in 12. 94 %6, 2,30 %.

%2 AEMHET RIL BESIERNTL

2.2

ZH i8N REHR RPHER RER HRAE XA R A% R B
pagiict 5N [E ] 1143.84 141. 60 0.43 1. 40 4 412 20 108 0. 380
B /ME 140. 24 11. 54 0.18 0.09 338 859 0.010
YA 530. 53" 47.19"" 0.28"" 0.34"" 1395°" 4 583" 0.050""
b 2= 165. 13 16. 23 0.04 0.15 589 2 428 0.030
SR 31.13 34. 40 14. 34 42.87 42. 24 52.98  59.25
Jib SN 627. 99 55. 20 0. 57 0.54 1466 8129 0.172
/M 68. 90 7.70 0.17 0. 04 106 559 0. 004
¥i{H 247,477 23.60" " 0.31"" 0.19"" 597" 22837 0.051""
b 2 88. 48 7.06 0. 06 0. 07 254 1104 0.025
SR % 35.75 29. 91 18. 36 38.33 42.58 48.34  49.63
X AR A/ % ¥iE —53.35 —50. 00 12.94  —42.76 —57.25 —50.19  2.30
s 2R —46. 42 —56.51 44.53  —48.94 —56. 90 —54.54 —14. 31

T * % R p<<0.01, ZRAGIHHE L.
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2.3 HIEREASMERE(AC) ST
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(@) B (b) RFMER (c) IRFEHER
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40 30 .
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B 30F e g 30
s
SN R 20T SN
K 20T = X o20F
® B oL [ |
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N0 N NN O — =t .~ &N = o0 v > N - N T O 0 O o < O
® & 2 A . F 95 eI T T - - AT NS - T
T ST T 77771 929929397 T399I 7777
(== N SR =B o o BN~ B =) N o | vi 0 O O T O 0 <O S N N I~ N = n N
M o = o T — Qg O At A T S B A ]
[ = e T T B o o o o o o o 9 o o o o o = o= -
AC AC AC
(d) MREAFR (e) IRZTXH (O REH
50
40 —
£
4530'
R
X 20F
L=y
10 ‘\ I—I
0
N T O 0 o O < ©
T RS MRS & 9
S Qo = = = o0 O o
O R
N N >N = NN
o ¥ NS MRS o.
o o o = = =~ O
AC
(e) BFRE

B 1 RIL #ELREERTEERBOMRSE
ZEREW, KA AC HE SRR 5 0 A . HoA MR B MRS R s AC Bk X3 b
(ROFRFEMZ MR A, R 3 AL, AR, MR MR MR A CHORIR ¥ AC H{E/NT 1. 00, 1
A2 HARFIAR T Bt AC BB R T 1,00, 7 A BRI bR 48 35 T M AR 0 Al (RO [R) 22 S 50K ik B Ge it
B X (p<C0.01), BEHIIXEEHAMRAEFRFEM 30 T A [F & A (RO R ZZ AR R, 7 D HEAR 1Y 22 S RECH 12, 53400 ~
46. 374 % , HI/NBIFRARGCRF- B B . IRRIA, RAR AR TR ARS8, HRAREL
MR 4 ATLVE N, B it R MAA7E @R E RS, mla T, MK SREmR, R
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PRER L AR S SOR, MR OB, AR T o B ) SR A I 5 TE A O (p<<0. 01D, SRS 1Y BAR 52 8 35 70 5% (p <<0. 05).
AR AR5 AR R | AR SR, MR AR B, AR T B ] S 1 3 IE AR O (p<<0. 01D, MRS AR SARAR AR
R ] A R IE A G (p <0 01) 5 AR A OB . ARAR KA AR R AR O (p<<0. 0. MR G R
B, MRARB. MR BT S AR B IE AR DG (p<<0. 01). AR A SUEC S AR AB . AR T 0T & ] S At 35 TEAH G (p <<
0.001). AIUL, AR B RE P R BT B2 BE A9 (5 BB &, A il ST 4R 2 W30 b BT ke i/ AN 2 e TR) .
FEH Rk SE AR BR B9 AC (B A Th 316 4l i 39T 8 8 1k AS R T

®3 RILEAEERBEMERI(AC)

SR iESN 2% R A3 B AR AR R AZ XA UiEEANE e R JoT
BKME 0.943 0. 906 1. 731 1. 046 1. 002 1. 841 2.505
= /ME 0. 230 0.232 0. 734 0.193 0.166 0.123 0.504
¥iE 0.481"" 0.514"" 1.135" " 0.591"" 0.455"" 0.553"" 1.092" "
b o 2= 0.128 0.13 0.142 0.152 0.161 0. 256 0. 386
5 R E Y 26. 561 25. 307 12.534 25.795 35. 430 46. 374 35. 398

T o« x FoR p<<0.01, ZRAGIFE L.
R4 RILBEESESASHERBNEXEST

W 5E 48 b Lis8iS LTI A 3 H AR A A R A8 A4 IR A M JoT
i8N 1

A 3% R 0.834"" 1

REHER —0.209" —0.031 1

R AR 0.503"" 0.730"" 0.365"" 1

M 28 SLEL 0.771"" 0.628"" —0.290"" 0.358"" 1

HLAEL 0.624"" 0.482"°" —0.286"" 0.317"" 0.617°" 1

AR T i 0.342"" 0.494"" 0.320"" 0.607" " 0.238"" 0.164 1

. ox Fom p<<0.05, x x TR p<<0.0l, ZRAEGITHFEX
2.4 HMERILBFEESHEZGETHEARRZMBENEEITN
2.4.1 FRIGAAEE R IAC) W RO 2

RS ATAL, 55 1. 5 2. 55 3. 58 4 BTk =43 3k 52.082%, 24.672%, 7.118 %, 6.606 %,
FIF ok Rk H] 90. 478 %0, $REUHT 4 A E R T, SEARTA T T I bR 9 Rt 5 8, K 7 AR
FEbREE AL A A F I ST L5 G R bR . VB 0 B0 EE D0 52 MR SRR SR ) Y R R R AR (R 6). TEE 1 E
B ARARE. MR . MRS SUHGE ) ST R s RS 2 ERU R, MR E . R M. AR R A
M GTERR R R s 7RSS 3 B, Tk R m R R R A RO EAA L AR B ARREG 4 E
BT, DUERRA S R AR R A AR RO AR R AT, RS 1, 2, 3, 4 AT
L1V I RE BT AT R AR R ARER . HESTERRGA B 90 %0 LA b, BT RART 4 A R nT e 138 473 H i B S
EXANER ST E SR G

5 BEQERHSEE, MR

E WAy FEAE L TTHR AR/ V0 it TmkR/ %
1 3. 646 52. 082 52.082
2 1.727 24.672 76. 754
3 0. 498 7.118 83. 872

4 0.462 6. 606 90. 478
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Fo BEFTHEER

ifif 45 48 F5 ST
1 2 3 4
WK 0.474 0.478 —0.042 0. 385
R 2% R —0.155 0.074 0. 665 0. 406
R B AR —0. 047 —0.159 0. 554 0.152
AR —0. 265 —0. 368 —0.104 —0.173
R A8 AR 0.122 —0. 267 0. 410 —0. 442
AR 0. 550 0. 234 0. 245 —0.566
AR 5T —0. 601 0. 692 0.105 —0. 345

2.4.2 BRTFPFHERE DAL, 48 H 0L AR E Fo 42 A AR R B0 4R AR
WHEAK ), X 138 L Fh 57 9 F R BB (ASF) i 7 i fHEF Gk D.
£7 EEMET RIL BKE ASF . A . WAC BHEE (%)

Y UE) ASF fH HEF AMH R WAC i HEF
27004 0. 61 6 2. 30 6 0.99 5
27007 0. 81 1 3. 69 1 1.18 1
27020 0.19 133 —1.45 129 0. 50 129
27021 0.56 12 1. 89 8 0.93 9
27028 0.17 136 —1.62 135 0. 47 137
27034 0.71 2 3. 04 2 1. 05 4
27036 0. 65 5 2. 64 4 1. 05 3
27040 0.18 135 —1.60 134 0. 50 132
27042 0. 66 4 2.47 5 0. 94 8
27053 0.12 138 —2.04 138 0. 45 138
27061 0.58 10 1. 84 11 0. 88 13
27067 0.18 134 —1.49 131 0. 49 134
27083 0.59 9 2.18 7 0.98 6
27103 0. 60 7 1. 87 10 0.91 10
27140 0.19 131 —1.50 132 0. 50 130
27143 0.19 132 —1.70 137 0. 48 135
27164 0. 60 8 1. 88 9 0. 95 7
18D290 0.16 137 —1.66 136 0. 47 136
18D306 0.67 3 2.90 3 1. 05 2
18D318 0. 20 130 —1.48 130 0. 50 133
18D327 0. 21 127 —1.58 133 0. 50 131
18D334 0. 20 129 —1.44 128 0.51 127

SRR, F¥HRIEREE N 0.12~0. 81, HARB/NIEFTHET S BT 10 B KK R 27007, 27034,
18D306, 27042, 27036, 27004, 27103, 27164, 27083 F1 27061, M/NEIKJG 10 ZHK A 27053, 18D290,
27028, 27040, 27067, 27020, 27143, 27140, 18D318 Ml 18D334. ik Fh i 41 5 Mt o4 25 & PEA (A 2 1y
A A CRO I 32800 A5 43 A A A A ROINAE . B KN O T A A CRO 68 B I A2 M A 58
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138 izt A (A h —2.04~3.69, M4 A {H K /XSl Fp BT 2817 HE P (3R 7). T 58 1k o5 5 A Wi
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