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cata) 37FF RAEAR A KIAHFE, M T ot K A8 B KF(RWC). KA R 2 FE(WUE)., aA%, WART vt 4
R EM BAR. £ T2 EM, TR AR EE E RSO EERITF 86 AT T 4209710, 4R &9,
St rAgre, FFMEAT, 3 FERAARMGRWC., A0 E(P). Ak E(T). AILFE(G)H T, mWUE
¥y 3FPRE R 6ot ARG M BB BB Z B R R BT TG F, 2E L5 £ 0BG, BIFREF
MR TN, MR F R EG,. T, WARLLZE. TR BRE. TAREE. RAR. MENREE

HERFEMK, 5CERF RAAK;, TROSDTRIG2A RS R T REZ100%6915 & L0374
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PR EE A LR s 25 B SR 38 S A A 1) A
b, KA SRR E B0 73 B SR G VPN 3R AL R
IPLFPERSS, BRI B PR A, R R
PR AR BRI AR SRR o
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H(2015-3-76).
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1.1 #R R AR

WIS T-20164F4 H 10 H AR H R A bR 27 el 252
B T R AR AT o e AR K — B 2 22 36 5 (Malus
halliana Koehne). #7585 352 [Malus sieversii (Ledeb.)
Roem.]. 1li%€ T [Malus baccata (Linn.) Borkh.]—
TR SR AT 60K N B R T (I . B RS
A RARFRLE Ay1:1:3) H 550.65 kgL (M 1%
15 cm, {R18 em)™h, R —#k, 2 —E#. 15 dJF,
HEAT S AR K g, G50 6 B IR K Ok iR A
g AH, AL . K HEFER
LG LIRS K E, B3 dEE R RRE IR 7K
2 FH )RR K B (75%~85% (IE 3 11k 7K) F145%~50%
(FFWra). 201645 H25 H(RFEE30 d)ME
fatr.
1.2 MHERWCUE

HOHE R BT FECGE3~5 B e e IR, =
HEZE542(2000) 15 H 1 7732, € P RWC.
1.3 XEERNE

M HUAL T 55 5~6 715 A (AN THUER 7] T 450 Dy RE A,
FIFILi-64005 & {X (LI-COR A &, SEE)THE K -
F-9:00~11:0001 5 {6 G (P,) . AL FE(G)
A H F(T,) LRI COLKR E(C), AP E S
W A5 WUE=P /T,
1.4 ESTEREHMAVEHE

05 BUHT R Tt 52 A R T B4 it A 81
KA R, R R BT R mmx 1 mm 77 B, 57
BIFE N s v [ o, P BIRTR ], £ eh FE it
K, JE AN i K G T5E S mI . HLeica
EM UC6 Miultracutjf i# 7] i #l(Leica Microsystems
GmbH, Wetzlar, Germany) Y] 1] F, FHESFR XX
B AT I R Y OUE G i, 15 Tecnai G2 (TF20)
R S LR (O DT LI 40 I, AN A B 52
10N HRET
1.5 R, 2. MHRFIEHSENE

Z AU A2 1IR3 1987), 18 BT v
FETT 28 2~35 A e, FXH ) it i 3k
RV 0.5 cmx0.5 emff)/NE; ZEAEFRHBIAI2 em 1)
FF EIKZS mmPI B i AR5 B K BE T,
EERX VTR L5 mm Y B N /R S AK-
SRR FS (FAA) e b e =, VIR RN

8~10 pm, F2L-[H S0 G i, R IR E . R
FH Olympus /7 fig o U W 82 2544, FFE4m . H
SR EAR . X, RS, B4l
ZHI5 20 WAL BT I i -3 4E

Iy 2H 23 25 1) 5K % FE (CTR)=(HiH A= 2 23 = B2/
S ) < 100%; i v 2H 2R &5 M B 44 52 (SR)=
(AR VR B/ Fr G B )< 100% . 38 5 =1k
AR R T B IR AR K SRR AR T A, S
B=(FEREKNE+FE RENE)2.
1.6 HIENIE

HImage J# 14 (http://s-bweb.nih.gov/ij/) %} fift
Hl gt AT I &, SR A SPSS 22,084 1T s K &=
Duncanf 36 77 2 73 At AR5 # S 1853 7 i,
1 il Excel 2007 %4l ..

2 WEER

2.1 FEMBEXIMERIEAREIRERAES AN
T2 iE T RWCAR AL v] S AR ) 1)
My 21k, MERITTLUE H, IEHEAKELET, 3R
BEEARKRWC, P, T.. G #FZR, WUEFIC,
EREES . TRIEE, SFERATAMRWC,
P, T GHITFW. SxtHRMIL, He2igst. B
B I EFIIRWCH B R 719.80%.
26.77%F116.66%, T 223 5 (FJRWC I 3 & T HAth
PG AR (P<0.05); TEL2 5P, T.5G AR =
3M A AR KIWUER F s, g F e, #in T
13.69%; 22 g 5 AT 58P 30 1 1 G R RF
SRR R, L TG T
2.2 FEBXIIFHERE AR B MEEIRIFZ 0
MEIRT LA H, 55X AR, S8 T35
SR A R AR T 25 7 22 S B R (I 1-D~F): 3
22 S I SRR I, SERRLAR /)N, W RO
BH b HARFR N, FERL RN 57 25 8 44 5 45 #4) 175 I
(EI1-D); Bram iy = R py it SR K ik [BE, ek
W R AR /N, HE g, REHOBUR L E 1 2, 4%
RIS AR, B2 2 IR (B 1-E); e 7
1) i R A R K A2 T il R %, A B 5S4 HLAES TR
L, VER LT R, A K EME R B, B 2R
Wrad, FEVAL S E, T IR, SRR AR, R
FeSE MR, T A4 AR S B R 1 5 R ) (]
1-F),
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Table 1 Effects of drought stress on physiological indexes of three apple rootstocks

. RWC/% WUE/umol-mmol” P,/umol-m™s”
SEREEA
PO FF e o} & TR o} & RSl

B N 89.76+1.21* 80.25+1.05" 3.14+0.28" 3.25+0.21* 3.99+0.19* 3.02+0.22*
TRy 3 88.21+0.54" 77.81+1.03" 2.06+0.18" 2.73+0.20™ 3.71£0.25* 2.18+0.17"
e+ 88.47+1.35" 76.37+1.31" 3.21+0.15* 3.39+0.24* 3.67+0.21* 2.34+0.27"

. C/umol-mol™ T/mmol-m™s™ G/mol-m™-s™

SERETA

Xt HE TR g Xt iR TR e POy TR g

EA N 380+16.34“ 349+22.67" 1.27+0.09* 0.93+0.07% 0.12+0.001* 0.10+0.001*
ST B 316+19.23" 358+25.89"™ 1.2140.12* 0.80£0.11" 0.11£0.001* 0.09+0.001*
g7 331+18.51" 385+23.12* 1.14+0.06* 0.69+0.13 0.12£0.002* 0.07+0.001"

TEARAIRHA B8 73 ) 2R ) — A FEAN [ o R0 ] — oA [ Ak 380 ) f) 22 37 85k 35 (P<0.05); #2~4 K4t

AT 5 A6 3o S SRRl A I SR AR Sl 45 40 RO )
Fig.1 Effects of drought stress on chloroplast ultrastructure in leaves of three apple rootstocks
A B. CHpl TR 22ifg s, FramEr i, LE F 72 IR KSR PRI R LA, Dy Ey FArl TR 2zifg s, Bramer-p,
BT TR0 Ja R . Chr 4R Mi: ZERifR; N: 4, O: WEHKIIRG Pm: BB Sg: ek, V: GE; Vs 2050 JZ 3R L;
W: 4iffiEE . brR=1 pm.
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2.3 FEMBIFIMIER AN TSR F N
2.3.1 MEREHFIE

MFR2TT A, TEH K AT, SRR A
M EEGAREES, FIRYEELREEER,
B EREEEYRT FREEE. 1558 N3
SERFE AR P ERE . R 2 R ) 5
(P<0.05). Firh, FEL2YGH. Bl e, e T

(I B JE B 43 Sl L BRJR D 17 23.3% . 25.2% A1
39.9%, H 322 50y 5B 0 2 KT AR AN Fh
[F1(P<0.05); 3RS ACH, BT amEr ¢ R b 3R JR
R, M2 HIR ;T WG R N R R
TR R e R S L e 1 (P<0.05) .
2.3.2 MHA4HE

MEE2R 50, TR KRR T, 3R SRR A )

2 TR PRAERT 3R R A 3R B R
Table 2 Effects of drought stress on leaf epidermis thickness of three apple rootstock

R R /um LR E R /um R R /pm
HEHREA
oyt RS RS paii T5 g
EiA T 167.13+5.67“ 128.18+2.87% 21.07+2.39“ 17.23+£1.93% 11.87+1.58* 11.56£1.12
BB 141.15+3.43™ 97.52+1.54" 22.53+4.05" 19.52+0.59* 11.45+1.12* 7.78+1.58"
g7 101.62+2.20 76.02+4.54 18.7242.87™ 14.49+3.00% 11.73+1.38* 7.67+0.73%

12 5 ol %o 33 A A Iy S Gl ) 1 5 )
Fig.2 Effects of drought stress on leaf microscopic characteristics of three apple rootstocks
AL B. CHrRlaReeifgst, Bramiy iR, e F/E IR MK AR N R DL By PRl A Raaiist, Brsiy g, L
FI- 5 a JE A B . U-ep: b3 5% L-ep: T2 J; Pal: MiHR24H41,
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- A 2H 2R M R0, HEB A K, 4T M I R
NE2-A~C). TE 22 g F I i 12U KA
W, MZEEHI(FE2-A); Hr 583 F A F A 21 21
S, B2 S R(E2-B); E T AR 4
U5, BRE R (E2-C). TR ha)E, 3¢
TRG A R OIS 2 2 B R 4, HE B 5 b AN B
T U 4R 20 240 i HE A R 40 A A B RCOR (B
2-D~F).

M3 ATE, EH ALK&, 3FERAAR
WA EREE . BRALRBEEFEER. T2
EF, 3NE R AR HR)ZE . RS R
FE. CTR. SR¥Jjk/IN. Horf, HEL2ifg5 . Hramiy
Fo e PR A L 2R RE 43 R B T 8.21%.
28.63%7F129.09%, I 22 g 5 A B M A 4L 4R
B g4 2H 2R 5 RE 6 2 v T A R R Al K ) (P<
0.05); 3FFfili A (I CTR 23 I BEAK T 4.92% 28.64%
5.21%, HILZE FHRICTREZ & T ELEE5H
GRS L (P<0.05); BT EEE SR ISREE & T
FLL PR 112 T(P<0.05).

2.4 FRMBIIFHIERIEARZ MR LEAIFZ T

SR AR Gy ZE R A R R R R IRAE
B RAEAEE R BBV s (EI3) . IR K
T, ARmARERE. KieEMenEd
B, B H16~T7 2 K /NANF] (1) JE e 2H 21 55 i e 20 21
HRU(EI3-A1~C1); RIS E B EZH, B
Z(K3-A1~Cl, A2~C2). FEWria)E, 353 5a8
REZEMEBZWIR, ERPAFHFERER
FrUkb, B S B e T R E R B AN (]
3-A2~C2, D2~F2); T 22 }fg 5 T 58 07 39 L1 e fZ
YT M AR /N, R 2 I LB 2 AR L S R A 4R
W(E3-A1. B1l. D1, El), ifi i 7K &40
AN, R 2 ) R EEH AR (3-C 1y F1).

TR RN T N AR I AR L R R A5 B
R AR K B . I3 R K4-AT] WL, 1EH kK

ST, 3R RATAR IR E % AR E
ZE 5, TR M8 JE 3R AR AT B R
B, T 22055 R RE1.13%, 25 /N T Hoph e Fh s A
()N FEMRE (P<0.05),  FH &3 ¢ El4-Br] %1, + 57 i
I 3P AR A S AR IR R, HaE 2
SRNLE F 1) S8 R R & T R (P<0.05), 4
5] LU R B 0 T 14.89%A1135.7 1%, 171 35t 488 B 3 5
HAME AN N2.23%, 55%F iR TC 0 3 22 7+ (P>0.05).
2.5 FEMEITIFERMAR A BTSRRI

SERGMBRYT . WE G R =4,
B, R B EWHRMIR, R R AT,
PEHR B T — MR ZE, B R, AR
AR 24 R (E5-A1~F1). HESA I, 1E
WHOKEAMR, B R A R KT S E ), G
TG [RD 5 D Bz 4 DA P o R A 4 A 2 1, G IR
2 1) B BB RN U AE A B, BATBUHPIR e 2CHE 21 72
HITAE AT B JE L, T B B B A 2 A, A UK
A= ) B RN YR AR A B 2 TR, S 9 A T L AR
(EI5-A1~F1). TR Wrd)E, 3FE FRal AR MR 4EE
S 2 52 AN [FIRE FEE IR s i, 4 A SRR /N (R4, B
5-A~F). Hrh, de42ifg ot de il S i 58, B
BN R T AS (KI5-D), T 37 5 B 3 S L
TH4EE LR HT R, L& F RG22, K
JF A ™ B (B 5-F); J R RO i 278 T (B15-A1~F1);
FART TR N 55 ek (B15-A2~F2)).

R4 LUE H, BRI G T, 3FE R,
K E TR R AEH SRR ER . T Rhia
S, TP A IA T BB S 0 B B R B A o 3
JEREARE AR, RERE TR e FIRARKAK
FACERE B . Mg HrEmEr R, e
T [ 2R A Jof 308 JEL JEE /AR L A 4 i) Bkt B in T
6.25%- 72.69%F1100.59%; T 22 i 3 F1H 87 3 1
FRAR A0 1z 350 J52 4 ol EE o R M o 17 26.96%119..6%,
7 1L 5E T ot R AR 1 39.94%, T 223 AR 1 2 5%

R3S B 3RS R AL A 1A B L R R
Table 3 Effects of drought stress on mesophyll thickness of three apple rootstocks

. MO 2 21 R 15 /um LR SRS /um CTR/% SR/%
[u]
POyl T-E e pagict T-F e pagit T-E e POyl T-E e
T 223 3 81.56+3.29"  74.86+3.45"  60.15£3.07°  59.31+1.74  48.80+1.21™  46.40+1.08™  41.25+3.01"  34.59+2.68"
TEEEFIERL 64.85+1.46™  46.28+2.54%  62.53+4.05™  45.76£1.64"  45.94+0.42°  32.78+2.56%  54.29+0.86"  40.76+1.05%
e ¥ 60.81£3.27™  43.12+3.72°"  68.91+4.08"  47.49+3.00”  59.84+0.72% = 56.72+1.63"  41.79+1.98™  36.21+1.39"
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RIS EES IS ER R R STy e ey Al A
Fig.3 Effects of drought stress on stem microstructures of three apple rootstocks
A. Al. A2. D. DI. D2: #£i§%; B. Bl. B2. E. El. E2: BsE83Eq; C. Cl. C2. F. Fl. F2: Il F. A. Al. A2,
B. Bl. B2, C. Cl. C2: [EH /K%M ); D. DI, D2, E. El. E2, F. Fl. F2: T-2f. A~F: ZE[RBALIH (4, F5R=200 um);
AL~F1: ZE VAR (10%, $7 =50 um); A2~F2: ZE ¥ MIFAL(10%, b7 /L=50 um). Ca: JE&JZ; Pi: #; Pr: i JE; Px: HIAEARBTHE; Scx IRAE
R Spr AN RS, Sx: AR AR Ve: 2.
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Fig.4 Effects of drought stress on xylem vessel density (A) and inner diameter (B) of stems in three apple rootstocks

JE R 2 v T R S R 5 L e T (P< 0.05); I
2. HTIRETSER . e T IR B4R 4 bl
TP 17 3.10%. 23.89%4126.51%, H. 3£ 351
R AR TR S S 511 e T 111(P<0.05)
2.6 =MERMABIMEHEIEN
2.6.1 HHXMSH

T E ST AR R S, KT R e S
FABPR AT FHCME BT, R BIAHC REHERE. M
R LA, EARKRWCS FEREEE . REA
28 F IEHK(P<0.05), 5G,. T, IEHHE
B W R R )RR R R S IR A DR (P<
0.01), 5 C 5 .3 1A 9%(P<0.05) (R5).
2.6.2 ERAIHT

K 2 B3 53 A 6 3R S SR R AR T 2 e
T4 R IR AT SR A A, PREURFIE(E>1
24> ks, HARFIEAE 737 910.527 . 3.473, &
T ZTERRIEFN100%, AT ER, KL
N, F—FE R PCHLEA TRWC, P,y Civ Gis
T.. WHEHLUESE . HMALEE .. ) EE.
NREEE. WERE. PR ESEERNE R,
B EHPC2)LEE TWUE, ERFERE, K
JoT R B R AR T

ZEE1F9r (F) 2T £ 13 77 5 5% B DT ik %
FefH 2 A, BIF=F1x75.194%+F2x24.806%., 7
AR, TELZUGSE . BRI SR e T3 R
KIVLESRA 4 5150.82, 0.12. —0.85, BIHi FhE
JINGFAIR A : T 22 g 5> GRS > 1L 1.

3 iTie
3.1 ERMANFEMENER RSN

IK I3 R A RN EAT BT AR 1 AR
TR AF T, R A RWCH S, 4 i 52 2111
17 EFE N, PR OR(LiugE2012; 555
2017)o ARIG R, BB AL 5, 225 H B
RWC, 3 B3 M il A o 16 22 1 5 O P 2 1 Ao, X
TR AT A R — 8. TREEAMET, 3R
ARETWUE SN, 1X 3R B8 S 32 m WUESKHK
Pilhia . WUBEBCKMIEY), HZ 5 H KRS Jiik
e, AIRAE AR A 0 B (7K 557 48 2013), T AS B
FoH I E T IIWUE R =1, {53 B 256 BT = B,
3PPl A A L F PR R TS, X AT R RN
A 1L E T Re s R AR K 2y, U BT
FHEARE L BA TR AR FIWT, TR 2 A TR AR T 45
GV . ZBEEQOLS)H LRI, BEE T FiiEfE
FERIBEN, WP, T Cn GEEFEN G MR
FEARR I W T P, X 5 AR 45 R —3.
IEAh, T B EE TR A R R RS
HEi 5 A A R EERE%2013), FR&MT, #4
MR IARPI P R S L Gl R, HIFIR R
JIN, X R B T R bl o A 22 9 S R R, TR 22
WA R PR . RAEQ16) N NPT T
PR P T P e R 2K, YRR R
3.2 ERMAMFABRHEHRBEDEBIT TR
B8 B Bz

SR 2 I SR R AFE A T, K5 ks fif
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P55 I 0 3 At AR I il 5 4 P 2 T
Fig.5 Effects of drought stress on root microstructures of three apple rootstocks
A. Al. A2, D. DI, D2: £ if%; B, Bl. B2, E. El. E2: Hri@¥3E4; C. Cl. C2. F. Fl. F2: & F. A, Al. A2,
B. Bl. B2. C. Cl. C2: [E# /K%M ®); D. DI, D2, E. El. E2. F. Fl. F2: T-2f. A~F: ZRELT (4, 5R=200 um);
AL~F1: ZE1/ARIREARTN (10, b5 R=50 pm); A2~F2: ZER i [EFBAL(10%, F7 /=50 um). Ca: JE)Z; Pr: J8 K5 Px: WA, Sp: IRAEHIE
5 Sx: IRAEAR T Ve 34 .
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Table 4 Effects of drought stress on root anatomical indexes of three apple rootstocks
. R E A2 /pm AR5 5L /um W15 365 /um RIFTHEEE SR AR /%
o B + R e paict + R e paict + R o B + R
ez GH 2800.45+82.15% 2713.36+90.43% 448.88+61.12" 474.15+70.64™ 428.87+18.83" 587.18+14.71" 16.31+5.04% 17.47+3.35%

P IE AL 1352.14+61.05™ 1029.19+73.08"" 379.36+23.23™ 440.09+51.77% 256.13+£16.13™ 283.34+26.74™ 24.76+2.62" 42.76+4.80™
e F 1267.21+52.67*  931.94+47.18 381.63+28.34” 562.94+£39.28" 163.59+£9.21%  98.26+5.47% 30.11+2.84” 60.40+3.86™

F5 AT R 5 A TR IS A (R S S

Table 5 Correlation analysis of drought resistance, photosynthesis indexes and leaf anatomical structure of apple rootstock

RWC  WUE » c G M e R BERE PR - PN IR a
: * C sEm gEx mE Fm gr Y B EE
RWC 1.000
WUE -0.055  1.000
P, 0.849 0481  1.000
C -0.909"  0.465 -0.553  1.000
G, 0.995" —0.154  0.793 —0.946" 1.000
T, 0.999" —0.107  0.821 —0.930" 0.999” 1.000
MHLZHZAEREE 0960 0228  0.964™ —0.756  0.927° 0.944"  1.000
HRHZEEE 0.881 0425  0.9987 —0.604 0.829 0.855  0.978" 1.000
R 0.999” —0.101  0.824 —0.928" 0.999” 1.000” 0.945" 0.858  1.000
LR E R 0415 —0.931" -0.128 —0.755 0.503 0.461 0.142 —0.066 0.457 1.000
THEREEE 09397 0292 09797 —0.711  0.900" 0.920° 0.998” 0.990" 0.922° 0.076  1.000
RHEZ 0.947" 0269 09747 -0.728 0.910" 0.929" 0.999” 0.986" 0.931° 0.100 1.000” 1.000
KFHEREE  —0.587  0.840 —0.710 0.871 —0.665 —0.628 —0.336 —0.134 —0.624 —0.980" —0.273 —0.296  1.000
W) Bz B 1.0007 —0.063  0.845 —0.913" 0.996~ 0.999" 0.957° 0.877 0999 0.422 0.936 0.944" —0.594 1.000
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Table 7 Synthesis scores and ranking of three apple rootstocks
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The response characteristics of the ultrastructure and anatomical
structure of three apple rootstocks under drought stress

WANG Yan-Xiu', JIA Xu-Mei, SHI Xiao-Yun, ZHU Yan-Fang, HU Ya, GUO Ai-Xia
College of Horticulture, Gansu Agricultural University, Lanzhou 730070, China

Abstract: Malus halliana, M. sieversii and M. baccata were employed as experimental materials and pot cul-
ture was used to simulate drought stress. Leaf relative water content (RWC), water use efficiency (WUE) and
photosynthetic parameters were determined, the changes in the ultrastructure and anatomic structure of three
rootstocks in root, stem and leaf were investigated, and multiple indicators were analyzed by correlation analy-
sis and principal component analysis (PCA) to evaluate drought resistance of the three apple rootstocks. The re-
sults showed that compared with normal water condition, the RWC, net photosynthetic rate (P,), transpiration
rate (7,), stomatal conductance (G,) of the three apple rootstocks showed a decline trend, whereas WUE rising
under drought stress. The chloroplast ultrastructure and anatomic structure of M. halliana, M. sieversii and M.
baccata had different degrees of damage under drought stress, and the magnitude of damage in M. halliana was
the least and it had a more integrated cell structure than those of M. sieversii and M. baccata. According to cor-
relation analysis, RWC, G, T,, palisade tissue thickness, leaf thickness, lower epidermis thickness, root diame-
ter and phloem thickness were positive while it correlated negatively with C,. Two principal components were
obtained which represented 100% of the total variability by PCA. In conclusion, the order of drought resistance
was M. halliana>M. sieversii>M. baccata. The RWC, G,, T,, palisade tissue thickness, leaf thickness, lower epi-
dermis thickness, root diameter, phloem thickness and C; could be used as effective indices to evaluate drought
resistance.

Key words: drought stress; apple rootstock; leaf; ultrastructure; anatomical structure
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