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Abstract: [Objective] With the influence of global climate change and human production activities,
the scope of soil salinization in China is expanding. Soil salinization creates problems in apple growth
and fruit yield and quality formation and has become one of the important factors restricting the devel-
opment of apple industry in China. In the actual production of apples, the salt tolerance of seedlings is
weak, and rootstocks can provide salt-tolerant roots for apples. The quality of rootstocks directly affects
the absorption of nutrients and the adaptability of fruit trees to adversities. Therefore, rootstocks are the
main determinant of salt tolerance in grafted plants. China’s apple production model used to be arbori-
zation cultivation. With the continuous advancement of technology, arborization cultivation has exposed
many problems and has gradually been replaced by dwarfing and dense planting. However, most of the
common dwarfing rootstocks commercially available are introduced from abroad. Due to the climatic
limitations of the birthplace, there are certain limitations in introducing them into domestic production,
such as poor adaptability and weak stress resistance. Therefore, it is urgent to breed excellent dwarfing
rootstock varieties in China. In this study, the salt tolerance of the hybrid offspring of Malus prunifolia x

R3 was evaluated and its salt tolerance was comprehensively analyzed. The study will provide valuable
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reference for the breeding of dwarf rootstocks with strong salt tolerance. [Methods] In this study, tissue
cultured seedlings of five asexual reproduced rootstock materials were used. They were k15 and m2,
which were selected from the hybrid offsprings of apple rootstock Malus prunifolia x R3 by drought re-
sistance, M. prunifolia, M9-T337 and M26. The seedlings were transferred to the rooting medium for
growth for 40 days, and transplanted into an 8 x 8 cm’ nutrient pot after hardening seedlings, and potted
plants were placed in incubator with a constant temperature and light condition. After the seedlings
grew about 7-8 fully expanded true leaves, they were moved to a hydroponic pot containing 6.5 L of 1/2
concentration of Hoagland nutrient solution, and the nutrient solution was refreshed every 3 days. After
one week of pre-adaptation, the even-sized healthy plants were selected for hydroponic salt treatment.
The treatment was divided into two groups: (1) Control (CK), with 1/2 Hoagland nutrient solution; (2)
Salt treatment (ST), with 150 mmol - L' NaCl added in the nutrition solution. Nutrient solution was re-
freshed every 3 days over a period of 15 days. During the treatment, the photosynthetic rate was mea-
sured every 3 days. At the end of the treatment, 10 plants of each strain in the control group and the
treatment group were taken to determine the plant height, leaf number, dry and fresh weight. Membrane
leakage, chlorophyll, chlorophyll fluorescence, of fresh functional leaves were measured and NBT and
DAB staining was observed. Fresh roots were taken to determine root activity and analyze root architec-
ture. The fully mature leaf samples were wrapped in tin paper, immediately frozen in liquid nitrogen
and stored at =80 °C. The contents of MDA, H,0,, O, activities of antioxidant enzymes and amino acid
content in each strain were determined. The contents of Na“ and K" in roots, stems and leaves were de-
termined with dry samples after dry weight determination. [Results] In the control group, there was no
significant difference between the five rootstocks through the phenotype. In the salt treatment group,
the phenotype of M26 appeared earliest, with severe wilting and necrosis of the leaves on the 9th day,
followed by the m2 with brown spots of the leaves on the 10th day. Subsequently, on the 12th day of
treatment, salt stress phenotype appeared in Malus prunifolia, k15, and M9-T337. The roots of the salt
treatment group were brown, and the root area decreased compared with the control group. Compared
with the control group, plant height and leaf number in each strain of the treatment group decreased,
and the dry and fresh weights in the treatment group were significantly reduced. Membrane leakage and
MDA content in each strain in the salt treatment group increased, while root activity decreased. Results
of the NBT and DAB staining and O, and H,O, determination suggested that each strain under salt treat-
ment accumulated a certain amount of reactive oxygen species. Activities of SOD, POD and CAT in
each strain under salt treatment increased. At day 3 of salt stress treatment, P,, 7;, G; and C; in each
strain were decreased significantly by salt treatment. Total chlorophyll content in all strains in the salt
stress group decreased, among which M. prunifolia had the smallest decrease and M26 had the largest
decrease. F\/F,, value in k15, M. prunifolia and M9-T337 decreased less than the other two lines after
salt treatment, suggesting smaller degree of photosystem damage in the former two strains. Compared
with the control group, the Na' content in roots, stems and leaves of M26 had the highest increase, and
the increase was relatively small in M. prunifolia and k15; the K* content in each part showed different
degrees of decrease after salt treatment. Among the strains, M26 had the largest decrease, while M. pruni-
folia and k15 had the smallest change. Salt stress significantly increased Na'/K' ratio in each strain, and
the increase in M. prunifolia and k15 was relatively small. The contents of Pro, Tyr and Phe increased
significantly after salt treatment, while the contents of Gly, Leu and Asp decreased. By comprehensive
analysis of growth, photosynthetic parameters, antioxidant enzyme activities, mineral element and ami-

no acid contents and other 16 related indicators, the average membership function value of each strain
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was calculated. The results showed that the average membership function value of k15 was the highest,
indicating that k15 was least affected by salt stress, indicating its salt tolerance was the strongest among
the five apple strains. The average membership function value of M26 was the lowest, indicating that its
salt tolerance was the weakest. [Conclusion] The results showed that k15 showed strongest salt toler-
ance among the five strains and M26 had the poorest salt tolerance. Under salt stress, plant growth, root
area, root activity and dry and fresh weights decreased. Membrane leakage and MDA content increased,
with the accumulation of reactive oxygen species and the increase of antioxidant enzyme activities. Un-
der salt stress, photosynthesis was significantly inhibited with decrease in chlorophylls, while Na“ con-
tent increased significantly, K" content decreased, causing Na /K" imbalance; the contents of Pro, Tyr
and Phe increased significantly, while the contents of Gly, Leu and Asp decreased. However, due to the
differences in resistance among strains, the range of changes in different indicators differed. Through
the comprehensive analysis of membership function, the order of salt tolerance of the 5 strains was:
k15 > M. prunifolia > M9-T337 > m2 > M26. Therefore, the hybrid k15 of M. prunifolia x R3 has
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strong salt tolerance and is expected to become a new high-quality rootstock resource.

Key words: Apple; Apple stock; Salt stress; Salt tolerance evaluation; Membership function
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Fig. 6 Effects of salt stress on photosynthesis of each strain
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Fig. 7 Effects of salt stress on chlorophyll content and chlorophyll fluorescence
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Fig. 8 Effects of salt stress on ion homeostasis of each strain
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Table 1 Effects of salt stress on amino acids content in each strain (pg-gh
SN A, N, o Ay PN,
BOATRRIIERE i WD WORERD  wOHER) WOERRD WOR AR

Rootstock strain
and treatment

Pro content

Tyr content

Phe content

Gly content

Leu content

Asp content

k15-CK 87.44+1.83 ¢ 35.42+1.07 de 43.63+0.79 ¢ 125.52+6.05 ab 61.12+2.76 a 234.21x11.44 ¢
QZ-CK 99.51+4.02 ¢ 35.81£1.13 de 41.04+1.12 cd 123.36+5.97 ab 62.42+3.33 a 243.96+7.59 ¢
M9-T337-CK 85.23+2.41¢ 32.78+1.91 ef 35.63+1.04 ¢ 123.64+1.06 ab 48.32+4.16 b 264.88+18.15b
M26-CK 86.92+1.24 ¢ 35.90+2.35 de 36.63+2.54 de 129.62+8.72 a 51.40+4.30 b 287.11+12.85a
m2-CK 96.54+3.33 ¢ 30.03£1.69 f 35.0342.25 ¢ 120.15+1.67 be 61.37+3.90 a 237.33+12.49 ¢
k15-ST 113.62+3.17 d 45.14+3.32 a 52.85+4.78 ab 104.59+1.70 e 49.10+0.45 b 179.98+6.23 d
QZ-ST 119.68+£2.72 b 42.54+1.45 be 54.39£1.27b 114.55+1.04 cd 49.06+2.04 b 188.46+9.39 d
M9-T337-ST 108.55+1.83 ¢ 42.02+1.43 be 49.45+1.95 ab 108.9042.28 de 39.76+3.67 ¢ 144.8243.79 ¢
M26-ST 117.97+£3.09 b 47.53+3.03 ab 55.29+3.41 a 104.10+1.25 ¢ 35.62+1.30 d 123.30+14.18 f
m2-ST 127.1343.56 a 41.18+£2.52 ¢ 51.14+4.46 ab 98.64+4.99 f 32.96+1.88 cd 147.43+10.31 ¢




928 E N I S /4 F a2
#2 REERHE
Table 2 Membership function value
EEE Tili APk % Rootstock strain
Index k15 QzZ M9-T337 M26 m2
AHXS L5 %6 REL 0.244 0.000 0.431 0.289 1.000
PN —[#% % & MDA content 1.000 0.954 0.129 0.245 0.000
I A AL A F B HO, content 0.703 1.000 0.584 0.474 0.000
A AL B P SOD activity 1.000 0.469 0.691 0.039 0.000
i ALY P POD activity 1.000 0.457 0.230 0.496 0.000
o AL U P CAT activity 1.000 0.849 0.212 0.000 0.048
WG HAEP, 0.338 0.441 0.429 0.000 1.000
43 2% 7 it Total chlorophyll content 0.811 1.000 0.692 0.000 0.189
FJF, 0.404 0.000 0.202 0.964 1.000
Na'/K' 1.000 0.992 0.658 0.000 0.449
Jili & % & & Pro content 0.866 1.000 0.933 0.000 0.638
Ji% Z % & & Tyr content 0.688 1.000 0.466 0.259 0.000
ZK A& % & Phe content 1.000 0.541 0.490 0.00 0.149
HZR & 5 Gly content 0.412 1.000 0.414 0.00 0.233
FE R A & Leu content 0.919 0.848 1.000 0.251 0.000
RAZTR 5 # Asp content 0.988 1.000 0.371 0.000 0.527
“F-#5)43 53 Average score 0.773 0.718 0.500 0.189 0.326
i Rank 1 3 5 4

BN MR RIS iR e, B SR A S £ e
JIRIEMIE, G IR R — e AR S G I, AR R g
J1oe KM R AR S, 1T 150 mmol - L £
PR S A AR 52 68 77, SR RIRRTE /12
NEEEa S, AbFE A, M26 EHhERI RN E,
HUKCNMO-T337 flm2. M2 T, k15 FE kT
EhFE R H IR, H A F R AR, ST AR
T 90 45 AR

T8 7 5 36 AR PR P A B LR EL , B R
5 [ PR 2R 00 AT LA I B A R ek A A
FEGT FEL 5 28R MDA 75 1 BB S L 2E 47 S F 4547 2
J&, BT AE S AE P i 30 5% 38 e 0 1) 0% i AR B 4R
PR, MDA /E ARG A AL =, o i e 7
YIRS L A AR, 318 T MDA i R R, B
AR SE R RIS B, 5 ST 5 PR 5 , HLR T A1
B, USRI K, RH YN 52 1 R, AE X H AR
FIMDA & &iFaE . EHNE T H kRS
) MDA & &, 45 R W, E 0 E T % bk R AT
HL 32t MDA & &3 i B k15 FE PRk
P T O S B /0N 0 T s Pt S 98 2 e 1 52 1

THYIFEER AT AN 2 = A B TR PEA
TX L P SR A I S T PR A 2 5| A A A a
A FEAE S, $5 v A A Ak Y B S8 R G P A 3

SEPTEAARE B R IR S EY PR I B
— Lo i Eh B8 775 AR R T DU S S A &R
S B ok B R PR AR AR AR S LR ORRE B0
P47, DLz h 5507, £ @ 1S NBT A1 DAB 44 t4
KA g A B & W &R R O A HLO R R 1R
O, 25 R K15VE P AT M9-T337 1) O, & &
KT M26 FTm2 k15 FVE P+ 1 HO, & & &
HRTHAR R K1SEEE F AN O, F H0,
S XA R 5 k15 @ ST BT A AL T fE
T Ko KT Pria A B o 14 22 10 55 10085 3 1 56
LA NFEIF AR . HF R R, PR A
Pl % P 2 30 5% 3 B T 4 vy S A AE LAY
A B SRS , PR i P 2 B Pl e R B 9 i
B ARl A 30 458 e 3 P e S ATL H1) AN [, 75 2
(OR3P Bl AN ], H AR AR 22 R oK™ ARAfE 7L
16 Wria kb FE 15 d J5 , 5 A Bk & POD.L SOD Al
CAT & M b FHg B e K2 k1S, el s mT DAHE BT
150 mmol - L' £ p 18 N S M AR AR S5 20 1 R 97 I R
g, BART B PE SAE MR DIME IR ARG, k15 R I H
B I £ AE 7T
HEVEHREMAEK LB, S E T
A e 77 R 55 [ AR AR R 25 e 771 AN Ee 1) 45
SRR, A 3 KIFUG , Sk &R P T G A



55

BRI 5 SERBG AR E T <R3 J% 2 JE AR B RV 929

C¥ LK B T B, [t 5 A B ) i) B K e 1 3
A TR SE , X W] e S5 AE bR L T ARSI ZHLEA
Ko WHRURM Y2 R TR, IS EH 2
A AL BRG0P s B b T B () i &
75 H 2 B , PR R OE B N AR R AL R,
LRED GO A AR B TR AR B T
JeE1E 2 B AR S AL 2 BRI T T B kT
DAHED , AR B L5 6 RIF U6 A e )1 N v] RE 2 %2
FHERALE R MW, AR E WA KA
k15 MEE 6 RITUR, 156 18 2 R0 78 i ok 26 5 FL At ik
A, T ANSALF BRI COKRE &, &
SRR A 4 Ak REER IS, T BRI FE AT
WE. SEWEEIEE TR, AT HAR3
AR R k1S AR AT R I SR A RE 77,
5 T HrEhae ). WHAUREA, BNE R, N TR
WA 3 78 2 17K 20 RV o TG 3% 5 I 3% 6 At i v
W, IR S B ORIR PR, I R ™. AR FLAE
AEFREE RIS E T M SR B B OB Nt
G E R M26 TR ROK, 1X 5 A3 45 )
I M26 T KA R SR = I R R AR . Mt
PGS HURT AR N 43 M AR 52 640 1) R B (1) 24
PR BT FUFL M, AP S k15 & PR
M9-T337 8 M26 F1 m2 P > #k 5 T FEIR 2 /)N, 2R W
FLZ MR B AU

HYRARG T =BT, 25 BN ET
TR R A O, KAL) 22 I LK 28 B I R SR
KE ) Na®, A=A 8 7331 M40 N Na ik
V5 ik I 2 R A A YIS 1) Cat, 5 B R )
RETE B BEIR , (R 40 i ) K55G HLVA R AME, S 31
A RAR Y Z 2R, W 7T R BH , Bz 2 FiT LA
BA B 68 77, 2 RONAR R 23
1A P ) #5535 08 L XL, BRI A R P SRR B [T
H8 IRV N Na VR B, R0 41 M 1 55 K, T 5 851
S0, w] UL i R AR R AR AR R e IE T 2R
AHESE S ER ML 4SS 3 Na /K R o UG HERT
EBIIE T, Na /K AR , MR $h /e ) g . 2858
T M AL Na' K& 8 e Na /K, 5 R R, &
SRR AT kLS 1) Na Fl K5 & DL Na /K A8 4 g B
/N 0Tz e+ LA 5 P T 2R R 77

T N B R BR AR 1 S5 i v R P R H
IR )38 52 390 55 P o o 2 36 3 P S IR 10 AR Bk v
H Sri 52 P FFUAR B, A [R 8] e e 1 =

5P PR SR 55 (0 5¢ RAFAE 22 5, Qe Rk 0 1Y)
ANEBR A E R E N AR R 2 RS, B
4y 25 fe 7 5 I 2R 2 B S A G ARAR AL
5Pk & R M26 B2 R & Bk E K, & kT
TkE 5/ 1] DL R & S M AR Eh Ae ) 2 A
K, X 5T NAE RS VE O b 1 45 R AR A=
T AR FON AP I R ) ARG R R S
I 20 R 7 B N B K, X AT e S AN RIS AR H 5 1Y
I BRACN 77 A 5%, BARHLHLE A R 78 . thah,
AW F I R (Tyo) AR A 2R (Phe) & =75 #h 40
R E BTSN H R (Gly) L2 R
(Lew) fl R A 2R (Asp) & BB 3 T B, Y
O35 455 iy a2 FE R AL B 2 %, B —2H oy
BATEIEAE B 5 1 PR I A X R, TR 2564
o

4 4 W

150 mmol - L' 1) 7K 55 Eh b #EF 5 APk R k15
T R T 25 8 F7, M26 it Eh i 22 . Eh e
T BAEMRAE K E TR, A K2 206, AR AR,
A5 o B B s AE N LT R MDA B R R E T
R ZR 9% ) 30 35 B A s LA P9 1 1 SRR 3R DL
TEVETE A e R B R R, LA ME W] 2 24
filsNa' & 2 & m, K &8 N, Na /K R 6 il
Z B2 (Pro) - i (B2 (Tyr) A1 2K N & R (Phe) 3 i & 3
R & 8 W T, HEER (Gly) &R (Lew) FIR 4
AR (Asp) T EEERK. Bl T8k AZPUEAE
Sk N[ =0 el S ez < S 1 N P i U 1 A A 2 S
GO AT SR R L AR ST N k15 >E
SET-> M9-T337 > m2 > M26. [, SE R A
BT < R3 2432 e AR k15 (TR 25 AE fricom , A 3
R BB Al AR B
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