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Abstract

Introduction

Boron (B) is an essential micronutrient for growth and development, distributed unevenly across
plant organs, particularly in reproductive tissues. The ongoing trend of rapid climate change,
characterized by global warming and decreased rainfall, has increased the risk of boron
accumulation and toxicity in soils. Boron toxicity is now recognized as a major abiotic stress that
negatively affects the yield and quality of agricultural products in arid and semi-arid regions.
Given the potentially irreversible damage associated with boron toxicity for crop production, it is
crucial to develop strategies to mitigate its adverse effects. Among these strategies, the selection
of tolerant cultivars and rootstocks offers a practical and cost-effective solution. Therefore, his
study aims to evaluate the performance of various apple rootstocks and local cultivars under
different boron concentrations.

Materials and Methods

In this experiment, different apple rootstocks including MM106, MM111, M26, M9, M7, P22,
Ottawa3, Suporter4, and Gami-Almasi local rootstock were subjected to different levels of boron
stress (0, 1, 1.5, 2, and 2.5 mg.I"Y) and three months after applying the treatments, different
vegetative, physiological and biochemical characteristics of the bases were evaluated. In this
study, boric acid was used as a source of boron stress. Vegetative characteristics including
vegetative growth rate, fresh and dry weight of the aerial parts and roots were measured. Also,
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physiological and biochemical characteristics including chlorophyll a, b and carotenoid levels,
proline, soluble carbohydrate, glycine betaine content and protein content were measured.

Results and Discussion

The results of the analysis of variance showed that the rootstock treatment, boron level, and the
interaction effects of rootstock and boron level had a significant effect on the fresh and dry
weights of the aerial parts and roots. The results of the mean comparison of different boron levels
on the rootstocks showed that the highest fresh and dry aerial parts weights in rootstock MM 106
were obtained at the boron level of 1 mg.I, with mean values of 611 g and 318 g, respectively.
The results of the analysis of variance of chlorophyll data showed that the effects of rootstock
treatment, boron, and the interaction of rootstock with boron levels on the amounts of chlorophyll
a and b were significant, with this significance statistically at P < 0.01. Based on the mean
comparison results, the highest amount of chlorophyll a was observed in the M9 rootstock in the
control treatment, although it did not differ significantly from the M26 and P22 rootstocks at the
boron level of 1 mg.I"t. According to the analysis of variance results of soluble protein data, the
main boron treatment had a significant effect on the amounts of soluble protein and soluble
carbohydrate. In this study, with the increase in boron concentration, the soluble carbohydrate
content initially increased up to a concentration of 1 mg.I"t and then decreased at higher
concentrations, but this decrease was not significant among the concentrations of 1.5, 2, and 2.5
mg.I" boron. According to the analysis of variance results, the interaction effect of rootstock and
boron on glycine betaine content was significant. The results showed that glycine betaine content
slightly increased up to the level of 1 mg.I"%, but at higher levels, the increase in glycine betaine
was more pronounced. The highest glycine betaine content was obtained in the MM106 rootstock
at the boron level of 2.5 mg.I. Based on the mean comparison chart, with the increase in boron
concentration, the proline content in all rootstocks increased. However, the rate of increase in
proline content was not the same across all apple rootstocks. The highest proline accumulation
was observed in the Ottawa3 rootstock at the boron level of 2.5 mg.I™.

Conclusion

The results of this study showed that varying boron concentrations significantly influence the
vegetative, physiological, and biochemical traits of different apple rootstocks, with responses
differing according to both rootstock type and boron concentration. A comprehensive evaluation
based on these traits showed that the M26 and P22 rootstocks exhibited higher tolerance to boron
toxicity compared with the other rootstocks tested. Therefore, these rootstocks can be
recommended for use in cultivation programs in regions where soil boron levels exceed 2 mg. I

Keywords: Abiotic stress, Boron toxicity, Glycine betaine, Proline.



1OT-1TY (1)E4 1640 (AL Dlade
https://plantproduction.scu.ac.ir/ ,
ISSN (P): 2588-543X; ISSN (E): 2588-5979 ‘
Doi: 10.22055/ppd.2025.49459.2269
YRR Y /0y iedl o g b S Oludgs

VEFVNY iy Fsb

Malus ) o (295 SBUL (2bosbign 950 5elg 30 STy (2L
29 Aliso zslaw 4 (domestica Borkh

" guidiilo )Ud g 0 sowl 306 (5 Bl (Suge F S 33 T STl Jloa M S pul

Ol pl et s (g 8 Ol 3T Olil neb mlin 5 555LS7 (25 50T 5 Dlicdos S n (B 5 ()5 Dliios Side -)
Olpl et e g8 Ol )3T Ol (aeb wlin 5 (55318 35507 5 Dl S o (pdige 5 (3 Dl Jidy Y
Ol pl et g ¢ g8 Ol 3T Ol (aebs wlin 5 5555LS7 (25501 5 Dlaios 38 0 o1 5 STl Dlidows i3 -

Ol 60l Olni bl (b lin 5 (5355187 (50T 5 Dlidons S a0 5 S8 Dlidiont 2o ¥

Sl

OYgame Cuds” 9 O 5 os LT Caw & Cawl (G309LST 50 (G d GBS (2 Fnan Sl 5g e
4 of G 1 ol ol p olaldl g o (63,595 (Joxin S g3 9 PBLI SRl L0900 (539U
(ke 531938 CLo (39 55 § B g3 57 el grlio i3 JGES1 Aidlo (BT B 33 399 .38 00 sled
1A Gl b g5 cpl 0310 swlol L5 09 3T SIS § Jiuwgid 03 F dlg) CET dié (5Ib
(o bodT el 50 .l plxil 28 ObmbdT aub mbe § (SH9Ls” wigel § Olhdsi 40 30 16+ 6
L s MM111 P22 M7 M9 Suporter4 Ottawa3 M26 MM106 Jolls cuw Sk (a39) SUL
300 4) gl 205 o ¥/0 9T 1/0 ) ao zotaw 30 Hg S oo (wledT 087) Gami-Almasi g
039 Jold (olowdign 9 <0 39991 b (Snls Sl lowd Jlos! 51 Ly olo dwr i 57 51 5 (50 599 e
9 U9 (PR Gl (9 Slgime 9 Ty sg S (S wed So ) aplwl uis g
WS 9 039 2 BOT Jiken y 9 592 g sl Hlowd 313 UL g b (250! Jekome SO AR g 5
| & 38 MMI106 @l 58 ofed pluil <is 9 § 039 oy .09 HIS 0 4dsy 9 21sd Slaplul
A oalin j 50 p 5w Y/0 mhaw s Ottawa3 g Gami-Almasi 4k 53 oy koS § i 3 p 5 Juo
33 31ko ¢ a4 (S 39l (2l SRy Jaloue 9 (S5 O30 0292 g SIS b (oiced
P o ) o B ol folome Ol juud g 8 (Slaiome .l o lin wB Ll Hlowd 58 9yl 9 b JO P 5 I V/0
20T o V0 6 1/0 S Lald o O da F1 bl A Vb SELald 35y § 21390 5 38
N0 3l CommlS” Slgime g2 T 9 Ak o 3 (il 19 4 320 @ olul 094 SIS Sz s

gh.hasani9l@gmail.com :4ebb !


https://plantproduction.scu.ac.ir/
https://doi.org/10.22055/ppd.2025.49459.2269
mailto:gh.hasani91@gmail.com
mailto:gh.hasani91@gmail.com
https://orcid.org/0000-0003-4124-9200
https://orcid.org/0000-0003-4124-9200
https://orcid.org/0000-0003-4124-9200

\¥F.

estbontign 5 S5 s b Sl STy ool 0L 5 s

OT S50 5V Zolaw 33 bl 10 Sl SNl (1380 s 38 P57 e ) daw B ™5 ol O3lae 092
e Al o lin g 38 P 5 Juo T/0 mlaw 50 MMI106 Bl 58 Hlide oy g 45 (S abds (898§ wgumo
Oglate Bl 30 !Bl cpul Db Wiz B (8L ! BTl olod 10 99 (Slgicme (yg Cdald !l L
29 St ¢ 57 Jabody . Tl g 58 p 5T e Y/0 mlaw 58 Ottawad aly 50 pl9 g ®ex oy g .09
ol O by (188 (0301399 I 1 s K3 5999 300 9 (oMb ) S S 3 O haw 9 41y 96 4 dinwy
Ol95 20 9 Wkl 310385 9 183 St 9l 3O (S g oo I AL plo 4 Cuwd P22 ¢ M26 slaaly o5

S dos (bl O Jd 53 7 Ao ¥ 51 i) 9g2 SYL il b Gblo o Culs” Sl 15 OT

OB o 09y S ((d ) el (g 1035 s

gy dda Al sy g el OT Wile ¢ ST el 2 oT
Ol b 3T Oliwl Gblie 5 5 53 women dad S
QTGL;Ich‘ScM\ ol odalive 55 Cvas (g0 8
I Az 55 5 LT ST s he bl 035 VL
Conlin 2885 545 Sl ST Jgloes s 0T ale
eyl arlys Olbl Gble 55 o5 04 (B 5o
9 Fh) LS 5 e Sl sl o~ el
03,5 alp 1) QLS (sl Comm Ll 5 50l BL
Ssgoty Y gone Lol 55 Hp Coew @B ol
Wy sladle &S5 53 (Ssplil b (S
532385 5 s O e laes s SuSis
WS 03 5 Lo sb 53 (slosgd Slayo g sladly
55 @8 5 ITs55 cm Ol 53 53 555 o0 odalie
L Calg 0 o das 55 bl S e s b5,
R s s Shos (g 5 5y mlaw 2alS
(Majidi and Malakouti, 2008) Wb .
Sl ol T ST o1 0L 01 Kiagsy ool sla s
A (G Glaolr pe) amag)l axlys Ol b
A Ll els (oS Casgdee (558 5 S S o
S Gosba (lul Ldd Cusgdoe slols 5y Ll
sess e i 53 p 8 e U BN o OT Ol
oS e V) gllae dom 5 5V Sl o e sbe

Ll (2 s

4o

Liy 5 4diS Glp s ele 51 SS B Ly
2 CHES e D son oS 35500 Jleday QLS
5215 SLapll 53 OT mes oy by 5 ol 55 oS
4 o5 L .(Saleem et al.,, 2011) 5,5 s odalis
Lol (a0 p S 5 (oaclil Dl i G585
o dletGbla 5l (5l 53 S X Ol Sl
ol adly Sl B OT 51 50 Csas 5 2 5 ST 55 55
WhleS™ gble o (Tarig and Mott, 2007)
S2ie ) g edd 3yl ST Sl b (g sinld
sloul 4 eie Ll 5 oo S dile o SL ST by, s
s S s 53 g0me 33 5 olE (gl o Lol 5
5 S plant S5 bl s 4w LT OT o
DS (gl 45 gy sba sl Soglize a0y T [iSles
palin QLS (slyr 5 1) 55 0 8 n /¥ g b
Tanaka and ) el ods 5,18 23 550 8 LoV b
35 oy ke LS s (Fujiwara, 2008
Sos il 253 0 8 e AL I i ST J gl

b S2IA OIS (6l o 55
035 Gble o594 528 Gble (S 55 g Coa
ok 5518 iz 55 50T T mhe & TS 5
3 e O3, 4 015 o0 bl opl alex 51 .l
DS e Sagl 53 5,8 )Ll oS 4l 5 8,

e 055 YL s a iy Cble il old o



A

VEO Hle ) oles FA dls  alE Sl

553 S Ll Ve B YA gladle b sl5T (gln
Ld (5l San 5 osbel s, slaal cpss L
Lol pow o 53 5 (Co55 e slasl o)
St ol (55l anlllan 3 3o adaie 3 8 e
a3 =YY flas 5¥A/F (glos ST L sh jeaas b
¥ Sdetdy ale Sapl oKk ol § sl
ek VYo ss0s AU s 0 SKle 5 e L
G

ST b B s STl Open SoleT
A bl SIS an b Galas JalST (glacSTh
Yo psamme 53 535 OIS 53 Juls les oS 5
ol ol 586,25 8 15 aslial 55 50 ole T
M7 MM111 M26 M9) v o5, &L 9
s 4l s P22 MM106 Ottawa3 Suporter4
Calibes = glaw ol o> 5556 (Gami-Almasi)
Aol i 31 OT 2 53 0 8 a Y05 Y OB ) 0)
2 (S5

o dlugs Loy baal Sl Rasn ol 5o
CLOIUE 5 bl s oslital (Guigm b O g0t
YA 5 5 e sle FO gl A Y (Saedh
3 8 Jlesl (o il

Yol Ges Sl STl glad ga LSJJTC"‘?'J"J“'&.
Gl e Jals ST 09031 cas 50 S e Sl
dbi 55 Lyshy 6,8 o s gk sy 4 oSl
oKaws I oslimal b (S50 abis 5 oly; b b
uu;,.u\led,au;u;}m¢ﬁ&:a:)wwow
o Sl B il et o L (55 w5
5 demlome 5L 3550 OT el Ges (LT ST 2
03Y T Ol IS o Comlin )3 o p b o
38 i ol ST 5Lty Ve el 1

LT O Ll Ges i V dlaly Sl oslizal L

MO

21505 S e gl 3 5 Calien (sla e T
Llosls 0lis LS Calibes slawi & (55 58 5 Ad
g gl als Sl g chle 2l Sl s
588 eSast 03y 5 Jbs AS aile b oS sl
Sarabandi et al., ) 4a <5, (slos LIl lae 5
55 059 Al caw y e Sl 50 0 gn 5 .(2019
I s 53 1S 2l 5 4ty 5 il (5 oS
ool w9 e (ROStami et al., 2013) 1
J53AS 2ol 5 EMO o 4L 55 5 s n
Sotiropoulos et) .x MM111 &L s b s 5,
£M26 ;MM106 M9 slassly ., .@l., 2007
(id 53 Jgasbo +/F 5 /Y € /0X0) 5 Caliies s 5lie
505y S M26 &L 3 o5 55 clale o sl Ol
o g 3 Sas bl sl b awlis 53 b
2l @b (Koutinase, 2013) c.ils 5 o
o 53 1,P22 s M26 (slaly (55 5 55 W jiash
Hassani et al., 2020; ) wlos S wul 5 oo
(2021

Sl os Coem 2 L0 DLk 4 g L
Pl 5 bl Sl 5 lulis (65 5LaST Y puamms
ot e sl solal 5 e (K15 ¢ Jae
» (Yau and Ryan, 2008) 54 o < summe 235
SNy Sl Bl s (el O bl 0l
M26 MML0B  Juls o 25, &l Cia
MM111 ,P22 M7 M9 Suporter4 Ottawa3
Coe 2ln s Gami-Almasi .y &L ol er 4
ST A 530 S ke Y0 5Y AD O i) 5 g ol
Ll (oW T

b g5 9 3lge

Ele 5SS Sladed S e 5o leT ol
Slatben b et )l g 55 @l (08 Olmb )3T
Gl e YR U b
Ll 5 55 s o 51 2 \WYY g lis )l 5 007FY Y



VFY

estbontign 5 S5 s b Sl STy ool 0L 5 s

o b o A sl OIS 53 5 g g0 OT 1
O 5 &S Cugb,y STl St 0 lis ol
AT oS s p3 Luby oS Wa T s
4 0)lss ST Cushy 5 i e plnil (LT (i o
..\;@ubw,ldol,,'ggjbck“
2> Sl Gl e andllas ) oy slaal
3555 515 L Jsene Sl e Co gl
Sles (2 3 Gels W5 S o ¢l ol b
o3 SLld 7 s A bl basl (695 5 )10 e
S 3 e ode b b ST o Lol alul
b e g odr leses ¢l sed Sl eslinal L
el 3B 93 0 K o oy ol plosen o1 8 50
Oles b glos o 1y ol Jsboes 3 0T Cbale
e St 5 e $ Sl SOl Ol 4 g a0
2153 )8 &S s obe obs s
S et K58 b Shs a5 s
OT 5 S Slidion o go 3, bkl o iy Gillae
Ali-Ehyaee and Behbahani-) .z ,56;lul
5 bl o led o S5, (Zadeh, 1997

el 0l S Y 5 ) Iyl 53 5 5 4 OIS ST

d :MX MAD x D,
100 ")

(s a5
(ol ) ()T Al Gos =T

o 0
Cusb) ez doys 5 4= PWP TRC

S dbi el b b dbi s S

4 S (S b jloe adiu ST = MAD
IMae G cpl 53 50l Celyj g g 5 LT o ke
i 8 L s /0 OT

44 (ol ) olS aiy) a5 Goe = Dy
‘5;0)l-3u‘ -X..:J 092 J}L)D 6:"‘)"3 L_SLAQ‘JKA&.M')
Ny

T s Y a5 )T T o

V=d xA M)

(g Al so &
ol e ) T L a5 ST 2 =V
G o b oo s b S
ol cme ) 5T el Gas =0
(g ol e ) OIS Coln= A

goe Sloy Sl eslinal b 5 pws Spse 4 LT
535 250 3 GolT Dl 5 Ol e (sl ks plan]
Glhgy LOIE & Sy ol 4 s F esliza
WS 035 5 oS oSt 055 S Ly eld 2S5

Sl bl Ols i 9 B 39 -) Joor
Table 1. Chemical compositions and properties of water

Milliequivalents per liter

Sum + 24+ 2 + Sum 2 . . 2- pH Ecx10°
Cation Na Mg Ca K Anion SO4 Cl HCO; COs (ppm)
5.20 110 150 2.60 0.06 5.20 125 0.75 3.20 0.00 7.55 521
S abed 9 (O ST 2T S
Table 2. Physical and chemical properties of the soil
Soil B K P pH Ec TNV 0.C
texture
(mg.kg") (ava) (mg.kg?)  (ava) (mg. kg™) (ds. m) (%) (%)
Silty loam 1.73 360 8.73 7.4 0.659 14.7 0.77
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Figure 2. Mean comparison for boron and rootstock on fresh weight of aerial parts. Different letters indicate
statistical significance based on Duncan's multiple range test (P < 0.01).
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Figure 3. Mean comparison for boron and rootstock on dry weight of aerial parts. Different letters indicate
statistical significance based on Duncan's multiple range test (P < 0.01).
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Figure 4. Mean comparison for boron and rootstock on root fresh weight. Different letters indicate statistical
significance based on Duncan's multiple range test (P < 0.01).

40 -
35 A
30 +
25 A
20 qc
15
10 -

cd

Root dry weight (g)
5

Rootstocks

] Contarol Elimgl" =15mgl" ®2mg.l? ®m25mg.l”!

i-0 g-p h-p

opq

® S 3
& N

Jhis! mhaw 33 (518 gz SNRIGLE gl B9 > o 4y 5 EKiS 0939 » 4 9 199 S puSlo duglio -0 Kb
(P<0.01) Abl o0 4SS (STawld Wiz Og03T wl! p doyd &

Figure 5. Mean comparison for boron and rootstock on root dry weight. Different letters indicate statistical
significance based on Duncan's multiple range test (P < 0.01).
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Figure 6. Mean comparison for boron and rootstock on the boron c of leaves. Different letters indicate
statistical significance based on Duncan's multiple range test (P < 0.01).
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Table 3. Comparison of the average interaction effect of base type and boron levels on chlorophyll a and b
and total carotenoid content

B(mg.I"%) Rootstock chlorophyll a content  chlorophyll b content  carotenoid content
supporter4 0.457d-1 0.9¢ 0.503d-f
MM106 0.459d-k 0.86e 0.79a
Ottawa3 0.298j-n 0.14j-0 0.35f-j
M7 0.631a-f 1.19¢c 0.77a
B1 (control) M9 0.787a 1.14a 0.79a
P22 0.731ab 0.15j-0 0.16k-m
Gami-Almasi 0.356i-n 0.26hi 0.40e-h
MM111 0.728ab 0.85e 0.16k-m
M26 0.370i-n 0.26hi 0.32g-k
supporter4 0.186n 0.102m-o 0.22i-m
MM106 0.276i-n 0.2li-0 0.31g-1
Ottawa3 0.241k-n 0.21h-m 0.22i-m
M7 0.697a-c 1.17c 0.72ab
B2 (1mg.l?) M9 0.447d-1 0.64f 0.38e-i
P22 0.671a-d 0.14j-0 0.706ab
Gami-Almasi 0.281i-n 0.21h-1 0.309g-m
MM111 0.682a-d 0.19i-n 0.606b-d
M26 x B2 0.488c-j 0.21h-I 0.309g-m
supporter4 0.729ab 0.36g 0.31g-m
MM106 0.567a-h 0.917e 0.52c-e
Ottawa3 0.277i-n 0.14j-0 0.303g-m
M7 0.314i-n 0.14j-o0 0.20j-m
B3(1.5mg.lt) M9 0.636a-f 1.04d 0.57b-d
P22 0.626a-f 0.09no 0.37e-i
Gami-Almasi 0.613a-g 0.11l-0 0.59b-d
MM111 0.639a-f 0.69f 0.38e-i
M26 x B3 0.453d-I 0.11l-o0 0.29g-m
supporter4 0.246k-n 0.09n0 0.24h-m
MM106 0.288i-n 0.23h-j 0.41e-g
Ottawa3 0.298i-n 0.30gh 0.37e-i
M7 0.507b-h 1.16¢ 0.65a-c
B4 (2 mg.I"%) M9 0.428e-1 0.65f 0.39%-h
P22 0.695a-c 1.29b 0.706ab
Gami-Almasi 0.2171-n 0.08no 0.22i-m
MM111 0.645a-e 0.09no 0.506d-f
M26 0.387h-n 0.08no 0.22i-m
supporter4 0.244k-n 0.27g-i 0.21i-m
MM106 0.267k-n 0.22h-k 0.31g-m
Ottawa3 0.234k-n 0.14j-o0 0.14m
M7 0.292i-n 0.12j-0 0.71ab
B5(25mg.lt) M9 0.408f-n 0.63f 0.26g-m
P22 0.214mn 1.2c 0.15m
Gami-Almasi 0.217mn 0.08no 0.22i-m
MM111 0.554a-h 0.08no 0.25g-m
M26 0.384g-n 0.08no 0.22i-m

.Uuuu,,¢_<;\;;)},ﬁwuj.u,;¢§iC@,:,ugbgwsl>f,¢»;u>ouu&:§;gﬁous_ Loy

The same letters in front of the averages indicate the absence of a significant difference at the one percent level
between them based on Duncan's test.
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Figure 7. Mean comparison for boron and rootstock on soluble protein of leaves. Different letters indicate

statistical significance based on Duncan's multiple range test (P < 0.01).
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Figure 8. Mean comparison for boron and rootstock on soluble sugars of leaves. Different letters indicate
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statistical significance based on Duncan's multiple range test (P < 0.01).
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Figure 9. Mean comparison for boron and rootstock on glycine betaine. Different letters indicate statistical

significance based on Duncan's multiple range test (P < 0.01).
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Figure 10. Mean comparison for boron and rootstock on proline. Different letters indicate statistical
significance based on Duncan's multiple range test (P < 0.01).
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