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Abstract

The witches’ broom of the willow trees is induced by photoplasma in the galled
branches. The aim of the study is the evaluate the changes in growth and physiological
factors and the plant growth-promoting hormones (Auxin, Gibberellin, and Cytokinin)
in leaf witches’ broom branches compared with those healthy symptomless branches.
The samples were collected from the leaves of ungalled and galled branches of both
willow trees in Najvan Park, Isfahan. Results showed that growth parameters, total
chlorophyll, and total soluble carbohydrates were decreased in the leaves of witches’
broom branches in both species. However, the relative water content and polyphenol
oxidase activity did not show a significant change as compared with those of ungalled
branches. In contrast, the ascorbate peroxidase activity did not show a significant
difference between the leaves of ungalled and witches’ broom branches in S.
babylonica, but its activity was decreased in witches’ broom branches of S. alba. The
cytokinin content was increased (more than 50%) in the leaves of witches’ broom
branches of both species, but the auxin and GAj contents in the leaves of witches’
broom branches of S. alba and S. babylonica were significantly decreased by 30.6% and
33.6% respectively as compared with those of healthy control leaves. The concentration
of total chlorophyll and water-soluble sugar decreased due to oxidative stress induced
by phytoplasma. Reduced growth with no significant change in the relative water
content of galled branches in both willow trees is accompanied by the specific hormonal
changes of each species which is formed of specific galls for each species.

Introduction

The genus Willows (Salix) are shrubs and trees that usually grow in most parts of the
earth. Plant galls are neoformed organs that develop under the influence of galling
organisms. Insects, nematodes, viruses, bacteria, mycoplasma, fungi, other plants, and
mites are typically considered gall inducers. They cause structural and metabolic
changes in their host plants, leading to the formation of the gall organ. Three hypotheses
nutrition, microenvironment, and enemy have been proposed for forming galls by
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insects. The gall formation depends on the level of gene transcription interactions that
exist between gall inducers and plants. The function of these genes causes changes in
growth and development processes, cytoskeleton organization, cell walls, metabolic
pathways, and plant hormone pathways. Recently, Candidatus phytoplasma trifolii
caused willow catkin gall on Salix babylonica and S. alba trees, characterized by a
unique case of neoplastic formation like witches’ broom structure. The aim of the study
is the evaluate of the changes in growth and physiological factors and the plant growth-
promoting hormones (Auxin, Gibberellin, and Cytokinin) in leaf witches’ broom
branches compared with those healthy symptomless branches.

Material and methods

Leaf samples of trees with gall and their symptomless adjacent branches were collected
from Najvan Park, Isfahan province, Iran. The length and width of the leaves were
measured and recorded. Fresh and dry weights and relative water content (RWC) of
leaves were measured. Total chlorophyll was measured according to the Arnon assay.
Water soluble carbohydrates were assessed using the method of Dubois et al. (1956).
Activities of ascorbate peroxidase (APX) and polyphenol oxidase (PPO) were measured
by the methods of Asada and Takahashi (1987) and Kar & Mishra (1976), respectively.
High-performance liquid chromatography (HPLC) was used to analyze plant growth-
promoting hormones.

Results and discussion

The gall formation in Salix species is caused by Candidatus phytoplasma trifolii. The
gall formation was accompanied by a reduction in the growth of leaves and shoots,
which was represented by smaller leaves and shorter internodes. The gallers used
nutritional resources of gall and adverse effects on the growth and survival of the host
plants. Results showed that relative water content (RWC) showed no significant
changes between the witches’ broom structure compared with those of healthy control
leaves in both Salix species. Reduction in growth without change in RWC is due to the
modification in the expression of genes which is indicated by smaller leaves in gall.
Total chlorophyll was reduced in all gall-infected tissue of both Salix species. The
reactive oxygen species (ROS) generated to respond to the biological stress in
chloroplast can induce oxidative damage to the photosynthetic pigments which leads to
the reduction of soluble sugars in the galled leaves. Polyphenol oxidase (PPO) activity
did not show a significant change as compared with those of healthy branches in both
galled leaves Salix species. In contrast, the ascorbate peroxidase activity did not show a
significant difference between the leaves of ungalled and galled branches in S.
babylonica. However, its activity was decreased in galled branches of S. alba, which
indicated the activity of these enzymes is not a priority in both galled leaves Salix
species. The cytokinin content was increased in the leaves of witches’ broom branches
of both species. However, the auxin and GAj contents in the leaves of witches’ broom
branches of S. alba and S. babylonica were significantly decreased by 30.6% and 33.6%
respectively as compared with those of healthy control leaves. Enhanced cytokinin
content in both willow species can be introduced as the main factor in increasing the
divisions of witches’ broom branches, which is coordinated with the particular hormonal
changes each species which generates special galls them.
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Conclusions

Candidatus phytoplasma trifolii reduced the growth of infected tissues characterized by
smaller leaves and shorter internodes, followed by the formation of gall structure in
both Salix species. According to the results, the high accumulation of ROS in response
to the gall formation was accompanied by a reduction of total chlorophyll and water-
soluble carbohydrates. Altogether, it seems that the adverse effects of gallers on Salix
species refer partly to oxidative stress, which is synchronized with the specific
hormonal changes of each species. These events cause the creation of special galls for
each species.

Keywords: Enzymes activity, Gall, Growth promoting hormones, Total chlorophyll,
Willow
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Figure 1- Picture of willow trees, Salix alba (right side) and Salix babylonica (left side) which one of their galls

branches is shown at the bottom of the pictures (C, D).
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differences in t-test (P <0.05).



VEY Sl ooty s ol S5led (ool Jlo o AL o ple

\FF

o L dey S5 165 55 a6 &E,
AALS Hsbme glaaslh 533 ge (Lo oS
Oe—oran (F= B S5) il (615 —ine
SLaeS 1 OT 53 Jpdos slallpda g S
4 i Ogmn 5 Jpene o S13E (laes L
33d o 4 Olis g Wl slaesls glasS

Sl Ol rals e ys YA 5 ¥4

A
3 1
A
g 251 a
B —=
Ly b
0, —
o 2
g
S’
'E\ 15 4
g 11
£
9}
= 054
©
=
0 i
jatact gl intact gall
Salix alba Salix babylonica

Total Soluble Carbohydrates (mg g-! FW)

b

03

Sl g 7 9 S5 S 7 slidie

S 0 IS J55 0l 1T 53 Jgdoma
Cod A Ol )3 16 S 95 a L1sJE laasls
A S8 5P <0.05) b LS (Il 5 e
SIS Lol pu glacE , ys el ol (¥
23352 g0 GBS 4 o O gin 5 (Jyens Ay
e 3 VWP 5 VO S 5 s VJLM sl
53T 3 dgdoms Lol ydn S Ol e 23 5

B

: &
I B J}
1 intact gall

intact gall

Salix babylonica

Salix alba

A Ol s 53l 5 ald g )l Glaasla e (B) JST Jsloes slasslyitn 5 57 5 (A) JS7 Jb508° WP gt
5 5 g ) wlia e g o 5l bkl sl E 1SS dw ke sie s (S. babylonica) & sz 5(S. alba) Jyens

Laosls s s gme CDstl S0l (S, Dabylonica b & soms do & by o S S 55 55 alba b Jsers do 6 by 0

Ll (P <070 0) t-test o 503T olal

Figure 3- Comparison of average total chlorophyll (A) and total soluble carbohydrates (B) of ungalled and galled
branches on two species of Salix. Values are expressed by the mean + standard error. In each species, different letters
(lowercase for S. alba and uppercase for S. babylonica indicate statistically significant differences in t-test (P < 0.05).

COMst O gimen s H3JLS (Laast L s
P> ) sl o glaas s L 6)l5 onn
53 {PPO) Sl b o 5T o Jlad (0.05
Ay 5 S g IS Glaasli v oS
o glaesls GLeS L g ls gae LoDl
LT LLsd 515 (F-B JSK8) axilts 5 5 5 gles

P>0.05) 5 5 ) 5 mlaw &S 55 T

Sbyelwl Sl 35T Cadled Ol

Sglate VAL Aﬁd;jsﬁ):(APX) ST,
SsJE slaasli w5 APX (,.;‘J;T CJled 95 0
LS 0las g slome Wl sLacS 1 Slens

VJ*J"T o=l Cled Sujb- 03 (isls OLES Hls Jae



1) Aﬁow)sjta}?}wtgdtf&uﬁuﬂ@ym,&wﬁ“_;u)su?g;t?ﬂwuﬁ

Sy B Mes 5 Sl Il s e

04 4 A
A
. 035 1 a
g
<
g 0.3 4
- 1 B
E" 0.25 a
a 0.2 4
g 0.15 1
0.1 4
0.05 A
U 4
intact gall intact gall
Salix alba Salix babylonica

PPO (U mg! protein)

B
A
| A
I a
a
intact gall intact gall
Salix alba Salix babylonica

2 el 5ot o)l slaasla o (B) S8 s o 5 (A) STy Sl ST o 5T s S0k alie -F IS
wlie e g 5l bkenl gl & L1 SG a5l sde o (S, babylonica) o yo 5(S. alba) Jsens 4o Ol 5

Nzl S 0L (S, babylonica U b yims by 4 by o S S o0 58, Alba b Jyens do 0 by 0 o5 5 g )

Sl (P <070 0) t-teSE 0 503T Lalal 5 baosls s 5l sims

Figure 4- Comparison of the average activity of enzymes ascorbate peroxidase (APX) (A) and polyphenol oxidase
(PPO) activity of leaves (B) of ungalled and galled branches on two species of Salix. Values are expressed by the
mean * standard error. In each species, different letters (lowercase for S. alba and uppercase for S. babylonica

indicate statistically significant differences in t-test (P < 0.05).

Ognyoh Ol e 035 o oal i 0-B i
Ose 5 (Jgame dy SI5JLE @l 28 g2
S Ol sl Wl (Slaast Ll 4y o
(P <0.05) dils (gdwe )5 VO/A 5 OF/F 258
Slin Ugy il a5 S 53 18 55 o o Ol s
35 O3y ol Ol e (B-C JSi) ol
V¥V SialS O mn g LI5JLS (laas s u
il 545 ) gloes VJLﬂ i 4 Sl (G2 )3
Slaasli v 33 Ognysn ol Ol 5me Ll (P < 0.05)
sl i Lo ls o U ¢ J yame oy s JE
‘(P>o.05>ajf)‘)sc:u¢<u; S ys Olea

) & e (AL S Ogesg sl

ma L &8 1 )3 by &S e (lalgay g8 Ol e
Salite d K& las do 45 55 8 I gla
SLSS s Sl A8 Gl sS6 Cod 1 53
23 ST Oy 52 Ol 2 S (ol L
oy ) 644; 93 A S E slaasli
Coils ralS (e glaasli o oS 4 s
oS s mn EalS OoD s Ll L(0-A JSs)
RS e game a5 5
SLAcE S Ol n 5 595 3 onn O gima 53
S 53 0T sl Wl S L s JE wls
248 sbolea (P> 0.05) 25 5 1,5 o



VERY 5l oy 5 ol 5l o il b ¢ LS 5 ke

\F#

094 A a B
B + 05 -
0.7 A
a ~ i
04 -
~ 06 _E
E 05 A gﬁ
"Eﬂ 2 03 A
5 04 4 E
E‘ 03 J % 0.2 A
= +
< 02 | (63
B 01 1
o []
0.0 1 0.0
intact gall intact gall intact gall
Salix alba Salix babylonica Salix alba Salix babylonica
8.0 1 c
7.0 1 B
~ 6.0 - }
-
E 50 b
]
2 40 -
G 3.0
20
1-0 -J
0.0 -
intact gall intact gall
Salix alba

Salix babylonica

o Ol s (e 5 0d g gl slaasli w3 (C) oo (B) S o AA) ST S0 g5 58 Silos anlin -0 S
5 Oog ) wlie e o il gl 1 SG a5k 5o a (S. babylonica & s> 5(S. alba) Jyene

Laosls s I3 gme Dl S0l (S. Dabylonica b & sos do & by o S S g 55 alba b Jsers do v by 0

Ll (P <070 0) t-test 0 505T olasl

Figure 5- Comparison of average the hormones auxin (A), cytokinin (B) and gibberellin (GA;) (C) of ungalled and
galled branches on two species of Salix. Values are expressed by the mean + standard error. In each species, different
letters (lowercase for S. alba and uppercase for S. babylonica indicate statistically significant differences in t-test (P <

0.05).

Lacf iy 2alS 4 e GJE Jole 5 5i o0
5dsb 05y Sl L& el ol e slaplil
JE (Y JS8) 555 0 0Ll JE oS, 5 e
Slert J50) Ozl s,¥ 5 LaasS 3 o)l
Ly LadlE o) S o blis (Lewdl g
sl sl glaarls glacs ,, VL S5
B Jslse 5 Cmnl diy 28l fol> oS os
G3lge opl ol 03,5 Olgy aanb Oliads s 511,

(etal., 2016Giron) Cowl sabs 4s b

Xy

etal., Nyman) eis 5 ) (slaasS «2i8 s
4 (2000; Salehi-Eskandari & Kaviani, 2015
“Candidatus e g2 S J_> ;>
, Ghayeb Zambharir) phytoplasma trifolii”
I, (2018; Shahryari & Allahverdipour, 2018

2 sl alie 5y 0gb g bl JSCi oo
PN W, P I | PC Jsu laaS Lils o



VPV Lo 0L 3 5165 53 5508 Slaat i Sga)sn 5 obord s sk Szl Sl (& lae

Sy B Mes 5 Sl Il s e

s5bas OLSslrs slaestLa (Il sl g
ey s IS .(F-A JSK8) oL JialS ls sae
5 s s AT 4 el 53 HROS 5 s
o S5 ST SLE a5 4 e o 035
3pb e OLLS (g jw g salaS, JralS L

et al., 2007; Salehi-Eskandari et Murata)
Gailite)a Jo, 15 talS alie b (al, 2024
LS 5535 > 50 slacs s (etal., 2005
Picea abies, Acer 5> L;l_AA_S}?

sacharinum, Ulmus laevis, Ulmus glabra,

J— J—is 8 a5 ,Tilia cordata

(Salix 43}? 93 45 (Patankar et al., 2013)
o Jé | o pulchra, Salix glauca)
I ool ge ool ok 3,18 O gaml STl
g2 9 42 o0 G s 3 W b 5
S LI 5315 s Lds IS Olje ba fid s 187
(etal., 2014Huang) was
T 338 Uy oe glad B 01
O S A 55 53 a1 et Ls
B JSCa) oty Jls pime 2alS e slaS
Slyomn L (S35 dlal) 0 5D 5 8 gy (Y
L «S «(etal., 2022Ivanova) s,ls J—s5 IS
(Salix  Jyame sy 555 55 S 6%;,1)?
Salehi-Eskandari & ) &ils I s3wen alba)
(295 oml s SV Ll 2015Kaviani
(Tilia & 45,5 oy SWIE 53 Jshoes laks
sl Eriophyes tiliae L g & platyphyllos)
352 0T 55bome WL GlacS ) i (Uledd
ol; 9L

SIS GLaast Lt J ks slaclydin g S

= .(etal., 2023Guedes)

A g aoler (I soms slaasr s SV
LaeS 1 oS5 5l o 136 slaasls
aS 03,8 slul |y polr Jaswsyy bl b g0l
935 O3 st b S 2 51, 15IE Jalse
dom 53 00,8 Ll Ly gby falS 5 s
et Stone) 1S’ o Slaais Jeows sy ans 3 )
(s (8] g 51> QLS L5 (al, 2002
Ssls gyl LS lack L (RWC) T
853 LSl 53,0 L GlacS L g ls e
SLacS 4 ol 38 lawsli pu sla 5 5
il sy 80153 i 4 by e sl (Sas (L
L olg 5o s ol ol slanl b0 Ol i LS
3o alb Blu g LacS L g alh S x
(etal., 2019; Favery et al., 2016Cambier)
L g (Crown gall) JS b ~Ls IS S
53,5 L Agrobacterium tumefaciens s ;S\
JoB e i, L s e sl (g STUDNA I (glaskss
(33,5) Ol 53 53 I8 il 5 sgh o oJ S
S S 5l mm 53 5 (a3 sl (3
(etal, 2019Kerpen) s 45 . 5, & wbo 23
L i (555 b o Sl 15
el D5 I 5K g 05T DT s 2
W5 1 1S STlss S sl Y (Sas
SLas £l i Ol e T (2l ol S o
(reactive oxygen species; Jf STy OS]
(Asada, 1999) 1S o Joos OIS ,3ROS)
GRS L (i ) Sl
5 5 o 1y e g Ol ¢ b5 IS (sl g
s s (etal., 2022Sherin) a5 s

el ey 53 93 a7 fdg IS e (5l



VERY 5l oy 5 ol 5l o il b ¢ LS 5 ke

VFA

Ao C b olE (55wl (sladl o
(etal., 2011Samsone) LS o sl (glay dss
IS slacE 1 s o 5T ol E b Ol
(8. alba, S. jinsi—y 5y 9n g QL5 )5
laar i w slacS 4 coic babylonica)
TS O 1 (Al (ae om0 e
2PPO 55T b Ol il g5y
«(S. caprea) 4 6‘45; Sy JE ngf,g
et Samsone) > 5 5 glaee @Il s Y
Glo S ool JE slaeS s Ul dal., 2011
A etalie b ialS (S, fragilis) Ay s
-~ S ol 4 e g L (et al, 2005Gailite)
BT ol b e o 5,87 bzl o Ol
Wl g5 3y 5a 55 5 IS g5 el
Sl dmal 3 51 ALS Lal s 58
(JA) &S ol dul 5 (ET) 31 «(SA)
Ol i 4y olS 2B lageuly Caltbe (sladir
ol S I s S e J S 1 sl
&l 55 b S e 5 (TAA) b ST 51 s S
ot 255 o Ol o8 pa 5 Ay S
CpeS 1 Oy 9o (et al., 2020Favery) 4G 5
L (ALS Lol s Jho s 5 4, I L
e S b,y 08 s dae (slad g sl
23 S g Ol s (et al,, 2016Giron) s ,1s
E. 3T acaciaelongifoliae) s\, 5l = »
5 e IS Say3 3L s 5 4 s (solidaginis
Wl T oaS a bt glad sho (1, #Y G OY)
Ay 5 e 53 eS| Al 5 L S
S sl 5 s 28 LS (sl
.(; 2014Tooker & Helms) 48" o fg—us

sl 5 ol ok (6,8 0510 e 1 28
e O 4 I jslomn (55 51 53 LS 5
el ol Jgloes gl s 153
3 Jeol 518 Gla 2 4 ey )
et Kot) cewl ROS a5 ol 4y a0 5l o
05559 bS5 035 56 ROS 1500 (al., 2020
035 sdome 5 ply JH 5o Sl 28 (H2O,)
, Barna & Pogany) ,15 (055L) 5 jlew 34,5
shyls ol al& .(2001; Kot et al., 2020
e P SISl =T el la,Sal,
(DS T a5 5 M a5 35,18
Hajihashemi & ) ( J—S" J—3 5 La il T
YL WSl s 5T 5 (; 2014Ehsanpour
5 (APX) a1, b, ST (CAT)
et Kmie¢) wws (POX) jlasT, JSLE
Lacedly 5 IS 5 by 2 5> APX (al, 2022
£33 33 SLls Dy s IS APX 5 48 e b
(tAPX) g S5 oLt & oot APX ¢y 5T
s jam 4S Wl SAPX) sloy 2wl APX
Hy0; aS” Gl a0 s 5 sl Ol ey
LS o Jos O3S 5 ST 4 15 0T 5055 Jos
2 =T &b 01— (Maruta et al., 2016)
Ay OV Jsame 53 STy Sy ST
5 (F=A JK2) sl Ol (g )ls gma 2alS O s
$lap ST lacdles &y ol o ol ) Sl
A wS APX 58 93 55 OluS| T
paiee #Los o 3T (PPO) 1Sl J5 L
Ll 0,1 5l dha 4 ey 53 45T ol DAL
LS 5 PPO (et al., 2005Gailite) 5 o s
0T Uit 035" 3 1 slonkds 4T S



\Fa Lo 0L 3 5165 53 5508 Slaat i Sga)sn 5 obord s sk Szl Sl (& lae

Sy B Mes 5 Sl Il s e

P edielen 65 » ol Ssersn a6
P (U)o sgb s bl T slaaslia
et al.,, 2020; Favery) s, 5 ,I T 45,8 ,»
Yli| 48" sl 4 4> 55 L .(Kmiec et al., 2022
025 on Jie 0dd gl (SlaaS” Lo 5 LDy g2
IS el pe o an Yozl Jlest L i !
ey 5 Gl s dg Ll 3 bl (haS)
I LeT 555l Lge LeT sl = (ol 52 5 1)
b 3 S Cbble el Olads SlbAg
sgdoms 1y 138 Jolse JE Hlle |25 L olS

33l e and S5 31

O
Ol 5 g5 ply o ils (i g3y Cislas |

o o=l 3l Je ol s 4 Ol
355 g0 551 Sl dloans

References

Arnon, D. (1949). Copper enzymes in
isolated chloroplasts.
Polyphenoloxidase in Beta vulgaris.
Plant Physiology, 24, 1-15.
https://doi.org/10.1104/pp.24.1.1

Asada, K. (1999). The water-water cycle in
chloroplasts: scavenging of active oxygens
and dissipation of excess photons. Annual
Review of Plant Biology, 50(1), 601-639.
https://doi.org/10.1146/annurev.arplant.
50.1.601

Asada, K. & Takahashi, M. (1987).
Production and scavenging of active
oxygen photosynthesis. In
‘Photoinhibition. Topics in
photosynthesis. Vol. 9. (Eds DJ Kyle,
CB Osmond, CJ Arntzen), 227-287:
Elsevier: Amsterdam.

Bajraktari, D., Bauer, B. & Zeneli, L.

el Ui sz 5 ST o 2131 Y ans
Slagl Culg 53 5 oS e HSA I ol
Sl i) Olalgs ol y3 1y 0lalS elss
Ol .Jletal, 2013) 48" Hlge (s Las sles
A 51ILE laast L o 3 S0 5 58
ssbas Ome Ay OO 5 (O-A JSK2) S sane
CponS g Ol LSl (ils 2alST (g ls ma
SLacf L Las a8 55,8 b8 glaastls .
—B i) dzils ls gme il 531 Ol glos ol
Slaastls w53 o o 050558 Ol e (0
Sers o (D S, babylonica \sJLS
OLis Ol i ol (0-C JSC2) sls 0l 2als
IS Js ediias ddy gla0 go ) 38 Sl ks Aas oo
il Bl el i ) aaoly Soline Lo 8
Olsson ld 55 93 58 55 S s Do)y
3 el o Slesus il 5l ol Jole
L 45" ((Tooker & Helms, 2014) 5,5 5 »s
23 oS5 o e edan Al O a0 SRS
razia )il g oddol jan (J sens 5 O gies
) s S e sl slas S 0T JE 5 5a
laas s w53 JLE slowl Jsls OLiS iags
oo LgT ) [halS 4 oeie iy Ol o
SBaliSS, e,y 5o 5 dsb s S sk
s o LT (5 o 53 Y s (5 i 5
L Lol esls 0L j2alS” 5 sloms (Il (slaas L
ST e s s (nn ki pis g a5
88 53 p Il gl JE saeS
IS i ol fole 587 Blaad i 015 o0
Slaas L a0 Ol (s 5 s (LgiT

oS S O 9o 98 Sl 3L &S Sl odd o 9l


https://doi.org/10.1104/pp.24.1.1
https://doi.org/10.1146/annurev.arplant.50.1.601
https://doi.org/10.1146/annurev.arplant.50.1.601

VERY 5l oy 5 ol 5l o il b ¢ LS 5 ke

VO

multinucleate and hypertrophied
feeding cells. Journal of Insect
Physiology, 84, 60-69.
https://doi.org/10.1016/].jinsphys.20
15.07.013

Gailite, A., Andersone, U. & Ievinsh, G.
(2005). Arthropod-induced neoplastic
formations on trees change
photosynthetic pigment levels and
oxidative enzyme activities. Journal of
Plant  Interactions, 1(1), 61-67.
https://doi.org/10.1080/1742914050
0254728

Ghayeb Zamharir, M. (2018). Association
of ‘Candidatus Phytoplasma
trifolii’related strain with white willow
proliferation in Iran. Australasian Plant
Disease Notes, 13(1), 1-4.
https://doi.org/10.1007/s13314-018-
0300-y

Gheysen, G. & Mitchum, M. G. (2019).
Phytoparasitic nematode control of
plant hormone  pathways. Plant
Physiology, 179(4), 1212-1226.
https://doi.org/10.1104/pp.18.01067

Giron, D., Huguet, E., Stone, G. N. & Body,
M. (2016). Insect-induced effects on
plants and possible effectors used by
galling and leaf-mining insects to
manipulate their host-plant. Journal of
Insect  Physiology, 84, 70-89.
https://doi.org/10.1016/].jinsphys.20
15.12.009

Guedes, L. M., Sanhueza, C., Torres, S.,
Figueroa, C., Gavilan, E., Pérez, C. 1. &
Aguilera, N. (2023). Gall-inducing
Eriophyes  tiliac  stimulates  the
metabolism of Tilia platyphyllos leaves
towards oxidative protection. Plant
Physiology and Biochemistry, 195, 25-
36.
https://doi.org/10.1016/j.plaphy.202
2.12.014

Guiget, A., Takeda, S., Hirano, T., Issei, O.
& Sato, M. H. (2021). Recent Progress
Regarding the Evolution and Molecular
Aspect of Insect Gall Formation.
https://doi.org/10.20944/preprints20
2106.0494.v1

(2022). Antioxidant capacity of Salix
alba (Fam. Salicaceae) and influence of
heavy metal accumulation.
Horticulturae, 8(7), 642.
https://doi.org/10.3390/horticulturae

8070642

Barna, B. & Pogany, M. (2001).
Antioxidant enzymes and membrane
lipid composition of disease resistant
tomato plants regenerated from crown
galls. Acta Physiologiae Plantarum, 23,
273-277.
https://doi.org/10.1007/s11738-001-
0033-x

Bohlmann, H. & Sobczak, M. (2014). The
plant cell wall in the feeding sites of
cyst nematodes. Frontiers in Plant

Science, 5, 89.
https://doi.org/10.3389/fpls.2014.00089

Bradford, M. M. (1976). A rapid and
sensitive method for the quantitation of
microgram  quantities of  protein
utilizing the principle of protein-dye
binding. Analytical Biochemistry, 72(1-
2), 248-254.
https://doi.org/10.1016/0003-
2697(76)90527-3

Cambier, S., Ginis, O., Moreau, S. J.,
Gayral, P., Hearn, J., Stone, G. N,, &
Drezen, J. M. (2019). Gall wasp
transcriptomes unravel potential
effectors involved in  molecular
dialogues with oak and rose. Frontiers
in Physiology, 10, 926.
https://doi.org/10.3389/fphys.2019.0
0926

Favery, B., Dubreuil, G., Chen, M. S.,
Giron, D. & Abad, P. (2020). Gall-
inducing parasites: convergent and
conserved  strategies of  plant
manipulation by insects and nematodes.
Annual Review of Phytopathology, 58,
1-22.
https://doi.org/10.1146/annurev-
phyto-010820-012722

Favery, B., Quentin, M., Jaubert-Possamai,
S. & Abad, P. (2016). Gall-forming
root-knot nematodes hijack key plant
cellular functions to induce


https://doi.org/10.3390/horticulturae8070642
https://doi.org/10.3390/horticulturae8070642
https://doi.org/10.1007/s11738-001-0033-x
https://doi.org/10.1007/s11738-001-0033-x
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.3389/fphys.2019.00926
https://doi.org/10.3389/fphys.2019.00926
https://doi.org/10.1146/annurev-phyto-010820-012722
https://doi.org/10.1146/annurev-phyto-010820-012722
https://doi.org/10.1016/j.jinsphys.2015.07.013
https://doi.org/10.1016/j.jinsphys.2015.07.013
https://doi.org/10.1080/17429140500254728
https://doi.org/10.1080/17429140500254728
https://doi.org/10.1007/s13314-018-0300-y
https://doi.org/10.1007/s13314-018-0300-y
https://doi.org/10.1104/pp.18.01067
https://doi.org/10.1016/j.jinsphys.2015.12.009
https://doi.org/10.1016/j.jinsphys.2015.12.009
https://doi.org/10.1016/j.plaphy.2022.12.014
https://doi.org/10.1016/j.plaphy.2022.12.014
https://doi.org/10.20944/preprints202106.0494.v1
https://doi.org/10.20944/preprints202106.0494.v1

10

Lo 0L 3 5165 53 5508 Slaat i Sga)sn 5 obord s sk Szl Sl (& lae

Sy B Mes 5 Sl Il s e

activities during rice leaf senescence.
Plant Physiology, 57(2), 315-319.
https://doi.org/10.1104/pp.57.2.315

Kerpen, L., Niccolini, L., Licausi, F., Van

Dongen, J. T. & Weits, D. A. (2019).
Hypoxic conditions in crown galls
induce plant anaerobic responses that
support tumor proliferation. Frontiers in
Plant Science, 10, 56.
https://doi.org/10.3389/1pls.2019.00
056

Khadhair, A. H. & Hiruki, C. (1995). The

molecular genetic relatedness of willow
witches'-broom phytoplasma to the
clover proliferation group. Proceedings
of the Japan Academy, Series B, 71(5),
145-147.
https://doi.org/10.2183/pjab.71.145

Khajuria, C., Wang, H., Liu, X., Wheeler,

S., Reese, J. C., El Bouhssini, M., &
Chen, M. S. (2013). Mobilization of
lipids and fortification of cell wall and
cuticle are important in host defense
against Hessian fly. BMC Genomics,
14(1), 1-16.
https://doi.org/10.1186/1471-2164-
14-423

Kmie¢, K., Kot, I, Rubinowska, K.,

Gorska-Drabik, E., Golan, K. &
Sytykiewicz, H. (2022). The variation
of selected physiological parameters in
elm leaves (Ulmus glabra Huds.)
infested by gall inducing aphids. Plants,
11(3), 244,
https://doi.org/10.3390/plants11030
244

Kot, 1., Sempruch, C., Rubinowska, K. &

Michatek, W. (2020). Effect of
Neuroterus quercusbaccarum (L.) galls
on physiological and biochemical
response of Quercus robur leaves.
Bulletin of Entomological Research,
110(1), 34-43.
https://doi.org/10.1017/S000748531
9000221

Kreslavski, V., Ivanov, A., Shmarev, A.,

Hajihashemi, S. & Ehsanpour, A. A. (2014).

Antioxidant  response of  Stevia
rebaudiana B. to polyethylene glycol
and paclobutrazol treatments under in
vitro culture. Applied Biochemistry and
Biotechnology, 172(8), 4038-4052.
https://doi.org/10.1007/s12010-014-
0791-8

Harris, M., Freeman, T., Rohfritsch, O.,

Anderson, K., Payne, S. & Moore, J.
(2006). Virulent Hessian fly (Diptera:
Cecidomyiidae) larvae induce a
nutritive  tissue during compatible
interactions with wheat. Annals of the
Entomological Society of America,
99(2), 305-316.
https://doi.org/10.1603/0013-
8746(2006)099[0305:VHFDCL]2.0.
CO;2

Huang, M. Y., Huang, W. D., Chou, H. M.,

Chen, C. C., Chang, Y. T. & Yang, C.
M. (2014). Herbivorous insects alter the
chlorophyll metabolism of galls on host
plants.  Journal of  Asia-Pacific
Entomology, 17(3), 431-434.
https://doi.org/10.1016/j.aspen.2014.
04.004

Ivanova, L. A., Chetverikov, P. E., Ivanov,

L. A., Tumurjav, S., Kuzmin, I. V,
Desnitskiy, A. G. & Tolstikov, A. V.
(2022). The effect of gall mites
(Acariformes, Eriophyoidea) on leaf
morphology and pigment content of
deciduous trees in West Siberia.
Acarina, 30(1), 89-98.
https://doi.org/10.21684/0132-8077-
2022-30-1-89-98

Ji, H., Gheysen, G., Denil, S., Lindsey, K.,

Topping, J. F., Nahar, K., & Van
Criekinge, W. (2013). Transcriptional
analysis through RNA sequencing of
giant cells induced by Meloidogyne
graminicola in rice roots. Journal of
Experimental Botany, 64(12), 3885-
3898.
https://doi.org/10.1093/jxb/ert219

Kar, M. & Mishra, D. (1976). Catalase,

peroxidase, and polyphenoloxidase


https://doi.org/10.1007/s12010-014-0791-8
https://doi.org/10.1007/s12010-014-0791-8
https://doi.org/10.1603/0013-8746(2006)099%5b0305:VHFDCL%5d2.0.CO;2
https://doi.org/10.1603/0013-8746(2006)099%5b0305:VHFDCL%5d2.0.CO;2
https://doi.org/10.1603/0013-8746(2006)099%5b0305:VHFDCL%5d2.0.CO;2
https://doi.org/10.1016/j.aspen.2014.04.004
https://doi.org/10.1016/j.aspen.2014.04.004
https://doi.org/10.21684/0132-8077-2022-30-1-89-98
https://doi.org/10.21684/0132-8077-2022-30-1-89-98
https://doi.org/10.1093/jxb/ert219
https://doi.org/10.1104/pp.57.2.315
https://doi.org/10.3389/fpls.2019.00056
https://doi.org/10.3389/fpls.2019.00056
https://doi.org/10.2183/pjab.71.145
https://doi.org/10.1186/1471-2164-14-423
https://doi.org/10.1186/1471-2164-14-423
https://doi.org/10.3390/plants11030244
https://doi.org/10.3390/plants11030244
https://doi.org/10.1017/S0007485319000221
https://doi.org/10.1017/S0007485319000221

VERY 5l oy 5 ol 5l o il b ¢ LS 5 ke

\OY

(2016). Manipulation of host plant cells
and tissues by gall-inducing insects and
adaptive strategies used by different
feeding guilds. Journal of Insect
Physiology, 84, 103-113.
https://doi.org/10.1016/].jinsphys.20
15.11.012

Patankar, R., Starr, G., Mortazavi, B.,

Oberbauer, S. F. & Rosenblum, A.
(2013). The effects of mite galling on
the ecophysiology of two arctic
willows. Arctic, Antarctic and Alpine
Research, 45(1), 99-106.
https://doi.org/10.1657/1938-4246-
45.1.99

Salehi-Eskandari, B., Ghaderian, S. M. &

Schat, H. (2017). The role of nickel (Ni)
and drought in serpentine adaptation:
contrasting  effects of Ni on
osmoprotectants and oxidative stress
markers in the serpentine endemic,
Cleome heratensis, and the related non-
serpentinophyte, Cleome foliolosa.
Plant and Soil, 417, 183-195.
https://doi.org/10.1007/s11104-017-
3250-9

Salehi-Eskandari, B. & Kaviani, M. (2015).

Comparison of physiological and
biochemical changes in healthy trees
and willow branches gall (Salix
babylonica). Journal of Plant Research
(Iranian Journal of Biology), 27(5),
885-892. [In Persian].
https://doi.org/27512

Salehi-Eskandari, B., Kazemi Renani, S. &

Hajihashemi, S. (2024). Evaluation of
physiological and  morphological
responses of Salix alba and Salix
babylonica to witches’ broom gall.
European Journal of Plant Pathology,
169, 395-408.
https://doi.org/10.1007/s10658-024-
02833-0

Samsone, 1., Andersone, U. & Ievinsh, G.

(2011). Gall midge Rhabdophaga
rosaria-induced rosette galls on Salix:
morphology, photochemistry of
photosynthesis and defense enzyme
activity. Environmental and
Experimental Biology, 9, 29-36.

Khudyakova, A. & Kosobryukhov, A.
(2022). Influence of iron nanoparticles
(Fe304 and Fe203) on the growth,
photosynthesis and antioxidant balance
of wheat plants (Triticum aestivum).
Paper presented at the Bio Web of
Conferences.

Maruta, T., Sawa, Y., Shigeoka, S. &
Ishikawa, T. (2016). Diversity and
evolution of ascorbate peroxidase
functions in chloroplasts: more than just
a classical antioxidant enzyme? Plant
and Cell Physiology, 57(7), 1377-1386.
https://doi.org/10.1093/pcp/pcv203

Meikle, R. D. (1984). Willows and poplars
of Great Britain and Ireland.

Mohajel Kazemi, E., Alinejad, F. &
Mohajjel Shoja, H. (2020).
Investigation of anatomical changes
induced in Fraxinus rotundifolia leaflets
by Psyllopsis (Psyllopsis fraxini)
infection. Iranian Journal of Plant
Biology, 12(1), 71-84. [in Persian].
https://doi.org/10.22108/1jpb.2020.1
18608.1165

Murata, N., Takahashi, S., Nishiyama, Y. &
Allakhverdiev, S. L (2007).
Photoinhibition of photosystem II under
environmental stress. Biochimica et
Biophysica Acta (BBA)-Bioenergetics,
1767(6), 414-421.
https://doi.org/10.1016/j.bbabio.200
6.11.019

Nyman, T. & Julkunen-Tiitto, R. (2000).
Manipulation of the phenolic chemistry
of willows by gall-inducing sawflies.
Proceedings of the National Academy
of Sciences, 97(24), 13184-13187.
https://doi.org/10.1073/pnas.230294
097

Nyman, T., Widmer, A. & Roininen, H.
(2000). Evolution of gall morphology
and host-plant relationships in willow-
feeding sawflies (Hymenoptera:
Tenthredinidae). Evolution, 54(2), 526-
533. https://doi.org/10.1111/1.0014-
3820.2000.tb00055.x

Oliveira, D., Isaias, R., Fernandes, G.,
Ferreira, B., Carneiro, R. & Fuzaro, L.


https://doi.org/10.1093/pcp/pcv203
https://doi.org/10.22108/ijpb.2020.118608.1165
https://doi.org/10.22108/ijpb.2020.118608.1165
https://doi.org/10.1016/j.bbabio.2006.11.019
https://doi.org/10.1016/j.bbabio.2006.11.019
https://doi.org/10.1073/pnas.230294097
https://doi.org/10.1073/pnas.230294097
https://doi.org/10.1016/j.jinsphys.2015.11.012
https://doi.org/10.1016/j.jinsphys.2015.11.012
https://doi.org/10.1657/1938-4246-45.1.99
https://doi.org/10.1657/1938-4246-45.1.99
https://doi.org/10.1007/s11104-017-3250-9
https://doi.org/10.1007/s11104-017-3250-9
https://doi.org/27512
https://doi.org/10.1007/s10658-024-02833-0
https://doi.org/10.1007/s10658-024-02833-0

Vo

Lo 0L 3 5165 53 5508 Slaat i Sga)sn 5 obord s sk Szl Sl (& lae

Sy B Mes 5 Sl Il s e

https://doi.org/10.1146/annurev.ento
47.091201.145247

Takeda, S., Yoza, M., Amano, T., Ohshima,

I., Hirano, T., Sato, M. H., & Kimura, S.
(2019). Comparative transcriptome
analysis of galls from four different host
plants  suggests the  molecular
mechanism of gall development. PLoS
One, 14(10), €0223686.
https://doi.org/10.1371/journal.pone.
0223686

Tawfeek, N., Mahmoud, M. F., Hamdan, D.

L., Sobeh, M., Farrag, N., Wink, M. &
El-Shazly, A. M. (2021).
Phytochemistry, pharmacology and
medicinal uses of plants of the genus
Salix: an updated review. Frontiers in
pharmacology, 12, 593856.
https://doi.org/10.3389/fphar.2021.5
93856

Tooker, J. F. & Helms, A. M. (2014).

Phytohormone dynamics associated
with gall insects, and their potential role
in the evolution of the gall-inducing
habit. Journal of Chemical Ecology, 40,
742-753.
https://doi.org/10.1007/s10886-014-
0457-6

Schultz, J. C., Edger, P. P,, Body, M. J. &
Appel, H. M. (2019). A galling insect
activates plant reproductive programs
during gall development. Scientific
Reports, 9(1), 1-17.
https://doi.org/10.1038/s41598-018-
38475-6

Shahryari, F. & Allahverdipour, T. (2018).
“Candidatus  Phytoplasma trifolii”
related strain affecting Salix babylonica
in Iran. Australasian Plant Disease
Notes, 13(1), 1-3.
https://doi.org/10.1007/s13314-018-
0321-6

Sherin, G., Aswathi, K. R. & Puthur, J. T.
(2022). Photosynthetic functions in
plants subjected to stresses are
positively influenced by priming. Plant
Stress, 100079.
https://doi.org/10.1016/j.stress.2022.
100079

Stone, G. N. & Schonrogge, K. (2003). The
adaptive significance of insect gall
morphology. Trends in Ecology and
Evolution, 18(10), 512-522.
https://doi.org/10.3390/ijms2217942
4

Stone, G. N., Schonrogge, K., Atkinson, R.
J., Bellido, D. & Pujade-Villar, J.
(2002). The population biology of oak
gall wasps (Hymenoptera: Cynipidae).
Annual Review of Entomology, 47(1),
633-668.


https://doi.org/10.1038/s41598-018-38475-6
https://doi.org/10.1038/s41598-018-38475-6
https://doi.org/10.1007/s13314-018-0321-6
https://doi.org/10.1007/s13314-018-0321-6
https://doi.org/10.1016/j.stress.2022.100079
https://doi.org/10.1016/j.stress.2022.100079
https://doi.org/10.3390/ijms22179424
https://doi.org/10.3390/ijms22179424
https://doi.org/10.1146/annurev.ento.47.091201.145247
https://doi.org/10.1146/annurev.ento.47.091201.145247
https://doi.org/10.1371/journal.pone.0223686
https://doi.org/10.1371/journal.pone.0223686
https://doi.org/10.3389/fphar.2021.593856
https://doi.org/10.3389/fphar.2021.593856
https://doi.org/10.1007/s10886-014-0457-6
https://doi.org/10.1007/s10886-014-0457-6

VY Sl ooy 5ol 85lad sl Jlo ¢ ALE pj oo
, \OF




	https://ijpb.ui.ac.ir/?lang=en
	Journal of Plant Biological Sciences
	E-ISSN: 3041-9603
	Vol. 15, Issue, No. 1, Spring 2023
	Document Type: Research Paper
	Received: 15/12/2023  Accepted: 14/05/2024
	سپاسگزاری



