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Introduction

Almond (Prunus amygdalus Batsch.) is a plant native to Iran, and Iran is one of the most important almonds
producing countries in the world. Phytoplasmas are prokaryotic cells that lack a cell wall and are restricted to the
phloem of their host plants and are mainly transmitted by leaf hoppers. One of the most important diseases of the
almond tree is witches' broom disease, which is caused by phytoplasmas. This disease has caused great damage
to almond trees in Iran and Lebanon, leading to the death of more than a hundred thousand almond trees.
C.Phytoplasma phoenicium, which belongs to the pigeon pea witches' broom phytoplasma group, has been
reported as the causative agent of almond witches’ broom disease. Almond witches' broom has been reported
from almonds, peaches, nectarines, bitter almonds and apricots in the Iranian provinces of Chaharmahal and
Bakhtiari, Isfahan, Kerman, Fars and Kurdistan. Symptoms of the disease are yellows, small leaves, witches’
broom and dieback. Almond witches’ broom disease has been reported from Khorasan Razavi province, but
different symptoms were observed on almond trees in different locations of this province. In this study, almond
tree orchards in Khorasan Razavi province were examined for the symptoms of almond witches” broom and
etiology of the disease was determined.

Materials and Methods

In 2022, the samples were collected from almond orchards of Khorasan Razavi province and grafted onto
healthy almond seedlings and periwinkle plants. The DNA extraction from the main vein or bark of the stems
was performed using CTAB method. Nested polymerase chain reaction was performed with universal
phytoplasma primers (P1/P7 followed by R16F2n/R16R2), and the PCR products were electrophoresed and
sequenced. After blasting in the NCBI database, phylogenetic trees were constructed using the maximum
likelihood method in MegaX software with 1000 replicates in the bootstrap test.

Results and Discussion

In the northern, central and southern regions of Khorasan Razavi province, random sampling was carried out
in almond plantations. In the northern region, symptoms of almond witches’ broom were observed only in
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Chenaran. In the central region, symptoms of witches’ broom were found in Mashhad and Nishapur. However,
in the southern region, the symptoms of almond witches’ broom were more frequent and observed in Kashmar,
Koohsorkh, Torbat-Heydarieh and Sabzevar. The symptoms of infected almond trees in the northern region were
small leaves, mild witches’ broom and dieback. The symptoms in the central region were severe small leaves,
yellows, severe stunting, witches’ broom and decline. Infested almond trees in the southern region showed
severe small leaves, severe witches’ broom and proliferation, and dense growth of thin branches from the trunk.
The disease symptoms in the northern areas of Khorasan Razavi were moderate and in the central and southern
areas were severe. In addition, there were significant differences in the type of symptoms in the central and
southern regions. In the nested polymerase chain reaction, a fragment of 1250 base pairs replicated from the
infected samples. Sequencing and BLAST analysis revealed that the amplified fragments were similar to the
phytoplasma 16S rRNA. Two months after inoculation, disease symptoms appeared on the inoculated almond
seedlings. Almond seedlings inoculated with the northern strain showed symptoms such as terminal bud dieback,
dieback of lateral branches and necrotic spots on the leaves. Almond seedlings inoculated with the isolate from
the central areas showed symptoms such as yellows, severe witches’ broom, stunting and small leaves. The
symptoms in seedlings inoculated with the strain from the southern area of Khorasan Razavi province were
severe proliferation, severe stunting, small leaves and necrotic spots on the leaves. In periwinkle plants, isolates
from the northern and southern regions induced mild yellows and phyllody; however, isolates from the central
region induced severe yellows and phyllodes. The sequence blast results showed that the Chenaran isolate from
the northern region of Khorasan Razavi had 98.34% similarity with 16S rRNA strain Ei1090 of C. Phytoplasma
phoenicium. The 16S rRNA sequence of the Kashmar isolate from the southern region was most closely related
to the Khafr isolate (Khafr, Iran) of almond witches' broom phytoplasma. These two phytoplasma strains belong
to the 16S rRNA (16SrIX) group of pigeon pea witches' broom phytoplasmas that can cause almond witches'
broom. However, Ei1090 is a mild strain and the Khafer isolate is a severe strain of C. Phytoplasma phoenicium.
The similarity of the isolates from Chenaran and Kashmar with other members of the 16SrIX group ranged from
98.79-99.33 and 98.48-98.95%, respectively. The 16S rRNA sequence of the Mashhad isolate from the central
region of Razavi Khorasan was 94.99% similar to the CPh strain of Clover phyllody phytoplasma, a member of
the Aster yellows phytoplasma group (16Srl). The similarity of the isolate from Mashhad with other members of
the 16Srl group was between 90.99-95.98%. In the phylogenetic tree, the isolates from Chenaran and Kashmar
were located in the same branch together with the reference strain of the pigeon pea phytoplasma group (16SrXI
group). In addition, the isolates from Chenaran and Kashmar were placed in the same branch with subgroups B
and A of the 16SrXI group. In addition, the Mashhad isolate was classified in the aster yellows phytoplasma
group (16Srl group) within subtype C, which is a new strain of subgroup C that causes almond witches' broom
disease.
Conclusion

Almond witches” broom is a devastating disease in almond orchards in the Khorasan Razavi Province.
Symptoms include yellows, small leaves, witches’ broom, growth of many thin branches on the main trunk,
decline and death of the almond tree. Symptoms of the disease were moderate in the northern regions and more
severe in the central and southern regions of Khorasan Razavi province. The results indicate that different strains
of C. Phytoplasma phoenicium and Clover phyllody phytoplasma are associated with almond witches’ broom
disease in this province.
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Figure 1- Symptoms of almond witches’ broom disease and little leaf in various regions of Khorasan Razavi Province. A: northern
areas, B: central areas, C: southern areas and H: indicate leaf of healthy almond
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Hydariah in the southern area, Lines 6 and 7: samples collected from Mashhad and Neyshabur in the central area, Lane 8: sample
collected from Chenaran in the northern area.
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Figure 3- Symptoms in almond seedlings inoculated with different isolates of almond witches’ broom phytoplasma from various
regions of Khorasan Razavi province. A: healthy plant, B: suppression of the terminal bud growth and dieback as a result of
inoculation with isolates from the northern area, C: yellows, witches’ broom and shortening the internodes caused by inoculation
with isolates of the central areas and D: severe witches” broom, stunting and little leaves generated by the isolates from the southern
areas.
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Figure 4- Symptoms of almond witches’ broom in periwinkle plants inoculated with isolates from various regions of the Khorasan
Razavi province. A: healthy, B: pale yellows and phyllody caused by inoculation with isolates from the northern areas, C: severe
yellowness and phyllody as a result of inoculation by isolates of the central areas and D: Phyllody induced by inoculation of isolates
from the southern areas

pLas §1 g ye (slbys sl 165 TRNA o5 ol an 4y g to
MegaX ,l;—Slp ) ;3 0ad ()55 (alo—wMygid sLnog)S
S350 (B JSd) A8 mp i (Seiekd 850 5 silechidyen
9 o (29 i) sl g ohla Slaale 5o (Seojskd
Sloodligid 09,5 @20 cpyiel olyed 4 (592) lolB (9>
o i (pimen MBS )18 LD Sy 3 S 3955 Sy)le
0955 &2y eyl olien 4 (5-2) Qlwl B (55550 L)
55 a5t Sy 3 16SIXXVII 0,8 5 s (535 slowdlysisd
tlaoMsi 09, S &S sl 00 U315 LS Sllllas 3 i3,
Sy abaly Sue L o s 3l 16SIXXVIN 09,5 5 16STI
S »16S RNA 5 51 Jols  Siiield cs s 40 5 ausl
(Caoetal., 2020) &5 » ,I,8 asls
2o b il g gl gladls alal) o jglatea
0=l 16S TRNA Jlg5 558 3955 Syl 09,5 (sloog S
SLeog;S i nSeke a2pe Slacn sl g olyen 4 ol
9 ilwcidyea Megax jlidle,s )5 S-S 3955 Sg)le 09,5
9 «SEokd CByd 3 (F JSB) A sy (Sufeld ey
DB Bls o pF A B ooy S il eill s s al
Ohen 5 el (o)S adlllas 3 3l ingh b alie aib)S
aslis a S el ond 5)l58 50 (Karimi Shahri et al., 2014)
o Gleie (9-0) pluld (o5 4l) EpunsS adate > b
s o8 Sllan ol i 3935 Syl 03,5 A 09,5
SLoog;S nj oSk 5l 095 5 dw () &5 Cunl b 0ly L
; Lovaetal., 2011) s phbls céjn Soyls (gjlow b ol jon
ool Cowddy guls 4 493 b oyl ply (Ghayeb Zamharir, 2011
2 bl Sl ()lon L olyon (slowdlygnd o8 sy o0 4o &
Soils Golon Joole g add 5w 590, ol p e (25
C. b g g9-0) bl bl (a9 (25 3 el

L ol jaa slaladly giad (35908 dlal ) (aad 9 lelisds
52, Ol A Alids Bblis yu plils Sy ke ¢ lass

oLl o aihate o 5l ool Camdey o Jlgs gopeins domss
Jols JIg 59 by olewdbgid cunle sximyyLis NCBI o3l
(g5 ol 3 s 4 51 (PP928397) -l L aslus
il 16S TRNAL sy QAT a1y calid o yd
16S  Jlg5.ccsls C. Phytoplasma phoenicium ; Ei1090
29> 4l ;| (PP928398) Haisls alis jl oal covdas IRNA
SH(Khafr, Iran) a8 e b1y daly o 5S35 (sa) ool >
2 5L 3o)d AYIVE 504 C. Phytoplasma phoenicium
3956 So)le slawdhgind 09) 4 (3late LoDyt op yusl 93 (1
45 09,5 5l (Pigeon pea witches'-broom phytoplasma) 5.8
Solow joym cel Ay o &S Ll (16Sr1X) 16S rRNA
3 dolle g ca e dygw EI1090 oy yiwl (g pbl ;5 o)l
A C. Phytoplasma phoenicium jl ua i 45w
alis calus (; Salehi et al., 2006Jakovljevi¢ et al., 2020)
Ot o 5 16STIX 05,8 (slasl plo b jadls aili 5 o)yl
g doyd AAAD 5 AAFA 4 AA/VR 5 A/YY

51 (PP928399) spuiie 4lis 16S IRNA 1 ool cawsey Jlgs
CPh (il b 3o )3 AA/AY l5s0dy (658 ol s (555 10 b
Clover phyllody ) ,ub sl Sy lo—wdygus |
09,5 il gomae lwygrd ol .cil calus (phytoplasma
;I (Aster yellows phytoplasma) Lioe J5 (63,5 (sle—wdlsud
(Franova et al., 2009) ¢l 16S rRNA (16Sr1) S 25,5 15
Slallae )3 pbly So)la b lue (63,5 095 1 lawdlygid (2l500
sl cal s (Zirak et al., 2021) cowl sas ()58 50 LS
Dy o> AD/AA B AR/A 4 16ST] 09,5 (slac! plo b dguie

9 oilS (hla laashis Jlgs ¢ Jiakd <S> pu)y 1y



dY  ses, olwlyd lowl dlizo (219 yo plob LS50 Sgsla g (694 (wbdbouw () Kod g 2 Llgs

Zirak et al., ) cowl oas )35 olal 5l phl Soyls b ol o
0955 C 03,5 3 31 loodlysicd Sy (alye (55515 Jy 42021
o )5S phly Soyls gylow L (16S11-C) Lye JS (65,
5 S Golen b lawdlygnd Sy (plien 09)S 55 ol il
Ui, (Peach red leaf disease) 5l o\l ;0 Sy Sad 30,8
ol y ot (slowsdlgid ¢yl pls (Marcone et al., 2014) cul oids
3 Gyl (s9:8) Ol S35 0 (g 3 el Soile sjlow L

ool o JS (63)5 09,5 C 09,5 2

.cwl Phytoplasmaphoenicium
Slwog)S 5 pla Ly dpde sl (Si9kd daily (s (6l
iley 3 s Lol Jlss diive S (69,5 09,5 ) (alewdlygind
FC 0gyS 5 50 daie dlin &S 3o 0 odbline ¥ IS5 & dn g
Clover phyllody L SGo55 dlasly 9350 )18 Lue S (63,5 09,5
595 095 35 o= yemis ( A8 Cldlles )3 .5,l> phytoplasma
Babaie et al., ) cwl s (5)l55 olpl yo s pls 5l Sy

L
]

b
5]

SlowMygid olgicds B og,S 5 Wb Lue JS (63,5 09,5 51 (2007

30 16SrRMA group-Vl Candidatus Phytoplasma trifolii (AY390261.1)
J'E 16SrRNA group-Vll Candidatus Phytoplasma fraxini (LC388967.1)
100 16SrRMNA group-V Elm yellows phytoplasma (AY197655.1)

16SrRMA group-XXXIl Malaysian periwinkle virescence phytoplasma (EU371834.2)
24 E 16SrRNA group-Vill Candidatus Phytoplasma Iuffae (AF248956.1)
64 16SrRNA group-220VIl Candidatus Phytoplasma stylosanthis (MT431550.1)
163rRNA group-XXXV| Foxtail yellow decline phytoplasma (KC844879.1)
4'2 16SrRMNA group-X Candidatus Phytoplasma oryzae (AB052873.1)
62 ) 16SrRNA group-XIV Bermuda grass white leaf phytoplasma (AJ550984 1)
% 163rRNA group-IV Coconut lethal yellowing phytoplasma (U18747.1)
73 168SrRMA group-XXVI Sugarcane phytoplasma (AJ538179.1)
18SrRMNA group-XXIV Sorghum bunchy shoot phytoplasma (AF509322.1)

18SrRNA group-22X4X Sorghum bunchy shoot phytoplasma ( MT536197.1)

&8 16SrRMA group-XIX Candidatus Phytoplasma castaneae (AB054986.1)
30 16SrRNA group-XXI Candidatus Phytoplasma pini (AJ632155.1)
. 16SrRNA group-XXIl Candidatus Phytoplasma palmicola (KF751387.1)

2 16SrRMNA group-XXVIIl Cocos nucifera bogia syndrome phytoplasma (LC228755.1)

16SrRNA group-XXIX Candidatus Phytoplasma omanense (EF&66051.1)
16SrRNA group-IX Candidatus Phytoplasma phoenicium (KU896990.1)
EH @ 16SRNA isolate Chenaran
100 @ 16SrRNA isolate Kashmar

100 16SrRNA group-lll Candidatus Phytoplasma pruni (JQ044393 1)
163rRNA group-XXV Weeping tea tree witches -broom phytoplasma (AF521672.1)
16SrRNA group-XV Hibiscus witches -broom phytoplasma (AF147708.1)
:‘6\—E 18SrRMNA group-ll Candidatus Phytoplasma aurantifolia (U15442.1)
100

163rRNA group-XXXIV Candidatus Phytoplasma fraxini (DQ232752.1)

2 16SrRMA group-XXll Allocasuarina muelleriana phytoplasma (AY135523.1)

\_: 18SrRMNA group-X Candidatus Phytoplasma mali (AJ542541.1)
98 16SrRNA group-X2(X Salt cedar witches -broom phytoplasma (FJ432664.1)
(

100

16SrRMNA group-XXXl Candidatus Phytoplasma costaricanum (HQ225630.1)
82 @ 16SrRNA isolate Mashhad1
had @ 165rRNA isolate mashhad

- 16SrRNA group-| Aster yellows phytoplasma (MK992774.1)

16SrRNA group-XXVIll Derbid phytoplasma (AY744945.1)
16SrRNA group-XXll Buckland valley grapevine yellows phytoplasma (AY083605.1)
163rRMNA group-Xlll Mexican periwinkle virescence phytoplasma (AF248960.1)
16SrRMNA group-XVIll Candidatus Phytoplasma americanum (DQ174122.1)
42 16SrRNA group-Xll Stolbur phytoplasma (AF248959 1)
94 163rRNA group-XVI Candidatus Phytoplasma graminis (AY725228.1)
100 16SrRMA group-XVIl Candidatus Phytoplasma caricae (AY725234.1)

Spiroplasma chrysopicola (NR 025699.1)

& 9y el sl ) pbl Sgyle b olpen (clalowdlgis dguie 5 yodlS (ol slaaslis 16S TRNA g5 ookl b odid w5 (Sesijoled <53 —0 JSd
Spiroplasma .MegaX ,I53ls 5 ,> maximum likelihood 55,4 e (3135 olewdigid sloog)S g yo (slacy yiwl 16S IRNA g5 of yo

Sl odd paseie ® b o0 opl slaalis Lol oad 43S a5 s (OULGroup) ) o4,5 lsica chrysopicola
Figure 5- Phylogenetic tree constructed from the 16S rRNA sequence of Chenaran, Kashmer and Mashhad isolates of phytoplasmas
associated with almond witches’ broom in Razavi-khorasan province along with the 16S rRNA sequence of the reference strains of
the reported phytoplasma groups using the maximum likelihood method in MegaX
Spiroplasma chrysopicola is used as outgroup .The isolates from this study are marked withe
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Figure 6- Phylogenetic tree drawn using the 16S rRNA sequence of Chenaran and Kashmer isolates of C. Phytoplasma phoenicium
together with the 16S rRNA sequence of the reference strains of the members of the major subgroups of the pigeon pea witches’-
broom phytoplasma group using the maximum likelihood method in MegaX. Spiroplasma chrysopicola is considered as outgroup.

The isolates from this study are labelled withe
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Figure 7- Phylogenetic tree drawn using the 16S rRNA sequence of the Mashhad isolate of almond witches' broom disease and the
16S rRNA sequence of the reference strains of the major subgroups in Aster yellows phytoplasma group using the maximum
likelihood method in MegaX. Spiroplasma chrysopicola is used as outgroup. Mashhad isolate is marked withe
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