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Introduction

Almond (Prunus amygdalus) 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 witch's
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 witch's broom phytoplasma group, has been reported as the causative agent of almond
witch's broom disease. Almond witch's 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. The
symptoms of the disease are yellows, small leaves and witch’s broom and dieback. Almond witch's broom disease has
been reported from Khorasan-Razavi province, but different symptoms were observed in almond trees in different
locations in this province. In this study, almond tree orchards in Razavi-Khorasan province were examined for the
symptoms of almond witch's broom and the etiology of the disease was determined.

Materials and methods

In 2022, samples were collected from almond orchards of Razavi-Khorasan province and grafted onto healthy almond
seedlings and periwinkle plants. DNA extraction from the main vein or bark of the stems was performed using CTAB.
Nested polymerase chain reaction with universal phytoplasma primers (P1/P7 followed by R16F2n/R16R2) was
performed, 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 500 replicates in
the bootstrap test.

Results and discussion

In the northern, central and southern regions of Razavi-Khorasan province, random sampling was carried out in
almond plantations. In the northern region, symptoms of almond witch's broom were observed only in Chenaran. In
the central region, symptoms of witch's broom were found in Mashhad and Nishapur. However, in the southern region,
the symptoms of almond witch's broom were more frequent and were observed in Kashmar, Kohsorkh, Torbat-
Heydarieh and Sabzevar.

The symptoms of infected almond trees in the northern region were small leaves, mild witch's broom and dieback.
The symptoms in the central region were severe small leaves, yellows, severe stunting, witch's broom and decline.
Infested almond trees in the southern region showed severe small leaves, severe witch's broom and proliferation, dense
growth of thin branches from the trunk. The disease symptoms in the northern areas of Razavi Khorasan are moderate
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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 strain from the central areas showed symptoms
such as yellows, severe witch's 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 Razavi Khorasan 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 is most closely related to the Khafr isolate (Khafr, Iran) of almond witches' broom
phytoplasma. These two phytoplasma strains belong to the 16S rRNA (16Sr1X) 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 16Sr1X 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 witch's broom is a devastating disease in almond orchards in the Khorasan Razavi Province. Symptoms
include yellows, small leaves, witch's broom, growth of many thin branches on the main trunk, decline and death of
the almond tree. The symptoms of the disease were moderate in the northern regions and more severe in the central
and southern regions of Razavi-Khorasan province. The results indicate that different strains of C. Phytoplasma
phoenicium and Clover phyllody phytoplasma are associated with almond witch's broom disease in Razavi Khorasan
province.

Key words: Almond witch's broom, Phylogeny, Prevalence, Phytoplasma, Razavi-Khorasan
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Figure 1- Symptoms of almond witch’s broom disease and little leaf in various regions of the Khorasan Razavi Province. A:
northern areas; B: central areas; C: southern areas; H indicate leaf of healthy almond
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Figure 2- Electrophoresis of products of the nested PCR using R16F2n/R16R2 primer pair from the almond samples collected
from different regions of the Khorasan Razavi Province. M: 100 bp molecular size marker (Thermo Fisher Scientific, USA);
Lane 1: negative control (distilled water); Lane 2: healthy almond; Lines 3, 4, and 5: samples collected from Koh-Sorkh,

Kashmar, and Torbat-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

sl s9y » zl A $Hlow Mo Wiy I e olo 93 00w Niga LS 3 WMe g lowodgid JWU!
S92 BBl Ojgo 4 a0, Gl liwl AlBaw gblie 5l ons (yglaen cladiges ius yalls odd Lgw bl
Ly Wy e (g90) plulp bl Jlod (gladiges b osd Wgy pbl (sl Jles 55 5l 035 digy bl (sla Sl
Pl slales 59y » (B - JSK) 4 sl S 1 )3 059,50 sloal g (Sl saadld (Fasis p ¢ okl dlg
A5 3bul (Spjy g oS ke alol jials sl So)le g3)) @Me bl 3550 (Sl sladige b ord gy
ol sl laadls Las Ligitl wMe bl s Sl sladiged bodd Lgw pbl sl s (C Y )

(D =Y Jses) wnls L Ty e SloS 2 53 05900 oS (a8l 9 (S ey oS e alols



R
VY
'Y
A4
Ve

V1

ARY%

YA

Y4

Y

Yy

@ e Aoy & Wie (Slg gl wlie ad el Jilgy (LS )5 (gilen @I (e olS il Sl ey g, 0
P i (93)5 9 Sy dbml el 92, Gt plinl Jlad (Hly abe Jlis) sl Jie Giilyy olals
WS 2 kS s98) el B pliel gz sladigai b Giilgp (55wl > Jg (B -F JS3) a8 (ilg (ool glaS
bl SlocS 2 9 S p bl (63,5 GBlan QLS 3 pliwl 65550 Ay sle wlia b G ale (D -F JS5) a8 ol
Gl 0l )15 5 (LB Sllllas 1o phl Syl clawdlygid 4y o9l Jiilyy )3 @Me nl 90 o(C —F USK3) 5,8

.(Haghshenas et al., 2015)

Slgs Ay es B il olS A L 50, Hlul s bl Gl (sl phl Syl (g)lewn calisee slaalin b osd Bgm pbl sla s jd WM -y JS...;
238 GHgIID f5 350 (Al iz b wign (36 oS oke alols (2alS 5 So)le 16,5 1C f e (Sl iz b wign S > badls (SaSisyu 5 Sl
@ (9 e Wgn b oad dbnl (S g oS ke alold Jials (Sl sbesls
Figure 3- Symptoms in almond seedlings inoculated with different isolates of almond witch's broom phytoplasma from various
regions of the 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, witch's broom and shortening the internodes caused by inoculation

with isolates of the central areas; D: severe witch's broom, stunting and little leaves generated by the isolates from the southern
areas
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Figure 4- Symptoms of almond witch's 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; D: Phyllody induced by inoculation of isolates
from the southern areas
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05,5 (slasl plo b ,edlS lis 5 oLl 4lis calus (Jakovljevic et al., 2020; Salehi et al., 2006) s
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b 2o yd QUAY et c90, Sl (6550 a4l ;I (PP928399) apuie aslas 16S TRNA ;I ssel cowss Jlgs
oas lawdgid opl.cusl calus (Clover phyllody phytoplasma) jus  slwS s (slewdlgid 5 CPh oy il
cul 16S rRNA (16Srl) S 09,555 5 (Aster yellows phytoplasma) L 5 (63,5 (slewDigid 09,5 jl
Cawl o 555 305 (L8 Slalllas (3 pbl S'gyla b le (635 05,5 5 lewMgid 2l e (Franova et al., 2009)
Do oy AO/AA B AR/A 4 16STHT 095 sliae! plo b aguio alis calus L(Zirak et al., 2021)
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Figure 5- Phylogenetic tree constructed from the 16S rRNA sequence of Chenaran, Kashmer and Mashhad isolates of
phytoplasmas associated with almond witch's 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 witch's- broom phytoplasma group using the maximum likelihood method in MegaX. s.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. s.chrysopicola is used as outgroup. Mashhad isolate is marked withe
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