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Abstract

Witches’ broom disease of lime (WBDL), associated with ‘Candidatus Phytoplasma aurantifolia,” is a serious disease of acid
lime in Southern Iran. In order to characterize ‘Ca. P. aurantifolia’ strains, a multilocus sequence analysis protocol was developed
based on different genomic loci, including 16S rRNA, 16S-23S rRNA intergenic spacer (IS), ribosomal protein genes rp/22 and
rps3, cell division protein, and group II intron reverse transcriptase/mature gene, in 46 phytoplasma strains. Analyses of virtual
RFLP, phylogenetics, and DNA sequence identity of 16S rRNA of Iranian phytoplasma strains associated with symptomatic
citrus plants indicated that the Iranian strains were classified in ribosomal subgroup 16SrII-B. In total, three genotypes were
recognized based on 16Sr virtual RFLP profiles. Phylogenetic analysis based on the 7p and fisH gene sequences showed
clustering of all the strains as one group. Comparative sequence and phylogenetic analysis of group II intron genes indicated
the highest differentiation of ‘Ca. P. aurantifolia’—related strains in four genotypes. The polymorphism of group II intron reverse
transcriptase/mature genes fragmentation provides finer differentiation of closely related ‘Ca P. aurantifolia’ strains and reveals

higher genetic diversity than previously reported.
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Introduction

Phytoplasmas are a large group of plant pathogenic bacteria,
lacking cell walls, belonging to Mollicutes (Brown et al.
2010). Phytoplasmas, which live in the phloem sieve elements
of'their host plants, are insect-transmitted, and associated with
diseases in important crops worldwide (Lee et al. 2000;
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Christensen et al. 2005). Based on their classification by
RFLP analysis of 16S rRNA-encoding gene sequences, 33
phytoplasma/16Sr groups and more than 100 subgroups have
been identified (Bertaccini and Lee 2018). The 16SrIl peanut
witches’ broom phytoplasma group consists of diverse phyto-
plasma strains with a wide range of biological and ecological
properties, associated with diseases in a variety of economi-
cally important plant species.

Limes trees (Citrus aurantifolia (Christm) Swing) are
widely cultivated in the Southern Iran where they are infected
with a witches’ broom disease (WBDL) associated with the
presence of ‘Candidatus Phytoplasma aurantifolia,” first re-
ported in Oman during the 1980s and then spread to other
countries such as Iran, United Arab Emirates, Saudi Arabia,
India, and Pakistan (Bové 1986; Garnier et al. 1991; Ghosh
et al. 1999; Bové et al. 2000; Alhudaib et al. 2009). Although
the disease primarily affects lime, it was also detected in
bakraee (a natural citrus hybrid), grapefruit (C. paradisi
Macfad.), citron (C. medica L.) and limequat
(C. aurantifolia x Fortunella sp.) (Djavaheri and Rahimian
2004; Bagheri et al. 2010; Azadvar et al. 2015; Faghihi et al.
2017). Disease symptoms start as little leaves and progress
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towards production of a large number of leaves which are
smaller in size and are light green to yellow in color (Fig. 1).
In advanced stages of this disease, symptoms develop in the
entire canopy and the tree die within 4 to 5 years eventually
(Bové et al. 1988).

Phytoplasma differentiation have been based on 16S rRNA
gene sequences and is carried out by RFLP analysis of PCR-
amplified R16F2n/R2 region of ribosomal DNA sequences
using 17 restriction endonuclease enzymes (Lee et al. 1998).
Previous research indicated that 16S rRNA gene is not suffi-
ciently variable for differentiation of WBDL phytoplasma
strains (Al-Abadi et al. 2016). Therefore, for a finer character-
ization of ‘Ca. P. aurantifolia’ strains, several regions of the
phytoplasma genome are investigated (Siampour et al. 2013;
Al-Abadi et al. 2016; Al-Ghaithi et al. 2018). Imp is one of the
three main types of immunodominant membrane proteins
(IDP) identified in phytoplasmas. Variability analyses of imp
genes allowed the identification of three phylogenetic sub-
groups (A, B, and C) among ‘Ca. P. aurantifolia’ related
strains (16Srll), with WBDL phytoplasma clustering within
subgroup C. However, WBDL phytoplasma strains from
Mexican lime trees throughout Oman, UAE, and Iran (Al-
Abadi et al. 2016), as well as different geographical (semi-
tropical, subtropical, and desert) regions (Al-Ghaithi et al.
2018), Shared 99.8 to 100% imp gene sequence similarity to
each other.

Similarly, based on PCR amplification of secA and SAPI1
genes, the existence of a limited variation among ‘Ca. P.
aurantifolia’ strains of Oman, UAE, and Iran has been report-
ed. To the authors’ knowledge, there is no available

Fig. 1 Citrus trees (a grapefruit, b
local acid lime, ¢ bakraee, d
Mexican lime, and e Mexican
lime trees with severe witches’
broom symptoms in Iran) with
witches’ broom symptoms in
Iran. Symptomatic branches
usually do not produce fruits;
however, local acid lime fruits (a)
were deformed and wrinkled

information on genetic diversity of WBDL phytoplasma in-
fecting Iranian citrus species (bakrace, grapefruit, and other
lime biotypes). Thus, in this study, ‘Ca. P. aurantifolia’ strains
were collected from different citrus hosts in Iran and were
characterized to determine the possible presence of genetic
variability.

Materials and methods
Plant samples

Samples from 46 citrus plants, mostly over 10 years old,
exhibiting the symptoms of WBDL and grown in commercial
orchards or private gardens in Hormozgan and Kerman prov-
inces in Iran, were collected in the summer of 2016 and 2017
(Table 1). Similar procedure was followed from asymptomatic
plants grown in an insect-proof greenhouse (Citrus and
Subtropical Fruits Research Center, Ramsar, Iran) used as
negative control. Moreover, ‘Ca. P. aurantifolia’ DNA, ex-
tracted from the infected lime tree (GenBank accession num-
ber MG893890), was included in the analysis as positive con-
trol. Selected tissues were grinded with liquid nitrogen and
stored at — 80 °C.

DNA extraction and polymerase chain reaction

Total nucleic acid was extracted from leaf midrib tissues of
both symptomatic and asymptomatic citrus trees (limes,
bakraee, and grapefruit) using a CTAB extraction procedure

@ Springer



Trop. plant pathol. (2021) 46:218-231

220

CO68CCOHIN  9YS8TCOHIN  008CTCOHIN  ISEEVPIIN A €V90€Y'LS N 66SLYS'LT 891 fopoN UBULISD] QUI UBdIXIN vyjofyuv.in sy CON
[68CCOHIN  SY8CTCOHIN  66LTCOHIN - OSEEPPAIN H €0V8IY'LS N L6V6ES LT Ly fopoN UBULISD QI UBJIXIN DHOfiIuD.AND SIATLD) ION
068CTCOHIN  ¥P8CCOHIN  86LTCOHIN  6VEEYYAIN  H 6865€0°LS N L9€960°LT Ic Qeury  ueSzouloH QI UBJIXIN viofipup.np snyiy  ENIN
688CCOHIN  €V8CCOHIN  LOLTCOHIN - 8Yeevv N d LI89E0'LS N TOLL60'LT I Qeury  ueSzowloH S UBJIXIN viofipup.np snyiy  ININ
888CCOH  CY8CCOHIN  96LTCOHIN  LYyeevv N d 61LLYS'LS N L9LB0OS'LT 09¢  ueloouey  ueSzouwloH QU UBDIXSN Diofipun.n SN PAN
L88CTIOHN  T¥8CCOHIN  S6LTCOHIN  9Veerv N d 9S0¥9S°LS N V1 1YLy LT 9g¢  ueloouey UBULISD] QU UBDIXSN DiOfipuD.n SIA1D) cHN
988CCOHIN  OV8TCOHIN  ¥6LTCOHN  SYEEYy AN A TTTIISLS N €€19SY°LT 6v¢  ueloouey UeULS3] QU UBDIXIN vijofipupiny Sny1) N
C88TCOHIN  6€8TCOHIN  €6LTCOHIN  vHEehP YN J T1T91S'LS N 90189%°LT 19¢  uefoouey UBULISD] SWIJ UBDIXIA vijofiun.i sy THN
V88TCOHIN  8EBTCOHIN  TOLTTOHIN  EVEECHPIIN H TLIBBY'LS N 989816°LT ves foouryey UBULISD] QI UBSIXIN vijofipupin sniyry) - ¢HV
€88CCOHIN  LEBTCOHIN  T6LTCOHIN - THEErPIIIN J SLY889'LS N 90V 1T6°LT £€cs foouryey UBULISD] QUI UBSIXIN vijofiup.np sngi)  THV
C88TCOHIN  9E€8TCOHIN  06LTCOHIN  THEEPPIIN H ¥9SL89°LS N TLTTT6'LT €S foouryey UBULISD] QU] UBdIXaN vyofpup.n snyiy  THV
I88CCOHIN  SE8TCOHIN  68LTCOHIN - OVEEVYIN 3 L6106°'LS N ¥¥8SH°8C 8¢9 yor UBULISD] QU UBDIXO]A vjofiun.i sy ar
088CTCOHIN  VEBTCOHIN  88LTCOHIN  6C€CEPPIIN H98VL8LS N STIPS 8T €9 yodr UBULISD] QU UBDIXOA DIOfiIun.AnD SNAT) 1r
6L8TCOHIN  €E8TCOHIN  LBLTCOHIN - SEEEVYIIN  H TSS9Y9'LS N €911C9°LT 6v9 foouryesy UBULISD] QUI UBSIXIN vrjofyuv.inp snyry «ar
8L8TCOHN  TESTCOHIN  98LTCOHIN  LECEVYIIN A LI6VIY'LS N 90€6CTLT 14X Qeury  UeSZOULIOH QUI UBdIXIN vrjofyuv.in snyiy LVH
LLSTCOHN  T€8CCOHIN  S8LTCOHIN  9ceevv N d L6E9IY'LS N 68LYTT LT 8¢C Qeury  ueSzouuoH QI UBdIXIN vrjofyuvn Sy 9VH
9L8TTOHIN  0€8CCOHIN  Y8LTCOHIN  SEEEVYIIN  H 8LEVST LS N S6VILE LT (414 uepny  UeSZOULIOH imygadern isippavd sng1) MO
SL8CCOHN  6C8CCOHIN  €8LTCOHIN  PECEPPAIN H TOVPSTLS N 8TLILE LT (414 uepny  UeSZouwloq inygadern isipvavd sng1)  TGMD
VL8TCOHIN  8T8CTCOHIN  TBLTTOHIN  €EEEPPIIIN HPSI80°LS N 9IS8Y'LT 6l¢ qeAre]  ueSzouloH QU UBDIXIN DiOfipun.ny S 8vd
€LBCCOHIN  LTBCCOHIN  I8LTCOHIN  TEEEPPAIN H 0TH080°LS N 009¥8¥°LT LI qere]  ueSzouloH QU UBDIXSIN DiOfipuD.D SILD) LVd
CL8CTCOHN  9C8CCOHIN  08LTCOHIN  Te€Cer N d 00€€80°LS N 0€8S81'LT 0¢e qere]  ueSzouloH QU] UBDIXIIN vijofipupiny Snig1) 9vd
[L8CTCOHIN  STSTTOHIN  6LLTCOHIN  OEEEYy AN H 989SL0°LS N vI9T16V'LT (423 qeAre  UeSZOULIOH SWIJ UBDIXIA vyjofiun.i Sy evd
OL8TCOHIN  VC8TCOHIN  8LLTTOHIN  6CEEPYAIN H LI9TSLO'LS N 16C16Y°LT 333 quAre]  ueSzOULOH QU UBDIXO]A vjofiun.i sy Ivd
698CCOHIN  €C8TCOHIN  LLLTTOHIN - 8TEEVYIIN  H 0SETLS'LS N OTEVIL'LT 16L foouesy UBULISD] QU UBSIXIN vjofiun.i sy 84d
898CCOHIN  TC8TCOHIN  9LLTCOHIN  LTEEVYIN  H OLLIBS'LS N OVLBIL'LT 06L foouresy UBULISD] QUI UBSIXIN vrjofyuv.in snyiy L4d
L98TCOHN  TTS8TCOHIN  SLLTCOHIN - 9TEEVYIIN  d 6€699S°LS N SL8LIL'LT 06L foouyey UBULISD QU UBdIXON vrjofyuv.n snyiy cdd
998CCOHIN  0C8CTCOHIN  VLLTCOHIN - STEEPYAIN  H €080LS'LS N €SLSIL'LT 06L foouyey UBULISD QU UBdIXIN vrjofyuv.n Sy €dd
CO8CCOHIN  618CCOHIN  €LLTTIOHIN  PTEEhPAIN H 61S€8S°LS N 009ITL LT €8 foouyey UBULISD QU UBDIXIN DHOfIUDAND ST 19a
VO8CTCOHIN  8IS8CCOHIN  CLLTCOHIN  €CEEVPAIN A $9809T° LS N 8CLTIT LT 691 uepny  UeSZouwloq QU UBDIXIN DiOfipuD.AND ST wva
€98CCOHIN  LIBTCOHIN  [LLTTOHIN  CTTEEPPAIN H 90S09C'LS N 988C9T LT 181 uepny  UeSZOULIOH QI UBDIXIA vrjofyuv.n sy Iva
C98CTCOHIN  9I8CCOHIN  OLLTCOHIN  ITEEVV N A 8CLSSTLS N 99€v8E'LT L0T uepny  UeSZOULIOH SuwI] pIoe [e007] ‘dssnnry - zdMD
[98CCOHIN  SISCTCOHN  69LTCOHIN  OTEEVYAIN  H [€ESSTLS N 06€V8E°LT S0¢ uepny  UeSZouwloq Swiy proe [B307] ‘dssnnry 1M
098CCOHIN  VISTCOHIN  89LTCOHN  61EEPPAIN  H LOST06°SS N ¥89vy¢ 8T 9L11 peqy ifey  ueSzouwloy ey pHQAy sam)y  zamd
6S8CTCOHIN  €18CCOHN  LOLTCOHIN - BIeevv N d 0LV106°SS N VL9t E'8T 9L11 peqy ifey  ueSzowoy Joeney pughy snnry - rgmd
JUSUWS[LR0NY HsY¥ dd SE€T-S91

SIOQUINU UOISSIOI. JUBGUOD) SdD  uoneAdq uones0| uoi3oy  (oweu uowrwod) jued 350y  (soroads/snuad) jued jsoyq urens

Apmys sty ur pasn surens ewsejdolAyd 7qgm L d1qel

pringer

A's



Trop. plant pathol.

(2021) 46:218-231

221

Table 1 (continued)

GenBank accession numbers

Elevation GPS

Location

Region

Host plant (common name)

Host plant (genus/species)

Strain

Retroelement

ftsH

RP

16S-23S
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MK443357
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ime
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99

Hormozgan
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Mexican

Citrus aurantifolia

RO18

Mexican

Citrus aurantifolia

RO19
SA1
SA2
TO1
ZR1
ZR3

Mexican

Citrus aurantifolia

Mexican

Citrus aurantifolia

Mexican

Citrus aurantifolia

Mexican

Citrus aurantifolia

Mexican

Citrus aurantifolia

(Murray and Thompson 1980) with some modification.
Briefly, 0.5 g of each sample was homogenized in 3 mL of
CTAB extraction buffer (2% CTAB; 2% PVP; 100 mM Tris
pH 8.0; 50 mM EDTA; 5 M NacCl; 0.2% 2-mercaptoethanol).
After, 1 mL of the extract was incubated at 65 °C for 30 min
and then centrifuged at 13,000 rpm for 5 min. The upper
(aqueous) phase was transferred to a new sterile Eppendorf
tube, mixed with chloroform-isoamyl alcohol and centrifuged
at 13,000 rpm for 10 min. The DNA was precipitated by
incubation with isopropanol at —20 °C overnight, DNA was
pelleted and re-suspended in 50 pL of nucleic acid-free sterile
water and stored at —20 °C until further use.

Multilocus sequence analysis (MLSA) was performed after
amplification of four genomic loci: (i) a major portion of ri-
bosomal RNA-encoding locus (16S rRNA and 16S-23S
rRNA intergenic spacer) gene, (ii) ribosomal gene protein,
including 3’ end of rpsi9, entire rplV (rpl22) and rpsC
(rps3) genes, (iii) part of phytoplasma retroelement (group II
intron reverse transcriptase/mature gene), and (iv) cell-
division protein (ftsH). The primer pairs P1A/P7A, 5'-
AACGCTGGCGGCGCGCCTAATAC-3"/5'-CCTT
CATCGGCTCTTAGTGC-3' (Lee et al. 2004), rp(ID)F2
(Martini et al. 2007) /rp(DR1A (Lee et al. 2003), 5-ATGG
TAGGTTATAAATTAGG-3"/5-GTTCTTTTTGGCAT
TAACAT-3' IntF1/IntR 5'-ATAACACGTTGAAG
AATCGCT-3'/5'-TATACGAGTTTTATTGTGGATTC-3'
(Siampour et al. 2015), and FtshF2/FtshR2, 5'-TAAA
GATATGGGAGCCCGTATTC-3'/5'"-TATA
TCCACCAACAGAACCTCTC-3' (the present study) were
used to amplify the segments of these genes, respectively.
Amplifications of phytoplasma retroelement and ribosomal
protein regions were performed under PCR described condi-
tions (Martini et al. 2007; Siampour et al. 2015). PCR ampli-
fication of fisH gene was performed at 25 pL containing 1 pL
of' each primer at 10 uM, 12.5 puL 2x master mix (Amplicon),
and 2 pL (50 ng) DNA template. The following conditions
were used: 3 min initial denaturation at 95 °C, followed by 35
cycles of denaturation at 95 °C for 30 s, annealing at 52 °C for
45 s, and extension at 72 °C for 1 min, with a final extension
step of 72 °C for 5 min. The DNA extracted from the tissues of
asymptomatic citrus trees (limes, bakraee, and grapefruit) was
used as negative control. Amplicons were analyzed by elec-
trophoresis in 1% agarose gels.

Comparative analyses of nucleotide sequences

Amplicons of all four genes were purified and sequenced on
both strands using the same primers employed for their am-
plification with direct Sanger sequencing by Microsynth,
Switzerland. All of the sequences were analyzed with
Chromas Lite v2.01; positions with missing data and gaps
were removed and multiple sequence alignments were per-
formed using Muscle (Edgar 2004) integrated in the MEGA
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7 software. The presence of SNPs (single nucleotide polymor-
phisms) and indels (insertions and deletions) was recorded,
and the positions of nucleotide (nt) changes were determined.
The final sequences of each gene were deposited in GenBank
(Table 1) and compared with the current GenBank database
entries using the BLASTn program (online at http://www.
ncbi.nlm.nih.gov/BLAST).

Virtual RFLP and phylogenetic analysis

Computer-simulated RFLP analysis of 16S rRNA-encoding
gene (R16F2n/R2) was also performed using /PhyClassifier
on the sequences obtained from the Iranian ‘Ca. P.
aurantifolia’ strains. Similarity coefficients (F) were calculat-
ed (Zhao et al. 2013). Phylogenetic relationships among the
Iranian ‘Ca. P. aurantifolia’ strains were assessed based on
sequences of all four genomic loci. Phylogenetic analysis
was carried out with the software MEGA7 (Kumar et al.
2016) using the UPGMA (unweighted pair group method
with arithmetic mean) (Sneath and Sokal 1973) method and
bootstrapping 1000 times to estimate branching stability.

Results

Bands of the expected sizes were obtained in all 46 citrus
tree samples with the P1A/P7A primers. PCR amplification
using the IntF1/IntR, rp(IF2/rp(I)R1A, and FtshF2/
FtshR2 primers produced approximately 900, 1290, and
800 bp products, respectively. None of the asymptomatic
plants generated amplification products with the primers
used (data not shown).

The nucleotide sequences of the 16S rRNA and IS genes of
‘Ca. P. aurantifolia’ citrus strains were aligned and compared
with reference strain (U15442) available from the GenBank
database. Three genotypes with 99.9% sequence identity were

detected (Table 2). Sequence identity of 16S rRNA gene and
IS regions showed 99.5-99.9% of similarity between the
available Iranian and GenBank strains. Relative to the start
position of the 16S rRNA (CTG) of the reference strain, in-
sertions and deletion of four nucleotides were detected in all
Iranian strains (limes, bakraee, and grapefruit). One of the
point mutations (380”38 1insG) generated an additional recog-
nition site for BstUI endonuclease and also caused different
RFLP patterns, as a consequence of lacking one recognition
site for Hpall at the same position. /n silico restriction analy-
ses with BstUl and Hpall (Fig. 2a, b) confirmed that the
Iranian strains had different RFLP patterns from the 16Srll-
B reference strain. In further detail, the alignment of all Iranian
‘Ca. P. aurantifolia’ 16S rRNA sequences revealed low genet-
ic diversity; two SNPs were detected among the strains, which
were present in the sequences of seven strains (DE1, DE3,
DES, DE7, DES, JD2, and ZR3) (Table 2). A unique nucleo-
tide substitution (G/T) was identified at position 393 (JD2),
which produced a new restriction site for the Rsal enzyme. In
addition, digestion with Rsal enzyme revealed that the JD2
strain had a different pattern that was not present in the other
strains and also yielded an RFLP pattern type that distin-
guished it from the reference strain for the 16SrII-B subgroup
(Fig. 2¢). However, the virtual RFLP pattern derived from the
Iranian phytoplasma strains is very similar to the 16SrII group,
subgroup B with a similarity coefficient value of 0.98 (geno-
type 3) and 0.99 (genotypes 1-2). On other hand, the 16S-23S
spacer region of all strains was identical (100%) to each other
and showed 99.1% similarity with the reference (WBDL)
strain. A total of two variable sites were identified in the IS
genes, when the Iranian strains were compared to the refer-
ence strain (Table 2).

Analysis of ribosomal protein gene variability was per-
formed on 1151-bp sequences comprising the complete
rpl22-rps3 genes. For the rp genetic marker, 100% sequence
similarity was detected among these strains compared to

Table 2 Single nucleotide polymorphisms in the Iranian ‘Ca P. aurantifolia strains in the ribosomal RNA
Strain 16S rRNA and IS genes SNP and indel position
Insertion Insertion Insertion Insertion Insertion Insertion
on on on on on on
74 380 393 663 896 1067 1566 1722
WBDL* A G G - - G - T
DA1® A - G C - A -
DE1” - - . G C - A -
JD2° A - T G C - A -

« -
Reference strains

*Dots encompass identical bases. F2nR2 region and IS highlighted in bronze and violet, respectively

 Representative strain for genotype 1 strains; other strains include the following: BWB1, BWB2, CWB1, CWB2, DA2, FA1, FA3, FA6, FA7, FAS,
GWBI, GWB4, HA6, HA7, JI1, JI2, KAH1, KAH2, KAH3, ME1, ME2, ME3, ME4, MIN1, MIN3, NO1, NO2, RO7, RO8, RO10, RO14, RO17,

RO18, RO19, SA1, SA2, TO1, and ZR1

b Representative strain for genotype 2 strains; other strains include the following: DE1, DE3, DES, DE7, DES, and ZR3

¢ Representative strain for genotype 3
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‘Ca. P. aurantifolia’ aaa aaa tat ctc acg aaa
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Iranian citrus strains aaa aaa ata tct  cac gaa
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Fig. 3 Comparison of amino acid sequences of ‘Ca. P. aurantifolia’ rp3
protein of the Iranian strains. Numbering (rp3 gene) is in accordance with
the ‘Ca. P. aurantifolia’ strain LWB (GenBank acc. no. EF186815).
Upper row, sequences of nucleotides; lower row, amino acid sequences;

99.9% similarity with the reference strain (GenBank acc. no.
EF186815). Relative to the start position of the rps3 gene
(ATG), between the nucleotides at positions 660 (T) and
661 (A), an A was inserted, and this insertion caused substi-
tutions at amino acid sequences in the Iranian WBDL phyto-
plasma strains (Fig. 3).

In the most variable genetic locus analyzed (Fig. 4),
retroelements, four genotypes were detected among

an inserted A is present between nucleotides 660 and 661 (highlighted) in
the Iranian citrus strains, resulting in substitutions at amino acid
sequences

phytoplasmas infecting citrus host. Sequencing of the
retroelement area (group II intron reverse transcriptase/
mature gene) allowed the assembly of 889 nucleotide frag-
ments, including the partial N-terminal reverse transcriptase
(RT) domain. Sequence identity among the ‘Ca. P.
aurantifolia’ strain ranged between 96.1 and 100%. Thirty-
six variable sites were identified in this part of the genome.
There is one similar substitution (463C>T), detected in
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Fig. 4 Comparison of unique sequences of the Iranian ‘Ca. P.
aurantifolia’ group II intron reverse transcriptase/maturase genes.
Substitution in specific nucleotides that changed the sequence of amino
acids, highlighted in gray and deduced amino acid sequence showed
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under each box. *For amino acid sequences, substitutions are described
according to https://www.hgvs.org/mutnomen/examplesAA.html (e.g.,
tryptophan 26 to a cysteine — p. Trp26Cys, in which “p” refers to
protein)
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Fig. 5 UPGMA phylogenetic analyses using the 16StTRNA-IS (a), and
rpl22-rps3 genes (b) genetic loci of 46 Iranian phytoplasma strains from
citrus species. The percentage of replicate trees in which the associated
taxa clustered together in the bootstrap test (1000 replicates) is shown
next to the branches. The reference strains of 16Srll-B-group WBDL
(GenBank acc. no. U15442) and LWB (GenBank acc. no. EF186815)

genotype 2 (NO1, NO2, RO10, and DE5) collected from dif-
ferent localities. Each SNP was detected in at least two nucle-
otide sequences from two independent localities, supporting
that they were not due to PCR or sequencing errors (Wei et al.
2008; Quaglino et al. 2009). The highest variability was ob-
served for genotypes 3 (CWBI1 and CWB2) and 4 (KAH2)
sequences where the majority of the SNPs were non-synony-
mous, causing amino acid substitutions in their protein

b & ME2 (MH622794) -
@ SA2 (MH622809)
& KAH3 (MH622792)
@ DE3 (MH622774)
@ SA1(MH622808)
€ RO (MH622804)
@ MIN1(MH622797)
BWB1(MH622767)
GWB4 (MH622785)
@ ZR3 (MH622812)
@ FA3 (MH622780)
& HAS (MH622785)
@ NO1(MH622799)
@ RO7 (MH622801
@ RO17 (MH622805)
@ FA7 (MH622782)
@ DE8 (MH622777)
@ Ca.P. avrantifolia (EF184815)
@ DES (MH622775)
@ DA1((MH622771)
CWB1(MH622769)
& KAH2 (MH622791)
BWB1(MH622768)
& ME4 (MH622796)
@ ME3 (MH622795)
4 ROV (MH622807)
@ FA1(MH622779)
@ FA8 (MH622783)
& HA7 (MH622786)
& ME1(MH622793)
@ JD2 (MH622787)
@ J12 (MH622789)
€ J11(MH622788)
@ DE7 (MH622776)
@ FAS (MH622781)
@ DE1(MH622773)
€ MIN3 (MH622798)
@ RO8 (MH622802)
@ RO18 (MH622806)
€ TO1(MH622810)
@ DA2 (MH622772)
GWB1(MH622784)
4 RO10 (MH622803)
@ KAH1 (MH622790)
@ NO2 (MH622800)
CWB2 (MH622770)
@ ZR1(MH622811) _
r Peanut witches-broom phytoplasma (EF193375)
L ca. P. australasia (EF193373)

10

o

rpXVi

004 003 002 om0

rpl22-rps3

were used for 16STRNA-IS and rpl22-rps3 tree, respectively.
Abbreviations of the phytoplasma strains are listed in Table 1. The
circle, triangle, diamond suit, and square symbols represent local acid
lime, grapefruit, Mexican lime, and bakraee strains, respectively.
‘Candidatus Phytoplasma australasia’ and peanut witches’ broom were
used as the out-group to root 16S rRNA-IS and rp/22-rps3 genes trees

sequence (Fig. 4). For the fisH gene, 779-bp sequences were
obtained from 46 sequenced strains. The partial fisH gene
sequence was identical among all Iranian citrus strains ana-
lyzed (data not shown).

Phylogenetic analysis of 16S rRNA-encoding and 16S-23S
rRNA spacer region sequences showed that the Iranian strains
were closely related and formed a well-supported clade
(Fig. 5a). A UPGMA tree constructed from the analysis
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Fig. 6 UPGMA phylogenetic analyses using the groupll intron reverse
transcriptase/maturase (a) and fisH genetic loci (b) of 46 Iranian
phytoplasma strains from citrus species. Bootstrap values (>50%) for
1000 replicates are shown on branches. Abbreviations of the
phytoplasma strains are listed in Table 1. The circle, triangle, diamond

revealed that only one strain (JD2) clearly formed a separate
cluster, while all the other strains were more closely related to
the reference strain (GenBank acc. no. U15442), forming a
separate cluster (Fig. 5a). Furthermore, phylogenetic analysis
of the Iranian citrus 7p/22 and rps3 gene sequence, together
with the reference strain (GenBank acc. no. EF186815)
showed that the Iranian strains were closely related to the
reference strains of ‘Ca. P. aurantifolia’. Phylogenetic analysis
of 46 phytoplasma strains revealed that these strains formed a
cluster with the known phytoplasma strains in group rp-XVi
(Fig. 5b). Phylogeny based on group II intron reverse
transcriptase/mature gene distinguished four separate clusters
supported by high bootstrap values, revealing much higher
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diversity among the Iranian strains (Fig. 6a). One group of
phytoplasma strains (genotype 3) formed a clear separate clus-
ter with a bootstrap support of 100%, comprised of two strains
from acid lime tree, which are different from those detected in
Mexican lime. Phylogenetic analysis of 46 strains based on
the fisH gene sequences showed clustering of all strains in one
group (Fig. 6b).

Discussion

For decades, the production of acid lime and other citrus
species in Iran has been affected by witches’ broom disease.
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Fig. 7 Phylogenetic analyses of
16S rRNA (F2nR2 region)
sequences of ‘Ca. P. aurantifolia’
associated with witches’ broom
disease in Citrus spp. using
UPGMA. The numbers at the
nodes of the branches indicate the
percentage of replicate trees in
which the associated taxa
clustered together in the bootstrap
(> 50%) test. The sequences
comprised of acid lime strains
from Middle East [Iran, Oman
and United Arab Emirates
(UAE)], which are distinguished
by SNPs], and grapeftuit, bakraee
and local acid lime from Iran. The
circle, triangle, diamond suit and
square symbols represent local
acid lime, grapefruit, Mexican
lime and bakraee strains,
respectively. ‘Bacillus cereus’ are
served as an out-group and ‘Ca.
P. aurantifolia’ strain WBDL
(acc. no. U15442) used as
reference strain in the
phylogenetic tree reconstruction
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The 16SrIl phytoplasma group has been detected in many
important crops worldwide. Thus far, at least 21 subgroups
have been identified (Bertaccini and Lee 2018) and two
phytoplasma strains within this group have been proposed
as ‘Ca. Phytoplasma sp.’, ‘Ca. P. aurantifolia’ (16SrlI-B)
and ‘Ca. P. australasia’ (16Srll-D) (Zreik et al. 1995; White
et al. 1998).

In this study, the variability of five genomic loci of ‘Ca. P.
aurantifolia’ strains were analyzed by RFLP and sequence anal-
yses targeted loci consisting the 16S rRNA, 16S-23 rRNA
intergenic spacer (IS), 7p genes, retroelement, and cell division
protein. All Iranian strains had mutations in 16S rRNA-IS genes
sequence and differed from the reference strain. A total of eight
variable sites was identified in the 16S rRNA-IS genes se-
quences comparing the Iranian strains to the reference strain.

Fig. 8 UPGMA phylogenetic
analyses of sequences of ‘Ca. P.
aurantifolia’ associated with
witches’ broom disease in Citrus
spp. based on a concatenation of
the 4234 nucleotides from
16SrRNA-IS, rpl22 and rps3,
fisH, and group II intron reverse
transcriptase gene sequences. The
numbers at the nodes of the
branches indicate the percentage
of replicate trees in which the
associated taxa are clustered
together in the bootstrap (>40%)
test. Abbreviations of the
phytoplasma strains are listed in
Table 1

46

According to the 16S rRNA RFLP analysis, if a phytoplasma
strain has a similarity coefficient between 0.97 and 1 with all
those strains representative of a certain ribosomal group (e.g.,
16SrI), subgroup (e.g., A), the phytoplasma under study is a
variant of the certain subgroup (Zhao et al. 2013). Therefore,
the three genotypes of the phytoplasmas described in this work
that have similarity coefficients equal to or higher than 0.98 are a
variant of 16SrII-B. On other hand, in a previous study, a very
close relationship between the Middle East (Iran, UAE, and
Oman) WBDL phytoplasma strains collected from Mexican
lime trees was reported (Al-Abadi et al. 2016), and this is further
supported by the characterization of 46 strains of ‘Ca. P.
aurantifolia’ from Mexican limes in Iran where the strains
grouped together with strains from Oman and UAE (Fig. 7).
In addition, DNA sequences from representative phytoplasma
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strains belonging to different subgroups of 16SrlI obtained from
GenBank were included in phylogenetic analysis. The phyloge-
netic tree using the F2nR2 region showed that all Iranian phy-
toplasma strains detected in citrus species were clustered togeth-
er with Oman and UAE WBDL phytoplasma strains collected
from Mexican lime trees (Fig. 7).

Previous studies have suggested that, among the closely
related phytoplasma strains, ribosomal protein genes are more
variable than 16S rRNA and have more phylogenetically in-
formative characters, which are suitable as supplemental mo-
lecular markers for finer strains’ differentiation. For example,
among the closely related Bulgarian ‘Candidatus
Phytoplasma mali’ strains, sequences of the 7p gene are more
variable and distinguish up to three different RFLP subtypes
(subgroups rpX-A, rpX-B, and rpX-F) (Franova et al., 2019).

However, in Poland, most of the ‘Ca. P. mali’ strains were
identified as belonging to rpX-A and only one strain was affil-
iated to rpX-B subgroup (Cieslinska et al. 2015). The findings of
this survey indicated that 7p loci were highly conserved among
the Iranian citrus strain of ‘Ca. P. aurantifolia’ and showed
100% nucleotide identity with each other as well as 99.9% iden-
tity with the phytoplasma reference strain.

The genome sequences of several phytoplasmas have been
characterized to date and a group of putative composite transpo-
sons called potential mobile units (PMUs) is found in their ge-
nome. Cell division protein (ftsH) is one of the PMU signature
genes, and it is reported in phytoplasma genomes in multiple
copies (up to 24). These genes encode membrane-associated
ATP-dependent Zn proteases of 700 amino acids (Bai et al.
2006). Previous surveys using this gene have demonstrated the
existence of genetic diversity in ‘Ca. P. mali’ and ‘Ca. P. asteris’
strains (Seemiiller et al. 2010; Franova et al. 2016). However, the
sequences of the fisH gene obtained with primers FtshF2/FtshR2
from the Iranian strains were 100% identical to each other.

Group II introns are large catalytic RNAs that are wide-
spread in many bacteria and in organelles of plants, fungi, and
algae. They are genetic retroelement capable of self-splicing
and inserting into the DNA site (Tourasse et al. 2005). These
elements have been identified in several phytoplasma ge-
nomes (Siampour et al. 2015). In general, mobile elements
play an important role in the ecological dissemination and
evolution of host-adaptive strategies in bacteria (Toft and
Andersson 2010). RNA-Seq profile of “flavescence dorée”
phytoplasma in grapevine confirmed that the transcriptional
levels of group II intron were higher than the other hypothet-
ical proteins and genes that had possible involvements in the
host-bacterium interactions. The authors suggested that this
mobile element might be linked to the genomic plasticity that
is necessary for the phytoplasma to increase its fitness and
endorse host-adaptive strategies (Abba et al. 2014). The group
I intron reverse transcriptase had the highest degree of genetic
variability compared to the other sequenced genes in the
Iranian phytoplasma strains; thus, it was more efficient in

differentiating phytoplasmas within the 16SrIl group, sub-
group B. The phylogenetic analysis of these genes allowed
the differentiation of four genotypes among 46 Iranian strains.
Genotype 1 contained genotypes from Mexican lime along
with bakraee and grapefruit, genotype 2 is exclusively
grouped into the Mexican lime strains, strains of local acid
limes are clustered in genotype 3, and a single Mexican strain
formed genotype 4, in which samples collected from the
Mexican lime tress in Kerman Province had the highest ge-
netic diversity compared to those from the Hormozgan
Province. One possible reason for the detected high genetic
variability of ‘Ca. P. aurantifolia’ strains from Kerman
Province is that citrus trees are often grown in less intensively
managed orchards. Under such conditions, it is possible that
trees were more frequently exposed to vectors (Seemiiller
etal. 2010) and different phytoplasma strains could have been
transmitted among cultivated trees from nearby orchards
(Franova et al., 2019).

In total, phylogenetic analyses based on the variability of
four genes showed that the Iranian strains is clustered in five
groups: group 1 and 3 are comprised of strains from Mexican
lime found in Hormozgan province (group 1: DA2, FAI,
FA3, FA6, FA7, FA8, HA6, HA7, JI1, J12, MIN1, MIN3,
RO7, RO8, RO14, RO17, RO18, RO19, SA1, SA2, TOl,
ZR1, and ZR3; group 3: RO10), and Kerman province (group
1: DE3, DE7, DES, JI1, JI2, KAH1, KAH3, ME1, ME2,
ME3, and ME4; group 3: NO1, NO2, and DES), as well as
the bakrace (BWB1 and BWB2) and grapefruit (GWBI1 and
GWB4) strains which are clustered only in group 1(Fig. 8).
Indeed, two strains isolated from Mexican lime trees were
clustered into group 2 (JD2) and 5 (KAH2) which were found
at one site (Kahnooj, Kerman Province). On other hand, the
phytoplasma strains from local acid lime were placed in a
separate group. Findings from this study showed that multiple
gene analyses are powerful tools to understand the genetic
diversity and phylogenetic relationships within WBDL phy-
toplasma isolated from different citrus genotypes which are
cultivated at different sites. Additional studies are needed to
understand the phytoplasma spread between citrus crops by
studying the insect vectors and alternative plant hosts in Iran.
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