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Abstract: Although mainly known as pathogens that affect angiosperms, phytoplasmas have
recently been detected in diseased coniferous plants. In 2008-2014, we observed, in the
Curonian Spit of Western Lithuania and in forests of Southern Lithuania (Varena district),
diseased trees of Scots pine (Pinus sylvestris) and mountain pine (Pinus mugo) with unusual
symptoms similar to those caused by phytoplasmas. Diseased trees exhibited excessive
branching, dwarfed reddish or yellow needles, dried shoots and ball-like structures.
restriction fragment length polymorphism (RFLP) and nucleotide sequence analysis of
16S rRNA gene fragments revealed that individual trees were infected by Candidatus (Ca.)
Phytoplasma pini-related strains (members of phytoplasma subgroup 16SrXXI-A) or by
Ca. Phytoplasma asteris-related strains (subgroup 16SrI-A). Of the nearly 300 trees that were
sampled, 80% were infected by phytoplasma. Ninety-eight percent of the positive samples were
identified as Ca. Phytoplasma pini-related strains. Strains belonging to subgroup 16SrI-A were
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identified from only few trees. Use of an additional molecular marker, secA, supported the
findings. This study provides evidence of large-scale infection of Pinus by Ca. Phytoplasma
pini in Lithuania, and it reveals that this phytoplasma is more widespread geographically
than previously appreciated. This is also the first report of phytoplasma subgroup 16SrI-A
in pine trees.

Keywords: phylogeny; mollicutes; Scots pine; mountain pine; Candidatus Phytoplasma pini;
Candidatus Phytoplasma asteris

1. Introduction

In Lithuania, the timber industry generates about 2% of industrial production and engages 13% of the
nation’s workforce. Timber, including wood from pine trees, is an economically important Lithuanian
export commodity, and Scots pine (Pinus sylvestris L.) is highly valued in the wood industry for
supplying raw materials for products including furniture, paper, firewood, cork, and wood-pulp [1].
Diseases caused by phytoplasmas in forest trees, including alder, willow, and oak, have already been
reported in Lithuania [2—4]. Our recent experimental results have revealed that the timber industry in
Lithuania may be threatened by yet another disease caused by a phytoplasma; in this case, the disease is
affecting gymnosperms, Scots (Pinus sylvestris L.) and mountain (Pinus mugo Turra) pines. Mountain
pine is native to Alpine mountains and was introduced from Denmark to dunes of the United Nations
Educational, Scientific, and Cultural Organization (UNESCO) protected territory of the Curonian Spit in
Lithuania. Mountain pines were introduced since the mid-1800s for dune protection from deflation [5].

Phytoplasmas are plant pathogenic, wall-less unculturable bacteria that belong to class Mollicutes,
and cause diseases that result in harvest losses and affect natural ecosystems. Phloem-feeding insects,
mainly leathoppers, planthoppers, and psyllids, transmit phytoplasmas from plant to plant [6].
Phytoplasmas are classified in a series of groups and subgroups based on restriction fragment length
polymorphism (RFLP) analysis of 16S rRNA gene sequences [7]. More than 30 groups (16Sr groups),
and over 90 subgroups have been delineated on the basis of results from RFLP analysis of 16S
ribosomal (r) DNA [8-16]. More than 30 Candidatus (Ca.) Phytoplasma species have been
described [17]. The high economic and societal impacts of phytoplasmal diseases can be attributed to
their worldwide distribution, combined with the extremely wide range of plant families and species that
are susceptible to phytoplasma infection.

In 2008, on the bank of the Nemunas river in southern Lithuania, we observed diseased Scots pine
(P. sylvestris) exhibiting symptoms of excessive branching, dwarfed needles, and dried shoots (devoid
of needles). The symptom syndrome of the disease (named pine bunchy top, PineBT) did not resemble
that of any previously reported disease of pine trees in the country. In 2011, we observed diseased pine
trees (P. sylvestris and P. mugo) exhibiting similar (red short needles, yellow dwarfed needles, dried
shoots and ball-like structures) symptoms in the unique pine forest ecosystem of the Neringa peninsula,
UNESCO protected Curonian Spit of western Lithuania (latitude/longitude: 55.137219/20.803179).
Recent reports of phytoplasmas in diseased coniferous plants elsewhere [18-22] prompted us to question
whether the disease of pine trees in Curonian Spit and southern Lithuania may be due to infection by a
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phytoplasma. A preliminary synoptic report of a phytoplasma infecting Scots pine trees in Southern
Lithuania and pine trees in Curonian Spit have been published in abstract form [23,24]. Here we report
that diseased Scots and mountain pine trees in Lithuania are infected by Ca. Phytoplasma pini-related
phytoplasma strains and by Ca. Phytoplasma asteris-related strains (subgroup 16Srl-A). We communicate
results and interpretations from analyses of 16S rRNA and secA4 (preprotein translocase subunit protein)
gene sequences, enabling classification of the Ca. Phytoplasma pini-related phytoplasma strains in group
16SrXXI (subgroup 16SrXXI-A) and providing previously unavailable sec4 molecular markers for finer
classification and characterization of Ca. Phytoplasma pini in Lithuania, Poland and other regions where
it may be found.

2. Materials and Methods
2.1. Plant Samples and DNA Extraction

Samples of needles were collected from symptomless trees and from 300 symptomatic pine trees in
Smiltyne (latitude/longitude: 55.682573/ 21.120496), Preila (55.379487, 21.061432), Pervalka
(55.420652, 21.084098), Juodkrante (55.563706, 21.116726), and Nida (55.336083,21.021618) regions
of the Neringa peninsula (Curonian Spit). Samples of needles were also collected from three apparently
healthy trees and from seven symptomatic Scots pines in the Varena region of Southern Lithuania
(54.081189/24.054947). Samples of needles were collected in August and September 2008—2014.
Samples of needles from Pinus sylvestris var. lapponica (infected by Ca. Phytoplasma pini isolate
PsylLap2) [20] were kindly provided by Dr. M. Kaminska (Institute of Horticulture, Pomologiczna,
Skierniewice, Poland). Nucleic acid for use as template in the polymerase chain reaction (PCR) was
extracted from plant tissue using Genomic DNA Purification Kit (Thermo Fisher Scientific Baltics,
Vilnius, Lithuania) according to manufacturer’s instructions. Fifty milligrams of needles was used in the
extraction. Extracted DNA was disolved in 100 puL of sterile deionized water and 1 pL. was used in
50 uL of PCR mixture.

2.2. Amplification of 16S rRNA and secA Gene Sequences

Nested PCRs using extracted DNAs and primer pairs P1A/R16-SR [25,26] and P1/P7 [27,28] and
R16F2n/R16R2n [29,30] were catalyzed by AmpliTaq Gold polymerase (Applied Biosystems, Waltham,
MA, USA); reaction conditions and analysis of PCR products were as previously described [8,30].

A partial secA gene sequence was amplified from DNA of infected Scots pine trees by using the
degenerate primer pair secAFdg: 5'-ATG AAA ACT GGR GAA GGW AAA AC-3' and secARdg:
5'-ATG AAA GAA TYT TGT TGW CC-3' (constructed by authors of this communication).
Amplification was conducted as described by Lee et al. [8] for the amplification of 16S rDNA, except
that the annealing temperature was 50 °C. PCR products were analyzed as previously described [8].
We also designed a primer pair for use in nested PCR for amplification of a 965 bp segment of the sec4
gene sequence from ‘Ca. Phytoplasma pini’. The nucleotide sequences of the primers were as follows:
PiniSecAF2; 5'-TCG ATG AAG CAA GAA ATC CTT TG-3' and PiniSecARA; 5-AAA ACG AGA
AAA TCC AGG-3'. For use as template in the nested PCR, the first round PCR product was diluted 1:30
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with sterile water. Amplification was conducted as described for PCRs using degenerate primer pair
secAFdg/secARdg. Alternatively, direct PCR was carried out using primer pair PiniSec4AF2/PiniSecARA.

2.3. Cloning and Nucleotide Sequences

16S rRNA gene (16S rDNA) products of PCR primed by R16F2n/R16R2n and sec4 gene sequences
amplified in PCR primed by sec4AFdg/secARdg and PiniSecAF2 PiniSecARA were cloned in Esherichia coli
using the TOPO-TA Cloning Kit (Invitrogen, Carlsbad, USA); plasmids were purified using QIAquick
extraction kit (Qiagen, Hilden, Germany) according to manufacturer’s instructions, and sequenced using
an automated DNA sequencer (Applied Biosystems (ABI) Prism model 3730, Netherlands), to achieve
a minimum of 3 X coverage per base position. Sequences of the same gene determined from different
plant samples were mutually identical.

SecA and 16S rRNA gene sequences were deposited in the GenBank database under accession numbers
given in Table 1. Other nucleotide sequences used in this study were obtained from the GenBank database
(Accession numbers are given in figures). For calculations of sequence similarities, sequences were aligned
using DNASTAR software MegAlign option (DNASTAR, Inc., Madison, USA).

Table 1. Phytoplasma strains and their gene fragments sequenced and analysed in this study.

Phytoplasma strain and RFLP based

. . Abbreviation Plant host GenBank accession no.
classification
Pine dwarf yellow needle ) )
PineDYN27 Pinus mugo Turra KR051474 *
16SrXXI-A
Pine dwarf red needle .
PineDRN12 Pinus mugo KR051470 *
16SeXXI-A
Pine red short needle . KF801674 *
PineRShN Pinus mugo
16SrXXI-A KF791911 **
. GU289676 *
Pine bunchy top . . .
PineBT Pinus sylvestris L. KF791913 **
16SrXXI-A

KF791912 ***

Pine dwarf yellow needle

PineDYNI12 Pinus sylvestris KR051471 *
16SrXXI-A
Pine ball-like . KR051475 *
PineBL Pinus mugo
16SrXXI-A KRO051469 **
Pine proliferation decline . )
PinePD13 Pinus mugo KR051473 *
16SrXXI-A
Pine sessile needle )
PineSN13 Pinus mugo KR051472 *
16SrXXI-A
Pine dwarf necrotic needle )
PineDNN14 Pinus sylvestris KR054620 *
16SrI-A
Pine decline )
PineD14 Pinus mugo KRO054619 *

16SrI-A
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Table 1. Cont.

Phytoplasma strain and RFLP based

i . Abbreviation Plant host GenBank accession no.
classification
Pine yellow short needle .
PineYShN Pinus sylvestris KF791914 **
16SrXXI-A
Pinus sylvestris var.
16SrXXI-A PsylLap2 KF791910 **

lapponica

* 16Sr DNA fragmnent; ** secA gene fragment; *** sec4 gene fragment (clonel61) primed by primers pair
secAFdg/secARdg; RFLP, restriction fragment length polymorphism.

2.4. RFLP Analysis and 16Sr Group/Subgroup Classification

Products from nested PCR primed by R16F2n/R16R2n were analyzed by single enzyme digestion,
according to manufacturer’s instructions, with Alul, Bfal, Haelll, Hhal, Hinfl, Hpall, Kpnl, Msel, Rsal,
and Tagl (Thermo Fisher Scientific Baltics, Vilnius, Lithuania). The restriction fragment length
polymorphism (RFLP) profiles of digested rDNA were analyzed by electrophoresis through
5% polyacrylamide gel; DNA fragment size standard was @X174 DNA/BsuRI (Haelll) digest (Thermo
Fisher Scientific Baltics). RFLP profiles of 16S rDNA were also observed as virtual patterns of
nucleotide sequences, and 16Sr group/subgroup affiliations were assessed using iPhyClassifier [31].

2.5. Phylogenetic Analysis

16S rRNA gene sequences (1.2 kbp in size, representing the sequence between annealing sites of
primer pair R16F2n/R16R2n) from Ca. Phytoplasma pini-related phytoplasmas, Ca. Phytoplasma
castaneae, and Ca. Phytoplasma asteris-related phytoplasmas were aligned, for phylogenetic analysis,
using Clustal X version 1.63b [32]. A phylogenetic tree was constructed by the neighbor-joining method,
the tree was bootstrapped 1000 times, and the cladogram was viewed by using TreeViewPPC [33].
Acholeplasma palmae was selected as the out-group to root the tree. Phylogenetic analysis of secA gene
(968 bp in size), representing the sequence between annealing sites of primer pair
PiniSecAF2/PiniSecARA from PineBT, PineRShN, PineYShN, PineBL, and PsylLap2 phytoplasma
strains was accomplished using the same methods and software as that used to analyze rDNA in this study.

3. Results

3.1. Detection and Classification of the Ca. Phytoplasma pini- and Ca. Phytoplasma
asteris-Related Phytoplasma Strains

All seven naturally infected Scots pines in the Varena district in southern Lithuania exhibited the
same symptoms of excessive branching, dwarfed needles and dried shoots (Figure la). Mountain
(220 plants) and Scots (80 plants) pine trees in the Smiltyne, Juodkrate, Pervalka, Preila, and Nida of the
Neringa region of Curonian Spit in western Lithuania exhibited symptoms of excessive branching,
dwarfed reddish or yellow needles, dried shoots and ball-like structures (Figure 1b and data not shown).
DNA was extracted from the diseased and several symptomless pine tree samples and used as template
in separate PCRs. In each PCR, a phytoplasma-characteristic 1.2 kb 16S rDNA product was amplified
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from DNA of diseased, but not from healthy pine, using phytoplasma universal primer pairs P1/P7 and/or
P1A/R16-SR and R16F2n/R16R2n in nested PCRs (data not shown). These results indicated that the
diseased plants were infected by phytoplasma. The phytoplasmas detected in the diseased pines were
termed according to major symptoms observed, and those for which 16S rDNA and/or secA gene
fragments were sequenced are listed in Table 1.

Figure 1. (a) Naturally infected Scots pine tree, exhibiting symptoms of excessive
branching, dwarfed needles and dry shoots, is infected by pine bunchy top (The symptom
syndrome of the diseased Scots pine (P. sylvestris) exhibiting excessive branching, dwarfed
needles, and dried shoots (devoid of needles) (PineBT)) phytoplasma, a Candidatus
Phytoplasma pini-related strain. On the right is an asymptomatic branch on an asymptomatic
plant (indicated with arrow). (b) Naturally infected Scot pine tree exhibiting symptoms of
excessive branching, dwarfed reddish needles and dry shoots infected by pine red short needle
(PineRShN) phytoplasma, a Ca. Phytoplasma pini-related strain.

The 16S rDNA PCR products from all 245 positive PCRs were separately analyzed by single enzyme
digestion (data not shown). Two hundred forty products yielded the same collective RFLP patterns.
Comparison of these RFLP patterns, with patterns previously published for 16S rDNA from other
phytoplasmas [8,15,22], revealed that the phytoplasmas belong to group 16SrXXI (pine shoot
proliferation phytoplasma group) subgroup 16SrXXI-A and are related to Ca. Phytoplasma pini. The
other five phytoplasmas were identified as relataed to Ca. Phytoplasma asteris, subgroup 16Srl-A.
Results from virtual RFLP analysis of the strains 16S rDNA nucleotide sequences (Figures 2 and 3) were
in excellent agreement with results from the enzymatic RFLP analysis.
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Figure 2. Virtual restriction fragment length polymorphism (RFLP), RFLP patterns of
16S rRNA gene sequences corresponding to fragments amplified, in the polymerase chain
reaction (PCR) primed by primer pair R16F2/R16R2n, from PineBT phytoplasma
(GU289676) classified in group 16SrXXI, subgroup 16SrXXI-A. RFLP patterns observed
as virtual patterns using iPhyClassifier [31]. MW, virtual @X174 Haelll digest size standard.

Figure 3. Virtual restriction fragment length polymorphism (RFLP) patterns of 16S rRNA
gene sequences corresponding to fragments amplified, in the polymerase chain reaction
(PCR) primed by primer pair R16F2/R16R2n, from PineD14 phytoplasma (KR054619)
classified in group 16Srl, subgroup 16SrI-A. RFLP patterns observed as virtual patterns
using iPhyClassifier [31]. MW, virtual @X174 Haelll digest size standard.
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3.2. SecA Gene from the PineBT Phytoplasma

A 2 kbp fragment of the sec4 gene was amplified, from PineBT phytoplasma, in PCR primed by the
degenerate primer pair secAFdg and secARdg (this study). A negative control devoid of DNA template,
and PCRs containing template DNA extracted from symptomless tree, yielded no detectable product.
The secA gene fragment was cloned and sequenced, and the 1998-base nucleotide sequence was
deposited in the GenBank database under acc. no. KF791912.

3.3. Primers for Nested or Direct PCR for secA-Based Detection of Ca. Phytoplasma pini

Primer pair PiniSecAF2/PiniSecAR A was used to prime PCR amplification of a 965 bp DNA fragment
(Figure 4, three PCR products are shown) of the sec4 gene from 17 samples of Ca. Phytoplasma pini
and Ca. Phytoplasma pini from isolate PsylLap2 from Poland [20] (16S rDNA acc. no. GQ290113). The
five cloned PCR products were sequenced (Table 1). Alignments of the nucleotide sequences of primers
PiniSecAF2 and PiniSecAR A with all available phytoplasmal secA4 sequences indicated that these primers
may offer some specificity for rapid detection and identification of Ca. Phytoplasma pini strains.

M N 1 2 3

Figure 4. Evaluation of primers: DNA products amplified from Ca. Phytoplasma
pini-related strains PineBT (1), PineRShN (2), and PineYShN (3) in PCRs primed by
PiniSecAF2/PiniSecARA primer pair. M, GeneRuler’™ 100 bp DNA Ladder Plus, fragment
sizes: 3000, 2000, 1500, 1200, 1031, 900, 800, 700, 600, 500, 400, 300, 200, and 100 bp.
N, negative control.

3.4. Phylogenetic Analysis and Alignments of 16S rDNA and secA Gene Sequences

The 16S rDNA phylogenetic tree (cladogram) indicated that PineDYN27, PineDRN12, PineRShN,
PineBT, PineDYNI12, PineBL, PinePD13, and PineSN13 phytoplasmas from Lithuania are closely
related to Ca. Phytoplasma pini or Ca. Phytoplasma pini-related strains from other countries. In the



Forests 2015, 6 2477

16S rDNA cladogram, the group 16SrXXI phytoplasmas clustered with Ca. Phytoplasma castanea as
described by Schneider et al. [21], consistent with the concept that these phytoplasmas shared a common
ancestor (Figure 5). In the secA phylogenetic tree, PineBT, PineRShN, PineYShN, PineBL, and
PsylLap2 phytoplasmas were separated according to geographical region where found (Figure 6).
The 16S rDNA cladogram indicated that PineDNN14 and PineD14 phytoplasmas are related to Ca.
Phytoplasma asteris and belong to subgroup 16SrI-A (Figure 5).

Alignment of the 968 bp fragments of the sec4d gene (amplified in PCRs primed by
PiniSecAF2/PiniSecARA) from phytoplasma strains PineBT, PineRShN, PineBL and PineYShN
revealed that they shared 100% nucleotide sequence identity. The 968 bp fragments secA from isolate
(strain) PsylLap2 (from Poland) shared 99.8% sequence identity with secA from the Lithuanian strains,
suggesting differences related to geographical location, although the nucleotide sequence differences
reflected silent mutations, because the deduced amino acid were identical between all the strains from
Lithuania and Poland.

=PineDYN27 phytoplasma (Preila, Lithuania, KR051474)
137 PineDRN12 (Smiltyne, Lithuania, KR051470) \

PinG (Germany, AJ310849)
PineRShN (Smiltyne, Lithuania, KF801674)
PineBT (Liskiava, Lithuania, GU289676)
OB1 (Poland, EF128037)
Apro (Czech Republic, FJ409228) ‘Candidatus
Pmug (Poland, FJ409231) Phytoplasma
pini’-related
PineDYN12 (Smiltyne, Lithuania, KR051471) > strains,
PineBL (Preila, Lithuania, KR051475) subgroup
Pban (Czech Republic, FJ409230) 16SrXXI-A
[, PinePD13 (Smiltyne, Lithuania, KR051473)
PineSN13 (Smiltyne, Lithuania, KR051472)
PsylLap2 (Poland, GQ290113)
bes [ Ca- Phytoplasma pini’ Pin127SR (Spain, AJ632155)
Pin190S (Spain, AJ632156) j
‘Ca. Phytoplasma castaneae’ (Chestnut WB, 16SrVI, AB054986)
A ~ AYWB (NR074750) ?é'gg:”p )
% 'Picea pungens' K1 (Poland, FJ409229) ‘Candidatus
92— PineDNN14 (Smiltyne, Lithuania, KR054620) Phytoplasma
— PineD14 (Smiltyne, Lithuania, KR054619) s asteris’-
*®_=:Ca. Phytoplasma asteris’ (OAY, M30790) Subgroup related
‘_FLI; Larix sp. LDNP (Ukraine, JF747037) 16Srl-B strains
OY-M (NR074811) 7

Acholeplasma palmae (NR 029152)

Figure 5. Cladogram constructed by the Neighbor-Joining method of 16S rRNA gene
sequences from phytoplasma strains from Lithuania (in bold), other Ca. Phytoplasma pini
strains, Ca. Phytoplasma castaneae, and Ca. Phytoplasma asteris, employing Acholeplasma
palmae as the outgroup. Accession numbers of phytoplasma strains are indicated in brackets.
Numbers on the nodes are bootstrap (confidence) values.
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PineYShN (Smiltyne, Lithuania, KF791914)

780

PineRShN (Smiltyne, Lithuania, KF791911)

753

PineBL (Preila, Lithuania, KR051469)

959

PineBT (Liskiava, Lithuania, KF791913)

PsylLap2 (Poland, KF791910)

Acholeplasma palmae (FO681347)

Figure 6. Cladogram constructed by the Neighbor-Joining method of sec4 gene nucleotide
sequences (corresponding to the region amplified in polymerase chain reaction (PCRs)
primed by primer pair PiniSecAF2/PiniSecARA) from phytoplasma strains from Lithuania
(in bold), and from isolate (strain) PsylLap2 phytoplasma from Poland. GenBank accession
numbers are indicated in brackets. Numbers on the nodes are bootstrap (confidence) values.

Ca. Phytoplasma pini-related strains PineDYN27, PineDRN12, PineRShN, PineBT, PineDYNI12,
PineBL, PinePD13, and PineSN13 (from Lithuania), and strain PsylLap2 (from Poland) shared
99.7%-99.9% rDNA sequence identity; all Lithuanian strains shared 99.7%-100% rDNA sequence
identity with one another.

The 1.2 kb 16S rDNAs from Ca. Phytoplasma asteris-related strains PineDNN14 and PineD14 shared
99.7% nucleotide sequence identity with one another and 99.6%-99.8% identity of 16S rDNA with
strain aster yellows withes’-broom (AY-WB), previously classified in subgroup 16Srl-A.

4. Discussion

Comparative 16S rDNA RFLP and nucleotide sequence analyses revealed that symptomatic Scots
pine and mountain pine trees in Lithuania are infected by Ca. Phytoplasma pini-related strains and that
some diseased trees are infected by Ca. Phytoplasma asteris-related strains belonging to phytoplasma
subgroup 16SrI-A.

Ball-like structures resembling those reported on Ca. Phytoplasma pini-infected Scots pine trees in
Germany and Poland [20,21] were observed rarely on phytoplasma-infected Scots and mountain pine
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trees in Lithuania. The most common symptoms were dwarfed needles that ranged in color from yellow
to reddish, and dried branches. Symptomatic diseased pine trees were found throughout most areas of
Curonian Spit. Of 300 symptomatic trees that were sampled, 80% were infected by phytoplasma
resulting in serious and widespread damage to the landscape of the UNESCO-protected Curonian Spit.

In other parts of the world, phytoplasmas have been reported in association with several diseases of
gymnosperms. A group 16SrlIl phytoplasma was identified from Cypress sp. in Italy [34]. In other regions
of Europe, phytoplasmal diseases of gymnosperms (Pinus spp., Picea spp., Abies spp., and Larix sp.) have
been reported in Germany, Spain, Poland, Czech Republic, Croatia, and Ukraine [19-22,35]. Taxonomically
diverse phytoplasmas, including Ca. Phytoplasma pini-, Ca. Phytoplasma asteris-, and Ca. Phytoplasma
pruni-related strains have been found associated with diseases of gymnosperms in Europe [36]. In India,
a phytoplasma of group 16SrVI was identified from Norfolk Island pine [37]. In North America, a new
subgroup 16SrIX-E, Ca. Phytoplasma phoenicium-related, phytoplasma was found in juniper exhibiting
symptoms of a witches’ broom disease [18]. A Ca. Phytoplasma pini-related strain was identified in
bald-cypress in China [38]. Our communication presents the first report of Ca. Phytoplasma
asteris-related strains (phytoplasmas belonging to the subgroup 16SrlI-A) in pine trees. The present
communication and prior literature illustrate that diverse gymnosperms are susceptible to infection by at
least five phytoplasma species level lineages, emphasizing the need for adequate quarantine surveillance
of regional and intercontinental movement of gymnospermae germplasm and underscoring the need to
learn the identities of insect vectors responsible for the spread of phytoplasmas among gymnosperms.

Quarantine surveillance and studies of insect vectors of Ca. Phytoplasma pini-related phytoplasma
strains may be facilitated by the availability of sec4 gene sequence data herein, which provide new
molecular markers for finer characterization and future epidemiological studies of the phytoplasma in
conifers. Primer pair PiniSecAF2/PiniSecARA, designed in the present work, rendered possible direct
amplification of sec4 sequences from Ca. Phytoplasma pini, whereas, use of primers previously
published [39] yielded no observable DNA amplification or non-specific DNA amplification in the
present work (data not shown). As noted by Hodgetts et al. [39], a relatively short (480 bp) secA gene
fragment may provide an informative alternative molecular marker for pathogen identification and
diagnosis of phytoplasma diseases, and for monitoring phytoplasma movement between geographic
regions [39,40]. The 968 bp secA4 fragment amplified using primers described in the present study should
be even more highly informative.

Multiple gene-based classification could provide molecular criteria for improved delineation of
Ca. Phytoplasma’ species and related phytoplasma strains. SecA could serve as a useful alternative to
16S rDNA for phytoplasma classification [39]. Analysis of secA4 gene from 12 major 16Sr phytoplasma
groups supported the previous classification systems and provided improved resolution of those groups
and constituent subgroups [39]. In the present communication, we expand this capability by providing
secA gene sequence data for a representative of a 13th major phytoplasma group (16SrXXI), which
previously had been characterized based on 16S rDNA alone. Analysis of secA gene fragments from
Ca. Phytoplasma pini distinguished between strains from Lithuania and Poland, reinforcing the concept
that multiple gene-based classification improves phytoplasma strain differentiation and can support
epidemiological studies.
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5. Conclusions

Scots pine (Pinus sylvestris) and mountain pine (Pinus mugo) in Lithuania are suffering from a serious
disease characterized by dwarfed needles ranging in color from yellow to reddish, branches devoid of
needles, dying and dead branches, and death of trees. The disease is associated with infection of the trees
by phytoplasma, a very small bacterium that lacks a rigid wall, lives in plant phloem tissue, and is spread
by phloem sap-feeding insects. Diseased trees were infected by either Candidatus Phytoplasma pini or
Ca. Phytoplasma asteris. In the UNESCO-protected Curonian Spit of western Lithuania,
Ca. Phytoplasma pini accounted for 80% of the infections in symptomatic trees. The wide occurrence of
the disease and the extensive damage to forests underscore the serious threat of this disease to industry
and ecology. Continued development and use of multiple molecular genetic markers, as in the present
work, will be needed to diagnose the disease, identify insect vector(s), and devise strategies for reducing
its damage and stopping its spread.
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