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E6

PHYI.OGENETIC CLASSIFICATION OF
PLANT PATHOGENIC MYCOPLASMA-
LIKE ORGANISMS OR PHYTOPLASMAS

Bernd Schneider, Erich Seemueller, Christine D.
Smart, and Bruce C. Kirkpatrick ' 1

General Introduction

Sequence analyses of evolutionarily conserved genes such as the 168 riboso-
mal RNA (rRNA) have provided a detailed picture of the diversity and phy-
logenetic relationships of prokaryotes (Olsen et al., 1994). Phylogenetic an-
alyses have provided a coherent framework for the classification of diverse taxa,
including the Mollicutes (Weisberg et al., 1989). Another very attractive aspect
of this type of analysis is the ability to analyze these phylogenetic markers from
nonculturable prokaryotes such as plant pathogenic mycoplasma-like organisms
(MLOs). Detailed analyses of several MLO 16S rRNA genes (Gunderson et al.,
1994; Kuske and Kirkpatrick, 1992; Lim and Sears, 1989; Namba et al., 1993;
Seemuller et al., 1994) led to the conclusion that MLOs were a unique, mono- s
phyletic group of mollicutes that deserved a more informative and appropriate
taxonomic classification. Therefore, the term “phytoplasma” was proposed and it |
is now being used by many researchers, including the authors of this chapter. !

The process of characterizing these phylogenetically conserved genes has been '
greatly facilitated by the use of polymerase chain reaction (PCR) technologies to
amplify and sequence these molecules directly. This chapter presents a phy-
toplasma taxonomic scheme that is based on the analysis of two evolutionary
markers: the 16S rRNA gene and the spacer region that separates the 16S from
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the 23S rRNA genes. Phytoplasma phylogenetic relationships established by
full-length 16S rRNA sequences agree with phytoplasma groups established by
spacer region analyses (Kirkpatrick et al., 1994). The information presented in
this chapter provides an outline of the procedures that are available for phy-
logenetically classifying an unknown phytoplasma strain. Many of the specific
procedures, such as running and reading a sequencing gel, will not be discussed
here and the reader is referred to any of the numerous molecular biology manuals
for information concerning such procedures. The procedures presented here will
allow those familiar with such technologies to apply them to the classification of
an unknown phytoplasma.

Two approaches have been hnstoncally used to characterize phytoplasma 16S
rRNA genes: restriction fragment length polymorphisms (RFLP) of PCR-
amplified 16S rRNA genes and sequence analysis of full-length 16S rRNA
genes. Information presented in this chapter also includes phytoplasma phy-

- logenetic relationships based on RFLP analysis and sequence analysis of the

16/23S spacer regions. The procedures used for obtaining and analyzing this
type of data are outlined next.

RFLP Analysis of PCR-Amplified Ribosomal DNA

Introduction .- » .

on RFLP analysis of 16S rDNA (Lee et al., 1993; Schneider et al., 1993). This
rapid method can’provide valuable information on the phylogenetic and tax-

~ onomic classification of an unknown phytoplasma. The procedure is based on

PCR amplification of phytoplasma rDNA using primers that recognize all phy-
toplasma strains but which do not amplify products from healthy plants. The
primers listed in Table I can be used to amplify most or all of the 16S rRNA gene
and the entire 16/23S spacer region. RFLP analysis of the larger PCR fragments
is more desirable because they contain more restriction sites, which in turn
provides more information than the shorter PCR fragments. The amplification
products are digested with frequently cutting restriction endonucleases such as
Alul or Rsal. In some cases, further differentiation can be obtained by digesting
with additional enzymes such as Msel or Hhal (Lee et al., 1993).

Materials

Template DNA isolated from plants using the “phytoplasma enrichment” method
(see Chapter B2, this volume) -

Thermocycler, such as the Perkin—Elmer (Norwalk, CT) Model 480

A 50-p1 PCR mixture containing the following materials:

Horizontal gel electrophoresis unit

. MD)

E6 Phylogenetig

T

SEQUENCE oF OL

Primer name

\
Primer | 5" AAGA
Primer 3 5’ GGATY
Primer 4 5' GAAG
Primer 5 5' CGGC
Primer 7 5’ CGTC¢

@ These can be used to ar
gene and 16S/23S spacer regi

A mixture of all four dNTPs, fi
PCR primers for ampllfymg phyt
- tion of each primer is 0.5 pM
1X Tag DNA polymerase bufter f
enzyme manufacturer) !
50 ng of phytoplasma DNA (seJ
1 unit of Tag DNA polymerase :
1 drop of mineral oil to cover re

Molecular biology grade electrophore
Electrophoresis buffer, such as Tris/t
Molecular size standards such as the

Ethidium bromide solution (1 pg/ml)

UV transilluminator

Restriction endonucleases such as Al

Restriction enzyme buffer (supplied

DNA samples from representative str.
clades

Reagents and equipment for polyacryls
this volume) l{

1
Procedure 1’
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PCR AMPLIFICATION OF PHYTOPLAS
SPACER REGIONS
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TABLE 1

SEQUENCE OF OLIGONUCLEOTIDE PRIMERS®

Primer name Sequence
Primer 1 5" AAGAGTTTGATCCTGGCTCAGGATT 3’
Primer 3 5' GGATGGATCACCTCCTT 3’
Primer 4 5" GAAGTCTGCAACTCGACTTC 3’
Primer 5 5’ CGGCAATGGAGGAAACT 3’
Primer 7 5' CGTCCTTCATCGGCTCTT 3’

2 These can be used to amplify and sequence the 16S rRNA
gene and 16S/23S spacer region.

A mixture of all four dNTPs, final concentration is 150 pM

PCR primers for amplifying phytoplasma 16S rRNA genes, final concentra- -

tion of each primer is 0.5 pM ‘
1 X Tag DNA polymerase buffer containing 1.5 mM MgCl, (supplied by the
enzyme manufacturer)
50 ng of phytoplasma DNA (see above)
1 unit of Tag DNA polymerase
"1 drop of mineral oil to cover reaction mixture

Horizontal gel electrophoresis unit

Molecular biology grade electrophoresis agarose

Electrophoresis buffer, such as Tris/borate/EDTA (TBE)

Molecular size standards such as the 1 -kb ladder (GIBCO-BRL, Gaithersburg,
MD)

Ethidium bromide solution (1 pg/ml)

UV transilluminator

Restriction endonucleases such as Alul and Rsal

Restriction enzyme buffer (supplied by the enzyme manufacturer)

DNA samples from representative strains in the major phylogenetic phytoplasma
clades )

Reagents and equipment for polyacrylamide gel electrophoresis (see Chapter E4,
this volume)

Procedure

PCR AMPLIFICATION OF PHYTOPLASMA 165 rRNA AND 16/235
SPACER REGIONS

Primers 1 and 7 are used to amplify a PCR product that contains the entire 165
rRNA gene plus the 16/23S spacer region. However, when the amount of phy-
toplasma DNA in the template is low, as it often is in woody plant preparations,

Material may be protected by copyright law (Title 17, U.S. Code)
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better amplification may be achieved using primers 5 and 7. The sequences of all
the phytoplasma-specific primers are listed in Table I and their relative positions
are shown in Fig. 1.

Phytoplasma 16S rRNA genes and/or SRs are amplified from the plant DNA
preparation using the following thermocycler conditions: initial strand denatura-
tion for 5 minutes at 95°C, subsequent denaturing steps for 1 minute at 95°C,
annealing for 1 minute at 53°C, and extension for 1.5 to 2 minutes (primers 1 or 5
and 7) at 72°C. An adequate amount of PCR product is usually obtained after 30
cycles; however, 35 cycles may be necessary in some very low-titer woody plants.

The quality and the quantity of the PCR product are assessed by electrophores-
ing approximately 5 ul of the reaction mixture on a horizonal agarose gel. The
product is visualized under UV light after staining with the ethidium bromide solu-
tion. The amplified phytoplasma product obtained using primer 1 and 7 is approxi-

mately 1800 bp, whereas the product from 5 and 7 is approximately 1450 bp.
* An appropriate amount (approximately 100 to 200 ng) of the PCR amplifica-
tion product is digested with the previously described restriction enzymes at 37°C
for 4 hours or overnight. The reaction is stopped by adding 5 volume of 10x
gel-loading buffer. Approximately one-third of the digest is electrophoresed on a
5 or 8% polyacrylamide gel. Alternatively, the digestion products may be elec-
trophoresed in size-selection gels such as FMC Metaphor or NuSieve. The re-
striction fragments are visualized under UV light after staining with ethidium
bromide, and the restriction profiles of the unknown samples are compared to
reference strains. Alul and Rsal profiles from seven major RFLP groups and two
subgroups (Schneider et al., 1993) are shown in Fig. 2.

" Discussion

RFLP profiles of PCR-amplified, 16S rDNA have been determined for a large
number of phytoplasma strains (Lee et al., 1993; Schneider et al., 1993). Based
on the similarities and differences of these profiles, several phytoplasma RFLP
groups and subgroups were established. Comparisons showed that most of the
RFLP groups correlated well with the major groups established by full-length
16S tDNA sequence analysis (Gunderson et al., 1994; Seemuller et al., 1994).

spacer
region
PPy,

16S =®n 235
5' I B I G
S = -
1 5 43 7 /
Fig. 1. Map of the 165/23S rRNA operon found in phytoplasmas. The positions of oligo-
nucleotide primers used in PCR analysis are represented as arrows.
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Fig.-2. Alul (A} and Rsal (B) restriction fragment length polymorphism (RFLP) profiles of phy-
toplasma rDNA amplified with primers 1 and 7. The strains represent the seven major RFLP
groups and two subgroups established by Schneider et al. (1993). The phylogenetic positions of
the strains are shown in Fig. 3. AAY, American aster yellows—Florida (RFLP group 1); STOL,
stolbur—Serbia (subgroup of RFLP group l); ACLR, apricot chlorotic leaf roll—Spain (RFLP
group li); ASHY, ash yellows—New York (RFLP group lll); EY, elm witches’ broom—France
(RFLP group 1V); AP, apple proliferation—Germany (RFLP group V); VAC, vaccinium witches’
broom—Germany (RFLP group VI); SUNHP, sunhemp witches’ broom—Thailand (subgroup of
RFLP group VI); BVK, leafhopper-borne phytoplasma—Germany (RFLP group Vil),

However, there are a few cases where classification by RFLP analysis was not as
accurate as classification by sequence analysis. For example, strains such as
ACLR and AAY clearly differ in their restriction patterns (Fig. 2) but their 16S
rDNA sequ’énces are 98.7% homologous. In contrast, there are other instances
where two phytoplasma RFLP profiles are less different from each other than
those of strains ACLR and AAY, but sequence analysis showed the organisms to
be more distantly related. Despite these problems, RFLP analysis can be suc-
cessfully applied provided that the patterns are compared with strains whose
taxonomic status has been determined by 16S rDNA sequence analysis. If an
RFLP pattern of an unknown phytoplasma is identical to a standard strain then it
can be properly classified. If the pattern differs from the standard stain then
sequence analysis will be necessary to determine correctly the taxonomic posi-
tion of the unknown strain. .

Phylogenetic Classification of Phytoplasmas Based on 16S
rRNA or 16/23S Spacer Region Sequence Analysis

Sequence analys'is of the complete phytoplasma 16S rRNA gene provides the
most accurate picture of phylogenetic relationships among phytoplasmas. How-

Material may be protected by copyright law (Title 17, U.S. Code)
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ever, it takes a considerable amount of time and effort to sequence both strands
of the full-length 16S rRNA molecule (approximately 1540 nucleotides long).
The spacer region (SR) that separates the 16S from the 23S rRNA also contains
phylogenetically useful information and, since this region is approximately 280
nucleotide long, it is much easier to sequence. In addition, at the time this
chapter was written, full-length 16S rRNA had been determined for approx-
imately 32 phytoplasmas, whereas SR sequences had been determined for more
than 60 phytoplasma strains. A manuscript describing the use of SR sequences
for classifying phytoplasmas is now being prepared and the SR sequences will
soon be available in GenBank.

Once the 16S rRNA or SR sequence is obtained, it is necessary to analyze it
using one of the available phylogenetic programs on an appropriate computer.
The sequence of the unknown phytoplasma is then compared with the sequences
of known phytoplasmas that are available in databases such as GenBank.

Table I presents the sequences of several oligonucleotide primers that can be
used to PCR amplify the 16S rRNA gene and/or the 16/23S spacer region. The
locations of the primers listed in Table I are shown in Fig. 1.

Materials

See the previous section for materials and equipment required for PCR ampli-
fication of phytoplasma rDNA. In additioq, the following materials are needed

for DNA sequencmg operatlons

PCR product punﬁcatlon system, such as Wizard Clean Up Columns (Promega

Madison, WI)
Sequencing apparatus and power supply
Cycle sequencing kit, such as dsDNA cycle sequencing kit (GIBCO, BRL,

Galthersburg, MD)

Procedure

PCR AMPLIFICATION OF PHYTOPLASMA 165 rRNA AND 16/23S:
SPACER REGIONS .

The PCR amplification of phytoplasma rDNA has been described earlier. In
general, it is most desirable to use primers 1 and 7 to amplify a PCR product that
contains the entire 16S rRNA gene plus the 16/23S spacer region, especially if
one desires to sequence the 16S TRNA gene. However, if only the phytoplasma
SR is to be sequenced, in some instances better amplification is obtained from
low-titer hosts using primers 5 and 7 or primers 4 and 7 (Table I, Fig. 1).
Phytoplasma 16S rRNA genes and/or SRs are amplified from the plant DNA

~

4
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Acholeplasma sp. 3233

American aster yellows—Florida

Apricot chlorotic leaf roll—Spain
Apple prollferatlon—Germany
Ash’yellows—New York

Aster yellows—California

Aster yellows—Japan

Aster yellows—Maryland

Aster yellows—Michigan

Black alder witches® broom—Germany
BVK—Germany

Canadian peach X-disease—Canada
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European stone fruit yellows—Gcrmany
Flavesence Doree—France

Loofah witches® broom—Taiwan
Palm lethal yellows—Florida

Peanut witches’ broom—Taiwan

Pear decline—Germany

Pigeon pea witches' broom—Florida
Rice yellow dwarf—Japan
Stolbur—Serbia

Sugar cane white leaf—Thailand
Sunhemp witches’ broom-—Thailand
Sweet potato witches® broom—Taiwan
Tomato big bud—Arkansas
Tsuwabuki witches’ broom—Japan
Vaccinium witches® broom—Germany
Vk grapevine yellows—Germany
Western X-disease— California
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TABLE 11

GenBank AcCCESSION NUMBERS OF 16S rRNA GENE SEQUENCES
FROM MLOs AND CULTURABLE MOLLICUTES

Strain Accession No. Reference
Acholeplasma laidlawii M23933 Weisburg et al. (1989)
Acholeplasma modicum M23933 Weisburg er al. (1989)
Acholeplasma sp. 1233 L33734 Gunderson et al. (1994)
American aster yellows—Florida X68373 Seemuller et al. (1994)
Apricot chlorotic leaf roll—Spain X68383 Seemuller e al. (1994)
Apple proliferation—Germany X68375 Seemuller er al. (1994)
Ash yellows—New York X68339 Seemuller ef al. (1994)
Aster yellows—California M86340 Kuske and Kirkpatrick (1992)
Aster yellows—Japan D12569 Namba et al. (1993)
Aster yellows—Maryland L33767 Gunderson et al. (1994)
Aster yellows—Michigan M30970 Lim and Sears (1989)
Black alder witches® broom—Germany X76431 Seemuller e al. (1994)
BVK—Germany X76429  Seemuller e al. (1994)
Canadian peach X-disease—Canada L33733 Gunderson et al. (1994)
Clover phyllody—Canada L33762 Gunderson et al. (1994)
Clover proliferation—Canada L33761 Gunderson et al. (1994)
Clover yellow edge—Canada L33766 Gunderson et al. (1994)
Elm witches’ broom—France X68376 Scemuller et al. (1994)
European stone fruit yellows—Germany X68374 Seemuller er al. (1994)
Flavesence Doree—France X76560 Seemuller et al. (1994)
"Loofah witches’ broom—Taiwan L33764 Gunderson ef al. (1994)
Palm lethal yellows—Florida Unpublished
Peanut witches’ broom—Taiwan 1.33765 Gunderson et al. (1994)
Pear decline—Germany X76425 Seemuller et al. (1994)
Pigeon pea witches” broom—Florida ) - Unpublished
Rice yellow dwarf—1Japan . D12581 Namba et al. (1993)
Stolbur—Serbia X76427 Seemuller er al. (1994)
Sugar cane white leaf—Thailand X76432 . Seemuller et al. (1994)
Sunhemp witches’ broom—Thailand X76433 Seemuller et al. (1994)
Sweet potato witches’ broom—Taiwan L33770 Gunderson ef al. (1994)
Tomato big bud— Arkansas L33733 Gunderson et al. (1994)
Tsuwabuki witches’ broom-—Japan DI12580 Namba et al. (1993)
Vaccinium witches’ broom—Germany X76430 Seemuller et al. (1994)
Vk grapevine yellows—Germany X76428 Seemuller et al. (1994)
Western X- disease—California L04682 Unpublished

preparation using the following thermocycler conditions: initial strand denatura-
tion for 5 minutes at 95°C, subsequent denaturing steps for 1 minute at 95°C,

annealing for 1 minute at 53°C and extension for 1 minute (primers 4 and 7) or 2
minutes (primers 1 and 7 or primer 5 and 7) at 72°C. An adequate amount of
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PCR product is almost always obtained after 30 cycles; however, 35 cycles may
be necessary in some very low-titer woody plants.

The quality and the quantity of the PCR product are assessed by electrophores-
ing approximately 5 pl of the reaction mixture on a horizonal agarose gel as
previously described. In most cases, there is usually a single band which corre-
sponds to the phytoplasma product. If this is the case then the rest of the PCR
reaction mixture is put through the PCR cleanup column to remove the unused
primers and buffer. If multiple bands are observed then the reaction mixture will
need to be electrophoresed in an agarose gel and the phytoplasma DNA band
excised from the gel. The DNA is then removed from the gel matrix using
standard procedures such as the GeneClean System (Biol0l, LaJolla, CA).

SEQUENCING PCR-AMPLIFIED PHYTOPLASMA 165 rRNA OR 16/235
SPACER REGION

The purified, PCR-amplified phytoplasma 16S rRNA and/or spacer region can
either be sequenced directly using a PCR cycle sequencing kit, such as dsDNA
cycle sequencing kit (Gibco BRL) or be cloned into a PCR cloning vector, such
as the TA cloning kit (Invitrogen, San Diego, CA), and sequenced by standard
dldeoxy chain-termination reactions. If the full-length 16S rRNA molecule is to
be sequenced, then internal sequencing primers will need to be used. Several
internal 16S rRNA primers, their sequences, and their locations in the 16S rRNA
molecule are presented by Gunderson et al. (1994), Namba et al. (1993), and
Seemuller ef al. (1994).-If the spacer region is to be sequenced then the PCR
product can be readily séquenced in both dlrectlons using pnmers 7 and 3 (Ta-
ble I).

' SEQUENCE ANALYSIS OF PHYTOPLASMA 165 rRNA OR 16/235 SR

Spacer region or 16S rRNA sequences are compared ‘and aligned with pub-
lished sequences using a compilation program such as the Pileup program of the
UW-GCG (University of Wisconsin). If the GCG program is used then gap
weight should be set to 2.0 and the gap length set to 0.2. The aligned sequences
of the known and unknown phytoplasmas can be simply compared and the
percentage homology determined or, more informatively, the sequence can be
analyzed using a phylogenetic analysis program such as Swofford’s Phylogenetic
Analysis Using Parsimony (PAUP) version 3.1.1 (1993). This program also
contains “bootstrap” analysis which gives confidence values for the branches
within the phylogenetic tree. If PAUP is used, bootstrap analysis can-be per-
formed using 100 replicates with 10 random additions of taxa per replicate,
implementing the tree bisection and reconnection branch-swapping algorithm.
Uninformative characters are ignored in this type of analysis.

Table 11 lists the GenBank accession numbers of the full-length phytoplasma
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Fig. 3. Phylogram of 165 rRNA sequences generated using a PAUP bootstrap analysis
(Swofford, 1993). Numbers in bold above the branches indicate the bootstrap values, whereas
numbers below the branches indicate branch length. B. subtilis was used as an outgroup.

16S rRNA sequences that were available at the time this chapter was written. A
representative phylogenetic tree based on the full-length phytoplasma 16S rRNA
sequences that were available at the time this chapter was written is presented in
Fig. 3, whereas-Fig. 4 shows the relauonshlps of phytoplasmas based on SR

sequences.
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Discussion

There are advantages and disadvantages associated with both RFLP and se-
quence analysis of IDNA for classifying phytoplasmas. As previously discussed,
a more accurate assessment of the phylogenetic relationship of an unknown
phytoplasma strain is obtained from rDNA sequences than from RELP analysis.
However, sequence analysis of either the SR or the 16S rRNA gene requires
considerably more time and effort. RFLP analysis of the PCR-amplified 16S
tRNA gene is a rapid method to assess the potential affinity of an unknown
phytoplasma. However, the total amount of information analyzed by this ap-
proach is less than that obtained by sequence analysis. Consequently, RFLP
analysis does not provide a detailed picture of the relationships between phy-
toplasmas within a particular clade.

Similar types of advantages and disadvantages are associated with sequencing
either the full-length 16S rRNA gene or the 16/23S spacer region. The SR is
comparatively easy to sequence and a large number of phytoplasma SR se-
quences have been determined (Kirkpatrick er al., 1994; manuscript in prepara-
tion). However, the larger size of the 16S rRNA gene allows the most definitive
comparisons to be made, and the large database that is now available for both
culturable and nonculturable prokaryotes continues to make this marker the most
phylogenetically useful gene to analyze.
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