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Chapter 1
Phytoplasmas: An Update

Assunta Bertaccini and Ing-Ming Lee

Abstract A summary of the research carried out on phytoplasma-associated dis-
eases 50 years after their discovery is presented. The great majority of this research
was devoted to classification and differentiation of these prokaryotes by molecular
and bioinformatic tools applied to specific phytoplasma genes. The availability of a
robust classification system has greatly facilitated phytoplasma identification lead-
ing to an increased knowledge of plant diseases worldwide. Phytoplasma biology
study still needs to be improved to allow better management solutions to reduce the
impact of these diseases in both agricultural and natural environments.

Keywords Taxonomy - Biology - Insect vector - Plant disease - Epidemiology

1.1 Introduction

Many yellows-type diseases, including aster yellows and paulownia witches’
broom, were believed to be caused by viruses until 1967 when a group of Japanese
scientists observed microorganisms resembling animal mycoplasmas in the phloem
sieve tube elements of diseased plants by electron microscopy (Doi et al. 1967).
These pleomorphic cell wall lacking bacteria were then named mycoplasma-like
organisms (MLOs) (Fig. 1.1). They possess a unique lifestyle that allows them to
live across plant and insect kingdoms. In the following decades, their detection was
primarily based on electron microscopy images of diseased phloem tissue and bio-
logical properties, such as unique disease symptoms, specific insect vector, and
plant host range. In subsequent years, the development of serological and molecular
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Fig. 1.1 On the right electron microscopy picture of cross section of sieve tubes with phytoplas-
mas (X 6,000), and on the left symptoms associated with phytoplasma presence in aster
(Callistephus chinensis)

tools such as monoclonal antibodies and cloned DNA probes greatly improved their
detection.

DNA-specific amplification and sequencing provided evidence that MLOs con-
stitute a large monophyletic group within the class Mollicutes, and the trivial name
of “phytoplasma” was adopted followed by designation of the ‘Candidatus
Phytoplasma’ genus (IRPCM 2004). Phytoplasmas have variable sizes and shapes
(Fig. 1.1) and survive and multiply in the isotonic environments provided by plant
phloem and insect hemolymph. The full genome sequence has been completed for
two strains of aster yellows (‘Candidatus Phytoplasma asteris’), two strains of ‘Ca.
P. australiense’, and a strain of ‘Ca. P. mali’ (Oshima et al. 2004; Bai et al. 2006;
Kube et al. 2008; Tran-Nguyen et al. 2008; Andersen et al. 2013). A number of
draft genome sequences are also reported (Saccardo et al. 2012; Mitrovi¢ et al.
2014; Zamorano and Fiore 2016). Phytoplasmas possess one of the smallest
genomes among living organisms (Marcone et al. 1999) yet code complex meta-
bolic pathways that allow them to interact with both their plant and insect hosts
(Hogenhout et al. 2008). Phytoplasmas are quite often associated with severe and
rapidly spreading plant diseases, they are also able to increase the metabolic activ-
ity of their hosts, modify insect fitness, increase plant shoot production, and change
flower shape and color (Bertaccini et al. 2014); in other cases they are associated
with severe decline and death of the infected plants. It is however not uncommon to
detect phytoplasmas in asymptomatic plants, and this leaves open questions related
to their pathogenicity and biology as relevant characteristics that must be provided
together with phytoplasma identification when describing a new phytoplasma-
associated disease.
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1.2 Biological and Molecular Basis for Classification

Fifty years after their discovery, the role of phytoplasmas as plant pathogens is still
only based on indirect biological proof, such as electron microscopy observation,
specific DNA amplification, and symptom elimination after tetracycline treatments
(Ishiie et al. 1967). Insect and dodder transmission are the main tools available to
confirm phytoplasma association with plant disease. Plants infected by phytoplas-
mas very often exhibit symptoms indicative of profound unbalance of growth regu-
lators. Symptoms include virescence and phyllody of flowers, sterility, loss of apical
dominance generating the proliferation of axillary buds with witches” broom forma-
tion (Fig. 1.1), abnormal internode elongation, and generalized stunting. The char-
acteristic symptomatology is very useful for preliminary indication of the possible
phytoplasma involvement in a disease. Some phytoplasmas also confer desirable
features such as for poinsettia, for which the presence of a specific strain allowed it
to be grown as an ornamental pot plant (Bertaccini et al. 1996; Lee et al. 1997).

Serological diagnostic techniques for detection of phytoplasmas began to emerge
in the 1980s when polyclonal and monoclonal antisera were produced and tested
(Lee et al. 1993b; Chen et al. 1993, 1994; Saeed et al. 1994) in plant tissues as well
as in leathopper vectors or potential vectors using immunofluorescence (Lherminier
et al. 1990) and immunosorbent electron microscopy (Sinha 1979; Sinha and
Benhamou 1983), dot blot, or ELISA (Boudon-Padieu et al. 1989). In other
approaches, tissue blotting with direct or indirect antigen detection has been used
for specific phytoplasma detection (Lin and Chen 1985). In more recent years, anti-
bodies have been prepared to partial sequences of the major immunodominant pro-
teins of some phytoplasmas (Berg et al. 1999; Blomquist et al. 2001; Hong et al.
2001; Mergenthaler et al. 2001; Kakizawa et al. 2001; Barbara et al. 2002; Wei et al.
2004; Arashida et al. 2008; Siampour et al. 2012). Starting from the 1990s, the
application of molecular probes (Kirkpatrick et al. 1987; Lee and Davis 1988; Lee
et al. 1992; Bertaccini et al. 1993), PCR (Ahrens and Seemiiller 1992; Namba et al.
1993; Lee et al. 1993a; Schneider et al. 1993), and nested-PCR (Lee et al. 1994,
1995) together with restriction fragment length polymorphism (RFLP) analyses or
sequencing allowed the broad detection of phytoplasmas (Lee et al. 1998a). The
introduction of quantitative PCR assays (qQPCR) has shown these assays to be sensi-
tive with reduced risk of contamination making this technique a reliable alternative
to nested PCR assays in routine testing (Bianco et al. 2004; Torres et al. 2005;
Crosslin et al. 2006; Angelini et al. 2007; Baric et al. 2006; Hren et al. 2007;
Hodgetts et al. 2009; Aldaghi et al. 2009; Berger et al. 2009; Pelletier et al. 2009;
Nejat et al. 2010; Manimekalai et al. 2011; Monti et al. 2013; Cérdova et al. 2014;
Ikten et al. 2016; Satta et al. 2017; Linck et al. 2017). Microarray (Nicolaisen and
Bertaccini 2007; Lenz et al. 2015), deep amplicon sequencing (Nicolaisen et al.
2011), and LAMP (Tomlinson et al. 2010; Bekele et al. 2011; Obura et al. 2011;
Sugawara et al. 2012; Kogovsek et al. 2015; Vu et al. 2016) are other techniques
used for phytoplasma detection, but not yet fully exploited and not always adequate
due to lack of specificity or sensitivity.
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1.3 16S Ribosomal DNA-Based Classification

The development of a robust and quite exhaustive classification system based on
16S ribosomal gene sequence (Lee et al. 1998a) was followed by the multilocus
typing on other genes, which are usually different according to the diverse
‘Candidatus Phytoplasma’ species (Bertaccini 2015). A consensus for naming
novel phytoplasmas was reached in 2004 (IRPCM) for which “a ‘Candidatus (Ca.)
Phytoplasma’ species description should refer to a single, unique 16S rRNA gene
sequence (>1200 bp),” and “‘a strain can be recognized as a novel ‘Ca. Phytoplasma’
species if its 16S rRNA gene sequence has <97.5% similarity to that of any previ-
ously described ‘Ca. Phytoplasma’ species.” Phytoplasma taxonomy still relies on
these rules due to the lack of phenotypic characteristics of these bacteria that are
needed to classify them in formal genus and species. Some phytoplasma strains
which may warrant designation of a new taxon, but fail to meet the requirement of
sharing <97.5% sequence similarity with existing ‘Ca. Phytoplasma’, can be dif-
ferentiated and classified using additional unique biological properties such as anti-
body specificity, host range, and vector transmission specificity (Seemiiller and
Schneider 2004).

Phytoplasma 16S rRNA genes are highly conserved; however, they possess suf-
ficient diversity to be used for their classification. Phytoplasmas are classified either
into a ‘Candidatus Phytoplasma’ species based on percent sequence identity
(IRPCM 2004) or into ribosomal groups and subgroups based on the presence of
restriction sites (Lee et al. 1998a; Wei et al. 2007; Zhao et al. 2009b). The number
of ‘Candidatus Phytoplasma’ species and ribosomal groups and subgroups is con-
tinually growing due to increased awareness of the importance of these pathogens
in agriculture and environment worldwide (Bertaccini et al. 2014; Maejima et al.
2014). A formal description remains to be published for phytoplasmas associated
with some well-known diseases such as grapevine “flavescence dorée” and some of
the lethal yellowing associated agents for which still the grouping and subgrouping
are the only official taxonomy (Table 1.1). A number of new ‘Candidatus’ species
were proposed in the last few years indicating the great biodiversity in these micro-
organisms intensified by the frequent report of interoperon heterogeneity and/or
mixed phytoplasma infection in both insects and plants (Schneider and Seemiiller
1994; Lee et al. 1995, 1998b; Ho et al. 2001). Very recently two other ‘Candidatus’
species were officially proposed ‘Ca. P. wodyetiae’ and ‘Ca. P. noviguineense’
(Naderali et al. 2017; Miyazaki et al. 2018). There are thousands of 16S rRNA gene
sequences of phytoplasmas deposited in the public databases as well as sequences
to other conserved genomic regions used as supplemental tools for finer phyto-
plasma differentiation (Duduk and Bertaccini 2011). A barcode screening system
was also developed in agreement with the 16S rDNA classification for fast phyto-
plasma detection and identification (Makarova et al. 2012). The rp, tuf, and secY
genes show more variation than the 16S rRNA gene (Gundersen et al. 1996;
Schneider et al. 1997; Cimerman et al. 2009; Marcone et al. 2000; Lee et al. 2006b,
2010, 2012; Danet et al. 2007; Arnaud et al. 2007; Martini et al. 2002, 2007;
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Table 1.1 Phytoplasma classification based on RFLP analyses and/or sequencing of 16S rDNA

GenBank
16Sr accession
grouping | Strain (acronym) ‘Candidatus’ sp. number References
16Sr1 - aster yellows
I-A Aster yellows witches’ NC_007716 Bai et al. (2006)
broom (AY-WB)
I-B Aster yellows (MAY) ‘Ca. P. asteris’ M30790 Lee et al. (2004a)
I-C Clover phyllody (CPh) AF222065 Lee et al. (2004a)
I-D Paulownia witches’ AY265206 Lee et al. (2004a)
broom (PaWB)
I-E Blueberry stunt (BBS3) AY265213 Lee et al. 2004a
I-F Aster yellows apricot AY265211 Lee et al. (2004a)
Spain (A-AY)
I-1 Strawberry witches’ V96614 Jomantiene et al.
broom (STRAWBI1) (1998)
I-K Strawberry witches’ V96616 Jomantiene et al.
broom (STRAWB2) (1998)
I-L Aster yellows (AV2192) AY 180957 Lee et al. (2003)
I-M Aster yellows (AVUT) AY265209 Lee et al. (2004a)
I-N Aster yellows (IoWB) AY265205 Lee et al. (2004a)
1-O Soybean purple stem AF268405 Lee et al. (2002)
(SPS)
I-P Aster yellows from AF503568 Seruga et al.
Populus (PopAY) (2003)
1-Q Cherry little leaf (ChLL) AY 034089 Valiunas et al.
(2005)
I-R Strawberry phylloid fruit AY102275 Jomantiene et al.
(StrawbPhF) (2002)
I-S Pepper little leaf (PeLL) DQ092321 Santos-Cervantes
et al. (2008)
I-T Tomato little leaf (ToLL) DQ375238 Santos-Cervantes
et al. (2008)
I-U Mexican potato purple FJ914650 Santos-Cervantes
top (JALS) et al. (2010)
I-v Mexican potato purple FJ914642 Santos-Cervantes
top (SON18) et al. (2010)
I-W Peach rosette-like HQ450211 Arocha-Rosete
disease (PRU0382) etal. (2011)
I-X Papaya bunchy top JF781308 Acosta et al.
(BTS) (2013)
I-Y Tomato “brote grande” | ‘Ca. P. lycopersici’ | EF199549 Arocha et al.
(2007)
1-Z Papaya bunchy top JF781311 Acosta-Pérez
(BTS) etal. (2017)

(continued)
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GenBank
16Sr accession
grouping | Strain (acronym) ‘Candidatus’ sp. number References
16SrII — peanut witches’ broom
II-A Peanut witches” broom L33765 Gundersen et al.
(PnWB) (1994
1I-B Lime witches’ broom ‘Ca. P. Ul15442 Zreik et al.
(WBDL) aurantifolia’ (1995)
II-C Faba bean phyllody X83432 Seemiiller et al.
(FBP) (1998)
II-D Papaya mosaic (PpM) ‘Ca.P. Y 10096 White et al.
australasia’ (1998)
II-E Picris echioides phyllody Y16393 Seemiiller et al.
(PEY) (1998)
II-F Cotton phyllody (CoP) EF186827 Martini et al.
(2007)
1I-G Cactus witches’ broom EU099568 Cai et al. (2008)
(CWB)
11-] Cactus witches’ broom EU099552 Cai et al. (2008)
(CWB)
1I-H Cactus witches’ broom EU099569 Cai et al. (2008)
(CWB)
1I-K Cactus witches’ broom EU099572 Cai et al. (2008)
(CWB)
1I-1 Cactus witches’ broom EU099551 Cai et al. (2008)
(CWB)
1I-L Cactus witches’ broom EU099546 Cai et al. (2008)
(CWB)
1I-M Potato purple top FJ914643 Yadav et al.
(2014)
II-N Papaya BTSp JF781309 Acosta et al.
(2013)
-0 Tabebuia witches’ broom EF647744 Mafia et al.
(2007)
II-p Cuban papaya DQ286948 Perez-Lopez
phytoplasma etal. (2016)
11-Q Papaya bunchy top JF78131 Perez-Lopez
(TSpHav02-11A) et al. (2016)
II-R Echinopsis yellow patch DQ535900 Perez-Lopez
et al. (2016)
1I-S Amaranthus FI357164 Perez-Lopez
hypochondriacus strain etal. (2016)
52A
II-T Tomatillo witches’ U125185 Perez-Lépez
broom et al. (2016)
II-U Papaya little leaf KP057205 Yang et al.
(2016)

(continued)
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Table 1.1 (continued)

GenBank

16Sr accession

grouping | Strain (acronym) ‘Candidatus’ sp. number References

16SrIII — X-disease

II-A Peach X-disease ‘Ca. P. pruni’ JQ044393 Davis et al.
(PX11CT1) (2013)

111-B Clover yellow edge AF173558 Davis et al.
(CYE) (2013)

11-C Pecan bunch (PB) GU004371 Davis et al.

(2013)

11-D Goldenrod yellows GU004372 Davis et al.
(GR1) (2013)

1I-E Spiraea stunt (SP1) AF190228 Davis et al.

(2013)

1I-F Milkweed yellows AF510724 Davis et al.
(MW1) (2013)

1I-G Walnut witches’ broom AF190226/ Davis et al.
(WWB) AF190227 (2013)

I-J Chayote witches’ broom AF147706 Montano et al.
(ChWBIII) (2000)

[I-K Strawberry leafy fruit AF274876 Jomantiene et al.
(SLF) (1998)

II1-H Poinsettia branch- AF190223 Davis et al.
inducing (PoiBI) (2013)

1I-1 Virginia grapevine AF060875 Davis et al. 1998
yellows (VGYTII)

II-L Cassava frog skin EU346761 Alvarez et al.
disease (CFSD) (2009)

11-M Potato purple top FI226074 Davis et al.
MT117) (2013)

II-N Potato purple top GU004365 Davis et al.
(AKpot6) (2013)

11-o Dandelion virescence AF370120 Jomantiene et al.
(DanVir) (2002)

11-pP Dandelion virescence AF370119/ Jomantiene et al.
(DanVir) AF370120 (2002)

11-Q Black raspberry witches’ AF302841 Davis et al.
broom (BRWB7) (2001)

II-R Cirsium white leaf AF373105 Zhao et al.
(CirWL) (2009b)

I11-S Western peach X-disease L04682 Zhao et al.
(WX) (2009b)

II-T Sweet and sour cherry F1231728 Valiunas et al.
(ChD) (2009)

11-u Cirsium white leaf AF373105/ Jomantiene et al.
(CWL) AF373106 (2002)

(continued)
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GenBank

16Sr accession

grouping | Strain (acronym) ‘Candidatus’ sp. number References

II-v Passion fruit GU292082 Davis et al.
phytoplasma (2012)
(PassWB-Br4)

I-w Heterothalamus little KC412029 Galdeano et al.
leaf (HetLL) (2013)

I-X Conyza witches’ broom KC412026 Galdeano et al.

(2013)

-y Cranberry false blossom KF62652 Lee et al. (2014)

11-Z Broccoli stunt strain 1X626327 Perez-Lopez
BSP-21 et al. (2016)

16Sr1V - coconut lethal yellowing

IV-A Coconut lethal yellowing AF498307 Harrison et al.
(LYJ-C8) (2002)

IV-B Yucatan coconut lethal U18753 Harrison et al.
decline (LDY) (1994)

IV-C Tanzanian coconut lethal X80117 Harrison et al.
decline (LDT) (1994)

IV-D Texas phoenix decline AF434969 Harrison et al.
(TPD) (2008)

IV-E Coconut lethal yellowing DQ631639 Martinez et al.
(LYDR-BS) (2008)

IV-F Washingtonia robusta EU241512 Harrison et al.
decline (2008)

16SrV - elm yellows

V-A Elm yellows (EY) ‘Ca. P. ulmi’ AY 197655 Lee et al. (2004b)

V-B Jujube witches’ broom | ‘Ca. P. ziziphi’ AB052876 Jung et al.
(JWB-GI1) (2003a)

V-C “Flavescence dorée” X76560 Martini et al.
(FD-C) (1999)

V-D “Flavescence dorée” AJ548787 Martini et al.
(FD-D) 1999

V-E Rubus stunt (RuS) ‘Ca. P. rubi’ AY 197648 Malembic-Maher

etal. (2011)

V-F Balanite witches’ broom | ‘Ca. P. balanitae’ | AB689678 Win et al. (2013)
(BItWB)

V-G Korean jujube witches’ AB052879 Jung et al.
broom (2003a)

V-H Bischofia polycarpa KJ452547 Lai et al. (2014)
witches’ broom

V-1 Blackberry witches’ KR233473 Franovd et al.

broom

(2016)

(continued)
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Table 1.1 (continued)

GenBank
16Sr accession
grouping | Strain (acronym) ‘Candidatus’ sp. number References
16SrVI - clover proliferation
VI-A Clover proliferation (CP) | ‘Ca. P. trifolii’ AY390261 Hiruki and Wang
(2004)
VI-B Strawberry multiplier AF190224 Jomantiene et al.
disease (MD) (1998)
VI-C Illinois elm yellows AF409069 Jacobs et al.
(EY-IL1) (2003)
VI-D Periwinkle little leaf AF228053 Siddique et al.
(PLL-Bd) (2001)
VI-E Centaurea solstitialis AY270156 Faggioli et al.
virescence (CSVI) (2004)
VI-F Catharanthus phyllody EF186819 Martini et al.
(CPS) (2007)
VI-H Portulaca little leaf EF651786 Samad et al.
phytoplasma (PLL-Ind) (2008)
VI-1 Passionfruit (WB-Br4) ‘Ca.P. GU292081 Davis et al.
sudamericanum’ (2012)
16SrVII - ash yellows
VII-A Ash yellows (AshY) ‘Ca. P. fraxini’ AF092209 Griffiths et al.
(1999)
VII-B Erigeron witches’ broom AY 034608 Barros et al.
(ErWB) (2002)
VII-C Argentinian alfalfa AY 147038 Conci et al.
witches’ broom (2005)
(ArAWB)
VII-D Erigeron witches’ broom KJ831066 Flores et al.
(EboWB-Br0) (2015)
16SrVIII - loofah witches’ broom
VIII-A Loofah witches’ broom | ‘Ca. P. luffae’ AF086621 Davis et al.
(LufWB) (2017)
16SrIX - pigeon pea witches’ broom
IX-A Pigeon pea witches’ AF248957 Gundersen et al.
broom (PPWB) (1996)
IX-B Almond witches’ broom | ‘Ca. P. AF515636 Verdin et al.
(AIWB) phoenicium’ (2003)
IX-C Naxos periwinkle HQ589191 Duduk et al.
virescence (NAXOS) (2008)
IX-D Almond witches’ broom AF515637 Verdin et al.
(AIWB) (2003)
IX-E Juniperus witches’ GQ925918 Davis et al.
broom (2010)

(continued)
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Table 1.1 (continued)
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GenBank
16Sr accession
grouping | Strain (acronym) ‘Candidatus’ sp. number References
IX-F Almond and stone fruit HQ407532 Molino Lova
witches’” broom (N27-2) etal. (2011)
IX-G Almond and stone fruit HQ407514 Molino Lova
witches” broom (A1-1) etal. (2011)
IX-H Sarson phyllody KU892213 Ahmad et al.
(2017)
16SrX - apple proliferation
X-A Apple proliferation (AP) | ‘Ca. P. mali’ AJ542541 Seemiiller and
Schneider (2004)
X-B European stone fruit ‘Ca. P. prunorum’ | AJ542544 Seemiiller and
yellows (ESFY) Schneider (2004)
X-C Pear decline (PD) ‘Ca. P. pyri’ AJ542543 Seemiiller and
Schneider (2004)
X-D Spartium witches’ ‘Ca. P. spartii’ X92869 Marcone et al.
broom (SpaWB) (2003a)
X-E Black alder witches’ X76431 Seemiiller et al.
broom (BAWB(BWB) (1994)
16SrXI - rice yellow dwarf
XI-A Rice yellow dwarf ‘Ca. P. oryzae’ AB052873 Jung et al.
(RYD) (2003b)
XI-B Sugarcane white leaf X76432 Lee et al. (1998a,
(SCWL) b)
XI-C Leathopper-borne X76429 Lee et al. (1998a,
(BVK) b)
XI-D Sugarcane white leaf KR020685 Zhang et al.
(SCWL) (2016)
XI-E Cirsium phytoplasma ‘Ca. P. cirsii’ KR869146 Safirové et al.
(2016)
XI-F Sugarcane grassy shoot HF586636 Yadav et al.
(SCGS) (2017)
16SrXII - “‘stolbur”
XII-A “Stolbur” (STOL11) ‘Ca. P. solani’ AF248959 Quaglino et al.
(2013)
XII-B Australian grapevine ‘Ca.P. L76865 Davis et al.
yellows (AUSGY) australiense’ (1997)
XII-C Strawberry lethal AJ243045 Padovan et al.
yellows (StrawLY) (2000)
XII-D Japanese hydrangea ‘Ca. P. japonicum’ | AB010425 Sawayanagi et al.
phyllody (1999)
XII-E Yellows diseased ‘Ca. P. fragariae’ | DQ086423 Valiunas et al.
strawberry (StrawY) (2006)
XII-F “Bois noir” (BN-Op30) EU836630 Quaglino et al.

(2009)

(continued)
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Table 1.1 (continued)
GenBank
16Sr accession
grouping | Strain (acronym) ‘Candidatus’ sp. number References
XII-G “Bois noir” (BN-Fc3) 47EU8366 Quaglino et al.
(2009)
XII-H Bindweed yellows ‘Ca. P. convolvuli’ | IN833705 Martini et al.
(BY-S57/11) (2012)
XII-1 Potato strain from China EU338445 Cheng et al.
(169/Hezuo 88) (2015)
16SrXIII — Mexican periwinkle virescence
XIII-A Mexican periwinkle ‘Ca.P. AF248960 Davis et al.
virescence (MPV) hispanicum’ (2016)
XIII-B Strawberry green petal U96616 Jomantiene et al.
(STRAWB2) (1998)
XIHI-C Chinaberry yellows AF495882 Harrison et al.
(CBY1) (2002)
XII-D Mexican potato purple F1914647 Santos-Cervantes
top (SINPV) et al. (2010)
XII-E Papaya apical curl EU719111 Melo et al.
necrosis (PACN) (2013)
XIHI-F Strawberry red leaf KJ921641 Fernédndez et al.
2015
XII-G Chinaberry yellowing ‘Ca. P. meliae’ KU850940 Fernédndez et al.
(ChTY) (2016)
16SrXIV - Bermuda grass white leaf
XIV-A Bermuda grass white ‘Ca. P. AJ550984 Marcone et al.
leaf (BGWL) cynodontis’ (2003b)
XIV-B Bermuda grass white EF444485 Salehi et al.
leaf Iran strain (2009)
XIV-C Bermuda grass white KP019339 Mitrovic et al.
leaf (RS304/13) (2015)
16SrXYV - hibiscus witches’ broom
XV-A Hibiscus witches” broom | ‘Ca. P. brasiliense’ | AF147708 Montano et al.
(HibWB) (2001)
XV-B Guazuma witches’ HQ258882 Villalobos et al.
broom (GWB) (2011)
16SrXVI - sugarcane yellow leaf
XVI-A Sugarcane yellow leaf ‘Ca. P. graminis’ | AY725228 Arocha et al.
(2005)
16SrXVII - papaya bunchy top
XVII-A Papaya bunchy top ‘Ca. P. caricae’ AY725234 Arocha et al.
(2005)
16SrXVIII — American potato purple top wilt
XVIII-A | American potato purple |‘Ca.P. DQ174122 Lee et al. (20064,
top wilt americanum’ b)

(continued)
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Table 1.1 (continued)
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16Sr

grouping | Strain (acronym)

‘Candidatus’ sp.

GenBank
accession
number

References

16SrXIX - chestnut witches’ broom

XIX-A

| Chestnut witches’ broom | ‘Ca. P. castaneae’ | AB054986

‘ Jung et al. (2002)

16SrXX - Rhamnus witches’ broom

XX-A Rhamnus witches’ ‘Ca. P. rhamni’ AJ583009 Marcone et al.
broom (2003a)

16SrXXI - Pinus phytoplasma

XXI-A Pinus phytoplasma ‘Ca. P. pini’ AJ310849 Schneider et al.
(PinP) (2005)

16SrXXII - lethal yellowing-type

XXII-A Lethal yellowing ‘Ca. P. palmicola’ | KF751387 Harrison et al.
Mozambique (LYDM (2014)
178)

XXII-B Cape Saint Paul Wilt Y13912 Tymon et al.
disease Ghana (LDG) (1998)

16SrXXIII®

XXIII-A Buckland valley AY083605 Wei et al. (2007)
grapevine yellows

16SrXXIvs

XXIV-A Sorghum bunchy shoot AF509322 Wei et al. (2007)

16SrxXxvs

XXV-A Weeping tea witches’ AF521672 Wei et al. (2007)
broom

16SrXXVI®

XXVI-A | Sugarcane phytoplasma AJ539179 Wei et al. (2007)
D3T1

16SrXXVII?

XXVII-A | Sugarcane phytoplasma AY539180 Wei et al. (2007)
D3T2

16SrXXVIII®

XXVII-A ‘ Derbid phytoplasma AY744945 ‘ Wei et al. (2007)

16SrXXIX - cassia witches’ broom

XXIX-A | Cassia witches’ broom | ‘Ca. P. omanense’ | EF666051 Al-Saady et al.
(CaWB) (2008)

XXIX-B Bindweed witches’ KY047493 Esmailzadeh
broom (RBiWB) Hosseini et al.

(2016)

16SrXXX - salt cedar witches’ broom

XXX-A Salt cedar witches’ ‘Ca. P. tamaricis’ | FJ432664 Zhao et al.
broom (2009a)

16SrXXXI - soybean stunt

XXXI-A Soybean stunt ‘Ca.P. HQ225630 Lee et al. (2011)
(SoySTlcl) costaricanum’

(continued)
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Table 1.1 (continued)

GenBank
16Sr accession
grouping | Strain (acronym) ‘Candidatus’ sp. number References
16SrXXXII — Malaysian periwinkle virescence and phyllody
XXXII-A | Malaysian periwinkle ‘Ca.P. EU371934 Nejat et al.
virescence (MaPV) malaysianum’ (2013)
XXXII-B | Malayan yellow dwarf EU498727 Nejat et al.
(MYD) (2013)
XXXII-C | Malayan oil palm EU498728 Nejat et al.
(MOP) (2013)
16SrXXXIII — Allocasuarina muelleriana phytoplasma
XXXIII-A | Allocasuarina ‘Ca. P. AY135523 Marcone et al.
phytoplasma allocasuarinae’ (2003a)

2Groups designed only on the basis of GenBank deposited sequences

Hodgetts et al. 2008; Mitrovi¢ et al. 2011, 2015) and are useful for epidemiological
studies. However using only genetic differentiation to characterize phytoplasmas
could end in producing just lists of genotypes if the knowledge of phytoplasma biol-
ogy is not accompanying the appropriate taxonomy. Biological characteristics of
phytoplasmas are needed in particular to help finding management solutions to
reduce phytoplasma disease impact on worldwide agriculture.

1.4 Transmission and Epidemiology

In nature phytoplasmas infect numerous plant species and as equally numerous
insects that serve as their vectors in a successful three-way interaction.
Phytoplasmas are mainly spread between plants by insects in the families
Cicadellidae (leafthoppers) and Psyllidae (psyllids) and superfamily Fulgoroidea
(plant hoppers), which feed on the phloem sap of infected plants; therefore their
host range is dependent upon feeding habits of their insect vectors (Bertaccini
2007). Phytoplasmas overwinter in insect vectors or in perennial plant hosts and
interact with insect hosts also reducing or enhancing their fitness (Sugio et al.
2011a). Transovarial transmission (Alma et al. 1997; Kawakita et al. 2000;
Hanboonsong et al. 2002; Tedeschi et al. 2006) and seed transmission (Khan et al.
2002; Botti and Bertaccini 2006; Calari et al. 2011; Chung and Jeong 2014; Satta
et al. 2016) were also demonstrated in some plant species/insect-phytoplasma
combinations. Phytoplasmas are also efficiently spread via vegetative propagation
such as cuttings, grafting, and micropropagation practices (Bertaccini et al. 1992;
Jarausch et al. 1996; Bertaccini 2007).
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1.5 Genomic Sequencing and Metabolic Features

A lot of information has been achieved by full genome sequencing especially
related to putative biochemical pathways showing that phytoplasmas are very spe-
cial microorganisms because they lack a lot of relevant features such as cell wall,
mobility, key enzymes, and pathways. Phytoplasmas possess the smallest genome
among bacteria; however, gene duplication and redundancy are well represented
(Oshima et al. 2004). Moreover, extrachromosomal DNA or plasmids of various
sizes have also been found in several phytoplasma groups together with sequences
of variable mosaic (SVM) termed potential mobile units or PMUs (Schneider et al.
1992; Kuboyama et al. 1998; Rekab et al. 1999; Oshima et al. 2001; Jomantiene and
Davis 2006; Jomantiene et al. 2007; Wei et al. 2008; Ishii et al. 2009; Toruno et al.
2010). Microarray analysis of ‘Ca. P. asteris’ strain OY-M revealed that expression
of approximately 33% of the genes change during host switching between plant and
insect (Oshima et al. 2011) and the phytoplasma may use transporters, secreted
proteins, and metabolic enzymes in a host-specific manner. Several factors, namely,
tengu, SAP11, SAP54, and P38, that could modulate possible phytoplasma patho-
genicity were reported to induce symptoms similar to those observed in phytoplasma-
infected plants when inserted into transgenic plants (Hoshi et al. 2009; Sugio et al.
2011a, b; MacLean et al. 2011; Neriya et al. 2014). Phytoplasmas possess two
secretion systems, YidC and Sec, the latter seems to be common to most or all phy-
toplasmas (Kakizawa et al. 2004, 2009). It was also demonstrated that phytoplas-
mas lack ATP synthase genes suggesting a metabolism strongly dependent on
glycolysis. While two sets of glycolytic enzymes were encoded in a duplicated
genomic region of a strongly pathogenic strain of ‘Ca. P. asteris’, mild strains do
not possess this duplication, suggesting this as a possible pathogenicity mechanism
(Oshima et al. 2007). The glycolysis genes are completely absent in the full genome
of ‘Ca. P. mali’ in which a gene-encoding 2-dehydro-3-deoxy-phosphogluconate
aldolase was retrieved leading to the hypothesis that in this phytoplasma pyruvate is
formed independently from glycolysis (Kube et al. 2012). It is possible that patho-
genic mechanisms may differ according to the strain genomic content and/or the
diverse environmental conditions such as different host species. The occurrence of
major surface epitopes that are unique to each phytoplasma group or ‘Candidatus
species’, suggests their role in specific interactions with host/insect cells. The Amp
protein of the OY phytoplasma forms a complex with insect microfilaments corre-
lated with their phytoplasma-transmitting capacity (Suzuki et al. 2006; Galetto
et al. 2011).

1.6 Cultivation in Artificial Media

After preliminary evidence that phytoplasmas can be grown in cell-free media
(Bertaccini et al. 2010; Contaldo et al. 2012, 2013), a recent description of a suitable
and flexible medium was published (Contaldo et al. 2016). This is important infor-
mation to enable the study of their biology: substantially pure cultures can be
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Fig. 1.2 Left. Ultrathin section of phytoplasma-like cells in agar medium embedded in Spurr resin
and observed under transmission electron microscope at 5,000 X magnification (A. Bertaccini and
A. Calzolari, 1984, unpublished). Right. Phytoplasma colonies growing in CB medium photo-
graphed under bifocal microscope 40 X (courtesy of N. Contaldo)

obtained to verify predicted metabolisms and biological properties of phytoplasmas
outside their hosts. Colonies with identical morphology and positive for phyto-
plasma DNA presence (Fig. 1.2) confirm that despite the reduced genome size, phy-
toplasmas retain an independent metabolism that allows them to survive as parasites
in environments as diverse as plant phloem and insect hemolymph and also in cell-
free media.

Although further research is needed in order to optimize the culture system, the
prospect of phytoplasma cultivation is now a real option. It will facilitate genome
sequencing of further phytoplasma species and strains to allow comparative genom-
ics which has been hampered by their intimate association with plant and insect
hosts. Moreover, along with genomics, biochemical and physiological studies, phy-
toplasma cultivation will define their taxonomy. Selection and screening of plants
resistant to phytoplasma infection as well as the study of the modes of colonization
by phytoplasmas of plant and insect vectors will also be possible. As a consequence,
strategies to manage and/or prevent phytoplasma-associated plant diseases more
efficiently will be prepared and employed.
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Phytoplasmas Infecting Vegetable, Pulse
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Abstract The present chapter provides an overview of phytoplasma diseases
affecting vegetable, pulse and oil crops, with an emphasis on symptoms, geographic
distribution, associated phytoplasma taxa and insect vectors. Phytoplasma diseases
of these crops occur worldwide; however, the majority of reports are from North
American, European and Asian countries. These diseases affect plant species
belonging mostly to Apiaceae, Asteraceae, Cucurbitaceae, Fabaceae and Solanaceae.
They differ considerably in geographic distribution and size of the various taxo-
nomic groups and subgroups of the associated phytoplasmas. Subgroup 16SrI-B
phytoplasmas are the prevalent agents among the main infected countries.
Phytoplasmas of subgroup 16SrXII-A are widely distributed throughout Europe,
whereas phytoplasmas of 16SrIl group are mainly distributed in Asia and Australia
and those of 16SrIII group in South America. A number of diseases are associated
with genetically different phytoplasmas that induce similar symptoms in the host
plants.
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2.1 Introduction

Phytoplasma diseases of vegetable, pulse and oil crops occur worldwide; however,
the majority of the reports are from North American, European and Asian countries,
affecting plant species belonging mostly to Apiaceae, Asteraceae, Cucurbitaceae,
Fabaceae and Solanaceae (Fig. 2.1). They differ considerably in geographic distri-
bution and size of the taxonomic groups and subgroups of the associated phytoplas-
mas. It appears that subgroup 16SrI-B phytoplasmas are the prevalent agents
occurring mainly in Europe, North America and Asia. Phytoplasmas of 16SrXII-A
subgroup are restricted to Europe, whereas phytoplasmas of the 16SrlIl group are
prevalent in Asia and Australia. Also, phytoplasmas of the 16SrIII group have been
mainly identified in diseased vegetable, pulse and oil crops plants in South America.
Like other phytoplasma diseases, a number of these diseases are associated with
genetically different phytoplasmas, up to nine in some instances, which induce

Fig. 2.1. Symptoms of phytoplasma diseases. Upper row from left to right: pepper and celery
infected with 16SrXII-A phytoplasmas from Bosnia and Herzegovina, chicory infected with
16SrIX-C phytoplasmas from north-east Italy. Lower row: tomato infected with 16SrXII-A phyto-
plasmas from north-east Italy, sesame infected with 16SrVI-A phytoplasmas from Turkey
(Courtesy of G. Sertkaya) and carrot infected with aster yellows phytoplasmas from Serbia
(Courtesy of B. Duduk)
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similar symptoms in a given plant host species and occur either within the same
geographic areas or different continents. In many instances, economically important
diseases of vegetable crops have wild plants as alternative hosts.

2.2 Broad Bean (Faba Bean, Vicia faba L.)

Symptoms associated with phytoplasma diseases of broad bean (Fabaceae) include
leaf yellowing, shoe-stringed leaves, phyllody, virescence, shoot proliferation,
witches’ broom, short internodes, replacement of ovary by a pod-like structure,
flower abortion, plant sterility and stunting. Molecular characterization of the
detected phytoplasmas identified 16SrI group from Cuba (Arocha et al. 2007b);
16Sr1I group from Sudan (Alfaro-Fernandez et al. 2012), Saudi Arabia (Al Saleh
and Amer 2014) and Iran (Salehi et al. 2016b); and 16SrIII group from Spain (Castro
and Romero 2004). A phytoplasma has also been detected from broad bean in Egypt
by Hamed et al. (2014), but sequence analysis was not performed. The only insect
vector identified to date is the leafthopper, Orosius albicinctus, that has been shown
to transmit faba bean phyllody phytoplasma in Iran (Salehi et al. 2016b).

2.3 Cabbage (Brassica oleracea L. var. capitata)

Cabbage (Brassicaceae) plants are affected by phytoplasma diseases named as cab-
bage proliferation in the USA (Lee et al. 2003), cabbage stunting in Greece
(Gkavaleka et al. 2012), cabbage witches’ broom in Italy and China (Bertaccini
etal. 1992; Mou et al. 2012) and cabbage yellows in Iran (Salehi et al. 2007a). The
main symptoms of the diseases are similar and include virescence and phyllody,
yellowing, stunting with shortened internodes, proliferation of axillary shoots and
deformation of the leaves (Marcone et al. 1997; Mou et al. 2012). In Hungary, dis-
eased cabbage plants were reported with symptoms of shorter and thicker leaves, a
long thick shoot and root malformation (Fodor et al. 1999). In cabbage prolifera-
tion, diseased plants exhibited purple discoloration of leaves on cabbage heads.
Proliferation of sprouts occurred at the base of the stem and between leaf layers, and
sprouts sometimes continued to proliferate along extended stems (Lee et al. 2003).
Symptoms of aster yellows have been reported in naturally infected cabbage plants
displaying dwarfing and leaf malformation in the USA (Severin and Frazier 1945).
Phytoplasmas belonging to the aster yellows (16SrI) group have been found associ-
ated with cabbage diseases in different countries; in particular, Italy, Hungary,
Greece, the USA and China demonstrated the presence of 16SrI-B phytoplasmas
(Bertaccini et al. 1992; Marcone et al. 1997; Fodor et al. 1999; Lee et al. 2003;
Arocha et al. 2009a; Gkavaleka et al. 2012; Mou et al. 2012). Additionally, phyto-
plasmas affecting cabbages in the USA were demonstrated to belong to the rpl-B
subgroup, and a comprehensive survey in diseased cabbage fields identified
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Macrosteles  quadrilineatus  (=fascifrons), S. irroratus and Ceratagallia
(Aceratagallia) abrupta as potential vectors of the phytoplasma (Lee et al. 2003). In
Iran, phytoplasmas affiliated to 16SrVI-A subgroup were identified in plants
affected by cabbage yellows exhibiting symptoms of yellowing, leaf malformation
(little leaves and opening of the head), stem proliferation and plant stunting.
Circulifer haematoceps is the vector responsible for transmitting the Iranian cab-
bage yellows (ICY) agent. Periwinkle, caulifiower and rape were identified as
experimental hosts of this phytoplasma (Salehi et al. 2007a).

2.4 Carrot (Daucus carota L.)

Carrot (Apiaceae) plants are affected by carrot yellows, witches’ broom and prolif-
eration diseases. Phytoplasma infections associated with carrot yellows disease
have been reported mainly in North America, Europe and Asia. Main symptoms are
yellowing of leaf midribs, which progresses to chlorosis of entire leaves; formation
of upright, chlorotic adventitious shoots; mild bronzing, reddening, or purpling of
older leaves; and reduction in size and quality of taproots with proliferation of sec-
ondary roots (Fig. 2.1). Late in the growing season, flowers of infected plants dis-
play phyllody and virescence, with stunting and chlorosis of the plants. The severity
of this disease became a limiting factor for carrot production in several regions of
the USA (Gabelman et al. 1994), where it was primarily associated with an aster
yellows phytoplasma (Lee et al. 2003, 2006b). In particular, in Texas, phytoplasmas
of subgroups 16SrI-B/rpI-B and 16SrI-A/rpI-A have been reported, whereas in
Oklahoma phytoplasmas of subgroup 16SrI-B/rpI-B have been reported (Lee et al.
2003, 2004b). Phytoplasmas of the aster yellows group were reported also in
Canada (16SrI-A subgroup) (Wang and Hiruki 2005), Israel (Orenstein et al. 1999),
Serbia (16SrI-A/rpI-A and 16SrI-B/rpI-B subgroups) (Duduk et al. 2007, 2008,
2009), Spain (subgroup 16SrI-A in mixed infection with Spiroplasma citri (Cebridn
et al. 2010) and 16SrI-B (Font et al. 1999)), United Kingdom (Nisbet et al. 2014),
Finland (16SrI-A) (Munyaneza et al. 2011), Lithuania (16SrI-A subgroup) (Valiunas
et al. 2001) and Iran (16SrI-B/rpI-L subgroup) (Vali-Sichani et al. 2014). In
Lithuania 16SrI-A subgroup phytoplasmas were detected in plants with prolifera-
tion of the crown, chlorosis of young leaves and reddening of mature leaves
(Valiunas et al. 2001).

Phytoplasmas from other 16S ribosomal groups have been reported associated
with carrots with symptoms resembling yellows disease: 16SrIIl group in Israel
(Orenstein et al. 1999) and Japan (Maejima et al. 2014); 16SrV group in Israel
(Weintraub and Orenstein 2004); 16SrVI-A subgroup in the western USA (Lee
et al. 2003, 2006b) and Russia (Kastal’eva et al. 2016); 16SrIX group in Italy
(Marchi et al. 2015); and 16SrXII-A subgroup in Serbia (Duduk et al. 2008), Spain
(Font et al. 1999), Hungary (Viczidn et al. 1998), Italy (Marchi et al. 2015) and
Russia (Kastal’eva et al. 2016). Carrot witches’ broom (CarWB) disease was
observed in Iran; the main symptoms were little leaf, yellowing, proliferation of
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shoots from taproot, stunting of taproot, virescence, phyllody, leaf reddening and
witches’ broom. The phytoplasmas associated with CarWB disease in Yazd prov-
ince belonged to 16SrII-C subgroup. The disease agent was transmitted by graft and
dodder to periwinkle inducing phytoplasma-type symptoms. Orosius albicinctus
leafhopper was identified as a natural vector of CarWB disease since it was able to
transmit the agent from witches” broom-infected carrot to healthy alfalfa and carrot
plants (Salehi et al. 2016a). Phytoplasmas of the 16SrII group were also identified
in carrot plants in India with symptoms of leaf yellowing, chlorosis and little leaf
(Arocha et al. 2009b) and in Saudi Arabia (16SrII-D) in plants with symptoms of
fasciation, phyllody, hairy roots proliferation, yellow and purple leaves (Omar
2017). M. quadrilineatus (=fascifrons) is the principal vector that transmits phyto-
plasmas of subgroup 16SrI-A in the northeastern region of the USA and in Canada,
whereas Scaphytopius irroratus is a principal vector of phytoplasmas of subgroup
16S1I-B in the western coastal regions, the Midwest and the southern USA (Lee
et al. 2003). In Japan phytoplasmas of the 16SrIII group are transmitted by Ophiola
Sflavopicta (Maejima et al. 2014). In the western coastal USA, 16SrVI-A phytoplas-
mas are transmitted by the beet leathopper, Circulifer tenellus (Lee et al. 2006b). In
Serbia, Macrosteles quadripunctulatus and M. sexnotatus are potential vector spe-
cies of aster yellows phytoplasmas (16SrI-A and 16SrI-B subgroups) and M. laevis
of “stolbur” phytoplasmas (Duduk et al. 2008). Moreover, since some aster yellows-
and “stolbur”’-infected species of the genera Psammotettix and Anaceratagallia
(especially P. confinis and A. laevis) were regularly and commonly found in the
infected carrot fields during the whole vegetative period, Drobnjakovic¢ et al. (2010)
suggested that they could play a significant role in transmitting and spreading these
pathogens.

2.5 Cauliflower (Brassica oleracea L. var. botrytis)

In cauliflower (Brassicaceae) plants, at least three diseases have been attributed to
phytoplasmas. Cauliflower aster yellows were reported in association with naturally
diseased plants with symptoms of flower malformation in the USA (Severin and
Frazier 1945). Cauliflower virescence was described on the basis of transmission
electron microscopy, in plants from commercial fields in north-central Italy.
Diseased plants exhibited dwarfing, shortened internodes, apex rosetting, inflores-
cence malformation (chlorotic little leaves) and phyllody (Bertaccini et al. 1983). In
Brazil the cauliflower stunt disease reported in the states of Sdo Paulo and Rio
Grande do Sul (Rappussi et al. 2012; Canale and Bedendo 2013; Pereira et al. 2016)
was also associated with phytoplasma presence. Diseased plants were stunted and
exhibited reduced plant size, malformation of the inflorescence, reddening of leaves
and vessel necrosis. In some cases, small heads arose at the base of stem. In symp-
tomatic cauliflower plants from commercial fields close to the city of Sdo Paulo, the
associated phytoplasmas belonged to the 16SrIII-J subgroup (Rappussi et al. 2012).
More recently, cauliflower samples collected in the state of Sdo Paulo were found
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infected by a phytoplasma of 16SrVII-B subgroup (Pereira et al. 2016). Interestingly,
phytoplasmas closely related to the 16SrXV-A subgroup were found associated
with the disease in the state of Rio Grande do Sul (Canale and Bedendo 2013). In
2016, a phytoplasma of the 16SrII-A subgroup was found associated with cauli-
flower phyllody (CauPh) in China. The CauPh disease is characterized by the for-
mation of green leaf-like inflorescences with malformed flowers, production of very
few seed pods and rare production of seeds that, however, were able to germinate
and develop into healthy-looking plants (Cai et al. 2016).

2.6 Celery (Apium graveolens L.)

Celery (Apiaceae) plants are affected mainly by yellows and by stunting and phyll-
ody diseases. Celery yellows disease has been reported in North America, Europe,
Japan, Australia and New Zealand. Main symptoms consisted of severe stunting and
yellowing of celery plants (Fig. 2.1). Inner petioles were short, yellow to white in
colour and moderately to severely curved and twisted. Petioles were reported to
become very brittle, with peeling back of the epidermis and cracking in older plants.
In later stages of the disease, the inner heart of the plant was reported to turn brown
and sometimes decay (Severin 1929). Celery yellows has been associated with phy-
toplasmas in the 16Sr1, 16SrIl, 16SrIII and 16SrXII groups. In Europe ‘Ca. P. solani’
(16SrXII-A subgroup) was reported in France (Seemiiller et al. 1998), Spain (Alfaro-
Fernandez et al. 2011), Hungary (Viczidn et al. 1998), Bulgaria (Sakalieva 2016),
Romania (Chireceanu et al. 2016), Czech Republic (Navratil et al. 2009), Italy
(Carraro et al. 2008), Serbia (Ivanovi¢ et al. 2011) and Bosnia and Herzegovina
(Deli¢ et al. 2016). This phytoplasma was also characterized as tuf-type B. In
Northeast Italy, where a severe epidemic of ‘Ca. P. solani’ occurred in celery, H.
obsoletus has been demonstrated to transmit the pathogen to celery plants under
controlled conditions (Carraro et al. 2008). In North America, phytoplasmas of the
aster yellows group (16SrI) have been reported to be associated with celery diseases,
in particular phytoplasmas of the 16SrI-B subgroup in California, USA (Lee et al.
1993), and phytoplasmas of the 16SrI-A subgroup in Canada as the agent of the
celery proliferation disease (Wang and Hiruki 2005). Phytoplasmas in the 16SrI-B
subgroup were described also in Europe in Alicante, Spain (Alfaro-Fernandez et al.
2011). In Australia, a phytoplasma of the 16SrII-D subgroup was detected in a cel-
ery plant from southern Queensland showing stunting, chlorosis and reddening of
the leaf tips which is transmitted by the leathopper vector Orosius argentatus (Tran-
Nguyen et al. 2003). In New Zealand ‘Ca. P. australiense’ (16SrXII-B) has been
identified in celery plants with symptoms of pink and yellow foliage and leaf defor-
mation (Liefting et al. 2011); the polyphagous-feeding behaviour of the insect
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vector Zeolarius oppositus suggests that it may also be moving the phytoplasma into
celery. In Japan a phytoplasma from the 16SrIII group has been found associated
with celery yellows syndrome transmitted by O. flavopicta (Maejima et al. 2014). A
new disease named celery stunting and phyllody has been described in South
Bohemia (Czech Republic) showing purplish/whitening of leaves on newly growing
leaves only in the early stages of infection. Other symptoms revealed in the course
of 2 months were small leaves, premature flowering, severely bushy tops, virescence
and phyllody of inflorescences. Phytoplasmas of 16SrI-C/rpI-C subgroups have
been associated with this disease (Franova and Spak 2013).

2.7 Chayote [Sechium edule (Jacq.) Sw.]

Chayote (Cucurbitaceae) witches’ broom (ChWB) disease was first observed in the
1960s in the state of Rio de Janeiro, Brazil. In the following decade, transmission
electron microscopy (TEM) studies revealed the presence of phytoplasmas, and the
disease was further reported in other states of Brazil (Robbs and Kitajima 1977,
Kitajima et al. 1981). ChWB disease has been reported in Mexico and Taiwan, on
the basis of TEM observations (Chou et al. 1976; Olivas 1978), and in Costa Rica
(Villalobos et al. 2002). The main symptoms are plant basal proliferation, witches’
broom, generalized stunting and yellowing, leaf and fruit malformation and flower
and fruit drop (Robbs and Kitajima 1977; Kitajima et al. 1981; Montano et al. 2000;
Villalobos et al. 2002). The phytoplasma associated with ChWB in Brazil is affili-
ated to the subgroup 16SrIII-J (Montano et al. 2000), whereas in Costa Rica, it is a
member of the 16SrI-B subgroup (Villalobos et al. 2002). The epidemiology of
ChWB disease is still poorly understood in Brazil, except for the fact that bitter
gourd (Momordica charantia) is considered an alternative host of the phytoplasma.
Vegetating nearby chayote fields, symptomatic bitter gourd showing witches’ broom
were infected by subgroup 16SrIII-J phytoplasma. Although no transmission of the
ChWB from chayote to bitter gourd and vice versa was accomplished, M. charantia
is implicated as a potential inoculum source for infection of commercial chayote
(Montano et al. 2000). The involvement of insect vectors in the dissemination of
16StIII-J phytoplasmas among species of the family Cucurbitaceae is probable,
since strains close to 16SIII-J phytoplasmas were also found associated with pump-
kin yellows in fields next to chayote crops (Montano et al. 2006). In Costa Rica, two
16SrI-B phytoplasma-infected cucurbits were found growing near chayote fields:
tacaco (Sechium tacaco) showing severe size reduction of leaves and fruits and
Rytidostylis carthaginensis exhibiting abnormal tendril proliferation. These find-
ings suggest that they may act as a reservoir of the ChWB phytoplasma in that epi-
demic (Villalobos et al. 2002).
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2.8 Chickpeas (Cicer arietinum L.)

The only phytoplasma recorded in chickpea (Fabaceae) is from the 16SrII group,
and the associated disease is commonly referred to as chickpea phyllody phyto-
plasma (Fig. 2.2). This disease has been recorded from India (Pallavi et al. 2012),
Pakistan (Akhtar et al. 2009a), Sudan (Alfaro-Fernandez et al. 2012), Australia
(Saqib et al. 2005) and Oman (Al-Saady et al. 2006). The symptoms of chickpea

Fig. 2.2 Symptoms of phytoplasma diseases in Indian crops. From left to right: upper row, tomato
big bud and brinjal little leaf (Courtesy of G.P. Rao); middle row, toria phyllody (Courtesy of
M. Azdavar), sesame phyllody and lettuce witches’ broom; lower row, brassica flat stem and shoot
proliferation and chickpea stunt (Courtesy of G.P. Rao)
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phyllody differ between countries. The common and most characteristic symptom
is phyllody that may only appear on part of the plant, and the rest of the plant bears
normal flowers. Other symptoms include shoot proliferation, stunting, leaf yellow-
ing and reddening and the production of small leaves. Seeds developed on partially
infected plants are undersized, shriveled and discoloured and have a bitter taste. In
Pakistan, the vector of chickpea phyllody phytoplasma has been identified as the
leathopper Orosius orientalis (Akhtar et al. 2009a).

2.9 Common Chicory (Cichorium intybus L.)

Common chicory (Asteraceae) plants are affected by the chicory phyllody (ChiP)
and fasciation diseases. The most characteristic symptoms of chicory phyllody are
yellowing, proliferation of slender secondary shoots (proliferation of axillary buds),
small leaves, virescence and phyllody (Fig. 2.1) (Ermacora et al. 2013; Marcone
2011). The disease has been reported in Italy and Australia. In Italy, ChiP is associ-
ated with two phytoplasmas which induce the same symptoms, one belongs to the
pigeon pea witches’ broom group (subgroups 16SrIX-C, rp(IX)-C1 and secY (IX)-
C1) (Ermacora et al. 2013; Martini et al. 2013) and the other to the peanut witches’
broom group (subgroup 16SrII-E) (Marcone 2011). Field surveys and molecular
analyses determined that alternative plant hosts of ChiP phytoplasma are wild her-
baceous plant species in the Asteraceae family, such as Erigeron annuus (annual
fleabane) and Picris echioides (bristly oxtongue) for the phytoplasma of the sub-
group 16SrIX-C (Ermacora et al. 2013; Martini et al. 2013) and Taraxacum offici-
nale (dandelion) and Picris echioides (bristly oxtongue) for the phytoplasmas of the
subgroup 16SrII-E (Marcone 2011). Molecular analyses of the insects captured in
the field and transmission trials demonstrated that the vector of ChiP phytoplasma
of the 16SrIX-C subgroup is the leathopper Neoaliturus fenestratus (Ermacora et al.
2013). In Australia a phytoplasma of the 16SrII-D subgroup was detected in a chic-
ory plant from southern Queensland with little leaf and phyllody symptoms which
is transmitted by O. argentatus (Tran-Nguyen et al. 2003). A phytoplasma-associated
disease was also detected in Serbia in 2012 showing characteristic symptoms of
fasciation in wild plants, proliferation of chicory shoots and flowers, flattening of
the stem with a large number of filamentous leaves, contortion and abnormal growth
of flowers on the stem (typical fasciation symptoms) and sterility of flowers.
Molecular analysis demonstrated that phytoplasmas infecting these chicory plants
belong to ‘Ca. P. solani’, 16SrXII-A subgroup (Pavlovic et al. 2014). Puna (or
Grasslands Puna) chicory (Cichorium intybus L.) plants with flat stem (PCFS) dis-
ease were observed in an experimental field in Shaanxi Province, China. Infected
plants exhibited abnormal leaf, shoot distortion, flat main stem and a cluster of
inflorescence (Li et al. 2012). Molecular analysis demonstrated that the PCFS phy-
toplasma belongs to subgroup 16SrV-B; thus PCFS may represent an alternative
host of jujube witches’ broom phytoplasma.
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2.10 Eggplant (Solanum melongena L..)

Eggplant (Solanaceae) is affected by brinjal little leaf (BLL) (Fig. 2.2), one of the
most important diseases in this plant (Rao and Kumar 2017). The main symptoms
include little leaf, witches’ broom, phyllody, proliferated shoots, internode shorten-
ing, severe growth stunting, giant calyx and fruits of small and abnormal size.
Excessive root branching is also reported together with flower malformation and
sterility. The yield loss reaches 100% in the severely diseased plants. The presence
of phytoplasmas in the phloem cells was confirmed by TEM (Shantha and
Lakshmanan 1984). Phytoplasma diseases in eggplant are prevalent in Asian,
American and African continents, in particular Italy (Martelli et al. 1969; Paltrinieri
et al. 2010), India (Kumar et al. 2012), Bangladesh (Siddique et al. 2001; Kelly
et al. 2009), Japan (Okuda et al. 1997), Egypt (Omar and Foissac 2012), Iran
(Tohidi et al. 2015), Oman (Al-Subhi et al. 2011), Turkey (Sertkaya et al. 2007),
Russia (Ember et al. 2011), Australia (Davis et al. 1997) and Brazil (Amaral-Mello
etal. 2011).

To date, phytoplasmas belonging to six ribosomal groups including 16Srl,
16SrIl, 16SrIIl, 16SrVI, 16SrIX and 16SrXII groups have been identified in egg-
plant (Rao and Kumar 2017). In particular, phytoplasmas of 16SrI group have been
reported from Japan (16Srl-B), Bangladesh and India (Okuda et al. 1997; Kelly
et al. 2009; Kumar et al. 2012); 16SrII-D subgroup from Australia, Oman, Egypt,
Iran and India (Davis et al. 1997; Al-Subhi et al. 2011; Omar and Foissac 2012;
Siampour et al. 2012; Yadav et al. 2016); 16SrIII-B, 16SrIII-J and 16SrIII-U sub-
groups from Brazil (Barros et al. 1998; Amaral-Mello et al. 2011); 16SrVI-A sub-
group from Turkey (Sertkaya et al. 2007); 16SrVI-D subgroup from Bangladesh
and India (Siddique et al. 2001; Azadvar and Baranwal 2012); 16SrIX-C subgroup
from Iran (Tohidi et al. 2015); and 16SrXII-A from Russia and Turkey (Ember et al.
2011; Rao and Kumar 2017). Datura inoxia, D. stramonium, Cannabis sativa subsp
sativa, Portulaca oleracea and Portulaca grandiflora were reported as alternative
hosts for eggplant phytoplasma in India that was also dodder transmitted to tomato,
potato and tobacco (Rao and Kumar 2017). In India, the leathopper Hishimonus
phycitis was demonstrated as the vector of BLL phytoplasma (16SrVI-D) (Azadvar
and Baranwal 2012). It is able to infect eggplant at any stage of growth with an
acquisition access feeding of 72 hours followed by an inoculation access period of
7 days (Rao and Kumar 2017). In Japan Macrosteles striifrons was proven to trans-
mit 16Srl-B phytoplasma associated with eggplant dwarf (Okuda et al. 1997).

2.11 Groundnuts (Peanuts, Arachis hypogaea L..)

Peanut (Fabaceae) plants are affected by peanut witches’ broom (PnWB) disease
first reported in Java. Since then PnWB was reported with a high incidence in a geo-
graphically isolated area of Taiwan, the Penghu Islands (Yang 1975), Indonesia and
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the Philippines. The disease is also known to occur in India, Thailand, Japan, China,
Papua New Guinea (Reddy 1984) and Australia (Davis et al. 1997). The main symp-
toms are proliferation of axillary buds and reduction of internodes leading to bushy
plants, small pale yellow leaves and upward growth of the pod stalks due to loss of
positive geotropism resulting in the loss of pod formation. The phytoplasma associ-
ated with PnWB from Taiwan belongs to the 16SrII-A subgroup (Lee et al. 1998).
The disease agents are transmitted by the insect vector O. orientalis. The minimum
periods of acquisition and inoculation feeding are 6 hours and 1 hour, respectively.
The minimum incubation period in the vector is 11 days (Yang and Wu 1990). Host
range studies by insect vector transmission confirmed that peanut, tomato, potato,
alyce clover, purple bean, globe amaranth, periwinkle, [pomea obscura and Ipomea
triloba were susceptible to PnWB (Yang 1985). In Taiwan, the phytoplasma associ-
ated with PnWB was proven to be serologically and genetically related to sweet
potato witches’ broom (SPWB) phytoplasma (Shen and Lin 1993; Lee et al. 1998).
In Australia, TBB (16SrII-D) and SPLL-V4 phytoplasmas have been found associ-
ated with peanut plants showing witches’ broom in Queensland (Davis et al. 1997)
and little leaf symptoms in the Northern Territory (Wilson et al. 2001).

2.12 Lettuce (Lactuca sativa L.)

Lettuce (Asteraceae) plants are affected by phytoplasma-associated diseases includ-
ing yellows and phyllody (Fig. 2.2). Lettuce yellows has been reported from various
countries including the USA (Errampalli et al. 1991), Canada (Lee et al. 1993), Italy
(Vibio et al. 1994; Marcone et al. 1997) and Czech Republic (Navritil et al. 1999).
The main symptoms of lettuce yellows are chlorosis and the production of latex-like
ooze droplets on leaf and stem surfaces at the late stage of infection. The ooze is
initially milky white and darkens with time. Strain AY-WB (aster yellows witches’
broom) is associated with vein clearing followed by chlorosis, stunting, necrosis,
bolting and finally plant death (Zhang et al. 2004). Phytoplasmas of the aster yel-
lows group (16Srl) are commonly associated with the disease. In Canada, New
Jersey and Oklahoma (USA), a subgroup 16SrI-A/rpl-A/tufl-A (NJAY) phyto-
plasma was identified in lettuce, while in Italy and New York state (USA), the phy-
toplasma detected in similar epidemics belonged to subgroup 16SrI-B, tufl-B (for
the Italian strain) (Lee et al. 2004b; Seemiiller et al. 1998). In Ohio (USA) phyto-
plasmas of both ribosomal subgroups have been detected (Zhang et al. 2004). In the
Great Lakes region of the USA, M. quadrilineatus is the predominant vector for
aster yellows (Hoy et al. 1992), which affects many different plant species, but can
have particular economic importance on lettuce and other vegetables (e.g. carrots
and celery) affecting large acreage of crops in certain years with disease incidence
up to 100% in some fields. Leathoppers, predominately female, move into the
Midwest and from areas as far south as Texas, Oklahoma, Arkansas and Louisiana
on storm fronts (Hoy et al. 1992). Migrants feed on winter wheat and oats and move
into lettuce and other crops once they emerge. Colonizing leafhoppers can be
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infected with phytoplasmas, acquired before or during migration, and can infect
crops immediately or soon after arrival. Lettuce phyllody (LP) have been reported
from Australia (Seemiiller et al. 1998) and Iran (Salehi et al. 2007b). In Iran, LP is
an economically important disease; in surveys from 2002 to 2004, LP was observed
in many lettuce fields, especially lettuce-seed fields in Fars province with an inci-
dence rate of up to 70%. The main symptoms of lettuce phyllody in Iran were flower
virescence, phyllody, proliferation and sterility, proliferation of shoots with small
and deformed leaves from stem and crown and witches’ broom. In Australia lettuce
phyllody was associated with a phytoplasma related to 16SrIl group (Seemiiller
et al. 1998) whereas in Iran with a phytoplasma of the 16SrIX-D subgroup (Salehi
et al. 2007b). In Iran the same phytoplasma was also associated with wild lettuce (L.
serriola) phyllody (WLP) which occurs in epidemic proportions during the fall in
central and southern provinces, especially in Fars. Agents of both diseases, LP and
WLP, were successfully transmitted using N. fenestratus from infected lettuce or
wild lettuce to lettuce, wild lettuce, periwinkle and sowthistle (Sonchus arvensis),
but not to safflower, sunflower, calendula and sesame (Salehi et al. 2007b). A
16SrIX-related phytoplasma was reported previously as being associated with
sowthistle phyllody in Iran (Salehi et al. 2005). Sowthistle as a spring weed, and
wild lettuce as a common biennial weed, can therefore serve as a reservoir of LP and
as a source of primary inoculum in the spring (Salehi et al. 2007b).

2.13 Loofah (Luffa spp.)

Loofah (Cucurbitaceae) plants are affected by loofah witches’ broom (LfWB) and
luffa little leaf diseases. LfFWB has been reported for the first time on the basis of
symptomatology in Ping-tung district, Taiwan (Yang et al. 1974). The association
of phytoplasmas with diseased loofah was demonstrated by TEM (Chung et al.
1975). The LfWB has been reported also in Brazil, in the State of Rio de Janeiro,
where it is characterized by witches’ broom, generalized stunting and yellowing,
fruit malformation and aborted seeds (Montano et al. 2007). Phytoplasmas affili-
ated to distinct 16Sr groups have been identified as agents of LfWB disease from
Taiwan and Brazil (Lee et al. 1993; Montano et al. 2007). The LfWB phytoplasma
from Taiwan is ‘Ca. P. luffae’ assigned to subgroup 16SrVIII-A (loofah witches’
broom) (Lee et al. 1998), whereas the phytoplasma associated with the same dis-
ease from Brazil was identified as belonging to subgroup 16SrIII-J, as reported
from other cucurbit diseases in this country. Epidemiological studies concerning
field transmission of LfWB phytoplasma revealed that Hishimonus concavus can be
considered the vector for the disease (Chang 1975). A survey searching for possible
field vectors in epidemic areas confirmed that among H. concavus, Tartessinae sp.,
Eupelicinae sp. and Coelidiinae sp. captured in southern Taiwan from nine loca-
tions near infected loofah plants, only H. concavus was positive for LFWB phyto-
plasma (Kuan et al. 2008). The disease luffa little leaf has been reported in India.
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Main symptoms are the development of leaves of minute size, recorded as one-fifth
the size of a normal leaf. The phytoplasma associated was identified as belonging
to group 16SrI (Kumar et al. 2010).

2.14 Mustard (Brassica rapa L.)

Sarson and toria (Brassicaceae) are important oilseed crops used for cooking oil and
fodder in Asia. The molecular characterization of the toria phyllody phytoplasma
confirmed the presence of a phytoplasma from the pigeon pea witches’ broom group
(Azadvar et al. 2009). Symptoms include phyllody, virescence, witches’ broom,
extensive malformation of the floral parts and flower sterility. The phytoplasma was
detected in different plant parts including midribs, flowers, siliques, stems, roots
and seeds. Toria phyllody disease was reported to be transmitted by grafting and by
dodder, and additional plant hosts are yellow sarson (B. rapa L. subsp. trilocularis),
brown sarson (B. rapa subsp. sarson) and rapeseed (B. napus subsp. oleifera). This
phytoplasma was also detected in Laodelpax striatellus, an abundant planthopper in
toria fields at IARI, New Delhi, indicating this as a potential vector (Azadvar et al.
2011). Clover proliferation (16SrVI) and rice yellow dwarf group (16SrXI) groups
were reported in mustard (B. juncea) in India associated with flat stem, phyllody,
witches’ broom and virescence symptoms (Rao et al. 2016) (Fig. 2.2). In Pakistan,
sarson samples showing symptoms similar to those observed in Indian samples
were determined to belong to a new ribosomal subgroup, 16SrIX-H, and transmit-
ted by the leathopper, O. albicinctus (Ahmad et al. 2017).

2.15 Onion (Allium cepa L.)

Onion (Amarillidaceae) plants are predominantly affected by onion yellows disease
which has been reported in the USA, Canada, Japan, Italy, Czech Republic,
Lithuania, Pakistan, Korea, Mauritius, Saudi Arabia and Egypt. In bulb crops, foliar
symptoms begin as yellow and green streaks at the base of young leaves. Affected
leaves will flatten and occasionally twist and intertwine. Eventually, entire leaves
become yellow. In seed crops, the umbel will have a star-burst appearance with
elongated pedicels and distorted flowers. The most striking symptom is the produc-
tion of bulbils or bulblets instead of seeds in the umbel. This important vegetable
grown worldwide was found to be infected with phytoplasmas of the 16SrI, 16SrII,
16SrVI and 16SrXII groups. There are many reports of group 16SrI phytoplasmas
infecting onion around the world: 16SrI-A/rpI-A subgroup in Texas (USA) (Lee
et al. 2003), 16SrI-A subgroup in Canada (Khadhair et al. 2002), 16SrI-B subgroup
in Japan and Italy (Vibio et al. 1995; Lee et al. 2004b), 16SrI-A/rpI-A and 16SrI-L/
rpl-B/secYI-B subgroups in Lithuania (Jomantiene et al. 2010), 16StI in Pakistan
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(Ahmad et al. 2015) and Korea (Jung et al. 2012) and 16SrI-B subgroup in Mauritius
(Gungoosingh-Bunwaree et al. 2010). Infection of phytoplasmas from other ribo-
somal groups have also been reported in Saudi Arabia and Egypt where onion plants
with yellowing, streaks and twisting of leaves were found infected with phytoplas-
mas of 16SrII-D subgroup (Omar 2017; El-Sisi et al. 2017). A phytoplasma of clo-
ver proliferation group, subgroup 16SrVI-A, was identified from symptomatic
onion collected in Texas (USA) (Lee et al. 2003), whereas phytoplasmas of
16SrXII-A subgroup were identified in onion from Mauritius (Gungoosingh-
Bunwaree et al. 2010). In North America the main vector of the disease is M.
quadrilineatus, but it was also transmitted to onion plants by Colladonus montanus,
C. geminatus and Acinopterus angulatus (Severin and Frazier 1945). In Japan,
onion yellows is transmitted by Macrosteles striifrons, Hishimonus sellatus, and
Hishimonoides sellatiformis (Maejima et al. 2014).

2.16 Pepper (Capsicum annuum L.)

Pepper (Solanaceae) is affected by “stolbur” and other phytoplasma-associated dis-
eases. Typical symptoms of “stolbur” in infected pepper plants are leaf yellowing
followed by leaf cupping, shortening of internodes, stunting, wilting (Fig. 2.1), fruit
deformation and plant decline. The “stolbur” phytoplasma, ‘Ca. P. solani’, was
reported in pepper in Hungary (Viczidn et al. 1998), France (Cimerman et al. 2009),
Italy (Murolo et al. 2010), Czech Republic (Fialova et al. 2009), Serbia (Mitrovi¢
et al. 2013), Bulgaria (Vlahova 2015), Russia in Volga and North Caucasian regions
(Kastal’eva et al. 2016) and Bosnia and Herzegovina (BiH) in Semberia region
(Delic¢ et al. 2016). “Stolbur”-like symptoms were reported in sweet and chilli pep-
per varieties associated with phytoplasmas from the clover proliferation (16SrVI)
group in Spain, West Azerbaijan, Turkey, Russia, Lebanon, New Mexico and
Mexico (Castro and Romero 2002; Zibadoost et al. 2016; Sertkaya et al. 2007;
Kastal’eva et al. 2016; Choueiri et al. 2007; Randall et al. 2009; Mauricio-Castillo
et al. 2015). In Turkey the associated phytoplasma belongs to the 16SrVI-A sub-
group (Sertkaya et al. 2007), whereas in Mexico the phytoplasma strains were
placed into two subgroups, 16SrVI-A and 16SrVI-J (Mauricio-Castillo et al. 2015;
Swisher et al. 2017). Potential insect vectors found infected by PCR with 16SrVI-A
phytoplasmas are O. orientalis in Turkey (Sertkaya et al. 2007) and C. tenellus in
Mexico (Swisher et al. 2017). Other phytoplasma diseases in pepper characterized
by little leaves, witches” broom, crowding of leaves and stunting were associated
with phytoplasmas of the aster yellows group (16Srl) in India, Mexico, Cuba and
Central region of Russia and China (Khan and Raj 2006; Santos-Cervantes et al.
2008; Arocha et al. 2007b; Kastal’eva et al. 2016; Zheng-Nan et al. 2013). In China
the phytoplasma associated with pepper witches’ broom belongs to subgroup
16S1I-B (Zheng-Nan et al. 2013), whereas in Mexico the phytoplasma associated
with pepper little leaf belongs to subgroup 16SrI-S (Santos-Cervantes et al. 2008).
In China Cicadella viridis was found infected with 16SrI-B phytoplasma in
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cultivated pepper (Zheng-Nan et al. 2013). In Iran and Indonesia, phytoplasmas of
the 16SrIl group were identified in pepper with symptoms of yellowing, big bud,
little leaf and virescence (Faghihi et al. 2016; Harling et al. 2009). In Australia phy-
toplasmas of 16SrII-D subgroup were detected in pepper from southern Queensland
(Tran-Nguyen et al. 2003). In Bolivia, Arocha et al. (2010) detected a phytoplasma
from the 16SrIII group associated with leaf size reduction and shortening of inter-
nodes in sweet pepper. Pepper plants infected with the same phytoplasma group
were reported also in Volga and Central regions of Russia where potential vectors
are Euscelis incisus and Aphrodes bicinctus that were found positive for 16SrIII
group phytoplasmas in the Moscow region and Psammotettix striatus in the Samara
region (Girsova et al. 2016; Kastal’eva et al. 2016). In Costa Rica, a purple vein
syndrome characterized by dark green and rugose leaves, a zigzag pattern to the
midvein and purple vein discoloration, was recorded on sweet pepper infected with
‘Ca. P. costaricanum’ (16SrXXXI group) (Lee et al. 2011).

2.17 Pigeon peas (Cajanus cajan L.)

The best known phytoplasma disease of pigeon peas (Fabaceae) is associated with
pigeon pea witches’ broom phytoplasma classified in the 16SrIX group. This phy-
toplasma has been recorded from China, Mexico, Myanmar, India and Puerto Rico
(Caicedo et al. 2015). Symptoms include excessive proliferation and clustering of
branches with small pale green leaves. Infected plants rarely produce flowers and
pods; if flowers are produced, they appear in clusters with elongated pedicels. In
Puerto Rico, the potential vectors of pigeon pea witches” broom phytoplasma are
Empoasca kraemeri, Melormenis antillarum and Colpoptera maculifrons. Other
phytoplasmas known to infect pigeon peas are from the 16SrI and 16SrII groups.
The 16Sr1I group and 16SrIX-C subgroup phytoplasmas were reported from India
associated with symptoms of little leaves, shortening of internodes and petioles
resulting in a bunchy appearance and whole plant stunting (Raj et al. 2006; Rao
et al. 2017b). In Australia, the 16SrlII group phytoplasma induces stunting of apical
stems, conversion of petals to green leaf-like structures (phyllody) and sterility of
plants (Yang et al. 2013).

2.18 Potato (Solanum tuberosum L..)

Potatoes (Solanaceae) are affected by several phytoplasma diseases including “‘stol-
bur”, witches’ broom, purple top and others (Klein 2001), which have increasing
importance in many potato-producing areas around the world. Symptoms of “stol-
bur” on potato plants include upward rolling and purplish or red discoloration of the
top leaves, shortened internodes, aerial tubers, early senescence and, finally, plant
wilt and death. In addition, “stolbur” infection increases the sucrose content of
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tubers by three- to six-fold severely affecting the suitability of tubers for fried potato
processing (Lindner et al. 2011). Phytoplasmas from nine 16Sr groups including
16Sr1, 16SrlIl, 16Srlll, 16SrV, 16SrVI, 16SrVIII, 16SrXII, 16SrXIII and 16SrXVIII
have been identified in potato. In Europe (Belgium, Greece, Serbia, Montenegro,
Romania) and Russia, phytoplasmas from subgroup 16SrXII-A (‘Ca. P. solani’) are
the most frequently identified in potato plants. Symptoms resembling “stolbur’ are
prevalent, but round leaf disease, potato witches’ broom and potato purple top wilt
also occurred (Tahzima et al. 2013; Holeva et al. 2014; Girsova et al. 2016; Ember
etal. 2011; Jovi¢ et al. 2011; Kastal’eva et al. 2016; Mitrovi¢ et al. 2016; Radonji¢
et al. 2016). In Romania and southern Russia, the phytoplasma was also detected in
other solanaceous crops and weeds (Convolvulus arvensis, Cuscuta sp. and
Euphorbia falcata) in the vicinity of the surveyed potato fields. In addition, tuf
genotyping revealed that all “stolbur” strains detected in potato and other plants
were of tuf-type B, a genotype known to be associated with C. arvensis (Ember
etal. 2011), suggesting that this weed could constitute a source of inoculum for the
strains infecting potatoes in these countries. In the Samara region of Russia, phyto-
plasmas from 16SrXII-A were identified in Hyalesthes obsoletus and Pentastiridius
leporinus (Kastal’eva et al. 2016). In Serbia H. obsoletus, Reptalus panzeri and R.
quinquecostatus tested positive for ‘Ca. P. solani’; moreover semi-field experiments
with naturally ‘Ca. P. solani’-infected H. obsoletus and R. panzeri confirmed the
ability of both species to successfully transmit the pathogen to potato plants and
induce symptoms characteristic of “stolbur” disease (Mitrovi¢ et al. 2016). Girsova
et al. (2016) and Kastal’eva et al. (2016) also identified phytoplasmas of subgroups
16SrI-B, 16SrI-C and 16SrI-P, 16SrVI-A and 16SrVI-C (West Siberian and Central
regions), 16SrIII-B (Northern region, Central and Black earth regions) and 16SrII-A
(North Caucasian and Central region) in potato plants from Russia. In a survey for
potential vectors in the central region, Euscelis incisus and Macrosteles laevis were
the prevalent species detected as phytoplasma carriers for group 16SrlIll and group
16511 (Girsova et al. 2016), respectively. In Asia, surveys for potato phytoplasmas
were carried out in Iran, China and Korea. In the production areas of central, west-
ern and northwestern regions of Iran, potato plants with symptoms of potato purple
top disease (PPTD) were infected by ‘Ca. P. solani’, ‘Ca. P. asteris’ and ‘Ca. P. tri-
folii’ (Hosseini et al. 2011). In Yunnan and Inner Mongolia regions of China, potato
plants exhibiting symptoms including rosette and upright growth, upward rolling,
yellowing and purpling of leaves, shortened and thickened internodes and formation
of aerial tubers revealed the presence of phytoplasmas from ‘Ca. P. fragariae’
(16SrXII-E subgroup) and several strain variants designated into subgroup 16SrXII-I
(Cheng et al. 2015). In Korea, ‘Ca. P. luffae’-related phytoplasmas (16SrVIII group)
have been associated with potatoes exhibiting symptoms of potato witches’ broom
disease (Jung et al. 2003). Little leaf disease symptoms were observed in potato
crops grown in Uttar Pradesh (India) and found infected with a phytoplasma isolate
assigned to 16SrI-B subgroup (Tiwari et al. 2013). In North America and Mexico,
phytoplasmas have been associated with potato witches’ broom (PWB) and potato
purple top wilt (PPT) diseases. PWB disease is attributed to phytoplasmas belong-
ing to subgroup 16SrVI-A, whereas PPT disease is associated with group 16Srl
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subgroups 16SrI-A, 16SrI-B, 16SrI-S, 16StI-T, 16SrI-U and 16SrI-V; group 16SrIl
subgroups 16SrII-C and 16SrII-M; group 16SrIIl subgroups 16SrIII-S and
16Sr1II-M; subgroup 16SrVI-A; subgroup 16SrXIII-D; and ‘Ca. P. americanum’
from 16SrXVIII-A and 16SrXVIII-B subgroups (Gutiérrez-Ibafiez et al. 2012;
Khadhair et al. 2003; Lee et al. 2004a, 2004b, 2006a, 2009; Leyva-Lépez et al.
2002; Santos-Cervantes et al. 2010; Secor et al. 2006). The beet leathopper C. fenel-
lus transmits the PPT phytoplasma (subgroup 16SrVI-A) to potato in the Columbia
Basin of Washington, USA (Munyaneza et al. 2006), while Macrosteles is the major
vector of aster yellows phytoplasma in the north central USA. In Bolivia a disease
locally known as “brotes grandes”, was prevalent in potato fields in the valleys of
Chilon, Saipina, Pulquina and Comarapa and found associated with a phytoplasma
of the aster yellows (16Sr]) group. In addition, the mora-mora vine (Serjania peru-
lacea) with little leaf symptoms in hedgerows surrounding potato fields in La
Tranca, Santa Cruz Province, may act as a reservoir for this phytoplasma (Jones
et al. 2005). In Colombia, phytoplasmas related to 16SrV and 16SrXII groups were
identified in the potato variety Criolla Colombiana (Mejia et al. 2011). In New
Zealand, potato plants with symptoms of upward rolling and purpling from a com-
mercial crop showed the presence of ‘Ca. P. australiense’ (16SrXII-B subgroup)
(Liefting et al. 2009). The only other known hosts of ‘Ca. P. australiense’ in New
Zealand are strawberry and native plants belonging to the genera Cordyline,
Coprosma and Phormium. In Australia, ‘Ca. P. australiense’ is associated with
Australian grapevine yellows and papaya dieback. Potential vector of this pathogen
is Zeoliarus oppositus, a polyphagous planthopper which is able to vector ‘Ca. P.
australiense’ to both Coprosma robusta and Cordyline australis (Winks et al. 2014).

2.19 Sesame (Sesamum indicum 1.)

Sesame (Pedaliaceae) is an oilseed plant that is one of the most economically impor-
tant hosts of phytoplasmas. S. indicum plants are affected by sesame phyllody (SP)
(Figs. 2.1 and 2.2), a very important disease especially in tropical and subtropical
areas of the world where it causes significant economic losses (Rao et al. 2015). The
major symptoms of the disease are phyllody, flower virescence, witches’ broom,
shoot-tip fasciation, flattening of the shoot apex, intense leaf and flower bud prolif-
eration and cracking of seed capsules. In addition to this, infected plants exhibit
reduction of internode distance and of leaf size. The carpels are transformed into a
leaf fusion at the margins (Fig. 2.1) (Rao et al. 2015). The disease was reported for
the first time in Burma (Myanmar), and today, it has been described in many parts
of the world, mainly in Asian and African countries: Israel (Klein 1977), Thailand
(Choopanya 1973; Nakashima et al. 1995), Pakistan (Akhtar et al. 2009b), Oman
(Khan et al. 2007a), India (Khan et al. 2007b; Kumar et al. 2011b; Nabi et al. 2015a;
Madhupriya et al. 2015), Iraq (Tamimi et al. 1989), Myanmar (Win et al. 2010),
Turkey (Sertkaya et al. 2007; Ikten et al. 2014), Sudan, Nigeria, Tanzania, Ethiopia,
Venezuela, Mexico (Kolte 1985), Burkina Faso (Desmits and Laboucheix 1974) and
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Taiwan (Tseng and Deng 2014). The first evidence of phytoplasma association with
the disease was described by Cousin et al. (1971). The four phytoplasma groups
16S1I, 16SrIl, 16SrVI and 16SrIX have been reported as associated with sesame
phyllody disease: 16SrI-B in Myanmar, India and South Korea (Lee 2004; Win
etal. 2010; Nabi et al. 2015a; Madhupriya et al. 2015); 16SrII-A in Taiwan, Thailand
and India (Nakashima et al. 1995; Tseng and Deng 2014; Singh et al. 2016);
16S1II-C in India (Madhupriya et al. 2015; Nabi et al. 2015a); 16SrII-D in Pakistan,
Turkey, India, Oman and Iran (Akhtar et al. 2009b; Khan et al. 2007a; Ikten et al.
2014; Madhupriya et al. 2015; Salehi et al. 2016¢); and 16SrVI-A and 16SrIX-C in
Turkey and Iran (Sertkaya et al. 2007; Ikten et al. 2014; Salehi et al. 2016c). Several
phytoplasma subgroups have been reported associated with SP within the same
country: in Turkey and Iran phytoplasmas of the three ribosomal subgroups
16S1II-D, 16SrVI-A and 16SrIX-C and in India phytoplasmas of the four subgroups
16S11-B, 16SrII-A, 16SrII-C and 16SrII-D. Two leathoppers, Circulifer (Neoaliturus)
haematoceps (Mulsant and Rey) and O. orientalis (Matsumura) albicinctus (Distant)
were identified and reported as vectors of sesame phyllody disease in Turkey
(Baspinar et al. 1993; Kersting 1993; Ikten et al. 2014) and in Iran (Salehi and
Izadpanah 1992; Esmailzadeh Hosseini et al. 2007). C. haematoceps was also iden-
tified as a vector in Sudan (Kolte 1985) and O. orientalis in Pakistan, India and
Israel (Klein 1977; Kolte 1985; Selvanarayanan and Selvamuthukumaran 2000;
Akhtar et al. 2009b; Pathak et al. 2012). Very recently in Iran, it was shown that C.
haematoceps transmitted 16SrII-D, 16SrVI-A and 16SrIX-C phytoplasmas, while
O. albicinctus only transmitted 16SrII-D strains. This is in agreement with reports
from Turkey demonstrating the transmission of only 16SrII-D phytoplasma by this
insect vector (Ikten et al. 2014). It seems that in sesame fields, O. albicinctus is the
vector of 16SrII phytoplasmas, and this and the other sesame phyllody-associated
phytoplasmas are vectored by C. haematoceps or other, still not known, insect vec-
tors (Salehi et al. 2016c¢). Orosius cellulosus was identified as vector in Burkina
Faso (Upper Volta) (Desmits and Laboucheix 1974), and recently H. phycitis was
identified in India based on 16SrI-B phytoplasma detection in insects and transmis-
sion assays (Nabi et al. 2015b). Phyllody disease is not restricted to the cultivated
species of Sesamum, but it has been also observed in S. alatyun, S. indicatum, S.
occidentale and S. radiatum (Rao and Kumar 2017). SP disease could be transmit-
ted to sunn hemp (Crotalaria juncea), chickpea (Cicer arietinum), berseem clover
(Trifolium alexandrinum), Medicago scutellata, Brassica campestris var. toria and
the ornamental species Phlox drummondii and Petunia violacea. All these species
were affected by phyllody under natural conditions and have been used to infect
sesame and sunn hemp through Orosius spp. (Vasudeva and Sahambi 1955).
Recently Sclerocarpus africanus and Cannabis sativa were reported as natural plant
hosts of SP disease associated with 16SrI-B subgroup phytoplasmas (Nabi et al.
2015b, 2015c). The 16SrVI-A phytoplasma detected in sesame was also identified
in pepper and eggplant in Turkey (Sertkaya et al. 2007) and in tomato, cabbage,
maize, cucumber and alfalfa in Iran (Salehi et al. 2007a; Jamshidi et al. 2014;
Zibadoost et al. 2016; Esmailzadeh Hosseini et al. 2016). The 16SrIX-C subgroup
phytoplasmas have been previously detected in eggplant (Tohidi et al. 2015). In
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Iran, other reported hosts of 16SrII-D phytoplasmas are squash (Salehi et al. 2015a),
tomato (Salehi et al. 2014), sunflower (Salehi et al. 2015b) and alfalfa (Esmailzadeh
Hosseini et al. 2015).

2.20 Soybean (Glycine max L.)

Soybean (Fabaceae), one of the most widely marketed agricultural commodities, is
grown on a very large area on a worldwide basis and is affected by several
phytoplasma-associated diseases. First disease reports were associated with unclas-
sified phytoplasma(s) such as “machismo” disease of soybean in tropical regions
such as Colombia and Mexico (Fletcher et al. 1984; Granada 1979), soybean
witches’ broom in Indonesia (Iwaki et al. 1978) and soybean bud proliferation
(SBP) in Louisiana (Derrick and Newsom 1984). SBP caused severe bud prolifera-
tion and delayed maturity of soybeans and was found to be transmitted by the leaf-
hopper Scaphytopius acutus (Derrick and Newsom 1984), whereas “machismo”
disease found in Colombia was transmitted by S. fuliginosus (Granada 1979).
Soybean witches’ broom disease agent was transmitted to groundnut, soybean,
mung bean (Vigna radiata), cowpea and sunn hemp (Crotalaria juncea) by O.
argentatus showing typical symptoms (Iwaki et al. 1978).

Several other soybean diseases have been associated with phytoplasmas around
the world such as phyllody and/or witches’ broom, stunt and veinal necrosis.
Soybean phyllody and/or witches’ broom were reported to occur in Thailand (Saeed
etal. 1994), Malawi and Mozambique (Kumar et al. 201 1a), Tanzania (Murithi et al.
2015) and India (Thorat et al. 2016). Main symptoms consisted of shoot prolifera-
tion, reduced leaflets, shortened internodes, proliferated auxiliary shoots producing
witches’ brooms, virescence and phyllody. The disease is associated with phyto-
plasmas of the 16SrII-C subgroup in Thailand (Khan et al. 2002), Malawi and
Mozambique (Kumar et al. 2011a) and Tanzania (Murithi et al. 2015) and 16SrI-B
and 16SrII-D subgroup in India (Kumar et al. 2015; Thorat et al. 2016). Soybean
stunt was reported in Costa Rica (Lee et al. 2011) and Cuba (Acosta et al. 2015) in
which the major symptoms of the disease are stunting, little leaf, shoot proliferation,
chlorosis, crinkle and aborted seed pods. In Costa Rica the disease was associated
with phytoplasmas belonging to the 16SrXXXI group (Lee et al. 2011) in the ‘Ca.
P. costaricanum’ taxon. In Cuba phytoplasmas belonging to the ribosomal subgroup
16SrI-B and ribosomal subgroups 16SrI-W and 16SrI-Y were identified. The
16S1I-B was the prevalent subgroup (45% of positive samples), and mixed infec-
tions of different subgroups were observed (10% of the positive samples) (Acosta
et al. 2015). In Costa Rica ‘Ca. P. costaricanum’, or a very closely related strain,
also infected sweet pepper (C. annuum) with purple vein syndrome and passion
fruit vine (Passiflora edulis) with bud proliferation disease in the same region (Lee
et al. 2011). Soybean veinal necrosis was reported in Lithuania in plants with a
normal growth habit, but exhibiting veinal necrosis where a phytoplasma belonging
to the 16SrIII-B subgroup was identified (Jomantiene et al. 2000). In Brazil, phyto-
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plasmas of the 16SrI-B subgroup were found in soybean plants with symptoms of
leaf deformation, reduction in the number of sheaths with small seeds and sheath
immaturity (Acosta et al. 2015).

2.21 Squash (Cucurbita maxima Duchesne - C. moschata
Duchesne ex Poir) and Summer Squash (C. pepo L.)

Cucurbita maxima and C. moschata are commonly known as squash, although there
are reports of phytoplasma diseases in which “pumpkin” is the common name
attributed to these botanic species (Streten et al. 2005; Montano et al. 2006).
Phytoplasma diseases of squashes and summer squashes (Cucurbitaceae) were
named pumpkin yellows (Seemiiller et al. 1998; Montano et al. 2006), pumpkin
yellow leaf curl (Streten et al. 2005), squash phyllody (Salehi et al. 2015a) and
squash virescence (Omar and Foissac 2012). Pumpkin yellows has been reported in
Italy (Seemiiller et al. 1998) and Brazil (Montano et al. 2006) affecting C. pepo and
C. moschata, respectively. In certain Brazilian areas, C. moschata is grown next to
chayote (S. edule), and symptomatic plants with chlorosis of the shoots and leaves,
reduced leaf size and fruit malformation were found infected by the same phyto-
plasma associated with chayote witches’ broom, belonging to the 16SrIII-J sub-
group (Montano et al. 2006). Pumpkin yellow leaf curl (PYLC) disease has been
reported in Australia affecting plants showing yellow, curled leaves and stunted
growth. Molecular analyses revealed that the phytoplasma from symptomatic
pumpkin was indistinguishable from ‘Ca. P. australiense’ (16SrXII-B). The role of
C. maxima and C. moschata as a source of phytoplasmas to more valuable crops
was considered since pumpkin crops are often grown in close proximity to papaya
crops affected by papaya dieback (PpDB) and to strawberry crops affected by straw-
berry lethal yellows (SLY) (Streten et al. 2005). Squash phyllody (SqP) affected C.
pepo plants was reported in Yazd province of Iran (Salehi et al. 2015a). Characteristic
symptoms of SqP included proliferation of short spindly shoots along the stem,
reduced size of leaves, shortening of internodes, fruit cracking, virescence and phyl-
lody, floral proliferation, sterility, witches’ broom, branch malformation and failure
to fruit especially in case of early infection. Phytoplasmas associated with SqP were
identified as members of the subgroup 16SrIl-D. O. albicinctus leafthoppers suc-
cessfully transmitted SqP phytoplasmas to healthy squash plants and also from
squash to periwinkle, alfalfa, cucumber, carrot, sesame, sunflower, pot marigold,
eggplant, tomato and parsley. These results showed that squash fields are sources of
16Sr1I phytoplasmas and O. albicinctus is a possible vector also for phytoplasma
infection of other important crops in the Yazd province of Iran. Virescence of cucur-
bit crops has been reported in Egypt (squash virescence) and Argentina (cucurbita
virescence). Squash virescence in Egypt was characterized by symptoms of stunting
and virescence on C. pepo plants (Omar and Foissac 2012) and by a disease inci-
dence of about 1% among the squash fields surveyed. The associated phytoplasma
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was assigned to the 16SrII-D phytoplasma subgroup. In the same study, 16SrII-D
phytoplasmas were proven to also infect tomato and eggplant plants. Cucurbita
virescence (CucVir) is a disease of summer squash (Cucurbita maxima var. zapal-
lito) reported in Argentina. The plants showed typical symptoms of phytoplasma
diseases, such as leaf size reduction, stunting and virescence. The molecular identi-
fication of the phytoplasma associated with CucVir demonstrated its affiliation to
subgroup 16SrIII-J (Galdeano et al. 2013). Recently witches’ broom disease on C.
pepo was identified to be associated with 16SrI-B subgroup phytoplasmas in India
(Rao et al. 2017).

2.22 Tomato (Solanum lycopersicum L.)

Several phytoplasma diseases, associated with similar symptoms on tomato
(Solanaceae), have been described worldwide under different names: “stolbur,” big
bud, yellows, proliferation, stunt and little leaf. Major symptoms of these diseases
(Figs. 2.1 and 2.2) are as follows: internodes near to the plant apex are shorter with
smaller and curled leaves, leaf tissues are often thicker or even brittle, the leaves are
yellow and/or purple, adventitious roots sometimes appear on the stems and plants
infected at early stages present a bushy appearance by development of numerous
axillary shoots. The flowers are abnormally straight and often sterile with various
morphological changes: sepals with purple veins remain completely sealed, and the
calyx is enlarged (big bud); the flowers showed virescence, phyllody and sometimes
malformations (absence of petals, stamens and carpels, overdevelopment of peti-
oles). The few fruits formed are small and dense, develop colour slowly and irregu-
larly and have a rather thick stem (Blancard 2012). Six phytoplasma groups
including 16Srl, 16SrIl, 16SrIlI, 16SrV, 16SrVI and 16SrXII infect tomato plants
worldwide (Blancard 2012). In particular, phytoplasmas of the 16StI group have
been reported from the USA (16SrI-A/rpIl-A/tufl-A) (Lee et al. 2004b), Japan, Italy
(16SrI-B) (Okuda et al. 1997; Del Serrone et al. 2001; Giuliani et al. 2010), Greece
(Vellios and Lioliopoulou 2007), Poland, Mauritius (16SrI-C) (Krawczyk et al.
2010; Gungoosingh-Bunwaree et al. 2013), Mexico, Cuba (Santos-Cervantes
et al. 2008; Zamora et al. 2014) and Bolivia (16SrI-Y, ‘Ca. P. lycopersici’) (Arocha
et al. 2007a; Bertaccini et al. 2014); 16SrlI group from Australia, Egypt, Iran, Saudi
Arabia, India (16SrII-D) (Omar and Foissac 2012; Salehi et al. 2014; Alhudaib and
Razq 2011; Singh et al. 2012) and China (16SrII-A) (Dong et al. 2013); 16SrIII
group from Brazil, Italy (Amaral-Mello et al. 2006; Del Serrone et al. 2001),
Argentina (16SrIII-B and -J) (Galdeano et al. 2013) and Mexico (16SrIII-F) (Tapia-
Tussell et al. 2010); 16SrV group from Italy and Mauritius (Del Serrone et al. 2001;
Gungoosingh-Bunwaree et al. 2013); 16SrVI group from North America
(California), China, West Azerbaijan and Russia (16SrVI-A) (Shaw et al. 1993;
Munyaneza et al. 2006; Du et al. 2013; Zibadoost et al. 2016; Kastal’eva et al.
2016), Jordan and Lebanon (Anfoka et al. 2003; Choueiri et al. 2007); 16SrXII-A
subgroup (‘Ca. P. solani’) from Italy, France, Greece, Turkey, South Moravia (Czech
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Republic) and Russia (Albanese et al. 1998; Del Serrone et al. 2001; Garnier 2000;
Vellios and Lioliopoulou 2007; Sertkaya et al. 2007; Navratil et al. 2009; Kastal’eva
et al. 2016). ‘Ca. P. solani’ infects a wide range of weeds and cultivated plants in
Europe, such as other solanaceous crops (tobacco, potato, pepper, aubergine,
Solanum nigrum and Datura stramonium), several Asteraceae/Apiaceae (carrot,
celery, wild chicory and chervil), grapevine, maize, sugar beet, strawberry and lav-
ender. ‘Ca. P. solani’ is naturally transmitted by polyphagous planthoppers of the
family Cixiidae, mainly H. obsoletus and R. panzeri. The planthopper P. leporinus
has been reported to transmit ‘Ca. P. solani’ to sugar beet. Some other insect spe-
cies, the planthopper Reptalus quinquecostatus and the leathoppers Anaceratagallia
ribauti and M. quadripunctulatus, are reported as experimental vectors. In Europe,
‘Ca. P. solani’ planthopper vectors are monovoltine; the acquisition stage is achieved
by overwintering nymphs feeding on infected roots, and the plant-to-plant transmis-
sion by flying adults takes place in summer. Phytoplasmas of the 16StI group have
a wide host range affecting more than 350 different plant species, both cultivated
and wild (Lee and Davis 2000), and are transmitted by a large number of leathopper
species including Macrosteles spp., Euscelis spp., Scaphytopius spp. and Aphrodes
spp. In Australia, the tomato big bud (TBB) phytoplasma (16SrII-D subgroup) is a
widely distributed phytoplasma and can be transmitted by the leafhopper vector O.
argentatus. In Iran, a phytoplasma of 16SrII-D subgroup associated with squash
phyllody (SqP) was experimentally transmitted to tomato plants using O. albicinc-
tus (Salehi et al. 2015a). In North America, phytoplasmas of the 16SrVI-A sub-
group have also been reported to infect potato and to be transmitted by the vector C.
tenellus (Shaw et al. 1993; Munyaneza et al. 2006) considered as the leafhopper
vector of beet leathopper transmitted virescence agent (16SrVI-A subgroup) in
California (Golino et al. 1987).

2.23 Conclusion

Phytoplasmas are widespread in horticultural crops and are associated with eco-
nomic losses that may reach 100% during epidemics. A wide variety of phytoplas-
mas are associated with diseases that have identical symptomatology in different
geographic areas. Despite the major role played by insect vectors in dissemination
of phytoplasma diseases, their transmission is enhanced by cultural practices such
as grafting and micropropagation.
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Abstract The symptoms of the main cereal diseases associated with phytoplasma
presence such as barley deformation, maize bushy stunt, maize redness, green ear,
oat proliferation, oat stunt, oat yellows, rice orange leaf, rice yellow dwarf, tritico-
secale stunt, wheat blue dwarf and wheat streak, yellowing, and stunting are
described. Moreover the phytoplasmas associated with each disease are described
together with their geographical distribution. In some cases, factors that affect the
occurrence, development, and severity of these diseases are discussed. The insect
vectors involved in transmission of some of these diseases are presented, along with
the main morphological characteristics adopted for their identification.
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3.1 Introduction

Historically, the grains of cereals have been used mainly for human and animal
nourishment, in natural and transformed form in all regions of the world, and the
straw of these plants has been used for many purposes. These important crops, all
species of the Poaceae family, are cultivated from seeds and have been genetically
improved for several characteristics such as productivity, nutritional quality, and
resistance to diseases caused by a diversity of pathogens. Detailed knowledge about
each disease of these plant species is very important and useful for development of
resistant cultivars and delineation of strategies for their management, aiming to
increase productivity. The occurrence and characteristics of distinct diseases associ-
ated with phytoplasmas in wheat, maize, rice, barley, oat, millet, triticale, and sor-
ghum are discussed.

3.2 Barley (Hordeum vulgare L.)

Barley Deformation (BaDef). Barley is an economically important cereal crop,
grown in many countries of Europe, North America, Eurasia, and Africa. Globally,
barley is mainly a livestock feed and in some countries is the major feed grain.
Barley plants are susceptible to numerous diseases, many of which cause significant
damages. Reports dealing with fungal, viral, and bacterial diseases affecting barley
plants are numerous in the literature. However, little is known about phytoplasma
diseases of barley in Europe and other areas of the world.

Aster yellows (AY) infection in barley, when the disease was thought to be
caused by a virus, was described in North America. Symptoms which include chlo-
rotic blotching, stunting, and backward rolling of leaves were very similar to those
expressed by AYV (aster yellows virus) in barley (Banttari and Moore 1960;
Chiykowski 1963). Hollingsworth et al. (2008) described aster yellows disease
symptoms in wheat, barley, and oat plants as similar to those caused by Barley yel-
low dwarf virus (BYDV). Symptoms exhibited by diseased plants range from chlo-
rotic leaf blotch to complete plant collapse. Many plants exhibited red to purple
blotches on leaves that turned necrotic with time.

Numerous diseased plants of barley exhibiting twisted, abnormally thin and yel-
lowed awns, reduced spikelets, general stunting, and yellowing were observed in
fields in the Vilnius and Kaunas regions of Lithuania (Fig. 3.1). The possible asso-
ciation of a phytoplasma with the disease, termed barley deformation (BaDef), was
assessed using polymerase chain reaction (PCR). The BaDef phytoplasma was
identified and classified according to Lee et al. (1998) and Marcone et al. (2000) on
the basis of collective RFLP patterns of amplified 16S rRNA and rp gene sequences
and classified as a member of group 16SrI (aster yellows), subgroup B (16SrI-B),
and rp subgroup rpl-B (Urbanaviciené et al. 2004, 2005).
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Fig. 3.1 Hordeum vulgare
plants infected by
phytoplasmas, healthy
spike on the left

Some data show, for example, that AY phytoplasma may be associated with
severe losses in barley and wheat (Chiykowski 1963). Other reports considered AY
disease generally of little significance, with an overall incidence of less than 1% per
year, despite occasional epidemics (Olivier et al. 2011). Insect vector(s) of the
BaDef pathogen have not been identified.

3.3 Maize (Zea mays L.)

Maize is cultivated in many regions in the world and in some of the warmest regions,
with more than one harvest per year, especially under irrigation conditions. This
cereal is widely used as food for humans and animals, like corn on the cob, popcorn,
and cooked kernels, or processed into meal, oil, and many other industrial
products.

Maize Bushy Stunt (MBS) This disease has been known since the 1950s, and in
1977, Bascopé-Quintanilla demonstrated phytoplasma association by electron
microscopy. Phytoplasmas with dimensions of approximately 100 nm x 130 nm
were observed in the plant’s phloem tissue. MBS is transmitted by the leafhoppers
Dalbulus maidis (DeLong &Wolcott) (Fig. 3.2) and D. elimatus (Ball). The trans-
mission of the agent associated with MBS was confirmed by Nault (1980), who also
demonstrated its experimental transmission by the leafthopper Graminella nigri-
frons (Forbes). Since then, several studies showed association of phytoplasmas with
MBS disease (Costa et al. 1971; Kitajima and Costa 1972; Oliveira et al. 2002b,
2007) although, until now, Koch’s postulates for the agent of this disease were not
fulfilled due to its inability to be cultured. Polymorphisms in 16S rDNA amplified
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Fig. 3.2 Corn leathopper adults (Dalbulus maidis)

from maize diseased plants from Brazil classified the phytoplasma in the16S rDNA
group 16SrI, subgroup -B (Bedendo et al. 1997, 2000).

This disease has been reported only in maize, in the tropical and subtropical
regions of the American continent where this cereal is cultivated (Bascopé-
Quintanilla 1977; Oliveira et al. 1998, 2002b; Lee et al. 2000; Pérez-Lépez et al.
2016). However, Zea mays sbp. mexicana was experimentally infected by the MBS
phytoplasma (Nault 1980). Also, guinea grass (Panicum maximum Jacq.), alexan-
dergrass [Brachiaria plantaginea (Link) Hitch], and Brachiaria decumbens Stapf.
were experimentally infected by this phytoplasma at low frequency (Haas 2010).

The characteristic symptoms of MBS disease appear at the maize producing
stage, and before this plant age, usually when the infected plants are grown in pots.
Depending on the maize genotype, MBS symptoms include reddening of leaves and
shortening of the internodes. Some genotypes present symptoms such as high sever-
ity of stunting and high intensity of the red color, which can be purple in the older
leaves. The symptomatic plants also present tearing, twisting, and deformation of
leaves and numerous ears and tillers arising from the leaf axils and from the plant
base (Figs. 3.3a and b). However, other genotypes do not present drastic reduction
in plant height or tillers. The MBS-affected plant can dry prematurely. Some geno-
types became chlorotic and dry quickly, and the leaves do not became reddish
(Fig. 3.3c). Symptoms of MBS also include lower development of the aerial part
and roots of the diseased plants and smaller ears, frequently with few grains, in rela-
tion to healthy plants (Costa et al. 1971; Bascopé-Quintanilla 1977; Nault 1980;
Oliveira et al. 1998, 2002b, 2015; Massola Junior et al. 1999; Sabato 2017). MBS
development is favored by high temperatures (Nault 1980; Oliveira et al. 2007).
Usually, MBS disease occurs in the same areas or in the same maize plant together
with corn stunt spiroplasma (CSS) caused by Spiroplasma kunkelii, because both
pathogens are transmitted by the same insect vectors, mainly by D. maidis (Oliveira
et al. 2002a, 2015). Outbreaks of these corn stunting diseases had been reported in
countries of the Central and South America, like Nicaragua and Brazil (Hruska et al.
1996; Oliveira et al. 1998; Sabato 2017).
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Fig. 3.3 Severe symptoms of MBS in different maize genotypes

The corn leathopper D. maidis is the main vector of MBS phytoplasma (Nault
1980; Oliveira et al. 2013), although it is also able to be transmitted by D. elimatus
and G. nigrifrons (Bascopé-Quintanilla 1977; Nault 1980). D. maidis is considered
the vector of epidemiological importance because it presents high transmission effi-
ciency and the same geographical distribution of the maize bushy stunt phytoplasma
in the Americas (Triplehorn and Nault 1985; Oliveira et al. 2013; van Nieuwenhove
et al. 2015). Specimens of D. maidis are small (about 3.7-4.3 mm in length), with
general yellow pale coloration, and females are larger than males. Adults have two
well-marked black circular spots on the crown, which allow them to be distin-
guished from other leathoppers commonly found in maize (Oliveira et al. 2017;
Oliveira and Querino 2017). D. maidis occurs in the Americas, being present from
the southern USA to the temperate regions of Argentina (Oman 1948; Triplehorn
and Nault 1985; Nault 1990; Carloni et al. 2013). The biological cycle of D. maidis
at temperatures close to 25 °C lasts approximately 25 days (Marin 1987; Tsai 1988;
Waquil et al. 1999), and this species can produce from five to six generations during
the rainy season in tropical regions (Waquil et al. 1999). It has no diapause and can
continuously develop throughout the year (Oliveira et al. 2013). MBS phytoplasma
is transmitted by D. maidis in a persistent and propagative manner. This phyto-
plasma can be acquired after 2 h of feeding in an infected plant; the latent period
varies from 22 to 28 days; the inoculation occurs from 0.5 h of feed; and the reten-
tion in the vector may vary from 29 to 48 days, with no evidence of transovarial
transmission (Gonzales and Gamez 1974; Alivizatos and Markham 1986; Nault
1980; Legrand and Power 1994; Moya-Raygoza and Nault 1998). Phytoplasma
16Sr I-B subgroup associated with a maize leaf redness disease in India was recently
reported (Rao et al. 2017a) but its vector has not been identified.

Maize Redness (MR) This is a severe disease of maize, also known as corn red-
dening, “crvenilo kukuruza” (upBeHWJIOKYKypy3a) Or NOKPACHEHUEMKYKYPY3bl,
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Fig. 3.4 Symptoms of maize redness disease (MR) in the field (Courtesy of 1. ToSevski)

that is induced by ‘Ca. P. solani’ (16SrXII-A subgroup), known under the trivial
name “‘stolbur” (Duduk and Bertaccini 2006; Jovi¢ et al. 2007; Grigoryevna 2015).
The first occurrence of the disease was observed 60 years ago when it was described
as maize redness syndrome in the South Banat region of northeastern Serbia (Mari¢
and Kosovac 1959) and has since been recorded annually with cycles of epidemics
and epiphytotic appearance (Duduk and Bertaccini 2006; Bekavac et al. 2007; Jovi¢
et al. 2009). Symptoms of MR include reddening of midribs, leaves, and stalks fol-
lowed by whole-plant desiccation. Abnormal ear development, reduced seed num-
bers, and poor, shriveled grains lead to significant yield reduction (Fig. 3.4).
Diseased plants do not show symptoms of stunting or bushy appearance as in the
cases of maize bushy stunt phytoplasma or corn stunt spiroplasma. The “stolbur”
phytoplasma naturally infects numerous wild plants that act as its reservoir, source
of inoculum, and hosts for the vector(s), such as field bindweed (Convolvulus arven-
sis L.), stinging nettle (Urtica dioica L.), and monks pepper (Vitexagnus-castus L.)
(Maixner 2010; Quaglino et al. 2013; Kosovac et al. 2016). However, the most
important hosts for the MR epidemiological cycle are those associated with its
insect vector: (a) maize itself where the vigorous maize roots remaining after
autumn harvest are infected by the vector’s parent population, (b) Johnson grass
[Sorghum halepense (L.) Pers.] which acts as a natural weed reservoir hosting both
vector and pathogen populations, and (c) winter wheat (Triticum aestivum L.), an
asymptomatic alternative host consequently infected due to the traditional maize-
wheat rotation in affected fields, thereby influencing the disease intensification
through fostering a higher vector population number and a higher vector infection
rate (Jovi¢ et al. 2009, 2011).

The MR-associated “stolbur” phytoplasma is transmitted to maize by the ciixid
planthopper Reptalus panzeri (Léw) (Hemiptera: Cixiidae) (Fig. 3.5) (Jovi¢ et al.
2007, 2009). R. panzeri is the main vector responsible for the transmission of the
MR agent mainly occurring in Serbia, Romania, Bulgaria, and more recently north
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Fig. 3.5 Cixiid planthopper adult (R. panzeri) (Courtesy of 1. ToSevski)

Italy, Hungary, Bosnia and Herzegovina, and Russia (Sutic’ et al. 2002; Jovi¢ et al.
2009; Calari et al. 2010; Acs et al. 2011; Kovacevi¢ et al. 2014; Grigoryevna 2015).
Prior to its discovery as an efficient transmitter of “stolbur” phytoplasma and a
major vector of MR disease, R. panzeri was not considered to be of agronomic
importance. It is a polyphagous species generally found on shrubs and herbaceous
plants in hot and dry areas. In the Banat region of northeastern Serbia and in sur-
rounding areas affected by MR (Romania, Bulgaria, Hungary), R. panzeri seems to
associate its life cycle with maize fields and is well adapted to the environmental
conditions and agronomic practice of maize-winter wheat rotation (Jovic¢ et al.
2009). MR transmission and epidemiology studies in the South Banat region of
Serbia (Jovi¢ et al. 2009) showed that the disease is strictly linked to this specific
insect vector. However, the “stolbur” genotype transmitted by R. panzeri is not dis-
tinguished from the one carried by H. obsoletus and R. quinquecostatus (Cvrkovic¢
et al. 2014; Kosovac et al. 2016). Therefore, further experimentation is required to
determine the role of these cixiids in the MR disease emergence and maintenance
through intercrossing transmission pathways. Moreover in a single experiment car-
ried out in a South Banat corn field, transmission by Hyalesthes obsoletus (Signoret)
from nettle to corn was shown, although the MR symptomatology observed under
the experimental cages was mainly present in the leaves (Mori et al. 2013).

The specimens of R. panzeri measure between 4.5 and 7.0 mm; they have a dark
general color and translucent wings with dark venation and exhibit five longitudinal
carinae in the escutellum, with vertex of the head wider than long (Emeljanov
1971). Identification of R. panzeri and differentiation from closely related conge-
ners primarily rely on the shape of the aedeagus, although molecular methods for
species identification are also available (Bertin et al. 2010). This species is found in
south-central and south-eastern Europe, Asia Minor, and Caucasus region (Holzinger
et al. 2003); records of this cixiid occurrence in the Mediterranean basin are prob-
ably erroneous misidentification of a closely related species, R. quinquecostatus
(Dufour), as it was shown for specimens recorded in England (Webb et al. 2013).
Little is known about the biology of R. panzeri, except in the maize fields of South
Banat region of Serbia (Jovi¢ et al. 2009; Cvrkovi¢ et al. 2014) where its life cycle
is about 1 year (univoltine species), with the eggs being laid in July/August, the
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nymph period develops between September of a year and June of the following
year, and adults are observed in June/July. This species goes through winter in the
nymph stage feeding on the roots of the plants (Jovi¢ et al. 2009). Regarding the
mechanisms of transmission, it was observed that adults deposit their eggs in the
soil surrounding roots of infected maize. The nymphs feed on these roots, acquire
the phytoplasma, and spend the winter on the roots of wheat planted in fields previ-
ously cultivated with maize. Adults emerge infected with phytoplasma the next year
(Jovi¢ et al. 2009).

Crucial for MR disease appearance, incidence, and epiphytotic is adaptation of
R. panzeri life cycle to maize and winter wheat as feeding and developmental plants,
enabling very successful life cycle completion and leading to high population num-
bers infected with “stolbur” phytoplasma. Due to the short life span of cixiid adults
(usually 1 month), phytoplasma transmission relies on pathogen acquisition by the
nymph stage of the vectors. In the case of MR disease epidemiology, R. panzeri
adults and early instar nymphs preferably feed on maize leaves and roots, respec-
tively, while overwintering nymphs feed on the roots of the winter wheat planted
upon harvested maize field, as well as on Johnson grass, the most common weed in
maize crops. All three preferable host plants of R. panzeri nymphs in MR-affected
maize fields are proven “stolbur” phytoplasma sources for acquisition by the nymphs
(Jovi¢ et al. 2009). R. panzeri adults emerge between middle June and early July
from the winter wheat fields, and they are at that time already infected with “stol-
bur” phytoplasma and infective as vectors. The time of adult emergence coincides
with the winter wheat harvest period; hence, they massively shift to the neighboring
maize fields and aggregate on the maize plants in rows bordering the wheat field.
Later, adults disperse within the field, but due to the ongoing adult’s emergence
period, higher numbers of R. panzeri specimens are always found on the edge rows
of the fields during the flight period. As a consequence of this phenomenon, MR
symptoms, usually appearing at the end of July, are always first recorded on the
plants in the edge rows of the field where the most severely affected plants are usu-
ally located. At the same time of symptom appearance, R. panzeri females lay eggs
in the soil surrounding the roots of infected maize plants. Therefore, when nymphs
hatch (late August/early September), they start to feed on infected maize roots.
Phytoplasma acquisition by R. panzeri nymphs continues even after the maize is
harvested because vigorous remnant roots also serve as an appropriate food source
and they are confirmed to be the source of “stolbur” phytoplasma inoculum (Jovi¢
et al. 2009). In mid-October, winter wheat is seeded over maize, which represents a
good food source for early-stage nymphs (Jovi¢ et al. 2009). In addition to the
importance of wheat as a feeding plant fostering a high population of emerging
adults, it is also found infected by “stolbur” phytoplasmas by the feeding nymphs
and represents an additional source of inoculum leading to higher vector infection
rate. And last, but not least important, in spring time, R. panzeri nymphs are also
found to aggregate on Johnson grass roots, which represents a reservoir plant for the
“stolbur” phytoplasma.
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There are several implications of the MR epidemiological cycle. One is that
maize itself is an important source of primary infection of R. panzeri populations
and high levels of MR infection in 1 year lead to a high percentage of “stolbur”
infection in the vector population for the following year (Jovi¢ et al. 2009). Secondly,
maize-winter wheat rotation intensifies MR disease problems by fostering high R.
panzeri population levels, which could lead to epiphytotics in the following years.
Environmental factors play a significant role both in the intensity and incidence of
the disease (Bekavac et al. 2007; Jovi¢ et al. 2009). More severe disease and higher
incidence of symptoms are associated with warm springs and summers, which facil-
itate earlier emergence of the adult vectors and consequently earlier infection of
maize with phytoplasma. Thus, in the presence of the vector and the “stolbur” phy-
toplasma, favorable environmental conditions and maize-winter wheat rotation play
a significant role in epiphytotic disease appearance.

Maize redness disease has major economic importance in years of its epiphytot-
ics, such as in the early 1960s and 2000s in Serbia where up to 90% of plants were
symptomatic in the most severely affected areas. However, probably more impor-
tant is the cumulative annual yield reduction in maize due to the persistent occur-
rence of the disease in lower percentages. Due to the damage of ear development,
grain filling, and overall seed numbers, MR seems to be important for seed produc-
tion. MR disease is up to now recorded in Serbia, Hungary, Romania, Bulgaria,
Bosnia and Herzegovina, north Italy, Russia, and India (Mari¢ and Kosovac 1959;
Penchich et al. 1972; Duduk and Bertaccini 2006; Jovi¢ et al. 2007; Calari et al.
2010; Acs et al. 2011; Genov et al. 2014; Kovacevi¢ et al. 2014; Grigoryevna 2015;
Rao et al. 2017a). In some of these countries, its occurrence is known for more than
50 years (Serbia, Romania, Bulgaria, Russia), and it coincides with agricultural
intensification, use of fertilizers, and maize-wheat rotation. Therefore, it seems that
introduction of another crop in rotation, or avoiding winter crop, as well as seeding
the larger fields to avoid edge effect and use of early maturing maize hybrids, may
control the intensity of disease occurrence although its persistence will remain
significant.

3.4 Millet [Pennisetum glaucum (L.) R. Br.]

Pearl millet, used as human and animal food, is a cereal crop adapted to arid and
semiarid regions. A disease named “green ear” (GE) of pearl millet was recently
reported in India (Kumar et al. 2010) associated with a phytoplasma member of
group 16SrI-B (‘Ca. P. asteris’). Diseased plants showed a broom-like appearance
of panicles bearing leafy structures in place of florets, and panicles looked much
greener in comparison to the healthy inflorescences. The vector of the GE agent was
not identified.
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3.5 Napier Grass (Pennisetum purpureum Schum.)

Napier grass is considered the most important forage crop in Africa, and a phyto-
plasma disease named napier grass stunt (NGS) has been reported causing severe
losses. Sorghum versicolor was identified as an alternative host of the NGS phyto-
plasma (a representative of the 16SrXI group) (Asudi et al. 2016). Although harbor-
ing phytoplasmas, the sampled plants did not exhibit symptoms. Experimentally, it
was also demonstrated that plants of the species Sorghum bicolor served as reser-
voirs of the phytoplasma associated with napier grass stunt (Asudi et al. 2015).
Leafhoppers of the species Maiestas banda (Kramer) transmitted the NGS phyto-
plasma from infected napier plants to healthy plants of S. bicolor. Interestingly,
inoculated plants displayed no symptoms.

3.6 Oat (Avena sativa L.)

Oat is an economically important grain crop. The common oat plant is a species of
cereal grain grown for its seed. Oats are used for human consumption as oatmeal
and rolled oats and also used as livestock feed. Oats make up a large part of the diet
of horses and are regularly fed to cattle as well. Oats are susceptible to a large num-
ber of diseases; however, only a few reports are available about phytoplasma dis-
eases (Fedotina 1977; Jomantiene et al. 2002; Urbanaviciené et al. 2007, 2008).

QOat Proliferation (OatP), Oat Stunt (OatSt), and Oat Yellows (OatY) Diseased
plants of oat exhibiting abnormal proliferation of sterile spikelets (Fig. 3.6a) were
observed in the field of Raseiniai region, in Lithuania. Other plants, in Vilnius,
exhibited symptoms including stunting, development of numerous short tillers at
the plant’s base, and sterile deformed spikes (Fig. 3.6b), while both Kaunas and
Vilnius oats exhibited symptoms of sterile, deformed, and yellow spikes (Fig. 3.6c¢).
Phytoplasma ribosomal DNA was amplified in nested PCR, indicating that the
plants contained phytoplasmas that were designated as oat proliferation (OatP), oat
stunt (OatSt), and oat yellows (OatY) (Table 3.1). The RFLP patterns of amplified
16S rDNAs were analyzed, and phytoplasmas were classified according to Lee et al.
(1998), Lee et al. (2004) and Marcone et al. (2000) in the group 16SrI (‘Ca. P.
asteris’ related). In particular the RFLP patterns of the OatP 16S rDNA were indis-
tinguishable from that from tomato big bud (BB) phytoplasma subgroup 16SrI-A;
the OatSt phytoplasma was identified as subgroup 16Srl-B, while the OatY phyto-
plasma belongs to 16SrI-L subgroup.

In 1977, Fedotina reported electron microscopy of a mycoplasma-like organism
in pseudo-rosette-diseased oat plants in Siberia, but the identity of that phytoplasma
remains unknown. Subgroups 16SrI-A, 16Srl-B, and 16SrI-L are geographically
widespread and have been found in numerous plant species. The discovery of
phytoplasmas in diseased oats in Lithuania provokes questions concerning possible
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Fig. 3.6 Naturally infected oat exhibiting symptoms of abnormal proliferation of sterile spikelets
(oat proliferation), healthy plant on the left (a). Oat stunt disease symptoms: stunting, develop-
ment of numerous short tillers at the plant’s base, and sterile deformed spikes (b). Naturally
infected oat exhibit symptoms of sterile, deformed, and yellow spikes (oat yellows): healthy plant
is on the left (¢)

Table 3.1 ‘Ca. P. asteris’-related phytoplasma strains infecting oats

Phytoplasma Ribosomal

Disease strain subgroup Distribution Reference

Oat OatP 16SrI-A Raseiniai, Jomantiene et al. 2002

proliferation Lithuania

Oat stunt OatSt 16SrI-B Vilnius, Lithuania | UrbanaviCiené et al.

2007, 2008

Oat yellows OatY 16SrI-L Vilnius, Kaunas, Urbanaviciené et al.

Lithuania 2007, 2008

impacts of this phytoplasma on oat cultivation in central Europe and other
regions. Further study is needed to establish vectors, damage, and geographical
distribution.

3.7 Rice (Oryza sativa L.)

Rice, together with wheat and maize, have been recognized as three major food
crops in the world. However, rice represents the most important staple food to sus-
tain inhabitants of underdeveloped or developing countries. Rice is a relevant source
of carbohydrate and provides appropriate nutrition for more than half of the current
human population. Diseases caused by diverse pathogens are serious threats to the
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rice yield. Phytoplasmas are involved with two diseases known as rice orange leaf
and rice yellow dwarf.

Rice Orange Leaf (ROL) The disease has only been reported to date in some
countries of eastern and southeastern Asia, where it occurs sporadically in rice fields
(Valarmanthi et al. 2013; Li et al. 2015). Although of sporadic occurrence, in the
1980s, rice orange leaf (ROL) caused severe damage to rice production in South
China and is currently considered a potential threat (Li et al. 2015). Symptoms
observed in young plants are characterized by short and malformed leaves, com-
monly with twisted tips (Webster and Gunnell 1992). Later, the leaves become
yellow-orange and, sometimes, totally orange, roll inward, and dry out. Poor growth
is also a symptom observed in infected plants (Li et al. 2015). ROL disease is con-
fused with tungro, caused by virus, since the symptoms are similar and both patho-
gens are transmitted by Recilia dorsalis (Motschulsky) (Hemiptera: Cicadellidae),
a vector known as zigzag leathopper (Webster and Gunnell 1992). Phytoplasmas
affiliated with 16SrI group were molecularly identified in association with symp-
tomatic rice plants in India (Valarmanthi et al. 2013) where recently 16SrI-B sub-
group was identified in affected plants and zigzag leafthoppers present in rice fields
(Valarmanthi et al. 2015).

ROL disease occurring in southern and southeastern Asia (Hibino et al. 1987) is
associated with a phytoplasma transmitted by the leathopper R. dorsalis, although
recently Nephotettix cincticeps (Uhler) has been also suggested as a ROL vector in
southern China (Shu et al. 2015). R. dorsalis are small insects measuring between
3.2 and 3.8 mm with a light gray coloration. They also present a light gray crown
and pronotum with light brown spots and gray wings with conspicuous brown broad
band, longitudinally, forming a zigzag pattern (Nielson 1968; Wilson and Claridge
1991). R. dorsalis is distributed throughout Asia and Australia (Nielson 1968;
Pathak and Khan 1994). At temperatures close to 30°C, this leafhopper takes from
18 to 24 days to develop from egg to adult (Pongprasert 1974; Mathur and Chaturvedi
1980), overwinter in egg stage, and is able to produce up to four generations per
year (Nasu 1967; Mathur and Chaturvedi 1980; Pathak and Khan 1994). Transmission
studies showed that R. dorsalis can acquire ROL after 3 days of feeding and the
incubation period in the vector ranged from 15 to 33 days with an average of 22 days
(Arocha-Rosete and Jones 2010; Pandian et al. 2015).

Rice Yellow Dwarf (RYD) RYD is a disease known since the 1910s that continues
to cause serious problems in rice-growing areas in various countries of Asia (Jung
et al. 2003). Diseased plants exhibit stunting, proliferation of tillers, general chloro-
sis, pale green or yellow leaves, and gradual decay and can generate no panicles or
malformed panicles (Webster and Gunnell 1992). Plants infected at the beginning of
development frequently die.

The disease was initially believed to be a virus until 1967, when mycoplasma
like organisms (now phytoplasmas) were associated with infected plants by electron
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microscopy. The RYD agent was characterized as a distinct phytoplasma based on
16S rDNA sequences, geographical distribution, and specificity of host and vector
(Jung et al. 2003). This phytoplasma was identified to be closely related to phyto-
plasmas associated with diseases reported in various gramineous species such as
sugarcane, bluegrass, Bermuda grass, and brachiaria grass and named ‘Ca. P. ory-
zae’, which represents the 16SrXI-A group (Lee et al. 1998).

Leafhoppers belonging to three species of the genus Nephotettix (Matsumura)
are involved with transmission of RYD disease (Jung et al. 2003). Since these spe-
cies are present only in Asia, the disease is naturally limited to some Asian coun-
tries. Rice plants and grass Alopecurus aequalis (Sobol) seem to be the only host
for the phytoplasma under natural conditions, since transmission from rice to other
gramineous species is not yet confirmed (Arocha-Rosete and Jones 2010; Jung
et al. 2003). Thus, alternative hosts are not important reservoirs or sources of inoc-
ulum due to the specificity of the pathogen, and, consequently, they have no role in
the epidemiology of the disease. ‘Ca. P. oryzae’ is transmitted by three species of
leafhopper: Nephotettix cincticeps (Uhler), N. nigropictus (Stal), and N. virescens
(Distant) (Nakashima et al. 1993). The specimens of N. cincticeps measure between
4.3 and 5.6 mm and present a general green to gray color, and in males a brown or
black band is observed on the tip of wings. They have a light green crown with a
black transverse line near the anterior margin, pronotum with anterior half-light
green and the posterior half dark green, and light green-colored wings. N. nigropic-
tus measures between 4.7 and 5.3 mm and presents in both sexes marginal and
submarginal black or dark brown stripes well marked in the head. It also presents
bright green wings with deep black markings along the commissure and a long
irregular spot on the corium, near to the middle of the claval suture. Females pres-
ent light brown band on the tip of wings. N. virescens measures between 4.2 and
5.1 mm, with the head, pronotum, and scutellum presenting usually green. In the
male individuals, it is possible to observe in the forewings a distinct round spot that
does not touch the claval suture and dark tip of wings. Females do not have spots.
The precise identification of the species, however, is based on the morphology of
the male genitalia (Nielson 1968; Ghauri 1971; Wilson and Claridge 1991). The
three species are widely distributed in Asia, and N. nigropictus can be found in
Australia as well (Ghauri 1971). Although variable with temperature, the biologi-
cal cycle of these species is relatively short. N. cincticeps develops from egg to
adult between 27 and 33 days; N. nigropictus, between 21 and 28 days; and N.
virescens between 18 and 28 days, with N. cincticeps, for example, presenting
three to four generations per year (Fukushi 1934; Abalos 1939; Kabir and Hossain
1986; Salim 2002). Nephottetix species overwinter as nymphs (Pathak and Khan
1994). These leathoppers are able to transmit the phytoplasma persistently. They
acquire the pathogen within 1 to 3 h of feeding on an infected plant. The latent
period in the vector varies from 20 to 39 days, and the leathoppers are able to
inoculate the phytoplasma with less than 1 h of feeding on a healthy plant (Arocha-
Rosete and Jones 2010).
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3.8 Sorghum spp.

The genus Sorghum (Moench) belongs to the family Poaceae, encompassing numer-
ous species and varieties used for pasture, grain production, and fodder, as well as
for the extraction of alcohol and sugar. Sorghum originates from Africa and is
broadly distributed in tropical and subtropical areas, since it is a plant tolerant to
drought and high temperatures, adapted to acid and nutrient-poor soils, and able to
respond to high intensity of radiation with high rate of growth. These features make
sorghum one of the five top cereal crops in the world. The association between phy-
toplasmas and sorghum plants has been mainly investigated to determinate whether
species of this genus may be alternative hosts for phytoplasmas having an important
role in epidemiology as a reservoir for pathogens, allowing their survival during the
intercrop period or even as source of inoculum, when the pathogen has efficient
insect vector. Asymptomatic sorghum plants harboring phytoplasmas have been fre-
quently found in field surveys. However, affected plants may exhibit various types
of symptoms, which may occur singly, such as the production of small, white leaves,
or set of symptoms, as in sorghum grassy shoot disease, which is characterized by
numerous small and thin tillers and narrow leaves totally green or with a diverse
degree of chlorophyll including albinism. In a field survey performed with various
species sampled in different locations in Australia, phytoplasmas were detected in
plants of Sorghum stipoideum (Ewart & Jean White) C. A. Gardner and C. E. Hubb.
that exhibited symptoms of shoot proliferation (Schneider et al. 1999). The phyto-
plasma strain was closely related to the phytoplasma associated with the sugarcane
white leaf (SCWL), a representative of the 16SrXI-B group. Subsequently, a further
field survey was carried out in geographic areas of the northern Australia (Tran-
Nguyen et al. 2000). Six species of sorghum were collected, which displayed pre-
dominant symptoms of grassy shoots and deformed side shoots. Phytoplasmas were
detected only in association with grassy shoots present in plants of S. stipoideum.
Molecular characterization discovered the presence of two strains, one of them
identical to SGS phytoplasma (group 16SrXI-B) and the other, a distinct strain
denominated sorghum bunchy shoot phytoplasma whose ribosomal sequence was
reported as a reference phytoplasma for the 16SrXXIV group (Wei et al. 2007).
Further investigations aiming to find grasses harboring phytoplasmas as potential
reservoirs revealed that sorghum grassy shoot phytoplasma was the most frequently
detected in five gramineous species grown in Australia, including the sorghum spe-
cies S. stipoideum (Blanche et al. 2003).

Phytoplasmas were also found in asymptomatic plants of the species S. halepense
growing spontaneously near a sugarcane crop in Cuba (Arocha-Rosete et al. 2005).
The phytoplasma was identified as belonging to the 16SrXVI-A group, whose refer-
ence phytoplasma is associated with sugarcane yellow leaf syndrome. In fields
located in Iran, a 16SrVI-A phytoplasma was molecularly characterized in associa-
tion with naturally infected plants of S. halepense, showing symptoms of little leaf
(Zibadoost and Rastgou 2016).
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Fig. 3.7 Triticosecale
plant infected by
phytoplasma. Healthy
spike on the left

3.9 Triticale [Triticosecale Wittm. Ex A. Camus (Triticum
L. x Secale L.)]

Triticale is a polyploid species resulting from a cross between Triticum L. and rye,
Secale L. Triticale is an economically important cereal grain crop, grown in many
countries of Europe, North America, and Asia. The main triticale world producers
are Poland, Germany, France, China, Belgium, and Russia where it is well suited to
local soils. It is an economically important plant with valuable biochemical proper-
ties. Triticale is mainly a livestock feed. It is also used for making whole-grain
breads and other food for human consumption. Triticale grains contain more pro-
teins than wheat and rye (Lazauskas 1998).

Triticosecale Stunt (TrSt) The disease was first described in the Vilnius region of
Lithuania in 2004 (Urbanaviciené et al. 2004, 2007). Diseased plants showing char-
acteristic symptoms of phytoplasma infection (yellowing, stunting, sterile deformed
spikes, twisted awns, shorten spikes) were collected from naturally infected plants.
Based on symptoms in the plant host, the disease was designated as Triticosecale
stunt (TrSt) (Fig. 3.7). The phytoplasma was classified on the basis of RFLP analy-
sis of 16S rDNA amplified in PCR, according to the classification scheme estab-
lished by Lee et al. (1998) and Marcone et al. (2000). Restriction fragment length
polymorphism (RLFP) and nucleotide sequence analyses of a 1.2 kbp DNA frag-
ment of the 16S rRNA gene of Triticosecale stunt (TrSt) phytoplasma revealed that
it is a member of subgroup 16SrI-B (aster yellows). The vector of the TrSt disease
has not been identified.



82 E. de Oliveira et al.
3.10 Wheat (Triticum aestivum L.)

Wheat, especially common wheat, is a cereal widely grown around the world and is
used for human food as bread and for pasture. Recently, Rao et al. (2017b) identified
‘Ca. P. oryzae’-related phytoplasmas associated with streak, yellowing, and stunt-
ing disease (Fig. 3.8) in bread and durum wheat varieties in central India. No vector
is known so far to transmit this disease in India.

Wheat Blue Dwarf (WBD) Wheat blue dwarf phytoplasma of winter wheat in
northwestern China is transmitted by the leafthopper Psammotettix striatus (L.)
(Hemiptera: Cicadellidae). This phytoplasma belongs to 16SrI-C phytoplasma sub-
group. WBD-infected wheat plants exhibit severe stunting and dwarfing, with
numerous short tillers developing at the base of the plants. Infected central leaves
show chlorotic mottling with curling and fail to expand. Lower leaves and stems are
dark blue-green and gradually became stiff and thickened. In severely infected
wheat plants, spikes are both deformed and sterile, or they do not develop at all (Wu
et al. 2010). Hollingsworth et al. (2008) described symptoms in wheat plants from
chlorotic leaf blotches to complete plant collapse in North America.

The leathopper P. striatus is one of the most economically important pests in the
wheat crop in arid and semiarid regions of Western China due to the transmission of
the WBD agent (Wu et al. 2010; Chen et al. 2014). They are small insects with
length that can vary from 3.6 to 4.0 mm and present general brown coloration, with
dark brown stains on the crown and pronotum, light wings, inner margins of dark
brown cells, and yellow or ivory veins. This species is widely distributed in Europe
and Asia (Nielson 1968). P. striatus can present up to four generations per year and
overwinters in the egg stage that is laid in dead leaves or in the sheaths of weed or

Fig. 3.8 Symptoms of wheat streak, yellows, and stunting diseases (Courtesy of G.P. Rao)
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wheat leaves. This insect vector transmits WBD persistently, and there is no evi-
dence of transovarial transmission (Zhang et al. 1996; Peiwen et al. 2004). In
transmission studies, it was observed that P. striatus presents a 7-day acquisition
access period, a latent period of 15-17 days and an inoculation access period of
2-3 days (Peiwen et al. 2004).

3.11 Conclusions

Insect vectors of phytoplasmas are primarily phloem-feeding insects of the order
Hemiptera. Nearly 100 species are recognized as phytoplasma vectors. These are
distributed in eight families (Cicadellidae, Cixiidae, Delphacidae, Derbidae,
Flatidae, Psyllidae, Pentatomidae, Tingidae), with Cicadellidae, mainly subfamily
Deltocephalinae, being the taxa with the largest number of species registered as vec-
tors (>70 species) (Lee et al. 2000; Weintraub and Beanland 2006; Wilson and
Weintraub 2007; Weintraub and Wilson 2010). Insect vectors and alternative host
plants represent natural phytoplasma reservoirs playing a key role in the epidemiol-
ogy of the diseases associated with the presence of these pathogens. Weintraub and
Beanland (2006) described the main features that make the Hemiptera an efficient
group in the transmission of phytoplasma: (a) they are hemimetabolous insects,
with nymphs and adults feeding in the same place and both capable of transmitting
the phytoplasma; (b) they feed on specific parts of the plant in a nondestructive
manner, efficiently inoculating phytoplasmas into vascular tissues without activat-
ing defensive plant responses; and (c) they have a persistent and propagative rela-
tionship with the phytoplasmas.

Although the importance of diseases associated with phytoplasma presence in
several species of plants is recognized, currently, for many cereal crops such as oats,
barley, sorghum, millet, and triticale, the insect vectors have not yet been identified.
In particular 11 diseases associated with phytoplasmas (BaDef, MBS, MR, GE,
OatP, OatSt, OatY, ROL, RYD, TrSt, WBD) have been reported infecting cereals
cultivated in different regions of the world. All these diseases result in significant
losses in grain production. On the other hand, some cereals are hosts of phytoplas-
mas associated with diseases of other Poaceae species. For example, sorghum is a
host of phytoplasmas associated with diseases of sugarcane and napier grass. Also,
weed species of the Poaceae are hosts of phytoplasmas associated with diseases of
cultivated cereal species, such as Johnson grass which is a reservoir of the MR
phytoplasma.

However, there is still a lack of knowledge about the insect vectors of some of
these phytoplasmas, about their transmission, about the factors that affect their dis-
semination, as well about their variability and potential to adapt to different Poaceae
species. Research about these and other aspects, like the diseases cycle, could pro-
vide important and useful results for their management.
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Chapter 4 )
Phytoplasma Diseases of Industrial Crops e

Govind Pratap Rao, Elizabeth Alvarez, and Amit Yadav

Abstract Phytoplasmas are associated with diseases in several hundred plant spe-
cies, including many economically important industrial crops like sugarcane, sugar
beet, cassava, and cotton. A number of phytoplasma diseases are associated with
sugarcane. Originally restricted to Asian countries, they are spreading rapidly to
newer locations with the help of infected seed material and leafthopper vectors. In
cassava, the two phytoplasma diseases causing serious yield losses are cassava frog
skin in Latin America and cassava witches’ broom in Asia. Because of unreliable
and nonspecific symptoms, the identification and characterization of the phytoplas-
mas associated with these and other industrial crops at an early stage of plant growth
are challenging. Here the progress made in understanding biology, economic impor-
tance, symptomatology, diagnosis, epidemiology, and control of phytoplasmas
infecting sugarcane, sugar beet, cassava, and cotton crops are summarized.

Keywords Sugarcane - Sugarbeet - Cassava - Cotton - Identification -
Epidemiology - Genetic diversity

4.1 Introduction

Phytoplasmas infect various industrials crops where they cause serious economic
losses. This chapter presents the historical background, geographical distribution, eco-
nomic loss, characterization, genetic diversity, transmission, and management aspects
of phytoplasma disease of sugarcane, sugar beet, cassava, and cotton crops in the world.
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4.2 Cassava or Manioca

Cassava (Manihot esculenta Crantz) is the most important energy and food source in
tropical regions of the world. Native to South America, cassava was domesticated
5000 years ago and has been cultivated extensively since. Today, it is a staple food in
the diet of 17.8 million people worldwide (FAOSTAT 2015) as well as being an indus-
trial crop with high potential in the socio-economic development of the regions where
it is produced. Cassava is primarily a vegetatively propagated crop and prone to sev-
eral biotic and abiotic stresses among which the phytoplasma diseases are a potential
threat to food security for millions of people (Jackson 2014) since they cause impor-
tant yield losses wherever cassava is grown. Phytoplasma diseases are economically
important in Asia, Latin America, and the Caribbean. The most important cassava
diseases associated with phytoplasma infection are cassava frog skin disease (CFSD)
reported in 1971 in Colombia (Pineda et al. 1983) and cassava witches’ broom (CBW)
discovered in 2010 in Southeast Asia (Alvarez et al. 2013). These pathogens are
spread through cuttings and also spread by insect vectors. Losses caused by cassava
phytoplasma diseases vary greatly depending on the region, local environmental con-
ditions, and cassava variety. Existing reports have documented losses in commercial
crop yield of up to 90% in production areas (Alvarez et al. 2009).

Cassava Frog Skin Disease The origin of cassava frog skin disease (CFSD) is most
probably the Amazon region of Colombia, Peru, or Brazil. It was described for the
first time in Colombia in 1971, in the cassava-growing region of Quilcacé, Cauca
Department, and is considered to be one of the most problematic diseases for cassava
cultivation that affects the production of roots (Pineda et al. 1983). CFSD has been
reported in Colombia (Alvarez et al. 2009), Costa Rica (Pardo et al. 2014), Paraguay
(Cardozo et al. 2016), Brazil (Santos de Oliveira et al. 2014), Panama, Peru, and
Venezuela (Pineda et al. 1983; Chaparro-Martinez and Trujillo-Pinto 2001). CFSD
affects root production and can cause severe economic loss. In Colombia and Costa
Rica, yield losses of more than 90% have been reported. Different groups and sub-
groups of phytoplasmas associated with CFSD were reported. The CFSD-associated
phytoplasmas were identified as group 16SrIII-L by restriction fragment length poly-
morphism (RFLP) (Fig. 4.1a) and sequence analyses of amplified rDNA products in
Colombia (Alvarez et al. 2009). A 16SrIII-A phytoplasma (de Souza et al. 2014), and
a phytoplasma affiliated to subgroup 16SrlII-L were also described (Santos de
Oliveira et al. 2014), the latter subgroup was also reported in Paraguay and Costa
Rica (Pardo et al. 2014) associated with symptoms similar to those reported by
Alvarez et al. (2009). A quantitative PCR was developed, and a TagMan probe was
designed for the phytoplasma detection in field material based on the rp gene
(16SrIII-L phytoplasma) (Fig. 4.1b) enabling the increase of detection sensitivity
from 100- to 1000-fold than that obtained from PCR (Alvarez et al. 2010).

The disease causes deep lesions, decreased diameter, and increased woodiness in
the roots. Symptoms consist of small longitudinal fissures distributed throughout
the root. As roots increase in diameter, the fissures tend to heal, giving the injuries a
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Fig. 4.1 (a) Polyacrylamide gels showing the restriction fragment length polymorphism profiles
of 16S rDNA amplified by PCR with A, primers P1/P7, and B, in nested PCR with primers
R16F2n/R16R2 from representative phytoplasma strains and cassava frog skin disease phyto-
plasma strain CFSDY 15 (from Alvarez et al. 2009, with permission of APS). (b) rp gene region
from which a TagMan probe and primers for gPCR of CESD phytoplasmas were designed

lip form. Symptoms in the roots are a woody aspect and a thickened peel that is
cork-like, fragile, and opaque. The peel also presents liplike slits, creating a netlike
or honeycomb pattern (Alvarez et al. 2009). The expression of CFSD symptoms is
influenced by temperature and host genotype. Depending on the severity of symp-
toms, the depth and number of lesions increase until the root becomes deformed
(Pineda et al. 1983; Alvarez et al. 2003). The symptoms on the aerial parts of the
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Fig. 4.2 Characteristic symptoms of cassava frog skin disease in Colombia (a, b, ¢, and d); symp-
toms of CFSD in Costa Rica (e), in Paraguay (f), and in Brazil (g); healthy cassava roots (h)

plant are uncommon and mostly observed when the plants are harvested (Fig. 4.2).
In Paraguay, symptoms including longitudinal liplike fissures on roots and a thick
cork-like appearance on root peel and the diseased cassava roots were observed. The
disease roots contained very low starch content (Cardozo et al. 2016). Disease
symptoms observed in Paraguay were less severe than those observed in Costa Rica,
where phytoplasma group 16SrIII-L was associated greater disease severity. The
disease is exponentially propagated through stem cuttings. Since stems of diseased
plants are thicker than those of healthy ones, diseased plants are selected for propa-
gation, creating a demand for disease-free planting materials to prevent the dissemi-
nation of disease (Pardo et al. 2014). Most cassava varieties infected with CFSD
express no leaf or stem symptoms. Molecular tests carried out on plants of cassava
and periwinkle after dodder transmission trials confirmed the presence of phyto-
plasmas of group 16SrlIIl. Graft transmission could transfer phytoplasmas from
infected to healthy cassava plants (CIAT 2005), and CFSD is transmitted by vectors
of families of hemiptera, such as Cicadellidae and Delphacidae (Mejia et al. 2011).
Insects in the Scaphytopius genus, in particular S. fuliginosus (Osborn), (Granada
1979), and S. marginelineatus (Stal) were shown to carry the phytoplasmas associ-
ated with CFSD (CIAT 2003, 2005). Recently, it has been demonstrated that S. mar-
ginelineatus is able to acquire the CFSD phytoplasma from infected plants and
successfully transmit it to healthy plants (Alvarez and Betancourth 2016). Further
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Fig. 4.3 On the left, symptoms in vascular tissue: the red circle indicates the vascular beams of
phloem, and on the right the tube on the left shows symptomatic root fragments deposited in the
liquid medium 8 days after sowing, and on the right, control tube (a). TagMan quantitative PCR
with 16SrIII-specific primers detecting phytoplasma DNA from colonies grown in solid medium
(b). Phytoplasma colonies under the optical microscope grown in solid medium in an atmosphere
of 95% N, and 5% CO, (magnification 40 X) (c)

studies are required, to determine the epidemiological significance of this insect as
a vector of the disease in field transmission trials.

In Colombia, isolation of a phytoplasma associated with CFSD was accom-
plished using a method described by Contaldo et al. (2012). Fragments of roots,
petioles, stems, leaves, and embryos from diseased cassava plants were used as a
source for phytoplasma isolation in liquid medium, and colonies were observed in
the solid medium; the presence of phytoplasmas was verified using qPCR (Fig. 4.3).
Other molecular tests showed 450-bp bands with primers M1/M2, polymorphic pat-
terns referable to those of group 16SrllIl, and sequences with 99% homology with
CFSD phytoplasma from both media (Betancourth et al. 2014). Pathogenicity was
proven using stem injection of phytoplasma cells; five clones (CM 2952, Col 1, Col
896, Bra 184, SM 909-25) exhibited severe CFSD and typical root symptoms
6 months after inoculation (Alvarez et al. 2017).

The disease is managed mainly by using cuttings from healthy-looking plants
that bear normal roots as propagation material. Improved quarantine procedures are
required to prevent long-range disease spread. A heat treatment method has been
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developed and implemented in Colombia for the mass propagation of cassava plant-
ing material and subsequently applied in Brazil, Costa Rica, and Paraguay. Thermal
chamber systems reportedly raised the efficiency of production to 90% in cassava
compared with traditional farming systems and increased the availability of stalks
of commercial genotypes for farmers.

Cassava Witches’ Broom Disease Another important phytoplasma disease asso-
ciated with cassava is the witches’ broom (CWB) that is present in diverse tropical
regions, mainly in Central and South America, including Cuba (Arocha et al. 2008)
and Brazil (Lozano 1992). In Brazil, this disease was described in the 1940s in the
southeast region (Silberschmidt and Campos 1944); later, it was observed in the
central (Kitajima and Costa 1971), northeast (Mariano et al. 1991), and northern
regions (Lozano et al. 1981; Lozano 1992). Molecular analysis using specific prim-
ers provided evidence that the phytoplasma was affiliated with group 16SrIII (X
disease). Based on the phylogeny, virtual RFLP patterns, and similarity coefficient
calculations, the phytoplasma was classified as a member of subgroup 16SrIII-B
(Flores et al. 2013).

In Cuba, cassava plants have been associated with disease symptoms that include
leaf yellowing, small fruits, and stunting, and the presence of ‘Ca. P. asteris’ has
been reported (Arocha et al. 2009b). In Brazil, in areas of the northeast region,
CWB was present in 85% of the fields and caused losses up to 70% (Fukuda et al.
1990). The disease also provokes yield losses of cuttings for planting, considering
that affected plants display reduced size and excessive bud burst (EMBRAPA 2012).
Recently, the disease was observed in fields located in the state of Sdo Paulo (SP),
southeastern Brazil. The symptoms included stunting, shoot proliferation, foliar
chlorosis, and leaf malformation (Flores et al. 2013). In Southeast Asia, CWB dis-
ease was observed in 2010 with incidence levels of 32% (Graziosi et al. 2016). Aster
yellows phytoplasmas have been detected, and RFLP analyses of nested PCR-
amplified fragments from Vietnamese and Cambodian CWB phytoplasmas indi-
cated the presence of differentiable strains all related to the 16SrI group (Alvarez
et al. 2013). The major symptoms are small yellow leaves, short internodes, sprout
proliferation, stem vascular necrosis, and/or stunting (Fig. 4.4) in Vietnam. Stakes
produce only a few dwarf and weak spindly sprouts that never reach a normal size,
and, when the affected cassava is uprooted, the roots are thinner and smaller, with
rough-textured skins and drastically reduced starch content (Alvarez et al. 2012). In
2010, the disease was observed in Quang Ngai, Dong Nai, and Yen Bai provinces of
Vietnam, where more than 60,000 ha were affected, with crop losses as high as
80%, and reductions in yield and starch content reaching 30% (Alvarez et al. 2013;
Hoat et al. 2015). In Thailand, cassava witches’ broom disease was first reported in
2008. It spread rapidly and is now widely distributed across the region. Affected
plants show bunches of shoots with short internodes, small yellowish leaves at the
top of the plants, brown vascular tissues, and poor storage root development
(Jackson 2014). Similarly, many cassava farms in Cambodia were affected in 2012,
with losses of up to 50% (Alvarez et al. 2014). Currently, cassava witches” broom is
spreading in Southeast Asia (Cambodia, China, Indonesia, Laos, the Philippines,
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Fig. 4.4 Symptoms observed in cassava plants with witches’ broom phytoplasma disease in Asia.
(a, b, and ¢) Characteristic symptoms of CWB disease in Cambodia (a, b, ¢), phytoplasma disease
in cassava in Thailand (d, e) and in Vietnam (f)

Thailand, and Vietnam) (Jackson 2014). In Wallis and Futuna Islands in the South
Pacific, phytoplasmas found in cassava plants with symptoms associated with CWB
disease have 100% identity with the ‘Ca. P. aurantifolia’ (16SrII) (Davis et al. 2005).
CWRB has no known insect vector, but its spread is known to be mediated by the use
of planting material obtained from infected stems. Key aspects of disease etiology,
epidemiology, and control remain to be investigated (Graziosi et al. 2016).

During the crop growth, it is recommended to remove plants with phytoplasma
symptoms as soon as they are seen and to destroy them by burning (Jackson 2014).
Restricting the movement of cassava planting stakes, especially from infected areas,
and restricting the movement of related species such as Jatropha spp. are also the
best way to minimize disease incidence. Varietal resistance also exists but is not a
significant management practice (Alvarez et al. 2012). Vector control could consti-
tute an effective way of managing this disease and slowing its spread in fields. Also,
heat therapy is successfully used to control phytoplasma diseases in cassava. Abiotic
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and biotic resistance inducers could carry ample potential for phytoplasma control
in cassava. As a systemic pathogen, phytoplasmas can modulate plant hormones and
down-regulate plant defenses, thus opening an avenue to external application of
phytohormones to prime defense systems and induce resistance (Graziosi et al.
2016). Also, an accurate and rapid detection is a key component of disease manage-
ment strategies, and a loop-mediated isothermal amplification (LAMP) assay has
been developed to allow specific detection of CWB phytoplasmas from field-col-
lected samples (Vu et al. 2016).

Cassava Phytoplasma Antholysis Jayasinghe et al. (1983) observed antholysis in
some experimental clones of cassava in southwestern Colombia in 1981. This dis-
ease with no economic importance occurs in Brazil, the Caribbean, Central America,
Colombia, and Venezuela (Frison and Feliu 1991). It was associated with the pres-
ence of phytoplasmas, and dissemination is reported mainly by vegetative propaga-
tion (Jayasinghe et al. 1984). The first observed symptoms were virescence followed
by phyllody in the inflorescence.

Infected inflorescences commonly exhibit a very swollen gynophore and develop
internodes in the floral receptacle, a phenomenon known as apostasis. Furthermore,
elongation of the receptacle occurs above the insertion of the pistil, with the devel-
opment of sprouts. Flower fertility is lost, resulting in nonfunctional flowers that
abort prematurely. Transmission is 100% by stakes. Under greenhouse conditions,
symptoms of antholysis appear within 1 month from planting. No vector transmis-
sion is known. The disease is reduced by selecting stakes from healthy plants.
Varietal resistance also exists. Treatment with penicillin (500 to 1,000 ppm) did not
reduce symptoms, whereas tetracycline reduced antholysis by 90%. This sensitivity
and detection by Dienes’ stain allowed to associate the disease to phytoplasma pres-
ence (Jayasinghe et al. 1983). Recently in Argentina disease symptoms associated
with phytoplasmas were observed in a cassava field in the Misiones province.
Typical symptoms of “superbrotamiento” are shown in Fig. 4.5. Stem cuttings from
a diseased cassava plant generated new plants exhibiting the disease symptoms
(H. Ceballos, 2017 unpublished data).

Cassava Phytoplasma Disease in Africa In Uganda, symptoms of leaf yellowing,
chlorosis, shortening of internodes, and stunting were observed in cassava fields in
Kawanda. The 16S rDNA sequence and restriction profile comparison obtained
after RFLP assays of PCR amplicons identified the associated phytoplasma as a
strain of ‘Ca. P. aurantifolia’ (16SrII group) (Arocha et al. 2009a). In Céte d’Ivoire,
cassava production is second to yams, and it is widely used as a typical food side
dish called “attieké.” Moreover, cassava-based flour or starch is widely used by
private companies, and this has made cassava one of the most important Ivorian
industrial crops. Cassava could become an alternative income source for women in
the south littoral of the coconut-growing area of Grand-Lahou. Since the Cote
d’Ivoire lethal yellowing phytoplasma (CILY, 16SrXXII-B, ‘Ca. P. palmicola’-
related strains) devastated more than 400 hectares of coconut plantations in this area
(Arocha Rosete et al. 2017). However, Kra et al. (2017) reported phytoplasmas of
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Fig. 4.5 Cassava “superbrotamiento” disease with symptoms of multiple branching (a), healthy
plants (left) and diseased plants (right) (b), healthy cassava stems (left) vs diseased cassava stems

(right) (c)

16SrXXII-B subgroup affecting cassava in Cote d’Ivoire. Symptoms of leaf curling
and yellowing were observed in cassava orchards located in the coconut-growing
villages in Grand-Lahou, which are currently affected by CILY.

4.3 Cotton

A few reports are available on phytoplasma disease associated with cotton
(Gossypium hirsutum L.) crops. Symptomatology is characterized by floral abnor-
malities, virescence, phyllody, and shoot proliferation. Disease symptoms also
include little leaf, leaf yellowing, shortening of internodes, and stunting (Cousin
et al. 1969; Kumar et al. 2010). The first report of the cotton phytoplasma disease
(termed as ““stenosis”) was published by Uppal et al. (1944); in India and associa-
tion with phytoplasmas (MLO at the time) was reported by Capoor et al. (1972).
Recently, ‘Ca. P. asteris’ was reported in cotton from Delhi, India (Kumar et al.
2010), while ‘Ca. P. aurantifolia’-related strains (16SrII-C, 16SrII-F) were detected
in Mali and Burkina Faso (Martini et al. 2007; Marzachi et al. 2009).

4.4 Sugarbeet

Sugarbeet (Beta vulgaris L. subsp. vulgaris var. altissima) is a biennial, sugar-
producing tuber crop grown in different parts of the world. It is an alternative crop
to sugarcane and sweet sorghum for sugar production and contributes about 40% of
total sugar production globally (Leilah et al. 2005). Sugarbeet cultivation in differ-
ent parts of the world has been threatened from time to time by various pernicious
plant pathogens. A phytoplasma disease of sugarbeets with symptoms of stunted
growth with numerous small, narrow leaves (Fig. 4.6) and reduced tuber size was
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Fig. 4.6 Little leaf symptoms in sugar beet associated with the presence of peanut witches’ broom
phytoplasma in India. (Courtesy of L. Rajendran)

observed during 2008 in Tamil Nadu, India (Rasu et al. 2011). Phytoplasma associa-
tion of peanut witches’ broom group (16SrII) was confirmed using PCR (Thilagavathi
etal. 2011). In 1990 in Italy, a rosette disease of sugarbeet was associated with the
presence of phytoplasmas by transmission electron microscopy (Canova et al.
1990). Later, Mumford et al. (2000) recorded unusual symptoms in sugar beet in
1999 in Hungary where symptoms included a pineapple-shaped crown, along with
stunted, chlorotic, and necrotic leaves and petioles.

The disease incidence was recorded up to 60%, and the analyses indicate phylo-
genetic relatedness with aster yellows (16SrI) phytoplasmas. The observed symp-
toms were similar to the “low sugar disease,” a condition recorded in France,
associated with a phytoplasma of the “stolbur” group vectored by the leathopper
Pentastiridius beieri (Wagner) (Munchembled et al. 1999). Salehi and Izadpanah
(2005) identified a strain of peanut witches’ broom phytoplasma (16Srll) associated
with witches’ broom disease of sugarbeet from Chahgeer region in Abarque (Yazd
Province of Iran) during 1998-2000. The associated agent was transmitted from
sugar beet to sugarbeet, periwinkle, and eggplant and from periwinkle to sugarbeet
via dodder and from periwinkle to periwinkle and from eggplant to eggplant, orna-
mental eggplant, and tomato by grafting. PCR using universal phytoplasma primer
pairs consistently amplified segments of the expected size from the symptomatic
sugar beet samples. Phylogenetic and putative restriction site analyses and similar-
ity values showed that sugarbeet witches’ broom phytoplasma was closest to mem-
bers of peanut witches’ broom phytoplasma group (16SrII).

The presence of a yellow wilt disease of sugar beet reported in Chile may cause
100% yield loss and seemed to have disappeared from 2001 to 2012 (IANSAGRO
2012). The evidence for the presence of phytoplasmas in sugarbeet was by Hepp
and Sandoval (1999); later a phytoplasma belonging to ribosomal group 16SrIII was



4 Phytoplasma Diseases of Industrial Crops 101

identified (Castro et al. 2000). Fiore et al. (2015) detected the sporadic occurrence
of the disease and associated with it the presence of 16SrIII-J phytoplasmas. These
phytoplasmas are present in different weed species and crops of agronomic interest
in Chile and are transmitted by the leathopper Paratanus exitiosus (Beamer) (Hepp
and Vargas 2002; Gonzdlez et al. 2010, 2011; Longone et al. 2011; Fiore et al.
2012).

The sugarbeet disease called the “basses richesses” syndrome of sugar beet
(SBR) was first described in 1991 in eastern France (Richard-Molard et al. 1995)
and then repeatedly appeared in epidemic forms from 1991 to 1992 and from 1996
to 1998. It caused loss of root sugar content with dramatic economic consequences
in 1992, with income loss nearly 50% over 1000 ha. SBR symptoms appear in late
summer; affected plants showed new shoots with small, narrow, chlorotic leaves;
and old leaves are yellow and necrotic. A brownish discoloration of vascular tissues,
seen after cutting the tap root, is the most characteristic symptom of plants affected
by SBR. Epidemiological studies in sugarbeet plots affected by SBR have shown
that P. beieri can be infected by “stolbur” phytoplasma and may transmit it to sugar
beet (Gatineau et al. 2001). The etiology of the disease remains unclear. Despite the
association with a “stolbur” phytoplasma, several observations and studies indi-
cated that this phytoplasma did not play a major etiological role in the disease.
Preliminary microscopic observations of affected roots suggested that another
phloem-limited organism (a bacterium-like organism: BLO) was involved. Further
experiments confirmed that a BLO, related to ‘Ca. Phlomobacter fragariae’ (agent
of marginal chlorosis in strawberry), was present in symptomatic sugarbeet and
could experimentally be associated with disease symptoms. Also, it was observed
that P. beieri was an effective vector of this BLO. Further, Bressan et al. (2007)
confirmed that the syndrome “basses richesses” of sugarbeet in France is associated
with two phloem-restricted uncultured bacteria: a “stolbur” phytoplasma and y- pro-
teobacteria. The vector of proteobacteria is P. leporinus (Hemiptera, Cixiidae), for-
merly shown to transmit both the prokaryotes. The role of P. leporinus and two other
planthopper species, Cixius wagneri China and Hyalesthes obsoletus Signoret, in
spreading the two pathogens to sugarbeet were compared and quantified. Because
of its abundance and high infection rates with proteobacterium, P. leporinus was
confirmed to be the dominant vector of SBR disease. Symptoms associated with the
two prokaryotes were similar, but “stolbur” was associated with a stronger reduc-
tion in taproot biomass and sugar content than proteobacteria. Other plant patho-
genic phloem-restricted bacteria are proteobacteria. Marginal chlorosis of strawberry
and syndrome “basses richesses” (SBR) of sugarbeet are associated with two related
y-3 proteobacteria in the Arsenophonus clade, i.e., ‘C. Phlomobacter fragariae’ and
SBR proteobacterium (SBRpr), transmitted, respectively, by C. wagneri and P. lep-
orinus (Danet et al. 2002; Gatineau et al. 2002; Sémétey et al. 2007b). SBR can also
be associated with a “stolbur” phytoplasma, which is also transmitted by P. lepori-
nus and causes no differentiable symptoms in affected sugarbeets (Gatineau et al.
2001, 2002; Sémétey et al. 2007a). Experiments showed that P. beieri could trans-
mit “stolbur” to periwinkle and sugarbeet.
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4.5 Sugarcane

The phytoplasma diseases of sugarcane are more widespread than previously known
and are of significant economic importance. Phytoplasmas infecting sugarcane
(Saccharum spp. hybrids) are reported to be associated with several diseases includ-
ing sugarcane grassy shoot (SCGS), sugarcane white leaf (SCWL), sugarcane green
grassy shoot (SCGGS), sugarcane leaf yellows (SCLY), and Ramu stunt. These
diseases cause more or less similar symptoms but differ in the identity of the associ-
ated phytoplasmas, vector relationship, and geographic distribution. SCWL, SCGS,
and SCLY are the most important as causing significant economic losses to sugar-
cane yield and sugar recovery in Asian countries. These diseases have been spread-
ing rapidly to newer locations by the use of infected propagation material and by
leathopper vectors. Both are associated with a specific phytoplasma that is a mem-
ber of the rice yellow dwarf group (16SrXI) and appears to infect only sugarcane
(Yadav et al. 2013); the SCWL and SCGS phytoplasmas could be differentiated by
RFLP analysis of 16S ribosomal DNA using suitable restriction endonucleases.
Sugarcane green grassy shoot is a recently discovered phytoplasma disease of sug-
arcane in Thailand. The SCLY disease has been reported in several Asian, African,
American, and Australian countries and is associated with phytoplasmas in 16SrI,
16SrI1I, 16SrXI, and 16SrXII groups. Ramu stunt disease of sugarcane (SCRS) is
known to occur in Papua New Guinea. Moreover, mixed infections of SCGS+SCWL
and SCGS+SCYL and/or SCYLV+SCLYP are reported from India and Thailand
associated with serious yield decline in quality and quantity (Rao et al. 2012). Since
the reported phytoplasma diseases are regularly emerging and re-emerging, hence it
would be important to detect and manage them at an early stage of sugarcane growth
to avoid further spread and significant losses.

Grassy Shoot SCGS was first reported in 1949 in India (Chona 1958), and then it
has been recorded in most of the sugarcane-growing states of India and also in
Thailand and Vietnam (Wongkaew et al. 1997; Sdoodee et al. 1999; Sdoodee 2001;
Nasare et al. 2007; Viswanathan and Rao 2011; Rao et al. 2012; Hoat et al. 2012;
Yadav et al. 2017). Symptoms similar to those of SCGS have been observed in
Bangladesh, Malaysia, Nepal, Pakistan, Sri Lanka, and Sudan (Rishi and Chen
1989; Viswanathan 1997, 2001; Rao et al. 2003; Ariyarathna et al. 2007). SCGS
disease is characterized by the production of a large number of thin, slender, adven-
titious tillers from the base of the affected stools. This profuse growth gives rise to
a dense or crowded bunch of tillers bearing pale yellow or chlorotic leaves which
remain thin and narrow, reduced in size, and have a soft texture (Fig. 4.7a). Each
stalk that is produced from the affected stool shows shortened internodes and the
development of side shoots from the bottom to the top (Fig. 4.7b). Affected plants
do not produce millable canes. The disease is particularly pronounced in the ratoon
crop where the clusters of slender tillers with reduced leaves, usually growing erect,
give the appearance of perennial grass (Fig. 4.7¢) (Rao et al. 2008).
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Fig. 4.7 Symptoms of sugarcane grassy shoot disease: grassy shoot like chlorotic leaves of the
affected clump of variety CoS 767 (a), grassy shoot symptoms with no tiller at 6 months of the
affected clump (b), chlorotic leaves emerging in ratoon crops (c)

DAPI (4’-6-diamidino-2-phenylindole) stains are commonly used for quick and
inexpensive phytoplasma detection using fluorescence and immunoflores-
cence microscopy (Viswanathan 2000). The phloem cells of the infected material
showed a strong fluorescence, brighter than the typical of nuclei of parenchymal
cells when stained using DAPI (Yadav et al. 2013). Universal phytoplasma-specific
primer pairs were mostly used in nested PCR assays that successfully detect the
SCGS phytoplasma in sugarcane and its reported leathopper vectors (Viswanathan
et al. 2005; Srivastava et al. 2006; Rao et al. 2014; Tiwari et al. 2017). Multilocus
genes such as secA, secY, poC, gyrA, gyrB, and dnaB were also utilized for charac-
terization of SCGS phytoplasmas (Nasare et al. 2007; Manimekalai et al. 2015, 2016;
Rao et al. 2014; Kumar et al. 2017). Nucleotide sequence analysis of the 16S rRNA
genes revealed that the SCGS phytoplasma affecting sugarcane crops in India is
very closely related to RYD phytoplasma group (16SrXI group). Although there
were significant variations in symptomatology and in the genetics of the detected
phytoplasmas, no correlation could be established between symptoms and phyto-
plasma strain (Nasare et al. 2007; Viswanathan et al. 2011; Yadav et al. 2017). So far
three phytoplasma subgroups 16SrXI-B, 16SrXI-D, and 16SrXI-F were found asso-
ciated with SCGS disease (Rao et al. 2014, 2017; Zhang et al. 2016; Yadav et al.
2017) in India and China (Fig. 4.8). Nasare et al. (2007) concluded that the 16S
rRNA gene and 16S-23S rRNA spacer region sequence identity among the SCGS-
associated phytoplasma strains in India are more than 99%, and these results are
confirmed by other studies (Viswanathan et al. 2011). Srivastava et al. (2006) dem-
onstrated that the leafhopper Deltocephalus vulgaris was the vector of SCGS; later
Rao et al. (2014) demonstrated Exitianus indicus as a putative vector for SCGS
phytoplasma. Recently, Tiwari et al. (2017) reported two additional leathopper vec-
tors Maiestas portica (Melichar) and Cofana unimaculata.
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Fig. 4.8 Neighbor-joining tree showing the evolutionary relationship of representative phyto-
plasma strains of 16SrXI and 16SrXIV groups from different sugarcane cultivation regions

Deterioration in yields of many promising varieties of sugarcane by SCGS has
been reported (Dhumal 2001; Viswanathan and Rao 2011; Tiwari et al. 2012; Gogoi
et al. 2017). If diseased setts are used for planting, the germination percentage is
reduced of 30-60% (Madan et al. 1981; Dhumal 1983); Bachchav et al. (1979) have
reported 40-90% loss in sugarcane yield due to SCGS. The affected canes have very
poor milling quality; the juice shows a reduction in brix, pol, CCS percentage, and
purity but increases in the invert sugar (Dhumal and Nimbalkar 1983; Usmani and
Rao 1991; Rao et al. 2000; Gogoi et al. 2017). Dhumal and Nimbalkar (1982)
reported that the SCGS-infected canes had greater quantities of phosphorus,
potassium, iron, copper, and zinc; on the contrary the contents of nitrogen, magne-
sium, manganese, and silica were lower. The reduced nitrogen content adversely
affects growth parameters, photosynthesis efficiency, and carbohydrate and chloro-
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phyll contents, leading to altered morphology and physiology of diseases cane
plants. The high content of phosphorus may be responsible for stunted growth, chlo-
rotic leaves, premature and profuse tillering, and stimulation of invertase activity,
which adversely affects the juice quality. The higher content of potassium, copper,
and zinc induces higher auxin concentration, resulting in premature sprouting of
buds and profuse tillering, and influences the accumulation of reducing sugars by
stimulating the invertase activity that deteriorates the juice quality. The reduction in
silica content in diseased cane leaves may be responsible for soft and papery leaves
and reduction in disease resistance, making the host more prone to other pathogens
(Dhumal 2001). The infected leaves showed reduction in the contents of magnesium
and manganese resulting into loss of chlorophylls (Usmani and Rao 1991), reduced
photosynthetic efficiency (Rao et al. 1992), and inhibition of sucrose-synthesizing
enzymes like sucrose synthetase and carboxylating enzymes like PEPCase and
RuBPcase (Dhumal and Nimbalkar 1983; Dhumal and Hedge 1984). The lower
activity of sucrose synthase and sucrose P synthase may be attributed to the lower
contents of magnesium and manganese which are acting as cofactors in these reac-
tions (Madan et al. 1981, Dhumal and Nimbalkar 1983). Studies on photosynthetic
enzymes in diseased plants indicate that the phytoplasma has adverse effects on
carboxylating enzymes like PEPCase, RuBPcase, and pyruvate Pi kinase. A similar
trend was reported in the activity of NADP malic (decarboxylating) enzyme, while
the activities of NADP-malate dehydrogenase, aspirate amino transferase, and ala-
nine amino transferase were highly stimulated as compared to healthy plants. Leaf
photorespiration was also reported higher in SCGS-affected leaves (Dhumal and
Nimbalkar 1983a, b).

White Leaf Sugarcane white leaf (SCWL) is one of the most destructive sugarcane
diseases in Sri Lanka and Thailand. It was first described in 1954 in the Lampang
province in the northern part of Thailand (Mangelsdorf 1962), and 4 years later it
was also discovered in Taiwan (Ling 1962). In Thailand, the disease subsequently
spread to all important sugarcane-growing areas in the north, northeast, and east,
resulting in one of the most lethal diseases of sugarcane. Currently, it seems present
in all areas of Asian Countries (Thailand, Sri Lanka, Bangladesh, Vietnam, China,
Nepal) where the crop is grown (Rishi and Chen 1989; Sarindu and Clark 1993;
Nakashima et al. 1994, 1996; Wongkaew et al. 1997; Hoat et al. 2013). SCWL was
also recorded in 1986 in Japan, in the Tanegashima island, but later it disappeared
(Nakashima and Murata 1993; Nakashima et al. 2001). The most characteristic
symptoms of SCWL are the presence of leaves with total chlorosis, proliferating
tillers, and pronounced stunting. The leaves are narrower, chlorotic, and smaller
than those of healthy plants, with a soft texture (Fig. 4.9). Severely diseased plants
fail to produce millable canes. SCWL phytoplasma strains are very closely related
to the SCGS agents and phylogenetically related to other phytoplasmas in grasses
such as RYD and SGS (Seemiiller et al. 1994) but could be assigned to a different
subgroup by RFLP analyses of 16S rDNA (Lee et al. 1998). SCWL is transmitted
by the leathopper Matsumuratettix hiroglyphicus Matsumura (Matsumoto et al.
1968). The minimum acquisition and inoculation feeding periods are 3 h and
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Fig. 4.9 Symptoms of sugarcane white leaf disease: field view of SCWL disease in ratoon crops
of variety in Sri Lanka (a); sugarcane clump showing grassy shoot and white leaf symptoms (b);
total chlorotic leaves of a sugarcane variety (c¢) (Courtesy of S. Thushari)

30 min, respectively (Chen 1978). The incubation period of SCWL phytoplasma in
the insect vector is 25-35 days while on the host plant is 70-90 days (Matsumoto
et al. 1968). Lee and Chen (1972) reported the optimum temperature for vector
transmission is 25 °C. According to the studies of Chen (1978), female adults seem
to be more efficient than the males in the transmission of this disease. M. hiroglyphi-
cus is widely distributed in central and southern parts of Taiwan, Sri Lanka, and
Thailand. The vector population is particularly abundant from July through October,
and then it declines rapidly and remains low until April; six overlapping generations
may occur in a year (Yang and Pan 1979). Disease incidence is correlated with the
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population trend of the vector in the field. The females of M. hiroglyphicus usually
lay their eggs in the soil to a depth of about 0.5 cm, but sometimes eggs are laid in
the leaf sheath near the ground. Sandy soils are preferred for oviposition, and this
may be one of the reasons why the disease is often more severe in sandy soils.
Sugarcane and Saccharum spontaneum are the preferred known plant hosts of
SCWL. Up to 100% incidence of SCWL has been recorded resulting in complete
yield loss. Serious recent epidemics of SCWL have been recorded from Udon Thoni
in 2000 and Burirum Districts in 2002 (Kusalwong et al. 2002). With PCR assays,
phytoplasma DNAs were detected in SCWL diseased plants collected from Thailand
(Nakashima et al. 1996; Wongkaew et al. 1997; Sdoodee et al. 1999; Hanboonsong
et al. 2002, 2006) and in insect vectors M. hiroglyphicus and Yamatotettix flavovit-
tatus (Nakashima et al. 1994; Hanboonsong et al. 2006). The transmission effi-
ciency of M. hiroglyphicus (55%) was higher than that of Y. flavovittatus (45%).
These two species peak at different times of the year and therefore complement
each other in the transmission of SCWL disease; therefore their management
requires the control of both insects (Hanboonsong et al. 2006; Kaewmanee and
Hanboonsong 2011). Eight other leathopper species Balclutha rubrostriata
(Melichar), Bhatia olivacea (Melichar), Exitianus indicus Distant, Macrosteles stri-
ifrons Anufriew, Recilia distincta (Motschulsky), Recilia dorsalis (Motschulsky),
Thaia oryzivora Ghauri, and Xestocephalus sp. were reported as putative vectors of
SCWL in northeastern Thailand (Hanboonsong et al. 2006). The disease is spread
through stem cuttings from healthy-looking and latently infected plants (Cronjé
et al. 1998; Tran-Nguyen et al. 2000). Antibodies against SCWL phytoplasma had
been generated (Sarindu and Clark 1993), but universal antigenic targets for the dif-
ferent phytoplasma strains need to be developed to avoid false negatives. Cultural
practices, disease awareness, and farmer understanding remain as the major factors
for successful planting of sugarcane with minimum losses from phytoplasma.

Weed grasses have been suggested to be a reservoir of SCWL but no molecular
evidence is available to prove this hypothesis. The fact that SCWL occurs mainly in
Asia and not in other sugarcane-growing countries in the world strongly suggests
that quarantine barriers should be reinforced to prevent its spread and restrict its
movement to other areas. Manimekalai et al. (2010) confirmed that the phytoplasma
associated with arecanut palm (Areca catechu) has 99% identity with sugarcane
white leaf and coconut root wilt disease phytoplasmas (16SrXI) and 98% identity
with Bermudagrass white leaf phytoplasma (16SrXIV). The phylogenetic analysis
confirmed the clustering of the yellow leaf disease phytoplasma of arecanut palms
with 16SXTI and 16SXIV groups. This indicates very close relationships of arecanut
palm phytoplasma with SCWL and other related Bermudagrass phytoplasma and
suggests that they could be a threat for the possibility of transfer and harbor this
phytoplasma as alternative and collateral hosts. Use of resistant clones to control the
SCWL disease is limited due to the lack of varieties combining high yield with dis-
ease resistance. Planting disease-free cuttings, rouging of diseased plants, and the
prohibition of ratooning in infected fields are, therefore, recommended to control the
disease. In Thailand, the disease is under control in infected areas by the routine use
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of healthy planting material, hot water treatment of cuttings for 2 h at 50°C, micro-
propagation of disease-free plantlets, strict quarantine regulations, and various soil
amendments (Chen and Kusalwong 2000; Kaewmanee and Hanboonsong 2011).

Yellow Leaf Sugarcane yellow leaf syndrome (SCYLS), characterized by a yel-
lowing of the midrib and lamina, was first reported in the 1960s from East Africa
(Rogers 1969) and later from Hawaii (Schenck 2001), South Africa (Cronjé et al.
1998), and Cuba (Peralta et al. 1999). It is now widely distributed in most sugarcane-
growing countries from all continents. Losses from 30% to over 60% of susceptible
varieties have been reported (Comstock et al. 1994, 1998; Arocha 2000). Symptoms
of yellow leaf have been attributed to many causes, both biotic and abiotic, but the
biotic agents are luteovirus or phytoplasmas in Hawaii, Brazil, Australia, South
Africa, Cuba, the USA, and Mauritius (Vega et al. 1997; Cronjé et al. 1998;
Matsuoka and Meneghin 2000; Arocha et al. 1999; Scagliusi and Lockhart 2000;
Aljanabi et al. 2001; Rott et al. 2008). Phytoplasmas have been consistently associ-
ated with SCYLS, but latent infections also occur (Bailey et al. 1996; Cronjé et al.
1998; Arocha 2000; Aljanabi et al. 2001). Phytoplasma infection was reported asso-
ciated with YLS of sugarcane in Africa, and a phytoplasma member of the X-disease
group (16SrIIl) was detected (Cronjé et al. 1998). It was also reported in Cuba,
India, and Australia (Viswanathan 1997; Arocha et al. 1999; Tran-Nguyen et al.
2000). Parmessur et al. (2002) reported Saccharosydne saccharivora as the most
abundant leathopper species found in Cuban sugarcane plantations and responsible
for SCYL transmission. In some cases, mixed infection of both viruses and phyto-
plasmas has been observed (Gaur et al. 2008; Rao et al. 2017). The major symptoms
consist of yellowing of leaves with a bright yellow midrib, often when the rest of the
lamina is still green (Fig. 4.10). Guerra and Cano (2005) detected YLS phytoplasma
using DAPI staining. Later studies employing sequence analysis of 165/23S rDNA
spacer region and RFLP analysis of PCR-amplified 16S rDNA sequences revealed
that two different phytoplasmas are associated with SCYL in nine African coun-
tries, although the plants were symptomatically similar (Cronjé et al. 1998, 1999;
Aljanabi et al. 2001). The prevalent agent is a member of the X-disease group which
showed a sequence identity of 98.8% with the X-disease phytoplasma. Detection
and molecular characterization of AY phytoplasmas (subgroup 16SrI-A) from
SCYL-diseased sugarcane plants from Cuba were also confirmed (Arocha et al.
1999). In Australia, a great genetic diversity among SCYL phytoplasmas was deter-
mined by RFLP and sequence analyses of PCR-amplified 16S rDNA (Tran-Nguyen
et al. 2000). Yellow leaf syndrome (YLS) of sugarcane is a widely distributed dis-
ease syndrome in many sugarcane producing countries of the world and causes
significant losses in yield and quality (Lockhart and Cronje 2000; Viswanathan
etal. 2011). Losses of over 60% are reported in highly susceptible varieties (Arocha
2000). A strain of SCYL belonging to 16SrXII group (“stolbur’’) was shown to be
associated with sugarcane leaf yellows in India (Gaur et al. 2008; Viswanathan et al.
2008). Recently, a 16SrI-B subgroup phytoplasma has been confirmed associated
with sugarcane leaf yellows from two commercial sugarcane varieties from
Lucknow, Uttar Pradesh, India (Kumar et al. 2015). The major symptoms associated
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Fig. 4.10 Symptoms associated with sugarcane leaf yellows phytoplasmas

with the disease were midrib yellowing and irregular yellow patches on leaf lamina.
These findings indicated a great phenotype and genetic diversity of phytoplasmas
associated with leaf yellows disease. Peralta et al. (1999) observed histopathologi-
cal alterations in SCYLS sugarcane leaves such as chloroplast disorganization,
starch accumulation, and increasing number of mitochondria; biochemical altera-
tions like a decrease in amylase activity, alterations of juice quality, and an increase
in invertase activity were also reported. Higher levels of sucrose (Peralta et al. 1999;
Arocha 2000) have also been found, which may be influenced by a proportional
increase in some non-sugar carbohydrates. SCYLS incidence in different commer-
cial cultivars in India was also reported as being responsible for the reduction in
sugarcane production and sugar recovery in India (Rao et al. 2000; Viswanathan
2002, 2004; Gaur et al. 2008). Fontaniella et al. (2003) observed that SCYLS infec-
tion alters the contents and composition of polysaccharides, phenols, and poly-
amines in the juice of infected plants (cv. Cuba 120-78) in Cuba. The disease was
associated with an increase in the concentration of reducing sugars, glucose index,
and glycoproteins recovered in juice, whereas the amount of sucrose decreases.
Sugarcane juice obtained from both healthy and SCYLS-affected Cuba 120-78 cul-
tivars of sugarcane contained putrescine (PUT), cadaverine (CAD), spermidine, and
spermine (SPM) as free and macromolecule conjugated compounds. Only CAD and
SPM appeared as acid-soluble conjugates to small molecules, whereas PUT and
CAD are the major polyamines (PAs) conjugated to macromolecules, mainly to
high molecular mass glycoproteins. The disease was associated with an increase in
total PA fraction. Arginase and ornithine decarboxylase activities, responsible for
the synthesis of PUT, were higher in SCYLS juice than in those obtained from
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healthy plants. CAD and SPM presumably conjugated mostly to chlorogenic, syrin-
gic, and ferulic acids in juice from SCYLS plants. Many methods have been devel-
oped for the generic and specific detection of SCYL phytoplasmas, either based on
nested PCR or NAH assays (Arocha et al. 2004a, b; Rott et al. 2008). Nucleic acid
hybridization assay has been established for the generic detection of phytoplasmas
(Harrison et al. 1994; Kirkpatrick and Smart 1995; Arocha et al. 2004a). Arocha
etal. (2005) confirmed the vector status of the delphacid planthopper, Saccharosydne
saccharivora, associated with SCYLS phytoplasma in Cuba. A new strain of
SCYLS agent belonging to the X-disease group was shown to be present in
Mauritius. This group previously described in sugarcane from South Africa was
detected in both sugarcane Sorghum verticilliflorum and the planthopper Perkinsiella
saccharicida in Mauritius. The presence of a closely related phytoplasma in the
planthopper P. saccharicida indicates the possible involvement of the delphacid in
the transmission of SCYLS phytoplasma (Joomun et al. 2007).

Green Grassy Shoot Disease Sugarcane green grassy shoot (SCGGS) is a recently
discovered phytoplasma disease in Thailand (Pliansinchai and Prammanee 2000).
The symptoms are very similar to those of SCGS disease; however, in SCGGS-
affected sugarcane plants, the leaves do not become chlorotic. The result from PCR
detection showed that SCGGS agent is genetically related to a phytoplasma infect-
ing periwinkle and the SCWL phytoplasma (Pliansinchai and Prammanee 2000).
Further study on the DNA sequence is required to characterize the phytoplasma
associated with SCGGS disease. The disease could be transmitted through the canes
with transmission percentages up to 15-100% (Pliansinchai and Suchato 1995).
The highest percentage of infection was obtained when the basal stalk of the affected
canes was planted (Pliansinchai et al. 1998). Sett transmission plays a major role in
the disease spread, and insect vectors involved in transmission have not yet been
identified.

Ramu Stunt Ramu stunt disease (RStD) of sugarcane was first observed in the late
1980s in the Ramu Valley of Papua New Guinea (PNG) causing severe crop losses
in commercial sugarcane varieties (Eastwood 1990). The cultivar Ragnar proved to
be highly susceptible. Since that time, the replacement of susceptible cultivars with
resistant ones has kept the disease under control. The RStD disease is restricted to
Papua New Guinea (Braithwaite 2010). The most common symptom of the disease
is pronounced stunting. Leaves show a yellow mottled striping with short, erect, and
stiff texture. In some cultivars, excessive tillering and grassy shoot appearance are
also present. Affected plants die within 1 year after the appearance of the first symp-
toms. Kunita et al. (1994) and Cronjé et al. (1999) reported experimental transmis-
sion of RStD agent by the leathopper Eumetopina flavipes Muir. A SCWL-related
phytoplasma was identified by sequence analysis of 16S/23S rDNA spacer region
and RFLP analysis of PCR-amplified 16S rDNA sequences that showed a sequence
identity of 95.98% with the SCWL agent. It caused up to 40% loss in total sugar-
cane production (Suma and Jones 2000). This disease is a major quarantine threat
particularly to the neighboring sugarcane industries in Australia and Indonesia.
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Ramu stunt is a very severe, rapidly spreading, systemic disease with a range of
symptoms. The rapid spread is due to the airborne insect vector, E. flavipes (Kunita
et al. 1994). The most striking effect of Ramu stunt is its ability to suddenly and
rapidly reduce growth, seen as a shortening of internodes and stunting. Diseased
canes are thinner than healthy canes. Stools are severely stunted, and there is pro-
gressive death of stalks. Diseased stools ratoon poorly. In the field, infection in a
susceptible variety can lead to total ratoon failure. Root systems are severely reduced
and stunted. Older roots collapse and become necrotic (Braithwaite 2010). Ramu
stunt is transmitted mainly through infected cuttings, and it has been suggested that
its transmission also involve E. flavipes. The main commercial control used in PNG
crops is the planting of resistant varieties and the destruction of infected crops.
Control of the leafhopper may be another effective control strategy. In PNG, due to
the widespread distribution and persistence of E. flavipes across multiple wild and
cultivated hosts, management effort should focus on the planting of new, resistant
varieties and vigilant surveillance for new outbreaks of the disease (Magarey et al.
2002; Magarey 2008).

For SCGS and SGWL diseases, treatment of cuttings with moist hot air at 54°C for
4 h and hot water treatment at 54°C for 2 h are recommended, respectively (Friso
and Putter 1993). Leaf yellows can successfully be eliminated by tissue culture
technique. Parmessur et al. (2002) reported the elimination of sugarcane yellows
phytoplasma by regenerating plantlets from callus derived from young leaf rolls.
Since the alternative/reservoir plants harboring the SCGS phytoplasma are not con-
firmed yet, understanding the host range of leathoppers as well as other potential
insect vector insects is also desirable for planning sustainable management strate-
gies for SCGS disease. In Australia, phytoplasmas related to SCWL disease were
observed in weeds growing near sugarcane fields (Blanche et al. 2003).

4.6 Conclusion and Perspectives

The phytoplasma diseases of industrial crops are widespread and of significant eco-
nomic importance. SCWL and SCGS diseases seem to occur only in the Southeast
Asian regions, and their agents have never been identified in plants other than sug-
arcane; they also seem to have strict insect vector specificity. In contrast, SCYL
disease occurs in all the continents and is associated with a number of different
phytoplasmas. Although some of these diseases have attracted significant research
attention, many of their associated phytoplasmas are only partially characterized,
and many research gaps still need to be addressed. The limited progress in research
and management of diseases of these crops is at least partly due to the nature of
cultivation of the crop. A number of sugarcane and cassava diseases including those
associated with phytoplasmas have in the past been disseminated through the
exchange of germplasm. Although movement of germplasm has been beneficial and
is desirable, the potential risk of introducing new diseases should be considered. In
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order to prevent the spread of sugarcane and cassava phytoplasmas, it is necessary
for countries to reinforce their inspection and quarantine facilities by acquiring
molecular diagnostic tools. The use of resistant clones is of limited value; with the
advancement of molecular detection methods, phytoplasmas can be detected in
crops at an early stage resulting in timely disease management. No single approach
can provide effective and long-lasting management of these phytoplasma diseases
considering also the large extension of these crop cultivations. Judicious integration
of phytoplasma-free planting material, appropriate cultural practices, and resistant
clones can provide ideal management of phytoplasma associated diseases.
International movement of phytoplasma-free germplasm as cryopreserved stocks
could be a way to decrease inadvertent dispersal of phytoplasmas (Wang and
Valkonen 2008; Wang et al. 2009).
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Grapevine Phytoplasmas b

Elisa Angelini, Fiona Constable, Bojan Duduk, Nicola Fiore, Fabio Quaglino,
and Assunta Bertaccini

Abstract The diseases associated with phytoplasmas in grapevine are collectively
called yellows and occur in the majority of grapevine-growing regions over the
world. At first, a short overview of symptoms and damage associated with the pres-
ence of grapevine phytoplasmas is reported. Then, vectors, alternative host plants,
and epidemiological cycles, where known, are discussed for the main grapevine
yellows in the different continents. Moreover, potential insect vectors and host
plants, together with molecular characterization of the associated phytoplasmas, are
reported.
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5.1 Introduction

Phytoplasmas in grapevine are associated with the diseases called “grapevine yel-
lows” (GY), which occur in the majority of grapevine-growing regions. All GY
diseases show similar symptoms in Vitis vinifera, independent from the phyto-
plasma present, though the agents of GY are often different phytoplasmas, mainly
according to the geographic areas (Table 5.1). GY diseases associated with diverse
phytoplasmas can also occur in the same area or even in the same vineyard, as is the
case of the main GY diseases in Central-Southern Europe. For this reason, the iden-
tification of the phytoplasmas in a symptomatic grapevine is not possible by visual
observation but only by laboratory diagnostic methods. In this chapter, the symp-
tomatology are described for GY diseases, whereas epidemiology and characteriza-
tion are treated separately per continent: Europe, Australasia, the Americas, and the
rest of the world.

5.2 Symptoms of Grapevine Yellows

The main symptoms associated with GY diseases are present on the leaves, bunches,
and canes (Fig. 5.1). The symptoms on the leaves and canes are generally the first
ones to appear in the most seriously infected plants as soon as the sprouting has
started: internodes are short, and canes appear rubbery and not lignified or can show
dark pustules, depending on the variety; necrosis of terminal buds may occur.

The flowers of infected plants can wither and fall; severely diseased plants can
show a strong decline, having only one or a few canes alive. In the spring, it is easy
to confuse GY symptoms with other diseases or physiological problems. As the
vegetative season advances, symptoms become more typical and easier to recog-
nize: part or all of the leaves become red in the red varieties and yellow in the white
varieties including the main veins. Leaves are often, but not always, crispy, brittle,
and downward rolling, depending on the variety; in the late-season infections, the
bunches wither and shrivel. However, partially infected plants, or those belonging to
low susceptible varieties, can maintain good production at harvest time. A partial or
total lack of lignification in the canes of the infected grapevines occurs at the end of
the summer; thus, canes are more susceptible to death from the winter cold.

Not all the grapevine species and varieties show the same susceptibility toward
phytoplasma infection, when growing in the same environment and exposed to the
same disease pressure. In general, rootstock varieties are poorly susceptible and
rarely show GY symptoms (Moutous 1977; Caudwell et al. 1994; Borgo et al. 2009;
Eveillard et al. 2016). Moreover symptom expression, phytoplasma concentration,
and occurrence of infected plants under field and laboratory conditions vary accord-
ing to the V. vinifera variety (Borgo et al. 2006; Bressan et al. 2005; Constable 2010;
Jagoueix-Eveillard et al. 2012; Eveillard et al. 2016) (Fig. 5.2). The differential sus-
ceptibility could depend on genetic or epigenetic features of the grapevine variety/
species or by the feeding behavior of the insect vectors. Moreover, the symptom
severity could also depend on the phytoplasma.
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Fig. 5.1 Symptoms of GY on red (left) and white (right) varieties
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Fig. 5.2 Schematic map of a vineyard (Tezze, Italy) heavily infected with “flavescence dorée”,
where several different varieties were planted. The variety planted in each row is listed. Red
squares point out infected grapevine plants; white squares point out healthy plants. The different
susceptibility to the phytoplasma infection is evident

Generally, grapevine can also recover from GY disease resulting in disappear-
ance of symptoms. It was reported that in the recovered grapevines, the phytoplas-
mas could not be detected and the insect vector(s) could not acquire phytoplasmas
from asymptomatic and recovered grapevines (Morone et al. 2007; Galetto et al.
2014). However, the recovery rate depends on reinoculation by infective vectors and
on grapevine variety (Osler et al. 2003; Bellomo et al. 2007; Morone et al. 2007,
Maggi et al. 2017), and it seems not to be dependent on the phytoplasma strain
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(Constable 2010). Although the underlying physiological and molecular mecha-
nisms are not yet fully understood, the recovery phenomenon has been linked to
accumulation of H,0,, resulting in lower phytoplasma titer (Musetti et al. 2007,
Gambino et al. 2013).

5.3 Grapevine Yellows in Europe

“Flavescence dorée” (FD) This is the most important phytoplasma disease of
grapevine in the European countries that induces losses of up to 100% in the case of
severe epidemics (Fig. 5.3). The FD phytoplasma belongs to the 16SrV group
(Bertaccini et al. 1995, 1997; Martini et al. 1999); although other phytoplasmas in
this group are genetically closely related, they occupy quite different ecological
niches (Bertaccini et al. 2014; Lee et al. 2004b). FD and related phytoplasmas have
been classified into two distinct subgroups, 16SrV-C and 16SrV-D, (FD-C and
FD-D, respectively) on the basis of sequence differences in their 16S rRNA gene.
FD-D is considered widespread, and it was reported in France, Spain, Portugal,
Switzerland, and northern Italy regions, while FD-C is present in some Italian areas
and in Slovenia, Serbia, Croatia, Austria, Hungary, and Switzerland (Martini et al.
1999; Angelini et al. 2001; Duduk et al. 2003, 2004; Seruga-Music et al. 2011;
Reisenstein and Steffek 2011; Radonji¢ et al. 2013; Casati et al. 2017). Besides
grapevine, 16SrV-C phytoplasmas were also reported in Clematis vitalba, Ailanthus
altissima, and Corylus avellana plants near vineyards (Angelini et al. 2003; Filippin
et al. 2009, 2011; Casati et al. 2017). Due to the importance of the FD disease, sig-
nificant efforts have been devoted to develop multilocus sequence typing (MLST)

Fig. 5.3 Grapevine severely infected by FD: red coloration of leaves and downward curling, in the
middle typical lack of lignification due to phytoplasma presence
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tools for finer differentiation of closely related strains of epidemiologic relevance.
Variability analysis of the secY and rpsC genes showed that FD phytoplasma vari-
ants belong to differentiable strain clusters and seemed closely related to phytoplas-
mas infecting European alder or Palatinate grapevine yellows (Angelini et al. 2001,
2003; Martini et al. 2002). The MLST further divide FD strains classified in 16SrV-C
and 16SrV-D groups into genetically distinct types designated as mapFD1 (16SrV-
C) with high genetic variability, mapFD2 (16SrV-D) with lower genetic variability,
and mapFD3 (16SrV-C) (Arnaud et al. 2007; Quaglino et al. 2010). Further FD
strain differentiation has been achieved with the rp and secY genes (Bertaccini et al.
2003, 2009; Botti and Bertaccini 2006a, 2007). Bioinformatic analysis of the con-
catenated sequences of the tuf, rpsC-rplV, rplF-rpIR, and map genes of FD and
other 16SrV phytoplasmas infecting grapevine in Europe indicate that these form a
single cluster of strains that is distinct from other 16SrV phytoplasmas, and they are
thought to have a common origin in Europe (Arnaud et al. 2007; Malembic-Maher
etal. 2011). Although genetic diversity in FD strains has been useful for the identi-
fication of their potential origins and dispersal within the environment, the biologi-
cal differences among them are not so far clarified.

FD is transmitted by the leathopper Scaphoideus titanus Ball introduced in Europe
from North America that only feeds on grapevine (Schvester et al. 1962, 1969; Mori
etal. 2002; Bressan et al. 2005). The pathogen can be introduced to new areas (long-
distance transmission) by infected propagation material, and to a vineyard, from
outside sources such as planting material or insect vectors. The incubation period in
the plant usually lasts one year, and the development of disease symptoms normally
takes place in the following year(s) (Boudon-Padieu 2000, 2003; Bressan et al.
2005). The disease can be quite devastating, and sometimes incidences of over 80%
have been reported (Bressan et al. 2005). The biology of S. titanus is synchronized
with the phenology of grapevine, and it has one generation per year (Schvester et al.
1962; Caudwell 1990; Bressan et al. 2005). S. titanus overwinters as eggs laid in the
bark of 2-year-old grapevine canes. Since S. titanus lives and feeds only on grape-
vine, it can be a very efficient FD vector, especially when no measures to control its
presence are applied. This vector transmits the phytoplasma in a persistent manner,
with a latency period of 4-5 weeks (Schvester et al. 1963; Caudwell et al. 1970).
The leafthopper can acquire the phytoplasma at all growth stages, but early in the
season acquisition efficacy seems to be low, because the first and second instars do
not acquire the phytoplasma with the same efficacy as the older stages. Once
infected, it remains infectious for the rest of its life (Boudon-Padieu 2000, 2003;
Galetto et al. 2016). S. titanus is native to North America and found in woodland or
hedge row vegetation near vineyards, while it is restricted to grapevine in Europe
and Virginia (Maixner et al. 1993; Beanland et al. 2006). Studies showed that
FD-infectious S. titanus could be found on symptomless wild V. riparia in European
woodlands: it is therefore possible that they may act as a source of inoculum in FD
epidemiology (Lessio et al. 2007). Adult S. titanus have been found sporadically on
C. vitalba, but can survive only for a short time and cannot acquire FD from, and
transmit to, C. vitalba or from C. vitalba to grapevine (Angelini et al. 2004; Filippin
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et al. 2007). Orientus ishidae is another potential insect vector, which can occur in
FD-infected vineyards and can harbor 16SrV-C and 16SrV-D strains (Mehle et al.
2010, 2011; Gaffuri et al. 2011; Trivellone et al. 2016). It was also shown to be
capable of transmitting FD phytoplasmas from broad bean to grapevine (Lessio
et al. 2016). Some other insect vectors were shown to experimentally transmit FD,
such as Euscelidius variegatus Kirschbaum to herbaceous hosts, including Vicia
faba (Caudwell et al. 1972), and Dictyophara europaea from wild clematis to
grapevine (Filippin et al. 2009); however the C. vitalba role in FD epidemiology
must be further investigated.

“Bois noir” (BN) disease was first reported in 1961 in vineyards of northeastern
France. Its symptoms were undistinguishable to those of FD, but, because BN was
spreading more slowly, it was considered a non-epidemic form of FD. However on
the basis of its non-transmissibility by S. titanus, it was established that BN was a
disease distinct from FD. A few years later, similar symptoms had been observed in
vineyards of the Mosel and the Rhein Valley in Germany, where S. fitanus did not
occur. Experimental evidence proved that this disease, originally named
“Vergilbungskrankheit” (VK), is transmitted by the plant hopper Hyalesthes obso-
letus Signoret; now BN and VK are considered to be the same disease (Belli et al.
2010). BN spreads in all grapevine-growing countries where it is sometimes respon-
sible for serious crop losses (Belli et al. 2010; Foissac et al. 2013). On the basis of
unique biological properties and exclusive molecular markers within multiple genes
(tufB, rplV-rpsC, secY), the phytoplasma associated with BN disease has been iden-
tified as ‘Ca. P. solani’ (Quaglino et al. 2013). The ‘Ca. P. solani’ strains associated
with BN in Europe were assigned to the subgroup 16SrXII-A (Bertaccini et al.
1995), but later more diversity was found, and subgroups 16SrXII-F, 16SrXII-G,
16SrXII-J, and 16SrXII-K were also differentiated (Quaglino et al. 2009, 2017).
Moreover, sequence analysis of the fufB gene revealed that three BN tuf-types are
present in grapevines and alternative plant hosts, according to ecological diverse
pathosystems: (i) bindweed, H. obsoletus, grapevine tuf-type b, (ii) nettle — H. obso-
letus — grapevine tuf-type a, and (iii) Calystegia sepium — H. obsoletus — grapevine
tuf-type c tuf-type ¢ (Langer and Maixner 2004). C. arvensis and U. dioica have
been reported as being the main host plants of H. obsoletus in Germany, northern
Italy, Spain, and Austria (Mori et al. 2013). Recently, in Austria, Aryan et al. (2014)
detected a high incidence of a tuf-type b with a distinguished Hpall-restriction pro-
file designed as tuf-type b2 that appears to have different ecological features. The
biological complexity of BN disease has stimulated research on molecular markers
for verification of possible genetic diversity related to pathogenicity of the strains.
MLST on variable genes, such as secY, vmp1, and stamp, provided evidence of high
variability among BN strains within the tuf-types (Foissac et al. 2013; Murolo and
Romanazzi 2015). For example, based on Rsal-RFLP analyses of vmpl gene
amplicons, ‘Ca. P. solani’ populations show 23 profiles (Pacifico et al. 2009; Murolo
et al. 2014) (Fig. 5.4). Based on phylogenetic analysis of concatenated nucleotide
sequences of the genes vimp I and stamp for 76 ‘Ca. P. solani’ strains, 49 vmp1/stamp
sequence variants were grouped into five vmpl/stamp clusters. The cluster vimp1/
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Fig. 5.4 Virtual Rsal-RFLP profiles of vimpl gene fragments obtained from BN phytoplasmas.
Designation of vmpl Rsal-RFLP profiles is according to the SEE-ERANET nomenclature
(X. Foissac, INRA, Bordeaux, France) and Quaglino et al. (2016). M, marker phiX174 digested
with the enzyme Haelll

stamp-4 included BN strains (tuf-type a) associated with nettle-related biological
cycle, while the other four clusters included BN strains (tuf-type b) associated with
bindweed-related biological cycle (Quaglino et al. 2016) (Fig. 5.5). Several weeds,
such as Chenopodium album and Malva sylvestris, host the ‘Ca. P. solani’ in or
around infected vineyards and can therefore play a role in BN diffusion (Marchi
etal. 2015; Mori et al. 2015; Oliveri et al. 2015). In the Euro-Mediterranean regions,
the main BN insect vector is H. obsoletus, a polyphagous cixiid living preferentially
on nettle (Urtica dioica), bindweed (Convolvulus arvensis), mugwort (Artemisia
vulgaris), and chaste tree (Vitex agnus-castus) inside and/or around vineyards
(Alma et al. 1988; Sforza et al. 1998; Langer and Maixner 2004; Sharon et al. 2005).
Recently, Reptalus panzeri and R. quinquecostatus have been reported as vectors of
BN in Serbian and France vineyards, respectively (Cvrkovi¢ et al. 2014; Chuche
et al. 2016), and Anaceratagallia ribauti was reported as vector of “stolbur” phyto-
plasmas even if not to grapevine (Riedle-Bauer et al. 2008).

Molecular epidemiology approaches, using vmpl- and stamp-based markers,
increased the knowledge of the population variability of BN throughout vineyards
and their surroundings in the Mediterranean area (Fialovd et al. 2009; Fabre et al.
2011; Foissac et al. 2013; Murolo et al. 2014; Landi et al. 2015; Murolo and
Romanazzi 2015). Moreover recent studies reported the direct epidemiological role
of V. agnus-castus in the H. obsoletus-mediated BN transmission to grapevine
(Kosovac et al. 2016) and the ability of R. panzeri to transmit ‘Ca. P. solani’ from
corn with reddening disease to grapevine (Cvrkovi¢ et al. 2014). The complexity of
BN disease epidemiology renders it difficult to design efficient control strategies.
Insecticides applied to the grapevine canopy influence neither the disease nor the
presence of H. obsoletus (Maixner 2007; Mori et al. 2008).
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The management of H. obsoletus host plants in the vineyards and surrounding
areas is therefore considered crucial for BN control (Mori et al. 2012). Thus, pre-
ventive measures such as checking the sanitary status of propagation material and
treating diseased mother plants through thermotherapy are applied to limit long-
distance dissemination and infield spread of the disease. Other strategies for reduc-
ing BN spread or incidence are based on (i) preventive removal of the grapevines’
suckers on which H. obsoletus could feed after grass mowing, (ii) trunk cutting
above the grafting point on the symptomatic grapevines, and (iii) treatments by
resistance inducers (Mori et al. 2015).

Other Phytoplasmas In Germany, a disease named Palatinate GY associated with
16S1V-C group phytoplasmas was detected in the grapevine-growing area bordering
France. Unlike FD, in this case the grapevine is a secondary and incidental host
since the disease, transmitted by Oncopsis alni, is not known to be epidemic
(Maixner et al. 1995). The 16SrI group (aster yellows) phytoplasmas are reported
among the viticultural regions around the world. In Europe they occur sporadically;
in particular 16SrI-B phytoplasmas have been found in grapevine in Italy, Slovenia,
and Croatia, while 16SrI-C phytoplasmas have only been reported in Italy (Alma
et al. 1996; Saric et al. 1997; Mikec et al. 2006; Landi et al. 2013; Jezi€ et al. 2013).
16S1I phytoplasmas were detected in declining Syrah grapevines in France, but
their subgroup was not determined (Renault-Spilmont et al. 2006). Four leathopper
species can transmit 16SrI-B phytoplasmas to grapevine including Euscelis incisus
and Macrosteles quadripunctulatus, which are the most efficient vectors, and
Euscelidius variegatus and S. titanus, which are less efficient (Alma et al. 2001). It
was reported that M. quadripunctulatus does not survive on grapevine (Batlle et al.
2008). Other possible vectors infected by 16SrI-B and 16SrI-C phytoplasmas were
found in Italian vineyards, although the phytoplasmas were not detected in the grape-
vines (Landi et al. 2015). However, these insects would appear to be completing
their life cycle on other plant species near to or within vineyards, and probably
grapevine is just their incidental host. Phytoplasmas of the 16SrX group, mainly
16SrX-B (‘Ca. P. prunorum’, European stone fruit yellows), were also sporadically
detected in Italy, Hungary, and Serbia (Bertaccini et al. 1996; Varga et al. 2000;
Duduk et al. 2004), and in Italy also 16SrV-A phytoplasmas (‘Ca. P. ulmi’) were
detected in some plants (Martini et al. 2002; Dermastia et al. 2017); recently in
northern Italy, 16SrVII-A (‘Ca. P. fraxini’-related) and 16SrVI (‘Ca. P. trifolii’-
related) subgroups were also identified in both symptomatic and asymptomatic
grapevine samples and in some of the reported insect vectors (Zambon et al. 2018);
however their epidemiologic significance remains to be determined.

5.4 Grapevine Yellows in Australia

Australian grapevine yellows (AGY) disease exhibits symptoms that are indistin-
guishable from those associated with GY. However AGY disease in Australia is
associated with three distinct phytoplasmas that are not reported to occur in
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grapevines in any other country. They include ‘Ca. P. australiense’ (16SrXII-B),
‘Ca. P. australasia’, or Australian tomato big bud (TBB) phytoplasma (16SrII-D)
and Buckland Valley grapevine yellows (BVGY) phytoplasma (16SrXXIII)
(Padovan et al. 1995; Davis et al. 1997; Gibb et al. 1999; Constable et al. 2002; Wei
et al. 2007). AGY is observed in many Australian grape-growing regions, although
it occurs with greatest incidence in the warmer inland areas including the Murray
Valley in New South Wales (NSW) and Victoria, the Riverina in NSW, and the
Riverland in South Australia (Magarey and Wachtel 1986b; Bonfiglioli et al. 1995;
Constable et al. 2004). The disease most frequently affects Chardonnay and
Riesling, but it has been observed also in other white and red varieties (Magarey and
Wachtel 1986a; Bonfiglioli et al. 1995). Symptoms begin to develop in late spring
(October—November) and are visible until late summer (February). The disease can
be epidemic occurring with high incidence in one year and then decreasing in sub-
sequent years (Magarey and Wachtel 1986b; Constable et al. 2004). An incidence of
73.4% has been recorded in a single year, and over a period of 6 years, 95% of
grapevines were affected (Constable et al. 2004). Clusters of AGY disease occur-
ring within vineyards are thought to be caused by migration of infectious vectors
through a vineyard and feeding in clusters rather than spread from grapevine to
grapevine, since alternative hosts are not observed and potential insect vectors have
rarely been found in Australian vineyards (Constable et al. 2004; Magarey et al.
2006). High AGY disease incidence occurring in grapevine growing beside waste-
land areas or riparian vegetation compared to grapevines growing in other parts of
the vineyard also supports an external source of phytoplasmas (Magarey et al.
2006). Significant economic impact was observed in some Chardonnay and Riesling
vineyards that in the 1970s and 1980s experienced 13% yield losses and in some
grapevine plants, which exhibited severe symptoms over a large portion of the can-
opy, producing 54% less compared to the healthy plants (Emmett et al. 1983;
Magarey and Wachtel 1983). Later studies, using Chardonnay vineyards in which
minimal pruning techniques were used, revealed no significant difference in yield
between unaffected and AGY-diseased grapevines in some vineyards and a moder-
ately significant reduction in yield (43—44%) in others. Yield loss worsened (54%
yield) when grapevines exhibited AGY symptoms coupled with restricted growth
(Glenn 2000). One hypothesis for the difference in the economic impact of AGY
disease between early and later yield studies is a change in canopy management
during the 1980s in warmer inland areas from harder pruning styles to minimal
pruning, the latter producing larger canopies and greater fruit production
(Clingeleffer 1988; Sommer et al. 1993). Larger canopies and fruit production may
offset the losses incurred from AGY disease, as typically only a portion of a grape-
vine and perhaps only a few shoots are affected by AGY.

It has been suggested that restricted growth (RG) and late-season leaf curl
(LSLC) symptoms in Australia might also be associated with phytoplasmas, but
there is no consistent evidence to support this hypothesis (Bonfiglioli et al. 1997).
PCR testing could not correlate RG and LSLC symptoms with phytoplasma pres-
ence (Bonfiglioli et al. 1995; Gibb et al. 1999; Padovan et al. 1995; Constable et al.
2003a). A statistical analysis of 6 years of AGY, LSLC, and RG disease incidence
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data from three affected vineyards showed that the diseases were not always associ-
ated with each other (Constable et al. 2004).

The tissue type, titer, and time of year affect phytoplasma detection in Australian
grapevines: they are most reliably detected by PCR methods in symptomatic shoots
during mid to late summer (January—February), before harvest (Gibb et al. 1999;
Constable et al. 2003a). Phytoplasmas can be detected also in the roots, trunks, and
cordons of AGY-affected grapevines throughout the year indicating that they may
spread within and persistently infect grapevines although they can be unevenly dis-
tributed or in uneven titer (Gibb et al. 1999; Constable et al. 2003a, b). Expression
of AGY symptoms in grapevines held under netting to prevent reinfection events
further supports persistent infection by Australian grapevine phytoplasmas (Magarey
et al. 2006). However, phytoplasmas associated with AGY disease are rarely
detected in symptomless shoots, and cases where the plants may not express symp-
toms in the subsequent years are observed even if they are persistently infected
(Magarey and Wachtel 1986b; Constable et al. 2003a, b). An analysis of disease
survey data from 6 years showed that grapevines affected by AGY disease were at
statistically greater risk of displaying the symptoms again in following years
(Constable et al. 2016). Recurrence of disease is likely to be linked to persistent
infection as well as reinfection events. It is postulated that symptom expression in
Australian grapevines is strongly linked to the presence and possibly titer of phyto-
plasmas in an affected shoot, but when phytoplasmas occur in other grapevine tis-
sues, they may be symptomless (Gibb et al. 1999; Constable et al. 2003b).

‘Ca. P. australiense’ is found in most grape-growing regions where AGY disease
occurs and is most frequently detected in diseased grapevines (Gibb et al. 1999).
TBB phytoplasma occurs less frequently, and interestingly it has been found in
mixed infections with ‘Ca. P. australiense’ without changes to typical AGY symp-
tom expression (Gibb et al. 1999; Constable et al. 2003a).

The BVGY phytoplasma is restricted to the cool-climate Alpine Valleys wine
region of northeastern Victoria, which includes the Buckland Valley, and within this
region, it has only been detected in two Chardonnay vineyards that were within
4 km of one another (Constable et al. 2003b). The occurrence of the BVGY phyto-
plasma in both vineyards could not be traced to planting material originating within
the region or to other regions, and there was no link between the two vineyards,
except their proximity. Therefore, it seems likely that the phytoplasma has spread
from a local alternative plant host by an insect vector, although both of them have
not been found. The BVGY phytoplasma is the most frequently detected in this
region, while the TBB phytoplasma has never been detected, and ‘Ca. P. aus-
traliense’ has only been detected once (Constable et al. 2003b; Dermastia et al.
2017). Both ‘Ca. P. australiense’ and TBB phytoplasma have a broad geographic
range within Australia, which includes tropical regions in the north to cool temper-
ate regions in the south (Schneider et al. 1999; Constable 2010) infecting native
plant species, weeds, domestic ornamental and crop plants, and economically
important commercial crops.

In Australia ‘Ca. P. australiense’ has been detected in Acaena novae-zelandiae
(bidgee widgee), Carica papaya (papaya), Catharanthus roseus (periwinkle),
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Cucurbita maxima (pumpkin), C. moschata (pumpkin), Einardia nutans (climbing
saltbush), Enchylaena tomentosa (ruby saltbush), Euphorbia terracina (false caper),
Exocarpus cupressiformis (cherry ballart), Fragaria x ananassa (strawberry),
Gomphocarpus fruticosus (cottonbush, swan plant), Melilotus indicus (Hexam sp.,
Hexham scent), Jacksonia scoparia (winged broom pea), Liquidambar styraciflua
(sweetgum), Paulownia fortunei (paulownia), Phaseolus vulgaris (bean), Maireana
brevifolia (Yanga bush), Medicago sativa (alfalfa), M. polymorpha, and Vigna radi-
ata (mung bean) (Schneider et al. 1999; Davis et al. 2003; Pilkington et al. 2003;
Bayliss et al. 2005; Streten and Gibb 2005, 2006; Streten et al. 2005; Magarey et al.
2006; Getachew et al. 2007; Habili et al. 2007; Constable et al. 2016). M. brevifolia,
E. tomentosa, E. terracina, and E. nutans occur near AGY-affected vineyards, but it
is not yet known if they have a role in the epidemiology of AGY disease (Magarey
et al. 2006). The importance of other hosts in the AGY disease cycle is not known,
although commercial crops that also host ‘Ca. P. australiense’ are unlikely to be
important to AGY disease epidemiology as they are not frequently grown near vine-
yards (Dermastia et al. 2017). TBB phytoplasma and related strains have a similar
geographic distribution within Australia to ‘Ca. P. australiense.” They also have a
very broad host range, infecting more than 50 plant species, representing 20 plant
families (Schneider et al. 1999; Davis et al. 2003; Streten and Gibb 2006; Saqib
et al. 2007; Lee et al. 2010; Aryamanesh et al. 2011; Yang et al. 2013). The role of
these plant hosts in AGY disease epidemiology is also unknown.

Insect vectors of Australian grapevine infecting phytoplasmas remains unknown,
despite intensive surveys and some transmission studies. No insect vector has been
identified for ‘Ca. P. australiense’ in any Australian crop, although it was detected
using PCR in specimens of the common brown leathopper, Orosius argentatus
(Evans), collected from an Australian vineyard. This insect was able to acquire the
phytoplasma from grapevine under experimental conditions, but transmission was
not demonstrated (Glenn 2000; Beanland 2002). ‘Ca. P. australiense’ was also
detected in several leathopper and plant hopper specimens collected from Australian
strawberry farms, including Orosius sp., Xestocephalus sp., Thanatodictya sp., and
an undetermined species of the tribe Gaetuliini, although the latter three species
have not been recorded in vineyards (Constable et al. 2016). The leathoppers Arawa
variegata and Recilia hospes captured on New Zealand strawberry plants were
infected with ‘Ca. P. australiense’, but their vector status is unknown (Charles et al.
2002). Arawa sp. and R. hopses have been found in Australian vineyards affected by
AGY disease, but ‘Ca. P. australiense’ was not detected in these specimens
(Beanland 2002). The TBB phytoplasma is transmitted by O. argentatus,
Batrachomorphus punctatus, and Austroagallia torrida in other Australian crops
(Hill 1941, 1943; Helson 1951; Hutton and Grylls 1956; Grylls 1979; Osmelak
1986; Pilkington et al. 2004). All three insect species have been found in Australian
vineyards (Glenn 2000; Beanland 2002). Orosius orientalis can acquire TBB phy-
toplasma from grapevine and then transmit it to faba bean, but back-transmission to
grapevine was not demonstrated (Beanland 2002). Acquisition and transmission of
TBB phytoplasma in Australian grapevines by B. punctatus and A. torrida were not
demonstrated.
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5.5 Grapevine Yellows in the Americas

The first information about the presence of phytoplasmas in grapevine in the
American continent dates back to 1971, specifically in the Elqui Valley in Chile,
where GY symptoms were observed (Caudwell et al. 1971; Gértel 1972; Caudwell
1980). Similar symptoms were then reported in Northern New York State (NNYS)
in the USA (Uyemoto 1976; Uyemoto et al. 1977; Pearson et al. 1985) and in
Argentina in 1980 (Caudwell 1990). Since 1987 GY symptoms have been registered
again in the USA in Virginia (Wolf et al. 1994). The first detection of phytoplasmas
in grapevine in Canada occurred in 2006 (Rott et al. 2007); finally very recently GY
was reported in 2015 in vineyards from Perd (Wei et al. 2017).

North America In NNYS, grapevine leaf curl and berry shrivel symptoms have
been reported in two De Chaunac vineyards since 1974, and it was observed that by
eliminating the affected plants, the symptoms did not reappear: it was not possible
to determine the disease etiology, although the symptoms resembled those of FD
(van Heerden 1978; Magarey 1986). In Virginia GY was observed in Chardonnay
and Riesling; it is a lethal disease; however, it spreads slowly (Wolf et al. 1994;
Davis et al. 1998). Phytoplasmas belonging to groups 16Srl (aster yellows) and
16SrIIT (X-disease) were detected (Prince et al. 1993), later classified as 16SrI-A
and 16SrIII-I subgroups (Davis et al. 1998). Subsequently, the identification of the
16SrIII phytoplasmas in grapevine was revised indicating the presence of two
16SrIII-A sequevars, named 16Srlllo and 16SrIIIf, distinct from ‘Ca. P. pruni’
(Davis et al. 2015), but no epidemiological information is provided about these two
variants in infected vineyards. This disease named North American GY (NAGY)
was only found in the USA, in particular in Maryland, Missouri, southeast
Pennsylvania, Ohio, Virginia, and the Finger Lakes region of New York State infect-
ing Chardonnay, Pinot Gris, Viognier, Petit Manseng, Cabernet Sauvignon, Malbec,
and Black Malvasia (Davis et al. 2012, 2015). The NAGY phytoplasma alternative
hosts are Vitis spp., Ulmus americana, Platanus occidentalis, Prunus serotina,
Taraxacum sp., Trifolium pratense, T. repens, and Lespedeza spp. (Stoepler and
Wolf 2014). The role of these host plants in the NAGY epidemiology is not known;
however affected plants have been found in cluster inside the vineyards or on the
edge of them. This situation, together with the identification of several species of
leathopper potential vectors of phytoplasmas and the detection of 16SrI and 16SrIII
phytoplasmas in asymptomatic V. riparia plants, leads to the conclusion of possible
horizontal dissemination in the vineyards (Prince et al. 1993; Davis et al. 1998;
Beanland et al. 2006; Stoepler and Wolf 2014). It was proven that S. fitanus is able
to transmit NAGY phytoplasmas to broad bean (Vicia faba) plants, although at the
time of the trial the phytoplasmas involved in NAGY disease had not yet been iden-
tified (Maixner et al. 1993). Undoubtedly it would be necessary to carry out further
transmission trials to confirm S. titanus in the role of vector of the phytoplasmas
involved in the NAGY disease. Indeed, the leathopper has high probability to be
vector of NAGY phytoplasmas, because it is known that it is able to experimentally
transmit to grapevine phytoplasmas belonging to the ribosomal group 16StI (Alma



138 E. Angelini et al.

etal. 2001). In addition, S. titanus, native of the USA, prefers to feed on V. labrusca
L. and V. riparia, which have been found near the vineyards infected by NAGY
phytoplasmas (Maixner et al. 1993; Beanland et al. 2006; Chuche and Thiéry 2014;
Davis et al. 2015).

The first phytoplasma detected in grapevine in Canada, in vineyards from Ontario
and British Columbia, was ‘Ca. P. solani’ (16SrXII-A) (Rott et al. 2007). From
2006 to 2008, phytoplasmas belonging to the 16SrI-A, 16SrI-B, and 16SrI-C sub-
groups and 5 new strains or subgroups were reported in 22 symptomatic and symp-
tomless grapevine cultivars in British Columbia, Ontario, and Quebec, 16SrI-A
being the most frequently phytoplasma detected (Olivier et al. 2009b, 2014).
Sporadically, the presence of phytoplasmas belonging to the 16SrIIl ribosomal
group has also been reported (Saguez et al. 2015). The highest percentages of infec-
tion was observed in Sauvignon Blanc, Cabernet Franc, Syrah, and Cabernet
Sauvignon cultivars (Olivier et al. 2014; Vincent et al. 2015). About 90% of the
positive samples were collected from asymptomatic plants: this high percentage of
symptomless infection is not reflected in any of the other grapevine-growing coun-
tries in the world (Olivier et al. 2009b, 2014). The most likely explanation for this
situation is associated with the low seasonal temperatures of the wine-growing
regions of Canada. It has been demonstrated that in tricolor chrysanthemum, Ismelia
carinata (Schousb.) Sch. Bip. 1844, infected with phytoplasmas belonging to the
16Sr1I ribosomal group, the rapid onset of symptoms is favored only with high tem-
peratures (Maggi et al. 2014). In Canada 11 phytoplasma insect vectors have been
identified, but a total of 37 leathopper species have been found positive for phyto-
plasmas. Nine out of these 11 insect species are known as 16SrI ribosomal group
phytoplasma vectors: Amplicephalus inimicus (Say, 1830), Aphrodes bicinctus
(Schrank), Colladonus geminatus (Van Duzee), Euscelis maculipennis (DeLong
and Davidson 1934), Gyponana hasta (DeLong 1942), Macrosteles quadrilineatus
(Forbes 1885), Paraphlesius irroratus (Say), S. titanus, and Scaphytopius acutus
(Say) (Lee et al. 2004a; Olivier et al. 2009a, 2014; Saguez et al. 2014). All the vec-
tor species found in Canada, except for S. titanus and M. quadrilineatus, feed pref-
erentially on weeds; however the latter one is abundantly present in Canadian
vineyards and, together with the other insect vector species, its ability to transmit
16Sr1 phytoplasmas to and from grapevine is unknown (Nielson 1968; Alma et al.
1996; Lee et al. 2004a; Olivier et al. 2014; Saguez et al. 2014). 16SrI phytoplasmas
were detected in several alternative hosts throughout Canada, but in the same plants
collected near to or within vineyards, 16SrI phytoplasmas were never detected. This
situation suggests that phytoplasmas belonging to the 16SrI ribosomal group are
endemic in Canada and may be transmitted to grapevine from these reservoir plants
(Olivier et al. 2009a).

South America In Argentina typical symptoms of GY were observed in vineyards
by Hewitt in 1980 (Caudwell 1990), but phytoplasmas involved have not been iden-
tified. The presence of GY diseases in V. vinifera L. in Chile was reported in 1971,
based on the observation of symptoms; however the first laboratory evidence for the
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presence of phytoplasmas in grapevine occurred in 2003 by electron microscopy
and molecular tools (Gajardo et al. 2003; Herrera and Madariaga 2003; Bertaccini
et al. 2004). To date six phytoplasma subgroups have been detected in grapevine in
Chile: 16SrI-B, 16SrI-C, 16SrIII-J, 16SrV-A, 16SrVII-A, and 16SrXII-A (Gajardo
et al. 2009; Fiore et al. 2015b). There is no information about the prevalence of GY
in Chilean vineyards. The 16SrIII-J is the most widespread phytoplasma, infecting
not only grapevine but also several other woody and herbaceous species (Gonzalez
et al. 2011; Fiore et al. 2015b; Quiroga et al. 2015), and its draft genome sequence
is now available (Zamorano and Fiore 2016). Transmission trials have shown that
Paratanus exitiosus (Beamer) and Bergallia valdiviana Berg 1881 can transmit
16SrIII-J phytoplasma to periwinkle and the first insect also to grapevine (Fiore
et al. 2012, 2015a; Quiroga et al. 2015). S. titanus has never been found in Chile,
while P. exitiosus and B. valdiviana are widely distributed throughout the country.
They are commonly captured on weeds in Chilean vineyards and occasionally feed
on grapevine plants (Fiore et al. 2015a; Quiroga et al. 2015). The leathopper
Amplicephalus curtulus Linnavuori & De Long, in which phytoplasmas belonging
to 16SrI-B and 16SrXII-A subgroups were detected, also has been frequently cap-
tured in weeds occurring in Chilean vineyards, but it was not possible to determine
whether it transmits these phytoplasmas to grapevine (Longone et al. 2011). Some
weeds present in or around the vineyards were found positive for phytoplasmas
detected also in grapevine: Galega officinalis was found infected with 16SrVII-A
phytoplasma; C. arvensis with 16SrI-B, 16SrVII-A, and 16SrXII-A; and Polygonum
aviculare with 16SrI-B and 16SrVII-A (Longone et al. 2011). In the fall of 2015,
grapevine plants exhibiting symptoms of leaf discoloration (yellowing), vein necro-
sis, and in some cases berry shriveling were observed in Peru, and ‘Ca. P. brasil-
iense’-related phytoplasmas (16SrXV-A) were identified (Wei et al. 2017).

5.6 Grapevine Yellows in Africa and Asia

In Asian countries grapevine has been domesticated and grown for a long time;
however there are only scattered reports about the presence of GY. So far there are
only a few reports of 16SrXII-A phytoplasmas (BN) in grapevine in Lebanon, in
China, and in Georgia (Choueiri et al. 2002; Duduk et al. 2010; Quaglino et al.
2014); the same phytoplasma was also detected in Jordan, Iran, and Israel (Salem
et al. 2013; Mirchenari et al. 2015; Sharon et al. 2005), while in Lebanon and in
Iran, 16SrIX-C phytoplasmas occur in grapevine and at least 12 wild plant species
(Casati et al. 2016; Salehi et al. 2016). A strain related to “stolbur” but differentiable
from it at the RFLP level on 16S rDNA was also reported in Iran (Karimi et al.
2009). Phytoplasmas in the 16SrIX group were also reported in a few GY-affected
grapevines in Turkey where the main phytoplasmas detected were 16SrXII-A and
16S1I (Canik et al. 2011; Ertunc et al. 2015) and more recently in Iran (Zamharir
et al. 2017). In Iran other phytoplasmas such as strains ‘Ca. P. fraxini’-related
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(16SVII-A) and ‘Ca. P. aurantifolia’-related (16SrII-B) were recently reported in
grapevine showing symptoms of decline and leaf scorch (Zambharir et al. 2017).
GY diseases were first reported in Africa in Tunisia in 2004 and were associated
with 16SrI-B phytoplasmas (M hirsi et al. 2004). In 2006 a GY disease in South
Africa was associated with a mixed infection of 16SrXII-A and 16SrII-B phytoplas-
mas (Botti and Bertaccini 2006b). Subsequent studies have shown that the epidemic
of GY disease is associated with the presence of 16SrI-B phytoplasmas in South
African grapevines. The disease has been observed in several cultivars, although
Chardonnay was the most frequently affected, showing rapid decline and eventual
death of the grapevines with yield losses of up to 30% (Carstens 2014). The yearly
incidence of GY disease is often lowest in the first year and increases in subsequent
years. A cumulative incidence of up to 37.7% over 4 years has been reported for
some vineyards, which indicates that new infections are likely to occur each season
(Carstens et al. 2011; Carstens 2014). The 16SrI-B phytoplasmas have also been
detected in 11 other plant species within and around vineyards, including
Catharanthus roseus, Bidens bipinnata, Erigeron bonariensis, Sonchus oleraceus,
Raphanus raphanistrum, Cucurbita sp., Setaria verticillata, Triticosecale sp., Zea
mays, and Urtica urens (Kriiger et al. 2015a, b); it is possible that some of these spe-
cies act as reservoirs from which the phytoplasmas spread to grapevines. The vector
of 16SrI-B phytoplasmas to grapevine in South Africa is Mgenia fuscovaria, leaf-
hopper native to South Africa (Kriiger et al. 2011). It is the most abundant leathopper
in vineyards, and adults are present all year round (Kriiger et al. 2015b). Grapevine
is not yet a proven acquisition host, but if M. fuscovaria can acquire 16SrI-B phyto-
plasmas from grapevine and transmit them to other grapevines, then GY disease
incidence might have a significant impact on production of susceptible varieties.

5.7 Conclusions

GY are spread in almost all of the grapevine-growing areas worldwide, though the
typical symptoms or the associated phytoplasmas have not yet been identified in
some countries. Associated phytoplasmas and epidemiological cycles can be very
diverse. The main information gathered so far is summarized in Table 5.1. Host
plants and vectors can be many; however GY can also be transmitted by grafting,
with variable rate due to the uneven distribution of phytoplasmas among and along
the canes, difference in strains infecting the plants, and poor survival rate of infected
scions or rootstocks (Borgo et al. 2007). Latency in grapevine is particularly con-
cerning, as it allows collection of scions from not (yet) symptomatic, but infected
grapevines. Moreover, Vitis sp., which is used as rootstock, is generally a symptom-
less host of the phytoplasma or can show very little symptoms (Boudon-Padieu
2000; Caudwell et al. 1994; Constable 2010; Eveillard et al. 2016). While in some
areas, like Europe, many efforts have been carried out to identify and characterize
the phytoplasmas associated with GY, their host and plant vectors, further studies
are required to identify the epidemiological cycles and the insect vectors in coun-
tries in which they are not yet studied.
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Nicola Fiore, Assunta Bertaccini, Piero A. Bianco, Mirostawa Cieslinska,
Luca Ferretti, Trinh Xuan Hoat, and Fabio Quaglino

Abstract The present chapter focuses on phytoplasmas and phytoplasma diseases
affecting stone, pome, and small fruit worldwide. An outlook is also provided on
other fruit tree species growing mainly in tropical and subtropical areas that are
oftern infected by phytoplasma diseases usually associated with crop losses or loss
of fruit quality and marketability.

Keywords Stone fruit - Pome fruit - Small fruit - Detection - Phytoplasma
identification - Symptoms

6.1 Introduction

Phytoplasma detection in fruit crops and in insect vectors is now mainly based on
molecular tools as for all phytoplasma diseases. For a number of these species
grown in temperate areas, phytoplasma specific protocols that allow a sensitive and
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reliable detection were developed and validated. For phytoplasmas in the 16SrX
group, specific primers (Lorenz et al. 1995; Lee et al. 1995a) that usually also
require RFLP analysis of the amplified fragments can be employed. Specific primer
pairs are also available that target non-ribosomal genes (Jarausch et al. 1998; Martini
et al. 2007a). Several qPCR assays based either on SybrGreen® (Martini et al.
2007b; Yvon et al. 2009; Jarausch et al. 2010) or TagqMan® (Pignatta et al. 2008;
Thébaud et al. 2009; Nikoli¢ et al. 2010) technologies have been developed; group
specific gPCR systems (Torres et al. 2005; Lee and Lin 2011) can also be used.
Finally, a LAMP-based protocol has been recently developed (de Jonghe et al.
2017). Several of the above mentioned PCR and qPCR protocols have been vali-
dated through interlaboratory ring tests (The EUPHRESCO FruitPhytolnterlab
group 2011; Pasquini et al. 2013). In the pome and stone fruits, several other non
species-specific phytoplasmas were detected worldwide as summarized in Table 6.1.

6.2 Pome Fruit Phytoplasmas

The main phytoplasma historically associated with diseases in apple and pear are
‘Candidatus Phytoplasma mali’ and ‘Ca. P. pyri’, respectively (Seemiiller and
Schneider 2004). They both belong to 16SrX-A and 16SrX-C subgroups (Lee et al.
1998a, b; Pastore et al. 1996). Due to the ecological complexity of ‘Ca. P. mali’
biological cycle, including plant hosts and insect vectors, several studies focused on
the identification of molecular markers allowing the distinction of strains related to
specific biological features. Sequence analyses of a non-ribosomal genomic frag-
ment (nitroreductase-like gene) and of the rplV-rpsC genes (coding the ribosomal
proteins L22 and S3, respectively) distinguished three AP phytoplasma subtypes
(AT-1, AT-2, and AP-15) and four rpX subgroups (rpX-A, -B, -C, and -D), respec-
tively (Jarausch et al. 2000b; Martini et al. 2007b, 2008). Moreover, nucleotide
sequence analyses of multiple genomic regions revealed genetic diversity among
‘Ca. P. mali’ populations (Paltrinieri et al. 2010; Casati et al. 2010, 2011; Franova
et al. 2013; Cieslinska et al. 2015). The full genome of ‘Ca. P. mali’ has been
sequenced and as for ‘Ca. P. pyri’ was determined to be linear and not circular, as
reported for the other available phytoplasma genomes. Genome analysis revealed
the presence of SAP11 (effector)-like protein and other phage-related elements
putatively involved in the interaction with hosts (Kube et al. 2008). Full length
genome sequencing also identified genes coding AAA+ ATPases and HfIB/FstH
proteases, suitable for distinguishing closely related strains showing a range of viru-
lence during the infection of apple trees (Seemiiller and Schneider 2007; Schneider
and Seemiiller 2009; Seemiiller et al. 2013).

Apple ‘Ca.P. mali’ is associated with apple proliferation (AP) disease, one of the
most important diseases of apple trees. Under intense cultivation the disease is the
major constraint for the sustainability of this crop. ‘Ca. P. mali’ is a quarantine
pathogen for EPPO in Europe and NAPPO in North America, depleting vigor of the
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Table 6.1 Non species-specific phytoplasmas detected in stone and pome fruits

Ribosomal group/ Geographic
Host species subgroup origin Reference
Almond (Prunus 16SrIX-C; 16Srll-B; | Iran Salehi et al. (2006); Zirak et al.
dulcis, syn. Prunus | 16SrXII-A; 16SrVI-A (2009b)
amygdalus) 16Sr11I-A USA Uyemoto and Kirkpatrick (2011)
16SrX-B Turkey Sertkaya et al. (2005)
Apple (Malus Mill | 16SrI-B, 16SrI-C, United Bertaccini et al. (2001)
spp.) 16SrXII-A Kingdom,
Czech Republic
Apricot (Prunus 16SrI-B Italy Lee et al. (1995a)
armeniaca L.) 16SrX-A Slovenia Mehle et al. (2007)
16SrIlI-A USA Uyemoto and Kirkpatrick (2011)
European plum 16SrI-B Czech Navritil et al. (2001a); Valitinas
(Prunus domestica Republic; et al. (2007)
L. Lithuania
16SrX-A Slovenia Mehle et al. (2007)
Japanese plum 16SrI-B; 16SrlII-B; Italy Lee et al. (1995a); Paltrinieri
(Prunus salicina 16SrV; 16SrX-A; et al. (2004)
Lindl.) 16SrXII-A
16SrII; 16SrXII-A Iran Zirak et al. (2009a)
Nectarine [Prunus | 16SrX-A; 16SrX-C Poland Cieslinska and Morgas (2011)
persica (L.) 16SrXII-A; 16SrX-A | Italy Paltrinieri et al. (2001)
Batsch]
Peach [Prunus 16SrIII-A USA, Canada | Uyemoto and Kirkpatrick (2011)
persica (L.) 16SrI-A; 16SrV-B India Singh et al. (2014); Thakur et al.
Batsch] (1998); Khan et al. (2013)
16SrX-C Czech Republic | Navritil et al. (2001a)
16SrXI1I-B Bolivia Jones et al. (2005)
16SrV-B; 16SrVII-A, | Italy Paltrinieri et al. (2003, 2006)
16SrXII-A
16SrI-B Croatia Krizanac et al. (2010)
16SrXV-A Azerbaijan Balakishiyeva et al. (2011)
16SrVII-A; 16SrI-W | Canada Zunnoon-Khan et al. (2010);
Arocha-Rosete et al. (2011a, b)
16SrI-C; 16SrV-B China Zhang et al. (2013); Li et al.
(2014b)
16SrIII-B; 16SrX-C Argentina Fernandez et al. (2013, 2017)
16SrX-C Spain Sabaté et al. (2014)
16SrIX-B Iran Zambharir (2014)
16SrXII-A Chile Paltrinieri et al. (2006)
Peach and nectarine | 16SrIX-B Lebanon Abou-Jawdah et al. (2009)
Pear (Pyrus spp.) 16SrI-B;16SrXII-A Croatia Krizanac et al. (2010)
16SrX-A Hungary Del Serrone et al. (1998)
Sour cherry 16SrI-R; 16SrI-Q Lithuania Jomantiene et al. (2011);
(Prunus cerasus L.) Valitinas et al. (2009a)
16SrI-B Poland Cieslinska and Smolarek (2015)

(continued)
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Table 6.1 (continued)

Ribosomal group/ Geographic
Host species subgroup origin Reference
Sweet and Chinese | 16SrV-B China Lee et al. (1995b); Zhu et al.
cherry (1997); Jung et al. (2003)
Sweet and sour 16SrI-B; 16SrIII-T Lithuania Valitinas et al. (2007, 2009b)
cherry 16SrIII-J Chile Gonzilez et al. (2011)
Sweet cherry 16SrIII-A USA Uyemoto and Kirkpatrick (2011)
(Prunus avium L.) | 16SrX-C; 16SrXII-A; | Italy Paltrinieri et al. (2001, 2008)

16SrI-B; 16SrV-B;

16SrIII-B

16SrX-A Czech Republic | Navrdtil et al. (2001a)

16SrX-A Slovenia Mehle et al. (2007)

16SrX-C Poland Cieslinska and Smolarek (2015)

16SrXII-A Bulgaria Avramov et al. (2011)

16SrI-B Turkey Caglayan et al. (2013)

16SrI-S China Gao et al. (2011)

trees whose fruit cannot be commercialized because of their poor organoleptic
qualities. AP was described for the first time in Italy in 1950 and occurs in many
countries in the European areas: Albania, Austria, Bulgaria, Croatia, Czech
Republic, France, Germany, Greece, Hungary, Moldova, the Netherlands, Norway,
Poland, Romania, Southern Russia, Serbia and Montenegro, Slovakia, Slovenia,
Spain, Switzerland, and Ukraine. In Asia AP has only been reported to occur in
Turkey. Epidemics of the disease were reported in several Italian northern regions
where Malus domestica cultivars are the main hosts of ‘Ca. P. mali’ and most culti-
vars are susceptible. Apple cultivars known to be affected by AP phytoplasma
include Belle de Boskoop, Gravestein, Golden Delicious, Winter Banana, Florina,
Prima, Priscilla, Idared, Mclntosh, Starking, Starkrimson, Roja de Benejama,
Antonokova, Cortland, Spartan, Yellow Transparent, and Wealthy. In northern Italy
severe epidemics have been reported in cultivars Golden Delicious, Florina,
Canadian Renette, and Granny Smith grafted on different rootstocks. The recorded
host range includes apple, periwinkle, bindweed, hazelnut, Bermuda grass, oriental
lily, magnolia, cherry, apricot, plum, Japanese plum, pear, and rose (Kaminska and
Sliwa 2004; Mehle et al. 2007). AP is associated in the most severe cases with pro-
ductivity losses from 50% to 80%, depending on the variety, rootstock, environmen-
tal conditions, and agronomic management adopted (Zawadzka 1976; Osler and Loi
1986; Kunze 1989; Musetti et al. 2008). The main symptom is proliferation of the
buds occurring mostly in the upper part of the plant due to development of axillary
buds. The first symptoms appear the year after infection when the presence of the
phytoplasma stimulates the growth of the secondary shoots, usually more sensitive
to powdery mildew and then the witches’ brooms. The disease then causes lack of
vigor; in spring the flowers may show phyllody. The leaves are smaller, roll down-
ward, and become brittle; also, they are finely and irregularly serrated, sometimes
showing reddening or yellowing and often early fall. Petioles are shorter, but, at the
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Fig. 6.1 Apple proliferation disease. Upper row from left to right. Symptoms of proliferation on
the upper part of the plant with premature development of axillary buds on the trunk, and prolifera-
tion on secondary shoot with powdery mildew. Lower row left, leaves with abnormal stipules at
right healthy leaf; right, fruit of smaller size and deformed elongated petioles

basis of the leaf, abnormally long stipules appear, and the fruits are usually smaller
and the flavor is poor, since both sugar and acidity are very low (Fig. 6.1). ‘Ca. P.
mali’ is transmitted from infected plants to healthy ones by psyllids. In Italy,
Cacopsylla melanoneura (Forster) is the main vector of ‘Ca. P. mali’ in the north-
western regions (Tedeschi and Alma 2007), while C. picta (Forster) (main vector of
‘Ca. P. mali’ in Germany) (Jarausch et al. 2007; Mayer et al. 2009) in the northeast-
ern regions (Carraro et al. 2001). Additional putative vectors and natural plant hosts
have been reported (Tedeschi and Alma 2006; Tedeschi et al. 2009). The long-dis-
tance spread of ‘Ca. P. mali’ is however mainly due to the movement of infected
saplings, cuttings, and rootstock materials. The disease is graft-transmissible, with
different rates of efficiency; in addition, since the colonization of aerial parts of
apple trees shows seasonal variations, transmission rates vary up to 30%. Spring
was reported to be the season when scion wood was least likely to be infected (up to
0.08%) and the vegetatively propagated rootstocks are especially hazardous as they
are generally symptomless (Pedrazzoli et al. 2008). Available tools are very poor for
reliable and effective disease containment for AP. In the focus areas, eradication of
infected plants and pesticides application against the insect vectors are mandatory.
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Fig. 6.2 On the left pear decline infected pear tree (with red leaves) near to healthy pear; on the
right a diseased tree producing just one fruit

Pear Pear decline (PD) associated with the presence of ‘Ca. P. pyri’ is a serious
disease that, after its first reports in North America, occurs in many of the countries
where pear is cultivated. It had long been known as “moria” in northern Italy (Refatti
1964) where the phytoplasma was detected as PD and studied after 1970 (Giunchedi
et al. 1982; Giunchedi and Poggi Pollini 1984; Bertaccini et al. 1994; Pastore et al.
1996; Camele et al. 1998; Guerrini et al. 2000) as well as in many other countries in
the European and North American areas (Blattny and Vana 1974b; Westwood and
Cameron 1978; Behnke et al. 1980; Davies et al. 1985; Eleftheriou 1985; Del
Serrone et al. 1998; Ember et al. 2004; Duduk et al. 2005a, b; Siile et al. 2007;
Krizanac et al. 2008; Caglayan et al. 2008; Hunter et al. 2010) and recently also in
Iran, Turkey, and in Chile (Salehi et al. 2008; Sertkaya et al. 2008; Facundo et al.
2017). In the 1960s in California (USA), about two million plants died, and those
surviving after the PD epidemic showed reduced yield of marketable fruits (Hibino
and Schneider 1970). There are two symptom types, quick and slow decline. In the
quick decline, the plants die quickly in summer time without showing previous
symptoms. The slow decline reduces vigor and induces leaf reddening and rolling
(Fig. 6.2).

The disease can spread through propagation with infected buds and/or rootstocks
or by insects of the genus Cacopsylla: C. pyri, C. pyricola, and C. pyritsuga are the
reported vectors (Davies et al. 1992; Carraro et al. 1998c; Sanchez and Ortin-
Angulo 2011). Phytoplasmas are consistently detected in the PD diseased trees:
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they are usually unevenly distributed (Garcia Chapa et al. 2003) and in low concen-
tration. The clear correlation of phytoplasma presence with symptom expression is
still unresolved for PD, and it has been shown that phytoplasmas could be present
also in asymptomatic trees (Lee et al. 1995a). In an experimental trial, 105 pear
plants showing symptoms possibly linked to phytoplasma presence were tested by
molecular assays, and no correlation was found between phytoplasma presence and
symptomatology. However pear cultivars grafted on Quince A rootstock were more
susceptible to phytoplasma infection (58-85%), while cvs William and Decana del
Comizio appear to be less susceptible, especially when grafted on “franco comune”
rootstock (29—43% of infection). Plants of cv William grafted on Farold 40 and
Farold 87 showed a similar degree of phytoplasma infection (57%), but all the
phytoplasma-positive trees were asymptomatic (Pastore et al. 1998). It was shown
that grafting PD infected materials in winter time allow PD transmission (Errea
et al. 2002). However, a recent 3-year-long experiment on PD infected pear plants
under insect-proof nets showed a reduced presence of symptoms over the years;
moreover in the last year, all the plants were PD negative at both crown and root
levels. These results suggest no seasonal translocation of ‘Ca. P. pyri’ in the absence
of the insect vector and confirmed phytoplasma elimination in the new phloem
(Paltrinieri et al. 2017).

6.3 Stone Fruit Phytoplasmas

Almond Almond witches’ broom (AImWB) disease is associated with the pres-
ence of ‘Candidatus Phytoplasma phoenicium’, 16SrIX-B (Verdin et al. 2003). The
first epidemic of a lethal devastating almond [Prunus dulcis (Mill.) D.A.Webb] dis-
ease occurred in the south of Lebanon in the early 1990s; it was later reported in
north Lebanon and in Iran starting in 1995 (Salehi and Izadpanah 1995; Abou-
Jawdah et al. 2002; Molino Lova et al. 2011). During the last two decades, the out-
break of AImWB has led to a rapid decline of almond trees in northern regions and
in the Bekaa Valley in Lebanon (Choueiri et al. 2001; Abou-Jawdah et al. 2002) and
in Fars province and in other southern provinces in Iran (Salehi et al. 2006). In
Lebanon, the disease, rapidly spread and killed almost 100,000 trees over a period
of 10 years from coastal areas to high mountainous areas. In 2009, ‘Ca. P. phoeni-
cium’ was also identified in association with a severe disease of peach (P. persica)
and nectarine (P. persica var. nucipersica) in southern Lebanon (Abou-Jawdah et al.
2009), and more than 40,000 newly diseased almond trees were observed in 2010
throughout the country, in 16 out of 24 Lebanese districts (Molino Lova et al. 2011).
In the case of peach and nectarine trees, the first symptom observed is early flower-
ing, followed by development of buds in infected branches. In addition, phyllody at
the flowering period and serrate, slim, light green leaves and witches’ brooms devel-
oping from the trunk and the crown of the trees several months after are observed
(Fig. 6.3). Even if the presence of witches’ broom is more common in almond trees
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Fig. 6.3 Symptoms due to ‘Ca. P. phoenicium’ in peach and nectarine trees: early flowering and
development of all the buds of the infected branches (a); phyllody at the flowering (b); abnormal
fruits (c); serrate, slim, light green leaves (d); witches’ broom (e-f)

than in peach/nectarine, in the latter phyllody, never recorded on almond is the dif-
ferential symptomatology (Molino Lova et al. 2011). In Iran, ‘Ca. P. phoenicium’
was not identified in peach and nectarine but in other plant species, such as GF-677
(P. amygdalus x P. persica) and wild almond (P. scoparia) (Salehi et al. 2015). A
total loss of production happens 1-2 years after the initial appearance of the symp-
toms (Abou-Jawdah et al. 2002). AImWB was found to infect properly managed
orchards, abandoned orchards, and isolated wild trees. The most characteristic
symptoms in almond trees are (i) shoot proliferation on the main trunk with the
appearance of a witches’ broom, (ii) perpendicular development of many axillary
buds with small and yellowish leaves, and (iii) general tree decline with final die-
back (Fig. 6.4). In Lebanon field surveys conducted in AImWB almond and peach
orchards and surroundings detected ‘Ca. P. phoenicium’ in the leathopper
Asymmetrasca decedens (prevalent in almond) and in the cixiids Cixius sp.,
Tachycixius spp., and Eumecurus spp. (prevalent in Smilax aspera L. and Anthemis
sp.) and in crops and wild plants where the insects were collected. Transmission
trials demonstrated that A. decedens, T. viperinus, and T. cf. cypricus are able to
transmit ‘Ca. P. phoenicium’. AlImWB epidemiological cycle in Lebanon involves
A. decedens, possibly responsible for the transmission from almond to almond, and
cixiids of the genus Tachycixius, possibly responsible for the transmission from
weeds to almond (Abou-Jawdah et al. 2014; Tedeschi et al. 2015). Multiple gene
typing analyses of ‘Ca. P. phoenicium’ strains infecting almond, peach, and nectar-
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Fig. 6.4 Main symptoms of AlImWB on almond trees: shoot proliferation on the main trunk (a);
perpendicular development of axillary buds on the branches, with small and yellowish leaves (b);
general decline of the tree with final dieback (c)

ine in Lebanon revealed a substantial genetic homogeneity within the analyzed phy-
toplasma populations based on housekeeping gene sequence analyses and allowed
the identification of distinct AlImWB-associated phytoplasma strains from diverse
host plants based on inmp (integral membrane protein) gene sequence analysis. This
evidence, along with reports of multiple insect vectors suggests that AlmWB could
be associated with phytoplasma strains derived from the adaptation of an original
strain to diverse hosts (Quaglino et al. 2015). ‘Ca. P. phoenicium’ strains, classified
in 16SrIX-F and 16SrIX-G subgroups (Molino Lova et al. 2011), are considered as
genetic variants of subgroup 16SrIX-B due to common biological traits (Casati
etal. 2016). Healthy plant material and vector control are the main measures applied
for AlImWB containment. Other phytoplasma diseases reported in almond world-
wide are AlmWB-like diseases, inducing broomings in Iran (Verdin et al. 2003) in
association with phytoplasmas classified in subgroup 16SrIX-C (Salehi et al. 2006).

Apricot The phytoplasma associated with the disease named apricot chlorotic leaf
roll belongs to the 16SrX-B subgroup, also known as European stone fruit yellows
(ESFY) or ‘Ca. P. prunorum’ (Seemiiller and Schneider 2004), and is considered the
most destructive pathogen of apricot (Lederer and Seemiiller 1992; Navritil et al.
1998, 2001a; Jarausch et al. 2001; Torres et al. 2004; Sertkaya et al. 2005; Ambrozic¢
Turk et al. 2008; Cieslinska and Morgas$ 2011; Ludvikova et al. 2011; Mehle et al.
2011; Tarcali 2013; ZeZlina et al. 2016). ESFY is associated with high mortality of
apricot trees (Morvan 1977); a study carried out in France has shown that the aver-
age annual mortality of infected plants is 5% (Gentit et al. 1998). The prevalence of
infected plants in each orchard depends on the variety, rootstock, age of orchard,
environmental conditions, infecting strain, and insect vector populations. In some
orchards in Germany, the prevalence of infected plants has been up to 80% (Jarausch
et al. 2004). Prevalence values range from 5% to 40% (Desvignes et al. 1999; Kison
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and Seemiiller 2001; Laimer da Camara Machado et al. 2001; Torres et al. 2004); in
Italy and Switzerland, they reach 93% and 4%, respectively (Pastore et al. 1999;
Genini and Ramel 2004). During the spring, infected plants initially produce leaves
instead of flowers, while from the summer end until the middle of autumn, the main
symptoms consist of yellows and upward rolling of the leaves, followed by leaf red-
dening, branch and phloem necrosis, and decline.

Peach and Nectarine The ESFY phytoplasma in Mediterranean is associated with
yellows and decline diseases (Lorenz et al. 1994; Delic et al. 2005; Sertkaya et al.
2005; Ambrozi¢ Turk et al. 2008; Cieslinska and Morga$ 2011; Ludvikova et al.
2011; Mehle et al. 2011; Tarcali 2013; Etropolska et al. 2015; Zezlina et al. 2016;
Etropolska and Lefort 2017). Peach species, along with those of apricot and plum,
are the most susceptible to ESFY (Kison and Seemiiller 2001; Ermacora et al.
2010). Infected plants are less productive and vigorous and may die within a few
years. In peach orchards in Spain, the prevalence of infected plants varied from 5%
to 25% (Battle et al. 2012). In Northern-Central Italy, the prevalence of the disease
varied between 1% and 4%, with the highest infection rates concerning the cultivars
Venus and Super Crimson Gold, grafted on GF 677 (Poggi Pollini et al. 2001). In
peach and nectarine during winter and early spring, the leaf buds of infected plants
break early. From the end of the summer and during the autumn, in some cultivars
early fall and moderate rolling of leaves occurs. In others, these symptoms appear
later in the season and are accompanied by reddening, upward rolling of the leaves,
and vein enlargement (Poggi Pollini et al. 2001).

Plum ESFY phytoplasma is responsible for several decline diseases described over
the years in Prunus spp. in Europe (Ahrens et al. 1993; Lorenz et al. 1994). On
plum, it is associated with decline diseases referred to also as plum leptonecrosis in
Italy on P. salicina (Goidanich 1933; Giunchedi et al. 1978) and as “Molieres
decline” in France (Bernhard et al. 1977). In Europe, ‘Ca. P. prunorum’ is the major
and most economically important phytoplasma affecting plum. On Japanese plum it
induces economically significant damages (Dosba et al. 1991), and it represents one
of the major limiting factors in the production of this crop in countries bordering the
Mediterranean Sea (Spain, France, Italy, Balkans), where the cultivation of Japanese
plum and other susceptible Prunus species is widespread. A high percentage of
naturally infected trees often associated with a high mortality rate of plants make
orchards unproductive 8—10 years after planting. Infection percentages up to 100%
have been recorded on susceptible Japanese plums cvs Ozark Premier and Shiro
after 7 years of growth (Carraro et al. 1998a). Cultivar also affects the mortality rate
of the infected plants that is generally higher on susceptible varieties than on plants
grafted on susceptible rootstocks. A different response to ‘Ca. P. prunorum’ infec-
tion is reported for some Japanese plum varieties under natural pressure of ESFY
disease and cvs. Bragialla, Brarossa, Fortune, and Ruby Crunch are reported as not
affected after 5 years of observations (Landi et al. 2010). The impact of the ESFY
disease on the European plum is variable: severe symptoms resembling those
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Fig. 6.5 Off-season growth in plum due to an early break of leaf bud in late winter—early spring:
ESFY infected tree is already at the leaf stage, while the healthy is still covered by flowers (b);
upward rolled leaves with a brownish-red coloration (a)

occurring on Japanese plum were first observed in Italy on “Susina di Dro” (Poggi
Pollini et al. 1995). A 5-year monitoring period carried out in orchards located in a
natural and severely ESFY-affected area showed that only 6 out of 39 cultivars/
selections observed were found infected and 4 of these showed only slight symp-
toms (Landi et al. 2010). A different response to ‘Ca. P. prunorum’ infection, rang-
ing from little/not affected to moderately/highly susceptible, were also observed in
experimental trials on French P. domestica cultivars (Jarausch et al. 2000a).
Moreover, European plum can be latently infected and act as reservoirs of the patho-
gen. As for other Prunus species, symptoms induced on plum are different depend-
ing on the vegetative growth stage and season. The most typical symptom is
off-season growth due to an early break of leaf bud before flowering that can be
observed in late winter—early spring (Jarausch et al. 2008) (Fig. 6.5a). In summer,
typical symptoms consist of smaller and narrowed leaves, upward and longitudi-
nally rolled, and with a brownish-red coloration that became thick and brittle
(Fig. 6.5b). Phloem necrosis can also appear, especially after winter frost. A poor
fruit production is observed; fruits are smaller, ripen later than the healthy trees and
may fall prematurely. Finally, an earlier defoliation generally occurs in summer or
early fall. Initially, the disease can involve one branch, but in 2-3 years, the whole
plant can be affected and die. An abnormal production of suckers from the rootstock
usually occurs that can survive even after the aerial part of the tree has died. P. sal-
icina is reported as highly susceptible to ‘Ca. P. prunorum’ (Ferrini et al. 2002;
Carraro et al. 2004), and the majority of Japanese plum varieties exhibit severe
symptoms when infected. P. domestica is generally more tolerant (Carraro et al.
1998a) and can also be latently infected. Under experimental conditions consider-
able differences were observed among Prunus rootstocks in response to ‘Ca. P. pru-
norum’ infection (Kison and Seemiiller 2001). With regard to rootstocks commonly
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used in Europe for plum varieties, myrobolan (P. cerasifera) and Ishtara [(P. cera-
sifera x P. persica) x P. salicina] were found to be moderately susceptible, whereas
GF677 (P. dulcis x P. persica) and P”’Marianna’ GF 8/1 were only slightly affected.

The psyllid Cacopsylla pruni (Scopoli) is the only known vector of ‘Ca. P. pruno-
rum’ (Carraro et al. 1998b, 2001) to Prunus species, although the two known genetic
groups of C. pruni (Sauvion et al. 2007) appear to constitute divergent biological
species (Peccoud et al. 2013). A strong host preference is reported, and Japanese
plum trees are considered to be the more suitable hosts (Thébaud et al. 2006). ‘Ca.
P. prunorum’ can be efficiently transmitted also by grafting throughout the year as
it persists in the stem during winter (Seemiiller et al. 1998). Infected rootstocks and/
or scions can contribute to disease establishment and spread. Monitoring of ESFY
in a plum growing area in Italy showed that myrobolan rootstocks infected by ‘Ca.
P. prunorum’ resulted in 100% infection of newly grafted scions within one winter
season (Paltrinieri et al. 2004).

Sweet and Sour Cherry A ESFY-related disease, named “Moliere decline”, was
for the first time observed in France in sweet cherry (Bernhard et al. 1977), but a
clear relationship between ‘Ca. P. prunorum’ presence and cherry “Moliere decline”
was not established. The symptoms observed were yellowing of leaves, decline of
shoots, and death of the plant. The first indications about the destructive nature of
‘Ca. P. prunorum’ are from Kison and Seemiiller (2001). Later there was a report on
five cherry rootstocks (Gisela 1, Gisela 3, Gisela 5, F 12/1, Weihroot 158) graft
inoculated with a ESFY strain from flowering cherry (P. serrulata) showing decline
symptoms (Lederer and Seemiiller 1992).

Flowering cherry was used as scion on the rootstocks, and all the plants showed
symptoms on leaves were less vigorous, and finally the entire plant or the scion
died. ‘Ca. P. prunorum’ was detected then in sweet and sour cherry in Poland and
Hungary and only in sour cherry in the Czech Republic where out of ten sour cherry
plants infected by ‘Ca. P. prunorum’ only one was asymptomatic (Ludvikova et al.
2011). In the same country, a ESFY-infected sour cherry plant showed stunting, leaf
rolling, and yellowing (Navratil et al. 2001a). In Poland, three out of six sweet
cherry plants infected by ESFY were asymptomatic, while the others showed chlo-
rotic leaf roll, short internodes, and wilting, but in the same country, only one out of
three sour cherry plants infected with ‘Ca. P. prunorum’ exhibited short internodes
and decline (Cieslinska and Morga$ 2011) and leaf roll and yellowing of the leaves
in sweet cherry varieties Kordia II.14 and Trzebnica (Cieslifiska and Smolarek
2015). In Hungary the situation is more dramatic, with a high death rate of sweet
and sour cherry plants (Tarcali 2013).

Widespread epidemics of X-disease in cherry were reported in the USA associ-
ated with the presence of ‘Ca. P. pruni’ which belongs to the ribosomal subgroup
16StIII-A (Davis et al. 2013). The disease was first reported in California in sweet
cherry plants and then in Connecticut in peach trees; X-disease was found only in
peach in Canada besides the USA (Uyemoto and Kirkpatrick 2011). In addition to
sweet and sour cherry, the phytoplasma infects peach, nectarine, almond, Japanese
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Fig. 6.6 Cherry trees infected by phytoplasmas in Chile: from left to right, plant on the left show-
ing decline infected by strain 16SrllI-J; plant with shortened internodes; dead plant; phloem necro-
sis in the trunk of infected plant

and European plum, apricot, sour cherry (Prunus emarginata), and chokecherry (P.
virginiana). The latter species represents an important reservoir of the phytoplasma,
along with some spontaneous herbaceous species such as Erigeron canadensis,
Solidago rugosa, Medicago hispida, and Asclepias syriaca (Douglas 1986; Uyemoto
and Kirkpatrick 2011). The severity of X-disease depends on climatic conditions,
being more destructive in California than in Washington State. On the other hand,
sweet cherry scions grafted on P. mahaleb show a rapid decline, because of the
hypersensitivity reaction of this rootstock that is reported as resistant to the patho-
gen. In rootstocks susceptible to the disease, such as Mazzard, Colt, and Stockton
Morello, the scion declines slowly, and the fruits have a reduced size and are conical
and scarcely colored, with the peduncle thick and short. The canopy is less devel-
oped, with smaller and reddish leaves, whose margins folded upwards (Kirkpatrick
et al. 1995; Uyemoto and Kirkpatrick 2011). The phytoplasma can be transmitted
by several species of leathopper, as Colladonas clitellarius, C. montanus, C. gemi-
natus, Euscelidius variegatus, Fieberiella florii, Graphocephala confluens,
Gyponana lamina, Keonella confluens, Norvellina seminuda, Osbornellus borealis,
Paraphlepsius irroratus, Scaphytopius delonghi, and S. acutus (Rice and Jones
1972; McClure 1980; Larsen and Whalen 1988; Kirkpatrick et al. 1990). The dis-
ease has not been reported in the last decade after extensive uprooting of the symp-
tomatic orchards. In Chile 16SrIII-J phytoplasmas were identified in plants showing
dieback, shortened internodes, and decline (Fig. 6.6) (Gonzélez et al. 2011).

6.4 Small Fruit Phytoplasmas

Vaccinium species Blueberry stunt (BBS) was first described in New Jersey, USA
as a virus disease (Wilcox 1942). In the mid-1900s, the disease became widespread
in major blueberry production regions in the USA. It has been reported in eastern
Canada and in several states of eastern and southeastern USA (Gocio and Dale
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1982; Ramsdell and Stretch 1987; Bagadia et al. 2013; Arocha-Rosete et al. 2015).
All cultivars of highbush blueberry and several other species of Vaccinium (V.
angustifolium, V. vacillans, V. atrococcum, V. stramineum, V. myrtilloides) are sus-
ceptible to stunt disease (Ramsdell and Stretch 1987). Infected bushes of the most
susceptible cultivars are usually less than half the size of healthy plants. Fruit pro-
duction is reduced causing economical losses. Symptoms on highbush blueberry
include overall dwarfing, witches’ broom, and shortened internodes. Leaves of
infected plants are small, spoon-shaped, and cupped slightly downward and turn red
in summer or early autumn (Fig. 6.6). The sharp-nosed leathopper [Scaphytopius
magdalensis (Provancher)], and perhaps related species feeding on Ericaceae
plants, transmits the BBS phytoplasma; it was also experimentally transmitted by S.
acutatus and S. frontalis (Tomlinson et al. 1950; Maramorosch 1955; Tozzi et al.
1993), by dodder to periwinkle (Tomlinson et al. 1950), and by grafting of infected
scions onto healthy blueberry plants (Ramsdell and Stretch 1987). Diseased sam-
ples collected from USA harbored phytoplasmas classified in the aster yellows phy-
toplasma subgroup 16SrI-E (Lee et al. 1998b); further study on BBS strains from
Michigan and Quebec confirmed the presence of subgroup 16SrI-E phytoplasmas
(Arocha-Rosete et al. 2015). Moreover BBS-diseased plants exhibiting typical stunt
syndrome in New Jersey were infected with both 16SrI-E and 16SrIX-E subgroup
phytoplasmas; the latter were identified in 4.4% of the bushes (Bagadia et al. 2013).
Blueberry witches’ broom is a disease reported in wild European blueberry (bil-
berry) plants (Vaccinium myrtillus) and described in The Netherlands, Germany, the
then Czechoslovakia, Yugoslavia, Scotland, France, Lithuania, and Austria (Bos
1960; Blattny and Vana 1974; de Leeuw 1975; Valitinas et al. 2004; Borroto-
Fernandez et al. 2007).

Besides V. myrtillus, the disease affects V. vitis-idaea (lingonberry), V. uligino-
sum (bog bilberry), and V. oxycoccus (small cranberry); in the 1960s it had been a
serious problem in V. myrtillus production in the former Czechoslovakia with 15%
fruit losses (Blattiy and Blattny 1970). Infected European blueberry plants exhibit
symptoms of shoot proliferation and bushy growth (Fig. 6.7). The size of branches
and leaves is reduced. The shoots of plants may have an erect position, while the
normal, healthy plants have plagiotropic shoots. Sometimes the leaves may prema-
turely turn red, but they usually drop later in the autumn than leaves of healthy
plants which may result in higher sensitivity to frost damage. Tomenius and Ahman
(1983) reported little leaf disease of V. vitis-idaea and wild V. myrtillus in Sweden.
The leathopper Idiodonus cruentatus Panz. was reported as a vector of the witches’
broom agent in V. myrtillus (Blattny 1963); however the disease also occurred in 1.
cruentatus-free areas indicating that other leathoppers can be involved in disease
spread. On the basis of RFLP, nucleotide sequence and phylogenetic analyses of
16S rDNA, the phytoplasma strain detected in Lithuania was classified in the
16Sr1II-F group (Valitinas et al. 2004) as that detected in Germany (Paltrinieri et al.
1999). Phytoplasmas belonging to ribosomal group 16SrVI were also identified in
V. myrtillus exhibiting symptoms of shoot proliferation in Austrian forests (Borroto-
Fernandez et al. 2007).
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Fig. 6.7 Left: marginal yellowing and cupping of leaves and branch stunting of blueberry infected
with 16SrI-E phytoplasma in Canada (Courtesy of Y. Arocha-Rosete). Right: shoot proliferation
and bushy growth of blueberry infected by phytoplasma in Austria (Courtesy of M. Laimer)

Blueberry Reddening Disease Yellowing and reddening on the upper leaves,
shoot proliferation, and uneven ripening of the fruits were observed on the blue-
berry plants cvs. Bluecrop, Duke, and Spartan grown in central Serbia (Starovic¢
et al. 2013). More than 20% of plants in the single field were infected, and the inci-
dence of the disease increased up to 50% in the following year. “Stolbur” phytoplas-
mas (16SrXII-A subgroup) were detected; however its association with blueberry
reddening disease was not confirmed.

Cranberry False Blossom The disease reported in several northern USA states
(Chen 1970; Stretch 1987; Xu and Chen 1996) was described only in American
cranberry (V. macrocarpon) and European cranberry (V. oxycoccus). During the
1920s and 1930s, increasing occurrence of CBFB and its vector Limotettix vaccinii
(Dobroscky 1929) was a serious threat to cranberry production; however the control
of the vector and the use of resistant cultivars have almost eliminated the disease.
However, it reappeared in the late 1990s: infected plants exhibit abnormal floral
structure including straight pedicels of the flowers, enlarged calyx, and shortened,
discolored petals streaked with deep pink, red, or green, usually sterile flowers with
abnormal pistils and stamens, and sometimes forming phyllody. Moreover, symp-
toms of upright growth above the level of normal vines and witches’ broom of
shoots, leaves closely fitting to the stem, premature reddening of the leaves, and
enlarged terminal flower buds can be also observed (Stretch 1987). L. vaccinii and
S. magdalensis are potential CBFB vectors (Lee et al. 2014). The CBFB phyto-
plasma was identified as belonging to 16SrIII-B subgroup (Xu and Chen 1996), but
recent research assigns it to subgroup 16SrIII-Y (Lee et al. 2014).
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Fig. 6.8 From left: numerous weak and erect shoots in rubus stunt-affected blackberry (healthy
plant at left); phyllody of flowers of loganberry infected with 16SrIIl phytoplasmas; premature
reddening of the leaves in rubus stunt-affected blackberry cv Loch Tay

Rubus species Several distinct phytoplasmas were associated with rubus stunt dis-
ease widely affecting Rubus species. The most common is ‘Ca. P. rubi’
(Malembic-Maher et al. 2011) classified in subgroup 16SrV-E and reported in many
European countries (Marani et al. 1977; Miurer and Seemiiller 1994; Bertaccini
et al. 1995; Marcone et al. 1997; Davies 2000; Ermacora et al. 2003; Sertkaya et al.
2004; Vindimian et al. 2004; Valitnas et al. 2007; Cieslinska 2001, 2011; Ramkat
etal. 2014). Recently, a blackberry phytoplasma strain was reported in Portugal and
has been characterized and assigned to a new subgroup of the same group (16SrV-I)
(Franova et al. 2016). ‘Ca. P. asteris’-related phytoplasmas were identified in wild
raspberry and blackberry growing in Austrian forests (Borroto-Ferndndez et al.
2007), in blackberry in Pakistan (Fahmeed et al. 2009), in Poland (Cieslinska 2011),
and in the United Kingdom (Reeder et al. 2010). ‘Ca. P. solani’, 16SrXII-A was
reported only in Europe (Borroto-Ferndndez et al. 2007; Kuzmanovi¢ et al. 2011;
Bobev et al. 2013). Phytoplasmas in Rubus are usually associated with stunting,
small leaves, abnormal internodes (short or elongated), enlarged sepals, phyllody,
virescence, proliferation of axillary buds, shoots and flowers, leaf reddening in early
autumn, and fruit malformations (Fig. 6.8). The phytoplasma is transmitted by the
leathopper Macropsis fuscula (de Fluiter and van der Meer 1953) mostly to species
of the genus Rubus but also to the dog rose Rosa canina (Miurer and Seemiiller
1994; Davies 2000; Jarausch et al. 2001). Phytoplasmas belonging to the X-disease
group (16SrIll) were described in the United Kingdom (Davies 2000), Oregon,
USA (Davis et al. 2001), and in Poland (Cieslinska 2011). PCR/RFLP analysis
of the 16S rDNA fragment revealed that two distinct phytoplasmas belonging to
16SrIII and 16SrV groups were associated with rubus stunt in the United
Kingdom. Results of a similar analysis of a phytoplasma found in Rubus occidenta-
lis (black raspberry) in Oregon were the basis for its classification in the newly
established subgroup 16SrIII-Q (Converse et al. 1982; Davis et al. 2001). “Stolbur”
phytoplasma was detected in R. idaeus in Austria and in stunted R. fruticosus (cv.
Evergreen Thornless) from central southern Bulgaria (Borroto-Ferndndez et al.
2007; Bobev et al. 2013) using PCR/RFLP or sequence analysis. Similar analyses
showed that R. fruticosus from an Austrian forest was infected by phytoplasmas
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Fig. 6.9 From left: abnormal flower buds (upper) of full blossom disease-affected white currant
“Blanka” in comparison with healthy flower buds (lower); flower malformation in a FBD white
currant cv Blanka (courtesy by T. Malinowski). Sterile malformed flowers of black currant show-
ing symptoms of full blossom disease

belonging to ribosomal group 16Srl-B (Borroto-Fernandez et al. 2007). The PCR/
RFLP and comparative genomic analysis of the 16S rRNA and secY genes revealed
that phytoplasmas found in Poland were phylogenetically closely related to ‘Ca. P.
rubi’, ‘Ca. P. asteris’ and X-disease phytoplasma strains (Cieslinska et al. 2014).
Rapid and simultaneous detection of different groups of phytoplasmas infecting
Rubus species was achieved by multiplex gPCR assay using TagMan probes (Linck
et al. 2017). This assay broadens the availability of tools useful for screening of
nursery plant material and provides a new technique for the study of phytoplasmas
infecting Rubus species.

Ribes species Full blossom disease (FBD) was described on red currant “Houghton
Castle” in Bojnice in former Czechoslovakia. Pleomorphic bodies were observed by
transmission electron microscopy in the phloem tissue (Rakds et al. 1974; Rakus
1978). Later it has also been recorded in white currant cvs. Blanka, Merididn, and
Primus (Spak et al. 2001). Since 1998, multiple cultivars of red and white currants
with FBD symptoms have been observed in the Czech Republic in germplasm col-
lections, propagation material, and commercial plantations (Spak et al. 2006). FBD
was also recorded in Poland in red currant cv. Jonkheer van Tets and white currant
cv. Blanka mostly infected with Blackcurrant reversion virus (BRV) but not tested
for phytoplasma presence. The presence of phytoplasmas of aster yellows group
(16Sr]) in black currant cv. Karlstejnsky dlouhohrozen with symptoms of the severe
form of blackcurrant reversion disease was firstly detected in the Czech Republic
(Spak et al. 2004). The incidence of the disease in the Czech Republic varied from
1% to 70% of infected bushes in different cultivars and locations. Similarly, the
intensity of symptoms in the field observed between 1999 and 2004 varied from a
few malformed flowers up to a massive occurrence of such flowers on whole
branches. Yield losses of up to 70% were recorded in severely infected bushes of red
currant cv. Vitan, and fruit quality was poor. The presence of both phytoplasma and
BRV was confirmed in FBD infected bushes (Spak et al. 2006). The typical symp-
toms are malformations of flowers (Fig. 6.9) including the absence of stamens, pres-
ence of more than one style, enlarged petals and sepals, sterile flowers, and
malformed fruit (van der Meer 1987). Diseased bushes are reduced in size and pro-
duce sparse crops of small berries (Rakis and Maliar¢ikova 1975). To determine the
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Fig. 6.10 From left: shoot proliferation and small berries from plant infected by phytoplasma
(normal fruits from a healthy plant, at the top of the picture) in murtilla witches’ broom disease.
Strawberry fruit with leaves due to the phytoplasma presence (right)

role of phytoplasmas and BRV in FBD etiology and their potential to induce symp-
toms in Ribes sp., graft and dodder transmission experiments were conducted. A
16SrI-C phytoplasma was transmitted from FBD-symptomatic red currant by dod-
der to periwinkle, however at very low rate, and back transmission from periwinkle
to red currant seedlings was by dodder as well as by grafting of cuttings from
infected shoots to healthy red currant rootstocks (Spak et al. 2009; Pfibylovi et al.
2011). The problem with detection in symptomatic currants was associated with
low concentration and erratic distribution of both BRV and phytoplasma (Spak et al.
2008). Phytoplasmas detected in red and white currant with full blossom symptoms
in the Czech Republic were classified as subgroups 16SrI-B, 16SrX-A, 16SrX-B,
and 16SrX-C (Navritil et al. 2001b, 2004, 2007).

Fragaria species Phytoplasma diseases of strawberry are mainly represented by
virescence and phyllody symptomatology in both flowers and fruit (Fig. 6.10) that
has been known for a long time (Posnette 1953) and determined as infectious
disease transmissible by insect vectors or by grafting. At the end of the 1960s in
New Zealand, symptoms on a lethal yellows disease were associated with phyto-
plasma presence (Stubbs 1968). Phytoplasmas were detected by transmission elec-
tron microscopy and molecular techniques in several countries worldwide. In Italy,
Canada, and Czech Republic, 16SrI-C phytoplasmas were identified with losses
reaching 30% in some severe cases (Franova Honetslegrova et al. 1996; Pastore
et al. 2002; Contaldo et al. 2012). Phytoplasmas were detected in plants showing
witches’ broom symptoms (multiplier disease) and stunting in Florida and in other
parts of the USA (Jomantiene et al. 1996, 1998). Phytoplasma strains distinguish-
able at the molecular level were also identified in strawberry with similar symp-
toms: 16SrI-J and 16SrVI groups in the USA (Harrison et al. 1997), 16SrI-B in
Southern Italy (Bertaccini et al. 1997), and 16SrXII-B in New Zealand (Andersen
et al. 1998). The strawberry lethal yellows (SLY) disease in Australia is associated
with ‘Ca. P. australiense’ and tomato big bud (Straten et al. 2005). ‘Ca. P. aus-
traliense’ is also associated with strawberry green petal (SGP) disease.
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In strawberry with a yellows disease in Lithuania, a new taxon named ‘Ca. P.
fragariae’ was identified and assigned to ribosomal group 16SrXII-E (Valiiinas et al.
2006). Recently phytoplasmas of group 16SrIll were reported from Bolivia in
strawberry plants displaying rosette formation and small fruits (Arocha et al. 2010).
Subgroup 16SrI-F was detected in Cuba in nurseries with plants showing symptoms
of leaf yellowing and reddening and fruit deformation and stunting (Ferriol-
Marchena et al. 2013). In Spain “stolbur” and aster yellows were detected in plants
with yellow leaves, stunting, reduced leaf size, and virescence (Oviedo Delgado and
Ibeas Corcelles 2017), while in Mexico a similar symptomatology was associated
with the presence of ‘Ca. P. hispanicum’ (16SrXIII-A subgroup) (Pérez-Lépez and
Dumonceaux 2016; Pérez-Lopez et al. 2017). In strawberry red leaf in Argentina,
16SrXIII-F subgroup phytoplasmas were identified (Fernandez et al. 2015).

Myrtaceae Family Murtilla (Ugni molinae Turcz) witches’ broom disease is only
reported from Chile. In spring and summer, the infected plants showed small and
yellow leaves at the end of summer which turned red during the autumn season, and
the twigs become necrotic and dry. The berries, if present, are smaller and poor in
sugar and flavorings (Fig. 6.10). The first report of this disease, based on symptoms,
has been made in the early 1980s (Novoa 1982); however the first laboratory evi-
dence for phytoplasma presence was obtained recently (Andrade et al. 2009). ‘Ca.
P. fraxini’ and ‘Ca. P. ulmi’ (ribosomal subgroups 16SrVII-A and 16SrV-A, respec-
tively) were detected in symptomatic plants (Arismendi et al. 2011).

6.5 Tropical/Subtropical Fruit

Banana Musa spp. is native to tropical Indomalaya and Australia and is likely to
have been first domesticated in Papua New Guinea. They are grown in 135 coun-
tries, primarily for their fruit, and to a lesser extent to make fiber, banana wine,
banana beer, and as ornamental plants. Phytoplasmas were detected from wilted
cooking banana (plantain) plants in the Solomon Islands and Papua New Guinea
and are most closely related to phytoplasmas in the 16SrXXII-A (‘Ca. P. palmic-
ola’) and 16SrIV-A and 16SrIV-C subgroups. The plants showed yellowing and/or
leaf death and unfilled fruit bunches, discontinuous necrotic vascular streaks, and
pockets of rot and discoloration were also observed (Davis et al. 2012, 2015).

Citrus All citrus varieties are quite susceptible to phytoplasma infection although
very often their presence is in association with ‘Candidatus Liberibacter’ species in
a disease known as “huanglongbing” (HLB). Particularly in the Brazil epidemics,
16S1IX group phytoplasmas were detected, while in the Chinese epidemic, 16SrI-B
group phytoplasmas were detected associated with HLB (Teixeira et al. 2008; Chen
et al. 2009). Recently in Mexico, HLB was associated with the presence of 16SrI-B
and 16SrI-S phytoplasmas in orange and lime (Arratia-Castro et al. 2014). In Puerto
Rico 16SrIX group phytoplasmas are reported in C. sinensis and C. limon (Caicedo
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Fig. 6.11 Jujube young tree with severe JWB symptoms in China (left and center). Right, lime
witches’ broom (‘Ca. P. aurantifolia’) in Oman

et al. 2015). In China, grapefruit (C. paradisi) with HLB showed 16SrII-A phyto-
plasma presence in some of the infected plants (Lou et al. 2014). Historically the
first described ‘Candidatus Phytoplasma’ species (Zreick et al. 1995) is that detected
in lime affected by the witches’ broom disease in Oman (Fig. 6.11), Iran, and in the
United Arab Emirates (Garnier et al. 1991; Bové et al. 2000; Al-Yahyai et al. 2015;
Al-Abadi et al. 2016), but the disease in citrus was described in China, and phyto-
plasma presence was reported a long time ago (Chen et al. 1979). Acid lime is the
other citrus species reported to be affected by these phytoplasmas in India (Ghosh
et al. 1999), Iran (Salehi et al. 2000; Djavaheri and Rahimian 2004). This phyto-
plasma was also detected in limequat tree in Iran (Faghihi et al. 2017). Sweet orange
(C. sinensis) and mandarin (C. reticulate) showing typical symptoms of witches’
broom disease were detected in Egypt, and phytoplasma presence was demonstrated
without molecular identification (EL Banna et al. 2015). Aster yellows were reported
in citrus in Pakistan (Fahmeed et al. 2009).

Jujube For several decades jujube witches’ broom (JWB), associated with ‘Ca. P.
ziziphi’ has caused a devastating disease of the jujube (Ziziphus jujuba Mill) indus-
try in China (Tsai et al. 1988). Transmission electron microscopy showed that a
phytoplasma was associated with the disease (Yiand La 1973). Diseased trees show
the precocious development of proliferating secondary shoots which have an over-
abundance of abnormally small and sometimes chlorotic leaves (Fig. 6.11). Phyllody
is another characteristic of diseased trees and symptomatic limbs do not bear fruit.
Symptoms are at first limited to one or more branches, but then the disease spreads
progressively throughout the entire crown. Trees of all ages are susceptible and die
within a few years after symptoms first appear (La and Chang 1979). Fan et al.
(2008) verified the presence of this phytoplasma in jujube trees belonging to diverse
cultivars in both symptomatic and asymptomatic samples. The phytoplasma associ-
ated with JWB is ‘Ca. P. ziziphi’ (Jung et al. 2003) belonging to subgroup 16SrV-B,
and it was reported in China and India infecting also stone fruit (Zhu et al. 1997;
Tian et al. 2000; Khan et al. 2008). The known insect vector of the phytoplasma is
Hishimonoides chinensis Anufriev and Hishimonus sallatus Uhler (La and Woo
1980).
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Longan (Dimocarpus longan Lour.) (Sapindaceae) is found commonly in most of
Asia, primarily in China, Taiwan, Vietnam, and Thailand, and in the latter two
countries, it is one of the major fruit plants promoted for domestic consumption and
export. The witches’ broom syndrome is a devastating epidemic in the majority
of the longan-growing areas of Vietnam. The main symptoms include small and
upward rolled leaves, shortened internodes, and witches’ broom; small, stunted
shoots with curved, rolled up margins, deformed leaves with blisters, and hairy
patches on the underside; and abnormal development of flower structures, flower
abortion, and failure to produce fruit or develop small fruit. Phytoplasmas detected
belonged to 16Srl, 16SrIl, 16SrV, and 16SrXII-A groups/subgroups (Nguyen et al.
2012; Hoat et al. 2016). Phytoplasmas are also reported in plants showing similar
symptoms in Thailand (Chantrasri et al. 1999). During a recent study, a partial rela-
tionship between the symptoms and Eriophyes dimocarpi mites presence was veri-
fied (Hoat et al. 2017).

Papaya In Carica papaya (Caricaceae), phytoplasma diseases are reported from
Australia, Cuba, and other parts of the Caribbean, Ethiopia, Hawaii, India, Israel,
Oman, and South Africa. Mosaic, yellow crinkle, and dieback diseases of papaya
are reported in Australia (Gibb et al. 1996, 1998; De La Rue et al. 1999). While in
yellow crinkle and mosaic (PpYC and PpM) diseases, ‘Ca. P. australasia’ (16SrII-D)
phytoplasma was identified; in the dieback disease, ‘Ca. P australiense’ was detected
(16SrXII-B) (White et al. 1998). PpYC disease consists of yellowing of leaves and
bending down of the petioles. The crown leaves develop clear patches at the margins
and between the veins, and these areas become brown and die; the older leaves die
and fall leaving a bare stem with a few stunted leaves on top. The flowers may show
abnormal distortion. In the PpM disease, stunted yellow leaves with clear margins
and short stems with many side shoots are observed. The petioles and upper stems
have “water-soaked” streaks, and the fruit may show light green areas. It could be
problematic in some cases to distinguish among these two diseases. Papaya dieback
(PpDB) disease shows inner crown leaves with bunched appearance, yellowing, fol-
lowed by a slight bending of the stem tip. The affected leaves shrivel after a quick
yellowing, the crown dies within 1-4 weeks, and the fruit falls off while still green
or rot. PpDB dieback is an economically important disease limiting papaya produc-
tion in southern and central Queensland, with outbreaks frequently causing losses
of 10-100%. The phytoplasma associated with PpDB has been transmitted by dod-
der to tomato and other test plants. In the Caribbean a bunchy top disease is described
beginning with yellow mottling of the upper leaves similar to the one present in the
yellow crinkle disease, and then the leaves begin to die. Growth of leaves is slow,
and the distance between them along the stem becomes shorter giving a “bunchy
top” appearance. The oldest leaves fall down, leaving a few stunted leaves at the top
of the stem. The plants may die, or new shoots appear from lower down the stem. In
Cuba, ‘Ca. P. caricae’ (16SrXVII group) (Arocha et al. 2005) and group 16SrI phy-
toplasmas (Acosta et al. 2011) were identified in diseased plants. Occurrence of
aster yellows phytoplasmas is also reported in Sri Lanka in papaya dieback
(Abeysinghe et al. 2016) and in a papaya yellows disease in Taiwan (Bau et al.
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2011). Phytoplasmas belonging to different 16Sr groups have been identified in the
Asian continent including groups 16SrI and 16SrII in India associated with similar
dieback symptoms (Rao et al. 2011) and axillary shoot proliferation (Verma et al.
2012); and group 16SrXII in Israel (Gera et al. 2005).

Pomegranate Punica granatum (Lythraceae) is grown in many subtropical coun-
tries especially in the Mediterranean region for its nutritional and medical proper-
ties. Phytoplasma presence in pomegranate is associated with yellows symptoms in
Turkey where two phytoplasma strains belonging to subgroups 16SrI-B and
16SrXII-A were identified (Gazel et al. 2016) and in Iran where a group 16SrIII was
associated with a slow decline, reduction in yield and fruit size and yellowing of the
leaves, and foliar reddening with thickening of veins (Karimi et al. 2015), and a
16S1II-D subgroup was associated with little leaf symptoms (Salehi et al. 2016).

6.6 Nuts

Chestnut In Japan a chestnut yellows disease (Shimada and Kouda 1954) was
shown by transmission electron microscopy to be associated with phytoplasma
presence (Okuda et al. 1974). In Korea in 1993, chestnut trees with little leaf disease
(CLL) showing small, yellow leaves were also associated with phytoplasma pres-
ence (Han et al. 1997). More recently Japanese chestnut trees (Castanea crenata
Sieb. and Zucc.) showing a witches’ broom disease, including abnormally small
leaves and yellowing of young leaves, was found associated with the presence of
‘Ca. P. castaneae’ (Jung et al. 2002). The disease named chestnut witches’ broom
(CnWB) differed from Korean CLL and the chestnut yellows of Japan in symptom
severity and led to severe crop losses especially in some provinces.

Hazelnut Decline and yellows are diseases reported for a long time in several
European hazelnut (Corylus avellana L., Betulaceae) growing areas and were asso-
ciated with 16SrX group phytoplasma presence (Marcone et al. 1996). In stunted
but also in asymptomatic plants a 16SrIII-B phytoplasma was identified in Oregon
(USA) (Jomantiene et al. 2000); ‘Ca. P. asteris’ was reported in a few stunted plants
of European hazelnut in Poland (Cie$linska and Kowalik 2011). In the United
Kingdom, ‘Ca. P. fragariae’ (16SrXII-E) was detected in 10-15-year-old plants
showing yellowing of leaves, leaf scorch, a lack of density of the tree canopy, and
proliferation of small thin branches (Hodgetts et al. 2015). In Chile, hazelnut plants
cv. Barcelona 12-year-old showing leaf and catkin malformation and yellowing in
some branches were positive for the presence of phytoplasmas in 16SrI, 16SrIII,
and 16SrV groups (Pérez Fuentealba et al. 2017). Nothing is reported about disease
epidemiology and/or possible insect vectors.
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Peanut Peanut witches’ broom is the only disease reported in Arachis hypogaea L.
(Fabaceae); the phytoplasmas detected in China and Taiwan resulted closely phylo-
genetically related and all belonging to 16SrII-A subgroup (Chen et al. 1994; Li
et al. 2014a). The disease agent is transmitted by the insect vector Orosius orientalis
(Yang 1975).

Pecan Pecan bunch is a widespread disease reported in commercially grown south-
ern pecan, Carya illinoensis (Wangenh) K. Koch (Juglandaceae), in the USA. The
tree is grown mainly in the America continent where it is the tree symbol for the
state of Texas. The symptoms on diseased plants are bushy growths of slender wil-
lowy shoots, resulting from an abnormal forcing of lateral buds. Symptoms may
appear on only one branch or on many branches. Bunch disease is very conspicuous
in the spring and early summer because the diseased shoots come out of dormancy
earlier than non-infected shoots (Seliskar et al. 1974). The phytoplasmas detected in
this species in Georgia belong to group 16SrIII-C (Lee et al. 1998b).

6.7 Conclusions

Management of phytoplasma diseases in fruit crops requires relevant efforts world-
wide considering the huge number of diverse species that are affected or susceptible
to these diseases. Early phytoplasma detection in mother plants together with the
implementation of phytoplasma-free certified plants could greatly improve the sani-
tary status of these species and reduce the large diffusion of different phytoplasmas
by propagation materials. It is very complicated to propose a scheme based on
insect vector control since these are quite often not effective, and also their identity
is quite often not known.
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Chapter 7
Phytoplasma Diseases in Ornamental Crops

Check for
updates
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Abstract An extensive and updated review of the literature reporting the phyto-
plasma associated diseases in a number of ornamental plants and their classification
is presented with major emphasis to reports in the main floricultural areas.
Symptomatology of phytoplasma diseases is described in the most relevant traditional
species as well as in emerging species used in floriculture and gardening worldwide.

Keywords Ornamental species - Phytoplasma - Symptomatology - PCR - RFLP

7.1 Introduction

The phytoplasmas are an important group of pathogens which drastically damage
growth and marketing parameters of ornamental plants and affect their commercial
value (Chaturvedi et al. 2010a). Many ornamental plants are affected by phytoplas-
mas that are very often associated with significant economic impacts. The number
of phytoplasmas identified in ornamental species has greatly increased over the last
decades as a consequence of increased production and worldwide commercial dis-
tribution of plant material (consisting of cut flowers, foliage or flowering potted
plants, shoots, seeds, bulbs, rhizomes, etc.). In addition, some species and new
hybrids are becoming more economically important all over the world, but no infor-
mation is available regarding susceptibility and/or tolerance to these pathogens. As
a consequence, the incidence varies from overall infection due to phytoplasmas
frequently found, to those observed only occasionally. The severity of symptoms
differs considerably among ornamental species, hybrids, and varieties, ranging from
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malformations and yellowing causing little or no appreciable damage to severe
virescence, phyllody, and growth reduction (Lee et al. 1998). Phytoplasma diseases
of ornamentals have been described worldwide in a wide range of plant genera, and
the associated phytoplasmas belong to 14 different 16S ribosomal groups and to
about 30 ribosomal subgroups (Table 7.1).

Table 7.1 Symptomatology, identification, and distribution of phytoplasma diseases occurring in
ornamental plant species worldwide

Host species/trivial Phytoplasma
name (family) Diseases Country | group/subgroup | References
Adenium obesum Witches’ brooms Myanmar | 16Srll Win et al. (2012)
(Apocynaceae) Little leaf India 16StI Raj et al. (2007a)
Allamanda cathartica | Leaf yellowing India 16SrVI-D Khasa et al. (2016)
(Apocynaceae)
Alstroemeria Virescence Italy 16SrI-B Bertaccini et al.
(Alstroemeriaceae) (1996a)
Deformation and Mexico Cervantes-Diaz
dieback et al. (2004)
Little leaf India 16SrI Singh et al. (2011)
Anemone coronaria Virescence Italy 16SrI-C Vibio et al. (1995)
(Ranunculaceae)
Aquilegia columbine | Yellows, stunting, | Lithuania | 16SrI Samuitiene et al.
(Ranunculaceae) virescence, and (2004)
phyllody
Aralia cordatal Yellow dwarf South 16SrIIT Lee et al. (2004)
Japanese spikenard Korea
(Araliaceae)
Argyranthemum Yellowing Italy 16SrIX-C Ferretti et al.
frutescens (Asteraceae) (2015)
Asclepias physocarpa | Yellowing and Italy 16SrXII-A Bertaccini et al.
(Asclepiadaceae) stunting (2006)
Begonia spp. Stunting and little | Brazil 16SrIII Ribeiro et al.
(Begoniaceae) leaf (2006)
Brachyscome Yellows and India 16811 Madhupriya et al.
(Asteraceae) witches’ broom (2013a)
Brugmansia candida Little leaf Australia | — Hiruki (1986)
(Solanaceae)
Calendula officinalis | Phyllody, Iran 16SrII-D Esmailzadeh
(Asteraceae) virescence, Hosseini et al.
proliferation, and (2016)
witches’” broom Italy 16Sr1 Marcone et al.
(1997b)
Serbia 16SrXII-A Pavlovic et al.
(2014)
Calendula arvensis Stunting Italy 16SrII-E Tolu et al. (2006)

(Asteraceae)

(continued)
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Host species/trivial Phytoplasma
name (family) Diseases Country | group/subgroup | References
Callistephus chinensis/ | Virescence Korea 16SrII-A Win et al. (2011)
(China aster) Yellowing and Iran 16S11-B Sichani et al.
(Asteraceae) stunting (2014)
Carpobrotus edulis Leaf yellowing, India 16SrIX Shukla et al. (2014)
(Aizoaceae) little leaf, and
reduced size of
flowers
Cassia italica Stunting Oman 16SrXXIX-A Al-Saady et al.
(Caesalpiniaceae) (2008)
Cassia surattensis Witches’ broom China 16SrV Hong et al. (2005)
(Caesalpiniaceae)
Catharanthus roseus Little leaf USA 16SrI-A Davis et al. (1990)
(Apocynaceae) Italy 16SrI-B Parrella et al.
(2014)
Virescence Argentina | 16Srl Torres et al. (2004)
Egypt 16SrI Omar et al. (2008)
Mexico 16SrXIII-A Gundersen et al.
(1994)
Witches’ broom Mexico 16SrIII-J; 16SrI | Poghosyan et al.
and virescence (2015)
Virescence and Malaysia | 16SrXXXII Nejat et al. (2013)
phyllody
Phyllody India 16SrI Khurana et al.
(1981)
Yellowing and little 16SrI-C Chaturvedi et al.
leaf (2009b)
Celosia argentea Phyllody Lithuania | 16Srl-L; Samuitiene and
(Amaranthaceae) 16SrI-M Navalinskiene
(2006)
Iran 16SrI-M Aldaghi and
Bertaccini (2015)
Leaf malformation | Brazil 16SrIII-J Eckstein et al.
(2012)
- Iran 16SrVI Babaie et al. (2007)
Celosia plumosa Yellows Israel 16SrI; 16SrIIl | Tanne et al. (2000)
& Celosia cristata
(Amaranthaceae)
Chionanthus retusus/ | Dwarfing Korea 16SrI Lee (2004)
snow flower fringe
(Oleaceae)
Chrysanthemum Yellowing, South 16SrXII; 16SrI | Chung and Kim
morifolium stunting, and Korea (2005), Bongnam
(Asteraceae) dwarfing et al. (2007),
Chung and Hun
(2008)
Flattened stem China 16SrI Min et al. (2009)
Little leaf India 16Sr1 Raj et al. (2007b)

(continued)
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Host species/trivial Phytoplasma
name (family) Diseases Country | group/subgroup | References
Chrysanthemum Witches’ broom Japan 16SrI-B Okuda (1997)
coronarium China Zhong and Shen
(Asteraceae) (2004)
Chrysanthemum Yellows Japan 16Sr1-B Okuda (1997)
Jfrutescens (Asteraceae) Italy 16Sr1-B Bertaccini et al.
(1990a)
Chrysanthemum Virescence and Serbia 16SrXII-A Duduk et al. (2006)
indicum hybridum abnormal growth
(Asteraceae)
Codiaeum variegatum | Leaf yellows and | India 16Sr1 Tiwari et al. (2014)
(Euphorbiaceae) witches’ broom Colombia Perilla-Henao et al.
(2012)
Cosmos bipinnatus Phyllody Mexico 16SrI-B Rojas-Martinez
(Asteraceae) et al. (2003a)
Cycas revoluta Yellowing India 16SrIl Kumar et al.
(Cycadaceae) (2012a)
Cyclamen persicum Virescence Italy 16Sr1-B; Alma et al. (2000),
(Primulaceae) 16SrI-C Satta et al. (2013)
Cytisus scoparius Witches’ broom Germany | 16SrV-C; Contaldo et al.
(Fabaceae) 16SrI-B (2015b)
Dahlia cultorum Shoot proliferation, | Poland 16Sr1-B; Kaminska and
(Asteraceae) narrow leaf, and 16SrX-A Sliwa (2008b)
gg&i::; Italy 16SrX-A Marzachi et al.
(1999)
Delphinium sp. Yellows, stunting, | United 16SrIII Harju et al. (2008)
(Ranunculaceae) phyllody, and Kingdom
virescence
Daucus carota/Queen | Yellows Canada 16SrI Chang et al. (2004)
Anne’s lace
(Plumbaginaceae)
Dendranthema Yellow dwarf and | South 16SrI; 16SrXII | Chung and Kim
grandiflora witches’ broom Korea (2005)
(Asteraceae) Phyllody India . Rani et al. (2014)
Dicentra Shoot proliferation | Poland 16SrI-B; Kaminska et al.
spectabilis/bleeding 16SrI-A (2004)
heart (Fumariaceae)
Dictamnus albus Stunting USA 16SrIII Valiunas et al.
(Rutaceae) (2007)
Dimorphotheca Stunting, Italy 16SrIX Marcone et al.
sinuata (Asteraceae) virescence, and (2001)
phyllody
Duranta repens Virescence and India 16SrI Singh et al. (2011)

(Verbenaceae)

stunting

(continued)
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Table 7.1 (continued)
Host species/trivial Phytoplasma
name (family) Diseases Country | group/subgroup | References
Echinacea Phyllody USA 16SrI-B Lee et al. (2008)
purpurea/purple Yellowing, Slovenia | 16SrI Radisek et al.
coneflower virescence, and (2008)
(Euphorbiaceae) phyllody
Virescence, Italy 16SrI-B; Bertaccini et al.
phyllody, 16SrIX-C (2009)
malformations, and
stunting
Flower Czech 16Sr1-C; Franova et al.
deformation and Republic | 16SrIII-B (2009, 2013)
pale coloration
Erysimum linifolium Stunting and Italy 16SrI-B Paltrinieri et al.
(Brassicaceae) malformation (2015)
Euphorbia Branch inducing Italy, USA | 16SrIII-H Bertaccini et al.
pulcherrima and stem flat (1996b), Lee et al.
(Euphorbiaceae) (1997)
South Chung and Choi
Korea (2010)
Gaillardia sp. - Iran 16SrI-B Sichani et al.
(Asteraceae) (2014)
Gentiana scabral Witches’ broom South Unclassified Lee (2004)
Japanese gentian Korea
(Gentianaceae)
Gerbera jamesonii Phyllody Australia | 16SrlI-D Siddique (2006)
(Asteraceae) Virescence and Ttaly 16Sr1 Spanod et al. (2011)
phyllody
Gypsophila paniculata | Stunting and Israel 16SrIl Gera et al. (2006)
(Caryophyllaceae) witches’ broom
Gladiolus sp. Yellowing and Italy, 16SrI-B Bertaccini et al.
(Iridaceae) malformation of Portugal (1990b, 1992b),
flower and stunting Louro et al. (1996)
India 16Srl Raj et al. (2009)
Helianthus annuus Virescence and Argentina | 16SrlII-J Guzman et al.
(Asteraceae) phyllody (2014)
Virescence, Iran 16SrII-D Salehi et al. (2015)
phyllody, and
Witches’ broom Iran 16SrII; 16SrVI | Tazehkand et al.
(2010)
Helianthus debilis Little leaf USA 16Sr1 Harrison and
(Asteraceae) Helmick (2008)
Hibiscus rosa-sinensis | Witches’ broom Brazil 16SrXV-A; Montano et al.
(Malvaceae) 16SrXII-A (2001, 2011)
Yellow leaf India 16Sr1 Chaturvedi et al.
(2010b)
Leaf yellowing and | India 16SrVI-D Khasa et al. (2016)
phyllody

(continued)
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Host species/trivial Phytoplasma
name (family) Diseases Country | group/subgroup | References
Hydrangea Phyllody Italy 16SrI-B Bertaccini et al.
macrophylla virescence Canada (1992a), Duduk
(Saxifragaceae) etal. (2013)
Phyllody Japan 16SrXII-C Sawayanagi et al.
(1999)
16Sr1 Takinami et al.
(2013)
Stunting, Italy 16Sr1-B; Bertaccini et al.
virescence, Bulgaria | 16SrXII-A (1995, 2015)
necrosis, and
redness of the leaf
edge
Iberis sempervirens Stunting Italy 16SrX; 16Srl- | Contaldo et al.
(Brassicaceae) B; 16SrI-A (2015a)
Impatiens balsamina Virescence, China 16SrV-B Lietal. (2014)
(Balsaminaceae) wrinkled leaves,
and stunted
internods
Jasminum sambac/ Witches” broom Oman 16SrII Al-Zadjali et al.
Arabian jasmine (2007)
(Oleaceae) India 16SrXI Madhupriya et al.
(2015)
Koelreuteria Stunting Korea 16SrI Kamala-Kannan
paniculata/goldenrain etal. (2010)
tree (Koelreuteriae)
Lachenalia aloides Flower Italy 16SrI-B Bellardi et al.
(Asparagaceae) malformation (2017)
Lilium longiflorum Virescence Czech 16SrI Bertaccini et al.
(Liliaceae) Republic (2005)
Flattened stem Korea 16SrXII Chung and Jeong
(2003)
Zigzag line pattern | Mexico 16Sr1 Cortes-Martinez
in leaves et al. (2007)
Flower dropping Poland 16SrI-B; Bertaccini et al.
16SrXII-A (2002)
Leaf scorch Poland 16SrX-A Kaminska and
Sliwa (2008a)
Ligustrum Witches” broom South 16SrV-B Lee (2004)
lucidum/Chinese privet Korea
(Oleaceae)
Limonium sinuatum Witches” broom South 16Srl Chung and Kim
(Plumbaginaceae) Korea (2005)

(continued)
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Table 7.1 (continued)
Host species/trivial Phytoplasma
name (family) Diseases Country | group/subgroup | References
Lupinus polyphyllus Malformations Italy 16SrXII-A Bellardi et al.
(2013)
Magnolia grandiflora | Stunting, leaf Poland 16Sr1-B; Kaminska et al.
(Magnoliaceae) necrosis, and 16SrX-A (2001b)
witches” broom
Matthiola incana Stunting, Italy 16SrII Davino et al.
(Brassicaceae) malformation, and (2007)
virescence
Mirabilis jalapa Yellowing and Israel 16SrIl Sobolev et al.
(Nyctaginaceae) general stuntings (2007)
Little leaf India 16SrIl Kumar et al.
(2012b)
Opuntia ficus-indica Proliferation of Italy 16SrII-C Granata et al.
(Cactaceae) cladodes and lack (2006), Tessitori
of flowers and et al. (2006)
fruits
Proliferation and USA 16Sr1-B; Bertaccini et al.
stunting of 16SrV-A (2007)
cladodes
Buds proliferation, | Mexico 16Srl Zak et al. (2011)
thickening, and
heart-shaping of
cladodes
Opuntia cylindrica - Egypt 16SrIl Omar et al. (2014)
(Cactaceae)
Opuntia monacantha | Shoot proliferation | Lebanon | 16SrIl Choueiri et al.
(2005)
Pachysandra Yellows South 16SrI-B Back et al. (2010)
terminalis/Japanese Korea
spurge (Buxaceae)
Petunia hybrida Flat stem South 16SrI Chung and Hun
(Solanaceae) Korea (2008)
Yellows India 16Srl Singh et al. (2011)
Iran 16SrIl Faghihi et al.
(2014)
Phlox sp. Malformation Lithuania | 16SrI-M Navalinskiene and
(Polemoniaceae) Samuitiene (2004)
Portulaca grandiflora | Little leaf India 16SrVI Ajaykumar et al.
(Portulacaceae) (2007), Samad
et al. (2008)
Psylliostachys Yellows Canada 16Srl Chang et al. (2004)
Suworowii
(Plumbaginaceae)

(continued)
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Host species/trivial Phytoplasma

name (family) Diseases Country | group/subgroup | References

Ranunculus sp. Phyllody and Italy 16Sr1-B; Bertaccini et al.

(Ranunculaceae) virescence 16SrI-C (1988, 1990b),

Parrella et al.
(2008)

Rhododendron Witches’ broom Czech 16SrXII-A Mertelik et al.

sp./azalea (Ericaceae) Republic (2004)

Rosa alba (Rosaceae) | Witches” broom Poland 16SrI-B; Kaminska and
and bud 16SrX-A Sliwa (2004)
proliferation
Little leaf India 16Sr1 Chaturvedi et al.

(2009a)

Saponaria officinalis | Witches” broom India 16SrVI-D Khasa et al. (2016)

(Caryophyllaceae)

Silene nicaeensis Flower Italy 16SrI-B Cozza et al. (2008)

(Caryophyllaceae) malformation

Spartium junceum Witches’ broom Italy, 16SrX-D; Marcone et al.

(Fabaceae) Spain 16SrV-C; 16SrI | (1996), Torres et al.

(2002), Contaldo
et al. (2015a)

Spiraea salicifolial Stunting USA 16SrIII-E Griffiths et al.

spiraeca (Rosaceae) (1994)

China 16SrI-B; Gao et al. (2007),
16SrV-B Li et al. (2010)

Spiraea bumalda Witches’ broom USA 16SrIII Lockhart et al.

(Rosaceae) (2012)

Solidago virgaureal Witches’ broom Korea 16SrIII Lee et al. (1996)

goldenrod (Asteraceae)

Streblus asper/singhore | Chlorosis and India 16SrI Maurya et al.

(Moraceae) yellows (2014)

Syringa vulgaris/lilac | Witches’ broom USA 16SrVII-A Griffiths et al.

(Oleaceae) (1999)

South 16SrV-B Lee et al. (1996)
Korea

Tabebuia pentaphylla | Witches’ broom Brazil 16SrIl Mafia et al. (2008)

(Bignoniaceae)

Tagetes erecta Phyllody Mexico 16SrI-B Rojas-Martinez

(Asteraceae) et al. (2003b)
Witches’ broom India 16SrlL Rajetal. (2011)

Trillium spp. Virescence Canada 16Sr1II-F Arocha-Rosete

(Trilliaceae) etal. (2016)

Veronica scutellata Yellowing and little | United 16SrI-A Jones and Arocha

(Scrophulariaceae) leaf Kingdom (2006)

Viola tricolor Leaf yellows and | India 16Srl Shukla et al. (2015)

(Violaceae)

little leaf

(continued)
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Table 7.1 (continued)

Host species/trivial Phytoplasma
name (family) Diseases Country | group/subgroup | References
Xanthoceras sorbifolia | Leaf rolling China 16Sr1 Zhang et al. (2009)
(Sapindaceae)
Zamia furfuracea Yellowing India 16SrIl Kumar et al.
(Arecaceae) (2012a)
Zinnia elegans Little leaf, India 16Srl Rao et al. (2012)
(Asteraceae) yellowing, and

phyllody
Zygocactus truncatus | Witches” broom China 16SrIl Cai et al. (2007)
(Cactaceae)

Fig. 7.1 Phytoplasma-infected plant of E. linifolium showing symptoms in only a part of shoots.
At flowering stage, this affected plant does not bloom

7.2 Aegean Wallflower (Erysimum linifolium L.; sin.
Cheiranthus linifolium L.)

Aegean wallflower (Brassicaceae), native to the Mediterranean region, is an ever-
green perennial ornamental shrub used in rock gardens or in mixed garden borders.
In 2012, a phytoplasma-like disease was observed for the first time in pot plants by
an ornamental grower in the Albenga area (Liguria region; northern Italy) (Paltrinieri
et al. 2015). Symptomatic E. linifolium showed reduced leaf size, rosetting, and
stunting; in some cases, shortening of internodes and growth reduction occur in
only part of the plant (Fig. 7.1). An increasing percentage of symptomatic plants
were found at the flowering stage, when affected plants did not bloom. Phytoplasmas
belonging to subgroup 16SrI-B (‘Candidatus Phytoplasma asteris’) were detected
by nested PCR followed by RFLP analyses on both the 16S rRNA and ruf genes.
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Symptomatology associated with aster yellows (AY) presence in E. linifolium is
very severe, probably due to becoming infected when the plants are in early growth
stages. In 2010, phytoplasmas belonging to 16SrIl group (‘Ca. P. aurantifolia’)
were detected in E. cheiri (sin. C. cheiri), a different species cultivated in southeast-
ern Iran, showing witches’ broom and phyllody (Tazehkand et al. 2010).

7.3 Allamanda cathartica L.

A. cathartica (Apocynaceae), commonly called golden trumpet or common trumpet
vine, was observed in India showing leaf yellowing symptoms, and phytoplasmas
belonging to 16SrVI group (‘Ca. P. trifolii’-related) were detected (Khasa et al.
2016).

7.4 Alstroemeria spp.

Aster yellows (16SrI) phytoplasmas were detected in Alstroemeria
(Alstroemeriaceae) plants growing under greenhouse conditions and showing vires-
cence symptoms in both Italy and the Netherlands (Bertaccini et al. 1996a).
Phytoplasmas of the same ribosomal group were identified in malformed plants in
Mexico (Cervantes-Diaz et al. 2004) and, more recently in plants showing a little
leaf disease in India (Singh et al. 2011).

7.5 Bleeding Heart (Dicentra spectabilis L.)

The ornamental species D. spectabilis (bleeding heart, ladies locket) (Fumariaceae)
produces fleshy tuberous roots, but it is more frequently listed as a perennial than
bulbous crop. It is propagated by cuttings or by seeds. Symptoms of shoot prolifera-
tion, along with small reddened or chlorotic leaves, were reported in Poland and
were associated with 16SrI-B or 16SrI-A phytoplasmas (Kaminska et al. 2004).

7.6 Brachyscome spp.

Madhupriya et al. (2013a) reported leaf yellows and witches’ broom symptoms on
Brachyscome spp. (Asteraceae) in India. Sequence analysis of amplified sequences
revealed 99% identity with the 16S rRNA gene of strains belonging to ‘Ca. P.
asteris’ (16SrI group).
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7.7 Burning Bush (Dictamnus albus L.)

Valiunas et al. (2007) identified phytoplasma symptoms represented by twisting and
recumbent growth of stems, stunting, phyllody, leaf yellowing, and leaf crinkle in
this ornamental shrub in Lithuania and found their association with 16SrIII-F
phytoplasmas.

7.8 Calendula (Calendula officinalis L.)

Phytoplasmas belonging to subgroup 16SrlI-E were detected in wild calendula
(Asteraceae) showing malformed flowers in Sardinia, Italy (Tolu et al. 2006).
Phytoplasma-infected C. officinalis was reported in India (Khurana et al. 1981; Rani
et al. 2014) and in Iran (Esmailzadeh Hosseini et al. 2016); different phytoplasmas
were identified in the various countries (Table 7.1).

7.9 Candytuft (Iberis sempervirens L.)

Iberis sempervirens (Brassicaceae) is one of the few flowering plants available in
Europe for the market in wintertime. In winter/spring 2013, the two varieties Tahoe
and Fish Back, produced by seed in Ligurian Riviera (Italy), showed symptoms of
yellowing, stunting, and witches’ broom (Fig. 7.2). Detection of 16SrX group phy-
toplasmas was obtained after nested PCR/RFLP analyses. Sequencing of the 16S
rDNA gene confirmed that the phytoplasma infecting . sempervirens showed 99%
identity to ‘Ca. P. mali’. Moreover, RFLP analyses indicated the presence of aster
yellows phytoplasmas (subgroups 16Srl-B and 16SrI-A) in mixed infection with
16SrX phytoplasmas in the Fish Back variety. This has been one of the few detec-
tions of phytoplasmas related to the 16SrX-A group from a herbaceous species
worldwide (Contaldo et al. 2015a).

7.10 Chinese Aster (Callistephus chinensis L.)

The first reports of phytoplasmas in Chinese aster (Asteraceae) were by electron
microscopy (Hemmati and Mc Lean 1980) in Canada and in some cases also by
serology (Sinha and Benhamou 1983). Wang and Hiruki (2005) reported detection
and estimation of genetic divergence of phytoplasmas associated with the Chinese
aster yellows with the help of heteroduplex mobility assay (HMA). Flower vires-
cence symptoms were recently observed also in Yezin, Myanmar. The symptoms
usually start with the emergence of new yellow leaves during the vegetative growth
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Fig. 7.2 [beris sempervirens showing symptoms of yellowing, stunting, and witches’ broom

stage, followed by the leaf petiole turning upright with the clustering of leaves; then,
the affected plants stop growing and remain stunted. At the later stage, some flowers
show green petals instead of normal color. The phytoplasma was identified as
belonging to subgroup 16SrIl-A (Win et al. 2011). Further reports of phytoplasma
presence are from Lithuania (Navalinskiene et al. 2005).

7.11 Chinese Hibiscus (Hibiscus rosa-sinensis L.)

In Brazil, witches’ broom disease was first reported in Sdo Paulo State in plants of
H. rosa-sinensis (Malvaceae); leaf yellowing and malformation as well as short
internodes were also present in symptomatic plants (Vicente et al. 1974). Later, the
disease was observed, in the State of Rio de Janeiro, in plants of the same species;
they displayed similar symptoms and premature dropping of flowers (Kitajima et al.
1984; Kitajima 1994). The phytoplasma associated with hibiscus witches’ broom
disease in Brazil is reported as ‘Ca. P. brasiliense’ belonging to subgroup 16SrXV-A
that was in some cases associated with “stolbur” phytoplasmas (16SrXII-A)
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(Montano et al. 2001, 2011). In Australia, an unidentified phytoplasma has been
reported to be associated with a witches’ broom disease of H. heterophyllus, an
Australian native species that is also grown commercially (Hiruki 1987). Chaturvedi
et al. (2010b) reported in India a little leaf disease of H. rosa-sinensis associated
with 16SrI group of phytoplasmas, and Khasa et al. (2016) reported association
with the same disease of clover proliferation (16SrVI) group phytoplasmas.

7.12 Chrysanthemum spp.

Phytoplasma diseases mainly represented by virescence (Fig. 7.3) in Chrysanthemum
spp. (sin. Dendranthema grandiflorum L.) (Asteraceae) were firstly found in
Sweden, Belgium, Brazil, and Japan (Pettersson and Tomenius 1979; Verhoyen
et al. 1979; Kitajima and Costa 1979, Shiomi and Sugiura 1983). Conti et al. (1988)
described typical yellows disease in Chrysanthemum, and this species was also used
as a model plant to study several phytoplasma features in Italy. Galetto et al. (2007)
produced polyclonal and monoclonal antibodies against membrane proteins of ‘Ca.
P. asteris’; Bosco et al. (2007) reported the multiplication rate of the same phyto-
plasma in three leathopper vector species (Euscelis incisus, Euscelidius variegatus,
and Macrosteles quadripunctulatus); and D’ Amelio et al. (2007) described effects
of elicitors of plant resistance on Chrysanthemum yellows-infected plants. In Serbia,
16SrXII-A phytoplasmas (Duduk et al. 2006) and in South Korea, aster yellows
(16SrT) (Bongnam et al. 2007) were reported in Chrysanthemum, but in the latter
case, two different symptoms were also described such as witches” broom and yel-
lows, and the phytoplasmas 16SrI and 16SrXII-A were reported as being associated
with these symptoms, respectively (Chung and Kim 2005). The identification of
16SrII group phytoplasmas has been reported in Chrysanthemum in Japan (Naito
et al. 2007). Min et al. (2009) reported a 16SrI-B phytoplasma associated with flat-
tened stems, shortening of internodes, yellowing of leaf margins, root death, and
dwarfing of plants in China. They also indicated a significant loss in quality of

Fig. 7.3 Strong virescence in two Chrysanthemum plants due to phytoplasma presence
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flowers due to phytoplasmas; in some affected plants, there is no flower at all. Bayat
et al. (2013) reported the association of a ‘Ca. P. phoenicium’-related phytoplasma
strain with a Chrysanthemum disease in Iran. Raj et al. (2007a) reported association
of ‘Ca. P. asteris’-related phytoplasmas (16SrI) with little leaf disease on
Chrysanthemum morifolium. Aido (2017) recorded symptoms of little leaf, yellow-
ing, chlorosis, phyllody, witches’ broom, and stunting in Chrysanthemum plants
during 2015-2017 and verified the presence of four groups and five subgroups of
phytoplasmas: 16SrI-B, 16SrII-A, 16SrII-D, 16SrVI-D, and 16SrXIV-A in India on
the basis of RFLP analysis of 16S rDNA amplified sequences.

7.13 Cock’s Comb (Celosia argentea L., sin. C. cristata L.)

Celosia argentea (Amaranthaceae) is grown in Western countries as an ornamental
plant, either as potted or for cut flowers. Yellows diseases are common in Israel, and
phytoplasma presence was detected in some of diseased plants. Commercial fields
of Celosia plumosa and C. cristata exhibited yellows symptoms and even total crop
failure where 16SrI and16SrIII phytoplasmas were detected (Tanne et al. 2000).
Phytoplasmas belonging to 16SrI-M were identified on C. argentea from Lithuania
(Samuitiene and Navalinskiene 2006), ‘Ca. P. asteris’ (16SrI-B) and ‘Ca. P. austral-
asia’ (16SrII-D) were also detected in samples from India (Madhupriya et al. 2017)
and Iran (Aldaghi and Bertaccini 2015), while clover proliferation phytoplasmas
(16SrVI group) were identified in Iran (Babaie et al. 2007).

7.14 Cycads

Abnormal yellowing symptoms were observed in India on two species, Cycas rev-
oluta (Cycadaceae) and Zamia furfuracea (Zamiaceae), of the order Cycadales both
associated with the presence of 16SrII phytoplasmas (Kumar et al. 2012a).

7.15 Cyclamen (Cyclamen persicum Mill.)

Phytoplasmas were detected for the first time on cyclamen hybrids (Primulaceae) in
Italy (Bertaccini 1990). During the first year, symptoms consisted of phyllody and
virescence; during the second year, the plants stopped flower production, and the
new leaves were dwarfed, very similar to those of wild cyclamens. Some years later,
phytoplasmas associated with a cyclamen disease in Germany were found to be
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Fig. 7.4 Symptoms related to phytoplasma presence in cyclamen pot and flowers. Little leaf and
typical green petals are present together with flower malformations and virescence

identical, based on RFLP patterns, to the American aster yellows (AAY) strain,
belonging to the 16SrI-B subgroup (Seemiiller et al. 1998). In 2000, in Italy, phyto-
plasmas belonging to aster yellows 16SrI-B and I-C subgroups were found in five
cyclamen plants with virescence and yellow stunted leaves and in one plant showing
phyllody and rolled and thickened leaves. Two cyclamens, representing the two
syndromes, were chosen as source plants for transmission trials in which three leaf-
hopper species, known as vectors of 16SrI-B and 16SrI-C phytoplasmas, were used
to inoculate healthy cyclamen and periwinkle plants. The extremely low level of
transmission obtained, to both cyclamen and periwinkle, suggested that cyclamen is
an unsuitable species for phytoplasma acquisition and can be regarded as a dead-
end host plant for these phytoplasmas (Alma et al. 2000). Recently, cyclamen plants
showing phytoplasma-associated symptoms were observed in a farm specialized in
potted production in Liguria region (Italy). The symptomatology was represented
mainly by strong modification of flowers enclosing virescence and phyllody; in
several leaves stunting and rosetting were also present (Fig. 7.4). RFLP analyses
allowed to identify phytoplasmas as belonging to 16StI-B subgroup and further
classified as rpI-B, SecYI-B, and GroEIIII groups (Satta et al. 2013).

7.16 Desert Rose (Adenium obesum L.)

Desert rose (Apocynaceae) is an exotic ornamental plant from warm climates,
grown for its attractive fleshy stem, leaves, and bright colorful flowers. It is a suc-
culent plant originating from East Africa, commonly cultivated in humid, tropical
areas such as India, the Philippines, and Thailand. Raj et al. (2007a) reported the
association of ‘Ca. P. asteris’ (group 16StI) with a little leaf disease in India, while
Win et al. (2012) indicated desert rose as a new host for ‘Ca. P. aurantifolia’ (group
16Sr1II) in Myanmar.
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7.17 Four O’Clock Flower (Mirabilis jalapa 1..)

The four o’clock flower (Nyctaginaceae), a native of tropical South America, has
been naturalized as an ornamental garden plant in many parts of the world. Plants
with small yellow leaves and distorted flowers were observed in home gardens in
the north of Israel (Sobolev et al. 2007). Sequence analysis of the PCR product from
symptomatic M. jalapa clustered within those of phytoplasmas in group 16SrIl. The
same phytoplasma group was detected also in India (Kumar et al. 2012b) in stunted
plants showing crowding of younger leaves, shortening of internodes, and small-
sized leaves and flowers.

7.18 Garden Cosmos (Cosmos bipinnatus Cav.)

In 2003 16SrI-B phytoplasmas were detected in garden cosmos (Asteraceae) plants
showing different symptoms in Mexico. It was suggested that a single type of phy-
toplasma was associated with the symptoms of phyllody, apical dwarfing, and yel-
lowing (Rojas-Martinez et al. 2003a).

7.19 Garden Croton (Codiaeum variegatum L.)

Croton (Euphorbiaceae) with its amazing colors and leathery leaves has been popu-
lar in tropical gardens for centuries. Reports of phytoplasma diseases include 16SrIl
group in Uganda (Arocha et al. 2008) and 16SrI in Colombia (Perilla-Henao et al.
2012). Identification of subgroups 16SrI-B and 16SrVI-C in samples from India
was also recently reported (Tiwari et al. 2014).

7.20 Gladiolus spp.

Aster yellows disease of Gladiolus spp. (Iridaceae) has been widely distributed
throughout the USA, where it was first described (Magie et al. 1952). Originally, the
disease, referred to as “grassy top,” “hairy roots,” or “green fin” (Albouy 1966), was
reported to be widespread in Belgium, France (Cousin et al. 1968), Italy, Rumania,
and Portugal (Bertaccini and Marani 1980; Bellardi et al. 1985; Bertaccini et al.
1990b, 1992b; Ploaie et al. 1981; Louro et al. 1996). Phytoplasmas infecting gladi-
olus were mainly identified in virescent flowers (Fig. 7.5) on the basis of histopa-
thology, PCR assays, and dot hybridization, which were determined to be 16SrI-B
and 16Srl-A phytoplasmas (Bertaccini et al. 1990b, 1992b; Rudzinska-Langwald
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Fig. 7.5 Top, a gladiolus flower spike cv. Rose Supréme showing virescence due to aster yellows
phytoplasmas compared to a normal flower spike below

and Kaminska 2003). In India Raj et al. (2009) identified ‘Ca. P. asteris’ associated
with malformation of floral spikes.

7.21 Hydrangea (Hydrangea macrophylla Thunb.)

The genus Hydrangea (Saxifragaceae) is composed of several deciduous shrubs;
this genus encompasses almost 25 species; of these, H. macrophylla, native to Japan
and China, is the most popular cultivated species, with over 600 recognized culti-
vars and hybrids, grown in both temperate and subtropical climates. Phytoplasma
diseases may have a significant impact on the appearance, health, and market value
of hydrangea. Cousin and Sharma (1986) and Pisi et al. (1990) detected phytoplas-
mas in TEM sections. Phytoplasmas belonging to subgroups 16SrI-A and 16SrI-B
have been found infecting hydrangea worldwide, especially in Canada, Japan, and
Europe (Bertaccini et al. 1992a; Hiruki et al. 1994; Marzachi et al. 1999; Alioto
et al. 2000; Duduk et al. 2013). In Japan, the disease was called “Japanese hydran-
gea phyllody” (JHP) and identified phytoplasmas belong to ‘Ca. P. japonicum’
(Sawayanagi et al. 1999). In addition, 16SrXII-A “stolbur” phytoplasmas were
reported in Bulgaria more than 20 years ago in mixed infection with aster yellows
(Bertaccini et al. 1995). In 2011 and 2012, an epidemiological survey was carried
out in Liguria and Lazio regions (Italy) (Bertaccini et al. 2015). Hydrangea plants
showing stunting, flower virescence and phyllody, yellowing, necrosis, and redness
of the leaf edge were collected in commercial greenhouses and plants with flower
virescence and red edges of leaves (Fig. 7.6) infected with phytoplasmas in the
16SrI-B subgroup. Further, RFLP analysis of the GroEl gene with Trull and Alul
allowed it to be assigned to the GroEIlI subgroup III. In Bolsena city (Lazio region),
plants showing growth reduction, flower virescence, and phyllody, but with
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Fig. 7.6 From left: hydrangea plants with flower virescence and red edges of leaves infected by
16SrI-B phytoplasmas; hydrangea plants, showing growth reduction, flower virescence, and phyl-
lody infected by 16SrXII-A “stolbur”

asymptomatic leaves (Fig. 7.6), were infected by 16SrXII-A, “stolbur” phytoplas-
mas that were further characterized by their fuf gene. In these diseased hydrangea
plants ‘Ca. P. asteris’-related phytoplasmas were identified in L. striatellus, while
“stolbur” (16SrXII-A) phytoplasmas were present in Anaceratogallia sp. More
recently, in Japan Kesumawati et al. (2006) studied the interaction between phyto-
plasma concentration and green-flowering stability in H. macrophylla and phyloge-
netic analyses based on multigene sequences, indicating that symptomatic hydrangea
plants were associated with phytoplasmas belonging to ‘Ca. P. asteris’ (Takinami
et al. 2013).

7.22 Ice Plant (Carpobrotus edulis 1..)

Shukla et al. (2014) reported extensive yellowing, little leaves, and reduced flower
size in C. edulis (Aizoaceae) at Gorakhpur gardens, Eastern Uttar Pradesh, India.
The associated phytoplasma was identified as belonging to the 16SrIX-C
subgroup.

7.23  Jasminum sambac L.

Jasmine (Oleaceae) is a popular ornamental plant and is traditionally used for flow-
ers and tea; it is cultivated commercially also for the perfume industry and herbal
medicine. Group 16SrII phytoplasmas in Arabian jasmine were detected in Oman
(Al-Zadjali et al. 2007), group 16SrI-B in Italy (Marzachi et al. 1999), and group
16SrXT in India (Madhupriya et al. 2015) associated with little leaf, yellows, and
witches’ broom symptoms.
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Fig. 7.7 Lachenalia plants showing growth reduction and severe leaf and flower malformations

7.24 Lachenalia (Lachenalia aloides L.)

Lachenalia (Asparagaceae) is an elegant bulbous ornamental plant endemic to
southern Africa. In 2016, several lachenalia pot plants at a flower bulbous grower in
the Liguria region (Italy) were showing phytoplasma-like symptoms: growth reduc-
tion, severe flower malformation and virescence, yellow stripes, and variegation on
the rolled leaves; in only one plant, some of the smaller flowers were normal in
color (yellow and purple) (Fig. 7.7). Nested PCR and RFLP analyses using restric-
tion enzyme Trull classified the phytoplasmas as belonging to ribosomal group
16SrI-B (Bellardi et al. 2017).

7.25 Lilac (Syringa spp.)

Hibben et al. (1986) detected phytoplasmas in the phloem sieve tubes of leaves of
Syringa vulgaris (Oleaceae) plants showing lilac witches’ broom by Dienes’ stain.
Electron microscopy observations and susceptibility of lilac to this disease were
reported in the USA, and the phytoplasma detected was classified in subgroup
16SrVII-A (Hibben et al. 1986; Hibben and Franzen 1989, Griffiths et al. 1994,
1999).



210 M. G. Bellardi et al.
7.26 Lily (Lilium spp.)

The earliest description of aster yellows-type diseases in lilies was that of Ogilvic
and Guterman in 1929 in the USA. They described a disease on Lilium longiflorum
cultivars characterized by severe leaf chlorosis and malformation, stunted growth,
and flower distortion. In 1954, Brierley and Smith described symptoms of lily
rosette in L. longiflorum cultivars Croft and Georgia. The affected plants showed
stunting and rosette-like symptoms. Bertaccini and Marani (1982) described a
flower and leaf malformation and discoloration in the lily hybrid Pink Perfection
associated with multiple infections of lily mottle and lily symptomless viruses and
the presence of phytoplasmas in Italy. Recently, PCR amplification of 16S rDNA
and RFLP analysis indicated that stunting and flower bud deficiency symptoms in
hybrid Casablanca were associated with infection by aster yellows phytoplasma and
viruses (Kaminska et al. 1998; Kaminska and Korbin 1999; Bertaccini et al. 2005).
In 1997-2000 phytoplasma infection was reported in plants of several lily cultivars
with different symptoms (Poncarova-Vorackova et al. 1998; Kaminska and Korbin
2000; Bertaccini et al. 2002) in the Czech Republic and Poland. Moreover, in
Poland, Kaminska and Sliwa (2008a) reported ‘Ca. P. mali’ in oriental lilies. The
presence of ‘Ca. P. solani’ association with lily stem flattening disease was reported
by Chung and Jeong (2003) in South Korea, while Cortes-Martinez et al. (2007)
reported a 16Srl phytoplasma associated with a zigzag line pattern in leaves of
Lilium sp. in Mexico.

7.27 Lupine (Lupinus polyphyllus 1.td.)

Ornamental lupine (Fabaceae) is an elegant herbaceous plant native to Northern
America, used as pot plants, in home gardens, and for cut flower production. In May
2012, phytoplasma-like symptoms were observed on ornamental lupine pot plants,
obtained by seed, at an ornamental grower in Ligurian Riviera (Italy) (Bellardi et al.
2013). Some plants at the blooming stage showed shortened internodes, the floral
stems bent like an “S” shape, and younger leaves were smaller and rolled (Fig. 7.8).
Nested PCR and RFLP analyses of the 16S rDNA from symptomatic leaves and
flowers identified “stolbur” phytoplasmas (16SrXII-A) (Contaldo et al. 2013).

7.28 Magnolia spp.

The genus Magnolia spp. (Magnoliaceae) comprises about 80 species of trees and
shrubs that are naturally distributed throughout eastern North America and
Southeastern Asia. Magnolias are relatively free of pests and diseases; however, a
severe phytoplasma disease designated as Magnolia stunt and yellows was observed
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Fig. 7.8 Ornamental lupine flower stems: on the left, a normal one; on the right, plant infected by
“stolbur” phytoplasmas

in plants growing in some gardens and nurseries and in imported plants in Poland.
The identified phytoplasma was aster yellows (16SrI) (Kaminska et al. 2001b).

7.29 Marigold (Tagetes erecta L.)

Stunting and lack of flower production (Fig. 7.9) are the main symptoms exhibited
by Tagetes spp. (Asteraceae) infected by phytoplasmas. Raj et al. (2011) reported
little leaf and witches’ broom symptoms on marigold from India. In Mexico, mari-
gold phyllody was reported by Zavaleta-Mejia et al. (1993), and the phytoplasma
which induces marigold phyllody belonged to the aster yellows group (16SrI-B)
(Rojas-Martinez et al. 2003b). Pot marigold phyllody was observed in a botanical
garden in Yazd Province of Iran (Esmailzadeh Hosseini et al. 2011). In Italy, witches’
broom disease is frequent in small gardens.

7.30 Opuntia and Cactus Species

Ornamental cacti were reported to show several symptoms associated with phyto-
plasma presence. Some of these were ornamentals such as Opuntia monacantha
Willd. (Cactaceae) in Lebanon (Choueiri et al. 2005), Opuntia sp., and Zygocactus
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Fig. 7.9 Phytoplasma-infected marigold plants near healthy plants

truncatus Haw. in China (Cai et al. 2007, 2008). Phytoplasmas were reported to be
associated with ornamental cacti such as Echinopsis subdenudata and Opuntia sp.
also in Mexico (Hernandez-Gutiérrez 1993; Leyva-Lopez et al. 1999; Avina-Padilla
etal. 2009). Tessitori et al. (2006) and Granata et al. (2006) for the first time reported
phytoplasmas associated with abnormal proliferation of cladodes in Opuntia ficus-
indica Mill. in Italy. Bertaccini et al. (2007) developed a method for phytoplasma
detection in O. ficus-indica in California (USA).

7.31 Pansy (Viola tricolor L.)

Leaf yellows and little leaf symptoms observed on Viola tricolor (Violaceae) plants
at Indian Agricultural Research Institute campus, New Delhi, in 2012-2013 are
associated with the presence of ‘Ca. P. asteris’ (Shukla et al. 2015).

7.32 Paris Daisy [Argyranthemum frutescens (L.) Lch. Bip.]

Argyranthemum frutescens, known as Paris daisy, marguerite, or marguerite daisy
(Asteraceae), is a perennial plant known for its lovely flowers. Phytoplasma infec-
tions in A. frutescens plants have already been reported and associated with phyto-
plasmas belonging to the aster yellows (16SrI) and elm yellows (16SrV) ribosomal
groups (Bertaccini et al. 1990a, 1992a; Boarino et al. 2002). Ferretti et al. (2015)
reported the association of 16SrIX-C phytoplasma group with plants showing gen-
eral yellowing and stunting, little leaf, and/or abnormal proliferation of axillary
shoots resulting in the appearance of witches’ broom and reduced flower size.
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7.33 Periwinkle [Catharanthus roseus (L.) G. Don.]

Periwinkle (Apocynaceae) is a perennial commonly used as an experimental host to
maintain phytoplasmas since it is able to harbor the majority of known phytoplas-
mas (Shaw et al. 1993). Detection of phytoplasmas in periwinkle has been reported
all around the world (Ploaie et al. 1977; Okuda 1977; Shishlova and Andreeva 1978;
Mc Coy and Thomas 1980; Rao et al. 1983; Chen et al. 1984;Clark and Davies
1984; Grimaldi and Grasso 1988; Khurana et al. 1981; Chaturvedi et al. 2009b;
Kumar and Byadgi 2012; Parrella et al. 2014; Madupriya et al. 2016). Using peri-
winkle as an experimental host has enabled the following research: (1) Chen and
Hiruki (1978) reported the preservation of membranes of tubular bodies associated
with phytoplasmas by tannic acid in C. roseus plants infected with aster yellows, (2)
Carling and Millikan (1978) observed banded filaments associated with aster yel-
lows in C. roseus in the USA, (3) Cousin and Abadie (1982) reported the action of
phytoplasmas on the anther of C. roseus with the help of light and electron micros-
copy studies, (4) Schmitt et al. (1983) reported pleomorphism of phytoplasmas in
periwinkle, (5) Moreno et al. (1985) described and compared several yellows dis-
eases on C. roseus in Spain, (6) Rocha et al. (1986) detected phytoplasmas in C.
roseus by indirect immunofluorescence microscopy, (7) Schmitt et al. (1987)
observed freeze-fracture SEM of phytoplasmas in the phloem of Catharanthus sp.,
(8) a polyclonal antiserum was produced against a phytoplasma strain in periwinkle
(Bellardi et al. 1992), (9) Davis et al. (1988) detected phytoplasmas in C. roseus
using cloned nucleic acid hybridization probes, (10) Deng and Hiruki (1990)
reported molecular cloning and detection of DNA of clover proliferation phytoplas-
mas in C. roseus, and (11) Davis et al. (1990) reported molecular cloning and detec-
tion of chromosomal and extrachromosomal DNA associated with little leaf disease
in C. roseus in the USA.

The major aster yellows phytoplasma subgroups (16SrI-A, 16SrI-B, and 16SrI-
C) have a wide host range and may also occur together in the same host. In peri-
winkle, subgroups 16SrI-A and 16SrI-B induce a wide variety of symptoms such as
virescence, phyllody, small and light pink petals, flower malformations, shortening
of internodes, elongation of internodes, plant yellowing, and small and deformed
leaves. Periwinkles are known to be susceptible to the AY (16Srl) group phyto-
plasma in several countries, such as Malaysia (Khew et al. 1991) and Argentina
(Torres et al. 2004). Omar et al. (2008) observed little leaves, shortened internodes,
virescence, and witches’ broom symptoms associated with infected periwinkle
plants growing in Egypt, and the Egyptian phytoplasma virescence (EPV) detected
in diseased periwinkle was identified as AY.
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7.34 Persian Buttercup (Ranunculus asiaticus L.)

Phytoplasmas infecting Persian buttercup (Ranunculaceae) were first reported in
France in 1968 (Devergne and Lovisolo 1969) and 20 years later in Italy (Bertaccini
et al. 1988). The presence in diseased samples of a ‘Ca. P. asteris’-related strain,
belonging to the 16SrI-B subgroup, was demonstrated by PCR/RFLP and phyloge-
netic analysis in Campania (southern Italy) (Parrella et al. 2008).

7.35 Petunia (Petunia hybrida)

Petunia (Solanaceae) is an economically important ornamental widely grown
worldwide. In its hybrids, a phytoplasma disease was first reported in 1964 from
plants showing stunting or yellowing (Doi et al. 1967). Natural occurrence of differ-
ent groups of phytoplasmas was reported from several countries: a 16SrIIl group
was associated with a little leaf in Australia; 16Srl group was associated with flat
stem, yellows, and witches” broom in Korea, Iran, and India and a 16SrXII group in
Iran. Later, 16Sr] phytoplasmas were associated with petunia flat stem in both China
and South Korea (Chung and Hun 2008). Chung et al. (2013) reported “stolbur”
phytoplasmas (16SrXII-A) in commercial petunias showing an unusual multiple
plantlet sprouting from the lateral buds in a greenhouse in Gwacheon, Gyeonggi
Province, China. Faghihi et al. (2014) reported the association of 16SrII phytoplas-
mas with plants showing witches’ broom, yellowing, little leaf, phyllody, and vires-
cence symptom in Sistan and Baluchestan Province of Iran. Leaf yellows symptoms
were recorded on Petunia species associated with 16SrI phytoplasmas (Singh et al.
2011) and flattened stem and witches’ broom symptoms (Madhupriya et al. 2014)
in India.

7.36  Phlox spp.

Zajak (1979) observed by transmission electron microscopy phytoplasmas of 150—
1200 nm diameter in sieve tubes of Phlox paniculata L. (Polemoniaceae) with
flower virescence and Misra et al. (1985) detected them in phloem sieve tubes of P.
drummondii Hook. plants in Rajasthan, India. Recently Navalinskiene and
Samuitiene (2004) reported the same species infected by phytoplasmas belonging to
subgroup 16SrI-M in Lithuania. Madhupriya et al. (2013b) reported extensive yel-
lowing, stunting, proliferation of shoots, little leaves, and reduced size of flowers
like symptoms on P. drummondii at New Delhi, India. Sequence analysis confirms
99% sequence identity with the 16S rRNA gene of strains belonging to the ‘Ca. P.
phoenicium’ (16SrIX group).
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7.37 Purple Coneflower (Echinacea spp.)

Purple coneflower (Asteraceae) is native to North America. Plants showing general
leaf yellowing, reddening, and stunting were described in Alberta (Canada) where
phytoplasma-infected plants sometimes have extremely small, numerous, branched,
axillary shoots coming from the stem nodes, giving them a bunchy or witches’
broom appearance (Hwang et al. 1997). In the purple coneflower, phytoplasmas
belonging to the aster yellows group have been identified (Stanosz et al. 1997;
Khadhair et al. 1997; Chang et al. 2000; Lee et al. 2008); in particular, in the USA
the subgroups 16Srl-A and 16SrI-B were identified. Radisek et al. (2008) also
reported a 16SrI-C phytoplasma infecting purple coneflower in Slovenia, while
Bertaccini et al. (2009) reported the association of 16SrIX-C and 16SrI-B phyto-
plasmas in E. purpurea (L.) Moench. plants showing yellowing, phyllody, and
virescence symptoms (Fig. 7.10). In Serbia, E. purpurea and E. angustifolia L. were
observed to show phytoplasma symptoms. The symptoms on E. purpurea were yel-
lowing in the early stages of disease development; foliage reddening, plant stunting,
and proliferation of axillary shoots appear as the disease progresses, and infected
plants showed bunchy or witches’ broom appearance. Symptoms on E. angustifolia
were stunting, shortened internodes, and purplish-reddening leaves and stalks.
Flowers on such plants were found smaller and did not bear seeds. Molecular iden-
tification confirmed the presence of 16SrXII-A (“stolbur”) phytoplasmas in both
species investigated (Pavlovic et al. 2010). Purple coneflower plants showing leaf
reddening and flower abnormalities were observed in South Bohemia (Czech
Republic) where phytoplasmas were observed by transmission electron microscopy
and identified as belonging to 16SrI-C and 16SrIII-B subgroup. The identity of the
latter was also confirmed after sequence analyses of the 16S—23S ribosomal operon,
ribosomal protein L15, and protein translocase genes (Franova et al. 2009, 2013).

Fig. 7.10 Purple coneflower showing strong virescence and malformation symptoms due to the
presence of mixed phytoplasma infection in Italy
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7.38 Queen Anne’s Lace (Daucus carota L.) and Poker
Statice [Psylliostachys suworowii (Regel) Roshk]

Queen Anne’s lace (Apiaceae) and poker statice (Poaceae) are widely cultivated
ornamentals. They were found with a yellows-type disease with typical phyto-
plasma symptoms in an experimental farm near Brooks, Alberta, Canada, in 1996.
Further study provided the first record of 16SrI phytoplasmas in Queen Anne’s lace
and poker statice (Chang et al. 2004).

7.39 Rose (Rosa spp.)

Rose (Rosaceae) is the most important and popular garden plant in the world and
the most important commercial cut flower cultivated in glasshouses. Several virus-
like diseases of uncertain etiology have been reported in rose throughout the world.
Rose wilt was first recorded in Australia in 1908, but the symptoms were later
described more fully by Grieve (1931) and Fry and Hammett (1971) in New
Zealand. In the United Kingdom, Hollings (1961) recorded the occurrence of rose
bud proliferation, rose wilt, and rose dieback, also called rose winter dieback
(Thomas 1979). Some rose degeneration symptoms have been reported from
Bulgaria (Hristova 1974), France (Devergne and Coujon 1975), the Netherlands
(Bos and Perqin 1975), and Poland (Kaminska et al. 2001a, 2003, 2006; Kaminska
and Sliwa 2004). Rose rosette disease, also referred as rose witches’ broom, was
first reported in Manitoba on wild rose species by Connors in 1941 and subse-
quently in other parts of Canada and the USA (Epstein and Hill 1995). The disease
is endemic in much of the south-east, south-central, and north-central USA (Hindal
et al. 1988; Tipping and Sindermann 2000). Similar symptoms known as rose die-
back or rose wilt were recorded in garden roses by Cheo (1970) and Gumpf and
Weathers (1974). In 1976, rose leaf curl (Slack et al. 1976a), which resembles rose
wilt disease and rose spring dwarf, was more fully described in the USA (Slack
et al. 1976b). Research in various parts of the world demonstrated the presence of
an aster yellows (16SrI) phytoplasma associated with phyllody symptoms in Poland
(Kaminska et al. 2003), India (Fig. 7.11) (Chaturvedi et al. 2009a), and China (Gao
et al. 2008). Madhupriya et al. (2017) reported leaf chlorosis, phyllody, virescence,
and little leaf symptoms in various rose cultivars associated with subgroups 16SrI-B
and 16Sr II-D in India.
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Fig. 7.11 Yellows and pale flower in rose affected by aster yellows phytoplasmas in India

7.40 Rose Balsam (Impatiens balsamina L.)

Rose balsam (Balsaminaceae) is an ornamental species cultivated in China, where
the red flower is often used as nail polish in rural regions. Phytoplasmas of the 16SrI
group were reported in plants showing phyllody in China (Li et al. 2011). More
recently (Li et al. 2014), subgroup 16SrV-B phytoplasmas were detected in plants
with wrinkled leaves, phyllody, deformed and shortened internodes, stunting, and
no seed production.

7.41 Moss Rose (Portulaca grandiflora L.)

Ajaykumar et al. (2007) and Samad et al. (2008) reported in India a little leaf dis-
ease of P. grandiflora (Portulacaceae) known also as eleven o’clock, Mexican rose,
moss rose, Vietnam rose, sun rose, and rockrose. The symptomatic plants displayed
bud proliferation, downward curling, and diminished size of leaves, followed by
overall stunted growth and general yellowing; some plants also show a witches’
broom appearance and 16SrVI phytoplasmas were identified.
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7.42 Soapwort (Saponaria officinalis L.)

S. officinalis (Caryophyllaceae) is a common perennial plant from the carnation
family. This plant has many common names, including common soapwort,
bouncing-bet, crow soap, wild sweet William, and soapweed. Khasa et al. (2016)
observed witches’ broom symptom associated with 16SrVI group phytoplasmas in
India.

7.43 Scotch Broom (Cytisus scoparius L. sin. Sarothamnus
scoparius L.)

A witches’ broom and stunting were observed in a group of shrubs of Cytisus sco-
parius, better known as common broom or scotch broom growing in Berlin-Dahlem
Botanical Garden and Botanical Museum in Berlin (Germany). This is a perennial
shrub native to western and central Europe, but it is considered an invasive plant in
North America and New Zealand. Symptomatic C. scoparius were analyzed by
nested PCR/RFLP, and ‘Ca. P. spartii’ in mixed infection with ‘Ca. P. asteris’ was
detected. In some samples of C. scoparius, “stolbur” phytoplasmas were also identi-
fied (Contaldo et al. 2015b).

7.44 Siamese Rough Bush (Streblus asper Lour)

Streblus asper (Moraceae) is an important medicinal and ornamental plant distrib-
uted in tropical countries such as India. Maurya et al. (2014) recorded association of
‘Ca. P. asteris’ (16SrI) with S. asper plants showing chlorosis and little leaf symp-
toms growing in different gardens and nurseries of Gorakhpur, India.

7.45 Spanish Broom (Spartium junceum L.)

Spanish broom (Fabaceae) is a deciduous shrub with dark green, round stems and
alternate leaves; inflorescences are terminal clusters of several bright yellow some-
what fragrant flowers. This ornamental shrub grows naturally especially in southern
Italy where it is affected by spartium witches’ broom (SpaWB) disease, character-
ized by proliferation of axillary buds and stem fasciation. Two phytoplasmas were
associated with this disease: ‘Ca. P. spartii’ a member of the apple proliferation
phylogenetic group (16SrX-D), and a phytoplasma belonging to elm yellows group
(16SrV-C) (Marcone et al. 1996, 1997a, 2004; Torres et al. 2002; Mancini et al.
2010). Both phytoplasmas were reported associated with SpaWB in Italy, while
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Fig. 7.12 Typical SpaWB symptoms in a plant growing in the city of Ercolano (Campania region,
Italy)

only ‘Ca. P. spartii’ was reported in Spain. More recently typical SpaWB symptoms
were observed in a plant up to 2 m tall growing in the city of Ercolano (Campania
region, Italy) (Fig. 7.12). Nested PCR/RFLP analyses showed the presence of ‘Ca.
P. spartii’ in mixed infection with ‘Ca. P. asteris’ (Contaldo et al. 2015b).

7.46 Spiraea spp.

Spireas (Spiraea spp.) (Rosaceae) are woody perennial ornamentals that are widely
grown throughout Minnesota and in other US states due to their cold hardiness and
adaptability to a variety of low-maintenance landscape settings. Phytoplasma-
infected plants were recorded as showing severe stunting, small leaves, and shoot
proliferation (witches’ broom). Diverse phytoplasmas were detected in particular in
the USA 16SrlII-E phytoplasmas were identified (Griffiths et al. 1994), while
16SrI-B and 16SrV-B subgroups were identified in China (Gao et al. 2007; Li et al.
2010).

7.47 Sunflower (Helianthus annuus L.)

Phyllody in sunflower (Asteraceae) was reported in Sudan by Nour (1962), while
the first information regarding the presence of phytoplasmas in sunflower was
revealed by transmission electron microscopy in southern France (Signoret et al.
1976). Guzman et al. (2014) reported virescence, phyllody, flower malformation,
shortened internodes, and abnormal branches on sunflower associated with 16SrIII-J
in Argentina. Previous studies have reported the infections caused by phytoplasmas
from 16SrII and 16SrVI groups in sunflower in Iran (Tazehkand et al. 2010).
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Fig. 7.13 Virescent and malformed flowers of M. incana infected by phytoplasmas

7.48 Tenweeks stock (Matthiola incana R. Br.)

Tenweeks stock (Brassicaceae) is a common herbaceous ornamental species culti-
vated in all temperate areas for flower production. In April 2007, a severe disease
occurred in Sicily (southern Italy) in a glasshouse cultivation of tenweeks stock
cultivar White-Beach. Plants were stunted and rosetted, but the main symptoms,
appearing at the flowering stage, were malformation of white flowers and virescence
(Fig. 7.13). The incidence of symptomatic plants was about 65%. PCR, RFLP, and
sequencing carried out on the 16S rRNA gene, together with phylogenetic compari-
son of the 16S rRNA, confirmed that the phytoplasmas detected belonged to
ribosomal subgroup 16SrII-A (‘Ca. P. aurantifolia’) (Davino et al. 2007).

7.49 Zinnia (Zinnia elegans L.)

Rao et al. (2012) reported typical little leaf, chlorosis, witches’ broom, yellowing,
and phyllody symptoms on Zinnia elegans (Asteraceae) at Gorakhpur, India.
Sequence analysis revealed 99% sequence identity with the 16S rRNA gene of
strains belonging to the ‘Ca. P. asteris’ (16SrI) group.
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Chapter 8
Phytoplasma Diseases of Medicinal Crops

Check for
updates

Govind Pratap Rao, Carmine Marcone, Maria Grazia Bellardi,
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Abstract Phytoplasma diseases of medicinal plants occur worldwide and are of great
concern. So far 19 different phytoplasma ribosomal groups encompassing various
subgroups have been reported. The subgroup 16SrI-B phytoplasmas are the prevalent
agents mainly detected in Europe, North America and Asia. Phytoplasma diseases of
medicinal plants severely reduce yield and quality of crops along with the longevity
of the plants. Changes in the composition of secondary metabolites are induced, while
the levels of valuable phytochemicals are greatly affected. In contrast, an accumula-
tion of pharmaceutically important compounds such as vinblastine and vincristine is
reported in periwinkle upon phytoplasma infections. Important phytoplasma diseases
of several medicinal plants with special reference to their impact on active biological
constituents and secondary metabolites are reviewed. General information on geo-
graphic distribution, diagnostics, genetic diversity, natural transmission and manage-
ment aspects of phytoplasmas infecting medicinal plants are also discussed.

Keywords Medicinal species - Phytoplasmas - Symptomatology - Diagnosis -
Diversity - Secondary metabolites

8.1 Introduction

Medicinal plants are used in official and traditional medicine because they contain
many biologically active compounds, known as phytochemicals, which are able to
provide human and animal health benefits. Because of their increasing application
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in the pharmaceutical and cosmetic industries, medicinal plants are currently recog-
nized as an important element of global economy. The diseases and pests affecting
medicinal crops are increasing at appreciable levels (Carrubba et al. 2015). Yellows,
witches” broom and decline diseases associated with phytoplasma infections
severely impair productivity, phytochemical content and longevity of the affected
plants. Phytoplasmas are wall-less bacterial plant pathogens of the class Mollicutes
that colonize the phloem sieve tubes of diseased plants and are transmitted by
phloem-feeding homopteran insects (Weintraub and Beanland 2006). The main
effect of phytoplasma infection is the impairment of the sieve tube functions.
Inhibition of phloem transport along with other impaired physiological functions
including reduced photosynthesis, altered secondary metabolism and disturbed
plant hormone balance could account for symptoms exhibited by phytoplasma-
infected plants (Marcone 2014). Phytoplasmas are currently classified within the
provisional genus ‘Candidatus Phytoplasma’ based on 16S rDNA sequence analy-
sis (IRPCM 2004; Martini et al. 2014). Approximately 33 major phylogenetic
groups were identified. This figure is broadly in accordance with the number of
phytoplasma groups established by restriction fragment length polymorphism
(RFLP) analysis of PCR-amplified rDNA. Within the majority of the phytoplasma
groups, several distinct subgroups have been delineated, based on the RFLP analy-
sis of 16S rDNA sequences (Bertaccini et al. 2014).

Phytoplasma diseases of medicinal plants occur worldwide; however, the major-
ity of the reports are from Europe and south eastern Asian countries. Many of these
diseases either were previously of unknown aetiologies or mistakenly presumed to
be induced by virus. Phytoplasma diseases of medicinal plants affect plant species
belonging to over 70 botanical families, mostly Apiaceae and Asteraceae (Marcone
et al. 2016). They differ considerably in geographic distribution and belong to
diverse phytoplasma ribosomal groups and subgroups. The 16SrI-B phytoplasmas
are the prevalent subgroup occurring mainly in Europe, North America and Asia.
Phytoplasmas of the 16SrXII-A subgroup with a few exceptions, e.g. Artemisia
scoparia witches’ broom and Salvia miltiorrhiza red leaf agents, both occur in
China, as well as phytoplasmas of the 16SrX and 16SrXX groups are restricted to
Europe, whereas phytoplasmas of the 16SrII group are prevalent in Asia, Australia
and South Africa. Also, phytoplasmas of the 16SrIV, 16SrXIII, 16SrXV, 16SrXXIX,
16SrXXX and 16SrXXXII groups have only been identified in diseased medicinal
plants in Asia and South America. Based on the sequences retrieved from GenBank,
identified phytoplasmas mainly belong to the 16SrI, 16SrII, 16SrIII, 16SrIV, 16SrV,
16SrVI, 16SrVIIL, 16SrVIIL, 16SrIX, 16SrX, 16SrXI, 16SrXII, 16SrXIIl, 16SrXIV,
16SrXV, 16SrXX, 16SrXXIV, 16SrXXIX, 16SrXXX and 16SrXXXII groups
(Marcone et al. 2016).

Like other phytoplasma diseases, a number of diseases of medicinal plants are
associated with genetically different phytoplasmas, up to seven in some cases,
which induce similar symptoms in a given plant host and occur either within the
same geographic areas or different continents. Among these, there are yellows of
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dill, celery, Cirsium, dandelion, mallow, Chinaberry, myrtle, rose, purple cone-
flower and grapevine; periwinkle yellows and phyllody; and alfalfa witches” broom.
The phytoplasma diseases of medicinal plants are associated either with one of
more ribosomal groups or a single plant host may be singly, doubly or multiply
infected with distinctly different groups of phytoplasmas. The diversity of their
potential disease reservoir has been increased with the discovery of new phyto-
plasma host species.

8.2 Medicinal Plants

Plants infected by phytoplasmas exhibit a variety of symptoms indicative of pro-
found disturbances in plant growth (Lee et al. 2000). A range of symptoms are
induced by phytoplasmas on different medicinal plant species. The most character-
istic symptoms associated with phytoplasmas in medicinal plants are virescence,
phyllody, witches” broom, abnormal internodes, elongation, stunting, foliar yellow-
ing, little leaf, phloem necrosis, crinkling, leaf burn and death of the plant (Fig. 8.1)
(McCoy et al. 1989; Chaube et al. 2015; Marcone et al. 2016; Samad et al. 2006).
Application of PCR to the detection of phytoplasmas associated with medicinal
plant diseases has greatly facilitated the identification of a wide array of phytoplas-
mas in medicinal plants (Marcone and Rao 2008; Favali et al. 2008; Raj et al. 2008;
Madhupriya et al. 2014; Chaube et al. 2015).

Phytoplasma diseases have been reported in approximately 200 medicinal plants
worldwide, but here 35 important medicinal plant species are listed with informa-
tion on distribution, identity, diversity, epidemiology and effect of phytoplasma
infection on secondary metabolites.

8.3 Alfalfa (Medicago sativa L.)

Alfalfa (Fabaceae) is an important medicinal herb used as an antiscorbutic, aperient,
diuretic, oxytocic, haemostatic, nutritive, stimulant and tonic. Its expressed juice is
emetic and is also anodyne in the treatment of gravel. The plant helps in convales-
cence or anaemia, haemorrhage, menopausal complaints, premenstrual tension and
fibroids. A poultice of the heated leaves has been applied to the ear in the treatment
of earache. The leaves are rich in vitamin K. Alfalfa witches’ broom has been
recorded in Asian countries as well as in Europe, Americas and Australia and is
associated with genetically different phytoplasmas including members of the 16Sr1,
16SrII-C and 16SrII-D, 16SrlIII-B, 16SrV-B, 16SrVI, 16SrVII-C and 16SrXII-A
groups and subgroups (for review see Marcone et al. 2016).
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Fig. 8.1 Century plant infected by a subgroup 16SrI-B phytoplasma showing symptoms of vires-
cence and phyllody (a). Symptoms related to phytoplasma presence in rosemary: little leaves and
typical witches’ brooms are visible (b). Gum plant phytoplasma-infected plants showing mal-
formed flowers and virescence (H, healthy plant) (¢). Hyssop crop located in hilly areas of central
Italy: diseased plants show stunting, extreme reduction in leaf size, rosetting, yellowing and lack
of blossoms (d). Phytoplasma-infected purple coneflower plants showing virescence and phyll-
ody (e). Wild bergamot plants show stunting, yellowing, flower malformations and virescence (f).
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8.4 Andrographis paniculata (Burm. f.) Wall. ex Nees

Kalmegh, also known as Indian Echinacea or king of bitters (Acanthaceae), is an
annual or biennial herbaceous plant, native to India and Sri Lanka, which is tradi-
tionally used for the treatment of a wide array of diseases in Asia, America and
Africa continents. It possesses antimicrobial, antiviral, anti-inflammatory, hepato-
protective, antidiabetic, antihyperglycaemic and antioxidant properties. A yellows
and witches’ broom disease of kalmegh was observed in 2014 in the experimental
fields of the Central Institute of Medicinal and Aromatic Plants, Lucknow, India.
The disease incidence ranged from 7 to 10%. Symptoms shown by affected plants
included virescence, shoot proliferation, witches’ broom, little leaf and stunted
growth. A subgroup 16SrII-D phytoplasma was identified in the diseased plants
(Saeed et al. 2015).

8.5 Bermuda Grass [Cynodon dactylon (L.) Pers.]

Bermuda grass (Poaceae) is a hardy, evergreen, perennial grass with long rapid-
growing, creeping runners or stolons. Native to the Mediterranean region, it is now
widespread throughout warm temperate, subtropical and tropical regions. Bermuda
grass has a variety of medicinal properties including antiviral and antimicrobial
activities and is widely used in the traditional medicine to treat various ailments
such as anasarca, cancer, convulsions, cough, cramps, diarrhoea, dropsy, epilepsy,
headache, haemorrhage, hypertension, hysteria, measles, rubella, snakebite, sores,
stones, tumours, urogenital disorders, warts and wounds (Nagori and Solanki 2011).
This species is affected by Bermuda grass white leaf disease (BGWL) associated
with the presence of ‘Ca. P. cynodontis’, a member of the phytoplasma group
16SrX1V, subgroups 16SrXIV-A and 16SrXIV-C (Marcone et al. 2004a). BGWL
disease is known to occur in Asia, Europe, Turkey, Sudan, Australia, and Cuba
(Marcone et al. 1997a, 2004a; Arocha et al. 2005; Rao et al. 2007; Salehi et al. 2009;
Caglar et al. 2013; Khanna et al. 2015; Mitrovi¢ et al. 2015). However, a subgroup
16SrXII-A phytoplasma was also detected in BGWL-affected plants in Serbia
(Mitrovi¢ et al. 2012). The most characteristic symptoms of the disease are exten-
sive leaf whitening, proliferation of axillary shoots, bushy growing habit, shortened

<
<

Fig. 8.1 (continued) Stunting and yellowing related to phytoplasma presence in an Italian crop of
Parietaria spp. (pellitory) (g). Phytoplasma-infected thyme plants showing little leaves, yellowing
and reddening of the lamina and abnormal root production from the aerial part (h). Experimental
field of St. John’s worth where plants show severe dwarfing, reduction in leaf size, yellow leaves,
witches’ broom and lack of flower production (i). Woolly foxglove plants infected by a subgroup
16Sr1-B phytoplasma showing stunting, virescence and red edges of leaves; flower spikes can be only
partially virescent (j). Little leaf and witches’ broom in periwinkle infected by ‘Ca. P. asteris’ (k).
Witches’ broom disease of hemp associated with the presence of ‘Ca. P. trifolii’ (). Little leaf disease
of Tylophora asthmatica (m). Witches’ broom of S. officinalis (n). Leaf chlorosis in lemon grass (0)
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stolons and rhizomes, stunting and death of the plants. The leafhopper Exitianus
capicola has been reported as a vector of ‘Ca. P. cynodontis’ in Iran (Salehi et al.
2009).

8.6 Bitter Gourd (Momordica charantia L..)

Bitter gourd (Cucurbitaceae) is one of the most popular vegetables with numerous
medicinal properties such as stomachic and carminative and is used for diabetes
treatment (Grover and Yadav 2004). Jiménez and Montano (2010) reported a phyto-
plasma disease of bitter gourd in Brazil: infected plants exhibited yellowing, reduced
leaf size and witches’ broom. The associated phytoplasma was identified as an
X-disease phytoplasma subgroup 16SrIII-J. A little leaf and phyllody disease of M.
charantia was reported in Myanmar, Indonesia and Thailand and found to be associ-
ated with 16SrI-B and 16SrII phytoplasmas (Sdoodee et al. 1999; Davis et al. 2003;
Win et al. 2014).

8.7 Centaury (Centaurium erythraea L.)

The centaury (Gentianaceae) is a herbaceous ornamental and medicinal plant first
reported as a phytoplasma host in 2016 in Italy (Paltrinieri et al. 2016). The affected
plants showed virescence and phyllody; only a few flowers had a pink colour, but
were strongly malformed (Figure 8.1a). The associated phytoplasma was identified
by PCR assays with primers amplifying the fuf gene in a cocktail nested PCR reac-
tion (Contaldo et al. 2011a). Centaury was found to be infected by the aster yellows
agent ‘Ca. P. asteris’, subgroup 16SrI-B (Paltrinieri et al. 2016).

8.8 Datura spp.

Datura inoxia Mill. (Solanaceae) is an annual invasive weed used as a medicinal
plant for therapeutic purposes. Datura leaves and flowers are the source of a drug
used for asthma treatment. Raj et al. (2009) reported little leaf disease of D. inoxia
in India. The diseased plants exhibited proliferation of branches with shortened
internodes and reduced leaf size which give rise to the little leaf appearance.
Analysis of the partial 16S rRNA gene sequence of the phytoplasma identified in
little leaf-affected D. inoxia revealed its highest identity (97%) with ‘Ca. P. trifolii’
(16SrVI group).

D. stramonium L. is another species used in medicine to treat asthma, gastroin-
testinal problems, aches, abscesses, arthritis, boils, headaches, haemorrhoids, rattle-
snake bites, sprains, swellings and tumours. D. stramonium contains active



8 Phytoplasma Diseases of Medicinal Crops 241

compounds such as hyoscine, as well as atropine, hyoscyamine, apohyoscine and
meteloidine. Thus it is poisonous and hallucinogenic as well as a pain killer (Duke
1985). The 16SrVI and 16SrXII-A phytoplasmas have been detected in diseased D.
stramonium plants showing mainly witches’ broom symptoms in India, Czech
Republic, Greece and Turkey (Fialova et al. 2009; Ozdemir et al. 2009; Lotos et al.
2013; Singh et al. 2013; Singh and Upadhyaya 2015).

8.9 Eucalyptus spp.

Eucalyptus (Myrtaceae) is a fast-growing evergreen tree, native to Australia, which
is now grown all over the world. The essential oils extracted from eucalyptus leaves
have powerful medicinal properties such as anti-inflammatory, antimicrobial, astrin-
gent, tonic, antispasmodic, deodorant, expectorant, stimulant, rubefacient, febrifuge
and hypoglycaemic. Several species of eucalyptus are affected by eucalyptus little
leaf (ELL), a disease first described in India in 1971 where it was thought to be
caused by a virus (Sastry et al. 1971). Later, phytoplasmas were detected in ELL-
affected trees by electron and light microscopy (Nayar 1973; Nayar and
Ananthapadmanabha 1977; Sharma et al. 1983; Ghosh et al. 1984). The disease has
also been reported from Italy, China, Sudan, Iran and Brazil (Marcone et al. 1996b,
1997b; Camele et al. 1999; de Souza et al. 2015; Marcone 2015; Salehi et al. 2016).
The symptoms include abnormally minute leaves, yellowing, shortened internodes
and premature growth from axillary buds, both giving the shoots a bushy and broom-
like appearance. A phytoplasma of the elm yellows or 16SrV group was detected in
ELL-affected trees in Italy (Marcone et al. 1996b). Also, phytoplasmas of 16SrI
group, subgroups 16SrI-B and 16SrI-C, were identified in diseased eucalyptus trees
in Italy (Camele et al. 1999), whereas 16SrI-B and 16SrII phytoplasmas were iden-
tified in diseased eucalyptus trees in Iran and Brazil, respectively (de Souza et al.
2015; Salehi et al. 2016). However, the identity of phytoplasmas infecting eucalyp-
tus in the other countries where the disease was detected has never been determined
by molecular methods.

8.10 Garlic (Allium sativum L.)

Garlic (Liliaceae) is a potent medicinal plant, native to China, but now cultivated
and used throughout the world. The most important constituents of this plant which
are responsible for pharmacological effects are organosulfur compounds such as
allicin, diallyl disulphide, S-allyl cysteine and diallyl trisulphide. Pharmacological
effects of garlic include antifungal, antibacterial, antiprotozoal, antiviral, antihyper-
tensive, antiatherosclerotic, antithrombotic, anticancer, anti-inflammatory and
immunomodulatory activities. Phytoplasma diseases of garlic have been observed
in Argentina and Canada (Conci et al. 1998; Khadhair et al. 2002). The disease
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occurring in Argentina was termed ‘tristeza del ajo’ (garlic decline). Symptoms are
evident during the second half of the growth cycle. Affected plants die and have
spongy bulbs with undeveloped cloves. However, if symptoms appear towards the
end of the cycle, plants show only changes in the leaf colour, but bulbs seem normal.
Symptomatic plants were highly colonized by phytoplasmas as shown by transmis-
sion electron microscopy (Conci et al. 1998). The phytoplasma infecting garlic in
Argentina was identified as a member of the X-disease or 16SrIII group, subgroup
16SrIII-J (Conci et al. 1998; Galdeano et al. 2013). A subgroup 16SrI-A phyto-
plasma was detected in diseased garlic plants in Canada. Affected plants had elon-
gated hollow stems terminating in proliferated, silky, round heads. Recently, Goel
et al. (2017) reported the association of ‘Ca. P. phoenicium’ (16SrIX) with a yel-
lows and decline disease of garlic in India.

8.11 Gum Plant (Grindelia robusta Nutt.)

Gum plant (Asteraceae), native of California, is a medicinal herb recommended for
its expectorant and sedative action. This perennial plant has a smooth, round, striate
stem, much divided into ascending branches, each of which ends in a large, yellow
flower head surrounded by clusters of three or four leaves. The names gum weed or
gum plant come from the sticky white sap (oleo-resin) exuded from the flower buds.
In spring-summer 2007, a phytoplasma disease affecting G. robusta was observed
in the Herb Garden “Augusto Rinaldi Ceroni” of Casola Valsenio (northern Italy)
(Bertaccini et al. 2008). First symptoms appeared only at blooming (in May), and
an increasing percentage of symptomatic plants was found in the following month.
In fact, the foliage was asymptomatic: all leaves were normal in colour and size.
Almost all symptoms involved only the flowers that showed malformations and
reduction of size, virescence and phyllody and partial or complete rosetting
(Figure 8.1c). The phytoplasma strain infecting G. robusta plants was identified as
‘Ca. P. asteris’, subgroup 16SrI-B. The essential oil components from healthy and
infected plants were compared. The healthy plants had 50% higher concentration of
monoterpenes, especially limonene and bornyl acetate compared to diseased plants
(Fraternale et al. 2007; Bellardi et al. 2009).

8.12 Hemp (Cannabis sativa L.)

Hemp (Cannabinaceae) is an annual herbaceous plant native to Central Asia which
is now grown worldwide. The flowers and to a lesser extent the leaves, stems and
seeds of hemp contain psychoactive chemical compounds known as cannabinoids
which are used for several purposes including medicinal ones. This plant has been
used for treatment of HIV/AIDS, glaucoma, eye problems, cancer and cachexia and
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treatment of pain, muscle spasticity, insomnia, asthma, hypertension and depres-
sion. Moreover, it is used for cosmetic purposes. A witches’ broom disease of hemp
has been recorded in India (Figure 8.11) and Iran. Main symptoms included shoot
proliferation, shortened internodes, little leaves and witches’ brooms. Several phy-
toplasmas were associated with this disease in groups/subgroups 16Srl, 16SrVI-D
and 16SrXIV-A (Raj et al. 2008; Sichani et al. 2014; Chaube et al. 2015; Kumar
et al. 2017).

8.13 Hibiscus rosa-sinensis L.

Chinese hibiscus (Malvaceae) is a sweet, astringent, cooling herb that checks bleed-
ing, soothes irritated tissues and relaxes spasms (Bown 1995). The flowers are aph-
rodisiac, demulcent, emmenagogue, emollient and refrigerant (Chopra et al. 1986).
They are used in the treatment of excessive and painful menstruation, cystitis, vene-
real diseases, feverish illnesses, bronchial catarrh and coughs and to promote hair
growth (Bown 1995; Chopra et al. 1986). In Brazil, witches’ broom disease of
Hibiscus was first reported in Sdo Paulo State in plants of H. rosa-sinensis (Vicente
et al. 1974). Later, the disease was observed, in the State of Rio de Janeiro, in plants
of the same species, and they displayed similar symptoms and premature dropping
of flowers (Kitajima et al. 1984; Davis 1995). In Australia, an unidentified phyto-
plasma has been reported to be associated with a witches’ broom disease of H.
heterophyllus, an Australian native species that is also grown commercially (Hiruki
1987). Many Hibiscus plants are affected by witches’ broom disease in Brazil,
which is characterized by excessive axillary branching, small leaves and deformed
flowers. ‘Ca. P. brasiliense’ (16SrXV-A) and a member of the ‘stolbur’ group
(16SrXII) are associated with this disease in Brazil (Montano et al. 2001 2011).
Chaturvedi et al. (2010) reported a yellows and little leaf disease on Hibiscus in
India which showed symptoms of excessive yellowing, vein banding, little leaf,
curling, puckering and stunting. Phylogenetic analysis of the Indian Hibiscus phy-
toplasma 16S rDNA sequences (GenBank accession numbers FJ939287
and FJ939288) showed close relationship with strains of aster yellows ‘Ca. P.
asteris’.

8.14 Hyssop (Hyssopus officinalis L.)

Hyssop (Lamiaceae) is a herbaceous perennial herb known for the medicinal prop-
erties of its aerial parts which contains rather large amounts of bitter and antioxida-
tive tannins (phenols, depsides of coffeic acid and several triterpenoid acids). During
a survey carried out in 2002-2003 in Italy, a phytoplasma-related symptomatology
was observed in a crop of H. officinalis located in hilly areas of the Marches-Tuscany
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Apennines (central Italy). Almost 10% of the plants showed symptoms of yellowing
and stunting (Figure 8.1d). Starting in May 2003, increasing percentages (30%) of
hyssop plants growing in the same crop were found showing more severe symptoms
of dwarfing, extreme reduction in leaf size, rosetting, yellows and lack of blossoms
(Bertaccini et al. 2005a). The presence of a phytoplasma belonging to the “stolbur”
group (16SrXII), subgroup 16SrXII-A, was detected. Only in a few cases (in 2002)
phytoplasmas belonging to 16SrI and 16SrII groups were also detected. The infected
samples used for essential oil extraction were all infected by the “stolbur” phyto-
plasma alone. A study was carried out to evaluate the effects of this phytoplasma on
content and quality of essential oil of cultivated H. officinalis. With regards to essen-
tial oil extraction, due to rosette symptoms and lack of blossoms as a result of phy-
toplasma infection, the infected material had greater leaf content, and the essential
oil obtained from healthy hyssop was approximately 1/2 less than that obtained
from the infected plants. However, considering the stunting of infected hyssop, the
number of infected plants necessary to reach 2 kg of material was almost three times
that of the healthy ones. From GC/MS analysis, the identified components repre-
sented about 93% of the total essential oil. The results were similar in terms of
qualitative pattern; however, significant differences were found in the percentage of
the most characteristic components. In the essential oil from healthy plants, the
carbonyl compounds pinocamphone and isopinocamphone were dominant, and
they were found to be in accordance with the literature data which established levels
within 5.5-17.5% of pinocamphone and 34.5-50.0% of isopinocamphone in hyssop
(Salvatore et al. 1998). The essential oil from infected plants contained significantly
lower levels of both these terpenic ketones in comparison to that from healthy hys-
sop. Conversely, that from infected hyssop was found to contain higher percentages
of some components such as (E)-p-ocimene, y-terpinene, sabinene hydrate, terpin-
olene, cis-thujone, germacrene-D, germacrene-B, bicyclogermacrene, caryophyl-
lene oxide and limonene, in comparison to the essential oil obtained from the
healthy plants. Finally, the most typical feature of the analysed commercial essen-
tial oil was the presence of high levels of camphor, bornyl acetate and cis-thujone
(Mazzanti et al. 1997). These results suggest that phytoplasma infection could be
responsible for significant alteration of the composition of essential oil as a conse-
quence of secondary metabolism alteration in the infected plant (Bertaccini et al.
2005a).

8.15 Indian Ginseng [Withania somnifera (L.) Dunal]

Indian ginseng (Solanaceae) is an evergreen shrub widely cultivated as a medicinal
crop in several Asian and African countries. The overall medicinal properties of
Indian ginseng make it a valuable therapeutic agent for addressing anxiety, cancer,
microbial infections, immunomodulation and neurodegenerative disorders. A
witches” broom disease of W. somnifera was first observed in 1988 in the experi-
mental field of the Central Institute of Medicinal and Aromatic Plants, Lucknow,
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India (Zaim and Samad 1995). Affected plants showed symptoms of little leaf,
shortened internodes, excessive branching resulting in a witches’ broom appearance
and death of affected twigs and leaves. The phytoplasma presence was confirmed on
the basis of transmission electron microscopy observations and tetracycline treat-
ment (Zaim and Samad 1995). In subsequent years the disease has spread to other
parts of the country, reaching an incidence of 70% in some instances, and phyto-
plasmas of 16SrI and 16SrVI groups were identified in diseased plants (Khan et al.
2006b; Samad et al. 20006).

8.16 Lemongrass (Cymbopogon citratus Stapf.)

Lemongrass is a member of Poaceae family and native to warm temperate and tropi-
cal regions. It is a tall perennial grass having tremendous medicinal value in reliev-
ing cough and nasal congestion. This species is used for the production of citronella
oil, which is used as an insect repellent especially against mosquitoes and in aroma-
therapy (Jayasinha 1999; Shah et al. 2011). Leaf chlorosis symptoms in C. citratus
(Figure 8.10) were recorded in 2014 in a herbal garden at the Amity University
campus, Manesar, Haryana, India. The associated phytoplasma was identified as a
member of 16SrII group (Madhupriya et al. 2014).

8.17 Ocimum sp.

Basil (Lamiaceae) plants are used in cold, cough fever, sore throat, hoarseness, ear-
ache, eye troubles, sinus, congestion, pneumonia, respiratory disorder like bronchi-
tis and asthma, acidity, flatulence and indigestion. Basil oil obtained from O.
basilicum is used in a variety of medicine and perfumery. It has antibacterial activity
against Staphylococcus aureus and Mycobacterium tuberculosis in vitro as well as
other pathogens including fungi. Arocha et al. (2006) reported a little leaf and
witches’ broom disease of O. basilicum in Cuba and identified the associated phy-
toplasma as belonging to 16SrI group. Rao et al. (2017) reported the association of
16S1I-B subgroup on O. canum plants in India.

8.18 Onion (Allium cepa L.)

Onion is a well-known nutraceutical and medicinal plant that is cultivated and used
around the world. This plant has a wide range of beneficial properties including
antiasthmatic, diuretic, antibiotic, anticarcinogenic, anticholesterol and antioxidant
activities. Onion is affected by onion yellows (OY), a phytoplasma disease which
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was first described in 1945 in California, USA (Severin and Frazier 1945). Later,
this disease has been recorded in Michigan, Texas, Canada, several European coun-
tries (France, Germany, Poland, Romania, Lithuania and Italy), Japan and Pakistan
(McCoy et al. 1989; Seemiiller et al. 1998; Marcone et al. 2000; Khadhair et al.
2002; Lee et al. 2003, 2004a; Jomantiene et al. 2010; Maejima et al. 2014; Ahmad
etal. 2015). In Italy, OY is known to occur in all onion-growing areas, and a disease
incidence of 10% was recorded in crops for seed production in Apulia (southern
Italy) (Vibio et al. 1995; Marcone et al. 2000, 2016). The most characteristic symp-
toms of OY include virescence, phyllody, flower proliferation and other flower
abnormalities, all resulting in sterility, witches’ brooms, internode elongation and
etiolation, shortened internodes, stunting and yellowing. OY is mainly associated
with phytoplasmas of the 16StI group, subgroups 16SrI-B, 16SrI-A, 16SrI-L and
16SrI-M (Marcone et al. 2000; Khadhair et al. 2002; Lee et al. 2003, 2004a;
Jomantiene et al. 2010; Maejima et al. 2014). However, a 16SrVI group phyto-
plasma was also detected in a single diseased onion plant showing symptoms of
stunting in Texas (Lee et al. 2003). Also, a subgroup 16SrI-B phytoplasma was
recorded in diseased plants of other Allium species such as A. altyncolicum, A.
ampeloprasum and A. fistulosum showing typical OY symptoms in Czech Republic,
Italy and Japan. In some diseased A. ampeloprasum plants in Italy, the additional
presence of a 16SrXII-A phytoplasma was detected (Bertaccini et al. 1999; Navritil
et al. 2000). OY is mainly spread in nature by infected plant propagating material
and insect vectors. In North America and Europe, the main vectors of the 16Srl
phytoplasmas including those infecting onion are polyphagous leathoppers such as
Macrosteles spp., Euscelis spp., Scaphytopius spp. and Aphrodes spp. (Lee et al.
2004a), whereas M. striifrons and Hishimonus sellatus are vectors of the OY agent
in Japan (Nishimura et al. 1998). Goel et al. (2017) reported the association of ‘Ca.
P. oryzae’ (16SrXI) and ‘Ca. P. phoenicium’ (16SrIX) causing a yellows disease of
onion in India.

8.19 Parietaria spp.

Pellitory plants (Urticaceae) are annual or perennial herbaceous plants character-
ized by diuretic, laxative, refrigerant and demulcent activities. In 2002-2003, plants
of pellitory (Parietaria officinalis L., sin. Parietaria erecta M. et K.; Parietaria
judaica Auct. An. L., sin. P. diffusa M. et K., P. ramiflora Moench.) were found
showing severe stunting, little leaves and yellows symptoms (Figure 8.1g) in Emilia-
Romagna region (Northern Italy). Samples were collected and tested to verify the
presence of phytoplasmas associated with yellows symptoms. The phytoplasma was
determined to belong to the 16SrXII group, subgroup 16SrXII-A, by nested PCR/
RFLP assays (Bertaccini et al. 2005b).
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8.20 Periwinkle [Catharanthus roseus (L.) G. Don]

Periwinkle (Apocynaceae) is a medicinal plant of pharmaceutical interest for its
ability to biosynthesize more than 130 alkaloids, most of which have pharmacologi-
cal activities. Among these, there are terpenoid indole alkaloids, including vinblas-
tine and vincristine, which are used for their antineoplastic activity in the treatment
of many cancers, and ajmalicine and serpentine, which are used as antihypertensive
and sedative, respectively (Zhou et al. 2009; Pan et al. 2016). However, terpenoid
indole alkaloids are produced in periwinkle only in very small amounts and usually
have some chiral centres. They are therefore difficult to synthesize chemically, mak-
ing them expensive to produce on a large scale (Zhou et al. 2009). Phytoplasma
infections in periwinkle cause an increase of metabolites related to the biosynthetic
pathways of terpenoid indole alkaloids (loganic acid, secologanic, vindoline) and
phenylpropanoids (chlorogenic acid and polyphenols) (Choi et al. 2004; Favali
et al. 2004). In particular, it has been shown that as a consequence of the infection
of periwinkle plants with clover phyllody phytoplasma (16SrIII-B subgroup), the
content of terpenoid indole alkaloids such as vindoline, ajmalicine, serpentine, vin-
blastine and vincristine increased. The total alkaloid content of dry weight was
550.96 pg/g, whereas that of healthy plants was 452.48 pg/g (Favali et al. 2004).
However, the level reached by each compound in diseased plants differed greatly
among the plant organs. Vinblastine reached its highest concentration in the roots of
infected plants (148.44 pg/g), whereas it was not detectable or present at a very low
level (< 0.05 pg/g) in those of healthy plants. The content of vindoline (precursor of
vinblastine) increased in diseased leaves (222.00 versus 131.90 pg/g of healthy
plants) and stems (13.22 versus <0.05 pg/g of healthy plants) but decreased in dis-
eased roots (< 0.05 versus 142.95 pg/g of healthy plants). Also, phytoplasma infec-
tions led to a significant two- to fourfold increase in chlorogenic acid in periwinkle,
compared to healthy plants (Choi et al. 2004). Srivastava et al. (2014) have shown
that in flowers of periwinkle plants infected with a 16SrI-B phytoplasma, the con-
tents of vindoline, catharanthine and vincristine plus vinblastine were two-, ten- and
fourfold higher, respectively, than those of healthy flowers, whereas the contents of
serpentine plus ajmalicine were lower than those of healthy flowers. However, in the
leaves there were no significant differences between healthy and infected plants.
Also, several genes including some involved in mevalonate pathway of the terpe-
noid indole alkaloid biosynthesis system, namely, geranyl geranyl pyrophosphate
synthase, geraniol 10 hydroxylase, desacetoxyvindoline-4-hydroxylase, strictosi-
dine synthase, secologanin synthase and deacetylvindoline-4-O-acetyltransferase,
were expressed at higher levels in flowers of diseased periwinkles than in those of
healthy plants (Srivastava et al. 2014). Over the last few years, many attempts have
been made to boost the yield of terpenoid indole alkaloids in periwinkle. Despite the
progress made, they still cannot be successfully produced on an industrial scale,
owing to several biological and technological constraints. The various means by
which terpenoid indole alkaloid accumulation can be increased include biotic elici-
tors such as phytoplasmas (Zhou et al. 2009). Therefore, phytoplasma infections in
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periwinkle, in spite of the detrimental effects on plant host, could be considered as
beneficial from the pharmaceutical point of view. Genetically different phytoplas-
mas belonging to at least eight 16Sr groups (16Sr1I, 16SrIl, 16SrIII, 16SrVI, 16SrIX,
16SrXII, 16SrXIII and 16SrXXXII) have been reported to occur in naturally
infected periwinkle plants in several areas from Europe, Americas and Asia. Among
these, there are two recently described ‘Candidatus Phytoplasma’ taxa, namely,
‘Ca. P. malasianum’ (subgroup 16SrXXXII-A) and ‘Ca. P. hispanicum’ (subgroup
16SrXIII-A), associated with Malaysian and Mexican periwinkle virescence dis-
eases, respectively (Seemiiller et al. 1998; Lee et al. 2000, 2004a, 2012; Torres et al.
2004; Chaturvedi et al. 2009; Ayman et al. 2010; Chen et al. 2011; Kumar and
Byadgi 2012; Galdeano et al. 2013; Mitrovi¢ et al. 2013; Nejat et al. 2013; Caicedo
etal. 2015; Khanna et al. 2015; Pérez-Lopez et al. 2016; Davis et al. 2016; Marcone
et al. 2016; Madhupriya 2016). Naturally infected periwinkle plants showed symp-
toms of yellowing, stunting, little leaf (Figure 8.1k), virescence, phyllody and
witches’ broom. Also, many phytoplasmas have been experimentally transmitted
from naturally infected, field-grown plants of various species to periwinkle in which
they are routinely maintained by periodic grafting (Dickinson et al. 2013) or by
micropropagation (Bertaccini et al. 1992).

8.21 Plantago spp.

Fleaworts or plantain (Plantaginaceae) is a low-growing perennial plant, native to
Europe and temperate parts of Asia, which is distributed in all temperate regions of
the world. It has astringent, antibacterial, anti-inflammatory, expectorant, haemo-
static, ophthalmic and laxative effects. Subgroup 16SrI-B and 16SrXII-A phyto-
plasmas were detected in diseased plants of P. lanceolata in Czech Republic and
Italy (Franova and Simkova 2009; Marcone 2011; Mori et al. 2015) and of P. major
in Germany, Italy, Serbia and Hawaii (USA) (Marcone et al. 2000; Lee et al. 2004a;
Bellardi and Bertaccini 2005; Borth et al. 2006; Josic et al. 2012; Mori et al. 2015),
whereas a subgroup 16SrI-A phytoplasma was identified in diseased P. coronopus
plants in Germany (Marcone et al. 2000; Lee et al. 2004a). Affected P. lanceolata
plants showed symptoms of reduced growth, narrow and chlorotic leaves, necrosis
and flower abnormalities. Symptoms of reddening, purpling, little leaf, crinkling
and flower abnormalities were observed on diseased P. major plants. On this spe-
cies, a disease incidence of 35% was recorded in a commercial field located in
Pancevo, Serbia (Josic et al. 2012).
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8.22 Port Royal Senna [Cassia italica (Mill.) Spreng. Sin.
Senna italica Mill.]

C. italica (Leguminosae) originated in the drier regions of tropical Africa and has
adapted to warm temperatures and may grow throughout the year. The leaves, pods
and seeds are mostly used in traditional medicine. Samples showing witches’ broom
symptoms were observed and studied in Oman, and the affected plants yielded posi-
tive results for the presence of ‘Ca. P. omanense’ (Al-Saady et al. 2008) affiliated to
ribosomal group 16SrXXIX-A (Esmailzadeh Hosseini et al. 2016a).

8.23 Pot Marigold (Calendula officinalis L.)

Pot marigold, also known as calendula, is a member of the aster family (Asteraceae).
It is native to Mediterranean countries, but is now grown as a medicinal and orna-
mental plant throughout the world. Extracts of this plant have antiviral, antigeno-
toxic, antifungal, antibacterial, anti-inflammatory and astringent properties and are
also present in many topical preparations for cosmetic uses. Phytoplasma diseases of
pot marigold have been reported from Italy, Canada, Iran and Serbia (Hwang et al.
1977a; Marcone et al. 2000; Lee et al. 2004a; Wang and Hiruki 2005; Esmailzadeh-
Hosseini et al. 2011, 2016a, b; Pavlovi¢ et al. 2014). Typical symptoms associated
with these diseases included virescence, phyllody, proliferation of axillary buds,
stunting and yellowing. Disease incidences of 12 and 20% were recorded in Iran and
Serbia, respectively (Esmailzadeh-Hosseini et al. 2011; Pavlovi¢ et al. 2014). A sub-
group 16SrI-B phytoplasma was identified in diseased pot marigold plants in Canada
and Italy (Marcone et al. 2000; Lee et al. 2004a; Wang and Hiruki 2005), whereas
subgroup 16SrII-D and 16SrXII-A phytoplasmas were detected in diseased pot
marigold plants in Iran and Serbia, respectively (Esmailzadeh-Hosseini et al. 2011,
20164, b; Pavlovi¢ et al. 2014). Also, the pot marigold-infecting phytoplasma occur-
ring in Iran was transmitted from naturally infected plants to periwinkle through
dodder (Cuscuta spp.) bridges (Esmailzadeh-Hosseini et al. 2011).

8.24 Purple Coneflower [Echinacea purpurea (L.) Moench.]

Purple coneflower (Asteraceae) has shown many potential pharmacological activi-
ties and is traditionally employed in the formulation of dietary supplements used as
immunostimulants mainly in the prevention and treatment of inflammatory and
viral diseases. The first report of a yellows disease in purple coneflower was
described in 1977 in Canada (Hwang et al. 1977b). In 2008, a phytoplasma from the
aster yellows group infecting this species was reported in Slovenia (Radisek et al.
2009). Symptoms consisted of virescence and phyllody (Figure 8.1e). In 2010,
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almost 60% of the plants cultivated in a crop in northern Italy showed severe phyl-
lody symptoms and, in some cases, purplish reddening of the basal leaves. Diseased
purple coneflower plants showed a yield of essential oils which differed slightly
from that of healthy plants (0.026 versus 0.029% in healthy plants). These plants
were infected with a subgroup 16SrIX-C phytoplasma. Significant differences
between diseased and healthy plants in the components of essential oils were
observed for limonene (4.4% versus 2.2% in healthy plants), cis-verbenol (5.7%
versus 1.8% in healthy plants), verbenone (11.6% versus 2.7% in healthy plants),
carvone (2.5% versus 0.8% in healthy plants), germacrene-D (8.5% versus 10.8% in
healthy plants), caryophyllene oxide (3.3% versus 4.5% in healthy plants) and
spathulenol (3.2% versus 4.4% in healthy plants) (Pellati et al. 2011). E. purpurea
affected by a witches’ broom disease was reported infected with a subgroup
16SrXII-A phytoplasma in Serbia (Pavlovi¢ et al. 2011) and in Taiwan (Tseng et al.
2012), whereas diseased E. purpurea plants showing symptoms of leaf reddening,
virescence and phyllody were found to be infected by 16SrI-C and 16SrIII-B phy-
toplasmas in South Bohemia, Czech Republic (Franova et al. 2009, 2013).

8.25 Red Sage (Salvia miltiorrhiza Bunge)

Red sage, also known as Chinese sage (Lamiaceae), is a perennial plant highly val-
ued for its roots in traditional Chinese medicine. This species has been widely used
in China and, to a lesser extent, in Japan, the USA and European countries for the
treatment of cardiovascular and cerebrovascular diseases. In China, red sage alone
or combined with other Chinese herbal medicines was applied for the treatment of
a variety of diseases such as angina pectoris, myocardial infarction, hypertension,
hyperlipidaemia and acute ischaemic stroke. Recently, a phytoplasma disease of red
sage, the Salvia miltiorrhiza red leaf, has been recorded in the major cultivation
areas of China (Yang et al. 2016). Disease incidence ranged from 30 to 70%. Main
symptoms shown by affected plants were stunting, inflorescence malformation, leaf
reddening, root browning and root rot. A subgroup 16SrXII-A phytoplasma (‘Ca. P.
solani’-related) was identified in all symptomatic plants (Yang et al. 2016).

8.26 Rehmannia glutinosa (Gaertn.) Steud.

Rehmannia glutinosa (Scrophulariaceae) is used for loss of blood, lower back pain,
lumbago, cough, hectic fever, diabetes, urinary incontinence, deafness, uterine
bleeding, vertigo and tinnitus and for regulating menstrual flow. R. glutinosa has also
astringent properties and helps to protect and support the liver and adrenal glands.
Ptibylova et al. (2001) reported a little leaf disease of R. glutinosa in Czech Republic,
Europe. Infected plants showed proliferating shoots, leaves reduced in size with vein
clearing and chlorosis, shortened internodes and virescent petals and died in advanced
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stages of the disease. RFLP analysis of phytoplasma 16S rDNA confirmed the pres-
ence of an aster yellows-related phytoplasma (16SrI-B) in the diseased plants.

8.27 Rosemary (Rosmarinus officinalis L.)

Rosemary (Lamiaceae) is a common and attractive evergreen shrubby species grow-
ing wild in the Mediterranean area. Essential oils extracted from leaves and flowers
of this plant have a variety of medicinal properties including carminative, stomachic
and nervine activities, thereby curing many cases of headache. In the spring of
2011, symptoms of yellowing, witches’ broom and stunting were observed on rose-
mary plants cultivated at Liguria region, Italy (Figure 8.1b); phytoplasma presence
was registered and identified as subgroup 16SrXII-A in 2011 samples and 16SrI-B
in 2012 samples (Contaldo et al. 2012).

8.28 Sandal (Santalum album L.)

Sandal (Santalaceae) is a hemi-root parasitic tree, which commonly occurs in the
dry regions of peninsular India, particularly in Karnataka and Tamil Nadu states.
Sandal wood oil is useful in supporting the lymphatic, nervous and cardiovascular
systems. It gives relief in itching, inflammation, nausea, vomiting, sunstroke, heal-
ing wounds, scars and acne. Sandal spike is a major disease of sandal associated
with phytoplasma presence. Khan et al. (2006a) reported spike disease of sandal in
India associated with witches’ broom symptoms consisting of small, narrow leaves
which turn pale-green or yellow on branches acquiring a spike-like appearance.
BLAST and phylogenetic analyses of 16S rDNA sequences revealed that Santalum
phytoplasma (GenBank accession number DQ0932357) is most similar (99%) to
‘Ca. P. asteris’-related strains, subgroup 16SrI-B members (Khan et al. 2006a,
2008).

8.29 Soapwort (Saponaria officinalis L.)

Saponaria officinalis (Caryophyllaceae), also known as bouncing-bet or soapwort,
is a perennial medicinal plant important for the pharmaceutical industry and used as
an expectorant, alterative, laxative and ointment for some skin diseases and arthritic
conditions. S. officinalis plants with typical symptoms (23% in 2011 and 47% in
2012) of phytoplasma infection were observed in Pancevo plantation, Serbia. The
symptoms appeared in May with leaves changing colour from green to brown with
severe reddening and necrosis. Severely diseased plants died. The infected plants
had a significant reduction in biomass and quality. The association of 16SrXII-A
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was confirmed by PCR/RFLP analyses of the 16S rDNA gene (Josic et al. 2013). A
16S1I-M phytoplasma was detected in diseased S. officinalis plants in Lithuania
(Lee et al. 2004a), whereas Khasa et al. (2016) reported the presence of a 16SrVI-D
subgroup phytoplasma in diseased S. officinalis showing witches” broom disease in
India (Figure 8.1n).

8.30 Spanish Broom (Spartium junceum L.)

Spanish broom (Fabaceae) is a woody shrub, with deep golden-yellow flowers that
is common in Mediterranean areas. This rapidly growing plant has several medici-
nal properties. The young herbaceous tips of flowering shoots, harvested in spring,
are cardiotonics, emetics, diuretic and purgatives. Flowers possess a potent anti-
ulcerogenic activity (Yesilada and Takaishi 1999). Spanish broom is severely
affected by a lethal disease, the spartium witches’ broom (SpaWB). The most char-
acteristic symptoms of the disease are pronounced witches’ brooms, shortened
internodes, off-season growth and death of the plants. SpaWB occurs in Italy and
Spain (Marcone et al. 1996a, 2004b, 2016; Torres et al. 2002; Spallino et al. 2013;
Contaldo et al. 2015). Two genetically different phytoplasmas which induce the
same symptoms were identical in Italy, as ‘Ca. P. spartii’ (16SrX-D) and a member
of the elm yellows group, subgroup 16SrV-C (Lee et al. 2004b). However, in Spain
only ‘Ca. P. spartii’ has been reported to be associated with SpaWB (Torres et al.
2002). The yield of essential oils extracted from flowers of SpaWB-affected Spanish
broom plants is lower than that of healthy plants. Also, substantial amounts of ses-
quiterpenes and a marked decrease in the amount of n-alkanes and aliphatic com-
pounds occur in the essential oils from flowers of diseased plants. Sesquiterpenes
could not be detected in the volatile fraction of healthy plants (Mancini et al. 2010a).
Great differences were also identified in the content of alkaloid compounds between
healthy and diseased Spanish broom plants, the latter containing seven different
alkaloids that were not present in healthy plants (Mancini et al. 2010b).

8.31 St. John’s Worth (Hypericum perforatum L.)

St. John’s worth (Hypericaceae, sin. Guttiferae) has completed the transition from
noxious weed to wild collected resource. The drug consists of the dried flowering
tops or aerial parts of the plant. Its major constituents include naphthodianthrones,
acylphloroglucinols, flavonoids, biflavones, phenylpropanes and an essential oil
rich in sesquiterpenes. Its most important, carefully validated use is in the treatment
of mild to moderate depression (Barnes et al. 2001). During the spring and summer
of 2002, a phytoplasma infection was observed in an experimental field of H. perfo-
ratum (cvs. Godet Derborance and Zorzi) located in Ozzano (Bologna, northern
Italy) in its second year of cultivation (Bellardi et al. 2002). Severe symptoms
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consisted of dwarfing, extreme reduction in leaf size, yellow leaves, witches’ broom,
reduced internodal length and lack of flower production (Figure 8.1i). The majority
of the symptoms (more than 50%) were observed in ‘Godet Derborance’. This dis-
ease was associated with a 16SrXII-A phytoplasma (Paltrinieri et al. 2002). In the
spring of 2003, during further investigations in the same Italian experimental field,
plants of cv Godet Derborance failed to sprout, while almost 20% of cv Zorzi
showed symptoms similar to those previously noticed. A phytoplasma belonging to
ash yellows group (16SrVII group) was identified in the diseased plants (Bruni et al.
2005). Qualitative/quantitative phytochemical variations were observed in dried
flowering tops of cv Zorzi infected by 16SrVII group phytoplasma. The affected
plants exhibited decreased amounts of rutin, hyperoside, isoquercitrin, amentofla-
vone and pseudohypericin, whereas the chlorogenic acid content was doubled.
Hypericin, quercitrin and quercetin contents were not severely affected. The essen-
tial oil yield was drastically reduced in infected material (0.11% vs 0.75% in healthy
material) and revealed an increased abundance of sesquiterpenes (f-caryophyllene,
o-elemene and germacrene-D, in particular), and a matching decrease in monoter-
pene hydrocarbons and aliphatics was noticed (Bruni et al. 2005). A subgroup
16SrXII-A phytoplasma has been recorded in yellows-diseased H. perforatum and
H. barbatum plants in Serbia (Pavlovi¢ et al. 2012).

8.32 Thyme (Thymus vulgaris L.)

Thyme (Lamiaceae), known as an important aromatic pot plant, often used as an
ornamental in the garden, has been found infected by phytoplasmas in Italy and
Spain. In the former country, the first cases, quite sporadic, occurred in 2008 and
again in 2009 on plants propagated from cuttings purchased from local companies
in the Albenga area (Liguria region; northern Italy). The disease (appearance in the
fall) consisted of dwarfing and redness of the shoot tip (the percentage of infected
plants was 20%). Phytoplasmas identified belonged to the subgroup 16SrX-A (apple
proliferation group, ‘Ca. P. mali’) (in 2008) and to 16SrV-A subgroup (elm yellows
group, ‘Ca. P. ulmi’) (in 2009) (A. Bertaccini and M.G. Bellardi, unpublished data).
Symptoms such as proliferation of axillary shoots, a mass of adventitious roots of
orange-brown colour and herbaceous consistency, which flowed from the bark,
were present. The branches were twisted in the upper portions corresponding to the
adventitious roots. The foliage was dense with rosetting symptoms. Overall, the
plants were reduced in dimensions both the canopy volume and the stem diameter.
The leaf colour was lighter green in the two asymptomatic plants and green and/or
silver powdery in the symptomatic ones (Figure 8.1h). The associated phytoplasma
was identified as a member of group 16SrI (Bellardi et al. 2016). A subgroup
16SrXII-A phytoplasma has been detected in diseased 7. vulgaris plants in Spain
(Battle et al. 2000).
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8.33 Tylophora asthmatica (L.F.) Wight and Arn.

Tylophora asthmatica, also known as Indian ipecac and “anantmool”, is a dark
copper-coloured delicate creeper found growing wild in the plains of India and
other subtropical regions of the world (Bhavan 1992). It has been traditionally used
as a folk medicine in certain regions of India for the treatment of bronchial asthma,
inflammation, bronchitis, allergies, rheumatism and dermatitis (Gore et al. 1980;
Khare 2004). ‘Ca. P. aurantifolia’ strain was reported to be associated with the little
leaf and leaf yellowing disease of “anantmool” in India (Fig. 8.1m) (Madhupriya
et al. 2014).

8.34 Valerian (Valeriana officinalis L.)

Valerian (Valerianaceae) is a perennial plant native to North America, temperate
Asia and some European countries that have been used as a medicinal herb since at
least the time of ancient Greece and Rome. It has antispasmodic, carminative,
diuretic, hypnotic, hypotensive, relaxant, sedative, stimulant, warming and power-
fully nervine properties. A yellows phytoplasma disease of valerian has been reported
from Canada, Lithuania and Serbia (Hwang et al. 1977a; Khadhair et al. 2008; Lee
et al. 2004a; Mitrovi¢ et al. 2013). Symptoms observed in affected plants included
leaf reddening, yellowing, stunting, small leaves which had a stiff texture, rosetting
and proliferation of axillary shoots. Subgroup 16SrI-A, 16SrI-M and 16SrXII-A
phytoplasmas were found to be associated with the disease in Canada, Lithuania and
Serbia, respectively (Khadhair et al. 2008; Lee et al. 2004a; Mitrovi¢ et al. 2013).
Phytoplasma infections in diseased valerian plants in Canada were also detected by
transmission electron microscopy (Hwang et al. 1977a). This study revealed a very
large number of phytoplasma cells in the sieve tubes of affected plants.

8.35 Vernonia cinerea Less.

Vernonia cinerea (Compositae) has sweet, cold, tonic, stomachic and astringent
properties. It is also used to cure asthma, bronchitis and fevers; it is one of the best
remedies for the treatment of typhoid. In case of female diseases particularly in
leucorrhoea, its juice is used and given to the patients with gud (jaggery). The juice
of V. cinerea is a good remedy for intestinal worms also. Brown (2008) observed
typical lethal yellowing symptoms in V. cinerea in Jamaica. Blast analysis deter-
mined Vernonia phytoplasma sequence (GenBank accession number EU057983) to
be most similar (99%) to that of CLY phytoplasma in Jamaica (GenBank accession
number AF49807) and Florida (GenBank accession number AF498309), member
of the 16SrIV group. Therefore, Vernonia phytoplasma is identified as a member of
the 16SrIV group.
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8.36 Wild Bergamot (Monarda fistulosa 1.)

Wild bergamot (Lamiaceae), native to North America, is an annual or perennial
medicinal plant known for its strong therapeutic effects: its essential oil is character-
ized by high antibacterial, antimycotic and anti-inflammatory activities. During a
survey carried out in 2009 in Italy, wild bergamot showing yellows, stunting, vires-
cence and flower buds proliferation (Figure 8.1e) was found to be infected by a
subgroup 16SrXII-A phytoplasma (Bellardi et al. 2011). In 2010, a study to verify
the correlation among phytoplasma presence, symptom expression and the effects
of these prokaryotes on essential oil composition was carried out. One essential oil
was extracted from stunted plants with virescence and phyllody and infected by
both aster yellows and “stolbur” group (16SrXII-A) phytoplasmas. The essential oil
extracted from asymptomatic plants infected by the “stolbur” phytoplasma was
reported to have a marked decrease in monoterpene compounds (Contaldo et al.
2011b).

8.37 Woolly Foxglove (Digitalis lanata Ehrh.)

Woolly foxglove (Scrophulariaceae) is a well-known medicinal plant, used as a
commercial source of cardiac glycosides, compounds that are therapeutically rele-
vant for the treatment of heart diseases. In particular, this species is known to con-
tain primary glycosides, such as lanatoside A, lanatoside B and lanatoside C.
Digitalis glycosides, which are difficult to synthesize, so it is easier to extract them
from foxglove leaves. During the spring-summer of 2007-2008 at the Herb Garden
of Casola Valsenio (Ravenna, northern Italy), plants grown in an experimental field
of D. lanata were found to be infected with ‘Ca. P. asteris’, subgroup 16SrI-B, as
confirmed by the amplification with primers for several genes (Bellardi et al. 2007).
The major symptoms associated with the disease were stunting, witches’ broom,
virescence, little leaf, reddish lamina, severe phyllody and partial or complete roset-
ting of flower spikes with a production of axillary shoots. In addition, a suitable
phytochemical investigation was undertaken to evaluate the effect of this pathogen
on the content of D. lanata secondary metabolites. These analyses demonstrated
that the secondary metabolite mainly affected by the phytoplasma was lanatoside C
(153.2 pg/100 mg in healthy material versus 76.1 pg/100 mg in the infected one)
(Pellati et al. 2009). Several years before a 16SrI-B phytoplasma was also identified
in D. lutea L. (yellow foxglove) showing stunting end yellow leaves, cultivated in
the same Herb Garden of Casola Valsenio (Bellardi et al. 1999).
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8.38 Transmission and Management

Little is known about the transmission of phytoplasma diseases of medicinal plants.
Phytoplasmas infecting these plants are known to be spread by grafting, cutting,
micropropagation or other ways of asexual plant propagation. A number of insect
vectors are responsible for transmission of phytoplasmas on medicinal plants
(Arocha et al. 2005; Favali et al. 2008; Harrison and Oropeza 2008). One of the
phytoplasma diseases that occur on C. roseus plants in nature is periwinkle yellows
reported to be transmitted by the leathopper Macrosteles quadripunctulatus (Bosco
et al. 1997). Natural infections of periwinkle are reported in gardens in different
Italian regions. The transmission of phytoplasmas to periwinkle by insects was
largely used to study the transmission characteristics and the spread of these patho-
gens (Carraro et al. 1991); however, transmission of phytoplasmas from host plants
to C. roseus and back to host plants can be obtained by grafting and by dodder
(Marwitz et al. 1974; Carraro et al. 1991). In particular, it has been demonstrated
that dodder transmits different phytoplasmas to periwinkle with different efficiency,
which may be due to their pathogenic effects on the vector plant (Carraro et al.
1991; Musetti et al. 1992).

Control of epidemic outbreaks of phytoplasma diseases could be performed
either by controlling the vector or by eliminating the pathogen from the infected
plants by meristem tip culture or antibiotic treatments (Bertaccini 2007). At present,
insect vector control using pesticides is the tool of choice for limiting disease out-
breaks; however, removal of sources of inoculum is also an efficient tool in the case
of phytoplasmas spread by monophagous insect vectors. Vector control is difficult
to achieve when wild reservoir plants are sources of inoculum for polyphagous
leathoppers. Similarly, it is easier to control monophagous insects reproducing on
the affected crop than insects completing their life cycle on wild plants.

Phytoplasmas can be eliminated from their plant hosts, as they are generally
thermolabile and are not present in the shoot meristem (Lee and Davis 1992).
Furthermore they are sensitive to some antibiotics such as tetracycline (Ishiie et al.
1967; Heintz 1989). Several methods have been applied to clean plant material from
phytoplasmas; these include in vitro tissue culture such as shoot tip (Dale and
Cheyne 1993) or micropropagation (Davies and Clark 1994) sometimes in combi-
nation with heat or antibiotic treatment.

Symptoms of periwinkle little leaf disease of C. roseus associated with phyto-
plasmas were reduced by treatment with gibberellic acid or tetracycline (Kar et al.
1983). Phytoplasmas could be eliminated in shoot-tip cultures of C. roseus employ-
ing oxytetracycline (Singh et al. 2007). Foliar spray of oxytetracycline, tetracycline
hydrochloride or penicillin and dipping of cuttings of infected plants in indole-3-
acetic acid (IAA) or indole-3-butyric acid (IBA) have been attempted by various
workers for remission of symptoms in various plants or their control to some extent.
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Therefore, a real way to control phytoplasma infection is to prevent outbreaks by
producing clean material or by finding phytoplasma-resistant varieties. Knowledge
about the mechanisms of plant host resistance to phytoplasmas is little, but the
paucity of effective disease management strategies for these diseases lends a high
priority to these questions. Efforts continue to identify germplasm encoding natural
resistance to phytoplasmas and to incorporate such genes via selection and breeding
programmes that may involve resistance to either the pathogen itself or the insect
vector. Plant defence-related proteins, known to be active in host responses to inva-
sion by other types of pathogens, might occur in response to mollicute infection;
confirmation of this hypothesis would require demonstration that the compound is
in the right place at the right time and is present in effective concentrations (Garnier
et al. 2001).

8.39 Conclusions and Perspectives

Medicinal plants constitute a group of industrially important crops which are of
great value. Plant-based drugs are being increasingly preferred in medicinal sci-
ence. Phytoplasmas are associated with diseases in many medicinal plants inducing
serious economic losses. Therefore, phytoplasma diseases are major constraints in
profitable cultivation of medicinal plants and lower the quantity and quality of desir-
able compounds. Epidemics of these diseases have disturbed the natural active
ingredients resulting in the withdrawal of many medicinal plant varieties from cul-
tivation. Also, some diseases of such crops are associated each with several geneti-
cally different phytoplasmas which induce similar symptoms in a given plant host
and occur either within the same geographic areas or different continents. Newly
discovered diseases of medicinal plants are increasingly being attributed to phyto-
plasma infections. This rapid increase of infection may be related to the fact that
currently the use of insecticides to control insect vectors of phytoplasmas is prohib-
ited on medicinal plants, whereas insect control and/or management by other, envi-
ronmentally friendly means is not fully effective (Marcone et al. 2016). Phytoplasma
diseases of medicinal plants severely reduce the yield and quality of crops and lon-
gevity of plants. Changes in the composition of secondary metabolites occurring in
diseased plants can be related to the role of phytoplasma infections in triggering
plant defence responses in which, however, the levels of valuable phytochemicals
are greatly affected. An exception is represented by phytoplasma diseases of peri-
winkle in which an accumulation of pharmaceutically important compounds such as
vinblastine and vincristine occurs upon phytoplasma infections. The impact of phy-
toplasma infections on medicinal plants should be taken into account in promoting
good agricultural practices for cultivation and propagation of these plants.
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Abstract Palms are native to tropical and subtropical areas of the world and con-
tribute to the ecology and economy of many countries. Phytoplasmas which are
cell-wall-less prokaryotes are associated with diseases of significant economic
importance to palms worldwide. The diseases are vectored by insects, such as
Haplaxius crudus, which transmits the lethal yellowing phytoplasma in Florida. In
other places, such as in Africa, the vectors have so far been elusive, although puta-
tive vectors have been identified. Management of these palm diseases relies on inte-
grated approaches involving the use of resistant materials and cultural methods such
as early detection and removal of affected palms. The gaps in the present knowledge
of the diseases provide excellent opportunities for further research on these enig-
matic plant pathogens.
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9.1 Introduction

Palms belong to the Arecaceae family (formerly Palmaceae) which has about 180
genera and 2600 species. Palms are found in tropical and subtropical areas of the
world and have significant economic and ecological importance. They provide man
with food, medicine, construction materials, ornamentals, and fuel, particularly in
rural communities. Palms of significant economic importance include the coconut
(Cocos nucifera L.), the African oil palm (Elaeis guineensis Jacq.), and the date
palm (Phoenix dactylifera L.). Phytoplasmas are cell-wall-less prokaryotes that
until recently could not be cultivated in cell-free media (Lee et al. 2000; Razin
2007). Success in the work of Contaldo and co-workers (Contaldo et al. 2016) has,
however, begun to overcome this hurdle. Phytoplasmas are associated with diseases
in several plant species including grasses, vegetables, food crops, ornamental plants,
fiber plants, and palms (Lee et al. 2000; Bertaccini and Duduk 2009; Gasparich
2010). In palms, phytoplasmas are associated with diseases in over 50 palm species
(Harrison et al. 1999; Cordova et al. 2017); however, their devastative effect has
been more prominent in coconut than in the other palms. In coconut, the most
important phytoplasma disease is lethal yellowing (LY), as it is referred to in the
Americas and the Caribbean region. Diseases with similar symptoms as LY occur in
Africa and are collectively called lethal yellowing-like diseases (LYD). In Asia,
diseases with similar symptoms as LY have also been reported. However, in these
regions the phytoplasmas involved are different from those associated with diseases
in Africa and the Caribbean region. The first scientific report of the disease was
made at the close of the nineteenth century in Jamaica. The disease has wreaked
great havoc in Jamaica, Ghana, Tanzania, Togo, Nigeria, Mozambique, Mexico, and
very recently Cote d’Ivoire (Eden-Green 1997; Dollet et al. 2009; Arocha-Rosete
et al. 2014). The disease is now the number one threat to coconut cultivation in
many countries where it has killed millions of trees.

9.2 History and Distribution

The Americas and Caribbean Region LY has killed millions of palm trees in the
Americas, mostly coconuts of the highly susceptible variety Atlantic Tall (Zizumbo-
Villarreal et al. 2008).The infected susceptible coconut palms develop a syndrome
that starts with nut drop within a few days, followed by necrosis of inflorescences
and yellowing of younger leaves and then of the older leaves until all are affected
and the palm dies (Zizumbo-Villarreal et al. 2008). Palms with such symptoms were
originally reported in the nineteenth century in the Caribbean (Fawcett 1891 in
Eden-Green 1997), but the first epidemic with extensive loss of palms occurred in
Jamaica during the 1960s (Eden-Green 1997). Further spread of the disease has
occurred in the USA (McCoy et al. 1983), México (Oropeza and Zizumbo 1997),
Belize (Eden-Green 1997), Honduras (Ashburner et al. 1996), and Guatemala
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(Mejia et al. 2004). However, LY has not yet moved south of Honduras into
Nicaragua or any other country within Central America. On the other hand, it has
spread through the Caribbean more rapidly, and it is currently present as far as
Antigua (Ntushelo et al. 2013), threatening to spread to South America.

Africa Diseases with symptoms resembling those of LY were first reported in
Africa at the beginning of the twentieth century. Nigeria appears to be the first coun-
try affected by LYD in West Africa in 1913 where it was called “awka wilt” disease
(Johnson 1918). Similar diseases were reported in Togo (“kaincope” disease),
Cameroon (“kribi” disease), and Ghana (“Cape St. Paul wilt” disease) by the early
1930s (Eden-Green 1997). Equatorial Guinea is also reported to be affected by the
disease (Dollet et al. 2009). In East Africa, the disease has been reported in Tanzania
(Lethal Disease: LD) (Schuiling et al. 1981), Kenya, and Mozambique (Eden-Green
1997; Mpunami et al. 1999; Bila et al. 2015a, b). Reports across coconut-growing
regions of Mozambique, Nigeria, and Tanzania reveal that lethal yellowing-like dis-
eases (LYD) remains a serious issue (Eziashi and Omar 2010; Munguambe et al.
2013; Arocha-Rosete et al. 2014; Bila et al. 2015b). In Nigeria, LYD has nearly
wiped out the palm plantations in south-east and south-south and is now spreading
toward the south-west (Eziashi and Omar 2010). In Mozambique, outbreaks of LYD
have caused successions of epidemics and losses of millions of coconut palms,
threatening the livelihood of a significant part of the Mozambican people, mainly
for those living by the coastal belt. Likewise, in Tanzania the lethal disease (LD) has
caused extensive losses to coconut plantations and is now the main limiting factor
of coconut production throughout the coastal belt of the mainland (Schuiling et al.
1992; Mpunami et al. 2000; Eziashi and Omar 2010). Similar devastation occurred
in Ghana, causing the near collapse of the once vibrant coconut industry in the Volta
Region, one of the main coconut-producing areas of Ghana, as well as destroying
thousands of hectares of palms in the Western and Central Regions of Ghana (Ofori
and Nkansah-Poku 1997; Nkansah-Poku et al. 2009). The Cote d’Ivoire lethal yel-
lowing (CILY) phytoplasma disease has destroyed hundreds of hectares of palms in
a recent outbreak, with over 7000 more hectares at risk in the Grand-Lahou region
of Cote d’Ivoire (Arocha-Rosete et al. 2014). The country hosts the International
Coconut Genebank for Africa and the Indian Ocean, and the spread of the disease to
new coconut-growing areas is of great concern.

Oceania The main production zone of coconut in Asia/Oceania was not affected
by lethal yellowing diseases associated with one of the phytoplasmas of the palm
groups (i.e., 16SrIV and 16SrXXII) during the twentieth century. In 2008, lethal
yellowing-like symptoms were observed on both old and young coconut trees in the
Madang Province of Papua-New Guinea (PNG) (Kelly et al. 2011). The disease was
called “bogia” coconut syndrome (BCS). The Madang Province of PNG hosts the
International Coconut Genebank for the South Pacific (ICG-SP), and because of its
geographic proximity to Indonesia, a major global producer of coconut, the situa-
tion is of particular concern.
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Asia A range of lethal yellowing-type diseases have been reported from Asia.
However, the phytoplasmas involved in these diseases are different from those that
cause LYD/LY in Africa and the Caribbean region, and the diseases are generally
not lethal.

Coconut yellowing disease. In Malaysia, coconut lethal yellowing-like symp-
toms were observed about 90 years ago, but it was only reported as a serious threat
after 2000 and referred to as coconut yellowing disease (CYD) attributed to a phy-
toplasma (Nejat et al. 2009a). Symptoms of CYD start with the yellowing of the
canopy or eventually browning and chlorosis of the spear leaf. The coconut trees
usually die within 5 months after infection (Nejat et al. 2009b). Similar symptoms
of CYD have been observed on other palms such as foxtail palm (Wodyetia bifur-
cata) in 2012 (Naderali et al. 2013) and lipstick palm (Cyrtostachys renda) (Naderali
etal. 2014). In 2013, a yellow decline was observed also on royal palms (Roystonea
regia) (Naderali et al. 2014). The phytoplasma associated with CYD shared 99%
16S rRNA identity with Bermuda grass white leaf phytoplasma related to ‘Ca. P.
cynodontis’ (16SrXIV) (Nejat et al. 2009a, b).

“Weligama” coconut leaf decline (WCLWD) is a phytoplasma associated with
lethal yellowing disease of coconut occurring in the Southern part of Sri Lanka
(Perera et al. 2012). The first report of the disease was made in 2006 in the Weligama
area, and the disease has since spread to other coconut-growing areas in Southern
Sri Lanka (Wejisekara et al. 2008; Perera et al. 2012).

Symptoms of the disease include flattening and downward bending of leaflets
giving the frond a ribbed or flaccid appearance. This is followed by yellowing and
drying up of leaf margins. Dried fronds hang on the crown for some time before
eventually falling off. Unlike lethal yellowing-like diseases, necrosis in unopened
inflorescences and premature nut drop have not been observed for WCLWD. With
fronds falling off, the crown becomes smaller and the trunk begins to taper. Female
flower production declines and the palm becomes unproductive. WCLWD is associ-
ated with a phytoplasma belonging to the 16SrXI group (Perera et al. 2012) that is
similar to the sugarcane white leaf phytoplasma (99% identity at the 16S rRNA
gene level), the sugarcane grassy shoot phytoplasma (99% identity), as well as
Kerala wilt phytoplasma. The vector of the disease is unknown, but the plant hopper
Proutista moesta and the lace bug Stephanitis typica are considered the likely can-
didates (Wejisekara et al. 2008).

Kalimantan wilt disease of coconut was first reported in Indonesia by farmers in
1978, and an outbreak was observed in 1988 (Warokka et al. 2006). The involve-
ment of phytoplasmas is not clear because of the detection of phytoplasmas in both
symptomatic and asymptomatic coconut trees using universal phytoplasma primers,
and the phytoplasma involved was not fully characterized (Warokka et al. 2006).

Kerala/root wilt disease of coconut is a devastating disease of coconut found in
Southern India. The disease is known internationally as Kerala wilt disease; it does
not kill the palms but causes massive yield losses. The phytoplasma involved was
identified as a ‘Ca. P. oryzae’-related strain and belongs to 16SrXI-B subgroup
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(Manimekalai et al. 2014). The insect P. moesta has been identified as the vector of
the disease (Edwin and Mohankumar 2007a, b).

9.3 LY Phytoplasma Detection and Taxonomy

The identification of the phytoplasmas agent of LY was based on (a) observations
by transmission electron microscopy (TEM) of their presence in phloem vessels of
affected palms (Beakbane et al. 1972; Heinze et al. 1972; Plavsic-Banjac et al.
1972) and (b) differential responses of infected palms to the antibiotics penicillin
and oxytetracycline (Hunt et al. 1974; McCoy 1972). Detection of the presence of
phytoplasmas in the plant species showing LY symptoms or similar syndromes dur-
ing the 1970s to the early 1990s was determined only by TEM (McCoy et al. 1983;
Howard 1995), but more recently molecular techniques, particularly PCR, were
developed for detection of group 16SrIV phytoplasmas (Harrison et al. 1999). The
use of PCR, sequencing and phylogenetic analysis techniques has allowed the iden-
tification of groups and subgroups of the phytoplasmas associated with some of the
syndromes reported for palms and non-palm species (Harrison and Oropeza 2008).
Based on phylogenetic analysis of the 16S rRNA gene, the phytoplasmas associated
with LY in the Americas have been classified within group 16SrIV (Lee et al. 1998).
There are five subgroups identified: 16SrIV-A, 16SrIV-B, 16StIV-D, 16SrIV-E, and
16S1IV-F (Ntushelo et al. 2013). Subgroup 16SrIV-A has been found in coconut and
other palm species and has killed millions of coconut palms of the highly suscepti-
ble Atlantic Tall variety in different countries in the Americas, including Antigua
(Myrie et al. 2014), Mexico (Narvaez et al. 2016), Belize, Cuba, Honduras, Jamaica,
St. Kitts and Nevis (Myrie et al. 2012), and Florida (USA) (Ntushelo et al. 2013).
Subgroup16SrIV-B was found in coconuts in Mexico and in coconuts and Acrocomia
aculeata palms in Honduras (Roca et al. 2006). Subgroup 16SrIV-D has been found
in a non-palm species Carludovica palmata (Cordova et al. 2000) and in Sabal
mexicana, Pseudophoenix sargentii, and Thrinax radiata palms in Mexico (Vazquez-
Eudn et al. 2011) and in Phoenix canariensis, Phoenix dactylifera, P. reclinata, P.
roebelenii, P. sylvestris, Syagrus romanzoffiana, Butiagrus “nabonnandii” (Butia
odorata x S. romanzoffiana), and Sabal palmetto palms in the USA. Subgroup
16S1IV-E has only been found in coconut palms in the Dominican Republic
(Martinez et al. 2008). Subgroup16SrIV-F was found in Washingtonia robusta and
Phoenix dactylifera palms in the USA (Ntushelo et al. 2013). Based on 16S rDNA
RFLP and sequence analyses of the 16S rRNA gene, Mpunami et al. (1999) showed
that the Mozambican and Ghanaian samples were more similar to each other than
those from Kenya and Tanzania. Tymon et al. (1998) showed that the phytoplasmas
causing “awka” disease in Nigeria (LDN) and Cape St. Paul wilt disease (CSPWD)
in Ghana were associated with either the same or very closely related strains. Later
on, with advances in molecular tools, finer differentiation of phytoplasma groups



272 E. N. Yankey et al.

associated with LYD in Africa has been established. The Mozambican and Nigerian
LYD phytoplasma groups have been described as ‘Ca. P. palmicola’ and assigned to
16SrXXII-A subgroup, whereas the closest group, from Ghana and Cote d’Ivoire,
was assigned to a different ribosomal subgroup 16SrXXII-B and has been named as
a ‘Ca. P. palmicola’-related strain (Harrison et al. 2014). Apart from ‘Ca. P. palmi-
cola’, the other group associated with LYD in Mozambique is the Tanzanian LD
phytoplasma (Bila et al. 2015a). Until the end of the 1990s, phytoplasmas associ-
ated with the “maladie de Kaincopé” in Togo, “awka wilt” in Nigeria, and CSPWD
in Ghana were listed in the 16SrIV group (Lee et al. 1998; Harrison and Oropeza
2008). Later, they were included in a new group, 16SrXXII (Wei et al. 2007). Based
on their 16S rRNA gene sequences, phytoplasmas from West Africa (Nigeria and
Ghana) and East Africa (Tanzania) were confirmed as two different subclades
(Tymon et al. 1998), separate from the Caribbean coconut phytoplasmas (Gundersen
etal. 1994). Such subclades were informally proposed as three separate ‘Candidatus
Phytoplasma’ species IRPCM 2004), which were further supported by phyloge-
netic analysis of secA gene sequences (Hodgetts et al. 2008). Based on the near
full-length 16S rRNA gene, 165-23S rRNA intergenic spacer region, and partial
23S rRNA gene sequences, Harrison et al. (2014) confirmed that the LY phyto-
plasma strain from Mozambique shared 100% identity with that of the “awka wilt”
phytoplasma strain or LDN from Nigeria (GenBank accession number Y14175).
The sequences from the CSPW phytoplasma were observed to be identical to those
of the CILY phytoplasma. Sequences from the Mozambique LY phytoplasma shared
99.0-99.6% identity with those of CSPWD and CILY phytoplasmas but less than
97.5% identity with reference strains from all previously described ‘Candidatus
Phytoplasma’ species. Further analysis of virtual 16S rRNA RFLP profiles and
similarity coefficients delineated the Mozambique LY phytoplasma strains as mem-
bers of group 16SrXXII-A (Harrison et al. 2014).

The “bogia” coconut syndrome (BCS) phytoplasma is related to but distinct from
all phytoplasmas described above; it appears to be closer to the lethal disease phy-
toplasma (Tanzania) (formally group 16SrIV) with only 96% identity (Kelly et al.
2011) and group 16SrXXII, suggesting that this phytoplasma is part of the lethal
yellowing disease cluster.

9.4 Symptoms of LY in Coconut

There is no one symptom which predicts the presence of LYD but rather the symp-
toms can be considered as a syndrome involving a series of symptoms. The symp-
toms of LYD are typically very similar and include fruit abortion, necrosis of
inflorescences, progressive yellowing of the leaves, rotting of the stem apical tis-
sues, and wilting and collapse of the palm crown leading to coconut mortality
(Dollet et al. 2009; Bertaccini et al. 2014; Harrison et al. 2014) (Figs. 9.1 and 9.2).
Though the diseases are very similar, there are some differences in the evolution of
the symptoms. The diseases are usually grouped into stages, but these are not
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Fig. 9.1 Typical LYD symptoms progression in Mozambique: premature nut drop (a); progressive
yellow discoloration from the oldest to the youngest leaves followed by skirt-shaped brown discol-
oration (necrosis) of the older leaves (b, ¢); rotting and death of the apical meristem/spear leaves
(d) followed by wilting and collapse of the entire crown (e) leaving an empty stem (f)

consistent across countries. For the Cape St. Paul wilt disease (CSPWD) in Ghana,
five stages have been suggested by Dery and Philippe (1997): stage 1, premature nut
drop, blackening of the inflorescence with or without one or two yellow leaves;
stage 2, more than two leaves, but less than half the canopy, yellow; stage 3, more
than half canopy yellow but with some green leaves still present; stage 4, all leaves
in canopy yellow; and stage 5, telephone pole.

In the case of the Cote d’Ivoire LY (CILY) and LY, three stages of the disease
have been outlined but still with differences. Stage 1 of LY is recognized solely by
premature nut fall (Harrison and Elliot 2005). CILY stage 1, on the other hand,
includes the starting of yellowing of the older leaves as well as the beginning of
inflorescence blackening, in addition to premature nut fall (Arocha-Rosete et al.
2017). LY stage 2 involves only necrosis of the inflorescences (Harrison and Elliot
2005), while coconut palms at CILY stage 2 additionally exhibit yellowing of the
older leaves, progressing to the younger leaves. Yellowing of LY-affected palms
does not show yellowing of fronds until stage 3 of the disease. For CSPWD, leaf
yellowing is present in more than two leaves but less than half the canopy at disease
stage 2, in more than half of the canopy at stage 3, and in all leaves in the canopy at
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Fig. 9.2 Sequence of symptom development of CSPWD in Ghana. Premature dropping of nuts
(a); toppling of crown (c¢); blackening of inflorescence (b); progressive yellowing of fronds (d—e);
bare trunks or telephone poles (g-h); a severely devastated farm (i) (Courtesy of
J. Nkansah-Poku)

stage 4 (Dery and Philippe 1997). For both LY and CILY at stage 3, the yellowed
leaves eventually turn brown, desiccate, and hang down, forming a skirt around the
trunk before falling and turning into telephone poles.

9.5 Host Range of LYD Phytoplasmas

Symptoms similar to those of LY in coconuts have been observed in more than 50
other palm species (McCoy et al. 1983; Harrison et al. 1999; Howard 1995; Ntushelo
et al. 2013; Myrie et al. 2014; Vazquez-Eudn et al. 2011; Narvaez et al. 2006, 2016;
Roca et al. 2006; Cordova et al. 2017). McCoy et al. (1983) classified palms accord-
ing to their level of susceptibility, and the most susceptible palms include Cocos
nucifera, Phoenix dactylifera, and different Pritchardia species. They also reported
a list of palm species that were not known to be affected by LY, including Elaeis
guineensis, Roystonea regia, Sabal palmetto, Thrinax radiata, and Washingtonia
robusta. However, more recent reports have shown that for R. regia (Narvaez et al.
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2016), S. palmetto (Harrison et al. 2009), and 7. radiata (Narvaez et al. 2006), some
individuals can be affected by LY. Non-palm species have also been reported to be
associated with LY phytoplasmas. That is the case of Pandanus utilis (Thomas and
Donselman 1979) and Carludovica palmata (Cordova et al. 2000). In both cases
LY-type syndromes were observed. In addition, five species of plants (Emilia fos-
bergii, Synedrella nodiflora, Stachytarpheta jamaicensis, Macroptilium lathyroides,
and Cleome rutidosperma) growing below the coconut palms in groves in Jamaica
have been found positive with group 16SrIV phytoplasma, although they were
symptomless (Brown et al. 2008; Brown and McLaughlin 2011). In Africa, the oil
palm (Elaeis guineensis) and fan palm (Borassus aethiopum) were found harboring
the LYD phytoplasma in Mozambique and assigned as alternate hosts for ‘Ca. P.
palmicola’ (Bila et al. 2015b).

In Cote d’Ivoire, the CILY phytoplasma was found in six plant species from five
botanical families based on secA and 16S rDNA sequence analysis from nested
PCR (Arocha-Rosete et al. 2016). The plant species included Poaceae (Paspalum
vaginatum, Pennisetum pedicellatum), Verbenaceae (Stachytarpheta indica),
Plantaginaceae (Scoparia dulcis), Phyllanthaceae (Phyllanthus muellerianus), and
Cyperaceae (Diplacrum capitatum). No symptoms of phytoplasma diseases were
observed on these alternative plant hosts, suggesting that asymptomatic reservoirs
are present for the CILY phytoplasmas. Recently, cassava (Manihot esculenta) has
also been described as an alternative host plant of the CILY phytoplasma (Kra et al.
2017). In Ghana, Yankey et al. (2009) and Yankey (Yankey 2012) performed exten-
sive surveys during both rainy and dry season in two different areas, Asebu and
Cape Three Points in the Central and Western Regions, respectively, sampling and
analyzing 57 plant species. PCR amplicons using CSPWD-specific primers were
produced from Desmodium adscendens; however, sequence analysis confirmed the
presence of Bacillus megaterium and Rhodobacter sphaeroides. These bacteria
have been previously isolated from trunks of date palms (Phoenix canariensis,
Chabaud) affected by the lethal decline phytoplasma using a universal phytoplasma
primer pair (P1/P7) in Texas (Harrison et al. 2002). Three of the species identified
as alternate hosts in Cote d’Ivoire (S. indica, P. pedicellatum, and M. esculenta) had
been assessed in Ghana using direct PCR, but they were not found to harbor the
phytoplasma even though the phytoplasmas implicated in both diseases are in the
same subgroup (16SrXXII-B). The phytoplasma recently described as BCS (Bogia
coconut syndrome), phylogenetically related to the palm phytoplasma, is homolo-
gous with an emerging phytoplasma of another monocot: the banana wilt associated
phytoplasma (BWAP), observed on cooking banana plants (Davis et al. 2012).

9.6 Transmission of LYD Phytoplasmas

Using different approaches evidence has been obtained that supports Haplaxius cru-
dus (Hemiptera: Auchenorrhyncha: Cixiidae) (previously Myndus crudus) as an
insect vectoring LY phytoplasmas in Florida (McCoy et al. 1983). Most notable are
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the studies by Howard (1995) demonstrating that H. crudus insects were able to
transmit phytoplasmas to different palm species that developed LY symptoms and
died within insect-proof cages. Later studies using PCR have shown that phytoplas-
mas in H. crudus belong to the 16SrIV group (Harrison and Oropeza 1997).
Transmission studies similar to those by Howard (1995) testing H. crudus as a vec-
tor have been performed outside Florida without success so far. In addition, occur-
rence of LY (16SrIV phytoplasmas) has been found in Cedusa sp. (Hemiptera:
Auchenorrhyncha: Derbidae) in Jamaica (Brown et al. 2006). Although no trans-
mission studies have been carried out testing Cedusa insects, this occurrence sup-
ports the potential existence of other vectors of LY phytoplasmas.

Based on molecular screening, different plant hoppers and leathoppers were
associated with LYD in different parts of the world (Mpunami et al. 2000; Bila et al.
2017), but this does not prove their ability to transmit the phytoplasma, since vector
status can only be established after successful transmission trials. Nevertheless, dis-
tinction between resistance to the vector transmission ability or to the phytoplasma
host infection cannot be easily distinguished (Jarausch et al. 2013). Based on
molecular screening, Pentatomidae specimens of Platacantha lutea were revealed
as a potential insect vectoring LYD phytoplasma in northern Mozambique (Dollet
et al. 2011). A further search, including specimens from all over the country, has
shown Diostrombus mkurangai Wilson (Wilson 1987) as a potential LYD phyto-
plasma insect vector in Mozambique (Bila et al. 2017). However, the same study
failed to confirm any of the pantatomids previously tested as harboring LYD phyto-
plasma. In Tanzania, LD phytoplasma is associated with the plant hoppers D.
mkurangai and Meenoplus sp. (Mpunami et al. 2000), but transmission studies have
not been successful. The vector for CSPWD phytoplasma in Ghana is still unknown
despite massive surveys that resulted in over 12,500 specimens representing 203
species of 19 families (Pilet et al. 2009), as well as cage transmission trials with
more than 70,000 Myndus adiopodoumeensis for 28 months (520 adults/seedling/
month). Although two species, Diostrombus sp. (Derbidae) and Myndodus adiopo-
doumeensis (Synave) (Cixiidae), formerly placed in the genus Myndus (M. adiopo-
doumeensis) were found to carry the CSPWD phytoplasma, transmission trials were
inconclusive (Philippe et al. 2009). In Céte d’Ivoire, surveys of coconut farms in
Grand-Lahou revealed the presence of eight major Hemiptera families:
Aphrophoridae, Achilidae, Derbidae, Flatidae, Membracidae, Pentatomidae,
Tropiduchidae, and Cicadellidae. Specimens from the families Cicadellidae and
Derbidae were the most abundantly collected. The family Cicadellidae was repre-
sented by a recently described genus and species of the tribe Erythroneurini,
Nedotepa curta Dmitriev (Cicadellidae: Typhlocybinae: Erythroneurini) (Dmitriev
2016). Dmitriev (2016) provided a morphological description and detailed illustra-
tions of N. curta specimens collected from coconut palms in the Western Region of
Ghana. N. curta collected in Grand-Lahou in Céte d’Ivoire appears to be morpho-
logically identical to specimens from Ghana. Nested PCR and sequence analyses of
the 16S rRNA and the secA genes confirmed the presence of the CILY phytoplasma
in 216 out of 296 (73%) of the N. curta specimens, which suggested N. curta as a
potential vector for the CILY phytoplasma (Kwadjo et al. 2018).
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9.7 Management of LYD

Integrated pest management (IPM) is an approach to crop production and protection
that combines different management strategies and practices to grow healthy crops
and minimize the use of pesticides (FAO 2017). Successful IPM against LYD is
through strict quarantine and disease surveillance, prompt detection followed by
immediate removal and destruction of LYD infected trees, proper weeding of alter-
native plant hosts, replanting with resistant varieties, and control of the insect vector
(Brown et al. 2008; Eziashi and Omar 2010; Myrie et al. 2011; Munguambe et al.
2013; Gurr et al. 2016).

In Jamaica it is believed that there is a LY variation that might involve a phyto-
plasma different to that found before that is affecting palms that were previously
considered resistant to LY. So far a coconut variety able to resist this disease has not
been found. However by applying an IPM program, it was possible to manage LY
in Michael Black Farm, a coconut plantation located in the parish of St. Thomas, an
area affected by the LY variant. This IPM program includes (a) monitoring to detect
palms with early LY symptoms, (b) elimination of these palms as soon as they are
detected, (c) immediate replanting, and (d) weeding. There are approximately
62,000 coconuts in Michael Black Farm, and within the period of 2002-2013, only
915 palms or 1.5% have been lost (Coconut Industry Board 2013). In Mexico, man-
agement of LY is based on the use of coconut germplasm known to be resistant to
LY (Zizumbo-Villarreal et al. 2008) as the main approach, and such management is
working for replanting programs in different regions of Mexico that have been
affected by LY.

In Mozambique, the widely endorsed management approach for LYD is felling
and burning of symptomatic coconut trees, which are replaced by another variety
believed to be tolerant to the disease (Munguambe et al. 2013). Finding germplasm
that is resistant to LYD in Mozambique has so far been a challenge. In Ghana, a field
practice called “slow down” has been implemented in an integrated control strategy
based on early detection and prompt removal of diseased palms to control CSPWD
spread (Danyo 2011). This was based on previous observations that regularly cut-
ting out all diseased palms slows down the rate of spread of the disease (Nkansah-
Poku et al. 2009). Moreover, Nkansah-Poku et al. (2005) showed that the treatment
of infected farms with insecticide by hot fogging followed by felling diseased and
contact palms, immediately upon detection, slows down CSPWD and in some cases
completely holds the disease for few years.

Intercropping is widely used as an alternative means for managing a range of
diseases. Intercropping coconut with other crops have failed to lower the disease
incidence, but provided an alternative source of income as insurance against
CSPWD in Ghana (Andoh-Mensah and Ofosu-Budu 2012) and LD in Tanzania
(Oleke et al. 2012). In Mozambique, Bila et al. (2016) observed that intercropped
coconut farms were more vulnerable to LYD infection than single cropping. Hence,
the effects of intercropping on LYD epidemiology require more effort to be
elucidated.
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In Jamaica, the heavy losses suffered by the Maypan hybrid which was planted
extensively as a control of LY were partly explained by the genetic contamination
of the Panama Tall (PNT), the pollen parent, with pollen from the susceptible
Jamaican Tall ecotype and a large percentage of off-types observed in the MYD
mother palms (Baudouin et al. 2008; Lebrun et al. 2008). The use of marker-assisted
breeding in ensuring genetic purity of breeding materials is therefore an important
factor to be considered. Swarbrick et al. (2013) developed a marker based on coco-
nut receptor-like kinase genes and a high-throughput genotyping system based on
high-resolution melt curve analysis to validate the genetic purity of breeding mate-
rial resistant to CSPWD in Ghana, as well as to identify infected breeding material
before it is provided to growers, and to prevent resistance breakdown. Such tech-
nologies need to be encouraged in the breeding programs of the various countries.

9.8 Non-lethal Yellowing Diseases of Palms

Phytoplasmas are also associated with other palm diseases which do not belong to
the lethal yellowing type diseases. These diseases are associated with phytoplasmas
belonging to 16Sr groups other than those in 16SrIV and 16SrXXII. The host plants
involved in such diseases include the oil palm, date palm, and arecanut palm
(Table 9.1). Although these diseases can cause significant economic losses, they do
not cause the death of the palms. Yield losses of up to 50% have been reported for
the yellow leaf disease of arecanut in India (Muddumadiah et al. 2014). The
“Alwijam” disease of date palms in Saudi Arabia and Kuwait is also known to cause
significant fruit failure at harvest (Alhudaib et al. 2007; Gurr et al. 2015).

Table 9.1 List of palm phytoplasma diseases associated with nonlethal yellowing phytoplasmas

Ribosomal
Disease Host species | group country Reference
Oil palm lethal | Oil palm 16Srl-B Colombia Alvarez et al. (2014)
wilt
Oil palm Oil palm 16SrI-B India Medhi et al. (2012)
stunting
Arecanut 16SrXI India Nair et al. (2014)
palm
Yellow leaf Arecanut 16SrI-B India Muddumadiah et al.
palm (2014)
“Alwijam” Date palm 16SrL Saudi Arabia; Alhudaib et al. (2007,
Kuwait 2002)
White tip Date palm 16SXIV-A Sudan Cronjé et al. (2000)
dieback
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9.9 Conclusions

Phytoplasma-associated palm diseases have significant economic impact, particu-
larly, for poor families that depend on the palms for their sustenance. The ability of
the diseases to cause unrestrained destruction in coconut, for example, is a major
concern that requires international concerted effort to address. The many gaps that
exist in the present understanding of the diseases provide exciting opportunities for
further research. It is hoped that the recent breakthrough in the culture of phytoplas-
mas will help to speed up research on these enigmatic plant pathogens and their
diseases.

Both LY and CSPWD phytoplasma DNA have been detected in coconut embryos
in Mexico (Cordova et al. 2003) and Ghana (Nipah et al. 2007), respectively.
Oropeza et al. (2017) confirmed the occurrence of the transmission of LY phyto-
plasma from coconut embryos to plantlets obtained from in vitro germination of
zygotic embryos from the seeds of LY phytoplasma-infected coconut palms. This
raises concerns about possible seed transmission of LY, a development which
requires appropriate quarantine and seed movement policies to forestall intra and
inter county spread of the disease.

The epidemiology of these diseases needs to be elucidated. In many countries,
the insect vectors of the disease are unknown and the search for the vectors must
continue. In Mozambique, field testing of the transmission ability of D. mkurangai
to confirm its LYD phytoplasma vector status would have to be done. Conducting a
transmission field trial for putative LYD insect vector is regarded as logistically dif-
ficult. Indirect potential insect vector screening through membrane-feeding assay
followed by PCR testing for phytoplasma detection on the media (Tanne et al. 2001)
maybe an alternative option. Similarly, fast and more effective transmission trials
would have to be developed to prove the vectoring capacity of N. curta in both Cote
d’Ivoire and Ghana.
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Chapter 10 )
Major Phytoplasma Diseases of Forest
and Urban Trees

Check for
updates

Carmine Marcone, Liliana Franco-Lara, and Ivo ToSevski

Abstract In the northern hemisphere, yellows, witches” broom, and decline dis-
eases of several forest and urban tree species are widespread and of considerable
economic and ecological significance. Elm (Ulmus spp.) and alder (Alnus spp.) are
affected by elm yellows (EY) and alder yellows (ALY), respectively. These diseases
are mainly associated with the presence of closely related phytoplasmas, the EY
agent ‘Candidatus Phytoplasma ulmi’ and the ALY agent, which are members of
the EY or 16SrV group, subgroups 16SrV-A and 16SrV-C, respectively. Ash
(Fraxinus spp.) is affected by ash yellows, a disease which occurs mainly in North
America and is associated with the presence of ‘Candidatus Phytoplasma fraxini’,
a member of subgroup 16SrVII-A. Poplar (Populus spp.), sandal (Santalum album),
paulownia (Paulownia spp.), and mulberry (Morus spp.) are affected by yellows
diseases associated with phytoplasmas of different 16SrI subgroups. Several species
of conifers are affected by yellows and witches’ broom diseases associated with
phytoplasmas belonging to at least five taxonomic groups (16SrI, 16SrIII, 16SrVI,
16SrIX, and 16SrXXI) and several different subgroups. A number of urban tree spe-
cies grown in the Sabana de Bogota (Colombia) are affected by decline diseases
which are primarily associated with 16SrI and 16SrVII phytoplasmas. This chapter
summarizes the current knowledge of major phytoplasma diseases of forest and
urban trees grown in the northern hemisphere.

Keywords Elm yellows - Alder yellows - Ash yellows - ‘Candidatus
Phytoplasma’ species - 16Sr group/subgroups - Decline
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10.1 Introduction

Like all plants, forest and urban trees are constantly besieged by problems brought
by adverse environmental factors, insects and other animals, and diseases. Of the
diseases, those associated with phytoplasma presence are of considerable economic
and ecological significance, either because of their local impact or widespread dis-
tribution (Marcone 2015). Phytoplasmas are wall-less bacterial plant pathogens of
the class Mollicutes. In the host plant, they reside in the sieve tube elements and are
transmitted from plant to plant by phloem-feeding homopteran insects, mainly leaf-
hoppers, planthoppers, and psyllids (Weintraub and Beanland 2006). Phytoplasmas
cannot be transmitted mechanically; however, they can be spread by the use of
infected vegetative propagating material (Lee et al. 2000; Dickinson et al. 2013).
Phytoplasmas induce a wide range of symptoms that are either specific (such as
virescence, phyllody, witches’ brooms, rosetting, off-season growth, and brown dis-
coloration of phloem tissue) or largely nonspecific (such as foliar yellowing and
reddening, small leaves, leaf roll, premature autumn coloration, premature defolia-
tion, reduced growth, dieback, and decline). However, symptom expression is also
highly variable for a given host plant combination.

Phytoplasmas are currently classified within the provisional genus ‘Candidatus
Phytoplasma’ based primarily on 16S rDNA sequence analysis (IRPCM 2004;
Martini et al. 2014). Approximately 33 major phylogenetic groups were identified
within the phytoplasma clade (Bertaccini et al. 2014). This figure is broadly in
accordance with the number of phytoplasma groups established by restriction frag-
ment length polymorphism (RFLP) analysis of PCR-amplified rDNA. Within the
majority of the phytoplasma groups, several distinct subgroups have been delin-
eated, based on RFLP analysis of 16S rDNA sequences (Bertaccini et al. 2014;
Martini et al. 2014). In addition, multi-locus sequence typing (MLST) employing
genes with varying degrees of genetic variability has provided insights into the
genetic diversity of phytoplasmas that are relatively homogeneous at the 16S rDNA
sequence level. MLST proved to be the most useful molecular tool for the distinc-
tion of genetically closed but pathologically and/or ecologically distinct strains that
are essential and highly relevant for epidemiological studies (Lee et al. 2010; Davis
et al. 2013; Zhao and Davis 2016).

10.2 Alder

Alder yellows (ALY) is a decline disease that affects several Alnus (alder) species
including A. glutinosa, A. cordata, A. incana, A. hirsuta, A. rugosa, A. subcordata,
A. tenuifolia, and A. rubra. The disease has been reported from several European
countries (for reviews see Seemiiller et al. 1998; Marcone and Rao 2016). It has also
been observed in Washington State (USA) on A. rubra (red alder) (Lederer and
Seemiiller 1991; Miurer et al. 1993). However, molecular identification and
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Fig. 10.1 Alder yellows. Symptoms of foliar yellowing in Alnus glutinosa (European alder). Left,
healthy branch (a). Stunting and small leaves in A. cordata (b)

classification of the phytoplasma(s) infecting A. rubra in Washington State have not
been accomplished.

In all affected species, the symptoms are similar. These include yellowing, sparse
foliage, premature autumn coloration, small leaves, reduced terminal growth, die-
back, and decline. Sometimes these symptoms occur in the crown, while the sprouts
at the base of trunks show normal growth (Fig. 10.1). Latent infections are also
common (Lederer and Seemiiller 1991; Maixner and Reinert 1999; Holz et al.
2016). Of 500 European alder trees examined by Lederer and Seemiiller (1991)
using DAPI fluorescence methods, phytoplasma presence could be detected in all
the trees older than approximately 5 years, irrespective of symptom expression.
About 80% of infected trees were non-symptomatic, whereas only 20% showed
ALY symptoms. Usually, healthy-appearing trees were heavier colonized than
symptomatic trees. The phytoplasma population was always higher in petioles and
young twigs than in several-year-old branches, trunks, and roots. Colonization was
characterized by an uneven phytoplasma distribution in adjacent sieve tubes, with
some tubes packed by phytoplasma cells while others contained a considerably
lower number of them. A rather similar situation was observed in A. incana trees of
which, with the exception of a few relatively young trees, all samples proved to be
phytoplasma positive and showed very high numbers of the colonizing agents irre-
spective of symptom expression (Lederer and Seemiiller 1991). Under natural
infection conditions, a detection rate of more than 85% of ALY phytoplasma infec-
tions in A. glutinosa was recorded by PCR assays (Malembic-Maher et al. 2009).

The ALY phytoplasma is a member of EY group, subgroup 16SrV-C (Lee et al.
2004a). It shares 99.7-100% 16S rDNA sequence identity with “flavescence dorée”
(FD), Palatinate grapevine yellows (PGY), and spartium witches’ broom (SpaWB)
phytoplasmas, which are other members of the EY group (Lee et al. 2004a). On the
basis of 16S rDNA and 16S-23S rDNA spacer region sequences, ALY phytoplasma
is a homogeneous pathogen throughout Europe. However, typing based on RFLP
and sequence analyses of ribosomal protein genes (rplV, rpsC, rplF, and rplR) and
non-ribosomal loci, including secY, map, tuf, uvrB, and degV genes, revealed a con-
siderable molecular variability within this phytoplasma. Some strains proved to be
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very closely related or identical to either FD or PGY phytoplasma strains (Lee et al.
2004a; Arnaud et al. 2007; Malembic-Mabher et al. 2007, 2009; Mehle et al. 2011;
Ember et al. 2011; Holz et al. 2016).

The ALY phytoplasma is transmitted by Oncopsis alni Schrank, a univoltine
leafthopper extremely abundant on alder, with oligophagous feeding behavior. The
distribution of O. alni is clearly correlated with that of ALY disease in Europe
(Maixner and Reinert 1999). ALY phytoplasma was also detected in specimens of
the psyllid, Psylla alni L., collected from ALY-diseased alder trees. However, in
spite of the high numbers of infected individuals that were recorded, no successful
transmission of the ALY phytoplasma to healthy alder seedlings was achieved with
transmission trials using ALY-infected P. alni psyllids (Maixner and Reinert 1999).
Molecular and epidemiological evidence indicate that ALY phytoplasma strains
infecting alder trees in the Palatinate region of Germany also infect grapevines
growing in neighboring vineyards, inducing the disease described as Palatinate
grapevine yellows. O. alni, which feeds occasionally on grapevine, can transmit
ALY strains from alder to grapevine (Maixner et al. 1995, 2000; Reinert and
Maixner 1997). Therefore, diseased alder trees residing in close proximity to vine-
yards may serve as pathogen reservoirs.

10.3 Ash

Ash yellows (AshY) is a disease of Fraxinus (ash) species known to occur in North
America (Sinclair et al. 1996). This disease is associated with the presence of the
AshY agent ‘Ca. P. fraxini,” a member of the AshY phytoplasma group, subgroup
16SrVII-A (Griffiths et al. 1999a). AshY occurs naturally in at least 12 indigenous
and exotic ash species in North America. These species include F. americana (white
ash), F. pennsylvanica (green ash), F. velutina (velvet ash), F. angustifolia (syn. F.
oxyacarpa), F. bungeana, F. excelsior (European ash), F. nigra (black ash), F. lati-
folia (syn. F. oregona, Oregon ash), F. ornus (flowering ash), F. potamophila, F.
profunda (syn. F. tomentosa), and F. quadrangulata (blue ash) (Sinclair et al. 1996).
Infections by a 16SrI group phytoplasma have also been detected in declining trees
of F. excelsior in Poland and F. uhdei in Colombia (Kaminska and Berniak 2009;
Perilla-Henao et al. 2012). In the latter country, diseased F. uhdei trees proved to be
infected also by a 16SrVII group phytoplasma (Griffiths et al. 2001; Filgueira et al.
2004; Perilla-Henao et al. 2012).

AshY causes reduced apical and radial growth, loss of apical dominance or deli-
quescent branching, suppressed root development, premature flowering and shoot
growth, and witches’ broom. Subnormal greenness of the foliage and leaf malfor-
mations is common, while chlorosis may occur occasionally. Highly susceptible
taxa show dieback of branches and roots, shoot proliferation, and stunted deliques-
cent branches and die prematurely. Affected white ash trees produce abnormally
short, bushy roots or show necrosis of the rootlets that may lead to sudden wilting
and death. Infected ash trees are highly sensitive to frost injuries. Cambial damage
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by frost, appearing as vertical cracks of the bark and/or tangential separation of bark
and wood at the base of the trunk, is common in diseased white ash (Matteoni and
Sinclair 1985). AshY incidence greater than 50% has been recorded in some white
ash populations in northern USA states and in a velvet ash population in Utah.
Incidence rates of 3—27% were found in green ash shade trees in Iowa and Wisconsin
cities (for review see Sinclair et al. 1996). ‘Ca. P. fraxini’ infections were also
detected in healthy-appearing plants of ash. Possible explanations provided for
these observations are either that the plants were tolerant, harbored strains of low
virulence, or were in the early stages of colonization (Sinclair and Griffiths 1995;
Sinclair et al. 1996).

Differences in virulence among strains of ‘Ca. P. fraxini’ have been observed
under natural infection conditions in which six cultivars of green ash and five culti-
vars of white ash were graft-inoculated with six distinctly different strains at two
different locations of Iowa and New York, where the inoculated plants were main-
tained under observation for 3 years. The strains greatly differed in aggressiveness
as indicated by host growth suppression, reduction of foliar greenness, and fre-
quency of witches’ broom. However, strain-cultivar interactions were not identified
(Sinclair et al. 2000b).

The vectors of AshY are unknown. Field-collected Paraphlepsius irroratus and
P. spumarius transmitted naturally acquired phytoplasma infections to caged ash
seedlings (Matteoni and Sinclair 1988). However, the identities of the associated
phytoplasma(s) were unknown, and laboratory colonies of these insect species
failed to transmit ‘Ca. P. fraxini’ under controlled conditions. Hill and Sinclair
(2000) collected 33 taxa of leathoppers, including members of 13 genera known to
contain phytoplasma vectors, from two sites of high AshY incidence in New York
State and tested by PCR assays for the presence of phytoplasmas. The most abun-
dant genus was Scaphoideus, with numbers about six times greater than any other
genus. ‘Ca. P. fraxini’ was detected in 19 of the 812 individuals of Scaphoideus spp.
and in 1 of 87 of Colladonus clitellarius. Phytoplasmas of the X-disease group or
16Sr1II group were detected in one Scaphoideus sp., four C. clitellarius, and 4 out
of 83 Scaphytopius acutus individuals. Phytoplasmas of the 16StI group were iden-
tified in one out of 68 individuals of Gyponana spp. and 5 of S. acutus. Therefore,
‘Ca. P. fraxini’-infected leafthoppers should be regarded as potential vectors of this
pathogen and should be checked experimentally for their transmission ability (Hill
and Sinclair 2000).

10.4 Conifers

Over the last years, phytoplasmas were detected and identified at the molecular
level in several conifer species. Schneider et al. (2005) reported the occurrence of a
novel taxon, ‘Ca. P. pini’, in Pinus sylvestris (Scots pine) and P. halepensis (Aleppo
pine) trees grown in Germany and Spain, respectively. Symptoms included yellow-
ing, stunted growth, dwarfed needles, and proliferation of shoots. In P. sylvestris,
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conspicuous shoot proliferation combined with dwarfed needles gives some affected
branches a dense, ball-like appearance, whereas other branches are symptomless.
These ball-like structures of affected branches were not observed in P. sylvestris.
‘Ca. P. pini’ infections were detected in symptomatic and symptomless plant parts
of P. sylvestris and P. halepensis trees. Also, some neighboring non-symptomatic
trees proved to be infected by ‘Ca. P. pini’.

Following the report of Schneider et al. (2005), ‘Ca. P. pini” and related strains
were detected in P. sylvestris, P. nigra (Austrian pine), P. banksiana (Jack pine), P.
tabuliformis (Chinese pine), P. mugo (mountain pine), Abies procera (noble fir),
Tsuga canadensis (Canadian hemlock), and Picea pungens (Colorado blue spruce)
trees grown in Poland and the Czech Republic, in Pinus spp. and P. mugo in Croatia,
and in P. sylvestris and P. mugo in Lithuania. Most of the affected trees showed
symptoms of shoot proliferation, stunted growth, and dwarfed needles, while ball-
like structures similar to those observed in Germany on P. sylvestris were observed
on the same species in Poland and Czech Republic. Although rare, ball-like struc-
tures were also observed on diseased P. sylvestris and P. mugo trees in Lithuania
(Sliwa et al. 2008; Valiunas et al. 2010, 2015; Kaminska and Berniak 2011;
Kaminska et al. 2011; Jezi¢ et al. 2012). Furthermore, ‘Ca. P. pini’ was identified in
China (Huang et al. 2011) in Taxodium distichum var. Imbricarium (pond cypress)
showing abnormal shoot proliferation, little leaf and leaf necrosis, and Mozambique
strains related to ‘Ca. P. pini’ were also detected in coconut palms showing lethal
yellowing (Bila et al. 2015).

‘Ca. P. pini’ is a member of the pine shoot proliferation phytoplasma group,
subgroup 16SrXXI-A. Phytoplasmas of other taxonomic groups have also been
detected in conifers. A member of the X-disease phytoplasma group (16SrIII) was
identified in Italy in Cupressus sp. (cypress) trees showing witches’ broom, stunt-
ing, and fasciation (Paltrinieri et al. 1998) and in Picea abies (Norway spruce) and
P. glauca (white spruce) with symptoms similar to those associated with the
above- mentioned ‘Ca. P. pini’ infections in Poland (Kaminska and Berniak 2011).
In the latter country, infections by a phytoplasma of the aster yellows group were
also detected in diseased P. pungens trees, whereas a 16SrI-B phytoplasma was
identified in diseased Larix sp. (larch) in Ukraine (Jomantiene et al. 2011; Kaminska
and Berniak 2011). The affected larch trees showed symptoms of yellowing, dwarf-
ing, proliferation, and necrosis of the needles. Hence, the larch-infecting agent was
named larch dwarfed needle proliferation (LDNP) phytoplasma (Jomantiene et al.
2011). Of nearly 300 P. sylvestris and P. mugo trees in Lithuania, examined by
Valiunas et al. (2015) using PCR assays, 80% were phytoplasma positive. Of these,
98% harbored Ca. P. pini’-related strains, whereas the remaining trees proved to be
infected by a subgroup 16SrI-A phytoplasma. A ‘Ca. P. phoenicium’-related strain,
subgroup 16SrIX-E, was reported to be associated with the juniper witches’ broom
(JunWB) disease of Juniperus occidentalis (western juniper) in Oregon (USA).
This disease is characterized by abnormal proliferation of shoots, little leaves, short-
ened internodes, and ball-like structures. The incidence of JunWB disease was
about 1% (Davis et al. 2010). A ‘Ca. P. trifolii’-related strain, member of the clover
proliferation phytoplasma or 16SrVI group, has been identified in diseased trees of
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Araucaria heterophylla (Norfolk Island pine) showing yellowing, little leaves,
witches’ broom, and shoot proliferation in India with percentage of affected trees
that was about 15% (Gupta et al. 2010).

The suitability of gymnosperms as phytoplasma hosts has for a long time been
questioned mainly because of the small pore sizes in the sieve cells, which may
hinder phytoplasma movement within plants (Schneider et al. 2005). However, data
obtained using PCR technology suggests that phytoplasma infections in conifers
usually occur at low titer and are more common than previously thought. Although
phytoplasma detection is often associated with different kinds of symptoms includ-
ing shoot proliferation and dwarfed needles, the phytopathological relevance of
these infections in conifers is not always clear, mainly because the same phyto-
plasma were sometimes detected also in symptomless trees. Thus, further research
based mainly on graft inoculation studies is needed to validate the effect of phyto-
plasma presence in conifers.

10.5 Elm

Several Ulmus (elm) species and hybrids are affected by elm yellows (EY), a lethal
and decline disease which is widespread in North America and Europe (Marcone
2017). The symptoms vary among the elm species. In those native to North America
such as U. americana (American or white elm), U. rubra (red or slippery elm), U.
alata (winged elm), U. serotina (September elm), and U. crassifolia (cedar elm),
symptoms include leaf epinasty, leaf curl, chlorosis, premature casting of the leaves,
a yellow to brown discoloration of the phloem in the roots and stem, and tree death
that usually occurs within 1 or 2 years from the appearance of foliar symptoms. Red
elm, which usually dies in the second year of symptom expression, often shows
witches’” broom that occurs over the entire crown and progressively increases in
severity giving the tree a starved appearance. Discolored living phloem tissue of
American, winged, September, and cedar elms has a characteristic odor of oil of
wintergreen (methyl salicylate), whereas a pleasant odor resembling that of maple
syrup is released by the inner bark of red elm shortly after the bark is dead. In U.
minor (U. carpinifolia, European field elm), the most characteristic symptoms are
pronounced witches’ broom present at the tips of twigs and branches and at the root
level (Fig. 10.2). For this reason, the disease of European field elm is often called
elm witches’ broom. Other symptoms include leaf epinasty, yellowing, stunting,
small leaves, and premature leaf shedding. Witches’ broom and stunting are also the
typical symptoms of U. glabra (Scots elm) and U. parvifolia (Chinese elm) (Braun
and Sinclair 1979; Pisi et al. 1981; Lee et al. 1993; Sinclair 2000). Leaf yellowing
or reddening, reduced terminal growth, witches’ broom formation, dieback, and
decline have also been observed in several other European and Asian elm species
including U. pumila (Siberian elm), U. chenmoui (Chenmou elm), U. villosa
(cherry-bark elm), U. laevis (European white elm), U. wallichiana (Himalayan
elm), U. wilsoniana (Wilson elm), U. japonica (Japanese elm), and U. x hollandica
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Fig. 10.2 Elm yellows symptoms. Foliar yellowing, small leaves in Ulmus chenmoui (Courtesy
of A. Bertaccini)

(Dutch elm) (Conti et al. 1987; Lee et al. 1995; Mittempergher 2000; Sfalanga et al.
2002). However, phloem discoloration is not known to occur in any of the European
or Asian species. Symptomless trees of some European and Asian elm genotypes, in
which phytoplasma infections were detected by nested PCR assays, have also been
recorded (Lee et al. 1995, Sinclair et al. 2000a; Mittempergher 2000; Sfalanga et al.
2002; Carraro et al. 2004; Katanic¢ et al. 2016).

EY is associated with the presence of ‘Ca. P. ulmi,” a member of the EY phyto-
plasma group, subgroup 16SrV-A (Lee et al. 2004a). A phytoplasma of the clover
proliferation group (16SrVI group), subgroup 16SrVI-C, the Illinois elm yellows
(ILEY) agent, was identified in nine American elm trees with symptoms similar to
those of EY disease in a suburb west of Chicago, Illinois, USA. However, double
infections with the ILEY agent and a phytoplasma of the aster yellows group (16Srl
group) were also detected in two diseased elm trees although the ILEY agent was
predominant (Jacobs et al. 2003). Double or multiple infections with the EY agent
and a phytoplasma of the 16SrI group and/or the “stolbur” group (16SrXII-A sub-
group) were also detected in diseased elm and elm hybrids in northern and central
Italy (Lee et al. 1995). Single infections with 16SrI and 16SrXII-A phytoplasmas
were detected in two diseased elm trees showing symptoms of yellowing in Croatia
(Katani¢ et al. 2016), whereas subgroup 16SrV-B and 16SrI-B phytoplasmas were
identified in diseased elm trees in China (Zhu et al. 2008; Gao et al. 2011).

EY is widespread in the eastern USA where several epidemics have killed hun-
dreds to tens of thousands of American and red elm trees (Sinclair 2000). In Italy,
significant EY outbreaks have occurred in three experimental fields established in
the 1980s in northern and central Italy to test the adaptability of a number of elm
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species and 33 hybrid clones resistant to the Dutch elm disease to local environmental
conditions (Conti et al. 1987; Lee et al. 1995; Mittempergher 2000). EY epidemics
in European field elm have been observed in the Po valley and Friuli-Venezia Giulia
region (Northern Italy) (Conti et al. 1987; Mittempergher 2000; Carraro et al. 2004)
and in the Agri Valley (Basilicata region, southern Italy) where EY incidence greater
than 80% has been recorded (Marcone 2015, 2017). In Friuli-Venezia Giulia, wide-
spread occurrence of EY on Siberian elm has also been observed (Carraro et al.
2004), whereas a detection rate of approximately 75% of EY phytoplasma infec-
tions in European white elm trees has been recorded in Croatia using nested PCR
assays. However, more than half of the infected trees were symptomless (Katani¢
et al. 2016).

The white-banded elm leathopper, Scaphoideus luteolus, is the only known vec-
tor of ‘Ca. P. ulmi’ in North America, although other vectors are likely to be involved
in its natural spread. This likelihood is supported by the fact that numerous homop-
teran insects belonging to the genera that comprise known phytoplasma vectors
have been found on elm and probably feed on it to some extent and that S. luteolus
is rare or absent in some areas where severe EY outbreaks occur (for reviews see
Sinclair 2000; Marcone 2017). In New York State, of the various leafhoppers and
other homopteran insects collected from sites of EY occurrence and tested for their
ability to transmit the EY agent to American elm seedlings, single transmissions
were recorded for the leathopper Allygus atomarius and the spittlebug Philaenus
spumarius (Matteoni and Sinclair 1988). By real-time PCR assays, ‘Ca. P. ulmi’
was also detected in several leathopper taxa belonging to the genera Allygus,
Colladonus, Empoasca, Erythroneura, Graphocephala, Homalodisca, Orientus,
Scaphoideus, and Typhlocyba, which were captured in the University Park Campus
of Pennsylvania State University, USA (Herath et al. 2010). However, it remains to
be demonstrated if the above leathopper taxa can transmit the pathogen. Rosa et al.
(2014) reported that 3 out of 30 American elm seedlings exposed to individuals of
the spittlebugs Lepyronia quadrangularis and P. spumarius and the leathopper
Latalus sp., collected from an EY-infected red elm tree in the Pennsylvania State
University campus, harbored ‘Ca. P. ulmi.” S. luteolus is not known to occur in
Europe, and Carraro et al. (2004) showed that Macropsis mendax vectors the EY
agent in Friuli-Venezia Giulia (Northern Italy). This leathopper is strictly monopha-
gous, completes one generation per year, and overwinters as eggs on elm. It is
unknown whether M. mendax is involved in the spread of the EY agent in other parts
of Europe, and there is no information on its transmission efficiency. More recently
by PCR assays, ‘Ca. P. ulmi’ was detected in individuals of Hyalesthes luteipes col-
lected from EY-affected elm trees in Serbia (Jovi¢ et al. 2010). EY phytoplasma
seems to spread only from elm to elm, because plants from other genera growing on
sites of EY occurrence have not been found to harbor the phytoplasma. There are a
few cases of EY detection in grapevine from vineyards in Northern Italy where elm
was traditionally used as grapevine support (Botti and Bertaccini 2007). The EY
agent is also reported to spread among closely spaced trees of the same species
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through natural root grafts. This kind of transmission was considered relevant in
shade tree losses in urban epidemics in North America (Sinclair 1981).

10.6 Mulberry

Mulberry dwarf (MD) is one of the most serious diseases of Morus (mulberry) spe-
cies, including M. alba, M. bombycis, and M. multicaulis, which is known to occur
in Japan and Korea (Sato et al. 1996; Ji et al. 2009). The phytoplasma presence in
association with this disease was established in 1967 when Doi et al. (1967)
observed numerous wall-less, pleomorphic bodies in the phloem sieve tube ele-
ments of yellows-diseased mulberry plants. Morphologically and ultrastructurally,
these bodies resembled mycoplasmas, organisms known to cause animal and human
diseases. At the same time, Ishiie et al. (1967) achieved remission of symptoms of
diseased mulberry plants by applying tetracyclines. The most characteristic symp-
toms of MD are yellowing of the leaves, phyllody, stunting, proliferation, and
witches’ brooms. The disease is associated with the presence of the aster yellows
agent ‘Ca. P. asteris,” subgroup 16SrI-B (Namba et al. 1993; Lee et al. 2004b; Ji
et al. 2009). The MD phytoplasma is spread in nature by the leafthoppers
Hishimonoides sellatiformis and H. sellatus, the first of these two species being a
more efficient vector. Although phytoplasmas were not believed to be vertically
transmitted to the progeny of the vectors for many years, PCR-based and electron
microscopy investigations provided indications for transovarial transmission of MD
phytoplasma by H. sellatiformis (Kawakita et al. 2000). H. sellatus experimentally
transmitted the MD phytoplasma to five herbaceous species, i.e., periwinkle, white
clover, Ladino clover, red clover, and Chinese milk vetch (Kim et al. 1985). Natural
resistance to the MD phytoplasma identified in some M. alba cultivars is associated
with the phytoalexin concentration of the mulberry tree cortex. The amount of a
small group of compounds isolated by thin-layer chromatography was four times
higher in the resistant than in susceptible cultivars (Kuai et al. 1999).

10.7 Paulownia

Several Paulownia (paulownia) species are affected by paulownia witches’ broom
(PaWB), one of the first described phytoplasma diseases (Doi et al. 1967). This
disease is widespread in East Asia and has not been reported from other geographic
areas. In PaWB-affected paulownia trees, growth and vigor are greatly reduced and
the leaves on affected shoots are yellowish, malformed, and reduced in size, while
flower clusters, when they are produced, show different degrees of distortion and
virescence, along with sterility. Proliferation of slender shoots which arise from the
main branches gives rise to typical witches’ brooms. Affected shoots show phloem
necrosis and an irregular cell arrangement in the woody cylinder, mainly around the
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vessel. Severely affected trees die prematurely. The wood of infected trees is of poor
quality and often commercially unfit. In China, the expansion of paulownia planta-
tions during the 1970s contributed significantly to the rapid spread of PAWB due to
the large use of PaWB-infected root cuttings for propagation (Hiruki 1999). In
northern China, the disease incidence was 10-20% in the early 1970s and more than
70% in the 1980s. A separate survey in China registered an incidence of 5-10% at
the seedling stage, 10-20% in 1-year-old saplings, 50% at the middle age stage, and
70-100% in several-year-old trees.

PaWB is associated with a distinct member of the aster yellows phytoplasma
group, subgroup 16SrI-D (Marcone et al. 2000; Lee et al. 2004b; Yue et al. 2008).
Paulownia is the only natural host of PAWB and was experimentally transmitted to
periwinkle by dodder (Doi and Asuyama 1981); a preliminary study showed the
presence of very little polymorphisms in genes other than the 16S rRNA gene (Zhao
etal. 2016). Three species of heteropteran insects of the family Pentatomidae (stink-
bugs), namely, Halyomorpha mista, H. halys, and H. picus, are reported as vectors
of the PaWB agent (Hiruki 1999; Weintraub and Beanland 2006). Transgenic resis-
tance to PaWB phytoplasma has been obtained by expressing an antibacterial pep-
tide encoded by the shiva-1 gene in P. tomentosa x P. fortunei plants. Both symptom
development and phytoplasma titer were significantly reduced in the developed
transgenic plants (Du et al. 2005).

10.8 Poplar

Trees affected by phytoplasmas include several Populus (poplar) species. A phyto-
plasma disease, the poplar witches” broom (PopWB), was first observed in 1973 in
Bulgaria on P. nigra cv Italica (Lombardy or black poplar) and P. canadensis
(Canadian poplar) (Atanasoff 1973). Later, the disease was first reported from the
Netherlands on P. alba (white poplar), P. canescens (gray poplar), and Lombardy
poplar (van der Meer 1980) and then from France on Lombardy and white poplar,
Germany on P. tremula (aspen) and Lombardy and white poplar, Hungary on white
poplar, and Croatia and Serbia on Lombardy poplar (Sharma and Cousin 1986;
Seemiiller and Lederer 1988; Cousin 1996; Berges et al. 1997; Cousin et al. 1999;
Seruga et al. 2003; Mitrovi¢ et al. 2011).

The disease is characterized mainly by witches’ broom, although in some
instances, especially on P. nigra cv Italica trees, only nonspecific symptoms such as
yellowing and undersized leaves, sparse foliage, stunting, dieback, and decline may
be present (Fig. 10.3). On aspen trees, the disease is frequently associated with
foliar reddening, yellowing, and decline symptoms, whereas witches’ broom may
occasionally develop on vigorous shoots. PopWB is associated with the aster yel-
lows agent ‘Ca. P. asteris,” subgroup 16SrI-B (Berges et al. 1997; Marcone et al.
2000; Lee et al. 2004b). However, subgroup 16SrI-A and 16SrI-P phytoplasma
strains have also been identified in PoWB-affected P. nigra cv Italica trees in Croatia
and Serbia (Seruga et al. 2003; Mitrovié et al. 2011). Work based on RFLP analyses
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Fig. 10.3 Poplar witches’ broom showing dieback of declining Populus nigra ‘Italica’ (Lombardy
poplar) in a tree (healthy at right) and reduced leaf size in a small branch compared with healthy
branch in the right (Courtesy of B. Duduk)

of 16S rDNA and 16S-23S rDNA spacer region sequences revealed the presence of
three different RFLP profiles among strains infecting P. nigra cv Italica, P. alba, and
P. tremula in Germany, France, and Hungary, following digestion with Alul restric-
tion enzyme (Berges et al. 1997). Differences between French and German strains
infecting P. nigra cv Italica trees were also obtained by heteroduplex mobility
assays using 16S rDNA and 16S-23S rDNA spacer region sequences (Cousin et al.
1998). Phytoplasmas of 16SrI and 16SrVII groups were found in diseased P. nigra
trees in Colombia, as mentioned below (Perilla-Henao et al. 2012). The strictly oli-
gophagous leathoppers Rhytidodus decimusquartus and Tremulicerus vitreus,
which are particularly abundant on Populus species, were identified as vectors of the
PopWB agent in France (Cousin 1996; Cousin et al. 1999).

10.9 Sandal

Santalum album L. (sandal) is affected by sandal spike (SAS), a serious disease
which is widespread in southern India, mainly in the states of Karnataka, Tamil
Nadu, and Kerala, but does not occur elsewhere (Thomas and Balasundaran 1999;
Khan et al. 2006, 2008). The disease was first observed in the late 1890s and was
thought to be caused by virus. Subsequent studies based on fluorescence and elec-
tron microscopy observations and symptom remission obtained by tetracycline
treatments clearly demonstrated the phytoplasma etiology of this disease (Dijkstra
and Ie 1969; Hull et al. 1969; Raychaudhuri et al. 1972). SAS disease has spread
progressively over the years, devastating large forest tracts and threatening the
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sandal industry of southern India, where production of sandalwood oil is of major
importance. The most characteristic symptoms of SAS are shortened internodes,
small and extremely narrow leaves, and phyllody. The affected leaves, which are
pale green or yellow, stand out stiffly from the shoots, with a spikelike appearance.
The most severely affected trees die within 2 or 3 years from the appearance of the
first symptoms. A disease incidence reaching up to 55% was recorded in southern
Karnataka (Rao and Muniyappa 1988). SAS is associated with the aster yellows
agent ‘Ca. P. asteris,” subgroup 16SrI-B (Marcone et al. 2000; Lee et al. 2004b;
Khan et al. 2008). SAS phytoplasma was transmitted from diseased sandal trees to
periwinkle and from this host back to sandal trees via dodder (C. subinclusa)
bridges. The dodder-inoculated periwinkle plants developed witches’ broom symp-
toms (Dijkstra and Lee 1972; Hiruki and Dijkstra 1973). It was also experimentally
transmitted from sandal to sandal by grafting. The leathopper Coelidia indica, orig-
inally identified as Jassus indicus, was reported as a natural vector of SAS
(Rangaswami and Griffith 1941; Weintraub and Beanland 2006).

10.10 Phytoplasma Diseases of Urban Trees in the Sabana de
Bogota: A Case Study

In the last 15 years, phytoplasmas were detected in several urban tree species in
Bogota, Colombia, and surrounding rural areas (Sabana de Bogota). Affected spe-
cies included Fraxinus uhdei, previously referred to as F. chinensis (Griffiths et al.
2001), P. nigra, Acacia melanoxylon, Eugenia neomyrtifolia, Liquidambar styraci-
flua, Magnolia grandiflora, Pittosporum undulatum, Quercus humboldtii, and
Croton spp. Among these, F. uhdei and P. undulatum, which are native to Mexico
and Australia, respectively, are the major street trees of Bogota and are also well
established in rural areas. Affected trees showed symptoms of tufted foliage, deli-
quescent branching, witches’ brooms, epicormic shoots, dieback, decline, small
leaves, and foliar yellowing (Fig. 10.4).

Phytoplasmas of 16SrI and 16SrVII groups were identified in diseased trees of
each species through RFLP and sequence analyses of PCR-amplified 16S rDNA
sequences (Griffiths et al. 2001; Filgueira et al. 2004; Perilla-Henao et al. 2012;
Perilla-Henao and Franco-Lara 2013; Franco-Lara and Perilla Henao 2014).
Additionally, phytoplasmas of 16SrV, 16SrIX, and 16SrXII groups were also
recorded in diseased L. styraciflua trees (Franco-Lara et al. 2017). Extensive visual
symptom inspections carried out in December 2013 revealed that the percentage of
affected trees varied from 93% to 100% for F. uhdei, L. styraciflua, and P. nigra and
from 85% to 66% for E. neomyrtifolia, P. undulatum, M. grandiflora, and Q. hum-
boldtii, whereas the least affected species were A. melanoxylon and Croton spp.
with percentages of 47 and 36%, respectively (Franco-Lara and Perilla Henao
2014).
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Fig. 10.4 Symptoms of witches’ broom, mild yellowing, and decline in trees of Liquidambar
styraciflua infected with 16SrVII phytoplasmas in the Sabana de Bogota (Colombia)

In the work by Perilla-Henao et al. (2016), nine leafthopper morphospecies
belonging to subfamilies Typhlocybinae, Deltocephalinae, and Xestocephalinae
were collected in two sites with a high percentage of diseased F. uhdei, Croton spp.,
P. undulatum, and P. nigra trees in Bogota and tested by PCR. The phytoplasma
detection rate was 87% (21 out of 24 tested leafthopper individuals were phytoplasma
positive). Phytoplasmas of 16Srl and 16SrVII groups were detected in Amplicephalus
funzaensis, Exitianus atratus, Scaphytopius sp., and two Typhlocybinae morpho-
species including Empoasca sp. Single infections with either 16SrI or 16SrVII phy-
toplasmas were detected in Haldorus sp., Xestocephalus desertorum, and two
Typhlocybinae morphospecies including Empoasca sp. Since A. funzaensis and E.
atratus were the most abundant leathoppers recorded in the inspected sites, they
were also examined for their ability to transmit phytoplasmas under controlled con-
ditions (Perilla-Henao et al. 2016). These leathoppers, captured from symptomless
grass (Pennisetum clandestinum) plants growing around the mentioned diseased
trees, transmitted the naturally acquired phytoplasmas to caged common bean
(Phaseolus vulgaris) seedlings (Perilla-Henao et al. 2016).

The reasons for the widespread occurrence of 16SrI and 16SrVII phytoplasmas
in the Sabana de Bogota may be complex. It is important to take into account that it
is located in the tropical zone, at 2,600 m above sea level where the approximate day
temperatures are 13-23 °C and night temperatures —3 to 10°C. Freezing tempera-
tures are rare and usually last for minutes. There are no proper seasons, just rainy
and dry periods. The Sabana de Bogota is a continuous flat terrain delimited by
mountains, with interspersed urban and rural locations, in which agricultural and
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grass lands intermix. Introduced species coexist with native species, and there are
small areas of relatively wild native forests. Since there is no winter, the insects do
not overwinter, and although their population dynamics has not been studied, it is
possible to collect A. funzaensis and E. atratus all year around. These leathoppers
complete their life cycle in the grass P. clandestinum which covers large areas inside
Bogota and in its surroundings and may feed on many other plant species, including
urban trees and crops, thereby facilitating the spread of phytoplasmas. This phe-
nomenon is enhanced by the fact that phytoplasmas of groups 16SrI and 16SrVII
seem to infect many plant families. In South America, the climatic patterns are
cyclically affected by the ENSO (“El Nifio Southern Oscillation”). ENSO is a cli-
matic phenomenon rooted in the Pacific Ocean, characterized by irregular fluctua-
tions between its warm (“El Niflo”) and cold (“La Nifia”) phases with a periodicity
ranging from 2 to 7 years (Garreaud et al. 2009). It has been hypothesized that dur-
ing extreme drought periods, when plants hosts are under water stress, insect vec-
tors may change hosts temporarily looking for better resources. If this is the case,
they may carry phytoplasmas to new unrelated plant species, expanding their host
range (Franco-Lara and Perilla-Henao 2014). Another consideration is the fact that
urban trees in Bogota are under stress conditions due to air pollution and poor water
and nutrient access. For example, it is evident that, depending on the part of the city
in which the trees grow, they may be covered by soot affecting their photosynthetic
area and the opening and closure of stomata. Studies show that changes in environ-
mental variables such as CO,, O;, drought, and temperature affect the response of
plants to pathogens in complex ways depending on the pathogen and circumstances
of the disease (Eastburn et al. 2011). There is little information about this subject
regarding trees, but it is likely that defense mechanisms against insects and patho-
gens may be altered in the trees of Bogota. More studies are needed to understand
this phenomenon; however all these factors may contribute to the spread of phyto-
plasmas in the Sabana de Bogota.

10.11 Diversity of Phytoplasmas Infecting Forest and Urban
Trees

Genetic and bioecological diversity of ‘Ca. Phytoplasma’ taxa are especially pro-
nounced in phytoplasmas associated with trees, where diversity of these obligate
bacteria are an integral part of the forest ecosystem (Ferndndez et al. 2007). The
presence of phytoplasmas in urban areas are most commonly related with human
activities (propagation, horticulture, drafting, trading with plants), thus representing
a permanent source for spreading of these pathogens. Unfortunately, many aspects
of phytoplasma presence in forest and urban ecosystems are poorly studied, because
more attention of the practitioners in past years has been given to phytoplasma dis-
eases causing significant losses in economically important crops primarily related to
food production (potato, rice, corn, and grapevine).
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Fig. 10.5 Statistical parsimony network of 16S rRNA gene genealogy constructed using phyto-
plasma strains belonging to the 16SrV group. Colors correspond to the 16SrV subgroups. GenBank
accession numbers are inside elliptical cycles. Black dots represent mutational differences separat-
ing different strains. ‘Ca. P. balanitae’ was not connected with the other strains in the network at a
confidence limit of 95%

The diversity of phytoplasmas associated with tree species shows important epi-
demiological aspects, varying from severe impacts on infected host plants on a large
regional scale (Griffiths et al. 1999b), to discrete symptoms of discoloration or even
absence of any visible symptoms. This is true for the members of the 16SrV group
which share high 16S rRNA gene sequence similarity of 98.6-99.0% among
subgroups (Lee et al. 2004a), while associated with a variety of plant species, espe-
cially woody perennial hosts. The 16SrV group consists of nine subgroups anno-
tated as -A to -I (Fig. 10.5) associated with diseases in diverse plant genera and
families in various geographical regions across the three biogeographic realms, i.e.,
Palearctic, Nearctic, and Indomalaya. As mentioned above, ‘Ca. P. ulmi’ induces
symptoms which vary among the elm species (Marcone 2017). However, some
strains of this taxon recorded on large scales on some European elm genotypes in
Europe do not exhibit visible pathological properties on the host plant (Jovi¢ et al.
2011; Katani¢ et al. 2016).

Genetic and ecological properties of the 16SrV group express all complexity
associated with its diversity and consequential problems in phytoplasma classifica-
tion according to rules proposed by IRPCM (2004). To date, four putative taxa
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among the 16SrV group members are described. They are ‘Ca. P. ulmi’ (16SrV-A),
‘Ca. P. rubi’ (16SrV-E), ‘Ca. P. ziziphi’ (16SrV-B), and ‘Ca. P. balanitae’ (16SrV-
F), associated with Ulmus spp. (Ulmaceae), Rubus spp. (Rosaceae), Ziziphus jujuba
(Rhamnaceae), and Balanites triflora (Zygophyllaceae), respectively (Fig. 10.5)
(Jung et al. 2003; Lee et al. 2004a; Malembic-Maher et al. 2011; Win et al. 2013).
In addition, members of the 16SrV-C and 16SrV-D subgroups including FD, PGY,
ALY, and Clematis phytoplasmas did not meet all the proposed criteria for the
description of ‘Ca. Phytoplasma’ species in regard to common specific oligonucle-
otides in their 16S rRNA gene, and thus taxonomically are not recognized as valid
species (Malembic-Maher et al. 2011). Various 16SrV-C phytoplasma strains do not
induce symptoms or induce only mild symptoms of yellowing in A. glutinosa and
A. incana (Betulaceae) (Arnaud et al. 2007; Cvrkovi¢ et al. 2008), Ailanthus
altissima (Simaroubaceae) (Filippin et al. 2011), and Clematis vitalba
(Ranunculaceae) (Angelini et al. 2004; Filippin et al. 2009), while when present in
Vitis vinifera (Vitaceae), 16SrV-C and 16SrV-D subgroup strains are responsible for
the most severe and destructive disease, namely, FD. Discrepancy between genetic
and ecological variation in phenotypic properties could be overcome by additional
knowledge, especially in cases where ‘Ca. Phytoplasma’ species could be repre-
sented by ecologically separated populations characterized by different host plant
ranges, different insect vectors, different ecological niches, and evidence of further
molecular diversity IRPCM 2004; Malembic-Maher et al. 2009; Win et al. 2013;
Fernandez et al. 2016).

The specific ecological, epidemiological, and molecular properties of individual
‘Ca. Phytoplasma’ species, as well as their economic importance and geographic
distribution, have driven the effort to achieve proper species description by more
complex molecular characterization and phylogenetic reconstruction. The same is
true for ‘Ca. P. ulmi,” an economically important species in North America and in
several European areas. This phytoplasma species shares high 16S rRNA gene
sequence similarity with other members of the 16SrV group, especially with
16S1V-C subgroup, but has specific and unique biological properties, including spe-
cific host plant associations (Ulmus spp.) and two confirmed specific vector species,
S. luteolus in North America (Baker 1949) and Macropsis mendax in Italy (Carraro
et al. 2004). A description of species with such diverse bioecological characteristics
could be expected to be based on many strains of different geographic origins not
included in the original description. The number of characterized genomic markers
and/or different strains required for the description of each phytoplasma taxon dif-
fers significantly among different taxa. This is a common case among those that are
clearly differentiated on the basis of 16S rRNA gene sequences and those from
more diverse subgroups or strains.

In general, the limited number of strains analyzed in the studies for species
descriptions is a common event. This may cause a problem in subsequent species
identifications especially for strains within described species that have not been
previously elaborated with respect to geographic variability. The description of ‘Ca.
P. ulmi’ is a good example of such a case. This description is based on multigene
characterization of only four isolates from North America and South Italy, i.e.,



304 C. Marcone et al.

regions where EY disease has a severe impact (Lee et al. 2004a). Analyzed strains
were homogeneous in their 16S rRNA and ribosomal protein genes, with only minor
diversity present in the secY gene. However, strains characterized in some subse-
quent studies, originating from France, Czech Republic, Serbia, and Croatia, sug-
gested the presence of high genetic variability in EY phytoplasma and diverse
multigene characteristics (Malembic-Maher et al. 2009; Navritil et al. 2009; Jovi¢
et al. 2011; Katani¢ et al. 2016). The high genetic and ecological divergence was
also recorded in other 16SrV phytoplasma subgroups suggesting the existence of
more ‘Ca. Phytoplasma’ species. The relationships between the 16S rRNA gene
content of different strains are better visualized in reticulate graphs or networks
(Posada and Crandall 2001) which additionally provide quantifications and qualita-
tive patterns in phylogeny and genealogy among strains. Network analysis using
statistical parsimony (Clement et al. 2000) strongly suggests segregation of several
strains within the 16SrV group, i.e., strain HD1 associated with Apocynum canna-
binum (Apocynaceae), strain of FD (X76560) associated with V. vinifera (Vitaceae),
and strains PF1 and PF2 associated with Diospyros kaki (Ebenaceae) (Fig. 10.5) if
genetic data are combined with well-determined ecological properties.

Similar to the phytoplasmas from the 16SrV group, phytoplasmas from the
16511 group are relatively homogeneous at the 16S rRNA gene level while infecting
different tree species. ‘Ca. P. asteris,” widely associated with diverse plants from the
family Asteraceae, can induce serious disease when associated with various tree
species. Subgroup 16SrI-B and 16SrI-C phytoplasmas were reported to be associ-
ated with a decline disease of European hackberry (Celtis australis, Cannabaceae)
in Italy (Bertaccini et al. 1996), while a 16SrI-A phytoplasma was found to be asso-
ciated with a stunt disease of gray dogwood (Cornus racemosa, Cornaceae) in
North America (Lee et al. 2006). Several other forest and ornamental trees were also
recorded as hosts for the various 16SrI subgroup phytoplasmas. Among them there
are Indian mulberry (Morinda citrifolia, Rubiaceae), poplar, sandal, paulownia, and
mulberry trees as well as the several urban trees in Sabana de Bogota as mentioned
above (Berges et al. 1997; §eruga et al. 2003; Lee et al. 2004b; Davis et al. 2005;
Khan et al. 2008; Yue et al. 2008; Ji et al. 2009; Mitrovi¢ et al. 2011; Perilla-Henao
and Franco-Lara 2013; Franco-Lara and Perilla Henao 2014). In the Chinese scholar
tree (Sophora japonica L.) showing severe stunting and yellowing, the presence of
“stolbur” (16SrXII-A subgroup) and ‘Ca. P. japonicum’-related strains (16SrXII-D
subgroup) was detected in China (Duduk et al. 2010). ‘Ca. P. solani’ (16SrXII-A
subgroup) was detected also in various forest and urban trees in Europe with or
without mild symptoms of yellowing (Ferndndez et al. 2007; Katani¢ et al. 2016;
J. Jovi¢, personal comunication). Presence of 16SrXII-A subgroup phytoplasmas in
such trees may have significant epidemiological relevance because these prokary-
otes also infect economically important agricultural crops. Phytoplasmas belonging
to at least five taxonomic groups and several different subgroups have been identi-
fied in conifers in Europe, North America, and Asia (Schneider et al. 2005; Davis
et al. 2010; Gupta et al. 2010; Jomantiene et al. 2011; Kaminska and Berniak 2011;
Valiunas et al. 2015).
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Accurate identification and classification of phytoplasmas in affected plants is
essential for understanding their diversity from a molecular and ecological stand-
point. The accuracy in phytoplasma classification is complicated not only by exist-
ing difficulties in establishing their culture, but also by the interactions in which
they are involved in the environment. Current knowledge regarding these bacteria is
almost completely limited to their genetic peculiarities, and the traditional use of the
16S rRNA gene represents a primary tool for their detection and identification. The
presence of phytoplasmas is conventionally correlated with existence of symptoms
exhibited by affected plants. Symptom expression extends from very severe impact
that leads to rapid death of the host plant to chronic metabolic misbalance which, if
prolonged, may also lead to the death of the host. In contrast, there is growing data
which describe latent presence of phytoplasmas in plants. Accordingly, detection of
phytoplasmas in the plant is almost exclusively a matter of their pathogenic mani-
festation, while researchers chronically lack information regarding hosts where
these bacteria occur in more or less equilibrium with the host plant. This is a very
important issue, because interaction between plants and phytoplasmas without
pathogenic effects seems not to be rare events.

10.12 Conclusions

Due to the detection and classification methods currently available, both the number
of phytoplasma diseases of forest and urban trees and the number of the associated
phytoplasma taxa are rapidly increasing. It is likely that there are still many unknown
phytoplasma diseases of such kind of trees and that their economic and ecological
significance is greater than currently known. However, for some of the mentioned
diseases, there is still a lack of information on several aspects including insect vec-
tors, phytoplasma-insect vector relationships, phytoplasma-host plant interactions,
strain virulence, strain interference, host tolerance, host plant range, and impact of
phytoplasma infections on growth and yield of affected plants. Also, in several
instances, these diseases escape observation because they show nonspecific symp-
toms only, such as yellowing, stunting, and/or decline. The population of the phyto-
plasmas in diseased plants, especially in those with nonspecific symptoms, is often
so low that it can only be detected with highly sensitive molecular methods. Latent
phytoplasma infections, which are common in some forest and urban trees, can
serve as inoculum reservoirs for further spread, including to agricultural crops. At
present, the only approaches to control such diseases are (i) use of healthy plant
material, (ii) elimination of infected trees, and (iii) growing resistant plants.
Application of tetracycline antibiotics may be appropriate for the treatment of par-
ticularly valuable trees but is not allowed in several countries.
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Chapter 11
Phytoplasmas in Weeds and Wild Plants

Check for
updates

Bojan Duduk, Jelena Stepanovi¢, Amit Yadav, and Govind Pratap Rao

Abstract Weeds and wild plants as hosts of phytoplasmas play an important role in
the epidemiology and emergence of phytoplasma diseases of economically impor-
tant crops. In this chapter phytoplasmas detected in weeds and wild plants, their
geographic origins, symptoms, identification, and their role in natural dissemination
of phytoplasmas are described.

Keywords Reservoir - Overwintering - Epidemiology - Source of inoculum - Plant
diseases

11.1 Introduction

To date, phytoplasmas have been associated with diseases in several hundred plant
species in which they induce symptoms such as virescence, phyllody, sterility of
flowers, witches’ broom growth, elongation of internodes, overall stunting, discol-
oration of leaves/shoots, leaf curling, and plant decline. Phytoplasmas are transmit-
ted from plant to plant mainly by sap-sucking insects, and they may overwinter in
perennial plants which can act as their reservoirs for spreading in the following
spring. In many important crops all over the world, phytoplasmas induce diseases
that sometimes lead to severe economic losses in agronomically relevant species
such as carrot, corn, potato, rice, grapevine, and palms. Therefore, throughout the
world, different weeds and wild plants, with and without symptoms, have been
tested to identify possible reservoir plants for phytoplasmas (Schneider et al. 1997;
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Mall et al. 2010; Win et al. 2013; Rao et al. 2017b). At the beginning of phyto-
plasma research, phytoplasmas were detected by characteristic symptoms and by
observation of round or filamentous bodies in sieve tubes of diseased plants by
transmission electron microscopy (TEM). Over the years, as molecular techniques
evolved, introduction of PCR assays for detection and identification enabled further
studies of the ecology and genomic diversity of phytoplasmas as well as the epide-
miology and physiology of phytoplasma-associated diseases (Seemiiller et al. 1994;
Lee et al. 2000).

Some weeds or wild plants in which phytoplasma presence was recorded by
observation only and therefore without proper identification are listed thereafter. In
Korea, phytoplasma bodies were observed in the phloem tissues of Cnidium offici-
nale, Bupleurum falcatum, and Plantago asiatica by electron microscopy (Choi
et al. 1985). In Jamaica, Dabek (1983) used electron microscopy to confirm the
presence of phytoplasmas in Rhynchosia minima with a disease called Rhynchosia
little leaf (RLL) and managed to transmit the disease agent to R. minima test plants
by the insect vector Ollarianus balli (van Duzee 1907). In India, the association of
phytoplasma bodies with white leaf disease was observed in Bermuda grass —
Cynodon dactylon (Singh et al. 1978). The symptoms associated with phytoplasma
presence, which lead to the rice yellow dwarf disease, were observed in the common
grass weed, Echinochloa colonum (Reddy and Jeyarajan 1988). Pleomorphic phy-
toplasma bodies were observed in symptomatic C. dactylon plants and yellowing
diseased Urochloa panicoides in South India (Muniyappa et al. 1982). Rao and
Singh (1990) observed grassy shoot and white leaf symptoms on Imperata arundi-
nacea (Poaceae) growing in the vicinity of sugarcane fields and reported that the
symptoms were associated with phytoplasma. I. arundinacea was then reported as
a new alternative host species of the phytoplasma associated with sugarcane grassy
shoot disease. In India, in Phyllanthus amarus with overall retarded growth symp-
toms, phytoplasma presence was confirmed by TEM (Samad et al. 2004).

Besides these reports, phytoplasmas identified in weeds all over the globe mainly
belong to the 16SrI, 16SrIl, 16SrXI, 16SrXIl, and 16SrXIV groups, but some mem-
bers belonging to the 16SrIlIl, 16SrIV, 16SrV, 16SrVI, 16SrVII, 16SrIX, 16SrX, and
16SrXXIX groups were also detected. A list of phytoplasmas detected in weeds and
wild plants and their geographic origins is provided in Table 11.1.

11.2 Phytoplasmas in 16SrI Group (Aster Yellows)

In Italy, pot marigold (Calendula officinalis) collected inside apricot and plum
orchards near vegetable crops affected by aster yellows (AY) were infected with
phytoplasmas belonging to the 16SrI-B subgroup (Marcone et al. 1997b). AY phy-
toplasma was detected in Portulaca oleracea (purslane) collected from apricot
orchards in Italy, in Cardaria draba (hoary cress) and Bunias orientalis (hill mus-
tard) collected from an agricultural area, and in Stellaria media (common chick-
weed) and Trifolium repens (white clover) collected in or around apple/stone fruit
orchards in Germany (Schneider et al. 1997). In the United Kingdom, AY
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Table 11.1 Summary of phytoplasmas reported in weeds and wild plant species

Ribosomal
group/
Genus and species | Common name | subgroup Country Reference
Acalypha indica | Indian nettle 16SrI India Tiwari et al. (2017)
Achyranthes Devil’s 16SrI India Raj et al. (2009a)
aspera horsewhip 16Sr1l Oman Moghal et al. (1998)
Aegilops Goat grass 16Srl China Wu et al. (2010)
squarrosa
Aeschynomene American 16SrIl Australia Wilson et al. (2001)
americana jointvetch
Aeschynomene Indian jointvetch | 16Srll Australia Schneider et al.
indica (1999)
Ageratum Goat weed 16SrI India Tiwari et al. (2012)
conyzoides
Alysicarpus Rough chainweed | 16Sr1l Australia Davis et al. (1997)
rugosus
Alysicarpus Alyce clover 16SrIl Australia Wilson et al. (2001)
vaginalis
Amaranthus Redroot pigweed | 16Srl China Wu et al. (2010)
retroflexus 16SrV-B Yang et al. (2011)
16SrXII-A Italy Credi et al. (2006)
Czech Republic | Fialova et al. (2009)
Amaranthus sp. 16Srll India Arocha et al. (2008)
Aphyllodium sp. 16Sr1l Australia Schneider et al.
(1999)
Arachis pintoi Pinto’s peanut 16SrIl Australia Schneider et al.
(1999)
Artemisia Common 16SrXII-A Italy Credi et al. (2006)
vulgaris wormwood
Arundo donax Giant reed 16SrX1V Saudi Arabia Omar (2016)
Avena fatua Wild oat 16SrI China Wu et al. (2010)
Axonopus Broadleaf carpet | 16SrXIV Thailand Sunpapao (2016)
compressus grass Singapore Koh et al. (2008)
Bidens alba Shepherd’s 16SrIX Iran Hemmati et al.
needles (2017)
Bonamia pannosa 16SrIl Australia Schneider et al.
(1999)
Brachiaria Signal grass 16SrXI Africa Asudi et al. (2016)
brizantha 16SrXIV
Brachiaria Brachiaria grass | 16SrXIV Thailand Seemiiller et al.
distachya (1998)
Brugmansia Angel’s trumpet | 16SrIl Australia Davis et al. (1997)
candida
Bunias orientalis | Hill mustard 16SrI Germany Schneider et al.

(1997)

(continued)
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Ribosomal
group/
Genus and species  Common name | subgroup Country Reference
Bupleurum Chinese thorowax | UDG Korea Choi et al. (1985)
falcatum
Cajanus 16SrIl Australia Schneider et al.
marmoratus (1999)
Calendula Field marigold 16Sr1I-E Italy Tolu et al. (2006)
arvensis
Calendula Pot marigold 16SrI Italy Marcone et al.
officinalis (1997b)
16SrIl Iran Esmailzadeh
Hosseini et al.
(2011a)
Calotropis Crown flower 16SrVI India Madupriya et al.
gigantea (2010)
Calystegia sepium | Hedge bindweed | 16SrXII-A Italy Credi et al. (2006)
Cannabis sativa | Hemp 16SrlI India Mall et al. (2015)
Raj et al. (2008b)
Nabi et al. (2015a)
Cardaria draba | Hoary cress 16SrI Germany Schneider et al.
1997
16SrlI Iran Esmailzadeh
Hosseini et al.
(2011b)
Cassia italica Italian senna 16SrXXIX-A | Oman Al-Saady et al.
(2008)
Cenchrus ciliaris | Buffel grass 16SrII Australia Tran-Nguyen et al.
(2000)
Cenchrus setiger | Birdwood grass | UDG Australia Tran-Nguyen et al.
(2000)
Centrosema Cavalcade 16SrIl Australia Wilson et al. (2001)
pascuorum
Chenopodium Lamb’s quarter 16SrXII-A Italy Credi et al. (2006)
album
Chenopodium Epazote 16Srl China Lietal. (2012)
ambrosioides
Chenopodium Nettle-leaved 16SrIl Saudi Arabia Alhudaib et al.
murale goosefoot (2009)
Chenopodium sp. 16SrII Italy Tolu et al. (2006)
Chloris gayana Rhodes grass 16SrX1 East Africa Asudi et al. (2016)
Chloris inflata Purpletop Rhodes | 16SrXI Australia Blanche et al.
grass (2003)
Chrysopogon Golden beard 16SrXIV Myanmar Win and Jung
aciculatus grass (2012)

(continued)
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Ribosomal
group/
Genus and species  Common name | subgroup Country Reference
Cirsium arvense | Canada thistle 16SrXI-E Germany Schneider et al.
(1997)
Czech Republic | Safifovi et al.
(2016)
16SrXII-A Italy Credi et al. (2006)
Czech Republic | Fialova et al. (2009)
16SrIII Serbia Rancic¢ et al. (2005)
Cirsium sp. 16SrIII Hungary Palermo et al. (2004)
Cleome viscosa Tick weed 16SrlIl Australia Schneider et al.
(1999)
India Thorat et al. (2016)
Cnidium officinale UDG Korea Choi et al. (1985)
Coix lacryma-jobi | “Otiro” 16SrXI East Africa Asudi et al. (2016)
Convolvulus Field bindweed 16SrIL Saudi Arabia Alhudaib et al.
arvensis (2009)
16SrIII Hungary Palermo et al. (2004)
16SrX Germany Schneider et al.
(1997)
16SrXII-A Europe, Batlle et al. (2000),
Iran, Israel Berger et al. (2009)
16SrXII-H Italy, Serbia, Martini et al. (2012)
Bosnia and
Herzegovina,
Germany
Austria Aryan et al. (2014)
16SrXXIX-B | Iran Esmailzadeh
Hosseini et al.
(2016a)
Conyza Canadian 16SrIII USA Schneider et al.
canadensis horseweed (1997)
16SrVI Iran Zibadoost and
Rastgou (2016)
Crepis setosa Hawksbeard 16SrXI Italy Marcone et al.
(1997b), Schneider
etal. (1997)
Crotalaria brevis 16SrIl Australia Schneider et al.
(1999)
Crotalaria 16SrIl Australia Schneider et al.
crispata (1999)
Crotalaria Blunt bird flower/ | 16SrIl Australia Davis et al. (1997),
goreensis Gambia pea Wilson et al. (2001)
Crotalaria New Holland 16SrII Australia Davis et al. (1997)
novae-hollandiae | rattlepod
Crotalaria pallida | Smooth 16SrIl India Yadav et al. (2016)
rattlepods

(continued)
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Ribosomal
group/
Genus and species  Common name | subgroup Country Reference
Crotalaria sp. 16SrIl Australia Davis et al. (1997)
Crotalaria Showy rattlebox | 16SrI India Kumar et al. (2010)
spectabilis 16Sr1T Australia Schneider et al.
(1999)
Crotalaria 16SrI India Baiswar et al.
tetragona (2010)
Cyanthillium Little ironweed 16SrIl Australia Schneider et al.
cinereum (1999)
Cynodon dactylon | Bermuda grass/ | 16Srll Australia Tran-Nguyen et al.
couch (2000)
16SrXI East Africa Asudi et al. (2016)
16SrXIV Europe, Asia, Chen et al. (1972)
Africa, Cuba Mitrovi¢ et al.
(2015)
Khanna et al. (2015)
Cyperus rotundus | Coco grass 16Srll Cuba Zamora et al. (2015)
Dactyloctenium | Crowfoot grass 16SrXI Australia Blanche et al.
aegyptium 16SrXIV (2003)
Dactyloctenium | Button grass 16SrXI Australia Blanche et al.
radulans (2003)
Dabhlia sp. 16SrXI-E Czech Republic | Safifovi et al.
(2016)
Datura inoxia Downy 16SrVI India Raj et al. (2009b)
thorn-apple
Datura Jimsonweed 16SrVI India Singh et al. (2012)
stramonium Mall et al. (2015)
16SrXII-A Italy Credi et al. (2006)
Czech Republic | Fialova et al. (2009)
Delphinium sp. 16SrlII England Harju et al. (2008)
Descurainia Flixweed-tansy 16SrI China Wu et al. (2010)
sophia mustard
Desmodium Greenleaf tick 16SrII Australia Schneider et al.
intortum trefoil (1999)
Dichanthium Marvel grass 16SrX1V India Rao et al. (2009)
annulatum Mall et al. (2015)
Digitaria ciliaris | Southern 16SrX1V India Mall et al. (2015)
crabgrass
Digitaria Hairy crabgrass | 16SrXIV India Rao et al. (2010)
sanguinalis Mall et al. (2015)
Digitaria Couch grass 16SrXI East Africa Asudi et al. (2016)
scalarum
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Diplacrum 16SrXXII-B | Cote D’Ivoire Arocha Rosete et al.
capitatum (2016)
Dodonaea Sand olive shrub | 16SrXIV Saudi Arabia Omar (2016)
angustifolia
Echinochloa Jungle rice India Reddy and Jeyarajan
colonum (1988)
Echium vulgare | Blueweed 16SrXI Italy Marcone et al.
(1997b)
16SrXII-A Berger et al. (2009)
Eleusine indica Goosegrass 16SrXI Myanmar Win et al. (2013)
Africa Asudi et al. (2016)
16SrXIV India Mall et al. (2015)
Africa Asudi et al. (2016)
Emilia fosbergii | Florida 16SrIV Jamaica Brown et al. (2008a)
tasselflower
Emilia sonchifolia | Lilac tasselflower | 16SrII-D Australia Schneider et al.
(1999)
Enteropogon Bush rye 16SrXI East Africa Asudi et al. (2016)
macrostachyus
Eragrostis Stink grass 16Srl China Wau et al. (2010)
cilianensis
Eragrostis falcata | Sickle lovegrass | 16Srll Australia Tran-Nguyen et al.
(2000)
Eriachne obtusa 16SrII Australia Tran-Nguyen et al.
(2000)
Erigeron sp. 16SrVII-B Brazil Barros et al. (2002)
Erigeron Flax-leaved 16SrVII-B Brazil Montano et al.
bonariensis fleabane (2014)
16SrVII-D Brazil Flores et al. (2015)
Erysimum Wormseed 16SrI China Wau et al. (2010)
cheiranthoides mustard
Euphorbia milii | Crown of thorns | 16SrII-D Australia Davis et al. (1997)
Festuca Tall fescue 16Srl Lithuania Valitinas et al.
arundinacea (2007)
Galactia UDG Australia Schneider et al.
tenuiflora (1999)
Gerbera sp. 16SrII-D Australia Davis et al. (1997)
Goodenia sp. 16SrII-D Australia Schneider et al.
(1999)
Guizotia Niga 16SrII-D Australia Davis et al. (1997)
abyssinica
Hyparrhenia Boat thatching 16SrXI East Africa Asudi et al. (2016)
cymbaria grass
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Hyparrhenia rufa | Giant thatching 16SrXI Africa Obura et al. (2011)
grass Asudi et al. (2016)
16SrXIV
Indigofera colutea | Rusty indigo 16SrII Australia Schneider et al.
(1999)
Ipomoea plebeia | Bell vine 16SrII-D Australia Davis et al. (1997)
Knautia arvensis | Field scabious 16SrX1 Italy Marcone et al.
(1997b)
Lavandula Lavender 16SrXII-A Spain Batlle et al. (2000)
officinalis
Lavandula Lavender 16SrXII-A France Gaudin et al. (2011)
angustifolia
Lithospermum Corn gromwell 16Srl China Wau et al. (2010)
arvense
Macroptilium Purple bean 16SrII-D Australia Davis et al. (1997)
atropurpureum
Macroptilium Burgundy bean 16SrlIl Australia Schneider et al.
bracteatum (1999)
Macroptilium 16SrlIl Australia Schneider et al.
gracile (1999)
Macroptilium Phasey bean 16SrII-D Australia Davis et al. (1997)
lathyroides
Malva sylvestris | Common mallow | 16SrXII-A Italy Credi et al. (2006)
Medicago sativa | Lucerne, alfalfa | 16Srll Australia Wilson et al. (2001)
16SrXII-A Ttaly Credi et al. (2006)
Tran Esmailzadeh
Hosseini et al.
(2016c¢)
16SrII-D Oman Khan et al. (2002)
16SrII-C/D Iran Esmailzadeh
Hosseini et al.
(2016b)
16SrVI-A Iran Esmailzadeh
Hosseini et al.
(2016c¢)
Melochia Chocolateweed 16SrI China Chen et al. (2017)
corchorifolia
Mentha arvensis | Wild mint 16SrXII-A Italy Credi et al. (2006)
Mikania sp. 16Sr1 Bangladesh Kelly et al. (2009)
Mimosa pudica Sensitive plant 16SrI Indonesia Boa et al. (2010)
Mitracarpus Tropical 16SrIl Australia Wilson et al. (2001)
hirtus girdlepod
Oplismenus Burmann’s 16SrIl India Mall et al. (2015)
burmannii basketgrass 16SrXIV India Rao et al. (2010)
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Parthenium Santa Maria 16Sr1 India Raj et al. (2008a)
hysterophorus feverfew 16Sr11 Ethiopia Bekele et al. (2011)
India Mall et al. (2015)
Thorat et al. (2016)
China Cai et al. (2016)
Lietal. (2011)
Paspalum Buftalo grass 16SrXIV Singapore Koh et al. (2008)
conjugatum
Paspalum Seashore 16SrXXII-B | Cote D’Ivoire Arocha Rosete et al.
vaginatum paspalum/biscuit (2016)
grass
Pennisetum Desho grass 16SrXXII-B | Cote D’Ivoire Arocha Rosete et al.
pedicillatum (2016)
Phalaris minor Little seed canary | 16SrI India Mall et al. (2015)
grass
Phlox sp. Perennial phlox | 16SrlI-D Australia Davis et al. (1997)
Phragmites Common reed 16SrV China Lietal. (2013)
australis
Phyllanthus Shatterstone India Samad et al. (2004)
amarus
Phyllanthus 16SrIl Australia Schneider et al.
maderaspanatus (1999)
Phyllanthus niruri | Gale of the wind | 16SrI India Chaube et al. (2015)
Physalis minima | Wild gooseberry | 16SrII-D Australia Davis et al. (1997)
Phyllanthus 16SrXXII-B | Cote D’Ivoire Arocha Rosete et al.
muellerianus (2016)
Picris echioides | Bristly oxtongue | 16SrlI-E Italy Marcone et al.
(1997b)
16SrIX-C Italy Schneider et al.
(1997)
16SrXII-A Ttaly Credi et al. (2006)
Plantago asiatica | Chinese plantain Korea Choi et al. (1985)
Plantago Narrowleaf 16SrIl Saudi Arabia Alhudaib et al.
lanceolata plantain (2009)
16SrXII-A Italy Credi et al. (2006)
Spain Batlle et al. 2000
Poa annua Annual blue 16SrXIV-C Italy Lee et al. (1997)
grass
Poa pratensis Common 16Srl Lithuania Valitinas et al.
meadow grass (2007)
Polygala 16SrIl Oman Livingston et al.
mascatense (2006)
Polygonum Common 16SrXII-A Italy Berger et al. (2009)
aviculare knotgrass
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Ribosomal
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Genus and species  Common name | subgroup Country Reference
Polygonum Wild buckwheat | 16SrXII-A Spain Batlle et al. (2000)
convolvulus
Portulaca Moss rose 16SrXIV India Ajaykumar et al.
grandiflora (2007)
Portulaca Purslane 16Sr1 Italy Schneider et al.
oleracea (1997)
Potentilla reptans | Creeping 16SrXII-A Italy Credi et al. (2006)
cinquefoil
Prosopis farcta Syrian mesquite | 16SrIl Iran Esmailzadeh
Hosseini et al.
(2011b)
Pterocaulon sp. 16SrIl Australia Wilson et al. (2001)
Ptilotus distans 16SrII-D Australia Schneider et al.
(1999)
Ranunculus Cursed buttercup | 16SrXIV India Singh et al. (2013)
sceleratus
Rhynchosia Rhynchosia 16SrII-D Australia Davis et al. (1997)
minima Wilson et al. (2001)
Jamaica Dabek (1983)
Rubia tinctorum | Common madder | 16SrVI Iran Zibadoost and
Rastgou (2016)
Scaevola taccada | Beach naupaka 16SrIl Oman Al-Zadjali et al.
(2012)
Sclerocarpus African 16SrI India Nabi et al. (2015b)
africanus bonebract
Scoparia dulcis Licorice weed 16SrXXII-B | Cote D’Ivoire Arocha Rosete et al.
(2016)
Senecio jacobaea | Common ragwort | 16Sr] United Kingdom | Reeder and Arocha
(2008)
Senna obtusifolia | Sicklepod 16SrIl Australia Schneider et al.
(1999)
Setaria viridis Green foxtail 16SrXII-A Italy Credi et al. (2006)
Sida cordifolia Flannel weed 16SrII-D Australia Davis et al. (1997)
Silene alba White campion 16SrXII-A Italy Credi et al. (2006)
Silene vulgaris Bladder campion | 16SrXII-A Italy Berger et al. (2009)
Silene niceensis 16SrI-B Italy Cozza et al. (2008)
Solanum nigrum | Black nightshade | 16SrII-E Italy Tolu et al. (2006)
16SrXII-A Spain Batlle et al. (2000)
Sonchus Common sow 16SrXII-A Italy Credi et al. (2006)
oleraceus thistle
Sophora 16SrXII-A Iran Allahverdi et al.
alopecuroides (2014)
Sorghum Johnson grass 16SrVI Iran Zibadoost and
halepense Rastgou (2016)
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Sorghum 16SrXI Australia Tran-Nguyen et al.
stipoideum (2000)
Sorghum Wild sorghum 16SrXI Africa Asudi et al. (2016)
versicolor
Spermacocci sp. 16SrlI Australia Schneider et al.
(1999)
Sporobolus Drop-seed grass | 16SrXI Africa Asudi et al. (2016)
pyramidalis
Stachytarpheta 16SrXXII-B | Cote D’Ivoire Arocha Rosete et al.
indica (2016)
Stachytarpheta Blue snakeweed India Pallavi et al. (2011)
Jjamaicensis
Stellaria media Common 16Sr1 Germany Schneider et al.
chickweed (1997)
Stylosanthes Cheesytoes 16SrIl Australia Schneider et al.
hamata (1999)
Stylosanthes Scabrous stylo 16SrIl Australia Davis et al. (1997)
scabra Schneider et al.
(1999)
Schneider et al.
(1999)
Synedrella Nodeweed 16SrIV Jamaica Brown et al. (2008a)
nodiflora
Taraxacum Dandelion 16SrXII-A Italy Credi et al. (2006)
officinale Berger et al. (2009)
Tephrosia Wild indigo 16SrIl India Yadav et al. (2014)
purpurea Thorat et al. (2016)
Trichodesma Cattle bush 16SrIl India Thorat et al. (2016)
zeylanicum
Trifolium repens | White clover 16SrI-C Canada Lee et al. (1992)
Germany Schneider et al.
(1997)
China Wu et al. (2010)
Urtica dioica Stinging nettle 16SrXII-A Italy Credi et al. (2006)
Berger et al. (2009)
16SrXII-H Austria Aryan et al. (2014)
Urtica urens Dwarf nettle 16SrXII-A Italy Berger et al. (2009)
Vernonia cinerea 16SrIV Jamaica Brown et al. (2008b)
Veronica didyma | Veronica 16SrI China Wu et al. (2010)
Vigna lanceolata | Maloga bean Australia Schneider et al.
(1999)
Vigna luteola Dalrymple vigna | 16Srll-D Australia Davis et al. (1997)
Vigna trilobata African gram 16SrII-D Australia Davis et al. (1997)
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Waltheria indica | Sleepy morning | 16Srll Australia Schneider et al.
(1999)
Whiteochloa Mauve sandgrass | 16SrXI Australia Blanche et al.
biciliata (2003)
Whiteochloa 16SrXI Australia Schneider et al.
capillipes (1999)
Whiteochloa 16SrXI Australia Blanche et al.
cymbiformis (2003)
Tran-Nguyen et al.
(2000)

phytoplasma was identified in Senecio jacobaea (common ragwort) with little leaf,
chlorosis, and proliferation of axillary shoots symptoms (Reeder and Arocha 2008).

In Lithuania, poa stunt (PoaS) phytoplasma and festuca yellow (FesY) phyto-
plasma were detected in Poa pratensis (common meadow grass) and Festuca arun-
dinacea (tall fescue) and identified as members of subgroup 16SrI-C (Valitinas et al.
2007).

In India, AY phytoplasma was detected in Ageratum conyzoides (goat weed) col-
lected near sugarcane fields showing little leaf symptoms and yellowing of leaf
lamina, Phalaris minor, Cannabis sativa (Fig. 11.1b), Parthenium hysterophorus
with virescence and witches’ broom (Fig. 11.1f), Crotalaria tetragona with witches’
broom, C. spectabilis, and Achyranthes aspera (Raj et al. 2008a, b, 2009a; Baiswar
etal. 2010; Kumar et al. 2010; Tiwari et al. 2012; Mall et al. 2015; Nabi et al. 2015a;
Rao et al. 2017b). C. spectabilis (showy rattlebox) is used as a green manure crop
to improve soil properties in India where it is a native plant, like in Malay Peninsula.
It has been introduced into other areas, such as the USA and the Pacific Islands,
where the plant grows like a weed and invades cultivated fields. Nabi et al. (2015b)
and Rao et al. (2017a) determined that the weeds, Sclerocarpus africanus and
Ocimum canum (Fig. 11.1a), showing little leaf and witches’ broom symptoms col-
lected in Kushinagar and Gorakhpur, India, are alternative natural hosts for sesame
phyllody phytoplasma, subgroup 16SrI-B. Also for the first time in India, the typical
phytoplasma symptoms of little leaf, yellowing, chlorosis, witches’ broom, and
stunted growth were observed on the commonly occurring weed Acalypha indica
(Tiwari et al. 2017). Based on the 16S rRNA gene sequence and virtual RFLP, the
A. indica phytoplasma was identified as ‘Ca. P. asteris’, 16SrI-B subgroup. In
Phyllanthus niruri, a common weed with medicinal uses in India, symptoms such
as yellowing, little leaf, proliferation of axillary shoots, rosetting, and stunted
growth were observed, and phytoplasma bodies were first detected using transmis-
sion electron microscopy by Samad et al. (2004) and later by sequence analysis of
the 16S rRNA gene where ‘Ca. P. asteris’ was identified (Chaube et al. 2015). A
‘Ca. P. asteris’-related strain was reported affecting Mikania sp. from Bangladesh
(Kelly et al. 2009).
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Fig. 11.1 Little leaf and witches’ broom of Ocimum canum (a); witches’ broom in Cannabis
sativa (b); typical witches’ broom symptoms in Tephrosia purpurea (c); little leaf disease symp-
toms in Trichodesma zeylanicum (cattle bush) (d); phyllody and witches’ broom in Parthenium
hysterophorus (e); white leaf in Bermuda grass (f)

In China, several weeds were identified as hosts of the wheat blue dwarf phyto-
plasma (WBD), 16SrI-C subgroup, found near wheat fields. These weeds were
redroot amaranth (Amaranthus retroflexus), corn gromwell (Lithospermum arvense),
flixweed-tansy mustard (Descurainia sophia), wormseed mustard (Erysimum chei-
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ranthoides), goat grass (Aegilops squarrosa), wild oat (Avena fatua), stink grass
(Eragrostis cilianensis), volunteer wheat seedlings (7riticum aestivum), white clo-
ver (Trifolium repens), and veronica (Veronica didyma) (Wu et al. 2010). The inva-
sive weed “epazote” (Chenopodium ambrosioides) exhibiting small leaves and
fasciation was found in a pepper field in Qijiang County (China), and in it a phyto-
plasma related to the 16SrI-B group was identified (Li et al. 2012). Also 16SrI-B-
related phytoplasmas were found in Melochia corchorifolia, a common invasive
weed in China, with witches’ broom, virescence, and phyllody symptoms (Chen
et al. 2017). Mimosa pudica is a perennial, widespread serious weed in cultivated
grasslands and plantation crops such as coffee, tea, and oil palm, and ‘Ca. P. asteris’
was detected in plants with leaf yellowing, little leaf, and proliferation of axillary
shoot symptoms in Indonesia (Boa et al. 2010).

In Canada Lee et al. (1992) reported a phytoplasma infecting Trifolium sp.
(Fabaceae) with clover phyllody symptoms and identified the agent as a 16SrI-C
aster yellows group member.

11.3 Phytoplasmas in 16SrII Group (Peanut Witches’
Broom)

In Italy, a 16SrII-A subgroup phytoplasma was detected in Picris echioides (bristly
oxtongue) sampled inside commercial vineyards affected by grapevine yellows
(Marcone et al. 1997b).

Tolu et al. (2006) surveyed 14 different chlorotic and stunted weed species grow-
ing within a 10-year-old vineyard affected by “bois noir” disease in Italy and identi-
fied phytoplasmas belonging to the 16SrII-E subgroup in three Calendula arvensis,
one Solanum nigrum and in one Chenopodium sp. samples.

In Saudi Arabia, around 25% of lime trees were declining in 2007, and a survey
detected phytoplasmas belonging to the 16SrIl group in lime trees; in the weeds,
Chenopodium murale, Plantago lanceolate, and Convolvulus arvensis; and in the
insect, Empoasca decipiens (Alhudaib et al. 2009). In Oman, in Polygala mas-
catense with stunted small leaves, bushy growth, and phyllody symptoms, and in
Scaevola taccada (beach naupaka) showing witches’ broom symptoms, a member
of the 16SrII group was detected (Livingston et al. 2006; Al-Zadjali et al. 2012). In
Achyranthes aspera (an annual herb that grows wild in India), the agent of lime
witches’ broom disease was detected in the Sultanate of Oman (Moghal et al. 1998).
In Iran, peanut witches’ broom-related phytoplasmas (16SrIl) were detected in
Calendula officinalis (pot marigold) with phyllody symptoms; in Prosopis farcta
with small leaves, shortened internodes, proliferation of axillary buds, and bushy
growth habit; and in Cardaria draba with dwarfing, virescence, phyllody, and infer-
tile flowers (Esmailzadeh Hosseini et al. 2011a, b).

In India, phytoplasmas belonging to group 16SrIl were detected in Amaranthus
sp. with yellowing symptoms, in Parthenium hysterophorus, and in Oplismenus
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burmannii (Arocha et al. 2008; Mall et al. 2015). The 16SrlII subgroups C and D
phytoplasma strains were discovered in all symptomatic P. hysterophorus samples
and in the previously reported insect vector, Orosius albicinctus (Cicadellidae), and
other collected Hemipteran insects collected from the same sampling site (Yadav
et al. 2015). The 16SrIl group phytoplasmas were also found associated with
Crotalaria pallida, commonly used as green manure in India (Yadav et al. 2016).

In China, a phytoplasma belonging to the 16SrII-A subgroup was detected for
the first time in P. hysterophorus by Li et al. (2011). This finding was also confirmed
by Cai et al. (2016) who identified the same phytoplasma in this well-known inva-
sive weed as well as in symptomatic plants of cowpea, sword bean, string bean,
tomato, lettuce, and water spinach which were extensively invaded by P. hysteroph-
orus. A new phytoplasma strain classified as a member of subgroup 16SrII-M was
detected in Tephrosia purpurea (wild indigo), a common weed throughout the
Indian subcontinent, collected from Maharashtra, India (Fig. 11.1d). The delinea-
tion to subgroup level was achieved using 16S rRNA gene sequencing followed by
RFLP analyses (Yadav et al. 2014). During a field survey in India, symptoms of
little leaf, phyllody, stunting, and branch proliferation were observed on the com-
mon invasive weeds, Cleome viscosa (tick weed), Trichodesma zeylanicum (cattle
bush) (Fig. 11.1e), and Tephrosia purpurea (wild indigo), from the same or adjacent
fields where symptomatic Sesamum indicum (sesame), Vigna unguiculata (cow
pea), Phaseolus vulgaris (French bean), Dendrocalamus strictus (bamboo), and
Carica papaya (papaya) plants were found positive for peanut witches’ broom-
related phytoplasmas (16SrII). On the basis of 16S rRNA gene sequences, T. zeyl-
anicum and T. purpurea were infected with phytoplasmas belonging to the 16SrII-C
subgroup, while in C. viscosa a phytoplasma of the 16SrII-D subgroup was identi-
fied (Thorat et al. 2016).

In Australia, tomato big bud, sweet potato little leaf, pigeon pea little leaf,
Waltheria little leaf, and Bonamia little leaf phytoplasmas (all members of 16SrII-D
subgroup differentiated by the 16S rRNA spacer region) were detected in more than
40 different plant species. In particular tomato big bud phytoplasma (TBB) was
identified in Gerbera sp., Guizotia abyssinica (niga), Euphorbia milii, Alysicarpus
rugosus (rough chainweed), Crotalaria novae-hollandiae (new Holland rattlepod),
Crotalaria sp., Macroptilium atropurpureum (purple bean), M. lathyroides (phasey
bean), Rhynchosia minima (thynchosia), Stylosanthes scabra (scabrous stylo),
Trifolium repens (white clover), Vigna luteola (dalrymple vigna), V. trilobata, Sida
cordifolia (flannel weed), Phlox sp. (perennial phlox), Brugmansia candida (angel’s
trumpet), Physalis minima (wild gooseberry), Cynodon dactylon (Bermuda grass),
Cenchrus ciliaris, Eragrostis falcata, Ptilotus distans, Emilia sonchifolia,
Macroptilium bracteatum, Stylosanthes scabra, Goodenia sp., Ipomoea plebeia
(bell vine), Crotalaria goreensis (blunt bird flower), and Eriachne obtusa (Davis
et al. 1997; Schneider et al. 1999; Tran-Nguyen et al. 2000). Sweet potato little leaf
phytoplasma (variant grafted on vinca, SPLL-V4) was detected in Cyanthillium
cinereum, Cleome viscosa, Senna obtusifolia, Phyllanthus maderaspanatus,
Aeschynomene indica, Aphyllodium sp., Arachis pintoi, Cajanus marmoratus,
Crotalaria brevis, C. crispata, Desmodium intortum, Indigofera colutea,
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Macroptilium gracile, Stylosanthes hamata, and S. scabra. Pigeon pea little leaf
phytoplasma (PLL) was detected in Crotalaria spectabilis, Arachis pintoi,
Macroptilium bracteatum, and Stylosanthes scabra. Waltheria little leaf (WalLL)
phytoplasma was detected in Spermacocci sp. and Waltheria indica. Bonamia little
leaf (BoLL) phytoplasma, a phytoplasma belonging to group 16SrII with a unique
RFLP profile compared to other members of this ribosomal group, was detected in
Bonamia pannosa (Schneider et al. 1999).

Also in Australia, Wilson et al. (2001) tested non-crop species, associated with
sesame (Sesamum indicum), mung bean (Vigna radiata), and peanut (Arachis hypo-
gaea) crops, for phytoplasma presence. SPLL-V4 phytoplasma was identified in
Aeschynomene americana (American jointvetch), Alysicarpus vaginalis (alyce clo-
ver), Centrosema pascuorum (cavalcade), Crotalaria goreensis (gambia pea),
Medicago sativa (lucerne), Rhynchosia minima (rhynchosia), and Mitracarpus hir-
tus (with symptoms of little leaf). PLL phytoplasma was identified in Mitracarpus
hirtus with symptoms of bunching/little leaf, while WaLLL phytoplasma was identi-
fied in Pterocaulon sp. with symptoms of yellowing/rosette.

In Ethiopia, Bekele et al. (2011) identified a phytoplasma belonging to the 16SrIl
group in Parthenium hysterophorus.

11.4 Phytoplasmas in 16SrIII Group (X-Disease)

In the United Kingdom, 16SrIII phytoplasmas were identified in Delphinium sp.
with severe phyllody, virescence, and proliferation symptoms (Harju et al. 2008). In
the USA, a phytoplasma assigned to the western X-disease group was identified in
Conyza (Erigeron) canadensis (horseweed) collected next to an apple orchard
(Schneider et al. 1997). Palermo et al. (2004) found 16SrIII phytoplasma in Cirsium
spp. and Convolvulus arvensis in Hungarian vineyards, while Ranci¢ et al. (2005)
found the same phytoplasma in Cirsium arvense in Serbia. In Australia, poinsettia
branching-induced phytoplasma (PoiBI, member of the 16SrIII-H subgroup) was
detected in wild Euphorbia pulcherrima plants (Schneider et al. 1999).

11.5 Phytoplasmas in Groups 16SrIV (Coconut Lethal
Yellowing), 16SrV (Elm Yellows), 16SrVI (Clover
Proliferation), 16SrVII (Ash Yellows), 16SrIX (Pigeon
Pea Witches’ Broom), and 16SrX (Apple Proliferation)

Brown et al. (2008b) sampled Vernonia cinerea (L.) (Asteraceae) plants, a prevalent
dicotyledonous weed inside coconut farms in Jamaica, and even though the plants
showed no symptoms, 44.9% (53 out of 118 tested) of them tested positive for phy-
toplasma. RFLP analysis identified the detected phytoplasmas as coconut lethal
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yellowing phytoplasma, from ribosomal group 16SrIV. The same authors also found
this phytoplasma in the weeds, Emilia fosbergii and Synedrella nodiflora (Brown
et al. 2008a).

In China, a phytoplasma belonging to the 16SrV-B ribosomal subgroup was
detected in amaranth (Amaranthus retroflexus L.) and in Phragmites australis
(Poaceae, a widely distributed weed species in China), both with typical witches’
broom symptoms, (Yang et al. 2011; Li et al. 2013). A witches’ broom disease on
Cannabis sp. was earlier found to be associated with a phytoplasma of elm yellows
group (16SrV) in China (Zhao et al. 2007). In Iran, phytoplasmas belonging to ribo-
somal group 16SrVI were detected in Sorghum halepense (Johnson grass), Conyza
canadensis (Canadian horseweed), and Rubia tinctorum (common madder) with
symptoms of yellowing, little leaf, and witches’ broom (Zibadoost and Rastgou
2016). In India, a phytoplasma designated as a member of the ribosomal group
16SrVI was detected in Datura stramonium with symptoms of witches’ broom and
little leaf, in D. inoxia with proliferation of branches, shortened internodes, and
smaller leaves and in Calotropis gigantea (crown flower) with symptoms of leaf
yellowing (Raj et al. 2009b; Madupriya et al. 2010; Singh et al. 2012; Mall et al.
2015). In Brazil, Erigeron sp. with symptoms of witches’ broom and chlorosis were
found to be infected with new phytoplasma subgroups B and D that fall within
group 16SrVII (Barros et al. 2002; Flores et al. 2015). Symptoms of a phytoplasma
disease including phyllody, virescence, witches’ broom, and little leaf were observed
on Bidens alba growing like a weed in citrus orchards of Hormozgan Province, Iran,
and after analyses, a phytoplasma related to ‘Ca. P. phoenicium’ (16SrIX group)
was detected (Hemmati et al. 2017). In Germany, apple proliferation phytoplasma
was detected in a single symptomatic Convolvulus arvensis (field bindweed) plant
out of 25 collected in or around apple/stone fruit orchards (Schneider et al. 1997).

11.6 Phytoplasmas in 16SrXI Group (Rice Yellow Dwarf)

The 16SrXI or rice yellow dwarf group consists of subgroup A, which includes rice
yellow dwarf phytoplasma (RYD) and napier grass stunt phytoplasma (NGS); sub-
group B, which includes sugarcane white leaf phytoplasma (SCWL) and sugarcane
grassy shoot phytoplasma (SCGS); and a leathopper-borne (BVK) phytoplasma
included in subgroup C (Lee et al. 2000; Jones et al. 2004). In Italy, phytoplasmas
belonging to the sugarcane white leaf group (16SrXI-B) were detected in Picris
echioides (bristly oxtongue) collected in an apple orchard, Crepis setosa (hawks-
beard) collected in alfalfa fields, Knautia arvensis (field scabious) collected in
brushwood areas, and Echium vulgare (blueweed) collected in vineyards affected
by grapevine yellows (Schneider et al. 1997; Marcone et al. 1997b). In Myanmar,
goosegrass white leaf (GGWL) phytoplasma was detected in Eleusine indica
(goosegrass). This phytoplasma is closely related to SGS phytoplasma (Win et al.
2013).
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In Australia, sorghum grassy shoot (SGS) phytoplasma was detected and identi-
fied for the first time in Sorghum stipoideum and Whiteochloa capillipes by
Schneider et al. (1999) that according to tentative classification by iPhyclassifier is
a member of the 16SrXI-C ribosomal subgroup (Zhao et al. 2009). Tran-Nguyen
et al. (2000) also found SGS phytoplasma in S. stipoideum and W. cymbiformis.
Later, during a generic survey of grasses in Australia, Blanche et al. (2003) detected
a SGS-related phytoplasma in W. cymbiformis, W. biciliata, Dactyloctenium aegyp-
tium, D. radulans, and Chloris inflata. They also tried to associate symptoms with
the phytoplasmas identified, but it wasn’t possible due to a number of symptomless
plants testing positive for phytoplasma.

In Africa, Obura et al. (2011) detected a phytoplasma in Hyparrhenia rufa
(thatching grass which is common in the tropics) which were stunted and appeared
bushy, with small white leaves, and identified it as a member of the 16SrXI ribo-
somal group. Later in East Africa, Asudi et al. (2016) tested plants from 33 grass
species collected from fields bordering farms of napier grass (Pennisetum purpu-
reum), an important fodder for livestock. Besides ‘Ca. P. cynodontis’, they identi-
fied a phytoplasma related to NGS (16SrXI-A) in the following 11 grass species:
Coix lacryma-jobi (otiro), Chloris gayana (rhodes grass), Digitaria scalarum
(couch grass), Enteropogon macrostachyus (bush rye), Eleusine indica (gooseg-
rass), Hyparrhenia cymbaria (thatch grass), H. rufa (thatch grass), Sorghum versi-
color (wild sorghum), Sporobolus pyramidalis (drop-seed grass), Cynodon dactylon
(Bermuda grass) and Brachiaria brizantha (signal grass), and GGWL phytoplasma
(16SrXI-C) in two wild grass species (B. brizantha and S. pyramidalis).

In Germany, Cirsium arvense (Canada thistle) collected in or around apple/stone
fruit orchards were found to be infected with cirsium phyllody (CIRP) phytoplasma,
a phytoplasma closely related to members of the SCWL group, however sharing
only 96.9 and 96.7% 16S rRNA sequence identity to both SCWL and BVK phyto-
plasmas, respectively (Schneider et al. 1997). A new taxon has therefore been intro-
duced, ‘Ca. P. cirsii’, comprising the phytoplasma found in C. arvense and Dahlia
sp. that induces symptoms of yellowing, stunting, inflorescence, and proliferation in
samples collected from the Czech Republic. Phytoplasmas belonging to this taxon
are members of subgroup 16SrXI-E and appear to only infect dicotyledonous plants
(Saféfovi et al. 2016).

11.7 Phytoplasmas in 16SrXII-A Group (‘‘Stolbur” Group)

“Stolbur” phytoplasma in grapevine induces a disease called “bois noir” (BN) that
is one of the most investigated phytoplasma diseases in Europe. In order for BN to
spread, herbaceous host plants, which serves as a phytoplasma reservoir, and insect
vectors need to be present. Stinging nettle (Urtica dioica) and bindweed (Convolvulus
arvensis) were in most cases found to be the main phytoplasma source. In Slovenia,
Mehle et al. (2011) detected and identified “stolbur” in 43% of tested bindweed
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samples. Marcone et al. (1997b) tested six weed species from Italy that had yellow-
ing of the leaves and among other things identified a new “stolbur” group in field
bindweed, while Palermo et al. (2004) detected “stolbur” on stinging nettle in
Hungarian vineyards.

According to the sequence and RFLP profile of the ruf gene (elongation factor
Tu), Langer and Maixner (2004) assigned “stolbur” phytoplasma to two main
genetic types, tuf type I (tuf-type a) and tuf type II (tuf-type b) that were involved in
different natural epidemic cycles. Strains belonging to tuf-type a are predominately
spread via U. dioica in Germany, while tuf-type b strains were less specific and were
found in C. arvensis, C. sepium, Prunus spinosa, and Solanum nigrum. A third type,
tuf-type III (tuf-type c) has only been detected in C. sepium in the Mosel area in
Germany. Fialova et al. (2009) found tuf-type b strains also to be present in other
weedy plants such as Amaranthus retroflexus, Cirsium arvense, and Datura stramo-
nium, as well as in U. dioica collected in intensive vegetable crop fields and in two
vineyards in the Czech Republic. In Austria, between 2003 and 2008, only tuf-type
b strains were found to be present in C. arvensis and grapevine, while infections of
U. dioica were rare (Riedle-Bauer et al. 2006, 2008; Tiefenbrunner et al. 2007).
Aryan et al. (2014) found an intermediate tuf-type, on the basis of the sequence of
tuf gene, called tuf-type b2 and discovered that all “stolbur” phytoplasmas from
nettle in the studied area belonged to the new tuf-type b2.

Berger et al. (2009) surveyed, among other things, 516 herbaceous plants of 41
potential host species belonging to 21 families, in 15 BN-affected commercial vine-
yards from South Tyrol, Northern Italy, over 4 years as part of a monitoring study.
The “stolbur” phytoplasma was detected in seven species belonging to six families:
C. arvensis (Convolvulaceae), Echium vulgare (Boraginaceae), Polygonum avicu-
lare (Polygonaceae), Silene vulgaris (Caryophyllaceae), Taraxacum officinale
(Asteraceae), and the two Urticaceae species U. dioica and U. urens. For C. arven-
sis, 25.1% (45 out of 179) tested positive for “stolbur” phytoplasma, as well as 4.5%
(5 out of 111) of stinging nettle samples and the single U. urens (dwarf nettle)
sample. Furthermore, positive samples of C. arvensis, E. vulgare, P. aviculare, S.
vulgaris, and T. officinale were assigned to tuf-type b, while positive samples from
both Urtica plants were assigned to tuf-type a.

Credi et al. (2006) surveyed 162 non-crop native plant samples, consisting of 30
plant species, in vineyards in the region of Emilia-Romagna, Italy, and found that
48.1% samples tested positive for “stolbur” phytoplasma. The 18 positive weed spe-
cies belonged to the following 13 families: Amaranthus retroflexus (Amaranthaceae),
Silene alba (Caryophyllaceae), Chenopodium album (Chenopodiaceae), Artemisia
vulgaris, Cirsium arvense, Picris echioides, Sonchus oleraceus, Taraxacum offici-
nale (Compositae), Calystegia sepium, Convolvulus arvensis (Convolvulaceae),
Mentha arvensis (Labiateae), Medicago sativa (Leguminosae), Malva sylvestris
(Malvaceae), Plantago lanceolata (Plantaginaceae), Setaria viridis (Poaceae),
Potentilla reptans (Rosaceae), Datura stramonium (Solanaceae), and Urtica dioica
(Urticaceae). These infected weeds included 5 annual, 1 biennial, and 12 perennial
species which represents a huge phytoplasma reservoir. Plant symptoms consisted
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of stunting, rosetting, chlorosis, leaf malformation, little leaf, leaf yellowing, red-
dening, and necrosis while some species, A. retroflexus (redroot pigweed), C. album
(lambsquarter), and U. dioica (stinging nettle), were symptomless. Batlle et al.
(2000) also found “stolbur’-positive C. arvensis, Lavandula officinalis, Polygonum
convolvulus, and Solanum nigrum in three regions of Northeast Spain. They also
found Plantago lanceolata being sporadically infected. Allahverdi et al. (2014)
reported ‘Ca. P. solani’ (16SrXII-A group, “stolbur”) affecting Sophora alopecuroi-
des in Iran where it is considered an invasive weed.

In C. arvensis (bindweed), a well-known host of “stolbur” phytoplasma, a phy-
toplasma that could not be assigned to any previously reported group or subgroup
from time to time could be found in Italy. The symptoms observed on the diseased
bindweed were undersized leaves, shoot proliferation, and yellowing (Marcone
et al. 1997b; Martini et al. 2008). After phylogenetic analyses of the amplified 16S
rRNA gene and 16S-23S rRNA spacer region of strains from Italy, Serbia, Bosnia
and Herzegovina, and Germany, this phytoplasma was classified into a new sub-
group inside the 16SrXII group, subgroup 16SrXII-H. This phytoplasma shares
97.2% similarity of its 16S rRNA gene sequence with “stolbur” phytoplasma
(16SrXII-A) and 97.1% with ‘Ca. P. fragariae’ (16SrXII-E). RFLP patterns of
R16F2n/R16R2 amplicons are most similar to those of phytoplasmas belonging to
subgroups 16SrI-C and 16SrXII-A, but RFLP analyses using Alul, Haelll, and Trul
restriction enzymes could clearly distinguish it (Martini et al. 2012). Aryan et al.
(2014) identified ‘Ca. P. convolvuli’ (16SrXII-H) in some stinging nettles, and
almost all bindweed samples tested positive for phytoplasma in a survey for the
presence of BN in Austrian vineyards.

11.8 Phytoplasmas in 16SrXIV Group (Bermuda Grass
White Leaf)

Bermuda grass white leaf (BGWL) phytoplasma is the agent of a white leaf disease
in Cynodon dactylon L. (Bermuda grass) (Fig. 11.1d), and it was first reported in
Taiwan by Chen et al. (1972). So far, BGWL phytoplasma has been reported in Italy
(Marcone et al. 1997a), Serbia, Albania (Mitrovi¢ et al. 2015), Turkey (Caglar et al.
2013a), Saudi Arabia (Omar 2016), Iran (Salehi et al. 2009), Pakistan (Zahoor et al.
1995), India (Rao et al. 2007; Snehi et al. 2008; Kumar et al. 2015; Mall et al. 2015),
Myanmar (Win et al. 2013), Thailand (Sarindu and Clark 1993; Wongkaew et al.
1997; Sdoodee et al. 1999), Malaysia (Nejat et al. 2009a, b), Singapore (Koh et al.
2008), Australia (Schneider et al. 1999; Tran-Nguyen et al. 2000, Blanche et al.
2003), Cuba (Arocha et al. 2005), and Africa (Dafalla and Cousin 1988; Obura et al.
2010; Asudi et al. 2016).

The most frequent symptom of BGWL phytoplasma is extensive chlorosis, but
other symptoms such as proliferation of axillary shoots, bushy growing habit, small
leaves, shortened stolons and rhizomes, stunting, and in the end death of the host
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plant can be present (Marcone et al. 2004). The phytoplasma associated with this
disease is a member of the 16SrXIV-A subgroup, together with the phytoplasmas of
white leaf diseases of other gramineous plants such as Brachiaria distachya (brachi-
aria grass), Poa annua (annual blue grass), and Dactyloctenium aegyptum (crowfoot
grass) (Lee et al. 1997, 1998a, 2000; Seemiiller et al. 1998; Sdoodee et al. 1999).
Another phytoplasma closely related or identical to BGWL is the agent of Australian
cynodon white leaf (CWL) disease (Schneider et al. 1999; Tran-Nguyen et al. 2000).
A phytoplasma associated with carpet grass white leaf (CGWL) on Axonopus com-
pressus is also considered to be closely related to BGWL (Schneider et al. 1999).

Agents of monocot diseases like sugarcane white leaf (SCWL), sugarcane grassy
shoot (SCGS), rice yellow dwarf (RYD), and sorghum (Sorghum stipoideum) grassy
shoot (SGS) belonging to 16SrXI group (‘Ca. P. oryzae’) are distantly related to this
group (they share 98.2-98.5% 16S rRNA identity) (Firrao et al. 2005). All these
phytoplasmas form a so-called SCWL branch inside the phytoplasma clade, and in
earlier years they were classified as members of the 16SrXI group, with BGWL and
closely related strains being separated in subgroup 16SrXI-C (Lee et al. 1997).
Marcone et al. (2004) performed the taxonomic study and showed that according to
the 16S rDNA gene and 16S-23S rDNA spacer region sequences, serological com-
parisons, vector transmission, and host-range specificity, BGWL phytoplasma is a
discrete taxon at the putative species level and proposed the name ‘Ca. P. cynodon-
tis’ for it. They selected BGWL-C1 strain from Italy as the reference strain (GenBank
accession number AJ550984). Omar (2016) showed that on the basis of 16S rDNA
sequence, the ‘Ca. P. cynodontis’ clade was regionally divided into four subclades —
two subclades consisting only of strains from Saudi Arabia/Serbia, one of the strains
from Italy and Albania, and one of the strains from Myanmar, China, and India what
was in concordance with previous work of Salehi et al. (2009) and Mitrovi¢ et al.
(2015) who classified the strain from Iran into subgroup 16SrXIV-B and strains
from Serbia into subgroup 16SrXIV-C.

‘Ca. P. cynodontis’ was associated with many weeds and plant species such as
Dodonaea angustifolia (sand olive shrub) and Arundo donax (giant reed) in Saudi
Arabia (Omar 2016); Dichanthium annulatum (marvel grass), Ranunculus scelera-
tus with little leaf disease, Oplismenus burmannii, Digitaria sanguinalis and D. cili-
aris in India, and Eleusine indica (goosegrass) in India and Africa (Rao et al. 2009,
2010, 2011; Singh et al. 2013; Mall et al. 2015; Asudi et al. 2016); Chrysopogon
aciculatus (golden beard grass) in Myanmar (Win and Jung 2012); Axonopus com-
pressus in Singapore and Thailand (Koh et al. 2008; Sunpapao 2016), Paspalum
conjugatum in Singapore (Koh et al. 2008); and Brachiaria brizantha (signal grass)
and Hyparrhenia rufa (thatch grass) in Africa (Asudi et al. 2016).

In Iran, Exitianus capicola was reported as a natural and experimental vector of
BGWL agent (Salehi et al. 2009). During a survey in India for potential insect vec-
tors of BGWL phytoplasma, Kumar et al. (2015) found that the leathopper, Exitianus
indicus, could be a putative vector since the phytoplasma carried by this insect
shared 99% identity of the 16S rRNA gene sequence with BGWL from India and
Thailand. To assess the importance of BGWL phytoplasma to agricultural crops
such as sugarcane, Khankahdani and Ghasemi (2011) performed serological testing.
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According to their results, there was no serological relationship between BGWL
and SCWL (sugarcane white leaf), LWB (lime witches’ broom), AWB (almond
witches’ broom), and PY (periwinkle yellowing) phytoplasma. Also, it has been
shown that BGWL is not transmitted by the vector of SCWL, Matsumuratettis hiro-
glyphicus (Firrao et al. 2005). On the other hand, Caglar et al. (2013b) managed to
transmit BGWL phytoplasma to wheat plants (Triticum spp.) by a root-bridge
modality with 30% successful transmission. Even though members of the 16SrXIV
group are identical, or nearly identical, on the basis of their 16S rRNA gene
sequences and on the basis of their ecological and genetic features, insufficient evi-
dence exists for their relationship. Therefore, Firrao et al. (2005) stated that they
should be considered as members of different ‘Candidatus Phytoplasma’ species.

In Bermuda grass Clavibacter xyli subsp. cynodontis can also be detected, and it
is thought that this bacterium causes only stunting symptoms. However, when it was
detected together with BGWL phytoplasma, the plants showed more severe disease
symptoms leading to early death of the plants (Davis et al. 1983). Also spiroplasmas
could be detected in Bermuda grass with witches’ broom, but they were not appar-
ently associated with this symptom (Chen et al. 1977; Raju and Chen 1980).

11.9 Phytoplasmas in 16SrXXII Group

Very recently a survey was carried out in Grand-Lahou in Cote d’Ivoire where coco-
nut palms are severely affected by a lethal yellowing disease (CILY) associated with
the group 16SrXXII-B, ‘Ca. P. palmicola’-related strains. Plant species from the
families Poaceae (Paspalum vaginatum, Pennisetum pedicillatum), Verbenaceae
(Stachytarpheta indica), Plantaginaceae (Scoparia dulcis), Phyllanthaceae
(Phyllanthus muellerianus), and Cyperaceae (Diplacrum capitatum) were positive
for the presence of the CILY phytoplasma, suggesting they may have epidemiologi-
cal implications for disease spread in coconut plants (Arocha Rosete et al. 2016).

11.10 Phytoplasmas in 16SrXXIX Group

Al-Saady et al. (2008) reported ‘Ca. P. omanense’ in Italian senna (Cassia italica,
fam. Fabaceae), a native plant from Africa, commonly found throughout the Arabian
Peninsula. C. italica plants showing witches’ broom symptoms were collected in
Oman. In Iran, Convolvulus arvensis growing in alfalfa fields were found to be
infected with phytoplasmas that shared 99% identity with ‘Ca. P. omanense’ but
were differentiated from it by specific RFLP analyses and were assigned to sub-
group 16SrXXIX-B (Esmailzadeh Hosseini et al. 2016a).
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11.11 Phytoplasmas in Undesignated Groups

In India, Stachytarpheta jamaicensis plants with witches’ broom symptoms were
confirmed to be infected with phytoplasmas by nested PCR employing universal
phytoplasma primers, but they were not identified (Pallavi et al. 2011). In Australia,
a new phytoplasma was detected in Cenchrus setiger and was named cenchrus
bunchy shoot (CBS), as well as detection of Stylosanthes little leaf (StLL) in
Stylosanthes scabra and Arachis pintoi, Galactia little leaf (GaLL) in Galactia
tenuiflora, and vigna little leaf (ViLL) in Vigna lanceolata. According to iPhyclas-
sifier this latter phytoplasma shares 98.2% 16S rDNA sequence identity with ‘Ca.
P. omanense’, a member of the 16SrXXIX ribosomal group (Schneider et al. 1999;
Tran-Nguyen et al. 2000; Zhao et al. 2009).

11.12 Geographic Distribution

In Africa and Oceania (including Australia), phytoplasmas affiliated to a small num-
ber of ribosomal groups (three to four) have been detected so far, while in Europe
and Asia, numerous phytoplasmas, belonging to more than seven ribosomal groups,
were detected (Table 11.2). The wide host range of weeds (18 families in Europe
and 22 families in Asia) described on these two continents might be a result of sam-
pling bias, as the two continents have the most detailed record for phytoplasmas on
weeds. Phytoplasmas affiliated to ribosomal group 16SrIl were detected in Oceania
in weeds and wild plants belonging to 13 different families and in Asia belonging to
11 different families. Likewise, “stolbur” phytoplasma (16SrXII-A) was detected in
hosts from 14 different families in Europe. These two phytoplasmas have the widest
host range among phytoplasmas in weeds. On the other hand, phytoplasmas affili-
ated to ribosomal groups 16SrXI and 16SrXIV could be found with some excep-
tions only in family Poaceae regardless of continent where they were detected.

11.13 Conclusion

Wild plants, as natural phytoplasma hosts, are sometimes symptomless, probably
due to long coevolution between the host and pathogen. If crop plants are grown in
the same environment, this natural epidemiological cycle can branch to cultivated
plants as dead-end hosts to form a crop-specific epidemic system. In this way, new
diseases of economic importance are emerging (Lee et al. 1998b). In the case that
cultivated plants represent a dead-end host, transmission of phytoplasma depends
on the presence of wild hosts as a reservoir (source of inoculum). Such diseases can
be of high economic impact, and one example is the “stolbur” phytoplasma
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Table 11.2 Summary of phytoplasma geographic distribution in weeds and wild plants

Ribosomal Ribosomal
Continent | group Host family Continent group Host family
Europe 16SrI Asteraceae Asia 16SrI Amaranthaceae
Brassicaceae Asteraceae
Caryophyllaceae Boraginaceae
Fabaceae Brasicaceae
Poaceae Canabaceae
Portulacaceae Euphorbiaceae
16SrIl Amaranthaceae Fabaceae
Asteraceae Malvaceae
Solanaceae Phyllanthaceae
16SrIII Asteraceae Plantaginaceae
Convolvulaceae Poaceae
Ranunculaceae 16SrIl Amaranthaceae
16SrX Convolvulaceae Asteraceae
16SrXI Asteraceae Boraginaceae
Boraginaceae Brassicaceae
Caprifoliaceae Cleomaceae
16SrXI-E Asteraceae Convolvulaceae
16SrXII-A Amaranthaceae Fabaceae
Asteraceae Goodeniaceae
Boraginaceae Plantaginaceae
Caryophyllaceae Poaceae
Convolvulaceae Polygalaceae
Fabaceae 16SrV Amaranthaceae
Lamiaceae Poaceae
Malvaceae 16SrVI Apocynaceae
Plantaginaceae Asteraceae
Poaceae Poaceae
Polygonaceae Rubiaceae
Rosaceae Solanaceae
Solanaceae 16SrIX Asteraceae
Urticaceae 16SrXI Poaceae
16SrXII-H Convolvulaceae 16SrXII-A Fabaceae
16SrXIV-C Poaceae 16SrXIV Poaceae

(continued)
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Table 11.2 (continued)

Ribosomal Ribosomal
Continent | group Host family Continent group Host family
Oceania | 16SrIl Amaranthaceae Ranunculaceae

Asteraceae Sapindaceae
Cleomaceae 16SrXXIX Convolvulaceae
Convolvulaceae Fabaceae
Euphorbiaceae Apiaceae
Fabaceae Phyllanthaceae
Goodeniaceae Plantaginaceae
Malvaceae Verbenaceae
Phyllanthaceae | Africa 16SrIl Asteraceae
Poaceae 16SrXI Poaceae
Polemoniaceae 16SrXIV Poaceae
Rubiaceae North 16SrI Fabaceae
Solanaceae America 16SrIII Asteraceae

16SrlII Euphorbiaceae 16SrIV Asteraceae

16SrXI Poaceae 16SrXIV Poaceae

16SrX1V Poaceae Fabaceae

UDG Fabaceae South 16SrVII Asteraceae
Poaceae America

(16SrXII-A, ‘Ca. P. solani’). Natural hosts of “stolbur” are U. dioica and C. arven-
sis, while the cultivated hosts are solanaceous crops, grapevine, and corn. “Stolbur”-
infected U. dioica is usually symptomless and therefore represents an even greater
threat to crops. In such cases, weed management by herbicide treatment is an effec-
tive method of reducing disease incidence. It is achieved through elimination of the
source of inoculum and lowering the density of the vector population (Maixner
2009). Crop-specific epidemic systems are often new epidemiological cycles that
evolved from the dead-end host system in the presence of a potentially competent
vector. An example of such a system is “flavescence dorée” (16SrV-C/-D), whose
epidemiological cycle became independent from its original, natural host. The ori-
gin of “flavescence dorée” can now be deduced by analyses of DNA (Arnaud et al.
2007). Although there is no clear recognized role of weeds in this kind of epidemic
systems, this underlines the importance of weeds in the emergence of new crop
diseases.
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