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Summary

The ambrosia beetle Platypus cylindrus was very common in stands of Platanus orientalis trees in Greece, infesting trees already infected by
Ceratocystis platani. The fungus C. platani was isolated from 59% of adult beetles of P. cylindrus collected on the wing in a heavily infected
stand of P. orientalis. Transmission of C. platani was demonstrated in 80% of P. orientalis seedlings challenged with P. cylindrus beetles, which
were previously fed in cultures of the fungus. In most of the cases, the beetles had bored tunnels in stems, where abundant perithecia of
C. platani were observed. Platypus cylindrus adults regularly visited artificially wounded P. orientalis trees in a natural stand. Although this
ambrosia beetle normally infests stressed or dead trees, it appears to play a role as a vector of C. platani, especially by visiting wounded trees.

1 Introduction

Canker stain, caused by the Ascomycete Ceratocystis platani (JM Walter) Engelbrecht & TC Harrington is the most destructive
disease of Platanus trees known. Although probably native to the south west of North America, the pathogen was found in
ornamental plantings of Platanus spp. in Italy and France following the Second World War (Panconesi 1972; Ferrari and Piche-
not 1976) and has since spread throughout the Italian peninsula and many areas of France; it has also been reported in Swit-
zerland and Spain (Ruperez and Munoz 1980; Matasci and Gessler 1997). In late 2003, the disease was first observed in
natural stands and ornamental plantings of Platanus orientalis L. (oriental plane) in the Peloponnese, Greece, causing wide-
spread mortality (Tsopelas and Angelopoulos 2004). Since then, C. platani has spread in the native range of P. orientalis in
southern and north-western Greece causing massive epidemics and extensive ecosystem degradation in natural stands of
P. orientalis, which is very susceptible to this pathogen (Ocasio-Morales et al. 2007; Tsopelas and Soulioti 2011).

Platanus orientalis is the most important riparian tree species in Greece and other countries of the Balkan Peninsula and
eastern Mediterranean, with a natural distribution extending eastwards to Anatolia, north Iran to central Asia and west
Himalayas (Strid and Tan 2002). As the pathogen is now established in the western range of the natural distribution of
P. orientalis, millions of individual trees of this species are at risk; serious ecosystem degradation is already underway in
Greece, and the pathogen is likely to continue spreading eastwards. In the absence of prompt and intensive management
methods to control this major ecological hazard, the pathogen has the potential to eliminate the host species.

The disease is transmitted principally by human activities in both urban and rural environments. Tree wounding with
contaminated tools and terracing machinery is the main pathway for infection (Ocasio-Morales et al. 2007). Subsequent
spread of the fungus to neighbouring trees is known to occur through root grafting (Mutto Accordi 1986). Infections by
C. platani can be also initiated through wounds resulting from weather damage, rolling pebbles or other material damaging
the roots of trees in riparian ecosystems; in addition, infected dead logs and branch pieces that are carried by the water
downstream create new infection centres (Ocasio-Morales et al. 2007).

Ambrosia beetles are species of subfamilies Scolytinae and Platypodinae (Fam. Curculionidae) that transport and favour
the growth of certain ambrosia fungi on the walls of the galleries they create, providing a significant food source to both
larvae and adults (Inacio et al. 2011). Etymologically, the term ‘ambrosia’ is derived from Greek mythology, meaning the
food of the Olympian gods and thought to preserve their immortality. The genus Platypus Herbst. includes many species of
ambrosia beetles in different regions of the globe. Platypus cylindrus Fab. is a polyphagous species and the most common
ambrosia beetle of the Platypodinae in southern Europe attacking mostly stressed or recently killed hardwood trees (Cas-
sier et al. 1996; Tilbury 2010; Inécio et al. 2011).

The ambrosia beetle P. cylindrus has been observed to infest oriental plane trees in Greece infected by C. platani. Species in
the genus Ceratocystis produce long-necked perithecia, with passive discharge of adhesive ascospores from evanescent asci,
morphological characteristics that have been suggested to result from convergent evolution selected for arthropod dispersal
(Rollins et al. 2001; de Beer et al. 2014). Wood of Platanus spp. colonized by C. platani has a fruity odour attractive to insects,
a feature common with other species of Ceratocystis, such as Ceratocystis fagacearum (Bretz) Hunt, the causal agent of oak wilt
disease in North America (Juzwik et al. 2008). C. platani has been isolated from frass of P. cylindrus, and it has been suggested
that it can be dispersed by wind or stream water to tree wounds causing new infections (Ocasio-Morales et al. 2007).

Having a fungal pathogen and an insect occurring in large numbers at infection sites, we examined the possibility
whether this beetle acts as a vector of the pathogen causing canker stain disease of Platanus. The aim of this work was to
investigate whether P. cylindrus adults trapped on the wing carried inoculum of C. platani and if these beetles were able to
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transmit the disease to trees of P. orientalis. An artificial wounding experiment was also conducted to determine whether
P. c¢ylindrus is attracted to fresh wounds on healthy trees.

2 Materials and methods

2.1 Occurrence of Platypus cylindrus

The presence of P. cylindrus was investigated from 2007 to 2013, in natural stands and ornamental plantings of oriental
plane infected with C. platani in several sites in the Peloponnese and Epirus regions of Greece. Infected trees were exam-
ined for the presence of frass from boring insects on the main stem and the branches. Adult beetles of P. cylindrus were
collected from galleries, by excavating the infested wood and bark. Species identity was confirmed using stereomicroscope
(Zeiss, Stemi 2000-C) observations, and in many cases, the sex of the beetles was also determined.

2.2 Collection of beetles

Beetles were trapped in a stand of oriental plane heavily infected by C. platani, alongside the Rhodia stream, a riparian area
in Messenia Prefecture, SW Peloponnese (WGS84/; latitude: N 37°12'/longitude: E 21°43/, altitude: 390 m). Many of the
recently dead and dying trees were infested by P. cylindrus; this was recognized by the presence of abundant frass on the
trunks of the trees arising from gallery entrances.

Two intercept flight bark beetle traps (Thyssen, Trofolio-M.gmbH) were placed under the canopy of selected trees at approx-
imately 1.6 m above the ground. Each trap was baited with two cultures of an isolate of C. platani previously obtained from an
infected tree at the same site. Cultures were maintained in 90 mm diameter Petri dishes on 2% malt extract agar (MEA;
Sigma-Aldrich Chemie GmbH, Steinheim, Germany) and incubated at 25°C for 14 days before use, when abundant production
of perithecia had occurred. Immediately prior to placing in the traps, the lids of the Petri dishes were removed and the dishes
wrapped in clear food film (Sanitas-Sanitas S.A.). A Vapona® insecticide sheet was placed in the base of the collection container
of each trap to Kkill trapped insects. Traps were inspected daily, and any insects caught stored in sterilized 1.5-ml Eppendorf
tubes at 4-6°C until transferred to the laboratory. Collections were made during August 2008. Diurnal temperature fluctua-
tions during collection were from 23 to 36°C.

Living adult beetles were also collected from two infested tree trunks in the same area, using disinfected tools (axe, chi-
sel and forceps) to recover galleries; a 30-ml entomological pooter was used to catch the insects. Insects were placed indi-
vidually in clean sterilized 20-ml tubes adding also a small amount (10 x 10 x 50 mm?) of healthy freshly cut material
consisting of wood with attached bark, from the host plant. Tubes were stored at 4-6°C in a cool box, to facilitate survival
during transfer to the laboratory.

2.3 Isolation of Ceratocystis platani from beetles

The presence of the pathogen on P. cylindrus adults was examined using a modification of the C. platani trapping technique
described by Grosclaude et al. (1988). Each insect was rinsed with sterile distilled water to remove wood particles and other
debris. Conical flasks (500 ml), each containing 300 ml deionized water and a Pasteur pipette, were plugged with cotton wool
and autoclaved at 121°C, 105 kPa for 30 min. Three freshly cut healthy twigs of P. orientalis (circa 10 cm long and 7-10 mm
diam) were added to each flask. These twigs were previously stripped of bark over approximately 2/3 of their total length and
surface disinfected with 70% ethanol for 10 min, then rinsed with sterile distilled water. A dead adult beetle was placed in
each flask and fresh air was continuously pumped into the flask through the Pasteur pipette, using a regular aquarium pump
(Aqua-Air AP4, Interpet); this air flow also kept dead beetle circulating into the water. In total, 22 flasks were prepared and
incubated at approximately 25°C for 2 weeks. After incubation, twigs were examined under a stereomicroscope for the pres-
ence of perithecia of C. platani. The fungus was isolated by transferring ascospore masses from the tip of the perithecial neck
with a sterilized needle to Petri dishes with MEA amended with 200 mg/1 streptomycin sulphate (MEA-S).

2.4 Vector trial

Living adult beetles collected from galleries were also sexed; subsequently, females and males were treated separately. Bee-
tles were transferred into 14-day-old cultures of C. platani in Petri dishes with perithecia for 30 min, prior to being used
to artificially infest healthy trees. No ‘clean’ beetles were used as reference as these could not be grown in dedicated labo-
ratory facility. Each beetle was placed in a ‘cage’ comprising a small piece of silicon tube (15 mm long, 5 mm diam.), one
end of which was capped with a mesh screen (30 x 150 Micronic filter cloth ‘T-316’ stainless steel). The open end of the
tube was firmly attached over a wound using Parafilm®, prepared using a 5-mm cork borer to remove the bark, on the
stem of a healthy 2-year-old P. orientalis seedling. Mean stem diameter was 8.6 mm (5-14 mm) at the point where
the cage was placed (Crone 1962; Fraedrich et al. 2008).

The seedlings used in this experiment were raised in a nursery in Attica prefecture, from a local seed source of P. orien-
talis and planted into 7.5 I pots. At the time of inoculation, they were one and a half year old, 70—-100 cm tall, with a stem
diameter at the root collar of 5-12 mm.

Ten female and 10 male P. cylindrus adults were used on a total of 20 plants. Cages were left in place for 3 weeks. Dur-
ing the interaction period, temperatures ranged from 19 to 37°C, and rainfall occurred twice. All seedlings were observed
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for symptoms during this period. After the interaction period, the plants were harvested and transferred to the laboratory
before removal of cages. The condition of each beetle was recorded and the bark around the wound removed to observe
symptoms and signs of infection, and tunnel development. Lesion sizes were measured, the presence of perithecia around
the wound checked under a stereomicroscope and isolations made from the lesion boundaries onto MEA-S. The develop-
ment of healing callus around the wound, if present, was also recorded.

2.5 Wounding experiment

Late summer of 2009, in the same heavily infested stand where beetles were collected (Rhodia stream), 10 healthy P. orien-
talis were selected upstream from the infected trees and artificial wounds made on the stems at approximately 1.3 m above
ground. One P. orientalis recently infected by C. platani was also selected at the borders of the nearby locus of infection, as
a control; this tree was wounded and treated in the same way as the other ten. A disinfected chisel was used to remove
the bark in blocks of approximately 15 cm?® exposing the sapwood (Barnes et al. 2003). All wounds were made on the
opposite side of the trees relative to the closest infected trees, to reduce the chance of accidental airborne infection by frass
or other means. The wounds were covered and secured with a plastic transparent mesh x 750 um (Plastok® Plastok Ltd,
Birkenhead, UK) sprayed with an odourless non-setting adhesive (Oecospray® Oecos, Kimpton, UK). Wounded trees were
visited after 1, 3 and 5 weeks and inspected for the presence of P. cylindrus adults adhering to the plastic mesh.

3 Results

3.1 Occurrence of Platypus cylindrus in infected stands

The presence of P. cylindrus on plane trees was evident from the copious frass in the form of sawdust on the bark of trees,
mainly at the base of trunks. The entrance holes of galleries were also evident as round holes, 1.5-1.7 mm in diameter.
Inside the galleries, perithecia as well as aleurioconidia and endoconidia of C. platani were observed covering the walls.
Live adult beetles were found inside the galleries on bark and wood 1-5 cm from the entrance holes.

In total (Table 1), P. cylindrus was detected in 37 infection sites in the Peloponnese (southern Greece) and 22 sites in
Epirus (north-western Greece). Only in 3 infection sites (Table 1), the insect was not detected from a total of 63 sites
examined in Greece, those were small infection foci with recently infected trees and treated with glyphosate herbicide to
eradicate the disease (Grosclaude et al. 1992). Besides P. orientalis trees infested by P. cylindrus, in two cases in Pelopon-
nese trees of Platanus x acerifolia Wild. (London plane) were also found infested by this insect. This ambrosia beetle was
not found on non-infected plane trees and was rare on trees recently infected by C. platani; it was present in large num-
bers on trees infected for longer periods of time (1-3 years), some of which were already killed by the disease. On recently
infected trees, entrance holes were on the infected (stained) part of the wood but not on healthy wood of the same tree.

3.2 Presence of Ceratocystis platani on Platypus cylindrus

Using the trapping technique, C. platani was positively detected from 13 of 22 (59.1%) adults of P. cylindrus caught on the
wing; 11 males of 14 (78.5%) and 2 females of 8 (25%) were carrying the fungus. Under the stereomicroscope, abundant
perithecia were observed on the plane twigs used as baits; the fungus was consistently isolated from ascospore masses.

3.3 Vector trials

Three weeks after the plane seedlings were challenged with pathogen-infested P. cylindrus beetles, 16 of the 20 plants used
were infected by C. platani, with both sexes of insects showing equal success in transferring the fungus to the host trees

Table 1. Occurrence of Platypus cylindrus on Platanus spp. in different areas of Greece.

No of localities
Region Prefecture Present Not Detected Platanus sp.
Peloponnese Achaea 10 P. orientalis
Arcadia 9 1 P. orientalis
Ilia 6 P. orientalis
Corinthia 2 P. orientalis
Laconia 1 P. orientalis
Messenia 7 1 P. orientalis
2 P. x acerifolia
Epirus Arta 2 P. orientalis
Ioannina 11 1 P. orientalis
Preveza 2 P. orientalis
Thesprotia 7 P. orientalis
Total 59 3
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Table 2. Infection by Ceratocystis platani of Platanus orientalis plants challenged with Platypus cylindrus adults fed on cultures of the fun-

gus.
No of beetles No of challenged plants No of infected plants

10 g 10 8

10 @ 10 8

Total 20 20 16

(Table 2). Necrotic lesions of 2-62 mm in length were formed on the stems around the point at which the cages were
attached. Four seedlings remained lesion free and collenchyma callus closed the wounds. In contrast, no callusing occurred
at the point of wounding in seedlings showing lesion development.

At the time of harvesting, one male beetle remained alive; in the remaining traps, five males were dead in the cages or
on the host stems, and four had bored through the stem and escaped. Of the female beetles used, seven were dead in the
cages or on the stems, whereas three had escaped by boring directly through the stem. Frass was observed inside the cages
in most cases, indicating boring activity. No frass was found in the cages of the four uninfected seedlings. In most of the
wounds and in the beetle-bored tunnels, abundant perithecia were observed (Fig. 1). Ceratocystis platani was consistently
re-isolated from stem tissues at the lesion boundaries of the infected stems.

3.4 Wounding experiment

After the 5-week period, the 10 healthy P. orientalis were, in most of the cases, regularly visited by P. cylindrus adults.
More specifically, on 7 of 10 healthy P. orientalis, P. cylindrus adults were found stuck in the glue on the plastic mesh
(70%). In total 37 P. cylindrus adults visited the seven healthy P. orientalis (mean 5.3, range 2 to 12). The control (infected)
P. orientalis was also visited by five P. cylindrus adults in total, over the same 5-week period.

4 Discussion

The ambrosia beetle P. cylindrus was very common in southern as well as in north-western Greece, found in almost all
P. orientalis sites infected by C. platani, and was also found on a few P. x acerifolia trees. Platypus cylindrus was also associ-
ated with P. x acerifolia trees infected by C. platani in the Pisa area of Italy (Ake Lindelow, personal communication). As
this beetle is very common in many parts of Europe (Cassier et al. 1996; Tilbury 2010; Inacio et al. 2011), it may be
important in other countries where the disease occurs. Infestations by this beetle in Greece were more intense on trees 2—
3 years after infection by C. platani; this is probably why P. cylindrus has escaped wider attention on infected trees in Italy
and France, as the number of trees infected by this pathogen in these countries is relatively small and they are usually
removed soon after infection.

The presence of P. cylindrus in large numbers on infected sites in Greece clearly shows that this polyphagous ambrosia
beetle takes advantage of the abundance of suitable breeding material to increase its population. Similarly, in southern Eng-
land P. cylindrus increased rapidly following a hurricane in 1987 that provided large numbers of damaged oak trees,
because this insect normally attacks trees that are stressed or recently dead (Tilbury 2010; Inacio et al. 2011). In the pres-
ent work, P. cylindrus was noticed only on infected trees and not on healthy ones; it is worth mentioning though that, in
recently infected trees, galleries of P. cylindrus were found only on infected wood of the trunk. It is highly likely that the
insect was attracted by the fruity volatiles produced by C. platani in colonized wood (Harrington 2009) and was boring its
galleries only on this part of the trunk. Inside the galleries C. platani produces an abundance of perithecia as well as aleu-
rioconidia and endoconidia that provide food for larvae and adults of P. cylindrus.

In our study, it was clearly demonstrated that P. cylindrus adults carry the fungus C. platani when flying close to
infected trees. The fungus appeared to be carried more commonly by male (78.5%) than female (25%) adult beetles
on the wing; however, sampling of greater numbers of beetles is required to confirm these differences. It was not
examined in our work if the fungus was carried in the mycangia or the exoskeleton of the beetles. Earlier works have
shown the presence of many different ophiostomatoid fungi (Raffaelea spp., Graphium spp. and Ophiostoma spp.) in the
mycangia of P. cylindrus (Cassier et al. 1996; Bellahirech et al. 2014). Spores of C. platani though, especially ascospores
that are produced in sticky masses in the perithecial necks, can easily stick on the exoskeleton of the insects (Harring-
ton 2009).

Ambrosia fungi are highly species specific in relation to insect vectors and are known to be associated with certain mem-
bers of the Scolytinae and all Platypodinae (Batra 1963). A given species of ambrosia beetle, however, does not necessarily
feed on a single fungal species exclusively throughout its lifecycle (Batra 1966). Platypus cylindrus is typical ambrosia bee-
tle in terms of feeding habits (Baker 1963); in fact, the mutualistic relationship between P. cylindrus and ambrosia fungi is
well characterized (Cassier et al. 1996; Inacio et al. 2012).

In our case, an invasive fungal pathogen, C. platani, joined a pre-existing beetle, P. cylindrus, and a putative mutualism
between the insect and the pathogen may starting to happen. Ploetz et al. (2013) presented many examples of this type
of pathogen—vector shifts with bark beetle vectors, the most well-known being the Dutch elm disease pathogens (Ophios-
toma spp.).
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Fig. 1. Tunnel bored into stem of Platypus orientalis by Platypus cylindrus adult. Perithecia of Ceratocystis platani are growing inside the
tunnel after 14 days and the infected wood around the tunnel is heavily stained.

Ambrosia beetles are not common vectors of fungal pathogens, as they usually attack recently dead or weakened trees
(Harrington 2009; Ploetz et al. 2013). However, recent reports of serious pathogens being transported and inoculated by
ambrosia beetles are increasing worldwide, for example Raffaelea quercivora Kubono & Shin with Xyleborus quercivorous in
Japan and Raffaelea lauricola T.C. Harr,, Fraedrich & Aghayeva with Xyleborus glabratus in the USA (Kubono and Ito 2002;
Harrington et al. 2008). Results in this study showed that P. cylindrus is able to transmit the fungus C. platani into healthy
P. orientalis trees and start new infections. Similarly, Crone (1962) in the USA proved that beetles of the family Nitidulidae
were able to transmit C. platani, but there are no other reports concerning insect vectors of this particular pathogen in
North America or Europe where the disease has been present (Panconesi 1999).

Platypus cylindrus usually does not colonize healthy trees; a fact that makes it less likely that C. platani is transmitted
into healthy P. orientalis trees by this beetle. The results did, however, show that regular visits of healthy wounded P. orien-
talis trees were made by P. cylindrus adults. Taking into account the large increase of P. cylindrus population in infected
sites, it is more likely for this ambrosia beetle to transmit C. platani into healthy trees wounded by humans or by natural
causes. In Portugal, P. cylindrus was reported to attack apparently healthy cork oak (Quercus suber L.) trees, mostly the
recently decorked trees (Inacio et al. 2011). Ambrosia beetles that transmit Ceratocystis fagacearum, the causal agent of the
oak wilt disease in the USA, are known to be attracted from certain volatiles arising from the sap in fresh wounds of live
Quercus trees (Kuntz and Drake 1957).

In earlier work carried out in the same area of the Peloponnese C. platani was isolated from frass samples collected from
two of three diseased P. orientalis trees (Ocasio-Morales et al. 2007); in this same work, the authors stated the risk posed
by this frass material produced by P. cylindrus during aerial dispersal may result in the disease being carried to fresh
wounds caused on the trees by other agents (Silveira et al. 2006; Ocasio-Morales et al. 2007).

Although close symbiotic relationships between ambrosia beetles and fungi have been known since 1844 (Hartig 1844),
in most cases, fungi associated with ambrosia beetles are not well characterized or remain unknown. More knowledge on
the subject will arise as further serious tree pathogens emerge, as in this case with canker stain disease of Platanus caused
by C. platani. In this work, Leach’s rules (Leach 1940) were completed for the ambrosia beetle P. cylindrus as vector of
C. platani. It was demonstrated that (i) a close association between the beetle and infected plants, (ii) regular visits of the
insect to wounded healthy plants, (iii) the presence of the pathogen on the insect following visitation to a diseased plant
and (iv) the development of the disease with pathogen-infested insects. It is probable that other Coleoptera are also
involved in transmission of C. platani in P. orientalis in Greece. Work is currently underway to test this hypothesis and
identify other insect species found in association with infected trees.
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