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Abstract: Pines are major components of native forests and plantations in Europe, where they have
both economic significance and an important ecological role. Diseases of pines are mainly caused
by fungal and oomycete pathogens, and can significantly reduce the survival, vigor, and yield of
both individual trees and entire stands or plantations. Pine pitch canker (PPC), caused by Fusarium
circinatum (Nirenberg and O’Donnell), is among the most devastating pine diseases in the world,
and is an example of an emergent invasive disease in Europe. The effects of microbial interactions
on plant health, as well as the possible roles plant microbiomes may have in disease expression,
have been the focus of several recent studies. Here, we describe the possible effects of co-infection
with pathogenic fungi and oomycetes with F. circinatum on the health of pine seedlings and mature
plants, in an attempt to expand our understanding of the role that biotic interactions may play in
the future of PPC disease in European nurseries and forests. The available information on pine
pathogens that are able to co-occur with F. circinatum in Europe is here reviewed and interpreted to
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theoretically predict the effects of such co-occurrences on pine survival, growth, and yield. Beside
the awareness that F. circinatum may co-occurr on pines with other pathogens, an additional
outcome from this review is an updating of the literature, including the so-called grey literature, to
document the geographical distribution of the relevant pathogens and to facilitate differential
diagnoses, particularly in nurseries, where some of them may cause symptoms similar to those
induced by F. circinatum. An early and accurate diagnosis of F. circinatum, a pathogen that has been
recently introduced and that is currently regulated in Europe, is essential to prevent its introduction
and spread in plantings and forests.

Keywords: Pine pitch canker (PPC); forests; nurseries; microbiota; fungal interactions; pathogens

1. Introduction

Pines are native to Europe and are keystone components of several European terrestrial
ecosytems, independent of climate and location within the continent. There are 12 native pine species
and a large number of subspecies within Europe [1], with Scots pine (Pinus sylvestris L.) being the
most widespread, covering an estimated area of 28 million hectares (mln ha) [2]. Other pine species
have a relevant ecological role in Europe, particularly black pine (P. nigra Arnold), stone pine (P. pinea
L.), and maritime pine (P. pinaster Aiton).

The economic significance of pines is due to their valuable wood, used for timber and pulp, to
their resin, used for the manufacture of varnishes, adhesives, and food glazing agents, and to their
nuts, used for consumption and mainly produced by stone pines in Southern Europe. Monterey pine
(P. radiata D. Don), although native to the Central coast of California and Mexico, is, for commercial
purposes, the most widely-planted pine in Europe and in the world, with large plantations
cumulatively covering over 4 mIn ha in New Zealand, Chile, Australia, Spain, and South Africa [3].
In Europe, Spain has the largest area planted with this species (ca. 287,000 ha) [3], and although
plantations are relatively small in area when compared to the area covered by native pines, they
provide 25% of Spanish conifer timber [4] due to the fast growth and short rotation time of Monterey
pine.

Diseases of pines can significantly reduce the survival, vigor, and yield of individual trees, as
well as of entire natural forests or plantations [5-7]. Most diseases of conifers are caused by fungal
pathogens [8], some of which have major economic and ecological impacts [9]. For example,
Dothistroma needle blight, caused by Dothistroma septosporum (Dorog.) Morelet and Dothistroma pini
Hulbary, can cause extensive mortality in pine plantations [7-10], and recently led to the premature
felling of 11,000 ha in the UK (Kath Tubby and Alan Gale, unpubl.) and 32,000 ha in the Basque region
of Spain (Oscar Azkarate, unpubl.). Another example of the economic importance of fungal diseases
of pines is provided by the root and butt rot fungus, Heterobasidion annosum sensu lato, known to cause
losses in the European Union estimated at around 790 mln Euros in 1998 [11].

The risk of disease outbreaks caused by alien invasive forest pathogens is rapidly increasing
with the intensification of international trade [9-12]. Pine pitch canker (PPC), caused by Fusarium
circinatum (Nirenberg and O’Donnell), is among the most devastating known diseases for pine
plantations, and is an example of an emergent disease in Europe. Outbreaks of the pathogen in
Europe have occurred in plantations of P. radiata in Northern Spain [13,14]. The first official validated
record of the disease in Europe was on P. radiata and P. pinaster in nurseries in Asturias (Northern
Spain) and P. radiata in a plantation in Cantabria (Northern Spain) [15,16], although there were earlier
unofficial reports in pine nurseries in northern Spain [17-21]. In Portugal, the first official record was
in nurseries on P. pinaster and P. radiata seedlings [22]; later in 2016, the pathogen was detected in P.
radiata plantations (H. Braganca, personal communication) and on two P. pinaster trees in 2018 [23].
In Italy and France, the pathogen has been officially eradicated; in Italy, there was a first report in
urban parks on P. halepensis Mill. and P. pinea [24], and in France, the pathogen was officially reported
from Pseudotsuga menziesii (Mirb.) Franco and Pinus spp. in a private garden [25,26], followed by a
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report from P. radiata in nurseries [27]. Pinus radiata is regarded as the most susceptible species, while
P. canariensis and P. pinea are often regarded as some of the most resistant pine species in Europe [28—
31]. Differences in susceptibility among provenances of the same Pinus species have been reported
for P. sylvestris [32,33] and P. pinaster [34,35]. The exploitation of genetic resistance is one of the most
promising methods with which to manage PPC [29,36]. Among the species grown in plantations in
the south east of U.S., inoculations of one year-old seedlings revealed P. faeda to be the most resistant,
with shortleaf pine (P. echinata Mill.) and Virginia pine (P. virginiana Mill.) being the most susceptible,
and P. elliottii ranking as intermediate. Even for susceptible species such as P. elliottii and P. radiata,
intraspecific variation in susceptibility has been demonstrated [37].

Fusarium circinatum has a strong potential to become established in different parts of Europe [38].
According to the European Food Safety Authority (EFSA), the consequences of PPC in areas suitable
to its spread will be potentially massive [39]. Such areas include central and northern Portugal,
northern and eastern Spain, south and coastal parts of France, coastal areas of Italy, several coastal
areas of Greece, and some other regions [40] (Figure 1). Although optimal conditions of temperature
and humidity for fungal infection and conidial germination are known, the prediction of
environmental suitability for PPC infection is complicated by the fact that the environment may affect
not only F. circinatum itself, but also its hosts and vectors. Nevertheless, Garbelotto et al. [41] have
identified the natural climatic conditions which are associated with high and low or nil sporulation
levels in the field. High sporulation is associated with high levels of relative humidity in the form of
either precipitation or fog and cool temperatures (15-25 °C); sporulation is depressed as temperatures
increase, and nil when minimum temperatures approach zero. These patterns suggest that the disease
may spread more easily in coastal, mild, wet climates, rather than in mountainous or continental
climates characterized by extreme seasonal fluctuations in temperature. The spatial spread of the
inoculum was noted to be successful to a distance more than 200 m [41] and up to a distance of 1000
m downwind [42], but not much more, which indicates a limited dispersal ability. Numerous insect
species that commonly occur in pine nurseries and forests throughout Europe and elsewhere have
the potential to spread PPC as either vectors, carriers, or wounding agents; however, to date, most of
the evidence is circumstantial and ambiguous [43].

Moykkynen et al.[44] modelled the potential spread of F. circinatum in Europe as a function of
the spatial distribution of pine and Douglas firs, the climatic suitability of different locations to F.
circinatum, seedling transportation, insect-mediated transfer from tree to tree, and the spread of
airborne spores. Some of these factors can be controlled by human decision making. Furthermore,
the area with a suitable climate for the development of PPC in Europe was predicted to shift from the
coastal areas of southern Europe northwards by the year 2100. This would be caused by decreasing
summer precipitation and increasing summer and winter temperatures in southern Europe (south of
latitude 50). In northern Europe (north of latitude 50), increasing summer and winter precipitation
and rising summer and winter temperatures [45] make the climatic conditions more favorable for F.
circinatum. However, the simulations indicated that PPC is not likely to spread to central and northern
Europe unless new points of entry are created during those climatic periods when the region is
suitable for the development of the disease.

The pathogen is an ascomycete with a complex biology; it can be airborne as well as seedborne,
and may have an endophytic stage in its lifecycle (see below). When seedborne, it can survive both
superficially and internally in the seeds [46,47], and it may cause pre- and post- emergence damping-
off, as well as the mortality of established seedlings [46-48]. The main symptom of PPC in mature
trees is the presence of pitch-soaked cankers in trunks and large branches that can girdle both trees
and branches, although it can lead to tree death [29,49,50]. Occasionally, the canker may be in the
primary roots, later expanding into the root collar and the lower part of the stem in planted pines
[51]. It was also found to behave as an endophyte of corn [52], different grasses [53], asymptomatic
P. radiata seedlings [47, and asymptomatic seedlings of the genera Picea and Larix [54].

In a risk assessment of F. ciricnatum for the EU territory [39], the following pathways for the entry
from infested areas were identified: (i) plant material for propagation purposes (seeds, seedlings, and
scions), (ii) wood, (iii) plant material for decorative purposes (Christmas trees, branches, cones, etc.),
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(iv) soil and growing substrates, v) natural means (insects, wind, etc.), and (vi) human activities
(travellers, machinery, silvicultural practices, vehicles, etc.). The risk management options were then
identified and evaluated for their effectiveness, for entry, spread and for preventing or reducing
infestation by F. ciricnatum.

A classical concept of plant pathology is the disease triangle, used to visualize the tripartite
interaction among a virulent pathogen, a susceptible host, and an environment which is favorable to
infection. The co-occurrence of these three factors results in a plant disease with a measurable effect
on plant productivity. However, there is mounting awareness that additional interactions need to be
considered in order to better explain the disease [55]. For instance, the possible effects of the
microbiota on tree health have been underestimated until recently. In this regard, artificial
inoculation trials testing the effect of a single pathogen on a host plant may be inadequate to assess
diseases in the instance of co-occurring pathogens and in the presence of varying microbiota. The
interest in endophytic microbiota of forest trees has increased over the years, and many recent studies
have dealt with these organisms [56-60] and their importance in the management of plant diseases
[61-63].

Microbiota can alter host fitness by affecting a plant’s ability to survive, reproduce, compete,
grow, or defend itself against parasites. The interactions between plant and microbiota, especially
fungi, can range from parasitic to mutualistic. The net result of the interaction is determined by the
characteristics of the organism and host, as well as ecological and environmental conditions [60].
There is also increasing evidence that the plant microbiota is influenced by the genetic variability of
the host, both at intraspecific [64—66] and interspecific [67-70] levels. Both mechanisms, host plasticity
and the genetic adaptation of the microbiota, may allow plant populations to cope with novel,
emerging pathogens; thus, a current challenge for forest pathologists lies in the ability to assess their
relative role in disease development [71]. Therefore, microorganisms other than F. circinatum may
induce changes in the pine phenotype that can subsequently affect the suitability and behavior of the
host to PPC infections, when acting either simultaneously or in succession.

In natural environments, trees are rarely attacked by a single pathogen; more typically, they face
an array of pathogens. In this paper, we focus on pathogenic fungi and oomycetes potentially co-
occurring with F. circinatum in pines. Interactions between pathogens and/or insects co-occcurring in
the same tree are often of significant importance, and have been well documented [72,73]. The
interaction between F. circinatum and Tomicus piniperda (L.) was studied by Lombardero et al. [74],
who reported that terpene expression triggered by the insect reduced fungal growth in P. radiata. In
contrast, interactions between pathogens occurring in trees have been less investigated [5,63,75].
Several scenarios can be depicted when pathogens co-occur on the same plant:

(1) Direct antagonistic interaction: a pathogen may colonize the same plant parts infected and
colonized by F. circinatum, thus making those parts unavailable for PPC infection. This direct
antagonism can be modulated by the environment; for instance, Kozanitas et al. [63] found that
Phytophthora nemorosa E. M. Hansen et Reeser can persist at levels comparable to those of P. ramorum
in ecologically-suitable plots when climate favors P. ramorum dormancy. However, P. ramorum
prevalence increases to levels higher than those of the competing species when abundant rainfall
triggers its sporulation. These results lead to the conclusion that understanding the determinants and
outcomes of competition between these species has important implications for understanding their
epidemiology and for devising possible control strategies for Sudden Oak Death.

(2) Indirect antagonistic interaction: a tree made sick because of prior infection by another
pathogen may generally not be a good host for PPC, or a good sporulation substrate for F circinatum.
It is also possible that the host may have been primed to resist F. circinatum infection by the prior
infection of another pathogen, as in the case mentioned above of an insect attack curtailing infection
by F. circinatum [74]. Priming is meant as a biochemical process, when infection by one ptahogen
triggers a defense response that may hinder infection by another [76].

(3) Neutral interaction: when no direct or indirect effects or interactions among fungi occur.

(4) Synergistic interaction: a tree infected by a pathogen may be more easily infected due to
reduced defences or the creation of infection courts caused by other pathogens. In some cases,
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different pathogens are able to interact synergistically, causing together much more damage than
would be expected from the addition of the impacts caused by each pasthogen individually [75].

Direct interactions between pathogens infecting the same plant part may thus result in greater
or lesser disease severity, depending on the pathosystem in question. For instance, necrosis length
was greater in P. halepensis seedlings inoculated with Sydowia polyspora (Bref. and Tavel) E. Miill and
Gremmeniella abietina (Lagerberg) Morelet than in those inoculated with G. abietina alone [77].
Converseley, Cenangium ferruginosum Fr. was able to reduce the length of necrosis caused by G.
abietina on P. halepensis [77]. Barrett [78] tested the ability of Phaeolus schweinitzii (Fr.) Pat. to infect
wood already colonized by another fungus in a series of experiments using blocks of Sitka Spruce.
Growth of P. schweinitzii was not inhibited by the presence of Armillaria mellea (Vahl) P. Kumm. or
Postia stiptica (Pers.) Jiilich, whereas its development was arrested by Sparassis crispa (Wulfen) Fr.
There may be several instances where F. circinatum may reduce its vitality and ability to cause
infection, e.g.: (a) host resistance responses may have been triggered by prior infection by another
pathogen, (b) a viable substrate for infection may have been exclusively occupied by other pathogens,
or (c) trees quickly decline because of a previous infection by other pathogens, and live tissues may
not be available for growth or sporulation by F. circinatum or other pathogens. This last notion is
supported by work showing that F. circinatum sporulation on dead or dying trees is reduced [68].
Interactions can also span across the belowground-aboveground divide [79]. Root pathogens, for
instance, can affect foliar pathogens, and vice versa. Data from severely diseased Fraxinus excelsior L.
stands in south-western Germany supported the hypothesis that Hymenoscyphus fraxineus (T.
Kowalski) Baral, Queloz, and Hosoya is the major agent of collar necroses in ash, although Armillaria
spp. play an important aggravating role [80]. Such cross-compartment interactions are indirect (i.e.,
plant-mediated), and involve systemic induction or priming of common plant defences or altered
plant quality [73].

The goal of this paper is to expand our understanding of the biotic interactions that may play a
role in the future trajectory and impact of PPC disease in European nurseries and forests. We estimate
the potential spatial overlap, and the potential direct and indirect interactions between these
pathogens and F. circinatum. The mechanisms influencing interactions between the pathogens and
the climatic dependence of the disease incidence are discussed. In order to achieve such a goal, we
updated the literature, including the so-called grey literature, regarding the geographical distribution
and relevance of pathogens infecting pine species in Europe —whose host range overlaps with the
host range of F. circinatum—with descriptions of the syndromes caused by these pathogens. These
descriptions will make it easier to recognize them, particularly in nurseries, where they may cause
symptoms similar to those induced by F. circinatum. Consequently, pathogens were grouped into
those occurring in forest stands and those occurring in nurseries. For the first group, a differentiation
between pathogens that cause root and butt rot, cankers, leaf damage, or vascular stain was made.
This review is the product of a collaborative effort within the COST Action FP1406 PINESTRENGTH
on F. circinatum. The pathogen compilation was done by the participating countries presented in
Supplementary Tables S1-54 for forest stands and Table S5 for nurseries.



Forests 2020, 11, 7 7 of 32

= s

® F. circinatum occurrence
® Host presence (coverage > 25%)

4 Climatic suitability of disease
B Optimal
B Suitable
Marginal
[ Unsuitable
Country not modelled

==

Figure 1. Geographical distribution of host species of Fusarium circinatum in Europe, including Pinus
brutia, P. canariensis, P. cembra, P. contorta, P. halepensis, P. heldreichii, P. mugo, P. nigra, P. pinaster, P.
pinea, P. radiata, P. strobus, P. sylvestris, and P. uncinata (in green, adapted from EFSA, [39]), and
climatic suitability of pitch canker disease at a resolution of 25 km generated by CLIMEX model [39].

2. Pine Pathogens Potentially Co-occurring with Fusarium circinatum in Forests and Plantations

2.1. Root and Butt Rot Pathogens

Root infection by F. circinatum and associated plant losses have been well documented in
nurseries, but rarely in adult trees. The impact of root infection in trees and its importance in PPC
management has been underestimated, mainly because the characteristic symptoms of resin-soaked
cankers are above ground. However, Garbelotto et al. [41] described, for the first time, resin-soaked
sapwood lesions in the roots of 20-year-old Aleppo pines (P. halepensis) in California, resulting in
varying stages of chlorosis in infected trees. Fusarium circinatum was successfully isolated from these
root lesions all the way into the root collar and into the very base of the stem; however, the pathogen
was never detected in the aerial parts (i.e., branches and trunk) of these infected trees. Similarly, in a
survey carried out in P. radiata plantations in the Basque country (Spain), F. circinatum was isolated
from the roots of non-symptomatic trees more often (16.6% isolation success) than from the roots of
symptomatic trees with resinous cankers (3.3% isolation success) [81]. The underlying pathogenic
interaction in root infection was recently studied in P. radiata seedlings by Martin-Rodrigues et al.
[82], who found that the fungus employed features that are similar to those previously described for
other root infecting pathogens, such as mycelial strands, single runner hyphae, and simple
hyphopodia, as well as other features that are reminiscent of those that are known to be involved in
biotrophic invasion, such as bulbous or filamentous invasive hyphae. The fungus can spread from
the roots to the aerial parts of the plant; once there, colonization appears to be similar to the process
that occurs when the pathogen is inoculated in the stem. Wilting symptoms and plant demise may
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be the result of a reduction in water uptake by roots and of the blockage of the vascular system by
fungal hyphae and resin.

Before the arrival of F. circinatum in Europe, the main causal agents associated with damping-
off in European nurseries were F. oxysporum Schltdl., F. proliferatum (Matsush.) Nirenberg ex Gerlach
and Nirenberg, F. verticillioides (Sacc. Nirenberg) [83,84], Rhizoctonia sp., Botrytis cinerea Pers.,
Alternaria alternata (Fr.) Keissl. [85], Rhizina undulata Fr. [86,87], and Rhizoctonia solani ].G. Kithn [88].
The genera Heterobasidion, Armillaria, and Phytophthora include root and butt rot pathogens with the
highest impact in pine forests in Europe, and are expected to be the main pathogens to co-occur with
F. circinatum. Infection by these root and butt rots appears to be facilitated by factors such as high
humidity, which is known to favor Fusarium spp. [6]; therefore, interaction, including synergy, among
these should not be ruled out in plantations.

Root and butt rot caused by Heterobasidion annosum (Fr.) Bref. sensu lato (Basidiomycota,
Bondarzewiaceae) is the most destructive disease of conifer trees in the Northern Hemisphere [11,89-
101]. The sensu lato species complex is composed of three European (H. annosum, H. parviporum
Niemeld and Korhonen and H. abietinum Niemeld and Korhonen) and two American species (H.
irrequlare Garbel. and Otrosina and H. occidentale Otrosina and Garbel). Additionally, a third hybrid
taxon has been recently described in North America [102]. These species were classified based on a
diverse range of characteristics, including partial reproductive isolation, host preference,
morphological, biochemical, phylogenetic, and genomic traits [6,103-107]. The worldwide
distribution of Heterobasidion species reflects the distribution of their Pinaceae hosts, which are
predominantly the Pinus, Picea, and Abies species, but also include Douglas-fir (Ps. menziesii) [6,11,96].
Pines are primarily attacked by H. irregulare in North America and H. annosum in Europe [90]. The
former has also become invasive in the coastal pine stands of central Italy after its introduction from
eastern USA in the middle of the nineteenth century [108]. Heterobasidion irregulare hybridizes with
local H. annosum and represents a threat for European forest ecosystems [109-111]. In addition to the
above, Douglas-fir and true firs have also been reported to be susceptible to H. occidentale and H.
abietinum in North America and Europe, respectively [6].

Fusarium circinatum has been reported to be pathogenic to over 60 species of pines, Douglas fir
[29,50], and seedlings of Picea abies (L.) and Larix decidua Mill., 1768 [32,112]; therefore, there is
considerable host species overlap with Heterobasidion spp. For example, on the Iberian Peninsula
Monterey pine and maritime pine have been reported to be susceptible to both pathogens, i.e., H.
annosum [113] and F. circinatum [31]. Additionally, damage by H. annosum in forest plantations of
maritime pine, Monterey pine, and Douglas fir are common [114], and in Spain, the pathogen has
recently been associated with declining maritime pine plantations [100]. However, almost nothing is
known about their interaction or co-infection in the natural forest environment, and indirect
interactions mediated by the altered physiology of Heterobasidion-infected trees are possible, as
demonstrated with pine bark beetles through surveys in the field [115,116] and with Diplodia sapinea
(Fr.) Fuckel, through inoculation [117] and laboratory experiments [118]. Infection by Heterobasidion
spp. may favor subsequent F. circinatum infection to a greater extent in pines than in Douglas firs,
firs, or spruces, since in the former case, the cambium is attacked, often resulting in tree weakening
and death, as opposed to Douglas fir, in which the heartwood or sapwood are colonized [6].
Nonetheless, extensive attacks by Heterobasidion spp. on species other than pines can also result in
loss of tree vigor and higher susceptibility to climatic changes [119], thereby possibly influencing tree
susceptibility to F. circinatum.

The main putative mechanism leading to increased susceptibility to F. circinatum of pines
infected by Heterobasidion or other root pathogens may hinge on the documented higher susceptibility
of these infected trees to insect attacks [116], which would result in significant wounding, thereby
facilitating infection by F. circinatum [50]. On the other hand, there is no evidence that in the absence
of insect wounds, trees weakened due to infection by root pathogens may be more prone to infection
by F. circinatum. On the contrary, based on field and experimental results, it is possible that trees
made less vigorous by previous fungal infections may support significantly less F. circinatum
sporulation than healthy trees [41], or may be overall less susceptible to the pathogen [120]. If this
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mechanism applies to trees previously infected by root pathogens, then such trees may either be less
susceptible to F. circinatum or overall epidemiologically less relevant for the spread of PPC.

The genus Armillaria includes several economically-important phytopathogenic fungi causing
root diseases on conifers [121]. Seven Armillaria species are present in Europe: A. borealis Marxm. and
Korhonen, A. cepistipes Velen., A. gallica Marxm.and Romagn., A. mellea (Vahl) P. Kumm., A. ostoyae
(Romagn.) Herink, and two Desarmillaria species, Desarmillaria ectypa (Fr.) R.A. Koch and Aime (Syn:
Armillaria ectypa (Fr.) Lamoure) [122] and Desarmillaria tabescens (Scop.) R.A. Koch and Aime (Syn:
Armillaria tabescens (Scop.) Emel). Armillaria species occur all across Europe [85,121,123-129]. The
most common Armillaria species on pines in north-east Europe are A. borealis and A. ostoyae [130,131],
while in Maritime and south-east Europe, A. cepistipes, A. gallica, A. mellea, and A. ostoyae are the most
common [121,122,129,132,133]. Armillaria species can be aggressive primary pathogens as well as
secondary pathogens of stressed trees and saprophytes [134]. They often attack hosts predisposed by
various abiotic and biotic factors, such as drought, flooding, frost, and insect defoliation [122].
Armillaria mellea and A. ostoyae are the most aggressive species, while A. cepistipes and A. gallica are
secondary pathogens [122]. As primary pathogens, Armillaria spp. cause lethal disease by invading
and killing the living bark and vascular cambium of the roots and root collar. The extent of damage
caused by Armillaria is determined by factors such as species, the vigor of the host, interaction with
other diseases, soil properties, climate, plantation management, and previous land uses [135-139].
Armillaria species have a saprophytic stage in dead roots and stumps, which functions as a source of
inoculum to infect living roots [139]. In the case of co-occurrence of the more pathogenic Armillaria
species and F. circinatum, we envision a whole range of potential interactions. It is well known that
Armillaria disease progression occurs at an extraordinarily fast rate when infected trees are also the
subject of an additional stress factor, i.e., extended drought and, especially, anoxia caused by flooding
are well known to cause rapid death of trees already infected by Armillaria. Thus, it is possible that
advanced disease caused by F. circinatum may similarly hasten Armillaria-caused mortality. At the
same time, this synergistic relationship may also result in an overall reduced sporulation by F.
circinatum, given the fast decline of dying individuals. When F. circinatum coexists instead with less
pathogenic Armillaria species, it is possible that co-infection may increase the pathogenicity of the
Armillaria species involved, resulting in a complex disease syndrome that would otherwise not be
observed.

The oomycete genus Phytophthora contains over 150 taxa [140,141], and is considered one of the
most devastating plant pathogenic genera in the world [142-144]. Phytophthora spp. cause leaf blights,
collar rots, stem cankers, and fruit rots [145], but root rots are among the most common symptoms
[146], both in nurseries and forests [147,148]. Scots pine seedlings have been found to be susceptible
to P. cactorum (Lebert and Cohn) J. Schrot), P. cambivora (Petri) Buisman, P. plurivora T. Jung and T.I.
Burgess, and P. cinnamomi Rands [5,149-151]. Infected plants frequently show growth reduction,
chlorosis, and dieback caused by extensive fine root losses and/or collar rot [144]. Littleleaf disease in
eastern North America is caused by P. cinnamomi infection of pines in former agricultural lands, and
leads to pervasive and widespread reduced vigor, reduced life span of infected trees, and
predisposition to other diseases [5,152]. Based on the observations of trees affected by litteleaf disease,
it is most likely that root infection by Phytophthora spp. may facilitate infection by F. circinatum,
especially in planted stands that may, to some extent, resemble those plantations in disturbed
agricultural lands where littleleaf disease is known to occur.

2.2. Canker Pathogens

The term “canker” describes a necrotic area, with swelling surrounding a sunken lesion or blister
on the bark of trunks and branches affecting the underlying cambial layer. Cankers are commonly
formed when pathogens, often fungi, invade wounded or injured bark tissues. Some of the most
common ascomycete fungal pathogens causing canker in Pinus species include F. circinatum, Diplodia
sapinea (Fr.) Fuckel, and Caliciopsis pinea Peck [153-156]. In native and exotic Pinus species, they cause
copious pitching, cankers, and degradation of the wood quality of sawn timbers. Diplodia sapinea
symptoms also include a blueish staining of the wood [156]. These canker diseases may cause
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extensive damage to trees when they girdle a branch or the main stem, causing a dieback of all parts
of the plant above the canker. Cankers may not kill trees outright, but can be sites for invasion by
wood decay fungi, which can predispose the tree to breakage by strong winds, heavy hail, or snow
[157,158].

Canker pathogens, sharing many of the same hosts with F. circinatum, are favored by similar
environmental conditions, and may play similar ecological roles in forest ecosystems. For example,
the co-occurrence of D. sapinea and C. pinea in P. radiata has been reported by Aglietti et al. [159]. Pinus
radiata plantations infected by F. circinatum have been found to be simultaneously colonized by D.
sapinea [81,160] or C. pinea [161]. Diplodia sapinea has also been reported to co-occur with F. circinatum
in wounds made by bark beetles, suggesting competition for space and nutrients between these two
pathogens, although a synergistic effect should not be dismissed [162,163]. Luchi et al. [164]
suggested that the presence of C. pinea in Tuscany could be considered a bio-indicator of very
favorable environmental conditions for F. circinatum, particularly considering their recently shown
association. The infection severity of the three fungal pathogens has been related to drought stress,
waterlogging, and high stand densities [160,165-170]. In addition, all cases of coexistence of D. sapinea
or C. pinea with F. circinatum occur in the Mediterranean zone, i.e., in Spain and Italy, and exclusively
on P. radiata. Whether co-infection always increases the severity of PPC is questionable; in some cases,
in fact, some pathogenic fungi end up excluding other more pathogenic species known to occupy a
similar niche. For example, D. scrobiculata ]. de Wet, Slippers and M.]. Wingf. excludes the more
pathogenic D. sapinea in native forests, whereas in plantation forests, D. sapinea dominates [171].
Likewise, Phytophthora nemorosa can exclude infection by the more aggressive P. ramorum [63].

In addition, other canker diseases caused by species such as Gremmeniella abietina (Lagerb.) M.
Morelet and Cenangium ferruginosum Fr. have been detected in Italy and Spain, countries where F.
circinatum has been already detected, although neither of these two fungal species in Pinus sp. has yet
been reported to coexist with F. circinatum. The ability of C. ferruginosum to cause significant dieback
is usually associated with climatic stressors such as high precipitation followed by long periods of
drought and severe frost [172,173]. Otherwise, this fungus is normally regarded as a secondary
pathogen or saprobic organism; accordingly, the presence of C. ferruginosum in Northern Spain does
not appear to be associated with significant pathogenic activity [174]. Gremmeniella abietina is
widespread in Europe and causes a common disease in P. nigra, P. sylvestris, P. cembra, P. mugo, and
Picea abies. Its distribution ranges from the Boreal to the Mediterranean region [175].

Co-infection of F. circinatum and pine blister rusts has never been reported in the literature,
although Cronartium flaccidum (Alb. and Schw.) Wint. (the causal agent of blister rust of two-needled
pines) and C. ribicola JC. Fish (the causal agent of white pine blister rust), the two most relevant
Cronartium species, are widespread in Europe. The distribution range of C. flaccidum includes
countries such as Spain and Portugal, where PPC has been established. Both rusts cause a variety of
symptoms on pine trees, including galls, yellowing and premature defoliation, cankers, resinosis,
dieback of branches and stems, deformity, consistent growth reduction, and tree and cone death, that
could, at least in part, overlap with symptoms caused by PPC. However, C. flaccidum is considered a
minor pathogen of P. radiata in the EPPO region [176], while C. ribicola is only known to affect 5-
needle white pines, and thus, should not have a significant host overlap with F. circinatum.

The coexistence of F. circinatum with other Fusarium species has been reported by Herron et al.
[177], who explored the diversity of Fusarium species in Colombian pine plantations and nurseries
with plants displaying symptoms typically associated with infection by F. circinatum (i.e., stem
cankers and branch die-back on trees in plantations and root or collar rot of seedlings). More than ten
Fusarium spp. were identified in the study, i.e., F. circinatum, F. oxysporum, species within the F. solani
species complex, and seven novel species in the F. fujikuroi species complex (formerly the Gibberella
fujikuroi species complex). Fusarium marasasianum, F. parvisorum, and F. sororula displayed levels of
pathogenicity to P. patula that were comparable with those of F. circinatum. Although there are no
reports on the effect that these species of Fusarium may have on the severity of F. circinatum infections,
it is likely that interactions occur, since they share hosts and niches for infection, and produce similar
symptoms.
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2.3. Foliar Pathogens

Foliar pathogens primarily infect the leaves or needles of plants, but a few of them are also able
to invade buds and young shoots. They can significantly reduce photosynthesis, affecting tree growth
and influencing the capacity of the tree to defend itself against biotic or abiotic stress by directly or
indirectly affecting the production of secondary metabolites which are essential in defense reactions
[178-180]. Moisture and temperature are the two most important environmental factors for foliar
pathogens, as they are critical for sporulation, dispersal, and infection.

There are numerous foliage diseases of pines caused by many different fungi, yet not all are of
economic importance or global distribution [178,181]. Many foliage diseases are more likely to cause
severe damage on conifers planted “off site” (i.e., the wrong type of site for a species or out of its
native range e.g., Monterey pine plantations in Chile, Ecuador, New Zealand, or Spain).
Monodominant plantations appear to be particularly susceptible, because disease contagion occurs
more rapidly and effectively when trees are planted at a short distance from one another, and when
stress may be high due to environmental and ecological conditions which are rather dissimilar from
conditions found in native stands. Pines are susceptible to several fungi that cause needle blights and
casts, leading to the premature loss of photosynthetic tissues. Worldwide, the most common and
economically important foliar diseases of pines include Dothistroma needle blight (DNB, caused by
Dothistroma septosporum (Dorog.) Morelet and Dothistroma pini Hulbary), Lophodermium needle cast
(caused by Lophodermium seditiosum Minter, Staley and Millar), and Cyclaneusma needle cast (caused
by Cyclaneusma minus (Butin) DiCosmo, Peredo and Minter). Brown spot needle blight (caused by
Lecanosticta acicola (Thumen) H. Sydow (Syn: Mycosphaerella dearnesii) and Cercospora blight of pine
(caused by Mycosphaerella gibsonii H.C. Evans) are also important emerging pine foliage diseases, both
caused by pathogens listed as quarantine species for Europe [7,178,182-185]. New reports of L. acicola
from Ireland, Portugal, Sweden, Russia, and Estonia, suggest that this pathogen is continuing to
spread in Europe, and that it is well adapted to a wide range of climatic conditions [186].

Other foliar pathogens widely distributed in Europe include Lophodermella sulcigena (Link)
Hohn, and Sydowia polyspora (Bref. and Tavel) E. Miill., as well as the rust pathogens Coleosporium
spp. and Melampsora spp. In this review, we focus on the most common invasive and emerging fungal
foliage pathogens of pines, the causal agents of DNB and brown spot needle blight, due to their
potential to cause severe disease and predispose the trees to other biotic and abiotic stresses,
potentially including F. circinatum. A significant intensification in the distribution and severity of
these needle blight diseases has occurred in the past few decades both in North America [184] and
Europe [7,183,187-195]. Furthermore, both needle blights have a range partially overlapping with the
current range of PPC [160,196].

The causal agents of DNB, D. septosporum and D. pini, have a worldwide distribution and a host
range of over 100 Pinaceae taxa, primarily Pinus spp. [7]. Currently, these fungi are no longer on the
EPPO A2 list of quarantine pests due to their wide distribution throughout Europe. Characteristic
symptoms of DNB include necrotic bands or spots on needles of all age classes and premature
defoliation, leading to reduced growth and timber yields, and in some cases, high levels of tree
mortality. The morphology and dimensions of the fruit bodies and conidia of both species are almost
identical; therefore, the two pathogens can only be differentiated using molecular methods [197].
Recent population genetic studies indicate that D. septosporum could be native to Europe [195,198],
while the origin of D. pini remains unknown.

Lecanosticta acicola, a heterothallic ascomycete currently on the European EPPO A2 list of
quarantine pathogens, is the causal agent of brown spot needle blight of pines. Severe infection by
this invasive needle pathogen can lead to premature defoliation, the reduction of growth, and tree
mortality [199]. Lecanosticta acicola can infect more than 30 pine species. It usually reproduces
asexually and spreads via rain-splash dispersed conidia [200]. As a result of a severe attack, whole
needles become brown-colored and elongated grey-green to olive-black fruiting bodies (acervuli)
develop under the epidermis of the necrotic portion of needles [185,195]. Infection and defoliation
begin from the lower branches, as in the case of DNB. The sexual stage rarely appears on dead fallen
needles, but little is known about the pathogen’s sexual reproduction [201]. Symptoms of infection
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by L. acicola are very similar to those caused by other fungal pathogens, such as Dothistroma spp.,
Lophophacidium dooksii Corlett and Shoemaker, D. sapinea, and various Lophodermium species.

Foliar pathogens are generally favored by warm temperatures and abundant moisture, the same
conditions that favor F. circinatum; therefore, it is unsurprising that some foliar pathogens have been
found to co-occur with F. circinatum, and we expect these co-occurrence rates to increase, although
more detailed studies would be needed to fully understand the final outcome of such a co-occurrence.
In the past several years, blight diseases, and especially brown spot needle blight, have become
widespread in Europe [7,186,202-204], including in areas of Spain and Portugal where F. circinatum
is already established [160]. Lecanosticta acicola is the most common needle blight pathogen affecting
P. radiata in the Basque country (Spain), and its co-occurrence with D. septosporum has been reported
at low levels [196]. In the same region of Spain, F. circinatum poses a serious risk to commercial
plantations of non-native P. radiata and Ps. menziesii, as well as to native populations of P. pinaster, P.
nigra, and P. sylvestris [13,15,30,160]. The presence of L. acicola, D. septosporum, and F. circinatum in the
same P. radiata plantation is known (Iturritxa, E., personal communication); therefore, a synergistic
effect between the needle blight pathogens and F. circinatum should not be dismissed.

Recent genetic studies have indicated that Mexico is probably the area of origin of L. acicola
populations detected in the United States and Canada, and that at least two introductions of L. acicola
have occurred from North America into Europe [179], where it was first reported from Spain [205]. It
is also notable that the centre of origin of F. circinatum is likely to be Mexico or Central America
[177,206], and population studies strongly suggest that USA could be the source of the F. circinatum
introductions to Spain [207]. In Northern Spain, L. acicola was most commonly detected on planted
P. radiata [194]. In the USA, F. circinatum commonly produces sporodochia containing macroconidia
on dead needles attached to infected shoots in the upper crown of trees [208,209]. It is possible that
in areas highly infected by these fungi, both pathogens may infect the same trees and form fruiting
structures on the same tissues. This may also be the case for other blight and canker pathogens, such
as Dothistroma spp., D. sapinea, and other recently-described pine pathogenic Fusarium species [177].

The presence of S. polyspora, a fungus previously believed to be mostly an endophyte or
saprophyte [210,211], has been recently associated with current season needle necrosis (CSNN) on
various conifer species [212,213]. Moreover, S. polyspora has been reported in Spain on P. radiata as a
species frequently carried by insects in areas affected by F. circinatum [214]. Preliminary data suggest
a negative interaction between the two fungi; however, further research needs to better address the
actual outcome of this relationship.

Although F. circinatum is a primary and often lethal pathogen of pines, trees may survive
infection for periods lasting several years. However, factors predisposing the host to PPC infection,
or making it more vulnerable to biotic and abiotic diseases, will accentuate the effects of the infection
and accelerate its decline. Severe foliage diseases are known to weaken their hosts and predispose
them to biotic and abiotic stresses, so it is not unlikely they may also hasten infection by F. circinatum.
Given that F. circinatum does not primarily infect foliage, a direct antagonistic interaction between F.
circinatum and foliar pathogens is unlikely to dominate. Thus, a synergistic effect between foliar
pathogens and F. circinatum is likely to occur. However, severe infection by foliar pathogens, leading
to subsequent defoliation, or severe F. circinatum infection, leading to extensive branch dieback, is
likely to make the host less suitable for infection by the other pathogen(s). By necessity, foliar
pathogens sporulate on the foliage, and extensive branch dieback due to PPC would reduce the
available sporulation material, particularly for those fungi requiring live foliage for sporulation,
potentially leading to a slight reduction in inoculum load. More data is needed to untangle the variety
of possible interactions and effects between foliar pathogens and F. circinatum.

2.4. Vascular Pathogens

Fungal vascular pathogens invade the xylem of roots and stems and interfere with water
transport by cavitation and occlusion of vessels with mycelium and tyloses, thereby causing
disfunction of the vascular tissue [215]. Some of the best-known tree pathogens are vascular
inhabiting, and are known to cause discoloration of wood (caused by blue-stain and sapstain fungi)
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and high rates of tree mortality [216,217]. The most common fungal vascular pathogens belong to the
genera Ceratocystis, Ophiostoma, Verticillium, and Fusarium.

Although a number of Fusarium species are important vascular pathogens, F. circinatum is not
considered a true vascular pathogen, even though it does affect the vascular system and behaves
similarly to many of the true vascular pathogens. During the initial stages of pine stem colonization
by F. circinatum, two predominant pathways can occur: a radial advance toward the pith via
medullary rays, and a tangential invasion of the outermost layers of the stem through the phloem
and the cortex [218]. The initial colonization of the cortex and pith by F. circinatum is through growth
in intercellular spaces. Subsequent stages of the disease involve vertical colonization of the pine stem
by three principal pathways: through the cortex and the phloem in the stem periphery (consistent
with the external visual necrotic lesion), through the xylem via axial tracheids and resin ducts, and
through the inner parenchymatous pith tissue [218].

Ophiostomatoid fungi are especially important as agents responsible for the discoloration and
staining of the wood of several conifer tree species in the Northern Hemisphere, decreasing the
economic value of timber without the structural damage caused by decay fungi [219,220]. They have
a well-known association with bark beetles and include genera that are morphologically similar, even
if not always closely related phylogenetically [220]. Genera in this group include Ophiostoma,
Ceratocystiopsis, Graphilbum, Raffaclea, and Leptographium in the order Ophiostomatales, and
Ceratocystis (sensu stricto), Chalaropsis, Endoconidiophora, and Graphium in the order Microascales
[220]. Ophiostomatoid fungi vary greatly in pathogenicity, and include species that are weak
secondary pathogens, as well as species known to be aggressive primary pathogens [216,217].
Staining by ophiostomatoid fungi is caused by fungal hyphae usually growing in ray parenchyma
cells and, at a later phase of infection, in tracheid cells of the sapwood and phloem [220]. Thereby,
ophiostomatoid fungi may play key roles in overcoming tree defences through the pathogenic
colonization of the sapwood and the phloem, in weakening tree vigor by limiting the absorption of
water and micronutrients, and in facilitating the establishment of other pathogens, including F.
circinatum.

An ophiostomatoid species known to be virulent on pines is Ophiostoma minus (Hedgc.) Syd. and
P. Syd. This fungus has the capacity to penetrate deep into the sapwood causing long necroses, a
substantial blue-stain of the wood, and may ultimately kill infected plants [221,222]. In Spain, O.
minus was recently found to be associated with P. pinaster, a species susceptible to PPC [223].
Ophiostoma minus is a very aggressive pathogen of Scots pine seedlings, and can also affect large trees
[224-226]. The inoculation of Scots pine with Ophiostoma ips (Rumbold) Nannfeldt, O. pallidulum
Linnak., Z.W. de Beer and M.]. Wingf., and O. piceae (Miinch) Syd. and P. Syd. often results in
relatively small lesions, indicating that these species are probably weak pathogens or are non-
pathogenic fungi [227]. However, Jankowiak [221] obtained 30% mortality when artificially
inoculating Scots pine seedlings with these ophiostomatoid fungi, suggesting they may play a
significant role in the regeneration of this pine species [226].

A number of aggressive Leptographium species has been reported on pines. The species
Leptographium wingfieldii M. Morelet, L. procerum (W.B. Kendr.) M.]. Wingf., and L. wageneri (W.B.
Kendr.) M.]. Wingf. are responsible for blue stain of pine, pine root disease, and black stain root
disease, respectively [228]. Graphilbum species, particularly G. rectangulosporium (Ohtaka, Masuya
and Yamaoka) Z.W. de Beer and M.]. Wingf. and G. brunneocrinitum (E.F. Wright and Cain) Z.W. de
Beer and M.]. Wingf., have not been studied in great detail, although they have been isolated from
bark beetles in Spain, Israel, Poland, Ukraine, and China [229]. Jankowiak [222] also reported the
association of G. rectangulosporium with a bark beetle, Ips sexdentatus, on P. sylvestris in Poland. The
fungus had low virulence on P. sylvestris, with one isolate causing necrosis and mortality on
seedlings, but P. halepensis and P. brutia were resistant to all isolates. Ceratocystis comata (V.V. Mill.
and Tcherntz.) C. Moreau has also been reported as a weak pathogen capable of injuring and staining
timber [230].

Several ophiostomatoid fungi were found to be associated with nine bark beetle species and one
weevil infesting P. sylvestris, P. nigra, and P. radiata, in an area affected by PPC in Northern Spain. A
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total of 11 fungal species (five species of Leptographium sensu lato including L. absconditum sp. nov.,
five species of Ophiostoma sensu lato including O. cantabriense Romén, Z.W. De Beer and M.]. Wingf.,
and one species of Graphilbum) were found. Only L. wingfieldii, L. guttulatum, and O. ips were capable
of causing significant lesions in an aggresiveness experiment [231].

A single study involving Ophiostomatoid fungi and Pinus species showed varied effects on the
host. They may negatively impact the vigor of infected trees, but to which extent seems to largely
depend on the virulence of the fungal species, the relative susceptibility of the host species/genotype
involved, and the fungal x host combination [232,233]. Studies demonstrating competition for niches
or nutrients between co-occurring F. circinatum and Ophiostomatoid fungi are needed. Nevertheless,
the presence of vascular pathogens in a host results in reduced transportation of water and nutrients,
to a greater or lesser extent depending on the species, and causes the host to devote more energy to
defense. The presence of multiple infections, by multiple pathogens, on the same host is likely to
compound and accentuate these effects, leading to greater stress on, and more rapid decline of, the
host. Furthermore, although infection by ophiostomatoid fungi may not directly affect infection by
F. circinatum, it may increase attacks by insects, which, in turn, may favor infection by F. circinatum.
Therefore, we conclude that it is likely that co-infection by F. circinatum and Ophiostomatoid fungi
may increase overall disease severity and accelerate the decline of infected trees.

3. Pathogens Potentially Co-Occurring with Fusarium circinatum in Pine Nurseries

Nursery seedlings infected by F. circinatum as an exotic pathogen were first officially reported
in South Africa and subsequently in Spain, Chile, Portugal, Uruguay, France, Brazil, and Colombia
[18,22,29,48,234-237]. Nursery conditions are, in general, favorable to plant growth, but at the same
time, those conditions may favor infection by pathogens. Some of the diseases occurring in nursery
seedlings are unique to the nursery environment, and are not present in older trees in forests. The
reason for this specificity may be related either to the environmental conditions of nurseries or to the
type of disease, with diseases associated with juveniles or seedborne diseases being more frequent in
nurseries.

Damage caused by PPC in nurseries includes reduced germination of seeds, pre-, post-
emergence damping-off, needle and terminal shoot dieback, resinous cankers on lignified stems,
wilting, and death of seedlings. Late damping-off results in stem lesions and a chlorotic or purplish
foliage discoloration, followed by tip dieback, and occasionally, mycelium growth on the stem.
However, the symptoms present in diseased seedlings are rather unspecific, and are easily attributed
to other pathogens, thus highlighting the importance of correct laboratory analyses in disease
diagnosis. Affected seedlings occur in patches which are often randomly distributed throughout the
nursery. Latent infections are frequent on some pine species such as longleaf pine (P. palustris Mill.),
Monterey pine [47], and maritime pine [34], and may emerge only after out planting.

The most common mode of entry of F. circinatum into the nursery is via infested seeds, soil, and
contaminated trays [238]. The fungus can also enter the nursery as airborne inoculum from infected
trees nearby, or can possibly be carried by insects. Fungus gnats (Diptera) have been suspected to be
carriers of F. circinatum in pine nurseries in South Africa, as they are known to vector other fungal
pathogens such as Botrytis cinerea and F. proliferatum [239]. There are many demonstrated associations
between F. circinatum and insects (vectors, carriers, etc.) [43]. Since F. circinatum colonizes herbaceous
hosts and sometimes even the pine seedlings with an endophytic behavior, it has been speculated
that weeds might be an inoculum reservoir [240].

Fusarium circinatum is often found in nurseries before it is detected in natural or urban
environments, and infected plant stock or seeds seem to be two plausible pathways for the
introduction of the disease into many environments. In California, the pathogen has been repeatedly
reported in Christmas tree plantations [49], even before it became established in natural or urban
settings. In South Africa, where PPC is predominantly a problem in nurseries and in outplantings,
the first outbreak in established forest stands was reported 15 years after its detection in nurseries
[29], suggesting the introduction and spread of F. circinatum through infected nursery plants.
Similarly, in Spain, PPC was first detected in nurseries in Galicia in 1995 [17], and Basque Country in
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1998 [18-20]; it was not until 2003 that PPC was officially found in a plantation of P. radiata [15]. In
Portugal, the first detection in nurseries was in 2007 [22], and its detection in a P. radiata plantation
occurred some years later (H. Braganca, personal communication). In Italy, the only report of PPC
was on adult trees in urban parks and gardens [23]. In France, F. circinatum was detected for the first
time in 2005 on Ps. menziesii and Pinus spp. trees [25]. In 2009, the pathogen was again detected in
seed lots imported from the USA, and an isolated outbreak was reported on Ps. menziesii trees in
eastern France [241]. In the same year, F. circinatum was also reported on P. radiata in two nurseries
(western France), and it was hypothesized that the inoculum had been introduced through a
contaminated imported seed lot [27]. In 2011, the pathogen was officially declared as eradicated [26].
In South America, PPC has been found in nurseries from Uruguay [235], Chile [234], and Brazil [237],
but the disease has not yet been reported in plantations. In Colombia, in contrast, the disease was
simultaneously reported in nurseries and established plantations [236].

Wilting, collar rot, and root rot caused by F. circinatum in pine nurseries are not easily
distinguishable from symptoms caused by common soilborne ascomycete and oomycete pathogens
in the genera Fusarium, Cylindrocarpon, Cylindrocladium, Macrophomina, Phytophthora, Phytopythium,
Pythium, Rhizoctonia, and Trichotecium. Fusarium species other than F. circinatum can be responsible
for severe root rot and both pre- and post-emergence damping-off. Numerous species of Fusarium
are commonly isolated from conifer seeds and seedlings in nurseries, including F. acuminatum, F.
avenaceum, F. lateritium, F. verticillioides, F. oxysporum, F. poae, F. proliferatum, F. roseum, F. sambucinum,
F. solani, F. sporotrichoides, and F. tricinctum [82,242-247]. Cylindrocarpon species cause severe root
decay and have very wide host ranges. The most commonly-isolated Cylindrocarpon species from
diseased conifer seedlings is C. destructans (Zinssm.) Scholten (now Ilyonectria destructans (Zinssm.)
Rossman, L. Lombard and Crous). Other species, including C. didymum (Harting) Wollenw., C. tenuis
(Bugnic.) Crous and M.]. Wingf., and C. cylindroides Wollenw. (now Neonectria fuckeliana (C. Booth)
Castl. and Rossman) were only occasionally recorded [248]. Calonectria and their Cylindrocladium
anamorphs have been reported on 17 species in the family Pinaceae [249]. Cylindrocladium scoparium
Morgan (now Calonectria morganii Crous, Alfenas and M.]. Wingt.), C. floridanum (now Calonectria
kyotensis Terash.), and C. parasiticumm Crous, M.J. Wingf. and Alfenas (now Calonectria ilicicola
Boedijnand Reitsma) are the most frequently-reported species in conifer nurseries.

Diplodia sapinea and D. scrobiculata cause shoot blight, canker, and collar rot in many conifers,
leading to the deformity or death of seedlings [250]. Diplodia sapinea appears to be more common and
aggressive than D. scrobiculata [251]. These pathogens also cause seed rot and the damping-off of
seedlings of two- and three-needled pines, including Monterey pine, which is very susceptible to PPC
[252]. Diplodia sapinea can be transported as a latent pathogen in asymptomatic seedlings and seeds
[253] and, like F. circinatum and Gremmeniella abietina, increases seedling mortality after outplanting.

Pythiaceae, including species of Phytophthora, Phytopythium, and Pythium, can cause considerable
losses in forest nurseries, particularly in water-saturated soils [148,254]. Some species of Phytophthora,
such as P. pinifolia Alv. Duran, Gryzenh. and M.J. Wingf and P. pluvialis Reeser, W. Sutton and E.M.
Hansen, may cause severe needle cast of Monterey pine [255,256]; however, they have not yet been
detected in nurseries. Damage caused by Pythium root rot is usually limited to nurseries, while
asymptomatically-infected nursery plants can transport potentially damaging, invasive Phytophthora
spp. into forest stands [145-147]. Several species of Phytophthora may be present in a nursery, with
most of them having a broad host range including pine species [257-261]. In a recent survey of more
than 700 European nurseries producing forest transplants, more than 90% of nurseries producing
Monterey pine seedlings were found to be infested by Phytophthora spp. [147].

Black root rot is caused by a complex of microorganisms, and in particular, by Macrophomina
phaseolina (Tassi) Goid and F. oxysporum. Charcoal root rot is instead caused by M. phaseolina alone
[262,263]. Charcoal root rot and black root rot cause heavy mortality in nurseries and, like other
soilborne nursery diseases, reduce survival and the growth of seedlings after outplanting. Rhizoctonia
blight of pines caused by species of Rhizoctonia is of limited economic importance. It occurs
sporadically in scattered disease foci that may coalesce over time. Root rot caused by a uninucleate
Rhizoctonia sp., which was reported as a serious problem on container-grown pine in Finland in the
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1990s, has become rare in modern nurseries due to improvements in hygiene and cultivation practices
[264]. Trichothecium roseum (Pers.) Link has been found on the seeds of several conifer species,
especially in the genus Pinus. Some researchers consider this fungus to be a saprophyte, while others
believe it is an important pathogen of seeds causing decay and reduced viability similar to F.
circinatum [252].

In general, measures aimed at preventing losses caused by F. circinatum in nurseries are effective
against most of the aforementioned soil- and seed-borne diseases, since they are favored by the same
factors, including high soil pH, high nitrogen levels, high humidity, water saturation of soil, and
dense planting. To date, the interactions between F. circinatum and other soil- and seed-borne fungal
pathogens of pines in nurseries have not been investigated. However, different assays, including
some of those fungi involved in damping-off (that are sometimes considered to have an endophytic
phase), were performed recently, with the aim of revealing their possible antagonistic effect on F.
circinatum [265,266].

Foliage diseases can also cause significant damage to pine seedling in nurseries. Many of these
are also problematic in the wider forest environment, and have therefore been discussed in detail in
Section 2.3 (e.g., DNB or Red band needle blight, brown spot needle blight of pines, Lophodermium
needle cast). However, certain foliar diseases are predominantly or uniquely problematic in
nurseries, for example Pestalotiopsis foliage blight (Pestalotiopsis funerea (Desm.) Steyaert), Phoma
blight (Phoma eupyrena Sacc.), and Sirococcus shoot blight (Sirococcus conigenus (Pers.) P.F. Cannon and
Minter sensu stricto). Pestalotiopsis funerea has also been associated with damping-off, and root and
collar rot of seedlings [267]. This fungus may be a primary pathogen or an opportunistic pathogen
becoming established in wounds. With few exceptions (e.g., DNB; [268]), serious damage by foliar
diseases in pines in nurseries have only occasionally been reported in Europe. Other minor nursery
diseases of pine such as grey mold caused by Botrytis cinerea Pers. or snow molds seldom cause
significant losses and are only locally important. Regardless of the particular pathogen causing foliar
damage and defoliation, severe defoliation weakens seedlings [269], and may predispose them to
infection by F. circinatum.

Fungal pathogens causing canker diseases in nurseries are also pathogens in plantations and
forests, and have been described in the section above (Section 2.2). However, special mention is made
here of particular pathogens and their interaction with F. circinatum in a nursery setting. Gremmeniella
abietina, the causal agent of Gremmeniella canker, is an indigenous fungal pathogen to Europe that
comprises a number of races and ecotypes. The European race of the fungus is more aggressive than
the North American race and infects all pine species, but it is primarily found on Scots pine in Europe
and on Scots and red pine (P. ponderosa) in the USA [270]. Gremmeniella canker can cause significant
mortality of susceptible hosts in the nursery, mainly on P. halepensis, and latent infections reduce the
survival of seedlings after outplanting [271]. This fungus has been found to be associated with F.
circinatum in wounds made by bark beetles, suggesting a competition for space and nutrients between
these two pathogens, but also a possible synergistic interaction in disease causation [162,163].
Caliciopsis canker (causal agent Caliciopsis pinea) has been shown to infect native and exotic pine
nurseries in Europe and Eastern North America, and is usually associated with overstocked stands
and poor soils [154]. In Tuscany (Italy), C. pinea is a serious disease of P. radiata and other pine species
in nurseries, as well as in plantations [154], while in France, it has been described as only a weak
pathogen.

In summary, the contamination of a nursery by F. circinatum can occur by contaminated material
(seeds, soil, seedlings, and trays) or, more rarely, by environmental inoculum carried by wind and/or
insect vectors from forest trees or weeds. The impact of F. circinatum in nurseries extends beyond the
loss of nursery plants. Transplanting asymptomatic seedlings with latent infections increases failures
in seedling establishment and the risk of the introduction of this pathogen in non-infested areas
[29,47,238]. The symptomatology can be confused with that caused by other pathogens affecting
roots, collar, or vascular tissues. Many other pathogens are able to infect seeds and seedlings in forest
nurseries, attacking roots or collar (Diplodia, Fusarium, Cylindrocarpon, Cylindrocladium, Macrophomina,
Phytophthora, Phytopythium, Pythium, Rhizoctonia, and Trichotecium), stems (Gremmeniella, Caliciopsis)
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or foliage (Dothistroma, Pestalotiopsis, Phoma, Sirococcus, and Botrytis). The relationship with other
pathogens is poorly understood at present. Probably, simultaneous infection of plants by F. circinatum
and other pathogenic species may exacerbate losses, while possible competition between two or more
pathogens deserves further research in order to develop biological control strategies [272].

4. Conclusions

Predictions of the future trajectory and impact of PPC in Europe should not be based solely on
knowledge of the climate conditions that are favorable to the disease, but also on a better
understanding of factors such as variation in host susceptibility as well as in the microbiota, and the
possibility of disease introduction into new areas caused by the use of infected seeds and seedlings.
In this review, we compiled a list of the most important pine pathogens in Europe and discussed the
possible consequences of their co-occurrence with F. circinatum. The likelihood of potential co-
occurrence of F. circinatum with other pine pathogens was also discussed in light of spatial and host
overlaps, colonization niche, and favorable environmental conditions.

Simultaneous infections of the same host-plant by multiple pathogens and the implications of
multiple interactions for the susceptibility of the host and disease dynamics have been the subject of
an increasing number of studies in recent years. The outcomes of interactions among different
pathogens may vary, and include antagonism, competition, synergism, coexistence, mutualism, and
cooperation [63,273,274]. In most pathosystems, host—pathogen interactions and the detrimental
effects to a plant caused by a single pathogen are well studied; however, pathogen—pathogen and
host-multiple-pathogen interactions have been poorly investigated. Current knowledge on the
interaction between F. circinatum and the host plant in the presence of other pathogens is affected by
this general lack of knowledge on multipartite interactions. Thus, the majority of possible outcomes
associated with the interaction between F. circinatum and other pine pathogens here reported still
lack experimental evidence, and thus, have to be regarded mostly as plausible but hypothetical. In
most cases, it has been assumed that: (1) simultaneous infection by F. circinatum and other fungal
pathogens may exacerbate overall disease severity; (2) infections by F. circinatum may be detrimental
to the defence systems, predisposing the plant to subsequent secondary infections of less virulent or
opportunistic pathogens; (3) extant pathogens may directly outcompete F. circinatum or reduce the
suitability of a host to infection by F. circinatum.

Biotrophic pathogens, in particular rusts, may increase disease incidence by F. circinatum in two
ways. First, necrotic tissue generated when rust fungi infect a host may result in openings and
wounds which are more easily infected by F. circinatum. Second, the death of plant portions, which
occurs when rust fungi infect a host, may attract insects that will mechanically wound the host and
favor infections by F. circinatum. Attacks by insects and secondary fungi associated with infection by
rust fungi are well documented in the literature [275].

Foliar infections may have a similar effect to infection by rust fungi when infection of needles
progresses into the twigs and branches, making them more susceptible to infection by F. circinatum.
This would be the case for several anthracnose and blight fungi [276]. When foliar infections do not
progress into the twigs and branches, as in the case of needle casts, the effect of such infections on F.
circinatum may be similar to infection by root disease fungi. In brief, extensive foliar and root diseases
may significantly weaken a host plant. This condition may favor infection by F. circinatum at first;
however, at a later stage, plants displaying significant symptoms because of extensive foliar and root
disease infection may not be ideal transmissive hosts for F. circinatum, meaning that infection may be
favored, but pathogen sporulation may be rather limited in hosts with rapidly declining health [41].

The relationship of F. circinatum with the internal microbiota of seedlings has been poorly
described, but some studies have shown that certain fungal endophytes isolated from pines are able
to produce an antagonistic effect against F. circinatum [266], reducing the severity of F. circinatum
when applied to seedlings as a preventive measure. Other studies have revealed how the exudates
obtained from avirulent strains of a plant pathogen, living as an endophyte, induce systemic
resistance against the virulent strain of the same pathogenic species [272]. Thus, the study of this
relationship may reveal potential strategies for the biological control of PPC disease. However,
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several aspects, such as the application timing in biological control agents, should be taken into
account. Amaral et al. [272] demonstrated that T. viride preinoculation accelerated disease
progression of PPC. They suggested that T. viride may subvert the plant defence mechanisms for
successful root colonization, which would facilitate F. circinatum infestation.

However, independent of the outcome of the interactions between F. circinatum and other pine
pathogens, the successful eradication, containment, and management of the quarantine pathogen F.
circinatum necessitate effective methods to rapidly diagnose it, among the many pathogens causing
similar symptoms. The development of sensitive, rapid, and robust molecular diagnostic methods is
the most effective tool to meet this need [277]. The early and accurate diagnosis of F. circinatum would
be particularly useful in nurseries, as it would offer the opportunity for the early detection of the
pathogen, thus preventing the introduction of PPC and its spread in plantings and forests via
asymptomatic infected transplantings. It is worth mentioning that the hygiene and prophylaxis
measures applied in nurseries to manage seedling diseases caused by other soil- and seed- borne
fungal pathogens are also effective in preventing and reducing the amount of F. circinatum inoculums
and its spread[278]. Thus, the most efficient and effective measure against PPC is the prevention of
its introduction into the nursery system in the first place. Careful screening of seeds ensures their
disease-free status, and eliminates one of the most important pathways of disease spread. Eliminating
the importation of infested soil and plant trays/containers is also of crucial importance in controlling
the spread of PPC. A number of recent reviews have addressed the issues of best practice for sampling
for PPC [279], the role of insects in the spread of PPC [43], and environmentally-friendly control
methods for the disease [36].

Finally, recent advances in genomics and molecular techniques have led to new insights into the
dynamics of complex pathosystems, and hold promise to better understand how pathogens and the
microbiome may regulate plant infection [280-282]. So far, however, only a few metagenomic
analyses have been performed in relation to PPC [283]. The recognition that plants are colonized by
a large number of microorganisms, primarily commensals or mutualists, and the observation that
certain diseases might be caused by co-infection of different pathogens have led to the definition of
the term “pathobiome”, which implies that the pathogen is a component of an integrated and
complex biotic environment [284,285]. According to this concept, the microbiome plays a prominent
role in host-plant fitness and resilience, and modulates plant-pathogen and pathogen—pathogen
interactions. We need to understand all these interactions better to improve the prediction of disease
incidence and severity, as well as to develop new sustainable approaches for plant disease
management [286-289]. Endophytes and mycorrhizae associated with pine plants deserve more
attention, given their potential for disease management as biocontrol agents [290], and to gain better
insights into the ecology of F. circinatum and the epidemiology of PPC. Finally, a thorough
understanding of the epidemiology of PPC will also necessitate more studies on the fungal-insect
interface, e.g., the role that insect vectors may play in the spread of the disease [43], or in the induction
of host resistance [32,36,291-293].
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pathogens causing root and butt rot on pines in European forest stands, Table S2: Common pathogens causing
cankers on pines in European forest stands, Table S3: Common pathogens causing leaf damage on pines in
European forest stands, Table S4: Common pathogens causing vascular stain on pines in European forest stands,
Table S5: Common pathogens causing damages on pines in European nurseries
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