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Abstract: Norway spruce trees weakened by soil drought and progressive die-off of mycorrhizas
in root systems become susceptible to infection by rhizomorphs of Armillaria spp. The developing
mycelium of this necrotroph induces resin channels in wood, and the induced resin releases some
volatile compounds which falsely signal bark beetles that it is safe to invade the host. As a result of
the developing beetle outbreak, host trees die, becoming a long-term stock of substrate for the fungus
in its saprotrophic stage. This hypothesis is discussed as a fungal survival strategy.

Keywords: spruce dieback; Armillaria spp. infection; bark beetle Ips typographus gradations; survival
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1. Introduction

Survival strategies are connected with producing offspring and ensuring the persistence of future
generations, that is, the survival of the species. The survival strategies of plants and fungi, as well as
other micro-organisms, differ from animals in several ways, including reproductive allocation—the
production of seeds and spores, and in contrast in animals, the mechanisms of escape from threats [1–3].
Trees, with the inability to consciously choose their habitat and in the absence of a mechanism to
escape stressful conditions, must express survival mechanisms in the place they germinate. This is
done through plant structures that have been genetically encoded to provide passive resistance to
stress, and through physiological and biochemical mechanisms of stress resistance that are induced by
exposure to stress. Stresses drive ongoing phylogenetic development of plant species through sexual
reproduction [4,5].

For phytopathologists, the world of fungi is of great interest, especially fungal pathogens that
attack trees. The behavior of root pathogens is the least understood, owing to the difficulties in making
direct observations of fungal infection and host responses. At the moment of fungus-tree contact,
enzymatic reactions between tree tissues and pathogen mycelium occur, at which point there is either
rejection of the fungal intruder or infection by the disease [6,7]. Some authors consider members
of the genus Armillaria to be secondary pathogens, infecting a host together with or after infection
by a primary pathogen [8,9]. However, Armillaria spp. may in some instances be the lone source of
infection, and play an important aggravating role in stressed trees [10]. One particular fungal pathogen
species, Armillaria ostoyae (Romagn.) Herink, is the largest recorded organism in the world [11], yet it
still needs a partner (a tree) to carry out its ontogenetic development. Armillaria can complete its
ontogenetic development whether the host is dead or living [12]. The life cycle of Armillaria is quite
complicated—it is characterized by development as a necrotroph and saprotroph. The infectious organs
are rhizomorphs, subcortical mycelium and basidiospores. It is a long-lived organism in inhabited
substrate [13–15]. The optimal survival strategy for the fungus is to use infectious mechanisms
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(enzymes, secondary metabolites) to build the fungus’ complicated structures. To accomplish this,
it uses “energy outsourcing”, obtaining nutrients from its host. As a heterotroph in the parasitic phase,
it uses energy contained in the organ it killed (e.g., tree roots), and in the saprotrophic phase it obtains
organic substances contained in the tissues of the dead tree [8,16]. As organic matter decomposes
within the tissues in which a saprotroph is residing, the saprotroph enzymatically breaks such matter
down to simpler compounds that contain more digestible carbon [6].

Questions exist about the relationships between Armillaria and Ips typographus (L.), an insect pest
of commercial spruce forests. Furthermore, there is interest in what happens when environmental
stress affects all three parties—host tree, pathogen and insect—as is increasingly being observed
and attributed to climate change (or more accurately, to weather anomalies made more common
by climate change). The nature of pest outbreaks in the “Weather-Armillaria-Ips-Spruce” syndrome,
which has recently caused large areas of declining spruce stands in Europe [17,18], is an important area
of discussion.

2. Hypothesis

This review addresses the hypothesis that “Nature” itself (the term Nature in the authors’
interpretation is the entirety of species, natural phenomena and the mechanisms and dependencies
connecting them, both internal, at all functional levels, and external creating reality in time and space
that is either perceived or not by humans) causes changes in species composition, an example being
spruce stands growing in unsuitable habitats (e.g., in monocultures or stands on post-agricultural lands),
and/or under conditions of water stress (e.g., long-term drought and disappearance of mycorrhiza from
the soil). In the presence of Armillaria in coniferous forests, roots of trees weakened by drought undergo
infection by fungal rhizomorphs. Infection triggers a chemical signal arising from increased resin
production in attacked roots, and the formation of metabolites from decomposition [19]. These chemical
signals are received by bark beetle pioneers, maybe indicating that “there is food, there are breeding
bases, it is time for reproduction”. However, the beetles are actually being deceived; such signals
indicate to beetles that fungus has affected the entire tree (including mycorrhiza and extrametrical
mycelium) and that the tree is dying. In coniferous forests, in the case of the initial phase of Armillaria
infection, roots are gradually infected, and the false chemical signal deceives bark beetles into attacking
the tree. This chemical signaling can also work backward in some instances, with some chemicals
triggered by bark beetles reducing fungal growth [20–22], although such a mechanism is not recognized
in the case of I. typographus. The developing insect outbreak terminates when live trees, the beetles’
food resource, have been killed, and natural enemies that reduce the population of the beetle appear.
In the end, tree death caused by Ips benefits Armillaria, providing dead trees that are the substrate for
the fungus for years.

Whether this hypothesis is only speculation based on an anthropomorphic approach to
understanding the functioning of nature, or a real functional relationship, has been difficult to
discern through research [9,23]. To review the evolution of views on this subject in Norway spruce
stands, and relationships between Armillaria and Ips, databases in Scopus, Google Scholar and Web of
Science were browsed for the keywords: “Armillaria in Norway spruce stands” (~2.86 thousand records
were identified), “Ips typographus in Norway spruce stands” (~3.63 thousand records), and “drought and
Armillaria and Ips in Norway spruce stands” (only ~370 records). For the present paper, only publications
referring to these keywords since 2000 were analyzed.

3. Fungal Infection and Pest Invasion

Post factum it is known that many of the trees infested by bark beetles have advanced infection
by Armillaria mycelium in their roots or stumps [24]. Cellulose–lignin complexes are decomposed by
fungal enzymes and by non-enzymatic cell disruption by –OH groups; peptide bonds are decayed by
proteases to decompose proteins into amino acids and starch is decomposed to simple disaccharides
by fungal amylases, etc., which then allows the metabolites of decayed wood to be absorbed by the
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mycelium [25,26]. The developing mycelia also stimulate the formation of traumatic resin canals in
early and late wood of the annual ring [27]. All these reactions, necessary for fungal development,
also affect the behavior of insects. Resin contains terpenoids of the volatile kairomones type, which for
insects—depending on many external factors—can constitute aggregation or repellent signals [28–31].

Olfactory recognition of host tree semiochemical signals is crucial in spruce bark beetle biology,
in order to distinguish P. abies from non-host tree species [32]. However, it has been demonstrated
that I. typographus is only weakly [33,34] or not at all [35] attracted to host species emissions of volatile
compounds. Nevertheless, the mechanism of how bark beetles find weakened and susceptible host
trees that are “easier” for colonization remains unknown [35]. This initial semiochemical signal
attracts “pioneer” beetles, those that are the first to attack trees. After initial infestation by pioneers,
semiochemical-based aggregation of bark beetles takes place [29]. Differences in phenolic composition
were found between “susceptible” and “resistant” trees [36,37], suggesting that weakened spruce
trees might also release specific volatile signals that are attractive to beetles [29]. Some bark beetles,
including I. typographus, may find susceptible weak host trees by following volatiles produced by
competing insect species during colonization (e.g., [38]), but no evidence exists that weakened trees
release specific compounds that are recognized by bark beetles as a signal for the selection of the host
tree. In Tomicus piniperda (L.), differences were found between attacks on trees of different vigor (less on
those with lower vigor) [39], but, according to the TSA (Threshold of Successful Attack) model [28],
lower numbers of attacking beetles are necessary to overcome the defenses of weakened trees (and vice
versa). Thus, even if weakened trees produce a chemical signal, it is unknown if I. typographus is able
to detect and respond to it.

Such a signal is believed to be produced in trees infected by Armillaria, but not by Armillaria
itself. It has long been recognized that differences in chemical composition of volatile oils are found
in the needles between healthy spruces and those affected by this pathogen [40]. Nevertheless,
Armillaria infection is associated with changes in terpenoids and phenyl propanoids in the phloem
of Pinus contorta Dougl. ex Loud. trees attacked by mountain pine beetles, Dendroctonus ponderosae
Hopkins, suggesting a biochemical basis for host selection by the beetle [41]. There is, however,
no evidence that such differences are found in P. abies cambium (an important host species for
I. typographus), although many Armillaria metabolites have been identified in infected pine trees [42,43].
Armillaria root disease is a long process—the pathogen can be present in a host tree for many years
without visible disease symptoms or insect infestation. How then is the point of tree weakening
defined? Is there a specific semiochemical signal produced at that time? When does the release of the
chemical signal begin? Is I. typographus able to detect/recognize it and respond? On the other hand,
it is generally known that Armillaria is a crucial factor in Norway spruce decline [9,44], and infections
by this pathogen are considered an important predisposing factor for bark beetle attack [24,45,46].

In the case of spruce, when bark beetles aggregate in trees and lay eggs, the resulting larvae
carry out their developmental cycle in the phloem (Figure 1). Bark beetles, especially in the first
stage of infestation, attack trees considered susceptible to the insect [46], and most of these trees were
previously infected by Armillaria near the base of the stem [24]. It cannot be ruled out that mycelium
growing under spruce bark facilitate colonization by other species of fungi associated with the bark
beetle, e.g., blue stain fungi [47–50], although fungal presence, necessary for reproduction, is not a
prerequisite for successful colonization by I. typographus [51,52]. The role of bacteria, nematodes and
mites in colonization by I. typographus can also be questioned; after all, Westra et al. [53] states that
bacteria can drive evolution of defense mechanisms against infection risk.

The phenomenon of aggregation of aggressive bark beetle individuals (so-called pioneer beetles,
or pathfinders) in favorable weather conditions lasts no more than a few days. The insect’s receptors
receive signals in the form of volatile compounds emitted by a “target” tree (volatile phenolic
compounds, oleoresins). They can also differentiate enzymes synthesized by the tree and/or secondary
metabolites activated during cellular metabolism, initiated as a result of infection of the root tissues
by fungal hyphae [54]. Fungal metabolites, produced in the roots, act as stimulator on the beetles;
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the metabolites are transported upwards to the crown in the xylem stream. In addition to metabolites,
there are compounds produced by decomposition of wood and phloem by the hyphae, that may
turn out to be elicitors triggering subsequent cause-and-effect reactions between fungus, tree and
insect. So far, however, no clear and direct connection between bark beetles and Ophiostomatoid
fungi (as well as with root rot fungi or bacteria) has been found [28,36,47,55–57], especially when
beetles attack trees in the early stage of Armillaria infection. It is known that different structures of
bark beetle-associated fungi produce some attractive, sometimes crucial metabolites [58], among them
are nitrogen compounds and sterols [59,60]. Fungi developing in phloem of roots may participate
in delivery of produced sterols to upper parts of the tree, especially since insects are not able to use
plant-produced sterols [61]. The example of relations between the root feeding bark beetle Hylastes
spp. and staining fungi was described by Zang et al. [62]. Even CO2 or methane CH4 produced by
saprotrophic basidiomycetes during wood decay may stimulate insect growth [63–65].Forests 2020, 11, x FOR PEER REVIEW 4 of 8 
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The smell of mycelium volatile secretions, of Ophiostomatales, is associated with olfactory
receptors of beetles, and the volatile organic compounds (VOCs) emitted by symbiotic fungi may act
as recognition signals for bark beetles [65]. However, Zhao et al. [66] report that methyl jasmonate,
which induces extensive biochemical and anatomical changes in Norway spruce, Picea abies (L.)
Karst., similar to those caused by pathogens [67], reduces the emission of aggregation pheromones
by I. typographus. Therefore, it is quite probable that I. typographus is able to detect such a signal
released also by an Armillaria-infected tree, possibly in a manner similar to the response of beetles to
the olfactory-like signals related to tree age [68].

These phenomena are widely known and described, both in classical phytopathological literature
and in many ecological and entomological studies (e.g., [69]. Referring to hologenome theory [70,71],
it can be assumed that, in a managed ecosystem with a larger than natural proportion of spruce, which is
the case in many commercial stands, there is natural selection of trees of this species. Selection is
performed jointly not only by Armillaria and bark beetles, by affecting the genomes of symbiotic
partners, but appears to be a part of a multifunctional temporal network [72]. Has it created a peculiar
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strategy of survival, or is it even more “clever” than imagined? It remains to be seen, as “Nothing is
difficult for nature” (Democritus).

4. Final Remarks

Spruce, weakened by soil water deficit, becomes a target of pioneer bark beetles after primary
infection of the roots by Armillaria (by rhizomorphs). The information obtained by Ips beetles that
a source of energy and space is available, results from changes in resin content caused by infection
by the pathogen (rhizomorphs and mycelium). However, this signal actually misrepresents the state
of the tree to the affected insects. This false information provided by volatile compounds emitted
from resin and phloem, indicates to bark beetles that a tree is weakened and is in a susceptible state
(i.e., resin will not flood the insect). Armillaria, therefore, employs an individual specimen development,
whereas Ips plays an outsourcing and ontogenetic role. The deadwood constitutes the substrate in
the saprotrophic stage of development of this fungus. This provocative hypothesis is discussed as a
fungus-specific and purposeful survival strategy. The question remains: Is this truly a fungal survival
strategy that developed over time, or is it simply coincidence? The arguments presented here may
provide impetus to consider whether modifications of management for economic objectives is needed
for threatened stands (e.g., whether to protect biologically or to remove vulnerable stands?) to ensure
their sustainable development.
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Jíloviště–Strnady: Jíloviště, Czech Republic, 2010; pp. 93–105.

45. Hertert, H.D.; Miller, D.L.; Partridge, A.D. Interaction of bark beetles (Coleoptera: Scolytidae) and root rot
pathogens in grand fir in northern Idaho. Can. Entom. 1975, 107, 899–904. [CrossRef]

46. Christiansen, E.; Huse, K.J. Infestation ability of Ips typographus in Norway spruce, in relation to butt rot,
tree vitality, and increment. Medd. NISK 1980, 35, 469–482.

47. Krokene, P.; Solheim, H. Fungal associates of five bark beetle species colonizing Norway spruce. Can. J.
For. Res. 1997, 26, 2115–2122. [CrossRef]

48. Jankowiak, R. Fungi associated with Ips typographus on Picea abies in southern Poland and their succession
into the phloem and sapwood of beetle-infested trees and logs. For. Path. 2005, 35, 37–55. [CrossRef]
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