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Abstract

Purpose of Review This review offers a thorough examination of the pine pathogen Diplodia sapinea, tracing its historical
significance from its initial impact on South African non-native Pinus plantations to its recent emergence as a major threat to
forests, particularly in Europe. It also highlights recent findings regarding its taxonomic position, genetic studies, and shifts
from being perceived as a wound-infecting pathogen to an endophyte in healthy Pinus species that causes disease after stress.
Recent Findings Recent years have witnessed a dramatic increase in the damage caused by D. sapinea in natural and planted
forests. This escalation is apparently strongly linked to climate change. The pathogen’s previously confused taxonomic
position has been clearly resolved in the Botryosphaeriaceae, alongside several sibling species. Diplodia sapinea is now
well-understood as an endophyte in healthy trees, which has significant implications for studies aimed at understanding its
biology. Importantly, robust techniques including those utilizing genome sequences, are now available for rapid identification
and population genetic studies of the pathogen and the factors that drive disease outbreaks.

Summary Over the past century, D. sapinea has transitioned from a localized problem in South African non-native planta-
tions to a global threat to both natural and planted forests, particularly in Europe. This review underscores the importance
of historical context in understanding the evolution of the pathogen’s impact. It also lays the foundation for future research

endeavours, leveraging modern technologies to address key questions surrounding its biology and ecology.

Keywords Tree health - Climate change - Fungal ecology - Invasion biology

Introduction

Historically the disease caused by Diplodia sapinea was
viewed as a South African problem and a consequence of
planting Pinus species outside their native ranges. In fact,
globally, the earliest exotic plantations of Pinus species
were established in South Africa in 1825 [1]. Of particular
relevance here is that the country had minimal resources of
native trees suitable for the supply of timber products [1].
These first plantations in Genadendal were of Pinus pinaster,
a species native to the South Atlantic European region and
parts of the western Mediterranean. The establishment of
the South African Cape Forest Act in 1888, recognized
the importance of establishing plantations of non-native
species to protect the limited native forest resources from
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destruction [2, 3]. This led to numerous Pinus species
being tested for plantation development and where Pinus
radiata was identified as most suitable [4]. This species
was consequently widely planted in the country from 1910
to 1920. As time passed, it was recognized that P. radiata
was suitable for establishment only in the winter rainfall
region of the county and that P. patula and P. elliotii were
best planted in the summer rainfall areas. The establishment
of these plantations was directly linked to D. sapinea,
which owed its notoriety to the South African forestry
situation [2, 4-7].

Early established plantations of pines in the Southern
Hemisphere were relatively free of disease or insect pest
problems [8]. This follows the “enemy free space” hypothesis
proposed by Jeffries and Lawton (1984) [9] and is true for other
areas of the world where non-native tree species are established
for the first time [10, 11]. By far the most important, and often
limiting disease problem in these plantations was die-back due
to infections by a fungal pathogen D. sapinea [12-16]. While
the fungus commonly causes shoot die-back on susceptible
Pinus spp., much more serious damage to plantations occurs
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«Fig.1 Signs and symptoms associated with Diplodia sapinea on
Pinus spp. (a) Severe die-back of Pinus patula after hail damage.
(b) Dead and dying needles on a severely affected tree. (c) Infection
of the pith moving from tips of branches downwards on a stressed
tree. (d) Symptoms of root disease on P. taeda showing lesions mov-
ing upwards into the root collar region, (e) Sap stain typical on timber
after infection. (f) Pycnidial fruiting structures on an infected branch
(arrows). (g) Large numbers of pycnida (arrows) on a cone and a
common source of inoculum in forests. (h) Typical large brown asex-
ual mitospores (conidia) of D. sapinea (scale bar 20 pm)

after hail storms, which are relatively common in South Africa
(Fig. 1a, b). Where susceptible Pinus spp. such as P. radiata and
P. patula established in plantations are damaged by hail, rapid
and dramatic die-back and death of large areas of trees occurs [5,
7, 17-24]. This led to an assumption, one that persisted for many
years, that D. sapinea was a wound-infecting pathogen. The logic
here was that hail resulted in wounds and that these then became
infected by the fungus, resulting in tree death. In this respect, it
was assumed be a typical wound related tree pathogen.

While the notoriety of D. sapinea as a serious planta-
tion-damaging pathogen was due to Southern Hemisphere
plantation situations [8, 13, 25], the fungus was well known
in other countries, but mostly treated as of lesser signifi-
cance. Exceptions were, for example, in the Christmas tree
industry of North America where susceptible, and usually
non-native species such as Pinus nigra and Pinus sylves-
tris are commonly propagated [26, 27]. The fungus was
also recorded as problematic in the USA, mostly on non-
native Pinus spp. in the urban environment, in Christmas
tree plantations and in nurseries [26-28] usually associated
with stressful conditions. There were also reports for that
period of time from Southern Europe (see [29]).

Not a Typical Wound-Associated Pathogen

Prior to the establishment of plantations of non-native Pinus
species in the Southern Hemisphere, the tree pathogen D.
sapinea was mostly of mycological interest. The fungus
was first described from Sweden as Sphaeria sapinea by
Fries in 1823 [30] and some years later isolated from Pinus
sylvestris in France and described as Sphaeria pinea by
Desmazieres in 1842 [31]. It was subsequently treated in
various taxonomic studies and given names such as Mac-
rophomina pinea, Sphaeropsis pinea, Macrophomina sap-
inea and Sphaeropsis sapinea [32]. In the later literature, it
has mostly been treated as Diplodia pinea [33, 34]. Phillips
et al. [30] provided a recent taxonomic study and since that
time, it has been referred to as Diplodia sapinea.

Diplodia sapinea is commonly found on senescent tissues
of Pinus spp. including shoots, cones and blue stained tis-
sues in many parts of the world. However, its role in causing
disease has in many cases not been clear. The first records of

the fungus causing disease were from Kew in 1908 and 1911
[31]. This was linked to disease problems being experienced
on Pinus radiata in what was then the Cape Colony of the
Union of South Africa [2, 35].

For many years, D. sapinea continued to be viewed as a
wound-infecting pathogen. This was not only in Southern
Hemisphere plantation situations, but also in other countries
where the fungus was well-known, yet not considered of
great importance. A major breakthrough in understanding
the biology of the fungus arose at the time when endophytic
infections of plants were emerging as important. This was a
period when it became clear that healthy trees contain large
numbers of fungi in their microbiomes [36—38]. As studies
on tree endophytes increased in number, it was recognized
that D. sapinea was a common inhabitant of healthy pine
tissues [19, 39—44]. The first study in which the fungus was
isolated from asymptomatic Pinus tissue was by Petrini and
Fisher [45]. It could be argued that this important discovery
effectively changed our understanding of the biology of D.
sapinea.

Diplodia sapinea is now well-recognised as a common
endophyte in the healthy tissues of Pinus spp. During this
phase of its biology, it exists in an asymptomatic state until
the onset of stress [39, 44, 46—48]. This is emerging as true
of most fungi in the Botryosphaeriaceae; the fungal family
in which D. sapinea is known to reside [30, 49, 50]. Con-
sequently, the notion that it is primarily a wound-infect-
ing fungus was a veritable “red herring” and is no longer
particularly relevant. Thus, for example, the rapid death
that occurs in pine trees after hail storms results from D.
sapinea inoculum, internally in the trees becoming active
and rapidly colonizing the tree tissues. This explains the
rapid death of trees, which can occur in a matter of weeks,
and where the sapwood becomes blue stained (Fig. le).
Apart from the financial implications of losing a plantation,
there’s also the loss of value in the timber affected by the
blue stain [22, 51, 52].

Insects are commonly found associated with D. sap-
inea infections [53, 54], but it is most likely that the
presence of the fungus arose from endophytic infections
rather than having been carried to these damaged tissues
by the insects. The fungus is a typical member of the Bot-
ryosphaeriaceae where spore dispersal is via rain splash
and wind. Its large conidia are in no way adapted to being
vectored by insects and it would seem most unlikely that
insects play a role in the dispersal of D. sapinea, even
though they are commonly found in the presence of
the fungus.

One of the more intriguing and unanswered questions
regarding the biology of D. sapinea relates to the nature of
the stress factors that lead to the onset of active infections
(Fig. 1c). For example, it remains unknown what physi-
ological changes occur in susceptible pine trees due to hail
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damage, which evidently initiate the infection cycle [9, 21,
23, 44, 55-58]. Several hypotheses have been proposed,
including the idea that a physiological shock triggers the
quick release of sugars, providing a rapid growth opportu-
nity for the fungus. The occurrence of the pathogen within
young pine shoots, as often seen in species like P. radiata,
may stem from stress placed on rapidly growing shoots dur-
ing periods when the environment cannot adequately sup-
port such growth. This could be due to higher than optimal
temperatures or lack of available moisture at the time of
shoot extension. The biological nature of stress and how
this relates to the onset of tree disease remains very poorly
understood [59]. Specifically in the case of D. sapinea and
other related Botryosphaeriaceae, there is a great need to
understand the nature of stress and how this intersects with
the biology of these fungi [49, 60].

Sources of Inoculum

While D. sapinea has long been known to sporulate on the
cones of Pinus spp [31], Nicholls and Ostry [61] first recog-
nized that this fact is very relevant to our understanding of
the biology of D. sapinea. This was an understanding that
an important source of the inoculum occurs primarily on
the cones of Pinus spp. (Fig. 1g). Infections are often seen
extending from the cones into the branches. The presence of
large numbers of D. sapinea conidia (mitospores) (Fig. 1h)
and pycnidia in which they develop on cones is well-known
and has been recorded by many authors [19, 62-64]. There
is also evidence that these asexual structures result from
the endophytic infections within trees [42]. Other than a
predominance on cones, D. sapinea inoculum can also be
found on dying shoots and needles of pines [6, 20, 21, 61,
65] (Fig. 1f). Nevertheless, according to field observations,
the cones seem to be the most abundant source of inoculum
in pines.

Swart et al. [6, 65] considered the dispersal biology of
D. sapinea in South Africa. The motivation for that study
was that P. radiata developed stem cankers associated with
the standard plantation forestry practice of stem pruning
at various stages of tree growth. This problem, clearly
also associated with stress to trees, was also well-known
in New Zealand [66]. It raised the logical question as to
when trees might best be pruned to avoid infections from
developing. To provide a basis of comparison, the study
of Swart et al. [6] compared areas having rainfall in win-
ter and summer. While D. sapinea spores were known to
be wind-water dispersed, as is typical of pycnidial fungi,
the study showed that irrespective of rainfall, temperature
dictates the presence of spores in the environment. Con-
sequently, the conclusion of that study was that pruning
would best be practiced during winter, despite the fact that
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rainfall might also occur at that time. Intriguingly, based
on knowledge not available when Swart et al. [6, 65] con-
ducted their studies, infections of pruning wounds might
well occur from internal endophytic inoculum and have
little to do with spores in the environment. While that ques-
tion has not been interrogated, currently available tools
such as microsatellite markers could easily be applied to
provide a reliable answer.

When considering the origin of inoculum that gives rise
to D. sapinea infections, it is relevant to reflect on the results
of pathogenicity tests that have been undertaken with the
fungus, including those to satisfy Koch’s rules of proof.
Most inoculation studies with the fungus have applied myce-
lial inoculum to artificially wounded tissues [15, 19, 20, 56,
66—69]. The results typically manifest as lesions, the lengths
of which can be easily measured and compared. It is obvious
that D. sapinea can cause lesions on wounded tissues. What
is not clear is how accurately wound-induced inoculations
apply to the biology of the fungus, which under natural con-
ditions mostly appears to establish disease from previously
established internal infections linked to an endophytic life
cycle.

Wound-based inoculations with D. sapinea mycelium
seemed to provide an appropriate proxy [70] for screening
trials when the fungus was considered as a wound-infecting
pathogen. However, inoculations with mycelium-covered
plugs of agar do not reflect a natural infection process; this
would require spores as a source of inoculum. Unfortu-
nately, the fungus sporulates notoriously poorly in culture
leading to techniques such as adding sterilized pine needles
to agar plates to promote sporulation in the Botryospha-
eriaceae [42]. The situation has recently been resolved by
Oostlander et al. [71], who established a protocol to pro-
duce large numbers of D. sapinea conidia in culture. This
makes it possible to easily conduct artificial inoculation
tests that emulate a more natural situation. It will surely
lead to a greatly enhanced understanding of the biology of
the pathogen.

Names and Reproductive Biology

Diplodia sapinea has undergone many name changes since it
was first described as Sphaeria sapinea in 1823 and later as
Sphaeria pinea in 1842 [30, 31]. The name Diplodia pinea,
established by Kickx in 1867, was the most commonly used
of these names for many years [34]. As was true in the early
days of fungal taxonomy, the applied names were mainly
based on opinions regarding various morphological charac-
teristics of the fungus. Arguably the most important discov-
ery relating to the taxonomy of D. sapinea emerged when
it was recognized as a member of the Botryosphaeriaceae
[30, 50, 72] (Fig. 2). As is true for most other fungi, this
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Fig.2 Phylogenetic placement of Diplodia species within the Botry-
osphaeriaceae. a Phylogenetic relationships between D. sapinea and
selected species and genera in the Botryosphaeriaceae inferred from
ITS and LSU sequence data, with species of the Phyllostictaceae

emerged from the application of phylogenetic inference
based on DNA sequence data and the application of the one
fungus, one name convention [73, 74] (Fig. 2).

Palmer et al. [75] studied D. sapinea infecting Pinus spp.
in the USA Lake States and recognized obvious differences
in the morphology of isolates. This led to the identification
of four morphotypes of the fungus, referred to as the A,
B, C and I types [75-81]. Later, phylogenetic analyses of
DNA sequences and microsatellite markers led to a clarifi-
cation of these morphotypes as discrete species. Thus, the
B morphotype was described as Diplodia scrobiculata [82]
and isolates of the I morphotype were recognised as Botry-
osphaeria obtusa. Those of the C morphotype were from
Pinus in Indonesia and indistinguishable from D. sapinea
morphotype A isolates using the microsatellite markers [82].
Interestingly, isolates of the C morphotype were much more
aggressive than other tested isolates [83] and Smith et al.
[84] found that the South African population had an unex-
pectedly high genetic diversity.

urbis-rosarum CMW36477 Eutiarosporella

Botryosphaeria

Neofusicoccum

as outgroups. b Cryptic species in the D. sapinea complex resolved
using ITS, LSU, BT and TEF-1la sequence data. Trees were con-
structed using IQ-TREE with 1000 bootstrap replicates

Diplodia scrobiculata, which Palmer et al. [75] first
recognized as the B morphotype of D. sapinea, was par-
ticularly interesting as it had comparatively low levels of
aggressiveness on the hosts that they tested. It also had
conidia that were distinctly pitted and different to the
smooth-walled spores of D. sapinea [76, 77]. Diplodia
scrobiculata remained known only from the USA Lake
States for many years but was later commonly found in
California [85] and in relatively low abundance by Bihon
et al. [46] during extensive sampling of Pinus spp. in
South Africa. It is particularly intriguing that this fungus,
unlike D. sapinea has hardly spread globally. This might be
ascribed to its low levels of aggressiveness or to some other
factor such as not being well-adapted to particular environ-
ments or hosts, which would have been necessary for it
to become established and compete over a diverse range
of environments.

Numerous studies have confirmed the differences between
isolates of D. sapinea and D. scrobiculata and their presence
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in different parts of the world. These studies have applied
various molecular genetic tools including isozyme analyses,
RAPD profiles, microsatellite and DNA sequence analyses
[80, 82, 86-90]. Likewise, Luchi et al. [91, 92] produced
Real Time PCR and High Resolution Melting Curve diag-
nostic tools specifically for D. sapinea, but these do not
distinguish it from closely related species. Isolates of D.
scrobiculata have also been shown to differ in their aggres-
siveness in inoculation studies [46, 69, 93].

Wingfield and Knox-Davies [94] reported the presence
of spermatia in some isolates of D. sapinea, but a sexual
state has never been found. Given its position in the Botry-
osphaeriaceae [30, 33, 50] sexual structures would resemble
those of other taxa in the group having botryose pseudothe-
cia containing bitunicate asci. Having been treated as an
exclusively asexual fungus in various studies [81], the results
of a population genetics study by Bihon et al. [95] confirmed
the earlier study by Smith et al. [84]. These authors showed
high levels of genotypic diversity and random association
of alleles in various populations of the fungus. This sug-
gested that the fungus has a yet to be discovered cryptic
sexual state.

The possibility of cryptic sexual reproduction led Bihon
et al. [96] to consider this question more fully. These authors
provided the first full genome sequences of D. sapinea thus
providing the necessary data to consider the reproductive
strategy of the fungus. The results showed that D. sapinea
is heterothallic with individual isolates having apparently
functional copies of the a-1 or HMG domains. In addition to
the MATI-2-1 and MATI-1-1 genes, they found a MATI-1-4
gene in the MATI-1 idiomorph and a novel MAT-2-5 gene
in the MATI-2 idiomorph. The frequency of occurrence of
the two idiomorphs in a population of isolates occurred in
a near 1:1 ratio, strongly suggesting that D. sapinea has a
cryptic sexual cycle.

Hosts, Symptoms and Susceptibility

Although not all areas or species have been extensively
surveyed, evidence suggests that D. sapinea is primarily a
pine-infecting fungus native across the natural range of these
trees in the Northern Hemisphere including Europe, Asia,
North Africa, North America and South America [97]. In
their natural range, Pinus spp. differ in their susceptibility
to infection. For example, Fabre et al. [29] reported a dif-
ference in host susceptibility in France, with P. sylvestris,
P. nigra and P. pinaster being infected with decreasing fre-
quency. In natural forests of Pinus species in the sub-genus
Pinus such as P. banksiana and P. resinosa, together with P.
strobus (sub-genus strobus), Wingfield (unpublished) failed
to isolate the fungus from trees of the latter species. This
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suggests that the fungus has a preference for species in the
sub-genus Pinus.

While D. sapinea has an apparent preference for certain
Pinus spp., it is intriguing that it has been found on various
other conifers and even hardwoods [98—100]. These records
are mostly from studies where DNA sequence data have
been applied to the identifications and, although unusual,
they are clearly reliable. Intriguingly, Blumenstein et al.
[101] found that isolates originating from non-conifer hosts
were more aggressive when inoculated on Pinus species
under water stress conditions, suggesting that host switch-
ing under climate change conditions could pose a particular
threat. The nature of these infections, and the role that the
fungus plays in these apparent non-primary hosts is clearly
of interest and deserves further study.

Most research considering the relative susceptibility of
Pinus species to infection by D. sapinea has been con-
ducted in the Southern Hemisphere, where the pathogen
has been an impediment to plantation sustainability. This
stems back to the earliest report of D. sapinea causing
a shoot die-back in South Africa [35]. It was clear from
some of the earliest plantation programmes that the widely
planted P. radiata was highly susceptible to infection when
trees were subjected to various forms of stress. Damage
included shoot die-back, stem cankers and in the most
serious cases, rapid death of trees after hail storms [6, 7,
13, 17]. Where trees die, the resulting timber becomes
blue-stained leading to a loss of timber value [22, 102]. An
intriguing manifestation of infection is a root disease on
stressed P. elliottii and P. taeda in Southern Africa [7]. A
similar disease syndrome was later seen on the same Pinus
species in Hawaii, but caused by Botryosphaeria dothidea,
a fungus related to D. sapinea in the Botryosphaeriaceae
[103].

In the case of Southern Hemisphere plantation forestry,
damage due to D. sapinea is clearly associated with par-
ticular species of Pinus. Although the pathogen has been
important in Chile and New Zealand [12, 13, 104, 105]
where P. radiata is the dominant species planted, hail dam-
age has not been a significant component of the disease.
In contrast, where highly susceptible species such as P.
radiata and P. patula are planted in hail-affected areas
of South Africa, losses have been very serious [22]. This
has resulted in planting less susceptible species such as
P. elliottii in areas where hail damage occurs. In the case
of Christmas tree plantations, mostly non-native species
such as P. sylvestris and P. nigra have been most severely
affected, particularly where trees have been subjected to
various forms of stress, or insect damage [26, 27].

Most trials aimed at screening trees for tolerance to
infection by D. sapinea have been those linked to plantation
forestry utilizing non-native Pinus species [19, 20, 56, 68].
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These have generally confirmed field observations where
P. radiata and P. patula are highly susceptible to infection
[106]. However, where Smith et al. [19], compared the dam-
age to a number of species due to natural infection after
hail damage, they found no significant differences between
artificial wound-inoculations and field observations. This
suggests that inoculation trials where trees are wounded
may provide an inappropriate proxy for disease screening.
This is most likely due to the fact that D. sapinea symp-
toms result from prior infections by the fungus, which has
become established as part of the endophyte community
of the trees [42]. It is consequently necessary to view the
results of wound-based inoculation trials with circumspec-
tion. Thus, when developing disease screening protocols for
resistance or sensitivity of trees to D. sapinea it is necessary
to consider the biology of the pathogen as an endophyte in
healthy Pinus spp. Likewise, it is necessary to show that
inoculations on juvenile plants accurately reflects the field
situation where affected trees are usually established with
well-developed woody tissues. In the past, conducting such
experiments would have been impossible, but today, geno-
typing isolates has become an essential tool in the modern
plant pathologist’s toolkit.

Genetic Diversity

There have been a number of studies considering the global
genetic diversity of D. sapinea. As a native fungus, and
for many years considered to be relatively unimportant in
Northern Hemisphere countries, questions relating to its
pathways of movement and relevance have mostly focused
on plantation forestry in the Southern Hemisphere. The
first of these studies was by Burgess et al. [§1] that used
vegetative compatibility tests and previously developed
SSR markers [3, 107] to compare populations of isolates
from Australia, New Zealand and South Africa. These
populations were chosen specifically to include two coun-
tries (New Zealand and Australia) that had long histories of
strict quarantine and South Africa where quarantine proce-
dures for the importation of plant material was less rigor-
ous [3]. The results showed that the genotypic diversity of
D. sapinea was substantially greater in the South African
population, thus reflecting multiple introductions into that
country and fewer into New Zealand and Australia. That
study also showed that the fungus on P. radiata in its intro-
duced range was unlikely to have originated on this species
and that it had acquired the fungal endophyte from other
Pinus spp. in the non-native range [107]. Given the com-
mon occurrence of D. scrobiculata and not D. sapinea in
California [85], it is conceivable that the former fungus is
part of the natural biology of P. radiata in the native range
of this tree.

The most extensive early study, comparing global popu-
lations of D. sapinea isolates was conducted by Burgess
et al. [85, 87]. That study using microsatellite markers
included three populations from the native range of the
fungus including USA and Europe and three from plan-
tations of P. radiata in the Southern Hemisphere. Unex-
pectedly, all of these populations had relatively low levels
of allelic diversity and high levels of clonality, not only
regionally, but across continents. There was no evidence of
genetic drift or fixation of alleles in local populations and
some genotypes were found across continents. The results
supported a long asexual history of the fungus and high
levels of anthropogenic movement.

Various studies considered populations of D. sapinea
globally. Bihon et al. [95] used microsatellite markers to
study a relatively large population of the pathogen collected
in South African pine plantations. This was shown to be
highly diverse and indicative of many discrete introductions,
but also providing some evidence of recombination. In a
later study, Bihon et al. [96] developed markers for the mat-
ing type locus in D. sapinea and showed that both mating
types are present in South Africa in approximately equal
proportions supporting the idea of a cryptic sexual cycle. A
subsequent study [108] including isolates from Australia,
Argentina, Ethiopia, as well as South Africa suggested
shared sources of origin of D. sapinea and again evidence
that sexual recombination could be occurring.

Recent studies, including comprehensive collections of D.
sapinea from across Europe, have supported the conclusions
of Burgess et al. [85] and Bihon et al. [108] that the fungus
has low levels of genetic diversity in Europe. For example,
Zlatkovi¢ et al. [100], using multilocus sequence data and
microsatellite markers, found low gene and genotypic diver-
sity in D. sapinea from the Western Balkans. This suggested
that the fungus is an introduced pathogen that is spreading
clonally in that region. Likewise, Mazanos et al. [109] using
microsatellite markers and Vegetative Compatibility Group
(VGQG) analyses found low genetic diversity and high levels
of clonality in D. sapinea populations in Southern Spain
when compared to populations from the Southern USA. The
results of that study showed significantly higher levels of
diversity than in a previous study in Spain, which the authors
ascribed to more intensive sampling from a greater number
of tissue types, but the USA collections still showed greater
levels of diversity. Brodde et al. [47] also found highly clonal
populations of D. sapinea across Europe, including pre-and
post-outbreak isolates from Sweden. This study included
geographically isolated populations, such as from Turkey
and other European countries.

Adamson et al. [110] used microsatellites markers to
characterize a large collection of isolates from 15 coun-
tries of Europe and Western Asia and found that one gen-
otype accounting for 45% of the isolates was dominant.
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Furthermore, these authors reported distinct sub-popula-
tions of the pathogen in Central/ Northern Europe, Italy
and Georgia respectively. This added further support to
the numerous studies already mentioned suggesting widely
distributed and highly clonal lineages of D. sapinea in
Europe. In contrast, using a newly developed set of SSR
markers, developed from the genomes of D. sapinea, Vil-
lanoval et al. [111] found higher levels of genetic diversity
in Northern Spain and California populations of the patho-
gen. That study supported evidence, from association of
alleles and distribution of mating types, that suggest the
existence of a sexual cycle in the fungus. Clearly, despite
the numerous population genetic studies on D. sapinea
including various geographic areas of the world, the ques-
tion relating to its area of origin has yet to be resolved.

A Rising Challenge in Pine Forests Amidst
Climate Change

A number of studies have considered whether variation in
the aggressiveness of D. sapinea isolates could be related
to the presence of mycoviruses. Steenkamp et al. [112]
first considered this question but was not able to relate the
presence of an unidentified dsSRNA element to growth rate
in culture or levels of pathogenicity in the fungus. Preisig
et al. [113] identified two novel dsRNA Totiviruses in D.
sapinea and named them Sphaeropsis sapinea RNA virus
1 and 2 (SsRV1 and SsRV?2). These viruses were different
to the one identified in D. scrobiculata and named Diplo-
dia scrobiculata RNA virusl or DSRV1 [114], but neither
study considered their roles in pathogenicity. Adams et al.
[115] considered the aggressiveness of Diplodia isolates
including those of morphotype A (D. sapinea) and B (D.
scrobiculata) with and without dSRNA elements and found
no consistent patterns relating to the presence of these
virus-like elements. These mycoviruses likely represent
only a portion of the complex potential mycovirome that
is now emerging from studies on the Botryosphaeriaceae
and other fungi [116, 117].

Although there have been occasional incidences of dis-
ease in Europe and North America, particularly since the
1980s, D. sapinea has retained a status as being relatively
unimportant in the native Northern Hemisphere rage of
Pinus. This situation has changed dramatically in recent
years where extensive death of Pinus spp. has occurred in
various countries of Europe [37]. Where the fungus was
virtually unknown and often difficult to find even on pine
cones in Scandinavian and Baltic countries [118-120],
it now occurs commonly and is considered an important
contributor to tree death [47, 48, 101, 121]. This dramatic

@ Springer

change of situation is poorly understood at present, but all
indications are that this is due to climate change and condi-
tions that were previously not conducive to disease caused
by D. sapinea.

As a non-native fungus, D. sapinea has had its greatest
impact on plantation forestry in the Southern Hemisphere.
This can be attributed to the fact that many of the Pinus
spp. best suited to growing in that environment have high
levels of susceptibility to infection. Moreover, plantations
are commonly subjected to stressful conditions such as
drought, hail and insect damage, and challenging root sys-
tems due to various nursery practices, across large areas
planted to single species that is not typically associated
with trees. Although little is known regarding this topic,
successive rotations of trees on the same sites, with a build-
up of undesirable microbes and pathogens, could be factors
contributing to tree stress, and enhanced susceptibility to
infection [122].

The importance of D. sapinea is increasing rapidly with
substantial damage to Pinus spp. being experienced in areas
not previously challenged by the pathogen. All available
evidence suggests that climate change is the main driver
of disease in the newly affected areas [123], particularly
those in the northern parts of Europe. This is a complex and
relatively poorly understood topic, justifying many newly
funded projects aimed at better understanding the biology
of D. sapinea.

Numerous recent studies seeking to understand the under-
lying reasons for the many new outbreaks of blight and die-
back caused by D. sapinea in Europe have considered the
population diversity of the pathogen. These studies, that
include large numbers of isolates, have found low levels of
gene and genotypic diversity and distinctly clonal lineages of
the fungus. This supports the early, and at that time intrigu-
ing, finding of Burgess et al. [107] that in comparison to
isolates from the Southern Hemisphere that had high levels
of diversity, those from Europe were distinctly clonal. These
studies support the interesting notion that D. sapinea could
have been introduced into Europe. In contrast, evidence
relating to the association of alleles and the distribution of
mating types suggests the existence of a sexual cycle in the
fungus. It is evident that the question relating to the origin of
D. sapinea has not been resolved. Future studies including
large global populations of the pathogen and the application
of genome data will add important new knowledge to this
intriguing question.

The D. sapinea congener, D. scrobiculata was discov-
ered occurring in close association with the former patho-
gen more than 40 years ago. The fungus has a very similar
biology to D. sapinea and appears to be native to North
America. Although D. scrobiculata has been treated as less



Current Forestry Reports (2025) 11:2

Page 9 of 14 2

aggressive than D. sapinea, this may simply be due to the
environments and hosts on which it has been found. This is
clearly a species that deserves further study, not only relat-
ing to its potential threat to Pinus species in areas where
it is currently not known, but also as a basis for compara-
tive studies such as those relating to infection biology on
D. sapinea.

One of the often-overlooked impacts of D. sapinea is the
blue stain that it imparts to the sapwood of infected and recently
felled trees. This is a major problem for the commercial indus-
tries, particularly in the Southern Hemisphere that market solid
wood products. Losses due to D. sapinea induced blue stain
amount to many millions of US$ annually and the problem is
extremely difficult to manage. Chemical agents are commonly
applied to felled trees, but these have negative environmental
consequences and overlook the fact that the fungus is already
inside the trees. This challenge deserves intensive research to
consider new and innovative options such as biological control,
which could, for example, include treatments with non-staining
endophytic fungi.

Diplodia sapinea has spread to every area of the world
where Pinus spp. are being cultivated for commercial pur-
poses or as ornamentals. In most of these areas, the fun-
gus was discovered very soon after the pines had become
established. And where populations of the pathogen have

been studied, it is evident that it has been introduced into
many of these areas a multiplicity of times. The South
African example discussed in this paper provides a vivid
illustration of this fact. Diplodia sapinea is evidently able
to spread easily likely via various forms of germplasm
including living plant material and seeds.

Concluding Remarks

From being a relatively unimportant in its presumed North-
ern Hemisphere area of origin, D. sapinea is increasingly
considered an important factor in the general health of Pinus
spp. Yet the fungus remains relatively poorly understood in
terms of its biology and ecology, at least in comparison to
some of the worlds better-known tree pathogens (Table 1).
Its increasing importance, and the application of modern
tools such as those related to genomes and “omics” in gen-
eral are likely to result in a rapid and valuable increase in
our knowledge of every aspect of D. sapinea biology. Such
studies will also raise our understanding of related fungi as
well as tree endophytes and latent pathogens. Importantly,
they should also promote a greater understanding of how
endophytic fungi in asymptomatic plant tissues are moved
globally and how these threats might be better managed.

Table 1 Unanswered questions and research directions for Diplodia Sapinea

Gaps in knowledge about D. sapinea

Research that could be undertaken

Where do the isolates of D. sapinea that cause pruning wound infec-
tions originate, the environment, or are they endophytic?

Do wound-induced inoculations reflect the biology of the fungus?
Under natural conditions, do all these arise from previously existing
internal infections associated with an endophytic life cycle?

What additional studies are necessary to determine whether meiotic
recombination is occurring or if other forms of recombination such
as parasexuality, are involved?

What role is played by genotypes (that are apparently more aggressive)
that originate from non-conifer hosts?

Do inoculations on juvenile plants accurately reflect field conditions,
where affected trees typically have well-developed woody tissues?

What is the area of origin of D. sapinea?

What are the best disease management practises for D. sapinea?

What is the exact nature of stress that results in D. sapinea infection
and how does this relate to factors such as climate change?

Utilize currently available tools such as microsatellite markers to pro-
vide a reliable answer.

Investigate whether wounding alone results in the same disease as that
are induced by inoculations and identify the D. sapinea genotypes
involved, using microsatellite markers.

Large scale population genomic analyses could provide insights,
together with classical molecular genetics studies.

Comparing the genomes of a diverse range of isolates, from many hosts
including analyses of genomic sweeps, could help to address this
question.

Conduct comparable inoculations on both juvenile and mature trees.

Perform a larger sampling of areas where D. sapinea is believed to
occur naturally, followed by population genetic/genomic analyses.

Engage in intensive research to explore new and innovative options,
such as biological control, which could include treatments with non-
staining endophytic fungi.

Measure stress through detailed experimentation and couple results to
knowledge from genomes and climate change models
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