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Abstract

Purpose of Review Because tree seeds have been considered a low-risk pathway for the spread of plant pathogenic fungi,
their international movement is not subject to strict phytosanitary regulation. However, recent studies have provided scien-
tific evidence that the biosecurity risk of seed trade may not be as negligible as assumed. This review summarises current
knowledge about seed trade activity across the world and seed-borne plant pathogenic fungi and highlights knowledge gaps
that need to be filled to mitigate the risk of spreading tree pathogens via seeds.

Recent Findings Several outbreaks of severe tree diseases in natural forests and plantations worldwide have been linked to
fungal pathogens spread by seed trade. Indeed, recent studies based on modern sequencing technologies have shown that tree
seeds harbour highly diverse fungal communities, including well-known pathogens and fungal taxa belonging to unknown
species. While it has become clear that even apparently healthy seeds can carry potentially pathogenic fungi, the likelihood
of seed-borne pathogens being introduced and becoming established, spreading and causing impact in the new environment
is still unclear which challenges the assessment of the phytosanitary risk posed by seed trade.

Summary Our analyses show that large amounts of tree seeds have been traded among countries and continents. Based on
published literature, the risk of spreading pathogenic fungi via tree seed movement is high. However, the role of the taxo-
nomically and functionally diverse fungal communities associated with seeds is still poorly understood. In particular, more
research is needed to assess the likelihood of seed-borne fungi being transmitted to the seedlings and spreading and causing
impact in the new environment.

Keywords Seed-borne pathogens - Seed-transmitted pathogens - Seed trade - Phytosanitary risk - Invasive pathogens - Non-
native pathogens - Fungi

Introduction environments where they may have no natural enemies and/

or may encounter naive hosts [5, 6]. Most of the current

Seeds harbour a highly diverse microbiome consisting of
dominant “core taxa” that appear across host species and
environments, and of “flexible taxa” which are acquired
from the environment to help the offspring adapt to local
conditions [1e]. Many of these seed-associated microorgan-
isms are known to be transmitted to the seedlings and to
help seedling development, for example by producing anti-
microbial compounds and promoting nutrient uptake [2e,
3e]. However, seeds can also harbour potentially patho-
genic taxa which may cause diseases when the native host
is facing environmental stresses [4] or if introduced to new

Extended author information available on the last page of the article

knowledge about seed associated microbiota originates from
studies on agricultural crops and for verifying its validity for
forest tree seeds, more research is needed.

Traditionally, tree seeds have been considered a relatively
low risk pathway for the movement of non-native patho-
gens compared to plants for planting [7]. However, there
is increasing evidence that the phytosanitary risks associ-
ated with seeds may not be as negligible as assumed since
seeds may harbour harmful microorganisms, mainly fungi,
threatening tree health [8, 9ee]. Seed-borne fungal patho-
gens can be transported on the surface or within the traded
seed [10ee, 11ee, [2ee] as spores or dormant mycelium and
include seed-transmitted pathogens that directly infect the
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host plant growing from the seed and non-seed-transmitted
pathogens that are first transferred to the environment (e.g.
water, soil) from where they can infect a host plant [13ee].
Both groups of seed-borne pathogens can cause poor ger-
mination, germination failure or seedling diseases, posing a
true concern to nursery owners, foresters and seed traders
[12ee].

There are only a few known records of fungal pathogens
that have been shown to have been introduced into new areas
by seeds, and those are mostly pathogens of commercially
grown gymnosperms [9¢] (Fig. 1). For example, the seed
pathogen Geniculodendron pyriforme (syn. Caloscypha ful-
gens) was imported on spruce (Picea) and fir (Abies) seeds
into Germany from the USA and Canada [14]. The introduc-
tion of Fusarium circinatum, the causal agent of pine pitch
canker, in the southern and northern hemisphere has been
linked to the trade of pine (Pinus) seeds [15—17]. The seed-
borne fungus Neofusicoccum parvum was reported to inhibit
the growth of Araucaria seedlings in the southern hemi-
sphere [18] and Sirococcus conigenus is causing mortality
on Norway spruce (Picea abies) and noble fir (Abies pro-
cera) in Norwegian nurseries [19]. Within the angiosperms,
seeds used for the establishment of Eucalyptus plantations
have likely served as vectors for the seed-transmitted Euca-
lyptus stem canker pathogen Teratosphaeria zuluensis [20]
and for Quambalaria eucalypti [21] in the southern and

northern hemisphere, respectively. Moreover, fungal patho-
gens, such as those belonging to the genera Lasiodiplodia,
Neofusicoccum and Mycosphaerella, were also reported in
commercially traded eucalypt seeds [12ee]. Recent molecu-
lar studies showed that commercially traded tree seeds carry
highly diverse fungal communities, including pathogens
causing no symptoms [10, 11ee  22e] that may be difficult
to detect during border inspections, demonstrating the hid-
den biosecurity risks of international tree seed movement.
Currently, around 30% of the European forests are artifi-
cially regenerated [23], mainly using seeds from domestic
sources or from other European Union (EU) countries [24e].
On average, around 400,000 kg of seeds are traded annu-
ally within Europe [24¢], although the real amount is prob-
ably higher due to un-reported non-EU imports [24e]. Most
seeds for forestry are exchanged through certified traders,
and national and international guidelines and policies have
been adopted to safeguard the trade of forest regeneration
material (FRM) [25, 26]. However, while cross-border trans-
fers of FRM must be reported, records are kept at national
levels and an EU-wide harmonised documentation has not
been established yet; trade flows of FRM are not recorded
in any official international database and must be acquired
from respective national authorities, which themselves do
not always keep an ideal track of the data [24e]. Therefore,
the lack of unified international tracking system makes it

Fig. 1 Diversity of seed-borne
fungi. A Seed-borne fungi
growing from Cedrus atlantica
seeds on an artificial medium
(i.e. potato dextrose agar (PDA)
amended with streptomycin sul-
phate). B Morphotyping (group-
ing based on the morphology)
of fungal isolates growing on
PDA plates. C-F Isolates of
common seed-borne pathogens
of gymnosperms on PDA plates.
C Diplodia sapinea, the causal
agent of Diplodia tip blight. D
Fusarium circinatum, the pine
pitch canker fungus. E Neonec-
tria neomacrospora, a causal
agent of Neonectria canker

of fir. F Sydowia polyspora, a
pathogen of several gymno-
sperm species. Photo credit:
Ana Perez Sierra
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difficult to estimate the volumes and track the flows of inter-
national tree seed trade. Furthermore, existing legislation
mostly focuses on regulating the quality and environmental
suitability of seed sources rather than the potential harmful
organisms that seeds might carry. Seeds are also increas-
ingly bought via E-commerce, over the internet, especially
by private users, but E-commerce is rarely factored into
risk analysis by National Plant Protection Organisations
(NPPOs). Plants (including seeds) traded in E-commerce
are often shipped in small quantities and do not belong to
easily recognisable consigments (e.g. small packages of
seeds, seed-infused greeting cards, bookmarks), while phy-
tosanitary frameworks were designed to target trade of bulk
and easily identifiable commodities [27]. E-commerce has
raised growing concerns in the phytosanitary community,
and recommendations to NPPOs have been issued by the
Commision on Phytosanitary Measures [28] to tackle this
new phenomenon. Limited traceability and phytosanitary
regulation of seed trade raise concern about the lack of
knowledge about seed-borne pathogens that could uninten-
tionally be introduced into new areas and have an impact on
nursery stocks and on new or existent forests.

The overall aim of this article is to describe the current
knowledge about seed-borne fungi and seed trade as a path-
way for fungal pathogens of woody plants. Based on published
literature and original research on international tree seed move-
ment, the likelihood of seed-borne fungi to be transported and
introduced to a new area, to become established, spread and
cause impact is discussed in detail following a proposed scheme
(Fig. 2), as a successful completion of each of these steps is nec-
essary for a pest/pathway being considered as high risk and for
triggering the introduction of phytosanitary measures to restrict
the trade. Existing and possible management options for risk
mitigation are also discussed. Finally, the review highlights the
existing knowledge gaps that need to be addressed to understand
the phytosanitary risks posed by the movement of potentially
contaminated seeds.

Transport of Pathogens into a New Country
Although seeds and associated pathogens can be spread

over long distances by natural means including large
and/or migratory animals, especially birds, extreme
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Fig.2 Invasion framework for seed-borne fungal pathogens. In the
exporting country, seeds (and associated pathogens) are collected
in seed orchards and seed stands, cleaned, dried and stored. After
transport to the importing country, seed-borne pathogens may be

introduced into nurseries or, probably less frequently, forests where
they may establish and further spread. Infected seedlings may also be
transported from a nursery to a forest. Created with BioRender.com
(https://biorender.com/)
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meteorological events and even ocean currents ([29] and
references within), their main means of spread is human
activity, in particular seed trade. Prior to shipment, seeds
are collected in selected orchards or forest stands, pro-
cessed (e.g. cleaning, drying, storing) and eventually
stored in seed production facilities (Fig. 2). Thereafter,
they can then be either used within national borders or
shipped to another country.

Based on the data on the annual trade in tree seeds
between 38 countries collected from Trade Map®© [30]
by co-authors of this manuscript, approximately 40 mil-
lion kg of tree seeds for sowing were traded during the
period 2005 to 2019 (i.e. 2.7 million kg per year on aver-
age), with varying amounts being exchanged within and
between biogeographic regions and continents across years
(Fig. 3). Before 2010, more than 85% of the seed exchange
occurred within Europe and mainly between countries
within the same biogeographic region (i.e. 9 million kg
within south Europe and 1.2 million kg within north,

west and central Europe; Fig. 3a). After 2010, intercon-
tinental trade intensified and reached almost 50% of total
exchanged seeds during the years 2010-2014 with large
amounts of seeds being exported from North America to
south Europe (i.e. 2.3 million kg), north, west and central
Europe (i.e. 390 thousand kg) and to East Asia (i.e. 480
thousand kg), and from east and west Asia to north, west
and central Europe (i.e. 550 thousand kg; Fig. 3b). Within
Europe, large amounts of seeds were exchanged within
north, west and central Europe (i.e. 2.7 million kg) and
between north, west and central Europe and south Europe
(i.e. 1.1 million kg; Fig. 3b). Most recently, between 2015
and 2019 trade within Europe decreased to less than 2 mil-
lion kg (i.e. 12% of the total traded seeds; Fig. 3c). Most
of the seed trade was intercontinental; around 4.5 million
kg was exported from North America to south Europe and
around 7.7 million kg from south Europe to west Asia. In
addition, 400 thousand kg was imported into north, west
and central Europe, and a similar amount into west Asia,

a) 2005-2009 (~14 x 108 kg)
Export Import Export
North America

North, west and
central Europe

Northeast Europe
Southeast Europe [[1] -

South Europe

West Asia
East Asia

Oceania

b) 2010-2014 (~10 x 108 kg)

¢) 2015-2019 (~16 x 10° kg)
Import  Export Import

Fig.3 Amounts of tree seeds for sowing traded between continents,
and between biogeographic regions in Europe, during three time
periods: 2005-2009 (a), 2010-2014 (b) and 2015-2019 (c). Sums
of exchanged seeds during each time period are shown in brackets.
Sankey plots were generated using sankeyNetwork function from
sankeyD3 package [31] in R. Tree seed trade data was extracted on
annual weight in kilograms for 25 countries for years 2005 through
to 2019 from Trade Map© [30] based on Harmonised System codes
used in the trade of forest tree seed for sowing: “12099910 forest
tree seeds for sowing (Austria, Belgium, Croatia, Czech Republic,
Denmark, Finland, France, Germany, Hungary, Italy, Luxembourg,
Netherlands, Poland, Slovenia, Spain, Sweden, Georgia, Tiirkiye,
UK)”, “12099910 tree and flower seeds, of a kind used for sowing”
(Australia), “1209991000 seeds, fruit and spores for sowing, nes: for-
est tree seeds (Serbia)”, “1209990051 seed; tree, of a kind used for
sowing” (New Zealand), “1209991010 Caucasian fir seeds (Abies
nordmanniana (stev.) spach)” (Russian Federation), “1209991010
tree seeds, for sowing, other than nut trees of chapter 8” (Canada),
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“1209992000 tree and shrub seeds, fruits and spores, of a kind used”
(USA). Data for China, Greece, Hong Kong, Ireland, Israel, Japan,
Mexico, Norway, Portugal, Republic of Korea, Romania, Slovakia
and Switzerland were derived from the extracted data—they could
not be extracted directly because of the insufficiently precise codes.
When the reported export and import volumes for a combination of
countries did not equate, the maximum recorded volume was taken as
the value. Colours correspond to continents: North America (Canada,
Mexico, USA), blue; West Asia (Georgia, Israel, Tiirkiye), red; East
Asia (China, Hong Kong, Japan, Republic of Korea), orange; Oce-
ania (Australia and New Zealand), yellow, and biogeographic regions
within Europe are shown in the shades of green as North, West and
Central Europe (Austria, Belgium, Czechia, Denmark, France, Ger-
many, Ireland, Luxembourg, Netherlands, Switzerland, UK), North-
east Europe (Finland, Norway, Poland, Russian Federation, Sweden),
Southeast Europe (Croatia, Hungary, Romania, Serbia, Slovenia, Slo-
vakia), South Europe (Spain, Greece, Italy, Portugal)
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from North America and around 500 thousand kg of seeds
were exported from East Asia to northwest and central
Europe. Seed trade between biogeographic regions and
continents is thus higher than previously reported [24] and
still increasing. This trend is of particular phytosanitary
concern because seed-borne fungi were previously shown
to be continent specific [10ee]. Hence, intercontinental
movement might introduce new non-native pathogens
with the greatest risk of impact [32], especially when large
amounts of seeds are imported from new trading partners
from highly diverse regions [33]. This was for example the
case of Diplodia pinea, a seed-borne pathogen that was
most likely introduced in pine plantations in the Southern
hemisphere via seeds. A study by Burgess and Wingfield
[16] showed that the genetic diversity of D. pinea in South
Africa is higher than in Australia. Noteworthy, in South
Africa pine seeds of various origins were imported over
a long period, whereas in Australia seeds were mostly
locally sourced. The genotypic diversity of the pathogen
in New Zealand was moderate reflecting the free imports
before 1930s and stricter import regulations afterwards.
Besides linking the introduction of this pathogen to seed
imports, the authors emphasise the importance of phy-
tosanitary measures to mitigate the damage posed by non-
native pathogens.

Besides seed origin and seed volume, the risk of
transporting pathogenic fungi with traded tree seeds is
affected by tree species. In the recent study by Frani¢
et al. [10ee], 58 traded seed lots of 11 gymnosperm and
angiosperm tree species from North America, Europe
and Asia were assessed for the presence of fungi using
traditional culturing and high-throughput sequencing
(HTS). Although the investigated seeds appeared healthy,
fungi were cultured from 96% of the seed lots. The inci-
dence within lots varied considerably across species (e.g.
5% of infected seeds in P. abies versus 96% of infected
seeds in Fagus sylvatica). Strong inter- and intra-specific
variation in the incidence of potential pathogens cultured
from seeds was also reported in other studies (e.g. exam-
ples for Diplodia sapinea in Decourcelle et al. [34] and
references within, and several fungi, including Sydowia
polyspora isolated from 12 seed lots of three Abies spe-
cies from five different countries in Talgg et al. [35]). In
Frani¢ et al. [10ee], the HTS approach revealed poten-
tial pathogens from all examined seed lots. Potentially,
pathogenic fungi comprised around 50% and 30% of the
total fungal community in the seeds of angiosperms and
gymnosperms, respectively, indicating that the trade of
angiosperm seeds might represent a higher phytosanitary
risk than gymnosperm trade. However, even when the
incidence of seed-borne pathogens within the seed lot is
low, the risk of their transport may not be negligible as
seeds are usually traded in large amounts.

The mode of the long-distance seed transport (e.g. sea,
air, road, rail) probably does not affect chances of survival
and successful arrival of seed-borne pathogens. Between
continents, the transport is most likely to occur mainly by
sea. For example, in 2021, sea transport accounted for 48%
of valued goods traded between the EU and the rest of the
world, measured in volume the share was 74% [36]. Within
continents, transport might rely on other modes of trans-
port. In any case, seeds are transported in the way to ensure
their viability post transport, which includes relatively cold
and dry conditions, similar as those applied for seed stor-
age (see below). Nowadays, intercontinental trips are rela-
tively short—it takes 10-20 days for a cargo ship to cross
the Atlantic which insures minimum impact on seed viability
and on the survival of seed-borne fungi.

Introduction of Pathogens into a New
Environment

After arrival to a new country, seeds might be kept in storage
until being sown in the nursery or, eventually, in the for-
est stand (Fig. 2). Most tree seeds can be stored for several
years at low moisture contents. For example, orthodox seeds
such as those of Pinus and Picea species and most other
temperate woody species can be stored at 6-8% moisture
content at 3-5 °C, while intermediate seeds such as those of
Abies, Cedrus and most broadleaved species can be stored
at 10-15% moisture content at temperatures between —10
and 20 °C [37]. Recalcitrant seeds, for example of Quercus,
Castanea and Acer, begin to die below 40% moisture content
and should be stored at 3—5 °C [37]. However, even at the
right conditions, recalcitrant seeds rapidly lose their viability
and should ideally be sown immediately upon collection.
Relatively dry and cold conditions used for the storage of
tree seeds might have only little effect on seed-borne patho-
gens, as several pathogenic fungi can survive long storage
periods. For example, the common storage pathogen C. ful-
gens, which infects and kills seeds of Picea, Abies and Pinus
species, as well as of Douglas fir (Pseudotsuga menziesii),
can grow at temperatures from —1 to 27 °C and spread from
diseased to healthy seeds under cold and moist conditions
[38]. Moreover, C. fulgens can survive long storage periods,
as shown by Schroder et al. [14], who isolated the fungus
from Abies and Picea seeds after 3 and 4 years of storage,
respectively. Other seed-borne fungi which do not kill the
seeds, but might cause diseases of seedlings, can survive
long periods under storage conditions. For example, seven
seed-borne Fusarium species survived storage of Pinus pon-
derosa seeds for one to 2 years at 10-11% moisture content
and 2-3 °C [39]. The pine pitch canker pathogen F. circi-
natum was isolated after five months from Pinus palustris
seeds stored at 6—7% moisture level and 5 °C [40]. Moreover,
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a low incidence of D. sapinea (i.e. 0.7-9%) was demon-
strated in commercially extracted Pinus nigra seeds stored
at 3—4 °C and 7-10% moisture level for 1 to 3 years [34].
The pathogen S. conigenus survived in naturally infected P.
abies seeds at 5-8% moisture content during 3 years’ stor-
age at 2 °C [19], although its incidence was very low [19].
In summary, seed storage under low moisture content and
cool temperatures may keep the infection levels low, but it
does not kill seed-borne fungi. Noteworthy, commercial seed
extraction from cones includes the application of dry heat
for cone opening, which might explain the low incidence of
pathogens in storage [34]. However, in production nurseries
even low levels of inoculum can be considered significant
because of the high density of the seedlings and frequent
irrigation which results in optimal humidity for fungal devel-
opment [19].

Fungal pathogens which survive an initial storage period
before sowing, will finally be introduced to the new envi-
ronment when seeds are sown in the nursery or, eventually,
directly in the forest stand (Fig. 2). The majority of seed-
borne pathogens seem to be first transferred from seeds to
the abiotic environment (e.g. water, soil) from where they
can infect a host plant (i.e. non-seed-transmitted pathogens).
Although a high fraction of seed-associated fungi seems to
be transferred to seedlings [2e, 3], only a few tree seed-
borne pathogens have been proven to be seed-transmitted
[9ee]. For example, transmission from seeds to seedlings
was reported for S. conigenus in spruce [41], F. circina-
tum in Douglas fir [42] and pine [43, 44] and F. oxysporum
in Douglas fir [42]. In other cases, like for D. sapinea, the
demonstration of transmission of fungal pathogens by seeds
remains unclear [16, 45]. Since seed-transmitted fungi have
higher chances of establishment in the new environment
than non-seed-transmitted fungi, more studies are needed
to determine the prevalence of seed transmission among tree
seed-borne fungi.

Establishment of Pathogens in the New
Environment

After its introduction and during the establishment phase,
a seed-borne pathogen must be able to survive in the new
environment. Some pathogens are likely to remain in/on the
seeds where they can produce spores capable of infecting
living plants. For example, conidia of the seed-borne fungus
Marssonina brunnea, a causal agent of poplar anthracnose,
can survive on the surface of poplar seeds from where it can
initiate seedling infections [46]. Other pathogens can colo-
nise woody debris present in the soil or can be released into
the soil and survive as resting structures awaiting appropri-
ate abiotic conditions for infection.

@ Springer

The likelihood of survival of seed-transmitted patho-
gens in the plant will depend on how they interact with the
endophyte community present both in seeds, and later in
seedlings [47]. Some endophytes may exert pressure on the
pathogen helping the host plant to better resist infection [48].
Others can help the host plant defence by acting directly on
the plant’s metabolism [48], or by placing the plant into a
better developmental conditions (mycorrhiza in particular).
Similarly, pathogens surviving in soil debris will have to
compete with other soilborne saprobionts that might be more
successful in utilising nutrients and colonizing the soil [49],
or could be suppressed by soil microorganisms producing
fungistatic compounds [50].

If a seed-borne fungal pathogen survives in the new envi-
ronment, to become established locally, it must be able to
infect new hosts or substrates. Since spores are the main
infection propagules of fungi, infection capacity of a patho-
gen depends mostly on its sporulation ability, which is a
complex trait influenced by several abiotic factors, including
temperature, moisture, availability of food and light condi-
tions. Temperature affects the species-specific number of
spores formed and released, and humidity plays an impor-
tant role in spore formation, release, longevity and spread,
and is essential for spore germination. For example, in F.
circinatum, a higher air inoculum is favoured by lower air
temperatures during the days before spore release [51] and
spore dispersal is adapted to splashing water [52]. High
winter temperatures and abundant rain during late summer
promote spore production in D. sapinea [53], whereas spores
of S. conigenus can survive temperatures of —10 °C, but not
above 35 °C [54]. Light/radiation is also known to have a
direct influence on spore production, survival and germina-
tion. Fungal species able to rapidly produce high amounts of
asexual spores theoretically have the best chances to infect
new hosts.

The ability of a fungal pathogen to infect new plants
depends on its degree of host specialisation. The broader the
host range of a pathogen, the higher the probability it may
encounter a suited host plant. While tree seeds are known
to carry ubiquitous potential pathogens such as Epiccocum
nigrum or Alternaria spp., they are in general highly host
specific [22e, 55¢]. In addition to the infection of plants of
the known hosts, infections of new host species may occur in
the new environment. This host shift will depend on several
factors including pre-adaptation of the pathogen, evolution-
ary change, likelihood of contact between the current and the
new host or the presence of other pathogens facilitating the
new interaction [56, 57]. Reports of F. circinatum damage
in an increasing number of Pinus species after its introduc-
tion in different regions of the world, as well as its presence
in grass and herb species [17], may indicate a potential host
shift for this pathogen.
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Host-related factors such as availability, density and sus-
ceptibility in the new environment are also crucial for the
successful establishment of seed-borne pathogens [22e, 56,
58, 59]. Potential host plants should be available in proxim-
ity of the primary inoculum, which will often remain in the
plant, in the soil or on plant debris near the site of intro-
duction. Host density in the surroundings may influence
spatial dynamics of pathogen’s establishment [60]. Finally,
host susceptibility depends on the history of host-pathogen
interaction. Hosts lacking specific resistance genes will be
more prone to infection and damage development than co-
evolved hosts. However, if both the host and its co-evolved
pathogen are introduced into a new location (i.e. “pathogen
reunion”) [61], either together or separately, the new envi-
ronmental conditions might be conductive to disease devel-
opment while this was not the case in the native region [62].

Once a fungal pathogen has infected a suitable host in
the new environment, it must be able to persist locally and
constitute a viable population to avoid extinction [61, 63].
At this stage of the invasion process, the population of the
pathogen might be still limited in size and genetic diversity.
The low population density may be associated with Allee
effects, i.e. a reduced population growth and fitness that
could decrease chances of survival for the population. How-
ever, multiple introductions from genetically different source
populations, or sexual reproduction increasing genetic diver-
sity may counteract the Allee effects.

Spread of Pathogens in a New Environment

After establishment, to spread in the new environment and
start a new independent population (Fig. 2), seed-borne
fungi must be able to exit the primary population, which
may occur with or without their active involvement. Passive
dispersal may be due to animals or humans which acciden-
tally (e.g. mechanical contact) or on purpose (e.g. feeding)
spread parts of the seedlings over long distances. Active
spread usually involves the production of spores, which
then act as dispersal propagules. Sporulation of endophytic
fungi present in the seedlings may be stimulated by biotic
(e.g. pests or pathogens, competition with other seedlings)
and abiotic (e.g. drought, light deficiency) stresses which
weaken the seedling and give an advantage to the associated
fungi. For instance, outbreaks of D. sapinea are generally
associated with stress factors such as drought, hail damage
or excess nitrogen [64]. Milder winters over the last 25 years
have most likely allowed the pathogen to expand its range
towards northern Europe, threatening an even larger number
of conifer species [65, 66].

Most fungal spores are dispersed by wind, but spores may
also be spread by water or animals (e.g. insects, birds). For

example, twig-mining beetles such as Phloeosinus aubei, P.
thujae and P. armatus, which are common in the Mediter-
ranean area, may have played a significant role in the spread
of the seed-borne cypress canker pathogen Seiridium car-
dinale [67]. If the infected trees in the primary population
are already fructifying, spread of seed-borne fungi may also
occur via insects feeding on cones and seeds (e.g. associa-
tion between the seed bug Orsillus maculatus and the seed
chalcid Megastigmus wachtli, and the cypress canker patho-
gen [68], or between the western conifer seed bug Leproglos-
sus occidentalis and D. pinea on Pinus pinea [69]). Hoover
et al. [70] showed that Conophthorus radiatae and Ernohius
punctulatus, both infesting cones and twigs of P. radiata
in California, can transmit F. circinatum to healthy cones
under experimental conditions. Besides acting as vectors,
insects, in particular bark beetles, may also wound the trees
with their breeding and feeding galleries, thereby promoting
fungal infection [71]. Finally, humans or animals may also
spread seed-borne fungi by moving around infected seeds
produced in the primary population. Although the chestnut
blight fungus Cryphonectria parasitica is not well known
as a seed-borne pathogen, Jaynes and DePalma [72] found
out that about 14% of the nuts harvested from a planting
of American chestnuts (Castanea dentata) in Connecticut
(USA) were actually infected with the pathogen. In Portugal,
F. circinatum was first detected in 2007 in a nursery [73].
In 2016, a seed lot originating from a Pinus radiata stand in
the north of the country was tested positive.

Typically, fungi dispersed by rain splash are spread over
short distances, while wind-dispersed fungi have the largest
dispersal potential. High concentrations of airborne spores
of F. circinatum have been detected up to 1000 m following
the wind direction from infected P. radiata trees [51], even if
such spores are borne in a viscous liquid and seem to be bet-
ter suited to dispersal by water or attached to motile vectors
than to aerial dispersal [74]. New populations may become
established far from the source population and, with time,
will eventually merge with it to significantly advance the
population front [58].

Following spore dispersal, several conditions must be
right for a new fungal population to be founded. First, cli-
mate conditions must be suited for spore survival, germina-
tion and development of a persistent fungal colony. Although
in Chile F. circinatum is present in nurseries, it has never
spread and established in plantations, most likely because of
suboptimal climatic conditions [75]. For germination, spores
need to find suitable host(s), which may be of the same spe-
cies as the one(s) in the primary population or eventually
belong to different species (in the extreme case, a host jump
may occur). Similar as for establishment, specific factors
of the host population may further affect chances of suc-
cessfully developing a persistent secondary fungal popula-
tion [58]. For example, Skulason et al. [76] found that the
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damage caused on subalpine fir (Abies lasiocarpa) by Neo-
nectria neomacrospora, a canker-causing fungus also found
on seeds, varied depending on the origin of the trees. In a
survey conducted in central Italy, Danti et al. [77] observed
that incidence and severity of S. cardinale on Leyland
cypress were higher in older plantations and explained it
with the increased presence of bark cracks in older trunks
favouring the entrance of the pathogen. At the landscape
scale, spread dynamic of fungi is strongly influenced by
variations in landscape structure, such as topography, geo-
graphic/environmental barriers and forest fragmentation
[58], as well as by the presence/absence of potential compet-
itors, hyperparasites or predators. If a seed-borne pathogen
succeeds in spreading and establishing a new population,
its impact may be particularly severe. For example, after its
introduction S. cardinale has caused severe epidemics in
forests, plantations and ornamental cypress trees in several
countries around the world [78].

Phytosanitary Management of Tree Seeds

A substantial proportion of the international trade in for-
est tree seeds occurs within biogeographical regions such
as Europe or North America, but seeds are also increas-
ingly traded between biogeographical regions (Fig. 3).
It is this trade between biogeographical regions that pre-
sents the greatest risks of invasive species impacts [32].
At international level, the Organisation for Economic
Cooperation and Development (OECD) Forest Seed and
Plant Scheme facilitates the international trade of forest
reproductive material through harmonised standards cer-
tifying its provenance, identity, quality and traceability,
thus contributing to the sustainable use of valuable forest
genetic resources [26]. The market of forest reproductive
material in the EU is regulated by national laws, based
on the Council Directive 1999/105 [25]. However, these
regulations do not aim at mitigating the phytosanitary
risk of seed trade. Phytosanitary regulations include Reg-
ulation 2016/2031 [79] and Commission Implementing
Regulation (EU) 2019/2072 [80] based on the Interna-
tional Plant Protection Convention (IPPC) which reports
the list of plants, plant products and other objects whose
introduction into the EU from certain third countries is
prohibited and other measures that should be taken to
reduce the risk of plant trade. However, tree seeds, except
pine (Pinus) and Douglas fir (Pseudotsuga menziesii)
seeds, are exempted from most plant trade restrictions.
Nevertheless, an increasing number of EU countries and
regions are adopting and implementing measures that
may help to reduce, or in some cases mitigate, the phy-
tosanitary risk associated to seed trade.
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Risk Reduction Measures

Measures that reduce rather than mitigate risk aim at
reducing the likelihood of a pathogen establishing in a
new area. Under the IPPC, contracting parties may require
traded forest tree seeds to be accompanied by a phytosan-
itary certificate [81]. Until recently, most of the seed
imports to Europe were exempted from this requirement,
but recently phytosanitary certificates have become obliga-
tory for all seeds imported to Europe [80]. The phytosani-
tary certificate includes a declaration that “the plants,
plant products or other regulated articles described herein
have been inspected and/or tested according to appropriate
official procedures and are considered to be free from the
quarantine pests specified by the importing contracting
party [...]” and “They are deemed to be practically free
from other pests” [81]. While the terms “free from” or
“practically free from” would indicate risk mitigation, the
use of inspection and/or testing to confirm freedom limits
the effectiveness of this measure.

Inspecting a consignment of seeds for pathogens has
limited efficacy mainly due to the lack of symptoms of
an infection [82, 83]. Many pathogens have no visible
impact on seed phenology if the seed reaches maturity
(e.g. pathogen infection occurs late in seed development).
For example, F. circinatum, the only quarantine pathogen
in Europe for which seed is recognised as a pathway does
not cause any symptoms in pine and Douglas fir seeds
and cannot be detected by visual examination [84]. Tree
seeds are traded in large consignments and inspections, for
practical reasons, only target subsamples. Depending on
the method used for pathogen identification, the number
of seeds to be tested per seed lot to detect a pathogen at
different levels of infection in the lot may vary and should
be determined statistically [85]. If the pathogens of con-
cern are known, species-specific tests can be conducted. In
the case of F. circinatum, detailed instructions on plating
and molecular approaches are given in the International
Standard for Phytosanitary Measures (ISPM) 27 [74] and
the EPPO standard describing a diagnostic protocol for
F. circinatum [84]. The recommended sample size by the
International Seed Testing Association (ISTA) is at least
400 seeds [86]. However, larger samples (e.g. 1000 seeds)
can be processed for detection of F. circinatum by biologi-
cal enrichment prior to DNA analysis using quantitative
polymerase chain reaction (qPCR) [87].

Recently, new sequencing technologies (e.g. HTS) have
been applied to assess the seed-borne mycobiome, which
have shown to be more powerful than traditional plating
[10, 11]. HTS methods could be used for robust, reliable
and cost-effective detection of regulated pests as well as
of unknown organisms (i.e. without a priori knowledge)
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in the inspection of plant material for certification, quar-
antine testing or monitoring of imported commodities for
new potential pests [88]. Targeting RNA instead of DNA
molecules or sequencing longer DNA fragments would
ensure that only viable organisms are revealed from bio-
logical samples [89]. However, the implementation of such
technologies still faces some challenges (e.g. requirements
for laboratory infrastructure, bioinformatics, data sharing
and validation, standardised protocols) [88]. For exam-
ple, sensitivity and specificity levels associated with these
approaches may not yet be known; Oskay et al. [90e] found
that an increase in number of seeds used for DNA extrac-
tion resulted in more fungal taxa revealed from a sample.
Thus, more research is needed to establish standardised
HTS protocols for phytosanitary purposes. In this regard,
EPPO recently published a standard on the use of HTS in
plant health diagnostics based on the recommendations
given by ICCP [88]. This, in order to develop best-practice
operational guidelines and to ensure robust and accurate
data output, biological significance of the results in a phy-
tosanitary context, harmonized implementation, test vali-
dation and quality assurance [88].

Risk Mitigation Measures

Measures that aim to mitigate the risk of pathogen introduc-
tion from traded forest tree seed take two forms: preventing
seed exposure before harvest or treating the traded seeds to
kill potential pathogens. The most stringent measure, pro-
hibition of import if the risk is considered inacceptable and
no effective mitigation measures are known, has not yet been
applied to forest tree seeds. The measure for preventing seed
exposure before harvest is “area freedom”, i.e. seeds have to
be harvested from production areas free of a pathogen [91].
This specific measure effectively mitigates phytosanitary
risk when the pathogen of concern is known. For example, in
2007, the Commission Decision 2007/433/EC (EC433 2007)
specified that plants of the genus Pinus and the species P.
menziesii intended for planting, including seeds and cones
for propagation purposes, might be moved within the EU
only if they are accompanied by a plant passport prepared
and issued in accordance with the provisions of Commis-
sion Directive 92/105/EEC (EEC105 1992) and they have
been grown throughout their life or since their introduction
into the EU in a) a place of production of a Member State
where the organism is not known to occur, or b) a pest-free
area, established by the responsible official authority in a
Member State, or ¢) where no signs of the pathogen have
been observed during official surveys carried out within 2
years before the movement and have been tested immedi-
ately before the transfer. As previously mentioned, while
the risk of seeds carrying F. circinatum has been recognised

and seeds of pines and Douglas fir have consequently been
regulated for trade, many unknown and unregulated poten-
tial pathogens can be moved to new areas with traded seeds
[10ee, 1]1ee].

The second form of risk mitigation measures involves the
use of treatments to kill the pathogens. Currently available
treatment options include the application of chemicals as
liquids, powders or as a fumigant. Chemical treatment of
seeds can be used to eliminate surface contaminations by
pathogens and in some cases prevent or remove infection of
any resulting seedling. Common treatments against patho-
gens living on the seed surface include immersion in a 1%
sodium hypochlorite solution for 10 min [92, 93], whereas
treatments against internally borne pathogens include the
application of slurries of Captan (active ingredient is pen-
conazole (triazole)) or Thiram (active ingredient is thiram
(thiocarbamate)) [94]. While chemicals may be effective
against some specific pathogens, they cannot target all fungal
species found in association with tree seeds [95]. Moreover,
chemical methods are not always environmentally friendly.
For this reason, they have been increasingly replaced by non-
chemical methods, such as treatment with biopesticides and
application of irradiation or heat [96].

The use of non-chemical treatments is limited by their
effectiveness and their impact on seed viability. For example,
irradiation is effective at killing fungal pathogens at doses
of 2-5 kGy [97], but such rates will significantly reduce
seed viability [98, 99], thereby limiting the practical use of
irradiation as a treatment option. Plant pathogens are more
susceptible to heat requiring treatments of 60-70 °C for
around 2 h [100]. While tree seed tolerance to heat varies,
seed from genera such as Pinus are relatively heat tolerant
[101]. The use of hot water treatment at 51-52 °C for 30 min
was able to reduce F. circinatum contamination on P. radiata
seeds [102]. A combination of chemical and heat treatments
was tested by Berbegal et al. [103] to reduce inoculum lev-
els of F. circinatum on pine seeds. The study revealed that
hot water-treated seeds was a better alternative to hydrogen
peroxide and fungicides and could easily be implemented as
standard practice in commercial nurseries to minimise the
spread of the pathogen. Australia provides heat treatment
options for internally borne pathogens of coniferous tree
seeds at 54 °C for 86 h, 60 °C for 24 h or 66 °C for 8 h [93].
Similarly, it has been shown that heat treatment at 55 °C for
8,9, 10 and 11 h can completely eliminate pathogenic fungi
such as D. sapinea and F. circinatum from P. radiata seed
coat, embryo and gametophyte, without adversely affect-
ing seed germination [104]. Heat treatment could thus be a
promising technique to be applied during seed production
or pre/post transport to reduce the infestation rate of traded
seed lots.

Risk mitigation measures, including chemical and
non-chemical seed treatments, aim to produce sterile (i.e.
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pathogen-free) seeds which have traditionally been consid-
ered as healthy. However, such practices may also destroy
the beneficial fraction of the seed microbiome that is
transferred to the progeny [3e]. Hence, instead of aiming
at sterilising the seeds, future solutions might include the
manipulation of seed microbiome for enhancing (a)biotic
stress resistance, such as a combination of breeding of new
cultivars with optimal microbial communities and an active
introduction of beneficial microbes to the seeds, as previ-
ously suggested for crop cultivation [105].

Conclusions

Plant health regulations and phytosanitary measures aim to
reduce the risks of spreading harmful organisms that could rep-
resent a threat for agriculture, horticulture and forestry. In this
context, seeds have been considered one of the safest ways to
introduce plant species into new areas and consequently their
trade is regulated less strictly. The high demand of seeds for for-
est regeneration purposes results in huge volumes of seeds being
moved across countries and continents, with variable patterns
over time. As shown by recent studies, tree seeds can harbour
taxonomically and functionally diverse fungal communities,
including potentially pathogenic species. Hence, the global
seed trade could theoretically represent a high risk of introduc-
tion of potential plant pathogens into new areas. Nevertheless,
comprehensive investigations about seeds as vector for fungal
pathogens are still missing as seeds have been proven to be a
pathway for only five tree pathogens. In addition, detailed stud-
ies are needed to assess if and how frequently seed-borne fungi
are transmitted to developing seedlings and if from there they
can establish in the new environment and cause damage to the
local tree communities.
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