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Abstract. The international seed trade is considered relatively safe from a phytosanitary
point of view and is therefore less regulated than trade in other plants for planting. However,
the pests carried by traded seeds are not well known. We assessed insects and fungi in 58 traded
seed lots of 11 gymnosperm and angiosperm tree species from North America, Europe, and
Asia. Insects were detected by X-raying and molecular methods. The fungal community was
characterized using high-throughput sequencing (HTS) and by growing fungi on non-selective
agar. About 30% of the seed lots contained insect larvae. Gymnosperms contained mostly
hymenopteran (Megastigmus spp.) and dipteran (Cecidomyiidae) larvae, while angiosperms
contained lepidopteran (Cydia latiferreana) and coleopteran (Curculio spp.) larvae. HTS indi-
cated the presence of fungi in all seed lots and fungi grew on non-selective agar from 96% of
the seed lots. Fungal abundance and diversity were much higher than insect diversity and abun-
dance, especially in angiosperm seeds. Almost 50% of all fungal exact sequence variants (ESVs)
found in angiosperms were potential pathogens, in comparison with around 30% of potentially
pathogenic ESVs found in gymnosperms. The results of this study indicate that seeds may pose
a greater risk of pest introduction than previously believed or accounted for. A rapid risk
assessment suggests that only a small number of species identified in this study is of phytosani-
tary concern. However, more research is needed to enable better risk assessment, especially to
increase knowledge about the potential for transmission of fungi to seedlings and the host
range and impact of identified species.

Key words: alien pests; fungal pathogens; insect pests; pathways risk assessment; pest risk assessment;
phytosanitary risk; seed trade.

INTRODUCTION

Nonnative insect pests and fungal pathogens (later
referred to as pests; FAO 2016) represent one of the
major threats to trees and forest ecosystems worldwide
(Boyd et al. 2013). These pests can cause significant eco-
logical changes (Kenis et al. 2009, Loo 2009) and eco-
nomic losses (Holmes et al. 2009, Aukema et al. 2011)
by severely damaging or killing their host plants. For
example, the Asian emerald ash borer (Agrilus planipen-
nis Fairmaire) has caused a large-scale death of ash trees
(Fraxinus spp.) in North America and is threatening

native ash species in Europe (Herms and McCullough
2014, Orlova-Bienkowskaja 2014). Similarly, the fungal
pathogen Cryphonectria parasitica (Murrill) Barr virtu-
ally eliminated the native American chestnut (Castanea
dentata (Marsh.) Borkh.) from North American
forests in the early 20th century, which led to signifi-
cant changes in the forest species composition (e.g.,
Shackleton et al. 2018).
The number of nonnative forest pests has been

increasing rapidly, mainly due to the growing interna-
tional trade in plants for planting (P4P; Liebhold et al.
2012, Santini et al. 2013, Eschen et al. 2014). The origin
of nonnative pests in Europe reflects historical patterns
of trade, with North America historically being the most
important trading partner (Desprez-Loustau 2009).
Imports of P4P from Asia into Europe have been
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increasing recently, for example, imports from China
have increased sixfold between 2000 and 2018 and are
now equal to imports from North America (Eschen
et al. 2014). Almost 50% of the nonnative terrestrial
arthropods in Europe are of Asian (26.7%) or North
American (21.9%) origin (Roques 2010) and nonnative
pathogens in Europe follow a similar trend (35% from
North America and 19% from Asia; Desprez-Loustau
2009). The importance of the recent shift in trade part-
ners should not be underestimated because Eastern Asia
has high plant diversity (Kreft and Jetz 2007) and
exported plants might contain a high number of pests.
Some recent studies suggest that plant diversity is pos-

itively related to the diversity of associated insects
(O’Brien et al. 2017, Liebhold et al. 2018), which could
be due to the larger number of niches occupied by spe-
cialist herbivorous insects, which then could increase the
diversity on higher trophic levels, such as of predatory
insects (i.e., diversity–trophic-structure hypothesis;
Hutchinson 1959). The relationship with plant diversity
is much less explored for fungi. Fungal communities are
normally composed of only small fractions of specialist
fungi that show unclear levels of host affinity (Arnold
and Lutzoni 2007, Higgins et al. 2007, Vincent et al.
2016). Therefore, a similar relationship between plant
and fungal diversity could be expected. Similarly, geo-
graphic areas with higher plant diversity or more diverse
plant taxa could have a higher associated insect or fun-
gal diversity. This however does not necessarily imply a
higher pest or pathogen diversity, since associated organ-
isms may also be commensalists or mutualists (Rodri-
guez et al. 2009). Yet, the taxonomy of traded plant
material may affect pest risk: angiosperms harbor more
nonnative pests than gymnosperms (Santini et al. 2013,
Eschen et al. 2015) perhaps because they are a more spe-
cies-rich group. It has previously been suggested that
gymnosperms and angiosperms recruit distinctive com-
munities of associated organisms (Ishida et al. 2006,
Arnold 2007, Zhou and Dai 2011), but we are unaware
of studies of the differences in phytosanitary risk
between angiosperms and gymnosperms (i.e., probability
of pest transport).
Among the most damaging seed pests of angiosperms

are larvae of weevils (Coleoptera: Curclionidae) and
moths (Lepidoptera: Tortricidae), which can significantly
affect crop yield (Myczko et al. 2017). However, these
larvae usually leave the seeds to pupate in the ground
and are, thus, less likely to be moved with seeds. In gym-
nosperms, the dominant group of spermatophagous
insects (i.e., insects that spend the whole life cycle in
seeds) are chalcid wasps of the genus Megastigmus
(Hymenoptera: Chalcidoidea) (Turgeon et al. 1994).
Hence, spermatophagous insects are considered to be
more relevant from a phytosanitary point of view, also
because they are likely to go unnoticed during phytosani-
tary inspections (Auger-Rozenberg and Roques 2012).
The world checklist of fungi includes over 550 seed-borne
taxa with most records originating from North America

and Europe (Mittal et al. 1990). However, interactions of
seed-borne fungi with the host seem to be more complex
than the interactions between spermatophagous insects
and their hosts, with only a fraction of the fungi being
pathogenic (Benitez et al. 2013, Cleary et al. 2019, Liu
and He 2019). Moreover, only pathogens that are trans-
mitted to the seedling (vertical transmission) may repre-
sent a phytosanitary threat (Burgess and Wingfield
2002).
Plant health regulations and phytosanitary measures

are designed to reduce the risk of introducing pests.
However, regulatory measures in most countries target
only known pest species, which may overlook many
potential nonnative pests as most were not known to be
harmful prior to their introduction, or were not even
known to science (Eschen et al. 2015). Furthermore, due
to the increasing volume of international trade in P4P,
only a small fraction of traded goods can be inspected
(Brasier 2008), often only visually, which is not sufficient
to detect latent, rare, or hidden pests (Venette et al.
2002, Slippers and Wingfield 2007). In addition, differ-
ent types of P4P may vary in the number of potential
pests that they carry. As a result, regulations for subcate-
gories of P4P vary significantly, with trade in living
plants, with soil, roots, or leaves, being significantly
more restricted than trade in seeds (Anonymous 2000).
In particular, trade in seeds is rarely considered to be a
major pathway of pest introduction (Kenis et al. 2007,
Liebhold et al. 2012, Santini et al. 2013) and seeds are,
therefore, considered to represent a relatively low phy-
tosanitary risk. This is best illustrated by the fact that
among the 233 regulated organisms associated with P4P
in the EU, Fusarium circinatum Nirenberg & O’Donnell,
the causal agent of pitch canker, is the only seed-borne
pathogen. This means that the European Union stipu-
lates that only pine (Pinus spp.) and Douglas-Fir (Pseu-
dotsuga menziensii (Mirb.) Franco) seeds are subjected
to specific phytosanitary requirements for import and
internal movement (Vettraino et al. 2018). In other parts
of the world, the phytosanitary import requirements for
seeds are often stricter to specifically prevent the intro-
duction of seed-borne diseases (e.g., Canada, Australia).
The value and volume of the international trade in forest
tree seeds are very difficult to assess. Since seeds are con-
sidered to be part of the P4P pathway they are not listed
separately in trade statistics and certainly not at the spe-
cies level.
We assessed seed-borne insects and fungi associated

with commercially traded seeds of 11 tree species. In par-
ticular, we explored the differences in overall insect and
pathogen infestation and diversity, as well as in infesta-
tion by potentially harmful pests, between seeds of
different taxonomic groups (angiosperms and gym-
nosperms) and origins (Europe, Asia, and North
America). We tested the following hypotheses: (1)
angiosperms have higher insect and fungal diversity than
gymnosperms, (2) Asian seeds contain higher insect and
fungal diversity than European and North American
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seeds, because Asia is one of the most biodiverse regions
of the world, and (3) Europe and North America have
more similar seed-borne pest communities, in compar-
ison with Asia, as a result of the historically more intense
trade in P4P between Europe and North America.

METHODS

Seed origin and assessment of seed size

Seeds and nuts (later referred to as seeds) of 11 tree
species, belonging to three families within the angios-
perms and gymnosperms, and native to Europe, Asia, or
North America, were bought from three to eight locali-
ties from commercial seed suppliers in Europe and
North America in autumn/winter 2016 (Table 1;
Appendix S1: Table S1). A total of 58 seed lots (SL), of
100 seeds each, were obtained from the native continent
of a tree species from locations with similar, temperate
climates (i.e., Western North America, Europe, and
Eastern Asia). Seeds of Asian species and of Asian ori-
gin were purchased from suppliers in Europe and North
America. Hence, these seeds and their associated organ-
isms originated from the native range of their host tree.
We were able to obtain detailed information about the
origin of most European and North America seeds, but
could not obtain this information for the Asian seeds
(Appendix S1: Table S1). From the 58 lots, five origi-
nated from a region that was slightly outside the native
range of the tree species (but still from the continent or
origin): two seed lots of Picea abies (L.) H. Karst. from
Central France and Hungary (SL 24, SL 59), two seed
lots of Pinus sylvestris L. from United Kingdom (SL 56,
SL 57), and one seed lot of Acer pseudoplatanus L. from
United Kingdom (SL 63; Appendix S1: Table S1).

A total of 20 seed lots each of 100 seeds (two seed lots
from each of 10 of the 11 studied species) were scanned
using a flatbed scanner, and cross sectional area (later
referred to as seed size) was measured using ImageJ soft-
ware (Schneider et al. 2012). The seeds of the North
American Quercus garryana Douglas ex Hook were not
measured because they were delivered late; the seeds of
this species are typically ca. 3 cm long and 1.3 cm wide
(Niemiec et al. 1995). The average seed size and its stan-
dard error were calculated for each seed lot.
Insect and fungal assessments were done on 53–58

seed lots (Appendix S1: Table S1), on 100 seeds per seed
lot.

Insect assessment

For 56 out of 58 obtained seed lots, the seeds were
X-rayed to reveal the presence of insects (Appendix S1:
Table S1), as described by Roques and Skrzypczy�nska
(2003). Two seed lots of Fagus sylvatica L. (SL 72 and
SL 73) were not assessed for insects because of late deliv-
ery. Infested seeds were dissected with a dissecting knife,
and insects were collected and individually stored in col-
lection tubes with 95–99% ethanol. All larvae were
examined using a microscope and were identified to
order level. All seeds were also visually inspected for exit
holes of insects.
Genomic DNA was extracted from individual insect

specimens with DNeasy Blood & Tissue Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s
instructions. A fragment of the mitochondrial gene
(mtDNA) cytochrome oxidase c subunit 1 (COI) was
subsequently amplified by PCR in 25 lL reaction vol-
umes containing 2 lL of DNA template, 0.2 lmol/L of
each of the primers LCO1490 and HCO2198 (Folmer

TABLE 1. Study species, taxonomy, and origins of the seed lots.

Tree species Common names Family Group Origin
No. seed

lots

Acer macrophyllum Pursh bigleaf maple, Oregon maple Sapindaceae Angiosperm North America 6
Quercus garryana Douglas ex
Hook

Garry oak, Oregon white oak,
Oregon oak

Fagaceae Angiosperm North America 6

Pinus ponderosaDouglas ex
C. Lawson

Ponderosa pine, bull pine,
blackjack pine, western
yellow-pine

Pinaceae Gymnosperm North America 8

Tsuga heterophylla (Raf.)
Sarg.

western hemlock, western
hemlock–spruce

Pinaceae Gymnosperm North America 7

Acer pseudoplatanus L. sycamore Sapindaceae Angiosperm Europe 3
Fagus sylvatica L. common beech Fagaceae Angiosperm Europe 6
Pinus sylvestris L. Scots pine Pinaceae Gymnosperm Europe 5
Picea abies (L.) H. Karst. Norway spruce, European

spruce
Pinaceae Gymnosperm Europe 5

Acer palmatum Thunb. palmate maple, Japanese maple,
smooth Japanese maple

Sapindaceae Angiosperm Asia 5

Pinus tabuliformis Carri�ere Manchurian red pine, southern
Chinese pine, Chinese red pine

Pinaceae Gymnosperm Asia 4

Larix gmelinii (Rupr.) Kuzen. Dahurian larch Pinaceae Gymnosperm Asia 3

Note: The number of seed lots of each species that were analysed is also indicated.
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et al. 1994) and 1 9 JumpStart REDTaq ReadyMix
Reaction Mix (Sigma-Aldrich, Steinheim, Germany).
PCR was performed using a Veriti 96-Well Thermal
Cycler (Applied Biosystems, Foster City, California,
USA) with the following settings: 2 min at 94°C, five
cycles of 30 s at 94°C, 40 s at 45°C, and 1 min at 72°C,
35 cycles of 30 s at 94°C, 50 s at 51°C, and 1 min at
72°C, and a final extension of 10 min at 72°C. Successful
amplification was confirmed by electrophoresis of the
PCR products in 1.5% (w/v) agarose at 90 V for 30 min
with ethidium bromide staining. Sanger sequencing was
performed using the same primers and BigDye Termina-
tor v3.1 Cylce Sequencing Kit (Applied Biosystems).
Sequences were assembled and edited with CLC DNA
Workbench (Qiagen) and compared against reference
sequences in the BOLDSYSTEMS (Ratnasingham and
Hebert 2007) and National Centre for Biotechnology
Information (NCBI) GenBank databases (Geer et al.
2010). The specimens’ queries were matched to its best
matching identified reference sequence for identification.

Fungal assessment by plating

Seed-borne fungal communities were determined by
isolating fungal cultures from 53 out of 58 seed lots
(Appendix S1: Table S1). For two seed lots of Pinus pon-
derosa Douglas ex Hook (SL 49, SL 50) and Tsuga
heterophylla (Raf.) Sarg. (SL 51, SL 66) each and one
seed lot of F. sylvatica (SL 73), fungal community was
not assessed by plating because of late delivery. Seeds
were first surface sterilized in 0.5% sodium hypochlorite
(NaClO) for 5 min, followed by rinsing in sterile water
for 2 9 5 min (Gamboa et al. 2003) to eliminate envi-
ronmental contamination, and were then air dried in a
laminar flow cabinet. The surface sterilized seeds were
then cut in half using a dissecting knife. One half of each
seed was set aside and kept in a freezer for high-through-
put sequencing (HTS), and the other half was put on
1.5% water agar (PPA, Pronadisa Lab Conda, Madrid,
Spain) with streptomycin (100 mg/L) to inhibit bacterial
growth. Plates were incubated at room temperature on a
laboratory bench for a maximum of 21 d and were
checked daily for fungal colonies growing out of the
seeds. If present, these were subcultured on Potato Dex-
trose Agar (Difco Bacto PDA, 39 g/L; ChemieBrun-
schwig AG, Basel, Switzerland), with 100 mg/L
streptomycin, incubated at room temperature on a labo-
ratory bench. Thereafter, fungal cultures were grouped
based on the macro-morphological features of the myce-
lia (Ganley and Newcombe 2006).
DNA was extracted from 2–5 representative cultures

of each group of morphotypes using LGC reagents and
Kingfisher 96/Flex (LGC Genomics GmbH, Berlin,
Germany), according to manufacturer’s recommenda-
tions. The internal transcribed spacer (ITS) region was
amplified with PCR in 25 lL volumes, containing 2 lL
of DNA template, 1 9 H2O, 0.4 lmol/L of each of the
modified ITS1 and ITS4 primers developed by Tedersoo

et al. (2014) and 1 9 JumpStart REDTaq ReadyMix
Reaction Mix (Sigma-Aldrich). PCRwas carried out on
a Veriti 96-Well Thermal Cycler (Applied Biosystems)
with the following settings: 2 min at 94°C, followed by
35 cycles of 30 s at 94°C, 30 s at 55°C, 1 min at 72°C,
and a final extension of 10 min at 72°C. Successful
amplification was confirmed by agarose gel elec-
trophoresis, and PCR products were sent to Macrogen
(Amsterdam, Netherlands) for purification and Sanger
sequencing. The resulting sequences were aligned and
edited using CLC DNAWorkbench (Qiagen). Sequences
were taxonomically classified based on the ITS2 region
with a na€ıve Bayesian classifier implemented in
MOTHUR against the UNITE database (Nilsson et al.
2019) with a minimum bootstrap support of 80%.

Fungal assessment by high-throughput sequencing (HTS)

Seed-borne fungal communities of all 58 seed lots
were also assessed using an HTS approach (Appendix
S1: Table S1). The set-aside halves of the surface steril-
ized seeds from each seed lot were pooled and ground
using a batch mill Tube Mill (IKA-Werke GmbH & Co.
KG, Staufen, Germany) or with a pestle and mortar,
under liquid nitrogen, if the seeds were small. DNA was
extracted from 50 mg of ground seeds from each seed
lot using DNeasy PowerPlant Pro Kit (Qiagen) follow-
ing the manufacturer’s instructions. This kit was used
because it contains Phenolic Separation Solution, which
improves the DNA yield from samples rich in phenols,
such as some tree seeds. We used 40 lL of the solution
for each sample, as recommended in the manufacturer’s
instructions. DNA concentrations were quantified using
the Qubit dsDNA BR Assay Kit (Thermo Fisher Scien-
tific, Waltham, USA) on a Qubit 3.0 Fluorometer
(Thermo Fisher Scientific), and DNA was diluted to
10 ng/lL. Samples that yielded <10 ng/lL were not
diluted. The internal transcribed spacer region 2 (ITS2)
was amplified with the 5.8S-Fung and ITS4-Fung pri-
mers (Taylor et al. 2016). PCR amplifications were per-
formed in 20 lL reaction volumes containing 50 ng of
DNA template, 1 mg/mL BSA, 1 mmol/L of MgCl2,
0.4 lmol/L of each primer, and 0.76 9 JumpStart RED-
Taq ReadyMix Reaction Mix (Sigma-Aldrich). PCRwas
carried out using Veriti 96-Well Thermal Cycler
(Applied Biosystems) with the following settings: 2 min
at 94°C; followed by 35 cycles of 30 s at 94°C, 30 s at
58°C, and 2 min at 72°C; and a final extension of
10 min at 72°C. Each sample was amplified in triplicates
and successful PCR amplification confirmed by agarose
gel electrophoresis before and after pooling the tripli-
cates. Pooled amplicons were sent to the G�enome
Qu�ebec Innovation Center at McGill University (Mon-
tr�eal, Quebec, Canada) for barcoding using Fluidigm
Access Array technology (Fluidigm, South San Fran-
cisco, California, USA) and paired-end sequencing on
the Illumina MiSeq v3 platform (Illumina, San Diego,
California, USA).
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Sequence quality filtering, Exact Sequence Variant
(ESV) clustering and taxonomic assignments

Sequence quality filtering, ESV clustering and taxo-
nomic assignments were done on a bigger data set that
consisted of the sequences obtained from the traded seed
material (58 seed lots), and seeds collected in botanical
gardens in Europe and North America (85 seed lots;
Frani�c et al.. unpublished manuscript), as described
below. For the purposes of this manuscript, the final
sample x ESV matrix was filtered so it contained only
samples (seed lots) and corresponding ESV abundances
obtained from traded seed material.
Quality filtering and clustering into ESVs (Callahan

et al. 2017) was done with a customized pipeline largely
based on UPARSE (Edgar 2013) implemented in
USEARCH v.8 (Edgar 2010). Pair-end reads were
merged using the USEARCH fastq_mergepairs algo-
rithm (Edgar and Flyvbjerg 2015) with a required over-
lap of at least 30 base pairs and a minimum length of the
merged sequence of 150 bp. PhiX fragments were
removed using the nophix function built into
USEARCH. PCR primers were detected and removed
using Cutadapt (Martin 2011) allowing for one mis-
match. Reads not matching the primers were discarded.
The USEARCH fastq_filter (Edgar and Flyvbjerg 2015)
function was used for quality filtering based on error
probabilities, with a maximum expected error threshold
of one. Sequences were de-replicated and all reads below
an abundance threshold of four and chimeric sequences
were discarded using USEARCH fastx_uniques. Seque
nces were clustered into ESVs using the UNOISE2 algo-
rithm built into USEARCH with an alpha value of 2
(Edgar 2016). The final ESV sequences were checked
with ITSx (Bengtsson-Palme et al. 2013), and sequences
not verified as ITS2 regions were discarded. The final
sample x ESV matrix was obtained by mapping all qual-
ity filtered reads against the ESV sequences using the
usearch_global algorithm built into USEARCH with the
search criteria of maxrejects 0, maxaccepts 0 and top_hi-
t_only. Taxonomical classification of ESVs was per-
formed using the na€ıve Bayesian classifier (Wang et al.
2007) implemented in MOTHUR (Schloss et al. 2009),
with a minimum bootstrap support of 80%. ESV
sequences were first compared against a customized
ITS2 reference database collected from NCBI GenBank
to exclude non-fungal sequences. Taxonomic affiliation
of the fungal sequences was then obtained by querying
against the UNITE database (Nilsson et al. 2019).

Comparison of plating and HTS

To determine if the fungal community detected by
plating represents a subset of the fungal community cap-
tured by HTS, we mapped the ITS2 region of sequenced
fungal cultures against the ITS2 region of the ESV
sequences using the usearch_global algorithm built into
USEARCH.

Identification of potential fungal pathogens

Parsing of fungal ESVs into guilds was done based on
their taxonomic assignments by using the FUNGuild
tool (Nguyen et al. 2016). FunGuild consists of a com-
munity-annotated data base and a bioinformatic script
that assigns taxonomic names to functional guilds. Since
we aimed at detecting all plant pathogens, the output
table (Appendix S2: Table S1) was filtered by selecting
all combinations of guilds in which plant pathogens were
mentioned. For all ESVs that could be identified to spe-
cies and that were recognized as potential plant patho-
gens, a literature search was done for reports or studies
on their pathogenicity, known woody plant hosts and
distribution range. For this, the Fungal Databases, U.S.
National Fungus Collections, ARS, USDA (Farr and
Rossman 2019), were used. Fungal cultures were parsed
into guilds based on the guild of the fungal ESV they
mapped with.

Statistical analyses

All statistical tests were performed using R (R Core
Team 2018) and were considered significant at P < 0.05.
Seed lots were the unit of analysis for all statistics. Com-
parisons were made between different groups
(angiosperms and gymnosperms) and origins (Europe,
Asia, and North America) of seed lots. The means and
standard errors for the number of seeds infested with
fungi per seed lot, and fungal infestation and diversity at
the level of tree species are given in Appendix S3:
Table S1.
We tested the effect of seed origin or taxonomic group

on infestation rates by insects using Hurdle models
(glmmTMB function from the glmmTMB package
(Brooks et al. 2017)), because the data were zero
inflated. We tested for differences in overall infestation
(seeds with larvae and/or exit holes), as well as in pres-
ence and number of larvae and exit holes separately.
Binomial generalized linear mixed models were first used
to analyze binary responses (presence or absence of lar-
vae and exit holes). Seed lots of Asian origin were
excluded from the analysis of exit holes because they did
not show any exit holes. Truncated Poisson generalized
linear mixed models were then fitted to the number of
larvae and exit holes for those seed lots with insects or
exit holes. In all models, taxonomic group (angiosperms
and gymnosperms) and origin (Asia, Europe, North
America) were fixed effects and tree species a random
effect. Interactions were not included in these analyses.
The differences in the number of fungal cultures, mor-

photypes and ESVs among seed lots were analysed with
the same fixed and random effect variables as mentioned
above, but including interactions. We assumed a negative
binomial distribution for the errors of these response
variables, because Poisson models were overdispersed.
The differences in percentages of potentially pathogenic
ESVs and ESVs not identified to genus or species, as a
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percentage of total ESVs per seed lot, were tested with
models containing the same fixed and random effects,
including interactions. For these models, we assumed a
beta-binomial distribution for the errors because bino-
mial models were overdispersed. A Tukey comparison of
least-squares means was performed with the function
lsmeans from the lsmeans package (Lenth 2016). The
same function was used to calculate mean values and
standard errors for fixed effects in the models.
To test the differences between fungal communities

associated with seeds of different taxonomical groups
and origins multivariate generalized linear models (mul-
tivariate GLMs) were fitted to the ESV abundance
matrix. This approach was used because, unlike distance-
based approaches such as PERMANOVA, multivariate
GLMs account for the mean-variance relationship (War-
ton et al. 2012). The matrix was previously standardized
across samples by randomly subsampling each sample to
the lowest number of read counts obtained by any sam-
ple (here 7,038 read counts) to account for different
sequencing depth across samples. Generalized linear
models were fitted with the function manyglm from the
mvabund package (Wang et al. 2012). Negative binomial
distribution of sequence counts was assumed.
The differences in seed size among different groups

and origins were assessed with the function lmer from
the lme4 package (Bates et al. 2015) with log-trans-
formed seed size as the response variable and the same
fixed and random effect variable as above, including
interactions. Angiosperm seeds were significantly
larger than gymnosperm seeds (43.51 � 20.72 and
10.13 � 3.54 mm2, respectively [mean � SE]; v2 = 5.78,
df = 1, P = 0.016) but no differences in seed size were
found among the different origins (v2 = 0.43, df = 2,
P = 0.808). The relationship between the average size of
the seeds in a seed lot and the number of fungal cultures
per seed lot, number of morphotypes per seed lot and
the number of fungal ESVs per seed lot and was tested
using glmmTMB, again with tree species as a random
effect. A negative binomial distribution for the errors
was assumed because Poisson models were
overdispersed.
The relationship between the number of fungal mor-

photypes and ESVs per seed lot was tested using Spear-
man correlations. All seed lots in which fungi were
assessed with both methods, plating and HTC
(Appendix S1: Table S1), were included in this analysis.

RESULTS

Insect assessment

Infestation.—Around 50% of the seed lots were infested,
i.e., they contained larvae or had exit holes, but no dif-
ferences in the infestation rate were found among seed
lots of different groups or origins (50.58 � 14.86%
[overall mean � SE]; Appendix S4: Table S1).
Nearly 30% of the seed lots contained insect larvae,

with a total of 79 individuals detected. Insects were found
in seed lots of only four tree species: Larix gmelinii (Rupr.)
Kuzen., P. abies, Q. garryana, and T. heterophylla
(Table 2). The number of larvae per seed lot corresponded
to the number of infested seeds per seed lot (i.e., one larva
per infested seed), except for Q. garryana (5.5 � 0.9
infested seeds per seed lot) where sometimes more than
one larva was found per seed. No differences in the pres-
ence or number of larvae were detected between angios-
perm and gymnosperm seed lots, or between seeds of
different origins (Appendix S4: Table S1).
Exit holes were recorded in around 30% of seed lots.

A higher percentage of angiosperm than gymnosperm
seed lots contained exit holes (73.06% � 10.46% and
11.75% � 6.43%, respectively; Appendix S4: Table S1)
but the origins did not differ in the percentage of seed
lots that contained exit holes (Appendix S4: Table S1).
The number of exit holes per seed lot did not depend on
taxonomic group or origin (Appendix S4: Table S1).

Diversity.—The 79 insect larvae belonged to four orders,
namely Hymenoptera (48.1%), Lepidoptera (31.6%),
Coleoptera (15.2%), and Diptera (2.5%), with two speci-
mens (2.5%) unidentified. Hymenopteran and dipteran
larvae were found only in gymnosperms, and lepi-
dopteran and coleopteran larvae only in angiosperm
seeds. Molecular analyses allowed the identification of
45 larvae to species, with a match of at least 99% in the
barcode database (Table 3). Additionally, 12 specimens
were identified to genus and two to the family level
(Table 3). Two specimens could not be classified based
on morphological features or by sequencing.

Fungal assessment by plating

Infestation.—Plating yielded fungal cultures from around
96% of the seed lots. No fungi developed on agar from

TABLE 2. Infestation of seed lots by insects calculated as percentage of seed lots containing larvae and average number of larvae
per seed lot (SL) of tree species that contained insect (mean � SE).

Tree species Origin Group SLwith larvae (%) Larvae density (no. larvae/SL)

Larix gmelinii Asia Gymnosperm 100.0 � 0.0 1.7 � 0.3
Picea abies Europe Gymnosperm 80.0 � 20.0 5.8 � 2.3
Quercus garryana North America Angiosperm 83.3 � 16.7 6.2 � 2.4
Tsuga heterophylla North America Gymnosperm 57.1 � 20.2 1.1 � 0.6
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two European seed lots (P. abies SL 24 and P. sylvestris
SL 22). The number of fungal cultures varied with both
origin and taxonomic group: overall, angiosperms yielded
more fungal cultures per seed lot than gymnosperms and
European seed lots had the most and North American
seed lots the fewest fungal cultures. Differences between
taxonomic groups also varied with origin: European
angiosperms yielded more than 10 times as many fungal
cultures as European gymnosperms (Appendix S4:
Table S2), while Asian and North American angiosperms
only had two to three times more fungal cultures than
gymnosperms from the same continent (Fig. 1;
Appendix S4: Table S2). The number of fungal cultures
per seed lot was not affected by the size of the seeds in a
seed lot (v2 = 0.36, df = 1, P = 0.548) and this was

consistent among angiosperms and gymnosperms (Group
9 Seed size: v2 = 1.75, df = 1, P = 0.185).

Diversity.—A total of 4,202 fungal cultures were
obtained from plated seeds. Overall, angiosperms had
more fungal morphotypes per seed lot than gym-
nosperms. The origin of the seeds also had a significant
effect, with European seed lots having the largest and
North American seed lots having the lowest number of
fungal morphotypes per seed lot. The number of fungal
morphotypes per group also varied with origin: angios-
perms had more morphotypes than gymnosperms in
Europe but not in North America or Asia (Fig. 2;
Appendix S4: Table S2). The number of fungal morpho-
types per seed lot was not affected by the size of the
seeds (v2 = 0.09, df = 1, P = 0.768) and this was consis-
tent among angiosperms and gymnosperms (Group 9

Seed size: v2 = 1.26, df = 1, P = 0.262).
A total of 473 (11.3%) fungal cultures out of 4,202

recovered from seeds were sequenced. Good quality
sequences were obtained from 441 cultures (93%). These
sequences belonged to the classes Ascomycota (96%),
Mucoromycota (2.5%), and Basidiomycota (1.5%). A
total of 295 (66.9%) sequences were identified to one of
42 identified genera, and 142 (32.2%) to one of 53 identi-
fied species. In around 50% of the cases where two to five
cultures of the same morphotype were sequenced, all
sequences were mapped to the same ESV, around 70%
were identified as the same genus and 75% to the same
family.

Potential fungal pathogens.—A total of 107 out of 473
sequenced fungal cultures were assigned to one of 21
potentially plant pathogenic fungal genera, and of those,
51 fungal cultures to 18 potentially plant pathogenic
fungal species (Table 4). Among these, two potentially
plant pathogenic fungal species known to be associated
with woody plants and absent from or with a limited dis-
tribution in Europe were identified, namely Diaporthe

TABLE 3. Insect taxa found in traded seed lots from different continents.

Identified taxon Insect order
Number of
specimens Europe North America Asia

Cecidomyiidae sp.† Diptera 2 61, 62
Curculio sp.‡ Coleoptera 8 17, 20, 21
Cydia latiferreanaWalsingham Lepidoptera 25 17, 18, 19, 20, 21
Eurytoma sp.§ Hymenoptera 1 30
Megastigmus pictus F€orster Hymenoptera 2 28, 68
Megastigmus strobilobius Ratzeburg Hymenoptera 15 59, 60, 61, 62
Megastigmus tsugae Crosby Hymenoptera 3 7, 51, 67
Megastigmus sp.¶ Hymenoptera 1 61

Note: The match between specimens’ query and the reference sequence is more than 99%, unless stated otherwise. The numbers
under the origins indicate the seed lots (Appendix S1: Table S1) in which the species were found.
† 94–95% identity match with Cecidomyiidae.
‡ 92–93% identity match with Curculio sulcatulus Schrank.
§ 95.62% identity match with Eurytoma laricis Yano.
¶ 97.26% identity match withM. strobilobius.

FIG. 1. Number of fungal cultures in seed lots (SL) of dif-
ferent groups and origins. Different letters above the bars indi-
cate significantly different values (P < 0.05). Values are mean
and SE.
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alleghaniensis R.H. Arnold (L. gmelinii SL 28) and
Microascus cirrosus Curzi (P. abies SL 61).

Fungal assessment by high-throughput sequencing (HTS)

Infestation and diversity.—All 58 seed lots analysed
using HTS were infected by fungi. The 2,376,400 high
quality sequences (40,972 � 1,595 reads per seed lot)
clustered into 1,905 Exact Sequence Variants (ESVs)
(119.9 � 9.8 ESVs per seed lot). Overall, angiosperm
seed lots had more fungal ESVs than gymnosperm seed
lots and Asian seed lots had more fungal ESVs than seed
lots from Europe and North America (Fig. 3;
Appendix S4: Table S2). The number of fungal ESVs per
seed lot increased with seed size (v2 = 3.93, df = 1,
P = 0.047), and angiosperms had larger seeds and more
fungal ESVs than gymnosperms (v2 = 35.48, df = 1,
P < 0.001).
Around 72% (1,365 out of 1,905) of the ESVs were

assigned to the Ascomycota, 18% (340) to the Basid-
iomycota, <1% (12) to the Mucoromycota, and 9% (188)
ESVs remained unclassified. A total of 1143 (60%) and
559 (30%) ESVs were assigned to 234 genera and 269
species, respectively.
Overall, gymnosperms, especially those from Europe,

had a higher percentage of ESVs not identified to the
genus level than angiosperms (44.15 � 1.89 and
30.74 � 1.84, respectively) (mean � SE; Appendix S4:
Table S2). However, the percentage of ESVs not identi-
fied to the species level was similar among groups and
origins (Fig. 4; Appendix S4: Table S2).
Fungal communities differed significantly among seed

lots of different taxonomic groups (df = 1,
deviance = 5921, P = 0.001) and seed origins (df = 2,

FIG. 2. Number of fungal morphotypes in seed lots (SL) of
different groups and origins. Different letters above the bars
indicate significantly different values (P < 0.05). Values are
mean and SE.

TABLE 4. Fungal genera and species known to be potentially
plant pathogenic that were found in traded seed lots from
different continents.

Plant pathogenic
genus/species

Number and origin of fungal
cultures

Europe North America Asia

Alternaria 2 3 5
Aureobasidium 1
Botryosphaeria 3
Ceratobasidium 1
Cladosporium 1
Colletotrichum 1 2
Cryptodiaporthe 1
Cytospora 4
Diaporthe 4 5
Didymella 2
Fusarium 2 3
Gibberella 6 5 3
Pestalotiopsis 1
Trichothecium 1
Aequabiliella effuse (Damm
& Crous) Crous

1

Alternaria eichhorniaeNag
Raj & Ponnappa

1 2

Cladosporium exasperatum
Bensch, Summerell, Crous
& U. Braun

1 3

Cytospora ribis Ehrenb. 2 4
Diaporthe alleghaniensis
R.H. Arnold

1

Diaporthe cotoneastri
(Punith.) Udayanga, PW
Crous and KD Hyde

2 1

Diatrypella atlanticaD.A.C.
Almeida, Gusm~ao & A.N.
Mill.

1

Didymella heteroderae (Sen
Y. Chen, D.W. Dicks. &
Kimbr.) Qian Chen & L.
Cai

5 3

Diplodia seriata De Not. 1 1
Fusarium fujikuroi
Nirenberg

1

Gibberella pulicaris (Fr.)
Sacc.

3

Gibberella tricincta El-Gholl 5 4
Microascus cirrosus Curzi 1
Neofusicoccum parvum
(Pennycook & Samuels)
Crous, Slippers & A.J.L.
Phillips

1

Ophiostoma nigrocarpum
(R.W. Davidson) de Hoog

1

Pestalotiopsis coffeae-
arabicae Y. Song, K. Geng,
K.D. Hyde & Yong Wang
bis

4

Pestalotiopsis malayana
Maharachch., K.D. Hyde
& Crous

1

Pezicula neosporulosa Y.
Zhilin & G.J.M. Verkley

1

Note: Numbers indicate number of recovered cultures for
each genus or species and continent.
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deviance = 7216, P = 0.001) A total of 1,099 out of 1,905
ESVs (58%) were found exclusively in angiosperm seeds
and 444 (23%) only in gymnosperm seeds. Only 362 (19%)
ESVs were found to be associated with seeds of both
groups. Around 65% of ESVswere unique to one continent
and 12% of the ESVs were found in seed lots from all three
continents. Europe and North America shared more than
two times as many ESVs (14%) than either continent
sharedwith Asia (4.8% and 4.3%, respectively).

Potential fungal pathogens.—A total of 532 out of 1,905
ESVs (28%) were not assigned to a guild, and 630 out of
1,905 ESVs were classified as potentially pathogenic
(33%). A total of 508 out of 1,905 ESVs were assigned to
one of 86 potentially plant pathogenic fungal genera and
of those, 182 ESVs to 100 potentially plant pathogenic
fungal species. No differences in the relative occurrence
of potentially plant pathogenic ESVs were found among
continents (37.67% � 2.06%; Appendix S4: Table S2),
but angiosperms had a higher percentage of poten-
tially plant pathogenic ESVs than gymnosperms
(48.53 � 3.28 and 26.81 � 2.50, respectively;
Appendix S4: Table S2). Eight and three of the poten-
tially pathogenic fungal species, which are known to be
associated with woody plants, are absent or have a
restricted distribution in Europe, respectively (Table 5).

Comparison of fungal assessment by plating and HTS

The number of fungal morphotypes per seed lot was
positively correlated with the number of fungal ESVs per
seed lot (r = 0.59, S = 10170, P < 0.001). All but one of
the 441 sequences of good quality from fungal cultures
mapped against 126 ESV centroids from HTS. A total of
350 out of 441 sequences had an identical match to ESV
sequences, and only 15 had a match of <80%. Around
6% of fungal diversity assessed by HTS (1,905 ESVs)
was captured by plating (126 ESVs).
Similar fractions of pathogenic ESVs were obtained

by plating (59 out of 126 ESVs, 47%) and using HTS
(630 out of 1,905 ESVs, 33%).
Ten fungal species that are known to be associated

with woody plant hosts and are absent or have limited
distribution in Europe were identified by HTS only
(Table 5), D. alleghaniensis was identified by HTS and
plating and M. cirrosus was identified only by plating.

DISCUSSION

The trade in seeds of most tree species is not regulated
because seeds are considered less likely to carry harmful
organisms than other plants for planting (P4P). How-
ever, our results demonstrate that seeds contain many
insects and fungi. The high infestation of commercially
supplied seed lots is a clear indication of how often
potential pests may be transported via traded seeds. Fur-
thermore, the presence of organisms that are already
known to be pests in these seeds indicates that measures
should be taken to reduce pest risk.

Risk of pest introduction

The absence of significant differences in insect infesta-
tion levels between taxonomic groups and origins of the
seeds suggests that movement of potential pests occurs
in all directions and in both angiosperms and gym-
nosperms. Since all insect species identified in this study
are highly host specific, the higher percentage of seed

FIG. 3. Number of fungal exact sequence variants (ESVs) in
seed lots (SL) of different groups and origins. Values are mean
and SE.

FIG. 4. Percentage of fungal ESVs not identified to the spe-
cies level in seed lots of different groups and origins. Different
letters above the bars indicate significantly different values
(P < 0.05). Values are mean and SE.
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lots showing exit holes in angiosperm than gymnosperm
seeds may be due to the biology of the insects. Specifi-
cally, larvae of C. latiferreana and of Curculio sp. were
still found in Q. garryana acorns, whereas seeds of the
other angiosperms only had exit holes. This indicates
that larvae had been in the seeds, but left them to pupate
before the seeds were traded. On the other hand, in gym-
nosperm seeds we detected mainly hymenopteran seed
pests (Megastigmus species), which are known to spend
their entire life cycle in the seeds and cannot be detected
by external observation (Roques et al. 2003). These
gymnosperm pests are therefore of greater phytosanitary
risk than angiosperm insects, which usually leave the
seeds to pupate in the soil.
Three insect species of phytosanitary concern have

been identified in this study. The chalcid wasp Megastig-
mus strobilobius Ratzeburg is a native pest of northern
Eurasian Picea species (P. abies and Picea obovata
Ledeb.), but has now colonized plantations of its native
hosts from Western Europe to the Lake Baikal (Roques
and Skrzypczy�nska 2003). Similarly, Megastigmus tsu-
gae Crosby is known to infest seeds of T. heterophylla
and Tsuga mertensiana (Bong.) Carr. in the North
American range of these hemlocks, but has never been
recorded in native or planted hemlocks in Asia or Eur-
ope (Roques and Skrzypczy�nska 2003, Roques et al.
2003). The chalcid wasp Megastigmus pictus F€orster is a
specialist of the Eurasian larch species (Larix spp.) with
a wide distribution in Europe and Asia (Roques and
Skrzypczy�nska 2003) but had not previously been docu-
mented in North America. This is probably also the
case for the unidentified Eurytoma sp. found in Chinese

seeds of L. gmelinii, the sequence of which is similar to
Eurytoma laricis Yano, a common Eurasian larch seed
chalcid. A specimen of the American M. tsugae was
found in Tsuga seeds that were purchased from Euro-
pean suppliers, and a specimen each of the Eurasian M.
pictus and E. laricis were found in L. gmelinii seeds pur-
chased in North America. These results therefore pro-
vide evidence for movement of potential pests via the
seed trade to the areas where they were previously not
recorded.
Fungi were more frequent in seed lots than insects

were, and more frequent in seeds of a seed lot than
insects were (Appendix S3: Table S1), which indicates
that the likelihood of introducing fungi is higher than
the likelihood of introducing insects. However, the likeli-
hood that an introduced insect is a pest appears higher
than the likelihood of an introduced fungus being a
pathogen. This is due to the majority of seed-borne fungi
being commensalic or beneficial species, while the seed-
borne insects are all specialized herbivores. Moreover,
while all insects that we extracted from the seeds were
alive, we can only be sure that the fungi plated on agar
were living. Since DNA is detectable for several weeks to
months after the organisms’ death (Schena et al. 2004),
we cannot be sure that Exact Sequence Variants (ESVs)
detected by high-throughput sequencing (HTS) origi-
nated from living structures (e.g., spores, mycelia) and
detection of DNA without evidence of viability of the
pest would be insufficient reason to adopt specific
restrictive measures in the phytosanitary context of
international trade (Griffin 2012). Fungal cultures of M.
cirrosus and D. alleghaniensis, which were isolated and

TABLE 5. Fungal species known to be potential pathogens of woody plants, found in traded seed lots from different continents.

Plant pathogenic species
Corresponding

ESV

Origin of seed lots

Europe North America Asia

Absent from Europe
Alternaria rosae E.G. Simmons & C.F. Hill ESV0248 57, 73 11, 12, 50
Colletotrichum gigasporum Rakotonir. & Munaut ESV2475 29, 75, 77
Diaporthe australafricana Crous & Van Niekerk ESV0675 57, 78 5, 7, 10, 11, 14,15
Diaporthe siamensisUdayanga, X. Z. Liu & K.D. Hyde ESV1811 77
Lasiodiplodia crassispora T. Burgess & Barber ESV0546 27, 29, 74, 75, 76
Phaeoacremonium roseum J.R. �Urbez-Torres, P. Haag &
D.T. O’Gorman

ESV0482 16, 17, 20 77

Pseudocercospora sphaerellae-eugeniae (Rangel) Crous,
Alfenas & R.W. Barreto

ESV0479
ESV0731
ESV0856
ESV1113
ESV1721
ESV2598

75, 77

Limited distribution in Europe
Diplodia corticola A.J.L. Phillips, A. Alves & J. Luque ESV2722 19 75
Neonectria major (Wollenw.) Castl. & Rossman ESV0139 63
Setomelanomma holmiiM. Morelet ESV0362 71, 73 30
Diaporthe alleghaniensis R.H. Arnold ESV1258

ESV2757
73 28, 30, 68, 74

Notes: New records for species-continent combinations are identified by boldface type. Numbers indicate the seed lots
(Appendix S1: Table S1) in which the species were found. ESV, exact sequence variant.
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grown on agar, are therefore the only two fungal patho-
gens of woody plants that were certainly alive. HTS
allowed the characterization of highly diverse fungal
communities, including rare, slow growing, or uncultur-
able fungi (e.g., biotrophs) and thus represents a step
forward from traditional plating. However, only a small
percentage of fungal ESVs could be identified to the spe-
cies level due to incomplete reference sequences limiting
the use of this method for phytosanitary purposes (Ted-
ersoo et al. 2019). For illustration, in our study nearly
70% of all ESVs remained unidentified to the species
level. Since pest risk assessment is usually done at the
species level, these ESVs could not be used to assess phy-
tosanitary risk.
Large differences in fungal diversity among seeds of

different taxonomic groups and origins were found using
HTS and plating. The hypothesis that angiosperm seeds
harbor a higher fungal diversity than gymnosperm seeds
was confirmed, both by plating and HTS analyses. The
larger size of angiosperm seeds compared to gym-
nosperm seeds may account for this difference, as sug-
gested by significant relationship between seed size and
fungal diversity as assessed by HTS. The high variability
of the number of fungal cultures and morphotypes and
seed size among and within angiosperm and gym-
nosperm species is the most probable reason why we
found no effect of seed size on the number of fungal cul-
tures and morphotypes. The difference in fungal diver-
sity might also be due to the fact that angiosperms are
taxonomically more diverse than gymnosperms and thus
could support a higher diversity of associated organisms.
The use of HTS might have underestimated the diversity
in angiosperm seeds, since a smaller fraction of the
ground and mixed material was used for the assessment
than for the smaller gymnosperm seeds, where some-
times all ground material was used. The differences in
fungal diversity among angiosperms and gymnosperms
could also be due to the different plant resistance strate-
gies (Eyles et al. 2010, Zalamea et al. 2018), which still
needs to be explored.
Angiosperm seeds harbored more unique and more

potentially plant pathogenic ESVs than gymnosperm
seeds, which indicates a relatively higher phytosanitary
risk associated with their trade. This finding is supported
by previous studies, where 58% of invasive forest patho-
gens in Europe were shown to be specialized on angios-
perms and only 26% on gymnosperms (Santini et al.
2013). The relatively higher fungal diversity, as assessed
by HTS, in Asian seeds than in North American and
European seeds indicates potentially higher phytosani-
tary risk associated with them. The same pattern of
higher biodiversity in Eastern Asia than in Europe and
North America has already been shown for many other
groups, such as plants (Kreft and Jetz 2007) and soil
fungi (Tedersoo et al. 2014). The largest fraction of fun-
gal ESVs was shared between European and North
American seeds, which can be explained by the more
intense history of trade in P4P between Europe and

North America. Hence, the European invasion debt for
Asian species seems to be larger than for North Ameri-
can species (Rouget et al. 2016). Consequently, we
expect that new nonnative fungi will be imported to Eur-
ope and North America from Asia.

Risk of pest establishment

Only a small fraction of the insects and fungi detected
in the seeds are likely to become established in the region
of introduction. Successful establishment requires that
the insect or fungus exits the seed at its destination and
infects a new, susceptible host. Moreover, specific bio-
logical characteristics make some species better invaders
than others. For instance, some species of chalcid wasps,
such as M. pictus, found in Larix seeds from China,
show thelytokous parthenogenesis and a single female
may be enough to establish a new population (Boivin
et al. 2014). In addition, many Megastigmus spp. have
the possibility to extend their state of diapause to over-
come periods of adverse conditions (Turgeon et al.
1994). Megastigmus chalcids are usually oligophagous
but strictly related to a tree genus (Roques et al. 2003),
however, suitable hosts for all identified Megastigmus
species are probably available in the three regions. For
example, M. strobilobius has been found to parasitize
seeds of a number of Asian Picea species and North
American Picea pungens Engelm. in arboreta in France
and Denmark (da Ros et al., 1993; Roques and Skrzypc-
zy�nska 2003), which indicates that it might switch to
new hosts in Asia and North America if introduced to
these regions. However, M. strobilobius as well as M. tsu-
gae have an arrhenotokous parthenogenesis, where
unmated females only produce males (Boivin et al.
2014), which limits its invasive potential.
Seed borne pests of nut-bearing angiosperms leave the

nuts in autumn to pupate in the soil (Roques et al.
2003). If larvae are present in traded seeds, appropriate
conditions for pupation may be lacking. Moreover, the
small number of insects per seed lot, and variation in
their time of emergence, may limit the chance that
emerging adults find a mate and can establish a popula-
tion (Contarini et al. 2009).
While a wide variety of fungi was detected and fungi

were found in almost every seed lot, it is unknown
whether these seed-borne organisms are seed transmitted.
In general, vertical transmission of fungi in trees seems to
be rare compared with seed infestation from the sur-
rounding environment (horizontal transmission; Arnold
2007). However, for some seed-borne fungi, such as Siro-
coccus conigenus (Pers.) P.F. Cannon & Minter 1983, a
pathogen that causes shoot blight in numerous conifer
species in North America and Europe, and the above-
mentioned F. circinatum, vertical transmission was
confirmed (Sutherland et al. 1981, Storer et al. 1998,
Evira-Recuenco et al. 2015). Thus, further studies would
be needed to assess the potential for the detected fungi to
be vertically transmitted and spread to other plants.

October 2019 PESTS IN TRADED FOREST TREE SEEDS Article e01971; page 11



The presence of a susceptible host is also essential for
successful establishment of fungal species. The probabil-
ity of finding a host in the introduced region is likely to
decrease with increasing phylogenetic distance between
the host and the native species (Gilbert and Webb 2007,
Gilbert et al. 2012). Tree species of the same genera on
which some of the currently absent pathogens were
found also occur in Europe, such as Rosa (Alternaria
rosae E.G. Simmons & C.F. Hill), Acacia and Hibiscus
(Colletotrichum gigasporum Rakotonir. & Munaut),
Corylus, Prunus, and Salix (Diaporthe australafricana
Crous & Van Niekerk), and Pistacia (M. cirrosus), which
makes establishment of these pathogens possible. Some
of the other pathogen species not yet present in Europe
are mostly associated with hosts within tropical tree gen-
era and/or genera from the southern hemisphere (Farr
and Rossman 2019) and may be less likely to establish in
Europe. However, data about host range and ecology are
unavailable for many fungal species, which makes it diffi-
cult to assess their likelihood of establishment, all the
more since host shifts remain difficult to predict (Gilbert
and Webb 2007).

Risk of post-introduction damage

Among the identified insect species, only the filbert-
worm (Cydia latiferreana Walsingham) is known to
cause significant damage in its current area of distribu-
tion. This moth is a major pest in commercial hazelnut
(Corylus spp.) production in the northwestern United
States, which relies mainly on cultivars based on Euro-
pean hazel (Chambers et al. 2011). Therefore, its intro-
duction and establishment in Europe could result in
serious damage of hazels. By contrast, the Megastigmus
and Eurytoma infestation rates in the native range of
spruce, larch and hemlock are low (Roques and Skrzypc-
zy�nska 1987, de Groot et al. 1994, Skrzypczy�nska 2015)
and the three identified Megastigmus species do not rep-
resent major pests of these host species. A low impact on
native hosts is typical for pests in their native range
(Keane and Crawley 2002). However, if an exotic pest is
introduced together with its native host to an area where
no congeneric hosts are present, considerable damage
can occur because of the absence of natural enemies and
competitors (Auger-Rozenberg and Roques 2012). For
instance, the Douglas-fir seed chalcid, Megastigmus
spermotrophus Wachtl, has become a major seed pest in
European Douglas-fir seed orchards and plantations,
whereas in its native North American range its impact is
limited by its insect competitors that attack seeds earlier
(Rappaport and Roques 1991). In a similar scenario,
establishment of M. tsugae on T. heterophylla in Europe
might considerably affect the regeneration of T.
heterophylla.
Some of the fungal pathogens identified in this study

can affect economically important woody plants occur-
ring in Europe, and are thus of special phytosanitary
concern. For example, Lasiodiplodia crassispora T.

Burgess & Barber, which was found in seeds of Pinus
tabuliformis Carri�ere and Acer palmatum Thunb. from
China, causes stem necrosis and cankers in grapevine
(Vitis vinifera L.) in South Africa and California ( �Urbez-
Torres et al. 2010, van Niekerk et al. 2010). Fungus D.
australafricana, which was found in seeds of North
American Pinus, Tsuga, and Acer species, is associated
with stem cankers of blueberries (Vaccinium spp.) and
European hazelnut (Corylus avellane L.) in Chile
(Latorre et al. 2012, Elfar et al. 2013, Guerrero and
P�erez 2013). Diplodia corticola A.J.L. Phillips, A. Alves
& J. Luque, identified in seeds of North American Quer-
cus and Asian Acer species, is responsible for cankers
and dieback of oak species in North America, Northern
Africa, and Southern Europe (Farr and Rossman 2019).
Several of the fungal species detected are thought to be
pathogens but little is known about their impact.
Current European regulations target known pest spe-

cies that are absent from, or have a restricted distribu-
tion in, Europe. Yet, repeated introductions of relatively
widespread species or genera can result in the formation
and introduction of superior invaders (Lombaert et al.
2010, Dutech et al. 2012). Several fungal cultures of
potentially pathogenic genera (e.g., Botryosphaeria,
Cytospora, Diaporthe, Fusarium) and species that are
already present in Europe (e.g., Cytospora ribis Ehrenb.,
Neofusicoccum parvum (Pennycook & Samuels) Crous,
Slippers & A.J.L. Phillips, Diaporthe cotoneastri
(Punith.) Udayanga, PW Crous and KD Hyde, Diplodia
seriata De Not., Petalopsis spp.) were also recovered
from non-European seeds. Similarly, a specimen of chal-
cid wasp M. pictus, which is known to be present in Eur-
ope, was detected in one Chinese seed lot that was
imported to Europe. Admixture of naturally isolated
populations of the same species can increase fitness and
subsequently lead to larger and more productive popula-
tions with lower probabilities of extinction, and ulti-
mately increase the chance of range expansion and
impact (Turgeon et al. 2011, Rius and Darling 2014).
Similarly, hybridization between congeneric species that
are naturally isolated, might lead to formation of new,
more harmful hybrids (Giordano et al. 2019) or hybrids
with new or combined features obtained from their par-
ental species (Brasier 2001). Hence, additional
intraspecific or intrageneric introductions should also be
avoided.

CONCLUSIONS

The results of this study, which is, to our knowledge,
the first that simultaneously assessed insects and fungi
associated with any type of traded P4P, strongly suggest
that the trade of forest tree seeds is not as safe as previ-
ously believed. High infestation rates of seed lots of
some tree species by insects and fungi, and the discovery
of pests that could establish in new areas is alarming and
stresses the need to reconsider phytosanitary measures
in the seed trade. Measures for insects should potentially
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focus on pests of gymnosperms, since they represent a
higher phytosanitary risk in comparison with insects of
angiosperm seeds: the risk associated with angiosperm
seed-borne insects can be significantly reduced by ensur-
ing that seeds are collected after insects emerge but it
may be more difficult to avoid gymnosperm pests. Possi-
ble measures could include improvement of detection
techniques used by phytosanitary inspectors at the bor-
der, and the development of production methods to
reduce infestation rates and treatments to reduce the via-
bility of seed-borne pests.
The situation seems to be much more complex for

seed-borne fungi than for insects. The high fungal abun-
dance and diversity, especially in angiosperms and Asian
seeds, which also contained large fractions of pathogenic
and unique fungi, is concerning. The lack of knowledge
about the distribution, host ranges, and pathogenicity of
most fungal species, as well as the limitations of detec-
tion and identification techniques, make it challenging
to conduct pest or pathway risk assessments. Neverthe-
less, our study shows that potentially serious pathogens
can be found in traded seeds, and that angiosperm seeds
and seeds of Asian origin might represent a particularly
great risk. Since fungal pathogens are very difficult to
detect during border inspections, the most promising
approach might be to work on developing effective treat-
ments for reducing their viability in seeds or to regulate
the trade in seeds of especially risky origins or species.
Further studies of the biology and ecology are needed
for better risk assessment and management of the fungal
and insect pests identified in this study.
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