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Abstract
The pinewood nematode (PWN) Bursaphelenchus xylophilus is an important forestry quarantine organism in the world 
and can be disseminated through the international trade of infested wood packaging materials. Although heat treatment 
(HT) and kiln-drying (KD) are used to disinfest the wood and reduce its moisture, doubt remains if treated wood can be re-
infested and support viable populations of the nematode. In this study, the risk associated with disseminating the PWN with 
kiln-dry pallet timber was evaluated by sampling commercial pallets of different ages and by inoculating B. xylophilus into 
treated wood to assess the nematode’s survival. A total of 229 timber samples (boards and blocks) were randomly sampled, 
finding no Bursaphelenchus species. Nematodes of the families Aphelenchidae, Aphelenchoididae, Diplogasteridae, Rhab-
ditidae and Tylenchidae were found in 45% of the samples, being absent from timber with less than 6 months but present 
with increasing frequency in older pallets. Fungi were encountered frequently, with the genus Trichoderma dominant. In 
the second trial, artificial inoculations of B. xylophilus were made in pallet timber of different age and assessed after 7, 14, 
28, 56 and 84 days. The PWN was recovered in the first sampling, but infestation rates and nematode numbers decreased 
until disappearing in the subsequent samplings. The results confirm that ISPM 15 treatments effectively sanitize wood, and 
older, drier wood does not support re-infestation with B. xylophilus, while other saprophitic nematodes and fungi colonise 
the treated timber. Future research should evaluate the risk associated with KD timber subjected to rewetting and its ability 
to support viable populations of the PWN.

1 Introduction

Wood packaging (pallets, crates, and dunnage) are indis-
pensable commodities in today’s globalised modern soci-
eties, and it is estimated that over 1.5 billion pallets are 
produced every year, consuming approximately 60 million 
cubic meters of timber (TIMCON 2014). Pallets are the most 
abundant form of wood packaging, and in the United States 
alone, they account for nearly 80% of all packaging used by 

small and large exporters, of which 90% are made of solid 
wood (Molina-Murillo et al. 2005).

Historically, the intensive worldwide trade involving 
untreated and often green wood pallets and other wood 
packaging material (WPM) has been associated with the 
dispersal and introduction of various exotic insects and 
pathogens (e.g., Allen and Humble 2002; Haack 2006; Zahid 
et al. 2008; Haack et al. 2014; Lovett et al. 2016), including 
bark and wood-boring insects Scolytinae, Cerambycidae and 
Buprestidae (Haack 2006; Haack and Petrice 2009; Ben-
ker 2012; Wu et al. 2017), and also fungi and nematodes 
(Braasch et al. 2001; Tomiczek et al. 2003; Gu et al. 2006).

To significantly reduce the risk of introduction and spread 
of pests and pathogens, wood packaging material must com-
ply with an international standard for phytosanitary meas-
ures - “Guidelines for Regulating Wood Packaging Material 
in International Trade”, or ISPM 15 (IPPC 2009; Anony-
mous 2009). The three currently approved treatments are 
heat treatment, dielectric (microwave) heating and fumiga-
tion, following specific guidelines, and which have proven 
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effective against many insects and pathogens (Eyre et al. 
2018).

One of the most important forest quarantine organisms is 
the pinewood nematode (PWN) Bursaphelenchus xylophilus, 
the causal agent of pine wilt disease and one of the most 
serious forest threats worldwide (Kishi 1995; Evans et al. 
1996; Futai 2013). This nematode can survive in processed 
timber for several months (Sousa et al. 2011a, b), and can be 
potentially transported over long distances with international 
trade of goods and merchandise, being regularly found in 
assorted untreated wood packaging (e.g., Tomminen 1991; 
Dwinell 1997, 2004; Tomiczek et al. 2003; Gu et al. 2006; 
Eyre et al. 2018). Heat treatment [HT, submitting the wood 
to a minimum core temperature of 56 °C for at least 30 min 
(Dwinell 1990, 1997; Smith 1992)] is a conventional option 
to sanitize the wood. However, B. xylophilus can colonise 
HT-timber if kept in direct contact with nematode-infested 
timber, although infestation can be prevented by kiln-drying 
(KD) the wood and lowering its moisture content to around 
18–22%, which hampers nematode transfer (Sousa et al. 
2011).

Despite its low moisture content, even kiln-dried timber 
may be vulnerable to fungal colonisation if it becomes wet 
during transport, storage, or use (Melencion and Morrell 
2007), and reports of nematodes and fungi in kiln-dried, 
heat-treated ISPM 15 stamped timber (Payne et al. 1998; 
Zahid et al. 2008) create doubt whether treated timber can 
support viable populations of the PWN, although inadequate 
treatment of wood or fraudulent use of the ISPM 15 stamp 
can also explain the presence of nematodes and fungi (Eyre 
et al. 2018). Considering this knowledge gap, the objective 
of this study was to evaluate the risk associated with dissem-
inating the PWN with in service commercial pallet timber 
sanitized according to international standards (mandatory 
ISPM 15 HT and recommended KD treatment), with two 
experiments: the sampling of commercial pallets of different 
age for the presence of the PWN, other nematodes and fungi 
(Experiment 1), and the artificial inoculation of B. xylophilus 
into commercial pallets with ISPM 15 stamp to assess its 
colonisation and survival in timber of different age and type 
(Experiment 2).

2  Materials and methods

2.1  Selection of in‑service commercial pallet timber 
(Experiment 1 and 2)

Commercial pallets were supplied by  CHEP®, a lead-
ing international company in pallet and container pooling 
services with a pool of approximately 300 million pallets 
worldwide. In-service maritime pine timber (Pinus pinaster) 
pooled pallets were used, having a longevity from 6 months 

to 10 years or more. Commercial pallets of various ages 
complying with ISPM 15 standard (HT) and presenting the 
appropriate stamp were randomly selected at the CHEP 
facility at Castanheira do Ribatejo (Portugal), where they 
had been sent to repair. Pallet wood from the Portuguese pal-
let circuit was deliberately sampled in order to increase the 
risk of detecting potential PWN re-infestation of the pallet 
wood, as the nematode has been present in Portugal since 
1999.

Four age classes were defined for the in-service pal-
lets: less than six months old since manufacturing, 
6–12 months, > 12–36 months and over 36 months. Pallets 
were divided into boards (1000 × 100 × 25 mm3) and blocks 
(160 × 95 × 95 mm3) and sent, separated by wood batches 
(wood type and age class), to the INIAV laboratories in Oei-
ras during April 2013.

Upon arrival, the timber was individually labelled and 
analysed for its moisture content (MC) by oven-drying wood 
samples of ≈ 100 g at 95 °C for 24 h and subtracting the 
dry weight from the initial weight and dividing by the dry 
weight, multiplied by 100 (Glass and Zelinka 2010).

2.1.1  Nematode sampling and identification (Experiment 
1.1)

The number of replicates of boards and blocks analysed for 
the presence of nematodes is presented in Table 1. To max-
imise the detection of nematodes, two separate samples of 
timber were randomly selected from each replicate, peeling 
off manually the external outer wood layer (1–2 mm) and 
sawing the two sections into small wood cubes of approxi-
mately 1 cm3, in order to obtain a combined sample of 
≈ 100 g of wood per replicate. The sawing equipment was 
carefully disinfected (cleansed with alcohol 70% and water) 
between samplings to avoid contaminations.

Table 1  Number (Nb) of samples and moisture content (MC, 
mean ± SD) of timber from in-service boards and blocks of commer-
cial pallets with different ages analysed for the presence of nematodes

Means within the column followed by the same letter do not differ 
after Kruskal–Wallis analysis of variance test, p ≤ 0.05

Age (months) Timber type No of repli-
cates

Initial MC (%)1

0–6 Board 30 30.2 ± 15.1a
Block 26 24.7 ± 4.8ab

> 6–12 Board 30 22.7 ± 7.1b
Block 27 25.7 ± 2.5ab

> 12–36 Board 29 19.4 ± 7.9b
Block 30 31.4 ± 14.3a

> 36 Board 30 21.2 ± 5.8b
Block 27 25.2 ± 6.2ab
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Live nematodes were extracted from the wood samples 
using the modified tray method (Penas et al. 2002), where 
the wood cubes were immersed in water for 48 h. The water 
was then passed through a 400 mesh (38 µm) sieve and the 
residues washed with water into small Petri dishes.

Extracted nematodes were observed using an Olympus 
BX-51 bright field light microscope (Hamburg, Germany), 
and morphological identification was based on the main 
diagnostic characteristics of species from the xylophilus 
group: number of lateral incisures, shape of the spicules, 
presence of a vulval flap and female tail shape (Ryss et al. 
2005; Braasch et al. 2009a, b; Braasch and Schönfeld 2015). 
Additional molecular analyses were performed to detect B. 
xylophilus when morphologically similar nematodes were 
present in the wood (Inácio et al. 2015). Nematodes other 
than Bursaphelenchus were classified into genus based on 
their morphological characteristics.

2.1.2  Fungal sampling and identification (Experiment 1.2)

Fungal isolation was made simultaneously with nematodes 
sampling (see Sect. 2.1.1; Table 1). Two sections of wood 
(fragments with 1 cm2) were taken from each replicate and 
surface-sterilized by dipping for 1 min in sodium hypochlo-
rite solution (1%) and rinsed with sterilized distilled water. 
Samples were further divided and plated into 9 cm diameter 
Petri dishes with two different media (three small subsam-
ples/plate): malt extract agar (Difco MEA, USA) amended 
with streptomycin (Sigma-Aldrich, USA) (500 mg/L), and 
MEA added with cycloheximide (Sigma-Aldrich, USA) 
(500 mg/L), a semi-selective antibiotic for Ophiostoma spe-
cies and related anamorphs (Harrington 1981).

Cultures were incubated at 25 ± 1 °C in the dark. Axenic 
cultures of each fungus were obtained and grouped accord-
ing to their macroscopic characteristics, and submitted to 
DNA extraction and sequencing. The genomic DNA was 
extracted using the DNeasy Plant Mini Kit (Qiagen Inc., 
Valencia, California, USA) and the universal primers ITS3/ 
ITS4 (White et al. 1990) were used to amplify a large portion 
of the 5.8S rDNA and the adjacent ITS2 region. The ampli-
cons were sequenced at STABVida Sequencing Laboratory 
(Lisbon, Portugal). Sequence alignment and phylogenetic 
analyses were conducted using MEGA version 6 software 
(Tamura et al. 2013), using the maximum likelihood (ML) 
and neighbour-joining (NJ) algorithm with the Jukes-Cantor 
model.

2.2  Artificial inoculation of the pinewood 
nematode into in‑service commercial pallet 
timber (Experiment 2)

Commercial pallets with ISPM 15 stamp were randomly 
selected as in the previous experiment. Four age classes were 

defined (less than 6 months since manufacturing, 6–12 months, 
> 12–36 months and over 36 months), and wood MC was 
determined by the oven-dry method (Glass and Zelinka 2010). 
Only pallets with MC above 20% were selected for the experi-
ment, with the objective of maximizing the establishment of 
B. xylophilus in wood with higher moisture content (Sousa 
et al. 2011).

The pallets were divided into boards and blocks, selecting 
10 replicates per treatment (timber type and age class), cor-
responding to 80 replicates in total. All the wood was sam-
pled for the presence of nematodes prior to inoculations, as 
described in Experiment 1.

Five holes (1 cm diameter and 3–4 cm long) were obliquely 
drilled on each board and four holes on blocks for the inocu-
lation of the PWN, and a suspension of B. xylophilus, with 
≈ 3000 nematodes/mL, was injected with a syringe into the 
holes (0.5 mL on each hole), resulting in an estimate of ≥ 7500 
B. xylophilus inoculated into each board and ≥ 6000 individu-
als per block. An additional group of ten boards was obtained 
from freshly felled healthy maritime pine trees and equally 
inoculated to serve as the control treatment. All inoculated 
timber, totalling 90 replicates, was maintained at 22 °C and 
60–70% RH throughout the experiment.

Nematode extraction was done as previously described. The 
number of nematodes was determined by placing a 1 mL ali-
quot inside a counting slide (Chalex Corporation, Grasonville, 
MD, USA) and nematodes were counted under the micro-
scope. To estimate the total number of PWN in the wood, 
this counting was multiplied by the volume of each extracted 
suspension, considering a constant weight (100 g) of wood 
samples. Nematode sampling was done prior to inoculation 
and subsequently at days 7, 14, 28, 56 and 84, with a total of 
540 samples analysed. The moisture content of the timber was 
also determined on each occasion.

2.3  Statistical analysis

A nonparametric Kruskal–Wallis analysis of variance test 
was used to compare moisture content (MC) of timber from 
boards and blocks of commercial pallets with different ages. 
A parametric analysis of variance test (ANOVA) was used to 
compare MC between boards and blocks, timber with different 
ages, nematode and fungi presence in regard to timber type 
and age, and mean number of B. xylophilus in timber with and 
without other nematode species. The Fisher Least Significant 
Difference test (LSD) was used to compare means within each 
significant factor in the ANOVA.
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3  Results

3.1  Nematode sampling and identification 
(Experiment 1.1)

A total of 229 timber samples were analysed to assess 
the presence of nematodes, including boards and blocks 
(Table 1).

Nematodes were absent from timber with up to 
6 months following manufacturing. In older timber (age 
class over 6 months), nematodes were found and, in gen-
eral, their frequency increased with age (Fig. 1).

Live nematodes were found in 45% of the timber sam-
ples, with comparable frequencies between boards (49%) 
and blocks (42%). Bursaphelenchus xylophilus, or other 
species of the Bursaphelenchus genus, were never found. 
Detected nematodes included members of the families 
Aphelenchoididae, Diplogastridae, Rhabditidae and 
Tylenchidae. Populations were generally abundant, some-
times reaching hundreds of individuals per sample and 
with the presence of eggs and juveniles, indicating breed-
ing populations were present in the timber. The genus 
with the highest frequency was Rhabditis (found in 37% 
of the timber samples), followed by Parasitorhabditis 
(32%), Aphelenchoides (13%), Laimaphelenchus (8%), 
Diplogaster (2%), Tylenchus (2%) and Aphelenchus (1%). 
These genera are mostly fungal feeders and saprophagous. 
Specimens of the predacious genus Mononchus were also 
observed but in very low numbers (< 2 nematodes/ 100 g 
wood sample in 1% of the sampled wood).

The moisture content of the wood did not influence 
nematode presence (F = 0.053; df = 1; p < 0.819). In gen-
eral, blocks had significantly higher moisture content 
(MC) than boards (F = 7.429; df = 1; p < 0.001; Table 1), 
although mean values were below 30% for both timber 
types (26.9% ± 8.8 for blocks and 23.4% ± 10.4 for boards). 

Moisture content was similar for timber with different ages 
(F = 2.271; df = 3; p < 0.001).

Other organisms such as protozoans were abundant in 
the timber samples, although they were not quantified nor 
identified.

3.2  Fungal sampling and identification (Experiment 
1.2)

Fungi were ubiquitous and very abundant in the timber, 
regardless of type or age (Fig. 2).

Only sporulating fungi were obtained, and mould fungi 
of the genus Trichoderma were prevallent, being found in 
97% of the timber samples. The ITS2 noncoding region 
was successfully amplified from the representative isolates, 
and the PCR amplification generated only one fragment of 
approximately 0.36 kb. The sequences showed a similarity 
of 99% with the sequences available at NCBI, allowing the 
identification of two species, Trichoderma atroviride (the 
most abundant) and Trichoderma longibrachiatum.

Species of Penicillium were present in 12% of the sam-
ples and were more frequent in boards and in younger wood 
with higher MC (F = 4.6258; df = 1; p < 0.033). Members of 
the order Mucorales (genus Mucor) were detected in 33% 
of the boards and blocks, regardless of their ages or MC 
(F = 0.4540; df = 1; p < 0.5012).

Fungi of the genus Ophiostoma, or related blue-stain 
fungi, were not isolated from any of the samples.

3.3  Artificial inoculation of pinewood nematode 
into in‑service commercial pallet timber 
(Experiment 2)

The pinewood nematode was absent from the in-service tim-
ber prior to inoculation (Table 2), although other nematodes 
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0

20

40

60

80

100

board block board block board block board block0 - 6 months > 6 - 12
months > 12 - 36

months > 36 months

%

Penicilium spp. Mucorales Trichoderma spp.

Fig. 2  Frequency of fungi isolation (in %) on boards and blocks of 
commercial pallets with different ages



305European Journal of Wood and Wood Products (2019) 77:301–309 

1 3

(the same genera found in the previous experiment) were 
detected in 36% of the replicates.

Bursaphelenchus xylophilus was detected in timber of 
all ages in the first sampling (at day 7) after the artificial 
inoculation, although at very low frequencies of a few dozen 
individuals maximum. Nematodes were found with signifi-
cantly higher abundance in blocks than in boards (F = 4.366; 
df = 1; p < 0.040).

Infestation rates and mean nematode numbers generally 
decreased in the subsequent samplings at days 14 and 28, 
and no B. xylophilus were recovered in the last two obser-
vations at days 56 and 84 (Table 2). No eggs nor juveniles 
of B. xylophilus were detected throughout the experiment, 
suggesting that reproduction was rare or inexistent.

Bursaphelenchus xylophilus was more frequent in timber 
free of other nematodes, with 67% of the xylophilus-positive 
samples found in timber without other nematodes. The mean 
number of B. xylophilus was also slightly higher in nema-
tode-free timber, although the differences were not statisti-
cally significant (F = 2.1014; df = 1; p < 0.152). Nonetheless, 
the general pattern of collapse and complete disappearance 
of B. xylophilus populations from the wood was similar for 
timber with and without other nematode species.

The B. xylophilus inoculated into the fresh pine boards 
(control treatment) showed a different pattern, with the PWN 
successfully colonising and establishing breeding popula-
tions with a clear tendency to increase populations over time 
(Table 2).

Moisture content of the in-service timber was 24 ± 2% 
at the inoculation time, and rapidly decreased and stabi-
lized to values around 15% in the subsequent samplings 
(Fig. 3). There were no differences in MC of blocks and 
boards (F = 0.182; df = 1; p < 0.005) or of different age-tim-
ber (F = 2.344; df = 3; p < 0.072). Moisture content of the Ta
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control samples (fresh timber) was initially above 70% but 
also decreased to values around 15 ± 1% in the last sampling 
dates (Fig. 3).

4  Discussion

The pinewood nematode B. xylophilus was not found in 
commercial pallets of various age (Experiment 1), which 
probably reflects previous HT sterilization according to 
ISPM 15 standards. In fact, the complete absence of nema-
todes (of any species) from the recently treated timber (with 
less than 6 months) suggests that heat treatment is effective 
in eliminating nematodes from the wood, with low moisture 
content and presence of competitive saprophitic organisms 
possibly preventing subsequent re-infestation.

Bursaphelenchus xylophilus did not persist in the wood of 
commercial pallets when artificially inoculated in large num-
bers (Experiment 2), and the inoculated population could 
not be detected within 4 weeks and did not reproduce. The 
failure to establish viable populations may result from the 
absence of favourable food resources (blue-stain fungi) in 
the timber, and/or by the wood’s low moisture content which 
was initially between 20 and 30% but rapidly decreased to 
around 15–16%, near the expected equilibrium moisture 
content (Simpson 1998). Moisture content is one of the 
most important parameters regulating B. xylophilus popula-
tions, with high (Halik and Bergdahl 1990) and low values 
(Hisai et al. 2006; Sousa et al. 2011a, b, b; Hopf-Biziks 
et al. 2017) conditioning the establishment and development 
of the nematode’s populations. In contrast, the PWN suc-
cessfully colonised the fresh pine boards when artificially 
inoculated, which can be explained by their higher initial 
MC, which supports the nematode’s establishment. Even in 
the fresh-timber, the MC decreased to values around the 
equilibrium moisture content, but the already established 
nematodes were able to subsist in this dried wood for some 
weeks, as already described by Sousa et al. (2011a, b).

The presence of other nematode species in the timber 
appeared to negatively affect the establishment and devel-
opment of B. xylophilus, although the populations rapidly 
collapsed and prevented further analysis. It is possible that 
timber with other nematodes was more decayed and/or had 
lower availability of adequate fungal food resources than 
nematode-free timber, thus hampering the establishment of 
the newly arrived B. xylophilus, although further studies are 
required to elucidate this.

Fungi were abundant in the commercial pallets, and even 
in timber treated in the previous six months, suggesting that 
heat treatment either did not eliminate all fungi from the 
wood [as conventional HT may not guarantee 100% mortal-
ity of the specifically targeted fungi (Ramsfield et al. 2010)], 
or/and that fungi were able to rapidly colonise the treated 

timber, as suggested by Uzunovic et al. (2008). Neverthe-
less, pathogenic species of known phytosanitary risk were 
absent in the current survey, and the fungal communities 
were dominated by mould genera ubiquitous on plant and 
wood materials, namely oligotrophic species adapted to 
grow in environments with low nutrient levels. Some spe-
cies of Trichoderma can be found on decaying wood (Gams 
and Bissett 1998) and wood chips (Halik and Bergdahl 
1990; Hopf-Biziks et al. 2017). The most abundant fungi 
in the present sampling, T. atroviridae, is a highly competi-
tive organism that can be used as a biocontrol agent against 
wood decay fungi (Schubert et al. 2008). Members of the 
order Mucorales and species of Penicillium are cosmopoli-
tan fungi found on almost all substrata and generally con-
sidered saprobes associated with decaying materials without 
causing structural damage to wood (Kubátová 2000; Seif-
ert and Frisvad 2000; Webster and Weber 2007). Various 
species of Penicillium are xerophilic and able to survive in 
dry environments, such as the desiccated timber of pallets 
(Webster and Weber 2007), and this genus has been found 
in wood packaging material displaying the ISPM 15 stamp 
(Zahid et al. 2008).

The prevailing fungal community found in the pallets, 
dominated by species of Trichoderma, was not suitable for 
the survival and development of B. xylophilus or other spe-
cies of the Bursaphelenchus genus, and may explain their 
absence from the samplings. In fact, many species of Tricho-
derma and Penicillium are considered neutral or unsuitable 
for PWN development (Kobayashi et al. 1974, 1975; Fuku-
shige 1991; Maehara and Futai 2000, 2008; Maehara et al. 
2005, 2006; Sriwati et al. 2007), with some Trichoderma 
thought to be control agents of the PWN (Maehara 2008; 
Yang et al. 2010, 2012). Hopf-Biziks et al. (2017) found the 
PWN could not survive when reared on T. atroviridae, while 
Davies and Spiegel (2011) suggested a nematicidal activity 
by this fungus. The ability of Trichoderma spp. to be com-
petitive inhibitors, produce antibiotics and behave as myco-
parasites has been recognised for decades (e.g., Weindling 
1932; Dennis and Webster 1971; Cutler et al. 1986; Ghis-
alberti and Sivasithamparam 1991; Harman 2000; Howell 
2003; Harman et al. 2004), and is also indirectly supported 
by the results of the present study.

Fungi of the genera Ceratocystis, Ophiostoma, Pestaloti-
opsis and Botrytis cinerea are suitable food sources for the 
PWN (Fukushige 1991; Maehara and Futai 1996, 2000; Sri-
wati et al. 2007) but were absent from the surveyed timber. 
Failure to detect Ophiostoma and related blue-stain fungi 
may be explained by their preference for wood with higher 
moisture content and greener condition (Gibbs 1993), by 
loss of viability of fungal propagules at humidity below 95% 
(Dowding 1969) and temperatures above 30 °C (Payne et al. 
1998), and/or by competition with Trichoderma spp., which 
interfere antagonistically by competing for nutrients and by 
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using mechanisms of antibiosis and mycoparasitism (Ross-
man 1996; Jaklitsch 2009).

Pallet timber was colonised by a community of oppor-
tunistic saprophytes and fungal feeder nematode species 
with low ecological requirements that became more abun-
dant and diverse in older pallets. Nematodes are regularly 
found in wood packaging materials, and include fungal 
feeders, saprobic and predatory species (Tomiczek et al. 
2003; Gu et al. 2006). Zahid et al. (2008) found Aphelen-
chus spp. nematodes while sampling ISPM 15-treated wood 
packaging material, whereas Meissner et al. (2014) found 
live fungivorous nematodes of the genera Aphelenchoides, 
Aphelenchus and Filenchus in a similar sampling, although 
with much lower infestation rates (3% against 45% in the 
present study). These authors sampled older (more than 
5 year-old) and drier timber that had been stored and isolated 
for several years, while the present sample was conducted on 
timber recovered from the international pallet trade, where 
it had recently been in contact with other WPM and varied 
substrata (fruit, soil, plants, etc) that could have served as 
multiple sources for nematode infestation.

5  Conclusion

Commercial pallets of variable ages with ISPM 15 stamp 
harboured a diversified community of organisms, including 
fungi, protozoan and nematodes, dominated by non-quaran-
tine/non-pathogenic species. The pathogenic B. xylophilus 
was not detected in wood of commercial pallets and was 
unable to establish viable populations when artificially 
inoculated into boards and blocks. The present studies sug-
gest a low likelihood of KD/HT-treated wood being infested 
with B. xylophilus through the international pallet trade, due 
to the PWN’s requirement of wetter wood for colonisation 
and establishment of breeding populations, and the inad-
equacy of available food resources in the treated timber 
(dominance of unsuitable Trichoderma and related species, 
and lack of suitable blue stain fungi). With this informa-
tion, the wood packaging industry can quantify the risks 
associated with old pallets being infested with B. xylophi-
lus that could eventually represent a threat to new pallets 
in circulation. Pallets are frequently backhauled, repaired 
and reused over extended periods of time to increase their 
longevity and reduce costs (Bengtsson and Logie 2015). 
PWN-infested components could circulate throughout the 
world for extended periods of time and be in contact with 
ISPM-15’s treated timber components, although the present 
results suggest that contamination is unlikely.

Moisture content is a key factor in the risk associated 
with old pallets in circulation, and future research should 
evaluate the capacity of HT and KD timber to re-absorb and 
hold moisture when exposed for extended periods to rain or 

submersed in water, and the ability of this rewetted material 
to support viable populations of the PWN and mycoflora 
which support its development.

Acknowledgements The authors would like to express gratitude to 
Mrs. Christine Vael (Brambles/CHEP Europe, UK,) for technical assis-
tance during the experiments, and to INIAV technicians Margarida 
Fontes, Adérito Bispo, Vitor Gonçalves, Francisco Martins and Marina 
Soares for valuable collaboration during the experiments. We would 
also like to acknowledge the contribution of two anonymous reviewers 
who greatly contributed to improving the paper.

Funding Studies were commissioned to INIAV and financed by Bram-
bles/CHEP Europe, UK, within the protocol of scientific collabora-
tion CHEP-INIAV 2013–2014. Pedro Naves is currently funded by the 
Fundação para a Ciência e Tecnologia—FCT (contract IF/00471/2013/
CP1203/CT0001), Portugal.

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflict of 
interest.

References

Allen EA, Humble LM (2002) Nonindigenous species introductions: a 
threat to Canada’s forests and forest economy. Can J Plant Pathol 
24:103–110

Anonymous (2009) Decree law no. 1460/2009, 31st December. D.R. 
no. 252, series I., Portugal

Bengtsson J, Logie J (2015) Life cycle assessment of one-way and 
pooled pallet alternatives. Procedia CIRP 29:414–419

Benker U (2012) Monochamus alternatus—the Next Alien Causing 
Trouble. Forstschutz Aktuell 56:34–37

Braasch H, Schönfeld U (2015) Improved morphological key to the 
species of the xylophilus group of the genus Bursaphelenchus 
Fuchs, 1937. EPPO Bull 45:73–80. https ://doi.org/10.1111/
epp.12174 

Braasch H, Tomiczek C, Metge K, Hoyer U, Burgermeister W, Wulfert 
I, Schonfeld U (2001) Records of Bursaphelenchus spp. (Nema-
toda: Parasitaphelenchidae) in coniferous timber imported from 
the Asian part of Russia. For Pathol 31:129–140

Braasch H, Burgermeister W, Gu J (2009) Revised intra-generic group-
ing of Bursaphelenchus Fuchs, 1937 (Nematoda: Aphelenchoidi-
dae). J Nematode Morphol Syst 12:65–88

Cutler HG, Crumley FG, Cole PD (1986) 6-Pentyl-α-pyrone from 
Trichoderma harzianum: its plant growth inhibitory and antimi-
crobial properties. Agric Biol Chem 50:2943–2945

Davies KG, Spiegel Y (2011) Biological control of plant-parasitic nem-
atodes: towards understanding field variation through molecular 
mechanisms. In: Jones J, Gheysen G, Fenoll C (eds) Genomics 
and molecular genetics of plant–nematode interactions. Springer, 
Heidelberg, pp 493–516

Dennis C, Webster J (1971) The antagonistic properties of the Tricho-
derma spp.: production of volatile antibiotics. Trans Br Mycol 
Soc 57:41–48

Dowding P (1969) The dispersal and survival of spores of fungi caus-
ing bluestain in pine. Trans Brit Mycol Soc 52:125–137

Dwinell LD (1990) Heat-treating and drying southern pine lumber 
infested with pinewood nematodes. For Prod J 40:53–56

Dwinell LD (1997) The pine wood nematode: regulation and mitiga-
tion. Annu Rev Phytopathol 35:153–166

https://doi.org/10.1111/epp.12174
https://doi.org/10.1111/epp.12174


308 European Journal of Wood and Wood Products (2019) 77:301–309

1 3

Dwinell LD (2004) Mitigating the pine wood nematode and its insect 
vectors in transported coniferous wood. Nematol Monogr Perspect 
2:825–835

Evans HF, McNamara DG, Braasch H, Chadoeuf J, Magnusson C 
(1996) Pest risk analysis (PRA) for the territories of the European 
union (as PRA area) on Bursaphelenchus xylophilus and its vec-
tors in the genus Monochamus. EPPO Bull 26:199–249

Eyre D, Macarthur R, Haack RA, Lu Y, Krehan H (2018) Variation in 
inspection efficacy by member states of wood packaging material 
entering the European Union. J Econ Entomol 111:707–715. https 
://doi.org/10.1093/jee/tox35 7

Fukushige H (1991) Propagation of Bursaphelenchus xylophilus 
(Nematoda: Aphelenchoididae) on fungi growing in pine-shoot 
segments. Appl Entomol Zool 26:371–376

Futai K (2013) Pine wood nematode, Bursaphelenchus xylophilus. 
Annu Rev Phytopathol 51:61–83

Gams W, Bissett J (1998) Morphology and identification of Tricho-
derma. In: Harman GE, Kubicek CP (eds) Trichoderma and Glio-
cladium, vol 1. Taylor and Francis, London, pp 3–34

Ghisalberti E, Sivasithamparam K (1991) Antifungal antibiotics pro-
duced by Trichoderma spp. Soil Biol Biochem 23:1011–1020

Gibbs JN (1993) The biology of Ophiostomatoid fungi causing sapstain 
in trees and freshly-cut logs. Chapter 17. In: Wingfield JM, Seifert 
KA, Webber JF (eds) Ceratocystis and Ophiostoma. Taxonomy, 
ecology, and pathogenicity. The American Phytopathological 
Society, St. Paul, pp 153–160

Glass SV, Zelinka SL (2010) Moisture relations and physical properties 
of wood, chap 4. In: Centennial (ed) Wood handbook: wood as 
an engineering material, General technical report FPL GTR-190. 
Forest Service, Forest Products Laboratory, US Dept of Agricul-
ture, Madison, pp 4.1–4.19

Gu J, Braasch HM, Burgermeister W, Zhang J (2006) Records of Bur-
saphelenchus spp. intercepted in importing packaging wood at 
Ningbo, China. For Pathol 36:323–333

Haack RA (2006) Exotic bark and wood-boring Coleoptera in the 
United States: recent establishments and interceptions. Can J For 
Res 36:269–288

Haack RA, Petrice TR (2009) Bark-and wood-borer colonization of 
logs and lumber after heat treatment to ISPM 15 specifications: 
the role of residual bark. J Econ Entomol 102:1075–1084

Haack RA, Britton KO, Brockerhoff EG, Cavey JF, Garrett LJ, Kim-
berley M, Lowenstein F, Nuding A, Olson LJ, Turner J, Vasi-
laky KN (2014) Effectiveness of the international phytosanitary 
standard ISPM No. 15 on reducing wood borer infestation rates 
in wood packaging material entering the United States. PLoS One 
9:e96611. https ://doi.org/10.1371/journ al.pone.00966 11

Halik S, Bergdahl DR (1990) Development of Bursaphelenchus xylo-
philus populations in wood chips with different moisture contents. 
J Nematol 22:113–118

Harman GE (2000) Myths and dogmas of biocontrol. Changes in per-
ceptions derived from research on Trichoderma harzianum T22. 
Plant Dis 84:377–393

Harman GE, Howell CR, Viterbo A, Chet I, Lorito M (2004) Tricho-
derma species—opportunistic, avirulent plant symbionts. Nat Rev 
Microbiol 2:43–56

Harrington TC (1981) Cycloheximide sensitivity as a taxonomic char-
acter in Ceratocystis. Mycologia 73:1123–1129

Hisai J, Hirata K, Suzuki K (2006) Investigation of survival time of 
pine wood nematode (Bursaphelenchus xylophilus) in Wood 
Chips and Wood Blocks. Res Bull Plant Prot Japan 42:53–55 (in 
Japanese)

Hopf-Biziks A, Schröder T, Schütz S (2017) Long-term survival and 
non-vector spread of the pinewood nematode, Bursaphelenchus 
xylophilus, via wood chips. For Pathol 47:e12340. https ://doi.
org/10.1111/efp.12340 

Howell CR (2003) Mechanisms employed by Trichoderma species in 
the biological control of plant diseases: the history and evolution 
of current concepts. Plant Dis 87:4–10

Inácio ML, Nóbrega F, Vieira P, Bonifácio L, Naves P, Sousa E, Mota 
M (2015) First detection of Bursaphelenchus xylophilus associated 
with Pinus nigra in Portugal and in Europe. For Path 45:235–238

IPPC—International Plant Protection Convention (2009) International 
standards for phytosanitary measures: revision of ISPM No. 15, 
regulation of wood packaging material in international trade. Food 
and Agriculture Organization of the United Nations, Rome

Jaklitsch WM (2009) European species of Hypocrea part I. The green-
spored species. Stud Mycol 63:1–91

Kishi Y (1995) Pine wood nematode and the Japanese pine sawyer. 
Thomas Comp Limited, Tokyo

Kobayashi T, Sasaki K, Mamiya Y (1974) Fungi associated with Bur-
saphelenchus lignicolus, the pine wood nematode (I). J Jpn For 
Soc 56:136–145 (in Japanese)

Kobayashi T, Sasaki K, Mamiya Y (1975) Fungi associated with Bur-
saphelenchus lignicolus, the pine wood nematode (II). J Jpn For 
Soc 57:184–193 (in Japanese)

Kubátová A (2000) Neglected Penicillium spp. associated with declin-
ing trees. In: Samson RA, Pitt JI (eds) Integration of modern tax-
onomic methods for Penicillium and Aspergillus classification. 
Harwood Academic Publishers, Amsterdam, pp 299–307

Lovett GM, Weiss M, Liebhold AM, Holmes TP, Leung B, Lambert 
KF, Orwig DA, Campbell FT, Rosenthal J, McCullough DG, Wil-
dova R, Ayres MP, Canham CD, Foster DR, LaDeau SL, Weldy 
T (2016) Nonnative forest insects and pathogens in the United 
States: impacts and policy options. Ecol Appl 26:1437–1455

Maehara N (2008) Reduction of Bursaphelenchus xylophilus (Nema-
toa: Parasita phelenchidae) population by inoculating Tricho-
derma spp. into pine wilt-killed trees. Biol Control 44:61–66

Maehara N, Futai K (1996) Factors affecting both the numbers of 
the pinewood nematode, Bursaphelenchus xylophilus (Nema-
toda: Aphelenchoididae), carried by the Japanese pine sawyer, 
Monochamus alternatus (Coleoptera: Cerambycidae), and the 
nematode`s life history. Appl Entomol Zool 31:443–452

Maehara N, Futai K (2000) Population changes of the pinewood nema-
tode, Bursaphelenchus xylophilus (Nematoda: Aphelenchoididae), 
on fungi growing in pine-branch segments. Appl Entomol Zool 
35:413–417

Maehara N, Futai K (2008) Microbial control of Bursaphelenchus xylo-
philus by Fungi. In: Mota MM, Vieira PR (eds) Pine wilt disease: 
a worldwide threat to forest ecosystems. Springer, Netherlands, 
pp 359–368

Maehara N, Hata K, Futai K (2005) Effect of blue-stain fungi on the 
number of Bursaphelenchus xylophilus (Nematoda: Aphelen-
choididae) carried by Monochamus alternatus (Coleoptera: Cer-
ambycidae). Nematology 7:161–167

Maehara N, Tsuda K, Yamasaki M, Shirakikawa S, Futai K (2006) 
Effect of fungus inoculation on the number of Bursaphelenchus 
xylophilus (Nematoda: Aphelenchoididae) carried by Monocha-
mus alternatus (Coleoptera: Cerambycidae). Nematology 8:59–67

Meissner H, DeWald P, Jones E, Lemay A, Millar L, Ye W (2014) 
Pest survey of softwood boxes, with special emphasis on pine-
wood nematode, Bursaphelenchus xylophilus (Nematoda: Para-
sitaphelenchidae). EPPO Bull 44:37–43. https ://doi.org/10.1111/
epp.12083 

Melencion N, Morrell JJ (2007) Performance of antisapstain com-
pounds on kiln-dried Douglas-fir and hem-fir lumber subjected 
to rewetting. For Prod J 57:111–113

Molina-Murillo S, Smith T, Reichenbach M, Smith R (2005) Impact 
of international phytosanitary standards on wood packaging 
materials end users: pre-implementation assessment. For Prod J 
55:24–26

https://doi.org/10.1093/jee/tox357
https://doi.org/10.1093/jee/tox357
https://doi.org/10.1371/journal.pone.0096611
https://doi.org/10.1111/efp.12340
https://doi.org/10.1111/efp.12340
https://doi.org/10.1111/epp.12083
https://doi.org/10.1111/epp.12083


309European Journal of Wood and Wood Products (2019) 77:301–309 

1 3

Payne C, Petty JA, Woodward S (1998) Fungal spora of softwood tim-
ber drying kilns in Scotland. Mater Org (Berlin) 32:109–125

Penas AC, Dias LS, Mota M (2002) Precision and selection of extrac-
tion methods of aphelenchid nematodes from maritime pine wood, 
Pinus pinaster L. J Nematol 34:62–65

Ramsfield TD, Ball RD, Gardner JF, Dick MA (2010) Temperature and 
time combinations required to cause mortality of a range of fungi 
colonizing wood. Can J Plant Pathol 32:368–375

Rossman AY (1996) Morphological and molecular perspectives on 
systematics of the Hypocreales. Mycologia 88:1–19

Ryss AY, Vieira P, Mota MM, Kulinich O (2005) A synopsis of the 
genus Bursaphelenchus Fuchs, 1937 (Aphelenchida: Parasitap-
helenchidae) with keys to species. Nematology 7:393–458

Schubert M, Fink S, Schwarze F (2008) Evaluation of Trichoderma 
spp. as a biocontrol agent against wood decay fungi in urban trees. 
Biol Control 45:111–123

Seifert KA, Frisvad JC (2000) Penicillium on solid wood products. 
In: Samson RA, Pitt JI (eds) Integration of modern taxonomic 
methods for Penicillium and Aspergillus classification. Harwood 
Academic Publishers, Amsterdam, pp 285–292

Simpson WT (1998) Equilibrium moisture content of wood in outdoor 
locations in the United States and worldwide. In: Res. Note FPL-
RN-268. U.S. Department of Agriculture, Forest Service, Forest 
Products Laboratory, Madison

Smith RS (1992) Eradication of pinewood nematodes in softwood lum-
ber. Proc Can Wood Preserv Assoc 13:185–206

Sousa E, Naves P, Bonifácio L, Henriques J, Inácio ML, Evans H 
(2011a) Survival of Bursaphelenchus xylophilus and Monochamus 
galloprovincialis in pine branches and wood packaging material. 
EPPO Bull 41:203–207

Sousa E, Naves P, Bonifácio L, Henriques J, Inácio ML, Evans H 
(2011b) Assessing risks of pine wood nematode Bursaphelenchus 
xylophilus transfer between wood packaging simulating assembled 
pallets in service. EPPO Bull 41:423–431. https ://doi.org/10.111
1/j.1365-2338.2011.02512 .x

Sriwati R, Takemoto S, Futai K (2007) Cohabitation of the pine wood 
nematode, Bursaphelenchus xylophilus, and fungal species in pine 
trees inoculated with B. xylophilus. Nematology 9:77–86

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S (2013) MEGA6: 
Molecular Evolutionary Genetics Analysis version 6.0. Mol Biol 
Evol 30:2725–2729

TIMCON—Timber Packaging and Pallet Confederation (2017) Pallets 
and packaging, design and features. http://www.timco n.org/Publi 
catio ns/FactS heets /Downl oad/Fact%20She et%20-%20Des ign.pdf. 
Accessed 29 Nov 2017

Tomiczek C, Braasch H, Burgermeister W, Metge K, Hoyer U, Brand-
stetter M (2003) Identification of Bursaphelenchus spp. isolated 
from Chinese packaging wood imported to Austria. Nematology 
5:573–581

Tomminen J (1991) Pinewood nematode, Bursaphelenchus xylophilus, 
found in packing case wood. Silva Fenn 25:109–111. https ://doi.
org/10.14214 /sf.a1560 1

Uzunovic A, Khadempour L, Leung K (2008) Heat disinfestation of 
decay fungi found in post-mountain pine beetle wood. Natural 
Resources Canada, Canadian Forest Service, Pacific Forestry 
Centre, Victoria. Mountain Pine Beetle Initiative [From project 
8.61]. WP2008-14. Cat. no.: Fo144-7/2010E-PDF. ISBN 978-1-
100-14610-2, p 16

Webster J, Weber RWS (2007) Introduction to fungi. Cambridge Uni-
versity Press, Cambridge

Weindling R (1932) Trichoderma lignorum as a parasite of other soil 
fungi. Phytopathology 22:837–845

White TJ, Bruns T, Lee S, Taylor J (1990) Amplification and direct 
sequencing of fungal ribosomal RNA genes for phylogenetics. In: 
Innis MA, Gelfand D, Sninsky JJ, White TJ (eds) PCR Protocols: 
a guide to methods and applications. Academic Press, San Diego, 
pp 315–322

Wu Y, Trepanowski N, Molongoski J, Reagel P, Lingafelter S, Nadel 
H, Myers S, Ray A (2017) Identification of wood-boring beetles 
(Cerambycidae and Buprestidae) intercepted in trade-associated 
solid wood packaging material using DNA barcoding and mor-
phology. Sci Rep 7:40316

Yang Z-S, Li G-H, Zhao P-J, Zheng X, Luo S-L, Li L, Niu X-M, 
Zhang K-Q (2010) Nematicidal activity of Trichoderma spp. and 
isolation of an active compound. World J Microbiol Biotechnol 
26:2297–2302

Yang Z, Yu Z, Lei L, Xia Z, Shao L, Zhang K, Li G (2012) Nemati-
cidal effect of volatiles produced by Trichoderma sp. J Asia Pac 
Entomol 15:647–650

Zahid MI, Grgurinovic CA, Walsh DJ (2008) Quarantine risks asso-
ciated with solid wood packaging materials receiving ISPM 15 
treatments. Aust For 71:287–293

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1111/j.1365-2338.2011.02512.x
https://doi.org/10.1111/j.1365-2338.2011.02512.x
http://www.timcon.org/Publications/FactSheets/Download/Fact%20Sheet%20-%20Design.pdf
http://www.timcon.org/Publications/FactSheets/Download/Fact%20Sheet%20-%20Design.pdf
https://doi.org/10.14214/sf.a15601
https://doi.org/10.14214/sf.a15601

	Pinewood nematode presence and survival in commercial pallets of different ages
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Selection of in-service commercial pallet timber (Experiment 1 and 2)
	2.1.1 Nematode sampling and identification (Experiment 1.1)
	2.1.2 Fungal sampling and identification (Experiment 1.2)

	2.2 Artificial inoculation of the pinewood nematode into in-service commercial pallet timber (Experiment 2)
	2.3 Statistical analysis

	3 Results
	3.1 Nematode sampling and identification (Experiment 1.1)
	3.2 Fungal sampling and identification (Experiment 1.2)
	3.3 Artificial inoculation of pinewood nematode into in-service commercial pallet timber (Experiment 2)

	4 Discussion
	5 Conclusion
	Acknowledgements 
	References


