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Loop-mediated isothermal amplification (LAMP) is an alternative amplification technology which is highly sensitive and less
time-consuming than conventional PCR-based methods. Three LAMP assays were developed, two for detection of species of
symbiotic blue stain fungi associated with Ips acuminatus, a bark beetle infesting Scots pine (Pinus sylvestris), and an additional
assay specific to I. acuminatus itself for use as a control. In common with most bark beetles, I. acuminatus is associated with
phytopathogenic blue stain fungi involved in the process of exhausting tree defenses, which is a necessary step for the coloniza-
tion of the plant by the insect. However, the identity of the main blue stain fungus vectored by I. acuminatus was still uncertain,
as well as its frequency of association with I. acuminatus under outbreak and non-outbreak conditions. In this study, we em-
ployed LAMP technology to survey six populations of I. acuminatus sampled from the Southern Alps. Ophiostoma clavatum was
detected at all sampling sites, while Ophiostoma brunneo-ciliatum, reported in part of the literature as the main blue stain fun-
gus associated with I. acuminatus, was not detected on any of the samples. These results are consistent with the hypothesis that
O. clavatum is the main blue stain fungus associated with I. acuminatus in the Southern Alps. The method developed in the
course of this work provides a molecular tool by which it will be easy to screen populations and derive important data regarding

the ecology of the species involved.

Bark beetles (Coleoptera: Curculionidae, Scolytinae) are
among the most economically and ecologically important
pests of conifer forests (1, 2). One interesting characteristic of
these insects is their widespread mutualistic association with as-
comycete fungi, which are transported by the beetles and are im-
portant for insect establishment and development in the host
plant (3, 4). Some of the fungal species have a directly mutualistic
interaction with their vector, serving as nourishment to the larvae
in the form of edible hyphae, spores, and exudates (5). Other
fungal species are instead thought to be involved in the process of
stimulation and exhaustion of plant defenses, which is a necessary
step for the insects to overcome host tree resistance and colonize
the plant (6). In the latter case, transported fungi are often tree-
pathogenic species belonging to the morphologically homoge-
nous group of the ophiostomatoid fungi, also referred to as blue
stain fungi (3).

There are several factors that can lead a bark beetle population
to rise from a latent non-outbreak phase to a high-density out-
break phase (7, 8); among these factors, host plant resistance is one
of the most important (2, 9). However, even though symbiotic
blue stain fungi are known to interact with host plant resistance (3,
6), very little is known about their role in insect population dy-
namics (but see references 2 and 10). In particular, almost no
information is available about the possibility that symbiotic blue
stain fungi may differ in composition and frequency under bark
beetle outbreak and non-outbreak conditions (3). Solheim sug-
gested that aggressive blue stain tree pathogens may play an im-
portant role in the initiation and development of bark beetle out-
breaks, and they are therefore predicted to occur at a higher
frequency in outbreaks than in non-outbreak periods (11, 12).
However, this hypothesis has been contradicted by the results of
some studies (13, 14) and needs to be investigated further.
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The pine engraver beetle Ips acuminatus (Gyll.) is a small bark
beetle infesting the thin bark of Scots pine (Pinus sylvestris L.)
throughout Europe (15). It is associated with a complex of
symbiotic fungi which includes the obligate nutritional fungus
Hpyalorhinocladiella macrospora (Franke-Grosm.) Harr. (syn.
Ambrosiella macrospora Batra) (16-18) and some weakly phyto-
pathogenic blue stain fungi involved in the exhaustion of host
plant defenses (3, 6, 19-21). Among these blue stain species, the
literature reports a specific fungus which is more consistently as-
sociated with the bark beetle vector (17, 22), but the identity of this
fungus is still uncertain. Initial records described Ophiostoma cla-
vatum Math.-Kdirik as the main associated species (17, 22-25),
while subsequently—and without confuting the previous re-
cords—many authors reported Ophiostoma brunneo-ciliatum
Math. (19-21). This uncertainty could be related to spatial varia-
tion in the composition of the symbiotic complex at different sites
or to variation in the insect-fungus association according to the
epidemic phase of the insect population (11). Alternatively, the
physiological and morphological similarities of O. clavatum and
O. brunneo-ciliatum (22, 24) may have led to an erroneous species
identification. To begin to resolve the uncertainty in this area,
efficient methods are required for the accurate identification of
blue stain fungi in the insect vector.
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FIG 1 Map of the sampling sites of outbreak populations (squares) and
nonoutbreak populations (circles) of Ips acuminatus. The base map is
modified from a Wikimedia Commons file originally created by Eric Gaba
and NordNordWest and republished under the Creative Commons Attri-
bution-Share Alike 3.0 Unported license.

Identification of blue stain fungi on the basis of morphological
characteristics can be problematic, since species are characterized
by simple morphology and many overlapping features (3). The
introduction of DNA-based methods has therefore been essential
for the correct identification of blue stain fungal species (e.g., see
reference 26); however, methods for routine species-specific de-
tection of O. clavatum and O. brunneo-ciliatum have not been
reported to date. In recent years, PCR-based methods, for instance
multiplex and real-time PCR, have been developed to detect other
fungal species directly in their insect vectors (e.g., see references 27
to 29); however, methods based on PCR can be time-consuming
and require the extraction of high-quality DNA due to the effects
of inhibitors on PCR sensitivity (30, 31). Loop-mediated isother-
mal amplification (LAMP) is an alternative amplification technol-
ogy (32) which is highly sensitive, less time-consuming than con-
ventional PCR-based methods, and less prone to inhibition from
DNA preparations (33). Amplification by LAMP involves the use
of four primers (two internal and two external) and relies on au-
tocycling DNA synthesis by a DNA polymerase with high strand
displacement activity. Both the forward and backward inner
primers contain two distinct sequences each, corresponding to the
sense and the antisense sequences of the target DNA. Amplifica-
tion products are characterized by the fact that they contain loop
regions to which further primers can bind, allowing the amplifi-
cation to continue isothermally (32). The speed of the reaction is
accelerated using additional loop primers that bind to those loops
which are of the inverse orientation to the loops to which the
internal primers bind (34). LAMP products consist of stem-loop
DNAs with numerous inverted repeats of the target in cauliflow-
er-like structures with multiple loops. Like PCR, LAMP reac-
tions can be monitored in real time using intercalating fluores-
cent dyes (32, 35).

The aims of our study were therefore (i) to develop real-time
LAMP assays for the species-specific detection of O. clavatum and
O. brunneo-ciliatum directly in the insect vector, and an assay
specific to I. acuminatus to be used as an internal control (36); (ii)
to use these assays to assess which of these species is the blue stain
fungus more consistently associated with 1. acuminatus in the
Southern Alps; and (iii) to investigate whether outbreak and non-
outbreak populations of I. acuminatus show significant differ-
ences in the occurrence of these symbiotic blue stain fungi.
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MATERIALS AND METHODS

Sample collection and biological material for assay development. Logs
(40 cm long) of Scots pine recently infested by I. acuminatus were col-
lected in winter 2009 from six sites along the Southern Alps, in Italy
(Fig. 1). Valtellina and Cortina d’Ampezzo were identified as outbreak
population sites on the basis of recently recorded damage on a large scale
caused by I. acuminatus (15, 37). The four non-outbreak sites were se-
lected on the basis of reports provided by the Forest Services as locations
where there had been only isolated occurrences of small numbers of af-
fected trees. At each site, logs were collected from two different trees,
except at Brusson, where only one tree was sampled. After collection, logs
were transferred to the University of Padua and kept in individual out-
door rearing cages for insect development. All newly emerged adults were
immediately collected, morphologically identified (38), and stored singly
at —80°C prior to testing.

To develop the O. clavatum and O. brunneo-ciliatum LAMP assays,
and test their specificity, 17 isolates of 11 different fungal species were
tested (Table 1). Isolates of O. brunneo-ciliatum, Ceratocystis montium
(Rumb.) J. Hunt, and H. macrospora were purchased from Centraalbu-
reau voor Schimmelcultures (Utrecht, Netherlands). Isolates of O. clava-
tum, deposited in the culture collection of the Forestry and Agricultural
Biotechnology Institute, University of Pretoria, South Africa, were iso-
lated from I. acuminatus samples collected in Italy and Sweden and iden-
tified on the basis of morphological and molecular features. All other

TABLE 1 Characteristics of the fungal isolates used for development of
Ophiostoma clavatum and O. brunneo-ciliatum LAMP assays

Geographic origin or

Fungal species source Isolate Collection”
Ophiostoma Lunsen, Uppsala, Sweden 37983 CMW
clavatum Lunsen, Uppsala, Sweden 37984 CMW
Val Dogna, Udine, Italy 37985 CMW
Val Venosta, Bolzano, 37986 CMW
Italy
Val Camonica, Brescia, 37987 CMW
Italy
Ophiostoma Atholl, Scotland, Great 117571 CBS
brunneo-ciliatum Britain
Kindberg, Styria, Austria 117591 CBS
Ceratocystis Weinviertel, Lower 117580 CBS
montium Austria, Austria
Oregon 137.36 CBS
Hyalorhinocladiella ~ Sweden 367.53 CBS
macrospora
Leptographium Poggio Valicaia, CVLE04 DiBA
serpens Florence, Italy
Leptographium Monte Peglia, Siena, Italy CV05MP01 DiBA
procerum
Leptographium Poggio Valicaia, CVLEO1 DiBA
lundbergii Florence, Italy
Leptographium Alberese, Grosseto, Italy ~ CVLE03 DiBA
wingfieldii
Leptographium Alberese, Grosseto, Italy ~ CVLE02 DiBA
guttulatum
Sphaeropsis sapinea  S. Rossore, Pisa, Italy S10 DiBA
Diplodia Douglas Co., Wisconsin 215 DiBA
scrobiculata

% CMW, culture collection of the Forestry and Agricultural Biotechnology Institute
(FABI), University of Pretoria, South Africa; CBS, Centraalbureau voor
Schimmelcultures, Utrecht, Netherlands; DiBA, Dipartimento di Biotecnologie Agrarie,
University of Florence, Italy.
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TABLE 2 Description of the insects used for Ips acuminatus LAMP assay
development

Insect species Geographic origin

Ips acuminatus Lunsen, Uppsala, Sweden

Lunsen, Uppsala, Sweden

Cortina d’Ampezzo, Belluno, Italy
Val Dogna, Udine, Italy

Ips sexdentatus Monfalcone, Gorizia, Italy

Ips typographus Chioggia, Venice, Italy
Ips cembrae Chioggia, Venice, Italy
Tomicus piniperda Verzegnis, Udine, Italy

Orthotomicus erosus
Crypturgus cinereus

Trieste, Italy
Chioggia, Venice, Italy

fungal isolates belonged to the collection of the Dipartimento di Biotec-
nologie Agrarie, University of Florence, Italy (39, 40). Species were chosen
for their association with I. acuminatus (3) or for their occurrence on
Pinus spp. (3, 39, 40).

Adults of I. acuminatus and other bark beetle species to be used as a
comparison during the I. acuminatus LAMP assay development were
kindly provided by E. Petrucco Toffolo (DAFNAE, University of Padua,
Italy). Tested species and provenances are reported in Table 2.

DNA extraction. DNA was extracted from I. acuminatus samples by
following a protocol developed for museum beetle specimens (41), which
does not require the homogenization of whole insect tissues. This method
was chosen in order to minimize the amount of insect DNA extracted
relative to fungal DNA. Total DNA of fungi and insects used for LAMP
assay development was extracted following a standard salting-out proto-
col (42).

Approximate DNA concentrations were determined at 260 nm using a
NanoDrop 2000 spectrophotometer (NanoDrop Technologies, Wilming-
ton, DE), and extracts were diluted to 10 ng wl™'in double-distilled water
(Sigma-Aldrich, St. Louis, MO).

Loop-mediated isothermal amplification assay development. Spe-
cies-specific LAMP primers for O. clavatum and O. brunneo-ciliatum were
designed manually from the B-tubulin gene antisense sequences of O.
clavatum (GenBank accession number JX298085) and O. brunneo-cilia-
tum (GenBank accession numbers HM031559 and JX298086) (43). Spe-

TABLE 3 Primers used for LAMP assays

Detection of I. acuminatus-Associated Fungi Using LAMP

cies-specific primers for I. acuminatus were designed manually from COX
I gene sense sequence (GenBank accession numbers U82585, AF113325,
and EF115508) (44-46). BLAST analysis of the listed sequences was per-
formed using the National Center for Biotechnology Information (NCBI)
database (47), in order to identify regions with high interspecific variabil-
ity suitable for primer design. Sequence alignments were performed using
ClustalW, in MEGA, version 5, software (48, 49).

Six LAMP primers (external primers F3 and B3, internal primers
FIP and BIP, and loop primers F-Loop and B-Loop) were designed for
each assay (except the I acuminatus assay, which lacked the F-Loop
primer), according to the strategy described by Notomi et al. (32) and
Nagamine et al. (34). Primers were designed to exploit interspecific se-
quence variability and checked for hairpin, self-dimer, and heterodimer
production using Integrated DNA Technologies (Coralville, IA) Oligo-
Analyzer, version 3.1, software (50). Primers were synthesized by Eurofins
MWG Operon (Ebersberg, Germany), and the sequences are reported in
Table 3.

Real-time LAMP assays were carried out on a Genie II instrument
(OptiGene, Horsham, United Kingdom) in 25-pl reaction mixtures con-
taining 15 pl of isothermal master mix ata 1X concentration (OptiGene),
200 nM each external primer, 2 uM each internal primer, and 1 uM each
loop primer (35). The isothermal master mix contained a fluorescent
double-stranded DNA binding dye to permit the real-time detection of
the results. The assays were optimized in terms of reaction time, temper-
ature, and the volume of DNA added per reaction. For the O. clavatum
assay, 4 wl of template DNA was added per reaction, and the reaction was
held at 66°C for 35 min. For the O. brunneo-ciliatum assay, 2 pl of tem-
plate DNA was added per reaction, and the reaction was held at 65°C for
30 min. For the I. acuminatus assay, 1 pl of template DNA was added per
reaction, and the reaction was held at 63°C for 50 min. After amplification,
the nature of the amplification products was confirmed by subjecting the
reactions to a slow annealing step (0.05°C per s) from 95°C to 75°C with
fluorescence monitoring. An estimate of the average annealing tempera-
ture * the standard deviation (SD) for the amplification product of each
assay was calculated on the basis of three repetitions for each target isolate
and specimen described in Tables 1 and 2.

To test specificity, assays for O. clavatum and O. brunneo-ciliatum
were initially tested using DNA samples from the isolates described in
Table 1, and the assay for L. acuminatus was tested on DNA extracted from
the species described in Table 2. To evaluate the sensitivity of the three
LAMP assays, 10-fold serial dilutions of template DNA were tested.

LAMP assay target Primer Sequence (5'-3") Target region length (bp)
Ophiostoma clavatum F3 CCTCGTTGAAGTAGACGCTC 176
B3 GATTCCGATCTACGGCTCC
FIP GTTGGACGTTGGACGCCGCGAGGCGCTCCAGCTGGAGA
BIP GAAGTGGGAGAATACATACACGCCATGGCTGAACTCAACACTGAC
F-Loop ACCGCAGCTAACGTAATGTCC
B-Loop GCTGTCAAGGCCGTGCTC
O. brunneo-ciliatum F3 GACCGAAAGGACCGGCAC 217
B3 GCTCCACCGCGGCATGA
FIP CTGTCCCTAGGTACAACGGCACAGATCGACAAGGACGGCAC
BIP CCACGACCAACATCAGGGGAGACAGGCAGCAGATTTCCGGC
F-Loop CCTCTGGCAACAAGTACGTG
B-Loop GCTGTCAAGGCCGTGCTC
Ips acuminatus F3 CATTTCATGGAGCTCAAATTTC 182
B3 TCCTGTAAAAAGTGGAAATCATT
FIP TCCGGTTAAACCTCCTAGAGTAAATAATCCCTCAAGACTTTGATCT
BIP ATGTAGTTGCCCATTTCCATTATGTGGACAATTCCTGCAATAATAG
B-Loop ACTTTCAATAGGAGCTGTATTTG
April 2013 Volume 79 Number 8 aem.asm.org 2529
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TABLE 4 Frequency of association of the blue stain fungi Ophiostoma clavatum and O. brunneo-ciliatum with Ips acuminatus individuals collected in

the Southern Alps, Italy (n = 110)

No. of I acuminatus individuals
associated with indicated fungus (no.
positives/10 tested samples”)

Site no. Site location” (geographic coordinates; altitude above sea level) Outbreak Tree O. clavatum O. brunneo-ciliatum
1 Brusson, Aosta (45°45’'N, 7°45'E; 1,769 m) No A 3 0
2 Val Camonica, Brescia (46°10’N, 10°22'E; 1,183 m) No A 7 0
B 7 0
3 Valtellina, Sondrio (46°29'N, 10°19'E; 1,644 m) Yes A 3 0
B 4 0
4 Val Venosta, Bolzano (46°38'N, 10°51'E; 1,341 m) No A 5 0
B 6 0
5 Cortina d’Ampezzo, Belluno (46°29'N, 12°10"E; 1,124 m) Yes A 3 0
B 5 0
6 Val Dogna, Udine (46°27'N, 13°22'E; 980 m) No A 8 0
B 8 0

“ See Fig. 1 for site geographic location.
b Ophiostoma clavatum and O. brunneo-ciliatum were tested on the same samples.

Ophiostoma clavatum and O. brunneo-ciliatum DNA was diluted in DNA
extracted from the insect vector, to account for potential inhibitory ef-
fects. Serial dilutions of I. acuminatus DNA were prepared in water. For
assay optimization and characterization, reactions were carried out in
triplicate.

Experimental design. To survey the occurrence of O. clavatum and O.
brunneo-ciliatum on the collected I. acuminatus individuals, 10 randomly
chosen insects were tested from each tree, for a total of 110 samples
(Table 4). DNA extracted from each sample was tested for the presence of
O. clavatum and O. brunneo-ciliatum using real-time LAMP. Reactions
were carried out in triplicate, and a sample was considered to be positively
associated with each fungus if at least two of the replicates had a positive
response. Samples which were negative using both of the fungal assays
were tested with the I. acuminatus assay, in order to determine whether
DNA extraction had been successful and the sample supported isothermal
amplification, as described by Tomlinson et al. (36). In this case, reactions
were carried out in one replicate. A negative response with the I acumi-
natus assay indicated failure of the DNA extraction procedure for that
sample. In total, sufficient samples were tested such that results were suc-
cessfully obtained for a total of 10 samples from each tree. During sample
analysis, each LAMP run included one reaction mixture containing either
O. clavatum (isolate CMW 37983), O. brunneo-ciliatum (isolate CBS
117591), or I acuminatus (collected in Udine, Italy) DNA as a positive
control and one reaction mixture containing water as a negative control.

Statistical analysis. Survey data on the occurrence of O. clavatum on
the collected I. acuminatus were analyzed with a generalized linear-mixed-
effect model (GLMM), using a binomial distribution (51). To account for
the nested nature of the experimental design, we used a model with pres-
ence or absence of the species on the vector as the response variable,
population characteristic (outbreak or non-outbreak) as the fixed effect,
and tree within site as the random factor. Data were analyzed in R (52)
using the Ime4 package (53). Since the presence of O. brunneo-ciliatum
was not recorded, statistical analysis on this species was not performed.

RESULTS

Specificity and sensitivity of LAMP assays. Ophiostoma clavatum
and I. acuminatus LAMP assays were specific, producing a positive
response only in the presence of the target species. The O. brun-
neo-ciliatum LAMP assay occasionally also produced nonspecific
responses, which were nevertheless always distinguishable from
the specific amplification on the basis of annealing temperature
(Fig. 2). We hence considered the O. brunneo-ciliatum LAMP as-
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say to be specific provided that the annealing temperature was
taken into account for all positive reactions. Annealing tempera-
tures (means = SDs) for O. clavatum, O. brunneo-ciliatum, and I.
acuminatus LAMP assays were 89.33 = 0.07°C, 89.84 £ 0.07°C,
and 80.63 = 0.25°C, respectively.

Sensitivity tests for O. clavatum and O. brunneo-ciliatum
LAMP assays showed that for both the assays the limit of detection
was 0.01 ng pl ™", corresponding to 0.04 ng and 0.02 ng per reac-
tion, respectively. These amounts of DNA produced a positive
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FIG 2 Example of one of the specificity tests for Ophiostoma brunneo-ciliatum
real-time LAMP assay. In the amplification plot (A), besides the positive con-
trols for O. brunneo-ciliatum (isolates CBS 117591 and CBS 117571), O. clava-
tum isolate CMW 37984 and Hyalorhinocladiella macrospora isolate CBS
267.53 produced positive responses. However, in the annealing plot (B), non-
specific amplifications showed an annealing temperature that differed by more
than 1°C from the specific ones.
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FIG 3 Ophiostoma clavatum (A), O. brunneo-ciliatum (B), and Ips acuminatus
(C) real-time LAMP assays. Shown are results of the sensitivity test. Each
dilution was run in three replicates. O. clavatum and O. brunneo-ciliatum DNA
was diluted in I. acuminatus DNA. I. acuminatus DNA was diluted in water.

response in all three replicates for both assays, while at lower con-
centrations, responses were not consistent between replicates
(Fig. 3A and B). The limit of detection of the I. acuminatus assay
was 1 ng pl~', corresponding to 1 ng per reaction; at 0.1 ng ul™"
positive responses were observed, but only in two out of three
replicates (Fig. 3C).

Occurrence of O. clavatum and O. brunneo-ciliatum on I.
acuminatus. Of the I. acuminatus samples tested, 19 samples did
not react with any of the assays, including the I. acuminatus assay.
As this indicated that the testing had been unsuccessful for these
samples, they were excluded from further analysis. Of the 110
samples for which results were obtained, 51 samples had a nega-
tive response for both fungal LAMP assays but were positive for I.
acuminatus DNA, indicating that testing was successful and both
fungal species were absent from these samples. Ophiostoma brun-
neo-ciliatum was not detected in any of the 110 samples for which
results were obtained. Ophiostoma clavatum was detected in 59
samples in total, including samples from all trees at all six loca-
tions (Table 4).

The generalized linear-mixed-effect model showed that popu-
lation characteristic (outbreak or non-outbreak) had a significant
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influence (Wald z statistic = —2.38; P = 0.017) on the frequency
of the fungus-vector association, which was 37.5% = 4.8% (mean
value * standard error [SE]) in the outbreak populations, com-
pared to 62.8% * 6.8% in the non-outbreak populations.

DISCUSSION

This paper describes the development of three real-time LAMP
assays, which were found to be sensitive and specific for the detec-
tion of two fungal phytopathogens and their insect vector, and the
application of these assays to investigate the frequency of associa-
tion between these species in populations of I. acuminatus. The
two developed fungal assays (specific for O. clavatum and O. brun-
neo-ciliatum) had alimit of detection 0of 0.01 ng w1 ™", and the total
reaction time was less than 40 min. Due to the necessity to exploit
the interspecific variability of the COX I gene sequence (44-46),
the Ips acuminatus LAMP assay lacked the F-Loop primer. As
reported previously (34), this appears to result in this assay being
slower than the other assays; however, it was found to be specific,
with a limit of detection of 1 ng pl™".

As shown by numerous studies (33), LAMP is a robust tech-
nique, with the potential to bring several advantages in molecular
detection and diagnosis. In this study, we applied this method for
the first time to the study of bark beetle-associated blue stain
fungi, exploiting its high specificity and sensitivity to distinguish
two similar fungal species directly in their insect vector. Using
LAMP-based detection, we found that O. clavatum, which was
detected at all sampling sites and on more than 50% of insects
tested, is the main blue stain fungus associated with I. acuminatus
in the Southern Alps, while O. brunneo-ciliatum was not detected.
The results of this study are in agreement with previous reports by
Mathiesen (23, 24), Rennerfelt (25), Mathiesen-Kéirik (22), and
Francke-Grosmann (17) about the identity of the main blue stain
fungus associated with I acuminatus. Subsequent reports that O.
brunneo-ciliatum is consistently associated with I. acuminatus
(e.g., see references 19 to 21) are hence probably attributable to an
identification mistake due to the high morphological similarity of
the two species (22, 24). According to Mathiesen-Kairik (22), O.
brunneo-ciliatum 1is associated with I. sexdentatus (Boern.), a
larger species which also may colonize P. sylvestris. The two blue
stain fungi can therefore be found in the same tree host, but since
they are associated with different vectors which specifically colo-
nize different parts of the stem according to their size and bark
thickness, it is unlikely that they can share the same habitat. Tak-
ing into account that I. acuminatus has been found to be consis-
tently associated with O. clavatum in Sweden, Germany, and the
former Yugoslavia (17), and that we also found the same fungus in
the six sites that we sampled, regardless of distance and population
characteristics, spatial variation in the complex composition of
blue stain fungi associated with I. acuminatus is unlikely, at least
concerning the main associated species. However, O. clavatum
and O. brunneo-ciliatum are both considered nonaggressive
pathogens (19, 24), and in the system bark beetle-P. sylvestris, they
probably equally stimulate tree response, assisting bark beetle es-
tablishment (6, 21).

In this study, we also found that the occurrence of O. clavatum
was significantly lower in outbreak populations than in non-out-
break populations. This result is based on a limited number of
samples, but it raises an interesting issue. Since the role of blue
stain fungi is to interact with plant defense (6), and outbreaks are
believed to occur when some factor reduces the ability of the tree
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to resist beetle attack (2, 9), we predicted an opposite result, as
suggested by Solheim (12). One possible explanation for this phe-
nomenon is that during the outbreak phase, the density of the bark
beetle population is so high that the presence of the blue stain
fungus, especially if not aggressive, may no longer be critical to
overwhelm plant defenses. As explained by Raffa etal. (2), once an
eruptive threshold is surpassed, the initial eliciting factors may not
be needed to sustain the outbreak. Moreover, the high density of
the bark beetle population may elicit an antagonistic pressure on
the fungus (54), causing a decrease in the occurrence of O. clava-
tum. However, the variation in the frequency of blue stain fungus
association among sites is regulated by a multitude of factors that
are context dependent (54), and our results may therefore have
been affected by factors other than population dynamics. A more
extensive survey, including a much larger number of replicates, is
necessary to investigate these factors in more detail, for instance,
by focusing on the incipient phase of an outbreak, when the pres-
ence of the associated fungi may play an important role in surpass-
ing the eruptive threshold. Our results may serve as a starting
point for these further investigations; furthermore, the LAMP as-
says described here are potentially valuable tools for the rapid
detection of O. clavatum and O. brunneo-ciliatum to expedite fu-
ture work in this area.

In conclusion, in this study, we used an innovative detection
technology to specifically and quickly detect blue stain fungi di-
rectly from the vector insects, resolving an uncertainty in the lit-
erature about the identity of the main blue stain fungus associated
with I acuminatus. Our results also provided a hint on how the
symbiotic fungal complex can vary between outbreak and non-
outbreak populations, although the discussion about the role of
blue stain fungi and their importance in the population dynamics
of bark beetles is still open. Rapid and accurate methods for spe-
cies-specific detection of blue stain fungi directly in their insect
vectors will be valuable in future investigations in this area. LAMP
technology has the potential to bring a considerable improvement
not only in diagnostics but also in ecological and biological studies
that require quick and reliable identification of symbionts.
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