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Abstract The pine wood nematode Bursaphelenchus
xylophilus (Steiner et Buhrer) Nickle is the causal agent
of pine wilt disease. We evaluated the efficacy of ema-
mectin benzoate (EB) for preventing wilt disease in the
field and its effect on the vector Monochamus gallo-
provincialis (Olivier) (Coleoptera: Cerambycidae).
Four experimental plots were delimited in a maritime
pine (Pinus pinaster Aiton) forest in Portugal. Trunk-
injection trials with EB included three dose-rates:
0.032 g a.i. cm−1 diameter at breast height—DBH,
n075 trees; 0.064 g a.i. cm−1 DBH, n075 trees; and
0.128 g a.i. cm−1 DBH, n050 trees; along with an
untreated control plot (n075 trees). EB was successful-
ly injected and translocated in pines at an effective
concentration. None of the treated trees died after a
period of 26 months, contrasting with a 33% mortality
of non-treated pines. Analysis of residues successfully
detected EB in branches of treated pines, with the
quantity increasing relative to the injection dose rate,
and was found to have a clear effect on the longevity
and feeding activity of adult M. galloprovincialis feed-
ing on branches. EB was efficient in preventing wilt
disease and bark beetle attacks in the terrain, and its
application by trunk injection is a new option for
wilt disease management programs in Portugal and
in Europe.
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Introduction

The pinewood nematode Bursaphelenchus xylophilus
(Steiner et Buhrer) Nickle is the causal agent of pine
wilt disease (PWD) and a major sanitary problem of
conifer species, in particular in the genus Pinus. Al-
though it is native and innocuous in North America,
this nematode was first reported to cause tree mortality
in Japan at the beginning of the 20th Century, and has
since spread to other Asian countries such as China,
Taiwan and Korea (Evans et al. 1996; Kishi 1995). In
1999 the pinewood nematode was detected for the first
time in Portugal and other places in Europe, and
despite concerted actions of government agencies the
disease continued to spread, and new wilt foci
have recently been detected in central Portugal
(Anon. 2008).

Short-distance dispersal of the nematode is done by
the adults of the genus Monochamus (Coleoptera:
Cerambycidae), with Monochamus galloprovincialis
(Olivier) being the only vector species in Portugal
(Sousa et al. 2001). Nematode transmission to living
conifer trees occurs when the recently emerged adults
carry out maturation feeding in the branches (Naves et
al. 2007). Once introduced into a susceptible host, the
nematodes feed and destroy the xylem tissues and
begin to reproduce, interrupting the water and resin
flow and eventually killing the tree (Fukuda 1997;
Linit 1988).
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The current management of pine wilt disease in
Portugal is based on sanitation, depending on location,
felling and destruction of wilt-affected and symptom-
atic pines during the winter months. In addition, flying
insect vectors are captured by traps baited with chem-
ical attractants during the summer months (Rodrigues
& Sousa 2009). Both strategies are labor-intensive and
expensive, and have limited success in highly infested
areas. The progressive spread of pine wilt disease in
Portugal and elsewhere in Europe underlines the ne-
cessity to develop and promote new preventive meas-
ures. Chemical preventive methods such as the
treatment of live trees with nematicide/insecticide
compounds have been tested with success in Japan
(Kazuya et al. 1999; Takai et al. 2003a) and the United
States (James et al. 2006), having the advantage of
being target-specific and environmentally friendly
(Takai et al. 2003b). No such studies have been con-
ducted in Portugal until now, and there is no chemical
product registered for use in the forest against the pine
wood nematode or its Monochamus vector.

Emamectin benzoate (EB) is a semi-synthetic
and second generation avermectin-derived insecti-
cide found to have the strongest nematicide activ-
ity against B. xylophilus among several chemical
substances (Takai et al. 2000), and therefore can
be considered to be a strong candidate for use as a
preventive trunk injection agent against pine wilt
disease. Furthermore, this chemical has been found
to have strong insecticidal effects on bark and
wood-boring beetles (Grosman & Upton 2006;
Grosman et al. 2009), and could prove useful in
controlling M. galloprovincialis.

The objectives of our study were to evaluate the
efficacy of three dose rates of emamectin benzoate
applied by trunk-injection on reducing the incidence
of pine wilt disease and bark beetle attacks on the
terrain, and to determine its effect on the longevity
of adultM. galloprovincialis insects feeding on treated
branches under laboratory conditions.

Materials and methods

Pine treatments with EB Field trials were conducted at
Herdade da Comporta, 100 km south of Lisbon, in a
forest of approximately 20-year-old maritime pines
(Pinus pinaster Aiton) where high tree mortality had
occurred in the previous years, caused by both pine

wilt disease and bark beetle attacks (Ips sexdentatus
(Borner) and Orthotomicus erosus (Wollaston). Four
homogenous plots of 0.5 ha each were delimited,
comprising approximately 170 healthy pine trees in
each plot. Before tree injections all dead and wilted
pines were felled and removed from the plots.

The insecticide treatments with emamectin ben-
zoate (formulated as 4% SL, A16297A, Syngenta
Corporation) included three dose rates: a “low-dose”
(0.032 g a.i. cm−1 diameter at breast height—DBH,
n075 trees), a “mid-dose” (0.064 g a.i. cm−1 DBH,
n075 trees) and a “high-dose” (0.128 g a.i. cm−1

DBH, n050 trees), along with an untreated control
plot (n075 trees). Each plot was assigned to one of
the treatments with injected pines randomly selected
throughout the plot and leaving several non-treated
trees in between. Plots were distanced 50 m from
each other.

Trunk-injections of the low and mid-dose rates
were made using the Arborjet Quickjet micro-
infusion system (Arborjet, Inc.), while in the high-
dose rate the Arborjet pressurized version (press “Tree
I.V.”, with 4 bar/60 psi) was used. The injection holes
(0.95 cm diameter and 10–12 cm deep) were drilled
pointing slightly downwards at the base of the pines
(20 cm above ground), with an autonomous drilling
machine. A plastic plug was inserted into the opening
of each hole, inserting the needle of the device through
the septum and forcing the liquid under pressure into
the sapwood of the tree.

The number of injection holes on each tree varied
according to the dose-rate and the DBH, in order to
overcome the resin pressure and obtain a homogenous
distribution of the formulations in the larger trees
(Takai et al. 2003b): for the low-dose rate, two holes
for 22 cm DBH or less, three holes over 23 cm and
four holes over 33 cm; for the mid-dose rate, three
holes for 16 cm or less, four holes over 17 cm, five
holes over 22 cm and six holes over 2 cm. A total of
8 ml was inoculated into each hole, with two consec-
utive injections of 4 ml. For the high-dose rate, using
the Arborjet pressurized device a fixed number of four
holes per tree was required to insert the necessary
amount of EB (Table 1).

Trunk-injections were made over three consecutive
days (24–26) of March 2009, before the emergence
peak of M. galloprovincialis in July (Naves et al.
2008), because according to Takai et al. (2003b) treat-
ments should be done at least 3 months before the
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emergence of the vectors and the subsequent nema-
tode introductions by maturation feeding.

The sanitary condition of the pines was assessed
periodically from 2009 to 2011 by visually record-
ing the discoloration and wilting of the tree cano-
pies, as symptomless trees infested with the PWN
have never been recorded in Portugal (Sousa et al.
2011). All wilting and dead trees were felled and
analyzed for the presence of bark- and wood-
boring beetles and the PWN. Wood samples were
collected at a height of 1.5 m from the wilted and
dead trees and taken to the INRB laboratories to
extract nematodes by the modified tray method, in
which wood is soaked in water for 48 h and
nematodes subsequently recovered with a 38 μm
wire mesh.

Quantitative analysis of emamectin benzoate in pine
tissues Four trees in each treatment were randomly
selected and two branches from each pine were cut
for the quantitative analysis of EB in the tissues. As
the Monochamus vector feeds mainly on young
shoots, 1–3-year-old branches were selected for ana-
lyzing the presence of EB.

Tissue samples were obtained by collecting wood
shavings from the branches using a pillar drill (1.5 mm
diam × 20 mm length) with four holes in each branch.
Five grams of wood shavings were collected from
each branch and soaked in 20 ml acetonitrile, kept
on a roller bed for 6 h. Samples were centrifuged
and 1 ml of the supernatant was put into LC-MS vials
for sampling. Additionally, a 2 ml acetonitrile sur-
face wash of the branches treated with the highest
dose rate was performed to collect any surface
residues on the bark.

Analysis was carried out using a Thermo UHPLC
Accela pump coupled to a Vantage TSQ (Thermo
Electron Corporation, Marietta, OH, USA) gradient
equipped with an Ion Max Source operating in posi-
tive ion mode. Elution of the analyte was achieved
using an Acquity UPLC column (BEH C18 1.7 μm,
2.1 × 50 μm) (Waters Acquity, Manchester, UK), with
a gradient of acetonitrile/water containing 0.2% for-
mic acid, with an end time of 6 min.

Standard curves for Emamectin B1a and Emamectin
B1b (the two components of EB found in a 90:10 ratio)
were constructed using reference calibration solutions.
Possible compounding effects were taken into account
by spiking untreated bark samples with the reference
compounds. Total compounds in bark washings and
bark samples were determined from the standard
curve. The EB content of the sample solution was
obtained by the sum of the amounts of EB1a and
EB1b calculated from the LC-MS peak areas, with
EB1a—parent mass 886.5, product mass 157.5–
158.5, retention time 2.65; and EB1b – parent mass
872.5, product mass 157.5–158.5 and retention
time 2.58.

Adult branch-feeding bioassay To obtain insects for
the experiments, dead P. pinaster trees were felled in
Comporta in January 2009 and divided into small
bolts which were transported to the INRB laboratories
at Oeiras. The M. galloprovincialis larvae were col-
lected from the wood and kept individually in petri
dishes under controlled conditions of temperature and
humidity (25°C and 70% r.h.).

In early July 2009, two branches of the lower
canopy were cut from ten trees randomly selected
from each treatment. In the laboratory, the branches
were divided into 10-cm sections and kept isolated and
refrigerated (2–5°C) for a few days prior to use.

Newly-emerged (one or two days old) adult M.
galloprovincialis were sexed, weighed and kept indi-
vidually at room temperature (23°C±2°C) in plastic
jars (600 ml volume) sealed at the top with a cork
stopper to allow air circulation. The 120 insects were
randomly assigned to one of the four treatments (in-
cluding the untreated trees), with 15 males and 15
females per treatment. Each insect was given one
maritime pine branch (≈10 cm in length, 2–3 cm in
diameter) to feed on, which was replaced weekly with
a similar branch from the same pine tree. Beetles were
checked daily for mortality.

Table 1 Number of pines, mean diameter at breast height
(DBH, in cm) and mean number of holes drilled per tree in the
four EB treatment-plots at H. da Comporta

Dose rate n DBH (cm) Number of drills

Control 75 21.4±5.9a na

0.032 (gcm−1) 75 21.9±3.9a 2.5±0.5a

0.064 (gcm−1) 75 21.2±2.7a 4.5±0.6b

0.128 (gcm−1) 50 23.6±3.3b 4.0±0c

Means ± SD. Within each column, values followed by the same
letter do not differ, according to the Fisher LSD test P≤0.05. na
not applicable
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The amount of weekly feeding on the pine
branches by the adult beetles was measured by
recording the surface-feed areas (where the bark
had been chewed) into a transparent paper sheet,
and afterwards into a square graph paper with a 1-
mm grid, allowing the measurement of the grids
affected by the insect’s feeding activity. Measure-
ments of feeding areas continued until the death of
the insects.

Data analysis Analysis of variance (ANOVA) with an
α-level of 0.05 was used to compare parameters, fol-
lowed by post hoc Fisher’s Least Significant Differ-
ence test (LSD) to compare significant means. Values
are presented as means ± SD. Analyses were carried
out using the software Statistica 6 (StatSoft Inc.).

Results

Pine treatments with EB None of the treated trees died
during a period of more than 2 years. The situation
differed in the control plot: by May 2001 a total of 25
trees (corresponding to 33%) had died. The PWN was
detected in 76% of those dead trees, with attacks of the
bark-beetle O. erosus detected in all dead pines
(Table 2).

Quantitative analysis of emamectin benzoate in pine
tissues Emamectin benzoate was successfully detected
in all sampled branches, with values ranging from
0.479 μg per 5 g wood sample (low dose rate) to
11.997 μg per 5 g wood sample (high dose rate), with
the quantity of EB increasing in relation to the treat-
ment rates. Similar amounts of EB1a and EB1b were
found in the branches (Fig. 1).

Concerning the surface residues, minimal amounts
of EB were detected on the bark surface of the trees

treated with the highest rate, with a mean value of
0.00317±0.001695 μg per 5 g wood sample, and a
range between 0.000239 μg and 0.007006 μg.

Adult branch-feeding bioassay The EB dose rates sig-
nificantly affected the longevity of the adult insects
under laboratory conditions (F012.7520, df03,
P00.00001). Trees injected with higher doses
were more toxic to M. galloprovincialis, irrespec-
tive of the sex (F02.9730, df01, P00.08742).
Emamectin benzoate treatments decreased adult
longevity by 26% in the low dose, 44% in the
mid dose and 67% in the high dose, compared
with the control-treatment insects (Table 3).

Irrespective of treatments, smaller insects were
found to die faster than larger ones (F07.4181,
df01, P00.007438, mean longevity of 14.7±11.5 days
for beetles with 153.5±33.9 mg, and 20.6±14.5 days
for beetles with 279.4±64.2 mg).

Besides longevity, the EB treatments significantly
affected the feeding activity of the adult insects
(F011.9130, df03, P00.00001), causing a 17%
decrease in the mean feeding area for the low
dose, a 47% decrease for the mid dose and a
54% decrease for the high dose, compared with
untreated pines. Male feeding area was significantly
higher than female (F05.6373, df01, P00.018222;
means of 60.1±3.9 cm2day−1 and 47.4±3.5 cm2day−1,
respectively).

Discussion

Emamectin benzoate was successfully injected and
diffused in adult maritime pines at an effective
concentration. The presence of EB in the trunk
and branches prevented pines from being killed
by B. xylophilus and other biotic agents, and the

Table 2 Cumulative number of
dead pines in the four plots at H.
da Comporta from March 2009
to May 2011

Month/year

Plot March
09

May
09

Sept
09

Nov
09

Feb
10

July
10

Nov
10

Feb
11

May
11

Control 0 0 0 1 15 17 21 24 25

0.032 (g cm−1) 0 0 0 0 0 0 0 0 0

0.064 (g cm−1) 0 0 0 0 0 0 0 0 0

0.128 (g cm−1) 0 0 0 0 0 0 0 0 0
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three doses tested exceeded the IC95 threshold of
0.031 μg g−1 required to inhibit nematode propagation
in young pine shoots (Takai et al. 2003b). Although
EB1a and EB1b are generally found in a 90:10% ratio
(Farer et al. 1999), in our study they were recovered
from the pine branches in similar amounts, which could
derive from a shorter retention time of EB1b (with a
higher solubility in water resulting in higher mobility
and better distribution to the branches), a higher meta-
bolic stability of EB1b or a less efficient extraction
method of EB1a.

Under laboratory conditions the three dose rates
were toxic to M. galloprovincialis, resulting in a

dose–response for the mid dose and above which
affected the insect’s feeding appetence and longevity.
This is important as beetles with lower longevity
would die before beginning to transmit B. xylophilus
into the host, because nematode transmission initiates
only 2 weeks after the vector’s emergence (Naves et
al. 2007). Furthermore, the lower longevity also
affects the insect’s reproductive potential as females
only start laying eggs 20 days after emergence (Naves
et al. 2006).

Irrespective of dose, bigger insects lived longer
than smaller ones, as they may have required a higher
concentration of EB to die and/or a longer exposure
for the product to be effective. Nevertheless, differen-
tial mortality affecting the smaller beetles was also
reported for healthy M. galloprovincialis under labo-
ratory conditions (Naves et al. 2006), and may there-
fore be an intrinsic characteristic of this species or an
outcome of other factors such as a general low vigor of
smaller insects.

Overall, our results suggest that EB injected by
trunk injection can protect trees in the field and dimin-
ish the M. galloprovincialis populations in the field
and B. xylophilus infection in the forests. As trunk
injection of EB is considered an environmentally
friendly measure (Takai et al. 2003b), it is currently
a new option to be used in Portugal and elsewhere in
Europe to protect high-value urban trees, recreational
and ornamental forests, trees near high-risk areas such
as commercial ports and sawmills, or to create buffer
zones with chemically protected pines near recent foci
of wilt disease. Future studies should evaluate the EB
persistence in the terrain over the years, although in Japan
a similar liquid formulation gave pines 3 years of protec-
tion against pine wilt disease (Takai et al. 2003a, b).
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Table 3 Weight, longevity and feeding area of adult Monocha-
mus galloprovincialis feeding on pine branches of the four
treatments with emamectin benzoate

Dose rate
(gcm−1)

n Weight
(mg)

Longevity
(days)

Feeding area
(cm2)

Control 30 220.5±87a 27.0±16.1a 466±363a
(2–50)

0.032 30 200.5±74a 19.5±13.0ab 386±295a
(5–51)

0.064 30 196.8±70a 14.9±8.9bc 246±234b
(1–33)

30 222.7±89a 9.3±6.2c 214±239b
(1–25)

Means ± SD. Extreme values in brackets. Within each column,
values followed by the same letter do not differ after ANOVA,
Fisher’s LSD test P≤0.05
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Fig. 1 Average recovery of Emamectin benzoate (EB1a and
EB1b) from 5 g of wood shaving sample per branch. DBH,
diameter at breast height
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