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Female sex pheromone gland of the boxwood leafminer, Monarthropalpus buxi
(Diptera: Cecidomyiidae): Morphological and behavioural evidence
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Abstract. Morphological studies were carried out to determine whether females of the boxwood leafminer, Monarthropalpus buxi
(Laboulbene) (Diptera: Cecidomyiidae) have a pheromone gland, its position and ultra-structure. In addition, the reproductive behav-
iour of this gall midge was studied in the laboratory in a wind-tunnel. The source of the sex pheromone was identified as the epi-
dermis of the inter-segmental membrane between the 8" and 9" abdominal segments of females. The epidermis there was
hypertrophied and consisted of a unicellular layer of secretory cells with ultra-structural features that include a well developed
smooth endoplasmic reticulum and Golgi complexes that are typical of pheromone-producing glands. At adult emergence the sex
ratio was 1:1. The virgin females extruded their ovipositor and moved it slowly (visible using a video-camera at high magnification),
which was followed by mating. The females were monogamous, while the males usually mated several times with different females.
Wind-tunnel bioassays using virgin females, ovipositor-ectomised virgins and mated females provided further evidence that virgin

females produce a sex pheromone.

INTRODUCTION

The boxwood leafminer, Monarthropalpus buxi
(Laboulbéne) (Diptera: Cecidomyiidae), is a serious pest
of boxwood in nature, gardens and plant nurseries. The
females of this gall midge have a hard (sclerified), short
and hook-like ovipositor that is used to insert eggs into
the tissues of young boxwood leaves. This gall midge
starts emerging in early May and continues until about the
beginning of June, normally between 04.00 and 08.00
hours (Brewer et al., 1984). The larvae bore into the
parenchyma of the leaves. The mined leaves appear dis-
coloured and blistered and often turn yellow, which
reduces the aesthetic value of the plant. Heavily infested
plants often attract predatory birds that rip open the galls
to eat the larvae. This collateral damage can result in
greater damage than that caused by the leafminer
(Batdorf, 1994).

Even if chemical control can effectively reduce the
population of M. buxi, this is not a practical solution for
private and public gardens for which we need environ-
mentally friendly ways of controlling this pest. In addi-
tion, insecticides have mixed effects, because gall midges
and their parasitoids are indiscriminately killed (Del Bene
et al.,, 1995). An alternative way of reducing the damage
caused by this pest is to use resistant varieties of box-
wood (D’Eustachio & Raupp, 2001). Another possibility
is to use pheromone-based integrated pest management
strategies, as is already used for other gall midges of eco-
nomic importance (Gagné, 1989, 1994; Harris & Foster,
1999; Hall et al., 2012).

In Cecidomyiidae, sex calling of males by females is
reported for Mayetiola destructor Say (Enoch, 1891;
Cartwright, 1922) and a “chemotropic factor” is hypothe-
sised as a means of attracting males to conspecific
females in Rabdophaga terminalis (Loew) (Barnes, 1932)
and Rabdophaga triandraperda Barnes (Barnes, 1935).
The existence of female-produced sex pheromones has
been demonstrated for 10 phytophagous species (Harris
& Foster, 1999; Hall et al., 2012) and one zoophagous
species (van Lenteren et al., 2002). The components of
the female sex pheromones of 17 species of gall midges
have also been identified and shown to attract con-
specific males in field experiments and/or laboratory bio-
assays (Hall et al., 2012; Fitzpatrick et al., 2013). The sex
pheromone gland is in the region of the ovipositor. In
several species, this consists of the last three abdominal
segments (the 8™, 9™ and 10™ uromeres) (Harris & Foster,
1999), while in four species, these glands are located in
the epidermis of the inter-segmental membrane that con-
nects the 8" and 9" abdominal segments (Solinas & Isi-
doro, 1991, 1996; Isidoro et al., 1992; van Lenteren et al.,
2002).

Of note is that in all of the species for which the loca-
tion of the sex pheromone gland is known, the females
have soft, tapered, telescoped and flexible ovipositors that
allow them to insert eggs into narrow places, such as
among bud scales or between parts of growing buds
(Kieffer, 1900; Gagné, 1989).

For M. buxi, little is known about its reproductive
behaviour and even less about the existence (and possible
role) of a sex pheromone in this species. The aims of the
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present study were to determine whether females of this
species of gall midge, which has a hard and stiff ovi-
positor that is modified for inserting eggs directly into
plant tissue, produce a sex pheromone and the position
and ultra-structure of the pheromone gland. In addition,
the mating behaviour and responses of males of M. buxi
to the female sex pheromone in the laboratory are
described and the sex ratio determined.

MATERIAL AND METHODS

Sources of the adult midges

The adult gall midges were collected from branches of box-
wood shrubs with infested leaves in private and public gardens
at two different localities (Ancona and Perugia districts) in cen-
tral Italy, in April and May 2010. Infested branches (~200) were
placed in small jars containing tap water, sealed with cotton
wool, which were kept in cages (46 x 37 x 32 cm) that had three
metallic grid walls and a Plexiglas front wall. The cages were
kept in a climatic chamber (Binder KBWF 240, Tuttlingen, Ger-
many) at a temperature of 25°C, relative humidity of 65% to
75% and a photoperiod of 16L : 8D.

Anatomy and ultrastructure

For the scanning electron microscopy (SEM), 10 newly
emerged females were anaesthetized in CO,, immersed in 50%
ethanol and kept overnight at 4°C. After dehydration through a
graded ethanol series (Panreac, Barcelona, Spain), the speci-
mens were critical point dried in a Balzers Union CPD 020 unit
and gold coated in a Balzers Union SCD 040 unit (Balzers,
Vaduz, Liechtenstein) and finally examined using a Philips XL
30 scanning electron microscope (FEI Company, Eindhoven,
The Netherlands). For transmission electron microscopy (TEM),
10 newly emerged virgin females were anaesthetised in CO, and
immersed in 2.5% glutaraldehyde in a 0.1 M cacodylate buffer
with 5% sucrose (pH 7.2-7.3). The ovipositors were then
excised and kept in the same fixative for 3 h at 4°C. After
rinsing overnight in cacodylate buffer, the specimens were post-
fixed in 1% osmium tetroxide for 1 h at 4°C and rinsed in the
same buffer. Dehydration through a graded ethanol series was
followed by embedding in Epon-Araldite with propylene oxide
as the bridging solvent. Thin sections were made using a dia-
mond knife (Drukker, Cuijk, The Netherlands) on a “Nova”
ultramicrotome (LKB, Bromma, Sweden) and mounted on
collodium-coated 50-mesh grids. Finally, the sections were
stained with uranyl acetate (20 min, room temperature) and lead
citrate (5 min, room temperature) and then examined using a
Philips 208 electron microscope (FEI Company, Eindhoven,
The Netherlands). Digital photographs (1376-1032 pixels, 8b,
uncompressed greyscale TIFF files) were obtained using a high-
resolution digital camera MegaViewlll (SIS and Olympus,
Tokyo, Japan) connected to the electron microscope.

Mating behaviour and sex ratio

Branches of boxwood with infested leaves were positioned in
five cages (~40 branches/cage), as described above. Immedi-
ately upon emergence and before mating, the adults were col-
lected, separated according to sex, based on antennal di-
morphism, isolated individually in a 6-ml glass vials that were
closed with cotton wool and counted on a daily basis.

Virgin males and females (» = 10 each) were placed in a
smaller plastic cage (25 x 35 x 35 cm) that contained moist sand
(20-mm deep) and 10 boxwood branches. The midges were
observed for 2 h, which were repeated five times. Moreover,
paired virgin males and females (n = 13 each) of M. buxi were
placed separately in different glass cylinders (15 x 8 cm) and
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observed. The mating behaviour was observed and video-
recorded (Sony SSC M370 CE) during the scotophase, using a
20-W spotlight for illumination. The cages and the cylinders
were kept in a climatic chamber under the same conditions as
described above.

Wind-tunnel bioassays

Bioassays were carried out in a Plexiglas wind tunnel (189 x
60 x 62 cm) (Geervliet et al., 1994) to determine whether the
females emit volatiles that are attractive to the males. Two glass
cylinders (10 x 15 cm) closed with nylon gauze at both ends
were positioned inside the wind tunnel, with each cylinder rep-
resenting either a blank or the test material. The air flowed
through the two cylinders at 0.2 m/s. The wind tunnel was indi-
rectly illuminated with a fluorescent light tube, with an intensity
of 100 lux at the point where the males were released.

There were three different treatments: (1) blank (empty cylin-
der) versus virgin females (n = 10); (2) virgin females versus
females 24 h after mating (n = 10 each); (3) virgin females
versus virgin ovipositor-ectomised females (n = 10 each). Fifty
males were used in each treatment and used only once. Before
the bioassays, each male was isolated in a small glass tube
plugged with wet cotton wool and left to acclimatize to the con-
ditions of the wind-tunnel room for at least 60 min. The males
were then placed 80 cm downwind from the cylinders in an
open horizontal glass cylinder (20 x 15 cm). After every 10
males, the cylinders were switched to avoid a positional bias. At
the end of each trial all of the cylinders were washed with deter-
gent, rinsed with distilled water and absolute ethanol and kept
overnight at 200°C.

The wind-tunnel observations of the male flight behaviour
were video recorded. Their flight duration was recorded until
they reached the source (blank or test material). Observations
stopped when the male touched the gauze on the cylinders more
than twice or when the male landed on the wind-tunnel walls.

Statistical analysis
Data obtained from the wind tunnel behavioural assays were
analyzed using two-tailed y? tests (Ho: insects do not show pref-

erence for any of the test cylinders). The significance level of
the statistical tests was set at P < 0.05.

RESULTS

Anatomy and ultrastructure

The ovipositor of females of M. buxi is relatively short
and “telescopic” and consists of the last three abdominal
segments (Fig. 1A, B). The 8" uromere has a tubular
shape, is entirely membranous and has a smaller diameter
than the 7™ uromere. The 9™ uromere has a bulb-like
shape with a smooth surface and slides in and out of the
8" uromere during ovipositor retraction and extension.
The 9™ uromere is connected to the 8" by a sleeve-like
membrane; i.e., the 8" to 10™ inter-segmental membrane.
The sclerified and hook-like 10™ uromere is used for
inserting eggs into plant tissue. External SEM observa-
tions of the 8" to 9" inter-segmental membrane revealed a
peculiar cuticular sculpture that is characterized by tiny
elongated microtrichia that are arranged in small groups
and distributed in a continuous regular series over the
whole surface (Figs 1A, B and 2A).

The glandular area consisted of a single well-developed
layer of epidermal cells that are variable in shape and size
and located underneath both of the medial sides of the 8"
to 9" inter-segmental membrane (Fig. 1C). The



Fig. 1. Monarthropalpus buxi female. A — lateral view of last abdominal segments; B — ventral view of last abdominal segments;
C — cross-section of last abdominal segment, at the level indicated by the arrowhead in A. IM — 8" to 9" inter-segmental membrane;
MT — microtrichia; PG — pheromone gland; U7-U10 — 7" to 10™ uromeres, respectively. Scale bars: 100 um (A, B); 50 um (C).

pheromone-producing epithelial cell layer is delimited by
a loosely arranged basal lamina between it and the hae-
mocoel (Fig. 2A). The epithelial cells have ovoid nuclei
that are usually located in the basal part of the cells (Fig.
2A, B). These epithelial cells are separated by dilated
inter-cellular spaces (Fig. 2A, B). The plasma membranes
of the glandular cells adjacent to the cuticle have moder-
ately convoluted microvillar borders, which delimit small
extracellular spaces (Fig. 2C). The cytoplasm is filled

with islands of smooth endoplasmic reticulum that con-
sists of tightly packed parallel tubular elements (Fig. 2D).
Other typical secretory organelles include a few, not-
well-developed Golgi complexes, mitochondria with con-
ventional cristae dispersed throughout the cell and
abundant clusters of free ribosomes (Fig. 2). The presence
of secretory vesicles or granules was not detected in these
specimens, most probably because the females were not
releasing pheromone at the time they were processed for
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Fig. 2. Monarthropalpus buxi female. A, B — detail of a cross-section of the ovipositor, showing a general view of the glandular
epithelium; C — detail of the cuticle overlying the glandular epidermis, showing pore canals (PC) in the laminated pro-cuticle; D —
detail of the perinuclear region, showing the well-developed smooth endoplasmic reticulum (SER). BL — basal lamina; IS — intercel-
lular spaces; M — mitochondria; MT — microtrichia; MV — microvilli; N — nucleus; PG — pheromone gland; R — ribosomes; SJ — sep-

tate junction. Scale bars: 5 um (A, B); 2 um (C); 1 um (D).

TEM. As is usual for epidermal tissue, the lateral cell
boundaries frequently show septate junctions apically
(Fig. 2C). The cuticle that overlays the glandular epi-
dermis did not show any obvious porosity and consists of
a thick electron-lucid procuticle that is easy to distinguish
from the upper thin and electron-dense epicuticular layer.
The epicuticle did not show any obvious porosity, while
there were evident pore canals crossing the laminar pro-
cuticle (Fig. 2C).
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Mating behaviour and sex ratio

At adult emergence the sex ratio was 1 : 1 (n = 560).
The newly emerged females and males rested on the
infested leaves in which they had developed, presumably
waiting for their exoskeleton to harden and in the mean-
time they discharged a liquid meconium that dried out
within a few minutes. Then, about 40 min after emer-
gence, the females hung upside down from the leaves and
started calling. The females extruded the terminal part of



TaBLE 1. Responses of males of Monarthropalpus buxi recorded in a wind tunnel to virgin females, females 24 h after mating and

ovipositor- ectomised virgin females.

Number of males responding to

Treatment Number of males tested A B
1 Virgin females in A, cylinder B empty 50 38%* 0
2 Virgin females in A, mated females in B 50 41* 0
3 Virgin females in A, O-ect virgin females in B 50 36%* 0

O-ect — ovipositor-ectomised; A, B — the two test cylinders for each treatment. Males responding are those that touched the gauze
on the cylinders more than twice. A versus B comparisons, * — P < 0.001 (two-tailed %> test).

their abdomen and moved it slowly; this extension and
movement of the ovipositor was visible only when the
video-camera was operated at high magnification. Soon
after ovipositor extension each male flew to within 15
mm of a female. Subsequently, the male landed on the
leaf and vibrated its wings while approaching the female
from behind. The male then bent his abdomen towards
and clasped the female with his genitals prior to insemi-
nation. Copulation lasted 3 to 4 min. During copulation,
both the male and the female keep their wings folded in
the resting position. After mating, the male flew away
while the female remained hanging from the leaf for 2 h,
before flying in search of young leaves on which to lay
her eggs. Females mated only once whereas males mated
several times with different females.

Wind tunnel bioassays

The males were significantly (P < 0.001) attracted to
virgin females, but not to females 24 h after mating or
virgin ovipositor-ectomised females (Table 1). When
flying upwind the males always followed a zig-zag flight
pattern and the duration of these flights was on average
40 £ 2.8 s (n = 115). The shortest flight time from the
releasing cylinder to the odour source was 10 s and the
longest 175 s.

DISCUSSION

Several morphological and behavioural features of the
reproductive biology of gall midges indicate an important
role for chemical communication, especially as all gall
midges reproduce sexually (Gagné, 1994; Hall et al.,
2012). The existence of a sex pheromone gland is docu-
mented currently for only four species of gall midges,
three phytophagous (Solinas & Isidoro, 1991, 1996; Isi-
doro et al., 1992) and one zoophagous species (van Len-
teren et al., 2002). In all of these species, the females
have a soft, tapered, telescopic and flexible ovipositor,
which is made up of the last three abdominal segments
(the 8" 9™ and 10™ uromeres) and the sex pheromone
gland of the female is located in the epidermis of the
inter-segmental membrane that connects the 8" and 9"
abdominal segments. The current study presents evidence
of the existence of a sex pheromone gland in females of
M. buxi, which have a hard and stiff ovipositor that is
(strongly) modified for piercing plant tissue (Gagné,
1989). In M. buxi, the glandular tissue is located below
the inter-segmental cuticle between the 8" and 9™ uro-
meres, which is similar to the basic pattern found in Con-

tarinia sorghicola (Coquillett) (Solinas & Isidoro, 1991),
Dasineura brassicae Winn. (Isidoro et al., 1992), M.
destructor (Solinas & Isidoro, 1996), Aphidoletes
aphidimyza (Rondani) (van Lenteren et al.,, 2002), the
majority of Lepidoptera (Percy-Cunningham & MacDon-
ald, 1987), Bruchidae (Biémont et al., 1992; Ramaswamy
et al., 1995; Pierre et al., 1996) and Staphylinidae (Happ
& Happ, 1973). The thickness of the epithelium differs in
the few Cecidomyiids studied, which appears to depend
on the shape and size of the ovipositor: in C. sorghicola
and D. brassicae, the glandular epithelium is very thin,
while in M. destructor and A. aphidimyza, it is relatively
thick, as in M. buxi.

The glandular tissue is composed of unicellular secre-
tory units that are class 1 gland cells (Noirot & Quen-
nedey, 1974, 1991). In this type of glandular cell, the
secretions simply pass through the overlying cuticle via
pore canals and there are no other structures associated
with the accessory cells. This appears to be a common
feature of the pheromone glands of gall midges, as cur-
rently there is no evidence of glandular epithelia with
secretory cells that are typical of other types of gland cells
(Solinas & Isidoro, 1991, 1996; Isidoro et al., 1992; van
Lenteren et al., 2002). In addition, there are several other
ultra-structural features of the secretory cells, such as a
well-developed smooth endoplasmic reticulum (SER) that
is widespread throughout the cytoplasm and Golgi com-
plexes. The SER is known to produce fatty and oily prod-
ucts (Fawcett, 1966) and to be associated with the biosyn-
thesis of volatile secretions (Quennedey, 1998). Hall et al.
(2012) suggest that fatty acids might be intermediates in
the biosynthetic pathway of the sex pheromone compo-
nents of species of Cecidomyiidae, as reported for many
other insects (Percy-Cunningham & MacDonald, 1987;
Tillman et al., 1999).

The structures of the various components of the phero-
mones of Cecidomyiidae differ. All are unbranched,
which indicates a biogenetic origin from an acetate pool.
The functioning of these pheromone compounds depends
most commonly an acetoxy-, butyroxy-, or keto- groups.
In species related to M. buxi (e.g., species belonging to
the tribe Cecidomyiini), the components of the female sex
pheromone are mono- or diacetates and acetoxyketones
(Hall et al., 2012). A preliminary report (Riolo et al.,
2006) of di-esters with two different alkanoyloxy groups
in the pheromone of C. sorghicola needs to be confirmed.
It is likely that the special array of microtrichia on the
outer surface of the cuticle is the release site of the female
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secretions and is an adaptation that facilitates the evapo-
ration of the pheromone when the short inter-segmental
membrane is exposed.

In the present study, the sex ratio of adult M. buxi at
emergence was 1 : 1. The sex ratio in Cecidomyiidae is
generally female biased (Harris & Foster, 1999), but is
near 1 : 1 in populations of A. aphidimyza (Sell, 1976),
Asteralobia sasakii (Monzen) (Tabuchi & Amano, 2003),
C. sorghicola (Baxendale & Teetes, 1981), Dasineura
rachiphaga Tripp (Prévost, 1990), M. destructor (Stuart
& Hatchett, 1991) and Mikiola fagi (Hartig) (Coutin &
Riom, 1967). After locating a virgin female the males of
M. buxi first vibrate their wings and then attempt copula-
tion immediately, which conforms to the basic pattern
reported in the Cecidomyiidae (Harris & Foster, 1999).
The duration of copulation in M. buxi was 3 min to 4 min,
which is similar to reports for Sitodiplosis mosellana
(Géhin) (Harris & Foster, 1999) and 4. aphidimyza (van
Lenteren et al., 2002).

Male cecidomyiids can mate many times, but the
females appear to be monogamous (Gagné, 1989) as
reported, for example, for C. sorghicola (Walter, 1941),
Contarinia oregonensis Foote (Miller & Borden, 1984)
and S. mosellana (Harris & Foster, 1999). For female M.
buxi, their monogamy should result in the termination of
calling behaviour and production of sex pheromone
(Foster et al., 1991; van Lenteren et al., 2002). This
change in the behaviour of females from virgin to mated
may be induced by male accessory gland substances, as
previously recorded in many species of Diptera (Gillott,
1988; Hosken et al., 2009).

The reproductive biology of Cecidomyiidae is reviewed
by Harris & Foster (1999) and more recently by Hall et
al. (2012). The existence of female-produced sex phero-
mones is reported for 11 species of Cecidomyiidae (van
Lenteren, 2002; Hall et al., 2012). All of these species
belong to the same sub-family, the Cecidomyiinae, which
is one of the three sub-families into which the Cecido-
myiidae are usually divided (Gagné, 1989, 1994). In the
present study, the behavioural bioassays indicate for the
first time the production of a sex pheromone by M. buxi,
which also belongs to the same sub-family, the Cecido-
myiinae. Unlike the other 11 species studied, in M. buxi,
the female has a strongly modified ovipositor that affects
the calling behaviour. Indeed, when calling, M. buxi
females only extended their ovipositor very slightly,
which was visible only when recording with a video
camera at high magnification, whereas in the other gall
midges the ovipositor is extended for its full length,
which generally doubles the body length of the female
(Miller & Borden, 1981; Solinas & Isidoro, 1991; Isidoro
et al., 1992).

Over the last 10 years, great progress has been made in
the identification of the female-produced sex pheromones
of Cecidomyiidae. To date, the components of the female
sex pheromones of 17 gall midge species have been iden-
tified and shown to attract con-specific males in labora-
tory bioassays and/or in field experiments (Hall et al.,
2012; Fitzpatrick et al., 2013). Pheromone lures and traps
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have been developed for several species of midges that
are of economic importance, which are already commer-
cially available and in use for monitoring these pests
(Bruce et al., 2007; Suckling et al., 2007; Cross et al.,
2008, 2009; Tanaskovi¢ & Milenkovi¢, 2011). The results
of the morphological and behavioural studies on M. buxi
reported here constitute a good starting point for further
studies on the identification of the components of the sex
pheromone. As they markedly modify the behaviour of
male adults there is a great potential for using synthetic
sex pheromones of gall midges to control certain target
pest by disrupting their mating, attract-and-kill or mass
trapping systems (Hall et al., 2012).
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