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Abstract The apple maggot fly, Rhagoletis pomonella, infests
apple (Malus domestica) and hawthorn species (most notably
the downy hawthorn, Crataegus mollis) in the eastern USA.
Evidence suggests that the fly was introduced into the western
USA sometime in the last 60 years. In addition to apple, R.
pomonella also infests two species of hawthorns in the western
USA as major hosts: the native black hawthorn (C. douglasii)
and the introduced ornamental English hawthorn, C. monog-
yna. Apple and downy hawthorn-origin flies in the eastern
USA use volatile blends emitted from the surface of their
respective ripening fruit to find and discriminate among host
trees. To test whether the same is true for western flies, we used
coupled gas chromatography and electroantennographic detec-
tion (GC-EAD) and developed a 7-component apple fruit blend
for western apple-origin flies, an 8-component black hawthorn
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fruit blend for flies infesting C. douglasii, and a 9-component
ornamental hawthorn blend for flies from C. monogyna. Cra-
taegus douglasii and C. monogyna-origin flies showed similar
levels of upwind directed flight to their respective natal syn-
thetic fruit blends in flight tunnel assays compared to whole
fruit adsorbent extracts, indicating that the blends contain all
the behaviorally relevant fruit volatiles to induce maximal
response levels. The black and ornamental hawthorn blends
shared four compounds in common including 3-methylbutan-
1-ol, which appears to be a key volatile for R. pomonella
populations in the eastern, southern, and western USA that
show a preference for fruit from different Crataegus species.
However, the blends also differed from one another and from
domesticated apple in several respects that make it possible that
western R. pomonella flies behaviorally discriminate among
fruit volatiles and form ecologically differentiated host races, as
is the case for eastern apple and hawthorn flies.

Keywords Apple maggot fly - Olfaction - Fruit odor
discrimination - Flight tunnel - Host races

Introduction

The apple maggot, Rhagoletis pomonella (Walsh) (Diptera:
Tephritidae) is a model system for sympatric ecologically-
based speciation via host plant shifting for phytophagous insects
(Feder, 1998; Funk et al., 2002). In particular, the shift of the fly
from its native host downy hawthorn, Crataegus mollis Scheele
(Rosales: Rosaceae), to introduced Eurasian apple, Malus
domestica Mill. (Rosales: Rosaceae) in the northeastern USA

@ Springer



https://core.ac.uk/display/159153884?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

320

J Chem Ecol (2012) 38:319-329

in the mid-1800s is often cited as an example of sympatric host
race formation in the absence of geographic isolation and in the
face of gene flow (Bush, 1966, 1969; Berlocher et al., 1993;
Berlocher and Feder, 2002; Coyne and Orr, 2004). The shift of
R. pomonella to apple also resulted in the fly becoming a major
pest of commercial apple production in the growing regions of
the northeast and Michigan.

The geographic range of the apple maggot fly is not limited
to the northeastern and mid-western USA, however. In the late
1970s, R. pomonella was detected in the Pacific Northwest.
Here, the fly costs apple growers tens of millions of dollars
annually in monitoring, quarantine, and control, as there is a
zero infestation policy for apple fruit export to foreign and
domestic markets, a $1.5 billion a year industry in Washington
State alone (National Agricultural Statistics Service, 2009). It
generally is believed that the apple infesting race of R. pomo-
nella was brought to the Pacific Northwest from the eastern
USA via larval-infested apples sometime in the 1950s
(AliNiazee and Westcott, 1987; Brunner, 1987; Tracewski et
al., 1987). It is thought that the introduction probably occurred
around the Portland, Oregon area where the first confirmed
report of apple-infesting flies was made in 1979 (AliNiazee
and Penrose, 1981). The fly then spread latitudinally up and
down Oregon and Washington along the western side of the
Cascade Mountains, reaching as far north as British Colum-
bia, Canada and as far south as northern California. The fly
also has encroached into commercial apple growing regions in
central Washington, possibly by moving up the Columbia
River Gorge.

Rhagoletis pomonella also infests hawthorns in the Pacific
Northwest, including native black hawthorn, C. douglasii, and
the introduced English ornamental hawthorn, C. monogyna
(Yee and Goughnour, 2008), the latter possibly brought to the
region following World War 1. If apple flies were introduced
from the eastern to the western USA, then these hawthorn-
infesting populations represent host shifts of R. pomonella from
apple back to hawthorn in the Pacific Northwest. Consistent
with the introduction and host shift hypothesis, R. pomonella
was first reported infesting the host C. douglasii in central
Washington in 2003 (Yee, 2008). Although not an overly
abundant plant west of the Cascade Mountains, the range of
fruiting black hawthorn is fairly extensive along rivers and
streams through the northwest, including central Washington.
Thus, if R. pomonella has always existed on black hawthorn in
the west, then it should have been detected infesting C. dou-
glasii in central Washington prior to 2003, given the extensive
annual monitoring program to control the fly performed by the
Washington State Department of Agriculture begun in 1981
(Yee, 2008; Yee and Goughnour, 2008). Hawthorns would,
therefore, appear to represent an alternate host to introduced
apple-infesting flies in the West, and black hawthorn flies now
in central Washington likely pose a new and serious threat to
the apple industry. In addition, it is possible that black hawthorm
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and ornamental hawthorn populations of R. pomonella may
also represent new races of the fly in the Pacific Northwest.

In the eastern USA, apple and downy hawthorn-infesting
flies use volatile compounds released from the surface of rip-
ening fruit as key olfactory cues to find and discriminate among
host plants (Linn et al., 2003, 2004, 2005a,b; Dambroski et al.,
2005; Forbes et al., 2005). Host fruit odor discrimination is
important because the eastern apple and downy hawthorn-
origin flies mate exclusively on or near the fruit of their respec-
tive host plants (Prokopy et al., 1971, 1972; Feder et al., 1994).
Hence, differences in host plant choice translate directly to mate
choice, generating premating reproductive isolation between
the apple and downy hawthorn host races (Feder et al., 1994;
Linn et al., 2003; Forbes et al., 2005; Forbes and Feder, 20006).
In flight tunnel assays and field trapping studies, we found that
the eastern apple and downy hawthorn host races of R. pomo-
nella preferentially orient to the fruit volatile blends of their
respective native host fruit relative to non-natal volatiles (i.e.,
apple flies positively respond and fly to a synthetic volatile
blend developed for apple fruit and are not overly attracted to
downy hawthorn fruit volatiles, and the reverse for downy
hawthorn flies) (Linn et al., 2003, 2004, 2005a,b; Forbes et
al., 2005; Dambroski et al., 2005; Forbes and Feder, 2006;
Feder and Forbes, 2007, 2008).

Here, we present results of studies on the chemical ecology
of western populations of R. pomonella by developing syn-
thetic volatile blends for the black hawthorn, C. douglasii, and
the introduced ornamental hawthorn, C. monogyna, through a
combination of gas chromatography/electroantennographic
detection (GC-EAD) analysis of both solid phase microex-
traction (SPME) and adsorbent samples collected from fruit
headspace. Our objective was to use these synthetic blends to
behaviorally test flies in flight tunnel assays and field trapping
studies (the latter to be reported elsewhere) to establish the
origins of western populations and to determine whether
sympatric host races of R. pomonella exist on apple and haw-
thorns in the Pacific Northwest. We also investigated new
formulations of the eastern apple blend by adding additional
ester volatiles to the standard 5-component blend of Zhang et
al. (1999). We conducted the latter studies based on reports
from field trapping trials in Washington that imply that the
standard eastern apple blend may not be as attractive to
western as eastern flies (Yee et al., 2005).

Methods and Materials

In the following sections, we outline the methods of chemical
and behavioral analysis that were used to develop and test
synthetic volatile fruit odor blends for western apple, black
hawthorn, and ornamental hawthorn-infesting flies. These
methods are the same as those that we have successfully used
in the past to construct synthetic blends for eastern and southern
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R. pomonella populations. Complete details of the procedures
can be found in Zhang et al. (1999), Nojima et al. (2003a,b),
and Cha et al. (2011a,b).

Insects Flies used in the study were collected as larvae in
infested host fruit and reared to the pupal stage in the
laboratory at Washington State University in Vancouver,
WA using standard R. pomonella husbandry techniques
(Neilson and McAllan, 1965; Linn et al., 2003; Dambroski
and Feder, 2007). Pupae were shipped to the Geneva, NY,
lab, and upon eclosion adult flies were kept in a walk-in
environmental chamber at 23-24°C, 16L:8 D photoperiod,
and 65-70% r.h., on an artificial diet made of water, sugar,
vitamins, casein hydrolysate, and salt mixture prior to test-
ing (Fein et al., 1982). Western flies tested in the study came
from four different apple sites, three different black haw-
thorn sites, and one ornamental hawthorn site in Washington
(Table 1). Eastern apple-origin R. pomonella tested in cer-
tain GC-EAD analyses came from a laboratory colony
maintained on Red Delicious apples at the Agricultural
Experiment Station in Geneva, NY (Neilson and McAllan,
1965; Linn et al., 2003). Eastern apple flies collected and
reared from a field site in Grant, MI and eastern downy
hawthorn flies from two sites in Grant and Fennville, MI
were also tested in certain GC-EAD analyses. Adult flies at
0-7 and 10-21-d-old were used for GC-EAD analyses and
flight-tunnel behavior tests, respectively.

Fruit Black hawthorn fruit (C. douglasii) used for the GC-
EAD analysis were collected from Wenas, WA, in 2007
(Table 1). Ornamental hawthorn fruit were collected from
the Burnt Bridge Creek Greenway site in Vancouver, WA in
2008 (Table 1). Fruit collections were made in the field and
shipped overnight to the Cornell Laboratory for volatile
characterization. Red delicious fruit were collected from an
Experiment Station apple orchard in Geneva, NY in 2007.

Headspace Volatile Sampling Adsorbent samples of fruit
headspace volatiles were made from whole fruit using 2.4L
closed volatile collection chambers (ARS, Inc., Gainesville,
FL, USA; Glass Shop, Cornell University, Ithaca, NY, USA).
Field collected fruits (500-800 ml in volume) were gently
cleaned with distilled water, thoroughly dried, and then imme-
diately put into a collection chamber. Clean air was pushed into
the chamber at 0.7 Lmin ', and volatiles were pushed out
through volatile traps (activated charcoal filters, ORBO32-
small, Supelco Inc., Bellefonte, PA, USA) on the bottom of
the chamber. For each sample of fruit, adsorbent collections
were made over a 5-d-period. Volatiles were eluted with 500 pl
methylene chloride every 24 h and combined across the five
collection days. The combined extract was kept at —20°C and
subjected to GC-EAD, GC-MS (mass spectrometry), and flight
tunnel analyses.

For the quick evaluation of fruit headspace volatiles,
SPME sampling also was performed using a glass jar
(500 ml) with Teflon liner screwcap (Wheaton, Milliville,
NJ, USA), containing ca. 150 g of fruit. A carboxen—poly-
dimethylsiloxane-coated SPME fiber (film thickness 85 pm;
Supelco) was conditioned in the GC injector (280°C) for
5 min, and then passed through the small hole on the cap
into the headspace of the jar. After a 10 to 20-min-exposure,
collected volatiles were subjected to GC-EAD and GC-MS
analysis.

Coupled Gas Chromatographic-Electroantennographic
Detection (GC-EAD) Analysis Coupled GC-EAD analysis
was performed using a Hewlett Packard 5890 Series II gas
chromatograph equipped with a non-polar EC-1 capillary
column (30 mx0.25 mm diam, 0.25 um film thickness;
Alltech Associates, Inc., Deerfield, IL, USA) or a Shimadzu
GC-17A gas chromatograph equipped with a polar EC-Wax
Econo-Cap capillary column (30 mx0.25 mm diam, 0.25 pum
film thickness; Alltech) in the splitless mode. Injector and

Table 1 Host plant sites (lati-
tude (Lat.) [N] and longitude

(Long.) [W] in deg. and min.)
sampled in the study.
WA=Washington state,
MI=Michigan, NY=New York

Host plant Location Lat. Long.
Western apple Puyallup, WA 47.11 122.18
Vancouver, WA (Burnt Bridge Creek Greenway) 45.18 122.36
Skamania, WA (St. Cloud Park, Hyw. 14) 45.35 122.06
Wenas, WA 46.87 122.67
Eastern apple Geneva, NY 42.52 77.00
Grant, MI 43.35 85.86
Western black hawthorn Vancouver, WA (Burnt Bridge Creek Greenway) 45.18 122.36
Skamania, WA (St. Cloud Park, Hyw. 14) 45.35 122.06
Wenas, WA 46.87 122.67
Western ornamental hawthorn Puyallup, WA 47.11 122.18
Vancouver, WA (Burnt Bridge Creek Greenway) 45.18 122.36
Eastern downy hawthorn Grant, MI 43.35 85.86
Fennville, MI (62nd St.) 42.36 86.09
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detector temperatures were set at 280°C and 270°C, respec-
tively. The oven temperature was programmed for 5 min at
40°C, and 5°C min ! increase to 250°C and then held for
5 min. Whole head preparations were made of individual flies
for GC-EAD analysis (Nojima et al. 2003a). The antennal
holder was placed inside a humidified condenser and main-
tained at 5°C. The output signal from the antenna was
recorded on an HP 3390A integrator.

Chemical Analysis GC-MS was carried out as previously
described (Zhang et al., 1999; Nojima et al., 2003a,b; Cha et
al., 2011a,b) with a Shimadzu GCMS-QP5050A quadrupole
mass spectrometer in EI (at 70 eV) scan mode coupled with
a Shimadzu GC-17A equipped with a nonpolar DB-1 ms
capillary column or a polar EC-Wax Econo-Cap capillary
column. Helium was the carrier gas (54 kPa at 1.1 ml/min).
The GC conditions and temperature program were as for the
GC-EAD analyses. The interface temperature was set at
260°C. Volatile compounds were identified by comparison
of chromatographic retention times and mass spectra with
those of authentic standards analyzed on the same instru-
ment. The identification was further verified by antennal
responses in the GC-EAD analyses to the standard com-
pounds. Quantification of the relative ratio of the EAD
active compounds was made from the adsorbent collection
based on total ion abundances from GC/MS analyses
according to the standard curves made from each authentic
sample.

Chemicals Pentyl hexanoate, hexyl butanoate, butyl hexa-
noate, propyl hexanoate, pentyl butanoate, butyl butanoate,
3-methylbutan-1-ol, D-limonene, pentyl acetate, hexyl acetate,
ethyl heptanoate, isoamyl butyrate, isoamyl isobutyrate, iso-
amyl propionate, (£)-3-hexenyl acetate, hexyl isobutyrate
(purities>98%), hexyl propionate, hexyl hexanoate (purities>
97%), nonanal, and linalool (purities>95%) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). The compound
2-methylbutyl 2-methylbutyrate (= 90%) was purchased from
TCI America (Portland, OR, USA). The compound (3E)-4,8-
dimethyl-1,3,7-nonatriene (DMNT) was synthesized by oxi-
dation of geraniol and then by Wittig reaction with methylene-
triphenylphosphorane (Greenwald et al., 1963) and purified
(>97% with >97% E-isomer by GC-MS) using flash chroma-
tography on silica gel. The synthesis product was eluted with
hexane and then subjected to Kugelrohr distillation (b.p. ~60—
70°C/3.0 mmHg) to remove non-volatile impurities, such as
traces of silica.

Synthetic Blends and Flight Tunnel Sources We prepared the
black and ornamental hawthorn synthetic blends as listed in
Table 2. As in our previous flight tunnel studies (Zhang et al.,
1999; Nojima et al., 2003a,b; Linn et al., 2003), we applied
200 pl of synthetic blend (1 png/ul) to a red rubber septum
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(hexane-washed; Thomas Scientific, Swedesboro, NJ, Cat.
no. 1780J07). The 200 pg dose was selected to provide a
comparison with previous studies showing maximal levels of
flight behavior with other Rhagoletis populations (Zhang et
al., 1999; Linn et al., 2003; Nojima et al., 2003a,b). The
septum sources were prepared 60 min prior to a test and were
clipped onto the bottom of a 7.5 cm red plastic sphere (Gem-
pler’s Inc., Mt. Horeb, WI, USA). Fresh sources and red
spheres were used for each replicate. Preliminary experiments
showed that a 200 pg septum can be used in the tunnel for 6 h
without a loss in response levels, a period significantly longer
than any single replicate. To test the adsorbent extracts in the
flight tunnel, we adjusted (either by diluting with hexane or
concentrated under a gentle stream of nitrogen gas) the con-
centration (GC peak size) of GC-EAD active volatiles to
become similar with the GC profiles of the synthetic blend
at 1 pg/ul concentration, and applied 200 pl of the extract to a
rubber septum.

Modified Synthetic Blends To identify key volatiles involved
in attraction or acting as behavioral antagonists to black and
ornamental hawthorn-origin flies, we prepared modified
blends by subtracting volatile compounds from the candidate
blends selected on the basis of consistent EAD responses
(Table 2). The modified blends were prepared so that each
compound was always in the same amount as in the
corresponding complete blends, thus eliminating the potential
effect of variation in concentration. For flight tunnel testing
we applied 200 pl of the modified blend to a rubber septum.
The concentration of each modified blend is listed in Table 2.

Flight Tunnel The response of flies to host fruit volatiles was
measured in a sustained-flight tunnel (Nojima et al., 2003a).
Flight-tunnel conditions were 23-24°C, 50-70% r.h., 35 cm/
sec wind speed, 1500 Ix light intensity. We used sexually
mature adult flies (males and females) that were 10-21-d-old
(post-eclosion) and had never been previously exposed to the
fruit volatile blends (i.e., fruit odor-naive flies). These flies were
tested during the 3rd to 11th hr of the 16 h photophase period in
the flight tunnel. Flies were selected from holding cages located
in a separate, environmentally controlled room, placed singly in
glass vials, taken to the room housing the flight-tunnel, and
then allowed to acclimate for at least 30 min before testing.
Individual flies were transferred to a screen holding cage,
which was then placed on a release stand such that the open
end of the cage faced upwind at a distance of 1 m to the odor
source. Flies were given 1 min to respond, and scored by a
human observer for the following two behaviors: 1) no
response=fly did not take flight, but remained in the release
cage, generally walking and grooming or flew for a short
distance to the side of the flight tunnel; and 2) upwind-
directed flight=fly faced upwind, walked to the edge of the
release cage (100 cm from source), and took flight and initiated



323

J Chem Ecol (2012) 38:319-329

96°0 79°0 90 01 S0 S0 L0 90 L0 L0 01 S0 L0 vL'0 96°0 01 01 (m/3r)uonenusouo)

96 9 09 001 €S (914 69 19 89 €L 001 125 0L YL 96 001 001 (%) 1e10L,

07 07 Jjeouexay [AX9H

€ € 3 € € S oeouexay [Kudg

8¢ 8¢ 8¢ 4! (4} (4} 4! (4} 4! 0C 0T 0C 0T 0C 144 djeoueIng [AXIH

4! (4} 4! 4! 4! 4} 0T 0T 0C 0T 0C LE djeouexdy [King

or or (114 JjeoueINqoSI [AXIH

14 L4 14 (4} 4! 4! (4} 4! 4! INNA

L4 ININT

€ € € € S S S S S S S 12 14 14 12 9jeuordoad [AxoH

(4! [oofeury

(4! [euBUON

S S S S S S eouryday Ay

€ [4 C C 4 4 14 eouexay [Adoag

[4 [4 [4 [4 deoueing [AUdg

I I I I Jreoueng [AWEROS]

€ € € € € € € suouowl]-q

I I I I 9jeouE)NQOSI [AWROS]

(114 07 (114 (114 9)e)9dE [AXOH

14 14 14 14 14 4 9)8)IE [AUIXIY-¢-(7)

S S S S S 01 sreouring [Aing

I I I I ojeuordoid [Aureosy

é 4 q1e)R0E [KJuod

01 0l 0l 01 0T 0C 0T 0T 0T 0T [o-[-uemnqAyow-¢
YHO ¢HO CHO IHO LHY 9Hd sHA YHd ¢Hd cHY TH4 SVM VM eV VM VM vd
MEY [RJUSWERUI) Mmey yoejq 91ddy uroisop pue urdiseq

(%) SpPU[q oLAYPUAS paygIpow pue )2[dwod JO ONel IANRY

JreoueINq[AYIW-7 [AINQIAYIOW-7 SOIBIIPUI NN PUB ‘QUILIIRUOU-/ ‘¢ [-[AypowIp-8y-(7)€ sorearpul [NJAC "SPUS[q oY) JO 210Ul 10
QUO Ul PIYIPOW 1M JeLf} IS0} edIpul SULINI| P[oq ul spunoduwo)) “wnydas 1ogqni & 0) pus|q PaJIPOwW 3y JO [H ()7 PIPLO[ OS[B dM ‘SPUq PIYIPOUL dY) JO $189) [duun) Jy3IjJ 10, ‘spus[q 239]dwod
9A1)0ddsa1 oY) Ul punoj se paje[nuIo} 1M (019 ‘THO ‘THE ‘TVAL) SPUSIQ PIIpOW JO UOHRIUIIUO0D pue oney ‘wmdos 1oqqni & 0) papeo] a1om ‘spunoduwiod d[1e[oA [e10) Jo 81 oz snyp ‘pusjq
ap Jo M ooz ‘(IM/81 o°1 18 paredaxd) THO 10 THY ‘TVM VA JO S159) [ouuny Jy3IjJ 10 "UONEHUIIUOD Ul UONBLIBA JO 103JJ0 [enuajod ot Suneurwro snyy (THO PUe ‘THE ‘1VM) SpPue[q 2191dwiod
Surpuodsa110o ur se junowre dwes oY) Ul sAem[e sem punoduwoo swes oy jey) os paredard a1om spuslq oy} [V (910 ‘bVA ‘EVM ‘TVA 3'9) Spud[q paljIpou JURIIp Juasardar spud[q paroquunu
APuaIajI(q "Spud[q dMYIUAS (JHO) WIoOyImey [eludwewnIo pue ‘(1Hg) woymey yoe[q ‘(1va) oidde urosop {(vH) 21dde uidseq 9jo1dwos oy ur spunoduwos a[1e[oA Jo (2,) oner 9Ane[RY ¢ d[qeL

pringer

As



324

J Chem Ecol (2012) 38:319-329

upwind oriented flight in the odor plume. An upwind flight
response was scored as positive if the fly exhibited plume-
oriented flight for at least 50 cm toward the sphere [we previ-
ously showed that at this distance flies are not attracted to the
red sphere alone with no odor source (Linn et al., 2003)]. In the
following sections, ‘agonist’ volatiles refer to those compounds
that contributed to the positive upwind directed flight response
to a particular blend, and ‘antagonist’ refers to a non-natal host
volatile that, when added to a blend, resulted in a significant
reduction in upwind directed flights.

For each of the host plants, our experimental protocol
involved first testing adsorbent extracts in the flight tunnel,
with the expectation that response levels should be high, thus
indicating that the behaviorally active blend was contained in
the extract, and that no potential deterrent compounds were
present, such as might occur with over-ripe or rotting fruit.
Given a high response level to the extract, we then tested the
candidate synthetic blends that were selected from the GC-
EAD profiles based on the consistency of the responses over
the majority (>75%) of the profiles. Again, the expectation was
that response levels should be high and equivalent to those
observed with the extracts. We then tested flies to modified
blends that had volatiles subtracted or added to the complete
blends to determine whether all of the compounds identified
from the GC-EAD profiles were required for maximal re-
sponse (upwind-directed flight). For each extract or synthetic
blend, different sets of flies were tested as the flies became
available from field collections of infested fruit. For the experi-
ments with apple and black hawthorn-origin flies, each treat-
ment involved a separate group of flies, but for ornamental
hawthorn flies, the same group of 25 individuals was tested to
all of the treatments. In previous studies, we showed that R.
pomonella flies can be repeatedly tested without affecting odor
preference as displayed in the flight tunnel (Dambroski et al.,
2005). Differences in the frequency of upwind flight were
compared using Fisher’s Exact Test in R (R development core
team, Vienna, Austria).

Results

Identification of Fruit Volatiles for Western Apple-Origin
Flies Western apple-origin flies were tested for GC-EAD ac-
tivity using adsorbent extracts from Red Delicious apples from
orchards at the Experiment Station in Geneva, NY, the same
source of apples used in earlier volatile identifications for
ecastern apple-origin flies (Zhang et al., 1999). A total of 25
antennal pairs (1-6 replicate runs/pair) were used for the anal-
ysis. The flies tested were from Vancouver, Puyallup, Skama-
nia, and Wenas, WA. Figure la shows a GC-EAD trace from
the antenna of a western apple-origin fly from the Vancouver,
WA site to the Red Delicious extract. The corresponding active
compounds were identified as (Ia) pentyl acetate, (Ila) butyl
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Fig. 1 Simultaneously recorded GC-EAD responses of adult western
apple, black hawthorn, and ornamental hawthorn fly antennae to ad-
sorbent samples of volatiles released from apple, black hawthorn and
ornamental hawthorn, respectively. Different traces indicate GC and
antennal response (EAG) of (a) western apple-origin flies to apple fruit
adsorbent samples, (b) western black hawthorn-origin flies to black
hawthorn fruit adsorbent samples, and (¢) western ornamental
hawthorn-origin flies to ornamental hawthorn fruit adsorbent samples.
DMNT indicates (3£)-4,8-dimethyl-1,3,7-nonatriene

butanoate, (IIla) hexyl acetate, (IVa) propyl hexanoate, (Va)
hexyl propionate, (VIa) 2-methylbutyl 2-methylbutanoate
(VIIa) butyl hexanoate, (VIIIa) hexyl butanoate, (IXa) pentyl
hexanoate, and (Xa) hexyl hexanoate. The relative ratio of the
EAD active compounds in the red delicious extract estimated
with GC-MS are listed in Table 2.

Identification of Fruit Volatiles from Western Black
Hawthorn Western black hawthorn (C. douglasii) fruit were
analyzed from four samples collected from Wenas, WA in
2007, two in July and two in August. The August samples
contained greater quantities of volatiles and were the focus of
all our subsequent analyses. A total of 20 antennal pairs (14
replicate runs/pair) of black hawthorn-origin flies originating
from Vancouver, Skamania, and Wenas, WA were used for the
GC-EAD analysis. Figure 1b shows a GC-EAD recording from
the antennae of a Vancouver, WA black hawthorn-origin fly
exposed to the whole fruit extract at a stage when >90% of the
fruit was ripe. We note that whereas the traces indicate the
presence of some unidentified peaks with EAD responses,
these responses were not present in the majority (>75%) of
GC-EAD runs examined. The corresponding active com-
pounds were identified as (Ib) 3-methylbutan-1-ol, (Ib) (Z)-
3-hexenyl acetate, (I1Ib) D-limonene, (IVb) propyl hexanoate,
(Vb) ethyl heptanoate, (VIb) nonanal, (VIIb) linalool, (VIIIb)
hexyl propionate, (IXb) DMNT, (Xb) butyl hexanoate, and
(XIb) hexyl butanoate. All of the compounds in Fig. 1b were
consistently found in the fruit collected from the Wenas, WA
location. The relative ratio of the EAD active compounds in C.
douglasii estimated with GC-FID and GC-MS are listed in
Table 2.

Identification of Fruit Volatiles from Western Ornamental
Hawthorn Western ornamental hawthorn fruit (C. monogyna)
collected in 2008 from the Burnt Bridge Creek Greenway,
Vancouver, WA site were analyzed with GC-EAD using a
single antennal pair from an ornamental haw-origin fly col-
lected from the same site (5 replicate runs). However, for
comparison, apple-origin flies from the Geneva, NY, Lab
colony (2 antennal pairs, 3 replicates/pair), apple-origin flies
from Grant, MI (1 antennal pair, 3 replicates), downy
hawthorn-origin flies from Grant, MI (2 pair, 3 replicates/pair)
and Fennville, MI (7 pair, 7 replicates/pair), and black
hawthorn-origin flies from Vancouver, WA (2 pair, 4
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replicates/pair) also were used to confirm the ornamental
hawthorn fruit volatile identification. Figure 1c shows a GC-
EAD recording from the antennae of a western ornamental
hawthorn-origin fly from Vancouver, WA exposed to an ad-
sorbent whole fruit extract of C. monogyna from the same site.
The corresponding active compounds were identified as (Ic)
3-methylbutan-1-ol, (Il¢) isoamyl propionate, (IIl¢) isoamyl
isobutanoate, (IVe) isoamyl butanoate, (V¢) pentyl butanoate,
(VIc), hexyl propionate, (VIIe) DMNT, (VIIIc) hexyl isobu-
tanoate, and (IXc) hexyl butanoate. The relative ratio of the
EAD active compounds in C. monogyna estimated with GC-
FID and GC-MS, are listed in Table 2.

Behavioral Responses of Western Apple-Origin Flies Western
apple-origin flies from Skamania, WA were tested in flight
tunnel assays to the Red Delicious adsorbent extract, the
eastern apple blend, a candidate 10-component blend (WA1)
that was based on initial GC-EAD evaluations, as well as to
a series of blends (WA2-5) in which certain volatiles were
subtracted (Fig. 2). Because all of the volatiles in the previ-
ously identified eastern apple blend also displayed EAD
activity with western flies, we focused our subtraction tests
on volatiles unique to the western flies. Western apple-origin
flies displayed only moderate levels of upwind flight to the

100 1
80 T a
60 -

40_ b b

% upwind flight
Western apple-origin fly
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0_

E. Apple Apple WA1
blend extract
Pentyl acetate
Butyl butanoate 10
Hexyl acetate 2|
Propyl hexanoate 4

WA2 WA3 WA4 WAS

B bhMNOoOG N
pe]
(%]
v ]
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Hexyl propionate 4 4 4
2MB2MB

Butyl hexanoate 37 20 20 20 20 20
Hexyl butanoate 44 20 20 20 20 20
Pentyl hexanoate 5 3 3 3 3 3
Hexyl hexanoate 20 20

Fig. 2 Upwind flight responses (%) of western apple-origin flies to
eastern apple blend, Red Delicious apple adsorbent extract, a candidate
10-component blend (WA1) that was based on initial GC-EAD evalu-
ations, as well as to a series of blends (WA2-WAS) in which certain
volatiles were subtracted. Relative ratios (%) of volatile compounds
tested are shown under the graph. Bold characters indicate the modi-
fied compounds. White letters inside the bars indicate the number of
flies tested for each treatment. Different letters on the bars indicate
significant differences (P<0.05). 2MB2MB indicates 2-methylbutyl 2-
methylbutanoate
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eastern apple blend in the flight tunnel (31.4%; N=35),
significantly lower compared to the adsorbent extract
(60.0%, N=35, P<0.03 two-tailed Fisher’s exact test, 1 df)
or the 10-component WA1 blend (71.4%, N=35, P<0.002,
1 df). There was no significant decrease in upwind flight
levels when either 2-methylbutyl 2-methylbutanoate (WA2=
73.7%, N=38) or the combination of 2-methylbutyl 2- meth-
ylbutanoate+pentyl acetate+hexyl hexanoate (WA3=69.7%,
N=33) were removed from the WA1 blend. However, levels
of upwind flight were reduced when either hexyl propionate
(WA4=20.0%, N=25, P<0.001, 1 df) or hexyl acetate
(WA5=32.0%, N=25, P<0.004, 1 df) was removed from the
active 7-component WA3 blend (Fig. 2). These results indi-
cate that the 7-component WA3 blend provided maximal
levels of behavioral activity. We hereafter designate WA3 as
the new “western apple” blend.

Behavioral Responses of Western Black Hawthorn-Origin
Flies Western black hawthorn-origin flies reared to adult-
hood from infested C. douglasii fruit collected from Ska-
mania, WA were tested in flight tunnel assays to the whole
black hawthorn fruit adsorbent extract, to a candidate 11-
component synthetic blend (BH1) based on initial GC-EAD
evaluations, as well as to a series of blends (BH2-7) in
which individual components were subtracted from the 11-
component blend (Fig. 3). Western black hawthom-origin
flies displayed similar and non-significantly different levels
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Fig. 3 Upwind flight responses (%) of western black hawthorn-origin
flies to black hawthorn adsorbent extract, a candidate 11-component
blend (BH1) that was based on initial GC-EAD evaluations, as well as
to a series of blends (BH2-BH7) in which certain volatiles were
subtracted. Relative ratios (%) of volatile compounds tested are shown
under the graph. Bold characters indicate the modified compounds.
White letters inside the bars indicate the number of flies tested for each
treatment. Different letters on the bars indicate significant differences
(P<0.05). DMNT indicates (3£)-4,8-dimethyl-1,3,7-nonatriene
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of upwind flight to the adsorbent extract (62.5%, N=40)
compared with the 11-component BH1 blend (71.4%,
N=35). Removal of the compounds propyl hexanoate, nona-
nal, and linalool resulted in an 8-component blend (BH2)
that was not significantly different from the upwind-directed
flight levels to the whole fruit extract or BH1 (65.6%,
N=32). Removal of ethyl heptanoate (BH3), DMNT
(BH4), or (Z)-3-hexenyl acetate (BHS) from blend BH2
resulted in 7-component mixtures that were significantly
lower in upwind directed flight response levels compared
to BH2 (BH3=30.0%, N=40, P<0.004, 1 df; BH4=36.8%,
N=38, P<0.03, 1 df; BH5=30.0%, N=40, P<0.004, 1 df),
but were not significantly different from each other. Remov-
al of both butyl hexanoate and hexyl butanoate (BH6) from
blend BH2 resulted in significantly lower response levels
compared with all other blends (13.9%, N=36). Finally,
removal of 3-methylbutan-1-ol (BH7) from blend BH2
resulted in complete loss of upwind flight activity (N=32).
These results indicate that the 8-component BH2 blend
provided maximal levels of behavioral activity. We hereafter
designate BH2 as the new “black hawthorn” blend.
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Fig. 4 Upwind flight responses (%) of western ornamental hawthorn-
origin flies to ornamental hawthorn adsorbent extract, a candidate 9-
component blend (OH1) that was based on initial GC-EAD evalua-
tions, as well as to a series of blends (OH2-OH4) in which certain
volatiles were subtracted. Relative ratios (%) of volatile compounds
tested are shown under the graph. Bold characters indicate the modi-
fied compounds. White letters inside the bars indicate the number of
flies tested for each treatment. Different letters on the bars indicate
significant differences (P<0.05). DMNT indicates (3E)-4,8-dimethyl-
1,3,7-nonatriene

Behavioral Responses of Western Ornamental Hawthorn-
Origin Flies Western ornamental hawthorn-origin flies
(N=25) reared to adulthood from infested C. monogyna fruit
collected from Puyallup, WA, were tested in flight tunnel
assays to the ornamental hawthorn whole fruit extract, to a 9-
component synthetic blend (OH1) that was based on initial
GC-EAD evaluations, as well as a series of three other blends
in which one of the compounds in OH1 was removed (Fig. 4).
There was no significant difference in upwind-directed flight
between the 9-component OH1 blend (68.0%, N=25) and
whole ormamental hawthorn fruit adsorbent extract (60.0%,
N=25). When hexyl isobutanoate (OH2), hexyl butanoate
(OH3), or DMNT (OH4) was removed singly from the 9-
component blend, upwind flight levels were lower compared
with OH1 (OH2=28.0%, N=25, P<0.01, 1 df; OH3=12%,
N=25, P<0.001, 1 df;, OH4=28.0%, N=25, P<0.01, 1 djf).
These results indicate that the 9-component OH1 blend pro-
vided maximal levels of behavioral activity. We hereafter
designate OH1 as the new “ornamental hawthorn” blend.

Discussion

We have now identified and developed synthetic volatile
blends for western black hawthorn (C. douglasii) and ornamen-
tal hawthorn (C. monogyna) fruit using GC-EAD analyses of
SPME and adsorbent samples. Western black hawthorn and
ornamental hawthorn-origin flies displayed a high level of
upwind directed flight to their respective natal fruit volatile
blends equivalent to levels observed to their natal whole fruit
adsorbent extracts, supporting the conclusion that the blends
contain the full complement of compounds inducing oriented
flight behavior. The black and ornamental hawthorn blends
shared four compounds in common including 3-methylbutan-
1-ol, which appears to be a key volatile for all R. pomonella
populations that show a preference for hawthorn fruit (Linn et
al., 2003; Cha et al., 2011a,b). However, the blends also dif-
fered from one another and from the eastern and western
domesticated apple blends in several respects. These differ-
ences make it possible that western R. pomonella may behav-
iorally discriminate among fruit volatiles and form ecologically
differentiated host races, as is the case for eastern apple and
hawthorn-infesting flies (Linn et al., 2003).

An important finding in the current study bearing on the
origin of western R. pomonella populations was that apple
flies from the western and eastern USA differed in their
responses to apple fruit volatiles. A previous field study
suggested that the standard five-component eastern apple
blend of Zhang et al. (1999) might not be as attractive to
western flies as to eastern flies (Yee et al., 2005). Here, we
show that western apple-origin flies required the addition of
two compounds to the eastern apple blend (hexyl acetate
and hexyl propionate) to achieve a similar level of
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behavioral response in the flight tunnel as eastern apple-
origin flies did to the eastern apple blend. Apple volatile
profiles from the eastern and western USA did not appear to
differ greatly from one another. Yet flies from these two
regions clearly behaved differently.

One possible explanation for the difference is that during
the introduction of apple flies from the east, a population
founder effect and genetic bottleneck occurred that altered
the behavior of western apple flies. A portion of the eastern
apple fly population did orient to both the eastern and western
apple blends. It is, therefore, conceivable that these flies
disproportionately contributed to the establishment of apple
flies in the west. An alternative possibility is that western
apple-origin flies may not represent an introduction from the
east at all, but instead a recent host shift from either black or
ornamental hawthorn to apple. In this case, the difference
between eastern and western apple flies would result from
the independent evolution of behavioral discrimination for
apple fruit volatiles from different ancestral hawthorn
populations.

Genetic data could help resolve whether eastern and west-
e apple fly populations formed independently in different
regions of the country, or represent a single host shift in the
East followed by an introduction to the West (McPheron,
1990). For example, it may be that western and eastern fly
populations that infest apples and hawthorn possess unique
alleles that distinguish them from each other and thus support
the independent origins hypothesis. However, it is also possi-
ble that black hawthorn-origin flies are native to the west, and
apple-origin flies were introduced. In this case, local gene
flow from black hawthorn-origin flies could mask the genetic
signature of the introduction.

Future behavioral studies of R. pomonella’s behavioral
responses to natal and non-natal fruit volatile blends also
could help clarify the origins of western fly populations,
along with their host race status. For example, if western
black hawthorn and ornamental hawthorn-origin flies show
high levels of upwind flight to the western, but not to the
eastern, apple blend comparable to levels they display to
their natal hawthorn blends, then this would argue against
both western host races and an introduction of apple flies to
the Pacific Northwest. Instead, it would suggest that western
apple flies arose from a recent host shift from black and/or
ornamental hawthorn-origin fly populations. It also is pos-
sible that black hawthorn and ornamental hawthorn-origin
flies show little interest in both the western and eastern
apple blends. Such a finding would be consistent with black
hawthorn-origin flies being native and giving rise to the
ornamental hawthorn fly population, while western apple
flies were introduced. Finally, it is possible that all the
western fly populations differ from one another in their
response patterns, thus making it difficult to resolve their
evolutionary origins, but implying that they represent at
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least partially ecologically reproductively isolated host
races. Regardless, the development of black hawthorn, or-
namental hawthorn, and western apple fruit volatile blends
now puts us in position to test these hypotheses and further
investigate the intriguing story of western R. pomonella to
assess their evolutionary significance and threat to commer-
cial apple orchards in the Pacific Northwest.
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