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Gall midges (Diptera: Cecidomyiidae) are a speciose family that, as adults, are short lived
(lasting only a few days), they use olfactory cues for host and mate localization, and
their host plant specificity is a key characteristic of the family. These traits make them
good models with which to study the role of olfaction in speciation. The overall objective
of this study was to analyze the host selection behavior of the gall midge, Contarinia
nasturtii, a crucifer specialist that also is a crucifer pest. Here, we demonstrate that
the host specificity of gravid C. nasturtii females was initiated by the olfactory-driven
host plant choice during oviposition. Olfactory preference of the female, while narrow,
encompassed more plants than were accepted for egg-laying, indicating that other
factors following the initial olfactory attraction are involved in ultimate host choice.
Similarly, C. nasturtii showed flexibility in host plant choice depending on which plants
were available for oviposition. Larvae developed on host plants selected by females for
oviposition. This slightly broader range of olfactory preference over acceptance, and the
flexibility in host choice, might be the basis for the rapid speciation reported in the gall
midge family. Furthermore, we assessed whether ubiquitous and/or family-specific plant
odors are involved in the attraction of gravid C. nasturtii to their hosts. For that, we
used the crucifer Arabidopsis thaliana, which has a broad range of defined ecotypes
and large number of mutants. The attraction of C. nasturtii to two A. thaliana-types were
tested; one that does not produce the ubiquitous green leaf volatiles (Columbia, Col-0),
and a knock-out mutant which does not produce the crucifer-specific glucosinolates.
Surprisingly, C. nasturtii was attracted to both types, indicating that neither of these
compounds, nor their breakdown products (e.g., isothiocyanates), are essential for C.
nasturtii host attraction.

Keywords: Arabidopsis, host choice, gall midge, olfaction, specificity

INTRODUCTION

With more than 6,000 described species (Gagné, 2010), the gall midges (Diptera: Cecidomyiidae)
form a species-rich insect family with a rate of speciation that is considered to be more rapid
than other dipterans (Harris and Foster, 1999). The vast majority of the gall midge species are
monophagous herbivores (Gagné, 2004, 2010) specialized on a single plant family, plant species,
plant organ or plant part (Stireman et al., 2008; Mishima et al., 2014).

Due to low larvae mobility and short lifespan (1-2 days on average) (Harris and Foster, 1999),
females are under strong selection pressure to quickly select suitable (and ideally high quality) host
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plants (Delobel, 1982; Larsson and Strong, 1992; Renwick and
Chew, 1994). Given the successful development of offspring,
the misidentification of the preferred host plant, or acceptance
of an alternative host plant, may interrupt gene flow between
populations associated with the alternate host plant and the
original host plant and can therefore be the first step in the
formation of host races (Nylin and Janz, 2009). Host shift related
formation of host races and sibling species has been described
and suggested for several gall midges (e.g., Tabuchi and Amano,
2003; Cook et al., 2011; Molnar et al., 2018).

Gall midges make good models for studying speciation via
host selection behavior. For this study, we chose the swede midge,
Contarinia nasturtii (Kieffer, Diptera: Cecidomyiidae), as our
model. Among the cecidomyiids, the genus Contarinia has a
comparatively broad host range (Gagné, 2004) and is one of the
largest genera with at least 300 species (Yukawa et al., 2005).
Compared to other gall-inducing insects, Contarinia species are
less closely associated with their hosts. Most of them do not
induce host-specific galls, but live freely in flower heads or
gregariously in leaf rolls or leaf fold galls (Yukawa, 2000; Gagné,
2004). This type of host association might be linked to an ability
of female Contarinia to accept a broader range of hosts for
oviposition and, consequently, to the rapid speciation observed
in gall midges compared with other gall-forming insects.

The overall objective of this study is to analyze the host
selection behavior of C. nasturtii females to assess the specificity
of their host attraction and selection, evaluate the potential cues
used in host attraction, and evaluate the potential for shifts
among related plant taxa. Contarinia nasturtii has a preference
for crucifers, in particular cabbage, on which it is an economically
significant pest (Readshaw, 1965; Thygesen, 1966; Hallett, 2007;
Olfert et al., 2009). To investigate the level of host selectivity
among gravid C. nasturtii, we exposed these females to a range
of natural plant stimuli, including crucifers and unrelated plants,
in both choice and no-choice assays. We determined host
plant preference of females based on the presence of eggs, and
acceptance of the host based on the presence of larvae. We also
investigated whether there is variation in the ability of females
to assess host plant quality as reflected by different oviposition
strategies.

Host plant attraction in herbivorous insects is predominantly
guided by olfaction (Galanihe and Harris, 1997; Crook and
Mordue, 1999; Chapman, 2003; Birkett et al., 2004; Balkenius
et al., 2006; Couty et al.,, 2006; Hall et al., 2012; Saveer et al.,
2012) and several studies have demonstrated host selection
through the detection of host plant-specific ratios of ubiquitous
volatiles (e.g., green leaf volatiles; GLVs; Bruce et al.,, 2005).
There are, however, examples of insect specialists that are
attracted to species- or family-specific volatile emissions, most
notably insects that use the host-plant family-specific volatile
cues of the crucifers (Brassicae spp.), the glucosinolates and
isothiocyanates, for host plant recognition (Hopkins et al.,
2009). The second part of this study is focused on the
impact of olfactory cues on female swede midge host selection.
Using well-characterized mutants of the crucifer Arabidopsis
thaliana (L.) Heynhold (Brassicales: Brassicaceae), we provide
insights into the mechanism underlying host attraction by C.

nasturtii by investigating the role of the ubiquitous GLVs, and
the family-specific glucosinolates in attracting gravid females
(D’Auria and Gershenzon, 2005; Leonelli, 2007).

MATERIALS AND METHODS

Insect Rearing

Contarinia nasturtii used in this study originated from a
laboratory culture established in August 2000 at the Swedish
University of Agricultural Sciences, Alnarp, Sweden. The
laboratory cultures were supplemented with field-collected C.
nasturtii annually. The laboratory culture consisted of cages
housing up to 50 adult midges per cage. When the culture was
supplemented, ~200 midges were added, distributed among the
cages. The insects were kept in ventilated glass cages (50 x
50 x 50cm) in a climate chamber at 22°C and 75% relative
humidity with a 16:8 h light-dark photoperiod and were reared
on cauliflower.

Plant Cultivation

The host plants used in the oviposition choice, larval presence,
egg deposition, and initial host odor attraction studies
were cauliflower (Brassica oleracea Linnaeus, Brassicales:
Brassicaceae), rapeseed (Brassica napus Linnaeus, Brassicales:
Brassicaceae), wheat (Triticum aestivum Linnaeus, Poales:
Poaceae), lettuce (Lactuca sativa Linnaeus, Asterales: Asteraceae),
and thale cress (Arabidopsis thaliana ecotype Colombia-0; Col-
0). All of the plants were grown in a climate chamber at 20°C
and 75% relative humidity with a 10:14 h light-dark photoperiod.
To control sciarid flies (Sciaridae), all of the seeds were treated
with the nematodes Steinernema feltiae Filipjev (Rhabditida:
Steinernematidae; Koppert, Netherlands) immediately after
planting. The age of the plants when used was: cauliflower,
10 weeks; lettuce, 6 weeks; rapeseed (rosette stage), 7 weeks;
rapeseed (ripening stage), 4 months; wheat (heading completed),
4 months; and A. thaliana, 8 weeks old. Three-week-old wheat
and rapeseed plants were transferred to a climate chamber held
at 4°C for 5 weeks, in order to reach the stage suitable for the
experiments. The plants were subsequently transferred back to
the original chamber to complete their development. Two stages
of rapeseed were tested, as C. nasturtii are found on both stages
in nature. The rosette stage most resembles the cauliflower (a
preferred host plant of C. nasturtii) in size and shape.

For the odor profiling and behavioral experiments, two
differing genotypes of A. thaliana plants were grown: the
ecotype without green leaf volatiles (GLV), Col-0 (Duan et al.,
2005), and the quadruple glucosinolate knockout mutant,
cyp79B2cyp79B3myb28myb29 (QKO, Sun et al, 2009). The
conditions differed slightly from those above, with the plants
grown at 20 £ 1°C, 65 & 5% relative humidity with 10:14 h light-
dark photoperiod with fluorescent lamp light intensity of 200
pwmol m~2 s~!. To ensure the same biomass and physiological
status, QKO plants (which grow slower under these growth
conditions than Col-0) were 1week older (4 weeks) than the Col-
0 (3 weeks) at the time of the experiments. Cauliflower was grown
for 8 weeks in a greenhouse under natural light conditions (12 %
2:12 + 2 h light-dark photoperiod).
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Behavioral Experiments

Female Oviposition Choice and Larval Presence

The oviposition choice of female C. nasturtii was tested in mesh
cages (200 x 70 x 70 cm) placed in a climate chamber at 22°C
and 75% relative humidity. All insects emerged in the climate
chamber where the experiments were conducted. The female
C. nasturtii were provided with ample opportunities to mate
prior to the experiments and were 1-day post-emergence at
the onset of experiments. Host choice and larval presence was
determined by enclosing 15 females with two plants of either
cauliflower, rapeseed (ripening), rapeseed (rosette), A. thaliana,
or lettuce for 24 h. The presence/absence of eggs was recorded
after 3 days and presence/absence of larvae was recorded late in
the larval stage, i.e., after 16 days. Six replicates were performed.

No-Choice and Two-Choice Experiments

In the no-choice assay, two test plants of the same kind, i.e.,
rapeseed (rosette) or cauliflower, were placed at one end of the
enclosure and the mated females were released at the other end.
In the two-choice experiments, two plants of one type were
placed at one end of the cage while two plants of the other type
were placed at the other end. The insects were released in the
center of the cage. In both experiments, 15 mated females (treated
as above) and 5 males were used. The males were released to
provide all possible opportunities for the all of the females in the
assay to be mated. The females were given 24 h to oviposit. The
plants were then moved to another climate chamber and kept at
22°C and 75% relative humidity. After 3 days, one of each plant
type was examined for eggs and after 16 days the second plant
was examined for larvae. Six replicates were performed per assay
and plant-type combination.

Host Acceptance Strategy

One mated female was placed in a cage (50 x 50 x 50cm)
together with either six cauliflower or six rapeseed (rosette)
plants. We recorded whether a female did or did not oviposit on
the plants, and whether the female oviposited on a single plant
or on several plants after 3 days. After infestation, the plants
were kept for 14 days in a climate chamber at 22°C and 75%
relative humidity, and then examined for damage caused by gall
midge infestation. If any damage caused by larval feeding was
observed, it was concluded that the plant was accepted as host
by the female. Twenty replicates were conducted for cauliflower
and 26 replicates for rapeseed.

Olfactory-Based Host Choice

Female C. nasturtii attraction to the plants was tested in a glass
Y-tube olfactometer described by Andersson et al. (2009). The
air was filtered and humidified by pumping it through two
250 ml gas-wash bottles, one with granulated activated charcoal
and one with distilled water, prior to dividing into two streams.
The airflow (0.61 min~!) through the two Teflon tubes passed
into polyethylene cooking bags (45 x 55 cm, Toppits, Germany)
which contained the test stimulus. Cooking bags containing
plants were compared to either an empty cooking bag (blank) or
to another plant. To control for position effects, empty bags were
compared to empty bags. The air now containing the stimulus

passed through more Teflon tubing into the arms of the Y-tube
olfactometer. Visual cues were excluded by placing the Y-tube
in a box (40 x 40 x 40 cm) covered with a white cotton cloth.
The flight of the C. nasturtii was activated by illumining the
set-up with a lamp (Massive, 906609, 400 W, Belgium) placed
30cm from the set-up in the upwind direction. Experiments
were conducted in a climate chamber at 22°C and 75% relative
humidity and 16:8 h light-dark photoperiod. Insects emerged in
this climate chamber prior to the experiments.

The gall midges were introduced into the Y-tube at the
downwind entry arm. The experiments started at 4 pm and
lasted until 9 am the following day. The light was on between
4 and 8 p.m. to provide the same conditions as in the climate
chamber. To avoid escapes from the Y-tube, insect netting
covered the entry and a capture cage was connected to each
arm. After each experiment, all glassware was placed at 350°C
for 8h, and both the Teflon tubing and the connections were
washed in 70% ethanol. To avoid left-right bias the “blank
arm” was exchanged between experiments. In this set-up,
attraction to the following plants were compared to the blank:
cauliflower, rapeseed (ripening), A. thaliana (CO-1), rapeseed
(rosette), wheat, and lettuce. Furthermore, the attraction to the

TABLE 1 | Presence (+) or absence (-) of eggs and larvae on cauliflower,
rapeseed (ripening), rapeseed (rosette), Arabidopsis thaliana and lettuce after 15
female Contarinia nasturtii had been enclosed with the plants for 24 hin a
no-choice assay.

Cauliflower Rapeseed Rapeseed Arabidopsis Lettuce
[ripening] [rosette]

Eggs + + + - -
Larvae + + + - -
n = 6 for each plant type.

A B

= 80 P=0.368 80 P =0.047

G 70 70

M

£ 60 60

8

a

= 50 50

g

o 40 40

g

E 30 30

-

9 o 20

2

c 10 10

=

Z o . g 0

Cauliflower Rapeseed

[rosette]

Cauliflower Rapeseed

[rosette]

FIGURE 1 | Number of Contarinia nasturtii larvae on caulifiower and rapeseed
(rosette) in a no-choice assay (A), and on cauliflower and rapeseed (rosette) in
a two-choice assay (B). Larval presence on the two host types was compared
by Mann-Whitney tests for arcsine-transformed data. P-values are displayed
over each graph. n = 6 for each choice type. Fifteen females were released in
each replicate.
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following plants were compared: cauliflower to A. thaliana (CO-
1), cauliflower to rapeseed (rosette), and A. thaliana (CO-1) to
A. thaliana (QKO). In each replication, 10-20 mated females
were released simultaneously in the entry arm. The number of
emerging midges varied from day-to-day, which accounts for the
variable number of females in each replicate. Each treatment was
replicated 5-6 times, until a total of 90-110 females were tested
under each condition.

Chemical Analysis

Plants for odor collection were grown in pots completely
wrapped in aluminum foil, except for small holes above the
seeds through which the plants grew. To damage A. thaliana
and cauliflower plants for odor collection and behavioral assays,
we cut 10 of the major leaves to the mid-rib at three random
locations with a pair of micro-scissors just prior to experiments.
Odor collections were performed over a 4h period. Damaged
and undamaged plants were wrapped in polyethylene cooking
bags (45 x 55cm, Toppits, Germany) with a solid phase
microextraction (SPME) fiber (Supelco, Sigma-Aldrich Inc.,
St. Louis, MO, USA 75 um Carboxen®/Polydimethyl-siloxane;
CAR/PDMY) inserted close to the leaves. Immediately after
odor collection, the fiber was injected into a combined gas
chromatograph and mass spectrometer (GC-MS; HP 6890 GC
and 5975 MS, Agilent Technologies Inc., Santa Clara, CA, USA),
operated in the electron impact ionization mode at 70 eV. The
GC was equipped with fused silica capillary columns (30 m,
0.25mm, d.f. 1/4 0.25mm), DB-wax (J&W Scientific, Folsom,
CA, USA) or HP-5MS (Agilent Technologies). The GC-MS and
the post-run data analyses were performed according to Saveer
etal. (2012). A helium mobile phase was used at an average linear
flow rate of 35 cm s~!. Each sample (2 1) was injected (splitless
mode, 30s, injector temperature 225°C). For both columns,

the GC oven temperature was programmed from 30°C (3 min
hold) at 8°C min~! to 225°C (5min hold). Compounds were
tentatively identified by matching their mass spectra with those
in the MS Libraries (NIST 11 and Wiley) and were verified by
comparing with injected synthetic reference compounds with the
published Kovat’s index (Ki) values.

Statistics

Data from the choice test “female oviposition choice and larval
presence” were analyzed using the Wilcoxon signed-rank test
(Minitab, Version 14, Minitab Inc., State College, PA). Mann-
Whitney tests were used to analyze the results from the olfactory-
based host choice assays, and the assays comparing female
attraction to A. thaliana host plants lacking either GL Vs or
glucosinolates, as well as to cauliflower (Minitab, Version 14,
Minitab Inc., State College, PA). The results from the distribution
of eggs by individual females were analyzed using a nominal
logistic regression (JMP® Pro, Version 12, SAS Institute Inc.,
Cary, NC, 1989-2007).

RESULTS

Female Oviposition Choice and Larval

Presence
The females oviposited on cauliflower, rapeseed (ripening), and
rapeseed (rosette) (Table 1). All three plants supported some
larval development, as assessed by larval presence 16 days post-
oviposition. No eggs were deposited on either A. thaliana or
lettuce, and therefore, no larvae were observed (Table 1).

Both cauliflower and rosette stage rapeseed were found to be
acceptable as host plants to female C. nasturtii in the no-choice
assay (Figure 1A). There was no difference found in the number

60 O No plants infested

ok

[ 1
50 —

40

30

20

Proportion of plants [%]

10

@ One plant infested

W More than one plant infested

[ 1

Rapeseed [rosette]

FIGURE 2 | The host acceptance strategy of individual Contarinia nasturtii females on cauliflower and rapeseed (rosette) plants in the host acceptance assay. White,
gray, and black bars indicate the proportion of C. nasturtii laying no eggs, ovipositing on only one plant, or ovipositing on more than one plant. The Y-axis shows the
proportion of females choosing a certain oviposition strategy. Nominal logistic regression was used for comparing cauliflower and rapeseed with significant differences
marked with asterisks as follows: *P < 0.05; **P < 0.01; ***P < 0.001. n = 20-26 for each plant type.

Cauliflower
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oflarvae on either cauliflower or rosette stage rapeseed (U =12.0;, Host Acceptance Strategy
P = 0.368, n = 6; Figure 1A). However, cauliflower was found = To test whether the female swede midges are able to evaluate
to be the preferred host in a two-choice assay, with more larvae  oviposition sites, one female was presented with six cauliflower

found on the cauliflower than on rosette stage rapeseed (U =  or rosette stage rapeseed plants. We recorded whether the female
33.0; P = 0.047, n = 6; Figure 1B). did not oviposit, only oviposited on one plant, or chose multiple
A P=0.02 B P=0.06 ¢ P=0.01
80 + ' ' f | I |
S 70 4
& 60 -
X 50 4
wv
o 40 ¢ I
£ 30 - 4
@ 20 +
10 -
X 0 n=5 n=5 n=6
Cauliflower Blank Rapeseed Blank Arabidopsis Blank
[ripening]
D P=0.66 E P=0.03 F P=0.04
80 4 — — —
S 70 -
A 60 -
X, 50 < : T
@ 404 T
g 30 -
o 209
(N
10 -+
- 4 0 n=7 n=6 n=7
Cauliflower Arabidopsis Rapeseed Blank Cauliflower Rapeseed
[rosette] [rosette]
G P=0.38 H P=0.53 1 P=1.00
— 80 1 fir— e
= 70 4
L
v 60 1
X 50 -
O 40 4
) 30 +
E 20 4
X l(()) 3 n=6 =5 n=>5
Wheat Blank Lettuce Blank Blank Blank
FIGURE 3 | Olfactory preference of female Contarinia nasturtii in the olfactometer when the following are compared: (A) cauliflower vs. blank, (B) rapeseed (ripening)
vs. blank, (C) Arabidopsis thaliana vs. blank, (D) cauliflower vs. A. thaliana, (E) rapeseed (rosette) vs. blank, (F) cauliflower vs. rapeseed (rosette), (G) wheat vs. blank,
(H) lettuce vs. blank and (I) blank vs. blank. Female attraction to the two odors was compared by Mann-Whitney test. P-values are displayed over each comparison.
n = 5-7 per combination, each using a total of 94-107 females.
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oviposition sites. For both rapeseed and cauliflower, more females
oviposited on several plants compared to females that did not
oviposit at all (x2 = 7.37, P = 0.007 and x? = 7.37, P = 0.007,
respectively; Figure 2). Regardless of host species, approximately
half of the swede midge females laid eggs on more than one
plant (Figure 2). This suggests that host species does not impact
the bet-hedging strategy of laying eggs across multiple plants
(Figure 2). The choice between ovipositing on a single plant or
not at all, however, appears to be affected by the host plant.
Similar proportions were observed in the rapeseed rosette stage
assays between those containing plants without an infestation,
and those with only a single plant infested (Figure 2). In the
cauliflower assays, the proportion of single plant infestations was
similar to the proportion of multiple plants infestations, with
<10% of the trials exhibiting no infestation (Figure 2).

Olfactory-Based Host Choice

Female swede midges were more attracted to the volatile
emissions from cauliflower (W = 39.0, P = 0.02), ripening
rapeseed (W = 15.5, P = 0.016), and A. thaliana Col-0 ecotype
(W = 56.0, P = 0.008) than to the blank in the Y-tube
olfactometer (Figures 3A-C). In addition, the volatiles of A.
thaliana Col-0 ecotype and cauliflower were equally attractive to
female midges (W = 56.5, P = 0.66; Figure 3D). The response
to the younger, rosette stage rapeseed plants (W = 35.0, P =
0.03; Figure 3E) was less than the response to the blank, and
the females were more attracted to cauliflower than the rosette
rapeseed (Figure 3F; W = 36, P = 0.04). The response to wheat
(Figure 3G) or lettuce (Figure 3H) (i.e., non-crucifers) did not
differ from blanks (W = 33.0, P = 0.38 and W = 24.0, P = 0.531,
respectively), nor was there a difference when two empty arms
were compared (W = 27.5, P = 1.0, Figure 3I).

As no eggs were found on the GLV-lacking A. thaliana (CO-1;
Table 1), the expectation was that the odors from this plant would
not be attractive to gravid females. This was not, in fact, what was
observed. Female gall midges were not significantly less attracted
to the odors emanating from the GLV-lacking A. thaliana Col-0
ecotype than to the cauliflower odors (Figure 3D). In addition,
female midges were attracted to A. thaliana Col-0 ecotype
volatiles when compared with a blank (W = 72.0; P = 0.02;
Figure 4i), just as was observed for the females to cauliflower
volatiles (W = 70.5; P = 0.03, respectively; Figure 4ii). A direct
comparison between the GLV-lacking volatiles of Col-0 and
glucosinolate-lacking volatiles of QKO plants revealed that they
were equally attractive to swede midge females (W =53.0; P=1;
Figure 4iii).

We found no differences in the attraction of female swede
midges to volatiles of damaged vs. undamaged Col-0 plants (W
= 6.25; P = 94.8; Figure 4iv). An analysis of the volatile profiles
of Col-0 and cauliflower plants revealed five compounds that
were shared among damaged and undamaged cauliflower and
A. thaliana Col-0 plants, namely decanal, 3-carene, sulcatone,
limonene, and a-pinene (Figure 5).

DISCUSSION

Olfactory cues play a strong role in the host plant recognition
of the swede midge, C. nasturtii. Females were not only able

100
3 P=0.02 ii
90

80 ' i
70 +

60
50
40
30
20
10

P=0.03

Females attracted [%]

n=7 n=7

Cauliflower Blank Col-0 Blank

100 .
g0 | iii NS iv
80 l |
70
60
50
40
30
20

NS

Females attracted (%)

10 n=8 n=5

QKo Col-O Undamaged

Col-0

Damaged
Col-0

FIGURE 4 | The attraction of the C. nasturtii in Y-tube bioassays to

(i) cauliflower vs. blank; (ii) Arabidopsis thaliana Co1-0 (no green leaf volatiles)
vs. blank; (iii) A. thaliana Co1-0 vs. A. thaliana glucosinolate knockout plants
(QKO); and (iv) undamaged vs. mechanically damaged A. thaliana Co1-0.
Female attraction to the two odors was compared by Wilcoxon signed-rank.
P-values are displayed over each comparison.

to differentiate between plant species solely based on olfactory
cues, but also responded differently to the volatiles of different
phenological stages of the same plant species.

Of the two predominating hypotheses concerning how
herbivorous insects locate their host plants, both the attraction to
ubiquitous volatiles (e.g., GLVs; Bruce et al., 2005) and attraction
to family-specific volatiles (e.g., glucosinolates; Hopkins et al.,
2009) appeared to be plausible for swede midge attraction to
the crucifers. However, female attraction to an A. thaliana
ecotype lacking GLVs does not differ from their attraction to
their host plant cauliflower, or to an A. thaliana mutant that
does not produce glucosinolates. From this it is reasonable to
propose that other volatile compounds emitted by these plants
mediate attraction. By comparing the volatiles emitted from two
of the attractive plants, cauliflower and A. thaliana Col-0, we
identified five shared compounds that are potentially involved
in swede midge host recognition: decanal, sulcatone, 3-carene,
limonene, and a-pinene. Sulcatone, 3-carene and a-pinene are
also host cues for another gall midge species, the orange wheat
blossom midge (Sitodiplosis mosellana; Birkett et al., 2004; Bruce
and Pickett, 2011). In the current study, C. nasturtii were not
attracted to wheat. This indicates that these gall midges utilize
similar compounds, however in specific combinations with other
compounds for host recognition.

No females oviposited on lettuce, possibly because its odor
profile differed to such an extent from that of the plants in
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the swede midge host range that it was not even recognized
as a host; lettuce emitted only limonene and not decanal, 3-
carene, sulcatone, or a-pinene (Lonchamp et al., 2009) of the
candidate volatiles in putative C. nasturtii attractive blend. The
use of ubiquitous volatiles (potentially shared between host plants
and non-host plants) may increase the adaptive potential for C.
nasturtii. In a host shift situation, the olfactory system does not
have to adapt to the host specific volatiles. With the frequent host
shift of Contarinia species, utilizing compounds that are common
for many plant genera would provide an evolutionary advantage.
Heritable changes in insect plant recognition mechanisms have
been proposed as the primary event in the evolution of new
insect-plant associations (Dres and Mallet, 2002). A change in
how the odor is perceived, e.g., from attractive to neutral or

repellent, can be altered by relatively small genetic changes, such
as different receptor expression, altered sensitivity and coding
of key odors (Olsson S. et al., 2006), or new arborizations of
olfactory receptor neurons (Karpati et al., 2008). Thus, a genetic
change in gall midge host preference is, in principle, all that may
be required to initiate a successful host shift. The odor-driven
host selection behavior of C. nasturtii demonstrated here can be
part of the explanation for the rapid speciation in the gall midge
family.

When females had been allowed to oviposit on a single
species of host plant—either on rapeseed in the rosette stage or
on cauliflower—comparable numbers of larvae could be found
on both hosts. However, when the female midge could choose
between the two hosts, cauliflower was preferred. For an insect
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with short life span and limited mobility, such as C. nasturtii,
plasticity in host preference is a good evolutionary strategy
(Wiklund, 1975, 1981; Larsson and Ekbom, 1995). A female
that can distinguish a suitable from an unsuitable host (but still
accept an alternative host when nothing else is available) will
have increased fitness compared to a solely discriminative female
(if the alternative plant supports larval development). Although
attractive, swede midges did not oviposit on A. thaliana. Such a
lack of suitability as a host could be attributed to physical plant
defenses (e.g., trichomes on the leaves and stems) (Mauricio and
Rausher, 1997; Schoonhoven et al., 2005).

An association between female host plant preference and
larval performance has been reported for other herbivorous
gall midges (Ahman, 1985), while other studies demonstrate
weak preference-performance associations (Larsson and Ekbom,
1995; Nyman et al, 2011). The relevant question, from the
perspective of natural selection, is to what extent swede
midges “hedge their bets.” We assessed the female oviposition
behavior by testing individual females in a no-choice situation.
For both plants, 50% of the tested females oviposited on
multiple plants. The other females displayed highly selective
behavior, depositing either all of their eggs on one plant or
not ovipositing at all. This selective behavior appeared to
be host-specific, as the proportion of females ovipositing on
one plant did not differ from the proportion ovipositing on
multiple plants in cauliflower, however fewer females laid all
their eggs on a single plant when presented with rapeseed.
In addition, more females did not oviposit when presented
with rapeseed compared to cauliflower. The combination of
variable and selective oviposition choice strategies within a
population favors a host plant shift as a response to a situation
in which the preferred host is not available (Wiklund, 1981).
The findings in this paper indicate that in the absence of the
preferred crucifer host (Thygesen, 1966; Olfert et al., 2009),
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