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Abstract: Rhagoletis batava (Diptera: Tephritidae), is the most important pest of Hippophae rhamnoides
fruits. For detection and monitoring of R. batava, traps supplied with nonspecific attractants are
used. Thus, new, more specific attractants for environment-friendly pest control are needed. Such
attractants could be fruit-related semiochemicals that are involved in the host location by flies.
Behavioural Y-olfactometer tests revealed that R. batava males were attracted to ripe fruit odour,
while females preferred unripe and semi-ripe fruits. Thermal desorption gas chromatography-mass
spectrometry (GC-MS) analysis revealed substantial quantitative and qualitative changes in volatiles
between unripe and ripe fruits. In the unripe fruit emission, 41 volatile compounds were isolated,
whereas 64 compounds were sampled from the ripe fruits. The total amount of volatiles increased
five times during the fruit ripening. Gas chromatography-electroantennogram detection (GC-EAD)
and GC-MS analyses of the fruit headspace volatiles revealed at least 26 compounds in unripe and
27 compounds in ripe fruits eliciting antennal responses of R. batava for both sexes. The fruits of these
two ripening stages differed qualitatively in the single EAD-active compound only, i.e., 3-methylbutyl
2-methylpropionate. Esters were the most abundant volatiles, composing 84% and 93% of EAD-active
compounds in the emissions of unripe and ripe fruits, respectively. Based on the persistent EAG
responses, 17 compounds were selected as the most promising candidates for kairomone attractants
of the sea buckthorn pest R. batava.

Keywords: sea buckthorn; fruits; volatiles; Rhagoletis batava; Diptera; Tephritidae; electroantennogra-
phy; semiochemicals; pest management; behaviour modification

1. Introduction

Sea buckthorn, Hippophae rhamnoides L. (Rosales: Elaeagnaceae) is a fruit-bearing
bush naturally distributed in Northern and Central Europe, Caucasus, and Asia [1]. Sea
buckthorn is cultivated in many European countries, Canada, Russia, and China as a
highly valuable plant [2,3]. Since a few decades ago, this plant has attracted considerable
attention from researchers around the world, mainly for its nutritional and medical proper-
ties: richness in minerals, vitamins, polysaccharides, unsaturated fatty acid, terpenoids,
polyphenolic and nonsteroidal compounds, flavonoids, and volatile components [4,5]. Sea
buckthorn fruits as a raw material are used for various purposes in the food, medicine, and
cosmetic industries [2]. As the demand for sea buckthorn raw material in the global market
rises, the area of sea buckthorn plantations increases every year [6].

During recent years, the sea buckthorn fruits have become more and more damaged
by the fruit fly Rhagoletis batava Hering (Diptera: Tephritidae), an insect pest that began
to spread rapidly in central and eastern European countries [7–9]. In the years of mass
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development of R. batava flies and without applying any pest control means, fruit harvest
losses can reach near 100% [10]. This problem needs to be solved very urgently, as the
infestation of sea buckthorn flies in sea buckthorn plantations has reached a level where
not only the establishment of new plantations is declining, but the destruction of existing
ones starts to take place as well [6].

Insecticides are used to control pest insects; however, those are not among the most suit-
able means, due to the life peculiarities of the insect, most of the pre-imaginal stages passes
within fruits; moreover, insecticide application can lead to environmentally detrimental con-
sequences. For detection and monitoring of R. batava fruit flies, yellow sticky traps supplied
with ammonium carbonate or ammonium acetate lures are recommended [11]. However,
ammonia-based attractants are nonspecific; they also attract non-target insects that can
clutter traps [12,13]. Recently, an aggregation pheromone of R. batava was revealed [14];
however, its applicability in pest control is not yet known. Thus, new, more specific attrac-
tants for environment-friendly pest control are still needed, especially considering organic
(ecological) farming.

Most of the phytophagous insects search for their host-plants by olfactory cues, i.e.,
volatile molecules emitted from potential host-plants [15]. These volatile compounds play
an important role in regulating the behaviour of herbivorous insects, such as orientation,
nutrition, mate location, and oviposition [16–18]. Volatile molecules released from sea
buckthorn fruits might be of vital importance for fruit fly R. batava to detect the host.
Unfortunately, to our knowledge, no fruit-related semiochemicals have been identified for
R. batava species. As fruit damaged by R. batava can already be observed in the early stage
of buckthorn fruit ripening (Aleknavičius, pers. obs.), the volatiles emitted during this
stage could be important for the fruit fly to detect a suitable host-plant. The goal of this
study was to compare volatiles released by ripe and unripe H. rhamnoides fruits, as well as
to determine at which ripening stage the fruits were preferred by R. batava fruit flies, and to
identify semiochemicals that could mediate host-plant location by the flies. Data on such
volatile compounds could lead to the application of their synthetic analogues for both pest
population monitoring and as a potential tool for pest insect control.

2. Materials and Methods
2.1. Insects

For laboratory assays, sea buckthorn fruit flies, R. batava, were collected in May as
puparia in soil under sea buckthorn shrubs in an organic plantation (GPS coordinates:
55◦15′12.179” N, 25◦26′23.049” E) in Stacijava village, Molėtai district, Lithuania. Each
puparium was placed individually in a 14 mL glass vial with wet 3 cm2 filter paper inside
and plugged by a foam stopper. The vials were kept in a climate chamber Fitotron (Weiss
Gallenkamp, Loughborough, UK) under 20–24 ◦C, 16L:8D (light:dark) photoperiod, and
65–75% relative humidity. A few drops of water were added to a filter paper weekly to keep
humidity inside a vial. After the emergency, the flies were sexed based on the presence
or absence of an ovipositor. In the same individual vials, males and females were kept
separately under 18–20 ◦C, natural daylight photoperiod, 50–60% relative humidity, and
fed on 10% sugar solution in water.

2.2. Sea Buckthorn Fruits

H. rhamnoides fruits were sampled from the same sea buckthorn plantation as insect
cocoons. The fruits were collected at three ripening stages: at the beginning of fruit ripening,
i.e., unripe fruit (green soft) in July, semi-ripe (yellow) at the end of July, and fully ripe
fruit (orange) at the end of August in 2020–2021. Collected fruit samples were immediately
transferred to the laboratory for behavioural tests and volatiles sampling.

2.3. Evaluation of the Host-Plant Odour Attractiveness Using Y–Tube Olfactometer

To test fruit fly R. batava preference to volatiles emitted by sea buckthorn fruits at three
ripening stages, a Y-tube olfactometer (length of the main tube—25 cm; length of arms—
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17 cm; embranchment angle—110◦; inner diameter—5 cm) with an air supply system
CADS-4CPP (Sigma Scientific LLC, Micanopy, FL, USA) was used. Activated charcoal
filtered and humidified air at a rate of 0.7 L/min was pushed through each 300 mL glass
flask containing odour sources. The odour source was 30 sea buckthorn fruits on a twig
(without leaves). Fruits of the three ripening stages (unripe, semi-ripe, and ripe fruits) were
tested separately. A single fly was released into the Y olfactometer at the end of the main
tube. The choice duration for a fly was 10 min and was recorded when the fly reached
the upwind end of the arm-tube. Adults that did not make a choice were not included
in the analysis. Only 4–15 days old adults (males and females) were used (lifespan about
30 days). Males and females were fed on the sucrose solution before the testing. The tests
were carried out at 23 ± 2 ◦C, from 09.00 until 18.00 h.

Before changing the odour source, the olfactometer was disassembled, washed with
hexane, soaked in distilled water, and heated to 160 ◦C in a thermostat. The silicone parts
of the olfactometer were washed with hexane, soaked in distilled water overnight, and
dried at room temperature.

The absence of any positional preference of the arms was verified by testing the
flies without any odour. No significant preference was recorded in this preliminary test.
Moreover, to avoid any positional bias, the position of the Y-tube arms connected to the
odour chambers was changed, i.e., the arms were swapped, after testing 5 adults.

2.4. Sampling and Analysis of Fruit-Released Volatiles

To compare the amounts of the compounds emitted by ripe and unripe H. rhamnoides
fruits, forty grams of freshly picked sea buckthorn fruits were placed in a 300 mL Erlen-
meyer flask and closed with a ground-glass stopper with an air inlet and outlet connected
to the airflow system. Five microliters of 2-phenyethyl acetate as internal standard (con-
certation 1 mg/mL in hexane) were introduced to all blank (control) and sample flasks.
C2-BXXX-5201 Biomonitoring glass tubes (Markers International Ltd., Bridgend, UK) with
a compound absorption range from C3 to C30 were used. Pre-conditioned desorption
glass tubes were attached to the air outlet part with silicone hoses and volatiles released
throughout the experiments were trapped in them. Collection of volatiles was carried out
for 2 h with an airflow (charcoal filtered) rate of 500 mL/min. Afterwards, the adsorption
glass tubes were sealed with caps and kept at 4 ◦C in a refrigerator until desorption and
GC-MS analyses. A sampling of volatiles from unripe and ripe fruits was carried out in
triplicate. An empty Erlenmeyer flask was used twice as a control to detect volatiles in the
laboratory environment.

Desorption of analytes was performed in an automated TD-20 Thermo desorption
unit (Shimadzu, Japan) coupled to GC-MS (GCMS-QP2020 ultra, Shimadzu, Kyoto, Japan)
at 250 ◦C (10 min) at helium flow of 70 mL/min. Volatiles released from the sample tubes
were reabsorbed on a trap tube kept isothermal at −10 ◦C and then transferred on GC polar
column (DB-WAX, 30 m× 0,25 mm× 0,25 µm). GC-MS analyses of collected sea buckthorn
fruit volatiles were performed on the same conditions as described above for GC-EAD and
GC-MS, except that the oven temperature was programmed isothermally at 40 ◦C for 1 min;
afterward, it was raised to 240 ◦C at a rate of 5 ◦C/min and then maintained isothermally
for 1 min. The injector was set at 34 ◦C.

2.5. Sampling Volatiles for Olfactory Activity Evaluation

To reveal the H. rhamnoides fruit emitted compounds that were olfactorily active to fruit
fly R. batava, the headspace volatiles were collected from 180 g fruits (either unripe or ripe)
placed into a 500 mL glass flask fitted with an inlet for purified air supplied at 0.5 L/min
flow and with an outlet housing adsorbent trap filled with 150 mg of Tenax TA 60–80 mesh,
(Supelco, Darmstadt, Germany) in a Pasteur glass pipette. For the collection of control
samples, a charcoal-filtered airstream was pulled through an empty glass flask. Volatiles
were collected for 24 h, afterward eluted with 300 µL of diethyl ether, and concentrated to
300 µL under a gentle nitrogen stream. Samples from three collections were combined and
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stored at −18 ◦C until gas chromatography-electroantennogram detection (GC-EAD) and
gas chromatography-mass spectrometry (GC-MS) analyses.

2.6. GC-EAD Recording

Coupled GC-EAD was performed using a Clarus 500 gas chromatograph (Perkin
Elmer, Waltham, MA, USA) equipped with a DB-Wax capillary column (30 m × 0.25 mm
× 0.25 µm; Agilent Technologies, Santa Clara, CA, USA). The oven temperature was
maintained isothermally at 40 ◦C for 1 min; afterward, the temperature was raised to 200 ◦C
at a rate of 5 ◦C/min, then increased to 240 ◦C at a rate of 10 ◦C/min, and afterwards
maintained isothermally for 11 min. Hydrogen at the flow rate of 1.5 mL/min was used
as a carrier gas. The injector and the detector temperatures were set isothermal at 240 ◦C.
At the end of the column, the GC effluent was split into two equal parts: one stream was
directed to the flame ionization detector (FID) and the other stream flowed to the EAD
detector. A nitrogen make-up gas at the flow rate of 5 mL/min was used to enhance FID
performance. The EAD effluent was delivered into a stream of purified and humidified air
(0.5 m/s) over the antennal preparation.

The flies used in GC-EAD analyses were not chilled or anaesthetized before use. Glass
capillary electrodes filled with Ringer solution (Fresenius Kabi, Warsaw, Poland) and
grounded via a silver wire were used. The indifferent electrode was inserted in the severed
head of the fly, while the recording electrode, connected to a high-impedance DC amplifier
with automatic baseline drift compensation, was brought into contact with the distal end of
the fly antenna. The antennal signal was amplified 10 times, converted to a digital signal
by IDAC-4, and recorded simultaneously with the FID signal on a computer using GcEad
V. 4.4 (Synthech, NL 1998). Four successful recordings of male antennae and five of female
antennae were used for the GC-EAD analysis.

2.7. Identification of Olfactory Active Fruit-Released Volatiles

The headspace volatile samples were analysed on a Shimadzu GC-2010 coupled with
Shimadzu MS-QP 2010 Plus mass selective detector (Shimadzu, Kyoto, Japan). The GC
was equipped with a DB-Wax capillary column (30 m × 0.25 mm × 0.25 µm; Agilent
Technologies, Santa Clara, CA, USA) and operated under the same conditions as described
above for GC-EAD, except that helium was used as the carrier gas at the flow rate of
1.5 mL/min. Electron ionization spectra were acquired at an electron energy of 70 eV; the
interface and ion source temperatures were held isothermal at 250 ◦C. The EAD active
compounds were tentatively identified by comparison of their mass spectral data and
retention indexes with the NIST version 2.0 mass spectra search program (National Institute
of Standards and Technology, Gaithersburg, Maryland, USA); the retention times and mass
spectra of identified compounds were confirmed through injecting synthetics under the
same GC-MS program as described above.

2.8. Chemicals

The following compounds were purchased from Sigma-Aldrich (St. Louis, MO, USA):
ethyl 2-methylbutanoate (99% chemical purity), ethyl 3-methyl-2-butenoate (98% chem-
ical purity), 3-methylbutyl 2-methylbutanoate (≥98% chemical purity), 3-methylbutyl 3-
methylbutanoate (≥98% chemical purity), propyl hexanoate (≥90% chemical purity), ethyl
octanoate (≥99% chemical purity), ethyl benzoate (≥99% chemical purity), 3-methylbutyl
benzoate (≥98% chemical purity), (E)-β-ocimene (≥90% chemical purity), 3-methylbutan-
1-ol (≥99% chemical purity), 1-octen-3-ol (98% chemical purity), (E)-geranyl acetone (96%
chemical purity), hexane (≥99% chemical purity). Ethyl butanoate (99% chemical purity),
ethyl 3-methylbutanoate (98% chemical purity), 3-methylbutyl 2-methylpropionate (99%
chemical purity), ethyl hexanoate (99% chemical purity), ethyl heptanoate (99% chemical
purity) were purchased from Alfa Aesar (Ward Hill, MA, USA).
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2.9. Statistical Analysis

The statistical analysis was performed using the software Statistica 6.0 (StatSoft, Tulsa,
OK, USA). The behavioural results in the Y-tube olfactometer were analysed using the chi-
square test. To compare amounts of volatile compounds in ripe and unripe fruit emissions,
the amounts of volatiles collected in control were withdrawn from amounts collected from
fruit samples. A nonparametric Mann–Whitney U test was applied to evaluate differences
in volatile amounts of ripe and unripe fruit volatiles.

3. Results
3.1. Behavioural Responses of Rhagoletis batava to Sea Buckthorn Fruits

Before recording of volatiles’ effect, the blank test in a Y-tube olfactometer was per-
formed. There was no difference in the choice made by the fruit flies to each arm (p > 0.05),
indicating that the olfactometry was not biased (Figure 1).
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ripening stage in Y-tube olfactometer. n, Number of flies that made choice between two arms of
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Males of R. batava showed no preference for the volatiles of unripe or semi-ripe fruits
over control (pure air) (p > 0.05); however, the males preferred the odour of ripe fruits to
clean air (p = 0.016) (Figure 1). In contrast to males, the females preferred the odour of
unripe fruits to pure air (p < 0.05) (Figure 1).

The other two tests were designed to determine which ripening stage of the sea buck-
thorn fruits was preferred by R. batava females. The females demonstrated no preference
for unripe fruits over semi-ripe fruits (p > 0.05) (Figure 1), whereas the females preferred
the odour of semi-ripe fruits to the odour of ripe fruits (p = 0.018).

3.2. Volatiles of Sea Buckthorn Fruits at Two Ripening Stages

In the emissions of unripe fruits, 41 volatile compounds were isolated, whereas
64 compounds were sampled from the headspace of ripe fruits. The total amount of
volatiles increased five times, i.e., from 485 to 2588 ng/g/h in the emissions of unripe and
ripe fruits, respectively (Table 1). The volatile blend of unripe fruits comprised 21 esters,
5 alcohols, 4 ketones, 3 of each aldehyde, terpenes, and volatile fatty acids, and 1 of each
alkane and unidentified compound. Thirty-six esters, 12 alcohols, 7 terpenes, 3 aldehydes,
3 unknown compounds, 2 ketones, 2 volatile fatty acids, and 1 alkane composed the volatile
blend of ripe fruits (Figure 2). Thirteen compounds were unique for unripe fruits. Three of
these compounds i.e., (Z)-3-hexanal, (E)-2-hexanal, and (Z)-3-hexenyl acetate were detected
at concentrations of higher than 5 ng/g/h (Table 1).
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Table 1. Volatile compounds identified in the headspace of sea buckthorn Hippophae rhamnoides fruits
at two ripening stages: unripe fruits and ripe fruits.

No Compound Compound
Group RT Unripe Fruits,

ng/g/h ± SE 8
Ripe Fruits,
ng/g/h ± SE

1 3-Methylbutanal AL 1 3.46 1.54 ± 0.13
2 Ethanol OH 2 3.50 9.49 ± 4.80
3 Ethyl 2-methylpropanoate ES 3 3.75 49.38 ± 24.90
4 2-Pentanone KE 4 4.03 2.07 ± 0.31 * 9 12.39 ± 12.39 *
5 Ethyl butanoate ES 4.77 13.57 ± 2.96 114.04 ± 7.69
6 Ethyl 2-methylbutanoate ES 5.05 14.45 ± 5.14 162.23 ± 63.17
7 Ethyl 3-methylbutanoate ES 5.30 21.90 ± 3.97 243.23 ± 31.19
8 2-Methylpropan-1-ol OH 5.62 33.50 ± 8.49
9 3-Methylbutyl acetate ES 6.25 4.17 ± 0.50 21.51 ± 3.68
10 Ethyl pentanoate ES 6.47 3.13 ± 1.03
11 (Z)-3-Hexanal AL 6.61 7.63 ± 0.51
12 Ethyl 2-butenoate ES 7.02 1.77 ± 0.22

13 3-Methylbutyl
2-methylpropionate ES 7.93 3.54 ± 2.06

14 3-Methylbutan-1-ol OH 8.08 57.14 ± 4.49 230.21 ± 24.56
15 (E)-2-Hexanal AL 8.19 5.18 ± 1.71
16 Ethyl 3-methyl-2-butenoate ES 8.40 0.81 ± 0.18 5.34 ± 1.46
17 Ethyl hexanoate ES 8.66 68.17 ± 17.60 345.52 ± 30.96
18 (E)-β-Ocimene TE 5 9.06 66.45 ± 7.75 * 90.67 ± 10.51 *
19 3-Methylbutyl butanoate ES 9.48 13.76 ± 0.44
20 3-Hydroxy-2-butanone (Acetoin) ES 9.75 37.42 ± 12.74 * 52.97 ± 9.26 *
21 3-Methylbutyl 2-methylbutanoate ES 9.79 66.53 ± 19.16
22 3-Methylbutyl 3-methylbutanoate ES 10.13 33.27 ± 2.57 232.16 ± 16.42

23 Methyl
2-hydroxy-2-methylbutanoate ES 10.30 0.02 ± 0.02 * 3.02 ± 1.60 *

24 (Z)-3-Hexenyl acetate ES 10.62 9.90 ± 3.19
25 Propyl hexanoate ES 10.73 9.36 ± 1.32
26 Ethyl heptanoate ES 11.08 1.25 ± 0.13 16.67 ± 2.80
27 6-Methyl hept-5-en-2-one KE 11.08 0.55 ± 0.09
28 Ethyl (E)-2-hexenoate ES 11.31 1.09 ± 0.21
29 Hexan-1-ol OH 11.60 3.75 ± 1.71 14.66 ± 2.22

30 3-Methyl-3-butyl
3-methylbutanoate ES 11.96 1.36 ± 0.26

31 (Z)-3-Hexen-1-ol OH 12.33 8.94 ± 1.86 3.74 ± 0.25
32 Methyl octanoate ES 12.46 0.78 ± 0.02

33 Ethyl
3-hydroxy-3-methylbutanoate ES 12.95 15.28 ± 2.48

34 Ethyl
2-hydroxy-3-methylbutanoate ES 13.30 1.61 ± 1.61

35 Ethyl octanoate ES 13.60 10.72 ± 0.85 114.54 ± 10.25
36 1-Octen-3-ol OH 14.00 1.08 ± 0.17
37 3-Methylbutyl hexanoate ES 14.20 5.63 ± 0.73 78.48 ± 9.96
38 Ethyl (Z)-4-octenoate ES 14.51 0.22 ± 0.22 13.41 ± 0.80
39 2-Ethylhexan-1-ol OH 14.98 0.91 ± 0.91 73.36 ± 6.36
40 Dodecanal AL 15.20 3.05 ± 1.41
41 Benzaldehyde AL 15.48 4.93 ± 0.43
42 Ethyl 3-hydroxybutanoate ES 15.55 0.74 ± 0.74
43 Propanoic acid FA 6 15.96 5.64 ± 1.33 * 7.50 ± 0.90 *
44 Ethyl 2-hydroxypropanoate ES 16.19 44.48 ± 7.50
45 1-Octanol OH 16.67 0.70 ± 0.70 14.53 ± 15.01
46 Octyl acetate ES 16.68 9.11 ± 9.11
47 2-Methylpropanoic acid FA 16.70 1.62 ± 1.62
48 Aristolene TE 16.95 3.08 ± 1.58 40.70 ± 6.53
49 Methyl benzoate ES 17.87 8.09 ± 1.24 * 10.69 ± 5.95 *
50 6-Methylheptan-1-ol OH 18.02 22.30 ± 3.11
51 Butanoic acid FA 18.10 0.97 ± 0.97
52 6-Methyloctan-1-ol OH 18.32 9.80 ± 5.01
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Table 1. Cont.

No Compound Compound
Group RT Unripe Fruits,

ng/g/h ± SE 8
Ripe Fruits,
ng/g/h ± SE

53 Acetophenone KE 18.51 1.17 ± 1.17
54 Ethyl decanoate ES 18.54 16.93 ± 1.93
55 Ethyl benzoate ES 18.94 17.39 ± 3.15 79.04 ± 9.30
56 Methylbutyl benzoate ES 18.97 1.02 ± 1.02
57 Ethyl (Z)-4-decenoate ES 19.03 2.44 ± 2.44 13.58 ± 2.21
58 3-Methylbutyl octanoate ES 19.04 28.66 ± 14.74
59 Unknown 19.38 2.36 ± 1.32
60 Unknown 19.78 3.26 ± 2.21
61 Germacrene D TE 19.98 0.86 ± 0.51
62 Heptadecane AK 7 20.17 2.32 ± 2.32
63 Unknown 20.22 10.61 ± 5.57
64 (E, E)-α-Farnesene TE 20.94 4.80 ± 1.07 10.83 ± 0.82
65 Methyl salicylate ES 21.29 8.47 ± 0.28 25.05 ± 2.57
66 Ethyl phenylacetate ES 21.60 4.26 ± 0.47
67 2-Methylpropyl benzoate ES 21.71 0.34 ± 0.34
68 Octadecane AK 22.47 2.06 ± 1.06
69 (E)-Geranyl acetone KE 23.16 0.4 ± 0.03 1.75 ± 0.96
70 2-Phenylethanol OH 24.32 23.75 ± 11.93
71 3-Methylbutyl benzoate ES 24.31 48.83 ± 3.69 142.55 ± 16.00
72 Heptanoic acid FA 25.13 13.13 ± 4.24
73 3-Methylbutyl salicylate ES 26.93 1.65 ± 1.12
74 Eugenol TE 32.35 0.82 ± 0.52
75 Hydroxymethylfurfural AL 34.90 0.69 ± 0.36
76 Benzyl benzoate ES 36.94 0.75 ± 0.38

Total 485.1 ± 93.85 2588.07 ± 440.78
1 AL, aldehyde, 2 OH, alcohol, 3 ES, ester, 4 KE, ketone, 5 TE, terpenoid, 6 FA, fatty acid, 7 AK, alkane; 8 SE—
standard error of mean; 9 * amounts of volatile organic compound emitted by sea buckthorn fruit at two ripening
stages didn’t differ significantly (Mann–Whitney U test, p > 0.05).
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As many as 35 volatile compounds were found in ripe sea buckthorn fruit emissions
only (Table 1). The identified volatiles belonged to five groups of compounds: esters
(19 compounds), alcohols (6 compounds), terpenes (4 compounds), aldehydes (3 com-
pounds), and one acid. Among these compounds, esters and alcohols were the most
abundant: four esters ethyl 2-methylpropanoate, 3-methylbutyl 2-methylbutanoate, ethyl
2-hydroxypropanoate, and 3-methylbutyl octanoate as well as alcohol 2-methylpropanol
were detected in volatile emission at concentrations higher than 25 ng/g/h.
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The amounts of 2-pentanone, (E)-β-ocimene, 3-hydroxy-2-butanone, methyl 2-hydroxy-
2-methylbutanoate, propanoic acid, and methyl benzoate did not differ significantly
(p > 0.05) in unripe and ripe fruits. (Z)-3-hexenol was detected at significantly higher
amounts in unripe compared to ripe fruits (p < 0.05), while 21 compounds were emitted at
significantly higher amounts (p < 0.05) by ripe compared to unripe fruits (Table 1).

3.3. Olfactory Active Compounds of the Sea Buckthorn Fruits

GC–EAD analysis of the headspace samples from the sea buckthorn fruits at two
ripening stages revealed the presence of at least 26 compounds in unripe soft green fruits
and 27 compounds in ripe fruits eliciting the electrophysiological antennal responses both
of males and females of R. batava (Figure 3). The volatiles of the fruits at two ripening stages
differed qualitatively in the single compound only, i.e., 3-methylbutyl 2-methylpropionate,
which was found in ripe fruits only (Figure 3).

Table 2. EAD active volatiles identified in headspace of sea buckthorn Hippophae rhamnoides fruits at
two ripening stages (unripe fruits and ripe fruits) and their electroantennographic activity to fruit
flies Rhagoletis batava.

No 1 Compound CG 2 RI 6 RT 7
Unripe Fruits Ripe Fruits EAG Activity

Peak Area 8 Peak Area
% Peak Area Peak Area

% Females Males

5 Ethyl butanoate ES 3 1015 4.31 8.64 ± 1.26 3.06 ± 0.14 26.59 ± 2.61 2.66 ± 0,04 5 9(5) 10 4(4)

6 Ethyl 2-methylbutanoate ES 1037 4.66 28.89 ± 4.62 10.18 ± 0.43 129.75 ±
13.20 12.98 ± 0.17 5(5) 4(4)

7 Ethyl 3-methylbutanoate ES 1056 4.98 11.09 ± 1.33 3.95 ± 0.09 147.06 ±
14.85 14.71 ± 0.16 5(5) 4(4)

10 Ethyl pentanoate ES 1122 6.27 0.46 ± 0.09 0.16 ± 0.01 1.02 ± 0.15 0.10 ± 0.01 4(5) 4(4)
13 3-Methylbutyl 2-methylpropionate ES 1185 7.69 0 0 2.88 ± 0.27 0.29 ± 0.001 3(5) 2(4)
14 3-Methylbutan-1-ol OH 4 1204 8.16 8.97 ± 0.72 3.24 ± 0.20 26.49 ± 2.55 2.65 ± 0.25 5(5) 4(4)
16 Ethyl 3-methyl-2-butenoate ES 1211 8.32 0.71 ± 0.09 0.25 ± 0.01 2.93 ± 0.37 0.29 ± 0.03 5(5) 4(4)

17 Ethyl hexanoate ES 1232 8.80 118.03 ±
17.34 41.75 ± 0.52 384.05 ±

38.10 38.42 ± 0.14 5(5) 4(4)

18 (E)-β-ocimene TE 5 1242 9.03 28.67 ± 4.29 10.14 ± 0.34 35.23 ± 3.47 3.52 ± 0.02 5(5) 4(4)
19 3-Methylbutyl butanoate ES 1258 9.43 0.23 ± 0.05 0.08 ± 0.01 2.20 ± 0.23 0.22 ± 0.02 4(5) 4(4)
21 3-Methylbutyl 2-methylbutanoate ES 1271 9.75 2.17 ± 0.37 0.76 ± 0.02 17.76 ± 1.76 1.78 ± 0.01 5(5) 4(4)
22 3-Methylbutyl 3-methylbutanoate ES 1289 10.22 5.40 ± 0.65 1.97 ± 0.33 45.83 ± 4.54 4.59 ± 0.05 5(5) 4(4)
23 Methyl 2-hydroxy-2-methylbutanoate ES 1294 10.36 0.90 ± 0.14 0.32 ± 0.01 1.62 ± 0.24 0.16 ± 0.01 5(5) 4(4)
25 Propyl hexanoate ES 1309 10.74 1.77 ± 0.54 0.60 ± 0.13 0.97 ± 0.10 0.10 ± 0.001 4(5) 4(4)
26 Ethyl heptanoate ES 1325 11.11 3.79 ± 0.57 1.34 ± 0.01 4.86 ± 0.50 0.49 ± 0.004 5(5) 4(4)
28 Ethyl (E)-2-hexenoate ES 1342 11.52 1.12 ± 0.21 0.39 ± 0.02 0.54 ± 0.06 0.05 ± 0.001 4(5) 4(4)
30 3-Methyl-3-butenyl 3-methylbutanoate ES 1368 12.16 0.02 ± 0.004 0.01 ± 0.001 0.05 ± 0.02 0.01 ± 0.002 4(5) 3(4)
32 Methyl octanoate ES 1383 12.54 3.20 ± 0.68 1.11 ± 0.08 1.77 ± 0.14 0.18 ± 0.02 5(5) 4(4)
35 Ethyl octanoate ES 1428 13.65 9.73 ± 1.57 3.45 ± 0.25 67.61 ± 6.79 6.76 ± 0.11 5(5) 4(4)
36 1-Octen-3-ol OH 1446 14.08 0.12 ± 0.05 0.04 ± 0.01 0.07 ± 0.01 0.01 ± 0.001 5(5) 4(4)
38 Ethyl (Z)-4-octenoate ES 1462 14.48 1.61 ± 0.24 0.58 ± 0.05 5.63 ± 0.33 0.58 ± 0.08 5(5) 4(4)
39 2-Ethylhexan-1-ol OH 1484 15.05 2.67 ± 0.80 0.99 ± 0.32 2.65 ± 0.29 0.26 ± 0.004 5(5) 3(4)
42 Ethyl 3-hydroxybutanoate ES 1512 15.72 0.39 ± 0.06 0.14 ± 0.002 1.24 ± 0.13 1.24 ± 0.13 5(5) 4(4)
55 Ethyl benzoate ES 1644 18.7 32.44 ± 5.50 11.45 ± 0.57 48.52 ± 4.74 4.85 ± 0.03 5(5) 4(4)
66 Ethyl phenylacetate ES 1763 21.28 0.38 ± 0.07 0.14 ± 0.03 2.35 ± 0.27 0.23 ± 0.01 5(5) 2(4)
69 (E)-Geranyl acetone TE 1849 23.08 5.40 ± 1.00 1.91 ± 0.20 3.19 ± 0.47 0.32 ± 0.03 4(5) 2(4)
71 3-Methylbutyl benzoate ES 1890 23.93 5.50 ± 0.88 1.99 ± 0.33 36.72 ± 3.60 3.67 ± 0.05 3(5) 2(4)

1 No is the compound number as indicated in Table 1 and Figure 3; 2 CG, compound group; 3 ES, ester; 4 OH,
alcohol, 5 TE, terpene; 6 RI, retention index (polar DB-Wax fused silica capillary column 30 m × 0.25 mm i.d.,
0.25 µm film thickness); 7 Retention time; 8 Peak area (mean ± standard error of the mean), the absolute amount
expressed as area under the chromatographic peak and have to be read as numbers times 10,000; 9 number of
antennae responded, 10 number of antennae tested.

Ester ethyl hexanoate was the most abundant compound in the headspace of sea
buckthorn fruits of both ripening stages; it accounted for about 40% of the mixture of EAD-
active compounds (Table 2). Ethyl 2-methylbutanoate, (E)-β-ocimene, and ethyl benzoate
were the compounds each accounting for more than 10% of the mixture of EAG-active
compounds in the unripe fruit emission, while, in the ripe fruits, such compounds were
ethyl 2-methylbutanoate and ethyl 3-methylbutanoate. It should also be mentioned that
nine compounds in the unripe fruit emission each accounted for 1–5% of the mixture of
EAD active compounds, while, in the ripe fruits, there were nine similar compounds, one
of which, i.e., ethyl octanoate, accounted for almost 7% of the EAG active emission. Each
of 13 and 15 volatiles isolated from the emissions of unripe and ripe fruits, respectively,
composed less than 1% of all EAD active compounds (Table 2).
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Figure 3. Representative GC-EAD recordings of Rhagoletis batava female and male responses to
Hippophae rhamnoides fruits odours at two ripening stages: unripe soft green fruits (a) and ripe orange
fruits (b). FID, flame ionization detector; EAD, electroantennographic detector; DB-Wax capillary
column (30 m × 0.25 mm × 0.25 µm; Agilent Technologies, Santa Clara, CA, USA). FID peaks are
numbered according to Tables 1 and 2.

Esters were the most abundant type of volatiles composing 84% and 93% of all EAD
active compounds in the emissions from unripe and ripe fruits, respectively. In addition,
EAD responses of R. batava flies were elicited by three alcohols, which constituted 4.3% and
2.9% of the active compounds, as well as by two terpenes that composed 12.1% and 3.8% of
the EAD active mixture in unripe and ripe fruit emissions, respectively (Table 2).

4. Discussion

It is known that plant volatiles act as important chemical signals for a few Rhagoletis
species in host-plant selection and could be used as attractants or synergists in integrated
pest management [19–24]. However, the compounds released by sea buckthorn H. rham-
noides fruits and perceived by R. batava fruit flies, including their changes during the fruit
ripening process, were unknown.

In this study, we revealed, for the first time, that the attractiveness of the odour of
host-plant fruits to R. batava males and females differs. For males, only ripe fruits are
attractive, while females prefer green soft fruits that are not ripe yet. For females, green
soft fruits are equally attractive as semi-ripe ones. In contrast to males that were attracted
to ripe fruits, females preferred semi-ripe versus ripe fruits. We assume that such a choice
is predetermined by the search for the most suitable fruits for egg-laying.

Thermal desorption GC-MS analysis revealed that various esters prevailed in the
volatile blends of ripe sea buckthorn fruits. Volatiles of this chemical group composed 57%
of identified compounds and 8 volatiles of 14 compounds trapped at the amounts over
100 ng/g/h of fresh fruit weight were esters.

Structurally, the most abundant esters of sea buckthorn fruits are characterised by
ethyl moiety and butanoic acid, 2-methylbutanoic acid, 3-methylbutanoic acid, hexanoic
acid, octanoic acid, as well as benzoic acid representing the fatty acid part of ester. Our
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data are consistent with the previous reports that volatile profiles of homogenised ripe sea
buckthorn fruits were quantitatively and qualitatively dominated by these esters [25–28].
We were able to find only one publication reporting the composition of volatile compounds
trapped from intact sea buckthorn fruits. The study by Zapałowska et al. [29] showed
that the volatile profiles of ripe fruits were comprised of 8 esters and the same number of
volatiles bearing terpene moiety only. A small number of volatiles registered was probably
due to a very short period of collection and different chromatographic analysis compared
to our study.

A substantial quantitative and qualitative difference of volatile emissions was recorded
in unripe and ripe fruits. It is a general trend that fruits release larger amounts of volatiles at
the ripe stage compared to the unripe stage [30]. In our study, the total amount of trapped
volatiles increased five times compared to emissions from unripe and ripe sea buckthorn
fruits. The most pronounced changes in the volatile profiles during ripening of buckthorn
fruits have been attributed to the increased number and amount of esters and decline of
green leaf volatiles, i.e., (Z)-3-hexanal, (E)-2-hexanal, and (Z)-3-hexenyl acetate. Similar
changes have been reported for the number of fruits [31–34].

In order to be able to look for volatile compounds that could lead to the behavioural
reactions of the fruit flies, we analysed volatile compounds that they are capable of smelling.
GC-EAD analysis of headspace volatiles either of unripe or ripe sea buckthorn fruits
revealed 26 compounds in nonripe fruits and 27 compounds in ripe ones. The compounds
elicited olfactory responses in antennae, both of males and females.

Among flies from the genus, Rhagoletis persistent EAG responses alongside behavioural
activity were recorded in the apple maggot fly, R. pomonella. Depending on the host race of
the flies and host species, the flies perceived from 5 to 11 volatiles emitted by fruits [35].
Analogous to it, 8 and 9 EAG-active volatiles from snowfruit host fruits were registered in
R. mendax [36] and R. zephyria [23], respectively. In R. completa, 21 compounds elicited EAG
responses [37] and 14 in R. cerasi [38]. When comparing this data with the data we recorded
for R. batava fruit flies, it should be noted that the flies of this species smell the broadest
spectrum of the host-plant fruit volatiles. That circumstance makes it more difficult to
search for kairomone attractants.

In R. batava, a single EAG active component 3-methylbutyl 2-methylpropionate (peak
number 5 in Table 2 and Figure 3) was recorded in ripe fruits only. In unripe fruits, the
compound was absent (or its amount was below the detection threshold). EAG responses
to the volatile from ripe fruits were very low (Figure 3); thus, we assume the compound
should hardly be attributed to important ones, involved in the choice between ripe and
unripe fruits.

The sampling of volatiles for the determination of olfactory active compounds was
aimed to collect a sufficient amount of volatiles for multiple GC-EAD runs as well as to
make stock solutions ensuring as little variation as possible between GC-EAD replicates.
Due to the long sampling duration, the use of the solvent to release the volatiles from
absorbent followed by concentration of samples affected the ratio between components,
which was less accurate compared to the sampling of fruit-released volatiles aiming to
quantify the volatiles as accurately as possible. Due to the short collection time and lower
release rate from fruits, some volatiles in unripe fruit samples remained below the detection
limit in the thermo desorption-GC-MS method compared to the collection of volatiles for
GC-EAD experiment.

Difference both in the ratio and in the concentrations of components was obvious when
comparing the composition of volatiles emitted by fruits of different ripeness stages. One
can assume that these differences could be explored by R. batava flies when differentiating
fruit attractiveness. There were 17 EAD-active compounds that evoked persistent EAD
responses in all tested antennae. Most of these compounds belonged to esters. Butanoic
acid moiety found in 8 volatiles was the most abundant fatty acid moiety of these esters,
followed by three octanoates, as well as hexanoate, heptanoate, and benzoate, while ethanol
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dominated among alcohol moiety composing the esters. In addition to esters, there were
two alcohols 3-methylbutanol and 1-octen-3-ol, and a single terpene (E)-β-ocimene.

At least 10 EAD-active compounds found in the sea buckthorn fruit emissions, such
as ethyl butanoate, ethyl 2-methylbutanoate, ethyl 3-methylbutanoate, 3-methylbutan-1-
ol, ethyl hexanoate, 3-methylbutyl 2-methylbutanoate, 3-methylbutyl 3-methylbutanoate,
and ethyl octanoate, have been reported as compounds released by yeasts related to sea
buckthorn fruits [39,40], which, therefore, could be produced by microbiota found on the
surface of fruits.

The results we obtained indicated that, among 27 volatile compounds perceived by R.
batava fruit flies, at least 17 are candidates for kairomone attractants of the pest.
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(-)-δ-heptalactone as pheromone of the fruit fly Rhagoletis batava (Diptera: Tephritidae), a pest of sea buckthorn fruits. Insects 2020,
11, 138. [CrossRef]

15. Aldrich, J.R.; Bartelt, R.J.; Dickens, J.C.; Knight, A.L.; Light, D.M.; Tumlinson, J.H. Insect chemical ecology research in the United
States Department of Agriculture-Agricultural Research Service. Pest Manag. Sci. 2003, 59, 777–787. [CrossRef] [PubMed]

16. Reddy, G.V.P.; Guerrero, A. Interactions of insect pheromones and plant semiochemicals. Trends Plant Sci. 2004, 9, 253–261.
[CrossRef] [PubMed]

17. Sablon, L.; Dickens, J.C.; Haubruge, É.; Verheggen, F.J. Chemical ecology of the colorado potato beetle, Leptinotarsa decemlineata
(Say) (Coleoptera: Chrysomelidae), and potential for alternative control methods. Insects 2013, 4, 31–54. [CrossRef] [PubMed]

18. Scolari, F.; Valerio, F.; Benelli, G.; Papadopoulos, N.T.; Vaníčková, L. Tephritid fruit fly semiochemicals: Current knowledge and
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