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Abstract 

Identification of host-derived volatiles is an important step towards the development of 

novel surveillance and control tools for Culicoides biting midges. In this study, we identified 

compounds from headspace collections of cattle hair and urine that modulate the 

behavioral response of Culicoides nubeculosus, a research model species with a similar host-

range as the vectors of Bluetongue disease and Schmallenberg disease in Europe. Combined 

gas chromatography and electroantennographic detection (GC-EAD) analysis revealed 23 

bioactive compounds, of which 17, together with octanal, were evaluated in a two-choice 

behavioral assay in the presence of CO2. Decanal, 2-phenylethanal, 1-octen-3-ol, 2-

ethylhexanol, 3-methylindole, phenol, and 3-ethylphenol elicited attraction of host 

seeking C. nubeculosus, whereas heptanal, octanal, nonanal, 3-propylphenol, and 4-

ヮヴﾗヮ┞ﾉヮｴWﾐﾗﾉ ｷﾐｴｷHｷデWS デｴW ｷﾐゲWIデゲげ ;デデヴaction to CO2, when compared to CO2 alone. 6-

Methyl-5-hepten-2-one, 3-methylphenol, 4-methylphenol, and 4-ethylphenol elicited both 

attraction and inhibition. The behavioral responses were dependent on the concentration 

tested. Our results show that cattle-derived odors have the potential to be used for the 

manipulation of the behavior of Culicoides biting midges. 
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Introduction 

Culicoides biting midges (Ceratopogonidae) are vectors of the Bluetongue virus (Caracappa 

et al. 2003; Dijkstra et al. 2008; Meiswinkel et al. 2007; Savini et al. 2008; Veronesi et 

al. 2013b) and the recently isolated Schmallenberg virus (Beer et al. 2013). The introduction 

and increased incidence of the diseases caused by these viruses have afflicted livestock 

production significantly in northern Europe (Beer et al.2013; Carpenter et al. 2009). Current 

vector control management methods, including restrictions on movements of animals, and 

insecticide treatment of animals, housing, and transport vehicles have had limited effect on 

the disease dynamics (Carpenter et al. 2008). Surveillance programmes that target biting 

midges are essential to predicting the spread of these fatal animal diseases. However, 

current surveillance methods, which rely primarily on light traps to catch biting midges, may 

not be optimally effective. Such traps may not attract all potential vector species equally, 

and may underestimate numbers of blood-seeking midges in the vicinity of animal hosts 

(Carpenter et al. 2008; Gerry et al. 2009; Viennet et al. 2011). Following the successful use 

of traps baited with vertebrate host volatiles to monitor and control other blood feeding 

insects (Logan and Birkett 2007; Pickett et al. 2010), similar technology has been trialled 
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with varying success against biting midges (e.g., Cilek et al. 2003; Gerry et al. 2009; Harrup 

et al. 2012; Kline et al. 1994; Ritchie et al. 1994). A better understanding of how host-

derived chemicals attract, and potentially repel, these insects is essential to developing 

more effective means of biting midge surveillance and control. 

Host preference analysis of Bluetongue and Schmallenberg vector species (Caracappa et 

al. 2003; Dijkstra et al. 2008; Meiswinkel et al. 2007; Rasmussen et al. 2012; Savini et 

al. 2008; Veronesi et al. 2013b) show that these insects prefer to feed on cattle, sheep, and 

horses (Blackwell et al. 1995; Lassen et al. 2011; Pettersson et al. 2012). Field experiments 

also show that biting midges are differentially attracted to vertebrate host odors when 

combined with carbon dioxide (CO2) (Mands et al. 2004), a key kairomone cue for 

haematophagous insects (Logan and Birkett 2007). Moreover, several generic, vertebrate 

host-derived volatiles elicit a behavioral response in biting midges, e.g., 1-octen-3-ol and 

phenolic compounds (Logan and Birkett 2007). 1-Octen-3-ol is one of the best studied host 

volatiles for haematophagous insects, and attracts tsetse flies (Hall et al. 1984), mosquitoes 

(Kline et al. 1990; Takken and Kline 1989), as well as biting midges (Bhasin et al. 2000; 

Blackwell et al. 1996; Harrup et al. 2012; Kline et al. 1994; Ritchie et al. 1994; Takken and 

Kline 1989). 1-Octen-3-ol is, however, not widely used in monitoring and control strategies 

against biting midges in Europe. Phenolic compounds, identified from cattle urine, have also 

been identified as attractants for tsetse flies (Bursell et al. 1988; Vale et al. 1988), and 

subsequently shown to attract biting midges (Bhasin et al. 2001; Kline et al. 1990). As for 1-

octen-3-ol, few attempts have been made to incorporate these semiochemicals into control 

strategies (Bhasin et al. 2001; Cilek et al. 2003; Venter et al.2011). 

Culicoides nubeculosus is a research model species with a similar host range as the known 

vector species of Bluetongue and Schmallenberg viruses in Europe (Lassen et al. 2011; 

Mellor and McCaig 1974; Nielsen and Christensen 1975; Pettersson et al. 2012). To date, C. 

nubeculosus has been used in susceptibility studies for these viruses (Jennings and 

Mellor 1988; Mellor 2000; Veronesi et al. 2013a, b). In the present study, we show the 

behavioral response of C. nubeculosus to individual cattle volatiles identified through 

combined gas chromatography and electroantennographic detection (GC-EAD) (Arn 1975) 

and combined GC and mass spectrometry (GC/MS) analyses. 

Methods and Materials 

Headspace Collection of Cattle Volatiles 

Hair (15 g) from Holstein heifer cattle, taken from their back, neck, and belly area was 

placed in a 500 ml gas washing bottle (Lenz Laborglas, Wertheim, Germany). Charcoal-

filtered air was drawn by a pump (Rena 301, Rena France S.A., Meythet, France), from the 

bottom to the top of the bottle, at 0.1 l minЪヱ over 24 h, passing through an adsorbent 

column containing 40 mg of Porapak Super Q (PQ; 80/100 mesh; Sigma-Aldrich Chemie 

GmbH, Steinheim, Germany). Five ml of urine, collected from the same cattle, were placed 

in a 250 ml gas wash bottle (Lenz Laborglas) and left in a 37 °C water bath to incubate 

overnight under aerobic conditions. An adsorbent column consisting of 50 mg PQ was used 

to trap volatiles from the cattle urine. Nitrogen was pushed into the wash bottle, through an 

internal dip tube placed ca. 0.5 cm from the urine surface, and through the adsorbent 

column connected to the exit tube. The flow rate through the column was 0.3 l minЪヱ, and 

the headspace was collected for 3 h. The adsorption columns were washed using n-hexane 



ふL;HSI;ﾐが M;ﾉﾏﾜが S┘WSWﾐぶ ;ﾐS ヮWﾐデ;ﾐW ふдΓΓくΓが MWヴIﾆ KG;Aが D;ヴﾏゲデ;Sデが GWヴﾏ;ﾐ┞ぶ ヮヴｷﾗヴ デﾗ 
collection and eluted after collection using 500 ´ﾉ ﾗa ヮWﾐデ;ﾐWく 

Insects 

Culicoides nubeculosus were sent from The Pirbright Institute, UK as pupae, and received at 

our laboratory in Sweden as adults. Insects were maintained at 26 °C, 50 % RH, a 12:12 h L:D 

cycle, and provided with access to water from wet filter paper. One-to-4-d-old nulliparous, 

and presumed mated (Mair and Blackwell1996), female biting midges were used for GC-EAD 

and behavioral analyses. Females were visually separated from males by differences found 

in the antennal plumage (Blackwell et al. 1992); male antennae are covered by a large 

number of mechanosensory sensilla that gives the antenna a plumose appearance. At this 

age, females are activated by human breath, attracted to a human hand, and they would 

take a blood meal if given the opportunity. 

Electrophysiology 

For GC-EAD analysis, an Agilent 6890 gas chromatograph (GC; Agilent Technologies, Santa 

Monica, CA, USA) equipped with a fused silica capillary column (30 m x 0,25 mm) coated 

with 5 % phenyl-/95 % methylsiloxane (HP-ヵが aｷﾉﾏ デｴｷIﾆﾐWゲゲ爆Э爆ヰくヲヵ ´ﾏき AｪｷﾉWﾐデ TWIｴﾐﾗﾉﾗｪｷWゲぶ 
┘;ゲ ┌ゲWSく H┞SヴﾗｪWﾐ ┘;ゲ デｴW ﾏﾗHｷﾉW ヮｴ;ゲW ふQ爆Э爆ヴヵ cm sЪヱぶく T┘ﾗ ´ﾉ ﾗa W;Iｴ ゲ;ﾏヮﾉW ┘WヴW 
injected (splitless mode, 30 s, injector temperature 225 °C). The GC oven temperature was 

programmed from 30 °C (3 min hold), followed by a ramp of 8 °C minЪヱ to 225 °C, and then 

held isothermal for 10 min. At the GC effluent, 4 psi of nitrogen were added and split 1 : 1 in 

a Gerstel 3D/2 low dead volume four-way-cross (Gerstel, Mülheim, Germany) between the 

flame ionization detector and the EAD, via two 100 cm deactivated fused silica capillaries 

(0.25 mm ID; Agilent Technologies). The GC effluent capillary for the EAD passed through a 

Gerstel ODP-2 transfer line, that tracked the GC oven temperature, into a glass tube (10 cm 

x 8 mm), where it was mixed with charcoal-filtered, humidified air (1.5 l minЪヱ). The antenna 

was placed 0.5 cm from the outlet of this tube. 

For EAD recordings, we modified the method described by Logan et al. (2009). In short, the 

head of a C. nubeculosus female was separated from the body, and the tip of each antenna 

was cut. Glass capillaries with a silver wire were filled with Beadle-Ephrussi ringer 

(Bjostad 1998). The recording glass electrode was placed over the tip of one antenna, and 

the reference electrode was inserted through the occipital opening with the tip positioned 

as close to the base of the antenna as possible. The EAD signal was pre-amplified (10 x) 

using a Syntech combi probe (Syntech, Kirchgarten, Germany). An IDAC2 (Syntech) interface 

converted the signals from the FID and EAD, and these signals were visualized using GC-EAD 

software v1.2.5 2014 (Syntech). Due to the instability of the antennal preparation, likely due 

to the large number of mechanosensory sensilla, we used the following criterion of a 

bioactive compound: an eluted compound that elicited an EAD response in at least three 

out of five female C. nubeculosus. EAD and FID traces were smoothed to reduce noise by 

averaging over 2 s in R (R Core Team 2014). 

Chemical Analysis 

The bioactive compounds in the headspace of cattle hair and urine detected by the 

antennae of C. nubeculosus were identified by injection on a combined 6890 N gas 



chromatograph and 5975 mass spectrometer (GC/MS; Agilent Technology) fitted with a 

fused silica capillary column (30 ﾏ爆Ы爆ヰがヲヵ mm) coated with HP-5MS (film 

デｴｷIﾆﾐWゲゲ爆Э爆ヰくヲヵ ´ﾏぶが ┘ｷデｴ デｴW ゲ;ﾏW デWﾏヮWヴ;ture programme as that used for the GC-EAD 

;ﾐ;ﾉ┞ゲｷゲく HWﾉｷ┌ﾏ ┘;ゲ ┌ゲWS ;ゲ デｴW ﾏﾗHｷﾉW ヮｴ;ゲW ふQ爆Э爆ンヵ cm sЪヱ). The mass spectra were 

generated at 70 eV, and the bioactive compounds were identified by comparisons of their 

calculated Kováts indices and with reference spectra in a custom made data base and from 

commercially available mass spectral libraries (NIST05, Agilent Technology, and Wiley). The 

identified compounds were then confirmed by comparing mass spectra and retention times 

with those of commercially-available standards. 

Behavioral Assay 

A two choice behavioral assay, consisting of a Y-tube olfactometer (Fig. 1; arms 14 cm, stem 

12.5 cm and inner Ø 2.2 cm; Humiglas, Södra Sandby, Sweden), was used to assess the 

behavioral activity of the headspace volatile extracts and the GC-EAD active compounds 

identified in the cattle hair and urine headspace. In addition, the behavioral response to 

octanal was assessed due to the structural resemblance of this compound to other tested 

compounds; this compound was also present in odor collections from cattle hair, but failed 

to meet the criterion of a bioactive compound. The Y-tube was placed inside a wooden box 

(310 x 400 x 450 mm), lined with white cloth, with an incandescent light source (230 V, 

50 Hz, 0.40 A, 1170 lux) placed on top of the box, above the test arms. Synthetic air, 

containing metered 600 ppm CO2 and oxygen (20 %), balanced by nitrogen (Strandmöllen 

AB, Ljungby, Sweden), was introduced, at a rate of 300 ml minЪヱ, into both arms using Teflon 

tubes via a glass tube (9.5, Ø 2.2 cm). The temperature and humidity in the room was set to 

25 °C and 50 % RH, respectively. 

 
Fig. 1 

Schematic drawing of the Y-olfactometer used to evaluate the behavioral response 

of Culicoides nubeculosus to the GC-EAD active compounds. Choice and no choice indicate 

the conditions under which the behavioral response was evaluated 

Odor stimuli were produced by loading filter papers (1 x 1 cm) with undiluted headspace 

volatile extracts or solutions of test compounds (10 ´ﾉぶく Cﾗﾏヮﾗ┌ﾐSゲ ふT;HﾉW 1) were prepared 



in redistilled n-hexane as serial solutions, with loadings on the filter paper ranging from 

10Ъヴ-10Ъヱヲ g. Both headspace volatile extracts and the solutions were tested against hexane 

as a control. The solvent was allowed to evaporate for 30 s before the filter papers were 

attached to steel wires (1.5 cm long) that were positioned at the center of the glass tube at 

the control and test side of the Y-tube (Fig. 1). These glass tubes were separated from the 

arms via a mesh to prevent the insects from coming into contact with the release point. Ten 

to 15 female C. nubeculosus were released at the far end of the stem by fitting a 10 cm long 

glass tube to the stem containing the female insects, thereby introducing the females into 

the flow. Insects were allowed to make a choice for 7 min before the position of the 

individual insects in the olfactometer was recorded. Female C. nubeculosus that entered the 

treatment arm were considered to be attracted to the tested headspace volatile extract or 

compound solution, in combination with 600 ppm CO2. In contrast, females that entered the 

control arm, containing the hexane control and 600 ppm CO2, were considered inhibited by 

the tested extract or compound solution. Females that did not make an active choice, i.e., 

remained in the stem of the Y tube, were considered non-responders and were excluded 

from further analysis. Assays were performed between 8:00 and 10:00, i.e., at the host-

seeking activity peak at dawn (Kettle 1962). Ten repetitions per compound and dose were 

performed. The olfactometer was washed with ethanol and heated at 300 °C for 8 h 

between treatments. 
Table 1 

Information on purity and manufacturer of the chemical compounds used in this study 

Compound Purity (%) Supplier 

Heptanal >98 Sigma-Aldrich a) 

Octanal >98 Sigma-Aldrich a) 

Nonanal 95 Sigma-Aldricha) 

Decanal >98 Sigma-Aldrich a) 

E-2-Nonenal 97 Sigma-Aldrich a) 

2-Phenylethanal 99.5 Sigma-Aldrich a) 

2-Ethylhexanol >99 Sigma-Aldrich a) 

1-Octen-3-ol 98 Sigma-Aldrich a) 

6-Methyl-5-hepten-2-one >98 Sigma-Aldrich a) 



Compound Purity (%) Supplier 

3-Methylindole 98 Sigma-Aldrich a) 

Phenol 99 Sigma-Aldrich a) 

2-Methoxyphenol 95 Sigma-Aldrich a) 

3-Methylphenol 99 Sigma-Aldrich a) 

4-Methylphenol 99 Sigma-Aldrich a) 

3-Ethylphenol 99 Sigma-Aldrich a) 

4-Ethylphenol 99 Sigma-Aldrich a) 

3-Propylphenol 98 Alfa Aesar b) 

4-Propylphenol 99 Sigma-Aldrich a) 

aSigma-Aldrich Chemie GmbH, Steinheim, Germany 

bAlfa Aesar GmbH, Karlsruhe, Germany 

Statistical analysis 

Data analysis was performed to identify the concentrations of compounds tested that 

significantly attracted or inhibited the behavior of biting midges. For each replicate, the 

number of midges responding to the treatment was expressed as a proportion (0-1), 

calculated as the number of biting midges found in the treatment arm divided by the 

number of biting midges found in both treatment and control arms. Binomial logistic 

regression was then used to test whether the proportions choosing the test stimulus over 

10 replicates differed significantly from that expected by chance (0.5). All data from 

bioassays were analyzed using R (R Core Team 2014). 

Results 

Electrophysiology and Chemical Analysis 

Using GC-EAD analysis, we identified 9 constituents in the cattle hair (Fig. 2a) and 14 in the 

cattle urine headspace (Fig. 2b) that met our criterion of a bioactive compound. One 

compound, decanal, occurred in both extracts. Of these, we identified 6 and 12 of the EAD 

active compounds in the cattle hair and urine headspace, respectively, using GC/MS analysis 



(Table 2). We acknowledge that the use of pentane as a solvent is selective with respect to 

the polarity of the eluted compounds. 

 
Fig. 2 

Antennal response of Culicoides nubeculosus to cattle hair and urine volatiles. Combined gas 

chromatography and electroantennographic detection (GC-EAD) signal from the female 

antenna to compounds from cattle hair (a) and urine (b) eluting from an HP-5 capillary 

column. EAD signal in (b) is an average of two runs. Top traces correspond to the signal of 

the flame ionisation detector (FID) of the GC, and the bottom traces to the 

electroantennographic (EAD) response. Peak number: 1. Heptanal, 2. 1-Octen-3-ol, 3. 6-

Methyl-5-hepten-2-one, 4. Nonanal, 8. E-2-Nonenal, 9. Decanal, 10. Phenol, 11. 2-

Ethylhexanol, 12-13. 3- and 4-Methylphenol, 14. 2-Methoxyphenol, 15. 2-Phenylethanal, 16-

17. 3- and 4-Ethylphenol, 18. Decanal, 20-21. 3- and 4-Propylphenol, 23. 3-Methylindole, 5-

7, 19 and 22. Unknown. Differences in retention times of decanal are due to slightly 

different GC-conditions 

Table 2 

Combined gas chromatography and mass spectrometry (GC/MS) identification of compounds in headspace 

volatile extracts of cattle hair and urine eliciting electroantennographic activity in Culicoides nubeculosus. KI: 

Kováts index. The peak numbers correspond to the peak numbers in Fig 2 



  Peak KI Compound 

Cattle hair 

1 898 Heptanal 

2 977 1-Octen-3-ol 

3 986 6-Methyl-5-hepten-2-one 

4 1107 Nonanal 

5 1119 Unknown 

6 1139 Unknown 

7 1150 Unknown 

8 1168 E-2-Nonenal 

9 1212 Decanal 

Cattle urine 

10 978 Phenol 

11 1032 2-Ethylhexanol 

12 1076 4-Methylphenol 

13 1076 3-Methylphenol 

14 1096 2-Methoxyphenol 

15 1119 2-Phenylethanal 

16 1143 4-Ethylphenol 

17 1143 3-Ethylphenol 

18 1212 Decanal 



  Peak KI Compound 

19 1259 Unknown 

20 1269 4-Propylphenol 

21 1269 3-Propylphenol 

22 1304 Unknown 

23 1411 3-Methylindole 

Behavioral Assay 

The headspace odor of cattle hair (Z爆Э爆ヲくンヴが df爆Э爆ヱが P爆а爆ヰくヰヵぶ ;ﾐS ┌ヴｷﾐW 
(Z爆Э爆ヲくヶヱが df爆Э爆ヱが P爆а爆ヰくヰヱぶが ┘ｴWﾐ IﾗﾏHｷﾐWS ┘ｷデｴ CO2, significantly attracted host-

seeking Culicoides nubeculosus over that of CO2 alone (Fig. 3), in the two-choice assay. The 

GC-EAD active compounds and octanal elicited attraction, inhibition, or non-preference 

depending on the compound and concentration tested (Fig. 4). Decanal (when tested at 

10Ъヱヰ and 10Ъヴ g), 2-phenylethanal (10ЪΒ g), 2-ethylhexanol (10ЪΒ and 10Ъヶ g), 1-octen-3-ol 

(10ЪΒ g), 3-methylindole (10Ъヱヰ and 10ЪΒ g), phenol (10ЪΒ g), and 3-ethylphenol (10Ъヱヰ g), when 

combined with 600 ppm CO2, elicited a significant attraction of C. nubeculosus compared to 

CO2 alone. In contrast, heptanal (10Ъヴg), octanal (10Ъヱヰ g), nonanal (10Ъヱヰ g), E-2-nonenal 

(10Ъヶ and 10Ъヴ g), 3-propylphenol (10ЪΒ, 10Ъヶ, and 10Ъヴ g), and 4-propylphenol (10Ъヱヰ, 

10Ъヶ and 10Ъヴ g), when combined with 600 ppm CO2, elicited behavioral inhibition. Both 

attraction (a) and behavioral inhibition (i) was observed when testing 6-methyl-5-hepten-2-

one (a: 10Ъヱヰg, i: 10ЪΒ g), 3-methylphenol (a: 10ЪΒ g, i: 10Ъヶ g), 4-methylphenol (a: 10ЪΒ g, i: 

10Ъヴ g), and 4-ethylphenol (a: 10ЪΒ g, i: 10Ъヴ g), in combination with 600 ppm CO2. 2-

Methoxyphenol did not elicit any significant behavioral response when compared to the 

CO2 control. 



 
Fig. 3 

Estimated proportions (+/- 95 % confidence intervals) of female Culicoides 

nubeculosus choosing the test side in the Y olfactometer with headspace odor of cattle- hair 

or urine. The dotted line indicates the proportion expected by chance (0.5). Asterisks 

indicate proportions SｷaaWヴｷﾐｪ ゲｷｪﾐｷaｷI;ﾐデﾉ┞ aヴﾗﾏ ヰくヵ ふゅ爆а爆ヰくヰヵが ゅゅ爆а爆ヰくヰヱぶ 



 
Fig. 4 

Estimated proportions (+/- 95 % confidence intervals) of female Culicoides 

nubeculosus choosing the test side in the Y olfactometer with different concentrations of 

the electroantennographically active compounds (N爆Э爆ヱヰ aﾗヴ W;Iｴ IﾗﾐIWﾐデヴ;デｷﾗﾐぶく TｴW 



dotted line indicates the proportion expected by chance (0.5). Asterisks indicate proportions 

SｷaaWヴｷﾐｪ ゲｷｪﾐｷaｷI;ﾐデﾉ┞ aヴﾗﾏ ヰくヵ ふゅ爆а爆ヰくヰヵが ゅゅ爆а爆ヰくヰヱが ゅゅゅ爆а爆ヰくヰヰヱぶ 

Discussion 

Due to the introduction and increased incidence of diseases vectored by Culicoides biting 

midges, there is a dire need to develop and standardize monitoring and control methods to 

manage these insects. Following the successful use of host-odor baited traps to control and 

survey other haematophagous insects (Logan and Birkett 2007; Pickett et al. 2010) we here 

aimed at identifying natural host volatiles that modulate the host-seeking behavior 

of Culicoides biting midges. We show, for the first time, that volatiles of cattle hair and 

urine, identified through GC-EAD and GC/MS analyses, elicit both attraction and behavioral 

inhibition in C. nubeculosus. Moreover, we show that the behavioral tuning in general is 

narrow, i.e., female C. nubeculosusoften respond to a narrow range of concentrations of the 

individually tested compounds. This may have implications for their use in modulating the 

behavior of Culicoides biting midges in further field studies. 

1-Octen-3-ol, heptanal, octanal, nonanal, decanal, E-2-nonenal, and 6-methyl-5-hepten-2-

one, identified in the headspace of cattle hair (Birkett et al. 2004; Gikonyo et al. 2002; 

Tchouassi et al. 2013), are detected by the peripheral olfactory system of Culicoides biting 

midges (Bhasin et al. 2000; Blackwell et al. 1996; Logan et al. 2009), as well as of other 

haematophagous insects, including mosquitoes (Ghaninia et al. 2008; Logan et al. 2008; 

Syed and Leal 2009), tsetse flies (den Otter et al. 1988; Gikonyo et al. 2002), bed bugs 

(Harraca et al. 2012), and triatomine bugs (Guerenstein and Guerin 2001). Similarly, phenol, 

3-methylphenol, 4-methylphenol, 4-ethylphenol, and 2-ethylhexanol, identified in cattle 

urine headspace collections (Bursell et al. 1988), elicit antennal responses in C. 

impunctatus (Bhasin et al. 2000; Logan et al. 2009). Several of the phenolic compounds also 

elicit antennal responses in mosquitoes (Hill et al. 2009; Qiu et al. 2006; Siju et al.2010) and 

tsetse flies (den Otter 1991). Accumulating evidence thus suggests that the olfactory 

systems of haematophagous insects have evolved convergently to respond to a number of 

generic host volatiles, and even blends of these (Guidobaldi and Guerenstein 2013), and 

that these may be exploited to increase trap captures for control and surveillance purposes 

across taxa. 

The generic mammalian volatile, 1-octen-3-ol has been assessed extensively as a behavioral 

attractant ofCulicoides biting midges, as well as of other haematophagous insects (Logan 

and Birkett 2007). In this study, we showed that C. nubeculosus are attracted to 1-octen-3-ol 

when presented at 10ЪΒ g, a concentration considerably lower than that found in previous 

studies on C. nubeculosus (10Ъヴ-10Ъン g) (Bhasin et al. 2000) and on C. impunctatus (10Ъヵ-

10Ъヱ g) (Bhasin et al. 2000; Blackwell et al. 1996). Differences in experimental design, 

particularly the inclusion of CO2 in the present study, likely account for the difference in 

results between these studies. The other alcohol identified in this study, 2-ethyl-1-hexanol, 

also elicited attraction of female C. nubeculosus. It is noteworthy that 2-ethyl-1-hexanol is a 

precursor of the common plasticiser dioctyl phthalate (Thorat et al. 1992) and may, 

therefore, be an artefact or pollutant. However, 2-ethyl-1-hexanol occurs naturally in plants 

(Bruce and Pickett 2011). 

Host-derived aldehydes play a role in the sensory ecology of various haematophagous 

arthropods (Gikonyo et al. 2003; Harraca et al. 2012; Logan et al. 2009; Syed and Leal 2009; 

Tchouassi et al. 2013). For mosquitoes, aldehydes appear to balance attraction and 



behavioral inhibition depending on their relative ratio in complex host odor blends, as 

shown in both laboratory assays and field experiments (Logan et al. 2008; Tchouassi et 

al. 2013). With the exception of decanal and 2-phenylethanal, the aldehydes identified in 

this study elicited behavioral inhibition, either at physiologically relevant concentrations 

(10Ъヱヰ g for octanal and nonanal) or at the highest concentrations tested (10Ъヴ for heptanal, 

and 10Ъヶ and 10Ъヴ for E-2-nonenal). Although further studies are required to confirm the role 

of these host-derived aldehydes in regulating intraspecific host selection, the observed 

behavioral responses are in line with those observed previously (Logan et al. 2008, 2009; 

Tchouassi et al. 2013). 

The ketone, 6-methyl-5-hepten-2-one, has also been shown to regulate differential 

attraction of C. impunctatus (Logan et al. 2009) and of the mosquito Aedes egypti (Logan et 

al. 2008) to humans, as well as of the horn fly, Heamatobia irritans, to cattle (Birkett et 

al. 2004). Similar to these studies, we observed attraction, behavioral inhibition or non-

preference depending on the concentration tested. As for the aldehydes, further studies are 

required to comprehend fully the behavior evoked in biting midges by 6-methyl-5-hepten-2-

one, particularly in the context of a more complex host odor blend. 

Phenolic compounds present in aged cattle urine have played a significant role in control 

strategies of tsetse flies (Vale and Torr 2004). Presented as blends at natural release rates, 

these compounds increase the trap catch of tsetse flies compared to individual compounds 

(Bursell et al. 1988; Vale et al. 1988). Our study showed that phenol, 3-ethylphenol, 4-

ethylphenol, 3-methylphenol, and 4-methylphenol, when released within their natural 

concentration range (Torr et al. 1995), and in combination with CO2, attract C. nubeculosus. 

In contrast, when presented at high concentrations, most of the phenolic compounds inhibit 

the behavioral response of C. nubeculosus, which is in line with that found by Bhasin et al. 

(2000) for C. impunctatus. We note that the behavioral tuning to the methyl- and 

ethylphenols on one hand and the propylphenols on the other are largely aligned. Whether 

these compounds elicit distinct responses in different functional types of olfactory sensory 

neurons, which could explain how different behavioral circuits can be activated, remains for 

future studies. In addition, future studies will have to evaluate the ecological relevance of 

the behavioral response of C. nubeculosus to urine-derived compounds. 

Acknowledgments 

This project was financed by the Swedish Research Council (Formas) and supported by the Linnaeus Grant IC-

E3 (Formas, Sweden). DPB is supported by an EU Intra-European Fellowship. The authors would also like to 

acknowledge Simon Carpenter, Eric Denison and James Barber at The Pirbright Institute for their generous 

supply of C. nubeculosus. 

Compliance with Ethical Standards 

Conflict of Interest 

The authors declare that they have no conflict of interest. 

References 

1. Arn H (1975) The electroantennographic detector ね a selective and sensitive tool in the gas 

chromatographic analysis of insect pheromones. Z Naturforsch 30:722に725 



2. Beer M, Conraths FJ, Van der Poel WHM (2013) 'Schmallenberg virus' - a novel 

orthobunyavirus emerging in Europe. Epidemiol Infect 141:1に8CrossRefPubMed 

3. Bhasin A, Mordue AJ, Mordue W (2000) Electrophysiological and behavioural identification 

of host kairomones as olfactory cues for Culicoides impunctatus and C. nubeculosus. Physiol 

Entomol 25:6に16CrossRef 

4. Bhasin A, Mordue AJ, Mordue W (2001) Field studies on efficacy of host odour baits for the 

biting midgeCulicoides impunctatus in Scotland. Med Vet Entomol 15:147に

156CrossRefPubMed 

5. Birkett MA, Agelopoulos N, Jensen KMV, Jespersen JB, Pickett JA, Prijs HJ, Thomas G, 

Trapman JJ, Wadhams LJ, Woodcock CM (2004) The role of volatile semiochemicals in 

mediating host location and selection by nuisance and disease-transmitting cattle flies. Med 

Vet Entomol 18:313に322CrossRefPubMed 

6. Bjostad L (1998) Electrophysiological methods. Kluwer Academic Publishing, Dordrecht, 

NetherlandsCrossRef 

7. Blackwell A, Luntz AJM, Mordue W (1992) Morphology of the antennae of 2 species of biting 

midge にCulicoides impunctatus (goetghebuer) and Culicoides nubeculosus (Meigen) (Diptera, 

Ceratopogonidae). J Morphol 213:85に103CrossRefPubMed 

8. Blackwell A, Brown M, Mordue W (1995) The use of an enhanced ELISA method for the 

identification ofCulicoides bloodmeals in host-preference studies. Med Vet Entomol 9:214に

218CrossRefPubMed 

9. Blackwell A, Dyer C, Mordue AJ, Wadhams LJ, Mordue W (1996) The role of 1-octen-3-ol as a 

host-odour attractant for the biting midge, Culicoides impunctatus Goetghebuer, and 

interactions of 1-octen-3-ol with a volatile pheromone produced by parous female midges. 

Physiol Entomol 21:15に19CrossRef 

10. Bruce T, Pickett J (2011) Perception of plant volatile blends by herbivorous insects - Finding 

the right mix. Phytochemistry 72:1605に1611CrossRefPubMed 

11. Bursell E, Gough AJE, Beevor PS, Cork A, Hall DR, Vale GA (1988) Identification of 

components of cattle urine attractive to tsetse flies, Glossina spp (Diptera, Glossinidae). Bull 

Entomol Res 78:281に291CrossRef 

12. Caracappa S, Torina A, Guercio A, Vitale F, Calabro A, Purpari G, Ferrantelli V, Vitale M, 

Mellor PS (2003) Identification of a novel bluetongue virus vector species of Culicoides in 

Sicily. Vet Rec 153:71に74CrossRefPubMed 

13. Carpenter S, Mellor PS, Torr SJ (2008) Control techniques for Culicoides biting midges and 

their application in the UK and northwestern Palaearctic. Med Vet Entomol 22:175に

187CrossRefPubMed 



14. Carpenter S, Wilson A, Mellor PS (2009) Culicoides and the emergence of bluetongue virus in 

northern Europe. Trends Microbiol 17:172に178CrossRefPubMed 

15. Cilek JE, Kline DL, Hallmon CF (2003) Evaluation of a novel removal trap system to reduce 

biting midge (Diptera : Ceratopogonidae) populations in Florida backyards. J Vector Ecol 

28:23に30PubMed 

16. den Otter CJ (1991) Olfactory responses of tsetse-flies to phenols from buffalo urine. Physiol 

Entomol 16:401に410CrossRef 

17. den Otter CJ, Tchicaya T, Vandenberg MJ (1988) Olfactory sensitivity of 5 species of tsetse 

(Glossina spp) to 1-octen-3-ol, 4-heptanone, 3-nonanone and acetone. Insect Sci Appl 

9:213に218 

18. Dijkstra E, van der Ven IJK, Melswinkel R, Holzel DR, van Rijn PA, Meiswinkel R 

(2008) Culicoides chiopterusas a potential vector of bluetongue virus in Europe. Vet Rec 

162:424に424CrossRef 

19. Gerry AC, Monteys VSI, Vidal JOM, Francino O, Mullens BA (2009) Biting rates 

of Culicoides midges (Diptera: Ceratopogonidae) on sheep in northeastern Spain in relation 

to midge capture using UV light and carbon dioxide-baited traps. J Med Entomol 46:615に

624CrossRefPubMed 

20. Ghaninia M, Larsson M, Hansson BS, Ignell R (2008) Natural odor ligands for olfactory 

receptor neurons of the female mosquito Aedes aegypti: Use of gas chromatography-linked 

single sensillum recordings. J Exp Biol 211:3020に3027CrossRefPubMed 

21. Gikonyo NK, Hassanali A, Njagi PGN, Gitu PM, Midiwo JO (2002) Odor composition of 

preferred (buffalo and ox) and nonpreferred (waterbuck) hosts of some savanna tsetse flies. 

J Chem Ecol 28:969に981CrossRefPubMed 

22. Gikonyo NK, Hassanali A, Njagi PGN, Saini RK (2003) Responses of Glossina morsitans 

morsitans to blends of electroantennographically active compounds in the odors of its 

preferred (buffalo and ox) and nonpreferred (waterbuck) hosts. J Chem Ecol 29:2331に

2345CrossRefPubMed 

23. Guerenstein PG, Guerin PM (2001) Olfactory and behavioural responses of the blood-

sucking bug Triatoma infestans to odours of vertebrate hosts. J Exp Biol 204:585に

597PubMed 

24. Guidobaldi F, Guerenstein PG (2013) Evaluation of a CO2-free commercial mosquito 

attractant to capture triatomines, vectors of Chagas disease, in the laboratory. J Vector Ecol 

38:245に250CrossRefPubMed 

25. Hall DR, Beevor PS, Cork A, Nesbitt BF, Vale GA (1984) 1-octen-3-ol - a potent olfactory 

stimulant and attractant for tsetse isolated from cattle odors. Insect Sci Appl 5:335に339 



26. Harraca V, Ryne C, Birgersson G, Ignell R (2012) Smelling your way to food: Can bed bugs use 

our odour? J Exp Biol 215:623に629CrossRefPubMed 

27. Harrup LE, Logan JG, Cook JI, Golding N, Birkett MA, Pickett JA, Sanders S, Berber J, Rogers 

DJ, Mellor PS, Purse BV, Carpenter S (2012) Collection of Culicoides (Diptera: 

Ceratopogonidae) using CO2 and enantiomers of 1-octen-3-ol in the United Kingdom. J Med 

Entomol 49:112に121CrossRefPubMed 

28. Hill SR, Hansson BS, Ignell R (2009) Characterization of antennal trichoid sensilla from 

female Southern house mosquito, Culex quinquefasciatus Say. Chem Senses 34:231に

252CrossRefPubMed 

29. Jennings DM, Mellor PS (1988) The vector potential of British Culicoides species for 

Bluetongue virus. Vet Microbiol 17:1に10CrossRefPubMed 

30. Kettle DS (1962) Bionomics and control of Culicoides and Leptoconops - (Diptera, 

Ceratopogonidae, Heleidae). Annu Rev Entomol 7:401に418CrossRef 

31. Kline DL, Hagan DV, Wood JR (1994) Culicoides responses to 1-octen-3-ol and carbon dioxide 

in salt marshes near Sea island, Georgia, USA. Med Vet Entomol 8:25に30CrossRefPubMed 

32. Kline DL, Takken W, Wood JR, Carlson DA (1990) Field studies on the potential of butanone, 

carbon-dioxide, honey extract, 1-octen-3-ol, l-lactic acid and phenols as attractants for 

mosquitos. Med Vet Entomol 4:383に391CrossRefPubMed 

33. Lassen SB, Nielsen SA, Skovgard H, Kristensen M (2011) Molecular identification of 

bloodmeals from biting midges (Diptera: Ceratopogonidae: Culicoides Latreille) in Denmark. 

Parasitol Res 108:823に829CrossRefPubMed 

34. Logan JG, Birkett MA (2007) Semiochemicals for biting fly control: their identification and 

exploitation. Pest Manag Sci 63:647に657CrossRefPubMed 

35. Logan JG, Birkett MA, Clark SJ, Powers S, Seal NJ, Wadhams LJ, Mordue AJ, Pickett JA (2008) 

Identification of human-derived volatile chemicals that interfere with attraction of Aedes 

aegypti mosquitoes. J Chem Ecol 34:308に322CrossRefPubMed 

36. Logan JG, Seal NJ, Cook JI, Stanczyk NM, Birkett MA, Clark SJ, Gezan SA, Wadhams LJ, Pickett 

JA, Mordue AJ (2009) Identification of human-derived volatile chemicals that interfere with 

attraction of the Scottish biting midge and their potential use as repellents. J Med Entomol 

46:208に219CrossRefPubMed 

37. Mair J, Blackwell A (1996) Mating behavior of Culicoides nubeculosus (Diptera: 

Ceratopogonidae). J Med Entomol 33:856に858CrossRefPubMed 

38. Mands V, Kline DL, Blackwell A (2004) Culicoides midge trap enhancement with animal 

odour baits in Scotland. Med Vet Entomol 18:336に342CrossRefPubMed 

39. Meiswinkel R, van Rijn P, Leijs P, Goffredo M (2007) Potential new Culicoides vector of 

bluetongue virus in northern Europe. Vet Rec 161:564に565CrossRefPubMed 



40. Mellor PS (2000) Replication of arboviruses in insect vectors. J Comp Pathol 123:231に

247CrossRefPubMed 

41. Mellor PS, McCaig J (1974) Probable cause of Sweet-itch in England. Vet Rec 95:411に

415CrossRefPubMed 

42. Nielsen BO, Christensen O (1975) Mass attack by biting midge Culicoides nubeculosus (mg) 

(Dipteria, Ceratopogonidae) on grazing cattle in Denmark - New aspect of sewage discharge. 

Nord Vet Med 27:365に372PubMed 

43. Pettersson E, Bensch S, Ander M, Chirico J, Sigvald R, Ignell R (2012) Molecular identification 

of blood meals and species composition in Culicoides biting midges. Med Vet Entomol 

27:104に112CrossRefPubMed 

44. Pickett JA, Birkett MA, Dewhirst SY, Logan JG, Omolo MO, Torto B, Pelletier J, Syed Z, Leal 

WS (2010) Chemical ecology of animal and human pathogen vectors in a changing global 

climate. J Chem Ecol 36:113に121CrossRefPubMed 

45. Qiu YT, van Loon JJA, Takken W, Meijerink J, Smid HM (2006) Olfactory coding in antennal 

neurons of the malaria mosquito, Anopheles gambiae. Chem Senses 31:845に

863CrossRefPubMed 

46. Rasmussen LD, Kristensen B, Kirkeby C, Rasmussen TB, Belsham GJ, Bodker R, Botner A 

(2012) Culicoidsas vectors of Schmallenberg virus. Emerg Infect Dis 18:1204に

1206CrossRefPubMedCentralPubMed 

47. R Core Team (2014) R: A language and environment for statistical computing. 416 Vienna, 

Austria R foundation for statistical computing 

48. Ritchie SA, Vanessen PHA, Kemme JA, Kay BH, Allaway D (1994) Response of biting midges 

(Diptera, Ceratopogonidae) to carbon dioxide, octenol, and light in southeastern 

Queensland, Australia. J Med Entomol 31:645に648CrossRefPubMed 

49. Savini G, MacLaclalan NJ, Sanchez-Vinaino JM, Zientara S (2008) Vaccines against 

bluetongue in Europe. Comp Immunol Microb 31:101に120CrossRef 

50. Siju KP, Hill SR, Hansson BS, Ignell R (2010) Influence of blood meal on the responsiveness of 

olfactory receptor neurons in antennal sensilla trichodea of the yellow fever 

mosquito, Aedes aegypti. J Insect Physiol 56:659に665CrossRefPubMed 

51. Syed Z, Leal WS (2009) Acute olfactory response of Culex mosquitoes to a human- and bird-

derived attractant. Proc Natl Acad Sci U S A 106:18809に18814CrossRef 

52. Takken W, Kline DL (1989) Carbon-dioxide and 1-octen-3-ol as mosquito attractants. J Am 

Mosq Control Assoc 5:311に316PubMed 

53. Tchouassi DP, Sang R, Sole CL, Bastos ADS, Teal PEA, Borgemeister C, Torto B (2013) 

Common host-derived chemicals increase catches of disease-transmitting mosquitoes and 



can improve early warning systems for Rift valley fever virus. Plos Negl Trop Dis 

7:e2007CrossRefPubMedCentralPubMed 

54. Thorat T, Yadav V, Yadav G (1992) Esterification of phthalic-anhydride with 2-ethylhexanol 

by solid superacidic catalysts. Appl Catal A-Gen 90:73に96CrossRef 

55. Torr SJ, Hall DR, Smith JL (1995) Responses of tsetse-flies (Diptera, Glossinidae) to natural 

and synthetic ox odors. Bull Entomol Res 85:157に166CrossRef 

56. Vale G, Torr S (2004) Development of bait technology to control tsetse. The 

Trapanosomiases, ed by Maudlin I, et al CABI Publishing:509に523 

57. Vale GA, Hall DR, Gough AJE (1988) The olfactory responses of tsetse flies, Glossina spp 

(Diptera, Glossinidae), to phenols and urine in the field. Bull Entomol Res 78:293に

300CrossRef 

58. Venter GJ, Labuschagne K, Boikanyo SNB, Majatladi DM, Morey L (2011) The effect of 1-

octen-3-ol and 4-methylphenol on Culicoides midge numbers collected with suction light 

traps in South Africa. Vet Parasitol 175:182に186CrossRefPubMed 

59. Veronesi E, Antony F, Gubbins S, Golding N, Blackwell A, Mertens PPC, Brownlie J, Darpel KE, 

Mellor PS, Carpenter S (2013a) Measurement of the infection and dissemination of 

bluetongue virus in Culicoides biting midges using a semi-quantitative RT-PCR assay and 

isolation of infectious virus. Plos One 8:e70800CrossRefPubMedCentralPubMed 

60. Veronesi E, Henstock H, Gubbins S, Batten C, Manley R, Barber J, Hoffmann B, Beer M, 

Attoui H, Mertens PPC, Carpenter S (2013b) Implicating Culicoides biting midges as vectors 

of Schmallenberg virus using Semi-Quantitative RT-PCR. Plos One 

8:e57747CrossRefPubMedCentralPubMed 

61. Viennet E, Garros C, Lancelot R, Allène X, Gardès L, Rakotoarivony I, Crochet D, Delécolle JC, 

Moulia C, Baldet T, Balenghien T (2011) Assessment of vector/host contact: Comparison of 

animal-baited traps and UV-light/suction trap for collecting Culicoides biting midges 

(Diptera: Ceratopogonidae), vectors of Orbiviruses. Parasite Vector 4:119CrossRef 
 


