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Simple Summary 12 

Insects use chemical compounds for communication, and sex pheromone is one of the 13 

most important signals used by males and females to find each other for mating purposes. 14 

The corn leafhopper, Dalbulus maidis, is an insect vector that transmits pathogens causing 15 

diseases in maize crops, but it was unknown whether it uses sex pheromones in their 16 

communication. In this study, we tested whether D. maidis produces volatile compounds 17 

that attract the opposite sex. We collected volatiles from live insects and evaluated their 18 

influence on the behavioral responses of conspecifics. We found that males produce odors 19 

that attract females. Interestingly, males avoided odors emitted by stressed females, which 20 

may suggest the release of an alarm pheromone. These findings highlight for the first time 21 

the role of pheromones in intraspecific D. maidis communication, and open new perspec- 22 

tives for the development of monitoring and management tools targeting this important 23 

pest. 24 

Abstract 25 

Insects use chemical compounds to communicate with conspecifics and other organisms. 26 

The corn leafhopper, Dalbulus maidis (Hemiptera: Cicadellidae) (DeLong & Wolcott), is an 27 

important pest in Brazilian maize crops due to its role as a vector of phytopathogens. De- 28 

spite its economic importance, the chemical communication between sexes in this species 29 

remains to be elucidated. This research aimed to unveil whether D. maidis produces chem- 30 

ical compounds that influence the behavior of the opposite sex and may act as sex phero- 31 

mones. To evaluate the influence of these volatiles, olfactometer bioassays were con- 32 

ducted as dynamic headspace volatile collections from live insects. Results showed that 33 

both male and female leafhoppers emit volatile compounds, however, with no sex-spe- 34 

cific compounds detected. Females were attracted to male odors and male aeration ex- 35 

tracts, suggesting males produce sex-specific volatiles. Interestingly, males avoided odors 36 

from non-acclimated females, which may indicate possible alarm pheromone release. Alt- 37 

hough the compounds were not identified, this is the first study to demonstrate intraspe- 38 

cific chemical communication in D. maidis mediated by volatiles, and the first such record 39 

in Membracoidea. These results contribute to understanding the pest’s biology and sup- 40 

port the development of monitoring and control strategies in maize crops. 41 
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 44 

1. Introduction 45 

Insects rely on chemical communication to interact with conspecifics (pheromones) 46 

or with organisms from other species (allelochemicals) [1,2]. Sex pheromones are chemical 47 

compounds released by sexually mature individuals that function to stimulate the oppo- 48 

site sex for mate location and copulation. These pheromones can also convey information 49 

about mate recognition, attraction, reproductive status, and the fitness of the emitter [3]. 50 

The corn leafhopper, Dalbulus maidis (DeLong & Wolcott), is a phloem-feeding insect 51 

that primarily causes indirect damage to maize Zea mays L., its main host plant [4], due to 52 

its ability to efficiently transmit the pathogens associated with the corn stunt disease com- 53 

plex. These include corn stunt spiroplasma (CSS, Spiroplasma kunkelii), maize bushy stunt 54 

phytoplasma (MBSP, ‘Candidatus Phytoplasma asteris’), as well as maize rayado fino virus 55 

(MRFV) and maize striate mosaic virus (MSMV) [4-6]. Currently, no curative management 56 

measures are available for these diseases [7,8]. 57 

The mating behavior of D. maidis has been previously described, including the use of 58 

vibrational and acoustic signals during courtship [9,10]. However, no studies have inves- 59 

tigated whether this species emits long-range chemical signals, like sex pheromones. Con- 60 

sidering that the acoustic signals produced by D. maidis are transmitted only over short 61 

distances when both sexes are on the same substrate [9]. Chemical communication is, nev- 62 

ertheless, known to play a role in host plant selection by D. maidis [11,12]. 63 

Although several studies have demonstrated the use of acoustic signals among leaf- 64 

hoppers, for a long time there was no evidence of molecules functioning as sex phero- 65 

mones in any species within the group (Hemiptera: Auchenorrhyncha: Cicadomorpha). 66 

This scenario began to change about a decade ago with the identification of an aggregation 67 

pheromone in Callitettix versicolor (Fabricius) [13], and, more recently, the first evidence of 68 

sex pheromones was reported for Philaenus spumarius (L.), although the chemical structure 69 

has not yet been identified [14]. Due to their high specificity and the remarkable sensitivity 70 

of insect olfactory systems, sex pheromones have been widely studied as tools for agricul- 71 

tural pest management [15,16]. Since it is a vector insect, there is no established economic 72 

threshold for D. maidis, and its management still relies primarily on the systematic use of 73 

chemical insecticides during the early stages of maize cultivation, which is the critical pe- 74 

riod for pathogen transmission [12, 17]. Therefore, alternative control strategies are ur- 75 

gently needed, including the potential use of sex pheromones for monitoring and man- 76 

agement. 77 

In this context, the objective of this study was to investigate whether D. maidis emit 78 

volatile compounds that can influence the behavioral response of conspecifics, with a par- 79 

ticular focus on the sexual pheromone. 80 

 81 

2. Materials and Methods 82 

2.1. Corn leafhopper - Dalbulus maidis 83 

Dalbulus maidis (DM) used in this study were obtained from a colony established in 84 

2022 at Embrapa Cerrados (Planaltina, DF, Brazil), originally collected from adult individ- 85 

uals in experimental maize fields (15°36'16"S, 47°42'38"W). The colony was subsequently 86 

decontaminated following the recommended procedures [18] to eliminate potential carri- 87 

ers of pathogens (mollicutes and virus), ensuring a healthy colony. 88 
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The individuals used in the experiments were randomly selected from adult insects, 89 

without controlling for age, reproductive status or mating history. 90 

2.2. Maize  91 

Maize plants of the Synthetic Spodoptera (SS) genotype were used in the experi- 92 

ments, seeds were obtained from the germplasm bank of Embrapa Maize and Sorghum 93 

(Sete Lagoas, MG, Brazil). The seeds were sown in plastic pots (0.3 L) with a mixture of 94 

natural soil (Latosol) and organic substrate (Max Fertil, composition: pine bark, natural 95 

phosphate, carbonized rice husk, vermiculite, chemical fertilizer NPK) in a proportion of 96 

1:1 w/w, without post-fertilization. Plants were kept in a greenhouse (Brasília, DF, Brazil) 97 

under natural conditions of temperature, humidity, and photoperiod (14L/10D; Brasília, 98 

DF, 15°46′46″S and 47°55′46W) and manually irrigated with a watering can every two 99 

days. For experiments, plants were used at V3 stage (three expanded leaves, 10 to 13 days 100 

after germination). 101 

2.3. Volatile Collection  102 

Volatile organic compounds (VOCs) emitted by D. maidis were collected using dy- 103 

namic headspace aeration systems across two experimental sets. In the first experimental 104 

set three treatments were established: DM that consisted of 100 unsexed adult leafhop- 105 

pers, DM-Maize: 100 unsexed adults plus one maize plant at V4 growth stage, and Maize: 106 

a maize plant at V4 stage. The objectives were as follows: DM to assess volatiles emitted 107 

exclusively by the leafhoppers; DM-Maize to evaluate whether volatiles are only emitted 108 

in the presence of a food resource; Maize to identify and exclude volatiles released by the 109 

plant itself. For each treatment 20 replicates were conducted.  110 

In the second experimental set, two other treatments were conducted: volatiles were 111 

collected from 100 males or 100 females and another with one maize plant at V4 growth 112 

stage, these treatments were called: DM-Male (100 males), DM-Female (100 females). For 113 

each treatment 10 replicates were conducted.  114 

All treatments were conditioned in glass chambers (2L volume; 14 cm x 24 cm) con- 115 

nected to a system supplied with charcoal-filtered air (4–20 mesh, Supelco, USA) at a con- 116 

stant flow rate of 1.0 L min⁻1. Simultaneously, a vacuum pump maintained an outflow of 117 

0.8 L min⁻1, ensuring continuous air circulation through the chamber and directing vola- 118 

tiles into an adsorbent tube filled with HayeSep Q (polydivinylbenzene copolymer, 100 119 

mg, 80–100 mesh, Supelco, PA, USA). 120 

Volatiles trapped on adsorbent filters were eluted every 24 hours, with 72-hour ac- 121 

cumulations during weekends. All insects and plants were replaced weekly for new ones. 122 

For the DM treatment, which did not include maize plants, six replicates were conducted, 123 

and with volatiles collected for 24 hours, due to high mortality (individuals typically died 124 

after 24 hours without food). 125 

 126 

2.4. Chemical analysis 127 

All volatile samples were analyzed using an Agilent 7890A gas chromatograph 128 

equipped with a flame ionization detector (GC-FID) and a non-polar DB-5MS column (30 129 

m × 0.25 mm ID, 0.25 μm film thickness, Supelco, USA). The oven temperature was ini- 130 

tially set at 40 °C for 2 minutes, then ramped at 5 °C min⁻1 until reaching 180 °C, held for 131 

0.1 minute, followed by an increase of 10 °C min⁻1 to 250 °C, where it was held for 20 132 

minutes. The injector was set to 250 °C and the FID to 270 °C. Each sample (2 μL) was 133 

injected in splitless mode, with helium as carrier gas. Chromatographic data acquisition 134 

was performed using the GC ChemStation software (Agilent, version 2.4).  For qualita- 135 

tive analyses selected volatile samples was analyzed using an Agilent 5975 mass selective 136 
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detector (GC-MSS) coupled to a quadrupole mass analyzer, equipped with the same non- 137 

polar DB-5MS capillary column (30 m × 0.25 mm ID, 0.25 μm film thickness; J&W Scien- 138 

tific, Folsom, CA, USA). Injections were performed in splitless mode with 2 μL of sample, 139 

and helium was used as the carrier gas. Ionization was conducted by electron impact (EI) 140 

at 70 eV, with the ion source temperature set at 230 °C. The oven program followed the 141 

same temperature profile as the GC-FID analyses: 40 °C for 2 minutes, ramped at 5 °C 142 

min⁻1 to 180 °C, followed by 10 °C min⁻1 to 250 °C, with a final hold of 20 minutes. Data 143 

acquisition and analysis were conducted using the MassHunter Qualitative software (ver- 144 

sion 10.1, Agilent, CA, USA). Compound identification was performed by comparing the 145 

mass spectra to those in the NIST library (2020) and to published spectra, along with re- 146 

tention index calculations based on the DB-5MS column. Tentative identifications were 147 

confirmed by co-injection with authentic standards, either commercially sourced or syn- 148 

thesized in-house. 149 

2.5. Chemicals 150 

Authentic chemical standards of decane (99%), tetradecane (99%), pentadecane and hexa- 151 

decane (99), octanal (≥ 98.0% (GC)), nonanal (98%), decanal (98%), dodecanal (97%), cam- 152 

phene (95%), α-pinene (98%), β-pinene (99%), 3-carene (≥ 90%), limonene (97%), methyl 153 

salicylate (99%), 6-methyl-5-hepten-2-one (99%), β-caryophyllene (98%), geranylacetone 154 

(97%), cyclosativene (99%) were purchased from Sigma-Aldrich (Steinheim, Germany). 155 

Linalool was purchased from TCI America (Portland, USA). (E)-4,8-Dimethylnona-1,3,7- 156 

triene (DMNT) (95%) were synthesized from geraniol [19]. The solvent hexane (97%) was 157 

purchased from Sigma-Aldrich (Steinheim, Germany) and redistilled before use.  158 

2.6. Olfactometer Bioassays 159 

To assess whether D. maidis is attracted to the opposite sex through chemical cues, 160 

olfactometer bioassays were conducted using a Y-shaped dual-choice olfactometer (19 cm 161 

× 19 cm; choice arms: 7 cm × 1.7 cm; main arm: 5 cm × 1.7 cm). Female and male responses, 162 

separately, were tested by contrasting the odor of live 20 males or 20 females versus clean 163 

air, followed by testing male responses against the odor of live 20 females or 20 males 164 

versus clean air. 165 

Odor sources were generated by placing 20 individuals of each treatment inside a 40 166 

mL glass container (5 cm x 6 cm) without food. Initially, 20 females were placed into the 167 

containers, and bioassays were immediately started in the afternoon (n = 30). One insect 168 

was released in the release area of the olfactometer, and its behavior was monitored for 169 

10 minutes. Due to the high mobility of the odor sources insects in the glass container, 170 

bioassays were repeated with acclimated individuals. Acclimation was achieved by keep- 171 

ing the insects that were used as odor source inside the container for two hours, and the 172 

insects whose response was evaluated inside the olfactometer system, during this time 173 

only clean air was circulating inside of the olfactometer. After this time the odor sources 174 

were connected to the olfactometer, and the insect present a response behavior clearer to 175 

the odors being tested.  176 

Then, females were tested with male aeration extract (obtained from previous vola- 177 

tile collections of DM-Male over 24 hours) against n-hexane, since only females were at- 178 

tracted to the odor of live males in the previous experiment. For male aeration extract 179 

bioassays, 5 µL of DM-Male samples (equivalent to the aeration of 20 individuals) were 180 

applied to a paper filter (0.5 cm × 0.5 cm) and compared to 5 µL of n-hexane. The paper 181 

filters were placed at glass containers (20 ml; 3 cm x 3 cm) and connected to the system. 182 

After three bioassays (10 min each), the filter papers containing the 5 µL of the sample 183 

volatile or hexane were replaced by new ones. 184 
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Thirty different individuals of the tested sex were used to evaluate their choice in 185 

response to the odor treatments. The parameters measured were first choice (the first arm 186 

entered for more than 30 seconds) and residence time (total time spent in each arm). Indi- 187 

viduals that made no choice within this period were classified as non-responsive and ex- 188 

cluded until 30 valid bioassays with a choice were obtained. To avoid contamination with 189 

chemical cues, the olfactometer was cleaned after every five bioassays, and odor source 190 

positions were alternated to prevent side bias. A maximum of 10 bioassays were con- 191 

ducted per day to minimize the influence of environmental factors such as temperature, 192 

humidity, atmospheric pressure, and insect condition. All bioassays were performed be- 193 

tween 14:00 and 17:00h. 194 

2.7. Statistical Analyses 195 

Olfactometers bioassays data were analyzed using a chi-square test for first choice 196 

and paired t-tests for residence time with 95% level of confidence, all tests were conducted 197 

on R platform [20]. 198 

3. Results 199 

3.1. Bioassays 200 

When exposed to the odor of males not acclimated, D. maidis females did not show 201 

preference to male odor compared to air in terms of first choice (χ2 = 3.33, p = 0.067), but 202 

they spent significantly more time in the arm containing male odor (t-test = 25.299, p = 203 

0.017) (Figure 1A and B). Using odor of males acclimated, females corroborate the previ- 204 

ous results, with non-acclimated males, and showed a clear preference for male odor, both 205 

in first choice (χ2 = 10.8, p = 0.001) and in-residence time (t-test = 33.104, p = 0.002) (Figure 206 

1A and B). Females also showed a preference to male aeration extract compared to hexane 207 

(χ2 = 8.533, p = 0.003; t-test = 3.023, p = 0.005). Finally, females did not show a significant 208 

preference to female odor compared to air (χ2 = 0.142, p = 0.705; t-test = -1.145, p = 0.261). 209 

 210 
. 211 

Figure 1. (a) - First choice of Dalbulus maidis females in dual-choice olfactometer bioassays between 212 

different odors sources: 20 males, 20 females, clean air, male aeration extract and n-hexane (n = 30). 213 

(b) - Mean residence time of females during the bioassays. * Indicates p < 0.05, **p < 0.01, ***p < 0.001 214 

for chi-square tests (A) and t-tests (B). Error bars represent standard error of the mean. R/NR indi- 215 

cates the number of responsive/non-responsive insects. 216 

Males exhibited avoidance behavior toward female odor when females were not ac- 217 

climated for two-hour period (Figure 2A and B). They showed a significant preference for 218 

the arm releasing clean air over the odor of 20 females, both in first choice (χ2 = 4.8, p = 219 

0.024) and residence time (t-test = 22.838, p = 0.03). By other hand, when females were 220 

acclimated, males showed no attraction either to female odor or to clean air, displaying 221 
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no significant preference (χ2 = 0.133, p = 0.718 for first choice; t-test = 0.972, p = 0.338 for 222 

residence time). When exposed to male’s odor, males did not show preference among the 223 

sides (χ2 = 0.615, p = 0.432; t-test = -0.267, p = 0.791). 224 

 225 

Figure 2. (a) - First choice of Dalbulus maidis males in dual-choice olfactometer bioassays between 226 

different odors sources: 20 males, 20 females and clean air (n = 30). (b) – Mean residence time of 227 

males during the bioassays. * Indicates p < 0.05 for chi-square tests (A) and t-tests (B). Error bars 228 

represent standard error of the mean. R/NR indicates the number of responsive/non-responsive in- 229 

sects. 230 

3.2. Volatiles 231 

A total of 30 volatile compounds were identified from headspace collections containing 232 

either male or female D. maidis individuals that were similar for both sexes (Figure 3). The 233 

chemical profile of volatiles obtained when only the insects were used for volatile collec- 234 

tion, did not show qualitative difference between both sexes. The main compounds iden- 235 

tified were monoterpenes like, α (2) and β (4) pinenes, limonene and linalool (14) sesquit- 236 

erpenes like β-caryophyllene, and aldehydes (Figure 3). The chemical analysis of volatile 237 

samples conducted with both sexes did not show differences compared when the insects 238 

had their volatiles collected separated by sex . When maize plants were used as food 239 

sources for the insects during the volatile collections, we did not detect different com- 240 

pounds that could be attributed to the insects. The new peaks observed in the chromato- 241 

graphic profile in the presence of both insects and maize plants were associated with 242 

plant-derived compounds, such as DMNT (16) and cyclosativene (26) (Figure 3). 243 

 244 

Figure 3. Chromatograms of headspace collections from males, females, both sexes, and both sexes 245 

with maize plants analyzed by gas chromatography coupled with mass spectrometry (GC-MS). X 246 

indicates phthalate group contaminants. 1 – β-thujone, 2 – α-pinene, 3 – camphene, 4 – β-pinene, 5 247 

– 6-methyl-5-hepten-2-one, 6 – 2-pentylfuran, 7 – decane, 8 – octanal, 9 – 3-carene, 10 – p-cymene, 248 
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11 – 2-ethyl-1-hexanol, 12 – limonene, 13 – γ-terpinene, 14 –linalool, 15 – nonanal, 16 – DMNT: (E)- 249 

4,8-dimethyl-1,3,7-nonatriene, 17 – 2-ethylhexyl acetate, 18 – NI-1, 19 – terpinen-4-ol, 20 – methyl 250 

salicylate, 21 – dodecane, 22 – decanal, 23 – 4-phenyl-2-butanol, 24 – NI-2, 25 – NI-3, 26 – cyclosa- 251 

tivene, 27 – tetradecane, 28 – dodecanal, 29 – (E)-β-caryophyllene, 30 – geranylacetone, 31 – penta- 252 

decane, 32 – tridecanal, 33 – hexadecane, 34 – tetradecanal, 35 – heptadecane, 36 – pentadecanal. NI 253 

= non-identified. 254 

4. Discussion 255 

The bioassays results showed that female corn leafhopper D. maidis, are attracted to 256 

volatiles released by males. Males are not attracted to these volatiles, suggesting that these 257 

compounds could play a role as sex-pheromone in this species. The chemical analysis of 258 

volatile samples containing the volatiles emitted by D. maidis did not identify male-spe- 259 

cific compounds that could explain this attraction. It is possible that the male specific com- 260 

pounds are produced in very tiny amounts, below the detection limits of the equipment 261 

used. Nevertheless, the observed females to odor of live males and to male aeration extract 262 

support the hypothesize that males produce volatiles working as a sex pheromone.  263 

Male of leafhoppers mate multiple times throughout their life [9]. Therefore, it is rea- 264 

sonable to expect that mated individuals may continue producing and emitting sex pher- 265 

omones. The results obtained in this study appear to support this hypothesis, as part of 266 

the insects used were mated, and males were still able to attract females in olfactometer 267 

bioassays, even though females’ mate only once in their lives [9]. Further research should 268 

be conducted using virgin males and females to assess whether virgin individuals exhibit 269 

stronger behavioral responses in bioassays and whether they produce higher levels of sex 270 

pheromones.  271 

Mating communication in leafhoppers (Auchenorrhyncha) has been characterized 272 

primarily by acoustic and vibrational signals [21–23]. However, multiple studies have 273 

demonstrated the use of chemical cues in these insects for host-plant location, including 274 

in D. maidis [11–12; 24,25]. Only recently has evidence emerged for the presence of sex 275 

pheromones within this suborder. In 2022, the first indication of a sex pheromone was 276 

reported for P. spumarius (Hemiptera: Auchenorrhyncha: Aphrophoridae), where males 277 

were attracted to female odors in Y-tube olfactometer assays [14]. Similarly, Lycorma del- 278 

icatula (White) (Fulgoridae) males were shown to be attracted to female body extracts in 279 

Y-tube bioassays [26]. 280 

The mating behavior of D. maidis has been previously studied, including sexual be- 281 

havior and the role of vibrational and acoustic signals [9,10]. Notably, male behaviors such 282 

as wing fanning, which the authors believed might be associated with the release of me- 283 

dium-range chemical signals [9], although this was not experimentally tested. Now, the 284 

present study is the first to demonstrate intraspecific chemical communication in this spe- 285 

cies, showing that females are attracted to male odor even in the absence of visual or 286 

acoustic cues. To the best of our knowledge, this is the first study to demonstrate the po- 287 

tential use of sex pheromones within the superfamily Membracoidea, and notably, in this 288 

case, it is the females rather than the males that are attracted. It also represents the first 289 

characterization of the volatile compounds emitted by D. maidis and within the family 290 

Cicadellidae.  291 

The results obtained with non-acclimatized females could suggest the existence of an 292 

alarm pheromone. This is supported by the observation that males preferred clean air over 293 

the odor of stressed female conspecifics, indicating avoidance of environments that may 294 

signal potential threats [27]. Leafhoppers may use chemical cues to mediate various be- 295 

haviors as it is common to observe aggregations of individuals on the same maize plant, 296 

similar to aphids, which rely on multiple chemical signals [28]. Likewise, aggregated 297 
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treehoppers also release alarm pheromones, but only when their body wall is pierced, 298 

such as during a predator attack [29].  299 

This study demonstrates that chemical communication plays a role in the reproduc- 300 

tive behavior of D. maidis, alongside acoustic signaling. Given that insects must locate ma- 301 

tes over long distances, it is reasonable to propose that many members of Auchenorrhyn- 302 

cha may also rely on chemical signals. These findings highlight the need for further inves- 303 

tigation into chemical communication in this group. 304 

Sexual pheromones are currently employed in various control strategies [30], includ- 305 

ing mass trapping with pheromone-baited traps, as is the case for Tuta absoluta (Meyrick) 306 

[31] mating disruption, which involves the release of synthetic pheromones in the field to 307 

reduce mate location and copulation rates [32], population monitoring [33–35] and attract- 308 

and-kill techniques [36]. Even in the absence of identified sex pheromones, chemical- 309 

based control strategies have been developed for other leafhopper species. For instance, a 310 

push-pull system using plant volatile compounds has been proposed for the tea green 311 

leafhopper Empoasca flavescens (Cicadellidae) [37,38]. Another system with Lycorma del- 312 

icatula (White) showed effective trap attraction using pheromone lures based on body ex- 313 

tracts, to capture males and females during the oviposition period [39]. 314 

In this way, these findings are a step toward advancing knowledge of the chemical 315 

communication of D. maidis, to understand their biology and ecology. Furthermore, it is 316 

also a possibility to develop new strategies to monitor or control this pest using chemical 317 

signals or extracts from living insects, specifically to capture females. 318 
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