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Pollinators use their sense of smell to locate flowers from long distances, but little is known 

about how they are able to discriminate their target odor from a mélange of other natural 

and anthropogenic odors. Here, we measured the plume from Datura wrightii flowers, a 

nectar resource for Manduca sexta moths, and show that the scent was dynamic and 

rapidly embedded among background odors. The moth’s ability to track the odor was 

dependent on the background and odor frequency. By influencing the balance of excitation 

and inhibition in the antennal lobe, background odors altered the neuronal representation 

of the target odor and the ability of the moth to track the plume. These results show that 

the mix of odors present in the environment influence the pollinator’s olfactory ability. 

 

The olfactory environment is complex and rich, filled with natural, biogenically emitted volatile 

compounds (volatiles) and closely related volatiles from anthropogenic sources, such as those 

from combustion engines (1-4). Insects must successfully discriminate and locate biologically 

important scents, such as those emitted by food, mates, or hosts from within this complex 

mixture (5-8). How does the insect olfactory system accomplish this task? Our understanding of 

these effects has been hampered by an inability to measure natural scents at time scales 

experienced by insects in nature, and to link this information with an understanding of how the 

brain discriminates olfactory stimuli from the background odor landscape. 

In the southwest USA, the Manduca sexta (hereafter: Manduca) moth navigates to, and 

pollinates, Datura wrightii flowers that are separated by hundreds of meters (9-11). D. wrightii 

(hereafter: Datura) grow often in dense stands of creosote bush (Larrea tridentata), which emit a 

high-intensity odor (>100 mg/h) that includes some of the same aromatic volatiles (e.g., 

benzaldehyde) as the scent of Datura (9, 12).  
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A proton-transfer reaction mass spectrometer, which enables simultaneous measurement 

of multiple volatiles at subsecond time scales, allowed us to measure the scent plume from 

Datura flowers and characterize its dynamics (Fig. 1A). Measurement of ions from oxygenated 

aromatics (ARs; e.g., benzaldehyde) and monoterpenes (MOs; linalool and geraniol) showed that 

the floral plume increased in frequency and decreased in intermittency with increasing distance 

from the flower (Fig. 1A�C). The ratio of volatiles in the plume also changed as the background 

volatiles from neighboring vegetation, including creosote bush plants, became intermixed with 

the plume (Fig. 1D, E). 

To determine how the changing frequency of the target odor influenced the moth’s ability 

to locate the flower, we used a wind-tunnel and a computer-controlled odor-stimulus system to 

test the moths’ response to the Datura odor at different frequencies (1–20 Hz) and embedded in 

different backgrounds (Figs. S1,2; Table S1; see Supplementary Online Materials [SOM] for 

details). Compared to the responses to a mineral-oil (no-odor) control, moths exhibited the 

strongest response to odor pulses of 1 Hz (Fig. 2A1; 2u2 F2-test, P < 0.001). However, 

frequencies higher than 1�2 Hz resulted in behavior similar to that displayed in response to the 

no-odor controls (Fig. 2A2, B) (2u2 F2-test, P > 0.33).  

We next tested the moths’ ability to track the flower-odor plume at a frequency of 1 Hz 

among a background of different odors, ranging from volatiles that do not occur in the Datura 

odor [non-overlapping, ethyl sorbate], to those that do and thus change the constituent ratio (e.g., 

benzaldehyde), and finally to a complex odor background of creosote bush (L. tridentata). The 

results showed that the volatile background can significantly modify the moth’s odor-tracking 

ability (Fig. 2C, D). For example, when exposed to the Datura plume with a background of ethyl 

sorbate (a volatile that is not in the Datura floral odor and chemically dissimilar to constituents 
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of the Datura odor (10)), moths navigated to and located the odor source (Fig. 2C1, D) (2u2 F2-

test, P < 0.001). By contrast, when challenged with the Datura plume in a background of 

benzaldehyde (a volatile in creosote bush and Datura scents), the moth’s ability to correctly 

navigate to the odor significantly decreased (Fig. 2C2; 2u2 F2-test relative to Datura odor, P < 

0.01; F2-test relative to no odor control, P = 0.44). Similar results occurred when the moth was 

exposed to the plume in the background of geraniol (a volatile that elicits strong antennal lobe 

(AL) responses (13)) or the complex creosote bush scent (Fig. 2D). Thus, altering the 

background can significantly modify the ability of the moth to discriminate and track the odor. 

Neurons on the moth’s antennae and in the antennal lobe (AL), which is the site of 

combinatorial processing of olfactory information in the insect brain, are extremely sensitive to 

the Datura odor (13, 14). We investigated how peripheral and AL neurons processed the Datura 

odor at different frequencies, and how the volatile background modified the representation of the 

floral scent. Peripheral recordings from the moth’s antennae showed that antennal responses 

were not modified when a background was presented simultaneously with the Datura odor (Fig. 

S3). We next examined if the downstream AL neurons changed their activity in response to 

different odor frequencies and backgrounds. Inserting a 16-channel electrode into the moth’s AL 

allowed recordings of neural ensemble activity in response to pulsed and background odor 

stimuli (Fig. 3A). Similar to the behavioral response, results at both the level of the single neuron 

and neuronal population showed that the greatest pulse-tracking occurred at a frequency of 1 Hz 

(Fig. S4; Kruskal-Wallis test, P < 0.0001), with higher frequencies not statistically different from 

the no-odor control (Figs. 3B and S4, S5; Kruskal-Wallis test, P > 0.05). Similar results occurred 

when 1-Hz pulses of the Datura odor were presented simultaneously with a background of 

benzaldehyde (Figs. 3B [middle trace] and S6). 
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To gain further insight into how the neuronal population represented the odor, and how 

the frequency and background influenced perception, we used an odor-recognition classifier 

based on the Datura representation in the multivariate space (Figs. 3C and S7; Tables S2,3; see 

SOM for details). In the multivariate space, when the dynamical trajectory representing the 

neural population responses reach the prescribed neighborhood of the Datura representation, it is 

counted as evidence, or ‘recognition’ of the given stimulus. We thus were able to compare the 

recognition scores between the Datura odor at 1 Hz versus the Datura odor in different 

backgrounds or frequencies (Fig. 3C). This analysis showed similar results to those in the 

behavioral experiments: high odor frequencies (>5Hz) and certain backgrounds (e.g., 

benzaldehyde) significantly modified the representation of the Datura odor, thereby altering the 

perception of the flower (Fig. 3D, E).  

In addition to the interference caused by the plant volatile background, other volatiles 

could potentially modify the AL representation of the flower odor, including those that are 

commonly anthropogenic in origin such as toluene and p-xylene, which are chemically similar to 

benzaldehyde. We examined these effects by using volatile backgrounds at intensities equivalent 

to those found in urban environments (Fig. S2)(1, 2). Experiments showed that toluene and 

xylene elicited strong antennal responses and activated the same olfactory sensory neurons that 

responded to benzaldehyde, and the Datura and creosote bush odors (Fig. S8A�F). Both 

volatiles influenced the AL representation of the Datura odor (Fig. S8G�I), and significantly 

decreased the moth’s ability to locate the Datura flower (Fig. S8J, K). When the moths were pre-

exposed to the odor for 3 h before testing, these results were exacerbated because of adaptation 

of these same olfactory ‘channels’. Thus, biogenically or anthropogenically produced volatiles 

both play important roles in navigating Manduca moths. 
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Inhibition in the AL is mediated by local interneurons that release J-aminobutyric acid 

(GABA) onto projection neurons (PNs), and plays a profound role in odor representation and 

encoding odor pulses (15-17). To determine how altering the odor input into the AL (i.e., the 

composition and ratio of volatiles) also modified the balance of excitation and inhibition, we 

pharmacologically manipulated the inhibition by superfusing a GABA-receptor antagonist (50 

PM CGP54626) onto the preparation during our experiments. When the vehicle control (saline) 

was superfused on the AL, neurons typically showed an excitatory response that was time-locked 

to the duration of the stimulus (Figs. 4A, S4A, B;). By contrast, when the GABA-receptor 

antagonist was superfused, neurons showed a decreased ability to encode the pulses of odor, and 

the odor representation was significantly modified in a manner similar to that which occurred 

with the benzaldehyde background (Fig. 4A [middle trace], B). These results were further 

validated by a computational model that allowed simulating different levels of inhibition in the 

AL (18): decreasing inhibition by ~50% produced similar results to the Datura odor embedded 

in benzaldehyde, or when the GABA-antagonist was superfused on the preparation, suggesting a 

correlation between modifying the odor composition and modulation of the inhibitory circuitry 

(Figs. 4B; S9-S11). 

Modification of the levels of excitation and inhibition in the AL need not indicate that 

odor navigation is altered, or that moths are unable to locate flowers. Thus, we performed wind-

tunnel experiments with moths that had been micro-injected with either saline (vehicle control) 

or the GABA-receptor antagonist (CGP54626) into their ALs. Saline-injected moths navigated to 

the Datura odor at a stimulus frequency of 1 Hz (Fig. 4C, D). By contrast, antagonist-injected 

moths exhibited increased frequencies of cross-wind casting and lower percentage of moths 

navigating to the odor (Figs. 4C, D; S11C, D). Taken together, these results support the 
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hypothesis that modifying AL inhibition severely alters the perception of the odor and disrupts 

the moth’s ability to successfully navigate to the plume. 

Together, our results show that the olfactory background can have important effects on 

the moth’s ability to locate an odor source. At the neuronal level, odor backgrounds affect the 

ability of neurons to track the odor frequency and interfere with the odor representation through 

the alteration of the balance of excitation and inhibition. Our results have implications for 

ecological interactions among plants and their pollinators at the level of the individual flower, 

where the visual and morphological displays might offset the change of the odor (19). 

Additionally, these results have implications locally, where the  plant community might have 

strong, indirect effects on the distances at which pollinators can recognize certain flowers (6, 20), 

and potentially at larger scales due to the transport of volatiles from urban environments (21, 22).  
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Figure captions 

Fig. 1. The plume dynamics of a flower scent. (A) Single-ion monitoring (mz = 136) from the 

Datura flower. (B) Odor frequency with increasing distance from the flower. (C) Intermittency 

(% time present) with increasing distance from the flower. Each symbol is the mean r SEM; 
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lines are the fitted regressions (R2 > 0.75, P < 0.001). (D) Ions indicative of oxygenated 

aromatics (AR; black line) and monoterpenoids (blue line) 1 cm from the flower. (E) (scatter 

plot, left) Ratio of the percentage of monoterpene (black) and aromatic (blue) ions with 

increasing distance from the flower. Each symbol is the mean r SEM; lines are the regressions 

(R2 = 0.88, P < 0.001); and histograms (right) are the ions measured in the ambient environment 

outside of the plume. 

 

Fig. 2. Flower odor intermittency and background significantly modifies moth behavior. (A) 

Flight tracks of moths navigating to an odor plume (white track) pulsed at 1 Hz (A1) and 20 Hz 

(A2). Moth trajectories were plotted as a transit probability plots in the x-y and x-z dimensions 

(left); orientations to the odor (0° origin) are shown as a track-angle distribution histograms 

(right). (B) Increasing odor frequency caused a significant decrease in odor navigation and 

feeding (Regression: R2 = 0.97, P < 0.01) to levels not significantly different from control (2u2 

F2-test: P > 0.48). (C) Moth flight tracks to the Datura odor embedded in different backgrounds 

(C1: ethyl sorbate [ESO]; C2: benzaldehyde [BEA]). (D) The percentage of moths that 

successfully navigated to the Datura odor embedded in different backgrounds (N = 20-40 

moths/treatment). ns indicates not significantly different from control (P > 0.12); asterisks denote 

significant differences from the control (P < 0.001).  

 

Fig. 3. Antennal-lobe neuronal response to Datura odor at different frequencies and 

backgrounds. (A) Depiction of Manduca preparation and the odor delivery system (Datura odor 

and background stimuli were presented by two solenoid valves). (B) Peri-stimulus time 

histogram (PSTH) of a single neuron response (B1) to different stimuli (mean ± SEM from five 

stimulations). Rasters are plotted below the PSTHs. (B2) Neural population response. Relative to 
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the 1 Hz frequency, there was significant attenuation in response at the 20 Hz frequency and the 

benzaldehyde (BEA) background (Kruskal-Wallis test: P < 0.05). (C) Based on neural 

population response (10 preparations; N = 153 neurons) to the 1 Hz Datura odor, a recognition 

region was calculated that describes the area that the trajectory returns to over the course of 

repeated stimulations. (D, E) Recognition scores computed as the percentage of time the 

trajectory spent in the Datura odor recognition region. Increasing the odor frequency (D), or 

changing the background (E), caused a significant decrease in the recognition scores to levels 

approaching the control. Line is the regression fit (R2 = 0.91, P < 0.05); asterisks denote 

significantly greater responses than control (Kruskal-Wallis test: P < 0.05).          

 

 Fig. 4. The effects of inhibition in encoding the odor plume. (A) (A1) PSTHs of a single neuron 

response and (A2) population response (12 preparations, N = 172 neurons) to the Datura odor 

(left, blue). Superfusion of the GABA receptor antagonist, (middle, green line), modifies the 

response to the Datura odor relative to the pre- and post-antagonist controls (left and right blue 

lines; paired t-tests: P < 0.05). Rasters are plotted below the PSTHs; PSTHs are the average, ± 

SEM, of five stimulations. (B) The recognition scores for the recorded responses (left, 

histograms) in comparison to the model simulated under decreasing inhibition (right, 

scatterplot). Red lines denote the upper and lower bounds of the experimental manipulations of 

inhibition. (C) Behavioral flight tracks of saline- (left, blue lines) and antagonist-injected moths 

(right, green lines) to the Datura odor or control (bottom, grey lines). (D) Percentage of moths 

that attempted to feed from the odor source. Asterisks denote a significant difference between 

saline- (blue bars) and antagonist-injected (green bars) moths (2u2 F2-test: P < 0.05). Each bar 

represents 20-30 moths.             
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