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Figure legends

Figure 1| Scheme of the Orco di construct. 

Figure 2| Calcium responses to OR agonist in CHO cells expressing Orco wt and Orco 

di.  (A) 

(B, C)

(B) (C)

wt and Orco di as in (A). (D-E) [Ca2+]i  in Orco di upon VUAA1 (100uM) stimulation in 

(D) (E)

(F)

Figure 3| Whole cell current responses in cells expressing Orco wt and Orco di. (A, B) 

(A) (B)

(C, D)

(C) (D)

Figure 4| The calmodulin inhibitor W-7 modifies the Ca2+ response upon OR agonist 

stimulation in Orco di expressing cells.  (A)

(B, C) (B)

(C)

Figure 5| Calcium responses in cells coexpressing Or22a and Orco wt or Orco di. (A) 

(B, C) (B)

(C)
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SUMMARY

Flies, like all animals, need to find suitable and
safe food. Because the principal food source for
Drosophila melanogaster is yeast growing on fer-
menting fruit, flies need to distinguish fruit with safe
yeast from yeast covered with toxic microbes. We
identify a functionally segregated olfactory circuit in
flies that is activated exclusively by geosmin. This
microbial odorant constitutes an ecologically rele-
vant stimulus that alerts flies to the presence of
harmful microbes. Geosmin activates only a single
class of sensory neurons expressing the olfactory
receptor Or56a. These neurons target the DA2
glomerulus and connect to projection neurons that
respond exclusively to geosmin. Activation of DA2
is sufficient and necessary for aversion, overrides
input from other olfactory pathways, and inhibits
positive chemotaxis, oviposition, and feeding. The
geosmin detection system is a conserved feature in
the genus Drosophila that provides flies with a sensi-
tive, specific means of identifying unsuitable feeding
and breeding sites.

INTRODUCTION

Animals respond with innate behaviors to certain stimuli in their

environment. Innate behaviors, in contrast to learned behav-

iors, are hardwired; i.e., confronted with a specific stimulus,

the animal will respond with a stereotyped behavior (Tinbergen,

1951). Many innate behaviors are triggered by odors. Prime

examples are pheromones (Karlson and Lüscher, 1959), which

have been particularly well studied in insects. In the vinegar

fly Drosophila melanogaster, the male-produced pheromone

cis-vaccenyl acetate (cVA) activates a single class of olfactory

sensory neurons (OSN), which provides input to a single

glomerulus (Kurtovic et al., 2007; van der Goes van Naters

and Carlson, 2007) and a sexually dimorphic and functionally

segregated circuit within the olfactory system (Datta et al.,

2008; Ruta et al., 2010). In insects, odors associated with

food or oviposition substrates can also elicit innate behaviors.

The smell of vinegar confers obligate attraction in flies (Stökl

et al., 2010). Although the vinegar odor activates a number of

OSN classes, only a single glomerulus is sufficient and neces-

sary for positive chemotaxis (Semmelhack and Wang, 2009).

Pathways underlying hardwired attraction have thus been well

characterized. Olfactory circuits mediating odorant-induced

innate avoidance are, however, poorly understood. From an

evolutionary perspective, being able to detect and respond

quickly to harmful features in the environment should be an

essential task for the olfactory system. In the fly, CO2 elicits

innate avoidance, which, like the attraction pathways, is

mediated via a single glomerular circuit devoted exclusively

to this stimulus (Suh et al., 2004). No dedicated avoidance

circuit for an odorant sensu stricto (i.e., a volatile organic

compound) has, however, been found in the fly or in any other

insect. So far, all identified aversive odorants have activated

multiple glomeruli (Knaden et al., 2012), and their identification

depends on decoding of complex combinatorial glomerular

activation patterns.

A volatile compound of interest in this context is geosmin

(trans-1,10-dimethyl-trans-9-decalol) (Figure 1A). This sub-

stance is produced by a select number of fungi (Mattheis and

Roberts, 1992), bacteria (Gerber and Lechevalier, 1965), and

cyanobacteria (Jüttner and Watson, 2007) and to the human

nose has a distinct and immediately recognizable earthy odor.

A recent study found that addition of a small amount of geosmin

reduced the attraction of flies to vinegar volatiles (Becher et al.,

2010). Given its capacity to modulate innate attraction, this

microbial volatile must be a very potent repellent and, as such,

is possibly a candidate stimulus for a dedicated pathway for

innate avoidance.
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Here, we examine the functional significance of geosmin to

the fly and show that geosmin activates only a single class of

OSNs; these neurons express an odorant receptor that is

exclusively tuned to this compound. Furthermore, we show

that the geosmin-activated circuit constitutes a functionally

segregated pathway, transferring the message arising from the

periphery unaltered to central processing centers. We also

demonstrate that this circuit alone is sufficient and necessary

to trigger the avoidance behavior. Moreover, we show that,

upon activation, the geosmin circuit overrides input from other

circuits and inhibits positive chemotaxis. Additionally, we show

that the peripheral part of the geosmin detection system is

highly conserved across the genusDrosophila. Finally, we clearly

demonstrate the ecological significance of this pathway, which is

to detect toxic microbes.

RESULTS AND DISCUSSION

A Single Class of Olfactory Sensory Neurons Detects
Geosmin
We first set out to determine the behavioral significance of

geosmin by using a T-maze (Figure 1B). In this two-choice

olfactory assay, geosmin on its own elicited avoidance at very

low concentrations (10�6) (Figure 1C). For comparison, benzal-

dehyde—a well-known repellant to flies—in the same assay

required a 1,000-fold higher dose than geosmin to trigger repul-

sion (Figure 1C). The actual fold difference in flies’ behavioral

sensitivity toward these two compounds is greater once volatility

is factored in. The vapor pressure of geosmin is 1,000-fold lower

than for benzaldehyde (0.001 mmHg versus 1.27 mmHg at

25�C). Thus, at a given dose and temperature, the number of

geosmin molecules in vapor phase is substantially lower than

for benzaldehyde. Geosmin is accordingly not only repellent

but is also repellent when present in exceedingly low amounts.

Flies are evidently equipped with a sensitive detection system

for geosmin. To identify the population of OSNs that is activated

by geosmin, we next turned to electrophysiology. Specifically,

we performed single-sensillum recording (SSR) measurements,

a method that allowed us to assess odor-induced OSN activity

extracellularly. We aimed to obtain SSR measurements from all

antennal olfactory sensillum types while stimulating the con-

tacted OSNs with geosmin. The �450 olfactory sensilla of the

fly antennae (Shanbhag et al., 1999) can be divided into 17 func-

tional types, which in total house 46 functionally distinct OSN

classes (de Bruyne et al., 2001; Hallem et al., 2004; Couto

et al., 2005; Yao et al., 2005; van der Goes van Naters and

Carlson, 2007; Benton et al., 2009). In addition to these well-

classified sensilla, morphological data indicate that the antennae

also contain one more type, the so-called intermediate sensilla;

these sensilla house an unknown number of functional OSN

classes (Shanbhag et al., 1999). The second olfactory organ of

the fly, the maxillary palp, houses an additional three types

for a total of six distinct OSN classes (de Bruyne et al., 1999).

By performing a considerable number of SSR measurements

(n > 1000) using diagnostic odors and by comparing the

response properties of contacted OSNs with previously pub-

lished ligand affinities, we were able to locate and record from

all sensillum types present on the antennae (including two types

of intermediate sensilla), as well as from the three types found on

the maxillary palps (Figure 2A).

Response to geosmin came from just a single class of antennal

OSNs, namely, the ab4B OSNs (Figures 2B and 2C). These

neurons express the odorant receptors (OR) Or56a and Or33a

(Couto et al., 2005; Fishilevich and Vosshall, 2005), of which

only the former is functional in the Canton-S strain we used

here (Kreher et al., 2008). Although ab4B OSNs have been

measured from previously (e.g., de Bruyne et al., 2001), geosmin

is the first ligand reported for this neuron class. To confirm that

A

B

C

Figure 1. Geosmin—the Odor of Mold—Is Repellent to the

Vinegar Fly

(A) Geosmin has a peculiar structure (left), which is distinct from odor ligands

identified for D. melanogaster. Although a very common compound in nature,

geosmin is produced only by a specific subset of microorganisms, including

Penicillium sp. molds, shown here growing on an orange. Photo, MCS.

(B) Schematic drawing of the T-maze assay.

(C) Response indices of WT flies to geosmin, benzaldehyde, and balsamic

vinegar in a T-maze assay. Deviation of the response index against zero was

tested with a Student’s t test (p < 0.05). Error bars represent SEM.
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Or56a is indeed the geosmin receptor, we next expressed this

protein in Chinese hamster ovary (CHO) cells that stably ex-

pressed the OR coreceptor Orco (Larsson et al., 2004). Because

insect ORs are Ca2+-permeable ionotropic receptors, OR activa-

tion can be monitored by measuring the free intracellular Ca2+

concentration [Ca2+]i. The application of geosmin transiently

increased [Ca2+]i in a concentration-dependent manner (Fig-

ure 2D). The cells responding to geosmin were seen to respond

to the Orco agonist VUAA1 (Jones et al., 2011), although there

was no response to control application of saline (Figure 2D and

Figure S1A available online). We then expressed Or33a in the

same CHO cell line. Although the cells responded to VUAA1,

we found no responses to geosmin (Figure 2E). CHO cells not

expressing Orco or either of the two tuning ORs produced no

Ca2+ signals in response to the application of geosmin or

VUAA1 (Figure 2E). Loss of function of Or56a should render

ab4B OSNs insensitive to geosmin. We next used SSR to

examine the function of ab4B OSNs expressing a UAS-RNA

interference (RNAi) construct against Or56a. The expression of

UAS-Or56aRNAi reduced the response to geosmin in a dose-

dependent manner (Figures 2F and S1B). In flies carrying one

copy each of Or56a-Gal4 and UAS-Or56aRNAi, the response to

A

B C

D E F

G H I

J K L

Figure 2. Geosmin Activates a Single Class

of Antennal Olfactory Sensory Neurons

(A) SSR measurements from all olfactory sensilla

with geosmin (10�3) as a stimulus. ab, antennal

basiconic sensilla (s.); ac, antennal coeloconic s.;

at, antennal trichoid s.; ai, antennal intermediate s.;

pb, palp basiconic s. Stars denote that activity

from individual OSNs was not separated. Error

bars represent SEM.

(B) Distribution of ab4B neurons on the antenna

as visualized by the expression of GFP from the

Or56a promoter.

(C) Representative SSR traces from an ab4

sensillum. The smaller amplitude spiking neuron,

i.e., ab4B responds to geosmin (10�3). The dura-

tion of the stimulus delivery (0.5 s) is marked by

the black bar.

(D) The free intracellular Ca2+ concentration [Ca2+]i
in CHO cells expressing Or56a and Orco increases

after the application of geosmin and VUAA1

(100 mM), but not of saline (control). Error bars

represent SEM.

(E) Mean increase in free intracellular Ca2+ con-

centration [Ca2+]i in CHO cells expressing Orco and

Or33a or nontransfected CHO cells after the appli-

cation of saline (control), geosmin (50 mM), and

VUAA1 (100 mM). Star denotes response signifi-

cantly different from control (Student’s t test, p <

0.05).Colorscaleas in (D).Errorbars representSEM.

(F) Quantification of responses to geosmin (10�3)

from ab4B OSNs of flies expressing RNAi against

Or56a in the ab4B OSNs and the corresponding

parental lines. Error bars represent SEM.

(G) False color-coded images showing solvent-

induced (top) and geosmin-induced (bottom)

calcium-dependent fluorescence changes in

the AL of a fly expressing the activity reporter

GCaMP3.0 from the Orco promoter.

(H) Glomerular atlas of the AL.

(I) Odor-induced activity plotted on schematic

ALs (average % DF/F).

(J) RI to geosmin (10�5) of flies expressing Shi-

birets from the Or56a promoter and corresponding

parental lines in a T-maze assay. Significant

differences are denoted by letters (analysis of

variance [ANOVA] followed by Tukey’s test; p <

0.05). Error bars represent SEM.

(K) RIs to geosmin (10�5) of flies expressing Shibirets from theOr43b promoter and the corresponding parental lines in a T-maze assay. No significant differences

(ANOVA followed by Tukey’s test; p > 0.05). Error bars represent SEM.

(L) RIs of flies expressing dTRPA1 from the Or56a promoter, the corresponding parental lines, and WT in a T-maze assay confronted with a choice between

22 and 26�C. Deviation of the RI against zero was tested with a Student’s t test (p < 0.05). Error bars represent SEM.

See also Figure S1.
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geosmin was reduced by �50% compared to the response

displayed by the parental lineages. With two copies of each,

the response was essentially abolished (�98% reduction) (Fig-

ure 2F). Thus, we conclude that Or56a alone underlies the ability

of the ab4B cells to detect geosmin.

To further verify that geosmin is detected only by a single class

of OSNs, we next employed functional imaging to examine the

activity pattern in the antennal lobe (AL) evoked by geosmin

(Figures 2G and S1C). We used theGal4-UAS system to express

the Ca2+-sensitive reporter gene GCaMP3.0 (Tian et al., 2009)

from the Orco promoter, thereby labeling all OSNs except those

relying on ionotropic receptors (Benton et al., 2009) for odorant

detection. Activated glomeruli were then identified by comparing

the activation pattern with the map of the fly AL (Couto et al.,

2005; Fishilevich and Vosshall, 2005) (Figure 2H). We stimulated

flies with diagnostic odors to assist glomerular identification

(data not shown) and with geosmin at 10�3 and 10�5 dilutions

(Figures 2G and 2I). At 10�5, geosmin elicited repeatable signals

from only a single locus in the AL—the DA2 glomerulus, which

receives input from ab4B neurons (Couto et al., 2005; Fishilevich

and Vosshall, 2005). We note that DA2 is also situated in the

same lateral part of the AL that has previously been implicated

in handling aversive odors (Knaden et al., 2012). In a number of

recordings, we also noted activity from VM2; however, these

signals were not consistently reproducible. In the SSR screen,

we never observed any activity in response to geosmin from

OSNs innervating VM2; these OSNs are housed in the ab8

sensillum (Figure 2A). Hence, the activity noted from VM2 most

likely does not reflect actual peripheral input but, rather, may

stem from intrinsic AL processes. We therefore conclude that

geosmin is indeed detected by a single class of OSNs. It should

be stressed that the level of specificity shown here toward a

nonpheromonal odor is most unusual, if not unique, among the

olfactory systems investigated to date.

Activation of the ab4B Neurons Is Necessary and
Sufficient for the Aversive Behavior
If the behavior triggered by geosmin is solely derived from the

activity of ab4B neurons, silencing this OSN subpopulation

should also abolish the aversive behavior. To silence these

neurons, we expressed the temperature-sensitive mutant

dynamin Shibirets (Kitamoto, 2001) from the Or56a promoter.

At the restrictive temperature (32�C), flies carrying this construct

displayed no aversive behavior toward geosmin (Figure 2J). The

same flies, tested at a permissive temperature (25�C), showed

a strong aversion to geosmin. Parental lines tested at the

nonpermissive temperature showed a somewhat increased

repellency, which was likely caused by the increased volatility

of geosmin at the higher temperature. Silencing the ab4B

neurons had no effect on flies’ behavior in response to benzalde-

hyde (Figure S1D). In line with the SSR experiments, silencing

input to VM2—via the expression of Shibirets from the Or43b

promoter—did not affect flies’ behavior in response to geosmin

(Figure 2K). The ab4B OSNs are evidently necessary for the

aversive behavior.

We next asked whether selectively activating these neurons

is sufficient to cause aversion. We expressed the temperature-

sensitive cation channel dTRPA1 in the ab4B neurons, a proce-

dure that allowed us to conditionally activate these OSNs at

temperatures >26�C (Hamada et al., 2008). As a control, we first

examined the temperature preference (26�C versus 22�C) of
wild-type (WT) flies in a T-maze assay. WT flies showed

a tendency toward aversion against the higher temperature

(Figure 2L). Having established baseline behavior in the assay,

we next asked whether flies bearing the Or56a-Gal4, UAS-

dTRPA1 construct displayed a stronger aversion toward the

higher temperature. In fact, flies expressing dTRPA1 in ab4B

OSNs showed significant avoidance toward the warm side,

whereas parental control flies showed moderate (but insignifi-

cant) aversion (Figure 2L). Thus, specifically activating these

neurons induces aversion in flies. In summary, these experi-

ments demonstrate that the aversive behavior caused by geo-

smin is mediated solely through a single class of OSNs.

The ab4B Neurons Respond Exclusively to Geosmin
As seen, geosmin is detected by a single class of OSNs, ab4B.

We next asked whether or not these neurons are exclusively

tuned to geosmin. We again used SSR but now screened with

103 structurally diverse odorants (tested at 10�2 dilution) (Fig-

ure S2A). The larger spiking neuron in the ab4 sensillum re-

sponded to a range of compounds (Figure S2B). Interestingly,

we note that the most potent ligands for these OSNs are all

known repellants. The functional significance, if any, of having

two neurons both responding to aversive odorants that are

cocompartmentalized is unclear. The ab4B neurons, in contrast,

displayed a striking degree of selectivity, as none of the screened

odorants—apart from geosmin—elicited any increased spike

firing (Figure 3A). Showing specificity in the context of the

olfactory system is, however, difficult, as there are thousands

of volatile chemicals in nature. Our tested set thus represents

only a fraction of the volatile chemicals potentially present in

the natural habitat of D. melanogaster.

To address this issue and to more firmly examine the speci-

ficity of these neurons, we next expanded our SSR investigation

by using a gas chromatograph (GC) for stimulus delivery. GC-

linked SSR enables the screening of headspace collections

from complex odor sources and, consequently, enables the

probing of large numbers of volatiles. We first sampled odors

from a wide range of sources present in the natural habitat of

D. melanogaster in native Africa as well as in the ‘‘Diaspora.’’

We collected odors from 14 sources, including avoided ones,

such as feces (from African mammals) and rotting meat, as

well as attractive ones, such as fruits and vinegar. The total

number of volatiles present in these samples is difficult to firmly

establish, but the number of distinguishable flame ionization

detection (FID) peaks amounts to �2,900 in total. The actual

number of compounds present is, however, likely considerably

higher. The headspace of many fruits typically contains >400

volatiles (e.g., Petro-Turza, 1987); hence, in our samples, many

more compounds were presumably present but only in amounts

below the FID limit. These compounds were nevertheless

effectively screened, as insects, including Drosophila, are

capable of detecting compounds present well below the FID

limit.

Having collected and verified the odor samples, we then pro-

ceeded to perform GC-SSR measurements from ab4B neurons.
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Out of the 14 odor samples we screened, only three evoked

responses (Figure 3B), namely the headspace of a moldy

tomato, a moss tussock, and isolated cultures of the common

soil bacterium Streptomyces coelicolor. In each of the active

samples, only a single FID peak elicited a response. We next

used GC-linked mass spectroscopy (GC-MS) combined with

synthetic standards to identify the functionally relevant peaks

in these three samples; in all cases, these turned out to be geo-

smin. Thus, the ab4B neurons are indeed extremely specific, and

it is reasonable to conclude that the sole function of these

neurons is to detect geosmin.

How sensitive are the ab4B neurons toward geosmin? Our

T-maze experiments (Figure 1C) had already shown that the

flies respond behaviorally at very low concentrations. Indeed,

the ab4B neurons respond to geosmin at 10�8 dilution (corre-

sponding to 100 pg of substance in the stimulus pipette)

A B

C

Figure 3. The ab4B Neurons Respond Exclusively to Geosmin

(A) Tuning curve for the ab4B neuron type based on a screen of 103 synthetic substances (10�2 dilution). Error bars represent SEM.

(B) Gas-chromatography-linked SSRmeasurements from ab4B neurons. The orange trace represents the FID, photos depict the screened odor sources, and the

blue trace depicts the simultaneously recorded neural activity of ab4B neurons. Stars denote response. n = 1–3.

(C) Dose response curve from ab4B neurons toward geosmin. Error bars represent SEM.

See also Figure S2.
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(Figure 3C), which is in good agreement with the dilution of geo-

smin (1.74 3 10�7) causing reduced upwind flight attraction to

vinegar headspace when vaporized in the wind tunnel (Becher

et al., 2010).

Geosmin Triggers a Segregated Pathway through
the Antennal Lobe to Higher Brain Centers
How is the specific tuning in flies to geosmin seen in the periph-

eral sensory neurons transferred to higher brain centers? In

Drosophila, the OSNs form synapses with projection neurons

(PNs) and local interneurons within the AL. Most PNs innervate

only a single glomerulus (Figures 4A and 4B), whereas local

interneurons typically show broad innervation throughout the

AL. The PNs send their axons to the mushroom body and lateral

horn (Figures 4A and 4B) (Vosshall and Stocker, 2007). PNs tend

to respond to a somewhat broader range of odors than do their

corresponding OSNs (Wilson et al., 2004; Bhandawat et al.,

2007). For instance, the PNs connected to OSNs that respond

only to geranyl acetate respond to additional odors as well.

However, PNs connected to OSNs that respond to the sex
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Figure 4. Geosmin Activates a Functionally Segregated Pathway

(A) A PN innervating the DA2 glomerulus (left) and sending its axon to the calyx of the mushroom body and terminating in the lateral horn (right). PN, green; nc82,

magenta. D denotes dorsal, and L denotes lateral.

(B) Reconstruction of the neuron in (A).

(C) Glomeruli from which PN recordings were obtained (in solid), with the response to geosmin (10�3) false color coded. Transparent glomeruli were not

investigated.

(D) The net change in spike frequency in response to geosmin (10�3) stimulation from PNs innervating 31 glomeruli. Error bars represent SEM.

(E) Example spike trace from a DA2 PN responding to geosmin (10�3). Black bar marks the 1 s odor stimulus. Red trace represents extracted spikes.

(F) Tuning curve for DA2 PNs based on 17 synthetic substances (10�2 dilution, except geosmin, which was used at 10�3). Error bars represent SEM.

(G) False color-coded images showing solvent-induced (top) and geosmin-induced (bottom) calcium-dependent fluorescence changes in AL PNs of a fly bearing

the GH146-Gal4, UAS-GCaMP3.0 constructs.

(H) Glomerular atlas of the AL.

(I) Odor-induced activity plotted on schematic ALs (average % DF/F).

See also Figure S3.
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pheromone cVA do not show a broad response pattern and

are just as specific as their cognate OSNs (Schlief and Wilson,

2007). We thus asked: how specific is the response of PNs

that respond to geosmin?

We carried outwhole-cell patch-clamp recordings from a large

number of randomly selected uniglomerular PNs, stimulating

with 17 chemicals, including geosmin (Figure S3). We obtained

recordings and fills from 66 PNs (from 66 individual flies), which

covered 31 different glomeruli. Geosmin elicited significant

responses only from two PNs, both of which innervated the

DA2 glomerulus (Figures 4A–4E). Although not all glomeruli

were covered, this result strongly suggests that geosmin infor-

mation does not diffuse broadly across the AL to other glomeruli.

Moreover, DA2 PNs appear to be as selective as the input

OSNs because these PNs responded exclusively to geosmin

and not to any of the other screened compounds (Figures 4F

and S3). To further examine the specificity of the AL output, we

next imaged flies carrying the GH146-Gal4 and UAS-GCaMP3.0

constructs in which �1/2 of the PNs express the GCaMP3.0

activity reporter (Stocker et al., 1997; Jefferis et al., 2001).

Stimulation with geosmin again exclusively activated the DA2

glomerulus (Figures 4G–4I). Thus, we conclude that, like the

labeled line pheromone pathway, the geosmin circuit forms

a dedicated functionally segregated pathway, at least to the

point of the calyx and lateral horn. The fate of the signal past

this point remains to be elucidated.

The Geosmin Circuitry Can Modulate and Override
Innate Attraction
As mentioned before, the addition of geosmin to vinegar signifi-

cantly reduced positive chemotaxis in flies’ response to this

innately attractive odor. To verify that geosmin indeed has the

capacity to reduce flies’ attraction to vinegar, we next repeated

the wind tunnel experiments with an alternative bioassay, the

Flywalk (Steck et al., 2012) (Figure 5A). This assay enables

high-resolution quantification of behavior from individual flies in
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(A) Schematic drawing of the Flywalk assay used in (B). For details, see Steck et al. (2012).

(B) Quantified behavior from individual flies stimulated with balsamic vinegar, geosmin (10�3), and a mix of the two in the Flywalk assay. Top graphs, box plot

representations of odor-induced changes in upwind speed of flies (n = 30); black line represents median upwind speed; box, interquartile range; whiskers, 90th

and 10th percentiles. Lower graphs, undirected activity of flies (n = 30); black line, median activity; shaded area, interquartile range. Yellow areamarks the 500ms

odor stimulus. Statistical analysis per Steck et al. (2012).

(C) Left, representative SSR trace from an ab4 sensillum, stimulated with ethyl butyrate (10�5) in which the B neuron expresses Or22a. Right, quantification of

mean responses to ethyl butyrate from control ab4B OSNs and ab4B OSNs misexpressing Or22a.

(D) Response indices of flies expressing Or22a in the ab4BOSNs, corresponding parental lines andWT flies to ethyl butyrate (10�5) in a T-maze assay. Significant

differences are denoted by letters (ANOVA followed by Tukey’s test; p < 0.05). Error bars represent SEM.

See also Figure S4.
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response to short pulses of an odor stimulus repeated during an

extended period of time. Our Flywalk results parallel the findings

from the wind tunnel (Figure 5B). Exposing flies to pulses of

balsamic vinegar induced bursts of positive chemotaxis, which

were significantly reduced when geosmin was added to the

vinegar volatiles. Geosmin alone induced a ‘‘freezing’’ behavior,

i.e., a decrease of the flies’ activity, which, in this assay, reflects

aversion (Steck et al., 2012). The ability of geosmin to reduce

the attractiveness of vinegar is robust and can be repeated

with both the trap assay (Larsson et al., 2004) (Figures S4A

and S4B) and the T-maze (Figure S4C).

In light of the physiology findings, the cause of the reduced

attractiveness of the geosmin-vinegar mix should stem from

activation of the DA2 pathway. This circuit should consequently

have the capacity to override and modulate an innate behavior.

To test this notion, we used the Or56a-Gal4 line to drive the

expression of an additional odorant receptor (Or22a targeting

glomerulus DM2) in ab4B OSNs (Figure 5C), enabling us to

manipulate the activity of the DA2 circuit in the absence of

geosmin and thereby to separate the chemical from the actual

effect. In flies expressing Or22a under the Or56a promoter,

stimulation with ethyl butyrate, a potent ligand for Or22a that

is highly attractive to flies (Figure 5D), should result in the

activation of both DM2 and DA2, in turn reducing the flies’ attrac-

tion to ethyl butyrate. Through SSR, we first verified that the

misexpression of Or22a conferred sensitivity toward ethyl

butyrate in ab4B neurons (Figure 5C). Having established phys-

iological function, we then tested the flies’ behavioral response

toward ethyl butyrate by using a T-maze. The parental control

lines showed the expected strong positive response of WT flies

toward this fruit ester. On the other hand, flies additionally ex-

pressing Or22a in the ab4B OSNs showed no attraction toward

ethyl butyrate (Figure 5D). Thus, activating DA2 and the associ-

ated pathway can modulate and override innate attractive

behavior.

Geosmin Is Used by the Fly to Detect Toxic Molds
and Bacteria
We next asked what the possible evolutionary and ecological

reason might be for the strong and hard-wired chemosensory

avoidance of geosmin. Because geosmin itself is nontoxic to

invertebrates as well as mammals (Young et al., 1996), the

function of the circuit is not just to alert D. melanogaster to

the presence of this compound. With some exceptions,

the majority of volatiles flies detect are widely produced in

nature and, thus, are difficult to firmly associate with a specific

source. Geosmin—although very abundant in nature—is

solely produced by a narrow range of microbes, in particular

Penicillium fungal molds (Mattheis and Roberts, 1992) and

Streptomyces soil bacteria (Gerber and Lechevalier, 1965).

Has the system for detecting geosmin evolved to identify these

specific microorganisms? We first examined whether flies

could survive on these types of microbes. We transferred

newly eclosed flies to vials with a yeast-containing medium or

to vials additionally containing cultures of either Streptomyces

coelicolor or Penicillium expansum. Flies were unable to survive

in the presence of either of these microbes (Figure 6A), presum-

ably due to the accumulation of toxins. Many fungal molds,

including P. expansum, produce a range of toxic secondary

metabolites, several of which have been shown to have strong

insecticidal activity (Castillo et al., 1999). Many geosmin-

producing microbes are not only toxic but are also known to

outcompete or even kill the yeasts flies graze on (Arndt et al.,

1999). Thus, for the fly, being able to detect and avoid fruit

colonized by harmful molds and bacteria should be an essential

skill.

Because many geosmin-producing microbes are detrimental

to flies, we suspected that substrates colonized by this type

of microbe are avoided for oviposition. Thus, we next looked

for an olfactory-based oviposition preference in flies by using

a two-choice assay (Figure 6B) in which flies were given the

option of laying eggs on plates containing either standard

Drosophila yeast medium or on plates additionally inoculated

with S. coelicolor. Indeed, flies avoided laying eggs on

plates containing S. coelicolor (Figure 6C). Is the avoidance of

the bacterial plates mediated via geosmin? To address this

question, we subsequently repeated the oviposition experi-

ments. We inoculated one of the plates with a gene-targeted

S. coelicolor strain (J3001), which carries a deletion in a key

gene involved in the geosmin synthesis pathway (Gust et al.,

2003). The J3001 strain is thus identical to WT S. coelicolor

except for its inability to produce geosmin, the lack of which

we also confirmed via GC-MS and GC-SSR (Figure 6D). Abolish-

ing the production of geosmin completely eliminated the avoid-

ance in response to S. coelicolor (Figure 6C). In the absence of

geosmin, flies readily oviposited on the harmful media. Eggs

deposited onto S. coelicolor did not develop into adult flies

(data not shown), and survival on the J3001 strain did not differ

from survival on WT S. coelicolor (log rank test; p = 0.22). In

a pure olfactory choice assay, the trap assay (Figure S4A), flies

also discriminated between the two strains, preferring J3001

over WT (Figure S5).

We next wondered whether the reluctance to oviposit in the

presence of (WT) S. coelicolor is dependent on the DA2 circuit.

To address this question, we examined the oviposition pre-

ference of flies carrying the previously used Or56a-Gal4, UAS-

Shibirets construct. At permissive temperatures, these flies

strongly avoided plates containing S. coelicolor, whereas at

restrictive temperatures, there was no avoidance, and the flies

even showed a slight preference for the bacterial substrate (Fig-

ure 6E). In line with our hypothesis, the presence of geosmin

alone should also prevent egg laying, which it did. Plates con-

taining geosmin (10�3) were avoided as an oviposition substrate

(Figure 6F). One could speculate that the presence of any

strongly repellent odor would also prevent oviposition from

occurring. However, benzaldehyde did not inhibit oviposition

from occurring at 10�4 and 10�2 dilutions and barely did so

even when tested as a pure substance (Figure 6F).

Are flies also hesitant to consume food contaminated with

this type of microbe? We next examined feeding preference by

using a capillary feeder assay (Figure 6G) (Ja et al., 2007);

here, flies could choose between two 5% sucrose solutions,

one of which was based on a wash from WT S. coelicolor colo-

nies. Indeed, flies clearly preferred the pure sucrose solution

(Figure 6H). We then repeated these experiments, replacing

the WT S. coelicolor with the J3001 strain. The solution
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Figure 6. Geosmin Is Used by Flies to Detect Toxic Molds and Bacteria

(A) Survival rate of newly eclosed flies transferred to vials containing pure agar medium or medium with 1-week-old cultures of either of two geosmin-producing

microbes.

(B) Schematic drawing of the oviposition choice assay used in (C), (E), and (F).

(C) Oviposition indices (OI) to WT (M145) and J3001 S. coelicolor of WT flies. The J3001 only differs fromWT by its inability to produce geosmin. Deviation of the

oviposition index against zero was tested with a Student’s t test (p < 0.05). Error bars represent SEM.

(D) GC-MS and GC-SSR analysis of headspace from J3001 and M145. Pale blue represents flame ionization detection traces. The dark blue trace shows activity

from an ab4B OSN being stimulated with J3001 headspace (no response).

(E) OIs to WT S. coelicolor of flies expressing Shibirets in the ab4B OSNs and corresponding parental lines at permissive (25�C) and restrictive (32�C) temper-

atures. Significant differences are denoted by letters (ANOVA followed by Tukey’s test; p < 0.05). Error bars represent SEM.

(F) OIs to geosmin and benzaldehyde of WT flies. Significant differences are denoted by letters (ANOVA followed by Tukey’s test; p < 0.05). Error bars

represent SEM.

(G) Schematic drawing of the capillary feeding assay (modified from Ja et al. [2007]) used in (H)–(J).

(H) Feeding indices (FI) to 5% sucrose solutions containing traces of WT (M145) or J3001 S. coelicolor of WT flies. Deviation of the feeding index against zero

was tested with a Student’s t test (p < 0.05). Error bars represent SEM.

(I) FIs to 5% sucrose solutions containing geosmin (0.1%) or benzaldehyde (0.1%) of WT flies. Deviation of the feeding index against zero was tested with

a Student’s t test (p < 0.05). Error bars represent SEM.

(J) FIs to 5% sucrose solutions containing traces of WT (M145) S. coelicolor of flies expressing Shibirets from the Or56a promoter and corresponding parental

lines at permissive (25�C) and restrictive (32�C) temperatures. Significant differences are denoted by letters (ANOVA followed by Tukey’s test; p < 0.05). Error bars

represent SEM.

See also Figure S5.
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containing J3001 did not reduce feeding but was slightly

preferred over the sucrose-only solution (Figure 6H), suggesting

that the aversion is due to the presence of geosmin. In line with

this observation, adding geosmin (0.1%) also reduced feeding

(Figure 6I). The addition of another aversive odor, benzaldehyde

(0.1%), had no effect on feeding (Figure 6I). We next wondered

whether the feeding aversion is due to olfactory input to the

DA2 pathway. Indeed, the reduced feeding stems not from geo-

smin having an aversive taste but from the activation of ab4B

OSNs because silencing input to this pathway—via Shibirets—

also fully abolished the geosmin-induced feeding aversion

(Figure 6J). Thus, geosmin also functions as an antifeedant,

operating via the olfactory system.

Taken together, these findings strongly suggest that the

ecological significance of geosmin is to alert flies to the presence

of toxic molds and bacteria. The geosmin circuit performs a

critical task, providing flies with a reliable and sensitive means

of identifying unsuitable hosts.

The Geosmin Detection System Is Conserved across
the Genus Drosophila

To shed light on the origin and evolution of the geosmin detection

system circuit, we next turned to a comparative approach. We

tested eight drosophilid species—chosen based on genome

availability and phylogenetic and ecological considerations—

for their capacity to detect geosmin (Figure S6A). We set out to

identify neurons able to detect geosmin via SSR, stimulating

with a set of 37 chemically diverse odorants (at 10�2 dilution)

(Figure S3D). We located OSNs tuned to geosmin in all the

screened species except D. elegans (Figure 7A). Electroanten-

nogram recordings from this species also showed no response

to geosmin (data not shown) and neither does this species

respond behaviorally to geosmin in a T-maze assay (Figure 7B).

As in D. melanogaster, in each of the species responding to

geosmin, detection was noted only from a single class of

OSNs, which also responded exclusively to geosmin (Figure 7A).

The geosmin OSNs we found in the other species may well
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(B) Response index to geosmin (10�5) of D. elegans in a T-maze assay. Deviation of the response index against zero was tested with a Student’s t test (not

significant). Error bars represent SEM.

See also Figure S6.
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serve the same function that they serve in D. melanogaster. The

lack of a geosmin detection system in D. elegans may be

a consequence of the low susceptibility to mold growth of this

species’ breeding substrate, namely, fresh flowers (Yoshida

et al., 2000). Putatively functional orthologs of Or56a are also

present across the species in which we have complete OR

repertoires (Guo and Kim, 2007). We also located intact ortho-

logs of Or56a in draft genome assemblies from an additional

eight drosophilids (Figure S6B), including D. biarmipes and

D. elegans. The function (if any) of theOr56a ortholog in the latter

remains unknown. Analysis of selection pressure also showed

that the Or56a genes are under overall purifying selection

(Figure S6C). The response properties of the second neuron

residing in these sensilla are much less conserved (Figure S6D).

These neurons also do not express orthologous receptors

across the examined species. In D. melanogaster, the ab4A

neurons express Or7a (Hallem et al., 2004), orthologs of

which are, however, found only in the subgenus Sophophora

(Guo and Kim, 2007). Yet, also in species in which we can

assume that Or7a underlies the response property, we did

note variation in ligand affinity. The function of the ab4A OSNs

hence likely reflects species-specific requirements. The striking

specificity toward geosmin seen in the olfactory system of

D. melanogaster is accordingly a basal feature of the genus

Drosophila, conserved for at least �40 million years (Russo

et al., 1995).

Conclusions
The manner in which flies decode and rely upon geosmin has

few, if any, direct parallels. Comparable circuits are essentially

found only within the subset of the olfactory nervous system

that relays pheromone information. However, also within this

context, it is exceedingly rare for animals to rely on just a

single chemical to identify a critical resource. Almost all

pheromones characterized to date have been complex blends

processed by multiple neuronal pathways. Moreover, the

specificity toward geosmin shown here surpasses many

pheromone-tuned neurons; if presented with enough odorants

or with odorants in sufficient concentration, these neurons

will also display responses to other substances (Hansson and

Stensmyr, 2011).

The closest match to the geosmin pathway is found outside

of the regular olfactory system, namely in the detection and pro-

cessing machinery for the atmospheric trace gas CO2. Although

CO2 is a fundamentally different chemical from geosmin, the

similarity in which these two stimuli are decoded is striking. In

flies, the CO2 circuit forms a functionally segregated pathway

that mediates innate avoidance. Input to the CO2 circuit is like-

wise fed by sensory neurons exclusively tuned to a single

stimulus (Suh et al., 2004). Although organized similarly, the

ecological significance of these two circuits seems to differ.

Geosmin is used by flies as a universal warning sign for the

presence of toxic compounds that are comorbid with geosmin.

The evolutionary significance of this circuit is clear: it provides

flies with a sensitive and specific means to identify unsuitable

hosts. The ecological meaning of CO2 for D. melanogaster is,

however, unclear. In fact, it is puzzling why flies would be

repelled by CO2 at all. D. melanogaster is highly adapted toward

breeding (and feeding) on substrates with high ethanol content.

Because CO2 is a ubiquitous byproduct of alcoholic fermenta-

tion, it would make an ideal cue for flies to follow when searching

for suitable hosts. Elucidating the role of CO2 from the point of

view of flies and using assays that better reflect the natural

setting should be a focus of future studies.

Circuits analogous to the geosmin pathway are a likely feature

in the olfactory systems ofmost, if not all, insects. Although these

circuits are probably similar mechanistically and functionally

(i.e., selective with regards to input, mediating innate aversion,

and abolishing attraction), the identity of the eliciting stimulus

will differ, reflecting the demands raised by the taxon-specific

ecology.

EXPERIMENTAL PROCEDURES

Fly Stocks

All experiments with WT D. melanogaster were carried out with the Canton-S

strain. Species other than D. melanogaster were obtained from the Drosophila

species stock center (https://stockcenter.ucsd.edu/info/welcome.php).

Transgenic lines were obtained from the Bloomington Drosophila stock

center (http://flystocks.bio.indiana.edu/), except for UAS-Or22a, which was

donated by L. Vosshall (The Rockefeller University, New York) and UAS-Or56-

aRNAi, which was obtained from the Vienna RNAi stock center (http://www.

vdrc.at).

Stimuli and Chemical Analysis

All synthetic odorants tested were acquired from commercial sources (Sigma,

http://www.sigma-aldrich.com and Bedoukian, http://www.bedoukian.com)

and were of the highest purity available. (±)-Geosmin (of >97% purity) was ob-

tained from Sigma. Stimuli preparation and delivery followed Stökl et al.

(2010). The headspace collection of volatiles was carried out according to

standard procedures. S. coelicolor M145 and J3001 strains were gifts from

K. Flärdh (Lund University, Sweden) and K. Chater (John Innes Centre, UK),

respectively. P. expansumwas obtained from Centraalbureau voor Schimmel-

cultures (http://www.cbs.knaw.nl). Microorganisms were kept on strain-

specific media (HiMedia, http://www.himedialabs.com), following standard

protocols. Mammalian fecal samples were provided by the Leipzig Zoo. For

GC stimulation, 1 ml of the odor sample was injected onto a DB5 column

(Agilent Technologies, http://www.agilent.com), fitted in an Agilent 6890 GC,

equipped with a four-arm effluent splitter (Gerstel, www.gerstel.com), and

operated as previously described (Stökl et al., 2010) except for the tempera-

ture increase, which was set at 15�C min�1. GC-separated components were

introduced into a humidified airstream (200 ml min�1) directed toward the

antennae of a mounted fly. Signals from OSNs and FID were recorded

simultaneously. GC-MS analysis was performed as previously described

(Stökl et al., 2010).

Behavioral Assays

T-maze experiments were conducted as shown in Figure 1B, with flies starved

for 4 hr prior to experiments with water provided ad libitum. The response

index (RI) was calculated as (O-C)/T, where O is the number of flies in the

baited arm, C is the number of flies in the control arm, and T is the total number

of flies used in the trial. The resulting index ranges from �1 (complete avoid-

ance) to 1 (complete attraction). Trap assay experiments (Figure S4A) were

performed as described in Stökl et al. (2010) with RI calculated as above.

The Flywalk experiments followed protocols outlined in Steck et al. (2012)

(Figure 5A). Survival was measured for individual flies (males and females,

except for tests with J3001, in which only females were examined), which

were kept for 5 days (at 23�C) in glass tubes (16 3 100 mm) with metal caps

containing 1-week-old cultures of S. coelicolor or P. expansum grown on

yeast-containing media (HiMedia). Oviposition experiments were carried out

as shown in Figure 6B. Oviposition index was calculated as (O-C)/(O+C),

where O is the number of eggs on a baited plate, and C is the number of
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eggs on a control plate. Feeding experiments were conducted as described in

Figure 6G. A feeding index was calculated as (O-C)/(O+C), where O is the

amount of food consumed from odorous solutions, and C is the amount

from control sucrose-only solutions.

Physiology and Morphology

Electroantennogram (EAG) recordings were performed following standard

procedures (e.g., Stökl et al., 2010). For SSR measurements, the recording

electrode and the reference electrode (inserted into the eye) were positioned

under a microscope (Olympus BX51W1; http://www.olympus.com). The

recording electrode was positioned by using a motorized, piezo-translator-

equipped micromanipulator (Märzhauser DC-3K/PM-10; http://www.

marzhauser.com/de/). The signal was amplified (Syntech UN-06, http://

www.syntech.nl), digitally converted (Syntech IDAC-4), and finally visualized

and analyzed by using Syntech AutoSpike v3.2. CHO cells stably expressing

dOrco (Trenzyme, http://www.trenzyme.com) were transiently transfected

with dOr56a/pcDNA3.1(�) or dOr33a/pcDNA3.1(�) by using a Roti-Fect

transfection kit (Carl Roth, http://www.carlroth.com) as described (Sargsyan

et al., 2011). Ca2+ imaging of CHO cells was performed as described (Wicher

et al., 2008). The functional imaging of odor-induced glomerular activity was

conducted as outlined in Stökl et al. (2010). Patch-clamp recording was per-

formed as previously described (Seki et al., 2010), except that in vivo prepara-

tion was used, and odor stimuli were given. Preparation followed Stökl et al.

(2010), with the exception that the neurolemma was removed to allow the

recording electrode access to the cell bodies of the PNs. Spike analysis,

immunohistochemistry, laser scanning microscopy, and 3D reconstructions

were performed as previously described (Seki et al., 2010).

Statistics and Bioinformatics

Estimates of the selection pressure were done by maximum likelihood as

implemented in PAML (Yang, 1997). Additional orthologs of Or56a were iden-

tified via TBLASTN searches of draft genomes (courtesy of modENCODE/

Baylor College of Medicine), downloaded from http://www.ncbi.nlm.nih.gov/

bioproject/63477.
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Figure S1. Molecular Function of Or56a, Related to Figure 2

(A) Color coded [Ca2+]i (scaling bar, nM) in a CHO cell expressingOr56a andOrco before and 10 s after application of saline (control), geosmin (50 mM) and VUAA1

(100 mM).

(B) Representative SSR traces from control ab4 sensilla (top two traces) and from an ab4 sensillum with reduced levels of Or56a (bottom trace). Expression of

RNAi directed against Or56a in ab4B OSNs (blue spikes) abolishes the response to geosmin (10�3). Duration of the stimulus delivery (0.5 s) is marked by the

black bar.

(C) Raw images from the same recording as in Figure 2G.

(D) Silencing ab4B neurons, via Shibirets, does not abolish aversion toward benzaldehyde (10�2 dilution). Significant differences are denoted by letters (ANOVA

followed by Tukey’s test; p < 0.05). Error bars represent SEM.
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Figure S2. Screened Synthetic Volatiles and Properties of the ab4A Neuron, Related to Figure 3

(A) Screened odorants.

(B) Tuning curve for the ab4A neuron type based on a screen of 103 synthetic substances.
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Figure S3. Spike Traces from a DA2 Projection Neuron, Related to Figure 4

Spike traces from a DA2 PN following odor stimulation. Only geosmin elicits any response.
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Figure S4. T-Maze and Trap Assay Choice Experiments with a Vinegar and Geosmin Mix, Related to Figure 5

(A) Schematic drawing of the trap assay (Larsson et al., 2004) used in panel (B). For each trial,�50 flies were placed inside the test boxes. Number of flies in and

outside traps was then counted after 24 hr (for further details, see Stökl et al. [2010] and Knaden et al. [2012]).

(B) Response index of wt flies given a choice between balsamic vinegar and balsamic vinegar additionally containing 10�3 geosmin in the trap assay. Deviation of

the response index against zero was tested with a Student’s t test (p < 0.05). Error bar represent SEM.

(C) Response indices of wt flies to balsamic vinegar and balsamic vinegar containing geosmin (10�3) in the T-maze assay. Star denotes significant difference

(Student’s t test p < 0.05). Error bars represent SEM.
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Figure S5. Trap Assay Two-Choice Experiment with WT and Mutant S. coelicolor, Related to Figure 6

Response index of flies given a choice between wt (M145) S. coelicolor and the J3001 strain in the olfactory choice trap assay (Figure S4A). Star denotes

significant difference (Student’s t test p < 0.05). Error bar represent SEM.
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Figure S6. Molecular and Physiological Properties of the ab4 Type Sensillum across Related Drosophilids, Related to Figure 7

(A) Phylogenetic relationship of the examined species.

(B) Phylogenetic tree of Or56a orthologs from 19 species. The tree was constructed with RAxML from a Muscle alignment. Scale bar represents number of

substitutions per site.

(C) Estimation of the selection pressure acting upon Or56a. Plot shows dN/dS ratios (obtained through PAML, model M8) for all codons, here plotted on the

sequence of D. melanogaster. TM1-7 indicates putative locations of transmembrane domains (estimated with HMMTOP/TMHMM). Star denotes site under

significant positive selection (Bayes Empirical Bayes).

(D) Response profile of neurons (n = 3) paired with the geosmin responsive neurons shown in Figure 6. Error bars represent SEM.
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Based Ionotropic Mechanism of Pheromone-
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1Department of Animal Physiology, University of Kassel, Kassel, Germany, 2Department Evolutionary Neuroethology, Max Planck Institute for Chemical Ecology, Jena,

Germany

Abstract

The mechanisms of insect odor transduction are still controversial. Insect odorant receptors (ORs) are 7TM receptors with
inverted membrane topology. They colocalize with a conserved coreceptor (Orco) with chaperone and ion channel function.
Some studies suggest that insects employ exclusively ionotropic odor transduction via OR-Orco heteromers. Other studies
provide evidence for different metabotropic odor transduction cascades, which employ second messenger-gated ion
channel families for odor transduction. The hawkmoth Manduca sexta is an established model organism for studies of insect
olfaction, also due to the availability of the hawkmoth-specific pheromone blend with its main component bombykal.
Previous patch-clamp studies on primary cell cultures of M. sexta olfactory receptor neurons provided evidence for
a pheromone-dependent activation of a phospholipase Cb. Pheromone application elicited a sequence of one rapid,
apparently IP3-dependent, transient and two slower Ca2+-dependent inward currents. It remains unknown whether
additionally an ionotropic pheromone-transduction mechanism is employed. If indeed an OR-Orco ion channel complex
underlies an ionotropic mechanism, then Orco agonist-dependent opening of the OR-Orco channel pore should add up to
pheromone-dependent opening of the pore. Here, in tip-recordings from intact pheromone-sensitive sensilla, perfusion
with the Orco agonist VUAA1 did not increase pheromone-responses within the first 1000 ms. However, VUAA1 increased
spontaneous activity of olfactory receptor neurons Zeitgebertime- and dose-dependently. We conclude that we find no
evidence for an Orco-dependent ionotropic pheromone transduction cascade in M. sexta. Instead, in M. sexta Orco appears
to be a slower, second messenger-dependent pacemaker channel which affects kinetics and threshold of pheromone-
detection via changes of intracellular Ca2+ baseline concentrations.
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Introduction

In insects odorants are detected by olfactory receptors (ORs)

which form a large receptor family of seven transmembrane

domain (7 TM) proteins [1–5]. ORs are expressed in the dendrites

of insect olfactory receptor neurons (ORNs) which innervate hair-

like sensilla on the antenna [6,7]. ORs have an inverted

membrane topology with an extracellular C-terminus in compar-

ison to conventional G-protein coupled 7TM receptors [8–12].

Besides the diverse ORs binding various odor ligands, a highly

conserved protein with weak homology to ORs, named Or83b in

the fruitfly Drosophila melanogaster, is co-expressed in ORNs of

different insect species [1,13–23]. In the fruitfly Or83b was

suggested to be a coreceptor forming OR-Or83b heteromers

[8,24] and was consequently renamed Orco [25]. Orco is

a prerequisite for odor detection since it is a chaperone necessary

for the localization of ORs to the ciliated dendrites of ORNs

[8,26]. Additional functions of Orco are still under discussion. It

was proposed that OR-Orco complexes constitute ligand-gated

receptor ion channels promoting ionotropic odor transduction

[27,28]. Both, OR and Orco, were predicted to contribute to the

pore of the odor-gated receptor-ion channel complex [27,29–31].

In contrast, there is evidence for various metabotropic signal

transduction cascades in different insect species [32–34]. While

one study [27] suggested that all insect species employ solely

ionotropic odor and pheromone transduction, another study [28]

found evidence in D. melanogaster for both a less sensitive fast

ionotropic pathway as well as a slower, more sensitive metabo-

tropic transduction cascade coupled to adenylyl cyclase. In

addition, the D. melanogaster Orco itself forms a leaky (spontane-

ously opening) cation channel activated by cGMP/cAMP, which

relies on protein kinase C-dependent phosphorylation [28,35]. In

contrast, patch-clamp studies on primary cell cultures of M. sexta

ORNs as well as tip-recordings of pheromone-sensitive sensilla in

intact moths suggested that moths employ different odor trans-

duction cascades depending on stimulus concentration, behavioral
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context, and Zeitgebertime (ZT, with ZT 0 defined as the

beginning of the light phase; see Materials and Methods) [33]. The

main sex-pheromone component of M. sexta, bombykal (BAL),

elicited a sequence of at least three consecutive pheromone-

dependent inward currents, which were also triggered by IP3
perfusion of ORNs [33,36–38]. The first, very rapid and transient

pheromone-dependent Ca2+ inward current, which lasted less than

100 ms, triggered a sequence of Ca2+-dependent ion channel

openings. While Orco is present in M. sexta pheromone-dependent

trichoid sensilla [22,39], it is not known whether additionally an

Orco-dependent ionotropic pathway is responsible for the first

pheromone-dependent trigger current in M. sexta ORNs, which

resembled an IP3-dependent Ca
2+ current.

To investigate the function of Orco in pheromone transduction

of M. sexta, we examined the effect of the Orco agonist VUAA1

[40]. If OR-Orco heteromers form BAL-gated ion channels, co-

activation of Orco with VUAA1 during pheromone stimulation

would mimic stimulation with higher pheromone doses. Thus, the

Orco agonist would increase pheromone responses dose-depen-

dently within the first ,25 ms (the first 6 action potentials) of the

BAL response. In calcium imaging experiments on HEK 293 cells

transiently or stably transfected with MsexOrco it was confirmed

that VUAA1 is an MsexOrco agonist. However, in contrast to our

expectations, VUAA1 perfusion of trichoid sensilla in intact M.

sexta did not augment pheromone transduction within the first

,25 ms nor in the first 1000 ms of the pheromone response.

Instead, Orco appears to be a spontaneously active ion channel,

which affects spontaneous activity day-time-dependently on

a slower time scale, possibly via sustained changes in the baseline

Ca2+ concentration.

Results

It is not known if Orco is involved in the first rapid pheromone

response in M. sexta. Consequently, we stimulated Orco in situ with

its agonist VUAA1 during non-saturating BAL-stimulations [41].

First, we established whether VUAA1 is an MsexOrco agonist.

Secondly, we tested whether MsexOrco forms a spontaneously

active, Ca2+-permeable cation channel as in D. melanogaster [27].
Finally, we challenged the hypothesis that insects in general

employ solely ionotropic odor transduction [27] in tip-recordings

from intact M. sexta pheromone specific sensilla. Different time

windows of the pheromone response were evaluated separately to

distinguish ionotropic or metabotropic signal transduction cas-

cades. Since M. sexta responds with different sensitivity to

pheromone stimulation in the sleep-wake cycle [42–44] the effects

of VUAA1 infusion into pheromone-sensitive trichoid sensilla were

compared at ZT 1–3 (activity phase) and ZT 9–11 (resting phase).

MsexOrco Forms a Spontaneously Active Cation Channel
which is Activated by VUAA1 in a Heterologous
Expression System
In Ca2+ imaging experiments stimulation with 100 mM VUAA1

increased intracellular Ca2+ concentrations in HEK 293 cells

transiently transfected with MsexOrco (Fig. 1A). We confirmed

that VUAA1 is an MsexOrco agonist since significantly more

MsexOrco transfected cells (median: 3%) showed VUAA1-de-

pendent intracellular Ca2+ concentration increases compared to

controls not transfected with MsexOrco (median: 1%; Fig. 1B).
Additionally the percentage of MsexOrco transfected cells showing

VUAA1-dependent Ca2+ concentration increases was significantly

higher than the percentage showing spontaneous Ca2+ concen-

tration increases (P=0.024; median: 1.78%). Moreover, Msex-

Orco transfected cells showed significantly more spontaneous Ca2+

concentration increases (P= 0.003) than non-Orco transfected cells

(median: 0%). From these measurements we conclude that

MsexOrco forms a leaky Ca2+-permeable ion channel, whose

open-probability can be increased by VUAA1.

Since the majority of transiently transfected cells did not

respond to VUAA1 stimulation, apparently due to sparse

membrane insertion of MsexOrco, we obtained a HEK 293 cell

line with stably transfected MsexOrco. Similar to the transiently

transfected cells less than 5% of the HEK cells responded to

VUAA1 stimulation (n= 213). Ca2+ concentration increase after

stimulation with 100 mM VUAA1 was small but significantly

different from responses of non-transfected cells (P= 0.003,

Figure 1. Heterologously expressed MsexOrco is activated by VUAA1 and increases spontaneous activity. Furthermore, MsexOrco
appears to interact with MsexORs and/or SNMP-1 in heterologous expression systems. (A) Normalized calcium imaging data of HEK 293 cells
transiently transfected with MsexOrco. Data for 100 cells are shown, where each line represents the percentage deviation of the fluorescence ratio
(D(F340/F380)) for one cell. After VUAA1 application (100 ml of 100 mM, arrow) eight of 100 cells show an increase in the fluorescence ratio. (B)
Percentages of active cells either transiently transfected with MsexOrco (+Orco) or not (-Orco) after VUAA1 application or without application
(spontaneous) are compared (n =number of experiments; for each experiment the percentage of active cells was determined). (C) Box plots show the
mean increase in the free intracellular Ca2+ concentration (D[Ca2+]i) after VUAA1 application. HEK 293 cells were either not transfected or stably
transfected with MsexOrco and optionally cotransfected with MsexSNMP-1 and MsexOR-1, or MsexOR-4 (n = number of cells). (B,C) Significant
differences are indicated by asterisks (n.s. = not significant; *P,0.05, **P,0.01, ***P,0.001; Mann-Whitney test).
doi:10.1371/journal.pone.0062648.g001
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Fig. 1C). Cotransfection with MsexSNMP-1 and pheromone

receptor candidates MsexOR-1 or MsexOR-4 [39,45] did not

change the percentage of responding cells, but significantly

increased the VUAA1-dependent Ca2+ concentration increase

compared to non-transfected and solely Orco transfected cells

(P,0.001 for all, Fig. 1C). From these measurements we conclude

that MsexOrco interacts with MsexORs and/or MsexSNMP-1.

VUAA1 does not Increase Pheromone Responses in
M. sexta
In long-term tip-recordings infusion of VUAA1 did not affect

pheromone-dependent sensillum potential amplitudes (SPA),

neither during activity nor during resting phase (Fig. 2A, S1;
Tab. S2, S4). Thus, Orco appears not to contribute to the rise of

the BAL-dependent receptor potential. Also, analysis of the phasic

action potential (AP) response did not provide evidence for a BAL-

gated OR-Orco-dependent ion channel opening during the first

,25 ms of the pheromone response. In the beginning of the long-

term tip-recordings the BAL-dependent AP frequency was not

affected by VUAA1 during the activity phase (Fig. 2B). A

significant decline only occurred with perfusion of 100 mM
VUAA1 at rest. Both control and VUAA1 recordings showed

a significant decline in AP frequency over the time course (Fig.
S2A–D; Tab. S2, S4). This decline was significantly stronger in

the presence of 100 mM VUAA1.

The latency of the first BAL-dependent AP remained un-

changed in the beginning of the recordings during the activity

phase (Fig. 2C). However, it was significantly prolonged for

VUAA1 at rest (Fig. S2A–D; Tab. S2, S4). For both control and

VUAA1 recordings the latency increased over the time course.

This increase was significantly higher in the presence of 100 mM
VUAA1 (Fig. S2E,F; Tab. S2, S4).
To determine further ion channel activation by VUAA1 within

the first second of the pheromone response, post stimulus time

histograms (PSTHs) were prepared (Fig. 3). The number of BAL-

dependent APs was analyzed during the first 150 ms and 1000 ms

after onset of the BAL-dependent sensillum potential (Fig. S3,
Tab. S2, S4). In the beginning of the recordings neither VUAA1

concentration had any effect on the number of APs generated in

the first 150 ms (Fig. 3A,B; Tab S2, S4). Neither was the

number of APs during the first 1000 ms of the activity phase

affected by VUAA1 (Fig. S3C,D; Tab. S2, S4), while at rest

only 1 mM VUAA1 caused a significant decline (Tab. S2, S4).
Comparison of the distribution (Fig. 3) and number of APs (Fig.
S3) in controls over the course of the recordings indicates that the

kinetics of the pheromone response shifted to a more tonic

response pattern during rest. In addition, the decrease of the

number of APs in the first 150 ms in control experiments indicated

an increase in threshold at rest (Fig. S3, Tab. S2, S4).
Application of the Orco agonist further enhanced this shift in

kinetics and BAL-sensitivity during the course of the recording.

This suggests that Orco activation affected the kinetics as well as

the sensitivity of the BAL response on the time scale of minutes

rather than milliseconds.

VUAA1 Increased Spontaneous and Background Activity
Next we examined whether Orco forms an ion channel involved

in modulating spontaneous activity in the absence of pheromone.

A significant VUAA1 dose-dependent increase in spontaneous

activity without previous pheromone stimulation could be

observed during activity and resting phase, with higher sensitivity

to VUAA1 during activity phase (Fig. 4B; Tab. S3, S4). Also, the
background activity between two pheromone stimulations was

examined. Application of VUAA1 significantly increased back-

Figure 2. VUAA1-dependent MsexOrco activation does not
increase the pheromone-dependent sensillum potential am-
plitude (SPA) nor the bombykal-dependent action potential
(AP) frequency as it would be expected for an Orco-based
ionotropic mechanism of pheromone transduction. (A–C) Box
plots represent pheromone responses during the first 20 minutes
(beginning) of the tip-recordings. (A) The pheromone-dependent SPA
was never affected by VUAA1. (B) The pheromone-dependent AP
response (first 5 APs) was not affected by VUAA1 during the activity
phase, but was decreased at high agonist concentrations at rest. (C)

Orco Function in Insect Olfaction

PLOS ONE | www.plosone.org 3 May 2013 | Volume 8 | Issue 5 | e62648



ground activity (Fig. 4C,D; Tab. S2, S4). However, no dose-

dependent effect was found. While long-term control recordings

showed a continuous decline over the time course, the decline was

counteracted in 100 mM VUAA1 recordings during activity and

resting phase (Fig. S4). Background activity was significantly

higher than spontaneous activity in control and 1 mM VUAA1

recordings (P,0.001 for all). However, during the activity phase

spontaneous activity was significantly higher than background

activity under the influence of 100 mM VUAA1 (P= 0.006).

Additionally, we analyzed whether VUAA1 affects the bursting

pattern in the background activity of the BAL-sensitive ORN. The

percentage of APs belonging to bursts and the number of APs per

burst were calculated (Fig. 5). In the beginning of the recordings

both VUAA1 concentrations decreased the number of APs per

burst except for 100 mMVUAA1 at rest. The percentage of APs in

bursts was always decreased by VUAA1. Addition of 100 mM
VUAA1 significantly decreased the number of APs per bursts as

well as the percentage of APs in bursts over the time course.

Discussion

Research in insect olfaction proposed controversial models of

odor transduction [27,28,32,33]. Here, with long-term tip-

recordings in situ from pheromone-sensitive trichoid sensilla of

intact M. sexta we examined whether MsexOrco-dependent

ionotropic pheromone transduction is employed. In heterologous

expression systems we confirmed that VUAA1 [40] is an

MsexOrco agonist and that MsexOrco forms a spontaneously

opening Ca2+-permeable cation channel, which appears to interact

with co-transfected MsexORs/MsexSNMP-1 [46]. Unexpectedly,

with in situ studies we found no evidence for the participation of an

MsexOR-MsexOrco-dependent ionotropic transduction pathway

during the first ,25, 150, or 1000 ms of the pheromone response

during the first 20 min of the tip-recordings. Instead, MsexOrco

affects pheromone response kinetics and sensitivity in pheromone-

and ZT-dependent manner within the time period of minutes,

possibly via its effects on spontaneous activity and pheromone-

dependent background activity. We hypothesize that pheromone

dependency results from pheromone-dependently activated meta-

botropic cascades, which changed open-probability and/or

conductance of MsexOrco ion channels. We assume that ZT-

dependency resulted from different Ca2+ baseline levels (which

modulate MsexOrco) between rest and activity phase, possibly

regulated via a circadian clock in ORNs [33,47,48]. Also

differences in the pheromone response between beginning and

end of long-term tip-recordings are most likely due to changes in

Ca2+ baseline levels, possibly via the accumulation of DMSO. We

suggest that MsexOrco forms a leaky second-messenger-depen-

dent cation channel that controls membrane potential oscillations

and intracellular Ca2+ baseline levels, and thereby kinetics and

threshold of pheromone responses in M. sexta.

VUAA1 Activates MsexOrco
The discovery of different agonists and antagonists of the

conserved coreceptor Orco has greatly facilitated the study of

Orco function [31,40,49–54]. Since spontaneous Ca2+ signals

occurred more frequently in HEK 293 cells expressing MsexOrco

(Fig. 1B) it can also form functional leaky (spontaneously opening)

ion channels as reported for D. melanogaster and Anopheles gambiae

[27,28,35,40]. In addition, 100 mM VUAA1 activated MsexOrco

as it does in different other species such as A. gambiae, D.

melanogaster, Culex quinquefasciatus, Harpegnatos saltator, Heliothis

virescens and Ostrinia nubilalis [31,40,49,50,52]. The small number

of responding cells is very likely due to insufficient membrane

Only at rest the first pheromone-dependent AP was delayed by VUAA1.
Significant differences are indicated by asterisks (n.s. = not significant;
**P,0.01, ***P,0.001; Mann-Whitney test).
doi:10.1371/journal.pone.0062648.g002

Figure 3. During the first 20 min of each recording VUAA1-dependent MsexOrco activation does not affect the first 150 ms or first
1000 ms of the pheromone response. Rather, MsexOrco-ion channel opening affects bombykal (BAL)-response kinetics at the time scale of
minutes, at the last 20 min of the 2 h recording. (A,B) Post stimulus time histograms show the mean number of APs generated within the first
1000 ms after BAL stimulation (binsize = 10 ms). The number of APs within the first 150 ms (shaded area A,B) and the first 1000 ms did not change
VUAA1-dependently during the first 20 minutes (beginning) of the recording. At the end of the tip-recordings (last 20 minutes) the pheromone
responses shifted to a more tonic response pattern in the presence of 100 mM VUAA1 as compared to the beginning (see also Fig. S3).
doi:10.1371/journal.pone.0062648.g003
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insertion of MsexOrco in transiently as well as stably transfected

cells. This indicates that in the heterologous vertebrate expression

system important components necessary for efficient membrane

targeting of MsexOrco are missing. It cannot be decided whether

the increase in the VUAA1-dependent current after coexpression

with MsexSNMP-1 and MsexOR-1, or MsexOR-4 (Fig. 1C) can
be attributed to improved membrane insertion of MsexOrco, or to

heteromultimerization and formation of ion channels with larger

conductance. In summary, we conclude that VUAA1 is a suitable

activator of MsexOrco ion channels.

MsexOrco does not Increase Bombykal Responses
Previous studies showed that Orco itself is not activated by

odors in different species such as D. melanogaster, A gambiae and C.

quinquefasciatus [24,27,28,31,40,50,55] and that VUAA1 binds to

Orco directly increasing its ion channel open probability across

species [31,40,49–52]. Therefore it was suggested that VUAA1 is

an allosteric activator of possible OR-Orco heteromers, and that

VUAA1 addition to the odor-sensitive sensillum should mimic an

increase in odor concentration. Thus, VUAA1 and pheromone

should act additively and non-competitively in opening the OR-

Orco ion channel pore. If indeed MsexOR-MsexOrco heteromers

form pheromone-gated ion channels responsible for the first

pheromone-dependent inward current, infusion of VUAA1 should

increase BAL-dependent receptor potentials and AP responses in

M. sexta. Unexpectedly, this was not the case. Since neither the

BAL-dependent SPA (Fig. 2A, S1), nor the phasic BAL-

dependent AP response during the first ,25 (Fig. 2B, S2A–D),

150, and 1000 ms (Fig. 3, S3) during the first 20 min of the long-

term tip-recordings increased VUAA1-dependently, it is very

unlikely that MsexOR-MsexOrco heteromers form BAL-gated ion

channels in M. sexta. This lack of a VUAA1 effect cannot be due to

a saturation of the BAL response, since higher BAL concentrations

employed previously resulted in dose-dependent increases of the

pheromone response [41–44]. Since a 100-fold lower VUAA1

Figure 4. VUAA1- dependent MsexOrco activation increases spontaneous as well as background activity of olfactory receptor
neurons (ORNs). Original recordings show spontaneous activity without previous BAL-stimulation (A) and background activity (C) after BAL-
stimulation of bombykal- (BAL) sensitive ORNs (larger amplitude). Action potentials of smaller amplitude were generated by the second BAL-
insensitive ORN. (B) Spontaneous activity was dose-dependently increased by VUAA1 stimulation, with lower VUAA1 concentrations required for
saturation in the activity phase. (D) Lower VUAA1 concentrations increased the background activity already maximally during the first 20 min
(beginning) of the recordings and more strongly than the spontaneous activity. Furthermore, MsexOrco appeared to express Zeitgebertime-
dependent changes. Significant differences are indicated by asterisks (n.s. = not significant; *P,0.05, **P,0.01, ***P,0.001; Mann-Whitney test).
doi:10.1371/journal.pone.0062648.g004
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concentration did not affect pheromone-dependent AP frequency

(Fig. 2B) it is very unlikely that VUAA1 failed to activate

MsexOR-MsexOrco due to adaptation. Furthermore, because

VUAA1 dose-dependently increased the background and sponta-

neous activity of M. sexta ORNs (Fig. 4, S4) during the first

20 min of the tip-recordings, MsexOrco is sensitive to VUAA1

concentrations employed in situ as well as in vitro and the agonist

successfully reached its target during this time window. Since

VUAA1-dependent MsexOrco activation at all concentrations and

at all ZTs tested never affected the SPA (Fig. 2A, S1) over the 2 h

recording, MsexOrco does not appear to contribute to the BAL-

dependent receptor potential. This assumption is consistent with

the observation that Orco activation did not change the number of

pheromone-dependent APs in the beginning of the tip-recordings

(Fig. 3, S3). Nevertheless, MsexOrco activation significantly

decreased the BAL-dependent phasic AP response during long-

term tip-recordings with 100 mM VUAA1 (Fig. S3). This

observation, together with a significant VUAA1-dependent latency

increase (Fig. 2C) of the first BAL-dependent AP is reminiscent of

cGMP-dependent adaptation observed previously [42]. This could

indicate a sustained activation of a spontaneously opening ion

channel in ORNs, which increases the intracellular cGMP levels

Ca2+-dependently and thus shifts the dose-response range of

pheromone responsiveness to more adapted response ranges.

MsexOrco-activation by VUAA1 Affects Background
Activity and Spontaneous Activity
As previously reported, Orco is involved in the generation of

spontaneous activity in D. melanogaster and A. gambiae in situ
[26,40,56,57]. Moreover, Orco was shown to form a leaky ion

channel affecting spontaneous activity in different insect species

such as in D. melanogaster and A. gambiae [27,28,35,40]. The same

function could also be confirmed for MsexOrco in situ since

VUAA1 significantly increased the spontaneous activity of the

Figure 5. VUAA1-dependent MsexOrco activation affects bursting pattern of background activity. Comparison of the beginning (0–
20 min) and end (100–120 min) of long term recordings showed a decrease of the number of action potentials (APs) per burst (A,B) as well as the
percentage of APs in bursts (C,D) in the presence of 100 mM VUAA1. Furthermore, MsexOrco-dependent effects were mostly Zeitgebertime-
dependent. Significant differences are indicated by asterisks (n.s. = not significant; *P,0.05, **P,0.01, ***P,0.001; Mann-Whitney test).
doi:10.1371/journal.pone.0062648.g005
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non-stimulated BAL-sensitive ORNs (Fig. 4A,B). Furthermore,

the VUAA1-dependent activation of spontaneous activity in

ORNs, which never experienced pheromone stimulation before,

was significantly different from VUAA1-dependent stimulation of

background activity (Fig. 4). It is possible that pheromone-

dependent metabotropic transduction cascades changed concen-

trations of intracellular messengers such as Ca2+ and cGMP,

which then modified the open probability of MsexOrco as

reported previously for Orco from D. melanogaster [28]. Further-
more, the VUAA1-dependent decrease in the percentage of APs

belonging to bursts (Fig. 5C, D) correlated with the slowing of the

response kinetics, which became more tonic with VUAA1 (Fig. 3,
S3). This direct correlation between bursting behavior and

pheromone response kinetics was also observed for octopamine

application, which increased the number of APs in spontaneous

bursts and sped up pheromone response kinetics as well as

increased pheromone sensitivity [44]. Taken together, we believe

these data indicate that in M. sexta, Orco is a spontaneously

opening ion channel, which allows for spontaneous membrane

potential oscillations in the absence of pheromone, rendering the

cell sensitive to the timing of the input as prerequisite for temporal

encoding. Pheromone then might increase the conductance of this

possibly circadian clock-controlled Orco-pacemaker channel dose-

dependently via pheromone-dependent metabotropic transduction

cascades, which change intracellular second messenger levels.

Thereby, response kinetics and sensitivity of pheromone responses

might be modified Orco- and second messenger-dependently.

Current experiments examine whether ZT-dependent differences

in VUAA1 effects are due to circadian expression of MsexOrco

and MsexOrco-dependent circadian changes of intracellular Ca2+

concentrations.

In summary, BAL transduction in M. sexta apparently involves

a phospholipase Cb-dependent metabotropic signal transduction

cascade without evidence for the involvement of an additional

MsexOrco-based ionotropic transduction cascade [33,36–38,41].

A multitude of different second messenger-gated ion channels,

amongst them MsexOrco, regulates the pheromone response

range and kinetics ZT- and dose-dependently allowing for gain

control and differentiated behavioral responses [33]. More in situ
studies are necessary to determine whether an Orco-based

ionotropic mechanism plays a relevant role in odor transduction

in vivo in other insects such as D. melanogaster.

Materials and Methods

Animals and Preparation
All experiments were performed on adult males of the

hawkmoth Manduca sexta raised in breeding facilities at the

University of Kassel as reported previously [43]. Animals were

entrained to a 17 h:7 h light:dark cycle, where Zeitgebertime (ZT)

0 defines the beginning of the light phase and ZT 17 the beginning

of the dark phase. Since Manduca sexta is a nocturnal insect species,
mating behavior, male flight and oviposition occurs in the dark

phase [58]. For further information regarding raising conditions

and preparatory work see SI Materials and Methods.

Odorant Receptor Expression in Heterologous Systems
The odorant receptors (MsexOR-1, MsexOR-4), MsexOrco

( =MsexOR-2) and sensory neuron membrane protein 1

(MsexSNMP-1) were identified previously [22,39,45]. The DNA

was cloned into pcDNA3.1(-) expression vectors (Invitrogen) using

standard molecular biology methods (SI Materials and
Methods; Tab. S1). Human embryonic kidney cells (HEK

293, DSMZ) were grown on poly-L-lysine (0.01%, Sigma-Aldrich)

coated coverslips. Further culture conditions and transient trans-

fection were described by Wicher et al. [28]. Additionally, HEK

293 cells stably expressing MsexOrco were purchased from

cytobox UG (Konstanz, Germany) and grown in cytoboxTM

HEK select medium containing puromycin. Since the sensory

neuron membrane protein 1 (SNMP-1) is coexpressed with

pheromone receptors in moth ORNs [59–63] and SNMP-1 was

shown to be required for pheromone detection in D. melanogaster
[56,64] for some experiments, HEK 293 cells were transiently

transfected with MsexSNMP-1 and MsexOR-1 or MsexOR-4.

Calcium Imaging
Calcium imaging experiments were performed on HEK 293

cells using Fura-2 [65] as calcium indicator. Cells were loaded by

incubation in culture medium containing 2.5–5 mM of membrane

permeable Fura-2 acetoxymethyl esters (Molecular Probes, In-

vitrogen) for 30–60 min at room temperature. Fura-2 was excited

sequentially with wavelengths of 340 and 380 nm using a mono-

chromator (Polychrom V, Till Photonics), coupled to an epifluor-

escence microscope (Axioskop FS, Zeiss, Jena, Germany) and

controlled by an imaging control unit (ICU, Till Photonics). Cells

were monitored using a 406 objective (LUMPlanFI/IR 406/

0,80W, Olympus) or a 106 objective (ACHROPLAN 106/

0,30W Ph1, Zeiss). Exposure times varied to achieve sufficient

signal to background ratios for both excitation wavelengths.

Emission for both excitation wavelengths was detected at 510 nm.

Experiments lasted 5 min with a sampling interval of 5 s. VUAA1

(100 ml of 100 mM) was applied via pipette or via rapid solution

changer (RSC, Bio-Logic, Claix, France) (SI Materials and
Methods).

Tip-recordings
All recordings were performed at room temperature (19–22uC)

in the end of the activity phase (ZT 1–3) and during the resting

phase (ZT 9–11). A glass electrode filled with hemolymph Ringer

was used as indifferent electrode and was inserted in the truncated

end of the male’s antenna. The recording electrode filled with

sensillum lymph Ringer was slipped over the truncated sensillum

[42]. The Orco agonist VUAA1 (1 mM or 100 mM) was applied

passively via the sensillum lymph Ringer solution. Long-term tip-

recordings lasted 2 h, recordings with 1 mM VUAA1 or sponta-

neous activity recordings lasted 20 min. Non-saturating, non-

adapting pheromone stimulations of 50 ms duration with 1 mg
BAL dissolved in 10 ml hexanol on filter paper were performed

every 5 min [41,43]. Neuronal activity of the pheromone sensitive

ORN between pheromone stimulations was recorded for 295 s

(except the first 5 sec of the pheromone response) and was defined

as background activity. Spontaneous activity of non-stimulated

ORNs was measured in isolated moths not exposed to pheromone

before. Spontaneous activity was recorded for the first 295 s under

control conditions and if applicable subsequently from the same

sensillum for another 36295 s in the presence of VUAA1 (1, 10,

100 or 500 mM). For further details see SI Materials and
Methods.

Data Analysis and Statistics
Calcium imaging: Tillvision software (Version 4.5, Till Photon-

ics) was employed to subtract background fluorescence, to define

regions of interest (ROIs), and to calculate the ratio of fluorescence

resulting from excitation at 340 nm and 380 nm (F340/F380). Only

for the experiments with stably transfected HEK 293 cells the

intracellular Ca2+ concentration was calculated on the basis of the

measured fluorescence intensities as described before [28,65].

Mean change of the intracellular Ca2+ concentration (D[Ca2+]i)
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was determined from the area under the curve (AUC) over the

time courses of the respective cells based on the Ca2+ concentra-

tion before VUAA1 application using Excel (2007, Microsoft

Office). Matlab (Version R2012a, The MathWorks) was used to

normalize imaging data and to determine the percentage of active

cells (Materials and Methods SI ).
All tip-recordings were analyzed using Spike2 software (version

7.01, Cambridge Electronic Design). The interval between two

pheromone stimuli was divided into a direct stimulus response (5 s)

and the following background activity (295 s). For statistics

beginning (0–20 minutes) and end (100–120 minutes) of long-

term tip-recordings were considered. The following parameters of

the direct stimulus response were analyzed: The sensillum

potential amplitude (SPA), defined as BAL-dependent negative

deflection of the transepithelial potential, was evaluated as

measure of the graded receptor potential. For statistical tests the

SPA was normalized to the first data point of the recording. Since

only the phasic component of the phasic-tonic BAL-response

encodes stimulus quantity [41], the first 5 interspike intervals (,
the first 25 ms time window containing the first 6 APs) of the BAL

response were analyzed as parameter for frequency encoding. To

investigate temporal encoding the latency between the first AP

after BAL stimulation and the onset of the SPA was determined.

To examine encoding in the phasic-tonic response pattern the first

150 and 1000 ms after the onset of the BAL-dependent sensillum

potential were analyzed and post stimulus time histograms

(PSTHs, binwidth= 10 ms) were prepared for the beginning and

the end of long-term tip-recordings. Analysis of the background

activity was performed as follows: the number of APs was

evaluated and the percentage of APs associated with bursts as

well as the mean number of APs per burst was analyzed. A burst

was defined as two or more APs with maximum interspike

intervals of 50 ms.

All statistical tests were performed with Graphpad Prism

(Version 5.01, Graphpad Software Inc.; Tab. S2, S3, S4).
Shapiro-Wilk test was used to test for normality (not shown). Since

the majority of data groups did not show a normal distribution all

data groups were compared using Mann-Whitney test. The

significance level a=0.05 was used for all tests. Compared data

are presented as box plots, showing lower and upper quartile with

median (box) and whiskers from minimum to maximum. Figures

were generated with Graphpad Prism, Origin (Version 8.6) and

Corel Draw (Version X3).

Supporting Information

Figure S1 VUAA1 does not increase sensillum potential
amplitude (SPA).

(TIF)

Figure S2 VUAA1-dependent MsexOrco activation af-
fects the threshold of pheromone-responses during the
course of the 2 h-long recording, except during the first
20 min at the activity phase.

(TIF)

Figure S3 Orco agonist VUAA1 (100 mM) slows the
kinetics of the bombykal (BAL) response.

(TIF)

Figure S4 VUAA1 increased background activity over
the time course of the 2 h-long recordings.

(TIF)

Table S1 Primer sequences. Coding sequences are shown in

capitals. If a restriction site was induced, the respective sequence

and appropriate enzyme is indicated with fat letters. Abbrevia-

tions: for = forward primer, rev = reward primer.

(DOCX)

Table S2 Statistics for tip-recordings. Data groups were

compared using Mann-Whitney-test (a=0.05). Corresponding P-

values are shown.

(DOCX)

Table S3 Statistics for tip-recordings: Spontaneous
activity. Data groups were compared using Mann-Whitney-test

(a=0.05). Corresponding P-values are shown.

(DOCX)

Table S4 Medians of analyzed parameters in tip-
recordings.

(DOCX)

Materials and Methods S1.

(DOCX)
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2

3

SI Materials and Methods 4
 5

6
Animals7
 8
Hatched larvae were raised on artificial diet [modified after 1]. The adult stages were 9
fed with a sugar solution offered in reaction vessels enclosed in pseudo-flowers 10
made of filter paper treated with a synthetic blend of odors [modified after 2].  All M.11
sexta stages were kept at 24-27 °C and 40-60 % relative humidity in a 17h:7h 12
light:dark cycle. Male pupae were isolated and used for experiments 1-2 days after 13
eclosion. Experimental animals were fixated in a teflon holder with one antenna fixed 14
with dental wax (Boxing wax, Sybron/Kerr, Romulus, MI, USA).  15
 16

17
Odorant receptor expression in heterologous systems 18

19
Antennal mRNA was reverse transcribed using the Superscript II Mix (Invitrogen, 20
Carlsbad, CA, USA). The resulting cDNA was used as template to amplify respective 21
coding sequences for MsexOrco, MsexOR-1, MsexOR-4 and MsexSNMP-1 via PCR, 22
adding suitable restriction sites outside the coding sequence (for primers see Tab.23
S1). PCR products were cloned into pCR®II-TOPO® vectors and transformed into  24
E. coli (One Shot® Top10 competent cells, Invitrogen). Plasmids were isolated 25
(QIAprep Spin MiniPrep Kit) and treated with suitable restriction enzymes (NEB, 26
Ipswich, MA). Fragments were gel-purified and subcloned into the pcDNA3.1(-) 27
expression vector (Invitrogen). After further replication in E. coli the vector was 28
isolated (QIAGEN Plasmid Maxi Kit) and stored at -20 °C. 29
 30

31
Solutions32
 33
Sensillum lymph Ringer (in mM: KCl, 6.4; MgCl2, 12.0; CaCl2, 1.0; NaCl, 12.0; 34
HEPES, 10.0; D-glucose, 354.0) and hemolymph Ringer (in mM: KCl, 171.9; MgCl2, 35
3.0; CaCl2, 1.0; NaCl, 25.0; HEPES, 10.0; D-glucose, 22.5) were adjusted to pH 6.5. 36
The osmolarity was adjusted with mannitol to 475 mOsmol/l for sensillum lymph 37
Ringer and 450 mOsmol/l for hemolymph Ringer.  Ringer solution for HEK 293 cells 38
(in mM: NaCl, 135; KCl, 5; MgCl2, 1; CaCl2, 1; HEPES, 10; D-glucose, 10) was 39
adjusted to pH 7.4.  40
 41
The Orco agonist VUAA1 [3] N-(4-ethylphenyl)-2-((4-ethyl-5-(3-pyridinyl)-4H-1,2,4-42
triazol-3-yl)thio)acetamide was synthesized by the Research Group Mass 43
Spectrometry/Proteomics (Max Planck Institute for Chemical Ecology, Jena, 44



Germany). The substance was dissolved in dimethyl sulfoxide (DMSO) at a 45
concentration of 100 mM and stored at -20°C. For experiments VUAA1 was diluted in 46
the respective Ringer solution. VUAA1 working solution, bath ringer solution for 47
calcium imaging as well as the control hemolymph Ringer solution contained 0.1 % 48
DMSO. 49
 50
Stimulation with pheromone 51
 52
Charcoal-filtered and moistened air streamed into a Clampex software-controlled 53
solenoid valve (PA 202 004 P, Staiger, Erligheim, Germany) directing the air into one 54
of two air branches. One branch of the perfusion system supplied the recording site 55
with a continuous stream of clean, humidified air. The second branch passed a valve-56
controlled glass cartridge with a filter paper loaded with 1 μg bombykal (E,Z-10,12-57
hexadecadienal; BAL) dissolved in 10 μl n-hexan (Merck, Frankfurt, Germany). The 58
BAL was generously provided by Dr. T. Christensen (University of Tucson, AZ, USA) 59
and Dr. J. Krieger (University of Hohenheim, Germany). Pheromone stimuli (50 ms) 60
were delivered every 5 min to avoid adaptation or depletion of pheromone. Released 61
pheromone was removed quickly by a vacuum system installed directly below the 62
mounted moth. One tip-recording encompassed 24 stimulations and lasted for 2 h.  63
 64

65
Data Analysis 66
 67
Calcium Imaging: Regions of interest (ROIs) were defined with Tillvision software by 68
marking the profile of each cell. If the number of cells was far higher than 100, the 69
ROIs were selected randomly and limited to 100. For each ROI the average ratio was 70
calculated. Mean change of the intracellular Ca2+ concentration ( [Ca2+]i) for the 71
respective cells was determined from the area under the curve (AUC) over the time 72
courses after normalization to [Ca2+]i before VUAA1 application. Each AUC segment 73
between two data points was calculated using the trapezoid method. AUC segments 74
for the whole time course were summed and divided by the number of segments  75
(n-1) multiplied by the framesize (tj+1 - tj). 76
 77

n

j jjjiji ttCaCaAUC  78

jj
i ttn

AUCCamean  79

 80

Further analysis was performed with Matlab (version R2012a, The MathWorks). First 81
data (i.e. F340/F380-ratios for each cell) was normalized by calculating the mean of the 82
first ten values of a measurement and the percentage deviation of the mean for each 83
normalized value was calculated. Then the percentage of active cells for each 84
experiment was determined. Cells were considered active, if the ratio exceeded the 85
20-fold standard deviation of the values measured before application. We 86



discriminated between Orco positive cells (i.e. transfected with Msex-Orco and 87
optionally cotransfected with a pheromone receptor candidate (MsexOR-1 or 88
MsexOR-4) and/or MsexSNMP-1) and Orco negative cells (optionally transfected 89
with MsexOR-1, MsexOR-4 and/or MsexSNMP-1, but not with Msex-Orco). 90
Tip-recordings: The electrophysiological response of the olfactory receptor neuron to 91
a stimulus was recorded continuously for 5 s with a sampling rate of 20 kHz 92
(Clampex 8, Molecular Devices, Sunnyvale, CA, USA). To analyze the sensillum 93
potential amplitude the signal was low-pass filtered (cutoff frequency: 50 Hz; with 94
median filter: time constant = 0.05 ms; smooth process: time constant= 0.01). For 95
evaluating the AP frequency a high-pass filter with a cutoff frequency of 150 Hz was 96
used. 97
Background activity between two stimuli and spontaneous activity without stimulation 98
were recorded discontinuously for 295 seconds (Clampex 8, fixed length events of 99
12.75 ms) with a sampling rate of 19.6 kHz (Clampex 8, fixed length events) for each 100
trigger event. As shown by Dolzer et al. [4] in tip-recordings two types of APs could 101
be distinguished according to their amplitude, with the larger amplitude cell being the 102
BAL-sensitive cell and the smaller amplitude cell being sensitive for another 103
component of the pheromone blend.  104
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SI Figures and Tables 120

 121

Figure S1. VUAA1 does not increase sensillum potential amplitude (SPA). (A,B) 122
The maximum SPA remained unchanged by VUAA1- dependent MsexOrco 123
activation over the 2 h time course of recordings. (C,D) Comparison of the first and 124
last 20 minutes (beginning and end; shaded areas in A,B) of the recordings revealed 125
no significant change  for  the  SPA  in  the presence of VUAA1 (100 μM) (n.s. = not 126
significant, Mann-Whitney-Test). 127

Figure S2. VUAA1-dependent MsexOrco activation affects the threshold of 128
pheromone-responses during the course of the 2 h-long recording, except 129
during the first 20 min at the activity phase. (A,B) Time course of the AP 130
frequency for recordings during activity and rest. Shaded areas show the first and last 131
20 minutes of the recordings (beginning and end). (C,D) VUAA1 infusion (100 μM) 132
decreased bombykal (BAL)-dependent action potential frequency (first 6 APs) 133
continuously during the 2 h recordings. (E,F) Also, the delay of the first AP of BAL 134
responses increased with VUAA1.  Significant differences are indicated by asterisks 135
(n.s. = not significant; *P < 0.05, **P < 0.01, ***P < 0.001; Mann-Whitney test). 136

Figure S3. Orco agonist VUAA1 (100 μM) slows the kinetics of the bombykal 137
(BAL) response. The BAL responses shift from a phasic to a more tonic response 138
pattern. In the first 20 minutes (beginning) of all tip-recordings VUAA1 never affected 139
BAL sensitivity during the first 150 ms (A,B) and 1000 ms (C,D). In the last 20 140
minutes (end) of the tip-recordings the BAL responses shifted to a more tonic 141
response pattern in the presence of VUAA1. Significant differences are indicated by 142
asterisks (n.s. = not significant; *P < 0.05, **P < 0.01, ***P < 0.001; Mann-Whitney 143
test). 144

Figure S4. VUAA1 increased background activity over the time course of the 2 145
h-long recordings. (A,B)  Time  course  of  the background activity for recordings 146
during activity and rest. Shaded areas show beginning (first 20 minutes) and end (last 147
20 minutes) of the recordings. VUAA1-dependent MsexOrco activation affected 148
background activity already within the first bin (295 s) of the recordings. (C,D)  149
Decrease of the background activity in controls was counteracted by VUAA1. In the 150
first as well as the last 20 minutes VUAA1 increased background activity significantly 151
(n.s. = not significant; ***P < 0.001; Mann-Whitney test). 152

Table S1. Primer sequences. Coding sequences are shown in capitals. If a 153
restriction site was induced, the respective sequence and appropriate enzyme is 154
indicated with fat letters. Abbreviations: for=forward primer, rev=reward primer. 155
 156
Table S2. Statistics for tip-recordings. Data groups were compared using Mann-157
Whitney-test ( =0.05). Corresponding P-values are shown. 158

Table S3. Statistics for tip-recordings: Spontaneous activity. Data groups were 159
compared using Mann-Whitney-test ( =0.05). Corresponding P-values are shown. 160



Table S4. Medians of analyzed parameters in tip-recordings. 161
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Table _S1

Primer name Primer sequence

MsexOrco BamHI for cgc gga tcc ATG ACC ATG CTT CTG CGG AA

MsexOrco EcoRI rev ccg gaa ttc CTA TTT CAG CTG CAC CAA C

MsexOR-1 KpnI for cc ggt acc ATG ATA TTT ATG GAC GAT CCT CTA TCA AAG

MsexOR-1 XhoI rev ga ctc gag TTA GTT AGA AAC GGT GCG AAG AAA TG

MsexOR-4 KpnI for cc ggt acc ATG AAG TTT TTT GTA GAC GGC AGC GAA ATA

MsexOR-4 XhoI rev ga ctc gag TTA GCT CTC ATC TTT GGC GAT TGT TTG A

MsexSNMP-1 for ATG CGG CTG GCA AGG GGA ATT AAG

MsexSNMP-1 rev TTA CAT GTT GAT TTT TGG AGG CTC ATG AC
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Table_S3 
 

Data groups P-Value

control ZT 1-3 1 μM VUAA ZT 1-3 0.001

1 μM VUAA ZT 1-3 10 μM VUAA ZT 1-3 < 0.001

10 μM VUAA ZT 1-3 100 μM VUAA ZT 1-3 < 0.001

100 μM VUAA ZT 1-3 500 μM VUAA ZT 1-3 0.075

control ZT 9-11 1 μM VUAA ZT 9-11 < 0.001

1 μM VUAA ZT 9-11 10 μM VUAA ZT 9-11 0.780

10 μM VUAA ZT 9-11 100 μM VUAA ZT 9-11 < 0.001

100 μM VUAA ZT 9-11 500 μM VUAA ZT 9-11 < 0.001



Ta
bl

e 
_S

4 

   
Da

ta
 g

ro
up

s
no

rm
. S

PA
AP

 fr
eq

ue
nc

y 
/ H

z
La

te
nc

y 
/ s

# 
AP

s 
0-

15
0

# 
AP

s 
0-

10
00

B
ac

kg
ro

un
d 

ac
tiv

ity
 

/ #
 A

Ps
 in

 2
95

 s
%

 o
f A

Ps
 in

 b
ur

st
s

# 
AP

s 
pe

r b
ur

st
Sp

on
t. 

Ac
tiv

ity
 / 

# 
AP

s 
in

 2
95

 s

B
eg

in
C

on
tro

l Z
T 

1-
3 

1.
00

21
3.

0
0.

01
4

12
.0

17
.0

50
3.

0
84

.0
8

3.
28

4
11

1 
μM

 V
U

AA
1 

ZT
 1

-3
 

1.
00

24
1.

4
0.

01
6

13
.0

16
.0

71
5.

0
74

.1
7

3.
10

3
38

10
 μ

M
 V

U
AA

1 
ZT

 1
-3

 
- 

- 
- 

- 
- 

- 
- 

- 
47

7.
5

10
0 
μM

 V
U

AA
 Z

T 
1-

3 
1.

00
23

9.
9

0.
01

8
13

.5
18

.0
84

4.
5

71
.6

4
3.

05
2

11
78

50
0 
μM

 V
U

AA
 Z

T 
1-

3 
- 

- 
- 

- 
- 

- 
- 

- 
89

4

C
on

tro
l Z

T 
9-

11
1.

00
20

9.
7

0.
01

5
15

.0
23

.0
37

5.
0

86
.7

3
3.

31
9

11

1 
μM

 V
U

AA
1 

ZT
 9

-1
1

1.
00

20
6.

8
0.

02
0

15
.0

18
.5

69
6.

0
70

.9
5

2.
90

8
11

3

10
 μ

M
 V

U
AA

1 
ZT

 9
-1

1
- 

- 
- 

- 
- 

- 
- 

- 
91

10
0 
μM

 V
U

AA
1 

ZT
 9

-1
1

1.
00

17
6.

6
0.

02
5

13
.5

21
.0

61
4.

0
79

.1
1

3.
27

3
69

8

50
0 
μM

 V
U

AA
1 

ZT
 9

-1
1

- 
- 

- 
- 

- 
- 

- 
- 

10
83

En
d

C
on

tro
l Z

T 
1-

3 
0.

86
19

4.
3

0.
03

4
11

.0
18

.5
28

8.
0

77
.6

3
2.

87
9

 - 

10
0 
μM

 V
U

AA
1 

ZT
 1

-3
 

0.
96

95
.7

0.
15

2
0.

0
15

.0
83

1.
5

66
.8

6
2.

81
2

 - 

  

C
on

tro
l Z

T 
9-

11
1.

02
13

0.
4

0.
06

0
7.

0
18

.0
13

9.
5

79
.6

0
3.

03
4

 - 

10
0 
μM

 V
U

AA
1 

ZT
 9

-1
1

0.
98

67
.5

0.
12

4
0.

0
20

.0
59

8.
0

65
.7

4
2.

78
5

 - 



Manuscript IV 

Calmodulin modulates insect odorant receptor function

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Cell Calcium 55 (2014) 191–199

Contents lists available at ScienceDirect

Cell  Calcium

jou rn al hom epage: www.elsev ier .com/ locate /ceca

Calmodulin  modulates  insect  odorant  receptor  function

Latha  Mukunda,  Fabio Miazzi,  Sabine  Kaltofen,  Bill  S. Hansson,  Dieter Wicher ∗

Max  Planck Institute for Chemical Ecology, Department Evolutionary Neuroethology, Hans-Knöll-St. 8, D-07745 Jena, Germany

a  r  t  i  c  l  e i n  f  o

Article history:
Received 14 November 2013

Received in revised form 14 February 2014

Accepted 14 February 2014

Available online 23 February 2014

Keywords:
Drosophila
Odorant receptor

Orco

Olfactory sensory neuron

Calcium  imaging

a  b  s  t r a  c t

Insect odorant  receptors (ORs) are heteromeric  complexes  of  an odor-specific  receptor protein  (OrX) and  a

ubiquitous  co-receptor protein  (Orco). The ORs  operate as non-selective cation  channels,  also conducting

Ca2+ ions.  The Orco  protein contains  a conserved  putative  calmodulin  (CaM)-binding motif  indicating  a

role  of  CaM  in  its  function. Using Ca2+ imaging to monitor  OR activity we investigated  the effect  of  CaM

inhibition  on the  function of OR proteins. Ca2+ responses elicited  in  Drosophila  olfactory  sensory neurons

by  stimulation  with  the  synthetic  OR agonist VUAA1 were  reduced  and prolonged by CaM inhibition  with

the  potent antagonist  W7 but  not  with  the  weak antagonist  W5. A similar effect was  observed for  Orco

proteins  heterologously  expressed in CHO  cells when  CaM was inhibited  with  W7, trifluoperazine or

chlorpromazine,  or  upon overexpression  of  CaM-EF-hand mutants. With  the  Orco CaM  mutant  bearing

a  point mutation  in the  putative  CaM site  (K339N) the  Ca2+ responses were  akin to those obtained for

wild  type  Orco in  the  presence  of  W7.  There was no  uniform effect  of  W7  on  Ca2+ responses in  CHO  cells

expressing  complete  ORs (Or22a/Orco, Or47a/Orco, Or33a/Orco, Or56a/Orco). For  Or33a and Or47a we

observed  no  significant  effect of  W7,  while  it caused a reduced  response in  cells  expressing Or22a  and a

shortened  response for Or56a.

© 2014  Elsevier Ltd. All  rights reserved.

1. Introduction

Functional properties of sensory receptors, such as  sensitiv-

ity and response duration, have to be  regulated according to the

characteristics of the external signal transduced into intracellu-

lar information. To optimize temporal resolution the response to

a given stimulus has to be terminated. The most straightforward

mechanism of response cessation is a negative feedback control

of receptor activation. Such mechanisms, as e.g. the Ca2+-induced

inhibition of cyclic nucleotide-gated channels in vertebrate olfac-

tory sensory neurons (OSNs), inhibit further entry and terminate

the odor signal [1].

Insect  odorant receptors (ORs) represent ligand-gated non-

selective cation channels that conduct also Ca2+ [2,3]. They are

heterodimers composed of an odorant-specific OR protein (OrX)

and an ubiquitous co-receptor protein (Orco) [4]. Besides the

OrX/Orco heteromers also Orco homomers form Ca2+ conducting

cation channels [3]. Activation of Orco channels plays an important

role in the regulation of  OR sensitivity to odorants [5]. Orco most

probably contributes to the pore of the heteromeric OR channels

∗ Corresponding author. Tel.: +49 3641 571415.

E-mail  address: dwicher@ice.mpg.de (D.  Wicher).

[6]. While the heteromers are  activated by  odorants, both kinds of

channels open upon binding of the synthetic ligand VUAA1 [7].

The  Ca2+ import into cells through ion channels such as voltage-

gated Ca2+ channels or cyclic nucleotide gated channels, and in

consequence the free Ca2+ concentration, has to be tightly reg-

ulated [8–12]. Thus, termination of receptor response not only

restores the capability to sense further stimuli but also protects

the cell from Ca2+ overload that may  damage or even kill it. One

of the most important proteins that link Ca2+ concentration to reg-

ulation of Ca2+ influx or extrusion is calmodulin (CaM) [13]. CaM

closes, for example, voltage-gated Ca2+ channels [14] and accel-

erates Ca2+ extrusion by the plasma membrane Ca2+ pump when

activated by  increased free Ca2+ level. In mammalian odorant recep-

tors response termination includes CaM-mediated inactivation of

CNG channels [15] and down regulation of intracellular free Ca2+

[16].

As insect OR activation is  accompanied by Ca2+ influx into

sensory cells, there is an obvious question whether CaM might

play a  role in regulating the function of insect ORs. To monitor

OR activity, we observed the rise in intracellular Ca2+ concentra-

tion [Ca2+]i as previously performed in vertebrate and invertebrate

preparations [17,18]. We  tested the effect of CaM inhibition on the

agonist-induced rise in  [Ca2+]i in Drosophila OSNs and observed

a reduced response. To specify the role of OR  proteins in this

regulation we  proceeded to investigate the role of CaM in  the

http://dx.doi.org/10.1016/j.ceca.2014.02.013

0143-4160/© 2014 Elsevier Ltd. All  rights reserved.
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control of heterologously expressed Orco proteins and  OrX/Orco

combinations.

2. Materials and methods

2.1.  Fly preparation and OR  expression in cultured cells

Drosophila melanogaster flies with genotype w;UAS-
GCaMP3.0;Orco-Gal4 were maintained on conventional cornmeal

agar medium under a 12 h  light: 12 h dark cycle at 25 ◦C. Flies were

anesthetized in ice; after decapitation antennae were excised, fixed

in vertical position on a  glass coverslip using a  two component

silicon and immersed in Drosophila Ringer solution (in mM HEPES,

5; NaCl, 130; KCl, 5; MgCl2,  2; CaCl2,  2; and sucrose, 36; pH = 7.3).

Flagelli were cut below half of their length and incubated for

20 min  to remove air bubbles.

The open reading frame of Drosophila Orco was PCR-amplified

using gene specific primers with restriction sites for XhoI and

HindIII and cloned into the pcrII TA-cloning vector (Invitrogen,

Carlsbad, CA, USA). The identity of the insert was subcloned into the

pcDNA3.1(−) expression vector via the integrated restriction sites.

The sequences were confirmed by double strand DNA sequenc-

ing (Eurofins MWG  Operon, Ebersberg, Germany). CHO cells stably

expressing Orco were purchased from cytobox UG (Konstanz,

Germany) and grown in cytoboxTM CHO select medium contain-

ing puromycin. The cells were grown on  poly-l-lysine (0.01%,

Sigma–Aldrich, Steinheim, Germany) coated coverslips and cul-

tured at a density of ∼1 × 106 per 35 mm  dish. The CaM mutants and

Ors 22a, 47a, 33a and 56a were transfected with 0.3–0.5 �g/well

using Rotifect transfection kit  (Roth, Karlsruhe, Germany). For

experiments cells were exposed to bath solution (in mM:  NaCl,

135; KCl, 5; MgCl2, 1; CaCl2,  1; HEPES, 10; d-glucose, 10; pH = 7.4;

osmolarity 295 mOsmol/l).

2.2. Site directed mutagenesis

Orco  CaM K339N mutation was performed using site directed

mutagenesis. Two overlapping mutagenic oligonucleotides were

designed to introduce point mutation in position (Lysine) K 339

to Aspargine (N) residue. The PCR products were then used to run a

full length PCR using Orco (full length) primers. The final product of

1.56 kb band was T:A cloned into Topo vector (invitrogen life tech-

nologies) and subsequently sub-cloned into XhoI and HindIII sites

of pcDNA 3.1(−) expression vectors. The sequences were confirmed

by double strand DNA sequencing (Eurofins MWG  operon).

2.3. Calcium imaging in  flies and cells

Excitation of cells and OSNs was performed with a  monochro-

mator (Polychrome V, TILL Photonics, Gräfelfing, Germany) coupled

by means of an epifluorescence condenser into an Axioskop FS

microscope (Carl Zeiss, Jena, Germany) with a  water immersion

objective (LUMPFL 40xW/IR/0.8; Olympus, Hamburg, Germany).

Emitted light was separated by  a 400-nm dichroic mirror and fil-

tered with a 420-nm long-pass filter. Fluorescence images were

acquired using a  cooled CCD camera controlled by TILLVision 4.0

software (TILL Photonics). The resolution was  640 × 480 pixel in a

frame of 175 �m × 130 �m.

GCaMP3.0 was excited with 475 nm light at a 0.2  Hz frequency

with an exposition time of 50 ms.  The response magnitude was

calculated as the average �F/F, expressed in percentage, for each

frame, where F was estimated as  the mean fluorescence level cal-

culated for each neuronal body cell on 10 frames before each

application of DMSO (control), W7  or W5  solution.

CHO cells were loaded with fura-2 by incubation in bath solu-

tion containing 5 �M  fura-2/acetomethylester (Molecular Probes,

Invitrogen)  for 30 min. Free intracellular Ca2+ concentration

([Ca2+]i) was  determined with the fluorescence ratio method and

calculated according to [Ca2+]i = Keff(R − Rmin)/(Rmax − R). Image

pairs were obtained by excitation for 150 ms at 340 nm and 380 nm

(ratio R); background fluorescence was subtracted. Keff, Rmin,  and

Rmax were determined using permeabilized cells (Ca2+ free; 5  mM

Ca2+; 500 nM Ca2+). The values of Keff, Rmin,  and Rmax were 1.95 �M,

0.2, and 5.3, respectively.

OSNs  and CHO cells were stimulated using VUAA1 (application

of 100 �l  of  100 �M solution via pipette) after incubation in the

presence of W7,  W5  (application of 100 �l of 10 �M  solution via

pipette), or in  the equivalent amount of DMSO (in which W7 or W5

were dissolved) as  a control, for 50 s.

2.4. Chemicals

VUAA1 (N-(4-ethylphenyl)-2-((4-ethyl-5-(3-pyridinyl)-4H-1,2,

4-triazol-3-yl)thio)acetamide) and  VU0183254 (10-(((4-ethyl-

5-(furyl)-4H-1,2,4-triazol-3-yl)thio)acetyl)-10H-phenothiazine)

were synthesized by  the group “Mass Spectrometry/Proteomics”

of  the Max-Planck Institute for Chemical Ecology (Jena, Germany).

W-7 and W-5  hydrochloride were purchased from Tocris bio-

science (Wiesbaden-Nordenstadt, Germany), and chlorpromazine

(CPZ), trifluoperazine (TFP) and Ruthenium red (RR) from Sigma

Aldrich (Steinheim, Germany).

2.5.  Data analysis

The  transmembrane domain prediction was performed by

TTHMM server v.2.0. CaM motif prediction was  done using CaM tar-

get database (http://calcium.uhnres.utoronto.ca/ctdb/ctdb/). The

Orco sequences of various insect species were aligned using MUS-

CLE alignment tool (Geneios, Auckland, New Zealand). Statistical

analysis was  performed in  Prism 4  software (GraphPad Software,

Inc., La Jolla, CA, USA). Data were analyzed using paired or unpaired

t-tests with Welch’s correction in case heteroscedasticity of data

occurred. Data are given as mean ± SEM (standard error of mean).

3. Results

As  Orco is a  ubiquitous constituent of insect ORs, a  universal

regulation of ORs via CaM would be expected to rely on the control

of Orco function. Consequently, we first performed a  screening for

putative CaM binding sites in Drosophila Orco. We  identified the

candidate amino acid motif 336SAIKYWVER344 within the second

intracellular loop of the Orco protein (Fig. 1A). This motif is highly

conserved in Orco proteins from other insect species, indicating an

important functional role. For test purposes we produced an Orco

mutant bearing a  point mutation (K339N) in the putative CaM site.

We developed a  fly antenna preparation expressing GCamp3 to

perform Ca2+ imaging in olfactory sensory neurons (OSNs) under

in situ conditions (Fig. 1). Removal of the proximal part of  the third

antenna segment allowed observation of OSN cell bodies local-

ized within the antenna (Fig. 1). This preparation was then used to

test a possible role of CaM in  controlling OR  function in  OSNs. We

asked whether inhibition of CaM had an effect on OR response upon

stimulation with the agonist VUAA1. As ORs  are Ca2+-permeable

channels the change in [Ca2+]i could be used as a reporter for OR

function. Application of VUAA1 caused a steep, transient increase

in GCaMP3 fluorescence and thus in [Ca2+]i (Fig. 2A and C).  The

peak of the response was reached within 10–15 s after stimulus

onset, followed by a decay of fluorescence, the time course of which

was described by  an exponential function. The fluorescence level

after response was lower than before indicating either bleaching or

enhanced Ca2+ extrusion and/or buffering.
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Fig. 1. Conservation of putative calmodulin (CaM) binding motifs in insect odorant coreceptor Orco and scheme of Drosophila antenna preparation. (A) Alignment of amino

acids  at the indicated position in the second intracellular loop of Orco. The amino acids 336SAIKYWVER344 showing maximum score in CaM binding site search are highly

conserved  among various insect species (MUSCLE alignment, geneious software). Asterisk, position of the point mutation (K339N) introduced in  the Orco CaM mutant.

The  NCBI accession number for  Orco protein sequences are: Drosophila melanogaster NP 524235; Drosophila mojavensis BAJ23263.1; Drosophila ananassae XP 001959817.1;

Drosophila  erecta XP 001978924.1; Drosophila yakuba XP 002096053.1; Drosophila sechellia XP 002041712.1; Aedes aegypti AAT01220.1; Drosophila simulans XP 002080251.1;

Anopheles  gambiae AAR14939.1; Manduca sexta ACM18060.1; Bombyx mori NP 001037060.1; Epiphyas postvittana ACJ12928.1; Ceratosolen cornutus ACU31808.1; Heliothis
virescens  CAD31851.1; Ostrinia nubilalis BAJ23263.1; Bactrocera cucurbitae ADK97803.1; Ceratitis capitata NP 001266301.1. (B) Drosophila antenna preparation used for Ca2+

imaging experiments. Isolated antennae were embedded in a two-component silicon and rinsed with Drosophila ringer solution. The flagellum was  cut below half  of its length

in  order to get access to the olfactory sensory neurons (OSNs). The left insert shows a sensillum housing the OSN dendrites equipped with odorant receptors (ORs). ORs are

composed  of an odorant-specific receptor protein (OrX) and the Orco co-receptor. (B) Top view of the preparation in transmission light. Note the arista (asterisk) and the

sensilla  around the border of the cut (arrow). (C)  Preparation as in (B) with GCaMP excitation by 475 nm light. Single neuronal cell bodies (asterisks) and processes toward

the  sensilla (arrows) become visible.
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Fig. 2. Calmodulin inhibition affects maximum and time course of Ca2+ responses

obtained  upon OR activation by the agonist VUAA1  in Drosophila OSNs. (A and B)

Fractional change in fluorescence responses following OR activation with VUAA1

(100 �M) in the presence of the potent CaM inhibitor W7 (10 �M,  A) and the weak

CaM  inhibitor W5 (10 �M, B) (black traces), compared to control conditions with

the  solvent (DMSO)  alone (gray traces). (C and D) Fluorescence peaks (C) and time

constants of fluorescence decay (D)  upon OR activation as  in A and B. Two-tailed

unpaired  t-tests; *p < 0.05; ns, not  significant; n =  50. (E) Fluorescence responses

upon  OR activation using a washing protocol to test the recovery of the W7 effect in

the  same OSNs.  (F and G) Fluorescence peaks (F) and time constants of fluorescence

decay  (G)  as in (E). Two-tailed paired t-tests; *p < 0.05; ns, not significant; n  = 6.

Pretreatment with the potent CaM inhibitor W7  reduced the

peak of the Ca2+ signal upon VUAA1 stimulation, while the weakly

active analog W5  had no effect (Fig. 2A–C). Furthermore, W7 but not

W5 prolonged the decay of the response (Fig. 2D). Using a wash-

ing protocol we asked whether the W7  effect on Ca2+ influx was

reversible (Fig. 2E–G). W7  reduced the maximum of  the response

in a reversible manner (Fig. 2F) but with this approach we  found no

significant effect on  the time course of the response, probably due

to the variability produced by the washing protocol (Fig. 2G).

The  results obtained in  OSNs with CaM inhibition indicate a

modulatory role of CaM on odor response. However, using these

native  cells does not allow to discriminate the contribution of Orco

and/or the various odorant-specific OR proteins to this modula-

tion. We thus  continued the investigations using a heterologous

expression system. First, Drosophila Orco was expressed in Chinese

Hamster Ovary (CHO) cells. Ca2+ influx and subsequent increase

[Ca2+]i after VUAA1 application was visualized with fura 2. Recep-

tor activation caused a steep increase in [Ca2+]i, followed by a

decay of the signal to the basal level (Fig. 3A). The time course of

the [Ca2+]i decay was  also well described by a single exponential

with time constant �. Cells not expressing Orco did not show any

[Ca2+]i signal upon VUAA1 application and were characterized by

a lower Ca2+resting level (Fig. 3A and B).  The higher Ca2+resting

level in Orco expressing cells indicates a  constitutive activity of

Orco as observed in other heterologous expression systems [2,3].

To rule out a contribution of intracellular Ca2+ release we  stimu-

lated Orco expressing cells using Ca2+-free bath solution and  got

no response (Fig. 3C). Ruthenium red (RR), which was previously

shown to inhibit insect ORs [2,7,19,20], prevented the generation

of a  Ca2+ influx, thereby suggesting that ORs are the only source of

the Ca2+ signal (Fig. 3D). Furthermore, in  the presence of  the OR-

specific inhibitor VU0183254 [21], Orco stimulation with VUAA1

elicited only weak responses (Fig. 3E and F). The decay of  the

Ca2+ response reflects the closure of OR channels as well as Ca2+

buffering within and  extrusion from the cytoplasm. It is presently

unknown to which extent these mechanisms determine the time

constant of the decay. Plotting the time constant versus the max-

imum Ca2+ response revealed a hyperbolic relationship (Fig. 3G).

In cells with high Ca2+ responses the time course of [Ca2+]i decay

was faster compared with cells showing weak responses. To reduce

the � variation due to  the size of the Ca2+ response we  selected

responses showing a  minimum [Ca2+]i rise of 220 nM under control

conditions for further analysis (Fig. 3G, dotted line).

Preincubation of  cells with the CaM inhibitor W7 strongly

reduced and prolonged the response to VUAA1 while W5  had no

significant effect (Fig. 4). With W7,  the maximum increase in [Ca2+]i
was reduced to less  than one third compared to control condi-

tions (Fig. 4C), while the decay time constant �  increased by a

factor of two  (Fig. 4D). As determined from the area under curves,

the average increase in  [Ca2+]i during the response decreased

from 63 ± 7  nM (Control) to 34 ±  6 nM (W7; n = 23, **p < 0.01). We

also tested two other CaM inhibitors, trifluoperazine (TFP) and

chlorpromazine (CPZ). For both compounds we  observed a strongly

reduced and prolonged response (Fig. 4E–H).

As CaM is known to regulate various proteins involved in

controlling intracellular Ca2+ dynamics, among them the plasma

membrane ATPase, the effect of CaM inhibition on  size and shape of

VUAA1-induced Ca2+ responses might be the sum of  effects. To test

whether Orco is specifically affected and if yes, to which amount,

we expressed the Orco CaM mutant bearing a point mutation in

the putative CaM site (K339N) and  stimulated them with VUAA1.

The Ca2+ responses were much weaker than observed for wt Orco

(Fig. 4I  and J), and did not differ from those obtained for wt Orco

after W7  application, both for the maximum increase in  [Ca2+]i and

for the decay time constant �  (Fig. 4K and L). Moreover, preincuba-

tion of Orco CaM expressing cells with W7  did not further reduce

the response to VUAA1 (Fig. 4J). This rules out the possibility that

the diminished Ca2+ response of Orco CaM is due to a weak expres-

sion level and not due to an  impaired CaM effect. Taken together,

our results demonstrate a  significant contribution of Orco modula-

tion by  CaM. Furthermore, as stimulation of Orco CaM mimicks the

effect of W7  on Orco wt,  the CaM modulation of Orco dominates

the observed effect on Ca2+ responses.

Additionally,  we  tested the effect of overexpression of  CaM

mutants vs. CaM WT  in  CHO cells stably expressing Orco. These

CaM variants contained mutations in the EF-hand domains in the

N-terminal part (CaM N), in the C-terminal part (CaM C) and in
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Fig. 3. Ca2+ responses in Orco-expressing CHO  cells obtained with VUAA1. (A) Free calcium concentration [Ca2+]i in response to VUAA1 application (100 �M) in Orco

expressing  (n = 24) and native CHO cells (n = 24). (B) Resting Ca2+ level as in (A). (C–E) [Ca2+]i upon VUAA1  application (100 �M)  with Ca2+ free bath solution (C, n  =  26), in

the  presence of the cation channel blocker ruthenium red (RR, 100 �M)(D, n = 26), and with the OR antagonist VU0183254 (100 �M)(E, n = 19). (F) Maximum [Ca2+]i as in (E).

(G)  Relationship between maximum [Ca2+]i and time constants of decay upon VUAA1  stimulation. Hyperbola, regression curve, R2 =  0.5; dotted line, minimum Ca2+ response

used  for further analysis. Unpaired t-test ***p < 0.001.

both (CaM NC) [22]. Given that the N- and C-terminal EF-hands

of CaM differ in their affinity to Ca2+, one would expect differen-

tial effects of  the different mutations on  size and/or duration of

Ca2+ signals elicited upon Orco stimulation. However, all mutant

CaM forms modified the Ca2+ signals similar to  W7  with no dif-

ference in the phenotype of calcium responses between N and C

terminal mutations (Fig. 5). The maximum of [Ca2+]i increase was

largely attenuated (Fig. 5E),  while in parallel the decay time con-

stant � became larger (Fig. 5F). In contrast to conditions without

overexpression, the average [Ca2+]i rise was not changed for the

mutant CaM forms (34 ± 3  nM,  CaM wt, n = 30; 33 ± 4 nM,  CaM N,

n = 29; 27 ± 2 nM,  CaM C, n = 43; 32 ± 5 nM;  CaM NC; n  = 45).

We  next asked how CaM inhibition would affect the Ca2+

response upon OR stimulation in cells expressing heteromeric

ORs. When Or22a was coexpressed with Orco, the Ca2+ signals

elicited after VUAA1 stimulation appeared considerably prolonged

in comparison with those obtained from solely Orco expressing

cells  (Fig. 6A). Heterologously expressed Orco and Or22a may

form homomers (Orco/Orco, Or22a/Or22a) as  well as heteromers

(Or22a/Orco) [23]. In order to test whether there are different popu-

lations of Ca2+ responses in terms of decay kinetics we  plotted

the number of cells characterized by a given decay time constant

(Fig. 6B). In cells co-expressing Or22a with Orco we found a large

variation of �, while in cells solely expressing Orco there was  a

rather narrow � distribution. There was, however, no consider-

able overlap in the � distributions as expected for a significant

contribution of Orco monomers in  the Or22a and Orco expressing

cells (Fig. 6B). In Orco expressing cells we found a  correla-

tion between slow decay and weak Ca2+ responses (Fig. 3D).

There was a  similar relationship in cells coexpressing Or22a,

yet with generally larger time constants (Fig. 6C). Taken

together, a  slow decay of Ca2+ responses in cells expressing

Or22a/Orco might reflect an inherent property of heteromeric OR

complexes.
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Fig. 4. CaM inhibition affects maximum and time course of Ca2+ responses obtained

with  VUAA1 in Orco-expressing CHO cells. (A and B) Effect of the potent CaM

inhibitor  W7 (10 �M, A, n  = 23) and the weak CaM inhibitor W5 (10 �M,  B, n = 8)

on  mean [Ca2+]i upon application of VUAA1  (100 �M).  (C, D) [Ca2+]i maxima (C) and

time  constants of [Ca2+]i decay (D)  as in A and B. (E and F)  Effect of the CaM inhibitors

trifluoperazine  (TFP, 10 �M)(E, n = 22) and chlorpromazine (CPZ, 25 �M)(F, n  = 21)

on responses to VUAA1. (G  and H) [Ca2+]i maxima (G)  and time constants of [Ca2+]i

decay (H)  as in E and F. (I–L) Effect of the point mutation K339N in Orco CaM on

Ca2+ responses. Mean [Ca2+]i upon application of VUAA1 (100 �M)(I, n  = 12). [Ca2+]i

maxima for wt Orco (n = 24), Orco CaM without (n  =  12) and with W7  preincuba-

tion  (n = 17) (J); wt Orco in the presence of W7 (n = 23) and Orco CaM (n = 12)(K). (L)

Time constants of [Ca2+]i decay for wt Orco with W7  and Orco CaM. Unpaired t-test;

*p < 0.05; ***p < 0.001; ns, not  significant.

Pre-incubation of Or22a expressing cells with W7  strongly

reduced the maximum in  [Ca2+]i rise (Fig. 6D and E) but it did not

affect the decay kinetics of the Ca2+ signal (Fig. 6F). Overexpression

of CaM mutants affected the Ca2+ responses in a  similar way as W7

(Fig. 6G–K).

We  also co-expressed a couple of other odorant-specific recep-

tor proteins with Orco, namely Or33a, Or47a and Or56a. Or47a

represents, like Or22a, a food odor-detecting type. Or56a, the

geosmin receptor [24], represents a  receptor for a danger signal.

Fig. 5.  Overexpression of CaM mutants affects maximum  and time course of Ca2+

responses obtained with VUAA1  in Orco-expressing CHO cells. (A–D) Mean [Ca2+]i

upon application of VUAA1 (100 �M)  in cells overexpressing CaM WT (A, n = 30),

N-terminal (B, n = 29), C-terminal (C, n  = 43) and N- plus C-terminal (NC, n = 45) CaM-

EF-hand mutants. (E and F) [Ca2+]i maxima (E) and time constants of [Ca2+]i decay (F)

as in (A–D). Non-parametric Kruskal–Wallis test with Dunn’s multiple comparison;

mutants  versus control; *p < 0.05; **p < 0.01; ***p < 0.001.

Or33a is expressed in  the same sensillum as  Or56a and detects

other odors of negative valence. The Ca2+ responses elicited by

VUAA1 stimulation varied considerably in decay kinetics (Fig. 7A).

While for Or33a the decay was  as  slow as for Or22a, the Ca2+ signals

obtained with Or47a and  Or56a appeared to be even more long last-

ing. In contrast to Or22a and Orco or solely Orco expressing cells,

preincubation with W7  did not significantly affect the maximum

in [Ca2+]i rise after VUAA1 stimulation (Fig. 7B and C). In addition,

for Or33a and  Or47a, W7 did not change the decay kinetics of the

Ca2+ signal (Fig. 7B and D). For Or56a, W7 accelerated the decay

kinetics (Fig. 7B and  D). The average rise in  [Ca2+]i determined from

the area under curve became reduced from 73 ± 22 nM (Control) to

23 ± 2  nM (W7; n  = 19, *p < 0.05).

Taken together, inhibition of CaM functions was found to reduce

the Ca2+ response of Orco channels upon agonist stimulation. For

OrX/Orco heteromers, there was  no consistent effect of  impaired

CaM activity on Ca2+ responses. For Or22a containing heteromers

the Ca2+ responses appeared to be  reduced while they became

shortened for Or56a. For ORs comprising Or33a or Or47a CaM inhi-

bition had no effect.
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Fig. 6. CaM inhibition affects maximum but not  the time course of Ca2+ responses obtained with VUAA1 in Orco- and Or22a-expressing CHO cells. (A)  Mean [Ca2+]i upon

application  of VUAA1 (100 �M).  n  = 19. (B) Distribution of cells (number n) with time constants of [Ca2+]i decay in  cells expressing Orco and Or22a/Orco indicated. Curves, fitted

Gaussian  distribution. (C) Relationship between maximum [Ca2+]i and time constants of decay upon VUAA1  stimulation for cells expressing Orco and Or22a/Orco. Hyperbolas,

regression  curves, R2 = 0.5 (Orco), 0.2 (Or22a/Orco); dashed line, minimum Ca2+ response for Or22a/Orco used for further analysis. (D)  Mean [Ca2+]i upon application of VUAA1

(100  �M) in the presence of W7  (10 �M) (n  = 27). (E and F)  [Ca2+]i maxima (E) and time constants of [Ca2+]i decay (F) as in A and D. (G–I) Effect of overexpression of CaM

mutants  on Ca2+ responses upon VUAA1  in Orco and Or22a expressing cells (N-terminal, G, n = 27; C-terminal, H, n  = 37; NC terminal, I, n  = 27). (J and K)  [Ca2+]i maxima  (J)

and  time constants of [Ca2+]i decay (K) as in A and G–I. Unpaired t-test; ***p < 0.001; ns, not  significant.

4. Discussion

In the present study we investigated if and how CaM activ-

ity affects the Ca2+ response of insect ORs to agonist stimulation.

For this purpose we developed a  Drosophila antenna preparation

allowing us to observe these signals under in  situ conditions.

CaM inhibition initially reduced the maximum of  the Ca2+ signal

obtained upon agonist application, but also prolonged this signal in

the OSN cell bodies. This dual effect is  similar to what was observed

after CaM inhibition in  the heterologous system with expression of

only the Orco subunit of ORs (Fig. 4). This phenotype may  reflect

the predominant expression of Orco in the OSN cell body membrane

[25]. Although our antenna preparation in principle also allows to

observe dendritic regions of the OSNs (Fig. 1D), we failed in  getting

sufficiently  resolved and mechanically stable fluorescence recor-

dings at this level.

In  a  previous study we could show that repeated subthreshold

odor stimulation of Drosophila OSNs led to OR sensitization [5].

This sensitization required Orco activation as a  first step. It could

be mimicked by  processes activating Orco before odor stimulation

and it could be suppressed by  Orco inhibition. For example, flies

expressing an Orco mutant with disrupted PKC phosphorylation

that is insensitive to cAMP activation [26] did not sensitize [5]. The

mechanism by which Orco activation leads to  OR sensitization is

presently unknown. Given the fact that Orco channels conduct Ca2+,

a role of CaM in mediating sensitization could not be excluded. Our

results obtained after co-expression of OrX proteins and Orco show,

however, no consistent effect of  CaM on the various OR constructs,
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Fig. 7. CaM inhibition affects Ca2+ responses obtained with VUAA1 in Orco and various Or protein-expressing CHO cells differentially. (A and B)  Mean [Ca2+]i upon application

of  VUAA1 (100 �M) in control condition (A, n = 13 (Or33a), 17 (Or47a), 19 (Or56a)) and in the presence of W7 (B, n  = 15 (Or33a), 27 (Or47a), 19 (Or56a)) in cells expressing

the  indicated ORs. (C and D) [Ca2+]i maxima (C) and time constants of [Ca2+]i decay (D) as in  A and B. Unpaired t-test and Mann Whitney test; *p < 0.05; ***p < 0.001; ns, not

significant.

which was a prerequisite to provide a global mechanism of sensi-

tization. The lack of a  uniform modification of the Ca2+ response

upon CaM inhibition in OrX/Orco heteromers may  indicate that

the regulation of this heteromeric receptor current is performed by

Orco homomers. Their presence in  the OSN membrane is  indicated

by recent observations [25,23]. Another explanation may  be that

the heterologous expression system misses some required player

in the regulatory pathway.

The  modulation of the Orco channel response by CaM inhibition

suggests a stimulatory role of CaM activity on Orco function (Fig. 4).

A tiny amount of Ca2+ influx obtained by  weak Orco stimulation

would thus be amplified. It remains to  be shown which further

downstream processes might lead to subsequent OR sensitization.

A direct pacemaker activity of Orco can be excluded as  we  have

observed that Orco activation via 8-bromo-cAMP did not accelerate

the discharge rate of OSNs [5].

The present study provides evidence that CaM activity affects

the function of Orco channels and may  have specific effects on

OrX/Orco couples. These results form the basis to answer further

questions such as for the determinants of CaM action on Orco

by mutation of candidate amino acids in  the putative recognition

motif. Other investigations should clarify whether there is an addi-

tional interaction between plasma membrane Ca2+ pump, CaM and

the ORs.
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