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Figure 2.  Speci�c olfactory receptors underlying bacterial SCFA attractive responses. (a) List of candidates 
for propionic and butyric acid detection according to electrophysiological and expression data. �e ��� stands 
for electrophysiological data published in22 and �#� data published in24. Expression data was taken from8,33. (b) 
Preference index at 5% propionic (upper panel) and 10% butyric acid (lower panel). Propionic acid attraction 
depended on the activity of Or30a� and Or94b� neurons, while butyric acid behavioral responses required 
Or30a� neurons. �e neuronal activity of Or13a�, Or30a�, and Or94b� neurons was abolished by means of 
TNT, and the expression of Or7a and Or22a was downregulated with speci�c RNAi lines. �e ��� indicates 
statistically signi�cant di�erences with respect of the two genetic controls (One-way ANOVA with a Duncan 
post-hoc test, p � 0.05). From le� to right the complete genotypes are: �  � TNT inactive, �  � TNT ACTIVE, 
Or13a � TNT inactive, Or13a � TNT ACTIVE, Or30a � TNT inactive, Or30a � TNT ACTIVE, Or94b � TNT 
inactive, Or94b � TNT ACTIVE, Orco;Dcr2 �  � , Orco;Dcr2 � Or7aRNAi, Orco;Dcr2 � Or22aRNAiand for the case 
of butyric acid �  � Or22aRNAi. Analysis of the deletion mutant �Or22a and its heterozygous control showed no 
statistically signi�cant di�erences between the two genotypes at 5% propionic nor at 10% butyric acid (t-TEST). 
Data represents the average � standard error of the mean and an average of 20 independent replicates were 
considered for each experimental group, except for the case of �Or22a that 10 independent replicates were 
analyzed.



http://S2
http://S3a


http://S3b
http://S4


http://S5a
http://S5b,c


www.nature.com/scientificreports/

8SCIENTIFIC REPOrTS�������}�ã 14230 �������������ã�w�v�ä�w�v�y�~���•�z�w�{�•�~�æ�v�w�}�æ�w�z�{�~�•�æ�w

Drosophila melanogaster feed, lay eggs, and develop in overripe, rotten, or fermenting fruit40 where the levels 
of bacterial SCFA are higher. On the contrary, the spotted-wing �y Drosophila suzukii is capable of colonizing 
ripening fruit (Fig.�6a) and, in doing so, causes serious crops damage28. In this context, we wondered if Drosophila 
suzukii larvae, which are exposed to ripening fruits with lower levels of bacterial SCFA, would behave di�erently 
towards propionic acid odor. We hypothesized that, given the lower exposure to propionic acid in its natural 
environment, D. suzukii larvae will not display propionic acid-induced feeding behaviors. �is is indeed the case, 
as we found that the rate of mouth hook contractions in D. suzukii larvae remained unaltered a�er propionic 
acid exposure in the context of the same low-nutrient medium used for D.melanogaster experiments (Fig.�6b). 
Exposure of D. suzukii larvae to this medium signi�cantly reduced larval survival and growth and this was not 
reversed by a propionic acid supplement (Fig.�6c). �ese results con�rm that the low-nutrient medium also rep-
resents a poor nutritional condition for D. suzukii and suggest that in this species propionic acid does not have 
a clear bene�cial e�ect over larval development. D. suzukii were more sensitive to this low-nutrient medium 
with only yeast as an energy source (28% larval survival in D.melanogaster vs 6,67% in D.suzukii), highlighting 
again the di�erent nutritional requirements for both species. Moreover, the attraction towards propionic acid in a 
chemotaxis assay was signi�cantly lower in D. suzukii compared to D. melanogaster larvae (Fig.�6d), and this was 
evident even considering that D. suzukii had a higher basal larval motility than D. melanogaster larvae (Fig.�6e).

To conclude, for the related species D. suzukii that exploits a di�erent ecological niche with lower bacterial 
SCFA concentration, propionic acid results less attractive, does not promote feeding behaviors, and does not 
improve larval survival and growth.

Discussion
In this work, we characterized attractive responses towards propionic and butyric acid in D. melanogaster larvae. 
We have identi�ed the chemoreceptors essential for those olfactory attractive responses and we described the 
bene�cial e�ects of propionic acid on larval physiology. In particular, we demonstrated that odor perception of 
propionic acid can act as an orexigenic signal triggering feeding behavior in a nutritionally-de�cient context.

Propionic and butyric acid are SCFA produced a�er carbohydrate fermentation performed by bacteria of 
the genus Propionibacterium, Veillonella, Bacteroides, Clostridium, Butyrivibrio, Bacillus, and Lactobacillus29,41. 
Propionibacterium cyclohexanicum and Lactobacillus diolivorans are naturally present in several fruits42,43. Plus, 
several species of Bacteroides and Bacillus have been identi�ed as part of the adult �y microbiota44. Interestingly, 
Drosophila maintains its internal microbiota by frequent ingestion of bacteria present in their medium45, suggest-
ing that Bacteroides and Bacillus in the gut are indeed obtained from the fermenting fruit.

In the last years, several studies demonstrated that bacteria-derived odors modify �y behavior. Pathogenic 
bacteria present in carnivore feces produce phenol and this odor induces egg-laying aversion46. Bacterial odors 
mediate social attraction in adults and larvae47. Several amines, products of bacterial protein degradation, are 
attractive to �ies and trigger oviposition48. A recent study showed that an interactive multispecies-microbiota 
leads to acetic acid production and this SCFA together with its metabolic derivates are responsible for the higher 
attraction towards the complex mix of microorganisms49. It would be interesting to test if other mix of microor-
ganisms could give raise to di�erent metabolites, like propionic acid. Being able to rapidly detect a heterogeneous 
microbial community could be bene�cial to replenish gut microbiota45. Furthermore, propionic acid production 
could have an additional protective role since it reduces fungal growth50. Future studies should consider the in�u-
ence of microbial composition in the diet and the consequent levels of propionic acid produced.

In the case of propionic acid we found that olfactory attractive responses correlate with an increase in feeding 
behavior speci�cally at the larval stage. �is orexigenic e�ect was only evident when larvae were exposed to a 
poor nutritional medium, suggesting that in a condition of nutrient excess other food odors may be su�cient 
to trigger feeding. As we detailed before, propionic acid is a byproduct of bacterial sugar fermentation. Fast 
detection of the volatile compound propionic acid could guide larvae toward a sugar-rich spot in a nutrient-poor 
context. However, excessive levels of propionic acid could be an indicator that bacteria are depleting the scarce 
sugar sources. On the other hand, bacteria itself could be a natural source of food51. Additionally, in mammals 
SCFA have been extensively characterized as important internal metabolites. Internal SCFA can modulate the 
insulin signaling pathway, a�ecting metabolic pathways such as lypolisis and lipid storage. In the gut, propionic 

Odorant
Chemical 
group

Molar mass 
(g/mol)

Vapor 
pressure 
(kPa)�

Chemotaxis responses#

Preference Index (PI) t TEST PI � 0 n

Acetic acid SCFA 60 2.09 Same chemical group than PA 0.83 � 0.03 p � 0.0001 20

Propionic acid (PA) SCFA 74.08 0.47 0.52 � 0.06 p � 0.0001 22

Butyric acid SCFA 88.1 0.22 Same chemical group than PA
0.12 � 0.08 (at 1%) p � 0.1440 20

0.67 � 0.04 (at 10%) p � 0.0001 20

Methyl acetate Ester 74.08 23.1 Same molar mass than PA 0.89 � 0.03 p � 0.0001 20

Anisole Aromatic 108.01 0.47 Same volatility than PA 0.51 � 0.06 p � 0.0001 20

Table 1.  Odorants used in Fig.�5b. Basic chemical properties and the attractive responses. �Vapor pressure of 
pure odorants at 25 °C except for methyl acetate that is at 20 °C. #Preference Index correspond to chemotaxis 
assay of control w1118 larvae using 1% of each odorant with the exception of butyric acid that was tested at 1 and 
10%. �t-TEST PI � O� indicates p value for a t-TEST with the null hypothesis PI � 0. N indicates the number of 
independent replicates for each condition.
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Figure 6.  Propionic acid does not promote feeding behaviors in Drosophila suzukii. (a) Schematic drawing 
illustrating the di�erences on ecological niche occupied by Drosophila melanogaster and D. suzukii. D. 
melanogaster adults have a preference for overripe, rotten, and fermenting fruit, where the levels of propionic 
acid are higher. In contrast, D. suzukii adults attack fresh fruit which present lower levels of fermentation 
products as propionic acid. (b) Rate of mouth hook contractions of early D. suzukii foraging larvae in the 
context of a poor medium (0.4% yeast). Contrary to what was observed in D. melanogaster, propionic acid 
did not trigger an increase of mouth hooks contractions in D. suzukii larvae (t-TEST, n � 15 independent 
replicates). (c) Pupariation rate (graph in the le�) and pupal volume (graph in the right) for D. suzukii larvae in 
a normal medium (6.5% yeast) or a poor medium (0.4% yeast) supplemented or not with 1% propionic acid. D. 
suzukii larvae survived and grew signi�cantly less in a poor medium compared to a normal medium, and this 
e�ect was not reversed by the addition of propionic acid (One-way ANOVA followed by a Tukey post-hoc test, 
p � 0.05, n � 6�12 independent tubes with an average of 50 initial larvae). (d) Preference index for 1% propionic 
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acid can be converted into glucose14. In this regard, it is possible that in a context of reduce nutrients propionic 
acid incorporated from the diet may act itself as an energy source in Drosophila melanogaster larvae. In the fruit 
�y, the gut commensal bacterium Acetobacter pomorum produces acetic acid and this a�ects development and 
metabolism52. Our results prove that propionic acid can also modulate larval development, since propionic acid in 
the culture medium increases larval survival and promotes growth. In addition to the putative e�ect of propionic 
acid as an internal signal modulating larval growth, in this paper we demonstrate that propionic acid vapors act 
as an exogenous orexygenic signal. �us, odor-driven behavior could constitute the �rst step on the overall ben-
e�cial e�ect of propionic acid on larval development. Furthermore, the promotion of feeding behavior is speci�c 
of propionic acid and it was not observed when larvae were exposed to acetic acid vapors. In this sense, our results 
describe a new bene�cial e�ect of a bacterial SCFA that could save larvae from death when nutrients are scarce. 
�ese results prompted us to study if this role of propionic acid was conserved in other Drosophila species such 
as Drosophila suzukii.

Drosophila suzukii females possess a morphologically unique ovipositor that allows perforation and pene-
tration of fruit skin28. �anks to this evolutionary innovation, D. suzukii is a unique species in the melanogaster 
group because it lays eggs in the early stages of fruit maturation40 and in doing so, it damages fresh ripe fruit 
causing important agricultural damage53. Since propionic acid is mostly produced at the last stages of fruit fer-
mentation19,20, D. suzukii attacking fresh fruit will be less exposed to this bacterial SCFA compared to its related 
species D. melanogaster. Consistent with this prediction, we found that propionic acid is less attractive for D. 
suzukii larvae and it does not promote feeding behaviors in this species.

In D. melanogaster larvae we demonstrated that both propionic acid-driven behavior, i.e. attraction and 
increase of feeding behavior, depends on the correct activity of Or30a and Or94b� neurons. Contrary to the case 
of other receptors detecting volatile compounds produced during fermentation, D. suzukii Or30a and Or94b do 
not display clear signs of selective pressures54,55 and the alignment of protein sequences show a high level of con-
servation between D.suzukii and D. melanogaster receptors (93% and 90% protein identity for Or30a and Or94b, 
respectively). However, although the molecular evolution analysis suggests that D. suzukii Or30a and Or94b genes 
will give rise to similar proteins than those of D. melanogaster we don�t know if they will be correctly expressed in 
the speci�c OSNs at the larval stage. Future studies should investigate if D. suzukii Or30a� and Or94b� neurons 
can detect or not propionic acid in larvae. �e available data support the notion that D. suzukii larvae most prob-
ably are able to detect propionic acid but they respond di�erently than D. melanogaster. We propose that the shi� 
to a new ecological niche in D. suzukii signi�ed a change on the hedonic value conferred to propionic acid and, as 
a consequence, a reduction or loss of the attractive behavioral responses towards this bacterial SCFA.

Innate olfactory behavior towards SCFA in D. melanogaster larvae are opposite to adult behavioral responses. 
We here con�rmed the innate aversion towards moderate concentrations of propionic acid and we demon-
strated that this SCFA does not promote feeding in adults, emphasizing the di�erent roles of propionic acid along 
D.melanogaster�s life cycle. �e aversion towards the smell of SCFA in adults seems to be an escape response to 
acid solutions that can be highly toxic21,56. We found that larvae are attracted to the smell of propionic and butyric 
acid even when they were exposed to pure odorants during more than one hour with no signs of damage, indicat-
ing that larvae are more tolerant to highly acid solutions. Prolonged exposure to low pH media in overripe fruit 
throughout all larval development might require an increased tolerance to acidity.

SCFA olfactory responses in adult �ies depend on the direct detection of the hydronium by the acid receptor 
Ir64a, the detection of the carboxylic chain by Ir75a, but also some ORs and Ir76b6,7,21,24. Both Ir64a and Ir75a 
require, to function, the coreceptor Ir8a6,57, a receptor that is not expressed at the larval stage6. At the same time, 
we demonstrated that attractive responses to SCFA in larvae requires olfactory receptors that are exclusively 
expressed at the larval stage, i.e. Or30a and Or94b, although given our restricted screen we cannot rule out the rel-
evance of further chemoreceptors. As a result, SCFA-evoked aversive and attractive behavioral responses rely on 
chemoreceptors expressed exclusively at the adult and the larval stages, respectively. In this regard, stage-speci�c 
SCFA detection systems could be partly responsible for the opposite behaviors at each stage of the �y�s life cycle. 
To complete the panorama of SCFA perception, future studies should take into account the role of taste percep-
tion. Our preliminary analysis points to the coreceptor Ir25a as a putative relevant taste receptor for both pro-
pionic and butyric acid perception. In larvae, Ir25a is expressed in several taste cells58 and in DO cells dedicated 
to cool sensation59. In our chemotaxis assay, null mutants for Ir25a or inactivation of Ir25a� cells displayed a 
lower attraction towards propionic and butyric acid (Supplementary Fig.�S6). Future studies should consider an 
optimized behavioral paradigm to study taste perception at the larval stage. Additionally, a broader analysis of 
chemoreceptors to study the contribution of other families of taste receptors like GRs would signi�cantly improve 
our understanding of SCFA perception in �ies.

In conclusion, our results in context with published data manifest that propionic acid is a complex signal that 
triggers opposite behaviors in larvae and adults, and that the larval responses are not conserved in the related 
species D. suzukii. Even more, we here demonstrated that olfactory detection of propionic acid promotes feeding 
when nutrients are scarce, highlighting the important role of propionic acid in a challenging situation for larval 
survival.

acid in a chemotaxis assay. D. suzukii larvae showed a reduce attraction to the smell of propionic acid compare 
to w1118 D. melanogaster larvae (�p � 0.0189 t-TEST, n � 21). (e) Mean larval velocity of w1118 (D. melanogaster) 
and wild type D. suzukii in the absence of odorants. D. suzukii foraging larvae were statistically signi�cant faster 
than D. melanogaster (�p � 0.0258 t-TEST, n � 20). In all graphs orange and empty bars indicate presence and 
absence of 1% propionic acid, respectively. Striped bars represent data from D. suzukii.
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