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Abstract: Plants are constantly exposed to volatile organic compounds (VOCs) released during 

plant-plant communication, within-plant self-signaling and plant-microbe interactions. 

Therefore, understanding VOC perception and downstream signaling is vital for unraveling the 25 

mechanisms behind information exchange in plants, which remain largely unexplored. Using the 

hormone-like function of volatile terpenoids in reproductive organ development as a system with 

a visual marker for communication, we demonstrated that a petunia karrikin-insensitive receptor, 

PhKAI2ia, stereo-specifically perceives the (−)-germacrene D signal, triggering a KAI2-

mediated signaling cascade and affecting plant fitness. This study uncovers the role(s) of the 30 

intermediate clade of KAI2 receptors, illuminates the involvement of a KAI2ia-dependent 

signaling pathway in volatile communication and provides new insights into plant olfaction and 

the long-standing question about the nature of potential endogenous KAI2 ligand(s). 

 

One-Sentence Summary: Inter-organ plant communication occurs stereospecifically via volatile 35 

terpenoids and a KAI2-mediated signaling pathway. 
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Main Text: Volatile organic compounds (VOCs) are released by all kingdoms of life, including 

bacteria and fungi, mediating intra- and inter-specific communications above- and below-ground 

(1). Specifically, plant VOCs emitted from vegetative organs into the atmosphere and from roots 

into the soil play key roles in attracting pollinators and other beneficial organisms, defending 

plants against herbivores and pathogens, and protecting against abiotic stresses (2). In addition, 5 

plants are constantly exposed to volatiles as a part of plant-plant and plant-microbe interactions, 

and within-plant signaling (3-5). Therefore, perception of volatiles and downstream signaling are 

essential parts of communication given that receivers must decrypt the chemical language to 

distinguish signals from background odors and respond to specific VOC cues. Due to the 

plethora of biological processes dependent on VOCs, significant progress has been made towards 10 

understanding the biosynthesis of plant VOCs and their regulation, and, in recent years, the 

molecular mechanisms involved in VOC emission (6-8). Yet, little is known about how plants 

perceive VOCs and trigger cellular response(s) that may enhance their resilience and overall 

fitness. 

 In animals, VOCs are recognized by odorant receptors in the olfactory neural system, 15 

which constitute the largest G-protein-coupled receptor (GPCR) family (9). In contrast, plants 

have only a few GPCR proteins that appear to have different functions (10). To date, only limited 

information exists about the receptors for airborne signals in plants. These examples include (i) 

ETR and NTHK1 receptors for volatile plant hormone ethylene (11, 12), (ii) salicylic acid-

binding protein-2 (SABP2), a receptor for airborne methyl salicylate (13), (iii) a KAI2 receptor 20 

for volatile karrikins (14), small bioactive organic compounds produced by wildfires (15, 16), 

and (iv) TOPLESS-like proteins (TPLs), transcriptional co-suppressors with β-caryophyllene-

binding activity, which are involved in VOC sensing in tobacco (17).  

 The absence of reliable molecular markers of the perception state in receiving plants 

greatly slowed the progress in the investigation of plant olfaction. However, we have recently 25 

discovered that in Petunia hybrida flowers volatile terpenoids can move between different 

organs via natural fumigation (3). Produced by terpene synthase 1 (PhTPS1) in flower tubes and 

released before anthesis inside the buds, sesquiterpenes accumulate in reproductive organs and 

are required for normal pistil development. Since the loss of sesquiterpene fumigation by 

downregulation of PhTPS1 transcript levels significantly decreases pistil weight and stigma size 30 

(3), we used this hormone-like function of volatile terpenoids as a visual marker for 

communication to investigate the molecular mechanisms underlying VOC perception and 

signaling.  

 The reduced stigma growth in PhTPS1-RNAi (tps1) flowers could be a result of a direct 

effect of VOCs on reproductive organ development or indirect consequences of either increased 35 

growth of colonizing bacteria or their products on transgenic pistils (3). Therefore, tps1 pistils 

were shortly treated with bleach, which, while leaving pistils alive, effectively reduced bacterial 

levels (fig. S1A), and were grown within wild-type or tps1 tubes. Independent of treatment, tps1 

pistils grown within tps1 tubes exhibited a reduced stigma size phenotype relative to those grown 

within wild-type tubes (fig. S1B), suggesting that the terpenoid signal released from tubes is 40 

required for normal pistil development independent of the stigma microbial community.  

VOC impacts stigma size via karrikin-like signaling pathway To determine the molecular 

mechanisms underlying inter-organ VOC perception and signaling, we generated RNA 

sequencing (RNA-seq) data sets from wild-type and tps1 stigmas on day -1 and day +1 

postanthesis. Only minor differences were observed on day -1 postanthesis in transgenics versus 45 

wild-type, while comparative analysis of transcript abundances on day +1 showed ~four-fold 
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increase in the number of differentially expressed genes (fig. S2A). Gene Ontology (GO) 

enrichment analysis revealed that eight out of 23 GO terms (~35%) enriched among 

downregulated genes were associated with multiple stress responses including those to ethylene 

and its upstream regulator karrikin (18) (fig. S2B). Therefore, we hypothesized that a karrikin-

like signaling pathway is involved in VOC-mediated communication. 5 

 Karrikins are not endogenously produced by plants but are bioactive compounds of 

smoke, which stimulate the gemination of seeds across over 1,200 plant species from more than 

80 genera (15, 16). They also regulate numerous plant developmental processes unrelated to fires 

including ethylene-dependent root growth (18) in addition to their important roles in biotic and 

abiotic responses (19). Karrikins are perceived by the karrikin insensitive2 (KAI2) receptor (14, 10 

20), for which most angiosperms have one or more copies of the encoding gene(s). The 

widespread occurrence of genes for karrikin responses in plant species from non-fire-prone 

environments, their evolutionary conservation among the angiosperms and the origin of KAI2-

like proteins prior to land plant evolution (as they already exist in charophytes) (21-23) implies 

that the core function of the karrikin signaling pathways is to sense endogenous KAI2 ligand(s), 15 

the nature of which is yet unknown (14, 15, 20). 

 GO term analysis identified eight genes belonging to “response to karrikin” 

(GO:0080167) that were downregulated in the tps1 mutant relative to the wild-type in our RNA-

seq datasets (fig. S3A). In contrast, the expression of petunia homologues of known karrikin 

signaling pathway genes remained largely unchanged with the exception of KAI2ia (fig. S3B). 20 

Using identified differentially expressed genes as markers of volatile signal response, we 

analyzed their transcript levels by quantitative real-time polymerase chain reaction (qRT-PCR) 

in wild-type and tps1 stigmas grown within different volatile conditions. All eight genes were 

strongly downregulated upon VOC depletion in tps1 and wild-type pistils grown within tps1 

tubes relative to wild-type pistil/wild-type tube control (fig. S4A). Moreover, complementation 25 

of tps1 stigmas via fumigation with volatiles emitted by wild-type tubes (3) restored, to a 

different extent, expression of karrikin-responsive genes, implying that VOC and karrikin 

signaling may share similar molecular mechanisms.  

PhKAI2ia is required for VOC perception and response Unlike most angiosperms, the KAI2 

genes in the Lamiids, which comprise ~15% of all flowering plants including Solanales (24), 30 

form three subclades: conserved (KAI2c), intermediate (KAI2i) and divergent (KAI2d) (25-27). 

Like other members of Solanaceae family, the petunia genome contains four KAI2 genes, two of 

which belong to the conserved (PhKAI2c) and two to the intermediate (PhKAI2i) clades (fig. S5). 

Out of the four KAI2 genes, PhKAI2ia expression was the highest in stigma based on qRT-PCR 

analysis (Fig. 1A) and dependent on VOC levels. It was upregulated in the reduced VOC 35 

environment within tps1 tubes (Fig. 1B and fig. S4B) highlighting its likely role in sensing 

volatiles. Therefore, to investigate whether VOC signaling pathway relies on the KAI2ia 

receptor, we generated “deaf” receivers by RNAi downregulation of PhKAI2ia under control of 

cauliflower mosaic virus 35S promoter. Three independent homozygous lines with 57-70% 

reduced PhKAI2ia transcript levels (Fig. 1C) displayed smaller stigma size phenotype (Fig. 1D 40 

and E) similar to that in tps1 transgenic plants (Fig. 1E). However, unlike tps1 flowers (3), the 

terpenoid emission from tubes of PhKAI2ia-RNAi flowers were not statistically different from 

that of wild-type and empty vector control (fig. S6). In addition, PhKAI2ia tubes were able to 

sustain normal growth of wild-type stigma and recover the reduced size of tps1, but not kai2ia, 

stigmas (Fig. 1F, right panel). Moreover, the small PhKAI2ia pistil phenotype was independent 45 

of tube VOC production (Fig. 1F) and PhKAI2ia-RNAi downregulation did not affect expression 
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of other PhKAI2 genes, PhKAI2ca, PhKAI2cb and PhKAI2ib, in transgenic PhKAI2ia pistils (fig. 

S7). Taken together, these results provide genetic evidence for the involvement of PhKAI2ia in 

the perception of volatile signal(s). They also show that other PhKAI2 genes, which exhibit 

varying tissue-specific expression profiles (fig. S8) and encode proteins with 74 to 84% amino 

acid identity to PhKAI2ia (fig. S5), are unable to compensate for the reduced PhKAI2ia activity 5 

likely due to different ligand binding specificity. Similar to tps1 flowers which lack terpene 

fumigation (3), the inability of transgenic PhKAI2ia-RNAi plants to perceive the volatile signal 

affected seed production by reducing the number of seeds by 23 to 47 % per flower without 

impact on the individual seed weight (Fig. 1G), indicating the decreased fitness in the absence of 

normal volatile perception. 10 

PhKAI2ia stereo-specifically perceives (−)-germacrene D To determine whether the 

reproductive organ growth-promoting effect is a unique property of (i) (−)-germacrene D, the 

major product of PhTPS1 (fig. S9), (ii) volatile sesquiterpenes or volatile monoterpenes as 

classes of compounds, or (iii) volatiles in general, gas phase complementation assays were 

performed. Wild-type stigmas were grown in the presence of (−)- and (+)-germacrene D, as these 15 

two enantiomers are known to possess different bioactivities (28, 29), sesquiterpenes cadinene, 

the most abundant VOC detected in petunia pistils (3), caryophyllene, farnesol, and nerolidol, 

monoterpene linalool and phenylpropene eugenol. Karrikins (KAR1 and KAR2) were also 

included in these fumigation experiments to determine whether, after being taken in by pistils 

(fig. S10), these compounds influence petunia stigma growth. Out of the tested compounds, only 20 

(−)-germacrene D was able to promote normal growth of wild-type pistils (Fig. 2A and B) and 

restore normal stigma size phenotype in tps1 (Fig. 2C), but not in “deaf” kai2ia (Fig. 2D), pistils. 

Moreover, expression analysis of petunia karrikin-responsive genes in reconstructed flowers with 

wild-type pistils fumigated with (−)- and (+)-germacrene D revealed that only the (−)-enantiomer 

was able to sustain mRNA at levels similar to pistils grown within wild-type tubes (fig. S11A). 25 

Exceptions included the PhSTS gene which was upregulated in response to (−)-germacrene D, 

and PhCRR55 and PhO04544 genes, the mRNA levels of which were only partially restored. 

Similar to treatment with tubes from different genotypes (Fig. 1B), PhKAI2ia gene expression in 

pistils was sensitive to the presence of airborne (−)-germacrene D around the pistil, with 

expression being the highest in the absence of this sesquiterpene (fig. S11B). In contrast to 30 

PhKAI2ia, expression of PhKAI2ib, PhKAI2ca and PhKAI2cb remained unaffected by 

fumigation treatments suggesting that other petunia KAI2 receptors are insensitive to the (−)-

germacrene D (fig. S11B). 

 To biochemically analyze and directly test for ligand affinity, displacement hydrolysis 

assays with Yoshimulactone Green (YLG), differential scanning fluorimetry (DSF) and limited 35 

proteolysis-mass spectrometry (LiP-MS) (fig. S12) (30), were performed with purified 

recombinant PhKAI2ia and PhKAI2ca (fig. S13) in the presence of (−)- and (+)-germacrene D. 

PhKAI2ca was chosen for these experiments as a representative of the conserved clade (fig. S5) 

and its encoding gene exhibits in the stigma the second highest expression out of four petunia 

PhKAI2s (Fig. 1A). Notably, PhKAI2ia hydrolysis activity was impacted by a wide range of 40 

concentrations of (−)-germacrene D and only by high non-physiological concentrations of the 

(+)-enantiomer (Fig. 3A). PhKAI2ca hydrolysis activity was comparatively low and not 

impacted by either (−)- or (+)-germacrene D. The calculated IC50 = 158 µM (measured as 

normalized percentages of fluorescein product release) shows a (−)-germacrene D dose 

dependent inhibition response of PhKAI2ia and is in the range of the (−)-germacrene D 45 

concentration (> 60 μM) estimated based on its pool size in petunia stigmas (3). Interestingly, 
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GR24, a synthetic strigolactone analog, also inhibited YLG hydrolysis by both PhKAI2 receptors 

(fig. S14). 

 DSF showed no thermal shift of either PhKAI2ia or PhKAI2ca in the presence of (−)- 

and (+)-germacrene D, possibly due to known limitations of this technique with volatile ligands 

(27, 31, 32) (fig. S15), thus we used LiP-MS, another widely used method to identify protein-5 

small molecule interactions and validated it by using AtKAI2 with one of its known ligands, (−)-

GR24 (fig. S16). LiP-MS identified 300 peptides for both PhKAI2s covering the entirety of each 

protein. Only PhKAI2ia exhibited conformational changes when treated with (−)-germacrene D, 

resulting in significant increases in the intensities of 5 peptides compared to either PhKAI2ia 

treatment with the (+)-germacrene D or PhKAI2ca samples treated with (−)- or (+)-germacrene 10 

D (Fig. 3B). Modeling of the PhKAI2ia structure by AlphaFold2 (33) (fig. S17A) followed by 

molecular dynamics docking with (−)-germacrene D (fig. S17B) revealed a conserved ligand-

binding pocket that coordinates the docked (−)-germacrene D within the active site (fig. S17C-

E). About 17 amino acids within the pocket including G25, F26, catalytic S95, L96, F124, F134, 

L142, F157, V161, F174, I193, F194, L218, A219, V220, catalytic H246, and L247 coordinate 15 

the interaction with (−)-germacrene D (fig. S17C-F). Several of these residues were previously 

found to not only coordinate other synthetic ligands like GR24, but also help differentiate ligand 

sensitivity (34-37). These structurally altered sequences (shown in boxes) were located near the 

N-terminal and C-terminal regions of PhKAI2ia and found to coincide with the potential binding 

sites of (−)-germacrene D determined by the simulation results (fig. S17F). 20 

PhKAI2ia-mediated VOC signaling requires MAX2 proteins Sensing a signal is a crucial 

first step in communication, yet the subsequent downstream transduction events upon perception 

are equally critical to propagating cellular changes. Studies have shown that MAX2, an F-box 

protein of the SKP1-CUL1-F-box (SCF) E3 ubiquitin ligase complex, is an essential part of both 

strigolactone and karrikin signaling (38-40), which mediates the ubiquitination and proteasomal 25 

degradation of transcriptional repressors (39, 41-44). Like other members of the Lamiids, which 

contain the unique KAI2i clade, petunia has two copies of MAX2 genes that are ubiquitously 

expressed across aerial plant tissues and encode proteins PhMAX2a and PhMAX2b with 81% 

amino acid identity (fig. S18). To investigate whether PhKAI2ia-mediated VOC signaling shares 

common molecular mechanisms with the strigolactone and karrikin pathways and acts via 30 

MAX2 protein(s), subcellular localization of potential interactors was analyzed. Fluorescently 

tagged fusion proteins, PhKAI2ia and PhKAI2ca, when transiently expressed in Arabidopsis 

protoplasts (fig. S19) and Nicotiana benthamiana leaves (fig. S20) showed dual localization in 

the nucleus and cytoplasm similar to their Arabidopsis homologues (45). As predicted (39), 

PhMAX2a showed localization primarily to the nucleus, while PhMAX2b demonstrated dual 35 

localization, in the nucleus and cytoplasm, when expressed in protoplasts (fig. S19). Taken 

together, these results suggest that PhKAI2ia and PhKAI2ca co-occur with PhMAX2a and 

PhMAX2b in the nucleus allowing potential interactions. In addition, the co-occurrence of 

PhMAX2b with PhKAI2ia and PhKAI2ca in the cytoplasm suggests a previously unexplored 

role of a MAX2 in this compartment.  40 

 To determine whether PhKAI2ia forms a complex with PhMAX2a/b and the role of (−)- 

germacrene D in these interactions, pull-down experiments in vitro and in vivo were performed 

with tagged PhKAI2ia, PhKAI2ca and PhMAX2a/b in the presence of (−)- and (+)-germacrene 

D. Our in vitro results with recombinant PhMAX2a produced in baculovirus-insect cells (fig. 

S21) show that (i) PhKAI2ia interacts with PhMAX2a in the presence of (−)- but not (+)-45 

germacrene D (Fig. 4A) and (ii) this interaction is specific for PhKAI2ia and does not occur with 
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PhKAI2ca (Fig. 4B). Additionally, (−)-germacrene D facilitates in vivo complex formation 

between PhKAI2ia and PhMAX2a as well as PhMAX2b (Fig. 4C), while no interactions were 

detected when PhKAI2ca was transiently overexpressed in petunia stigmas instead of PhKAI2ia 

(Fig 4D). 

(−)-Germacrene D promotes degradation of transcriptional co-repressor SMAX1 It is well 5 

established that karrikins induce degradation of known signaling repressor SUPPRESSOR OF 

MAX2 1 (SMAX1) upon interaction with KAI2 receptor which leads to activation of 

downstream signaling cascade (46-48). To test whether SMAX1 degradation is involved in (−)-

germacrene D mediated PhKAI2ia signaling, the degradation of both PhSMAX1a and 

PhSMAX1b was analyzed upon transient expression in stigmas of different petunia backgrounds: 10 

wild-type, tps1 mutants (“mute emitters”) and kai2ia transgenics (“deaf receivers”) of their D2 

domains previously shown to be sufficient in strigolactone and karrikin signaling (fig. S22) (44, 

46, 49). The deficiency in (−)-germacrene D signal, either due to a compromised perception in 

kai2ia stigmas or inability to produce signal in tps1 tubes, resulted in no PhSMAX1a degradation 

in contrast to 51% decrease in PhSMAX1a levels in wild-type stigmas which were naturally 15 

fumigated by volatiles produced in flower tubes (Fig. 4E and F). No volatile-dependent 

degradation of PhSMAX1b was found in the analyzed petunia backgrounds (fig. S23), 

suggesting that unlike PhSMAX1a, PhSMAX1b is not involved in (−)-germacrene D signaling.  

Conclusions. Using the hormone-like function of volatile terpenoids in petunia reproductive 

organ development as a system with a visual marker for communication, this study provides 20 

strong evidence that (i) perception of volatiles is compound-specific and affects plant fitness; (ii) 

out of four PhKAI2 genes, only expression of PhKAI2ia negatively correlates with the levels of 

emitted terpenoids; (iii) PhKAI2ia, a karrikin-insensitive receptor of a unique intermediate clade 

stereo-specifically recognizes (−)-germacrene D; (iv) (−)-germacrene D-mediated 

communication relies on the KAI2ia-dependent signaling pathway and shares some 25 

transcriptional gene targets with the karrikin responses, and (v) the KAI2ia-dependent (−)-

germacrene signal transduction operates via PhMAX2 ubiquitin ligase degradation of 

PhSMAX1a and other PhKAI2 receptors are unable to compensate for reduced PhKAI2ia 

activity (Fig. 5). While (−)-germacrene D represents a potential karrikin-like ligand and can bind 

PhKAI2ia receptor, mediates formation of PhKAI2ia-PhMAX2a/b complex and facilitates signal 30 

transduction via PhSMAX1a degradation, it does not contain a butenolide moiety shared by 

karrikins and strigolactones (15, 16, 50). Since gas complementation and pulldown assays were 

performed in vivo, it is possible that (−)-germacrene D is metabolized by endogenous enzymes 

in planta to a more potent ligand for PhKAI2ia receptor, which requires further investigation. 

Many plants produce germacrene, however, its production in the majority of species is 35 

dominated by (−)-germacrene D (51). Interestingly, in addition to the existence of a specific 

plant receptor for (−)-germacrene D described here, heliothine moths possess neurones with high 

sensitivity and selectivity to (−)-germacrene D (28, 52). It highlights the importance of this 

compound not only for within plant communication but also in a broader ecological context for 

plant-insect interaction. 40 
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Figure Legends 

Fig. 1. PhKAI2ia is required for sesquiterpene perception and response in petunia stigmas. 

Expression in stigmas of PhKAI2s (A), PhKAI2ia within reconstituted flowers of pistil/tube (p/t) 

genotype combinations (B) and PhKAI2ia in wild-type (WT), empty vector control (EV), and 25 

PhKAI2ia-RNAi lines (C). (A-C) P-values were determined by two-way ANOVA and Dunnett’s 

multiple comparisons test. In (C) P-values are relative to WT (black) and EV (blue). tps1, 

PhTPS1-RNAi. (D) Cross sections of representative stigmas on day 1 postanthesis. Scale bars, 

300 μm. (E) Stigma major axis length in WT, tps1, EV, and PhKAI2ia-RNAi lines on day 1 

postanthesis normalized to WT. (F) Stigma major axis length of WT, tps1, and PhKAI2ia-RNAi 30 

line 18 (kai2ia) pistils grown in tubes of WT (left), tps1 (middle), and kai2ia (right) normalized 

to WT pistils in WT tubes. (E and F) P-values were determined by two-way ANOVA with 

Dunnett’s multiple comparisons test relative to WT (black) and tps1 (blue) stigmas within each 

panel. (G) Seed production in PhKAI2ia-RNAi lines. P-values were determined by one-way 

ANOVA with Tukey multiple comparison test relative to WT. Data are means ± SD (A-C, n = 3 35 

biological replicates; E, n = 10-12; F, n = 10; G, n = 4). 

 

Fig. 2. Pistil growth phenotype response is specific to (−)-germacrene D. Stigma major axis 

length of wild-type (WT) (A and B), PhTPS1-RNAi (tps1) (C), and PhKAI2ia-RNAi (line 18) 

(D) pistils grown in WT and tps1 tubes as well as in the presence of volatiles shown at the 40 

bottom. Results are presented relative to WT pistil growth within WT tubes (A and B) and tps1 

pistil growth in WT tubes (C and D) set as 100%. All data are means ± SD (A, n = 35-47 

biological replicates; B, n = 15; C, 29-41; D, n = 15). P-values were determined by two-way 

ANOVA with Dunnett’s multiple comparisons test relative to the WT (black) and tps1 (blue) 
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tubes in A-C and relative to the tps1 (black) and PhKAI2ia-RNAi (line 18) (blue) pistils grown 

in the WT tubes in D. KAR1 and KAR2, karrikins 1 and 2, respectively. Hexane was used as a 

solvent control.  

Fig. 3. PhKAI2ia binds specifically to (−)-germacrene D. (A) Kinetics of YLG hydrolysis by 

PhKAI2ia and PhKAI2ca in the presence of (+)- and (−)-germacrene D. Colored lines represent 5 

non-linear regression curve fit with datapoints for triplicates shown in dots (Supplementary Data 

2). The inhibitory dose-response curve for (−)-germacrene D is shown on the right. One-way 

ANOVA and Tukey test were used to determine significant differences between runs with 

different germacrene D concentrations. Only PhKAI2ia samples with (−)-germacrene D showed 

significant differences relative to 0 µM control with P-values at (−)-germacrene D 10 

concentrations: 125 µM, P ≤ 0.05; 250 µM, P ≤ 0.0001; 500 µM, P ≤ 0.0001; 1 mM, P ≤ 0.0001. 

All other comparisons showed no significant differences except when 1 mM (+)-germacrene D 

was added to PhKAI2ia (P ≤ 0.05). (B) Conformational changes in PhKAI2ia and PhKAI2ca 

upon incubation with (+)- and (−)-germacrene D determined by LiP-MS and visualized by 

volcano plots. Each point represents a peptide. For each protein and condition, a total of 303 15 

peptides were identified, which provided 100% protein coverage. Peptides passing the 

significance cutoff (|log2(Difference)| > 1, q-value < 0.05, as determined by Student's t-test and a 

permutation test) are colored in red. 

Fig. 4. (−)-Germacrene D is required for PhKAI2ia-PhMAX2 complex formation and 

PhSMAX1 degradation. In vitro GST pulldown of GST-PhKAI2ia and His-MBP-PhMAX2a 20 

(A) and GST-PhKAI2ia, GST-PhKAI2ca, and His-MBP-PhMAX2a (B) in the presence or 

absence of (+)- or (−)-germacrene D. In vivo complex formation shown by HA pulldown of HA-

PhKAI2ia (C) and HA-PhKAI2ca (D) with PhMAX2a-FLAG, PhMAX2b-FLAG, or YFP from 

wild-type petunia stigmas transiently expressing respective proteins and grown in the presence of 

(+)- or (−)-germacrene D. YFP was used as a negative control for the specificity of PhKAI2 25 

interactions. (E) HA-pulldown of HA-PhSMAX1a from wild-type, tps1 and kai2ia (line 18) 

petunia stigmas transiently expressing HA-PhSMAX1a and GFP as expression control and 

grown in tubes of the same genetic background. Actin is shown as a loading control. Proteins 

were visualized via Western blots with anti-His and anti-GST (A and B), anti-HA and anti-

FLAG (C and D), and anti-HA antibodies and anti-GFP (E) antibodies as indicated. (F) 30 

Quantification of PhSMAX1a degradation in different genetic backgrounds. The level of HA-

PhSMAX1a was normalized to co-expressed GFP and presented as means ± SD (n = 4 biological 

replicates including one in E). P-values were determined by a two-tailed paired t-test relative to 

WT. 

Fig. 5. Proposed model for (−)-germacrene D KAI2ia–dependent signaling in petunia 35 

pistils. Under normal wild-type growth conditions, KAI2ia perceives (−)-germacrene D, which 

leads to the recruitment of MAX2a/b and subsequent targeting of SMAX1a for degradation, 

resulting in normal pistil development and seed yield. Under tps1 RNAi knockdown conditions, 

the decreased (−)-germacrene D signal (“mute emitters”) reduces KAI2ia-MAX2a/b complex 

formation and SMAX1a degradation, resulting in smaller pistils and lower seed yield relative to 40 

wild-type plants. Under kai2ia RNAi knockdown conditions, less complex formation occurs due 

to the diminished ability to perceive (−)-germacrene D signal (“deaf receivers”), resulting in 

similar pistil and seed phenotypes as in “mute emitters”. 
 



Fig. 1. PhKAI2ia is required for sesquiterpene perception and response in petunia stigmas. Expression in stigmas

of PhKAI2s (A), PhKAI2ia within reconstituted flowers of pistil/tube (p/t) genotype combinations (B) and PhKAI2ia in

wild-type (WT), empty vector control (EV), and PhKAI2ia-RNAi lines (C). (A-C) P-values were determined by two-

way ANOVA and Dunnett’s multiple comparisons test. In (C) P-values are relative to WT (black) and EV (blue). tps1,

PhTPS1-RNAi. (D) Cross sections of representative stigmas on day 1 postanthesis. Scale bars, 300 μm. (E) Stigma

major axis length in WT, tps1, EV, and PhKAI2ia-RNAi lines on day 1 postanthesis normalized to WT. (F) Stigma

major axis length of WT, tps1, and PhKAI2ia-RNAi line 18 (kai2ia) pistils grown in tubes of WT (left), tps1 (middle),

and kai2ia (right) normalized to WT pistils in WT tubes. (E and F) P-values were determined by two-way ANOVA

with Dunnett’s multiple comparisons test relative to WT (black) and tps1 (blue) stigmas within each panel. (G) Seed

production in PhKAI2ia-RNAi lines. P-values were determined by one-way ANOVA with Tukey multiple comparison

test relative to WT. Data are means ± SD (A-C, n = 3 biological replicates; E, n = 10-12; F, n = 10; G, n = 4).



Fig. 2. Pistil growth phenotype response is specific to (−)-germacrene D. Stigma major axis length of wild-type

(WT) (A and B), PhTPS1-RNAi (tps1) (C), and PhKAI2ia-RNAi (line 18) (D) pistils grown in WT and tps1 tubes as

well as in the presence of volatiles shown at the bottom. Results are presented relative to WT pistil growth within

WT tubes (A and B) and tps1 pistil growth in WT tubes (C and D) set as 100%. All data are means ± SD (A, n = 35-

47 biological replicates; B, n = 15; C, 29-41; D, n = 15). P-values were determined by two-way ANOVA with

Dunnett’s multiple comparisons test relative to the WT (black) and tps1 (blue) tubes in A-C and relative to the tps1

(black) and PhKAI2ia-RNAi (line 18) (blue) pistils grown in the WT tubes in D. KAR1 and KAR2, karrikins 1 and

2, respectively. Hexane was used as a solvent control.



Fig. 3. PhKAI2ia binds specifically to (−)-germacrene D. (A) Kinetics of YLG hydrolysis by PhKAI2ia and

PhKAI2ca in the presence of (+)- and (−)-germacrene D. Colored lines represent non-linear regression curve fit with

datapoints for triplicates shown in dots (Supplementary Data 2). The inhibitory dose-response curve for (−)-germacrene

D is shown on the right. One-way ANOVA and Tukey test were used to determine significant differences between runs

with different germacrene D concentrations. Only PhKAI2ia samples with (−)-germacrene D showed significant

differences relative to 0 µM control with P-values at (−)-germacrene D concentrations: 125 µM, P ≤ 0.05; 250 µM, P ≤

0.0001; 500 µM, P ≤ 0.0001; 1 mM, P ≤ 0.0001. All other comparisons showed no significant differences except when

1 mM (+)-germacrene D was added to PhKAI2ia (P ≤ 0.05). (B) Conformational changes in PhKAI2ia and PhKAI2ca

upon incubation with (+)- and (−)-germacrene D determined by LiP-MS and visualized by volcano plots. Each point

represents a peptide. For each protein and condition, a total of 303 peptides were identified, which provided 100%

protein coverage. Peptides passing the significance cutoff (|log2(Difference)| > 1, q-value < 0.05, as determined by

Student's t-test and a permutation test) are colored in red.



Fig. 4. (−)-Germacrene D is required for PhKAI2ia-PhMAX2 complex formation and PhSMAX1

degradation. In vitro GST pulldown of GST-PhKAI2ia and His-MBP-PhMAX2a (A) and GST-PhKAI2ia, GST-

PhKAI2ca, and His-MBP-PhMAX2a (B) in the presence or absence of (+)- or (−)-germacrene D. In vivo complex

formation shown by HA pulldown of HA-PhKAI2ia (C) and HA-PhKAI2ca (D) with PhMAX2a-FLAG,

PhMAX2b-FLAG, or YFP from wild-type petunia stigmas transiently expressing respective proteins and grown in

the presence of (+)- or (−)-germacrene D. YFP was used as a negative control for the specificity of PhKAI2

interactions. (E) HA-pulldown of HA-PhSMAX1a from wild-type, tps1 and kai2ia (line 18) petunia stigmas

transiently expressing HA-PhSMAX1a and GFP as expression control and grown in tubes of the same genetic

background. Actin is shown as a loading control. Proteins were visualized via Western blots with anti-His and

anti-GST (A and B), anti-HA and anti-FLAG (C and D), and anti-HA antibodies and anti-GFP (E) antibodies as

indicated. (F) Quantification of PhSMAX1a degradation in different genetic backgrounds. The level of HA-

PhSMAX1a was normalized to co-expressed GFP and presented as means ± SD (n = 4 biological replicates

including one in E). P-values were determined by a two-tailed paired t-test relative to WT.



Fig. 5. Proposed model for (−)-germacrene D KAI2ia–dependent signaling in petunia pistils. Under normal

wild-type growth conditions, KAI2ia perceives (−)-germacrene D, which leads to the recruitment of MAX2a/b and

subsequent targeting of SMAX1a for degradation, resulting in normal pistil development and seed yield. Under

tps1 RNAi knockdown conditions, the decreased (−)-germacrene D signal (“mute emitters”) reduces KAI2ia-

MAX2a/b complex formation and SMAX1a degradation, resulting in smaller pistils and lower seed yield relative

to wild-type plants. Under kai2ia RNAi knockdown conditions, less complex formation occurs due to the

diminished ability to perceive (−)-germacrene D signal (“deaf receivers”), resulting in similar pistil and seed

phenotypes as in “mute emitters”.


