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ABSTRACT 

β-cyclocitral is a volatile short-chain apocarotenoid generated by enzymatic or non-enzymatic 

oxidation of the carotenoid β-carotene. β-cyclocitral has recently emerged as a new bioactive 

compound in various organisms ranging from plants and cyanobacteria to fungi and animals. In 

vascular plants, β-cyclocitral and its direct oxidation product, β-cyclocitric acid, are stress signals 

that accumulate under unfavorable environmental conditions such as drought or high light. Both 

compounds regulate nuclear gene expression through several signaling pathways, leading to 

stress acclimation. In cyanobacteria, β-cyclocitral functions as an inhibitor of competing 

microalgae and as a repellent against grazers. As a volatile compound, this apocarotenoid plays 

also an important role in intra-species and inter-species communication. This review summarizes 

recent findings on the multiple roles of β-cyclocitral and of some of its derivatives.   

 

1. Introduction 

β-cyclocitral (2,6,6-trimethyl-1-cyclohexene-1-carboxaldehyde) is a volatile compound 

derived from the oxidation of the carotenoid β-carotene (Figure 1). It is an odorant molecule with 

a characteristic hey-like, mild floral flavor (Mahattanatawee et al., 2005) that has some use in 

food, beverage and pharmaceutical applications. The volumes of industrial use of β-cyclocitral as 

a fragrance ingredient appear, however, to be relatively modest compared to the highly demanded 

odorant apocarotenoids α- and β-ionone (Lalko et al., 2007). β-Cyclocitral has been found in 

leaves, fruits or flowers of a variety of terrestrial vascular plant species (e.g. Ramel et al., 2012a; 

Tieman et al., 2012; Rubio-Moraga et al., 2009; Chen et al. 2017). β-cyclocitral participates in 

the organoleptic properties of β-carotene-containing fruits, such as tomato or watermelon 

(Lewinsohn et al., 2005). It has also been measured in cyanobacteria and microalgae (Arii et al., 
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2015), freshwater plants (Yu et al., 2019), lichens (Garcia-Plazaola et al., 2017) and mosses 

(Saritas et al., 2001). However, non-photosynthetic organisms such as fungi (Zorn et al., 2003a) 

and animals (McLean et al., 2019) have also been reported to contain detectable levels of this 

compound. β-Cyclocitral is not a mere degradation product of β-carotene, but it is a bioactive 

compound fulfilling several physiological functions best understood in plants. Recent studies 

have highlighted new important roles for β-cyclocitral in cellular signaling, in communication 

between individuals and in defense mechanisms against abiotic and biotic stresses, which are 

summarized in this review article, focusing on discoveries in plants.    

 

2. β-Cyclocitral formation in photosynthetic organisms 

β-cyclocitral can be formed either by an enzymatic pathway or by direct oxidation of β-

carotene by reactive oxygen species, especially singlet oxygen (1O2). The enzymatic cleavage of 

carotenoids is catalyzed in plants by a family of non-heme iron-dependent enzymes, the 

carotenoid cleavage dioxygenases (CCDs) and the 9-cis-epoxycarotenoid cleavage dioxygenases 

(NCEDs), which lead to oxidation products called apocarotenoids (Giuliano et al., 2003; Hou et 

al., 2016). NCED enzymes cleave the 11,12 (11′,12′) double bond of 9-cis-violaxanthin or 9-cis-

neoxanthin, catalyzing the first step in abscisic acid (ABA) biosynthesis (Schwartz et al., 1997; 

Nambara and Marion-Poll, 2005). In contrast, CCD enzymes do not share cleavage specificities 

with NCED enzymes. In Arabidopsis, there are 4 CCDs (CCD1, CCD4, CCD7, CCD8).  So far, it 

is not clear whether one of these CCDs can produce β-cyclocitral from β-carotene in plant leaves. 

β-Cyclocitral accumulation was not affected in Arabidopsis mutants deficient in each of the 4 

CCDs, suggesting that the CCD-mediated oxidation of β-carotene is not a major source of this 

apocarotenoid in this species (Ramel et al., 2013b), although functional redundancy between 
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CCDs cannot be excluded. Similarly, no CCD serving β-cyclocitral formation was found in 

cyanobacteria (Cui et al., 2012). 

CCD1 is cytosolic, contrary to the other CCDs which are plastidial, and preferentially 

cleaves the 9,10 (9′,10′) double bonds of a wide range of monocyclic or acyclic carotenoids and 

apocarotenoids to generate divergent apocarotenoids and volatiles. CCD7 and CCD8 are devoted 

to the biosynthesis of strigolactones (Al-Babili and Bouwmeester, 2015). CCD4 has a selective 

9,10 (9’,10’) and 5,6 (5’,6’) double bond cleavage activity and therefore is not supposed to 

produce β-cyclocitral (Giuliano et al., 2003; Hou et al., 2016). Moreover, CCD4 is strongly 

down-regulated in high light conditions that trigger β-cyclocitral accumulation (Ramel et al., 

2013b). However, in Citrus, a CCD4 enzyme, CCD4b, was reported to cleave β-carotene at the 

position 7,8 (7’,8’), hence producing β-cyclocitral (Rodrigo et al., 2013). Similarly, in the stigma 

of Crocus, another CCD4, CCD4c, is able to cleave carotenoids at the position 9-10 (9’,10’) 

leading to β-ionone and, with a much lower efficiency, at position 7,8 (7’,8’) producing β-

cyclocitral (Rubio-Moraga et al., 2014). Expressing Vitis vinifera CCD4b gene in carotenoid-

accumulating yeast strains also resulted in the production of β-cyclocitral (Meng et al., 2019). 

Interestingly, lipoxygenase could provide an alternative route for carotenoid oxidation (Hayward 

et al., 2017). Accordingly, knockout mutants of Arabidopsis and tomato for the 13-lipoxygenase 

LOX2 were found to contain reduced levels of β-cyclocitral in leaves (Gao et al., 2019). 

However,  it is not known if this enzyme is involved in the accumulation of β-cyclocitral under 

high light and 1O2 stress although LOX2 is induced under such conditions (Ramel et al., 2013a), 

Finally, it can be mentioned that a peroxidase has been purified from the extracellular liquid of 

the fungus Lepista irina which can cleave β-carotene into β-cyclocitral and other volatile 

apocarotenoids (Zorn et al., 2003b)  
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β-Cyclocitral can also be generated by β-carotene autooxidation, especially upon attack 

by the reactive species 1O2. In plants, 1O2 is produced mainly from excited chlorophylls in the 

triplet state, acting as photosensitizers (Krieger-Liszkay, 2004; Triantaphylides and Havaux, 

2009). The main source of 1O2 is the reaction center of PSII (Krieger-Liszkay, 2004; Pospisil, 

2016; D’Alessandro and Havaux, 2019) which contains β-carotene molecules, the function of 

which is to quench 1O2 produced therein. β-carotene is also present in the chlorophyll antennae of 

PSI (Thayer and Bjorkman, 1992). However, it is generally considered that this photosystem does 

not produce 1O2 in significant amounts compared to PSII (D’Alessandro and Havaux, 2019).  

The main mechanism of 1O2 quenching by carotenoids is the physical one, involving 

energy transfer from 1O2 to the carotenoid followed by thermal decay of the excited quencher 

(Edge et al., 1997). However, β-carotene can also be oxidized by 1O2, allowing chemical 

quenching of 1O2. In fact, 1O2 is an electrophilic molecule having a high affinity for double bonds 

(Triantaphylides and Havaux, 2009), and each double bond in the carotenoid molecules can be 

oxidized by 1O2, producing a variety of apocarotenoids, including β-cyclocitral in the case of β-

carotene (Stratton et al., 1993; Ramel et al., 2012a; Ramel et al., 2012b). β-Cyclocitral was found 

to accumulate in Arabidopsis leaves exposed to high light stress (Ramel et al., 2012a; Lundquist 

et al., 2013), a condition that is known to generate 1O2. Together with β-ionone, β-cyclocitral is 

the major oxidation product of β-carotene in microalgae (Watson et al., 2016; Kim et al., 2019), 

which can release amounts of this compound during summer blooms (Ma et al., 2013). 

Incidentally, this phenomenon can be problematic because it can generate unpleasant odor and 

can deteriorate water quality.  β-Cyclocitral content of the cyanobacterium Microcystis was 

shown to be increased by high light or high temperature (Zheng et al., 2020) and by nutrient 

deficiency (Zuo et al., 2018; Ye et al., 2018).    
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3. β-Cyclocitral derivatives 

In Arabidopsis leaves, β-cyclocitral rapidly oxidizes into β-cyclocitric acid (2,2,6-trimethyl 

cyclohexene-1-carboxylic acid, Figure 1), which appears to be the main form accumulating under 

stress conditions (D’Alessandro et al., 2019). For instance, in plants exposed to drought stress, 

the β-cyclocitric acid levels rose by a factor of 15 while the β-cyclocitral content was doubled 

only, and exposing plants to volatile β-cyclocitral led to a marked accumulation of β-cyclocitric 

acid (D’Alessandro et al., 2019). In tomato leaves and fruits, the β-cyclocitric acid levels are 

noticeably higher than the β-cyclocitral levels (D’Alessandro et al., 2019). Although β-

cyclocitral can spontaneously convert to β-cyclocitric acid in water (Tomita et al., 2016), the 

reaction in planta appears to be much faster (D’Alessandro et al., 2019), suggesting the 

possibility of enzymatic catalysis. Although this putative enzymatic activity remains to be 

identified, one can imagine the involvement of a Baeyer-Villiger monooxygenase that produces 

esters from ketones and carboxylic acids from aldehydes (van Berkel et al., 2006). This type of 

enzyme has been reported for the oxidation of castasterone to brassinolide in brassinosteroid 

biosynthesis (Kim et al., 2005). Interestingly, the transcriptome of β-cyclocitral-treated 

Arabidopsis plants contains a number of induced monooxygenases (Ramel et al., 2012), 

constituting potential candidates for this function which should be investigated in the future. β-

cyclocitral treatment also induces several glycosyl transferases (Ramel et al., 2012a), and β-

cyclocitral can occur in plants in glycosylated form (Mi et al., 2018). Glycosylation of β-

cyclocitral could represent a regulatory mechanism modulating the β-cyclocitral-mediated 

signaling.  However, glycosylated β-cyclocitral was found to represent a small fraction (< 2%) of 

the total β-cyclocitral pool (Mi et al., 2018).  

Exposure to UV light converts β-cyclocitral into various compounds, such as 2,6-

dimethyl-cyclohexanol and 2,2,6-trimethyl-cyclohexanone (Kim et al., 2019). The latter 
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compound was found in the stress-tolerant Mediterranean shrub Cistus ladanifer (Frazao et al., 

2018). It is also one of the main compounds released during cyanobacterial blooms in natural 

lakes (Arii et al., 2015). The function of those β-cyclocitral derivatives is unknown.  β-cyclocitral 

can also be derived into  various lactones with potential bioactivities, which can be produced by 

chemical synthesis (δ-iodo-γ-lactone, δ-chloro-γ-lactone, δ-bromo-γ-lactone, 1,2,2,6-

Tetramethyl-9-oxabicyclo[4.3.0]nonan-8-one) (Mazur et al., 2014). Although no systematic study 

has been conducted to establish their occurrence in planta, one of those bioactive lactones, 

dihydroactinidiolide, is present in plant leaves and accumulates under photooxidative stress 

conditions (Ramel et al., 2012a; Shumbe et al., 2014). 

 

4. Functions in vascular plants 

β-Cyclocitral has recently emerged as a new plant signal triggering plant stress tolerance. 

Exposing Arabidopsis plants to volatile β-cyclocitral changed the expression of hundreds of 

nuclear-encoded genes (Ramel  et al.,, 2012a) and enhanced plant tolerance to high light-induced 

oxidative stress (Ramel et al. 2012a) and to drought stress (D’Alessandro et al., 2019). 

Accordingly, overexpression of the Crocus CCD4b, an enzyme that can produce β-cyclocitral 

from β-carotene (Rubio-Moraga et al., 2014), in Arabidopsis imparts tolerance to environmental 

stresses, such as dehydration, salt and oxidative stresses (Baba et al., 2015).  Interestingly, the 

transcriptomic changes induced by β-cyclocitral strongly overlap with the network of genes 

regulated by 1O2 (Ramel et al., 2012a). The majority of the induced genes encodes proteins 

involved in the interactions with the environment, in stress responses and in cellular transport, 

whereas many repressed genes are related to development, growth, and biogenesis of cellular 

components (Ramel et al., 2012a). Thus, β-cyclocitral appears to function as a intermediate in the 
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1O2 signaling pathway which can reprogram gene expression shifting plant cells from active 

growth to cellular defense toward stress.  These effects were not observed with β-ionone (Ramel 

et al., 2012a), another short-chain apocarotenoid produced by 1O2 oxidation of β-carotene with a 

chemical structure close to that of β-CC (cleavage at the 9,10 position instead of the 7,8 double 

bond).  

Key players in β-cyclocitral-dependent signaling have been recently identified, revealing 

the existence of several independent branches in the pathway (Figure 2). In particular, β-

cyclocitral was shown to induce MBS1 (Shumbe et al., 2017), a small zinc finger protein 

(METHYLENE BLUE SENSITIVITY 1) required for the correct expression of 1O2-responsive 

genes under normal or light stress conditions (Shao et al., 2013). β-cyclocitral not only increased 

MBS1 protein levels, but it induced a relocalization of the protein to the nucleus (Shumbe et al. 

2017), as does high light stress (Shao et al., 2013). The Arabidopsis mbs1 mutant, deficient in 

MBS1, was insensitive to β-cyclocitral, lacking the enhancement of phototolerance after β-

cyclocitral treatment (Shumbe et al., 2017). Moreover, the absence of MBS1 led to de-regulation 

of specific 1O2 marker genes and ROS-responsive transcription factors in response to β-

cyclocitral. Together, those results indicate that  MBS1 is situated  downstream of β-cyclocitral in 

the 1O2 signaling pathway, butthe exact function of MBS1 is still unknown. In contrast, β-

cyclocitral-dependent signaling was found to be independent of EXECUTER1 (Ramel et al., 

2012a), a protein involved in the 1O2 signaling pathway leading to programmed cell death (Laloi 

and Havaux, 2015).  

The transcriptome of β-cyclocitral-treated Arabidopsis plants showed the induction of 

various detoxification mechanisms, among which the induction of several glutathione-S-

transferases (GST) and UDP-gycosyltransferases (Ramel et al., 2012a), which participate in the 
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xenobiotic detoxifying process (Sandermann, 1992). In fact, in plants, exogenous reactive 

chemicals (herbicides, pollutants, …) are inactivated by a set of detoxifying enzymes that 

eliminate these compounds in three phases: modification (introduction or modification of side 

groups in the toxic molecule), conjugation (conjugaison of the modified compound to sugar 

moieties or glutathione) and compartmentalization (Riechers et al., 2010; Sandermann, 1992). 

While the conjugation phase has been reported to be induced under many different stresses, the 

modification phase has been characterized more recently (Riechers et al., 2010; Mueller et al., 

2008; Ramel et al., 2012c). In particular, in the modification phase, the GRAS protein 

SCARECROW LIKE 14 (SCL14) and the glutaredoxin GRX480/ROXY19 compete for binding 

with TGAII transcription factors and mediate the activation or the inhibition, respectively, of  a 

large set of detoxifying enzymes (Huang et al., 2016; Fode et al., 2008; Köster et al., 2012; 

Ndamukong et al., 2007). 

SCL14-controlled xenobiotic detoxification is strongly induced by β-cyclocitral and by 

photooxidative stress conditions (D’Alessandro et al., 2018). A scl14 knockout mutant did not 

respond to β-cyclocitral and remained sensitive to high light stress after β-cyclocitral treatment 

(D’Alessandro et al., 2018). Mimicking β-cyclocitral treatment, overexpressor lines of SCL14 

were more tolerant both to excessive light and to drought stress (D’Alessandro et al., 2018, 

2019). Owing  to previous works on xenobiotic detoxification (Fode et al., 2008; Köster et al., 

2012), a few components in the signaling cascade downstream of β-cyclocitral have been 

identified. In particular, β-cyclocitral increased expression of SCL14, favoring its interaction 

with TGAII transcription factors. The SCL14/TGA II complex then modulates the transcriptional 

levels of the ANAC102 transcription factor which controls the downstream ANAC002, 

ANAC031 and ANAC081 transcription regulators and finally the redox enzymes of the first 
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phase of the detoxification response (D’Alessandro et al., 2018), hence boosting the cellular 

detoxification capacities.  

The xenobiotic detoxification response is also activated by endogenous toxicants, such as 

reactive carbonyl species (RCS) deriving from the spontaneous decomposition of lipid peroxides 

(Mueller et al., 2008; Mano, 2012; Mano et al., 2019). Lipid peroxides are not only the signature 

of photooxidation but also directly contribute to its toxicity. They decay and form reactive 

aldehydes, such as acrolein or 4-hydroxynonenal (HNE), which can further hinder the 

physiological functioning of macromolecules and induce cell death (Mano, 2012; Biswas and 

Mano, 2016; Mueller et al., 2008; Mano et al., 2019). By triggering the SCL14-dependent 

xenobiotic response, β-cyclocitral could prepare the cell against the accumulation of toxic, pro-

death lipid peroxides occurring under excessive light or drought stress through increasing 

detoxification capacities (D’Alessandro et al., 2018). Surprisingly, β-cyclocitral-induced cellular 

detoxification was not affected by the loss of MBS1 (D’Alessandro et al., 2018). This indicates 

the existence of at least two pathways in β-cyclocitral signaling, one pathway regulated by 

SCL14 and another one dependent of MBS1 (Figure 2).  

Another branch in the β-cyclocitral-induced signaling pathway was recently shown to rely 

on the conversion of β-cyclocitral into its oxidized form, β-cyclocitric acid (D’Alessandro et al., 

2019). While β-cyclocitral is a volatile lipid-soluble compound, β-cyclocitric acid is water 

soluble and can be more easily applied to plants through the irrigation water or by spraying the 

plants. Similarly to β-cyclocitral, β-cyclocitric acid was shown to act as a signal molecule 

triggering changes in gene expressions, and β-cyclocitric acid-treated Arabidopsis plants 

exhibited a marked increase in drought tolerance (D’Alessandro et al., 2019). This effect was 

confirmed in plants of agronomic importance such as tomato and pepper. The molecular bases of 

the β-cyclocitric acid-induced enhancement of plant drought tolerance are unknown, but they are 
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different from known responses such as stomatal closure, osmotic adjustment and jasmonate 

signaling. Also the protective effect of β-cyclocitric acid was not cancelled in the mbs1 mutants, 

indicating that β-cyclocitric acid signaling is independent of the MBS1-mediated signaling. 

However, whereas β-cyclocitral and β-cyclocitric acid were able to enhance drought stress 

tolerance in plants, only β-cyclocitral was found to enhance tolerance to high light in the absence 

of water stress. This indicates that the β-cyclocitral and β-cyclocitric acid pathways do not fully 

overlap, with β-cyclocitric acid possibly mediating only a branch of the β-cyclocitral signaling 

pathway. Taken together, the available data suggest that β-cyclocitral could trigger an array of 

signaling pathways that remain to be characterized in more detail. 

β-Cyclocitral can also impact on root development. Application of β-cyclocitral on 

Arabidopsis seedlings grown on solid medium in Petri dishes was reported to stimulate the 

growth of primary roots (Dickinson et al., 2019). This effect, which was also observed in tomato 

and rice, was independent of auxin and brassinosteroid signaling pathways. Enhancement of root 

development may be advantageous under water stress conditions by favoring soil exploration and 

water uptake. The positive effect of β-cyclocitral was also observed under salt stress conditions: 

application of β-cyclocitral to salt-stressed rice roots counteracted the inhibitory effect of salt on 

root depth (Dickinson et al., 2019). However, it is not yet clear whether this root growth 

stimulation is a direct effect of β-cyclocitral on cell division/elongation or is indirect, e.g. through 

the induction of cellular detoxification and tolerance against oxidative stress, as described in 

shoots. Indeed, homeostasis of reactive oxygen species is known to be perturbed in roots when 

grown in the light (Yokawa et al., 2011), as is usually the case in Petri dishes. Furthermore, 

treatments with volatile β-cyclocitral require to seal the Petri dishes, reducing gas exchange and 

favoring photorespiration and H2O2 production, which can repress cell cycle genes and meristem 

growth (Tsukagoshi, 2016). It is therefore possible that, under those unfavorable, pro-oxidative 
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conditions, root growth can be rescued by β-cyclocitral-induced protection against peroxidative 

damage. Concerning β- cyclocitric acid, the effect on root growth was very limited compared to 

β-cyclocitral (D’Alessandro et al., 2019), and this could be related to its water solubility that did 

not impose sealing of the Petri dishes.  The link between drought tolerance and root growth in β-

cyclocitric acid-treated plants has not yet been established. Further studies will have to clarify the 

molecular mechanisms behind the modulation of root development by β-cyclocitral.  

 

5. Functions in non-vascular plants 

Microalgae release volatile organic compounds (VOC), including β-cyclocitral. The functions 

of VOC in algae are similar to those in vascular plants: they transfer stress information to 

homogeneous algae to induce defense, and they play allelopathic roles on heterogeneous algae 

and aquatic macrophytes for competing nutrients, or they protect against predators (Achyuthan et 

al., 2017; Andrade et al., 2018; Zuo, 2019). β-cyclocitral is one of the major VOC emitted by the 

cyanobacterium Microcystis, which showed inhibitory effects on the growth of the green 

microalga Chlorella pyrenoidosa (Ikawa et al., 2001). Meanwhile, β-cyclocitral can cause cell 

rupture of the diatom Nitzschia palea (Chang et al., 2011). The toxicity of β-cyclocitral to 

Chlamydomonas cells was associated with caspase 9- and caspase 3-like activities, nuclear 

variation and DNA laddering, suggesting the induction of a programmed cell death mechanism 

(Sun et al., 2020).  The presence of a β-cyclocitral microzone around Microcystis colonies also 

acts a powerful repellent and a signal of poor quality food to grazers, such as the planktonic 

crustacean Daphnia (Jüttner et al., 2010). A Nannochloropsis salina culture infested by a marine 

rotifer emitted volatile β-cyclocitral which could provide an early biomarker of algal pond 

crashes (Reese et al., 2019).  
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However, high concentrations of  β-cyclocitral can impact on the growth of Microcystis 

itself, by causing cell lysis (Ozaki et al., 2008). During summer bloom, the oxidation of β-

cyclocitral produced by Microcystis to β-cyclocitric acid leads to water acidification, causing 

chlorophyll loss, cell lysis and a typical blue coloration due to release of phycocyanin pigments 

(Arii et al., 2015). So, during cyanobacterial bloom, β-cyclocitral toxicity may occur indirectly 

through an acid stress.  These results suggest that β-cyclocitral and other volatile apocarotenoids 

may be the main allelopathic agents in cyanobacterial VOC, but at high concentrations these 

agents may be detrimental to the emitters. However, β-cyclocitral derived from Microcystis has 

stronger inhibitory activity against other cyanobacteria and algae, indicating that β-cyclocitral 

gives Microcystis competitive advantage and plays an important role in the ecology of aquatic 

environments. So far, there is no investigation on low β-cyclocitral concentrations as inducers of 

defense mechanisms in photosynthetic microorganisms like those reported in vascular plants. 

Mosses also emit VOC (Saritas et al., 2001) which could be involved in communication 

between species (Vicherova et al., 2020). The moss Hamatocaulis vernicosus reacted to its 

common competitor Sphagnum fexuosum VOC by enhancing its growth rate and altering its own 

VOC emission, specifically increasing production of a compound (methyl 2,6,6-trimethyl-1-

cyclohexene-1-carboxylate, Fig. 1) structurally related to β-cyclocitral, which is also released by 

H. vernicosus. This could constitute an alarm mechanism signaling the competitive strength of 

their neighbors. 

  

6. Some considerations on β-cyclocitral in animals 

Animals use chemical signals for social communication and feeding behavior. Apocarotenoids 

derived from β-carotene, including β-cyclocitral, are involved in these functions, being present in 
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the composition of chemical signals such as pheromones (Tagua et al., 2012). For instance, the 

supracaudal or tail gland of the red fox emits a mixture of apocarotenoids which contains β-

cyclocitral (McLean et al., 2019). Some insect species, such as Drosophila species, are attracted 

by β-cyclocitral (Versace et al., 2016; Keesey et al., 2015). The invasive spotted-wing drosophila, 

Drosophila suzukii, is more attracted to leaf odors than D. melanogaster in behavioral trials, and 

this differential behavioral preference towards leaves was specifically related to β-cyclocitral 

(Keesey et al., 2015). β-cyclocitral synergizes the response of D. suzukii to fruit-based and leaf-

based compounds in a sex-dependent manner (Bolton et al., 2019; Pinero et al., 2019). This 

olfactory sensitivity to leaf chemistry in D. suzukii appears to be regulated by the “ab3A” neuron, 

an olfactory sensitive neuron that has been shown repeatedly to play a role in species differences 

for feeding and oviposition preference (Keesey et al., 2015).  

Rather than an attractive compound, β-cyclocitral can also act as a repellent for pathogens 

and herbivores. Exogenous applications of β-cyclocitral inhibited infestation by the two-spotted 

spider mite (T. urticae Koch) in African spider plants (Niyalala et al., 2013). β-cyclocitral 

applications also reduced disease symptoms caused by the plant pathogenic oomycete 

Plasmopara viticola in grapevines (Lazazzara et al., 2018). A number of β-cyclocitral-derived 

compounds, such as lactones with hydroxy functions, have been shown to have biological 

functions, in particular as antifeedants towards storage product pests (Mazur et al., 2014).  These 

examples support the idea that β-cyclocitral could have some beneficial effects in crop protection 

against biotic stresses, which would clearly deserve to be explored in future studies.  

It is becoming apparent that nonretinoid apocarotenoids, including those originating from 

β-carotene oxidation, have the potential to regulate a broad spectrum of critical cellular functions 

in mammals, thus influencing mammalian health (Harrison and Quadro, 2018). In particular, 

short-chain β-carotene-derived apocarotenoids, such as β-ionone, have been shown to exhibit 
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anticancer properties by inhibiting cell proliferation and inducing apoptosis (Liu et al., 2004; 

Sharoni et al., 2012), However, very little information is available on β-cyclocitral in human 

cells, although the compound is present in the human metabolome database (https://hmdb.ca), 

and a similar anti-cancer activity is not documented for this molecule. The functions of β-

cyclocitral in mammalian cells is unexplored and remain to be investigated in the future. 

 

7. CONCLUSIONS 

This review has gone through the multiple biological activities of β-cyclocitral which occur 

throughout the life kingdoms. Our current knowledge on these functions is the most advanced for 

vascular plants in which β-cyclocitral and its oxidation product β-cyclocitric acid act as stress 

signals triggering acclimatory responses and enhancing plant stress tolerance through several 

pathways (Figure 2). The primary target of β-cyclocitral in plant cells is still unknown. It has 

been reported that apocarotenoids can stimulate the electrophile/antioxidant response element 

transcription system in human cells (Linnewiel et al., 2019). However, the protective effect of β-

cyclocitral against photooxidative stress appears to be specific since it is not shared with β-

ionone, another short-chain apocarotenoid resulting from β-carotene oxidation (Ramel et al., 

2012a). Consequently,  the signaling activity of β-cyclocitral cannot be explained by its 

aldehydic and electrophilic nature since the electrophilicity of β-ionone is higher than that of β-

cyclocitral. Moreover, the transcriptomic response of Arabidopsis to β-cyclocitral overlapped 

very poorly with the gene expression changes induced by other volatile reactive electrophile 

species such as malondialdehyde and methyl vinyl ketone (Ramel et al., 2012a).  This could 

suggest the existence of a receptor that could transduce the β-cyclocitral signal into specific 

cellular responses. The identification of this receptor will constitute an important step in the 

elucidation of the functions of β-cyclocitral. It is also unknown if β-cyclocitral, as a volatile 
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molecule, can fulfill its functions in long-distance signaling between different plants. This is at 

variance with other organisms, such as non-vascular photosynthetic organisms, in which β-

cyclocitral serves in intra-species or inter-species communication. It is clear that new and 

exciting avenues are now opening for elucidating the mode of action and the molecular bases of 

the β-cyclocitral bioactivities and possibly for exploiting its properties in biotechnological 

applications.   
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Figure legends 

 

Fig. 1. Chemical structure of β-carotene and some of its oxidation products: β-cyclocitral (β-CC), 

β-cyclocitric acid (β-CCA), β-ionone and methyl-2,6,6-trimethyl-1-cyclohexene-1-

carboxylate. β-CC and β-ionone are oxidation products of β-carotene. β-CCA derived from 

the oxidation of β-CC. Methyl-2,6,6-trimethyl-1-cyclohexene-1-carboxylate is a methylated 

form of β-CCA. 

 

Fig. 2. Signaling pathways induced by β-cyclocitral (β-CC) in vascular plants. In yellow boxes, 

metabolites; in blue boxes, proteins; in red boxes, functions. β-CCA, β-cyclocitric acid; 

MBS1, METHYLENE BLUE SENSITIVITY 1; SCL14, SCARECROW LIKE 14; ANAC, 

member of the NAC (NAM/ATAF/CUC) transcription factor family.  

 

 

 

 

 








