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Summary

Carotenoid-derived regulatory metabolites and hormones are generally known to arise through the 

oxidative cleavage of a single double bond in the carotenoid backbone, which yields 

mono-carbonyl products called apocarotenoids. However, the extended conjugated double bond 

system of these pigments predestines them also to repeated cleavage forming di-aldehyde products, 

diapocarotenoids, which have been less investigated due to their instability and low abundance. 

Recently, we reported on the short diapocarotenoid anchorene as an endogenous Arabidopsis 

metabolite and specific signaling molecule that promotes anchor root formation. In this work, we 

investigated the biological activity of a synthetic isomer of anchorene, iso-anchorene, which can 

derive from repeated carotenoid cleavage. We show that iso-anchorene is a growth inhibitor that 

specifically inhibits primary root growth by reducing cell division rates in the root apical meristem. 

Using auxin efflux transporter marker lines, we also show that the effect of iso-anchorene on 

primary root growth involves the modulation of auxin homeostasis. Moreover, by using liquid 

chromatography mass spectrometry (LC-MS) analysis, we demonstrate that iso-anchorene is a 

natural Arabidopsis metabolite. Chemical inhibition of carotenoid biosynthesis led to a significant 

decrease in the iso-anchorene level, indicating that it originates from this metabolic pathway. 

Taken together, our results reveal a further carotenoid-derived regulatory metabolite with a 

specific biological function that affects root growth, manifesting the biological importance of A
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diapocarotenoids.

  

INTRODUCTION 

Carotenoids are one group of the most common natural pigments produced by all 

photosynthetic organisms and many heterotrophic bacteria and fungi. They generally belong to the 

class of tetraterpenoids and are characterized by an extended conjugated double bond system 

(DellaPenna and Pogson, 2006; Walter and Strack, 2011; Moise et al., 2014; Nisar et al., 2015; 

Zheng et al., 2020). In photosynthetic organisms, carotenoids serve as essential pigments that 

contribute to the light-harvesting process and protect the photosynthetic apparatus and other 

cellular components from photo-oxidation by absorbing energy from triplet-chlorophyll and 

scavenging reactive oxygen species (ROS; Hashimot H, 2016; Qi et al., 2018; Ma et al., 2019). 

The conjugated double bond system is responsible for the different functions of carotenoids in 

photosynthesis and makes them susceptible to oxidation processes that break the carotenoid 

molecule into carbonyl products called apocarotenoids (Walter and Strack, 2011; Nisar et al., 

2015). However, the oxidation of carotenoids is not simply a degradation reaction, as many of the 

resulting apocarotenoids have significant functions in all clades of life (Guiliano et al., 2003; 

Moise et al., 2005; Felemban et al., 2019). Outstanding examples of biologically important 

apocarotenoids are the ubiquitous opsin chromophore retinal, retinoic acid in vertebrates (Moise et 

al., 2005), the fungal pheromone trisporic acid (Medina et al., 2011), plant growth regulator 

β-cyclocitral (Dickinson et al., 2019), anchor root regulator zaxinone (Wang et al., 2019), and the A
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phytohormones abscisic acid (ABA; Schwartz et al., 1997) and strigolactone (SL; Alder et al., 

2012; Al-Babili and Bouwmeester, 2015). Carotenoid cleavage can be triggered by ROS, as has 

been shown for β-cyclocitral that arises through singlet oxygen (1O2) attack in photosystem II 

(Ramel et al., 2012). In many cases, carotenoid cleavage reactions are, however, catalyzed by 

carotenoid cleavage dioxygenases (CCD) that mediate the specific cleavage of defined double 

bonds in specific carotenoids by inserting molecular oxygen (Giuliano et al., 2003; Jia et al., 2017). 

Plant CCD enzymes differ in the specificity of their substrate, stereo and cleavage sites and are 

classified as six sub-families: nine-cis-epoxycarotenoid cleavage dioxygenases (NCEDs) catalyze 

ABA biosynthesis (Schwartz et al., 1997); CCD1 enzymes have a wide substrate and double bond 

specificity and are involved in the formation of volatiles (Ilg et al., 2009; Ilg et al., 2014); CCD4 

enzymes modulate carotenoid content in different tissues or form C30 pigments, such as Citrus 

citraurine (Ma et al., 2013; Rodrigo et al., 2013; Bruno et al., 2015; Zheng et al., 2019); CCD7 

and CCD8 enzymes catalyze sequential cleavage steps in SL biosynthesis (Alder et al., 2012; 

Bruno et al., 2014; Bruno et al., 2017); and the recently identified sub-family of zaxinone synthase 

catalyzes the production of the growth regulator zaxinone (Wang et al., 2019). 

Plant roots are important for water and nutrient uptake (Petricka et al., 2012; Bellini et al., 

2014). The root architecture is shaped by plant hormones, mainly auxin and cytokinin (Petricka et 

al., 2012). Auxin is antagonistic with cytokinin in regulating root meristem size, with auxin 

inducing cell division and cytokinin promoting differentiation (Petricka et al., 2012). In addition, 

gibberellins and the carotenoid-derived plant hormones SL and ABA are also reported to modulate 

primary root growth (Ding and De Smet, 2013; Sun et al., 2016; Sun et al., 2018). In addition, 

several carotenoid-derived metabolites have been shown to influence different aspects of root 

growth (Felemban et al., 2019). For instance, β-cyclocitral, a high-light stress response signal, is a 

root growth promoter that increases primary root length in Arabidopsis (Arabidopsis thaliana) and 

alters root architecture by affecting the root apical meristem in different species (Ramel et al., 

2012; Dickinson et al., 2019). Zaxinone is another example of an apocarotenoid growth regulator 

that triggers the growth of crown roots in rice (Oryza sativa; Wang et al., 2019). In addition, 

several lines of evidence suggest the presence of further carotenoid-derived regulatory metabolites A
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regulating Arabidopsis root development (Van Norman et al., 2014).

Repeated cleavage of carotenoids leads to di-carbonyl products, known as diapocarotenoids 

(Ruch et al., 2005). Apart from their function in the synthesis of natural food and cosmetic 

pigments, such as crocetin and bixin (Bouvier et al., 2003; Frusciante et al., 2014), 

diapocarotenoids remained understudied. This is due to their instability and low abundance in 

biological systems, which impede their detection and the elucidation of their biological function. 

Nevertheless, it has been shown that diapocarotenoids, like apocarotenoids, are common 

metabolites that occur in different chain lengths and stereo or structural configurations (Mi et al., 

2019; Mi et al., 2020). Several plant and microbial CCDs have been shown to form 

diapocarotenoids in vitro (Scherzinger et al., 2006; Alder et al., 2008; Ilg et al., 2014). In addition, 

it can be expected that apocarotenoids are also a target for non-enzymatic, oxidative cleavage, 

which would also lead to diapocarotenoids.  

Recently, we demonstrated that anchorene is an endogenous metabolite that specifically 

regulates anchor root formation in Arabidopsis (Jia et al., 2019a). The discovery of a specific 

biological function for anchorene and the ability of this metabolite to modulate auxin distribution 

in Arabidopsis roots indicate that diapocarotenoids act as growth regulators similar to their 

apocarotenoid counterparts. In this study, we investigated the presence and biological activity of 

iso-anchorene, a structural isomer of anchorene that can arise by cleaving the C7–C8 or C7’–

C8’and C15–C15’ double bonds in carotenoids (Figure 1). Our results demonstrate that 

iso-anchorene is a natural metabolite and a negative regulator of primary root growth in 

Arabidopsis that reduces the size and number of cells in the root apical meristem by affecting 

auxin homeostasis and transport. Our study reveals a carotenoid-derived growth regulator, 

confirms the specificity of anchorene, and highlights the importance of diapocarotenoids as 

regulatory metabolites with different and specific biological functions.

RESULTS

Iso-anchorene specifically inhibits primary root growth in Arabidopsis

     In our previous study, we investigated the effect of six diapocarotenoids on Arabidopsis root A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

development (Jia et al., 2019a). Thereby, we identified anchorene as an endogenous regulator of 

anchor root formation and observed an inhibition of primary root growth upon application of 

another diapocarotenoid (diapo2). Diapo2 and anchorene are C10-dialdehydes and structural 

isomers that differ only in the position of one methyl group (Figure 1a). Therefore, we named 

diapo2 “iso-anchorene.” Iso-anchorene was not previously reported as a natural metabolite but 

detected as an in vitro product of retinal-forming cyanobacterial enzymes that catalyze the 

cleavage of the C15–C15’ double bond in long-chain apocarotenoids (Scherzinger et al., 2006). It 

can be produced from the cleavage of the C7–C8 or C7’–C8’ and C15–C15’ double bonds in all 

carotenoids downstream of neurosporene (for carotenoid biosynthesis, see Zheng et al., 2020), 

while anchorene is formed by cleaving the C11–C12 and C11’–C12’ double bonds (Figure 1a). To 

further investigate the effect of iso-anchorene on primary root growth, we applied different 

concentrations of this diapocarotenoid to Col-0 Arabidopsis seedlings grown on half MS media 

and used the same concentrations of anchorene as a control. As shown in Figure 1b–e, anchorene 

was very effective in promoting anchor root formation and showed only a moderate inhibition of 

primary root growth, while the application of 5 µM iso-anchorene led to significant inhibition of 

primary root growth in Arabidopsis seedlings 7 days post-stratification (dps). This inhibitory 

effect was concentration-dependent and increased with higher iso-anchorene concentrations 

(Figure 1b, d). When applied at a 40 µM concentration, iso-anchorene dramatically reduced 

primary root growth, while treatment with 5 µM concentration caused only a slight inhibitory 

effect (Figure 1b). The growth inhibition caused by iso-anchorene was observed only in roots; we 

did not see effects on shoots under the test conditions. We next checked the effect of 

iso-anchorene on hypocotyl growth and the size of cotyledons under red light and in the dark. As 

shown in Figure S1, the application of iso-anchorene caused only a weak inhibition of hypocotyl 

growth and did not affect cotyledon size. These results suggest that iso-anchorene has a more 

specific role in root development.

    Besides the inhibition of primary root growth, we observed an increase in anchor root 

formation when we applied higher iso-anchorene concentrations (Figure 1b, e). Considering the 

structural similarity between anchorene and iso-anchorene, we investigated whether these two A
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diapocarotenoids interfere with each other in regulating root growth. For this purpose, we 

combined both compounds (at a concentration of 10 µM each) and evaluated their effects on 

Arabidopsis root growth. Our data show that the combined treatment of both diapocarotenoids 

caused a stronger inhibition of primary root growth and induction of anchor root formation 

compared to single treatments (Figure 1f–h). These results suggest that iso-anchorene and 

anchorene have additive effects on primary root growth and anchor root formation.

    Severe inhibition of primary root growth promotes the emergence of anchor roots (Jia et al., 

2019a). To dissect the effect of iso-anchorene on primary root growth and anchor root formation, 

we applied this diapocarotenoid locally (i.e., on shoot collets where anchor roots arise) and on root 

tips, and we used anchorene as a control (Figure 2). Application of anchorene to shoots and collets 

promoted anchor root formation but did not inhibit primary root growth, while the treatment of 

root tips with this diapocarotenoid inhibited primary root growth without affecting anchor root 

formation (Figure 2b–d). In contrast, iso-anchorene did not show any effect on anchor or primary 

roots when applied on shoots and collets but had a major effect in retarding primary root growth 

and inducing anchor root formation when applied to root tips (Figure 2b–d). These results suggest 

that the induction of anchor root formation observed upon iso-anchorene treatment is an indirect 

effect caused by primary root growth inhibition.

Iso-anchorene affects root meristem size by reducing cell division rate 

   To determine the mechanism underlying the inhibition of primary root growth, we used 

confocal microscopy to investigate whether the inhibitory effect of iso-anchorene is a result of 

reduced cell division in the meristem or decreased cell elongation in the elongation zone. Both 

iso-anchorene- and anchorene-treated seedlings showed smaller root apical meristem (RAM) size 

compared to the negative control (Figure 3a, b). However, the effect of iso-anchorene treatment 

was significantly stronger than that of anchorene, leading to a much smaller RAM (Figure 3a). 

The average number of meristematic cortex cells (MSC) in the RAM of iso-anchorene treated 

seedlings was around 51% and 57% when compared to the control and anchorene-treated 

seedlings, respectively (Figure 3b). The reduced number of MSC in the RAM indicates a reduction 

in cell division rate as a response to iso-anchorene treatment. To confirm this finding, we checked A
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the effect of iso-anchorene on the promoter activity of the mitotic marker pCYCB1;1 fused to a 

β-glucuronidase (GUS) reporter, which marks the G2/M phase transition during the cell cycle 

(Colón‐Carmona et al., 1999). Our results show that iso-anchorene-treated seedlings had a lower 

GUS signal than the control (Figure 3c, d). These data indicate that iso-anchorene inhibits the 

primary root growth by affecting RAM size and cell division rate in primary root tips. Next, we 

checked whether iso-anchorene affects the lateral meristem growth. We applied iso-anchorene on 

10-dps Arabidopsis seedlings and found that iso-anchorene inhibits lateral root growth (Figure S2), 

suggesting that iso-anchorene also affects lateral meristem growth.

The root apical meristem is maintained by a functional stem cell niche in the meristem. 

Within the stem cell niche, the quiescent center (QC) maintains the stem cells (Petricka et al., 

2012). The transcription factors WUSCHEL-related homeobox5 (WOX5) and SCARECROW 

(SCR) are two important regulators of QC function and thus essential for stem cell specification, 

stem cell maintenance, and primary root growth (Sarkar et al., 2007; Di Laurenzio et al., 1996; 

Kong et al., 2015). To assess whether iso-anchorene affects the root meristem by modulating these 

two transcription factors, we monitored their promoter activities using pWOX5::GFP (Sarkar et al., 

2007) and pSCR::GFP marker lines. However, we did not detect significant changes in the GFP 

signal upon iso-anchorene treatment (Figure S3). The PLETHORA (PLT) pathway is also critical 

for regulating root meristem size by modulating QC activity (Aida et al., 2004). To assess whether 

iso-anchorene affects the QC through the PLT pathway, we examined the response of primary root 

growth of plt1plt2 mutants (Aida et al., 2004) to iso-anchorene. We did not observe a significant 

difference when compared to wild-type seedlings (Figure S4a). These results suggest that 

iso-anchorene does not affect QC function. 

Primary root growth is also determined by cell length in the elongation zone. Therefore, we 

measured the cell size in the elongation zone upon iso-anchorene treatment and found that 

iso-anchorene-treated seedlings had smaller epidermal cells than the control (Figure 3e, f). These 

results indicate that iso-anchorene affects cell elongation in the elongation zone.

Iso-anchorene affects auxin level in the RAM

Auxin is a key phytohormone regulating root growth and development (Vanstraelen and A
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Benková, 2012; Kazan, 2013). Hence, we checked whether iso-anchorene modulates auxin 

homeostasis by evaluating the expression of auxin-responsive genes. For this purpose, we 

performed a quantitative real-time PCR (qRT-PCR) using the roots of 5-dps Arabidopsis seedlings 

treated with iso-anchorene. As shown in Figure 4a, iso-anchorene application significantly 

decreased the transcription levels of most of the tested auxin responsive genes, including SAUR62, 

SAUR63, IAA5, and IAA6 (Jain and Khurana, 2009), indicating iso-anchorene modulates the auxin 

response in the roots. To assess whether iso-anchorene affects auxin levels and distribution, we 

used the well-established pDR5rev::GFP (Ottenschläger et al., 2003) marker line that visualizes 

local auxin distribution (Figure 5a). In the control (non-treated) seedlings, pDR5rev::GFP 

accumulated at the root tip with a maximum expression in the QC. Application of iso-anchorene 

altered the pDR5rev::GFP expression pattern, while anchorene application resulted in a shift of 

auxin into the lateral root cap (Figure 5a). To validate these data, we examined the effect of 

iso-anchorene on DII-VENUS-NLS, in which high fluorescence signals mark low auxin levels 

(Brunoud et al., 2012) and a low signal indicates high auxin levels. As shown in Figure 5f, 

iso-anchorene application resulted in stronger DII-VENUS signals in root tips, suggesting a lower 

auxin level. These data are consistent with the observed low expression level of auxin-responsive 

genes upon iso-anchorene treatment (Figure 4a).

   The biosynthesis and transport of auxin are both important determinants of auxin distribution. 

To test whether iso-anchorene influences auxin biosynthesis, we investigated the impact of 

iso-anchorene on the transcription of auxin biosynthesis genes TAA1, TAR2, NIT1, and YUCCA2 

(YUC2)-YUC9 (Zhao, 2012), which are involved in the tryptophan-dependent auxin biosynthesis 

pathway. We found that the transcripts of one auxin biosynthesis gene, YUC4, were significantly 

reduced upon iso-anchorene treatment. Next, we investigated whether iso-anchorene modulates 

auxin efflux transporters in the primary root tips, using the three auxin efflux carrier marker lines 

pPIN1::PIN1-YFP (Benková et al., 2003), pPIN2::PIN2-YFP (Xu and Scheres, 2005), and 

pPIN3::PIN3-YFP (Ganguly et al., 2012). We found that iso-anchorene application significantly 

reduced the levels of PIN1 and PIN3 in the root tips of 5-dps seedlings but did not affect PIN2 

(Figure 5b–e). In contrast to iso-anchorene, anchorene had no effects on the levels of PIN1 and A
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PIN2 but significantly increased the level of PIN3, suggesting divergent biological roles of 

anchorene and iso-anchorene in regulating PIN expression. These results indicate that 

iso-anchorene modulates the local auxin distribution in root tips, likely by reducing the levels of 

PIN1 and PIN3. Therefore, we further tested the response of auxin signaling mutants tir1, 

arf7arf19 and auxin transporter mutant pin3 to iso-anchorene. As shown in Figure S4, the primary 

root length of both tir1 and arf7arf19 showed a slightly but significantly reduced inhibition by 

iso-anchorene compared to the wild type. However, pin3 showed no significant difference 

compared to the wild type. 

In addition, we investigated whether other plant hormones, such as ABA and SLs, are 

regulated by iso-anchorene. We did not observe a clear effect of this compound on the expression 

of SL- or ABA-responsive genes except NCED5 (Figure 4b, c). We also investigated the response 

of the gibberellin-signaling pentuple mutant della (gai-t6 rgat2 rgl1-1 rgl2-1 rgl3-1; Cheng et al., 

2004) to iso-anchorene. As shown in Figure S4b, there is no obvious difference in the primary root 

growth inhibition by iso-anchorene between the wild type and the della mutant, which indicates 

that the effect of iso-anchorene on primary root growth is likely independent of the 

gibberellin-signaling pathway.

Iso-anchorene is an endogenous metabolite in Arabidopsis 

In our previous study, we showed that anchorene is an endogenous Arabidopsis metabolite by 

using liquid chromatography mass spectrometry (LC-MS). This also revealed the presence of two 

isomers of anchorene, perhaps including iso-anchorene, which is investigated in this study (Jia et 

al., 2019a). To check this possibility, a chemical derivatization and LC-MS protocol (Jia et al., 

2019a) and an authentic iso-anchorene standard were used in the present work. Three metabolites, 

including anchorene, iso-anchorene, and another anchorene isomer, were identified in Arabidopsis 

root extracts based on the accurate mass and MS/MS data (Figure 6). Peak II was identified as 

anchorene by matching with the authentic anchorene standard, confirming our previous results 

(Figure 6a). The identification of endogenous iso-anchorene (Peak III) from Arabidopsis was 

confirmed by using an authentic iso-anchorene standard (Figure 6a, b). These results demonstrate 

that iso-anchorene is a natural Arabidopsis metabolite.A
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Iso-anchorene could be produced by cleaving the C7–C8 or C7’–C8’and C15–C15’ double 

bonds in most plant carotenoids (Figure 1a). However, it is also possible that it originates from a 

different isoprenoid precursor or precursors. To confirm that the iso-anchorene detected in 

Arabidopsis derives from carotenoids, we quantified this metabolite upon treatment with the 

chemical inhibitor Norflurazon (NF), which blocks phytoene desaturation and efficiently 

decreases carotenoid production (Moise et al., 2013). As shown in Figure 6c, the iso-anchorene 

content in the roots of NF treated seedlings decreased by around 70% compared to the untreated 

control. These results demonstrate that iso-anchorene is a carotenoid-derived Arabidopsis 

metabolite.

DISCUSSION

Iso-anchorene specifically inhibits primary root growth independent of anchorene

    Anchorene was previously reported as a specific stimulator of anchor root formation in 

Arabidopsis (Jia et al., 2019a). Iso-anchorene is a structural isomer of anchorene, differing only in 

the position of one methyl group (Figure 1a). The structural similarity between the two 

compounds raised several questions: Does iso-anchorene affect plant growth and development? 

Does it interact with anchorene? In this study, we show that iso-anchorene reduces Arabidopsis 

primary root growth in a concentration-dependent manner, leading to an almost complete growth 

inhibition at 40 µM concentration (Figure 1b, d). In contrast, hypocotyl and cotyledons of treated 

seedlings were only slightly impacted by iso-anchorene (Figure S1), which points to a specific 

effect of iso-anchorene on primary root growth. Specificity of the activity to the developmental 

stage and tissues is a characteristic feature of most plant hormones and signaling molecules. For 

example, exogenously applied auxin has pleiotropic effects on root development at seedling stages 

(Petricka et al., 2012; Kazan, 2013) and SLs mainly inhibit lateral roots and root hair density in 

Arabidopsis seedlings and modulate shoot or tillering numbers in adult plants (Jia et al., 2017; Jia 

et al., 2019b). 

Iso-anchorene and anchorene are structural isomers and the comparison of iso-anchorene 

with anchorene revealed interesting differences. Anchorene efficiently promoted anchor root 

emergence, with a moderate inhibition of primary root growth (Figure 1b–d). In contrast, A
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iso-anchorene displayed a strong inhibition of primary root growth, but it only moderately 

promoted anchor root formation (Figure 1b–d). The combined application of anchorene and 

iso-anchorene revealed an additive effect on anchor root formation and primary root growth, 

which indicates that they do not interfere with each other in affecting root development (Figure 1f, 

g). Anchor root emergence is known to be promoted by primary root growth inhibition (Jia et al., 

2019b). However, we have recently shown that anchorene mainly acts locally in the collet to 

stimulate the formation of anchor roots, which is independent of its inhibition of primary root 

growth. Unlike anchorene, the localized application of iso-anchorene on shoot and collet did not 

stimulate anchor root formation, while application of this compound on the root tip strongly 

inhibited primary root growth and moderately promoted anchor root formation. The latter result 

indicates that the moderate promotive effect of iso-anchorene on anchor root formation is caused 

by its inhibition of primary root growth (Figure 2).

Iso-anchorene inhibits primary root growth by reducing auxin biosynthesis and altering 

auxin distribution

    Primary root length is mainly determined by the growth processes occurring in the root tip, 

which include cell division in RAM and cell elongation in the elongation zone (Petricka et al., 

2012). By examining root morphology, we showed that iso-anchorene significantly reduces the 

size and numbers of primary RAM cortex cells (Figure 3a, b). Further results using the 

pCYCB1;1::GUS marker line revealed that iso-anchorene decreased cell division in the RAM 

(Figure 3c, d). In addition, we observed a reduction in the length of cells in the elongation zone 

upon iso-anchorene treatment (Figure 3e, f). These results indicate that iso-anchorene inhibits 

primary root growth by reducing the cell division rate in the RAM and impeding cell elongation in 

the elongation zone.

Auxin is a master regulator of root development (Petricka et al., 2012). It has been reported 

that reduced auxin levels in roots result in reduced primary root length (Prigge et al., 2020). Using 

two contrasting auxin marker lines, pDR5rev::GFP and DII-VENUS, we found that iso-anchorene 

reduced the auxin level and its distribution in root tips (Figure 5a, f). The reduction of auxin in 

iso-anchorene treated root tips was further supported by the findings that 1) iso-anchorene A
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application inhibited the transcript levels of several auxin responsive genes, including SAUR62, 

SAUR63, IAA5, and IAA6 (Figure 4a), and 2) the expression of YUC4, one of the auxin 

biosynthesis genes, was significantly decreased in the roots by iso-anchorene treatment (Figure 

4d). Furthermore, the primary root length of two auxin signaling mutants, tir1 and arf7arf19, were 

significantly less inhibited by iso-anchorene compared to the wild type (Figure S4a), confirming 

that iso-anchorene inhibited primary root length at least partially through the auxin signaling 

pathway. The inhibitory effect of iso-anchorene on primary root growth could also be attributed to 

the alteration of auxin distribution in the root tips, which is usually regulated by the auxin efflux 

transporter PIN proteins (Armengot et al., 2016). Iso-anchorene application reduced the levels of 

PIN1 and PIN3 but had no effect on PIN2 in root tips. PIN1 mainly transports the roots vascular 

auxin stream downward to the root’s meristem cells, and PIN3 mainly relocates the auxin in 

columella into surrounding zones (Armengot et al., 2016). Thus, the reduction of PIN1 and PIN3 

by iso-anchorene application could result in auxin redistribution in the root tips. However, the pin3 

mutant showed no different response compared to wild-type plants after iso-anchorene treatment, 

suggesting that PIN3 may act redundantly with other PIN proteins, such as PIN7, in regulating 

primary root growth (Armengot et al., 2016; Blilou et al., 2005). It is noteworthy that anchorene 

displayed a different mode of regulating PIN proteins, suggesting anchorene and iso-anchorene 

have selective and specific methods of regulating PIN protein accumulation. In summary, 

iso-anchorene inhibits primary root growth, likely through several different mechanisms, such as 

reducing the auxin biosynthesis by down-regulating auxin biosynthesis genes and altering the 

auxin distribution by regulating auxin transporters. 

Diapocarotenoids act as plant growth regulators 

Apocarotenoids are mono-carbonyl products arising through a single oxidative cleavage 

event of carotenoids. The vast majority of carotenoid-derived regulatory metabolites are 

apocarotenoids (Felemban et al., 2019), which include the plant hormones SL and ABA (Schwartz 

et al., 1997; Alder et al., 2008). In addition to these known examples, recent studies have revealed 

further regulatory apocarotenoids, such as β-cyclocitral that can be formed non-enzymatically by 

cleaving the C7–C8 double bond in β-carotene and which regulates the ROS stress response and A
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primary root growth in different plants (Ramel et al., 2012; Dickinson et al., 2019). Zaxinone is a 

further apocarotenoid signaling molecule that promotes root growth and inhibits SL biosynthesis 

in rice (Wang et al., 2019) but triggers ABA and SL formation in Arabidopsis roots (Abzalov et al., 

2020). However, characterization and identification of the biological functions of diapocarotenoids 

have largely lagged behind those of apocarotenoids. Several diapocarotenoids have been identified 

as in vitro CCD products. For example, CCD8 and zaxinone synthase form a C9 diapocarotenoid 

upon cleavage of C27-apocarotenoids (Alder et al., 2008; Wang et al., 2019), while CCD1 can 

form a plentitude of diapocarotenoids from different substrates (Ilg et al., 2014). Furthermore, 

diapocarotenoids are widely present in plants (Fiorilli et al., 2019; Jia et al., 2019a; Mi et al., 

2020). Examples of in planta identified diapocarotenoids are crocetin dialdehyde (C20), which is 

the precursor of crocin (Frusciante et al., 2014), anchorene, which is a C10 dialdehyde that 

regulates anchor root formation in Arabidopsis (Jia et al., 2019), and a series of diapocarotenoids 

with different chain lengths, which are present in tomato fruit (Solanum lycopersicum; Mi et al., 

2019). In this study, we show that iso-anchorene is a further diapocarotenoid that occurs in 

Arabidopsis and fulfils a specific biological function in inhibiting primary root growth (Figure 5). 

In addition to iso-anchorene and anchorene, we identified one more isomer in Arabidopsis by 

LC-MS (Figure 6). However, the structure of this isomer and whether this isomer has biological 

functions in plants are still unknown. 

Iso-anchorene was previously detected as a cleavage product produced in vitro through the 

cleavage of C30-apocarotenoids by cyanobacterial retinal-forming enzymes (Ruch et al., 2005; 

Scherzinger et al., 2006). None of Arabidopsis CCDs has been reported to have such an activity. 

Nevertheless, we cannot exclude that iso-anchorene is formed by CCDs in planta. Alternatively, 

this metabolic process cloud takes place spontaneously through ROS-mediated carotenoid decay, 

as reported on β-cyclocitral (Ramel et al., 2012). There are indications for the presence of 

numerous carotene-derived metabolites, which are presumed to modulate lateral root formation, 

plastid biogenesis, leaf morphology, and other developmental processes (Moreno et al., 2020). 

Therefore, the present study revealed diapocarotenoids as candidates for carotene-derived 

regulatory metabolites that modulate plant growth and development.A
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EXPERIMENTAL PROCEDURES 

Chemicals

Iso-anchorene and anchorene were synthesized by Buchem (Netherlands). D6-anchorene was synthesized 

according to the protocol described previously (Jia et al., 2019a). Both chemicals were dissolved in acetone to 

make 10 mM stock solutions. Norflurazone (NF, 10 mM; Chem Service) stock solution was prepared in 

dimethyl sulfoxide (DMSO). The working concentration used was 5 μM NF.

Plant materials and growth conditions

Col-0 was used as the wild type in this study. pCYCB1;1::GUS (Colón‐Carmona et al., 1999), pSCR::GFP 

(Cui et al., 2007), pWOX5::GFP (Sarkar et al., 2007), pDR5rev::GFP (Ottenschläger et al., 2003), 

pPIN1::PIN1-YFP (Benková et al., 2003), pPIN2::PIN2-YFP (Xu and Scheres, 2005), pPIN3::PIN3-YFP 

(Ganguly et al., 2012), DII-VENUS (Brunoud et al., 2012) transgenic marker lines, tir1 (Ruegger et al., 1998), 

arf7arf19 (Okushima et al., 2007), plt1plt2 (Aida et al., 2004), and della (gai-t6 rgat2 rgl1-1 rgl2-1 rgl3-1; 

Cheng et al., 2004) were described previously. pin3–4 (Salk_038609) was acquired from the European 

Arabidopsis Stock Center. Sterilized Arabidopsis seeds were kept at 4°C in darkness for 3 days to stimulate seed 

germination and then sown on half-strength MS (with 0.5 % sucrose + 1% agar, 0.5 g/L MES, pH 5.7) plates 

supplemented with the indicated compounds. Plates were vertically grown in Percival growth chambers under 

long day (16 hours light/8 hours dark, 22°C, 60% relative humidity, light density = 4000 LUX) LED white light 

(Hyperikon 16W LED Light Bulb A21, 16W [100W Equivalent], CRI92, 1620 Lumens, 4000K [Daylight Glow]) 

conditions. Light flux rates were measured using a digital LUX meter (PeakTech 5025). For red light exposure, 

Arabidopsis seeds were germinated under continual LED red light (700 LUX) for 4 days. 

Anchor and primary root phenotyping assays

Arabidopsis seedlings were vertically grown on half strength MS (with 0.5 % sucrose + 1% agar, 0.5 g/L MES, 

pH 5.7) media for 8 dps, then anchor roots were counted using a dissection microscope. Primary root length was 

measured using the publicly available ImageJ software (http://rsbweb.nih.gov/ij/) after taking digital 

photographs. For the localization application of anchorene and iso-anchorene, 3-dps Arabidopsis seedlings were 

transferred to plates with isolated half strength MS (with 0.5 % sucrose + 1% agar, 0.5 g/L MES, pH 5.7) media 

supplemented with the indicated compounds. The plates were kept vertically growing for another 5 days, A
cc

ep
te

d 
A

rt
ic

le

http://rsbweb.nih.gov/ij/


This article is protected by copyright. All rights reserved

followed by quantification of anchor and primary root length.

Confocal microscopy

Confocal microscopes (Zeiss LSM 510 microscope, Zeiss LSM 880 airy scan) were used to examine the PI 

staining and the GFP fluorescence marker lines as described previously (Jia et al., 2019a). For fluorescence 

intensity quantification of pPIN1::PIN1-GFP, pPIN2::PIN2-GFP and pPIN3::PIN3-GFP marker lines, ImageJ 

software (http://rsbweb.nih.gov/ij/) was used to measure fluorescence intensity. All calculations are background 

subtracted.

GUS staining assay

GUS staining was performed as described (Jefferson, 1987), and GUS stained plant tissues were examined using 

a microscope (Axioplan Observer.Z1, Carl Zeiss GmbH, Germany) with a digital camera (Axio Cam MRC, Carl 

Zeiss Microimaging GmbH, Göttingen, Germany).

Identification and quantification of anchorene and iso-anchorene using LC-MS

Extraction and LC-MS analysis of iso-anchorene were conducted according to Jia et al., 2019a. Briefly, 30–40 

mg of freeze-dried and ground Arabidopsis seedling tissue were extracted using 1 mL of acetonitrile including 

anti-oxidant (0.1% butylated hydroxytoluene [BHT]). The extract was dried and then derivatized with 50 μL of 

derivatization solution (N2,N2,N4,N4-tetraethyl-6-hydrazineyl-1,3,5-triazine-2,4-diamine; Chemspace) according 

to the protocol described previously (Mi et al., 2020). Then, the sample solution was diluted to 150 μL with 1% 

formic acid in methanol and filtered with a 0.22 µm filter before LC-MS analysis. The qualitative analysis of the 

derivative anchorene was performed on UHPLC-Q-Exactive Plus MS. Chromatographic separation was 

achieved on an Acquity UPLC BEH C18 column (100 × 2.1 mm; 1.7 μm; Waters) using a mobile phase 

consisting of water:acetonitrile (90:10, v:v, A) and acetonitrile:isopropanol (90:10, v:v, B), both containing 0.2% 

formic acid. The conditions of the mass spectrometer were set as following: resolution = 280,000, automatic 

gain control = 3×106, maximum injection time = 150 ms, sheath gas flow = 40 arbitrary units, auxiliary gas flow 

= 10 arbitrary units, spray voltage = 4.0 kV, capillary temperature = 350°C, auxiliary gas heater temperature = 

400°C. The quantitative analysis of derivatized iso-anchorene was carried out on HPLC-Q-Trap MS/MS. 

Chromatographic separation was achieved on an Acquity UPLC CSH C18 column (50 × 2.1 mm; 1.7 μm; Waters) 

using a mobile phase consisting of water:acetonitrile (95:5, v:v, A) and pure acetonitrile (B), both containing 0.2% 

formic acid. The conditions of the mass spectrometer were set as follows: curtain gas = 30, ion spray voltage = 5 A
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kV, temperature = 400 °C, ion source gas 1 = 30, ion source gas 2 = 40, declustering potential = 55, entrance 

potential = 10, collision energy = 25, collision cell exit potential = 10. For derivative iso-anchorene, Q1 mass 

(Da) = 635.5, Q3 mass (Da) = 239.2. For derivative D6-anchorene, Q1 mass (Da) = 641.5, Q3 mass (Da) = 

239.2.

RNA extraction and qRT-PCR analysis

For iso-anchorene treatment, about 20 5-day-old Col-0 seedlings were treated by acetone or 20 μM 

iso-anchorene for 6 hours. The seedlings were collected in Eppendorf tubes and immediately submerged in 

liquid nitrogen. Total RNA was extracted using Direct-zol RNA MiniPrep Plus (200 Preps) with Zymo-Spin 

(ZYMO research). Three Biological replicates were collected for each treatment. qRT PCR was performed in a 

StepOne™ Real-Time PCR Systems (Life Technologies). The thermal profile for qRT PCR was 95°C for 2 

minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 30 seconds. The primers used for qRT-PCR 

are listed in Table S1.
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Figures and legends

Figure 1. Effects of iso-anchorene (iso-AR) on Arabidopsis root development. (a) Proposed route 

for the formation of iso-AR (8,15-diapocarotene-8,15-dial) and anchorene (AR, 

12,12’-diapocarotene-12,12’-dial) from β-carotene as a representative of carotenoids. The 

structure shows C-atom numbering of carotenoids. (b, c) Representative seedlings showing the 

effects of different concentrations of iso-AR and AR on Arabidopsis root development. (d, e) 

Quantification of primary root length and anchor root (ANR) number (No.) of seedlings grown on 

different concentrations of iso-AR and AR. In d, n = 23–32 for each treatment; in e, n = 42–56 for 

each treatment. Data are presented as mean ± SD from one representative experiment. (f) 

Representative seedlings showing the effect of combining iso-AR and AR application on root 

development. (g, h) Quantification of primary root length and ANR No. of seedlings grown on 

combined application of 10 µM iso-AR with AR. In g, a violin plot showing all raw data points 

was used; different letters denote significant differences (one-way ANOVA with a Tukey 

multiple-comparison test, n=23-31, P < 0.05). In f, ANR No. are presented as the percentage of 

seedlings with zero, one, or two ANRs (n=45-56). Scale bars, 1 cm.

Figure 2. Effects of localized application of iso-anchorene (iso-AR) and anchorene (AR) on 

Arabidopsis root development. (a) A scheme describing local application of iso-AR and AR on 

Arabidopsis seedlings in vertical plates. Upper and lower media were used to treat shoots/collets 

and roots, respectively. Upper media and lower media were separated by a plastic block. (b) 

Representative seedlings showing the effect of local application of iso-AR and AR on Arabidopsis 

root development. Scale bar, 1 cm. The red arrows indicate anchor roots (ANRs). (c, d) 

Quantification of primary root length and ANR No. of seedlings grown upon local application of 

iso-AR and AR. In c, a violin plot showing all raw data points was used; sharing same letter 

denotes no significant difference (one-way ANOVA with a Tukey multiple-comparison test, n = A
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17–21, P < 0.05). In d, ANR No. are presented as the percentage of seedlings with zero, one, or 

two ANRs (n=27). Unless indicated, iso-AR and AR were applied at a 20 µM concentration. 

Figure 3. Iso-anchorene (iso-AR) inhibits cell division and cell elongation in primary roots. (a) 

Primary root meristematic cortex cell (MSC) number in 5-dps control, iso-AR-, and 

anchorene-treated (AR) seedlings. The images were taken by confocal microscope after PI 

staining. Arrows indicate the boundary between the cell-division and cell-elongation zones. (b) 

MSC number in 5-dps control, iso-AR- and AR-treated seedlings. Values are represented as mean 

± SD with all raw data points; different letters denote significant differences (one-way ANOVA 

with a Tukey multiple-comparison test, n = 12, P < 0.05). (c, d) Representative pictures and  

number of GUS-stained cells count shows the mitotic activities in the primary root of control and 

iso-AR-treated seedlings using the pCYCB1;1::GUS marker line. (e, f) Representative epidermal 

cells and the relative epidermal cell length at the boundary between the elongation and 

differentiation zones of the primary roots in control and iso-AR-treated seedlings. In e, “*” 

Indicates epidermal cells. In d and f, data are presented as mean ± SD, two-tailed Student’s t-test, 

** P < 0.01; in d, n = 5, 7 and in f, n = 7, 8 for control and iso-AR-treated seedlings, respectively. 

Scale bar in a and e, 25 µm, in c, 50 µm. 20 µM iso-AR and AR were used.

Figure 4. The effect of iso-anchorene (iso-AR) on gene expression of different hormone-related 

genes. (a–d) The effect of iso-AR on the expression of auxin-responsive genes, strigolactone (SL) 

responsive genes, abscisic acid (ABA) responsive genes and auxin biosynthesis genes. 5-dps 

Arabidopsis seedlings with or without 20 µM iso-AR treatment for 6 hours were used for 

qRT-PCR analysis. Relative gene expression levels were normalized to the reference gene and 

were re-adjusted to the expression levels in the control, which were set as 1. Average fold change 

± SE (n = 3). Two-tailed Student’s t-test, * P < 0.05, ** P < 0.01, *** P < 0.001.

Figure 5. Comparison of the effect of iso-anchorene (iso-AR) and anchorene (AR) on auxin 

distribution and the expression of PINs. (a) Confocal microscopy examination of the expression A
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pattern of pDR5rev::GFP in the root tips of control, iso-AR-, and AR-treated Arabidopsis 

seedlings. Relative GFP fluorescence intensity is shown in the right panel. (b-d) Confocal 

microscopy examination of the expression of pPIN1::PIN1-GFP, pPIN2::PIN2-GFP and 

pPIN3::PIN3-GFP in the root tips of control, iso-AR- and AR-treated Arabidopsis seedlings. (e) 

Relative intensities of GFP fluorescence in b-d. Data are presented as mean ± SD (n = 10-12 from 

two independent experiments). Two-tailed Student’s t-test, **P < 0.01. 5-dps seedlings were used 

for confocal microscope examination. (f) Effect of iso-AR on 35S::DII-VENUS marker line. 3-dps 

seedlings were transferred to the plates with or without iso-AR for 72 hours. Scale bar, 50 µm. 20 

µM iso-AR and AR were used.

Figure 6. Identification and quantification of iso-anchorene (iso-AR) in Arabidopsis root extracts. 

(a) LC-MS identification of endogenous iso-AR in Arabidopsis root extract. Extracted ion 

chromatograms (EICs) of iso-AR from Arabidopsis root extract (upper), anchorene (AR) standard 

(middle), and iso-AR standard (bottom). Peak III indicates endogenous iso-AR, Peaks II represent 

endogenous AR, and Peak I is an isomer of AR and iso-AR. (b) Endogenous iso-AR (Peak III) 

from Arabidopsis root extract and iso-AR standard displayed identical patterns of product ion 

spectra. (c) Quantification of endogenous AR content in control and NF-treated wild-type 

Arabidopsis seedlings. Two-tailed Student’s t-test, ***P < 0.001. 12-day-old seedlings were used 

for iso-AR identification and quantification. 
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