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Running Title: A novel plant ABA biosynthetic route 22 

Short Summary 23 

Using feeding experiments with labeled compounds and by analyzing physiological and 24 

transcriptional responses, we show that plants can synthesize ABA from -carotene or 25 

zeaxanthin cleavage products, i.e. C15 -apo-11-carotenoids, via a route circumventing the 26 

ABA1-mediated zeaxanthin epoxidation. Our findings explain ABA presence in Arabidopsis 27 

aba1 mutants and will open up new possibilities for fine-tuning of ABA content in crop plants.  28 
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Abstract 29 

Abscisic acid (ABA) is an important carotenoid-derived phytohormone that plays essential 30 

roles in plant response to biotic and abiotic stresses as well as in various physiological and 31 

developmental processes. In Arabidopsis, ABA biosynthesis starts with the epoxidation of 32 

zeaxanthin by the ABA DEFICIENT 1 (ABA1) enzyme, leading to epoxycarotenoids, e.g., 33 

violaxanthin. The oxidative cleavage of 9-cis-epoxycarotenoids, a key regulatory step 34 

catalyzed by 9-CIS-EPOXYCAROTENOID DIOXYGENASE, forms xanthoxin that is 35 

converted in further reactions mediated by ABA DEFICIENT 2 (ABA2), ABA DEFICIENT 3 36 

(ABA3), and ABSCISIC ALDEHYDE OXIDASE 3 (AAO3) into ABA. By combining genetic 37 

and biochemical approaches, we unravel here an ABA1-independent ABA biosynthetic 38 

pathway starting upstream of zeaxanthin. We identified the carotenoid cleavage products, 39 

i.e., apocarotenoids, -apo-11-carotenal, 9-cis--apo-11-carotenal, 3-OH--apo-11-40 

carotenal, and 9-cis-3-OH--apo-11-carotenal as intermediates of this ABA1-independent 41 

ABA biosynthetic pathway. Using labeled compounds, we showed that -apo-11-carotenal, 42 

9-cis--apo-11-carotenal, and 3-OH--apo-11-carotenal are successively converted into 9-43 

cis-3-OH--apo-11-carotenal, xanthoxin, and finally into ABA in both Arabidopsis and rice. 44 

When applied to Arabidopsis, these -apo-11-carotenoids exert ABA biological functions, 45 

such as maintaining seed dormancy and inducing the expression of ABA-responsive genes. 46 

Indeed, the transcriptomic analysis revealed a high overlap of differentially expressed genes 47 

regulated by -apo-11-carotenoids and ABA, but also suggested that these compounds exert 48 

ABA-independent regulatory activities. Taken together, our study identifies a biological 49 

function for the common plant metabolites -apo-11-carotenoids, extends our knowledge 50 

about ABA biosynthesis and provides new insights into plant apocarotenoid metabolic 51 

networks.  52 

Keywords: seed germination, apocarotenoids, ABA, ABA biosynthesis, ABA1, carotenoids, 53 

ultra-high performance liquid chromatography-mass spectrometry, Arabidopsis thaliana.  54 
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Introduction  55 

Carotenoids serve as accessory photosynthetic pigments and essential constituents of the 56 

photosynthetic apparatus in plants (Hashimot H, 2016; Moise et al., 2014). They are prone 57 

to be cleaved by reactive oxygen species (ROS) and/or by CAROTENOID CLEAVAGE 58 

DIOXYGENASE (CCD), resulting in a diverse family of important metabolites, 59 

apocarotenoids, that include precursors of the phytohormones abscisic acid (ABA; e.g., 60 

xanthoxin) and strigolactones (Alder et al., 2012; Baz et al., 2018; Jia et al., 2018; Schwartz 61 

et al., 1997; Giuliano et al., 2003; Nisar et al., 2015). In addition, recent findings show that 62 

apocarotenoids act as growth regulators, e.g., β-cyclocitral, anchorene, iso-anchorene, and 63 

zaxinone, and stress-related signaling molecules, e.g., β-cyclocitral and β-cyclocitric acid in 64 

plants (Ablazov et al., 2020; D'Alessandro et al., 2019; Dickinson et al., 2019; Jia et al., 2019; 65 

Jia et al., 2021; Ramel et al., 2012; Wang et al., 2019). ABA was firstly identified in the 1960s 66 

as a growth inhibitor that accumulates in abscising cotton fruits (Ohkuma et al., 1963). Since 67 

then, many biological functions of ABA have been discovered and investigated. ABA plays 68 

crucial roles in many aspects of a plant’s life, including the establishment of seed dormancy 69 

and the inhibition of seed germination (Shu et al., 2016; Wang et al., 2020b), regulating 70 

growth and development (Cui et al., 2016; Diretto et al., 2020; Finkelstein et al., 2002; Gao 71 

et al., 2016), stimulating stomatal closure and movement (Merilo et al., 2015), and response 72 

to biotic and abiotic stressors (Chen et al., 2020; Cutler et al., 2010; Nambara and Marion-73 

Poll, 2005; Felemban et al., 2019). In seed plants, seed dormancy is an important 74 

physiological process. It prevents seeds germination out of season and ensures plant survival 75 

under unsuitable conditions (Shu et al., 2016). 76 

ABA is a ubiquitous C15 isoprenoid. In plants, ABA biosynthesis has been well characterized 77 

using classical forward genetic screening approaches (Dong et al., 2015; Nambara and 78 

Marion-Poll, 2005), and a series of enzymatic steps have been determined in model plants, 79 

such as Nicotiana plumbaginifolia (Marin et al., 1996), Arabidopsis (Xiong et al., 2002), rice 80 

(Agrawal et al., 2001; Liu et al., 2020), maize (Tan et al., 1997) and tomato (Burbidge et al., 81 

1999). The pathway starts in plastids with the precursor carotenoid zeaxanthin which is firstly 82 

converted by ZEAXANTHIN EPOXIDASE (ZEP, also called ABA DEFICIENT 1, ABA1) 83 

through repeated epoxidation into violaxanthin (Bouvier et al., 1996; Koornneef et al., 1982; 84 

Marin et al., 1996) and then, in a less understood step involving ABA DEFICIENT 4 (ABA4) 85 

(North et al., 2007), into neoxanthin. Both violaxanthin and neoxanthin are then isomerized 86 

by an unknown isomerase(s) at C9-C10 (C9'-C10') double bond to produce 9-cis-violaxanthin 87 
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and 9'-cis-neoxanthin, respectively (Dong et al., 2015). These 9(')-cis-epoxycarotenoids are 88 

the substrate of 9-CIS-EPOXYCAROTENOID DIOXYGENASEs (NCEDs) that cleave them 89 

at C11-C12 (C11'-C12') double bond, giving rise to a C25 apocarotenoid and the ABA 90 

precursor xanthoxin (C15). This cleavage reaction is considered as the rate-limiting step in 91 

ABA biosynthesis (Dong et al., 2015; Qin and Zeevaart, 1999; Schwartz et al., 1997; Tan et 92 

al., 2003). Xanthoxin needs to be translocated from plastids to the cytoplasm, where it is 93 

successively transformed by ABA DEFICIENT 2 (ABA2), ABA DEFICIENT 3 (ABA3), and 94 

ABSCISIC ALDEHYDE OXIDASE 3 (AAO3) into ABA (Dong et al., 2015; Gonzalez-Guzman 95 

et al., 2002; Seo et al., 2000). ABA2 belongs to a cytosolic short-chain 96 

dehydrogenase/reductase that converts xanthoxin into abscisic aldehyde (Gonzalez-97 

Guzman et al., 2002). AAO3, an aldehyde oxidase, mediates the oxidation of abscisic 98 

aldehyde into ABA (Dong et al., 2015; Seo et al., 2000), while ABA3 is a molybdenum cofactor 99 

sulfurase which provides the molybdenum cofactor required for the enzymatic activity of 100 

AAO3 (Xiong et al., 2001). 101 

In Arabidopsis, ABA1 and ABA2 are encoded by single copy genes (Endo et al., 2014). Hence, 102 

disruption of one of these genes should lead to ABA-free plants and might be lethal. However, 103 

several aba1 Arabidopsis mutant alleles were shown to be viable and can produce a 104 

considerable number of seeds (50-200 seeds per plant) (Barrero et al., 2005). In addition, 105 

Arabidopsis aba2-11 null mutant allele still contains ∼20-25% of the ABA content of the wild 106 

type (Gonzalez-Guzman et al., 2002). Furthermore, double mutants obtained from crosses 107 

of aba1, aba2, and aba3 mutants did not show a synergistic effect in the severity of their 108 

phenotype (Barrero et al., 2005). Taken together, these data suggest the presence of 109 

alternative ABA biosynthetic pathways in plants, which act redundantly with the classical ABA 110 

biosynthetic pathway (Barrero et al., 2005). 111 

Recently, we showed that the apocarotenoid zaxinone (C18, 3-OH--apo-13-carotenone) is a 112 

growth regulator and that other apo-13-carotenoids have a similar biological activity in 113 

determining strigolactone content (Wang et al., 2020a). In this work, we set out to identify 114 

apocarotenoids that may be involved in regulating seed germination in Arabidopsis. 115 

Corresponding assays revealed that -apo-11-carotenals and 3-OH--apo-11-carotenals, to 116 

which we refer in this paper as -apo-11-carotenoids (C15), exert ABA-like biological activities 117 

in inhibiting seed germination and altering Arabidopsis transcriptome. Using different aba 118 

mutants, feeding experiments and ultra-high performance liquid chromatography-mass 119 
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spectrometry (UHPLC-MS), we identified an alternative ABA biosynthetic pathway in 120 

Arabidopsis and rice, which circumvents the zeaxanthin epoxidation step catalyzed by ABA1, 121 

and merges with the classical pathway at the level of xanthoxin. Our results explain the 122 

presence of ABA in aba1 mutants and provide new insights in apocarotenoid metabolism and 123 

functions. 124 

Results 125 

-Apo-11-carotenoids (C15) inhibit Arabidopsis seed germination through the ABA 126 

biosynthesis pathway 127 

To identify apocarotenoids that affect Arabidopsis seed germination, we screened 17 custom-128 

synthesized apocarotenoids with chain lengths from C10 to C30, which are structurally derived 129 

from -carotene or zeaxanthin (Supplemental Figure 1A). Among these apocarotenoids, -130 

apo-11-carotenal (C15, all-trans form) and its hydroxylated derivative 3-OH--apo-11-131 

carotenal (C15, all-trans form) displayed a strong inhibitory effect on Arabidopsis seed 132 

germination (Supplemental Figure 1B). Taking into consideration the structural similarity with 133 

xanthoxin (Figure 1A), we hypothesized that the seed germination inhibitory activity of -apo-134 

11- and 3-OH--apo-11-carotenal may be dependent on ABA biosynthesis and/or signal 135 

transduction. To test this hypothesis, we applied -apo-11- and 3-OH--apo-11-carotenal 136 

(both at a 25 µM concentration) to seeds of Arabidopsis Col-0 wild type and aba2-1 and 137 

pyr1pyl124 mutants involved in ABA biosynthesis and signaling, respectively. Treatment with 138 

both -apo-11-carotenoids significantly inhibited wild type seed germination, but not that of 139 

aba2-1 and pyr1pyl124 mutants (Supplemental Figure 2), suggesting that the inhibitory effect 140 

of both C15 -apo-11-carotenoids depends on downstream steps of ABA biosynthesis and on 141 

the ABA signaling pathway. Moreover, these results indicate that these two -apo-11-142 

carotenoids may be transformed in Arabidopsis seeds into ABA via ABA2. Taking into 143 

consideration the cis/trans-isomeric state of xanthoxin/ABA and all-trans--apo-11- and -3-144 

OH--apo-11-carotenal, it can be assumed that the conversion of the latter two compounds 145 

into ABA likely requires an isomerization into their 9-cis-counterparts. To test this assumption 146 

and explore the role of other ABA biosynthetic enzymes in -apo-11-carotenoids metabolism, 147 

we applied the 9-cis- and all-trans-isomers of -apo-11- and 3-OH--apo-11-carotenal at a 148 

concentration of 25 µM to seeds of Arabidopsis wild type, the three ABA biosynthetic mutants  149 

aba1-6, aba2-1, and aba3-1, and the two ABA signaling mutants abi1-1 and pyr1pyl124, 150 

using ABA as a control (Figure 1 and Supplemental Figure 3). As expected, the germination 151 
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rates of all untreated Arabidopsis genotypes were close to 100 %, while exogenous 152 

application of ABA (1 M) almost completely inhibited the germination of all Arabidopsis 153 

genotypes, with exception of the ABA signaling mutants abi1-1 (Supplemental Figure 3) and 154 

pyr1pyl124 (Figure 1C and 1D). Treatment with the four -apo-11-carotenoids inhibited 155 

germination only of wild type and aba 1-6 mutant seeds (Figure 1C and 1D and Supplemental 156 

Figure 3). We observed the highest inhibition activity with -apo-11-carotenal and 9-cis-3-157 

OH--apo-11-carotenal, while 3-OH--apo-11-carotenal and 9-cis--apo-11-carotenal only 158 

partially inhibited seed germination of wild type and aba1-6 mutant (Figure 1C and 1D). These 159 

results suggest that four -apo-11-carotenoids (C15) inhibit Arabidopsis seed germination 160 

similarly depending on the biosynthetic enzymes ABA2, ABA3, and ABA signaling pathway, 161 

but independent of ABA1.  162 

-Apo-11-carotenoids (C15) induce the expression of ABA-responsive genes through 163 

an ABA1-independent ABA biosynthetic pathway  164 

To confirm that the -apo-11-carotenoids (C15) feed ABA biosynthesis in an ABA1-165 

independent manner, we examined the effect of the four -apo-11-carotenoids (C15) on the 166 

gene expression of two ABA-responsive genes RESPONSE-TO-DEHYDRATION 29A 167 

(RD29A) and RESPONSIVE TO ABA 18 (RAB18) in Arabidopsis Col-0, aba1-6, aba2-1, and 168 

aba3-1 seedlings. All the four -apo-11-carotenoids (C15) significantly induced the expression 169 

of RD29A and RAB18 in Col-0 and aba1-6 mutant, with 9-cis-3-OH-- and 3-OH--apo-11-170 

carotenal displaying the highest and lowest induction, respectively (Figure 2A). The induction 171 

of RD29A and RAB18 gene expression upon application of the four apocarotenoids showed 172 

a similar pattern in Col-0 and the aba1-6 mutant. In contrast, we observed no or only a slight 173 

induction of RD29A and RAB18 gene expression in the aba2-1 and aba3-1 mutants (Figure 174 

2A). These results confirm that the application of all the four -apo-11-carotenoids (C15) 175 

provoke ABA response depending on ABA2 and ABA3, but independent of ABA1. 176 

We also examined the effect of the four -apo-11-carotenoids (C15) on a commonly used ABA 177 

marker line, pMKKK18::GUS (Mitula et al., 2015). In this assay, we preferred to use relatively 178 

low concentration of ABA and applied 5 µM of this hormone, which is significantly lower than 179 

the concentration of 100 µM used by Mitula et al., 2015. We also preferred to keep the 180 

concentration of β-apo-11-carotenoids at relatively low level (50 µM, which means 10 fold of 181 

ABA instead of 25 as in the germination assay), to avoid possible side effects or toxicity. ABA 182 

treatment strongly induced the GUS signal in the pMKKK18::GUS marker line (Figure 2B). 183 
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Similarly, all the four C15 apo-11-carotenoid-treated seedlings displayed stronger GUS 184 

signals in primary roots compared to the mock group. Notably, 9-cis-3-OH--apo-11-185 

carotenal-treated seedlings showed a stronger GUS signal compared to the seedlings 186 

exposed to the other three C15 apo-11-carotenoids (Figure 2B). Together with the RD29A 187 

and RAB18 expression data, these results suggest that 9-cis-3-OH--apo-11-carotenal might 188 

provoke a stronger ABA response, compared to the other three C15 apo-11-carotenoids. 189 

Although ABA and the four C15 apo-11-carotenoids all induced strong GUS signals (in 190 

pMKKK18::GUS) in primary roots, ABA seems more active at the root maturation zone while 191 

-apo-11-carotenoids (C15) seem more active at root tips.  192 

-Apo-11-carotenoids (C15) are converted into ABA in Arabidopsis 193 

The results shown in Figure 1 and Figure 2 indicate that the C15 apo-11-carotenoids tested 194 

here are ABA precursors. To confirm this assumption, we synthesized D3-labeled -apo-11-, 195 

13C-labeled 9-cis--apo-11-, and D6-labeled 3-OH--apo-11-carotenal, and carried out 196 

feeding experiments using Arabidopsis seedlings. After six hours, we investigated the level 197 

of ABA by using UHPLC-MS. And we detected the endogenous ABA in all samples. In 198 

addition, we detected D3-labeled, 13C-labeled, and D5-labeled ABA (associated m/z of 199 

266.14803, 264.13251, and 268.16058) in D3-labeled -apo-11-, 13C-labeled 9-cis--apo-11-, 200 

and D6-labeled 3-OH--apo-11-carotenal-fed samples, respectively (Figure 3A and 3B and 201 

Supplemental Figure 4). These results indicate that the bioconversion of the isotope-labeled 202 

-apo-11-carotenoids (C15) into the isotope-labeled ABA is taking place in planta. Based on 203 

high-resolution MS and MS/MS data and matching with authentic standards, we also 204 

detected isotope-labeled intermediates, i.e., 9-cis-3-OH--apo-11-carotenal and xanthoxin, 205 

which arise during the bioconversion of the isotope-labeled -apo-11-carotenoids (C15) to the 206 

isotope-labeled ABA (Figure 3A and 3B and Supplemental Figures 5 and 6). These data 207 

confirm the presence of a novel metabolic route that leads from all-trans--apo-11-/9-cis--208 

apo-11-/all-trans-3-OH--apo-11-carotenal to ABA through the intermediates 9-cis-3-OH--209 

apo-11-carotenal and xanthoxin in Arabidopsis.  210 

To examine the involvement of ABA1 and ABA2 in the transformation of -apo-11-211 

carotenoids (C15) into ABA in planta, we quantified the content of D3-ABA in D3--apo-11-212 

carotenal-fed Col-0, aba1-6, and aba2-1 Arabidopsis seedlings by using UHPLC-MS. 213 

Interestingly, D3-ABA content in D3--apo-11-carotenal-fed aba2-1 seedlings was around 60% 214 
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lower than that in Col-0 (Figure 3C). This goes in line with the previous results showing that 215 

ABA2 is involved in the conversion of -apo-11-carotenoids (C15) into ABA. In contrast, the 216 

level of D3-ABA in D3--apo-11-carotenal-fed aba1-6 seedlings was significantly higher than 217 

that in the corresponding Col-0 samples (P < 0.0001; Figure 3C), confirming that this 218 

alternative ABA biosynthesis route does not require ABA1 (ZEAXANTHIN EPOXIDASE). To 219 

further check the effect of the C15 -apo-11-carotenoids on adult plants and get insights into 220 

the biological role of their conversion into ABA, we applied -apo-11-carotenal on Col-0, 221 

aba1-6, and aba2-1 plants for three weeks. As shown in Supplemental Figure 7, both -apo-222 

11-carotenal and ABA partially restored the growth retarded phenotype of aba1-6 and aba2-223 

1, with a more pronounced effect on aba1-6. This result indicates that C15 -apo-11-224 

carotenoids mimic the effect of ABA and might be involved in ABA-dependent developmental 225 

processes in adult plants.  226 

It was previously reported that BETA-CAROTENE HYDROXYLASE 1 (CHY1), BETA-227 

CAROTENE HYDROXYLASE 2 (CHY2), and LUTEIN DEFICIENT 5 (LUT5) encode -228 

carotene hydroxylases in Arabidopsis (Fiore et al., 2006; Fiore et al., 2012; Kim and 229 

DellaPenna, 2006). Therefore, we tested whether these three hydroxylases are required for 230 

the hydroxylation of -apo-11-carotenal and 9-cis--apo-11-carotenal. We examined the 231 

germination rate of wild type, chy1chy2, lut5, and chy1chy2lut5 in the presence of -apo-11-232 

carotenal (25 µM). However, we observed that -apo-11-carotenal inhibited seed germination 233 

in these mutants as in the wild type Col-0 (Supplemental Figure 8). This result suggests that 234 

the three -carotene hydroxylases are likely not required for the hydroxylation of -apo-11-235 

carotenal. 236 

Quantification of ABA and -apo-11-carotenoids (C15) in Arabidopsis 237 

To quantify the contribution of known ABA biosynthetic genes to ABA content and the 238 

metabolism of endogenous -apo-11-carotenoids (C15) in Arabidopsis, we measured 239 

endogenous ABA and C15 -apo-11-carotenoids content in seedlings of Arabidopsis wild type 240 

(Col-0 and Ler) and the ABA biosynthetic mutants aba1 (five different alleles), aba2, and 241 

aba3 by UHPLC-MS. As shown in Figure 4, all investigated ABA-deficient mutant lines, 242 

including the five aba1 lines, still contained significant amounts of ABA, which ranges from 243 

10 - 30% of that in the wild type control. With respect to -apo-11-carotenoids, we detected 244 

lower levels of -apo-11-carotenal in several aba1 mutant lines and the aba2 mutant, while 245 
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the levels of 3-OH--apo-11-carotenal and 9-cis-3-OH--apo-11-carotenal in all aba1 mutant 246 

alleles were 50 - 100 % higher than that in the wild type and aba2 mutant (Figure 4). We also 247 

profiled other apocarotenoids in wild type and ABA biosynthesis mutant lines. The 248 

quantitative results showed that aba1 and aba2 lines have a lower level of apocarotenoids 249 

(except -cyclocitral) compared to wild type and aba3 mutant (Supplemental Figure 9), while 250 

aba1 and aba3 lines produce more hydroxy-apocarotenoids than wild type and aba2 251 

(Supplemental Figure 10). 252 

To check whether the conversion of C15 -apo-11-carotenoids into ABA may play a role in 253 

the Arabidopsis response to abiotic stress, we quantified the levels of the four C15 -apo-11-254 

carotenoids and ABA in Col-0, aba1-6, and aba2-1 plants under normal conditions and upon 255 

exposure to salt stress. As shown in Supplemental Figure 11, the contents of the four C15 -256 

apo-11-carotenoids increased significantly upon salt stress, which was accompanied by an 257 

elevation of ABA content. This result indicates that the ABA1-independent ABA biosynthetic 258 

route may contribute to ABA formation under salt stress condition and to the response of 259 

plants to abiotic stress.  260 

Transcriptomic analysis of Arabidopsis plants treated with -apo-11-carotenoids (C15)  261 

To obtain further insight into the effect of -apo-11-carotenoids (C15) on the transcriptome 262 

level, we performed RNA sequencing (RNA-seq) experiment on one-week-old Arabidopsis 263 

seedlings treated with mock solution (equal volume of acetone), ABA (2.5 µM), -apo-11- (50 264 

µM), 9-cis--apo-11- (50 µM) and 3-OH--apo-11-carotenal (50 µM) for two or six hours. 265 

Results of differentially expressed genes (DEGs; P-value <0.05, fold change >1.5 or <0.67) 266 

between mock and the treatment groups in the two-hour treatment, showed upregulation of 267 

1110, 1263, 2015, and 698, and downregulation of  811, 679, 1168, and 497 genes by ABA, 268 

-apo-11-, 9-cis--apo-11- and 3-OH--apo-11-carotenal, respectively (Supplemental Figure 269 

12 and Supplemental Data). Compared to the two-hour treatment, the number of DEGs 270 

regulated by ABA and -apo-11-carotenoids (C15) increased in the six-hour treatment 271 

(Supplemental Figure 12 and Supplemental Data).  272 

The comparison between DEGs in different treatment groups unraveled a large number of 273 

genes regulated by both: -apo-11-carotenoids (C15) and ABA (Figure 5A and Supplemental 274 

Figure 13A). In the two-hour treatment results (Figure 5A), around 72% (862 of the 1195) of 275 

genes regulated by 3-OH--apo-11-carotenal are also controlled by ABA and make up ~45 % 276 
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of ABA-regulated genes. A similar pattern was observed for genes regulated by -apo-11-277 

carotenal (~50 %) and 9-cis--apo-11-carotenal (~34 %), which overlapped with more than 278 

50% of ABA-regulated genes. To compare the expression of genes regulated by ABA and -279 

apo-11-carotenoids (C15), we performed a simple linear regression and Pearson correlation 280 

analyses of fold changes of the overlapping DEGs using GraphPad Prism 8 software. The 281 

high coefficient of determination of the linear regression model (R2: 0.6-0.9), as well as 282 

Pearson correlation coefficient r values (0.79-0.95), indicate a significant correlation between 283 

genes regulated by ABA and the apocarotenoids -apo-11-, 9-cis--apo-11- and 3-OH--284 

apo-11-carotenal (Figure 5A). In addition, ~90 % of -apo-11-carotenal regulated genes 285 

overlapped with those of 9-cis--apo-11-carotenal (Figure 5A), suggesting that most likely 286 

these two compounds are interconverted in planta. The six hours transcriptomic profiling of 287 

ABA and the three C15 apo-11-carotenoids showed a similar pattern with that of the two hours 288 

profiling (Supplemental Figure 13A). 289 

We performed functional classification of the overlapping DEGs in -apo-11-carotenoids (C15) 290 

treatments relative to mock using the GeneCodis 4.0 (Supplemental Tables 1-4 and 291 

Supplemental Data) (Carmona-Saez et al., 2007; Nogales-Cadenas et al., 2009). Among 292 

overlapping up-regulated DEGs identified after two hours of treatment (Supplemental Tables 293 

1 and 2 and Supplemental Data), the top 10 enriched GO terms of biological processes 294 

indicated that 49 genes were significantly associated with “response to abscisic acid 295 

(GO:0009737)”. And the majority of these terms referred to physiological processes regulated 296 

by ABA, such as “response to water deprivation (GO:0009414)” and “response to salt stress 297 

(GO:0009651)”. Thus, these results suggest a bioconversion of -apo-11-carotenoids (C15) 298 

into ABA in planta.  299 

To further explore the candidate genes regulating the oxidation of C15 -apo-11-carotenoids, 300 

which leads to the ABA precursor xanthoxin, we analyzed the molecular function GO term for 301 

genes specifically regulated by all three C15 -apo-11-carotenoids but not by ABA (Figure 5B 302 

and Supplemental Figure 13B and Supplemental Data). The top 10 molecular functions for 303 

up-and down-regulated genes were investigated. Among the up-regulated genes upon two 304 

hours treatment, the categories “molecular function (GO:0003674)”, “transferase activity 305 

(GO:0016740)” and “oxidoreductase activity (GO:0016491)” were overrepresented (Figure 306 

5B), which suggests that these C15 -apo-11-carotenoids exert ABA-independent regulatory 307 

activities. Up-regulated genes implicated in oxidoreductase activity may be important 308 
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candidates for the oxidation of -apo-11-carotenoids (C15) into xanthoxin, such as 309 

cytochrome P450 (AT1G64940, AT1G64930, AT1G64950, AT3G48310, AT3G14620, and 310 

AT5G63450), FAD/NAD(P)-binding (-linked) oxidoreductase family protein (AT5G22140, 311 

AT3G44190, AT4G15765, and AT1G60730), 2-oxoglutarate (2OG) and Fe(II)-dependent 312 

oxygenase superfamily protein (AT1G14130, AT5G05600, and AT3G49620) (Supplemental 313 

Table 5). By contrast, highly enriched molecular function terms of down-regulated genes 314 

included “DNA-binding transcription factor activity”, “cellulose synthase (UDP-forming) 315 

activity”, and “peroxidase activity” (Figure 5B).  316 

The bioconversion of -apo-11-carotenoids (C15) to ABA is conserved in rice 317 

To investigate whether the proposed reaction sequence leading from -apo-11-carotenoids 318 

(C15) to ABA is conserved in other plant species, we tested the effect of exogenous 319 

application of -apo-11-carotenoids (C15) on rice seed germination. As we anticipated, -apo-320 

11-carotenoids (C15) delayed the rice seed germination and significantly reduced the radicle 321 

length of rice seedlings (P < 0.01; Figure 6A). Especially, 9-cis--apo-11-carotenal (75 M) 322 

exhibited an inhibitory effect on radicle growth comparable to that of ABA (2.5 M; Figure 6A). 323 

Moreover, we identified the stable isotope-labeled ABA and its intermediates in rice shoot 324 

and root tissues after six-hour treatment with the stable isotope-labeled C15 -apo-11-325 

carotenoids (Figure 6B and Supplemental Figures 14-19). These results suggest that 326 

bioconversion of -apo-11-carotenoids (C15) into ABA is conserved in rice.  327 

Discussion 328 

ABA plays an important role in several biological processes including seed development and 329 

dormancy, germination, vegetative growth, modulation of root architecture, leaf senescence, 330 

stomata regulation, and the response to various biotic and abiotic stresses (Chen et al., 2020; 331 

Cui et al., 2016; Finkelstein et al., 2002; Gao et al., 2016; Merilo et al., 2015; Miao et al., 2021; 332 

Nambara and Marion-Poll, 2005; Shu et al., 2016; Wang et al., 2020b). In the classical plant 333 

ABA biosynthesis pathway, -carotene is hydroxylated into zeaxanthin by NON-HEME 334 

DIIRON OXIDASE (HYD) or CYP97A (Kim and DellaPenna, 2006; Sun et al., 1996). Then, 335 

ZEP (ABA1) catalyzes the epoxidation of zeaxanthin to produce violaxanthin, which can be 336 

further converted into neoxanthin by NEOXANTHIN SYNTHASE (NSY) (Bouvier et al., 1996; 337 

Koornneef et al., 1982; Marin et al., 1996; North et al., 2007). Following conversion into the 338 

corresponding 9-cis/9'-cis-isomer, violaxanthin and neoxanthin are cleaved by NCEDs 339 

yielding a C15 intermediate (xanthoxin) in plastids (Dong et al., 2015; Qin and Zeevaart, 1999; 340 
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Schwartz et al., 1997; Tan et al., 2003). Finally, xanthoxin is converted by ABA2 into abscisic 341 

aldehyde, which is oxidated into ABA by AAO3 in the presence of a molybdenum cofactor 342 

provided by ABA3 in the cytoplasm (Moreno et al., 2021). 343 

Besides this indirect route, there is a direct ABA biosynthetic pathway present in 344 

phytopathogenic fungi such as Botrytis cinerea and Cercospora cruenta, which starts in the 345 

cytoplasm with farnesyl diphosphate (Endo et al., 2014). In lower plants, including many 346 

eukaryotic algae, and some cyanobacteria species producing ABA, the ABA biosynthesis 347 

pathway is not yet fully understood. Cyanobacteria as well as some rhodophyta algae species 348 

do not contain (not-detected) the epoxycarotenoids violaxanthin and neoxanthin, which are 349 

key precursors required for ABA biosynthesis and formed by ZEAXANTHIN EPOXIDASE 350 

(ABA1 in Arabidopsis) (Takaichi et al., 2009; Takaichi, 2011). Thus, it seems likely that an 351 

alternative ABA biosynthesis pathway is present in lower plants (Hartung, 2010), which might 352 

be still present in higher plants. Here, we provide experimental evidence for the presence of 353 

an alternative, ABA1-independent ABA biosynthesis pathway. Previous studies also indicate 354 

the presence of additional, minor ABA biosynthetic routes downstream of xanthoxin (Endo et 355 

al., 2014), including an ABA2-independent conversion via xanthoxic acid (Sindhu and Walton, 356 

1988). Consistently, our study shows that exgonousely applied -apo-11-carotenal can be 357 

still converted, although at lower ratio, into ABA in aba2-1 mutant (Figure 3C). The other route, 358 

known as  shunt pathway in tomato, proceeds via abscisic alcohol that originates from 359 

abscisic aldehyde and is converted into ABA (Taylor et al., 1988; Rock et al., 1991). Taken 360 

together, it can be assumed that plant ABA biosynthesis is quite complex does not occur 361 

through a linear path from the 9-cis-epoxycarotenoids down to the final product ABA. Hence, 362 

there is still a need for further investigation of ABA anabolism, which will expand our 363 

knowledge about the biology of this important hormone and may open up new possibilities 364 

for agricultural applications.  365 

The proposed ABA pathway starts with the oxidative cleavage of -carotene and/or 366 

zeaxanthin (lutein) yielding -apo-11- and/or 3-OH--apo-11-carotenal (Figure 7). Our results 367 

showing residual accumulation of ABA in different ABA biosynthetic mutants (aba1-6, aba1-368 

101, aba1-103, aba1-104, aba2-1, and aba3-1) from different Arabidopsis backgrounds (Col-369 

0 and Ler) support the existence of an alternative ABA biosynthesis pathway in Arabidopsis 370 

(Figure 4). Germination assays on seeds treated with the four C15 -apo-11-carotenoids 371 

revealed a similar ABA-inhibitory effect on seed germination in Arabidopsis Col-0 and aba1-372 
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6 mutant seeds. However, no effect was observed in other downstream ABA biosynthetic 373 

(aba2-1 and aba3-1) or signaling (pyr1pyl124 and abi1-1) mutants (Figure 1C and D and 374 

Supplemental Figures 1-3). Thus, suggesting ABA1 (ZEP) is dispensable in the proposed 375 

pathway. In line with this evidence, expression of ABA-responsive genes (RD29A and RAB18) 376 

was induced only in Col-0 and aba1-6 mutant (Figure 2A), suggesting the possibility of 377 

functional redundancy or bioconversion of the C15 -apo-11-carotenoids into ABA in planta. 378 

Consistently, exogenous application of the four -apo-11-carotenoids on Arabidopsis roots 379 

(pMKKK18::GUS, ABA marker line) significantly induced GUS expression, similar as ABA 380 

(Figure 2B). However, -apo-11-carotenoids seem more active in root tips, in comparison to 381 

ABA. The differences between ABA and the four -apo-11-carotenoids in their activity in this 382 

tissue may be due to differences in their hydrophobicity, charge or efficacy of absorbance. It 383 

is also reasonable to speculate that the four apocarotenoids may be converted into further 384 

metabolites, different from ABA. Generally, our bio-assays indicate that 9-cis-3-OH--apo-385 

11-carotenal is the most efficient compound in exerting ABA-activity, among the four C15 -386 

apo-11-carotenoids investigated here. This conclusion is in line with the assumption that the 387 

three other -apo-11-carotenoids need to be first converted into 9-cis-3-OH--apo-11-388 

carotenal that acts as immediate precursor of xanthoxin in this alternative ABA biosynthetic 389 

route (see our model in Figure 7).  390 

To confirm the conversion of -apo-11-carotenoids in Arabidopsis, we performed stable 391 

isotope tracer experiments. Biosynthesis of D3-ABA, 13C-ABA, and D5-ABA (and 392 

intermediates) in Arabidopsis plants fed with labeled C15 -apo-11-carotenoids (D3-labeled -393 

apo-11-, 13C-labeled 9-cis--apo-11-, and D6-labeled 3-OH--apo-11-carotenal; Figure 3A 394 

and B) proved that C15 -apo-11-carotenoids are transformed into ABA in planta. This is 395 

further supported by the enhanced D3-ABA content (compared to the wild type) measured in 396 

the D3-β-apo-11-carotenal-fed aba1-6 mutant (Figure 3C). The fact that C15 -apo-11-397 

carotenoids are precursors of ABA is in line with the enhanced 3-OH-β-apo-11-carotenal and 398 

9-cis-3-OH-β-apo-11-carotenal accumulation in the different aba1 mutant alleles (Figure 4). 399 

In addition to these feeding experiments, the high number of DEGs overlapping between ABA 400 

and C15 -apo-11-carotenoids treatments shows that C15 -apo-11-carotenoids can regulate 401 

ABA-related biological processes (Figure 5 and Supplemental Figure 13), indirectly reflecting 402 

that -carotene- and zeaxanthin-derived C15 -apo-11-carotenoids are novel ABA precursors. 403 

Taken together, these lines of evidence strongly support that C15 -apo-11-carotenoids are 404 
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ABA precursors in Arabidopsis. In order to prove that this alternative ABA pathway is 405 

conserved in higher plants, we also demonstrate the inhibitory effect of the four C15 -apo-406 

11-carotenoids on rice seed germination and radicle growth (Figure 6A), as well as the 407 

conversion of ABA from C15 -apo-11-carotenoids through stable isotope tracer experiments 408 

(Figure 6B). 409 

C15 -apo-11-carotenoids are universally present in plants (Mi et al., 2018; Mi et al., 2019), 410 

however, their synthesis is not fully understood. Due to their electron-rich, conjugated double 411 

bond system, carotenoids are susceptible to oxidation yielding diverse oxidative cleavage 412 

products (apocarotenoids), which is initiated by enzymatic (e.g., NCEDs) or non-enzymatic 413 

catalysis (e.g., ROS) (Bando et al., 2004; Fiedor et al., 2001; Stratton et al., 1993; Yamauchi 414 

et al., 1998). Non-specific, ROS-induced cleavage of carotenoids can be linked to abiotic 415 

stress conditions, such as increased salinity or exposure to high light, which significantly 416 

increase ROS formation. Here, we show that the levels of the four C15 -apo-11-carotenoids, 417 

along with ABA, were significantly enhanced upon salt stress treatment of Arabidopsis wild-418 

type and even the ABA-deficient aba1 and aba2 mutants (Supplemental Figure 11). This 419 

result indicates that the conversion of C15 -apo-11-carotenoids into ABA may contribute to 420 

the increase in the level of this hormone under abiotic stress conditions and, hence, to the 421 

response of plants to abiotic stress. Yet, we assume that the classical NCED regulated ABA 422 

biosynthetic pathway, which originates from 9-cis-epoxycarotenoids and is induced under 423 

abiotic stress, is the major route for ABA formation. However, it was shown that the maize 424 

VP14, an NCED and the first identified carotenoid cleavage enzyme, can also contribute to 425 

the formation of 9-cis-3-OH-β-apo-11-carotenal by cleaving 9-cis-zeaxanthin and may be 9’-426 

cis-lutein, as can be deduced from the in vitro activity of this enzyme (Schwartz, et al.,1997; 427 

Schwartz et al., 2003). Hence, it can be speculated that the C15 -apo-11-carotenoids-based 428 

ABA biosynthesis route can be also “partially” regulated by NCEDs and the substrate 429 

availability. In addition, our results indicate the hydroxylation and/or isomerization of -apo-430 

11-, 9-cis--apo-11-, and3-OH--apo-11-carotenal into 9-cis-3-OH--apo-11-carotenal and 431 

the epoxidation of the latter into xanthoxin, which are supposedly catalyzed by isomerase(s) 432 

and hydroxylase(s), isomerase(s) and an enzyme with epoxidase activity (Figure 3 and 433 

Figure 7). CHY1, CHY2 and LUT5 encode three enzymes catalyzing the hydroxylation of the 434 

-ring in carotenoids (Fiore et al., 2006; Kim and DellaPenna, 2006). However, these 435 

hydroxylases seem not to be involved in the hydroxylation of -apo-11-carotenal and 9-cis-436 
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-apo-11-carotenal, because C15 -apo-11-carotenoids inhibited the seed germination of 437 

chy1chy2lut5, similar to that of Col-0 (Supplemental Figure 8). Transcriptome analysis of 438 

plants treated with ABA and the four C15 -apo-11-carotenoids revealed 88 genes with 439 

functions related to oxidoreductase and monooxygenase activities (CYP450 and/or 440 

monooxygenase(s); Figure 5 and Supplemental Figure 13 and Supplemental Table 5). It 441 

could be speculated that the genes involved in the conversion of C15 -apo-11-carotenoids 442 

are among these 88 genes. In addition, the top 10 molecular functions analysis for up-and 443 

down-regulated genes by C15 -apo-11-carotenoids, showed that the categories “molecular 444 

function”, “transferase activity” and “oxidoreductase activity”, “DNA-binding transcription 445 

factor activity”, “cellulose synthase (UDP-forming) activity”, and “peroxidase activity” were 446 

overrepresented (Figure 5B), which suggests that these C15 -apo-11-carotenoids exert ABA-447 

independent regulatory activities. The identification of enzymes involved in the formation of 448 

-apo-11-carotenoids and their conversions will likely uncover further regulatory steps in ABA 449 

biosynthesis and might enable fine-tuning of ABA content. 450 

In conclusion, we identified an alternative ABA biosynthetic pathway, which circumvents the 451 

ZEP (ABA1) and, likely, carotene hydroxylase activity and that appears to be conserved in 452 

higher plants (monocots and dicots). Taking into consideration that carotenoids are 453 

continuously subjected to non-enzymatic cleavage processes, it can be speculated that this 454 

pathway is responsible for a basal level of ABA and may represent an ancient route for ABA 455 

formation. The discovery of this route not only provides new insights into ABA metabolism 456 

but also serves as starting point for characterizing the enzymes involved in the hydroxylation, 457 

isomerization, and oxidation of the C15 -apo-11-carotenoids involved in this pathway. 458 

Identifying corresponding genes will unravel the biological significance of this route. One of 459 

the main goals of studying ABA biosynthesis in plants is to utilize the generated knowledge 460 

to develop crops with improved tolerance to abiotic stresses. Molecular manipulation of ABA 461 

synthesis has been done in different crop plants for improved stress tolerance. For instance, 462 

transgenic crops overexpressing NCED exhibited improved drought tolerance (Aswath et al., 463 

2005; Bao et al., 2016; Estrada-Melo et al., 2015; Qin and Zeevaart, 2002; Thompson et al., 464 

2000; Zhang et al., 2008; Zhang et al., 2009). In order to combat various environmental 465 

stresses, ABA engineering could be a method of choice to improve productivity (Sah et al., 466 

2016). Future work involving bioengineering strategies for the manipulation of key enzymes 467 

in this alternative ABA pathway might be used to enhance ABA content, and therefore, stress 468 

tolerance in plants.   469 
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Materials and Methods 470 

Chemicals 471 

Labelled -apo-11-carotenoids (D3--apo-11-carotenal, 13C-9-cis--apo-11-carotenal, and 472 

D6-3-OH--apo-11-carotenal) and -apo-11-carotenoids (-apo-11-carotenal, 9-cis--apo-473 

11-carotenal, 3-OH--apo-11-carotenal) were synthesized by Buchem (Netherlands). (R)-9-474 

cis-3-OH--apo-11-carotenal was synthesized as follows (Supplemental Scheme 1). Other 475 

all-trans apocarotenoids and deuterium-labeled apocarotenoid standards were obtained from 476 

Buchem (Netherlands). ABA and D6-ABA were purchased from OlchemIm Ltd., Olomouc 477 

(Czech Republic). LC-MS grade methanol, acetonitrile, 2-propanol, formic acid, acetic acid, 478 

and butylated hydroxytoluene (BHT, purity ≥ 99 %) were purchased from Sigma-Aldrich 479 

(Germany). LC-MS grade water and HPLC grade acetone were purchased from VWR (USA). 480 

All chemicals were dissolved in acetone to make 10-50 mM stock solutions for use. 481 

Plant materials and growth conditions 482 

Seeds of A. thaliana accession Columbia (Col-0, CS1092) and Landsberg erecta (Ler, CS20) 483 

were used as wild types in this study. aba1-6 (CS3772) (Barrero et al., 2005), aba1-101 484 

(Barrero et al., 2005), aba1-103 (Barrero et al., 2005), aba1-104 (Barrero et al., 2005), aba2-485 

1 (CS156) (Gonzalez-Guzman et al., 2002), aba3-1 (CS157) (Léon-Kloosterziel et al., 1996), 486 

pyr1pyl124 (CS72388) (Gonzalez-Guzman et al., 2012), lut5 (Fiore et al., 2006), chy1chy2 487 

(Fiore et al., 2006), and chy1chy2lut5 (Fiore et al., 2006) have a Col-0 background; aba1-1 488 

(CS21) (Barrero et al., 2005) and abi1-1 (CS22) (Verslues and Bray, 2006) have a Ler 489 

background; all these mutants and the pMPKKK18::GUS line (Mitula et al., 2015) were 490 

previously described and characterized. Mutations identified in different ABA deficient 491 

mutants are shown in Supplemental Table 6. 492 

For the growth of Arabidopsis seedlings, sterilized Arabidopsis seeds were firstly kept at 4 C 493 

in darkness for three days and then sown on half-strength Murashige and Skoog agar (1/2 494 

MS, 0.5 % sucrose, 1 % agar, 0.5 g/L MES, pH 5.7) plates. Plates were kept in Percival 495 

growth chamber under long-day photoperiod (16 hours light/8 hours dark, 22 C, 60 % relative 496 

humidity, light density: 4000 LUX) LED white light [Hyperikon 16W LED Light Bulb A21, 16W 497 

(100W Equivalent), CRI92, 1620 Lumens, 4000K (Daylight Glow)] conditions. For the growth 498 

of rice (O. sativa) plants, surface-sterilized wild type Nipponbare seeds were kept in sterile 499 

water under darkness at 30 C for 48 hours for pre-germination. Pre-germinated seeds were 500 

transferred to filter papers containing liquid 1/2 MS (0.5 % sucrose, 0.5 g/L MES, pH 5.7) in 501 
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Petri dishes and incubated at 30 C for another seven days. Thereafter, seedlings were 502 

transferred to 50 mL falcon tubes and hydroponic cultured under controlled conditions 503 

(day/night temperature of 28/22 C and a 12 hours photoperiod, 200 µmol photons/m2/s) in 504 

half-strength modified Hoagland nutrient solution (Wang et al., 2019) in growth chambers 505 

(PGR15, Controlled Environment Limited, Canada) for two weeks. 506 

Seed germination assays in Arabidopsis and rice 507 

For Arabidopsis seed germination assay, sterilized individual genotype of Arabidopsis seeds 508 

(50-100 seeds each treatment) was kept at 4 C in darkness for three days and then sown 509 

on 1/2 MS agar plates supplemented with indicated compounds. The germination rates were 510 

counted after five days. For the rice seed germination assay, about 15 Nipponbare wild type 511 

seeds were firstly sterilized and then plated on liquid 1/2 MS (0.5 % sucrose, 0.5 g/L MES, 512 

pH: 5.7) plates supplemented with indicated compounds. Plates were kept in darkness at 27 513 

C and the radicle length for each seedling were measured after four days. The mock 514 

treatments were treated with an equal volume of acetone. 515 

GUS staining 516 

pMPKKK18::GUS seedlings (five-day-old) were treated by indicated concentrations of C15 517 

apo-11-carotenoids and ABA for six hours and then conducted for GUS staining. GUS 518 

staining protocol refers to a previously described method (Jefferson et al., 1987). After 519 

staining, the primary roots of stained seedlings were examined and photographed by a 520 

microscope (Axioplan Observer.Z1, Carl Zeiss GmbH, Germany) with a digital camera (Axio 521 

Cam MRC, Carl Zeiss Microimaging GmbH, Göttingen, Germany). 522 

RNA extraction and quantitative real-time (qRT) PCR analysis 523 

Seedlings were grown vertically on 1/2 MS agar plates for seven days under indicated 524 

treatment conditions. Total RNA was extracted from around 20 seedlings, using Direct-zol 525 

RNA MiniPrep Plus (200 Preps) w/ Zymo-Spin (ZYMO research). Total RNA (1 µg) was 526 

reverse-transcribed using iScript™ Reverse Transcription Supermix for the qRT-PCR kit (Bio-527 

Rad). SYBR® Green Real-Time PCR Master Mixes kit (Life Technologies) was used for 528 

amplification. qRT-PCR was performed in a StepOne™ Real-Time PCR Systems (Life 529 

Technologies). The thermal profile for qRT-PCR was 95 C for two min, followed by 40 cycles 530 

of 95 C for 15 s and 60 C for 30 s. RD29A, RAB18, and CACS (housekeeping) were 531 

amplified. Primers used for these genes were described previously (Jia et al., 2016; Zhao et 532 
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al., 2013). 533 

RNA-Seq data analysis 534 

Total RNA (100 ng) for each sample and three independent replicates for each treatment 535 

condition were used for mRNA sequencing analysis using an Illumina HiSeq 4000. Before 536 

the analysis of RNA-Seq data, the adaptor sequences and low-quality ends of sequenced 537 

reads were trimmed using Trimmomatic v0.35 and quality-inspected using FastQC v0.11.5. 538 

To quantify the expression level of genes, the remaining reads were aligned to the publicly 539 

available genome sequence of A. thaliana (version TAIR10) with the guide gene structure 540 

information of Araport11 GFF3 information using TopHat2 v2.1.1 (Kim et al., 2013). The 541 

estimated read counts and Fragments Per Kilobase of transcript per Million reads (FPKM) 542 

were calculated by using cuffdiff (Cufflinks v2.1.1) (Trapnell et al., 2012), and subsequently 543 

passed to differential expression analysis. Genes expressed differentially with significance 544 

were identified based on a cutoff of fold-change (> 1.5 or < 0.67) and P-value < 0.05. The 545 

Venn diagrams for overlapping genes analysis were produced at 546 

(https://www.bioinformatics.org/gvenn/). Gene ontology and enrichment analysis were 547 

conducted using GeneCodis 4 (Carmona-Saez et al., 2007; Nogales-Cadenas et al., 2009; 548 

Tabas-Madrid et al., 2012). RNA-Seq data can be accessed at NCBI via BioProject ID 549 

PRJNA724937. 550 

The stable isotope tracer experiment  551 

Arabidopsis seedlings (12-day-old) grown in 1/2 MS agar plates were collected gently and 552 

transferred into Petri dishes containing liquid 1/2 MS medium and 25 M D3--apo-11-553 

carotenal,13C-9-cis--apo-11-carotenal, D6-3-OH--apo-11-carotenal or an equal volume of 554 

acetone (Mock). Petri dishes were kept in Percival growth chamber at 22 C in darkness for 555 

six hours. At harvesting, Arabidopsis seedlings were rinsed using water, surface dried using 556 

paper, and kept in liquid nitrogen. For rice, three-week-old seedlings were transferred into 557 

half-strength modified Hoagland nutrient solution containing 25 µM D3--apo-11-558 

carotenal,13C-9-cis--apo-11-carotenal, D6-3-OH--apo-11-carotenal or an equal volume of 559 

acetone (Mock). Seedlings were then kept in 27 C and 200 mol photons/m2/s growth 560 

chamber for six hours. At harvesting, rice root tissues were rinsed using water and surface 561 

dried using paper. Rice roots and shoots were then separated and collected in liquid nitrogen. 562 

All plant tissues were lyophilized, powdered, and stored at -80 C.  563 
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Detection of ABA using UHPLC-MS 564 

The detection of ABA from plants was performed according to the protocol modified from 565 

(Ablazov et al., 2020). Briefly, Approximate 5 mg of freeze-dried and ground Arabidopsis 566 

seedlings or rice tissues was extracted with 0.6 mL of 10 % methanol containing 1 % acetic 567 

acid and internal standard (D6-ABA, 1 ng each sample) in an ultrasound bath (Branson 3510 568 

ultrasonic bath) for 5 min, followed by the incubation on ice for 45 min. After the centrifugation 569 

of 5 min at 13,000 rpm and 4 C, the supernatant was collected and mixed with one mL of 570 

water. Then, the sample solution was loaded on C18 SPE column (50 mg/1 mL) pre-571 

conditioned with one mL of methanol and two mL water. After washing with one mL water, 572 

0.5 mL of methanol was used to elute ABA. The resulting ABA fraction was dried under 573 

vacuum. The residue was re-dissolved in 100 µL of 25 % methanol and filtered through a 574 

0.22 µm filter for UHPLC-MS analysis. The analysis of ABA was performed on a Dionex 575 

Ultimate 3000 UHPLC system coupled with a Q-Orbitrap-MS (Q-Exactive plus MS, Thermo 576 

Scientific) with a heated-electrospray ionization source (H-ESI). Chromatographic separation 577 

was carried out on an ACQUITY UPLC HSS T3 column (100  2.1 mm, 1.8 µm) with a UPLC 578 

HSS T3 guard column (5  2.1 mm, 1.8 µm) maintained at 35 C. UHPLC conditions including 579 

mobile phases A (water/methanol/formic acid, 95/5/0.2, v/v/v) and B (methanol/formic acid, 580 

100/0.2, v/v/v) and the gradient program: 0-8 min, 25 % B to 55 % B; 8-12 min, 55 % B to 581 

100 % B; followed by washing with 100 % B and equilibration with 25 % B. The flow rate was 582 

0.2 mL/min and the injection volume was 10 µL. The MS parameters were as follows: sheath 583 

gas flow rate, 35 arbitrary units; auxiliary gas flow rate, 7 arbitrary units; spray voltage, 2.5 584 

kV; capillary temperature, 325 C; auxiliary gas heater temperature, 250 C; and resolution, 585 

280,000. For MS/MS measurements, a normalized collision energy (NCE) of 15 eV was used. 586 

Apocarotenoid quantification using UHPLC-MS 587 

Approximate 25 mg of freeze-dried and ground Arabidopsis seedlings or rice tissue was 588 

extracted with methanol containing 0.1% BHT according to (Mi et al., 2018). The analysis of 589 

apocarotenoids was performed on a Dionex Ultimate 3000 UHPLC system coupled with a Q-590 

Orbitrap-MS (Q-Exactive plus MS, Thermo Scientific) with an H-ESI. Chromatographic 591 

separation was carried out on an ACQUITY UPLC BEH C18 column (100  2.1 mm, 1.7 µm) 592 

with an UPLC BEH C18 guard column (5  2.1 mm, 1.7 µm) using mobile phases A 593 

(water/acetonitrile/formic acid, 80/20/0.1, v/v/v) and B (2-propanol/acetonitrile/formic acid, 594 

40/60/0.1, v/v/v). The flow rate was 0.2 mL/min and the injection volume was 10 µL. UHPLC 595 

gradient program and MS parameters (Supplemental Information) were used according to 596 
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(Mi et al., 2018). For MS/MS measurements, different NCEs of 20, 25, and 30 eV were used. 597 

Statistical analyses  598 

The analyses were conducted using GraphPad Prism version 8.0 and Microsoft Excel 2013. 599 

Data are presented as mean ± SD. Statistical significance was determined by unpaired two-600 

tailed Student’s t-test to compare wild type with mutants or mock and treatment, or by one-601 

way ANOVA with Tukey’s posttest analysis to compare several groups at the same time. 602 

Differences between groups were considered significant at P < 0.05. 603 
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Figure Legends 

Figure 1 Exogenous application of -apo-11-carotenoids (C15) to Arabidopsis wild type 

(Col-0) and mutants disrupted in ABA biosynthesis or signaling.  

(A) Structures of -apo-11-carotenoids (C15), xanthoxin and ABA.  

(B) Schematic representation of ABA biosynthesis and signaling pathway. ABA1, ABA 

DEFICIENT 1; VDE, VIOLAXANTHIN DE-EPOXIDASE; NSY, NEOXANTHIN SYNTHASE; 

ISO, unknown isomerase; NCED, 9-CIS-EPOXYCAROTENOID DIOXYGENASE; ABA2, 

ABA DEFICIENT 2; ABA3, ABA DEFICIENT 3; AAO3, ABSCISIC ALDEHYDE OXIDASE 3; 

PYL, PYRABACTIN RESISTANCE1-like; ABI1, ABA-INSENSITIVE 1.  

(C) Seed germination of Arabidopsis Col-0 (a), aba1-6 (b), aba2-1 (c), aba3-1 (d), pyr1pyl124 

(e) in the absence or presence of C15 -apo-11-carotenoids (25 µM) and ABA (1 µM). Data 

were collected five days after application. 1, -apo-11-carotenal; 2, 9-cis--apo-11-carotenal; 

3, 3-OH--apo-11-carotenal; 4, 9-cis-3-OH--apo-11-carotenal; 6, ABA. 

(D) Measurement of seeds germination rates of Arabidopsis Col-0 and ABA-related mutants 

shown in (C). The data represents the mean ± SD (n=50 in three independent experiments), 

***P < 0.001, ****P <0.0001 (Student’s t-test).  

Figure 2 -Apo-11-carotenoids (C15) effect on the expression of ABA responsive genes 

in Arabidopsis wild-type and ABA deficient mutants, and of GUS in the pMKKK18::GUS 

marker line. 

(A) The expression of the ABA responsive RD29A and RAB18 genes in five-day-old wild-type 

Col-0, and aba1-6, aba2-1, and aba3-1 Arabidopsis seedlings treated with different C15 -

apo-11-carotenoids at 50 μM concentration for six hours. RD29A, RESPONSE-

TODEHYDRATION 29A; RAB18, RESPONSIVE TO ABA 18. The data represents the mean 

± SD (n=4), *P < 0.05, **P < 0.01, ***P < 0.001, ****P <0.0001 (Student’s t-test). 

(B) GUS expression in the pMKKK18::GUS marker line upon apocarotenoid treatment. Signal 

was recorded after six hours of treatment with C15 -apo-11-carotenoids (50 μM) or ABA (5 

µM).  

Figure 3 ABA synthesis from -apo-11-carotenoids (C15) in Arabidopsis.  

(A) Extracted ion chromatograms (EIC) of C15 -apo-11-carotenoids (left), xanthoxin (middle), 

and ABA (right) with or without labeling from Arabidopsis extracts, and standards. Mass 

tolerance is less than 5 ppm.  
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(B) Structures of labeled compounds in (A).  

(C) Quantification of D3-ABA from Arabidopsis seedlings of Col-0, aba1-6, and aba2-1 fed 

with D3--apo-11-carotenal. The data represents the mean ± SD (n=6), ****P <0.0001 

(Student’s t-test).  

In (A) and (C), 12-days-old seedlings were treated with different labeled C15 -apo-11-

carotenoids (25 M) for six hours. In (A) and (B), 3, 3-OH--apo-11-carotenal; 4, 9-cis-3-OH-

-apo-11-carotenal; 5, xanthoxin; 6, ABA; 7, D3--apo-11-carotenal; 8, D3-9-cis-3-OH--apo-

11-carotenal; 9, D3-xanthoxin; 10, D3-ABA; 11, 
13

C-9-cis--apo-11-carotenal; 12,
 13

C-9-cis-3-

OH--apo-11-carotenal; 13,
 13

C-xanthoxin; 14, 
13

C-ABA; 15, D6-3-OH--apo-11-carotenal; 16, 

D6-9-cis-3-OH--apo-11-carotenal; 17, D6-xanthoxin; 18, D5-ABA. 

Figure 4 Quantification of endogenous ABA and -apo-11-carotenoids (C15) in 

Arabidopsis wild types and ABA deficient mutants. 12-day-old seedlings were used. The 

data represents the mean ± SD (n=3-6), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 

(Student’s t-test). DW, Dried weight. 

Figure 5 RNA-seq analysis of Arabidopsis seedlings treated with ABA and -apo-11-

carotenoids (C15).  

(A) Venn diagrams and correlation plot analyses depicting overlapping differentially 

expressed genes (DEGs) regulated by ABA and -apo-11-carotenoids (C15). The axes plot 

log2-fold change (FC) values of DEGs.  

(B) Venn diagrams and the top 10 “Molecular Function” gene ontology term analysis of the 

overlapping up-regulated (upper) and down-regulated (down) DEGs regulated by ABA and 

C15 -apo-11-carotenoids. Overlapping genes indicated with red color and blue color which 

are shown in Venn diagrams, are used for the “Molecular Function” gene ontology term 

analysis. 

In (A) and (B), five-day-old Arabidopsis seedlings were treated with ABA (2.5 µM) and C15 -

apo-11-carotenoids (50 µM) for two hours. 

Figure 6 Conversion of C15 -apo-11-carotenoids into ABA in rice.  

(A) Analysis of the radicle length of germinated rice seedlings treated with C15 -apo-11-

carotenoids (75 µM) and ABA (2.5 µM). The photograph was taken after four days of 
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treatment. Scale bar corresponds to 1 cm. The data represents the mean ± SD (n=11-15), 

**P < 0.01, ***P < 0.001, ****P < 0.0001 (Student’s t-test).  

(B) Extracted ion chromatograms (EIC) of C15 -apo-11-carotenoids (left), xanthoxin (middle), 

and ABA (right) with or without labeling from standards or rice shoot- and root-tissue extracts. 

Mass tolerance is less than 5 ppm. 3, 3-OH--apo-11-carotenal; 4, 9-cis-3-OH--apo-11-

carotenal; 5, xanthoxin; 6, ABA; 7, D3--apo-11-carotenal; 8, D3-9-cis-3-OH--apo-11-

carotenal; 9, D3-xanthoxin; 10, D3-ABA; 11, 
13

C-9-cis--apo-11-carotenal; 12,
 13

C-9-cis-3-OH-

-apo-11-carotenal; 13,
 13

C-xanthoxin; 14, 
13

C-ABA; 15, D6-3-OH--apo-11-carotenal; 16, D6-

9-cis-3-OH--apo-11-carotenal; 17, D6-xanthoxin; 18, D5-ABA. 

Figure 7 Schematic representation of the classic ABA biosynthetic pathway and the 

alternative, ABA1-independent ABA biosynthetic pathway. The classic ABA biosynthesis 

pathway starts with the hydroxylation of -carotene yielding zeaxanthin by HYD or CYP97A, 

followed by the epoxidation of zeaxanthin catalyzed by ZEP (ABA1) to produce violaxanthin 

which can be further converted into neoxanthin by NSY (ABA4). Violaxanthin and neoxanthin 

are isomerized into 9-cis-violaxanthin and 9'-cis-neoxanthin by yet unidentified isomerase(s), 

respectively. In plastids, 9-cis-violaxanthin and 9'-cis-neoxanthin are cleaved by NCEDs at 

the C11-C12 (C11'-C12') double bond to yield a C15 xanthoxin (Red). Finally, xanthoxin is 

converted by ABA2, AAO3, and ABA3, to produce ABA in the cytoplasm (Moreno et al., 2021). 

Yet, in the proposed ABA1-independent biosynthetic pathway of ABA, the enzymatic (e.g., 

CCD or NCEDs) or non-enzymatic (e.g., ROS) oxidative cleavage of -carotene or 

zeaxanthin lead to the formation of C15 -apo-11-carotenoids. Then C15 -apo-11-carotenoids 

are converted into xanthoxin, most likely in the cytoplasm (Blue). Finally, xanthoxin is 

converted into ABA by enzymes shared with the classic ABA biosynthetic pathway. HYD, 

NON-HEME DIIRON OXIDASE; CYP97A, a cytochrome P450 enzyme; ZEP, ZEAXANTHIN 

EPOXIDASE; ABA1, ABA DEFICIENT 1; NSY, NEOXANTHIN SYNTHASE; ABA4, ABA 

DEFICIENT 4; NCED, 9-CIS-EPOXYCAROTENOID DIOXYGENASE; ABA2, ABA 

DEFICIENT 2; ABA3, ABA DEFICIENT 3; AAO3, ABSCISIC ALDEHYDE OXIDASE 3; CCD, 

CAROTENOID CLEAVAGE DIOXYGENASE; ROS, reactive oxygen species. Unknown 

enzymes are indicated with gray color; the dotted arrow indicates multiple steps reactions. 
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