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Abstract
Carotenoid levels in plant tissues depend on the relative rates of synthesis and degradation of the molecules in the
pathway. While plant carotenoid biosynthesis has been extensively characterized, research on carotenoid degradation and
catabolism into apocarotenoids is a relatively novel field. To identify apocarotenoid metabolic processes, we characterized
the transcriptome of transgenic Arabidopsis (Arabidopsis thaliana) roots accumulating high levels of b-carotene and,
consequently, b-apocarotenoids. Transcriptome analysis revealed feedback regulation on carotenogenic gene transcripts
suitable for reducing b-carotene levels, suggesting involvement of specific apocarotenoid signaling molecules originating di-
rectly from b-carotene degradation or after secondary enzymatic derivatizations. Enzymes implicated in apocarotenoid
modification reactions overlapped with detoxification enzymes of xenobiotics and reactive carbonyl species (RCS), while
metabolite analysis excluded lipid stress response, a potential secondary effect of carotenoid accumulation. In agreement
with structural similarities between RCS and b-apocarotenoids, RCS detoxification enzymes also converted apocarotenoids
derived from b-carotene and from xanthophylls into apocarotenols and apocarotenoic acids in vitro. Moreover, glycosyla-
tion and glutathionylation-related processes and translocators were induced. In view of similarities to mechanisms found in
crocin biosynthesis and cellular deposition in saffron (Crocus sativus), our data suggest apocarotenoid metabolization, deriv-
atization and compartmentalization as key processes in (apo)carotenoid metabolism in plants.
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Introduction
Carotenoids are isoprenoids exerting an immense repertoire
of functions in almost all aspects of plant physiology and
development. They are essential photosynthetic pigments,
serve as substrates for phytohormone biosynthesis, and pro-
vide coloration for fruits and flowers (Yuan et al., 2015;
Baranski and Cazzonelli, 2016). Over the past decades,
knowledge on the carotenoid biosynthesis pathway in plants
has become very well-established and extensively reviewed
(Cazzonelli and Pogson, 2010; Wurtzel, 2019), whereas the
understanding of carotenoid catabolism has started to im-
prove significantly in recent years.

Enzymatic carotenoid cleavage by specific carotenoid
cleavage dioxygenases (CCDs) and nine-cis-epoxy-carotenoid
dioxygenases (NCEDs) in plants can result in highly specific
cleavage into apocarotenoids, exerting explicit functions ei-
ther directly or after modification (Ahrazem et al., 2016;
Hou et al., 2016). This applies to strigolactone (SL) biosyn-
thesis, involving CCD7/more axillary branching 3 (MAX3)
and CCD8/MAX4 (Alder et al., 2012; Wang and
Bouwmeester, 2018), and to abscisic acid (ABA) biosynthesis,
involving several NCEDs (Tan et al., 2003). At the same
time, CCD1 and CCD4 initiate catabolic routes, initially
yielding a plenitude of apocarotenoids of different chain
lengths by nonspecific cleavage at different cleavage sites
(Simkin et al., 2004; Rubio et al., 2008, Ilg et al., 2009; Bruno
et al., 2015). Additionally, the same diversity of apocarote-
noids is also formed by nonenzymatic carotenoid degrada-
tion, resulting from the antioxidant properties of
carotenoids. The two processes occur simultaneously and
apocarotenoids undergo further derivatization (Walter and
Strack, 2011; Lätari et al., 2015; Schaub et al., 2018).

The dynamic equilibrium between degradation and bio-
synthesis in plant tissues determines the steady-state carot-
enoid levels (Simkin et al., 2003; Lätari et al., 2015).
Accordingly, high carotenoid levels in plant tissues are the
result of high biosynthetic activity and/or by attenuated
degradation, the latter often being achieved by carotenoid
sequestration. Interestingly, if carotenoid-sequestrating struc-
tures are absent and carotenoid biosynthesis rates are low—
for instance during storage of ripe seeds, vegetables, and
fruits—b-carotene (provitamin A) contents steadily decrease
at varying rates (Beyer et al., 2002; Schaub et al., 2017, 2018).

Nonenzymatic degradation of carotenoids is due to the
highly unsaturated hydrocarbon backbone being susceptible
to oxidation, generating epoxy- and peroxide derivatives as
well as polymeric aggregates. Upon oxidation, carotenoids
decompose into apocarotenoids and finally form a plethora
of products partially identical to those formed enzymatically
(Britton, 1995; Burton et al., 2014, 2016; Schaub et al., 2017,
2018). Several lines of evidence suggest that nonenzymatic
oxidation rates surpass those for enzymatic cleavage, i.e. deg-
radation rather than enzyme-driven catabolism appears to
be the main determinant of carotenoid levels, besides carot-
enoid biosynthesis. In chloroplasts, photooxidation is the

predominant carotenoid degrading process and produces
apocarotenoids involved in light stress signaling (Simkin
et al., 2003; Beisel et al., 2010; Ramel et al., 2012b; Lätari
et al., 2015). Moreover, carotenoid levels in ccd1 and ccd4
mutants are not notably affected (Gonzalez-Jorge et al.,
2013; Lätari et al., 2015). In most tissues, the carotenoid
pathway flux is surprisingly high in relation to the amounts
of carotenoids accumulating. For instance, the synthesis
rates can be visualized by application of the inhibitor nor-
flurazone, resulting in an unexpectedly high accumulation of
oxidation-resistant phytoene (Simkin et al., 2003; Lätari
et al., 2015; Koschmieder and Welsch, 2020). However, levels
of apocarotenoids are by far not quantitatively equivalent to
carotenoid losses (Schaub et al., 2017, 2018). Therefore, it
can be hypothesized that these primary cleavage products
might be further metabolized by secondary cleavage
reactions targeting the remaining double bonds (Figure 1),
by formation of conjugates and of polymeric aggregates
(Burton et al., 2014; Lätari et al., 2015) as well as by so far
unknown reactions.

Most apocarotenoids contain highly reactive a,b-unsatu-
rated carbonyl moieties (see Figure 1), representing reactive
electrophiles (RES) or reactive carbonyl species (RCS). The
toxicity of a,b-unsaturated carbonyls like RCS originates
from the reactivity of the a,b-unsaturated C-C double bond
with its high electrophilicity and capability of forming
Michael adducts with thiol and amino groups as well as
from the ability of the aldehyde group to form Schiff bases
(Yamauchi et al., 2011). These reactive carbonyl functions in-
duce detoxification responses mediating their metaboliza-
tion, thereby preventing the accumulation of cytotoxic
cellular components (Farmer and Davoine, 2007). In the last
decade, the understanding of RCS detoxification in plants
has substantially progressed and similarities with the more
extensively studied RCS detoxification in yeast and animals
have been unraveled (for review, see Mano, 2012; Mano
et al., 2019a). Upon corresponding stimuli, RCS are gener-
ated downstream of the formation of reactive oxygen spe-
cies and function as signaling compounds, which induce a
set of RCS detoxifying enzymes. However, the occurrence of
equivalent detoxification reactions with apocarotenoids has
not been investigated so far.

The carotenoid biosynthesis pathways starts from isopen-
tenyl diphosphate, produced via the plastid-specific methyl-
erythritol phosphate pathway (MEP; Yuan et al., 2015). The
enzyme phytoene synthase (PSY) catalyzes the formation of
phytoene from two molecules of geranylgeranyl diphosphate
(GGPP). Upon desaturation by phytoene desaturase (PDS)
and f-carotene desaturase (ZDS), isomerization by f-caro-
tene isomerase (Z-ISO) and carotene cis–trans isomerase
(CrtISO) and cyclization by lycopene a- and b-cyclase, a-
and b-carotene are formed, respectively (Cazzonelli and
Pogson, 2010; Wurtzel, 2019). Hydroxylations by four
enzymes produce various xanthophylls with important pho-
toprotective functions (Kim et al., 2009).
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In the present work, we investigated b-apocarotenoid me-
tabolism by analyzing the transcriptome of Arabidopsis
(Arabidopsis thaliana) engineered to overaccumulate b-caro-
tene and, consequently, b-apocarotenoids. This was achieved
by the overexpression of PSY, often rate-limiting in caroteno-
genesis and sufficient to raise total carotenoids (Welsch
et al., 2008, 2017; Farré et al., 2010, Álvarez et al., 2016). We
used roots as a model system to identify metabolic processes

of b-carotene, using wild-type (WT) roots with their low
background of carotenoid metabolism as the comparator.
The plant’s response to induced accumulation of b-apocaro-
tenoids allowed unraveling a set of enzymes, which had so
far been associated with the detoxification of RES and RCS.
Furthermore, we describe a specific feedback regulation that
appears to counteract b-carotene accumulation upon PSY
overexpression. This might be mediated by b-apocarotenoids

Figure 1 b-Carotene oxidation products. b-Carotene oxidation primarily yields b-apocarotenoids of various chain lengths. Numbers indicate the
reacting double bond position; the corresponding cleavage product pairs are depicted below b-carotene from (A) to (E). Secondary oxidation
results in the release of the b-ionone ring moiety, e.g. as b-cyclocitral, and linear apocarotene-dialdehydes, shown in (F) and (G). (H)
Methylglyoxal and glyoxal represent end products after continued oxidation of carotene dialdehydes. Highly reactive a,b-unsaturated double
bonds are marked with a red dot.
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or their derivatives, providing insight into mechanisms associ-
ated with the regulation of carotenoid homeostasis in plants.

Results

Metabolite and transcriptome analysis of b-carotene
accumulating Arabidopsis roots
Increased carotenoid pathway flux results in b-carotene
crystallization in Arabidopsis callus and roots, but simulta-
neously primary b-carotene oxidation products—b-apocaro-
tenoids—increase in abundance (Maass et al., 2009; Schaub
et al., 2018). We hypothesized that efficient degradation
mechanisms would be upregulated in response to enhanced
b-apocarotenoid levels. Therefore, PSY-overexpressing
Arabidopsis roots were used to identify and characterize b-
apocarotenoid-specific metabolic processes by combining
metabolic and transcriptomic analyses.

We determined the profile of carotenoids and b-carotene-
derived apocarotenoids in roots from hydroponically grown
WT and PSY-overexpressing Arabidopsis plants (At12 and
At22) by liquid chromatography–mass spectrometry (LC–
MS). As often observed upon PSY overexpression in various
taxa, xanthophyll and a-carotene amounts increased moder-
ately, while especially b-carotene isomer amounts increased
very strongly, from 2-mg g–1 DM (dry mass) in WT roots to
162- or 278-mg g–1 DM for the all-trans-isomer in At22 and
At12, respectively (Figure 2A). Pathway intermediates like
phytoene, phytofluene, f- and c-carotene accumulated ex-
clusively in PSY-overexpressing lines, being undetectable in
WT roots. Total carotenoid content of PSY-overexpressing
roots increased 37- to 61-fold or up to 370.3± 14.3 and
613.2± 31.2 mg g–1 DM for At22 and At12, respectively, while
only 10.0± 0.6 mg g–1 DM accumulated in WT roots. The ac-
cumulated b-carotene isomers accounted for 58% of carot-
enoid increase in At22 and At12 (and phytoene for 25%).

Similar to our previous observation made with
carotenoid-accumulating calli, b-apocarotenoid amounts
strongly increased (Figure 2B). For instance, retinal and b-
apo-13-carotenone amounts increased 2-fold, while b-apo-8-
carotenal, b-apo-10-carotenal, b-apo-12-carotenal, b-apo-14-
carotenal, and b-apo-11-carotenal increased up to 20-fold
compared to WT roots. We also determined the relative
abundance of apocarotene dialdehydes, which can originate
from almost all fully desaturated carotenoids by double
cleavage at both ends and from apocarotenoid cleavage at
the uncleaved end (Benevides et al., 2011). Short-chain apoc-
arotene dialdehydes (C5-, C8-, and C10-dialdehydes) accumu-
lated up to 10-fold compared to the control (Figure 2C),
while apocarotene dialdehydes with chain lengths higher
than C10 were not detected.

Continued oxidative cleavage of apocarotene dialdehydes
results in further truncation of the carotenoid backbone,
generating methylglyoxal and glyoxal as terminal oxidation
products, as already observed in PSY-overexpressing calli
(Schaub et al., 2018). Similarly, in b-carotene accumulating
Arabidopsis roots, methylglyoxal increased slightly whereas
glyoxal levels increased two- to three-fold (Figure 2C). Gas

chromatography–mass spectrometry (GC–MS) analysis of
volatile, cyclic b-carotene degradation products like b-cyclo-
citral, b-ionone, and 5,6-epoxy-b-ionone revealed relative
increases by up to factor of 15 compared to WT roots
(Figure 2D).

Carotenoid pathway intermediates like phytoene, phyto-
fluene, and f-carotene were not detected in WT roots. b-
Apocarotenoids, apocarotene dialdehydes, and volatile cyclic
b-apocarotenoids were detected in WT roots, although in
very low amounts (Figure 2A). This indicates a constitutive
b-carotene background breakdown even when b-carotene is
barely detectable.

To identify metabolic processes altered in response to the
drastically increased abundance of b-carotene and its degra-
dation products, we analyzed the transcriptomic responses
in Arabidopsis roots by RNA sequencing. The two lines At12
and At22 were used and compared to WT roots, each with
three biological replicates. An average of 66 (WT), 65 (At12),
and 85 (At22) million reads were obtained with 94% of read
positions exhibiting quality scores above 30. The gene ex-
pression profile indicated highly significant changes in ex-
pression at a cutoff false discovery rate (FDR)-value of 0.05.
Selection of differentially expressed genes (DEGs) with at
least two-fold/four-fold changes in their expression revealed
4,000/1,217 and 3,029/866 differentially regulated genes for
At12 and At22, respectively, with 2,418/654 genes commonly
affected in both lines. Raw RNA-Seq data were uploaded to
the European Nucleotide Archive (http://www.ebi.ac.uk/ena/
) under accession number ERP122176.

In-depth evaluation of transcriptome responses
toward b-carotene accumulation
Although PSY-overexpression results in the expected phy-
toene accumulation, the highest relative increase compared
with WT roots was observed for b-carotene (Figure 2A), in-
dicating strongly increased phytoene conversion. Possibly,
downstream carotenoid pathway enzymes involved in desa-
turation and isomerization of phytoene to b-carotene were
induced in response to the increased phytoene supply. It
has been suggested from other systems that very high carot-
enoid pathway activity exerts upstream feedback regulation
on enzymes of the MEP pathway, which is involved in carot-
enoid precursor supply (Lois et al., 2000; Rodrı́guez-
Concepción et al., 2001; Carretero-Paulet et al., 2006;
Nogueira et al., 2013).

However, the RNA-Seq data analysis revealed genes of the
MEP pathway were only slightly upregulated (up to 1.5-fold
compared to WT roots, see Supplemental DataSet S1;
Figure 3), while transcript levels of genes involved in caro-
tene desaturation, isomerization, and cyclization (PDS, ZDS,
CrtISO, Z-ISO, and lycopene cyclases) remained unaffected.
Three of the four carotene hydroxylases present in the
Arabidopsis genome were upregulated (LUT1, BCH1, and
BCH2), as depicted in Figure 3 (Tian et al., 2003; Kim et al.,
2009). Remarkably, expression levels of geranylgeranyl pyro-
phoshate synthases (GGPS) were up to eight-fold
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downregulated. The root-abundant isoforms GGPS6, 8, 9,
and 10 were downregulated in PSY-overexpressing roots (for
GGPS10 as an example, see Figure 3), while GGPS11, which is
highly abundant in almost all tissues except for roots,
remained unaffected (Beck et al., 2013; Ruiz-Sola et al.,
2016a, 2016b; Camagna et al., 2019). In conclusion, the ca-
pacity of the carotene desaturation/isomerization system is
apparently sufficient to efficiently convert increased levels of

phytoene formed by PSY overexpression into the high levels
of b-carotene observed (Figure 2A). This is in line with PSY
being regarded as the rate-limiting enzyme of carotenoid
biosynthesis (von Lintig et al., 1997; Maass et al., 2009). The
downregulation of the root GGPSs may represent a mecha-
nism to limit the pathway flux.

Notably, the expression levels of CCD1 and CCD4
remained unaffected (Gonzalez-Jorge et al., 2013; Lätari et al.,

A

B

C D

Figure 2 Carotenoids and apocarotenoids in PSY-overexpressing roots. Carotenoids (A), b-apocarotenoids (B), apocarotene dialdehydes (C), and
volatile cyclic b-apocarotenoids (D) accumulating in roots of Arabidopsis WT and two lines with increased carotenoid pathway activity achieved
through PSY-overexpression (At12, At22). Carotenoids and nonvolatile oxidation products (b-apocarotenoids; apocarotene dialdehydes) were ana-
lyzed by HPLC and LC–MS, whereas volatile oxidation products were analyzed by GC–MS. Results are mean ± SD from at least three biological rep-
licates. Significant difference to the wild-type, Student’s t test, *P 50.05. Volatile apocarotenoids and apocarotene–dialdehydes are expressed as
peak areas normalized to internal standards and dry mass. vio/neo, violaxanthin + neoxanthin; xan, other xanthophylls; caro, carotene; flu, phyto-
fluene; phy, phytoene; b-IAc, b-ionylidene acetaldehyde.
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2015; Figure 3). In contrast, only two carotenoid cleavage
enzymes involved in phytohormone synthesis were differen-
tially regulated: the transcript level of NCED2, involved in
ABA biosynthesis, was five-fold higher while it was four-fold
lower for CCD8, which is involved in SL biosynthesis.
Moreover, two ABA hydroxylases, contributing to conversion
of ABA into physiologically only weakly active hydroxy-ABA
and phaseic acid (PA), were affected with opposed trends:
while CYP707A3 was downregulated, CYP707A4 was upregu-
lated, both with an about four-fold difference to WT roots
(Dong et al., 2014). These results might suggest alterations
in ABA, PA, and/or SL levels upon carotenoid accumulation
in Arabidopsis roots. However, a metabolic drain of excess
carotenoids into the biosynthesis of carotenoid-derived phy-
tohormones appears unlikely to serve as a homeostatic con-
trol mechanism, considering the substantial general
physiological impact this would exert. This is supported by
the fact that the levels of both ABA and its major

degradation product PA, as determined by LC–MS,
remained unchanged in PSY-overexpressing roots (Figure 3).

To identify genes responding to the accumulation of b-
apocarotenoids, the transcriptome data were functionally
classified. Common DEGs of At12 and At22 roots with at
least two-fold change compared to WT roots were used for
gene ontology (GO) classification with the PANTHER tool
(Mi et al., 2013). A GO enrichment analysis was performed
to identify functional categories and processes overrepre-
sented in response to b-carotene accumulation and to pro-
vide insight into response mechanisms. The major
functional categories with a P50.05 are shown in Figure 4
(for a complete list, see Supplemental DataSet S2). DEGs
with higher transcript abundance belonged to the molecular
function “carbohydrate transporter activity” (overrepre-
sented by factor 5.6) and “oxidoreductase activity” (1.8-fold)
and to the biological processes “carbohydrate transport”
(4.4-fold) and “ion transport” (3-fold; Figure 4, A and B,

Figure 3 Transcript response of carotenogenic enzymes to b-carotene and b-apocarotenoid accumulation. Enzymes (in bold) and intermediates
of carotenoid biosynthetic pathway. Trends of expression changes in response to increased b-carotene and apocarotenoid formation achieved
through PSY-overexpression are marked with green (induction) and red (repression) arrows. Absence of arrow indicates unchanged expression
levels (FDR cutoff = 0.05; at least 2-fold differences). Inset diagrams show transcript levels of selected genes in two lines (At22, At12) relative to
wild-type levels, determined by RT-qPCR. ABA and PA levels were determined by LC–MS from wild-type, At12 and At22 roots. Results are mean ±
SD from at least three biological replicates. Significant difference to the WT, Student’s t test, *P 50.05. eLCY, e-cyclase; bLCY, b-cyclase; LUT5,
cytP450 hydroxylase 97A3; LUT1, cytP450 hydroxylase 97C1; BCH1/2, b-carotene hydroxylase 1/2; NXS, neoxanthin synthase; NCED, 9-cis-epoxy-
carotenoid dioxygenase; D27, b-carotene isomerase; ABA 2/3, short-chain dehydrogenase/reductase, CYPA3/A4, ABA hydroxylase.
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respectively). DEGs with reduced transcript abundance
belonged to the molecular functions “binding”/“RNA bind-
ing” (0.6-fold and 50.2-fold) and to the biological processes
“nitrogen (N) compound metabolic process” (0.5-fold),
“cellular component biogenesis”, “vesicle-mediated trans-
port”, and “intracellular protein transport” (all 50.2-fold).
The overrepresented categories might point toward further
apocarotenoid metabolization by oxidoreductases and inter-
compartmental transportation processes of the derivatives.

Transcriptome changes are not caused by
prooxidative, carotenoid-induced lipid stress
response
We hypothesized that potential metabolization processes
might originate from the well-known prooxidative properties
of b-carotene at high oxygen partial pressure (McNulty
et al., 2007). This can result in b-carotene peroxyl radicals,
which generate b-carotene-lipid adducts in secondary reac-
tions with membrane lipids (Yanishlieva et al., 1998; Wu
et al., 1999). This causes lipid peroxidation through reactive
chain-propagating radicals. To determine whether transcrip-
tome changes observed in b-carotene accumulating roots
are caused indirectly by lipid stress responses, we accessed a
transcriptome dataset obtained upon addition of the oxyli-
pins phytoprostane A1 (PPA1) and 12-oxo-phytodienoic
acid (OPDA). Both oxylipins are formed by lipid peroxida-
tion and are considered major signaling molecules mediating
responses to lipid stress (Mueller et al., 2008). This revealed
that only 7.6% (30 from 393) and 6.6% (85 from 1,293) of
DEGs in OPDA- or PPA1-treated roots were differentially
expressed in At12 and At22 roots (Figure 5A).

For further evaluation, we also determined the levels of
lipid hydroperoxides and hydroxylated fatty acids as markers
for lipid stress (Mosblech et al., 2009). Lipid hydroperoxides
in roots of hydroponically grown plants were determined us-
ing the ferrous oxidation of xylenol orange (FOX) assay
(DeLong et al., 2002; Figure 5B). As positive control, lipid
hydroperoxide formation was induced by the addition of
tert-butyl hydroperoxide (BuOOH) to WT plants
(Triantaphylidès et al., 2008). While BuOOH-treated roots
accumulated lipid hydroperoxides, their amounts were
unchanged in nontreated carotenoid-accumulating roots.
For confirmation, the patterns of hydroxylation products of
the fatty acid octadecatrienoic acid (18:3; hydroxy-
octadecatrienoic acid, HOTE; Sattler et al., 2006) were deter-
mined in roots from WT and PSY-overexpressing line At22
by LC–MS (Figure 5C). Similar to other nonphotosynthetic
tissues with low formation of 1O2, WT roots accumulated
low levels of 1O2-specific 10- and 15-HOTE regioisomers,
while those of other isomers (9-, 12-, 13-, and 16-HOTEs)
generated through radical catalysis were accordingly higher
(Triantaphylidès et al., 2008). Quantitation revealed that
HOTEs and lipid hydroperoxide levels in carotenoid-
accumulating roots were identical to the WT. Moreover, ex-
pression of two marker genes indicative of lipid stress,
OPDA reductase (OPR1) and the cytochrome P450 enzyme
CYP81D11, were strongly induced in BuOOH-treated roots
(Stotz et al., 2013) but remained unaffected in carotenoid-
accumulating roots (Figure 5D). Thus, the transcriptome
changes observed upon carotenoid accumulation are not
caused by carotenoid-initiated lipid stress.

We searched for similarities with putatively related
responses among available transcriptome data, albeit mainly

A B

Figure 4 Functional classification of DEGs from carotenoid accumulating roots. DEGs from PSY-overexpressing, carotenoid-accumulating
Arabidopsis roots with at least 2-fold differences to WT levels were functionally classified using the PANTHER tool. The percentage of genes from
the Arabidopsis genome associated with a molecular function (A) and biological process categories (B) was used to compare the corresponding
percentage of DEGs from carotenoid accumulating roots associated with the same categories. Changes in abundance indicate that the corre-
sponding process might be affected.
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available for green tissues and thereby constraining
direct comparisons (Figure 6A). For instance, the carotenoid
oxidation product b-cyclocitral is reported to be generated
upon high light intensities and high singlet oxygen levels in
leaves and to exhibit a signaling function in Arabidopsis
roots (Ramel et al., 2012b; D’Alessandro et al., 2018;
Dickinson et al., 2019; Felemban et al., 2019). However, only
a low rate of 5.4% (62 of 1,145) of all DEGs affected by b-
cyclocitral was similarly affected in carotenoid-accumulating
roots of At12 and At22 (Supplemental DataSet S3).

The biochemical properties of the primary b-carotene oxi-
dation products were considered for the interpretation of
the transcriptome data. Most b-apocarotenoids contain a
terminal carbonyl linked to an a,b-unsaturated double bond
(see Figure 1). Such electrophilic carbonyls can be attacked
by nucleophilic compounds, thus representing RES (Farmer

and Davoine, 2007; Farmer and Mueller, 2013; Havaux,
2013). RCS, representing a subgroup of RES from fatty acid
metabolism and structurally similar to apocarotenoids, cause
severe cell damage and evoke distinct detoxification
responses (Yamauchi et al., 2015; Mano et al., 2019a).
Transcriptome changes induced by the treatment with the
RCS malondialdehyde and methylvinyl ketone revealed only
about 5% and 2.5% of DEG overlap with the response to b-
apocarotenoid formation, respectively (Weber et al., 2004;
Figure 6A). As the detoxification mechanisms for RES largely
overlap with those for xenobiotics (Ramel et al., 2012c), we
included datasets generated from xenobiotic-treated plants,
which showed larger overlaps with DEGs for carotenoid-
accumulating roots of At12 and At22. For instance, patterns
observed upon treatment with the allelochemical
benzoxazolin-2(3H)-one and polycyclic aromatic

A B

DC

Figure 5 Lipid hydroperoxides in Arabidoposis roots. (A) Venn diagrams showing the overlap between commonly regulated DEGs in roots of
PSY-overexpressing lines At12 and At22 (Carotenoid) and genes regulated by treatment with the oxylipins PPA1 and OPDA, respectively. (B)
Total lipid hydroperoxides in roots from wild type, At12 and At22. WT was treated with 100-mM BuOOH for 4 h to induce lipid peroxidation.
Lipid hydroperoxide levels were determined with the FOX2 assay and are given in H2O2 equivalents per mg fresh mass (FM). Data are mean ± SD

from three biological replicates. Significant difference, Student’s t test, *P 50.05. (C) HOTE isomer pattern in Arabidopsis roots. The number indi-
cates the position of the hydroxy group. 10- and 15-HOTEs are specifically formed by 1O2 and accordingly low in (non-photosynthetic) roots while
9-, 12-, 13-, and 16-HOTEs are generated through both 1O2 and free radical catalysis. Similar HOTE patterns in WT and carotenoid-accumulating
roots (line At22) indicate that lipid oxidation can be excluded in transcriptome responses observed. Data are means ± SEM from nine biological
replicates each. HOTEs are given in nmol g-1 fresh mass (FM). (D) Expression level of lipid stress marker genes for OPR1 and the cytochrome p450
enzyme CYP81D11. Transcripts were normalized to 18S rRNA levels and are expressed relative to levels in untreated WT. Data are mean ± SD

from three biological replicates. Significant difference, Student’s t test, *P 50.05.
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hydrocarbons showed 18 and 11% identity, respectively
(Baerson et al., 2005; Weisman et al., 2010). This might indi-
cate that the accumulation of b-apocarotenoids evokes re-
sponse pathways that are similar to those observed upon
xenobiotic detoxification and partially to those observed
upon RES/RCS accumulation.

Genes of RCS detoxifying enzymes are induced upon
b-carotene accumulation despite the absence of
lipid stress
The detoxification of xenobiotic carbonyl compounds
includes enzymatic reactions which reduce their reactiv-
ity, often followed by conjugation and a gain in
hydrophilicity allowing their compartmentalization into
vacuoles and/or excretion and storage in the cell wall
(Sandermann, 1992). We considered similar reactions for

b-apocarotenoids (Figure 6B) and the 100 most strongly
upregulated DEGs in carotenoid-accumulating roots with
at least two-fold difference were inspected (Supplemental
DataSet S4) and associated with processes described
for xenobiotic detoxification (Table 1). The induction of
selected genes was confirmed by quantitative revese tran-
scription PCR (RT-qPCR; see Supplemental Figure S1).

A number of defensin-like proteins associated with patho-
gen response were upregulated to 1,000-fold in carotenoid-
accumulating roots, as well as late embryogenesis abundant
proteins exhibiting protein and lipid-protective functions
during oxidative and abiotic stress (Amara et al., 2014).
Similarly, upregulated DEGs were associated with cell redox
homeostasis, e.g. thioredoxins and glutaredoxins, while
others were associated with cell wall reorganization, protein
kinases, and transcription factors (Darley et al., 2001).

A

B

Figure 6 Metabolization of b-apocarotenoids in carotenoid-accumulating roots. (A) Comparison of DEGs from AtPSY-overexpressing roots with
other transcriptome changes: treatment with the b-carotene oxidation product cyclocitral, with the RCS compounds malondialdehyde (MDA)
and methyl vinyl ketone (MVK) and the allelochemical benzoxazolin-2(3H)-one (BOA) and polycyclic aromatic hydrocarbons (PAH). (B) Putative
b-apocarotenoid derivatization mechanisms. A generalized molecule representing an unsubstituted b-apocarotenal or apocarotene-dialdehyde is
shown on the left side. Possible mechanisms to reduce high reactivity of the carbonyl moiety include (1) oxidation to carboxylic acid, (2) reduction
to primary alcohols, and (3) reduction of the allylic double bond, as well as with the Cys residue of glutathione (4). Proteins capable of catalyzing
the corresponding reaction upregulated in carotenoid accumulating roots are given on the right side. Reactions are modified according to
Grimsrud et al. (2008).
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Table 1 Strongly induced DEGs in carotenoid-accumulating Arabidopsis roots

Locus ID Name loc Description Function Fold change

At22 At12

Transporters
AT2G18590 P MFS superfamily protein CH transport 21 160
AT4G12500 LTP3 EC Lipid transfer protein 3 Lipid transport 31 138
AT1G66570 SUC7 PM Sucrose transport protein, MFS family CH transport 38 98
AT3G57310 EC Lipid transfer protein Lipid transport 27 41
AT2G18480 PLT3 PM Polyol transporter 3, put, MFS family CH transport 12 25
Cell wall reorganization
AT2G43890 ER Pectin lyase-like protein Pectin degradation 397 2415
AT4G37990 CAD8 CP Cinnamyl alcohol dehydrogenase 8 Lignin biosynthesis 293 206
AT2G05520 GRP3 EC Glycine-rich protein 3 Cell size regulation 74 188
AT4G24000 CSL2 PM Cellulose synthase-like protein G2 Cell wall 147 184
AT5G07430 EC Pectin lyase-like protein Pectin degradation 222 72
AT1G67980 CCAOMT CP Caffeoyl-CoA O-methyltransferase, put. Lignin biosynthesis 27 22
AT3G49120 PRX34 EC Peroxidase 34 Ox. burst/lignin 17 76
AT5G05340 PRX52 EC Peroxidase 52 Ox. burst/lignin 75 27
Pathogen response
AT1G19610 PDF1.4 EC Defensin-like protein 19 LCR78 669 1576
AT3G59930 EC Defensin-like protein 206 30 1013
AT3G61172 LCR8 EC Defensin-like protein 128 67 423
AT5G33355 EC Defensin-like protein 207 12 403
AT4G29305 LCR25 EC Defensin-like protein 159 55 139
AT2G43510 TI1 EC Defensin-like protein 195 Trypsin inhibitor 89 55
AT2G02120 PDF2.1 EC Defensin-like protein 4 Peptidase inhibitor 18 34
Metabolic enzymes
AT5G24160 SQE6 ER Squalene epoxidase 6 Sterol bios. 231 707
AT3G49620 DIN11 CP 2-Oxoacid-dependent dioxygenase Many substrates 65 93
AT4G22753 SMO1-3 ER Methylsterol monooxygenase 1-3 Sterol/FA biosynth. 27 60
AT5G23010 MAM1 P Methylthioalkylmalate synthase 1 Glucosinolate bios. 50 55
AT2G25450 CP 2-Oxoacid-dependent dioxygenase Glucosinolate bios. 32 45
AT5G16970 AER CP NADP-dependent alkenal reductase P1 Carbonyl detox. 25 42
AT2G38240 CP 2-Oxoacid-dependent oxygenase 105 32
AT1G80160 GLYI7 CP Lactoylglutathione lyase/glyoxalase I Aldehyd detox. 10 29
AT5G24210 ? Alpha/beta-hydrolase Triglyceride lipase 37 44
AT3G04000 ChlADR P NADP-dependent aldehyd reductase Carbonyl detox. 5 6
Oxidation-reduction

process/cell redox homeostasis
AT3G26190 CYP71B21 EC Cytochrome P450 42 32
AT3G15840 PIFI P Post-illumination chlorophyll

fluorescence increase
22 56

AT3G56350 SOD M Superoxide dismutase O�2 detox. 49 43
AT4G15690 GRXS5 CP Monothiol glutaredoxin-S5 Thioredoxin 154 675
AT4G15670 GRXS7 CP Monothiol glutaredoxin-S7 Thioredoxin 14 55
AT2G47870 ROXY5 CP Glutaredoxin-C12 Glutaredoxin 32 36
AT3G09270 GSTU8 CYT Glutathion S transferase Glutathionyl 6 10
AT4G31870 GPX7 P Glutathione peroxidase 7 H2O2 detoxification 10 10
Protection against oxidative stress
AT1G52690 LEA7 CP Late embryogenesis abundant protein 42 66
AT2G41280 M10 CP Late embryogenesis abundant protein M10 24 49
AT5G44310 P Late embryogenesis abundant protein 14 25
AT3G17520 ER Late embryogenesis abundant protein 68 21
Protein kinases/regulatory proteins
AT1G29090 CP C1A cysteine proteinases superfamily 94 696
AT2G29930 N F-box/RNI-like/LRR2 protein 35 624
AT1G51820 PM LRR receptor-like S/T-protein kinase 80 494
AT4G05380 PM P-loop nucleoside triphosphate hydrolase 61 204
AT2G27535 RPL10A CP Ribosomal protein L10A family protein 38 194
AT5G43570 PM Serine protease inhibitor PR peptide 122 91
AT2G05430 N Ubiquitin-specific protease C19-related 36 84
AT4G29970 N F-box protein, putative 38 56
AT5G43580 UPI EC Serine protease inhibitor PR peptide 31 37
AT1G35750 APUM10 CP Pumilio homolog 10, putative RNA regulation 6 32

(continued)
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The partial overlap in the response of At12 and At22 with
the response to treatments with RES and xenobiotic detoxi-
fication reactions prompted us to screen for candidate
genes/enzymes capable of lowering the reactivity of b-
apocarotenoids. We focused on enzymes involved in car-
bonyl detoxification at small to medium chain hydrocarbon
residues, similar to b-apocarotenoids (Mano et al., 2019b).
Interestingly, the plastid-localized nicotinamide adenine di-
nucleotide phosphate (NADPH)-dependent aldehyde reduc-
tase ChlADR, mediating the reduction of aldehyde/ketone
functions to hydroxyl functionalities (Yamauchi et al., 2011),
was induced up to six-fold in At22 and At12 (Supplemental
Figure S1). Moreover, the NADPH-dependent aldo-keto
reductases AKR4C8 and AKR4C9, also mediating reduction
to alcohols, were induced by about 2.2- and 10.1-fold, re-
spectively. Furthermore, the NADPH-dependent 2-alkenal re-
ductase (AER), reducing allylic a,b-unsaturated double
bonds while maintaining the aldehyde function (Mano et al.,
2005; Yamauchi et al., 2011), was induced 25- and 42-fold,
respectively. Remarkably, the induction rate was higher in
At12 than in At22 for these enzymes, corresponding to the
event-specific differences in b-apocarotenoid
levels. Oxidation into carboxylic acids by aldehyde dehydro-
genases represents another detoxifying redox reaction (Stiti
et al., 2011a). An aldehyde dehydrogenase in Synechocystis
sp. PCC6803 not only converts aliphatic hydrocarbon alde-
hydes, but also b-apocarotenals into b-apocarotenoic acids
in vitro (Trautmann et al., 2013). Its closest Arabidopsis
homologs, namely ALDH3H1 and ALDH3I1, were induced
slightly in At12 and At22 but below two-fold (Supplemental
DataSet S4). They are known to detoxify short and medium
chain hydrocarbon aldehydes by oxidation in vitro (Stiti
et al., 2011a), whereas their activity on b-apocarotenoids
remains to be investigated.

RCS detoxifying enzymes also modify and detoxify
b-apocarotenoids
We performed in vitro assays with purified recombinant
enzymes from ChlADR, AKRC8, AKRC9, AER, ALDH3H1,
and ALDH3I, using all primary b-apocarotenals as substrates
to investigate whether these enzymes are capable of metab-
olizing b-apocarotenoids. Activity was analyzed by high-

performance liquid chromatography-diode array-detection
(HPLC-DAD) and products formed were further character-
ized by LC–MS and gas chromatography-mass spectrometry
(GC-MS). See Supplemental Table S1 for detailed informa-
tion on enzyme activities and Figure 7 as an overview on
substrate specificities.

The 2-alkenal reductase AER was capable of forming dihy-
dro-b-apo-140-carotenal, dihydro-b-apo-13-carotenone and
dihydro-b-ionone from the corresponding b-apocarotenoids
as substrates, as deduced from molecular masses by LC–MS
analysis (Supplemental Figures S2–S3). In contrast, all other
b-apocarotenoid substrates were not converted, including
b-apo-80-carotenal, b-apo-100-carotenal, b-apo-120-carotenal,
retinal, b-apo-110-carotenal, and b-cyclocitral, even under a
variety of assay and substrate solubilization conditions (de-
tergent micelles, addition of dimethyl sulfoxide [DMSO]).

The aldo-keto reductase AKR4C9 reduced b-apo-140-caro-
tenal, retinal, b-apo-110-carotenal, and b-ionone into the
corresponding alcohols b-apo-140-carotenol, retinol, b-apo-
11-carotenol, and b-ionol, respectively, and AKR4C8 reduced
b-apo-110-carotenal and b-ionone. This is supported by mo-
lecular masses determined upon LC–MS and the identical
chromatographic behavior and UV/VIS spectra of reaction
products with the respective apocarotenol standards
(Supplemental Figures S4–S5). Recombinant ChlADR selec-
tively converted retinal and b-apo-11-carotenal into the cor-
responding alcohols in vitro (Supplemental Figures S6–S8).

Both aldehyde dehydrogenases ALDH3H1 and ALDH3I1
displayed broad substrate specificity for b-apocarotenoids.
They converted most of them into the corresponding car-
boxylic acids, as supported by molecular masses obtained by
LC–MS and by the fact that the product formed from reti-
nal corresponded to an authentic standard of all-trans-reti-
noic acid in terms of chromatographic and spectral
properties (Supplemental Figures S9–S11). Exceptions were
the two ketones b-apo-13-carotenone and b-ionone for
which a conversion into carboxylic acids is biochemically im-
possible, and ALDH3H1 did not convert b-apo-8-carotenal
and retinal. Remarkably, however, b-cyclocitral remained
unmetabolized.

The apocarotene dialdehyde apo-8,80-carotene-dial, which
can be formed from b-carotene, a-carotene, as well as from

Table 1 Continued

Locus ID Name loc Description Function Fold change

At22 At12

Transcription factors
AT4G28140 ERF054 N ERF/AP2 transcription factor, DREB A-6 85 97
AT3G02150 PTF1 N/P Plastid transcription factor 1, teosinte branched1 15 59
Hormone biosynthesis
AT4G13260 YUC2 N IPA monooxygenase YUCCA2 Auxin 97 83
AT3G19270 CYP707A PM Abscisic acid 8’-hydroxylase 4 ABA 5 37
AT3G63110 IPT3 N/P Adenylate isopentenyltransferase 3 Cytokinin 7 23
AT1G30040 GA2OX2 CP Gibberellin 2-beta-dioxygenase 2 C-19 GAs 8 19

CCAOMT, caffeoyl-CoA O-methyltransferase; CSL2, cellulose-synthase like protein. RNA Seq-determined expression changes in roots of PSY-overexpressing lines At22 and
At12 relative to WT roots for genes selected from the 100 DEGs with highest induction levels. The predicted localization is indicated by CP, cytoplasm, EC, extracellular, P, plas-
tid, M, mitochondria, PM, membrane system, N, nucleus; expression changes for genes in bold were confirmed by RT-qPCR (see Supplemental Figure S1).
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xanthophylls, was metabolized into apo-8,80-carotene-dioic
acid, known as the major saffron pigment crocetin
(Supplemental Figure S10G). ALDHs might therefore addi-
tionally participate in the detoxification of primary xantho-
phyll cleavage products. We therefore tested xanthophyll-
derived 30-hydroxylated apocarotenals as substrates. Using 3-
OH-retinal and 3-OH-b-apo-120-carotenal as exemplary sub-
strates for short and long-chained hydroxylated carotenoids,
we found that both ChlADR and AKR4C9 generated 3-OH
retinol, while both ALDH enzymes generated the corre-
sponding carotenoic acid from 3-OH-b-apo-120-apocarotenal
(Supplemental Figure S10H). These results extend the possi-
ble range of detoxification activity of these enzymes to xan-
thophyll degradation products.

Discussion

Apocarotenoid metabolism shows similarities to
reactive carbonyl species and xenobiotic
detoxification
High concentration of b-carotene achieved by pathway en-
gineering is sufficient for the formation of b-carotene crys-
tals in nongreen tissues like Arabidopsis roots and callus

(Álvarez et al., 2016; Schaub et al., 2018). Likewise, carote-
noids are predominantly deposited as crystals in tissues of
plants considered as “natural” carotenoid accumulators, e.g.
in carrot (Daucus carota) roots, pumpkins (Cucurbita pepo),
orange cauliflower (Brassica oleracea var. botrytis), and mel-
ons (Cucumis melo; Ben-Shaul and Naftali, 1969; Paolillo
et al., 2004; Maass et al., 2009; Jeffery et al., 2012;
Schweiggert et al., 2012). However, even when crystals are
present, b-carotene is subjected to nonenzymatic oxidation
yielding b-apocarotenoids (Schaub et al., 2018).
Nonenzymatic oxidation accounts for substantial provita-
min A losses in crops, fruits, and vegetables e.g. maize (Zea
mays) grains (Taleon et al., 2017) and provitamin A-biofor-
tified Golden Rice (Oryza sativa; Beyer et al., 2002; Schaub
et al., 2017). Remarkably, b-carotene losses during rice en-
dosperm development yield only low amounts of b-apocar-
otenoids of various chain lengths, while the vast majority of
b-carotene is autoxidized to form carotenoid-oxygen
copolymers (Schaub et al., 2017). Such copolymers form in
a variety of plant tissues and are quite resistant toward fur-
ther decomposition (Burton et al., 2016). In contrast to
starchy rice and maize endosperm consisting of dead cells
generated via programmed cell death (Young and Gallie,

A

B

Figure 7 Overview on b-apocarotenal, xanthophyll, and carotene-dial conversion by carbonyl-detoxifying enzymes. Metabolization of primary
oxidation products generated from b-carotene (A) and lutein and zeaxanthin (B) as exemplary xanthophylls. Arrows indicate whether enzymatic
reduction into alcohols (ChlADR, AKR4C8, AKR4C9), oxidation into apocarotenoic acids (ALDH3H1 and ALDH3I1) or reduction into dihydro-
apocarotenals (AER) was observed in in vitro assays. Complete number of products generated upon oxidation of each possible backbone double
bond is shown for b-carotene only.
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2000) and fruits as dying organs, living plant cells need to
prevent b-carotene autoxidation and concomitant cytotoxic
effects. This requires efficient, coordinated control over
both carotenoid biosynthesis and degradation. Degradation
is expected to involve well-coordinated metabolization of
the primary oxidation products, namely b-apocarotenoids,
via yet unknown metabolic paths.

The transcriptomes of At12 and At22 roots accumulating
b-apocarotenoids share overlaps with those of plants treated
with xenobiotics and various RCS (Figures 5 and 6A). This
suggests utilization of common detoxification and metaboli-
zation mechanisms for xenobiotics, RCS and b-apocarote-
noids. Apocarotenoids and RCS are lipophilic hydrocarbons
of aliphatic and/or cyclic structure and contain aldehyde or
ketone functionalities. Importantly, b-apocarotenoids are
a,b-unsaturated carbonyls like RCS and their toxicity origi-
nates from their reactivity with thiol and amino groups
(Yamauchi et al., 2011).

The detoxification of RCS and xenobiotics has been inves-
tigated in plants, and a three-phased model has been pro-
posed for xenobiotics (for review, see Sandermann, 1992). It
comprises (I) transformation of (mostly lipophilic) xenobiot-
ics into more soluble derivatives, (II) conjugation, e.g. to glu-
tathione or sugar moieties, and (III) compartmentalization
and storage into vacuoles, the apoplast or cell wall compo-
nents. Conjugated xenobiotics are stored in vacuoles when
hydrophilic or, after transporter-mediated export, in the cell
wall when hydrophobic.

Research on RCS detoxification in plants has revealed a di-
verse set of NADPH-dependent, RCS-reducing enzyme activi-
ties (for review, see Mano, 2012), which can be considered
as phase I enzymes. These enzymes detoxify a wide range of
RCS substrates by reducing either aldehyde/ketone into hy-
droxyl functionalities (aldo-keto reductases AKR4C8 and
AKR4C9, Simpson et al., 2009; aldehyde reductase ADR,
Yamauchi et al., 2011). Alternatively, the a,b-unsaturated
C–C double bonds are saturated by the 2-alkenal reductase
AER (Mano et al., 2005) and the alkenal/-one oxidoreductase
AOR (Yamauchi et al., 2012).

Early-phase modification of apocarotenoids by
enzymes related to RCS detoxification
Considering similarities between apocarotenoids and RCS,
we searched for induced RCS detoxifying enzymes in
the transcriptomes of At12 and At22 roots assuming their
substrate specificities might also allow the conversion of
b-apocarotenoids. RCS detoxification enzymes, namely
AKR4C8 and AKR4C9, ADR as well as AER were strongly
induced (see Supplemental DataSet S4). Absence of typi-
cal markers for lipid peroxidation (Figure 5) excluded
the possibility that these enzymes were induced for the
purpose of lipid-breakdown product detoxification, po-
tentially formed upon prooxidative activities of b-caro-
tene. Instead, it is feasible to interpret their upregulation
in terms of a direct response to increased carotenoid
cleavage.

All four enzymes were capable of converting various inter-
mediates of b-carotene and xanthophyll degradation
in vitro. They converted b-apocarotenoids and 3-OH-apoc-
arotenoids, the primary cleavage products of b-carotene/
a-carotene and xanthophylls, respectively, as well as apocar-
otene dialdehydes, originating from repeated apocarotenoid
cleavage. Notably, b-apo-140-carotenal (C22) was the longest-
chain and b-ionone (C13) the shortest-chain b-apocarote-
noid converted, suggesting narrow apocarotenoid substrate
specificity (Figure 7; Supplemental Table S1). Interestingly,
AER reduced the a,b-unsaturated C–C double bond only
of b-apo-140-carotenal, b-apo-130-carotenone, and b-ion-
one to yield by far less reactive dihydro b-apocarotenoids.
These b-apocarotenoids probably represent the most reac-
tive and potentially most cytotoxic b-apocarotenoids as
methylation of the a,b-unsaturated double bond present
in all other b-apocarotenoids, except for b-apo-100-carote-
nal, lowers their reactivity (Figure 1). In b-apo-100-carote-
nal, however, the length of the polyene system might
render the double bond more inert. It might therefore be
that substrate specificity of AER is adapted to detoxify
these highly reactive apocarotenoids by removing the
a,b-unsaturated C–C double bond (Mano et al., 2002,
2005). Previously, AER was reported to be localized in the
cytosol, to be primarily expressed in leaves and to convert
RCS/oxylipins as oxygenated hydrocarbons of a length up
to C18 (Mano et al., 2005).

ADR had a very narrow substrate specificity and con-
verted only retinal and b-apo-110-carotenal into the corre-
sponding carotenols. Additionally, 3-OH-retinal that might
originate from nonenzymatic xanthophyll cleavage was also
converted (Figure 7). ADR was previously shown to reduce
saturated and a,b-unsaturated aldehydes with minimum
five carbon atoms such as alkanals and alkenals and methyl-
glyoxal in vitro (Yamauchi et al., 2011).

AKR enzymes also showed quite narrow substrate specific-
ity (Figure 7). Both AKR4C8 and AKR4C9 reduced b-apo-
110-carotenal and b-ionone and AKR4C9 additionally re-
duced retinal, b-apo-140-carotenal, as well 3-OH-retinal. Both
enzymes were previously reported to exhibit broad substrate
specificity in vitro accepting sugars, steroids, ketosteroids, ali-
phatic, and aromatic aldehydes (Simpson et al., 2009; Saito
et al., 2013; Sengupta et al., 2015).

In addition to these well-known RCS detoxifying enzymes,
we also considered enzymatic oxidation of b-apocarotenals
into b-apocarotenoic acids by NAD + /NADP + -dependent al-
dehyde dehydrogenases, known to prevent RCS accumula-
tion under abiotic stress (for review, see Stiti et al., 2011b).
Notably, aldehyde dehydrogenase SynAlh (slr0091) from
Synechocystis sp. PCC6803 converted not only alkanals but
also b-apocarotenals into b-apocarotenoic acids in vitro
(Trautmann et al., 2013) and the two closest Arabidopsis
homologs, ALDH3H1 (sequence identity 43.6%) and
ALDH3I1 (sequence identity 37.3%), were identified.
However, ALDH3H1 and ALDH3I1 have only been reported
to oxidize aliphatic alkanals (hexanal to dodecanal; C6–C12)
and a,b-unsaturated aldehydes in vitro (Stiti et al., 2011a).
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In fact, both Arabidopsis ALDH enzymes were capable
of converting all canonical b-apocarotenals into their
corresponding b-apocarotenoic acid (Figure 7), with the ex-
ception of b-cyclocitral with both enzymes and b-apo-80-
carotenal with ALDH3H1. Assuming a pKA of approximately
4.8 as for retinoic acid, conversion into b-apocarotenoic
acids does not only decrease reactivity but increases water
solubility due to a deprotonated carboxylic functionality un-
der physiological pH.

Complementing functions by b-apocarotenoid
modifying enzymes and implications for
xanthophyll metabolism
We noted a pattern of redundancy and also complementa-
tion in terms of localization and substrate specificity for the
enzymes involved in apocarotenoid metabolism. Regarding
substrate specificities, the reducing enzymes AKR, ADR, and
AER mainly target shorter-chain apocarotenones, such as b-
ionone and b-apo-130-carotenone, whereas ALDHs oxidized
almost all apocarotenals, including long-chain ones like b-
apo-100-carotenal (Figure 7). Additionally, the two systems
complement each other as the reducing enzymes primarily
target ketone substrates that cannot be oxidized biochemi-
cally, such as by ALDH. This indicates complementing func-
tions between oxidizing and reducing enzyme systems. In
terms of localization, previous findings suggest redundancy
in enzyme activity localization in chloroplasts and the cyto-
sol. ADR, AKR4C9, and ALDH3I1 are plastid-localized,
whereas AER, AKR4C8, ALDH3H1 are localized in the cytosol
(Mano et al., 2005; Simpson et al., 2009; Stiti et al., 2011a;
Yamauchi et al., 2011). This suggests a primary activity on
apocarotenoids at the site of their major formation, in plas-
tids, while maintaining cytosolic activity as a back-up should
b-apocarotenoids exit plastids by diffusion and/or export
mechanisms. Interestingly, ALDH3H1 exhibited very low
activity on b-apo-80-carotenal (Figure 7), which is unlikely to
exit plastids by diffusion due to its high hydrophobicity.

The only b-apocarotenoid, which was not metabolized by
any of the enzymes identified, was b-cyclocitral. However,
b-cyclocitral is far less reactive than other b-apocarotenoids
as its double bond is stabilized by its position within the
ionone ring (Figure 1). It can be nonenzymatically detoxified
to b-cyclocitric acid/b-cyclogeranic acid via a Baeyer–
Villiger-type oxidation in aqueous solution (Tomita et al.,
2016). Notably, b-cyclocitric acid/b-cyclogeranic acid is
formed nonenzymatically from b-cyclocitral, the latter accu-
mulating upon light stress-induced, nonenzymatic b-caro-
tene oxidation (Ramel et al., 2012a; D’Alessandro and
Havaux, 2019). It has recently been reported as a potential
signaling compound conferring drought resistance to plants
(D’Alessandro et al., 2018).

Lastly, considering results obtained for selected 3-OH-
b-apocarotenoids (Figure 7), ALDHs, ADR, and AKR might
also contribute to metabolism and detoxification of these
xanthophyll-specific degradation products. Turnover of
xanthophylls, providing photoprotection via the xanthophyll

cycle, is expected to be very high in photosynthetic tissues
due to nonenzymatic processes, especially under high-light
stress (Niyogi et al., 1998).

Saffron as a natural model for apocarotenoid
metabolism
The red color in saffron stigma originates from crocins, a
group of glucose conjugates of the apocarotenoid crocetin
dialdehyde (apo-8,80-carotene-dialdehyde) accumulating up
to 10% on a dry mass basis (for review, see Ahrazem et al.,
2015b; Demurtas et al., 2019). Considering the reactivity of
crocetin dialdehyde with two a,b-unsaturated double bonds
and carbonyl groups, efficient metabolism in Crocus sativus
to avoid its toxicity and allow for accumulation of high cro-
cin amounts can be assumed. These metabolic processes
might represent an example of general apocarotenoid me-
tabolism mechanisms in plants.

Interestingly, the sequence of reactions in crocetin dialde-
hyde metabolism in saffron strongly resembles the three-
phase model of xenobiotic detoxification described above. In
Crocus stigmas, crocetin dialdehyde is formed enzymatically
in plastids via cleavage of zeaxanthin by CCD2 and thereaf-
ter oxidized by the endoplasmic reticulum membrane-
associated aldehyde dehydrogenase ALDH3I1 to yield the di-
carboxylic acid crocetin (Frusciante et al., 2014; Ahrazem
et al., 2015a). By glycosylation of the carboxylic groups by
the cytosolic UDP-glycosyltransferase (UGT) UGT74AD1 and
a yet unknown cytosolic UGT, crocins are formed and then
sequestered in vacuoles by active transport through ABCC2
and ABCC4a (Demurtas et al., 2018, 2019; Diretto et al.,
2019). In phase I, crocetin dialdehyde is detoxified by ALDHs
into the far more water-soluble dicarboxylic acid crocin.
Glycosylation in phase II further increases water solubility
and decreases reactivity. Compartmentalization into
vacuoles in phase III allows for long-term storage and higher
stability of crocin than in the cytosol (Sandermann, 1992;
Demurtas et al., 2019).

Overexpression of Crocus CCD2 in Nicotiana benthami-
ana leaves leads to the accumulation of crocins, implying
the existence of endogenous ALDHs oxidizing crocetin dia-
ldehyde to its corresponding dicarboxylic acid crocetin as
well as of UGTs for subsequent glycosylation in vegetative
tissues (Demurtas et al., 2018). As we show, the two
Arabidopsis enzymes ALDH3H1 and ALDH3I1 are capable
of performing this reaction, suggesting that these
metabolic reactions might be of general importance for
apocarotenoid metabolism in plants. It appears that saf-
fron “recruited” enzymes from a primary detoxification
pathway for the evolution of a biosynthesis pathway spe-
cialized for pigmentation. This involves the neofunctionali-
zation of a CCD copy to specifically cleave zeaxanthin into
crocetin dialdehyde.

Remarkably, nonenzymatic cleavage of b-carotene and
xanthophylls at C8 and C80 is a source of crocetin dialde-
hyde in plants, despite the lack of CCD2. This is exemplified
by b-carotene accumulating At12 and At22 roots, where
short-chain apocarotene dialdehydes, and potentially
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crocetin dialdehyde, accumulate (Figure 2). Similar to saf-
fron, we have demonstrated that ALDH3H1 and ALDH3I1
from Arabidopsis are induced in At12 and At22 and are ca-
pable of converting crocetin dialdeyhde into the corre-
sponding dicarboxylic acid crocetin in vitro (Figure 7). In
agreement with the glycosylation of crocetin in saffron, 11
UDP glycosyl transferases were upregulated in At12 and
At22 roots up to 22-fold (UGTs 71B7, 73B1, 73C3, 73D1,
74C1, 76E2, 82A1, 84A4, 85A2, 88A1, and 91C1). Notably,
glycosylation of xanthophyll-derived apocarotenoids exists
not only in various fruits, e.g. grapes (Vitis vinifera) but also
in Arabidopsis leaves as a compensatory mechanism for in-
creased carotenoid flux (Winterhalter and Rouseff, 2001;
Lätari et al., 2015). Accordingly, bioinformatics and homol-
ogy search against the cytosolic saffron UGT74AD1, followed
by functional analysis of individual UGTs, could aid in identi-
fying UGTs potentially involved in glycosylation of b-apocar-
otenoic acids as wells xanthophyll-derived 3-OH-
apocarotenoic acids, which can be produced by ALDH3H1
and ALDH3I1 as demonstrated in this work (Figure 7).

Transport processes and cell wall modifications
might facilitate compartmentalization of
apocarotenoids and their conjugates
As described above, xenobiotic conjugates are compartmen-
talized into the cell wall or vacuole (Sandermann, 1992) and,
notably, crocins in saffron are deposited in vacuoles
(Demurtas et al., 2019). Our transcriptome data provides ev-
idence that similar transport processes might be relevant in
carotenoid metabolism. A significant number of plastid and
plasma membrane-localized transporters were identified in
the DEGs (Supplemental Figure 3), mainly associated with
transport of carbohydrates (Figure 4). Members of the ABC
transporter family were induced up to eight-fold: ABCG14,
ABCG21, ABCG30, ABCE1, as well as ABC2 homologs 11
and 14 (Supplemental DataSet S4). Only a few of the more
than 100 ABC transporters genes have been functionally
characterized and shown to be involved in detoxification,
abiotic stress response, and deposition of surface wax com-
pounds (Kang et al., 2011). However, two family members
transport apocarotenoid derivatives. AtABCC2 transports
ABA glucosylesters into vacuoles, resulting in their physio-
logical inactivation (Burla et al., 2013). Notably, CsABCC2
and CsABCC4a mentioned above and involved in crocin
transport in saffron (Demurtas et al., 2019) are close homo-
logs of AtABCC2. Functional analysis, e.g. by transportomics
assays, might help to identify candidate transporters induced
in At12 and At22, which are capable of transporting apocar-
otenoid metabolites (Demurtas et al., 2020). Similar to cro-
cin metabolism in saffron (Demurtas et al., 2019), we have
shown that ALDHs in Arabidopsis form apocarotenoic acids,
which might be glycosylated by UGTs and transported by
ABC transporters.

Another protein family of which at least half a dozen
members are upregulated in At12 and At22 roots and that
might mediate increased cellular mobility and

compartmentalization of apocarotenoids are lipid transfer
proteins. They are known to possess elongated, hydrophobic
binding for binding medium-chain hydrocarbons and are
thought to mediate lipid transport between membrane sys-
tems, deposition of wax compounds of suberin, cutin, and
sporopollenin in the apoplast as well as signaling processes
(for review, see Salminen et al., 2016; Edqvist et al., 2018).
Given that a large proportion of nonconjugated apocarote-
noids consists of a medium-chain hydrocarbon moiety
(Figure 1), it appears attractive to suggest that LTPs might
mediate apocarotenoid mobility between compartments or
might serve as mediators of apocarotenoid signaling.

Many DEGs in At12 and At22 were associated with cell
wall biosynthesis. Among them were pectin lyases, one
cinnamyl alcohol dehydrogenase protein8, caffeoyl-CoA O-
methyltransferase, one cellulose-synthase like protein, as well
as two peroxidases (PRX34, PRX52) participating in lignin
polymerization (Tenhaken, 2015) and induced up to 76- and
75-fold, respectively. A glycine-rich protein, induced up to
190-fold, is associated with regulation of cell wall growth
(Park et al., 2001).

In line with the model of Sandermann (1992), cell wall re-
organization in At12 and At22 roots might facilitate the apo-
plastic deposition of hydrophobic b-apocarotenoids
derivatives as a means of detoxification. Enzymatic cell wall
polymerization is known to facilitate long-term storage of
hydroxylated metabolites and exploited, for instance, in phy-
toremedation, and there is evidence that a number of (hy-
drophobic) xenobiotics are transported to the cell wall
where they remain covalently bound to lignins, hemicellulo-
ses, and pectins (Harvey et al., 2002).

Retrograde signaling feedback regulates
carotenogenesis upon accumulation of b-carotene
and b-apocarotenoids
Carotenoid biosynthesis is assumed to involve regulatory
feedback loops, coordinating nuclear transcriptional, and
biosynthetic enzyme activities to achieve the appropriate
amount and pattern of carotenoids (Diretto et al., 2007; Bai
et al., 2009; Kachanovsky et al., 2012; Arango et al., 2014;
Álvarez et al., 2016). This requires pathway-specific signal
molecules derived from apocarotenoids capable in relaying
information on the carotenoid status. This agrees with
known mechanisms of carotenoid-derived hormone signal-
ing such as SLs, ABA, zaxinone, and cyclocitral (Felemban
et al., 2019).

Transcript analysis of carotenoid accumulating
Arabidopsis roots revealed that most of the changes can be
interpreted in terms of counteracting excess b-carotene
accumulation. For instance, GGPS repression would limit
supply of the carotenoid precursor GGPP and the induction
of a- and b-carotene hydroxylase genes BCH1/2 and LUT1
aims at increasing b-carotene conversion into xanthophylls.
However, these responses appear insufficient to compensate
for the constitutive expression of the PSY transgene.
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b-Apocarotenoids themselves or more water-soluble deriv-
atives thereof appear as likely candidate molecules to per-
form feedback signaling as their cellular abundances could
inform on the extent of nonenzymatic degradation. As we
show, the enzymes ChlADR, AKR4C9, ALDH3H1, and
ALDH3I1 have the potential to also convert xanthophyll
degradation products. Turnover of xanthophylls, providing
photoprotection via the xanthophyll cycle, is very high in
photosynthetic tissues due to nonenzymatic processes inten-
sified under high-light stress (Beisel et al., 2011; Lätari et al.,
2015). In fact, the immediate nonenzymatic b-carotene
cleavage product b-cyclocitral acts as a retrograde signaling
molecule transferring information on photooxidative stress
levels, although it is unknown whether this signaling mecha-
nism incudes additional metabolization reactions
(D’Alessandro et al., 2018). Therefore, these enzymes
and their respective protein family members represent good
candidates for future investigations in this direction.

We have identified enzyme systems in which transcripts
were induced upon massive accumulation of b-carotene
and its oxidative degradation products, b-apocarotenoids.
Additional metabolic responses might have occurred with-
out alteration in transcript levels of corresponding proteins.
The large diversity of primary b-apocarotenoids derivatives
which are expected to be formed in planta most likely rep-
resent intermediates, which are fueled into subsequent met-
abolic routes, including glycosylations and esterifications. We
uncovered these processes by provoking enhanced apocaro-
tenoid abundance through a transgenic approach; however,
these metabolic routes might represent the default detoxifi-
cation mode in WT tissues even with low carotenoid levels
and accordingly reduced apocarotenoid formation, such as
Arabidopsis roots. The interesting question of whether crops
with specialized tissues accumulating high amounts of caro-
tenoids have optimized these processes can now be
approached to further improve our understanding of the
interrelation between carotenoid biosynthesis and
degradation.

Materials and methods

Root growth and treatments
For root generation, Arabidopsis (A. thaliana) plants were
grown hydroponically according to (Hétu et al., 2005) for 2
weeks in liquid medium. For lipid hydroperoxide induction,
H2O2 and tert-butyl hydroperoxide were added to the me-
dium with 1 M and 100 mM final concentration, respec-
tively, and flasks were continued shaking until roots were
harvested after 4 h.

RNA Seq and RT-qPCR analysis
RNA was isolated from roots of Arabidopsis wild-type eco-
type Wassilewskija and two lines overexpressing AtPSY (line
#12 and line #22, Maass et al., 2009). RNA-Seq libraries were
prepared and sequenced with 100 nt single-reads on an
Illumina HiSeq4000 platform. Total reads varied between 43
and 125 million reads per sample; sequencing quality was

very high with about 93% of base scores above 30 in aver-
age. Quality checks of the reads were performed using
fastQC (Andrews, 2010). Raw reads were trimmed using
Trimmomatic (v0.32, Bolger et al., 2014). Trimmed reads
were aligned using gsnap (v2016-11-07, Wu and Nacu, 2010)
against the Arabidopsis thaliana reference genome (Ensembl
TAIR10). The TAIR10 annotation version was used (Lamesch
et al., 2012). Only the best alignment for each read was kept
for gene expression quantification, which was performed
with HTSeq-count (v.6.0.0, Anders et al., 2015). Genes with a
“count per million” value greater than 0.3 (cpm 50.3) in at
least three libraries were considered as expressed. The count
normalization (calcNormFactors with “RLE” method) and
detection of DEGs (GLM method) were performed using R
(v.3.3.2) and the edgeR package (Robinson et al., 2010).
Genes were considered differentially expressed when the
FDR was below 0.05 (FDR 50.05).

RNA extraction and RT-qPCR analysis was performed as
described in Maass et al. (2009). Primer and probe sequence
information is given in Supplemental DataSet S5.

Lipid peroxide analyses
Lipid hydroperoxides were determined and quantified by
the FOX2 assay, which uses the absorption of a ferric ions/
xylenol orange complex formed through oxidation of ferrous
ions by lipid hydroxyperoxides (DeLong et al., 2002). Two
hundred milligram of roots were ground in liquid nitrogen
and extracted with 1 mL of 80% (v/v) ethanol containing
0.01% (w/v) butylated hydroxytoluene. For lipid hydroperox-
ide analysis, extracts were diluted to a volume of 100 mL by
adding methanol. Lipid hydroperoxides of one sample set
were reduced by adding 100 mL of 100 mM triphenylphos-
phine ( + TPP), while 100 mL methanol was added to the
nontreated duplicate (–TPP). After 30 min incubation at RT,
1.8 mL of FOX reagent was added, the absorption at 560
nm was measured after 10 min incubation, and the differ-
ence between –TPP and + TPP was determined and con-
verted into H2O2 concentrations yielding equivalent
absorption.

For detailed hydroxyl fatty acid analyses, lipids were
extracted from 250 mg frozen roots from hydroponically
grown plants using 500-ng 15-hydroxy-eicosadienoic acid as
an internal standard according to (Zoeller et al., 2012). Total
hydrolysis was performed with the extracts according to
(Triantaphylidès et al., 2008) thus allowing to quantify free
and esterified hydroxyl fatty acids.

Carotenoids and apocarotenoid analysis
Lipophilic compounds of lyophilized roots were extracted as
described in (Álvarez et al., 2016). Carotenoid and apocaro-
tenoid quantification from plant tissues were performed as
described in (Schaub et al., 2018).

ABA and PA analysis
PA and ABA were quantified according to Ture�cková et al.
(2009) and Da Silva et al. (2012). Lyophilized, ground
Arabidopsis roots (50–100 mg) were spiked with 50 ng each
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of d3-PA (Plant Biotechnology Institute, Saskatoon, Canada)
and d6-ABA (IconIsotopes, Dexter, USA) and extracted with
1 mL of methanol: water: acetic acid (10: 89: 1, v/v/v) for 1
h at 4�C. After centrifugation (10 min, 4000g, 4�C) the su-
pernatant was transferred into a new tube, and the pellet
re-extracted for 30 min as above. Both extracts were com-
bined and loaded onto 1 mL OasisVR HLB cartridges (30 mg,
Waters, Milford, USA), which were conditioned with 2-mL
methanol and equilibrated with 2 mL of methanol: water:
acetic acid (10: 89: 1, v/v/v). The cartridge was washed with
1-mL methanol: water: acetic acid (10: 89: 1; v/v/v) and
eluted with 2-mL methanol: water: acetic acid (80:19:1; v/v/
v). The eluate was vacuum-dried and resuspended with 40
mL of methanol: water (30:70, v/v) containing 0.1% (v/v) for-
mic acid. Two microliters were used for LC–MS analysis
(UltiMate 3000 UPLC, Q-Exactive; Thermo Scientific).
Separation was achieved with a Hypersil Gold C18 UPLC-
column (150 � 2.1 mm2 i.d., 1.9 mm, Thermo Scientific)
with the solvent system A, 0.1% formic acid in water and B,
0.1% formic acid in methanol. The gradient was developed
from 30% to 50% B in 7.5 min. The column was washed
with 100% B for 5 min, and initial conditions were restored
within 4 min with a constant flow rate of 0.2 mL/min.
Samples were analyzed in negative electrospray ionization
mode. Nitrogen was used as sheath and auxiliary gas, set to
40 and 15 arbitrary units, respectively. Probe heater temper-
ature was set to 300�C and ion spray voltage was –3 kV.
MS2-spectra for verification were generated by parallel reac-
tion monitoring using a normalized collision energy of 40 ar-
bitrary units. Standard curves for quantification were
obtained with unlabeled PA (Plant Biotechnology Institute,
Saskatoon, Canada) from 0.004 to 5 ng on-column contain-
ing 2.5 ng of d3-PA. For ABA (Sigma-Aldrich, Germany), the
range was 0.04–1.25 ng with 2.5 ng of d6-ABA.

Enzyme assays
In general, recombinant enzymes were expressed and puri-
fied as described (AER, Mano et al., 2000; AKR4C8 and
AKR4C9, Simpson et al., 2009; ChlADR, Yamauchi et al.,
2011; ALDH3H1 and ALDH3I1, Stiti et al., 2011b), incubated
with substrates, extracted and analyzed by GC–MS for vola-
tile substrates (b-ionone, b-cyclocitral) and by HPLC-DAD
or LC–MS for all other substrates. For detailed enzyme assay
methods, see Supplemental Methods.

Accession numbers
Raw RNA-Seq data from this article can be found in the
European Nucleotide Archive (http://www.ebi.ac.uk/ena/)
under accession number ERP122176. AGI locus identifiers
for apocarotenoid-metabolizing enzymes are as follows:
AKR4C8 (At2g37760), AKR4C9 (At2g37770), ChlADR
(At3g04000), AER (At5g16970), ALDH3H1 (At1g44170),
ALDH3I1 (At4g34240).

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1 Expression levels of selected
genes in carotenoid accumulating roots.

Supplemental Figure S2 b-Apocarotenoids converted by
AER.

Supplemental Figure S3 GC-MS and LC-MS analysis of
AER in vitro activity on b-apocarotenoids.

Supplemental Figure S4 b-Apocarotenoids converted by
AKR4C8 and AKR4C9.

Supplemental Figure S5 HPLC analysis of AKR4C8 and
AKR4C9 in vitro activity on b-apocarotenoids.

Supplemental Figure S6 b-Apocarotenoids converted by
ChlADR.

Supplemental Figure S7 HPLC analysis of ChlADR
in vitro activity on b-apocarotenoids.

Supplemental Figure S8 LC–MS analysis of conversion of
apocarotenoids by AtAKR4C8, AtAKR4C9, and AtADR.

Supplemental Figure S9 b-Apocarotenoids converted by
ALDH3H1 and ALDH3I1.

Supplemental Figure S10 HPLC analysis of ALDH3H1 and
ALDH3I1 in vitro activity on b-apocarotenoids.

Supplemental Figure S11 LC–MS analysis of conversion
of apocarotenoids by ALDH3I1and ALDH3H1.

Supplemental Figure S12 Mass spectrometric identifica-
tion of apocarotenoids.

Supplemental Table S1 In vitro conversion of various oxi-
dative b-carotene degradation products.

Supplemental Dataset S1 Analysis of carotenoid and
MEP pathway specific genes.

Supplemental Dataset S2 Overrepresentation analysis.
Supplemental Dataset S3 Intersection At12/At22 with b-

cyclocitral treatment.
Supplemental Dataset S4 Up and downregulated genes

in carotenoid accumulating Arabidopsis roots, lines At12
and At22.

Supplemental Dataset S5 Primer and probes.
Supplemental Methods Detailed information on in vitro

enzyme assays.
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