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SUMMARY

Crocins are glucosylated apocarotenoids present in flowers and fruits of a few plant species, including saf-

fron, gardenia, and Buddleja. The biosynthesis of crocins in these plants has been unraveled, and the

enzymes engineered for the production of crocins in heterologous systems. Mullein (Verbascum sp.) has

been identified as a new source of crocins and picrocrocin. In this work, we have identified eight enzymes

involved in the cleavage of carotenoids in two Verbascum species, V. giganteum and V. sinuatum. Four of

them were homologous to the previously identified BdCCD4.1 and BdCCD4.3 from Buddleja, involved in the

biosynthesis of crocins. These enzymes were analyzed for apocarotenogenic activity in bacteria and Nicoti-

ana benthamiana plants using a virus-driven system. Metabolic analyses of bacterial extracts and N.

benthamiana leaves showed the efficient activity of these enzymes to produce crocins using b-carotene and

zeaxanthin as substrates. Accumulations of 0.17% of crocins in N. benthamiana dry leaves were reached in

only 2 weeks using a recombinant virus expressing VgCCD4.1, similar to the amounts previously produced

using the canonical saffron CsCCD2L. The identification of these enzymes, which display a particularly broad

substrate spectrum, opens new avenues for apocarotenoid biotechnological production.

Keywords: crocetin, carotenoid cleavage dioxygenase, Buddleja, crocus, Verbascum, metabolic engineering.

INTRODUCTION

Carotenoids are tetraterpenoid polyenes produced in plants,

microbes, and by certain aphids and spider mites

(Maoka, 2021). In plants, carotenoid biosynthesis starts with

phytoene production, a colorless carotenoid with three con-

jugated double bonds, and continues with sequential reac-

tions of desaturation and isomerization, which lead to the

formation of all-trans-lycopene. Lycopene cyclase activities

give rise to various carotenes including d-carotene, e-
carotene, a-carotene, and b-carotene; further oxygenation of

these cyclized carotenes produces a series of xanthophylls,

including lutein, zeaxanthin, antheraxanthin, violaxanthin,

and neoxanthin (Rodriguez-Concepcion et al., 2018). Carot-

enoid complexity is further increased by additional transfor-

mations, including isomerizations, oxidations, and the

enzymatic cleavage of the polyene chain. This last reaction

is catalyzed by a family of enzymes named carotenoid cleav-

age dioxygenases (CCDs), which cleave carotenoids at their

double bonds (Auldridge, McCarty, & Klee, 2006). The first

CCD was identified in the Viviparous 14 (Vp14) mutant of
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maize and is involved in the biosynthesis of abscisic acid

(ABA) (Schwartz et al., 1997). The identification of Vp14 fur-

ther allowed the identification of other CCDs in animals and

plants (Ahrazem, Gomez-Gomez, et al., 2016). Nine-cis epox-

ycarotenoid dioxygenases (NCEDs; NCED2, NCED3, NCED5,

NCED6, and NCED9) are all CCD enzymes that, like Vp14, are

involved in ABA biosynthesis. NCEDs recognize and cleave

the 11,12;110,120 double bond of 9-cis-violaxanthin or 9-cis-

neoxanthin (Schwartz et al., 2003). All other CCDs that are

not involved in the production of ABA are categorized as

CCDs. There are many CCD subfamilies, and genome

sequencing is contributing to the discovery of new ones. In

particular, six CCDs, including CCD1, CCD2, CCD4, CCD7,

CCD8, and ZAX (CCD10), have divergent cleavage properties

and locations in the cell (Alder et al., 2008; Auldridge, Block,

et al., 2006; Frusciante et al., 2014; Ilg et al., 2014; Rubio

et al., 2008; Rubio-Moraga et al., 2014). More specifically,

CCD1 coding genes have been found in all the plant

genomes studied so far (https://phytozome.jgi.doe.gov); the

enzymes of this subfamily recognize and cleave a wide

range of carotenoids at different positions (Garcia-Limones

et al., 2008; Huang et al., 2009; Ibdah et al., 2006; Ilg

et al., 2014; Schmidt et al., 2006; Simkin et al., 2004), and, for

this reason, their activities have been proposed to be associ-

ated to apocarotenoid degradation (Simkin, 2021). CCD2,

closely related to CCD1, but with plastid localization, drives

zeaxanthin catabolism at positions 7,8;70,80 in Crocus spe-

cies, yielding crocetin-dialdehyde (Ahrazem, Rubio-Moraga,

et al., 2016; Frusciante et al., 2014), further transformed into

crocins (Gomez-Gomez et al., 2017, 2018; L�opez-Jimenez

et al., 2021; Moraga et al., 2004). Besides CCD2, in the CCD4

subfamily, specific chromoplastic localized CCD4 enzymes

from Buddleja davidii and gardenia act on carotenoids at

positions 7,8;70,80 to generate crocins as well (Ahrazem

et al., 2017; Xu et al., 2020; Zheng et al., 2022). Other

enzymes in this subfamily only recognize the 7,8 or 70,80

position, leading to the formation of b-citraurin (Ma

et al., 2013; Rodrigo et al., 2013). Inside this subfamily, other

CCD4 enzymes with a plastoglobuli localization are involved

in the generation of aroma volatiles (Morote et al., 2023;

Rubio et al., 2008; Wang et al., 2020), catalyzing the cleavage

of 9,10;90,100 double bonds. However, these enzymes are

also responsible for the degradation of carotenoids in differ-

ent tissues and the loss of coloration of fruits and flowers

(Awasthi et al., 2022; Brandi et al., 2011; Bruno et al., 2015;

Gonzalez-Jorge et al., 2013; Morote et al., 2023; Ohmiya

et al., 2006; Zhang et al., 2015, 2023). Carotenoids, in particu-

lar b-carotene, can be sequentially cleaved by the activities

of plastidic CCD7 (at positions 9,10 or 90,100) and CCD8 (at

positions 13,14), resulting in carlactone as the precursor to

strigolactone (Alder et al., 2008, 2012). More recently, a novel

CCD subfamily has been characterized, zaxinone synthase

(ZAS), which cleaves apo-100-zeaxanthinal at the 13,14 dou-

ble bond to produce zaxinone in rice (Wang et al., 2019), and

the homologous enzymes have been designated as the

CCD10 subfamily (Zhong et al., 2020).

Verbascum is a widespread genus of the family Scrophu-

lariaceae, which comprises 300 to 325 Euro Asiatic species. It

is the largest genus of the family, whose origin has been

traced to the center of the Eastern Mediterranean basin

(Bened�ı, 2009). Some species from this genus has been tradi-

tionally used to treat a variety of disorders, such as asthma,

spasmodic coughs, inflammatory illnesses, diarrhea, migraine

headaches, and malaria (Jan et al., 2022). Although these spe-

cies have been used in traditional medicine since antiquity,

their commercial appeal has grown recently, and this growth

is being backed up by an increasing number of research stud-

ies (Blanco-Salas et al., 2021). Many secondary metabolites,

belonging to different biosynthetic pathways (terpenoids,

shikimic acid derivatives, and mixed metabolites), have been

detected in a few Verbascum species, such as V. cheiranthifo-

lium Boiss., V. lychnitis L., V. songaricum Schrenk, V. specio-

sum Schrad. and V. thapsus L. In particular, by using different

color reactions, it was determined that crocin was one of the

pigments responsible for the yellow color of the petals of the

flowers of V. thapsus L. (Bate-Smith, 1953).

Crocins are one of the three main metabolites present

in the stigmas of Crocus sativus (Pfander & Schurtenber-

ger, 1982). These secondary metabolites are crocetin esters

with a variable number of sugar molecules attached to the

ends of the apocarotenoid, which confer variable solubility

to the compounds. Crocins are responsible for the pigmen-

tation of the saffron spice and, besides providing color, they

exhibit a number of beneficial pharmacological effects due

to their anti-inflammatory and anti-oxidative properties

(Salih et al., 2019). Therefore, these valuable pigments are

used across multiple commercial sectors such as the food

and health supplement industries. Crocetin is generated in

Crocus species by the action of CCD2 using zeaxanthin as

substrate (Ahrazem, Rubio-Moraga, et al., 2016; Frusciante

et al., 2014), and in B. davidii two CCD4 enzymes, BdCCD4.1

and BdCCD4.3, catalyzed the same reaction (Ahrazem

et al., 2017). B. davidii also belongs to the family Scrophu-

lariaceae and is closely related to Verbascum (Dong

et al., 2022). Therefore, we expected to identify the homolo-

gous enzymes responsible for crocetin biosynthesis in Ver-

bascum. In this work, we evaluated the presence and nature

of crocins in the yellow flowers from two Verbascum spe-

cies, V. giganteum and V. sinuatum. The first species can be

found in limestone mountain peaks, where it grows on

slopes, stony slopes, and short herbaceous meadows in val-

leys. It is endemic to the southern half of the Iberian Penin-

sula. The second species is a ruderal plant, which grows on

nitrified and altered land, such as roadsides and old fallow

land, and has a broad distribution in the Iberian Peninsula

(http://www.floraiberica.es/). We identified and isolated four

CCD genes in each species, including a CCD1 homolog and

three genes related to the CCD4 subfamily. One of the CCD4
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genes was highly expressed in the tepals and was found to

cleave b-carotene and zeaxanthin at 7,8;70,80 double bonds

to efficiently produce crocetin dialdehyde. Overall, this

study provides with novel CCD4 enzymes that can be used

as biotechnological tools to drive crocin biosynthesis in dif-

ferent heterologous systems.

RESULTS

Crocins in flowers of Verbascum species

Flowers of V. giganteum and V. sinuatum showed five yellow

petals and five stamens (Figure 1). Open flowers were ana-

lyzed for the accumulation of picrocrocin and crocins and

compared with saffron stigmas (Figure 2a,b). Picrocrocin

and HTCC were detected in the petals of both species

(Figure 2a). Notably, picrocrocin with gentiobiose was pre-

sent at higher proportion in V. sinuatum (70% from the total

picrocrocin derivatives), while the canonical picrocrocin mol-

ecule was predominant in V. giganteum (58% of the total

picrocrocin derivatives) (Figure 2a). The crocins that accumu-

late in saffron were also present at high levels in V. sinuatum

and V. giganteum as trans-crocetin-di-(b-D-gentiobiosyl)-
ester (t-3Gg), trans-(crocetin-(b-D-gentiobiosyl)-(b-D-gluco-
syl)-ester (t-4GG), trans-crocetin-di-(b-D-glucosyl)-ester (t-

2gg) and cis-crocetin-(b-D-glucosyl)-ester (c-1 g). Although,

crocins with 6 and 5 glucose molecules were also identified

(Figure S1a and Table S1), compared with saffron, crocin

with 6 glucose molecules was more abundant in Verbascum

than in saffron, especially in V. giganteum. We also com-

pared the pattern observed for both Verbascum species with

that from B. davidii petals (Figure S1b). Interestingly, the cro-

cin patterns were very similar. Crocins concentration was

determined in closed flowers and in open flowers. The con-

centration of crocins in open flowers was higher than in

closed flowers in both species. In closed flowers of V. gigan-

teum, crocins accumulated at 7.6 � 1.1 mg/g dry weight

(DW) and in open flowers at 9.87 � 1.7 mg/g DW. In V.

sinuatum, the obtained levels of crocins were 11.03 � 1.7

and 14.38 � 2.6 mg/g DW in closed and open flowers,

respectively. We further determined the presence of caroten-

oids in the open flowers in both species and observed the

accumulation of lutein, zeaxanthin, and b-carotene as com-

mon carotenoids in both species (Figure 2c; Figure S2). More

specifically, b-carotene was detected as the main carotenoid

present in both flowers, although the highest levels were

reached in V. sinuatum (Figure 2c).

Identification of carotenoids cleavage dioxygenases in

Verbascum

Two previously obtained transcriptomes from flowers of V.

giganteum and V. sinuatum were compared to B. davidii

CCD enzymes using BLAST analyses. The search resulted

in the identification of different contigs for a total of four

CCD sequences in each species, including homologs to

CCD1, CCD4.1, CCD4.2, and CCD4.3 (Table 1). Maximum

similarities were found with the CCD enzymes of B. davidii

(Table 1). The sequences were also analyzed for N-terminal

targeting signals. The CCD1 enzymes were predicted to be

targeted to the cytosol, and CCD4.1, CCD4.2, and CCD4.3

were all predicted to have an N-terminal transit peptide for

plastids targeting (Table 1). All the characterized CCD

enzymes showed the four highly conserved His residues

involved in the coordination of the non-heme Fe II pros-

thetic group (Kloer & Schulz, 2006) (Figure S3).

V. sinuatum V. sinuatum

V. giganteumV. giganteum

Figure 1. Images of Verbascum sinuatum and V. giganteum used in this

study. In the left side are shown the inflorescences and in the right side are

shown the plants in the flowering stage.
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Multiple sequence alignment analysis of CCDs from

different plant species, retrieved from databases, and their

phylogeny along with the sequences from both Verbascum

species, exhibit closeness to B. davidii enzymes. The CCD1

proteins of both Verbascum species fall into the CCD1 sub-

family found in other plants (Figure 3); similarly, CCD4.2

enzymes belong to the CCD4 subfamily from dicotyledon-

ous plants (Figure 4). CCD4.1 and CCD4.3, on the other

hand, constitute a distinct cluster containing Buddleja

enzymes that is sister to the main CCD4 group (Figure 3),

which mostly includes enzymes involved in floral and fruit

color loss and flower aroma (Brandi et al., 2011; Ohmiya

et al., 2006).

Changes in the expression of CCD4 genes in Verbascum

species

To understand whether and how crocins contents are tran-

scriptionally regulated in V. sinuatum and V. giganteum,

we used qPCR to analyze the expression levels of all identi-

fied CCD genes in the petal tissues in closed and open

flowers of both species. In comparison to the expression

levels of all the other CCDs, CCD4.1 had the highest levels

of expression in both the pre-anthesis and anthesis stages

in V. sinuatum and V. giganteum (Figure 4a). In V. sinua-

tum, the levels of expression of CCD1 were higher than

those of CCD4.2 and CCD4.3 (Figure 4a), whereas in V.
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Figure 2. Apocarotenoid and carotenoid content and composition in polar extracts of petals of Verbascum species.

(a) Levels of picrocrocin derivatives and HTCC.

(b) Crocetin, and crocin accumulation.

(c) Carotenoid levels in both species. Columns represent the mean and SD of three biological replicates, each including three technical replicates.
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giganteum the levels of expression of CCD4.2 were higher

than those of CCD1 and CCD4.3 (Figure 4a). The transcript

levels of CCD4.3 were the lowest in the two developmental

stages in both species (Figure 4a).

Furthermore, the expression levels of selected genes

related to the carotenoid biosynthetic pathway were analyzed

(Figure 4b). More in detail, the expression levels of PSY1, B-

LCY-1, Lut1, and Lut5 were low in all the samples (Figure 4b),

compared to the expression levels of the other carotenogenic

genes. In both species, PSY2, PDS, ZDS, Z-ISO, CRTISO, and

B-LYC-2 showed higher levels of expression in anthesis

(Figure 4b). However, the expression of BCH increased at

anthesis in V. sinuatum and decreased in V. giganteum

(Figure 4b). Despite this, the transcript levels of BCH showed

the highest levels of expression in pre-anthesis and anthesis

petals in both species. In addition, the transcript levels of Or

were examined. Of interest, V. giganteum had low levels of

expression in the tepals, whereas V. sinuatum petals had a

high level of expression (Figure 4b). This high level of Or

expression in V. sinuatum may be related to the higher levels

of b-carotene in the petals (Figure 2c).

Functional analyses of recombinant CCD4.1 proteins

Due to the high expression levels of these CCD4.1 genes

and their relationships with the accumulation of crocins.

VgCCD4.1 was selected to examine in vivo activity in E. coli

as well as in N. benthamiana plants; notably this enzyme is

95.1% identical to VsCCD4.1 (Figure S4). Lycopene, b-
carotene, and zeaxanthin were used as substrates to assay

the enzymatic activity of VgCCD4.1 in vivo in E. coli. While

for the assay of VgCCD4.1 in N. benthamiana, a previously

developed virus-driven system to produce crocins was used

(Mart�ı et al., 2020). For the assays in E. coli, the full-length

cDNA, excluding the first amino acids predicted to be the

transit peptide for plastid localization, was cloned into

the expression vector pThio-Dan1 (Bruno et al., 2014), and

the recombinant plasmid was introduced in E. coli cells that

produced and accumulated different carotenoid substrates.

The reaction products were characterized by GC–MS and

HPLC-DAD-HRMS. The volatile b-cyclocitral was detected in

the headspace of b-carotene-producing E. coli cells

expressing the VgCCD4.1 protein (Figure 5). In zeaxanthin-

producing cells expressing VgCCD4.1, a volatile was identi-

fied as HTCC (Figure 5). b-cyclocitral and HTCC have gener-

ated as a result of a 7,8;7080 cleavage activity on b-carotene
and zeaxanthin, respectively. Therefore, the obtained results

suggested that b-carotene and zeaxanthin were recognized

as substrates of VgCCD4.1, which catalyzed the cleavage at

the 7,8;7080 double bonds. However, we did not detect any

additional peak for the cultures of bacterial cells that accu-

mulate lycopene when the expression of VgCCD4.1 was

induced, suggesting that lycopene was not a substrate for

this enzyme. Furthermore, to identify the non-volatile apoc-

arotenoids produced by the activity of VgCCD4.1, the pig-

ments produced by carotenoid-accumulating E. coli

expressing VgCCD4.1 were analyzed by HPLC. Compared

with the empty vector, the UV/Vis absorbance spectrum

obtained from the b-carotene and zeaxanthin background

from bacterial cells expressing VgCCD4.1 showed a peak

that matched crocetin dialdehyde based on UV/Vis spectrum

and retention time (Figure 6). Crocetin dialdehyde was con-

firmed by MS analyses (Figure 6). On the contrary, we could

not detect any additional peak for the cultures of cells that

accumulate lycopene when the expression of VgCCD4.1 was

induced, suggesting that lycopene was not a substrate for

this enzyme.

Subsequently, we constructed a recombinant virus

(Figure 7a) to express VgCCD4.1 (TEV-VgCCD4.1) in

N. benthamiana. VgCCD4.1 is a plastidic enzyme that must

contain the native amino-terminal transit peptide. Thus, to

target the enzyme to the plastids, we inserted the cDNA in

a position in the virus genome that corresponds to the

amino terminus of the viral polyprotein (Mart�ı et al., 2020).

In addition, VgCCD4.1 cDNA also contained, at the 30 end,
a sequence for an artificial NIaPro cleavage site to allow

the release of the heterologous protein from the viral poly-

protein. Based on previous work, we used the �8/+3 site,

which splits NIb and CP in TEV. The obtained recombinant

clon was agroinoculated in N. benthamiana plants. As a

control, some plants were agroinoculated with TEV-aGFP

which expresses GFP located at the most amino-terminal

position in the viral polyprotein. Symptoms of infection

Table 1 Characteristics of Verbascum CCDs. Vs refers to V. sinuatum, while Vg refers to CCDs from V. giganteum

Name and GenBank
accession number aa MW/PI Identity %

Predicted
location

VsCCD1, OR037091 543 61.40/6.40 93.48% APU54678.1 (B. davidii) Cytosol
VgCCD1, OR037087 540 61.30/6.27 94.61% APU54678.1 (B. davidii) Cytosol
VsCCD4.1, OR037089 572 63.98/8.21 76.22% APU54674.1 (B. davidii) Plastid
VgCCD4.1, OR037085 572 64.15/6.48 76.0% APU54674.1 (B. davidii) Plastid
VsCCD4.2, OR037090 574 62.68/7.70 86.14% APU54675.1 (B. davidii) Plastid
VgCCD4.2, OR037086 590 64.22/8.42 85.09% APU54675.1 (B. davidii) Plastid
VsCCD4.3, OR037088 583 64.73/6.93 75.17% APU54676.1 (B. davidii) Plastid
VgCCD4.3, OR037084 530 58.81/6.11 77.85% APU54676.1 (B. davidii) Plastid

� 2023 The Authors.
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 VgCCD4.2
 VsCCD4.2
 APU54675.1 Buddleja davidii BdCCD4.2
 XP 004246004.1 Solanum lycopersicum
 ABY60887.1 Osmanthus fragrans
 GAQP01000012 Gardenia jasminoides CCD4a
 XP 009132578.1 Brassica rapa
 NP 193652.1 Arabidopsis thaliana
 XP 003516508.1 Glycine max
 A0SE35 CITCL CCD4a
 ABY60886.1 Rosa x damascena
 VsCCD4.1
 VgCCD4.1
 APU54674.1 Buddleja davidii BdCCD4.1
 APU54676.1 Buddleja davidii BdCCD4.3
 VsCCD4.3
 VgCCd4.3
 XP 008646127.1 Zea mays
 EAZ24320.1 Oryza sativa
 AEO50759.1 Crocus sativus
 ACD62477 Crocus sativus
 ACD62476 Crocus sativus
 A0SE36 CITCL CCD4b
 ALM23547.1 Crocus sativus CsCCD2L
 ABF85668.1 Zea mays
 XP 015619349.1 Oryza sativa
 Q84KG5.1 Crocus sativus CsCCD1
 NP 191911.1 Arabidopsis thaliana
 VsCCD1
 APU54678.1 Buddleja davidii BdCCD1
 VgCCD1
 A0A1P8B8T4 Arabidopsis thaliana CCD8
 A0A1P8B119 Arabidopsis thaliana CCD7
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Figure 3. The evolutionary history of selected CCDs was inferred using the Minimum Evolution method. The optimal tree is shown. The percentage of replicate

trees in which the associated taxa clustered together in the bootstrap test (5000 replicates) are shown above the branches. The evolutionary distances were com-

puted using the Poisson correction method and are in the units of the number of amino acid substitutions per site. Evolutionary analyses were conducted in

MEGA11 (https://megasoftware.net/). Branches including Verbascum sp. CCDs are highlighted in blue (CCD1), green (CCD4.2), and red (CCD4.3).
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were observed at approximately 8 dpi in plants agroinocu-

lated with TEV-VgCCD4.1, and TEV-aGFP. A distinctive yel-

low pigmentation was observed in tissues of plants

agroinoculated with TEV-VgCCD4.1 at approximately 14

dpi (Figure 7b). Symptomatic leaves from plants infected

with TEV-aGFP and TEV-VgCCD4.1 were subjected to

extraction and analysis to determine their crocins and

carotenoid profiles. Analysis of the polar metabolic fraction

of tissues infected with TEV-VgCCD4.1 showed a series of

peaks with maximum absorbance around 440 nm, corre-

sponding to crocins with different degrees of glucosyla-

tion, as revealed by HPLC-HRMS (Figure 7c). These peaks

were not observed in the counterpart extracts from tissues

from mock-inoculated plants or plants infected with the

TEV-aGFP control. Predominant crocins were those conju-

gated with three and two glucose molecules. Subse-

quently, the levels of carotenoids and chlorophylls in the

apolar fractions were also investigated (Figure S5).

The comparison between tissues infected with TEV-aGFP

and TEV-VgCCD4.1 showed differences in metabolite level

in both carotenoids and chlorophylls. Chlorophyll and

pheophytin were all reduced in TEV-VgCCD4.1. At the

carotenoid level, the most striking differences were in the

contents of phytoene and b-carotene, which were strongly
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Figure 4. Quantitative expression analyses of the transcripts levels of genes involved in carotenoid biosynthesis and cleavage by RT-qPCR in petals at two

developmental stages of V. sinuatum and V. giganteum.

(a) Expression levels of CCD genes in petals at pre-anthesis and anthesis of flowers of V. giganteum and V. sinuatum. Values are means �SD.

(b) Representation of the main steps of the carotenoid biosynthetic pathway and heat map analysis showing gene expression pattern in pre-anthesis and anthe-

sis petals of flowers of V. giganteum and V. sinuatum. Color from red to green indicates low to high expression.
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reduced in TEV-VgCCD4.1-infected leaves (Figure S5),

which further reinforced the additional activity of this

enzyme in targeting b-carotene. Overall, this experiment

revealed a remarkable accumulation of 1.78 � 0.13 mg of

crocins per gram of N. benthamiana DW leaf tissue.

In silico comparison among BdCCD4.1, VgCCD4.1,

VsCCD4.1 and other CCDs

Phylogenetic analyses showed that BdCCD4.1, VgCCD4.1,

and VsCCD4.1 clustered together, finding of particular

interest given that BdCCD4.1 and Verbascum CCD4.1 pro-

teins showed the same activity. Despite the fact that Ver-

bascum enzymes have broader substrate specificity, we

chose to investigate the structure of these enzymes to

better understand this difference in specificity. First, the tri-

dimensional structures of VgCCD4.1 and VsCCD4.1

enzymes were overlapped (Figure S6a), and then, over-

lapped with BdCCD4.1 (Figure S6b). In general, the tridi-

mensional structures of the three enzymes were well

conserved, although some differences were found

O
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Figure 5. Chromatograms obtained from SHHE-GC–MS analyses of VgCCD4.1 activity in E. coli cells producing different carotenoid substrates.

(a) Control (black) and b-carotene-producing E. coli culture expressing VgCCD4.1 (gray) and b-cyclocitral MS spectrum (bottom). The retention time and mass

spectra of the peak at 17.17 min from the VgCCD4.i-expressing E. coli were identical to those of b-cyclocitral.
(b) Chromatograms obtained from SHHE-GC–MS analysis of control zeaxanthin-producing E. coli cells (black) and zeaxanthin-producing E. coli culture expres-

sing VgCCD4.1 (gray). The mass spectra and retention time of the peak at 23.40 min upon VgCCD4.1 expression were identical to HTCC.

� 2023 The Authors.
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regarding the presence of two longer b-strands in

BdCCD4.1, which was due to the presence of additional

amino acid residues located in positions 484–487 and

changes in flanking amino acid residues (Figure S6d). The

combined effect of multiple amino acid deletions and sub-

stitutions on protein function might thus be involved in
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Figure 6. Chromatograms obtained by HPLC-DAD-HRMS of the in vivo assays in bacteria of VgCCD4.1.

(a) Induction of VgCCD4.1-expressing E. coli cells converted zeaxanthin into crocetin dialdehyde, as detected by HPLC-MS system alongside authentical standard

for the confirmation of the identity of the cleavage product.

(b) Induction of VgCCD4.1-expressing E. coli cells converted zeaxanthin into crocetin dialdehyde, as detected by a reduction of zeaxanthin as substrate by HPLC-

MS system.

(c) Induction of VgCCD4.1 expression in E. coli cells producing b-carotene as substrate reduced the quantity of the available substrate and rendered the produc-

tion of crocetin dialdehyde, as detected by HPLC-MS system alongside authentical standard for the confirmation of the identity of the cleavage product.

(d) Induction of VgCCD4.1 expression in E. coli cells producing b-carotene as substrate reduced the quantity of the available substrate as observed by HPLC-MS.

� 2023 The Authors.
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long-range interactions in loops, helices, and b-strands that

gate the substrate access channel, allowing the catalysis of

different substrates (Acevedo-Rocha et al., 2021). Subse-

quently, the tridimensional structures of VgCCD4.1 and

VsCCD4.1 were further overlapped with GjCCD4a, which

recognizes zeaxanthin and b-carotene as substrates and

has a 7,8:70,80 activity (Xu et al., 2020). GjCCD4a showed

56% and 52.6% identity with BdCCD4.1 and VgCCD4.1,

respectively. In this case, the three structures displayed a

major degree of overlapping (Figure S6c), suggesting that

differences at the substrate level can be determined by

changes at the structural level, which can influence multi-

ple substrate-enzyme interaction points. In addition, the

three proteins were analyzed for the residues involved in

the interaction with the ligand 8-apo-b-carotenol
(Figures S3 and S6c). Of interest, all the residues involved

were identical among the three enzymes, except for one

alanine residue in position 316 in the sequences of

VgCCD4.1 and VsCCD4.1, which in BdCCD4.1 is substituted

by proline (position 320). However, the presence of proline

instead of alanine is also present at the same position in

the enzyme of GjCCD4a (position 354). This amino acid is

present as well in the enzyme from Bixa orellana BoCCD4.3

(position 298), which showed 7,8:70,80 activity on lycopene,

b-carotene, and zeaxanthin (Frusciante et al., 2022).

Although GjCCD4a and BoCCD4.3 show the same activity,

their identity is less than 50% (48%) (Figure S7a), but over-

all, they showed very similar tridimensional structures

(Figure S7b–d).
Next, we determined all the different residues

present among the VgCCD4.1, VsCCD4.1, and BdCCD4.1

sequences, excluding differences in the predicted signal

peptide (Figure S6c). Overall, a total of 30 differences were

recorded, with more than 20 of them localized in the last

200 amino acids. These residues were compared with

those present in the same positions in GjCCD4a and

BoCCD4.3, as references for substrate recognition

(Figure S7). A total of 18 residues were found to differ from
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Figure 7. Inoculation of N. benthamiana plants that

stably express NIb with TEV recombinant clones

that express VgCCD4.1 and heterologous produc-

tion of crocins.

(a) Schematic representation of TEV genome indi-

cating the position where the GFP (green box) and

the VgCCD4.1 (yellow box) were inserted. The

sequence of the artificial NIaPro cleavage site to

mediate the release of the recombinant proteins

from the viral polyprotein is also indicated. The

black triangle indicates the exact cleavage site.

Lines represent TEV 50 and 3’ UTR and boxes repre-

sent P1, HC-Pro, P3, P3N-PIPO, 6 K1, CI, 6 K2, VPg,

NIaPro, NIb, and CP cistrons, as indicated.

(b) Pictures of representative leaves from plants

mock-inoculated and agroinoculated with TEV-

aGFP, and TEV-VgCCD4.1, as indicated, taken at 14

dpi. Scale bars correspond to 5 mm.

(c) Chromatographic profile at 440 nm of the polar

fraction of leaves infected with TEV-aGFP, and TEV-

VgCCD4.1. Peaks abbreviations correspond to: c-c1,

cis-crocin 1; t-c1, trans-crocin 1; t-c2, trans-crocin 2;

t-c20, trans-crocin 20; c-c3, cis-crocin 3, t-cr3, trans-

crocin 3; c-c4, cis-crocin 4; t-c4, trans-crocin 4; t-c5,

trans-crocetin 5.
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BdCCD4.1 and the other 4 CCDs (VgCCD4.1, VsCCD4.1,

BoCCD4.3, and GjCCD4a) (Figure S8), which may be related

to VgCCD4.1’s ability to accept a wider variety of sub-

strates. Finally, we investigated the affinity of VgCCD4.1

for b-carotene and zeaxanthin, yielding DG0 values of

�9.82 and � 8.32 Kcal/mol, respectively, while GjCCD4a

displayed affinity values of �10.35 and � 9.81 Kcal/mol for

each carotenoid substrate. In both cases, affinity values

were higher for b-carotene than for zeaxanthin, suggesting

that b-carotene is a better substrate for both enzymes.

DISCUSSION

Crocins are key bioactive metabolites that dissolve easily

in water and produce a distinctive yellow color. Several

studies have demonstrated that crocins possess antioxi-

dant, radical quenching, and anti-inflammatory properties,

which allow crocins to protect against oxidative damage to

brain vasculature, the heart, renal tissues, and the retina,

among other tissues (Cerd�a-Bernad et al., 2022). Besides

their anti-inflammatory and antioxidant properties, crocins

exhibit anticancer activities, and have a potential against

various malignant diseases, i.e., diabetes, Alzheimer’s dis-

ease, and other chronic illnesses (Akhondzadeh

et al., 2010; Wang et al., 2019). The main natural source of

crocins is saffron, whose dry stigma is used as a spice, as

well as an important ingredient for so-called functional

food and beverages (Maqbool et al., 2022). In addition to

crocins, the apocarotenoid picrocrocin, which also displays

many interesting medicinal properties (Abu-Izneid

et al., 2022), is also present in saffron. Although gardenia

fruits have also been utilized in China as a source of cro-

cins and as pigments, picrocrocin is not present in the

fruits of this plant (Carmona et al., 2006).

In this work, we determine the levels of crocins and

picrocrocin in the petals of V. sinuatum and V. giganteum

and compare the profiles of crocins with the ones present

in the stigma of C. sativus and in the corolla of B. davidii.

The profiles of crocins in Verbascum were very similar to

those in saffron, although the total levels of crocins were

lower (9.81 mg/g for V. giganteum and 14.38 mg/g DW for

V. sinuatum) compared to those in saffron, which fluctu-

ated between 169 and 317 mg/g DW, depending on the

country of origin (Anastasaki et al., 2010). In any case, the

obtained levels were in the range of those observed in gar-

denia, from 10.08 to 36.97 mg/g DW (Thuy et al., 2022).

These results reveal that Verbascum flowers are a source

of crocins with enormous potential in several industrial

fields.

Based on the previously characterized genes from

Buddleja, encoding the enzymes catalyzing the biosynthe-

sis of crocetin, we identified new CCD genes expressed in

the petals of these two Verbascum species. A CCD1 and

three CCD4 genes were identified in each species and their

expression levels were analyzed in pre-anthesis and

anthesis flowers. In both developmental stages and in both

species, CCD4.1 showed the higher expression levels; and

its activity was further characterized. Two independent

approaches were used to test the activity of this enzyme.

VgCCD4.1 specifically catalyzed the cleavage of b-carotene
and zeaxanthin at 7,8;70,80 double bonds when assayed in

bacteria, producing crocetin dialdehyde, but does not

cleave lycopene, indicating a requirement for a b-ring at

the proximal end of the molecule. In addition, the activity

of VgCCD4.1 (95.1% identity to VsCCD4.1) was tested in

N. benthamiana plants using a TEV vector. This last

approach was previously utilized to transiently overexpress

the saffron enzyme, CsCCD2L, and the enzyme BdCCD4.1,

from B. davidii, which resulted in the synthesis of crocins

at 0.21% and 0.076% of leaf dry weight, respectively. These

two enzymes only recognized zeaxanthin as substrate

(Ahrazem et al., 2017; Frusciante et al., 2014; Zheng

et al., 2022), which can limit their use to tissues where this

carotenoid is present. The virus-based expression of

VgCCD4.1 leads to crocin accumulation at 0.17% of leaf dry

weight, demonstrating how this enzyme is a useful tool for

producing crocins for industrial uses in a heterologous sys-

tem such as N. benthamiana. Thus, the reaction catalyzed

by the CCD4.1 enzymes from Verbascum expands the

range of enzymes involved in crocins biosynthesis in dicot-

yledonous plants using different carotenoid substrates,

which all belong to the CCD4 subfamily, as previously

shown for Buddleja (Ahrazem et al., 2017) and gardenia

enzymes (Xu et al., 2020). All the identified enzymes in Ver-

bascum sp, CCD4.1, CCD4.2, and CCD4.3 are closely related

to those from B. davidii. Interestingly, CCD4.1 and CCD4.3

are present in a specific sub-cluster, suggesting that the

ancestor of these orthologs occurred before the split of

Verbascum and Buddleja. Thus, it is most likely that the

7,8;7՛,8՛ activity evolved before this separation. However,

we found differences at the level of substrate recognition,

which might be associated with the observed alterations in

the amino acid sequence. While the identity found among

the CCD4.2 enzymes from Buddleja and Verbascum was

relatively high (over 85%), CCD4.1 and CCD4.3 enzymes

from Verbascum and Buddleja showed over 75% identity

to each other. This suggests a higher divergence among

the sequences of these two species, which may be related

to the differences in substrate recognition observed

between the CCD4.1 enzymes from Verbascum and Bud-

dleja. In fact, a total of 29 amino acids were different, and

an insertion of 4 amino acids was present in BdCCD4.1.

These differences may be contributing to the observed

substrate specificity, either individually or more probably

through differential interactions among these residues as

observed in other enzymes from the secondary metabo-

lism in plants (Acevedo-Rocha et al., 2021), but also in CCD

enzymes (Daruwalla et al., 2020; Sui et al., 2016) where

mutagenic and structural analyses support the idea that

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), 118, 58–72
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selectivity is similarly determined by multiple substrate-

enzyme interaction points.

CONCLUSIONS

In this study, we characterized the crocin and picrocrocin

derivatives produced and accumulated in the yellow

flowers of two species of Verbascum, expanding the num-

ber of plant species that are able to produce and accumu-

late these important secondary metabolites. The enzymes

implicated in the biosynthesis of these apocarotenoids in

these species belong to the CCD4 sub-family, which

include the enzymes initially identified in Buddleja, sug-

gesting the specialization of these enzymes before the sep-

aration of these two species from the Scrophulariaceae

family. Interestingly, the CCD enzyme from Verbascum rec-

ognized both b-carotene and zeaxanthin as substrates for

cleavage. Because b-carotene is typically present at much

higher levels than zeaxanthin in plant tissues, this broader

specificity is crucial for the production of crocins in other

heterologous systems and broadens the range of plants

that could be engineered as hosts to produce these bioac-

tive substances.

EXPERIMENTAL PROCEDURES

Collection of plant tissues from Verbascum sp

Flowers were collected from plants growing in the Botanical Gar-
den of Castilla-La Mancha, Albacete, Spain. Care was taken to
remove the anthers and other non-carotenoid-containing portions
of the flower by trimming them away with scissors. Immediately
after collection, the tissues were frozen at �80°C and stored until
further use.

Extraction and analysis of carotenoids and apocarotenoids

by HPLC-DAD

Tissues were ground in liquid nitrogen with a mixer mill MM400
(Retsch GmbH, Haan, Germany) in a 2 ml Eppendorf tube. Extrac-
tion was performed as previously described (Mart�ı et al., 2020). In
brief, 50% methanol was added to the homogenate, and the mix
vortexed, sonicated, and centrifuged to recover polar metabolites.
The pellet was extracted with 2:1 methanol:chloroform, mixed for
an additional 10 min followed by centrifugation. The apolar phase
was evaporated under N2 gas and the dried residues were stored
with the polar extracts at �80°C until analysis by HPLC. All assays
were performed in triplicate.

The HPLC-DAD and HPLC-DAD-HRMS methods used for the
analysis and detection of crocins, and carotenoids have been pre-
viously described (Diretto et al., 2019; Mart�ı et al., 2020). Metabo-
lite identification was done by comparison of retention times, UV–
visible spectra, and MS data of authentic standards.

Nucleic acid purification and cDNA isolation

RNA was extracted from 100 mg of the frozen tissues by using
Ambion PolyAtrack, following the manufacturer’s protocols
(Ambion Inc., Austin, TX, USA). First-strand cDNA was synthe-
sized by reverse transcription (RT) from 1 lg of RNA using an 18-
nucleotide oligo dT primer and a first-strand cDNA synthesis kit

(GE Healthcare Life Sciences, Buckinghamshire, UK) according to
the manufacturer’s instructions. The synthesized cDNA was stored
at �80°C.

PCR amplification and gene isolation

Sequence information was used to design specific primers for the
isolation and cloning of the CCD genes (Supplementary Table S1).
Synthesized cDNAs were used as templates for PCR using specific
primers for each CCD gene (Supplementary Table S1). Thermal
cycling parameters were 2 min at 95 °C, 359 (20 sec at 95 °C,
20 sec at 60°C and 2 min 30 sec at 72°C), and a final extension of
5 min at 72°C. The PCR products were ligated into pSpark-TA
(Canvax, Cordoba, Spain) and used for Escherichia coli transfor-
mation by electroporation.

DNA sequencing and analysis of DNA and protein

sequences

The obtained positive clones were sequenced using an automated
DNA sequencer (ABI PRISM 3730xl, Perkin Elmer, Macrogen Inc.,
Seoul, Korea). Similarity searches were done with BLAST (NCBI;
http://www.ncbi.nlm.nih.gov). In silico localization, analysis was
carried out with the Plant Subcellular Localization Predictor
(http://bioinfo.usu.edu/Plant-mSubP). The proteins were modeled
using Phyre (http://www.sbg.bio.ic.ac.uk/phyre2) and Chimera X
(https://www.cgl.ucsf.edu/chimerax/). Determination of substrate-
affinity values, DG0, was performed using MTiautoDock (https://
bioserv.rpbs.univ-paris-diderot.fr/services/MTiOpenScreen/).

Phylogenetic analysis

The amino acid sequences were aligned using the BLOSUM62
matrix with the ClustalW (http://www.clustal.org) algorithm-based
AlignX module from MEGA Version 11.0 (http://www.mega
software.net/mega.htmL). The alignments were saved and exe-
cuted by MEGA Version 11.0 to generate a Neighbor Joining Tree
with bootstrapping (2500 replicates) analysis and handling gaps
with pairwise deletion.

Gene expression by reverse transcription-quantitative PCR

(RT-qPCR)

Total RNA was isolated from leaves and flowers at two develop-
mental stages (pre-anthesis and anthesis) by grinding fresh tis-
sues in liquid N2 to a fine powder followed by Trizol reagent
extraction (Gibco-BRL). The purified RNA was re-suspended in
100 ll of RNase-free water and treated with RQ1 RNase-free
DNase (Promega, Madison, WI, USA). First-strand cDNAs were
synthesized using a first-strand cDNA synthesis kit GE Healthcare
Life Sciences (Buckinghamshire, UK) and Oligo-dT (18 mer) using
1 lg of total RNA. The obtained cDNA was used for RT-qPCR,
using three biological replicates and specific primers (Supplemen-
tal Table S1); reactions were set up in a final volume of 25 ll in
GoTaq� qPCR Master Mix (Promega, Madison, WI, USA) accord-
ing to manufacturer’s instructions. The housekeeping gene Actin
served as a reference gene (Supplementary Table S1). The cycling
parameters of qPCR consisted of an initial denaturation at 94°C for
5 min; 40 subsequent cycles of denaturation at 94°C for 20 sec,
annealing at 58°C for 20 sec, and extension at 72°C for 20 sec; and
finally, extension at 72°C for 5 min. Assays were conducted with a
StepOneTM Thermal Cycler (Applied Biosystems, Foster City,
California, USA). To ensure the reproducibility of the experiment,
each sample was run in triplicate and analyzed using StepOne
software v2.0 (Applied Biosystems, Foster City, California, USA).

� 2023 The Authors.
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Activity assays in E. Coli cells

Full-length cDNA was cloned into the EcoRI site of the pThio-Dan1
vector by recombination using the In-Fusion� HD Cloning Plus CE
kit (Clontech, Saint-Germain-en-Laye, France) and specific primers
(Supplementary Table S1). The resulting expression plasmid,
named pThio-VgCCD4.1, was sequenced to confirm the correct
assembly and sequence. The construct was used to transform
E. coli BL21 containing the plasmids PAC-ZEAX, PAC-LYC, and
PAC-BETA (https://www.addgene.org) to produce zeaxanthin, lyco-
pene, and b-carotene. The transformants were cultured overnight
at 30 °C in 4 mL 2YT medium supplemented with ampicillin
(100 lg mL�1) and chloramphenicol (60 lg mL�1). The cultured
cells were transferred to 50 ml 2xYT medium supplemented with
ampicillin (50 lg mL�1) and chloramphenicol (30 lg mL�1) and
further cultured at 30 °C until an OD600 of 0.8 was reached. Cells
were then induced with 2% arabinose and grew overnight at 20°C.
For HPLC analysis of the obtained products, the cells were har-
vested by centrifugation (11 000 g for 10 min) and pigments were
extracted repeatedly in a total volume of 10 ml of acetone until all
pigments were visibly removed. The solvent was evaporated
under N2 and the pigments resuspended with 0.5 ml of tert-
methyl-butyl-ether. The extracts were analyzed as previously
described (Ahrazem et al., 2022). All solvents used were HPLC-MS
grade (Merck Millipore, Darmstadt, Germany). For GC-MS ana-
lyses, once the cells were induced, a total of 20 ml were trans-
ferred to special vials for volatile collection as previously
described (Morote et al., 2023).

Activity assays in N. benthamiana

Plasmids were constructed by PCR amplification of cDNA of
VgCCD4.1 (Supplementary Table S1) and Gibson DNA assembly.
The resulting plasmid contains a wild-type TEV cDNA (GenBank
DQ986288, with two silent and neutral mutations G273A and
A1119G) flanked by the CaMV 35S promoter and terminator in a
binary vector derived from pCLEAN-G181 (Mart�ı et al., 2020). The
plasmid to express the recombinant TEVDNIb-aGFP clone was pre-
viously described (Mart�ı et al., 2020).

A. tumefaciens C58C1 competent cells, previously trans-
formed with the helper plasmid pCLEAN-S48, were electroporated
with the plasmid TEV-VgCCD4.1 and selected in plates with
50 lg/ml kanamycin, 50 lg/ml rifampicin, and 7.5 lg/ml tetracy-
cline. Liquid cultures of selected colonies were prepared to infil-
trate one leaf of one-month-old transgenic N. benthamiana that
stably expresses TEV NIb. After infiltration, plants were kept under
controlled conditions in a growth chamber at 25°C under a 12 h -
day-night photoperiod. Leaf tissue was collected 14 days after
infection (dpi) and analyzed for apocarotenoids and carotenoids
content.
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Figure S1. Crocins profiles in Verbascum species, Buddleja davidii,
and Crocus sativus. (a) Extracted ion chromatograms of m/z
329.17, from polar extracts of C. sativus, V. giganteum, and
V. sinuatum. (b) HPLC-DAD/UV isoplot chromatograms of polar
extracts of V. sinuatum, V. giganteum, B. davidii, and C. sativus.

Figure S2. HPLC chromatogram profiles of apolar extracts of
flowers of Verbascum sinuatum (a) and V. giganteum (b).

Figure S3. Tridimensional structures of CCD4 enzymes. The green-
colored structures represent the iron and substrate 8-apo-b-carote-
nol, in the left and right views of each CCD4, respectively. COACH
was used to visualize the disposition of iron and the substrate.

Figure S4. Amino acid sequence alignment of VsCCD4.1 and
VgCCD4.1 enzymes. Conserved amino acid residues are depicted
with an asterisk.

Figure S5. Relative quantities of carotenoids (a) and chlorophylls
(b) detected by HPLC-DAD in tissues of mock-inoculated and
infected (TEV-aGFP, and TEV-VgCCD4.1) N. benthamiana plants.
Data are averages � SD of three biological replicates. Analyses
were performed at 14 dpi.

Figure S6. Structurally optimized superposition of the model
structures of CCDs showing the best geometries. (a) Superposition
of VsCCD4.1 and VgCCD4.1. (b) Superposition of VsCCD4.1,
VgCCD4.1 and BdCCD4.1. (c) Superposition of VsCCD4.1,
VgCCD4.1 and GjCCd4a. Models were obtained by using Chimera
(https://www.cgl.ucsf.edu/chimerax/). (d) Amino acid sequence
alignment of BdCCD4.1, VgCCD4.1, and VsCCD4.1. Conserved
amino acid residues are depicted with asterisk. The amino acid
residues involved in iron coordination are highlighted in yellow
and blue, in green the conserved His residues. In red are labeled
the residues not conserved between the Verbascum and Buddleja
enzymes.

Figure S7. Comparative analyses between GjCCD4a and
BoCCD4.3. (a) Amino acid sequence alignment of BoCCD4.3, and
GjCCD4a. Conserved amino acid residues are depicted with aster-
isk. Identity between these two enzymes is 48%. Tridimensional
structures (b and c) and structurally optimized superposition of
the model structures of GjCCD4a and BoCCD4.3. Models were
obtained by using Chimera (https://www.cgl.ucsf.edu/chimerax/).

Figure S8. Amino acid sequence alignment of BoCCd4.3, GjCCD4a,
BdCCD4.1, VgCCD4.1 and VsCCD4.1. Conserved amino acid resi-
dues are depicted with asterisk. The black arrows depicted the
amino acid residues that differ with respect to BdCCD4.1 in
VsCCD4.1, VgCCD4.1 and GjCCD4a and BoCCD4.3.

Table S1. Oligonucleotide sequences used for cloning, expression,
and activity assays.
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