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Abstract
Chicory (Cichorium intybus var. sativum) is an industrial crop species cultivated for the

production of a fructose polymer inulin, which is used as a low-calorie sweetener and prebiotic.

Besides, inulin chicory taproots also accumulate sesquiterpene lactones (STLs). These are bitter

tasting compounds, which need to be removed during inulin extraction, resulting in additional

costs. In this work, we describe chicory lines where STL accumulation is almost completely

eliminated. Genome editing using the CRISPR/Cas9 system was used to inactivate four genes

that encode the enzyme that performs the first dedicated step in STL synthesis, germacrene A

synthase (CiGAS). Chicory lines were obtained that carried null mutations in all four CiGAS

genes. Lines lacking functional CiGAS alleles showed a normal phenotype upon greenhouse

cultivation and show nearly complete elimination of the STL synthesis in the roots. It was shown

that the reduction in STLs could be attributed to mutations in genetically linked copies of the

CiGAS-short gene and not the CiGAS-long gene, which is relevant for breeding the trait into

other cultivars. The inactivation of the STL biosynthesis pathway led to increase in phenolic

compounds as well as accumulation of squalene in the chicory taproot, presumably due to

increased availability of farnesyl pyrophosphate (FFP). These results demonstrate that STLs are

not essential for chicory growth and that the inhibition of the STL biosynthesis pathway reduced

the STL levels chicory which will facilitate inulin extraction.

Introduction

Cichorium species are perennial plants, which are grown both as

vegetable and as an industrial crop. C. intybus is grown for many

different applications and is divided into several different varieties

according to their use (Street et al., 2013). C. intybus var.

foliosum is cultivated as a vegetable, appreciated for its bitter

taste in the regions of northern France, Belgium and the

Netherlands as an etiolated compact leaf structure known as

Belgian endive (also witloof) and in Italy as radicchio. The related

species C. endivia is also consumed as a green leafy vegetable

(endive). The taproot of another species, C. intybus var. sativum,

is grown for an industrial application, the isolation of inulin (van

Arkel et al., 2012). Inulin is a fructose polymer that is a water

soluble dietary fibre according to the EU and CODEX definitions

(EC 1169/2011, Alinorm 09/3/12, March 2009) and the FDA

(Addition to FDA-2016-D-3401, February 2018). It is fermented

to short chain fatty acids by the gut bacteria contributing to local

and whole body health (Ahmed and Rashid, 2019; Roberfroid,

2002; Roberfroid, 2007). It finds an application as a food fibre

and low-calorie sweetener in a wide variety of food products such

as bakery and dairy products, confectionary, infant food and

increasingly in cosmetic applications (MINTEL GNPD database,

2020), where enhancing a healthy skin microbiome builds on the

well-established gut microbiome research. The inulin market size

is well over 100 000 ton with a yearly growth of approximately

4% (International, 2020). The chicory taproot is the primary

source of inulin and with an average inulin content of 17% and a

typical root yield of 45 tons per hectare, the global acreage of

chicory is calculated to be over 13 000 ha (Wilson et al., 2004).

Apart from inulin, the chicory root is also rich in sesquiterpene

lactones (STLs), which are characteristic of the Asteraceae family.

More than 5000 different STLs have so far been identified in the

Asteraceae and are thought to have been a major factor in their

widespread adaptation to different environments (Chadwick

et al., 2013). STLs are synthesized throughout the plant but are

particularly concentrated in the trichomes and the latex which is

stored in laticifers. STLs have been shown to have a defence role

in plants, ranging from allelopathic activity to protection against

herbivorous insects of roots and flowers (Huber et al., 2016;

Molinaro et al., 2016; Padilla-Gonzalez et al., 2016; Prasifka

et al., 2015). Some STLs exhibit medicinal properties such as
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anti-inflammatory, anti-cancer and analgesic activity and have

therefore been explored in medicinal applications (Chadwick

et al., 2013). The major STLs of chicory belong to the class of

guaianolide sesquiterpene lactones and are thought to be derived

from a single sesquiterpene, germacrene A (Figure 1) (de Kraker

et al., 1998). Germacrene A does not accumulate in chicory but is

efficiently converted by the cytochrome P450 enzymes germa-

crene A oxidase (GAO) and costunolide synthase (COS) to

costunolide, a common precursor of guaianolide sesquiterpenes

(Cankar et al., 2011; Ikezawa et al., 2011; Liu et al., 2011;

Nguyen et al., 2010). Subsequently, biosynthetic enzymes modify

costunolide (e.g. through oxidations, lactone ring closures and

conjugations to oxalate, hydroxyphenyl acetate and/or glycosyl

moieties) to diverse biochemical structures. In chicory, the most

predominant STLs are lactucin, lactucopicrin and 8-deoxylactucin

in their oxalated forms (Sessa et al., 2000). In the industrial

process, the very bitter tasting STLs from the chicory taproot are

co-extracted with inulin. This bitter taste hinders the broad food

application of inulin, and therefore, additional purification steps

are required, increasing cost of the process and eventually of

inulin itself (Meyer and Blaauwhoed, 2009). Therefore, there is

considerable interest in the development of chicory lines that are

low in STL content, for both cost savings in inulin isolation and the

production of a wide selection of less bitter leafy chicory varieties

that could make chicory more suitable for other markets.

Although there is some natural variation in STL content in

chicory, variants of chicory which have considerably lower STL

content have not yet been identified, and therefore, reduction in

STL content by traditional breeding approaches is difficult.

The genes underlying STL biosynthesis have been partially

characterized. Genes encoding the enzyme catalysing the first

step of the STL production, germacrene A synthase, have been

identified (Bouwmeester et al., 2002; de Kraker et al., 1998). In

chicory, four different germacrene A synthase genes (CiGAS) are

present, one copy of GAS-long (CiGAS-L) and three physically

linked copies of GAS-short (CiGAS-S1, CiGAS-S2 and CiGAS-S3)

(Bogdanović et al., 2019). Expression analysis of the CiGAS

genes has shown that both the CiGAS-L and CiGAS-short genes

are expressed in chicory roots, while predominantly only the

CiGAS-L is expressed in chicory leaves (Bogdanović et al., 2019;

Bouwmeester et al., 2002). Silencing of the CiGAS genes by a

microRNA approach resulted in reduced expression of both the

long and short germacrene A synthases and a partial decrease

of STL levels (Bogdanovic et al., 2020). However, it is still not

known which of the CiGAS genes play a role in different tissues

and which CiGAS genes need to be inactivated before a strong

effect on STL production can be observed. Genome editing in

plants using CRISPR/Cas9 is well established and has been used

in many plant species. The method involves expression of a

targeting RNA (guide RNA) and bacterial endonuclease, which

together introduce a DNA double-strand break (DSB) at a target

sequence, such as in an exon. Mis-repair of the DSB(s) by the

cellular DNA repair machinery results in small indels at the target

site, which often disrupt the gene function. Due to the

efficiency of the CRISPR/Cas9 system, it can also be exploited

to inactivate multiple alleles of a gene family to identify

phenotypes that, due to complementation, would not be

apparent in individual mutants. Bernard et al. (2019) have

recently shown that the CRISPR/Cas9 system efficiently intro-

duces mutations in the C. intybus genome using either Agrobac-

terium rhizogenes mediated transformation or protoplast

transfection. Therefore, the CRISPR/Cas9 system is applicable

for creating mutations in the different copies of the chicory

CiGAS genes. Successful gene editing of this gene has just

recently been reported; however, the effect of the CiGAS gene

on the secondary metabolism of chicory was not assessed (De

Bruyn et al., 2020). In this work, chicory lines were produced in

which the CiGAS genes were inactivated and STL accumulation

was almost completely eliminated, which led to a corresponding

overproduction of other secondary metabolites (phenolics and

squalene). To our knowledge, this is the first example of an

Asteraceae species where STLs were eliminated and as such is a

valuable resource to study the role of STLs on plant growth and

defence.
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Figure 1 Biosynthetic pathway of chicory sesquiterpene lactones. COS, costunolide synthase; FPP, farnesyl pyrophosphate; GAO, germacrene A oxidase;

GAS, germacrene A synthase; SQS, squalene synthase.
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Results

Evaluating CRISPR/Cas9 mutagenesis of the chicory GAS
genes

In the first step of STL production, germacrene A synthase (GAS)

converts farnesyl pyrophosphate (FPP) to germacrene A. Four

GAS genes have been identified in chicory, one copy of GAS-long

(CiGAS-L) and three copies of GAS-short (CiGAS-S1, CiGAS-S2,

CiGAS-S3) (Bogdanović et al., 2019; Bouwmeester et al., 2002).

Gene expression data for GAS-long and GAS-short suggest that

there is clear tissue specificity in the role of the different CiGAS

isogenes (Bogdanović et al., 2019; Bouwmeester et al., 2002).

CiGAS-long is anticipated to be responsible for STL biosynthesis at

least in leaves and possibly also in roots, while it is unclear what

the contribution of the 3 CiGAS-short genes would be. Possibly

several CiGAS alleles must be mutated in a single line before an

effect on the STL levels can be observed.

Mutagenesis of the CiGAS genes using CRISPR/Cas9 reagents

was performed in chicory leaf protoplasts. The CRISPR/Cas9

reagents themselves were either expressed transiently from

introduced plasmid constructs or introduced into the protoplasts

as a ribonucleoprotein complex (RNP) made up of the SpCas9

protein and guide RNA. Individual protoplasts were then regen-

erated into mature plants with low levels of chimaerism. Chicory

protoplasts were found to be very amenable to transformation

and regeneration and showed rapid growth rates in tissue

culture, making them very suitable for CRISPR/Cas9-mediated

mutagenesis. The transfection efficiency of chicory mesophyll

protoplasts was assessed using a fluorescent reporter plasmid and

PEG-mediated transfection, and 58 � 6% of the protoplasts

displayed a signal. A number of guide RNAs were first tested for

their ability to introduce mutations at five sequences in exon 4 of

the CiGAS-S1 gene which are conserved in the four CiGAS genes

(Figure S1). Exon 4 encodes a part of the CiGAS active site based

on its homology with the tobacco 5-epi-aristolochene synthase

(TEAS) (Bouwmeester et al., 2002), for which both the crystal

structure and the amino acids essential for activity are known,

and therefore, any type of mutation in exon 4 can potentially

disrupt gene function. Indel mutations can be characterized as

those that change the protein sequence by altering the coding

frame or those that add or delete codons without altering the

frame itself (e.g. −3 bp, −6 bps). A change in the coding frame is

likely to inactivate the protein, whereas deleting a small number

of codons may have little effect on the phenotype. However, by

ensuring that the CiGAS region targeted includes the enzyme

active site it becomes more likely that in-frame deletions also have

a negative impact on enzyme activity. As the mutagenesis

efficiencies of different guide RNAs cannot be predicted in silico

beforehand, we first assessed the activity of five different guide

RNAs targeting different positions in the CiGAS-S1 exon 4

(Figure S1). Plasmids each carrying a different guide RNA expres-

sion cassette were each mixed with the SpCas9 expression

plasmid and used for chicory leaf protoplast transfection. After

48 h, the protoplasts were used for genomic DNA isolation, the

CiGAS-S1 exon 4 target sites were amplified and these were then

bulk sequenced to quantify the percentage of amplicons in each

sample that contained CRISPR/Cas9-mediated mutations. Based

on these results, the guide RNA showing the highest activity

(sgRNA1; Figure S1) was selected for further experiments. While

exon 4 of CiGAS-S1 and CiGAS-S2 are nearly identical, some SNPs

are present in exon 4 of the CiGAS-S3 and CiGAS-L genes,

although all of the PAM sequences are conserved (Figure S1).

Variants of sgRNA1, targeting the corresponding region in the

CiGAS-S3 and CiGAS-L genes, were designed (sgRNA1.1 and

sgRNA1.2). A single construct was then synthesized that

expressed all three guide RNAs that target the respective CiGAS

genes (Figure S2). To assess the activity of this construct for

CiGAS mutagenesis, it was transfected to chicory protoplasts

together with the SpCas9 expression construct and the mutations

were then analysed as before by amplicon sequencing. The

percentage of sequence reads derived from each CiGAS gene

that contained mutations is shown in Table 1 and was found to

be sufficient for mutagenesis experiments. For the RNP exper-

iments, chicory protoplasts were transfected with complexes of

SpCas9 and the most efficient guide, sgRNA1, identified in the

previous screen. Two different versions of sgRNA1 were used, the

first consisting of unmodified RNA and the second incorporating

modified RNA nucleotides that improve sgRNA resistance to

endogenous nucleases and thereby may improve the mutagenesis

efficiency (Hendel et al., 2015; O’Reilly et al., 2019). In these RNP

experiments, only the single sgRNA1 guide was used as simul-

taneous transfection of different RNPs with different guides is

known to have a negative impact on the mutagenesis efficiency.

Several SNPs are present between sgRNA1 and GAS-S3 and GAS-

L, which may influence the mutagenesis efficiency at these

targets. However, SpCas9 is able to tolerate a limited number of

SNPs depending on their position. The RNPs containing either

unmodified or modified sgRNA1 were transfected to chicory

protoplasts and their mutagenesis efficiency at the GAS genes

quantified by amplicon sequencing (Table 1). The RNP incorpo-

rating the modified sgRNA1 was clearly more efficient, although

the SNP in GAS-L significantly reduced the activity. Therefore, the

efficiency of these RNPs was deemed to be satisfactory for further

experiments.

Protoplasts were transfected with either the plasmid constructs

or the RNP containing the modified sgRNA1, and the cells were

maintained in tissue culture until they had formed calli which then

regenerated into mature plants. The karyotype of the plants was

then confirmed, and diploid rooted plants were then genotyped

by Illumina sequencing to identify CiGAS mutants plants with

indel mutations at the CiGAS genes (Table 1). Both mutagenesis

methods generated lines with very high numbers of mutated

alleles, confirming the high efficiency of the CRISPR/Cas9 system

in chicory. Plants were then placed in classes based on the

number of putative null alleles (indels in both copies of the target

genes) they contained (Table 1). As argued above, we assumed

that in frame indel mutations in the enzyme active site would also

eliminate the protein function. As chicory is a self-incompatible

species that cannot be selfed, the effect of recessive mutations

can only be determined in primary transformants when both

copies of a gene are inactivated. We were able to identify lines

with homozygous mutations in all four CiGAS genes as well as

plants in which different combinations of the CiGAS genes had

been mutated (Figure S3), generating both frame-shift and in-

frame mutations in this gene. Therefore, next to previously used

transient expression of CRISPR/Cas9 reagents in chicory proto-

plasts (Bernard et al., 2019; De Bruyn et al., 2020) also the

transfection of SpCas9/sgRNA RNPs appears to be a very efficient

method to introduce mutations in multiple targets simultaneously

and create a pool of germplasm with a variety of functional and

non-functional alleles in multiple isogenes. While plasmid trans-

fection is designed to provide transient expression of the CRISPR/
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Cas9 reagents for mutagenesis, the transfected plasmids may also

integrate into the genome resulting in stable transformation.

Indeed, we were able to detect SpCas9 sequences in 39% of the

regenerated plants, indicating that chicory readily integrates

exogenous plasmid DNA into its genome and confirming the

previous findings (Bernard et al., 2019). The leaves of diploid

plants carrying a spectrum of different homozygous CiGAS

mutations and lacking integrated plasmid DNA were sampled in

tissue culture, and a selection of lines was transferred to the

greenhouse and assayed for STL content in roots. Regenerated

lines that lacked CiGAS mutations served as wild-type (WT)

controls.

Inactivation of CiGAS leads to reduction in STLs in
chicory leaves and roots

Sesquiterpene lactone content was determined in the leaves of 17

CiGAS mutant lines and 7 control plants that also were obtained

via the regeneration process (Table 2). The genotypes of these

lines are depicted in Figure S3. The major sesquiterpenes

observed in the chicory leaves were lactucin, lactucopicrin and

8-deoxylactucin, predominantly in their oxalated form. The level

of STLs in the seven control lines was varied somewhat indicating

that the regeneration process may have introduced some

somaclonal variation in STL amount in the control plants.

However, several lines containing mutations in the CiGAS genes

showed a clear and strong reduction in the amount of STLs

(Table 2). Multiple chicory lines that carried a mutation in the six

CiGAS-short alleles or all 8 CiGAS-short and CiGAS-long alleles

were obtained in which nearly complete elimination of sesquiter-

pene lactones was observed. Although these lines are genotyp-

ically unique (Figure S3) as the CRISPR mediated cut is directed

but the repair mechanism at that site is random, the mutations

lead to the same biochemical phenotype. There appears to be a

direct correlation between the identity of the functional CiGAS

genes present and the levels of STLs produced. Several chicory

lines carrying mutations in the three CiGAS-short genes show

elimination of terpenes to the same extent as when all 4 CiGAS

genes, including also the CiGAS-long gene, are mutated.

Apparently, the CiGAS-L gene hardly contributes to STL produc-

tion in the leaves.

Next, the STL levels were measured in the roots. To this

purpose, five CiGAS mutant lines were selected and were,

together with six WT lines, grown in the greenhouse for

5 months until a taproot of approximately 15 cm in length was

formed and the STLs profiles of harvested roots were analysed.

The profile of 5 selected CiGAS mutant lines and 6 WT lines and

the profile of STLs in different CiGAS deletion lines resembled

closely the leaf measurements (Table 3). Line RN12 carrying a

frame-shift mutation in all six CiGAS-short genes and line PL6

carrying a frame-shift mutation in all eight alleles of CiGAS-short

and CiGAS-long genes both showed nearly complete elimination

of sesquiterpene lactones in the root. This suggests that the

CiGAS-short genes are most important for sesquiterpene lactone

production in both leaves and roots. This was not expected, since

the CiGAS-short genes are hardly expressed in leaves (Bogdanović

et al., 2019; Bouwmeester et al., 2002). Given that a small

amount of STLs is still detected in the leaves and roots of lines

with biallelic mutations in all 4 CiGAS genes, we conclude that

there might be another sesquiterpene synthase producing small

amounts of germacrene A present in chicory. Plants lacking STLs

were viable and showed no obvious morphological differences

with the controls under used greenhouse conditions. Next the

inulin profile of lines PL6 and RN12 was analysed by size exclusion

chromatography. The polymerization degrees of the two CiGAS

deletion lines PL6 and RN12 were similar as that of the control

plant PL4. The weight average DPs of all lines were between 20.5

to 21.0 and number average DPs between 11.5 and 12.7

(Table 4, Figure S4). Polydispersity was calculated to describe the

distribution of the molecular units (Mw/Mn), thus the higher the

polydispersity value, the wider the distribution. This analysis

indicated that the reduction in terpenes did not affect the inulin

composition, under the applied growth conditions. Though a

comprehensive phenotypic test in many physiologically different

conditions should be performed to fully characterize the role of

the STLs, these initial observations indicate that STLs do not play

an essential role in chicory development and inulin biosynthesis.

As STLs have been hypothesized to be involved in defence, it has

yet to be seen whether these plants have a disadvantage during

normal field cultivation.

Inactivation of GAS activity leads to overproduction of
squalene in chicory taproot

Inactivation of the CiGAS genes may influence the accumulation

of other metabolites in the terpene pathway and therefore a

hexane extract of chicory roots of six WT and five CiGAS mutant

lines was analysed by GC-MS analysis. In root tissues in mutant

chicory lines displaying the highest reduction in STLs (RN12 and

PL6), other than trace amounts of farnesene and farnesol, no

accumulation of monoterpenes or sesquiterpenes was observed

as compared to WT lines. We did not observe accumulation of

germacrene A or costunolide, which are common guaianolide STL

precursors. However, a large new peak was detected in the

chromatogram of lines RN12, PL6 and RN8 at the retention time

of 26.7 min (Figure 2). This compound was identified as squalene

by comparison of the retention time and mass spectrum to the

authentic standard of squalene (Figure S5). The amount of

Table 1 Mutations found in protoplasts and regenerated shoots using the different mutagenesis methods

Method

% indels in protoplasts

# regenerated shoots

% mutant CiGAS

alleles in shoots # shoots with null alleles in multiple CiGAS genes*

S1 S2 S3 L S1 S2 S3 L 0 genes 1 gene 2 genes 3 genes 4 genes

Plasmid 14 14 15 16 37† 78 78 80 75 8 0 1 3 25

RNPs (+sgRNA) 24 25 9 4 nd nd nd nd nd nd nd nd nd nd

RNPs (modified sgRNAs) 38 38 40 20 79 84 77 76 28 9 8 13 42 7

*Putative null alleles, genes which contain either homozygous or biallelic mutations (either in or out of frame) which are both expected to eliminate gene function.
†
39% of the regenerated shoots were shown by PCR to have integrated copies of SpCas9 ORF in the genome.
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squalene accumulating in the root was quantified at 147 � 4,

124 � 3 and 30 � 1 µg/gFW in chicory lines RN12, PL6 and RN8,

respectively. RN12 and PL6 are the lines with strongest STLs

reduction in the roots while RN8 did not show statistically

significant STL reduction (Table 3). No squalene was observed in

chicory root extracts of lines PL5 and RN6, nor in the extract of

the six WT chicory roots.

Squalene is a precursor for the biosynthesis of triterpenes and

phytosterols. WT chicory roots accumulate small amounts of

acetylated-triterpenes (Figure 2). Upon comparison of the WT

plants to the CiGAS deletion lines, no increase in the amount of

triterpenes was observed. The accumulation of phytosterols

sitosterol, campesterol and stigmasterol in CiGAS deletion lines

was next compared with the WT chicory plants. Sitosterol was the

major observed sterol in the root tissue of WT chicory plants. The

amount of sitosterol was not statistically significantly increased in

CiGAS deletion lines. The amount of stigmasterol and campes-

terol was below 5 μg/g FW for both WT and KO lines and could

not be quantified. In contrast to squalene, the changes in

phytosterols are small and not clearly correlated with STL levels.

The GC-MS analysis revealed that squalene accumulation in the

leaves of the chicory lines was very low and was only observed in

line PL6 at 13 � 2 μg/g FW. None of the other KO lines showed

any increased squalene accumulation in the leaves. No additional

accumulation of monoterpenes, sesquiterpenes, triterpenes or

sterols beyond WT levels was observed in the leaves of chicory

CiGAS deletion lines.

GAS inactivation leads to an increase of phenolic
compounds in chicory roots

The PDA spectrum of chicory methanolic extract was examined at

the wavelength of 320 nm for detection of phenolic compounds

and corresponding compounds were identified in the LC-MS

chromatogram. In chicory root tissues, 3,5-dicaffeoylquinic acid,

chicoric acid and chlorogenic acid were observed as major

phenolic compounds (Tables 2 and 3) in accordance to previous

findings (Legrand et al., 2016). Surprisingly, a statistically signif-

icant increase in phenolic compounds was observed in the CiGAS

deletion lines PL6 and RN12 in the root tissue. Lines PL6 and RN12

were subjected to antioxidant activity analyses, and their radical

scavenging activities were compared with control line PL4.

Antioxidant activity showed a clear positive correlation with

phenolic compound concentration and negative correlation with

sesquiterpene lactones in both roots and leaves (Figure S6).

Correlation coefficients with IC50 values were R2 =
0.996. . .0.997 for sesquiterpene lactones and R2 = −0.807. . .
−0.986 for phenolic compounds. No statistically significant

increase in phenolic compound was observed in the leaves.

Discussion

In this report, we have used the CRISPR/Cas9 system to inactivate

all of the CiGAS genes in chicory resulting in a strong reduction in

the levels of STL production throughout the plant. During inulin

extraction from chicory roots, the STLs are also co-isolated, but

they need to be removed because of their strong bitter taste

which impairs the quality of the inulin. This results in a more

intense process consuming significantly more energy, and giving

additional costs for their removal. The CiGAS mutant lines

described here no longer produce significant amounts of STLs

and could therefore contribute to simplify the inulin extraction

process substantially.

The CRISPR/Cas9 system combined with efficient protoplast

regeneration is a powerful tool to elucidate gene function.

Chicory protoplasts divide robustly and quickly, enabling the

production of mutant lines within 5 to 6 months. As the lines are

derived from individual cells, we observe very low levels of

chimerism that enables screening to be performed on the primary

regenerants. In most cases, the regenerated plants contained

mutations in both alleles of a gene, avoiding the need for selfing

to produce homozygous mutants, which is particularly cumber-

some in a perennial species such as chicory that requires long

periods of vernalization and the creation of mutations in two

compatible lines. Additionally, as demonstrated by this study, the

use of gRNA-Cas9 complex is advantageous since no foreign DNA

is introduced as only transient RNA and protein are used to

produce mutations. Other approaches for gene down-regulation

in chicory, such as RNAi, have previously been used. Bogdanovic

et al. (2020) used microRNA to down-regulate the expression of

the CiGAS-short and CiGAS-long genes, but this approach gave

only partial silencing and led to very variable levels of STL

production compared with this study.

The chicory genome contains four copies of the CiGAS gene.

Three copies of the short CiGAS gene were mapped to a single

locus on linkage group LG3, while the CiGAS-long gene was

found to be located in linkage group LG9 (Bogdanović et al.,

2019; Cadalen et al., 2010). The relative contributions of the

CiGAS-short and CiGAs-long enzymes on STL production were

unknown before this study. Differences in the STL levels in the

various gene-edited lines shed light on the relative importance of

the CiGAS-short and CiGAS-long genes for STL production. It is

clear that CiGAS-short genes account for the majority of STL

production, while CiGAS-long (CiGAS-L) does not appear to play

a major role. Based on previous reports, both the CiGAS-S1 and

CiGAS-L genes are expressed in the roots, increasing in the cortex

and the epidermis where the levels of STLs are known to be the

highest. In contrast, only the CiGAS-L gene is expressed in chicory

leaves (Bogdanović et al., 2019; Bouwmeester et al., 2002). In

both tissues, these genes also seem to be expressed in all cell

types and in general CiGAS-L is expressed (one- to threefold) at a

higher level (Bogdanović et al., 2019). Based on the expression

pattern, we expected that CiGAS-L would account for the

majority of the CiGAS activity in chicory, particularly in the leaves.

However, the analysis of gene-edited lines generated in this study

shows that the CiGAS-short genes are responsible for STL

production in the leaves even though they do not appear to be

expressed in this tissue. The CiGAS-L gene seems to play a

minimal role in STL production, even though it is expressed

throughout the plant. Therefore, the exact role of CiGAS-L in the

plant, and its role in STL accumulation in chicory is not yet clear.

The CiGAS-L proteins may be produced under specific environ-

mental challenges, and therefore, it would be interesting to

repeat the STL analysis on these mutant lines grown under

different growth conditions. In plants where all 8 alleles of the

CiGAS genes were mutated, a residual amount of STLs was still

observed indicating that yet another terpene synthase from

chicory might produce small amounts of germacrene A. It is

known that sesquiterpene synthases often produce multiple

products and therefore often produce in addition to their major

products, several other different sesquiterpenes from the com-

mon FPP substrate (Degenhardt et al., 2009; Durairaj et al.,

2019). As STLs account for the bitterness of chicory, these results

provide an important insight into which genes are important to

fine-tune the chicory taste profile of vegetable chicory for the

ª 2021 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 1–12
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consumer. The CiGAS-short genes which have a major contribu-

tion in the biosynthesis of chicory STLS are co-localized in the

chicory genome which would offer advantages for chicory

breeding programmes aimed to reduce STLs to facilitate inulin

extraction or modulate bitterness of leafy chicory varieties such as

Belgian endive, radicchio or endive. These results also raise some

interesting questions on the role of STLs in the Asteraceae. STL

production and diversification are thought to underlie the ability

of this group of plants to colonize new habitats, and although

STLs may be important in particular environments these results

indicate that they are not essential for chicory growth and

development, at least not under the conditions applied in this

study.

Surprisingly, CiGAS inactivation also led to significant increase

in phenolic compounds in chicory roots, which are biosynthesized

via an unrelated pathway. A similar finding was reported upon

silencing of other terpene synthase genes (TPS9 and TPS12) in

tomato where up-regulation of several genes involved in

flavonoid biosynthesis was demonstrated (Coppola et al., 2018).

Similarly, a systems biology study of the terpenoid and shikimate

pathway in basil showed that differential gene expression at

major metabolic branch points is responsible for controlling the

overall production of phenylpropanoid versus terpenoid con-

stituents in the glandular trichomes of the different basil lines (Xie

et al., 2008). It seems that also in chicory the regulation of

terpene and shikimate pathways is interdependent. Although the

phenolic compounds increase the antioxidant activity, their

contribution to bitter taste needs to be evaluated and they may

still need to be removed during inulin processing.

We found that the roots of chicory lines with reduced levels of

STLs showed a corresponding increase in the production of

squalene. Squalene (C30) is synthesized by the condensation of

two molecules of FPP (C15) through the action of the enzyme

squalene synthase (SQS). This enzyme is located in the membrane

of the endoplasmic reticulum, and squalene is the first product in

the sterol synthesis pathway, leading to the production of

triterpenes and plant sterols, such as sitosterol, campesterol and

stigmasterol. Apparently, inactivation of CiGAS terpene synthase

led to an accumulation of FPP in the cytosol which is then

available to squalene synthase for squalene production. This is

somewhat surprising as normally FFP levels are tightly regulated.

In plants, post-translational feedback regulation by FPP controls

degradation of the rate-limiting enzyme of the mevalonate

pathway hydroxymethylglutaryl CoA reductase (HMGR), and

therefore, we would expect an increase in FPP levels to decrease

the flux through this pathway (Gardner and Hampton, 1999).

Alternatively, reduction in the CiGAS activity might have caused a

compensatory effect on the overexpression of the squalene

synthase. Silencing of a different terpene synthase (amorphadi-

ene synthase) in Artemisia annua did not result in increased

accumulation of squalene (Catania et al., 2018). On the other

hand, sesquiterpene biosynthesis and squalene biosynthesis have

been shown to be linked in Nicotiana benthamiana, where

silencing of squalene synthase led to enhanced yields of

sesquiterpenes (Cankar et al., 2015). Accumulation of squalene

may be specific for laticifer-rich chicory roots as we also did not

observe increased accumulation of squalene in the leaves of the

mutant lines.

This study clearly demonstrates that the CRISPR/Cas9 system is

an efficient system for the manipulation of biochemical pathways

in chicory. Inactivation of STL production yielded chicory lines

which have hitherto not been achieved by traditional breeding,

from which inulin can be more cost-effectively extracted, opening

the possibility that this health-promoting dietary fibre can be used

in a wider range of food products.

Experimental procedures

CRISPR/Cas9 reagent design

Five guide RNAs (sgRNAs) targeting different positions in exon 4

of the CiGAS-S1 gene were designed and synthesized on

plasmids under control of the A. thaliana U6 promoter (NCBI

Genbank accession numbers MH350853–MH350858). For

SpCas9 expression, a plasmid was made carrying the A. thaliana

codon-optimized SpCas9 ORF with a C-terminal NLS driven by the

constitutive parsley ubiquitin promoter. After testing for activity,

three guides were selected for the mutagenesis experiments and

these were synthesized together on a single plasmid separated by

Table 4 Inulin polymerisation degrees (DP) of WT and CiGAS KO lines

PL6 and RN12. Polydispersity (Mw/Mn)

Line

Mn

(Daltons)

Mw

(Daltons) Polydispersity

Weight

average DP

Number

average DP

PL4 2050 3366 1.6 20.8 12.7

PL6 1868 3316 1.8 20.5 11.5

RN12 1995 3394 1.7 21.0 12.3

22.00 23.00 24.00 25.00 26.00 27.00 28.00 29.00 30.00 31.00
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Figure 2 GC-MS chromatogram of

chicory root extracts. Chromatograms of

two WT (RN1, RN2) and 5 CiGAS deletion

lines (PL5, PL6, RN6, RN8, RN12) are

shown. Peak 1 – 3: acetylated triterpenes

(C32H52O2, MW = 468), Peak 4 –
squalene, peak 5: stigmasterol, peak 6:

sitosterol. Squalene accumulation was

detected in lines PL6, RN12 and RN8.
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tRNA sequences and expressed using the A. thaliana U6 pro-

moter.

Isolation and transfection of chicory protoplasts

Cichorium intybus subsp. intybus var. sativum cultivar Orchies was

used in the study. Orchies is an economically relevant inulin

producing cultivar. In vitro clone C37 shows typical characteristics

of the Orchies cultivar (European Union Community Plant Variety

Office, 2005) and was selected due to high transformation and

regeneration capacity. Protoplast isolation, transfection and

culture were performed as previously described (Deryckere

et al., 2012; Frearson et al., 1973; Kao and Michayluk, 1975;

Negrutiu et al., 1987; Nenz et al., 2000) with several modifica-

tions. In vitro shoot cultures of Cichorium intybus var. sativum

(Orchies C37) were maintained on MS20 medium with 0.8% agar

in high plastic jars at 16/8 h photoperiod under 100 µmol m−2-

s−1 PPFD at 25 °C and 60–70% RH. Young leaves (2–3) were

harvested, placed in a dish containing 5 mL CPW9M medium

(Frearson et al., 1973) and were gently sliced perpendicularly to

the mid nerve to ease the penetration of the enzyme mixture.

Sliced leaves (approximately 0.2–0.3 g fwt) were transferred to a

dish containing 20 mL CPW9M and an enzyme mixture (1% (w/v)

Cellulase Onozuka RS, 0.2% (w/v) Macerozyme Onozuka R10).

Digestion was carried out at room temperature for 14–16 h, in

the dark. The protoplasts were filtered through a 50 µm nylon

sieve and then harvested by centrifugation for 5 min at 85 ×g.
Protoplasts were then resuspended in 1 mL CPW9M medium and

then added to a tube containing a mix of 87% CPW15S and 13%

CPW9M. This was then centrifuged for 10 min at 85 ×g at room

temperature. Live protoplasts were then harvested from the

interface layer and transferred to a fresh tube and mixed with

11 mL CPW9M. The protoplast density was determined in a

haemocytometer. To assess the chicory protoplast transformation

efficiency, different concentrations of a fluorescent reporter

plasmid (35S::3xYFP) were transfected. This plasmid DNA was

mixed with 0.25 × 106 protoplasts in a total volume of 250 µL
MaMg medium and 250 µL PEG solution (400 g/L polyethylene

glycol4000, Sigma-Aldrich #81240; 70 g/L mannitol; 0.1 M Ca

(NO3)2) was then added. The transfection was allowed to take

place for 20 min at room temperature followed by the addition of

5 mL 0.275 M Ca(NO3)2 solution, which was thoroughly but

gently mixed in. The protoplasts were harvested by centrifugation

for 5 min at 85 ×g and resuspended in 2 mL K1Cg culture

medium. Fluorescent protoplasts were quantified using flow

cytometry (Accuri C6, BD). The highest number of fluorescent

protoplasts was detected after transfection of 60 µg plasmid

DNA, and the experiment was repeated with six different batches

of protoplasts to assess the robustness of the transfection.

For the plasmid approach, 60 µg of the SpCas9 expression

plasmid and 20 µg of a plasmid carrying a sgRNA cassette were

mixed in a 50 µl final volume. For the RNP approach, the sgRNA1

guide was generated in vitro. The unmodified sgRNA1 was

generated using an oligonucleotide and the EnGen sgRNA

Synthesis kit (New England Biolabs, E3322V). The protected

version of sgRNA1 contained three phosphorothioate linkages

and 2’-O-methyl RNA modifications at both ends and was

synthesized (www.synthego.com). Then, 10 µg of guide RNA

was combined with 10 µg SpCas9 (New England Biolabs,

M0646T) in a 20 µL volume. For the transfections, the CRISPR

reagents were then introduced into chicory protoplasts using PEG

transfection as described above. When protoplasts were used for

sequencing experiments, they were maintained in the culture

medium for 48 h and then harvested for genomic DNA isolation.

For regeneration, the protoplasts were centrifuged at 85 ×g for

5 min at room temperature and then resuspended at a density of

0.25 × 106 cells in 5 mL 9 M medium. An equal volume of

alginate solution was added dropwise and mixed thoroughly, and

1ml of the mixture was layered on a Ca-agar plate (5 cm dish),

dispersing the mixture evenly over the whole plate surface to

form a disc. The alginate was allowed to polymerize for one hour

and was then transferred to a 5 mL culture dish containing 1 mL

K1Cg medium. After 7 days of culture in the dark at 28 °C, the
liquid culture medium was replaced with 4 mL K5CgK medium

and the discs were cultured for a further 14 days using the same

conditions. The discs were cut into 5 mm broad strips and

transferred to 9 cm plates with B5g-10-0,2-SP-NB medium, two

discs per plate. These were incubated at 25 °C in the dark for

three weeks to form microcalli. For each experiment, approx-

imately 500 microcalli were picked with tweezers and transferred

to MS10-IB plates and incubated at 25 °C under low light for the

first week followed by full light for the remainder of the

regeneration. Calli were transferred to fresh MS10-IB medium

every 3–4 weeks until regeneration. Overall, more than 80% of

the calli developed shoots and once a healthy shoot had been

harvested the callus was discarded. The developing shootlets

were rooted on MS20 medium, karyotyped and then genotyped.

Plants obtained by plasmid transfection were marked with the

code PL, and plants obtained by the RNP approach were marked

with code RN. The regenerated plants lacking CiGAS mutations

were used as controls. Regenerated in vitro plants were grown

under the same conditions as the plants used for protoplast

isolation. Some wild-type plants regenerated from untreated

Orchies 37 protoplasts varied in size, which was attributed to

somaclonal variation induced by regeneration itself. However,

most regenerated plants developed normally in tissue culture.

Leaves of 2 clones for each genotype of well-established plants in

tissue culture were sampled for metabolomics analysis for 17 GAS

mutants and 7 WT lines. A selection of five WT and five GAS

mutant lines were transferred to the greenhouse and were grown

in pots for a period of 5 months under standard greenhouse

conditions during the summer period, until taproots of approx-

imately 15 cm in length developed which were sampled in

duplicate.

Genotyping chicory plants

Genomic DNA was isolated from protoplasts or regenerated

chicory plants using the Maxwell Plant DNA kit (Promega), and

the target sites in each gene were then amplified separately

using specific primers (Table S1). A nested PCR was done on

each PCR product using the appropriate forward and reverse

primers, and a final third PCR was performed with barcoded

Illumina primers to enable later identification of the sequences.

All of these PCR products were then pooled and paired-end

sequenced on an Illumina MiSeq apparatus. The sequences

were analysed for the presence of indel mutations at the target

sites.

Analysis of sesquiterpene lactones and phenolic
compounds by LC-MS

Chicory leaf and root material (100 mg) was frozen and

powdered in liquid nitrogen. Extraction was performed using

77% methanol containing formic acid (0.1%), and the samples

were then vortexed, sonicated for 15 min and then centrifuged at

21 000 g at room temperature. The clear supernatant was
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transferred to a fresh vial and used for LC–MS analysis. LC-MS

analysis was performed using the LC-PDA-LTQ-Orbitrap FTMS

system (Thermo Scientific), which consist of an Acquity UPLC (H-

Class) with Acquity elambda photodiode array detector (220–
600 nm) connected to a LTQ/Orbitrap XL hybrid mass spectrom-

eter equipped with an electrospray ionizator (ESI). The injection

volume was 5 μL. Chromatographic separation was on a reversed

phase column (Luna C18/2,3 μ, 2.0 × 150 mm; Phenomenex,

Torrance, CA, USA) at 40 °C. Degassed eluent A [ultra-pure

water: formic acid (1000:1, v/v)] and eluent B [acetonitrile:formic

acid (1000:1, v/v)] were used at a flow rate of 0.19 mL min−1. A

linear gradient from 5 to 75% acetonitrile (v/v) in 45 min was

applied, which was followed by 15 min of washing and equili-

bration. FTMS full scans (m/z 90.00–1350.00) were recorded with

a resolution of 60 000. The samples were analysed for the

presence of six STLs (lactucin, lactucin 15-oxalate, 8-

deoxylactucin, 8-deoxylactucin 15-oxalate, lactucopicrin and

lactucopicrin 15-oxalate). Quantification of the STL and phenolic

compounds was performed by the integration of the selective ion

peak (5 ppm) in Excalibur software (Thermo Fischer Scientific,

Waltham, MA, USA). Quantification of metabolites was per-

formed by comparison to a standard curve prepared from

authentic standards of chicoric acid (Sigma Aldrich, Saint Louis,

MO, USA), 3,5-dicaffeoylquinic acid, chlorogenic acid (Sigma),

lactucin (Extrasynthese) and lactucopicrin (Extrasynthese). Other

compounds for which authentic standards are not available were

relatively quantified and relative abundance is presented. Data

were subjected to statistical analysis using SPSS software (version

23 for Windows; IBM, Armonk, NY, USA) for the analysis of

variance (ANOVA). Tukey’s post hoc test (P > 0.05) was used to

analyse differences between lines.

GC-MS analysis of chicory root and leaf extracts

Chicory root and leaf material (300 mg) were frozen and

powdered in liquid N2. The samples were then extracted with

1.5 mL of hexane: ethyl acetate mixture (v/v 85:15). The

samples were sonicated for 15 min and centrifuged for

10 min at 1200 g. The extracts were dried over a Na2SO4

column prepared in a glass wool plugged glass pipette. Analytes

from 1 μL samples were separated using a gas chromatograph

(5890 series II; Hewlett-Packard, Palo Alto, CA, USA) equipped

with a 30 m × 0.25 mm, 0.25 mm film thickness column (ZB-5;

Phenomenex) using helium as carrier gas at flow rate of 1 mL/

min. The injector was used in splitless mode with the inlet

temperature set to 250 °C. The initial oven temperature of

45 °C was increased after 1 min to 310 °C at a rate of 10 °C/
min and held for 5 min at 300 °C. The GC was coupled to a

mass-selective detector (model 5972A; Hewlett-Packard), scan-

ning from 45 to 500 atomic mass units. Experimental samples

were compared with authentic standards of squalene (Sigma-

Aldrich, Saint Louis, MO, USA), campesterol (Sigma-Aldrich,

Saint Louis, MO, USA), stigmasterol (Extrasynthese) and sitos-

terol (Extrasynthese) for verification.

Analyses of inulin by size exclusion chromatography
(SEC)

The molar mass measurements of inulin containing samples were

performed with SEC using alkaline eluent. The lyophilized chicory

root samples were dissolved into 0.1 M NaOH with the final

concentration of 1 mg/mL. Samples were filtered (0.45 µm) prior

the measurement. The SEC measurements were performed in

0.1 M NaOH as an eluent (pH 13, 0.5 mL/min, T = 25 °C) using

PSS MCX 1000 & 100 000 Å columns with a pre-column. The

elution curves were detected using Waters 2410 RI detector. The

molar mass distributions (MMD) were calculated against 8 × pul-

lulan (6100–708 000 g/mol) standards, using Waters Empower 3

software. The data of inulin polymerization degree (DP) were

expressed as weight average DP Eq. (1) and number average DP

Eq. (2) using molecular weight of dehydrated glucose

(162 g/mol):

Weight average DP ¼ Mw=162 (1)

Number average DP¼Mn=162 (2)

where Mw is weight average molar mass (ΣM�w/Σw) and Mn is

number average molar mass (ΣM�n/Σn).
Radical scavenging activity

Antioxidant activity of selected GAS-edited chicory root and leaf

samples was evaluated using the DPPH radical scavenging

method as described in Shimamura et al., (2014) with modifica-

tions. Lyophilized root or leaf samples were disrupted using steel

beads and a Retsch mill (MM301, Haan, Germany) and extracted

with methanol (50 mg/mL) for 30 min in magnetic stirring. After

centrifugation (700 g, 10 min), the supernatant was collected

and diluted with methanol (roots 1:5, 1:10, 1:25, 1:50, 1:100,

1:125 and leaves 1:5, 1:10, 1:25, 1:50, 1:100, 1:200, 1:250). The

DPPH solution (23.8 mg of DPPH/100 mL of methanol) was

diluted 1:5 with methanol, and 0.1 mL of the diluted solution was

pipetted on multiwell plate. Diluted extracts (0.1 mL) were added

to DPPH solution. Samples were incubated at room temperature

in the dark for 30 min. The absorbance of the samples was

measured at 515 nm in a Multiskan spectrophotometer (EX 355;

Thermo Fischer). The EC50 absorbance value was determined for

trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid)

within concentration levels 0–12.9 µg/mL, and the radical scav-

enging activity of the samples was expressed as EC50 concen-

trations (mg/mL). Thus, the higher the EC50 value, the lower the

antioxidant activity.
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