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Abstract

Background: Chicory (Cichorium intybus L.), a member of the Asteraceae family, is known for its numerous health benefits, including
its prebiotic, digestive, antioxidant or anti-inflammatory effects. Used as a coffee substitute, chicory roots is also appreciated for its
bitterness, which can prove to be a disadvantage for other uses in food. The bitterness of chicory is largely linked to the presence of
sesquiterpene lactones (STLs) in the roots. Methods: In order to create less bitter industrial chicory varieties, CRISPR/Cas9 technology
was used to inhibit the first two genes of the STL biosynthetic pathway: germacrene A synthase (CiGAS), short form, and germacrene
A oxidase (CiGAO). To determine the impact of these reductions on the perception of bitterness, a sensory analysis of 13 field-grown
chicories genotypes, contrasting for their STL composition, allowed the construction of obtain a bitterness scale by correlating STL
content with perceived bitterness. The edited chicories were positioned on this scale according to their STL content. Results: Biallelic
mutations in two of the copies of CiGAS-short form or in the CiGAO gene led to a reduction in STL content of edited chicories and a
reduction in bitterness, or even an absence of perception, was obtained for some mutants. Conclusions: The use of the CRISPR/Cas9
tool as well as the choice of targets therefore makes it possible to modulate the bitterness of chicory.
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1. Introduction

Cichorium intybus L., also known as chicory, is a
species belonging to the Asteraceae family widely used in
traditional medicine. Its biological activities are mainly at-
tributed to the accumulation of inulin, vitamins, and spe-
cialized metabolites such as sesquiterpene lactones (STLs),
flavonoids, coumarins, hydroxycinnamic acids as well as
alkaloids present in different parts of C. intybus L. [1]. In
Europe, different varieties of chicory are cultivated either
for the consumption of their leaves or for the use of their
roots. In the North of France, C. intybus var. foliosum
is commonly used as a salad and the taproot of C. intybus
var. sativum (or industrial chicory) is grown for industrial
purposes. Roots of industrial chicory are of economic im-
portance for roasted ingredients, beverage processing such
as coffee substitute, and inulin production. The concept of
functional ingredients is increasingly developing due to the
attraction of consumers towards healthier food. Chicory in-
ulin is already considered as a functional ingredient due
to its health effects and recently a new trend describing
chicory flour as such has been developed [2—6]. Chicory
flour, produced from roots, is mainly employed as supple-
ment in baking since it improves the taste, the preserva-

tion, and the texture of bakery products in addition to being
low in calories and rich in fibers. However, its incorpora-
tion is limited to 5% because chicory bitterness becomes
too perceptible in larger proportions [7]. Bitterness plays
a major role in food consumption and can cause an aver-
sive reaction in consumers. By offering less bitter vari-
eties of chicory, it will be possible to produce less bitter
ingredients from chicory and, as a consequence, to inte-
grate more chicory flour in bakery to benefit from its nutri-
tional and functional qualities. Industrial chicory bitterness
is mainly due to the presence of STLs [8—10]. These com-
pounds represent on average 0.42% of the dry weight of the
roots, making them the major specialized metabolites found
in the root [11]. They belong to the class of guaianolides
and are: lactucin, lactucopicrin, 8-deoxylactucin, their 15-
oxalated and 15-glycosylated forms, and their derivatives
11(S),13-dihydro [ 12—14]. The biosynthesis of the guaiano-
lides starts with the conversion of farnesyl-pyrophosphate
(FPP) into germacrene A by germacrene A synthase (GAS)
[15]. Four copies of CiGAS gene were identified in the in-
dustrial chicory genome, including a single copy of CiGAS-
long form and three expressed copies of CiGAS-short form
[16]. Then cytochrome P450 enzymes germacrene A oxi-
dase (GAO) and costunolide synthase (COS) act consecu-
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tively to produce costunolide [17-20]. Recently, a new step
of this biosynthetic pathway was revealed with the identi-
fication of the kauniolide synthase (KLS) gene cluster in-
volved in the conversion of costunolide to kauniolide [21].

Genome editing approaches using CRISPR/Cas9 have
developed rapidly in recent years in several plant species.
They greatly accelerated gene function analysis or crop im-
provement to generate new varieties in a shorter time [22—
24]. TIts use allows to rapidly test strategy to reduce the
bitterness of chicory in order to make it more acceptable
for its use as a functional ingredient. In C. intybus, the
CRISPR/Cas9 editing system was first successfully used
by Bernard et al. [25] using two methods of transforma-
tion: Rhizobium rhizogenes-mediated transformation and
protoplast transfection. Thereafter, the method was used to
validate the function of genes involved in the biosynthesis
of phenolamide in chicory pollen grains [26]. In parallel,
CRISPR/Cas9 technology has been used in several studies
to modify the level of STLs in C. intybus. First, De Bruyn et
al. [27] edited CiGAS, CiGAO and CiCOS genes of C. inty-
bus var. foliosum through PEG-mediated protoplast trans-
fection but the effects on the chemical phenotype was not
described. Then Cankar et al. [28] edited CiGAS genes
of C. intybus var. sativum using the same editing transfec-
tion system and showed a strong reduction in the content of
lactucin, lactucopicrin, 8-deoxylactucin and their oxalated
forms. These results confirmed those of a previous study
in which the CiGAS genes were silenced by an amiRNA
approach [29]. Recently, Cankar ef al. [21] showed that
knockout (KO) of KLS genes led to a nearly complete elim-
ination of the major chicory STLs and their oxalate forms in
leaves and roots of genome-edited chicories. They also in-
vestigated the presence of intermediates in the STL pathway
and showed that there was no accumulation of compounds
in the leaves, in contrast to the taproot where costunolide,
its conjugates and germacrene A acid were detected. De-
spite these works, no sensory analysis was correlated with
these results to determine the effect of STLs reduction on
bitterness perception.

In the present study, in order to induce a modulation in
STL content, industrial chicories ChicBitter002, cultivated
for their roots, were edited with CRISPR/Cas9 technology
using R. rhizogenes-mediated transformation. The CiGAS-
short form and CiGAO genes, involved in the STL pathway
were targeted. In addition, to link the STL content to the bit-
terness level, a sensory analysis was carried out on roots of
several field-grown chicories. A linear correlation was es-
tablished between the bitterness score associated with each
of these chicories and their STL content. A bitterness scale
was then generated and used to evaluate the bitterness of the
genome-edited chicories based on their STL content. The
involvement of the different targeted genes in the synthesis
of STLs was also discussed.

2. Materials and Methods
2.1 Plant Material

Field-grown chicories RO1 to R13, furnished by
Florimond-Desprez, are a breeding material chosen for their
variability in the STL content based on the dosage of STLs
conducted in 2018 and 2019 (unpublished data). They have
been cultivated in 2020 (Coutiches, France) for their roots
by Florimond-Desprez SA (Cappelle-en-Pévéele, France).
As chicory is allogamous and not able to form stable lin-
eages, each chicory RO1 to R13 is a population sharing a
common gene pool. For the sensory analysis, each field-
grown chicory was furnished as a sample originating from
a pool of all roots of three field plots. ChicBitter002,
is an in vitro-propagated industrial chicory clone, which
genome has been sequenced by the Gentiane platform (IN-
RAE, Clermont-Fermond, France) for Florimond Desprez
SA (Cappelle-en-Pévéle, France). The clone ChicBitter002
was used in a wild-type form (Ctrl) or transformed by R.
rhizogenes (HR lines).

2.2 Identification of CiGAS and CiGAO Genes

Several CiGAS gene candidates were identified in
the industrial chicory genome ChicBitter002 with Blastp
or tBlastn algorithms using the germacrene A synthase
short form gene (Uniprot accession: Q8LSC2) and the ger-
macrene A synthase long form gene (Uniprot accession:
Q8LSC3) from Bouwmeester ef al. [30] as queries and
with 26,367 ‘high probability’ predictive gene models from
the Chicbitter002 sequence (unpublished database, Flori-
mond Desprez SA, Cappelle-en-Pévéle, France) and 31,631
predictive gene models from a witloof chicory genome
(Cargese program) or their complete genome sequences as
subjects. Nucleotide sequences of significant hits were
aligned to the Chicbitter002 sequence using GMAP and
their positions were compared to corresponding positions of
predictive gene models of recently sequenced Asteraceae,
such as Lactuca sativa, Cynara cardunculus var. scoly-
mus, Artemisia annua and transcript sequences from un-
published RNA-seq data in industrial and witloof chicories
[31-34]. The sequence of the CiGAO gene (Uniprot ac-
cession: D5JBWS8) was used to identify candidates using
the same procedure as for CiGAS genes. The CiGAS gene
candidates were used as queries in a tBlastn procedure by
comparing them to the BAC clone sequences previously
published [16]. Multiple protein sequence alignment from
the whole set of CiGAS sequences was carried out using
MAFFT (Supplementary Fig. 1) [35].

2.3 CRISPR/Cas9 Vector Construction

Guide RNAs (sgRNAs) for CiGAS-short form and
CiGAO genes were designed using the software CRISPOR
(crispor.tefor.net) based on their GC content and their
Doench score [36]. Two sgRNAs were defined for each
gene except the gene CiGAS-S5 for which only one tar-
get could be defined (Supplementary Table 1). Poten-
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tial off-targets were checked with the tool Cas-OFFINDER
and verified on the chicory ChicBitter002 genome (un-
published sequence, Florimond Desprez SA, France) to
avoid the disruption of off-target gene coding region [37].
Two binary expression vectors for CRISPR/Cas9 were con-
structed as described previously [25,38]. Briefly, each
sgRNA was inserted by digestion/ligation into an inter-
mediate plasmid pKanCiU6-1p-sgRNAscaffold, which in-
cludes C. intybus U6-1p promoter and a sgRNA scaf-
fold. Four vectors containing the cassette “CiU6-1p-Guide-
sgRNAscaffold” were obtained. Adaptors for Golden Gate
restriction/ligation method were added to the end of each
cassette by PCR using PrimeStar HS polymerase (Takara
Bio Europe, St-Germain-en-Laye, France) using primers
GG1-F & GG1-R (Supplementary Table 1) for plasmid
containing CiGAS_T1 and CiGAO_T1 guide and primers
GG2-F & GG2-R (Supplementary Table 1) for plasmid
containing CiGAS T2 and CiGAO_T2 guide. PCR prod-
ucts were purified with NucleoSpin Gel and PCR Clean-up
kits (Macherey-Nagel, Diiren, Germany) and were cloned
in pYLCRISPR/Cas9P35,-B (Addgene plasmid #66190,
Cambridge, MA, USA) by Golden Gate restriction/ligation
method. Final plasmids pYLCRISPR-GASshort containing
CiGAS_TI1 and CiGAS_T2, and pYLCRISPR-GAO con-
taining CiGAO_T1 and CiGAO_T2 were obtained.

2.4 Generation of Chicory Transformed Plants

In vitro plants of C. intybus L. ChicBitter002 clone
were used in this study. Plants were maintained on H10
solid medium as previously described [25]. Wild-type R.
rhizogenes 15834 strains (provided by Marc Buée, IN-
RAE, Nancy, France) were transformed with pY LCRISPR-
GASsh or pYLCRISPR-GAO by electroporation. Wild-
type (WT) strains or transformed strains of R. rhizogenes
were used to generate hairy root (HR) lines from ChicBit-
ter002 chicory. HRs were obtained and maintained in
hormone-free media as previously described and sponta-
neous shoots regenerated from HRs were transfered in H10
medium [25]. A selection of HR mutant lines and control
plants were grown in pots for a period of 3 months in a S2
greenhouse. Genomic DNA from HRs was extracted us-
ing NucleoSpin Plant II kit (Macherey-Nagel, Diiren, Ger-
many) using the manufacturer’s protocol. RolB specific
primers were used to confirm R. rhizogenes infection, and
Cas9 presence was checked by PCR using primer pair C9-F
and C9-R (Supplementary Table 1).

2.5 Genotyping and Sequencing of Edited HR Chicory
Plants

Genotyping of HRs was realized to select mutant lines.
Primer pairs GAO and S1 to S5 (Supplementary Table
1) labelled with different fluorescent dyes (6-Fam or Hex)
were designed to amplify the sequences of GAO gene or
each potentially expressed copy of CiGAS-short form gene.
The PCR assay was performed in a volume of 15 pL con-
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taining 1X PCR buffer with 2 mM MgCl,, 100 uM of each
dNTP, 0.2 mgmL’1 BSA, 133 nM of each primer, 0.3
U Taq polymerase (Applied Biosystems, Foster City, CA,
USA) and 2 ng of template DNA. A touchdown (TD) pro-
cedure was applied: 5 min denaturation at 94 °C, followed
by (a) 5 cycles of 30 sec at 94 °C, TD 30 sec at 60 °C (-1
°C per cycle), 30 sec at 72 °C and (b) 35 cycles of 30 sec
at 94 °C, 30 sec at 55 °C, 30 sec at 72 °C, before 10 min
of extension at 72 °C. The PCR products were analyzed on
a 3100 Avant Genetic Analyzer capillary sequencer (Ap-
plied Biosystems). Genotyping data were automatically
collected and analyzed (GeneMapper Software v3.5, Ap-
plied Biosystems, Foster City, CA, USA). Sequences of
mutated genes were obtained by Sanger sequencing using
S1 to S5 primers pairs for CiGAS-short form genes and one
GAO primer pair for CiGAO gene (GATC service, Eurofins
Genomics, Ebersberg, Germany).

2.6 Determination of the STL Content in Chicory Materials

Roots of edited chicories (n = 3 for each HR lines),
WT 3-month-old chicories (n=4) and field-grown chicories
(RO1 to R13) taproots were freeze-dried and powdered.
Hundred mg of powder were extracted with 1 mL of wa-
ter (LC-MS grade) under agitation (1400 rpm; Eppendorf
ThermoMixer C, Hamburg, Germany) for 15 min at 35 °C.
The supernatants were collected by centrifugation (15 min,
4 °C, 21,000 g) and boiled for 10 min at 100 °C under agi-
tation (600 rpm). All aqueous extracts were finally filtered
through a 0.45 pm PP Whatman UNIFILTER microplate
(Cytiva, VWR, Rosny-sous-Bois, France) and transferred
to vials for LC-UV analysis. STLs content was deter-
mined using an Ultimate 3000RS system equipped with an
LPG-3400RS pump, a WPS-3000TRS autosampler and a
DAD-3000RS (Thermo Fisher Scientific, Waltham, MA,
USA). Chromatographic separation was achieved on an Up-
tisphere Strategy PHC4 column (3 pm, 150 x 3 mm: Inter-
chim, Montlugon, France) at 50 °C with 0.1% (v/v) formic
acid in acetonitrile (B) and 0.1% (v/v) formic acid in water
(A) as mobile phases at flow rate of 0.6 mL-min~—'. The
gradient elution was as follows: isocratic at 10% B for 2.5
min; linear from 2 to 30% B in 40 min; linear from 30 to
85% B in 1 min; isocratic at 85% B for 2 min; linear from
85 to 10% B in 1 min; and isocratic at 10% B for 4 min.
The injection volume was 5.0 puL. Fifteen STLs compounds
were profiled based on this method and determined by LC-
QTOF-HRMS analysis. Total STLs content, in all the anal-
yses, was expressed as the sum of the peak areas of these 15
compounds, present in the UV chromatogram at 254 nm.

2.7 LC-QTOF-HRMS Analysis of Sesquiterpene Lactones

STL compounds were identified using an Ultimate
3000RS system equipped with a DAD-3000RS (Thermo
Fisher Scientific, Waltham, MA, USA), interfaced with a
high-resolution quadrupole time-of-flight mass spectrom-
eter and equipped with an ESI source (Impact II, Bruker


https://www.imrpress.com

Daltonik GmbH, Bremen, Germany). One gram of freeze-
dried powdered chicory root from the pool of field-grown
chicories (RO1-R13) was extracted with 10 mL of water
(LC-MS grade) under agitation (1000 rpm) for 15 min at 35
°C. After centrifugation (15 min, 4 °C, 21,000 g) , the super-
natant was immediately evaporated, and the residue was re-
suspended in 2% acetonitrile (v/v) containing 0.1% formic
acid (v/v) and passed through a 0.2 pm hydrophilic PTFE
syringe filter (Merck, Darmstadt, Germany) and transferred
to a vial for LC-MS analysis. Chromatographic separation
was achieved on an Uptisphere Strategy PHC4 column (2.2
pm, 150 x 3 mm; Interchim, Montlugon, France) at 30 °C
with 0.1% (v/v) formic acid in acetonitrile (B) and 0.1%
(v/v) formic acid in water (A) as mobile phases at flow rate
of 0.5 mL-min~'. The gradient elution was as follows: iso-
cratic at 2% B for 1 min; linear from 2 to 50% B in 32 min;
linear from 50 to 100% B in 5 min; isocratic at 100% B
for 7 min; linear from 100 to 2% B in 5 min; and isocratic
at 2% B for 7 min. The injection volume was 2.0 uL. The
mass spectrometer was operated in the positive electrospray
ionization mode at 4.5 kV with the following parameters:
nebulizer gas (N5), 2.4 bars; dry gas (N3), 10.0 mL-min—!;
dry temperature, 250 °C; collision cell energy, 10.0 eV; end
plate offset, 500 V. Sodium formate cluster ions were ap-
plied for instrument mass calibration and for re-calibration
of individual raw data files. The acquisition was performed
in full scan mode in the 90—1200 m/z range with an acqui-
sition rate of 1 Hz and with mass accuracy <5 ppm. Soft-
ware Compass otofControl 4.1 (Mount Vernon, NY, USA)
was used for the operation of the mass spectrometer and for
data acquisition, and data were processed by the software
Compass DataAnalysis 4.4 (Bruker Daltonik GmbH, Bre-
men, Germany).

2.8 Construction of Bitterness Reference Scale

The sensory evaluation was performed at the agrifood
platform of Polytech Lille (University of Lille, France) in
laboratory rooms according to ISO 8589:2007. The panel
was constituted from volunteers recruited among the per-
sonnel of the University of Lille and trained in accordance
with ISO 8586:2012. Panelists were first selected based
on their ability to recognize bitterness, sweetness, saltiness,
and sourness. Four series of different concentrations of
taste solutions in water were prepared by dilution of stock
solutions as followed: bitter with caffeine (concentrations:
0.27, 0.35, 0.46, 0.59 g'L’l), sweet with sucrose (concen-
trations: 12, 24, 48, 96 g-L—1), salty with sodium chloride
(concentrations: 2, 4, 8, 16 g-L~1) and sour with citric acid
(concentrations: 0.6, 1.2,2.4, 4.8 g~L*1); the lowest dilu-
tions corresponding to the perception threshold for the sub-
stance evaluated. Participants were first asked to identify
the four tastes for each concentration, as well as pure water
blank. Subsequently, they ranked the different concentra-
tions using a 10 cm horizontal line. Each test was repeated
twice. Fourteen panelists were retained and to familiarize

themselves with the bitterness of chicory, additional train-
ing with solutions of free STLs was performed. The six so-
lutions were prepared according to the concentration range
of free STLs from 0.62 mM to 0.019 mM, from a serial di-
lution of chicory root extract enriched in free STLs [39].
The solutions, including a pure water solution as a blank,
were presented in plastic glasses accompanied with a plas-
tic drop-pipette to pour solution into the mouth. Participants
were invited to taste 7 mL of each dilution with two repli-
cations. They were asked to rate the different solutions ac-
cording to the bitterness intensity using a 7-point ranking;
the rank 1 corresponding to the least intense perceived con-
centration. At the end, twelve panelists were selected for
the quantitative sensory evaluation. Finally, freeze-dried
root powders from field-grown chicories (R01 to R13) were
evaluated by the panel for their bitterness intensity accord-
ing to ISO 6658:2017. The samples were served on plastic
cups labeled with random three-digit numbers. The pan-
elists were asked to rank the samples using a 10 cm horizon-
tal line and evaluation was repeated twice in two sessions.
The bitterness reference scale was constructed based on a
simple linear regression model plotting bitter taste in func-
tion of relative total STL content. The bitterness degree of
the samples from the roots of edited-chicory plants was then
predicted by fitting their total STL content by means of the
regression curve equation.

2.9 Statistical Analysis

An ANOVA and Student’s #-test were performed to de-
termined panelist performance (discrimination ability, con-
sensus in notation, repeatability) and to test for bitterness
differences between the chicory root samples from the field-
grown chicories (R01-R13). Comparison of STL content
of edited and WT 3-month-old chicories and assessment
of the differences in panelist perception of bitter taster
were tested by non-parametric ANOVA (Kruskal-Wallis)
followed by post-hoc uncorrected Dunn’s test or post-hoc
paired Wilcoxon, respectively. The assumptions of nor-
mality, homogeneity of variance, and independence were
checked by Shapiro-Wilk test, Bartlett test, and Durbin-
Watson test, respectively. The bitterness correlation with
STL content was established by Pearson’s correlation test.
The significance threshold was set to 0.05 for all statisti-
cal tests. All analyses were done with R Statistics 4.0.3
(r-project.org) and GraphPad Prism 9 software (Windows
Inc., San Diego, CA, USA).

3. Results
3.1 Identification of CiGAS and CiGAO Genes

The genome of the industrial chicory ChicBitter002
was searched to identify CiGAS and CiGAO genes puta-
tively involved in the STL pathway. A single copy of
CiGAO gene was highlighted in the genome of ChicBit-
ter002 (Supplementary Fig. 2). For CiGAS genes, quite
similar data to Bogdanovi¢ et al. [16] were found with one
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gene for CiGAS-long form and five gene copies of CiGAS-
short form. Sequence analysis confirmed the existence of
GAS-S1, GAS-S2, GAS-S3 and CiGAS-S4b but CiGAS-S4a
was not found. However a new CiGAS-short form candi-
date copy, named CiGAS-S3, was highlighted (Fig. 1). Se-
quence analysis confirmed that copies CiGAS-S1, CiGAS-
S2, CiGAS-S3 and CiGAS-S5 could be expressed with a
complete 7-exons structure and that copy CiGAS-S4b has
a retrotransposon into the exon 3 that could hamper its ex-
pression. The five copies were identified at two different
locations in the genome. On the one hand, CiGAS-SI, S2
and S3 were located on the same contig (contig_403 pilon)
so they can be considered as three distinct genes but phys-
ically close on the chicory genome. Indeed, the CiGAS-
S1 and the CiGAS-S3 are separated by ~85,000 bp, with
CiGAS-S2 in between (Supplementary Fig. 3). It can also
be noted that CiGAO gene is present on the same contig as
the three CiGAS-short form genes, and ~85,000 bp away
from the CiGAS-S3 copy (Supplementary Fig. 3). On the
other hand, CiGAS-S4b and S5 also shared the same contig
(contig 1740 pilon) and are ~76,000 bp apart. Based on
these results, 4 copies of CiGAS-short can be considered
as putatively expressed : copies S/, S2, S3 and S5 (Fig. 1).
Since the copy S4b was presumably not expressed due to
the presence of a retrotransposon, it was not targeted.

5 3

D —

oass1 {H - F{ —{H H +—
eass2 TH—HTHT—
oasss TH — +—{—{H

GAS-S4b
easss {H F— T HH H F

sasts {3—F—F FHF{H — 1+
5 3

GAO - H

—

Fig. 1. Schematic representation of the structure for CiGAS
and CiGAO genes. GAS-S stands for the CiGAS-short form and
GAS-LF stands for the CiGAS-long form. The exons and introns
lengths are proportional to the nucleotide sequences of the genes.
Colored box: exon, line: intron, red rectangle: retrotransposon.

3.2 Targeting of CiGAS and CiGAO Genes

The objective was to perform a KO of the 4 putatively
expressed copies of CiGAS-short form and of the CiGAO
gene. In order to design sgRNAs for the four putatively
expressed copies of CiGAS-short form, the homology of
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these genes was investigated by comparing their exonic se-
quences using ClustalOmega tool [40]. All the putatively
expressed copies (CiGAS-SI to S5) are relatively close since
they share between 86 to 97% identity. CiGAS-SI and
CiGAS-S2 sharing the highest identity (Supplementary
Fig. 4). The newly identified CiGAS-S5 copy shares 86—
93% identity with the other copies, confirming its link to the
multiple copies of CiGAS-short form (Supplementary Fig.
4). The high level of homology between the potentially ex-
pressed copies of CiGAS-short form did not allow specific
targeting of each copy, but it was possible to design sgR-
NAs in the third exon to target all copies simultaneously.
Since a single copy of CiGAO was identified, two sgRNAs
were designed at the beginning of the first exon in order to
disrupt the gene function.

The use of the CRISPOR tool to determine the po-
tential targets gave a list of sgRNAs that were then ana-
lyzed using the Cas-OFFINDER tool to search for poten-
tial off-targets. The results were checked on the ChicBit-
ter002 genome, to avoid selecting sgRNAs with off-targets
in gene coding regions. Finally, two sgRNAs were iden-
tified in the first exon of CiGAO and two sgRNAs were
identified in the third exon of CiGAS-S1, CiGAS-S2 and
CiGAS-S3. For the CiGAS-S5 copy, a single sgRNA com-
mon to the other copies was defined (Supplementary Ta-
ble 1). The GAS-long gene was not targeted because it has
been demonstrated to have minimal impact on STLs pro-
duction in chicory roots [28].

3.3 Identification of the CRISPR/Cas9 Mutagenesis Events
and Characterization of the HR Mutant Lines

Chicory leaves of 14-day-old vitroplants were in-
fected with R. rhizogenes strain 15834 transformed with the
binary vectors pYLCRISPR-GASshort or pYLCRISPR-
GAO. Two weeks after R. rhizogenes transformation, se-
lection of HRs based on their phenotype was carried out.
Eighty-five HR lines were collected with 54 lines poten-
tially transformed with the vector targeting the CiGAS-short
form genes and 31 lines potentially transformed with the
vector targeting the CiGAO gene. After verification of the
presence of the T-DNA of R. rhizogenes and the integra-
tion of the binary vector, the number of transformed lines
was reduced to 43 for CiGAS-short and 30 for CiGAO (Ta-
ble 1). As integration of the binary vector is not always
synonymous of mutation, a preliminary sorting of the mu-
tants was performed by genotyping. Indeed, the action of
CRISPR/Cas9 can generate a variety of mutated alleles and
because multiple copies of CiGAS-short were highlighted,
it is possible that all copies are not mutated at the same
time. Then, a Sanger sequencing of the mutant HR lines
identified by genotyping was performed to obtain the se-
quences of the mutants. Out of the 43 lines transformed
with pYLCRISPR-GASshort, analysis of the mutations re-
vealed 6 lines with one copy of CiGAS gene mutated, 4
lines with two mutated copies and 3 lines with three mu-
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Table 1. Overview of the mutation events in chicory transformed with R. rhizogenes with different constructs.

Genes CiGAS-short  CiGAO  Control
Initial number of HR lines 54 31 6

Total 43 30 6

WT 30 24 6
Number of lines with binary vector ! COp?’ mutated (KO) 63 6@ 0

2 copies mutated (KO) 4(D) nc nc

3 copies mutated (KO) 3(1) nc nc

4 copies mutated (KO) 0(0) nc nc
Mutation frequency 30.2% 20.0% 0.0%
Gene KO frequency 11.6% 6.6% 0.0%

HR, Hairy Root; WT, Wild-Type lines; KO, Knock-Out due to the onset of premature stop codon; nc,

not concerned. Mutation frequency was calculated by dividing the sum of mutant lines by the total of

lines with binary vector. Gene KO frequency was calculated by dividing the sum of (KO) by the total

of lines with binary vector.

Table 2. Summary of mutations found in hairy root lines for each target of the different copies of CiGAS-short and for CiGAO

genes.
CiGAS-short
S1 S2 S3 S5 CiGAO

Line T1 T2 T1 T2 Tl T2 T1 Tl T2
HR1 -3/-3 +1/+1 WT/WT  WT/WT WT/WT WT/WT WT/WT WT/WT WT/WT
HR2 WT/WT —5/+1 WT/WT  WT/WT WT/WT WT/WT WT/WT WT/WT WT/WT
HR3 WT/WT  WT/41 WT/WT  WT/WT WT/WT WT/WT WT/WT WT/WT WT/WT
HR4 WT/WT  WT/WT  +1/+145  +1/45 WT/WT WT/WT WT/WT WT/WT WT/WT
HRS WT/WT  WT/WT WT/+1 WT/~6 WT/WT WT/WT WT/WT WT/WT WT/WT
HR6 WT/WT  WT/WT WT/+1 WT/~6 WT/WT WT/WT WT/WT WT/WT WT/WT
HR7 WT/=31 WT/=31  WT/WT  WT/~10 WT/WT WT/WT WT/WT WT/WT WT/WT
HRS8 WT/=29  +1/-29 WT/WT +1/-1 WIT/WT  WT/WT WT/WT WT/WT WT/WT
HR9 WT/WT  WT/-5 WT/+1 WT/~6  WT/WT WT/WT WT/WT WT/WT WT/WT
HR10 WT/WT  WT/-5 WT/+1 WT/-6  WT/WT WT/WT WT/WT WT/WT WT/WT
HRI11 WT/WT  WT/~10 WT/WT WT/-3  WT/WT WT/WT  WT/~7  WT/WT WT/WT
HR12 WT/=29  +1/-29 WT/WT +1/+1 WT/WT WT/WT WT/WT WT/WT WT/WT
HRI12*  WT/=29  +1/-29 WT/WT +1/+1 WT/WT  WT/WT +1/-1 WT/WT WT/WT
HR13 WT/WT  WT/+1 WT/WT +1/-41 +1/-3 WT/WT  WT/WT  WT/WT WT/WT
HR14 WT/WT  WT/WT  WT/WT WT/WT WT/WT WT/WT WT/WT WT/WT WT/+1
HR15 WT/WT  WT/WT  WT/WT  WT/WT WT/WT WT/WT WT/WT -12/-22 WT/=7
HR16 WT/WT  WT/WT  WT/WT WIT/WT WT/WT WT/WT WT/WT  WT/H+1 WT/WT
HR17 WT/WT WT/WT  WT/WT  WT/WT WT/WT WT/WT WT/WT WT/-22 WT/—6
HR18 WT/WT WT/WT  WT/WT WT/WT WT/WT WT/WT WT/WT +1/-8 WT/WT
HR19 WT/WT  WT/WT  WT/WT WT/WT WT/WT WT/WT WT/WT WT/WT =717

Mutation leading to a change in the coding frame are in red. Larger deletion between the two targets (inter-guide deletion)
are underlined. HR12* correspond to the line HR12 but with an additional mutation as a result of the CRISPR/Cas9
action. T1, Target 1; T2, Target 2; WT, Wild-Type; +, insertion; -, deletion.

tated copies, resulting in a mutation rate of 30.2% (Table 1).
HRs transformed with pYLCRISPR-GAO showed a muta-
tion rate of 20% with 6 mutated lines out of 30 transformed
lines (Table 1).

As the chicory genome is diploid, the CRISPR/Cas9
system can induce two types of mutations. On the one hand,
a monoallelic mutation could occur. In such case, one allele
is mutated and the other remains wild-type (heterozygous)

leading to an absence of full KO of the targeted gene. On
the other hand, editing could generate a biallelic mutation
where both alleles are mutated, either with the same muta-
tion on each allele (homozygous), or with a different muta-
tion (also heterozygous) that can lead to a KO of the gene
(Table 2 and Fig. 2). Most of the identified mutations were
small insertions of one nucleotide (HR1, HR2, HR4, HRS,
HR6, HR8, HR9, HR10, HR12, HR13, HR14, HR16, or
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WT

HR2.1
HR2.2
HR3.1
CiGAS-ST —  4r32
HR9.1

HR9.2

HR12.1

HR12.2
WT

HR4.1
HR4.2
CiGAS-S2 —  Hro1
HR9.2

HR12.1

HR12.2
wT
HR12*.2

WT

HR14.1
HR14.2
HR15.1
HR15.2
HR16.1
HR16.2
HR17.1
HR17.2
HR18.1
HR18.2
HR19.1
HR19.2

Target 1 PAM
AAGAGTGTAGTAAACACTCTCGAAGGCAA (...

AAGAGTGTAGTAAACACTCTCGAAGGCAA (...
AAGAGTGTAGTAAACACTCTCGAAGGCAA (...
AAGAGTGTAGTAAACACTCTCGAAGGCAA (...
AAGAGTGTAGTAAACACTCTCGAAGGCAA (...
AAGAGTGTAGTAAACACTCTCGAAGGCAA (...
AAGAGTGTAGTAAACACTCTCGAAGGCAA (...
AAGAGTGTAGTAAACACTCTCGAAGGCAA (...
AAGAGTGTAGTAAACA ------------ (...)-

PAM
) ATTCCATCAGGGGATGCCAATGGTTGAGG

Target 2

) ATTCCATCAAGGGGATGCCAATGGTTGAGG
) ATTCCATCA - - - - - - TGCCAATGGTTGAGG

) ATTCCATCAGGGGATGCCAATGGTTGAGG
R (. R — ([ [ — TCT
) ATTCCATCAGGGGATGCCAATGGTTGAGG

) ATTCCAT - - - - - GATGCCAATGGTTGAGG

) ATTCCATCATGGGGATGCCAATGGTTGAGG
--------- GGGGATGCCAATGGTTGAGG

AAGAGTGTAGTAAACACTCTCGAAGGCAA (...) ATTCCATCAGGGGATGCCAATGGTTGAGG

AAGAGTGTAGTAAACACTCTCCGAAGGCAA (...) ATTCCATCAAGGGGATGCCAATGGTTGAGG
AAGAGTGTAGTAAACACTCTTC --------- () mmmmm - GTT
AAGAGTGTAGTAAACACTCTCGAAGGCAA (...) ATTCCATCAGGGGATGCCAATGGTTGAGG
AAGAGTGTAGTAAACACTCTTCGAAGGCAA (...) ATTCCATCA - - - - - - TGCCAATGGTTGAGG
AAGAGTGTAGTAAACACTCTCGAAGGCAA (...) ATTCCATCAAGGGGATGCCAATGGTTGAGG
AAGAGTGTAGTAAACACTCTCGAAGGCAA (...) ATTCCATCAAGGGGATGCCAATGGTTGAGG

AAGAGTGTAGTAAACACTCTCGAAGGTAA (...) GTTCCATCATGGGATGACCCTGGTCGAGG

AAGAGTGTAGTAAACACTCTACGAAGGCAA (...) ATTCCATCAGGGGATGCCAATGGTTGAGG
AAGAGTGTAGTAAACACTCTACGAAGGCAA (...) ATTCCATCAGGGGATGCCAATGGTTGAGG

PAM Target 1 PAM Target 2 T1/T2
TCGCCACTCGTCCCAAATCCAACAAAAAGCGCCTTCCAGAGGCATCGCGACTCCCAA WT/WT
TCGCCACTCGTCCCAAATCCAACAAAAAGCGCCTTCCA - AGGCATCGCGACTCCCAA WT/-1
TCGCCACTCGTCCCAAATCCAACAAAAAGCGCCTTCCAAGAGGCATCGCGACTCCCAA WT/+1
TCGCECACTC ==inmmimmimimmmiz ACAAAAAGCGCCTTCCAGAGGCATCGCGACTCCCAA -12/WT
TCGCCACTC et m it S S e Sis B GAGGCATCGCGACTCCCAA -29
TCGCCACTCGTCCCAAATCCAACAAAAAGCGCCTTCCAGAGGCATCGCGACTCCCAA WT/WT
TCGCCACTCGGTCCCAAATCCAACAAAAAGCGCCTTCCAGAGGCATCGCGACTCCCAA +1/WT
TCGCCACTCGTCCCAAATCCAACAAAAAGCGCCTTCCAGAGGCATCGCGACTCCCAA WT/WT
TCGCCACTC -------mmmmmmmmmmm oo oo AGAGGCATCGCGACTCCCAA -27
TCGCCACTCAGTCCCAAATCCAACAAAAAGCGCCTTCCAGAGGCATCGCGACTCCCAA +1/WT
TCGCCACTC-------- ATCCAACAAAAAGCGCCTTCCAGAGGCATCGCGACTCCCAA -8/WT
TCGCCACTCGTCCCAAATCCAACAAAAAGCGCCTTCC------- TCGCGACTCCCAA WT/-7
TCGCCACTCGTCCCAAATCCAACAAAAAGCGCCTTCC------- TCGCGACTCCCAA WT/-7

T1/T2
WT/WT

WT/+1
WT/-5
WT/WT
WT/-41
WT/WT
WT/-5
WT/+1

WT/WT

+1/+1
+1/-90
WT/WT

+1/-6
WT/+1
WT/+1

WT

+1
+1

Fig. 2. Examples of sequences obtained by CRISPR/Cas9 editing. (A) Sequence analysis of the two alleles of hairy root lines

transformed with pYLCRISPR-GASshort construct. (B) Sequence analysis of the two alleles of hairy root lines transformed with

pYLCRISPR-GAO construct. The target sequences are in blue, and the PAM sequences are underlined. Mutations are highlighted

in red and the changes in the nucleotide sequences are shown on the right of each allele. HR.x.x, Hairy Root x allele x; WT, Wild-Type;

T1, Target 1; T2, Target 2; +, insertion; -, deletion.
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Fig. 3. HPLC chromatogram at 254 nm of sesquiterpene lactones in root of the wild-type chicory ChicBitter002. (1) 11(S),13-
dihydrolactucin-15-glycoside (DHLc-gly); (2) 11(S),13-dihydrolactucin-15-oxalate (DHLc-0x); (3) 11(S),13-dihydrolactucin (DHLc);
(4) Lactucin-15-oxalate (Lc-0x); (5) Lactucin (Lc); (6) 8-deoxylactucin-15-glycoside (dLc-gly); (7) 11(S),13-dihydro-8-deoxylactucin-
glycoside (DHdLc-gly); (8) 8-deoxylactucin-15-oxalate (dLc-o0x); (9) 11(S),13-dihydro-8-deoxylactucin-15-oxalate (DHdLc-ox); (10) 8-
deoxylactucin (dLc); (11) 11(S),13-dihydro-8-deoxylactucin (DHdLc); (12) 11(S),13-dihydrolactucopicrin-15-oxalate (DHLp-ox); (13)
Lactucopicrin-15-oxalate (Lp-o0x); (14) 11(S),13-dihydrolactucopicrin (DHLp); (15) Lactucopicrin (Lp). Identity of the molecules was

confirmed by mass spectrometry.

HR18) or small deletions of less than 10 nucleotides (HR1,
HR2, HR5, HR6, HR7, HR9, HR10, HR11, HR13, HR15,
HR17, HR18, or HR19), but in some case, larger deletions
were found between the two targets T1 and T2 as shown for
HR4, HR7, HRS, HR12, HR12* HR15 and HR17 (Fig. 2).
Some mutations cause a change in the coding frame lead-
ing to the KO of a gene or a gene copy and the potentially
premature termination of protein translation. This type of
event was observed for 5 HR lines mutated on CiGAS-short
genes: 3 lines mutated on a single copy (HR1, HR2 and
HR4), 1 line mutated on two copies (HR8) and 1 line mu-
tated on 3 copies (HR12*); and in 2 HR lines mutated on
CiGAO (HR18 and HR19) resulting in a gene KO frequency
of 11.6% and 6.6% respectively (Tables 1,2). The R. rhizo-
genes-mediated transformation is a stable transformation,
meaning that the T-DNA is inserted into the plant genome.
As aresult, the Cas9 gene is integrated into the genome of
HR lines and can continue to exert its action and cause mu-
tations. This case can be observed for the lines HR12 and
HR12*. Originally, HR12 had a mutation on both CiGAS-
S1 and CiGAS-S2 copies but after a few months, an addi-
tional mutation appeared on the CiGAS-S5 copy.

For the rest of the paper, we will focus on only few mu-
tants (HR2, HR3, HR9, HR12, HR12*, HR16 and HR18)
to see which mutation event can affect the STL production.

3.4 Presence of Different STL Forms in the Chicory
Materials

Several methods to extract sesquiterpene lactones
from chicory roots have been described using various sol-
vents, but a method more representative of physiological
conditions of human consumption was desired, since the
objective of our project is to use industrial chicory root
as functional eaten ingredient. Using water, an aqueous
extract rich in sesquiterpene lactones was obtained with

15 compounds detected at a wavelength of 254 nm in the
WT chicory ChicBitter002: lactucin, 8-deoxylactucin, lac-
tucopicrin and their 11(S),13-dihydro derivatives, in addi-
tion of their oxalated forms and some glycosylated forms
(Fig. 3). The same extraction method was used for the
field-grown chicories used in sensory analysis and their
STL composition was compared to that of the WT chicory
ChicBitter002 “Ctrl” grown under controlled conditions (in
vitro then in greenhouse). Fifteen identified compounds
are present in all chicories, but a quantitative disparity
was observed between the field-grown chicories (R01-R13)
and the chicory “Ctrl” (Fig. 4A). As a general trend, the
lactucin-15-oxalate and 8-deoxylactucin-15-glycoside con-
tent appeared to be higher in “Ctrl” plants compared with
the field-grown chicories, whereas the different forms of
11(S),13-dihydrolactucin were in lower quantities. These
differences could be due to the growing conditions or geno-
typic. However, if the distribution of STL content was
examined according to the lactucin-like, 8-deoxylactucin-
like, and lactucopicrin-like groups, the difference between
chicories would fade, as would the total STL content
(Fig. 4B). In the following analyses, the STL content of
the chicories were therefore compared by considering their
total STLs obtained by the sum of the 15 compounds de-
tected in Fig. 3. This is based on the hypothesis that taking
into account all STLs is a good indicator of bitterness. In-
deed, the different studies on chicory have not clearly es-
tablished a compound more involved than another in bit-
terness and when consuming chicory-based products, the
consumer doest not taste the STLs separately in his mouth
but perceives them as a whole and detects a bitter taste.

3.5 Analysis of the Total STLs Content in Edited Plants
Regenerated from HR Lines

A particularity of chicory hairy root lines is that

they are able to regenerate spontaneous shoots. Thus,
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Fig. 4. STL content in roots of chicories according their peak area (mUA) obtained by HPLC analysis. (A) represents the
distribution of each STL into the roots of chicories. (B) represents the STL levels of each chicories according to their structural
group (Lc-like, dLc-like or Lp-like) and the total STL content of them. ROl to R13 are field-grown chicories used for senso-
rial analysis. Ctrl is wild-type ChicBitter002 grown under controlled condition. DHLc-gly, 11(S),13-dihydrolactucin-15-glycoside;
DHLc-o0x, 11(S),13-dihydrolactucin-15-oxalate; DHLc, 11(S),13-dihydrolactucin; Lc-ox, Lactucin-15-oxalate; Lc, Lactucin; dLc-gly, 8-
deoxylactucin-15-glycoside; DHdLc-gly, 11(S),13-dihydro-8-deoxylactucin-glycoside; dLc-ox, 8-deoxylactucin-15-oxalate; DHdLc-ox,
11(S),13-dihydro-8-deoxylactucin-15-oxalate; dLc, 8-deoxylactucin; DHdLc, 11(S),13-dihydro-8-deoxylactucin; DHLp-ox, 11(S),13-
dihydrolactucopicrin-15-oxalate; Lp-ox, Lactucopicrin-15-oxalate; DHLp, 11(S),13-dihydrolactucopicrin; Lp, Lactucopicrin. Lec-like,
sum of all DHLc and Lc forms; dLc-like, sum of all DHdLc and dLc forms; Lp-like, sum of all DHLp and Lp forms; Total, sum of the
15 identified STLs.
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from the mutated hairy root lines we were able to regen-
erate whole plants that were grown in a greenhouse for
3 months. Applying the previously described extraction
method, 3-month-old edited chicory roots (n = 3 for each
HR lines selected) were analyzed to evaluate the impact of
the CRISPR/Cas9 mutation on STL accumulation.

All the analyzed plants were derived from ChicBit-
ter002 clone, with “Ctrl” corresponding to WT plants and
“Ctrl_HR” corresponding to R. rhizogenes-infected chicory
plants with no pYLCRISPR/Cas9P35,-B or binary vector
pYLCRISPR-GASshort or pYLCRISPR-GAO. Compari-
son of “Ctrl” and “Ctrl HR” showed an increase in STL
content for R. rhizogenes-infected plants (Fig. 5). For the
rest of the analysis, the genome-edited chicory lines were
compared to “Ctrl HR”. Seven edited-chicory lines were
selected for their various mutation events (monoallelic or
biallelic, one copy or several mutated copies). Determina-
tion of their STL content was carried out to represent the
effect of each targeted gene on STL content.
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Fig. 5. Total sesquiterpene lactone content of roots of edited
chicory regenerated from HR lines by HPLC. The peak areas
(mUA) of STLs in the roots of 7 genome edited chicory regener-
ated from HR lines were analyzed by HPLC and compared to WT
chicory lines (Ctrl and Ctrl HR). Gray bars correspond to control
chicory lines, blue bars to CiGAS-short edited lines and orange
bars to CiGAO mutants. The histogram shows the modulation of
total STL content (sum of all identified STLs) as a function of mu-
tation on chicory lines. HR12 and HR12* are originally the same
hairy root line except that HR12 is mutated for only CiGAS-SI
and CiGAS-S2 and HR12* is mutated for CiGAS-S1, CiGAS-S2
and CiGAS-S5. The letters indicate significantly different groups
according to non-parametric one-way ANOVA and Dunn’s post-
hoc test (p < 0.05).

For the CiGAS-short form mutants, 5 lines have been
selected: line HR3, a monoallelic mutant which carries
a mutation in a single allele of CiGAS-SI; line HR2, a
heterozygous biallelic mutant for CiGAS-S! where edit-
ing events induce a change in the coding frame; line HR9,
a monoallelic mutant for both CiGAS-SI and CiGAS-S2,
meaning that only one allele is mutated in each of the
two genes; line HR12, a heterozygous biallelic mutant for

10

CiGAS-S1 and a homozygous biallelic mutant for CiGAS-
S2, meaning there is a change in the coding frame in both
of these gene copies (Supplementary Figs. 5,6), and line
HR12* which is the same as line HR12 except that there is
an additional homozygous biallelic mutation for CiGAS-S5
(Supplementary Figs. 5-7). For the CiGAO mutants, the
2 selected lines were: line HR16, a monoallelic mutant and
line HR18, a heterozygous biallelic mutant with a change of
the coding frame of its gene (Supplementary Fig. 8). The
nucleotide sequences of these lines are described in Fig. 2.

By comparing the total STL content of all these lines
with the “Crtl_ HR”, only three lines showed significative
reduction in STL content: HR12, HR12* and HR18. All
three share biallelic mutations. All other CiGAS-short and
CiGAO edited lines showed no significant difference in to-
tal STL content (Fig. 5). Most are monoallelic mutants,
and one is a biallelic mutant only for one copy of the GAS
gene (CiGAS-S1). Analysis of the STL content of a chicory
edited for both alleles of CiGAS-S2 with a change in the
coding frame was also performed and showed no signif-
icant difference, but we did not have enough biological
replicates to include this result in our data. Regarding
the CiGAS-short form mutants, both the HR12 and HR12*
edited line showed similar profiles where the total STL con-
tent was strongly reduced (Fig. 5). This trend was con-
firmed in total free forms and total oxalate forms of STLs
(Supplementary Fig. 9).

All these data suggest that the two copies (S/ and S2)
of CiGAS-short are important for STL production in our
plants and must be simultaneously KO to significatively re-
duce the STL content. The CiGAO gene also plays an im-
portant role in STL production, but the impact was not as
great as for the two copies of CiGAS-short.

3.6 Sensory Analysis

Sensory analysis was conducted on the root powder
of thirteen field-grown chicory plants (R0O1 to R13). Each
chicory was assigned a bitterness score from 0 to 10, and
panelists determined that R0O9 and R06 were the most bit-
ter chicories (score of 7.83 and 6.13, respectively) and R04
and R13 were perceived as the least bitter chicories (score
of2.21 and 2.49, respectively) (Fig. 6, Supplementary Ta-
ble 2). First, a correlation between bitterness and each STL
of the field-grown chicories was sought to assess whether a
single or multiple compounds are involved in bitterness. Of
the fifteen STLs identified in this paper, six were not corre-
lated with bitterness: DHLc-gly, DHLc-0x, DHLc, Lc-ox,
dLc-ox and, DHLp-ox (Supplementary Table 3). The re-
maining nine were more or less correlated with an Pearson’s
r ranging from 0.5587 to 0.9223 (Supplementary Table
3). Since bitterness cannot be attributed to a single com-
pound, it is assumed that all STLs can be considered in-
dicative of chicory bitterness. Next, the total STL content
of each tasted chicory was assessed and a linear regression
analysis was carried out to estimate whether the STL con-
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tent can be correlated with the bitterness score (Fig. 6). A
Pearson correlation allowed to establish a positive correla-
tion (R? = 0.46) between the perception of bitterness and
the total STL content of chicories, with r = 0.68 (two-tailed
p-value =0.0103). Finally, using the resulting linear regres-
sion equation, the seven hairy roots edited by CRISPR/Cas9
for CiGAS-short and CiGAO were assigned theoretical bit-
terness scores based on their STL content and in ordert to
project the hairy root mutants onto the linear regression
curve, it was artificially elongated. These data were plot-
ted in Fig. 6. Based on its STL content and its theoretical
bitterness score (5.06), the “Ctrl” sample would appear to
be more bitter than most field-grown chicories, except for
RO6 and R09 (Fig. 6). The projection on the correlation
curve of the sample “Ctrl HR”, which has a higher STL
content than “Ctrl”, seems to indicate a high bitterness score
(10.10). Therefore, the plant material generated by R. rhi-
zogenes infection can initially be considered as very bitter.
For the previously analyzed CRISPR/Cas9 edited-chicory
lines, most of the theoretical bitterness scores obtained were
in the range from 6.75 to 14.41, except the lines HR12,
HR12* and HR 18, which have theoretical bitterness scores
of 1.29, 1.48 and 4.26, respectively (Fig. 6, Supplemen-
tary Table 2). The lines with the lowest theoretical scores
are biallelic mutants for either CiGAS-SI and CiGAS-S2, or
CiGAS-S1, CiGAS-S2 and CiGAS-S5, or CiGAO, and had
low STL contents compared to the “Ctrl HR” line. The
other lines correspond to mutant lines whose STL content
did not differ significantly from the “Ctrl HR” line.

It can be concluded that a complete KO of CiGAS-S1
and CiGAS-S2 genes could be sufficient to cause a drastic
decrease in STL content that would be reflected in the bit-
terness score. HR12 and HR12* edited chicory lines almost
lost their bitterness with a diminution of 86.35 4+ 0.9% in
their theoretical bitterness scores compared to “Ctrl HR”.
A full KO of the CiGAO gene is also responsible for a low
bitterness score since it is 57.8% lower than the control
“Ctrl_HR”.

4. Discussion

In this work, CRISPR/Cas9 system was successfully
used to inactivate CiGAS-S and CiGAO. As a result, a re-
duction in STL content and hence presumed bitterness of
chicory were obtained.

In the past years, the CRISPR/Cas9 system has been
already applied in C. intybus to abolish functions of numer-
ous genes. The transformation methods used were either R.
rhizogenes infection or protoplast transfection, both tech-
niques having advantages and disadvantages [21,25-29].
In this work, R. rhizogenes-mediated CRISPR/Cas9 edit-
ing was used for its efficiency (mutation frequency of 26%,
calculated by the sum of mutant hairy root lines over the
sum of total hairy root lines with binary vector), for its abil-
ity to generate a large amount of biological material and for
the particularity of ChicBitter002 chicory HRs to sponta-
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neously regenerate shoots as described in literature [41,42].
HR-derived plants have a slightly modified chicory pheno-
type and can flower early without vernalization as it is re-
quired for WT plants [29]. The presence of T-DNA of R.
rhizogenes also seems to activate the production of special-
ized metabolites as previously observed [43—45]. Indeed,
an increase in STL content was observed in “Ctrl HR”
plants when compared to “Ctrl” plants (Fig. 5) and most
of the HR mutant lines contained the same amounts of total
STLs. However a significant decrease in total STL content
was observed when biallelic mutants were obtained (HR 12,
HR12* and HR18). It is the case of the HR12 line, a bial-
lelic mutant for both CiGAS-SI and CiGAS-S2, who has
a significant decrease in total STL content. These results
are consistent with those published by Cankar et al. [28]
where a decrease in STL content could be observed for bi-
allelic mutants for at least two copies of CiGAS-S. How-
ever, this decrease in STL content is only significant when
all 3 copies of GAS-S, or all copies of CiGAS-S and CiGAS-
L are mutated, and not significant when only two copies
of CiGAS-S are mutated (RN8 and RN 10 plants), whereas
in our study, the reduction is significant from the moment
when two copies of CiGAS-S are mutated. Although only
few mutants were analyzed in this article, in order to present
a panel of mutation events, our results are slightly different
from those of Cankar et al. [28] and would deserve analy-
ses on a larger number of mutants. In addition, the HR12*
line also showed a drastic decrease in total STL content.
This line also has a biallelic mutation on both CiGAS-SI
and CiGAS-S2 but an additional mutation was observed on
CiGAS-S5. However, no difference was observed between
the total STL content of HR12 and HR12*. The explana-
tion for this result could be that (1) the copy CiGAS-S5 was
expressed at low in our growing conditions or in the root tis-
sue, not compensating for the inhibition of CiGAS-SI and
CiGAS-S2, or was not expressed; or (2) the level of STLs
in these HR lines was already very low and the effect of
the mutation on CiGAS-S5 cannot be seen. To discriminate
between these hypotheses, it could be considered to ana-
lyze the STL content of plants mutated only for CiGAS-S5
or, on the contrary, mutated for all CiGAS-short form ex-
cept CiGAS-S5, or to realize qPCR in order to determine
the expression levels of this copy but this could be difficult
because the different copies of CiGAS-short share high se-
quence identity. A decrease was also observed for biallelic
mutant for CiGAO (line HR18), but the impact was not as
important as the decrease caused by the biallelic mutation
of CiGAS-S1 and CiGAS-S2. Indeed, contrary to our ex-
pectations the production of STLs for HR18 line was not
completely inhibited but only reduced by 60.1% compared
to “Ctrl HR”. This is the first time that the effect on STL
production was described when CiGAO is mutated. The
only partial reduction in STL content may suggest that other
gene confers the ability to initiate STL synthesis, such as
unidentified GAO-like genes or CYP71 AV member genes
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Fig. 6. Relationship between the total STL content and the bitterness score of chicories. Positive correlation (r = 0.68) between these

two parameters was established using thirteen field-grown chicories (in black). CRISPR/Cas9 hairy root mutants (in red) were projected

onto the linear regression curve using the equation Y = 0.04662 x X + 0.3942, where X was the total STL content of the samples. The

significance of these results was confirmed by Pearson’s correlation test (two-tailed p-value = 0.0103).

that may perform the same function as GAO. In the litera-
ture, several expressed copies of CiGAO have been identi-
fied in C. endivia and only one functional gene has been de-
scribed for CiGAO in C. intybus [17,46,47]. Given the exis-
tence of gene clusters for the CiGAS-S and CiKLS genes in-
volved in the STL biosynthetic pathway, the hypothesis that
multiple active copies of CiGAO would exist seems more
than likely. However, it should be considered that CiGAO
is a gene belonging to the large family of cytochromes
P450, especially the CYP71AV subfamily [17,48]. It has
been shown that members of this subfamily can catalyze
the conversion of several sesquiterpenes such as the va-
lencene oxidase (CYP71AVS) which is able to convert ger-
macrene A to its acid in vitro [18] or the CYP71AV9,a GAO
gene identified in Cynara cardunculus, which is capable of
partially converting (+)-germacrene D, cascarilladiene and
amorpha-4,11-diene to their oxidized products [49]. Since
many genes belong to this family, it is possible that some
of them take over when CiGAO is inhibited. Taking these
arguments into account, we can also hypothesize that if the
CiGAS-S1 and CiGAS-S2 gene mutations have a greater im-
pact on STLs content than the CiGAO gene mutation, this
may be due to the fact that the CiGAS genes are terpene syn-
thases that appear to have greater substrate specificity than
cytochrome P450. Therefore, it can be assumed that even
if other terpene synthases are present in the genome, they
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do not appear to compensate for the loss of several copies
of CiGAS-short, resulting in greater inhibition of STLs syn-
thesis.

In this work, additional information on the players in
the STL biosynthesic pathway have also been provided.
Bogdanovi¢ et al. [16] had previously described the ge-
nomic organization of the CiGAS genes with the identi-
fication of four copies of CiGAS-short form and a sin-
gle gene for CiGAS-long form. The analysis of the in-
dustrial chicory ChicBitter002 genome carried out in this
work enabled the identification of an additional copy named
CiGAS-S5. However, the action of this newly identified
gene copy on root STL content could not be confirmed
in C. intybus. Over the last ten years, it has been shown
that genes involved in the same biosynthetic pathway are
sometimes colocalized in one region of the genome in sev-
eral plants [50]. This gene clustering may cover a com-
plete or near-complete biosynthetic pathway, or it may only
be partial, involving a cluster of 2 or 3 genes encoding
enzymes from 2 or 3 consecutive steps in a biosynthetic
pathway [51]. For the biosynthetic pathway of STLs, it
has been previously published that CiGAS-SI, CiGAS-S2
and CiGAS-S3 were mapped on the same linkage group
(LG3), confirming an initial localization of one CiGAS-
short form gene in the genetic reference map for chicory
[16,52]. In our case, we found the same data with the first
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three copies of CiGAS-short form colocalized with CiGAO
on the same contig (Supplementary Fig. 3). Therefore,
we physically established the colocalization of 3 active
copies of CiGAS-short form genes and one active copy of
the CiGAO gene, two genes involved in the consecutive
enzymatic transformation of FPP into germacrene A for
the first step and to germacrene A to germacrene A acid
for the second step. Moreover, preliminary Blastp aligne-
ments of our CiGAS-S5 sequence to the nr database (As-
terid section) under the NCBI site have indicated one candi-
date sequence (Protein_id=KAI3765470.1) from the C. in-
tybus genome of Fan ef al. [53], which is different from
the sequence revealed with 3 CiCSAS-S1, S2 and S3 as en-
tries (Protein_1id=KAI3781194.1). According to the NCBI
database informations, both sequences are on separate link-
age group localizations, LG3 and LG2 for KAI3765470.1
and KAI3781194.1, respectively. Further, KAI3765470.1
(supposed CiGAS-S5 locus) is located to 60.1kb of a re-
gion with two predicted sequences (KAI3765465.1 and
KAI3765466.1) with strong sequence homologies with our
CiGAS-S4b, including the interruption in the exon 3 (data
not shown). Overall, there is some evidence that CiGAS-
S§5/CiGAS-S4b, which were on a separate contig from the
3 CiGAS-S1 to CiGAS-S3 copies according to our data, are
actually on different chicory chromosomes.

With the goal of using chicory as a functional ingre-
dient, bitterness modulation represents a great importance
for manufacturers and STLs are known to contribute pre-
dominantly to this bitterness in C. intybus [8—10]. In our
work, the determination of the STL content was performed
using an extraction mimicking food consumption condition
and we considered that the total STL content was a good
marker to assess bitterness, as confirmed by the correla-
tion established in our sensory analysis. In fact, studies
combining sensory analysis and identification of the most
bitter compound are not always in agreement: on the one
hand, Price ef al. [8] consider lactucin glycoside to be
the most bitter STL, while on the other hand, Van Beek
et al. [9] states that 11(S),13-dihydrolactucopicrin is the
most bitter due to its very low perception threshold. Fur-
thermore, the various studies conducted on the characteri-
zation of STLs do not establish that a particular abundance
of any form of STLs can influence the perception of bit-
terness. For example, Ferioli ef al. [54] reported that gly-
cosylated STLs were the most abundant forms in chicory,
accounting for an average of 60% of the total STL content,
and Graziani et al. [14] claimed that oxalated forms were
the least abundant STLs in chicory, with the concentra-
tion of 11(S),13-dihydrolactucopicrin-15-oxalate account-
ing for about 0.2 to 2% of the total content of STLs. These
data were contradicted by Kips [55] who reported that ox-
alate forms were the most abundant STLs in chicory, which
was confirmed by Bogdanovi¢ et al. [29] and Twarogowska
et al. [56] who found a two-to-four-fold higher oxalate con-
tent than the other STLs, apart for 11(S),13-dihydrolactucin
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and 11(S),13-dihydro-8-deoxylactucin. In the end, there is
no consortium on the most bitter compound, but it is ac-
cepted that all STLs contribute strongly to bitterness. These
inconsistencies may be due to various reasons such as culti-
var, growing conditions and techniques, storage conditions
and duration, or the method of drying or extraction of the
chicory root. In addition, in most papers, chicory root ex-
tracts are hydrolyzed or undergo enzymatic treatment to re-
lease the bound forms of STL and allow the evaluation of
a total content that better correlates with sensory bitterness
as the STL content pool is closer to what the consumer per-
ceives when chicory products are consumed [16,46,57,58].

In addition of their involvement in bitterness, STLs
play a role in plant defense such as antibacterial or anti-
fungal activities. The lettucenin A, a STL of lettuce, has
been shown to have antimicrobial activity against Bremia
lactucae, Botrytis cinerae and Pseudomonas syringae phy-
topathogens [59] and the study of Wedge et al. [60] showed
the antifungal activity of 6 STLs against Colletotrichum
acutatum, Phytophtora fragariae, Phomopsis sp. and B.
cinerae phytopathogens. To date, no study has tested the
antimicrobial activity of chicory root extracts against phy-
topathogens but only against human pathogenic strains.
However the presence of hydroxycinnamic acids, in par-
ticular chlorogenic acid and isochlorogenic acid, in large
quantities in chicory roots do not allow to conclude the in-
volvement of STLs [61-63]. STLs are also known for their
antiparasitic activities [64], and for this purpose, chicory is
used as a forage plant. Since these chicories require high
levels of STLs, CRISPR/Cas9 could also be used not to re-
duce bitterness but rather to increase the levels of STLs,
perhaps by acting directly on transcription factors.

5. Conclusions

Interest in using C. intybus as a functional ingredi-
ent has increased in the last few years and chicory flour
has recently been shown to have multiple health benefits
[5,6]. Many articles have focused on the use of chicory
root as a functional ingredient in food products such as yo-
gurts and biscuits but also as chicory flour to be added to
crackers, cakes and bread [7,65-70]. However, the amount
of chicory used in these products never exceeds 5% be-
cause its bitterness causes a rejection by consumers. Sev-
eral debittering methods have been investigated in chicory
over the past years. For example, a change in the grow-
ing conditions can be responsible for a less bitter chicory
taproot, chicory roots can be bleached or soaked into wa-
ter for several hours, or low bitter taproot chicories can be
bred by classical breeding approach [56,71,72]. However
genetic engineering can also be used in chicory to reduce
STL content in Cichorium intybus L. CRISPR/Cas9 is a
useful tool for elucidating gene function that has been used
to help breeding and to improve crops such as maize, rice,
or wheat [23,73-76]. In this work, we successfully used
the CRISPR/Cas9 system to inactivate CiGAS-short form
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and CiGAO genes and showed that biallelic mutations are
required to reduce STL content. Given the limitations of
current European legislation on the use of CRISPR/Cas9-
modified plants, it was not possible to perform a sensory
analysis and establish a direct link between bitterness and
the amount of STLs in HR chicory lines. Therefore, an in-
direct link was established by performing sensory analysis
of thirteen field-grown chicories, which allowed us to de-
fine a bitterness scale based on STLs content and to estab-
lish a theoretical bitterness score for the HR mutant lines.
We identified three HR mutant lines with significantly re-
duced STLs content: the HR12 and HR12* lines, that have
a theoretical bitterness score between 1 and 2 meaning that
bitterness is almost no more perceived, and the HR18 line
which has a bitterness score decreased by 57.8% compared
to the “Ctrl HR” which is much more bitter than indus-
trial chicories grown in fields because of the integration
of T-DNA in ChicBitter002. Using the CRISPR/Cas9 tool,
we were able to modulate the bitterness of C. intybus and
identify the genes responsible for this. To our knowledge,
this is the first time that the effect of CRISPR/Cas9 edited
chicory on bitterness can be assessed, even indirectly. The
new CRISPR/Cas9-based biotechnology has proven once
again to be more efficient and accurate, less energetic and
less expensive in time than the other techniques of debitter-
ing. As plants obtained by using CRISPR/Cas9 technology
are considered to be genetic modified organisms by the cur-
rent European legislation they cannot be used directly but
will provide useful data to breeders to develop and propose
less bitter varieties of chicory by molecular marker-assisted
breeding. The mutants are also an excellent research mate-
rial to study the biological activities of STLs.

Special Note

The witloof sequence used in the identification of the
sequences in the current article, also called Cargese se-
quence, was obtained in the framework of the Cargese pro-
gram (2012-2014). It aimed to obtain an annotated chicory
sequence through a partnership of 6 private companies (Rijk
Zwaan, Enza Zaden, Bejo, Vilmorin, Hoquet Endives, Flo-
rimond Desprez) and the CEA (Genoscope, Commissariat
a ’Energie Atomique, Evry, France). The RNA-seq data
were obtained as part of the Qualichic program (2012—
2016), a result of a collaboration between the University
of Lille and the company Florimond Desprez.

Abbreviations
COS, costunolide synthase; FPP, farnesyl-
pyrophosphate; GAO, germacrene A oxidase; GAS,

germacrene A synthase; HR, hairy root; KLS, kauniolide
synthase; KO, knockout; LG, linkage group; sgRNA,
single-guide RNA; STL, sesquiterpene lactone; WT,
wild-type.
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