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ABSTRACT

Chicory (Cichorium intybus L.) is a medicinal and industrial plant from the Asteraceae family that
produces a variety of sesquiterpene lactones (STLs), most importantly bitter guaianolides: lactucin,
lactucopicrin and 8-deoxylactucin as well as their modified forms such as oxalates. These com-
pounds have medicinal properties; however, they also hamper the extraction of inulin — a very
important food industry product from chicory roots. The first step in guaianolide biosynthesis is
catalyzed by germacrene A synthase (GAS) which in chicory exists in two isoforms — GAS long
(encoded by CiGASIo) and GAS short (encoded by CiGASsh). AmiRNA silencing was used to obtain
plants with reduced GAS gene expression and level of downstream metabolites, guaianolide-15-
oxalates, as the major STLs in chicory. This approach could be beneficial for engineering new
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chicory varieties with varying STL content, and especially varieties with reduced bitter compounds

more suitable for inulin production.

Introduction

Chicory (Cichorium intybus L.) is a widely used
medicinal and industrial plant from the Asteraceae
family. Numerous chicory varieties are cultivated
for different purposes. The upper parts of the plant
are used as salad and vegetable (chicons), both
slightly bitter. The underground taproot is an
important source of inulin, a fructose polymer
commonly used in the food industry. Its tradi-
tional uses include animal feed, a cheap coffee
replacement, and many medicinal applications.
Lately, chicory is viewed by the industry as func-
tional food — nutritious with benefits for human
health, and its importance is increasing, especially
in developing countries, due to relative ease of
cultivation and low agricultural input.?

Chicory’s pest resistance, as well as its bitter
flavor, is due to the presence of secondary meta-
bolites, namely sesquiterpene lactones (STLs),
accumulating largely in the latex of the plant?
STLs are responsible for some of the medicinal
properties of chicory, including antifungal,*

antimalarial,®  anti-inflammatory, anti-tumor,®
and cytotoxic activity.” However, they can also
act as allergens and irritants.® Bitter compounds
in chicory are of economic importance as well.
Since some varieties are used for human consump-
tion, and consumers prefer different bitterness
levels depending on the market and traditional
uses,® having a wider selection of less bitter vari-
eties could push chicory use to new markets.
Chicory roots are also a major source of inulin,
used in the food industry as prebiotic, sweetener,
fat-replacing and texturizing agent. The extraction
of inulin is hindered by the co-extraction of
STLs,'® raising the cost of inulin production.
Thus, having varieties with lowered STL produc-
tion would be highly beneficial.

The most diversified and abundant group of
STLs in chicory are the guaianolides,** all derived
from a common precursor — germacrene Al?
Present both in leaves and roots of the plant, the
most common guaianolides in chicory are lactu-
cin, lactucopicrin, and 8-deoxylactucin, as well as
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their modified forms — oxalates, sulfates and glyco-
sides, with oxalates being the most abundant
form.®> These compounds are mainly responsible
for the bitter taste of chicory and lettuce.® The first
step in guaianolide biosynthesis is the conversion
of farnesyl diphosphate (FPP) to germacrene
A (Figure 1), catalyzed by germacrene A synthase
(GAS).*? This enzyme is encoded in chicory by
two genes, whose cDNAs — CiGASIo (long iso-
form) and CiGASsh (short isoform) — have been
isolated previously.'® The two isozymes have 72%
similarity at the amino acid level, and both convert
FPP to germacrene A, as confirmed by heterolo-
gous expression.*® CiGASlo transcript is encoded
by a single gene mapped on a locus on LG9, and
CiGASsh is mapped on one locus on LG3 with at
least three gene copies, two the result of a recent
duplication.** However, not much is known about
the function of the two isoforms in planta.
Elucidating the function of these genes would be
beneficial for the production of new chicory vari-
eties with different STL content, which has been
slow using traditional methods since the species is
self-incompatible with high heterozygosity level.?

Gene silencing is one of the methods used to
study gene function in plants and bioengineer
plant varieties. Unlike the conventional approach
by producing mutant lines, RNA interference
(RNAI) offers a quicker and cheaper alternative
to obtain mutant phenotype with benefits of high
specificity, dominant phenotype regardless of gene
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copy number and production of lines with varying
degree of silencing.?* RNAI has the potential in
plant metabolic engineering to increase or
decrease the production of the desired
compounds® or to suppress their degradation.?
In this study, RNAI was used to produce chicory
lines with decreased production of STLs using
amiRNA approach, which was shown to be more
specific and efficient than using longer hairpin
constructs,2H?4%°

Material and Methods
Vector Construction

Silencing constructs were designed according to
CiGASlo (GenBank: AF497999) and CiGASsh
(GenBank: AF498000) mRNA sequences. The cloning
procedure is given in Supplementary figure 1.
AmIiRNAs were amplified from pRS300 vector
(Addgene, USA) by replacing a sequence of
Arabidopsis micro RNA (miR319a) with a desired
sequence through a series of overlapping PCR
reactions.®® The reactions were performed with
Phusion High-Fidelity polymerase (New England
Biolabs Inc., USA) according to the manufacturer’s
protocol (Supplementary tables 1 and 2). The mixture
contained 200 ng pRS300 DNA and 0.4 pM primers
from Supplementary table 3. Primers were designed
according to Schwab et al.?> AmIRNA sequences spe-
cific for either CiGASIo (amiGASlo, TATCTAAGAT-

S
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GAS-short GAOs Cos = spontaneous
e GAS-long HO o " cyclisation o

germacrene A

FPP T

lactucopicrin-15-oxalate

germacrene A acid

OH coo

6-hydroxy germacrene A acid costunolide °
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kauniolide

8-deoxylactucin-15-oxalate lactucin-15-oxalate

Figure 1. STL biosynthesis in chicory and the most abundant guaianolide compounds, modified from Bogdanovi¢ et al.** GAS —
germacrene A synthase,> GAOs — germacrene A oxidases,***® COS — costunolide synthase,*®” KLS — kauniolide synthase.'®
Silencing target — GAS is marked by the red arrow. Dashed lines mark several consecutive steps in biosynthesis.
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ATCTTCACCGT) or CiGASsh gene (amiGASsh, TA-
ATAGTTTGTCAAGCTGCGC), were chosen based
on good hybridization with the target ( 35to 40 kcal
mol 1) and very low off-target binding. Amplified
amiRNAs were first cloned into pDONR207
(Invitrogen, USA) using Gateway? BP Clonased
Enzyme Mix (Invitrogen, USA) and recombinant
colonies were selected on LB plates supplemented
with gentamicin. The presence of the insert was con-
firmed by colony PCR and the cloned fragment was
sequenced using DYEnamic ET Terminator Cycle
Sequencing Kit (GE Healthcare, UK) with primers
given in Supplementary table 3. Selected clones were
transferred by three-way Gateway reaction into
pKGW-RR-MGW for expression in plants using
Gateway® LR Clonase® Il Enzyme mix (Invitrogen,
USA), under the control of 35S promoter and termi-
nator. The vector also contains a streptomycin/specti-
nomycin bacterial resistance gene, a kanamycin plant
resistance gene and DsRED as a fluorescent marker for
transformation under the control of AtUBQ10
promoter.?” Successful cloning of amiRNA fragment
was confirmed by colony PCR for the insert and vec-
tor-insert borders (Supplementary table 3). The plas-
mids were named pKGW-amiGASlo and pKGW-
amiGASsh.

Establishment of Chicory in Vitro Culture and
Regeneration of Transformed Plants

Cichorium intybus L. Blue (Samen Mauser,
Switzerland) was used for all experiments, and its
in vitro culture was maintained as described
earlier.?® Agrobacterium rhizogenes A4M70GUS
contained pRiA4 plasmid with integrated GUS
cassette in the T_ region.?® Expression vectors
were inserted by electroporation. Transformation
with A4M70GUS strains carrying amiRNA con-
structs was conducted as described before for the
empty A4M70GUS strain.?® Regenerated shoots
forming spontaneously on root cultures were
excised and grown separately.

Genomic DNA of suspected transformants was
extracted from leaves of 1-month-old plantlets
using a mini-prep CTAB method® and treated
with RNase A (Fermentas, USA) using the manufac-
turer’s protocol. The PCR mixtures consisted of 100
ng of genomic DNA, 1 upM specific primers
(Supplementary table 3) and standard components

according to Fermentas protocol for Taq recombi-
nant polymerase, in a 25 pl volume. The primers
specific for DSRED were used to confirm the pre-
sence of pKGW-amiRNA plasmids, while virD1-
specific primers were used to exclude bacterial con-
tamination. Transgenic plants originating from dif-
ferent HR clones were grown as rosettes for 10 weeks
before being used for gene expression and guaiano-
lide oxalate content analyses. Clone lines were pro-
pagated as hairy-root cultures. Stable transgene
expression in clone lines was further confirmed by
observing DSRED fluorescence detected macroscopi-
cally using a green LED light (515-530 nm) with
a red long-pass 600 nm emission filter, and by con-
focal microscopy using Leica TCS SP5 Il with 543
nm excitation line, 500-530 nm detection and
a HCX PL APO CS 20.0 x 0.70 DRY UV objective.

Quantification of GAS Gene Expression by
gRT-PCR

RNA was isolated from chicory roots and shoots
using the CTAB method.*! Total RNA was treated
with DNase | (Fermentas, USA) according to the
manufacturer’s protocol and reverse transcribed
using RevertAid First Strand cDNA Synthesis Kit
(Fermentas, USA). Quantification of CiGASIo and
CiGASsh gene expression in untransformed controls
(eight genotypes of parent plants used for transfor-
mation) and plants expressing pKGW-amiGASIo
and pKGW-amiGASsh silencing constructs (19
clones originating from these eight genotypes) was
performed by gRT-PCR. The reactions were set with
Maxima SYBR Green mix (Fermentas, USA), with
cDNA corresponding to 100 ng RNA and 0.3 uM
primers (Supplementary table 3). The amplification
and the preparation of standards for absolute quan-
tification were carried out as described previously.?®
Constitutive expression of 18S rRNA gene was con-
firmed in parallel using universal plant 185 rRNA
primers.®? gPCR results were analyzed using 7000
System SDS Software.

Quantification of Guaianolide Oxalates by
HPLC-HESI-MS/MS

Sesquiterpene lactone oxalate (lactucin-15-oxalate,
8-deoxylactucin-15-oxalate and lactucopicrin-15-
oxalate) content was quantified in untransformed



plants and plants expressing pKGW-amiGASIlo
and pKGW-amiGASsh silencing constructs. The
same material was used for gRT-PCR and meta-
bolite analyses.

Chicory root and shoot (100 mg and 400 mg,
respectively) were frozen and powdered in liquid
nitrogen. Extraction was performed using 0.133%
formic acid in methanol. Samples were sonicated
for 10 min and then centrifuged for 5 min at 21000
g at room temperature. Extraction was repeated
twice, and the two supernatants were combined
and diluted with deionized water in a 1:1 ratio.
The extracts were then filtered with Minisart®
RC15 (Sartorius, Germany) filters.

Chicory extracts were analyzed with a Dionex
Ultimate 3000 UPLC system (Thermo Fisher
Scientific, Bremen, Germany) coupled to a TSQ
Quantum Access MAX triple-quadrupole mass
spectrometer with HESI source (Thermo Fisher
Scientific). The chromatographic separation was
achieved using a 50 x 2.1 mm Hypersil gold C18
column (Thermo Fisher Scientific), with 1.9 um
particle diameter. Mobile phases were: A — 0.1%
Formic acid and B — acetonitrile. The elution
gradient was as follows: 0—3 min 5-20% B; 3-5
min 20-40% B; 5-7.5 min 40-50% B, 7.5-8.5 min
50-60% B; 8.5-10 min 60-95% B, 10-13.5 min
95% B, 13.5-14 min 95-5% B, followed by ree-
quilibration till 18 min with 5% B at a constant
flow of 0.4 ml min ! and temperature of 30 C.
The vaporizer temperature was set to 100 C,
voltage 3500 V, capillary temperature 275 C,
sheath gas pressure 30 AU, ion sweep gas pres-
sure 0 AU, auxiliary gas flow 7 AU, capillary
offset 35V, tube lens offset 65 V. For qualita-
tive analyses full scan, product ion scan, and
parent ion scan were utilized, while for quantifi-
cation multiple reaction monitoring (MRM) was
used. For MRM detection the following mass
transitions were used: 8-deoxylactucin-15-
oxalate m/z 331 [M-H] -> m/z 259, collision
energy (CE) 10 eV and m/z 331 -> m/z 215, CE
15 eV; lactucin-15-oxalate m/z 347 [M-H] ->m/
z 275, CE 15 eV and m/z 347 -> m/z 213, CE 15
eV, lactucopicrine-15-oxalate m/z 481 [M-H]
-> m/z 242, CE 15 eV and m/z 481 -> m/z 213,
CE 20 eV.>*3 For all fragmentation experiments,
the collision gas pressure was held at 1.5 mTorr.
Due to lack of authentic standards, relative
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quantification was performed by normalizing
the peak intensity of each analyte in each sample
to the maximal measured peak intensity of the
corresponding analyte.

Data Analysis

Statistical analysis of silencing effect on GAS gene
expression and guaianolide oxalate content was
performed using R Software®* and MASS package
for R.* Comparison of organ dependent CiGASIo
and CiGASsh expression as well as guaianolide oxa-
lates in control plants was evaluated using
Wilcoxon signed-rank test. The effects of transfor-
mation with silencing constructs on the reduction
of CiGASIo and CiGASsh expression were statisti-
cally analyzed using Factorial Nested ANOVA,
using the type of construct (control, pKGW-
amiGASIo, and pKGW-amiGASsh) and plant part
(shoot and root) as the two tested factors.
Expression data in different plant parts were nested
within the corresponding clones (three samples per
plant part per clone). To estimate the effect of
transformation on downstream metabolite content,
the relative compound quantity of 8-deoxylactucin-
15-oxalate, lactucin-15-oxalate, and lactucopicrin-
15-oxalate was compared in the three groups:
control, amiGASIlo, and amiGASsh, independently
in roots and shoots using one way ANOVA. Box-
Cox power transformation was used to stabilize the
dependent variable variances (in order to remove
heteroscedasticity) prior to ANOVA, and normality
and homoscedasticity of transformed data were
confirmed by Levene’s test and by checking the
residual and quantile-quantile plots. Statistically sig-
nificant differences were estimated using Tukey’s
post hoc test. The effect of CiGASIo and CiGASsh
expression (continuous explanatory variable) on the
relative content of three guaianolide oxalates
(response variable) in shoots and roots was tested
using multiple linear regression.

Results and Discussion
Chicory Transformation with Silencing Constructs

Chicory was transformed with silencing constructs
designed to be specific for either CiGASlo (pKGW-
amiGASIo) or CiGASsh (pKGW-amiGASsh), using
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A. rhizogenes rather than A. tumefaciens.?® The advan-
tage of A. rhizogenes transformation is that no plant
hormones are required; hairy root (HR) morphology
facilitated the selection and regeneration of trans-
formed plants, which occurred spontaneously and
rapidly. Initial selection of root clones was performed
based on the HR phenotype (Figure 2(a)), rather than
kanamycin resistance (due to nptll, present on the
binary vector), since kanamycin is less efficient in co-
transformation events, as it does not discriminate
against chimeric roots.*® Selected root clones sponta-
neously regenerated shoots (Figure 2(b)) which were
grown separately and displayed normal plant mor-
phology (apart from better developed and branched
roots), as expected from previous results.?®3"*® The
obtained chicory plants were tested by genomic PCR
(Figure 2(c)) to select transgenic plants carrying the
amiRNA constructs. T-DNA from the silencing vec-
tors was present in 118 out of 183 tested plants
(64.48%) (Table 1). A similar co-transformation effi-
ciency was achieved using the MSU440 A. rhizogenes
strain in Lotus japonicus.® Interestingly, not all regen-
erated chicory plants originating from the same HR
clone were transformed, suggesting the chimeric nat-
ure of hairy-roots as reported by Limpens et al.®
Roots of most confirmed plants were reliably expres-
sing the DSRED marker over several months in culture
(Figure 2(d,e)), with variable intensity. Only two
transgenic plants that did carry a silencing construct
had no observable fluorescence in the roots at any time
point, while four plants had transient expression pre-
sent only in the first subculture. Transgene expression
from binary plasmids can vary depending on

integration site, gene silencing, and other factors,*
and is usually present in 20-50% of HR clones
obtained from A. rhizogenes-transformed plants.®***

GAS Gene Expression Is Reduced in
Transformed Clones

QRT-PCR analysis revealed that both CiGASIo and
CiGASsh were expressed in in vitro regenerated
untransformed plantlets, with CiGASsh transcripts
being on average 12.3 times more abundant in
roots and 6.24 times more abundant in shoots in
comparison to CiGASIo (Figure 3). In a previous
study, Bouwmeester et al.'® showed, using semi-
quantitative Northern analysis, that CiGASIo had
higher expression in all tested tissues than
CiGASsh, except in taproot inner tissue, where
CiGASsh was predominantly expressed, and in
whole green seedlings where the expression of
the two genes was comparable. Similar results

Table 1. Summary of chicory transformation efficiency using
A. rhizogenes strains carrying silencing constructs. Plants were
tested by PCR for the integration of the DSRED gene.

pKGW- pKGW-
Construct amiGASlo  amiGASsh
Initial number of HR clones 90 64
Number of HR clones that regenerated 37 37
plants
Number of HR clones tested positive for 15 20
DsRED
Number of regenerated plants tested for 86 97
DsRED
Number of regenerated plants tested 46 72

positive for DsRED

DsRED+

C 250 I

Figure 2. Chicory transformation with A. rhizogenes strains carrying silencing constructs. (a) Hairy-roots developing on inoculated

leaves 17 days after transformation. (b) Spontaneously regenerated shoots of one HR clone.

c) DsRED gene presence or absence in

(
genomic DNA of tested plants 1-5 (amplicon length: 349 bp), bacterial vector DNA (+), no template control (-). (d) DsRED
fluorescence of one transformed HR clone (DSRED+), compared to non-transformed root (WT). (e) Confocal micrograph of DSRED

fluorescence in epidermal root cells of an HR clone.



were obtained by our group using plants grown in
the greenhouse.*® It is well known that the gene
expression commonly differs between in vitro and
ex vitro cultured plants.*? Promoter activity analy-
sis using promoter-eGFP fusions confirmed that
the two isoforms had different promoter activity,
with the CiGASlo promoter being active in both
roots and shoots, while the CiGASsh promoter was
predominantly active in roots.*®

The expression of CiGASsh and CiGASIlo was
significantly higher in roots as compared to shoots
for both control and transformed clones, as
revealed by ANOVA (with p-values p < .001 and
p < .01, respectively). This was confirmed for con-
trol plants by nonparametric Wilcoxon signed-rank
test (p < .05 for both gene expression). These results
are in accordance with previous results on chicory
from greenhouse obtained by Bouwmeester et al.'°
and Bogdanovi et al.*® In Lactuca sativa, where
STLs also accumulate in latex, two germacrene
A synthases — LTC1 and LTC2 — were found to be
expressed constitutively in roots, but only LTC2 was
highly expressed in leaves.*® In species where ter-
penes accumulate manly in leaf trichomes, GAS
genes are more active in young leaves than in
roots, as in Artemisia annua* Tanacetum
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parthenium,*® and sunflower.*® In Achillea millefo-
lium, where volatile terpenoids constitute the most
important fraction, the highest expression of GAS
gene was detected in flowers and leaves, and much
less in rhizome, root and stem tissues.*’

In order to reduce the guaianolide production in
chicory, two GAS genes that convert FPP to germa-
crene A (Figure 1) were selected as silencing targets.
Since amiRNAs, which imitate natural miRNAs, are
more specific and more reliable for predicting pos-
sible off-target effects as compared to long hpRNA
constructs,?* this approach was chosen for silencing.
Comparison of CiGASIo and CiGASsh expression in
control (untransformed) plants and selected pKGW-
amiGASlo and pKGW-amiGASsh transformants
(showing DsRED fluorescence) confirmed that silen-
cing was successful (Figure 3). The silencing of two
GAS genes was significant, with transcript levels
reduced up to 30.8 times for CiGASlo and up to
70.7 times for CiGASsh as compared to parent plants
(Table 2). Variable level of silencing in different
transgenic lines (Figure 3) is probably due to
a positional effect of amiRNA integration*®*® and
can be useful to select lines with adequate silencing
levels to help characterize gene function® or to pro-
duce varieties with differing STL levels. ANOVA

b root shoot
le+064 a
b
b a
g
= 1e+05 A :
2 b
2 L
o
o
@
A 1e+04
<
Q
(@)
1e+03 A
(3
(3
LJ
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Figure 3. CiGASlo (a) and CiGASsh (b) expression (transcript copy number per cDNA corresponding to 100 ng RNA, determined by
absolute quantification) in roots and shoots of controls and plants transformed with pKGW-amiGASlo and pKGW-amiGASsh
constructs. To stabilize the expression data variance log transformation was used prior to visualization and statistical analyses.
Statistically significant differences within roots or shoots, obtained by Tukey’s post hoc test at p < .05 are marked with different

letters.
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analysis indicated that there are no significant differ-
ences in the strengths of CiGASlo and CiGASsh
silencing in shoots and roots; in other words, either
gene was silenced in both shoots and roots by
a similar degree.

Surprisingly, silencing constructs were not spe-
cific toward either of the two genes. Since these
two genes have a similar coding sequence — 72%
identity on the deduced amino acid level® and
75% identity over 83% query cover at the mRNA
level (Supplementary figure 2), amiRNAs could be
directly affecting the nonspecific transcript,
a problem usually present when the two tran-
scripts have five or fewer mismatches in amiRNA
target region.?® In our system, amiGASlo has nine
mismatches compared to CiGASsh, and amiGASsh
has six mismatches to CiGASlo (Supplementary
figure 2), not counting the last nucleotide in the
target region, which is always modified to A in
amiRNA. Non-target silencing can also be
a consequence of feedback regulation, when the
two genes participate in the same signal transduc-
tion chain,?® as in the case of MADS box genes in
Arabidopsis.*® MiRNAs can also be involved in
transitive RNAI — spreading of the silencing out-
side of the initial target sequence.>* The proposed
mechanism for this action is second-strand synth-
esis and trans-acting SiRNA (small interfering
RNA) production, mediated by RNA-dependent
RNA polymerases, which in turn target other
mRNAs for miRNA-like cleavage.®® Even though
amiRNAs are designed having in mind rule sets to
reduce nonspecific targeting and transitive
RNAI,> amplification of the silencing signal can
be dependent on other factors which are harder to
control, like structural characteristics of the pri-
mary transcript and amiRNA construct.>>>*

GAS Gene Silencing Reduces Guaianolide
Oxalate Content

To evaluate the impact of silencing of the GAS
genes on guaianolide production, the concentra-
tion of three downstream metabolites, 8-deoxylac-
tucin-15-oxalate, lactucin-15-oxalate, and
lactucopicrin-15-oxalate was analyzed by HPLC-
HESI-QqQ. The three compounds were selected
since they were present in high amounts in
untransformed plants and could reliably be identi-
fied by comparing MS/MS fragmentation patterns
(Supplementary figure 3) with literature data.®*
Guaianolide oxalates constitute the main fraction
of STLs in chicory and are more abundant than
free guaianolides,® so we expected their quantity to
reflect the effects of silencing. Guaianolide oxalates
were indeed detected in both roots and shoots of
chicory plants (Figure 4). Our findings corrobo-
rated the results obtained by Sessa et al.®> who
identified guainolide-15-oxalates as major STLs
in both lettuce and chicory.

The relative abundance of lactucin-15-oxalate
and 8-deoxylactucin-15-oxalate was significantly
higher in the shoots than in the roots of control
plants (p < .01, Wilcoxon signed-rank test), with
a shoot-to-root ratio in individual plants varying
from 2.44 to 7.89 for lactucin-15-oxalate and 1.50
to 6.54 for 8-deoxylactucin-15-oxalate. The content
of lactucopicrin-15-oxalate did not differ signifi-
cantly in shoots and roots (p < .01, Wilcoxon
signed-rank test), with shoot-to-root ratio in indi-
vidual plants varying from 0.48 to 3.64. To our best
knowledge, there are no data on organ distribution
of guaianolide-15-oxalates in chicory, while data for
related species are limited.® In chicory at the rosette
stage, free guaianolides are usually more abundant

Table 2. Fold change of GAS gene expression and guaianolide content in selected transformed clones compared to their
corresponding parent plants. Bold values are values with maximum fold reduction.

Construct Clone  Organ CiGASlo CiGASsh  8-deoxy-lactucin-15-oxalate  Lactucin-15-oxalate  Lactucopicrin-15-oxalate
pKGW-amiGASlo  5-12  shoot 39 271 6.2 48 29
512 root 2.7 70.7 456 14.8 6.5
5-154  shoot 0.8 5.1 29 175 08
5-154  root 1.0 8.0 18.7 218 8.7
pKGW-amiGASsh  26-10 4  shoot 36 0.7 166.4 4.2 8.1
26-10 4  root 34 453 104 27 1.0
26-14 2 shoot 30.8 22 41 6.1 25
26-14 2 root 5.0 45 174 125 25
27-18 4  shoot 6.3 433 19.9 185.2 85
27-18 4 root 135 28.0 75 72 48
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Figure 4. Relative quantity of guaianolide oxalates: 8-deoxylac-
tucin-15-oxalate, lactucin-15-oxalate and lactucopicrin-15-
oxalate in roots and shoots of control and pKGW-amiGASlo
and pKGW-amiGASsh transformed plants. To stabilize the rela-
tive quantity variance Box-Cox power transformation was used
prior to statistical analyses (log for 8-deoxylactucin-15-oxalate
in roots, lactucin-15-oxalate in roots, lactucopicrin-15-oxalate in
shoots and roots and square root for 8-deoxylactucin-15-
oxalate and lactucin-15-oxalate in shoots). Statistically signifi-
cant differences obtained by Tukey’s post hoc test at p < .05 are
marked with different letters (ns — no significant differences in
ANOVA). Statistically significant differences of lactucin-15-
oxalate and 8-deoxylactucin-15-oxalate content in roots and
shoots of control plants obtained by Wilcoxon signed-rank
test (p < .01) are denoted with * and **,

in the root than in the shoot,*® but their content
may change during development™ and particularly
upon flowering.?8°%°¢

Prior to discussing the effects of silencing on
guaianolide oxalates content, it should be noted
that the transformation with A. rhizogenes per se,
e.g. its Rol genes, can boost the production of
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secondary metabolites in a variety of species.”’
However, chicory plants transformed with the
same (but empty) A. rhizogenes strain,
A4M70GUS had more free guaianolides only at
the flowering stage, while at the rosette stage
(used in the current setup) guaianolide content
was comparable in transformed and control
plants.?®

Introduction of the GAS-silencing constructs
resulted in a significant reduction of the guaianolide
oxalate content (Figure 4): up to 185.2 times for
lactucin-15-oxalate, up to 166.4 times for 8-deoxy-
lactucin-15-oxalate and up to 8.7 times for lactuco-
picrin-15-oxalate in some of the clone lines, as
compared to the levels in parent plants (Table 2).

To elucidate whether the levels of guaianolide-
15-oxalates in different parental and transgenic
clones depend on the level of GAS gene expres-
sion, the relationships between relative abundance
of guaianolide-15-oxalates and the expression of
CiGASlo and CiGASsh in roots and shoots of
tested clones are presented as scatter plots
(Figure 5) and as Person’s correlation heatmaps
(Figure 6). The obtained data suggest that lactu-
cin-15-oxalate and 8-deoxylactucin-15-oxalate
accumulate significantly less with decreasing
expression of GAS genes in the shoots (Figure 5)
whereas in roots this correlation is less clear. Also,
the correlation between CiGASsh and CiGASlo
expression and compound content is higher and
more significant in shoots (Figure 6). The correla-
tion between CiGAS gene expression and guaiano-
lide oxalate content in roots depends on the
compound, with lactucin-15-oxalate having the
highest significant correlation and lactucopicrin-
15-oxalate having no significant correlation
(Figure 6). These results suggest that the accumu-
lation of guaianolide oxalates can be altered by
manipulation of GAS expression in the shoots,
probably reflecting natural means of regulation of
their synthesis. On the other hand, regardless of
higher CiGAS gene expression in roots (Figure 4),
it seems that other mechanisms or enzymatic reac-
tions (e.g. any of the steps from germacrene
A oxidation to conjugation with oxalic acid, see
Figure 1) may control the accumulation of guaia-
nolide oxalates in roots. Also, their (in)stability
and turnover may be different in different organs,
while their polar nature®> may provide a higher
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Figure 5. Scatter plots of the relationship between the relative compound abundance of guaianolide oxalates (8-deoxylactucin-15-
oxalate, lactucin-15-oxalate, and lactucopicrin-15-oxalate) and expression (copy number) of CiGASIo and CiGASsh genes in roots and

shoots of clone lines (control plants — , plants transformed with pKGW-amiGASlo —

and with pKGW-amiGASsh — ). The statistical

significance of the interaction of plant part (root and shoot) and gene expression on compound content was estimated using
multiple linear regression, p < .05 is marked with *, p< .01 is marked with ** while p< .001 is marked with ***,
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Figure 6. Pearson’s correlation heatmap between relative com-
pound abundance of guaianolide oxalates (8-deoxylactucin-15-
oxalate, lactucin-15-oxalate, and lactucopicrin-15-oxalate) and
expression (copy number) of CiGASlo and CiGASsh genes in
roots and shoots. Significance of correlation is marked with *
for p < .05, ** for p < .01 and *** for p < .001.

degree of mobility within the tissues and laticifer
network in comparison to nonpolar STLs.

To the best of our knowledge, this is the first
successful report on reducing the concentration
of bitter guaianolide compounds by gene silen-
cing in plants. There are reports describing
silencing effects and reduction of other terpe-
noid groups, like volatile terpenoids in
tobacco®® and cotton,*® and monoterpene alka-
loids in Catharanthus roseus,®® with gene expres-
sion reduced between 4 and 6.67 times, and
compounds of interest reduced between 1.43
and 10 times. In a transient silencing assay by
agroinfiltration in tobacco, two RNAI constructs
were able to silence 5-epi-aristolochene synthase,
an enzyme involved in sesquiterpenoid biosynth-
esis, 3.4 and 6.2 times compared to the control
expression value, with 5-epi-aristolochene emis-
sion consequently reduced 8.4 and 2.8 times
compared to the control emission level,



respectively.® Silencing of squalene synthase,
producing the substrate for triterpene and sterol
biosynthesis, was also reported to be 2.7 and 4.2
times reduced compared to control expression
levels.?> The gene for this enzyme was also
silenced in apple by virus-induced gene silencing
by 1.72 fold.®> Recently, silencing of amorpha-
4,11-diene synthase, which encodes the first step
in artemisinin biosynthesis, was achieved in
Artemisia annua.®® The authors report a stable
Agrobacterium transformation of A. annua
using hpRNA constructs and selecting several
lines with substantial gene silencing — 25 times
reduction of gene expression compared to
untransformed control plants. When assessing
the content of artemisinin, a cadinanolide STL
(a compound synthetized several steps down-
stream from the silenced gene, which is compar-
able to our system), the authors also found
a substantial reduction of 20-fold in selected
clone lines. However, when measuring amor-
pha-4,11-diene, a direct product of the silenced
gene, no reduction could be observed, but there
was a significant increase of this compound in
young leaves of silenced lines compared to con-
trols and a comparable level in mature or dry
leaves of clones to controls.®® These results sug-
gest that the effect of silencing genes from the
diverse group of terpenoid synthases can be dif-
ficult to predict and interpret. In our system,
some lines displayed a reduction of gene expres-
sion and STL oxalate content of several orders of
magnitude (Table 2), suggesting that gene silen-
cing with amiRNAs could be a good method for
the production of low-bitterness chicory clones.

Conclusions

In conclusion, amiRNA constructs proved to be
a powerful, though not isoform-specific, tool for
silencing of two GAS genes in chicory. The silen-
cing success was clearly demonstrated not only at
the level of expression of CiGASlo and CiGASsh,
but more importantly at the level of downstream
metabolites, guainolide-15-oxalates, the major
STLs in chicory. This approach and the obtained
clones may have practical application in
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engineering varieties with reduced guaianolide
content, facilitating inulin extraction and obtain-
ing products of superior quality.

Abbreviations

amiRNA artificial micro RNA

CiGASIo Chicory germacrene A synthase, long isoform
CiGASsh  Chicory germacrene A synthase, short isoform
GAS germacrene A synthase

hpRNA  hair-pin RNA

HR hairy roots

miRNA  micro RNA

MS Murashige and Skoog basal medium

RNAI RNA interference

STL sesquiterpene lactone

WT wild type

Acknowledgments

This work was supported by the Ministry of Education,
Science and Technological Development of the Republic of
Serbia under Grant no. ON173024 and the European
Commission EU FP7 Project: TERPMED under Grant agree-
ment no. 227448. We thank Dr Rene Geurts for supplying
pKGW-RR-MGW vector, and Milica Simonovi for help with
a graphic design of Supplementary figure 1.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Funding

This work was supported by the European Commission FP7
[227448]; Ministry of Education, Science and Technological
Development of the Republic of Serbia [ON173024].

ORCID

Milica Bogdanovi
Katarina Cankar
Milan Dragi evi
Harro Bouwmeester
Jules Beekwilder
Ana Simonovi
Sla ana Todorovi

http://orcid.org/0000-0001-8034-2606
http://orcid.org/0000-0001-5149-4192
http://orcid.org/0000-0002-9422-2952
http://orcid.org/0000-0003-0907-2732
http://orcid.org/0000-0003-3238-4427
http://orcid.org/0000-0003-4909-4493
http://orcid.org/0000-0002-8233-9037



64 M. BOGDANOVIC ET AL.

References

1.

10.

11.

12.

Nandagopal S, Kumari BDR. Phytochemical and anti-
bacterial studies of chicory (Cichorium intybus L.) -
a multipurpose medicinal plant. Adv Biol Res.
2007;1:17-21.

Wang Q, Cui J. Perspectives and utilization technolo-
gies of chicory (Cichorium intybus L.). A Review. Afr
J Biotechnol. 2011;10:1966-77.

Sessa RA, Bennett MH, Lewis MJ, Mansfield JW,
Beale MH. Metabolite profiling of sesquiterpene lac-
tones from Lactuca species: Major latex components
are novel oxalate and sulfate conjugates of lactucin and
its derivatives. J Biol Chem. 2000;275:26877-84.
doi:10.1074/jbc.M000244200.

Barrero AF, Oltra JE, Alvarez M, Raslan DS, Satide DA,
Akssira M. New sources and antifungal activity of
sesquiterpene lactones. Fitoterapia. 2000;71:60—64.
doi:10.1016/S0367-326X(99)00122-7.

Bischoff TA, Kelley CJ, Karchesy Y, Laurantos M,
Nguyen-Dinh P, Arefi AG. Antimalarial activity of
lactucin and lactucopicrin: sesquiterpene lactones iso-
lated from Cichorium intybus L. J Ethnopharmacol.
2004,95:455-57. doi:10.1016/j.jep.2004.06.031.
Chadwick M, Trewin H, Gawthrop F, Wagstaff C.
Sesquiterpenoids lactones: benefits to plants and
people. Int J Mol Sci. 2013;14:12780-805. doi;:10.3390/
ijms140612780.

Fernandes MB, Scotti MT, Ferreira MJP,
Emerenciano VP. Use of self-organizing maps and
molecular descriptors to predict the cytotoxic activity
of sesquiterpene lactones. Eur J Med Chem.
2008;43:2197-205. doi:10.1016/j.ejmech.2008.01.003.
Wenk K. Sesquiterpene lactone-related allergic contact
dermatitis after exposure to tulip poplar wood and
bark. J Am Acad Dermatol. 2012;66:AB74.

Price KR, Dupont MS, Shepherd R, Chan HWS,
Fenwick GR. Relationship between the chemical and
sensory properties of exotic salad crops—coloured let-
tuce (Lactuca sativa) and chicory (Cichorium intybus).
J Sci Food Agric. 1990;53:185-92. do0i:10.1002/
jsfa.2740530206.

Frey U, Claude J, Crelier S, Juillerat MA. UV degrada-
tion of sesquiterpene lactones in chicory extract:
kinetics and identification of reaction products by
HPLC-MS. Chimia. 2002;56:292-93. d0i:10.2533/
000942902777680450.

Christian Z. Sesquiterpene lactones and their precursors
as chemosystematic markers in the tribe Cichorieae of
the Asteraceae. Phytochemistry. 2008;69:2270-96.
doi:10.1016/j.phytochem.2008.06.013.

de Kraker J-W, Franssen MCR, de Groot A,
Konig WA, Bouwmeester HJ. (+)-germacrene
A biosynthesis. The committed step in the biosynthesis
of bitter sesquiterpene lactones in chicory. Plant
Physiol. 1998;117:1381-92. doi:10.1104/pp.117.4.1381.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

Bogdanovi M, Cankar K, Todorovi S, Dragicevi M,
Simonovi A, van Houwelingen A, Schijlen E,
Schipper B, Gagneul D, Hendriks T, et al. Tissue spe-
cific expression and genomic organization of bitter
sesquiterpene lactone biosynthesis in Cichorium inty-
bus L. (Asteraceae). Ind Crop Prod. 2019;129:253-60.
doi:10.1016/j.indcrop.2018.12.011.

Nguyen DT, Gopfert JC, lkezawa N, MacNevin G,
Kathiresan M, Conrad J, Spring O, Ro DK
Biochemical conservation and evolution of germacrene
A oxidase in  Asteraceae. J Biol Chem.
2010;285:16588-98. doi:10.1074/jbc.M110.111757.
Cankar K, Houwelingen AV, Bosch D, Sonke T,
Bouwmeester H, Beekwilder J. A chicory cytochrome
P450 mono-oxygenase CYP71AV8 for the oxidation of
(+)-valencene. FEBS Lett. 2011,585:178-82.
doi:10.1016/j.febslet.2010.11.040.

lkezawa N, Gopfert JC, Nguyen DT, Kim SU,
O’Maille PE, Spring O, Ro DK. Lettuce costunolide
synthase (CYP71BL2) and its homolog (CYP71BL1)
from sunflower catalyze distinct regio- and stereoselec-
tive  hydroxylations in  sesquiterpene lactone
metabolism. J Biol Chem. 2011;286:21601-11.
doi:10.1074/jbc.M110.216804.

Liu Q, Majdi M, Cankar K, Goedbloed M,
Charnikhova T, Verstappen FWA, de Vos RCH,
Beekwilder J, van der Krol S, Bouwmeester HJ.
Reconstitution of the costunolide biosynthetic pathway
in yeast and Nicotiana benthamiana. PLoS One. 2011;6:
€23255. doi:10.1371/journal.pone.0023255.

Liu Q, Beyraghdar Kashkooli A, Manzano D,
Pateraki |, Richard L, Kolkman P, Lucas MF,
Guallar V, de Vos RCH, Franssen MCR, et al.
Kauniolide synthase is a P450 with unusual hydroxyla-

tion and cyclization-elimination  activity. Nat
Commun. 2018:9:4657. doi:10.1038/s41467-018-
06565-8.

Bouwmeester HJ, Kodde J, Verstappen FWA, Altug IG,
de Kraker J-W, Wallaart TE. Isolation and character-
ization of two germacrene A synthase cDNA clones
from chicory. Plant Physiol. 2002;129:134-44.
doi:10.1104/pp.001024.

Zavada T, Malik RJ, Kesseli RV. Population structure
in chicory (Cichorium intybus): A successful U.S. weed
since the American revolutionary war. Ecol Evol.
2017;7:4209-19. doi:10.1002/ece3.2017.7.issue-12.
Small I. RNAI for revealing and engineering plant gene
functions. Curr Opin Biotechnol. 2007;18:148-53.
doi:10.1016/j.copbio.2007.01.012.

Mansoor S, Amin |, Hussain M, Zafar Y, Briddon RW.
Engineering novel traits in plants through RNA
interference. Trends Plant Sci. 2006;11:559-65.
doi;10.1016/j.tplants.2006.09.010.

Asad M. RNA interference (RNAI) as a tool to engi-
neer high nutritional value in chicory (Chicorium
intybus). Comm Agric Appl Biol Sci. 2006;71:75-78.


http://dx.doi.org/10.1074/jbc.M000244200
http://dx.doi.org/10.1016/S0367-326X(99)00122-7
http://dx.doi.org/10.1016/j.jep.2004.06.031
http://dx.doi.org/10.3390/ijms140612780
http://dx.doi.org/10.3390/ijms140612780
http://dx.doi.org/10.1016/j.ejmech.2008.01.003
http://dx.doi.org/10.1002/jsfa.2740530206
http://dx.doi.org/10.1002/jsfa.2740530206
http://dx.doi.org/10.2533/000942902777680450
http://dx.doi.org/10.2533/000942902777680450
http://dx.doi.org/10.1016/j.phytochem.2008.06.013
http://dx.doi.org/10.1104/pp.117.4.1381
http://dx.doi.org/10.1016/j.indcrop.2018.12.011
http://dx.doi.org/10.1074/jbc.M110.111757
http://dx.doi.org/10.1016/j.febslet.2010.11.040
http://dx.doi.org/10.1074/jbc.M110.216804
http://dx.doi.org/10.1371/journal.pone.0023255
http://dx.doi.org/10.1038/s41467-018-06565-8
http://dx.doi.org/10.1038/s41467-018-06565-8
http://dx.doi.org/10.1104/pp.001024
http://dx.doi.org/10.1002/ece3.2017.7.issue-12
http://dx.doi.org/10.1016/j.copbio.2007.01.012
http://dx.doi.org/10.1016/j.tplants.2006.09.010

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

Ossowski S, Schwab R, Weigel D. Gene silencing in
plants using artificial microRNAs and other small
RNAs. Plant J. 2008;53:674-90. doi:10.1111/j.1365-
313X.2007.03328.x.

Schwab R, Ossowski S, Riester M, Warthmann N,
Weigel D. Highly specific gene silencing by artificial
microRNAs in Arabidopsis. Plant Cell Online.
2006;18:1121-33. doi:10.1105/tpc.105.039834.

Schwab R, Ossowski S, Warthmann N, Weigel D.
Directed gene silencing with artificial microRNAs. In:
Meyers BC, Green PJ, editors. Plant MicroRNAs.
Humana Press, Totowa, NJ; 2010. p. 71-88.

Op Den Camp RHM, De Mita S, Lillo A, Cao Q,
Limpens E, Bisseling T, Geurts R. A phylogenetic strat-
egy based on a legume-specific whole genome duplica-
tion yields symbiotic cytokinin type-A response
regulators. Plant Physiol. 2011;157:2013-22.
doi:10.1104/pp.111.187526.

Bogdanovi  MD, Todorovi SI, Banjanac T,
Dragi evi MB, Verstappen FWA, Bouwmeester HJ,
Simonovi  AD. Production of guaianolides in
Agrobacterium rhizogenes - transformed chicory regen-
erants flowering in vitro. Ind Crop Prod.
2014;60:52-59. doi:10.1016/j.indcrop.2014.05.054.
Tepfer M, Casse-Delbart F. Agrobacterium rhizogenes
as a vector for transforming higher plants. Microbiol
Sci. 1987:4:24-28.

Haymes KM. Mini-prep method suitable for a plant
breeding  program. Plant Mol Biol Rep.
1996;14:280-84. doi:10.1007/BF02671664.

Gasic K, Hernandez A, Korban SS. RNA extraction
from different apple tissues rich in polyphenols and
polysaccharides for cDNA library construction. Plant

Mol Biol Rep. 2004;22:437a—437g. do0i:10.1007/
BF02772687.

Bogdanovi MD, Dragi evi MB, Tani NT,
Todorovi SI, Mii DM, ivkovi ST, Tissier A,

Simonovi AD. Reverse transcription of 18S rRNA with
poly(dT)18 and other homopolymers. Plant Mol Biol
Rep. 2013;31:55-63. d0i:10.1007/511105-012-0474-y.
Abu-Reidah IM, Contreras MM, Arraez-Roman D,
Segura-Carretero A, Fernandez-Gutiérrez A. Reversed-
phase ultra-high-performance liquid chromatography
coupled to electrospray ionization-quadrupole-time-of-
flight mass spectrometry as a powerful tool for meta-
bolic profiling of vegetables: lactuca sativa as an
example of its application. J Chromatogr A.
2013;1313:212-27. doi:10.1016/j.chroma.2013.07.020.
R Core Team. R: A language and environment for
statistical computing. Vienna (Austria): R Foundation
for Statistical Computing; 2017. http://www.R-project.
org/(26.2.2019)

Venables WN, Ripley BD. Modern applied statistics
with S. New York: Springer, New York, NYS; 2002.
Limpens E, Ramos J, Franken C, Raz V, Compaan B,
Franssen H, Bisseling T, Geurts R. RNA interference in

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

GM CROPS & FOOD (&) 65

Agrobacterium  rhizogenes-transformed  roots  of
Arabidopsis and Medicago truncatula. J Exp Bot.
2004;55;983-92. doi:10.1093/jxb/erh122.

Kamada H, Ono A, Saitou T, Harada H. No requirement
of vernalization for flower formation in Ri-transformed
Cichorium plants. Plant Tissue Cult Lett. 1992;9:206-13.
doi:10.5511/plantbiotechnology1984.9.206.

Sun L-Y, Touraud G, Charbonnier C, Tepfer D.
Modification of phenotype in Belgian endive
(Cichorium intybus) through genetic transformation
by Agrobacterium rhizogenes: conversion from biennial
to annual flowering. Transgenic Res. 1991;1:14-22,
doi:10.1007/BF02512992.

Stiller J, Martirani L, Tuppale S, Chian R-J,
Chiurazzi M, Gresshoff PM. High frequency transfor-
mation and regeneration of transgenic plants in the
model legume Lotus japonicus. J Exp Bot.
1997;48:1357—65. d0i:10.1093/jxb/48.7.1357.

Matzke MA, Matzke AJM. Epigenetic silencing of plant
transgenes as a consequence of diverse cellular defence
responses. CMLS Cell Mol Life Sci. 1998;54:94-103.
doi:10.1007/s000180050128.

Simpson RB, Spielmann A, Margossian L,
McKnight TD. A disarmed binary vector from
Agrobacterium tumefaciens functions in
Agrobacterium  rhizogenes.  Plant Mol  Biol.

1986,6:403—15. doi:10.1007/BF00027133.

Miguel C, Marum L. An epigenetic view of plant cells
cultured in vitro: somaclonal variation and beyond.
J Exp Bot. 2011;62:3713-25. doi:10.1093/jxb/err155.
Bennett MH, Mansfield JW, Lewis MJ, Beale MH.
Cloning and expression of sesquiterpene synthase
genes  from  lettuce  (Lactuca  sativa  L.).
Phytochemistry. 2002;60:255-61. doi:10.1016/S0031-
9422(02)00103-6.

Olofsson L, Engstrom A, Lundgren A, Brodelius PE.
Relative expression of genes of terpene metabolism in
different tissues of Artemisia annua L. BMC Plant Biol.
2011;11:45. doi:10.1186/1471-2229-11-45.

Majdi M, Karimzadeh G, Malboobi MA. Spatial and
developmental expression of key genes of terpene bio-
synthesis in Tanacetum parthenium. Biol Plant.
2014;58:379-384.

Gopfert JC, MacNevin G, Ro DK, Spring O.
Identification, functional characterization and develop-
mental regulation of sesquiterpene synthases from sun-
flower capitate glandular trichomes. BMC Plant Biol.
2009;9:86. doi:10.1186/1471-2229-9-86.

Pazouki L, Memari HR, Ké&nnaste A, Bichele R,
Niinemets U. Germacrene A synthase in yarrow
(Achillea millefolium) is an enzyme with mixed sub-
strate specificity: gene cloning, functional characteriza-
tion and expression analysis. Front Plant Sci. 2015;6.
doi;10.3389/fpls.2015.00111.

Mitter N, Zhai Y, Bai AX, Chua K, Eid S,
Constantin M, Mitchell R, Pappu HR. Evaluation and


http://dx.doi.org/10.1111/j.1365-313X.2007.03328.x
http://dx.doi.org/10.1111/j.1365-313X.2007.03328.x
http://dx.doi.org/10.1105/tpc.105.039834
http://dx.doi.org/10.1104/pp.111.187526
http://dx.doi.org/10.1016/j.indcrop.2014.05.054
http://dx.doi.org/10.1007/BF02671664
http://dx.doi.org/10.1007/BF02772687
http://dx.doi.org/10.1007/BF02772687
http://dx.doi.org/10.1007/s11105-012-0474-y
http://dx.doi.org/10.1016/j.chroma.2013.07.020
http://www.R-project.org/(26.2.2019
http://www.R-project.org/(26.2.2019
http://dx.doi.org/10.1093/jxb/erh122
http://dx.doi.org/10.5511/plantbiotechnology1984.9.206
http://dx.doi.org/10.1007/BF02512992
http://dx.doi.org/10.1093/jxb/48.7.1357
http://dx.doi.org/10.1007/s000180050128
http://dx.doi.org/10.1007/BF00027133
http://dx.doi.org/10.1093/jxb/err155
http://dx.doi.org/10.1016/S0031-9422(02)00103-6
http://dx.doi.org/10.1016/S0031-9422(02)00103-6
http://dx.doi.org/10.1186/1471-2229-11-45
http://dx.doi.org/10.1186/1471-2229-9-86
http://dx.doi.org/10.3389/fpls.2015.00111

66 (&) M.BOGDANOVIC ET AL.

49.

50.

51

52.

53.

54.

55.

56.

identification of candidate genes for artificial
microRNA-mediated resistance to tomato spotted wilt
virus. Virus Res. 2016;211:151-58. do0i:10.1016/j.
virusres.2015.10.003.

Pérez-Gonzalez A, Caro E. Hindrances to the efficient
and stable expression of transgenes in plant synthetic
biology approaches. In: Singh S, editor. Systems biol-
ogy application in synthetic biology. India (New
Delhi): Springer; 2016. p. 79-89.

Matthew L. RNA.i for plant functional genomics. Comp
Funct Genomics. 2004;5:240—-44. doi:10.1002/cfg.396.

Ronemus M, Vaughn MW, Martienssen RA.
MicroRNA-targeted and small interfering
RNA-mediated mRNA degradation is regulated by
argonaute, dicer, and RNA-dependent RNA polymer-
ase in Arabidopsis. Plant Cell. 2006;18:1559-74.
doi:10.1105/tpc.106.042127.

Voinnet O. Usg, tolerance and avoidance of amplified RNA
silencing by plants. Trends Plant Sci. 2008;13:317-28.
doi:10.1016/j.tplants.2008.05.004.

Fei Q, Xia R, Meyers BC. Phased, secondary, small
interfering RNAs in posttranscriptional regulatory
networks. Plant Cell. 2013;25:2400-15. doi:10.1105/
tpc.113.114652.

McHale M, Eamens AL, Finnegan EJ, Waterhouse PM.
A 22-nt artificial microRNA mediates widespread RNA
silencing in Arabidopsis. Plant J. 2013;76:519-29.
doi:10.1111/tp;j.2013.76.issue-3.

Poli F, Sacchetti G, Tosi B, Fogagnolo M, Chillemi G,
Lazzarin R, Bruni A. Variation in the content of the
main guaianolides and sugars in Cichorium intybus var.
“Rosso di Chioggia” selections during cultivation. Food
Chem. 2002;76:139-47. doi:10.1016/S0308-8146(01)
00254-0.

Rees SB, Harborne JB. The role of sesquiterpene lac-
tones and phenolics in the chemical defence of the

57.

58.

59.

60.

61.

62.

63.

chicory plant. Phytochemistry.
doi:10.1016/50031-9422(00)83015-0.
Bulgakov VP. Functions of rol genes in plant secondary
metabolism. Biotechnol  Adv.  2008;26:318-24.
doi:10.1016/j.biotechadv.2008.03.001.

Luan JB, Yao DM, Zhang T, Walling LL, Yang M, Wang YJ,
Liu SS. Suppression of terpenoid synthesis in plants by
a virus promotes its mutualism with vectors. Ecol Lett.
2013;16:390-98. d0i:10.1111/ele.12055.

Yang CQ, Wu XM, Ruan JX, Hu WL, Mao YB, Chen XY,

1985;24:2225-31.

Wang LJ. Isolation and characterization of terpene
synthases in  cotton  (Gossypium hirsutum).
Phytochemistry. 2013,;96:46-56. doi:10.1016/j.
phytochem.2013.09.009.

Salim V, Yu F, Altarejos J, De Luca V. Virus-induced gene
silencing identifies Catharanthus roseus 7-deoxyloganic
acid-7-hydroxylase, a step in iridoid and monoterpene
indole alkaloid biosynthesis. Plant J. 2013;76:754-65.
doi:10.1111/tpj.12330.

Cankar K, Jongedijk E, Klompmaker M, Majdic T,
Mumm R, Bouwmeester H, Bosch D, Beekwilder J. (+)-
Valencene production in Nicotiana benthamiana is
increased by down-regulation of competing pathways.
Biotechnol J. 2014;10:180—89. doi:10.1002/biot.201400288.
Navarro Gallén SM, Elejalde-Palmett C, Daudu D,
Liesecke F, Jullien F, Papon N, Dugé de
Bernonville T, Courdavault V, Lanoue A, Oudin A,
et al. Virus-induced gene silencing of the two squalene
synthase isoforms of apple tree (Malus x domestica L.)
negatively impacts phytosterol biosynthesis, plastid
pigmentation and leaf growth. Planta. 2017;246:45-60.
doi:10.1007/s00425-017-2681-0.

Catania TM, Branigan CA, Stawniak N, Hodson J,
Harvey D, Larson TR, Czechowski T, Graham IA.
Silencing amorpha-4,11-diene synthase genes in
Artemisia annua leads to FPP accumulation. Front
Plant Sci. 2018;9. doi:10.3389/fpls.2018.00547.


http://dx.doi.org/10.1016/j.virusres.2015.10.003
http://dx.doi.org/10.1016/j.virusres.2015.10.003
http://dx.doi.org/10.1002/cfg.396
http://dx.doi.org/10.1105/tpc.106.042127
http://dx.doi.org/10.1016/j.tplants.2008.05.004
http://dx.doi.org/10.1105/tpc.113.114652
http://dx.doi.org/10.1105/tpc.113.114652
http://dx.doi.org/10.1111/tpj.2013.76.issue-3
http://dx.doi.org/10.1016/S0308-8146(01)00254-0
http://dx.doi.org/10.1016/S0308-8146(01)00254-0
http://dx.doi.org/10.1016/S0031-9422(00)83015-0
http://dx.doi.org/10.1016/j.biotechadv.2008.03.001
http://dx.doi.org/10.1111/ele.12055
http://dx.doi.org/10.1016/j.phytochem.2013.09.009
http://dx.doi.org/10.1016/j.phytochem.2013.09.009
http://dx.doi.org/10.1111/tpj.12330
http://dx.doi.org/10.1002/biot.201400288
http://dx.doi.org/10.1007/s00425-017-2681-0
http://dx.doi.org/10.3389/fpls.2018.00547

	Abstract
	Introduction
	Material and Methods
	Vector Construction
	Establishment of Chicory in Vitro Culture and Regeneration of Transformed Plants

	Results and Discussion
	Chicory Transformation with Silencing Constructs

	Conclusions
	Abbreviations
	Acknowledgments
	Disclosure of Potential Conflicts of Interest
	Funding
	References



