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novel phenotypic effects and highlights D27 as a breeding
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Abstract

Parasitic weed infestations represent an increasing threat
to agriculture worldwide, especially in the Mediterranean
region. Phelipanche ramosa (L.) and Phelipanche aegyptiaca
(Pers.) (broomrapes) cause severe yield losses in field-grown
tomato (Solanum lycopersicum L.). Strigolactones (SLs) are
apocarotenoid phytohormones that not only play a critical
role in plant physiology and development but also act as
the primary germination signals for parasitic weed seeds.
In this study, we generated CRISPR/Cas9 tomato knock-
out (KO) lines targeting the SID27 gene and three other
key genes involved in SL biosynthesis (SICCD7, SICCD8, and
SIMAXT1), all in the same genetic background. All the edited
lines exhibited undetectable SL levels in root exudates,
leading to a strong reduction in the in vitro germination
of Phelipanche spp. seeds. Consistently, reduced parasitism
was also observed in vivo when SIld27 lines were tested. A
comprehensive evaluation of morphological, reproductive,
and fruit-related traits revealed gene-specific phenotypic
effects, including changes in vegetative growth, fruit set,
fruit development, and volatilome. Specifically, KO of two
carotenoid cleavage dioxygenases and SIMAX1 affected
shoot architecture, fruit development, and the production
of volatile organic compounds during fruit ripening. In
contrast, the newly developed SId27 lines in this study
displayed a mild phenotype generally comparable to
nonedited control plants and likely due to the expression
of SID27 paralogues. Overall, our results indicate that
SID27 represents a promising breeding target for enhancing
resistance to parasitic weeds in tomato while minimizing
negative impacts on plant development and fruit quality.

Keywords: D27 e fruit volatilome e genome editing e parasitic
plants e Phelipanche spp. e tomato

Introduction

Parasitic weeds are plants that have partially (hemiparasites)
or entirely (holoparasites) lost their autotrophic ability and
depend on external hosts for water and nutrients (Vurro
et al. 2019). Broomrapes (Orobanche and Phelipanche spp.),
holoparasites of the Orobanchaceae family, establish parasitism
by forming a vascular connection with host roots and are
significant agricultural pests in the Mediterranean region
(Cuccurullo et al. 2022). Among vegetable crops, tomato
(Solanum lycopersicum L.) is particularly affected by Pheli-
panche ramosa (L.) and Phelipanche aegyptiaca (Pers.), leading
to substantial yield losses (Vurro et al. 2019). To date, only
moderate levels of resistance have been reported among
cultivated tomato varieties (reviewed in Cuccurullo et al.
2022). Identifying novel tomato varieties/genotypes resistant
to parasitic weeds is therefore highly desirable. The use of new
genomic techniques, such as genome editing, could accelerate
the development of resistant varieties in breeding programmes
(Yildirim et al. 2024).

Strigolactones (SLs) are carotenoid-derived phytohormones
exuded by plant roots to recruit arbuscular mycorrhiza
fungi under nutrient-deficient conditions (e.g. phospho-
rous and nitrogen). Furthermore, they serve as the primary
signal inducing the germination of parasitic weed seeds
(Mashiguchi et al. 2021). More than 25 distinct SLs have
been identified to date. Different plant species and ecotypes
produce specific SL profiles, consisting of unique types and
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combinations of these molecules, which enable parasitic
weeds to discriminate between host and nonhost species
(Brun et al. 2021).

Perception of SLs by parasitic weeds is mediated by homo-
logues of the Arabidopsis genes Dwarf14 (D14) and KARRIKIN
INSENSITIVE 2 (KAI2, also known as HYPOSENSITIVE TO
LIGHT, HTL). Interestingly, members of the Orobanchaceae
family typically encode a single copy of D14 but multiple copies
of KAI2 (Saucet and Shirasu 2016). This expansion of the KAI2
gene is thought to represent an adaptive strategy that allows
parasitic weeds to perceive diverse SL signals and thereby
colonize a broad range of host species (Bouwmeester et al.
2021). This knowledge allowed the development of alternative
control strategies based on synthetic germination stimulants.
In a pilot study, their application in Striga-infested soils induced
the lethal germination of the seeds in the absence of the host
(Jamil et al. 2024).

Extensive research on SL biosynthesis has been conducted in
model species (e.g. Arabidopsis thaliana L.) and selected crops
(e.g. rice, tomato; reviewed in Al-Babili and Bouwmeester 2015,
Mashiguchi et al. 2021, Dun et al. 2023).

In tomato, SLs are synthesized through a series of sequential
reactions primarily localized in the plastid. The conversion of
all-trans-B-carotene to carlactone is catalysed by a carotenoid
isomerase (Dwarf27—SID27) and two carotenoid cleavage
dioxygenases (SICCD7 and SICCDS8) (Vogel et al. 2010, Kohlen
et al. 2012). Carlactone is further oxidated to carlactonic
acid (CLA) by the cytosolic enzyme more axillary growth
(SIMAX1) (Zhang et al. 2018). The subsequent oxidation
steps, catalysed by various cytochrome P450 enzymes (e.g.
SICYP722C), produce canonical SLs, including orobanchol,
didehydro-orobanchol, and solanacol (Wakabayashi et al. 2019,
Wang et al. 2022).

Manipulation of SL biosynthesis, and the consequent
reduction/alteration of SL release into the rhizosphere, has
been shown to limit the germination of parasitic weed seeds
in the soil, thereby disrupting the earliest phase of infection (i.e.
the preattachment stage) (Fernandez-Aparicio et al. 2016). This
strategy has produced promising results in several major crops.
In sorghum, for instance, mutation of the LOW GERMINATION
STIMULANT 1 (LGST7) gene caused a shiftin SL production from
5-deoxystrigol to orobanchol, resulting in a marked reduction in
Striga seed germination (Gobena et al. 2017). Similarly, in maize,
reduced activity of three distinct enzymes (ZmCYP706C37,
ZmMAX1b, and ZmCLAMTT1) redirected the biosynthetic flux
from zealactone towards zealactonic acid and zealactol, two
SLs that induce lower levels of Striga seed germination (Li et al.
2023a).

In tomato, genetic alterations affecting key SL biosynthetic
genes (SICCD7, SICCD8, SIMAX1, and SICYP722C) have been
shown to reduce colonization by Phelipanche spp. However,
with the notable exception of the Slcyp722c mutant, these
modifications were frequently associated with pleiotropic
effects, including enhanced shoot branching and reduced plant
height (Vogel et al. 2010, Kohlen et al. 2012, Zhang et al. 2018,
Wakabayashi et al. 2019).

SL transport has also emerged as a relevant target for limiting
parasitic weed infection in tomatoes. Newly synthesized SLs
are actively secreted in root exudates via ATP-binding cassette
(ABC) transporters, primarily ABCG44 and ABCG45. Disruption
of this transport mechanism reduces SL availability in the rhi-
zosphere and provides an additional layer of resistance against
parasitic weeds. Nevertheless, as observed for biosynthetic
mutants, impairment of SL transport is also accompanied by
pleiotropic developmental effects (Bari et al. 2021b, Ban et al.
2025).

Other root-exuded molecules, such as isothiocyanates, can
also stimulate parasitic seed germination and thus contribute
to host root parasitism (Miura et al. 2022). In peas, reduced or
absent SL exudation was not sufficient to confer complete field
resistance (Arcieri et al. 2025). These findings indicate that addi-
tional stages of the parasitic weed infection process (e.g. haus-
torium development, postattachment) are also important in
determining host resistance. Accordingly, plant species exhibit-
ing low release of haustorium inducing factors (i.e. flavonoids,
phenolic acids, and cytokinins) or those capable of blocking
the nutrient flux at parasitism sites through different molecular
mechanisms (Yoder and Scholes 2010) have been identified,
but, so far, these findings have led to the development of few
resistant varieties (reviewed in Chachalis et al. 2025).

Previous studies on the genes involved in SL biosynthesis
and transport in tomato were conducted in various genetic
backgrounds (reviewed in Cuccurullo et al. 2022), complicat-
ing direct comparisons of the observed phenotypes. Moreover,
specific functional studies on the carotenoid isomerase D27 in
tomato and other crops, as well as its relevance in conferring
resistance to parasitic weeds, are still lacking.

In this study, we generated CRISPR/Cas9 tomato knockout
(KO) lines for the SID27 gene and three other key SL biosyn-
thetic genes (SICCD7, SICCDS8, and SIMAXT) within the same
genetic background. We evaluated the SL content in root exu-
dates and assessed the germination rates of P. ramosa and
P. aegyptiaca in an in vitro assay. An in vivo infection assay
with P. ramosa was also conducted. Furthermore, to compare
the effects of inactivating the different genes and assess the
breeding and agronomic value of the edited lines, we per-
formed a comprehensive characterization of morphological,
reproductive, and fruit-related traits, including the character-
ization of the volatilome and evidencing, in comparison with
Sleed7, Slecd8, and SImax1 mutant lines, a reduced phenotypic
effect of the SId27 KO. Finally, the results of expression analysis
of D27 and two paralogues suggest a possible role of D27-LIKET
and D27-LIKE2 genes in such a phenotype.

Results

Knockout mutants of strigolactone biosynthetic
genes were efficiently generated using CRISPR/Cas9
The single-guide RNAs (sgRNAs) designed to specifically target

genes involved in SL biosynthesis showed an efficiency of
mutagenesis ranging from 35% to 89% in hairy root (HR) assays
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mediated by Agrobacterium rhizogenes (Supplementary Table S1). P. ramosa and P. aegyptiaca (Fig. 3a and b), for which tomato

This screening allowed us to rapidly test the sgRNAS’ efficiency
before approaching the lengthy regeneration protocol based
on Agrobacterium tumefaciens. Independent transformations
of tomato cotyledons using A. tumefaciens and the same four
vectors employed in the HR assays resulted in the generation
of 10 KO plant lines: two lines each for Sld27 and SImax1,
and three lines each for Slccd7 and Slccd8 (Fig. 1). Sanger
sequencing of target genes from selected T,-generation plants
(T-DNA-free) confirmed that all the edited lines were biallelic
and homozygous for their respective mutations. Additionally,
the presence of potential off-target effects was ruled out
(Supplementary Table S2).

In the newly generated Sld27, Slccd7, Slccd8, and Slmax1
lines, editing resulted in frameshift mutations, leading to KO
genotypes (Fig. 1). In the SId27 KO lines, the limited size of the
exons hampered sgRNA design, necessitating targeting of the 5’
untranslated region. A single insertion was introduced before
the start codon, accompanied by either a deletion (S/d27-KO1)
or an insertion (Sld27-KO2) of a single base in the second exon.
The three Slccd7 KO lines exhibited deletions in the first exon:
1 bp in Slccd7-KO1 and Sleccd7-KO2, and 2 bp in Slccd7-KO3,
whereas the three Slccd8 KO lines displayed a broader range of
deletions in the second exon: 2 bp in Slccd8-KO2, 4 bp in Slccd8-
KO1, and 5 bp in Slccd8-KO3. Finally, the two SImax1-KO lines
exhibited deletions in exon 3: 1 bp in SImax1-KO2 and 4 bp in
Slmax1-KO1.

Strigolactones are undetectable in root exudates of
edited tomato lines

Tomato plants produce and exude at least five SLs, including
orobanchol, solanacol, 6,7-didehydroorobanchol, phelipanchol,
and epihelipanchol (Zhang et al. 2018, Wakabayashi et al. 2022).
Authentic standards of orobanchol and solanacol were avail-
able, allowing for their confirmation. Both SLs were readily
detectable in the root exudates of control nonedited plants
but were not detected in the edited tomato lines. This pro-
vided a functional confirmation that the four genes involved
in the SL biosynthetic pathway were successfully knocked out
by CRISPR/Cas9 (Fig.2a and b). Authentic standards for 6,7-
didehydroorobanchol, phelipanchol, and epihelipanchol were
not available. Consequently, MRM channels for these SLs were
set based on previously reported data (Zhang et al. 2018, Wak-
abayashi et al. 2022). A distinct single peak was observed exclu-
sively in the root exudates of nonedited control plants and
not in the edited lines (Fig. 2c). However, it remained unclear
whether this peak corresponded to 6,7-didehydroorobanchol,
phelipanchol, or epihelipanchol. Carlactone was additionally
assessed in root exudates and was not detected in any of the
edited tomato lines (data not shown).

Root exudates from the edited tomato lines
reduced germination of root parasitic weeds

We evaluated the effects of root exudates from nonedited con-
trol plants and CRISPR/Cas9-edited lines on the germination of

is a regular host, and Orobanche minor, usually not found in
tomato fields but characterized by a high sensitivity to SL-
induced germination (Takei et al. 2023) (Fig. 3c). The Slccd7
and Slccd8 lines were the most effective, showing a lack of
stimulation of the parasite germination by >90% (Fig. 3aand b).
A marked reduction in the germination of P. ramosa seeds was
observed following treatment with Sld27 root exudates (Fig. 3a).
However, this response was less consistent in P. aegyptiaca seeds
treated with root exudates form Sld27, where germination was
reduced to ~20% (Fig. 3b). Additionally, root exudates from
Slmax1 lines still appeared to stimulate higher germination
percentages (Fig. 3; Supplementary Fig. S1).

An in vivo infection assay with P. ramosa was performed on
Sld27 and Slccd7 mutants. Compared with nonedited wild-type
(Wt) control plants, the Sld27 genotype exhibited a significant
reduction (~48%) in the number of emerged shoots. An even
greater reduction, ~80%, was observed in the Slccd7 mutants
(Fig. 4a; Supplementary Table S3). In all the mutants examined,
the P. ramosa shoots that emerged during the in vivo assay
developed normally and produced flowers and seeds (Fig. 4b).

The Sld27 edited tomato lines exhibit
morphological, reproductive, and fruit-related
traits similar to those of the wild type

The SId27, Slccd7, Slecd8, and SImax1 CRISPR/Cas9 KO lines gen-
erated in this study were compared with the control nonedited
plants by evaluating a total of 13 phenotypic traits.

Considering the morphological traits, height reduction was
significant in Slccd7, Slccd8, and Simax1 at all sampling points,
due to areduction in internode length particularly evident at 33
days after transplanting (DAT). The increase in lateral branch-
ing was more pronounced in the Slccd8 and SImax1 lines, which
exhibited a doubling in the number of branches. The Slccd7
and Slccd8 lines showed a remarkable increase in adventitious
root production compared to the control (up to 35-fold in
Slced8). Interestingly, the Simax1 lines displayed a smaller and
less consistent increase in HRs (Fig. 5; Supplementary Table S4;
Supplementary Fig. S2).

The analysis of reproductive traits evidenced that the Slccd8
and SImax1 lines showed a significant reduction in flower num-
bers on the third inflorescence; notably, the Slccd7 lines were
comparable to the nonedited control plants. The Simax1 lines
exhibited a remarkable reduction in fruit set (<73%) a trait also
found in ccd7-KO3, whereas the Slccd8 lines were comparable
to the control (Fig. 6; Supplementary Table S4).

Interestingly, the examination of fruit-related traits high-
lighted an extended period from anthesis to the onset of ripen-
ing (<7 days) in the Simax1 lines. Aside from the marginal
significance observed in ccd7-KO3, the other Slccd7 lines, as well
as the Slccd8 lines, did not show significant changes.

The SImax1 lines also exhibited the most pronounced
reduction in fruit weight (<17.58 g). Similarly, two out of
three Slccd7 lines experienced a significant decrease (<11.34 g),
whereas among Slccd8 lines, only ccd8-KO1 showed a significant
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Figure 1. Schematic representation of induced mutations targeting core SL biosynthesis genes in CRISPR/Cas9-edited tomato lines. The figure
provides an overview of the compartmentalized SL biosynthesis pathway in tomato, depicting the enzymatic steps from all-trans-p-carotene to
CLA. The genomic structure of each SL biosynthesis gene is illustrated, with genes represented as arrows oriented from the 5'(left) to the 3/(right)
end (not drawn to scale). Exons are shown as boxes, and the CRISPR/Cas9 target sites are marked with inverted triangles. Local alignment between
the cDNA sequences of wild-type and CRISPR/Cas9 KO lines are displayed for each gene. The 20-nucleotide sgRNA sequence is underlined by a
arrow below the wild-type sequence, indicating its orientation. Mutations resulting from CRISPR/Cas9 activity are highlighted in red (deletions)
and blue (insertions) within the KO line sequences. Out-of-frame mutations are shown in the corresponding translated amino acid sequences
below each cDNA sequence, with the premature stop codon indicated by an asterisk.
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Figure 2. Detection of SLs in root exudates of nonedited control plants (wild-type, Wt) and CRISPR/Cas9 KO lines targeting core SL biosynthesis
genes (SID27, SICCD7, SICCDS, and SIMAXT). Quantification was performed using UPLC-MS/MS. (a) MRM chromatograms for orobanchol (m/z
347.1 — 97.0). (b) MRM chromatograms for solanacol (m/z 343.1 — 96.9). (c¢) MRM chromatograms for 6,7-didehydro-orobanchol, phelipanchol,
and epiphelipanchol (m/z 345.1 — 97.0). X-axis: retention time (min); Y-axis: reactive intensity (%). STD: standard.
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Figure 3. Germination-stimulating activity of tomato root exudates on
from nonedited control plants (wild-type, Wt) and CRISPR/Cas9 KO li

Phelipanche spp. and Orobanche minor seeds. Root exudates were sampled
nes targeting SL biosynthesis genes (for each line, n = 3—4). These samples

were used in germination assay with seeds of P. ramosa (L.) (a), P. aegyptiaca (Pers.) (b), and O. minor (c). Statistically significant differences among
lines are indicated by different letters (P < 0.05), as determined by Tukey’s HSD test. GR24 (10~° M) was included as the positive control in the

assays.

reduction. Alterations in fruit width mirrored the changes
in fruit weight, with the most severe reduction in Slmax1
(<0.72 cm). Fruit length was also significantly reduced,
with Slmax1 lines showing the most pronounced reduction
(<0.61 cm) (Fig. 7; Supplementary Table S4).

The SId27 lines generally did not show significant differences
in the morphological, reproductive, and fruit-related traits
compared to nonedited plants, exhibiting a mild phenotype
similar to the control (Figs. 5, 6, and 7; Supplementary Table S4).

These results were largely confirmed when the 13 mor-
phophysiological traits were subjected to linear discriminant
analysis (LDA) to verify the best separation of the lines

according to the linear trait combinations and rank traits
for their importance in group separation. The LDA model
produced two canonical variables (i.e. discriminant functions),
LD1 and LD2, which explained 79.08% and 15.17% of the
variance, respectively (Supplementary Table S5). Interestingly,
the SId27 lines clustered very close to the nonedited control
group (Fig. 8a) and were clearly distinguishable from the other
lines (Slccd7, Sleed8, and Slmax1), indicating a high degree of
similarity between these mutants and the control in terms of
the traits evaluated. LD1 was positively correlated (r > 0.60)
with plant height, average internode length, number of flowers
on the third inflorescence, and fruit weight. Conversely, LD1 was
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Figure 4. In vivo infection assay with P. ramosa seeds. (a) Cumulative number of P. ramosa shoots that emerged per plot (10 plants per plot)
for nonedited wild-type (Wt) control plants and CRISPR/Cas9 KO lines Sld27 (d27-KO1) and Slccd7 (ccd7-KO3). Each line was tested in three
independent biological replicates (n = 3). Different letters indicate statistically significant differences among lines (P < 0.01; Tukey’s HSD test).
Error bars represent means % SD (see Supplementary Table S3 for details). (b) Phenotype of the P. ramosa shoots that emerged from a single
infected plant randomly picked from the Wt, SId27, and Slccd7 plots. Scale bar =2 cm.

negatively correlated (r < —0.60) with the number of lateral
branches, number of adventitious roots, and number of days
between anthesis and the breaker stage. LD2 was positively
correlated with the fruit set percentage and fruit width (Fig. 8b;
Supplementary Table S5).

Profiling of fruit metabolites showed differences
among edited tomato lines

The SId27, Slccd7, Slccd8, and Slmax1 lines were compared
with the control nonedited plants by evaluating sugar content,
selected polar and nonpolar metabolites, and volatile organic
compounds (VOCs) in fruits.

The analysis of variance (ANOVA) and post hoc analysis
failed to clearly identify any specific line with differences in the
average content of fructose and glucose between SL mutant
lines and the control (Supplementary Table S6).

Regarding polar metabolites, quantification of chlorogenic
acid (CA) showed no detectable level in ccd7-KO3, whereas all
other lines resembled the control (Supplementary Table S7).

The analysis of the flavonoid rutin (Rut) did not reveal sta-
tistically significant differences in post hoc analysis between the
edited lines and controls. Conversely, the flavonoid naringenin
chalcone (NaCh) appeared to be generally increased but statis-
tically significant only in max1-KO1 (Supplementary Table S7).

On examining nonpolar metabolites, the major carotenoids
and tocopherols exhibited negligible changes, with the sole
exception of the 3-tocopherol, which was reduced in ccd8-KO2,
and the all-trans lycopene, which appeared slightly reduced in
max1-KO2 (Supplementary Table S8).

The ripe fruits unequivocally revealed 64 different VOCs.
Specific VOC and metabolic pathways resulted highly affected
in tomato fruits by alterations in SL biosynthesis (Supplementary
Table S9). Indeed, considering the benzenoid/phenylpropanoid
pathway (B), eugenol, guaiacol, and methyl salicylate (MeSA)

were significantly increased (<2.02-, 2.8-, and 8-fold, respec-
tively) in the SImax1 lines (Fig. 9; Supplementary Table S9).
Among the branched-chain amino acid (BCAA)-related
compounds, 3-methyl butanoic acid was highly reduced in
Sleced7, Slecd8, and Simax1 (<0.29-fold). Similarly, 1-nitro-3-
methylbutane was significantly reduced in both SImax1 lines
(=<0.12-fold) (Fig.9; Supplementary Table S9). Within the
phenylalanine derivative (Phe) group, 2-phenylethanol was
reduced in the Slccd8 and SImax1 lines (<0.29- and <0.16-
fold, respectively). These declines were more pronounced
for 1-nitro-2-phenylethane, which was also affected in the
Sleed7 lines (Fig. 9; Supplementary Table S9). In contrast, the
pathways of fatty acid derivatives (L), apocarotenoids (ApoC),
and terpenoids (T) seemed to be not affected by mutations in
SL genes (Supplementary Table S9).

LDA was performed to summarize the behaviour of the lines
and confirm their separation based on VOC content, while
simultaneously ranking the various compounds by their signifi-
cance in group differentiation. Interestingly, the LDA identified
four clusters: (i) nonedited control plants; (ii) SId27 lines; (iii)
Slecd7 and Slccd8 lines; (iv) Simax1 lines (Supplementary Fig. S3).
The canonical variable LD1 accounted for 57.19% of the
variability and was positively correlated (r > 0.60) with two
BCAA-related compounds (3-methylbutanoic acid and 1-
nitro-3-methylbutane), one L compound (E-2-pentenal),
and two Phe compounds (2-phenylethanol and 1-nitro-2-
phenylethane). Conversely, LD1 exhibited negative correlation
(r < —0.60) with two T compounds (p-cymene and 2-caren-
10-al) (Supplementary Table S10). The second canonical
variable, LD2, explained 25.69% of the variability and was
negatively correlated (r <—0.60) with two B compounds
(guaiacol and MeSA) and positively correlated (r> 0.60)
with one BCAA-related compound (3-methylbutanenitrile)
(Supplementary Fig. S3; Supplementary Table $10).
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Figure 5. Variation in morphological traits of CRISPR/Cas9 KO lines
targeting SL biosynthesis genes. (a) Bar charts display the mean
value £ SD of the number of adventitious roots, number of lateral
branches > 8 cm, average internode length and plant height, in the
KO lines for the four genes (n =4 for each KO line). Statistical sig-
nificance was determined using Tukey’s HSD for comparisons with
the nonedited control plants (wild-type, Wt). Significant differences
are indicated with asterisks: P < 0.05 (x); P <0.01 (*%). Quantitative
data for each trait were collected at specific DAT (days after trans-
plant), which are indicated. (b) Representative images, acquired at
the end of the growing cycle and from a single biological replicate,
of the stem in KO lines compared to the Wt. Images are shown to
scale for accurate visual comparison, with white bars representing
20 cm.
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Figure 6. Variation in reproductive traits of CRISPR/Cas9 KO lines
targeting SL biosynthesis genes. (a) Bar charts display the mean value
=+ SD of fruit set and flowers on the third inflorescence, in the KO
lines for the four genes (n =4 for each KO line). Statistical signifi-
cance was determined using Tukey’s HSD for comparisons with the
nonedited control plants (wild-type, Wt). Significant differences are
indicated with asterisks: P < 0.05 (*); P <0.01 (). na: not available.
(b) Representative images of the inflorescence in KO lines compared
to the Wt. Images are shown to scale for accurate visual comparison,
with white bars representing 2 cm.

D27-LIKE genes were differentially expressed in
leaves and roots of the SId27 mutant

Based on the coding and protein sequences of SID27-LIKE1
and SID27-LIKE2 retrieved from Cuccurullo et al. (2024), the
presence of a 34-aa-long plastid transit peptide in SID27-LIKE1
was predicted with high probability. Probability was lower for
SID27-LIKE2 (Supplementary Fig. S4).

To investigate potential functional redundancy among the
SID27 and SID27-LIKE genes, we determined their expression
profiles in roots and leaves under low (P—) and normal
(P+) inorganic phosphate conditions. First, the transcriptional
response to phosphate starvation (P—) was evaluated. In the
Sld27 mutant, relative expression (RE) of SID27 and SICCDS8
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Figure 7. Variation in fruit-related traits of CRISPR/Cas9 KO lines tar-
geting SL biosynthesis genes. (a) Bar charts display the mean value £+
SD of fruit width, fruit weight, and days from anthesis to the onset of
ripening (breaker) in the KO lines for the four genes (n =4 for each
KO line). Statistical significance was determined using Tukey’s HSD for
comparisons with the nonedited control plants (wild-type, Wt). Sig-
nificant differences are indicated with asterisks: P < 0.05 (x); P <0.01
(*x). (b) Representative images of the fruit in KO lines compared to the
Wt. Images are shown to scale for accurate visual comparison, with the
vertical black bar representing 1 cm.

increased by ~12-fold and 27-fold, respectively, in roots. The
presence of SID27 and SICCD8 mRNA was detected also in
leaves in P— condition; however, RE values could not be
determined because transcripts were undetectable under P+
condition (Fig. 10a; Supplementary Table S11a). In contrast,
SID27-LIKET responded to P— with approximately a two-fold

New tomato traits from strigolactone gene editing

reduction in root expression and a moderate increase in leaf
expression (~1.4-fold). Conversely, SID27-LIKE2 exhibited an
~1.9-fold increase in expression in both roots and leaves
(Fig. 10a; Supplementary Table S11a). Nonedited Wt plants
displayed expression patterns similar to those observed in the
Sld27 mutant, although the magnitude of change was lower
(Supplementary Table S11b).

Then, we examined tissue-preferential expression of the
genes. SID27 and SICCDS8 displayed strong root-preferential
expression, with leaf-to-root RE ratios of 107 and 107%,
respectively (Fig. 10b; Supplementary Table S11c¢). In contrast,
SID27-LIKET and SID27-LIKE2 were predominantly expressed in
leaves, showing leaf-to-root RE ratios of 10> and 10" under both
P— and P+ conditions (Fig. 10b; Supplementary Table S11c
and d). In Wt plants, the expression patterns of all four genes
generally mirrored those observed in the Sld27 mutant, with
the exception of SICCD8, which exhibited a lower leaf-to-root
RE ratio (Supplementary Table S11e and f). Finally, we assessed
whether any of the genes were differentially expressed in the
Sld27 mutant compared with the Wt plants. SICCDS8 expression
was higher in the mutant in both roots (~1.8-fold) and leaves
(~7-fold). In contrast, SID27 expression in roots was reduced by
~3.3-fold under P— and ~5.3-fold under P+ conditions. SID27-
LIKE2 showed a moderate increase in root expression under P—
condition (~1.35-fold) and a slight decrease in leaves under
P+ (~1.2-fold) condition (Fig. 10c; Supplementary Table S11g
and h).

Discussion

Various tomato lines with either complete or partial inactiva-
tion of genes involved in SL biosynthesis have been previously
generated using different strategies and genetic backgrounds
(Cuccurullo et al. 2022), thus preventing direct comparisons
of gene effects on parasitic plant resistance and on host plant
phenotype. In this study, we successfully generated a complete
panel of CRISPR/Cas9 KO lines targeting the core genes involved
in SL biosynthesis (SID27, SICCD7, SICCDS8, and SIMAX1), all
within the same cultivar, Ailsa Craig. Studying mutants in the
same genetic background reduces genetic variability and inter-
actions, making it easier to link observed traits directly to the
mutation being studied. This leads to more accurate, repro-
ducible results and helps identify the specific roles of genes,
especially in complex traits like metabolism, development, or
stress responses.

To assess the breeding potential of these novel alleles as
sources of resistance to parasitic weeds, we evaluated the bio-
chemical composition of the root exudates and their effects on
the in vitro germination of two common broomrape species
parasitizing tomato. An in vivo infection assay was included
to validate the in vitro results. Additionally, we performed a
comprehensive phenotypic characterization of the edited lines,
with a particular focus on the biochemical profile of the fruits.
Finally, we analyzed the expression of SID27, SICCDS, SID27-
LIKE1, and SID27-LIKE2 in leaf and root tissues of Sld27.
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Figure 8. Bidimensional distribution of genotypes (ovals) and lines (dots) after linear discriminant analysis (LDA) of morphological, reproductive,
and fruit-related traits. (a) Bidimensional distribution of scores assigned to CRISPR/Cas9 KO lines targeting SL biosynthesis genes: Sld27 (d27-KO1,
d27-KO2; orange), Slccd7 (ccd7-KO1, ccd7-KO2, ccd7-KO3; yellow), Slccd8 (ccd8-KO1, ccd8-KO2; blue), and Simax1 (max1-KO1, max1-KO2; green).
The nonedited control genotype (wild-type, Wt) is represented in grey (for each line, n = 4). The two scores for each line were calculated using
the linear discriminant functions LD1 (x-axis) and LD2 (y-axis), which together explain 94.25% of the observed variability. (b) Traits with strong
correlation to LD1 and LD2 are highlighted (+: r > 0.6; —: r < —0.6). DAT: days after transplant.

The SId27 mutant shows a mild phenotype, likely
due to the expression of SID27 paralogues

Notably, this study provides the first characterization of a d27
loss-of-function mutant in a dicotyledonous crop species. The
phenotypic variations observed in tomato SId27 lines are rel-
atively mild compared with those reported for d27 mutants
in rice and Arabidopsis (Lin et al. 2009, Waters et al. 2012),
although direct comparison across species can be complicated
by the distinct molecular wirings involved in specific physio-
logical processes (Uauy et al. 2025). In tomato, we have fur-
ther extended the phenotypes associated with d27 to include
reproductive and fruit-related traits. To date, previous studies
of D27 have been limited to a small number of species, primarily
Arabidopsis, rice, and the bryophyte Marchantia polymorpha
(Lin et al. 2009, Waters et al. 2012, Jibran et al. 2024). Consistent
with observations in rice and Arabidopsis, the SID27 gene is
essential for SL biosynthesis in tomato, as orobanchol, solanacol,
and didehydro-orobanchol fell below the detection limit in
root exudates. In the rice Osd27 mutant, 4-deoxyorobanchol
was undetectable in root exudates, preventing the germina-
tion of O. minor seeds in vitro (Lin et al. 2009). In tomato,
root exudates collected from Sld27 lines determined a marked
reduction in the seed germination of the parasitic plant species
P. ramosa, P. aegyptiaca, and O. minor. This effect was accom-
panied by a strong inhibition of the parasitic shoot emergence
in vivo, although the response was less pronounced than that
observed for Slccd7. Likewise, root exudates from Arabidopsis
Atd27 reduced, but did not abolish, the germination rate of the
parasitic weed Striga hermonthica (L.) (Yang et al. 2023).

The D27 gene encodes an iron-containing isomerase that is
conserved across higher plants and algae but absent in animals

and fungi (Waters et al. 2012). Recent studies have identi-
fied D27 paralogous genes (D27-LIKET and D27-LIKE2), in rice
(Liu et al. 2020) and Arabidopsis (Gulyas et al. 2022, Yang
et al. 2023). Notably, the AtD27-LIKE1 isomerase contributed,
albeit to a lesser extent, to SL biosynthesis in Arabidopsis, as
its overexpression in the Atd27 genetic background partially
restored the Wt phenotype (Yang et al. 2023). Furthermore,
Kobuna et al. (2025) reported additive phenotypic effects in
Arabidopsis double (Atd27 and Atd27-like1) and triple (Atd27,
Atd27-like1, and Atd27-like2) mutants in Arabidopsis, highlight-
ing functional overlap among these isomerases.

In tomato, the presence of SID27-LIKE genes has been pre-
dicted through phylogenetic analysis, and their relative contri-
bution to SL biosynthesis and shoot/root development, com-
pared to SID27, is currently under investigation (Cuccurullo
et al. 2024).

The expression of SL biosynthetic genes is typically induced
under inorganic phosphorous starvation (P—) (Umehara
et al. 2010, Zhang et al. 2018). SID27-LIKET did not show
induction; instead, its expression declined in roots while
remaining stable in leaves. In Arabidopsis, phloem mobility
of AtSID27-LIKET mRNA was detected (Yang et al. 2023),
suggesting that root transcript levels in tomato may likewise be
affected by long-distance transport, although the magnitude
of this effect remains to be determined. Importantly, SID27-
LIKET transcript abundance was comparable in Wt and Sld27
mutant lines, indicating that its regulation may be largely
independent of SL availability in tomato. In addition, the
predicted plastid-targeting peptide in SID27-LIKET suggests
potential colocalization with early SL biosynthetic enzymes in
tomato, consistent with observations in Arabidopsis (Gulyas
etal. 2022, Yang et al. 2023).
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Figure 9. Alterations in key VOCs in fruits of CRISPR/Cas9 KO lines tar-
geting SL biosynthesis genes. Bar charts display the mean fold changes
(FCs) £ SD for the four genes relative to nonedited control plants
(wild-type, Wt) (n =4 for each KO line). Means statistically different
from the Wt by Student’s t-test are marked with asterisks: P < 0.05 (x);
P <0.01(x). VOCs are categorized by metabolic pathways (B: ben-
zenoid/phenylpropanoid; BCAA: branched-chain amino acid-related;
Phe: phenylalanine derivative).

In contrast, SID27-LIKE2 showed induction under P—
and moderate responsiveness to SL levels. However, its
subcellular localization remains unresolved. Although no

New tomato traits from strigolactone gene editing

experimental evidence currently supports plastid targeting of
SID27-LIKE2, such localization cannot be excluded, as several
nuclear-encoded proteins lack a canonical transit peptide
(Armbruster et al. 2009). Notably, phloem mobility of AtD27-
LIKE2 mRNA was predicted in Arabidopsis (Thieme et al. 2015).

The SId27 line was also characterized by reduced expres-
sion of the mutagenized SID27, likely resulting from nonsense-
mediated mRNA decay triggered by the presence of a prema-
ture termination codon (Lykke-Andersen and Jensen 2015). In
addition, the elevated expression of SICCDS, particularly in leaf,
is consistent with feedback upregulation of the SL biosynthetic
pathway, a response previously reported in SL mutant lines
of tomato and Arabidopsis (Waters et al. 2012, Zhang et al.
2018).

Collectively, these findings, together with the preferential
expression of SID27-LIKET in leaves, identify this gene as a
strong candidate for sustaining localized SL biosynthesis in
the shoot of Sld27 mutants, thereby contributing to their
mild phenotype. Although nonenzymatic isomerization of all-
trans-f-carotene to 9-cis-B-carotene can occur under heat
or light exposure, D27-LIKE1 is thought to maintain optimal
physiological levels of 9-cis-B-carotene, particularly under
conditions favouring uncontrolled cis—trans interconversion
(Gulyas et al. 2022).

SLs are transported unidirectionally from root to shoot,
where their detection remains challenging because concentra-
tions are close to or below the analytical detection limit (Dun
et al. 2023). This implies that SLs synthesized in the shoot are
unlikely to support root exudation into the rhizosphere or
contribute substantially to parasitic seed germination. Graft-
ing experiments in tomato using wild-type scions combined
with Slccd7 and Slccd8 rootstocks support this evidence (Dor
et al. 2011, Karniel et al. 2024). Nevertheless, the in vivo infec-
tion assay suggests that the tomato SId27 mutant lines may
still exude very low, yet analytically undetectable, amounts of
SLs. The extent of phloem mobility of SID27-LIKE transcripts,
together with their potential contribution to root SL biosynthe-
sis, may underline this residual activity, but further investigation
is required.

Phenotypic changes, varying in both intensity and
specificity, are influenced by disruptions at
different points along the SL biosynthetic pathway

In contrast to the Sld27 lines, the Slccd7, Slccd8, and Slmax1
lines exhibited significant alterations in morphological, repro-
ductive, and fruit-related traits. The Slccds lines were notably
characterized by an increased production of adventitious roots
compared to the other lines. This trait has been previously
documented in ccd7 and ccd8 lines from various species (Ras-
mussen et al. 2012, Liu et al. 2013). For instance, Kohlen et al.
(2012) reported an elevated number of adventitious roots in
the stems of Slccd8 RNA. lines. This phenomenon is thought
to be related to higher auxin concentrations and/or increased
auxin sensitivity (Kohlen et al. 2012, Rasmussen et al. 2012).
However, it remains intriguing to explore whether the extensive
proliferation of HRs observed in the Slccd7 and Slccd8 lines is
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Figure 10. Expression analysis of SID27-LIKET and SID27-LIKE2 genes in the Sld27 mutant line. (a) Relative expression (RE, log,) of the SID27-LIKE
genes, together with the canonical SID27 and the SICCD8 genes, in leaf (L) and root (R) tissue of the CRISPR/Cas9 KO line Sld27 (d27-KO1) under
low inorganic phosphate (P—) condition. Expression in both leaves and roots under normal phosphate (P+) was set to log, 1, except for SID27
and SICCDS, which were undetectable under P+; in these cases, the RE could not be determinate and a ‘+’ indicates expression only under P—.
(b) Relative expression (RE, log,) of the SID27-LIKE, SID27, and SICCD8 genes in the leaf tissue of the Sld27 mutant line with root expression set to
log, 1. (c) RE (log,) of the genes differentially expressed in leaf and root of the SId27 under P—. The expression level of nonedited wild-type (Wt)
control plants was set to log, 1. Each line was analysed in three independent biological replicates (n = 3). The housekeeping genes Solyc01g056940
(Ubiquitin) and Solyc11g150146 (Elongation factor 1) were the two used to normalize the expression of the four target genes. Error bars represent
means £ SD. Significant differences were determined by Student’s t-test and they are indicated with asterisks: P < 0.001 (x); P <0.01 (*);
P <0.05 (x).Differences in gene expression that are not significant are reported in Supplementary Table S11. Note: the tomato plant image was
generated using Microsoft Copilot 2026 with the prompt ‘Create an image of a tomato plant without soil, showing naked roots and no fruits’

(https://copilot.microsoft.com/).

also linked to the absence of additional specific apocarotenoids
produced by these two CCDs.

The Simax1 lines, edited in the downstream gene of the SL
biosynthetic pathway, exhibited unique phenotypes not previ-
ously reported or specifically associated (Zhang et al. 2018, Bari
et al. 2021a), with this genotype.

Slmax1 lines retained a significant germination percentage
for P. ramosa and for the nonhost species O. minor. The latter
differs from Phelipanche spp. because it is not characterized
by spontaneous germination, and it seems to be specifically
sensitive to SLs (Takei et al. 2023) and not to other germination
inducers (i.e. isothiocyanates). Therefore, a possible explanation
for this discrepancy may lie in the accumulation of carlactone
in the SImax1 lines. In Arabidopsis, carlactone exhibits SL-like
activity and has a clear stimulating effect on S. hermonthica seed
germination (Alder et al. 2012). Although carlactone has been
proposed as the possible mobile signal in plants (Al-Babili and
Bouwmeester 2015, Dun et al. 2023), it has not been detected in
root exudates but only in root extracts of rice and Arabidopsis

(Seto et al. 2014). It is important to note that in a SImax1 TILL-
ING mutant, trace levels of SLs were still detectable in both root
exudates and root extracts. However, no germination assay was
performed to assess whether these small amounts of SLs were
sufficient to induce broomrape germination (Zhang et al. 2018).
It remains unclear whether SImax1 releases unknown com-
pound(s) and/or precursor(s) capable of inducing germination
of root parasitic weeds. Under our experimental conditions,
however, we were unable to detect any candidate precursor(s),
including carlactone, possibly due to their low abundance or
limitations in analytical sensitivity.

The SImax1 lines were also characterized by a dramatic
reduction in fruit set and by a consistent increase in the time
from anthesis to the onset of ripening (breaker); these traits
were accompanied by the phenotypes already observed in the
Slecds lines (reduction in number of flowers and fruit weight/-
size). General reproductive defects in the SImax1 genotype
have been previously reported (Zhang et al. 2018), as well as
reductions in flower and/or fruit size associated with alteration
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in SL content in Slccd8 lines (Kohlen et al. 2012, Bari et al. 2019).
While the role of SLs in flowering (i.e. induction, number of
flowers, and inflorescence size) has been extensively studied
in tomato and other species, with a recent model proposed
(Visentin et al. 2024 and references therein), the role of SLs in
fruit set and ripening remains less understood. In strawberry,
the expression of the two MAX1 orthologues was high in style
before and after pollination, compared to the lower expression
of the CCD7 orthologue and the negligible expression of the D27
and CCD8 orthologues (Wu et al. 2019). These findings align
with our observations, highlighting a significant contribution
of SIMAX1T to fruit set. This suggests the intriguing possibility
of a specific additive effect of the SIMAX1 loss of function in
combination with alteration in SL content. Additionally, it is
plausible that the reproductive and fruit phenotypes observed
in Slccds and SImax1 lines are linked to the coregulation of
SLs and auxin sensitivity and/or transport (Kohlen et al. 2012,
Mashiguchi et al. 2021). However, the extent of this regulation
in fleshy fruits warrants further investigation, and the impact
of photosynthate redistribution in highly branched phenotypes
cannot be excluded.

CCDs and MAX1 impact the production of VOCs
during fruit ripening

Despite the observed phenotypes in Slccds and SImax1 lines,
the carotenoid, sugar, and flavonoid content in the fruits did
not differ significantly from the control. Additionally, water
loss, an important determinant of changes in fruit firmness
during ripening (Gidado et al. 2024), remained unaltered
(Supplementary Table S4). While these results were not
surprising for the SId27 lines, given their mild phenotype,
they were unexpected for the lines with more pronounced
pleiotropic effects, such as Slccds or Simax1. Interestingly,
previous studies reported high expression of SICCD7 in tomato
fruit at the immature green stage (Vogel et al. 2010) and of
CCD7 and CCDS8 in young kiwi fruit (Ledger et al. 2010).

To explore potential variations in tomato fruit ripening that
may have been overlooked, we analyzed VOCs in fruits from our
panel of CRISPR/Cas9-edited tomato lines. In addition to their
significance as breeding traits for fruit quality, VOCs, deriving
from a diversity of metabolic pathways, served as important
metabolic checkpoints for possible direct or indirect effects
of SLs.

The fruits of Simax1 lines showed a significant and consistent
accumulation of MeSA and guaiacol. MeSA is derived from
the methylation of the phytohormone salicylic acid (SA) and
acts as a transduction signal in systemic acquired resistance. In
tomato fruit, MeSA concentration typically peaks at 15 days
after pollination, then declines and remains constant during
ripening. As a volatile compound, it is generally associated with
a wintergreen flavour, which is often negatively perceived by
consumers (Tieman et al. 2010, Frick et al. 2023, Kaur et al. 2023).

Similarly, guaiacol is synthesized from SA (Mageroy et al.
2012, Zhou et al. 2021). Guaiacol contributes to a ‘smoky’ or
‘medicinal’ flavour and is prominently emitted in tomato fruits

New tomato traits from strigolactone gene editing

at the mature green stage in both ‘smoky’ and ‘nonsmoky’
varieties, although its levels drop dramatically in nonsmoky
varieties after the breaker stage (Tikunov et al. 2013). It is often
negatively perceived by consumers (Kaur et al. 2023) and the
tomato variety used in this work belongs to the ‘smoky’ group,
with a high production of guaiacol in the ripe fruit.

In general, changes in in the B pathway can be determined
by external causes, such as biotic stress or plant treatments
(Huang et al. 2020), which could not be excluded in our lines.
However, in Arabidopsis, Kusajima et al. (2022) demonstrated
that the max4 mutant (Slccd8 homologue) exhibited higher
free SA levels in leaves compared to the max3 mutant (the
Slccd7 homologue), which exhibited similar SA levels to the
control. This suggests that the perturbation of SA homeostasis
may increase with further disruption of the SL biosynthetic
pathway.

Amino acid—derived VOCs are key contributors to tomato
aroma and flavour, forming during the ripening process (Kaur
et al. 2023). Consistently with a normal ripening process,
the two immediate downstream aldehydes of the amino
acid phenylalanine (2-phenylacetaldehyde; floral flavour;
Phe) and leucine (3-methylbutanal; malty, earthy flavour;
BCAA), both positively contributing to the flavour, were
unaltered in our edited lines. In contrast, several downstream
VOCs positively contributing to flavour and derived from
phenylalanine (2-phenylethanol: nutty, fruity flavour; 1-nitro-
2-phenylethane: musty, earthy flavour; Phe) and leucine (1-
nitro-3-methylbutane; 3-methylbutanenitrile; BCAA) were
dramatically reduced by SL manipulation. Interestingly, we
did not observe large variations in the production of VOCs
belonging to the ApoC and L pathways, the two more
interconnected to carotenoids (Kaur et al. 2023).

Considering the few VOCs altered in the Sld27 lines, it is
likely that the activity of CCD7, CCDS8, and MAX1 directly
or indirectly influences the ripening-associated biosynthesis of
specific VOCs, thereby potentially affecting tomato flavour. The
investigation of SLs’ roles in the ripening processes of both cli-
macteric and nonclimacteric species remains an underexplored
but compelling area of research (Ferrero et al. 2018, Li et al,
2023b, Li et al. 2024) and our results contribute valuable insights
into these dynamics.

Field use of tomato lines altered in SL biosynthesis

Based on morphophysiological characterization and resistance
phenotype, the SID27 gene represents a promising breeding tar-
get for developing parasitic plant resistance in tomato. The mild
phenotype observed in the SId27 lines appeared to be sufficient
to sustain normal flowering and fruit development; addition-
ally, preliminary results did not show yield penalties in con-
trolled conditions (not shown). However, these results require
further validation in different genetic backgrounds and under
a broader range of physiological conditions (e.g. abiotic/bi-
otic stress resistance) due to potential overlaps of carotenoid
isomerases with other hormonal pathways (e.g. abscisic acid)
(Tolnai et al. 2024, Ye et al. 2024).
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Field trials are essential to evaluate yield performance
comprehensively and the genetic materials developed in this
study provide a unique platform for in-depth exploration of SL
biosynthesis in a model crop of critical agriculture importance,
such as tomato. These resources will be further enriched in
the future by incorporating additional CRISPR/Cas9-edited
genes involved in the biosynthesis and transport of SLs. The
resulting edited plants have the potential to be used not only
in field trials as complete specimens but also as rootstock for
commercial cultivars/hybrids. Notably, recent field trials with
tomato mutants have demonstrated the effectiveness of Slccd7
and Slccd8 rootstock in controlling P. aegyptiaca without yield
losses or any apparent pleiotropic effect under normal growing
conditions (Karniel et al. 2024). In our hands, preliminary results
from field experiments using wild-type tomato scions grafted
onto Sld27 and Slccd7 rootstocks support these findings (Nicolia
et al. unpublished results).

However, the use of specific genotypes (e.g. Slccd?) as root-
stock may also influence physiological traits, such as drought
recovery and flowering (Visentin et al. 2020, 2024). Additionally,
while the use of grafting has shown documented benefits for
yield and quality improvement (Caradonia et al. 2023, Parisi
et al. 2023), its adoption in open-field cultivation systems, par-
ticularly for processed tomato production, by contrast with
fresh market tomato under protected culture, remains con-
strained due to the higher cost of grafted plants. This under-
scores the appeal of precise genetic modification (e.g. SID27) in
elite hybrid cultivars as a cost-effective and scalable solution for
integrating SL-related resistance traits into commercial produc-
tion systems.

Materials and Methods

Generation of CRISPR/Cas9 knockout plants

The design of the sgRNAs and the prediction of off-targets for the SID27, SICCD7,
SICCD8, and SIMAX1 genes were performed with the software CRISPR-P 2.0
(Liu et al. 2017). CRISPR/Cas9 vector assembly was performed via the Golden
Gate Cloning method (Engler et al. 2014). Vector efficiency was preliminary
assessed in tomato HRs (Ron et al. 2014). The four validated vectors were inde-
pendently introduced into A. tumefaciens strain EHA105. Transformation of
tomato cotyledons (S. lycopersicum L. cv. Ailsa Craig) was carried out following
the protocol by Qiu et al. (2007). At least two independent KO lines per gene,
each showing an out-of-frame insertion in the coding sequence, were selected
and advanced to the T, generation through self-pollination. All the PCR primers
used are listed in the Supplementary Table S12.

Parasitic weed germination and in vivo infection
assays

Tomato plants were grown in pots (three to four biological replicates per geno-
type) filled with vermiculites under a 16-h light (~240 wmol m~2 s~") and 8-h
dark cycle at 23-25°C. To collect root exudates containing SLs, tap water (100-
200 mL) was poured onto the soil surface, and the drained solutions containing
root exudates were collected. These solutions were extracted with ethyl acetate,
and the ethyl acetate phase was subsequently dried over anhydrous MgSO4 and
concentrated in vacuo. All the crude samples were stored at 4°C until use. These
root exudate samples were used for both germination assay and LC-MS/MS
analysis. Germination assays with broomrape seeds were conducted as reported

previously (Yoneyama et al. 2007). Seed germination was assessed by counting
seeds where the radicle had protruded through the seed coat.

Tomato plants (10 plants per plot, with 3 biological replicates per line) were
grown in plastic trays containing peat mixed with P. ramosa (L.) seeds. Plants
were grown in a phytotron, and the cumulative number of emerged P. ramosa
shoots was recorded for each plot and line.

LC-MS/MS analysis of root exudates

Tomato SLs were analyzed using ultra-performance liquid chromatography
coupled with tandem mass spectrometry (UPLC-MS/MS) following the pro-
tocol described by Yoneyama et al. (2022). The analysis was performed on an
Acquity UPLC System (Waters, Milford, MA, USA) connected to a Xevo TQD
triple-quadrupole mass spectrometer (Waters Milford, MA, USA) with an elec-
trospray ionization interface. Multiple reaction monitoring (MRM) transitions
were used to detect specific SLs.

Detection of plant morphological, reproductive,
and fruit-related traits

Four biological replicates for each of the T, tomato biallelic homozygous
edited lines SId27 (d27-KO1, d27-KO2), Slccd7 (ccd7-KO1, ccd7-KO2, and ccd7-
KO3), Slccd8 (ccd8-KOT1, ccd8-KO2, and ccd8-KO3), and Simax1 (max1-KO1
and max1-KO2), as well as nonedited control plants, were transplanted into
pots containing a mixture of peat and perlite. These plants were grown in
a phytotron under regular watering and fertilizing conditions, with the pots
arranged in a randomized design. The morphological, reproductive, and fruit-
related traits were recorded at specific DAT. Ten fruits per biological replicate
were tagged at the breaker stage. Fruits were harvested after 7 days (breaker
+7), measured, and subsequently used for biochemical analysis. Five additional
fruits per biological replicate were harvested at the mature green stage and
stored in a controlled environment to estimate water loss. The number of
adventitious roots was counted on plants at 120 DAT.

Extraction and U/HPLC-PDA analysis of
chlorogenic acid, rutin, naringenin, and sugars

Each biological replicate was analyzed in duplicate for simple sugars (fructose
and glucose) for the two flavonoids NaCh and Rut, and the phenol CA. The CA
and the NaCh and Rut were extracted following a previously described method
(de Vos et al. 2007), with minor modifications. The analyses were performed
using an Ultimate 3000 Ultra Performance Liquid Chromatography (UPLC)
system (Thermo Fisher Scientific, Sunnyvale, CA, USA). The extraction of simple
sugars was performed on 250 mg of lyophilized powder and the extract was sub-
jected to analysis on the E-Alliance High-Performance Liquid Chromatography
(HPLC) system (Waters, Milford, MA, USA), with data acquired and analyzed
using Waters Empower software. Peak areas for CA, NACh, Rut, and sugars were
recorded using authentic, distinct, and appropriately diluted standards (Sigma-
Aldrich, Saint Louis, MO, USA). Finally, the compound content was expressed
as fold change relative to the nonedited control plants.

Extraction and HPLC-PDA analysis of carotenoids
and tocopherols

Carotenoids and tocopherols were extracted following the protocols described
by Barja et al. (2021) and Ezquerro et al. (2023) with modifications. Liquid
chromatography was performed using an HPLC Water Alliance 2695 Separa-
tions module, with carotenoids detected by a Waters 996 PDA detector and
tocopherols identified using a Waters 2475 Multi ) fluorescence detector. Peak
areas were recorded and analyzed using Waters Millennium software (Waters,
Milford, MA, USA). The areas were normalized by an internal standard, and
carotenoid and tocopherol content was expressed as fold change relative to
the nonedited control plants.

920z Aey 90 uo Jesn JNYA F773d YIHANY 'S VLVZZITVEINID vO31017419 A9 Ley1 268/Z¥0bead/dod/ee0 | 0 L /1op/ajoie-soueApe/dod/woo dno olwapese//:sdiy woly papeojumoq


https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcag042#supplementary-data

Extraction and gas chromatography coupled with
mass spectrometry analysis of volatile organic
compounds

VOCs were extracted and analyzed as reported in Rambla et al. (2017). For the
analysis, 500 mg of fresh pericarp powder, obtained from the five pooled fruits
per biological replicate and stored at —80°C, were used. VOCs were captured
using headspace solid-phase microextraction and subsequently separated and
identified by gas chromatography coupled with mass spectrometry. VOCs
from the headspace were extracted using a 65-wm Polydimethylsiloxane/di-
vinylbenzene (PDMS/DVB) solid-phase microextraction fibre (Supelco-Merck,
Darmstadt, Germany). Desorption of the compounds from the fibre occurred
at the injection port of a 6890N gas chromatograph (Agilent Technologies,
Santa Clara, CA, USA). Data acquisition was performed using a 5975B mass
spectrometer (Agilent Technologies, Santa Clara, CA, USA). Compound iden-
tification was accomplished by comparing retention times and mass spectra
with those of pure standards. Peak areas were recorded and normalized results
were expressed as the ratio of compound abundance in each sample relative to
the reference admixture.

Gene expression analysis

Total RNA was extracted from leaves and roots of the nonedited Wt control
plants and CRISPR/Cas9 KO lines SId27 (d27-KO1) using the RNAeasy Mini
Kit (Qiagen, Hilden, Germany). For each sample, 300 ng of RNA was used to
synthesize cDNA with the RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, Sunnyvale, CA, USA) following the manufacturer’s instruc-
tions. Quantitative real-time PCR was performed on a QuantStudio™ 6 Pro
system using PowerTrack™ SYBR™ Green Master Mix chemistry, according to the
manufacturer’s protocol (Thermo Fisher Scientific, Sunnyvale, CA, USA). Primer
sequences are listed in Supplementary Table S12.

Statistical analysis

Statistical analysis was performed using single factor ANOVA and Tukey’s HSD
with the Real Statistic software package (https://real-statistics.com/). Statistical
analysis on VOCs and gene expression was performed by a t-test with the
software Office 365 Excel (Redmond, WA, USA). Linear discriminant analysis
(LDA) was conducted using the MASS package in R (https://cran.r-project.
org/web/packages/MASS/index.html).
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