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Abstract

Plant triterpenoids derived from cycloartenol are central to sterol homeostasis and specialized
metabolite production, yet their roles in shaping rhizosphere interactions remain poorly
understood. Here, we investigated the function of key cycloartenol-derived triterpenoid
biosynthetic genes in tomato (Solanum lycopersicum) by transiently silencing
CYCLOARTENOL SYNTHASE 1 (SICASI), STEROL METHYLTRANSFERASE 1 (SISMTTI),
STEROL SIDE CHAIN REDUCTASE 2 (SISSR2), and PHYTOENE DESATURASE (SIPDS).
SICAS1 suppression caused severe growth inhibition, confirming the essential role of
cycloartenol for plant development. Silencing of SISMTI and SISSR2 altered root sterol
composition, with SISMTI reducing [-sitosterol and stigmasterol, and SISSR2 causing
decreases in cholesterol as well as significant reductions in steroidal glycoalkaloids (SGAs)
and steroidal saponins (SAs). By contrast, SIPDS silencing unexpectedly led to elevated sterol
levels and broad metabolome shifts. Untargeted metabolomics revealed gene-specific
alterations in root and exudate profiles, while molecular networking highlighted the rapid loss
of SGAs in exudates, suggesting microbial degradation. Integration of metabolomic and 16S
rRNA sequencing data showed that changes in sterols, SGAs, and saponins were associated
with distinct bacterial families, including Comamonadaceae and Sphingomonadaceae.
Together, these findings demonstrate that cycloartenol-derived triterpenoid pathway genes
strongly influence root metabolite composition and shape the assembly of tomato root-

associated microbial communities.

Keywords: virus induced gene silencing, plant-microbiome interaction, steroidal alkaloids,

steroidal saponins, phytosterols, metabolomics
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CHAPTER 3

Introduction

Rhizodeposition is a process in which plant roots exude a diverse range of metabolites into the
soil, including sugars, amino acids, organic acids, fatty acids, sterols, vitamins, enzymes,
nucleotides, and hormones (D. V. Badri and Vivanco, 2009; Dennis et al., 2010). This process
is not merely a disposal mechanism for waste products; rather, it serves as a crucial way of
communication between plants and other organisms in the soil environment (van Dam and
Bouwmeester, 2016; Hassan et al., 2019). For instance, the root exudate of many plant species
contains phenolic compounds and coumarins that can protect against pathogens and enhance
Fe acquisition. Another well-studied example concerns the carotenoid-derived strigolactones
that induce hyphal branching in symbiotic arbuscular mycorrhizal fungi. This symbiosis helps
plants obtain phosphorus and nitrogen particularly under nutrient deficient conditions (Wu et
al., 2024). A better understanding of the metabolic interactions between plant roots and
rhizosphere organisms can potentially be used for improvements in plant fitness and crop yield
through breeding.

Triterpenoids are one of the most structurally diverse classes of molecules. In higher plants,
triterpenoids are derived from the mevalonic acid (MVA) pathway, which produces the
common C30 precursor, 2,3-oxidosqualene (Thimmappa et al., 2014). Oxidosqualene cyclases
subsequently catalyse the production of a triterpenoid backbone from 2,3-oxidosqualene, such
as cycloartenol, lanosterol, and f-amyrin. While triterpenes have been associated with a role in
insect defense, particularly aboveground (Gonzalez-Coloma et al., 2011), recent research has
started to highlight their importance belowground. For example, oat roots secrete avenacins
which are effective against the pathogen Gaeumannomyces graminis (Geisler et al., 2013).
Huang et al., (Huang, Jiang, Y. X. Liu, ef al., 2019) demonstrated that Arabidopsis thaliana
releases a wide range of triterpenes into the rhizosphere, which modulate the root microbial
community. Among these Arabidopsis triterpenoids, thalianin, arabidin and their derivatives
play a pivotal role in shaping the Arabidopsis microbiome by enriching a third of the root-
associated microbial species. In the present study, we examine how three subclasses of
triterpenoid-derived metabolites - (1) phytosterols (the steroidal subclass of triterpenoids), (2)
steroidal glycoalkaloids (nitrogen-containing steroidal alkaloids), and (3) steroidal saponins
(amphipathic glycosides) - contribute to root exudate composition and rhizosphere microbiome
dynamics.

Despite extensive research on phytosterols, such as stigmasterol, campesterol and B-sitosterol
due to their crucial role in the cell membrane (Schaller, 2003) and potential impact on human
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health (Marangoni and Poli, 2010), their presence and function in the rhizosphere remain
poorly understood. However, a recent study by Lu et al. (Lu, Herbert J. Kronzucker, et al.,
2021) revealed that duckweed increases stigmasterol secretion when interacting with the root-
associated bacterium Pseudomonas sp. RWX31. This enhanced secretion boosts the
bacterium's biofilm formation and nitrite reductase activity, identifying stigmasterol as a bio-
stimulant that influences the nitrite-reducing bacterial community. SGAs and SAs are also
bioactive compounds derived from cycloartenol and belong to the saponin family. These
compounds have been reported to be exuded by the roots of Solanaceous species and are
considered important in the rhizosphere due to their antimicrobial activity and toxicity towards
insects (Friedman, 2002; Milner ef al., 2011). Recent studies by Nakayasu et al. (Nakayasu et
al., 2021) demonstrated that the tomato SGA tomatine modulates the rhizosphere by enriching
bacteria from the Sphingomonadaceae, revealing that SGAs can modulate bacterial

assemblage.
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Figure 1. Schematic representation of the biosynthetic pathway of clycloartenol-derived triterpenoids.
CASI1, Cycloartenol synthase 1; SSR2, sterol side chain reductase; SMT1, sterol methyltransferase 1;
SGAs, steroidal glycoalkaloids, SAs steroidal saponins.
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CHAPTER 3

Tomato (Solanum lycopersicum), produces a broad array of triterpenoid-derived metabolites,
including phytosterols, SGAs, and SAs. Therefore, it is a suitable model to investigate the
possible presence of these compounds in the root exudate and their potential role as modulators
of the interaction with rhizosphere microorganisms. The initial step for both phytosterol and
cholesterol biosynthesis is the cyclization of 2,3-oxidosqualene by CYCLOARTENOL
SYNTHASE 1 (CAS1) into cycloartenol (Figure 1). Subsequently, STEROL SIDE CHAIN
REDUCTASE 2 (SSR2) converts cycloartenol into cycloartanol, en route towards the
formation of cholesterol and the SGAs and SAs (Sawai, Ohyama, Yasumoto, Seki, Sakuma,
Yamamoto, Takebayashi, Kojima, Sakakibara, Aoki, et al., 2014). Alternatively, STEROL
METHYLTRANSFERASE 1 (SMT1) catalyses the formation of 24-methylenecycloartanol as
a precursor to the phytosterols (Carland et al., 2010) To study how these pathways influence
the root exudate and microbiome, mutants or stable knock-out lines could be used, however,
these methods are labor-intensive and time-consuming. Virus Induced Gene Silencing (VIGS)
is a transient gene silencing technique that has been successfully used to silence genes in
biosynthetic pathways in leaves and fruits of various plant species, including tomato (Pablo D.
Cardenas et al., 2016; Itkin et al., 2013; Sonawane et al., 2016).

In this study, we demonstrate that altering genes of the phytosterol, SGA, and SA pathways in
tomato roots disrupts sterol homeostasis, reduces SGAs and SAs, and changes the composition
of metabolites released into the rhizosphere. These metabolic shifts are closely linked to
restructuring of the root microbial community. We used virus-induced gene silencing (VIGS)

as a transient, systemic approach to rapidly interrogate these pathways in roots.

Results

VIGS is an effective tool for silencing triterpenoid biosynthetic genes in tomato roots

We aimed to disrupt the biosynthesis of cycloartenol and its derivatives and therefore started
with VIGS of S. lycopersicum CYCLOARTENOL SYNTHASE 1 (SICASI). Transient silencing
of SICAS1 resulted in stunted growth and reduced root weight compared to the S-glucuronidase
(GUS) silencing control at 21 days post-inoculation (dpi) (Figure 2a, Suppl. Table S1). Indeed,
real-time PCR showed a 90% reduction in SICAS! transcription in roots demonstrating the high
systemic silencing efficiency of the VIGS treatment (Figure 2b). Due to the severe effect on

plant growth, confirming the central role of cycloartenol in plant growth and development,
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SICAS!I was not included in further experiments. We therefore decided to target biosynthetic
steps downstream of cycloartenol using VIGS of S. lycopersicum STEROL SIDE CHAIN
REDUCTASE 2 (SISSR2) and STEROL METHYLTRANSFERASE1 (SISMT1). We included S.
lycopersicum PHYTOENE DESATURASE (SIPDS) as a visual control since it produces a
bleached leaf phenotype (Liu et al., 2002). Compared to the GUS control, VIGS of SIPDS,
SISSR2, and SISMTI significantly reduced root transcript levels by 79, 77, and 69%,
respectively (Figure 2¢). In young leaves, these transcript levels were reduced to a lesser extent
albeit still significant by 23, 60, and 53%, respectively. Only VIGS of SISMT] resulted in a
significant reduction of transcription in old leaves (Figure 2c). Thus, while the difference
between roots and leaves was most pronounced for SIPDS, both SISSR2 and SISMTI also
showed stronger transcript reduction in roots than in leaves. These results demonstrate that
VIGS is an effective tool for silencing biosynthetic pathway genes in tomato, with a general
trend of higher efficiency in roots, although the magnitude of this difference varies among

genes.
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Figure 2. Transient gene silencing using VIGS in S. lycopersicum. (a) Transient silencing of
CYCLOARTENOL SYNTHASE 1 (SICAS1) by virus-induced gene silencing (VIGS) results in visibly
stunted growth compared to the BETA-GLUCURONIDASE (GUS) negative control. A representative
plant showing silencing of SIPDS (PHYTOENE DESATURASE) is displayed on the left. (b) Expression
levels of SICAS]I in the roots of CAS1- and GUS-VIGS treated plants. (c) Expression levels of SISSR2
(STEROL SIDE CHAIN REDUCTASE 2), SISMT1 (STEROL METHYLTRANSFERASE 1), and SIPDS
in roots, young leaves, and old leaves at 21 days post-infiltration (dpi). Gene expression was normalized
to the reference gene SGN-U584254, with expression in the GUS control set to 1. Sample sizes were as
follows: SIPDS and GUS (n = 10), SISSR2 (n = 15), and SISMT1 (n = 12). Box plots show the median
(line), first and third quartiles (box), range excluding outliers (whiskers), and individual data points
(dots). Statistical significance was assessed using Student’s t-test; asterisks indicate significant
differences compared to the GUS control (P < 0.05).

Silencing of SISSR2 and SISMTI reduces phytosterol levels in tomato roots

To assess whether transient gene silencing affects phytosterol biosynthesis, five major sterols
were quantified in root extracts using GC-MS. Silencing of SISMT! resulted in a significant
increase in cycloartenol and cholesterol, accompanied by a decrease in stigmasterol levels,
while B-sitosterol and campesterol concentrations remained unchanged (Figure 3).

In contrast, SISSR2 silencing led to a reduction in cholesterol, with cycloartenol levels
remaining unaffected. Notably, stigmasterol and [-sitosterol levels were also significantly

decreased in this treatment (Figure 3a). This may be due to off-target silencing of the closely
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related gene SISSR1, which is known to contribute to the biosynthesis of these two sterols
(Suppl. Figure 1).

Interestingly, silencing of S/PDS had a broader effect on sterol accumulation. While
cycloartenol levels were unchanged - as expected - levels of cholesterol, stigmasterol, B-

sitosterol, and campesterol were significantly elevated in SIPDS-silenced roots compared to
the GUS control.
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Figure 3. Levels of cycloartenol-derived compounds in roots (a) and root exudates (b) of VIGS-treated
tomato plants. Samples were analyzed using 10 biological replicates for BETA-GLUCURONIDASE
(GUS) and S. lycopersicum PHYTOENE DESATURASE (SIPDS), 12 replicates for STEROL
METHYLTRANSFERASE 1 (SISMT1), and 15 replicates for STEROL SIDE CHAIN REDUCTASE 2
(SISSR2). GUS is shown in red, SIPDS in green, SISMT1 in light blue, and SISSR2 in purple. Box plots
display the median (line), first and third quartiles (box), range excluding outliers (whiskers), and
individual data points (dots). Different letters denote statistically significant differences between
groups, determined by one-way ANOVA followed by a Tukey-Kramer post-hoc test.

Notably, all five major phytosterols were detected in the root exudates, despite their typically
low solubility in water due to hydrophobicity. In GUS control plants, cholesterol levels
(normalized per gram of fresh root weight) were comparable between root tissue and exudates.
In contrast, the concentrations of cycloartenol, campesterol, p-sitosterol, and stigmasterol in
the exudates were approximately 2%, 25%, 2%, and 6%, respectively, of the levels found in
root tissue (Figure 3a, b). Interestingly, in contrast to the root sterol profiles, silencing of

SISSR2 and SISMT1 did not significantly affect the phytosterol concentrations in the exudates
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compared to the GUS control. However, SIPDS silencing led to a significant increase in

phytosterol levels in the exudates, mirroring the trends observed in root tissue.

Silencing of SIPDS, SISSR2 and SISMT1I alters the overall metabolomic profile in root

and root exudates

To assess whether silencing of SIPDS, SISSR2, and SISMTI affects metabolites beyond
phytosterols in roots and root exudates, untargeted metabolomics was performed, followed by
Partial Least Squares Discriminant Analysis (PLS-DA). The first two PLS-DA components
explained 21% of the total variation in root extracts and 37% in root exudates (Figure 4a, b).
Biological replicates clustered tightly, and treatments were clearly separated, with SISSR2 and
SISMT1 showing the most distinct profiles from the GUS control in root extracts. SIPDS
silencing induced pronounced shifts in both root and exudate metabolomes. Permutational
Multivariate Analysis of Variance (PERMANOVA) confirmed that metabolic profiles differed
significantly between treatments (P < 0.001 for both roots and exudates; Supplementary Table
S2), demonstrating a robust effect of VIGS-induced gene silencing. Consistent with the PLS-
DA results, the UpSet plots (Figure 4c, d) highlight significantly altered features (>2-fold
change relative to GUS): 60 features were downregulated in SISSR2-silenced roots, and 30
features were upregulated in SIPDS-silenced root exudates. Only limited overlap was observed

between treatments, indicating that VIGS-triggered metabolic shifts are gene-specific.
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Figure 4. Silencing of S. lycopersicum STEROL SIDE CHAIN REDUCTASE 2 (SISSR2), STEROL
METHYLTRANSFERASE]! (SISMT1), and PHYTOENE DESATURASE (SIPDS) alters the metabolomic
profile in root and root exudates. Partial least squares discriminant analysis of root extract (a) and root
exudate (b) metabolomics composition of VIGS treated tomato plants. In blue is SIGUS, in orange is
SIPDS, in gray is SISMT1 and in green is SISSR2 samples. The UpSet plot demonstrates the significant
changes (P<0.01, fold change >2) in root extract (c) and root exudate (d) upon silencing. "+" and "—"
symbols denote upregulated and downregulated metabolites, respectively.

To comprehensively annotate these metabolites and identify major molecular categories that
differ between VIGS-silenced and control plants, we performed mass spectral molecular
networking using the Global Natural Products Social Molecular Networking (GNPS) platform

on both root extracts and root exudates. This was followed by MolNetEnhancer analysis. These
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tools group compounds based on MS? fragmentation patterns into chemically similar clusters,
facilitating the annotation and classification of metabolite families (Ernst et al., 2019). In both
molecular networks, the dominant metabolite classes included lipids and lipid-like molecules,
organic oxygen compounds, benzenoids, and organoheterocyclic compounds (Suppl. Figure 2
and Figure 3).

In the root extract network, a distinct organic acid cluster was detected exclusively in the GUS
and SISMT1 treatments, while organoheterocyclic compounds were present in all silencing
treatments except GUS (Suppl. Figure 2). In contrast, the root exudate network showed an
enrichment of benzenoids in the silencing treatments compared to the GUS control, which
instead exhibited higher levels of organic acids (Suppl. Figure 3). Interestingly, a large
subnetwork of organic oxygen compounds - including galactose and N-acetylmuramic acid -
was detected in the root exudates but was nearly absent in the root extracts. Given their
association with microbial cell wall components, these compounds are likely of microbial
origin, indicating active microbial turnover or secretion in the rhizosphere. Another notable
difference between root extracts and exudates was observed in lipid and lipid-like molecules.
For instance, tomatidine - an SGA - was part of an extensive lipid-related subnetwork in the
root extracts (Suppl. Figure 2), which was not detected in the root exudates (Suppl. Figure 3).
This discrepancy may reflect the rapid microbial degradation of these lipid molecules in the

rhizosphere environment.

Silencing of SISSR2, SISMTI and SIPDS changes the root microbiota composition

To assess the impact of altered root metabolites on root microbiome assembly, we analyzed
the microbial community composition of plants subjected to VIGS treatments. Species richness
in the root microbiota of SISMT- and SISSR2-silenced plants was comparable to that of the
GUS control, whereas SIPDS silencing led to a noticeable reduction in bacterial richness
(Suppl. Figure 4a). Despite this, no significant differences were observed in microbial
community diversity across treatments, as measured by the Shannon index (Suppl. Figure 4b).
Principal Coordinates Analysis (PCoA) revealed a clear separation in microbiota composition
between SIPDS- and GUS-treated plants, indicating a distinct community shift. In contrast, no
clear separation was observed between SISSR2 and SISMT! samples (Suppl. Figure 4c). A
PERMANOVA analysis confirmed a significant effect of treatment on community structure (P

< 0.001; Suppl. Table 2).
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Figure 5. Combined heatmap of bacterial family abundance in S. lycopersicum plants silenced for
STEROL SIDE CHAIN REDUCTASE 2 (SISSR2), STEROL METHYLTRANSFERASE 1 (SISMTTI), and
PHYTOENE DESATURASE (SIPDS). Top candidate ASVs were identified by comparing each silenced
group to the GUS control. The heatmap displays the relative abundance of each bacterial family, with
color gradients ranging from red (high abundance) to blue (low abundance).

The root microbiota across all treatments was dominated by Proteobacteria, with notable
treatment-specific  shifts observed in the relative abundance of Acidobacteriota,
Planctomycetota, and Gemmatimonadota (Suppl. Figure 5a). These phylum-level differences
were mirrored at the family level, where distinct patterns emerged in response to gene
silencing, indicating that the targeted genes influence root microbial community structure
(Suppl. Figure 5b). Differential abundance analysis comparing all silencing treatments to the
GUS control identified 51 significantly altered ASVs, spanning 26 bacterial families (Figure 5,
Suppl. Table S3). For instance, SISSR2-silenced plants showed reduced abundance of
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Clostridiaceae, Mycobacteriaceae, Comamonadaceae, and Sphingomonadaceae. Similarly,
SISMT1 silencing resulted in lower levels of Comamonadaceae, Streptomycetaceae, and
Sphingomonadaceae, but enrichment of Devosiaceae and Burkholderiaceae. The most
pronounced microbiome shifts were observed in SIPDS-silenced plants, consistent with the
lower bacterial richness observed (Suppl. Figure 4a). This treatment led to a significant
decrease in ASVs belonging to Oxalobacteraceae, Nocardioidaceae, Chitinophagaceae,
Hyphomicrobiaceae, Micropepsaceae, and Alcaligenaceae, while enriching ASVs from
Methylophilaceae, Candidatus Nomurabacteria, and Rhodanobacteraceae (Figure 5).
Collectively, these results demonstrate that transient silencing of individual genes alters root

metabolite profiles and significantly reshapes the root-associated bacterial community.

Integration of LCMS and 16S amplicon sequencing data

After verifying the VIGS effect on metabolites and the microbiome, we integrated both datasets
into a joint model to investigate their putative interaction. Because PDS influences a more
general metabolic pathway and its strong effect dominated the global variance structure, we
excluded it from the integrated analyses to better resolve the more specific patterns associated
with SISMTI and SISSR2. ANOVA simultaneous component analysis plus (ASCA+)
demonstrated that silencing of SISMTI and SISSR2 affects the microbial composition and
metabolic profile of root extracts, as well as their integrated profile (Suppl Figure 6a, b, Figure
6a). The integrated PCA plot (Figure 6a) clearly separates the three treatment groups - GUS
control, SISMT1, and SISSR?2 silencing - indicating coordinated shifts in both metabolic and
microbial profiles. Principal component 1 (PC1) explained 64.5% of the variation, while PC2
accounted for 35.5%, demonstrating strong gene slilencing specific signatures across datasets.
The integrated loadings plot (Figure 6b) highlights the specific variables - metabolites and
operational taxonomic units (OTUs) - that contribute most to the observed separation. SGAs
and SAs were among the dominant metabolic features associated with microbial taxa shifts.
The silencing of SISSR2 was the major driver of variation, particularly along PC1. Using
variable importance in projection (VIP) scores, we selected the top 20 discriminating
metabolites and ASVs that contributed most to the observed differences between treatments.
The loadings plot indicated that these metabolites were preferentially altered upon SISSR2
silencing (Figure 6b). Then, we visualized correlations of these top 20 metabolites and ASVs
using a heatmap (Figure 6¢). The top 20 metabolites that showed correlations with microbes

are mostly SGAs and SAs and also include two aromatic compounds (Figure 6b, Suppl. Table
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5). Out of the top 20 candidate metabolites, 15 showed lower abundance caused by SSR2
silencing, decreasing the abundance of bacterial species in Devosiaceae, Parcubacteria,
Isosphaeraceae, Commamondaceae, Rhodanobacteraceae, Clostridiaceae, Crooinitomicaceae,
and Shigomonadaceae (Figure 6b, Suppl Table 5). Interestingly, among the top changed
metabolites, three (C33HagOo, C33H49NOs, C33Hs51NOg) are putatively annotated as desaturated
SGAs and SAs. These three metabolites are upregulated upon SSR2 silencing (Suppl Table 5),
probably due to the lack of desaturase activities. These metabolites positively correlate with
bacterial species in Comamonadaceae, Xanthobacteraceae, Rhodanobacteraceae,

Chitinophagaceae, and Paenibacillaceae (Figure 6c¢).
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LCMS and 16S
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Figure 6. Integration of metabolites and microbes using ANOVA simultaneous component analysis
plus (ASCA+) model. (a) Score plot of integrated metabolites and microbes; (b), Loading plot of the
integrated ASCA+ analysis; (c) Heatmap of correlations of top 20 candidates of metabolites and
microbes selected by ASCA+ analysis. Arrows indicate increase (arrow tip) and decreased (arrowless
tip) features upon silencing S. lycopersicum STEROL SIDE CHAIN REDUCTASE 2 (SISSR2), STEROL
METHYLTRANSFERASE1 (SISMTI), and BETA-GLUCORONIDASE GUS) genes (indicated by
yellow, green and red, respectively). Highlighted dots represent the top 20 metabolic (black, yellow and
pink) and bacterial features (orange) selected by ASCA+ model. Metabolites are labeled with their
retention time, mass-to-charge ratio (m/z), and molecular formula.

Integration of phytosterol content and 16S amplicon sequencing data

Through targeted metabolite analysis, we observed alterations in phytosterol content in roots

upon silencing of SISMTI and SISSR2, as shown previously (Figure 3). Consequently, we

explored whether these changes affected the root microbiome. The ASCA+ model confirms
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that silencing of SISMTI and SISSR2 influences the phytosterol content in roots but also
changes the microbial composition (Figure 7a, b). Several taxa exhibited strong positive
correlations with specific phytosterols, including Sphingomonadaceae and Comamonadaceae
with cholesterol, and Xanthobacteraceae with campesterol (Figure 7c, d). B-sitosterol exhibited

a positive correlation with Pseudomonadaceae and Mycobacteriaceae.
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Figure 7. Integration of phytosterols and microbes of roots using Partial least squares regression. (a)
Score plot of phytosterol composition using PLS; (b) Score plot of bacterial composition using PLS
analysis; (c) Integrated loading plot of phytosterols and microbes. Phytosterols are represented by
purple dots, while highly correlated ASVs are labelled; (d) Correlation network analysis involving
phytosterols and the most correlated ASVs. Positive correlations are indicated with red edges, negative
correlations with blue edges, and correlation coefficients are depicted with varying line weights.

Discussion

In this study, we investigated how manipulating of cycloartenol-derived triterpenoid
metabolism affects the composition of the tomato root microbiome. Using a tobacco rattle
virus-based VIGS system delivered via Agrobacterium infiltration, we successfully achieved
systemic silencing of key metabolic genes in tomato roots. Silencing SISSR2 and SISMT]
resulted in significant reductions in key phytosterols, such as stigmasterol and B-sitosterol, and

decreased levels of SGAs and SSs upon silencing SISSR2. Untargeted metabolomics revealed
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distinct metabolic shifts in both roots and root exudates, with lipid networks, particularly
SGAs, identified in root extracts but absent in exudates, suggesting microbial degradation in
the rhizosphere. Integration of metabolomic data with 16S rRNA sequencing showed that
changes in metabolites, especially SGAs, were correlated with shifts in microbial communities,
particularly bacterial families such as Comamonadaceae and Sphingomonadaceae, known for
their ability to catabolize these compounds. Our findings demonstrate the effectiveness of
VIGS for studying plant-microbe interactions and highlight the complex role of plant metabolic
pathways in shaping root-associated microbiomes.

VIGS via agroinfiltration is a widely used technique for functional gene characterization in
Nicotiana benthamiana and other Solanaceous species, offering a rapid alternative to labor-
intensive stable transformation methods. (Brigneti, Martin-Hernandez, et al., 2004; Liu, Schiff,
and Dinesh-Kumar, 2002; Liu, Schiff, Marathe, et al., 2002). However, this technique has
mainly been used to silence genes in leaves and fruits, and is rarely used in roots (Brigneti,
Martin-Hernandez, et al., 2004; Pablo D Cardenas et al., 2016; Ryu et al., 2004). In this study,
we demonstrate the successful use of agroinfiltration to silence genes in tomato roots, which
proved to be more efficient than silencing in leaves (Figure 2c¢). Moreover, we show that this
technique can be employed to engineer metabolite biosynthesis in roots (Figure 3, 4a and 5).
For example, we demonstrated that silencing SISMT! resulted in a significant increase in
cycloartenol and cholesterol and a decrease in stigmasterol in roots, while [-sitosterol and
campesterol concentrations remained unchanged. These results are consistent with those of
Diener et al. (2000), who compared phytosterol content in Arabidopsis sm¢l-1 mutants and
WT and found similar results (Diener et al., 2000). Additionally, our finding of increased
cholesterol levels is also in agreement with results from studies in potato tubers and leaves,
where overexpression of SMT1 resulted in reduced cholesterol levels (Arnqvist et al., 2003).
Another piece of evidence supporting the success of our gene silencing approach in roots is the
observed reduction in cholesterol, and S(G)A levels upon silencing of SISSR2, as expected.
The presence of SGAs and SAs in tomato roots is understudied, and here we detect a wide
range of SGAs and SAs in tomato roots for the first time (Suppl. Table S5). Moreover, by
silencing SISSR2, we putatively identified some highly desaturated S(G)As that were
upregulated, suggesting that SISSR2 not only desaturates the double bond at the C24, C25 of
cycloartenol as previously suggested(Sawai, Ohyama, Yasumoto, Seki, Sakuma, Yamamoto,
Takebayashi, Kojima, Sakakibara, and Aoki, 2014) but likely other positions in the S(G)As as

well. We also observed a significant decrease in B-sitosterol and stigmasterol levels in the roots,
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which is likely caused by off-target effects of the SISSR2 construct on SISSR /. Both genes share
79% sequence similarity and our real-time PCR also shows there is off-target silencing of
SISSR1 (Supplemental Figure 1). Nonetheless, our results are consistent with a previous study
by Sawai et al. (2014), who also reported a decrease in B-sitosterol upon RNAi-mediated
silencing of SSR2 in potato (Sawai, Ohyama, Yasumoto, Seki, Sakuma, Yamamoto,
Takebayashi, Kojima, Sakakibara, and Aoki, 2014). We thus demonstrate that VIGS is a highly
efficient and effective method to (transiently) engineer metabolite production in roots.

In contrast to the changes observed in roots, silencing SISMT! did not alter phytosterol
concentrations in the root exudate compared to the GUS control. This may be due to the
inherently low levels of sterols in exudates, possibly related to their poor water solubility.
While the presence of phytosterols in root exudates has been reported (Lu, Herbert J
Kronzucker, et al., 2021), quantification is mostly lacking. Our analysis revealed that
phytosterol allocation to the rhizosphere is compound-specific, for instance, only 2% and 6%
of root-produced cycloartenol and stigmasterol, respectively, were detected in exudates, while
cholesterol levels were nearly equal in roots and exudates. These differences likely reflect
variations in transporter specificity or microbial degradation rates in the rhizosphere.
Silencing of PDS is commonly used to assess the effectiveness of VIGS through the reduction
of phytoene desaturase expression, which leads to decreased carotenoid biosynthesis, photo-
oxidative damage to chlorophyll, and ultimately bleaching (Liu, Schiff, and Dinesh-Kumar,
2002). In this study, we discovered that PDS silencing also led to a significant decrease in
SGAs in the roots. Although the pleiotropic effects of PDS silencing on secondary metabolism
have been demonstrated before (Killiny, 2022; Naing et al., 2019; Romero et al., 2011), their
relationship with SGAs is not well understood. For instance, in a study by Romero et al. (2011),
silencing of SIPDS in tomato fruits stimulated the glycoalkaloid pathway and resulted in the
accumulation of all SGAs (Romero et al., 2011), while in the current study we see a decrease.
Romero et al (2011) hypothesized that SGAs are induced by the oxidative stress response due
to the lack of carotenoids in the fruits. The discrepancy between their findings and ours may
be due to distinct regulation mechanisms in the fruit and the roots. Moreover, we observed that
SIPDS silencing leads to changes in phytosterol concentrations and other metabolites in both
roots and root exudates. This could be attributed to the role of PDS in hormone production, as
it participates in the biosynthesis of precursors for phytohormones such as abscisic acid (ABA)

and strigolactones (SLs), resulting in overall metabolic changes. Nonetheless, this requires
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further investigation, potentially by silencing genes further downstream in the ABA and SL
biosynthesis pathway.

Though the role of plant metabolism in the plant-microbiome interaction is not well
understood, plant metabolites are believed to be essential in molding the bacterial community
composition (Abedini et al., 2021; Compant et al., 2021). In this study, we assessed how
silencing of key genes in the cycloartenol-derived triterpenoid pathway - SISMT1 and SISSR2
- influences the tomato root microbiome. Across treatments, we identified 51 ASVs spanning
26 bacterial families that were significantly altered relative to the GUS control (Figure 5).
Given the complex shifts in both metabolite and microbial profiles, establishing direct causal
relationships is challenging. However, integrative analysis using the ASCA+ model allowed
us to pinpoint key metabolite-microbe associations. Among the genes tested, silencing of
SISSR2 induced the most pronounced metabolic reprogramming, particularly a significant
decrease in SGAs and SSs in root tissues (Figure 6, Suppl Table 5). These metabolic changes
strongly correlated with shifts in the relative abundance of several bacterial families, including
Clostridiaceae, Comamonadaceae, and Sphingomonadaceae. The enrichment of these taxa may
reflect their capacity to catabolize SGAs, as supported by previous studies showing that
Sphingomonadaceae, including Sphingobium species, can degrade o-tomatine and
tomatidine(Nakayasu et al., 2021). Indeed, tomatidine application has been shown to
selectively enrich Sphingomonadaceae in bulk soil, and genome analysis has confirmed the
presence of SGA-catabolic gene clusters in root-associated Sphingobium strains. Interestingly,
while tomatidine and a-tomatine have previously been detected in tomato root exudates (Rial
et al., 2018), we did not detect these or related SGAs in our exudate profiles. This absence may
result from rapid microbial degradation in the rhizosphere, consistent with the presence of
SGA-catabolizing taxa and supporting the idea that microbial metabolism of SGAs occurs at
the root-soil interface (Nakayasu et al., 2023; Seipke and Loria, 2008). Thus, our findings
suggest that the ability to utilize SGAs and related compounds may be a key ecological trait
underpinning bacterial colonization success in the tomato rhizosphere. Together, our results
highlight SISSR2 as a central enzyme of root SGA production and uncover the role of SGAs in
shaping microbial community structure. Future research should aim to isolate representative
microbial taxa for functional assays to experimentally validate their SGA-catabolic potential
and further elucidate mechanisms of plant-microbe chemical communication.

To account for potential confounding effects introduced by TRV infection in the VIGS system,

we consistently used GUS-silenced plants as a negative control. These plants carried the same
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vector and underwent the same agroinfiltration procedure, thereby controlling for virus- and
vector-related effects. While CRISPR-based knockout systems in tomato provide stable and
heritable mutants, they are more time-consuming to generate. In contrast, VIGS offers a rapid
and flexible approach for transient functional analysis, enabling the parallel interrogation of
multiple candidate genes in complex pathways. We therefore view VIGS and CRISPR as
complementary strategies: VIGS serves as a front-line method for rapid discovery and
hypothesis generation, whereas CRISPR mutants can provide definitive long-term validation
of gene function.

Interestingly, Der and colleagues provide a review article indicating that phytosterols regulate
plant-microbe interactions through a wide range of mechanisms (Der et al., 2024). They
proposed that phytosterols contribute to remodeling the plant plasma membrane, potentially
altering host-microbe dynamics. Their review suggests that targeted modulation of phytosterol
biosynthesis could serve as a strategic approach to engineer plant-microbe outcomes. Building
upon this hypothesis, we employed VIGS to manipulate phytosterol composition in tomato
roots, resulting in changes in the microbial community structure. While the mechanistic basis
for this shift is likely multifactorial, one plausible explanation is that altered phytosterol content
modifies membrane permeability or transporter function, thus influencing microbial
recruitment and nutrient exchange. For example, phytosterols have been implicated in
regulating efflux mechanisms involved in pathogen defense by modulating membrane integrity
(Wang et al., 2012). Therefore, we propose that shifts in phytosterol composition may affect
both pathogen resistance and microbial community dynamics. This notion is supported by our
correlative analyses, which revealed positive associations between B-sitosterol and the
abundance of Mycobacterium and Pseudomonas spp (Figure 7d). Several studies have shown
that these genera harbor enzymes capable of degrading plant-derived sterols, including [3-
sitosterol (Doherty et al., 2023; Donova and Egorova, 2012; Mahato et al., 1981; Vidal et al.,
2001; K. Wang et al.,, 2012). These findings provide further evidence that phytosterol
availability in the rhizosphere may serve as a selective force favoring specific microbial taxa.
To further investigate the role of altered phytosterols, the next step would involve studying the
physiological changes in plant cell plasma membranes or conducting a dedicated study on the
functionality of the altered microbes.

All in all, our study shows that genes of the cycloartenol-derived triterpenoid pathway,
including SISMTI and SISSR2, play central roles in shaping tomato root sterol and SGA

metabolism, with downstream effects on the composition of the root-associated microbiome.
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These findings highlight how perturbations in plant specialized metabolism can restructure
rhizosphere communities, offering new insights into the chemical ecology of plant-microbe

interactions.

Materials and Methods

Plant growth conditions and sample preparation

Tomato seeds (Solanum lycopersicum cv. Moneymaker) were germinated in the dark at 24 °C
for three days in Petri dishes placed in a climate-controlled chamber. Once roots emerged,
seedlings were transplanted into pots containing potting soil and grown under controlled
conditions (21 °C, 60% relative humidity, 16 h light/8 h dark photoperiod). Plants were
irrigated with tap water every other day. After full expansion of the cotyledons, plants were
subjected to agroinfiltration. Samples were harvested three weeks post-treatment. Root
exudates were collected from four-week-old plants by applying distilled water to the soil and
retrieving 200 mL of the resulting filtrate in a beaker, a volume previously validated to reflect
the authentic composition of root secretions. Roots were carefully excavated, rinsed to remove
residual soil, blotted dry with tissue paper, weighed, flash-frozen in liquid nitrogen, and stored
at —80 °C. Of the collected root exudates, 55 mL were preserved at 4 °C for subsequent
analyses. Leaf tissue was harvested from both young (post-fourth leaf, including the apical
meristem) and mature (first four post-cotyledon) leaves. All leaf samples were snap-frozen in

liquid nitrogen and stored at —80 °C.

Plasmid construction for virus-induced gene silencing

Tomato root tissues were ground in liquid nitrogen using a mortar and pestle. Total RNA was
extracted with the TRIzol™ reagent (Thermo Fisher Scientific), followed by DNA removal
using Turbo DNase (Thermo Fisher Scientific). First-strand cDNA synthesis was carried out
using oligo-dT primers and RevertAid Reverse Transcriptase, in line with the manufacturer's
instructions. Gene fragments for VIGS targeting SICASI (Solyc04g070980), SISMTI
(Solyc01g087560), and SISSR2 (Solyc02g069490) were selected via the Sol Genomics VIGS
tool (vigs.solgenomics.net). These fragments were amplified by PCR (primers in
Supplementary Table S4), ligated into the Smal-digested TRV2 vector using T4 DNA ligase,
incubated overnight at room temperature, then heat-treated at 65 °C for 10 minutes. Constructs

were then introduced into E. coli cells for cloning.
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Viral inoculation

Agrobacterium tumefaciens strain GV3031 was transformed with the respective VIGS
constructs and resuspended in an infiltration buffer (MMA) composed of 10 mM MES (pH
5.6), Murashige and Skoog basal salts (2.5 g/50mL), and 200 uM acetosyringone. The
bacterial suspensions were adjusted to an ODsoo of 1.0 and incubated at room temperature in
the dark for 3 hours. Equal volumes of Agrobacterium cultures containing pTRV1 and the
corresponding pTRV?2 constructs were mixed (1:1 ratio) and infiltrated into tomato cotyledons

using a syringe without a needle.

Quantitative Real-Time PCR

Leaf and root tissues were ground in liquid nitrogen, and total RNA was extracted from
~100 mg of tissue using TRIzol™ Reagent in combination with the RNeasy Mini Kit (Qiagen),
following the manufacturer’s protocols, including on-column DNase treatment (RNase-Free
DNase Set, Qiagen), as described by Untergasser (2008). A total of 800 ng of RNA was reverse
transcribed using oligo(dT) primers and RevertAid Reverse Transcriptase (Thermo Scientific).
The resulting cDNA was diluted to a final volume of 100 pL.

Quantitative PCR (qPCR) reactions (10 pL) consisted of 2 uL primer mix (forward and reverse,
0.5 uM each), 1 uL diluted cDNA, 2 uL 5x HOT FIREPol® EvaGreen® qPCR Mix Plus
(ROX), and 3 pL Milli-Q water. Amplifications were performed on a 7500 Real-Time PCR
System (Applied Biosystems) with the following cycling conditions: initial denaturation at
95°C for 10 min, followed by 40 cycles of 95°C for 15s and 60°C for 1 min. Primer
specificity was verified by melting curve analysis, and PCR efficiencies were determined using
a standard curve generated from serially diluted cDNA.

Gene expression levels were normalized to the reference gene SGN-U584254, following Zhang
et al. (2018). Fold changes were calculated as the ratio of mean expression values in treated

versus control samples.

Sample preparation for GC-MS analysis

Root tissues were ground to a fine powder using a pre-chilled mortar and pestle in liquid
nitrogen. Separately, 30 mL of collected root exudates were freeze-dried. For metabolite

extraction, 100 mg of root powder and the freeze-dried exudate samples were each spiked with
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15 uLL of ergosterol (Sigma-Aldrich, MO, USA) as an internal standard, yielding a final
concentration of 4.5 uM in 1 mL of chloroform/methanol (2:1, v/v).

Samples were extracted at 75°C for 1 hour, followed by a 1-hour incubation at room
temperature. The organic extracts were evaporated to dryness and subsequently subjected to
saponification by incubation at 75 °C for 1 hour in 1 mL of 6% (w/v) KOH in methanol. After
cooling to room temperature, 0.5 mL n-hexane and 0.5 mL water were added, and samples
were vortexed for 20 seconds. The mixture was centrifuged, and the n-hexane (upper) phase
was collected. The aqueous phase was re-extracted with an additional 0.5 mL of n-hexane, and
both organic fractions were combined and evaporated to dryness. The resulting residues were
reconstituted in 200 pL n-hexane and transferred into silanized conical inserts for further
evaporation prior to analysis.

For quantification, a five-point external calibration curve was prepared using authentic
standards of ergosterol, cycloartenol, campesterol, stigmasterol, -sitosterol, and cholesterol.
Standard concentrations ranged from 0.03 uM to 300 uM for root samples, and from 0.015 uM
to 150 uM for root exudates. Single-point standards were prepared by combining 200 puL
aliquots of each compound from 0.3 mM isopropanol stock solutions. These mixtures were
evaporated to dryness, reconstituted in 200 pL of n-hexane, and transferred into silanized

conical inserts for final evaporation prior to GC-MS analysis.

Sample preparation for untargeted LC-MS

Root samples were finely powdered using a mortar and pestle, while 25 mL of root exudate
was lyophilized. Both 100 mg of powdered root material and freeze-dried exudate were
extracted using 300 pL of a solution consisting of 80% methanol and 0.1% formic acid. After
vortexing for 10 seconds and sonication for 15 minutes, samples were centrifuged at full speed
for 5 minutes. The supernatant was filtered using a 0.2 pm nylon micro-spin filter (Thermo,
Waltham, MA, USA) and used for subsequent analysis. Additionally, reference standards for

tomatine and a-tomatine were injected for compound identification.

GC-MS sample derivatization and analysis

For GC-MS profiling, dried extracts were derivatized in an automated process. Initially, 80 pL
of pyridine was added to each vial, and the mixture was agitated at 65 °C for 5 minutes. This
was followed by the addition of 50 pL of MSTFA (Sigma-Aldrich), with a 40-minute

incubation at the same temperature. A mixture of straight-chain alkanes (C7-C30) was then
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introduced (20 pL) as a retention index standard. After a brief 90-second agitation at 65 °C,
1 uL of the final mixture was injected into a Split/Splitless injector (GC-8860, Agilent
Technologies), operated at 230 °C with a split time of 1.5 minutes. Chromatographic separation
was carried out using a 30 m X 250 um x 0.25 pm HP-5MS column (Agilent Technologies)
with a CP8007 retention gap. The oven was programmed to start at 80 °C (2.25 min hold),
ramp at 15 °C/min to 325 °C, and hold for 6 minutes. Electron Impact (EI) ionization at 70 eV
was used, with source and quadrupole temperatures set to 230 °C and 150 °C, respectively. A
gain factor of 15 was applied, corresponding to 1860 V. Data were collected in scan mode (70—
600 m/z, 5.2 scans/s).

Data were analyzed using MassHunter Quantitative Analysis (v10.1, Agilent Technologies).
Quantification was performed relative to 4.5 pM ergosterol as an internal standard. Peak
integration targeted the most intense ion (100% peak) with additional major ions used for

identification. Calibration curves established previously were used for quantification.

LC-MS analysis and data processing

Samples were analysed on a Quadrupole Time of Flight Mass Spectrometer (QTOF-MS)
equipped with a dual-stage trapped ion mobility separation cell (timsTOF pro Bruker Daltonics
Inc, Billerica, MA, USA). Chromatographic separation was achieved on a UHPLC system
(Thermo Scientific, Germany) using an Acquity UPLC CSH C18 column (2.1 mm % 100 mm,
1.7 pm) with a matching VanGuard pre-column. A linear gradient from 1% to 99% acetonitrile
over 18 minutes at 0.4 mL/min was applied, with 0.1% formic acid in water and in acetonitrile
serving as solvents A and B, respectively. After elution, the system returned to initial
conditions for re-equilibration.

Ionization was performed via an Apollo IT ESI source with an ion funnel. Analyses were
conducted in both positive and negative ion modes through separate runs. Key source settings
included capillary voltages of 4500 V (positive) or -3500 V (negative), 500 V end plate offset,
250 °C drying temperature, nitrogen desolvation at 8.0 L/min, and 3.0 bar nebulizer pressure.
Data acquisition used tims-off mode with Auto MS/MS: 350 cts switching threshold, 0.5 s
cycle time, three-scan exclusion, and 0.2 min release time. Fragmentation was performed by
collision with nitrogen gas at energies between 20-30 eV. The QTOF analyzer scanned ions in
the 20-1300 m/z range.

Data preprocessing was carried out in MetaboScape 5.0 (Bruker Daltonics), to carry out data

deconvolution, peak-picking, and alignment of m/z features using the T-ReX 3D peak
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extraction and alignment algorithm. Extraction settings were a minimum peak length of 8
spectra (7 for recursive mode), and intensity thresholds of 1000 (root extract) and 700 (root
exudates). Feature tables with 29,214 (root extract) and 20,574 (root exudates) entries were
generated after adduct grouping based on retention time and mass differences.

Feature annotation was performed using SMARTFORMULA with strict (3.0 mDa, mSigma
15) and relaxed (5.0 mDa, mSigma 30) parameters. Matches were made against various
spectral libraries, including MetaboBASE 3.0, HDBM 2.0, in silico MetaboBASE 2.0,
MSDIAL LipidDBs, MoNA VF NPL QTOF, and GNPS. Criteria for confident annotation
required a minimum of two green boxes in the annotation quality score. Manual curation was
based on prior literature (Heinig and Aharoni, 2014; Iijima ef al., 2013; Li et al., 2006).
Following data preprocessing in MetaboScape, feature tables were exported as CSV files for
subsequent statistical analyses. In parallel, raw LC-MS/MS data and associated metadata were
uploaded to the GNPS platform (https://gnps.ucsd.edu/ProteoSAFe/static/gnps-splash.jsp) for
Feature-Based Molecular Networking (FBMN). This was followed by chemical class
annotation using the MolNetEnhancer workflow, which integrates in silico tools and spectral
libraries to support compound classification. To further analyse the data, feature tables were
processed using the MSClust algorithm (Tikunov et al., 2012), which groups ion features
originating from the same metabolite into clusters. This resulted in 1117 (root extract) and 247
(root exudates) tentative metabolites. Filtering retained features present in at least 50% of
samples in each condition, with peak areas above 200 and a standard deviation below the mean
in at least one condition. The refined datasets included 713 (root extract) and 175 (root
exudates) putative compounds.

Data normalization involved log transformation, mean centering, and scaling. Blank and QC
samples were excluded based on PCA and PLS-DA assessments (data not shown). PLS
analysis was conducted using mixOmics (v6.28.0) (Rohart ez al., 2017), and UpSet plots were
generated via the UpSetR package (v1.4.0) (Conway et al., 2017).

Microbial DNA extraction, sequencing, and analysis

For microbiome profiling, root samples were flash-frozen and ground into a fine powder with
liquid nitrogen. A total of 250 mg of this material was used for microbial genomic DNA
isolation using the DNeasy PowerSoil Kit (Qiagen, Hilden, Germany), following the

manufacturer's standard protocol. DNA quality and concentration were evaluated using both a
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NanoDrop spectrophotometer and a Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA),
with high-sensitivity DNA quantification kits.

Metabarcoding was performed at Genome Québec (Montréal, Québec, Canada) using the
Illumina NovaSeq6000 SP platform, employing a 2 X 250 bp paired-end sequencing strategy.
The V3-V4 regions of the bacterial 16S rRNA gene were amplified using primers 341F (5'-
CCTACGGGNGGCWGCAG-3") and 805R (5'-GACTACHVGGGTATCTAATCC-3'), as
forward and reverse primers respectively.

Initial sequence demultiplexing was handled by the Genome Québec core facility. Subsequent
read preprocessing - including adapter trimming, quality filtering, merging, and taxonomic
assignment - was conducted using the dadasnakepipeline (Weillbecker et al., 2020). Processing
settings included a minimum quality score of 2, a maximum of two expected errors, zero
mismatches, and a minimum of 12 nucleotide overlap during read merging. Taxonomic
classification was performed in mothur using the SILVA SSU v138 reference database.
Rarefaction analysis confirmed saturation across all samples and both primer sets. After
removing host-derived contaminants and performing initial filtering, a total of 12,739
Amplicon Sequence Variants (ASVs) were retained for downstream analyses.

Alpha and beta diversity metrics, taxonomic composition, and differential abundance analyses
were carried out using the phyloseq (v1.36.0) and DESeq2 (v1.32.0) packages in R (v4.1.1)
(Michael I Love et al., 2014). ASVs were filtered to retain only those present in more than 50%
of the samples within at least one treatment group. To address sparsity and compositionality,
the zero-inflated negative binomial wanted variance explained (ZINB-WaVE) method
within DESeq2 (Van den Berge et al., 2018) was applied. Multivariate analyses - including
Principal Component Analysis (PCA) and PERMANOVA - were performed using the
normalized and transformed ASV. Heatmap visualizations were generated using the pheatmap

package (v1.0.12) in R (Kolde and Kolde, 2015).

Integration of microbial and metabolomic Data

Following separate preprocessing, normalization, and scaling steps, untargeted LC-MS and
16S rRNA datasets were concatenated for integrative analysis. The combined dataset was
modeled using Analysis of Variance Simultaneous Component Analysis Plus (ASCA+) as
outlined by (Thiel et al., 2017). Two replicates from the SISMTI treatment group were

identified as outliers and excluded from further analysis.
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The 20 most influential ASVs and metabolites were selected based on their contributions to
the experimental variance, with features ranked using Variable Importance in Projection (VIP)
scores derived from the first two principal components. Both loading and score plots were
visualized using the ggplot2 package (Wilkinson, 2011). A comprehensive heatmap of these
top-ranked features was constructed with pheatmap version 1.0.12 (Kolde and Kolde, 2015).
Phytosterol data and 16S community profiles were further explored through partial least
squares (PLS) modeling. All graphical outputs were generated with ggplot2. A correlation
network linking the top 20 ASVs with all identified phytosterols (as determined by targeted
GC-MS) was built using the tidygraph (v1.3.1; Pederson, 2024) and ggraph(v2.2.1; Pederson,
2024) packages.
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Supplementary information

Suppl. Table S1. Root weight of tomato plants subjected to Virus-Induced Gene Silencing of Solanum
lycopersicum Cycloartenol Synthase 1 (CAS1) was compared to the control (Solanum lycopersicum f3-
Glucuronidase (GUS)) to evaluate potential differences in root biomass. TRV2 refers to Tobacco Rattle

Virus RNA2 vector.

Sample Name Replicate | root weight (g)

TRV2-GUS 1 TRV2 GUS 1 1,79
TRV2-GUS 2 TRV2 _GUS 2 2,33
TRV2-GUS 3 TRV2_GUS 3 1,65
TRV2-GUS 4 TRV2 _GUS 4 2,22
TRV2-GUS 5 TRV2_GUS 5 1,45
TRV2-GUS 6 TRV2_GUS 6 1,85
TRV2-GUS 7 TRV2_GUS 7 2,66
TRV2-GUS 8 TRV2_GUS 8 2,33
TRV2-GUS 9 TRV2 GUS 9 2,78
TRV2-GUS 10 |TRV2 GUS 10 1,92
TRV2-CAS1 1 |TRV2_CASI 1 0,85
TRV2-CAS1 2 |TRV2 _CASI 2 0,35
TRV2-CAS1 3 |TRV2 _CASI 3 0,17
TRV2-CAS1 4 |TRV2 _CASI 4 0,85
TRV2-CAS1 5 |TRV2 CASI 5 0,27
TRV2-CAS1 6 |TRV2 CASI 6 0,18
TRV2-CAS1 7 |TRV2 _CASI 7 0,35
TRV2-CAS1 8 |TRV2 CASI 8 0,32
TRV2-CAS1 9 |TRV2 CASI 9 0,26
TRV2-CAS1 10 | TRV2 CASI 10 3,61
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Suppl. Table S2. Permutational multivariate analysis of variance (PERMANOVA) was performed on
16S microbiome data and metabolomics data from root extracts and exudates to assess the effects of
different treatments on microbial and metabolic composition.

Table 1: PERMANOVA 16S

Df Sumofsqs R2 F Pr(>F)
cond 2 8336.969 0.1619533 2415636 0.001
Residual 25 43140.648 0.8380467
Total 27 51477.617 1.0000000

Table 2: PERMANOVA LCMS Extract

Df Sumofsqs R2 F Pr(>F)
cond 2 6270.469 0.1529596 2257265 0.001
Residual 25 34723814 0.8470404
Total 27 40994283 1.0000000

Table 3: PERMANOVA LCMS Exudate

Df Sumofsqs R2 F Pr(>F)
cond 2 1307155 0.2006179 3.513527 0.001
Residual 28 5208491 07993821
Total 30 6515647 1.0000000
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Suppl. Table S3. Differential abundance analysis of amplicon sequence variants (ASVs) comparing all
treatments to the control Solanum lycopersicum pB-Glucuronidase (SIGUS) identified ASVs from
multiple bacterial families that showed significant changes in abundance. The three treatments included
S. lycopersicum STEROL SIDE CHAIN REDUCTASE 2, STEROL METHYLTRANSFERASEI, and

PHYTOENE DESATURASE silencing.

IASV  [Domai Phylum [Class Order Family Genus

n
OTU __ Bacteri[ProteobactGammaprot Burkholderiales Comamonadaceae [Kinneretia
00162 |a eria eobacteria
OTU _ Bacteri [ProteobactiGammaprot Burkholderiales (Comamonadaceae [Kinneretia
00188 fa eria eobacteria
OTU __ Bacteri[ProteobactGammaprot Burkholderiales (Oxalobacteraceae [Unspecified
00109 |a eria eobacteria
OTU _ Bacteri [ProteobactGammaprot [Burkholderiales (Oxalobacteraceae [Unspecified
00148 fa eria eobacteria
OTU __ Bacteri[ProteobactGammaprot Burkholderiales (Oxalobacteraceae [Unspecified
00247 |a eria eobacteria
OTU _ Bacteri [ProteobactGammaprot Burkholderiales [Burkholderiaceae [Pandoraea
00161 fa eria eobacteria
OTU __ Bacteri|[ProteobactGammaprot Burkholderiales |Alcaligenaceae  [Castellaniella
00272 |a eria eobacteria
OTU __ [Bacteri [ProteobactGammaprot [Xanthomonadal [Rhodanobacterace Rhodanobacter
00189 fa eria eobacteria fes ae
OTU __ Bacteri|[ProteobactGammaprot [Xanthomonadal Rhodanobacterace [Rhodanobacter
00218 |a eria eobacteria |es ac
OTU __ [Bacteri [ProteobactGammaprot [Xanthomonadal [Rhodanobacterace Rhodanobacter
00180 fa eria eobacteria fes ae
OTU _ Bacteri|ProteobactGammaprot [Xanthomonadal Rhodanobacterace [Rhodanobacter
00131 |a eria eobacteria |es ae
OTU__ Bacteri [ProteobactGammaprot [Xanthomonadal [Rhodanobacterace [Dyella
00311 fa eria eobacteria fes ae
OTU _ Bacteri[FirmicutesClostridia  [Clostridiales  |Clostridiaceae Clostridium_sens
00126 ja u_stricto_1
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OTU_ Bacteri[Firmicutes/Clostridia |Clostridiales  |Clostridiaceae Clostridium_sens

00253 fa u_stricto 1

OTU_ Bacteri|Actinobac |Actinobacte [Corynebacterial Mycobacteriaceae [Mycobacterium

00472 ja teriota ria es

OTU _ Bacteri|Actinobac [Actinobacte [Streptomycetale[Streptomycetaceae [Unspecified

00041 |a teriota  [ria S

OTU _ Bacteri|Actinobac |Actinobacte [Streptomycetale|Streptomycetaceae [Streptomyces

00287 ja teriota ria S

OTU _ Bacteri|Actinobac |Actinobacte [PropionibacteriaNocardioidaceae [Kribbella

00367 |a teriota  [ria les

OTU __ Bacteri [ProteobactAlphaproteo Micropepsales [Micropepsaceae  [Unspecified

00289 ja eria bacteria

OTU _ Bacteri [ProteobactAlphaproteo Micropepsales [Micropepsaceae  [Unspecified

00293 |a eria bacteria

OTU__ Bacteri [Proteobact/Alphaproteo Rhizobiales Xanthobacteraceae |Bradyrhizobium

00154 ja eria bacteria

OTU_ Bacteri [Proteobact|Alphaproteo|Rhizobiales Xanthobacteraceae [Unspecified

00103 |a eria bacteria

OTU__ Bacteri [Proteobact/Alphaproteo Rhizobiales Xanthobacteraceae|Afipia

00087 ja eria bacteria

OTU _ Bacteri [Proteobact|Alphaproteo|Rhizobiales Devosiaceae Devosia

00044 |a eria bacteria

OTU __ Bacteri [Proteobact/Alphaproteo Rhizobiales Rhizobiaceae /Allorhizobium-

00214 ja eria bacteria INeorhizobium-
Pararhizobium-
Rhizobium

OTU_ Bacteri [Proteobact|Alphaproteo|Sphingomonada|Sphingomonadace [Novosphingobium

00696 |a eria bacteria les ae

OTU __ Bacteri [Proteobact/Alphaproteo [SphingomonadaSphingomonadace [Sphingobium

00212 ja eria bacteria les ae

OTU __ Bacteri Proteobact/Alphaproteo Rhizobiales Rhizobiaceae IAllorhizobium-

00057 |a eria bacteria INeorhizobium-
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Pararhizobium-

Rhizobium
OTU _ [Bacteri [Proteobact|Alphaproteo|Rhizobiales Hyphomicrobiacea|Hyphomicrobium
00316 fa eria bacteria e
OTU _ Bacteri [Proteobact|Alphaproteo|Caulobacterales (Caulobacteraceae |Asticcacaulis
00172 |a eria bacteria
OTU__ Bacteri [Proteobact/Alphaproteo [Caulobacterales (Caulobacteraceae |Asticcacaulis
00141 ja eria bacteria
OTU_ Bacteri [VerrucomiVerrucomicr|Opitutales Opitutaceae [Unspecified
00275 |a crobiota |obiae
OTU __ Bacteri|[Verrucomi|Verrucomicr|Opitutales Opitutaceae Unspecified
00167 |a crobiota |obiae
OTU_ Bacteri [FirmicutesBacilli Paenibacillales [Paenibacillaceae |[Unspecified
00374 |a
OTU__ Bacteri FirmicutesBacilli Paenibacillales [Paenibacillaceae |[Paenibacillus
00052 |a
OTU_ Bacteri [FirmicutesBacilli Paenibacillales [Paenibacillaceae |[Paenibacillus
00152 |a
OTU__ Bacteri [FirmicutesBacilli Paenibacillales [Paenibacillaceac |Cohnella
00140 |a
OTU_ Bacteri [Verrucomi[Verrucomicr|Pedosphaerales [Pedosphaeraceae [Ellin516
00821 |a crobiota |obiae
OTU__ BacteriBacteroid Bacteroidia [Chitinophagales|Chitinophagaceae [Chitinophaga
00667 fa ota
OTU _ Bacteri[Patescibac[Parcubacteri|Candidatus_No |Candidatus Nomu (Candidatus Nom
00988 fa teria a murabacteria  rabacteria_fa urabacteria_ge
OTU _ Bacteri [Firmicutes/Clostridia  [Lachnospirales [Lachnospiraceae [Unspecified
00276 |a
OTU_ Bacteri (Chloroflex[KtedonobactKtedonobacteralKtedonobacteracea[Unspecified
00584 |a i eria es e
OTU __ Bacteri [Patescibac|Saccharimo [Saccharimonadales [Unspecified
00039 ja teria nadia
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00426

OTU_

Bacteri

a

IAcidobact

eriota

IAcidobacter

iae

IAcidobacteriale

S

IAcidobacteriaceae

| (Subgroup_1)

Granulicella

01011

OTU_

Bacteri

a

Proteobact

eria

Gammaprot

eobacteria

Burkholderiales

Comamonadaceae

Unspecified

00297

OTU_

Bacteri

a

IProteobact

eria

Gammaprot

eobacteria

Burkholderiales

Comamonadaceae

|Acidovorax

00058

OTU_

Bacteri

a

Proteobact|

eria

Gammaprot

eobacteria

Burkholderiales

Oxalobacteraceae

Massilia

00208

OTU_

Bacteri

a

IProteobact

eria

Gammaprot

eobacteria

Burkholderiales

Methylophilaceae

Methylotenera

00059

OTU_

Bacteri

a

IProteobact

eria

Gammaprot
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Suppl. Table S4. Primers used in this study.

Name Sequences (5'-3")

GUS uidA_For TGCTGTCGGCTTTAACCTCT
GUS uidA_Rev GGCACAGCACATCAAAGAGA
Solyc04g070980_CAS1 For TGGAAGTTGAAAGTAGCAGAAGG
Solyc04g070980 CAS1_Rev CGCTCTTCTCAGTGTGGTAGC
Solyc01g087560_SMT1_For GTCAAAACAAGGGGCTTTTG
Solyc01g087560_SMTI1_Rev CAAGGCAAGGAAGTGCTCAT
Solyc03g123760_PDS For IAGGCACTCAACTTTATAAACC
Solyc03g123760_PDS Rev CTTCAGTTTTCTGTCAAACC
Solyc02g069490 SSR2 For GTGGCCACTGCTTACCCTAA
Solyc02g069490 SSR2 Rev CATTCCAACAACCACCCAAG
HK SGN _U584254 RT For GGTTCCTATTGCTGCGTT

HK SGN_U584254 RT Rev CGAAGACAAGGCCTGAAA
Solyc04g070980 CAS RT For [TGGGGAAGGAGCTAATGATG
Solyc04g070980 CAS RT Rev |CCATGATGTAATGGCTGTGG
Solyc01g087560 SMT1 RT For [TTCGGCACTTGAATATGTGG
Solyc01g087560 SMT1 RT Rev [TACTTGGCACCACCAACAAG
Solyc03g123760 PDS RT For GGACAGGGTGACAGATGAGG
Solyc03g123760 PDS RT Rev  |AATGCGATCAAAATGCACTG
Solyc02g069490 SSR2 RT For |ATATGGGCCAAATGTCAAGG
Solyc02g069490 SSR2 RT Rev |CATTGATCAAACCACCAACG
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TRV2_GUS vs TRV2_SSR2 primer:DWF1

0.8-

name

B GUS

B8 SSR2

values

0.4~

02~

name

Supplemental Figure 1. Expression level of S. lycopersicum STEROL SIDE CHAIN REDUCTASE 1
(SISSR1/DWFI) in Virus-Induced Gene Silencing treated tomato roots. BETA-GLUCURONIDASE
(GUS) was used as a negative control, and STEROL SIDE CHAIN REDUCTASE 2 (SISSR2)-silenced
plants were included for comparison. Gene expression was analyzed using qRT-PCR, with SGN-
U584254 as the reference gene.
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Supplemental Figure 2. Molecular networks of the metabolites in root extracts of tomato plants in
which gene expression was silenced using Virus Induced Gene Silencing (VIGS). S. lycopersicum
STEROL SIDE CHAIN REDUCTASE 2 (SISSR2), STEROL METHYLTRANSFERASE1 (SISMT1), and
PHYTOENE DESATURASE (SIPDS) genes were targeted by VIGS. BETA-GLUCORONIDASE (GUS)
was used as negative control. Raw data were processed using the GNPS online tool using feature based
molecular networking followed by MolNetEnhancer workflow. No matches indicates that the features
did not fit in any of the mentioned molecular classes.
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Supplemental Figure 3. Molecular networks of the metabolites in root exudates extracts of tomato
plants in which gene expression was silenced using Virus Induced Gene Silencing (VIGS). S.
lycopersicum STEROL SIDE CHAIN REDUCTASE 2 (SISSR2), STEROL METHYLTRANSFERASEI
(SISMT1), and PHYTOENE DESATURASE (SIPDS) genes were targeted by VIGS. BETA-
GLUCORONIDASE (GUS) was used as negative control. Raw data were put into GNPS online tool
using feature based molecular networking followed by MolNetEnhancer workflow. No matches
indicates that the features did not feat in any of the mentioned molecular classes.
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Supplemental Figure 4 Root bacterial diversity in Virus-Induced Gene Silenced (VIGS) tomato plants.
(a) Alpha diversity: Species richness represents the number of distinct species in each group, while the
Shannon index (b) reflects overall microbial community diversity. Different letters indicate significant
differences between groups (p < 0.05). (c¢) Principal coordinate ordination based on Bray-Curtis
distance. Each dot represents a replicate, and the colors indicate different treatments. VIGS targeted S.
lycopersicum STEROL SIDE CHAIN REDUCTASE 2 (SISSR2), STEROL METHYLTRANSFERASE 1
(SISMTI), and PHYTOENE DESATURASE (SIPDS) genes. BETA-GLUCURONIDASE (GUS) was
used as a negative control.
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Supplemental Figure 5 Relative abundance of bacterial taxa at the phylum (a) and class (b) levels in
the roots of tomato plants in which STEROL SIDE CHAIN REDUCTASE 2 (SISSR2), STEROL
METHYLTRANSFERASE 1 (SISMTI), and PHYTOENE DESATURASE (SIPDS) were transiently
silenced using Virus-Induced Gene Silencing. f-GLUCURONIDASE (GUS) was used as a negative

control.

126



CHAPTER 3

a c
LCMS LCMS and 16S
604 ‘
2 3 304 2 Group
& 8 0e0® 4 =
2 1@ o 3 T e | ® o
& ° N 04 ® N © smT1
.0, 0% = -30-‘ ® _ ¢ © ssre
® o N
_l_l_'_IJI_' -60 4 T T T T T T T T T T
10 5 0 5 10 25 0 25 50 75 25 0 25 50 75
PC154.3% PC1 58.52% PC158.19%

Supplemental Figure 6. ANOVA Simultaneous Component Analysis plus (ASCA+) of different
datasets from root analysis: (a) Metabolomics data and (b) Bacterial community data, and (c) Integration
of metabolomics and bacterial community data. Red dots represent B-Glucuronidase (GUS) samples,
blue dots represent S. lycopersicum Sterol Side Chain Reductase 2 (SISSR2) samples, and green dots
represent Sterol Methyltransferase 1 (SISMTI) samples. The percentages labeled on the axes indicate
the variance explained by the ASCA+ models, excluding residual variance not accounted for by the
experimental design.
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