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Non-targeted metabolomics
reveals fatty acid and associated
pathways driving resistance to
whitefly and tomato leafminer in
wild tomato accessions

Sunil Kumaraswamy'2, Kalenahalli Yogendra3, Paola Sotelo-Cardona*>, Aparna Shivanna®,
Sanivarapu Hemalatha?, Muthugounder Mohan' & Ramasamy Srinivasan“**

Wild tomato species exhibit natural insect resistance, yet the specific secondary metabolites and
underlying mechanisms governing the resistance remain unclear. Moreover, defense expression
dynamically adapts to insect herbivory, causing significant metabolic changes and species-specific
secondary metabolite accumulation. The present study aims to identify the resistance-related
metabolites in wild tomato accessions that influence the defense mechanism against whitefly (Bemisia
tabaci Asia Il 7) and leafminer (Phthorimaea absoluta). In this study, LC-HRMS-based non-targeted
metabolomics of resistant wild (Solanum cheesmaniae and Solanum galapagense) and susceptible
cultivated (Solanum lycopersicum) accessions following 6- and 12-h post-infestation (hpi) by B.

tabaci Asia Il 7 and P. absoluta revealed distinct sets of resistance-related constitutive (RRC) and
induced (RRI) metabolites. The key resistance-related metabolites were those involved in the fatty
acid and associated biosynthesis pathways (e.g., triacontane, di-heptanoic acid, dodecanoic acid,
undecanoic acid, N-hexadecanoic acid, pentacosane, monogalactosyldiacylglycerols, sphinganine,
and 12-hydroxyjasmonic acid), which are recognized for their direct or indirect role in mediating plant
defense against insects. Additionally, the differential accumulation of metabolites was evident through
partial least squares-discriminant analysis (PLS-DA), highlighting differences in metabolite profiles
between resistant and susceptible accessions at 6 and 12 hpi of B. tabaci and P. absoluta. Volcano

plot analysis revealed a higher number of significantly upregulated metabolites in wild accessions
following herbivory. Moreover, wild tomato accessions responded uniquely to B. tabaci and P. absoluta,
highlighting species-specific metabolic responses of tomato accessions to the two feeding guilds. This
study uncovered biochemical mechanisms governing resistance in wild tomato accessions, elucidated
the influence of dual herbivory on the plant metabolome, and offered well-characterized parent
materials and candidate metabolites for breeding insect-resistant varieties.

Keywords Plant-herbivore interaction, Metabolomics, Constitutive and induced metabolites, Whitefly,
Tomato leafminer, Plant defense

Tomato, Solanum lycopersicum Linnaeus is damaged by two important insect herbivores, the whitefly, Bemisia
tabaci Gennadius (Hemiptera: Aleyrodidae) and tomato leafminer, Phthorimaea absoluta Meyrick (Lepidoptera:
Gelechiidae) (Synonym: Tuta absoluta). B. tabaci causes damage through sap feeding and acts as a disease
vector!?, notably, it exhibits cryptic species complex, including Asia IT 7°. At the same time, P absoluta is one
of the most destructive pests of tomatoes, resulting in substantial yield losses*. Tomatoes are highly susceptible
to B. tabaci and P. absoluta infestations, often necessitating chemical control, resulting in resistance to multiple
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insecticide classes™®. Therefore, developing insect-resistant tomatoes is critical to reducing losses from these
pests.

Plants have evolved intricate defense systems encompassing physical traits such as thorns, trichomes,
and specialized secondary metabolites that deter or harm herbivores’. These defenses can be constitutive or
induced and emerge as a response to stresses, including herbivory, involving the active synthesis of secondary
metabolites®. These interacting herbivores induce changes in the plants metabolome, activating defense
metabolites to deter pests’. Similarly, in tomatoes resistance to B. tabaci'®!! and P absoluta'>!® is mainly
mediated by glandular trichomes and chemical defenses, especially in wild species. Wild tomato species serve
as valuable sources of genetic material for breeding resistant cultivars'. The availability of tomato genotypes
and wild tomato species with high resistance levels to B. tabaci and P. absoluta provides significant potential
for developing resistant varieties'*. Additionally, wild accessions of Solanum galapagense Darwin & Peralta and
Solanum pimpinellifolium Linnaeus are closely related to S. lycopersicum, providing breeding compatibility’*.
However, the biochemical mechanisms underlying tomato resistance, particularly under herbivore stress remain
poorly understood. Nonetheless, the metabolomics approach can help unveil the biochemical basis of resistance
under herbivore stress.

Previous studies used the metabolomics approach and shown changes in terpenoid and flavonoid profiles
in tomatoes in response to B. tabaci herbivory!'®!>, and metabolomics has also been applied to unveil resistance
to Tomato yellow leaf curl virus (TYLCV)!® and Tomato curly stunt virus (ToCSV)' transmitted by B. tabaci.
Similarly, herbivory by P. absoluta accumulated phenol amides, spermine dihydro cinnamic acid and induced
both phenylpropanoid and polyamine precursor pathways'® and other compounds, including fatty acids,
acylsugars, chlorogenic acid, neochlorogenic acid, and feruloyl quinic acid in tomatoes which govern resistance'.
Additionally, the metabolomics was used to elucidate the biochemical basis of resistance to other tomato pests
like western flower thrips, Frankliniella occidentalis Pergande®® and spider mites, Tetranychus urticae Koch?!.
However, most of these studies relied on a targeted approach, which presented some limitations in the detection
range.

Nonetheless, non-targeted metabolomics has proven successful in unraveling the systematic biochemical
responses of plants to various stresses?’. Liquid chromatography-mass spectrometry (LC-MS) based non-
targeted metabolomics can be leveraged to identify endogenous candidate resistance-related (RR) metabolites
involved in plant-herbivore interactions and to provide insights into phenotypic variations®. In plant breeding,
metabolomics is a valuable diagnostic tool for evaluating plant performance and investigating essential metabolic
markers associated with resistance to biotic or abiotic stress?*. Integrating metabolomics with other omics unveils
a comprehensive, multi-layered view of systems biology, linking genes to function?. This integration streamlines
crop breeding for developing resistant varieties by expanding the genetic pool, identifying novel genes, enabling
stress-tolerant introgression breeding, and discovering metabolic traits?®.

Host plant resistance proved a highly economical and environmentally friendly long-term pest management
strategy. In our previous study, we identified antixenosis and antibiosis basis of resistance in wild tomato
accessions of Solanum cheesmaniae Riley and S. galapagense against B. tabaci Asia 11 7 and P. absoluta'®.
However, the specific secondary metabolites and biochemical mechanisms governing insect resistance in
these wild tomato species under herbivore stress remain unclear. Understanding these mechanisms is crucial
for fully utilizing available genetic resources and advancing knowledge of plant-herbivore interactions to
develop novel insect management strategies. Traditionally, plant-herbivore interaction studies focused on the
influence of individual herbivory on metabolic changes*’. However, plants coexist in complex ecosystems and
encounter attacks from multiple insect herbivores, leading to species-specific accumulation of diverse secondary
metabolites®®. Moreover, herbivore feeding guild and diet breadth may also influence the specificity of induced
metabolites, with these metabolites undergoing significant changes over time, potentially reflected in altered
metabolic profiles’”*. Since diverse feeding modes influence differential resistance responses, comprehensive
studies comparing their effects are lacking.

In the present study, we investigated the biochemical mechanisms of resistance in wild tomato accessions
during herbivory by the generalist phloem-feeding B. tabaci Asia II 7 and the specialist cryptic leafminer P
absoluta at two interaction time points using non-targeted metabolomics. The primary objective was to identify
RR metabolites in wild tomato accessions, map candidate metabolites onto critical metabolic pathways and
observe species-specific metabolic responses. These findings offer valuable insights for developing insect-
resistant varieties and biopesticides, contributing to long-term sustainable pest management strategies.

Results

Differential accumulation of metabolites in wild tomato accessions

LC-HRMS-based non-targeted metabolomics of insect-infested and uninfested tomato accessions at 6 and 12
hpi revealed distinct metabolic responses and uncovered several RR metabolites (Fig. 1). A partial least squares-
discriminant analysis (PLS-DA) score plot demonstrated variances in the metabolite profiles between treated
(RP and SP) and mock (RM and SM) samples at 6- and 12-h post-infestation (hpi) of B. tabaci (Fig. 2) and P
absoluta (Fig. 3). In all cases, the metabolite profiles of resistant accessions were clustered together and separated
from the susceptible accessions. However, only some overlapping patterns between treated and mock samples of
specific accessions were observed, suggesting consistent accumulation of few metabolites. This analysis revealed
a noticeable differential accumulation of metabolites across accessions. Additionally, volcano plot analysis of
treated and mock samples of each tomato accession revealed significantly upregulated and downregulated
metabolites after herbivory at 6 and 12 hpi of B. tabaci (Fig. 4) and P. absoluta (Fig. 5). In most accessions, the
number of metabolites significantly upregulated was higher than those downregulated, especially in resistant
wild accessions. This observation indicated a precise response and change in plant metabolome post-herbivory,
suggesting a remarkable reprogramming towards metabolite accumulation following herbivory.
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Fig. 1. Overview of metabolomics experimental setup and data analysis for each tomato accession.

Metabolic changes in wild tomato accessions following B. tabaci and P. absoluta herbivory
Resistance-related constitutive (RRC) metabolites

RRC metabolites with FC>1 were meticulously quantified in resistant (V3, V7 and V10) and susceptible (C5
and H6) tomato accessions in RM_SM comparisons. In B. tabaci-tomato interaction at 6 hpi, 7884 consistent
peaks of monoisotopic masses were detected with a differential accumulation of 263 constitutive metabolites.
This rigorous process ensured the accuracy of our findings. Among RM_SM comparisons, V3 vs. H6 had the
highest number of constitutive metabolites, whereas V7 vs. H6 had the lowest (Table S1). At 12 hpi of B. tabaci,
4786 consistent peaks of monoisotopic masses were detected with a differential accumulation of 161 constitutive
metabolites. V3 vs. H6 recorded the highest number of constitutive metabolites, whereas V10 vs. C5 had the
lowest (Table S2). In P. absoluta-tomato interaction, at 6 hpi, 2851 consistent peaks of monoisotopic masses
were detected with differential accumulation of 135 constitutive metabolites. The most constitutive metabolites
were observed in V3 vs. C5, while V7 vs. H6 had the lowest (Table S3). At 12 hpi of P. absoluta, 2284 consistent
peaks of monoisotopic masses were detected with a differential accumulation of 155 constitutive metabolites in
RM_SM comparisons. V3 vs. H6 exhibited the highest number of constitutive metabolites, while V7 vs. C5 had
the lowest (Table S4).

Resistance-related induced (RRI) metabolites

RRImetabolites with FC> 1 were quantified in resistant and susceptible tomato accessions in RP_SP comparisons.
In B. tabaci-tomato interaction at 6 hpi, a differential accumulation of 503 induced metabolites was found.
Among RP_SP comparisons, V7 vs. H6 exhibited the highest number of induced metabolites, whereas V10
vs. C5 had the lowest (Table S5). At 12 hpi of B. tabaci, a differential accumulation of 195 induced metabolites
was found. The highest number of induced metabolites was found in V3 vs. H6, while V7 vs. C5 had the lowest
(Table S6). In P. absoluta-tomato interaction at 6 hpi, a differential accumulation of 197 induced metabolites was
found. The highest number of induced metabolites was found in V3 vs. H6 whereas V7 vs. C5 had the lowest
(Table S7). At 12 hpi of P. absoluta, a differential accumulation of 162 induced metabolites was found in RP_SP
comparisons. The highest number of induced metabolites was found in V3 vs. H6, while V7 vs. C5 had the lowest
(Table S8).

Wild tomato accessions responded uniquely to B. tabaci and P. absoluta herbivory

Venn diagrams were generated to compare unique and shared constitutive and induced metabolites in B. tabaci
and P. absoluta-tomato interactions. At 6 hpi of B. tabaci, 144(15.7%) unique RRC and 374(40.7%) unique RRI
metabolites were found, with 111(12.1%) shared metabolites between RRC and RRI groups. At 12 hpi of B.
tabaci, 87(9.5%) unique RRC, 117(12.7%) unique RRI, and 61(6.6%) shared metabolites were found. Notably, B.
tabaci herbivory induced the highest number of unique RRI metabolites, with few shared metabolites between
6 and 12 hpi (Fig. 6A). At 6 hpi of P. absoluta, 67(14%) unique RRC and 130(27.1%) unique RRI metabolites
were found, with 54(11.3%) shared metabolites between RRC and RRI groups. P. absoluta herbivory induced
the highest number of unique RRI metabolites at 6 hpi. At 12 hpi of P. absoluta, 64(13.4%) unique RRC and
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Fig. 2. PLS-DA of metabolic profiles of treated and mock samples of resistant vs. susceptible accessions at (A)
6 hpi of B. tabaci and (B) 12 hpi of B. tabaci.
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Partial least squares-discriminant analysis (PLS-DA) at 12 hpi of B. tabaci
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Figure 2. (continued)
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66(13.8%) unique RRI metabolites were found, with 80(16.7%) shared metabolites suggesting some consistency
in metabolite accumulation before and after P. absoluta herbivory. Nevertheless, between 6 and 12 hpi, only a
few shared metabolites were found (Fig. 6B). Furthermore, the Venn diagram analysis of metabolites detected in
two insect interactions revealed 871(64.5%) unique metabolites in the B. tabaci-tomato interaction, 431(31.9%)
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Fig. 3. PLS-DA of metabolic profiles of treated and mock samples of resistant vs. susceptible accessions at (A)

6hpi of P. absoluta and (B) 12 hpi of P. absoluta.
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Partial least squares-discriminant analysis (PLS-DA) at 12 hpi of P. absoluta
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Figure 3. (continued)

unique metabolites in the P. absoluta-tomato interaction, and only 48(3.6%) shared metabolites between two
insects. This highlights the distinct metabolic responses of wild tomato accessions to insects belonging to two
feeding guilds (Fig. 7).
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Fig. 4. Volcano plots of treated and mock samples of tomato accessions depicting metabolites that were
significantly (p-value <0.05) changed in accumulation at (A) 6 hpi of B. tabaci and (B) 12 hpi of B. tabaci.

Metabolites related to plant defense
Various chemical groups of RR metabolites, including fatty acids, flavonoids, terpenoids, alkaloids, amino acids,
and phenylpropanoids, were identified (Tables S1 to S8). The fatty acid and associated biosynthesis pathways
were the key resistance-governing pathways in B. tabaci and P. absoluta-tomato interaction (Tables 1 and 2).
These RR metabolites in fatty acid and associated biosynthesis pathways belong to different classes such as fatty
acids, jasmonic acids, glycerolipids, glycerophospholipids, sphingolipids and acylsugars and induce direct effects,
repellent, and/or feeding deterrent action against insects (Fig. 8). These RR metabolites were also involved in
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Figure 4. (continued)

plant-insect interactions, tri-trophic interactions, and plant defense signaling. The differential accumulation of
these RR fatty acid and associated pathway metabolites with variable FC values across resistant vs. susceptible
comparisons at 6 and 12 hpi of B. tabaci and P. absoluta are visualized in hierarchical clustering with the heat
maps (Fig. 9).
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Fig. 5. Volcano plots of treated and mock samples of tomato accessions depicting metabolites that were
significantly (p value <0.05) changed in accumulation at (A) 6 hpi of P. absoluta and (B) 12 hpi of P. absoluta.

Discussion

Plant-herbivore interactions have shaped complex plant defense systems?!. Non-targeted metabolomics plays
a crucial role in uncovering these defenses by providing detailed and comprehensive metabolic profiling?.
Considering the differential plant responses induced by herbivores of different feeding guilds, holistic studies
examining their impact on metabolomes are limited. Some studies, including those on tomatoes, have noted
distinct responses of plants to herbivory from different feeding guilds. For instance, single and multiple
infestations by T. urticae and green peach aphids, Myzus persicae Sulzer induced a specific biochemical response.

Similarly, the generalist herbivore, Helicoverpa zea Boddie altered more metabolites than the specialist, Manduca
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Figure 5. (continued)

sexta®. Additionally, Beet armyworm, Spodoptera exigua Hitbner induced increased proteinase inhibitor activity,

contrasting with the unaffected activity during potato aphid, Macrosiphum euphorbiae Thomas feeding

34,35

Similarly, differential plant responses to herbivory from different feeding guilds have been documented in
potato®, tobacco®’, cabbage?®, cotton, Brassica®®, and Arabidopsis thaliana Linnaeus*!. We observed differential
and insect-specific accumulation of metabolites in resistant wild tomato accessions, V7, V3, and V10 at 6 and
12 hpi of B. tabaci Asia I1 7 and P. absoluta indicating the specific chemical signatures (defense response) of wild
tomato accessions. These findings align with previous studies highlighting the temporal dynamics of induced
plant responses, as seen in the metabolic profiles of other crops. For instance, elevated phytohormone levels were
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374
(40.7%)

64
(13.4%)

RRC (6 hpi Pa) RRI (12 hpi Pa)

RRI (12 hpi Bt)

Fig. 6. Venn diagram depicting unique and shared RRC and RRI metabolites. (A) Between 6 and 12 hpi Bt
(hours post infestation of B. tabaci). (B) Between 6 and 12 hpi Pa (hours post infestation of P. absoluta).

B. tabaci P. absoluta

Size of each list

4595

B. tabaci P. absoluta
Number of elements: specific (1) or shared by 2, 3, ... lists

] 1302

é (48) '
1

Fig. 7. Venn depicting unique and shared metabolites between B. tabaci and P. absoluta-tomato interaction.

observed in sorghum at 1, 3, and 6 dpi following Melanaphis sacchari Zehntner infestation*2. Similarly, brown
plant hopper, Nilaparvata lugens Stal infestation in rice induced metabolic alterations in phenylpropanoid,
flavonoid, and terpenoid pathways, leading to increased levels of schaftoside and iso-schaftoside after 24 hours*3.
Similarly, metabolomics of N. lugens-infested rice varieties revealed elevated lipid metabolism pathways at

various time points*.

Scientific Reports |

(2025) 15:3754 | https://doi.org/10.1038/s41598-025-86191-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fold change
V10
Observed | Exact V3vs. V7vs. | V7vs. | VIO |vs. Cumulative
mass mass Metabolite name Pathway group C5 V3vs.H6 | C5 H6 vs. C5 | H6 fold change
(a) Fatty acids
4.13 4.48 5.19 5.63 1.59
314.2454 | 314.2457 | (92)-(7S,8S)-Dihydroxy octadecenoic acid Fatty acids (RRC, | (RRC, (RRC, | (RRC, | - (RRI, 21.02
12h) |12h) 12h) |12h) 12 h)
3.83
344.256 | 344.2563 | 12,13-dihydroxy-11-methoxy-9-octadecenoic acid Fatty acids - - - - (RRC, | - 3.83
6h)
1.79
397.2821 | 397.2828 | 11B-PGF2a-ethanolamine Fatty acids - - - - (RRI, |- 1.79
12 h)
1.70
590.6733 | 590.673 | 13,17,21-Trimethylnona triacontane Fatty acids - - - - (RRI, |- 1.70
12 h)
9.44
1.13 1.36 (RRI 2.61 (6RhI§L 1.28
380.3302 | 380.329 | 15-0x0-18Z-tetracosenoic acid Fatty acids (RRI, : > | (RRI, > (RRI, |- 17.42
12h) | oW 12h) | 50| 1o
(RRI,
12 h)
1.22
368.3675 | 368.3654 | Tetracosanoic acid Fatty acids - - - - (RRI, |- 1.22
6h)
1.28
414.3695 | 414.3709 | Tetracosanoic acid 15,16-dihydroxy methyl ester Fatty acids - - - (RRL, | - - 1.28
6h)
1.1 2.76 (RRI 1.24 3.1
374.1791 | 374.1802 | 16-dimethylarsinoyl-9Z-hexadecenoic acid Fatty acids (RRI, . > | (RRI, | (RRIL, |- - 8.20
6h)
6h) 6h) 6h)
1.25 42.42
2922222 | 292.2214 | 2,2-difluoro-hexadecanoic acid Fatty acids - - (RRI, | (RRI, |- - 43.67
6h) 6h)
5.03
382.1372 | 382.1369 | 2-iodo-hexadecanoic acid Fatty acids - - - (RRL, |- - 5.03
6h)
1.70 1.48 13.85 | 12.06
330.2935 | 330.2934 | Eicosanoic acid Fatty acids (RRC, | (RRC, (RRC, | (RRC, | - - 29.09
12h) |12h) 12h) | 12h)
2.06 1.05 (RRI 1.91 2.48 1.27
304.2248 | 304.225 | 2,15,16-trihydroxy palmitic acid Fatty acids (RRI, 1'2 h) > | (RRI, | - (RRI, | (RRI, 8.77
12 h) 12 h) 12h) |12h)
4.48
564.5813 | 564.5845 | 2,4,6,8-tetramethyl-tetratriacontanoic acid Fatty acids - (RRC, - - - - 4.48
12 h)
1.84 5.69
820.7844 | 820.7884 | 2-docosyl-3-hydroxy-30-carboxy-triacontanoic acid | Fatty acids - - - (RRC, | (RRI, |- 7.53
12h) |12h)
4.31
(RRC,
. . . 2.02 2.62 ” 1559
$48.8223 | 848.8197 2—glcosyl—3—hydroxy—34—carboxy—tetratrlacontanmc Fatty acids (RRCG, | (RRC, 12 h); (RRC, | - B 15.66
acid 12h) | 12h) L12 oy
(RRI,
12 h)
1.39
218.2032 | 218.2035 | 2,6,10-Trimethyl-(E,E)-2,6,10,12-tridecatetraene Fatty acids - - - (RRI, |- - 1.39
6h)
242 2.67
142.1356 | 142.1358 | 2,6-Dimethyl-5-heptanol Fatty acids - - (RRC, | (RRC, |- - 5.09
6h) 6h)
. . 13.45
204.1115 | 204.111 | N-(3-carboxypropanoyl)-N-hydroxy putrescine Fatty acids - (RRL 6h) |~ - - - 13.45
5.37 1.31
342.2773 | 342.277 | 3-Acetoxy stearic acid Fatty acids (RRC, | - - (RRI, |- - 6.68
6h) 6h)
L67 145 ®RI
326.2471 | 326.2457 | 8-methoxy-13-hydroxy-9,11-octadecadienoic acid Fatty acids (RRI, 6.h) > - - - - 3.12
6h)
1.13
312.2898 | 312.2904 | Arachidonic acid Fatty acids (RRI, |- - - - - 1.13
6h)
Continued
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Fold change
V10
Observed | Exact V3vs. V7vs. | V7vs. | VIO |vs. Cumulative
mass mass Metabolite name Pathway group C5 V3vs.H6 | C5 H6 vs. C5 | H6 fold change
2421 44.16
584.5554 | 584.5532 | Gondoyl-linolenate Fatty acids - - (RRC, | (RRC, | - - 68.37
12h) |12h)
1.60 3.15 (RRI 2.16 4.84
396.4316 | 396.4331 | Heptacosanol Fatty acids (RRC, 1'2 h) T - (RRL, | - (RRI, 11.75
12h) 12h) 12h)
1.34 1.30
526.451 526.4498 | Lignoceryl serotonin Fatty acids - - - (RRI, |- (RRI, 2.64
12 h) 12h)
1.62 2.33
440.3418 | 440.3403 | Oleoyl Serotonin Fatty acids - - - - (RRC, | (RRC, 3.95
6h) 6h)
133 1 55 (RRI
414.3261 | 414.3246 | Palmitoyl Serotonin Fatty acids (RRI, 6.h) > - - - - 2.88
6h)
1.78 14.06 1.0 2.97
540.463 540.4655 | Pentacosanyl serotonin Fatty acids (RRI, (R'RI 6h) (RRI, |- (RRI, |- 19.81
6h) ’ 6h) 6h)
3.29
284.2647 | 284.2653 | Linoleic acid Fatty acids - - (RRI, |- - - 3.29
6h)
352.4066 | 352.4069 | Pentacosane Fatty acids - é}ll; (RRL )\ _ - - - L11
2.15
164.1205 | 164.1201 | cis-Jasmone Jasmonic acids - - - (RRI, |- - 2.15
12 h)
(b) Glycerolipids
1.51
802.4893 | 802.4867 | Linolipin B Glycerolipids - (RRC, - - - - 1.51
6 h)
2.35 3.39
762.4923 | 762.4918 | Linolipin G Glycerolipids - 105 (RRL | (pRyp, | (RRI, | - - 6.79
12 h)
6h) 6 h)
9.01 1.95 1.37
(RRC, | (RRC, (RR], .58 1.20
6h); 12 h); 12 h); (RRI (RRI
264 | 495(RRL | 231 | 4 12 h)
798.5325 | 798.5282 | Monogalactosyldiacylglycerol Glycerolipids (RRIL, |12h); (RRI, 501 M 1.49 ’ 4291
12h); |3.24 (RRI, | 6 h); (RRI (I.{RC
1.78 6h);294 |2.44 6h) ? 6h) >
(RRI, | (RRC, (RRI,
6h) 6h) 6h)
1.05 1.01
672.3372 | 672.3357 | Digalactosylmonoacylglycerol Glycerolipids - - - - (RRIL, | (RRI, 2.06
12h) | 12h)
(c) Glycerophospholipids
1.65 3.17 1.45
760.5973 | 760.5982 | Docosanoic acid Glycerophospholipids | - - (RRI, | (RRL |- (RRI, 6.27
6h) |6h) 6h)
672.4704 | 672.473 | 9,12-Octadecadienoic acid Glycerophospholipids | - éﬁ? (RRL | _ - - - 1.27
(d) Sphingolipids
3.89
éRhl}C’ 46.61 409 | 4895
397.2593 | 397.2593 | Phytosphingosine 1-phosphate Sphingolipids 1 07’ (RRC, - - (RRC, | (RRC, | 104.61
(RR, 6h) 6h) 6h)
6h)
6.23
303.276 | 303.2773 | Phytosphingosine Sphingolipids - - - - - (RRI, 6.23
6h)
2.52
1.94 ?}igc 225 | 2513 | 691 thI;,I’
821.7799 | 821.7836 | N-(34-hydroxy-tetratriacontanoyl)-hydroxyceramide | Ceramides (RRI, ? (RRC, | (RRC, | (RRI, ' 45.05
oh) | 12Dh194 0 oy [izhy | L
(RRIL, 6 h) (RRI,
12h)
Continued
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Fold change
V10
Observed | Exact V3vs. V7vs. | VZ7vs. | VIO | vs. Cumulative
mass mass Metabolite name Pathway group C5 V3vs.H6 |C5 Hé vs. C5 | H6 fold change
1.93 1.45 4.42
(6Rh}§'L 1111 (6Rh}§'L 32.55 EsR}S-L 99.45
713.5442 | 713.5442 | Glucosylceramides (GlcCers) Ceramides > . > (RRI, > (RRI, | 155.57
2.06 (RRI,6h) |1.01 6h) 1.59 6h)
(RRI, (RRI, (RRI,
6h) 12h) 12h)
39.18 122.31
(IIZH}(l():) 27.21 (1}2(1}(1():’ 84.95 |2.22 1.24
637.6395 | 637.6373 | N-(tricosanoyl)-sphinganine Ceramides > | (RRC, > | (RRG, | (RRI, | (RRI, |282.62
128 ) 1oh) 423 115y |12h) |12h)
(RRI, (RRI,
12 h) 12 h)
5.05
779.7731 | 779.7731 | N-(dotriacontanoyl)-phytoceramide Ceramides - (RRC, - - - - 5.05
12 h)
(e) Acylsugars
. . 17.03 14.70 4.92 1.31 1.41
362231 | 3622305 | pbYaroxy (06 dideoxy L arabino- Fatty acids (RRC, | (RRC, |- (RRC, | (RRI, | (RRI, | 3937
pyranosyloxy 12h) |12h) 12h) |12h) |12h)
. . 1834 |6.23 291 14.85 | 5.04
417.1806 | 417178 | SR-(1H-indol-3-ylcarbonyl)3,6-dideoxy-a-L- Fatty acids (RRC, | (RRC, - (RRI, | (RRC, | (RRC, | 47.37
arabino-hexopyranosyloxy)-2E-heptenoic acid 6h) 6h) 6h) 6h) 6h)

Table 1. Resistance-related fatty acid and associated pathway metabolites in B. tabaci-tomato interaction
involved in plant defense against insects, observed at 6 and 12 hpi. RRC resistance-related constitutive, RRI
resistance-related induced, 6 6 h post infestation, 12k 12 h post infestation.

Fatty acid metabolites are major structural and metabolic constituents of the cell wall, involved in fatty acid
biosynthesis, elongation, and degradation. We observed differential accumulation of fatty acid and associated
pathway metabolites in wild accessions. Only a few previous studies have reported the role of different
metabolites in governing resistance to B. tabaci and P. absoluta in tomatoes. For example, acylsugars have been
shown to play a key role in whitefly defense, with whitefly-resistant tomatoes exhibiting elevated concentrations
of these compounds in their glandular trichomes!®. Similarly, whitefly-resistant S. galapagense displayed higher
acylsugar levels®. Infestation by B. tabaci altered terpenoid and flavonoid profiles'®, with increased flavonoid
production deterring B. tabaci landing and settling in tomatoes*®. Moreover, flavonoid accumulation not only
enhanced direct defenses but also induced volatile organic compounds (VOCs) in response to B. fabaci feeding®.
Furthermore, metabolic reprogramming of various metabolites was observed in resistant S. lycopersicum
lines following whitefly-mediated ToCSV infection!”. Resistance to P. absoluta is similarly associated with the
accumulation of various metabolites. Herbivory by P. absoluta stimulates the production of fatty acids, acyl
sugars, chlorogenic acid, and feruloyl quinic acid in tomato plants'®. Furthermore, damage by P absoluta
activates the phenylpropanoid and polyamine precursor pathways in tomato plants'®. The infestation also
triggers the accumulation of secondary metabolites and VOCs, including aldehydes, alcohols, alkanes, phenols,
and terpenes®, all of which may contribute to the plant’s defense response. The fatty acid and associated pathway
metabolites identified in our study suggest their involvement in defense mechanisms, including insecticidal
action, plant-insect interactions, tri-trophic interactions, and defense signaling processes.

Fatty acids related to insect repellent, deterrent and insecticidal action

Previous reports have shown that 2,4-nonadienal and propionic acid demonstrated repellent and harmful effects
against wheat weevil, Sitophilus granarius Linnaeus and rice weevil, Sitophilus oryzae Linnaeus**°. Undecanoic
acid exhibited vigorous antifeedant activity against M. persicae and B. tabaci®'. Similarly, 9,12-octadecadienoic
acid, and 9,12,15-octadecatrienoic acid methyl ester demonstrated strong insecticidal activity against A.
gossypii>2. Additionally, 9-octadecenoic acid and tetradecanoic acid exhibited oviposition deterrent and
larvicidal effects on cotton bollworm, Helicoverpa armigera Hiibner>®. Furthermore, 1-palmitoyl-2-linoleoyl-
3-glycerophosphocholine effectively controlled cotton aphids, Aphis gossypii Glover on cucumber®, and in
resistant wheat plants, 1-palmitoyl-glycerophosphocholine was mobilized into fatty acids, conferring resistance
against the Hessian fly, Mayetiola destructor Say>.

The glossy-leaved cabbage genotype (NY 8329) containing 14-heptacosanol reduced the preference by
diamondback moth, Plutella xylostella Linnaeus larvae®®. Similarly, stearic acid induced antibiosis resistance
against spotted stem borer, Chilo partellus Swinhoe®, and integration of silver nanoparticles with stearic acid
demonstrated oviposition deterrent and ovicidal activity against spotted bollworm, Earias vittella Fabricius®.
Likewise, triacontane, identified in P. absoluta-resistant tomato accessions®®, inhibited fall armyworm, Spodoptera
frugiperda Smith, yellow mealworm, Tenebrio molitor Linnaeus, and fruit fly, Drosophila melanogaster Meigen®.
The acylsugar compound dodecanoic acid, identified as an acyl constituent of 3',3,4,6-tetra-O-acyl sucroses
complex in glandular trichomes of S. pennellii and wild potato, Solanum berthaultii Hawkes which exhibited
repellent activity against M. euphorbiae and M. persicae®-%3. Similarly, di-heptanoic acid and acylsucroses,
induced mortality of M. persicae and B. tabaci®*®*.
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Fold change
V1o V10
Observed | Exact V3 V3vs. | V7 V7vs. |vs. vs. Cumulative
mass mass Metabolite name Pathway group vs. C5 | H6 vs. C5 | H6 C5 Hé fold change
(a) Fatty acids
101.44 241.69
138.1043 | 138.1045 | 2,4-nonadienal Fatty acids - (RRC, | - (RRC, | - - 343.13
12 h) 12h)
16.34 19.12
144.0784 | 144.0786 | 3-butyrl propionic acid Fatty acids - (RRC, | - (RRC, |- - 35.46
12 h) 12 h)
12.03 65.76
202.1215 | 202.1205 | Sebacic acid Fatty acids - - - - (RRC, | (RRC, | 77.79
6h) 6h)
1.36
216.1374 | 216.1362 | Undecanedioic acid Fatty acids - - - (RRIL, |- - 1.36
6h)
9.12
248.1772 | 248.1776 | 4Z,77,10Z,13Z-hexadecatetraenoic acid Fatty acids (RRI, |- - - - - 9.12
12h)
6.82
268.276 268.2766 | 9Z-Octadecen-1-ol Fatty acids - - - - - (RRI, 6.82
12 h)
38.45 42.36
52.01 (ll;lilgl 27.24 (112{51():’ 22.62 39.79
338.3169 | 338.3185 | 2,4-dimethyl-2-eicosenoic acid Fatty acids (RRI, > | (RRI, > | (RRL, | (RRI, |226.11
12hy (232 |12n) |12 |12h) |12h)
(RRI, (RRI,
12 h) 12 h)
3R-hydroxy-12R-(3,6-dideoxy-a-L-arabino- 1.03
3762474 | 3762461 |} ydroxy > Yol Fatty acids - - - - (RRI, |- 1.03
exopyranosyloxy)-tridecanoic acid 6h)
4.44
398.3779 | 398.376 | 2-Hydroxy-22-methyltetracosanoic acid Fatty acids - (RRC, |- - - - 444
12h)
1.93 1.90
688.3339 | 688.334 | 2-O-Sulfo-2'-stearoyl-alpha, alpha-trehalose Fatty acids - - (RRI, | (RRL |- - 3.83
12h) | 12h)
2.14
386.1939 | 386.1941 | 12-hydroxyjasmonic acid 12-O-beta-D-glucoside Jasmonic acids - - (RRC, | - - - 2.14
6h)
(b) Glycerolipid
4.71 1.14
726.5251 | 726.5282 | Monogalactosyldiacylglycerol Glycerolipid - - - (RRC, |- (RRI, 5.85
12 h) 6h)
(¢) Glycerophospholipids
19.34 | 55.74 67.42
692.4388 | 692.4417 | 9,12,15-Octadecatrienoic acid Glycerophospholipids | (RRI, | (RRC, |- (RRC, |- - 142.5
12h) |12h) 12h)
56.68 |51.38 3.19 2.89
593.3718 | 593.3693 | 1-Palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphorylcholine | Glycerophospholipids | (RRC, | (RRC, |- - (RRC, | (RRC, |114.14
6h) 6h) 6h) 6h)
1.95
(ll;lig’ 1.67 78.28 | 4.64
694.4751 | 694.4785 | Hexadecanoic acid Glycerophospholipids | — T - (RRL | (RRI, | (RRI, 89.32
278 12h) |12h) |12h)
(RRI,
12 h)
(d) Sphingolipids
N-(hexacosanoyl)-4R-hydroxysphinganine-1-phospho-(1'- 2.79 3.01
937.6936 | 937.6983 FXacosanoy yaroxysphing P Sphingolipids - - - (RRC, |- (RRC, | 58
myo-inositol) 6h) 6h)
Continued
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Fold change
Vio | V10
Observed | Exact V3 V3vs. | V7 V7vs. | vs. vs. Cumulative
mass mass Metabolite name Pathway group vs.C5 | H6 vs.C5 | H6 C5 Heé fold change
276.55 | 262.56
667.6086 | 667.6115 | N-(2-hydroxytricosanoyl)-hydroxyceramide Ceramides - - - - (RRC, | (RRC, |539.11
6h) 6h)
11.33 | 16.79 14.65 |7.54 11.18
697.546 697.5493 | Glucosyl ceramide Ceramides (RRL | (RRIL, |- (RRIL, | (RRIL | (RRI, 61.49
6h) |6h) 6h) 6h) 6h)
7.97 5.87
(RRC, | (RRC,
N . 6h); |6h);
721.7344 | 721.7312 | N-(nonacosanoyl)-sphinganine Ceramides - - - - 443 518 23.45
(RRIL, | (RRI,
6h) 6h)

Table 2. Resistance-related fatty acid and associated pathway metabolites in P. absoluta-tomato interaction
involved in plant defense against insects, observed at 6 and 12 hpi. RRC resistance-related constitutive, RRI
resistance-related induced, 6k 6 h post infestation, 12k 12 h post infestation.
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Fig. 8. Fatty acid and associated biosynthesis pathways involved in B. tabaci and P. absoluta-tomato
interactions. This red and green color code indicate that the metabolite groups expressed in both B. tabaci and
P. absoluta-tomato interactions.

Cis-jasmone demonstrated efficacy in repelling wheat grain aphid, Sitobion avenae Fabricius®, negatively
impacting the settling and performance of M. euphorbiae on primed potato plants®” and promoting higher
parasitism levels on H. armigera larvae by Campoletis chlorideae Uchida on treated tobacco plants®®. Cis-jasmone
was used as a foliar spray to inhibit stink bugs, Euschistus heros Fabricius on soybean® and M. persicae on
Chinese cabbage’®. At the same time, (Z)-jasmone exhibited repellent effects against lettuce aphids, Nasonovia
ribisnigri Mosley and reduced damson-hop aphids, Phorodon humuli Schrank and cereal aphids in wheat plots’’.
Similarly, arachidonic acid-producing transgenic A. thaliana resisted M. persicae by inducing elevated levels
of jasmonic acid and stress-responsive genes’?. It also demonstrated potential as a foliar protectant against
Colorado potato beetle, Leptinotarsa decemlineata Say”>.

Fatty acids related to plant-insect and tri-trophic interactions

Volatile compound, (E, E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene was accumulated as herbivore-induced
volatile in plants (tomato, broad bean, French bean, cotton, cucumber, apple, lima bean, corn, and tobacco)*$74-76,
Similarly, using portable electronic nose systems, herbivore-induced volatile, N-hexadecanoic acid was used to
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diagnose whitefly-infested tomatoes’’. Likewise, maize roots damaged by Asian cockchafer, Holotrichia parallela
Motschulsky larvae exhibited elevated jasmonic acid and volatile production’®. In Arabidopsis, oviposition by
the cabbage white butterfly, Pieris brassicae Linnaeus led to changes in tetracosanoic acid, attracting the egg
parasitoid, Trichogramma brassicae Bezdenko”®.

Furthermore, pentacosane application in tomato enhanced egg parasitoid, Trichogramma chilonis Ishii
efficacy against fruit borer, H. armigera®®, and pentacosane-treated Corcyra cephalonica Stainton egg cards
received the highest parasitism by Trichogramma brasiliensis Ashmead and Trichogramma exiguum Pinto &
Platner®!. Similarly, elevated levels of 2-heptanone and 2-heptanol following N. lugens infestation repelled further
colonization of N. lugens while attracting natural enemies®2. M. destructor enhanced palmitic acid levels in wheat
and rice®. Meanwhile, aphid, Aphis glycines Matsumura infestations enhance palmitic acid levels in soybeans®‘.
Similarly, N. lugens infestation in rice resulted in modified fatty acid concentrations, including triacontanoic
and octadecadienoic acids, altered sugars and amino acids**. Likewise, paddy swarming caterpillar, Spodoptera
mauritia Boisduval infestation led to the accumulation of p-coumaroyl putrescine and feruloyl putrescine in
rice®, while rice striped stem borer, Chilo suppressalis Walker feeding increased tryptophan-derived, serotonin
feruloyl tryptamine and p-coumaroyl serotonin in rice®. Similarly, Dangol et al.%” discovered elevated serotonin
levels in green foxtail millet infested with aphid, Rhopalosiphum padi Linnaeus, which inhibited R. padi. In
contrast, serotonin-deficient rice mutants resisted N. lugens and C. suppressalis®®.

Furthermore, elevated sebacic acid levels were observed in Vietnam robusta coffee seeds infected with coffee
berry borer, Hypothenemus hampei Ferrari®®. Wheat aphid, Schizaphis graminum Rondani infestation in barley
increased 1-octadecene levels, serving as a defense response®. Zhang et al.! found significant alterations in
hexadecanoic, eicosanoic, docosanoic, and linoleic acid levels during N. lugens feeding in the resistant transgenic
line (R6) and susceptible wild type (Nipponbare rice). Similarly, Arabidopsis plants, infested by M. persicae,
exhibited elevated TPSII gene expression, which encodes trehalose-6-phosphate synthase/phosphatase
for trehalose synthesis, regulating defense against M. persicae®®. Likewise, S. exigua feeding in Arabidopsis
induced ceramides, hydroxyceramide, and glucosylceramides, associated with jasmonate signaling®. Similarly,
hydroxyjasmonic acid was produced as a wound response in Arabidopsis leaves®®. Jasmonic acid derivative,
hydroxyjasmonic acid accumulated in apple leaves during leaf miner, Phyllonorycter blancardella Fabricius
infestation®. Moreover, tomato plants treated with Trichoderma and infested by M. euphorbiae demonstrated
increased levels of the stress-responsive signaling intermediate O-phosphoryl ethanolamine®.

Fatty acids related to plant defense signaling

Cis-jasmone, derived from jasmonic acid, enhances plant resistance through up-regulation of octadecanoid
biosynthesis genes®. Hexadecatrienoic acid, derived from chloroplast lipids, serves as a precursor for jasmonic
acid biosynthesis”’. In Arabidopsis, the hexadecanoid pathway, as a parallel route for JA biosynthesis, generates
defense signaling molecules such as 2-oxo-phytodienoic acid (OPDA) and dinor-12-oxo-phytodienoic acid (dn-
OPDA) through hexadecatrienoic acid (HTA)®®. Similarly, linoleic acid and linolenic acid served as lipoxygenase
enzyme substrates, with linoleic acid metabolizing to 9,10-dihydro jasmonic acid as an alternate wound signal
in bean, Phaseolus vulgaris Linnaeus®. Arabidopsis mutant deficient in linolenic acid and linolenate displayed
increased susceptibility to fungal gnat larvae, Bradysia impatiens Johannsen'.

Furthermore, linolenic acid, derived from membrane lipids, transforms hydroperoxy linolenate by
lipoxygenase (LOX), generating green leaf volatiles and jasmonic acid, activating genes for proteinase inhibitors
and anti-herbivore factors!®!. Monogalactosyldiacylglycerols (MGDGs) play a crucial role in jasmonic acid
biosynthesis; reduced MGDG synthesis in transgenic tobacco leads to lower jasmonic acid levels and increased
vulnerability to H. armigera®. Linolipin B and linolipin G are MGDGs and digalactosylmonoacylglycerol
(DGDGs) and act as precursors for jasmonic acid synthesis?”. Sphinganine, a bioactive long chain base (LCB),
serves as a precursor for other LCBs and plays a role in stress response. Overexpressing the OsLCB2al gene
in A. thaliana enhanced sphinganine, phytosphingosine, and phytoceramide levels, reducing M. persicae
infestation!>1%3, LCBs, including sphinganine and LCB2a gene, are implicated in programmed cell death,
contributing to effective defense!%.

In this study, the abundance of fatty acid profiles is attributed to the fact that these profiles reflect both the
types and quantities of specific fatty acids present in a genotype’s acylsugars, a blend of acylsugars and sugar
moiety?’. Notably, acylsugars in tomatoes constitute a vital category of defense metabolites'®®-1%7. As a result,
breeding tomato lines with varying levels of acylsugars or with distinct fatty acid profiles are beneficial'?!%, This
metabolomics study represents well-characterized tomato parental material from which resistant populations
can be developed. The information generated can be integrated into other functional genomics studies like
transcriptomics, proteomics can provide a better understanding of the function of individual genes, as well as
the crosstalk among genes, proteins and metabolites conferring resistance, which aid in developing resistant
varieties!!®1!1, Future studies focusing on metabolic qualitative trait loci (mQTLs) and genome-wide association
studies (mMGWAS) can identify genotype-phenotype relationships, genetic variants linked to metabolic traits,
and construct high-density maps of candidate genes!'!13. Moreover, metabolic engineering can be leveraged
for selective breeding by modifying host plant genes, optimizing metabolic pathways for increased production of
desired metabolites, and improving resistance to biotic stress'!*!15. Therefore, understanding the gene regulatory
mechanisms is required to utilize these advanced tools to effectively transfer resistance traits from wild species
to cultivated tomatoes.

Materials and methods

Plant material and growth conditions

Three resistant wild tomato accessions (S. cheesmaniae V1037240-7 [V7], S. galapagense VI057400-3 [V3], and
VI1063177-10 [V10]) and two susceptible cultivated accessions (S. lycopersicum Hawaii-7996 [H6] and CLN-
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5915 [C5] which we previously reported!* were grown in pots filled with a sterilized potting mixture (2:2:1 ratio
of black soil, sand, and vermicompost) in a glasshouse (27 +1°C, 70 £10% RH, 12:12 light-dark cycles).

Rearing and maintenance of insects

The two insect species used in the study, B. tabaci and P. absoluta, were reared on eggplants and tomato plants,
respectively, within a cage (45x45x45 cm) inside a glasshouse at ICRISAT, Hyderabad, India (17.5111°N,
78.2752°E) under controlled conditions (27+1 °C, 70+10% RH, and 12:12 h light-dark cycle). Adult B. tabaci
and second-instar larvae (green in color, 5-6 days old and around 2.6 mm in length) of P. absoluta were used for
plant-herbivore interaction experiments.

Plant-herbivore interactions and sample collection

Plant-herbivore interactions and metabolomics were carried out on insect-infested (treated) and uninfested
(control/mock) six-week-old plants from each accession (total five accessions) at two time points: 6- and 12-h
post-infestation (hpi). This approach was used to capture early and late responses, allowing for the detection of
temporal changes in metabolite expression following insect attack. Plant-herbivore interactions were conducted
inside a glasshouse (27+1 °C, 70£10% RH, and 12:12 h light-dark cycle), where the test insects, B. tabaci (ten
adults) and P, absoluta (five second-instar larvae) were released into each clip cages (2.5 cm radius and 1.5 cm
depth) installed on the second or third leaf of each accession and allowed to feed. In the corresponding mock
plants, clip cages were installed similar to the treatment, but no insects were released. After each interaction
(6 and 12 hpi separately for two insects), the clip cages were gently opened, and insects were removed from
treated plants using forceps. In mock plants, the insect removal procedure was reproduced to balance the effect
of forceps contact on possible induction of metabolic changes. Leaf samples were collected in a vial (Tarsons
15 mL graduated centrifuge tube), flash-frozen in liquid nitrogen and stored at—80 °C. A separate set of
interactions was performed for B. tabaci and P. absoluta at 6 and 12 hpi, with each accession (three resistant and
two susceptible accessions) replicated thrice in both treated and mock conditions, resulting in 30 samples for
each insect interaction at each time point and making a total of 120 samples: RP (resistant accession with pest
infestation), RM (resistant accession with mock infestation), SP (susceptible accession with pest infestation), and
SM (susceptible accession with mock infestation) (Fig. 1).

Metabolite extraction and LC-high-resolution MS (LC-HRMS) analysis

A 100 mg leaf sample was homogenized into a fine powder!!®. The metabolites were then extracted using 80%
aqueous methanol with 0.1% formic acid'"”. The extracted metabolites were analyzed in a positive ionization
mode using The Waters I-Class Ultra Performance Liquid Chromatography coupled to a Waters Xevo G2-XS
utilizing Electrospray Ionization-Quadropole Time of Flight-Mass Spectrometry system (UPLC-XEVO-G2-XS-
ESI-QTOF) equipped with an ACQUITY C18 column (10 cm x 2.1 mm, particle size 1.7 pm, Waters) containing
LC-MS grade water in 0.1% formic acid (v/v; mobile phase A) and methanol in 0.1% formic acid (mobile
phase B). The mass resolution was set from m/z 50 to 2000 and was recorded in centroid mode. Standard mass
calibration was achieved using leucine encephalin (Leu-Enk, m/z 554.262), and MS/MS fragmentations were
performed at a normalized collision energy of 40 eV. Data was collected using MassLynx™ V4.1 workstation in

continuum mode!'®,

LC-HRMS data processing

The LC-HRMS output raw data files were converted into mzXML format using MZmine-2 with the high-
sensitivity peak detection algorithm ADAP wavelets!’®. Subsequently, the observed masses, m/z values,
retention time, and abundance (relative intensity) of compounds were imported to MS Excel. Peaks exhibiting
inconsistency across replicates and those annotated as isotopes and adducts were omitted from further analysis.

Metabolomic data analysis

Peak height data of compounds were exported and formatted for data analysis. Metabolites were putatively
identified based on two criteria: (1) accurate mass match (accurate mass error (AME) <5 ppm) with metabolites
reported in different databases such as METLIN, Plant Metabolic Network (PMN), LIPID MAPS, and KEGG,
and (2) fragmentation pattern match with those in databases or in silico verification'?’. The data with the
abundance of metabolites in samples (RM, RP, SM, and SP) with three biological replicates were averaged and
subjected to pairwise Student’s t-test for four comparisons: RM_ SM, RP_SP, RP_RM, and SP_ SM. The fold
change (FC) difference was calculated as the average concentration of metabolites in resistant samples to that
in susceptible samples. Differentially accumulated metabolites were selected using the criteria of P<0.05 and
log2FC>1.0. RR metabolites are those that show a higher abundance in resistant samples than in susceptible
ones. So, six combinations of resistant vs. susceptible accessions (R vs. S) were made: V3 vs. C5, V3 vs. H6, V7 vs.
C5, V7 vs. H6, V10 vs. C5 and V10 vs. H6, to identify RR metabolites along with FC difference and cumulative
difference in FC was also calculated.

These RR metabolites were further grouped into resistance-related constitutive (RRC) and induced (RRI)
metabolites using the following formulas, RRC=RM/SM and RRI=(RP/RM)/(SP/SM), where RP (resistant
accession with pest infestation), RM (resistant accession with mock infestation), SP (susceptible accession
with pest infestation), and SM (susceptible accession with mock infestation)!?’. The multivariate, Partial least
squares-discriminant analysis (PLS-DA) was performed using peak height data to determine the differences in
metabolic profiles of treated and mock samples between resistant and susceptible tomato accessions. Similarly,
volcano plot analysis was performed to determine the upregulated and downregulated metabolites in treated
and mock samples of tomato accessions. Additionally, hierarchical clustering heat maps were used to visualize
the differential accumulation of metabolites in R vs. S comparisons using MetaboAnalyst 5.0 (https://www.me
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taboanalyst.ca). Furthermore, Venn diagrams were generated to determine the unique and shared metabolites
using Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/). An overview of metabolomics experimental setup
and data analysis is illustrated in Fig. 1.

Conclusion

Understanding the resistance mechanisms in wild tomato accessions is crucial for breeding initiatives. Our non-
targeted metabolomics approach successfully identified key metabolic responses in resistant wild and susceptible
cultivated tomato accessions to herbivory by B. tabaci Asia II 7 and P. absoluta. We observed differences in
metabolic profiles before and after infestation at 6 and 12 hpi uncovering several RR metabolites, particularly
in the fatty acid and associated biosynthesis pathways, which are involved in the plant defense mechanisms.
These metabolites, spanning multiple chemical groups, exhibit various roles in insect deterrence, plant-insect
interactions and plant defense signaling. Our findings offer valuable insights into the potential use of RR
metabolites to enhance tomato resistance, contributing to more resilient crops with improved yield under biotic
stress.

Data availability
The original contributions presented in the study are included in the article/supplementary material. Further
inquiries can be directed to the corresponding author.
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