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Type-VI glandular trichomes of wild tomato Solanum habrochaites PI127826 produce high levels of the sesquiterpene 7-epizingiberene and its derivatives, making the plant repellent and toxic to several pest insects and pathogens. How wild tomato trichomes achieve such high terpene production is still largely unknown. Here we show that a cross (F1) with a cultivated tomato produced only minute levels of 7-epizingiberene. In the F2-progeny, selected for the presence of the 7-epizingiberene biosynthesis genes, only three percent produced comparable amounts the wild parent, indicating this trait is recessive and multigenic. Moreover, trichome density alone did not explain the total levels of terpene levels found on the leaves. We selected F2 plants with the “high-production active-trichome phenotype” of PI127826, having trichomes producing about 150 times higher levels of terpenes than F2 individuals that displayed a “low-production lazy-trichome phenotype”. Terpene quantities in trichomes of these F2 plants correlated with the volume of the storage cavity and shape of the gland. We found that trichome morphology is not a predetermined characteristic, but cavity volume rather depended on gland-cell metabolic activity. Inhibitor assays showed that the plastidial-precursor pathway (MEP) is fundamental for high-level production of both cytosolic as well as plastid-derived terpenes in tomato trichomes. Additionally, gene expression profiles of isolated secretory cells showed that key enzymes in the MEP pathway were higher expressed in active trichomes. We conclude that the MEP pathway is the primary precursor-supply route in wild tomato type-VI trichomes and that the high-production phenotype of the wild tomato trichome is indeed a multigenic trait.
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Introduction

Trichomes are hair-like structures present on the aerial parts of approximately 30% of all land plants and they constitute an important part of the plant’s defence system against herbivorous insects. Non-glandular trichomes form a physical barrier e.g. by impeding movement over the plant’s surface, perturbating feeding behaviour or disruption of the insect digestive system (Kariyat et al., 2017; Andama et al., 2020). Glandular trichomes can produce, store and/or secrete a large number of volatile-and non-volatile specialised metabolites. These metabolites act as defence compounds by being repellent, causing toxicity, interfere with insect development, entrap them, or attract predatory insects (Glas et al., 2012; Kortbeek et al., 2019; Schuurink and Tissier, 2020).

The tomato genus displays seven different trichome types; non-glandular type II, III, V and glandular types I, IV, VI and VII (Luckwill, 1943). The presence and distribution of these depend on the tomato species, accession and tissue, and can be influenced by environmental conditions or stresses (Vendemiatti et al., 2017; Chen et al., 2018; Escobar-Bravo et al., 2018). Some accessions of the wild tomato Solanum habrochaites, including PI127826 and LA1777, are known to produce high amounts of specific sesquiterpenoids in their type-VI trichomes making them resistant against multiple insects and pathogens (Fridman et al., 2005; Sallaud et al., 2009; Schilmiller et al., 2009; Bleeker et al., 2011a; Akhtar et al., 2013; Nakashima et al., 2016). This trichome type consists of four secretory cells on top of a multicellular stalk and they can be found on the green parts of most tomato species, including cultivated tomato (S. lycopersicum; Glas et al., 2012).

In both S. lycopersicum and S. habrochaites, sesquiterpenes are synthesised in the cytosol from acetyl-CoA via the mevalonate (MVA) pathway (Hemmerlin et al., 2012) with some enzymes localised to the peroxisomes. Here, acetyl-CoA is first metabolised to the common C5 isoprenoid precursors isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP). Next, prenyltransferase farnesyl diphosphate synthase (FPS) catalyses the head-to-tail condensation of IPP/DMAPP to form the C15 precursor farnesyl diphosphate (FPP). In cultivated tomato, FPP is mainly utilised by the sesquiterpene synthase SlTPS12 to form α-humulene and β-caryophyllene while S. habrochaites additionally produces a mix of germacrenes via ShTPS9 (Schilmiller et al., 2010; Bleeker et al., 2011b). Both species also generate IPP/DMAPP from pyruvate and glyceraldehyde 3-phosphate (G3P) via the plastidial 2-C-methyl-D-erythritol 4-phosphate pathway (MEP). In trichomes of cultivated tomato, IPP/DMAPP are condensated by a cis-prenyltransferase, neryl-diphosphate synthase 1 (NDPS1), to generate the C10 monoterpene-precursor neryl-diphosphate (NPP; Schilmiller et al., 2009). NPP is utilised predominantly by phellandrene synthase 1 (PHS1, also referred to as TPS20) generating a mix of monoterpenes (Schilmiller et al., 2009). In the plastids of S. habrochaites accessions the cis-allelic variant of NDPS1, Z-isoprenyl pyrophosphate synthase (zFPS), condensates IPP/DMAPP to the C15 sesquiterpene precursor Z,Z-farnesyl pyrophosphate (zFPP; Sallaud et al., 2009; Kang et al., 2014) which is utilised by S. habrochaites-specific sesquiterpene terpene synthases. In PI127826 the 7-epizingiberene synthase (ZIS) generates 7-epizingiberene (7epiZ) and R-curcumene (Bleeker et al., 2012) while in LA1777 the santale/bergamotene synthase (SBS) forms a mix of santalenes and bergamotenes (Sallaud et al., 2009). In some accessions, these sesquiterpenes are further oxidised by which they gain toxicity to insects and/or pathogens (Frelichowski and Juvik, 2001; Zabel et al., 2021).

In type-VI trichomes, terpenes are stored inside an intercellular storage-cavity, located central to the four glandular cells (Tissier et al., 2017). Wild tomato genotypes like S. habrochaites often have larger storage cavities compared to trichomes of cultivated tomatoes, and this size difference seems to be positively correlated to quantity of specialised metabolites inside the trichome (Bergau et al., 2015). Furthermore, type-VI trichomes can differ in morphology. The shape of the glandular heads on cultivated tomato are often described as “lobed” or “clover shaped”, referring to the four secretory cells which are distinctly visible. In contrast, the glandular heads of some S. habrochaites accessions, e.g. LA1777 or PI126449, are referred to as “globular” or “spherical”, in which the individual secretory cells are not distinguishable (Ben-Israel et al., 2009; Bergau et al., 2015).

Despite the differences in biochemistry and morphology between S. lycopersicum and S. habrochaites trichomes, it is possible to transfer terpenoid production from a wild species to a cultivar as both species have active MVA and MEP pathways providing the universal precursor IPP/DMAPP. Indeed, we previously showed that that transgenic cultivated tomato can produce sesquiterpene 7epiZ after introducing two genes only; i.e. zFPS and ZIS from PI127826 (Bleeker et al., 2012). Similarly, we showed that santalenes/bergamotenes can be produced by cultivated tomato trichomes with the introgression of the zFPS and SBS locus (Sst2) from LA1777 to a S. lycopersicum cultivar (cv), MicroTom (Therezan et al., 2021). However, in all these cases terpene quantities remained relatively low compared to the wild species. The transgenic zFPS/ZIS tomato plants, for example, produced ~200 times less 7epiZ compared to PI127826 (Bleeker et al., 2012). This implies that besides the prenyl-transferases and terpene synthases, additional factors are required to achieve high-level production of these terpenes. The previously reported 7epiZ-oxidase (ShZO) of S. habrochaites PI127826 is responsible for the oxidation of 7epiZ to 9-hydroxy-zingiberene (9HZ) and 9-hydroxy-10,11-epoxyzingiberene (9H10epoZ), metabolites that are toxic to whiteflies and several microbes in a dose-dependent manner (Zabel et al., 2021). When produced in sufficient quantities, these metabolites could protect the pest-sensitive cultivated tomato, acting as natural defence compounds.

In this paper, we aimed to study the genetic basis of the high-terpene production and storage capacity of wild tomato type-VI trichomes. We generated an interspecific F2 population of a cultivated tomato and S. habrochaites PI127826 and showed that it requires multiple recessive loci for an individual trichome to produce 7epiZ in high concentrations, a trait independent of having a high density of glandular trichomes. We selected individuals with contrasting terpene-production phenotypes while being homozygous for the S. habrochaites alleles required for the production of 7epiZ and derivatives (i.e. zFPS, ZIS and ShZO). This material enabled us to conclude the capacity to store high terpene requires multiple recessive loci. The large storage volume, and consequent morphology, of S. habrochaites type VI-trichomes is the result of a high-level MEP pathway activity.





Results




The genetic background of a cultivated tomato impedes 7-epizingiberene biosynthesis

To study the production of 7epiZ and its derivatives 9HZ and 9H10epoZ in the genetic background of a cultivated tomato, the leaf surface of an interspecific F1 cross between PI127826 (male) and a cultivated tomato (female) were analysed for trichome densities and terpene abundance. Leaf washes of PI127826 revealed a total of 176 ng mg-1 FW terpenes with 7epiZ as the most abundant terpene (70 ng mg-1), along with its derivatives 9HZ (12 ng mg-1) and 9H10epoZ (10 ng mg-1; Figure 1A; Supplemental Figure S1). As expected, the quantity of terpenes found in leaf washes of the cultivar were much lower with a total of 1.6 ng mg-1 FW, of which monoterpene β-phellandrene was the most abundant (0.5 ng mg-1 FW). Surprisingly, the F1 plants also exhibited much lower terpene levels compared to the wild parent. Total terpene levels in the F1 were 12.3 ng mg-1 FW, of which 1.1 ng mg-1 was 7epiZ, 0.2 ng mg-1 9HZ, 0.8 ng mg-1 9H10epoZ and 2.5 ng mg-1 β-phellandrene (Figure 1A; Supplemental Figure S1). Interestingly, when PI127826 was crossed to S. habrochaites accession LA1777, resulting in an S. habrochaites F1 (F1-hab), 7epiZ levels of the hybrid exceeded to those of PI127826 (Figure 1A). Total terpene content in F1-hab leaf extracts also exceeded those of both parents, mostly through the additional production of bergamotenes and santalenes (Supplemental Figure S1).




Figure 1 | Metabolite levels and trichome density on leaves of tomato hybrids and their parents. (A) GC-MS chromatograms of the S. lycopersicum cultivar and S. habrochaites PI127826. Peaks: (1) 2-carene; (2) α-phellandrene; (3) terpinolene; (4) β-phellandrene/D-limonene; (5) 7-epizingiberene; (6) 9-hydroxy-zingiberene; (7) 9-hydroxy-10,11-epoxyzingiberene; (IS) internal standard. Molecular structures are given for 5, 6 and 7. (B) 7-epizingiberene and total mono-and sesquiterpene abundance on the leaves of the cultivar x PI127826 F1 hybrid (F1), the S. habrochaites hybrid PI127826 x LA1777 (F1-hab) and their parents. Bars represent mean level of metabolites per mg fresh leaf ± SE (n = 3). (C) Type-VI trichomes density on the leaf. Bars represent mean ± SE (n = 3) summed densities over the abaxial and adaxial surface. Statistics were performed after log transformation; letters indicate significant groups (p < 0.05) according to a Tukey HSD post-hoc test after ANOVA.



The quantity of trichome-derived mono-and sesquiterpenes on leaf surface is a result of the total number of the terpene-producing type-VI trichomes multiplied by the production per individual trichome. To explain the differences in terpene levels found, we counted type-VI trichomes on both the adaxial and abaxial leaf surface (Figure 1C). Additionally, we recorded acylsugar-producing glandular type-I and IV (taken together as type-I/IV) and non-glandular (NG) trichomes (Supplemental Figure S2). Type-VI trichome density of PI127826 appeared to be ~2 times higher compared to the cultivar, whereas the density on the interspecific F1 exhibited an intermediate phenotype (Figure 1B). This intermediate phenotype of the F1 was also observed for type-I/IV and NG trichome density. Type-I/IV trichomes were typically highly abundant in PI127826 but absent on leaves of the cultivar. On the contrary, NG trichome density was low on PI127826 and high on the cultivar (Supplemental Figure S2). In addition, F1-hab also displayed an intermediate type-VI trichome-density phenotype between both S. habrochaites parents PI127826 and LA1777 (Figure 1C). The difference in type-VI trichome density did not fully explain the difference in terpene phenotype. Terpenes levels in the F1 were much lower than expected from the inherited genetic dose of the wild parent.





High-level terpene production comprises a multigenic trait

To investigate the genetics behind the quantitative traits involving terpene production by type-VI trichomes, we created an F2 population of the cultivar and PI127826 by selfing the F1. Next, a subpopulation was selected by screening the F2 progeny for homozygous alleles of ShzFPS, ShZIS (Solyc08g005640; Solyc08g005680) and ShZO (Solyc01g008670) to fix the synthesis of 7epiZ and its derivatives. This subpopulation (n = 392) was screened for mono-and sesquiterpene abundance on the leaf and 7epiZ, being the most abundant terpene, was taken as a proxy. The distribution of 7epiZ levels measured in the population were not normally distributed but instead appeared highly skewed towards low quantities (Figure 2A). In fact, only 84 F2 plants had notable levels of 7epiZ, of which 12 displayed parental PI127826 levels or higher. Presuming a Mendelian inheritance, the 12:380 (1:32) segregation of the “high terpene level” phenotype indicates that multiple unlinked loci from the wild parent required. Testing different genetic models, the combination of two recessive and two dominant loci from PI127826 best fitted the observed segregation pattern (Table 1). When taking the production of 7epiZ derivatives into account as well, this model again fitted our observations best (Supplemental Table S1).




Figure 2 | Distribution of 7-epizingberene levels and trichome density of the F2 population. (A) Histogram shows the distribution of 7-epizingiberene levels on leaflets of 393 F2-genotypes selected for the presence of zFPS, ZIS, and ShZO. F2 plants are assigned to bins of ion counts of the 7-epizingiberene peak as determined by GC-MS. The width of each bin represents one time the standard deviation of 7-epizingiberene in PI127826 (n =4), with the first bin displaying the number of F2 genotypes with zero ion counts. The number on top of each bar displays the number of F2 genotypes assigned to the particular bin. Triangles indicate the bin with the average 7-epizingiberene levels of the respective parental genotypes (n = 4). (B) Scatterplot showing the type-VI trichome density of the sub-population (averaged abaxial/adaxial) versus the total terpene levels (i.e. summed mono-and sesquiterpenes) on the leaves of F2 plants from the sub-population. The blue line indicates the linear correlation plus 95% confidence interval (grey). The correlation coefficient (r2) and p-value are displayed on top of the line. Each dot represents measurements of an individual plant.




Table 1 | Comparison of observed 7-epizingiberene segregation to theoretical models.



To assess the contribution of trichome density to the 7epiZ levels, we counted the type-VI trichomes on leaf discs taken from the F2 plants and the F2 genotypes were grouped into 10 classes according to the summed number of trichomes on both sides (Supplemental Figure S3A). Next, we compared the trichome densities to 7epiZ levels using the 84 F2-genotypes with notable 7epiZ levels. Surprisingly, mean 7epiZ levels did not significantly differ between trichome-density classes (ANOVA; p > 0.05; Supplemental Figure S3B). Moreover, the 12 F2 genotypes with parental PI127826 7epiZ levels were represented in five of the 10 trichome-density classes, ranging from the class with a low number of trichomes per leaf disc to the class with the highest number of trichomes (Supplemental Figure S3B). We selected a subset of F2-plants originating from each trichome-density class (Supplemental Figure S3C) and with high and low levels of 7epiZ to investigate the relationship between trichome density and the abundance of terpenes in closer detail. Hereto we quantified and summed the mono- and sesquiterpenes on the leaves and determined the trichome density per mm2 of the leaf. This confirmed that that, in this subset of plants, there is no significant linear correlation between the type-VI trichome-density and the quantity of volatile terpenes per mg of fresh leaf (Figure 2B; r2 = 0.015, p = 0.25).

The results indicate that there is a large variation in volatile production by type-VI trichomes between F2-genotypes which explains why high 7epiZ levels can be found on leaflets with low trichome densities and vice versa. It moreover suggests that trichome density and terpene production by type-VI trichomes segregate independently and should be regarded as genetically separate traits.





Gland-cell metabolic activity: Active and lazy trichomes

To investigate the accumulated quantity of terpenes by type-VI trichomes, the glandular heads (“glands”) were isolated from the subset of F2-plants and analysed by GC-MS. Type-VI glands of the cultivar had an averaged total terpene content of 0.51 ng/gland, mainly consisting of plastidial monoterpenes and to a lesser extend cytosolic sesquiterpenes. Terpene levels of PI127826 type-VI glands were ~35 times higher with 17.7 ng/gland, while levels in F1-glands were ~1.8 times higher (0.9 ng/gland) compared to the cultivar. A broad range of terpene levels was found in glands of the selected F2 progeny ranging from 0.05 ng/gland up to 21.5 ng/gland (Figure 3A).




Figure 3 | Volatile levels in relation to type-VI trichome densities of the F2 progeny. (A) Total amount of mono-and sesquiterpenes per type-VI glandular head of the selected F2-individuals (n = 1) and their parents. (B) Representative photographs showing the middle section of type-VI trichomes on the parental genotypes and an active (F2-73) and lazy (F2-411) F2 individuals. Visible are two glandular cells surrounding the central-storage cavity. (C) Quantification of the storage-cavity volume (upper panel) of type-VI trichomes (n = 10-20) and total mono-and sesquiterpenes per gland (lower panel) of the selected active (black bars) and lazy (grey bars) F2-genotypes and the parents (n = 3). Letters indicate significant groups (p < 0.05) according to Tukey HSD post-hoc test after ANOVA.



From the available material, we selected six F2-individuals based on their extreme terpene levels in the type-VI glands. Three F2-genotypes exhibited relatively high terpene quantities per gland, hence we refer to them as having “active” trichomes. Another three F2-genotypes were selected for their low levels of terpenes per gland, referred to as having a “lazy” trichome phenotype (Figure 3B, upper panel). Light microscopy allowed visualisation of the internal storage cavity of their type-VI trichomes making the different phenotypes clearly visible (Figure 3C) and made it possible to calculate the volume of the storage cavities. The storage-cavity volume on the leaves of lazy F2 genotypes ranged from 0.7 picolitre (F2-455) to 4 picolitre (F2-151). Storage-cavity volumes of the active F2 plants ranged from 14 picolitre (F2-28) up to 22 picolitre (F2-127). The cavity volumes of the glands (Figure 3B, lower panel) largely mirrored their terpene content, where it appears that larger cavity volumes corresponded to larger quantities of terpenes.

It is furthermore worthwhile to note that we did not observe large variations in gland volume of type-VI trichomes within a genotype; a single F2 individual had either all active or all lazy trichomes, but never a mixture. Additionally, the cavity volume seems to be correlated to the shape of the glands. Active genotypes with large cavities had smooth and spherical-shaped glands while on lazy genotypes the contours of the individual cells became visible and therefore the glands appeared to be more lobed (Supplemental Figure S4).





Inhibition of terpene metabolic flux

To investigate whether cavity volume is a fixed trait that facilitates terpene accumulation, or rather is a consequence of terpenoid accumulation, we inhibited the flux through the plastidial precursor pathway. Cuttings of PI127826 were treated with 10 µM fosmidomycin, inhibiting 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) activity (Zeidler et al., 1998). After 14 days of treatment, the type-VI trichome head-cells from newly developed leaves were analysed for terpene content and storage-cavity volume. In control plants, terpene levels in PI127826 glands measured 12.3 ng/gland, which was reduced with 98% to 0.21 ng/gland in fosmidomycin-treated cuttings (Figure 4A). Inhibition of the MEP-pathway did not only affect the accumulation of terpenes produced in the plastid, but also sesquiterpenes produced by cytosol-localised terpene synthases (Supplemental Figure. S5). In addition, the treatment reduced the cavity volume of the glands with 95% from 25.0 picolitre in control plants to 1.2 picolitre in treated cuttings (Figures 4B, C). The change in cavity volume was accompanied by a difference in physical appearance of the glands. Instead of having smooth and spherical-shaped glands, newly formed glands of fosmidomycin-treated cuttings appeared more lobed (Figure 4C) as were the glands of the above mentioned lazy F2-genotypes. Interestingly, type-VI trichomes on leaves that were already present on the cuttings prior to the treatment were much less affected in cavity size and shape; fosmidomycin reduced the cavities on these trichomes with only 16% (Supplemental Figure S6).




Figure 4 | Fosmidomycin treatment of PI127826 cuttings reduces terpene content and storage cavity volume of type-VI trichomes. Cuttings of PI127826 (n = 3) were grown for 14 days in hydroponic solution supplied with or without 10 μM fosmidomycin. (A) Quantification of total mono-and sesquiterpene terpene levels in type-VI glands. (B) Volume of the storage cavity. (C) Representative photographs of a type-VI head displaying the central storage cavity after 14 days under control conditions or with fosmidomycin treatment. Significant differences are annotated with an asterisk: T-test p < 0.01.



Following up, we treated both active and lazy F2-genotypes with selective inhibitors to examine if the MEP and the MVA pathway contribution differently to terpene accumulation depending on the genotype. Cuttings of PI127826 and F2-73 (“active”), the cultivar and F2-411 (“lazy”) were treated with 10 µM fosmidomycin to block the MEP pathway, or 10 µM mevastatin to block the MVA pathway by inhibition of HMG-CoA Reductase (HMGR). After 14 days of treatment, type-VI trichome-heads were isolated from newly formed leaves and their terpene content was analysed.

As observed above, fosmidomycin treatment greatly reduced both plastid- and cytosol-derived terpenes in the glands of active genotypes (Figure 5A). In this experiment, the levels of plastid-derived 7epiZ and its derivatives were for 98% reduced in PI127826 glands. Gland cells of F2-73 also displayed a reduction of 98%; from 5.5 ng/gland in control conditions to 0.12 ng/gland after treatment. It was furthermore confirmed that blocking of the MEP pathway reduces cytosolic terpenes (mainly β-caryophyllene, α-humulene and germacrenes) as well. Those terpenes were for 99% depleted in PI127826 (5.2 ng/gland in control conditions versus 0.065 ng/gland upon treatment) and were completely absent in glands of F2-73 (from 1.4 ng/gland control conditions versus undetectable levels upon treatent). In comparison to fosmidomycin, the effect of mevastatin on terpenoid production in “active” glands was less pronounced. Though both plastidial and cytosolic terpenes appeared less abundant upon inhibition of the MVA pathway, these differences were not significant (Figure 5A). Again, and especially apparent in the active genotypes, changes in terpene levels coincided with a reduction in storage-cavity volume, particularly apparent in active F2-73 (Figures 5B, C). This F2 exhibited a 60% reduction in volume under mevastatin-treatment compared to control (Figure 5B) indicating that also other, MVA-pathway dependent, products that were not analysed here, are present in the storage cavity.




Figure 5 | The effect of MEP/MVA pathway inhibition on plastidial-and cytosolically produced terpenes and the storage cavities. Cuttings (n = 3) of active (PI127826 and F2-73) and lazy (cultivar and F2-411) genotypes were grown for 14 days in hydroponic solution supplied with 10 μM fosmidomycin or 10 μM mevastatin. (A) Terpene levels in the type-VI trichome glands after 14 days of treatment. Terpene levels are summed according to the sub-cellular localisation (i.e. plastidial of cytosolic) of the corresponding terpene synthase (Zhou et al., 2020). The summed terpene quantities were Log2-transformed prior to ANOVA. Letters indicate significant groups (p < 0.05) after a Tukey HSD post-hoc test. (B) Volume of the storage cavity after 14 days of treatment. Letters indicate significant groups (p < 0.05) according to Tukey HSD post-hoc test after ANOVA of Log2-transformed cavity volumes (C) Representative microscope images type-VI trichome glands on the leaves of F2-73 after 14 days of treatment.



Terpene levels of “lazy” genotypes F2-411 and the cultivar, were overall less affected by inhibitor treatment. In general, their trichomes contained much lower terpene levels compared to the active genotypes. Fosmidomycin reduced the levels of plastidial terpenes with 36% in the cultivar (from 0.13 to 0.083 ng/gland) and with 63% in F2-411 (0.16 to 0.060 ng/gland; Figure 5A). These reductions were however not statistically significant and the cavity volumes did not significantly alter under inhibition of the MEP pathway (Figure 5B). As for the “active” genotypes, no significant differences were observed in the abundance of either plastidial-or cytosolically synthesised terpenes of “lazy” genotypes treated with MVA-inhibitor mevastatin (Figure 5A).





MEP pathway upregulated in gland secretory cells

To investigate the transcript levels of the MVA- and MEP-pathway genes, we isolated the glands of type-VI trichomes from the leaves of the lazy cultivar and active F2 genotype F2-28 (Figure 3B) and compared gene expression by mRNA-sequencing of enzymes in the MVA and MEP precursor pathways (Figure 6A). The gland-isolation procedure involved a sieving step to enrich for intact type-VI glands resulting in only minimal contamination of other cells, or other trichome types (Supplemental Figure S8). We thus obtained mRNA profiles highly specific for the type-VI secretory cells.




Figure 6 | Gene expression patterns of the MEP and MVA pathway in secretory cells of F2-28 and the cultivar. (A) A schematic overview of the MEP and MVA pathway for mono-and sesquiterpene synthesis in the secretory cells of type-VI trichomes of tomato. Each arrow arrows indicates one enzymatic step. Metabolites are indicated in black, enzymes in green. Question marks indicate hypothetical steps that are not validated in tomato trichomes. (B) Heatmap showing the normalised counts (Log2 transformed) of transcripts obtained by mRNA-sequencing of secretory cells of type-VI trichomes isolated from the leaves of the cultivar (n = 5) and F2-28 (n = 5) cuttings. Plotted are transcripts mapping to the different homologous enzymes of the MEP and MVA pathway as encoded by genes in the S. lycopersicum genome (Heinz). Gene annotations are given on the left side of the heatmap, gene annotations are given on the right. (C) Boxplots of the normalised counts of the highest expressed genes in the MEP pathway of the cultivar and F2-28. Each dot represents one biological replicate. Asterisks show significant differences in expression (T-test) with ** p < 0.01 and *** p < 0.001. Enzyme abbreviations: 1-deoxy-d-xylulose 5-phosphate synthase (DXS); 1-deoxy-d-xylulose 5-phosphate reductoisomerase (DXR); 2-C-methyl-d-erythritol 4-phosphate cytidylyltransferase (MCT); 4-(cytidine 5′-diphospho)-2-C-methyl-D-erythritol kinase (CMK); 2-C-methyl-d-erythritol 2,4-cyclodiphosphate synthase (MDS); (E)-4-hydroxy-3-methylbut-2-enyl diphosphate synthase (HDS); (E)-4-hydroxy-3-methylbut-2-enyl diphosphate reductase; (HDR); isopentenyl diphosphate isomerase (IDI); Z-Z-farnesyl diphosphate synthase (zFPS); neryl diphosphate synthase (NDPS); terpene synthase (TPS); acetyl-CoA C-acetyltransferase (AACT); 3-hydroxy-3-methylglutaryl-CoA synthase (HMGS); 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR); mevalonate kinase (MVK); phospho-mevalonate kinase (PMK); mevalonate-5-diphosphate decarboxylase (MDC); isopentenyl phosphate kinases (IPK); nudix hydrolase (NUDIX); farnesyl diphosphate synthase (FPS). Metabolite abbreviations: glyceraldehyde 3-phosphate (G3P); isopentenyl phosphate (IP); isoprene diphosphate (IPP); dimethylallyl diphosphate (DMAPP); neryl diphosphate (NPP); farnesyl diphosphate (FPP); Z-Z-farnesyl diphosphate (zFPP).



In both genotypes, genes of the MEP pathway were relatively higher expressed than those of the MVA pathway (Figure 6B; Supplemental Dataset 1). Differential-expression analysis comparing the two genotypes showed that in the high-producing glands of F2-28, all genes of the MEP-pathway were significantly higher expressed compared to the cultivar (Supplemental Figure S9). The biggest difference in expression was found for genes in the last part of the MEP pathway; zFPS compared to NDPS1 (20-fold), IDI1 (4-fold), HDR (3-fold), HDS (2-fold) and the also first committed step of the pathway DXS2 (2-fold; Figure 6C). Interestingly, most genes encoding enzymes of the MVA pathway were significantly higher expressed in F2-28 as well; AACT3 (23-fold), HMGS3 (3-fold), HMGR3 (19-fold), MVK (1.5-fold), PMK (30-fold), DMC1 (1.5-fold), DMC2 (4.5-fold; Supplemental Figure S9; Supplemental Dataset 1). However, compared to the MEP pathway, expression levels of the MVA pathway genes were generally much lower. Moreover, in contrast to the MEP pathway, the final enzymatic steps of MVA pathway, IDI2 and FPS, were equally expressed in the active F2-28 and the lazy cultivar (Supplemental Figure S9). Also, IPK and NUDIX, exhibiting relatively low expression levels in tomato secretory cells anyway, did not differ (Supplemental Dataset 1). Together, the results show that in the secretory cells MEP pathway genes are expressed much higher than the MVA pathway. In addition, transcript levels of the final steps of the plastidial-precursor pathway are particularly high in the active F2 trichomes compared to the cultivar.

Finally, the transcript levels of confirmed regulators of terpene biosynthesis in tomato trichomes were compared (Supplemental Figure S10). The expression of transcription factor SCL3, recently identified to be a regulator of DXS2 (Yang et al., 2021) was 2-fold higher in F2-28 compared to the cultivar, in line with the higher transcript levels of DXS2. There was no differential expression in other transcription factors of potential interest. EOT1, MYC1 and MYB75 (Spyropoulou et al., 2014; Xu et al., 2018; Gong et al., 2021) did not significantly differ between the two genotypes studied here.






Discussion




High-level 7-epizingiberene production is a multigenic trait

We discovered that introgression of a metabolic trait into a tomato cultivar is challenging as the capacity to produce high quantities of terpenes seems to be constrained in a cultivated tomato (i.e. S. lycopersicum). Despite the fact that cultivated tomato has the suitable micro-organ to produce terpenes, i.e. a glandular-trichome type-VI, we showed that in the offspring of an interspecific cross with a high-producing wild tomato, terpene levels were much lower than expected based on the gene dosage of biosynthetic enzymes. The synthesis of sesquiterpenes, including 7epiZ and its derivatives, and monoterpenes is (co-)dominant, hence the F1 hybrid is able produce 7epiZ, 9HZ, 9H10epoZ as well as monoterpenes. However, terpene levels in F1 plants were only 7% of that of PI127826, and not significantly higher than those in a cultivar (Figure 1A). In contrast, terpene levels in the F1 made from two S. habrochaites accessions (F1-hab; LA1777 x PI127826) were similar to PI127826. This indicates that the germplasms of PI127826 and LA1777 share the (genetic) factors necessary to accumulate high levels of terpenes in type-VI trichomes or, alternatively, lack inhibiting factors that may be present in S. lycopersicum.

The pre-selection of the F2 plants for homozygous alleles of the full 7epiZ pathway (i.e. zFPS/ZIS/ShZO) allowed us to study rate limiting factors for high production in the plastid without interference of monoterpene synthesis via NDPS1/PHS1. The segregation of 7epiZ levels in this F2 population, which were highly skewed to low levels as found in the cultivar and the F1 (Figure 2A), indicated a multigenic recessive nature of high terpene production by type-VI trichomes. Our results are in line with previous findings describing trichome-produced specialised metabolite levels in segregating material of different interspecific crosses (Zamir et al., 1984; Frelichowski and Juvik, 2001; Zhang et al., 2008; Ben-Israel et al., 2009; Ji et al., 2022). Interspecific F1-hybrids made with various other S. habrochaites accessions (i.e. LA1777, LA1363, LA0407 and PI126449) or S. pennellii (LA0716) also displayed a disproportionate low production of specialised metabolites. Moreover, the frequency distributions of metabolite levels in segregating populations were also highly skewed towards the low levels found in the F1s (Zamir et al., 1984; Frelichowski and Juvik, 2001; Zhang et al., 2008; Ben-Israel et al., 2009; Ji et al., 2022). Similar frequency distributions were observed when F1-hybrids were back crossed to the wild parent pointing out the involvement of recessive alleles (Zamir et al., 1984; Frelichowski and Juvik, 2001).

Frelichowski and Juvik (2005) calculated three recessive loci to regulate santalene and bergamotene levels in LA1777. Likewise, biosynthesis of the methyl ketone 2-tridecanone in S. habrochaites LA0704, was predicted to require three genes in addition to the two known methyl ketone synthases (Fery and Kennedy, 1987). The genetic models that fit the frequency distribution of high 7epiZ levels observed here also comprise either three recessive loci, or two recessive loci plus one or two dominant ones (Table 1). These loci are irrespective of the zFPS/ZIS locus on chromosome 8 (Solyc08g005680 and Solyc08g005670) and the ShZO locus on chromosome 1 (Solyc01g008670), and do not seem to be linked. Noticeably, the examples above entail type-VI trichome specialised metabolites that originate from different precursor pathways. The SCAs in LA1777 and 7epiZ (derivatives) in PI127826 are MEP-pathway derived, while the terpenoids in LA1363 originate from the cytosolic MVA-pathway, and methyl-ketones (e.g. 2-tridecanone and 2-undecanone) are derived from (plastidial) fatty-acid biosynthesis. The factors that determine “high-level metabolite production” must therefore be involved in facilitating the flux, or enhance the storage capacity, independent of a particular pathway.





Trichome activity and density are two independent traits

The total quantity of terpenes on a leaf-surface area is determined by a combination of type-VI trichome-density, the metabolic activity of the individual trichomes and their capacity to store and retain the metabolites. While it is obvious that the presence of high numbers of glandular trichomes contributes to the levels a plant can produce, trichome density alone could not explain the total terpene levels produced by the studied F2 plants. We found individuals with high numbers of trichomes producing relatively low levels of terpenes, and vice versa (Figure 2B; Supplemental Figure S3B). Hence, density can contribute, but does not explain high 7epiZ levels at the leaf level by itself. Likewise, the work of Ben-Israel et al. (2009) on the production of methyl-ketones in type-VI trichomes, showed that trichome density had a minor effect on total levels found on the leaf. Interestingly, trichome shape and allelic variants of the biosynthetic enzymes correlated better to the methyl-ketone concentrations (Ben-Israel et al., 2009). In conclusion, the “productivity” phenotype of type-VI trichomes segregates independently from trichome density (Figure 2) and should therefore be regarded as a separate trait that, in combination with density, will determine the total level of metabolites produced on the leaf surface.

Type-VI trichome density, typically higher in PI127826, appease to be co-dominant as the F1 hybrid exhibits a density phenotype intermediate to both parents (Figure 1B). A similar pattern was observed for type-I/IV and non-glandular trichomes (Supplemental Figure S1), suggesting that regulatory control over trichome development (e.g. initiation and type-differentiation) in general is regulated by co-dominant factors. Several studies indeed discovered trichome initiation and development is under control of transcription-factor protein-complexes that require all elements of the complex to be present (Guevara-García et al., 2005; Kang et al., 2016; Gao et al., 2017; Xu et al., 2018).





Type-VI storage cavity volume and shape are determined by activity of the secretory cells

The difference in morphology of type-VI trichome glandular heads between S. habrochaites and S. lycopersicum accessions was proposed earlier to be related to the metabolite quantities inside the trichome (Bergau et al., 2015). The formation of “globular” shaped trichomes may be due to the “inflated-balloon” effect, where expansion of the internal cavity pushes the four secretory cells, encapsulated by a cuticular sac, outwards creating a spherical shape (Ben-Israel et al., 2009). The expansion of the cavity is likely facilitated by loosening of the gland-cell’s cell wall at the side facing the storage cavity, a process that seems to be more pronounced in S. habrochaites type-VI trichomes compared to S. lycopersicum (Bergau et al., 2015). Loosening of the cell walls, e.g. by pectinases or expansins, may therefore be a prerequisite for cavity expansion. Still, the accumulation of terpenoids remains a determining factor. The inhibitor assays done here show that the cavity volume in newly developed trichomes is dependent on the ability to produce terpenoids (Figure 5B). This “filling” of the cavity must take place predominantly during the very early stages of trichome development, as matured trichomes exposed to fosmidomycin treatment were much less affected (Supplemental Figure S6). This indicates that the volume of the storage cavity is not a predetermined trait but rather the consequence of metabolite accumulation early in trichome development. The fact that we observed only minor variation in cavity volume of trichomes on an individual plant, whether it is an “active” or “lazy” genotype (Figure 3B, lower panel), suggests that the metabolic activity of all secretory cells is co-regulated.





A high metabolic flux through the MEP-pathway for the productivity of both plastidial as cytosolically localised terpene synthases

Compartmentalised production of IPP seems an efficient way to accommodate increased terpenoid production (Aharoni et al., 2003; Wu et al., 2006; Dong et al., 2016). With genes of the MEP pathway highly expressed, trichomes accumulated high amounts of terpenes via both cytosolic- and plastid-localised synthases (Figure 5A; Zhou and Pichersky, 2020). Evidence for precursor-crosstalk (i.e IPP/DMAPP) between plastids and the cytosol has accumulated over the past years (Hemmerlin et al., 2003; Liao et al., 2016; Henry et al., 2018; Gutensohn et al., 2021). The substantial reduction in terpene content observed after fosmidomycin treatment of active genotypes (Figure 5A) suggests that type-VI trichomes have a high metabolic flux through the MEP pathway driving the synthesis of terpenes in the plastid, and also in the cytosol. This indicates that also cytosolic terpene synthases in S. habrochaites and active F2-genotypes largely rely on precursors derived from MEP pathway. The contribution of the MVA pathway to the total pool of IPP in the secretory cells indeed seems limited as no significant effect was observed on either mono- or sesquiterpenes levels under treatment with mevastatin (Figure 5A). Combining those results with our gene-expression data (Figure 6), we hypothesised that the metabolic flux of isoprenoid precursors IPP/DMAPP in trichomes of S. habrochaites predominantly runs through a highly active MEP pathway. Such directional flux was described previously for snapdragon flowers (Dudareva et al., 2005) where sesquiterpene biosynthesis in the cytosol appeared to rely largely on the IPP generated by the MEP pathway. A bidirectional precursor-flux was shown previously for tomato fruit (Gutensohn et al., 2021). However, the MVA pathway contributes to only little amounts of terpenes in tomato trichomes (Figure 5A).

Although we did not investigate this further, we cannot exclude that genetic factors from S. lycopersicum repress the synthesis of terpenes. These could include (post-)transcriptional repressors of (regulators of) terpene biosynthesis, metabolite transport and storage capacity, the availability of carbon and energy or the branching of available carbon to other pathways (e.g. flavonoids). We did not see large differences in gene expression of (confirmed) transcriptional regulators of terpene metabolism, except for a 2-fold higher transcript level of MIXTA-like and SCL3 which is in line with enhanced activation of the MEP pathway in the active F2-genotype. Through quantitative trait locus (QTL) mapping, Bennewitz et al. (2018) indicated multiple loci of S. habrochaites LA1777 correlated to the particular “globular” shape of its type-VI trichomes. They found a QTL on chromosome 1 that shows strong correlation to the shape, with additional loci on chromosome 7 and chromosome 11. As they used a backcross population, these QTLs indicate dominant loci. Here we showed the connection between terpene accumulation, storage-cavity volume and trichome morphology; the loci proposed by Bennewitz et al. (2018) may thus contain genes involved in terpene biosynthesis additional to gland shape. The enhanced metabolic flux can be the result of multiple upstream or downstream processes including transcriptional activation and the capacity to transport and store end-products in the storage cavity.






Methods




Plant material

The F1 was generated by transferring pollen from S. habrochaites PI127826 onto the stamen of a S. lycopersicum cultivar obtained from Enza Zaden Enkhuizen after which F1 seed was harvested. Next, the F1 was selfed to generate the S. lycopersicum x S. habrochaites PI127826 F2 population. F2 individuals were preselected for the presence of Tomato Mosaic Virus resistance of the cultivar and the 7-epizingiberene synthase (ZIS; Solyc08g005640), zFPS (Solyc08g005640) and a P450 (Solyc01g008650) from PI127826, using SNP markers. F1-hab was generated by crossing S. habrochaites PI127826 (male) to S. habrochaites LA1777 (female). The F2s, F1s and prenatal plants were maintained as cuttings and grown in enclosed climate-controlled greenhouse compartments (22–25°C; 16/8h light/dark). Biological replicates originate by growing multiple cuttings from the sample mother plant. All experiments were performed on ~4 weeks old cuttings except when indicated differently. Unless indicated otherwise, the leaf material and type-VI trichomes originated from 4th fully developed leaf from the shoot apex, of which the lateral leaflets after the leaf’s terminal leaflet were taken.





Trichome phenotyping




Trichome density

Two leaf discs (r = 2 mm) were taken per leaf surface (i.e. abaxial/adaxial) and the total number of non-glandular trichomes, type-VI trichomes and type I-and VI trichomes on each leaf disc was counted by eye under a stereo microscope. Per trichome type, the number of trichomes was summed over the abaxial-and adaxial surface to obtain the total number of trichome per leaf-disc area. Mean densities over the two leaf discs were taken to determine the density per biological replicate (n = 3 cuttings).





Type-VI trichome-density classes

To assign the F2 genotypes to trichome-density classes, as displayed in Supplemental Figure S3A, two leaf discs (r = 2 mm) were taken from each genotype. One leaf disc was used to estimate the number of type-VI trichomes on the abaxial surface, the second leaf disc for the abaxial surface. Next, the adaxial and adaxial surface were summed giving the total number of trichomes per leaf disc. For the parental genotypes, the mean summed number of trichomes was taken after outlier analysis (n= 4-5 cuttings).





Microscopy and storage-cavity measurements

Strips of the peripheral ends were cut from leaflets and mounted on a microscope slide, immersed in a drop of water and covered by a cover slip. Trichome images were taken with a EVOS™ digital inverted microscope (www.thermofisher.com) under bright light using a 20X objective. The height (medial plane) and width (transverse plane) of the cavities were measured using ImageJ (https://imagej.nih.gov) and the cavity volume was calculated according to the formula for prolate spheroids: volume = (4/3)*a2*b, were a is the radius of the cavity’s width and b the radius of its height.






Volatile analysis




Metabolite extraction

Leaflets were first weighted and subsequently submerged in 1mL n-hexane spiked with 0.5 ng/µL benzyl acetate as internal standard. After briefly rocking for 5 seconds the hexane was transferred to a 1.5 mL Eppendorf Safe-Lock tube containing ~10 mg Na2SO4(s) and vortexed for 5 seconds. The tubes were spun down for 5 minutes at 12.000 rpm where after the hexane extract was transferred to a 2 mL GC-MS glass vial and stored under N2(g) at -20°C until GC-MS analysis. For type-VI trichome gland-cell analysis, per sample 150 trichomes were collected from the adaxial side of a leaflet using the tip of a stretched-out glass Pasteur-pipette (final radius ~80-100 µM) while under a stereomicroscope. Volatiles were extracted in Eppendorf Safe-Lock tubes containing 300 µL n-hexane spiked with 0.5 ng/µL benzyl acetate. During this procedure, the tip of the Pasteur pipette picks up the type-VI head-cells by capillary force after brief contact. The pipette was washed in the n-hexane with every 30 head-cells collected to prevent clogging of the tip. After collection, ~10 mg Na2SO4(s) was added to the tube followed by 5 seconds of vortexing. The tubes were spun down for 5 minutes at 12.000 rpm where after ~150 µL of the hexane extract was transferred to a 2 mL GC-MS glass vial containing an autosampler insert and stored under N2(g) at -20°C until GC-MS analysis.





Data acquisition

Gas chromatograph-mass spectrometry was performed using an Agilent 7890A gas chromatograph coupled to an Agilent 7200 mass spectrometer. Depending on the sample, 1 or 2 μL of sample was injected, heated to 275°C and separated on a HP-5MS column (30 m × 250 μm x 0.25 μm; Agilent) using helium as carrier gas (flow rate: 1 mL min−1). The column was heated to 40°C for 3 min, after which the temperature increased 15°C/min up to 250°C which was held for 5 min. Ionisation of the sample was done at 70 eV with an emission of 35 μA at 230°C and data was collected with rate of 5 scans/second within a mass range of 40 – 300 mu.





Data analysis

Chromatographic peaks were integrated on the spectral base peak using Masshunter Quantitative software (Agilent). Peak areas were corrected for the internal standard, sample dilution, injected sample volume and, depending on the experiment, normalised for fresh leaf weight or number of collected trichomes. Normalised peak areas were quantified using authentic standards if possible. β-caryophyllene was used for quantification of 7-epizingiberene and its derivatives, α/β-bergamotene and α-santalene. The 95% confidence interval of PI127826 levels (n = 4) was determined by the mean peak area ± 1.96*(standard deviation/√n).






Inhibition assays

Freshly made cuttings were grown on Terra Aquatica (www.terraaquatica.com/) hydroponic solution containing TriPart-Grow/TriPart-Micro/Tripart-Bloom/water: 1/1/1/9997 (v/v/v/v) in a climate-controlled greenhouse-compartment (22–25°C, 16/8h light/dark). After 1 week, roots emerged and cuttings were transferred to fresh hydroponic solutions supplemented with 10 μM fosmidomycin (Sigma-Aldrich, Catalog number: F8682) or 10 μM mevastatin (Sigma-Aldrich, Catalog number: M2537) or without inhibitors. After 14 days, the first lateral leaflets after the terminal leaflet of the 2nd or 3rd leaf from the apex were taken for microscopy and volatile analysis of the trichome head-cells. To ensure effective inhibitor treatment, cuttings were checked for development-related appearances that are typical after treatment with these inhibitors. Fosmidomycin-treated cuttings displayed bleaching of the newly formed leaves, while mevastatin-treated cuttings showed a stunted-growth phenotype (Supplemental Figure S7).





Gland isolation and RNA extraction

Approximately 15-20 leaflets were collected in 50 mL tubes and were fully submerged in 30 mL ice-cold 70% EtOH. Tubes were hand-shaken for 20 times followed by 10 seconds of vortexing, whereafter the leaflets were briefly checked under a stereo microscopy for remaining type-VI trichomes. When many trichomes were still attached to the leaflets the shaking/vortexing step was repeated. The leaflets were next removed, and the extract was sieved through a 70 µm nylon cell strainer (Corning® product # 431751) and collected into a fresh 50 mL tube. A small fraction on the collected samples (~50 µL) was inspected under a microscope for the enrichment of type-VI glands (Supplemental Figure S8) and to assure minimal contamination. The tubes were centrifuged at 3.000g for 5 minutes at 4°C. The pellet was resuspended in 1 mL 70% EtOH and, for each RNA-extraction, two resuspended pellets were combined into a fresh 2 mL Eppendorf® tube. The Eppendorf tubes were centrifuged at 13.000g for 5 minutes at 4°C whereafter the supernatant was removed, and the pellet was frozen in N2 (l). Steel beads were added to the tube and shaken for 60 seconds using a paint shaker, then frozen in N2 (l) and stored at -80°C until further processing. The grinded tissue was used as input material for RNA extraction using the NucleoSpin® RNA XS kit (Macherey-Nagel product # 740902) following manufacturer’s instructions and was eluted in 25 μL water. To further purify the RNA samples, 5 μL 10M of LiCl was added and samples were left overnight at -20°C. Precipitated RNA was spun down at 13.000 rpm for 20 minutes at 4°C and subsequently washed twice with 500μL 70% EtOH and resuspended in 10 μL water.





Library preparation and mRNA sequencing

Prior to library preparation, poly-A enrichment was done using the NEBNext® Poly(A) mRNA Magnetic Isolation Module (New England BioLabs). RNA-sequencing libraries were generated using the NEBNext® Ultra II Directional RNA Library Prep Kit for Illumina with the NEBNext® Multiplex Oligos for Illumina® (Unique Dual Index Primer Pairs) according to the manufacturers’ protocols for larger insert size libraries (New England BioLabs). The size distribution of the libraries with indexed adapters was assessed using a 2200 TapeStation System with Agilent D5000 ScreenTapes (Agilent Technologies) and libraries were quantified using a QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific) using the NEBNext® Library Quant Kit for Illumina (New England BioLabs) according to the manufacturer’s instructions. Libraries were clustered and sequenced (2x 150 bp) on a NovaSeq 6000 Sequencing System (Illumina) using a NovaSeq 6000 S4 Reagent Kit v1.5 (300 cycles, Illumnia). The mRNA-Seq reads were analysed using a custom Snakemake (Mölder et al., 2021) pipeline coined “snakemake-rnaseq” that is based on fastp, Kallisto and Subread (Liao et al., 2014; Bray et al., 2016; Chen et al., 2018). Read counts were normalised using DESeq2 in R (Love et al., 2014).






Data availability statement

The original contributions presented in the study are publicly available. This data can be found here: https://github.com/BleekerLab/genetic_requirements/releases/tag/v0.5.0.





Author contributions

PB, RK and MG conceived the study. RK and PB wrote the manuscript. RK, AM, RT and SM performed the experiments. MG performed the bioinformatic analyses. RS and MH provided input for the experiments and revised the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by an NWO VIDI-grant from the Dutch Organisation for Scientific Research (NWO; grant number 12988) obtained by PB, covering all project cost and the salary of RK, AM and MG. RT was funded by TKI T&U “Topsectoren” grand number TU-2017-012 obtained by PB.




Acknowledgments

The authors would like to thank the research and breeding departments of Enza Zaden Research and Development B.V. for their sizeable contribution to this manuscript, especially for providing the plant material, for creating, maintaining and genotyping the segregating population, and for help with metabolite analysis. Michelle van der Gragt and Sanne Ypenburg are thanked for their help with counting the trichomes on the F2 population.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1139274/full#supplementary-material




References

 Aharoni, A., Giri, A. P., Deuerlein, S., Griepink, F., de Kogel, W., Verstappen, F. W., et al. (2003). Terpenoid metabolism in wild-type and transgenic arabidopsis plants. Plant Cell 15 (12), 2866–2884. doi: 10.1105/tpc.016253

 Akhtar, T. A., Matsuba, Y., Schauvinhold, I., Yu, G., Lees, H. A., Klein, S. E., et al. (2013). The tomato cis–prenyltransferase gene family. Plant J. 73 (4), 640–652. doi: 10.1111/tpj.12063

 Andama, J. B., Mujiono, K., Hojo, Y., Shinya, T., and Galis, I. (2020). Nonglandular silicified trichomes are essential for rice defense against chewing herbivores. Plant Cell Environ. 43 (9), 2019–2032. doi: 10.1111/pce.13775

 Ben-Israel, I., Yu, G., Austin, M. B., Bhuiyan, N., Auldridge, M., Nguyen, T., et al. (2009). Multiple biochemical and morphological factors underlie the production of methylketones in tomato trichomes. Plant Physiol. 151 (4), 1952–1964. doi: 10.1104/pp.109.146415

 Bennewitz, S., Bergau, N., and Tissier, A. (2018). QTL mapping of the shape of type VI glandular trichomes in tomato. Front. Plant Sci. 9, 1–12. doi: 10.3389/fpls.2018.01421

 Bergau, N., Bennewitz, S., Syrowatka, F., Hause, G., and Tissier, A. (2015). The development of type VI glandular trichomes in the cultivated tomato solanum lycopersicum and a related wild species s. habrochaites. BMC Plant Biol. 15 (1), 1–15. doi: 10.1186/s12870-015-0678-z

 Bleeker, P. M., Diergaarde, P. J., Ament, K., Schütz, S., Johne, B., Dijkink, J., et al. (2011a). Tomato-produced 7-epizingiberene and r-curcumene act as repellents to whiteflies. Phytochemistry 72 (1), 68–73. doi: 10.1016/j.phytochem.2010.10.014

 Bleeker, P. M., Mirabella, R., Diergaarde, P. J., VanDoorn, A., Tissier, A., Kant, M. R., et al. (2012). Improved herbivore resistance in cultivated tomato with the sesquiterpene biosynthetic pathway from a wild relative. Proc. Natl. Acad. Sci. 109 (49), 20124–20129. doi: 10.1073/pnas.1208756109

 Bleeker, P. M., Spyropoulou, E. A., Diergaarde, P. J., Volpin, H., De Both, M. T., Zerbe, P., et al. (2011b). RNA-Seq discovery, functional characterization, and comparison of sesquiterpene synthases from solanum lycopersicum and solanum habrochaites trichomes. Plant Mol. Biol. 77 (4), 323–336. doi: 10.1007/s11103-011-9813-x

 Bray, N. L., Pimentel, H., Melsted, P., and Pachter, L. (2016). Near-optimal probabilistic RNA-seq quantification. Nat. Biotechnol. 34, 525–527. doi: 10.1038/nbt.3519

 Chen, G., Klinkhamer, P. G., Escobar-Bravo, R., and Leiss, K. A. (2018). Type VI glandular trichome density and their derived volatiles are differently induced by jasmonic acid in developing and fully developed tomato leaves: Implications for thrips resistance. Plant Sci. 276, 87–98. doi: 10.1016/j.plantsci.2018.08.007

 Dong, L., Jongedijk, E., Bouwmeester, H., and Van Der Krol, A. (2016). Monoterpene biosynthesis potential of plant subcellular compartments. New Phytol. 209 (2), 679–690. doi: 10.1111/nph.13629

 Dudareva, N., Andersson, S., Orlova, I., Gatto, N., Reichelt, M., Rhodes, D., et al. (2005). The nonmevalonate pathway supports both monoterpene and sesquiterpene formation in snapdragon flowers. Proc. Natl. Acad. Sci. 102 (3), 933–938. doi: 10.1073/pnas.0407360102

 Escobar-Bravo, R., Ruijgrok, J., Kim, H. K., Grosser, K., Van Dam, N. M., Klinkhamer, P. G., et al. (2018). Light intensity-mediated induction of trichome-associated allelochemicals increases resistance against thrips in tomato. Plant Cell Physiol. 59 (12), 2462–2475. doi: 10.1093/pcp/pcy166

 Fery, R. L., and Kennedy, G. G. (1987). Genetic analysis of 2-tridecanone concentration, leaf trichome characteristics, and tobacco hornworm resistance in tomato. J. Am. Soc. Hortic. Sci. 112 (5), 886–891. doi: 10.21273/JASHS.112.5.886

 Frelichowski, J. E. Jr., and Juvik, J. A. (2001). Sesquiterpene carboxylic acids from a wild tomato species affect larval feeding behavior and survival of helicoverpa zea and spodoptera exigua (Lepidoptera: Noctuidae). J. Economic Entomology 94 (5), 1249–1259. doi: 10.1603/0022-0493-94.5.1249

 Frelichowski, J. E. Jr., and Juvik, J. A. (2005). Inheritance of sesquiterpene carboxylic acid synthesis in crosses of Lycopersicon hirsutum with insect-susceptible tomatoes. Plant Breed. 124, 277–281. doi: 10.1111/j.1439-0523.2005.01076.x

 Fridman, E., Wang, J., Iijima, Y., Froehlich, J. E., Gang, D. R., Ohlrogge, J., et al. (2005). Metabolic, genomic, and biochemical analyses of glandular trichomes from the wild tomato species lycopersicon hirsutum identify a key enzyme in the biosynthesis of methylketones. Plant Cell 17 (4), 1252–1267. doi: 10.1105/tpc.104.029736

 Gao, S., Gao, Y., Xiong, C., Yu, G., Chang, J., Yang, Q., et al. (2017). The tomato b-type cyclin gene, SlCycB2, plays key roles in reproductive organ development, trichome initiation, terpenoids biosynthesis and prodenia litura defense. Plant Sci. 262, 103–114. doi: 10.1016/j.plantsci.2017.05.006

 Glas, J. J., Schimmel, B. C., Alba, J. M., Escobar-Bravo, R., Schuurink, R. C., and Kant, M. R. (2012). Plant glandular trichomes as targets for breeding or engineering of resistance to herbivores. Int. J. Mol. Sci. 13 (12), 17077–17103. doi: 10.3390/ijms131217077

 Gong, Z., Luo, Y., Zhang, W., Jian, W., Zhang, L., Gao, X., et al. (2021). A SlMYB75-centred transcriptional cascade regulates trichome formation and sesquiterpene accumulation in tomato. J. Exp. Bot. 72 (10), 3806–3820. doi: 10.1093/jxb/erab086

 Guevara-García, A., San Román, C., Arroyo, A., Cortés, M. E., de la Luz Gutiérrez-Nava, M., and León, P. (2005). Characterization of the arabidopsis clb6 mutant illustrates the importance of posttranscriptional regulation of the methyl-d-erythritol 4-phosphate pathway. Plant Cell 17 (2), 628–643. doi: 10.1105/tpc.104.028860

 Gutensohn, M., Henry, L. K., Gentry, S. A., Lynch, J. H., Nguyen, T. T., Pichersky, E., et al. (2021). Overcoming bottlenecks for metabolic engineering of sesquiterpene production in tomato fruits. Front. Plant Sci. 1107. doi: 10.3389/fpls.2021.691754

 Hemmerlin, A., Harwood, J. L., and Bach, T. J. (2012). A raison d’être for two distinct pathways in the early steps of plant isoprenoid biosynthesis? Prog. Lipid Res. 51 (2), 95–148. doi: 10.1016/j.plipres.2011.12.001

 Hemmerlin, A., Hoeffler, J., Meyer, O., Tritsch, D., Kagan, I. A., Grosdemange-Billiard, C., et al. (2003). Cross-talk between the cytosolic mevalonate and the plastidial methylerythritol phosphate pathways in tobacco bright yellow-2 cells. J. Biol. Chem. 278 (29), 26666–26676. doi: 10.1074/jbc.M302526200

 Henry, L. K., Thomas, S. T., Widhalm, J. R., Lynch, J. H., Davis, T. C., Kessler, S. A., et al. (2018). Contribution of isopentenyl phosphate to plant terpenoid metabolism. Nat. Plants 4 (9), 721–729. doi: 10.1038/s41477-018-0220-z

 Ji, W., Mandal, S., Rezenom, Y. H., and McKnight, T. D. (2022). Specialized metabolism by trichome-enriched rubisco and fatty acid synthase components. Plant Physiol. 191 (2), 1199–213. doi: 10.1093/plphys/kiac487

 Kang, J., Campos, M. L., Zemelis-Durfee, S., Al-Haddad, J. M., Jones, A. D., Telewski, F. W., et al. (2016). Molecular cloning of the tomato hairless gene implicates actin dynamics in trichome-mediated defense and mechanical properties of stem tissue. J. Exp. Bot. 67 (18), 5313–5324. doi: 10.1093/jxb/erw292

 Kang, J., Gonzales-Vigil, E., Matsuba, Y., Pichersky, E., and Barry, C. S. (2014). Determination of residues responsible for substrate and product specificity of Solanum habrochaites short-chain cis-prenyltransferases. Plant Physiol. 164 (1), 80–91. doi: 10.1104/pp.113.230466

 Kariyat, R. R., Smith, J. D., Stephenson, A. G., De Moraes, C. M., and Mescher, M. C. (2017). Non-glandular trichomes of solanum carolinense deter feeding by manduca sexta caterpillars and cause damage to the gut peritrophic matrix. Proc. R. Soc. B: Biol. Sci. 284 (1849), 20162323. doi: 10.1098/rspb.2016.2323

 Kortbeek, R. W., van der Gragt, M., and Bleeker, P. M. (2019). Endogenous plant metabolites against insects. Eur. J. Plant Pathol. 154 (1), 67–90. doi: 10.1007/s10658-018-1540-6

 Liao, P., Hemmerlin, A., Bach, T. J., and Chye, M. (2016). The potential of the mevalonate pathway for enhanced isoprenoid production. Biotechnol. Adv. 34 (5), 697–713. doi: 10.1016/j.biotechadv.2016.03.005

 Liao, Y., Smyth, G. K., and Shi, W. (2014). featureCounts: An efficient general purpose program for assigning sequence reads to genomic features. Bioinformatics 30 (7), 923–930. doi: 10.1093/bioinformatics/btt656

 Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15 (12), 1–21. doi: 10.1186/s13059-014-0550-8

 Luckwill, L. C. (1943). The genus lycopersicon: An historical, biological, and taxonomic survey of the wild and cultivated tomatoes. Aberd. Univ. Stud. 120, 1–44.

 Mölder, F., Jablonski, K. P., Letcher, B., Hall, M. B., Tomkins-Tinch, C. H., Sochat, V., et al. (2021). Sustainable data analysis with snakemake. F1000Research 10 (33), 1–28. doi: 10.12688/f1000research.29032.2

 Nakashima, T., Wada, H., Morita, S., Erra-Balsells, R., Hiraoka, K., and Nonami, H. (2016). Single-cell metabolite profiling of stalk and glandular cells of intact trichomes with internal electrode capillary pressure probe electrospray ionization mass spectrometry. Analytical Chem. 88 (6), 3049–3057. doi: 10.1021/acs.analchem.5b03366

 Sallaud, C., Rontein, D., Onillon, S., Jabès, F., Duffé, P., Giacalone, C., et al. (2009). A novel pathway for sesquiterpene biosynthesis from z, z-farnesyl pyrophosphate in the wild tomato solanum habrochaites. Plant Cell 21 (1), 301–317. doi: 10.1105/tpc.107.057885

 Schilmiller, A. L., Miner, D. P., Larson, M., McDowell, E., Gang, D. R., Wilkerson, C., et al. (2010). Studies of a biochemical factory: Tomato trichome deep expressed sequence tag sequencing and proteomics. Plant Physiol. 153 (3), 1212–1223. doi: 10.1104/pp.110.157214

 Schilmiller, A. L., Schauvinhold, I., Larson, M., Xu, R., Charbonneau, A. L., Schmidt, A., et al. (2009). Monoterpenes in the glandular trichomes of tomato are synthesized from a neryl diphosphate precursor rather than geranyl diphosphate. Proc. Natl. Acad. Sci. 106 (26), 10865–10870. doi: 10.1073/pnas.0904113106

 Schuurink, R., and Tissier, A. (2020). Glandular trichomes: micro-organs with model status? New Phytol. 225 (6), 2251–2266. doi: 10.1111/nph.16283

 Spyropoulou, E. A., Haring, M. A., and Schuurink, R. C. (2014). Expression of terpenoids 1, a glandular trichome-specific transcription factor from tomato that activates the terpene synthase 5 promoter. Plant Mol. Biol. 84 (3), 345–357. doi: 10.1007/s11103-013-0142-0

 Therezan, R., Kortbeek, R., Vendemiatti, E., Legarrea, S., de Alencar, S. M., Schuurink, R. C., et al. (2021). Introgression of the sesquiterpene biosynthesis from solanum habrochaites to cultivated tomato offers insights into trichome morphology and arthropod resistance. Planta 254 (1), 1–16. doi: 10.1007/s00425-021-03651-y

 Tissier, A., Morgan, J. A., and Dudareva, N. (2017). Plant volatiles: Going ‘in’ but not ‘out’ of trichome cavities. Trends Plant Sci. 22 (11), 930–938. doi: 10.1016/j.tplants.2017.09.001

 Vendemiatti, E., Zsögön, A., Silva, G. F. F. E., de Jesus, F. A., Cutri, L., Figueiredo, C. R. F., et al. (2017). Loss of type-IV glandular trichomes is a heterochronic trait in tomato and can be reverted by promoting juvenility. Plant Sci. 259, 35–47. doi: 10.1016/j.plantsci.2017.03.006

 Wu, S., Schalk, M., Clark, A., Miles, R. B., Coates, R., and Chappell, J. (2006). Redirection of cytosolic or plastidic isoprenoid precursors elevates terpene production in plants. Nat. Biotechnol. 24 (11), 1441–1447. doi: 10.1038/nbt1251

 Xu, J., van Herwijnen, Z. O., Dräger, D. B., Sui, C., Haring, M. A., and Schuurink, R. C. (2018). SlMYC1 regulates type VI glandular trichome formation and terpene biosynthesis in tomato glandular cells. Plant Cell 30 (12), 2988–3005. doi: 10.1105/tpc.18.00571

 Yang, C., Marillonnet, S., and Tissier, A. (2021). The scarecrow-like transcription factor SlSCL3 regulates volatile terpene biosynthesis and glandular trichome size in tomato (Solanum lycopersicum). Plant J. 107, 1102–1118. doi: 10.1111/tpj.15371

 Zabel, S., Brandt, W., Porzel, A., Athmer, B., Bennewitz, S., Schäfer, P., et al. (2021). A single cytochrome P450 oxidase from solanum habrochaites sequentially oxidizes 7-epi-zingiberene to derivatives toxic to whiteflies and various microorganisms. Plant J. 105 (5), 1309–1325. doi: 10.1111/tpj.15113

 Zamir, D., Selilaben-David, T., Rudich, J., and Juvik, J. A. (1984). Frequency distributions and linkage relationships of 2-tridecadone in interspecific segregating generations of tomato. Euphytica 33 (2), 481–488. doi: 10.1007/BF00021148

 Zeidler, J. G., Schwender, J., Muller, C., Wiesner, J., Weidemeyer, C., Beck, E., et al. (1998). Inhibition of the non-mevalonate 1-deoxy-D-xylulose-5-phosphate path-way of plant isoprenoid biosynthesis by fosmidomycin. Z. Naturforsch. 53C, 980–986. doi: 10.1515/znc-1998-11-1208

 Zhang, X., Thacker, R. R., and Snyder, J. C. (2008). Occurrence of 2, 3-dihydrofarnesoic acid, a spidermite repellent, in trichome secretions of lycopersicon esculentum× l. hirsutum hybrids. Euphytica 162 (1), 1–9. doi: 10.1007/s10681-007-9489-0

 Zhou, F., and Pichersky, E. (2020). The complete functional characterisation of the terpene synthase family in tomato. New Phytol. 226 (5), 1341–1360. doi: 10.1111/nph.16431




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Kortbeek, Galland, Muras, Therezan, Maia, Haring, Schuurink and Bleeker. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-14-1139274-g002.jpg
Number of genotypes

PI127826

P 4
22

0.5x108 1x108 1.5x108

7-epizingiberene abundance
(ion counts / leaflet)

2x108

@

Leaf terpenes (ng / mg fresh leaf)

750

500

250

@ PI127826
@ Cultivar
OF1

®F2
(]

P1127826

Cultivar F1

25 5.0 75 10.0 12,5

Type-VI trichome density (trichomes / mm?)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Genetic and physiological requirements for high-level sesquiterpene-production in tomato glandular trichomes

      

        		

          Introduction

        



        		

          Results

        

          		

            The genetic background of a cultivated tomato impedes 7-epizingiberene biosynthesis

          



          		

            High-level terpene production comprises a multigenic trait

          



          		

            Gland-cell metabolic activity: Active and lazy trichomes

          



          		

            Inhibition of terpene metabolic flux

          



          		

            MEP pathway upregulated in gland secretory cells

          



        



        



        		

          Discussion

        

          		

            High-level 7-epizingiberene production is a multigenic trait

          



          		

            Trichome activity and density are two independent traits

          



          		

            Type-VI storage cavity volume and shape are determined by activity of the secretory cells

          



          		

            A high metabolic flux through the MEP-pathway for the productivity of both plastidial as cytosolically localised terpene synthases

          



        



        



        		

          Methods

        

          		

            Plant material

          



          		

            Trichome phenotyping

          

            		

              Trichome density

            



            		

              Type-VI trichome-density classes

            



            		

              Microscopy and storage-cavity measurements

            



          



          



          		

            Volatile analysis

          

            		

              Metabolite extraction

            



            		

              Data acquisition

            



            		

              Data analysis

            



          



          



          		

            Inhibition assays

          



          		

            Gland isolation and RNA extraction

          



          		

            Library preparation and mRNA sequencing

          



        



        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1139274-g001.jpg
<

0
Lt
=
(2]
2

lew
=
il o
D -
(2]
< 8
= <
S o4l B
5 Nl |t
- - =

o o

s o o =}

(=] o

= 4

(16 uol) @duepunge aAlle|eY

Retention time (minutes)

Total terpenes

(o

Type-VI trichomes

ANEE\mmEOso_._c
Aysuap swoyouy [A-adAL

750+

500+

250+
0

7-epizingiberene

S o

[=] [=]

(2] 3V
(vea) ysauy Bw 7 Bu)

@ouepunge ajjjogela

0_
o
-






OEBPS/Images/fpls-14-1139274-g003.jpg
©
&
X
-
o
[

Cultivar
F1
F2

.

Ak
Lopy
+ G9€E
Fivy
L ove
t reAgnD
+ GG2
Fid
Loz
L8yl
L 061
LLp
tzez
fesl
t ooz
L 98z

214
r¥6C
FCEV
+0oclL
r0e
r€L
4
FylL
X443
rLel
riol
r9.E
- 9¢8.l¢lid
962
+18€
8¢
rLe€

o
N
(p

wn
ue|b |A-2dAy /Bu) ssuadia) |ejoL

T
o w0

T
o

-]
N
[
N
N
b
=
-}

glandular
cells

m sawsadia) pue|b |A-adAL

2
S
©
e Q
o
2 )
.
3
o 7
(&
s -
» L
© [
>
& 4
© 1 r
Q.
2 2 hyww
o g § 4
cC o = @ oo
2 “
i | I %
© -Ao\/
L
w.l. "
&
— I -
) )
e,
Qa %
CRERC
1 1 T3 %,
o 0 =) 0 =) (%]
« - =
(pue|6/6u)

100 ym

(1ouj001d)
awn|oA Ajiaeo—abelolg





OEBPS/Images/fpls-14-1139274-g005.jpg
Terpene level (ng/gland)

75
5.0

Plastidial terpenes

Cytosolic terpenes

a
a
. Il

JeAn) €/-24 9gs8lelld

Liy-2d

oMoy

Azeq

Storage-cavity volume

(picolitre)

a
20 a
10 c
b b . a a a ab a b
0 = - N e
[] [] ] [] ] ] [] ] ] ] 1 1
o\.(\ O o\.(\.(\ 0\.(\ Q> °\.(\.(\
FIP F P FEF TP
T’ G G G’
SN S SN S
& «
Control Fosmidomycin Mevastatin






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls.2023.1139274_cover.jpg
& frontiers | Frontiers in Plant Science

Genetic and physiological

requirements for high-level
sesquiterpene-production in
tomato glandular trichomes





OEBPS/Images/fpls-14-1139274-g004.jpg
<

10 uM fosmidomycin

Control
50 um

o
N

(1eyj001d) swnjon Ayaed-abelolg

0

(puelB / 6u)

o o

=

o o] o

b=

sauadia) puelb |A-adAL

10 uM

Control

10 uM

Control

fosmidomycin

fosmidomycin





OEBPS/Images/table1.jpg
Gene model Segregat p-value
a-b 1:15 6.80 <001
a-b-C 1:20 250 0.11
a-b-c 1: 63 254 0.11
a-b-C-D 1:27 L15 0.28
a-b-c-D [ 1:84 6.46 <0.05
a-b-c-d 1: 255 47.35 <001

Gene models consist of recessive (small letters) and dominant (capital letters) loci. The theoretical segregation pattern of the phenotype based on the corresponding gene model is given under
Segregation. Models were compared to the observed low:high 7-epizingiberene segregation of 1:32 using the Chi-square test for goodness-of-fit (32).





OEBPS/Images/fpls-14-1139274-g006.jpg
Cytosol
MVA Crorplst Ep

Acetyl-CoA Pyruvate + G3P
AACT ¥ DXS ¥

HMGR ¥ DXR ¥
MCT ¥

HMGS ¥
CMK
MVK ¥ v
‘ MDSy
PMK |
MDC \l HDR
DI

IDI
DMAPP «—» [PP < < IPP «— DMAPP
zFPS/NDPS ¥

FPS Y 2
FPP = 2ZFPP/NPP1

TPSy  NUDIX TPS ¥

Sesquiterpenes monoterpenes /
sesquiterpenes

Cc
DXS2 Solyc11g010850 | | HDR Solyc01g109300
4e+05
*kk
—
£ 36405 **
8 '
b=
8 2e+05 *
©
E
2 1e405 *
0e+00

Cultivar F2-28 Cultivar F2-28

Cultivar

B 18 16 14 12 10 8 6 4
[ R

Log2 Normalised-expression

DXS1 Solyc01g067890

DXs2 Solyc11g010850

DXS3 Solyc08g066950

DXR Solyc03g114340

a MCT Solyc01g102820
g CMK Solyc01g009010
MDS Solyc08g081570

HDS Solyc11g069380

HDR Solyc01g109300

DA Solyc04g056390
NDPS/zFPS Solyc08g005680
AACT1 Solyc04g015100

AACT2 Solyc05g017760

AACT3 Solyc07g045350

HMGS2 L[ | | | Solycosgoo7790

HMGS3 Solyc08g080170

HMGS1 | Solyc12g056450

HMGR3 Solyc02g038740
HMGR4 Solyc02g082260

< HMGR1 Solyc03g032020
s MVK Solyc01g098840
PMK1 Solyc08g076140

PMK2 Solyc06g066310

MDC1 Solyc04g009650

MDC2 Solyc11g007020

DI2 Solyc05g055760

NUDIX Solyc08g075390

IPK j Solyc04g005520

FPS Solyc12g015860

Cultivar F2-28

F2-28 Cultivar F2-28





