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Plant biofactories are a promising platform for sustainable production of high-value compounds, among which are insect sex pheromones, a green alternative to conventional insecticides in agriculture. Recently, we have constructed transgenic Nicotiana benthamiana plants (“Sexy Plants”, SxP) that successfully produce a blend of moth (Lepidoptera) sex pheromone compounds (Z)-11-hexadecen-1-ol and (Z)-11-hexadecenyl acetate. However, efficient biosynthesis of sex pheromones resulted in growth and developmental penalty, diminishing the potential for commercial use of SxP in biomanufacturing. To gain insight into the underlying molecular responses, we analysed the whole-genome transcriptome and evaluated it in relation to growth and pheromone production in low- and high-producing transgenic plants of v1.0 and v1.2 SxP lines. In our study, high-producing SxPv1.2 plants accumulated the highest amounts of pheromones but still maintained better growth compared to v1.0 high producers. For an in-depth biological interpretation of the transcriptomic data, we have prepared a comprehensive functional N. benthamiana genome annotation as well as gene translations to Arabidopsis thaliana, enabling functional information transfer by using Arabidopsis knowledge networks. Differential gene expression analysis, contrasting pheromone producers to wild-type plants, revealed that while only a few genes were differentially regulated in low-producing plants, high-producing plants exhibited vast transcriptional reprogramming. They showed signs of stress-like response, manifested as downregulation of photosynthesis-related genes and significant differences in expression of hormonal signalling and secondary metabolism-related genes, the latter presumably leading to previously reported volatilome changes. Further network analyses confirmed stress-like response with activation of jasmonic acid and downregulation of gibberellic acid signalling, illuminating the possibility that the observed growth penalty was not solely a consequence of a higher metabolic burden imposed upon constitutive expression of a heterologous biosynthetic pathway, but rather the result of signalling pathway perturbation. Our work presents an example of comprehensive transcriptomic analyses of disadvantageous stress signalling in N. benthamiana biofactory that could be applied to other bioproduction systems.
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Introduction

Plant biofactories are emerging as a cost-effective, adaptable, fast, scalable, and sustainable platform for biomanufacturing of high value-added compounds, from small molecules to recombinant proteins (Schillberg et al., 2019; Huebbers and Buyel, 2021). Apart from metabolic engineering efforts aimed at improving production of endogenous plant metabolites with applications in health, nutrition, and agriculture (Lu et al., 2016; Mora-Vásquez et al., 2022), the new plant breeding technologies and advancements in synthetic biology are offering a possibility for utilising well-established and robust plant hosts for the production of various non-endogenous compounds (Tschofen et al., 2016; Owen et al., 2017). Nicotiana benthamiana has proven to be a versatile chassis with an extensive toolbox that enables rapid development of transgenic plants as well as mass production of desired products, either with transient or with stable transgenic expression systems (Bally et al., 2018; Molina-Hidalgo et al., 2021). Recently reported achievements include the synthesis of taxol intermediates (Li et al., 2019) and production of SARS-CoV-2-related proteins (Diego-Martin et al., 2020), as well as the first approved plant-produced vaccine (Ward et al., 2021).

One group of small molecules whose production has been envisioned and tested in plants are insect sex pheromones (Petkevicius et al., 2020), chemical signals emitted into the air by a member of a species to attract individuals of the same species for mating. They can be used for agricultural insect pest control and have important advantages over conventional broad-spectrum insecticides, such as species specificity, efficiency at lower concentrations, non-toxicity, rapid degradation, and lower odds of resistance (Rizvi et al., 2021). Upon reaching cost-effective yields, pheromone-producing plants could be used for manufacturing in greenhouses or even as living biodispensers grown in fields (Mateos Fernández et al., 2022). So far, most progress has been made in the production of moth (Lepidoptera) pheromones—fatty alcohols, aldehydes, and acetates, whose biosynthetic pathways have been deciphered in many species (reviewed in Petkevicius et al., 2020; Mateos-Fernández et al., 2022).

Recently, we reported the successful constitutive production of (Z)-11-hexadecen-1-ol and (Z)-11-hexadecenyl acetate in stable transgenic N. benthamiana plants (“Sexy Plants”, SxP), reaching 111.4 and 11.8 μg of product per gram of fresh weight, respectively (Mateos-Fernández et al., 2021). The biosynthesis of insect pheromones is accomplished through a constitutive expression of three genes encoding the AtrΔ11 desaturase, the HarFAR reductase, and the EaDAcT acetyltransferase (Figure 1A). Two transgenic lines were generated: SxPv1.0 contained a truncated EaDAcT transgene and therefore produced much lower amounts of (Z)-11-hexadecenyl acetate compared with SxPv1.2 plants with a full-length functional EaDAcT transgene. Both lines also produced detectable amounts of (Z)-11-hexadecenal, presumably as a result of endogenous oxidation of the produced (Z)-11-hexadecenyl-CoA. Efficient biosynthesis of sex pheromones resulted in yield-related growth and developmental penalty, diminishing the potential for commercial use of SxP in biomanufacturing (Mateos-Fernández et al., 2021).




Figure 1 | Design and phenotype of SxP. (A) Schematic representation of lipid-derived moth pheromone biosynthesis in SxP. Transgene-expressed enzymes are shown in green (AtrΔ11, HarFAR, and EaDAcT) and the produced pheromones in blue (Z11-16:OH—(Z)-11-hexadecen-1-ol, Z11-16:OAc—(Z)-11-hexadecenyl acetate, Z11-16:Ald—(Z)-11-hexadecenal, resulting from conversion with an unknown endogenous oxidase, as denoted by “?”). (B–D) Boxplots of plant height (B), pheromone content (C), and transgene expression (D) in SxP and wt N. benthamiana plants, selected for RNA-Seq analysis. Plants for sampling of SxPv1.0 and SxPv1.2 were grown in separate experiments, indicated by the dashed vertical line in (B). Pheromone production in SxP ((Z)-11-hexadecenal, (Z)-11-hexadecen-1-ol, and (Z)-11-hexadecenyl acetate) was measured as area under the curve on GC/MS plots, normalised with total ion count (TIC) and log10 transformed. Transgene expression (AtrΔ11 desaturase, HarFAR reductase, and EaDAcT acetyltransferase) is given as normalised total counts of reads per kilobase of transgene sequence. Sample groups in all boxplots: v1.0-l—SxPv1.0 low producers (purple), v1.0-h—SxPv1.0 high producers (blue), v1.2-h—SxPv1.2 high producers (yellow), N = 8 and wt (black), N=4. Growth and pheromone content for all the grown plants in the experiments are shown in Supplementary Table S1 and Supplementary Figure S1.



Although growth defects associated with constitutive production of specialised metabolites or proteins have been reported in transgenic plants before (e.g., Lu et al., 2017), there is still a lack of insight into the underlying molecular changes, especially at the whole-genome level. To elucidate the perturbations in the SxP production system, we performed RNA-Seq of wild-type and pheromone-producing N. benthamiana plants. Differential expression analysis revealed extensive transcriptional reprogramming in high producers with a stress-like signature. In addition, we found a possible activation of the jasmonic acid signalling, leading to suppression of gibberellic acid signalling, which is a known switch between plant growth and stress responses.



Materials and methods


Plant growth conditions and sampling

We selected non-transgenic wild-type (wt) and transgenic SxP N. benthamiana seeds from two lines of v1.0 low producers (v1.0-low1, v1.0-low2), two lines of v1.0 high producers (v1.0-high1, v1.0-high2), and two lines of v1.2 high producers (v1.2-high1, v1.2-high2; for details on all lines see Supplementary Table S1 and Mateos-Fernández et al., 2021). SxPv1.0 plants have a truncated EaDAcT gene, probably due to an unwanted rearrangement of T-DNA that occurred during the transformation process. Due to the severity of the truncation and the very low production of the acetylated product, the gene product is believed to be non-functional (Mateos-Fernández et al., 2021). Seed germination and plant growth were done as previously described (Mateos-Fernández et al., 2021). Two separate experiments were conducted, where four T3 SxPv1.0 lines (two high-producing and two low-producing lines) were grown together with wt plants in the first, and two T2 SxPv1.2 lines were grown together with wt plants in the second experiment. Plant height was measured before leaf sampling for pheromone analysis and RNA isolation. Samples were collected from the second and third youngest fully expanded leaves of each plant at the early flowering stage after 35 days of growing in soil, except for high-producing SxPv1.0 lines, which were sampled after 54 days in soil due to their slower development. All samples were frozen in liquid nitrogen immediately after collection and ground afterwards.



Pheromone analysis

Targeted analysis of pheromone production was performed as previously described (Mateos-Fernández et al., 2021). In short, 50 mg of frozen, ground leaf tissue was weighed in a 10-ml headspace screw-cap vial and stabilised by adding 1 ml of 5 M CaCl2 and 150 μl of 500 mM EDTA (pH = 7.5), after which it was sonicated for 5 min. Volatile compounds were captured by headspace solid phase microextraction (HS-SPME). Vials were first incubated at 80°C for 3 min with agitation at 500 rpm. The fibre was then exposed to the headspace of the vial for 20 min under the same conditions of temperature and agitation. Desorption was performed at 250°C for 1 min (splitless mode). Oven conditions started with an initial temperature of 160°C for 2 min, a 7°C min-1 ramp until 280°C, and a final hold at 280°C for 6 min. Identification of compounds was performed by the comparison of both retention time and mass spectrum with pure standards (for pheromones) or by comparison between the mass spectrum for each compound with those of the NIST 2017 Mass Spectral Library. Quantification was performed based on measured areas under the curve for pheromone peaks, divided by the total ion count (TIC) of the corresponding sample.



RNA-Seq and differential expression analysis

Four plant samples per line were selected for RNA isolation and RNA-Seq analysis. RNA was extracted with the GeneJET Plant RNA Purification Mini Kit (Thermo Fisher Scientific, Waltham, MA, USA). Cleaned RNA was DNase treated and quality checked with Bioanalyzer (Agilent, Santa Clara, CA, USA). Preparation of a strand-specific transcriptome library and sequencing on the Illumina HiSeq platform with 150-bp paired-end reads were done by Novogene. Quality control of the reads was performed with FastQC (Andrews, 2010), and quality reports were merged into the final report with MultiQC (Ewels et al., 2016). Mapping with parameters mismatch cost 2, insertion cost 3, deletion cost 3, length fraction 0.9, and similarity fraction 0.9 and read summarisation (counting uniquely mapped paired reads as one) were done in CLC Genomics Workbench 21.0.5 to the N. benthamiana reference genome, kindly provided by the Nicotiana benthamiana Sequencing Consortium (scaffolding v3.5, annotation v3, downloaded from https://www.nbenth.com/ on 15.12.2021). Differential expression analysis was performed in R, using R packages edgeR and limma (Law et al., 2018) with TMM normalisation. Genes with expression levels below a defined threshold were filtered out before normalisation using the filterByExpr function (min.count = 50 and min.total.count = 100). Experiments with SxPv1.0 and v1.2 plants were analysed separately, contrasting high-producing lines and low-producing lines to wt plants grown for each of the two experiments. Based on quality control (Supplementary Presentation S1), three samples (v1.0-wt-1, v1.0-high1-4, and v1.0-high2-4) were excluded from further analyses. Tables with total read counts as well as differential expression analysis results with log2 fold change (logFC) and adjusted p-values (pAdj) are deposited at GEO along with raw sequencing reads (series accession GSE192369) and are also available as a supplement to this manuscript (Supplementary Data Sheet S1). Transgene expression was determined by mapping Illumina reads to the coding sequences of all three transgenes (see Mateos-Fernández et al. (2021) for description of gene constructs and their sequences) with CLC Genomics Workbench 21.0.5. The obtained total counts were multiplied by the calculated sample TMM normalisation factors to correct for library sizes and divided by gene lengths to obtain normalised counts per kilobase of sequence.



Functional annotation

Automated functional annotation of gene models from N. benthamiana genome v3.5 with MapMan ontology (Thimm et al., 2004) was performed with two versions of the Mercator software: 3.6 (Lohse et al., 2014) and 4v2.0 (Schwacke et al., 2019), mapping to MapMan v.3 and MapMan4 Ontology, respectively. MapMan v.3 ontology was used for generating MapMan mapping and GSEA gene set files using custom Perl scripts. Protein sequences were also submitted to InterProScan using interproscan-5.50-84.0 for annotation with Pfam and InterPro protein families (Jones et al., 2014). For translation between Arabidopsis thaliana (ath; Araport 11, Cheng et al., 2017) and N. benthamiana (nbe; v3.5) proteins, reciprocal best BLAST (RBB) matches from both directions were determined (ath vs. nbe and nbe vs. ath). If the match between a particular ath and nbe protein sequence was present in both unfiltered BLAST output result files (from both directions) and if E-value ≤10-20 for both directions, the match between the species was kept.



Gene set enrichment analysis

For Gene Set Enrichment Analysis, we used GSEA 4.2.1 software (Subramanian et al., 2005). RNA-Seq counts were filtered, TMM-normalised (using edgeR package), and transformed to logCPM (log10 counts per million). We excluded samples v1.0-wt-1, v1.0-high1-4, and v1.0-high2-4 from GSEA, as explained above. MapMan v.3 BINs were used as gene sets and GSEA was run as previously described (Ramšak et al., 2021).



Differential VOC abundance

Statistical analysis of non-targeted volatilome data from Mateos-Fernández et al. (2021) was done by comparing log10-transformed peak areas measured in arbitrary units (a.u.) and statistical testing with Kruskal–Wallis one-way analysis of variance combined with the pairwise Wilcoxon rank-sum test.



Visualisation of differentially expressed genes in MapMan and knowledge networks

Differentially expressed genes were visualised in the context of biological pathways and processes in MapMan v3.6.0 using the custom mapping file generated with Mercator 3.6. Differential network visualisations were performed using DiNAR (Zagorščak et al., 2018) utilising two embedded prior knowledge networks: Plant Immune Signalling network and A. thaliana Comprehensive Knowledge Network (Ramšak et al., 2018). To translate N. benthamiana v3.5 gene models to both A. thaliana and Solanum tuberosum gene nodes in either of the two networks, we used RBB translation of N. benthamiana genes to A. thaliana (see above). Since for many gene IDs there was more than one identified homolog, we used a prioritisation script (available at https://github.com/NIB-SI/DiNAR/tree/master/IDprioritization) for choosing the most interesting homolog based on the logFC and pAdj values in our differential expression dataset. Its outputs, used as inputs for DiNAR, are available in Supplementary Data Sheet S2.




Results

SxP are transgenic N. benthamiana moth sex pheromone biofactories (Figure 1A) with a growth penalty phenotype. To improve their potential as living biodispensers, we were interested in deciphering the underlying molecular changes associated with high production and identifying potential targets for growth optimisation. Therefore, we performed RNA-Seq on leaf samples from high- and low-producing SxP lines of v1.0 and v1.2 as well as wt N. benthamiana and analysed them in relation to growth and pheromone content data.


High-producing SxPv1.2 plants accumulate the highest amounts of pheromones but still maintain better growth compared to v1.0 high producers

Similar to our previous study (Mateos-Fernández et al., 2021), the sampled SxP lines showed different extents of growth penalty (Figure 1B; Supplementary Figure S1). SxPv1.0 low producers (v1.0-l) had little to no growth penalty, with plant heights at sampling time not differing significantly from wt plants (Figure 1B). High producers of v1.0 (v1.0-h) showed the most severe growth penalty with the lowest heights and the biggest developmental delay as they reached the same stage (determined by the number of fully developed leaves) as wt and low-producing plants 19 days later. SxPv1.2 (v1.2-h) plants reached the same developmental stage as wt plants at the time of sampling but were still significantly smaller compared to wt plants. The differences in heights of wt plants grown along each of the SxP versions (Figure 1B) could be attributed to different seasons when the experiments were performed (Supplementary Table S1); therefore, comparisons were made for each experiment separately.

SxPv1.2 high producers accumulated the highest amounts of all three pheromone compounds (Figure 1C; Supplementary Figure S1). The highest production of (Z)-11-hexadecenyl acetate in SxPv1.2 is in accordance with their genetic background, as they contain a functional and full-length acetyltransferase gene (EaDAcT), while SxPv1.0 do not. The truncated EaDAcT transcript in SxPv1.0 also seemed to be less stable, as the read counts were substantially lower in v1.0 compared to v1.2 (Figure 1D). SxPv1.2 accumulated (Z)-11-hexadecen-1-ol at higher levels compared to v1.0 high producers as well, which differs from the results of our first study (Mateos-Fernández et al., 2021), where the (Z)-11-hexadecen-1-ol accumulation was lower in SxPv1.2. This could be attributed to the fact that in the previous work, first-generation v1.2 plants were used, while in this study, we sampled and analysed their progeny. Despite the much higher production of (Z)-11-hexadecenyl acetate in SxPv1.2, the pool of the precursor (Z)-11-hexadecen-1-ol did not seem to be affected, supporting the need for the improvement of the rate-limiting acetyltransferase step (Kallam et al., 2022).

High producers clearly show more severe penalty than low producers, indicating that a certain pheromone production level needs to be reached to trigger growth impairment. However, the extent of growth penalty in high producers cannot be unambiguously linked to the amount of accumulated pheromones, as demonstrated by absence of correlation between plant height and the amount of accumulated pheromones within each high-producing group (Supplementary Figure S2), as well as the fact that v1.2 high producers with higher accumulation of all three compounds grow better than v1.0 high producers. This indicates that, besides direct toxicity of produced compounds and/or metabolic limitations, other mechanisms might underlie the observed growth limitation.



Moth pheromone production rate is reflected in the extent of transcriptional changes

To explore the possible underlying molecular changes causing growth penalty in pheromone-producing lines, we analysed the transcriptomes of SxP and wt plants. Gene expression in all three groups (v1.0-l, v1.0-h, and v1.2-h) was contrasted against the respective wt group for each of the SxP versions. Out of 57,221 genes defined in the N. benthamiana v3.5 genome, 31,114 genes were expressed above the threshold in either of the two sampling experiments and were considered for differential expression testing, which gave 9,707 differentially expressed genes (|logFC| > 1, pAdj < 0.05) in at least one of the three comparisons (Figure 2A).




Figure 2 | Transcriptional reprogramming is specific for high-producing SxP. Venn diagrams of differentially expressed genes when contrasting (A) samples from pheromone producing plants (v1.0-l, v1.0-h, and v1.2-h with N = 8, 6, and 8, respectively) to wt N. benthamiana plants or (B) samples from the two individual lines of low pheromone-producing plants (v1.0-low1, v1.0-low2, both N = 4) to wt plants. Numbers on the top correspond to upregulated genes and numbers in italic on the bottom to downregulated genes (|logFC| > 1, pAdj < 0.05).



The results pointed towards a weak transcriptional response in SxPv1.0 low producers, as we identified only four differentially expressed genes. Nevertheless, the differential expression of genes in each of the low-producing lines in contrast to wt separately resulted in seven differentially expressed genes in v1.0-low1 and 350 differentially expressed genes in the v1.0-low2 line (Figure 2B). This difference is a result of the fact that the gene expression profiles of the low1 line were more similar to wt than the low2 line (Supplementary Figure S3). Transcriptomic results coincide with pheromone production, as v1.0-low2 accumulated higher levels of (Z)-11-hexadecenal compared to v1.0-low1 (Supplementary Figure S1). This indicates a stronger transcriptional response in low producers with higher accumulation of hexadecenal and therefore the potential of a dose-dependent transcriptional response to pheromone production, at least at lower production values.

Transcriptional reprogramming is considerably more extensive in high producers of both v1.0 and v1.2 with 7,734 and 6,584 differentially expressed genes, respectively, out of which 4,613 were differentially expressed in both versions (Figure 2A). Transcriptional profiles of high producers of both SxP versions show higher similarity between lines than low producers do (Supplementary Figure S3), which might be a consequence of more homogenous pheromone accumulation within each version (Supplementary Figure S1). Therefore, we decided to proceed with expression analyses in high producers with samples grouped into SxPv1.0 and SxPv1.2 high producers and not into separate lines.



Moth pheromone biosynthesis triggers stress-like transcriptional response in high producers

For biological interpretation of the transcriptome data, we generated different N. benthamiana gene annotations: MapMan BINs and descriptions according to v.3 and 4 of the ontology, InterPro and Pfam IDs, and closest A. thaliana gene matches as determined by the reciprocal best BLAST (RBB) approach. Out of 57,221 genes, we got MapMan ontology annotations (assignment to any BIN, except for BIN 35 “not assigned”) for 32,467 genes with the v.3 and for 25,610 genes with the version 4 of the ontology (Supplementary Data Sheet S3). MapMan ontology annotation was used to construct a MapMan mapping file and a GSEA gene set file, which can be used as direct inputs in both applications (Supplementary Data Sheet S4, Supplementary Data Sheet S5), providing a valuable resource for N. benthamiana transcriptomic analyses in various applications.

Pathway analysis of gene expression changes in v1.0 and v1.2 high producers revealed transcriptional reprogramming towards stress responses. Gene sets (MapMan BINs) related to photosynthesis, DNA synthesis, protein synthesis, lipid synthesis, and cell wall metabolism were enriched with downregulated genes, while gene sets related to secondary metabolism, hormone metabolism, stress, protein degradation, lipid degradation, and some families of transcription factors showed enrichment with upregulated genes (Figure 3; Supplementary Data Sheet S6). Although the directionality of response was parallel between the v1.0 and v1.2 producers, some processes did show potentially important differences in magnitude of the response (Figure 3; Supplementary Data Sheet S6).




Figure 3 | Functional analysis of differentially expressed genes in SxP. (A) Gene set enrichment analysis of SxP presented as a heatmap. Gene sets (MapMan BINs) enriched with downregulated genes are shown in blue and gene sets enriched with upregulated genes are shown in red. Contrasting was done for each of the transgenic groups (v1.0-l, v1.0-h, v1.2-h) against wt plants. The colour intensity follows the portion of genes in each gene set that contributed to the enrichment score, as given on the scale at the bottom right of the heatmap. Only selected gene sets with q-value <0.01 are shown, manually grouped into functional clusters given in the figure. A full list of enriched gene sets and gene sets depicted in this figure is presented in Supplementary Data Sheet S6. (B) MapMan visualisation of metabolism-related differentially expressed genes in SxPv1.0 (top) or SxPv1.2 (bottom) high producers. Only genes with |logFC| > 1 and pAdj < 0.05 in at least one of the comparis ons are displayed. Colour intensities correspond to logFC values (red for positive and blue for negative values) and are given on the scale.



Despite of the small number of differentially expressed genes in v1.0 low producers, some pathway changes detected by GSEA, such as enrichment of gene sets related to DNA synthesis and protein synthesis with downregulated genes and of gene sets related to secondary and hormone metabolism with upregulated genes, showed the same pattern as in high producers (Figure 3A). Furthermore, starch degradation as well as MADS-box and AUX/IAA transcription factor families were enriched with upregulated genes in low producers but not in high producers (Supplementary Data Sheet S6).



SxP high producers show significant differences in expression of secondary metabolism-related genes, leading to volatilome changes

Functional analyses revealed differences in the extent of transcriptional reprogramming of secondary metabolism-related genes between the two SxP versions, with broader and more intense changes in v1.0 high producers compared to v1.2 high producers (Figure 3; Supplementary Data Sheet S1), especially in the phenylpropanoid pathway. Homologs of PAL, C4H, and 4CL (descriptions and identifiers for all gene short names used in the manuscript are listed in Supplementary Table S2), all directing carbon flow towards various branches of phenylpropanoid metabolism, have stronger upregulation in v1.0 high producers (Figure 4). To connect these transcriptome changes with metabolite abundance, we have reanalysed previously published volatilome datasets (Mateos-Fernández et al., 2021, Supplementary Table S3). Activation of phenylpropanoid biosynthesis on the transcriptomic level correlates with the increase in 3-methylbenzaldehyde abundance in the volatilome of SxP (Figure 4A). Higher production of phenylpropanoids through activation of their biosynthesis might therefore also result in increased abundance of phenylpropanoid-derived volatile organic compounds. SxP high producers also produced more green leaf volatiles, oxylipin-derived compounds resulting from the activity of 13-lipoxygenases (13-LOX), whose gene expression was strongly activated in SxP high producers (Figure 4B).




Figure 4 | Secondary metabolism changes in SxP on the volatilome and transcriptome levels. (A) Abundance of phenylpropanoid-derived 3-methylbenzaldehyde in wt and high-producing SxP and logFC values of phenylpropanoid-related genes (PAL, C4H, 4CL), as compared to wt plants. (B) Abundance of green leaf volatiles 3- and 2-hexenal in wt and high-producing SxP and logFC values of 13-LOX genes as compared to wt plants. For volatile compound abundance, ** denotes p < 0.01 and * denotes p < 0.05. Raw data on abundance of volatile compounds were taken from Mateos-Fernández et al. (2021), and analysed data for all metabolites are available in Supplementary Table S3; this figure presents only three selected examples of analysed volatiles. Boxplots are shown only for adult samples of v1.0 and v1.2 plants, as described in Mateos-Fernández et al. (2021). Colour saturation denotes logFC values, as given on the scale. Only genes with adjusted p-value < 0.05 are shown. For the full list of depicted genes, see Supplementary Table S4.





High pheromone production prompts significant reprogramming of hormonal signalling

Other pheromone production-related changes evident from transcriptomic data were considerable shifts in expression of hormone metabolism and signalling genes in high producers (Figure 5B). Abscisic acid (ABA)-related BINs were enriched in both low and high producers (Figure 3A; Supplementary Data Sheet S6), with several differentially expressed genes in high producers (Supplementary Table S4), indicating activation of ABA signalling. Specifically, ABA receptor subfamilies PYL1/2-like and PYL8/9-like were downregulated and upregulated in high producers, respectively (Supplementary Table S4). PYL8/9-like upregulation could indicate higher sensitivity of SxP high producers to growth-inhibiting effects of ABA, since the pyl8a, pyl8b, and pyl8c mutants are insensitive to ABA for growth and development inhibition in shoots (Pizzio et al., 2022). Downstream ABA signalling was activated as well, as evidenced by upregulation of genes with homology to ABA-responsive ABF2 and ABF3 transcription factors.




Figure 5 | Changes in expression of hormone biosynthesis and signalling genes in SxP high producers. (A) Expression of GA-related genes. Colour saturation denotes logFC values, as given on the scale. Only genes with adjusted p-value < 0.05 in at least one group are shown. For the full list of depicted genes, see Supplementary Table S4. (B) Directionality of hormonal regulation, as summarised from results of differential expression analysis and GSEA (Supplementary Data Sheet S1, Supplementary Data Sheet S6). – denotes general downregulation, + denotes general upregulation, and +/- denotes changes in both directions. (C) Schematic representation of the proposed JA-GA interplay behind SxP growth penalty (created with BioRender.com).



Interestingly, jasmonic acid (JA) biosynthesis and signalling showed a stronger pattern of upregulation in v1.0 compared to v1.2, as was also determined by GSEA (Supplementary Data Sheet S6). Gibberellic acid (GA) biosynthesis-related genes showed a distinct pattern of regulation, with strong downregulation of GA20ox, encoding a key enzyme in GA biosynthesis, and upregulation of GA2ox, GA3ox, and GID1 expression (Figure 5A). GA2ox homologs with homology to GA2ox1 and GA2ox2 had higher expression, while those with homology to GA2ox9 had lower expression in high-producing SxP. Since GA is a known stimulator of growth in general, deregulation of its biosynthesis and signalling, promoted by JA upregulation, might be a plausible explanation behind the dwarf phenotype of high-producing SxP (Figure 5C).



Jasmonic acid signalling shows consistent upregulation with a stronger response in v1.0 compared to v1.2 high producers

Following the results of pathway analyses, which pointed to an orchestrated transcriptional reprogramming of hormonal signalling networks in high-producing SxP, we decided to use knowledge networks of plant gene interactions to further explore active signalling connections and hubs. For that, we have generated homology-based translations of 33,372 N. benthamiana genes to A. thaliana genes (Supplementary Data Sheet S3), enabling usage of differential network analysis with DiNAR (Zagorščak et al., 2018). We visualised differentially expressed genes in the context of two embedded knowledge networks—the Plant Immune Signalling network (PIS) and the Arabidopsis thaliana Comprehensive Knowledge Network (CKN) (Ramšak et al., 2018). In the PIS network, which encompasses ethylene (ET), salicylic acid (SA), and JA signalling, the latter showed the most consistent upregulation of all biosynthesis genes, as well as activation of downstream signalling (Figure 6A; Supplementary Data Sheet S2). Activation of JA signalling was evident also in CKN with the MYC2 node and its first neighbours showing transcriptional upregulation (Figure 6B). The transcriptionally regulated genes included JA biosynthesis genes (13-LOX, AOC, 4CLL5, CYP74A), biotic stress-related genes (HEL, CHI-B), and JA signalling genes (TIFY6B, TIFY10A, TIFY10B) upregulated in both v1.0 and v1.2 high producers, with a more prominent activation in v1.0. Active edges in the PIS network also indicate possible interactions between JA signalling and ET (through EIN3), as well as SA (through WRKY70 and MYB73) and auxin (AUX) (through WRKY57) signalling (Figure 6A). WRKY57 was previously indicated as a defence-enhancing transcriptional regulator involved in the core JA-mediated stress-growth regulatory model in A. thaliana (Zhang et al., 2020).




Figure 6 | Differentially expressed genes in SxP high producers visualised in knowledge networks. (A) Visualisation in the Plant Immune Signalling network with differential expression data for v1.0 high producers (v1.0-h). (B) Visualisation of the MYC2 node and its first neighbours in the Comprehensive Knowledge Network. Differential expression in v1.0 high producers is shown on top and in v1.2 high producers on the bottom. In both networks, only genes with adjusted p-values < 0.05 are shown. When two genes connected with an edge had expression values supported by adjusted p-values < 0.05, the corresponding edge is as shown in darker grey. Colouring and size of nodes denote logFC values, as given on the scale on the right side of the figure. Edges describing the reactions between two nodes are directed and represent activation (full line, unilateral arrows), inhibition (full line), or binding (dashed line, bilateral arrows). Full gene descriptions and identifiers are presented in Supplementary Table S2.






Discussion

Sustainable production of insect sex pheromones in plant biofactories is currently an emerging topic in plant biotechnology (Xia et al., 2021; Mateos Fernández et al., 2022; Xia et al., 2022). Sexy Plant, a transgenic N. benthamiana moth pheromone biofactory, is a bioproduction platform with a constitutive expression of an entire moth sex pheromone biosynthetic pathway, producing and emitting the desired final products (Mateos-Fernández et al., 2021). Induced growth penalty, coinciding with high pheromone production, was recognized as one of the important obstacles in SxP development (Mateos-Fernández et al., 2021). Engineered plants with constitutive transgene expression are often reported to exhibit different deleterious growth and development-related phenotypes, described for production of Pr55gag protein (Scotti et al., 2015), anthocyanins (Fresquet-Corrales et al., 2017), betalain (Polturak et al., 2016), patchoulol (Wu et al., 2006), and squalene (Wu et al., 2012), among others. In astaxanthin-producing tobacco, introduction of inducible, instead of constitutive, production abolished the oxidative stress response and resolved growth penalty (Agrawal et al., 2022), suggesting that change in redox potential was the underlying cause of growth penalty. To gain comprehensive insight into bioproduction-induced growth restrictions in SxP, we have analysed whole-genome transcriptome of transgenic lines with different pheromone production and growth phenotypes.

The transcriptional changes in SxP indicated that the growth penalty was not solely a consequence of a higher metabolic burden imposed by the transgene expression but rather the result of signalling pathways perturbation. The new N. benthamiana functional annotations and translations to A. thaliana helped us to deduce that vast transcriptomic reprogramming in high producers of both SxP versions might be related to stress or development-induced hormonal changes. We therefore focused on hormonal deregulation as a possible explanation for the growth phenotype. Although several genes related to different plant hormones were differentially regulated (Figure 5B), network analyses identified JA to be most consistently and strongly activated both on the level of its biosynthesis and on downstream signalling, evidenced by the activation of the key transcriptional regulator MYC2 (Figure 6). JA is a major regulator of plant growth, defence, and development, whose elevated levels enhance the plant’s defences but also lead to reduced growth (Attaran et al., 2014; Huang et al., 2017; Savchenko et al., 2019). It also activates biosynthesis of different plant secondary metabolites (Baebler et al., 2002; Wasternack and Strnad, 2019), which was observed for the phenylpropanoid pathway in SxP high producers on both the transcriptional and metabolic levels, the latter detected in their volatilome profiles (Figure 4).

Interestingly, the de novo lipid biosynthesis pathway was transcriptionally downregulated (Figure 3A), potentially as a direct response to the increased consumption of C16 fatty acids and by that acetyl-CoA due to pheromone biosynthesis, limiting the availability of acetyl-CoA for other anabolic processes. It is known that AtrΔ11 desaturase has a high transformation rate (Ding et al., 2014), supporting the hypothesis of a strong drain imposed on the lipid biosynthesis by pheromone production. Activation of LOX-13 with concurrent downregulation of fatty acid biosynthesis could limit biosynthesis of other lipid compounds, while providing enough precursors for biosynthesis of stress-related JA and green leaf volatiles.

JA-GA interplay is often predicted to be the main regulator of growth-defence trade-offs (Yang et al., 2012) and has been studied in different plant species, including the Nicotiana genus. Previous work of Machado et al. (2017) supports the crucial role of hormonal cross talk as a suppressor of growth and carbohydrate accumulation in Nicotiana attenuata. In their experimental system, the JA-GA cross talk seems to be responsible for stunted growth, presumably through downregulation of plant photosynthetic capacity as a direct consequence of reduced GA activity. SxP high producers show a distinct regulatory pattern of GA-related genes, namely, strong downregulation of GA20ox and upregulation of GA3ox, GA2ox, and GID1 (Figure 5), resembling previously described changes in N. attenuata mutants with increased JA levels (Heinrich et al., 2013). Similar regulation of GA biosynthesis genes by JA was recently also shown in tomato, with MYC2 inhibiting GA20ox and activating GA2ox expression (Panda et al., 2022). Based on this evidence, we propose activation of JA signalling with the coordinate GA suppression as a probable molecular mechanism behind pheromone production-induced growth penalty in SxP (Figure 5C). As evidenced by deregulation in signalling of other plant hormones (Figures 5,  6), e.g., ABA, there is a possibility of a wider cross talk leading to the final growth phenotype.

Despite the clear pattern of JA-related stress signalling upregulation in SxP, repeatedly seen for two different SxP versions in two separate experiments, and appearing as a plausible molecular perturbation orchestrating the growth arrest, we found limited evidence for the triggering mechanisms. It seems that the transcriptional changes and consequential growth penalty cannot be arising from sex pheromone toxicity or metabolic drainage alone, as this would imply stronger JA deregulation and growth arrest in SxPv1.2 compared to SxPv1.0, which was not the case. There was also no correlation between the measured plant heights and levels of any of the three pheromone compounds within each version of high producers (Supplementary Figure S2). Since the versions differ in functionality of the acetyltransferase gene, the changed metabolic flow through the pheromone biosynthetic pathway and consequently the feeding endogenous metabolic pathways might alleviate the stress-inducing potential of pheromone production in SxPv1.2. More severe growth penalty in SxPv1.0 might also be exacerbated by the production of a truncated and non-functional EaDAcT, potentially burdening the protein turnover machinery independently of the pheromone production levels. The differences in the extent of the transcriptional programming between SxPv1.0 and SxPv1.2 could also be just a consequence of positional effects or other factors, since the plants of SxPv1.0 and SxPv1.2 were grown at different times.

The nature of the stress-inducing mechanisms behind pheromone production in general therefore remains to be elucidated. Insect sex pheromones could be a trigger of JA stress response when produced in planta, acting as herbivore-associated molecular patterns (Bruce, 2015), with the example of plant defence activation in response to volicitin, a fatty acid–amino acid conjugate present in insect oral secretions (Truitt et al., 2004). However, following this hypothesis, we should expect a stronger response in higher-producing SxPv1.2, which was not the case. Determining the stress-triggering events would require an alternative experimental approach as adult plants with constitutive transgene expression and pheromone production probably represent an already well-established defensive state. To better understand the events prompting the transition from the normal to stressed state and its major regulatory players (Wang and Zhang, 2021), sampling after production initiation in a well-regulated and non-leaky inducible expression system (e.g. Garcia-Perez et al., 2022; Kallam et al., 2022) could give more conclusive insights.

Most work related to the growth-stress dependence has been done in relation to biotic (Brown and Rant, 2013; Ning et al., 2017; da Silva et al., 2019) and abiotic stressors (Bechtold and Field, 2018). Apart from research dedicated to discerning the growth penalty in plants with modified phenylpropanoid and lignin biosynthesis (Reem et al., 2018; Ha et al., 2021; Panda et al., 2021), no major steps have been taken toward understanding molecular mechanisms underlying fitness costs associated with metabolic engineering and/or transgene expression. Results from the analysis of transcriptional reprogramming in SxP support the possible key role of the JA-GA interplay in the insect sex pheromone production-induced growth penalty. In this case, efforts for improving both productivity and growth of SxP biofactories might benefit not only from approaches aiming to optimise metabolic fluxes but also from targeting stress signalling networks. Proof-of-concept work on mutant A. thaliana with uncoupled JA and GA signalling has proven that normal plant growth is attainable even in the presence of stress-inducing signals (Campos et al., 2016; Guo et al., 2018) or that severe growth retardation in stress-tolerant plants overexpressing stress-inducible genes can be overcome by co-expressing growth-enhancing genes (Kudo et al., 2019). Targeting orthologous genes in N. benthamiana is thus a promising option for establishing a more robust bioproduction chassis. Additionally, controlled regulation of hormonal pathways might even be desired in plants engineered for production of specialised secondary metabolites, for which precursor biosynthesis is hormonally activated (Lu et al., 2016). Considering the goal of developing SxP as living biodispensers in fields, future research should also include assessment of stress-growth signalling interplay in multifactorial settings including different environmental conditions (Kliebenstein, 2016).

Taken together, our work presents an example of comprehensive transcriptomic analyses of yield-reducing stress signalling in plant biomanufacturing that could be applied to other production systems and could in the future contribute to more robust insect pheromone bioproduction without unwanted growth traits.



Data availability statement

The data presented in the study are deposited in the Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) repository, accession numbers GSE192369, GSE191269 and GSE192368.



Author contributions

MJ, MP, KG, DO, and ŠB conceived and designed the experiments. MJ, MP, ŽR, EM-G, SG, and RM-F performed the experiments and analysed results. MJ and ŠB drafted the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work is part of the SUSPHIRE project (Sustainable Production of Pheromones for Insect Pest Control in Agriculture), a European Research Area Cofund Action ‘ERACoBioTech’, which received funding from the Horizon 2020 research and innovation programme under grant agreement No. 722361. ŠB, KG, MP, ŽR, and MJ received national funding from the Slovenian Ministry of Education, Science and Sport, as well as Slovenian Research Agency’s research core funding grants (P4-0165, P4-0431) and research project grant (Z4-706). EM-G received a PhD grant (FPU18/02019) from the Spanish Ministry of Science, Innovation and Universities. RM-F received a PhD grant (ACIF/2019/226) from Generalitat Valenciana.



Acknowledgments

Nicotiana benthamiana genome data were kindly provided by the Nicotiana benthamiana Sequencing Consortium (https://www.nbenth.com/consortium_members.php). We would also like to thank Maja Zagorščak for her advice and help with the DiNAR tool and Víctor García-Carpintero Burgos for help with N. benthamiana genome sequences.



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.2022.941338/full#supplementary-material



References

 Agrawal, S., Karcher, D., Ruf, S., Erban, A., Hertle, A. P., Kopka, J., et al. (2022). Riboswitch-mediated inducible expression of an astaxanthin biosynthetic operon in plastids. Plant Physiol. 188, 637–652. doi: 10.1093/plphys/kiab428

 Andrews, S. (2010) FastQC: A quality control tool for high throughput sequence data. Available at: https://www.bioinformatics.babraham.ac.uk/projects/fastqc/.

 Attaran, E., Major, I. T., Cruz, J. A., Rosa, B. A., Koo, A. J. K., Chen, J., et al. (2014). Temporal dynamics of growth and photosynthesis suppression in response to jasmonate signaling. Plant Physiol. 165, 1302–1314. doi: 10.1104/pp.114.239004

 Baebler, Š., Camloh, M., Kovač, M., Ravnikar, M., and Žel, J. (2002). Jasmonic acid stimulates taxane production in cell suspension culture of yew (Taxus x media). Planta Med. 68, 475–476. doi: 10.1055/S-2002-32083

 Bally, J., Jung, H., Mortimer, C., Naim, F., Philips, J. G., Hellens, R., et al. (2018). The rise and rise of Nicotiana benthamiana: A plant for all reasons. Annu. Rev. Phytopathol. 56, 405–426. doi: 10.1146/annurev-phyto-080417-050141

 Bechtold, U., and Field, B. (2018). Molecular mechanisms controlling plant growth during abiotic stress. J. Exp. Bot. 69, 2753–2758. doi: 10.1093/jxb/ery157

 Brown, J. K. M., and Rant, J. C. (2013). Fitness costs and trade-offs of disease resistance and their consequences for breeding arable crops. Plant Pathol. 62, 83–95. doi: 10.1111/PPA.12163

 Bruce, T. J. A. (2015). Interplay between insects and plants: dynamic and complex interactions that have coevolved over millions of years but act in milliseconds. J. Exp. Bot. 66, 455–465. doi: 10.1093/jxb/eru391

 Campos, M. L., Yoshida, Y., Major, I. T., de Oliveira Ferreira, D., Weraduwage, S. M., Froehlich, J. E., et al. (2016). Rewiring of jasmonate and phytochrome B signalling uncouples plant growth-defense tradeoffs. Nat. Commun. 7, 12570. doi: 10.1038/ncomms12570

 Cheng, C.-Y., Krishnakumar, V., Chan, A. P., Thibaud-Nissen, F., Schobel, S., and Town, C.D (2017). Araport11: A complete reannotation of the Arabidopsis thaliana reference genome.Plant J. 89, 789–804. doi: 10.1111/tpj.13415

 da Silva, A. C., de Freitas Lima, M., Eloy, N. B., Thiebaut, F., Montessoro, P., Hemerly, A. S., et al. (2019). The yin and yang in plant breeding: the trade-off between plant growth yield and tolerance to stresses. Biotechnol. Res. Innov. 3, 73–79. doi: 10.1016/j.biori.2020.02.001

 Diego-Martin, B., González, B., Vazquez-Vilar, M., Selma, S., Mateos-Fernández, R., Gianoglio, S., et al. (2020). Pilot production of SARS-CoV-2 related proteins in plants: A proof of concept for rapid repurposing of indoor farms into biomanufacturing facilities. Front. Plant Sci. 11, 612781. doi: 10.3389/fpls.2020.612781

 Ding, B.-J., Hofvander, P., Wang, H.-L., Durrett, T. P., Stymne, S., and Löfstedt, C. (2014). A plant factory for moth pheromone production. Nat. Commun. 5, 3353. doi: 10.1038/ncomms4353

 Ewels, P., Magnusson, M., Lundin, S., and Käller, M. (2016). MultiQC: summarize analysis results for multiple tools and samples in a single report. Bioinformatics 32, 3047–3048. doi: 10.1093/bioinformatics/btw354

 Fresquet-Corrales, S., Roque, E., Sarrión-Perdigones, A., Rochina, M., López-Gresa, M. P., Díaz-Mula, H. M., et al. (2017). Metabolic engineering to simultaneously activate anthocyanin and proanthocyanidin biosynthetic pathways in Nicotiana spp. PloS One 12, e0184839. doi: 10.1371/journal.pone.0184839

 Garcia-Perez, E., Diego-Martin, B., Quijano-Rubio, A., Moreno-Giménez, E., Selma, S., Orzaez, D., et al. (2022). A copper switch for inducing CRISPR/Cas9-based transcriptional activation tightly regulates gene expression in Nicotiana benthamiana. BMC Biotechnol. 22, 12. doi: 10.1186/s12896-022-00741-x

 Guo, Q., Major, I. T., and Howe, G. A. (2018). Resolution of growth–defense conflict: mechanistic insights from jasmonate signaling. Curr. Opin. Plant Biol. 44, 72–81. doi: 10.1016/j.pbi.2018.02.009

 Ha, C. M., Rao, X., Saxena, G., and Dixon, R. A. (2021). Growth defense trade-offs and yield loss in plants with engineered cell walls. New Phythologist 231, 60–74. doi: 10.1111/nph.17383

 Heinrich, M., Hettenhausen, C., Lange, T., Wünsche, H., Fang, J., Baldwin, I. T., et al. (2013). High levels of jasmonic acid antagonize the biosynthesis of gibberellins and inhibit the growth of Nicotiana attenuata stems. Plant J. 73, 591–606. doi: 10.1111/tpj.12058

 Huang, H., Liu, B., Liu, L., and Song, S. (2017). Jasmonate action in plant growth and development. J. Exp. Bot. 68, 1349–1359. doi: 10.1093/jxb/erw495

 Huebbers, J. W., and Buyel, J. F. (2021). On the verge of the market - plant factories for the automated and standardized production of biopharmaceuticals. Biotechnol. Adv. 46, 107681. doi: 10.1016/j.biotechadv.2020.107681

 Jones, P., Binns, D., Chang, H.-Y., Fraser, M., Li, W., McAnulla, C., et al. (2014). InterProScan5: genome-scale protein function classification. Bioinformatics 30, 1236–1240. doi: 10.1093/bioinformatics/btu031

 Kallam, K., Moreno-Giménez, E., Mateos-Fernández, R., Tansley, C., Gianoglio, S., Orzaez, D., et al. (2022). Tunable control of insect pheromone biosynthesis in Nicotiana benthamiana. bioRxiv. doi: 10.1101/2022.06.15.496242

 Kliebenstein, D. J. (2016). False idolatry of the mythical growth versus immunity tradeoff in molecular systems plant pathology. Physiol. Mol. Plant Pathol. 95, 55–59. doi: 10.1016/j.pmpp.2016.02.004

 Kudo, M., Kidokoro, S., Yoshida, T., Mizoi, J., Kojima, M., Takebayashi, Y., et al. (2019). A gene-stacking approach to overcome the trade-off between drought stress tolerance and growth in arabidopsis. Plant J. 97, 240–256. doi: 10.1111/tpj.14110

 Law, C. W., Alhamdoosh, M., Su, S., Dong, X., Tian, L., Smyth, G. K., et al. (2018). RNA-Seq analysis is easy as 1-2-3 with limma, glimma and edgeR. F1000Research 5, 1408. doi: 10.12688/f1000research.9005.3

 Li, J., Mutanda, I., Wang, K., Yang, L., Wang, J., and Wang, Y. (2019). Chloroplastic metabolic engineering coupled with isoprenoid pool enhancement for committed taxanes biosynthesis in Nicotiana benthamiana. Nat. Commun. 10, 4850. doi: 10.1038/s41467-019-12879-y

 Lohse, M., Nagel, A., Herter, T., May, P., Schroda, M., Zrenner, R., et al. (2014). Mercator: A fast and simple web server for genome scale functional annotation of plant sequence data. Plant Cell Environ. 37, 1250–1258. doi: 10.1111/pce.12231

 Lu, Y., Stegemann, S., Agrawal, S., Karcher, D., Ruf, S., and Bock, R. (2017). Horizontal transfer of a synthetic metabolic pathway between plant species. Curr. Biol. 27, 3034–3041. doi: 10.1016/j.cub.2017.08.044

 Lu, X., Tang, K., and Li, P. (2016). Plant metabolic engineering strategies for the production of pharmaceutical terpenoids. Front. Plant Sci. 7, 1647. doi: 10.3389/fpls.2016.01647

 Machado, R. A. R., Baldwin, I. T., and Erb, M. (2017). Herbivory-induced jasmonates constrain plant sugar accumulation and growth by antagonizing gibberellin signaling and not by promoting secondary metabolite production. New Phytol. 215, 803–812. doi: 10.1111/nph.14597

 Mateos-Fernández, R., Moreno-Giménez, E., Gianoglio, S., Quijano-Rubio, A., Gavaldá-García, J., Estellés, L., et al. (2021). Production of volatile moth sex pheromones in transgenic Nicotiana benthamiana plants. BioDesign Res. 2021, 9891082. doi: 10.34133/2021/9891082

 Mateos Fernández, R., Petek, M., Gerasymenko, I., Juteršek, M., Baebler, Š., Kallam, K., et al. (2022). Insect pest management in the age of synthetic biology. Plant Biotechnol. J. 20, 25–36. doi: 10.1111/pbi.13685

 Molina-Hidalgo, F. J., Vazquez-Vilar, M., D’Andrea, L., Demurtas, O. C., Fraser, P., Giuliano, G., et al. (2021). Engineering metabolism in Nicotiana species: A promising future. Trends Biotechnol. 39, 901–913. doi: 10.1016/j.tibtech.2020.11.012

 Mora-Vásquez, S., Wells-Abascal, G. G., Espinosa-Leal, C., Cardineau, G. A., and García-Lara, S. (2022). Application of metabolic engineering to enhance the content of alkaloids in medicinal plants. Metab. Eng. Commun. 14, e00194. doi: 10.1016/J.MEC.2022.E00194

 Ning, Y., Liu, W., and Wang, G.-L. (2017). Balancing immunity and yield in crop plants. Trends Plant Sci. 22, 1069–1079. doi: 10.1016/j.tplants.2017.09.010

 Owen, C., Patron, N. J., Huang, A., and Osbourn, A. (2017). Harnessing plant metabolic diversity. Curr. Opin. Chem. Biol. 40, 24–30. doi: 10.1016/j.cbpa.2017.04.015

 Panda, S., Jozwiak, A., Sonawane, P. D., Szymanski, J., Kazachkova, Y., Vainer, A., et al. (2022). Steroidal alkaloids defence metabolism and plant growth are modulated by the joint action of gibberellin and jasmonate signalling. New Phytol. 233, 1220–1237. doi: 10.1111/NPH.17845

 Panda, S., Kazachkova, Y., and Aharoni, A. (2021). Catch-22 in specialized metabolism: balancing defense and growth. J. Exp. Bot. 72, 6027–6041. doi: 10.1093/jxb/erab348

 Petkevicius, K., Löfstedt, C., and Borodina, I. (2020). Insect sex pheromone production in yeasts and plants. Curr. Opin. Biotechnol. 65, 259–267. doi: 10.1016/j.copbio.2020.07.011

 Pizzio, G. A., Mayordomo, C., Lozano-Juste, J., Garcia-Carpintero, V., Vazquez-Vilar, M., Nebauer, S. G., et al. (2022). PYL1- and PYL8-like ABA receptors of Nicotiana benthamiana play a key role in ABA response in seed and vegetative tissue. Cells 11, 795. doi: 10.3390/cells11050795

 Polturak, G., Breitel, D., Grossman, N., Sarrion-Perdigones, A., Weithorn, E., Pliner, M., et al. (2016). Elucidation of the first committed step in betalain biosynthesis enables the heterologous engineering of betalain pigments in plants. New Phytol. 210, 269–283. doi: 10.1111/nph.13796

 Ramšak, Ž., Coll, A., Stare, T., Tzfadia, O., Baebler, Š., Van de Peer, Y., et al. (2018). Network modeling unravels mechanisms of crosstalk between ethylene and salicylate signaling in potato. Plant Physiol. 178, 488–499. doi: 10.1104/pp.18.00450

 Ramšak, Ž., Petek, M., and Baebler, Š. (2021). “RNA Sequencing analyses for deciphering potato molecular responses,” in Solanum tuberosum. Methods in molecular biology. Eds.  D. Dobnik, K. Gruden, Ž. Ramšak, and A. Coll (New York, NY: Humana), 57–94.

 Reem, N. T., Chen, H.-Y., Hur, M., Zhao, X., Wurtele, E. S., Li, X., et al. (2018). Comprehensive transcriptome analyses correlated with untargeted metabolome reveal differentially expressed pathways in response to cell wall alterations. Plant Mol. Biol. 96, 509–529. doi: 10.1007/s11103-018-0714-0

 Rizvi, S. A. H., George, J., Reddy, G. V. P., Zeng, X., and Guerrero, A. (2021). Latest developments in insect sex pheromone research and its application in agricultural pest management. Insects 12, 484. doi: 10.3390/insects12060484

 Savchenko, T. V., Rolletschek, H., and Dehesh, K. (2019). Jasmonates-mediated rewiring of central metabolism regulates adaptive responses. Plant Cell Physiol. 60, 2613–2620. doi: 10.1093/pcp/pcz181

 Schillberg, S., Raven, N., Spiegel, H., Rasche, S., and Buntru, M. (2019). Critical analysis of the commercial potential of plants for the production of recombinant proteins. Front. Plant Sci. 10, 720. doi: 10.3389/fpls.2019.00720

 Schwacke, R., Ponce-Soto, G. Y., Krause, K., Bolger, A. M., Arsova, B., Hallab, A., et al. (2019). MapMan4: A refined protein classification and annotation framework applicable to multi-omics data analysis. Mol. Plant 12, 879–892. doi: 10.1016/j.molp.2019.01.003

 Scotti, N., Sannino, L., Idoine, A., Hamman, P., De Stradis, A., Giorio, P., et al. (2015). The HIV-1 Pr55gag polyprotein binds to plastidial membranes and leads to severe impairment of chloroplast biogenesis and seedling lethality in transplastomic tobacco plants. Transgenic Res. 24, 319–331. doi: 10.1007/s11248-014-9845-5

 Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette, M. A., et al. (2005). Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. 102, 15545–15550. doi: 10.1073/pnas.0506580102

 Thimm, O., Bläsing, O., Gibon, Y., Nagel, A., Meyer, S., Krüger, P., et al. (2004). MAPMAN: A user-driven tool to display genomics data sets onto diagrams of metabolic pathways and other biological processes. Plant J. 37, 914–939. doi: 10.1111/j.1365-313X.2004.02016.x

 Truitt, C. L., Wei, H.-X., and Paré, P. W. (2004). A plasma membrane protein from Zea mays binds with the herbivore elicitor volicitin. Plant Cell 16, 523–532. doi: 10.1105/TPC.017723

 Tschofen, M., Knopp, D., Hood, E., and Stöger, E. (2016). Plant molecular farming: much more than medicines. Annu. Rev. Anal. Chem. 9, 271–294. doi: 10.1146/annurev-anchem-071015-041706

 Wang, T., and Zhang, X. (2021). Genome-wide dynamic network analysis reveals the potential genes for MeJA-induced growth-to-defense transition. BMC Plant Biol. 21, 450. doi: 10.1186/s12870-021-03185-1

 Ward, B. J., Gobeil, P., Séguin, A., Atkins, J., Boulay, I., Charbonneau, P.-Y., et al. (2021). Phase 1 randomized trial of a plant-derived virus-like particle vaccine for COVID-19. Nat. Med. 27, 1071–1078. doi: 10.1038/s41591-021-01370-1

 Wasternack, C., and Strnad, M. (2019). Jasmonates are signals in the biosynthesis of secondary metabolites - pathways, transcription factors and applied aspects - a brief review. N. Biotechnol. 48, 1–11. doi: 10.1016/j.nbt.2017.09.007

 Wu, S., Jiang, Z., Kempinski, C., Nybo, S. E., Husodo, S., Williams, R., et al. (2012). Engineering triterpene metabolism in tobacco. Planta 236, 867–877. doi: 10.1007/s00425-012-1680-4

 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, 1441–1447. doi: 10.1038/nbt1251

 Xia, Y.-H., Ding, B.-J., Dong, S.-L., Wang, H.-L., Hofvander, P., and Löfstedt, C. (2022). Release of moth pheromone compounds from Nicotiana benthamiana upon transient expression of heterologous biosynthetic genes. BMC Biol. 20, 80. doi: 10.1186/s12915-022-01281-8

 Xia, Y.-H., Wang, H.-L., Ding, B.-J., Svensson, G. P., Jarl-Sunesson, C., Cahoon, E. B., et al. (2021). Green chemistry production of codlemone, the sex pheromone of the codling moth (Cydia pomonella), by metabolic engineering of the oilseed crop camelina (Camelina sativa). J. Chem. Ecol. 47, 950–967. doi: 10.1007/s10886-021-01316-4

 Yang, D.-L., Yao, J., Mei, C.-S., Tong, X.-H., Zeng, L.-J., Li, Q., et al. (2012). Plant hormone jasmonate prioritizes defense over growth by interfering with gibberellin signaling cascade. Proc. Natl. Acad. Sci. U. S. A. 109, E1192–E1200. doi: 10.1073/pnas.1201616109

 Zagorščak, M., Blejec, A., Ramšak, Ž., Petek, M., Stare, T., and Gruden, K. (2018). DiNAR: revealing hidden patterns of plant signalling dynamics using differential network analysis in R. Plant Methods 14, 78. doi: 10.1186/S13007-018-0345-0

 Zhang, N., Zhao, B., Fan, Z., Yang, D., Guo, X., Wu, Q., et al. (2020). Systematic identification of genes associated with plant growth–defense tradeoffs under JA signaling in Arabidopsis. Planta 251, 43. doi: 10.1007/s00425-019-03335-8



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 © 2022 Juteršek, Petek, Ramšak, Moreno-Giménez, Gianoglio, Mateos-Fernández, Orzáez, Gruden and Baebler. 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-13-941338-g006.jpg
Plant Immune Signalling

°Q
...
od SA biosynthesis

. (T Y

. | !

! |

: |

o —-@ I ° |

o mye73 | l

WRKY70 7N | !

s |
o (\ ./:} \ [ ] ; :
JA biosynthesis “or” l\ ® )
o
[ ]

v1.0-h

B Comprehensive Knowledge Network

’Loxs
S k
.
. S AW N

mMYC2

»
LOX4 TIFY108
LOX
LO. ’,.—. > |
Lox CYP74A
TIFY6B

LOX

CHI-B

noc1® A%S

v1.0-h

TIFY10A . i zil L5

. RD22
NACO72 5, =

LOX4, \

LOX
LOXEN
LOX

LOX2

CYP74A

HEL / bHLH13
cHLB
AOC3
v1.2-h





OEBPS/Images/fpls.2022.941338_cover.jpg
& frontiers | Frontiers in Plant Science

Transcriptional deregulation
of stress-growth balance in
Nicotiana benthamiana
biofactories producing insect
sex pheromones





OEBPS/Images/fpls-13-941338-g003.jpg
Gene Set Enrichment Analysis

v1.0-l
v1.0-h
v1.2-h

photosynthesis

DNA synthesis

protein synthesis

cell wall

aminoacid degradation

secondary metabolism

hormone metabolism

starch cleavage

stress

polyamine metabolism

transcription factors

protein degradation

receptor kinases

lipid degradation

Irem 123

spidi

minor CHO

MaphMan

Ascorbate, Glutathione  Light

Reactions

7] Starch (]

Sucrose

wsijoqelsi oz
e

1leMm 12D

G A
Pro

Ay
Hp Ly

minor CHO

Starch

Fermentation

hotorespiration

‘etrapyrrole

I

Mito. Electron Transport

Carbonic anhydrases
<EESEEE  No,
oo > NH,
=== so,
Metab

Nucleo-
tides

v1.0-h

Ascorbate, Glutathione  Light

E OPP

Gn A val
™ Leu

g Met T
Lys

PR

Sucrose

Reactions
(i =] Photorespiration
Fermentation etrapyrrole

m Mito. Electron Transport

Carbonic anhydrases

<E==uEmn No,
L= >

NH,
<=1 so,
Metab
Nucleo-
tides
g
Ty
g
e v1.2-h

logFC





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Transcriptional deregulation of stress-growth balance in Nicotiana benthamiana biofactories producing insect sex pheromones

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Plant growth conditions and sampling

          



          		

            Pheromone analysis

          



          		

            RNA-Seq and differential expression analysis

          



          		

            Functional annotation

          



          		

            Gene set enrichment analysis

          



          		

            Differential VOC abundance

          



          		

            Visualisation of differentially expressed genes in MapMan and knowledge networks

          



        



        



        		

          Results

        

          		

            High-producing SxPv1.2 plants accumulate the highest amounts of pheromones but still maintain better growth compared to v1.0 high producers

          



          		

            Moth pheromone production rate is reflected in the extent of transcriptional changes

          



          		

            Moth pheromone biosynthesis triggers stress-like transcriptional response in high producers

          



          		

            SxP high producers show significant differences in expression of secondary metabolism-related genes, leading to volatilome changes

          



          		

            High pheromone production prompts significant reprogramming of hormonal signalling

          



          		

            Jasmonic acid signalling shows consistent upregulation with a stronger response in v1.0 compared to v1.2 high producers

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-13-941338-g005.jpg
A T T B h . hesi ianalli
o« ormone biosynthesis signalling
> S abscisic acid [+ +
GA20ox auxin - .
%) ethylene -+ o+
$ gibberellin - +
= R
=1 jasmonic acid + +
8 salicylic acid ] .
2
c . )
high producing SxP

perception, signalling






OEBPS/Images/fpls-13-941338-g001.jpg
° ao W\/QH\A
. O
[to)
?

Z11-16:0Ac

=
o
ADMAV
©
w\ z P i i e - A 5 9 v 4w 9 & 7
m (N Y A A A R | T 4 < ® o o o «
I, . (eye1008 |AUBDBPEXaY-| L-(Z))0LBO] 5 (speas paddew Jayge3)o1 60|
N ¢ 5 7]
8 3 ]
e 3 3
N2 £ & %, % AT %
T N @ ° “« % e .I$|¢ ¢ ‘1
- [=] - Q.\ ° PY /Q
=z € oo* o 4 % %1
g o o QN 2 '.IE‘ ® 0.
E 5 s 0 o 0 o [t} 7 5 - . - . <,
< £ £ o o o P o E 9 0 S 0
N o 1 1 1 1 1 < ™ Ly ] N
<
3 (10-|-usdepexay-11-(2))oLbo|
ﬂ
3 e
%
5 /..,.V.\
ok e
ona.- A %
0-
47
w 9o v 9o v o
(o 3 < < 0 w ©
1 1 I 1 [} 1
(&) (leusoapexay-| L -(2))o1 6ol o (spea. paddew £L74v)0160]

3
(&]
e L
>
=
o -
[) |72}
€ <
g
< 5 =
& = 3
© o
M =
o
3
©
i
g
3
>
[N
o 0 o [Te) o 0 o n o
< (32} (32} N N . -~
2 [wo] yybreH jueid





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





OEBPS/Images/fpls-13-941338-g004.jpg
Green lear volatiles

Phenylpropanoids

(leusxay-g)0 160

[Te]
6 B <
(jeusxay-g)0 160

(epAuysplezusqiAyie

3
<
w-

€)oLBoj

3.5

v1.0-h

vie-n ][]

13-LOX

4CL

C4H

PAL





OEBPS/Images/fpls-13-941338-g002.jpg
v1.0-low2

v1 2-h





