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Abstract 
Rising demands for food, instigated by population growth and urbanization, are calling for 
advanced agricultural approaches to increase crop yields. However, the expansion of food 
production should not come with an unmanageable environmental cost. Plant science is 
therefore challenged to provide sustainable innovations for combating the detrimental 
effects of unfavourable abiotic and biotic environmental factors on crop plants. In this 
thesis, we aimed to contribute to the development of biotechnological production of 
sustainable insect pest control compounds and to develop molecular tools for studying 
interactions between plants and viral pathogens. 

Advances in synthetic biology and biotechnology can provide valuable solutions for 
sustainable insect pest control. One approach is the biotechnological production of 
alternative insecticides with less adverse effects, such as insect sex pheromones. To this 
end, transgenic Nicotiana benthamiana lines with constitutive production of moth 
pheromones were developed. However, high pheromone production resulted in stunted 
growth and development of the plant chassis. We have investigated the observed growth 
penalty with gene expression and network analyses and discovered a transcriptional 
reprogramming towards the stress response, with upregulated jasmonic acid and 
downregulated gibberellic acid signalling. Genetic manipulation of hardwired growth 
retardation in response to perceived stress could therefore improve the growth of plants 
with high insect sex pheromone biosynthesis. This would improve the suitability of such 
plants for biotechnological production in a greenhouse setting or even as living 
biodispensers in the field.  

Additionally, we searched for coding sequences of enzymes catalysing the biosynthesis 
of mealybug sex pheromones. Focusing on the citrus mealybug, Planococcus citri, we 
generated long- and short-read transcriptomic data and found several candidate genes that 
could be involved in the biosynthesis of the rare cyclobutane structure in the P. citri sex 
pheromone. Their identification presents the groundwork for the future implementation of 
plant-based biotechnological production of mealybug sex pheromones.  

To protect crops from the devastating effects of pathogenic infections, breeding or 
engineering resistant crop cultivars is essential. Therefore, it is necessary to understand the 
molecular mechanisms underlying successful plant immune response to infection. For this, 
efficient molecular tools, tailored to the pathosystem of interest are needed, such as plant 
virus infectious clones, which could enable functional studies of plant and viral genes. We 
have developed a robust protocol for mutagenesis of the monopartite infectious clone of 
the potato virus Y, thereby constructing a clone tagged with green fluorescent protein.  
The clone was able to infect potato plants and establish systemic infection, and expressed 
green fluorescent protein enabled microscopic evaluation of viral replication and spread in 
planta. As such it will contribute to the identification of important targets for genetic 
improvement of potato resistance to potato virus Y. 
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Povzetek 

Naraščajoče potrebe po hrani, ki jih povzročata rast prebivalstva in pospešena urbanizacija, 
zahtevajo razvoj naprednih pristopov za izboljšanje donosa kmetijske pridelave ob 
hkratnem zmanjšanju okoljskih bremen. Znanost je zato postavljena pred izziv 
zagotavljanja trajnostnih inovacij za blaženje neugodnih abiotskih in biotskih dejavnikov 
na pridelke. V okviru doktorske naloge smo si prizadevali prispevati k razvoju 
biotehnološke proizvodnje trajnostnih spojin za zatiranje žuželčjih škodljivcev ter razviti 
molekularna orodja za raziskave interakcij med rastlinami in virusnimi povzročitelji 
bolezni. 

Sintezna biologija in biotehnologija ponujata orodja za trajnostno obvladovanje 
žuželčjih škodljivcev. Eden izmed pristopov je biotehnološka proizvodnja insekticidov z 
manj škodljivimi učinki, kot so žuželčji feromoni. V ta namen so bile razvite transgene 
rastline vrste Nicotiana benthamiana, ki konstitutivno proizvajajo feromone vešč. Vendar 
visoka proizvodnja feromonov vodi do nezaželene upočasnitve rasti rastlin. Molekularne 
vzroke slabše rasti smo raziskali z analizo izražanja genov in medgenskimi interakcijskimi 
podatki iz rastlinskih mrež ter odkrili izrazit stresni odziv s povišanim izražanjem genov, 
povezanih s signalizacijo jasmonske kisline, in zmanjšanim izražanjem genov, povezanih s 
signalizacijo giberelinske kisline. Aktivacija stresne signalizacije jasmonske kisline je v 
rastlinah pogosto neločljivo sklopljena z inhibicijo signalizacije giberelinske kisline, ki 
spodbuja rast. Tarčni inženiring genov, vključenih v sklopitev obeh signalizacijskh poti, bi 
lahko vodil v izboljšanje rasti rastlin ob hkratni biosintezi žuželčjih spolnih feromonov in 
omogočil biotehnološko proizvodnjo v rastlinjakih ali celo uporabo rastlin kot bioloških 
razpršilnikov na poljih.  

Poleg tega smo iskali kodirajoča zaporedja encimov, ki katalizirajo biosintezo spolnih 
feromonov kaparjev. Osredotočili smo se na vrsto Planococcus citri, za katero smo določili 
zaporedja transkriptov na genomskem nivoju z visoko zmogljivostnim sekvenciranjem 
kratkih in dolgih nukleotidnih zaporedij. Poiskali smo kandidatne gene, katerih encimski 
produkti bi lahko katalizirali tvorbo redke ciklobutanske strukture v spolnem feromonu 
vrste P. citri. Kandidatni geni predstavljajo temelje za razvoj biotehnološke proizvodnje 
spolnih feromonov kaparjev v rastlinah. 

Za zaščito pridelkov pred okužbami se največkrat uporablja žlahtnjenje ali genetsko 
inženirstvo odpornih sort pridelkov. Pri načrtovanju in razvoju odpornih sort je ključnega 
pomena razumevanje molekularnih mehanizmov uspešnega imunskega odziva rastlin na 
okužbo. Za ta namen so potrebna učinkovita in specifična molekularna orodja, kot so 
infektivni kloni rastlinskih virusov, ki omogočajo funkcionalne raziskave rastlinskih in 
virusnih genov. Razvili smo robusten protokol za mutagenezo monopartitnega infektivnega 
klona virusa krompirja Y (PVY) in ga uporabili za pripravo infektivnega klona, označenega 
z zelenim fluorescenčnim proteinom (GFP). S klonom smo uspešno okužili rastline 
krompirja, v katerih se je vzpostavila sistemska okužba. Izraženi GFP je omogočil sledenje 
replikaciji in širjenju virusa v rastlinah krompirja, kar bo prispevalo k identifikaciji 
pomembnih tarč za genetsko izboljšavo odpornosti krompirja na PVY. 
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Chapter 1 

1 Introduction 

1.1 Biotechnological Approaches for Sustainable Plant 
Protection in Agriculture 

Human health and well-being depend on nutrients directly or indirectly provided by plants. 
Due to the growing population, agriculture has been under constant pressure to boost crop 
production. By increasing agricultural land area and improving yields, global production 
has managed to meet the demands or even provide surpluses of major crops (Bailey-Serres, 
Parker, Ainsworth, Oldroyd, & Schroeder, 2019). However, this success, mainly fuelled by 
the Green Revolution’s approaches of elite variety breeding, hybrid crop development, and 
application of fertilizers and pesticides, seems to have reached its limits (Pingali, 2012). 
First, the strategies failed to fully address global diversity and inequality, falling short on 
providing tailored solutions and equitable benefits for all communities (Pingali, 2012). 
Second, yield improvements have started to stagnate or even drop in the last decades, 
threatening food security (Ray, Ramankutty, Mueller, West, & Foley, 2012). This trend of 
decreasing yields is being accelerated by climate change, due to temperature increases, 
changes in rainfall patterns and the spread of pests and diseases (Wing, De Cian, & Mistry, 
2021; C. Zhao et al., 2017). Third, the adopted practices of intensive food production have 
led to environmental degradation with devastating effects on biodiversity and agriculture 
itself (A. M. D. Ortiz, Outhwaite, Dalin, & Newbold, 2021; Pathak et al., 2022; Raven & 
Wagner, 2021). Emerging markets with a growing middle class and urban populations will 
further emphasize the abovementioned challenges. The future of food production thus 
depends on the implementation of sustainable and resilient crops and agricultural practices 
that will address the interdependent goals of sufficient supply, economic viability for all 
types of farmers, and conservation of natural resources (Gaffney et al., 2019).  

Scientific advances over the last few decades offer novel solutions to design resilient 
crops with high performance or innovative plant protection strategies (Eckardt et al., 
2023). Development of stress-resistant crops builds upon advances in basic plant research, 
i.e., improved plant genomics, functional genomics, and plant genome editing techniques. 
Plant genomics is a basis for the characterisation of the available genetic diversity of plant 
germplasm and of the loci contributing to favourable morphological, developmental, and 
physiological crop traits, e.g., resistance to heat, cold, drought, flooding, and pathogens 
(Bailey-Serres et al., 2019). Research on the molecular networks regulating plant 
adaptational responses to different environmental factors is further supported by extensive 
multiomics analyses, covering molecular phenotypes at the interconnected levels of 
transcripts, proteins, and small molecules (Qian & Huang, 2020). With the increasing 
amount of generated data, systems biology approaches can offer comprehensible insights 
into the complexity of molecular networks. Computational tools such as network analysis, 
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modelling, and machine learning are becoming indispensable for this purpose (Hayes et al., 
2023; X. Yang et al., 2020). 

Understanding gene function is essential for the implementation of advanced 
biotechnological solutions in crop protection. The new plant breeding revolution emerged 
from genome editing technology, which can generate transgene-free genetically engineered 
plants with improved performance such as disease-resistance, stress-tolerance or even 
improved nutritional quality (Tyczewska, Twardowski, & Woźniak-Gientka, 2023). 
Genome editing is faster, more accurate and more predictable than former techniques of 
genetic modifications. Genetically engineered plants with improved yields even under 
intensified environmental stresses could minimize the environmental burden of agriculture 
and therefore contribute to the sustainability of the food system. 

Apart from breeding resilient crops with desired traits, innovations related to 
agricultural management practices are becoming increasingly important for future-based 
strategies. Carbon-neutral technologies, biological alternatives to chemical fertilizers and 
pesticides, efficient the supply chains, and food waste reduction are common goals in 
environmental and agricultural policies. In the EU, climate-smart agriculture is outlined in 
the European Green Deal, with its Farm to Fork and Biodiversity strategies most directly 
tackling sustainability issues in agriculture (European Commission, 2022). Many different 
lines of research and innovation are pursued that include beneficial plant symbiotic 
microbes (Marco et al., 2022), mixed land use and agroforestry (Low, Dalhaus, & 
Meuwissen, 2023), digital technologies (Hayes et al., 2023), and biological alternatives to 
chemical pesticides, such as biological agents (Jaiswal et al., 2022) and semiochemicals 
(Beck, Torto, & Vannette, 2017). The latter include chemicals produced by insects, such 
as sex, alarm, and aggregation pheromones, which stimulate certain behaviours and 
interactions between individuals and can thus be used for insect pest control. 

The results presented in this dissertation are centred around two approaches of 
sustainable crop protection. First, we focused on improving the biotechnological production 
of insect sex pheromones, which are used as an environmentally friendly alternative to 
chemical insecticides. Second, we developed molecular biology tools for exploring the 
interactions between plant viruses and their hosts, knowledge that is crucial for breeding 
virus-resilient crops.  

1.2 Insect Sex Pheromones for Plant Protection 
Insect pests cause crop damage by feeding on plant sap and tissue and transmitting 

plant pathogens (Heck, 2018). Their sugar-rich excretions can also promote growth of sooty 
moulds (Ascomycetes), which cover plants with a dark powdery coating that can promote 
further pest attacks, and decrease the value of ornamental plants (Chomnunti et al., 2014). 
The importance of protection against insect pests is increasing as climate change, global 
trade, and travel facilitate their spread (Deutsch et al., 2018; Schneider, Rebetez, & 
Rasmann, 2022). The main tool for their management is the application of chemical 
insecticides, of which 760 000 tonnes were applied globally in 2021. Their use has been 
steadily increasing, starting from 460 000 tonnes in 1990 and stagnating at over 700 000 
tonnes in the last decade (FAOSTAT, 2023).  

Heavy insecticide use results in water and soil pollution, which threatens human health 
and biodiversity because of non-target effects on other organisms (Goulson, 2013; 
Gunstone, Cornelisse, Klein, Dubey, & Donley, 2021). Insecticide use is therefore becoming 
progressively restricted in the EU. One of the latest examples is the 2020 EU ban on the 
insecticides chlorpyrifos and chlorpyrifos-methyl (European Commission, 2020). In 2022, 
the European Commission adopted the Nature Restoration Law and Sustainable Use of 
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Pesticide Regulation, which includes the aim to reduce chemical pesticide use by 50 % by 
2030 (European Commission, 2022). To reach this goal but still ensure crop protection 
from insects, an integrated pest management approach is proposed. It encompasses several 
methods for pest control, with an emphasis on prevention measures (e.g., crop rotation and 
use of pest resistant varieties), monitoring, and less harmful control methods. Based on the 
precise identification and quantification of a potential pest, an informed decision is made 
regarding the implementation of control measures. If needed, targeted and less risky 
methods are applied first, and the broad application of conventional pesticides is only used 
as a last resort (Dara, 2019). 

Synthetic insect sex pheromones have been used in integrated pest management for 
insect monitoring and population control with mass trapping and mating disruption (Rizvi, 
George, Reddy, Zeng, & Guerrero, 2021; Witzgall, Kirsch, & Cork, 2010). Sex pheromones 
are semiochemicals used by insects to attract mates (Figure 1). They are species-specific 
compounds or blends of compounds mostly produced and emitted by females (Zou & Millar, 
2015). Due to their specificity, they are non-toxic to other insect species, have a low risk 
of resistance development and thus represent a sustainable alternative to broad-spectrum 
insecticides (Rizvi et al., 2021). Insect traps with pheromones as attractants are used for 
monitoring population dynamics and thus facilitate early detection of infestations (Carleton 
et al., 2020). They are also invaluable for detecting invasive species (Žunič Kosi, Stritih 
Peljhan, Zou, McElfresh, & Millar, 2019), the spread of which is greatly accelerated by 
climate change. Besides monitoring, population control can be achieved as well, either by 
the attract-and-kill strategy (Luo et al., 2020) or mating disruption strategy (Franco et al., 
2022). For the first strategy, larger traps at higher densities are used, aiming to reduce the 
population numbers of reproductively active adults. For mating disruption, sex pheromones 
are dispersed into the air, obscuring the attracting pheromone trail of females, and thereby 
preventing males from locating females. 

Synthetic sex pheromones have been successfully deployed and commercialized for 
several insect species. However, the chemical synthesis of certain pheromones is costly and 
thus hinders increasing the number of target species (Petkevicius, Löfstedt, & Borodina, 
2020; Zou & Millar, 2015). Sex pheromones of certain insect species also include chiral 
centres, requiring several stereoselective synthesis steps and the separation of the active 
stereoisomer from the final racemic mix (Zou & Millar, 2015), which increases the 
production costs. Due to higher prices, sex pheromones are currently mostly used on 
high-value fruits, vegetables, and nuts, as they are not economically viable for lower-value 
crops (Holkenbrink et al., 2020; Wang et al., 2022). This is especially true for the mating 
disruption approach, for which larger quantities of the compound are (Zou & Millar, 2015). 
Additionally, chemical synthesis requires the use of hazardous chemicals and generates 
polluting by-products (Hagström et al., 2013). 

Therefore, the conventional production of insect sex pheromones by chemical synthesis 
should be replaced with cleaner biotechnological production in microbe or plant biofactories 
(Petkevicius et al., 2020). Plants could also be developed into on-site pheromone dispensers 
in the fields, bypassing the need for extraction of the accumulated compounds from the 
plant biomass (Petkevicius et al., 2020). Such living biodispensers would both produce and 
release sex pheromones at the target locations in controlled quantities and only upon a 
specific signal, the latter two goals achievable using robust synthetic genetic circuits.  
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Figure 1: Insect sex pheromones are produced by females to attract males for mating. 
Examples of three moth (Lepidoptera) sex pheromones (left) and the Planococcus citri 
mealybug (Coccoidea) sex pheromone (right) are shown. Lepidoptera sex pheromones are 
fatty acid aldehydes, alcohols, and acetates with double bonds at unique positions. 
Mealybug sex pheromones are monoterpenoids resulting from irregular coupling of isoprene 
units, which can form branched chains or cyclized structures. The image was created with 
BioRender.com. 

1.2.1 Lepidoptera pheromones and their biotechnological production 
The larvae of moths (order Lepidoptera) are major agricultural pests of food and fibre 
crops, with abundant populations causing severe defoliations of crops and fruit trees, 
severely stunting growth and limiting the development of harvestable crop organs (Suckling 
et al., 2017). Most moth sex pheromones are unsaturated fatty acid alcohols, acetates, or 
aldehydes with chain lengths between 10 and 18 carbons (Löfstedt, Wahlberg, & Millar, 
2016) (Figure 1). The double bonds are formed at uncommon positions (e.g., Δ9 and Δ11). 
Functional pheromones usually comprise a blend of components, which determine the 
pheromone’s specificity. Pheromones are biosynthesized from palmitic (C16 saturated fatty 
acid) or stearic acid (C18 saturated fatty acid), followed by consecutive steps catalysed by 
fatty acyl desaturases (FADs), introducing cis- (Z) or trans-(E) double bonds in a regio- 
and stereoselective manner, and fatty acyl reductases (FARs), reducing fatty acyls to 
alcohols (Figure 2). Both reaction steps occur in the endoplasmic reticulum of insect cells 
(Holkenbrink et al., 2020). Fatty acyl alcohols can be further converted into fatty esters or 
aldehydes (Figure 2). Other chain lengths are synthesized through chain-elongation or 
chain-shortening (beta-oxidation) reactions (Löfstedt et al., 2016). 

To implement the bioproduction of Lepidoptera sex pheromones in a plant chassis, 
insect genes coding for the enzymes involved in the fatty acid conversion reactions must 
be identified. Genes encoding fatty acyl desaturases and fatty acyl reductases have been 
identified from several moth species (Lassance, Ding, & Löfstedt, 2021; Tupec, Buček, 
Valterová, & Pichová, 2017). Conversely, enzymes catalysing alcohol conversion into 
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aldehydes (fatty alcohol oxidases, FAOs, or fatty alcohol dehydrogenases, ADHs) or esters 
(acetyltransferases) have not yet been identified from any insect species (Xia et al., 2022). 
For ectopic production of fatty acyl ester pheromones, acetyltransferases from plants and 
yeast have been utilised, for example EaDAcT from burning bush (Euonymus alatus) and 
ATF1 from yeast (B.-J. Ding et al., 2016).  

 

 
Figure 2: Moth (Lepidoptera) sex pheromone biosynthesis. Schematic representation of 
general steps in moth sex pheromone biosynthesis with names of enzyme families catalysing 
the conversions given in blue text colour. The image was created with BioRender.com. 

 
Based on the successful characterization of several genes, the production of moth sex 

pheromones and their precursors has been reported in yeasts and plants. In plants, mostly 
transient expression of heterologous genes has been used to demonstrate biosynthesis and 
release of sex pheromone compounds. Furthermore, stably transformed genetically modified 
plant lines have been generated as well. Examples of moth pheromone biosynthesis in 
plants include the production of the precursor (Z)-11-hexadecenyl in transgenic Nicotiana 
tabacum (Nešněrová, Šebek, Macek, & Svatoš, 2004), transient production of (Z)-11-
hexadecenol, (E)-11-tetradecenol, and (Z)-11-tetradecenol in Nicotiana benthamiana (B.-J. 
Ding et al., 2014), and transient production and release of (Z)-11-hexadecenol, (Z)-11-
hexadecenal, and (Z)-11-hexadecenyl in N. benthamiana (Xia et al., 2022). Most cases 
report metabolic engineering in N. tabacum and N. benthamiana, which are well-established 
platforms for genetic engineering (Bally et al., 2018; Molina-Hidalgo et al., 2021). However, 
production in Camelina sativa or other oil seed crops might be advantageous, as they can 
synthesize and store more lipid-derived compounds (R. Ortiz et al., 2020). Proof-of-concept 
work demonstrated production of (E,E)-8,10-dodecadienoic acid (a precursors of a codling 
moth (Cydia pomonella) sex pheromone) in C. sativa (Xia et al., 2021). Several compounds 
were also successfully produced by yeast fermentation, e.g., (Z)-11-hexadecenol in 
Saccharomyces cerevisiae (Hagström et al., 2013), and (Z)-11-hexadecenol and (Z)-
tetradec-9-en-1-ol in Yarrowia lipolytica (Holkenbrink et al., 2020). 
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1.2.2 Coccoidea pheromones 
Scale insects (order Hemiptera, superfamily Coccoidea) are small sap-feeding insects 

that form dense colonies on host plants. Many species, mostly from the families of 
mealybugs (Pseudococcidae), soft scales (Coccidae), and armoured scales (Diaspididae), 
are pests that cause economically devastating damage to food crops, fruit trees, and 
ornamental plants (Kakoti, Deka, Roy, & Babu, 2023). The inflicted damage mostly stems 
directly from phloem sap loss, resulting in nutrient loss with consequent stunted growth 
and leaf damage. Additionally, scale insects can also transmit plant viruses (Cabaleiro, 
Pesqueira, & Segura, 2022; Hommay, Alliaume, Reinbold, & Herrbach, 2021; Puig, Wurzel, 
Suarez, Marelli, & Niogret, 2021). As implied by their name, their bodies are covered with 
a waxy layer, which protects them from natural enemies but also reduces the efficiency of 
synthetic insecticides (Quesada, Witte, & Sadof, 2018).  

Scale insects exhibit strong sexual dimorphism, with wingless and almost immobile 
adult females, and winged, non-feeding, short-lived adult males. The sedentary females 
attract males for mating by releasing sex pheromones, which for most species consist of a 
single compound rather than a blend of related structures. So far identified sex pheromones 
of armoured scales and mealybugs are monoterpenoids resulting from “irregular” 
non-head-to-tail coupling of the five carbon precursors, DMAPP (dimethyl allyl 
diphosphate) and IPP (isopentenyl diphosphate) (Zou & Millar, 2015).  

The majority of natural terpenoid compounds result from “regular” (1’-4, or 
head-to-tail) coupling of IPP and DMAPP, whereas structures originating from irregular 
coupling are less frequent (Kobayashi & Kuzuyama, 2018; Nagel, Schmidt, & Peters, 2019).  
Besides Coccoidea sex pheromones, other examples include a few plant (Demissie, Erland, 
Rheault, & Mahmoud, 2013; Rivera et al., 2001), bacterial (Ozaki, Zhao, Shinada, 
Nishiyama, & Kuzuyama, 2014) and archaeal terpenoids (Ogawa, Emi, Koga, Yoshimura, 
& Hemmi, 2016). Lavandulol and lavandulyl acetate found in lavender essential oils result 
from 1’-2 “head-to-middle” coupling (Demissie et al., 2013), whereas pyrethrins, present in 
chrysanthemum flowers, result from c1’-2-3 cyclopropanation coupling of two DMAPP 
units (Rivera et al., 2001). Both types of irregular backbones have also been found in 
mealybugs and armoured scales (Zou & Millar, 2015). Additionally, there are several cases 
of mealybug sex pheromones in which the isoprenyl backbone forms a cyclobutane ring, 
resulting from a 1’-2-3-2’ coupling pattern, so far not identified in any other taxonomic 
group (Figure 1). 

 Enzymes catalysing the ubiquitously present “regular” 1’-4 coupling are well known 
and characterised. They are grouped into two structurally and evolutionarily distinct 
isoprenyl diphosphate synthase (IDS) families, which generate polyprenyl diphosphate 
products with the different double-bond geometries: cis (Z) and trans (E) (Nagel et al., 
2019). Conversely, only a few enzymes with irregular coupling activity have been isolated 
and characterised, none of which originate from insects (Kobayashi & Kuzuyama, 2018). 
The biosynthetic pathway of Coccoidea sex pheromones is therefore still completely 
unknown. However, to develop their biotechnological production, the identification of 
mealybug IDSs with irregular coupling activity is crucial.  

1.3 Developing Disease-Resilient Crops 
Pathogenic infections of crops lead to severe yield losses, which directly threaten food 
security (Ristaino et al., 2021). Plant pathogens include viruses, viroids, bacteria, fungi, 
and oomycetes (Juroszek, Racca, Link, Farhumand, & Kleinhenz, 2020; Patel et al., 2022). 
Climate change is predicted to facilitate the spread of plant diseases into new areas (Singh 
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et al., 2023), which is already expedited through international trade and trave land the 
spread of vectors, such as insects (Schneider et al., 2022). Additionally, altered weather 
conditions can have unfavourable effects on plant-pathogen interactions (Velásquez, 
Castroverde, & He, 2018; L.-N. Yang, Ren, & Zhan, 2023) that include enhanced pathogen 
fitness and pathogenicity and reduced plant immunity (Delgado-Baquerizo et al., 2020; 
Desaint et al., 2021; Son & Park, 2022; Tsai, Brosnan, Mitter, & Dietzgen, 2022).  

Genetically modified crops with improved resistance to one or even several pathogens 
are an effective and sustainable measure for mitigating plant diseases (Dong & Ronald, 
2019). Their generation is supported both by advances in our understanding of the plant 
immune system and determinants of pathogen infectivity, and by the development of fast 
and precise techniques for genetic engineering (Zaidi, Mahas, Vanderschuren, & Mahfouz, 
2020). Plant immunity research has provided breeding targets based on plant receptors for 
pathogen recognition and components of plant defence signalling, which is mainly conveyed 
through plant hormones (Kim et al., 2022; Yan Zhao, Zhu, Chen, & Zhou, 2022). Other 
approaches employ the expression of antimicrobial compounds (Li, Hu, Jian, Xie, & Yang, 
2021; Montesinos, 2007) and RNA interference against the RNA of pathogenic viruses 
(Yaling Zhao, Yang, Zhou, & Zhang, 2020).  

Despite several advances in the field of plant immunity, much is still unknown regarding 
plant–pathogen interactions, especially interactions with viral pathogens, which are among 
the most devastating plant pathogens (Nicaise, 2014). The outcomes of plant–pathogen 
interactions depend on several factors, including the genotypes of the pathogenic strain 
and host plant cultivar and on the environmental factors (Gold, 2021). Knowledge obtained 
from a specific pathosystem tested under defined conditions cannot thus be easily 
transferred to a different experimental system. Most of the molecular biology resources and 
gene functional knowledge is available for model organisms, e.g., Arabidopsis thaliana, and 
thus there is a need to develop tools that enable plant immunity research also in crop 
plants. 

1.3.1 Infectious viral clones as tools in plant biotechnology 
Plant viral genomes can be used to construct infectious plant viral clones, which can 

be used as efficient plant vectors (Brewer, Hird, Bailey, Seal, & Foster, 2018; Cody & 
Scholthof, 2019). They are also an invaluable resource for studies of plant virus genomes 
and biology. Infectious clones are mostly designed as full-length genome sequences of plant 
viruses inserted into a plasmid backbone to enable cloning in Escherichia coli. Upstream 
of the viral genome is either a bacteriophage promoter, enabling in vitro transcription 
followed by plant inoculation with naked viral RNA, or a plant promoter, resulting in in 
planta transcription of the viral genome after transfecting plants with the plasmid DNA 
(Abrahamian, Hammond, & Hammond, 2020). Viral clones have several advantages over 
other plant vectors. They are faster, reach higher protein production levels, and can 
establish expression throughout the plant due to viral spread (Abrahamian et al., 2020).  

Viral clones could be potentially used for the production of therapeutic proteins, such 
as vaccines and antibodies, in plants (Dhama et al., 2020; Dubey et al., 2018). Currently, 
they are mostly used for reverse genetics in plant gene functional studies via virus-induced 
gene silencing (Beyene, Chauhan, & Taylor, 2017), gene overexpression or genome editing 
(Uranga, Aragonés, Daròs, & Pasin, 2023) and reverse genetics of viral genes (Kežar et al., 
2019; Trapani et al., 2023). They can also be tagged with a reporter protein, which enables 
tracking the infection in the host plant (Baulcombe, Chapman, & Santa Cruz, 1995; 
Bedoya, Martínez, Orzáez, & Daròs, 2012; Cordero, Mohamed, López-Moya, & Daròs, 
2017; Wieczorek, Budziszewska, Frąckowiak, & Obrępalska-Stęplowska, 2020). Recently, 
high-throughput sequencing accelerated the discovery of new virus species and strains that 
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remain to be biologically characterized (Fontdevila Pareta et al., 2023). Difficulties 
associated with their isolation can be circumvented by the assembly of an infectious clone 
based on the determined vial genome sequence (Pasin, 2022).  

1.3.1.1 Infectious clones of potato virus Y (PVY) 

Potato virus Y (PVY, genus Potyvirus) is an aphid-transmitted plant pathogen with 
worldwide presence, causing major losses of several cultivated solanaceous species, 
including potato, tobacco, tomato, and pepper. Disease outcome depends on the virus and 
host plant genotypes, environmental conditions, developmental and physiological state of 
the host plant, and transmission mode (Baebler, Coll, & Gruden, 2020). Functional 
characterisation of PVY and related host immunity genes is fundamental for generating 
resistant plant cultivars. 

The PVY genome is a positive single-stranded RNA with a length of 9.7 kilobases. It 
includes two open reading frames of which the larger translates into a polyprotein that is 
subsequently cleaved into ten functional proteins by viral proteases (Baebler et al., 2020). 
Several full-length cDNA clones of PVY have been developed, based on different PVY 
strains and isolates. Due to the toxicity of their cDNA in E. coli, first cloning attempts 
depended on in vitro amplification and transcription of the viral genome (Fakhfakh, 
Vilaine, Makni, & Robaglia, 1996). Later on, bipartite clones (Jakab, Droz, Brigneti, 
Baulcombe, & Malnoë, 1997) or clones with intron insertions (Bukovinszki, Götz, Johansen, 
Maiss, & Balázs, 2007; Cheng et al., 2020) were developed and enabled cloning in E. coli. 
The designs mostly include the plant constitutive promoter cauliflower mosaic virus 35S 
upstream of the viral cDNA, enabling in planta transcription to form the positive-stranded 
RNA genome, which can initiate viral replication and spread.  

Developing stable clones, which can be maintained in E. coli is crucial for easy 
manipulation of the viral genome, either through targeted mutagenesis of viral genes or 
in-frame insertion of ectopic coding sequences. The first approach has been used to 
determine viral protein regions or amino acid residues that play a crucial role in viral 
infectivity, replication, and spread (Kežar et al., 2019; Stare et al., 2020). The second 
approach can create tagged viruses, as the inserted coding sequence of a reporter protein, 
such as GFP, undergoes translation and cleavage with viral replication (Rupar et al., 2015). 
Thus, viral replication and spread can be confirmed by detecting the reporter protein signal 
with fluorescent microscopy. Similar results were also obtained by insertion of the Rosea1 
transcription factor, which activates anthocyanin biosynthesis, serving both as a visual 
marker for viral spread and a potential method for crop biofortification (Cordero et al., 
2017).  

1.4 Scientific Problems and Aims of the Thesis 

1.4.1 Understanding the molecular background of growth penalty 
associated with moth sex pheromone production in Nicotiana 
benthamiana 

Several studies report successful biotechnological production of moth sex pheromones in 
plants (Petkevicius et al., 2020). However, most of them were only proof-of-concept systems 
based on transient expression, reaching low yields and volatility of the pheromones (Xia et 
al., 2022, 2020). In the scope of an international project, we participated in the development 
of stable transgenic N. benthamiana lines constitutively producing a blend of three moth 
pheromone compounds: (Z)-11-hexadecenol, (Z)-11-hexadecenal, and (Z)-11-hexadecenyl 
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acetate. Although adequate yields were obtained, the use of transgenic plants was still 
limited due to the severe growth and developmental inhibition observed in homozygous 
high-producing plant lines. High producers were much smaller and, in most cases, failed to 
develop flowers and seeds compared to wild-type N. benthamiana and heterozygous lines 
producing much lower amounts of the moth sex pheromones. 

Such inhibited growth is an obstacle for commercialization of this production system 
and is especially incompatible with the vision of developing the plants as biological 
dispensers of sex pheromones. Inhibited seed production is additionally problematic for the 
maintenance and propagation of the transgenic plants. 

We have therefore aimed to characterise the molecular perturbations underlying the 
observed phenotype and thereby potentially identify possibilities for improving the growth 
of high producers. Starting with only a few measured phenotypic parameters (plant height 
and sex pheromone content in the leaf mass), we decided to implement a broad approach, 
which would provide insight into the physiological changes triggered by high pheromone 
production. RNA-Seq is an affordable method for acquiring high-density information at the 
genome-wide level of gene transcriptional activity. It has become indispensable for 
understanding signalling regulation in response to different conditions (Van Den Berge et 
al., 2019). We aimed to obtain RNA-Seq data for wild-type and transgenic low and high 
producers of moth sex pheromones. We also included a novel version of transgenic N. 
benthamiana plants, which exhibited a more moderate growth penalty, but produced higher 
amounts of moth sex pheromones. We included several different genotypes with varying 
phenotypes and compared their transcriptional profiles obtained with RNA-Seq and the 
data on their growth and pheromone production to detect the transcriptional changes 
uderlying growth inhibition related to high pheromone production.  

1.4.2 Identification of IDS-like sequences in the genome of Planococcus 
citri 

Compared to Lepidoptera sex pheromones, Coccoidea sex pheromones are more difficult 
and expensive to synthesize. Their chemical structure includes chiral centres and requires 
stereoselective steps of synthesis to obtain the pure active compound (Zou & Millar, 2015). 
Development of a bioproduction system would make broader sex pheromone use viable also 
in scale insect pest management.  

However, no mealybug IDSs capable of the irregular coupling mechanisms predicted to 
form the polyprenyl backbones of mealybug sex pheromones have been identified. There is 
also very little information on other non-insect enzymes capable of irregular coupling 
(Kobayashi & Kuzuyama, 2018). They seem to stem from isolated evolutionary events, 
mostly through diversification from ancestor IDSs with regular coupling activity 
(Thulasiram, Erickson, & Poulter, 2007). Therefore, it is possible that an enzyme with 
homology to regular IDSs also catalyses the formation of mealybug sex pheromones.  

We aimed to obtain genome-wide coding sequence information from the citrus 
mealybug, P. citri, and search for sequences with homology to enzymes capable of regular 
coupling. P. citri is a widespread pest, causing significant damage in citrus orchards and 
other crops. Its sex pheromone, planococcyl acetate, has a cyclobutane-containing 
polyprenyl backbone, and has been successful synthesized and tested for monitoring 
purposes (Dunkelblum, Zada, Gross, Fraistat, & Mendel, 2002; Mansour et al., 2018). We 
aim to generate short- and long-read transcriptomic data by performing Iso-Seq and RNA-
Seq, search for IDS homologs, characterise them in silico, and test their in vitro enzymatic 
activity after heterologous expression.  
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1.4.3 Generation of a GFP-tagged PVY infectious clone 
PVY is one of the most important pathogens negatively impacting the production of potato 
worldwide. Infection of susceptible cultivars leads to reduced yields and can also cause 
potato tuber necrotic ringspot disease, resulting in unmarketable potatoes (Kreuze et al., 
2019). To develop resistant or tolerant potato cultivars, we need to understand the 
molecular interactions that govern all the major steps involved in successful potato 
infection: the viral infection of the cell, plant sensing of the infection and initiation of 
defence, and viral counter defence. Importantly, plant defence is tightly regulated in a 
spatiotemporal manner, and thus we must develop methods that can address all aspects of 
defence signalling to detect the interactions crucial for resistance (Lukan et al., 2020). 

 Following viral spread in vivo is an important tool to determine points and paths of 
infection. We have been using a PVY clone tagged with green fluorescent protein (GFP) 
to follow viral replication and spread with confocal microscopy (Rupar et al., 2015). This 
enables comparisons of the extent and pattern of viral spread in different genetic 
backgrounds, helping to characterise the effectiveness of resistance and thus to deduce the 
role of specific genes in PVY resistance. This also enables spatially resolved analysis of 
plant responses, as we can distinguish between infected and non-infected cells and 
determine the distance of a cell from the point of infection (Lukan et al., 2018).   

However, the currently available clone has a bipartite design, making its use 
impractical, as in vitro ligation is required prior to infection. We therefore aim to use a 
monopartite PVY infectious clone and insert the GFP-coding sequence with the 
mutagenesis approach. The resulting infectious clone can be maintained as a single plasmid 
in E. coli, isolated, and used directly for plant transformation through biolistic inoculation. 
To generate the GFP-tagged PVY clone, we aim to develop a robust mutagenesis protocol, 
which will enable insertion of other coding sequences of interest into the PVY genome. 

1.5 Research Hypotheses 
1. The growth arrest phenotype in high pheromone-producing N. benthamiana plants 

will have detectable changes on the level of gene expression. 
 
2. Differential expression analysis will provide information on possible regulatory or 

metabolic perturbations as molecular mechanisms triggering the growth penalty. 
 
3. The P. citri transcriptome includes IDS-like transcripts with potential for irregular 

coupling activity function. 
 
4. The viral clone of PVY with the inserted GFP sequence will be able to infect potato 

plants and establish systemic infection, with expressed GFP enabling microscopic 
evaluation of viral replication and spread in planta. 

1.6 Publications Included and Candidate’s Contributions 
This dissertation includes five publications, of which four are original papers and one a 
review. The candidate is the first author of two publications. Four of these publications 
have been published, whereas one has been submitted to the bioRxiv preprint server and 
submitted for publication in a peer-reviewed journal. 

The first publication, entitled “Insect pest management in the age of synthetic biology” 
is a review article, describing the use of synthetic biology approaches for sustainable insect 



1.6. Publications Included and Candidate’s Contributions 11 

pest management. It includes chapters on new breeding technologies for developing insect-
resistant crops by exploiting different defence compounds and mechanisms, RNA 
interference to downregulate essential insect genes, gene drives, biotechnological production 
of insect control compounds, and biocontrol agents. The review also evaluates the potential 
societal and regulatory implications of the emerging technologies. The PhD candidate wrote 
the subsection “Harnessing biocontrol” on biological insect pest control, in which she 
reviewed different options for improving biocontrol agents such as entomopathogenic 
organisms or parasitoids.  

The second publication, entitled “Production of Volatile Moth Sex Pheromones in 
Transgenic Nicotiana benthamiana Plants” describes the design and characterisation of 
two versions of transgenic N. benthamiana plants that produce moth sex pheromones. This 
work was mostly performed by our collaborators in Valencia, Spain. The transgenic plants, 
named the Sexy Plant, produced a blend of (Z)-11-hexadecenol, (Z)-11-hexadecenal, and 
(Z)-11-hexadecenyl acetate, whose high production stunted plant growth. Due to the 
truncation of the acetyltransferase transgene in the first generation of transgenic plants, a 
new generation of plants with a new insertion event was prepared. Plants of the second 
version accumulated even higher amounts of moth sex pheromones compared to the first 
version whilst also growing better. The PhD candidate contributed to this work by 
performing transgene expression quantification, which also revealed the truncation of the 
acetyltransferase transgene. 

The third publication, entitled “Transcriptional deregulation of stress-growth balance 
in Nicotiana benthamiana biofactories producing insect sex pheromones” includes the 
results of the transcriptional analysis of the growth penalty observed in high producers of 
moth sex pheromones. We identified a stress-like transcriptional response and proposed the 
activation of jasmonic acid signalling coupled with inhibition of gibberellic acid signalling 
as the underlying mechanims of the growth penalty. We discussed possible reasons for the 
activation of this signalling hub and interventions that could alleviate the severe growth 
phenotype. The PhD candidate is the first author of this publication. She contributed to 
the experimental planning and performed all the bioinformatic analyses of RNA-Seq data 
generated from Sexy Plants, including the differential expression and gene set enrichment 
analyses, functional annotation of the N. benthamiana genome, and the network 
visualisation analysis. She wrote the first draft of the manuscript and prepared most of the 
figures and tables. 

The fourth publication, entitled “Identification and characterisation of Planococcus 
citri cis- and trans-isoprenyl diphosphate synthase genes, supported by short- and long-
read transcriptome data” includes the results of the irregular IDS candidate search in the 
genome of P. citri and in vitro activity testing of some candidates. We used de novo 
assembled and full-length sequenced transcriptome data to complement the available 
genome assembly and searched for coding sequences with homology to IDS sequences. We 
identified and phylogenetically characterized 30 candidate sequences, of which we selected 
19 as the most promising candidates for the P. citri sex pheromone biosynthesis. Five of 
them had regular coupling activity, of which one also produced low amounts of two 
irregular polyprenyl chains. The PhD candidate is the first co-author of the manuscript. 
She contributed by performing quality control analysis of the generated transcriptomic 
data, searching for sequences similar to IDSs, and preparing candidate sequence alignments 
and phylogenetic analyses. She wrote the first draft of the manuscript and prepared most 
of the figures and tables. 

The fifth publication, entitled “Chloroplast redox state changes mark cell-to-cell 
signalling in the hypersensitive response” includes a detailed spatiotemporal analysis of the 
redox state changes and stromule formation in the hypersensitive response to viral infection 
in potato. Using this approach, we identified cells with oxidized chloroplasts further from 
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the cell death zone that may play a role in signalling for resistance and showed that 
stromules are induced by both cell death and PVY multiplication. The PhD candidate 
contributed to this work by generating the GFP-tagged PVY infectious clone, which was 
used to determine the viral multiplication zone and stromule formation in the chloroplasts 
of adjacent cells. She designed the genetic construct, performed molecular cloning, and 
characterised the resulting PVY-GFP infectious clone. She also wrote the methodss section 
describing her work. 
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Chapter 2 

2 Scientific Publications 

2.1 Insect Pest Management in the Age of Synthetic Biology 
Rubén Mateos-Fernández, Marko Petek, Iryna Gerasymenko, Mojca Juteršek, Špela 
Baebler, Kalyani Kallam, Elena Moreno Giménez, Janine Gondolf, Alfred Nordmann, 
Kristina Gruden, Diego Orzaez, and Nicola J Patron 

 
Plant Biotechnology Journal, 2022, 20:25–36. DOI: 10.1111/pbi.13685 
 
In this review, we summarised the contemporary techniques of molecular and synthetic 
biology that are or could be exploited in the future for crop protection against insect pests. 
The first chapter describes genetically modified crops with insect resistance, mostly 
achieved by expressing toxins and resistance genes or by removing susceptibility genes. 
Discovering novel insecticidal proteins and metabolites and genome editing approaches will 
contribute to the development of new generations of resistant crops. The second chapter 
focuses on the use of RNA interference for insect control, either through host-induced or 
spray-induced gene silencing. Based on initial success, further improvements will rely on 
increased RNA stability and uptake by insects and on the determination of target 
specificity and potential non-target effects. The third chapter is dedicated to genetic 
methods for insect pest population control, namely the sterile insect technique, release of 
insects with a dominant lethal trait, and the most recent development — gene drives. Insect 
genome editing holds great promise to further accelerate the development of gene drives. 
The fourth chapter summarizes biomanufacturing of pest control compounds, using yeast 
or plant chassis, which can provide affordable large-scale production of different insecticidal 
compounds, sex pheromones, and other semiochemicals. The fifth chapter is dedicated to 
biotechnological improvement of biocontrol agents. The review also considers societal and 
environmental aspects of implementing novel synthetic biology approaches.  

The PhD candidate contributed to this review article by participating in the writing of 
the subsection “Harnessing biocontrol” on biological insect pest control. She reviewed the 
use of natural predators, parasitoids, competitors, and pathogens of insect pests. She also 
reviewed synthetic biology approaches that could enhance their effects, e.g., genetic 
engineering that increases the toxicity or environmental stability of entomopathogenic 
agents. 
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2.2 Production of Volatile Moth Sex Pheromones in 
Transgenic Nicotiana benthamiana Plants 

Rubén Mateos-Fernández, Elena Moreno-Giménez, Silvia Gianoglio, Alfredo Quijano-
Rubio, Jose Gavaldá-García, Lucía Estellés, Alba Rubert, José Luis Rambla, Marta 
Vazquez-Vilar, Estefanía Huet, Asunción Fernández-del-Carmen, Ana Espinoza-Ruiz, 
Mojca Juteršek, Sandra Vacas, Ismael Navarro, Vicente Navarro-Llopis, Jaime Primo, and 
Diego Orzáez 

 
BioDesign Research, 2021, Article ID 9891082. DOI: 10.34133/2021/9891082 
 

This article describes the development of transgenic N. benthamiana plants with 
constitutive expression of three transgenes, resulting in the production of three moth sex 
pheromone compounds: (Z)-11-hexadecenol, (Z)-11-hexadecenal, and (Z)-11-hexadecenyl 
acetate. The first generation of plants had a severe dwarf phenotype in homozygous high-
producing lines. Analysis of transgene expression also revealed truncation of the 
acetyltransferase transgene, resulting in a non-functional enzyme and low levels of (Z)-11-
hexadecenyl acetate production. Therefore, a new generation of plants was created, with 
alleviated growth penalty and improved production of all three pheromone compounds. 
This work is the first to report a stable transgenic plant line producing three different sex 
pheromone compounds, which were also emitted from the plant tissue. However, the release 
was much lower than needed for the plants to act as biological dispensers. Apart from low 
volatility, growth penalty was exposed as one of the main obstacles for moth pheromone 
production in plants. 

The PhD candidate contributed to this work with transgene expression quantification, 
which also revealed truncation of the acetyltransferase transgene in the first generation of 
transgenic plants. Based on the results, a new generation of plants with a new insertion 
event was prepared. 
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2.3 Transcriptional Deregulation of Stress-Growth Balance 
in Nicotiana benthamiana Biofactories Producing Insect 
Sex Pheromones 

Mojca Juteršek, Marko Petek, Živa Ramšak, Elena Moreno-Giménez, Silvia Gianoglio, 
Rubén Mateos-Fernández, Diego Orzáez, Kristina Gruden, and Špela Baebler 

 
Frontiers in Plant Science, 2022, 13:941338. DOI: 10.3389/fpls.2022.941338 
 
This article describes the transcriptome-level analysis of transgenic N. benthamiana lines 
with high moth pheromone production levels. It builds on the results of the previous paper, 
which indicated that the dwarf phenotype is an obstacle for moth pheromone production 
in plants. Samples collected from both generations of transgenic plants, including lines with 
different production levels, were subjected to high-throughput transcriptome sequencing, 
followed by differential expression analysis and gene set enrichment analysis. The results 
indicate a stress-like transcriptional reprograming in high producers with dwarf phenotype, 
with decreased expression of genes involved in anabolic processes (photosynthesis, DNA, 
and protein synthesis) and increased expression of stress-related genes. Further analysis 
supported by knowledge networks indicate the interplay between jasmonic acid and 
gibberellic acid signalling as the most probable cause of stunted growth. We also linked 
the expression of genes related to secondary metabolism with the amounts of secondary 
metabolism-derived volatiles in high or low producers. Although we were not able to 
determine the mechanism behind the activation of defence-promoting jasmonic acid 
signalling, the involvement of gibberellic acid synthesis inhibition prompted by jasmonic 
acid signalling provides options for chassis improvement. Decoupling of the two signalling 
pathways by targeting the genes involved in the crosstalk could result in plants with 
favourable growth even in the presence of stress-triggering signals. 

The PhD candidate is the first author of this publication. She contributed to the 
experimental planning and performed all the bioinformatic analyses of RNA-Seq data, 
including the differential expression and gene set enrichment analyses, functional 
annotation of the N. benthamiana genome, and network visualisation analysis. She wrote 
the manuscript and prepared most of the figures and tables. 
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Mojca Juteršek, Iryna M. Gerasymenko, Marko Petek, Elisabeth Haumann, Sandra Vacas, 
Kalyani Kallam, Silvia Gianoglio, Vicente Navarro-Llopis, Ismael Navarro Fuertes, Nicola 
Patron, Diego Orzáez, Kristina Gruden, Heribert Warzecha, Špela Baebler 

 
Manuscript draft, deposited at BiorXiv, DOI: 10.1101/2023.06.09.544309 
 
This manuscript describes the identification and in vitro testing of IDS candidates from 
the citrus mealybug, P. citri, aiming to discover enzymes capable of catalysing the 
formation of irregular polyprenyl diphosphates. The latter are the main building blocks of 
mealybug sex pheromones, which are important for mating and used as less toxic 
insecticides in pest management. To date, no IDSs with irregular coupling activity have 
been identified in insects. We generated short- and long-read transcriptomic data to obtain 
contiguous virgin and mated female-specific coding sequence information from P. citri. 
Short reads were de novo assembled and used together with full-length sequenced 
transcripts and genomic data to search for sequences similar to cis- or trans-IDSs. We 
found several coding sequences with fully or partially conserved IDS motifs. We determined 
their putative functions based on sequence similarity searches and performed phylogenetic 
analysis, which demonstrated several sequences to be paralogous, pointing to different 
duplication events in the Coccoidea phylogenetic group. We cloned and expressed 11 
candidate sequences in E. coli, followed by in vitro testing of their short-chain IDS activity. 
Five of them produced regular polyprenyl diphosphates, of which one also produced two 
different irregular polyprenyl chains. Irregular activity was very low, and none of the two 
backbones matched the structure of planococcyl acetate, the sex pheromone of P. citri. 
Nevertheless, the identified IDS sequences represent an important platform to study regular 
and irregular terpenoid biosynthesis in mealybugs and provide candidates whose activity 
could be improved and adjusted through protein engineering to obtain robust enzymes for 
use in biotechnology. 

The PhD candidate is the first co-author of the manuscript. She contributed by 
performing quality control analysis of the generated transcriptomic data, searches for 
sequences similar to IDSs, candidate sequence alignments and phylogenetic analyses. She 
wrote the manuscript draft and prepared most of the figures and tables.  
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2.5 Chloroplast Redox State Changes Mark Cell-to-Cell 
Signalling in the Hypersensitive Response 

Tjaša Lukan, Anže Županič, Tjaša Mahkovec Povalej, Jacob O. Brunkard, Mirjam Kmetič, 
Mojca Juteršek, Špela Baebler, and Kristina Gruden 

 
New Phytologist, 2023, 237:548–562. DOI: 10.1111/nph.18425 
 
This article explores the spatiotemporal dynamics of chloroplast redox state changes and 
stromule formation in resistant potato plants with an elicited hypersensitive response to 
PVY infection. Additionally, it evaluated the role of salicylic acid in both phenomena. 
Using confocal microscopy and custom image analysis, we confirmed the presence of highly 
oxidized chloroplasts in the cells surrounding the cell death zone, with oxidization levels 
decreasing with increasing distances from the cell death zone. Furthermore, we discovered 
cells with moderately oxidized chloroplasts further away from the cell death zone. As the 
distant oxidized cells were not present in the salicylic-acid-depleted genotype, we proposed 
that they play a role in signalling for resistance. We also confirmed that stromule formation 
is salicylic-acid-dependent and spatiotemporally regulated in the hypersensitive response 
of potato to PVY. Blocking chloroplast redox state changes revealed genes with expression 
patterns that depend on the redox state. This work therefore provides important insight 
into the complex intra- and inter-cellular communication involved in programmed cell 
death and hypersensitive response-conferred resistance to PVY infection.  

The PhD candidate contributed to this work by generating the GFP-tagged PVY 
infectious clone, which was used for tracking the viral spread in infected potato plants. She 
designed the genetic construct, performed molecular cloning, and characterised the 
resulting PVY-GFP infectious clone. She also wrote the methods section describing her 
work. 

 



2.5. Chloroplast Redox State Changes Mark Cell-to-Cell Signalling in the Hypersensitive Response
 99 

 



100 Chapter 2. Scientific Publications  

 



2.5. Chloroplast Redox State Changes Mark Cell-to-Cell Signalling in the Hypersensitive Response
 101 

 



102 Chapter 2. Scientific Publications  

 



2.5. Chloroplast Redox State Changes Mark Cell-to-Cell Signalling in the Hypersensitive Response
 103 

 



104 Chapter 2. Scientific Publications  

 



2.5. Chloroplast Redox State Changes Mark Cell-to-Cell Signalling in the Hypersensitive Response
 105 

 



106 Chapter 2. Scientific Publications  

 



2.5. Chloroplast Redox State Changes Mark Cell-to-Cell Signalling in the Hypersensitive Response
 107 

 



108 Chapter 2. Scientific Publications  

 



2.5. Chloroplast Redox State Changes Mark Cell-to-Cell Signalling in the Hypersensitive Response
 109 

 



110 Chapter 2. Scientific Publications  

 



2.5. Chloroplast Redox State Changes Mark Cell-to-Cell Signalling in the Hypersensitive Response
 111 

 



112 Chapter 2. Scientific Publications  

 



2.5. Chloroplast Redox State Changes Mark Cell-to-Cell Signalling in the Hypersensitive Response
 113 

 





115 

Chapter 3 

3 Discussion 

3.1 Biotechnological Production of Insect Sex Pheromones 
in Plants 

Biotechnological production of chemical compounds is a sustainable alternative to chemical 
synthesis (Gavrilescu & Chisti, 2005). Besides bacterial and yeast fermentation, 
autotrophic organisms (cyanobacteria, algae, and plants) are emerging as bioproduction 
platforms because they use carbon dioxide as the major starting material and sunlight as 
the energy source (Barbosa, Janssen, Südfeld, D’Adamo, & Wijffels, 2023; Sethi, Kumari, 
& Dey, 2021; Sirirungruang, Markel, & Shih, 2022). Plants have been implemented mainly 
for the production of therapeutic recombinant proteins because they have some advantages 
over currently used systems, i.e., mostly E. coli and mammalian cell cultures. Plants are 
cheaper and easier to grow with established practices and infrastructure for large-scale 
production. Compared to E. coli, their glycosylation profile is closer to that of humans and 
compared to mammalian cells, they pose a much lower risk of contamination with human 
pathogens (Buyel, Twyman, & Fischer, 2017). In addition to molecular farming of 
pharmaceutical proteins, plants can be used to produce a plethora of small molecules, either 
by improving the production of endogenous plant metabolites or by introducing exogenous 
biosynthetic pathways (Mora-Vásquez, Wells-Abascal, Espinosa-Leal, Cardineau, & 
García-Lara, 2022; Tschofen, Knopp, Hood, & Stöger, 2016). For the production of 
pharmaceuticals or small compounds, N. benthamiana has emerged as a versatile host and 
serves as a plant chassis for most biotechnological applications (Bally et al., 2018; Molina-
Hidalgo et al., 2021) 

The development of plant biofactories, however, is still a long process with many 
scientific challenges. In this thesis we attempted to tackle two of them, namely the growth 
and developmental costs often associated with high yields of production, and the task of 
determining the biosynthetic pathways of target metabolites in non-model organisms. Our 
first system of interest was the production of insect sex pheromones in N. benthamiana. 
Transgenic lines producing high amounts of moth sex pheromones exhibit stunted growth 
and delayed or arrested development, making them unsuitable for large-scale production. 
We approached this problem by determining and comparing the transcriptional profiles of 
wild-type N. benthamiana and transgenic lines to identify the molecular perturbations 
underlying the observed growth penalty. Gene expression analysis of transgenic lines also 
revealed the incorrect insertion of one of the transgenes — a truncation, resulting in the 
expression of a non-functional enzyme. This initiated the construction of another version 
of plant lines with correct transgene insertions producing all target compounds.  

Differential gene expression analysis of the high-producing N. benthamiana lines 
revealed a stress-like transcriptional response. This was further characterised using 
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knowledge networks, revealing activation of jasmonic acid signalling and downregulation 
of gibberellic acid signalling. Hardwired signalling interplay between stress-promoting 
jasmonic acid and growth-promoting gibberellic acid hormones has been previously 
implicated as the major signalling hub underlying the stress-growth balance in plants 
(Heinrich et al., 2013; D. L. Yang et al., 2012; Zhang, Zhao, & Zhu, 2020). Growth 
repression upon stress signal perception is common in plants and has been exposed as an 
important obstacle in breeding plant cultivars with both good growth performance and 
stress resilience. If the production of heterologous metabolites triggers a 
jasmonic-acid-conveyed stress response, growth repression can be uncoupled by 
manipulating genes involved in the crosstalk between the jasmonic acid and gibberellic acid 
signalling pathways, as has been achieved for some crop species (M. L. Campos et al., 2016; 
Guo, Major, & Howe, 2018). 

From the transcriptomic data alone, we were unable to determine the exact 
perturbation that triggered the observed stress response. Besides general energy and 
metabolite shortages due to sex pheromone biosynthesis, one option could be the direct 
perturbation of jasmonic acid biosynthesis, as it is a fatty-acid-derived compound, as are 
moth sex pheromones. Another plausible option could be plant sensing of insect 
semiochemicals as a danger signal. However, the magnitude of stress signalling does not 
seem to be directly correlated to the amount of sex pheromone production, as would be 
expected if the underlying reason was one of the above mentioned. The second generation 
of plants with the correct insertion of all three genes produced higher amounts of all three 
pheromone compounds but had a less severe phenotype, correlating well with more 
moderate transcriptional responses. Further research with different experimental setups is 
needed to gain more insight into the pheromone-driven stress response in N. benthamiana 
and to find genetic targets that could improve N. benthamiana as a sex pheromone 
production chassis. Functional annotation of the N. benthamiana genome could contribute 
to the further development of its bioproduction. We have provided in silico annotations 
based on MapMan ontology (Thimm et al., 2004), which is useful for interpreting 
differential expression analysis. More complete N. benthamiana genomic data recently 
released should further facilitate the use and interpretation of transcriptomic data from 
this model species (Kurotani et al., 2023; Ranawaka et al., 2023; Vollheyde et al., 2023).  

Besides addressing the stress-triggering effects of pheromone production, a solution 
could also be inducible expression of transgenes, enabling production only in already full-
grown plants. With the tools of synthetic biology, scalable inducible systems can be 
developed, avoiding the onset of growth inhibition during the early stages of plant growth 
(Garcia-Perez et al., 2022; Vazquez-Vilar, Selma, & Orzaez, 2023). This approach is also 
of interest for developing plants as on-site producers and dispersers of insect sex 
pheromones. Although plant biodispensers could present a sustainable pest management 
tool, their use is currently unattainable in the EU, due to regulatory limitations.  

Additionally, we aimed to identify the genes coding for enzymes catalysing the 
formation of the irregular terpenoid backbone of P. citri sex pheromone, which could be 
implemented for biotechnological production in planta. Biotechnological production would 
be an important development in the production of the otherwise hard-to-synthesize sex 
pheromones of these aggressive pests in agriculture and horticulture. To obtain reliable 
genome-level coding sequence information, we generated short- and long-read 
transcriptome data from P. citri virgin and mated females and used homology-based 
searches to identify candidate genes. We selected several sequences with homology to IDSs, 
which putatively catalyse the formation of the irregular polyprenyl backbones in Coccoidea 
sex pheromones. However, in vitro testing of candidates expressed in E. coli and in vivo 
testing in N. benthamiana did not show target activity. Most active candidates exhibited 
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only regular IDS activity, with one candidate also producing very low amounts of irregular 
polyprenyl chains.  

There are several possibilities as to why we were unable to detect target activity. Apart 
from the possibility that the cyclobutane structure of the P. citri sex pheromones results 
from a different catalytic mechanism and is thus catalysed by an enzyme from a different 
family, our testing conditions might lack necessary factors, which are only present in native 
P. citri pheromone gland cells. Protein interactors or ionic or other cofactors might be 
needed for the irregular catalytic activity of the tested IDSs. In vitro characterisations of 
IDSs can be difficult, as presumably even subtle structural and electronic changes to the 
protein shift product and substrate specificity. For example, changes in IDS activity were 
detected after substitution of the divalent cations in the active site (Mg2+ for Mn2+) 
(Jarstfer, Zhang & Poulter, 2002). Several IDSs also exhibit promiscuous activity when 
tested in vitro. The importance of expression systems and the testing environment has 
emerged in the testing of not only IDS enzymes but also enzymes involved in the 
biosynthesis of Lepidoptera pheromones (Xia et al., 2022). Besides characterisation 
difficulties, this also implies that the genes must be carefully selected and tested in the 
final bioproduction chassis to ensure target activity. If the identified enzyme does not 
exhibit the desired activity in its native state, protein engineering could be applied 
(Gerasymenko et al., 2022).  

Identification of biosynthesis genes for insect sex pheromones could be difficult due to 
the nature of their evolutionary emergence and diversification. Moth sex pheromone 
biosynthesis genes (FADs, FARs) have a dynamic evolutionary history with numerous gene 
duplications, creating a broad protein space with many unique and novel functions (Buček 
et al., 2015; B. J. Ding, Carraher, & Löfstedt, 2016; Lassance et al., 2021; Liénard, Strandh, 
Hedenström, Johansson, & Löfstedt, 2008; Roelofs et al., 2002). Sex pheromone 
communication can also be an important driver for speciation. One possible example of 
such speciation is the European corn borer moth, in which an allelic variation in a single 
FAR gene results in pheromone blends with opposite ratios of isomers in two sympatric 
strains of the same species (Lassance et al., 2010). Due to the evolutionary dynamics of 
genes involved in insect sex pheromone biosynthesis and the lack of mechanistic 
understanding of the sequence-to-function relation, functional predictions based on 
homology to already characterised genes can be misleading (Wallrapp et al., 2013).  

3.2 Implementation of a PVY Infectious Clone for Studies of 
Potato–PVY Interactions 

We have successfully engineered a monopartite PVY infectious clone tagged with GFP. 
It enabled precise localisation of PVY infection and spread in the potato, facilitating 
spatiotemporal analysis of stromule formation in response to viral replication. The 
presented protocol for insertion of reporter proteins at desired target sites in the PVY 
genome enables the construction of engineered clones for different functional studies. We 
plan to construct a PVY infectious clone tagged with fluorescent proteins with different 
spectral properties to enable the simultaneous use of several fluorescent markers. For 
example, the chloroplast redox state reporter used in our work to follow reactive oxygen 
signalling during PVY infection is also based on GFP. Thus, we were unable to use the 
PVY-GFP clone concurrently, as it would be impossible to distinguish signal from the two 
reporter systems. Using the developed protocol, we therefore aim to construct a PVY clone 
tagged with the mTurquoise fluorescent protein, the spectra of which is well separated 
from the GFP spectra. This will enable a more detailed analysis of the redox response to 
PVY replication and spread. 
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We also want to pursue in-frame N- or C-terminal fusions of the fluorescent reporter 
coding sequence with the viral protein coding sequence. This design enables localization 
studies of the tagged viral proteins with confocal microscopy (Agbeci, Grangeon, Nelson, 
Zheng, & Laliberté, 2013; Dai, He, Bernards, & Wang, 2020). Viruses as intracellular 
parasites depend on hijacking the plant cellular machinery for their reproduction, 
movement, and encapsidation, all of which is counteracted by plant defence mechanisms. 
To perform these functions, viral proteins interact with plant proteins and are localized to 
different cellular compartments (Garcia-Ruiz, 2019). Confocal imaging of fluorescently 
tagged viral proteins enables localization studies, whereas their interacting proteins can be 
determined by co-immunoprecipitation by exploiting the fluorescent tag on the viral 
protein as an antigen. With this approach, we plan to characterise the functions of PVY 
proteins in viral replication and movement and their potato protein interactors, which are 
potentially important in the plant immune response to viral infection. 

We also want to use the PVY-GFP clone to introduce point mutations or deletions in 
PVY genes to study their function. For previous work on mutants of PVY coat protein, 
the untagged PVY infectious clone was used and its spread was followed by quantitative 
polymerase chain reaction and transmission electron microscopy (Kežar et al., 2019). Use 
of the PVY-GFP clone will enable a more precise spatiotemporal analysis of the effects of 
specific mutations in the PVY proteins on their function in viral movement. 
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4 Conclusions 

To counteract the growing environmental burdens of agriculture, sustainability must be an 
important consideration in the development of improved practices and crops. With this 
dissertation, we aimed to advance the production of sustainable insecticides in plant 
biofactories and develop a versatile molecular tool for studying plant molecular responses 
to viral infections. The latter could generate knowledge on resistance genes applicable in 
breeding. 

We contributed to the advancement of plant biofactories for the production of insect 
sex pheromones, which can be used as sustainable compounds for insect pest control. With 
the transcriptomic analysis of pheromone-producing transgenic plants with stunted growth, 
we detected extensive changes in gene expression, confirming our first hypothesis. 
Differential expression analysis further elucidated the regulatory perturbations leading to 
active growth arrest in high-producing plants with high production of pheromones, 
confirming our second hypothesis. We propose the interplay between stress-promoting 
jasmonic acid and growth-promoting gibberellic acid signalling as the putative regulatory 
hub governing the observed growth penalty. This insight provides a basis for the 
development of a robust chassis, in which the stress–growth balance can be decoupled to 
ensure acceptable growth of plant biofactories with a high production phenotype.  

Another objective was to lay the foundation for the biotechnological production of 
mealybug sex pheromones with complex and unique chemical structures. We generated 
transcriptomic sequence data of the citrus mealybug with good integrity and contiguity, 
enabling accurate prediction of coding sequences and their amplification. Using the 
improved sequence data, we identified several candidate genes with homology IDSs, which 
putatively catalyse the synthesis of irregular monoterpene backbones of mealybug sex 
pheromones, confirming our third hypothesis. The identified sequences were cloned, 
expressed, and tested in vitro, resulting in several candidates with activity of interest, 
whose biotechnological applicability will be further studied. One of the candidates also 
produced irregular monoterpene backbones, albeit at very low levels. 

We also generated a viral clone of PVY with an inserted sequence for GFP and 
confirmed its infectivity and spread in the potato plant. It was successfully used in a 
functional analysis of potato response to viral infection and therefore provides an important 
tool for further studies of interactions between the potato and PVY. 
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Appendix A Supplementary Material of Included 
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A.1 Supplementary Material for Publication 2.2 
 
Supplementary material is available at 
https://spj.science.org/doi/10.34133/2021/9891082#supplementary-materials. Accessed: 
17-July-2023 
 
Mateos-Fernández, R., Moreno-Giménez, E., Gianoglio, S., Quijano-Rubio, A., Gavaldá-

García, J., Estellés, L., … Orzáez, D. (2021). Production of Volatile Moth Sex 
Pheromones in Transgenic Nicotiana benthamiana Plants. BioDesign Research, 2021, 
9891082. https://doi.org/10.34133/2021/9891082 

A.2 Supplementary Material for Publication 2.3 
 
Supplementary material is available at 
https://www.frontiersin.org/articles/10.3389/fpls.2022.941338/full#supplementary-
material. Accessed: 17-July-2023 
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Fernández, R., … Baebler, Š. (2022). Transcriptional deregulation of stress-growth 
balance in Nicotiana benthamiana biofactories producing insect sex pheromones. 
Frontiers in Plant Science, 13, 941338. https://doi.org/10.3389/fpls.2022.941338 

A.3 Supplementary Material for Publication 2.4 
 
Supplementary material is available at 
https://www.biorxiv.org/content/10.1101/2023.06.09.544309v2.supplementary-material. 
Accessed: 17-July-2023 
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