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GENERAL INTRODUCTION 

 

In the last years genome editing approaches have emerged as a 

strategy for efficient and targeted genome manipulations, especially 

for crops which have complex genomes and which are difficult to 

improve through conventional breeding approaches. These 

techniques allow several kinds of mutations, such as insertions, 

deletions, replacements, integration of specific sequences of DNA 

at a desired genomic locus, and site-directed substitutions across 

the genomes introducing genetic variation precisely and rapidly 

(Chen et al., 2019).  

Genome editing strategies rely on two elements: sequence-specific 

nucleases, capable of introducing double-strand-breaks (DSBs) in 

the genome at or near the site where a DNA sequence modification 

is desired, and the cell’s DNA repair pathways. These cellular 

mechanisms can fix the DSBs through either non-homologous end 

joining (NHEJ), that generates small insertions or deletions (indels) 

at target sites causing frameshift mutations and ultimately a 

knockout of the gene’s functionality, or homology-directed 

recombination (HDR), that uses a template as a source of DNA 

sequence information to repair the DSB by introducing specific point 

mutations or inserting/replacing desired sequences into the target 

site (Razzaq et al., 2019). 

The clustered regularly interspaced palindromic repeats 

(CRISPR)/Cas9 system was discovered in archaea and bacteria as 

an adaptive defence system that serves as a “genetic memory” of 

prior invasions and allows to destroy invading viruses and plasmids. 
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The Cas9 protein recognises the target sequence through base 

pairing between DNA and a short guide RNA (i.e. crRNA interacting 

with a tracrRNA with structural function) and then cuts the double-

stranded DNA, ultimately avoiding the infection (Fig. 1, 3A) (Doudna 

& Charpentier, 2014). The transition of the CRISPR/Cas9 system 

from biological phenomenon to genome engineering tool came 

through the discovery that the target sequence could be simply 

reprogrammed by changing 20 nucleotides in the short guide RNA 

and that its targeting specificity could be combined with the 

structural properties of the scaffold RNA in a chimeric single guide 

RNA (gRNA), thus simplifying the system (Bortesi & Fischer, 2015). 

This way, Cas9 nuclease activity can be supposedly directed to any 

Figure 1 - CRISPR/Cas9 system and subsequent DNA repair mechanisms: 
NHEJ (left) and HDR (right). (From Naeem et al., 2024; 
https://doi.org/10.1016/j.sajb.2024.07.038) 

) 
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DNA sequence of the form 5’-N20-NGG-3’, with NGG being the 

specific PAM recognised by the most widely used Cas9 from 

Streptococcus pyogenes (SpyCas9). 

This system is very versatile and simple to adapt to different 

purposes, making CRISPR/Cas9 the elected strategy for plant 

genome editing. Indeed, after its discovery this technique was soon 

applied to bacteria, yeasts, human cell lines and several model 

animals, such as fruit flies, nematodes, zebrafishes, mice and rats. 

Simultaneously, CRISPR experiments have been carried out on 

plants: it demonstrated its efficacy at first in model plants such as 

Arabidopsis thaliana and Nicotiana benthamiana (J.-F. Li et al., 

2013), then in crop plants including rice, wheat, sorghum, maize, 

soybean, tomato, sweet orange, grape, tobacco and cotton. 

Since Solanaceae family includes many of the world’s most 

important agricultural species (potatoes, tomatoes, eggplants and 

peppers) and some crop model plants for research (e.g. tomato and 

tobacco), it is not surprising that several of the earliest examples of 

CRISPR/Cas9 applications involved these species. The first reports 

demonstrated the feasibility of gene editing in tomato and potato by 

knocking out SlAGO7 (Brooks et al., 2014) and StALS (Butler et al., 

2015) genes respectively, both of them conferring recognisable 

phenotypes to the edited mutants. Later on, many other applications 

of CRISPR/Cas9-mediated knockout have been reported in 

Solanaceae crops to improve their performance despite 

environmental stresses: enhancing disease tolerance through the 

knockout of susceptibility genes in tomato (R. Li et al., 2022; Maioli 

et al., 2024; Nekrasov et al., 2017; Santillán Martínez et al., 2020; 

Thomazella et al., 2021) and potato (Bi et al., 2024; Karlsson et al., 
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2024; Kieu et al., 2021; Sun et al., 2016, 2022); reducing the impact 

of viral diseases in tomato (Kuroiwa et al., 2022; Pramanik et al., 

2021; Tashkandi et al., 2018) and potato (Lucioli et al., 2022; 

Noureen et al., 2022); improving abiotic stress tolerance (Hu et al., 

2021; Kakeshpour et al., 2021; R. Li et al., 2019; Maioli et al., 2024). 

Also genes regulating fruit quality have been targeted in tomato 

through CRISPR/Cas9 to improve fruit ripening, texture and 

colouration and the content bioactive compounds (Xu et al., 2020); 

PPO genes have also been knocked out in eggplant to reduce fruit 

browning after cutting (Maioli et al., 2020). Potato tuber quality 

enhancement has been achieved through CRISPR/Cas9 mediated 

genome editing of genes involved in starch quality (Andersson et 

al., 2017), tuber browning (González et al., 2020) and healthy 

compounds content (Ducreux, 2004; Nakayasu et al., 2018; Zheng 

et al., 2021). 

Multiplexed genome editing on genes involved in tomato 

domestication demonstrated the possibility of exploiting the wild 

alleles to improve the plant architecture, fruit yield and stress 

resistance (T. Li et al., 2018; Rehman et al., 2022; Zsögön et al., 

2018). 

Compared with the multitude of reports on CRISPR/Cas9-mediated 

knockout experiments, there are significantly fewer reports on the 

insertion of DNA segments or allele swapping in plants. This is due 

to the difficulty in obtaining knock-ins because they require HDR 

and homologous recombination, which are less prevalent and less 

efficient in plants if compared to NHEJ (Steinert et al., 2016). Danilo 

et al. (2019) demonstrated the use of HDR to insert some 

modifications in tomato SlALS1 gene. An HDR-mediated allele 



 

5 
 

replacement was performed on tomato SlALC gene to obtain  a 

longer shelf-life of the fruit (Yu et al., 2017), and even a targeted 

recombination between homologous chromosomes was achieved 

(Filler Hayut et al., 2017). HR was also exploited in combination with 

geminiviral replicons to repair the CRISPR/Cas9 mediated DBS and 

restore the wild-type allele of two tomato genes involved in the 

carotenoid biosynthesis pathway (Dahan‐Meir et al., 2018). The 

same technique was used to insert a strong promoter upstream of 

a gene controlling anthocyanin biosynthesis in tomato, achieving 

ectopic anthocyanins accumulation in the tissues (Čermák et al., 

2015). Moreover, HDR was used to re-establish resistance to 

Phytophthora infestans in a susceptible variety of potato by 

replacing a nonsense mutation in all the four alleles of StCCoAOMT 

(Hegde et al., 2021). 

Even if A. tumefaciens mediated transformation proved to be very 

effective for knockout of genes, this method seemed less efficient 

for knock-ins or allele swapping. Therefore, other delivery methods 

have been exploited for HDR applications (Van Eck et al., 2021). 

For example, a geminiviral multi-replicon system was deployed in 

tomato to increase the HDR mediated knock-in efficiency and a salt 

tolerant allele was obtained by inserting a single aminoacidic 

substitution in HKT1;2 locus (Vu et al., 2020). 

Further mutagenesis studies showed that mutating one nuclease 

domain can convert Cas9 into a nickase (nCas9), whereas mutating 

both domains leaves its RNA-guided DNA binding ability intact while 

abolishing endonuclease activity (so-called “dead Cas9” or dCas9) 

(Jiang & Doudna, 2017). 
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Base editing allows to insert targeted point mutations without DSBs 

or donor DNA templates. It relies on a nCas9 fused to either an 

adenine or a cytidine deaminase, leading to an A-to-G (adenine 

base editor, ABE) or a C-to-T substitution (cytosine base editor, 

CBE), respectively. The Cas-deaminase complex is guided to the 

target site by the gRNA and is able to induce a deamination on the 

non-complementary strand, causing the desired nucleotide 

substitution (Fig. 2A) (Anzalone et al., 2020). This technique has 

been applied at first in tomato targeting SlDELLA or SLETR1, two 

genes involved in plant hormone signalling (Shimatani et al., 2017), 

SlALS gene (Veillet et al., 2020), SlAGO7 (Sretenovic et al., 2021) 

and three genes important for carotenoid accumulation (Hunziker et 

al., 2020); a good efficiency was achieved also in potato on StGBSS 

gene involved in starch synthesis (Zong et al., 2018).  

Similarly to base editing, prime editing also uses a nCas9 but fused 

with a reverse transcriptase. The prime editing guide RNA 

(pegRNA) includes a sgRNA targeting the specific genomic site, a 

reverse transcript template (RTT) encoding the desired edit, and a 

primer binding site (PBS) to initiate the reverse transcription 

process. The protein complex binds the target DNA and induces a 

single strand break where the PBS hybridizes to start reverse 

transcription, and eventually to copy the chosen mutation into the 

genomic DNA (Fig. 2B) (J. Li et al., 2023). This system expands the 

possibilities for crop improvement by causing substantially every 

kind of mutation in the desired target site in the genome: indeed it 

enables the introduction of indels and all 12 base-to-base 

conversions (both transitions and transversions). For example, 

multiple pegRNAs were designed for prime editing of three tomato 
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genes, SlGAI, SLALS2 and SLPDS1, and the desired mutations 

were obtained in the last  two, even if with very low efficiencies (Lu 

et al., 2021). 

One of the major limitations of CRISPR/Cas9 systems is the 

compulsory presence of a PAM sequence close to the edit site that 

restricts the target regions to sequences with high GC content 

(“NGG” for SpyCas9) (Bernabé‐Orts et al., 2019). Even if some 

efforts have been done to engineer near-PAMless Cas9 variants 

(Walton et al., 2020), only very few applications have been reported 

in plants. Among other CRISPR systems, Cas12a (originally 

identified as Cpf1) may offer a good alternative (Bandyopadhyay et 

al., 2020) since it requires “T” rich PAMs (e.g. TTTV), thus 

expanding the possibilities for the target region choice. It also 

Figure 2 - CRISPR/Cas9 mediated base editing (A) and prime editing systems 
(B). (Adapted from Yee & Wert, 2022; https://doi.org/10.3390/ijms232012375). 
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generates staggered ended cuts that may promote site-directed 

integration events through HDR (Fig. 3B) (Zetsche et al., 2015). 

Cas12a variants with altered PAM specificities have also been 

engineered (Gao et al., 2017; Tóth et al., 2020). Vu et al. (2020)  

proved the efficiency of CRISPR/Cas12a mediated genome editing 

in tomato inserting ANT1 gene sequence through HDR in order to 

obtain visually recognisable anthocyanin rich tomatoes; the same 

technique was then applied to SlHKT1;2 gene and a salt tolerant 

line was obtained (Vu et al., 2020). 

Another Cas protein that can be engineered for knockdown is 

Cas13. It has RNase activity and when associated with crRNA it 

forms an RNA-guided RNA targeting complex that recognises and 

cleaves ssRNA (Fig. 3C). This system can be used to target both 

viral RNA and endogenous mRNA (Kavuri et al., 2022). 

CRISPR/Cas13 mechanism is very similar to RNAi, but its high 

specificity results in low probability of off-target events and high 

knockdown efficiency. Transgenic potato lines expressing 

Cas13a/gRNA constructs efficiently suppressed Potato virus Y 

(PVY) accumulation in the plant and reduced disease symptoms 

(Zhan et al., 2019). Recently, the knockdown of PDS transcript was 

demonstrated in N. benthamiana, A. thaliana and tomato using 

Cas13a delivered through Agrobacterium tumefaciens infiltration. 

This study also proved that gene silencing can be induced even in 

the absence of Cas13 by exploiting only the crRNA with the 

Argonaute proteins and the plant RNAi machinery (Sharma et al., 

2022). 
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Most commonly CRISPR/Cas reagents are delivered into plants as 

plasmid DNA constructs through Agrobacterium-mediated 

transformation or particle bombardment. In both methods, the 

plasmid DNA is likely to get integrated into one or more random 

genomic sites, leading to constitutive expression in the host 

genome (Laforest & Nadakuduti, 2022). To meet the requirements 

of the current regulation on GMOs emerging at European level, 

developing gene-edited lines without the integration of foreign DNA 

into the host genome is gaining increasing importance. Delivery of 

pre-assembled ribonucleoprotein complexes (RNPs) into 

protoplasts through either electroporation, polyethylene glycol 

(PEG) or nanoparticles is a promising alternative way to obtain 

Figure 3 - Different Cas proteins and their CRISPR machinery: CRISPR/Cas9 
(A), CRISPR/Cas12 (B), CRISPR/Cas13a (C). (Adapted from Hillary & Caesar, 
2023; https://doi.org/10.1007/s12033-022-00567-0) 
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DNA-free edited plants (Fig. 4). The presence of the cell wall in plant 

cells is the major challenge in delivering the big sized Cas9 protein 

along with the negatively charged gRNA, and also in vitro 

regeneration from edited cells is often difficult and highly species-

specific. Nevertheless, some achievements have been made in 

species within the Solanaceae species (Yang et al., 2024). In 

tomato, efficient protocols for protoplasts isolation and PEG 

mediated transfection of RNPs have been established in both the 

wild tetraploid Solanum peruvianum, targeting genes involved in the 

small interfering RNAs biogenesis (SpRDR6 and SpSGS3), in the 

pathogen-related peptide precursors (SpPR-1 and SpProSys) and 

in fungal tolerance (SpMlo1) (Lin et al., 2022), and in the cultivated 

Solanum lycopersicum. In the latter, two genes involved in 

strigolactone biosynthesis (i.e. SlCCD7 and SlCCD8) were edited, 

but only calli were regenerated (Nicolia et al., 2021); furthermore, 

SlSP and SlSP5G genes responsible for the control of growth habit 

and flowering were targeted in tomato protoplasts from four cultivars 

(namely Red Setter, Alisa Craig, M82 and Moneymaker) and edited 

plants were regenerated (Y. Liu et al., 2022). Another example of 

application of this technique has been recorded in tomato 

protoplasts cv. Heinz 1706, targeting SlPelo gene for tomato yellow 

leaf curl virus resistance (Kang et al., 2024). Similarly, PEG-

mediated transfection of potato protoplasts has been optimised and 

exploited to obtain DNA free edited plants with lower tuber browning 

due to StPPO2 knockout (González et al., 2020, 2021), modified 

starch composition by editing of StGBSS gene (Andersson et al., 

2017, 2018) or genes encoding starch branching enzymes (X. Zhao 

et al., 2021), enhanced tolerance to Phytophthora infestans by 
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targeting the susceptibility gene Signal Responsive 4 (SR4) (Moon 

et al., 2022). The state of the art is different for eggplant and sweet 

pepper, that are highly recalcitrant to in vitro regeneration, thus 

making it more difficult to apply transformation protocols. However, 

some results have been achieved in pepper with RNPs mediated 

transfection of protoplasts: gene editing has been highlighted on 

two different genes, CaPAD1 or CaMLO2, even if with very low 

editing efficiency, but no plant regeneration was obtained (Choi et 

al., 2024; Kim et al., 2020; Park & Kim, 2023). No CRISPR/Cas 

mediated editing has ever been demonstrated in eggplant 

protoplasts instead, although a protocol for protoplasts isolation and 

PEG mediated transfection with vectors encoding fluorescent 

proteins has been published (Y. Wang et al., 2022). 

Electroporation is another widely employed technique for protoplast 

transfection with exogenous DNA. A transient electric field applied 

to the protoplasts induces temporary pores in the cell membrane, 

allowing the entry of foreign DNA. This method has been mainly 

exploited for protoplasts fusion (Fish et al., 1988) and transient gene 

expression (Jones et al., 1989), but no applications for gene editing 

have been reported so far in Solanaceae. 

Nanoparticles can also be used as an alternative delivery method 

for RNPs: for example, metallic nanoparticles coated with 

CRISPR/Cas reagents have been used for particle bombardment of 

rice protoplasts (Banakar et al., 2020), but this strategy is used 

preferably to penetrate plant tissues or embryos more than cell wall 

free protoplasts and is used more frequently in monocotyledonous 

species.  
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Lipofection seems to be a new promising alternative that allows to 

deliver RNP complexes into naked plant cells thanks to cationic 

lipids that facilitate the interaction between the membranes and 

RNPs thus allowing the uptake of the exogenous material (Ghogare 

et al., 2021). 

Since in vitro regeneration is highly species-specific and sometimes 

even cultivar-specific and it represents one of the major bottlenecks 

in plant transformation, alternative strategies have been developed 

to avoid this step.  

Virus-induced gene editing (VIGE) is a promising technique in this 

perspective. It uses viruses as transient delivery vehicles for 

CRISPR/Cas components and takes advantage of their ability to 

replicate inside the plant cells to increase accumulation of Cas 

Figure 4 - CRISPR/Cas9 RNPs mediated gene editing in protoplasts. CRISPR 
reagents can be delivered into plant cells as RNPs. Particle bombardment is 
mainly used to deliver RNPs into explants, while PEG-mediated transfection and 
lipofection are used for delivery into protoplasts. Nanoparticles are emerging 
methods for RNP delivery. Transformed cells are then used for plant regeneration 
and edit detection. (Adapted from Zhang et al., 2021; 
https://doi.org/10.1016/j.xplc.2021.100168) 
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protein and gRNA within the host cell, ultimately resulting in a higher 

editing efficiency. To this end, viral genomes are engineered to 

produce viral vectors encoding CRISPR components that then 

spread in the plant.  VIGE vectors can be divided into two categories 

according to their cargo capacity and the reagents that may be 

delivered (Cas9 is a large protein, so it is difficult to fit its long coding 

sequence in the small viral capsid). The first category includes viral 

vectors expressing Cas9 and gRNAs that are used to infect 

wild‐type plants. Somatic tissues are edited as the viral infection 

spreads systemically through the plant. Following tissue culture, 

infected leaves can be used to regenerate transgene‐free edited 

progeny (Fig. 5A). Otherwise, if the infection reaches the meristem, 

the resulting seeds may also be edited, achieving transgenerational 

heritability. In the second category fall viral vectors expressing 

gRNAs fused to RNA mobility signals (FT mRNA or tRNAs). These 

are infiltrated into Cas9‐overexpressing plants where mobile gRNAs 

spread systemically possibly entering also the shoot apical 

meristem in order to induce editing in the germline. Collected seeds 

provide edited progeny bypassing tissue culture procedures, but the 

Cas9 transgene needs to be segregated through backcrossing with 

wild‐type plants (Fig. 5B) (Uranga, 2024; Zhang et al., 2022). Viral 

constructs are usually delivered to the plant through Agrobacterium 

tumefaciens previously transformed with viral plasmids; 

agroinoculation is usually done through leaf syringe infiltration, but 

other procedures can also be used, such as vacuum infiltration, 

agrospray or agrodrench (Uranga, 2024). The delivery of CRISPR 

reagents via VIGE was first attempted in Nicotiana 

benthamiana using a viral vector based on Tobacco Rattle 
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Virus (TRV) (Ali et al., 2015; Ellison et al., 2020), but many 

improvements have been implemented to optimise the virus host 

range, tissue specificity, cargo capacity and efficiency of the system 

in general.  

Examples of VIGE application in Solanaceous crops have been 

reported, mainly using Tobacco Rattle Virus (TRV), Potato Virus 

X (PVX) or Tomato Spotted Wilt Virus (TSWV). Lee et al. (2024) 

were able to knockout PDS gene infecting tomato with TRV or PVX 

and regenerate edited plants by subsequent in vitro culture, and 

they also demonstrated the applicability of the system in potato and 

eggplant. By fusing the gRNA targeting PDS to the sequence of 

tomato Flowering locus T, efficient and rapid generation of heritable 

genome editing was achieved in tomato (H. Lee et al., 2025). Kang 

et al. (2025) showed that low temperatures significantly enhanced 

VIGE efficiency of TRV and PVX vectors in both cotyledons and 

systemic upper leaves of tomato and Oh et al. (2025) highlighted 

the importance of the promoter driving the expression of Cas9 in 

order to increase the efficiency of the TRV system and its trans-

generational heritability in tomato. PVX has also been efficiently 

engineered to apply VIGE in tomato knocking out PDS and SGR1 

genes (Uranga et al., 2024). Other functional genes involved in the 

anthocyanins biosynthesis pathway (namely SlCHS1, SlCHI and 

SlDFR) have been successfully edited in tomato leaves through 

TRV-mediated VIGE and the same technique was also applied on 

unripen fruits to edit SlEIL3, a positive regulator of the ethylene 

signalling pathway during tomato fruit ripening, thus delaying the 

ripening in the infiltrated sectors (Q. Wang et al., 2024). In addition, 

TSWV, that has a larger cargo capacity compared to TRV and PVX, 



 

15 
 

has been engineered to deliver CRISPR/Cas9, CRISPR/Cas12a 

and base editing systems for knockout of different functional genes 

in Nicotiana benthamiana; the same system has also been 

efficiently applied to tomato, chili pepper, sweet pepper and 

habanero pepper (Q. Liu et al., 2023). TSWV was also used in 

sweet pepper to edit PDS gene via VIGE and symptomatic leaf 

tissues from infected plants were used as explants for tissue culture 

in order to regenerate pepper plants with targeted mutations, that 

also demonstrated to be germline transmissible (C. Zhao et al., 

2024).  

Another recently developed technique allows to simplify or 

completely avoid tissue culture by reprogramming genome-edited 

somatic cells into meristems through co-expressing developmental 

regulators (DRs), such as WUS, IPT and STM, and genome editing 

Figure 5 - VIGE strategies to obtain heritable gene editing in plants. (A) VIGE 
vectors that deliver both Cas9 and the gRNA spread systemically in the plant. 
Subsequent tissue culture from infected leaves is needed to regenerate gene-
edited plants that can then produce gene-edited Cas-free seeds. (B) VIGE 
vectors expressing the gRNA fused to mobile elements are used to infect plants 
that stably express Cas9, thus producing gene-edited Cas9 transgenic seeds. 
The edited generation needs to be crossed with wild-type plants to segregate 
the Cas9 gene. (Adapted from Uranga, 2024; 
https://doi.org/10.1201/9781003387060-5) 
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components, thus enabling direct regeneration of genome-edited 

plants from somatic cells (Ji et al., 2020) without requiring 

dedifferentiation into callus-like structures and then differentiation 

into shoots and roots. This method enables the creation of either 

transgenic or gene-edited shoots from de novo induced meristems 

that proved to be able to produce flowers and seeds, ultimately 

transmitting transgenes or gene edits to the next generation. Since 

different combinations of developmental regulators could induce the 

formation of meristems in different dicot species, the most suitable 

combination of DRs was first optimised in Nicotiana benthamiana 

and then in tomato by delivering constructs expressing different 

DRs into young seedlings through A. tumefaciens coculture. 

Transforming seedlings constitutively expressing Cas9 with a vector 

containing DRs and a gRNA targeting PDS gene, the possibility of 

generating gene-edited meristems was also demonstrated (Maher 

et al., 2020). The same constructs were cloned into a T-DNA 

backbone producing geminiviral replicons derived from bean yellow 

dwarf virus (BeYDV). These replicons are able to replicate after 

delivery to plant cells, increasing copy number and leading to high 

levels of gene expression, even without integration in the genome, 

potentially generating transgene-free edited lines. Maher et al. 

(2020) also demonstrated that genetically modified meristems could 

be induced on soil-grown Cas9-overexpressing plants by pruning to 

remove axillary meristems and perfusing the cutting sites with a 

suspension of A. tumefaciens cultures expressing DRs and gRNA 

cassettes. Gene-edited plants were obtained directly from the 

resulting shoots, and the induced mutations were inheritable (Fig. 

6). This protocol has been applied also in tomato and potato 
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providing a generalizable in planta delivering method that halves 

the time required for generating gene-edited plants (Zhu et al., 

2020). Similarly, RNA viral vectors expressing gRNAs were 

delivered to leaves or sites near axillary meristems to induce new 

edited shoots to form from somatic cells. To enhance the induction 

of shoots, RNA viral vectors were delivered along with the cytokinin 

biosynthesis gene IPT: this system provided abundant, 

phenotypically normal, gene-edited shoots from soil-grown tomato 

plants (D. Liu et al., 2024). This system overcomes the bottleneck 

in applying VIGE to dicotyledonous crops such as tomato and 

reduces the dependency on tissue culture.  

Figure 6 - Induction of genetically modified meristems on soil-grown plants. 
Schematic representation of the procedure to induce genetically modified 
meristem on soil-grown plants: A. tumefaciens culture is perfused in the pruned 
sites, where DRs expression stimulates new gene-edited meristems (dark green) 
to develop. (Adapted from Zhu et al., 2020; https://doi.org/10.1038/s41580-020-
00288-9) 
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Moreover, an Agrobacterium-mediated transient expression 

technology has been applied in tomato to deliver nCas fused to a 

cytidine deaminase and a viral vector harbouring a gRNA targeting 

HWS gene, involved in the regulation of miRNA expression and 

plant growth. After agroinfiltration of these reagents, homozygous 

base edited plants were obtained and a more than 70% were Cas-

free, demonstrating the efficacy of a transient system for base 

editing that combines different approaches (Yuan et al., 2021). 
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AIM AND THESIS STRUCTURE  

 

Solanaceae is one of the most valuable and variable families among 

vegetable crops and includes some of the most important 

agricultural species (potatoes, tomatoes, eggplants and peppers) 

and some crop model plants for research (e.g. tomato and tobacco). 

In order to meet the changing and increasing needs of agriculture, 

new biotechnological tools can be exploited to support breeding 

programs and to facilitate the development of new crop varieties 

with improved traits.  

The purpose of this thesis is to explore the potential of 

CRISPR/Cas9 mediated genome editing for crop improvement in 

Solanaceae and to implement new techniques for boosting 

efficiency of editing, in order to meet legislative requirements on 

GMOs. 

 

Chapter I: “Enhancing tolerance to Phytophthora spp. in 

eggplant through DMR6-1 CRISPR/Cas9 knockout” 

Downy Mildew Resistance 6 (DMR6) is a susceptibility gene that 

encodes an enzyme involved in Salicylic Acid (SA) degradation, and 

its inactivation in other Solanaceae species (tomato and potato) 

caused an increase SA levels and conferred tolerance to a broad 

spectrum of pathogens. We identified the two orthologs of this gene 

in eggplant’s genome and analysed their transcriptional profile. In 

eggplant only SmDMR6-1 expression significantly increased upon 

infection by Phytophthora infestans and Phytophthora capsici, 

suggesting its involvement in the regulation of plant responses to 
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biotic stresses. Therefore, we knocked out SmDMR6-1 gene’s 

functionality through CRISPR/Cas9 technology and analysed the 

mutants’ tolerance to P. infestans and P. capsici through pathogen 

assays that highlighted an increased tolerance to infection by P. 

infestans and P. capsici in dmr6-1 mutants, if compared to non-

edited plants. 

The results of this chapter have already been published: 

https://doi.org/10.1016/j.stress.2024.100691 

 

Chapter II: “Tiny but powerful: protoplasts isolation in Solanum 

melongena L. and RNPs mediated genome editing” 

With the aim of developing new transformation protocols that 

produce DNA-free genome edited plants, we adapted and improved 

a protocol for the isolation of protoplasts and subsequent 

CRISPR/Cas9 mediated editing. We isolated protoplasts from 

eggplant cotyledons and after 4-5 months of in vitro regeneration 

we obtained the first wild-type regenerated plants. Alongside, we 

tested two different methods for CRISPR/Cas9 ribonucleoproteins 

(RNPs) delivery into protoplasts with the aim of knocking out 

SmCHL_H gene, whose inactivation causes a chlorotic phenotype. 

Polyethylene glycol (PEG) mediated delivery of RNPs was 

optimised and after regeneration and Sanger sequencing on 

regenerated calli a high mutation rate and editing efficiency (up to 

74% and 96% respectively) were obtained. Lipofection was also 

tested as RNPs delivery method, but lower efficiencies were 

recorded.  

The results of this chapter have been obtained in collaboration with 

Prof. Mariette Andersson, Prof. Per Hofvander and Dr. Matías N. 
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González from Swedish University of Agricultural Sciences (Alnarp, 

Sweden) and are currently in a draft paper that is under 

preparation. 

 

Chapter III: “Knockout of SlERF.F4 transcription factor 

enhances drought tolerance in tomato cv. Microtom” 

Transcription factors belonging to the ethylene-responsive factor 

(ERF) family are known to play a role in many physiological 

processes in tomato, such as fruit ripening and response to abiotic 

stresses. Since the function of SlERF.F4 gene is still poorly 

understood, we knocked out its functionality through CRISPR/Cas9 

technology in tomato cultivar Microtom and we characterised the 

regenerated mutants from a physiological, molecular and 

biochemical point of view after a water deprivation regime. Under 

severe drought stress conditions, erf.f4 mutants showed a slower 

decrease in soil relative water content and the analysed 

physiological parameters indicated a behaviour of reduced stomatal 

conductance, if compared to wild-type controls. Molecular analyses 

of transcriptional levels of stress-related genes (involved in abscisic 

acid metabolism and antioxidant response) and biochemical 

analyses of photosynthetic pigments and antioxidant capacity 

suggested a higher tolerance to drought stress and overall a more 

pronounced water saving behaviour.  

The results of this chapter are currently in a draft paper that is 

under preparation. 
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CHAPTER I 

 

ABBREVIATIONS 

- NGTs: New Genomic Techniques 

- CRISPR/Cas9: Clustered Regularly Interspaced Short Palindromic 

Repeats/CRISPR-associated nucleases 9 

- DMR6: Downy Mildew Resistance 6 

- SA: salicylic acid 

- TF: transcription factor 

- TFBS: transcription factor binding site 

 

ABSTRACT 

Agricultural production is affected by the worsening effects of 

climate change with severe yield losses caused by rising 

temperatures, water scarcity and consequent modifications in the 

interactions between crops, pests, and pathogens. The availability 

of stress-tolerant plants will thus be a key point to guarantee the 

world food security in the next future. To this purpose, a significant 

contribution might be provided by the New Genomic Techniques 
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(NGTs), such as CRISPR/Cas9, which allow to insert targeted 

modifications in the plants’ genomes offering new opportunities for 

crop improvement.  

Susceptibility genes encode proteins that pathogens can take 

advantage of during the colonisation process, and their disabling 

confers a broad-spectrum and long-lasting pathogen tolerance to 

the plant. Among the S-genes, Downy Mildew Resistance 6 (DMR6) 

encodes an enzyme involved in Salicylic Acid (SA) degradation, and 

its inactivation in other Solanaceae species has proven to increase 

SA levels and confer tolerance to a broad spectrum of pathogens. 

We identified two orthologs of this gene in eggplant’s genome, 

namely SmDMR6-1 and SmDMR6-2. In the ‘Black Beauty’ cultivar, 

only SmDMR6-1 expression significantly increased upon infection 

by the two oomycetes Phytophthora infestans and Phytophthora 

capsici, suggesting its involvement in the regulation of plant 

responses to biotic stresses.  

Here we report, for the first time in eggplant, the knockout of 

SmDMR6-1 gene through CRISPR/Cas9 technology. The 

regenerated T0 plants were screened by Sanger sequencing and 

one was selected and self-pollinated to generate T1 and then T2 

plants. The mutant lines were subjected to pathogen assays which 

highlighted an increased tolerance to infection by P. infestans and 

P. capsici, if compared to non-edited plants. 

 

INTRODUCTION 

According to the Food and Agriculture Organization (FAO), 

eggplant (Solanum melongena L.) is the most important berry-

producing Solanaceous crops after tomato (Solanum lycopersicum 
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L.), with a global production of 58.6 megatons in 2021 

(https://www.fao.org/faostat/en/#data - FAOSTAT; 

http://faostat3.fao.org). Its bulk of production is mainly concentrated 

in China, India, Iran, Egypt and Turkey, with Italy representing the 

most important European producer (Cericola et al., 2013). Being 

eggplant a vegetable contributing to nutrition in vast areas of the 

world, it is pivotal to develop new strategies for improving its 

tolerance to diseases and consequently increase its production to 

face the dramatic increase in world population and the effects of 

climate change. Traditional breeding programs have allowed to 

develop improved eggplant cultivars through introgression of useful 

traits from wild relatives, such as resistance to Verticillium wilt from 

S. linneanum (Liu et al., 2015) and beneficial traits for adaptation to 

climate change from S. incanum (Gramazio et al., 2017). However, 

introducing desirable alleles in an élite cultivar through crossing is 

time-consuming and requires several generations of breeding and 

selection to get rid of potentially detrimental effects due to linkage 

drag (Prohens et al., 2017). 

In recent years, high-density genetic maps of eggplant have been 

developed  and a large number of quantitative trait loci (QTLs), and 

related candidate genes for key morphological and metabolic traits 

have been identified (Sulli et al., 2021; Toppino et al., 2020), making 

the development of new genotypes more accessible to breeders 

(Gramazio et al., 2023). Recently some chromosome-anchored 

genome assemblies have been made available (Barchi et al., 2019, 

2021; Li et al., 2021; Wei et al., 2020) and the first eggplant pan-

genome and pan-plastome has been released (Barchi et al., 2021). 



 

38 
 

The availability of the whole genome sequence encourages the 

advancement of new genomic techniques (NGT) such as  genome 

editing, and in particular the Clustered Regularly Interspaced Short 

Palindromic Repeats/CRISPR-associated nucleases 

(CRISPR/Cas) system, that allows to edit, insert, delete or replace 

specific genomic sequences in a targeted site (Saini & Kaushik, 

2019). However, to date only few applications of the CRISPR/Cas 

system in eggplant have been reported (Kodackattumannil et al., 

2023; Maioli et al., 2020; Phad et al., 2024) also due to its 

recalcitrance to in vitro regeneration.  

Fungal diseases have a widespread incidence and relevant 

economic impact (Kaniyassery et al., 2023) on eggplant production. 

Among them, Phytophthora species causes systemic wilting of the 

plant accompanied by developments of soft spots on the fruits. In 

particular, the oomycete Phytophthora capsici L. affects many 

solanaceous species; no resistant cultivars have been reported so 

far in eggplant (Naegele et al., 2014) and its chemical management 

in the fields is expensive and only partially effective. Phytophthora 

infestans causes extensive damages mainly due to leaf blight 

(Majeed et al., 2018).  

To overcome these issues the CRISPR/Cas based knockout of 

susceptibility genes (S-genes), which are required for successful 

pathogen infection, may contribute to develop tolerant varieties 

(Zaidi et al., 2018). In other species, the induced tolerance has 

indeed proven to be broad-spectrum and durable other than 

environmentally friendly.  

In Arabidopsis the DOWNY MILDEW RESISTANCE 6 (AtDMR6) 

has been identified, it encodes a 2-oxoglutarate (2OG) and Fe(II)-
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dependent oxygenase involved in the homeostasis of the salicylic 

acid (SA), in particular by hydroxylating it to an intermediate of its 

catabolism (Zhang et al., 2017). Its mutation leads to enhanced SA 

levels and subsequent reduced susceptibility to the downy mildew 

oomycete Hyaloperonospora parasitica (Van Damme et al., 2008), 

revealing it as an interesting S-gene. 

The CRISPR/Cas9 mutants on the orthologs of this gene confirmed 

the reduced susceptibility to infection caused by a several 

pathogens in many species such as Arabidopsis thaliana 

(Zeilmaker et al., 2015), Ocimum basilicum (Hasley et al., 2021), 

Musa spp. (Tripathi et al., 2021), Citrus spp. (Parajuli et al., 2022), 

Vitis vinifera (Djennane et al., 2024; Giacomelli et al., 2023) as well 

as in Solanaceae species such as Solanum lycopersicum (Maioli et 

al., 2024; Thomazella et al., 2021) and Solanum tuberosum (Kieu 

et al., 2021).  

In particular, two AtDMR6 orthologs (SlDMR6-1 and SlDMR6-2) 

were identified in tomato genome and one of them, SlDMR6-1, 

demonstrated to be activated in response to several pathogens and 

thus involved in the plant immunity system. The CRISPR/Cas9 

knockout of this gene in tomato induced a reduction of the 

symptoms caused by three bacterial pathogens (Pseudomonas 

syringae pv. tomato, Xanthomonas gardneri and X. perforans), the 

oomycetes P. capsici and P. infestans and the tomato powdery 

mildew causal agent Pseudoidium neolycopersici. These mutants 

showed higher levels of SA that could be associated to an activation 

of SA-mediated immune responses to infection (Maioli et al., 2024; 

Thomazella et al., 2021). Similarly, the tetra-allelic CRISPR/Cas9 

knockout of StDMR6-1 in potato caused a significant increase in 
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resistance to late blight caused by P. infestans without any 

detrimental effect on plant growth and development. Vice versa 

StDMR6-2 mutants did not show any improvement in disease 

tolerance (Kieu et al., 2021). 

In the present work, we analysed the structure and the expression 

profile of the two DMR6 orthologs in S. melongena, respectively 

SmDMR6-1 and SmDMR6-2, in different plant organs/tissues and 

upon pathogen infection caused by the oomycetes P. infestans and 

P. capsici. The CRISPR/Cas9 mediated knockout of SmDMR6-1 

provided a T1 generation of edited plants which showed enhanced 

tolerance to Phytophthora species, thus representing an interesting 

resource for eggplant genetic improvement. 

 

MATERIALS AND METHODS 

Identification and in silico characterisation of DMR6 orthologs 

The orthologs of SlDMR6-1 and SlDMR6-2 were identified in the 4.1 

version of eggplant genome (Barchi et al., 2021) (IDs: 

SMEL4.1_03g019440.1.01, SMEL4.1_06g024710.1.01) through 

BLASTp alignment of the tomato protein sequences collected from 

Sol Genomic Network (https://solgenomics.net/), using the e-value 

cutoff of 1e-5 and choosing the hits with the highest identity scores 

(tomato IDs: Solyc03g080190.3, Solyc06g073080.4).  

The sequences were then analysed with the Wormweb software 

(http://wormweb.org/exonintron) to obtain a graphical 

representation of the intron/exon profile and the protein structure 

domains were predicted using the Pfam software 

(https://pfam.xfam.org/). 
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To compare the SmDMR6-1 and SmDMR6-2 promoters, 3 Kbp of 

sequence upstream of the ATG translation start codon were globally 

aligned with Clustal Omega 

(https://www.ebi.ac.uk/jdispatcher/msa/clustalo). To detect putative 

transcription factor binding sites (TFBSs) and corresponding 

transcription factors (TFs) putatively involved in the regulation of 

SmDMR6-1 and SmDMR6-2 transcription, the two genes were 

separately examined using the Binding Site Prediction tool present 

in the Plant Transcriptional Regulatory Map (PlantRegMap, 

https://plantregmap.gao-lab.org) suite; the analysis was conducted 

against the Solanum melongena reference database. The list of the 

TFBS was then annotated and GO categorised through the GO 

Term Enrichment function of PlantRegMap. 

 

Oomycetes growth and inoculum preparation 

Phytophtora infestans isolate (Westerdijk Fungal Biodiversity 

Institute strain CBS 120920) was maintained on Rye Agar (Caten & 

Jinks, 1968) at 18 °C in dark and subcultured every month. 10 days 

before using the pathogen for an experiment, a new inoculum was 

prepared. To induce zoospore release, the plate was flooded with 

cold sterile tap water and kept for 3-4h at 4 °C. The liquid was then 

collected from the plate and filtered through a cloth. The 

concentration of zoosporangia was assessed using a 

hemocytometer and was adjusted to 1x104 sporangia/ml for the final 

inoculum. 

Phytophtora capsici isolate (Westerdijk Fungal Biodiversity Institute 

strain CBS 370.72) was maintained on V8-juice agar medium at 24 

°C and subcultured every three weeks, according to provider’s 
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instructions. Mycelium discs were used as an inoculum for 

pathogen assays. 

 

Transcriptional profiling 

For the transcriptional profiling of SmDMR6-1 and SmDMR6-2 in 

different plant tissues/organs, samples were collected from S. 

melongena cv. ‘Black Beauty’ plants grown in a greenhouse (mean 

temperature 25 °C), in 10 litres pots containing horticultural 

substrate and applying standard horticultural practices. Leaves, 

stems, roots, flowers, calyxes, fruit peel and fruit flesh in three 

different ripening stages (stage 1, corresponding to small fruits 

enclosed in the calyx; stage 2, immature fruit; stage 3, ripe fruits) 

were collected, with 6 biological replicates for each tissue.  

For SmDMR6-1 and SmDMR6-2 transcription analysis upon 

pathogen infection, leaf discs (2,2 cm diameter) were cut from 

third/fourth leaves of 2 months old S. melongena cv. ‘Black Beauty’ 

plants grown in soil pots in climatic chamber (25 °C, day/night cycle 

of 16/8 hours). The leaves were first rinsed with sterile water and 

the discs laid on water agar in plastic trays. P. infestans assay was 

performed infecting the discs with 12 µl of a water suspension 

containing 14000 zoospores/ml and incubated at 18/24 °C 16/8 h; 

samples were then collected 24h, 48h and 72h post inoculation (6 

biological replicates). For P. capsici assay, leaves were infected 

with 5 mm wide mycelium discs and incubated ad 24 °C; the discs 

were sampled at 40h and 48h post inoculation (6 biological 

replicates). 

Total RNA was extracted from all the samples using the Spectrum 

plant total RNA kit (Sigma-Aldrich, St. Louis, USA), according to 
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manufacturer’s instructions, and quantified on the NanoDrop 8000 

Spectrophotometer (Thermo Fisher Scientific). For each sample, 

cDNA was synthetised through reverse transcription using 1 µg of 

extracted RNA and the High-Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems, USA), following protocol’s instructions. 

The produced cDNA was diluted 1:6 and used for the following 

qPCR analyses. 

qPCR reactions were prepared in 96-well plates with a final volume 

of 10 µL using a StepOnePlus Real-Time PCR system (Applied 

Biosystem), with technical duplicates. Each reaction contained 1,5 

µl of starting cDNA, 2X Power SYBR Green PCR Master Mix 

(Applied Biosystem, USA) and specific primers (0.2 µM) targeting 

SmDMR6-1 (forward primer: 5’-GAGCCTGGGGTTGGAGAAAG-3’; 

reverse primer: 5’-TCTGGTTGTGGACATGGTGG-3’), SmDMR6-2 

(forward primer: 5’-AATCTCAAAGACCCCGCCTG-3’; reverse 

primer: 5’-GCTTGACCAATTTGATGCACAC-3’) and two eggplant’s 

housekeeping genes:  elongation factor (SmEF) (forward primer: 5’-

ACCAGCATCACCATTCTTCA-3’; reverse primer: 5’-

ACTGCCATACTTCCCACATT-3’) and actin (SmAct) (forward 

primer: 5’-ACCACAGCTGAGCGAGAAAT-3’; reverse primer: 5’-

GACCATCGGGAAGCTCATAG-3’). The following PCR protocol 

was used: 1 cycle of 95 °C for 5 min; 40 cycles of 95 °C for 15 sec, 

60 °C for 60 sec. The 2−ΔΔCt method was used for expression 

quantification based on Ct values of the target genes and the mean 

Ct value of the two housekeeping genes (SmEF, SmAct). Statistical 

analyses were carried out with the IBM SPSS statistical software to 

perform a one-way ANOVA test followed by a Duncan statistical test 

to assess significant differences between the values. 
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Transformation vectors design and assembly 

Two gRNAs (g1: GTGGCCTATCGGATACGGGT; g2: 

GGAAATGCTAGAGGTAGGTA) were designed using the online 

CRISPOR tool (http://crispor.tefor.net/) targeting the first and 

second exon of SmDMR6-1. The assembly of the transformation 

vector was performed using the Golden Braid (GB) cloning system, 

following GB software-directed procedures 

(https://gbcloning.upv.es/). The final transformation vector 

pDGB3_alpha1_Tnos:NptII:Pnos_P35S:hCas9:Tnos_U6-

26:gRNA1:scaffold_ U6-26:gRNA2:scaffold was inserted into 

Agrobacterium tumefaciens strain EHA105 cells through 

electroporation. 

 

Plant materials and genetic transformation 

S. melongena pure line ‘Black beauty’ seeds were sterilised by 

soaking them for 30 seconds in 70% ethanol and then for 20 

minutes in 40% sodium hypochlorite; they were subsequently rinsed 

three times in sterile water and left overnight in water at RT in the 

dark. To enhance seed germination, the seeds were soaked for an 

additional day in a solution containing 750 mg/l GA3 and then 

placed on sterile germination medium (2.4 g/l MS + vitamins, 15 g/l 

sucrose, 8 g/l plant agar) in plastic boxes. The growth took place at 

25 °C in the dark for a week before being transferred to a day/night 

cycle of 16/8 hours. After 3 weeks, fully grown cotyledons were 

ready to be used for plant genetic transformation.  

The inoculum of A. tumefaciens strain harbouring the final 

transformation vector was prepared following a three days protocol. 
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On the first day, A. tumefaciens transformed strain was cultured in 

MGL medium (Maioli et al., 2020) supplemented with selection 

antibiotics (50 mg/l kanamycin and 25 mg/l rifampicin) and grown at 

28 °C ON shaking. The day after, an aliquot of this culture was 

diluted 1:50 in TY medium (Maioli et al., 2020) containing 

acetosyringone 200 µM and incubated at 28 °C ON shaking. On the 

third day, the OD600 was checked and the bacterial culture was 

diluted to an OD600 of 0.12 – 0.16 in TY medium supplemented with 

200µM acetosyringone. 1 cm long explants were cut from the 

cotyledons and dipped in bacterial culture for 10 minutes, blotted 

dry on sterile paper and cultured for 48h on a co-culture medium in 

the dark at 25 °C. In vitro steps of callogenesis, shoot induction, 

elongation and rooting were performed as previously described 

(García-Fortea et al., 2020) with minor modifications. In vitro 

selection of transformants was performed by adding 50 mg/l 

kanamycin in all the media, apart in the rooting phase. After 

obtaining fully developed plantlets (T0) they were moved to soil pots 

and gradually acclimatised to ex vitro conditions. Self-pollination of 

a T0 plant (the T0-3, selected on the basis of knock-out score) 

provided seeds for the T1 generation used for molecular and 

detached leaf assays. By selfing T1-3 plant  (Tab. 1) the fully 

knocked out (-2/-2) T2 generation was obtained and used for in vivo 

P.capsici assay. 

 

Molecular screenings of T0 and T1 mutants  

Genomic DNA was extracted from cotyledons or leaves of T0 and 

T1 plants using E.Z.N.A.® Plant DNA Kit (Omega Bio-Tek, 

Norcross, USA) following the manufacturer’s instructions. 
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Primers were designed on the genomic regions flanking the gRNAs 

(forward primer: 5’- GCTGCGCCATAGATTCCATG-3’; reverse 

primer: 5’- GACGAGGGATTAGAAGGCCA-3’) in order to amplify 

the editing targets within SmDMR6-1 locus. PCR amplification was 

performed using KAPA HIFI Taq (Kapa Biosystems, Boston, USA) 

with the following PCR program: 1 cycle of 95 °C for 3 min; 30 cycles 

of 98 °C for 20 sec, 63 °C for 15 sec, 72 °C for 45 sec; 1 cycle of 72 

°C for 1 min. After purification with AMPure XP Beads 0.8X 

(Beckman Coulter), amplicons were sequenced by Sanger method. 

The knock-out score and indels were estimated by analysing the 

chromatograms using the Synthego ICE online tool 

(https://ice.synthego.com/). 

The screening for hCas9 presence was performed through real-time 

PCR using a StepOnePlus Real-Time PCR system (Applied 

Biosystem), with technical duplicates. Reactions were prepared in 

96-well plates with a final volume of 10 µL, each containing 1.5 µl 

of gDNA, 2X Power SYBR Green PCR Master Mix (Applied 

Biosystem, USA) and specific primers (0.2 µM) targeting hCas9 

(forward primer: 5’- CTATCCTCAGGCGGCAAGAG-3’; reverse 

primer: 5’- AGTCATCCACGCGAATCTGG-3’) or SmEF 

(housekeeping gene). The following PCR protocol was used: 1 

cycle of 95 °C for 5 min; 40 cycles of 95 °C for 15 s, 60 °C for 60 s. 

The values of ΔCt were used for a relative quantification of the 

presence of the transgene in the genome. 

 

Detached leaf assays 

Leaf discs from selected T1 lines and control plants (stably 

expressing nptII and Cas9 genes) were used to set up a detached 
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leaf assay according to the procedure described by Foolad et al. 

(2015) with modification to adapt to our purpose. Leaves were 

rinsed in sterile water, blotted dry on sterile paper and placed in 

plastic trays containing water agar (20 g/l).  

A 10 µl drop of P. infestans inoculum (corresponding to about 140 

zoosporangia) were placed in the centre of each disc. Plastic trays 

were then covered with lids and incubated at 18/24 °C cycle in a 

growth chamber. Pictures and samples were collected 6 days post 

inoculation (dpi), 9 biological replicates for 5 T1 lines were used. At 

6 dpi a scale of 0–4 was used to score a disease severity 

index (DSI) based on the size of necrotic lesions on leaf discs. DSI 

data were statistically analyzed through Duncan statistical Test. 

For P. capsici assay, 5 mm diameter mycelium discs were 

deposited in the centre of each disc and covered trays were 

incubated at 24 °C. Pictures and samples were collected 4 dpi, 6 

biological replicates for 4 T1 lines were used. 

 

Pathogens quantification through qPCR 

In order to quantify pathogen infection, the ratio pathogen 

DNA/plant DNA was evaluated according to Pavese et al. (2021). 

DNA was extracted from eggplant leaf discs with E.Z.N.A.® Plant 

DNA Kit (Omega Bio-Tek, Norcross, USA) and from oomycetes’ 

mycelium using E.Z.N.A.® Stool DNA Kit (Omega Bio-Tek, 

Norcross, USA), following the manufacturer’s instructions. Standard 

curves were prepared for the quantification of DNAs through real-

time qPCR using primers on SmEF for egglant DNA (see above), 

PiO8 for P. infestans DNA (Llorente et al., 2010) and  phcnlp1 for 

P. capsici DNA (Feng & Li, 2013; Saltos et al., 2021). Real-time 
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qPCR was performed on the DNA extracted from infected leaf discs 

both on pathogen genes (PiO8 or phcnlp1) and eggplant 

housekeeping gene (SmEF). qPCR reactions were carried out as 

described in the previous paragraphs. The pathogen DNA/plant 

DNA ratio was calculated using standard curves and the results 

were analysed through IBM SPSS statistical software to perform a 

one-way analysis of variance test (ANOVA). Each value 

represented the mean of the biological replicates compared using 

Duncan statistical Test. 

 

In vivo pathogen assay 

Six fully knocked out T2 SmDMR6-1 mutants together with 6 non-

edited plants were used for the stem inoculation test performed as 

described by Thabuis et al. (2004) with minor modifications.  When 

the plants were at the fifth-sixth leaf stage, they were decapitated, 

and a P. capsici mycelium plug was placed on the fresh section 

which was then covered with aluminum cap. The inoculated plants 

were placed in growth chamber under controlled conditions (25 °C, 

day/night cycle of 16/8 hours). The length of stem necrosis was 

measured (in centimeters) 3 and 6 dpi. The Percentage of Disease 

Incidence (PDI) was calculated as (D/T)*100, where D = number of 

diseased plants, and T = total number of infected plants. The 

Disease Severity Index (DSI) was calculated according to following 

disease grading scale: <0,5 cm (1), 0,5-0,9 cm (2), 1-1,4 cm (3), 

1,5-1,9 cm (4), 2-2,4 cm (5), 2,5-2,9 cm (6), 3-3,4 cm (7), 3,5-3,9 

cm (8), ≥4 cm (9). DSI data were statistically analyzed by means of 

Student’s t-test. 
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RESULTS 

DMR6 orthologs in eggplant: gene structure and promoter 

analysis 

DMR6 was first identified in an A. thaliana (AtDMR6) and two 

orthologs, namely SlDMR6-1 and SlDMR6-2 were detected in 

tomato (Thomazella et al., 2021). Two homologous genes were also 

identified in the eggplant’s genome: SmDMR6-1 (5065 nucleotides, 

337 amino acids) on the positive strand of chromosome 3, and 

SmDMR6-2 (4344 nucleotides, 339 amino acids) on the negative 

strand of chromosome 6. Apart from the orientation, they are very 

similar in structure (Fig. 1, Fig. S1), consistently with the hypothesis 

of a duplication explaining the genesis of these two homologous 

genes. Also the predicted protein domains are the same (Fig. 1), 

with a dioxygenase domain at the N-terminal (exons 1-2, in purple) 

and a Fe(II) dependent 2-oxoglutarate dioxygenase domain at the 

C-terminal (exons 3-4, in orange).  

The promoter sequences of the two SmDMR6 genes, considering 

the 3 Kb regulatory sequence upstream of the ATG translation start 

site, were screened using the cis-element prediction tools on the 

PlantTFdb platform with profiles from Solanum melongena. For 

Figure 1 - Structure of eggplant DMR6-1 and DMR6-2 genes. Exons are 
represented as boxes, 5’ and 3’ UTRs as grey boxes and introns as lines. The 
colours show the aminoacidic regions corresponding to functional domains: in 
purple non-haem dioxygenase N-terminal domains, in orange Fe(II)-dependent 
2-oxoglutarate dioxygenase domains. 
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SmDMR6-1_3kb (3:83551161-83554161) versus SmDMR6-2_3kb 

(6:91408246-91411246), the plus/minus alignment showed 1377 

identical residues, resulting in a percent identity of 45.9%. Analysis 

of TFBS revealed 150 TF recognition sites for SmDMR6-1 and 170 

for SmDMR6-2. Keeping redundancy into consideration, it was 

observed that 103 TFBS were specific to SmDMR6-1, 123 to 

SmDMR6-2, and 47 TFBS were common to both (Fig. S2). 

The analysis of TFBS in the SmDMR6-1 and SmDMR6-2 promoter 

regions revealed notable differences in the regulatory pattern of the 

Figure 2 - Number of TFBS predicted in SmDMR6-1 (purple) and SmDMR6-2 
(orange) promoters, considering the most representative TF families involved in 
stress response interacting with the TFBS. 
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two genes (Fig. 2). SmDMR6-1 has a remarkably higher number of 

G2-like (12 vs. 2), MIKC_MADS (11 vs. 3), bHLH (8 vs. 3), bZIP (6 

vs. 3), AP2 (3 vs. 0) and NAC (9 vs. 6) TFBS. In contrast, SmDMR6-

2 shows a markedly higher number of ERF (18 vs. 8), ARF (12 vs. 

5), C2H2 (11 vs. 4), WRKY (25 vs. 2) and GATA (7 vs. 0) TFBS.  

 

Transcriptional profiling of DMR6 genes  

To get an overview on the transcriptional regulation of SmDMR6 

genes in eggplant, their transcription profile was analysed through 

real-time qPCR in different plant tissues/organs (Fig. 3).  

The levels of SmDMR6-1 transcript resulted significantly higher in 

roots (8 times higher) and flowers (5 times higher) if compared to 

the other tissues, and an increasing trend of expression was 

observed in the fruit peel and flesh during the fruit ripening process, 

up to 3 times higher than the first ripening stage. SmDMR6-2 

Figure 3 - Transcriptional profiling of SmDMR6-1 (purple) and SmDMR6-2 
(orange) in different plant tissues. Statistical analysis was performed with a 
Duncan test on 6 biological replicates and standard error bars are shown on the 
histogram. 
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instead showed a lower transcript level, apart from leaves and a 

progressively higher level in fruit peel during the ripening, similarly 

to SmDMR6-1.  

Moreover, to prove the involvement of SmDMR6 genes in the biotic 

stress response mechanisms, their transcript levels were analysed 

in leaf discs infected by two oomycetes, P. infestans and P. capsici. 

In the case of P. capsici infection (Fig. 4A), SmDMR6-1 resulted 

strongly activated at 40 hours post inoculation (hpi) with expression 

Figure 4 - Transcriptional profiling of SmDMR6-1 (purple) and SmDMR6-2 
(orange) upon infection caused by P. capsici (A) and P. infestans (B). Statistical 
analysis was performed with a Duncan test on 6 biological replicates and 
standard error bars are shown on the histogram. 
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levels up to 50 times higher than 0 hpi; after this peak, the 

expression decreased. Vice versa SmDMR6-2 levels did not appear 

to be influenced by P. capsici infection. As for P. infestans infection 

(Fig. 4B), the activation of SmDMR6-1 was delayed (highest level 

recorded at 72 hpi), and weaker (maximum of 2.5-fold increase). On 

the contrary, the level of SmDMR6-2 transcription seemed to 

decrease slightly as the infection progresses. 

 

Generation and molecular screening of SmDMR6-1 mutants in 

eggplant  

The CRISPR vector harbouring the hCas9 gene, the NptII selective 

marker and the two gRNAs targeting the first exons of SmDMR6-1 

(Fig. S3) was introduced into the eggplant cultivar ‘Black beauty’ via 

Agrobacterium tumefaciens mediated stable transformation. In the 

first generation of regenerated plants (T0), the knockout score 

ranged from 0% to 76% (Tab. S1). The best edited plant, T0-3, was 

selected for self-pollination in order to generate the T1 lines. 

Molecular screening through Sanger sequencing of the T1 plants 

provided information on the inheritance pattern of the CRISPR-

induced mutations and revealed a very variable knockout score, up 

to 100% (Fig. 5, Tab. S2). Most of the analysed individuals showed 

a biallelic asset, with the most frequent mutations being deletions of 

1, 2 or 4 nucleotides (Tab. 1), all of them leading to frameshift 

mutations in the gene with subsequent unfunctional proteins 

synthesized. The presence of hCas9 gene was investigated and 

plants with a higher knockout score usually had the transgene 

integrated in the genome, while the plants with a lower knockout 
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score had segregated hCas9 during the self-pollination (Tab. 1, 

Tab. S2). 

Some of the plants with the best editing scores (Tab. 1) were 

chosen for further experiments in order to check their tolerance to 

infection caused by Phytophthora species. 

 

Figure 5 - Output of Sanger sequencing analysis of the T1-3 plant analysed 
through Synthego software (https://ice.synthego.com/#/). (A) Relative 
contribution of each sequence present in the edited population (the wild-type 
sequence is marked by a “+” symbol). (B) Chromatograms alignment of edited 

(top) and wild-type (bottom) sequences. Cas9 cut sites are represented by 
vertical dotted lines. 
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Tolerance to P. capsici and P. infestans infection in SmDMR6-

1 mutants  

In eggplant, detached leaf assays with the oomycetes P. capsici 

and P. infestans demonstrated a reduction of the disease symptoms 

in SmDMR6-1 mutants in respect to non-edited controls. In 

particular, leaves of four selected T1 plants (namely, T1-1, T1-2, T1-

3 and T1-4) infected with P. capsici mycelium showed a slower 

spreading of the pathogen and less rotting of the tissues. Genomic 

DNA extraction 4 days after inoculation and qPCR-mediated 

quantification of the fungal biomass confirmed a lower ratio between 

pathogen and plant DNA (Fig. 6A), with a maximum reduction of 

54% (T1-2), and thus a better tolerance to the oomycete’s infection.  

Similarly, the pathogenic assay performed on leaf discs infected 

with P. infestans zoospores revealed that 6 days after inoculation 

the brown/blackish necrotic lesions on the infected tissues were 

visibly smaller in selected edited lines (namely, T1-5, T1-6, T1-7, T1-

Plant KO score R2 Mutation hCas9 

T1-1 99 0.99 -1 + 

T1-2 97 0.96 -2/-4 + 

T1-3 95 0.99 -2 + 

T1-4 93 0.96 -1/-4 + 

T1-5 94 0.99 -2 + 

T1-6 93 0.99 -2 + 

T1-7 92 0.96 -1/-2 + 

T1-8 91 0.99 -2 + 

T1-9 90 0.97 -1/-2 + 

Table 1 - Results of the molecular screening on T1 plants selected for further 
experiments. Knockout (KO) score represents the proportion of indels that cause 
a frameshift mutation or are 21+bp in length. 
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8 and T1-9) if compared to the control plants. Moreover, the fungal 

biomass was clearly lower in edited lines, with a reduction ranging 

from 45% (T1-7) to 86% (T1-8), as highlighted by qPCR analysis 

(Fig. 7A). As a support to these molecular data, we assigned a 

disease severity index to infected leaf discs and a significant 

reduction was observed in all SmDMR6-1 mutants (on average -

45%) compared to the control (Fig. 7B). 

Figure 6 - Pathogen assays to test tolerance to P. capsici. (A) Detached leaf 
assay. Ratio between pathogen and plant DNA measured through real time 
qPCR. Statistical analysis was performed with a Duncan test on 6 biological 
replicates and standard error bars are shown on the histogram. (B) In vivo 
pathogen assay. Disease severity index at 3 and 6 days after P. capsici 
inoculation. Statistical analysis was performed with a Student’s t-test with 6 
biological replicates and standard error bars are shown on the histogram. 
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In vivo artificial inoculation of P. capsici showed a significant 

reduction of disease severity in T2 SmDMR6-1 mutants in respect 

to non-edited controls (-14% at 3 dpi; -23% at 6 dpi) (Fig. 6B), 

despite the percentage of disease incidence being 100% for both 

lines. These findings suggest an involvement of SmDMR6-1 in 

eggplant in the plant response to biotic stress with the inactivation 

Figure 7 - Detached leaf assays to test tolerance to P. infestans. (A) Ratio 
between pathogen and plant DNA measured through real time qPCR.  (B) 
Disease severity index at 6 days after P. infestans inoculation. Statistical analysis 
was performed with a Duncan test on 9 biological replicates and standard error 
bars are shown on the histogram. 
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of this gene leading to an enhanced tolerance to infection caused 

by different pathogens.  

 

DISCUSSION 

Climate change influences plants, pathogens and their interactions 

and has a great impact on losses of crop production (Roussin-

Léveillée et al., 2024). It is thus imperative to generate new climate-

resilient and pathogen-tolerant crops that can better adapt to the 

challenging growth conditions.  

One of the possible strategies to improve the plants’ resistance to 

biotic stresses is the introgression of resistance (R) genes from wild 

compatible species displaying tolerance to pathogen, activating a 

general resistance mechanism in the recipient plant. R-genes 

mainly encode nucleotide-binding leucine-rich repeat (NLR) 

proteins, intracellular immune receptors that specifically bind the 

pathogen’s effectors conferring resistance to the plant (Ellis et al., 

2000).  

In eggplant the development of backcross genotypes resistant to 

Verticillium wilt has been obtained through introgression breeding 

with Solanum linnaeanum (Liu et al., 2015); although no eggplant 

commercial resistant cultivars have been developed so far, 

genotypes resistant to the fungal wilts caused by Fusarium 

oxysporum f. sp. melongena have been obtained as well (Gramazio 

et al., 2023). 

However, resistance conferred by the introgression of individual 

resistance genes is time-consuming and often not durable, because 

widespread deployment of R-genes selects for pathogen strains 

capable of overcoming it. 
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Susceptibility (S) genes, instead, are those that pathogens take 

advantage of during the colonization of the plant (e.g., negative 

regulators of plant immunity or genes involved in pathogen entrance 

and nutrition). If these genes become dysfunctional the ability of the 

pathogens to cause disease is strongly limited (Schie & Takken, 

2014).  

In the last decades new biotechnological approaches, such as gene 

editing, have provided new tools for the disabling of S-genes in 

order to generate disease tolerant crops (Karmakar et al., 2022).  

S-genes have been knocked out through CRISPR/Cas9 technology 

in several crops, such as tomato (Li et al., 2024; Nekrasov et al., 

2017; Santillán Martínez et al., 2020), grapevine (Malnoy et al., 

2016; Wan et al., 2020), rice (Zhou et al., 2022) and potato (Kieu et 

al., 2021), but no results have been reported in eggplant so far.  

The DMR6 gene was first identified in Arabidopsis (Van Damme et 

al., 2008), characterised in other crops and in Solanaceae species 

it has emerged as a promising target for genome editing because 

of the broad-spectrum pathogen tolerance conferred by its disabling 

(Karlsson et al., 2024; Kieu et al., 2021; Maioli et al., 2024; 

Thomazella et al., 2021). Similarly to tomato, potato and grapevine, 

we identified two homologs of DMR6 gene in eggplant genome, 

namely SmDMR6-1 and SmDMR6-2. These two genes/proteins 

show a very similar structure, both in terms of the introns/exons 

structure and the functional domains (Fig. 1). However their 

transcriptional profiles vary across different tissues (Fig. 3), 

probably due to distinct regulatory patterns (Fig. 2). Generally, 

SmDMR6-1 expression is higher than SmDMR6-2 in all the organs 

apart from leaves, and the remarkable level of SmDMR6-1 
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transcription in roots and the activation of both DMR6 genes during 

the fruit ripening, especially in the fruit peel, are consistent with the 

data collected in tomato (Thomazella et al., 2021). Moreover, unlike 

SmDMR6-2, SmDMR6-1 is strongly activated upon infection 

caused by Phytophthora spp. (Fig. 4), similarly to what reported in 

tomato (Thomazella et al., 2021). This observation may be 

attributable to an over-representation of TFBS interacting with TFs 

belonging to families, such as WRKY, AP2/ERF, bZIP, bHLH and 

NAC (Fig. 2), that previous literature studies demonstrated to play 

a key role in plant defence mechanisms (Seo et al., 2015). In 

addition, both potato and tomato dmr6-1 mutants demonstrated a 

better tolerance to pathogens infection, unlike dmr6-2 mutants (Kieu 

et al., 2021; Thomazella et al., 2021), while in grapevine only double 

mutants for VvDMR6-1 and VvDMR6-2 show tolerance to downy 

mildew (Giacomelli et al., 2023).  

Altogether, these findings suggest that, like in other Solanaceae 

species, a gene duplication presumably occurred in the eggplant 

genome, generating two homologous sequences which then 

underwent a sub-functionalisation process that left to SmDMR6-1 

alone the role of fine tuning the SA balance in response to biotic 

and abiotic stresses, as previously reported in tomato (Maioli et al., 

2024; Thomazella et al., 2021).  

SmDMR6-1 was therefore chosen as target for CRISPR/Cas9-

mediated knockout with the aim of obtaining eggplant mutants with 

a better tolerance to pathogens’ attacks. The regenerated T0 plants 

were screened by Sanger sequencing in order to select the best 

edited line, which was self-pollinated for obtaining the T1 

generation. A detached leaf assay on individuals of the T1 
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generation revealed that fully knocked out plants showed milder 

symptoms after infection by P. capsici and P. infestans. The fungal 

biomass developed on all the edited plants was lower than on the 

non-edited controls, with a reduction ranging from 34% to 54% after 

P. capsici infection (Fig. 6A) and from 46% to 87% in the case of P. 

infestans (Fig. 7A). Since in eggplant no evidence of whole plant 

inoculation tests with P. infestans can be retrieved from literature, 

we carried out in vivo artificial inoculation tests only with P. capsici. 

This experiment showed a significant reduction of disease severity 

in T2 SmDMR6-1 mutants in respect to non-edited controls (-23% 

at 6 dpi) (Fig. 6B). These results altogether are consistent with the 

increased tolerance to Phytophthora species recorded in other 

Solanaceae species after DMR6-1 knockout. Necrotic lesions due 

to P. capsici infection developed later and were less severe in 

tomato edited plants (Thomazella et al., 2021) and the fungal 

biomass recorded in tomato mutants infected with P. infestans was 

up to 95% lower than control plants (Maioli et al., 2024). A significant 

increase in tolerance to P. infestans was detected also in potato, as 

measured by reduction of the number of infected leaflets (Kieu et 

al., 2021).  

Tomato dmr6-1 mutants demonstrated a broad-spectrum tolerance 

to several distinct classes of pathogens, such as bacteria, 

oomycetes and fungi (Thomazella et al., 2021). Our future research 

will be thus aimed at evaluating whether even in eggplant 

SmDMR6-1 mutants show tolerance to other diseases, such as 

Fusarium wilt, caused by Fusarium oxysporum f. sp. melongenae, 

powdery mildews, caused by Podosphaera xanthii or Leveillula 

Taurica, and bacterial wilt, caused by Pseudomonas solanacearum. 
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Since the knockout of DMR6-1 in tomato was reported to induce 

tolerance to water deprivation thanks to a drought avoidance 

mechanism (Maioli et al., 2024), and potato Stdmr6-1 mutants 

showed a higher tolerance to salt/osmotic/drought stress (Karlsson 

et al., 2024), it would be intriguing also to test the tolerance to abiotic 

stresses in eggplant Smdmr6-1  mutants, in order to achieve a multi-

stress tolerance.  

By the way, a deeper evaluation of stress tolerance should be 

carried out in field conditions in order to take into consideration all 

the factors affecting the plants’ growth. To date, the cultivation of 

plants obtained through CRISPR/Cas9 is impeded by the current 

EU legislation that puts all the products of new genomic techniques 

(NGTs) under the GMO definition. Recently, the European 

Parliament voted in favour of a regulatory proposal that 

distinguishes between NGT1 category plants, which are considered 

equivalent to conventionally bred plants and whose cultivation will 

be admitted, and NGT2 category plants, that will continue to fall 

under current legislation (Proposal for a REGULATION OF THE 

EUROPEAN PARLIAMENT AND OF THE COUNCIL on Plants 

Obtained by Certain New Genomic Techniques and Their Food and 

Feed, and Amending Regulation (EU) 2017/625, 2023). In this 

perspective, putting our Smdmr6-1 mutants through subsequent 

cycles of self-pollination and selection would provide one individual 

which carries the desired indel at the target site in homozygous 

status and which lost the transformation cassette thanks to genetic 

segregation. This plant would fall into NGT1 category and would be 

eligible for field trials, with the future aim of bringing to the market a 

pathogen-tolerant eggplant line. 
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SUPPLEMENTARY MATERIAL 

 

 

Figure S1 - Graphic representation of the alignment between nucleotide (A) 
and aminoacidic (B) sequence of eggplant DMR6-1 (SMEL4.1_03G019440), 
tomato DMR6-1 (SOLYC03G080190.3.1), eggplant DMR6-2 
(SMEL4.1_06G024710) and tomato DMR6-2 (SOLYC06G073080.4.1). 
Alignment performed using Clustal Omega Multiple Sequence Alignment 
(MSA) online tool (https://www.ebi.ac.uk/jdispatcher/msa/clustalo). 
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Figure S2 - Venn diagram representing the common and unique TFBS in 
SmDMR6-1 (purple) and SmDMR6-2 (orange) promoters. Designed using 
Evenn software (http://www.ehbio.com/test/venn/#/). 

Figure S3 - Schematic representation of the transformation vector used for 
CRISPR/Cas9 mediated transformation. 
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Plant KO score R2 Mutation 

T0-1 0 1 
 

T0-2 0 1 
 

T0-3 76 0.95 -1/-4/-2 

T0-4 0 1 
 

Table S1 - Results of the molecular screening on T0 plants. Knockout (KO) score 
represents the proportion of indels that cause a frameshift mutation or are 21+bp 
in length. 

Table S2 - Results of the molecular screening on T1 plants. Knockout (KO) score 
represents the proportion of indels that cause a frameshift mutation or are 21+bp 
in length. (following page) 
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Plant KO score R2 Mutation hCas9 

T1-1 99 0.99 -1 + 

T1-2 97 0.96 -2/-4 + 

T1-3 95 0.99 -2 + 

T1-4 93 0.96 -1/-4 + 

T1-5 94 0.99 -2 + 

T1-6 93 0.99 -2 + 

T1-7 92 0.96 -1/-2 + 

T1-8 91 0.99 -2 + 

T1-9 90 0.97 -1/-2 + 

T1-10 92 0.98 -2/-3 + 

T1-11 90 0.95 -1/-2  + 

T1-12 87 0.99 -2 + 

T1-13 86 0.97 -2 + 

T1-14 85 0.99 -2 + 

T1-15 82 0.98 -2 + 

T1-16 76 0.95 -1/-2 + 

T1-17 76 0.96 -1/-2 + 

T1-18 75 0.95 -1/-2 + 

T1-19 74 0.96 -1/-2 + 

T1-20 72 0.96 +1/-21 + 

T1-21 65 0.93 -1/-2 + 

T1-22 64 0.97 -2 + 

T1-23 60 0.98 -1/-3 + 

T1-24 48 0.97 -2/-3 + 

T1-25 47 0.96 -2 - 

T1-26 46 0.95 -2 - 

T1-27 45 0.96 -2 - 

T1-28 40 0.95 -2 - 

T1-29 33 0.96 -2 - 

T1-30 32 0.95 -2 + 

T1-31 30 0.97 -2 + 

T1-32 23 0.93 -4/-6 + 

T1-33 2 0.99 -3 + 

T1-34 1 0.90 -3 + 

T1-35 1 0.99 -3 - 

T1-36 0 0.99 -3 + 

T1-37 0 1 / + 
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CHAPTER II 

Tiny but powerful: protoplasts isolation in Solanum 

melongena L. and RNPs mediated genome editing 

 

ABSTRACT 

Traditional genetic transformation approaches relying on 

Agrobacterium tumefaciens for the delivery of CRISPR/Cas9 

reagents usually provide plants that stably integrate the gene 

construct in their genome. In order to meet the EU commission’s 

new legislation proposal, it is important to develop new delivery 

protocols that produce DNA-free genome edited plants (NGT 

category 1). Protoplasts are a promising solution to this matter, 

because delivery of CRISPR/Cas9 ribonucleoproteins (RNPs) is 

effective in cells lacking cell wall, allowing genetic modifications 

from a transient application, leaving no traces in the recipient 

genome apart from the desired targeted mutation.  

With the aim of implementing the available strategies for 

CRISPR/Cas9 reagents delivery in eggplant, we adapted and 

improved a protocol previously established in potato and tomato for 

the isolation of protoplasts from Solanum melongena cotyledons. 

Isolated protoplasts were then subjected to in vitro regeneration and 

the first wild-type shoots were regenerated from calli approximately 

4-5 months after isolation. Alongside, we tested two transfection 

protocols for delivery of RNPs into eggplant protoplasts with the aim 

of knocking out the gene SmCHL_H, whose inactivation causes a 

chlorotic phenotype. Protocols for polyethylene glycol (PEG) and 

lipofectamine mediated transfection of eggplant protoplasts were 
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optimised, and the number of regenerated calli, the percentage of 

edited calli and the editing efficiency were evaluated. Efficient calli 

regeneration from edited protoplasts was obtained from both 25% 

PEG and CRISPRMAX lipofectamine treatments, but the 

percentage of edited calli was higher in PEG mediated transfection 

(74% for 25% PEG and 55% for 40% PEG) if compared to 

lipofection, with editing efficiencies reaching up to 96% in 25% PEG 

treatment. This represents the first example of RNPs mediated 

genome editing in eggplant protoplasts, even if in vitro regeneration 

of plants from both wild-type and edited calli still needs to be 

improved. 

 

INTRODUCTION 

Over the last decades, biotechnological tools have been largely 

developed for the purpose of investigating gene function and 

regulation and for speeding up crop breeding programs. These 

strategies may take advantage of two main features: the ability to 

precisely modify genomes and to regenerate a whole plant from one 

or few cells.  

Since the advent of CRISPR/Cas9 and related gene editing 

technologies, target modification of crop genomes has become 

easier, more flexible and more accessible, opening avenues for the 

so-called New Genomic Techniques (NGTs). These strategies most 

commonly rely on the insertion of the CRISPR/Cas9 construct into 

the host genome followed by segregation of the cassette through 

selfing, in order to obtain a transgene-free progeny, but alternative 

approaches based on transient applications that avoid integration 
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of foreign DNA into the recipient genome are also available (Reed 

& Bargmann, 2021).  

Plant tissue culture is the other crucial tool for plant biotechnology: 

in vitro regeneration protocols have been developed for a huge 

number of plant species over the years, exploiting totipotency of 

plant cells to produce whole organisms from a small amount of 

modified cells (Levengood et al., 2024).  

Despite being part of the well-studied Solanaceae family, eggplant 

(Solanum melongena L.) is not keeping pace with biotechnological 

development if compared to its relative species. In fact, only few 

successful applications of the CRISPR/Cas system have been 

reported in this species (Ferrero et al., 2024; Kodackattumannil et 

al., 2023; Maioli et al., 2020; Phad et al., 2024), all of these relying 

on Agrobacterium tumefaciens mediated transformation. 

Differently, a lot of examples can be retrieved in literature regarding 

CRISPR/Cas mediated genome editing in other solanaceous crops, 

such as tomato and potato (Das et al., 2023; Van Eck, 2018). This 

difference can be due to both difficulties in obtaining efficient editing 

and to genotype-dependent recalcitrance to in vitro regeneration in 

eggplant (García-Fortea et al., 2020).  

As an alternative to stable genetic transformation, transient 

protocols (i.e. not involving integration of any exogenous DNA in the 

genome) may also be employed to obtain “transgene free” edited 

plants that do not require time consuming steps of selfing to 

eliminate integrated sequences. These protocols usually rely on 

direct delivery into protoplasts of CRISPR machinery as either DNA 

or ribonucleoproteins (RNPs, complexes formed between the Cas9 

protein and the guide RNA molecule) (Jiang et al., 2021). RNPs are 
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non-replicative molecules that are degraded rapidly in the cell, 

ensuring no traces other than the desired genomic modification. 

Protoplasts are naked cells deriving from removal of the cell wall 

through enzymatic digestion. This kind of cells is more prone to 

introduction of exogenous material because of the absence of the 

cell wall barrier, and this transfer can be mediated by either 

electroporation, polyethylene glycol (PEG) or nanoparticles.  

Electroporation consists in applying an electrical field that produces 

resealable pores in plasma membranes allowing the passage of 

micro- or macromolecules into and out of the cells (Ozyigit, 2020). 

This technique has been successfully employed to carry CRISPR 

reagents into animal cells first and in some plant species like 

cabbage (Lee et al., 2020) and soybean (Subburaj & Agapito-

Tenfen, 2023) with a good efficiency.  

PEG-mediated transfection of RNPs is probably the most common 

protocol for genome editing in plant protoplasts. Polyethylene glycol 

destabilizes the plasma membrane of the protoplast making it 

permeable to exogenous material, such as RNPs. Many examples 

of the employment of this technique have been reported in plant 

protoplasts, such as Arabidopsis (Woo et al., 2015), rice (Woo et 

al., 2015), apple (Malnoy et al., 2016), potato (Andersson et al., 

2018), cabbage (Lee et al., 2020), banana (S. Wu et al., 2020), chili 

pepper (Kim et al., 2020), maize (Sant’Ana et al., 2020), soybean 

(Seol et al., 2022), tomato (Y. Liu et al., 2022; Nicolia, Andersson, 

et al., 2021), European chestnut (Pavese et al., 2022), wheat 

(Poddar et al., 2023) and grapevine (Najafi et al., 2023; Osakabe et 

al., 2018). 
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Nanoparticles instead are artificially made particles with a 

dimension <100 nm, variable composition and physical/chemical 

properties that allow interaction with biological molecules (K. Wu et 

al., 2023). These nanoparticles can be internalized into the plant 

cells bringing with them the CRISPR/Cas machinery. In particular, 

particle bombardment, consisting in coating metal nanoparticles 

with editing reagents and bombarding cells with these, has been 

used to deliver CRISPR RNPs into rice protoplasts (Banakar et al., 

2020), but other techniques exploiting different nanoparticles and 

delivery methods can be found (Osmani et al., 2024), for example 

in maize (Nagy et al., 2023). 

An emerging alternative to these three methodologies is 

represented by lipofection. This approach exploits the ability of 

cationic lipid to alter the charge of RNPs to positive so that the 

binding with negatively charged surfaces of the cell is promoted, 

resulting in uptake and intracellular distribution of the complex 

(Ghogare et al., 2021). This method has been optimised in animal 

cell systems (Sousa et al., 2022; Yu et al., 2016) and successfully 

applied in lettuce (J. Park et al., 2019), tobacco (W. Liu et al., 2020) 

and citrus (Mahmoud et al., 2022) protoplasts to obtain target 

genome editing. Moreover Gambino et al. (2024) demonstrated that 

PEG mediated transfection causes negative effects on grapevine 

protoplasts because of its cytotoxicity, while lipofectamine mediated 

delivery of editing reagents has a lower impact on the protoplasts 

viability allowing in vitro regeneration even from the recalcitrant 

cultivar Nebbiolo, making this approach a promising alternative to 

traditional transformation protocols. 
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Within the Solanum genus, most reports including the application of 

CRISPR/Cas9 exploit stable gene transfer methods mediated by 

Agrobacterium tumefaciens, but there are multiple advantages in 

using RNPs with protoplasts: absence of transgene insertions 

(DNA-free approach), rapid degradation of RNPs leading to low off-

target effects and mosaicisms, and the elimination of time 

consuming cloning steps to prepare transformation vectors to insert 

T-DNA in the target plants (Yang et al., 2024). The bottleneck in 

these protocols lies in the in vitro regeneration from RNP 

transfected protoplasts. Examples of regeneration from edited 

potato and tomato protoplasts have been reported respectively by 

Andersson et al. (2018) and Liu Y. et al. (2022) but low efficiency in 

both transfection and regeneration steps still hamper the application 

of this technique to other Solanum species, such as bell pepper 

(Choi et al., 2024) and eggplant. 

Recently, a protocol for isolation and PEG mediated transfection of 

eggplant protoplasts with a vector expressing yellow fluorescent 

protein (YFP) has been published (Wang et al., 2022), but no 

evidence of CRISPR/Cas9 mediated genome editing in eggplant 

protoplasts can be found in literature. 

In this work, we aim at implementing the efficiency of protoplasts 

isolation and regeneration from eggplant cotyledons and at 

optimising RNPs transfection protocol with two different 

approaches, PEG and lipofection. The target gene chosen for our 

editing is Chl_H, which encodes the H subunit of the magnesium 

protoporphyrin chelatase (Walker & Willows, 1997), an enzyme 

involved in chlorophyll biosynthesis. Reduction or absence of this 

enzyme results in yellow-coloured leaves caused by a reduction in 
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chlorophyll synthesis, as demonstrated through Virus-Induced 

Gene Silencing in other Solanaceae species (Hiriart et al., 2002; 

Ryu et al., 2004) including in eggplant (H. Liu et al., 2012). Our 

ultimate objective will be regenerating plants from edited 

protoplasts. 

 

MATERIALS AND METHODS 

Plant material and in vitro culture conditions  

S. melongena cultivar ‘Black beauty’ was used in this work. Seeds 

were surface sterilized by soaking them for 30 sec in 70% ethanol 

and then in 40% sodium hypochlorite solution for 20 min. They were 

then rinsed 3 times with sterile distilled water and left overnight in 

water at RT in the dark. To improve seed germination, the seeds 

were soaked for an additional day in a solution containing 750 mg/l 

GA3 and then placed on sterile germination medium (2.4 g/l MS + 

vitamins, 15 g/l sucrose, 8 g/l plant agar) in plastic boxes. The plant 

growth took place at 25 °C in the dark for a week before being 

transferred to a day/night cycle of 16/8 h (light intensity of 300 µmol 

m-2 s-1 PPFD). After 3 weeks, fully grown cotyledons were ready to 

be used for the subsequent experiments.  

 

Protoplasts isolation  

Protoplast isolation was performed as previously described in 

potato (Nicolia, Fält, et al., 2021) with some modifications to 

improve the yield. The components of Medium B, C, E and all the 

solutions used during isolation steps can be found in Nicolia, Fält, 

et al. (2021). Briefly, the following modifications were used: 

cotyledons from 3 weeks old plantlets were used for protoplast 
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isolation. The cotyledons were sliced and treated with enzyme 

solution (medium C) at 25 °C for 20 hours. After this incubation, an 

additional step of 2 hours of shaking (50 rpm) at RT was used to 

allow protoplasts release from the tissues. Protoplasts were 

collected after centrifugation and the yield was quantified using a 

haemocytometer under optical microscope.  

 

RNPs in vitro assembly 

Three different gRNAs were designed with the online CRISPOR tool 

(http://crispor.tefor.net/) targeting SmChl_H gene 

(SMEL4.1_11g022140.1.01). All the RNPs components were 

purchased from Integrated DNA Technologies, Inc. (IDT, Coralville, 

IA, USA): Alt-R™ S.p. HiFi Cas9 Nuclease, Alt-R® CRISPR-Cas9 

tracrRNA, Alt-R® CRISPR-Cas9 crRNA (crRNAs sequences: g5 = 

TCATACATACAAGGAGCCAA; g8 = 

GAAAATAGTGTATGTTGTGT; g11 = 

CTTTTAGTATGTCACAGTTG). The gRNAs were assembled 

following the manufacturer’s instructions: the crRNAs and tracrRNA 

were resuspended in duplex buffer to a final concentration of 100 

µM. Equal amounts of crRNA and tracrRNA were mixed with duplex 

buffer and annealed at 95 °C for 5 min, forming the gRNA duplex. 

Then, 4 µl gRNA duplex, 20 µg Cas9 and 1 µl 10× PBS buffer (pH 

7.4) were mixed with water to a 10 µl final volume and incubated at 

RT for 30 mins to allow the assembly of RNPs. RNPs were then 

used for protoplast transfection. 
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PEG-mediated transfection with RNPs  

Freshly isolated protoplasts were transfected via PEG mediated 

delivery of RNPs. For each transfection, 10 µl of RNP complexes, 

assembled as described above, were placed in a 15 ml tube. Then, 

100 μl of protoplast suspension (1 × 106 protoplasts/ml) was added 

to the same tube and gently mixed before and after adding 110 μl 

of PEG solution, either 25% (w/v) or 40% (w/v). The transfection 

was stopped by adding 5 ml wash solution in the tube after 3 min 

(25% PEG) or 30 min (40% PEG). 

 

Lipofectamine-mediated transfection with RNPs 

Lipofectamine-mediated transfection was performed following the 

protocol of Gambino et al. (2024) with some improvements. Two 

different lipofectamines were used:  Lipofectamine™ 

CRISPRMAX™ Cas9 Transfection Reagent (ThermoFisher 

Scientific) and Lipofectamine™ 3000 Transfection Reagent 

(ThermoFisher Scientific). For each transfection reaction, 20 µl of 

lipofectamine was diluted in 5 µl of wash solution (Nicolia, Fält, et 

al., 2021), mixed and incubated for 10 min at 25°C, then mixed with 

RNP complexes assembled as described above and incubated for 

another 15 min at 25°C. This reaction mix was combined with 100 μl 

of protoplast suspension (1 × 106 protoplasts/ml), mixed with gentle 

fingertapping and incubated at 25°C for 1 h and 30 min. 

 

In vitro culture of protoplasts and regeneration 

Protoplasts embedding in alginate discs and subsequent in vitro 

culture steps were performed following the potato protocol (Nicolia, 

Fält, et al., 2021), with the same media composition (medium E, F, 
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G). 5-6 weeks after isolation, the calli were usually big enough to be 

transferred on solid medium. The obtained calli were put on medium 

E6 from García-Fortea et al. (2020) and the media were refreshed 

every two weeks. Subsequent regeneration steps followed the 

protocol by García-Fortea et al. (2020) with minor modifications. 

 

Molecular screening of edited material 

3 months after protoplasts isolation, genomic DNA was extracted 

from single calli deriving from PEG-mediated and lipofectamine-

mediated transfection using E.Z.N.A.® Plant DNA Kit (Omega Bio-

Tek, Norcross, USA) following the manufacturer’s instructions. 

Primers were designed on the genomic regions flanking the gRNAs 

in order to amplify the targets for editing within the SmChl_H locus 

(g5 forward primer: 5’-AGTATGTCACAGTTGGGGCA-3’; g5 

reverse primer: 5’-AACTTTAGCCCCTCTTGCCT-3’; g8-g11 

forward primer: 5’-ATGGCTTCTTTGGTTTCTTCAC-3’; g8-g11 

reverse primer: 5’-TTCACCCCTTTTAGAGCAGG-3’). PCR 

amplification was performed using KAPA HIFI Taq (Kapa 

Biosystems, Boston, USA) with the following PCR program: 1 cycle 

of 3 min at 95°C; 35 cycles of 20 sec at 98°C, 15 sec at 60°C (g5) 

or 62°C (g8-g11), 30 sec (g5) or 45 sec (g8-g11) at 72°C; 1 cycle of 

1 min at 72°C. After purification with AMPure XP Beads 0,8X 

(Beckman Coulter), amplicons were sequenced by Sanger method 

and the knock-out score was estimated by analysing the 

chromatograms using the Synthego ICE online tool 

(https://ice.synthego.com/). 
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RESULTS 

Optimisation of protoplasts isolation protocol 

Since very limited knowledge related to eggplant protoplasts 

isolation can be found in literature (Nishio et al., 1987; Sihachakr & 

Ducreux, 1987; Wang et al., 2022), some improvements are still 

needed to overcome the difficulties encountered during in vitro 

regeneration. In this view, an existing protocol for potato protoplast 

isolation (Nicolia, Fält, et al., 2021) has been adapted to eggplant 

in order to meet its specific demands and improve efficiency. In this 

study, cotyledons from 3 weeks old plantlets were used as starting 

material (Fig. 1A), given their higher regeneration potential 

compared to leaves (Alam & Salimullah, 2021). Cotyledons were 

finely sliced (Fig. 1B) and treated with a digestion solution 

containing cellulase R10 1% w/v and macerozyme R10 0,2% w/v 

for 20 hours at 25°C (Fig. 1C). A longer incubation time and a higher 

temperature were needed for efficient digestion, coherently with 

eggplant tissues being thicker if compared to potato leaves. After 

centrifugation (Fig. 1D) and purification on sucrose gradient (Fig. 

1E-F), viable protoplasts were retrieved (Fig. 1G-H). The number of 

isolated protoplasts ranged from 1,8x105/ml to 4,5x105/ml 

depending on the quality of the digested tissue, with a viability close 

to 100% deduced from morphology. The isolation yield of this 

protocol is lower than the one described by Wang et al. (2022), but 

a milder and more gentle treatment like the one proposed here may 

help enhancing the protoplasts’ ability to regenerate in vitro. 
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In vitro regeneration from eggplant protoplasts  

After isolation, protoplasts were embedded in alginate discs to avoid 

physical damage and promote callus development from single cells. 

5-7 days after isolation, the first cell division were spotted under the 

microscope (Fig. 2A) and the progressive growth of microcalli took 

Figure 1 - Steps of protoplasts isolation protocol: eggplant cotyledons (A) cut in 
thin slices (B) and digested (C) before centrifugation (D) and purification on 
sucrose gradient (E-F) of protoplasts. Optical microscope visualisation of 
eggplant protoplasts (G-H). 
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place inside the alginate discs until the calli were big enough to be 

visible with the naked eye, about 3 weeks later (Fig. 2B). When the 

calli filled up the disc (Fig. 2C), they were released from the alginate 

(Fig. 2D) and directly moved onto solid medium about 6 weeks after 

isolation (Fig. 2E). The same medium that proved to be effective for 

in vitro regeneration from eggplant cotyledonary explants (Ferrero 

et al., 2024; García-Fortea et al., 2020) proved to be suitable for 

regeneration from protoplasts as well, stimulating the development 

of shoots and leaves from calli (Fig. 2F-G-H). The first whole plants 

were obtained 4-5 months after isolation (Fig. 2I) and were moved 

to soil for acclimatisation.  

The number of calli obtained from the same starting number of 

protoplasts was highly variable and dependent on the transfection 

method (Tab.1). A higher concentration of PEG used for 

transfection usually provides higher editing efficiency (EE), but it 

also greatly influences regeneration, as demonstrated by 

protoplasts treated with 25% PEG yielding 9 times more calli 

compared to the 40% PEG treatment (Fig. 3). Moreover, different 

formulations of lipofectamines also have an impact on regeneration: 

transfection with CRISPRMAX™ lipofectamines provided 11 times 

more calli than Lipofectamine™ 3000 mediated treatment (Fig. 3). 

The number of calli obtained from untreated controls was as 

expected higher than any of the treatments (34% more calli when 

compared to the best regeneration condition, which was 25% PEG) 

(Tab. 1, Fig. 3), coherently with the impact of transfection on calli 

regeneration rate.  

Despite that plants were obtained from wild-type protoplasts in vitro 

culture, the regeneration rate can be considered as very low in 
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eggplant, possibly due to the impact of cell wall removal through 

enzymatic digestion or more probably to the transfection treatment. 

In fact, as reported in other works, PEG can negatively affect 

regeneration because of its cytotoxicity on protoplasts (Gambino et 

al., 2024; Masani et al., 2014). 

Figure 2 - Steps of in vitro regeneration from protoplasts: first cellular divisions 
(A); microcalli after 3 weeks of culture (B); calli growing inside the alginate disc 
(C); calli released from alginate discs (D); calli on solid medium (E); calli 
developing first shoots (F); early stage of caulogenesis (G); shoots developing 
from calli (H); whole regenerated plant (I). 
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Genome editing in eggplant protoplasts: PEG and 

lipofectamine mediated delivery of RNPs  

This work represents the first report of RNP mediated genome 

editing in eggplant protoplasts. It is well known that editing efficiency 

can be affected by many factors in the transfection protocol, so we 

aimed at optimising this process. We chose two concentrations of 

PEG (i.e. 25% and 40%) and two formulations of lipofectamines (i.e. 

 gRNA5 gRNA8 gRNA11 

PEG 
25% 420 93 108 

40% 36 11 9 

Lipofectamines 
Lipofectamine 3000 2 38 6 

CRISPRMAX 107 256 167 

CTR 941 

Table 1 - Number of regenerated calli from different transformation protocols 
(PEG vs lipofection) protocols divided on the basis of the used gRNA and 
untransformed controls (CTR). 

Figure 3 - Number of regenerated calli from different transfection protocols (PEG 
vs lipofection) and untransfected controls (CTR), starting from the same amount 
of protoplasts (2x105). 
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CRISPRMAX™ and Lipofectamine™ 3000) to evaluate the most 

efficient method, both in terms of EE and regeneration, which 

should be optimised jointly. Lipofection is a new method for RNPs 

delivery into plant cells, and it is expected to have a milder impact 

on the cells’ ability to regenerate because it doesn’t involve creation 

of pores in the membrane, unlike PEG mediated transfection. We 

designed three different gRNAs (i.e. gRNA5, gRNA8 and gRNA11) 

on the SmCHL_H gene in order to identify the most efficient one. 

The percentage of edited calli, calculated on the total number of calli 

that underwent target sequencing, was calculated in all the tested 

conditions (Fig. 4). In parallel, Sanger sequencing analyses 

provided data on editing efficiency (EE), intended as the indel 

frequency in each callus. 25% PEG was the transfection protocol 

that provided the highest percentage of edited calli (74%), with EE 

ranging from 13% to 96%. 55% of calli from the 40% PEG treatment 

were edited, with EE up to 95%. Lipofectamine-mediated 

transfection gave much lower percentage of edited calli if compared 

to PEG, with 20% for Lipofectamine™ 3000 and 10% for 

CRISPRMAX™, with the highest EE being 81% and 38% 

respectively. The editing output of single calli with the highest EE is 

reported in Figure 5. 
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Considering the higher percentage of edited calli obtained in PEG 

treatments, they were further analysed in detail to better evaluate 

the impact of every parameter (% of PEG, gRNA choice). 

Figure 4 - Percentage of edited calli in regenerated calli (on the total number of 
analysed calli) from different PEG and lipofectamine mediated transformation 
protocols. 

Figure 5 - Output of Sanger sequencing analysis of the best edited calli for each 
transfection method through Synthego software (https://ice.synthego.com/#/). 
Relative contribution of each sequence present in the edited population (the wild-
type sequence is marked by “0”).  
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The recorded editing efficiency calculated on the basis of Sanger 

sequencing chromatogram analysis in all the PEG-mediated 

treatments is summarised in Figure 6. The highest EE (70%) was 

obtained on gRNA11 with 40% PEG treatment, and lower values 

were observed for the other gRNAs in the same experimental 

condition (53% for gRNA5 and 36% for gRNA8). Transfection with 

25% PEG yielded the highest EE on gRNA8 (61%) and 38% and 

53% EE for gRNA5 and gRNA11 respectively. 

Going into further details, it is clearly demonstrated by the 

sequencing data on the regenerated calli that the higher the 

percentage of PEG in the transfection, the higher the obtained 

editing efficiency (Fig. 7). The average EE in calli generated from 

the treatments with 25% PEG is indeed 45%, compared to 58% in 

the 40% PEG treatment. This difference, although not statistically 

significant, is consistent with a theoretical higher transfection 

efficiency due to a higher PEG concentration that destabilises the 

Figure 6 - Editing efficiency (%) in regenerated calli, divided by transfection 
method and gRNA. Statistical analysis was performed with a Duncan test and 
standard error bars are shown on the histogram. 
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protoplasts membrane and facilitates the RNPs entrance in the 

cells. However, this damage to the membranes hampers the 

regeneration potential and causes a definitely lower number of calli 

deriving from in vitro culture: 56 calli from 40% PEG treated 

protoplasts vs 621 from 25% PEG treatment (Fig. 3, Tab. 1).  

  

 Another parameter that greatly influences editing efficiency is the 

gRNA. Although many computational tools have been developed in 

recent years to support this step, it is still difficult to select the 

optimal gRNA (Chen & Wang, 2022).  In this work, we selected 

three gRNAs targeting the first exon of SmCLH_H gene, all of them 

having high on-target and low off-target scores given by the online 

prediction tool, and named them gRNA5, gRNA8 and gRNA11. The 

average editing efficiency for each gRNA was calculated regardless 

of the PEG percentage used in order to clarify the importance of 

gRNA choice (Fig. 8). It resulted that gRNA5 causes lower EE 

Figure 7 - Editing efficiency (%) in regenerated calli from the 25% and 40% 
PEG transfection methods. Standard error bars are shown on the histogram. 
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(41%) if compared to gRNA8 (53%) and gRNA11 that gave the 

highest EE (60%).  

The knockout of SmCHL_H gene causes a reduction in chlorophyll 

biosynthesis that ultimately leads to a chlorotic phenotype in edited 

leaves, appearing whitish or yellowish, and also in earlier stages of 

in vitro regeneration (Fig. 9B). We analysed editing efficiency in 

relation to the observed phenotype in regenerated calli: the average 

EE in chlorotic calli is 56%, while in green calli it is only 34%. 

However, fully edited calli were retrieved only among the chlorotic 

ones, in contrast with the highest EE being 51% in green calli. 

These data demonstrate that editing on SmCHL_H creates a 

reliable visual system that can support the screening of edited 

mutants from the early stages of regeneration. 

Figure 8 - Editing efficiency (%) in regenerated calli, divided by gRNA. Standard 
error bars are shown on the histogram. 
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DISCUSSION 

New genomic techniques (NGTs), usually defined as precision 

breeding, are breeding techniques that allow targeted modification 

of genomes in a faster and more precise way if compared to 

conventional breeding methods. They include genome editing 

strategies for targeted mutagenesis as well as site-directed 

cisgenesis. According to the current European GMO legislation that 

is characterized by a strong precautionary approach, any 

genetically modified organism, currently including those developed 

with NGTs, requires authorization as food or feed (Regulation 

Figure 9 - (A) Editing efficiency (%) in regenerated calli, divided by phenotype. 
Statistical analysis was performed with a Student’s t-test (p ≤ 0.05) and 
standard error bars are shown on the histogram. (B) Chlorotic vs green 
phenotype in regenerated calli.  
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1829/2003/EC; European Parliament, 2003) or for cultivation 

(Directive 2001/18/EC; European Parliament, 2001) (Zimny, 2022). 

Indeed GM products need to go through a strict risk assessment 

procedure before authorisation and need to meet traceability and 

labelling criteria afterwards. Nevertheless, European Union is now 

in the process of drafting and implementing a new regulatory 

framework for NGTs in order to allow the production of new plant 

varieties, meeting the agriculture’s requirements. Most arguments 

for a new, less strict regulation for NGT plants claim that these 

techniques produce modifications that in principle could have been 

achieved through conventional breeding or classical mutagenesis 

and where no foreign DNA has been introduced in the genomes, 

thus making them suitable for an exemption from the GMO Directive 

(Habets & Macnaghten, 2024). In July 2023 the European 

Commission proposed a new regulatory framework on plants 

obtained through NGTs that distinguishes between NGT category 1 

plants, considered equivalent to those occurred naturally or 

produced by conventional breeding, and all other GM plants, 

included in NGT category 2 (European Commission, 2023). 

Category 1 plants can harbour no more than 20 genetic 

modifications of the following types: (i) substitution or insertion of 

less than 20 nucleotides; (ii) deletion of any number of nucleotides; 

(iii) targeted insertion or substitution of a DNA sequence existing in 

the breeder’s gene pool, on the condition that it does not interrupt 

an endogenous gene; (iv) targeted inversion of a sequence of any 

length; (v) any other targeted modification that already occurs in a 

species from the breeders’ gene pool. In February 2024, the 

majority of Members of the European Parliament voted in favour of 
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the Commission proposal on NGTs, adopting a positive position for 

further negotiations with member states. In March 2025, also 

European Council supported the NGTs proposal from EU 

Commission with slight changes and the process has now entered 

the trialogue on the final text of the regulation that will need to be 

formally adopted by the Council and the Parliament before it can 

enter into force. 

Genome modifications falling into NGT 1 category can be obtained 

through CRISPR/Cas mediated stable transformation through A. 

tumefaciens, but time-consuming crossing steps are needed to 

segregate transgenes and obtain DNA-free edited plants. This is not 

feasible for plants with a high heterozygosity that are vegetatively 

propagated to maintain genetic integrity and for species for which 

no regeneration protocols are available. A possible solution to this 

would be using a method that doesn’t involve stable integration of 

exogenous DNA in the genome thus avoiding genetic segregation 

steps. In this view, RNPs mediated transfection of protoplasts 

allows to introduce directly into naked cells the Cas9-gRNA 

complex that will be degraded by the cell right after its action, 

leaving no trace in the genome. This system has been successfully 

applied to many plant species including Solanaceous crops like 

tomato (Kang et al., 2024; Y. Liu et al., 2022; Nicolia, Andersson, et 

al., 2021) and potato (Andersson et al., 2018; González et al., 2020; 

Moon et al., 2022; Zhao et al., 2021), and some preliminary editing 

results have also been obtained in a recalcitrant species like bell 

pepper but without regeneration (Choi et al., 2024; Kim et al., 2020; 

J.-H. Park & Kim, 2023). 
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Eggplant is a crop species with high economic importance, but the 

application of genome editing tools to this species is still hampered 

by low editing efficiencies, regeneration protocols that are highly 

cultivar specific and long generation times that make it difficult to 

obtain transgene-free edited eggplants. In fact, in the work on 

CRISPR/Cas9 mediated editing of SmDMR6-1 gene in eggplant 

(described in Chapter I of this Thesis), regeneration and editing 

efficiency were quite low and three self-pollinations steps were 

required to fix the mutation in homozygosis and to segregate the 

transformation cassette (Ferrero et al., 2024). In this case, a fully 

knocked out transgene-free plant was obtained after three self-

pollination cycles (T3 generation), while Maioli et al. (2020) were not 

able to obtain a Cas9-free eggplant line with simultaneous knockout 

of SmPPO4-5-6 genes. Recently, Wang et al. (2022) published a 

protocol for protoplasts isolation from several Asian eggplant 

cultivars and also demonstrated PEG mediated transfection of 

eggplant protoplasts with a vector expressing YFP. However, this 

protocol still needs to be optimised to achieve in vitro regeneration 

from protoplasts and to implement RNPs mediated genome editing, 

that represent the main goals of the present work.  

Our protocol was developed starting from a well-established 

protocol for protoplasts isolation from potato leaves (Nicolia, Fält, et 

al., 2021) that had additionally been optimised for tomato 

cotyledons (Y. Liu et al., 2022). We slightly changed the digestion 

conditions to meet the properties of eggplant cotyledons by 

increasing the incubation temperature and time; this way a good 

number of viable protoplasts could be retrieved to progress further 

into in vitro regeneration steps. The number of protoplasts obtained 
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from eggplant tissues (2x105 – 5x105 per gram of fresh weight) 

resulted slightly lower than those of potato (7,6x105 – 1,9x106 per 

gram of fresh weight; Nicolia et al., 2015) and tomato (2x105 – 2x106 

per gram of fresh weight; Y. Liu et al., 2022), but definitely lower 

than the number reported by Wang et al. (2022) (1,2x107 per gram 

of fresh weight). This could be due to a milder digestion treatment 

that yields less protoplasts but being more prone to regeneration. 

First cell divisions and microcalli development occurred at 

approximately the same time after isolation as for potato and tomato 

(Y. Liu et al., 2022; Nicolia et al., 2015). After releasing the calli from 

the alginate discs, the regeneration protocol had to be adapted to 

the species. We followed the same protocol that was successful for 

in vitro regeneration from eggplant cotyledonary explants (Ferrero 

et al., 2024; García-Fortea et al., 2020), and a good number of calli 

was obtained. Further regeneration steps were slower and more 

difficult due to strong vitrification processes, but some plants were 

obtained 4-5 months after isolation. However, additional 

optimisation may be needed to increment the regeneration rate from 

eggplant protoplasts.  

The present work represents the first example of genome editing in 

eggplant protoplasts. The protocol we applied for PEG mediated 

transfection was based on the one published for potato (Andersson 

et al., 2018; Nicolia, Fält, et al., 2021) with modifications for 

optimisation, such as the gRNA:Cas9 ratio and the quantity of Cas9 

used in each transfection. This way we were able to make the 

editing efficient, as confirmed by percentages of edited calli above 

50% (Fig. 4) and editing efficiencies reaching up to 96% (Fig. 5-6), 

similarly to what Nicolia, Andersson, et al. (2021) found in tomato 
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calli that showed a percentage of edited calli ranging from 30% to 

90%, depending on the target gene. In this work we also 

investigated the influence of the PEG percentage used in the 

transfection step on editing and regeneration. We tested two 

different conditions, 25% and 40% PEG, with different incubation 

times (3 or 30 minutes respectively) and we evaluated the number 

of regenerated calli, the percentage of edited calli and the editing 

efficiency. 25% PEG treatment yielded 11 times more regenerated 

calli if compared to 40% PEG treatment (Fig. 3, Tab. 1), coherently 

with the proven cytotoxicity of PEG (Biswas et al., 2022; Gambino 

et al., 2024; Mahmoud et al., 2022) that causes lower viability of 

protoplasts linked to higher PEG concentration. In terms of 

percentage of edited calli on the total number of analysed calli, 25% 

PEG treatment still provided a higher result (74%) compared to 40% 

PEG (55%) (Fig. 4), in contrast with editing efficiency that resulted 

to be higher in the latter condition (56% vs 45% in 25% PEG 

treatment) (Fig. 7). These findings are consistent with higher PEG 

concentrations causing a higher transfection efficiency, as reported 

in Nicolia, Fält, et al. (2021), but a lower regeneration rate due to 

cell damage; indeed the number of regenerated calli, and therefore 

edited calli, was higher in 25% PEG treatment (Fig. 3, Tab. 1) but 

the editing efficiency was higher in 40% PEG treatment (Fig. 7). 

Another reason for these numbers may be linked to the target gene 

chosen in this work: in fact, knockout of Chl_H gene confers a 

chlorotic phenotype to the edited tissues due to a deficiency in 

chlorophyll biosynthesis, and a total lack of this gene’s functionality 

may impact on the ability of the calli to develop correctly, thus 
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explaining the lower regeneration rate in conditions that cause a 

higher editing efficiency.  

With the aim of improving in vitro regeneration of calli and shoots 

from eggplant protoplasts, we also tested a new approach for 

editing reagents delivery into cells called lipofection, that enables 

the uptake of RNPs thanks to cationic lipids. This technique was 

successfully applied for genome editing in lettuce (J. Park et al., 

2019), tobacco (W. Liu et al., 2020), citrus (Mahmoud et al., 2022) 

and grapevine (Gambino et al., 2024) protoplasts, obtaining better 

in vitro regeneration even from recalcitrant cultivars. We followed 

the protocol published for grapevine (Gambino et al., 2024) with 

minor modifications to optimise regeneration, and we tested two 

different lipofectamines formulations (i.e. CRISPRMAX™ and 

Lipofectamine™ 3000) for RNPs transfection. From this experiment 

we obtained a number of regenerated calli that was not so different 

from the PEG experiment: in particular CRISPRMAX™ and 

Lipofectamine™ 3000 provided a regeneration rate slightly lower 

than 25% PEG and similar to 40% PEG, respectively. The 

percentage of edited calli for eggplant ranged from 10% to 20% 

depending on the lipofectamine formulation, which was much lower 

than the percentage obtained in PEG mediated transfections. 

Nevertheless, the percentage of edited plants was 11,3% in 

grapevine (Gambino et al., 2024) and 6% in tobacco (W. Liu et al., 

2020), in line with our data. Regarding in vitro regeneration, so far 

we didn’t observe a significant increase in the number of 

regenerated calli comparing PEG and lipofectamine mediated 

transfection, in contrast with the experiment in grapevine, so the 
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regeneration protocol can benefit from improvements independent 

of the transfection agent used.  

Therefore, at the present moment PEG mediated transfection of 

RNPs seems to give higher percentage of edited calli and editing 

efficiency. We clearly need to improve the in vitro regeneration 

protocol to obtain a better development of plants from edited calli, 

and a further optimisation of the lipofection protocol may also be 

needed. The ultimate objective of our research is to facilitate the 

obtainment of DNA-free edited eggplant lines that could ultimately 

meet the legislative requirements and be suitable for NGT 1 

category.  
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CHAPTER III 

Knockout of SlERF.F4 transcription factor enhances 

drought tolerance in tomato cv. Microtom 

 

ABSTRACT 

Since plants are constantly exposed to ever-changing climate 

conditions, they evolved an intricate system that perceives 

environmental stresses and integrates them in order to adapt their 

response. At a molecular level, transcription factors play an 

important role in regulating the plants’ response by influencing 

expression of stress responsive genes, and in particular ethylene-

responsive factors (ERFs) represent the final components of the 

transduction pathway of the phytohormone ethylene, that is 

involved in many physiological and stress-dependent mechanisms. 

Among the ERFs that respond to abiotic stresses, we aimed at 

elucidating the role of SlERF.F4 gene in drought stress tolerance in 

tomato cv. Microtom through a CRISPR/Cas9 mediated knockout. 

We therefore characterised the Slerf.f4 homozygous mutants from 

a physiological, molecular and biochemical point of view during a 7 

days water deprivation experiment. Compared to the wild-type 

controls, edited mutants displayed a water saving behaviour linked 

to reduced stomatal conductance and transpiration rate, that led to 

higher soil relative water content. These findings suggest that 

knockout of SlERF.F4 in tomato promotes a drought avoidance 

strategy upon water stress conditions. qPCR results highlighted an 

upregulation of ABA biosynthetic genes and a downregulation of 

genes involved in its catabolism, causing potentially higher levels of 
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endogenous ABA, which is the main hormone regulating drought 

avoidance. Moreover, during water stress Slerf.f4 mutants showed 

a higher leaf concentration of photosynthetic pigments (particularly 

chlorophyll a, carotenoids and xanthophylls) and a higher 

antioxidant capacity than wild-type plants, suggesting a better 

drought stress coping capacity of mutants. 

 

INTRODUCTION 

Being sessile organisms, plants need to adapt to the changing 

environmental conditions they find themself into. To do so, they 

evolved a complex network of signalling that recognises external 

stimuli and integrates them at a molecular level to finetune the 

plant’s response. Gene regulation at transcriptional level is an 

important control point in biological processes and transcription 

factors (TFs) play a key role in this.  

The Apetala 2/ethylene-responsive factor (AP2/ERF) is one of the 

most important families of TFs and the second largest in 

dicotyledonous and monocotyledonous plants (Nakano et al., 

2006), and they are known for regulating various developmental 

and stress responsive pathways. The AP2/ERF superfamily can be 

divided into 3 subfamilies, based on the DNA binding domains 

present in their sequence: (i) AP2 family, that displays two AP2 

domains and are associated with developmental processes such as 

embryos, leaves and flowers growth; (ii) ERF/DREB family whose 

members show only one AP2 domain in the sequence and are 

mostly involved in plant defence and stress response; (iii) RAV 

family that has one AP2 and one B3-like domain and is mainly 
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implicated during the plant reaction to brassinosteroids (Choudhury, 

2024).  

Ethylene is an important gaseous plant hormone that is involved not 

only in plant growth and developmental regulation (e.g. root growth, 

leaf and flower abscission, fruit ripening, seed germination, 

flowering), but it also plays a crucial role in the plants’ response to 

biotic and abiotic stresses (X. Wang et al., 2025). ERF TFs in 

particular represent the last downstream components of the 

ethylene transduction pathway by binding to the promoter regions 

of ethylene-responsive genes and transmitting the hormonal signal 

to the appropriate genes regulating specific processes (Klay et al., 

2018). 

191 AP2/ERF genes have been identified in tomato (Solanum 

lycopersicum L.) genome, compared to 176 and 254 genes found 

in eggplant (Solanum melongena L.) and potato (Solanum 

tuberosum L.) genomes respectively (Choi et al., 2023). Out of 

these, 77 genes putatively encode proteins belonging to ERF 

subfamily that have been divided into nine subclasses, A to J, based 

on specific motifs and aminoacidic sequences within the AP2 

domain. On the basis of their expression pattern, ERF genes can 

be even clustered in three main clades given their preferential 

expression in reproductive or vegetative tissues (Pirrello et al., 

2012). 

Being a climacteric fruit, tomato ripening depends on ethylene that 

regulates processes such as colour shift due to simultaneous 

breakdown of chlorophylls and accumulation of pigments and  

maintaining fruit quality during ripening (X. Wang et al., 2025). The 

role of ERF TFs in this process is well established, as demonstrated 
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by the expression pattern that a number of ERF genes show 

depending on the ripening stage (Liu et al., 2014, 2016). Based on 

these expression analyses, 19 genes were selected as the most 

suitable candidates in controlling the ripening process (Liu et al., 

2016). Among these, SlERF.E4 integrates ethylene and 

carotenoids synthesis pathways (Lee et al., 2012) and SlERF.B3 

regulates climacteric ethylene production and carotenoid 

accumulation (Liu et al., 2014) during ripening. Overexpression of 

SlERF.B3 -SRDX (chimeric dominant repressor version) provokes 

a significant delay in ripening as well as increased climacteric 

ethylene production (Liu et al., 2014). 

The function of many TFs belonging to the ERF family in the 

response to abiotic stresses, such as high salinity, drought, osmotic 

stress and low temperature, has been highlighted in different plant 

species, including Arabidopsis (Cheng et al., 2013), rice (Gao et al., 

2008; Wan et al., 2011) and tobacco (Wu et al., 2007; Zhang & 

Huang, 2010). In tomato, expression studies pointed out that some 

ERFs are regulated by many different abiotic stresses like 

wounding, osmotic stress, high/low temperatures etc (Z. Huang et 

al., 2004; Sharma et al., 2010; Tournier et al., 2003). A previous 

study showed that in tomato one group of ERFs is primarily linked 

to responses to cold and heat stress, while another group is 

expressed in reaction to salt, water, and flooding stresses (Klay et 

al., 2018). To further elucidate the role of single ERFs, experiments 

of overexpression and silencing have been performed: for example, 

SlERF.C6 overexpressing lines showed a high tolerance to drought 

and salt stress (Pan et al., 2012), while SlERF.B1-overexpression 

tomato plants exhibited lower tolerance to mannitol and drought 
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stresses (Y. Wang et al., 2022). Repression of SlERF.B3 reduced 

shoot development but at the same time stimulated root elongation 

upon salt stress and enhanced tolerance to cold stress (Klay et al., 

2014). On the contrary, compared with the control plants, SlERF.B3 

silenced plants were more sensitive to drought stress conditions 

(Liang et al., 2022). SlERF.C1 overexpressing lines highlighted cold 

tolerance (Zhang et al., 2009; Zhang & Huang, 2010), and 

SlERF.D6 conferred enhanced tolerance to drought and salt stress 

(Li et al., 2018). 

Among the other ERFs that respond to abiotic stresses, SlERF.F4 

(belonging to clade Ib) is still poorly characterised but holds a good 

potential. This gene shows a steady increase in expression levels 

during tomato fruit ripening (Liu et al., 2014) and has a moderate 

expression increment in response to cold, flooding, salt and drought 

stress (Klay et al., 2018). It is also directly regulated by the above-

mentioned SlERF.B3 that plays as an activator by directly binding 

to cis-elements in SlERF.F4 promoter (Liu et al., 2013), thus making 

its role in ethylene response clear. A negative correlation between 

SlERF.F4 and SlERF.C1 (Solyc05g051200) transcription was 

observed in the flesh of ripe fruits of Solanum pennellii IL 7-3 (Di 

Matteo et al., 2013), supporting the model of a transcriptional 

balance mechanism between SlERF.C1/SlERF.F4 in controlling the 

switch between alternative branches in the ethylene signal cascade 

(Di Matteo et al., 2013). 

In this perspective, the aim of this work is to perform a functional 

characterisation of SlERF.F4 to elucidate its role in tomato, 

particularly upon water deprivation conditions. To this end, 

CRISPR/Cas9 genome editing technology has been exploited to 
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create knockout SlERF.F4 mutants in tomato cv. Microtom. These 

mutants have been characterised from a physiological, molecular 

and biochemical point of view after a water deprivation regime, 

giving an insight in this gene’s role in abiotic stress tolerance.   

 

MATERIALS AND METHODS 

Target identification and vector construction 

Two gRNAs targeting SlERF.F4 (ID: Solyc07g053740) were 

designed using the online tool CRISPR-P 

(http://crispr.hzau.edu.cn/CRISPR2), both targeting the first exon of 

the gene (gRNA1: GCCATGGGGTCGTTACGCTG; gRNA2: 

GCTGGGTACTTTTGATACGG). The Golden Braid (GB) cloning 

system was exploited to assemble the transformation vector, 

following GB software-directed procedures 

(https://gbcloning.upv.es/). The vector contains: (i) the hCas9 and 

NptII genes, whose expression is driven by the CaMV 35S and nos 

promoters, respectively; (ii) the two gRNAs, followed by their 

scaffold sequence, under the control of the AtU6-26 RNA PolIII 

promoter. 

 

Plant material and genetic transformation 

Tomato cv.  ‘Microtom’ seeds were sterilized by soaking them in 

2.5% sodium hypochlorite for 20 minutes and then rinsed in sterile 

water three times. Sterilised seeds were placed on sterile 

germination medium (1/2 MS + 15 g/l sucrose + 8 g/l plant agar) in 

plastic boxes and kept at 25°C for 72h in the dark and for 10 days 

more on a day/night cycle of 16/8 hours. After two weeks, fully 

grown cotyledons were used for plant genetic transformation. 
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The final GB vector pDGB3_alpha1_Tnos:NptII:Pnos_U6-

26:gRNA1:scaffold_U6-26:gRNA2:scaffold _P35S:hCas9:Tnos 

was introduced into the Agrobacterium tumefaciens LBA4404 strain 

through heat shock. The A. tumefaciens inoculum preparation 

followed a three days protocol, as described in Maioli et al. (2024): 

ON growth at 28°C in MGL medium supplemented with selection 

antibiotics (streptomycin 50mg/l and kanamycin 50mg/l); 1:50 

dilution of the inoculum in TY supplemented with 200µM 

acetosyringone and ON growth at 28°C. On the third day, the OD600 

was measured and adjusted to a final OD600 of 0.10-0.15 in TY 

medium supplemented with 200µM acetosyringone. 0.5 cm wide 

explants were cut from the cotyledons and dipped in bacterial 

culture for 10 minutes, dried on sterile paper and placed for 48h on 

a co-culture medium in the dark. Callogenesis, shoot induction, 

elongation and rooting steps were performed following existing 

protocols (Qiu et al., 2007). After in vitro regeneration, fully 

developed plantlets (T0) were put in soil pots and acclimatised in 

growth chambers (temperature 25°C, RH 60%, 16 h light: 8 h dark 

photoperiod cycle, light intensity of 300 µmol m-2 s-1 PPFD). From 

genetic screening of T0 generation one plant was selected on the 

basis of editing outcome and self-pollinated to obtain T1 seeds. A 

second self-pollination step provided the homozygous mutated T2 

generation that was used for drought stress experiments. 

 

Molecular screening 

Genomic DNA was extracted from leaves from T0/T1/T2 plants using 

E.Z.N.A.® Plant DNA Kit (Omega Bio-Tek, Norcross, USA), 

following the manufacturer’s instructions. In order to amplify the 
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editing targets within SlERF.F4 gene, primers were designed on the 

genomic regions flanking the gRNAs (forward primer: 5’- 

AACAACAAAACCGGCTGACC-3’; reverse primer: 5’-

CCTCCAGTCAAATCCCTCGT-3’). KAPA HIFI Taq (Kapa 

Biosystems, Boston, USA) was used for PCR amplification with the 

following program: 1 cycle of 95°C for 3 min; 30 cycles of 98°C for 

20 sec, 60°C for 15 sec, 72°C for 30 sec; 1 cycle of 72°C for 1 min. 

Amplicons were purified with AMPure XP Beads 0.8X (Beckman 

Coulter) and then sequenced by Sanger method. The editing 

efficiency was evaluated by analysing the chromatograms using 

TIDE online tool (https://tide.nki.nl/). 

The screening for hCas9 presence was performed on genomic DNA 

using Dream Taq (Thermo Scientific) and specific primers targeting 

hCas9 (forward primer: 5’- GAAAGTTACCGTGAAACAGC -3’; 

reverse primer: 5’- CACGATTTCTCCTGTTTCTC -3’), following this 

program: 1 cycle of 94°C for 5 min; 35 cycles of 94°C for 30 sec, 

58°C for 30 sec, 72°C for 90 sec; 1 cycle of 72°C for 5 min. 

 

Drought stress analysis 

Five wild-type and five SlERF.F4 knockout mutants were grown in 

a climate chamber (temperature 25°C, RH 60%, 16 h light: 8 h dark 

photoperiod cycle, light intensity of 300 µmol m-2 s-1 PPFD) in pots 

containing 1:5 v/v perlite and soil-substrate (van Egmond universele 

potgrond). An aliquot of this soil was used to set the pots’ maximum 

water holding capacity (Patono et al., 2022). Plants were grown in 

a well-watered condition by watering to field capacity (above 75% 

of soil relative water content, SRWC) everyday around 10 am for 6 

weeks before the experimental imposed drought. To start the 
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drought experiment, irrigation was withheld to allow plants to slowly 

go into water stress.  

A portable Infra Red Gas Analyzer - IRGA (GFS-3000, Walz, 

Germany) was used to conduct steady state measurements of 

plant-to-atmosphere gas exchange on single leaves of replicate 

plants under 300 ± 5 µmol m-2s-1 light, adjusted by the additional 

IRGA light source (Patono et al., 2023). 

Assimilation rate (A), transpiration rate (E), stomatal conductance 

(Gs) and CO2 concentration in the sub-stomatal chamber (Ci) were 

calculated following von Caemmerer and Farquhar’s equations 

(Von Caemmerer & Farquhar, 1981); water use efficiency (WUE) 

was calculated as A/E. Statistical analyses were carried out with 

Student's t-test. 

Measurements were taken from 10:0 am to 02:00 pm both in 

watered condition (Day 0) and every day following drought stress 

application (Day 1-7). One leaf per plant was sampled at each 

measurement, frozen in liquid nitrogen and stored at -80°C. The 

total weight (soil, pot, plant) was also measured daily, and soil 

relative water content (SRWC) was calculated as percentage of 

moisture in the soil compared to the maximum water holding 

capacity.  

 

RNA extraction and expression analysis of ABA-related genes 

RNA was extracted from leaf samples (three biological replicates 

for each genotype) from wild-type Microtom plants and from 

SlERF.F4 mutants using Spectrum Plant Total RNA Kit (Sigma 

Aldrich, Saint Luis, USA) following the manufacturer’s instruction. 

qPCR analysis was performed on cDNA according to Ferrero et al. 
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(2024). The analysed target genes were chosen for their 

involvement in ABA metabolism (SlNCED1, SlNCED2, 

SlCYP707.A1, SlCYP707.A2, SlCYP707.A3).  

Tomato Actin (SlAct) and β-Tubulin (SlTub) were used as 

housekeeping genes. Information about primer sequences and 

target can be found in Table S1. The 2−ΔΔCt method was used for 

expression quantification based on Ct values of the target genes 

and the mean Ct value of the two housekeeping genes (SlAct, 

SlTub). Statistical analyses were carried out with Student's t-test. 

 

Expression analysis of genes involved in the Foyer-Halliwell-

Asada pathway 

Real Time qPCR analysis was performed using TaqMan 

technology. TaqMan assays for the target genes and the 

endogenous control were designed using the PrimerQuest™ Tool 

(https://eu.idtdna.com/). Specific primers and probes are listed in 

Table S2. TaqMan qPCR reactions were set using the PrimeTime® 

Gene Expression Master Mix (Integrated DNA Technologies, 

Coralville, Iowa, USA) following the manufacturer instructions. The 

qPCR analysis was run using a Quant Studio 6 Pro (Thermo Fisher 

Scientific). Gene expression data were normalized using the 

housekeeping gene Elongation Factor 1 (Solyc06g009970) as 

endogenous control. The reactions were prepared using 6.25 μL of 

Master Mix, 2 μL of primers (forward and reverse) at a concentration 

of 0.3 μM, 1.25 μL of probe at a concentration of 0.4 μM, and 1 μL 

of cDNA to obtain a final volume of 12.5 μL. For each tested sample 

three technical replicates were used.  
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Results were expressed as Fold Change (FC), namely logarithm in 

base 2 of the Relative Quantification. Data are being validated with 

statistical analysis by IBM® SPSS® Statistics software through 

Students T-test with 1000 bootstrap (p < 0.05). 

 

Analysis of leaf antioxidant capacity and leaf concentration of 

photosynthetic pigments 

Leaf antioxidant capacity was analysed following the procedure of 

Kerchev and Ivanov (2008) with some modifications. A total of 250 

mg of fresh sample was ground in liquid nitrogen and homogenized 

in 1.5 mL of 0.1 M sodium acetate buffer (pH 5.0). After vortexing 

for 10 minutes, the samples were centrifuged at 15,000 × g for 30 

minutes at 20 °C, resulting in two phases: a solid phase (Pellet B), 

which underwent sequential extractions with 1.5 mL of acetone, 

vortexed for 30 minutes in the dark, and centrifuged at 15,000 × g 

for 20 minutes at 20 °C. This process was repeated three times to 

obtain the supernatant “E”, containing lipophilic molecules, and a 

liquid phase (supernatant A), to which TCA was added to a final 

concentration of 10%. Supernatant A was incubated on ice for 5 

minutes and then centrifuged at 15,000 × g for 30 minutes at 4 °C. 

From supernatant A, two additional phases were obtained: a solid 

phase (Pellet C), mainly composed of proteins, which was 

resuspended in 0.5 mL of a 1:1 mixture of 6 M urea and 0.1 M 

acetate buffer (pH 5.0) to obtain supernatant C; and a liquid phase 

(supernatant D), containing primarily hydrophilic low-molecular-

weight antioxidant molecules such as glutathione, ascorbate, and 

phenolic compounds. 
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Supernatants C, D, and E were analysed using the ABTS assay. 

ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) was 

prepared by mixing 2.5 μL of 7 mM ABTS with 44 μL of 140 mM 

potassium persulfate (K₂S₂O₈). The mixture was left in the dark for 

12 hours to stabilize, then diluted with ethanol to achieve an optical 

density of approximately 0.70 ± 0.10 at 740 nm. For the assay, 1 

mL of the diluted ABTS solution was added to 100 μL of the extract, 

vortexed, and the absorbance was measured at 734 nm using a 

spectrophotometer. The blank consisted of 1 mL of diluted ABTS 

solution and 100 μL of extraction solvent, while ethanol was used 

to set the spectrophotometer to zero at 734 nm. Antioxidant activity 

was determined by generating a calibration curve using Trolox 

solutions and methanol at different concentrations, measuring their 

absorbance (Re et al., 1999). Results were expressed as mg Trolox 

equivalents per 100 g of dry weight. Additionally, supernatant E was 

spectrophotometrically analysed for absorbance at 470 nm, 645 

nm, and 662 nm to estimate the concentrations of chlorophyll a, 

chlorophyll b, carotenoids, and xanthophylls, based on the 

calibration curves reported by Lichtenthaler and Wellburn (1983). 

 

RESULTS 

Genetic transformation and molecular screening of SlERF.F4 

mutants 

The stable transformation of tomato cultivar ‘Microtom’ was 

performed introducing via Agrobacterium tumefaciens a 

CRISPR/Cas9 vector harbouring the hCas9 gene, the selective 

marker (nptII) and two gRNAs targeting the first exon of SlERF.F4 

gene. The in vitro regenerated plants were screened using Sanger 
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sequencing to assess the editing efficiency using the web tool TIDE 

for chromatogram analysis (Brinkman et al., 2018). The T1 plant that 

resulted to have the best allelic combination displayed a 

homozygous insertion (+1/+1) at the gRNA1 site and a homozygous 

deletion (-2/-2) at the gRNA2 site, ensuring a complete knockout of 

the protein functionality. This plant was self-pollinated to fix the 

mutation in the T2 generation that was then tested for drought stress 

tolerance assays.   

 

 

 

Figure 1 - SlERF.F4 mutants (A) and wild-type plants (B) after 7 days of water 
deprivation. 
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Effects of SlERF.F4 knockout on drought stress tolerance 

To elucidate the impact of SlERF.F4 knockout on drought stress 

mechanism, a water deprivation experiment was conducted on six-

week-old wild-type and SlERF.F4 T2 plants. Watering was withheld 

for one week and at the end of the 7 days stress period wild-type 

plants showed a severe wilting phenotype, while SlERF.F4 mutants 

remained turgid and healthy throughout the whole period (Fig. 1). 

The soil relative water content (SRWC) was measured, and all the 

plants showed a constant decrease during the whole stress period, 

as expected (Fig. 2). However, the water loss rate day per day 

resulted to be lower in SlERF.F4 mutants if compared to wild-type 

plants (10-15% lower in WT), probably due to a lower transpiration 

in mutated individuals. 

 

 

 

Figure 2 - SRWC of wild-type and SlERF.F4 mutants during the drought stress 
experiment. Each value represents the mean of five biological replicates ± SE. 
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Other key physiological parameters were monitored during the soil 

drying kinetics: assimilation rate (A), transpiration rate (E), stomatal 

conductance (Gs), CO2 concentration in the sub-stomatal chamber 

(Ci) and water use efficiency (WUE, calculated as A/E) (Fig. 3). To 

better analyse the data, these were ranged in three groups 

according to the SRWC identified: 85-95%, 55-65% and 25-35%. 

E and Gs values were significantly reduced in SlERF.F4 mutants if 

compared to wild-type plants at any SRWC range (Fig. 3B-C). A 

was significantly lower in T2 plants only at a SRWC range of 25-

35%, that corresponds to a severe stress condition (Fig. 3A), while 

Ci resulted significantly higher in wild-type plants in SRWC range of 

85-95% (no stress) and 55-65% (moderate stress) (Fig. 3D). In the 

same conditions (85-95% and 55-65%), WUE increased 

significantly in mutants in comparison with wild-type plants (Fig. 

3E). 

Despite showing a behaviour of reduced stomatal conductance, 

SlERF.F4 mutants did not seem to suffer from strong metabolic 

damage affecting carboxylation activity, thus resulting in Ci values 

similar between mutants and wild-type controls in severe stress 

conditions, and a higher WUE recorded in well-watered (85-95%) 

and moderate (55-65%) stress conditions. 
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Effects of SlERF.F4 knockout on stress-related gene 

expression under drought conditions 

Since SlERF.F4 mutants showed a more pronounced water saving 

behaviour during drought stress than the wild-type controls, further 

molecular analyses were performed to get a deeper sight into either 

Figure 3 - Leaf gas exchange of WT and SlERF.F4 T2 mutant lines during the 
drought period, according to the decreasing trend of SRWC: (A) assimilation 
rate, A; (B) transpiration rate, E; (C) stomatal conductance, Gs; (D) CO2 
concentration in the sub-stomatal chamber, Ci; (E) Water Use Efficiency, WUE. 
The data presented are the average values from five biological replicates ± SE. 
The asterisk indicates a statistically significant difference as determined by 
Student’s t-test (p ≤ 0.05). 
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the molecular reasons for this behaviour or the stress-triggered 

response mechanisms downstream of the stress perception.  

Abscisic acid (ABA) is a plant hormone known to play a crucial role 

in drought stress response regulation (Xie et al., 2024), so the 

transcriptional levels of some genes involved in ABA biosynthesis 

(i.e. SlNCED1, SlNCED2) and catabolism (i.e. SlCYP707.A1, 

SlCYP707.A2, SlCYP707.A3) were analysed (Fig. 4). In general, 

the biosynthetic genes, in particular SlNCED1, seemed to be 

upregulated during drought stress (day 2) (Fig. 4A) while genes 

responsible for ABA catabolism, especially SlCYP707.A1 and 

SlCYP707.A2, were downregulated in SlERF.F4 mutants (Fig. 4C-

D). On the contrary no significant differences were underlined in 

wild type lines. 

In parallel, drought stress can increase production of reactive 

oxygen species (ROS), that cause cellular damage, leaf wilting and 

lower photosynthetic efficiency in plants. On the other hand, ROS 

can act as signalling molecules triggering signal transduction 

pathways in response to environmental stresses (H. Huang et al., 

2019). The ascorbate-glutathione cycle (also called Foyer-Halliwell-

Asada pathway) mediates ROS metabolism and detoxification 

(Kunert & Foyer, 2023), contributing to protection against oxidative 

stress damage in plants (Nadarajah, 2020). 

Therefore, the expression of genes involved in this pathway have 

been analysed, in particular ascorbate peroxidase (APX), 

monodehydroascorbate reductase (MDHAR), dehydroascorbate 

reductase (DHAR), glutathione peroxidase (GPX) and glutathione 

reductase (GR) (Tab. 1). A significant reduction in the 

transcriptional level of some APX, GPX and DHAR isoforms (in 
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particular, Solyc11g018550, Solyc12g056240 and 

Solyc06g075520) was detected in SlERF.F4 mutants under stress 

conditions (day 2) if compared to the well-watered state (day 0). 

 

 

 

Figure 4 - Transcriptional levels of ABA-related genes (SlNCED1, SlNCED2, 
SlCYP707.A1, SlCYP707.A2, SlCYP707.A3) during the drought assay. The 
values are expressed as relative mRNA abundance in control (day 0) and 
stressed (day 2) plants. Tomato actin and β-Tubulin genes were used as 
housekeeping genes. Data are means of three biological replicates ± SE. An 
asterisk indicates a statistically significant difference as determined by a 
Student’s t-test (p ≤ 0.05). 
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Target 

transcript 
Annotation 

Time 

point 

 Leaf 

 Wild-type  
ERF.F4 

mutant 

Solyc11g018550 APX 
Day 0  0.00±2.79  1.05±0.66 

Day 2  0.36±0.35  -0.77±0.63* 

Solyc06g005150 APX 
Day 0  0.00±1.91  0.59±0.69 

Day 2  0.16±0.21  -0.17±0.61 

Solyc06g060260 APX 
Day 0  0.00±0.94  0.05±0.45 

Day 2  1.66±1.24  0.21±0.35 

Solyc09g007270 APX 
Day 0  0.00±1.45  -1.60±0.63 

Day 2  -0.85±0.24  -3.01±0.74 

Solyc06g083620 APX 
Day 0  0.00±1.44  -0.98±0.73 

Day 2  -0.51±0.16  -1.75±0.79 

Solyc08g080940 GPX 
Day 0  0.00±0.93  -0.23±0.43 

Day 2  0.61±0.05  -1.11±0.52 

Solyc12g056240 GPX 
Day 0  0.00±0.60  0.56±0.45 

Day 2  -1.35±0.20*  -0.62±0.15* 

Solyc02g086710 MDHAR 
Day 0  0.00±0.64  -0.49±0.76 

Day 2  0.42±0.40  -1.31±0.44 

Solyc11g011250 DHAR 
Day 0  0.00±1.19  -0.57±0.55 

Day 2  -0.54±0.88  -1.24±0.60 

Solyc06g075520 DHAR 
Day 0  0.00±0.61  0.25±0.50 

Day 2  -0.42±0.54  -1.57±0.59* 

Solyc09g065900 GR 
Day 0  0.00±0.52  0.28±0.63 

Day 2  0.11±0.32  -0.47±0.36 

Solyc09g091840 GR 
Day 0  0.00±1.14  0.24±0.51 

Day 2  0.62±0.12  -0.33±0.35 

 

 

 

 

Table 1 - Relative expression of transcripts involved in the redox homeostasis 
by RT qPCR using TaqMan technology in control (day 0) and stressed (day 2) 
plants. Mean value of three biological replicates ± standard error of the fold 
change expression is indicated. The Elongation Factor 1-alpha was used as 
endogenous control and the well-watered control plants were use as calibrators. 
* indicates statistically significant differences between day 0 and day 2 within 
genotypes at Student's t-test coupled with 1000 bootstrap re-sampling. 
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Biochemical analysis of stress-induced metabolic variations in 

SlERF.F4 mutants 

To evaluate the impact of drought stress on the photosynthetic 

machinery of the leaves, leaf concentration of photosynthetic 

pigments has been evaluated through spectrophotometric 

measurements (Fig. 5). The content of chlorophyll a, carotenoids 

and xanthophylls resulted to be higher in SlERF.F4 mutants in basal 

conditions (day 0) and remained significantly higher in mutants if 

compared to the wild-type controls during the first three days of 

water deprivation (day 1-3) (Fig. 5 A-C). The content of chlorophyll 

b was instead very similar between mutant and control plants for 

the whole duration of the analyses, apart from a peak in wild-type 

plants at day 1 (Fig. 5B). 

Figure 5 - Leaf concentration of (A) chlorophyll a, (B) chlorophyll b and (C) 
carotenoids and xanthophylls ± standard error at different time points of the 
water stress experiment (three biological replicates). * indicates statistically 
significant differences between SlERF.F4 mutant and wild type plants at 
different time points at Student's t-test coupled with 1000 bootstrap re-
sampling. 
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Leaf Trolox Equivalent Antioxidant Capacity (TEAC) was also 

measured to assess the antioxidant capacity of the leaves 

throughout the water deprivation experiment (Fig. 6). The 

antioxidant capacity of the hydrophilic fraction resulted significantly 

higher in SlERF.F4 mutants than in control wild-type plants from day 

0 to day 2 of the water stress experiment (Fig. 6A). Similarly, the 

protein fraction has a higher antioxidant capacity starting from day 

1 of the stress in T2 mutants, while their capacity is lower at day 0 

(well-watered state) (Fig. 6B). The antioxidant capacity of the 

lipophilic fraction instead showed strong variability during the 

experiment (Fig. 6C). The total fraction antioxidant capacity resulted 

significantly higher in SlERF.F4 mutants in the first two days of 

Figure 6 - Leaf Trolox Equivalent Antioxidant Capacity (TEAC) in the hydrophilic 
(A), lipophilic (B), protein (C) and total (D) fraction ± standard error at different 
time points of the water stress experiment (three biological replicates). * indicates 
statistically significant differences between SlERF.F4 mutant and wild type plants 
at different time points at Student's t-test coupled with 1000 bootstrap re-
sampling. 
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drought stress, while at day 3 the wild-type controls performed 

better (Fig. 6D). 

 

DISCUSSION 

Global warming and climate change are provoking an alarming 

increase in the frequency and intensity of combined stresses, both 

biotic and abiotic, that plants have to face. These stresses disrupt 

plant homeostasis affecting metabolic and physiological processes 

and limiting growth and production, therefore negatively affecting 

crop yields. As a result, the demand for new stress resilient varieties 

with the ability to withstand disturbances and to absorb the changes 

while maintaining the same performance is rising (Langridge et al., 

2021; Rivero et al., 2022). Drought stress in particular is one of the 

major constraints for crop production both in developing and 

developed countries, and it generally affects morphological and 

physiological characters, also impacting on transpiration and 

photosynthetic rate, stomatal conductance, leaf relative water 

content, water potential and chlorophyll content (Ilyas et al., 2021; 

Sakya et al., 2018). Therefore, plants have evolved different 

strategies to survive under drought stress conditions: (i) escaping, 

accelerating the plant’s reproductive phase before stress can hinder 

its survival; (ii) avoiding, standing with increased internal water 

content and preventing tissue damage; (iii) tolerating, enduring with 

low internal water content while sustaining growth over the drought 

period (Basu et al., 2016; Gupta et al., 2020). 

Under drought conditions, at the cellular level stress-protectant 

metabolites are produced, the antioxidant system is triggered to 

maintain homeostasis, and enzymes are deployed to prevent 
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cellular and membrane damage (Gupta et al., 2020). In addition, 

endogenous level of phytohormones like abscisic acid (ABA), 

jasmonic acid (JA), ethylene and salicylic acid (SA) are strongly 

influenced by drought stress and they play an important role in 

regulating plant growth and responses to water deficit conditions by 

triggering signalling pathways (Ilyas et al., 2021). All the aforesaid 

mechanisms are essentially regulated at the transcriptional level by 

transcription factors (TFs). This regulatory nature of TFs makes 

them interesting targets for modulating the downstream gene 

regulatory networks and for the development of climate-resilient 

crops (Manna et al., 2021). Since drought stress severely affects 

growth and production of tomato plants, many efforts have been 

made to produce stress tolerant varieties through genome 

engineering strategies manipulating expression of TFs involved in 

the stress response signalling pathways. For example, constitutive 

expression of the ABA-induced bZIP transcription factor 

SlAREB gene increased tolerance to water deficit and high salinity 

stresses in tomato plants (Hsieh et al., 2010); tolerance to the same 

stresses was also obtained through RNAi silencing of  SlbZIP1 (Zhu 

et al., 2018), while overexpression of SlbZIP38 significantly 

decreased drought and salt stress tolerance in tomato (Pan et al., 

2017). Moreover, RNAi mediated downregulation of SlNAC6 in 

tomato resulted in reduced drought stress tolerance, while 

overexpression of the same TF led to greatly enhanced stress 

tolerance with lower water loss rate and oxidative damage, and 

higher antioxidant activity but with a significant delay of growth (Jian 

et al., 2021). Similarly, overexpression of SlbHLH96 in tomato 

improved drought tolerance by increasing expression of genes 
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encoding stress-related proteins, antioxidants and ABA signalling 

molecules, by repressing the ABA catabolic gene SlCYP707A2 and 

by interacting with other TFs such as SlERF4 (Y. Liang et al., 2022). 

Among the TF families involved in plant stress response, ERFs 

represent the final step in the ethylene signal transduction pathway. 

Indeed, one of the responses to abiotic stresses is the production 

of ethylene, that induces different mechanisms that help plants cope 

with the stress (Mohorović et al., 2023). In particular, ethylene can 

influence stem and petiole growth and control stomatal aperture, 

thus leading to physiological changes (H. Chen et al., 2021). 

Furthermore, ethylene signalling can activate ROS scavenging 

enzymes, enhance the production of antioxidants, osmoprotectants 

and other stress-related proteins (Mohorović et al., 2023) and 

ultimately influence the expression of genes involved in stress 

response. Actually ERFs channel ethylene signalling to a selected 

set of genes required for adaptive strategies. Many ERFs have 

been demonstrated to respond to different abiotic stresses (Klay et 

al., 2018) and modulation of their expression conferred tolerance to 

drought stress (Li et al., 2018; Lu et al., 2010; Pan et al., 2012). 

SlERF.F4 is a member of tomato ERF family that is known to 

respond to abiotic stress but is still poorly characterised. Klay et al. 

(2018) demonstrated that its expression is moderately activated by 

cold, flooding, salt and drought stress. SlERF.F4 is also activated 

through direct interaction with its promoter by SlERF.B3 (Liu et al., 

2013), that when silenced caused an increase in drought sensitivity 

(Y. Liang et al., 2022). To get a deeper insight into the role of 

SlERF.F4 in drought stress response, we knocked out its 

functionality through CRISPR/Cas9 technology in tomato cv. 
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Microtom. We obtained a T2 edited generation with homozygous 

mutations in the gene’s sequence (leading to a functional gene 

knock-out) that was subjected to a water deprivation regime to 

assess drought stress tolerance. After 7 days of water deprivation, 

Slerf.f4 mutants had turgid and green leaves while wild-type plants 

showed severe wilting phenomena (Fig. 1). In parallel, SRWC and 

several ecophysiological parameters were monitored throughout 

the stress experiment and the ability to cope with water stress of 

Slerf.f4 mutants and wild-type controls resulted very different: 

edited mutants seemed to adopt a water saving behaviour. This 

hypothesis is supported by significantly lower values of stomatal 

conductance (Gs) and transpiration rate (E) recorded in Slerf.f4 

mutants in both well-watered and stressed conditions, coupled with 

a lower concentration of CO2 in the sub-stomatal chamber (Ci) in 

moderate stress conditions (Fig. 3). Water use efficiency resulted 

higher in mutants though, demonstrating that photosynthetic 

metabolism remained efficient despite stomatal closure (Fig. 3). 

SRWC resulted higher in mutants for the whole stress experiment 

(Fig. 2), presumably by reinforcing stomatal closure or preventing 

stomata opening that serves as a strategy for water conservation 

under drought stress. Overall, these findings suggest that knockout 

of SlERF.F4 in tomato promotes a drought avoidance strategy, that 

consists in lower transpiration and increased water use efficiency, 

thus avoiding dehydration and improving the performance during 

periods of water stress. Similar behaviours have also been 

observed in other tomato mutants, that adopted a drought 

avoidance strategy in response to changes in hormonal balance 
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(Maioli et al., 2024; Shohat et al., 2021) or in source-sink activity 

(Albacete et al., 2015). 

Many studies demonstrated that chlorophyll content is reduced in 

response to drought and that chlorophyll maintenance correlates 

with drought tolerance (Monteoliva et al., 2021). Monitoring 

chlorophyll content is thus a promising but underexplored strategy 

to breed for drought tolerance in tomato (Sousaraei et al., 2021). 

Some members of ERF family have been attributed a role in 

chlorophyll content regulation, such as the ABA-responsive 

SlERF.J2 that is a negative regulator of tomato leaf chloroplast 

development and chlorophyll accumulation (Y. Chen et al., 2023). 

Further characterisation of Slerf.f4 mutants showed that the 

knockout influenced leaf concentration of photosynthetic pigments. 

Indeed, mutants had a higher content of chlorophyll a, carotenoids 

and xanthophylls in both basal conditions and during the first three 

days of water deprivation, compared to wild-type controls (Fig. 5). 

Taken together, these results suggest that the knock-out SlERF.F4 

may increase the leaf concentration of photosynthetic pigments in 

mutants, leading to a less severe damage under drought stress. 

Another effect of water deficit on plants is the generation of high 

levels of ROS, that have a dual effect: they both act as signalling 

molecules triggering transduction pathways in response to stresses 

but also cause severe cellular damage because of their strong 

oxidative properties (H. Huang et al., 2019). This is particularly 

relevant for plants adopting a drought avoidance strategy that 

causes stomatal closure and reduced transpiration but in turn 

enhances the risks linked to leaves heating and reduction of 

photosynthesis (Cruz De Carvalho, 2008). To respond to increasing 
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levels of ROS, plants deploy different cellular antioxidant strategies 

to limit the damage.  

To assess the leaves antioxidant capacity upon water deprivation 

regime, Leaf Trolox Equivalent Antioxidant Capacity (TEAC) was 

measured (Fig. 6). The antioxidant capacity of the hydrophilic 

fraction resulted significantly higher in Slerf.f4 mutants both in well-

watered state and during the stress experiment, while the protein 

fraction had a higher antioxidant capacity during the stress period 

in T2 mutants. Taken together, these results suggest that the 

induced mutation in SlERF.F4 may increase the antioxidant activity 

in mutants leading to a less severe oxidative stress under drought 

stress. Recently it has been demonstrated that SlbHLH96 physically 

interacts with SlERF.B3, previously characterized as activator of 

SlERF.F4 (Liu et al., 2013), and the SlbHLH96–SlERF.B3 complex 

controls the expression of genes encoding antioxidants and stress-

related genes (Y. Liang et al., 2022). 

ABA is the main hormone regulating drought avoidance by inducing 

stomatal closure and regulating the expression of stress-responsive 

genes. ABA accumulation in plants is regulated by the delicate 

balance between its biosynthesis and catabolism: in particular, 9-

cisepoxycarotenoid dioxygenase (SlNCED) genes encoding 

enzymes involved in the limiting step of ABA biosynthesis have 

been identified in tomato (Ji et al., 2014; Sun, Sun, et al., 2012; Sun, 

Yuan, et al., 2012) and SlCYP707.A1, A2, A3, and A4 genes, 

encoding 8'-hydroxylases, were demonstrated to play a pivotal role 

in ABA catabolism (Kushiro et al., 2004; Saito et al., 2004). 

Transcriptional levels of these genes have been analysed through 

qPCR and up-regulation of SlNCED1 and down-regulation of 
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SlCYP707.A1 - A2 were detected in Slerf.f4 mutants upon drought 

stress in contrast with wild-type plants (Fig. 4). This suggests that 

knockout of SlERF.F4 may induce an increase in endogenous 

levels of ABA in tomato by promoting its synthesis and reducing its 

degradation, similarly to what has been highlighted in other tomato 

mutants (Maioli et al., 2024); this can positively affect the plant’s 

mechanisms to cope with drought stress in mutants. 

Considering that ERF TFs are responsive to ethylene but also play 

a role in controlling endogenous ABA levels, a crosstalk between 

these two hormones involved in drought stress response may 

emerge (K. Liang et al., 2023). Previous studies highlighted that the 

relationship between ABA and ethylene upon drought stress is 

usually antagonistic: for example, ABA limits ethylene biosynthesis 

to avoid inhibition of leaf growth (Sharp, 2002) and in turn ethylene 

limits ABA-induced stomatal closure (L. Chen et al., 2013). 

Moreover, ethylene can also replace ABA signals and induce 

stomatal closure through H2O2 (Wilkinson & Davies, 2010) and 

recent studies also suggested a synergistic interaction that 

enhances their biosynthesis (Müller, 2021). In our experiment, 

SlERF.F4 knockout removes a player from ethylene mediated 

response to drought stress and in turn activates ABA biosynthesis 

and reduces its catabolism, but the interaction still needs to be 

clarified. In a previous study ERF15 was identified as a positive 

regulator of plant cold tolerance in tomato. Further molecular 

evidence highlighted that the ERF15-CBF1/WRKY6 regulatory 

pattern contributed to ABA-mediated cold tolerance (Hu et al., 

2024). 
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In conclusion, in the present work we used a reverse genetics 

approach to shed some light on the role of SlERF.F4 in tomato. We 

characterised Slerf.f4 mutants from an ecophysiological point of 

view, analysed the transcriptional response and the changes in 

chlorophyll accumulation and antioxidant capacity under a water 

deprivation regime, demonstrating the involvement of the target 

gene in drought stress tolerance. The drought avoidance strategy 

adopted by the mutants promotes a water saving behaviour and a 

stomatal control of photosynthesis without compromising water use 

efficiency. This knowledge may contribute to the future 

development of new tomato varieties with enhanced tolerance to 

drought stress that could better respond to the challenging 

environmental conditions that climate change created in the last 

decades. 
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SUPPLEMENTARY MATERIAL 

 

Primer name Primer sequence Origin 

SlNCED1_for AGGCAACAGTGAAACTTCCATCAAG Sun et al - 2011-

doi:10.1104/pp.111.186866 

SlNCED1_rev TCCATTAAAGAGGATATTACCGGGGAC Sun et al - 2011-

doi:10.1104/pp.111.186866 

SlNCED2_for TGGTTTTCATGGGACATTCATTAGC Sun et al - 2011-

doi:10.1104/pp.111.186866 

SlNCED2_rev ATCTCCCTTCTCAACTCCCTATTCC Sun et al - 2011-

doi:10.1104/pp.111.186866 

SlCYP707.A1_for GTCCCATTGGGTGGACTAGC Karanja et al - 2021-

doi:10.3389/fpls.2021.658787 

SlCYP707.A1_rev GGTGGGGTTTGGGGTTGATA Karanja et al - 2021-

doi:10.3389/fpls.2021.658787 

SlCYP707.A2_for TCGAAAAAGGATACAATTCGATGCC Sun et al - 2011-

doi:10.1104/pp.111.186866 

SlCYP707.A2_rev CTGCAATTTGTTCGTCAGTGAGTCC Sun et al - 2011-

doi:10.1104/pp.111.186866 

SlCYP707.A3_for CTCATGTCCAGGCAATGAGTTAGCC Sun et al - 2011-

doi:10.1104/pp.111.186866 

SlCYP707.A3_rev GGAGCGAAGCTAGAATGAGAATCACC Sun et al - 2011-

doi:10.1104/pp.111.186866 

actin_for CAGCAGATGTGGATCTCAAA Li et al, 2019-doi.org/10.1186/s12870-

018-1627-4 

actin_rev CTGTGGACAATGGAAGGAC Li et al, 2019-doi.org/10.1186/s12870-

018-1627-4 

β-tubulin_for AACCTCCATTCAGGAGATGTTT Designed 

β-tubulin_rev TCTGCTGTAGCATCCTGGTATT Designed 

 

  Table S1 - Primers for ABA-related genes expression analysis 

 

Table S2 - Primers for expression analysis of genes involved in the Foyer-
Halliwell-Asada pathway (following page) 
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Gene name Primer ID Primer sequence 

SlAPX Solyc02g083620_Fw CAAAGGACGAAGAGGCTTTCT 

Solyc02g083620_Probe TGCAGAGTCACACAAGAAGCTCTCAG 

Solyc02g083620_Rv TTGAAGCAAGATGAAGGTGGT 

SlMDHAR Solyc02g086710_Fw TGTAATTGGTGGTGGCTACAT 

Solyc02g086710_Probe CACCAAAGAAGCAGCACATTCCATTCC 

Solyc02g086710_Rv GAGTAAATAGGCGGGCCATAC 

SlAPX Solyc06g005150_Fw TCTTTGACAACTCATACTTTACGGA 

Solyc06g005150_Probe CTGCTTTCCGCCCCCTTGTTG 

Solyc06g005150_Rv TCTTCATCCGCAGCATATTTCT 

SlAPX Solyc06g060260_Fw ACTGAAACTTCTCCAGCCTATC 

Solyc06g060260_Probe AGATTTATTCCAGCTGGCCAGTGCA 

Solyc06g060260_Rv GACACATCCATCCTCCCATATT 

SlDHR Solyc06g075520_Fw CTAGTGATTGTACTGAGCAGGC 

Solyc06g075520_Probe AGGCTTTGGAAGAGCATCTCAAGGC 

Solyc06g075520_Rv CCCATTGACATATGGTCCATGA 

SlGPX Solyc08g080940_Fw GTGAATGGTGATAATGCTGCTC 

Solyc08g080940_Probe TGAAATCAAGCAAAGGTGGGTTCTTTGG 

Solyc08g080940_Rv AGGAATTTGGAGAAGTTCCACT 

SlAPX Solyc09g007270_Fw TGAGTGGAGAGAAAGAAGGTCT 

Solyc09g007270_Probe CTCCAGCTACCATCAGACAAAGCACT 

Solyc09g007270_Rv GGCGGAAGACTGGATCTTCTA 

SlGR Solyc09g065900_Fw AACTCTACTCGGCTAAGAACATAC 

Solyc09g065900_Probe CGCCCATTTATCCCAGACATTCCTGG 

Solyc09g065900_Rv GCAAATCAAGGGCAGCATC 

SlGR Solyc09g091840_Fw ACTGGATGGCACCAAGATAAG 

Solyc09g091840_Probe ACTGGTAGTAGGGCTCATCGTCCA 

Solyc09g091840_Rv CAAGCTCAAGGCTTCATCTGA 

SlDHR Solyc11g011250_Fw AGAGCAGGCTTTACTTGATGAG  

Solyc11g011250_Probe TCAACGGAAATGAGGTATCTGCTGCT 

Solyc11g011250_Rv CTTTGGTCCAAGCGACAAATC 

SlAPX Solyc11g018550_Fw AGGAAATTGTTGCACTTTCTGG 

Solyc11g018550_Probe AGATCCAGACCAGAGCGTAGTGGT 

Solyc11g018550_Rv CAGTCCATGATTGTCCTCCAG 

SlGPX Solyc12g056240_Fw CTCTGACTATCGAGAGGGATATGA 

Solyc12g056240_Probe TCGATCCACATCGTTGAAGACTCAATGC 

Solyc12g056240_Rv TCAAACCTGCAATCAACAACTG 
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CONCLUSIONS 

 

In this thesis we explored the potential of new genomic techniques 

(NGTs), and particularly CRISPR/Cas9 technology, for 

improvement of Solanaceae species.  

In Chapter I, based on previous experiments in tomato that 

demonstrated that disabling of DMR6-1 enhanced the levels of 

endogenous salicylic acid and conferred broad-spectrum pathogen 

tolerance to the mutants (Thomazella et al., 2021), we targeted the 

ortholog gene in eggplant through a CRISPR/Cas9 approach. After 

stable transformation, in vitro regeneration and molecular 

screenings, we obtained homozygous Smdmr6-1 mutants that were 

subjected to pathogen assays to assess their tolerance to infection 

by two oomycetes, P. capsici and P. infestans. In vitro and in vivo 

pathogen assays highlighted a higher tolerance of the mutants if 

compared to the wild-type controls. Since salicylic acid is also 

involved in drought stress tolerance and experiments in tomato 

showed that Sldmr6 tomato mutants adopted a drought avoidance 

strategy under water scarcity conditions (Maioli et al., 2024), a 

future objective will be verifying if eggplant mutants have the same 

behaviour. 

In Chapter II, we aimed at implementing a new strategy for DNA-

free gene editing in eggplant through RNPs mediated transfection 

of protoplasts. We optimised a protocol that was previously 

developed in potato (Nicolia et al., 2021) to meet eggplant’s 

peculiarity and, after PEG treatment, we successfully obtained 

regenerated calli with editing on SmChl_H gene up to 96%. In order 
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to improve in vitro regeneration, which is always challenging in 

eggplant, we also explored the possibility of using lipofectamines 

for RNPs transfection. In this case, regeneration was rather similar 

to the PEG treatment but the percentage of calli that resulted edited 

was definitely lower. Further improvement of in vitro regeneration 

from edited calli and lipofection is clearly needed before this 

technique can represent a valid alternative to stable transformation 

based on A. tumefaciens in eggplant. 

In Chapter III, the role of SlERF.F4 transcription factor in drought 

stress tolerance was investigated in tomato through CRISPR/Cas9 

mediated knockout and detailed characterisation of the mutants. 

After a 7 days water deprivation regime, Slerf.f4 mutants showed 

higher soil relative water content and milder symptoms if compared 

to non-edited controls, that were severely wilted instead. 

Ecophysiological parameters highlighted lower stomatal 

conductance and transpiration rate in the mutants, in parallel with 

higher water use efficiency. Further molecular and biochemical 

analyses showed that stressed mutants had a higher chlorophyll 

content, a higher antioxidant capacity and a different balance 

between expression of ABA biosynthetic and catabolic genes that 

could lead to accumulation of endogenous ABA. Altogether, these 

findings suggested that under water stress conditions Slerf.f4 

mutants performed better because they adopted a drought 

avoidance behaviour, that could lay the foundation for the 

development of drought stress tolerant varieties. 

Future perspectives of our research could include exploiting 

genome editing techniques on other target genes for genetic 

improvement of eggplant. For example, susceptibility genes other 
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than DMR6, such as MLO (Bai et al., 2008; Zheng et al., 2013) and 

PMR4 (R. Li et al., 2022; Santillán Martínez et al., 2020), have been 

identified and characterised in tomato and their editing in eggplant 

could provide new biotic stress tolerant lines.  

To improve nutritional value of eggplant’s berry, interesting ideas 

could be incrementing the content of healthy compounds or 

reducing the presence of molecules with detrimental effects on 

human nutrition. Editing of Sl7-DR2 gene caused accumulation of 

provitamin D3 in tomato by modifying a section of the phytosterol 

biosynthetic pathway, thus producing a biofortified food (J. Li et al., 

2022). A similar approach could be adopted in eggplant, since the 

ortholog gene has been retrieved in its genome. Moreover, steroidal 

glycoalkaloids are largely produced by Solanaceae species and are 

considered anti-nutritional factors because they affect the digestion 

and absorption of nutrients from food and might even cause 

poisoning in humans. Clusters of genes belonging to the GAME 

family that are involved in their metabolism have been identified in 

tomato and potato (Cárdenas et al., 2015) and their orthologs can 

be retrieved in eggplant genome, thus suggesting possible editing 

approaches to reduce the content of steroidal glycoalkaloids in 

eggplant’s berry. 

Technical improvements needed for the works presented in this 

thesis mainly concern in vitro regeneration, that is often inefficient, 

especially in eggplant both from cotyledonary explants and 

protoplasts. Optimisation of media composition and hormonal 

balance could of course enhance regeneration, but new strategies 

to avoid in vitro steps have emerged recently.  For example, Liu et 

al. (2024) proposed a method to induce de novo edited shoots in 
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tomato through viral delivery of both gene editing reagents and a 

cytokinin biosynthesis gene to latent axillary meristematic cells. This 

way, abundant and phenotypically normal edited shoots emerged 

from lateral buds with single or multiple gene edits fixed in the 

germline, making the mutation heritable. However, this approach 

has some drawbacks: it requires a Cas9-overexpressing line to be 

infected, and the induced edited shoots stably express Cas9 gene, 

and therefore should be considered as GMOs. To overcome these 

issues, another possible strategy for CRISPR delivery relies on 

grafting a wild-type plant on a compatible transgenic rootstock able 

to transfer mobile CRISPR RNAs to the recipient plant, enabling the 

generation of edited plants avoiding in vitro regeneration steps and 

integration of foreign DNA in the genome. This was demonstrated 

at first in Arabidopsis thaliana and Brassica rapa (Yang et al., 2023), 

but the same approach could be applied to solanaceous crops, such 

as eggplant and sweet pepper, that are recalcitrant to in vitro 

regeneration but can be efficiently grafted on wild related species 

like Solanum insanum or Solanum torvum, that could be 

transformed and regenerated.  

The importance of producing transgene-free genome edited plants 

derives from the requirements of EU legislation on GMOs. At the 

present time, all genetically modified organisms, including those 

produced through NGTs such as CRISPR/Cas mediated genome 

editing, require an authorisation for cultivation and consumption, but 

since 2023 the regulatory framework has been evolving towards a 

less strict approach towards plants obtained through NGTs. In 

particular, European Commission proposed a distinction between 

NGT category 1 plants, including those coming from NGTs, that 
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could be considered equivalent to those occurred naturally or 

through conventional breeding, and NGT category 2, still falling 

under current regulations on GMOs (European Commission, 2023). 

Since then, the European Parliament adopted a positive position on 

this proposal and on March 14th, 2025, the European Council 

supported the main elements of the proposal published by the 

European Commission. However, the Council suggested a number 

of changes in its negotiating mandate, taking into account 

environmental and health objectives, as well as concerns regarding 

patenting, so the mediation is continuing to agree on the final text 

of the regulation.  

In this perspective, plants deriving from the experiments presented 

in this thesis could be suitable for NGT category 1 and therefore 

could have a future application for in field cultivation: Smdmr6-1 and 

Slerf.f4 mutants (Chapter I and III respectively) have been self-

pollinated to segregate the CRISPR cassette away from the 

genome, leaving only the mutation in the target gene as a trace of 

the editing; plants regenerated from RNPs mediated editing in 

protoplasts (Chapter II)  never integrated any foreign DNA and the 

induced mutation is the only difference from wild-type plants.  

Furthermore, knocking out DMR6 and ERF.F4 genes in other elite 

cultivars different from those used for scientific research and more 

suitable for commercialisation could add value to our work, 

eventually reaching the field at the earliest possible opportunity.   
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