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Research highlights 

▪ Conventional breeding strategies have many limitations in citrus, 

New Genomic Techniques can be a valid alternative 
 

▪ Genotype, explant type, and other factors affect the regeneration 

potential and transformation efficiency of commercial citrus 

varieties  

▪ Transgenesis and genome editing can be successfully applied for 

the improvement of citrus quality traits and the development of 

new tolerant or resistant varieties 

▪ ‘Monreal’ de novo genome was assembled and its S-genotype was 

defined as S7S11, same as ‘Comune’ 

▪ RNA-seq analysis of self-pollinated pistils from both ‘Monreal’ 

and ‘Comune’ revealed the lack of expression of S7-RNase in the 

self-compatible genotype 

▪ RNA-seq of self-pollinated pistils from both ‘Monreal’ and 

‘Comune’ followed by gene ontology identified 2,965 DEGs, 

mostly showing oxidoreductase and transmembrane transport 

activity 

▪ ‘Monreal’ and ‘Comune’ RNA-seq analysis compared to the 

reference genome enabled the identification of 7,781 genes 

characterized by the presence of one or more SNPs among the two 

genotypes, mostly located on scaffold 7 

▪ Genome editing can be applied in citrus, most of the edited plants 

showed a high mutation rate of reads  

▪ The use of dual sgRNA approach can be efficiently used to 

knockout IKU1 gene in citrus, 16 edited plantlets have been 

obtained 

 

 



 

  



Abstract  

Seedlessness is a highly desirable trait for citrus fresh fruit and one of 

the factors that mainly contribute to its subsequent high market value. 

The presence of seed, often hard and having a bad taste are a big 

hindrance for consumers that prefer seedy fruits only when the 

seedless alternative is unavailable. In Citrus seedlessness is a complex 

trait and can be induced by different mechanisms, including the 

presence of triploidy, male or female sterility, parthenocarpy, if the 

fruit develops without ovules fertilisation, or stenospermocarpy, if the 

fruit contains partially formed seeds that have aborted after 

fertilization; another reason can be the presence of self-incompatibility 

(SI) reaction that prevents seed formation, especially if the variety is 

cultivated in isolated blocks in the absence of cross pollination. In 

order to elucidate and describe the genetic basis of SI mechanisms, an 

integrated approach based on both genomic and transcriptomic data 

was developed on clementine (Citrus clementina Hort. ex. Tan.), one 

of the most common varietal groups in the Mediterranean area. In 

particular, the genome of ‘Monreal’ clementine was de novo 

assembled and the S-genotype of ‘Comune’ clementine (self-

incompatible) and its natural self-compatible mutant ‘Monreal’ was 

defined as S7S11; RNA-seq comparison of self-pollinated pistils from 

both genotypes identified 2,965 differentially expressed genes, most 

showing an oxidoreductase and transmembrane transport activity and 

revealed the lack of expression of S7-RNase in ‘Monreal’. These data 

compared to the reference genome enables the identification of 7,781 

genes characterized by the presence of one or more SNPs among the 

two genotypes, mostly located on scaffold 7 containing the S locus 

suggesting their involvement in the SI regulation. 

The obtainment of seedless citrus varieties has been pursued for a long 

time using different techniques; the application of new-generation 

biotechnologies, also known as New Genomic Techniques (NGTs) 

represents a valid alternative to traditional techniques, such as 

hybridization, mutagenesis and selection, as it allows the introduction 



of precise modifications without altering the original genetic 

background of the variety considered. Among the NGTs, genome 

editing application seems powerful for the improvement of elite 

cultivars, especially for gene knockout or for the insertion of genes 

and mutations conferring novel features; in citrus it had been 

successful applied in editing genes involved in citrus canker 

susceptibility. Here, CRISPR/Cas9 system was successfully used to 

knock out IKU1, a gene involved in the regulation of seed size, since 

the loss of function mutations in HAIKU (IKU) pathway genes cause 

a decrease in the dimension of Arabidopsis mutant’s seed. Therefore, 

we used a dual-single guide approach on the homologous of IKU1 in 

citrus, transforming three seedy varieties, including two model species 

and one seedy sweet orange variety. Sixteen plants were analysed 

confirming that IKU1 gene and the translated protein were interrupted. 

In particular, among the edited plantlets, 4 samples displayed a large 

deletion of 327 bp present between the two cut sites of sgRNA1 and 

sgRNA2, while 2 samples showed an inversion. 

Phenotypic evaluations, that are still undergoing due to plant juvenility 

phase, will help to understand the role of IKU1 gene in HAIKU 

pathway and its importance for the obtainment of seedless new 

cultivars. 

 

 

Keywords: CRISPR/Cas9, self-incompatibility, clementine, 

genome editing, transformation, regeneration, seed 

  



Riassunto 

L’apirenia è una caratteristica molto ricercata negli agrumi e uno dei 

maggiori fattori che contribuisce al suo aumento di valore nel mercato. 

La presenza di semi nei frutti, spesso duri e di cattivo gusto, è un 

grande ostacolo per i consumatori che preferiscono i frutti con semi 

solo quando un’alternativa apirena non è disponibile. La mancanza di 

semi negli agrumi è un tratto complesso e può essere causato da diversi 

meccanismi quali ad esempio la presenza di sterilità maschile o 

femminile, la triploidia, la partenocarpia, quando la fecondazione 

dell’ovulo non avviene o la stenospermocarpia, quando invece lo 

sviluppo dei semi è interrotto a fecondazione avvenuta; in altri casi 

l’apirenia può essere causata da reazioni di auto-incompatibilità che 

impediscono la formazione del seme, specialmente se la varietà viene 

coltivata in blocchi isolati dove l’impollinazione incrociata è impedita.  

Per caratterizzare e descrivere le basi genetiche del meccanismo di 

auto-incompatibilità sono state studiate due varietà di clementina 

(Citrus clementina Hort. ex. Tan), uno dei gruppi varietali più diffusi 

nella regione Mediterranea. La cv. di clementine ‘Comune’ (auto-

incompatibile) e la cv. ‘Monreal’, il suo mutante naturale auto-

compatibile, sono state caratterizzate mediante un approccio 

integrativo che combina dati genomici e trascrittomici. In particolare 

è stato assemblato de novo il genoma di ‘Monreal’ ed è stato definito 

il genotipo del locus S delle due varietà, (‘Comune’ e ‘Monreal’) S7S11; 

il confronto delle reads ottenute tramite RNA-seq dei pistilli 

autoimpollinati di ‘Comune’ e ‘Monreal’ ha portato all’identificazione 

di 2965 geni differenzialmente espressi, molti dei quali sono 

responsabili di processi di ossidoriduzione e attività di trasporto trans-

membrana e ha permesso di rilevare la mancanza di espressione 

dell’RNasi S7 in ‘Monreal’. Questi dati, allineati con il genoma di 

riferimento hanno permesso di identificare 7781 geni caratterizzati 

dalla presenza di uno o più SNP presenti nei due genotipi, per lo più 

localizzati nello scaffold 7, lo stesso che contiene il locus S, 



suggerendo il suo coinvolgimento nella regolazione dei geni coinvolti 

nell’auto-incompatibiltà. 

L’ottenimento di piante di agrumi apirene è stato perseguito a lungo 

utilizzando diverse tecniche; l’applicazione delle biotecnologie di 

seconda generazione, anche note come Nuove Tecniche Genomiche 

(NGTs) rappresenta una valida alternativa alle tecniche tradizionali, 

quali l’ibridazione, la mutagenesi e la selezione, in quanto consente di 

introdurre modifiche precise senza alterare il background genetico 

originale della varietà considerata. Tra questi, l'applicazione del 

genome editing in agrumi sembra molto promettente per il 

miglioramento di cultivar selezionate, specialmente per il 

silenziamento genico o per l’inserzione di geni e mutazioni che 

portano nuove caratteristiche; esso è stato applicato con successo per 

la modifica di geni coinvolti nella suscettibilità al cancro degli agrumi. 

In questa tesi, il sistema CRISPR/Cas9 è stato utilizzato con successo 

per silenziare il gene IKU1, coinvolto nella regolazione della 

dimensione del seme; la perdita di funzione delle mutazioni nei geni 

del pathway di HAIKU (IKU) causa una diminuzione della dimensione 

del seme nel mutante di Arabidopsis. Pertanto, è stato utilizzato un 

approccio a doppia guida per l’editing dell'omologo di IKU1 negli 

agrumi; la trasformazione è stata realizzata in tre genotipi di agrumi 

con semi, due specie modello e una varietà di arancio dolce. Sono state 

ottenute e analizzate sedici piante, confermando l’interruzione di 

sequenza nel gene IKU1 e l’assenza di alcuni amminoacidi nella 

proteina tradotta. In particolare, tra le piante editate, 4 campioni 

presentano una grande delezione di 327 bp tra le due guide sgRNA1 e 

sgRNA2, mentre 2 campioni presentano un’inversione. Le valutazioni 

fenotipiche, al momento non possibili a causa della lunga giovanilità, 

consentiranno di verificare e confermare il ruolo del gene IKU1 e la 

sua importanza per l’ottenimento di nuove varietà senza semi. 

 

Parole chiave: CRISPR/Cas9, autoincompatibilità, clementina 

genome editing, trasformazione, rigenerazione, semi 
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1.1 Origin and economic importance of Citrus species in the 

world 

The genus Citrus belongs to the Rutaceae family, subfamily 

Aurantioideae, and the main cultivated species are sweet orange 

[Citrus sinensis (L.) Osb.], mandarin [C. reticulata Hort. ex Tan. and 

C. unshiu (Mak.) Marc. mainly], grapefruit (C. paradisi Macf.), 

pummelo [C. grandis (L.) Osb. or C. maxima], lemon (C. limon L. 

Burm. f.) and limes [C. aurantiifolia (Christm.) Swing. and C. 

latifolia]. 

 

In 2020, the worldwide cultivation of citrus, according to FAO, 

accounted for more than 10 million hectares, giving more than 

150.000 million tons. The most widely cultivated species are oranges 

(75 million tons, Figure 1.1), followed by clementines, mandarins, 

tangerines and satsumas (38 million tons), lemons and limes (21 

million tons), and grapefruits and pummelos (9 million tons). More 

than 80% of citrus fruits are consumed as fresh while the remaining 

are employed for industrial transformation, especially for juice 

production (FAO 2021). China (38 million tons), Brazil (19 million 

tons), and the United States (15 million tons) are the main citrus 

producers with some distinctions on the type of productive system: in 

China production is mainly marketed for internal use. Brazil is instead 

characterized by much larger farms and fruits are mainly employed for 

juice processing together with small and medium-sized growers that 

produce fresh fruit for the domestic market. In USA, citrus production 

is mainly centred in Florida, California, Texas, and Arizona where 

there are a range of small, medium, and large farms with a great deal 

of government oversight (Spreen et al. 2020).  

According to FAO, Italy produced 2,94 million tons of citrus in 2020 

corresponding to an average yield of 17 tons/ha with a harvested area 

of 145,100 ha (FAO, 2021). 
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Figure 1.1 World orange production in 2020. Map with the production quantities of 

oranges by country and the top 10 orange producers in the world (FAO 2021). 

 

Genomic, phylogenetic and biogeographic analyses suggest 

that citrus species originated during the late Miocene in the southeast 

of Asia, in a region that includes the eastern area of Assam, northern 

Myanmar and western Yunnan and that cultivated citrus arose from 

the natural interspecific hybridization between five ancestors: C. 
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medica L. (citron), Fortunella japonica (kumquat) C. reticulata 

Blanco (mandarin), C. maxima (L.) Osb. (pummelo) and C. micrantha 

Wester (a wild citrus belonging to Papeda subgenus) (Figure 1.2, 

Cuenca et al. 2018; Wu et al. 2018). Sexual hybridization between the 

ancestral species led to the development of modern varieties, such as 

lemons, sweet oranges and grapefruits, that growers kept, among their 

selection process, through clonal propagation (nucellar polyembryony 

or grafting). The phylogeny of the genus Citrus has been largely 

clarified thanks to the interrogation of the genomic variants among the 

Citrus species. 

 

 
Figure 1.2 Proposed origin of citrus and ancient dispersal routes. The five progenitor 

citrus species (C. medica, Fortunella, C. reticulata, C. micrantha, and C. maxima have 

migrated from the centre of origin, the triangle formed by north eastern India, northern 

Myanmar and north western Yunnan (blue arrows). Modified from Wu et al., 2018. 

 

Citrus cultivation is vulnerable to numerous threats; nowadays 

the most serious disease at the global scale is the Huanglongbing 
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(HLB, also known as citrus greening), which was first identified in 

Florida in 2005. HLB is causing severe economic losses due to the fast 

progression of symptoms coupled with the rapid dispersal, the lack of 

resistant commercial citrus varieties and the absence of a durable 

control mechanism. 

As an example, in recent years the USA production halved their 

production even though serval concauses contributed to such rapid 

decline (e.g.: the presence of citrus canker and some significant 

meteoric events such as storms and hurricanes), the appearance of 

HLB is certainly the main contributor to this decline together with 

main responsible factor. In particular, such a decrease in production 

was registered in Florida, in this state Citrus production registered a 

300% decrease with a production passing from more than 12 million 

tons to 4 million tons (Figure 1.3). 

 
Figure 1.3 Citrus Production by the USA States. USA production declined by 

nearly 50% in recent years due to many reasons, firstly the spread of HLB found 

in Florida since 2005. (USDA, 2020) 
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1.2 Citrus genetic improvement 

The progress made in citrus genetic and biotechnology research 

is changing the context of citrus breeding, potentially, accelerating the 

process and the release of new commercial varieties. Despite many 

limitations present in citrus for the application of sexual hybridization, 

clonal selection, induced mutagenesis and ploidy manipulation, these 

traditional methods are still used, enabling the selection of superior 

citrus cultivars; in the last decades the release of new genomes (Di 

Guardo et al. 2021; Wang et al. 2017, 2018; Wu et al. 2014) has 

opened a new possibility for many researchers to assess molecular 

mechanisms underlying agronomically-important traits, in some cases 

also characterizing genes responsible for a specific feature or involved 

in its regulation (Cuenca et al. 2018); this has important implications 

for the application of transgenesis and of new genomic techniques, 

(NGTs), including genome editing and CRISPR/Cas system. Due to 

the existence of some legal and ethical issues on the application of 

NGTs, at the moment the use of QTL discovery and the development 

of markers has become fundamental for the release of a new improved 

cultivar (Figure 1.4).  
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Figure 1.4 Citrus improvement trends. Overview of breeding goals, limitations, 

traditional and innovative approaches to overcome breeding challenges. 

 

Citrus breeding has focused on many goals, essentially the 

development of new scions and new rootstocks. Sour orange (C. 

aurantium) has been the most used rootstock since 1800, however, in 

the last decade the outbreak of pest and disease (like citrus tristeza 

virus, CTV and HLB) had accelerated the development and the 

selection of new resistant rootstocks, among the other Troyer and 

Carrizo citranges [C. sinensis (L.) Osb. × Poncirus trifoliata], Swingle 

citrumelo (C. paradisi Macf. × P. trifoliata) and more recently Sunki 

mandarin (C. sunki Hort. ex Tan.) and trifoliate orange (P. trifoliata) 

hybrid rootstocks.  

Among the most important breeding selection traits for fruit (Figure 

1.4) there are peel and pulp colour, especially the presence and the 

accumulation of anthocyanins and carotenoids has been shown to have 

many beneficial effects on human health (Lila et al., 2004); a particular 

fruit flavour is very important, sweet or sour with a unique and rich 
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aroma (Raveh et al. 2020) while in grapefruit and grapefruit-like 

varieties a low furanocoumarins level is preferred (Fidel et al. 2016). 

Other breeding targets, very important for mandarin and mandarin-

like groups, are fruit size and shape (from small and oblate to large 

and round fruits), seedlessness (fruit with less than 5 seeds) and ease 

of peeling, a trait determined by the degree of rind separation from the 

pulp (Raveh et al. 2020). Considering citrus production, yield and 

quality performance are also very important breeding goals, together 

with the harvesting and marketing period that should be as long as 

possible: the combination of different goals together, like the 

production of fruits with a long shelf-life obtained from cultivars that 

are disease resistant and stress tolerant is the biggest challenge for 

breeders, as it would ensure to growers the best profitability.  

 

1.2.1 Traditional breeding 

In citrus, as well as in all woody crops, the selection and 

development of novel varieties through traditional breeding are time-

consuming and expensive. Breeding efforts are hampered by some 

peculiarities that are common to other woody plant species, like the 

high heterozygosity, the prolonged juvenile period (3-5 years) and the 

long generation time, making the time needed from the selection of 

promising new cultivars to the evaluation till their commercial release, 

of up to 25 years (Caruso et al., 2020).  

For these reasons, the high diversity in terms of fruit quality and 

agronomical traits that are currently available for most citrus species 

is mainly due to the selection and asexual propagation of individuals 

originated by chance from bud sports (Peña et al., 2008). In addition, 

citrus are also characterized by a range of biological characteristics 

including non-climacteric fruit ripening and dormancy that makes the 

full utilization of the citrus variability difficult using conventional 

breeding techniques (Iglesias et al. 2007). Important limitations are 

also due to the difficulty to manage field evaluation for large progenies 
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and multigenerational breeding schemes of the fruit (Iglesias et al. 

2007). In addition, the complex, and rather uncommon, characteristics 

of the reproductive system require the set-up of specific breeding plans 

for citrus that must take into account that:  

- most of the important species show some degree of apomixis 

(thus adventitious embryos develop directly from nucellar 

cells limiting or precluding the development of zygotic 

embryos); 

- many genotypes show parthenocarpy and/or self- or cross-

incompatibility, and others show defective pollen and/or 

ovule sterility (Abouzari and Nezhad 2016; Pena et al. 2008; 

Raveh et al. 2020). 

Despite enormous constraints and the long time needed, citrus 

breeders have selected new improved cultivars through the years using 

traditional methods such as hybridization, clonal selection and 

induced mutation.  

Sexual hybridization has been applied all over the world both 

using diploid and triploid parents, especially to develop new 

mandarins, for example, the seedless mandarin ‘Primosole’ (Tribulato 

and la Rosa, 1993) and ‘Mandared’ (Russo et al. 2004) or for the 

development of new rootstocks like ‘Carrizo’ and ‘Troyer’(Savage 

and Gardner 1965); the application of this method is particularly 

complicated in citrus due to many aspects, first, the long time needed 

for fruiting, second the high heterozygosity that causes a strong 

variability in the progeny of a controlled cross and finally the presence 

of a large number of apomictic varieties that cannot be used as female 

parents in cross-hybridization (Cuenca et al. 2018; Raveh et al. 2020). 

Induced mutagenesis has been used widely in citrus, it ensures 

the obtainment of new varieties with a genetic background similar to 

the parent with some new features, like a different flesh colour (as 

‘Star Ruby’ pink grapefruit originated from ‘Duncan’) or the lack of 

seeds (for example the seedless ‘Tango’ was originated from a 
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mutation of ‘Nadorcott’ mandarin, Cuenca et al. 2018), thanks to the 

exposition of the woody budsticks to specific mutagenesis agents, 

especially gamma rays; this method can be applied easily, it does not 

need the knowledge of how a gene is controlled, is relatively rapid and 

cost-effective but it can result in chimeric mutation and a large number 

of mutated plants need to be evaluated to discover desirable stable 

mutations (Cuenca et al. 2018). Also, spontaneous mutations are 

relatively frequent in citrus and has generated many known varieties 

like for example the navel and the ‘Tarocco’ oranges. 

Despite the limitation described above, nowadays many 

breeding program around the world are still based on the expensive 

and time-consuming classical approaches; the selection of superior 

cultivars is done mainly through the generation of a large number of 

hybrid progenies screened in the field and/or in greenhouse with the 

help, if available, of markers for marker-assisted selection (MAS) 

(Caruso et al. 2020; Gill et al. 2022). 

 

1.2.2 Novel breeding techniques 

Since the 1990s, genetic transformation represented a 

promising and effective alternative for the genetic improvement of 

citrus. This is particularly true for transgenesis using Agrobacterium 

tumefaciens transformation and, at a less extent, polyethylene glycol 

(PEG) mediated DNA uptake process. In the last three decades, many 

traits were improved such as early flowering (Cervera, Navarro, and 

Peña 2009; Duan, Fan, and Guo 2010; Endo et al. 2005; Nishikawa et 

al. 2010; Peña et al. 2001; Pons et al. 2014; Velázquez et al. 2016), the 

tree architecture and the growth habitus (Distefano et al. 2013; 

Fagoaga et al. 2007a; Alessandra Gentile et al. 2004), the tolerance to 

abiotic stresses (Ali et al. 2012; Molinari et al. 2004; Orbović, Fields, 

and Syvertsen 2017), the improvement of fruit quality (Alquezar et al., 

2008; Dutt et al., 2016; Hijaz et al., 2018; Koltunow et al., 2000; Li et 

al., 2002, 2003; Pons et al., 2014) and the resistance to biotic stresses 



1. General Introduction 

23 

(CTV, Mal secco disease caused by Plenodomus tracheiphilus, citrus 

psorosis virus, citrus canker, Alternaria alternata, Phytophtora, 

HLB), the most limiting factors for citriculture worldwide (Boscariol-

Camargo, Takita, and Machado 2016; Chen et al. 2013; Cheng et al. 

2017; Dutt et al. 2015; Fagoaga et al. 2006; Gentile et al. 2007; 

Miyamoto et al. 2008; Narayan et al. 2010; Qiu et al. 2020; Reyes et 

al. 2011; Robertson et al. 2018; Soler et al. 2012; Zhang et al. 2010). 

An important contribution to the improvement of novel 

varieties is due to the development of the second-generation 

biotechnologies called new genomic techniques, NGTs (European 

Commission 2021) or new plant breeding techniques, NPBTs, 

(Eriksson et al. 2018a) that comprises genome editing and cisgenesis, 

techniques allowing the isolation of genes underlying the trait of 

interest and their precise modification or transfer into targeted 

varieties, without altering the unique characteristics of the original 

cultivar. 

The first application of genome editing in citrus fruits has been 

achieved in 2014 targeting phytoene desaturase gene (Jia and Wang 

2014a, 2014b) while other applications focused on the editing of genes 

involved in citrus canker susceptibility using Agrobacterium-

mediated transformation of epicotyl tissues or Xanthomonas citri ssp. 

citri (Xcc)-facilitated agroinfiltration (Jia, et al. 2017; Jia et al. 2017; 

Jia and Wang 2020a; Peng et al. 2017; Zhu et al. 2019). 

Other approaches aimed at accelerating the evaluation and the 

characterization of the transformed or edited plants (especially when 

the trait of interest is expressed in the flower or the fruit) were based 

on the reduction of the juvenility period. Successful attempts 

employed the overexpression of flowering meristem identity genes 

(Cervera et al. 2009; Peña et al. 2001) or citrus homolog of the 

flowering-time gene (Endo et al. 2005; Nishikawa et al. 2010; Pons et 

al. 2014) in juvenile tissues (Figure 1.5). Several authors focused on 

the use of mature tissue for transformation rather than the most widely 
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employed young tissue (Cervera et al., 1998, 2008; Dutt et al., 2018), 

or in the case of mandarins hybrids that are more difficult to transform 

with A. tumefaciens, protoplast or embryogenic calli can be a valid 

alternative (Dutt et al., 2018; Mahmoud et al., 2022). 

 

 
Figure 1.5 Early flowering CiFT transformed plants. Carrizo citrange plants 

transformed with a vector containing CiFT gene displays premature flowering three 

months after the beginning of the experiment. 

 

The use of biotechnology and the development of NGTs in 

citriculture is expected to potentially improve the efficiency of 

breeding programs. However, it must be considered that, at the 

moment, these plants cannot be cultivated for commercial purposes in 

the European Union (EU) by the current genetically modified plants 

(GMPs) legislation.  

Currently, the EU regulation is based on a product-oriented 

approach while many researchers propose to surpass this approach for 

a technique-oriented paradigm (Eriksson et al., 2019, 2020). The 



1. General Introduction 

25 

directive 2001/18/EC does not exclude NGTs that can mimic naturally 

occurring processes; in addition, the Directive’s Annex 1B list 

exempts ‘mutagenesis’ from the definition, but it is unclear if 

‘mutagenesis’ should be interpreted strictly, meaning a spontaneous 

mutation occurring naturally or it should also include the ones 

obtained through human manipulation, for example using gamma 

irradiation, and/or including precise mutagenesis techniques 

developed after 2001 (Eriksson et al. 2019).  

Over the last 10 years, the European Commission requested the 

European Food Safety Authority (EFSA) to develop a scientific 

position on the plants obtained through NGTs. EFSA has published 

three opinions, one on site-directed nuclease (SDN)-1, SDN-2 and 

oligonucleotide directed mutagenesis (ODM, EFSA et al., 2020), one 

on cisgenesis and intragenesis (EFSA, 2022a) and one on the safety 

assessment of plants developed through SDN-3 (EFSA 2012). In 

2022(b) EFSA better specify that the generation of new cisgenic 

and/or intragenic plants (and derived products) requires a case-by-case 

evaluation of the potential hazards; in addition, in a new statement 

(EFSA, 2022a) EFSA develop 6 criteria for the risk assessment of 

plants produced by targeted mutagenesis, cisgenesis and intragenesis 

(Figure 1.6).  
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Figure 1.6 Criteria proposed by EFSA. The decision tree summarizes the 6 

criteria for the risk assessment of plants developed through targeted mutagenesis, 

cisgenesis and intragenesis (EFSA, 2022a).  

 

 

1.3 Case study: the obtainment of seedless citrus fruit 

Seedlessness is a highly desirable trait for citrus fresh fruit and 

one of the factors that main contribute to its market value. Varieties 

are considered ‘seedless’ if the fruits have either no seed, traces of 
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aborted seeds or a much-reduced number of seeds; in particular citrus 

fruits with less than 5 seeds are considered to be seedless (Varoquaux 

et al., 2000; Gambetta et al. 2013). In citrus the presence of a large 

number of seeds greatly hinders consumer acceptability even if fruits 

are characterized by other positive organoleptic properties; seedless 

fruits are also more easily processed making the trait an important 

feature for varieties that are not intended for fresh consumption 

(Abouzari and Nezhad 2016; Vardi, et al. 2008).  

Two main seedlessness mechanisms (Figure 1.7) have been 

described in plants, depending on the time at which the development 

of the seed is arrested: parthenocarpy, if the fruit develops without 

ovule fertilisation, stenospermocarpy, if the fruit contains partially 

formed seeds that have aborted after fertilization. 
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1.3.1 Parthenocarpy 

The level of parthenocarpy can vary significantly among citrus 

species and it can require pollination (facultative parthenocarpy as for 

‘Star Ruby’ grapefruit) or not (obligatory parthenocarpy as for ‘Tahiti’ 

lime) (Vardi et al. 2008; Varoquaux et al. 2000). Another distinction 

can be made between "stimulative parthenocarpy", if the pollination 

stimulus is required to set seedless fruits or, "vegetative 

parthenocarpy" (referred also as autonomous or autonomic) if fruit set 

occurs without pollination or any external stimulus (Montalt et al. 

Figure 1.7 Seedlessness classification. Parthenocarpy and stenospermocarpy affect 

the seed development at different moment (modified from Varoquaux et al., 2000). 
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2021; Vardi et al. 2008). Parthenocarpy has been extensively studied 

and many researches highlighted a central role of endogenous 

phytohormones, especially auxins and gibberellic acid, coupled with 

epigenetic mechanisms that regulate fruit development; in addition, 

MADS-box transcription factors seem to play a role in the regulation 

of endosperm development and fruit set (Joldersma and Liu 2018; 

Vardi et al. 2008).  

The lack of seeds can be due to different mechanisms: (i) the 

presence of female sterility that can comprise ovule sterility, failure of 

the pistil development up to the functional stage and the early stage 

arrest of the seed development; (ii) male sterility that is related to 

pollen development and fertility; (iii) the presence of self-

incompatibility (SI) reactions that prevents seed formation in the 

absence of cross pollination (Montalt et al. 2021).  

In past years traditional techniques have been widely used for the 

obtainment of seedless new commercial clones of citrus. Seedless 

mandarin generated through irradiation programs include ‘Nero’ and 

‘Nulessin’ both originated from Clemenules’, ‘Orri’, generated from 

‘Orah’ hybrid (‘Temple’×’Dancy’), and ‘Tango’, originated from 

‘Nadorcott’ tangor (Cuenca et al. 2018; Pena et al. 2008). Selection of 

bud sport mutation has been used by Chinese breeders that through the 

years had identified 150 clones seedless or less seedy citrus plants, 

including ‘Shatian’ pummelo (Zhuang et al. 1994), ‘Shatangju’ (Zi-

xing et al. 2006), ‘Ponkan’ and ‘Xuegan’ sweet orange (Biswas et al. 

2020; Cheng et al. 1997). 

Seedlessness has been obtained also by conventional hybridization; 

among the examples, there are the seedless mandarin ‘Primosole’ 

obtained from the cross of the ‘Avana’ mandarin with the ‘Miyagawa’ 

satsuma (Tribulato and la Rosa 1993), and the seedless mandarin 

‘Nectar’ obtained by ’Wilking’ self pollination (Vardi et al. 2008). 

Triploid breeding programs had produced sterile plants using sexual 

hybridization of tetraploid parents, protoplast fusion, embryo rescue, 
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and ploidy analysis by flow cytometry (Aleza et al. 2012); among the 

triploids released there are ‘Mandared’ (Russo et al. 2004), ‘Safor’ and 

‘Garbì’(Aleza et al. 2010). 

In the last years, biotechnological approaches involving suicide 

genes expressed only in a specific tissue (i.e. the stigma or the 

tapetum) or at a specific time (for example during seedcoat 

development) could result in seedless fruits; Li et al., (2003) 

transformed ’Ponkan’ mandarin inducing male sterility, using the 

barnase suicide gene, a cytotoxic ribonuclease that destroys tapetal 

cells and controls its expression using a tapetal-specific promoter. 

Among the many high-quality seedless citrus varieties 

developed so far, ‘Tahiti’ lime [C. latifolia (Yu. Tanaka) Tanaka] and 

‘Oroblanco’ (C. grandis x · C. paradisi) that have a triploid origin, 

‘Satsuma’ mandarin (C. unshiu Marc.) and ‘Washington navel’ orange 

(C. sinensis) that display both female and male sterility and develop 

parthenocarpic fruit without pollination or fertilization (Iglesias et al., 

2007) are widely cultivated and appreciated by consumers. 

In self-incompatible varieties, seedless fruit occurs only if 

cross-pollination with compatible cultivars do not occur. SI is a 

mechanism that prevents self-fertilization and it is based on the 

discrimination between self- and non-self pollen. It has been classified 

into gametophytic or sporophytic depending on when (thus where in 

the style) the incompatible reaction occurs. In most citrus hybrids 

gametophytic SI is observed, this phenomenon is characterized by the 

arrest of the tube growth at 50% of the style, in other cases, the pollen 

germination is arrested earlier when the pollen is on the stigma 

(Newbigin, Anderson, and Clarke 1993).  

Different horticultural techniques have been reported to reduce 

the number of seeds in the fruit. The cultivation of self-incompatible 

parthenocarpic cultivars in orchards that are isolated (often several 

kilometers) from cross-pollinators can avoid cross pollination, despite 

it is not compatible with intensive commercial production conditions 
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(Chao 2005; Vardi et al. 2008); pollen dispersal distance was studied 

using fluorescent AFLP markers and was about 500m for ‘Clementina 

de Nules’ pollen and 960m far for ‘Nadorcott’ (Chao, Fang, and 

Devanand 2005).  

Another strategy is the use of anti-insect net coverage mostly in 

orchards where cross-pollination prevails, despite that air temperature 

and relative humidity can be altered under the net affecting the fruiting 

process both in terms of quality and yield (Otero and Rivas, 2017). 

Temperature has an important impact on citrus pollination and shifts 

from the optimal temperature affect the pollination performance and 

thus the production of seeds, inducing drastic modification to the male 

gametophytes (tapetal cells, microspores and pollen grains, Bennici et 

al. 2005; Distefano et al. 2012). 

Exogenous application of gibberellic acid (GA) and copper 

sulphate (CuSO4) can be used to reduce the number of seeds in citrus 

fruits.  

Fruit development involves three phases: the first is the fruit setting, 

when the ovary can abort or proceed with wall cell divisions in order 

to set the fruit, the second is cell division followed by the third, cell 

expansion, in which the fruit reaches its final size by increasing its 

volume (Varoquaux et al. 2000). During the first phase, fruit set is 

promoted by fertilization that induces GA synthesis in the ovule re-

activating cell division; pollinated ovaries of ‘Pineapple’ sweet orange 

shows an increase of GA level in pollinated ovaries at anthesis while 

in un-pollinated ovaries GA level was progressively reduced during 

and after the anthesis, leading to ovary abscission (Ben-Cheikh et al. 

1997). In high parthenocarpic fruits, like ‘Satsuma’, fertilization 

doesn’t occur and the autonomous activation of GA biosynthesis at 

anthesis in pericarp tissues activates ovary cell division determining a 

high proportion of fruits set. Facultative parthenocarpic fruits, like 

‘Clementine’, lack the initial autonomous GA biosynthesis, thus 

failing the transition from ovary to fruit set, so the application of 
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exogenous GA during flower blossom increases fruit set but is non-

effective in 'Satsuma' mandarin (Mesejo et al. 2008, 2016; Talon, et 

al., 1992). 

In ‘Nadorcott’ mandarin (known commercially as Afourer®), 

GA applicated during anthesis reduced the percentage of seeded fruits 

and seeds number per fruit, but the most efficient treatment was 

obtained using 50 mg/L of GA coupled with 25 mg/L of CuSO4 

(Gambetta et al. 2013; Otero and Rivas 2017). In fact, it has already 

been proved that copper sulphate, applied as a foliar spray at full 

bloom, increases the percentage of seedless fruits and reduces seeds 

number per fruit under cross-pollination conditions; the presence of 

CuSO4·5H2O reduced in vivo pollen germination and/or interrupted 

pollen tube development, preventing pollen tubes from reaching the 

embryo sac (Mesejo et al. 2006). 

 

1.3.2 Stenospermocarpy 

Stenospermocarpy was only occasionally observed in 

‘Valencia’ sweet orange (Koltunow et al. 1995) and described in 

’Mukaku Kishu’ cherry orange fruit (C. kinokuni Hort. ex Tan.), a bud 

mutant of the seedy ’Kishu‘ (C. kinokuni) that is diploid, produces 

seedless fruits even if cross-pollinated and can transmits its seedless 

characteristics to its progeny (Yamasaki et al. 2007, 2009); the use of 

this cultivar in the breeding program had led to the development of 

other stenospermocarpic varieties such as ’Southern Yellow’ 

(Yamasaki et al. 2007).  

‘Mukaku kishu’ and its seedless descendants are characterized 

by the presence of specific small seeds with an immature, soft, and 

edible seed coat (swollen seeds, classified as ‘type A’ in Figure 1.8) 

that differ completely from the seeds present in seedy cultivars, that 

had, in contrast, a mature, hard and dried seed coat (Figure 1.8). 

Histological investigation highlighted that, in the seedless varieties, 

the zygote of fertilized ovules divides into more cells but a few weeks 
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after pollination, it is inhibited mainly at zygote or proembryo stages. 

The arrest of seed development at an early stage after fertilization does 

not involve endosperm abortion (Yamasaki et al. 2007, 2009). The use 

of molecular markers and of segregating populations with full-sib 

families having the seedless C. kinokuni as a parent allowed the 

identification of the genomic region associated seedlessness and it 

seems that the process is controlled by a single dominant allele (Fs) 

with ’Mukaku kishu’ having Fsfs genotype (Chavez and Chaparro 

2011). 

  

 
 

Figure 1.8 Comparison of seeds present in C. kinokuni. On the left, ‘Mukaku 

kishu’ seedless cultivar; type A swollen seeds and squashed ovule-like seeds; on the 

right, ‘Hira kishu’ seedy cultivar that shows normal developing seeds (perfect), 

poorly developing seeds (imperfect) and ovule-like seeds (squashed seeds). (bar = 

0.5, Yamasaki et al., 2009) 

 

Few studies have tried to induce stenospermocarpy in self-

incompatible species grown under cross-pollination conditions: while 

Lewin and Monselise (1976) failed to produce seedless fruits spraying 

trees with naphthalene acetic acid, Mesejo and colleagues (2014) 

sprayed ‘Afourer’ tangor [C. reticulata Blanco × C. sinensis (L.) Osb.] 

with maleic hydrazide, a plant growth regulator that specifically 

interferes in the S phase of the cell cycle, and succeeds in inducing 
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fertilized ovule abortion applying it during the first and second week 

after anthesis. 

 

1.4 Aim of the thesis and its outline 

The dissertation project aims to provide novel insight on the 

obtainment of seedless citrus varieties through the use of NGTs. 

Firstly, this thesis focuses on the identification of candidate genes 

responsible for seedlessness in citrus fruits in order to use them to 

guide new seedless variety; among the many different mechanisms 

responsible for citrus lack of seeds, SI was chosen and deeply 

investigated through an integrative approach combining both genomic 

and transcriptomic analysis. In the meantime, regeneration and 

transformation potential of different citrus cultivars were investigated 

and optimized using different media combinations; NGTs were also 

studied and investigated to better plan the appropriate strategy to be 

used. CRISPR/Cas9 genome editing, one of the most famous NGTs 

was then applied to citrus using a gene chosen from literature involved 

in the control and the reduction of seed size in Arabidopsis. 

 

Results will be presented and discussed as follow:  

▪ Chapter II provides the state of art of NGTs in citrus and discusses 

the recent findings related to citrus transformation and 

regeneration protocols; limits and benefits of these techniques, 

together with factors affecting the successful application of 

transformation and genome editing in the manuscript ‘Recent 

Advances of In Vitro Culture for the Application of New Breeding 

Techniques in Citrus’ published the 24 July 2020 in the special 

issue of the journal Plants on the subject of ‘Advances in Genetic 

Engineering Strategies for Fruit Crop Breeding’. 

https://doi.org/10.3390/plants9080938. 
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▪ Chapter III investigated the genetic bases of SI, one of the 

different mechanisms responsible for the lack of seed in citrus 

fruits; transcriptomic profiles of clementine (Citrus clementina 

Hort. ex. Tan) ‘Comune’ (self-incompatible) and its natural self-

compatible mutant ‘Monreal’ were compared and many 

differentially expressed genes were identified, mostly showing a 

oxidoreductase and transmembrane transport activity. Genomic 

comparison revealed the S-genotype of these cultivar together 

with the presence of many SNPs, mostly located in the S-locus 

 

▪ Chapter IV describes the successful application of CRISPR/Cas9 

genome editing to reduce seed presence in citrus; the 

transformation was applied to three seedy genotypes, two model 

species and a cultivar of sweet orange, and the gene considered 

for the editing was of IKU1, the homologous of the one described 

in Arabidopsis HAIKU pathway, involved the regulation of seed 

size. Despite phenotypic evaluations of these edited plants are still 

not available, in 16 plants IKU1 gene resulted modified and thus 

the deduced amino acid protein showed a different structure. The 

manuscript reporting these data is in preparation and it will be 

soon submitted. 
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2. Recent Advances of In Vitro Culture for the 

Application of New Breeding Techniques in 

Citrus 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter was published as: 

Poles, L., Licciardello, C., Distefano, G., Nicolosi, E., Gentile, A., & 

La Malfa, S. (2020). Recent advances of in vitro culture for the 

application of new breeding techniques in citrus. Plants, 9(8), 938. 

https://doi.org/10.3390/plants9080938.  

https://doi.org/10.3390/plants9080938
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2.1 Abstract 

Citrus is one of the most important fruit crops in the world. This 

review will discuss the recent findings related to citrus transformation 

and regeneration protocols of juvenile and adult explants. Despite the 

many advances that have been made in the last years (including the 

use of inducible promoters and site-specific recombination systems), 

transformation efficiency, and regeneration potential still represent a 

bottleneck in the application of the new breeding techniques in 

commercial citrus varieties. The influence of genotype, explant type, 

and other factors affecting the regeneration and transformation of the 

most used citrus varieties will be described, as well as some examples 

of how these processes can be applied to improve fruit quality and 

resistance to various pathogens and pests, including the potential of 

using genome editing in citrus. The availability of efficient 

regeneration and transformation protocols, together with the 

availability of the source of resistance, is made even more important 

in light of the fast diffusion of emerging diseases, such as 

Huanglongbing (HLB), which is seriously challenging citriculture 

worldwide. 

 

Keywords: regeneration, transformation, genome editing, genotype, 

agroinfiltration, promoter, selectable-marker genes, disease resistance 
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2.2 Introduction 

Citrus is one of the most important fruit crops in the world. In 

2018, the surface devoted to citrus production totalled 11.1 million 

hectares, with a huge production of oranges (75 million tons), 

followed by clementines, mandarins, tangerines and satsumas (34 

million tons), lemons and limes (19 million tons), and grapefruits and 

pummelos (9 million tons) (FAOSTAT, 2019). 

However, the global citrus industry relies substantially on large-

scale monoculture, and it is threatened by several diseases with a great 

economic impact in the main production areas, such as China, Brazil, 

Mexico, United States, and some Mediterranean countries. 

The development of novel varieties with improved resistance to 

various pests and pathogens is one of the main aims of citrus breeding 

programs; conventional breeding strategy in citrus has demonstrated 

numerous limitations due to biological characteristics common to 

woody plants, such as long juvenile period, large size, long generation 

time, and also the lack of knowledge on how the most important 

horticultural traits are inherited. In addition, citrus display other 

limitations, such as nucellar polyembryony, self-incompatibility, and 

high heterozygosity, that genetic engineering and New Plant Breeding 

Techniques (NPBTs) (Eriksson et al. 2018b; Limera et al. 2017) can 

overcome, leading to the development of novel varieties with the 

incorporation of selected traits, while retaining the unique 

characteristics of the original cultivar. 

NPBTs include different biotechnological tools that are used to 

induce DNA modification, such as insertion, deletion, gene 

replacement, or stable gene silencing. Genome editing, or sequence-

specific nuclease technology, involves the production of a permanent 

and inheritable mutation in a specific DNA sequence that can be 

inaccurately repaired by the plants’ own repair mechanism (leading to 

gene knock-out), or that can be accurately repaired using a DNA-

repair template (leading to target mutation or gene replacement) 
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(Bortesi and Fischer 2015; Jinek et al. 2012; X. Liu et al. 2017). 

Cisgenesis or intragenesis approaches are based on 

transformation with genetic material from closely related species 

capable of sexual hybridization, in contrast to transgenesis, where 

genetic material can be mixed between species; in particular, while 

cisgenesis involves the use of a copy of a complete natural gene, 

intragenesis allows in vitro recombination of different gene elements 

(Lusser et al. 2012; Schouten et al. 2006). 

Other important techniques include trans-grafting, a method 

where a non-genetically modified (GM) scion is grafted on a GM 

rootstock leading to better performance of the top and to the 

production of GM-free fruits (Limera et al. 2017; Lusser et al. 2012), 

and RNA interference (RNAi), a mechanism activated by the presence 

of target double-stranded DNA molecules that results in the inhibition 

or suppression of gene expression (Chhetri et al. 2019; Martínez de 

Alba et al. 2013). 

Compared to other fruit tree species, some citrus varieties are 

really amenable to tissue culture (Grosser et al. 2000), and 

micropropagation and transformation have been widely used for many 

agronomically important varieties using different types of explants, 

such as epicotyls, shoot segments, protoplasts, and embryogenic cells. 

Among the others, in vitro juvenile tissues are the most used 

due to their high morphogenic ability and the polyembryonic nature of 

many cultivars that enables the production of true-to-type plants by 

seed germination; however, this strategy cannot be adopted in seedless 

varieties, such as ‘Navel’ oranges and ‘Satsuma’ mandarins or 

monoembryonic species like ‘Clementine’, where only the zygotic 

embryo develops from the seed (Dutt et al. 2018). To overcome this 

problem, other tissues with morphogenic potential, such as mature 

tissues or cell suspensions derived from embryogenic callus, need to 

be used for these cultivars (Dutt et al. 2010, 2018; Li et al. 2002). 

This review aims to summarize the progress achieved in citrus 
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genetic engineering, with particular focus on the transformation of 

juvenile and mature tissues, factors affecting the regeneration and 

selection of the transgenic shoots, and their main applications; new 

advances in citrus biotechnology, such as the use of selectable marker 

genes, inducible promoters, and genome editing will also be described. 

The availability of an optimized organogenesis protocol associated 

with an efficient Agrobacterium-mediated gene transfer system will 

contribute to a successful application of NPBTs and the development 

of novel varieties with improved quality features or resistance traits. 

 

2.3 Regeneration of Citrus for Genetic Transformation 

Citrus tissues are recalcitrant to regeneration and 

transformation; common systems use nucellar seedling internodes due 

to the polyembryonic nature of most citrus cultivars, but this cannot 

be applied to seedless genotypes or to species that are difficult to 

regenerate via organogenesis, such as mandarins. The use of cell 

suspensions or protoplasts obtained from embryogenic callus can 

represent a valid alternative for genetic transformation, to obtain plant 

recovery through somatic embryogenesis rather than the induction of 

adventitious shoots (Dutt et al. 2018; Omar et al. 2016). 

 

2.3.1 Genotype Influence 

The availability of an organogenesis protocol based on the 

culture of juvenile explants allowed the production of transgenic 

plants for many citrus species, with variable degrees of success in 

terms of transformation efficiency (TE) (Orbović and Grosser 2015; 

Pena et al. 2004); genotype is one of the main factors influencing the 

effectiveness of the protocol, as some genotypes are considered easy 

to transform (e.g., citranges (Citrus sinensis L. Osbeck. × Poncirus 

trifoliata L. Raf.) (Dutt and Grosser 2009; Peña et al. 1995), ‘Duncan’ 
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grapefruit (C. paradisi Macf.) (Dutt and Grosser 2009; Orbović and 

Grosser 2015), while others are regarded as recalcitrant (e.g., 

‘Clementine’ (C. clementina Hort. ex Tan.) (Cervera et al. 2008) and 

sour orange (C. aurantium L.) (Ghorbel et al. 2000)). 

Despite the narrow genetic diversity present in citrus (Wu et al. 

2014), the differences that exist between cultivars of the same species 

are sufficient to affect their organogenic response and the frequency 

of transformed explants after Agrobacterium infection (Table 2.1). 

 

Table 2.1 – Regeneration (RE) and transformation (TE) efficiencies of different 

citrus species. Explant types considered are epicotyl segment (ES), mature 

internode segment (MIS), and mature nodal segment (MNS) with buds removed. 

Species Cultivar 

Explant 

type 

RE 

(%) 

TE 

(%) Reference 
Citrus sinensis L. Osb. 

× Poncirus trifoliata L. 

Raf. 

'Carrizo' 

citrange ES 37.5 20.6 ## 

Citrus sinensis L. Osb. 'Valencia' ES 28.8 23.8 ## 

Citrus sinensis L. Osb. 'Valencia' MIS 9.12 0.88 ## 

Citrus sinensis L. Osb. 'Tarocco' MNS 74.7 9.1 ## 

Citrus sinensis L. Osb. 'Pineapple' MIS 23 6.1 ## 

Citrus sinensis L. Osb. 'Jincheng' ES 28.3 4.7 ## 

Citrus sinensis L. Osb. 'Jindan' ES 13 3.6 ## 

C. reticulata 'Sunki' × 

Poncirus trifoliata 

'Flying Dragon' 'US-942' MIS 29.42 3.96 ## 

Citrus clementina 'Clemenules' MIS 1.28 0.3-3 ## 

Citrus paradisi Macf. 'Ruby Red' MIS 10.70 1.05 ## 

Citrus medica L. 'Etrog' MIS 9.49 1.49 ## 

Poncirus trifoliata L. 

Raf. 

'Precocious 

trifoliate 

orange' ES 66.1 57.4 ## 

 

Among sweet orange cultivars, despite the fact that epicotyl 

explants of ‘Valencia’ and ‘Jincheng’ had similar regeneration 

potential (28.8% and 28.3%, respectively), they showed different 

percentages of TE, with the second cultivar being almost five-fold 

lower. The highest percentage is reached by P. trifoliata, a citrus 

related genotype with a short juvenile period particularly useful for 

functional genomics studies, and by ‘Carrizo’ citrange, one of the most 

responsive species to transformation among citrus; in all cases, the 
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transformation process reduces the percentage of regenerated shoots 

in all the examples shown (Table 2.1). 

2.3.2 Source of Explant Type 

Citrus epicotyls show a good in vitro morphogenic response, 

and therefore have been mostly used for the standardization of 

regeneration protocols (Singh and Rajam 2010); considering mature 

shoots, internodes of 1 cm have been used for the regeneration and the 

transformation of adult tissues in citrus (Almeida et al. 2003; Cervera 

et al. 2005, 2008). 

The use of thin sections of mature stems has been explored in 

sweet orange and has resulted in higher percentages of regenerated and 

transformed shoots (35% TE) (Kobayashi et al. 2003, 2017) with 

respect to longer internodes. 

Another alternative is the use of leaf discs, especially material 

from  propagated or greenhouse-grown plants, which would assure 

abundant supply and a low risk of contamination. In sweet orange, 

only a few reports have been successful; no bud induction was 

obtained on leaf discs of mature ‘Hamlin’ (Almeida et al. 2003) or 

‘Thompson’ navel (Esmaeilnia and Dehestani 2015), while a 

regeneration rate of 60% was reached using ‘Valencia’ (Khan et al. 

2009), and the TE of its leaves was 23.33% (Khan et al. 2012). 

Regeneration is possible through somatic embryogenesis that 

can be induced using appropriate culture media and starting from 

ovules of immature fruits (Omar et al. 2016); the embryogenic cell 

suspension obtained can be maintained and transformed directly, via 

Agrobacterium infection, or indirectly, isolating protoplasts (Dutt and 

Grosser 2010; Grosser and Gmitter 2011). Citrus protoplasts obtained 

from leaves are not totipotent and do not develop into somatic 

embryos, while the ones obtained from embryogenic cell cultures have 

the best potential for proliferation and embryo regeneration (Omar et 

al. 2016). Protoplasts are usually transformed using a polyethylene 
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glycol (PEG)-mediated DNA uptake process or via electroporation 

(Guo et al. 2005; Omar et al. 2007). 

 

2.3.3 Basal Media and Other Factors Influencing Organogenic 

Response 

Basal culture media influence the morphogenesis performance, 

and the most stimulating are MS (Murashige and Skoog 1962) and MT 

(Murashige and Tucker 1969), irrespective of the cultivar analyzed 

(Boscariol et al. 2006; Cardoso et al. 2010; M. Cervera et al. 1998; 

Dutt and Grosser 2009; Esmaeilnia and Dehestani 2015; Ghorbel et al. 

2000; de Oliveira et al. 2010); Woody plant medium (WPM) (Lyoyd 

and McCown 1980) is mainly used for the elongation of adventitious 

shoots to ensure a larger dimension to facilitate micrografting in vitro 

(Almeida et al. 2003; Cervera et al. 2008; Kobayashi et al. 2003). 

The efficacy of the medium in the regeneration process, in terms 

of hormone concentration, has been investigated among different 

cultivars. Many reports have shown a promotive effect in citrus shoot 

regeneration using low cytokinin concentration (1–3 mg/L), 

depending on the cultivar (Cervera et al. 2005; Rodríguez et al. 2008). 

The addition of cytokinin 6-Benzylaminopurine (BAP) was 

sufficient to induce organogenesis from mature and juvenile explants 

of many sweet orange genotypes, except for the ‘Navelina’ cultivar; 

to increase the regeneration efficiency of this genotype, an auxine, 1-

Naphthaleneacetic acid (NAA), was added to the regeneration 

medium containing BAP, increasing the percentages of callus growth, 

bud formation, and also TE (from 0 to 3%). The same treatment 

resulted in an opposite effect when applied to ‘Pineapple’ genotype, 

and a reduction of TE from 6 to 0% was observed (Rodríguez et al. 

2008). The same combination (BAP and NAA) in the regeneration 

medium gave good results for mature sweet oranges (‘Pera’, 

‘Valencia’, ‘Natal’, and ‘Hamlin’ (Almeida et al. 2003)), rangpur lime 
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(de Oliveira et al. 2010), and sour orange (Ghorbel et al. 2000); 

however, auxin supplementation did not improve the regeneration of 

‘Carrizo’ citrange, ‘Mexican lime’ (C. aurantifolia Swingle), lemon, 

rough lemon, ‘Cleopatra’ mandarin, P. trifoliata, C. macrophylla, and 

clementine (Pena et al. 2004; Rodríguez et al. 2008). 

When plant cells are subjected to stress, such as wounding or 

cutting, ethylene biosynthesis increases, affecting plant regeneration 

(Navarro-García et al. 2016). Different ethylene inhibitors have been 

evaluated in citrus tissue cultures. Among others, silver ions (Ag+) 

can interfere with ethylene receptors, improving cell regeneration; for 

example, the addition of AgNO3 had a weak effect on ‘US-942’ 

rootstock regeneration compared to the influence of other 

phytohormones (Marutani-Hert et al. 2012). 

In addition, the use of antioxidants can improve regeneration 

and TE; for example, lipoic acid improved the transformation of 

epicotyl segments of ‘Mexican lime’ by five-fold compared to control 

explants (Dutt et al. 2011). 

Among the environmental conditions, photosynthetic radiation 

and incubation temperature are factors affecting the performance of in 

vitro tissue culture; in particular, it was reported that temperature of 

approximately 27°C was adequate for the development of adventitious 

buds in sweet orange seedlings (Duran-Vila et al. 1992), and a period 

of incubation in darkness promotes an organogenesis response. 

Organogenesis from mature internodes of ‘Pera’, ‘Valencia’, ‘Natal’, 

and ‘Hamlin’ oranges occurred directly from the explants without 

intermediate callus formation with a continuous 16-h photoperiod, and 

indirectly in darkness culture. Histological sections showed structural 

changes in the cambium with an intense cell proliferation at both cut 

ends after 15 days of culture (callus proliferation), and several 

meristematic regions differentiated from the callus tissues, leading to 

the formation of adventitious buds after 30 days (Almeida et al. 2003); 

similar observations were reported in sweet orange regeneration and 
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grapefruit (Marutani-Hert et al. 2012). 

 

2.4 Citrus Transformation Protocols 

Since the first attempt in citrus transformation in 1989 

(Kobayashi and Uchimiya 1989) that used a PEG-mediated strategy 

on protoplasts, Agrobacterium-mediated transformation has been 

shown to be the most widely used method, and approximately 90% of 

the transgenic plants were produced using this methodology (Gong 

and Liu 2013). 

The most used protocol for juvenile tissue explants 

transformation starts with the preparation of epicotyl segments; after 

Agrobacterium infection, explants are blotted dry and placed on 

cocultivation medium for 3 days at low light intensity. Subsequently, 

explants are transferred on regeneration and selection medium for 2 

weeks in the dark until the formation of a white callus and then in a 

16-h photoperiod with light; among the different protocols published 

for genetic transformation of citrus seedlings, few differences in the 

medium composition are reported (Dutt and Grosser 2009; Orbovic et 

al. 2015; Sendin and Filippone 2019). Difficulties in the low rooting 

efficiency of regenerated shoots (Duran-Vila N. 1989; Peña et al. 

1995) were circumvented by the use of in vitro shoot micrografting 

(Peña et al. 1995) and minigrafting (Marques et al. 2011) onto 

decapitated seedlings of citrange germinated in vitro. 

Besides many factors affecting the transformation, 

preincubation of explants in a hormone-rich medium prior to bacterial 

infection have been shown to increase the genetic transformation rates 

(Birch 1997; Dutt and Grosser 2009; Orbović and Grosser 2015; Peng 

et al. 2019), activating cells at the cut end of explants and stimulating 

their divisions and de-differentiation. In juvenile tissues, 3 h of 

incubation in a MS medium supplemented with 13.2 μM BAP, 0.5 μM 

NAA and 4.5 μM 2,4-D was sufficient to increase the morphogenic 
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competency in ‘Carrizo’ citrange, ‘Duncan’ grapefruit, ‘Hamlin’ 

orange and ‘Mexican lime’ (Dutt and Grosser 2009), while for sour 

orange, a pre-culture of 1 day in MS medium containing 1 mg/L BAP 

and either 0.3 mg/L NAA or 0.3 mg/L 2,4-D, resulted in a stress 

response (Ghorbel et al. 2000); also in the transformation of stem 

segments of adult ‘Tarocco’ oranges, the preincubation period of 6 h 

was sufficient to increase TE, while a prolonged period resulted in 

explant necrosis (Peng et al. 2019).  

In mature tissues, a cocultivation phase after Agrobacterium 

infection in medium rich in auxin and in darkness conditions promotes 

hormone enrichment in the infected cells and stimulates callus 

formation (Cervera et al. 2005, 2008; Magdalena Cervera et al. 1998; 

Rodríguez et al. 2008). 

The majority of Citrus species are recalcitrant to 

Agrobacterium-mediated transformation; in fact, this genus is not a 

natural host for A. tumefaciens, and so their mutual interaction has not 

evolved at the optimum level, as for other species (Singh and Rajam 

2010). To increase the rate of success, the disarmed hypervirulent A. 

tumefaciens strain EHA105, a derivative of the most virulent strain, 

A281 (Magdalena Cervera et al. 1998; Ghorbel et al. 2001; Pena et al. 

1998), or AGL-1 (Orbovic et al. 2015) were used, and the insertion of 

additional copies of vir genes from A. tumefaciens enhanced the 

transformation efficiency (Cervera et al. 2008; Ghorbel et al. 2001). 

Acetosyringone, a phenolic compound secreted by wounded plant 

tissues, can stimulate vir gene activation, and its addition increased the 

TE in juvenile explants of ‘Carrizo’ citrange (Cervera et al. 1998) and 

sweet orange (Dutt and Grosser 2009), but had no effect on ‘Duncan’ 

grapefruit and ‘Mexican lime’ (Dutt and Grosser 2009). 

For citrus species that are difficult to regenerate via 

organogenesis, such as mandarins, the use of cell suspensions or 

protoplasts obtained from embryogenic callus can represent a valid 

alternative for genetic transformation (Dutt et al. 2018). 
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Agrobacterium-mediated transformation strategies using cell 

suspension cultures, seed-derived epicotyl segments, mature stem 

segments and PEG-mediated transformation using protoplast 

strategies were compared in the transformation of recalcitrant ‘W 

Murcott’ (C. reticulata Blanco × C. sinensis L. Osbeck). Epicotyl 

segments and mature explants resulted in high regeneration efficiency 

(68% and 34%, respectively) and low TE (1.23% and 0.33%, 

respectively); juvenile cell suspensions and protoplasts showed higher 

TE, with values of 29% and 11%, respectively, with a large number of 

cells that were potentially amenable to transformation. Despite the fact 

that suspension cells offer the possibility to avoid chimeras due to the 

single-cell origin of regenerated somatic embryos, these techniques 

require a long time for regeneration and plant recovery compared to 

other strategies, and the regenerated plants are still juvenile, requiring 

years for production (Dutt et al. 2018).  

In addition, biolistic methods, recently applied for the 

transformation of epicotyl explants of ‘Carrizo’ citrange with low TE 

(0.3–1.9 transgenic shoots per paired shot), can be optimized and 

become a valid alternative to Agrobacterium-mediated transformation 

(Wu et al. 2016, 2019).  

Cultivation of plant cells and tissues with subsequent 

regeneration of the entire plants can be avoided using in planta 

transformation methods; this strategy was applied to ‘Shatian’ 

pummelo (C. maxima), ‘Jincheng’ and ‘Xinhui’ oranges, leading to 

TEs of 20.41% (Y. yan Zhang et al. 2017), 46.3%, and 39.5%, 

respectively (Hong et al. 2000); it is performed under non-sterile 

conditions and is faster than conventional tissue culture techniques; in 

fact, plants obtained using this method could be graft-propagated in 3 

months post-transformation. Briefly, the apical meristem and primary 

leaves of pummelo seedlings were removed, and the decapitated 

epicotyls were winded by Parafilm to form funnels for Agrobacterium 

inoculation; then, funnels were removed, and wounds were wrapped 
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with Parafilm and maintained in the dark. Following three days of co-

culture, Parafilm wrap was removed, and cotton balls saturated with 

selection agent were used to soak the wounds of putative transformed 

seedlings three times. Seedlings were then wrapped again with 

Parafilm, kept in the dark for two weeks and then transferred to a 

greenhouse with natural lighting.  

Citrus leaves can also be infiltrated with Agrobacterium for 

transient expression assays, useful for the characterization of gene 

function and the evaluation of candidate genes, e.g., ‘Duncan’ 

grapefruit (Figueiredo et al. 2011), ‘Eureka Frost Nuclear’ (Sendín et 

al. 2012), ‘Eureka Frost’, and ‘Lisboa Frost’ lemons, and ‘Troyer’ 

citrange (Enrique et al. 2011). 

Agroinfiltration procedure was implemented in ‘Mexican lime’ 

using intermediate-aged leaves and setting Agrobacterium 

concentrations and buffer composition (Li et al. 2017). In addition, a 

pre-treatment with Xanthomonas citri (Xcc) before Agrobacterium 

infection significantly enhanced transient protein expression in 

different citrus species (‘Duncan’ grapefruit, ‘Valencia’ orange, ‘Key’ 

lime, ‘Carrizo’ citrange, sour orange, and ‘Meiwa’ kumquat), eliciting 

cell divisions (Jia and Wang 2014a, 2014b). Xcc-facilitated 

agroinfiltration was used to hasten transgene function assays in 

Cre/lox (Jia and Wang 2014b) and Cas9/sgRNA systems (Jia et al. 

2016; Jia, Zhang, et al. 2017; Jia, Orbovi, and Wang 2019; Jia and 

Wang 2014b). 

 

2.4.1 Selectable Marker Strategy 

In most transformation systems, identification and selection of 

transgenic shoots are performed using genes that confer resistance to 

selective chemical agents, such as antibiotics or herbicides that are 

usually co-transformed with a gene of interest (Orbovic et al. 2015; 

Orbović and Grosser 2015); in citrus nptII (neomycin 
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phosphotransferase II from E. coli), confers resistance to the antibiotic 

kanamycin, which is commonly used (Pena et al. 2008), but once the 

transformation has taken place, the marker gene is not useful anymore, 

and it represents an undesirable obstacle for biosafety issues and 

public concerns (Ballester, Cervera, and Peña 2008, 2010; Zou et al. 

2013). 

The Citrus genus is highly heterozygous, and its long 

generation cycles make the segregation and removal of marker 

transgenes in the progeny difficult (Ballester et al. 2007; 2010). 

Under non-selective conditions, transformed and non-

transformed segments compete in the same space for shoot 

development, and non-transgenic events would be more competent to 

regenerate and prevailed over the transformed segments (Ballester et 

al. 2010; Rodríguez et al. 2008); moreover, the selection of transgenic 

plants directly by molecular analyses could result in gene silencing 

(Domínguez et al. 2002; 2004) and in laborious, expensive, and time-

consuming screenings. To avoid this risk, reporter markers, such as β-

glucoronidase (uidA or GUS), which needs the extractive assay to be 

detected, and green fluorescent protein (GFP, Figure 2.1), a viable 

reporter gene, can be used to rapidly screen and select transformed 

shoots (Cervera et al. 2008; A. Domínguez et al. 2002; Ghorbel et al. 

1999). 

Figure 2.1 - Callus and shoot in ‘Troyer’ citrange internode observed under a 

stereomicroscope with white light (a) and 480 nm-excited blue light (b); in the 

latter case, it is possible to discriminate the ‘escape’ callus (red) and the fluorescent 

transgenic shoot (green). Bar = 1 mm. 
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Type and concentration of the antibiotics influence the 

regeneration process, irrespective of the cultivar. De Oliveira et al. 

(2010) evaluated the regeneration of 3 cultivars of oranges, ‘Bahia’, 

‘Valencia’, and ‘Pera’, from adult tissues, testing different 

concentrations and types of antibiotics (timentine, cefotaxime, 

meropenem, and augmentin), and the best responses were obtained 

with 500 mg/L of cefotaxime. In addition, it was pointed out that, after 

transformation, in the selection and regeneration processes, different 

kanamycin concentrations had the smallest effects on the regeneration 

and TE compared to cytokinin type and concentration, and 50 mg/L 

kanamycin was sufficient to balance the growth of transgenic and non-

transgenic cells (Peng et al. 2019). 

Over the years, many efforts have been made to find alternative 

methods to replace the nptII selection system. One option is the 

phosphomannose isomerase (PMI)/mannose conditional positive 

selection system (manA gene, Joersbo et al. 1998; Miles and Guest 

1984), which promotes the growth of transformed cells capable of 

synthesizing PMI enzyme on a medium that has mannose as a carbon 

source. It was first used by Boscariol et al. (2003) in the 

transformation of sweet oranges, with TEs of 3–23% depending on the 

cultivar (‘Valencia’ 23.8%, ‘Natal’ 12%, ‘Pera’ 7.6%, and ‘Hamlin’ 

3%), and Ballestrer et al. (2008) concluded that it was an excellent 

candidate for citrus transformation, yielding TEs of 30% for citrange 

epicotyls and 13% for sweet orange mature internodes. Recently, PMI 

selection has been applied for the biolistic transformation of Carrizo 

citrange to increase the TE obtained with kanamycin selection, 0.7%, 

to 1.9% transgenic shoots per shot, avoiding the introduction of 

antibiotic resistance in plants (Wu et al. 2016, 2019). 

An ideal strategy for overcoming the biosafety problems 

associated with selectable marker genes is the direct production of 

transgenic plants containing only the gene of interest. Site-specific 

recombination systems enable the removal of the marker gene after 
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the selection phase through the use of the multi-auto-transformation 

(MAT) vector system. This method combines two elements, first a 

positive selection using the isopentenyl transferase gene (ipt, which 

catalyzes the production of a precursor of several cytokinins, Ebinuma 

et al. 1997), and then a site specific recombination system R/RS from 

Zygosaccharomyces rouxii (Sugita et al. 1999), in which the R 

recombinase removes the DNA fragment placed between two 

recognition RS sites from the transgenic cells after transformation.  

The MAT vector system was used in citrus transformation first 

by Ballester et al. (2007), but the excision of the RS fragment was not 

always efficient and precise due to the constitutive expression of the 

R recombinase gene, and the ipt marker was clearly distinguishable in 

sweet orange (Zou et al. 2013), but not in citrange (Ballester et al. 

2007). In 2008, Ballester et al. improved the MAT vector system using 

an inducible R/RS-specific recombination system with transgenic-

shoot selection through expression of the ipt gene and the 

indoleacetamide hydrolase/tryptophan monooxygenase (iaaM/H) 

marker gene, which causes the development of shoots exhibiting a 

characteristic shooty phenotype (Endo et al. 2002). In this case, R 

recombinase gene expression was controlled by the inducible GST-II-

27 promoter from maize (Endo et al. 2002; Lyznik et al. 2003), and 

the uidA reporter gene was included in the T-DNA but outside the RS 

fragment to facilitate the screening of regenerated shoots. The TEs 

obtained with this system were 7.2% for citrange and 6.7% in 

Pineapple orange, which were significantly lower if compared with 

kanamycin selection, which resulted in TEs of 40% and 15%, 

respectively; however, with this method regeneration of non-

transformed escape shoots was not precluded for any genotype 

(Ballester et al. 2008). 

Other site-specific recombination methods are based on the 

bacteriophage P1 Cre/loxP and on the yeast Flp/FRT (Lyznik et al. 

2003). In the Cre/loxP-mediated site-specific DNA recombination 
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system, Cre recombinase specifically recognizes loxP sequences and 

performs a precise autoexcision of the DNA segment between the two 

sites (Dale and Ow 1991). This technology has been used by Zou et 

al. (2013) in the genetic transformation of ‘Jincheng’ orange. The 

vector includes an ipt gene and Cre recombinase inserted between the 

two loxP recognition sites, while the GFP reporter gene was located 

outside to monitor the transformation; both Nosp and Cauliflower 

mosaic virus (CaMV35S) promoters were evaluated in driving Cre 

recombinase expression, and the first was more suitable (100% 

deletion efficiency compared to 81.8% of CaMV35S).  

Problems of chimerism and inefficient deletions can be avoided 

by limiting the expression of the Cre gene with the use of tissue-

specific (Boszorádová et al. 2014; van Ex et al. 2009; Hamzeh et al. 

2015; Kopertekh et al. 2010; Moravčíková et al. 2008) or inducible 

promoters, for example activated by heat shock (Chong-Pérez et al. 

2012; Cuellar et al. 2006; Dalla Costa et al. 2016). 

 

2.4.2 Role of the Promoter 

An important component to choose for the development of 

transgenic crops is the promoter element, which has an essential role 

in gene regulation at the transcriptional level; the characterization of 

gene regulatory sequences and their associated binding proteins 

provides valuable tools for plant genetic engineering.  

A wide range of promoters derived from plants, viruses or 

bacteria has been used in plant genetic transformation. In Citrus, the 

most used is the CaMV35S promoter (Odell, Nagy, and Chua 1985), 

which targets gene expression throughout the plant (Boscariol et al. 

2006; Cardoso et al. 2010; Cervera et al. 1998; Dutt and Grosser 2009; 

Ghorbel et al. 2000). 

The availability of promoters and gene regulatory sequences 

derived from citrus is particularly important in the generation of 
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intragenic or cisgenic plants, which use genetic material derived from 

the same species or from closely related ones. In addition, the 

availability of different constitutive promoters is important to avoid 

the risk of homology-dependent gene silencing caused by the use of 

the same constitutive promoters to express multiple transgenes (Meyer 

and Saedler 1996); Erpen et al. (2018) identified the regulatory 

sequences from the cyclophilin (CsCYP), glyceraldehyde-3-phosphate 

dehydrogenase C2 (CsGAPC2), and elongation factor 1-alpha 

(CsEF1) citrus constitutive genes, which exhibited constitutive gene 

expression in the vegetative tissues of transgenic ‘Hamlin’ orange. 

Additional studies on the regulatory elements of these 

promoters will enable the use of compact transformation vectors 

containing only the regulatory components instead of the entire plant 

promoter, considerably larger than the commonly used viral promoters 

(Erpen Dalla Corte et al. 2020). 

In addition, in genetic engineering, a constitutive expression of 

the gene of interest is not always needed, and in many cases, gene 

expression could be limited to a particular developmental stage or 

particular organ or tissue. Promoters controlling spatio-temporal gene 

expression were evaluated in citrus. For example, the fruit-specific 

promoters that have been isolated thus far include the “type-3 

metallothionein-like gene”, which confers preferential expression in 

juice sacs (Endo et al. 2007), and the Cl111 promoter gene isolated 

from acid ‘Eureka’ lemon and acidless lime (C. limettioides Tan.), 

which is pulp and flower organ-specific (Sorkina et al. 2011). For 

putative seed-specific expression, the CuMFT1 promoter has been 

isolated from ‘Satsuma’ mandarin (C. unshiu Marc., Nishikawa et al. 

2008). 

Promoters that drive transgene expression preferentially to 

vascular systems were developed especially to target defence-related 

protein and to reduce or minimize expression in other parts of the 

plant. Among them, the citrus phenylalanine ammonia-lyase (PAL) 
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promoter (CsPP), which drives gene expression preferentially to 

xylem vessels, was useful against Xylella fastidiosa (de Azevedo et al. 

2006), while phloem-specific promoters could be useful for 

Huanglongbing disease, associated with a phloem-limited Gram-

negative bacterium. Dutt et al. (2012) evaluated the activity of four 

phloem-specific promoters in citrus transforming ‘Mexican lime’, and 

histochemical GUS analysis revealed vascular-specific expression of 

the gene at different levels, depending on the promoter. Rice tungro 

bacilliform virus promoter (RTBV, (Bhattacharyya-Pakrasi et al. 

1993) was the most efficient, followed by rolC from Agrobacterium 

rhizogenes (Schmulling, Schell, and Spena 1989), then Arabidopsis 

thaliana sucrose-H+ symporter (AtSUC2, Sauer and Stolz 1994) and 

Oryza sativa sucrose synthase l (RSs1, Miyata et al. 2012; Shi et al. 

1994). 

Specific phloem gene expression was also studied in Hamlin 

and Valencia oranges using the promoters C. sinensis phloem protein 

2 (CsPP2), A. thaliana phloem protein 2 (AtPP2), and AtSUC2; 

although the TE was low (from 0.2% to 4.5% among the two 

cultivars), the attA gene was preferentially expressed in the phloem 

(Tavano et al. 2019). 

Another possibility is the use of inducible promoters, especially 

pathogen-inducible promoters, to engineer plant lines with durable 

disease resistance and to avoid the presence and accumulation of 

antibacterial proteins in fruits. 

The A. thaliana heat shock protein 70B promoter was used in 

an Xcc-facilitated agroinfiltration experiment for the temporal control 

of transgene expression in ‘Duncan’ grapefruit; leaves subjected to 

agroinfiltration and incubation for 4 h at 42°C showed GUS staining, 

confirming the action of the inducible promoter in modulating GUS 

transient expression (Jia and Wang 2014b). 

Zou et al. (2014) evaluated the functionality of the pathogen-

inducible promoters PPP1 (Peng et al. 2004) and hsr203J (Pontier et 



2.-NBT in Citrus 

56 

al. 1994) from tobacco and glutathione S-transferase (gst1) from 

potato (Malnoy et al. 2006) to drive expression of the GUS gene in 

response to the Xanthomonas axonopodis pv. citri (Xac) pathogen; the 

PPP1 promoter was the most efficient promoter induced by Xac and 

wounding in transgenic ‘Jincheng’ orange. The promoter gst1 was 

used in 2009 by Barbosa-Mendes et al. (2009) to drive expression of 

the hrpN gene (from Erwinia amylovora (Burr.)) in ‘Hamlin’ 

transgenic plants and by Sendin et al. (2017) to control the expression 

of the Bs2 gene in ‘Pineapple’ orange, both resulting in a reduced 

susceptibility to citrus canker. 

The pathogenesis-related PR5 gene promoter, which is rapidly 

induced after X. citri infiltration upon wounding (Cernadas et al. 

2008), was used for driving the citrus MAPK (CsMAPK1) gene in 

‘Troyer’ citrange transgenic plants, reducing citrus canker symptoms 

(de Oliveira et al. 2013).  

Targeted expression is one of the most important aspects for the 

future development of value-added crops and for the application of 

NPBTs; public concerns about the use of pathogen-derived 

constitutive promoters have led to the isolation of plant-derived 

promoters that are more likely to be accepted and to the development 

of spatiotemporal gene expression that limits the presence of 

transgenes in the transformed cultivars (Dutt et al. 2014). 

 

2.5 Attempts to Reduce the Long Juvenility 

Like other woody plant species, citrus has a long juvenile phase 

that prolongs the time for agronomic evaluation, delaying the release 

of new varieties; this characteristic becomes even more severe when 

the genetic improvement concerns rootstocks in which the level of 

polyembryony and the evaluation of the effect on scions require a very 

long time to be considered. For these reasons, the search for mature 

material to be used as explant source is of paramount importance, 
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whereas most citrus genetic transformation systems utilize explants 

derived from juvenile tissues. 

In citrus, the reproductive stage starts after 5 to 10 years; this 

period can be shortened by several biotechnological strategies, like the 

use of genes involved in flower initiation, the use of mature plant 

tissues or the use of genotypes with short juvenile periods, particularly 

useful for citrus functional genomics (Duan et al. 2010; Yang et al. 

2007). 

In the latter case, seedling stem segments of precocious 

trifoliate orange, an extremely early flowering mutant from P. 

trifoliata that has a juvenile period of 1–2 years, were used by Tong et 

al. (Tong et al. 2009) and by Tan et al. (Tan et al. 2009); TEs of 57.4% 

and 20.7%, respectively, were recorded. In addition, kumquat (F. 

crassifolia Swingle), a species close to Citrus that has a juvenile phase 

of only 2–3 years and bears fruit several times per year (Yang et al. 

2007, 2016), and ‘Mini-Citrus Hongkong’ kumquat (F. hindsii), which 

shows a very short juvenile period of approximately 8 months (Zhu et 

al. 2019), were used. 

The over-expression of flowering meristem identity genes in 

juvenile tissues leads to a shorter generation time and was first used in 

citrus by Pena et al. (2001), transforming Carrizo citrange seedlings 

with the Arabidopsis LEAFY (LFY) or APETALA1 (AP1) genes and 

reducing the juvenility phase of transformed plants from 7 years to 

12–20 months. In the transgenic plants obtained, flowering remained 

under endogenous and environmental controls, and the new feature 

was inherited by the offspring; in particular, AP1-transgenic citranges 

were fully normal and behaved as rapid-cycling trees, showing a 

generation time of approximately one year from seed to seed, allowing 

faster propagation and genetic transformation studies, making 

possible the rapid evaluation of flower or fruit traits (Cervera et al. 

2009). The strategy was also applied to ‘Meiwa’ kumquat, which 

showed a TE of 4.08% using epicotyl segments (Duan et al. 2010).  
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Generation time was also reduced by the constitutive expression 

of the CiFT gene in trifoliate orange, the citrus homolog of the 

flowering-time (FT) gene in Arabidopsis; transformants flowered 12 

weeks after being transferred to the greenhouse (Endo et al. 2005; 

Nishikawa et al. 2010). ‘Pineapple’ orange was transformed to 

increase their β-carotene content with the simultaneous 

overexpression of the FLOWERING LOCUS T from sweet orange 

(CsFT); early fruiting phenotype (approximately 1 year after being 

grafted in the greenhouse) was observed, with two fruiting cycles per 

year displayed by transgenic plants, which enabled a rapid 

characterization of fruit quality traits (Pons et al. 2014).  

Another strategy is the use of virus vector based on citrus leaf 

spot virus (CLBV) expressing the CiFT gene, which promotes 

precocious flowering within 4 to 6 months in juvenile plants of several 

citrus species (Velázquez et al. 2016). 

Finally, the genetic transformation from mature tissues 

represents a valid strategy to bypass the long juvenile phases and to 

decrease the time and cost for the obtainment of new varieties for 

which fruit characteristics must be evaluated for years. For these 

reasons, quick and easy protocols for transformation of mature tissues 

are required to accelerate functional genomics studies, including a 

better understanding of genes underlying quality traits (Rodríguez et 

al. 2008). 

The use of adult tissues in fruit crops for in vitro culture is 

hampered by the high level of contamination and the reduction or loss 

of morphogenetic abilities (Almeida et al. 2003), in fact, the transition 

between juvenile and adult stages results in a progressive loss of 

competence for organogenesis and embryogenesis (von Aderkas and 

Bonga 2000). However regeneration from adult somatic tissues is 

highly recommended for clonally vegetatively propagated fruit tree 

crops, in order to maintain genetic uniformity of the cloned plants, 

especially for the highly heterozygotic species, such as citrus. 



2.-NBT in Citrus 

59 

Transformation of mature tissue of citrus was first described by 

Cervera et al. (1998) and has proven to be successful in the 

transformation of ‘Pineapple’ orange (Cervera et al. 1998), where it 

has led to the production of transgenic plants (6.1% TE) flowering and 

bearing fruits in 14 months after being transferred to the greenhouse; 

this system is also a valid alternative for the transformation of citrus 

seedless and monoembryonic varieties and was patented in Europe 

and the United States procedure (Pena et al. 1998). The protocol 

included three steps, starting with the ex vitro invigoration of source 

plant material by grafting adult buds onto juvenile vigorous rootstock, 

such as C. volkameriana. A second step consists of the optimization 

of tissue culture conditions to shift explant citrus cells to a competent 

state for Agrobacterium-mediated transformation and regeneration; 

explants are usually sterilized, co-cultivated with the engineered A. 

tumefaciens for 15 min, blotted dry on sterile paper and placed 

horizontally on co-cultivation medium rich in auxins for three days, 

with cocultivation at low light intensity. Internodes are then 

transferred to regeneration medium containing opportune hormones 

and antibiotics and are maintained in the dark for 2–4 weeks. Finally, 

in the third step, regenerated shoots are checked for their transgenic 

nature, micrografted onto decapitated seedlings of Troyer citrange 

germinated in vitro and acclimatized. 

This method was also optimized for the transformation of the 

more recalcitrant clementine increasing transgenic plant regeneration 

efficiency of this genotype from 0.3 to 3% (Cervera et al. 2008), 

although this genotype showed lack of bud uniformity in sprouting 

and morphology. In particular, the concentration of 2,4-D used in the 

co-cultivation medium was doubled from 2 to 4 mg/L (increasing 

transformation frequency by 1.7- to 2.3-fold), the co-cultivation 

period was reduced from three to two days, and the dark period after 

co-cultivation was extended from 2–4 to 5–6 weeks. As clementine 

was more recalcitrant to A. tumefaciens infection, additional copies of 
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virG and virE were introduced into the plasmid used in the 

transformation, which led to a consistent enhancement of transformed 

plants obtained from 1.5- to 2.3-fold. In clementine, only regeneration 

under non-selective conditions was adequate to recover a sufficiently 

large number of transgenic shoots, distinguished by the GUS test or 

GFP visualization; they also lowered the kanamycin concentration to 

25 mg/L. However, while an increase in callus induction was 

observed, shoot regeneration remained low. The same authors report 

that using WPM medium instead of MS, longer shoots, easier to be 

micrografted, were obtained (4 mm instead of 2 mm length, Cervera 

et al. 2008).  

He et al. (2011a) used a novel Agrobacterium-mediated 

transformation system for mature auxillary buds leading to TEs of 

7.5% for Jincheng and 8.3% for Newhall, both commercial orange 

cultivars. This method involved the use of mature shoots and did not 

contemplate the use of either hormones, antibiotics selection and solid 

medium, because all passages were carried out on MS liquid medium 

and a filter paper bridge. 

Transgenic plants obtained start to blossom and bear fruits in 

the second year after the last grafting. The high-frequency 

transformation was attributed to the use of rootstock that enhanced 

nutrition for shoot development, to the absence of kanamycin selection 

and to the regeneration ability of the auxillary meristem in 

micrografted shoot.  

An optimized protocol for mature tissue transformation was 

published in 2015 by Orbovic et al. (2015), with a TE of 12.8% using 

‘Hamlin’ orange; compared to the previous protocols, this included a 

stronger sterilization process and the addition of another antibiotic 

selection (10 mg/L of Meropenem during the first 2 weeks of 

selection). 

Adult tissues (stem segments) of ‘Tarocco’ orange were 

transformed with a TE of 11.7% (Peng et al. 2019) using a protocol 
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that included a pre-incubation step, commonly used for the 

transformation of juvenile material but never employed in mature 

explant transformation experiments. The highest percentage for the 

transformation of mature tissue was reached with ‘Pera’ orange, with 

35% of transgenic plantlets (Kobayashi et al. 2017) using thin 

transversal segments (1–2 mm) of newly elongated shoots from 

greenhouse plants instead of internodal segments. 

 

2.6 Success in Transgenesis Applied to Citrus 

Genetic engineering has been strongly considered for the 

development of novel citrus varieties, offering a wide range of tools 

and strategies that enable the insertion or the editing of desirable traits 

into elite commercial cultivars. The applications of transgenesis are 

wide and include resistance to biotic and abiotic stresses and the 

control of fruit quality traits. 

Several traits have been considered for genetic transformation, 

including early flowering (See Section 1.4, ‘Attempts to reduce the 

long juvenility’), tree architecture and growth habitus (Distefano et al. 

2013; Fagoaga et al. 2007b; Gentile et al. 2004), tolerance to abiotic 

stresses (Cervera et al. 2000; Molinari et al. 2004; Orbović et al. 2015, 

2017), improvement of fruit quality (Dutt et al. 2016; Guo et al. 2005; 

Hijaz et al. 2018), in particular carotenoid content (Alquezar et al. 

2008; Pons et al. 2014), and seedlessness (Koltunow et al. 2000; Li et 

al. 2002; Li, et al., 2003b). Thus far, the main aspects rely on biotic 

stresses, as these are the most limiting factors for citriculture 

worldwide. In the last years, great interest has been devoted to the 

development of novel varieties showing resistance to citrus greening 

(Huanglongbing, HLB). 

HLB is considered the most devastating citrus disease 

worldwide (FAO2015); for example, the citrus utilized production in 

the United States in the 2017–2018 season (6.13 million tons) was 
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decreased by 20% from the 2016–2017 season and by 66% with 

respect to the record high production of the 1997–1998 season (17.8 

million tons); moreover, Florida’s on-tree value of the 2017–2018 

citrus crop ($551 million) was the lowest since the 1976–1977 season 

($530 million) (United States Department of Agriculture 2019). 

Greening is associated with 3 species of phloem-restricted Gram-

negative bacteria: Candidatus Liberibacter asiaticus (CLas) and C. 

Liberibacter americanus, which are transmitted by the Asian citrus 

psyllid Diaphorina citri, and C. Liberibacter africanus, which is 

transmitted by the insect Trioza erytreae (Bové 2006; Coletta-filho et 

al. 2013; Gottwald et al., 2007). No curative methods are available for 

the disease; to ensure citrus survival in Europe, preventive measures 

are currently being developed within an European project 

(www.prehlb.eu).  

Different strategies can be adopted to confer disease resistance 

to citrus cultivars. Genetic transformation with the constitutive 

expression of antimicrobial peptides (AMPs), a set of peptides of the 

innate immunity with antimicrobial activity (Boman 2003), has been 

used to control bacterial diseases, such as HLB and citrus canker 

(Schaad et al. 2006). In citrus the most used AMPs are insect-derived 

attacin A (Boscariol et al. 2006; Cardoso et al. 2010; Soriano et al. 

2019; Tavano et al. 2019), creopin B and Shiva A (He et al. 2011b; 

Zou et al. 2017), sarcotoxin IA (Kobayashi et al. 2017), a thionin (Hao, 

Stover, and Gupta 2016) and dermaseptin (Furman et al. 2013). 

In addition, the introduction in plants of resistance genes (R-

genes) coding for proteins that recognize pathogen avirulence gene 

products (avr-gene, (Flor 1971)) can confer race-specific resistance, 

e.g., the pepper R-gene Bs2 used against citrus canker (Sendín et al. 

2012; 2017). 

Another possibility is the use of heterologous expression of 

receptors, which identify conserved molecules in the pathogen and 

trigger the plant’s immune response to a wide range of 
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microorganisms; to enhance citrus canker resistance, the genes that 

have been considered are Xa21, a receptor kinase-like protein from 

rice (Mendes et al. 2010; Omar et al. 2018), and the Flagellin Sensitive 

2 (FLS2) receptor gene from Nicotiana benthamiana (Hao, et al. 

2016). 

Alternative approaches against pathogen diseases have aimed to 

enhance the systemic acquired resistance (SAR), the plant’s inducible 

defence mechanism that increases innate resistance to further infection 

by pathogens (Kuc 1982). The SAR response is induced by salicylic 

acid and is associated with the production of pathogenesis-related 

(PR) proteins that confer long-lasting broad-spectrum resistance; in 

citrus, this strategy was used against citrus canker (Boscariol-

Camargo et al. 2016; Chen et al. 2013; Zhang et al. 2010) and HLB 

using NPR1 (Dutt et al. 2015; Qiu et al. 2020; Robertson et al. 2018).  

To improve plant defence against fungi, the overexpression of 

genes encoding products with in vitro antifungal activity has been 

used, e.g., the chit42 gene from Trichoderma harzianum, leading to an 

increased resistance of transgenic lemons to different fungi (such as 

Phoma tracheiphila and Botrytis cinerea (Distefano et al. 2008; 

Gentile et al. 2007) and conferring resistance to some post-harvest 

pathogens (Muccilli et al. 2020). 

Pathogen-derived resistance was used against Citrus Tristeza 

Virus (CTV), which replicates in phloem vessels and is transmitted by 

Toxoptera citricida, an aphid vector; the p25 coat protein from CTV 

was used to transform ‘Mexican lime’ (Domínguez et al. 2002), and it 

was demonstrated that plants exhibiting post-transcriptional gene 

silencing (PTGS) also showed resistance to CTV due to the 

accumulation of p23-specific small interfering RNAs (siRNAs) 

(Fagoaga et al. 2006). RNAi, the approach that involves the 

knockdown of gene expression mediated by siRNAs using specific 

double-stranded RNA molecules, was applied to control CTV (Cheng 

et al. 2017; Soler et al. 2012), citrus psorosis virus (Reyes et al. 2011), 
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citrus canker (Enrique et al. 2011) and fungal pathogens, such as 

Alternaria alternata (Miyamoto et al. 2008) and Phytophtora spp. 

(Narayan et al. 2010). 

Commercialization of disease-resistant citrus cultivars will 

presumably take many years, but the development of resistant or 

tolerant new genotypes that will replace susceptible varieties is one of 

the most realistic long-term solutions to many devastating diseases, 

such as HLB; until that time, it is important to incentivize cooperation 

in pest and disease management to guarantee vector control and tree 

monitoring (Paiva et al. 2020; Singerman and Rogers 2020). 

 

2.7 Genome Editing 

One of the most important NPBTs is genome editing, a 

technology based on programmable nucleases that produce site-

specific DNA double-strand breaks (DSBs), which trigger 

endogenous DNA repair systems, resulting in targeted modification. 

The first tool used was zinc-finger nuclease (ZFN) followed by 

transcription activator-like effector nucleases (TALENs) in 2011. 

Since 2013, clustered regularly interspaced short palindromic repeats 

(CRISPR)-associated (Cas) nucleases have become the most popular 

method for plant genome editing (Kim and Kim 2014). 

In the CRISPR-Cas system, an adaptive immune system of 

prokaryotes (Barrangou et al. 2007), Cas nuclease is directed by a 

single guide RNA (sgRNA) that recognizes a target DNA sequence 

flanked by a protospacer adjacent motif (PAM) and generates specific 

DSBs. Nuclease-induced DSBs can be repaired by the non-

homologous end-joining (NHEJ) pathway, which leads to the 

introduction of insertion/deletion mutations (indels) of various 

lengths, or by homology-directed repair (HDR), which is useful to 

introduce specific point mutations or to insert desired sequences 

through recombination of the target locus using DNA ‘donor 
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templates’ present at the moment of DSB formation (Sander and Joung 

2014).  

Since the first application of genome editing in plants, much 

progress has been made in the development of CRISPR-based editing 

tools; numerous Cas variants and orthologs with specific PAMs have 

been discovered together with precise genome editing by base editors, 

expression systems for multiplexing, transcription regulation and 

epigenome editing (Zhang et al. 2019).  

In citrus, Jia and Wang (2014a) reported the first genome 

editing using the Cas9/sgRNA system and Xcc-facilitated 

agroinfiltration on Valencia orange. The delivery of Cas9 and sgRNA 

were accomplished with a particular agroinfiltration that consists of an 

initial inoculation of Xcc followed by an Agrobacterium infiltration on 

‘Valencia’ leaves; the target gene was the endogenous Citrus phytoene 

desaturase (CsPDS) gene, an enzyme required for the biosynthesis of 

carotenoid pigments that results in a white-colored (albino) phenotype 

when it is silenced or mutated (Agüero et al. 2014). The mutation rate 

was approximately 3.2–3.9%, with no off-target mutagenesis detected. 

Jia and Wang (2014b) applied the same strategy on ‘Duncan’ 

grapefruit and, being a grapefruit hybrid between pummelo and sweet 

orange (Xu et al. 2013), they were able to apply the Cas9/sgRNA 

system to specifically modify one of the two CsPDS alleles of the 

variety. Subsequent application of genome editing has focused on 

editing genes involved in citrus disease resistance, especially in citrus 

canker. Most of the studies were performed to target the CsLOB1 gene 

(C. sinensis Lateral Organ Boundaries 1), a disease-susceptibility 

gene upregulated by PthA4, a transcription activator-like effector of 

Xcc (Hu et al. 2014; Yang et al. 2011), in particular to target the 

effector binding elements (EBEs) of PthA4, which are located in the 

promoter of the CsLOB1 gene (EBEPthA4-CsLOBP), and should 

confer resistance to the disease without losing CsLOB1 function. 

Peng et al. (2017) edited ‘Wanjincheng’ orange using 5 
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different constructs to modify different regions along EBEPthA4-

CsLOBP; through the transformation of epicotyl segments, they 

obtained 16 lines (42% TE) with EBEPthA4 modifications and 4 

mutation lines that showed enhanced resistance to citrus canker. 

‘Duncan’ grapefruit epicotyl transformation was achieved by 

Jia et al. (2016) and resulted in 4 lines with targeted modification of 

only EBEPthA4 CsLOBP Type I with a mutation rate of 15.63–

81.25%; the transgenic plants were susceptible to Xcc infection. In 

2017, Jia et al. (2017) succeeded in disrupting the coding regions of 

both alleles of CsLOB1, and no canker symptoms were observed in 

the lines DLOB9 (mutation rate of 89.36%), DLOB10 (88.79%), 

DLOB11 (46.91%), and DLOB12 (51.12%) after Xcc inoculation. In 

both studies, no off-target mutation was detected, but only a few 

among the possible off-targets were subjected to analysis; an 

alternative strategy to reduce off-target mutations is the use of a 

different type of nuclease, such as CRISPR derived from Prevotella 

and Francisella (CRISPR-Cpf1), a new class II CRISPR-Cas system 

(Zaidi, Mahfouz, and Mansoor 2017; Zetsche et al. 2015) that has been 

used to edit tobacco, rice and soybean (Endo et al. 2016; Hu et al. 

2017; Xu et al. 2017; Yin et al. 2017). In comparison with Cas9, Cpf1 

exhibits little to no off-target activities in plant cells (Tang et al. 2017), 

has a different protospacer adjacent motif (T-rich PAM instead of G-

rich one, NGG), generates cohesive ends with four or five nucleotide 

overhangs (compared with SpCas9, which produces blunt ends), 

promoting an HDR mechanism, and among the other features, Cpf1 

requires shorter CRISPR RNAs (crRNAs 43 nucleotides instead of 

100 of Cas9), making this system more suitable for multiplexed 

genome editing (Zaidi et al. 2017; Zetsche et al. 2015). 

Lachnospiraceae bacterium ND2006 Cas12 (LbCas12a) was used to 

edit ‘Duncan’ grapefruit EBEPthA4-CsLOBP; epicotyls were 

transformed via Agrobacterium, and the biallelic mutation efficiency 

obtained was 5%, with no off-targets observed (Jia, Orbovi, et al. 
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2019). Recently, Jia et al. (2019) published a protocol for the 

application of the CRISPR/Cas system via Agrobacterium-mediated 

transformation of epicotyl tissues in citrus, and the CRISPR/Cas9 

system has been applied to ‘Mini citrus Hongkong’ kumquat (Zhu et 

al. 2019). Despite the low TE of Agrobacterium-mediated 

transformation (0.2–4%), it was possible to apply CRISPR/Cas9 and 

achieve a T1 generation in approximately 15 months; the 

modifications of target genes in the CRISPR-modified F. hindsii were 

predominantly 1-bp insertions or small deletions, and all T1 seedlings 

showed a mutation rate of 100% at the sgRNA1 targeting site.  

Another approach was used by Wang et al. (2019), editing the 

transcription factor CsWRKY22 that was negatively correlated with 

citrus canker resistance. Epicotyls of ‘Wanjincheng’ orange were 

transformed, and the transgenic plants W1-1, W2-2, and W2-3 showed 

85.7%, 79.2%, and 68.2% mutation rates, respectively, with off-target 

frequencies of 3.0-16.0%; resistance evaluation indicated that 

transgenic plants delayed the development of canker symptoms. 

Although all these studies demonstrate how CRISPR/Cas9 

technology can be exploited for citrus genome editing, accelerating 

the breeding process and combining multiple favourable traits, there 

is a need for more precise biotechnology tools than those that are 

currently available. 

One of the problems is the efficiency of the editing obtained; 

despite the fact that several computational tools are now available for 

designing guide RNAs targeting a specific gene, the editing 

efficiencies might be different due to the existence of variant alleles 

not included in online citrus genome databases (Xu et al. 2013); for 

this reason, the investigation of the sequence of the gene of interest 

(Jia et al. 2016; Jia, Zhang, et al. 2017; Peng et al. 2017), the 

functionality evaluation of many sgRNAs using Xcc-facilitated 

agroinfiltration (Jia et al. 2016; 2017; 2019; Jia and Wang 2014a), and 

the in vitro cleavage analysis of the construct before citrus 
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transformation (Wang et al. 2019) represent fundamental steps to 

increase editing efficiency. 

The low frequencies of mutations induced by the CRISPR/Cas9 

system used in citrus were improved by Zhang et al. (2017), who used 

a different promoter to drive Cas9 expression, replacing the CaMV35S 

promoter with the A. thaliana YAO sequence (Yan et al. 2015) and 

increasing the frequency of mutational events from 3.2–3.9% (Zhang 

et al. 2017) to 75% using the same sgRNA. Le Blanc et al. (2018) also 

demonstrated that temperature has an effect on mutation rate achieved 

by the CRISPR/Cas9 system; Carrizo citrange transgenic plants 

containing pYAO:SpCas9 and sgRNA targeting CsPDS genes that 

were exposed to several heat stress treatments (24 h at 37°C and 24 h 

at 24°C repeated seven times) showed an increase in targeted 

mutagenesis (100% CsPDS alleles mutated) with respect to those 

continuously grown at 24°C (approximately half of the CsPDS alleles 

mutated). This result suggests that all CRISPR/Cas9 systems require 

higher temperatures to achieve optimal editing efficiency, regardless 

of the promoter used to regulate Cas9 expression (LeBlanc et al. 

2018), and that many aspects of the functioning of this technology are 

still to be explored. 

Jia and Wang (2020a) generated homozygous and biallelic 

canker-resistant pummelo in the T0 generation via the CRISPR-Cas9 

system with a 100% mutation rate in the EBE region of the LOB1 

promoter. Zhang et al. (2017) also developed a bifunctional selectable 

and visible marker for citrus (eGFP-NPTII) that improved the 

recovery of transgenic events expressing high levels of Cas9, reducing 

the number of promoters present in the vector. In citrus, special efforts 

to control CRISPR/Cas9-mediated chimeric mutation are required, 

and the optimization of regeneration protocols will offer a great 

opportunity to select transgenic events and reduce the formation of 

chimeric mutations (Wang et al. 2019). 

Other options include the use of embryogenic calli 
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transformation that rarely produce transgenic chimeras (Dutt et al. 

2018; Li et al. 2002) and a transient approach using purified 

CRISPR/Cas9 ribonucleoproteins to edit plant protoplasts, which has 

been tested in wheat (Liang et al. 2017) and applied to grape and apple 

(Malnoy et al. 2016). 

Other concerns are related to the findings of new target genes 

for editing and to genetically modified organisms legislation; 

knowledge of plant pathogen interactions and mechanisms is critical 

to the development of new varieties with improved quality or 

resistance to disease via the CRISPR/Cas system (Caserta et al. 2020). 

The legislation of genome-edited plants is still a debated issue at 

international scientific and political forums, and many countries are in 

the process of drafting the regulatory frameworks for their use (Kim 

and Kim 2019). 

 

2.8 Conclusions 

The development of novel citrus varieties with improved 

quality and resistance to biotic and abiotic stresses is one of the main 

purposes of breeding programs. Thus far, the use of conventional 

breeding techniques in citrus has been shown to be time consuming 

and default due to the many limitations of typical of tree crops, such 

as the long juvenility and high heterozygosity. 

The application of NPBTs could overcome these problems, 

offering new tools that combine site-specific and targeted editing with 

a reduction in the time for plant breeding, thus leading to lower 

production costs. Many aspects need to be considered to apply 

transgenesis to citrus, among them: (i) the organogenic response is 

largely genotype-dependent, and (ii) the regeneration efficiency for 

many commercial varieties is still low. Other aspects of great 

relevance rely on the establishment of appropriate strategies to limit 

the expression of the transgenic gene in a particular organ and on 
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techniques to efficiently remove selectable marker gene(s). 

Despite the numerous papers published over the last several 

years, the availability of new sequencing data has greatly advanced the 

knowledge on genes underlying pathways of interest. This aspect will 

certainly over new opportunities for the establishment of targeted 

breeding programs. The availability of germplasm collections 

encompassing a high fraction of the allelic variability characterizing 

Citrus heirloom varieties and/or landraces represents a valuable 

genetic reservoir that can be readily transferred into other varieties 

through NPBTs for the definition of novel varieties characterized by 

superior agronomical traits. 
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3. Integrated approaches to investigate the 

genetic basis of Citrus clementina self-

incompatibility 
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3.1 Abstract 

Self-incompatibility (SI) is a physiological mechanism used by 

flowering plants to prevent self-fertilization and promote outbreeding. 

Among citrus species, several pummelo, mandarin, and mandarin-like 

accessions show SI behavior. In these species, SI is coupled with a 

variable degree of parthenocarpy ensuring the production of seedless 

fruits, a trait that is highly appreciated by consumers, especially in 

orange and mandarin. In citrus, cross-pollination studies showed the 

presence of a gametophytic SI system based on S ribonucleases (S-

RNases) and S-locus F-boxes (SLFs) interrupting the self-pollen tube 

growth in the upper/middle part of the style. Several S-RNase and SLF 

homologs genes have been identified in citrus accessions so far, but 

there are evidences that other genes can be involved in the SI response 

as well. In the present study we define the S-genotype of the self-

compatible ‘Monreal’ clementine (Citrus clementina Hort. ex Tan.), a 

natural mutant of the self-incompatible ‘Comune’ clementine, using 

primers designed on the basis of the available S-Rnase sequences and 

of the ‘Monreal’ de novo genome assembly. The analysis clarified that 

both ‘Comune’ and ‘Monreal’ clementines are characterized by the 

presence of a S7S11 genotype. RNA-seq analysis of unpollinated pistils 

at mature stage from both clementine genotypes revealed the lack of 

expression of S7-RNase in ‘Monreal’. RNA-seq analysis followed by 

gene ontology studies enabled the identification of 2.965 differentially 

expressed genes (DEGs), most of which involved in oxidoreductase 

and transmembrane transport activity. Furthermore, the alignment of 

the RNA-seq reads against the reference genome of ‘Comune’ 

clementine led to the identification of 7.781 genes characterized by the 

presence of at least one polymorphism between the two genotypes. 

Most of the identified mutations were located on scaffold 7 containing 

the S-locus suggesting their involvement in the regulation of specific 

pathways such as SI. The present work shed light on the genetic 

mechanism causing the loss of SI in ‘Comune’, a trait that has a strong 
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economic impact and will help in the setup of future breeding 

programs for seedless citrus varieties. 

 

Keywords: genome assembly, RNA-seq, SNPs, genetic 

improvement, Seedlessness 

 

3.2 Introduction 

Self-incompatibility (SI) is an important mechanism that has 

been evolved to prevent self-fertilization and inbreeding in plants. 

This reproductive strategy is controlled by a single genomic region, 

the S-locus, that contains two tightly linked genes, the pollen and pistil 

determinants, and is characterized by a number of alleles determining 

self and inter- compatibility or incompatibility in the varieties of a 

target species. SI can be classified into 2 types, sporophytic (SSI) and 

gametophytic (GSI). The latter is the most widespread among plants, 

it is found in Solanaceae, Rosaceae and Plantaginaceae; incompatible 

pollen tubes growth is arrested in the style and not at the surface of the 

stigma (Newbigin et al. 1993) as the case of SSI. Citrus is also 

characterized by GSI: the female S determinant, encoded by a class of 

III S ribonuclease (S-RNase) isolated in the pistil, can inhibit the 

growth of pollen tubes by degrading RNAs; the male S determinant 

comprises multiple S-locus F-boxes (SLFs) that are the component of 

a SKp1-Culling-F-box (SCF) complex that promotes the growth of 

compatible pollen by ubiquitinating and degrading nonself S-RNases 

in a 26A proteasome-dependent manner (Hu et al. 2021). 

Recently, Liang and colleagues (2020) identified fourteen S-

RNase genes and multiple SLFs through the in silico analysis of the 

available citrus genomes. One year later, three more S-RNase 

sequences (S15, S16, and S17) were identified (Honsho et al. 2021). 

Structural analysis confirmed that citrus S-RNases are characterized 

by the same general structure as those found in Plantaginaceae, 
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Solanaceae, and Rosaceae that include five conserved domains (C1–

C5) and 5 hypervariable domains (HV1–HV5 (Honsho et al. 2021; 

Liang et al. 2020). 

Furthermore, it was demonstrated the existence of another S-

RNase (Sm-RNase) isolated from C. sinensis and identified in C. 

reticulata that seems to be responsible for the loss of functional SI in 

SC species: the coding sequence of this gene is shorter due to a 

deletion at position 443 of an adenine resulting in a frameshift 

mutation causing the occurrence of a premature stop codon; in 

addition, it was found that the Sm-RNase was expressed in the style at 

a much lower level than other S-RNases (Liang et al. 2020).  

SI in Citrus has been mainly described in pummelo, even 

though this mechanism is more important in mandarin-like varieties 

like clementine; in these varieties the presence of some degree of 

parthenocarpy enables the obtainment of seedless fruits when the 

plants are cultivated in solid blocks, preventing cross-pollination 

(Ollitrault et al. 2021). Despite the importance of understanding the 

molecular basis and the mechanism of regulation of SI, most of these 

informations are still not available and poorly understood. 

In this chapter, two clementine (C. clementina Hort. ex Tan.) 

varieties, SI ‘Comune’ (abbreviated as ComSI) and its natural SC 

(self-compatible) mutant ‘Monreal’ (abbreviated as MonSC) are 

analysed to characterize the genetic bases of SI through whole-

genome sequencing and transcriptomic analysis.  

In previous studies, Distefano et al. (2009) demonstrated that 

the mutation leading to self-compatibility in MonSC affected pistil 

functions. In particular the histological analyses demonstrated as in 

MonSC both self- and cross-pollinated pollen tubes reach the ovary, 

while in self- and cross-pollinated ComSI, pollen tubes arrested their 

growth in the upper or middle style (recognizing the pollen of the SC 

mutant as self-pollen).  

This work aims to elucidate the genetic basis controlling SI in 
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mandarin combing genomic and transcriptomic data, in order to 

identify candidate genes implicated in pollen-pistil interaction. 

 

3.3 Material and methods 

3.3.1 Plant material 

ComSI and MonSC clementine plant tissues were collected 

from 10-years-old trees grown at the experimental field of the 

University of Catania. Young leaves were collected for genomic DNA 

analysis. Virgin styles were collected 24h after anthesis, frozen in 

liquid nitrogen, homogenized and then stored at −80 °C until analysis. 

 

3.3.2 PCR amplification and Sanger sequencing 

Genomic DNA was extracted from 100 mg of fresh young 

leaves of ComSI and MonSC using ISOLATE II Plant DNA Kits 

(Bioline, Meridian Life Science, Memphis, TN, USA) according to the 

manufacturer’s instructions; the extracted DNA was quality checked 

using a Nanodrop 2000 spectrophotometer (Thermo Scientific, 

Waltham, MA, USA) and agarose gel electrophoresis. Specific primer 

pairs were used designed on the different S-RNases (Table 3.1). PCR 

reactions were performed in a total volume of 20 μL containing 100 

ng genomic DNA, 1x PCR buffer II, 2 mM magnesium chloride, 0.2 

mM dNTPs, 0.2 μM of each primer (Table 3.1) and 1 U of MyTaq 

DNA polymerase (Bioline). Amplifications were conducted in 

thermal cyclers GeneAmp 9700 and 2700 (Applied Biosystem) using 

an initial denaturation step at 94°C for 10 min, followed by 35 cycles 

at 94 °C for 30 sec, 62-57 °C (depending on the primer pair used, see 

Table 3.1) for 45 sec and 72 °C for 2 min with a final elongation at 72 

°C for 10 min. Amplicons were separated by electrophoresis on 1.5% 

agarose gel and amplificated bands were extracted and purified with 

ISOLATE II PCR and Gel Kit (Bioline) following manufacturer's 
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instructions; purified bands were then sequenced (Eurofins Scientific, 

Luxembourg) and aligned against the already available C. clementina 

and purpose-built MonSC genomes. 

 

 
Table 3.1 List of primer designed from S-RNase conserved and hypervariable 

domains. 

Target Accession (Species) 
Primer 

name 
Sequence (5'-3') 

Product 

size 

S1-RNase 
MN652897.1 

(C. maxima) 

S1FW CTACTCTCTGCTACGCAATCA 
334 

S1RV CACTTCCTTCAGCAGATAACC 

S2-RNase 
MN652898.1 

(C. maxima) 

S2FW CGCTGGGGGAAAAACATTGGAA 
429 

S2RV TTGTTTGCTTGGACACCTACGC 

S3-RNase 
MN652899.1 

(C. maxima) 

S3FW GGGATTCTTGCATCGCTGGAAC 
451 

S3RV GACTCGGAGCAGGGAACTTGAT 

S4-RNase 
MN652900.1 

(C. maxima) 

S4FW CAGTTCTGGTTTTGACCACTT 
277 

S4RV ATGTTCCCAGAAGCCTATATG 

S5-RNase 
MN652901.1 

(C. maxima) 

S5FW GATTCTTCTCTTGTTGCCGAC 
264 

S5RV ACTGTCACTACCGGTTACAGC 

S6-RNase 
MN652902.1 

(C. maxima) 

S6FW ATTGAAGAAGTACTGGCCAAG 
272 

S6RV TTAGCAGATAACGGTTAACGC 

S7-RNase 
MN652903.1 

(C. maxima) 

S7FW TGGCCGAGTCTCATTTCGAAG 
368 

S7RV TCCCCACAGTTCTCGGTTTTG 

S8-RNase 
MN652904.1 

(C. maxima) 

S8FW AGGCAATTCGTCTTTAAGAGG 
392 

S8RV TAATTCTCTTACGGCAAGTGG 

S9-RNase 
MN652905.1 

(C. maxima) 

S9FW CTCAAAATTCTTCGGGATTCC 
379 

S9RV AATGTGTTTAAGAGGTCCGTG 

S10-RNase 
MN652906.1 

(C. reticulata) 

S10FW GTCTCTCCACTTGGGACAAGG 
358 

S10RV CGGCAGCTCTCTCCATTAATC 

S11-RNase 
MN652907.1 

(C. reticulata) 

S11FW CGCTGTTCAGAGTAAAGCTGGC 
243 

S11RV AGTGGATCTTTGTCGCGGGTTA 

S21FW CTCTAATGGGCAAACACTGAGC (for qRT-

PCR) S22RV TGCCAGCTTTACTCTGAACAGC 

S12-RNase 
MN652908.1 

(Atalantia buxifolia) 

S12FW GACAAATCTCTTTGGAACAAT 
197 

S12RV GCCCTATTTAATGTGTCTAAG 

S13-RNase 
MN652909.1 

(C. cavaleriei) 

S13FW AGTCTCCTCCGTCGTAACACT 
224 

S13RV TTGTCACTACTGGTTACAGCC 

S14-RNase 
MN652910.1 

(C. medica) 

S14FW AAATGGTTCCGGCCCAGGTAA 
443 

S14RV CACAGTTATCTGCGCGCAAGT 

S15-RNase 
LC575202.1 

(C. tamurana) 

S15FW CAGGTACAGGCAAAACAGGCAG 
305 

S15RV TGTTAGATCGACAGCCCTTCGG 

S16-RNase 
LC575207.1 

(C. maxima) 

S16FW CTGGCCAGTAAACAGTACCGGA 
310 

S16RV ATCCACCTCCTTGTACGGTTGG 

S17-RNase 
LC575209.1 

(C. hassaku) 

S17FW TCTCTTTCCCTTGGCTCTGCTC 
221 

S17RV CCGATGAAAGAATGGTGCGGTC 
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3.3.3 ‘Monreal’ sequencing and genome assembly 

The de novo assembly of the MonSC genome was carried out 

combining both short and long reads technologies. Short reads 

sequencing was performed with Illumina next-generation technology 

(PE-150 reads) with an average reads depth of 100X, while long reads 

sequencing was carried out with Oxford Nanopore Technology (ONT) 

with an average read depth of 30X. ONT reads were assembled using 

the Flye aligner (Kolmogorov et al. 2019), then the quality of the draft 

assembly was improved with Pilon (Walker et al. 2014). The quality 

of the de novo assembly was tested with the Benchmarking Universal 

Single-Copy Orthologs (BUSCO v 5.4.3; Manni et al. 2021; Simão et 

al. 2015) by using the embryophyta_odb10 dataset (-l parameter) 

featuring 1.614 target genes.  

 

3.3.4 Total RNA extraction 

Total RNA was extracted from frozen styles using 

Spectrum™ Plant Total RNA Kit (Sigma-Aldrich, Saint Louis, USA) 

and treated with DNase I (On-Column DNase I Digestion Set, Sigma-

Aldrich, Saint Louis, USA) following the protocol described by 

Distefano et al. (2013). Extracted RNA was quantified using a 

NanoDrop-2000 (Thermo Scientific, USA) spectrophotometer and 

total RNA integrity was assayed by 1% agarose gel electrophoresis 

and then stored at −80 °C for further analysis. 

 

3.3.5 Quantitative real-time PCR (qRT-PCR) analysis 

The cDNA was synthesized from 1 μg of total RNA using the 

High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Waltham, USA) according to the manufacturer’s 

instructions. Quantitative real-time PCR (qRT-PCR) assays were run 

on the Rotor-Gene Q thermocycler (Qiagen, Hilden, Germany) in 20 
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μL total reaction volume containing 1 × PCR buffer II, 2 mM MgCl2, 

0.2 mM dNTPs, 0.3 μM of forward and reverse primer (Eurofins 

Genomics), 1.5 μM SYTO9 (Life Technologies, UK), 1 μL of the 

synthesized cDNA and 1 U of MyTaq DNA polymerase (Bioline, 

UK). The S11-RNase and S7-RNase genes were amplified using 

S21FW-S22RV and S7FW-S7RV primers, respectively (Table 3.1). 

The citrus Elongation Factor 1-alpha gene (EF-1α, accession 

AY498567) was used as a housekeeping reference gene (Distefano et 

al. 2009). Thermal cycling conditions included an initial denaturation 

at 95 °C for 5 min, followed by 35 cycles at 95 °C for 5 s, 59 °C for 

20 s, and 72 °C for 2 min. The expression level of S11-RNase and S7-

RNase genes relative to the EF-1α transcript was calculated following 

the mathematical model described by (Livak and Schmittgen 2001). 

The values reported are the mean ± SD of at least three independent 

assays. Statistical analyses were performed using ANOVA (LSD test, 

p < 0.01). 

 

3.3.6 RNA-seq analysis  

Total RNA extracted from ComSI and MonSC pistils was 

prepared and submitted to Novogene for library preparation and 

sequencing. Three biological replicates per each accession were 

employed for RNA-seq analysis (pair ends 150 reads). An average of 

20 million reads per sample was analysed. Raw reads were aligned 

against the MonSC genome employing the Spliced Transcripts 

Alignment to a Reference (STAR) RNA-seq aligner (Dobin et al. 

2013); then reads were counted using the FeatureCounts software 

(Liao, et al., 2014), while differentially expressed genes (DEGs) were 

identified using the DESeq2 R package (Ignatiadis et al. 2016; Love, 

et al., 2014). The significant DEGs were determined using a threshold 

of FoldChange ≥ 2 with an adjusted P-value ≤ 0.05. Gene Ontology 

(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
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databases enrichment analysis of DEGs were implemented by 

ShinyGO bioinformatic tool (Ge et al. 2020). 

 

3.3.7 SNP detection and annotation 

The availability of the aligned RNA-seq allowed the 

identification of the single nucleotide polymorphisms (SNPs) 

occurring between Monreal and Comune mandarin using the SNPeff 

software (Cingolani et al., 2012). The analysis permitted the 

identification of SNPs located within sequencing regions (e.g. genes, 

regulatory regions). SNPs distribution was displayed employing the R 

package named.  

 

3.4 Results 

3.4.1 ‘Monreal’ genome assembly 

The assembly of the MonSC genome resulted in a genome size 

of 374.511 Mb, with a N50 of 140 Kb and a mean genome coverage 

of 57X. The quality of the de novo assembly was assessed using 

BUSCO and results are displayed in Table 3.2. In particular, the low 

number of fragments (21, 1.3%) and undetected (9, 0.6%) genes 

indicates a consistent genome assembly in line with the other reference 

genomes of Citrus (Table 3.2). 

 

Table 3.2 Benchmarking Universal Single-Copy Orthologs (BUSCO) analysis 

and descriptive statistics. Size of the genome, Number of scaffold and N50 of the 

MonSC genome compared with the related genome of ComSI and Citrus reticulata. 

In all genomes 1.614 target genes of the embryophyta_odb10 dataset were 

considered for the BUSCO analysis. 

Species name 
‘Monreal’ 

clementine 

Citrus x 

clementina 

Citrus 

reticulata 

Version V1.0 V1.0 V1.0 
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Complete 

BUSCOs 

Number 1584 1366 1345 

% 98.1% 94.90% 93.40% 

Complete and 

single-copy 

BUSCOs 

Number 1461 1329 1309 

% 90.5% 92.30% 90.90% 

Complete and 

duplicated 

BUSCOs 

Number 123 37 36 

% 7.6% 2.60% 2.50% 

Fragmented 

BUSCOs 

Number 21 36 49 

% 1.3% 2.50% 3.40% 

Missing BUSCOs 
Number 9 38 46 

% 0.6% 2.60% 3.20% 

*Total BUSCO groups searched 1614** 1440 1440 

Total size of assembly (bp) 374163419 3E+08 3,47E+08 

No. of scaffolds/contigs 22436 1398 90139 

N50 (bp) 139 KB 3,1E+07 1585532 

 

3.4.2 S-RNase identification in MonSC and ComSI 

Primers listed in Table 3.1 were designed on the specific S-

RNase to identify the alleles characterizing MonSC and ComSI 

(Figure 3.2a). PCR amplification led to the identification of one band 

for each sample (Figure 3.1) that was sequenced and compared with 

the already available sequences: the ones obtained from the 

amplification with S7FW and S7RV had 98% of similarity for ComSI 

and for MonSC with S7-RNase (MN652903.1), while those amplified 

employing S11FW and S11RV had the 99% and the 98% of similarity 
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with the S11-RNase of C. reticulata (MN652907.1) for ComSI and 

MonSC, respectively. 

 

 

 
Figure 3.1 Visualization on agarose gel of amplified PCR product using S7FW, 

S7RV, S11FW and S11RV primers; C- = negative controls; L = ladder.  

 

To confirm these data, the sequences of the two amplicons were 

aligned against the MonSC genome. Both S7-RNase and S11-RNase 

were identified, confirming that both MonSC and ComSI share a S7S11 

genotype at the S-locus. The complete sequences of both S7-RNase and 

S11-RNase were then retrieved using the MonSC reference genome, 

with S7-RNase located in contig 25338, while S11-RNase in contig 

4474. S7-RNase sequence was compared with that of the already 

available S7-allele (MN652903.1 from C. maxima) and it showed an 

insertion of 93 bp in the region between C2 and C3 domains, probably 

in the HV1 region. The analysis of the S7-RNase sequence gene on 

JBrowse genome viewer confirms that the insertion matches with an 

intron, that was predicted to be located inside the HV1 region and it is 

the only intron sited in the conserved S-RNase gene (Figure 3.2a) 



3.-Self-incompatibility in C. clementina 

82 

(Liang et al. 2020). 

 

 
Figure 3.2 Schematic representation of the S-RNase structure, and C. maxima 

and MonSC sequence alignment of S7-RNase. (a) S-RNase shows 5 conserved (C1-

C5, in green) and hypervariable domains (HV1-HV5, in blue). Blue arrows at the 

bottom indicate PCR primers used to amplify S7 and S11 alleles and the respective size 

of PCR amplicons. (b) The comparison between the two sequences enables the 

detection of a SNP present at the 131° base, that leads to the presence of valine instead 

of adenine in the first hypervariable region at 44° amino acids. 

 

In addition, the S7-RNase coding sequence of MonSC shows 

a ‘T’ instead of ‘C’ at 131° base, leading to the presence of a different 

amino acid (valine instead of alanine) at the 44° position. Both amino 

acids highlight an hydrophobic side chain; the change is located 

between C1 and C2, in the first hypervariable region (Figure 3.2b). 

 

3.4.3 qRT-PCR and RNA-seq analysis 

To confirm the expression of the S-RNases, a qRT-PCR 

analysis on pistil tissue sampled 24 hours after anthesis of MonSC and 

ComSI has been carried out. Data confirmed the effective expression 

of S11-RNase and S7-RNase in ComSI, while in MonSC the S7-RNase 

was not expressed (Figure 3.3).  
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Figure 3.3 qRT-PCR analysis of S7-RNase and S11-RNase in styles from MonSC 

and ComSI collected 24 h after anthesis. S7-RNase gene is much less expressed in 

the styles of MonSC than in those of ComSI.  

 

An RNA-seq analysis was then performed on the same tissue to 

investigate the expression of genes putatively involved in down-

regulation of the S7-RNase in MonSC.  

First, to better elucidate the expression of the S-RNases, S7-

RNase and S11-RNase, transcriptomic profiles were visualized (Figure 

3.4). No significant differences were observed in the S11-RNase 

transcripts (as shown in Figure 3.4a); on the other side, major 

differences were observed in S7-RNase expression with MonSC 

showing no expression, while ComSI is characterized by expression 

levels compared to those observed for S11-RNase (Figure 3.4b), in 

agreement with qRT-PCR results. 
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Figure 3.4 Integrative Genomics Viewer (IGV) tracks displaying sequencing 

read clusters of S11-RNase and S7-RNase genes from RNA-seq data generated 

from the styles of ComSI and MonSC clementine. The grey bars depict the number 

of the reads mapped to the reference. Alignment of the RNA mapping is shown below 

by pink and blue, representing the different read strands. No differences were shown 

in the number of reads mapped to S11-RNase gene in the styles from ComSI and 

MonSC (a); there were significantly more reads mapped to S7-RNase in the MonSC 

styles than in the ComSI styles (b).  

 

Second, to further investigate the occurrence of genes 

responsible for the regulation of the S7-RNase, an analysis of the DEGs 

detected at a threshold of Fold Change ≥ 2 and adjusted P-value ≤ 0.05 

was carried out. Compared with ComSI, a total of 2.965 DEGs were 

detected in MonSC, of which 1.179 were up-regulated and 1.786 were 

down-regulated (Figure 3.5a).  
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Figure 3.5 Differentially expressed genes (DEGs) in styles tissues from MonSC 

and ComSI at 24h after anthesis. (a): Volcano plot of DEGs determined by RNA-

seq using the criteria P-value ≤ 0.05 and |log2 (Fold Change)| ≥ 1. Red dots indicate 

up-regulated genes and blue dots indicate down-regulated genes. (b): enriched GO 

terms in the “molecular function” (MF), “cellular component (CC) and “biological 

processes” (BP) categories of DEGs; (c) Top 10 significantly enriched KEGG 

pathways in the 2965 DEGs. 

 

To understand the main biological functions associated with 

the DEGs, a Gene Ontology (GO) enrichment analysis was performed 

against the GO database using FDR ≤ 0.05 as the threshold (Figure 

3.5b). The GO annotation assigned the DEGs to 271 GO terms, the 

52.4% belongs to biological processes, 14 to cellular components (CC: 

5.2%), and 115 to molecular functions (MF: 42.4%) (Figure 3.5b). The 

main biological functions in the BP category were ‘Transmembrane 

transport’ (GO:0055085, 4.9%), ‘Carbohydrate metabolic process’ 

(GO:0005975, 3.9%), and ‘Response to chemical’ (GO:0042221, 

3.3%). In the CC category, the top three terms were ‘Extracellular 
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region’ (GO:0005576, 3.5%), ‘Cell periphery’ (GO:0071944, 3.5%), 

and ‘Plasma membrane’ (GO:0005886, 2.2%). In the MF category, the 

top three terms were ‘Oxidoreductase activity’ (GO:0016491, 7.8%), 

‘Transmembrane transporter activity’ (GO:0022857, 4.3%), and 

‘Transporter activity’ (GO:0005215, 4.3%, Figure 3.5b). To gain 

insight into the metabolic pathways associated with DEGs, a KEGG 

pathway enrichment analysis was carried out. In total, 770 DEGs were 

categorized into 27 KEGG pathways, 18 of which were significantly 

enriched (FDR ≤ 0.05). The main enriched pathways were the 

metabolic pathways (cic01100, 35.4%), the biosynthesis of secondary 

metabolites (cic01110, 23.4%), and the plant hormone signal 

transduction (cic04075, 5.7%, Figure 3.5c). 

 

3.4.4 SNPs identification 

The Illumina reads resulting from the RNA-seq of MonSC 

were aligned against the reference genome of ComSI (C. clementina-

Phytozome v1.0) to detect SNPs or INDELS in genomic or regulatory 

regions that are expressed in MonSC. This analysis allowed the 

identification of 7.781 expressed genes characterized by one or more 

polymorphisms compared to the reference ComSI genome. Among 

those, 2.110 were characterized by the presence of SNPs predicted to 

have a high effect on the gene transduction (e.g. insertion or deletion 

of a stop codon), while 3.297 and 2.374 genes were mutations with 

medium or low impact. Figure 3.6 showed the coordinate of the 

detected SNPs in the ComSI genome; interestingly the chromosome 

characterized by the highest fraction of mutations (34.6% of the total) 

was scaffold 7. In particular, the SNPs are mainly located on the 

genomic region harbouring the S7-SRNase suggesting the presence of 

a structural mutation. 
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Figure 3.6 SNPs distributions (yellow bars) on MonSC transcriptome along the 

seven scaffolds; most of the SNPs are located in the region containing S-locus (red 

arrowhead). 

 

3.5 Discussion 

The presence of a GSI system in citrus has been recently 

confirmed by the discovery of several S-RNases in pummelo that were 

able to inhibit pollen tube growth (Liang et al. 2020). The 

identification of other S-RNases in Japanese cultivars (Honsho et al. 

2021) together with studies combining transcriptomic, phylogenetic 

and genetic approaches studying the S-RNases segregation (Honsho et 

al. 2021; Ollitrault et al. 2021; Ren et al. 2020) offers new insights on 

citrus GSI mechanism. 

 

In this study we first characterize the S-genotype of ComSI 

and MonSC that shared a S7S11 genotype; being the clementine 

reference genome haploid, the entire S-locus for clementine was 

already mapped, but only S11-RNases together with S11-SLF genes 

were localized at the beginning of the pseudo-chromosome 7 of the 

clementine reference genome (Liang et al. 2020; Ramanauskas and 
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Igić 2017). First specific primers designed on the deposited S-RNases 

allowed the amplification of the two S-RNases. The S7S11 genotype is 

attributed for the first time to MonSC and ComSI referring to two 

deposited sequences, S7 (MN652903.1) and S11 (MN652907.1), 

submitted to GenBank in 2019 by Liang et al., 2020. Previous studies 

attributed to ‘Clementine’ and ComSC a S3S11 genotype (Kim et al. 

2020; Ollitrault et al. 2021) but, once each S-RNase is linked 

univocally to a deposited sequences, all new studies will follow these 

allele numeration and previous attribution should be interpreted 

according to the new classification.  

All known S-RNases belong to the Class III of T2 RNase 

protein family (Igic and Kohn 2001) and they share several 

characteristics such as the locus architecture (Figure 3.2a), the 

expression patterns and similar isoelectric points (Ramanauskas and 

Igić 2017); all S-RNases contains two conserved amino acid 

sequences, CAS I (‘F--HGLWPV’) and CASII (‘FW---W--HGS’), 

located respectively on or near C2 and C3 domains; they include two 

histidine residues, His46 and His109, that are essential for the 

ribonuclease activity (Honsho et al. 2021; Kawata et al. 1990; Parry et 

al. 1989). The S7-RNase and S11-RNase identified in this study shared 

these features; the only difference is found in the deduced amino acid 

sequence of MonSC S7-RNase that reports a valine instead of an 

alanine at position 131. The difference is due to the presence of ‘T’ 

instead of an ‘C’ in the MonSC sequence, but the substitution involved 

two amino acids, both having an hydrophobic side chain and occurring 

in a hypervariable region, so we can hypothesize that this variation is 

not affecting S7-RNase activity.  

 

Previous works already demonstrated that the mutation 

between ComSI and MonSC affected the pistil function: histological 

analysis demonstrated that in MonSC both self- and cross-pollinated, 

pollen tubes reach the ovary, while in self- and cross-pollinated 
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ComSI pollen tubes arrest their growth in the upper or middle style 

(recognizing the pollen of the SC mutant as self-pollen, Distefano et 

al. 2009). Previous transcriptomic analysis identified several genes 

that are differentially expressed in ComSI and MonSC both.In the 

present work RNA-seq and qRT-PCR analysis revealed the lack of 

expression of S7-RNase in MonSC that could be involved in the lack 

of self-incompatibility reaction (Figure 3.3 and 3.4). 

SI was already studied comparing SI genotypes with their 

natural SC mutants. Hu and colleagues (2021) characterized the S-

genotype of two pummelos (‘Shatian’ and ‘Guiyou No.1’), and also in 

this case the loss of SI was due to a pistil-side mutation. Both 

pummelos had a S1S2 genotype for the S-locus, but the S2-RNase was 

not expressed; the reason for the lack in S2-RNase expression was not 

clarified even though nor structural variants, nor different level of 

methylation of cytosine in the two S-RNases were detected (Hu et al. 

2021). Similar results were obtained by Honsho et al. (2021), in which 

work they focused on RNA-seq analysis of the cultivar Hyuganatsu 

(SI) and its natural SC mutant. The transcriptomic analysis revealed 

that one of the S-RNase (S15-RNase) was down-regulated in the SC 

genotype. In the two works the SC trait seems to be associated with 

the downregulation of one of the two S-RNases, even though the 

mechanism responsible for the gene silencing was not clearly 

understood. Also, the Sm-RNase isolated from C. sinensis presenting a 

frameshift mutation in the coding sequence showed a low level of 

expression in the SC cultivar with respect to the SI counterpart (Liang 

et al. 2020). In these three works, the low expression of one of the S-

RNases was detectable at balloon stage (Honsho et al. 2021), 1 day 

before anthesis (Hu et al. 2021) and from 5 days before the anthesis 

(Liang et al. 2020), only in female organs (stigma, style, and ovary 

tissues); in Hu et al. (2021) e Liang et al. (2020) data are followed also 

by the result of western blot analysis that are consistent with the 

transcriptomic profiles. In our work MonSC and ComSI pistils were 
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collected 24 h after anthesis, so our study confirms that the absence of 

one of the S-RNase allele in the SC cultivar is still present after the 

opening of the flower; this timing was chosen because the S-RNases 

were expressed before the anthesis (Liang et al. 2020, Hu et al. 2021, 

Honsho et al. 2021) and in self-pollinated pistils of ComSI, pollen tube 

elongation occurred from 48 h after pollination (Distefano et al. 2009) 

so the SI reaction should act in that moment. 

 

Despite the lack of expression of S7-RNase in MonSC that 

could be involved in the loss of SI, the real reason for the transition 

from SI to SC is still unclear; also, the lack of specific pollen inhibitory 

activity of Sm-RNase at the moment cannot be correlated with its 

attenuated expression in the self-compatible genotype (Liang et al. 

2020). 

Transcriptome analysis performed in pummelos by (Hu et al. 

2021) let the identification of 10 different transcription factors that 

were differently expressed among the SC and the SI analysed 

cultivars: among them, Cg2g033130 (that corresponds to 

LOC18040925) was over-expressed in the SI genotype but did not 

pass the yeast one-hybrid assay proposed by the authors. Comparing 

our results with those reported in previous works, two transcripts were 

not significatively differentially expressed in our study and the 

remaining seven, including their candidate gene (CgHB40 or 

Cg1g003830 that corresponds to LOC18036748), did not agree with 

the expression pattern indicated by the authors, in our analysis was 

more expressed by the SC genotype when for them was more abundant 

in the SI genotype and vice versa.  

 

The different expression of S-allele in SC genotype with 

respect to the SI genotype has been detected also in other species. In 

almond (Prunus amygdalus Batsch) the presence of epigenetic 

changes in several cytosine residues were detected in the 5’ upstream 
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region of SC samples (Fernández i Martí, et al., 2014), while no 

difference was found in the coding or regulatory sequences of both SC 

and SI alleles nor in the whole chromosome region bordering the S-

locus except for the differentially expressed S-RNase (Fernández i 

Martí et al. 2010); whole genome bisulfite sequencing of SC and SI 

pummelo cultivar resulted in no significant variation of the methylated 

cytosine (Hu et al. 2021). 

 

Transcriptome comparison between pistils from ComSI and 

MonSC found that a total of 2.965 DEGs were present in MonSC 

(Figure 3.5); among these, 770 DEGs were categorized into 27 KEGG 

pathways and include metabolic biosynthesis of secondary 

metabolites and plant hormone signal transduction, suggesting that 

oxidoreductase activity and metabolic pathways may participate in the 

regulation of S7-RNase expression; in our study, ‘Oxidoreductase 

activity’, ‘Transmembrane transporter activity’ and ‘Transporter 

activity’ were the top three terms present in the category of molecular 

function.  

These data are in agreement with those found by Zhang et al. 

(2015) that performed an RNA-seq analysis on ‘Xiangshui’ SI 

seedless lemon and find that catalytic, transporter activity and binding 

were the main molecular function present, occurring in the cell, in the 

membrane and in organelle. 

Subtractive hybridization libraries with cDNA microarray 

were employed to study the molecular mechanism involved in 

‘Wuzishatangju’ (C. reticulata Blanco) SI mandarin (Miao et al. 2013, 

2015). Results highlighted the involvement of genes that act by 

regulating signaling pathways, but also other processes like pollen 

development, receptor kinases, the ubiquitin pathway, calcium ion 

binding, gibberellin stimulus, and transcription (Miao et al. 2013, 

2015). 

The involvement of a signaling cascade with reactive oxygen 
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species (ROS) in the SI system has already be demonstrated in 

Chinese cabbage (Brassica rapa L. ssp. pekinensis) one of the 

Brassicaceae that, differently from Citrus, showed a SSI; in this 

species, self-pollen is rejected at the stigma level by the presence of 

high level of ROS present at the contact site of self-pollen grain that 

could immediately cause its arrest in SI genotype. Specific receptors, 

NADPH oxidases, respiratory burst oxidase homologous and GTPase 

regulate the level and the transport of ROS inside and between the 

cells (Zhang et al. 2021). 

Our transcriptomic result suggest that oxidoreductase activity 

could participate also in the regulation of SI in citrus; recently a 

polyamine oxidase 2 (CrPAO2), responsible for spermine and 

spermidine oxidation leading to produce H2O2, was up-regulated in 

pollen of ‘Wuzishatangju’  SI mandarin respect to the SC mutant (Ren 

et al. 2020). 

 

Montalt et al., (2021) suggested that the MonSC SC reaction 

may result from a mutation (either structural or caused by SNPs) or 

epigenetic variation of the genes that were located on scaffold 7 of the 

genome. In our study the majority of the mutations identified by 

transcriptome comparison affect scaffold 7 containing the S-locus, 

suggesting their involvement in the regulation of S7-RNase expression. 

 

3.6 Conclusion 

SI is a key feature for many plant species to prevent 

inbreeding. In the present work the genetic mechanism of SI is 

investigated in ComSI clementine (SI) and in its SC mutant (MonSC). 

The design of specific primers allowed the characterization of the 

complete S-genotype of the samples, both showing a S7S11 S-genotype. 

S7-RNase in particular is here presented for the first time since the 

haploid reference genome of C. clementina reported only the S11-
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allele. Furthermore, the MonSC genome was assembled de novo with 

an overall quality that overcome those of the related species. To 

dissect the genetic regulation of SI, whole RNA was extracted from 

pistil 24 h after anthesis and the expression of the S-RNase was 

assessed through qRT-PCR. In parallel a RNA-seq analysis was 

carried out to provide a complete overview of the DEGs among the 

two samples. Both transcriptomic approaches were in agreement 

highlighting the lack of expression of S7-RNase in MonSC. This result 

confirmed similar studies based on the comparison of SI and SC 

cultivars in pummelo, showing the lack of expression of one of the 

two S-RNase in the SC mutants. The RNA-seq analysis followed by 

the study of the gene ontology identified the highest fraction of DEGs 

among the oxidoreductase and transmembrane transport activity 

groups. Further studies will be required to validate the effective 

involvement of these genes in the mechanism of SI.  

To better clarify the regulation of the gene expression, the 

RNA-seq data were also employed to detect SNPs in coding sequence 

between the two genotypes. The analysis allowed the identification of 

7.781 genes characterized by the presence one or more 

polymorphisms. The majority of the mutations identified were located 

in the upper part of scaffold 7, the pseudo-chromosome containing the 

S-locus. This genomic region could be subjected to a structural 

mutation or can be an hotspot for recombination; further studies are 

required to better clarify the reason of this genetic divergence and to 

assess a relationship between these differences and the SI trait.  

Studies on the genetic regulation of SI can provide novel 

molecular tools to researchers to better clarify the physiological 

regulation of SI and to breeders for the set-up of novel breeding 

programs aimed at the development of improved seedless varieties.  
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4. Genome editing applied to induce 

seedlessness in citrus 
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4.1 Abstract 

Seedlessness is a desired characteristic in citrus fruits and it is 

particularly requested by consumers. For this reason in the past years 

many efforts have been done to obtain seedless fruit using 

conventional breeding techniques. The use of genome editing and, 

more generally, of new genomic techniques allows both the protection 

of the high quality of the selected cultivar to be improved as well the 

maintenance of the traditional genetic background often displayed by 

local varieties. Here CRISPR/Cas9 genome editing approach was 

applied to reduce seed presence and to produce edited citrus plants 

through the editing of IKU1 gene; it codes for a protein that is involved 

in the development of the seed zygotic tissue and thus in the regulation 

of the seed size. 16 transgenic plants were obtained through 

Agrobacterium-mediated transformation, 1 ‘Sanguigno Vaccaro’ 

sweet orange, 5 ‘Duncan’ grapefruits and 10 ‘Carrizo’ citrange. The 

construct pIKU-editing_GB was assembled using GoldenBraid 

technology and a tandem pair of single guide RNAs (sgRNA1 and 

sgRNA2) that were able to induce different types of mutation in IKU1 

gene, mostly insertion and deletion. Of the transformed plantlets 4 

samples presented a big deletion between the two sgRNAs, while 2 

other samples presented an inversion. The deduced amino acid 

sequence of the edited IKU1 gene showed the introduction of stop 

codon responsible for the premature termination of the protein 

transduction. In one of the regenerated plantlets the VQ motif present 

in IKU1 protein was disrupted. The edited plants are now in the 

juvenile phase and further analysis of their flowers and fruits features 

would confirm the role of IKU1 gene in HAIKU (IKU) pathway and 

its importance for the obtainment of seedless new cultivars. 

 

Keywords: seed, HAIKU, CRISPR/Cas9, mutation, GoldenBraid 
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4.2 Introduction 

The application of new biotechnological tools like the New 

Plants Breeding Techniques (NPBTs), (Eriksson et al. 2018b; Limera 

et al. 2017) can help to obtain novel varieties with the incorporation 

of the selected traits, while retaining the genetic background of the 

cultivar of origin; in fact NPBTs can help to overcome the limitations 

of conventional breeding that are expensive, long and, especially in 

citrus, are hampered by several reproductive biological features, 

including self-incompatibility, a high level of heterozygosity, a long 

juvenile period, large size and the lack of knowledge on how the most 

important horticultural traits are inherited (Poles et al. 2020). 

Among NPBTs genome editing is one of the most effective 

tools for the accurate modification of specific sequences (Salonia et 

al. 2020). The technique is essentially based on the use of 

programmable nucleases that produce site-specific DNA double 

strand breaks (DSB) that can be repaired by the plants’ own repair 

system leading to target mutation (Kim and Kim 2014; X. Liu et al. 

2017). The first application of genome editing in citrus species (Table 

4.1) was reported in 2014, when Jia and Wang transformed ’Valencia’ 

sweet orange leaves and modified phytoene desaturase gene obtaining 

a mutated albino phenotype with a mutation rate of 3.2-3.9%. The 

same authors applied the same strategy to 'Duncan’ grapefruit (Jia and 

Wang 2014b). Other examples of genome editing application in citrus 

considered the editing of genes involved in citrus canker 

susceptibility; Wang and colleagues (Wang et al., 2019) modified the 

transcription factor CsWRKY22 and in the transgenic plants the 

development of canker symptoms was delayed. Other studies applied 

genome editing to the disease susceptibility gene CsLOB1 gene (Table 

4.1) The transformation experiments were done mostly using 

Agrobacterium-mediated transformation of epicotyl tissues (Dutt et al. 

2022; Jia et al. 2016, 2022; Jia, Zhang, et al. 2017; Jia, Zou, et al. 2019; 

Jia, Orbovi, et al. 2019; Jia and Wang 2020a; Peng et al. 2017; Wang 
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et al. 2019; Zhu et al. 2019), Xcc-facilitated agroinfiltration (Jia et al. 

2016, 2022; Jia, Zhang, et al. 2017; Jia, Orbovi, et al. 2019; Jia and 

Wang 2014b, 2014a, 2020a) and more recently the technique was 

applied also to citrus embryogenic cell cultures (Dutt et al. 2020) and 

protoplast (Mahmoud et al. 2022). 

 

Table 4.1 Genome editing application in citrus. XFA = Xanthomonas citri ssp. 

citri (Xcc)-facilitated agroinfiltration, AMET = Agrobacterium-mediated epicotyl 

transformation, PPM =, protoplast PEG-mediated transformation, AMCC = 

Agrobacterium-mediated transformation of embryogenic cell cultures. EBEPthA4-

CsLOB1 refers to the application of citrus to the EBE region of the LOB1 promoter 

of sweet orange; GFP = Green Fluorescent protein. 

Citrus species 
Transformation 

method 
Target gene Reference 

‘Valencia' sweet 

orange 
XFA 

Citrus phytoene 

desaturase (CsPDS) 
(Jia and Wang 2014a) 

‘Duncan grapefruit, 
‘Valencia sweet 

orange, ‘Key’ lime, 

‘Carrizo’ citrange, 
Sour orance, ‘Meiwa’ 

kumquat 

XFA CsPDS (Jia and Wang 2014b) 

‘Wanjincheng' orange AMET EBEPthA4-CsLOB1 (Peng et al. 2017) 

‘Duncan' grapefruit XFA, AMET 
EBEPthA4-CsLOB1 

Type I 
(Jia et al. 2016) 

‘Duncan' grapefruit XFA, AMET 
GFP, CsLOB1 Type I 

and Type II 
(Jia et al. 2017) 

‘Mini citrus 

Hongkong' kumquat 
AMET GFP, CsLOB1 (Jia, Zou, et al. 2019) 

‘Wanjincheng' orange AMET CsWRY22 (Wang et al. 2019) 

‘Carrizo’ citrange AMET GFP, CsPDS (Zhang et al. 2017) 

Pummelo XFA, AMET 
GFP, EBEPthA4-

LOBP 
(Jia and Wang 2020b) 

‘N7-3’ seedless sweet 
orange 

PPM 

Nonexpressor of 

Pathogenesis-Related 
3 (CsNPR3) 

(Mahmoud et al. 2022) 

‘Duncan' grapefruit XFA, AMET 
CsPDS, GFP, 

EBEPthA4-CsLOBP 
(Jia et al. 2019) 

‘EV2’ sweet orange AMCC GFP, CsPDS (Dutt et al. 2020) 

Pummelo XFA, AMET 
GFP, EBEPthA4-

LOBP 
(Jia et al. 2022) 
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‘Hamlin’ sweet orange AMET 

Citrus sinensis 

TILLER ANGLE 

CONTROL 1 
(CsTAC1) 

(Dutt et al. 2022) 

Pummelo XFA, AMET 
GFP, EBEPthA4-

LOBP 
(Jia and Wang 2020a) 

 

 Despite all these genome editing applications have focused on 

resistance to biotic and abiotic stresses, qualitative traits of the fruit 

and its nutraceutical properties are more and more considered. In this 

chapter we report an attempt to obtain new seedless genotypes.  

Citrus seedless cultivar can contain no seed or less than 5, 

aborted or a significantly reduced number of seeds (Vardi et al. 2008; 

Varoquaux et al. 2000). Seedless fruits can be obtained from 

parthenocarpic cultivars that are self-incompatible and can be grown 

in blocks isolated from cross-pollinators or from cultivars that display 

male or female sterility (e.g. ’Satsuma’ mandarin, ’Washington Navel‘ 

orange) or that are triploids (’Tahiti‘ lime and ’Orblanco’; Vardi et al., 

2008). Seed production is controlled by many genes and the loss of 

seed in the fruits can be the result of many processes, for examples, 

male or female sterility (Vardi et al. 2008), self-incompatibility 

(Caruso et al. 2012), stenospermocarpy (Mesejo et al. 2014b) 

accompanied with parthenocarpy.  

In this work we focused on HAIKU (IKU) pathway, that, 

together with phytohormones, regulates seed size affecting the 

development of the zygotic tissues (Li, Xu, and Li 2019).  

The Arabidopsis iku (IKU1 and IKU2) and miniseed3 (MINI3) 

mutations specifically determine a reduction of seed size: in fact, they 

interest many features of endosperm development, causing a 

premature arrest of its growth which triggers precocious 

cellularization, restricts cell proliferation in the embryo and limits cell 

elongation of the maternally derived seed integument. In iku mutants, 

endosperm size is decreased at the globular stage, thus seeds from iku 

plants have an overall reduced mass (Garcia et al. 2003; Garcia, 
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Gerald, and Berger 2005; Luo et al. 2005). It has been demonstrated 

that IKU1, IKU2 and MINI3 genes act in the same pathway (Li et al. 

2019): in particular IKU2 and MINI3 are both regulated by SHORT 

HYPOCOTYL UNDER BLUE 1 (SHB1), which can binds to their 

promoters (Zhou et al. 2009). IKU1 encodes a VQ motif protein, 

which, respect to these other genes, it is the only one expressed in early 

endosperm before cellularization, and it is essential for the action of 

MINI3 gene (Luo et al. 2005; Wang et al. 2010).  

In this study, we applied genome editing to citrus, in particular 

to ‘Sanguigno Vaccaro’ sweet orange, and to the model plants 

‘Carrizo’ citrange and Duncan grapefruit: two sgRNAs were designed 

in order to disrupt IKU1 gene and to verify that the mutation induced 

could result in anomalies in the endosperm growth and in the 

production of seedless fruits. 

 

4.3 Materials and methods 

4.3.1 Identification of IKU gene 

The homologous sequence of Arabidopsis IKU1 sequence 

(At2g35230) in Valencia genome orange 2.0 

(www.citrusgenomedb.org) is the predicted mRNA of 

“LOC102627419”. The sequence of citrus was used to design 2 single 

guides RNA (sgRNAs), using the web RNA design tool CRISPR-P 

2.0 (http://cbi.hzau.edu.cn/cgi-bin/CRISPR; Lei et al., 2014; H. Liu et 

al., 2017).  

The criteria used for the selection of the guides were: the 

possibility to have a double sgRNAs in tandem with a distance 

between both sgRNAs possibly of 300 bp; the on-target score higher 

than 0.50, the GC content higher than 50%; and the presence of a small 

number of off-targets. CRISPR-P 2.0 (http://cbi.hzau.edu.cn/cgi-

bin/CRISPR Lei et al., 2014; H. Liu et al., 2017) and CRISPOR 

(http://crispor.tefor.net/Concordet & Haeussler, 2018) analysis 
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software were used to detect potential off-targets sequences. 

 

4.3.2 Plasmid construction 

The vector pIKU-editing_GB (Figure 4.1) was generated using 

GoldenBraid cloning system v3.0 (Vazquez-Vilar et al., 2016, 

https://gbcloning.upv.es/) and routinary enzyme digestion and ligation 

procedures. The 2 guides, 5’-GGTGGACGTTGGTTTCCCCT-3’ 

(sgRNA1, on negative strand) 5’-GGTTTCGGAGGATTTTGTGG-3’ 

(sgRNA2, on negative strand) were PCR-amplified using the 

respective primer couple (Table 4.2), each one inserting in a pDGB3-

α vector. Assembly reactions were performed using BsaI (for pDGB3-

α1 and pDGB3- α2) and BsmBI (for pDGB3-Ω1 and pDGB3-Ω2) as 

restriction enzymes. The 25 cycle digestion/ligation reactions consists 

in 37 °C for 20 min, 25 cycles at 37 °C for 3 min, 16 °C for 4 min and 

a final cycle of 37 °C for 5 min plus a step at 80 °C for 5 min to 

inactivates enzymes. The resulting mix was used to transform 

Escherichia coli JM109 chemical competent cells (Promega, USA); 

colony PCR analysis of verification were performed using VWR Taq 

DNA Polymerase (Life Science) following the manufacturer’s 

instructions. 

Each step of the GoldenBraid cloning was validated by 

checking the set of fragments generated using different restriction 

enzymes, in particular EcoRI to verify the correct assembly of 

pDGB3-α1 plasmid containing the sgRNA1, the U6 promoter and the 

RNA scaffold, HindIII to verify the correct assembly of either 

pDGB3-α1 plasmid containing the sgRNA2, the U6 promoter and the 

RNA scaffold or pDGB3-Ω2 containing the hCas9 gene and the 

sgRNA1, and BamHI to verify the correct assembly of pDGB3-Ω1R 

plasmid containing the nptII gene and the sgRNA2) (Promega). The 

general digestion protocol used for each restriction enzyme consists in 

1 hour at 37°C of a mix with 2X enzyme buffer, 5U of restriction 
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enzyme, 1μg of DNA and 2μg of acetylated BSA in a final volume of 

20μL; the product obtained was analysed on agarose 1.5% gel 

electrophoresis.  

The final pIKU-editing_GB (Figure 4.1) assembly was 

confirmed by Sanger sequencing. 

 

 

 

After validation by sequencing, the pIKU-editing_GB was 

finally transferred to A. tumefaciens strain EHA105 by thermal shock: 

1 ug of plasmid was added to competent cells and incubated for 2 min 

at –20 °C and then at 37 °C for 5 min. 1 mL of LB medium were added 

to the cells and, after a brief step of 2-4 h at 28°C, cells were 

centrifugated and pellet was resuspended in 10 μL of LB and cultures 

on selective medium consisting in LB added with 50 mg/L of 

kanamycin. 

 

4.3.3 Plant materials 

In vitro nucellar seedlings of ‘Carrizo’ citrange (C. sinensis L. 

Osb. x Poncirus trifoliata L. Raf.), ‘Duncan’ grapefruit (C. paradisi 

Macf.), and ‘Sanguigno Vaccaro’ sweet orange (C. sinensis L.) were 

used for genetic transformation. The seeds were extracted from fruit, 

Figure 4.1 Schematic representation of the pIKU-editing_GB vector assembled 

for genome editing. RB and LB, right and left T-DNA borders, respectively; Nos-P 

and Nos-T, nopaline synthase promoter and terminator sequences, respectively; nptII, 

the selectable marker gene neomycin phosphotransferase II conferring resistance to 

the antibiotic kanamycin; a tandem pair of single guide RNAs (sgRNA1 and sgRNA2) 

driven by the U626 promoter from Arabidopsis (U6-26-p); 35S-p, CaMV 35S 

promoter and human codon optimized Cas9 (Cas9). Blue arrows at the bottom of T-

DNA indicate PCR primers used to amplify nptII and Cas9 genes and the respective 

size of PCR amplicons.  
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the outer seed coat removed and surface-sterilized as previously 

described (Dutt and Grosser 2009). 

 

4.3.4 Agrobacterium-mediated transformation 

Agrobacterium-mediated transformation of epicotyl explants 

was performed as previously described (Orbović and Grosser 2015) 

with the modified regeneration medium RM of Murashige and Skoog 

(MS) medium plus 1 mg/L of 6-Benzylaminopurine, 100 mg/L 

kanamycin, 500 mg/L of cefotaxime, 8 g/L of agar, pH 5.75. The 

leaves of kanamycin resistant shoots were screened by PCR to verify 

the integration of T-DNA cassette; transformed shoots of ‘Duncan’ 

grapefruit and ‘Sanguigno Vaccaro’ sweet orange were shoot-tip 

grafted on 'Carrizo’ citrange seedlings grown in vitro as previously 

reported (Orbović and Grosser 2015) while ‘Carrizo’ transformed 

shoots were cultured in MS medium with 0.5 mg/L of 1-

Naphthaleneacetic acid to induce rooting. Transformation efficiency 

(TE) was evaluated as the number of transformed shoots regenerated 

from inoculated explants. 

 

4.3.5 Genomic DNA extraction and PCR amplification 

The confirmation of the transgenic nature of regenerated shoots 

was done by PCR amplification. DNA was extracted from regenerated 

shoots following a modified CTAB protocol (Doyle and Doyle 1987); 

extracted DNA was quality checked through Nanodrop 1000 

spectrophotometer (Thermo Scientific) and diluted to 20 ng/μL.  

The presence of T-DNA cassette was confirmed by the 

amplification of both nptII and Cas9 genes (Table 4.2). PCR analysis 

was performed using VWR Taq DNA Polymerase (Life Science) 

following the manufacturer’s instructions. Reactions for nptII and 

Cas3 amplification were carried out under following conditions: 95 
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°C for 2 min, 35 cycles of 95 °C for 25 s, primers annealing 

temperature for 30 s and 72 °C for 1.1 min, followed by 72 °C for 5 

min. 

 

Table 4.2 List of primer used for PCR amplifications. T.A. = annealing 

temperature; lowercase letters represent the Illumina adapter sequences necessary to 

generate the Illumina library 

 

Primer Name Sequence (5'-3') Purpose T.A. 

sgRNA1-F ATTGGTGGACGTTGGTTTCCCCT pIKU-editing_GB 

assembly (sgRNA2) 
62°C 

sgRNA1-R AAACAGGGGAAACCAACGTCCAC 

sgRNA2-F ATTGGTTTCGGAGGATTTTGTGG pIKU-editing_GB 

assembly (sgRNA1) 
62°C 

sgRNA2-R AAACCCACAAAATCCTCCGAAAC 

NptF CCTCAGCAATATCACGGGTAGC Amplification of 
nptII gene 

58°C 
NptR GGATCTCCTGTCATCTCACCTT 

Cas3F GCCAGCCACTATGAAAAGCT Amplification of 

Cas9 gene 
62°C 

Cas3R AATGTTTTCTGCCTGCTCCC 

Iku-regF AGAGTCCATTGCACCAACCT Amplification of 

sgRNAs region 
57°C 

Iku-regR CTGTTGGGCATGTACAGGTG 

Adp_iku-regF 
tcgtcggcagcgtcagatgtgtataagagacagAGA

GTCCATTGCACCAACCT 
Illumina sequencing 57°C 

Adp_iku-regR 

gtctcgtgggctcggagatgtgtataagagacagCT

GTTGGGCATGTACAGGTG 

GG20F ACCTTCACAAGAACCTTTGCC Amplification of 
sgRNAs region  

57°C 
GG10R TATTCCACGCCAAGTCCCAA 

 

PCR products were detected by electrophoresis on 1.5% 

agarose gels. 

 

4.3.6 High-throughput sequencing (HTS) analysis  

The genomic DNA of the transformed plants were used as 

template for the PCR amplification using Adp-iku-reg primers with 

overhang Illumina adapters (Table 4.2) and PCRBIO HS Taq Mix Red 

(PCR Biosystems Ltd., UK); PCR products were checked by 

electrophoresis on 1.5% agarose gels and and pooled in equimolar 
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way. Subsequently the final amplicon library were sequenced on an 

Illumina MiSeq (PE300) platform (MiSeq Control Software 2.0.5 and 

Real-Time Analysis Software 1.16.18).  

Mutations were detected analysing raw paired-end reads with 

CRISPResso (http://crispresso.rocks/; Pinello et al., 2017) using 

default parameters. In few cases, the DNA of edited plants, already 

analysed with CRISPResso, was amplified using Iku-reg, GG10 and 

GG20 primers to check the mutation event present. Illumina reads 

were aligned against Valencia genome orange 2.0 

(www.citrusgenomedb.org) and visualized into Integrative Genomics 

Viewer (IGV) tool. PCRs were performed using VWR Taq DNA 

Polymerase (Life Science) with the conditions described above. 

 

4.3.7 Plant propagation and assay of mutant plant’s phenotype 

The edited plantlets were re-grafted on potted P. trifoliata 

seedlings in greenhouse to accelerate fruit production. At flowering 

stage all plants were manually cross-pollinated and the fruits derived 

were checked for seeds and ovules content in terms of number, shape 

and dimension. 

 

4.4 Results and discussion 

4.4.1 pIKU-editing_GB assembly 

The pIKU-editing_GB assembly was checked and confirmed 

through Sanger sequencing. The 2 sgRNAs chosen possibly create a 

deletion of 327 bp in the first exon of IKU1 gene; sgRNA1 had an on-

target score of 0.55 and a percentage of GC content of 60%, while the 

values for sgRNA2 were respectively 0.62 and 50%. Both sgRNAs 

had off-target sites and, unfortunately, most of them present two or 

more mismatches on the ‘PAM seed region’, defined as the 10–12 base 
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pairs adjacent to the PAM; and most of these mismatches were present 

also in the “true seed region”, defined as one to five base pairs of guide 

region proximal to the PAM (X. H. Zhang et al. 2015). 

 

4.4.2 Generation of transgenic citrus plants 

Regenerants buds resistant to kanamycin selection were 

screened by PCR to verify the integration of T-DNA, confirmed by 

the presence of both nptII and Cas9 genes (Figure 4.2).  

 
Figure 4.2 PCR screening of transgenic plants. Visualization on agarose gel of 

amplified PCR products of nptII (392 bp) and Cas9 (213 bp) from leaves of a 

representative transgenic plant positive to both genes. pIKU-editing_GB plasmid 

extracted from A. tumefaciens EHA105 used for plant transformation was used as 

positive control (C+), while non transformed wild-type plant was used as negative 

control (C-). 1 Kb Ladder (L) (Thermo Scientific). 

 

For experiment with ‘Carrizo’ citrange a frequency of transformed 

shoots of 37.1% and a TE of 42.5% were obtained; 7 transgenic shoots 

of ‘Duncan’ grapefruit were recovered from 22 regenerants analysed, 

resulting in a frequency of transformed shoots of 31.9% and a total TE 

of 3.5%. Percentages are comparable to the 47% obtained by Dutt & 

Grosser (2009), and the 41.3% reported in Cervera et al., (1998), while 
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for ’Duncan’ grapefruit the value is a bit lower respect to the 40% TE 

(Dutt & Grosser, 2009) reported before for the transformation of this 

genotype. In ’Sanguigno Vaccaro’ sweet orange experiment, the 

frequency of transformed shoots was 25.0% and TE of 1.3%, 

comparable to 23.8% and 25% reported for the transformation of other 

sweet oranges like ’Valencia’ (Boscariol et al. 2003) and ‘Hamlin’ 

(Dutt & Grosser, 2009), respectively (Table 4.3). In our study the 

regeneration frequency (the number of shoots regenerated from 

inoculated explants) was around 8-10%, but problems with 

micrografting have led to the loss of the material before it was PCR-

analysed. 

 

Table 4.3 Transformation efficiency for pIKU-editing_GB transformation 

experiments. 

Genotype 

Shoot 

analysed 

by PCR 

Positive 

shoots 

Frequency 

of 

transform

ed shoots 

(%)a 

Transformatio

n efficiency 

(%)b 

‘Carrizo’ citrange 229 85 37.1% 42.5% 

‘Duncan’ grapefruit  22 7 31.9% 3.5% 

‘Sanguigno Vaccaro’ 

 sweet orange 8 2 25.0% 1.3% 
a positive shoots of total shoots analysed 
b positive shoots of 150 total explants inoculated 

 

The PCR positive plantlets were transplanted to soil and 

transferred to greenhouse for the acclimatation. 

 

4.4.3 Characterization of IKU1 mutants 

IKU1 target region was screened in 16 transgenic citrus plants,  

 5 ‘Duncan’ grapefruits, 10 ‘Carrizo’ citrange and 1 ‘Sanguigno 

Vaccaro’ sweet orange, respectively.  
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HTS analysis shows that both ‘Duncan’ grapefruit and ‘Carrizo’ 

citrange had a single nucleotide polymorphism at the 6th position of 

the sgRNA2 (Figure 4.3), while for sgRNA1 no differences in the 

sequence of the bases were found. This makes it possible to identify 2 

forms (or aplotype) of IKU1 gene and of sgRNA2, I type contained a 

‘T’ while II type contained a ‘C’, like the original sgRNA2. A similar 

result was found in the ‘Duncan’ used for the editing of CsLOB1 (Jia 

et al. 2016) and it is not surprisingly since grapefruit resulted from the 

hybridization between pummelo and sweet orange (Wu et al., 2014; 

Xu et al., 2013). Also ’Carrizo’ citrange shows the 2 forms of the 

sgRNA2 (Figure 4.3) and this is compatible with its origin, in fact 

’Carrizo’ citrange has been obtained from a cross between C. sinensis 

and P. trifoliata.  

 

 
Figure 4.3 sgRNAs sequences in the three genotypes transformed. For the 

sgRNA2, two forms of IKU gene, I type and II type, were found in ‘Duncan’ grapefruit 

and in ‘Carrizo’ citrange (highlighted in yellow), while for the sgRNA1, only one 

form was present; ‘Sanguigno Vaccaro’ sweet orange showed only I type for both 

sgRNAs. 

 

On average 350.338 raw sequences were obtained among the 

three genotypes and a mean of 21.889 reads were aligned for each of 

the analysed plants. The IKU1 region resulted edited in all samples; in 

F24, L6, N81 and Q84 the deletion of 327 bp, from sgRNA1 to 

sgRNA2, was present (Figure 4.4a, c). In ‘Carrizo’ citrange the most 

frequent mutations for both the sgRNA1 and sgRNA2 were small 
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insertion (+1) followed by large (-327 bp) and short (-1 and -2 bp) 

deletions (Figure 4.4c); in ‘Duncan’ grapefruit the most frequent 

mutation was a short insertion for sgRNA1 (Figure 4.4d). Considering 

both species, deletions prevailed in sgRNA1 while insertions 

prevailed in sgRNA2.  

Editing occurred in Q87, D2 and DH2 showed a low percentage 

of mutated reads (Table 4.4); V107 and M44 had a more complicated 

editing pattern (Figure 4.5 and 4.6) so both these 5 samples were 

excluded form Figure 4.4. 
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Figure 4.4 Targeted genome engineering in citrus plants. Representation of 

mutation events generated by the CRISPR/Cas9 system in IKU1 gene for ‘Carrizo’ 

citrange (a), ‘Duncan’ grapefruit (b). The sgRNA1 target sequence is coloured in 

green, the sgRNA2 is coloured in blue. The modifications occurred are highlighted in 

red and deletions are represented by dashes. Rate of mutation sizes in ‘Carrizo’ 

citrange (c), ‘Duncan’ grapefruit (d) and rate of mutation types (e) that comprises all 

edited samples with the exclusion of D2, DH2, Q87 (that had low mutation reads), 

M44 and V107 (that had more complex editing pattern). Percentages in c, d and e 

were calculated by dividing the number of total events (of each mutation type and 

size, respectively) by the sum of total mutation events. 

 

Among the samples showing several types of mutation, only 2 

display a single event: the deletion of 327 bp for F24, and a deletion 

of 4 bp in sgRNA1 and a ‘T’ insertion in sgRNA2 for D3.  

I type and II type showed a preferred type of mutation: the 

insertion in I type is mostly a ‘T’ with the exception of N65, while for 

II type is always an ‘A’ except for sample N81 that showed an 

insertion of ‘G’. The only samples in which the editing affect only one 

form are F24 (unknown type) and D3 (I type) (Figure 4.4 a and b). 

Samples that showed the 327 bp deletion (F24, L6, Q84 and N81), 

together with V107 sweet orange M44 and ‘Carrizo’ citrange showed 



4.-Genome editing for seedlessness 

111 

a complex CRISPResso profiles, so they were also screened using 

electrophoresis on 1.5% agarose gels and reads were visualized on 

IGV (Figure 4.5). 

 

 
Figure 4.5 PCR screening of edited plants. Visualization on agarose gel of 

amplified PCR products (a) using Iku_regF, Iku_regR primers (527 bp), GG20F and 

GG10R (287 bp); primer positions were represented in the scheme (b). The samples 

amplified using Iku_reg primers included F24, L6, Q84 and N81 and showed a band 

at 109 bp, lower than positive control (WT-CAR), due to the 327 bp deletion occurred 

between sgRNA1 and sgRNA2; M44 and V107 showed the same profile of its control 

(WT-CAR and WT-VAC, respectively) also using GG20F and GG20R primers. 1 Kb 

Ladder (L) (Thermo Scientific). 

 

F24, L6, Q84, and N81 showed a marked band at 109 bp, lower 

than positive control (WT-CAR), due to the 327 bp deletion occurred 

from the cutting site of sgRNA1 and sgRNA2 (Figure 4.5); M44 and 
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V107 showed the same profile of its control (WT-CAR and WT-VAC) 

so they were amplified also using GG20F and GG10R primers to 

check if an inversion was present; in that case no amplification would 

had occurred, but no difference were found. The reason of that could 

be traced back looking directly at the Illumina reads aligned on 

Valencia genome using IGV: automatically, the viewer depict in blue 

reads that showed a change of orientation read-strand, so between the 

sgRNAs an inversion had occurred, but only in a subset of reads 

(Figure 4.6). 
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Figure 4.6 Illumina reads aligned on Valencia genome visualized on IGV tool. 

V107 (a) and M44 (b) reads were aligned and the reads depicted in blue colour 

indicate that an inversion has occurred, so they are reversed in the edited plants 

compared to the reference genome. 

 

For both V107 and M44 the inversions did not occur in all reads, 

in fact the profiles of agarose gel resulted identical to those of the 

control and the amplification using GG20F-GG10R did not give the 

expected band of 287 bp (Figure 4.5). The percentage of mutated reads 

is high for both samples (85.35% for sgRNA1 and 87.38% for 

sgRNA2 for V107; 84.98% for sgRNA1 and 87.83% for sgRNA2 for 

M44) but it includes all reads that are different from reference. On the 

whole reads can be grouped into two group of different inversions 

(Figure 4.6, the two blue group) and in one small deletion (66 bp for 

M44 and 68 bp for V107) in both samples. 

Using the reads alignment on Valencia genome it was possible 

to determine the amount of the deletion in sgRNA2 of N65 and the 

deletion in sgRNA1 of Q88 that were of 233 bp (from 52 bp before 
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sgRNA2 cut site) and 101bp (66 bp before the cut site), respectively. 

For edited plantlets, different percentage of mutated reads were 

obtained. Among the ‘Duncan’ samples, only D2 and DH2 showed 

low percentage of mutations of the reads, 31.29% and 46.69% 

respectively for the sgRNA1 and 26.99% and 19.03% for the sgRNA2, 

while the other 3 samples showed higher values. In particular, 

considering sgRNA2, the mutation affected only one form of sgRNA1 

in D3 (I type), while for B45 and B46 the guide targeted both I and II 

type for a total of 88.15% and 87.81%, respectively (Table 4.4). 

Considering ‘Carrizo’ citrange samples, Q87 is the only one with a 

low percentage of mutated reads, 23.43% for sgRNA1 and 13.55% for 

sgRNA2; sgRNA mutations targeted both types of IKU1 gene for L5 

and Q88 sample, while in the other sample there were larger deletions, 

so it was not possible to identify if the mutation affected both forms.  

These results are comparable with other experiments of genome 

editing in citrus, especially those in which ‘Duncan’ was transformed; 

in particular, Jia et al. (2016) obtained 4 lines of edited plants that 

showed mutation only in CsLOB1 I type and that were susceptible to 

Xcc infection, suggesting that only the biallelic mutation of the gene 

could generate a resistant plant. Subsequently, Xu et al. (2017) used a 

sgRNA to target a conserved region in both alleles; 6 lines were 

obtained with mutation rates between 23.80%-89.36%, but only the 

two with the higher mutation rate (89.36% and 88.79%) did not 

develop canker symptoms. 

 

Table 4.4 Mutation rate of reads induced by CRISPR/Cas9. 

Genotype 
Plant 

ID 

% of mutated reads 

sgRNA1 sgRNA2 

‘Carrizo’ citrange F24 92.05% 94.87% 

‘Carrizo’ citrange L5 84.56% 87.84% 

‘Carrizo’ citrange L6 91.02% 93.34% 
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‘Carrizo’ citrange M44 84.98% 87.83% 

‘Carrizo’ citrange N65 86.79% 96.7% 

‘Carrizo’ citrange N71 81.03% 88.27% 

‘Carrizo’ citrange N81 89.96% 90.89% 

‘Carrizo’ citrange Q84 89.7% 92.69% 

‘Carrizo’ citrange Q87 23.43% 13.55% 

‘Carrizo’ citrange Q88 91.18% 88.54% 

‘Duncan’ grapefruit D2 46.69% 26.99% 

‘Duncan’ grapefruit D3 87.65% 91.39% 

‘Duncan’ grapefruit DH2 31.29% 19.03% 

‘Duncan’ grapefruit B45 82.34% 88.15% 

‘Duncan’ grapefruit B46 79.82% 87.81% 

‘Sanguigno Vaccaro’ sweet 

orange 
V107 

85.35% 87.38% 

 

 Comparable percentage of editing were obtained also in the present 

work for most of the samples of ‘Duncan’ grapefruit, ‘Carrizo’ 

citrange and ‘Sanguigno Vaccaro’ sweet orange; overall the 

percentage are higher for sgRNA2, greater than 92% for F24, L6, N65 

and Q84, respect to sgRNA1 where the only sample with percentage 

greater than 92% is F24. The lowest percentage were obtained for 

sgRNA2, Q87, and DH2 showed percentage lower than 20% (13.55% 

and 19.03%, respectively, Table 4.4). In literature higher percentages 

of mutation rate are reported for the genome editing of sweet orange: 

Wang (et al., 2019) modified CsWRKY22 gene obtaining three mutant 

lines with 85.7%, 79.2% and 68.2% mutation rates that displayed 

decreased susceptibility to citrus canker, but these values were 

calculated based on Sanger sequencing, and thus are not comparable 

with the ones obtained with HTS. Here also we used HTS on Illumina 



4.-Genome editing for seedlessness 

116 

MiSeq platform to estimate editing performance and respect to Sanger 

sequencing this method has shown to be more effective, rapid and 

cost-efficient, allowing the simultaneous visualization of a great 

number of clones for a single sample processed (Pompili et al. 2020).  

The use of double sgRNAs in tandem was employed since it could 

improve the success rate of targeted mutagenesis and generate large 

genomic deletion; in our study the hypothesis of creating a large 

deletion involving both sgRNAs was confirmed in 4 samples (F24, L6, 

Q84 and N81) and involved 327 bp, while 2 samples (V107 and M44) 

showed an inversion. By the simultaneous induction of DSBs within 

a chromosome, the area between the two DSBs is repaired by the 

NHEJ system: the segment can be inversely integrated into the 

genome, creating an inversion, or it can be lost, creating a deletion, 

that, if the segment is longer than 100 bp, will ensure gene knockout. 

(Mao et al. 2013; Shan et al. 2013; Upadhyay et al. 2013; Zhou et al. 

2014).  

Moreover, in some cases the use of two sgRNAs can ensure the 

success of the genome editing, especially if, differently from our 

results, one of the two sgRNA has a lower editing efficiency. In order 

to avoid this it is reported in citrus the possibility to evaluate the 

functionality of different sgRNAs that target the same gene, using the 

agroinfiltration approach facilitated through the use of Xcc infection 

(Jia et al. 2016; Jia, Zhang, et al. 2017; Jia et al. 2019; Jia and Wang 

2014a).  

Another issue in the application of genome editing is the occurrence 

of off-target, that are non-specific and mostly can induce unintended 

modifications in other than target loci. Based on sweet orange genome, 

the potential off-targets generated by pIKU-editing_GB were analysed 

using CRISPR-P and CRISPOR web-software. Two off-targets with 

very low Cutting Frequency Determination (CFD, 0.03 and 0.00) were 

present in sgRNA2, while 22 off-targets were present for sgRNA1. 

With the exception of two events of two and three mismatches, they 
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all comprise differences of four bases; among these, 4 had a CFD score 

lower than 0.05, and so are unlikely to be cleaved, while scoring the 

other 18 off-target events, only 5 had a CFD score higher than 0.20 

and need to be checked to rule out the possibility that mutation in 

potential off-target sites could have occurred. These 5 present 

mismatches located both in the ‘seed region’ (8–12 PAM-proximal 

bases) and in the ‘true seed region’ (1–5 PAM-proximal bases) seem 

to be crucial to determine targeting specificity of the arginine-rich 

bridge helix within the recognition lobe of the Cas9 protein 

(Nishimasu et al. 2014; Shan et al. 2013). Other mismatches that are 

located in the PAM distal sequence are more likely to be tolerated and 

seem not correlated with the proper functioning of the sgRNA/Cas9 

complex (Shan et al. 2013; Zhang et al. 2015). 

 

4.4.4 Potential effect of genome editing on IKU protein 

In our experiment the mutations that were induced by the sgRNA2 

editing (the first guide that it is encountered considering the correct 

direction of IKU1 protein translation) are sufficient to cause a large 

amino acids (aa) loss in the IKU1 protein: in the cases of insertion 

(‘A’, ‘T’ and ‘G’) or for the deletion of one or two bases (‘G’ or ‘TG’), 

the deduced aa sequences showed frame-shift mutations with the 

introduction of stop codon responsible for the premature termination 

of the protein transduction. In addition, in L6, F24, N81 and Q84 the 

editing caused a loss of 109 aa, while the other part of the protein 

transduction is identical to the reference ones (Figure 4.7).  
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Figure 4.7 The deduced amino acid sequences of the edited IKU1 proteins. The 

translated IKU1 protein is compared with the reference protein and the possible 

scenarios induced by the CRISPR/Cas9 editing; the conserved VQ motif is 

highlighted in yellow, differences between the sequences are coloured in red, stop 

codons are represented by asterisks. 

 

The sequence of the IKU1 protein contains a short VQ motif that is 

conserved in other plant species such as Vitis vinifera, Oryza sativa, 

Popolus trichoparpha, Gossypium hirsutum and Zea mays (Wang et 

al., 2010); to characterize the function of the IKU1 gene, Wang (et al., 

2010) introduced constructs bearing mutations in each of the 

conserved regions of the Arabidopsis iku1 mutant line; in particular aa 

replaced in the VQ motif region (58-61 aa) were not able to rescue the 

iku1 mutant seed phenotype, suggesting an important role of this 

conserved region in seed development. Considering our editing 
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results, the deletion of 101 bp present in N65 (’Carrizo’ citrange) 

caused the loss of 5 aa that are part of the VQ motif (Figure 4.7). 

Further mutations introduced by Wang et al. (2010) in other conserved 

region of the protein (between 12-15 aa for the N-terminus, 154-158 

aa for VQ downstream region, 328-340 aa for the C-terminus of the 

protein) were able to restore the wild—type size of the seed. In our 

experiment the cut site of sgRNA2 is located at the 76 aa, 7 aa after 

the end of the VQ motif and 15 aa from the VQ aa. This region has not 

been investigated yet so it is possible that the modification induced by 

the CRISPR/Cas9 system, together with the premature codon stop 

inserted in the deduced sequences of the protein mutated, can affect 

the functionality of the protein and the size of the seeds produced.  

 

4.5 Conclusion 

CRISPR/Cas9 genome editing was applied to produce edited 

citrus plants through the transformation mediated by Agrobacterium. 

Three citrus species were edited using a tandem pair of sgRNAs 

(sgRNA1 and sgRNA2) that was able to induce different types of 

mutation in IKU1 gene, mostly insertions and deletions; in four 

samples a deletion of 327 bp, from sgRNA1 to sgRNA2 was obtained 

and in two an inversion was present. The deduced aa sequence of the 

edited IKU1 gene, coding for a protein that is involved in the 

development of the seed zygotic tissue and thus in the regulation of 

the seed size, showed the introduction of stop codon responsible for 

the premature termination of the protein transduction: Moreover, in 

one case (N65) the VQ motif was interrupted. Phenotype observations 

on the fruits obtained from these edited plants and especially of their 

ovules and seed content will confirm the role of IKU1 gene in the 

corresponding pathway and its potential role for the obtainment of new 

seedless cultivars. 
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5. General Discussion 

The development of seedless varieties is one of the main goals 

in citrus breeding programs worldwide. In fruits that are consumed 

fresh, the presence of seeds - often hard, in high number, rather big in 

size and characterized by an unpleasant taste - negatively influences 

the overall appreciation of the fruit. For this reason, consumers are 

willing to pay more for seedless fruits, especially for mandarins and 

mandarins like. Seedlessness can be the result of different 

mechanisms, including triploidy and male or female sterility, also 

these mechanisms can be coupled with parthenocarpy (if the fruit 

develops without ovules fertilisation), or stenospermocarpy (if the 

fruit contains partially formed seeds that have aborted after 

fertilization). Another mechanism associated with seedlessness can be 

the presence of self-incompatibility (SI) reaction that prevents seed 

formation, especially if the variety is cultivated in isolated blocks 

without cross pollination.  

Along the years many efforts have been invested for the 

obtainment of seedless citrus varieties. Beside traditional techniques, 

such as hybridization, mutagenesis and selection, the application of 

New Genomic Techniques (NGTs) can now offer the possibility to 

obtain new varieties with the desired features. NGT approaches can in 

fact allow the introduction of precise modifications without altering 

the original genetic background of the considered variety. Among the 

NGTs, genome editing has been already successfully applied for the 

editing of genes involved in the susceptibility to citrus canker. 

Furthermore, genome editing represents an efficient tool for functional 

gene validation. The last decades experienced a tremendous increase 

in the technologies for genome sequencing, enabling the simultaneous 

interrogation of thousands of markers at a fraction of the costs of the 

first sequencing analysis two decades ago. Such fast development of 

the genotyping platforms paves the way to the analysis of the entire 
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genome and transcriptome of individuals of interest.  

 

The presented thesis focuses on an integrated approach based 

on both the use of NGTs and whole-genome sequencing techniques to 

decipher the genetic mechanism of SI in clementine, one of the most 

common and valuable varietal groups in the Mediterranean area. The 

genetic analysis of SI ‘Comune’ clementine and of its natural SC 

mutant ‘Monreal’ allowed the characterization of the complete S-

genotype of the two genotypes, both showing a S7S11 S-genotype. 

Transcriptome comparison of the pistil of the two cultivars 24 h after 

anthesis revealed the lack of expression of S7-RNase in ‘Monreal’, in 

agreement with already observed for other citrus species. RNA-seq 

analysis, followed by the study of the gene ontology, identified the 

highest fraction of DEGs among the oxidoreductase and 

transmembrane transport activity groups. In addition, 7,781 genes 

were characterized by the presence of one or more polymorphisms in 

their coding sequences among the two mutants. All together, the 

majority of the mutations identified were located in the upper part of 

scaffold 7, the one containing the S-locus and representing the main 

candidate region for finding possible genes responsible for SI 

regulation. Further studies will be required to identify a limited 

number of candidate genes to be validated, also through the use of 

NGTs, for their effective involvement in SI mechanism. 

Another approach consisted in the use of CRISPR/Cas9 

system that was successfully used to knock out, in some Citrus 

species, IKU1, a gene involved in the regulation of seed size. Since 

IKU1 mutation in Arabidopsis specifically affects endosperm size 

leading to an overall reduced seed mass, genome editing was applied 

to the citrus homologous gene using a dual-single guide approach. 

Three seedy genotypes were transformed, including two model 

species and one sweet orange variety; sixteen plants were analysed 

confirming that IKU1 gene and the translated protein were interrupted. 
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In particular, among the edited plantlets, 4 samples displayed a large 

deletion of 327 bp between the two cutting sites of sgRNA1 and 

sgRNA2, while 2 samples showed an inversion of the sequences 

between the two cutting- sites. Phenotypic evaluations, that are still 

undergoing due to plant juvenility phase, will help to understand the 

role of IKU1 gene in HAIKU pathway and its potential for the 

obtainment of new seedless cultivars. 

 

The work herein presented provide novel insights on the 

genetic mechanisms leading to seed formation and development in 

citrus. Despite many constraints reported for woody plants species, the 

availability of regeneration and transformation protocols optimized 

for the main commercialized cultivars, together with the possibility of 

accelerating the flowering and the fruiting of plants - for example 

using mature tissues or applying early flowering genes - are more and 

more facilitating the application of NGTs in citrus. 

Of course the planning of a genome editing experiment, 

requires a deep knowledge of several aspects , including the choice of 

the RNA guide, and that of the most suitable selectable markers to be 

used. 

Altogether, the results provided in this thesis demonstrate that 

the NGTs, especially the genome editing, can be easily used in citrus 

for the functional characterization of the genes involved in the 

obtainment of seedless fruits. Once the regulatory mechanisms of 

these pathway will be elucidated, these new informations, together 

with the key genes involved, would represent a novel step for cultivar 

genetic improvement. So, the application of NGTs will allow to 

overcome the limitation of conventional breeding techniques, leading 

to the modification into elite genotypes of specific traits, by inducing 

precise sequence mutation. In this way, a novel variety characterized 

by a superior agronomical trait like, for example, the absence of seeds, 

could be easily produced. 
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On the whole, the achievements of the present work, and 

especially the definition of the S allele genotype of two clementine 

varieties, the identification of the self-incompatibility mechanism in 

the same species, and the obtainment of some edited plantlets for a 

gene involved in seed development, offer an important contribution 

towards the possibility of obtaining high quality citrus varieties in 

which seedlessness can be coupled with other traits of agronomic 

interest especially fruit quality and stress tolerance. 
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Genetics & Genomes (2016) 12: 

67. https://doi.org/10.1007/s11295-016-1025-8 

•  Buti M., Poles L., Caset D., Magnago P., Fernandez Fernandez F., 

Colgan RJ., Velasco R., Sargent DJ. “Identification and validation 

of a QTL influencing bitter pit symptoms in apple (Malus 

pumila)” -  Mol Breeding (2015) 35: 29. 

https://doi.org/10.1007/s11032-015-0258-9 

 

Articles in conference proceedings or national journals 

• Poles L., Ciacciulli A., Pappalardo H. D., Salonia F., Distefano 

G., Gentile A., Caruso M., Larger S., Pindo M., La Malfa S., 

Licciardello C. “Genome editing of IKU1 to obtain citrus seedless 
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fruits” Acta Horticolture submitted 

• Poles L., Modica G., Camilleri G., Vecchio L., Sipione A., 

Arcidiacono F., La Malfa S., Continella A., Gentile A. “Stem 

cuttings and micropropagation protocols for Bitters rootstock 

large scale production” Acta Horticolture submitted 

• Poles L., Micheletti D., Banchi E., Bianco L., Costa F., Lovatti L., 

Velasco R. “Genetic diversity investigation of the apple 

germplasm available at the Fondazione Edmund Mach” - Acta 

Horticolture. (2018) 1203, 155-164, 

https://doi.org/10.17660/ActaHortic.2018.1203.23 

• Banchi E., Poles L., Magnago P., Pindo M., Costa F., Velasco R., 

Sargent D.J. “A cost-effective strategy for marker assisted 

selection (MAS) in apple (M. pumila Mill.): The experience from 

the fondazione edmund Mach programme for resistance and 

quality traits” - Acta Horticolture (2015), 1100: 85-89 - doi: 

10.17660/ActaHortic.2015.1100.10 handle: 

http://hdl.handle.net/10449/22997 

• Peressotti E., Dolzani C., Poles L., Banchi E., Stefanini M., 

Salamini F., Velasco R., Vezzulli S., Riaz S., Walker M.A., 

Reisch B.I., Van de Weg W.E., Bink M.C.A.M. “A first pedigree-

based analysis (PBA) approach for the dissection of disease 

resistance traits in grapevine hybrids.” - Acta Horticolture (2015). 

1082, 113-12. doi: 10.17660/ActaHortic.2015.1082.15  

• Peressotti E., Dolzani C., Poles L., Malfatti S., Velasco R., 

Vezzulli S. “High-throughput phenotyping for downy mildew 

resistance applied to marker assisted pre-breeding in grapevine.” 

- VII GDPM Congress, 30th June – 4th July 2014, Vitoria/Gasteiz 

(Spain) 

• Poles L. “Recupero e valorizzazione della Susina di Dro DOP”. - 
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Frutticoltura (2018) n.8, 78-80 

• Poles L., Lovatti L. “Breeding e selezione assistita: esperienze del 

CIF di Trento”. - Frutticoltura (2018) n.10, 26-29 

 

Posters 

Poles L., Bennici S., Di Guardo M., Ereddia V., Licciardello G., La 

Malfa S., Gentile A. and Distefano G. “Integrated approaches to 

investigate the genetic bases of Citrus clementina self-

incompatibility”, LXVI SIGA Annual Congress, 6th-9th September 

2022, Piacenza (Italy) 

Poles L., Modica G., Camilleri G., Vecchio L., Sipione A., 

Arcidiacono F., La Malfa S., Continella A., Gentile A. “Stem cuttings 

and micropropagation protocols for Bitters rootstock large scale 

production”, XIV International Citrus Congress, 6th-11th November 

2022, Mersin (Turkey) 

Poles L., Ciacciulli A., Pappalardo H. D., Salonia F., Distefano G., 

Gentile A., Caruso M., Larger S., Pindo M., La Malfa S., Licciardello 

C. “Genome editing of IKU1 to obtain Citrus seedless fruits”, XIV 

International Citrus Congress, 6th-11th November 2022, Mersin 

(Turkey) 

Poles L., Ciacciulli A., Pappalardo D.H., Salonia F., Distefano G., 

Gentile A., La Malfa S., Licciardello C.“Genome editing applied to 

citrus to induce Seedlessness”, LXIV SIGA Annual Congress, 14th- 

16th September 2021, Online (Winner of Poster Competition at LXIV 

SIGA Annual Congress) 

Ciacciulli A., Poles L., Pappalardo H. D., Salonia, Licciardello C. 

“The effect of the light on the control of anthocyanin pigmentation of 

fruits, flowers, and shoots of Citrus and relatives”, LXIV SIGA 

Annual Congress, 14th- 16th September 2021, Online (Winner of 
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Poster Competition at LXIV SIGA Annual Congress) 

Salonia F., Ciacciulli A., Pappalardo H. D., Poles L., La Malfa S., 

Licciardello C. “Dati preliminari sull’utilizzo di due approcci di 

editing genico al fine di coniugare la presenza di licopene e di 

antocianine in frutti di arancio dolce”, XIII Giornate Scientifiche SOI, 

22nd -23rd June 2021, Catania (Italy) 

Pappalardo H. D., Ciacciulli A., Poles L., Salonia F., Licciardello C. 

“Ruolo dello zucchero e del gelificante nella capacità rigenerativa di 

Citrus”, XIII Giornate Scientifiche SOI, 22nd -23rd June 2021, Catania 

(Italy) 

Pappalardo H. D., Ciacciulli A., Poles L., Salonia F., Licciardello C. 

“Valutazione di diversi tipi di espianto in Citrus per la trasformazione 

mediata da Agrobacterium tumefaciens”, XIII Giornate Scientifiche 

SOI, 22nd -23rd June 2021, Catania (Italy) 

Salonia F., Ciacciulli A., Amenta M.,  Pappalardo H. D., Poles L., 

Caruso M., Russo G., La Malfa S., Licciardello C. “Analisi quali-

quantitativa di frutti di arancio, pompelmo e pummelo caratterizzati 

dalla presenza di licopene”, XIII Giornate Scientifiche SOI, 22nd -23rd 

June 2021, Catania (Italy) 

Poles L., Gentile A., Giuffrida A., Valentini L., Endrizzi E., Aprea E., 

Gasperi F., Distefano G., Artioli G., La Malfa S., Costa F., Lovatti L., 

Di Guardo M. “Ruolo della morfologia cellulare e del gene MdPG1 

nel determinare le caratteristiche di texture e di succosità in melo”, 

XIII Giornate Scientifiche SOI, 22nd -23rd June 2021, Catania (Italy) 

Poles L., Ciacciulli A., Salonia F., Pappalardo H. D., Distefano G., 

Gentile A., La Malfa S., Licciardello C. “Genome editing applicato 

agli agrumi per l’induzione di apirenia nei mandarini”, XIII Giornate 

Scientifiche SOI, 22nd -23rd June 2021, Catania (Italy) 

Poles L., Gentile A., Giuffrida A., Valentini L., Endrizzi E.,  Aprea E., 
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Gasperi F., Distefano G., Artioli G., La Malfa S., Costa F., Lovatti L., 

Di Guardo M. “Role of fruit flesh cell morphology and MdPG1 

allelotype in influencing juiciness and texture properties in apple” - 7th 

International Horticulture research Conference 1st- 30th July 2020, 

Online (Winner of the Third Prize in the Poster Competition, 279 

participants) 

Ciacciulli A., Pappalardo H.D., Salonia F., Poles L., Arlotta C., 

Caruso M., Licciardello C. “The base editing approach to enrich 

orange fruit in nutraceuticals” - 7th International Horticulture research 

Conference 1st- 30th July 2020, Online 

Pappalardo H.D., Ciacciulli A., Salonia F., Poles L., Licciardello C. 

“Preliminary results on the regeneration and transformation of citrus 

varieties addressed to produce fruits with improved traits” - 7th 

International Horticulture research Conference 1st- 30th July 2020, 

Online 

Salonia F., Ciacciulli A., Poles L., Pappalardo H.D., Arlotta C., La 

Malfa S., Licciardello C. “Target and base editing approaches to 

induce lycopene accumulation in anthocyanin-rich sweet oranges” - 

7th International Horticulture research Conference 1st- 30th July 2020, 

Online 

Poles L., Lovatti L. “Novel apple cultivars in Trentino, the case if the 

red-fleshed apple” - 10th International Workshop on Anthocyanins 

(IWA), 9th-11th September 2019, San Michele all’Adige TN (Italy) 

Ciacciulli A., Salonia F., Poles L., Pappalardo H.D., Caruso M., 

Caruso P., Russo M.P., Catalano C., Russo G., Licciardello C. “A 

cisgenesis and target editing approach to improve health properties of 

citrus fruits combining anthocyanins and lycopene” - 10th International 

Workshop on Anthocyanins (IWA), 9th-11th September 2019, San 

Michele all’Adige TN (Italy) 

Catalano C., Salonia F., Ciacciulli A., Russo M.P., Poles L., Caruso 
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P., Distefano G., Caruso M., Russo G., Licciardello C. “A gene-

specific approach illustrates the anthocyanins tissue-specificity on 

Citrus species and related genera” - 10th International Workshop on 

Anthocyanins (IWA), 9th-11th September 2019, San Michele all’Adige 

TN (Italy) 

Poles L., Stefani E., Larger S., Lovatti L. “Genetic identification of cv 

‘Susina di Dro’ (Prunus domestica L.) ecotype using microsatellites” 

-  9th International Rosaceae Genomics Conference (RGC9), 26th-30th 

June 2018, Nanjing (China) 

Poles L., Calzà M., Chagné D., Padmarasu S., Kòirk C., Troggio M., 

Magnago P., Velasco R. “Marker Assisted Selection (MAS) in apple: 

case studies for red skin coloration and Rvi12 (Vb) scab resistance” - 

8th International Rosaceae Genomics Conference (RGC8), 21st-23rd 

June 2016, Angers (France) 

Peressotti E., Poles L., Dolzani C., Arrigoni E., Van de Weg E., Bink 

M., Velasco R., Vezzulli S. “Downy mildew resistance QTL 

identification in multiple inter-specific populations of grapevine: a 

Pedigree-Based Analysis (PBA) approach”. X international 

symposium on grapevine physiology and botechnology – 13rd-18th 

June 2016, Verona (Italy) 

Peressotti E., Dolzani C., Banchi E., Poles L., Buonassisi D., Migliaro 

D., Arrigoni E., Vecchione A., Zulini L., Van De Weg W.E., Bink 

M.C.A.M., Stefanini M., Velasco R., Vezzulli S. “Innovative 

strategies towards marker-assisted (pre-)breeding for disease 

resistance in grapevine”- SIBV-SIGA Congress, 8th-11th September 

2015, Milano (Italy) 

Peressotti E., Dolzani C., Poles L., Malfatti S., Velasco R., Vezzulli 

S. “Highthroughput phenotyping for downy mildew resistance applied 

to marker assisted pre-breeding in grapevine” - VII GDPM Congress, 

30th June – 4th July 2014, Vitoria/Gasteiz (Spain) 
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Buti M., Caset D., Poles L., Magnago P., Chagne D., Kumar S., 

Velasco R., Sargent DJ. “Mapping and genetic dissection of QTL 

influencing bitter pit symptoms in apple (Malus×domestica)” - 7th 

International Rosaceae Genomics Conference RGC7, 24th -26th June 

2014, Seattle – Washington (USA)  

Banchi E., Poles L., Magnago P., Pindo M., Costa F., Velasco R., 

Sargent DJ. “A cost-effective strategy for marker assisted selection 

(MAS) in apple (M. Pumila Mill.): the experience from the 

Fondazione Edmund Mach programme for resistance e quality traits” 

– III International Symposium on Molecolar Markers in Horticulture, 

25th-27th September 2013, Riva del Garda TN (Italy) 

 

Oral presentation 

• Bennici S., Poles L., Di Guardo M., Percival-Alwyn L., 

Licciardello C., Distefano G., Salonia F., Caccamo M., Gentile A., 

La Malfa S. ‘Next-generation sequencing technologies reveal 

novel candidate genes responsible for self-incompatibility in 

Citrus clementine’ - XIV International Citrus Congress, 6th-11th 

November 2022, Mersin (Turkey) [Presenting author] 

• Salonia F, Ciacciulli A, Pappalardo HD, Poles L, La Malfa S, 

Licciardello C. “Genome editing approaches to induce lycopene 

accumulation in anthocyanin-rich sweet orange varieties”, LXIV 

SIGA Annual Congress, 14th- 16th September 2021, Online  

[Presenting author] 

• Salonia F., Ciacciulli A., Pappalardo H. D., Poles L., Arlotta C., 

Caruso P., Russo M. P., Russo G., Caruso M., Licciardello C. 

“Genetic improvement of Citrus fruits rich in anthocyanins and 

lycopene through modern biotechnology approaches”, Plant and 

Animal Genome XXVIII Conference, 11th-15th January 2020, 

San Diego (USA). [Presenting author] 
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• Poles L, Micheletti D, Banchi E, Bianco L, Costa F, Lovatti L, 

Velasco R. “Genetic diversity investigation of the apple 

germplasm available at the Fondazione Edmund Mach” - IV 

International Symposium on Molecular Markers in Horticulture, 

7th -10th March 2017, Napier (New Zealand). [Presenting author] 

 

Attendance to seminars and courses 

- ‘Managing biological data with R (40hrs)’ 22nd February - 4th 

March2022 – Department of Agricultural, Food and environmental 

(University of Catania) 

- ‘Tecnologie di Evoluzione Assistita: CRISPR/Cas9 in piante agrarie’ 

theoretical and practical course organized by SIGA (Italian Society of 

Agricultural Genetics), 31st August-3rd September 2021,Verona (Italy) 

- ‘CAD, GIS and ICT for Participatory Mapping & Disseminating 

Science Course’, 8th-18th February 2021 - Department of Agricultural, 

Food and environmental (University of Catania)  

- ‘Industrial Biotechnology’ an online course (12 hrs) authorized by 

University of Manchester and offered through Coursera  

-‘Introduction to Introduction to Genomic Technologies’ an online 

course (6 hrs) authorized by Johns Hopkins University and offered 

through Coursera  

- ‘Plant Epigenetics: Basics, Applications and Methodologies’ Online 

Training School organized by EPI-CATCH COST Action, 28th - 30th 

June 2021  

-‘Contribution of RNAi to sustainable agriculture, food, safety and 

security’ group of webinars organized by iPlanta COST Action 1st, 7th 

and 14th December 2020  

-‘Aspetti fisiologici e genetici della biologia riproduttiva degli 
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agrumi’ – Dott. Stefania Bennici , webinar 31st May 2021  

-‘Sapere tradizionale e genomica: un connubio possibile? Suggestioni 

dall'Etiopia’ Prof. Mario Enrico Pè, webinar 28th May 2021  

- ‘Biometry and data analysis’ 18th-22nd November (40 hrs) – 

Department of Agricultural, Food and environmental (University of 

Catania) 

-‘Academic Literacy’ an online course (22 hrs) authorized by Moscow 

Institute of Physics and Technology and offered through Coursera 

-‘Programming for Everybody (Getting Started with Python)’ an 

online course (19 hrs) authorized by University of Michigan and 

offered through Coursera 

- ‘Data Science Math Skills’ an online course (13 hrs) authorized by 

Duke University and offered through Coursera 

- 2nd Cost IPlanta Training School (COST ACTION CA15223) “RNAi 

application; from lab to field”, 27th -28th September 2018, Rothamsted 

Research, Harpenden (UK) 

 

Attendance to conferences  

• 4th Joint Meeting of Agriculture-oriented PhD Programs UniCT, 

UniFG and UniUD, 3rd -7th October 2022, Paluzza UD (Italy) 

• LXVI SIGA Annual Congress, 6th-9th September 2022, Piacenza 

(Italy) 

• LXIV SIGA Annual Congress, 14th- 16th September 2021 (Online) 

• XIII Giornate Scientifiche SOI – “I traguardi di Agenda 2030 per 

l’ortoflorofrutticoltura italiana”, 22nd -23rd June 2021, Catania 

(Italy) 

• Web Workshop ‘Young Scientists for Plant Health’ organized by 

SIGA Young group, 16th December 2020 (Online) 
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• 2nd Joint meeting of Agriculture-oriented PhD programs UniCT, 

UniFG and UniUD, 14th -16th September 2020, Catania (Italy) 

• SIGA Young Web Meeting, 7th July 2020 (Online) 

• 7th International Horticulture research Conference 1st- 30th July 

2020 (Online) 

• 10th International Workshop on Anthocyanins (IWA), 9th -11th 

September 2019, San Michele all’Adige TN (Italy) 

• Final Conference ORPRAMed Project: Risk assessment of 

introduction of Xanthomonas citri subsp. Citri through 

commercial trade of ornamental rutaceous plants in the 

Mediterranean basin – Giarre, CT (Italy), 3rd June 2019 

• WG2 Meeting on RNAi applications (COST ACTION CA15223), 

26th September 2018, Rothamsted Research, Harpenden (UK) 

• 9th International Rosaceae Genomics Conference (RGC9), 26th -

30th June 2018, Nanjing (China) 

• IV International Symposium on Molecular Markers in 

Horticulture, 7th -10th March 2017, Napier (New Zealand) 

• LX SIGA annual congress- Società Italiana di Genetica Agraria, 

13rd-16th September 2016, Catania (Italy) 

• 8th International Rosaceae Genomics Conference (RGC8), 21st-

23rd June 2016, Angers (France) 

• Congresso SIBV-SIGA - Società Italiana di Biologia Vegetale e 

Genetica Agraria, 8th -11th September 2015, Milano (Italy) 

• III International Symposium on Molecular Markers in 

Horticulture, 25th -27th September 2013, Riva del Garda TN (Italy) 

 

Previous working experiences 
 

From July 2021 to January 2023 - Department of Agricultural, Food 

and Environmental (Di3A) University of Catania, Italy  

Holder of Assegno di ricerca (Project VIVAiCITRUS - Introduzione 

nel sistema vivaistico di nuovi portinnesti di elevato valore 
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agronomico e di protocolli innovativi di propagazione per 

l’agrumicoltura siciliana. D.D.S. 2476/2020 del 28/04/2020, CUP 

G68H20000300009) 

Brief project description: Large scale micropropagation of 

citrus CTV-resistant rootstocks, C22 (Bitters), C54 

(Carpenter) and C57 (Furr); evaluation of their performance 

in combination with both sweet oranges and ornamental 

citrus, in presence of mycorrhizal symbiosis or in water stress 

 

From February 2019 to July 2021 - Research Centre for Olive, Citrus 

and Tree (CREA-OFA), Acireale CT, Italy 

Holder of Assegno di ricerca (Project CITRUS BIOTECH - citrus 

improvement by sustainable biotechnologies. L. 28/12/2015, n.208, 

art. 1, cc. 665-667) 

Brief project description: Identification of candidate genes 

involved in sterility mechanism (e.g. self-incompatibility) in 

mandarins and mandarins-like to be used in CRISPR/Cas9 

system for seedless fruit production. 

- morphological and histological analysis of citrus mutant 

flower apparatus  

- Development and assembly of CRISPR/Cas9 constructs  

- Citrus stable transformation mediated by Agrobacterium 

tumefaciens 

- Optimization of regeneration protocol for citrus commercial 

varieties 

 

From April 2015 to December 2018 - Innovation Fruit Consortium 

(CIF), Trento, Italy 

Technician, project ‘AppleBerry’ (Autonomous Province of Trento) 

Brief project description:  

- Marker Assisted Selection (MAS), screening and developing 

of novel markers for apple scab resistance and for other traits 

of agronomical interest to improve Edmund Mach Foundation 

(FEM) apple breeding program. 

- Fingerprint analysis on different fruit species ranging from 

apple to plum and walnut; characterization of the whole FEM 

apple germplasm collection and curation of a web interface 
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database collecting all genetic profiles 

-  Field and trial evaluation in apple experimental orchards 

- Coordinator of WPs 2, 5, 6 of the project entitled 

“Frutticoltura alternativa sostenibile” (FAS -CUP 

C45B18000120008) a rural development program financed 

by the European Agricultural Fund for Rural Development 

(EAFRD). 

 

From April 2013 to April 2014 - Edmund Mach Foundation (FEM),  

San Michele all’Adige, TN (Italy) 

Research fellowship 

Brief project description:  

- MAS, screening of apple seedlings using SSR and SCAR 

markers on several disease resistance and fruit quality traits. 

- QTL analysis on grape using pedigree-based analysis (PBA) 

approach: identification of the favorable alleles involved in 

downy mildew resistance. 

 

From November 2012 to April 2013 - Research Centre for Viticulture 

and Enology (CREA-VIT), Conegliano,  TV (Italy) 

Grant scholarship (“Tirocinio Formativo”):  

Brief project description:  

- Diagnostic and biological analysis (PCR, ELISA test) for the 

identification of pathogens (phytoplasmosis, bacteria and 

fungi) on grape. 

- Analysis for the traceability of Agrobacterium vitis, the 

predominant species causing grape crown gall. 

- Grapes fingerprint analysis with SSRs markers 
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