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ABSTRACT 

Citrus is an economically important fruit crop that is seriously afflicted 
by several biotic stress, caused by both viruses and fungi, thus, new 
sustainable strategies to manage these diseases are needed. Lemon 
(Citrus limon (L.) Burm. f) is a tree in the Rutaceae family and after 
orange and mandarin, is the third most important Citrus species. Lemon 
fruits contain important bio-compounds and have central role in 
prevention of diseases of a balanced diet. Among C. limon diseases, “mal 
secco” is a highly destructive tracheomycotic fungal infection spread 
over the coasts of the Mediterranean basin and the Black Sea areas. The 
causal agent is the mitosporic fungus Phoma tracheiphila (Petri) 
Kantschaveli & Gikachvili (syn. Deuterophoma tracheiphila Petri). The 
pressure of disease has led to a marked decline of the Mediterranean’s 
lemon crop acreage in the last 30 years. The present review explores the 
state of art in the struggle against mal secco disease (MSD), summarizing 
main results obtained from both conventional and unconventional 
breeding approaches. In addition, the strategies used to study the 
mechanisms involved in P. tracheiphila/lemon interaction and the results 
obtained to isolate key genes activates in tolerant genotypes are also 
described in depth. The overview of emergent approaches and 
technologies is focused to highlight the progress obtained using advanced 
lemon-breeding methods and suggest guidelines for future research. 

KEYWORDS: Citrus limon; Phoma tracheiphila; conventional breeding; 
biotechnology 

HISTORY, GEOGRAPHICAL DISTRIBUTION, FEATURES AND 
ECONOMIC IMPACT OF Citrus limon 

Citrus is the most economically important fruit tree crop in the world 
with an annual production of approximately 125 million tons of fruits 
harvested from more than 9 million hectares of cultivated field [1]. The 
term “citrus” indicates a complex of species and hybrids of the genera 
Citrus, Eremocitrus, Fortunella, Microcitrus and Poncirus, subfamily 
Aurantioideae (family Rutaceae). It is assumed that all currently 
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cultivated citrus species have been developed from three ancestral “true” 
species, Citrus medica (citron), Citrus reticulata (mandarin) and Citrus 
maxima (pummelo)[2]. Recently using genomic, phylogenetic and 
biogeographic information, ten natural citrus species were described [3]. 
The authors hypothesized that Citrus species were developed from a 
possible first diversification in the late Miocene epoch (10.4–10.5 million 
years ago) through a rapid southeast Asian radiation that correlates to a 
marked weakening of the monsoons, followed by a second radiation 
enabled by migration across the Wallace line that gave rise to the 
Australian limes in the early Pliocene epoch [3]. 

Lemon (Citrus limon (L.) Burm. f) is a tree in the Rutaceae family, 
originally grown probably in Asia (Northern India and South East China 
or in northern Myanmar) [4]. Nicolosi et al. [5] proposed that lemons 
come from a direct cross between C. aurantium L. (sour orange) as the 
female parent and C. medica L. (citron) as the male parent. This 
hypothesis was confirmed by molecular studies [4,6–8]. Two lemon 
groups, one from direct hybridizations between C. reticulata and  
C. medica and another one coming from crosses between C. maxima ×  
C. reticulata and C. medica were proposed [4,9]. Gulsen and Roose [9] also 
suggested that the most commercially important lemon cultivars 
originated by mutations, including prevalent grown lemons, such as 
“Eureka”, “Monachello”, “Villafranca”, “Lisbon” lemons, and their 
selected clones. 

After orange and mandarin, lemon is the third most important Citrus 
species, with a very difficult and complex taxonomy [9]. Although lemon 
plants are grown all over the world in more than 80 countries, most of 
the crop grows on either side of a belt around the equator covering 
tropical and subtropical areas of the world 35° N and 35° S latitudes. It is 
currently cultivated commercially worldwide in tropical and subtropical 
countries [9], especially in China, United States, Israel, Argentina, Spain, 
Lebanon, Turkey, Brazil, South Africa, Australia and Japan, respectively 
[10]. Global sales from exported lemons and limes by country totaled 
US$3.6 billion in 2018 [11]. The Mediterranean Basin is a major area of 
lemon production, accounting for 48% of production worldwide [12], 
with Turkey the most important producing country in this area (annual 
production > 1,000,000 tons), followed by Spain (900,000 tons) and Italy 
(500,000 tons)[13]. 

Lemon fruit has a strong commercial value for the fresh consumption 
and for food industry. It contains many important natural chemical 
components including phenolic compounds (mainly flavonoids) and 
other nutrients and non-nutrients (vitamins, minerals, dietary fiber, 
essential oils and carotenoids)[14]. Their health-promoting effects and 
properties have been associated with their contents, namely vitamin C 
and flavonoids, due to their natural antioxidant characteristics [15]. 
Overall, lemon fruits, rich in flavonoids, are a very important part of a 
balanced diet, particularly for their role in prevention of diseases, such 
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as obesity, diabetes, blood lipid lowering, cardiovascular diseases, and 
certain types of cancer [16–18]. 

Seedless lemons with high nutraceutical and organoleptical 
proprieties and resistance to important diseases, such as mal secco, are 
in high demand by growers and consumers [19–21]. Several lemon-
breeding programs are focused to reach these goals [19,21–24], despite 
the difficulties imposed by the high heterozygosity and the low genetic 
variation of this species [25,26]. Hence, mal secco tolerant and seedless 
lemons cultivars, with improved yields and longer storage periods, may 
have great potential for the expansion of lemon market because they are 
preferred by farmers and consumers, by lowering the production and 
conservation costs. 

“MAL SECCO” DISEASE (MSD) 

The term “fungal” disease referred to citrus pathologies includes both 
diseases caused by “true” fungi or fungi sensu stricto (eumycota) and 
those caused by oomycetes. Lemon trees are affected by pests, diseases, 
and environmental factors that limit the quantity and quality of their 
production. In particular, the lemon industry in the Mediterranean basin 
is strongly threatened by a highly destructive vascular disease called 
“mal secco” (MSD), caused by the mitosporic fungus Phoma tracheiphila 
(Petri) Kantschaveli & Gikachvili (syn. Deuterophoma tracheiphila Petri). 
P. tracheiphila is a quarantine pathogen included on the list A2 
quarantine pests of the European and Mediterranean Plant Protection 
Organization (EPPO), and the lists of most other regional plant protection 
organization, worldwide, such as Asia and Pacific Plant Protection 
Commission (APPPC), Caribbean Plant Protection Commission (CPPC), 
Comité Regional de Sanidad Vegetal del Cono Sur (COSAVE), North 
American Plant Protection Organization (NAPPO) and Inter-African 
Phytosanitary Council (IAPSC) which provide detailed information for 
avoiding or restraining the spread of the pathogen [21,27]. Moreover, P. 
tracheiphila was included in a list of microorganisms that have to be 
regarded as potential biological weapons as they cause destructive 
diseases of economically relevant crops [28]. 

The disease firstly appeared on the Greece islands of Chios and Poros 
at the end of the nineteenth century then, rapidly spread over the coasts 
of the Mediterranean basin. Currently, the geographical distribution of 
MSD comprises the east coast of the Black Sea (Georgia) and mainly all 
citrus-growing countries of the Mediterranean Basin, except for Morocco, 
Portugal and Spain [29] with variable incidence and severity of plant 
damages [27]. 

According to Ruggieri [30], MSD destroyed in Sicily (Italy) 12,000 ha of 
lemon groves between 1918 and 1953, while in Turkey, the disease killed 
about 20,000 lemon plants in 15 years [31]. In the same years, in Greece 
an average loss of 56% has been recorded [32]. In Tunisia, MSD was first 
observed in 1960 in restricted areas in the northern part and, later, the 
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infection has progressively spread to the major citrus producing regions 
of the country [33]. We can estimate that the pressure of disease has led 
to a decline of more than 80 percent of lemon crop acreage in the last 30 
years [21]. 

The economic losses linked to mal secco disease have been dramatic 
for the Mediterranean’s citrus industry in terms of job’s decline, lost in 
industry output and labor income. Thus far, the disease has not been 
detected in the citrus-growing countries of the Americas or Oceania, even 
though there are no obvious environmental factors limiting the 
establishment of mal secco in such un-infested areas [21]. 

Despite relatively the large diffusion of the disease, analysis of fungal 
isolates collected from various citrus species and growing areas 
confirmed high homogeneity in P. tracheiphila populations [27,34] and 
no significant variation in the pathogenicity of P. tracheiphila [35,36], as 
well pathogen spread. The primary source of inoculum is represented by 
the fungal conidia that differentiate in late autumn and winter at 
relatively low temperatures. Pathogen dissemination, in favorite by wind 
and rainfalls, are strictly correlated with infection rate [37,38]. The 
optimum temperature for pathogen growth and symptom expression is 
between 20 and 25 °C. At temperature above 28 °C fungal growth ceases 
and symptoms are not expressed. 

P. tracheiphila penetrates the host through wounds and leaf scars and 
invades the vascular tissue causing a typical reddish discoloration of the 
xylem [39,40]. Additionally, P. tracheiphila usually infects frost-damaged 
trees by entering through the damaged bark [41] and affects the 
branches that eventually die out, as the fungus is growing toward the 
lower parts of the plant [40]. 

The erratic field behavior of MSD, mainly caused by alternation of 
seasons with high incidence with others, in which infections are less 
severe or not detectable, makes difficult to estimate the incidence of 
damage. Moreover, in addition to the direct damage to the plants, there 
are indirect loss due to both the presence of plants showing different age 
and susceptibility because of the replacement of dead trees, causing a 
heterogeneous and lower qualitative production, and higher costs due to 
the disease monitoring [27]. 

Measures for effective infection control are implemented with the use 
of tolerant rootstocks and healthy propagation material. If the symptoms 
are already evident pruning, combustion of cutting residues and 
chemical treatments (fungicides) are carried out [42]. The biological 
control of plant pathogens and pests using endophytic microorganisms 
exhibiting antagonistic activity and colonizing the same ecological niche 
as pathogens has been applied in several pathosystems [43,44]. The 
biological control as a possible option against citrus mal secco disease 
has been only preliminarily explored [21]. Endophytic bacteria have 
been demonstrated to induce plant resistance against several diseases 
[45]. In particular, Bacillus species are the most common endophytic 
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bacteria that can be effective biocontrol agents of vascular plant 
pathogens [46,47]. Kalai-Grami et al. [48] demonstrated the antagonistic 
effect of an endophytic strain of B. amyloliquefaciens against P. 
tracheiphila both in vitro and in planta. 

MSD IN CITRUS GENUS 

Lemons are the principal host of P. tracheiphila, however, the host 
range includes also citron (C medica L.), bergamot (C. bergamia Risso), 
chinotto (C. myrtifolia Raf.), lime (C. aurantifolia Christ.), and Rangpur 
lime (C. limonia Osbeck), that are considered very susceptible to natural 
infections of MSD. Though considered tolerant, also mandarin (C. 
deliciosa Tenore) is affected sporadically by the disease [49–51]. Among 
rootstocks, sour orange (C aurantium L.), the most prevalent lemon 
rootstock in the Mediterranean citrus countries, rough lemon (C. jambiri 
Lush), citrus alemow (C. macrophilla Wester) and volkameriana lemon 
(C. volkameriana Ten. & Pasq) are considered very susceptible. The 
fungus has been reported on many other citrus species and also on 
several genera of the Rutaceae family, such as Fortunella, Poncirus and 
Severina [52], as well as on intergeneric and interspecific hybrids [27]. 
MSD affects the agronomically best performant lemon cultivar 
“Femminello”, causing severe damages and plant death. Disease 
symptoms usually appear in spring as leaf vein and shoot chlorosis 
followed by both shedding of leaves and phylloptosis; wilt and dieback of 
apical twigs and branches rapidly occur. Although most of the symptoms 
of malsecco are not specific, the syndrome of the disease is characteristic 
since typical salmon-pink or brown-reddish discoloration of the wood 
can be observed into the affected withered twigs or after peeling off the 
bark of branches or trunk of infected trees. On the contrary, if P. 
tracheiphila is present in an asymptomatic and latent infection, an 
apparently healthy plant may suddenly develop the disease and collapse 
[53]. Consequently, diagnosis of infection based on typical phenotypic 
symptoms is not suitable to estimate disease development and should be 
supported by molecular approaches for an earlier and certain detection 
in still symptomless plants [54,55]. The progress of the disease is 
basipetally, indeed P. tracheiphila invades the xylem progressively 
starting from the site of infection, proceeding slowly downward from the 
infected young shoots to the branches and main limbs, seizing the whole 
stem massively before foliar symptoms appeared [53–55]. When the 
pathogen infects trunk and roots the tree dies. This movement is 
supported by phialoconidia, which move in the xylem by utilizing the 
transpiration flow of plants [55]. Since extensive virulence variability in 
P. tracheiphila causing MSD on citrus was detected [29], the pathogen 
may kill a lemon plant within a few months or years, depending on 
type/pathogenicity of isolate and, also, the age of tree. The disease course 
is strictly related to the rate of colonization of the vascular system by the 
fungus. Despite being less frequent than foliar infections, root infections 
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may also occur; they accelerate the progress of the disease since the 
inoculum spreads more efficiently through the vascular system. This 
form of the disease may kill the plant within a few weeks [21,56]. 

There are no curative measures to eradicate MSD. Once a tree is 
infected, the only option is to remove rapidly withered twigs, shoots, 
suckers and, eventually, branches, by synchronizing pruning time with 
low susceptibility of wound to infection (end of vegetative season and 
dry weather) and low risk period (low inoculum production)[44]. 
Complete eradication of the tree is necessary when the systemic invasion 
of the functional xylem by the pathogen occurs. Chemical control 
through application of copper-based fungicides during the rainy season 
(every 20 days, from October to March) may reduce but not eradicate 
infection by P. tracheiphila. In addition, long-term use of copper-based 
fungicides led to an accumulation of this heavy metal in citrus soils. The 
soil copper accumulation may induce phytotoxicity, root and shoot 
growth reduction as well as leaf number decrease and leaf edge 
chlorosis. Besides, heavy metal accumulation in soils negatively affects 
the agroecosystem sustainability, causing decreases of earthworm 
populations and alteration of microbiological parameters and enzymatic 
activities [57]. As reported in several pathosystems [43,44], the biological 
control using antagonist endophytic microorganisms could be an 
alternative strategy against MSD [21,48,58,59]. In particular endophytic 
bacteria, such as Bacillus species, the most common endophytic bacteria, 
induce plant resistance against several diseases [45], including vascular 
plant pathogens [47]. Indeed, an isolate of B. amyloliquefaciens, named 
TEB1, showed in C. arantium antagonist effect against P. tracheiphila, 
reducing conidia germination by 55%. These results suggest that 
lipopeptides produced by TBE1 drive the pore formation in the fungus 
cytoplasmic membrane, proving to be a potential candidate for the 
biological control of citrus MSD [48]. 

However, the control measures listed above are not completely 
effective. Real approaches in the control of MSD on a large scale are (a) 
the early diagnosis of P. tracheiphila infections in nurseries through 
molecular methods [53,54], or (b) the use of tolerant lemon cultivars. 
Unfortunately, the latter is currently limited due to the lack of lemon-
tolerant cultivars with satisfactory production characteristics [21]. 

HOST-PATHOGEN INTERACTION AND MECHANISMS OF 
TOLERANCE/RESISTANCE 

When vascular tissues are infected, P. tracheiphila spreads within the 
xylem vessels and colonize the neighboring vascular tissues. Phoma 
colonization compromises water and nutrient transport due to fungal 
hyphae and gum production, showing the typical wilting associated to 
MSD. The disease course is related to the rate of colonization of the 
vascular system by the pathogen [42,53] which, in turn, is related to the 
virulence of the different fungal strains. The time course of depression of 
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plant water status and gas exchange is faster when the stem is infected, 
as compared with the values observed in inoculated leaves [40,60].  
As mentioned, young infections confer a typical pink-salmon 
discoloration to the wood. This discoloration is associated with the gums 
accumulating in xylem tissues caused by the alteration of the primary 
cell wall and middle lamella complex [61,62]. The high hydrolytic enzyme 
activity observed in infected xylem induces electrolyte leakage [63].  
P. tracheiphila produces several phytotoxic substances [64–66] that alter 
cell membrane permeability causing the water syndrome. The main 
phytotoxic compound associated to the presence of symptoms is a 
specific complex of glycopeptides named “malseccina”, whose major 
phytotoxic fraction, denoted Pt60, shows a sequence homology not found 
with any known protein [67,68]. 

Penetration and diffusion of the pathogen within the host plant are 
affected by climatic trends, inoculum density and juvenility [69]. Many 
species, following biotic or abiotic stress, produce one or more proteins 
termed PR (pathogenesis-related) proteins [70]. Many of these proteins 
belonging to diverse chitinase or glucanase play a direct role in the host 
plant’s defense mechanisms through their lytic activity on chitin, the 
principal constituent of the cell wall of P. tracheiphila and many other 
fungal pathogens. The presence of these proteins in mal secco-resistant 
genotypes suggests that PR-proteins could have a specific role in 
activating plant defense mechanisms [71,72]. Russo [73], observing the 
development of natural infection in Citrus hybrids, proposed that 
resistance was polygenically inherited. Tuzcu [74], analyzing the number 
of plant deaths following artificial inoculation of a progeny from a lemon 
intraspecific cross, proposed that the resistance trait was encoded by 
some recessive genes and that environmental conditions play an 
important role in the levels of trait expression. No studies aimed at 
identifying the hereditary basis of mal secco resistance via genetic 
analysis of a sufficiently large progeny have been reported [69]. 

As concern, mechanism of resistance can be determined by a 
structural modification after infection with the formation of new wood, 
as seen by Somma et al. [75] in “Monachello” lemon. Bassi et al. [76] and 
Perrotta et al. [77–79] studied cytological and histological changes in 
leaves of different susceptible citrus species after infection. They showed 
that the most frequent alterations were: hyperplasia and xylem 
hypertrophy parenchyma cells, plasmolysis, vessel gumming, changes in 
the cell wall, crushing of the vessels, imbalance of the plastids, increase 
in the number of mitochondria [65]. In the resistant “Monachello” lemon 
the pathogen progressed for a short distance from the site of infection 
and only within the injured tissues. The cambium was unaffected and 
remained active. In 1958, Egorova [80] highlighted different chemical 
profiles and activities (persoxidase, acid and alkaloid content, and the 
amount of nitrogen and soluble alkalis) comparing the behavior of 
resistant and sensitive lemons after infection. However, according to 
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Pacetto and Davino [81], the activity of oxidative enzymes does not 
appear to be related to the degree of susceptibility to MSD. 

Reverberi et al. [82] conducted studies in planta and in vitro focused to 
verify the role of oxidative stress in lemon/P. tracheiphila interaction, 
using the cvs “Monachello”, “Interdonato” and “Femminello”, which are 
considered respectively as resistant, partially resistant and susceptible to 
fungus infections. The experiments indicated that extracellular proteins 
of fungal injected into leaves induced lipoperoxide formation in cvs 
“Interdonato” and “Femminello”, while the presence of lyophilized twigs 
and leaves of cv. “Monachello” in the fungal growth medium, stimulated 
the production of superoxide dismutases, glutathione peroxidase, and 
catalase in the mycelium. When lyophilized twigs and leaves of cv. 
“Femminello” were added, the pathogen produced a higher quantity of 
hydrolytic enzymes. In summary, the authors highlighted that the 
coordinated presence of hydrolytic enzymes, toxic compounds, oxidative 
stress inducers and membrane transporters in the fungus, and the 
differential capacity to regulate the lipoperoxidative pathway in the host, 
can play a key role for MSD in C. limon. 

Complete control of MSD with chemicals and other control measures 
such as sanitary applications is not possible yet. Mechanisms involved in 
the MSD tolerance are unknown, therefore the development of cultivars 
tolerant or resistant to this disease is hard but it is essential in order to 
plan future successful breeding strategies [19,74,83]. 

CONVENTIONAL BREEDING TO ISOLATE C. limon TOLERANT 
GENOTYPES TO MSD 

The selection of tolerant and/or resistant genotypes is the main and 
most desirable goal among the measures to control MSD [27]. Therefore, 
the most important objective in lemon breeding throughout the 
Mediterranean and Black Sea areas is to reduce the impact of MSD, 
developing cultivars that combine the excellent agronomical and 
productive characteristics of “Femminello” and the resistance or 
tolerance to “mal secco”, and grafting them onto resistant rootstocks. Use 
of tolerant cultivars and rootstocks would double the lemon production 
in lemon-producing countries [83]. 

Despite the considerable losses due to fungal pathogen, very few 
publications have reported development of enhanced disease 
tolerant/resistance in lemon. Since the transfer of desirable traits to 
commercial cultivars by interspecific hybridization in Citrus is difficult 
because of several factors (pre- and post-fertilization barriers, nucellar 
embryony, high level of heterozygosis, extended juvenility, limited 
knowledge on trait inheritance), the oldest breeding method for lemon 
cultivar improvement has been based on clonal selection of genotypes 
obtained by spontaneous or induced mutagenesis. The approach involves 
the field selection of lemon trees with desirable phenotype and no mal 
secco symptoms, followed by their integration into breeding programs. 
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However, despite the strong efforts spent in the last 40 years in search of 
a lemon selection alternative to “Femminello”, the clonal selection 
approach did not give the expected results. “Monachello” and 
“Interdonato”, two spontaneous hybrids between lemon and citron 
highly resistant to “mal secco”, have reduced yield, do not bloom several 
times and their juice has low acidity, as compared to “Femminello” 
lemon, which has reduced their diffusion. Two promising mal secco 
tolerant selections, named “Femminello Zagara Bianca” and “Continella”, 
producing high-quality fruits, have been proposed as alternatives to 
“Femminello”, but their tolerance to mal secco is not comparable to that 
of “Monachello” and their adoption is limited. Foreign lemon cultivars 
such as “Lisbon”, “Eureka”, “Mesero”, “Verna”, etc., have shown 
susceptibility similar to that of common “Femminello”, when grown in 
areas strongly affected by “mal secco”. Only “Meyer lemon” (probably, a 
natural hybrid between lemon and sweet orange) shows levels of 
resistance comparable to those of “Monachello” and “Interdonato”, but 
this lemon is totally unsatisfactory as a commercial variety for the fresh-
fruit trade. 

In 1975, a wide sanitary and clonal selection breeding program for 
lemon was started in Italy, at the National Research Council of Italy 
(CNR), Institute of Biosciences and BioResources (IBBR), in endeavor to 
combine agronomic/productive properties and MSD tolerance. Lemon 
plants selected were planted in performance plots and evaluated by 
breeders through visual assessment of morphological, anatomical, and 
physiological characteristics in heavily MSD infested environments. The 
breeding program allowed identification of several “Femminello” clones, 
overall characterized by MSD field tolerance and adequate horticultural 
performance. The impact of MSD, evaluated in terms of infection 
intensity on the lemon clonal lines, was determined over a period of 15 
years. Next, selected plants were also tested through artificial stem and 
leaf inoculation tests and by analysis of propagule number of P. 
tracheiphila in the xylem of stem-inoculated plants. One of studied lines, 
called “LCNR58”, showed over the time slighter progression of the 
disease and marked reduced symptoms associated to high and constant 
levels of lemon fruit yield and productivity. 

Finally, polyploidy is one of the main forces that drive the plants 
evolution, providing great advantages for breeding. Ploidy increase by 
conventional methods has been attempted. In Citrus genus, most species 
are diploids (2n = 18). However, citrus plants with a different number of 
chromosomes, such as triploids (2n = 3x = 27) and tetraploids (2n = 4x = 
36), occur naturally. Citrus polyploids hold great value for seedless 
triploid breeding, rootstock breeding and relevant basic researches on 
genomic variation, environmental adaptability and biotic/abiotic stress 
resistances. In citrus scion improvement, tetraploid plants are valuable 
since crossings with diploid plants (interploid hybridization) can produce 
triploid varieties that are seedless [84]. Lemon interploid hybridization 
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between tetraploid Lisbon lemon and diploid varieties allowed the 
obtainment of several triploid lemon genotypes. However, such lemon 
triploids were low yielding and their fruits had a poor commercial 
quality [85] or were susceptible to P. tracheiphila [86]. Clonal selection 
programs aiming of obtaining a well performing and mal secco resistant 
lemon variety have been conducted intensively in all the citrus 
Mediterranean countries and are still in course [74,87]. However, lemon 
varieties derived via clonal selection have very low-level of 
polymorphism, therefore, at present this strategy has been nor 
successful. 

BIOTECHNOLOGY APPROACH TO DEVELOP AND SELECT MSD 
TOLERANT/RESISTANT GENOTYPES IN C. limon 

Induced mutagenesis is a valuable tool in altering only few genes 
while conserving plant genetic background [88–90]. Gamma irradiation 
(Co60) and chemical mutagens are used to induce mutations on seeds or 
buds, producing several times more mutants than spontaneous 
mutations. 

Since the first attempts performed on citrus seeds using X-rays in 1935 
[91] many projects were conducted to improve some properties of citrus, 
such as seedlessness, fruitfulness and shape of canopy, fruit peel color, 
early bearing, all through artificial mutation [92–94]. Lemon cultivars 
were subjected to a mutation-inducing process by exposing buds to Co60 
gamma irradiation [88,95] to obtain seedless and malsecco tolerant 
varieties [19,83,96]. Although mutation breeding is a useful method to 
develop new varieties, it takes several disadvantages. Mutagenesis is not 
targeted to a specific locus but acts randomly on the genome. Moreover, 
most of the important traits, such as mal secco resistance, are 
quantitatively inherited. It implies screening of large populations to 
select plants expressing the desired traits. In addition, establishment of a 
stable mutant genotype requires considerable time due to long juvenility 
and needs long field trials to ascertain the acquired resistance or 
tolerance to biotic and abiotic stress. This approach allowed the 
obtainment of an excellent highly productive nucellar mutant, the 2Kr 
“Femminello” Siracusano, but this mutant did not behave toward mal 
secco infection any better than the wild type. An induced mutation 
breeding program aiming to obtain seedless and mal secco tolerant 
lemons through budwood irradiation allowed the recovering of several 
mutant “Kutdiken” lemons [83]. One of them, “Eylul” lemon, showed no 
disease symptoms after controlled inoculation with P. tracheiphila [96], 
but long field trial performance of this new mutant has not been 
published yet. Recent advances in genomic science and molecular 
biology techniques will support in the development of faster, targeted 
and more efficient tools to expedite lemon breeding [97]. For instance, 
DNA markers for traits such as disease resistance could be used as tools 
for rapid selection and directed breeding. An alternative biotechnological 
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approach is to recover disease-resistant plants by selecting cellular lines 
resistant to a toxin produced by the pathogen [98]. However, no one of 
the plants regenerated from the treated cell lines was tolerant to the 
pathogen [99,100]. Using tissue culture techniques, i.e., exposure of the 
sensitive “Femminello” lemon cells to partially-purified toxin (PPT), a cell 
line was established that was tolerant to the P. tracheiphila toxin and 
labelled “Femminello-S” [71,72]. Plants regenerated from the tolerant cell 
lines were grafted to rootstock sour orange showed mild symptoms of 
disease [101]. Considering the contrasting results reported in literature, it 
seems that a reliable relationship between susceptibility to mal secco and 
sensitivity to the culture filtrates of the pathogen does not exist [27]. 

Genetic engineering provides a fast and effective way to introgress 
specific genes in plants aiming to improve targeted traits. In the Citrus 
genus this method has opened the way to induce specific genetic changes 
within a shorter period of time than using classical genetic approaches 
[102–108]. Genetic transformation has been used to obtain lemon plants 
tolerant to mal secco. Knowing that chitinases from different organisms 
had successfully been used to induce transgenic resistance to pathogenic 
fungi, the Chit42 gene of Trichoderma harzianum—a fungal genus able to 
inhibit plant pathogens—was inserted into the “Femminello” lemon 
genome by Agrobacterium tumefaciens mediated transformation [73]. 
Foliar extract of transgenic plants inhibited conidial germination in vitro 
and mycelian growth of P. tracheiphila [109,110]. However, due to EU 
restriction on field experiments with transgenic plants, to our knowledge 
the research on induced transgenic resistance has not been further 
developed. 

Somatic cell hybridization through protoplast fusion is an effective 
tool to enhance the genetic diversity of citrus. This approach was 
introduced more than 30 years ago in citrus improvement programs 
[111–117]. It offers the possibility to circumvent some of the 
impedimental reproductive features of citrus (sexual incompatibility, 
polyembryony and diffuse pollen/ovule sterility) by combining nuclear, 
chloroplast and mitochondrial genomes in novel and unobtainable 
somatic arrangements [113,118,119]. The obtainment of inter-specific 
and inter-generic somatic hybrids (also between sexually incompatible 
species) offers several useful opportunities for the development of 
improved cultivar [120–123]. In order to obtain lemon types tolerant to P. 
tracheiphila through somatic hybridization, two approaches have been 
adopted. The first one is to combine simmetrically nuclear allotetraploid 
somatic hybrid plants between mal secco susceptible “Femminello” and 
tolerant citrus types. The production of interspecific somatic hybrids 
between sensitive and resistant varieties is important for introduction of 
the resistant traits of the latter species. To eliminate undesirable traits 
and introgress “mal secco” tolerance traits, backcrosses with 
“Femminello” lemon are performed by using somatic hybrids as pollen 
parents in interploid backcrosses, in efforts to produce triploid cultivars 
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with desirable horticultural traits (seedlessness, in primis) and disease 
tolerance [114]. Following that strategy we have obtained several lemon 
triploid populations [119,124] on which an extensive field survey for 
evaluation of agronomic performances and “mal secco” tolerance is 
actually in course. The second approach goes through the obtainment of 
cybrids or cytoplasmic hybrids, individuals harboring only one parental 
nuclear genome and either the cytoplasmic genome of the other parent 
or a combination of both parents [123,125–127]. Cytoplasmic hybrids are 
usually obtained by asymmetric fusion between irradiated donor 
protoplasts whose nuclei have been destroyed, and recipient protoplasts 
whose organelle genomes have been metabolically inhibited by 
iodoacetate (IOA). As a result, the heterokaryons combine vital 
cytoplasms from donor parent with wholesome nucleus, from recipient 
parent [125]. Since they have particular characters, their potential in 
plant improvement is high. Plastids and mitochondria, in fact, fulfil 
important metabolic functions that greatly affect plant growth and 
productivity. Many metabolic and developmental pathways involved in 
plant adaptation intersect within the plastid [128], such as 
phytohormone- and lipid-centred processes and plant biotic defence. 
Likewise, heat tolerance, cytoplasmic male sterility and oxidative stress 
response [129] are controlled by mitochondria. In some species, 
especially in tobacco and citrus, cybrids arise spontaneously from 
intraspecific, interspecific and intergeneric symmetric hybridization 
procedures. To date, citrus cybrids from more than 40 combinations 
were unexpectedly produced from among over 300 fusion combinations 
simply via symmetric fusion. These cybrids usually have their nuclear 
genome from the mesophyll parent and mitochondrial genome from the 
embryogenic callus parent, while chloroplast genome is randomly 
inherited [125]. In Citrus, the transfer of organelle-encoded traits into a 
particular genetic back-ground (i.e., male sterile cytoplasm from Satsuma 
mandarin to seedy mandarin cultivars) allowed the obtaining of 
potential seedless varieties [130]. To understand if specific mechanisms 
of resistance to P. tracheiphila invasion into the xylem of lemon types 
could be activated as an effect of nuclear/cytoplasmic DNA interactions, 
we tested a wide population of diploid and tetraploid lemon cybrids, 
carrying stem and leaf artificial inoculation tests [131]. A slower 
development of the disease and a lower mortality was observed in 
diploid lemon cybrids, as compared with the susceptible “Femminello” 
control. However, compared with the behavior of the resistant 
“Monachello” lemon, cybrids showed more symptomatic at the end of the 
various tests [131]. 

MOLECULAR APPROACHES TO STUDY CITRUS/P. tracheiphila 
INTERACTION 

Quantitative and population genetics have a key role for germplasm 
conservation and genetic improvement in the breeding programs. The 
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knowledge of genes’ action and their regulation in important agronomic 
traits, such as diseases tolerance, are crucial to improve plant breeding 
efficiency. The advent of Next Generation Sequencing (NGS) technologies 
has radically increased the number of whole‐genome sequences 
available for a plethora of organisms belonging to all kingdoms of life, 
including citrus genus. NGS combined with bioinformatics tools can 
generate extensive data in a very cost-effective way [132–134], providing 
significant insights into genes and transcription factors involved in key 
mechanism, including phytopathogen emergence and niche 
specialization [135–139]. In conjunction to other approaches, such as 
metabolomics and proteomics, and the development of high-throughput 
phenotyping platform and phenomics facilities may greatly help to 
understand the gene function and their response to stress, thereby 
enabling efficient association between genotypic and phenotypic records 
[140,141]. 

Table 1. An overview of the main publications available in the last six years related to citurs/pathogen 
interaction investigated through molecular approaches. 

Disease Molecular approach Reference 

Huanglongbing (HLB) Proteomics [142] 
 Proteomics; nutrient analysis [143] 
 Proteomics; enzyme activity; reverse genetic [144] 
 Transcriptomics ( Microarray) [145] 
 Transcriptomics (RNASeq) [137,138,146] 
 Transcriptomics (RNASeq); proteomics; FISH [147] 
 Transcriptomics (qPCR); physiology; hormone content [148,149] 
Phytophthora spp Metabolomics  [150] 
 Transcriptomics (RNASeq) [151] 
Xanthomonas citri Metabolomics [152] 
 Proteomics [153,154] 
 Proteomics; structural study; enzyme activity; reverse genetic [155] 
Citrus Tristeza Virus Metabolomics; physiology; hormone content [156,157] 
 Proteomics; enzyme activity [158] 
 Reverse genetic [159,160] 
 Transcriptomics (qPCR) [161,162] 
 Transcriptomics (RNASeq) [146,163] 
Mal secco Proteomics; metabolomics; physiology [164] 
 Transcriptomics (SSH) [40] 

Unlike to other citrus diseases, such as Phytophthora spp., 
Xanthomonas citri ssp., Citrus Tristeza Virus (CTV) and, more recently, 
Huanglongbing (HLB), to date, only few information are reported about 
mechanisms involved in the MSD disease, with limited value for breeding 
programs aimed to select tolerant genotypes in C. limon (Table 1). Indeed, 
several transcriptome investigations on citrus focused on citrus greening 
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(HLB) disease are reported [137,138,142,145], sometimes together with 
multidisciplinary approaches [139,165,166], identifying many candidates 
and regulated genes. Other works are focused to identify potential 
genotypes tolerant to CTV by qPCR [162] or to highlight the differentially 
expressed transcripts (DETs) after combined infection with different 
virus (HLB and CTV)[146]. Chiesa et al. [167] characterized for the first 
time a type I NHR (Non Host Resistance) in a non-model citrus plant. 
Through physiological, biochemical and molecular approaches the 
authors investigated responses of C. limon associated with the NHR 
triggered by X. campestris pv. campestris (Xcc), and compared these with 
the responses associated with the HDR (Host Defence Response) triggered 
by X. fuscans ssp. aurantifolii (Xfa). Interesting, Xcc induced type I NHR in 
C. limon, a response sharing several components with the HDR triggered 
by Xfa. However, differences between the two induced responses in the 
maintenance of stomatal closure and the accumulation of ROS and 
secondary metabolites were observed. 

As reported above, in contrast to other citrus diseases there is a lack of 
molecular works on P. tracheiphila finalized to highlight genes and 
mechanisms activated after infection. Currently, the studies were mainly 
focused on (i) epidemiology disease, or (ii) the development of methods 
for disease management through both an early detection and the 
molecules isolation with antifungal activity and/or (iii) to investigate the 
toxins involved in the pathogenicity [36,37,42,48,54,59,68,168–170]. The 
first studies on P. tracheiphila/citrus interaction suggested that phoma 
produced phytotoxic complex, called malseccin, carried though plant 
transpiration stream to leaf and shoot parenchyma tissues, showing the 
characteristic symptoms of disease [66,171]. At the end of the last 
century, an extracellular phytotoxic 60 kDa glycoprotein (Pt60) was 
isolated from stationary cultures of P. tracheiphila. Since Pt60 induced 
chlorosis followed by necrosis into the mesophyll of sour orange and 
lemon leaves, this glycoprotein was considered as the most toxic 
component of the malseccin complex [68] responsible of MSD. The toxic 
effects of the malseccin complex have been shown on citrus leaves under 
controlled illuminated conditions, suggesting the possible key role of the 
light in the toxin activity. The artificial injection of phytotoxic 
glycoprotein induced chloroplast degeneration, and the toxic effects were 
avoided when the leaves were shaded [64,68]. Light drive the activity of 
many phytotoxic complexes [172,173] able to damage cellular structures 
through reactive oxygen species (ROS) induction. ROS cause lipid 
membrane peroxidation leading and afterward the loss of membrane 
integrity followed by cell death. Therefore the oxidative stress can drive 
the metabolism of both host and pathogen during their interaction 
[82,174]. Starting from peptides identified by Fogliano [68], gene 
sequence coding for malseccin was obtained by PCR [175] showing 
significant homologies with iron membrane transporter, NADPH-
dependent reductase, and a monoammine oxidase, suggesting that more 
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than one toxic component is involved in the genesis of MSD. 
Physiological experiments disclosed the activity of different enzymes 
related to the oxidative burst in different P. tracheiphila filtrates, 
confirming that, in the tolerant “Monachello” lemon, this fungus 
undergoes oxidative stress that affects its ability to invade the host [175]. 
The evidences underlined that oxidative stress occurs in the C. limon/P. 
tracheiphila interaction [82], however Zun et al. [176] showed a general 
increasing of total peroxidase activity (TPX) in both mal secco-resistant 
and susceptible citrus rootstocks in response to P. tracheiphila infection, 
as well as ascorbate peroxidase activity (APX), but no correlation was 
found between catalase activity (CAT) and MSD resistance. Therefore, 
which pathways were correlated to mal secco resistance remained 
unknown still. 

Recently, Koutsioumari et al. [40] employed a Suppression Subtractive 
Hybridization (SSH) to isolate differentially expressed genes (DEGs) 
between two very closely related elite lemon cultivars that exhibit 
different behaviour to MSD (tolerant and susceptible). The authors 
identified 56 ESTs (Expressed Sequence Tags) but only 16 showed 
significant similarity with sequences in GenBank and most of them are 
implicated in metabolic procedures related to biotic stress responses. In 
particular SSH technique underlined in the tolerant genotype (cv. 
“Adamopoulou”) the presence of enzyme involved in the allantoin 
hydrolysis. In mutants of Arabidopsis thaliana for the allantoinase gene, 
an increased level of abscisic acid (ABA) was shown [177]. Therefore the 
higher expression level of allantoinase in cv. “Adamopoulou” could be 
related positively to disease tolerance due to low ABA levels. In addition 
in cv. “Adamopoulou” higher level of 4-coumarate-CoA ligase gene (4CL) 
and cytochrome P450 monooxygenase was also highlighted. The 
expression of genes encoding 4CL plays a key role in the content and 
composition of lignin in plant cell walls [178], which have an important 
function in the disease resistance of different plant species [179]. 
Similarly, cytochrome P450 monooxygenase is involved in several 
biochemical pathways, including lignin biosynthesis, defense 
compounds, fatty acids, signaling molecules, and regulators of plant 
growth, such as gibberellins, jasmonic acid, and brassinosteroids [180]. In 
A. thaliana, Cytochrome P450 monooxygenase plays a key role in the 
biosynthesis of important compounds, such as camalexin and alkaloid 
phytoalexin, related to necrotrophic fungal pathogens resistance [181]. 

A multidisciplinary approach was carried out by Faddetta et al. [164] 
to study a MSD tolerant diploid cybrid (C2N)[131], resulting from 
protoplasts fusion between “Valencia” sweet orange (Citrus sinensis L. 
Osbeck)(V) and “Femminello” lemon (Citrus limon L. Burm)(F). 
Proteomic, metabolomics and physiological profiles of C2N were 
compared to their parents and the corresponding somatic allotetraploid 
hybrid (V + F). Cybrid genotype showed an improved photosynthetic 
capability and, interestingly, some molecular effectors that may explain 
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the tolerance to P. tracheiphila infection [131] were isolated. In this 
context, a peroxidase 3-like protein, an enzyme associated to syringyl 
lignin biosynthesis was upregulated in C2N. As reported above, lignin 
plays a crucial role in the disease tolerance of several species [182–186] 
and a defense-induced enrichment of lignin, through a triggering of 
peroxidase and phenylalanine-ammonia lyase (PAL) activities, was also 
observed in wheat, tomato and cotton [182,183,185]. 

To date, only few molecular studies are available, however they are 
the first pivotal works and the starting point to better understanding the 
mechanisms involved in the onset of MSD tolerance in lemon. Using NGS 
approaches and the recent genetic transformation technologies (e.g., 
CRISPR-CAS9), further efforts are needed in order to full explain the 
interaction between lemon and P. tracheiphila, to improve cultivar 
selection and cultural practices to minimize losses due to this disease. 

CONCLUSIONS AND PROSPECTS 

Although several researches aimed to explain different aspects of 
biology, epidemiology, and control of MSD were carried out, there are 
still a number of gaps that should be filled to have a whole and effective 
disease control. Some goals are related to the knowledge of the 
host/pathogen interaction and related mechanism involved. Indeed only 
limited information on the pathways and key genes related to MSD 
tolerance are available. This point is crucial in order to develop and/or 
select tolerant genotypes for future breeding programs. Therefore 
molecular markers identification linked to quantitative trait loci (QTLs) 
driving the mechanism of susceptibility/resistance to MSD of C. limon and 
other Citrus species are a challenge that in the future must take on and 
overcome, using also the new high-throughput technologies available. 
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