
SUMMARY

This study was focused on the genetic diversity of a
collection of Phoma tracheiphila isolates recovered from
different orchards and host species in Tunisia. Knowl-
edge of the sequences permitted molecular assessment
of the pathogen’s downward progression from the point
of inoculation on citrus leaves. Analysis of 58 isolates of
P. tracheiphila including four Italian isolates assessed by
ITS-RFLP molecular markers revealed that Tunisian
isolates of P. tracheiphila are homogenous and genetical-
ly similar to the Italian isolates. Development of this
pathogen is likely clonal under Mediterranean condi-
tions and this should be taken into account when devel-
oping management strategies based on resistant vari-
eties. The result made possible the molecular monitor-
ing of the pathogen’s migration in sour orange vessels
using only one representative and virulent isolate. PCR
showed that within 10 days post inoculation (dpi) fun-
gal DNA was detected 10 cm from the inoculation point
and at 30 dpi it was present in the stem vessels at a dis-
tance of 50 cm and more. P. tracheiphila basipetal
translocation is very quick and occurs prior to symptom
expression. Consequently, diagnosis of mal secco based
on typical symptom like shedding of leaves, wilting and
the salmon pink discoloration of wood is not appropri-
ate to estimate disease development and must be re-
placed by a molecular technique that allows earlier de-
tection of the infection in still symptomless material. 

Key words: Mal secco, Phoma tracheiphila, PCR, ITS-
RFLP, early detection.

INTRODUCTION

Phoma tracheiphila (Petri) Kantschaveli et Gikashvili
is a destructive vascular pathogen of citrus, particularly
lemons [(Citrus limon (L.) Burm)], but the fungus has
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also been reported on many other Citrus spp. In or-
chards, the disease is highly destructive to lemon, citron
(C. medica L.), bergamot (C. bergamia Risso et Poit),
lime [(C. aurantifolia (Christm.) Swingle)], sour orange
(C. aurantium L.) and rough lemon (C. jambhiri Lush.)
(Perrotta and Graniti, 1988). Different symptoms ap-
pear on the tree depending on whether P. tracheiphila
attacks via the roots or shoots. When infection begins at
the trunk or roots, it is called “mal nero”, a special form
of the disease characterised by rapid progress and
browning of the hardwood (Perrotta and Graniti, 1988;
Solel and Salerno, 2000; Hajlaoui et al., 2008).

P. tracheiphila is a major threat to lemon in the
Mediterranean and Black Sea region and is considered
as a quarantine pest in the A2 EPPO list and in the A1
list of most other regional Plant Protection Organiza-
tions (Anonymous, 2005).

Since its first observation in limited citrus areas in the
northern part of Tunisia in 1960 (Crossa-Raynaud,
1960), the disease has become endemic in many or-
chards and has spread to the major producing regions
of the country. P. tracheiphila is difficult to control, and
even more so to eliminate. Management efforts are fo-
cused on preventing the fungus from spreading to new
areas through the use of disease-free propagation mate-
rial and less susceptible cultivars and uncompromising
sanitation of infected trees, including pruning and burn-
ing of diseased material (Timmer et al., 2000).

The Tunisian citrus industry is based on the exclusive
use of the lemon cvs Eureka and Lunario grafted on
sour orange. These highly susceptible scion/rootstock
combinations allowed the spread of the disease and ag-
gravation of symptoms on lemon as well as on mandarin
trees (Hajlaoui et al., 2008). Since no effective method is
available to control this disease, early diagnosis is the
most effective way to limit its introduction and further
spread.

Although highly sensitive and reliable PCR techniques
have been developed for earlier pathogen detection and
monitoring for epidemiological and breeding studies
(Anonymous, 2005; Balmas et al., 2005; Licciardello et
al., 2006; Ezra and Kroitor, 2007), current diagnosis of
the disease in Tunisia continues to be mainly based on
symptom observation plus laboratory culture and isola-
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tion of the pathogen, and therefore does not allow early
detection. Since P. tracheiphila infections are often latent
and may become symptomatic at a later stage, it ensues
that an apparently healthy host may suddenly show dis-
ease symptoms and collapse (Demontis et al., 2007).

The objectives of this study were twofold: (i) analysis
of genetic diversity of a collection of isolates recovered
from different orchards and host species, to define the
major profiles existing in Tunisia and compare them
with Italian isolates; (ii) validation of a molecular diag-
nostic method to assess the downward progress of one
representative isolate of P. tracheiphila, from an inocula-
tion point on leaves.

MATERIALS AND METHODS

Fungal isolation and purification. During the spring
of 2006, 54 isolates of P. tracheiphila were recovered from
twigs, leaves and fruit of trees showing disease symptoms
on the basis of one isolate per tree. Four Italian isolates
were kindly provided by Dr. F. Nigro, University of Bari,
Italy (Table 1). The isolation was performed essentially
from wood but also from fruit and leaves which were sur-
face-disinfected with alcohol and then small pieces were
placed on PDA under sterile conditions. The plates were
incubated at 25°C for 7 days. Monoconidial colonies
were then obtained by the suspension-dilution method
and stored at 4°C. Identification of isolates was based on
morphological (Punithalingam and Holliday, 1973) and

molecular criteria (Balmas et al., 2005).

DNA extraction from fungal and plant tissues. Fun-
gal DNA was extracted from cultured fungi or infected
plant material. DNA was isolated from pure cultures
growing on PDA. Six-mm-diameter mycelial plugs were
cut from one-week-old cultures. The agar was scraped
from the bottom of the plugs in order to exclude as
much agar as possible. The mycelium was then placed
in 1.5 ml eppendorf vials and DNA was then extracted.
DNA from infected plants was obtained by grinding in-
fected tissues in liquid nitrogen, taking an aliquot of 50
mg and extracting DNA by following a standard CTAB
method for nucleic acid purification (Kirkpatrick et al.,
1987). Vials containing 0.1 g of mycelium or powdered
plant tissues were mixed with 600 µl of extraction
buffer (2% CTAB, 20 mM EDTA, 1.44 mM NaCl, 100
mM Tris HCl, pH 8), 1% PVP and 0.2% b-mercap-
toethanol. Samples were vortexed and incubated at
65°C for 40 min, agitating for the first 5 min. After
adding 600 µl of phenol chloroform-isoamyl alcohol
(24/24/1), vials were shaken for 5 min and finally cen-
trifuged at 12,000 rpm for 10 min. The supernatant was
recovered and 800 µl of 3 M sodium acetate were
added. Precipitation was performed by 700 µl of iso-
propanol and incubation at -20°C during at least 1 h,
followed by a centrifugation at 12,000 rpm for 5 min.
The pellet was rinsed twice with 70% ethanol, resus-
pended in 0.1% TE (10 mM Tris HCl, pH 8) and
stored at 4°C until analysis.

Table 1. List of P. tracheiphila isolates.

Isolates Geographic origin Plant host

Pt1; Pt1a; Pt3 Ras Jbal, Bizerte Citrus limon cv. Eureka
Pt4; Pt5 Ras Jbal, Bizerte Citrus aurantifolia
Pt6 Ras Jbal, Bizerte Citrus aurantium
PtA1; PtA2; PtA3; PtA4; PtA5 Alia, Bizerte Citrus limon cv. Eureka
PtKh1; PtKh2; PtKh3; PtKh4; PtKh5 Khlidia, Ben Arous Citrus limon cv. Eureka
PtKh6; PtKh7; PtKh8; PtKh10
PtKh11; PtKh12

PtBk3; PtBk4
Beni Khalled, Ben
Arous

Citrus limon cv. Eureka

PtG1; PtG2 Gobba, Cap bon Citrus limon cv. Eureka
PtG4; PtG5; PtG6; PtG7; PtGb8; PtG9;
PtG10

Gobba, Cap bon Citrus limon cv. Lunario

PtM1; PtM2; PtM3 Mraissa, Cap bon Citrus limon cv. Eureka
PtM6; PtM8; PtM9; PtM10; PtM11 Mraissa, Cap bon Citrus limon cv. Lunario
PtM12 Mraissa, Cap bon Citrus limon cv. Eureka
PtM13; PtM14 Mraissa, Cap bon Citrus deliciosa
PtM15; PtM16 Mraissa, Cap bon Citrus deliciosa
PtM20 Mraissa, Cap bon Citrus limon cv. Eureka
PtM21; PtM22 Mraissa, Cap bon Citrus sinensis
PtKA1; PtKA2; PtKA3; PtKA4; PtKA5 Kairouan Citrus aurantifolia
PtI1; PtI2; PtI3; PtI4 Italy Citrus limon
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PCR assay. This assay was carried out following Bal-
mas et al. (2005) procedure. One isolate each of Col-
letotrichum gloeosporioides (Penzig) Penzig et Saccardo
and of Fusarium sp isolated from citrus were used as
negative controls.

Amplification was performed in a Biometra PCR sys-
tem. Then 8 µl of amplification products were separated
on a 1.5% electrophoresis gel containing 0.3 µg of
ethidium bromide ml-1. Electrophoresis was performed
for 1 h 45 min at 120V-100mA in 0.5 x TBE running
buffer and amplicons were visualised under UV light.
Gel images were acquired with a Gel Doc system (Bio-
Rad laboratories, USA).

Genetic analysis. A total of 58 P. tracheiphila isolates
were examined by ITS-RFLP analysis. The ITS regions
and 5.8rDNA were amplified for all isolates using the
universal primers ITS1 (5’-TCCGTAGGTGAACCT-
GCGG-3’) and ITS4 (5’-TCCTCCGCTTATTGATAT-
GC-3’) developed by White et al. (1990). Amplification
reactions (50 µl) contained 1x PCR buffer (Promega,
USA), 200 µM of each dNTP (Promega, USA), 1.5 mM
MgCl2, 1.0 µM of each primer, 1.0 U of Green GoTaq
DNA Polymerase (Promega, USA) and 10 ng of Phoma
DNA per reaction mixture. PCR was performed in a
Biometra thermocycler programmed with an initial de-
naturation at 94°C for 5 min followed by 31 cycles (de-
naturing at 94°C for 1 min, annealing at 50°C for 1 min
30 sec and extension at 72°C for 1 min 30 sec), and ter-
minated with a final extension at 72ºC for 7 min. PCR
products were separated on 1.5% agarose gels, stained
with ethidium bromide and visualized under UV light.

Auto-screening of restriction endonucleases for PCR-
RFLP was based on the results of phylogenetic analysis
of 20 ITS sequences from P. tracheiphila (NCBI) gener-
ated by an endonuclease autoscreening program (CLC
free workbench III) which determines the endonuclease
recognition sites and calculates the sizes of the frag-
ments. Every restriction site is scored and virtual elec-
trophoresis maps for selected endonucleases are dis-
played for rapid determination of the candidate en-
donucleases. Enzymes producing too many small frag-
ments, having nearly the same restriction sites or not
showing polymorphism were eliminated. Five enzymes
(HindIII, HaeIII, Sau3aI, EcoRI, and SalI) were selected
for ITS-RFLP studies. In separate reactions, 5 µl of
PCR products were digested at 37°C for 3 h with each
endonuclease in a final volume of 20 µl containing: 12.3
µl sterile distilled water, 2 µl of 2x enzyme buffer, 0.2 µl
of BSA (10 µg/l) if the buffer is BSA-free, and finally 0.5
µl of the respective enzymes (10U/µl) [Appligène (UK),
Sigma (USA) or Fermentas (Lithuania)]. Restriction
fragments were electrophoresed in a 1.7% ethidium
bromide-prestained agarose gel at 120V until complete
separation was achieved. Each reaction was repeated at
least twice, and 3 times for isolates showing differences.

Timing-study of fungal progression in inoculated
plant tissues. Six-month-old sour orange (Citrus auran-
tium) seedlings were used for inoculation. Flag leaves
were wounded with sterile needles and inoculated by
adding 20 µl of a 106 pycniospore per ml suspension of
a virulent and representative isolate (PtKh2) of the
Tunisian P. tracheiphila population. Plants were then
covered with plastic bags for 24 h to allow infection,
were grown in a glasshouse at 25°C and the extent of
xylem colonization by the fungus was monitored by
PCR at 10, 20 and 30 dpi. Stem segments were cut at
regular intervals of 10 cm from the inoculation point to
the basal end and processed for DNA extraction.

Data analysis. Molecular data were assimilated to bi-
nary data based on the presence or absence of an ampli-
con that migrated at the same position in the gel. Bands
of the same size obtained by the same enzyme were
scored as identical and only bands repeatable in at least
two experiments with the same enzyme at different
times were considered.

RESULTS

P. tracheiphila isolation and identification. Based on
a survey conducted in the main citrus-growing areas,
symptomatic twigs were taken from different citrus
species including lemon, mandarin, and sour orange. A
collection of 54 isolates was obtained on PDA consider-
ing one isolate per tree. Morphological identification of
monosporic isolates of P. tracheiphila was confirmed by
molecular methods using a specific PCR protocol that
yields an amplicon of 378 pb (Fig. 1).

Genetic analysis of P. tracheiphila populations. Ge-
netic variability of 58 isolates of P. tracheiphila from dif-
ferent geographical regions and Citrus species was as-
sessed by ITS-RFLP molecular markers. PCR of all iso-
lates gave a major single band of ca. 600 bp (Fig. 2).

Fig. 1. Identification of P. tracheiphila recovered from differ-
ent locations and Citrus species by specific PCR. (1) PtKA1;
(2) PtKA2; (3) PtI4; (4) PtG1; (5) PtG2; (6) PtA1; (7) Col-
letotrichum gloeosporioides; (8) PtM1; (9) PtM2; (10) Ptkh8;
(11) Ptkh11; (12) Pt3; (13) PtBk3; (14) Fusarium sp; M: mo-
lecular weight marker 100-bp DNA ladder (Promega, USA).
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ITS-RFLP profiles generated with the restriction en-
zymes HindIII, HaeIII, Sau3aI, EcoRI, and SalI, were
identical for both Tunisian and Italian isolates (Fig. 3).
Clustering analysis indicated no genetic variability pres-
ent in the Tunisian P. tracheiphila population, no associ-
ation to host type or geographic locality, and a clonal
population structure.

Timing of fungal progression in inoculated plant tis-
sues. Experimentally inoculated healthy plants first
showed disease symptoms (limited leaf-vein chlorosis)
at 10 dpi (Fig. 4b). Within 20 and 30 dpi, the chlorosis
extended to secondary veins, then to the extremity of
the leaf (Fig. 4c and d). Molecular monitoring of the
pathogen’s progress in plant vessels showed that after
10 dpi, specific primers Pt-FOR2+ Pt-REV2 gave an
amplicon of 378 bp in all samples situated at 10 cm
from the inoculation point (Fig. 5a and b). DNA from
control plants yielded no amplification products. At 20
dpi, P. tracheiphila was consistently detected 40 cm
away from the inoculation point in stem vessels (Fig. 5a

Fig. 2. Amplification of the ITS region of 2 isolates of P. tra-
cheiphila originating from different locations and citrus plants
from Tunisia and one representative Italian isolate. (1) Pt-
KA1; (2) PtM22; (3) PtI4; M: molecular weight marker 100-
bp DNA ladder (Promega. USA).

Fig. 3. ITS-RFLP patterns of one Italian and 3 representative
Tunisian isolates originating from different locations with a:
HindIII; b: SalI; c: HaeIII; d: EcoR1; e: Sau3A1. (1) PtI4; (2)
PtM1; (3) PtKA1; (4) PtBk4; M: molecular weight marker
100-bp DNA ladder (Promega, USA).
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and c). Finally, at 30 dpi, fungal DNA was amplified in
plant tissues at 50 cm from the inoculation point (Fig.
5a and d).

DISCUSSION

P. tracheiphila, the causal agent of mal secco is a seri-
ous threat to the Tunisian lemon industry. Indeed, since
first detection in a few orchards some 48 years ago, the
pathogen has spread to the main citrus growing areas,
limiting commercial lemon cultivation.

Understanding the genetic variability of pathogen
populations is essential for the development and imple-
mentation of effective and durable disease control meas-
ures (Milgroom and Fry, 1997). Populations of the mal
secco pathogen have been studied for their phenotypic
and genetic variation. Although earlier studies focused
on phenotypic variability (Salerno and Perrotta, 1966;
Ciccarone, 1971; De Cicco and Luisi, 1977), recent
studies utilized molecular markers to characterize popu-
lation diversity (Balmas et al., 2005; Ezra and Kroitor,
2007).

In the present study, genetic variability of 58 isolates
of P. tracheiphila including four Italian isolates assessed
by ITS-RFLP molecular markers revealed that Tunisian
isolates of P. tracheiphila are homogenous and are genet-

ically similar to Italian isolates. If one considers that the
first occurrence of the mal secco disease of citrus was
reported in Italy in 1918 (Grasso, 1984), it is reasonable
to assume that introduction of this disease in some
Tunisian orchards in 1960 had most likely occurred
through movement of infected citrus propagative mate-
rials from southern Italy.

In a previous study, using different molecular mark-
ers to characterize a population of 36 isolates of the
pathogen Balmas et al. (2005) showed that Italian iso-
lates of P. tracheiphila are genetically homogeneous.
Moreover, in recent molecular work Ezra and Kroitor
(2007) suggested that the entire Israeli population of P.
tracheiphila derives from one common ancestor; proba-
bly there is one main variant of the fungus in Israel able
to induce the disease in all susceptible Citrus species.
Although many authors have reported variability of
phenotypic characters of P. tracheiphila, such as colony
morphology, pigmentation and virulence (Baldacci,
1950; Salerno and Perrotta, 1966; Ciccarone, 1971;
Punithalingam and Holliday, 1973; De Cicco and Luisi,
1977; Surico et al., 1981; Rosciglione et al., 1991), mo-
lecular analysis of P. tracheiphila populations in three
Mediterranean regions reveal no genetic variability of
isolates. Pathogen populations are often geographically
sub-structured, and this can only be revealed through
extensive sampling and the application of appropriate
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Fig. 4. Progression of symptoms after inoculation of leaves. (a) Negative control (absence of symptoms on the uninoculated leaf);
(b) chlorotic halo surrounding the inoculation point at 10 dpi; (c) enlargement of chlorosis to secondary veins at 20 dpi; (d) exten-
sion of symptoms to the side of the leaf at 30 dpi.
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Fig. 5. Detection of P. tracheiphila DNA in plant tissues by PCR. (a) Levels of inoculation; (b) detection of P. tracheiphila after 10
dpi; (c) after 20 dpi; (d) after 30 dpi. M: molecular weight marker 100-bp DNA ladder (Promega, USA).
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genetic markers. The absence of genetic variability in
the population of P. tracheiphila in Tunisia, Italy and Is-
rael suggests that the fungus has a low rate of mutation
and reproduces clonally under Mediterranean condi-
tions. These results support the view that the pathogen
was introduced to the Mediterranean basin from other
regions of the world (Migheli et al., 2009).

As the development seems to be clonal on a field
scale under Tunisian conditions, only one representative
isolate was used for the timing study of fungal progres-
sion in plant vessels. This approach should also be con-
sidered when developing management strategies based
on resistant varieties.

However, because no control method is available for
mal secco, preventing the introduction of P. tracheiphila
into new areas should be the first priority. Sanitation
measures for nursery plants and planting stocks should
be employed to prevent both long and short distance
spread. In the last few years incidence and distribution
of mal secco has increased, especially in young and new-
ly established lemon orchards in Tunisia. This provides
strong evidence that nurseries may be responsible for
the recent spread. One of the most effective measure for
the integrated management of this disease is the early in
planta detection of the pathogen so as to facilitate imple-
mentation of certification schemes for pathogen-free
planting material. A PCR-based procedure was devel-
oped by Balmas et al. (2005), for consistent detection of
P. tracheiphila in infected stem tissues. Using those
primers, detection was possible at a very early stage fol-
lowing experimental inoculation of leaves with pyc-
niospore suspensions and fungal DNA could be detect-
ed precisely in time and space. The results can be very
useful for sampling in nurseries during phytosanitary
control. Moreover, this information can help farmers to
apply better agro-technical measures such as pruning of
infected shoots due to more accurate estimation of the
localization of the fungus and its phialoconidia in infect-
ed shoots. This contributes to emphasize the importance
of molecular assessment of the disease in the plant.

We found that P. tracheiphila basipetal translocation
is very rapid and occurs before symptom expression.
Thus diagnosis of mal secco based on typical symptoms
such as leaf fall, wilting and the salmon pink discol-
oration is no longer appropriate to estimate the real de-
velopment of the disease and must be replaced by a mo-
lecular technique (Balmas et al., 2005). These results
confirm the findings of Demontis et al. (2007) concern-
ing molecular monitoring of the disease over time based
on stem inoculation. However, the leaf is considered to
be a common primary contact point between the plant
and the parasite. In fact, leaf infection leads to stem in-
fection that cannot be effectively counteracted (Raimon-
do et al., 2007). Moreover, in the literature on mal sec-
co, leaf inoculation was frequently used and was also
suggested by several authors to test genetic resistance of

the host plant (Nachmias et al., 1980; Solel et al., 1995;
Fogliano et al., 1998). Regardless the type of inoculation
(stem base or leaf), fungal DNA distribution is time-de-
pendent and inversely correlated with distance.

PCR diagnosis is very promising and may be applied
both for testing young trees in nurseries for certification
and for monitoring disease in planting stocks. 
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