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Abstract Re-emergence of Grapevine Trunk Diseases
(GTDs) in many world vineyards within the span of a
mere two decades has become a subject of major con-
cern for the viticulture sector. In Tunisia, knowledge
about the symptoms of GTDs and the associated micro-
flora is hitherto incomplete. In order to investigate this
point, ten vineyards served as model for the analysis and
monitoring of the symptoms of GTDs on cv. Italia
(Muscat d’Italie) used to produce table grapes, in the
Northern region of Tunisia. Depending on the
vineyards, typical GTD-foliar symptoms with incidence
ranging from 0.03% to 6% were observed. Fungal
strains were isolated from necrotic wood tissues of the
trunk of grapevines showing decline, small and distorted
leaves and chloroses. Sequencing of the rDNA-Internal
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Transcribed Spacer region of the fungal strains allowed
us to identify for the first time in Tunisia three
fungi described in the literature as involved in GTDs:
Lasidiodiplodia pseudotheobromae, Neofusicoccum
parvum and Schizophyllum commune. The ability of
these fungal strains to grow in Mediterranean climate
was investigated by studying mycelial growth at various
temperatures. As these fungal strains were isolated from
the same wood samples, their ability to compete in vitro
and in planta was tested, as well as their pathogenicity.
For that purpose, strains were inoculated singly or in
combination on cv. Italia young vines. Pathogenicity of
the isolated fungi was evident but positive interaction
between fungal strains was not observed.

Keywords GTDs - Microbial competition - Pathogenic
fungi - Pathogenicity - Table grape cultivar- Temperature

Introduction

Viticulture has a long history in Tunisia dating back to
the Carthaginian civilization (Zoghlami et al. 2001,
2009). This longstanding viticulture tradition has
persisted until now and numerous international as well
as autochthonous cultivars are planted in the Tunisian
vineyards. Grapevines are used to produce either wine
or table grapes, accordingly grape is amongst the most
important fruit crops in Tunisia (Ben Salem et al. 2000;
Zoghlami et al. 2001). Table- and wine-grape produc-
tions are of great economic importance in Tunisia and
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worldwide. Grapevine, i.e. Vitis vinifera L., is however
susceptible to many fungal pathogens that can alter to a
considerable extent the yield and/or quality of the harvest
(Bertsch et al. 2013; Compant et al. 2013; Steel et al.
2013). Amongst the fungal diseases that can severely
damage crops, Grapevine Trunk Diseases (GTDs), i.e.
Esca, Eutypa and Botryosphaeria diebacks, are among
the most severe diseases that affect grapevines worldwide.
Although GTDs, mainly Esca, have been recorded for
centuries, they have become within the span of a mere
two decades, a subject of major concern for the wine
industry. GTDs decrease harvest, increase costs, limit
grape and wine qualities, and reduce the lifespan of plants
in many vine-growing areas (Mugnai et al. 1999; Crous
and Gams 2000; Armengol et al. 2001; Larignon et al.
2009; Liminana et al. 2009; Lorrain et al. 2012; Bertsch
et al. 2013; Bruez et al. 2013, De la Fuente et al. 2016).
This epidemic is often associated with the ban on the use of
sodium arsenate in 2003 in Europe but GTDs have also
progressed in countries where this pesticide has never been
used, e.g. Germany, Switzerland, or in a very limited
manner, e.g. Italy. Other factors are therefore involved.
Abiotic factors such as climatic conditions (Sosnowski
etal. 2007), soil types (Mugnai et al. 1999) and/or pruning
practices (Armengol et al. 2001; Valtaud et al. 2009;
Agusti-Brisach et al. 2015) may trigger or aggravate GTDs
foliar expression. As regards the biotic factors, several
fungi are associated with GTDs worldwide (Armengol
etal. 2001), including various Botryosphaeriaceae species.
Those are important destructive pathogens that cause can-
ker, dieback and fruit rot in grapevine and in other woody
host plants; and that can result in plant mortality
(Johnson et al. 1991, 1993; Ramos et al. 1991;
Brown-Rytlewski and McManus 2000; Smith et al.
2001; Slippers et al. 2005; Damm et al. 2007;
Amponsah et al. 2011; Thomidis et al. 2011; Ni et al.
2012; Bruez et al. 2014). The infection can be diag-
nosed by the presence in the wood forming tissues
of sectorial and/or central necrosis, and at the
foliar level by discoloration and withering (Ben
Ghnaya-Chakroun et al. 2014). The predisposition of
plants to Botryosphaeriaceae attacks can result from
various elements such as mechanical injuries, mineral
deficiencies and environmental factors (Slippers and
Wingfield 2007; Ismail et al. 2012). Amongst the
Botryosphaeriaceae family, many species are linked to
GTDs, e.g. Lasiodiplodia theobromae (Botryodiplodia
theobromae) cause dead-arm and dieback disease in
major crops with up to 500 plant hosts including
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grapevine (El-Goorani and El Meleigi 1972;
Punithalingam 1980; Bester et al. 2007; Ismail et al.
2012; Abo rehab et al. 2013; Tovar Pedraza et al. 2013;
Che et al. 2015); and Neofusicoccum parvum
(Botryosphaeria parva) is one of the most virulent fun-
gal species associated with GTDs (van Niekerk et al.
2004; Laveau et al. 2009: Urbez-Torres and Gubler
2009). Several other fungi have been associated with
GTDs, in particular three basidiomycetes, i.c.
Fomitiporia punctata (Armengol et al. 2001),
Fomitiporia mediterranea (Fischer 2002) and Stereum
hirsutum (Larignon and Dubos 1997); and two ascomy-
cetes, i.e. Phaeoacremonium minimum and
Phaeomoniella chlamydospora (Crous and Gams
2000).

In Tunisia, GTDs attacks on table grape cultivars
have been recently reported by Ben Ghnaya-Chakroun
et al. (2014) and Chebil et al. (2014), they isolated
some pathogenic fungi associated with GTDs, i.e.
Botryosphaeria dothidea, Diplodia seriata,
Neofusicoccum luteum and Phomopsis viticola. How-
ever, the situation in the vineyards and the knowledge
on the pathogenic fungal species complex involved are
still relatively incomplete in Tunisia. In that context, a
survey was firstly made to investigate whether GTDs
were observed on the cultivar most frequently planted in
Tunisia, cv. Italia (also known as Muscat d’Italie in
Tunisia). Secondly, pathogenic fungal strains were
looked for and isolated from necrotic wood tissues of
diseased grapevines and investigations were carried out
so as: (i) to determine their ability to grow at various
temperatures, (ii) to compete in vitro and in planta and
(iii) to cause necrosis in the wood of cv. Italia young
vines after strains were inoculated singly or in
combination.

Materials and methods
Field survey

Ten vineyards (10 to 17 year-old) planted with a table
grape cultivar, i.e. Italia, were studied in different re-
gions of Tunisia: four vineyards in the region of
Mornag, two in Medjez El Bab, two in Borj el
Amri and two in the Cité El Mehrine (Table 1).
These ten vineyards served as model for the anal-
ysis and monitoring of the symptoms of GTDs in
the Northern region of Tunisia.
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Table 1 Italia cultivar (Muscat d’Italie) vineyards surveyed for GTDs in the northern Tunisian vine growing regions

Vine growing regions  Vineyards Age of the cultivars in 2013 Rootstocks ~ Areas/ number of vines  Disease incidence
Mornag Mornag 15 years P1103 2 ha 6.00%
2500 vines
Sidi Saad 10 years P1103 3 ha 0.33%
4500 vines
Kheledia 17 years P1103 1 ha 1.66%
1200 vines
Zawiyet Mornag 15 years P1103 5 ha 3.00%
6000 vines
Medjez El Bab V1 14 years P1103 1 ha 0.00%
1275 vines
V2 13 years P1103 2 ha 0.06%
1700 vines
Cité El Mehrine V3 12 years P1103 1 ha 0.00%
1275 vines
V4 14 years P1103 0.5 ha 0.00%
637 vines
Borj El Amri \'Al 15 years P1103 2 ha 0.03%
2550 vines
V6 13 years P1103 1 ha 0.30%
1275 vines

Information about disease incidence and symptoms
mentioned in Table 1 were given by the owners of the
prospected vineyards. All the vineyards visited were
trellised as single vines on a pergola system. They were
irrigated with a drip irrigation system and protected
under hail nets.

Fungal isolation and characterisation

In order to maximize the potential presence of patho-
genic strains involved in GTDs, cordons were randomly
collected from five mature vines exhibiting external
GTDs-foliar symptoms in vineyards showing the most
important disease incidence according to the survey: the
Mornag vineyard (6%) of the Mornag region and the
vineyard V6 (0.3%) of the Borj EI Amri region
(Table 1). From the inner part of each cordon, wood
samples were taken from necrotic and/or from non-
necrotic (apparently healthy) tissues (around 5 mm in
length). In total, 75 wood pieces (five cordons x 15
chips) were collected and analysed.

In order to eliminate the epiphytic fungi, the wood
fragments were surface-sterilized by immersion in 2.5%
calcium hypochlorite solution for 30 s, and then rinsed
in sterile distilled water. The disinfected chips were
dried on a sterile filter paper, plated onto Malt Agar
medium (MA) (Biokar Diagnostics, France), and then
incubated at 25 °C in the dark for 4 weeks. Plates were

monitored daily and when fungal colonies emerged
from wood tissues, mycelial fragments were subcultured
onto fresh MA plates.

In order to verify the efficacy of the surface disinfec-
tion, imprints of sample surfaces were made on MA
plates and monitored for one week to confirm that no
epiphytic fungi had grown (Hyde and Soytong 2008).

The taxonomic identification of the recovered fungal
strains was based on morphological and cultural fea-
tures. Fifty-eight fungal strains were recovered from the
75 wood pieces collected: 16 strains from the necrotic
tissues, 26 from the non-necrotic tissues and 16 strains
from the cordon ends. Fifty-four strains were sapro-
phytes and the four others, isolated from the necrotic
tissues, belonged to three pathogenic species involved in
GTDs according to the literature, i.e. Neofusicoccum
parvum, Lasidiodiplodia pseudotheobromae and
Schizophyllum commune (two strains). The colour and
growth of those pathogenic isolates were recorded on
MA medium after an incubation of three and seven days
at 25 °C.

Identification of fungi by rDNA-ITS sequencing
The 16 strains isolated from the necrotic tissues were
selected for molecular characterization. The strains were

cultured onto MA plates at 25 °C for 7-10 days and the
fresh mycelia were scraped at the surface of each plate
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with a sterile tip and then freeze-dried overnight (Alpha
1-4 LOplus, Bioblock Scientific). The dried mycelia
were ground with a little glass ball in a TissueLyserll
(Qiagen) before the DNA extraction with a classical
CTAB procedure (Bruez et al. 2014). The DNA extracts
were then quantified with a nanodrop (ND-1000,
Thermoscientific, Labtech) and homogenized at a con-
centration of 50 ng/pL.

DNA samples were sent to Beckman Coulter Geno-
mics (Takeley, United Kingdom) for sequencing the
internal transcribed spacer region (ITS) of the rDNA
with the primers ITS1 (5’-TCCGTAGGTGAACC
TGCGG-3") and ITS4 (5’-TCCTCCGCTTATTG
ATATGC-3") (White et al. 1990). For species level iden-
tification (>97% sequence similarity threshold), se-
quences were compared with the Genebank database
by using the Blastn program (Altschul et al. 1997).

Effect of the temperature on the in vitro mycelial growth
of L. pseudotheobromae, N. parvum and S. commune

The effect of the temperature on the in vitro my-
celial growth was assessed by placing a mycelium
plug from the margin of a five-day-old culture of
L. pseudotheobromae, N. parvum and S. commune
in the centre of a new MA plate. Plates were then
incubated in the dark at 5-40 °C in 5 °C intervals
with 14 plates per isolate and per temperature. The
radial growth of each fungus was measured (in
mm) after 24, 48, 72 and 96 h (Valtaud et al. 2009;
Ismail et al. 2012).

Fitting thermal-response model

Theory and data concur that biological rates essentially
show unimodal responses to temperature (Johnson et al.
1974). Metabolic reaction rates tend to increase up to an
optimal temperature, then decline due to protein degra-
dation and other processes (Johnson et al. 1974; Dell
et al. 2011). As the mycelial growth rate is expected to
be unimodal with respect to temperature, we fit Briére
function (Briére et al. 1999) to the mycelial growth of
each strain.

The Briére function is define as [¢T(T— T0)(Tm —
7)'?], where T is temperature of fungal development in
degrees Celsius and the three parameters ¢, TO and Tm
represent a rate constant, the minimum and maximum
temperatures respectively. We fit the model using non-
linear least squares, with the n/s function in R.
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In vitro competition between L. pseudotheobromae,
N. parvum and S. commune

The in vitro competition between the three fungi
was determined by placing mycelium plugs of
each fungal strain (from the margin of five-day-
old cultures) at equidistance (40 mm) onto MA
plates. Seven treatments each containing 14 plates
were tested at 25 °C and 30 °C for 72 h: (1) N.P:
plates inoculated with N. parvum, (ii) L.P: plates
inoculated with L. pseudotheobromae, (iii) S.C:
plates inoculated with S. commune, (iv) N.P+
L.P: dual combination of N. parvum with
L. pseudotheobromae, (v) N.P+ S.C: dual combination
of N. parvum with S. commune, (vi) L.P+ S.C: dual
combination of L. pseudotheobromae with
S. commune, and (vii) N.P + L.P + S.C: triple combina-
tion of N. parvum with L. pseudotheobromae and
S. commune. The competition ability of each fungus
was evaluated through the calculation of the space
colonization (C%) by the method of Camporota
(1985): C=(DT*100)/DE where DT is the distance
travelled by a fungus on the axis connecting two
mycelial discs after 72 h; and DE, the distance
between two mycelial discs.

In planta pathogenicity assay
Grapevine material and experimental design

A total of 225 cuttings of cv. Italia were grown in a
greenhouse in INRA precincts (Villenave d’Ornon, Bor-
deaux, France) where the air temperature (the average
was 21 °C) and the air relative humidity (the average
was 66%) were measured during the period of incuba-
tion using Vaisala HMP 35C probes (Campbell Sci.,
Logan, UT). Nine treatments each applied on 25
plants were tested: i) C: not inoculated with the
pathogenic fungi tested, ii) CP: plants inoculated
with sterile malt agar plugs, iii) N.P: plants inoc-
ulated with N. parvum, iv) L.P: plants inoculated
with L. pseudotheobromae, v) S.C: plants inoculat-
ed with S. commune, vi) N.P+ L.P: plants inocu-
lated with N. parvum and L. pseudotheobromae,
vii) N.P+S.C: plants inoculated with N. parvum
and S. commune, viii) L.P + S.C: plants inoculated with
L. pseudotheobromae and S. commune, and ix) N.P +
L.P+S.C: plants inoculated with N. parvum, L.
pseudotheobromae and S. commune.
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Inoculation of plants with pathogenic fungi

Before the inoculations (in June 2015), the woody stem
of each plant was surface-disinfected with 95% ethanol,
then, the centre of each stem cutting was artificially
wounded by drilling a hole up to the pith (4 mm diam-
eter). The wound was then immediately filled with a
mycelium plug excised from the margin of a fresh
fungal MA culture, with the mycelium facing the
cambium. In the case of the co-inoculations with
two or three fungal strains, for each cutting the
mycelium plugs were randomized into the same
hole to avoid an inoculation effect. The treated wounds
were then wrapped with parafilm for being protected
during all the incubation period.

Wood necrosis measurement

After an incubation period of 120+5 days (October
2015), the bark was removed and the stem of each plant
was cut longitudinally, and the percentage of the internal
vascular lesions or necrosis in the cutting was recorded
as described by Rezgui et al. (2016).

GTD-Koch’s postulate verification

In order to test the GTD-Koch’s postulate, five
wood chips were sampled in two different zones
for each cutting: A =necrotic tissues, B =non-ne-
crotic wood (Fig. 1). For control cuttings, i.e. C:
not inoculated with the pathogenic fungi tested and
CP: inoculated with sterile malt agar plugs, ten
wood chips were sampled in zone B as no necrotic
tissues were found. Thus, a total of 450 wood
chips (10 chips per cutting x five cuttings X nine
treatments) were collected, plated after disinfection
onto MA medium and incubated at 25 °C in the
dark for seven days. Based on morphological fea-
tures, 58 fungal strains corresponding to the three
pathogenic species inoculated were recovered.
Their DNA was extracted and sequenced according
to the protocol previously described.

Statistical analyses

Data from the in vitro competition test and in planta
pathogenicity assay were analyzed using the statistical
software R, version 3.2.2. The data were first subjected
to the Shapiro-Wilks and Levene’s tests to check the

Fig. 1 Zones of isolation of fungi to test the Koch’s postulates:
zone A = necrotic tissues, zone B = non-necrotic woody tissues

normality and equality of variances before being subse-
quently subjected to the non-parametric Kruskal-Wallis
test or Student’s t-test and the relative contrast effects
analyzed by the nparcomp package (version 2.0).

Results
GTDs symptoms on leaves in the vineyards

In the current study 22,912 vines of the cultivar Italia
covering 18.5 ha were surveyed. GTDs foliar symptoms
(Table 1) were observed, namely chlorotic, irregular
spots between the veins or along the leaf margins,
wilting on shoots and fruits, and necrosis of the xylem
vessels (Mugnai et al. 1999). Table 1 describes the
characteristics of each vineyard. Great variations in the
incidence of GTDs were recorded amongst vineyards
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(0.03% to 6%). The vineyards of the Mornag region
showed the greatest disease incidence with percentage
of symptomatic vines up to 6%.

Characterization of the fungal strains isolated
from necrotic wood samples

A total of 16 endophytic fungal strains were recovered
from the necrotic woody tissues sampled in Tunisian vine
cordons. Table 2 illustrates the general features of the
isolated fungi. Based on partial ITS genes sequence simi-
larity, the fungal strains belonged to: Alternaria spp. (8
strains), i.e. Alternaria tenuissima (3), Alternaria alternata
(4) and Alternaria mali (1); Acremonium strictum (3);
Fusarium lateritium (1); Lasidiodiplodia
pseudotheobromae (1); Neofusicoccum parvum (1) and
Schizophyllum commune (2). The last three species, known
to be involved in GTDs, were isolated from the Mornag
vineyard whereas only saprophytic fungi were isolated
from the Borj El Amri one.

Morphological characterization
of L. pseudotheobromae, N. parvum and S. commune

Observations were made after three and seven days of
incubation on MA at 25 °C. The three pathogenic fungi

tested had different aspects and colors, and mycelial
growth rates. Indeed, N. parvum isolates were initially
white, grew rapidly and formed a dense aerial mycelium
that became dark grey. The reverse side of the colonies
became an olive colour, and finally passed to dark grey.
L. pseudotheobromae colonies grew rapidly, were initially
grey-white and became dark grey-black. S. commune col-
onies grew slowly, were initially white and cottony; the
reverse side of the colonies became yellow.

Effect of the temperature on the in vitro mycelial growth
of L. pseudotheobromae, N. parvum and S. commune

The results obtained showed that the temperature and the
incubation period affected the in vitro mycelial growth of
the three pathogenic fungi. Whatever the incubation peri-
od, the optimal temperature for mycelial growth was
26.884+0.639 °C for N. parvum; 32.325+0.442 °C for
L. pseudotheobromae and 33.704 +1.028 °C for S. com-
mune (Table 3).

The extreme temperatures tested, i.e. 5 °C and 40 °C,
inhibited the mycelial growth excepted for S. commune
that were still able to develop at 40 °C (Fig. 2). That strain
had a more limited mycelial growth in each condition
tested compared to N. parvum and L. pseudotheobromae

Table 2 Origin and molecular identification of the fungal strains isolated from necrotic tissues of Italia cultivar

Strains Sampling Site Molecular Identification GenBank reference accession number (ITS)
F15 Borj El Amri Alternaria tenuissima (JN542519.1, 100%)
F17 Borj El Amri Alternaria alternata (FJ228163.1, 99%)
F33 Borj El Amri Alternaria tenuissima (JN542519.1, 100%)
F34 Borj El Amri Alternaria. Alternata (KC692221.1, 99%)
F35 Borj El Amri Alternaria alternata (AY'154682.1, 100%)
F36 Borj El Amri Alternaria. Alternata (FJ228163.1, 99%)
F39 Borj El Amri Acremonium strictum (EU497953.1, 99%)
F41 Mornag Schizophyllum commune (KJ093499.1, 99%)
F42 Mornag Schizophyllum commune (FJ478109.1, 99%)
F46 Mornag Fusarium lateritium (GU480949.1, 99%)
F47 Mornag Lasidiodiplodia pseudotheobromae (GQ469969.1, 100%)
F48 Mornag Neofusicoccum parvum JQ647911, 99%)
F50 Mornag Alternaria mali (AY154683.1, 100%)
F51 Mornag Acremonium strictum (EU497953.1, 99%)
F53 Mornag Acremonium strictum (EU497953.1, 99%)
F58 Mornag Alternaria tenuissima (KP942908.1, 99%)

The 4 fungi are in bold because they are used for other experiments in the publication
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Table 3 Mycelial growths of L. pseudotheobromae (LP), N. parvum (NP) and S. commune (SC) after 24, 48, 72 and 96 h of incubation at

various temperatures

Strain Time (H) ¢+ (SE) TO =+ (SE) Tm = (SE) Temp_Op=+(SE) Temp OpMean
SC 24 0.001 £0.000 6.862+2.217 43.696 +1.029 35716 £0.504 33.704+1.028
SC 48 0.003 £0.000 3.518+1.235 41.329+0.188 33.435+0.119
SC 72 0.007 £0.000 2.727 +1.300 40.703 £0.121 32.847+£0.099
SC 96 0.011£0.000 3.379+1.028 40.577+0.088 32.818£0.078
LP 24 0.011+0.001 9.108 +1.129 40.006+0.013 33.061 £0.088 32.325+£0.442
LP 48 0.024 £0.002 4.629+1.743 40.001 £0.006 32.499+0.118
LP 72 0.029 £0.002 0.393+1.638 40.001£0.003 32.040+£0.097
LP 96 0.027 £0.002 3.162+1.903 40.001 +£0.003 31.699+0.101
NP 24 0.006 +£0.001 0.045 +3.860 35.104+£0.102 28.088 £0.231 26.884 £0.639
NP 48 0.052+£0.002 9.095+0.355 31.304+£0.122 26.144 £0.064
NP 72 0.071 £0.003 7.541+£0.401 32.459+0.199 26.844 +£0.097
NP 96 0.065 +£0.004 4794 +£0.702 32.417+0.250 26.460+0.126

Calculations were made using Briére [¢7(T— T0)(Tm — T)”2 ]

function, in which T is temperature of fungal development in degrees Celsius

and the three parameters ¢, TO and Tm represent a rate constant, the minimum and maximum temperatures respectively. SE is set

for standard deviation

For each strain (LP, NP and SC) Temp OP and Temp OpMean represent the optimal temperature at the different times of experiments (24,
48, 72, 96 h) and the mean optimal temperature during the four times of experiments respectively

for which the measured mycelial diameters were at least
two times bigger (Fig. 2).

It should also be noted that N. parvum and
L. pseudotheobromae had a faster growth rate than
S. commune. Both fungal strains reached their maximal
growth after 3 days of incubation whether S. commune
reached its maximum after 4 days (Fig. 2).

In vitro competition between the three pathogenic fungi
L. pseudotheobromae, N. parvum and S. commune

The results obtained in Fig. 3 showed variable coloni-
zation percentages for the three fungal pathogens tested,
i.e. L. pseudotheobromae (P <0.05), N. parvum
(P<0.05),and S. commune (P < 0.05) on dual and triple
combination. Regarding N. parvum (Fig. 3a), its myce-
lial growth was reduced by L. pseudotheobromae and
S. commune when they were co-cultured in dual and/or
triple combination after 72 h incubation at 25 °C and/or
30 °C. The inhibitory effect of L. pseudotheobromae
(60%) and S. commune (20%) was not enhanced when
both were co-cultured with N. parvum in the triple
combination assay. The greatest inhibition was observed
with L. pseudotheobromae in the dual competition test
(N. parvum growth reduced by 60% compared to the
control).

In the case of L. pseudotheobromae (Fig. 3b), its
growth was significantly affected (P <0.05) in presence
of N. parvum (42%) and/or S. commune (22%) at 30 °C.
At 25 °C, the growth of this fungus was inhibited
only in presence of N. parvum in dual (42%) and/
or triple combination (46%), whereas S. commune
had an inhibitory effect only in the triple combination
(22%).

For S. commune colonization, the results obtained
showed that L. pseudotheobromae had an inhibitory effect
in the double (14%, 17%) and/or triple (20%, 14%) com-
bination assays at 25 °C and 30 °C (Fig. 3c). N. parvum
inhibited the growth of S. commune in the triple combina-
tion assays at 25 °C and/or 30 °C (P < 0.05), whereas it had
no effect (P> 0.05) at 25 °C and 30 °C in the dual culture
combinations.

L. pseudotheobromae, N. parvum and S. commune
pathogenicity on young vines of cv. Italia

All the stem cutting cv. Italia artificially inoculated with
the three pathogenic fungi, i.e. L. pseudotheobromae
(L.P), N. parvum (N.P) and S. commune (S.C), singly
or in combination, exhibited internal necrotic lesions,
namely brown stripe with hard texture, developed
downward from the inoculation point at the end of the
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Fig. 2 Effect of the temperature SC
on the mycelial growth (in mm) of
O 24h
L. pseudotheobromae (L.P), 20 4o
48 h
N. parvum (N.P) and S. commune o 79h
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incubation period of 120 £ 5 dpi (data not shown). In the variations depending on the isolates used
control cuttings (non inoculated with the pathogen), no (P<0.05). N. parvum caused the greatest damages
lesion was observed. as the necrosis rates were in the range of 80%,
Evaluation of the pathogenic potential of the whereas those due to L. pseudotheobromae or
fungal strains on cv. Italia showed significant S. commune were 2 to 2.5 times lower; they were
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respectively 32% and 35% (Fig. 4). It should also
be noted that the length of the stem necrosis also
differed depending on the treatment (P <0.05), i.e.
if the pathogenic strains were inoculated alone or in
combination. Indeed, N. parvum attack rates were re-
duced when the fungus was co-inoculated with
L. pseudotheobromae (N.P+L.P - 32%) or
S. commune (N.P+S.C - 31%) or both (N.P+
LP+S.C - 45%) compared to control cuttings

N. parvum colonization

m25°C

c D 030°C
il 5
b g
oA
LP/NP LP/NP (+5C) SC/NP SC/NP (+LP)
Treatments
L. pseudotheobromae colonization
< m25°C
B 030°C
H
a A A
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NP/LP NP/LP (+SC) SC/LP SC/LP (+NP)
Treatments
S. commune colonization
m25°C
030°C

il WAl

NP/SC NP/SC (+LP) LP/SC LP/SC (+NP)

Treatments

inoculated only with N. parvum (80%).
N. parvum did not however reduce the size of
the necrosis induced by L. pseudotheobromae
and/or S. commune.

The presence/persistence of the inoculated pathogen-
ic fungi (Koch’s Postulates) was assessed: 145 fungal
strains were recovered from the 450 wood chips sam-
pled in the nine treatments tested, i.e. 87 saprophytic
fungi and 58 pathogenic strains (29 N. parvum,
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Fig. 4 Internal necrosis induction by L. pseudotheobromae
(L.P), N. parvum (N.P) and S. commune (S.C) on young
vines cv. Italia under greenhouse conditions. Percentage
values are the mean of 25 measures per treatment. Mean
values sharing the same letters are not significantly

13 L. pseudotheobromae and 16 S. commune) (Table 4).
Strains of the three pathogenic fungi, e.g.
L. pseudotheobromae, N. parvum and S. commune,
were all isolated from the necrotic tissues (zone A),
whereas only saprophytic fungi, e.g. Alternaria sp.,
Penicillium sp., Aspergillus sp., were isolated from the
non-necrotic ones (zone B) (Fig. 1, Table 4). The mo-
lecular characterization of the 58 pathogenic strains
based on the rDNA-ITS sequencing confirmed their
identification (Genebank >99% sequence similarity)

Table 4 Number of fungal strains per treatment and zone of isolation

different according to the Kruskal-Wallis’ non-parametric
relative contrast effects post-hoc test at P<0.05. C: control
cuttings not inoculated with the fungus, CP: control cut-
tings inoculated with sterile malt agar plugs. Error bars
show the 95% confidence intervals

and that they corresponded to the strains inoculated at
the beginning of the assay (data not shown).

Discussion

The aim of this study was first to gain a more compre-
hensive understanding of the extent of GTDs in 10
Tunisian vineyards selected by chance, and secondly
to look for and isolate some pathogenic fungal species

Treatments Zone A Zone B
N.P LP S.C Others N.P L.P S.C Others

N.P 25 0 0 0 0 0 0 4
LP 0 10 0 2 0 0 0 7
S.C 0 0 4 1 0 0 0 1
NP+L.P 1 1 0 5 0 0 0 3
NP+S.C 3 0 3 3 0 0 0 1
LP+S.C 0 2 5 3 0 0 0 3
NP+LP+S.C 0 0 4 4 0 0 0 4
C - - - - 0 0 0 23
CP - - - - 0 0 0 23
Total 29 13 16 18 0 0 0 69

Zone A =necrotic woody tissues, zone B =non-necrotic wood, L.P = Lasidiodiplodia pseudotheobromae, N.P=Neofiisicoccum parvum,

S.C=Schizophyllum commune
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associated with cv. Italia symptomatic grapevines. In-
vestigations on the isolated pathogenic fungi were car-
ried out to (i) determine their ability to grow at various
temperatures, (ii) to compete in vitro and in planta and
(iii) to cause necrosis in the wood of cv. Italia young
vines after strains were inoculated singly or in
combination.

In the survey made in ten table-grape vineyards,
plants from the cultivar Italia showed leaf symptoms
of GTDs, e.g. Esca-like foliar symptoms as described by
Mugnai et al. 1999, but depending on the vineyards,
frequency of symptomatic vines ranged from 0.03% to
6%. The highest percentages were obtained in the
Mornag vine-growing region, suggesting thus that
GTDs could, in the future, seriously impact vineyards
longevity in that region. In the three other regions,
GTDs frequency ranged from 0% in Cité El Mehrine
to 0.3% in Borj El Amri. This result is in agreement with
Bruez et al. (2013) who reported that for a given variety,
different levels of GTDs can be shown depending on the
regions it is planted.

Most research on GTDs has been focused on cultivars
used for wine grape production (Bruez et al. 2013;
Haidar et al. 2016; Yacoub et al. 2016) but some studies
indicate that table grape-cultivars are attacked as well,
e.g. Red Globe and Victoria cultivars in Chile and South
Africa (Auger et al. 2004; Mutawila et al. 2011; Morales
et al. 2012). To our knowledge, in the literature with
regards to the cultivar Italia, few studies have investigat-
ed its susceptibility to GTDs (Sparapano et al. 2001b).

In the present study, three fungal species, known to
be involved in GTDs according to the literature, i.e.
Lasidiodiplodia pseudotheobromae, Neofusicoccum
parvum and Schizophyllum commune (Armengol et al.
2001; Fischer 2002), were isolated from the necrotic
tissues of vines cv. Italia and their identification was
confirmed by the rDNA-ITS sequencing.

Many reports showed that L. pseudotheobromae be-
longs to the species of the Botryosphaeriaceae family
linked to decline, canker and dieback of many crops, i.e.
maize (Diab et al. 1984), citrus (Abo-El-Dahab et al.
1992), sugar beet (Abd-El Ghani and Fatouh 2005),
mango (Abdalla et al. 2003; Ismail et al. 2012) and
grapevine worldwide (EI-Goorani and El Meleigi
1972; Yan et al. 2013; Dissanayake et al. 2015). Ac-
cording to Burgess et al. (2003), L. theobromae has to be
regarded as a tropical and subtropical pathogen and
cooler climates might prevent its establishment in such
regions. This might explain why L. pseudotheobromae

has been isolated in Tunisian vineyards characterized by
semi-arid to arid climatic conditions with generally dry
and hot summers and mild winters (Donat et al. 2014).
This phenomenon is of key importance and should also
be linked to the incidence, virulence and symptoms on
grapevines caused by Botryosphaeriaceae, including
L. pseudotheobromae, that may differ from one cultivar
and country to another (Alves et al. 2008; Cai et al.
2011; Ko-Ko et al. 2011a, b; Liu et al. 2012).

N. parvum is one of the most virulent species asso-
ciated with GTDs (Laveau et al. 2009; Urbez-Torres and
Gubler 2009). This species has been frequently associ-
ated with internal and external wood necrosis in grape-
vine wood (Phillips 2002; Laveau et al. 2009;
Amponsah et al. 2011). This pathogenic fungus is found
in grapevine worldwide; i.e. Australia, Chile, China,
Egypt, Hungary, Italy, Lebanon, New Zealand, Portu-
gal, South Africa, Spain, and USA (Baskarathevan et al.
2011; Yan et al. 2011a, b, 2012, 2013). In France it was
detected on mature grapevines of Vitis vinifera
(Larignon et al. 2001, 2009; Kuntzmann et al. 2010;
Bruez et al. 2013); but also in young vines (3—6 years
old) (Larignon et al. 2015). So, the wide adaptation of
N. parvum to various environmental conditions suggests
that this pathogen may occur and attack grapevines
under different climatic conditions, including in Tunisia.

S. commune is also among the fungi known to
be involved in GTDs (Larignon and Dubos 1997;
Urbez-Torres et al. 2012); it causes wood disease of
many other crops, i.e. pistachio (Michailides et al.
1995), olive trees (Urbez-Torres et al. 2013) and peach
trees (Chen et al. 2015).

The results of the present study support these earlier
reports by showing that L. pseudotheobromae, N.
parvum and S. commune also inhabit necrotic woody
tissues of mature grapevines (10-17 years old) in
Tunisia.

Numerous other pathogenic fungi not isolated in our
experiment are also involved in GTDs such as
Botryosphaeria spp., Diplodia seriata, Eutypa lata,
Phaeomoniella chlamydospora, Togninia minima (Taylor
et al. 2005; Savocchia et al. 2007; Billones et al. 2010;
Urbez-Torres et al. 2012). Such result may be due to the
sampling method (i.e. 5 mm wood pieces) that selected
for, or provided an advantage to faster growing fungi to
be isolated. For instance, Phaeoacremonium spp. and
P. chlamydospora are known as slow-fungal growers
and it take them longer time to grow from the wood
pieces than other fast-growing fungi such as
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L. pseudotheobromae and N. parvum. In such a situation,
they likely outgrow and overgrow Phaeoacremonium
spp. and Phaeomoniella chlamydospora. This could be
one of the reasons why these fungi were not isolated in
our experiment. A larger sampling size and the inclusion
of various cultivars from different growing regions with-
in Tunisia might shed more light onto the microbiota of
Tunisian grapevines.

The three pathogenic fungi isolated in this study were
then studied for their in vitro mycelial growth depending
on the temperature. The optimal temperature was 26.88
+0.639 °C for N. parvum and 33.70£1.028 °C for
S. commune after 96 h of incubation, almost equal to
previous results reported by Espinoza et al. (2009),
Thomidis et al. (2011) and Teoh and Mat Don (2015).
In the case of van Niekerk et al. (2004) and Ploetz et al.
(2009), the N. parvum temperature optimum recorded
was higher; respectively 30 °C and 27.8 °C. The reasons
for these discrepancies are unknown, but may reflect
genetic differences between the strains used, geograph-
ical differences (Baskarathevan et al. 2011), and/or a
possible adaptation of the N. parvum strain to the Tuni-
sian Mediterranean climate.

As regards L. pseudotheobromae, the maximum ra-
dial growth was obtained at 32.325+0.442 °C. This
optimum temperature was a bit higher to the one obtain-
ed, i.e. 30.8 °C, by Urbez-Torres et al. (2006). The
mycelial growth was reduced at 10 °C, 15 °C and
40 °C but not stopped. At 5 °C, in contrast with
N. parvum and S. commune, L. pseudotheobromae
showed a slight growth.

L. pseudotheobromae, N. parvum and S. commune
showed therefore their ability to grow at high tempera-
tures (>30 °C), which may suggest their adaptation to
the Mediterranean climate in the north of Tunisia.

The pathogenicity of L. pseudotheobromae, N. parvum
and S. commune was confirmed when these fungi were
inoculated singly or in combination in the trunk of young
vines of cv. Italia. All these fungi infected the vines
through wounds, colonized and degraded the woody tis-
sues, and caused internal disease symptoms. The symp-
toms severity, i.e. the length of internal necrosis, differed
depending on the fungal inocula applied (P < 0.05):
N. parvum caused the longest internal necrosis. This result
is in agreement with Utrbez-Torres and Gubler (2009) who
reported that L. theobromae, Neofusicoccum luteum, N.
parvum, and N. australe were more highly virulent than
D. seriata, D. mutila, Dothiorella iberica and D. viticola
in Californian vineyards.
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It is also worth noting that in this in planta assay, a
competitive effect between the three pathogens
L. pseudotheobromae, N. parvum and S. commune was
observed. It subsequently reduced the length of the inter-
nal necrosis caused by N. parvum when this fungus was
inoculated together with L. pseudotheobromae and/or
S. commune. This may result from antagonism between
the pathogenic fungi when they defend themselves and
try to exclude N. parvum. Likewise Sparapano et al.
(2000, 2001a) reported a competitive association of
Phaeoacremonium minimum and P. chlamydospora,
and a marked antagonistic effect of P minimum against
Fomitiporia punctata during wood colonization.

In vitro confrontation assays between
L. pseudotheobromae, N. parvum and S. commune on
synthetic medium supported this result. Greater or lesser
antagonistic effects were observed depending on the
fungal combination applied (P <0.05) and/or the tem-
perature of incubation (P < 0.05). These discrepancies
are unknown, but may be explained by the ability of
fungi to produce antifungal compounds (Teoh and Mat
Don 2015) and the temperature effect on their growth
that would influence their antagonism capacity.

In conclusion, this study reported that the table grape
cultivar Italia, which is the most planted in Tunisia, is
susceptible to GTDs attacks. Three pathogenic fungi
L. pseudotheobromae, N. parvum and S. commune were
isolated for the first time from necrotic woody tissues of
this cultivar. These pathogens reproduced typical inter-
nal symptoms of GTDs, namely brown stripe with hard
texture as described by Mugnai et al. (1999), on stem
cuttings of cv. Italia artificially inoculated. However, no
foliar symptoms of GTDs had been reproduced on
young plants. Although pathogenicity of the isolated
fungi was evident, positive cooperation between fungal
strains was not observed. On the contrary, in vivo and in
planta competitions between strains were noticed. The
results also suggest that temperatures, and certainly
those of Tunisia, can influence the growth of the path-
ogenic fungi inhabiting the wood of vineyards and
therefore the GTDs attacks.
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