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Abstract Early blight is a common disease of
Solanaceae crops worldwide. The occurrence of
Alternaria spp. was studied during three epidemics on
tomato in northwestern Algeria. Alternariawas detected
in more than 80 % of the diseased plant samples and
accounted for more than 50% of the total fungal isolates
recovered from these samples. Morphological and mo-
lecular investigations revealed that small-spored isolates
producing beaked conidia, i.e. belonging to the section
alternaria, were prominent in most of the surveyed
locations representing more than 80 % of the total
Alternaria isolates in three locations (Mascara, Ain
Témouchent and Sidi Belabbèsse). Based on their spor-
ulation patterns they were recognized as A. alternata
and A. tenuissima. Small-spored isolates producing co-
nidia without beak and assigned to A. consortialis were
also found at a low frequency (< 1 %). Large-spored
isolates producing conidia ended by typical long beaks
and identified as A. linariae (syn. A. tomatophila),

A. solani and A. grandis were also recovered from all
the sampled areas and represented 33.8 %, 6.3 % and
1.3 % of the total Alternaria isolates, respectively. Path-
ogenicity tests on tomato with a selection of 85 strains
representative of the isolates collection revealed that all
the tested isolates were able to produce extending le-
sions on inoculated leaves albeit with variable intensity.
Large-spored species included the most aggressive iso-
lates. Small-spored Alternaria, although less aggressive
than large-spored Alternaria, had the ability to provoke
brown necrotic spots and circumstantially developed
synergistic interactions in mixed infections with moder-
ately aggressive isolates of A. linariae.

Keywords Aggressiveness .Alternaria spp. . Early
blight . Solanaceae . Tomato

Introduction

Early blight is a major disease of Solanaceae and is
spread worldwide (Pryor and Gilbertson 2000). Typical
disease symptoms are characteristic dark necrotic le-
sions with concentric rings on leaves (Van der Waals
et al. 2003). Severe epidemics can lead to complete
defoliation and major crop losses in short periods of
time (Chaerani and Voorrips 2006). In plantations in
the U.S., Australia, Israel, UK, Brazil and India, these
losses range from 35 to 80 % (Basu 1974; Datar and
Mayee 1981; Grigolli et al. 2011). The disease is most
damaging in regions with heavy rainfall, high humidity
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and fairly high temperatures (Chaerani and Voorrips
2006), although epidemics can also occur in semi-arid
climates (Rotem et al. 1983). In the countries surround-
ing theMediterranean area, tomato and potato constitute
very important crops and can be cultivated throughout
the year (Snoussi 2009). In northwestern regions of
Algeria, early blight of tomatoes appears every year.
The occurrence and damage of the disease depend
mainly on frequent rain and high moisture over the
month after the appearance of the first symptoms. In
Algeria, as in other tropical and sub-tropical areas, early
blight is considered one of the most destructive diseases
in several plant species of the Solanaceae family (Abada
et al. 2008) and constitutes a serious problem for the
fresh market as well as for the processing industry.

Several different Alternaria spp. have been associat-
ed with early blight of tomato and potato (Simmons
2000). The causal agent of early blight of potato, tomato
and other Solanaceae crops was initially considered to
be A. solani Sorauer (Jones and Grout 1897). In a
morphology-based taxonomic revision of Alternaria
specimens from Solanaceae, Simmons (2000) described
several new species like A. grandis. Besides A. solani
and A. grandis, which were the dominant species from
potato, a similar fungus common on tomato was de-
scribed as a new species and called A. tomatophila. This
morphological species has been later supported not only
by inoculation studies (Fraser and Zitter 2003) but also
bymolecular data (Gannibal et al. 2014; Rodrigues et al.
2010) and metabolite profiling (Andersen et al. 2008).
Recently specimens belonging to this species were
moved to a new species named A. linariae together with
other isolates from Solanaceae, Cucurbitaceae and
Scrophulariaceae (Woudenberg et al. 2014). In addition
to these three large-spored Alternaria species, small-
spored Alternaria species such as A. alternata Keissler,
A. tenuissima Nees & Nees: Fries, and A. arborescens
(syn A. alternata f. sp. lycopersici) Simmons, have been
repeatedly isolated from Solanaceae with symp-
toms resembling that of early blight at least at
initial stages of infection. These species may cause
brown leaf spot on potatoes (Kirk et al. 2007) and
stem canker on susceptible tomato cultivars
(Grogan et al. 1975), respectively.

The application of fungicides is the most common
tactic used to reduce losses caused by this disease.
However, timing of fungicide sprays relative to environ-
mental conditions and potential for disease development
is critical if good control is to be attained (Kemmitt

2002). In addition, visual analysis of the symptoms does
not always allow to distinguish if the necrotic spots are
caused by A. linariae, A. solani or even by other
Alternaria species. This suggests that additional infor-
mation relating to the biology of the pathogen and the
etiology of disease will be necessary for the successful
development of a reliable disease management program.

In this study, morphological and molecular investi-
gations were used in order to obtain a clear differentia-
tion and distribution of Alternaria species on early
blight symptomatic tomato tissues collected in different
sites in northwestern regions of Algeria. As we
suspected that other solanaceous crops cultivated in
the vicinity of tomato could be a source of inoculum,
isolates from symptomatic potatoes and eggplants from
the same areas were also included in the study. At least
five different Alternaria species, including the well-
recognized tomato pathogens A. solani and A. linariae,
were identified with various distributions according the
sampling location. Pathogenic variability of isolates
representative of these Alternaria species was studied
on tomato plants. This confirmed that small-spored
Alternaria, albeit less aggressive than large-spored
Alternaria, had the ability to provoke tomato leaf blight
and circumstantially developed synergistic interactions
in mixed infections with moderately aggressive isolates
of A. linariae.

Materials and methods

Plant mater ial and isolat ion of al ternaria
isolates Sixty-five fields were sampled between 2011
and 2013 in seven geographic locations of the north-
western region corresponding to the major potato- and
tomato- producing areas of Algeria. According to the
intensity of early blight epidemics, one to twenty sam-
ples (diseased tomato, potato or eggplant leaves, stem or
fruit) from each field were collected. A total of 944
samples from tomato, 35 from potato and 10 from
eggplant were thus obtained. Ninety three samples from
tomato were stored frozen (−20 °C) for further DNA
extraction and the 896 remaining samples were directly
processed for fungal isolation.

Fungal isolation was conducted from these samples
as described in Dhingra and Sinclair (1995). Plant ma-
terial showing brown or black lesions was cut into small
bits measuring ca. 2 mm and surface sterilized in 0.1 %
(v/v) sodium hypochlorite solution for 2 min. These
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fragments were then transferred into Petri dishes con-
taining 15 ml potato sucrose agar (PSA) medium, incu-
bated for 48 h at 25 °C. A total of 1523 discrete colonies,
developing from the lesions margins, were observed
under a binocular stereomicroscope (magnification:
×20 to ×40) to discriminate, based on conidia morphol-
ogy, small-spored and large-spored Alternaria species
from species belonging to other genera.

The fungal colonies recognized as belonging to the
genus Alternaria, were individually transferred to potato
carrot agar (PCA) medium (Simmons 2007) or host leaf
extract agar medium (200 g l−1 healthy tomato leaves,
12 g l−1 dextrose and 18 g l−1 agar) (Kozlovski and
Kvasnyuk 1984) at 25 °C in the dark. For non-
sporulating isolates, four days-old colonies were
wounded with a sterile scalpel and directly exposed to
sunlight for 5 min to stimulate fungal sporulation
(Fahim 1966) and then incubated in the dark for 24 h.
Purification of Alternaria isolates was performed by the
monospore culture method. The 224 pure Alternaria
isolates thus obtained from sporulating colonies were
stored in glycerol 30 % (w/v) at -80 °C for further study.
Among this collection, a subset of isolates representing
all the identified morpho-species and the different sites
of sampling were used either for pathogenicity assays or
for sequence analysis (Table 1). The isolation fre-
quency (Fr) of each species was calculated accord-
ing to Saleemi et al. (2012).

Morphological characterization Morphological char-
acters of the 224 pureAlternaria isolates, i.e. sporulation
patterns and conidial features, were observed under a
binocular stereomicroscope and microscope (Leica
DM4500B; Leica Microsystems) as previously reported
(Simmons 2007; Zhang 2003). Each isolate was trans-
ferred to Petri dishes containing PCA, and incu-
bated at 25 °C, under cool-white fluorescent light
for 7 days (light and dark cycles). Species assign-
ments based on morphology were performed ac-
cording to Simmons (2007).

Molecular characterization DNA was extracted either
frommycelium collected by scraping the surface of Petri
plate cultures of the single-spore isolates (listed in
Table 1) or from diseased tomato leaves. In each case,
100 μl lysis buffer (50 mM Tris-HCl pH 7.5, 50 mM
EDTA, 3 % SDS, 1 % 2-mercaptoethanol) was added
and the nucleic acids were isolated according to the
microwave mini-prep procedure described by

(Goodwin and Lee 1993). The final DNA pellet was
supplemented into 100 μl TE buffer (10 mM Tris-HCl
pH 8.0, 0.1 mM EDTA) and stored at −20 °C until used.
Partial sequences of the ITS region were polymerase
chain reaction (PCR) amplified using fungal specific
primer pair (ITSF1 -ITS4) (Gardes and Bruns 1993) or
universal primer pair (ITS1-ITS4) (White et al. 1990)
from plant tissue or fungal DNA, respectively. Specific
primers for A. solani / A. grandis (OAsF7 and OAsR6)
able to amplify 164 bp fragment of the gene Alt a1 and
for A. linariae (OAtF4 and OAtR2) able to amplify
438 bp fragment of the calmodulin gene were used to
confirm the identification of the two groups of species
(Gannibal et al. 2014). Primer pair (AAF2 and AAR3)
was used for specific detection of A. alternata-related
species (Konstantinova et al. 2002). To distinguish
large-spored species by multilocus sequence analysis,
portions of the elongation factor (EF1), glyceraldehyde-
3- phosphate dehydrogenase (GAPDH) and calmodulin
genes were amplified with primers pairs EF1-728F and
EF1-986R (Carbone and Kohn 1999), gpd1- gpd2
(Berbee et al. 1999), and CALDF1- CALDR1
(Lawrence et al. 2013), respectively. These sequences
were selected based on their support values and high
resolution in separating clades within closely related
species A. grandis, A. solani and A. linariae
(Woudenberg et al. 2014; Gannibal et al. 2014). The
sequences of these primers are given in Table 2. All
amplification reactions were performed in a 50-μl reac-
tion volume containing 75mMTris-HCl pH 9.0, 20mM
(NH4)2SO4, 0.01 % (w/v) Tween 20, 1.5 mM MgCl2,
200 μM each desoxyribonucleotide triphosphate, 1 unit
of thermostable DNA polymerase (GoTaq, Promega)
and 400 nM of each relevant oligonucleotide primer.
PCR conditions for each gene were according to the
references provided above. After electrophoresis in
1.2 % agarose gels in 0.5× TAE buffer (20 mM Tris-
acetate pH 8, 0.5 mM EDTA), DNAwas visualized by
ethidium bromide staining and UV illumination. Ampli-
fied gene fragments were sequenced using automated
Sequencer at GATC Lab (Germany). Sequences used
for comparison included reference strains for species in
section Porri recognized as causing early blight on
solanaceous crops, i.e. A. solani, A. linariae and
A. grandis (Woudenberg et al. 2014) and were obtained
from NCBI database (http://www.ncbi.nlm.nih.gov).
The phylogenetic analysis was done using the
Phylogeny.fr web service (Dereeper et al. 2008). Multi-
ple sequence alignments were generated with MUSCLE
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Table 1 Identity and origin of the Alternaria strains isolated from Solanaceae and used for pathogenicity tests and nucleotide sequence
analyses

Isolatea Species Geographic origin Host- organ ITS TEF GPD CAL

1 A. tenuissima Mostaganem Tomato- fruit KT968740 NA NA NA

8 A. alternata Hassi Bounif-Oran Pea NA NA NA NA

11 A. tenuissima Djebel Lekhar- Oran Potato- leaf KT968741 NA NA NA

38 A. alternata Mostaganem Tomato- fruit KT968742 NA NA NA

41 A. tenuissima Tatba - Alger Cabbage NA NA NA NA

42 A. alternata Tatba - Alger Cabbage NA NA NA NA

45 A. tenuissima Stidia - Mostaganem Tomato- leaf KT968743 NA NA NA

57 A. alternata Mamache -Mostaganem Potato- leaf KT968744 NA NA NA

66 A. tenuissima Stidia - Mostaganem Tomato- stem KT968745 NA NA NA

71 A. alternata Mamache – Mostaganem Potato- stem KT968746 NA NA NA

72 A. tenuissima Mamache - Mostaganem Eggplant- leaf KT968747 NA NA NA

75 A. tenuissima Mamache - Mostaganem Eggplant- leaf KT968748 NA NA NA

77 A. alternata Mamache – Mostaganem Potato- leaf KT968749 NA NA NA

79 A. alternata Ouriah - Mostaganem Tomato- leaf KT968750 NA NA NA

81 A. tenuissima Ouriah - Mostaganem Tomato- leaf KT968751 NA NA NA

85 A. alternata Stidia- Mostaganem Tomato- leaf KT968752 NA NA NA

86 A. tenuissima Stidia - Mostaganem Tomato- leaf KT968753 NA NA NA

87 A. tenuissima Stidia - Mostaganem Tomato- stem KT968754 NA NA NA

89 A. tenuissima Biskra Eggplant-stem KT968755 NA NA NA

91 A tenuissima Biskra Eggplant-stem KT968756 NA NA NA

97 A. tenuissima Canastel - Oran Tomato- leaf KT968757 NA NA NA

98 A. tenuissima Kouir-Mascara Lettuce NA NA NA NA

99 A. tenuissima Kouir - Mascara Potato- leaf KT968758 NA NA NA

100 A. tenuissima Kouir - Mascara Potato- stem KT968759 NA NA NA

107 A. alternata Mostaganem Tomato- fruit KT968760 NA NA NA

109 A. tenuissima Mascara Potato- tuber KT968761 NA NA NA

120 A. alternata Mostaganem Tomato-fruit KT968762 NA NA NA

122 A. consortialis Mostaganem Tomato-fruit KT968779 NA NA NA

125 A. tenuissima Mostaganem Tomato-fruit NA NA NA NA

126 A. tenuissima Mostaganem Tomato-fruit KT968763 NA NA NA

129 A. tenuissima Kouir - Mascara Potato- leaf KT968764 NA NA NA

140 A. tenuissima Khesibia - Mascara Potato- leaf KT968765 NA NA NA

150 A. alternata Kouir - Mascara Potato- stem KT968766 NA NA NA

151 A. tenuissima Mostaganem Pea NA NA NA NA

153 A. alternata Ain Témouchent Potato- leaf KT968767 NA NA NA

155 A. alternata Ain Témouchent Potato- leaf NA NA NA NA

156 A. tenuissima Ain Témouchent Potato- leaf KT968768 NA NA NA

157 A. alternata Ain Témouchent Potato- leaf KT968769 NA NA NA

161 A. alternata Ain Témouchent Cumcumber NA NA NA NA

164 A. alternata Ain Témouchent Tomato- leaf KT968770 NA NA NA

165 A. alternata Ain Témouchent Potato- leaf KT968771 NA NA NA

173 A. consortialis Canastel- Oran Tomato- leaf KT968780 NA NA NA

198 A. linariae Hassi Benokba - Oran Tomato- leaf NA NA NA NA

201 A. linariae Hassi Benokba - Oran Tomato- leaf NA NA NA NA
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Table 1 (continued)

Isolatea Species Geographic origin Host- organ ITS TEF GPD CAL

205 A. linariae Hassi Bounif - Oran Tomato- leaf NA NA NA NA

207 A. linariae Hassi Bounif - Oran Tomato- leaf NA NA NA NA

208 A. linariae Hassi Bounif - Oran Tomato- leaf NA NA NA NA

209 A. linariae Hassi Bounif - Oran Tomato- leaf NA NA NA NA

210 A. linariae Hassi Bounif - Oran Tomato- leaf NA NA NA NA

211 A. linariae Hassi Bounif - Oran Tomato- leaf KT968773 KT937246 KR911755 KR911771

213 A. linariae Hassi Bounif - Oran Tomato- leaf NA NA NA NA

217 A. linariae Hassi Bounif - Oran Tomato- leaf NA NA NA NA

218 A. linariae Hassi Bounif - Oran Tomato- leaf NA NA NA NA

220 A. linariae Hassi Bounif - Oran Tomato- leaf NA NA NA NA

223 A. linariae Walhassa- Tlemcen Tomato- leaf NA NA NA NA

236 A. linariae Canastel - Oran Tomato- leaf NA NA NA NA

237 A. solani Oued Rhiou- Relizane Potato- leaf NA KT937247 KR911751 KR911770

240 A. solani Oued Rhiou- Relizane Potato- leaf NA NA NA NA

241 A. linariae Stidia -Mostaganem Tomato- leaf NA NA NA NA

242 A. linariae Stidia - Mostaganem Tomato- leaf KT968774 KT937248 KR911762 KR911777

243 A. linariae Stidia -Mostaganem Tomato- leaf NA KT937249 KR911756 KR911772

244 A. linariae Stidia - Mostaganem Tomato- leaf NA NA NA NA

248 A. grandis Mamache - Mostaganem Tomato- leaf KT968775 KT937250 KR911748 KR911763

249 A. grandis Mamache - Mostaganem Tomato- leaf NA KT937251 KR911754 KR911764

250 A. solani Mamache - Mostaganem Tomato- leaf KT968776 KT937252 KR911747 KR911765

251 A. grandis Mamache - Mostaganem Tomato- leaf NA KT937253 KR911750 KR911766

252 A. solani Mamache - Mostaganem Tomato- leaf NA KT937254 KR911752 KR911767

254 A. linariae Mazaghrane - Mostaganem Tomato- leaf NA NA NA NA

256 A. linariae Mazaghrane - Mostaganem Tomato- leaf NA NA NA NA

257 A. linariae Mazaghrane - Mostaganem Tomato- leaf NA NA NA NA

259 A. linariae Mazaghrane - Mostaganem Tomato- leaf NA NA NA NA

260 A. linariae Mazaghrane - Mostaganem Tomato- leaf NA NA NA NA

261 A. linariae Mazaghrane - Mostaganem Tomato- leaf NA KT937255 KR911761 KR911778

262 A. linariae Mazaghrane - Mostaganem Tomato- leaf NA KT937256 KR911759 KR911775

264 A. linariae Mazaghrane - Mostaganem Tomato- leaf NA KT937257 KR911760 KR911776

265 A. linariae Mazaghrane - Mostaganem Tomato- leaf NA NA NA NA

266 A. solani Kouir - Mascara Tomato- leaf KT968777 KT937258 KR911753 KR911769

269 A. alternata Hassine- Mascara Tomato- leaf NA NA NA NA

270 A. alternata Hassine - Mascara Tomato- leaf KT968772 NA NA NA

272 A. linariae Remchi- Tlemecen Tomato- leaf NA KT937259 KR911758 KR911774

276 A. linariae Remchi- Tlemecen Tomato- leaf NA NA NA NA

277 A. linariae Remchi- Tlemecen Tomato- leaf NA NA NA NA

292 A. solani Ain Témouchent Tomato- leaf KT968778 KT937260 KR911749 KR911768

294 A. linariae Zlifa - Sidi Bel Abbèsse Tomato- leaf NA NA NA NA

296 A. linariae Zlifa - Sidi Bel Abbèsse Tomato- stem NA NA NA NA

298 A. linariae Zlifa - Sidi Bel Abbèsse Tomato- stem NA NA NA NA

302 A. alternata Zlifa - Sidi Bel Abbèsse Tomato- stem Tomato- stem NA NA NA

307 A. linariae Mostaganem Tomato- Fruit NA KT937261 KR911757 KR911773
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and curated using the Gblocks algorithm. Maximum-
likelihood analyses were performed with PhyML
(HKY85 substitution model with gamma-distributed
rate variation). The robustness of the ML topologies
was evaluated using the Shimodaira-Hasegawa (SH)-
like test for branches.

Pathogenic variability and cross-inoculation
assays Pathogenicity tests were carried out by inoculat-
ing on tomato plants (Saint Pierre variety) 79 isolates
collected from solanaceous plants (16 isolates of
A. alternata, 20 isolates of A. tenuissima, 2 isolates of
A. consortialis, 34 isolates of A. linariae, 5 isolates of
A. solani and 2 isolates of A. grandis; Table 1), selected
among large-spored and small-spored species from the
different regions, and six small-spored isolates collected

on non-solanaceous plants (pea, cabbage, lettuce, cu-
cumber). These tests were conducted under glasshouse
conditions in pot experiments. Tomato seeds were sur-
face sterilized and germinated on sterile moistened filter
paper in 90-mm-diameter petri dishes for 5–7 days in
darkness at 20 °C. Germinating seeds were planted in
pots filled with sterilized soil and were grown in a
glasshouse at 28 °C with 16 h/day light. Three-weeks-
old plants were used for inoculation. Conidial suspen-
sions were prepared as described in Boedo et al. (2012).
Spore density was counted using a haemocytometer and
adjusted to 104 conidia per ml. Isolates from different
origins have been used either in solo or in mixtures
with ratio (50:50) for co-inoculation experiments. The
suspensions were then liberally applied to the surface
of plants in the greenhouse using a hand-sprayer with-
out injuring the leaves. A control experiment was
carried out simultaneously using sterile distilled water.
Three replicates were performed for each test. For
maintaining the humidity, plants were covered with
plastic bags for 48 h to allow the development of the
disease symptoms.

Disease assessment Plants were rated for disease symp-
toms including leaf spots with a brownish center, leaf
lesions, and leaf death after 7, 15 and 21 days post
inoculation (d.p.i). Disease severity was determined
for each leaf (5 leaves per plant) by visual rating of
disease and estimated as the percentage of necrotic leaf
area (n.l.a.) as illustrated in Online resource 1. Symptom
scoring data were subjected to analysis of variance
(ANOVA) using strain, fungal species, incubation time
or leaf number as qualitative factors. For each factor, a
separate linear model was fitted, giving mean n.l.a
values and standard errors. Several interactions were
also investigated, including the post inoculation time *
species interaction. For eachANOVA, homoscedasticity

Table 1 (continued)

Isolatea Species Geographic origin Host- organ ITS TEF GPD CAL

314 A. solani Relizane - Oued Rhiou Tomato- Fruit NA KT937262 KT937234 KT937240

315 A. solani Relizane - Oued Rhiou Tomato- Fruit NA KT937263 KT937235 KT937241

317 A. solani Relizane - Oued Rhiou Tomato- Fruit NA KT937264 KT937236 KT937242

318 A. solani Relizane - Oued Rhiou Tomato- Fruit NA KT937265 KT937237 KT937243

320 A. solani Relizane - Oued Rhiou Tomato- Fruit NA KT937266 KT937238 KT937244

a numbers in bold characters indicate the isolates that were used for pathogenicity assays

Table 2 PCR primers used in this study

Primers names Sequences

ITS1 5′-TCCGTAGGTGAACCTGCGG-3′

ITSF1 5′-CTTGGTCATTTAGAGGAAGTAA-3′

ITS4 5′-TCCTCCGCTTATTGATATGC-3′

EF1-728F 5′-CATCGAGAAGTTCGAGAAGG-3′

EF1-986R 5′-TACTTGAAGGAACCCTTACC-3′

OAsF7 5′-CGACGAGTAAGTTGCCCTCA-3′

OAsR6 5′-TGTAGGCGTCAGAGACACCATT-3′

OAtF4 5′-TGCGGCTTGCTGGCTAAGGT-3′

OAtR2 5′-CAGTCGATGCGGCCGTCA-3′

AAF2 5′-TGCAATCAGCGTCAGTAACAAAT-3’

AAR3 5′-ATGGATGCTAGACCTTTGCTGAT-3’

CALDF1 5′-AGCAAGTCTCCGAGTTCAAGG-3’

CALDR1 5′-CTTCTGCATCATCAYCTGGACG-3’

gpd1 5′-CAACGGCTTCGGTCGCATTG-3’

gpd2 5′-GCCAAGCAGTTGGTTGTGC-3’
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and residuals distribution were visually checked using
boxplots and Q-Q plots. Multiple comparisons were
performed using the Duncan multiple comparison pro-
cedure. For the co-inoculation experiments, student tests
were used to compare mean n.l.a. obtained after co-
inoculation with the sum of the two mean n.l.a. obtained
after separate inoculations. Since 42 comparisons were
made, α was set at 0.05/42 = 0.001190 following a
Bonferroni correction. All statistical analyses were per-
formed using R-3.2.4 software (R Core Team 2016).

Results

Occurrence of alternaria spp. on diseased tomatoes in
northwestern Algeria After plating on nutritive solid
medium, the presence of Alternaria species was con-
firmed in the majority of sampled organs. These species
represented up to 80 % of the isolated fungi in the Oran
region (Fig. 1). It was observed that these Alternaria
spp. were associated with Stemphylium spp. in more
than 25 % of the analyzed samples. On average,
Alternaria and Stemphylium species represented
58.3 % and 33.7 % of the 1523 fungal colonies that
developed from the lesions margins, respectively. Other
fungi belonging to different genera (Bipolaris sp., Fu-
sarium sp.) were also isolated at lower frequency (less
than 8 %). Morphological analysis of conidia separated
the Alternaria isolates into two main groups with large
and small spores respectively. The data presented in
Fig. 1 revealed that the maximum incidence for large-
spored Alternariawas observed at Mostaganem (52 %).
In all other surveyed locations small-spored Alternaria
were prominent representing more than 80% of the total
Alternaria isolates in four locations (Mascara, Ain
Témouchent, Relizane and Sidi Belabbèsse).

Direct diagnostic PCRwas performed on ninety-three
plant samples (total tested samples) from the different
locations by amplification with specific-primers. Repre-
sentative results are presented on Online resource 2.
Primer pair (ITSF-1/4) used to confirm presence of fun-
gal DNA in infected leaves gave positive amplification
signals with different intensity at ca. 600 bp for 82 % of
the samples (total infected samples). The primer pair
AAF2/R3, highly specific forA. alternata species-group,
allowed the amplification of a 340 bp fragment from
seventy naturally infected samples (75 % of the total
tested samples and 92 % of the total infected samples).

Primer set, OAsF7/R6 specific for A. solani / A. grandis
amplified a 164 bp amplicon from three samples (3.2 %
of the total tested samples and 3.9 % of the total infected
samples) whereas, the primer set OAtF4/R2 specific for
A. linariae amplified a 438 bp amplicon from 16 samples
(17.2 % of total tested samples and 21 % of the total
infected samples). It should be noticed that 11 % of the
samples produced amplification products with both the
AAF2/R3 primer set and either the OAsF7/R6 orOAtF4/
R2 primer pairs suggesting co-infection of the samples
with A. alternata related species and A. linariae,
A. solani or A. grandis.

Morphological characterization of the alternaria
isolates Observation of the 224 single-spored
Alternaria isolates revealed substantial variability in
colony morphology and sporulation when grown on
(PCA) and (PSA), respectively. Close examination of
morphological characters on PCAmedium such as spor-
ulation patterns, conidia shape and size, beak number
and length separated both large- and small-spored iso-
lates into two sub-groups, respectively (Fig. 2). Large-
spored isolates belonging to the first sub-group pro-
duced ovoid conidia (mean spore length and width:
137.35 ± 22.14 μm and 16.45 ± 1.46 μm, respectively)
with mainly a single beak measuring 66.57 ± 19.50 μm.
The spores are formed in solo or in pairs from the
same conidiophore, sometimes in short chains of two
to three conidia when secondary conidiophores are
formed at the apex or laterally. This morphotype
accounted for 6.3 % of the total Alternaria isolates
and was assigned to A. solani.

Large-spored isolates belonging to the second
sub-group formed ellipsoid conidia, slightly larger
than those from the previous sub-group (mean
spore length and width: 242.62 ± 38.33 μm and
16.51 ± 2.36 μm, respectively) ended by one to
three beaks measuring 159.93 ± 30.53 μm. The
majority of spores were born solitary. This
morphotype accounted for 33.8 % of the total
Alternaria isolates and was assigned to A. linariae
(syn. A. tomatophila). Besides these two main sub-
groups, three isolates (1.3 % of the total Alternaria
isolates) from the Mostaganem region produced
conidia that were slightly larger than typical
A. solani (ca 150 μm mean spore length ended by
a beak measuring up to 120 μm). It was difficult
based exclusively on conidial morphology to assign
a species name to this morphotype.
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Small-spored isolates all produced dark pigmented
multiseptate conidia that never exceeded 60 μm in
length and beared very short beak. The two sub-groups
were distinguished mainly based on their sporulation
patterns. Isolates from the first sub-group produced
conidial chains of 2–6 units long and typically produce
branches (1 to 5 conidia) having a well-defined primary
conidiophore with few terminal and sub terminal
branches. This morphotype was assigned to

A. alternata and accounted for 16.2 % of the total
Alternaria isolates. Isolates from the second sub-group
formed chains of conidia with more than nine units,
branching of chains usually was minor (1 to 2 conidia)
or lacking. This morphotype was assigned to
A. tenuissima and accounted for 39.6 % of the total
Alternaria isolates.

Two other isolates produced obovoid non-beaked
conidia (mean spore length and width: 25.4 ± 3.69 μm

Fig. 1 Map of North Algeria
showing the locations sampled for
Alternaria isolates used in this
survey and distribution of the
different isolates from diseased
tomato plants
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and 13.4 ± 2.16 μm, respectively) with a narrow base
formed singly on a short conidiophore or in chains and
may form secondary conidiophores at the apex and
could be assigned to the genus Ulocladium.

Molecular characterization of the alternaria
isolates Preliminary molecular characterization of the
Alternaria isolates based on sequence data was obtained
using the internal transcribed spacer region (ITS) ampli-
fied from a subset of 41 Alternaria isolates (listed in
Table 1). Four isolates morphologically identified as
belonging to the Bipolaris and Stemphylium genera

were also included. Based on cluster analysis of ITS
data, large- and small-spored Alternaria spp. isolates
were clearly separated into two major groups (Fig. 3),
and the two isolates recognized as belonging to the
Ulocladium genus based on morphological data were
found to cluster with Alternaria consortialis (Thüm.)
syn. Ulocladium consortialis belonging to the
Ulocladioides section of Alternaria. However as antic-
ipated from previous reports, it was neither possible to
distinguish species within the small-spored isolates clus-
ter (i.e. species belonging to the alternaria section) nor
to discriminate A. linariae from other species

Fig. 2 Morphology of small-
spored Alternaria isolates with
chain of conidia with short beak
(morphotypes assigned to a
A. alternata and b A. tenuissima),
large-spored isolates with conidia
ended by typical long beaks
(morphotypes assigned to c
A. linariae and d A. solani) and
small-spored isolates with clumps
of conidia without beak
(morphotype assigned to e
A. consortialis), Left and right
panels represent microscope and
binocular stereomicroscope
views, respectively. Pictures were
taken after 7 days at 25 °C on
PCA medium. Bars =50 μM
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pathogenic to Solanaceae (i.e. A. solani and A. grandis)
within the large-spored isolates cluster. To ensure that
isolates listed in Table 1 and morphologically recog-
nized as A. solani or A. linariae indeed belong to these
two species, diagnostic PCR with the specific primer
sets OAsF7/R6 and OAtF4/R2 were realized on DNA

extracted from these fungi. In all cases identification of
the fungal species was confirmed.

In addition, a multilocus analysis was performed by
comparing elongation factor, calmodulin and glyceral-
dehyde-3- phosphate dehydrogenase genes sequences
from a subset of 20 isolates identified as A. solani or
A. linariae (listed in Table 1) based on morphological
data. The resulting phylogenetic tree obtained from the
PhyML analysis of concatenated datasets divided large-
spored isolates into two major groups (Fig. 4). All
isolates identified as belonging to the A. linariae species
based on morphological characters and the reference
strain for this species (CBS 109156) were found in
Group I. Group II could further be divided into two
subgroups; one (group II.2) that clustered the isolates
morphologically identified as A. solani with a reference
strain of this species (CBS 109157) and a second sub-
group (II.1) comprising three morphologically similar
isolates from the Mostaganem region and a reference
strain (CBS 109158) for the species A. grandis.

Pathogenic variability of the alternaria isolates In our
greenhouse conditions, all the tested isolates were able
to produce extending lesions on tomato leaves albeit
with variable intensity (Figs. 5 and 6). When disease

Fig. 3 Phylogenetic tree reconstructed by the maximum likehood
method from the alignment of ITS rDNA sequences of 41
Alternaria isolates and four isolates belonging to two different
genera all isolated from diseased solanaceous plant samples. Boot-
strap values greater than 50 % are indicated. The ITS sequences of
A. alternata EGS 34–016 (GenBank acc. no. AY438647),
A.arborescens EGS 39–128 (GenBank acc no. AF347033),
A. tenuissima EGS34–015 (GenBank acc no. AF347032),
A. consortialis CBS104.31 (GenBank acc no. KC584247),
A. solani CBS116.651 (GenBank acc no. KC584217),
A. linariae EGS44–074 (GenBank acc no. KJ18188), A. grandis
CBS 109158 (GenBank acc no. KJ718239), Stemphylium
lycopersici isolate SSN-L (GenBank acc no. KF483120) and
Bipolaris sorokiniana strain XFI (GenBank acc no. JX136715)
were included as references

Fig. 4 Phylogenetic tree reconstructed by the maximum likehood
method from the alignment of concatenated sequences of portions
of the EF1a, CAL and GPD genes from 20 large-spored Alternaria
isolates. Bootstrap values greater than 50 % are indicated. Corre-
sponding sequences from A. solani CBS109157, A. linariae CBS
109156 and A. grandis CBS 109158 were included as references.
The tree was rooted with sequences from A. limicola CBS 483.90
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severity, expressed as the percentage of necrotic leaf
area (n.l.a), was subjected to ANOVA, strain and fungal
species effects were found to be highly significant
(p < 2.10−16). Differences in symptom expression were
observed between large- and small-spored strains. The
lesion progression was slow during the first week post
inoculation with isolates of the section alternaria. Cir-
cular spots were narrow (≤ to 4 mm in diameter) and
produced sparsely mainly on the border of the leaves.
Up to the third week post inoculation symptoms

appeared like brown to dark spots on leaf surface occa-
sionally surrounded by a yellow halo. Older leaves
usually turned yellow, sometime dying while remaining
attached to the plant. By contrast, under the same glass-
house conditions, the majority of inoculations with
A. solani, A. grandis and A. linariae resulted in disease
symptoms already observable at four days after inocu-
lation and covering more than 60 % of the leaf area in
the third week post inoculation. Concentric rings with
dark and light brown color were observed on plants as a

Fig. 5 Pathogenicity of Alternaria linariae, A. solani and
Alternaria section alternaria on tomatoes (from the left to the
right). Three-weeks-old tomato plants inoculated with spore sus-
pensions from: a isolate 260 (A. linariae), b isolate 266 (A. solani),

c isolate 125 (A. tenuissima). The plants on the left part of each
panel were inoculated with water and used as controls. Pictures
have been taken at 7 days after inoculation

Fig. 6 Disease severity on tomato plants inoculated with 85
Alternaria isolates collected in northwestern Algeria. Disease
severity was estimated as the mean percentage of necrotic leaf
surface (n.l.a.). For each inoculated isolate, fives leaves from three

plants were scored at 7, 14 and 21 dpi. Data was fitted to a linear
model with the strain as a qualitative factor. Means and standard
errors were calculated from the model
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result of irregular growth patterns of the pathogenwithin
the leaf and stem tissues; yellow halos around each spot
and lesions were usually bordered by veins. Severely
infected leaves may turn yellow to brown and fall off.
Diagnostic PCR on DNA extracted from inoculated
plants tissues showed that only isolates belonging to
the phylogenetic groups I or II were detected in the leaf
samples not infected with the alternaria species group
and vice versa, confirming the absence of cross-
contamination between inoculated plants.

Among the small-spored Alternaria isolates none
produced a mean n.l.a. above 36.6 %, and mean n.l.a.
above 25 % was observed with only five isolates, all of
them being recognized as belonging to the morpho-
species A. tenuissima. The vast majority of the small-
spored isolates, as well as the two tested A. consortialis
isolates, were found weakly aggressive. The minimum
lesion size (i.e. n.l.a below 2.5 %) was recorded for the
isolate 150. On average the small-spored isolates from
non-solanaceous plants were as aggressive as those from
tomato, potato or eggplant. Maximum mean n.l.a levels
(above 75 %) were recorded for nine A. linariae isolates
and two A. solani isolates. The mean aggressiveness of
A. solani was significantly higher than that of the two
other large-spored Alternaria species, although this ob-
servation will have to be confirmed with more isolates.
There was a great variability in aggressiveness among
these large-spored isolates and some of the more aggres-
sive small-spored isolates were found more aggressive
than some isolates of A. linariae. It should be noticed
that disease progression between 7 and 21 dpi was
significantly higher in leaves inoculated with
A. linariae isolates than with any other isolates (Fig. 7).

As we observed that some necrotic lesions from
samples collected in the fields were contaminated by
both large- and small-spored Alternaria species, we
performed co-inoculations experiments by mixing in
all possible combinations three small-spored isolates,
selected to represent different levels of aggressiveness,
with three isolates of A. solani, one isolate of A. grandis
and ten isolates of A. linariae. Data shown on Table 3
revealed that the type of interaction was not dependent
of the small-spored isolates used in combination with
the A. solani, A. grandis and A. linariae isolates. Indeed
all the small-spored strains developed either additive
(i.e. no interaction), synergistic or antagonistic interac-
tions depending on their large-spored partner isolate. Of
the 42 tested combinations, seven were found synergis-
tic and 26 were found antagonistic. Some of the large-

spored isolates produced synergistic (e.g. A. linariae
isolates 223 and 254), antagonistic (e.g. A. grandis and
A. solani isolates 248 and 292, respectively) or additive
(e.g. A. linariae isolates 307) interactions with all their
small-spored partners (Fig. 8). However it seemed that
the most important parameter that might explain the
type of interaction was the aggressiveness of the large-
spored isolate with synergistic effects mostly found for
weakly aggressive A. linariae isolates.

Discussion

Early blight is becoming an increasing threat for tomato
production in the Mediterranean Basin. We report here,
for the first time, the occurrence of different Alternaria
spp. that may cause this disease in the northwest of
Algeria. The association of the morphological

Fig. 7 Disease progression on tomato plants inoculated with
Alternaria isolates belonging to the six different species collected
on solanaceous plants in northwestern Algeria. Disease severity
was estimated as the mean percentage of necrotic leaf surface
(n.l.a). For each inoculated isolate, fives leaves from three plants
were scored at 7, 14 and 21 dpi. Six groups of isolates were
assigned to A. alternata (black circle), A. tenuissima (open circle),
A. consortialis (black square), A. grandis (open square),
A. linariae (black triangle) and A. solani (open triangle) species.
Data was fitted to a linear model with the species and post
inoculation time as two qualitative factors. Interaction of the two
factors was found to be significant. Mean and standard errors were
calculated from the model. Asterisks indicate significant species *
post inoculation times interactions with p < 5 % (*), p < 1 % (**)
or p < 0.01 % (***)
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characteristics and molecular analyses on fungal isolates
from diseased tomato samples allowed for the identifi-
cation of four species (A. consortialis, A. linariae, A.
solani and A. grandis) and one species-group (section.
Alternaria) of the genus Alternaria.

The distinction between small-spored isolates was
mainly based on their sporulation patterns as the data
from the ITS rRNA genes were not able to resolve
closely related isolates. Indeed it was recently shown,
using whole genomes sequencing, that A. alternata and
A. tenuissima might not correspond to distinct phyloge-
netic species and thus should be synonymized
(Woudenberg et al. 2015).

By contrast, the other species were recognized based
on both morphological characteristics of conidia and
nucleotide sequence polymorphisms. Two groups of
isolates produced filament-beaked and large-conidia
and were assigned to A. linariae (syn. A. tomatophila)
and A. solani. These two Alternaria species, which are
common on solanaceous crops, were morphologically
differentiated mainly based on the beak length. Howev-
er, as already mentioned by Gannibal et al. (2014), this
parameter was found highly variable within each group
and ranges of variation overlapped, precluding
unambiguous assignment of all the isolates. Indeed,

based on morphological characters, these species have
long been considered as a single species calledA. solani.
A. tomatophila and A. grandis were described as a new
species by Simmons (2000) to distinguish isolates from
tomato and isolates from potato in addition to A. solani
that preserved the name. In accordance with their close
phylogenetic relationship (Lawrence et al. 2013) we
were unable to distinguish between the three species
based on the analysis of the ITS rRNA gene sequences.
However, using species-specific primers designed by
Gannibal et al. (2014) we were able to quickly assign
each filament-beaked isolate to A. linariae and to
A. solani or A. grandis. Further distinction between
these three species came from the analysis of the partial
sequence of the EF-1α, calmodulin and Gpd genes
where single nucleotide polymorphisms between mem-
bers of A. linariae, A. solani and A. grandis were ob-
served. Isolates corresponding to the latter species had
never been isolated from tomato until recently in Algeria
(Bessadat et al. 2016) and produced conidia with body
and beak slightly longer than those of A. solani
(Rodrigues et al . 2010). In the same vein,
A. subcylindrica and A. cretica represent other tomato-
pathogenic Alternaria species cross-reacting with the
specific primer pair OAtF4-OAtR2 designed by

Table 3 Effect of cross inoculations on disease severity: observed differences

Isolate code Species 165 45 97
A. alternata A. tenuissima A. alternata

198 A. linariae -7.54 6.16 -24.35

208 A. linariae -1.74 19.77 -19.96

223 A. linariae 12.69 56.86 31.25

236 A. linariae -59.37 -10.75 -34.10

241 A. linariae -25.95 0.50 -18.36

248 A. grandis -40.20 -25.92 -19.30

250 A. solani -53.16 -11.12 -26.22

254 A. linariae 43.17 38.27 22.21

266 A. solani -35.75 -25.09 -56.05

272 A. linariae -27.80 -30.39 -59.06

292 A. solani -39.59 -43.13 -59.46

294 A. linariae -24.04 -28.85 -42.36

298 A. linariae -71.78 -0.92 -44.94

307 A. linariae -15.79 1.70 -14.50

For each strain couples, the sum of the two mean n.l.a.’s obtained after separate inoculations was subtracted to mean n.l.a. obtained after co-
inoculation. Positive values indicate a synergistic interaction; negative values indicate an antagonistic interaction. Data are shown in boldface
when p-values are below 0.00119 and in italic when p-values are below 0.05 and above 0.00119. A Table listing all the t-test p-values is
provided in Online resource 2
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Gannibal et al. (2014). However, these two species have
been recently synonymized to A. linariae together with
A. tomatophila (Woudenberg et al. 2014). Two of our
tomato isolates were placed in a sixth morphological
group as they produced non-beaked obovoid conidia.
Based on these morphological traits that distinguish
Ulocladium from Alternaria and other related genera
(Simmons 1967) these isolates were initially recognized
asUlocladium sp. However, the taxonomy of this genus
evolved with considerable historical controversy (Runa
et al. 2009) and fungi formerly included in this genus
were recently re-assigned to the Alternaria genus and
separated into three morphologically similar sections:
Ulocladioides, Pseudoulocladium and Ulocladium
(Woudenberg et al. 2013).

Using nucleotide sequence analysis at the ITS rDNA
locus we showed that these isolates could be considered
as belonging to A. consortialis, a plant pathogenic spe-
cies already reported as infecting tomatoes.

Despite this great diversity of Alternaria spp. recov-
ered from diseased tomatoes, small-spored Alternaria

species were almost always the most prevalent
morphotype in all the prospected locations of northwest-
ern Algeria, excepted in Mostaganem. This observation
was not surprising as A. alternata and A. tenuissima
constitute worldwide distributed species commonly iso-
lated from a wide variety of plant species (Rotem, 1994)
and in particular from solanaceous crops (Bessadat et al.
2014; Orina et al. 2010; Weir et al. 1998). For instance,
in a three year survey on potato plots in Germany,
Leiminger et al. (2010) reported that the isolation fre-
quency of small-spored Alternaria reached almost
100 % while large-spored species were isolated from
55 to 60 % of the plant samples. However, the impact of
these small-spored species on early blight disease de-
velopment has been controversially discussed and they
were sometimes considered either as strictly saprophytic
or secondary invaders (Stammler et al. 2014) or as
causal agents. The pathogenicity trials we performed
in the present study revealed that, under our greenhouse
conditions, none of the small-spored isolate could be
considered as highly aggressive on tomato plants but

Fig. 8 Typical interactions between large-spored and small-
spored Alternaria on tomato plants co-inoculated with different
combinations of isolates. Disease severity (+/− standard errors)

was estimated as the mean percentage of necrotic leaf surface
(n.l.a) at 7 dpi (circles), 14 dpi (squares) and 21 dpi (triangles)
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some, all assigned to the morpho-species A. tenuissima,
were able to produce severe progressive lesions when
inoculated singly. Small-spored Alternaria isolates that
accounted 50–85 % of the total Alternaria isolated from
tomato in northwest Algeria should thus be considered
as potential causal agents of leaf blight on tomato.
Members of the A. arborescens species complex, in
which tomato-pathogenic toxin-producing populations
(also known as A. alternata f. sp. lycopersici) have been
described (Akagi et al. 2009), were not identified based
on morphological criteria in our specimen collection.
This corroborates our previous investigation focusing
on small-spored Alternaria from tomato showing that
the morphospecies A. arborescens only represented
1.5 % of the isolates collected in northwestern Algeria
(Bessadat et al. 2014). However, as members of the
A. arborescens species-complex share the same nucleo-
tide sequence than other members of the section
alternaria at the ITS rDNA locus, further sequence
analyses of other loci that allow to distinguish species
within this section (Woudenberg et al. 2015) are needed
to validate these observations. Similarly, A. consortialis
isolates represented less than 1 % of the total Alternaria
collection and these two species have probably a low
incidence on the early blight disease in Algeria.

Not surprisingly, large-spored Alternaria that repre-
sented 15–50 % of the total Alternaria isolates and were
in average highly aggressive constituted the most threat-
ening species for the development of early blight epi-
demics on tomato in Algeria. A. linariae was isolated at
a much higher frequency than A. solani, in accordance
with the previous statement that A. solani is the domi-
nant species on potato while A. linariae (syn.
A. tomatophila) is more common on tomato (Simmons
2000). In several countries like the United States, Aus-
tralia, New Zealand, Venezuela and Brazil, A. linariae
and A. grandis have been associated with early blight in
tomato and potato respectively (Lourenço et al. 2009;
Simmons 2000), but they had not yet been reported in
Algeria. The situation in Algeria is comparable to that
described in Russia where A. solani could be isolated
from both tomato and potato while A. linariae was
restricted to tomato (Gannibal et al. 2014) but slightly
different from that in Brazil where only A. linariae was
isolated from diseased tomato and only A. grandis from
diseased potato (Rodrigues et al. 2010). A. solani was
therefore detected for the first time on different combi-
nations of host and geographical locations of Algeria.
This plant pathogen is probably able to infect a broad

range of hosts under distinct environmental conditions.
Such set of alternative host plant species may provide
field inoculum all year round and the presence of
A. solani and A. grandis on tomato might result of the
proximity of potato and tomato fields and the close
phylogenetic relationship between this two cultures.
However in contrast with the Russian situation
(Gannibal et al. 2014), and despite their prevalence on
tomato, on average, isolates of A. linariae were not
found more aggressive on tomato than those of
A. solani.

We showed here that both large-spored and small-
spored Alternaria species could co-exist within a single
symptomatic tissue sample. This does not constitute a
new finding as, more than one hundred years ago, Jones
and Grout (1897) reported similar observation in their
original description ofA. solani as causal agent of potato
blight. However, most of the authors that have reported
similar findings considered that small-spored Alternaria
species were saprophytic and had no influence on the
disease. To check whether interactions between the two
morphological groups of Alternariawere likely to occur
during tomato tissue colonization, co-inoculations of
small-spored species and A. linariae, A. grandis or
A. solani isolates were performed. Both synergistic
and antagonistic effects were observed. The type of
interaction was not dependent of the small-spored iso-
lates used in combination with isolates of the porri
section and synergistic effects were mainly observed
when the small-spored isolate is mixed with a moder-
ately aggressive large-spored isolate. It was however
difficult to accurately predict the outcome of the inter-
action. This might explain why results found in the
literature seem contradictory. For instance Spoelder
et al. (2014) and Stammler et al. (2014) reported that
mixtures of A. solani and A. alternata have comparable
pathogenicity than A. solani used in solo when inocu-
lated on potato and tomato, respectively. By contrast,
cross protection as well as synergistic effect between
small-spored and pathogenic Alternaria species have
also been demonstrated (Bashan et al. 1991; Spurr
1977; Van den Heuvel 1971).

In conclusion, this study provides data on the diver-
sity and pathogenic fitness of Alternaria spp. isolated
from Solanaceae and highlights the complexity of the
etiology of early blight. Such data might be helpful to
identify appropriate control measures for a better man-
agement of this disease in Algeria and in other Mediter-
ranean tomato producing areas.
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