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Abstract Fusarium is one of the most important genera
of phytopathogenic fungi, causing potato wilt in the
field and potato tuber dry rot during storage. The objec-
tives of this study were to identify Fusarium species
associated with both potato diseases in different grow-
ing regions in Algeria, and to assess their pathogenicity.
Among the 152 isolates collected from symptomatic
potato plants and tubers in different provinces in Alge-
ria, 13 species of Fusarium and Neocosmospora were
identified. Among these three species were isolated only
from plants showing symptoms of Fusarium potato wilt
(F. oxysporum, F. venenatum, Neocosmospora solani).
Two species (F. culmorum, N. tonkinensis) and an iso-
late of Neocosmospora sp. were found exclusively in
tubers with potato dry rot and the remaining ones
(F. redolens, F. cf. tricinctum, F. sambucinum, F. cf.
incarnatum-equiseti, F. nygamai, F. brachygibbosum
and N. falciformis) were associated with both sample
types. Fusarium sambucinum was the most frequent
species (52.6% of isolates). Fusarium oxysporum and
F. nygamai isolates were the most aggressive in the
potato wilt pathogenicity test, and F. sambucinum iso-
lates were the most aggressive in the potato tuber
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pathogenicity test. This is the first study identifying
and characterizing potato dry rot and potato wilt patho-
gens in Algeria.
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Introduction

Potato (Solanum tuberosum L.) is an important crop
plant that has the potential to meet food demand of the
fast growing human population. In Algeria, the produc-
tion of potato was over 4.6 million tons in 2018, with
average yield of 31.0 tons / hectare (FAOSTAT 2020).
Algeria is ranked among the largest consumer countries
of potato, with an annual consumption of more than
111 kg / inhabitant, which in Africa is estimated on
average at 4 kg / inhabitant / year.

Potato is prone to many diseases that can ravage the
crop before and after harvest. Fungal pathogens cause
economic losses in the field, during storage, transport
and commercialization (Eken et al. 2000). Fusarium is
one of the most important genera of phytopathogenic
fungi, causing potato wilt in the field and potato tuber
dry rot during storage.

Fusarium dry rot is distributed worldwide and occurs
wherever potatoes are grown (Stevenson et al. 2001).
According to Cullen et al. (2005), 13 Fusarium species
are considered as causal agents of Fusarium dry rot in
potatoes worldwide but the species composition de-
pends on the geographic location and the season.
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Fusarium sambucinum Fuckel, F. avenaceum (Fries)
Sacc, F. culmorum (W. G. Smith) Saccardo, and
F. graminearum Schwabe were reported to be patho-
genic on potato tubers in Poland (Baturo-Ciesniewska
et al. 2015; Stefanczyk et al. 2016). However,
F. oxysporum that was not pathogenic on potato tubers
in laboratory conditions, was the most frequently isolat-
ed from diseased tubers by Stefanczyk et al. (2016). In
China F. sambucinum was found to be the predominant
species accounting for 56% of the isolates collected by
Du et al. (2012). Several Fusarium species have been
reported in Iran as causal agents of potato dry rot, with
F. sambucinum and F. solani as dominant ones
(Esfahani 2005), while in Tunisia, F. solani,
F. oxysporum f. sp. tuberosi, F. sambucinum and
F. graminearum were most frequent (Daami-Remadi
et al. 2006a, b). Recently, some members of the Fusar-
ium solani species complex (FSSC) have been moved to
genus Neocosmospora that comprises a separate clade
in phylogenetic analyses and contains both plant and
human pathogens (Sandoval-Denis and Crous 2018).
There is however still more work required in the genus
as not all of the species of FSSC have been identified as
Neocosmospora and the exact species number in this
genus remains vague (Herkert et al. 2019).

Potato dry rot affects both tubers in storage and seed
tuber in the field (Wharton et al. 2007). Symptoms of
dry rot on tuber appear as small brown lesions that
enlarge in all directions after approximately one month
of storage. The sinking of the periderm is caused by the
inner tissue desiccation which also may lead to a forma-
tion of concentric rings of wrinkled skin (Stevenson
etal. 2001). The seed tuber can be a source of inoculum
(Cullen et al. 2005). Infested soil can be another source.
Fusarium spp. can survive for many years as fungal
propagules in the soil, as colonizers of living plants or
crop debris, as saprophytes, endophytes or facultative
pathogens (Burgess et al. 1981). Up to 60% of yield can
be lost due to Fusarium dry rot of potato tubers (Secor
and Salas 2001).

Fusarium wilt of potato is a vascular disecase
caused by different Fusarium species, including
F. oxysporum f. sp. tuberosi, F. solani and
F. sambucinum (Nelson et al. 1981; Daami-Remadi
and El Mahjoub 2004). This pathogen infects potato
through roots and then colonizes xylem vessels of
stems causing necrosis at lower leaves and unilateral
leaf yellowing, chlorosis, vascular discoloration,
stunting, wilt and eventual death (Hwang and
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Evans 1985; Kucharek et al. 2000). In Tunisia, Fu-
sarium wilt was reported to cause losses estimated at
30 to 50% of potato yield and decreased tuber quality
(Kerkeni et al. 2013).

In addition to economic losses, Fusarium spp. are
known to produce mycotoxins that contaminate po-
tato tuber and are toxic to humans and animals
(Senter et al. 1991; Bennett and Klich 2003). Myco-
toxins can lead to an immune suppressive effect due
to their multiple inhibitory properties on eukaryotic
cells, including suppressing synthesis of protein,
DNA and RNA, restraining of mitochondrial func-
tion and affecting cell division and membrane func-
tion (Rocha et al. 2005). Most of the Fusarium spe-
cies are able to produce one or more mycotoxins with
various degrees of toxicity (Bottalico and Perrone
2002), often classified as trichothecene and non-
trichothecene mycotoxins (Mills 1990). Trichothe-
cenes are produced by F. culmorum, F. graminearum
and F. sambucinum (Stepien and Waskiewicz 2013).
An experiment conducted by Xue et al. (2014) re-
vealed that the trichothecenes cumulate not only in
the lesion, but also in the adjacent asymptomatic
tissue of a potato tuber, which is important from a
consumer perspective. Zearalenone, another myco-
toxin important due to its common presence and high
toxicity, is produced by F. culmorum, F.
graminearum, F. cerealis and F. equiseti (Stgpien
2014).

Control strategies for Fusarium dry rot include
cultural practices such as crop rotation, use of dis-
ease free seed, avoiding tuber injuries during har-
vesting, and reassuring wound healing prior to stor-
age. The scarring zone forms, more or less rapidly
depending on the temperature, by suberification of
the walls of the cells close to the lesion. Simulta-
neously, the superficial cells dehydrate (Tivoli et al.
1986). Biological control agents, ultraviolet radia-
tion, as well as chemical control are also used to
control the disease (Heltoft et al. 2015). Ayed et al.
(2006) reported the high fungicide efficiency in re-
ducing disease incidence of Fusarium wilt of potato.

The objectives of this research were to: (i) identify
Fusarium species associated with potato dry rot and
wilt in Algeria using combined approaches: restriction
profiles of internal transcribed spacer (ITS) se-
quences, mycotoxin markers and sequencing of cho-
sen conservative genes, and (ii) evaluate their
pathogenicity.
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Materials and methods
Sampling and isolation of fungal cultures

Mature potato plants with Fusarium wilt symptoms
were collected in 2014, 2015 and 2017 from randomly
selected fields in central (Algiers: Staouali, Reghaia)
and Ain Defla (Rouina, Arib) provinces in Algeria
(Fig. 1). The dry rot samples were collected in storages
from tubers harvested in 2014, 2016 and 2017, in central
[Tipaza (Sidi-Rached), Ain Defla (Rouina, Sidi-ouchir
and other areas), Blida (Mouzaia), Boumerdes (Bordj-
Menaiel), Bouira (AinBessem, El Asnam) and Tiaret],
castern (Skikda), and western (Mostaganem) provinces
of Algeria (Fig. 1).

Fungal cultures were isolated from wilted plants and
tubers showing symptoms of dry rot. The infected po-
tato roots were washed with tap water to remove all
adhering soil particles. Selected organs (rotten tuber
fragments, stems fragments, roots and stem bases) were
superficially disinfected for 5 min in a 2% sodium
hypochlorite solution, rinsed three times with sterile
distilled water for 5 min each time and dried with a
sterile filter paper. The disinfected fragments 0.5 cm in
diameter were transplanted to a PDA (Potato Dextrose
Agar) medium, four pieces per plate, and incubated at
25 °C for 5-7 days. Different types of fungal colonies
were observed on the PDA medium, but only typical
colonies with Fusarium features were selected. Prelim-
inary identification of fungal isolates was done accord-
ing to the morphological criteria reported by Leslie and
Summerell (2006). The main characteristics that were
evaluated included macroscopic (colony color and ap-
pearance, presence of aerial mycelium) and microscopic
traits (presence of chlamydospores and micro- and
macroconidia). Subcultures obtained from the colony
margin were single-spored by germinating conidia on
water agar medium at 16 °C for 1-2 days as described
by Stefanczyk and Sobkowiak (2017).

DNA extraction, PCR amplification and sequencing

Single spore cultures were grown in liquid potato su-
crose medium at 16 °C for 1 week (Stefanczyk and
Sobkowiak 2017). Fungal mycelium was transferred to
1.5 mL Eppendorf tubes, frozen in liquid nitrogen and
lyophilized. DNA extractions were performed using
GenElute Plant Genomic DNA Miniprep Kit (Sigma-

Aldrich, St.Louis, MO, USA) according to the manu-
facturer’s instructions.

The DNA of each isolate along with the DNA of
seven control isolates supplied by E. Stefanczyk, listed
in the Online Resource 1 and described earlier
(Stefanczyk et al. 2016) was used for an amplification
of the PCR markers listed in the Table 1. The isolates
were scored according to the presence/absence of a
product obtained with the mycotoxin markers (Tri5,
PKS4 and beas markers, indicating the ability to syn-
thesize trichothecenes, zearalenone and enniatins, re-
spectively) and species-specific markers (FS1, JIA,
Fc01, Fgl6, CLOX, FE1 and VENB) yielding single
band products if template DNA originated from
F. sambucinum, F. avenaceum, F. culmorum,
F. graminearum, F. oxysporum, F. equiseti or
F. venenatum, respectively. The products obtained with
the ITS marker were digested in separate reactions using
three restriction enzymes. Each restriction mixture
consisted of 0.3 puL of an enzyme, 2 pL of a buffer
(Tango Yellow for Mspl and Drall, Buffer R for Tail),
7.7 uL of water and 10 puL of ITS product, incubated at
37 °C (Mspl and Drall) and 65 °C (Tail) for three hours.
The restriction profiles of ITS sequences were visual-
ized in the 1.5-2% agarose gels stained with ethidium
bromide. The results were compared with the profiles
obtained in silico for 22 most common Fusarium spe-
cies (Online Resource 2) using the online tool described
by San Millan et al. (2013). The data was used for
manual clustering of the fungal isolates into groups
corresponding to species by comparing their restriction
fragment sizes obtained using three different restriction
enzymes. The groups were labelled using different
colors in the Online Resource 1 and 2.

To confirm the species identification, products obtained
with the TEF marker of at least two representatives from
each cluster were sequenced (Online Resource 1). Se-
quenced ITS fragments were used for identification of
fungal isolates belonging to genera different than Fusari-
um. In case of eight isolates (one F. cf. incarnatum-
equiseti, two F. sambucinum and five Neocosmospora
spp. isolates), the identification required further support
by sequencing the products of bTub and RPB2 markers.
The reactions were performed in 20 pL under the condi-
tions presented in the literature (Table 1). The PCR prod-
ucts obtained with the TEF, ITS, bTub and RPB2 primers
were purified with a Gen Elute PCR Clean-Up Kit (Sigma-
Aldrich, St. Louis, MO, USA) according to the manufac-
turer’s protocol. If more than one band was observed, the
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Fig. 1 Map of North of Algeria showing the localization of regions where samples of wilted potato plants and potato tubers with dry rot

symptoms were collected

product of the expected size was cut out from the gel under
the UV light and extracted with a GenElute Gel Extraction
Kit (Sigma-Aldrich, St. Louis, MO, USA). DNA sequenc-
ing was performed by an external company (IBB PAN,
‘Warsaw, Poland).

Fusarium pathogenicity tests
Fusarium wilt test

Pathogenicity test was carried out on the potato cv.
Spunta according to Daami-Remadi and ElI Mahjoub
(2004). In total, 23 isolates were tested; of which 21
isolates belonged to four species of Fusarium obtained
from wilted potato plants (Table 3): F. cf. incarnatum-
equiseti (seven isolates), F. nygamai (six isolates),
F. oxysporum (five isolates) and F. sambucinum (three
isolates). Additionally, single isolates of Trichoderma
atroviride, and Sarocladium kiliense were tested. Potato
seed tubers were planted in plastic pots of 25 cm in
diameter, containing a 3:1 mixture of sterile soil and
peat. Inoculation, performed about one week after emer-
gence of plants, was done by watering each pot with
100 mL of a spore suspension of the pathogen adjusted
to 10° spores mL™" by using an haemocytometer. Three
replications were done to assess each Fusarium isolate’s
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pathogenicity. Three potato plants were tested in each
replication. During the outdoor experiment, air temper-
atures varied daily between 7 and 22 °C. Plants were
grown for 2 months with standard watering.

The following parameters were noted during the
experiment: presence of hemiplegic vascular yellowing,
number of yellowing or wilting leaves on each stem, and
the time of wilting of all inoculated plants. Disease
index was evaluated by the estimation of the percentage
of yellowing or wilting leaves on each plant (number
of diseased leaves divided by the number of all leaves).

Fungal isolations were made from the stem base of
each plant and 10 cm above the stem base, in order to re-
isolate the pathogen.

Tuber dry rot test

Pathogenicity tests were performed as described by
Stefanczyk (2017) on 32 fungal isolates:
F. sambucinum (12 isolates), F. oxysporum (5), F. cf.
incarnatum-equiseti (5), F. nygamai (3),
F. brachygibbosum (2 isolates) and single isolates of:
Neocosmospora tonkinensis, F. cf. tricinctum,
F. culmorum, Neocosmospora sp. and C. rosea. The
test was performed on two separate dates, in two repli-
cations on each date. In each replication, five tubers
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Table 1 List of markers used in this study. Detailed PCR mixture compositions and conditions can be found in the corresponding literature

sources

Marker Description Primers Sequence 5’ — 3’ Reference
ITS region with ribosomal RNA genes and two ~ ITS5 GGAAGTAAAAGTCGTAACAAG White et al. 1990
internal transcribed spacers ITS4 TCCTCCGCTTATTGATATGC
TEF translation elongation factor 1-c gene EF-1 ATGGGTAAGGARGACAAGAC O’Donnell et al.
EF-2 GGARGTACCAGTSATCATGTT 1998
RPB2  the second largest subunit of RNA RPB2-5F2 GGGGWGAYCAGAAGAAGGC Zheng et al. 2017
polymerase I fRPB2-7cR  CCCATRGCTTGTYYRCCCAT
bTub  [-tubulin gene T1 AACATGCGTGAGATTGTAAGT O’Donnell and
T222 GACCGGGGAAACGGAGACAGG Cigelnik 1997
TriS trichodiene synthase gene TriSF AGCGACTACAGGCTTCCCTC Nicholson et al.
TriSR AAACCATCCAGTTCTCCATCTG 2004
PKS4  polyketide synthase gene F1 CGTCTTCGAGAAGATGACAT Meng et al. 2010
R1 TGTTCTGCAAGCACTCCGA
beas enniatin synthase gene beas 1 TKGARCAGCGBCAYGAGACM Stepien and
beas_2 GGWCGRGGGAARTCRGTDGG Waskiewicz
2013
FS F. sambucinum specific FSF1 ACATACCTTTATGTTGCCTCG Mishra et al. 2003
FSR1 GGAGTGTCAGACGACAGCT
JIA F. avenaceum specific JIAF GCTAATTCTTAACTTACTAGGGGCC Turner et al. 1998
JIAR CTGTAATAGGTTATTTACATGGGCG
FcO1 F. culmorum specific FcOlF ATGGTGAACTCGTCGTGGC Nicholson et al.
FcOIR CCCTTCTTACGCCAATCTCG 1998
Fgl6  F. graminearum specific Fgl6F CTCCGGATATGTTGCGTCAA Nicholson et al.
Fgl6R GGTAGGTATCCGACATGGCAA 1998
CLOX F. oxysporum specific CLOX1 CAGCAAAGCATCAGACCACTATAACTC Mule et al. 2003
CLOX2 CTTGTCAGTAACTGGACGTTGGTACT
FE F. cf. incarnatum-equiseti specific FEF1 CATACCTATACGTTGCCTCG Mishra et al. 2003
FERI1 TTACCAGTAACGAGGTGTATG
VEN-B F. venenatum specific VEN-BF GGCGGATAAGGATAGTGGTAGAAG Yoder and
VEN-BR GGCGGATAAGCAAATAAGATGCTT Christianson
1998

from four Polish potato cultivars (Bartek, Gawin, Hinga,
Kuba) were inoculated with fungal isolates. The fifth
cultivar Harpun was used in a single replication per date.
Pathogenicity of F. brachygibbosum isolates was tested
on cvs. Bartek, Harpun, Hinga and Kuba on 20 tubers
per cultivar, 80 per isolate in total. The apical end of
each tuber was wounded with a sterile metal tool leaving
a wound of 10 mm deep and 5 mm wide. Tubers were
inoculated by pipetting 50 pL of inoculum into a
wound. Plastic trays with inoculated tubers were cov-
ered with glass to maintain high air humidity and incu-
bated at 16 °C. After three weeks of incubation, two
perpendicular diameters of the lesions were taken from
tubers cut in half along their longer axes. The mean of

these two diameters represented lesion size of each tuber
(Stefanczyk 2017).

Statistical analyses

For tuber dry rot tests results, lesion sizes of each
individual tuber were used in the analysis. Data were
subjected to analysis of variance (ANOVA) with
Statistica version 12. Significance of mean differences
in lesion sizes were determined using the Tukey’s test
with p = 0.05 as a significance threshold.

To resolve the relationships between fungal isolates,
a phylogenetic tree was prepared by a neighbor joining
method in the MEGAG6 software (Tamura et al. 2013).
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TEF sequences of chosen 24 isolates from this study and
9 isolates from the studies of Lombard et al. (2019) and
Xia et al. (2019) were trimmed and aligned using the
ClustalW method. The resulting tree was tested by
bootstrapping (1000 replicates). A TEF sequence from
the Sarocladium kiliense isolate was used as outgroup.

Results
Identification of Fusarium species

A total of 152 fungal isolates having cultural characters
of the genus Fusarium were obtained, of which 99
isolates were recovered from the diseased tubers and
53 isolates from potato plants showing wilt symptoms
(23 from roots, 19 from stem bases and 11 from stems)
(Table 2). Further identification was performed by clus-
tering the isolates based on results from molecular as-
says that covered: the ability to synthesize mycotoxins
(trichothecenes, zearalenone and enniatins), ITS restric-
tion profiles and Fusarium species-specific primers
(Online Resource 1 and 2). Mycotoxin and species-
specific markers are illustrated in Online Resource 3.
No intraspecific variation in ITS digestion profiles was
observed. Of the seven species-specific primers used,
CLOX indicating F. oxysporum species, was the most
reliable as it gave neither false-positive nor false-
negative products. Similar results were obtained for
markers specific for F. avenaceum, F. culmorum and
F. graminearum (J1A, FcOl and Fgl6, respectively),
however in case of these markers, testing for false-
negative signals was limited (Online Resource 1). Sin-
gle false-positive (one isolate of F. sambucinum) and
false-negative results were obtained with the FE1 mark-
er diagnostic for F. cf. incarnatum-equiseti. Least reli-
able were markers specific to closely related species
F. sambucinum (two false positives and eight false
negatives) and F. venenatum (53 false positives, all
obtained within the group of F. sambucinum isolates)
(Online Resource 1).

The clustering approach was confirmed by sequenc-
ing gene fragments from representatives from each clus-
ter, from 69 isolates in total. The obtained 108 se-
quences were deposited in the NCBI GenBank (43
ITS, 57 TEF, 6 RPB2 and 2 bTub sequences) and their
accession numbers are in the Online Resource 1.

Among the 152 isolates, 142 belonged to genera
Fusarium and Neocosmospora, while the remaining 10
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isolates were identified as: C. rosea (seven isolates),
S. kiliense (two isolates) and T. atroviride (one isolate).
Among the 48 Fusarium and Neocosmospora isolates
obtained from symptomatic wilting potato plants, 46
isolates were classified as Fusarium and two as
Neocosmospora. From symptomatic dry rot tissue, 88
Fusarium and six Neocosmospora isolates were recov-
ered (Table 2). Only five of the Neocosmospora isolates
were identified to the species level. For the sixth one
(6Aind)A, two markers (TEF, RPB2) were sequenced,
but the database searches brought no conclusive results
regarding the species.

Sixteen species of fungi were identified (Table 2).
Grouping according to the infected host organs revealed
a total of 13 species (eight Fusarium spp., two
Neocosmospora spp., C. rosea, S. kiliense and
T. atroviride) recovered from wilted potato plants and
11 species (seven Fusarium spp. isolates, three
Neocosmospora spp. and C. rosea) from potato tubers
with dry rot symptoms. Five species (F. oxysporum,
F. venenatum, N. solani, but also S. kiliense and
T. atroviride) were isolated only from plants with Fu-
sarium wilt symptoms, while 2 species (F. culmorum,
N. tonkinensis) and an unidentified isolate of
Neocosmospora sp. were obtained exclusively from
tubers with potato dry rot. In this study, 8 species were
common for both, Fusarium wilt and dry rot (Table 2).

Fusarium nygamai with 13 isolates and, both, F. cf.
incarnatum-equiseti and F. oxysporum with 11 isolates
each were among the most frequently isolated species
from plants with Fusarium wilt symptoms. Dry rot
infected potato tubers were dominated by
F. sambucinum represented by 75 isolates, followed
by eight isolates of F. cf. incarnatum-equiseti (Table 2).

The samples were collected from nine regions of the
north of Algeria (Fig. 1): wilted potato plants were
derived from Algiers and Ain Defla (central Algeria),
while potato tubers with dry rot symptoms came from
Ain Defla, Blida, Bouira, Bourmerdes, Tipaza and
Tiaret (center of Algeria), Mostaganem, (west of Alge-
ria) and Skikda (east of Algeria).

The most diversified Fusarium population was found
in Ain Defla province, where 12 Fusarium species were
recorded, of which the species F. cf. incarnatum-equiseti,
F. sambucinum, F. nygamai, F. brachygibbosum were
common for potato Fusarium wilt and tuber dry rot.
Fusarium oxysporum, F. redolens, F. cf. tricinctum and
N. solani were associated with potato Fusarium wilt,
while Neocosmospora sp., N. falciformis and
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Table 2 List and frequency of the fungal species isolated from wilted potato plants and dry rot infected potato tubers

Species Fusarium wilt Fusarium dry rot Total % of all
Root Stem base Stem Sum Tuber

1 Fusarium brachygibbosum 1 0 0 1 1 2 1.3
2 F. culmorum 0 0 0 0 1 1 0.7
3 F. cf. incarnatum-equiseti 2 7 2 11 8 19 12.5
4 F. nygamai 7 4 2 13 1 14 9.2
5 F. oxysporum 4 4 3 11 0 11 72
6 F. redolens 3 0 0 3 1 4 2.6
7 F. sambucinum 2 2 1 5 75 80 52.6
8 F. cf. tricinctum 0 0 1 1 1 2 13
9 F. venenatum 1 0 0 1 0 1 0.7
10 Neocosmospora sp. 0 0 0 0 1 1 0.7
11 N. falciformis 1 0 0 1 3 4 2.6
12 N. solani 0 1 0 1 0 1 0.7
13 N. tonkinensis 0 0 0 0 2 2 1.3
14 Clonostachys rosea 2 0 0 2 5 7 4.6
15 Sarocladium kiliense 0 1 1 2 0 2 1.3
16 Trichoderma atroviride 0 0 1 1 0 1 0.7

Total 23 19 11 53 99 152 100

N. tonkinensis were exclusively found on Fusarium tuber
dry rot samples. In Algiers province six species associat-
ed with potato Fusarium wilt were identified, with
F. oxysporum being dominant (five of 14 isolates). The
least frequent were F. venenatum, F. culmorum,
Neocosmospora sp. and N. solani, of which single iso-
lates were found on diseased tubers only.

According to data obtained in this study, the most
abundant Fusarium species in Algeria, present at
seven of nine of the surveyed locations, was
F. sambucinum, with 80 isolates that represent
56.3% of all of the Fusarium isolates. Fusarium
sambucinum dominated in Tiaret, Blida and Ain
Defla provinces with frequencies of 100, 84.6 and
53.3%, of all isolates, respectively.

Online Resource 1 summarizes also the marker
data related to Fusarium species potential abilities to
produce trichothecenes, zearalenone and enniatins.
PCR assays divided the tested Fusarium species into
the five groups. Species unable to produce the tested
mycotoxins returned no products with Tri5, PKS4
and beas markers (2/2 F. cf. tricinctum isolates, 8/8
Neocosmospora spp., 1/14 F. nygamai, 3/19 F. cf.
incarnatum-equiseti, 4/80 F. sambucinum). Some

species were potential producers of trichothecenes
only (76/80 F. sambucinum, 2/2 F. brachygibbosum,
1/1 F. venenatum isolate), producers of trichothe-
cenes and zearalenone (5/19 F. cf. incarnatum-
equiseti, 1/1 F. culmorum isolate), producers of
zearalenone only (11/19 F. cf. incarnatum-equiseti
isolates) and producers of enniatins only (13/
14 F. nygamai, 11/11 F. oxysporum and
4/4 F. redolens isolates). Variation within three spe-
cies was observed. Isolates identified as
F. sambucinum were mostly producers of trichothe-
cenes only. However, no product with the Tri5
marker was obtained for four F. sambucinum iso-
lates due to either possible loss of the gene and
ability to produce trichothecenes, or due to mutation
in the primer annealing region resulting in the lack
of Tri5 product but not necessary in the lack of
trichothecenes production. Fusarium cf.
incarnatum-equiseti isolates were classified into
three groups: no tested mycotoxin, zearalenone,
zearalenone and trichothecenes producers. Among
the enniatin-producing F. nygamai isolates, a single
one did not yield a product with beas marker
(Online Resource 1).
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Pathogenicity of Fusarium species

The pathogenicity tests were performed for chosen Fu-
sarium isolates on potato plants (23 isolates) and tubers
(32 isolates)

Fusarium wilt test

All 23 isolates used for wilt test originated from plant
organs other than tubers. After inoculation with the
fungal isolates, the potato plants were observed daily
to follow disease progress. The most rapid develop-
ment of the first symptoms, resulting in hemiplegic
yellowing on the base leaves about 13 days after
inoculation, was caused by the StIPS, E1St4AC2
and E6PS(27) isolates of F. oxysporum. Further symp-
toms included growth retardation, wilting of leaves
and young stems, as well as upward progress of symp-
toms (progressive yellowing of the leaves from the
base to the top, plant wilting and death). Non-
inoculated control plants did not develop any symp-
toms during the experiment.

No wilting symptoms were observed for plants inoc-
ulated with 7. atroviride isolate E2ST3DT, F. cf.
incarnatum-equiseti isolates E4C(04), R2PS(A) and
E4C(06) and F. nygamai isolates ESPS(15) and
E9C(32) (Table 3). The foliage of the remaining inocu-
lated plants had withered almost completely by the end
of the trial. The percentage of withered leaves per stem
(completely withered or showing a symptom of hemi-
plegia) reached 100% in the case of F. oxysporum iso-
lates E1St4AC2 and St1PS, S. kiliense isolate R3PS(A)
and F. nygamai isolate E6C(16). The analysis of vari-
ance of the disease index showed significant differences
between the fungal isolates tested (Table 3).

Re-isolation from the stems and stem-bases of the
inoculated plants resulted in species identical to the ones
used for inoculation (data not shown).

Tuber dry rot test

A total of 32 fungal isolates were evaluated for their
pathogenicity on potato tubers. While 21 of them orig-
inated from tubers with dry rot, 11 were isolates from
other plant parts. The ANOVA indicated significant
effects of fungal isolate (the strongest effect: 65.9% of
variance), potato cultivar (3.7%) and interaction isolate
x cultivar (11.7%). Cultivar Bartek was the most resis-
tant with the average lesion size of 11.7 mm and
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maximum 29.0 mm, followed by cvs. Kuba (average
lesion 12.0 mm, maximum 31.5 mm), Gawin (average
lesion 13.0 mm, maximum 36.0 mm), Hinga (average
lesion 14.7 mm, maximum 43.5 mm) and the most
susceptible Harpun (average lesion 14.9 mm, maximum
46.5 mm). To focus on the differences between fungal
isolates and species, data of all tests, replications and
cultivars was averaged (Table 4). Between the fungal
isolates, average lesion sizes ranged from 5 mm to
46.5 mm (Table 4). Lesion sizes less than 13.2 mm did
not exceed the size of the mechanical wound signifi-
cantly and the isolates causing average lesions bigger
than 13.2 mm differed from the others according to
Tukey’s test (Table 4). Thus, this size was taken as the
threshold between pathogenicity and non-pathogenicity.
Based on this assumption, pathogenic isolates were
found only within F. sambucinum where eight of the
tested 12 isolates were pathogenic and caused lesions
within range 19.9-22.3 mm. Among them there was an
isolate E3ST4AR obtained from root. The MF1 control
isolate belonging to the same species caused an average
lesion of 24.0 mm.

Discussion

PCR markers for fungal species identification (Table 1)
were validated in this study by sequencing the TEF of
selected isolates. The PCR markers were reliable and
less expensive than sequencing but some may be not
useful anymore, due to recent changes within genus
Fusarium. Fusarium taxonomy and systematics are
changing dynamically (Summerell 2019). Fusarium
solani species complex has been moved to genus
Neocosmospora (Sandoval-Denis and Crous 2018). Re-
arrangements have been also proposed in other, like
F. oxysporum (Lombard et al. 2019) or F. incarnatum-
equiseti species complexes (Xia et al. 2019), from which
21 and 44 phylogenetic species have been extracted.
Although the results of identification assays for all 11
isolates described as F. oxysporum in this study were
identical, it cannot be excluded that these assays do not
have enough resolution to distinguish between the sister
species that once formed the complex. Indeed, all the 11
isolates returned a product with the CLOX marker that
indicates affinity to F. oxysporum species, but the TEF
sequences obtained from two of these isolates were
identical to the sequences from F. nirenbergiae
(Fig. 2), a species recently extracted from the
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Table 3 Pathogenicity of fungal isolates on potato plants, mea-
sured as the number of wilted leaves divided by all leaves on a
given stem. Pathogenicity was calculated as the average

percentage of wilted leaves from three replications per isolate,
three potato plants of cv. Spunta per replication

Isolate Species Percentage of withered leaves
Range Average

Control® - 0 0.0 a°
1 E2ST3DT Trichoderma atroviride 0 00a
2 E4C(04) Fusarium cf. incarnatum-equiseti’ 0 0.0a
3 R2PS(A) F. cf. incarnatum-equiseti 0 00a
4 E4C(06) F. cf. incarnatum-equiseti 0 0.0a
5 E5PS(15) Fusarium nygamai 0 00a
6 E9C(32) F. nygamai 0 0.0a
7 E7C(30) F. cf. incarnatum-equiseti 10-15 11.6 b
8 E2C(10) F. nygamai 10-15 11.6 b
9 E11C@31) Fusarium sambucinum 1020 16.6 bc
10 E5PS(08) F. sambucinum 15-20 18.3 be
11 RIPS(A) Fusarium oxysporum 20-25 23.3 bed
12 E7PS(21) F. nygamai 3040 33.3cde
13 ST2PS F. cf. incarnatum-equiseti 38-42 40.0 def
14 E1St4AC F. oxysporum 50-55 51.6 ef
15 E3C(09) F. cf. incarnatum-equiseti 50-60 550f
16 ST2C F. sambucinum 50-60 56.6 f
17 ST1C F. nygamai 70-80 76.6 g
18 E6PS(27) F. oxysporum 90-100 93.3 hi
19 E5C(25) F. cf. incarnatum-equiseti 90-100 96.6 ij
20 E1St4AC2 F. oxysporum 100 100.0 j
21 ST1PS F. oxysporum 100 100.0j
22 R3PS(A) Sarocladium kiliense 100 100.0 j
23 E6C(16) F. nygamai 100 100.0 j

2 _ water-inoculated potato plants. ® — Numbers followed by the same letter (a-j) within the percentage of withered leaves column are not

significantly different at p =0.05 by Tukey’s test. © — species complex

F. oxysporum species complex based on the combined
cmdA, rpb2, tefl and tub2 sequence alignment
(Lombard et al. 2019). Our approach classified 19 iso-
lates to F. incarnatum-equiseti species complex. The
obtained TEF sequences were compared with the data
from the article of Xia et al. (2019) that disassembled the
F. incarnatum-equiseti species complex. Of 12 isolates
nested in this complex, nine would be annotated as
F. clavum, two as F. caatingaense and one as
F. tanahbumbuense (Fig. 2, Online Resource 1). The
F. clavum isolates from our study were potential tricho-
thecene and zearalenone or zearalenone alone pro-
ducers, whereas the isolates of the other two species
were unable to synthesize these mycotoxins. Still, the

marker approach would be sufficient to distinguish a
species complex in general, but development of markers
of higher resolution would be required in view of the
most recent knowledge.

Among the 152 isolates collected from symptom-
atic potato plants and tubers in different provinces in
Algeria 13 species of Fusarium and Neocosmospora
were identified. Within fungal species isolated from
wilted potato F. oxysporum and F. nygamai domi-
nated. According to several studies, F. oxysporum is
the most common species causing Fusarium wilt
(Tivoli 1988). The number of different species as-
sociated with this disease is high compared to the
study performed by Daami-Remadi and El Mahjoub
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Table 4 Pathogenicity of fungal isolates, as measured by mean of lesion length and width, tested on tubers of five potato cultivars.
Pathogenicity test was performed on two dates with two replications, of five tubers each, per a date

Isolate Species Lesion in mm
Range Average
1 24B* Fusarium brachygibbosum 5-13 8.4a°
2 E5R(18) F. brachygibbosum 5-14 84a
3 E4ST4R Fusarium sambucinum 8-12.5 92a
4 E6R(19) Fusarium nygamai 7.5-11.5 93a
5 E9C(32) F. nygamai 7.5-12.5 94a
6 RIPS(A) Fusarium oxysporum 8-13.5 94a
7 MostE1C5 Fusarium cf. incarnatum-equiseti 8-13 94a
8 E6PS(27) F. oxysporum 8.5-12 94 a
9 21B Neocosmospora tonkinensis 7.5-13.5 94a
10 E7C(30) F. cf. incarnatum-equiseti 8-11.5 94a
11 R1 F. oxysporum 8-12.5 95a
12 7A F. cf. incarnatum-equiseti 8155 95a
13 MostE1C6 Fusarium cf. tricinctum® 8.5-12.5 95a
14 Tub(23) F. nygamai 8.5-12.5 9.6a
15 E1ST4AC F. oxysporum 8-15 9.6a
16 (BEST)C F. cf. incarnatum-equiseti 8.5-15 9.6a
17 (2Bouira)B F. cf. incarnatum-equiseti 8-33 9.7a
18 MzE1C4 F. sambucinum 8.5-16 9.7a
19 St1PS F. oxysporum 8.5-20.5 9.8a
20 1SidE4C2 Clonostachys rosea 8.5-12 9.8a
21 9C Fusarium culmorum 8.5-16.5 10.0 a
22 MzE1C3 F. sambucinum 8.5-21 122 b
23 (6Aind)A Neocosmospora sp. 8.5-24.5 12.7b
24 T4Aind4 F. sambucinum 9-31 132 b
25 1 Tiar5 F. sambucinum 9-35.5 199 ¢
26 10A F. sambucinum 12-37.5 20.9 cd
27 17A F. sambucinum 10.5-37 20.9 cd
28 E3St4AR F. sambucinum 12.5-39.5 213 cd
29 1SidE4C3 F. sambucinum 9-39 214 cd
30 1SidE4C1 F. sambucinum 11-46.5 21.7d
31 (6Aind)B F. sambucinum 11-43.5 222d
32 T4Aind1 F. sambucinum 11.541 22.3d
MF1¢ F. sambucinum 9.5-41 24.0¢

2_ Fusarium brachygibbosum isolates were tested on tubers of four cultivars. ® — Numbers followed by the same letter (a-¢) within the
average lesion size column are not significantly different at p = 0.05 by Tukey’s test. © — species complex. ¢ — standard positive control
isolate of F. sambucinum (Stefanczyk et al. 2016)

(2004) who isolated three species (F. solani, In this study, F. sambucinum was isolated most often
F. sambucinum and F. oxysporum) from plants with from dry rot infected potato tubers, similarly as reported
potato wilt in Tunisia with F. oxysporum being the in China (Du et al. 2012) and Egypt (Gherbawy et al.
most frequent one. 2019). However, studies done by Song et al. (2008) in
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100 FE sambucinum E4ST4R MK752451
100 E sambucinum 1Tiar5 MK752448
75 L F venenatum E2ST3DR2 MK752472
97 E culmorum 9C MK752473

99 73

99

E brachygibbosum ESR(18) MK752485
100L—— F brachygibbosum 24B MK752486

E clavum CBS119881 MN170457
FE cf. incarnatum-equiseti [clavum] E4C(04) MK752464
F cf. incarnatum-equiseti [clavum] 6E MK752461
FE clavum CBS126202 MN170456
—61: FE tanahbumbuense CBS131009 MN170506
100 E cf. incarnatum-equiseti [tanahbumbuense] STIR MK752471

52 L F tanahbumbuense CBS145.44 MN170505

100

99

Fig. 2 The neighbor joining tree obtained using the TEF se-
quences of 33 isolates belonging to the Fusarium and
Neocosmospora genera. The tree was tested by bootstrapping
(1000 replicates) with a cut-off value of 50%. The species names
in square brackets are based on the TEF sequences comparison
with data from the studies of species complexes disassembly

South Korea and in Poland (Stefanczyk et al. 2016)
showed that F. oxysporum was the predominant species
associated with potato dry rot.

Seven of the identified fungal species were detected
from both wilting plants and tubers with dry rot symp-
toms. Among them, two species, F. brachygibbosum and
F. nygamai have not been isolated from potato before.

90 —— F caatingaense CBS976.97 MN170449

99 _|: F cf. incarnatum-equiseti [caatingaense] ST2PS MK752470
63 E cf. incarnatum-equiseti [caatingaense] R2PS(A) MK752460

N. falciformis 11AMK752502

N. falciformis R2R(A) MK752504

70— N. solani E4C(05) MK752498

_: N. tonkinensis 21B MK752497
93 N. tonkinensis 7B MK752499
— E cf. tricinctum MostE1C6 MK752490

10— F of tricinctum T1 MK752491

99— F redolens 1sidE1C6 MK752484
L F redolens R2C MK752483

F nygamai R2B MK752479

99
9 —: F. nygamai Tub(23) MK752480
_92|: F oxysporum CBS144134 MH485044
% F. oxysporum CBS144135 MH485045
F nirenbergiae CBS123062 MH485010

F nirenbergiae CBS130303 MH485014

FE oxysporum [nirenbergiae] ST1PS MK752474
FE oxysporum [nirenbergiae] ST2R MK752475

Sarocladium kiliense R3PS(A) MK752489

suggested by Lombard et al. (2019) and Xia et al. (2019). The
species name is followed by the isolate name from which a
sequence originates and the NCBI GenBank accession number.
Isolates with names starting with ‘CBS’ are taken from the Lom-
bard et al. and Xia et al. studies. As outgroup, a TEF sequence
from the Sarocladium kiliense isolate was used

Fusarium brachygibbosum is known to cause vari-
ous diseases on different hosts, like maize stalk rots, leaf
spots on oleander, wilt and die-back of olive and Eu-
phorbia larica (Al-Mahmooli et al. 2013; Mirhosseini
et al. 2014; Shan et al. 2017; Trabelsi et al. 2018). The
isolates of this species were recovered from tuber as well
as from potato roots. In our laboratory pathogenicity
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test, F. brachygibbosum isolates were not able to induce
disease symptoms on potato tubers. The inoculated tu-
bers were however incubated at 16 °C, a temperature
that may be too low for F. brachygibbosum, which tends
to occur in warmer climate as so far it has been identified
in China, Iran, Oman and Tunisia.

Thirteen isolates of F. nygamai were isolated from
roots and stems, while only one was extracted from a
tuber with dry rot symptoms. Fusarium nygamai was
described as a cause of root diseases of rice and Vicia
faba, but also of wilting of lentils; similarly to
F. brachygibbosum, F. nygamai occurred in countries
with warm climate like Italy (Sardinia), Pakistan and
Sudan (Balmas et al. 2000; Kurmut et al. 2002; Rauf
et al. 2016). Fusarium nygamai is a species genetically
closely related to F. oxysporum and F. redolens which is
supported by the results of the mycotoxin assay: these
three species were producers of only enniatins. Their
close relationship is also supported by phylogenetic
analyses based on the ITS or TEF gene fragments
(Fig. 2). Fusarium nygamai close relationship with
F. oxysporum could have an impact on the observed
pathogenicity test results: isolates of both species did not
form lesions on potato tubers (Table 4), however caused
severe wilting symptoms on potato plants (Table 3).

Except for the species of genus Fusarium, some other
species were recovered that are associated neither with
dry rot nor plants wilting. Recovery of such species may
be due to their abundance in the soil or at the phylosphere
of potato plants. Some of these fungi can have also
beneficial effect on host plants. Trichoderma atroviride
is used as a biocontrol agent for a wide range of patho-
gens that could be applied as an alternative to chemical
fungicides (Brunner et al. 2005). Other recovered species,
C. rosea, is also described in the literature as biological
control agent used against fungal pathogens (Nygren
et al. 2018). It was shown to efficiently limit the devel-
opment of silver scurf caused by Helminthosporium
solani in potato (Lysee et al. 2017). None of these bio-
control agents is used on a wide scale in Algeria.

To gain evidence on role of the identified fungal
species as causal agents of potato diseases, pathogenic-
ity tests were performed. Fusarium species isolates from
infected plant tissues varied in their pathogenicity, just
as in the earlier reports (Ray and Hammerschmidt 1998;
El-Hassan et al. 2007). Fusarium nygamai, S. kiliense
and F. oxysporum caused the strongest symptoms in
wilt test among the eight species tested. That is in
accordance with the results of Daami-Remadi and El
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Mahjoub (2004) who reported that F. oxysporum was
the most aggressive among the tested F. solani, F.
sambucinum and F. oxysporum .

Dry rot test revealed isolates of F. sambucinum as the
most aggressive on potato tubers (Table 4). Similar
results were also reported by several studies in the
USA (Hanson et al. 1996), in Poland (Stefanczyk et al.
2016) and in Turkey (Aydin et al. 2016; Aydin and Inal
2018). Not all fungi isolated from diseased potato tubers
or other plant organs, were able to cause the tuber dry rot
or wilt in laboratory conditions. Such isolates may be
saprophytes, secondary colonizers or contaminants, as
was hypothesized by Stefanczyk et al. (2016). Recent
studies revealed that Fusarium spp. can asymptomati-
cally colonize weeds growing among crops. Fusarium
spp. were recovered from over 92% of sampled weed
plants (Suproniene et al. 2019). In such a way, fungi can
survive in an area and infect the crop, when a suitable
host species is sown. It is a valid question whether for
some Fusarium species a potato plant serves not as a
primary, but only as a transient asymptomatic host.

In the present study, a diversity of fungal species
isolated from infected potato plants and tubers collected
in different regions in Algeria was shown. However, the
list of the Fusarium spp. associated with potato in this
region is likely still incomplete. The results can be useful
for other studies such as the search for resistance against
the dominant species associated with both diseases.
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