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Abstract. The nematophagous fungus Pochonia chlamydosporia, a natural enemy of
plant parasitic nematodes (PPN), has been exploited in the development of sustain-
able management strategies for PPN control. The intrinsic variation among P. chla-
mydosporia isolates affects biocontrol potential, so sound characterisation is required.
Biological, molecular and metabolic analyses can be determinant in the screening and
selection of these potential biological control agents. This study aimed to provide inte-
grative characterisation of P. chlamydosporia isolates that can support isolate selection
for biological control purposes. Eight Portuguese isolates, associated with Meloidogyne
spp., were used as a case study. Isolates were identified and characterised: i) at the bio-
logical level through standard bioassays to evaluate their ability for rhizosphere colo-
nisation, to produce chlamydospores, and to parasitise Globodera pallida and Meloido-
gyne incognita eggs; ii) at the molecular level, examining genetic variation using ERIC-
PCR; and iii) at the metabolic level, assessing their metabolic profiles using Biolog FF
MicroPlates, with concurrent reads of fungal utilisation of 95 different carbon sources.
Molecular data and metabolic characterisation were reduced using Principal Com-
ponent Analysis and compared with the biological characteristics. Molecular profiles
could only be related to isolate geographical origin, but the original substrate (eggs or
roots), parasitism of M. incognita eggs and ability for rhizosphere colonisation were
correlated with metabolic profiles, indicative of utilisation of specific carbon sources.
Meloidogyne egg parasitism and rhizosphere colonisation were related to each other.
This integrative characterisation offers novel perspectives on the biology and biocon-
trol potential of P. chlamydosporia, and, once tested on a broader set of isolates, could
be used to assist rapid isolate selection.

Keywords. Biolog, isolate selection, metabolic characterisation, nematophagous fun-
gus, rhizosphere interactions.
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INTRODUCTION

Plant-parasitic nematodes (PPN) are widespread
pests and are severe threats to agricultural crops (Nicol
et al., 2011). The most economically important PPN,
which have impacts on crops worldwide, are root knot
nematodes (RKN), Meloidogyne spp., and potato cyst
nematodes (PCN), Globodera spp. (Jones et al., 2013).
The facultative nematophagous fungus Pochonia chla-
mydosporia is an endophyte that parasitises seden-
tary females and eggs of economically important PPN,
including cyst nematodes and RKN, and has been found
associated with nematode suppressive soils (Manzanilla-
Lopez et al., 2013).

Growth and proliferation of P. chlamydosporia in
soil can be slow, and only achieved after multiple applica-
tions of the fungus (Vieira dos Santos et al., 2014). How-
ever, impact of the fungus on nematode reproduction is
more affected by the ability to colonise the rhizosphere
rather than to proliferate in soil (Manzanilla-Lopez et al.,
2013). The fungus is rhizosphere competent and prolif-
erates in this niche using nutrients released in root exu-
dates. Although mostly confined to the rhizosphere, an
endophytic behaviour has been reported (Macia-Vicente
et al., 2009). When the colonising P. chlamydosporia con-
tacts nematode egg masses in the rhizosphere, the fun-
gus ceases its saprophytic stage and switches to parasit-
ism. Appressoria formed in response to contact with the
egg surfaces enable the attachment to, and penetration
of, the eggs, which involves mechanical and enzymatic
actions. Secreted enzymes destroy the outer vitelline egg
membranes exposing the chitin layers, which are then
penetrated by infection pegs. These grow into hyphae
destroying egg contents and degrading the egg shells
from the inside (Mauchline et al., 2004, Monteiro et al.,
2017). Since RKN and PCN egg shells are constitution-
ally different, nematode host preference may be involved
in the switch between fungal saprophytic and parasitic
phases, but nutrient availability, either released by plants
or available in nematode eggs, may play an important
role (Mauchline et al., 2004; Esteves et al., 2009). Read-
ily metabolised carbon sources and pH could influence
the trophic phase switch as they interfere with the pro-
duction of an alkaline serine protease (VCP1), known to
be involved in the early stages of nematode egg infection
(Segers et al., 1994; Ward et al., 2012).

Isolates of P. chlamydosporia differ markedly in their
rhizosphere competence and ability to parasitise nema-
tode eggs. The outcome of these variations in the regu-
lation of nematode populations is difficult to predict,
increasing the need for discriminative screening and
selection of isolates. Standard screening encompasses
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in vitro assays for three criteria evaluating the ability of
isolates to produce chlamydospores, colonise the rhizo-
sphere, and parasitise nematode eggs (Abrantes et al.,
2002).

Chlamydospores are resistant structures that can be
produced using different solid substrates. These spores
can withstand harsh conditions in soil for long periods
without additional nutrients, and initiate fungal growth
when in favourable environmental conditions. Chlamyd-
ospores are usually regarded as the preferred source of
inoculum for biocontrol (Kerry, 2001). Isolates that suc-
cessfully parasitise nematode eggs are not always compe-
tent in establishing in soil, as idiosyncratic results have
been obtained for soil establishment (Vieira dos Santos
et al., 2014). Inability to colonise the rhizosphere may
hinder contact with nematode galls and egg masses,
and thus affect biocontrol potential of particular isolates
(Manzanilla-Loépez et al., 2013).

Variation in P. chlamydosporia isolates has been
related to host nematodes and the soil environment from
which particular isolates originated (Zavala-Gonzalez et
al., 2015). Field biocontrol efficacy of isolates depends on
several factors, including the nematode host, soil biotic
and abiotic factors, and geographical origin (Nagesh et
al., 2007). Molecular studies, required to identify isolates
and provide fingerprinting, have been used to character-
ise isolates and detect genetic variation (Medina-Canales
and Rodriguez-Tovar, 2017).

Enterobacterial Repetitive Intergenus Consensus
sequence (ERIC)-PCR as a technique for PCR-based
DNA fingerprinting provides rapid evaluation of iso-
lates genetic variation. ERIC primers act randomly and
amplify repetitive sequences in fungus genomes, and
produce PCR products with multiple band profiles, and
this allows isolate discrimination (Morton et al., 2003).
However, ERIC-PCR profiling has only been informative
for geographical origin and host preference of isolates.

The Biolog FF MicroPlate system (Biolog Inc.) has
been used to characterise filamentous fungi according
to their metabolic profiles. These profiles are obtained
from fungus utilisation of 95 carbon sources from differ-
ent chemical groups (amines/amides, amino acids, car-
bohydrates, carboxylic acids, polymers and miscellane-
ous compounds). This method has been used to identify
and aid the definition of new species of fungi with small
morphological variation, when molecular techniques are
of limited application (Rice and Currah, 2005). In paral-
lel, Biolog FF MicroPlates have been used to assess fungal
functional diversity in environmental samples (Lucas et
al., 2013), and to support fungal isolate characterisation,
particularly if they are closely related (Pawlik et al., 2015;
Singh, 2009). The method can also complement bioassays
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in the selection and characterisation of isolates for biolog-
ical control (Lopes et al., 2012). To our knowledge, P. chla-
mydosporia has not been characterised using this system.
The main goal of the present study was to provide
an integrative methodology that can assist the selec-
tion of P. chlamydosporia isolates for the biocontrol of
PPN. Here, we focus on G. pallida and M. incognita as,
respectively, representative species of PCN and RKN. We
anticipate that knowledge gained by the integration of
molecular techniques, metabolic profiling and standard
in vitro bioassays will support isolate selection, and pro-
vide new insights into the isolate functional characters
that predict their success as biological control agents.

MATERIALS AND METHODS
Pochonia chlamydosporia isolates

Root knot nematode females from infected tomato
(Solanum lycopersicum L.) roots, obtained in a green-
house in Alcochete, Setubal, Portugal, were identified by
esterase phenotyping according to Esbenshade and Tri-
antaphyllou (1985) and Pais et al. (1986). Pochonia chla-
mydosporia isolation was carried out by plating nema-
tode eggs and host roots on semi-selective medium (De
Leij and Kerry, 1991). After 14 d incubation at 25°C, col-
onies morphologically similar to P. chlamydosporia were
transferred onto 1.7% corn meal agar (CMA) (Oxoid)
for observation of characteristic diagnostic features
(Abrantes et al., 2002).

The resulting isolates, from either RKN eggs (PEl,
PE2, PE3, PE4, PE5) or tomato roots (PR1, PR2, PR3),
were identified by PCR using specific primers. Isolate
Pc2, from G. rostochiensis eggs (Vieira dos Santos et
al., 2013), and a non-native isolate, Vcl0 (IMI 331547)
originally from M. incognita eggs from Brazil supplied
by Rothamsted Research, United Kingdom, were also
included (Table 1). Isolate Vcl0 was used as a standard
for P. chlamydosporia var. chlamydosporia. DNA was
extracted from mycelium of P. chlamydosporia isolates
grown for 10 d on 1.7% potato dextrose agar (PDA) (Dif-
co™) using the E.Z.N.A. Fungal DNA miniKit (OMEGA
bio-tek) according to the manufacturer’s instructions.
The identities of all the isolates were confirmed by PCR.
DNA was amplified with the p-tubulin primers specific
for P. chlamydosporia var. chlamydosporia (Hirsch et al.,
2000). PCR products were separated in 1% agarose gels
stained with GreenSafe Direct Load (Nzytech genes &
enzymes), and visualised in a transilluminator (Vilbert
Lourmat). The relative mobilities of the PCR bands were
calculated with the Bio-print Mega software version
12.15 for Windows (Vilbert Loumart).
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Table 1. Pochonia chlamydosporia var. chlamydosporia isolates, geo-
graphic origin, substrate and associated nematode species.

Geographic Nematode species

Pc isolate . Substrate .
origin associated
PE1 Setubal, Portugal Eggs Me?otdagy ne
hispanica
PE2 Eggs M. javanica
PE3 Eggs M. javanica
PE4 Eggs M. incognita
PE5 Eggs M. incognita
PR1 Roots M. hispanica
PR2 Roots M. javanica
PR3 Roots M. javanica
Globodera
Pc2 Guarda, Portugal Eggs rostochiensis
Vel0 (IMI . . .
331547) Brasil Eggs M. incognita

Biological characterisation

The abilities to produce chlamydospores, to colo-
nise the rhizosphere of tomato plants, and to parasitise
PPN eggs were tested, based on the methods reviewed by
Abrantes et al. (2002), with modifications.

Chlamydospore production

Production and viability of chlamydospores pro-
duced by the eight isolates and of isolates Pc2 and Vcl0
were assessed using the method described by De Leij
and Kerry (1991). Five conical flasks per isolate, each
containing 100 g of sterilised barley:sand substrate (1:1),
were inoculated, each with three agar plugs from 10 d
old colonies on CMA. After 30 d incubation at 25°C, the
number of chlamydospores per three 1 g sub-samples of
the colonised medium per flask was estimated using a
haemocytometer. Chlamydospore viability was assessed
in sorbose agar with antibiotics (12 g L' technical agar,
2 g L1 of sorbose and 50 mg L each of streptomy-
cin sulphate, chlortetracycline and chloramphenicol).
After 2 d at 25°C, the percentage of germinated chla-
mydospores was estimated using a stereomicroscope
(Abrantes et al., 2002). Three biological replicates were
carried out.

Rhizosphere colonisation

To study the ability of isolates to colonise the rhizo-
sphere, roots of tomato cv. Tiny Tim roots were used,
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since tomato is considered to be a good host for P. chla-
mydosporia (Manzanilla-Lépez et al., 2013). Tomato
seeds were surface sterilised with a sterilisation solution
(1.6% sodium hypochlorite with 0.02% Tween) for 10
min, and rinsed three times with sterile distilled water.
The seeds were then germinated in Petri dishes contain-
ing Gamborg’s B5 medium supplemented with 15 g L
sucrose 1.5% and 8 g L agar, adjusted to pH 6.4. The
plates were incubated in the dark, at 25°C. Fungus inoc-
ulum was obtained by washing 10-d-old colonies grown
on 1.7% CMA with 10 mL Gamborg’s B5 medium. The
number of spores (chlamydospores and conidia) was
counted using a haemocytometer. Five 25 mL capac-
ity flasks per isolate, containing 15 ml of autoclaved
sand amended with 5 mL of half-strength Gamborg’s
B5 medium, were each inoculated with 10° spores, and
planted with a 3 d-old single germinated tomato seed.
The flasks were covered with transparent adhesive film
and incubated for 21 d at 25°C and 12 h photoperiod.
The plants were then up-rooted, shaken free of sand and
placed onto 0.8% water agar for 3 d at 25°C. The per-
centage of roots colonised by each isolate was estimated
using a stereomicroscope. Experimental controls consist-
ed of flasks without fungal inoculum. These assays were
conducted twice.

Nematode egg parasitism

The ability of each isolate to parasitise nematode
eggs was assessed using standard in vitro bioassays
(Abrantes et al., 2002). Ten-d-old colonies of each isolate,
growing on 1.7% CMA, were washed with 10 mL of ster-
ile distilled water. The numbers of chlamydospores and
conidia per mL were quantified using a haemocytome-
ter. Plates containing 0.8% technical agar and antibiotics
(streptomycin sulphate, chloramphenicol and chlortetra-
cycline, 50 mg L' of each) were each inoculated with a
0.2 mL of a 10° spores mL! suspension of each isolate,
and were then incubated for 2 d at 25°C. Five plates per
isolate were prepared.

A G. pallida population, originally from infected
potato fields in Cantanhede, Coimbra, was selected from
the collection at the NEMATO-lab, Centre for Function-
al Ecology (CFE), Department of Life Sciences, Univer-
sity of Coimbra (UC), and was propagated on roots of
potato cv. ‘Desirée’ grown in 900 cm? plastic pots with
a sterilised mixture of sandy loam soil and sand (1:2).
Pots were inoculated with a small polyester bag contain-
ing cysts, to give approx. 5 eggs g! of soil. The number
of eggs per cyst was assessed by counting five replicates
of a suspension of eggs obtained by crushing 50 cysts in
water. The pots were placed in a glasshouse at 20°C, with
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a 16 h photoperiod, and were watered regularly. After
three months, new cysts were extracted from the soil
using a modified Fenwick can (Shepherd, 1986). Eggs
within cysts were released using forceps, and then sus-
pended in water.

A RKN population of M. incognita, originally from
potato roots and maintained in pot cultures of tomato
cv. ‘Coracdo de Boi’ at the NEMATO-lab, CFE, UC, was
selected. The population was propagated on susceptible
tomato cv. ‘Tiny Tim’, grown in autoclaved sandy loam
soil and sand mixture (1:1) in a greenhouse. The culture
was transferred periodically to new tomato seedlings
inoculated with ten egg masses per plant, placed beneath
the tomato roots. Handpicked egg masses were mechani-
cally disrupted, and the released eggs were suspended in
water by agitation.

Egg suspensions were sieved through 75 pm and 20
pum sieves to separate eggs from debris, and were con-
centrated to obtain 2 eggs per pL. Two hundred and
fifty eggs of each nematode species were transferred to
each Petri plate colonised by the fungus, and were gen-
tly spread using a sterilised glass rod. Plates were incu-
bated at 25°C for a further 3 d, after which the number
of parasitised eggs was counted using standard methods
(De Leij and Kerry, 1991). Experimental controls consist-
ed of plates inoculated with nematode eggs, without the
fungus. The bioassays were repeated three times.

Molecular characterisation

All the P. chlamydosporia isolates were characterised
by ERIC-PCR, as described by Arora et al. (1996), and
all reactions were performed three times to assess PCR
pattern reproducibility. DNA was extracted from myceli-
um as described above. PCR products were separated in
2% agarose gels stained with GreenSafe Direct Load and
visualised in a transilluminator. ERIC-PCR fingerprints
produced distinct bands that were visually scored for
presence (1) or absence (0) to produce a binary matrix
from gel photographs recorded with the Bio-print Mega
software version 12.15 for Windows.

Metabolic characterisation

The global phenotypes and utilisation by each of
the isolates of 95 low molecular weight carbon sources
(plus a negative control) were evaluated using the Biolog
FF MicroPlate (Biolog Inc.), following manufacturer
instructions. Pure cultures of each isolate were grown on
CMA at 25°C in the dark for 3 weeks, until spore forma-
tion was visible. The inoculum for the 96 well FF Micro-
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Plates was prepared by first soaking a sterile swab in
inoculating fluid and then gently rolling over the surface
of the agar plates. The obtained spores were suspended
in FF inoculating fluid supplied by Biolog in glass tubes
(Cat. N° 1006), mixed gently by hand and adjusted to
approx. 75 % transmittance at 590 nm using a Biolog
Turbidimeter, previously calibrated using a FF Biolog
Turbidity standard (Cat. N° 3426). Spore suspension (100
uL) was added to each well, and the FF MicroPlates were
then incubated at 25°C in the dark. The optical density
at 490 nm (mitochondrial activity) was determined using
an ASYS UVM 340 microplate reader (Hitech GmbH)
for each plate at 24 h intervals over the next 7 d. Carbon
sources were considered not utilised in wells in which
colour development was less than, or equal to, that of
negative controls.

Statistical analyses

Data of rhizosphere colonisation, numbers and
viability of chlamydospores and nematode parasitism
variables were analysed using IBM SPSS Statistics v.22.
Descriptive statistics were used to explore data and iden-
tify extreme outliers that were, in most cases, due to
technical error, and five data points were subsequently
removed from analyses. Generalised linear mixed mod-
els (GLMM) were run for all variables using a normal
distribution and an identity link function to establish
statistical differences between treatments (P < 0.05). ‘Tso-
late’ was a fixed factor, and biological repeats and model
hierarchy were both included as random factors. Satter-
thwaite approximations were used due to the small num-
ber of data points. Pairwise contrasts between estimat-
ed means per isolate adjusted for multiple comparisons
were obtained by Least Significant Differences. A similar
model structure was used to compare the parasitism of
PCN eggs with the parasitism of RKN eggs by each iso-
late, combining results and adding parasitised PPN egg
genus as a fixed factor. Estimated means per isolate for
each variable resulting from the GLMM were explored
with paired-data Pearson correlation analysis using
PAST v.3.18. The highly significant correlation between
rhizosphere colonisation and parasitism of M. incognita
eggs was further analysed using Reduced Major Axis
(RMA) analysis.

Multivariate analyses were performed in PAST v.3.18
(Hammer et al., 2001) to reduce the number of variables
resulting from the molecular (ERIC band matrix) and
metabolic (Biolog- carbon source utilisation) profiles,
using Principal Component Analysis (PCA). For the
metabolic profiles, the average well colour development
(AWCD) of the different isolates were calculated over the
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7 d incubation, where AWCD equals the sum of the dif-
ference between the OD of the blank well (control) and
substrate wells, divided by 95 (the number of substrate
wells in the FF MicroPlates). The AWCD values were
stabilised only at 7 d, therefore OD readings obtained
in each of the 95 carbon sources at this incubation time
were then reduced to a smaller, easily interpretable,
number of explanatory variables with PCA.

The relationships between synthetic gradients on
molecular and metabolic profiles obtained through PCA
and the GLMM-estimated means of biological data were
assessed through correlation analysis in PAST v.3.18.
Pearson correlations were used for the comparison
between the PC axes containing over 5% of the variance,
and the number and viability of chlamydospores pro-
duced, rhizosphere colonisation and parasitism of PCN
and RKN eggs. Spearman correlations were used for the
comparisons of the same axes with nominal data on iso-
late geographical origin, substrate (eggs or roots) and
nematode species associated.

RESULTS
Pochonia chlamydosporia isolates

Eight P. chlamydosporia isolates (PE1, PE2, PE3,
PE4, PE5, PR1, PR2 and PR3) were obtained, associated
with three RKN species: M. hispanica, M. incognita and
M. javanica (Table 1).

All isolates presented a specific band (ca. 270 bp) for
P. chlamydosporia var. chlamydosporia (data not shown).

Biological characterisation
Chlamydospore production

The ability to produce chlamydospores in vitro was
variable among the isolates (Figure la). Isolates PR1 and
Pc2 produced significantly greater numbers of spores
(respectively, 171 x 10° g and 187 x 10° g') when com-
pared with isolates PE1, PE3, PE5, PR2, PR3 and Vcl0
(Figure la). Chlamydospore viability was less than 85%
for isolates PE3, PR1 and PR3 (Figure 1b).

Rhizosphere colonisation

Root colonisation varied from 60% (PR3) to 92%
(Pc2). Root colonisation by isolates PE1, Pc2 and Vcl10
was significantly greater compared with root colonisa-
tion by isolate PR3 (Figure 2).
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Figure 1. Number of chlamydospores (a) and chlamydospore
viability (b) of ten Pochonia chlamydosporia isolates (PE1, PE2,
PE3, PE4, PE5, PRI, PR2, PR3, Pc2 and Vc10) grown for 30 d on
barley:sand substrate (1:1) (refer to Table 1 for isolate information).
Bars represent standard errors of means. Columns accompanied by
the same letter are not significantly, different (LSD test; P < 0.05).
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Figure 2. Mean percentages of colonised tomato roots for ten
Pochonia chlamydosporia isolates (PE1, PE2, PE3, PE4, PE5, PR1,
PR2, PR3, Pc2 and Vc10) grown for 21 d on sterilised sand (refer
to Table 1 for isolate information). Bars represent standard errors of
means. Columns accompanied by same letter are not significantly
different (LSD test; P < 0.05).
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Figure 3. Mean percentages of parasitised eggs of Globodera pallida
(a) and Meloidogyne incognita (b) by ten Pochonia chlamydosporia
isolates (PE1, PE2, PE3, PE4, PE5, PR1, PR2, PR3, Pc2 and Vc10)
after incubation at 25°C for 3 d (refer to Table 1 for isolate informa-
tion). Bars represent standard errors of means. Columns accompa-
nied by the same letter are not significantly different (LSD test; P <
0.05).

Nematode egg parasitism

After 3 d at 25°C, the percentages of parasitised
eggs of PCN and RKN were low for all isolates (Fig-
ure 3). Pathogenicity of the isolates varied between 34
and 49 % against G. pallida eggs (Figure 3a) and 38 to
65 % against M. incognita eggs (Figure 3b). Parasitism
of PCN eggs was less than parasitism of RKN eggs (P
< 0.01), with the exception of isolate PR3, which had a
greater parasitism rate of PCN eggs than of RKN eggs.
Statistically significant differences in egg parasitism
between PPN genera were not found for isolates PE1 and
PE4. RMA analysis revealed a highly significant positive
linear relationship (r = 0.818; P < 0.01) between parasit-
ism of RKN eggs and rhizosphere colonisation by the
fungus.
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Molecular characterisation and integration with biological
characterisation

Isolates associated with Meloidogyne spp. had very
similar ERIC patterns. A different band pattern was
observed for isolate Pc2 associated with G. rostochiensis
eggs (Supplementary Material). The PCA analysis sepa-
rated the fungal isolates into four quadrants, with iso-
lates Pc2 and Vcl0 clearly separated from other isolates
along PCERIC2 and from each other along PCERIC1
(Figure 4). Isolates PE1, PE2 and PR3 were also sepa-
rated by synthetic gradient PCERICI from isolates PE3,
PE4, PE5, PR1 and PR2. Although significant associa-
tions were not found between biological characteristics
and PC axes PCERICI and PCERIC2 (loadings present-
ed in Table 2), the geographical origins of the isolates
were correlated with PCERICI (r = 0.707, P < 0.05).

Metabolic characterisation and integration with biological
characterisation

Altogether, the ten isolates used the 95 substrates,
but only 72 substrates were used by all the isolates: these
included four out of six amines/amides; nine of 13 amino
acids, 38 of 44 carbohydrates, 12 of 17 carboxylic acids,
three of five polymers and six of ten miscellaneous com-
pounds. Six of the substrates, namely n-acetyl-d-man-
nosamine, sedoheptulosan, d-lactic acid methyl ester,
a-cyclodextrin and B-cyclodextrin, were used by fewer
than half of the isolates. Isolate PE5 was the only isolate
able to utilise all 95 carbon sources, followed by Vc10 (92
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Figure 4. Principal Component Analysis of Enterobacterial Repeti-
tive Intergenus Consensus sequence (ERIC) PCR profiles obtained
from Pochonia chlamydosporia isolates (PE1, PE2, PE3, PE4, PE5,
PR1, PR2, PR3, Pc2 and Vcl10; refer to Table 1 for isolate informa-
tion). PCERICI eigen value 0.651; PCERIC2 eigen value 0.400.
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Table 2. Synthetic gradients generated by Principal Component
Analysis of molecular and metabolic profiling of Pochonia chlamydo-
sporia isolates.

Variance
(%)
49.22 ERIC bands 2,4 and 6 ---
30.25 ERIC band 8 ERIC band 7

45.484 Utilisation of most D-ribose
carbon sources; (carbohydrates)
prominent:

Axis Positive loading Negative loading

PCERIC1
PCERIC2
PCBLG1

2-aminoethanol
(amines/amides)

glycyl-L-glutamic acid
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late PR3 utilised the least, with only 77 wells developing
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different profiles of carbon source utilisation positioned
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Figure 5. Heat map of carbon source utilisation by Pochonia chlamydosporia isolates (PE1, PE2, PE3, PE4, PE5, PR1, PR2, PR3, Pc2 and
Vcl10; refer to Table 1 for isolate information), assessed through Well Colour Development (WCD) at 7 d, corrected to control, of each of 95

carbon sources/chemical group, using Biolog FF MicroPlates.
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Figure 6. Principal Component Analysis of carbon utilisation pro-
files obtained through Biolog FF MicroPlates for Pochonia chlamydo-
sporia isolates (PE1, PE2, PE3, PE4, PE5, PR1, PR2, PR3, Pc2 and
Vcl0, refer to Table 1 for isolate information). PCBLG1 eigen value
9.470; PCBLG2 eigen value 5.950.

isolates Vc10 and PES5 in different quadrants to all other
isolates, along the two PCA axes of the metabolic profile
(PCBLGI and PCBLG2; Table 2 and Figure 6). This was
particularly evident for isolate Vcl0, depending mainly
on separation obtained by synthetic gradient PCBLG2.
Isolates PR1 and PR3 also each had a distinct meta-
bolic profile from all other isolates, being separated by
PCBLGL. Significant correlations were detected between
the synthetic gradient PCBLGI and the isolate substrate
of origin (eggs or roots; r = -0.646, P < 0.05), and also
with parasitism of RKN eggs (r = 0.700, P < 0.05) and
rhizosphere colonisation (r = 0.666, P < 0.05).

DISCUSSION

The potential of eight P. chlamydosporia isolates
associated with Meloidogyne spp. as biological control
agents was evaluated using integrative characterisation,
based on biological, molecular, and metabolic analyses.

Although few statistically significant differences
were detected between the evaluated isolates, molecu-
lar identification and characterisation allowed evalua-
tion of their variability, affected by different geographic
substrate origins (Table 1). This information could be
helpful for the potential registration of a specific iso-
late as a biological control agent (Abrantes et al., 2002).
Detection and quantification of particular fungi in soil
can be achieved with the use of specific primers, which
distinguish the two varieties of P. chlamydosporia, var.
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chlamydosporia and var. catenulata (Hirsch et al., 2000;
Mauchline et al., 2002). The B-tubulin gene allowed
design of specific primers for P. chlamydosporia var. chla-
mydosporia, and since it has an intron that is not pre-
sent in other fungi, specific primers do not amplify DNA
from other species of Pochonia or from other fungal
genera (Mauchline et al., 2002; Kerry and Hirsch, 2011).
This confirmed the identity of all Portuguese isolates
used in this study as P. chlamydosporia var. chlamydo-
sporia.

Rapid in vitro bioassays are necessary for precise
selection before introduction of a biological control
agent in the soil. Although few statistical differences
were found, variation between eight isolates was detect-
ed using three standard in vitro bioassays, including
chlamydospore production, rhizosphere colonisation,
and nematode egg parasitism. The inherent variation of
P. chlamydosporia isolates has been previously described,
and this variation stresses the need for precise isolate
selection (Abrantes et al., 2002).

Ability to produce chlamydospores in vitro was vari-
able among the eight isolates. Standard bioassays are usu-
ally performed using agar plugs colonised with fungus
(Abrantes et al., 2002). However, the amount of chlamyd-
ospores, conidia and hyphal fragments in each plug may
vary with the isolates, depending on individual growth
rates and sporulation. Therefore, in order to assess differ-
ences among P. chlamydosporia isolates, equal amounts
of spores should be used as inoculum (Vieira dos Santos
et al., 2013). The results obtained for reference isolates
Pc2 and Vcl0 were less than those reported by Vieira dos
Santos et al. (2013). Additionally, fewer chlamydospores
were reported for isolate Vc10 by Medina-Canales et al.
(2014). Differences in chlamydospore production between
isolates may be due to the type of substrate used, as chla-
mydospore production is greater in substrates with low
available carbon and nitrogen, and no sulphur (Mo et
al., 2005). Although ability to produce chlamydospores
is assessed in the standard characterisation, to ensure
success in large-scale inoculum production, this may be
variably affected by culture conditions, including car-
bon and nitrogen contents of the culture substrate (Liu
and Chen, 2003; Mo et al., 2005; Vieira dos Santos et al.
2012). Moreover, the success of a commercially devel-
oped product based on an oil emulsion containing chla-
mydospores, mycelium and conidia was recently reported
(Sellitto et al., 2016). Regarding viability, some isolates
have low germination proportions ( < 85%), which can
be due to the incubation time (3 weeks). Some isolates
may not withstand this incubation period, and although
they continue to produce chlamydospores, the viability
tends to decrease with time (Abrantes et al., 2002). In the
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present study, all isolates produced adequate numbers of
chlamydospores for potential commercial scale produc-
tion (= 1 x 10% g! of substrate) (Medina-Canales et al.,
2014). Therefore, we anticipate that, in isolates that pro-
duce numbers of chlamydospores greater than accepted
threshold of 10° g! of substrate, the ability to produce
viable chlamydospores, rather than the exact number of
chlamydospores produced, may be an important charac-
teristic for the selection of these biological control agents.

Differences among isolates were detected in their
abilities to colonise tomato rhizospheres. The best colo-
niser of tomato roots was the standard isolate Pc2 with
92% of colonisation. Isolates PE4, PE5 and PR3 colo-
nised less than 80% of tomato roots, failing to achieve
the 80% colonisation threshold for selection for biocon-
trol (Abrantes et al., 2002). Rhizosphere colonisation is a
key feature for these biocontrol agents, as it is critical for
the control of nematodes by P. chlamydosporia (Bourne
et al., 1996). The biocontrol efficacy of the fungus
depends on fungal rhizosphere colonisation to facilitate
colonisation of galls (Manzanilla-Lépez et al., 2013). This
assumption has now gained experimental support by our
finding of a strong relationship between rhizosphere col-
onisation and parasitism of RKN eggs. A link between
tomato rhizosphere colonisation and parasitism of PCN
eggs was not detected. The proportions of colonisation
of tomato roots by reference isolates Pc2 and Vcl0 were
greater than previous results for colonisation of barley
roots (Vieira dos Santos et al., 2013). It has been estab-
lished that plant species differ in their ability to sup-
port the fungus (Bourne et al., 1996; Kerry and Bourne,
1996). Whether this can be further related to fungal par-
asitism of eggs of nematodes that are able to parasitise
those plant species is unknown. We speculate that the
fungal isolates might emulate nematode host plant pref-
erences, i.e. a virulent parasite of a given nematode pop-
ulation could be a good root coloniser of the host plant
preferred by the nematode. This, to our knowledge, has
not been investigated.

The low proportion of egg infection obtained
through the standard bioassay has also been observed
by other authors. This may be related to changes in the
mucilage surrounding the eggs, which are considered as
important sources of nutrition for the fungi and ensure
high rates of egg colonisation. Additionally, isolates para-
sitise immature eggs more actively than mature eggs con-
taining second-stage juveniles (Irving and Kerry, 1986).
Spontaneous hatching detected in both nematode species
during the bioassays could also contribute to the low par-
asitism levels observed. Our results do not support pre-
vious findings suggesting that P. chlamydosporia isolates
have host preferences for host species from which the
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isolates were initially isolated (Mauchline et al., 2004).
Although isolate PR3 was originally associated with
RKN, it was more virulent to PCN than RKN; conversely,
Pc2, isolated from PCN, was more virulent to RKN eggs
than to those of PCN. Seven of the ten isolates tested
were more virulent to RKN eggs than to PCN eggs.

Principal Component Analysis of ERIC profiles
obtained for P. chlamydosporia isolates separated them
according to their geographic origin (Figure 4). Isolate
Pc2 was the only one from PCN eggs, and was here com-
pared with nine isolates associated with Meloidogyne
spp- This may have hindered the detection of relation-
ships among ERIC-PCR profiles and nematode origins.
Genetic variability among isolates revealed that isolates
can be grouped according to their geographical and the
host nematode species. The importance of this genetic
variation in the regulation of a host population is, how-
ever, unknown (Morton et al., 2003).

Isolates PES5, Vcl0, PR2 and Pc2 were able to utilise
most of the carbon sources (= 90), whereas isolate PR3
utilised the least (77) (Figure 5). Isolate PR3 clearly had
different carbon requirements as it produced the few-
est chlamydospores in barley. Growth and sporulation
are influenced by carbon and nitrogen sources, but are
also determined by isolate preferences (Mo et al., 2005;
Liu and Chen, 2003). Isolate original substrate (eggs or
roots), parasitism of Meloidogyne eggs, and rhizosphere
colonisation ability were significantly correlated with
metabolic profiles, indicating that specific carbon sourc-
es (amines/amides, amino acids, carboxylic acids and
miscellaneous carbon sources) could be used to predict
isolate ability for rhizosphere colonisation and for RKN
egg parasitism. High proline contents are characteristic
of RKN egg shells (Bird and McClure, 1976). For PCN,
although proline was the most abundant, 64% of the
total amino acids were aspartic acid, glycine and serine
(Clarke et al., 1967). Molecular studies have also found
that genes encoding proteases known to be involved
in nematode egg penetration processes are also highly
expressed during endophytic colonisation of barley roots
(Lopez-Moya et al., 2017).

The inherent variation of P. chlamydosporia isolates
has been widely described, and this variation increases
the need to carefully select potential biocontrol isolates.
Laboratory in vitro tests, that evaluate the three biologi-
cal characteristics considered fundamental for a good
fungus performance as biological control agents, enable
rapid and economical selection of isolates, before test-
ing their soil activity in pot tests ahead of field trials
(Abrantes et al., 2002).

Pochonia chlamydosporia isolate variability was
assessed using Biolog FF MicroPlates for the first time.
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It is not clear how the metabolic profiles of fungal iso-
lates, or their ability to use particular carbon sources,
ultimately affect biocontrol performance in the field.
Nevertheless, use of this metabolic approach may facili-
tate future isolate selection, as the use of specific carbon
sources provides complete information on isolate ability
for rhizosphere colonisation, and for nematode egg par-
asitism. These studies may lead to new perspectives for
understanding the intricate multitrophic life styles char-
acteristic of P. chlamydosporia.

ACKNOWLEDGEMENTS

This work was financed by: FEDER - “Fundo
Europeu de Desenvolvimento Regional” funds through
the COMPETE 2020 - Programa Operacional Competi-
tividade e Internacionaliza¢do (POCI), and by Portu-
guese funds through FCT - “Fundagdo para a Ciéncia
e a Tecnologia” in the framework of the project POCI-
01-0145-FEDER-016611 (PTDC/AGR-PRO/3438/2014),
UID/BIA/04004/2013 in CFE, UID/AGR/00690/2013
in CIMO and UID/BIA/04050/2013 (POCI-01-0145-
FEDER-007569) in CBMA; IATV-Instituto do Ambi-
ente, Tecnologia e Vida; and Project ReNATURE - Val-
orization of the Natural Endogenous Resources of the
Centro Region (Centro 2020, Centro-01-0145-FED-
ER-000007). Grants to M.C. Vieira dos Santos (SFRH/
BPD/92308/2013) and S. Costa (SFRH/BPD/102438/2014)
were supported by national funds FCT/MCTES and the
European Social Fund through the “Programa Opera-
cional do Capital Humano” - POCH of the National
Strategic Reference Framework.

LITERATURE CITED

Abrantes 1., Santos S., Bourne J., Ciancio A., Lopez-
Llorca L. ... Verdejo-Lucas S., 2002. A Manual for
Research on Verticillium chlamydosporium, a Poten-
tial Biological Control Agent of Root Knot Nema-
todes (B.R. Kerry, ].M. Bourne, eds.). International
Organization for Biological and Integrated Con-
trol for Noxious Animals and Plants/West Paleartic
Regional Section (IOBC/WPRS), Gent, Belgium, 84
pp-

Arora, D.K., Hirsch P.R., Kerry B.R., 1996. PCR-based
molecular discrimination of Verticillium chlamydo-
sporium isolates. Mycological Research 7: 801-809.

Bird A., McClure M., 1976. The tylenchid (Nematoda)
egg shell: Structure, composition and permeability.
Parasitology 72: 19-28.

197

Bourne J.M., Kerry B.R., de Leij FA.A.M., 1996. The
importance of the host plant on the interaction
between root knot nematodes (Meloidogyne spp.) and
the nematophagous fungus, Verticillium chlamydo-
sporium Goddard. Biocontrol Science and Technology
6: 539-548.

Clarke A.]J., Cox PM., Shepherd A.M., 1967. The chemi-
cal composition of the egg shells of the potato cyst-
nematode, Heterodera rostochiensis Woll. Biochemical
Journal 104: 1056-1060.

De Leij EA.AM., Kerry B.R., 1991. The nematophagous
fungus, Verticillium chlamydosporium Goddard, as
a potential biological control agent for Meloidogyne
arenaria (Neal) Chitwood. Revue de Nématologie 14:
157-164.

Esbenshade P.R., Triantaphyllou A.C., 1985. Use of
enzyme phenotypes for identification of Meloidogyne
species. Journal of Nematology 17: 6-20.

Esteves I., Peteira B., Atkins S., Magan N., Kerry B,
2009. Production of extracellular enzymes in differ-
ent isolates of Pochonia chlamydosporia. Mycological
Research 113: 867-876.

Hammer ., Harper D.A.T., Ryan P.D., 2001. PAST:
Paleontological statistics software package for edu-
cation and data analysis. Palaeontologia Electronica
4: 9 pp. http://palaeo-electronica.org/2001_1/past/
issuel_01.htm

Hirsch PR., Mauchline T.H., Mendum T.A., Kerry B.R,,
2000. Detection of the nematophagous fungus Verti-
cillium chlamydosporium in nematode-infested plant
roots using PCR. Mycological Research 104: 435-439.

Irving F, Kerry B.R., 1986. Variation between strains of
the nematophagous fungus, Verticillium chlamydo-
sporium Goddard. II. Factors affecting parasitism of
cyst nematode eggs. Nematologica 32: 474-485.

Jones ].T., Haegeman A., Danchin E.G., Gaur H.S., Helder
J., ... Perry R.N., 2013. Top 10 plant-parasitic nema-
todes in molecular plant pathology. Molecular Plant
Pathology 14: 946-961.

Kerry B.R., 2001. Exploitation of the nematophagous fun-
gal Verticillium chlamydosporium Goddard for the
biological control of root knot nematodes (Meloido-
gyne spp.). In: Fungi as Biocontrol Agents - Progress,
Problems and Potential (M.T. Butt, C.W. Jackson, N.
Magan, eds.), CAB International, London, UK, 155-
167.

Kerry B.R., Bourne J.M., 1996. The importance of rhizo-
sphere interactions in the biological control of plant
parasitic nematodes - a case of study using Verticil-
lium chlamydosporium. Pesticide Science 47: 69-75.

Kerry B.R., Hirsch PR., 2011. Ecology of Pochonia
chlamydosporia in the rhizosphere at the population,



198

whole organism and molecular scales. In: Biological
control of plant-parasitic nematodes: building coher-
ence between microbial ecology and molecular mecha-
nisms (K. Davies, Y. Spiegel, eds.). Springer Nether-
lands, 171-182.

Liu X.Z., Chen S.Y., 2003. Nutritional requirements of
Pochonia chlamydosporia and ARF18, fungal parasites
of nematode eggs. Journal of Invertebrate Pathology
83: 10-15,

Lopes E.A.C., Steindorff A.S., Geraldine A.M., Brandio
R.S., Monteiro V.N., ... R.N. Silva, 2012. Biochemical
and metabolic profiles of Trichoderma strains isolated
from common bean crops in the Brazilian Cerrado
and potential antagonism against Sclerotinia sclerotio-
rum. Fungal Biology 116: 815-824.

Lopez-Moya F., Escudero N., Lopez-Llorca L.V,, 2017.
Pochonia chlamydosporia: multitrophic lifestyles
explained by a versatile genome. In: Perspectives in
sustainable nematode management through Pochonia
chlamydosporia applications for root and rhizosphere
health (R.H. Manzanilla-Lépez, L.V. Lopez-Llorca,
eds.). Springer International Publishing AG, 197-207.

Lucas J.A., Garcia-Villaraco A., Ramos B., Garcia-Cristo-
bal J., Algar E. Gutierrez-Maiiero J., 2013. Structural
and functional study in the rhizosphere of Oryza
sativa L. plants growing under biotic and abiotic
stress. Journal of Applied Microbiology 115: 218-235.

Macié-Vicente J.G., Jansson H., Talbot N.J., Lopez-Llorca
L.V,, 2009. Real-time PCR quantification and live-cell
imaging of endophytic colonization of barley (Hor-
deum vulgare) roots by Fusarium equiseti and Pocho-
nia chlamydosporia. New Phytologist 182: 213-228.

Manzanilla-Lépez, R.H., Esteves 1., Finetti-Sialer M.M.,
Hirsch P.R., Ward E., ... Hidalgo-Diaz L., 2013.
Pochonia chlamydosporia: Advances and challenges to
improve its performance as a biological control agent
of sedentary endo-parasitic nematodes. Journal of
Nematology 45: 1-7.

Mauchline T.H., Kerry B.R., Hirsch P.R., 2002. Quantifica-
tion in soil and the rhizosphere of the nematophagous
tungus Verticillium chlamydosporium by competitive
PCR and comparison with selective plating. Applied
and Environmental Microbiology 68: 1846-1853.

Mauchline T.H., Kerry B.R., Hirsch P.R., 2004. The bio-
control fungus Pochonia chlamydosporia shows nem-
atode host preference at the infraspecific level. Myco-
logical Research 108: 161-169.

Medina-Canales M.G., Rodriguez-Tovar A.V., 2017.
Molecular diagnostics of Pochonia chlamydosporia.
In: Perspectives in sustainable nematode management
through Pochonia chlamydosporia applications for
root and rhizosphere health (R.H. Manzanilla-Lépez,

M.C. Vieira dos Santos et alii

L.V. Lopez-Llorca, eds.). Springer International Pub-
lishing AG, 197-207.

Medina-Canales M.G., Rodriguez-Tovar A.V., Manza-
nilla-Lépez R.H., Zaiiga G., Tovar-Soto A., 2014.
Identification and molecular characterisation of new
Mexican isolates of Pochonia chlamydosporia for the
management of Meloidogyne spp. Biocontrol Science
and Technology 24: 1-21.

Mo M., Xu C., Zhang K., 2005. Effects of carbon and
nitrogen sources, carbon-tonitrogen ratio, and initial
pH on the growth of nematophagous fungus Pocho-
nia chlamydosporia in liquid culture. Mycopathologia
159: 381-387.

Morton C.O., Mauchline T.H., Kerry B.R., Hirsch P.R.,
2003. PCR-based DNA fingerprinting indicates host-
related genetic variation in the nematophagous fun-
gus Pochonia chlamydosporia. Mycological Research
107: 198-205.

Monteiro T.S.A., Lopes E.A., Evans H.C.,, Freitas L.G. de,
2017. Interactions between Pochonia chlamydosporia
and nematodes. In: Perspectives in Sustainable Nema-
tode Management through Pochonia chlamydosporia
Applications for Root and Rhizosphere Health (R.H.
Manzanilla-Lépez, L.V. Lopez-Llorca, eds.). Springer
International Publishing AG, 77-96.

Nagesh M., Hussaini S.S., Ramanujam B., Rangeswaran
R., 2007. Molecular identification, characterization,
variability and infectivity of Indian isolates of the
nematophagous fungus Pochonia chlamydosporia.
Nematologia Mediterranea 35: 47-56.

Nicol J.M., Turner S.J., Coyne D.L., den Nijs L., Hock-
land S., Maafi Z.T., 2011. Current nematode threats
to world agriculture. In: Genomics and Molecular
Genetics of Plant-Nematode Interactions (J.T. Jones,
G. Gheysen, C. Fenoll, eds.). Springer, Heidelberg,
Germany, 21-44.

Pais C.S., Abrantes .M. de O., Fernandes M.EM., Santos
M.S.N. de A., 1986. Técnica de electroforese aplicada
ao estudo das enzimas dos nemdatodes-das-galhas-
radiculares, Meloidogyne spp. Ciéncia Biolégica Ecol-
ogy and Systematics (Portugal) 6: 19-34.

Pawlik A., Janusz G., Debska I., Siwulski M., Frac M.,
Rogalski J., 2015. Genetic and metabolic intraspecific
biodiversity of Ganoderma lucidum. BioMed Research
International, Article ID 726149, 13 pages. http://
dx.doi.org/10.1155/2015/726149

Rice A.V,, Currah R.S., 2005. Profiles from Biolog FF
plates and morphological characteristics support the
recognition of Oidiodendron fimicola sp. nov. Studies
in Mycology 53: 75-82.

Segers R., Butt T.M., Kerry B.R., Peberdy J.E.,, 1994. The
nematophagous fungus Verticillium chlamydosporium



Pochonia chlamydosporia integrative characterisation

produces a chymoelastase-like protease\which hydro-
lyses host nematode proteins in situ. Microbiology
140, 2715-2723.

Sellitto V.M., Curto G., Dallavalle E., Ciancio A., Colagi-
ero M., Pietrantonio L., Bireescu G., Stoleru V., Stora-
ri M., 2016. Effect of Pochonia chlamydosporia-based
formulates on the regulation of root-knot nematodes
and plant growth response. Frontiers in Life Science 9:
177-181.

Shepherd A.M., 1986. Extraction and estimation of cyst
nematodes. In: Laboratory Methods for Work with
Plant and Soil Nematodes (J.E. Southey, ed.). Ministry
of Agriculture, Fisheries and Food. Her Majesty’s Sta-
tionary Office London, UK, 31-49.

Singh M.P,, 2009. Application of Biolog FF MicroPlate for
substrate utilization and metabolite profiling of close-
ly related fungi. Journal of Microbiological Methods
77:102-108.

Vieira dos Santos M.C., Esteves 1., Abrantes 1., 2012. In
vitro water stress bioassays with the nematophagous
fungus Pochonia chlamydosporia: Effects on growth

199

and parasitism. Biological Control 63: 310-319.

Vieira dos Santos M.C., Esteves 1., Kerry B., Abrantes
I., 2013. Biology, growth parameters and enzymatic
activity of Pochonia chlamydosporia isolated from
potato cyst and root-knot nematodes. Nematology 15:
493-504.

Vieira dos Santos M.C., Esteves I., Kerry B., Abrantes I.,
2014. Interactions between Pochonia chlamydosporia
and Meloidogyne chitwoodi in a crop rotation scheme.
Nematropica 44, 37-46.

Ward E., Kerry B.R., Manzanilla-Lépez R.H., Mutua G.,
Devonshire J., ... Hirsch P, 2012. The Pochonia chla-
mydosporia serine protease gene vcpl is subject to
regulation by carbon, nitrogen and pH: Implications
for nematode biocontrol. Plos One 7: €35657.

Zavala-Gonzalez E.A., Escudero N., Lopez-Moya E,
Aranda-Martinez A., Exposito A., ... Lopez-Llorca
L.V., 2015. Some isolates of the nematophagous fun-
gus Pochonia chlamydosporia promote root growth
and reduce flowering time in tomato. Annals of
Applied Biology 166, 472-483.



	Wheat rust evolution in Spain: an historical review
	Fernando Martínez–Moreno*, Ignacio Solís
	Grapevine, esca complex, and environment: the disease triangle
	Michael FISCHER1,*, Samira PEIGHAMI ASHNAEI2 
	Xylella fastidiosa subsp. pauca on olive in Salento (Southern Italy): infected trees have low in planta micronutrient content
	Marco Scortichini1,*, Danilo Migoni2, Federica Angilè2, Laura Del Coco2, Chiara Roberta Girelli2, Luigi Zampella1, Francesco Mastrobuoni1, Francesco Paolo Fanizzi2
	Grapevine trunk disease in European and Mediterranean vineyards: occurrence, distribution and associated disease-affecting cultural factors
	Lucia GUERIN-DUBRANA1,*, Florence FONTAINE2, Laura MUGNAI3
	The potential for pesticide trunk injections for control of thousand cankers disease of walnut
	Elisa Dal Maso1, Benedetto Teodoro Linaldeddu2, Genny Fanchin2, Massimo Faccoli3, Lucio Montecchio2,*
	Population structure of the faba bean blight pathogen Ascochyta fabae (teleomorph, Didymella fabae) in Tunisia
	Noura OMRI BEN YOUSSEF1,*, Lydie KERDRAON2, Lucie MIEUZET3, Imen HALILA1, Noura JAMMEZI1, Ahlem MBAZIA1, Mohamed KHARRAT1, Christophe LE MAY3,4,*
	Incidence of Fusarium foot and root rot of cereals under conservation agriculture in north west Tunisia
	Samira Chekali1,*, Samia Gargouri2, Moncef Ben Hammouda3, Hatem Cheikh M’Hamed4, Bouzid Nasraoui5
	Genetic variability, chemotype distribution, and aggressiveness of Fusarium culmorum on durum wheat in Tunisia
	Safa Oufensou1,2,*, Virgilio Balmas1, Barbara Scherm1, Domenico Rau1, Salvatore Camiolo1, Vanda Assunta Prota1, Mossadok Ben-Attia2, Samia Gargouri3, Matias Pasquali4, Safia El-Bok6, Quirico Migheli1,5
	Virulence factors of Fusarium spp., causing wheat crown and root rot in Iran
	Saeedeh DEHGHANPOUR-FARASHAH, Parissa TAHERI*, Mahrokh FALAHATI-RASTEGAR
	Soilborne diseases caused by Fusarium and Neocosmospora spp. on ornamental plants in Italy
	Vladimiro Guarnaccia1,2, Dalia Aiello3,*, Giancarlo Polizzi3, Pedro W. Crous1,4, Marcelo Sandoval-Denis1,4
	Distribution of large-spored Alternaria species associated with early blight of potato and tomato in Algeria
	Djida Ayad1,2,*, Djihad Aribi1, Bruno Hamon2, Abdelaziz Kedad1, Philippe Simoneau2, Zouaoui Bouznad1
	Endophytic fungal communities of ancient wheat varieties
	Giulia Casini1,2, Thaer Yaseen3, Ahmed Abdelfattah4,5*, Franco Santoro6, Leonardo Varvaro1, Sandro Drago2, Leonardo Schena4
	A fast and reliable method for Diplodia seriata inoculation of trunks and assessment of fungicide efficacy on potted apple plants under greenhouse conditions
	Elena Arrigoni1,2, Claudia Maria Oliveira Longa1, Dario Angeli1, Matteo Soini1, Ilaria Pertot1,3,#, Michele Perazzolli1,#,*
	Characterization and pathogenicity of Colletotrichum spp. causing citrus anthracnose in Tunisia
	Haïfa Ben Hadj Daoud1, Elena Baraldi2, Mirco Iotti3, Pamela Leonardi2, Naima Boughalleb-M’Hamdi1,*
	An integrative approach for the selection of Pochonia chlamydosporia isolates for biocontrol of potato cyst and root knot nematodes
	Maria Clara Vieira dos Santos1,3,*, Joana Horta1, Luísa Moura2, David V. Pires2, Isabel Conceição1, Isabel Abrantes1, Sofia R. Costa2,3
	Pleurostomophora richardsiae associated with olive tree and grapevine decline in Southern Brazil
	Maria Cristina Canale1,*, Cristiano Nunes Nesi1, Bianca Ramos Falkenbach2, Cesar Arthur Hunhoff da Silva2, Eduardo Cesar Brugnara1
	Phytotoxins produced by Lasiodiplodia laeliocattleyae involved in Botryosphaeria dieback of grapevines in Brazil
	Pierluigi REVEGLIA1,2,*, Marco Masi2, Alessio CIMMINO2, Sami MICHEREFF3, Tamara Cinelli3, Laura Mugnai3, Antonio EVIDENTE2
	Leaf rot caused by Rhizopus oryzae on pak choy (Brassica campestris ssp. chinensis) in China 
	Samiah Arif1, Muhammad Farooq Hussain MUNIS2,3, Fiza LIAQUAT4, Iftikhar Hussain SHAH1, Yidong ZHANG1,*

