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Abstract
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Four different fungi (Trichoderma viride, T. harzianum, Phomopsis sp.,
and Mortierella sp.) were isolated from 6-year-old Pinus nigra plants
showing stunting and high incidence of mortality in a reforestation area
of the National Park of Abruzzo, Lazio, and Molise (central Italy).
Tests conducted on P. nigra revealed the pathogenic behavior of T.
viride isolates with 30 to 80% mortality in artificially inoculated 2-
year-old seedlings. The pathogenicity of these isolates was also ob-
served in 10-year-old P. nigra trees and on lemon fruit. This result, in
agreement with the constant isolation of 7. viride from diseased plants,

suggests the possible role of this fungus in the decline of P. nigra
plants. T. harzianum and two reference isolates of 7. viridarium and T.
trixiae did not cause any symptoms, while Phomopsis sp. and Mor-
tierella sp. caused limited necroses around the inoculation point in a
few seedlings. Their role in the decline of P. nigra seedlings was con-
sidered irrelevant. According to phylogenetic analyses, pathogenic
isolates of T. viride clustered in a very uniform group containing
strains from different geographic origin and hosts, but none previously
reported as a biocontrol agent.

Mortality of young forest plants transplanted to afforestation
sites is a major problem since seedlings are vulnerable to many
biotic and abiotic stress factors during their early life stages, espe-
cially when wounded during transplanting (32). In particular,
transplanted seedlings interact with a plethora of different micro-
organisms that can greatly influence their field performance.
Among others, all fungi colonizing roots have a significant impact
on the health and productivity of tree seedlings, as they are able to
form beneficial, neutral, or pathogenic types of association (16,24).
Soilborne pathogens of the genera Pythium, Rhizoctonia, and
Fusarium are generally recognized as the main causal agents of
root dieback in conifers (11,29,30). Diseased seedlings commonly
appear stunted and impaired in growth with a yellowing canopy,
discolored needles, and rotted roots.

As related to beneficial fungi, species of the genus Hypocreal
Trichoderma are among the most frequently isolated since they are
ubiquitous and strong colonizers of cellulosic materials, which are
often associated with the plant rhizosphere. They have been studied
for over 70 years because of their beneficial effect on plant produc-
tivity that is exerted by a direct competitive action against plant
pathogens and by the induction of growth and defense responses in
plants (15,16,18,36). Many Trichoderma species and strains have
been reported as effective biocontrol agents and some of them have
also been utilized to develop commercially available biological
pesticides (4,31,38,47,48,51). According to Schuster and Schmoll
(47), the most important biocontrol agents belong to the species T.
harzianum, T. atroviride, T. virens, and T. asperellum.

Although the beneficial role of Trichoderma species on plant
growth and production is universally accepted, a few reports also
exist relating to a possible negative effect of Trichoderma species
on plants. In 1962, Shemakhanova (49) first observed that T. viride
can depress mycorrhiza formation and seedling growth on woody
plants. Subsequently, other studies revealed some negative effects
of T. viride, including reduced seedling germination, water-soaked
lesions on roots and crown, and increased formation of sclerotia in
treated soils (1,12,33,53). It has been reported that some strains of
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Trichoderma spp. can be pathogenic on herbaceous crops such as
maize, alfalfa, pepper, and tomato by producing cell wall degrading
enzymes (9,33). A well-known disease caused by 7. viride is post-
harvest rotting of lemons known as Trichoderma rot (7). This disease
is a relatively minor problem because it grows slowly as compared to
Penicillium rots, but it can cause important losses on oranges and
lemons stored for a long period (5). Finally, cultivated mushrooms
can suffer great losses from Trichoderma infections (40,47).

In winter 2009, 6-year-old seedlings of Pinus nigra transplanted
one year before were observed to be in various stages of decline at
the Abruzzo, Lazio, and Molise National Park in central Italy. In
particular, a very high incidence of diseased seedlings (around 70%
of the plants) was revealed in a rocky slope of approximately 2 ha.
Symptoms on affected plants ranged from leaf chlorosis to plant
death and were associated to a dark brown discoloration of cortical
and external vascular tissues that extended for about 5 to 10 cm
above and below the ground level. The aim of the present study is
to identify fungal isolates associated with 6-year-old P. nigra
transplants and evaluate the pathogenic behavior of 7. viride iso-
lates, constantly isolated from this host.

Materials and Methods

Fungal isolates. Fungal isolates investigated in the present study
were obtained from 6-year-old P. nigra transplants showing various
symptoms of disease. Symptomatic crowns and basal stems were
collected from 20 live plants representative of an area of approxi-
mately 2 ha with a high incidence of disease at the Abruzzo, Lazio,
and Molise National Park in central Italy. All samples were main-
tained in plastic bags at 4°C for no more than 2 days before their
processing. Collected organs were washed with tap water, surface-
sterilized by dipping for 2 min in a solution containing 2% (v/v)
Na-hypochlorite and 1% (v/v) Tween 80, rinsed twice with sterile
distilled water, and allowed to dry on blotting paper. External cor-
tex tissues were aseptically discarded and internal small fragments
of cortex and/or wood (=2 mm) were removed from symptomatic
and surrounding areas and then plated on potato dextrose agar
(PDA) amended with streptomycin (250 mg/liter) to prevent con-
tamination by bacteria. Plates were incubated at 24°C in the dark
for 5 to 10 days and developed fungal colonies were singly trans-
ferred onto new PDA plates.

Isolates were grouped according to their macroscopic (morphol-
ogy and growth ratio of colonies) and microscopic characteristics,
and representative cultures were stored on PDA slants at 5°C for
further investigation.



Two additional reference fungal strains (CBS 101928 and CBS
18979) were purchased from S-KNAW Fungal Biodiversity Centre,
Utrecht, Netherlands (CBS) and included in the analyses. Both
strains were deposited as 7. viride, but according to more recent
reports and results of the present study, they belong to T. viridari-
um and T. trixiae, respectively (22).

Amplification and sequencing of target genes. The internal
transcribed spacer (ITS) regions of the ribosomal DNA (rDNA)
were amplified and sequenced from all fungal isolates analyzed in
the present study (Table 1). Total fungal DNA was extracted from
50 to 100 mg of mycelium as described by Schena et al. (41) and
amplified with the universal primers ITSS and ITS4 (54). PCR
reactions were performed in a total volume of 25 pl containing 100
ng of target DNA, 2 mM MgCl,, 0.8 mM dNTPs, 0.4 mM of each
primer, and 1U of Taq DNA polymerase (Eurotaq, Heidelberg,
Germany). Reactions were incubated in a thermal cycler (Celbio,
Hybaid PCR express, Celbio, Milan, Italy) and consisted in 3 min
at 94°C followed by 35 cycles of 30 s at 94°C, 30 s at 55°C, and 30
s at 72°C. All reactions ended with a final extension of 5 min at
72°C.

Six isolates preliminarily identified as Trichoderma spp. on the
basis of ITS regions were also characterized by amplifying and
sequencing the translation elongation factor 1-alpha (fef) gene with
primers EF1-728F (2) and TEFl1rev (40). Amplification reactions
were prepared and incubated as described above for ITS regions.

Amplified products were analyzed by electrophoresis and single
bands of the expected size (=650 and 600 bp for ITS and zef gene,
respectively) were purified with the QIAquick PCR purification kit
(Qiagen, Dusseldorf, Germany) and sequenced with both forward
and reverse primers by Macrogen Europe (Amsterdam, Nether-
lands). ChromasPro version 1.5 software (http://www.technely
sium.com.au/) was utilized to evaluate the reliability of sequences
and to create consensus sequences. Non-reliable sequences in
which either forward or reverse sequences contained doubtful ba-
ses were re-sequenced.

Molecular identification and characterization of isolates. All
fungal isolates obtained from P. nigra and CBS isolates of T. viri-
darium and T. trixiae were preliminarily identified using ITS se-
quences as a barcode gene and BLAST to screen sequences from
the fungal barcoding project (http://www.fungalbarcoding.org/)
and the complete set of GenBank deposited sequences
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). To confirm the identity of
Trichoderma spp. isolates, ITS sequences were also analyzed using
the TrichOKEY 2 program (8).

Furthermore, for a more accurate identification of isolates of
Trichoderma spp., sequences of fef were phylogenetically analyzed
along with sequences of reference isolates of the T viride/koningii
clade as defined by Jaklitsch et al. (22,23) and Jaklitsch (20,21).
Two isolates of T. harzianum obtained in the present study and two
reference sequences of this species were utilized as outgroup. Phy-
logenetic analysis was conducted using maximum likelihood and
Bayesian methods. TOPALI v. 2 (http://www.topali.org/) was used

to determine the substitution model that best fitted the data. The
model HKY + I + G was selected for the Bayesian and maximum
likelihood phylogenetic analysis using MRBAYES v. 3.1.1 and
PHYML v. 2.4.5, respectively, implemented in TOPALI. Bayesian
analysis was performed with four runs conducted simultaneously
for 500,000 generations with 10% sampling frequency and burn in
of 30%. Maximum likelihood was performed with 100 bootstrap
replicates.

Pathogenicity assays. Experiment 1: tests on 10-year-old P.
nigra trees. Preliminary tests were performed on 10-year-old P.
nigra trees characterized by height and trunk diameter of approxi-
mately 170 and 2.5 cm, respectively. Eight isolates representative
of all fungi obtained from P. nigra in the present study were in-
cluded in this experiment (Exp. 1; Fig. 1). A cork borer (diameter 6
mm) was utilized to remove a disc of bark from the trunk base
approximately 10 cm above soil. Wounds were filled with a plug of
PDA of the same shape and size containing actively growing myce-
lia and enveloped with a strip of Parafilm. Plants mock-inoculated
with a PDA plug without mycelium were used as a control. Inocu-
lated plants were kept outside for 2 months (February and January
2011) and occasionally irrigated when natural rain did not occur.
Two months after inoculation, a slim layer of external cortex was
removed with a scalpel around the inoculation point in order to
visualize the presence of necrotic tissues. The area of necrotic
lesions was evaluated with the formula of the ellipse using the two
perpendicular axes as input data.

To confirm Koch’s postulates, inoculated fungi were reisolated
from tissues around the inoculation site from a representative num-
ber of plants and reidentified by sequencing the ITS regions as
described above.

Experiments 2, 3, and 4: tests on 2-year-old P. nigra seedlings.
Isolates F120 and F184 identified as T. viride along with isolate
F152 identified as T. harzianum and the two CBS isolates of T.
viridarium (CBS101928) and T. trixiae (CBS189.79) were further
assayed for pathogenicity on 2-year-old potted P. nigra seedlings
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Fig. 1. Summary of trials conducted to evaluate the pathogenicity of fungal isolates
obtained from symptomatic trees of Pinus nigra. Two CBS isolates of T. viridarium
and T. trixiae were included in the last four experiments.

Table 1. Fungal isolates analyzed in the present study, their origin, and accession numbers for internal transcribed spacer (ITS) region of the rDNA and trans-

lation elongation factor 1-alpha (tef) gene sequences

Accession numbers

Isolate Source Identified species ITS tef
F118 Crown of Pinus nigra Phomopsis sp. KJ482538 n.d.?
F119 Crown of P. nigra Phomopsis sp. KJ482539 n.d.
F120 Crown of P. nigra Trichoderma viride KJ482541 KJ482547
F122 Crown of P. nigra T. viride KJ482542 KJ482548
F184 Crown of P. nigra T. viride KJ482543 KJ482549
F185 Crown of P. nigra T. viride KJ482544 KJ482550
F121 Crown of P. nigra Mortierella sp. KJ482540 n.d.
F152 Crown of P. nigra T. harzianum KJ482536 KJ531413
F153 Crown of P. nigra T. harzianum KJ482537 KJ531414
CBS101928 Bark of dead tree T. viridarium KJ482545 KJ482551
CBS189.79 Decaying wood T. trixiae KJ482546 KJ482552

2 n.d.: not determined.
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under controlled environmental conditions (Exp. 2; Fig. 1). Seed-
lings were watered every 5 days and maintained in a growth cham-
ber for 2 months with a 12-h photoperiod and constant temperature
(19°C) and relative humidity (80%). To inoculate plants, a small
downward incision was made at the base of the plant with an angle
of 30 degrees in order to lift the bark approximately 3 mm and
allow the introduction of a small disc of PDA (2 mm) with actively
growing mycelium. Inoculated incisions were wrapped in a strip of
Parafilm. Plants mock-inoculated with a PDA plug were used as a
control.

The same isolates utilized in experiment 2 were further investi-
gated on 2-year-old seedlings as described before but they were
kept outside after inoculation and occasionally irrigated when natu-
ral rain did not occur. Two additional inoculation experiments were
conducted in June (Exp. 3; Fig. 1) and November (Exp. 4; Fig. 1).
In experiments 2, 3, and 4, the percentage of dead seedlings was
recorded after 2 months of incubation.

Furthermore, inoculated fungi were reisolated and reidentified as
described for experiment 1 to confirm Koch’s postulates.

Experiment 5: tests on lemon fruits. Isolates utilized in experi-
ments 2, 3, and 4 were also artificially inoculated on ripe lemon
fruits cv Femminello (Exp. 5; Fig. 1). Lemons of uniform size and
ripeness were surface sterilized by immersion in a 2% sodium
hypochlorite solution for 2 min, washed twice with tap water, air-
dried, and wounded in the equatorial zone with a pin (1 mm diame-
ter). Lemons were inoculated by placing a PDA agar plug (5 mm
diameter) containing actively growing mycelium on each wound.
Lemons mock-inoculated with a sterile agar plug were used as a
negative control. The lemons were then mounted on tape strips
glued to PVC pads and kept 1 to 2 cm apart to avoid nesting as
described by Schena and co-workers (42). Each PVC pad contain-
ing a replication was placed in a proper plastic box covered with a
lid and kept at 20°C and 95-98% relative humidity (RH). The per-
centage of infected wounds was evaluated daily starting 5 days
post inoculation.

Experimental design and statistical analyses. All pathogenici-
ty experiments were repeated three times and each repetition con-
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Fig. 2. Phylogenetic tree built using sequences of the tef gene of isolates of Tricho-
derma harzianum and T. viride from Pinus nigra along with CBS isolates of T. viri-
darium (CBS101928) and T. trixiae (CBS189.79) included in pathogenicity test and
representative reference sequences of the T. viride/koningii clade. Reference se-
quences were sourced from Jaklitsch et al. (23) A, Jaklitsch (21) B, Jaklitsch (20)
A, and Jaklitsch et al. (22) . An additional sequence of a biocontrol isolate of T.
viride () and a sequence of T. harzianum (CJ) were recovered from Hermosa et
al. (17) and Samuels et al. (40), respectively. Isolates characterized in the present
study are indicated with the symbol O. Numbers on nodes represent the statistical
support for the Bayesian method.
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sisted of 10 P. nigra seedlings or lemon fruits, organized in ran-
domized block design. The data were submitted to the analysis of
variance and compared using the Tukey’s range test. For experi-
ments 2, 3, and 4, percentages of dead plants were converted into
Bliss angular values (arcsin V%) before analysis.

Results

Fungal isolations. Fungal isolates obtained from symptomatic
P. nigra seedlings were grouped according to their macroscopic
and microscopic characteristics in four different morphotypes. The
subsequent molecular characterization of a representative number
of isolates from each morphotype enabled the identification of four
fungal species: T. viride, Phomopsis sp., T. harzianum, and Mor-
tierella sp. Among these, T. viride was isolated from all assessed
seedlings while Phomopsis sp., T. harzianum, and Mortierella sp.
were isolated from around 50, 20, and 5% of the analyzed plants,
respectively. Other fungal isolates not attributable to any of the
above mentioned morphotypes were very rarely isolated and ex-
cluded from further investigations.

Fungal identification and characterization. Reliable DNA se-
quences of the ITS regions were obtained for all isolates recovered
from symptomatic P. nigra plants. Furthermore, sequences of the
tef gene were determined for isolates of Trichoderma spp. obtained
in the present study or purchased from CBS. Within each fungal
morphotype, representative sequenced isolates had identical ITS
and ref sequences. All sequences were deposited in GenBank and
accession numbers were assigned (Table 1).

The analysis of the ITS regions with the TrichOKEY 2 program
(8) enabled the identification of T. viride and T. harzianum isolates
at the species level. The identities of these isolates were also con-
firmed by BLAST analysis. In contrast, the TrichOKEY 2 program
failed in identifying the two CBS isolates (CBS101928 and
CBS189.79) and BLAST analysis enabled their identification only
at the genus level since a 99 to 100% identity was observed in
sequences deposited with different Trichoderma spp. names. Simi-
larly, the BLAST analyses enabled the identification of the two
remaining morphotypes at the genus level and specifically as Pho-
mopsis sp. and Mortierella sp.

To better identify and characterize isolates of Trichoderma spp.,
sequences of the fef gene were phylogenetically analyzed along
with reference sequences (20-23). MrBayes and PhyML analyses
produced trees with a similar topology (Fig. 2). According to the
cluster analysis, the identity of isolates preliminarily identified as
T. viride and T. harzianum on the base of the ITS analysis was
confirmed and a quite high level of genetic diversity with different
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Fig. 3. Extension of necrotic lesions on the stem of 10-year-old potted Pinus nigra
plants artificially inoculated in February 2011 with isolates of Phomopsis sp. (A),
Mortierella sp. (B), Trichoderma harzianum (C), or T. viride (D) (Cfr. Exp. 1; Fig. 1).
A total of 30 seedlings was inoculated per each thesis. Columns with different
letters are statistically different according to the Tukey’s test (P < 0.05).
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bootstrap supported groups was identified in 7. viride (Fig. 2). In
particular, isolates of this latter species constituted a very uniform
group along with different reference strains from various matrices
and localities including peat in Canada (strain GJS92-15), Acer
pseudoplatanus in the United Kingdom (strain CPK1996), peat in
Italy (strain GJS04-86), Picea abies in Australia (strain
CBS119327), and P. abies in the Czech Republic (strain
CBS119325). The two CBS isolates were identified as 7. viridari-
um (CBS 101928) and T. trixiae (CBS 189.79) according to their
phylogenetic collocation (Fig. 2).

Pathogenicity assays. Experiment 1: tests on 10-year-old P.
nigra trees. In preliminary tests, all isolates of 7. viride caused
subcortical necrotic lesions around the inoculation point with an
average extension ranging from 165 to 186 mm? (Fig. 3). These
necrotic lesions were only evident after removing the outer cortex
layer with a scalpel, since external tissues only appeared slightly
depressed and browned (Fig. 4A). Restricted necrotic areas around
the inoculation point were also caused on some inoculated plants
by isolate F118 of Phomopsis sp. and to a minor extent by isolate
F121 of Mortierella sp. (Fig. 3). In contrast, the tested isolate of 7.
harzianum did not cause any lesion around the inoculation point.
None of the inoculated fungi caused evident symptoms of decline
on the canopy after 2 months of incubation.

Isolates of T. viride were constantly reisolated from all inoculat-
ed plants while Phomopsis sp. was reisolated from a restricted
number of seedlings showing more evident necrotic lesions. At-
tempts to reisolate T. harzianum and Mortierella sp. from inoculat-
ed plants did not yield positive results.

Experiments 2, 3, 4: tests on 2-year-old P. nigra seedlings. The
virulence of isolates F120 and F184 of T viride was confirmed on
2-year-old seedlings of P. nigra. In all experiments, inoculated
seedlings showed general decline of the canopy consisting of the
folding down of needles followed by chlorosis and necrosis, initial-
ly localized on the tip and then on the entire needle. Finally, a vari-
able number of seedlings died, according to the experiments (Table
2). Plants that survived remained alive for several months after the
end of the trials.

Symptoms around the inoculation point on the stem were very
similar to those described above for experiment 1. The death of the
seedlings occurred when the entire stem was girdled (Fig. 4B and C).

Significant differences in terms of percentage of seedlings were
observed in the three experiments (Table 2). In controlled envi-
ronmental conditions (Exp. 2), 80 and 70% of the seedlings inocu-
lated with isolates F120 and F184 died. The incidence of dead
seedlings inoculated with the same isolates was much lower in
field conditions when experiments were conducted in the summer
season (30%) (Exp. 3), but remained very high (70 and 80%) when
plants were inoculated in November (Exp. 4).

In all experiments, isolates of 7. harzianum and the two CBS
isolates of T. viridarium and T. trixiae did not cause any significant
symptom on the inoculated seedlings.

Isolates F120 and F184 of T. viride were constantly reisolated at
the end of experiments 2, 3, and 4, while T. harzianum, T. viridari-
um, and T. trixiae species included in pathogenicity tests were not
reisolated.

Experiment 5: tests on lemon fruits. Isolates F120 and F184 of T.
viride caused the development of typical Trichoderma rots on all
inoculated ripe lemon fruits. Initially, fruits became cocoa brown
around the inoculation site. Subsequently, the entire surface of the
lemons was rotted and covered by white mycelium and masses of
green to dark green spores (data not shown). No symptoms were
observed on the control fruits and on lemons inoculated with T
harzianum, T. viridarium, and T. trixiae.

Discussion

In the present study, different fungal isolates from declining P.
nigra seedlings were molecularly identified as 7. viride, T. harzi-
anum, Phomopsis sp., and Mortierella sp. The ITS region of the
rDNA was used for the basic identification of isolates since this
region is the official fungal DNA barcode marker for fungi and has
been utilized to develop TrichOKEY v. 2, a DNA oligonucliotide
BarCode program for the identification of multiple sequences of
Trichoderma/Hypocrea based on diagnostic hallmarks (8,43). The
lack of validated ITS barcode sequences did not enable the identi-
fication of Phomopsis sp. and Mortierella sp. at the species level.
However, the availability in GenBank of several ITS sequences
with very high identities (99 to 100%) should have guaranteed a
reliable identification of these fungi, at least at the genus level. In
both cases, great precaution was taken in the identification process

Table 2. Percentage of Pinus nigra seedlings killed with 2 months of inocu-
lation with Trichoderma species in controlled environmental conditions
(Exp. 2) or in field conditions in June (Exp. 3) and November (Exp. 4),
2012 (Cfr. Fig. 1). In all experiments, plantlets mock inoculated with plugs
of PDA were used as control. Values sharing common letters in the same
column do not differ significantly according to Tukey’s test (P < 0.01)

% of dead plants?

Isolates Species Exp. 2 Exp. 3 Exp. 4
F120 Trichoderma viride 80 A 30A 70 A
F184 T. viride 70 A 30 A 80 A
F152 T. harzianum 0B 0B 0B
CBS101928 T. viridarium 0B 0B 0B
CBS189.79 T. trixiae 0B 0B 0B
Control 0B 0B 0B

4 A total of 30 seedlings was inoculated per each thesis.

Fig. 4. Symptoms on Pinus nigra plants artificially inoculated with isolate F120 of Trichoderma viride. A, Sub-cortical necrotic lesions on the stem of a 10-year-old P. nigra
plant after two months of incubation in field conditions (Cfr. Exp. 1; Fig. 1). B, Necroses on stem and canopy of a seedling inoculated in controlled environmental conditions
(left) as compared with a healthy plant mock-inoculated with a plug of PDA medium (right) (Cfr. Exp. 2; Fig. 1). C, Two-year-old P. nigra seedlings inoculated in November
2012 (right) as compared with control plants mock-inoculated with plugs of PDA medium (left side) (Cfr. Exp. 4; Fig. 2).
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because of unreliable annotations of sequences in public DNA
repositories, which remain an obstacle to all sequence-based spe-
cies identifications (37).

In the case of Trichoderma spp., the polymorphism within the
ITS region enabled the identification of 7. viride and T. harzianum
using the TrichOKEY program but failed in identifying the two
reference isolates, both erroneously deposited as 7. viride in CBS.
One of these isolates (CBS101928) has been recently reclassified
as T. viridarium (22), while the other one (CBS189.79) is still (as
of March 2014) reported as T. viride. This latter isolate was identi-
fied as T trixiae according to its phylogenetic analysis along with
validated barcoding sequences of the fef gene (22). Furthermore,
the tef gene was a valuable marker to determine the genetic diversi-
ty among isolates of 7. viride, which are characterized by identical
ITS sequences (23).

Fungal isolates characterized in the present study were obtained
from P. nigra seedlings in a reforestation area of the National Park
of Abruzzo, Lazio, and Molise showing stunting and high inci-
dence of mortality. Among identified fungi, Phomopsis and Mor-
tierella isolates caused very limited necroses around the inocula-
tion point in artificially inoculated plants. These fungal genera are
ubiquitous in soil and have been frequently found on woody plants
in forests. Mortierella spp. are root-colonizing fungi that show
weak pathogenicity on conifer seedlings under natural conditions
(10,46). Similarly, Phomopsis species are common minor patho-
gens associated with the roots and canopy of many species of for-
estal woody plants including conifers (13,52). They mainly attack
weakened plants as a consequence of frost injury or damage (3,14).

As regards to Trichoderma spp., the two CBS isolates of T. viri-
darium and T. trixiae and isolates of 7. harzianum did not cause
any symptoms on inoculated P. nigra seedlings or on lemon fruits.
Isolates of T. viride proved to be pathogens in all tests, although
the level of virulence was significantly influenced by the age of the
host and the environmental conditions. Indeed, when 7. viride was
inoculated on 10-year-old trees, extended necroses developed
around the inoculation site, but lesions remained localized and no
evident symptoms were observed on the canopy, probably because
plants reacted blocking the fungus thus avoiding that the stem was
girdled. On the contrary, when 7. viride isolates were inoculated on
2-year-old seedlings, the percentage of seedlings killed by the fun-
gus ranged from 30 to 80%, even though the stems of these seed-
lings were already lignified. In general, the death of plants oc-
curred when necroses diffused to the entire stem circumference of
the stem and was preceded by general symptoms of decline on the
canopy consisting of folding down of needles followed by chloro-
sis and necrosis, initially localized on the tips and then on entire
pine needles. Interestingly, the incidence of dead seedlings was
sharply influenced by the environmental condition being lower
(30%) when seedlings were inoculated in June (dry and hot season)
and much higher (80%) when seedlings were inoculated in No-
vember. The mild average temperature (16°C) and the high inci-
dence of rainfall (190 mm) recorded in November and December
2012 in the experimentation area may have greatly favored the
development of the disease. In agreement, the same incidence of
dead seedlings (80%) was obtained in controlled environmental
conditions set up to have high relative humidity and a constant
temperature of 19°C.

The pathogenic behavior of 7. viride isolates characterized in
this study was undoubtedly demonstrated. Although available data
obtained by artificial inoculation of wounded plants does not seem
enough to assert that 7. viride was the primary cause of the decline
of P. nigra transplants in the National Park of Abruzzo, Lazio, and
Molise, this pathogen surely contributed to their decay. Since
plants had been transplanted only one year before, it can be hy-
pothesized that stress factors related to transplanting significantly
favored attacks by T. viride (19,27,50). It is a fact that T viride was
the only fungus always associated with the declining plants. On the
other hand, the role of the other fungi isolated from P. nigra
seemed to be of secondary importance (Phomopsis spp.) or com-
pletely irrelevant (Mortierella spp.) based on the low level of path-
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ogenicity revealed on artificially inoculated plants and their occa-
sional isolation from diseased plants.

The identification of T. viride as a plant pathogen is not com-
pletely novel but, to the best of our knowledge, the present study
represents the first clear evidence of pathogenicity on lignified
conifer plants. Previous studies have been exclusively conducted in
artificial experimental conditions, most providing the in vitro inoc-
ulation of the fungus on germinated seedlings (10,34,44). Several
studies investigated root penetration by Trichoderma species in
young conifer seedlings and some of them hypothesized that
Trichoderma species can be pathogens of conifers and play a role
in the decline of forests in central Europe (6,10,25-27,34,44-46).
The suppression of seed germination and seedling growth was also
observed after inoculation of 7. viride and T. harzianum on wheat,
cucumber, tomato, and pepper (33,52). According to Vujanovic and
co-workers (52), this effect may be caused by mycotoxins pro-
duced by Trichoderma species.

The detected pathogenic behavior of T. viride seems to be in
contrast with the huge amount of reports indicating Trichoderma
species as avirulent plant symbionts or as parasites of other fungi
(16). However, given the very complex taxonomy and continuous
revision of this genus, it is likely that there has been some misiden-
tification, which may be the key understanding different behavior
of Trichoderma species or strains (20-22). The genetic characteri-
zation of 69 biocontrol agents of Trichoderma spp. revealed the
incorrect identification of many isolates, including six erroneously
assigned to the species T. viride (17). Three biocontrol agents
(ATCC36042, ATCC52439, and ATCC52442) previously identified
as T viride were recently reclassified as 7. asperelloides (39). The
most widely used commercial biofungicide in India has been
demonstrated to contain 7. asperelloides and not T. viride as previ-
ously reported (35). Similarly, one of the two Trichoderma species
contained in a bioformulate registered in Italy with the commercial
name “Remedier,” was until recently registered as 7. viride, but it is
actually 7. gamsii (http://www.sumitomo-chem.it/scheda_prodotto/
13/Remedier).

A direct consequence of the taxonomy revision of the genus
Trichoderma is that the role of 7. viride as biocontrol agent has
been significantly downgraded (47). Among the 69 biocontrol
agents reported by Hermosa and coworkers (17), only two
(BBA70239 and GJS89-142) were identified as 7. viride. Further-
more, the phylogenetic analysis conducted in the present study
using the tef gene revealed a high level of genetic diversity within
T. viride as defined by Jaklitsch et al. (23), with pathogenic isolates
clustering in a very uniform group containing strains from different
geographic origin and hosts (Fig. 2). According to available data,
none of these isolates has been investigated as a biocontrol agent
(23). This may suggest that the pathogenic behavior is restricted to
a specific molecular clade of 7. viride. Additional specific investi-
gations are needed to confirm this hypothesis and to determine if
isolates of T. viride that cause post-harvest rot in citrus are genet-
ically related to the pathogenic isolates characterized in the present
study.
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