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Abstract

Endophytic fungi are organisms that spend most of their life cycle within plant tissues with-
out causing any visible damage to the host plant. Many endophytes were found to secrete
specialized metabolites and/or emit volatile organic compounds (VOCs), which may be bio-
logically active and assist fungal survival inside the plant as well as benefit their hosts. We
report on the isolation and characterization of a VOCs-emitting endophytic fungus, isolated
from an olive tree (Olea europaeaL.) growing in Israel; the isolate was identified as Daldinia
cf. concentrica. We found that the emitted VOCs were active against various fungi from
diverse phyla. Results from postharvest experiments demonstrated that D. cf. concentrica
prevented development of molds on organic dried fruits, and eliminated Aspergillus niger
infection in peanuts. Gas chromatography—mass spectrometry analysis of the volatiles led
to identification of 27 VOCs. On the basis of these VOCs we prepared two mixtures that dis-
played a broad spectrum of antifungal activity. In postharvest experiments these mixtures
prevented development of molds on wheat grains, and fully eliminated A. nigerinfection in
peanuts. In light of these findings, we suggest use of D. cf. concentrica and/or its volatiles as
an alternative approach to controlling phytopathogenic fungi in the food industry and in
agriculture.

Introduction

Endophytes are microorganisms that spend part of their life cycle within plant tissues without
causing any visible damage or eliciting any defense reaction in host plants [1,2]. Endophytes
benefit their hosts in various and variable aspects of fitness, such as growth enhancement, and
tolerance to biotic and abiotic stresses [3]. Many endophytes isolated from trees were found to
secrete specialized metabolites and complex glycoproteins [4-8] that might contribute to fun-
gal survival in hostile environments [9], probably by improving an endophyte’s ability to com-
pete with other microorganisms for nutrients and space inside the plant tissues. They might
simultaneously benefit the host by promoting its growth, protecting it from pathogens and
pests, and increasing its survival under unfavorable conditions [2,10,11].
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Some endophytic fungi can emit volatile organic compounds (VOCs) [12], which may be
biologically active. A well-studied example of a VOC-emitting fungus is Muscodor albus [5],
which first was isolated from a cinnamon tree in Honduras [5], and subsequently from other
tree species in various parts of the world [13-16]. Other VOC-emitting fungi, such as Ascocor-
yne spp. [17], Phoma spp. [18], and the yeast-like Aureobasidium pullulans [19,20] were iso-
lated and characterized for their volatiles profiles and bioactivity against postharvest and other
plant pathogens.

Most volatile compounds emitted from fungi are carbon-based small molecules [21,22].
The VOCs emitting endophytes benefit their host in various aspects. For example: activity
against plant pathogens [23], enhancement of host survival in desert habitats [18], inhibition
of seed germination and thereby supporting the host in its competition with other plants [24,
25, 26], and involvement in repelling or attracting insects [21,27-34].

Examples of VOCs emitting biocontrol agents are M. albus or A. pullulans, which are used
for postharvest control of plant pathogenic fungi [19,20,35,36], or insects [37]. Another possi-
ble application is the use of fungi that produce VOCs as a source of biofuel components
[23,38,39]. Although the use of endophytes for biocontrol presents much promise [40-42]
there are many challenges to be overcome, because of the complexity of the system-the endo-
phyte/host associations are highly variable [43]. In the present paper we report on the isolation
and characterization of an endophytic VOC-emitting fungus that was isolated from an olive
tree (Olea europaea L.) growing in Israel. This isolate was found to be very similar to members
of the well characterized genus, Daldinia; it was extensively reviewed by Stadler et al. [44].
Although Daldinia species are known to produce volatiles with characteristic fruity odors [45],
in most studies the volatiles have not been identified [44,46,47]; to the best of our knowledge,
only one study identified, analyzed and compared volatiles emitted by D. hawksworthii-a new
species of Daldinia—with those emitted by D. concentrica [48]. Therefore, the objectives of the
present study were to characterize and identify volatile compounds emitted by D. cf. concen-
trica, and to examine the antimicrobial activity of the fungus and its volatile compounds in
vitro, within a search for possible future commercial applications.

Materials and Methods
Fungal isolation, maintenance and growth conditions

The D. cf. concentrica isolate that was cultured for use in the present study was obtained as an
endophyte from a branch of an olive tree (Olea europaea L.) located in the Ha’Ela Valley in the
Judean Hills in Israel (N 31.681915, E 34.988792). Wood fragments were surface-sterilized by
immersion in ethanol for 10 s, followed by flaming. Then, small pieces were cut and placed on
potato dextrose agar (PDA) (Acumedia, Lansing, Michigan, USA) amended with tetracycline
at 12 pg/mL (Sigma, Rehovot, Israel), and incubated at 25°C. After 5 days, isolated fungal
hyphal tips that emerged from the plant material onto the PDA were removed with a sterile
scalpel and transferred to a new PDA-tetracycline plate. A single spore colony was used
throughout this study. The culture was maintained routinely on PDA-tetracycline plates and
incubated at 25°C. Fresh fungal mycelium was transferred to a new plate every 2 weeks. The
fungus was stored for longer periods either by freezing small pieces of PDA harbouring myce-
lia of the fungus in 30% glycerol at -80°C or by growing the fungus on autoclaved sweet corn
seeds at 25°C.

The D. cf. concentrica isolate was grown on various natural and commercial media. All the
natural media—corn flour, crushed wheat, lentils, rice, corn, chickpea, and oats—were bought in
commercial stores, soaked with water, and autoclaved. Of the commercial media: PDA, potato
dextrose broth (PDB), nutrient agar (NA), Luria-Bertani (LB) agar, and tryptic soy agar were
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purchased from Acumedia (Lansing, Michigan, USA); lima bean agar was purchased from
Difco (Detroit, Michigan, USA); and agar-agar for the agar-water medium was purchased
from Romical (Be’er Sheva, Israel). All synthetic media were prepared according to their man-
ufacturers’ instructions.

Test fungi and oomycetes Alternaria alternata pathotype tangelo, A. alternata, Aspergillus
niger, Botrytis cinerea, Colletotrichum sp., Coniella sp., Fusarium euwallaceae, F. mangiferae, F.
oxysporum, Lasiodiplodia theobromae, Neoscytalidium dimidiatum, Penicillium digitatum,
Phoma tracheiphila, Pythium aphanidermatum, P. ultimum, Rhizoctonia solani, and, Sclerotinia
sclerotiorum (D. Ezra, lab collection) were grown on PDA amended with tetracycline at 12 pg/
mL, and incubated at 25°C; except for Pythium sp., which was grown on PDA without
tetracycline.

Isolation of fungal DNA. Half-square-centimeter squares were cut with a sterile scalpel
from 7-day-old, single-spore mycelial cultures grown on PDA at 25°C. The agar was scraped
from the bottom of each piece to exclude as much agar as possible from the isolation proce-
dure. The pieces were homogenized in liquid nitrogen with a mortar and pestle, and DNA was
extracted by means of the GenElute Plant Genomic DNA Miniprep Kit (Sigma, Rehovot,
Israel) according to the manufacturer’s instructions.

Amplification of internal transcribed spacer 5.85 rDNA and partial actin gene. The
internal transcribed spacer (ITS) region was amplified by using primers ITS1 (TCCGTAGGT
GAACCTGCGG) and ITS4 (TCCTCCGCTTATTGATATGC) [49]. Part of the actin gene
was amplified by using primers ACT512F (ATGTGCAAGGCCGGTTTCGC) and ACT783R
(TACGAGTCCTTCTGGCCCAT) [50]. Amplifications were done in a 25-pL reaction mix
containing 10-20 ng of DNA, 1 uL (10 uM) of each primer, dNTPs (2.5 mM each), 2.5 uL of
reaction buffer, 0.125 pL (0.625 U) of DreamTaq DNA polymerase (Fermentas, Vilnius, Lithu-
ania), and PCR-grade ddH,0O (Thermo Fisher Scientific, Vilnius, Lithuania). Amplifications
were performed in a Personal Cycler (Biometra, Géttingen, Germany).

The PCR program for ITS was as follows: denaturizing at 96°C for 5 min; followed by 35
cycles of 96°C for 45 s, 55°C for 45 s, and 72°C for 1 min; followed by 5 min at 72°C. The PCR
program for actin was similar to the one for ITS, except that the denaturizing temperature was
95°C, and the number of cycles was 40. PCR products were examined by electrophoresis in a
1.2% agarose gel [51]. The PCR products of ITS and actin were purified by using the DNA
Clean & Concentrator-5 purification kit (Zymo Research, Irvine, California, USA) according
to the manufacturer’s instructions. Purified products were sent for direct PCR sequencing by
Macrogen (Amsterdam, Netherlands).

Sequences of ITS and partial actin gene were submitted to GenBank and deposited as acces-
sion numbers EU201138 and FJ269018, respectively. The sequences obtained in the present
study were compared with those already present in the GenBank database by applying the
BLAST software on the National Center for Biotechnology Information website (http://www.
ncbi.nlm.nih.gov/BLASTY/).

D. cf. concentrica bioactivity tests. The activity of D. cf. concentrica volatiles was exam-
ined by means of the "Sandwich Method", which prevents any direct contact between D. cf.
concentrica and the test fungus or oomycte. Thus, any effect of the former on growth of the lat-
ter should be due only to the volatiles produced by D. cf. concentrica, which spread freely across
the plates. A plug of PDA harboring the D. ¢f. concentrica mycelia was added to a 50-mm Petri
dish containing 5 mL of PDB, or whichever growth medium was to be examined, and allowed
to grow for 3-4 days at 25°C. Then, a plug of PDA harboring mycelia of the test fungus or
oomycete was placed in another 50-mm Petri dish containing PDA, and the dish with the test
fungus or oomycete was put on top of the dish containing D. cf. concentrica. Both Petri dishes,
without their covers, were connected with parafilm and their contents were allowed to grow at
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25°C. The effect of D. cf. concentrica on the test fungus or oomycete was examined after 2 days,
by comparing the growth of the test fungus or oomycete with that of the same fungus or oomy-
cete in the absence of D. cf. concentrica. All experiments were performed in triplicate.

The inhibitory effect of D. ¢f. concentrica on various plant pathogenic fungi or oomycete
was examined as described above, except that D. ¢f. concentrica was grown for 6 days prior to
the addition of the test fungi or oomycete, and the inhibition was examined after 6 days of
incubation. At the end of the assay, the viability of each test fungus or oomycete was evaluated
by transferring inoculum plugs to fresh PDA plates and observing the growth that developed
within the next 2 days.

The temperature range that supported D. cf. concentrica growth and activity was examined
as follows: D. cf. concentrica was grown in 50-mm Petri dishes containing 5 mL of PDB at vari-
ous temperatures — 10, 15, 18, 20, 22, and 25°C-and growth was monitored for 6 days. For
activity tests at 15 and 18°C, D. cf. concentrica was grown for 7 days at these temperatures in
50-mm Petri dishes containing 5 mL of PDB, before addition of A. niger as the test fungus. The
two fungi were connected in the "Sandwich Method" as described above, and the growth of the
test fungus was assessed after 4 days, and compared with that of A. niger grown under the
same conditions in the absence of D. cf. concentrica. The activity test at 10°C was performed in
a similar manner, except that: the test fungi were A. alternata, B. cinerea, and P. digitatum
instead of A. niger, which did not grow at 10°C, even in the absence of the volatiles; D. cf. con-
centrica was grown for about 1 month before introduction of the test fungi; and the test fungi
were exposed to D. cf. concentrica volatiles for 13 days.

Organic dried plums, raisins, and apricots were bought commercially. The experiment was
performed in triplicate, with two biological repetitions, in sealed 1-L boxes. Each box housed
zero, one, or two 50-mm Petri dish(es) containing 5 mL of PDB and a plug of D. cf. concentrica.
The fungi were allowed to grow for 3-4 days at 25°C, after which a 120-g sample of each dried
fruit was incubated at room temperature for 3—4 h with excess sterile double-distilled water.
The swollen dried fruit samples were then each placed in a 50-mm Petri dish and the dishes
were placed in the boxes with D. cf. concentrica or in the control boxes without the fungus. The
boxes were further incubated at 25°C for 6-9 days before fungal appearance on the swollen
dried fruits was assessed.

Peanuts were bought commercially and prearranged in 50-mm Petri dishes in the presence
of 5 mL of sterile double-distilled water. There were four peanuts per dish, with triplicated
treatments, and two biological repetitions. Then, each of the peanuts was inoculated with three
10-uL drops of A. niger conidial suspension containing 10° conidia/mL. Next, each Petri dish
with peanuts was transferred to a sealed 1-L box that contained zero, one, or two 50-mm Petri
dish(es) containing D. cf. concentrica that had been pre-grown for 3-5 days at 25°C. The boxes
were further incubated for 10 days at 25°C before A. niger development on the peanuts was
assessed.

Volatiles identification. Daldinia cf. concentrica was grown on 5 mL of PDB in 20-mL
sealed solid-phase microextraction (SPME) vials. A plug of growing mycelium was placed in
each vial and incubated at 25°C for 3 days. The vial was then preheated to 40°C for 15 min
after which an automatic HS-SPME MPS2 syringe (Gerstel, Miilheim, Germany) with a 65-pm
polydimethylsiloxane/divinylbenzene/carboxen (PDMS/DVB/CAR) fiber (Supelco, Bellefonte,
PA, USA) was inserted into the sample headspace for 25 min. The exposed SPME syringe was
then inserted into the injector port of a GC-MS apparatus for 10 min. Volatile compounds
were analyzed on a 6890/5973N GC-MSD apparatus (Agilent Technologies, San Diego, CA,
USA) equipped with an Rxi-5 SIL MS fused-silica capillary column that measured 30 m x 0.25
mm x 0.25 um in length, diameter, and bore (Restek, Bellefonte, PA, USA). Helium at a con-
stant pressure of 9.1 psi was the carrier gas. The injector temperature was 250°C, and splitless
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injection was used. The detector temperature was 280°C. The oven temperature was held at
50°C for 1 min, then increased to 180°C at a rate of 5°C/min, and then to 280°C at 25°C/min.
The recorded mass range was 41 to 350 m/z, with electron energy of 70 eV. A mixture of
straight-chain alkanes (C7-C23) was injected into the column under the above conditions, for
determination of retention indices. The GC-MS spectrum profiles were analyzed with the
ChemStation software (Agilent Technologies, Waldbronn, Germany). The volatiles were iden-
tified by comparison of their retention indices with published values and with spectral data
obtained with standards or from the WON08 and HPCH2205 GC-MS libraries, and NIST
Mass Spectral Library, ver. 2.0d. Comparable analyses were applied to SPME vials containing
only PDB, and the identified compounds were subtracted from those found in the vials con-
taining the fungus.

For quantitative analysis, samples were prepared by mixing 13 g of sample and 5 g of NaCl
with chlorobenzene, and the mixture was injected into the GC-MS. All samples were prepared
in duplicate. For the chemical compounds - 3-methyl-1-butanol, (+)-2-methyl-1-butanol,
4-heptanone, isoamyl acetate, and trans-2-octenal-confirmatory identification was made by
comparing the GC-MS data of fungal products with those of available authentic standards,
obtained from Sigma (Rehovot, Israel).

Chemical mixtures bioactivity tests

All chemical compounds were purchased from Sigma (Rehovot, Israel) and were of the highest
purity available. The bioactivity of the mixtures was determined as follows. Petri dishes, 90
mm in diameter, with air volume of 80 mL, contained 15 mL of growth medium comprising
PDA amended with tetracycline at 12 pg/mL. The dishes were inoculated, in triplicate, with
two plugs of the each test fungi: A. alternata and B. cinerea in the same dish, and P. digitatum
and A. niger in separate dishes. A disconnected cover from an Eppendorf tube was placed in
the middle of the dish, to which was added a series of increasing volumes-ranging from 0 to
200 uL-of the mixture. The dishes were then sealed with parafilm and incubated at room tem-
perature for 2 days, after which growth of the test fungi in those dishes was compared with
that in mixture-free control dishes. The ability of two mixtures—designated as "Mixture A" and
"Mixture B"-to control other plant pathogenic fungi or oomycete was determined as described
above, except that the concentration of the mixture was constant at 1 mL/L and growth inhibi-
tion was estimated after 6 days. The viability of the test fungi or oomycete after exposure to the
mixtures was examined as described for D. cf. concentrica.

The activity of each component of the mixture was examined separately, as described for
the mixtures. For "Mixture A" the volumes of 3-methyl-1-butanol, (+)-2-methyl-1-butanol,
4-heptanone, and isoamyl acetate, were 16, 16, 32, and 16 pL, respectively. For "Mixture B" the
volumes of 4-heptanone and trans-2-octenal were each 40 pL.

The ability of the mixtures to inhibit the growth of A. alternata, B. cinerea, P. digitatum, and
A.niger was examined at temperatures of 4, 10, 15, 18, 20, 22, and 25°C. The experiment was
performed in sealed 1-L boxes, with three boxes for each temperature. Each box contained
four uncovered PDA Petri dishes, i.e., one for each test fungus, and the mixture was located on
the opposite side of the box. "Mixture A", at 1 mL/L, was held in a (12 x 35)-mm vial (S Murray
& Co, Surrey, England), whereas "Mixture B", at 0.05 mL/L, was placed on (8 x 3)-cm sheets of
laboratory absorbent paper. For each temperature, one control box containing triplicates of
each of the four test fungi, and no mixture, was prepared. The boxes were incubated for 2
weeks and then fungal growth was evaluated.

Wheat grains were bought commercially and prearranged in triplicated 50-mm Petri
dishes, with 8 g of wheat grains per plate. There were two biological repetitions. Sealed 1-L
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boxes were loaded with one Petri dish with wheat grains, one Petri dish with 5 mL of distilled
water, and an (8 x 3)-cm sheet of laboratory absorbent paper soaked with Mixture A or Mix-
ture B at 0, 0.25, 0.5, or 1 mL/L. The boxes were incubated for 10 days at 25°C and then appear-
ance of fungus on the wheat grains was evaluated visually.

The effects of the mixtures on A. niger development on peanuts were examined with the fol-
lowing setup, which was triplicated, with two biological repetitions. Petri dishes, each contain-
ing four peanuts in the presence of 5 mL of sterile double-distilled water were incubated in a
sealed 1-L box, in the presence of a (12 x 35)-mm vial containing Mixture A at 1 mL/L, at
room temperature. Half of the peanuts had been pre-inoculated with A. niger conidial suspen-
sion containing 10° conidia/mL, as described above. Inoculated or control, uninoculated pea-
nuts were incubated under the same conditions, in the absence of the mixture. Intrinsic and
artificial development of A. niger was evaluated after 10 days. Mixture B was similarly exam-
ined, except that: the incubation time was 8 days; instead of a vial the mixture was soaked into
an (8 x 3)-cm sheet of laboratory absorbent paper at concentrations of 0.0, 0.05, 0.25, and 0.5
mL/L; and the peanuts were not artificially inoculated with A. niger, but rather the fungus
developed from an intrinsic source. The effects of individual chemical compounds on peanut
germination and A. niger development were examined as follows. Four peanuts in each of
two 50-mm Petri dishes were placed in sealed 1-L boxes in the presence of 5 mL of distilled
water. The chemical compounds - 3-methyl-1-butanol, (+)-2-methyl-1-butanol, 4-heptanone,
and isoamyl acetate-in concentrations of 0.0, 0.25, 0.5, 0.75, 1.0, and 1.25 mL/L, in separate
(12 x 35)-mm vials were placed in each box, there being one vial per box. Half of the peanuts,
i.e., the four peanuts in one Petri dish per box, were artificially inoculated with A. niger as
described above. The boxes were incubated at room temperature for 1 week, after which pea-
nut germination and A. niger establishment were evaluated. The effect of trans-2-octenal on
peanut germination was examined similarly except that the concentration of the compound
was 1 mL/L, the peanuts were not inoculated with A. niger, and the incubation time was 4
days.

Results
Fungal isolation and characterization

The fungal isolate used in this study was obtained as an endophyte from a small branch of an
olive tree (Olea europaea L.) located in the Ha’Ela Valley in central Israel. Pure fungal colonies
grown on PDA generated fast-growing whitish hyphae that reached the edge of the agar dish
at 25°C within 6-8 days, after which the mycelium became woolly in appearance. The hyphae,
which measured 1.2-2.0 um in width, commonly grew by branching; no septa were observed.
During growth the hyphae became green to gray in color, with brown to black spots that
appeared first in older mycelia and later spread throughout the colony surface. The conidia
began to appear 4 days after inoculation, and were dark green to black in color. The conidia
continued to emerge from the mycelium during its growth, and appeared in clusters, usually
oval in shape and measuring 1.6 x 2.4 pm; they branched from the sides or ends of the hyphae.
In addition, after 3-4 days of growth, the fungus produced volatiles with a pronounced, sweet
and fruity odor, which is a known feature of Daldinia species [44]. Thus, these characteristics
suggest that this fungal isolate belongs to the genus Daldinia.

Molecular characterization of the fungal isolate, based on 100% coverage, revealed 100%
identity of the sequences of the ITS 5.8S rDNA region and the partial actin gene-approximately
500 and 200 bp, respectively-with the corresponding sequences of Daldinia concentrica pub-
lished as accession numbers AM292045 andKC551906, respectively, in GenBank. Partial
sequences of B-tubulin and RNA polymerase II subunit 2 (M. Stadler, personal communication)
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confirmed the identification. Therefore, based on the morphological characteristics and molec-
ular identification, we conclude that our isolate belongs to the Daldinia concentrica complex.
Since a concise identification of the species in this complex is dependent on teleomorph avail-
ability, we refer our isolate as D. cf. concentrica.

Fungal bioactivity. The presence of the odor led to the hypothesis that the volatiles emit-
ted by this fungus might have antimicrobial activity. We tested the capability of D. cf. concen-
trica to grow and emit bioactive VOCs on various plants as food sources and on commercial
media such as corn flour, crushed wheat, lentils, rice, corn, chickpeas, oats, PDA, 0.25 PDA,
PDB, NA, LB, tryptic soy agar, lima bean agar, and agar-water. We found that although the
fungus was able to grow on all the tested media, its activity varied among them. For example,
wheat, corn, and rice supported the capability of D. cf. concentrica to inhibit A. niger growth—
by 85, 65, and 54%, respectively-but not as well as the commercial media PDA and PDB, both
of which elicited 100% inhibition. However, the medium that supported the highest bioactivity
of the fungal VOCs was PDB. This result is based on the finding that although A. niger, Botrytis
cinerea, and Penicillium digitatum were fully inhibited in both PDA and PDB, 100% inhibition
of Alternaria alternata occurred only in the latter medium, whereas in the former medium
there was only 51% inhibition. Furthermore, the viability of the test fungi differed between the
solid and the liquid media. Whereas all the four test fungi-A. niger, B. cinerea, A. alternata,
and P. digitatum—that were exposed to D. cf. concentrica grown on PDB were killed, only A.
niger and P. digitatum were dead after exposure to D. cf. concentrica grown on PDA. Therefore,
we used PDB media throughout this study. Interestingly, D. cf. concentrica can be stored on
dry corn grains at 25°C for at least 2 years without its viability being impaired.

We also examined the temperature range within which D. cf. concentrica was able to grow
and emit biologically active VOCs. We found that the temperature ranges of fungal growth
and of its biological activity overlapped between 10 and 25°C, at which it elicited full inhibition
of A. alternata, B. cinerea, A. niger, and P. digitatum.

Among 17 plant-pathogenic fungi and oomycetes tested, growth of 12 fungi was fully inhib-
ited (Table 1). However, in some cases, full inhibition was temporary, and the test fungi were
still viable and started to grow after removal of D. cf. concentrica volatiles. As shown in Table 1,
D. cf. concentrica inhibited the growth of pathogens from diverse phyla, such as Ascomycota,
Basidiomycota, and Oomycota (Stramenopiles).

Exposure of organic dried fruits to D. cf. concentrica volatiles resulted in full disinfection of
the fruits relative to the controls (Fig 1). Swelling of the fruit in water induced the appearance
of plant pathogenic fungi such as Rhizopus sp., Penicillium sp., and Aspergillus sp. (Fig 1A). In
contrast, the presence of one (Fig 1B), or two (Fig 1C) D. ¢f. concentrica culture dishes abol-
ished the appearance of all pathogenic fungi.

Similarly, the disinfecting activity of D. cf. concentrica also was shown in peanuts (Fig 2).
However, in this experiment the peanuts were artificially inoculated with A. niger. The D. cf.
concentrica VOCs fully prevented A. niger growth on the peanuts without affecting their
germination.

Chemical composition of the volatiles. In order to further understand the basis of the
bio-activity of D. cf. concentrica VOCs, we chemically analyzed the gas phase of the fungus
grown on PDB with a GC/MS apparatus. As shown in Table 2, we tentatively identified 27
different compounds that could be divided among several classes of chemical substances:
alcohols, dienes, ketones, aldehydes, and sesquiterpenes. Eight compounds—methyl-1,4-cyclo-
hexadiene, phenyl ethyl alcohol, 3-methyl-1-butanol, (+)-2-methyl-1-butanol, 4-heptanone,
3-methoxy-2-naphthol, isoamyl acetate, and trans-2-octenal-suggested by the GC/MS analy-
sis, were commercially available. It should be noted that although the fungus emitted 2-octenal
of unknown stereochemistry, in our experiments we used only trans-2-octenal, because only
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Table 1. Effects of the volatile compounds of D. cf. concentrica and artificial mixtures on tested plant pathogenic fungi and oomycete

D. cf. concentrica* Mixture A** Mixture B
Pathogen Growth inhibition*** | Viability**** | Growth inhibition | Viability | Growth inhibition | Viability
Alternaria alternata pathotype tangelo 100.0 - 100.0 - 100.0 -
Alternaria alternata 100.0 - 100.0 - 100.0 -
Aspergillus niger 100.0 - 98.0 + 100.0 -
Botrytis cinerea 100.0 + 100.0 - 100.0 -
Colletotrichum sp. 100.0 + 100.0 + 100.0 -
Coniella sp. 100.0 + 100.0 + 100.0 -
Fusarium euwallaceae 81.60 + 96.96 + 100.0 -
Fusarium mangiferae 100.0 + 100.0 + 100.0 -
Fusarium oxysporum 69.60 + 95.92 + 100.0 -
Lasiodiplodia theobromae 0.0 + 95.0 + 100.0 -
Neoscytalidium dimidiatum 100.0 - 94.0 + 100.0 -
Penicillium digitatum 100.0 - 95.0 + 100.0 -
Phoma tracheiphila 100.0 - 100.0 - 100.0 -
Pythium aphanidermatum 9.60 + 93.33 - 96.67 -
Pythium ultimum 30.80 + 96.67 - 96.67 -
Rhizoctonia solani 100.0 - 98.0 + 100.0 -
Sclerotinia sclerotiorum 100.0 - 100.0 - 100.0 -

* D. cf. concentrica was grown for 6 days on PDB prior to its exposure to test fungi or oomycete.

** The concentration of the mixtures was 1 mL/L air space.

*** Growth inhibition after 6 days was calculated as percentage inhibition compared with that of a control grown under the same conditions in the absence
of D. cf. concentrica or mixtures.

***% Viability of the tested fungi or oomycete after 6 days of exposure to D. cf. concentrica or mixtures.

doi:10.1371/journal.pone.0168242.t1001

this isomer was commercially available. We purchased these compounds and examined their
ability to control the growth of A. niger, B. cinerea, A. alternata, and P. digitatum; we found
that only phenyl ethyl alcohol and 3-methoxy-2-naphthol failed to inhibit fungal growth. One
compound-methyl-1,4-cyclohexadiene-exhibited poor growth inhibition of A. niger and P.
digitatum-by 10.8 and 3.1%, respectively—and therefore was not further included in this study.
Final identification of the five remaining compounds - 3-methyl-1-butanol, (+)-2-methyl-
1-butanol, 4-heptanone, isoamyl acetate, and trans-2-octenal-was based on comparison with
authentic standards. The standards yielded retention times and mass spectra that were

4

Fig 1. Prevention of fungal damage by D. cf. concentrica volatiles on organic dried fruits. (A) Control swollen fruits. (B) Swollen fruits in the presence of
one culture dish of D. cf. concentrica. (C) Swollen fruits in the presence of two culture dishes of D. cf. concentrica.

doi:10.1371/journal.pone.0168242.9001
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Fig 2. Disinfecting effect of D. cf. concentricavolatiles on peanuts. (A) A. nigerinoculated peanuts. (B) A. nigerinoculated peanuts in the presence of
one culture dish of D. cf. concentrica. (C) A. nigerinoculated peanuts in the presence of two culture dishes of D. cf. concentrica.

doi:10.1371/journal.pone.0168242.g002

Table 2. Compounds emitted by D. cf. concentrica

Retention time Suggested compound* Molecular Main fragments (m/z) Area | MW
(min) formula (%)
2.2 3-methyl-1-butanol CsH120 42,55,57,70 1.0 88
2.25 2-methyl-1-butanol CsH120 41,56, 57,70 1.1 88
2.7 1-methyl-1,3-cyclohexadiene CsHqo 77,79,91,94 6.5 94
2.8 1-methyl-1,4-cyclohexadiene C/Hqo 77,79,91,94 3.9 94
41 4-heptanone C,H{40 43,71, 114 0.2 114
4.3 isoamyl acetate C;H140, traces | 130
5.2 4-heptyn-2-ol C,H20 45, 53,67 68,97, 112 4.2 112
5.5 2-octenal CgH140 42, 55,57 84, 98, 126 33.3 | 126
6.3 octanal CgH160 69, 71,7283, 84,95110, 128 47 128
7.2 4,4-dimethyl- C,;H1002 41, 56, 126 4.0 126
1,3-cyclopentanedione
7.7 2,2,5-trimethylcyclopentanone CgH140 41, 56, 126 16.5 | 126
10.5 phenyl ethyl alcohol CgH100 65, 91,92, 122 1.9 122
18.2 B-elemene CisHaa 41, 53, 55, 67, 68, 79, 81, 93, 107, 121, 133, 135, 147, 149, 0.06 | 204
161, 189, 204
18.4 B-elemene CisHoq 41,53, 55, 67, 68, 79, 81, 93, 107, 121, 133, 135, 147, 149, 1.0 204
161, 189, 204
19.4 (+)-a-funebrene CisHoq - traces -
19.6 a-guaiene CisHaa 41, 53, 55, 67, 79, 81,93, 105, 121, 133, 147, 161, 189, 204 0.1 204
19.9 2-(4-hydroxyphenyl)ethanol CgH1002 ? 0.08 | 204
20.7 terpenes C40H1003 108, 136, 137, 163, 178 9.0 178
21.0 B-selinene CisHoq 41,58, 55, 67,79, 81,91, 93,107, 121, 133, 147, 161, 175, 0.7 204
189, 204
21.2 a-selinene CisHaa 41, 53, 55, 67,79, 81,91, 93, 107, 121, 133, 147, 161, 175, 0.2 204
189, 204
21.4 a-bulnesene CisHaa 41, 53, 55, 67, 79, 81,91, 93, 107, 121, 133, 147, 161, 189, 0.7 204
204
21.6 germacrene A CysHz4 - traces -
21.8 7-epi-a-selinene CisHos - traces -
22.0 dauca-4(11),8-diene CisHos - traces -
229 veratryl acetone C11H1403 - traces -
25.1 3-methoxy-2-naphthol C11H1002 77,131,159, 174 1.6 174
25.2 pogostol C15Hz60 41,53, 55, 71, 81, 93,107, 121, 131, 147, 161, 189, 204 1.2 222
* identified according to NIST Mass Spectral Library, ver.2.0d
doi:10.1371/journal.pone.0168242.t002
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identical to those of the fungal products only for the first three compounds; the last two com-
pounds have been only tentatively identified on the basis of database comparisons. The abun-
dances of the validated compounds were 5.9, 2.4, and 0.08 ppm for 3-methyl 1-butanol,
(%)-2-methyl 1-butanol, and 4-heptanone, respectively. It is interesting to note that in contrast
to Muscodor albus—another VOC-emitting endophytic fungus-the possibly carcinogenic naph-
thalene [25] was not identified among the D. cf. concentrica VOCs.

Biological activity of chemical mixtures. In order to chemically mimic the bioactivity of
D. cf. concentrica against plant pathogenic test fungi, we prepared various mixtures, each con-
taining two to four of the most active volatile compounds - 3-methyl-1-butanol, (+)-2-methyl-
1-butanol, 4-heptanone, isoamyl acetate, and trans-2-octenal-in various ratios. Each mixture
was tested against A. niger, B. cinerea, A. alternata, and P. digitatum. Two mixtures achieved
the best results, i.e., at least 95% inhibition of these test fungi by the lowest concentrations of
mixture. The mixtures were: "Mixture A", which contained 3-methyl-1-butanol, (+)-2-methyl-
1-butanol, 4-heptanone, and isoamyl acetate in the proportions of 1:1:2:1; and "Mixture B",
which contained equal amounts of 4-heptanone and trans-2-octenal. The ability of the mix-
tures to control 17 plant pathogenic fungi and oomycetes is presented in Table 1. These results
demonstrate that Mixture B was more effective than Mixture A or D. cf. concentrica, in that it
killed all the test fungi; furthermore, in most cases Mixture A was more effective than D. cf.
concentrica, except against Rhizoctonia solani, P. digitatum, Neoscytalidium dimidiatum, and A.
niger, all of which survived exposure to Mixture A but not to D. cf. concentrica volatiles. In
addition, our results demonstrate that the activity of the mixtures, similarly to that of D. cf. con-
centrica, affected pathogens belonging to various phyla: Ascomycota, Basidiomycota, and
Oomycota.

To elucidate whether the mixtures exhibited additive or synergistic effects with respect to
each of their chemical constituents, we determined the growth inhibition and survival of A.
niger, B. cinerea, A. alternata, and P. digitatum after exposure to the amount of each individual
component contained in the mixture. As shown in Table 3, the additive or synergistic behavior
of Mixture A depended on the pathogenic fungus tested: for A. niger, B. cinerea, and A. alter-
nata Mixture A showed additive effects: each of the four components of the mixture contrib-
uted some level of inhibition. In contrast, however, Mixture A behaved synergistically toward
P. digitatum: (+)-2-methyl-1-butanol and isoamyl acetate elicited low levels of inhibition - 18.7
and 7.3%, respectively-whereas 3-methyl-1-butanol and 4-heptanone failed to control fungal
growth. Another difference between Mixture A and its chemical constituents was that whereas

Table 3. Biological activity of each chemical component consisting 1 mL/L (air space) of Mixture A

3-methyl-1-butanol* (¥)-2-methyl-1-butanol* 4-heptanone* * isoamyl acetate*
Growth Viability* * ** | Growth Viability | Growth Viability | Growth Viability
inhibition** * inhibition inhibition inhibition
Aspergillus niger 23.8 + 17.5 + 42.0 + 18.5 +
Alternaria alternata 28.4 + 40.5 + 64.2 + 38.4 +
Botrytis cinerea 45.7 + 39.1 + 79.5 + 39.1 +
Penicillium 0.0 + 18.7 + 0.0 + 7.3 +

digitatum

* The concentrations was 0.2 mL/L air space.

** The concentrations was 0.4 mL/L air space.

*** Growth inhibition after 6 days was calculated as percentage inhibition compared with that of a control grown under the same conditions in the absence
of the chemical compound.

**%* Viability of the tested fungi after 6 days of exposure to the chemical compound

doi:10.1371/journal.pone.0168242.t003
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Table 4. Biological activity of each chemical component consisting 1 mL/L (air space) of Mixture B

4-heptanone* trans-2-octenal *
Growth inhibition* * Viability * * * Growth inhibition Viability
Aspergillus niger 6.8 + 100 -
Alternaria alternata 40.7 + 100 -
Botrytis cinerea 70.3 + 100 -
Penicillium digitatum 0 + 100 -

* The concentrations was 0.5 mL/L air space.

** Growth inhibition after 6 days was calculated as percentage inhibition compared with that of a control grown under the same conditions in the absence of

the chemical compound.

*** Viability of the tested fungi after 6 days of exposure to the chemical compound.

doi:10.1371/journal.pone.0168242.t004

the mixture fully inhibited and killed B. cinerea and A. alternata, each of its components elic-
ited only partial inhibition and allowed fungal survival. As shown in Table 4, trans-2-octenal
was the main contributor to the effect of Mixture B; the effect of this compound was identical
to that of the mixture (Table 1). Nevertheless, in light of our findings that the second compo-
nent of Mixture B — 4-heptanone-played a role in biological control applications other than
inhibiting and killing pathogenic fungi-it was effective against nematodes and aphids [52]
(Ezra D. unpublished data)-we continued the experiments with Mixture B and not only trans-
2-octenal.

Examination of the temperature range within which each of the mixtures was active
revealed 75-100% inhibition of A. niger, B. cinerea, A. alternata, and P. digitatum by Mixture
A, and 100% inhibition of these by Mixture B at temperatures in the range of 4-25°C. This
result indicates the possibility of biotechnological use of the mixtures at low temperatures—at
which D. cf. concentrica is unable to grow.

Possible applications of the mixtures as disinfectants were examined, with regard to storage
of grains. Exposure of commercial wheat grains to Mixture A and Mixture B resulted in effec-
tive disinfection of the grains compared to the control (Fig 3).

Mixture A protected peanuts from development of both intrinsic and artificially inoculated
A. niger (Fig 4, upper panel). However, in contrast to results obtained with D. cf. concentrica (Fig
2), exposure of peanuts to Mixture A resulted in loss of their ability to germinate. We found that

Fig 3. Disinfecting effect of chemical mixtures on commercial wheat grains. (A) Untreated wheat grains. (B) Wheat grains after
exposure to Mixture A at 0.25 mL/L. (C) Wheat grains after exposure to Mixture B at 0.25 mL/L.

doi:10.1371/journal.pone.0168242.9003
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among the chemical components of Mixture A, 3-methyl-1-butanol and isoamyl acetate pre-
vented peanut germination, whereas exposure to (+)-2-methyl-1-butanol and 4-heptanone did
not impair germination. Furthermore, none of these compounds fully inhibited A. niger inocula-
tion (data not shown). Another chemical compound-trans-2-octenal-which is one of the
components of Mixture B-permitted peanut germination. In light of the finding that both com-
ponents of Mixture B permitted germination, we examined the ability of Mixture B to protect
peanuts from A. niger infection without limiting their germination ability. As shown in Fig 4
(lower panel), peanut germination occurred in untreated peanuts as well as in those that had
been exposed to low concentrations of Mixture B; however, high concentrations of Mixture B did
inhibit peanut germination. Interestingly, prevention of intrinsic A. niger development occurred
only under exposure to high concentrations of Mixture B, whereas at low concentrations, i.e.,
those that allowed peanut germination, A. niger could be clearly detected. Taken together, these
results suggest that the use of our mixtures to protect peanuts from A. niger development should
be recommended only in applications in which peanut germination is not needed.

Discussion

The VOCs from endophytic D. cf. concentrica were found to exhibit antimicrobial activity
against a wide range of fungi and oomycetes from diverse phyla. These biologically active

Fig 4. Disinfecting effect of chemical mixtures on peanuts. Upper panel-Mixture A: (A) Peanuts inoculated with A. nigerin the presence of mixture at 1
mL/L. (B) Peanuts inoculated with A. nigerin the absence of mixture. (C) Uninoculated peanuts in the presence of mixture at 1 mL/L. (D) Uninoculated
peanuts in the absence of mixture. Lower panel-Mixture B: (A) Uninoculated peanuts in the absence of mixture. (B) Uninoculated peanuts in the presence of
mixture at 0.05 mL/L. (C) Uninoculated peanuts in the presence of mixture at 0.5 mL/L. Arrows indicate the development of intrinsic Aspergillus sp.

doi:10.1371/journal.pone.0168242.9004
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VOC:s also protected dried fruits, peanuts, and wheat grains from fungal attack, by either
intrinsic or artificially inoculated fungi, which indicates potential for biotechnological use of
the fungus and/or its VOCs. The use of endophytes as sources of bioactive products is widely
known [21,40,41]. Examples include: endophytes producing antibiotics [42], endophytes used
in the flavor and fragrance industry, and potential production of mycodiesel from volatile-pro-
ducing endophytes [21,23,39,53,54]. Recently, reviews on bioactive microbial volatiles and
their potential exploitation to improve plant growth, development, and health in a sustainable
agricultural context were published by Kanchiswamy and colleagues [55,56].

Our present findings revealed differences in the bioactivity of D. cf. concentrica according
to whether it was grown on solid or liquid forms of potato dextrose media. The higher activity
obtained by growth on the liquid medium is not clear; however, in light of the findings that
VOCs emitted by Daldinia spp. were dependent on the culture medium [48], and that produc-
tion of VOCs by an endophytic fungus was affected by epigenetics [54], we can assume that
even the minor shift from solid to liquid potato dextrose media was sufficient to influence the
GC-MS profile of the VOCs and, therefore, their ability to control the growth of the test fungi.
However, in the present study we did not compare the GC-MS profiles of the volatiles emitted
by D. cf. concentrica grown on solid versus liquid medium, but we previously demonstrated
the effect of substrate on the bioactivity of volatile antimicrobials produced by M. albus [57].

Our results show differences between the bioactivity of D. ¢f. concentrica and that of artifi-
cial mixtures of its volatiles. In most cases, the mixtures exhibited higher activity against plant
pathogenic fungi and oomycetes, and a wider temperature range, than the intact fungus. This
higher activity might be because there were higher concentrations of the chemical components
in the synthetic mixtures than in the VOCs emitted by the fungus, and/or because of absence
of other volatiles that could interfere with the disinfecting activity. Another observed differ-
ence was that exposure to the artificial mixtures elicited an herbicidal effect on peanuts (Fig 4),
whereas the presence of D. cf. concentrica resulted in full disinfection of peanuts without affect-
ing their germination (Fig 2). These results suggest that volatiles that were not included in the
synthetic mixture might play a role in preservation of germinability. Conversely, it could be
because there were higher concentrations of certain compounds in the mixtures than in the
natural emissions. Generally, the possibility of using live microorganism for biocontrol faces
several limitations; the scope of biological agents is limited by their need for food resources
and suitable temperature and humidity conditions to enable them to be active and effective.
Alternatively, using those microorganisms as new sources of active compounds might provide
new, eco-friendly metabolites that exhibit properties equivalent to or even better than those of
the live agent, without the limitations imposed by the need for life-supporting conditions.

One of the most disturbing problems associated with storage of seeds and foods is spoilage
of products by various fungi. Moreover, some of these fungi secrete toxins into their surround-
ings—substances that might be harmful to human health: aflatoxins and fumonisin are exam-
ples of mycotoxins secreted by certain species of Aspergillus and Fusarium, respectively, which
are potent carcinogens [58,59]. Attempts to control these pathogens involve chemical pesti-
cides that are known to be harmful to livestock and humans [60]. Therefore, in light of our
present results, we propose an alternative means to achieve this control by using safer com-
pounds originating from a fungus. These may provide a basis for new "green control" products
in food industries and in agriculture.

At least one-third of the compounds emitted by D. cf. concentrica were classified as sesqui-
terpenes. This is in accordance with the finding that terpenoids and polyketides were the most
common anti-microbial secondary metabolites from endophytes [61], and the finding that D.
concentrica produced sesquiterpenes [62]. Our tested compounds, the components of mixtures
A and B, are known to exhibit antimicrobial activities. For example: it was previously shown
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that the compounds 3-methyl-1-butanol and 2-methyl-1-butanol produced by Saccharomyces
cerevisiae exhibited strong antimicrobial activity against Sclerotinia sclerotiorum [63]. Also,
3-methyl-1-butanol was characterized as a cyanobacteriolytic agent [64], and growth inhibitor
of the pathogen Aspergillus flavus [65]. A common volatile constituent of human urine is
4-heptanone [66,67], which also can be detected in bacteria such as Collimonas sp. [68], and
Burkholderia ambifaria [69]. It was demonstrated that 4-heptanone exhibited antibiotic prop-
erties against Clostridium botulinum [70]. Isoamyl acetate, which emits a marked banana
aroma and is one of the main components of Ginjo-Flavor, showed strong antifungal activity
against various filamentous fungi [71]; it also showed antibacterial activity against Escherichia
coli, in which it damaged cell membranes and altered protein expression [72]. Although trans-
2-octenal, one of the main VOCs emitted by truffles [73], was found to be inactive against 11
bacterial pathogens of humans [74], it was shown to reduce aflatoxin production in corn, cot-
tonseed, and peanuts [75], and to elicit phytotoxic effects on Arabidopsis thaliana [76] and
neurotoxic effects on Drosophila melanogaster [34].

It should be noted that since most of the fungal VOCs in this study were tentatively identi-
fied using GC-MS followed by comparison to NIST database, we cannot rule out the possibility
that the fungus produces additional metabolites, such as small polyketides—a known feature of
Daldinia [77-79], which are too polar to be detected by the GC-MS, and/or are absent from
the database as standards. Furthermore, it was previously demonstrated that unknown metab-
olites could be assigned to known VOCs on tentative identification using NIST database [48].
Thus, in order to gain the complete diversity of the fungal VOCs, further experiments involv-
ing total synthesis and/or preparative GC followed by NMR are needed.

Interestingly, all the compounds tested in the present study are used in the food industry
(http://www.sigmaaldrich.com/industries/flavors-and-fragrances.html). Thus, although the
mixtures have not yet been tested for toxicity against mammals, it is likely that it will be feasi-
ble to use them for preservation and microbial control in food. Furthermore, we consider that
other D. cf. concentrica volatiles, which were not included in the mixtures we tested, may
exhibit additional biological activities and therefore should be examined in the future.

Acknowledgments

We would like to thank Dr. Yigal Gozlan of Tami-IMI for helping with the GC/MS analysis.
We would also like to thank Professor Marc Stadler and Ms Lucile Wendt for assistance with
identification of the Daldinia sp.

Author Contributions
Conceptualization: DE OL.
Formal analysis: DE OL EL EB.
Funding acquisition: DE.
Investigation: DE OL.
Methodology: DE OL EL EB.
Project administration: DE OL.
Resources: DE OL.

Software: EL EB.

Supervision: DE.

PLOS ONE | DOI:10.1371/journal.pone.0168242 December 15, 2016 14/18


http://toxsci.oxfordjournals.org/content/early/2010/07/19/toxsci.kfq222.short
http://www.sigmaaldrich.com/industries/flavors-and-fragrances.html

@° PLOS | ONE

The Endophyte D. cf. concentrica and Its Volatiles as Bio-Control Agents

Validation: DE OL.

Visualization: DE OL.

Writing - original draft: DE OL.

Writing - review & editing: DE OL EL EB.

References

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Bacon CW, White JF, editors Endophytes. New York: Marcel Dekker; 2000.

Azevedo JL, Maccheroni W Jr, Pereira JO, de Araujo WL. Endophytic microorganisms: a review on
insect control and recent advances on tropical plants. Elec J Biotechnol. 2000; 3: 40-65.

Liarzi O, Ezra D. Endophyte-mediated biocontrol of herbaceous and non-herbaceous plants. In:
Advances in endophytic research.Eds Verma, Vijay C., and Gange Alan C.: Springer. pp. 335-369;
2014.

Uvidelio F. Castillo GAS Ford EJ, Hess WM, Porter H, Jensen JB, et al. Munumbicins, wide-spectrum
antibiotics produced by Streptomyces NRRL 30562, endophytic on Kennediia nigriscansa. Microbiology.
2002; 148: 2675-2685. doi: 10.1099/00221287-148-9-2675 PMID: 12213914

Woropong J, Strobel GA, Ford EJ, Li JY, Baird G, Hess W. M. Muscodor albus anam. nov., an endo-
phyte from Cinnamomum zeylanicum. Mycotaxon 2001; 79: 67-79.

Miller CM, Miller RV, Garton-Kinney D, Redgrave B, Sears J Condron M. M., et al. Ecomycins, unique
antimycotics from Pseudomonas viridiflava. J App Microbiol. 1998; 84: 937-944.

Bashyal B, Li JY, Strobel GA, Hess WM. Seimatoantlerium nepalense, an endophytic taxol-producing
coelomycete from Himalayan yew ( Taxus wallachiana). Mycotaxon. 1999; 72: 33—42.

Ezra D, Castillo UF, Strobel GA, Hess WM, Porter H, Jensen JB, et al. Coronamycins, peptide antibiot-
ics produced by a verticillate Streptomyces sp. (MSU-2110) endophytic on Monstera sp. Microbiology.
2004a; 150: 785-793.

Strobel GA, Daisy B. Bioprospecting for microbial endophytes and their natural products. Microbiol Mol
Biol Rev. 2003; 67:491-502. doi: 10.1128/MMBR.67.4.491-502.2003 PMID: 14665674

Arnold AE, Kyllo IC, Rojas El, Maynard Z, Robbins N. Fungal endophytes limit pathogen damage in a
tropical tree. PNAS 2003; 100: 15649—-15654. doi: 10.1073/pnas.2533483100 PMID: 14671327

Baraka EA, Gognies S, Nowak J, Audran JC, Belarbi A. ilnhibitory effect of endophyte bacteria on Botry-
tis cinerea and its influence to promote the grapevine growth. Biol. 2002; 24:135-142.

McFee BJ, Taylor A. A review on the volatile metabolites of fungi found on wood substrates. Nat Tox.
1999; 7: 283-303.

Woropong J, Strobel GA, Daisy B, Castillo U, Baird G, Hess W. M et al. Muscodor roseus sp. nov., an
endophyte from Grevillea pteridifolia. Mycotaxon. 2001; 81: 463—475.

Ezra D, Hess WM, Strobel GA. New endophytic isolates of Muscodor albus, a volatile-antibiotic-produc-
ing fungus. Microbiology 2004; 150: 4023—-4031. doi: 10.1099/mic.0.27334-0 PMID: 15583155

Daisy BH, Strobel GA, Castillo U, Ezra D, Sears J, Weaver D. K et al. Naphthalene, an insect repellent,
is produced by Muscodor vitigenus, a novel endophytic fungus. Microbiology. 2002b; 148: 3737-3741.

Sopalun K, Strobel GA, Hess WM, Worapong J. A record of Muscodor albus, an endophyte from Myris-
tica fragrans, in Thailand. Mycotaxon. 2003; 88: 239-247.

Stinson AM, Ezra D, Hess WM, Sears J, Strobel GA. An endophytic Gliocladium sp. of Eucryphia cordi-
folia producing selective volatile antimicrobial compounds. Plant Sci. 2003; 165: 913-922.

Strobel G, Singh SK, Riyaz-Ul-Hassan S, Mitchell AM, Geary B Sears J. et al. An endophytic/patho-
genic Phoma sp. from creosote bush producing biologically active volatile compounds having fuel
potential. FEMS Microbiol Lett. 2011; 320: 87-94. doi: 10.1111/j.1574-6968.2011.02297.x PMID:
21535100

Mari M, Martini C, Guidarelli M, Neri F. Postharvest biocontrol of Monilinia laxa, Monilinia fructicola and
Monilinia fructigena on stone fruit by two Aureobasidium pullulans strains. Biol Cont. 2012; 60: 132—
140.

Mari M, Martini C, Spadoni A, Rouissi W, Bertolini P. Biocontrol of apple postharvest decay by Aureoba-
sidium pullulans. Postharv Biol Technol. 2012; 73: 56—62.

Morath SU, Hung R, Bennett JW. Fungal volatile organic compounds: a review with emphasis on their
biotechnological potential. Fung Biol Rev. 2012; 26: 73-83.

PLOS ONE | DOI:10.1371/journal.pone.0168242 December 15, 2016 15/18


http://dx.doi.org/10.1099/00221287-148-9-2675
http://www.ncbi.nlm.nih.gov/pubmed/12213914
http://dx.doi.org/10.1128/MMBR.67.4.491-502.2003
http://www.ncbi.nlm.nih.gov/pubmed/14665674
http://dx.doi.org/10.1073/pnas.2533483100
http://www.ncbi.nlm.nih.gov/pubmed/14671327
http://dx.doi.org/10.1099/mic.0.27334-0
http://www.ncbi.nlm.nih.gov/pubmed/15583155
http://dx.doi.org/10.1111/j.1574-6968.2011.02297.x
http://www.ncbi.nlm.nih.gov/pubmed/21535100

@° PLOS | ONE

The Endophyte D. cf. concentrica and Its Volatiles as Bio-Control Agents

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Korpi A, Jarnberg J, Pasanen A-L. Microbial volatile organic compounds. Crit Rev Toxicol. 2009; 39:
139-193. doi: 10.1080/10408440802291497 PMID: 19204852

Strobel GA, Dirkse E, Sears J, Markworth C. Volatile antimicrobials from Muscodor albus, a novel endo-
phytic fungus. Microbiology.2001; 147: 2943—-2950. doi: 10.1099/00221287-147-11-2943 PMID:
11700345

Macias-Rubalcava ML, Hernandez-Bautista BE, Oropeza F, Duarte G, Gonzalez MC, Glenn AE., et al.
Allelochemical effects of volatile compounds and organic extracts from Muscodor yucatanensis, a tropi-
cal endophytic fungus from Bursera simaruba. J Chem Ecol. 2010; 36: 1122—1131. doi: 10.1007/
5$10886-010-9848-5 PMID: 20809145

Séanchez-Ortiz BL., Sanchez-Fernandez RE., Duarte G., Lappe-Oliveras P. Macias-Rubalcava ML.
Antifungal, anti-oomycete and phytotoxic effects of volatile organic compounds from the endophytic fun-
gus Xylaria sp. strain PB3f3 isolated from Haematoxylon brasiletto. J Appl Microbiol. 2016; 120: 1313—
1325. doi: 10.1111/jam.13101 PMID: 26920072

Lee S., Rodriguez-Saona C., Bennet JW., Hung R., Common gas phase molecules from fungi affect
seed germination and plant health in Arabidopsis thaliana, AMB Express. 2014; 4:53 doi: 10.1186/
5$13568-014-0053-8 PMID: 25045602

Rohlfs M. Clash of kingdoms or why Drosophila larvae positively respond to fungal competitors. Front
Zool. 2005; 2: 2. doi: 10.1186/1742-9994-2-2 PMID: 15679898

Mburu DM, Ndung’u MW, Maniania NK, Hassanali A. Comparison of volatile blends and gene
sequences of two isolates of Metarhizium anisopliae of different virulence and repellency toward the ter-
mite Macrotermes michaelseni. J Exp Biol. 2011; 214: 956-962. doi: 10.1242/jeb.050419 PMID:
21346123

Wood WF, Archer CL, Largent DL. 1-Octen-3-ol, a banana slug antifeedant from mushrooms. Biochem
Syst Ecol. 2001; 29: 531-533. PMID: 11274773

Daisy BH, Strobel GA, Castillo U, Ezra D, Sears J, Weaver D. K., et al. Naphthalene, an insect repellent,
is produced by Muscodor vitigenus, a novel endophytic fungus. Microbiology. 2002; 148: 3737-3741.
doi: 10.1099/00221287-148-11-3737 PMID: 12427963

Hedlund K, Bengtsson G, Rundgren S. Fungal odour discrimination in two sympatric species of Fungi-
vorous collembolans. Funct Ecol. 1995; 869-875.

Thakeow P, Angeli S, WeiBBbecker B, Schiitz S. Antennal and behavioral responses of Cis boletito fun-
gal odor of Trametes gibbosa. Chem Senses. 2008; 33: 379-387. doi: 10.1093/chemse/bjn005 PMID:
18283043

Davis TS, Crippen TL, Hofstetter RW, Tomberlin JK. Microbial volatile emissions as insect semiochem-
icals. J Chem Ecol. 2013; 39: 840-859. doi: 10.1007/s10886-013-0306-z PMID: 23793954

Inamdar AA, Masurekar P, Bennett JW. Neurotoxicity of fungal volatile organic compounds in Drosoph-
ila melanogaster. Toxicol Sci. 2010;: kfq222.

Mercier J, Jiménez JI. Control of fungal decay of apples and peaches by the biofumigant fungus Musco-
dor albus. Postharv Biol Technol. 2004; 31: 1-8.

Mercier J, Smilanick J. Control of green mold and sour rot of stored lemon by biofumigation with Musco-
dor albus. Biol Cont. 2005; 32: 401—-407.

Lacey L, Horton D, Jones D, Headrick H, Neven L. Efficacy of the biofumigant fungus Muscodor albus
(Ascomycota: Xylariales) for control of codling moth (Lepidoptera: Tortricidae) in simulated storage con-
ditions. J Econ Entomol. 2009; 102: 43—49. PMID: 19253616

Strobel GA, Knighton B, Kluck K, Ren Y, Livinghouse T, Griffin M et al. The production of myco-diesel
hydrocarbons and their derivatives by the endophytic fungus Gliocladium roseum (NRRL 50072). Micro-
biology 2008; 154: 3319-3328. doi: 10.1099/mic.0.2008/022186-0 PMID: 18957585

Mends M. T., Yu E., Strobel G. A., Riyaz-Ul-Hassan S., Booth E., Geary B. et al. An endophytic Nodulis-
porium sp. producing volatile organic compounds having bioactivity and fuel potential. J Petr Env Eng.
2012; 3: 117.

Strobel G. Harnessing endophytes for industrial microbiology. Curr Opin Microbiol. 2006; 9: 240-244.
doi: 10.1016/j.mib.2006.04.001 PMID: 16647289

Strobel G. Muscodor albus and its biological promise. J Ind Microbiol Biotechnol. 2006; 33: 514-522.
doi: 10.1007/s10295-006-0090-7 PMID: 16491360

Strobel G, Daisy B. Bioprospecting for microbial endophytes and their natural products. Microbiol Mol
Biol Rev. 2003; 67: 491-502. doi: 10.1128/MMBR.67.4.491-502.2003 PMID: 14665674

Malinowski DP, Belesky DP. Adaptations of endophyte-infected cool-season grasses to environmental
stresses: mechanisms of drought and mineral stress tolerance. Crop Sci. 2000; 40: 923-940.

PLOS ONE | DOI:10.1371/journal.pone.0168242 December 15, 2016 16/18


http://dx.doi.org/10.1080/10408440802291497
http://www.ncbi.nlm.nih.gov/pubmed/19204852
http://dx.doi.org/10.1099/00221287-147-11-2943
http://www.ncbi.nlm.nih.gov/pubmed/11700345
http://dx.doi.org/10.1007/s10886-010-9848-5
http://dx.doi.org/10.1007/s10886-010-9848-5
http://www.ncbi.nlm.nih.gov/pubmed/20809145
http://dx.doi.org/10.1111/jam.13101
http://www.ncbi.nlm.nih.gov/pubmed/26920072
http://dx.doi.org/10.1186/s13568-014-0053-8
http://dx.doi.org/10.1186/s13568-014-0053-8
http://www.ncbi.nlm.nih.gov/pubmed/25045602
http://dx.doi.org/10.1186/1742-9994-2-2
http://www.ncbi.nlm.nih.gov/pubmed/15679898
http://dx.doi.org/10.1242/jeb.050419
http://www.ncbi.nlm.nih.gov/pubmed/21346123
http://www.ncbi.nlm.nih.gov/pubmed/11274773
http://dx.doi.org/10.1099/00221287-148-11-3737
http://www.ncbi.nlm.nih.gov/pubmed/12427963
http://dx.doi.org/10.1093/chemse/bjn005
http://www.ncbi.nlm.nih.gov/pubmed/18283043
http://dx.doi.org/10.1007/s10886-013-0306-z
http://www.ncbi.nlm.nih.gov/pubmed/23793954
http://www.ncbi.nlm.nih.gov/pubmed/19253616
http://dx.doi.org/10.1099/mic.0.2008/022186-0
http://www.ncbi.nlm.nih.gov/pubmed/18957585
http://dx.doi.org/10.1016/j.mib.2006.04.001
http://www.ncbi.nlm.nih.gov/pubmed/16647289
http://dx.doi.org/10.1007/s10295-006-0090-7
http://www.ncbi.nlm.nih.gov/pubmed/16491360
http://dx.doi.org/10.1128/MMBR.67.4.491-502.2003
http://www.ncbi.nlm.nih.gov/pubmed/14665674

@° PLOS | ONE

The Endophyte D. cf. concentrica and Its Volatiles as Bio-Control Agents

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Stadler M, Laessge T, Fournier J, Decock C, Schmieschek B, Tichy HV, et al. A polyphasic taxonomy of
Daldinia (Xylariaceae). Stud Mycol. 2014; 77: 1-143. doi: 10.3114/sim0016 PMID: 24790283

Webber J, Gibbs J. Insect dissemination of fungal pathogens of trees. In: Insect-Fungus Interactions.,
Academic Press. pp-161-175. 1989

Johannesson H, Laessge T, Stenlid J. Molecular and morphological investigation of Daldinia in northern
Europe. Mycol Res. 2000; 104: 275-280.

Stadler M, Wollweber H, Jager W, Briegert M, Venturella G, Castro J. et al. Cryptic species related to
Daldlinia concentrica and D. eschscholzii. with notes on D. bakeri. Mycol Res. 2004; 108: 257-273.
PMID: 15185977

Pazoutova S, Follert S, Bitzer J, Keck M, Surup F, Srtitka P. et al. A new endophytic insect-associated
Daldinia species, recognised from a comparison of secondary metabolite profiles and molecular phylog-
eny. Fung Divers. 2013; 60: 107—-1283.

White TJ., Bruns T., Lee S., Taylor JW., Amplification and direct sequencing of fungal ribosomal RNA
genes for phylogenetics. Pages 315-322 in: PCR Protocols: A Guide to Methods and Applications.
Innis M A. Gelfand D H., Sninsky JJ., White TJ., eds. Academic Press Inc., New York. 1990.

Carbone |., Kohn LM.,. A method for designing primer sets for speciation studies in filamentous ascomy-
cetes. Mycologia 1999; 91:553-556.

Sambrook J, Russell DW. Molecular cloning: a laboratory manual. Cold Spring Harbor, NY: Cold
Spring Harbor Laboratory Press. 2001.

Liarzi O. Bucki P. Braun Miyara, S. Ezra D. Use of the endophytic fungus Daldinia concentrica and its
bioactive volatiles against the plant parasitic nematode Meloidogyne javanica Plos one 2016;
(accepted)

Zhi-Lin Y, Yi-Cun C, Bai-Ge X, Chu-Long Z. Current perspectives on the volatile-producing fungal endo-
phytes. Crit Rev Biotechnol. 2012; 32: 363-373. doi: 10.3109/07388551.2011.651429 PMID: 22458418

Ul-Hassan SR, Strobel GA, Booth E, Knighton B, Floerchinger C, Sears J. Modulation of volatile organic
compound formation in the mycodiesel-producing endophyte Hypoxylon sp. Cl-4. Microbiology. 2012;
158: 465—-473. doi: 10.1099/mic.0.054643-0 PMID: 22096148

Kanchiswamy C, Malnoy M, Maffei ME. Bioprospecting bacterial and fungal volatiles for sustainable
agriculture. Trends Plant Sci. 2015; 20: 206—211. doi: 10.1016/j.tplants.2015.01.004 PMID: 25659880

Kanchiswamy CN, Malnoy M, Maffei ME. Chemical diversity of microbial volatiles and their potential for
plant growth and productivity. Front Plant Sci. 2015; 6: 151. doi: 10.3389/fpls.2015.00151 PMID:
25821453

Ezra D, Strobel GA. Effect of substrate on the bioactivity of volatile antimicrobials produced by Musco-
dor albus. Plant Sci. 2003; 165: 1229-1238.

Murugesan GR, Ledoux DR, Naehrer K, Berthiller F, Applegate TJ, Grenier B et al. Prevalence and
effects of mycotoxins on poultry health and performance, and recent development in mycotoxin counter-
acting strategies. Poult Sci'.2015; 94: 1298-1315. doi: 10.3382/ps/pev075 PMID: 25840963

Stoev SD. Foodborne mycotoxicoses, risk assessment and underestimated hazard of masked myco-
toxins and joint mycotoxin effects or interaction. Environ Toxicol Pharmacol. 2015; 39: 794-809. doi:
10.1016/j.etap.2015.01.022 PMID: 25734690

Wheeler WB. Pesticides in agriculture and the environment. CRC Press. 2002.

Mousa WK, Raizada MN., The diversity of anti-microbial secondary metabolites produced by fungal
endophytes: an interdisciplinary perspective. Front Microbiol. 2013; 4: 65. doi: 10.3389/fmicb.2013.
00065 PMID: 23543048

Qin X-D, Shao H-J, Dong Z-J, Liu J-K. Six new induced sesquiterpenes from the cultures of ascomycete
Daldinia concentrica. J Antibiot. 2008; 61: 556—562. doi: 10.1038/ja.2008.74 PMID: 19160523

Fialho MB, Moraes MHD[?], Tremocoldi AR, Pascholati SF. Potential of antimicrobial volatile organic
compounds to control Sclerotinia sclerotiorum in bean seeds. Pes Agropec Bras. 2011; 46: 137—142.

Wright SJL, Linton CJ, Edwards RA, Drury E. Isoamyl alcohol (3-methyl-1-butanol), a volatile anti-cya-
nobacterial and phytotoxic product of some Bacillus spp. Lett Appl Microbiol. 1991; 13: 130-132.

Zeringue HJ, McCormick SP. Relationships between cotton leaf-derived volatiles and growth of Asper-
gillus flavus. J Amer Oil Chem Soc. 1989; 66: 581-585.

Bouatra S, Aziat F, Mandal R, Guo AC, Wilson MR, Knox C et al. The human urine metabolome. Plos
One. 2013; 8e73076 69.

Walker V., Mills GA., GA. Urine 4-heptanone: a 3-oxidation product of 2-ethylhexanoic acid from plasti-
cisers. Clin Chim Acta. 2001; 306: 51-61. PMID: 11282094

Garbeva P, Hordijk C, Gerards S, De Boer W. Volatiles produced by the mycophagous soil bacterium
Collimonas. FEMS Microbiol Ecol. 2014; 87: 639-649. doi: 10.1111/1574-6941.12252 PMID: 24329759

PLOS ONE | DOI:10.1371/journal.pone.0168242 December 15, 2016 17/18


http://dx.doi.org/10.3114/sim0016
http://www.ncbi.nlm.nih.gov/pubmed/24790283
http://www.ncbi.nlm.nih.gov/pubmed/15185977
http://dx.doi.org/10.3109/07388551.2011.651429
http://www.ncbi.nlm.nih.gov/pubmed/22458418
http://dx.doi.org/10.1099/mic.0.054643-0
http://www.ncbi.nlm.nih.gov/pubmed/22096148
http://dx.doi.org/10.1016/j.tplants.2015.01.004
http://www.ncbi.nlm.nih.gov/pubmed/25659880
http://dx.doi.org/10.3389/fpls.2015.00151
http://www.ncbi.nlm.nih.gov/pubmed/25821453
http://dx.doi.org/10.3382/ps/pev075
http://www.ncbi.nlm.nih.gov/pubmed/25840963
http://dx.doi.org/10.1016/j.etap.2015.01.022
http://www.ncbi.nlm.nih.gov/pubmed/25734690
http://dx.doi.org/10.3389/fmicb.2013.00065
http://dx.doi.org/10.3389/fmicb.2013.00065
http://www.ncbi.nlm.nih.gov/pubmed/23543048
http://dx.doi.org/10.1038/ja.2008.74
http://www.ncbi.nlm.nih.gov/pubmed/19160523
http://www.ncbi.nlm.nih.gov/pubmed/11282094
http://dx.doi.org/10.1111/1574-6941.12252
http://www.ncbi.nlm.nih.gov/pubmed/24329759

@° PLOS | ONE

The Endophyte D. cf. concentrica and Its Volatiles as Bio-Control Agents

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Groenhagen U, Baumgartner R, Bailly A, Gardiner A, Eberl L, Schulz S. et al. Production of bioactive
volatiles by different Burkholderia ambifaria strains. J Chem Ecol. 2013; 39: 892-906. doi: 10.1007/
$10886-013-0315-y PMID: 23832658

Bowles BL, Miller AJ. Antibotulinal properties of selected aromatic and aliphatic ketones. J Food Prot.
1993; 56: 795-800.

Ando H, Hatanaka K, Ohata |, Yamashita-Kitaguchi Y, Kurata A, Kishimoto N. Antifungal activities of
volatile substances generated by yeast isolated from Iranian commercial cheese. Food Cont. 2012; 26:
472-478.

Ando H, Kurata A, Kishimoto N. Antimicrobial properties and mechanism of volatile isoamyl acetate, a
main flavour component of Japanese sake (Ginjo-shu). J Appl Microbiol. 2015; 118: 873-880. doi: 10.
1111/jam.12764 PMID: 25626919

Splivallo R, Novero M, Bertea CM, Bossi S, Bonfante P. Truffle Volatiles inhibit growth and induce an
oxidative burst in Arabidopsis thaliana. New Phytol. 2007; 175: 417—424. doi: 10.1111/j.1469-8137.
2007.02141.x PMID: 17635217

Bisignano G, Lagana MG, Trombetta D, Arena S, Nostro A, Uccella N. et al. In vitro antibacterial activity
of some aliphatic aldehydes from Olea europaea L. FEMS Microbiol Lett. 2001; 198: 9—13. PMID:
11325546

Zeringue HJ. Effect of C6 to C9 alkenals on aflatoxin production in corn, cottonseed, and peanuts. Appl
Environ Microbiol. 1991; 57: 2433-2434. PMID: 1768117

Splivallo R, Bossi S, Maffei M, Bonfante P. Discrimination of truffle fruiting body versus mycelial aromas
by stir bar sorptive extraction. Phytochemistry. 2007; 68: 2584-2598. doi: 10.1016/j.phytochem.2007.
03.030 PMID: 17574637

Allport DC, Bu’Lock JD (1960) Biosynthetic pathways in Daldinia concentrica. J Chem. Soc: 1960:654—
659

Anke H, Stadler M, Mayer A, Sterner O. 1995. Secondary metabolites with nematicidal and antimicro-
bial activity from nematophagous fungi and Ascomycetes. Can J Bot,: 73:932-939,

Bitzer J., Leessee T., Fournier J., Kummer V., Decock C., Tichy H. V., et al. 2008. Affinities of Phylacia
and the daldinoid Xylariaceae, inferred from chemotypes of cultures and ribosomal DNA sequences.
Mycol Res,: 112:251-270. doi: 10.1016/j.mycres.2007.07.004 PMID: 18319146

PLOS ONE | DOI:10.1371/journal.pone.0168242 December 15, 2016 18/18


http://dx.doi.org/10.1007/s10886-013-0315-y
http://dx.doi.org/10.1007/s10886-013-0315-y
http://www.ncbi.nlm.nih.gov/pubmed/23832658
http://dx.doi.org/10.1111/jam.12764
http://dx.doi.org/10.1111/jam.12764
http://www.ncbi.nlm.nih.gov/pubmed/25626919
http://dx.doi.org/10.1111/j.1469-8137.2007.02141.x
http://dx.doi.org/10.1111/j.1469-8137.2007.02141.x
http://www.ncbi.nlm.nih.gov/pubmed/17635217
http://www.ncbi.nlm.nih.gov/pubmed/11325546
http://www.ncbi.nlm.nih.gov/pubmed/1768117
http://dx.doi.org/10.1016/j.phytochem.2007.03.030
http://dx.doi.org/10.1016/j.phytochem.2007.03.030
http://www.ncbi.nlm.nih.gov/pubmed/17574637
http://dx.doi.org/10.1016/j.mycres.2007.07.004
http://www.ncbi.nlm.nih.gov/pubmed/18319146

