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The Patagonian fungal endophyte NRRL 50072 is reported to produce a variety of medium-
chain and highly branched volatile organic compounds (VOCs) that have been highlighted for
their potential as fuel alternatives and are collectively termed myco-diesel. To assess the novelty
of this observation, we determined the extent to which ten closely related Ascocoryne strains
from commercial culture collections possess similar VOC production capability. DNA
sequencing established a high genetic similarity between NRRL 50072 and each Ascocoryne
isolate, consistent with its reassignment as Ascocoryne sarcoides. The Ascocoryne strains did
not produce highly branched medium-chain-length alkanes, and efforts to reproduce the
branched alkane production of NRRL 50072 were unsuccessful. However, we confirmed the
production of 30 other products and expanded the list of VOCs for NRRL 560072 and members
of the genus Ascocoryne. VOCs detected from the cultures consisted of short- and medium-

chain alkenes, ketones, esters and alcohols and several sesquiterpenes. Ascocoryne strains
NRRL 50072 and CBS 309.71 produced a more diverse range of volatiles than the other
isolates tested. CBS 309.71 also showed enhanced production compared with other strains
when grown on cellulose agar. Collectively, the members of the genus Ascocoryne
demonstrated production of over 100 individual compounds, with a third of the short- and
medium-chain compounds also produced when cultures were grown on a cellulose substrate.
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This comparative production analysis could facilitate future studies to identify and manipulate the
biosynthetic machinery responsible for production of individual VOCs, including several that
have a potential application as biofuels.

INTRODUCTION

Fungi represent a rich source of bioactive natural products
and have been studied for their production of volatile
organic compounds (VOCs) (McAfee & Taylor, 1999;
Strobel, 2006; Strobel et al., 2001). Microbial VOCs are
typically low-molecular-mass organics derived from both
primary and secondary metabolism pathways that include

Abbreviations: CTP, tricarboxylate transport protein; El, electron impact;
GC, gas chromatography; ITS, internal transcribed spacer; SPME, solid
phase microextraction; VOC, volatile organic compound.

The GenBank/EMBL/DDBJ accession numbers for the sequences
reported in this paper are listed in Supplementary Table S2.

Two supplementary tables and a supplementary figure are available with
the online version of this paper.

compounds used as industrial chemicals and aroma
components (Korpi et al., 2009). Common VOCs such as
3-methyl-1-butanol are also recent targets for biofuel
alternatives (Atsumi et al, 2008; Connor et al, 2010;
Zhang et al., 2008). Some of these alcohols are derived
from branched-chain amino acid metabolism, and their
increased carbon content and higher compatibility with
existing engine and fuel transportation technologies make
them a more attractive biofuel target than ethanol
(Fortman et al., 2008; Hill et al., 2006; Zhang et al., 2008).

Volatile compounds equivalent to components in current
fossil fuel formulations were recently reported from the
fungus NRRL 50072, an endophyte isolated from Eucryphia
cordifolia in northern Patagonia (Stinson et al., 2003;
Strobel et al., 2008). The VOC profile reported for NRRL
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50072 included medium-chain-length branched hydrocar-
bons and other organic derivatives. NRRL 50072 was also
tested for hydrocarbon production when grown on a
cellulose substrate to probe its conversion of cellulosic
biomass to potential alternative fuel sources. The volatile
products were termed ‘myco-diesel’ because of their fungal
source and their similarity to compounds found in diesel
fuel (Fortman et al, 2008; Strobel et al., 2008). Further
investigation of NRRL 50072 is required to understand the
extent of VOC production and inform future metabolic
engineering for potential alternative fuel development.
Although some NRRL 50072 VOCs are common fungal
and bacterial volatiles, other compounds, such as the highly
branched alkanes, represent novel products (Korpi et al.,
2009; Schulz & Dickschat, 2007; Strobel et al., 2008). It is of
interest to also consider VOC production capabilities by
closely related species to assess the product novelty and to
determine the machinery responsible for biosynthetic
production.

The extent of VOC production by related organisms is
unknown, partially due to uncertainty in NRRL 50072
taxonomy. In the original description of NRRL 50072, the
internal transcribed spacer (ITS) sequence did not provide
any meaningful results in a BLAST search with GenBank due
to the lack of sequences with either high sequence homology
or related morphology at that time (Stinson et al, 2003).
Classification of NRRL 50072 was therefore guided by
morphological characterization and the isolate was identified
as a Gliocladium species (Stinson et al., 2003). A second
phylogenetic sequence analysis performed 5 years later
indicated that NRRL 50072 is a close relative of Ascocoryne
sarcoides, an ascomycete in the class Leotiomycetes (Strobel
et al., 2008; Wang et al., 2006). A. sarcoides is phylogenetically
distant from the original taxonomic assignment Gliocladium
roseumn, which belongs to the class Sordariomycetes (Rehner &
Samuels, 1994). This reassignment was further validated
during a study of Ascocoryne turficola that incorporated
NRRL 50072 ITS sequence data into an Ascocoryne
phylogeny. Identified as ‘Plant endophyte MSU 2259
Chile’, NRRL 50072 clustered closely with other A. sarcoides
strains (Bunyard et al., 2008).

A. sarcoides is a wood-destroying saprophytic ascomycete
(Pavlidis et al., 2005; Roll-Hansen & Roll-Hansen, 1980).
Twenty-eight strains in the genus Ascocoryne are available
from the American type Culture Collection (ATCC) and
Centraalbureau voor Schimmelcultures (CBS) spanning
three species, A. sarcoides, Ascocoryne cylichnium and
Ascocoryne solitaria. Almost half of these strains were
originally isolated in Norway and 10 are from the Norway
spruce, Picea abies (Miiller & Hallaksela, 2000; Pavlidis
et al, 2005; Roll-Hansen & Roll-Hansen, 1980). Three
Canadian strains are the only deposited Ascocoryne species
isolated outside Europe.

Several strains within the genus Ascocoryne, including A.
cylichnium ATCC 44015, have been examined for their
sterol and fatty acid profiles from cellular extracts (Miiller

& Hallaksela, 1994; Miiller et al., 1994), but no organisms
in this genus other than NRRL 50072 have been studied for
their VOC production capabilities. We therefore selected
several Ascocoryne isolates deposited in ATCC and CBS to
survey their ability to produce VOCs similar to those
reported for NRRL 50072. Here, we report VOC produc-
tion from 10 diverse members of the genus Ascocoryne
under a series of growth and nutrient conditions and a re-
examination of the VOC profile of NRRL 50072.

METHODS

Culture sourcing. Cultures were obtained through the ATCC and
CBS collection. All cultures were maintained on potato dextrose agar
(PDA) plates [24 g potato dextrose broth (PDB), 15 g agar (both BD
Difco), 11 distilled water] stored at 23 °C, and 5 mm culture plugs
used for inoculations were derived from these source plates.

Sequencing and phylogenetic analysis. For genomic DNA
isolation, the ordered isolates were cultured on PDA for approxi-
mately 3 weeks. Genomic DNA was isolated using the Plant DNeasy
MiniPrep kit (Qiagen) with modifications as follows. Mycelia were
harvested (100 mg) and subjected to seven freeze—thaw cycles
(=195 °C, 65 °C) before adding 400 pl buffer AP1, 4 pul 100 mg
RNase ml~" and 4 pl 10 mg proteinase K ml™" (Sigma). Two 10 min
heating cycles at 65 °C were each followed by mechanical homoge-
nization. Homogenized material was used to complete the remainder
of the Qiagen protocol. The ITS rDNA region was amplified using
ITS1 and ITS4 as described by White et al. (1990). Primers 4079F and
4079R (Supplementary Table S1, available with the online version of
this paper) were used to amplify the third intron of the tricarboxylate
transport protein, following the ITS thermocycler program, but with
an annealing temperature of 60 °C. DNA product size was verified
with 0.8 % agarose gel electrophoresis and purified from the reaction
vessel by using a PCR purification kit (Qiagen). Products were
sequenced at the W. M. Keck DNA sequencing facility using 5 pl
DNA, 2 pl 4 mM primer, 11 pl H,O (Yale University). Data quality
assessment and consensus sequence generation were performed using
the Staden 2.0.0b6 package (preGap4 and Gap4). Sequence data were
aligned using Muscle 3.7 (Edgar, 2004), cleaned with Phyutility
(Smith & Dunn, 2008), and ends were truncated in Jalview 2.4.0b2
(Waterhouse et al., 2009). Trees were built using MRBAYES 3 with a
GTR+G+1 model and 1x 10° generations for two runs of four
chains; trees were visualized with FigTree v1.1.2 (Rambaut, 2008;
Ronquist & Huelsenbeck, 2003). All sequences were deposited in
GenBank (see Supplementary Table S2, available with the online
version of this paper, for accession numbers).

Culturing ATCC and CBS Ascocoryne strains for VOC analysis.
Cultures were grown under microaerophilic conditions in 20 ml clear
glass vials with screw caps sealed with PTFE/Silicone septa (Supelco).
Oatmeal agar (OA) was prepared by boiling oatmeal [25g (1
dH,0) "] for 30 min and filtering through cheesecloth, following
by the addition of agar (15 g1~', BD Difco). The cellulose agar (CA)
contained a mixture of salt and cofactors [2 g KH,PO, 05g¢g
MgSO,4*7H,0, 0.5 g CaCl,, 2 g NaNO3, 1 g NH,Cl, 1 mg boric acid,
1 mg ZnSO,*7H,0, 5 mg MnSO,*4H,0, 5 mg FeCl;*6H,0, 5 mg
CuSO,4*5H,0, 50 pg biotin, 50 pg thiamine HCI, 5 mg inositol, 10 pg
pantothenoic acid, 50 pg pyridoxine HCI, 50 pg NAD, 50 pug FMN,
50 pg vitamin By, 50 ug FAD; all 17'], 25 ¢ 17! microcrystalline
cellulose (Alfa Aesar), and 15 g agar 17! (BD). The pH of the minimal
CA medium was adjusted to 6.0 with 1 M NaOH. (Salts and cofactors
were purchased from Sigma Aldrich and BD.) Each vial was filled with
a 10 ml slant of autoclave-sterilized medium. Inoculated vials were
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3815



M. A. Griffin and others

Table 1. Culture collection and isolation sources for Ascocoryne strains

Culture ID Organism Culture collection Isolation Deposition year
no.

Source Host Year
170.56 A. sarcoides CBS UK Nothofagus sp. 1913 1956
171.56 A. sarcoides CBS Germany Pinus contorta 1913 1956
192.62 A. sarcoides CBS France Unknown Unknown 1962
246.80 A. sarcoides CBS Norway Picea abies 1966 1980
251.80 A. cylichnium CBS Norway Picea abies 1966 1980
309.71 A. cylichnium CBS Switzerland Quercus wood 1967 1971
738.84 A. solitaria CBS Netherlands Angiosperm wood 1984 1984
44013 A. sarcoides ATCC Norway Malus domestica 1966 Unknown
44015 A. cylichnium ATCC Norway Picea abies stump 1968 Unknown
64109 A. sarcoides ATCC Canada Betula alleghaniensis Unknown Unknown

sealed and grown at 23 °C for 18 days. Three biological replicates of
each strain were inoculated to assess reproducibility of VOC
production. Un-inoculated vials served as controls to account for
media-derived volatiles.

Culturing NRRL 50072 for VOC analysis. In addition to the
conditions described for the Ascocoryne cultures, NRRL 50072 was
also tested for VOC production following growth in a variety of
conditions. To examine the influence of media sources on VOC
production, OA medium was also prepared from oatmeal agar (BD
Difco, 72.5 g 171 as directed. An alternative minimal medium base
was prepared for CA using the M1-D recipe (Pinkerton & Strobel,
1976). NRRL 50072 was grown on BD Difco OA and MI1-D CA in
both 20 ml vials and 250 ml brown glass bottles (Supelco). Bottles
were filled with a 100 ml slant of medium and inoculated from
culture plugs; cultures were grown for 18 days. Vials were prepared as
described above.

Liquid minimal media were prepared with the same salts and
cofactors base used for the initial CA medium without the addition of
agar and by replacing cellulose with sodium acetate (4.1 g anhydrous
NaOAc 171, glucose (15 g 1Y) or cellobiose (20 g 17Y). The glucose
minimal medium base did not include an ammonium source
(NH,CI). All minimal media were adjusted to pH 6.0 with 1 M
NaOH. PDB (EMD chemicals) and PDA (BD Difco) were made with
24 g potato dextrose 1! and 15 g agar for solid medium. All cultures
grown in vials and bottles were sealed and incubated at 23 °C. All
liquid flask cultures were sealed with sterilized foil caps and incubated
at 23 °C shaking at 150 r.p.m.

Solid phase microextraction (SPME)-GC/MS analysis of VOCs.
A CTC CombiPAL Autosampler (Leap Technologies) was used for
automated culture sampling of vial cultures via 50/30 pm divinyl-
benzene/carboxen/polydimethylsiloxane ~ StableFlex SPME  Fiber
(Supelco). Culture headspace samples were analysed using a gas
chromatograph A7890 coupled to a time-of-flight mass spectrometer
(GCT Premier, Waters). Compounds were loaded via the SPME fiber
onto the GC column at 240 °C splitless injection for 30 s with a
0.75 mm ID injection port liner, and were separated on a DB-WAX
column (30m x 025mm ID x 0.50 pm film thickness;
Phenomenex). An internal standard, 2-heptanone, was loaded onto
the pre-conditioned SPME fiber (2 min, 250 °C) for 30 s at 30 °C
before sample exposure [20 ml vial with 4 g pump oil and 10 pl 2-
heptanone (1 mg methanol ml™Y)] (Setkova et al, 2007). Samples
were exposed to the fiber for 35 min at 30 °C. The SPME fiber was
conditioned after each run to prevent carry-over (2 min, 250 °C).
The GC temperature programme was held at 30 °C for 2 min after
injection, and increased to 220 °C at 7 °C min ' with a constant flow

rate of 1 ml min~' Ultra High Purity Helium (Airgas East). Electron
impact (EI) spectra were obtained from EI ionization at 70 eV (source
temperature 150 °C) and data were collected over the mass range 50—
650 Da. Manual headspace sampling of 250 ml bottle and 100 ml
flask cultures of NRRL 50072 used the following sampling parameters:
pre-condition fiber (12 min, 250 °C), sample extraction (35 min,
room temperature), splitless-injection (30 s, 240 °C). No standard
was used for manually sampled cultures. GC oven and MS ionization
and detection parameters were identical to those described for
autosampler runs. Culture replicates for each growth condition were

251.80
1 44015 A. cylichnium

192.62

738.84 A.solitaria

NRRL 50072
44013
64109
309.71 A.sarcoides
171.56

170.56

246.80

Sclerotinina sclerotiorum

Botrytis cinera

0.05 substitutions per site

Fig. 1. Phylogeny of ATCC and CBS Ascocoryne strains and
NRRL 50072. Bayesian analysis of Ascocoryne strains and NRRL
50072 using ITS and CTP sequences. Bayesian posterior
probabilities are displayed at branch nodes, and species clustering
is noted.
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Table 2. Volatile products detected from NRRL 50072 and the ten Ascocoryne strains grown on OA in vials

Peak heights and areas relative to the internal standard 2-heptanone were used to estimate levels of production for each compound (#—#####; low—high); a number following the hash(es)
indicates the number of replicates in which the compound was detected at that level. Two values in one cell indicate that the compound was detected with significantly different peak areas between
replicates for that culture.

Product Retention CA* Previous NRRL A. sarcoides A. solitaria A. cylichnium
time (min) reportt 50072
170.56 171.56 246.80 309.71 44013 64109 738.84 192.62 251.80 44015
Alkanes/alkenes
2-Pentenet 1.70 C 3 #4 +3 HHHAAES HH L H 2 ## 1 #A 2 #H 1 #HHES 2L HHHH 2
Heptanet 2.08 #H### 3 #2 ## 2 #1 ## 2 #2 ## 1 ## 3 H#HH# 2 #3
Octanef 291 b #H# 2 ## 3 ## 2 #2 #H# 2 ## 2 ## 1 ## 3 #H# 2 #H#ELH#2 HH#]
1-Methyl cyclohexene 15.49 #3 #3 #3 # 1 #3
3-Octene 3.90 #2 #2 #1 #2
3,5-Octadiene 15.20 b #3
3-Nonene 15.68 C #H# 1 # 2
4-Nonene 15.83 #H# 1 # 2
Cyclodecane 16.57 C #H# 2
Cyclodecene 20.67 b #3 #2
Alcohols
1-Propanol 7.51 #3
2-Methyl-1-propanol} 8.85 C a, b ## 3 ## 3 ## 3 #H# 3 #HHHELAHHL H#H#3 ## 1 ## 3 ## 3 ## 3 2
## 2 ## 1
1-Butanol 9.90 #3
3-Methyl-1-butanol} 11.23 C a, b 3 #H#H# 3 7 3 7 3 F#E 3 HH#H#AH 3 HAEHRH 3 ### 3 FHAE 3 HAEHRER 2, i 3
#H## 1

3-Methyl-1-pentanol 13.73 #3
1-Hexanolt 14.23 b ## 3 ## 3 #3 #3 ## 3 #3 #2 #3 ## 2 #3 #3
3-Hexanol# 10.95 # 1 # 2
1-Heptanol} 16.20 C b #3 ### 3 H#HH#E 3 HHHF 2B H# N #HH# 2 ##H# 3 H#HH L ### 3 i TN i i ol M o i il

## 1 ## 2
2-Heptanol 13.33 b #3 #3 #3 #3
3-Heptanol 12.26 C #2 ## 1 ##H# 3 ## 1
1-Octanol# 18.03 #1 #1 #2 #2 #3 #3
3-Octanol 14.90 # 2 #2 #1
3-Nonen-2-ol 19.00 #3
Phenylmethanol 23.61 b #3 # 2
2-Phenylethanol} 24.14 C a, b ## 3 ## 3 #3 ## 3 ## 3 ## 3 ## 3 #3 #3 ## 3 ## 3
Esters
Methyl acetate} 3.49 C #3 #3 #3 ## 2, # 1 ## 3 ## 3
Ethyl acetates 4.45 C FEAEHH 3 ##H 3 FE 3 HHAAH 2, HAHAHHH S #H## 3 3 ## 3 ## 2 ## 3 ## 2

1

Propyl acetate 6.14 ## 3 #1 #1 #1 #1 #1 #1 #1 #1 #1

uononpold punodwod djueBlio ajiejoa sauAi0000sy
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Table 2. cont.

Product

Retention CA*

Previous NRRL

A. sarcoides

A. solitaria

A. cylichnium

time (min) reportt 50072
170.56 171.56 246.80 309.71 44013 64109 738.84 192.62 251.80 44015
2-Butyl acetate 5.52 #1
2-Methyl-1-propyl 6.93 C b #3 #3 #3 #3 # 1 # 2 #3 #3 #3 #2 #3 #2
acetatet
3-Methyl-1-butyl 9.35 b #3 #3 #3 #3 #3 #3 #3 ## 1 # 2 #3 #3 #3
acetatet
Hexyl acetated 12.59 b #3 # 2 #1 #1 # 2 ## 1
Heptyl acetate 14.63 C b ### 3 ##7# 3 H#H#H# 3 #HHE 2L H# L H#HH3 ## 3 ## 3 #3 #3 #H#H L H#2 #H# L #2
Octyl acetatef 16.60 C b ## 3 ## 3 ## 3 #3 # 2 #3
Nonyl acetatet 18.43 # 2 #3 #3 #2 # 2 #3
Decyl acetate 20.17 b #3
2-Phenylethyl acetatef 22.64 C a #3 #3 #3 #3 #3 #3 #3
Propyl propionate 7.65 #1
2-Butyl propionate 7.76 C a ###H 1 ##H#H# 1 ### 1
Methyl butanoate 6.22 # 1
Methyl 3-methyl-1- 7.09 a #3 #1
butanoate
Methyl octanonate 14.96 b #3
Methyl 2-octenoate 15.38 #3
Ethyl octanonate 15.79 #2
Ketones
2-Methyl-3-pentanoned: 6.45 #3 #2 #2 #2 #3
3-Hexanonei 7.80 C b #2 HH# 2 # 1 # 1
4-Methyl-3-hexanone 8.28 C a, b ## 3 ## 3 A 2; #H3 #HHH L
## 1 #1
2-Octanonef 12.89 #3 #3 # 2 #3 # 2 ## 3 ## 2 # 1
3-Octanonef 12.24 a, b # 1 #3 #3 #1 # 1 #3 # 1 #3 # 2 #3 # 2
7-Octen-2-one 13.86 b #3
4-Methyl-3-octanone 12.25 C ## 2
5-Ethyl-4-methyl-3- 13.13 C ## 3 #H# 2L H# 1 #H#H#3 #3 2
heptanone
2-Nonanone 14.98 #1 ## 3 #1 #1 #1
Ethers
1-Ethenyl-4-methoxy- 20.43 # 1 # 1 #1 #1 # 1 #1 # 2 #3 #3 #3
benzene
1-Ethyl-4-methoxy- 17.80 ) #3 #3 #3 #3 #3
benzene
4-Ethyl-1,2- 23.50 # 1 # 1 #2 #3 # 1
dimethyoxybenzene
1,2-Dimethoxybenzene 21.02 C # 1 #3 #2
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*A ‘C’ in this column indicates that the compound was also detected in the headspace of Ascocoryne cultures grown on CA (see Table 3).

tSome VOCs were previously reported to be produced by NRRL 5007. Reported by: a, Stinson et al. (2003); b, Strobel et al. (2008).

tRetention time and mass spectra matched that of pure standard.

§Terpene isomers were not differentiated for the compounds. The retention time given is the range and the number of distinctly eluting terpene compounds detected in all replicates is reported for

each organism.

analysed via SPME-GC/MS twice, except where noted, providing up
to six analyses per experiment.

Data were analysed by using the MassLynx Software Suite (Waters).
Chromatographic peaks were initially identified through spectral
search comparisons with the Wiley Registry of Mass Spectral Data,
8th Edition, containing EI spectra from over 390 000 compounds, and
elemental composition analysis using exact mass accuracy. Manual
inspection of spectral matches and peak content further confirmed
compound assignments and detected evidence of impurities or co-
elution. Identifications were verified through comparison of retention
times and spectra with pure standards for the compounds were noted
(Sigma Aldrich). The mass spectra of the sesquiterpenes, eluting
between 16 and 24 min under the described GC temperature program,
included the parent ion, m/z=204, and an elemental composition
analysis supported the molecular formula C;sH,,. For the terpenes,
VOC tables report the number of distinctly eluting compounds
detected in all replicates for each culture. Chromatographic peaks
resulting from the SPME fiber or inlet septum, including siloxane
derivatives, were excluded from the analysis. Compounds identified in
the blank media were also removed from the final data analysis. Peak
heights and areas relative to the internal standard 2-heptanone were
used to estimate levels of production for each compound (#—####4#).

RESULTS

Cultures of ten species of the genus Ascocoryne were chosen
from ATCC and CBS to represent the species diversity,
geographical distribution of isolation sites and range of host
plant sources within the culture collections (Table 1). The
strains selected for comparative VOC analysis comprise three
species based on the taxonomic classifications provided
within each culture collections’ database, including five
A. sarcoides, four A. cylichnium and one A. solitaria. These
strains were isolated from seven countries and eight different
plant sources between 1913 and 1984.

Phylogenetic analysis

Initial taxonomic assignments were based on identifications
provided within each culture collections’ database (Table 1),
but the ten cultures were deposited in collections before the
advent of routine DNA sequencing. Uncertainties in the
morphological identification of Ascocoryne species necessi-
tate the genetic examination of each isolate to verify species
assignment (Roll-Hansen & Roll-Hansen, 1979).

The ITS region is commonly used for sequence compar-
isons to assess the relationships between closely related
fungi and to help define taxonomic boundaries (White
et al., 1990). For all ten cultures, the sequence of the PCR-
amplified ITS region matched most closely with an
Ascocoryne species when searched against the GenBank
database (megablast, BLASTN). All strains, with the excep-
tion of CBS 309.71 and CBS 192.62, also matched most
closely at the species level to their designated taxonomy.
CBS 309.71 was deposited as an A. cylichnium species, but
the most closely aligned sequence was A. sarcoides
(GenBank accession no. GC411510). This sequence was
also the highest match for five of the cultures deposited as
A. sarcoides in the culture collections. A similar inconsis-
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Table 3. Volatile products detected from NRRL 50072 and the ten Ascocoryne strains grown on CA in vials

Peak heights and areas relative to the internal standard 2-heptanone were used to estimate levels of production for each compound (#—#####; low-high); a number following the hash(es)
indicates the number of replicates in which the compound was detected at that level. Two values in one cell indicate that the compound was detected with significantly different peak areas between
replicates for that culture.

Product Retention OA* Previous NRRL A. sarcoides A. solitaria A. cylichnium
time (min) reportt 50072
170.56 171.56 246.80 309.71 44013 64109 738.84 192.62 251.80 44015
Alkanes/alkenes
2-Pentenet 1.70 (¢} ## 3 FEFEAA 2 HAAHHH 2 #AEEE 3 #HH 3 #HHHE 3 #HHH S i 2 FiEAE 25 4 1;
## 1 #A 1 #HAHH 2
3-Nonene 15.53 #3
Cyclodecane 16.47 (¢} #3
Alcohols
2-Methyl propanol} 8.85 (¢} a, b ## 2 ## 2 ## 3 ## 3 ## 2 # 1 ## 3 ## 2 #3 #3
3-Methyl butanolf 11.23 (¢} ab #3 H#HH 2 #AH 2 HHHE N HEHH S HAHAE L R ## 3 #H#AH# 15 # 2 ## 3 ## 3
2 ## 1 ## 1

1-Heptanol# 16.20 (¢} b #H#AH 1 ## 3 ## 2
3-Heptanol 12.26 (@] #2
2-Phenylethanol} 24.14 O a, b #2 #1
Esters
Methyl acetatei 3.39 (¢} #1 ## 1 ## 3 #2
Ethyl acetated 4.45 (¢} #H#4# 1 i ol W o il MO il O o il

### 1

2-Methyl-1-propyl 6.82 (¢} b #3

acetatef
Heptyl acetatet 14.63 (¢} b #1 #3 ## 1 # 1
Octyl acetatei 16.60 O ## 1
2-Phenylethyl 22.64 (¢} a # 1

acetatef
2-Butyl propionate 7.76 (¢} a ## 2 ## 2
Ketones
4-Methyl-2- 6.65 b #1

pentanone
3-Hexanone 7.80 (€] b ## 1
4-Methyl-3-hexanone  8.28 (¢} a, b ## 1 ## 3
4-Methyl-3-octanone ~ 12.25 (¢} ## 3
5-Ethyl-4-methyl-3- 13.13 o) b ##3

heptanone
Acids
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*An ‘O’ in this column indicates that the compound was also detected in the headspace of Ascocoryne cultures grown on OA (see Table 2).

tSome VOCs were previously reported to be produced by NRRL 5007. Reported by: a, Stinson et al. (2003); b, Strobel et al. (2008).

$Retention time and mass spectra matched that of pure standard.

STerpene isomers were not differentiated for the compounds. The retention time given is the range, and the number of distinctly eluting terpene compounds detected in all replicates is reported for

each organism.

tency was observed for CBS 192.62, which was deposited as
an A. sarcoides strain, but the closest GenBank match was
with A. cylichnium (A789395).

The ITS region gave an insufficient phylogenetic signal to
partition the A. sarcoides clade in a phylogenetic
reconstruction, so we explored other regions of high
variability. Bioinformatic analysis of the NRRL 50072
genome (data not shown) established that the tricarbox-
ylate transport protein (CTP) contains a long intron that
could be captured with a single sequencing reaction. The
ITS and CTP sequences from each isolate were combined
into a concatenated dataset and a Bayesian analysis
was used to generate a consensus phylogeny (Fig. 1,
Supplementary Fig. S1, available with the online version of
this paper) (Ronquist & Huelsenbeck, 2003; White et al.,
1990). The topology of the consensus phylogram has clear
divisions between A. sarcoides, A. cylichnium and A.
solitaria strains with uniformly high Bayesian posterior
probabilities (Fig. 1). All strains were more closely related
to each other than to other genera in the family
Helotiaceae (Supplementary Fig. S1). Based upon these
observations, CBS 309.71 was classified with the A.
sarcoides strains and CBS 192.62 with the A. cylichnium
strains for this analysis.

The phylogenetic comparisons also illustrate the genetic
similarity between NRRL 50072 and the Ascocoryne species
present in culture collections. Based on ITS sequence alone,
NRRL 50072 could not be resolved from a six-tip polytomy
(data not shown). Inclusion of the CTP sequence resolved
this node and showed that NRRL 50072 is more distant
from the other six A. sarcoides than they are from each
other, possibly reflecting the geographical difference in
isolation locations (Fig. 1). The close grouping of NRRL
50072 with several A. sarcoides strains in public culture
collections further establishes that NRRL 50072 is an A.
sarcoides rather than a G. roseum strain (Bunyard et al,
2008; Strobel et al., 2008).

VOC production by Ascocoryne strains

VOC production was monitored from the culture head-
space of each Ascocoryne strain grown on two types of
solid media. OA and CA were selected to facilitate the
comparison of production profiles between each strain and
those previously reported for NRRL 50072 (Strobel et al.,
2008). Volatiles detected after 18 days of growth in sealed
vials were expected to represent the compounds produced
over the experimental time-course.

Compounds spanning seven chemical classes were pro-
duced by the ten Ascocoryne cultures and included over
100 distinct compounds. Individual isolates alone pro-
duced as many as 63 compounds (Tables 2 and 3). The
VOCs include classes of alkanes, alkenes, alcohols, esters,
ketones, acids, benzene derivatives and terpenes.

Short- and branched-chain alcohol VOCs were produced
broadly by members of the genus Ascocoryne, but the
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production profiles of medium straight-chain alcohols
exhibited species specificity. The alcohol product 3-methyl-
1-butanol, the related shorter chain alcohol 2-methyl-1-
propanol and 2-phenylethanol were present in all OA-grown
cultures at comparable levels (Table 2). However, the longer
straight-chain alcohols, 1-heptanol and 1-octanol, were
produced preferentially by the three A. cylichnium strains
(Table 2). Approximately 35-fold higher levels of 1-heptanol
were detected in A. cylichnium cultures versus A. sarcoides,
making it one of the most dominant compound peaks in A.
cylichnium total ion chromatograms (Fig. 2). The eight
carbon straight-chained alcohol, 1-octanol, was only repro-
ducibly detected from A. cylichnium and A. solitaria cultures,
while 1-hexanol was detected at equally low levels from all
species.

In contrast with the alcohols, the A. sarcoides isolates
exhibited preferential production of several ketones and

esters when grown on OA (Table 2). Half of the ketones
were detected only from A. sarcoides isolates, and of these,
the branched ketones, 4-methyl-3-hexanone and 5-ethyl-
4-methyl-3-heptanone, were produced by four of the six
A. sarcoides isolates (Table 2). Esters exclusively produced
by the six A. sarcoides cultures include the methyl, 2-butyl,
hexyl, octyl, nonyl and 2-phenylethyl esters of acetic acid,
and the propyl and 2-butyl esters of propanoic acid (Fig.
2, Table 2). The octyl, nonyl and 2-phenylethyl acetate
esters were produced by at least five of the six A. sarcoides
isolates, further demonstrating species-specific produc-
tion. Hexyl acetate was similarly detected from the A.
sarcoides isolates in addition to the A. solitaria strain.
Ethyl acetate and heptyl acetate were produced by all
cultures, but the levels detected were species-dependent.
They were present at much higher levels in all A. sarcoides
strains compared with A. cylichnium or A. solitaria (Fig. 2,
Table 2).
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Although the VOC production profiles of the Ascocoryne
strains were similar to one another, CBS 309.71 offered a
unique profile of volatiles. In the analysis of VOCs from
OA-grown cultures, six short- and medium-chain volatile
compounds were found only in the CBS 309.71 culture,
and four additional compounds were produced by two or
fewer other organisms. These VOCs include alkenes
tentatively identified as 3-nonene, 4-nonene, cyclodecane,
and 3-hexanone, 4-methyl-3-octanone and 3-hexanol. The
analysis of cultures grown on cellulose further demon-
strated the unique production capabilities of CBS 309.71,
with twice the number of short- and medium-chain
volatile products detected from CBS 309.71 than the
second highest producing isolate on CA. The additional
VOC:s include nine compounds that were produced only by
CBS 309.71 under the CA conditions. Moreover, CBS
309.71 also showed the fastest growth rate of all
Ascocoryne strains when grown in liquid culture (results
not shown). The remaining nine isolates had limited
production when grown on CA with 2-pentene, 2-methyl-
1-propanol, 3-methyl-1-butanol, ethyl acetate, acetic acid
and 1-heptanol, constituting the majority of short- and
medium-chain products observed.

The Ascocoryne strains demonstrate production of numer-
ous sesquiterpene compounds when grown on a cellulosic
substrate. The A. cylichnium strains each produced about
30 sesquiterpenes on OA, but this increased to almost 50
sesquiterpenes when grown on CA. The A. cylichnium
strains had the highest number of sesquiterpenes, but two
A. sarcoides isolates and the A. solitaria isolate also
produced more than 20 sesquiterpenes on at least one
growth medium.

Although all tested organisms from the genus Ascocoryne
produced a variety of VOCs, there were limited similarities
to the VOC profile reported for NRRL 50072. VOCs
produced by these strains had 21 short- and medium-chain
products in common with the reported NRRL 50072
reported products, but the 10 cultures also made an
additional 29 short- and medium-chain VOCs that were
not detected from NRRL 50072. Many of these new
volatiles were short (C,—C;) acetate esters, medium-chain
alcohols (C,—Cg) and benzene derivatives.

Despite a breadth of VOC production by the ten cultures,
several compounds reported for NRRL 50072 were not
produced by any of the Ascocoryne strains. Notably absent
were the medium-chain branched alkanes, including com-
pounds such as 5-ethyl-2,2,3-trimethyl-heptane, 3-ethyl-2,7-
methyl-octane and 4,4-dimethyl-undecane (Strobel et al.,
2008).

NRRL 50072 VOC production

The Patagonian endophytic A. sarcoides isolate NRRL
50072 may be unique from its European relatives in its
ability to produce branched alkanes. However, the
differences in VOCs noted for members of the genus

Ascocoryne and NRRL 50072 led us to re-examine NRRL
50072 VOC production and to explore its production
abilities under a wide variety of growth and sampling
conditions.

Two previous analyses of NRRL 50072 production report
VOCs manually sampled from four different media with
either one or two replicates (Stinson et al., 2003; Strobel
et al., 2008). The first NRRL 50072 VOC analysis reported
volatiles from a single PDA culture at 19 days. In a
subsequent study, the headspace of NRRL 50072 was
monitored from cultures grown on three types of media
(OA, CA and host plant medium) (Strobel et al., 2008). In
this analysis, it was noted that nine compounds did not
match the authentic standard compound retention time,
and 13 of the highly branched alkane compounds were
compared to a diesel fuel as a standard, which is a highly
complex mixture of unknown absolute composition.
Identification of alkanes is notoriously difficult based upon
comparison with standard libraries because the EI
fragments are similar for many alkanes (Schulz &
Dickschat, 2007). Further difficulty in alkane identification
is evident in Tables 1-3 in the paper by Strobel et al.
(2008). The identification of some of the highly branched
alkanes was considered possible and some compounds
were indicated as possible isomers (Strobel et al., 2008). 5-
Ethyl-2,3,3-trimethyl heptane and 3,3,5-trimethyl decane
are both included twice within the same sample table, but
correspond to peaks that elute 0.5-1 min apart (Strobel
et al., 2008). This raises concerns about the accuracy of that
analysis.

We re-analysed NRRL 50072 headspace volatiles using
conditions developed for the Ascocoryne strain survey that
were similar to those used in the previous report (Strobel
et al., 2008). Forty-eight compounds were detected from
OA and CA culture headspace of the NRRL 50072
replicates and approximately two-thirds were consistent
with the previously reported products for this strain
(Tables 2 and 3) (Stinson et al, 2003; Strobel et al,
2008). Over 75% of VOCs produced by NRRL 50072
under these conditions were also products of the other
Ascocoryne strains. These volatiles were detected at levels
similar to those from the six A. sarcoides isolates, further
demonstrating a correlation between phylogeny and
production profiles within the genus. A subset of volatiles
not previously known as products of NRRL 50072 or
members of the genus Ascocoryne was also detected. Twelve
VOCs detected from NRRL 50072 replicates were not
products of other Ascocoryne strains, and 16 of the
compounds were not previously reported for NRRL 50072
(Stinson et al., 2003; Strobel et al., 2008). These products
include 1-propanol, 1-butanol, 3-methyl-1-pentanol,
methyl 2-octenoate and ethyl octanoate.

Although a wide variety of VOCs were observed from
NRRL 50072 under these conditions, we did not observe
production of the medium-chain-length branched alkanes
that were reported previously for this organism. Some
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Table 4. Volatile products detected from NRRL 50072 grown under various conditions

x , Compound was detected. For experiments with multiple trials, the number of replicates for which the compound was detected is given. The

total number of replicates for each experiment is: OA vial day 18, 3 replicates; PDB flask day 10, 1 replicate; PDA vial day 35, 1 replicate; CB flask

day 15, 1 replicate; acetate vial day 5, 3 replicates; no ammonium vial day 10, 3 replicates.

Product Retention Previous OAvial PDB flask PDA vial CB flask Acetate vial No ammonium
time (min) report* day 18 day 10 day 35 day 15 day 5 vial day 10

Alkanes/alkenes
Pentane 1.54 X
2-Pentenet 1.70 X 3 X 3 X 3
Heptanet 2.08 X 3 X X 3
1-Heptene 2.40 X x 1 x 3
Octanet 2.91 b X 2 X X
1-Methyl cyclohexene 15.49 x 3
3,5-Octadiene 15.20 b X 3
Cyclodecene 20.67 b x 3 x 1 x 1
Alcohols
1-Propanol 7.51 x 3 X X
2-Methyl-1-propanolt 8.85 a, b x 3 X X X x 3
1-Butanol 9.86 x 3 X
3-Methyl-1-butanolt 11.23 a, b X 3 X X x 1 X 3
3-Methyl-3-buten-1-ol 12.22 X
1-Pentanol 12.13 x X X x 3
4-Penten-1-ol 13.28 X
4-Methyl-1-pentanol 13.48 X
3-Methyl-1-pentanol 13.73 x 3 X
2,3-Dimethyl-3-pentanol 8.78 X
1-Hexanolf 14.23 b X 3 X X X X 3 X 3
3-Methyl-1-hexanol 15.39 X
1-Heptanolt 16.20 b x 3 x 3
3-Heptanol 12.26 x 2
4-Heptanol 14.70 X
1-Octanolt 18.03 X
1-Octen-3-ol 16.09 a, b x 3
3-Nonen-2-ol 19.00 x 3 x 1 x 3
Phenylmethanol 23.61 b x 3
2-phenylethanolt 24.14 a, b x 3 X X x 1
Esters
Methyl acetatet 3.49 X 3
Ethyl acetatet 4.45 X 3 X X x 1 X 3
Propyl acetate 6.14 x 3 X
2-Methyl-1-propyl 6.93 b x 3 X X

acetatet
Butyl acetate 8.24 X X
3-Methyl-1-butyl acetatet 9.35 b x 3 X
Pentyl acetate 10.44 X
Hexyl acetatet 12.59 b x 3 X x 3
4-Methyl-1-hexyl acetate 13.64 X
Heptyl acetate 14.63 b x 3 X x 3
Octyl acetatet 16.60 b x 3 X x 3 x 3
Nonyl acetatet 18.43 X 3 X X 3 X 3
Decyl acetate 20.17 b x 3 x 2
2-Phenylethyl acetatet 22.64 a x 3 X X x 1
2-Butyl propionate 7.76 a x 3
Methyl 2-methyl-1- 6.85 X

butanoate
Methyl 3-methyl-1- 7.09 a x 3 X X

butanoate
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Table 4. cont.
Product Retention Previous OA vial PDB flask PDA vial CB flask Acetate vial No ammonium
time (min) report* day 18 day 10 day 35 day 15 day 5 vial day 10
Methyl 2,6-dimethyl 15.16 X
heptanoate
Methyl octanonate 14.96 b x 3
Methyl 2-octenoate 15.38 x 3 X
Methyl 2-methyl octanoate 14.90 X
Ethyl propionate 5.78 X
Ethyl 3-methyl-1- 8.11 X
butanoate
Ethyl octanoate 15.79 x 2 X
3-Methyl-1-butyl 12.38 X
butanoate
Ketones
3-Pentanone 6.19 x
2-Methyl-3-pentanonet 6.45 X
4-Methyl-3-hexanone 8.28 a, b X 3
6-Methyl-2-heptanone 11.89 x 3
3-Octanonet 12.24 a, b x 1 X X 3
7-Octen-2-one 13.86 b X 3
5-Ethyl-4-methyl-3- 13.13 x 3 X
heptanone
2-Nonanone 14.98 X
5-Ethyl-2-heptanone 14.06 x 3
2-Undecanone 18.82 X
Acids
Acetic acidt 17.01 b X 3 X X 3 X 3
Propanoic acid 18.54 X
3-Methyl butanoic acid 20.67 X
2,3-Dimethyl butanoic 21.87 X
acid
2-Methyl pentanoic acid 24.50 b X 3
Hexanoic acid 20.58 b X
Other VOCs
2-Isopropylfuran 7.29 X X 3 X 3
2-Pentyl furan 11.85 x 3 3
Octahydro-1H-idenene 18.95 b X
4-Ethyl-1,2- 23.50 x 1
dimethyoxybenzene
Terpenesi
Sesquiterpenes 16-24 a, b 8 24 2

*Some VOCs were previously reported to be produced by NRRL 5007. Reported by: a, Stinson et al. (2003); b, Strobel et al. (2008).

tRetention time and mass spectra matched that of pure standard.

tTerpene isomers were not differentiated for the compounds. The retention time given is the range, and the number of distinctly eluting terpene

compounds detected in all replicates is reported for each organism.

chromatographic peaks for medium- or long-chain alkanes
were detected in the NRRL 50072 analysis, but in each case
there was an equivalent compound in the uninoculated
media control. It is noteworthy that the uninoculated
media headspaces contained small amounts of several
highly branched alkanes (C,~C;4) and other compounds
such as hexanal, 2-octenal, furan derivatives, 1-octen-3-ol,
3-octen-2-one, butyrolactone and phenol derivatives. The
identity of these compounds was specific to the media type.

The chromatographic peaks resulting from the uninocu-
lated media increased in peak intensity and area in the
autoclaved uninoculated media compared with non-
autoclaved uninoculated media (data not shown).

We next examined an extensive range of culture conditions
and sampling methods in an effort to probe the remaining
differences in NRRL 50072 VOC products, specifically the
branched chain alkanes. Oatmeal and potato dextrose

http://mic.sgmjournals.org

3825



M. A. Griffin and others

media from various suppliers (EMD, Difco, Acumedia) or
freshly prepared media, minimal media base with a series
of different salt and cofactor supplements and varied
carbon (sodium acetate, cellulose, cellobiose, glucose) and
nitrogen (NH,Cl, NaNO; NH,NOj3) sources were tested.
The source of water in culture medium preparations
(distilled, tap, well) was also investigated due to potential
differences in metal concentrations that may impact
secondary metabolite biosynthesis (Paranagama et al.,
2007). Culture growth delay prior to headspace sampling
varied between 2 and 35 days for different sample types to
probe the changes in production with age. Samples tested
included microaerophilic sealed bottles and vials and fully
aerobic cultures grown in Petri dishes or shaking flasks.

VOC production by NRRL 50072 varied over this diverse
set of culture conditions. A subset of the headspace analysis
results demonstrates the range of production observed
(Table 4). The PDB 100 ml NRRL 50072 culture sampled
at day 10 contained a collection of volatiles similar to those
detected from NRRL 50072 grown on OA in vials or
bottles. The NRRL 50072 PDB culture product list was
dominated by an extensive series of alcohols and esters and
24 sesquiterpenes. Notably, very few alkane or alkene short-
chain products were detected from this liquid culture.
Cultures grown on PDA and sampled at day 35 displayed a
similar depletion in alkane and alkene products (Table 4).
Fewer products were produced by NRRL 50072 when
grown on the defined media resulting in limited similarity
to the VOCs produced by NRRL 50072 grown on OA or
PDA (Table 4). Branched-chain amino acid alcohols 2-
methyl-1-propanol, 3-methyl-1-butanol, 2-phenylethanol
and 1-hexanol were the most common alcohol products
across all conditions. The predominant esters made by
NRRL 50072 on minimal media were straight-chain C4—Cy
esters of acetic acid such as octyl and nonyl acetate. A small
number of other compounds including alkenes and
ketones were also detected from cultures grown on defined
media.

Ninety-seven volatiles were detected from these six
representative samples and they expand the collection of
short- and medium-chain VOCs produced by NRRL 50072
by 47 compounds. The majority of compounds were either
identical or similar to VOCs produced by other ascocoryne
strains. We were able to detect production of the straight-
chain alkanes heptane and octane, but no growth or
sampling condition variation tested recovered production
of the highly branched alkane VOCs.

DISCUSSION

Ten Ascocoryne cultures were obtained from the ATCC
and CBS cultures collections to compare their VOC
production capabilities with NRRL 50072 A. sarcoides. A
phylogenetic analysis confirmed the genus classifications of
the ten cultures and established their relatedness to NRRL
50072. SPME-GC/MS analysis of Ascocoryne volatiles

revealed production of over 100 VOCs, a subset of which
was species-specific. To understand differences between the
observed Ascocoryne VOCs and those reported for NRRL
50072, we examined NRRL 50072 production under
numerous growth and sampling conditions. The extensive
VOC analyses expanded the NRRL 50072 production list to
include 47 additional compounds, but we did not observe
production of the highly branched alkanes.

VOC production by Ascocoryne strains available
in public culture collections

Investigations into VOCs produced by strains of common
environmental cultures have provided information on
production trends within different fungal genera on many
substrates. Multiple isolates from the genera Aspergillus,
Fusarium, Penicillium and Trichoderma have been studied
for VOC production from a variety of laboratory media or
substrates designed to mimic building materials (Fiedler
et al., 2001; Larsen & Frisvad, 1995; Minerdi et al., 2009;
Schuchardt & Kruse, 2009; Van Lancker et al, 2008;
Wheatley et al, 1997; Wihlborg et al., 2008). Frequently
reported microbial VOCs from these and other organisms
include short chain organics such as branched alcohols and
esters in addition to terpene compounds (Korpi et al., 2009).

The ten strains selected for this study included a collection
of both very closely related organisms, such as most of the
European A. sarcoides, and a more diverse sampling of the
genus with three represented species groups. These strains
exhibited a broad range of VOC production. The products
encompass numerous chemical classes identified from
other micro-organisms, but include compounds rarely
reported together from a single isolate. Some Ascocoryne
volatiles include microbial VOCs derived from the primary
metabolism of amino acids, the breakdown of cellular
components, such as fatty acids, and conserved secondary
metabolism pathways (Korpi et al, 2009; Schulz &
Dickschat, 2007).

Branched-chain amino acid metabolism may be respons-
ible for several of the Ascocoryne volatile alcohols and
esters, but medium straight-chain products with undefined
biosynthetic pathways were also detected and displayed
interesting production trends. Alpha-ketoacid intermedi-
ates in amino acid metabolism, such as 2-ketoisovalerate,
can be converted to corresponding alcohols (2-methyl-1-
propanol) and subsequently to esters (2-methylpropyl
acetate) (Atsumi et al, 2009; Korpi et al, 2009).
Similarly, 2-phenylethanol and the ester 2-phenylethyl
acetate originate from phenylalanine (Korpi et al., 2009).
Given their conserved biosynthetic origin, there are
examples of these VOC products in other fungal genera
and they were uniformly produced by all Ascocoryne
strains. The alcohols 1-octanol and 1-hexanol are also both
commonly reported microbial VOCs, but they were
specific to A. cylichnium strains under the tested conditions
(Korpi et al., 2009).
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Particularly notable is the novel odd-numbered alcohol 1-
heptanol, which was detected at high levels in all A.
cylichnium strains (Table 2). A survey of volatile metabo-
lites from 14 common indoor fungi reported production
of 1-heptanol by a single culture at very low levels
(Aureobasidium pullullans CBS 96.1303) and little evidence
for its production by other fungi is available (Schuchardt
& Kruse, 2009; Wihlborg et al, 2008). However, some
organisms are known to produce the closely related
secondary alcohol 2-heptanol and the branched 6-methyl-
1-heptanol [Penicillium coprophileum (Berk & M.A. Curtis)
Seiferi & Samson IBT 5539 and Alternaria alternata
Keissler, respectively] (Fiedler et al, 2001; Larsen &
Frisvad, 1995; Van Lancker et al., 2008). NRRL 50072
was reported to produce 2-heptanol on OA but 1-heptanol
on CA. Four Ascocoryne strains produced 2-heptanol on
OA, but interestingly all ten strains demonstrated produc-
tion of the rarely observed alcohol 1-heptanol (Table 2).
Although 1-heptanol was produced at high levels by A.
cylichnium strains on OA, only A. sarcoides strains
produced this alcohol on CA, similar to NRRL 50072
(Table 3) (Strobel et al., 2008).

The straight-chain acetate esters, hexyl, heptyl, octyl and
nonyl, were also produced by many Ascocoryne strains. A
survey of volatiles from 47 Penicillium species reported that
only one of the 47 strains tested produced pentyl, hexyl,
heptyl and octyl acetate [Penicillium digitatum (Pers.: Fr.)
Sacc IBT 10188] (Larsen & Frisvad, 1995). Hexyl acetate
was also produced by Rhizopus stolonifer and two
penicillium strains, but these esters are infrequently
observed (Fiedler et al, 2001; Wihlborg et al., 2008). The
Ce—C,y straight-chain acetate esters were each found in the
headspace of at least half of the sampled Ascocoryne
strains, mostly A. sarcoides (Table 2). These esters were also
reported as NRRL 50072 products, suggesting that this is a
species-wide ability and is not limited to a particular strain
or isolation location or host. The straight and branched
medium-chained alcohols, esters and ketones produced
by members of the genus Ascocoryne, such as 3-hexanol,
1-heptanol, heptyl acetate, nonyl acetate, 2-methyl-3-
pentanone and 4-methyl-3-hexanone, or their derivatives
are similar to biofuel targets (Atsumi et al., 2008; Peralta-
Yahya & Keasling, 2010; Rude & Schirmer, 2009; Zhang
et al., 2008).

In addition to the short- and medium-chain volatiles, a
diverse collection of sesquiterpenes was produced by many
Ascocoryne strains. Sesquiterpenes include common
microbial VOCs synthesized by terpene cyclases that guide
the cyclization of the 15-carbon products (Christianson,
2008). Some Ascocoryne strains produced numerous
sesquiterpenes (CBS 192.62 produced 49 different sesqui-
terpene compounds on CA), which may be indicative of
multiple or promiscuous terpene cyclases that lead to a
diverse set of products (Tables 2 and 3) (Tholl et al., 2005).
The cyclic and branched nature of sesquiterpene hydro-
carbons make them potential sources of diesel or jet fuel
alternatives (Rude & Schirmer, 2009). A diversity of C;s

hydrocarbons can be formed by some Ascocoryne species
when grown on a cellulose substrate.

The most distinct VOC profile was from the most rapidly
growing strain, A. sarcoides CBS 309.71, particularly when
grown on the defined CA medium. CBS 309.71 demon-
strated production of compounds not detected from the
other isolates, including NRRL 50072. On OA, a series of
unsaturated hydrocarbons, 3-nonene, 4-nonene and cyclo-
decane, were only found in CBS 309.71 headspace (Table
2). On CA, this strain had the most extensive medium-
chain product list among the isolates and it demonstrated
production of more compounds than we detected from
NRRL 50072 under this growth condition (Table 3). Except
for sesquiterpenes, the other Ascocoryne strains showed
only limited VOC production when grown on CA.
Production was typically limited to common microbial
VOCs such as 3-methyl-1-butanol and ethyl acetate. The
products detected from CBS 309.71 grown on CA represent
a subset of those produced by all strains grown on OA and
CA, and suggest that CBS 309.71 has the ability to convert a
cellulose substrate to a range of interesting VOCs.

Compounds were detected in this Ascocoryne survey that
were not previously reported for NRRL 50072 A. sarcoides,
and numerous alkanes were reported to be produced by
NRRL 50072 that were not produced by any related strain
(Stinson et al., 2003; Strobel et al., 2008). However, the ten
Ascocoryne strains demonstrated production of both com-
mon VOCs and compounds that are seen in isolation from
other organisms, but that are rarely seen from a single fungal
isolate or genus and with unknown biosynthetic origins.
These data support the conclusion that organisms throughout
the genus Ascocoryne are producers of a variety of VOCs.

Re-examination of NRRL 50072 VOC production

Many of the compounds reported to be produced by
NRRL 50072 were not detected in this study, including
approximately 40 medium- and long-chain branched
alkane compounds. These were previously unidentified as
fungal products, and their potential biosynthetic routes
were uncertain (Korpi et al., 2009; Ladygina et al., 2006;
Strobel et al., 2008). The production of a series of straight
and branched medium- and long-chain alkanes was
unexpected in the previous studies given that these
products were not observed when NRRL 50072 was first
isolated and analysed (Stinson et al., 2003; Strobel et al.,
2008). In the first report of VOC production, 1,3,5,7-
cyclooctatraene, [8Jannulene, was identified as the major
NRRL 50072 product and its disappearance in the second
analysis was attributed to culture passages or storage, but
differences in culturing and sampling conditions can also
influence VOC production (Fiedler et al, 2001; Stinson
et al., 2003; Strobel et al., 2008; Van Lancker et al., 2008).
None of the related Ascocoryne organisms produced either
[8]annulene or highly branched alkanes. Extensive efforts to
reproduce conditions used with NRRL 50072 in the earlier
reports did not yield these products.
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Compounds either identical or similar to the branched-
chain alkanes reported for NRRL 50072 were present in
many culture vials, but we excluded these from VOC
production lists due to their presence in corresponding
uninoculated media headspace controls. The observation
of such compounds in the controls suggests a plausible
explanation for the discrepancy between this and the
previous study with regard to branched alkane production
by NRRL 50072. Consistent with these findings, we
understand that the authors of the previous NRRL 50072
study (Strobel et al., 2008) will submit corrections to their
results that remove compounds, including the branched
alkanes, from the production list (G. A. Strobel, personal
communication; see the Corrigendum in this issue, pp.
3830-3833).

Although several compounds attributed to A. sarcoides
NRRL 50072 could not be confirmed and appear to be
artefacts of the original analyses, the data support the
conclusion that organisms throughout the genus
Ascocoryne are producers of a wide variety of VOCs. We
were able to confirm the production of many compounds
and expanded the list of volatile products for this fungal
genus. NRRL 50072 demonstrated enhanced alkene, ester
and alcohol production over most of the other Ascocoryne
isolates. Its products included short- and medium-chain
branched compounds such as 3,5-octadiene, 1-heptene, 4-
methyl-1-pentanol, 3-methyl-1-hexanol, 6-methyl-2-hep-
tanone and methyl 2,6-dimethyl heptanoate. The genus
Ascocoryne, represented by NRRL 50072 and ten isolates
available in public culture collections, demonstrated
production of over 100 distinct VOCs. Numerous
Ascocoryne VOC products were detected from cellulose-
grown cultures and several have chemical properties
consistent with their potential use as biofuels.
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