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A putative terpene cyclase vir4, which is a member of a secondary metabolite cluster, has been deleted in
Trichoderma virens to determine its function. The deletion mutants were compared for volatile production
with the wild-type as well as two other Trichoderma spp. This gene cluster was originally predicted to
function in the synthesis of viridin and viridiol. However, the experimental evidence demonstrates that
this gene cluster is involved in the synthesis of volatile terpene compounds. The entire vir4-containing
gene cluster is absent in two other species of Trichoderma, T. atroviride and T. reesei. Neither of these
two species synthesizes volatile terpenes associated with this cluster in T. virens. We have thus identified
a novel class of volatile fungal sesquiterpenes as well as the gene cluster involved in their biosynthesis.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Secondary metabolites produced by filamentous fungi are ex-
tremely diverse in structure and function, providing a source of no-
vel compounds for pharmaceutical, agricultural, and medical
markets (Keller and Hohn, 1997; Reino et al., 2008; Osbourn,
2010). Compounds such as antibiotics (penicillin) and hormones
(gibberellins) have yielded positive benefits in the areas of medi-
cine and food production for many decades. However, mycotoxins,
including fumonisins and aflatoxin, have substantial negative im-
pacts on food production each year, and have the potential to neg-
atively affect both humans and livestock. Other metabolites are
important virulence factors for disease in mammals and plants,
such as gliotoxin from Aspergillus fumigatus and the metabolite
produced by ACE1 gene in Magnaporthe oryzae, respectively (Fudal
et al., 2007; Reino et al., 2008; Osbourn, 2010).

Trichoderma spp. are considered to be an abundant source of sec-
ondary metabolites, as 373 different compounds have been identi-
fied according to the Antibase database, some shown to have
medicinal or agronomic importance (Sivasithamparam and Ghisal-
berti, 1998; Laatsch, 2007; Reino et al., 2008). As a member of this
genus of filamentous fungi, Trichoderma virens produces several sec-
ondary metabolites that have been suggested as playing a role in its
ecological development (Howell et al., 1993). Examples of these
compounds include gliotoxin, gliovirin, viridin and viridiol. Volatile
organic compounds (VOCs) represented by several chemical classes
(e.g. alcohols, aldehydes, esters and terpenes) are produced by many
species of fungi including Trichoderma (Bruce et al., 2000; Vinale
et al., 2008). VOCs are involved in biological processes such as plant
defense against predators, parasites and pathogens during biocon-
trol interactions, competition with other microorganisms, and pro-
duction of reproductive structures in species of Trichoderma
(Sivasithamparam and Ghisalberti, 1998; Bruce et al., 2000; Humph-
ris et al., 2002). Some Trichoderma spp. are commonly associated
with rotting wood, and production of VOCs has been shown to inhibit
the growth of competing basidiomycete wood decay fungi in this
environment (Bruce et al., 2000; Humphris et al., 2001). An analysis
of volatile compounds produced by Trichoderma atroviride demon-
strated the presence of 25 fungal metabolites including alcohols, ke-
tones, alkanes, furanes, pyrones, mono- and sesquiterpenes
(Schmoll et al., 2009; Stoppacher et al., 2010). However, the genetics
of the biosynthesis of these compounds has not been previously doc-
umented in any Trichoderma spp.
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Terpene cyclases, are a diverse family of enzymes found in
both plants and microorganisms, that catalyze the cyclization
of prenyl diphosphate chains and are the first committed steps
in the formation of monoterpenes, sesquiterpenes, and diter-
penes (Christianson, 2006; Davis and Croteau, 2000). Terpenoids
are derived from the precursor isopentnyl diphosphate (IPP),
which is altered by prenyltransferases to produce geranyl
diphosphate (GPP), farnesyl diphosphate (FPP), and gernylgeranyl
diphosphate (GGPP). These precursors function as the divergent
branch points for the production of monoterpenes (from GPP),
sesquiterpenes (from FPP), and diterpenes (from GGPP) through
the action of terpene cyclases.

Previously, a partial gene cluster (designated as the vir cluster)
was identified in the ‘‘P’’ strain IMI 304061 of T. virens by suppres-
sion subtractive hybridization with wild-type strain against a non-
conidiating mutant deficient in secondary metabolite biosynthesis
(Mukherjee et al., 2006). A cosmid clone containing a cyclase gene
was sequenced and several full length genes were identified as
members of a putative secondary metabolism related gene cluster.
These genes included three cytochrome P450s and a terpene cy-
clase. The genes and organization of this cluster closely resembled
that of an un-annotated gene cluster in A. oryzae, the Gibberella
fujikuroi gibberellin cluster, and the Fusarium graminearum tricho-
thecene cluster. To elucidate the function of this gene cluster and
determine the compounds produced, we have deleted a putative
terpene cyclase (vir4) and compared the volatile profiles of gener-
ated mutants with the wild-type T. virens and two additional Trich-
oderma spp. (T. atroviride and Trichoderma reesei) that do not
harbor this cluster.
2. Materials and methods

2.1. Strains and culture conditions

Two strains of T. virens were used in this study: Gv29-8 (wild-
type) and Tv10.4 (an arginine auxotrophic strain) (Baek and Kener-
ley, 1998). Strains of Trichoderma (T. virens, T. atroviride, and T. ree-
sei) and transformants were maintained on potato dextrose agar
(PDA) at 27 �C. Vogel’s minimal medium (Vogel, 1956) supple-
mented with 1.5% sucrose (VMS) was used to screen for deletion
mutants and PDA with 100 lg/mL hygromycin (PDA-H) was used
to screen vir4 complemented strains.

Escherichia coli XL1-Blue Supercompetent Cells (Stratagene)
were grown on Luria Bertani agar (LBA) at 37 �C. Liquid cultures
were grown at 250 rpm and ampicillin (Research Products, Inc.)
was used as a selective agent.
2.2. Bioinformatic analysis

The full cluster was described previously for T. virens (Mukher-
jee et al., 2012). The genomes of T. reesei and T. atroviride (www.ge-
nome.jgi-psf.org) were surveyed for the presence of the vir4
cluster. The full cluster in Aspergillus spp. was identified by walking
on their respective scaffolds (http://www.aspgd.org/). A protein
BLAST was performed at the National Center for Biotechnology
Information (NCBI) website (http://www.ncbi.nlm.nih.gov/) using
the predicted amino acid sequence encoded by vir4. The tree was
constructed with PhyML 3.0 (Guindon et al., 2010) after a sequence
alignment using ClustalX (Larkin et al., 2007). A sh-like aLRT statis-
tical test for computing branch support was used for the tree con-
struction (Anisimova and Gascuel, 2006). A maximum likelihood
phylogeny was constructed using PhyML software (http://
www.atgc-montpellier.fr/phyml/) with a Blosum62 substitution
model and a bootstrap of 100 (Guindon et al., 2010).
2.3. DNA manipulation

Genomic DNA from T. virens was extracted as previously de-
scribed (Xu et al., 1996). Sequencing reactions were completed at
the Texas A&M University Gene Technologies Lab. Southern blot
analysis was performed according to a common protocol (Sam-
brook et al., 1989). Probes were labeled using a Random Primer
DNA Labeling Kit (Takara) and Southerns were hybridized using
Ultrahyb (Ambion) at 42 �C overnight. DNA amplified by PCR was
purified using the Wizard� SV Gel and PCR Clean-up System (Pro-
mega). Plasmids were purified using the Wizard� Plus SV Miniprep
kit (Promega).

2.4. Generation of vir4 deletion and complementation vectors

The sequence of the vir4 gene (DQ456846) (Mukherjee et al.,
2006) from T. virens strain IMI 304061 was used to BLAST against
the T. virens Gv29-8 genome (http://genome.jgi-psf.org). One gene
showed high nucleotide sequence similarity and was designated as
vir4. The full sequence was obtained from the genome database
and the vir4 deletion vector (pFKC1) was constructed by cloning
the upstream and downstream flanking regions of vir4 into pJMB4
(Baek and Kenerley, 1998), which contains the arg2 gene as a
selectable marker for complementation of strain Tv10.4. The up-
stream region was inserted into the EcoRV site, and the down-
stream region inserted into the SmaI site using blunt end cloning.
Thymine tags were added to the blunt digestion sites by the addi-
tion of 0.1 mM dTTPs, 2 units of Taq polymerase, and 1X PCR buffer
to the digestion and incubated for twenty minutes at 72 �C. The
pFKC1 vector was linearized at the ApaI restriction digest site be-
fore transformation into strain Tv10.4 (Baek and Kenerley, 1998).

To construct the vir4 complementation vector (pFKC14), the
vir4 coding region along with 2000-bp of the promoter and
1000-bp of the terminator regions were amplified using Phusion
High Fidelity Taq Polymerase (Finnzymes). Adenine overhangs
were added to the amplified product by the following reaction.
Four micrograms of purified DNA were combined with 0.2 mM
dATP, DNA Taq polymerase (Promega), and 1X Taq polymerase buf-
fer and incubated for twenty minutes at 72 �C. The reaction was
used directly to clone into pGEM-T easy vector (Promega)
(pFKC14). To obtain complementation strains, pFKC14 and
pCSN43, a vector containing the hygB gene as a selection marker,
were co-transformed into the deletion mutant Dvir4-137.

2.5. Transformation and screening of transformants

Protoplasts of T. virens were produced and transformed with
linearized DNA by the method of Baek and Kenerley (1998). Stable
transformants were selected by sequential transfer of conidia to
agar slants of VMS, PDA, and VMS. Viable transformants on the last
round of VMS were screened by PCR using a primer upstream of
the vir4 region cloned into pJMB4, Vir4-11 (50-CAACACGGCTTA-
GATTGAGTCA-30) and a primer within the arg2 gene, Vir4-12 (50-
GGTGAGTCACGGTAACACC-30). These primers were used to amplify
a product specific for a homologous recombination event. PCR
amplification was performed for 35 cycles with each cycle framed
as 30 s at 95 �C, 30 s at 52 �C, and 2 min 30 s at 72 �C. Once positive
transformants were identified from this screening, they were fur-
ther analyzed with primers specific for vir4 [Vir4F (50-CAA-
CACTGCCTGTCATCGCTA-30) and Vir4R (50-CAGCCATCTTGGAGT
GAGTCA-30) with 35 cycles (30 s at 95 �C, 30 s at 55 �C, and 1 min
at 72 �C)] to verify the deletion of the gene. Strains containing
the correct insert, but without the 300 bp fragment of vir4 were
further analyzed by Southern blotting. To identify stable comple-
mentation mutants, conidia of isolated colonies were trans-
ferred sequentially from PDA-H, PDA, to PDA-H. Resulting stable
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transformants were initially screened by PCR using the primers
Vir4F and Vir4R prior to verification by Southern blot.

2.6. Extraction of RNA and evaluation of cluster expression

Real-time quantitative PCR (qPCR) was performed to examine
expression of genes within the vir4 cluster and to observe putative
changes in a vir4 deletion mutant. Gv29-8 and Dvir4-137 were
grown in potato dextrose broth (PDB) for 2 days. Mycelia was
washed, ground in liquid nitrogen, and RNA extracted using TRI-
ZOL� reagent (Gibco-BRL). The DNA-free™ DNase Treatment and
Removal kit (Ambion) was used to remove any residual DNA. This
RNA was used for qPCR of the gene cluster using actin (Vargas,
2008) as a control reference. All primers used for qPCR in this study
are presented in Table S1. The difference in expression of the clus-
ter was examined using the Thermo Scientific Verso SYBR 1-Step
QRT + Rox Kit. The real-time reactions were performed in a 25 lL
reaction containing 1X Verso SYBR mix and 200 nM primers. Each
reaction contained 100 ng total RNA and was loaded on the 7500
Fast real time PCR system (Applied Biosystems). Data were ana-
lyzed using three biological replicates, and the absence of primer
dimers was confirmed by creation of a dissociation curve. The
expression of each gene was normalized using the formula 2�DDCT

per manufacturer’s instructions (PE Applied Biosystems, 2001).

2.7. Measurement of non-volatile secondary metabolite production in
vir4 transformants

The arginine deficient mutant Tv10.4 and Dvir4-137 were
grown in malt extract broth (MEB) for 4 days, and culture filtrate
was extracted using ethyl acetate. Samples were air dried by pas-
sive evaporation, resuspended in methanol, and 20 lL was spotted
on a TLC Silica gel 60 F254 plate (EMD). A mobile phase of
70:30:0.5 chloroform:acetone:formic acid (v/v) was used to sepa-
rate samples on the TLC plate. The plate was allowed to dry, viewed
at a UV of 254 nm, and photographed. In addition, Gv29-8 and
three vir4 deletion mutants (Dvir4-61, Dvir4-87, Dvir4-137) were
grown in PDB for three days, and culture filtrate was extracted as
above. Resuspensions in methanol were analyzed by HPLC
(USDA-ARS-Southern Plains Agricultural Research Center).

2.8. Chemicals and standards for volatile analysis

The chemical n-hexane (95%) was obtained from J.T. Baker
(Deventer, The Netherlands) and PDA from Merck (Darmstadt, Ger-
many). Following standards were purchased from Sigma–Aldrich
(Vienna, Austria): 2-heptanone (99%), 3-octanone (>98%), 3-octa-
nol (95%), 1-octen-3-ol (98%), 2-nonanone (99%), 2-undecanone
(99%), trans-nerolidol (85%), alpha-terpinene (95%), phenylethyl
alcohol (99%), 6-pentyl-alpha-pyrone (96%), alpha-phellandrene
and the alkane standard solutions (mixture of C8–C20 and C21–C40

in n-hexane). For the production of the alkane standard mix C5–
C10, pentane (99%), octane (99%) and nonane (99%) were obtained
from Sigma–Aldrich (Vienna, Austria), n-hexane (99.5%) from
Merck, (Darmstadt, Germany), n-heptane (99.5%) from J.T. Baker
(Deventer, Netherlands) and n-decane p.a. from Promochem (We-
sel, Germany).

2.9. Cultivation of fungi and time course experiments

The cultivation and GC–MS analysis of the different Trichoderma
strains were performed as described earlier (Stoppacher et al.,
2010; Kluger et al., 2012) with slight modifications. Fungi were
pre-cultured on petri dishes with PDA as culture medium. After
4 days of pre-cultivation, all samples of a particular time series
were prepared simultaneously in the following way: for each time
point and replicate, an agar plug with fungal mycelium was excised
from the petri dish and placed centrally on top of a layer of solid-
ified PDA (5 mL) in a 20-mL headspace (HS) vial (4 time points, 3
replicates per time point, see below). The HS vials were closed with
cotton plugs and incubated for 24 h, 48 h, 72 h and 96 h respec-
tively (darkness, 28 �C, rel. humidity 70%). After cultivation for
the respective time period, the culture vials were purged with syn-
thetic air for 30 s, sealed with a screw-cap containing gas-tight sil-
icone/Teflon septa and incubated for 6 h at 22 �C prior to GC–MS
analysis. For each Trichoderma strain, three biological replicates
per time point were analyzed. For GC–MS measurements a
65 lm PDMS/DVB fiber was used for HS extraction and chromato-
graphic separation of the volatiles was carried on a HP5-MS col-
umn (30 m � 0.25 mm � 0.25 lm; Agilent, Waldbronn, Germany).
2.10. Measurement of the volatile metabolites by GC–MS

Automated extraction of volatiles was performed with the aid of
a Gerstel MPS 2XL autosampler (Gerstel, Mülheim, Germany). Fun-
gal cultures were equilibrated for 15 min at 30 �C and subse-
quently volatiles were extracted from the headspace for 30 min
by exposure to an SPME fiber with 65 lm PDMS/DVB coating with-
out agitation. Volatiles bound to the fiber were transferred to the
GC–MS instrument, and further measured on an Agilent 6890N
gas chromatograph coupled to an Agilent 5975 mass selective
detector (MSD) (Agilent, Waldbronn, Germany). Analytes were
desorbed for 2 min in a split-/splitless injector (splitless mode
250 �C, headspace glass liner, 1.5 mm i.d. (Supelco, Vienna, Aus-
tria), and separated on a HP5-MS 30 m � 0.25 mm � 0.25 lm (Agi-
lent, Waldbronn, Germany). Helium (5.0) was used as carrier gas at
a constant flow rate of 1 mL/min. The oven program consisted of
40 �C (hold 2 min), 10 �C/min to 200 �C, and 25 �C/min to 260 �C
(hold 5 min). MSD parameters were electron impact ionization
(EI) at 70 eV, source 230 �C, quadrupole 150 �C, solvent delay:
2.2 min, full scan (45–400 amu).
2.11. Compilation of an in-house Trichoderma library

GC–MS chromatograms, which showed the highest number of
chromatographic peaks with highest intensities (one chromato-
gram per Trichoderma wild-type strain), were selected to build a
‘‘Trichoderma-library’’ containing the respective mass spectra and
linear temperature programmed retention index (LTPRI) values of
the detected volatile metabolites. To this end, chromatograms of
T. virens Gv29-8 96 h-old cultures and T. reesei and T. atroviride
48 h-old cultures were evaluated using the Automated Mass Spec-
tral Deconvolution and Identification System (AMDIS) software
(version 2.69).

First, a ‘‘NIST database search’’ was performed comparing the
measured and deconvoluted mass spectra of all peaks with the en-
tries of the NIST 05a and Wiley 7n libraries. All volatiles, which
showed mass spectra with a match factor P90, were selected,
and their mass spectra and LTPRI values (median from NIST Chem-
istry Webbook (NCWB) added to the ‘‘Trichoderma-library’’. Addi-
tionally, chromatograms were searched for different types of
terpenes using extracted ion current (EIC) chromatograms at m/z
136 for monoterpenes, m/z of 202 and m/z 204 for sesquiterpenes,
and m/z 272 for diterpenes. The deconvoluted mass spectra under-
neath these EIC peaks were inspected manually, and in case of typ-
ical terpene fragmentation patterns, the corresponding measured
spectra and LTPRI values were added to the library. The putative
terpenes were classified into mono- (MT), sesqui- (ST), diterpenes
(DT), and named ‘‘unknown terpenes’’. The final Trichoderma li-
brary was subsequently used for the automated data evaluation
of all samples applying the AMDIS software.
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2.12. Annotation and identification of volatile metabolites

All chromatographic peaks/substances which were detected in
blank samples (HS vials containing PDA without fungi) were elim-
Table 1
Volatile compounds produced by T. virens, T. atroviride, and T. reesei.

Number of
compound

Compound #
classification

Compound

1 Others_01 1-Butanol, 3-methyl-a

2 C8_01 1-Octeneb

3 C8_02 1,3-Octadieneb

4 C8_03 1,3-Trans,5-cis-octatrieneb

5 Others_02 2-Heptanonea

6 C8_04 1-Octen-3-ola

7 C8_05 3-Octanonea

8 Others_03 2-Pentyl furanb

9 MT_01 beta-Myrcenea

10 C8_06 3-Octanolb

11 Others_04 Hexanoic acid, ethyl esterb

12 MT_02 Alpha-terpineneb

13 MT_03 Alpha-limonenea

14 MT_04 Beta-phellandreneb

15 MT_05 Alpha-terpinolenea

16 Others_05 2-Nonanoneb

17 Others_06 Phenylethyl alcoholb

18 Others_07 2-n-Heptylfuranb

19 Others_08 2-Undecanoneb

20 ST_01 Unknown sesquiterpene_01d

21 ST_02 Unknown sesquiterpene_02d

22 ST_03 Unknown sesquiterpene_03d

23 ST_04 Unknown sesquiterpene_04d

24 ST_05 2,4-Diisopropenyl-1-methyl-1-vinylcyclohexa
25 ST_06 1,1,4,7-Tetramethyl-1A,2,3,4,4A,5,6,7B-octahy

cyclopropa(E)azuleneb

26 ST_07 Unknown sesquiterpene_07d

27 ST_08 Beta-caryophylleneb

28 ST_09 Unknown sesquiterpene_09d

29 ST_10 Unknown sesquiterpene_10d

30 ST_11 Alpha-bergamoteneb

31 ST_12 Unknown sesquiterpene_12d

32 ST_13 Trans-beta-farneseneb

33 ST_14 Unknown sesquiterpene_14d

34 Others_09 6-Pentyl-alpha-pyronea

35 ST_15 Unknown sesquiterpene_15d

36 ST_16 Unknown sesquiterpene_16d

37 ST_17 Germacrene Db

38 ST_18 (Z,E)-Alpha-farneseneb

39 ST_19 Alpha-zingibereneb or beta-himachaleneb

40 ST_20 Cyclopropanemethanol, 2-methyl-2-(4-methy
methyl-1-propenylidene)-, cis-c

41 ST_21 Unknown sesquiterpene_21d

42 ST_22 Beta-bisaboleneb

43 ST_23 Unknown sesquiterpene_23d

44 ST_24 Naphthalene, 1,2,3,4,4a,5,6,8a-octahydro-7-m
methylethyl)-, (1à,4aá,8aà)-b

45 ST_25 Beta-sesquiphellandreneb

46 ST_26 1-Isopropyl-4,7-dimethyl-1,2,3,5,6,8A-hexahy
47 ST_27 Naphthalene, 1,2,4a,5,6,8a-hexahydro-4,7-dim

methylethyl)-, [1S-(1à,4aá,8aà)]-c

48 ST_28 Cis, trans-nerolidolb

49 ST_29 1,1,4,7-Tetramethyldecahydro-4AH-cycloprop
50 ST_30 1,1,4,7-Tetramethyldecahydro-1H-cyclopropa
51 DT_01 Unknown diterpene_01d

52 DT_02 Unknown diterpene_02d

53 DT_03 unknown diterpene_03d

54 DT_04 Unknown diterpene_04d

55 DT_05 Unknown diterpene_05d

56 DT_06 Unknown diterpene_06d

a Identified by MS match factor P90, DRI 6 2% and authentic standard.
b Annotated by MS match factor P90, DRI 6 2%.
c Annotated by MS match factor P90, RI not available in NCWB.
d Assigned according to molecular mass and typical appearance of ST- and DT-spectra

(other class of compound).
inated from further data evaluation. Regarding compound identity
four levels of confidence were defined. For identification of the
highest level of confidence (marked with ‘‘superscript b’’ in Ta-
ble 1), the MS match factor (MF) had to be P90 and LTPRI 6 2%,
CAS # RI measured (HP5,
median)

RI (median
NCWB)

123513 735 736
111660 791 789
1002331 826 829
40087614 880 880
110430 891 894
3391864 980 980
106683 988 987
3777693 992 991
123353 993 991
589980 995 995
123660 999 998
99865 1020 1017
138863 1032 1029
555102 1032 1030
586629 1091 1088
821556 1093 1091
60128 1118 1113
3777717 1194 1193
112129 1295 1291

1346
1358
1388
1395

neb 515139 1403 1391
dro-1H- 489407 1424 1409

1429
87445 1435 1418

1439
1444

17699057 1444 1430
1455

18794848 1459 1457
1465

27593233 1471 1469
1478
1487

23986745 1497 1480
26560145 1498 1489
495603 or
1461036

1501 1495 or 1499

l-3-pentenyl)-3-(2- 129286324 1503

1512
495614 1516 1508

1520
ethyl-4-methylene-1-(1- 39029419 1530 1513

20307839 1532 1525
dronaphthaleneb 483761 1536 1524
ethyl-1-(1- 24406051 1552

40716663 1568 1563
a(E)azulen-4A-olb 5986492 1588 1561
(E)azulen-4A-olb 552023 1613 1590

1964
1992
1998
2002
2023
2063

, MT (monoterpene), ST (sesquiterpene), DT (diterpene), C8 (C8 compound), Others
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and additionally confirmed by measurement of authentic standard
was required. Compound annotation was either based on both
MF P 90 and LTPRI 6 2% (‘‘superscript c’’, Table 1), MF P 90
(‘‘superscript d’’, Table 1) or just assigned according to molecular
mass and typical appearance of mass spectra in case of DT and
some ST (‘‘superscript e’’, Table 1).
2.13. Growth assays of transformants

Growth of transformants was determined on malt extract agar
(MEA), PDA, VMS, Vogel’s minimal medium with 1.5% glucose
(VMG) or 1.5% lactose (VML). Wild-type and transformant strains
were grown on PDA and 3 mm plugs were removed from the ac-
tively growing edge of the colony and placed in the center of the
test media. Measurements of the colony diameter were recorded
at 24, 48, and 72 h. Diameters measured at the 48 h time point
were analyzed, and the mean and standard deviation calculated
for all conditions using Microsoft Excel.
2.14. Root colonization

The root colonization abilities of Gv29-8 and the vir4 deletion
and complementation strains were compared using qPCR analysis.
Seeds of Zea mays (Silver Queen hybrid) were sterilized by treating
with 70% ethanol for 5 min and 10% hydrogen peroxide for 2 h, and
then rinsed with distilled water. Surface disinfected seeds were
planted in an 18 � 150 mm culture tube containing a 3:2 mixture
(by weight) of a Lufkin fine sandy loam and fine sand (approxi-
mately 10 g/tube). The sterile sand soil mix (100 g) was infested
with 10 mL of water containing 1 � 107 conidia per mL. After
3 days of growth, roots were harvested, rinsed with distilled water,
and ground in liquid nitrogen. DNA was extracted using the same
method described for T. virens. The method for qPCR was the same
as described earlier using 100 ng of DNA without the reverse trans-
criptase step. The primers for actin were used to measure fungal
DNA and primers for phenylalanine ammonia lyase (pal) were de-
signed to measure plant DNA (qpalF 50 GCTCATGTTCGCGCAGTTC 30

and qpalR 50 GGTGAGCCCGTTGTTGTAGTACT 30). Cycle threshold
values were calculated for each of the primers and the amount of
DNA was estimated using a standard curve. Three replicates were
performed for each strain.
Fig. 1. Scheme representing gene cluster homology among T. virens vir cluster and clus
direction indicates 50–30 coding orientation.
3. Results and discussion

3.1. Phylogenetic and cluster analysis

The full vir4-containing cluster was previously identified in the
T. virens Gv29-8 genome (Mukherjee et al., 2012). A thorough sur-
vey of more than 50 filamentous ascomycete genomes revealed
that homologs of this cluster or part of it are present in A. oryzae,
A. clavatus, and A. flavus (Fig. 1), but absent in other Aspergillus spe-
cies (A. nidulans, A. fumigatus, A. terreus, A. niger) queried. In A. ory-
zae most of the entire cluster was present (except vir7), though the
individual genes have undergone re-arrangements, and thus the
members of the cluster were not in the same order as in T. virens
(Fig. 1). The cluster in A. clavatus appeared to have suffered dele-
tion with a truncated version of vir2 and vir5, and the absence of
vir1. Only a remnant of the cluster was present in A. flavus genome,
comprising the cyclase (vir4), in addition to gapdh. No genes with
strong homology to vir4 or other members of the gene cluster were
found in T. reesei or T. atroviride (www.genome.jgi-psf.org).

A phylogenetic analysis of the class I terpene cyclases from all
three Trichoderma spp. and orthologs from other ascomycetes re-
vealed that the vir4 cyclases of T. virens, A. oryzae (Gibbons et al.,
2012), A. clavatus and A. flavus share very strong homology
(Fig. 2). Additionally, the T. virens vir-gapdh is unique and does
show homology to other gapdh genes from T. virens as well as from
T. atroviride and T. reesei (Fig. S1). A. flavus and A. oryzae vir-gapdh
are however, phylogenetically close to each other. In contrast, anal-
ysis of the P450s (vir1, vir2, vir3, and vir5) from T. virens, A. clavatus
and A. oryzae demonstrated that vir1 from T. virens and A. oryzae
(absent in A. clavatus) group together. This was also observed for
vir2, vir3, and vir5, showing that they are structurally conserved
(Fig. S2).

The presence of homologous gene clusters within the genomes
of distantly related fungi has been observed previously with other
secondary metabolite clusters (Yu and Keller, 2005). The gene clus-
ter responsible for the production of gliotoxin in T. virens (Kener-
ley, unpublished) is also found in A. fumigatus (Gardiner and
Howlett, 2005; Kupfahl et al., 2006). Similar to the vir cluster in
T. virens and A. oryzae, the genes in the gliotoxin cluster are in a dif-
ferent order on the chromosome and some of the genes are ori-
ented in opposite directions. The observation of homologous
gene clusters in distantly related fungal species has been predicted
ters found in Aspergillus. The color of the arrow denotes predicted function. Arrow

http://www.genome.jgi-psf.org


Fig. 2. Gene phylogeny of vir4 cyclase homologs. Protein sequences gathered from
an NCBI BLASTP search along with the class I cyclase protein sequences from T.
virens, T. atroviride, and T. reesei were entered into a PhyML maximum-likelihood
software with a bootstrap of 100. Fungal species used for the tree construction
included A. flavus (Afla), A. oryzae (Aory), A. clavatus (Acla), T. virens (Tvir), A. niger
(Anig), Talaromyces stipitatus (Tsti), Verticillium albo-atrum (Valb), Glomerella
graminicola (Ggra) , M. grisea (Mgri), Chaetomium globosum (Cglo), T. atroviride
(Tatr), Gibberella zeae (Gzea), Nectria haematicocca (Nhae), Sordaria macrospora
(Smac), Neurospora crassa (Ncra), Leptosphaeria maculans (Lmac) , Pyrenophora teres
(Pter), T. reesei (Tree), and Phaeosphaeria nodorum (Pnod). Numbers following
abbreviated names correspond to protein ID numbers. The cyclase from T.virens is
labelled Tvir-56195-vir4.
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to be the effect of horizontal gene transfer (Rosewich and Kistler,
2000; Schmitt and Lumbsch, 2009). The homology between the
clusters containing vir4 and the genes within them allude to the
Fig. 3. Southern analysis and confirmation of vir4 transformants. (A) Scheme of the g
integration event with a 3.0 fragment of the arg2 gene from T. virens. A 1.3 kb band would
digested with XbaI (restriction sites indicated by X). (B) Southern analysis of T. viren
complement mutants (C12 and C32). Numbers along left side of panel indicate expected
possibility of a horizontal gene transfer as the mechanism for this
similarity.
3.2. The vir4 gene is predicted to encode a terpene cyclase

The predicted 377 amino-acid sequence of vir4 (protein ID:
56195) shows significant levels of similarity to fungal terpene cyc-
lases. Most importantly, the amino acid sequence contains two
highly conserved motifs experimentally demonstrated in other ter-
pene cyclases to be involved in the binding of three Mg2+ cations
(Christianson, 2006; Shishova et al., 2008). An aspartate rich se-
quence, DDEID, is found at amino acid 107 and an NSE/DTE motif,
DMLSLRKE, is 150 amino acids downstream of the DDXXD region.
These two regions predict the protein has the ability to catalyze the
cyclization of farnesyl diphosphate (Christianson, 2006).
3.3. Generation of vir4 deletion and complementation transformants

The vir4 deletion vector pFKC1 was used to replace the vir4
open-reading frame with the arginine-specific carbamoyl-phos-
phate synthetase coding region (arg2) (Fig. 3A). One hundred and
fourteen stable transformants were screened for insertion of the
arg2 cassette in place of the vir4 coding region by PCR and seven
were found to be positive for insertion of the deletion cassette
(data not shown). Of these seven, only one transformant (137)
did not contain the vir4 gene in a heterokaryon state. Two other
transformants (87 and 61) were purified by single-sporing, with
transformant 61 requiring 12 rounds. Transformants with loss of
the vir4 coding region were further evaluated by Southern blot
(Fig. 3B). The three transformants (61, 87, and 137) were all nega-
tive for the 1.3 kb band associated with the vir4 coding region. All
three did contain the 4.2 kb band from the deletion cassette. Only
the vir4 complements, vir4c12 and vir4c32, contained both bands.
Multiple bands hybridized in 87 indicate both homologous recom-
bination and multiple ectopic integrations of the deletion cassette
occurred in the transformant. Even though 87 was identical to 137
and 61 in morphology, to avoid unexpected interference resulting
from ectopic integration, in experiments where 87 was used, it was
used in tandem with 137.
ene deletion strategy. The vir4 open reading frame is replaced by a homologous
result in T. virens wild-type strain and a 4.2 kb fragment in the deletion strains when
s wild-type (Gv29-8) strain, VIR4-deletion mutants (61, 87 and 137) and VIR4-
size in native and deletions events.



Fig. 4. Real time PCR analysis of vir cluster genes in the wild-type (Gv29-8) and the
vir4 deletion mutant (Dvir4-137). The 2�(DDCT) (indicating the difference in
expression when the expression of the genes in the mutant were set at one) was
significantly different between the wild-type and the mutant strain for each of the
three genes (vir1, vir5, and vir7).
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3.4. Vir4 deletion down-regulates the expression of three genes in the
vir cluster

To determine the effect of the deletion of vir4 on the other
members of the vir cluster, quantitative real time PCR (qPCR)
was performed to compare the change in expression of all the
putative cluster genes between T. virens wild-type Gv29-8 and
Dvir4-137. This analysis demonstrated that only the expression
of two putative cytochrome P450s (vir1 and vir5) and a putative
oxidoreductase (vir7) was higher in Gv29-8 as compared to the
Table 2
Volatile profiling of T. atroviride, T. reesei, and T. virens mutant and complement strains.

a Columns d1, d2, d3 and d4 refer to cultivation duration in days.
b Numbers in cells refer to positive findings out of three biological replicates.
c One sample per day was measured from complement C12 (day 1–3) and C32 (day 1–4
deletion mutant (Fig. 4). These genes are located adjacent to each
other along the chromosome (Fig. 1) and appear to be co-regulated.
The insertion of arg2 into the gene cluster is unlikely to have
caused a disruption of gene expression, as the expression of vir2
and vir3 which lie between vir4 and vir1, vir5, vir7 was unaltered.
However, metabolic feedback has been found to occur in secondary
metabolite gene clusters (Cramer et al., 2009). When this feedback
occurs, the presence of a particular metabolite will activate tran-
scription of the genes responsible for this biosynthesis. This is a
possible explanation for the disruption of gene expression in the
Dvir4-137 transformant, but further study will be required to
demonstrate whether metabolic feedback is responsible for the
observed effects. The other genes within the vir cluster showed
no significant difference in their transcription between the
mutant and the wild-type (having a 2�(DDCt) of one in both wild-
type and the transformant) and were therefore not included in
Fig. 4.

3.5. A putative cyclase (vir4) is responsible for production of volatile
terpenes in T. virens

Initially, vir4 was predicted to be involved in the biosynthesis of
viridin and viridiol, two steroid compounds produced by T. virens
(Mukherjee et al., 2006). However, the evaluation of deletion and
complement strains for production of the common secondary
metabolites gliotoxin, dimethylgliotoxin, and viridin by thin layer
chromatography (TLC) and high-pressure liquid chromatography
).
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(HPLC) revealed normal production of all three compounds (data
not shown). Volatile production in the strains was then analyzed
by headspace solid phase microextraction coupled with gas chro-
matography-mass spectrometry (HS-SPME-GCMS).

HS-SPME-GCMS analysis demonstrated T. virens Gv29-8 pro-
duces three major categories of volatile compounds under the con-
dition tested; 24 sesquiterpenes, five monoterpenes, and five C8
alkane compounds (Tables 1 and 2, and Fig. 5). When the profiles
of the deletion mutants were compared with that of the wild-type,
all 24 of the sesquiterpenes were absent in each of the vir4 mutant
cultures. These results were confirmed in all three independent
biological replicates, indicating the direct involvement of vir4 in
sesquiterpene volatile biosynthesis. When the VOC profiles of both
complementation transformants were compared to the wild-type,
only 11 of the 24 sesquiterpenes were recovered indicating that
complementation with the vir4 gene did not completely restore
VOC production. Partial complementation is not uncommon in fil-
amentous fungi and Trichoderma virens is no exception (Mukherjee
and Kenerley, 2010).

Four of the five monoterpenes produced in the wild-type Gv29-
8 were not recovered in the Dvir4 mutants. Of these four, the pro-
duction of three was observed in the complemented strains. This
suggests that vir4 may be responsible for the production of two dif-
ferent categories of terpene compounds. Monoterpenes and ses-
Fig. 5. HS-SPME-GC–MS total ion current chromatogram of MVOCs of wild-type (Gv29-8)
72 h of cultivation on PDA. Peak numbering corresponds to numbers of metabolites in T
quiterpenes are produced by the cyclization of two different
compounds (geranyl diphosphate and farnesyl diphosphate,
respectively), and the respective enzymes are known for their high
specificity (Davis and Croteau, 2000). Therefore it is also probable
that the expression of the two different terpene cyclases is linked.
T. virens contains a total of six putative terpene cyclases identified
from the genome sequence (Fig. 2). Therefore, there are five possi-
ble cyclases that may be involved directly in monoterpene synthe-
sis, and it is probable that volatile production in T. virens is highly
regulated and interlinked.

Several of the volatiles produced in the wild-type, but missing
in the deletion mutants, have been studied previously and may
provide clues for their possible function in the biology of T. virens.
For example, the monoterpene b-myrcene was shown to block the
expression of a monooxygenase involved in the production of afla-
toxin by A. flavus (De-Oliveira et al., 1997). Two sesquiterpenes
have been shown to be involved in interactions with insects.
Caryophyllene, when produced in rice, is regulated in response to
methyl-jasmonate produced during insect feeding, and may be in-
volved in the attraction of parasitoid wasps (Cheng et al., 2007).
Another example of the importance of terpenes in insect attraction,
is the compound germacrene, which is involved during insect
attraction through stimulation of the antennae (Røstelien et al.,
2000).
, complements (vir4-c12 and vir4-c32), and mutants (Dvir4-87 and Dvir4-137) after
ables 1 and 2.



Fig. 7. Growth of cyclase deletion and complementation transformants. (A) Gv29-8,
Dvir4-87, and Dvir4-137 were each plated on malt extract agar (MEA), potato
dextrose agar (PDA), Vogel’s minimal media plus sucrose (VMS), Vogel’s minimal
media plus glucose (VMG), and Vogel’s minimal media plus lactose (VML). Cultures
were grown for two days and measurements were taken. (B) Gv29-8, Dvir4-137,
vir4c12, and vir4c32 were grown for 2 days on PDA and VMS and colony diameter
was measured.

Fig. 6. HS-SPME-GC–MS total ion current chromatogram of MVOCs of T. virens
Gv29-8, T. atroviride IMI1206040, and T. reesei QM6a after 72 h of incubation on
potato dextrose agar (PDA).
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3.6. Volatile profiling of three species of Trichoderma

The vir cluster was only observed in T. virens and not in the
other species of Trichoderma examined. To explore the possibility
that other genes are involved in volatile production, two other
Trichoderma spp. were assayed for volatile compounds. The volatile
profiles of T. virens, T. atroviride, and T. reesei differ significantly
(Tables 1 and 2 and Fig. 6). T. virens produces by far the most ses-
quiterpene volatiles, 24 total as compared to five for T. atroviride
and six for T. reesei. Only T. atroviride and T. virens produced mon-
oterpenes, while they were absent in T. reesei. Six unknown diter-
penes were identified, but none were associated with T. virens. The
C8 compounds were found among all three species, with different
volatiles associated with different species of Trichoderma. Volatiles
represented by the ‘‘others’’ category included alcohols, ketones,
furans, and carboxylic acids and were associated with both T. atro-
viride and T. reesei, but not with T. virens.

The uniqueness of the volatiles produced by each species of
Trichoderma corresponds with the previous observation that the
majority of these compounds are associated with the vir4 gene
cluster in T. virens. All but two of the 24 sesquiterpenes absent in
the mutant strains are unique to T. virens. All five monoterpenes,
four of which are suspected to be associated with vir4 were pro-
duced in T. virens, but only one was produced by T. atroviride.

A genomic comparison of T. virens with T. atroviride and T. reesei
revealed that T. virens is genetically specialized for active predation
of other fungi (Druzhinina et al., 2011; Kubicek et al., 2011). The
use of antifungal secondary metabolites and cell wall degrading
enzymes by T. virens is distinct from T. atroviride, which uses par-
asitism as the primary mechanism of biocontrol, and T. reesei,
which essentially has lost the ability to parasitize other fungi
(Druzhinina et al., 2011). The volatile profiles presented here dem-
onstrate the uniqueness of T. virens as this species produces a lar-
ger number of volatile compounds and the most volatile terpenes
(29) as compared to T. atroviride and T. reesei under the condition
tested (9 and 11, respectively).
3.7. Preliminary phenotypic analyses of deletion and complementation
transformants

To determine if growth among the deletion transformants
(Dvir4-61, Dvir4-87, Dvir4-137) and wild-type are different,
strains were grown on MEA, PDA, VMS, VMG, and VML. Both dele-
tion mutants grew at a significantly slower rate than the wild-type
(Fig. 7A). Complements were also tested for changes in growth rate
(Fig. 7B). Both complements were intermediate between the
growth of WT and Dvir4-137 on PDA indicating that there is partial
complementation. The role of vir4 in promotion of growth of T. vi-
rens is currently unknown. There is documentation that plant- and
bacteria-derived terpenes can have effects on fungal growth (Akiy-



Table 3
Colonization of maize roots by Trichoderma virens wild-type Gv29-8 and the Vir4 deletion and complementation transformants.a

Condition Actin Phenylalanine ammonia lyase Ratiod

Ct SD Qtyb SD Ct SD Qtyc SD

Gv29-8 26.73 1.58 0.46 0.53 26.03 3.36 99.38 122.22 0.15
Vir4-61 26.22 0.48 0.43 0.17 24.51 1.48 125.54 86.76 0.005
Vir4-87 27.22 0.37 0.19 0.05 24.69 1.85 128.6 119.07 0.003
Vir4-137 25.12 0.68 1.1 0.61 24.69 1.85 128.6 119.07 0.015
Vir4-c12 26.24 0.69 0.45 0.27 22.53 1.1 470.69 386.12 0.001

a Fungal DNA present on maize roots 72 hours after inoculation was quantified by real-time polymerase chain reaction. Three replicates were performed for each sample.
Ct = threshold cycle and SD = standard deviation.

b Quantity of fungal DNA (ng) referred to by the actin gene in 100 lg of total DNA.
c Quantity of plant DNA (ng) referred to by the phenylalanine ammonia lyase gene in 100 lg of total DNA.
d Proportion of fungal DNA versus plant DNA per 100 lg total DNA.
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ama et al., 2005; Kai et al., 2007), leading to the possibility that
VOCs produced by T. virens may stimulate hyphal growth.

Root colonization of the deletion mutants and a complement
was compared with the wild-type by qPCR analysis (Table 3). No
significant difference was detected among the strains. Although
volatile compounds have been known to act as intermediates be-
tween microbes and plants (Insam and Seewald, 2010; Stoppacher
et al., 2010; Wenke et al., 2010), we were unable to demonstrate an
influence of volatiles on the root colonization ability of T. virens.

This work represents the first report of a gene involved in the
biosynthesis of volatile compounds in T. virens, and a gene cluster
involved in terpenoid volatile synthesis in filamentous fungi. To
date, the role of sesquiterpene volatiles in T. virens has yet to be
determined. Future work will focus on characterizing the function
of these individual terpenoid volatiles by the assessing the effect of
purified compounds on the development of T. virens and its inter-
actions with plants and insects. The cyclic and branched nature of
sesquiterpene hydrocarbons make them interesting targets as bio-
fuel alternatives and fungal VOCs equivalent to components in cur-
rent fossil fuel were termed ‘‘myco-diesel’’ (Strobel et al., 2008).
Further research on the VOC production capabilities of Trichoderma
species and determination of the biosynthetic machinery may re-
veal further substances with potential applications as biofuels.

Acknowledgments

We thank Drs. Robert Stipanovic and Lorraine Puckhaber
(USDA-ARS-Southern Plains Agricultural Research Center) for sec-
ondary metabolite analysis by HPLC. Bernard Kluger and Christoph
Konlechner are also greatly acknowledged for their technical assis-
tance in volatile determination. This work was supported by the
National Research Initiative Competitive Grants Program (Grant
no. 2008-35319-04470) from the USDA National Institute of Food
and Agriculture, and the Texas Department of Agriculture and
the US-Israel Binational Agricultural Research and Development
Fund (Grant no. TB-8031-08). Three years of fellowship support
was also provided by a USDA National Needs Fellowship.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.fgb.2013.05.003.

References

Akiyama, K. et al., 2005. Plant sesquiterpenes induce hyphal branching in
arbuscular mycorrhizal fungi. Nature 435, 824–827.

Anisimova, M., Gascuel, O., 2006. Approximate likelihood-ratio test for branches: a
fast, accurate, and powerful alternative. Systematic Biology 55, 539–552.

Baek, J.M., Kenerley, C.M., 1998. The arg2 gene of Trichoderma virens: cloning and
development of a homologous transformation system. Fungal Genetics and
Biology 23, 34–44.
Bruce, A., Wheatley, R.E., Humphris, S.N., Hackett, C.A., Florence, M.E.J., 2000.
Production of volatile organic compounds by Trichoderma in media containing
different amino acids and their effect on selected wood decay fungi.
Holzforschung 54, 481–486.

Cheng, A.X., Xiang, C.Y., Li, J.X., Yang, C.Q., Hu, W.L., Wang, L.J., Lou, Y.G., Chen, X.Y.,
2007. The rice (E)-b-caryophyllene synthase (OsTPS3) accounts for the major
inducible volatile sesquiterpenes. Phytochemistry 68, 1632–1641.

Christianson, D., 2006. Structural biology and chemistry of the terpenoid cyclases.
Chemical Reviews 106, 3412–3442.

Cramer, R.A., Schwab, E.K., Keller, N., 2009. Genetic regulation of Aspergillus
secondary metabolites and their role in fungal pathogenesis. In: Latge, J.P.,
Steinbach, W.J. (Eds.), Aspergillus fumigatus and Aspergillosis. ASM Press,
Washington D.C., pp. 185–199.

Davis, E., Croteau, R., 2000. In: Leeper, F., Vederas, J. (Eds.), Cyclization enzymes in
the biosynthesis of monoterpenes sesquiterpenes and diterpenes. Springer,
Berlin/Heidelberg, pp. 53–95.

De-Oliveira, A.C., Ribeiro-Pinto, L.F., Paumgartten, F.J.R., 1997. In vitro inhibition of
CYP2B1 monooxygenase by b-myrcene and other monoterpenoid compounds.
Toxicology Letters 92, 39–46.

Druzhinina, I., Seidle-Seiboth, V., Herrera-Estrella, A., Horwitz, B.A., Kenerley, C.,
Monte, E., Mukherjee, P., Zeilinger, S., Grigoriev, I., Kubicek, C.P., 2011.
Trichoderma: the genomics of opportunistic success. Nature Reviews
Microbiology 9, 749–759.

Fudal, I., Collemare, J., Bohnert, H.U., Melayah, D., Lebrun, M.H., 2007. Expression of
Magnaporthe grisea avirulence gene ACE1 is connected to the initiation of
appressorium-mediated penetration. Eukaryotic Cell 6, 546–554.

Gardiner, D.M., Howlett, B.J., 2005. Bioinformatic and expression analysis of the
putative gliotoxin biosynthetic gene cluster of Aspergillus fumigatus. FEMS
Microbiology Letters 248, 241–248.

Gibbons, J. et al., 2012. The evolutionary imprint of domestication on genome
variation and function of the filamentous fungus Aspergillus oryzae. Current
Biology 22, 1403–1409.

Guindon, S., Dufayard, J.F., Lefort, V., Anisimova, M., Hordijk, W., Gascuel, O., 2010.
New algorithms and methods to estimate maximum-likelihood phylogenies:
assessing the performance of PhyML 3.0. Systematic Biology 59, 307–321.

Howell, C.R., Stipanovic, R.D., Lumsden, R.D., 1993. Antibiotic production by strains
of Gliocladium virens and its relation to the biocontrol of cotton seedling disease.
Biocontrol Science and Technology 3, 435–441.

Humphris, S.N., Wheatley, R.E., Bruce, A., 2001. The effects of specific volatile
organic compounds produced by Trichoderma spp. on the growth of wood decay
basidiomycetes. Holzforschung 55, 233–237.

Humphris, S.N., Bruce, A., Buultjens, E., Wheatley, R.E., 2002. The effects of volatile
microbial secondary metabolites on protein synthesis in Serpula lacrymans.
FEMS Microbiology Letters 210, 215–219.

Insam, H., Seewald, M.S.A., 2010. Volatile organic compounds (VOCs) in soils.
Biology and Fertility of Soils 46, 199–213.

Kai, M. et al., 2007. Volatiles of bacterial antagonists inhibit mycelial growth of the
plant pathogen Rhizoctonia solani. Archives of Microbiology 187, 351–360.

Keller, N., Hohn, T., 1997. Metabolic pathway gene clusters in filamentous fungi.
Fungal Genetics and Biology 21, 17–29.

Kluger, B., Zeilinger, S., Wiesenberger, G., Schofbeck, D., Schuhmacher, R., 2012.
Detection and identification of fungal microbial volatile organic compounds by
HS-SPME-GC–MS. In: Gupta, V.K., Tuohy, M., Ayychamy, M., Turner, K.M.,
Donovan, A. (Eds.), Laboratory Protocols in Fungal Biology: Current Methods in
Fungal Biology. Springer, Berlin, pp. 455–465.

Kubicek, C.P., Herrera-Estrella, A., Seidl-Seiboth, V., Martinez, D.A., Druzhinina, I.S.,
Thon, M., Zeilinger, S., Casas-Flores, S., Horwitz, B.A., Mukherjee, P.K.,
Mukherjee, M., Kredics, L., Alcaraz, L.D., Aerts, A., Antal, Z., Atanasova, L.,
Cervantes-Badillo, M.G., Challacombe, J., Chertkov, O., McCluskey, K., Coulpier,
F., Deshpande, N., von Dohren, H., Ebbole, D.J., Esquivel-Naranjo, E.U., Fekete, E.,
Flipphi, M., Glaser, F., Gomez-Rodriguez, E.Y., Gruber, S., Han, C., Henrissat, B.,
Hermosa, R., Hernandez-Onate, M., Karaffa, L., Kosti, I., Le Crom, S., Lindquist, E.,
Lucas, S., Lubeck, M., Lubeck, P.S., Margeot, A., Metz, B., Misra, M., Nevalainen,
H., Omann, M., Packer, N., Perrone, G., Uresti-Rivera, E.E., Salamov, A., Schmoll,
M., Seiboth, B., Shapiro, H., Sukno, S., Tamayo-Ramos, J.A., Tisch, D., Wiest, A.,
Wilkinson, H.H., Zhang, M., Coutinho, P.M., Kenerley, C.M., Monte, E., Baker, S.E.,

http://dx.doi.org/10.1016/j.fgb.2013.05.003
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0005
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0005
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0010
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0010
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0015
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0015
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0015
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0020
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0020
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0020
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0020
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0025
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0025
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0025
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0030
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0030
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0035
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0035
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0035
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0035
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0040
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0040
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0040
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0045
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0045
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0045
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0050
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0050
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0050
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0050
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0055
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0055
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0055
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0060
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0060
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0060
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0065
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0065
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0065
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0070
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0070
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0070
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0075
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0075
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0075
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0080
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0080
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0080
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0085
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0085
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0085
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0090
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0090
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0095
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0095
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0100
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0100
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0105
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0105
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0105
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0105
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0105
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0110
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0110
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0110
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0110
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0110
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0110
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0110
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0110
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0110
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0110
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0110


F.K. Crutcher et al. / Fungal Genetics and Biology 56 (2013) 67–77 77
Grigoriev, . Comparative genome sequence analysis underscores
mycoparasitism as the ancestral life style of Trichoderma. Genome Biology 12,
15.

Kupfahl, C., Heinekamp, T., Geginat, G., Ruppert, T., Härtl, A., Hof, H., Brakhage, A.A.,
2006. Deletion of the gliP gene of Aspergillus fumigatus results in loss of gliotoxin
production but has no effect on virulence of the fungus in a low-dose mouse
infection model. Molecular Microbiology 62, 292–302.

Laatsch, H., 2007. AntiBase 2007: The Natural Product Identifier. Wiley, VCH Verlag
GmbH.

Larkin, M.A., Blackshields, G., Brown, N.P., Chenna, R., McGettigan, P.A., McWilliam,
H., Valentin, F., Wallace, I.M., Wilm, A., Lopez, R., Thompson, J.D., Gibson, T.J.,
Higgins, D.G., 2007. Clustal W and Clustal X version 2.0. Bioinformatics 23,
2947–2948.

Mukherjee, P.K., Kenerley, C.M., 2010. Regulation of morphogenesis and biocontrol
properties in Trichoderma virens by a VELVET protein, Vel1. Applied and
Environmental Microbiology 76, 2345–2352.

Mukherjee, M., Horwitz, B.A., Sherkhane, P.D., Hadar, R., Mukherjee, P.K., 2006. A
secondary metabolite biosynthesis cluster in Trichoderma virens: evidence from
analysis of genes underexpressed in a mutant defective in morphogenesis and
antibiotic production. Current Genetics 50, 193–202.

Mukherjee, P.K., Horwitz, B.A., Kenerley, C.M., 2012. Secondary metabolism in
Trichoderma – a genomic perspective. Microbiology 158, 35–45.

Osbourn, A., 2010. Secondary metabolic gene clusters: evolutionary toolkits for
chemical innovation. Trends in Genetics 26, 449–457.

PE Applied Biosystems, 2001. Sequence Detector User Bulletin 2, pp. 1–36.
Reino, J.L., Guerro, R.F., Hernandez-Galan, R., Collado, I.G., 2008. Secondary

metabolites from species of the biocontrol agent Trichoderma. Phytochemistry
Review 7, 89–123.

Rosewich, U.L., Kistler, H.C., 2000. Role of horizontal gene transfer in the evolution
of fungi. Annual Review of Phytopathology 38, 325–363.

Røstelien, T., Borg-Karlson, A.-K., Fäldt, J., Jacobsson, U., Mustaparta, H., 2000. The
plant sesquiterpene germacrene D specifically activates a major type of
antennal receptor neuron of the tobacco budworm moth Heliothis virescens.
Chemical Senses 25, 141–148.

Sambrook, J., Fritsch, E.F., Maniatis, T., 1989. Molecular Cloning: A Laboratory
Manual. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.
Schmitt, I., Lumbsch, H.T., 2009. Ancient horizontal gene transfer from bacteria
enhances biosynthetic capabilities of fungi. PLoS One 4, 1–8.

Schmoll, M. et al., 2009. The G-alpha protein GNA3 of Hypocrea jecorina (Anamorph
Trichoderma reesei) regulates cellulase gene expression in the presence of light.
Eukaryotic Cell 8, 410–420.

Shishova, E. et al., 2008. X-ray crystallographic studies of substrate binding to
aristolochene synthase suggest a metal ion binding sequence for catalysis.
Journal of Biological Chemistry 283, 15431–15439.

Sivasithamparam, K., Ghisalberti, E.L., 1998. Secondary metabolism in Trichoderma
and Gliocladium. In: Kubicek, C.P., Harman, G.E. (Eds.), Trichoderma and
Gliocladium. Taylor & Francis Inc., Bristol, PA, pp. 139–191.

Stoppacher, N., Kluger, B., Zeilinger, S., Krska, R., Schuhmacher, R., 2010.
Identification and profiling of volatile metabolites of the biocontrol fungus
Trichoderma atroviride by HS-SPME-GC–MS. Journal of Microbiological Methods
81, 187–193.

Strobel, G.A., Knighton, B., Kluck, K., Ren, Y., Livinghouse, T., Griffin, M., Spakowicz,
D., Sears, J., 2008. The production of myco-diesel hydrocarbons and their
derivatives by the endophytic fungus Gliocladium roseum (NRRL 50072).
Microbiology 154, 3319–3328.

Vargas, W.A., Djonovic, S., Sukno, S.A., Kenerley, C.M., 2008. Dimerization controls
the activity of fungal elicitors that trigger systemic resistance in plants. Journal
of Biological Chemistry 283, 19804–19815.

Vinale, F., Sivasithamparam, K., Ghisalberti, E.L., Marra, R., Barbetti, M.J., Li, H., Woo,
S.L., Lorito, M., 2008. A novel role for Trichoderma secondary metabolites in the
interactions with plants. Physiological and Molecular Plant Pathology 72, 80–
86.

Vogel, H.J., 1956. A convenient growth medium for Neurospora (Medium N).
Microbiology Genetics Bulletin 13, 42–43.

Wenke, K., Kai, M., Piechulla, B., 2010. Belowground volatiles facilitate interactions
between plant roots and soil organisms. Planta 231, 499–506.

Xu, B.W., Wild, J.R., Kenerley, C.M., 1996. Enhanced expression of a bacterial gene
for pesticide degradation in a common soil fungus. Journal of Fermentation and
Bioengineering 81, 473–481.

Yu, J.H., Keller, N., 2005. Regulation of secondary metabolism in filamentous fungi.
Annual Review of Phytopathology 43, 437–458.

http://refhub.elsevier.com/S1087-1845(13)00086-8/h0110
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0110
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0110
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0115
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0115
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0115
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0115
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0120
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0120
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0125
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0125
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0125
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0125
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0130
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0130
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0130
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0135
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0135
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0135
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0135
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0140
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0140
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0145
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0145
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0150
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0150
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0150
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0155
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0155
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0160
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0160
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0160
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0160
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0165
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0165
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0170
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0170
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0175
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0175
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0175
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0180
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0180
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0180
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0185
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0185
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0185
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0190
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0190
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0190
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0190
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0195
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0195
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0195
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0195
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0200
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0200
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0200
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0205
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0205
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0205
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0205
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0210
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0210
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0215
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0215
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0220
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0220
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0220
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0225
http://refhub.elsevier.com/S1087-1845(13)00086-8/h0225

	A putative terpene cyclase, vir4, is responsible for the biosynthesis of volatile terpene compounds in the biocontrol fungus Trichoderma virens
	1 Introduction
	2 Materials and methods
	2.1 Strains and culture conditions
	2.2 Bioinformatic analysis
	2.3 DNA manipulation
	2.4 Generation of vir4 deletion and complementation vectors
	2.5 Transformation and screening of transformants
	2.6 Extraction of RNA and evaluation of cluster expression
	2.7 Measurement of non-volatile secondary metabolite production in vir4 transformants
	2.8 Chemicals and standards for volatile analysis
	2.9 Cultivation of fungi and time course experiments
	2.10 Measurement of the volatile metabolites by GC–MS
	2.11 Compilation of an in-house Trichoderma library
	2.12 Annotation and identification of volatile metabolites
	2.13 Growth assays of transformants
	2.14 Root colonization

	3 Results and discussion
	3.1 Phylogenetic and cluster analysis
	3.2 The vir4 gene is predicted to encode a terpene cyclase
	3.3 Generation of vir4 deletion and complementation transformants
	3.4 Vir4 deletion down-regulates the expression of three genes in the vir cluster
	3.5 A putative cyclase (vir4) is responsible for production of volatile terpenes in T. virens
	3.6 Volatile profiling of three species of Trichoderma
	3.7 Preliminary phenotypic analyses of deletion and complementation transformants

	Acknowledgments
	Appendix A Supplementary material
	References


