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Abstract

Trichothecenes are sesquiterpene toxins produced by diverse fungi, including some species of Trichoderma that are potential
plant disease biocontrol agents. Trichoderma arundinaceum produces the trichothecene harzianum A (HA), which consists of the
core trichothecene structure (12,13-epoxytrichothec-9-ene, EPT) with a linear polyketide-derived substituent (octa-2.,4,6-
trienedioyl) esterified to an oxygen at carbon atom 4. The genes required for biosynthesis of EPT and the eight-carbon polyketide
precursor of the octa-2,4,6-trienedioyl substituent, as well as for esterification of the substituent to EPT have been described.
However, genes required for conversion of the polyketide (octa-2,4,6-trienoic acid) to octa-2,4,6-trienedioyl-CoA, the immediate
precursor of the substituent, have not been described. Here, we identified 91 cytochrome P450 monooxygenase genes in the
genome sequence of 7. arundinaceum, and provided evidence from gene deletion, complementation, cross-culture feeding, and
chemical analyses that one of them (#i23) is required for conversion of octa-2,4,6-trienoic acid to octa-2,4,6-trienedioyl-CoA.
The gene was detected in other HA-producing Trichoderma species, but not in species of other fungal genera that produce
trichothecenes with an octa-2,4,6-trienoic acid-derived substituent. These findings indicate that #i23 is a trichothecene biosyn-
thetic gene unique to Trichoderma species, which in turn suggests that modification of octa-2,4,6-trienoic acid during trichothe-
cene biosynthesis has evolved independently in some fungi.
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Introduction

Trichothecenes are sesquiterpenoid toxins produced by some
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(https://doi.org/10.1007/500253-019-10047-2) contains supplementary 2018), including plant and insect pathogens (Kikuchi et al.
material, which is available to authorized users. 2004), and some saprotrophs, such as Trichoderma
arundinaceum and T. brevicompactum. Collectively,
trichothecene-producing fungi have been reported to produce
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described as plant-beneficial microorganisms. However,
trichothecene production in Trichoderma species has raised
concerns about whether these species are pathogenic on
plants, because trichothecene production in some Fusarium
species contributes to their pathogenicity on plants.
Furthermore, the Trichoderma trichothecene trichodermin is
toxic to plants (Malmierca et al. 2012). In contrast, the
T. arundinaceum or T. albolutescens trichothecenes
harzianum A (HA) and 16-hydroxy-trichodermin are much
less phytotoxic, and the species that produce them
(T arundinaceum or T. albolutescens) have the ability to pro-
tect plants against fungal and viral pathogens (Malmierca et al.
2012; Ryu et al. 2017). Thus, trichothecene production in
some Trichoderma species has potential to contribute to bio-
logical control of plant disease despite the phytotoxicity of
some analogs.

Harzianum A (HA) consists of EPT with an eight-carbon,
polyketide-derived acyl group (octa-2,4,6-trienedioyl) esteri-
fied to an oxygen at carbon atom 4 (C4) (Fig. 1). Molecular
genetic and biochemical analyses of 7. arundinaceum have
identified most HA biosynthetic genes (z7) and, thereby, the
corresponding proteins (TRI). These analyses indicate that the
HA biosynthetic pathway consists of three distinct phases: (1)
an early phase that leads to the formation of a trichodermol (4-
hydroxy-EPT); (2) another early phase that leads to the for-
mation of octa-2,4,6-trienedioyl-CoA; and (3) a late phase in
which octa-2,4,6-trienedioyl replaces the 4-O-acetyl group of
trichodermin, which results in formation of HA (Fig. 1)
(Cardoza et al. 2011; Lindo et al. 2018, 2019a, b; Proctor
et al. 2018).

The proposed trichodermol phase (early phase 1) of the
HA pathway begins when a terpene synthase, TRIS, cata-
lyzes transformation of the primary metabolite farnesyl di-
phosphate (FPP) to the terpene trichodiene. A cytochrome
P450 monooxygenase (CYP), TRI4, then catalyzes three
oxygenations of trichodiene that result in formation of
EPT. Finally, another CYP, TRI22, catalyzes hydroxylation
of EPT at carbon atom 4 (C4) to form trichodermol
(Cardoza et al. 2011). The proposed octa-2,4,6-
trienedioyl-CoA phase of the HA pathway begins when a
polyketide synthase, TRI17, catalyzes formation of the lin-
ear eight-carbon polyketide, octa-2,4,6-trienoic acid
(Proctor et al. 2018). This molecule then undergoes multi-
ple modifications that result in formation of a second car-
boxyl group at C8 and, thereby formation of octa-2,4,6-
trienedioic acid. The latter molecule is then ligated to
CoA to form octa-2,4,6-trienedioyl-CoA. This conversion
of octa-2,4,6-trienoic acid to octa-2,4,6-trienedioyl-CoA is
predicted to require hydroxylase, alcohol dehydrogenase,
aldehyde dehydrogenase, and acyl-CoA synthase activities
(Proctor et al. 2018), but genes encoding enzymes with
these activities specific for trichothecene biosynthesis have
not been identified.
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In the late phase of the HA biosynthetic pathway, an acyl-
transferase, TRI3, catalyzes 4-O-acetylation of trichodermol
to form 4-acetyl EPT (trichodermin). Then, another acyltrans-
ferase, TRI1S, catalyzes a transacylation reaction that results
in replacement of the 4-acetyl with octa-2,4,6-trienedioyl to
form HA (Lindo et al. 2019a).

In T arundinaceum, the tri genes that have been identified
are located at one of three loci. The first locus consists of a
cluster of seven #ri genes, including #i3, tri4, and #i22. This
cluster also includes: #i/2, which encodes an efflux pump;
tri6 and tril0, which encode regulatory proteins; and #ri/4,
which encodes a protein of unknown function (Cardoza et al.
2011; Proctor et al. 2018). The second #i locus includes only
one known #ri gene, #ri5 (Alexander et al. 1999; Cardoza et al.
2011), and the third locus includes #i17 and tril8 with a CYP
gene located between them (Proctor et al. 2018). In fungi,
genes in a secondary metabolite biosynthetic gene cluster typ-
ically exhibit similar patterns of expression. Furthermore, ex-
pression of the clustered genes is often regulated by a tran-
scription factor encoded by a gene in the cluster. This is the
case for the 7. arundinaceum tri cluster. That is, the regulatory
proteins TRI6 and TRI10 are required for induction of expres-
sion of the structural genes in the i cluster as well as for
expression of the known #i genes at other loci (i.e., #iJ,
tril7, and tri18) (Lindo et al. 2018, 2019a).

The objective of the current study was to identify genes
involved in conversion of the polyketide octa-2,4,6-trienoic
acid to octa-2,4,6-trienedioyl-CoA. Through a series of exper-
iments, we identified a CYP gene, #i23, that is required for
synthesis of HA but not for synthesis of trichodermol. These
and other characteristics of #7423 are consistent with the hy-
pothesis that it is involved in conversion of octa-2,4,6-trienoic
acid to octa-2,4,6-trienedioic acid.

Material and methods
Strains used and culture conditions

Trichoderma arundinaceum IBT 40837 (Ta37) (IBT Culture
Collection of Fungi, Lyngby, Denmark) was used as wild-type
strain for deletion of #i23 gene. All Trichoderma strains used
in the present work were maintained on a PDA medium (PDB
(Difco) with 2% agar) and grown at 28 °C for 7 days in the
dark. Similar conditions were used for sporulation, but using
PPG medium (2% mashed potatoes, 2% glucose, 2% agar)
and incubated at 28 °C in the dark.

For RNA isolation, Trichoderma strains were grown as
previously described (Lindo et al. 2018). Briefly, first, strains
were inoculated in 50 mL of CM broth (0.5% malt extract,
0.5% yeast extract, 0.5% glucose), in 250 mL flasks, and
incubated for 24 h at 28 °C and 250 rpm. Ten mL of this
preinoculum were transferred to 250 mL flasks containing
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Fig. 1 Proposed harzianum A
biosynthetic pathway in
Trichoderma arundinaceum
divided into three phases: early
pathway 1 (=early phase 1), early
pathway 2 (=early phase 2), and
late pathway (=late phase). Genes
are indicated in bold and black
lowercase letters in italics, and
enzymes are indicated by bold
and blue uppercase letters. The
potential activities of TRI23, as
deduced in the current study, are
indicated by red text in Early
Pathway 2
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50 mL PDB medium and grown for 48 h also at 28 °C and 250
rpm. Mycelia were recovered by filtration through sterile
Miracloth (Calbiochem), freeze-drying, and used for RNA
extraction.

Botrytis cinerea B05.10, which was isolated from a vine-
yard (Quidde et al. 1998), was the pathogen assayed in the
antifungal assays. B. cinerea B05.10 was sporulated in V8
medium (Oxoid Ltd.) and incubated for 7 days in a growth
chamber at 21 °C and a photoperiod of 16 h light/8 h dark.

Construction of plasmid pAtri23 for T. arundinaceum
tri23 deletion

A 1082 bp fragment of the Ta37 #i23-5' region (#ri23 promot-
er region) was amplified using Taq DNA polymerase (Eurx)
and tri23-5F /tri23-5R primers (Table S1), containing BamHI

HO.

X

X

ALCOHOL DEHYDROGENASE |i

TRI23

o
harzianum A

and EcoRV restriction sites, respectively, and genomic DNA
of Ta37 as template. This fragment was phosphorylated with
T4-DNA polynucleotide kinase (Fermentas), purified using
the “PCR and band purification” kit (GE Healthcare), and
cloned into pBluescript KS+ (Stratagene) previously digested
with BamHI-EcoRV. The resulting plasmid, pBtri23-5" (4082
bp), was digested with EcoRV and Xhol and ligated to the
1062 bp fragment, corresponding to the Ta37 #i23-3' region
(tri23 terminator region) that was PCR amplified from Ta37
genomic DNA, using the oligonucleotides tri23-3F/tri23-3R
(Table S1) and Taq DNA polymerase (Eurx). This fragment
was digested, after the PCR amplification, with EcoRV-Xhol
endonucleases, and gel purified as indicated above, prior to
the ligation. As a result, plasmid pBtri23-5'3'(5144 bp) was
obtained, digested with EcoRYV, treated with alkaline
phosphatase-CIAP (Fermentas) and finally ligated to a
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2702 bp fragment, containing the hygromycin B resistance
cassette from pAN7-1 (Punt et al. 1987) that had been digested
with Ecl13611-HindIIl and filled with Klenow (Thermo
Scientific) (Fig. Sla). The resulting plasmid (pAtri23) was
linearized with Kpnl prior to transformation of
T arundinaceum protoplasts.

Construction of plasmids pTCtri23-b1 and pPtri23-b1

Plasmid pTCtri23-b1 A fragment of 1747 bp, corresponding to
the complete Ta-#7i23 ORF lacking the initial ATG was am-
plified using the Q5 polymerase (NE Biolabs), primers tri23-
SFb/tri23-3Rb (Table S1), and genomic DNA of Ta37 as tem-
plate. The resulting fragment was phosphorylated using T4-
polynucleotide kinase (Fermentas) and ligated to the plasmid
pTACBH2S** previously digested with Ncol and treated with
Klenow fragment (Fermentas) and alkaline phosphatase, giv-
ing rise to the plasmid pTCtri23b (7087 bp). Plasmid
pTACBH2S** was prepared from plasmid pTACBH2
(Cardoza et al. 2015) by digestion with Sall, filing-in with
the Klenow fragment and autoligation, and the same process
repeated for Sacll endonuclease, resulting in the inactivation
of the Sall and Sacll sites.

Plasmid pTCtri23b was digested with Bg/II, treated with
Klenow, dephosphorylated with alkaline phosphatase-CIAP,
and ligated to the phleomycin resistance cassette (1595 bp),
which was isolated from plasmid pJL43b1 (Cardoza et al.
2006) by digestion with Ec/13611-Hindlll, gel extracted and
filling-in with Klenow fragment, to give rise to the final plas-
mid pTCtri23-b1 (Fig. S1b). This plasmid was linearized with
Narl to transform protoplasts of mutant strain Atri23.74.

Plasmid pPtri23-b1 A 3758 bp fragment, containing the entire
genomic Ta37-#i23 ORF, and including its 5’-promoter and
3'-terminator regions, was amplified using the Q5 polymerase,
the oligonucleotides tri23-promF/tri23-termR (Table S1), and
Ta37 genomic DNA as template. The fragment was phosphor-
ylated with T4-DNA polynucleotide kinase and ligated to
pJL43b1 (Cardoza et al. 2006), previously digested with
Ecl136lI and treated with CIAP, giving rise to plasmid
pPtri23-b1 (Fig. Slc). This plasmid was linearized with
Kpnl and used to transform protoplasts of the mutant strain
Atri23.74.

Fungal transformation

Transformations of wild-type and mutant (Atri23.74) strains
of T. arundinaceum were carried out according to previously
described procedures (Cardoza et al., 2006; Proctor et al.
1999). Selection of #i23 deleted transformants was carried
out in regeneration medium (Malmierca et al. 2012) supple-
mented with 150 pg/mL hygromycin, while ¢ri23-
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complemented transformants, isolated from protoplasts of
Atri23.74, were selected in Czapek medium with 1 M sorbitol
and supplemented with 100 pg/mL phleomycin. The selected
transformants were analyzed by Terra PCR (Takara Bio) using
the primer pairs described below.

Metabolite analysis

HA was quantitated by HPLC analysis of ethyl acetate
extracts of 48-h liquid PDB cultures as previously de-
scribed (Cardoza et al. 2011; Lee et al. 2005). Under
these conditions, HA eluted at approximately 22 min,
and was quantitated by comparison of the peak area ver-
sus a standard curve.

Gas chromatography-mass spectrometry (GC-MS) anal-
ysis was used to assess production of trichothecene analogs
other than HA. T. arundinaceum strains were grown for 7 d
in 20 mL of YEPD (50 g yeast extract, 1 g peptone, 1 g
dextrose per 1 L water), and broths were extracted with 8
mL of ethyl acetate. Extracts were dried under a nitrogen
stream, and the residue was resuspended in 1 mL of ethyl
acetate. GC-MS analysis was performed on a 6890 Gas
Chromatograph and a 5973 mass detector (Agilent) as pre-
viously described (Lindo et al. 2018). The column used
was 30 m x .25 mm i.d., 0.25 pm, (5%-phenyl)-methyl-
polysiloxane (HP-5MS, Agilent, Wilmington DE).

For ergosterol analysis, mycelia obtained by filtration
of 48-h PDB cultures were extracted with n-heptane, and
the ergosterol levels in the extracts were determined as
previously described (Lindo et al. 2019a). All samples
were assayed in duplicate, and production values of HA
and ergosterol were analyzed by the IBM SPSS Statistics
24 software, using analysis of variance with a post-hoc
Tukey test.

Antifungal assays

Antibiograms against Botrytis cinerea B05.10 were carried
out as previously described (Malmierca et al. 2015).

Genome sequencing and analysis

For sequencing the genome of Atri23.74 mutant, DNA was
extracted from mycelium grown for 6 d on a CM solid
medium using ZR fungal/bacterial DNA MiniPrep Kit
(Zymo Research Co.). The DNA sequencing library was
prepared using the Nextera XT DNA library Preparation
Kit (Illumina Inc.), according to manufacturer’s instruc-
tions. Genome sequence data for Atri23.74 mutant strain
was obtained using a MiSeq [llumina platform (Illumina
Inc.) as described previously (Lindo et al. 2019a).
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Sequence data were processed using CLC Genomics
Workbench (Qiagen). Mapping of the genome sequence
reads to reference sequences was done using the Read
Mapping function in the CLC Genomics Workbench.
Genomic sequence reads for the wild-type strain
T arundinaceum 1BT 40837 were generated in a previous
study (GenBank accession number PXOA00000000)
(Proctor et al. 2018; Lindo et al. 2018) and used for com-
parative analysis in the current work.

Phylogenetic analysis

To construct the P450 phylogenetic trees, the 91
T arundinaceum cytochrome P450 monooxygenases (CYP),
were added to a previously analyzed collection of 184 fungal
P450s previously analyzed (Nelson 2018). These protein se-
quences were first aligned using CLUSTAL (Sievers et al.
2011), and evolutionary analyses were computed with the
same software. The phylogenetic tree was inferred by using
the neighbor-joining method (Saitou and Nei 1987) for the
alignment containing both, the sequences from the Nelson
fungal P450 database (Nelson 1999, 2018) and the P450s
from Ta37. Visualization and customization were accom-
plished using Figtree 1.4.4 software (tree.bio.ed.ac.uk/
software/figtree). Furthermore, these proteins were also
aligned using MAFFT v.7 (Katoh et al. 2002; Nakamura
et al. 2018), and evolutionary analyses were computed with
the 1Q-Tree software 1.6.10 (Nguyen et al. 2014). The phylo-
genetic tree was inferred by using the maximum likelihood
method. Bootstrap analysis was performed using 1000
pseudoreplicates. Visualization and customization were ac-
complished as indicated above.

In order to identify the conserved signature motifs in the
selected CYP, sequences were aligned with the program
MEGA program (Kumar et al. 2016) using the clustal-(2 al-
gorithm (Sievers et al. 2011; Sievers and Higgins 2014).
Consensus Logos of the alignments were generated by
WebLogo 3 software (Crooks et al. 2004).

Assignment of 7. arundinaceum CYPs to the different
existing CYP families and CYP Clans was carried out
according to the International P450 Nomenclature
Committee Databases, on the basis of the highest homol-
ogies observed in the BlastP comparisons against the
fungal P450 database (http://drnelson.uthsc.edu/
cytochromeP450.html) (Nelson 1999).

Based on standard nomenclature for the Cytochrome
P450 monooxygenase superfamily, and even when some
families have exceptions to the following criteria, members
of the same family originally had > 40% amino acid se-
quence identity, and subfamily members > 55% identity.
The families sharing a common phylogenetic origin, as-
sumed by bootstrap values > 70%, are grouped forming a
Clan (Hillis and Bull 1993).

RNA-seq and real-time PCR analyses

For analysis of expression of CYP genes in the Ta37 genome,
we used a previously generated RNA-seq dataset derived from
mRNAs of wild-type strain Ta37 and a #i6 deletion mutant
(Atri6.66) that were grown for 24 h in PDB medium
(GenBank accession number SRP156794) (Lindo et al.
2018). The cDNA libraries were sequenced, trimmed and
mapped to the previously reported genome sequence of strain
Ta37 (Lindo et al. 2018).

For qPCR analysis primers for 7. arundinaceum tri4, tri22,
tril7, tril8, tri23, and the actin gene (as a housekeeping gene)
were as described previously (Lindo et al. 2019b). The ampli-
fication efficiencies of the primers was between 92.5 and
105%. RNAs were extracted, from mycelia grown as indicat-
ed above, using Trizol Reagent (Life Technologies), treated
with RNase free-DNase and purified through Zymo-Spin™
columns (Zymo Research Co.). cDNAs were synthesized
using the iScriptTM cDNA synthesis kit (BIO-RAD), follow-
ing the manufacturer’s instructions, and quantitated using a
Nanodrop ND-1000 (ThermoFisher) prior to be used for
qPCR analysis. qPCR reactions were carried out using the
Step One system (Applied Biosystems) and the Express
SYBR green qPCR super-Mix Universal (Invitrogen) as pre-
viously described (Lindo et al. 2019b; Malmierca et al. 2012).
The resulting data were analyzed with REST©O 2009 software
(Pfaffl et al. 2002) to determine expression levels for each
gene/condition normalized to amplification efficiencies of
each primer pair and to expression of the actin gene. Each
measurement was done in triplicate.

Results
Identification of tri23

We identified 95 putative cytochrome P450 monooxygenase
(CYP) genes in the annotated genome sequence of
T. arundinaceum (Lindo et al. 2018; Proctor et al. 2018).
Examination of the deduced amino acid sequences of the
genes indicated that four lacked conserved domains typical
of CYPs. As a result, the four genes were excluded from
subsequent analyses. Thus, the genome sequence of
T. arundinaceum was predicted to have 91 CYP genes, which
were assigned to 63 CYP families (Table S2). Nineteen of
these families have not been previously reported in
Trichoderma species (Chadha et al. 2018).

We surmised that genes required for conversion of octa-
2.4,6-trienoic acid to octa-2,4,6-trienedioic acid would be reg-
ulated by TRI6 and exhibit patterns of expression similar
those of known #i genes. Following this rationale, we exam-
ined the pattern of expression of the 91 putative CYP genes in
T. arundinaceum using previous generated RNA-seq data
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from a #ri6 mutant of the fungus (Lindo et al. 2018).
Seventeen of the genes exhibited patterns of expression sim-
ilar to those of known #ri genes; i.e., they were down-regulated
in the #7i6 deletion mutant (Fig. 2a). Two of the genes were the
previously described #i4 and #i22. Among the other 15 CYP
genes, one was located between #7777 and tri18. This gene was
previously designated as TARUN 5178 in the annotated ge-
nome sequence of 7. arundinaceum Ta37 (Proctor et al. 2018),
and here we further designated it as #i23 (Fig. 2a, b).

In silico analysis of tri23

Sanger sequence analysis of cDNA clones indicated that
the #7723 ORF was 1746 bp long and is interrupted by three
introns of 79, 55, and 82 bp (Fig. S2). The predicted TRI23
protein has 510 amino acids, a molecular mass of 58 kDa,
and a theoretical pl of 8.3. TRI23 was predicted to have
one transmembrane domain at amino acids 6-27 according
to the TMHMM, Phobius, TMPred, and NHTM software

a 25

(Fig. S3) (Hofmann and Stoffel 1993; Kaill et al. 2004,
Krogh et al. 2001). Transmembrane domains at amino
acids 301-320 and 450472 were also predicted by some,
but not all, of the software packages. No signal peptides
were detected in TRI23 by SignalP-4.1 prediction software
(Petersen et al. 2011).

Use of the #i23 coding region as a query sequence in
BLASTx analysis of the Nelson fungal P450 database
(http://drnelson.uthsc.edu /cytochromeP450.html) (Nelson
1999) revealed that TRI23 has high levels of similarity to
multiple CYPs. The highest similarities were to
Cryphonectria CYP5336B1 (e-140) and CYP5336B2 (e-
121), Trichophyton rubrum CYP5335A2 (e-105),
Microsporum canis CYP5336A4 (e-103), and Leptosphaeria
maculans CYP5336E1 (e-102).

CYP domains in Ta-TRI23 CYPs are an important superfamily
of'enzymes involved in multiple processes such as xenobiotics
degradation, primary and secondary metabolism, and fungal-
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Fig. 2 a Relative transcription level of 15 selected T. arundinaceum
cytochrome P450 monooxygenase (CYP) genes in a #i6 deleted mutant
versus the level of expression in the wild-type strain deduced from a
RNA-seq analysis (Lindo et al. 2018). The nTPM values are the
transcripts per million reads (TPM) for each gene normalized against
the TPM of the actin gene on each sample (#7i6 mutant or Ta37).
Relative transcription levels of #i22 (TARUN_8664 #i22) and tril0
(TARUN_8663 1ril0) genes (gray rectangle) were included for
comparative purposes (Lindo et al. 2018). Gene model TARUN 5178
(red text) corresponds to #ri23. b Organization of trichothecene
biosynthetic loci in . arundinaceum. Green arrows indicate predicted
position and direction of transcription of the genes. Numbers within
arrows indicate #i gene designation (e.g., 23 indicates #i23). Numbers
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below arrows are locus tag numbers assigned to each gene by in silico
characterization of the genome sequence (Lindo et al. 2018). The open
circles and yellow box indicate positions of putative TRI6-binding
sequences in the promoter region of - 7. arundinaceum tri23 gene. The
open circles indicate the binding sequence TNAGGCC described by
Hohn et al. (1999), and the yellow square indicates the binding
sequence GTGA-(6-50)-GTGA identified by Nasmith et al. (2011). The
number above the yellow square indicates the distance in nucleotides
between the two tandem copies of GTGA in this putative TRI6-binding
motif. Arrows above the symbols indicate the strand in which the binding
sequence motifs were located. Only binding sequences oriented in the
direction of #i23 transcription are shown


http://drnelson.uthsc.edu

Appl Microbiol Biotechnol (2019) 103:8087-8103

8093

plant interactions. Despite the wide variation in amino acid
sequences of these enzymes, there are several motifs that are
conserved throughout the superfamily (Lamb et al. 2002). The
AGXDTT motif contributes to oxygen-binding and activation
(Chen et al. 2014), and the EXXR and PERW motifs are
important for locking the heme into position and to assure
stabilization of the core structure. The two latter domains are
followed by the heme binding region FXXGXXXCXG,
which is the most conserved motif, that includes the axial
Cys ligand (bold-underlined C) (Chen et al. 2014; Poulos
and Johnson 2005; Werck-Reichhart and Feyereisen 2000).
Further analysis indicated that these CYP-specific domains
are also present in two other known 7. arundinaceum tricho-
thecene biosynthetic CYP, TRI4, and TRI22, (Cardoza et al.
2011, 2015; Lindo et al. 2018; Proctor et al. 2018). These
conserved domains were also detected in other
T. arundinaceum CYPs in the Clan CYP53, but the degree
of amino acid sequence conservation was lower (Fig. 3b-d).
Phylogenetic analysis using the neighbor-joining (NJ) or max-
imum likelihood (ML) methods revealed that 42 of the 91
T arundinaceum CYPs, including TRI4, TRI22, and TRI23,
belong to the P450 monooxygenase clan CYP53. This sug-
gests a common evolutionary origin for these 42 enzymes
(Fig. 3a, Fig. S4a, b). Furthermore, even when the NJ and
ML trees inferred from the CYP alignment were similar, not
all CYPs resolved in Clan CYP53 in the NJ tree were resolved
as a monophyletic clade in the ML tree (Fig. S4a, b).
Nevertheless, the three trichothecene biosynthetic CYPs from
T arundinaceum were resolved within a monophyletic clade
that included all (NJ tree) or most (ML tree) members of Clan
CYP53 described by Nelson (2018).

Distribution of tri23 In BLAST analysis in which #7i23 was
used as the query, orthologs of #7123 were not detected in other
fungi, including those reported to produce trichothecenes and/
or have other trichothecene biosynthetic genes; e.g.,
Beauveria bassiana, Cordyceps confragosa, Fusarium
graminearum, F. longipes, F. sporotrichioides,
Microcyclospora tardicrescens, Myrothecium roridum,
Spicellum ovalisporum, S. roseum, Stachybotrys chartarum,
S. chlorohalonata, and Trichothecium roseum. In order to de-
termine if #4723 occurs in other trichothecene-producing
Trichoderma species, we used #7123 as a query sequence in
BLASTn analysis of recently generated genome sequences of
T. albolutescens, T. brevicompactum, T. protrudens,
T. turrialbense, and Hypocrea rodmanii. Orthologs of tri23
were detected in 7. protrudens and T. turrialbense, which
produce HA, but not in 7. albolutescens and
T brevicompactum, which produce trichodermin. Hypocrea
rodmanii produces trichodermin rather than HA even though
a preliminary analysis indicated that the fungus has a #i23
ortholog. However, a more detailed analysis indicated that
the H. rodmanii tri23 has a 285-bp deletion at its 3’ end, which

likely renders the gene nonfunctional and is consistent with
the production of trichodermin rather than HA.

Deletion of tri23

Transformation of wild-type T. arundinaceum strain Ta37
with the #i23 deletion plasmid, pAtri23, and subsequent se-
lection on hygromycin amended media yielded 92
transformants. Analysis of these transformants by Terra PCR
(Takara Bio.) using oligonucleotides tri23-1F / tri23-1R
(Table S1) identified three transformants, Atri23.37,
Atri23.39, and Atri23.74, in which #i23 could not be detected
(Fig. S5a). Subsequent PCR analysis of the three
transformants yielded the 1450 bp and 1225 bp amplicons
expected to result from replacement of the #i23 coding region
with the hygromycin resistance cassette (Fig. 4a; Fig. S5b, c).
As a result, the three transformants were selected for further
analyses.

Genome sequence analysis indicated that the #i23 coding
region was absent in transformant Atri23.74, and that only one
copy of the hygromycin resistance gene, iph, had integrated
into the genome at the #i23 locus (Fig. 4b). In addition, no
sequences corresponding to the #i23-deletion construct were
detected outside the #7123 locus (Fig. 4c). Thus, both PCR and
genome sequence analyses indicated that strain Atri23.74 is a
tri23 deletion mutant with only one copy of the hygromycin
resistance cassette integrated into the genome.

Metabolite production by tri23 mutants

HPLC analysis of 48 h PDB cultures indicated that deletion
mutants Atri23.39 and Atri23.74 did not produce detectable
levels of HA. In contrast, the wild-type progenitor strain pro-
duced 201 pg HA per mL of culture (Fig. 5a). Furthermore,
GC-MS analyses revealed that the #7423 mutants produced
higher levels of trichodermol and aspinolides compared to
the wild type (Fig. 5b, Fig. S6). The latter result was similar
to those previously observed for HA-nonproducing strains of
T arundinaceum generated by inactivation of #il7, tri3, and
tril8.

tri23 mutants exhibited a slight, but not statistically signif-
icant, decrease in ergosterol production, which is in contrast
with results observed in most previously described
T. arundinaceum tri mutants (Lindo et al. 2019a; Proctor
et al. 2018; Laura Lindo and Rosa E. Cardoza, unpublished
data) (Table S3).

Complementation of tri23 mutant
The #i23 mutant, strain Atri23.74, was complemented using
two approaches. In the first approach, #i23 expression was

driven by the #ss/ promoter (plasmid pTCtri23-b1), which
results in high levels of constitutive expression. In the second
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Fig. 3 a Clan CYPS53 region of a phylogenetic tree inferred by neighbor-
joining analysis of the fungal CYPs described by Nelson (2018; black
text) and 7. arundinaceum CYPs (red text). The T. arundinaceum CYPs
involved in trichothecene biosynthesis (i.e., TRI4, TRI22 and TRI23) are
indicated by colored dots. b Amino acid sequences of four conserved
motifs that occur in fungal CYPs. ¢ Consensus sequences for the
conserved motifs in the 7. arundinaceum CYPs involved in
trichothecene biosynthesis: TRI4 (=CYP58A1; gene model TARUN _
8661), TRI22 (=CYP65TS; gene model TARUN_8664), and TRI23

approach, #i23 expression was driven by the native #i23 pro-
moter, which resulted in wild-type expression.

On average, 20 transformants were obtained per re-
generation plate following transformation of #7123 mutant
Atri23.74 with complementation plasmid pPtri23-bl (Fig.
S1). In PCR analysis with oligonucleotides tri23 5 /
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(=CYP5336B7; gene model TARUN 5178). d Consensus sequences
for the four conserved motifs in all 42 7. arundinaceum CYPs that are
members of Clan CYP53, including TRI4, TR122, and TRI23. Consensus
sequence was determined using WebLogo (http://weblogo.threeplusone.
com/create.cgi) (Schneider and Stephens 1990; Crooks et al. 2004). The
four conserved motifs correspond to amino acids 311-316, 369-372, 425-
428, and 444-453 in the T. arundinaceum TRI23 protein. The
uncompressed tree showing all clans is presented in Fig. S4

tri23_3 (Table S1), a subset of 32 transformants yielded
the 1463-bp amplicon expected from integration of the
complementation plasmid into the genome (Fig. S7a).
Transformants Atri23-PP2, 8, 12, and 19 were arbitrarily
selected for further analysis. In PDB medium, two of
these transformants (Atri23-PP2 and Atri23-PPS)
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Fig. 4 a Strategy used to delete the #i23 gene of 7. arundinaceum by
double cross-over using pAtri23 plasmid, in the lower scheme of this
panel there are shown the two fragments of 1450 bp and 1225 bp
amplified by PCR and sequenced to confirm the #i23-deleted mutants.
b Analysis using Sequencher Software (Gene Codes Co.) of the #il7-
tri23-tri18 genomic region in the Atri23.74 mutant. ¢ Mapping of genome
sequence reads to the wild-type #i23 region (lower panels), and the 723
deletion construct (upper panels). In each experiment, the Read Mapping
function in CLC Genomics Workbench was used to map the genome

produced HA at 91-181 pg/mL. These values are 45—
90% of the levels produced by the wild-type progenitor
strain (201 pg/mL) (Fig. 6¢, e).

Furthermore, an average of 10 transformants was obtained
from each regeneration plate following transformation with
complementation plasmid pTCtri23-b1 (Fig. S1). In PCR
analysis with oligonucleotides tri23 5/tri23 3, a subset of 20
transformants yielded the expected 1463-bp amplicon. Four of
these transformants (Atri23-TC1, 5, 9, and 16) were arbitrarily
selected for further analyses (Fig. S7b). In PDB cultures,
transformants Atri23-TC1 and Atri23-TCS5 produced 134—
244 pug HA/mL. This corresponded to 66—121% of the HA
levels produced by the wild-type progenitor strain (Fig. 6d, ¢).

GC-MS analysis of complemented #ri23 mutant
strains Atri23-PP8 and Atri23-TCS5 indicated that
trichodermol production was reduced relative to the mu-
tant Atri23.74 from which they were derived, and were
similar levels to those produced by the wild-type pro-
genitor strain (Fig. 7). These data indicate that cultures
of #i23 mutants accumulated trichodermol as result of a
block in HA biosynthesis.

sequence reads from the wild-type progenitor strain, Ta37 (wild type),
or the #7123 deletion mutant Atri23.74, to the reference sequences. The
pink areas indicate the number of reads for a given region of the reference
sequence. The higher the pink area indicated a greater coverage of that
region. The absence of pink in a given region of the reference sequence
indicates that no reads cover that region (dotted black rectangles). No
other plasmid sequences were detected in the genome of the selected
mutant

Cross-culture of tri23 and tri17 mutants

In 7. arundinaceum, tri3, tril8, and tril7 are required for
formation and esterification of the octa-2,4,6-trienedioyl
substituent of HA (Proctor et al. 2018; Lindo et al.
2019a). Deletion of any one of these genes blocks HA
production and results in accumulation of trichodermol,
the same trichothecene phenotype as the #4723 mutants.
This phenotype combined with the fact that TRI23 is
predicted to be a CYP is consistent with the hypothesis
that TRI23 catalyzes hydroxylation of octa-2,4,6-trienoic
acid, the predicted polyketide product of TRI17 and pre-
cursor of octa-2,4,6-trienedioic acid. Thus, both TRI17
and TRI23 should be required for synthesis of octa-
2,4,6-trienedioic acid. If #i23 mutants are blocked in
formation of octa-2,4,6-trienedioic acid, a precursor of
this metabolite may accumulate in the mutants and could
be released into media in which the mutants are grown.
If this is the case, another strain of 7. arundinaceum
blocked at an earlier step in octa-2,4,6-trienedioic acid
formation (e.g., formation of the polyketide octa-2,4,6-
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Fig.5 a HPLC chromatograms showing levels of harzianum A produced
by wild-type 7. arundinaceum (Ta37) and two #i23 deletion mutants,
Atri23.39 and Atri23.74, grown for 48 h in PDB medium. b Gas
chromatography-mass spectrometry analysis of extracts of 7-day-old
YEPD cultures of the wild-type 7. arundinaceum strain Ta37 and the
tri23 deletion mutant strains Atri23.39 and Atri23.74. The
chromatograms show metabolites with m/z (mass-to-charge) 161, which

is characteristic of trichodermol

trienoic acid) might be able to modify the precursor and
thereby use it to synthesize HA (Fig. 8). To test whether
this is possible, #i23 mutant strain Atri23.74 was grown
in PDB medium. After 48 h, the culture broth was har-
vested by filtration, extracted twice with ethyl acetate,
and evaporated to dryness in a rotary evaporator. The
solid residue was resuspended in 50 mL PDB and heat
sterilized. The resulting amended PDB medium was then
inoculated with mycelia of ¢ri/7 mutant strain
Atril7.139, which had been grown for 24 h in an un-
amended PDB medium and harvested by filtration. This
culture was grown for an additional 48 h, after which the
broth was analyzed by HPLC for HA (Fig. S8). HA was
not detected in the PDB culture broth of the #i/7 or
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tri23 mutants, when either mutant was grown alone
(Fig. 8a, c¢). However, HA was produced by the tril7
mutant when it was grown in PDB amended with extract
from the #i23 mutant (Fig. 8b). In addition, no HA was
produced when the #i23 mutant was grown in PDB me-
dium amended with extract from the #7/7 mutant (Fig.
8d). These data indicate that TRI17 and TRI23 are re-
quired for synthesis of the octa-2,4,6-trienedioyl substit-
uent of HA, and that TRI23 acts after TRI17 in the HA
biosynthetic pathway (Fig. 1).

Expression of tri23 in complemented tri23 mutants

Expression of #i23 was strongly upregulated in all #i23-
complemented transformants analyzed compared to the
wild-type progenitor strain. Furthermore, the complemented
transformants in which #7123 expression was driven by the zss/
gene promoter (plasmid pTCtri23-b1) exhibited higher levels
of expression than when expression was controlled by the
endogenous promoter (plasmid pPtri23-b1). Thus, in compar-
ison with expression of the actin gene, #i23 expression was
500 fold higher (p(H1) = 0.0) in Atri23-TCS5 transformant,
while this value for Atri23-PP8 reached only 1.4-fold (p(H1)
= 0.0) (Fig. 9a). However, there was not a clear correlation
between 7723 expression and levels of HA produced. Thus, in
transformant Atri23-TCS, #i23 expression was strongly up-
regulated, compared with the wild type, but HA production
was only 23% higher. Furthermore, no increases in HA pro-
duction were observed in complemented mutants in which
tri23 expression was driven by the native promoter (Fig. 6e).

Effect of tri23-deletion and -complementation
on the transcription level of other tri genes

We used qPCR to examine effects of #i23 deletion and
complementation on expression of other #ri genes that
varied in genomic location and in the phase of the tricho-
thecene biosynthesis in which they function (i.e., early
phase 1, early phase 2 or late phase; Fig. 1). til7 and
tril8 are located adjacent to and on either side of #i23,
and they function in the early phase 2 and late phase,
respectively. In 48 h cultures, these two genes exhibited
increased expression in the #i23 mutant relative to the
wild type, and even higher levels of expression following
complementation of the #i23 mutant (Fig. 9b). #i4 and
tri22 are located distal to #i23, in the tri cluster, and they
function during early phase 1 of trichothecene biosynthe-
sis. tri4 and #ri22 exhibited patterns of expression that
were similar to those of #i/7 and #ril8; that is, expres-
sion was higher in the #i23 mutant than in the wild type,
and expression was higher in the complemented #i23
mutant than in the mutant (Fig. 9b).
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Fig.6 HPLC chromatograms showing levels of HA produced by a wild-
type 1. arundinaceum strain Ta37, b tri23 deletion mutant Atri23.74, ¢
two tri23-complemented transformants (strains Atri23-PP8 and Atri23-
PP19) resulting from transformation of Atri23.74 with plasmid pPtri23-
bl, and d two #i23-complemented transformants (strains Atri23-TC1 and

Effect of tri23-deletion and -complementation
on the antifungal activity

Antibiogram assays against B. cinerea were performed using
48 h PDB culture broths of #i23 mutants and the wild-type
progenitor strain. The observed antifungal activity was slight-
ly higher with the mutants than with the wild type (Fig. S9a).

Broths from complemented transformants obtained
from transformation with pTCtri23-b1 resulted in slightly
less growth inhibition than that observed for Ta37 or
Atri23.74 strains (Fig. S9b), even though the
complemented mutants had higher levels of #i23 tran-
scription and HA production. This latter finding indicates

Atri23-TC5) resulting from transformation with plasmid pTCtri23-bl,
grown for 48 h in PDB medium. e Quantification of HA in the
transformants obtained with the plasmids indicated above. Lower case
letters above histogram bars indicate statistical significance (p < 0.05);
bars with different letters are significantly different

that even though HA contributes to the antifungal activity
of T arundinaceum, there are other factors (e.g., other
secondary metabolites) that also contribute to this activity.

Discussion

Although the genetic bases for structural diversity of
Fusarium trichothecenes have been largely resolved, much
less is known about the genetic bases for structural diversity
of trichothecenes produced by other fungi. Nevertheless, re-
cent functional analyses of i3, tril7, and tril8 in
T. arundinaceum have provided insight into formation of
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Fig. 7 Gas chromatography-mass spectrometry analysis of extracts of 7-
day-old YEPD cultures of wild-type T' arundinaceum strain Ta37, tri23
mutant Atri23.74, and two #i23-complemented mutants derived by
transformation of Atri23.74 with plasmid pPtri23-b1 (Atri23-PP8) or
pPtri23-bl (Atri23-TCS5). The chromatograms show metabolites with m/
z (mass-to-charge) 161, which is characteristic of trichodermol

polyketide-derived substituents that occur at C4 of trichothe-
cenes produced by 7. arundinaceum as well as Myrothecium,
Stachybotrys, and Trichothecium species (Lindo et al. 2019a;
Proctor et al. 2018). The analyses of these three genes indicate
that in T arundinaceum the polyketide synthase TRI17 cata-
lyzes synthesis of octa-2,4,6-trienoic acid, and then
acyltransferases TRI3 and TRI18 act in a two-step process
that results in esterification of the structurally modified poly-
ketide (i.e., octa-2,4,6-trienedioic acid) to the oxygen atom at
C4 of trichodermol. However, information on genes required
for structural modifications of the polyketide have been
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lacking. Thus, in the current study, we identified a CYP gene,
tri23, and provided evidence that it is required for a modifica-
tion(s) of octa-2,4,6-trienoic acid.

tri23 was first identified as a potential 777 gene from among
the 91 T arundinaceum CYP genes by its expression, which
was affected by #i6 in a manner similar to previously identi-
fied #i genes, and by its location next to #i/7 and #il8.
Because #i/7 and #il8 are directly involved in formation
and esterification of the octa-2,4,6-trienedioyl substituent of
HA, the location of #i23 next to them suggested that it too
could be involved in formation of the substituent. Results of
deletion and complementation experiments confirmed that
tri23 is required for production of HA but not for
trichodermol. This finding was consistent with results from
previous studies indicating all enzymes necessary for synthe-
sis of trichodermol from FPP are encoded by #i3, tri4, and
trill (Cardoza et al. 2011; Malmierca et al. 2012, 2013;
Proctoretal. 2018; Lindo et al. 2018, 2019b). Further, because
the polyketide synthase TRI17 is required for synthesis of the
polyketide octa-2,4,6-trienoic acid (Proctor et al. 2018), and
because the acyltransferases TRI3 and TRI18 are likely the
only genes required for esterification of octa-2,4,6-trienedioic
acid to trichodermol (Lindo et al. 2019a), it follows that 723
could be involved in conversion of the polyketide to octa-
2,4,6-trienedioyl-CoA. This conclusion was further supported
by results of cross-culture feeding studies, which demonstrat-
ed that during trichothecene biosynthesis TRI23 functions af-
ter TRI17.

The mechanism by which octa-2,4,6-trienoic acid in the
culture broth of the A#i23 mutant is taken up by cells of the
Atri17 mutant is not known. There is evidence that TRI12 and
organelles have critical roles in trichothecene export (Kistler
and Broz 2015). However, the mechanisms by which tricho-
thecene intermediates are released from fungal cells into the
medium are not known, and free diffusion, transmembrane
transport, and endocytosis/pinocytosis are all possibilities, as
it has been described for the transport of several trichothecene
products by mammalian cells (Xiaoming et al. 2017).

Although our results indicate that TRI23 is involved in the
conversion of the polyketide octa-2,4,6-trienoic acid to octa-
2.4,6-trienedioic acid, the exact function of the enzyme in this
conversion process remains to be determined. In order for the
conversion to occur, the 8-methyl group of octa-2,4,6-trienoic
acid has to be oxidized to form a carboxyl group, a process
that should require hydroxylation, alcohol dehydrogenation,
and aldehyde dehydrogenation activities. Some CYPs cata-
lyze a single hydroxylation reaction, whereas others catalyze
multiple reactions (Urlacher and Girhard 2012). Thus, one
possibility is that TRI23 catalyzes hydroxylation of octa-
2.,4,6-trienoic acid to form the 8-hydroxy derivative of the
polyketide (i.e., 8-hydroxy-octa-2,4,6-trienoic acid).
However, there are examples of Arabidopsis, Pinus, and
Fusarium CYPs that have all three activities necessary to
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Fig. 8 Results of cross-culture feeding experiments with the #i/7 and
tril 23 mutants in which a mutant strain (i.e., #i23 or #i/7 mutant) was
grown in a PDB medium containing extracts of the other mutant. A
diagram of the cross-culture feeding protocol is presented in Fig. S8.
The left panel shows chromatograms from HPLC analysis of HA in the
following treatments: a #7723 mutant grown in the presence of extract of
the #i23 mutant (control); b #i/7 mutant grown in presence of extract
from the #7123 mutant; ¢ #i/7 mutant grown in the presence of extract of
tril 7 mutant (control); d #i23 mutant grown in the presence of extract of
tril 7 mutant. HA eluted at approximately 22 min and is indicated with a

oxidize a methyl group to a carboxyl group (Helliwell et al.
1999; Ro et al. 2005; Tudzynski 2005). Given these prece-
dents, it is possible that TRI23 has all the enzymatic activities
necessary for conversion of octa-2,4,6-trienoic acid to octa-
2,4,6-trienedioic acid. This hypothesis is consistent with the
absence of putative alcohol and aldehyde dehydrogenase
genes at the #7il7-tri23-tril8 locus and other known #i loci
in T arundinaceum. One approach that could be used to elu-
cidate the exact function(s) of TRI23 would be to feed octa-
2,4,6-trienoic acid and its 8-hydroxy and 8-carbonyl deriva-
tives to a 7. arundinaceum tri23 mutant to determine which, if
any, of the compounds the mutant can convert to octa-2,4,6-
trienedioic acid. Similar feeding experiments could also be
done with Saccharomyces cerivisiae or Pichia pastoris strains
in which #i23 is heterologously expressed. However, such

red arrow in b. The right panel illustrates our hypothesis to explain the
results of the cross-culture feeding experiments. According to the
hypothesis, the #7723 mutant produces the polyketide octa-2,4,6-trienoic
acid but the #i/ 7 mutant does not. Further, the #7i/7 mutant can transform
the octa-2,4,6-trienoic acid, which is present in extract from the #i23
mutant, to octa-2,4,6-trienedioyl-CoA, and in turn use the CoA-
activated metabolite to synthesize HA. Blue and red arrows indicate
biosynthetic steps that can occur only in the #7423 (blue) or til7 (red)
mutant. Green arrows indicate biosynthetic steps that can occur in both
mutants

experiments will require synthesis of the 8-hydroxy and 8-
carbonyl derivatives of octa-2,4,6-trienoic acid as well as de-
velopment of chromatographic methods that can detect these
metabolites and octa-2,4,6-trienedioic acid, tools that are be-
yond the scope of the current study.

The presence of #i23 in all HA-producing species of
Trichoderma examined is consistent with the proposed
role of the gene in modification of octa-2,4,6-trienoic acid.
tri23 should not be involved in trichodermin biosynthesis,
because the structure of this trichothecene analog does not
include an octa-2,4,6-trienedioyl substituent. However, it
is not clear why trichodermin-producing species have
retained genes that are not required for trichodermin bio-
synthesis. Nevertheless, the presence of #i/7 and til8 in
both HA- and trichodermin-producing species suggests

@ Springer
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Fig. 9 a Quantitative PCR analysis of #23 transcription level in wild-
type (Ta37), #i23 mutant (Atri23.74) and #i23-complementation (Atri23-
PP8, Atri23-PP19, Atri23-TC1, and Atri23-TC5) strains of
T. arundinaceum. b Quantitative PCR analysis of transcription of #i/7,
tril8, tri4, and #ri22 in wild-type (Ta37) and #i23 mutant (Atri23.74), and

that HA production constitutes an ancestral state of tricho-
thecene production in Trichoderma, whereas trichodermin
production constitutes a more derived state.

As noted above, Myrothecium and Stachybotrys trichothe-
cenes have a polyketide-derived substituent at C4 (Tamm and
Breitenstein 1980). The structures of some of the substituents
indicate that they are derived from octa-2,4,6-trienoic acid.
Like T arundinaceum, trichothecene-producing species of
Myrothecium and Stachybotrys have an ortholog of the poly-
ketide synthase gene #ri/7 (Proctor et al. 2018; Semeiks et al.
2014). In addition, the Myrothecium roridum tril7 ortholog
can complement a #i/7 deletion mutant of 7 arundinaceum
(Proctor et al. 2018). These findings indicate that orthologs of
the same enzyme (i.e., TRI17) catalyze synthesis of octa-
2,4,6-trienoic acid in Trichoderma, Myrothecium and
Stachybotrys species. However, the absence of #i23 in the
Myrothecium and Stachybotrys species indicates that modifi-
cation of octa-2,4,6-trienoic acid in these fungi involves a
gene other than #i23.

The 91 predicted CYP genes in the genome sequence of
T arundinaceum strain Ta37 is similar to the numbers of
CYP genes reported in other Trichoderma species. For
example, the T. longibrachiatum and T. virens genomes
are predicted to have 68 and 122 CYP genes, respectively
(Chadha et al. 2018). The relatively high number of CYP
genes in these and other fungi likely reflects their potential
to synthesize multiple families of metabolites. Even

@ Springer

two tri23-complementation (Atri23-TC1 and Atri23-TCS) strains of
T. arundinaceum. Transcription levels are ratios calculated relative to
the level of transcription of the actin gene. Statistically significant
values (p(HI) < 0.05) are indicated with an asterisk at the right of the
figure. ND, not detected

though CYPs are a common class of secondary metabolite
(SM) biosynthetic genes, only 28 out of the 91
T. arundinaceum CYP genes (31%) occur in SM gene
clusters that were predicted by the program antiSMASH
(Lindo et al. 2018).

The finding that 19 T arundinaceum CYPs are mem-
bers of CYP families that have not been previously report-
ed in other Trichoderma species (Chadha et al. 2018) in-
dicates that 7. arundinaceum biosynthetic potential could
differ substantially from other 7richoderma species whose
CYP gene content has been examined. However, only 9 of
this subset of 7. arundinaceum CYP genes occur in the
SM biosynthetic gene clusters predicted by antiSMASH
(Table S2). The role of the CYP genes that do not occur
in SM clusters could be (i) SM biosynthesis even though
they are not located in an obvious cluster, as is the case for
some tri genes (Proctor et al. 2018); (ii) biosynthesis of
primary metabolites such as sterols and aromatic com-
pounds; (iii) catabolic processes such as degradation of
xenobiotics (Bernhardt 2006); and/or (iv) metabolism of
metabolites that affect interactions with other organisms
(Fan et al. 2013).

The increases in production of aspinolides by #i23 mu-
tants are similar to previously reported increases in
aspinolide production in other HA-nonproducing mutants
of T. arundinaceum (Lindo et al. 2018, 2019b; Malmierca
et al. 2015; Susan P. McCormick, unpublished data).
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When the various mutants are considered together, it is
apparent that the increases occur in mutants in which
trichothecene biosynthesis is blocked before formation of
EPT, as is the case for #i5 and tri6 mutants, as well as in
mutants in which the formation of trichothecenes is
redirected from HA to trichodermol, as is the case for
tri3, tril7, tril8, and tri23 mutants. The cause(s) of the
increased aspinolide production is not clear but has been
attributed to changes in levels of acetyl-CoA that likely
occur when formation of EPT and/or the octa-2,4,6-
trienedioyl substituent is interrupted (Lindo et al. 2018,
2019b). For example, the blocking of EPT formation like-
ly results in accumulation of its precursor FPP, which
could in turn result in a buildup of its precursor acetyl-
CoA. Such changes could result in rechanneling of acetyl-
CoA into polyketide biosynthesis. It is not known whether
production of other polyketides is also affected by loss of
HA production. Thus, identification of other polyketides
produced by T. arundinaceum as well as the genes re-
quired for their biosynthesis should provide tools that
can be used to elucidate the mechanism by which produc-
tion of aspinolides and perhaps other SMs increases in
HA-nonproducing mutants of 7. arundinaceum.

tri23-deletion resulted in an upregulation of tril7, trilé,
tri4, and tri22 expression compared with the wild-type
strain. Furthermore, expression of all #i genes analyzed
(including #ri23) was higher in #ri23-complementation
strains compared to the #i23 mutant. However, even
though the transcription levels of these genes were signif-
icantly higher in the #ri23-overexpression strains (Atri23-
TC1 and Atri23-TC5) than in the wild type, these increases
in gene expression did not coincide with consistently
higher levels of HA production (see Fig. 6, Fig. 9). This
indicates that expression of #i4, tril7, tril8, tri22, and
tri23 is not a bottleneck in HA biosynthesis.

In summary, the current study identified #i23 from
among 91 CYP genes in 7. arundinaceum. The study also
provided multiple lines of evidence that the #i23-encoded
CYP is required for modification of the polyketide octa-
2,4,6-trienoic acid during biosynthesis of HA in
T arundinaceum, and most likely other HA-producing spe-
cies of Trichoderma. Further, differences in the distribution
of tri23 and the polyketide synthase gene #i/7 among spe-
cies of trichothecene-producing fungi from multiple genera
suggest a common evolutionary origin for synthesis of
octa-2,4,6-trienoic acid but different evolutionary origins
for subsequent modifications of this polyketide. Thus, the
results of the current study provide novel insights into bio-
synthesis of trichothecenes as well as other fungal second-
ary metabolites.
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