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ABSTRACT

The sesquiterpenoid deoxynivalenol (DON) is an important trichothecene mycotoxin produced by the cereal pathogen Fusarium graminearum. DON is synthesized in
specialized subcellular structures called toxisomes. The first step in DON synthesis is catalyzed by the sesquiterpene synthase (STS), Tri5 (trichodiene synthase),
resulting in the cyclization of farnesyl diphosphate (FPP) to produce the sesquiterpene trichodiene. Tri5 is one of eight putative STSs in the F. graminearum genome.
To better understand the F. graminearum terpenome, the volatile and soluble fractions of fungal cultures were sampled. Stringent regulation of sesquiterpene
accumulation was observed. When grown in trichothecene induction medium, the fungus produces trichothecenes as well as several volatile non-trichothecene
related sesquiterpenes, whereas no volatile terpenes were detected when grown in non-inducing medium. Surprisingly, a Atri5 deletion strain grown in inducing
conditions not only ceased accumulation of trichothecenes, but also failed to produce the non-trichothecene related sesquiterpenes. To test whether Tri5 from F.
graminearum may be a promiscuous STS directly producing all observed sesquiterpenes, Tri5 was cloned and expressed in E. coli and shown to produce primarily
trichodiene in addition to minor, related cyclization products. Therefore, while Tri5 expression in F. graminearum is necessary for non-trichothecene sesquiterpene
biosynthesis, direct catalysis by Tri5 does not explain the sesquiterpene deficient phenotype observed in the Atri5 strain. To test whether Tri5 protein, separate from
its enzymatic activity, may be required for non-trichothecene synthesis, the Tri5 locus was replaced with an enzymatically inactive, but structurally unaffected
tri5N225P $229T gllele. This allele restores non-trichothecene synthesis but not trichothecene synthesis. The tri5™22°P $229T a]jele also restores toxisome structure which
is lacking in the Atri5 deletion strain. Our results indicate that the Tri5 protein, but not its enzymatic activity, is also required for the synthesis of non-trichothecene
related sesquiterpenes and the formation of toxisomes. Toxisomes thus not only may be important for DON synthesis, but also for the synthesis of other sesquiterpene

mycotoxins such as culmorin by F. graminearum.

1. Introduction

Fusarium graminearum sensu stricto (O'Donnell et al., 2004) is a
fungal pathogen of major cereal crops causing the disease Fusarium
head blight (FHB) (Goswami and Kistler, 2004). FHB is an increasingly
damaging disease worldwide, recently causing billions of dollars in crop
losses, with regional losses of more than 50% occurring with regularity
(McMullen et al., 2012). Thus, global wheat and barley production are
vulnerable to FHB, raising the cost of production, and sometimes ne-
cessitating widespread use of fungicides (Wegulo et al., 2015). As a
result, understanding the physiology and pathogenesis of F. grami-
nearum is important for combatting FHB infection, as well as for
breeding resistant cereal crops.

Fusarium and other fungi such as Myrothecium and Stachybotrys
produce a complex suite of natural products collectively known as tri-
chothecenes (Proctor et al., 2018). Trichothecenes encompass over 200
sesquiterpenoids, all derived from the unmodified sesquiterpene tri-
chodiene. This shared precursor is produced by the cyclization of
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farnesyl pyrophosphate (FPP) by a sesquiterpene synthase (STS) called
trichodiene synthase or Tri5 (McCormick et al., 2011; Grovey, 2007;
Hohn and Beremand, 1989) (Fig. 1). Trichothecenes may accumulate to
high levels during infection of wheat and barley by F. graminearum
(Jansen et al., 2005; Goswami and Kistler, 2005).

Trichothecene biosynthesis is the best characterized sesquiterpenoid
biosynthetic pathway in fungi, and has been described in detail (Proctor
et al.,, 2018; Alexander et al., 2009). Mutant F. graminearum strains
deficient in Tri5, and thus lacking production of the trichothecene
deoxynivalenol (DON), are unable to spread within an infected wheat
spike (Jansen et al., 2005; Proctor et al., 1995). Trichothecenes not only
potentiate FHB disease in wheat, where they inhibit protein synthesis
(Varga et al., 2015), but also are toxic to humans and other animals
who consume them from contaminated food, rendering the grain in-
edible (Escriva et al., 2015).

Fusarium species also are known to produce the non-trichothecene
related sesquiterpenoids (NTS) culmorin and cyclonerodiol (McCormick
et al., 2010; Lauren et al., 1992) (Fig. 1). The mycotoxin culmorin is
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Fig. 1. Sesquiterpene cyclization pathways in F. graminearum. Product profiling shows that F. graminearium possess STS activities that catalyze the initial 1,10 and 1,6
cyclization of FPP or NPP (nerolidyl diphosphate) to the corresponding germacradienyl or bisabolyl cations shown in black. Subsequent cyclization and/or re-
arrangement reactions followed by a final quenching reaction of the cation gives rise to the characteristic products of a STS. No sesquiterpenes derived from a trans-
humulyl cation intermediate appear to be produced by F. graminearum. Tri5-STS cyclizes FPP via a (6R)-p-bisabolyl cation primarily into trichodiene 13, which is
modified by additional enzymes into the trichothecene sesquiterpenoids (red compounds). Tri5-STS produces additional, minor sesquiterpenoids (shown in red) via
this 1,6-cyclization pathway; although premnaspirodiene 11 may be derived from a different cation intermediate. Clm1-STS cyclizes the same bisabolyl cation
intermediate via a different route (blue compounds) primarily to longiborneol 14 with longifolene 2 as an alternative product. Longiborneol becomes the precursor to
culmorin 16 and culomorone 17. Several sesquiterpenes (brown) produced by F. graminearum are not associated with Tri5 and made by yet to be identified STS
activities. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. The terpenome of F. graminearum. Phylogenetic analysis comparing the eight predicted F. graminearum sesquiterpene synthases (STSs) (underlined) to
characterized Basidiomycota and Ascomycota STS showed that three of the uncharacterized STS clade with 1,6-cyclizing STS, including the known longiborneol
synthase (Clm1) and trichodiene synthase (Tri5). The remaining three clades with known enzymes that follow an 1,11 initial cyclization mechanism shown in Fig. 1.
Transcriptome analysis comparing STS gene expression under a variety of conditions (data not shown) identified STS (boxed) (see Table S1 for gene model des-
ignators) as being co-expressed with Clm1 and Tri5. Accession numbers and references for STS sequences are listed in the Materials and methods. The tree was rooted
with FPP synthases (F. graminearum Fusgr1|7842 and S. cerevisiae ERG20) and GGPP synthases (F. graminearum Fusgrl|3404 and S. cerevisiae YPLO69C) as outgroup.

The tree was generated in MEGA7 using the Neighbor-Joining method with bootstrap values of > 70 shown for 500 replicates
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derived from a sesquiterpenoid synthesized by the STS longiborneol
synthase (Clm1), whereas the enzymatic basis for synthesis of cyclo-
nerodiol is currently unknown. In addition to the characterized genes
Tri5 and Clml, the genome of F. graminearum contains six additional
predicted STS genes with currently unknown function (Fig. 2, Table
S1). Two of the unknown STS genes, designated FGSG_08181 and
FGSG_16873 (corresponding Fusgrl|10122 and Fusgrl|8874 in Fig. 2),
are co-expressed under conditions where Tri5 is induced (Harris et al.,
2016). There is ample evidence that the wide variety of sesquiterpenes
produced by an organism can have significant effect on chemical sig-
naling and toxicity (Gershenzon and Dudareva, 2007). However, the
effect of these NTS on FHB, and whether additional, yet un-
characterized NTS are produced by F. graminearum, need further in-
vestigation.

Numerous cellular changes occur upon induction of trichothecene
biosynthesis in vitro and in planta including hyphal thickening, sub-
apical swelling, and increased vacuole size (Menke et al., 2012;
Boenisch and Schafer, 2011). Additionally, oxygenase enzymes of the
trichothecene biosynthetic pathway co-localize to induced and highly
remodeled, organized smooth endoplasmic reticulum (OSER) structures
referred to as “toxisomes” (Menke et al., 2013; Boenisch et al., 2017).
The remodeled ER appears to be important for high level trichothecene
production because treatments that prevent the formation of toxisomes
diminish the capacity of cells to accumulate trichothecenes (Tang et al.,
2018).

The initial aim of this study was to determine the spectrum of NTS
produced by F. graminearum cultures induced to produce trichothe-
cenes. Previous studies determined that the genes for culmorin synth-
esis (Clm1 and Clm2 (corresponding to Fusgrl|1203, Fusgrl|7450 in
Fig. 2)) are co-expressed with genes for trichothecene pathway enzymes
under the conditions studied here. Moreover, deletion of either Clm1 or
Clm2 was shown to increase levels of trichothecene that accumulate in
culture (McCormick et al., 2010; Gardiner et al., 2009; Bahadoor et al.,
2016). These results could be explained by an increased pool of the
shared isoprenoid pathway precursor, farnesyl pyrophosphate, avail-
able for trichothecene synthesis in the culmorin minus mutants. To
characterize additional NTS in F. graminearum cultures, we sought to
maximize NTS synthesis and we reasoned that their concentration may
be similarly increased in strains lacking trichothecene production by
deleting Tri5. However, unexpectedly we found that NTS synthesis was
actually reduced in a Atri5 mutant, and that the Tri5 protein itself may
be a key player in the synthesis of both trichothecenes and NTS.

2. Materials and methods
2.1. Strains, media, materials and cultivation conditions

A list of all F. graminearum and Escherichia coli strains used or gen-
erated in this study is provided in Table S2. All primers used to create F.
graminearum strains, construct plasmids and Tri5 constructs are listed in
Table S3.

E. coli JM109 was used for cloning and plasmid maintenance, E. coli
BL21 (DE3) (New England Biolabs (NEB), Ipswich, MA) for sesqui-
terpene production and E. coli Rosetta™ cells (Millipore Sigma,
Burlington, MA) for protein expression. All E. coli strains were grown at
200 rpm in LB medium supplemented with appropriate antibiotics
(kanamycin, chloramphenicol) at 37 °C for cloning and plasmid am-
plification and at 30 °C to express Tri5 and Tri5">>°P $229T for product
profiling and for protein purification.

For Tri5 and Tri5N?%P $22°T sesquiterpene profiling in E. coli, 50 mL
cultures (250 mL shake flasks, covered with double-layered aluminum
foil) were inoculated with 0.5 mL of overnight cultures of recombinant
E. coli BL21 (DE3) (New England Biolabs (NEB), Ipswich, MA) cells
transformed with the corresponding pET28a expression plasmids.
Recombinant cultures were grown to an ODgoo ~ 0.3 and induced with
0.5mM IPTG. Sesquiterpenoids were analyzed 4 h post induction.
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For Tri5 and Tri5"?>°P 522°T protein purification, 500 mL cultures
(2.5L shake flasks) were inoculated with 5mL overnight cultures,
grown to an ODggo ~ 0.3 and induced with 0.5 mM IPTG. After three
hours of cultivation, cells were harvested at 6000 rpm for 10 min in a
Beckman (Brea, CA) J2-HS floor centrifuge and stored at —80 °C until
used for purification.

For fungal sesquiterpenoid profiling, fifty milliliter F. graminearum
cultures (250 mL shake flasks, covered in double-layered aluminum
foil) were cultivated as described in (Menke et al., 2012) as adapted
from (Gardiner et al., 2009). Briefly, conidia were resuspended at a
concentration of 10*mL™"! in either Toxin Induction Medium (TBI)
supplemented with 5mM putrescene at pH 4.5, or Non-Induction
Medium (NIM) containing 10 mM sodium nitrate at pH 4.5. All other
ingredients were identical for both media (30 g sucrose, 1 g KH,POy,,
0.5 g MgS04 * 7H,0, 0.5 g KCl, 2 mL FeSO4 * 7H,0 (5 mg mL ™! stock),
and 200yl trace elements (5g citric acid, 5g ZnSO,4 * 7H50, 0.25¢g
CuSO,4 * 5H,0, 50 mg of MnSO,4 * H,O, 50 mg of H3BO3;, and 50 mg
NaMoO, * 2H,0 per 100 mL) per L). Culture media were sterile filtered.
Growth was at 25 °C and 150 rpm shaking in the dark for 3 days.

2.2. Sesquiterpene profiling

Volatile sesquiterpenoids were extracted from E. coli and fungal
culture headspace with a 100 pm polydimethylsiloxane-divinylbenzene
(PDMS) Solid Phase MicroExtraction fiber (SPME, Supelco, Bellfonte,
PA) inserted through aluminum foil seal for 10 min as described pre-
viously (Agger et al., 2009). Likewise, non-volatile, soluble sesqui-
terpenoids were extracted by SPME from 50 mL centrifuged culture
media (2655¢g, 10 mins, Eppendorf 5810R swinging-bucket centrifuge)
that was clarified by passage through a HT Tuffryn low protein binding
0.45 um syringe filter (Pall, Port Washington, NY).

Extracted terpenoid products were separated and analyzed by
GC-MS on an HP GC 7890A gas chromatography coupled to an anion-
trap mass spectrometer equipped with an HP MSD triple axis detector
(Agilent Technologies, Santa Clara, CA) and using an HP-5MS capillary
column (30 m X 0.25mm X 1.0 um) with an injection port temperature
of 250 °C and helium as a carrier gas. The oven temperature started at
60 °C and was increased at 6 °Cmin ™~ to a final temperature of 250 °C
with a 38 min cycle time. Terpenoids were identified by comparing
mass spectra and retention indices to MassFinder’s (Software v.4) ter-
pene library (Joulain and Konig, 1998) and the NIST chemical database
as described previously (Flynn and Schmidt-Dannert, 2018).

2.3. Plasmid construction

F. graminearum cDNA was prepared as described previously (Flynn
and Schmidt-Dannert, 2018) and used for Tri5 cloning. The Tri5 ORF
was initially amplified with its single intron and cloned in frame with
an N-terminal 6xHis-Tag into plasmid pET28a (Millipore Sigma) using
primers F_tri5_Ndel and R_tri5_Notl. The intron was subsequently re-
moved with these primers and primers Tri5-Exonl-R and Tri5-Exon2-F
by overlap-extension PCR followed by religation into pET28a. The re-
sulting plasmid was Sanger sequenced and tested for trichodiene syn-
thase activity upon expression in E. coli. The intron was identified by
comparison to the well-characterized F. sporotrichioides Tri5, which was
also initially cloned with this intron and was similarly removed prior to
obtaining a functional Tri5 enzyme (Hohn and Beremand, 1989). All
PCR utilized Phusion™ high-fidelity polymerase (New England Biolabs,
Ipswich, MA). The Tri5N?2°P $22°T mutant was subsequently created via
Q5 Site-directed Mutagenesis™ (New England Biolabs, Ipswich, MA)
using the primers Tri5"225? $229T 5 1 and Tri5"225P $229T (5 2 fol-
lowing the manufacturer-recommended conditions to create the
pET28a-TrisN22%P $229T plasmid.
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2.4. Tri5 and Tri5™2°P S22°T purification

Frozen E. coli cells from 500 mL cultures were resuspended in 30 mL
STS purification buffer (50 mM Tris, pH 8, 250 mM NaCl, 5mM imi-
dazole, 10mM MgCl2, 1 mM PMSF) supplemented with cOmplete
protease inhibitor (Sigma-Aldrich) and sonicated for 4 min (1 sec pulse
on, 2 sec pulse off at 30% power), followed by 30 min centrifugation at
12,000 rpm at 4 °C in a Beckman J2-HS centrifuge. Soluble protein was
filtered through a 0.45um syringe and purified by FPLC (GE
Healthcare, Chicago, IL) using a 5mL His-trap™ FF Ni?" affinity
column (GE Healthcare, Chicago, IL) equilibrated with STS purification
buffer. After washing, bound protein was eluted with STS elution buffer
(50 mM Tris, pH 8, 250 mM NaCl, 250 mM imidazole, 10 mM MgCl,,
1mM PMSF) collecting 4mL fractions. Eluted fractions were then
concentrated using Amicon (EMD Millipore, Burlington, MA) Ultra-15
3000 NMWL centrifugation filter units and dialyzed overnight into size
exclusion buffer (5% glycerol, 20mM Tris, pH 7.5, 50 mM NaCl,
0.22 um filtered) for Superdex 200 10/300 (GE Healthcare) purification
with 1 mL fractionation. Protein fractions were combined and con-
centrated using a 3000 NMWL Amicon filter to a concentration of ap-
proximately 1 mgmL ™. All protein containing fractions obtained after
chromatography and concentration, were assessed by 12% SDS-PAGE
analysis with Coomassie staining for Tri5 protein purity. In addition,
WT Tri5 samples were analyzed for trichodiene synthase activity as
described previously with 2 uM FPP as substrate (Flynn and Schmidt-
Dannert, 2018). Purified and concentrated proteins were then dialyzed
overnight into 10 mM potassium phosphate buffer, pH 8.0 for circular
dichroism analysis as described (Quin et al., 2015).

2.5. Circular dichroism

Purified and concentrated Tri5 and Tri5V22°P 522°T were diluted to a
concentration of 0.1 mgmL~" (2.146 and 2.168 ymol L™ ! for WT and
mutant, respectively) and analyzed by circular dichroism (CD) from
260 to 185 nm with single nanometer step resolution. CD analysis was
performed on a JASCO J-815 spectropolarimeter (Ishikawacho, Japan)
(Greenfield, 2006) with appropriate air and solvent-only controls. CD
spectra comparing WT Tri5 and Tri5N?2%? $22°T molar ellipticity (©)
from 185 to 260 nm were overlaid to identify any loss of a-helical
structure resulting from the active site mutations performed.

2.6. OSCAR deletion

The Tri5 deletion strain for sesquiterpenoid profiling was made
using a modified OSCAR method (Paz et al.,, 2011). Marker vector
PBLUE-HPH-GFP was constructed by excising the hph-GFP fragment
from plasmid pPK2-hphGFP (Michielse et al., 2009) using BamHI and
Pstl and ligated into plasmid pBlue digested with BamHI and Nsil. Tri5
upstream flank and downstream flank were amplified from F. grami-
nearum PH-1 genomic DNA using primers FGSG03537-del-LF1F,
FGSG03537-del-LF2F and FGSG03537-del-RF3F, FGSG03537-del-
RF4R, respectively. Invitrogen Gateway system (Thermo-Fisher, Wal-
tham, MA) was used to combine flanks and HPH-GFP fragment into T-
DNA vector plasmid pOSCAR (GenBank: HM623914) to create the final
transformation construct. Primers OSC-F, Hyg-R(210) and Hyg-F(850),
OSC-R were used to verify the transformation construct. Agrobacterium-
mediated transformations of F. graminearum PH-1 were performed as
described previously (Jonkers et al., 2012). Strains were checked for the
predicted deletion of TRI5 by PCR.

2.7. Fluorescent protein tagging and Tri5 allele mutation in F. graminearum

A fusion PCR-based method (Szewczyk et al., 2006) was used to
synthesize the constructs for generating a full-length Tri5 (FGSG_03537;
FGRAMPH1 01T13111) protein tagged with GFP and a full-length
Hmrl (FGSG_09197; FGRAMPH1_01G27691) protein tagged with RFP.
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The Neurospora knock-in vector pGFP::hph::loxP (GenBank: FJ457011.
1) (Honda and Selker, 2009) was used as a template for the synthesis of
the GFP::hph portion of the fusion construct for GFP tagging. Vector
pAL12-Lifeact (Berepiki et al., 2010) was used as a template for
synthesis of the RFP:natl cassette for the fusion construct for RFP
tagging. Oligonucleotides used to amplify the upstream and down-
stream regions flanking the Tri5 stop codon and GFP::hph as well as the
primers used to amplify Hmrl flanks and the RFP::natl cassette are
listed in Table S3. Transformation of F. graminearum protoplasts was
performed using gel purified fusion constructs as described (Menke
et al., 2013). V8 juice agar supplemented with 250 pg ml~ ! hygromycin
B was used for isolation of Tri5-GFP transformants. Half-strength potato
dextrose agar supplemented with 50 ug mL ™! nourseothricin was used
to isolate Hmr1-RFP transformants. Integration of GFP-tagged and RFP
tagged constructs were confirmed via amplification of DNA with gene
specific oligonucleotides.

A Tri5 deletion containing a neomycin gene replacement (ATri5-
NEO) was constructed in order to facilitate making F. graminearum
strains expressing Tri5"22°P $229T  gplit-marker recombination muta-
genesis (Catlett et al., 2003; Goswami et al., 2006) was used to replace
Tri5 with the neomycin resistance cassette amplified from plasmid
pSM334 (Fuchs et al., 2004). Tri5 upstream and downstream flanks
were at the same loci as used for the Tri5 OSCAR deletion.

F. graminearum strains expressing Tri5"22°P $229T were made using
the Tri5V22°P 5229T cassette amplified from plasmid pET28a-Tri5V22°P
$229T with primers FGSG03537-delNEO-LF1F and FGSG03537-delNEO-
RF4R. The amplified cassette was then used to transform protoplasts of
the ATri5-NEO strain as described above. Transformants were isolated
on V8 juice containing 250 ugmL~' geneticin and confirmed using
amplification with gene specific primers. Integration at the Tri5 locus
was verified using PCR, Sanger sequencing, and Southern blot analysis.

2.8. Crossing strains

Dual tagged strains expressing both Tri5-GFP/Hmr-RFP, Tri5N22°P
5229T /Hmr1-RFP, and ATri5-NEO/Hmr1-RFP were created by crossing
the individual strains on carrot agar as per (Boenisch et al., 2017) with
minor modifications. Ascospores from the crosses were plated on half
strength PDA containing 150 ugml~* and 50 ugml~' nourseothricin
(Tri5-GFP/Hmr-RFP, Tri5"2%*P? $229T/Hmr1-RFP) or 150 ugml~! ge-
neticin and 50 pug ml ! nourseothricin (ATri5-NEO/Hmr1-RFP). Strains
were verified using amplification with gene specific primers. Tri5"22°P
$229T /Hmr1-RFP Tri5 locus was also verified with DNA sequencing.

2.9. Microscopy

To observe expression of fluorescently tagged proteins in vivo,
conidia were suspended in 5 mL TBI cultures at a final concentration of
10* conidia mL ™! and grown at 25 °C on an orbital shaker at 150 rpm in
the dark. Cultures were sampled at 72h following inoculation. Wet
mounts of tissue were viewed using a Nikon Eclipse 90i upright epi-
fluorescence microscope. NIS-Elements AR software was used for image
generation and analysis (Nikon Instruments Inc., Melville, NY, USA).

2.10. Phylogenetic analysis and STS sequences

Sequence alignments and phylogenetic analysis of Fungal STS se-
quences were carried out in MEGA 7 (Kumar et al., 2016) with default
parameters: MUSCLE (Edgar, 2004) was used for sequence alignments
and the Neighbor-Joining Method (Saitou and Nei, 1987) was used to
build a phylogenetic tree. Accession numbers and/or references for
protein sequences used are as follows: Coprinus cinereus (Cop1-4, Cop6)
[XP 001832573, XP 001836556, XP 01832925, XP 01836356, XP
01832548] (Agger et al.,, 2009); Omphalotus olearius (Ompl-10)
(Wawrzyn et al., 2012); Fomitopsis pinicola [FomPi84944] (Wawrzyn
et al., 2012); Stereum hirsutum [Stehil|159379, 128017, 25180, 64702,
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73029] (Flynn and Schmidt-Dannert, 2018; Quin et al., 2013); Armil-
laria gallica (ArmGal) [PODL13] (Engels et al., 2011); Botrytis cinerea
(BcBOT2) [AAQ16575.1] (Pinedo et al., 2008); Fusarium fujikori (Ffsc4)
[HF563560.1] and Ffsc6 [HF563561.1] (Brock et al., 2013) Fusarium
gramineareum (Clm1) [GU123140]) (Brock et al., 2013; McCormick
et al., 2010; Hohn and Beremand, 1989) and (Tri5) [AAM48886] (Hohn
and Beremand, 1989; Ward et al., 2002); Aspergillus terreus (atAS)
[Q9URO08) (Shishova et al., 2007); Penicillium roqueforti (prAS)
[W6Q4Q9] (Caruthers et al., 2000). Table S1 lists gene model desig-
nators for F. graminearum STS sequences.

3. Results
3.1. F. graminearum produces a suite of complex sesquiterpenoids

To produce trichothecenes in culture, F. graminearum requires par-
ticular molecular signals. Among the most potent inducers of tri-
chothecene biosynthesis are polyamines, including putrescine and ag-
matine (Gardiner et al., 2009), that may be the signals recognized by
the fungus during the infection of plants (Gardiner et al., 2010). With
these strong inducers at hand, our initial goal was to profile the full
repertoire of sesquiterpenes produced by F. graminearum under tri-
chothecene inducing and non-inducing cultivation conditions.

During growth in minimal medium without 5mM putrescine as
inducer, no volatile sesquiterpenes were detected in the culture head-
space (Fig. 3A). In cultures grown in the same medium but with pu-
trescine instead of sodium nitrate as the primary nitrogen source, 13
identifiable sesquiterpenes and two major unknown sesquiterpenes
(peaks A and B) were found in the volatile fraction. One of the ses-
quiterpene peaks is trichodiene 13 (red), the major product of the tri-
chodiene synthase Tri5 (Rynkiewicz et al., 2001). Additionally, both a-
barbatene 3 and P-bisabolene 9 were produced by induced cultures,
which have previously been identified as minor 1,6-cyclization pro-
ducts of trichodiene synthase catalyzed reactions (Vedula et al., 2008;
Dixit et al., 2017). Other major 1;6 -cyclization pathway derived ses-
quiterpenoids that could be Tri5 products are sesquiabinene A 5 and
(E)-y-bisabolene 12. The STS and cyclization mechanism that yields
another major product, premnaspirodiene 11, is unknown (see Fig. 1
for structures).

Upon induction with putrescine, non-volatile sesquiterpenoids also
accumulated and could be identified in the aqueous phase of F.
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graminearum cultures. These include the expected trichodiene-derived
trichothecene pathway intermediates isotrichodermin 19, sambucoin
18 and sambucinol 20, as well as the longiborneol synthase Clm1-de-
rived longiborneol 14 and its derivatives culmorin 16 and culmorone
17 (Fig. 3B). Additionally, the sesquiterpene cyclonerodiol 15 was
present, produced by an unknown STS. Five additional, modified ses-
quiterpenoid products (peaks C-G) were also produced that could not
be unambiguously identified. In contrast, the non-induced wild type
control accumulated no detectable non-volatile sesquiterpenoids which
corresponds to the absence of volatile sesquiterpenes in the head space
of uninduced cultures (Fig. 3A).

In-depth biochemical characterization, including mechanistic and
structural studies, of Tri5 have been performed with the trichodiene
synthase cloned from Fusarium sporotrichioides (Rynkiewicz et al., 2001;
Cane et al., 1996). Therefore, to more accurately determine which
sesquiterpenes may have arisen from cyclization reactions catalyzed by
Tri5 in F. graminearum (and which are NTS), we cloned the Tri5 gene for
expression in E. coli and comparison of volatile sesquiterpene product
profiles between the recombinant E. coli cultures and putrescine in-
duced F. graminearum cultures (Fig. 4). Of the 13 previously identified
sesquiterpene compounds made by the induced fungal culture, six
sesquiterpenes labeled with a star in Fig. 4 are not made by re-
combinant Tri5 in E. coli. Among those are the Clm1 product long-
ifolene 2 and the Z E-germacradienyl cation derived germacrene D 8
and B-copaene 4 that are the likely products of separate, as-yet uni-
dentified STS activities. Sativene 1, cyclosativene 7 and ar-curcumene
8, which could be derived via a 1,6-cyclization reaction, are also not
made by Tri5 expressed in E. coli, suggesting that they may be the
product of another STS activity in F. graminearum (note: the mass
fragmentation spectrum of the E. coli Tri5 peak eluting slightly before
the F. graminearum cyclosativene 7 in Fig. 4 does not match cyclosati-
vene, and has the characteristic MS spectrum of a siloxane column
component). Interestingly, premnaspirodiene 11 is also a significant E.
coli Tri5 product which may not be synthesized via the common 1,6-
cyclization pathway of the other Tri5 products based on the 1,10-cy-
clization mechanism proposed for a characterized plant pre-
mnaspirodiene synthase (Koo et al., 2016). We noticed that the levels of
trichodiene were much higher in the E. coli culture than in the F. gra-
minearum culture presumably because in F. graminearum; trichodiene
would be further metabolized to other, non-volatile oxygenated tri-
chothecene compounds.
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Fig. 3. Sesquiterpene production in F. graminearum in response to putrescine induction. A: SPME GC/MS analysis of volatile sesquiterpenes produced in culture
headspace. Wild-type F. graminearum grown on non-inducing medium (— putrescine) produces no volatile sesquiterpenes. The same strain grown with putrescine (+
putrescine) produced 13 identifiable sesquiterpenes and two major sesquiterpenes that could not be identified (A, B). Accumulation of trichodiene is presumably
depressed because of conversion to trichothecenes by Tri4 and other enzymes (Fig. 1). B: SPME GC/MS analysis of soluble sesquiterpenes in liquid cultures. Seven
identifiable non-volatile sesquiterpenoids are similarly produced in putrescine-induced F. graminearum cultures, most notably culmorin 16 and its derivative cul-
morone 17, as well as five significant but unidentified sesquiterpenoids (C-G). GC/MS spectra for all labelled compounds are shown in Fig. S1. Numbered compounds
structures are shown in Fig. 1. Unlabeled minor peaks are not sesquiterpene derived compounds.
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Fig. 4. Identification of non-Tri5 derived ses-
quiterpenes. SPME GC/MS analysis of volatile
sesquiterpenoids in the culture headspace pro-
duced by putrescine induced F. graminearum and
by E. coli expressing Tri5. Overlay of GC chro-
matographs identifies six sesquiterpenes (sati-
vene 1, cyclosativene 7, longifolene 2, B-co-
paene 4, ar-Curcumene 6, and germacrene D 8
and two unidentified sesquiterpenes (A and B)

cisativene® that are not produced directly by Tri5. GC/MS

: longifolene* .
a-barbatene spectra for all labelled compounds are shown in

: B-copaene* Fig. S1. Numbered compounds structures are
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shown in Fig. 1. Non-Tri5 pathway derived
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minor peaks are not sesquiterpene derived
compounds.
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Fig. 5. Sesquiterpenoid product profiles of F. graminearum strains with different tri5 alleles. A: SPME GC/MS analysis of volatile sesquiterpenes in the headspace of
different, putrescine induced cultures. Overlay of GC/MS chromatograms show that the Atri5 deletion strains ceased production of all volatile sesquiterpenoids,
except for minor quantities of B-copaene 4, compared to the WT strain. The Tri5"?2°P $22°T_GFP strain retained production of longifolene 2 and cyclosativene 7
compared to the Tri5-GFP control strain. B: SPME GC/MS analysis non-volatile sesquiterpenes in liquid cultures produced by different, putrescine induced strains.
The Atri5 strain accumulates cyclonerodiol 15 as the only major sesquiterpenoid compared to the WT, which produces both trichodiene-derived and non-trichodiene
related (NTS) compounds. The Tri5V2?°" 522°T_GFP strain restored production of the NTS longiborneol 14, culmorin 16 and culmorone 17, but is deficient in the
production of trichodiene-derived compounds compared to the Tri5-GFP control strain. GC/MS spectra for all labelled compounds are shown in Fig. S1. Numbered
compounds structures are shown in Fig. 1. Non-Tri5 pathway derived compounds are labeled with a star. Unlabeled minor peaks are not sesquiterpene derived

compounds.

To confirm that the NTS are produced by STS other than Tri5, and
also attempt to increase the levels of minor sesquiterpenes synthesized
by F. graminearum cultures, we created a tri5 deletion (Atri5) strain
hypothesizing this would redirect FPP flux towards NTS biosynthesis
similar to the increase of trichothecene production previously observed
in a longiborneol synthase clm1 deletion strain (McCormick et al., 2010;
Gardiner et al., 2009; Bahadoor et al., 2016). However, contrary to
expectations, all volatile sesquiterpenes except for minor quantities of
the non-Tri5 product B-copaene 4 were missing from the tri5 deletion
strain culture headspace grown under inducing conditions (Fig. 5A).
Absent any sesquiterpene precursors, this strain therefore also ceased to
produce almost all modified, soluble sesquiterpenoids, including cul-
morin 16 and culmorone 17, which are derived from the Clm1 product
longiborneol 14; only cyclonerodiol was still produced at a significant
level (Fig. 5B). This meant our simple model of FPP availability de-
termining sesquiterpene levels was not correct and warranted further
investigations.
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3.2. The Tri5 protein is important for NTS synthesis

The loss of most non-trichothecene sesquiterpenes in the Atri5
mutant suggested that Tri5 must be involved in the regulation of global
sesquiterpenoid biosynthesis. We posited that either the Tri5 protein
itself (hypothesis 1) or Tri5-derived pathway products such as tricho-
diene 13, trichothecene intermediates or DON (hypothesis 2) are re-
quired for production of the full spectrum of sesquiterpenoids by F.
graminearum, including some, like longifolene, whose synthesis is not
directly catalyzed by Tri5.

We chose to address first the role of the Tri5 protein in overall
sesquiterpene regulation as the most straightforward approach to test
our hypothesis, as this would not require laborious isolation and testing
of many possible Tri5 pathway products. For this, we planned to create
a Tri5 protein without enzymatic activity but retaining its overall sec-
ondary structure. Complementation of the inactive Tri5 mutant into the
F. graminearum tri5 locus, and subsequent analysis of its effect on the
sesquiterpenoid product profile would therefore directly test both hy-
potheses, if mutually exclusive. If culmorin 16, culmorone 17 and other
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NTS production is restored in strains expressing the inactive Tri5 pro-
tein, then co-regulation must be occurring via direct protein interac-
tion, while lack of restoration indicates trichodiene or downstream
reaction pathway products may be required for co-production of NTS.

To create an inactive Tri5 protein, we mutated two key residues
(N225D and S229T) in the conserved NSE/DTE active site motif of
sesquiterpene synthases required for the coordination of Mg>*.
Previously, it was shown that a mutated Tri5"22°° 22°T from F. sporo-
trichioides completely lacked activity while retaining three dimensional
structure of the wild-type enzyme (Vedula et al., 2008). Expression of
the F. graminearum Tri5"?>°° 522°T mutant in E. coli confirmed that the
F. graminearum enzyme also was inactive and did not produce any se-
quiterpenes (Fig. $2). Overnight incubation of the purified Tri5V?2°P
$229T with FPP also validated complete loss of enzyme activity. Con-
servation of secondary structure was then confirmed by comparing the
Circular Dichroism (CD) spectra of purified wild-type and mutant Tri5
(Fig. S3), with both proteins exhibiting the expected minima at 208 and
222 nm for correctly formed, primarily alpha-helical proteins such as
the STS (Greenfield, 2006).

Next, we inserted the enzymatically inactive Tri
structurally intact protein into the deleted tri5 locus of the previously
analyzed Atri5 strain of F. graminearum. To allow for eventual visuali-
zation of cellular localization of the Tri5 protein, we first created a
Tri5N22%P $229T_GEP fusion construct along with a wild-type Tri5-GFP
fusion as a control. Successful generation of the corresponding F. gra-
minearum tri5"2%°P S22°T_GEpP and tri5-GFP strains was confirmed by
DNA sequencing, PCR, and Southern blot analysis (Fig. S4). To ensure
that the GFP fusion would have no or only a minimal effect on Tri5
function in F. graminearum, we compared the sesquiterpenoid product
profile of the transgenic strain with the wild-type strain (Fig. 5A and B).
The GFP fusion did not substantially perturb the function of Tri5, re-
sulting in the production of the same compounds mostly at similar le-
vels as the wild-type strain; although the unknown compound G was
not produced as a major, nonvolatile compound by the Tri5-GFP strain.

Remarkably, when Tri5N22°P $229T_GFP replaced the Atri5 allele, it
partially restored the ability to produce the volatile sesquiterpenes
longifolene 2 and cyclosativene 7 (Fig. 5A) and fully restored the ability
to produce the non-volatile Clm1- derived sesquiterpenoids culmorin
16 and culmorone 17 (Fig. 5B), which are products of a separate NTS
pathway (McCormick et al., 2010; Bahadoor et al., 2016) (Fig. 1). As
anticipated, the Tri5SN?2°P $229T_GFP did not restore the Tri5-GFP major
product, trichodiene, or other Tri5 products in the volatile fraction
(Fig. 5A) or trichothecene peaks D and F in the non-volatile fraction
(Fig. 5B). These results demonstrated that the catalytically inactive
Tri5N225P $229T hyt structurally intact protein is both necessary and
sufficient to restore NTS production in the Atri5 deletion strain.
Therefore, the Tri5 protein itself may play a role in synthesis of NTS
that is independent of its enzymatic activity. One possible explanation
for this may be due to the ability of Tri5, a cytosolic protein, to interact
with the modified organized smooth endoplasmic reticulum (OSER) of
the toxisome formed in F. graminearum (Boenisch et al., 2018), which
we investigated next.

5N225D 5229 but

3.3. Trib protein is important for toxisome formation

To visualize the potential effect of Tri5 on toxisome structure and
function, we created a strain of F. graminearum with fluorescently
tagged ER by labelling the ER integral membrane protein, HMG CoA
reductase, with the red fluorescent protein RFP (Hmrl-RFP) via a
translational fusion. To this strain, we then introduced the three dif-
ferent Tri5 alleles created in this study to produce the following three
strains: (Tri5-GFP, Hmrl-RFP); (Atri5, Hmrl-RFP); and (Tri5\2?P
$229T_ GFP, Hmrl-RFP). The formation of toxisomes under inducing
conditions was then visualized as described previously (Boenisch et al.,
2017, 2018).

The Tri5-GFP, Hmrl-RFP dual-tagged strain formed toxisomes
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(Fig. 6A) as we expected from its expression of a wild-type like Tri5
enzyme. In contrast, the Atri5, Hmr1-RFP dual-tagged strain showed
only undifferentiated ER, similar to that seen in non-induced strains
(Boenisch et al., 2017) (Fig. 6B). This phenotype was coupled to the loss
of production of trichodiene-derived and most other NTS (Fig. 5A and
B). As posited from its restoration of NTS but not trichodiene-derived
sesquiterpene production, the Tri5N??°P S229T_GFpP, Hmrl-RFP strain
also restored toxisome structure to the ER (Fig. 6C).

4. Discussion

We have demonstrated that F. graminearum produces several non-
trichothecene sesquiterpenes (NTS) in response to induction by pu-
trescine. No sesquiterpene compounds were detected in cultures grown
with nitrate as the sole source of nitrogen. Putrescine induced cultures
produced the Tri5 product trichodiene 13 and previously reported tri-
chothecene derivatives (Fig. 1) including sambucoin 18 (Lauren et al.,
1992) and pathway intermediate isotrichodermin 19 (Alexander et al.,
1998; Maeda et al., 2016). The sesquiterpene cyclonerodiol 15 also was
observed in putrescine induced cultures. Cyclonerodiol 15 is not a
product of trichodiene synthase Tri5 and has been previously reported
in cultures of F. graminearum grown in a medium containing ammonium
as the sole nitrogen source (Lauren et al., 1992, 1988). Culmorin 16 and
culmorone 17 were also observed in putrescine induced cultures, and
are known to be oxygenated products of longiborneol 14, and thus a
product arising from longiborneol synthase Clm1 (McCormick et al.,
2010; Bahadoor et al., 2016). Longifolene 2, found in the volatile
fraction of cultures, has previously been determined to be a minor
product of Clm1 (McCormick et al., 2010).

The volatile sesquiterpenes sativene 1, -copaene 4, ar-curcumene
6, cyclosativene 7 and germacrene D 8 are produced by F. graminearum
in induced cultures, but are not produced by Tri5 expressed in E. coli,
nor have they been previously reported to result from Clml
(McCormick et al., 2010). Therefore, these compounds likely arise by
cyclization of FPP by enzymes encoded by other as-yet uncharacterized
STSs, such as FGSG_08181/Fusgrl |10122 or FGSG_16873/
Fusgrl|8874, that are co-expressed with Tri5 and Clm1 (Fig. 2, boxed).
FGSG_08181/Fusgrl|10122 has been reported to be expressed during
infection of barley and wheat, but not maize, whereas FGSG_16873/
Fusgrl|8874 is expressed in wheat and maize but not barley (Harris
et al.,, 2016). FGSG_08181/Fusgrl|1012 appears to be part of the F.
graminearum accessory genome and is likely is part of a five gene cluster
that includes a predicted transcription factor and three cytochrome
P450s (Walkowiak et al., 2016). Both STS are closely related to two
characterized 1;11-cyclizing enzymes; koraiol synthase Ffsc4 from rice
pathogenic fungus Fusarium fujikori (Ffsc4) (Brock et al., 2013), pre-
silphiperfolan-8f3-ol synthase BcBOT2 from the gray mold causing plant
pathogen Botrytis cinerea (Wang et al., 2009) (Fig. 2). No sesquiterpenes
derived via a 1,11-cyclization pathway were produced by F. grami-
nearum cultures and it remains to be seen if these two STS may have
switched cyclization mechanism to produce the non-Tri5 products
which could be derived via 1,10- and 1,6-cyclization of NPP (Fig. 1).
Cycloneridiol 5 is another intriguing sesquiterpenoid produced by F.
graminearum which could be the product of a stand-alone STS that
produces a sesquiterpene alcohol like Clm1 or Ffsc4 and BcBOT2. Its
production was also not affected by the deletion of Tri5 like the pro-
duction of most of the other volatile and non-volatile sesquiterpenoids
by induced cultures.

Even though at least four putative STSs are expressed, and a com-
plex mixture of volatile and non-volatile sesquiterpenes were produced
by F. graminearum in induced cultures, deletion of Tri5 led to the loss of
all compounds except the minor product 3-copaene 4 and the afore-
mentioned cycloneridiol 15 (Fig. 5). It is unclear how the Tri5 protein
could control synthesis of most sesquiterpenes produced in culture,
including those known to be synthesized via separate enzymes, such as
longiborneol 14, longifolene 2, culmorin 16 and culmorone 17 that
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Fig. 6. Toxisome structure in F. graminearum cells having different Tri5 genotypes. The Tri5-GFP allele (A), a Atri5 deletion (B), or a Tri5"22°P S229T.GEP allele (C)
were introduced into the Tri5 locus in the same genetic background having the ER tagged with Hmr1-RFP. Strains were treated with 5mM putrescine and cells
visualized by epifluorescent microscopy 72 h after induction. Tri5V22°P $22°T complementation of the Atri5 allele (B) restores toxisome structure to cells (C) com-
parable to structures seen in the wild-type like Tri5-GFP control cells (A). Columns illustrate differential interference contrast (DIC) images, red channel fluorescence
(RFP), and a merged image of green (GFP) and red (RFP) channel fluorescence with DIC. Exposure time for RFP was 3 s for A and C, 5 for B. Scale bar = 5 um. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Proposed model for Tri5 interaction with the toxisome. The cytochrome P450 oxygenases Tril, Tri4 and Trill (blue, yellow, red ovals) involved in DON
biosynthesis are clustered and anchored to the smooth ER membrane of the toxisome along with P450 reductase (“Red” in orange) and HMG-CoA reductase (Hmr in
violet). Sheets of ER within the toxisome are stacked together and separated by thin layers of cytosol as shown in the transmission electron micrograph to the right.
Active Tri5 (green), which exists as a homodimer in the cytosol, may allow for formation of stacked ER cisternae by directly interacting with the cytosolic surface of
proteins positioned in the ER membrane or by anchoring adjacent membranes by attachment through post-translationally added lipophilic adducts (blue triangles).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

require Clm1. One formal possibility was that Tri5 plays a role in the inhibition of F-actin formation using latrunculin b (Tang et al., 2018),
cellular localization of sesquiterpene synthesis apart from its enzymatic greatly reduces the concentration trichothecenes that accumulate in
activity. cultures. These results suggest that toxisome structures, dependent
Recently we have shown that many enzymes of the trichothecene upon the actin cytoskeleton for formation and persistence, are required
pathway, including the three cytochrome P-450 enzymes Tril, Trill for maximum trichothecene synthesis, and that treatments that prevent
and Tri4, are co-localized in approximately three-micron structures toxisome formation may also inhibit not only synthesis of trichothe-
organized as stacks of smooth ER cisternae (Menke et al., 2013; cenes, but also potentially other sesquiterpenes.
Boenisch et al., 2017). These structures, called toxisomes, localize and To our surprise, toxisomes did not form in the Atri5 mutant (Fig. 6).
incorporate sequential enzymes in the trichothecene pathway that may Nevertheless, addition of trichodiene, the product of the Tri5-mediated
promote pathway efficiency. Assembly of toxisomes involves interac- reaction, to the Atri5 mutant did lead to the formation of iso-
tions with the actin cytoskeleton mediated by the protein myosin 1 trichodermin, indicating that Tri4 and presumably other downstream
(Myo1) (Tang et al., 2018). Myosin 1 proteins previously have been enzymes in the trichothecene pathway are present and remain active in
reported to interact with cellular endomembranes, allowing for stabi- this mutant (data not shown). Cells inhibited in formation of toxisomes
lization of ER sheets (Joensuu et al., 2014). Disruption of toxisome by phenamacril also produce reduced amounts of trichothecenes, sug-
structure by phenamacril, a small molecule that interferes with the gesting that while toxisomes are needed for high levels of trichothecene

motor domain of Myol (Zhang et al., 2015; Zheng et al., 2015), or by production they are not absolutely necessary (Tang et al., 2018). What
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is remarkable is that the Atri5 mutant is deficient in accumulation of
many other NTS, most notably the Clm1-derived pathway compounds
culmorin 16 and culmorone 17 that are produced at significant levels
by wild-type cultures. This suggests that the toxisome also may be es-
sential for synthesis of these two mycotoxins as well as other, less
characterized sesquiterpenoids in addition to its known role in tri-
chothecene production. The role of culmorin in the pathogenicity of F.
graminearum toward plants is unclear (Gardiner et al., 2009; Bahadoor
et al., 2016). Nevertheless culmorin is considered an “emerging my-
cotoxin” whose synthesis and toxicology will be of greater interest for
food safety consideration in the future (Gruber-Dorninger et al., 2017).
As such, understanding its pathway regulation and interconnection
with trichothecene mycotoxin biosynthesis will therefore become an
important piece in characterizing the terpenome of F. graminearum.

Finally, the mechanism by which Tri5 actually promotes toxisome
formation and stability remains unknown. While it is established that
Tri5 is a cytosolic enzyme (Boenisch et al., 2017; Rynkiewicz et al.,
2001; Blum et al., 2016) it also is enriched in the vicinity of the toxi-
some, seemingly within the layers of cytosol separating stacks of ER
cisternae (Boenisch et al., 2018). At this position within the toxisome,
the cytosolic regions between adjacent ER lamellae are 10 nm or less
(Boenisch et al., 2017) and so Tri5, whose active form exists as an
elongate homodimer (Rynkiewicz et al., 2001), would be in a position
to physically interact with adjacent membranes themselves, or with the
cytosolic-facing surfaces of the ER membrane-anchored proteins such as
Tril, Tri4 and Trill as proposed in the model shown in Fig. 7. Current
work, is therefore focused on examining the potential role of post-
translational modification of Tri5 and lipid content of the toxisome in
defining the dependence of toxisome structure on the presence of Tri5.
Additional inquiries will aim at completing the characterization of the
F. graminearum terpenome along with investigating the interactions of
other STS’s with the Tri5-toxisome complex.
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