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Plant-pathogenic fungi harbor various specialized metabolites including diterpenoids

that function as hormones and virulence factors. The fungus Magnaporthe oryzae is

the causal agent of rice blast disease and can infect over fifty grass species. We

demonstrate that rice blast fungi encode two diterpene synthases that produce normal

pimara-8,15-diene and manoyl oxide scaffolds. Phylogenetic analysis of diterpene

synthases among rice blast pathotypes showed functional conservation of these two

core diterpene synthases amongst all pathotypes and suggests further expansion in

those infecting select grass species. These insights into the blast fungal terpenome may

inform efforts to counteract deleterious phytopathogens in crucial food crops.
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INTRODUCTION

Plant pathogenic fungi in the phylumAscomycota produce a diverse array of specializedmetabolites
with versatile roles that confer a competitive advantage in nature regarding virulence, interspecies
communication and competition, and biotic and abiotic stress protection (Quin et al., 2014).
Diterpenoids are one such class of metabolites that have various bioactive roles in both plants and
fungi (Roncal et al., 2002; Tudzynski, 2005; Bromann et al., 2012). Labdane-related diterpenoids
represent more than 7,000 molecules but only a handful have been characterized in fungal
organisms to date. Generation of these diterpene scaffolds is a two step-process mediated by
class II and class I diterpene synthases that catalyze cyclization of the precursor substrate
(E,E,E)-geranylgeranyl diphosphate (GGPP) (Peters, 2010). Class II diterpene synthases catalyze
a protonation-initiated cyclization of GGPP, generating stereospecific copalyl diphosphate (CPP)
intermediates. Class I diterpene synthases carry out ionization-dependent cyclization of CPP
resulting in the further elaborated structural diversity of the diterpene scaffolds. However, most
diterpene synthases in fungi have fused both class II and class I activities into a single bifunctional
enzyme. Terpene synthases in Ascomycete are thought to have occurred through horizontal gene
transfer of a diterpene synthase from plants to fungi. The resultant chemical diversity stems from
evolutionary duplication and neofunctionalization of an ancestral diterpene synthase (Cao et al.,
2010; Fischer et al., 2015).

Pyricularia oryzae (syn Magnaporthe oryzae), also known as rice blast fungus, destroys 10–30%
of total rice yield annually worldwide. Other than rice, the fungus infects over fifty grass species,
the most alarming being its recent discovery in wheat (Wilson and Talbot, 2009; Zhang et al.,
2016; Fernandez and Orth, 2018). Rice plants, in response to infection by rice blast fungus,
induce accumulation of several defense-related diterpenoids, such as momilactones A and B, and
phytocassanes A – E (Peters, 2006). Interestingly, the Magnaporthe genome also harbors two
diterpene synthases that have been demonstrated to be transcriptionally upregulated in various rice
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and fingermillet samples both in nutrient media and field
isolates (Chiapello et al., 2015; Saha et al., 2020, 2021).
However, the products of these diterpene synthases are unknown.
Hypothesizing that these two diterpene synthases may have a
role during plant infection or environmental adaptation, we
report here biochemical characterization of these two diterpene
synthases, -MoDiTPS1 & MoDiTPS2, from the rice blast fungus
Magnaporthe oryzae. We discuss the phylogenetic evolution of
diterpene biosynthesis in the fungal terpenome and provide
evidence for the intermediate diterpene metabolites produced
byMagnaporthe.

METHODS

Diterpene Synthase Mining and
Phylogenetic Analysis of M. oryzae

Diterpene Synthases
Genome assemblies of 52 Magnaporthe oryzae strains were
downloaded from NCBI and their gene/protein models
were predicted using Augustus/3.3.2 that was trained using
Magnaporthe grisea gene model (Chiapello et al., 2015; Gladieux
et al., 2018). A BLAST library of proteomes of all strains were
made, and protein sequences of seven diterpene synthases
in Chiapello et al. (2015) (five from the BR32 genome and
two from the 70–15 genome from NCBI- MGG_01949 and
MGG_14722) were queried against the library using blastp
(blast/2.7.1+) (Chiapello et al., 2015; Gladieux et al., 2018).
The resulting matching sequences were filtered by retaining
the matches with specific parameters (identity >30% and e
value <1e-20). The filtered sequences were taken as the query
again and searched against the BLAST library and the same
filtering was applied. The process was iterated three times until
no more matching sequences was found. This finally resulted
in 321 protein sequences that were further annotated as DiTPS
candidates in 52 Magnaporthe oryzae strains. Sequences <600
amino acids were not included in the study. The putative DiTPSs
were further checked for the presence of functional catalytic sites
(class I and class II active sites) to shortlist bifunctional diterpene
synthases. Class II cyclases are characterized by the DxDD motif
involved in protonation-initiated cyclization. Class I active
site has the characteristic D(D,E)xx(D,E) motif that facilitates
ionization initiated cyclization of the class II intermediate
(Supplementary Figure 1). A summary of the computational
pipeline is depicted (Supplementary Figure 2). For phylogenetic
analysis, 14 genomes were selected representing two genomes
each from seven pathotypes (Supplementary Table 1). Similarly,
for sesquiterpene synthases, the blast search was iterated three
times (identity >30% and e value <1e-20) until no more
matching sequences were found. This finally resulted in 160
protein sequences and the sequences with motifs- DDxxD,
NSE/DTE, and RxR and sequence lengths more than 220
amino acids were used for the phylogenetic analysis. However,
for chimeric terpene synthases, iterated blast search with
identity >30% didn’t result in a limited pool, and therefore a

Abbreviations: DiTPS, diterpene synthase; GGPP, geranyl geranyl diphosphate;

CPP, copalyl diphosphate.

stringent parameter of identity >90% was used and the blast
search was iterated four times (e value <1e-20) until no more
matching sequences were found. This finally resulted in 194
protein sequences and the sequences with N-terminal motifs-
D/ED/ExxD/E, NSE [N/HDxx(S/T)xxxD/E], and C-terminal
motifs- DDxxD and DDxxN sequence length more than aa were
used for phylogenetic analysis.

The filtered sequences for all three terpene synthases- di-,
sesqui, and chimeric terpene synthases were then aligned using
Muscle alignment tool followed by construction of maximum
likelihood tree with 100 bootstrap repetitions using the software
MEGAX (Kumar et al., 2018).

Cloning
Synthetic codon-optimized diterpene synthase genes for
heterologous expression in Escherichia coli were obtained
from Thermo Scientific. The genes were amplified by PCR
and sub-cloned into pET28b expression vectors between Bam
HI and Hind III restriction sites, using In-fusion HD cloning
kit (Takara Bio) and primers in Supplementary Table 2. The
constructs were confirmed by full-length sequencing. The genes
were also cloned into pESC-URA vector between Not I and Spe
I restriction sites using In-fusion HD cloning kit and primers
for expression in yeast (Supplementary Table 2). The diterpene
synthase Class I knock-out mutants were generated by mutating
the first aspartate residue of the DDxxD class I motif to alanine
by PCR based site-directed mutagenesis of pET28b vectors
cloned with diterpene synthase genes (Supplementary Table 2).

Enzymatic Analysis by Combinatorial
Expression in E. coli
The diterpene synthase products were determined using a
modular metabolic engineering system (Cyr et al., 2007; Morrone
et al., 2010). Briefly, the vectors carrying each diterpene
synthase gene were individually co-transformed with a GGPP
synthase carried on a compatible pACYC-Duet plasmid into C41
Overexpress E. coli cells pre-transformed with pIRS (to increase
yield) for recombinant expression of each diterpene synthase.
The resulting recombinant strains were grown at 37◦C overnight
in 5ml of TB media (supplemented with 100mM phosphate
buffer pH 7.5 and appropriate antibiotics). One ml of overnight
culture was used to inoculate 50ml of TB media and the cultures
were incubated at 37◦C and 160 rpm till mid-log phase. At this
point, the temperature was dropped to 16◦C for 1 h and then
1mM isopropylthiogalactoside (IPTG) was added for induction
and 50mM sodium pyruvate was added as a carbon supplement.
The induced culture was further incubated for 3 days at 16◦C
and 160 rpm to allow product formation. The resulting products
were extracted adding equal volume of hexane and the organic
layer was separated, dried and re-dissolved in 1ml of n-hexane
for product analysis.

Enzymatic Analysis in Yeast
The pESC-URA vectors carrying diterpene synthase genes
were co-transformed with mFPS plasmid (avian FPP mutant
expressing GGPP) into yeast ZXB competent cells using
previously described (Zhuang and Chappell, 2015). The yeast
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cells were grown and maintained in YPD media supplemented
with ergosterol. The positive colonies were obtained using
appropriate SC selection media containing ergosterol (SCE
media) and were used to inoculate 50ml of SCEmedia containing
galactose as an inducer for pESC-URA cloned genes. The culture
was grown at 28◦C and 220 rpm for 6 days before extraction of
resultant products using equal volume of acetone, followed by
one volume of hexane. The upper organic layer was centrifuged,
dried up and redissolved in 1ml of n-hexane for product analysis.

Metabolite Analysis by GC-MS
The product analysis was performed by gas chromatography with
mass spectral detection (GC-MS) on Agilent 7890/7000C GC-
QQQMS using an Agilent HP-5MS column with 1.2 ml/min
helium flow rate. Samples (1 ul) were injected in splitless mode
using an Agilent 7693 autosampler. The following temperature
program was used: the oven temperature started at 70◦C,
which was maintained for 1min, and then increased at a
rate of 20◦C/min to 300◦C, where it was held for another
2min. The mass spectrum was recorded by mass-to-charge
ratio (m/z) values in the range from 60 to 600 starting from
9min after sample injection until the end of the run. For
identification of enzymatic products, the retention time and
mass spectra of products were compared to authentic standards
(Supplementary Table 3).

In silico Analysis of Putative Biosynthetic
Gene Clusters
The diterpene scaffolds generated by diterpene synthases are
further decorated by oxidases, reductases, and transferases
to form bioactive diterpenoids. The biosynthetic genes of
specialized metabolites in most fungi are typically located next
to each other and form biosynthetic gene clusters. To evaluate
if MoDiTPS1 and MoDiTPS2 occur as functional biosynthetic
gene clusters (BGCs) in M. oryzae genomes, putative BGCs
of MoDiTPS1 and MoDiTPS2 were predicted using in-silico
analysis tools. Briefly, the putative biosynthetic gene clusters
of the two diterpene synthases -MoDiTPS1 and MoDiTPS2
from M. oryzae 70-15 reference genome were first predicted
through sorting of genes with oxidase, reductase, transferase, or
GGPP synthase annotations, 70 kb upstream and downstream of
diterpene synthase genes from Mo 70-15 genome. The synteny
of these putative biosynthetic genes among other pathotype
genomes was then analyzed by using the sorted genes as query
against chromosomes containing diterpene synthase genes of
B71, and MZ5-1-6 genomes using SimpleSynteny online tool
(Veltri et al., 2016).

RESULTS

Phylogenetic Analysis of MoDiTPSs
Among M. oryzae Pathotypes Reveals an
Expansion of Diterpene Synthases
Given the potential roles of diterpenoids in fungal development
and manipulation of host defense mechanisms, we assessed the
genetic potential of the M. oryzae reference genome (Mo70_15)

to produce diterpenes. Using BLAST analysis, and presence of
characteristic protein domains for published genome analysis
we identified two putative diterpene synthases (Chiapello et al.,
2015). As Magnaporthe is a species complex that infects
other grass species in addition to rice, we then investigated
the distribution of diterpene synthases (DiTPSs) among M.
oryzae pathotypes that infect different host plants. Utilizing the
diterpene synthase mining approach described in the Methods
section and depicted in Supplementary Figure 2, we identified
putative DiTPSs from 52 M. oryzae proteomes covering 14
pathotypes (Chiapello et al., 2015; Gladieux et al., 2018). As most
bifunctional DiTPS sequences are >800 amino acids, sequences
<600 amino acids were not included in the study. The putative
DiTPSs were further checked for the presence of functional
catalytic motifs (in both class I and class II active sites) to create a
shortlist of bifunctional diterpene synthases. This DiTPS mining
approach revealed presence of an additional enzyme—DiTPS6
in addition to five annotated DiTPS enzymes. The DiTPSs are
numbered as MoDiTPS1 through MoDiTPS6. The phylogenetic
distribution of DiTPSs among 14 representative pathotypes is
illustrated in Figure 1.

There is an increased number of DiTPS enzymes in pathotypes
of grass species, such as wheat (Triticum), brome grass (Bromus),
and fingermillet (Eleusine) compared to rice (Oryza) pathotype.
MoDiTPS6 is uniquely present in the pathotypes from two
grasses –Triticum and Bromus. The observed expansion of DiTPS
enzyme family aligns with several studies that have highlighted
the fluidity of fungal genomes and expansion of various gene
families (Haas et al., 2009; Duplessis et al., 2011). Phylogenetic
analysis revealed a tree with two distinct clades where one
clade diverged into MoDiTPS2, 3, and 5 while the other clade
consists of the remaining MoDiTPS1, 4 & 6 (Figure 1). The
divergence of two clades is strongly supported by bootstrap
value of 100 on the node of divergence. This observation is in
agreement with Fischer et al. (2015) who suggested that fungal
diterpene synthases essentially fall into two clades (Fischer et al.,
2015). To assess if the observed phylogenetic expansion was
distinct to diterpene synthases, a similar gene mining strategy
for terpene synthase was employed for sesquiterpenes (C15) and
sesterterpenes (C25). Here, the number of terpene synthases
were consistent across all pathotypes (Supplementary Figures 3,
4). Thus, within the Magnaporthe terpenome of the currently
sequenced strains, phylogenetic expansion seems to be limited to
the DiTPSs.

Comparison of Rice Blast DiTPSs to
Characterized Fungal Diterpene Synthases
in Ascomycete
Fungal diterpene synthases have been traced back to an ancient
horizontal gene transfer event from plants to Ascomycete
(Fischer et al., 2015). We carried out phylogenetic analysis to
compare how diterpene synthases from M. oryzae pathotypes
relate to characterized diterpene synthases in Ascomycete
(Figure 2). The diterpene synthases from genomes of three
different pathotypes (70–15 reference genome, MZ5-1-6;
fingermillet pathotype genome and B71; wheat pathotype
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FIGURE 1 | phylogeny based expansion of diterpene synthases in Magnaporthe oryzae pathotypes. Phylogenetic tree showing relationship among 59 DiTPS

enzymes belonging to 14 M. oryzae pathotypes. The DiTPS are named by their genome name followed by their host plant and annotation number. The diterpene

synthases of rice pathotypes are indicated with a star to illustrate relative expansion of DiTPSs in other grass pathotypes. The details of genomes and DiTPSs present

in them are illustrated in Supplementary Table 1. The sequences were aligned using Muscle alignment tool and maximum likelihood tree was constructed using

MEGAX software with default parameters and 100 bootstrap repetitions.
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FIGURE 2 | (A) Phylogenetic tree of biochemically characterized diterpene synthases in Ascomycete. Unrooted maximum likelihood tree showing relationship

between M. oryzae diterpene synthases and characterized diterpene synthases from various species from Ascomycete. Characterized diterpene synthases are

depicted in black and M. oryzae genes in various colors. Bootstrap values were determined with 100 replicates using MEGA X. Genbank accession numbers of the

characterized diterpene synthases are available in Supplementary Table 4. (B) Structures of characterized diterpenes from Ascomycete. A summary of

enzymatically characterized diterpene synthases from various fungi. Indicated is the intermediate stereoisomer of the Class II reaction and the resultant products

mediated by the Class I active site. [ent, syn, and normal stereoisomers are dependent on the orientation of methyl and hydride substituents C9, C10 bond.

Orientation of the methyl group at C13 differntiates between isopimaradiene (C13β) vs. pimaradiene (C13α)].
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genome) were aligned with previously characterized diterpene
synthases. The analysis shows thatM. oryzae diterpene synthases
among these three distinct pathotypes are closely related
to each other in each orthologous group. The phylogenetic
tree strongly suggests (100 bootstrap value on the node of
divergence) common ancestral origin of ent-kaurene synthases
and MoDiTPS1, 4 and 6 clade. MoDiTPS2 and 5 have same node
of divergence and do not group with any characterized DiTPS.
However, DiTPS3 associates with a known phyllocladanol
synthase (Toyomasu et al., 2008). Diterpene biosynthesis
in Magnaporthe pathotypes provides a biological system to
investigate the importance of chemical diversification in
evolution and adaptation to its ecological niche.

Biochemical Characterization of the
Diterpene Synthases in M. oryzae

Pathotypes
To determine the metabolites produced by the two core
DiTPSs that are evolutionarily conserved in all pathotypes (i.e.,
MoDiTPS1 & 2), these were biochemically characterized using
a previously described modular metabolic engineering system
(Cyr et al., 2007; Morrone et al., 2010). Codon-optimized
genes for each were expressed in E. coli engineered to make
GGPP. The resultant diterpene scaffolds were confirmed by
comparing both mass spectra and retention time to authentic
standards (Figure 3). DiTPS1 carries out bifunctional cyclization
resulting in manoyl oxide (Figure 3A). DiTPS2 resulted in
formation of pimara-8(9),15-diene confirmed via comparison to
an authentic standard (Figure 3B) (Karunanithi et al., 2020).
The stereochemistry was determined as described below. The co-
expression of these diterpene synthase genes with the precursor,
GGPP in yeast strain ZXB also resulted in formation of same
products (Supplementary Figure 5). Similarly, the expanded
array of diterpene synthase from wheat (B71) and finger
millet (MZ5-1-6) were expressed in the metabolic engineering
system. Although B71 DiTPS1 was found to be nonfunctional
in our expression system, interestingly DiTPS6 also produces
manoyl oxide similar to DiTPS1, demonstrating functional
conservation. DiTPS6 is paralogous to DiTPS1 with an 80%
amino acid sequence identity suggesting parallel evolution
(Supplementary Figure 6). In contrast, DiTPS3 which is in
the same clade as DiTPS2, forms a yet to be identified
product demonstrating duplication and neofunctionalization
(Supplementary Figure 7). There was no activity observed for
the remainder of the genes from wheat pathotype (B71) and
fingermillet (MZ5-1-6) (Table 1, Supplementary Figure 6).

Determination of Class II Intermediates
and Stereochemistry of MoDiTPS
To determine the diterpene scaffold intermediates generated by
class II active site of the bifunctional diterpene synthases, the
class I active site of the diterpene synthases were made inactive
by mutation of first aspartate from the DDxxD motif to alanine
(retains only the ability to make CPP in the class II active site).
Subsequent co-expression of the class I mutants with GGPP

resulted in production of the expected intermediate 8α-hydroxy-
CPP by DiTPS1 and CPP for DiTPS2 (Supplementary Figure 8).
To probe the substrate specificity of the class I active site and,
hence, presumably also the stereochemistry of the corresponding
class II product, the class II site was inactivated by mutation of
the middle aspartate of the DxDD motif to alanine to eliminate
CPS activity and fed various CPP (Figure 3) (Kawaide et al., 1997;
Toyomasu et al., 2004, 2008; Bromann et al., 2012; Xu et al., 2017).
The MoDiTPS1 class I active site did not react with normal 8α-
hydroxy-CPP, nor any of the normal, ent or syn stereoisomers
of CPP (Supplementary Figure A). To assess whether the
intermediate might be enantiomeric, we co-expressed the
MoDiTPS1 class I mutant with stereospecific class I enzymes—
i.e., an ent- specific kaurene synthase (AtKS) or normal specific
abietadiene synthase (AgAS) (Mafu et al., 2015). Since only
AtKS reacts with the MoDiTPS1 class II product ent-8α-
hydroxy-CPP (Supplementary Figure A); MoDiTPS1 produces
ent-manoyl oxide. The DiTPS2 class I active site reacts with
normal CPP to produce pimara-8(9),15-diene, indicating that
this is relevant stereoisomer of CPP produced by its class II
active site. The DiTPS2 class I active site also reacts with
syn-CPP resulting in unidentified products but does not form
any products with ent-CPP (Supplementary Figure 8B). These
results are consistent with previously characterized diterpene
synthases from Ascomycete (Figure 2B).

Biosynthetic Gene Cluster Analysis
From our analysis the putative MoDiTPS1 cluster possesses
GGPP synthase (MGG_01971), oxidases/cytochromes
P450 (MGG_01947, MGG_01950, MGG_01960), ligase
(MGG_01951), and could possibly include a UDP glycosyl
transferase (MGG_01961) (Supplementary Figure 9). The
synteny results highlight that the BGCs are not conserved across
the pathotypes as the cluster lacks a conserved transcription
regulator (MGG_01946). The MoDiTPS1 cluster in genomes
B71 and MZ5-1-6 may have variable regulator genes. The
putative DiTPS2 cluster shows the presence of a complete and
conserved biosynthetic gene cluster amongM. oryzae pathotypes
with precursor GGPP synthase (MGG_00026), oxidases
and/or cytochromes P450 (MGG_00023, MGG_00024 &
MGG_00031), dehydrogenase (MGG_00017); transcription
factor (MGG_00032), and transporter (MGG_00040)
(Supplementary Figure 9). The biochemical characterization
also showed conservation of product formation [pimara-8(9),
15-diene] and functionality of MoDiTPS2 among M. oryzae
pathotypes (Supplementary Figure 5). These results suggest a
conserved role of MoDiTPS2 product in M. oryzae pathotypes.
In addition, the MoDiTPS2 cluster is located next to another
specialized metabolite cluster annotated as non-ribosomal
peptide synthase, bassianolide synthase. It would be interesting
to explore if a further functional correlation exists.

DISCUSSION

The two diterpene synthases (DiTPS1 and DiTPS2) are
phylogenetically conserved across Magnaporthe pathotypes
infecting rice and other grass species. From the literature, the

Frontiers in Fungal Biology | www.frontiersin.org 6 April 2022 | Volume 3 | Article 869823

https://www.frontiersin.org/journals/fungal-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/fungal-biology#articles


Shahi et al. Diterpenes in Magnaporthe

FIGURE 3 | Biosynthesis of labdane diterpenes by M. oryzae. Analysis of resultant products by GC-MS of DiTPS co-expressed in E. coli optimized for the expression

of diterpenes. The empty vector co-expressed with GGPP synthase was used as control and products verified by comparison to authentic standards. Chromatograms

and mass spectra from GC-MS analysis of (A) DiTPS1 (B) DiTPS2 [ent-pimara8(9), 15-diene was used to confirm the metabolite followed by combinatorial expression

with stereospecific enzymes to determine the intermediate stereochemistry] (C) Structures of the intermediate class II and class I products produced by Magnaporthe.

two DiTPSs were transcriptionally upregulated under various
conditions in rice and fingermillet (Saha et al., 2020, 2021).
The presence of the normal pimara-8,15-diene producing
DiTPS2 in all pathotypes indicates functional conservation. This
conservation could imply an important role for these metabolites
in in development and/or pathogenesis of the fungus, which still

awaits experimental proof. Although DiTPS1 was only active in
Mo70_15, the wheat pathotype B71 has acquired a paralog that
also produces ent-manoyl oxide, suggesting a similar ability for
the production of this diterpene as well.

Interestingly, the phylogenetic analysis across Magnaporthe
pathotypes demonstrates an expansion of diterpene synthases
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TABLE 1 | Summary of characterization of diterpene synthases in M. oryzae pathotypes.

Diterpene scaffolds based on characterization

M. oryzae pathotypes characterized MoDiTPS1 MoDiTPS2 MoDiTPS3 MoDiTPS4 MoDiTPS5 MoDiTPS6

Mo 70-15_Oryza sativa Absent Absent Absent Absent

B71_Triticum aestivum X Active X X

MZ5-1-6_Eleusine coracana X Absent X X Absent

Manoyl oxide; Pimara-8,15-diene; No product.

that could be involved in adaptation of pathotypes for infection
of other grasses. In particular, via intra-species duplication
generated from the two core diterpene synthases (Figure 1).
Terpenes are the largest group of specialized metabolites, and
their diversity is a result of duplication and neofunctionalization
events occurring with the genes involved in their biosynthesis
(Cao et al., 2010; Peters, 2010). Our results provide examples
of duplication resulting in parallel evolution, new function
and non-active genes. The conservation of gene and function
is comparable to previous reports in Fusarium species where
terpene synthases were conserved across species, independent of
host variety (Wiemann et al., 2013; Hoogendoorn et al., 2018).
Notably, the BGC that encodes for the virulent factor gibberellic
acid (GA) although present in several Fusarium strains is only
functional in F. fujikuroi. Nevertheless, this research provides
a strong basis for further studies to investigate if the observed
phylogenetic expansion is limited to duplication, but generally
results in pseudogenes rather than neofunctionalization or
whether the observed inactivity is an artifact of the experimental
process. Our results also highlight the need for production of
both pimara-8,15-diene and ent-manoyl oxide activity, as well as
hinting at a relationship to pathogenicity. Thus, our study defines
the diterpene biosynthetic capability in Magnaporthe pathotypes
and provides impetus to further investigate the importance of
chemical diversification in evolution and adaptation of plant
pathogenic fungi. As terpenes mediate diverse functional roles,
the conserved production of at least these two core diterpenes
suggests a biological role for these diterpenes in the rice
blast fungus.

From the host plant perspective there is a strong diterpene-
based chemical defense response in rice after infection by
M. oryzae (Peters, 2006). We show in this study that the
rice blast fungus also encodes functional diterpene synthases,
but produces normal pimara-8,15-diene and ent-manoyl oxide,
which are distinct from the diterpene scaffolds produced by
rice (Figure 3C). These diterpene scaffolds are likely further
decorated by downstream enzymes, including cytochromes P450
and reductases, to yield bioactive diterpenoids. The conservation
of backbone formation and BGC suggest a conserved role of
MoDiTPS2 in M. oryzae pathotypes. The BGC for MoDiTPS1
is more variable amongst the isolates which is consistent
to the demonstrated variability in our biochemical analysis.
The conservation of backbone formation and BGC suggest
a conserved role of MoDiTPS2 in M. oryzae pathotypes. It
would be worthwhile to confirm the BGC through experimental

expression in heterologous hosts such as Aspergillus and yeast to
not only identify the bioactive diterpenoids but understand the
variability in the clusters.

As diterpenoids are essential for defense and resistance of rice
to M. oryzae, the biochemical characterization described here
provides information to enable experimental differentiation at
the host-pathogen interface.

In conclusion, it is now evident that M. oryzae contains
two diterpenes synthases that are evolutionarily conserved
across different pathotypes, suggesting important roles for the
resulting diterpenes. These labdane-related diterpenes produced
by Magnaporthe are functionally distinct from those produced
by rice. This research provides a strong basis for further
studies of in vivo confirmation of gene function including
testing whether the observed phylogenetic diversification confers
an evolutionary advantage. Our study defines the diterpene
biosynthetic capability in Magnaporthe pathotypes and provides
insight to the importance of chemical diversification in evolution
and adaptation.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

AS performed all the experiments. AS and HY performed the
computational analysis. AS and SM analyzed the data and
wrote the article. SM designed the research and supervised the
project. All authors commented on the results and manuscript.
All authors contributed to the article and approved the
submitted version.

FUNDING

Financial support was provided by the Department of
Biochemistry and Molecular Biology, UMass Amherst and
Richard and Susan Smith Family Foundation, Newton MA to
SM. AS was supported by Lotta M. Crabtree Fellowship.

ACKNOWLEDGMENTS

We gratefully acknowledge Prof. R. J. Peters (Iowa State
University) for providing various constructs for comparison.

Frontiers in Fungal Biology | www.frontiersin.org 8 April 2022 | Volume 3 | Article 869823

https://www.frontiersin.org/journals/fungal-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/fungal-biology#articles


Shahi et al. Diterpenes in Magnaporthe

Dr. P. Zerbe (UC Davis) for providing pimaradiene standards,
and Prof. J. Chappell (University of Kentucky) for the
ZXB yeast strain. Mass spectral data were obtained at
the University of Massachusetts Mass Spectrometry Core
Facility, RRID:SCR_019063.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/ffunb.
2022.869823/full#supplementary-material

REFERENCES

Bromann, K., Toivari, M., Viljanen, K., Vuoristo, A., Ruohonen, L., and

Nakari-Setälä, T. (2012). Identification and characterization of a novel

diterpene gene cluster in Aspergillus nidulans. PLoS ONE 7, e35450.

doi: 10.1371/journal.pone.0035450

Cao, R., Zhang, Y., Mann, F. M., Huang, C., Mukkamala, D., Hudock, M. P., et al.

(2010). Diterpene cyclases and the nature of the isoprene fold. Proteins 78,

2417–2432. doi: 10.1002/prot.22751

Chiapello, H., Mallet, L., Guérin, C., Aguileta, G., Amselem, J., Kroj, T., et al.

(2015). Deciphering genome content and evolutionary relationships of isolates

from the fungus magnaporthe oryzae attacking different host plants. Genome

Biol. Evol. 7, 2896–2912. doi: 10.1093/gbe/evv187

Cyr, A., Wilderman, P. R., Determan, M., and Peters, R. J. (2007). A modular

approach for facile biosynthesis of labdane-related diterpenes. J. Am. Chem.

Soc. 129, 6684–6685. doi: 10.1021/ja071158n

Duplessis, S., Cuomo, C. A., Lin, Y. C., Aerts, A., Tisserant, E., Veneault-

Fourrey, C., et al. (2011). Obligate biotrophy features unraveled by the

genomic analysis of rust fungi. Proc. Natl. Acad. Sci. U.S.A. 108, 9166–9171.

doi: 10.1073/pnas.1019315108

Fernandez, J., and Orth, K. (2018). Rise of a cereal killer: the biology of

magnaporthe oryzae biotrophic growth. Trends Microbiol. 26, 582–597.

doi: 10.1016/j.tim.2017.12.007

Fischer, M. J., Rustenhloz, C., Leh-Louis, V., and Perrière, G. (2015).Molecular and

functional evolution of the fungal diterpene synthase genes. BMCMicrobiol. 15,

221. doi: 10.1186/s12866-015-0564-8

Gladieux, P., Condon, B., Ravel, S., Soanes, D., Maciel, J. L. N., Nhani, A., et al.

(2018). Gene flow between divergent cereal- and grass-specific lineages of the

rice blast fungus.mBio 9, e01219-17. doi: 10.1128/mBio.01219-17

Haas, B. J., Kamoun, S., Zody, M. C., Jiang, R. H., Handsaker, R. E., Cano, L. M.,

et al. (2009). Genome sequence and analysis of the Irish potato famine pathogen

Phytophthora infestans. Nature 461, 393–398. doi: 10.1038/nature08358

Hoogendoorn, K., Barra, L., Waalwijk, C., Dickschat, J. S., van der Lee, T. A. J., and

Medema, M. H. (2018). Evolution and diversity of biosynthetic gene clusters in.

Front. Microbiol. 9, 1158. doi: 10.3389/fmicb.2018.01158

Karunanithi, P. S., Berrios, D. I., Wang, S., Davis, J., Shen, T., Fiehn, O., et al.

(2020). The foxtail millet (Setaria italica) terpene synthase gene family. Plant

J. 103, 781–800. doi: 10.1111/tpj.14771

Kawaide, H., Imai, R., Sassa, T., and Kamiya, Y. (1997). Ent-kaurene synthase

from the fungus Phaeosphaeria sp. L487. cDNA isolation, characterization,

and bacterial expression of a bifunctional diterpene cyclase in fungal

gibberellin biosynthesis. J. Biol. Chem. 272, 21706–12. doi: 10.1074/jbc.272.35.

21706

Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X:

molecular evolutionary genetics analysis across computing platforms.Mol. Biol.

Evol. 35, 1547–1549. doi: 10.1093/molbev/msy096

Mafu, S., Potter, K. C., Hillwig, M. L., Schulte, S., Criswell, J., and Peters, R. J.

(2015). Efficient heterocyclisation by (di)terpene synthases. Chem. Commun.

51, 13485–13487. doi: 10.1039/C5CC05754J

Morrone, D., Lowry, L., Determan, M. K., Hershey, D. M., Xu, M., and

Peters, R. J. (2010). Increasing diterpene yield with a modular metabolic

engineering system in E. coli: comparison of MEV and MEP isoprenoid

precursor pathway engineering. Appl. Microbiol. Biotechnol. 85, 1893–1906.

doi: 10.1007/s00253-009-2219-x

Peters, R. J. (2006). Uncovering the complex metabolic network underlying

diterpenoid phytoalexin biosynthesis in rice and other cereal crop plants.

Phytochemistry 67, 2307–2317. doi: 10.1016/j.phytochem.2006.08.009

Peters, R. J. (2010). Two rings in them all: the labdane-related diterpenoids. Nat.

Prod. Rep. 27, 1521–1530. doi: 10.1039/c0np00019a

Quin, M. B., Flynn, C. M., and Schmidt-Dannert, C. (2014). Traversing the fungal

terpenome. Nat. Prod. Rep. 31, 1449–1473. doi: 10.1039/C4NP00075G

Roncal, T., Cordobés, S., Sterner, O., and Ugalde, U. (2002). Conidiation in

Penicillium cyclopium is induced by conidiogenone, an endogenous diterpene.

Eukaryotic Cell 1, 823–829. doi: 10.1128/EC.1.5.823-829.2002

Saha, P., Ghosh, S., and Roy-Barman, S. (2020). Regulates secondary metabolism

inMagnaporthe oryzae.mSphere 5, e00936-19. doi: 10.1128/mSphere.00936-19

Saha, P., Sarkar, A., Sabnam, N., Shirke, M. D., Mahesh, H. B., Nikhil, A.,

et al. (2021). Comparative analysis of secondary metabolite gene clusters in

different strains of Magnaporthe oryzae. FEMS Microbiol. Lett. 368, fnaa216.

doi: 10.1093/femsle/fnaa216

Toyomasu, T., Nakaminami, K., Toshima, H., Mie, T., Watanabe, K., Ito, H., et al.

(2004). Cloning of a gene cluster responsible for the biosynthesis of diterpene

aphidicolin, a specific inhibitor of DNA polymerase alpha. Biosci. Biotechnol.

Biochem. 68, 146–152. doi: 10.1271/bbb.68.146

Toyomasu, T., Niida, R., Kenmoku, H., Kanno, Y., Miura, S., Nakano, C., et al.

(2008). Identification of diterpene biosynthetic gene clusters and functional

analysis of labdane-related diterpene cyclases in Phomopsis amygdali. Biosci.

Biotechnol. Biochem. 72, 1038–1047. doi: 10.1271/bbb.70790

Tudzynski, B. (2005). Gibberellin biosynthesis in fungi: genes, enzymes, evolution,

and impact on biotechnology. Appl. Microbiol. Biotechnol. 66, 597–611.

doi: 10.1007/s00253-004-1805-1

Veltri, D.,Wight,M.M., and Crouch, J. A. (2016). SimpleSynteny: a web-based tool

for visualization of microsynteny across multiple species. Nucleic Acids Res. 44,

W41–W45. doi: 10.1093/nar/gkw330

Wiemann, P., Sieber, C. M., Von Bargen, K. W., Studt, L., Niehaus, E. M.,

Espino, J. J., et al. (2013). Deciphering the cryptic genome: genome-wide

analyses of the rice pathogen Fusarium fujikuroi reveal complex regulation

of secondary metabolism and novel metabolites. PLoS Pathog. 9, e1003475.

doi: 10.1371/journal.ppat.1003475

Wilson, R. A., and Talbot, N. J. (2009). Under pressure: investigating the biology

of plant infection by Magnaporthe oryzae. Nat. Rev. Microbiol. 7, 185–195.

doi: 10.1038/nrmicro2032

Xu, M., Hillwig, M. L., Tiernan, M. S., and Peters, R. J. (2017). Probing labdane-

related diterpenoid biosynthesis in the fungal genus aspergillus. J. Nat. Prod. 80,

328–333. doi: 10.1021/acs.jnatprod.6b00764

Zhang, N., Luo, J., Rossman, A. Y., Aoki, T., Chuma, I., Crous, P. W.,

et al. (2016). Generic names in Magnaporthales. IMA Fungus 7, 155–159.

doi: 10.5598/imafungus.2016.07.01.09

Zhuang, X., and Chappell, J. (2015). Building terpene production platforms in

yeast. Biotechnol. Bioeng. 112, 1854–1864. doi: 10.1002/bit.25588

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Shahi, Yu and Mafu. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Fungal Biology | www.frontiersin.org 9 April 2022 | Volume 3 | Article 869823

https://scicrunch.org/resolver/RRID:SCR_019063
https://www.frontiersin.org/articles/10.3389/ffunb.2022.869823/full#supplementary-material
https://doi.org/10.1371/journal.pone.0035450
https://doi.org/10.1002/prot.22751
https://doi.org/10.1093/gbe/evv187
https://doi.org/10.1021/ja071158n
https://doi.org/10.1073/pnas.1019315108
https://doi.org/10.1016/j.tim.2017.12.007
https://doi.org/10.1186/s12866-015-0564-8
https://doi.org/10.1128/mBio.01219-17
https://doi.org/10.1038/nature08358
https://doi.org/10.3389/fmicb.2018.01158
https://doi.org/10.1111/tpj.14771
https://doi.org/10.1074/jbc.272.35.21706
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1039/C5CC05754J
https://doi.org/10.1007/s00253-009-2219-x
https://doi.org/10.1016/j.phytochem.2006.08.009
https://doi.org/10.1039/c0np00019a
https://doi.org/10.1039/C4NP00075G
https://doi.org/10.1128/EC.1.5.823-829.2002
https://doi.org/10.1128/mSphere.00936-19
https://doi.org/10.1093/femsle/fnaa216
https://doi.org/10.1271/bbb.68.146
https://doi.org/10.1271/bbb.70790
https://doi.org/10.1007/s00253-004-1805-1
https://doi.org/10.1093/nar/gkw330
https://doi.org/10.1371/journal.ppat.1003475
https://doi.org/10.1038/nrmicro2032
https://doi.org/10.1021/acs.jnatprod.6b00764
https://doi.org/10.5598/imafungus.2016.07.01.09
https://doi.org/10.1002/bit.25588
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/fungal-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/fungal-biology#articles

	Diterpene Biosynthesis in Rice Blast Fungus Magnaporthe
	Introduction
	Methods
	Diterpene Synthase Mining and Phylogenetic Analysis of M. oryzae Diterpene Synthases
	Cloning
	Enzymatic Analysis by Combinatorial Expression in E. coli
	Enzymatic Analysis in Yeast
	Metabolite Analysis by GC-MS
	In silico Analysis of Putative Biosynthetic Gene Clusters

	Results
	Phylogenetic Analysis of MoDiTPSs Among M. oryzae Pathotypes Reveals an Expansion of Diterpene Synthases
	Comparison of Rice Blast DiTPSs to Characterized Fungal Diterpene Synthases in Ascomycete
	Biochemical Characterization of the Diterpene Synthases in M. oryzae Pathotypes
	Determination of Class II Intermediates and Stereochemistry of MoDiTPS
	Biosynthetic Gene Cluster Analysis

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


