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Abstract

[l. Abstract

As sessile organisms, plants respond to biotic stresses by producing a variety of defensive
metabolites, such as complex terpenoids catalysed in modular biosynthesis steps. Terpenoid
biosynthesis is mediated by orthologous terpene synthases, resulting in more than 40
defensive diterpenoids and sesquiterpenoids having been reported in rice and maize. While
much is known about the similarities between these two species in producing such
compounds, which ancillary genes govern the transcriptional regulation, transport, and
deployment of defensive terpenoids in plant immune responses are less well understood.
Here, | set out to identify novel genetic components that drive the terpenoid biosynthesis
machinery. Recent bioinformatic approaches have utilised gene co-expression networks to
identify ancillary genes which drive the production of defensive metabolites in plants.
Therefore, using publicly available transcriptomes, | built gene co-expression networks in
both rice and maize, extracted the terpenoid gene networks, and identified orthologous
genes present in the two networks. This yielded a number of candidate ancillary genes,
which | further investigated via bioinformatic approaches, and to which | assigned putative
functions within the terpenoid biosynthesis machinery. Furthermore, analysis of the known
terpenoid biosynthesis enzymes shed light on specific families of enzymes which had
undergone positive selection. Lastly, | investigated the mode of action of the rice potent
diterpenoid allelochemical, momilactone B, by performing forward genetic screens. Such
screens are powerful tools in identifying mechanisms of resistance to herbicides and
allelochemicals, allowing for combating the incessant increase in herbicide resistance, a
major global agronomic problem.
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1. Introduction

1.1 Defensive specialised metabolites in grasses

As sessile organisms, plants have evolved various methods of responding to attacks by
pathogens, herbivores, or parasites, commonly grouped under the term ‘biotic stress’. One
critical component is the production of specialised defensive metabolites against these
stresses. The biosynthesis of such defensive metabolites often branches out from primary
metabolism and involves a wide array of enzymes, leading to the production of highly
diverse defensive molecules. Such compounds are a key research focus especially in
agronomically relevant crops such as rice, maize and wheat, with the goal of boosting
agricultural yields by improving endogenous defensive abilities.

One of the most researched classes of compounds in crop grasses are benzoxazinoids
(BXs). BXs are defensive indole-derived compounds found in many grasses, including major
crops such as rye, maize and wheat (Bakera et al., 2015; Makowska et al., 2015; Nomura et
al., 2002; Nomura et al., 2003; Rakoczy-Trojanowska et al., 2017). BXs have been reported
to mediate a wide variety of roles in plants. Firstly, they attract beneficial bacterial species
such as Pseudomonas putida (Neal et al., 2012; Neal & Ton, 2013), which prime plant
defence in maize. Second, they have growth-inhibitory properties: APO, one of the final
conversion products derived from BXs once they enter the soil, is a potent antibiotic (Fritz &
Braun, 2006). APO also inhibits the growth of roots of some non-BX-producing species
(Venturelli et al., 2015), thereby acting as an allelochemical. Lastly, BXs also act as
siderophores, binding extracellular iron and forming complexes which are taken up by rice
and oat roots (Hu et al., 2021). In sum, BXs play diverse roles in plant defence and act
against a wide variety of organisms.

Another major class of defensive compounds in grasses are terpenes, well known for their
incredible structural diversity. Terpenes are divided into subtypes, categorised by the number
of carbons: monoterpenes (C,,), sesquiterpenes (C;s), diterpenes (C,), triterpenes (C,,) and
sesterpenes (C,s) represent the best -characterised subtypes (Rudolf & Chang, 2020). Over
the last few decades, increasing interest in plant defence has led to the identification of such
terpenes in key crop species such as rice, maize and wheat, as well as in other grasses. The
availability of transcriptomic and genomic data has led to the identification of a number of
unique biosynthesis gene clusters (BGCs) underlying the production of these terpenes.

1.1.1 Biosynthesis of terpenes in grasses

Terpenoid production in grasses, as in all plants, begins with the condensation of two
5-carbon compounds; isopentenyl diphosphate (IPP) and dimethylallyl diphopshate
(DMAPP). Both of these compounds are generated via two cellular pathways, the plastidic
2-C-methyl-p-erythritol-4-phosphate (MEP) pathway and the cytosolic mevalonate (MVA)
pathway. Prenyliransferases catalyse the condensation of IPPs and DMAPPs into
precursors such as C,, geranyl geranyl diphosphate (GGPP), C,, geranyl diphosphate
(GPP), and C,, farnesyl diphosphate (FPP) (Zhou & Pichersky, 2020). These three
compounds are then used to produce diterpenes, monoterpenes and sesquiterpenes &
triterpenes respectively (Jia & Chen, 2016), which were the main focus of my thesis. There
are also prenyltransferases such as solanesyl diphosphate synthases (SPPS) and
polyprenyl diphosphate synthases (PPPS) which catalyse the production of solanesyl
diphosphate (SPP) and polyprenyl diphosphate, respectively, the precursors to (Jia & Chen,
2016) solanesol and polyprenyls such as plastoquinones and ubiquinones (Liu et al., 2019).
Lastly, non-canonical terpene synthases (TPS) have been reported in dicots to catalyse



Introduction

terpene biosynthesis (Rivera et al., 2001), further highlighting that terpene metabolism is
highly complex and flexible. Canonical terpene biosynthesis in cereals has been well
understood, and some examples are elaborated upon in this section.

1.1.1a Triterpene biosynthesis in cereals

Sesquiterpenes and triterpenes are both catalysed within the cytosol by cytosolic
sesquiterpene and triterpene synthases respectively. Triterpene synthases in plants are also
known as squalene synthases (SQS), as squalenes are the products of SQS acting on FPP
(Phillips et al., 2006). Squalenes are then oxidised into 2,3-oxidosqualenes, which are
cyclicised by oxidosqualene cyclases (OSCs) into i) cycloartenols by cycloartenol synthases
(CAS) (Phillips et al., 2006) ii) cucurbitadienol by cucurbitadienol synthases (CPQ) (Shibuya
et al.,, 2004) iii) B-amyrins by B-amyrin synthases (BAS) (Abe et al., 2004). Respectively,
each of these products are then utilised in three different biosynthesis pathways to produce
i) stigmasterols and brassinosteroids, ii) cucurbitacins, and iii) triterpene glycosides such as
avenacins, potent anti-microbial metabolites found in the roots of oat plants (Thimmappa et
al., 2014). These three biosynthesis pathways utilise varying cytochrome P450 enzymes
(CYP450s), sugar transferases, oxidases and glycosyltransferases to generate end products
such as avenacin (Leveau et al., 2019; Yan Li et al., 2021; Louveau et al., 2018; Mylona et
al., 2008; Orme et al., 2019; Owatworakit et al., 2013).

1.1.1b Sesquiterpene biosynthesis in cereals

The other main class of cytosolic terpenes considered within the scope of this project, are
the sesquiterpenes. Sesquiterpenes can be acyclic, such as (E)-B-farnesene, or cyclic, such
as B-bisabolene. Sesquiterpene synthases catalyse the production of acyclic, monocyclic,
bicyclic (Block et al., 2019), tricyclic (Garcia et al., 2019), and tetracyclic sesquiterpenes.
Most sesquiterpene synthases, or at least those characterised in grasses so far, catalyse the
production of multiple products at differing ratios. For example, ZmTPS1 converts FPP into
(E)-p-farnesene as the major product, and (E,E)-farnesol and (3R)-(E)-nerolidol as minor
products (Schnee et al., 2002). This diversity arises from the many conformations in which
FPP can be condensed, generating diverse end-products or intermediates upon which
cytosolic enzymes such as CYP450s can act to further amplify terpenoid diversity. Such
metabolic diversity in grasses has been more extensively studied in grasses recently, with
switchgrass (Muchlinski et al., 2019), maize (Block et al., 2019), sorghum (Zhuang et al.,
2012) and centipedegrass (Lee et al., 2019) all having been shown to produce a variety of
volatile and non-volatile sesquiterpenes in leaves and roots.

1.1.1c Monoterpene biosynthesis in cereals

The other major class of volatile terpenes in grasses are the monoterpenes, produced by
plastidic monoterpene synthases. Effectively, they catalyse very similar reactions to
sesquiterpene synthases. In fact, in vitro characterisations of sesquiterpene and
monoterpene synthases show affinities for both GPP and FPP, albeit to differing degrees
(Schnee et al., 2002). Monoterpene synthases can also produce acyclic monoterpenes such
as geraniol, or cyclic monoterpenes such as limonenes (Block et al., 2019). Similar to
sesquiterpene synthases, monoterpene synthases can produce major and minor products. A
perfect example would be TPS6 and TPS11 in maize, both of which produce acyclic
monoterpenes (linalool and B-myrcene) as major products and cyclic monoterpenes
(limonene) as minor products (Block et al., 2019; Huffaker et al., 2011). When either of these
enzymes were incubated with FPP as a precursor, instead of GPP, both enzymes produced
the monocyclic sesquiterpene, B-bisabolene. As low molecular weight compounds, most
reported monoterpenes and sesquiterpenes in grasses have been shown to be volatile
compounds emitted upon herbivory by insects such as the fall armyworm (Block et al., 2019;
Muchlinski et al., 2019; Zhuang et al., 2012). However, there are also non-volatile
sesquiterpenes and monoterpenes, which will be elaborated upon in subsequent sections.

10
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1.1.1d Diterpene biosynthesis in cereals

Diterpenes are the final type of terpenes within the scope of this project and its primary
focus. Diterpene biosynthesis in dicots has been shown to involve singular bifunctional
terpene synthases which can catalyse two cyclisation events of GGPP into diterpene
scaffolds. However, within the Poaceae family (i.e., grasses), these C,, compounds are
formed from plastidic GGPP by plastidic terpene synthases such as copalyl synthases (CPS)
and kaurene synthases (KS). CPS are known as Type Il terpene synthases which catalyse
the initial cyclisation of GGPP into a prenyl diphosphate intermediate. Subsequently, Type |
terpene synthases such as KS catalyse a secondary cyclisation of these intermediates,
leading to the production of diterpene scaffolds such as syn- / ent-pimaradienes
(Christianson, 2017; Zhou & Pichersky, 2020). Type | TPS contain a DDxx(D,E) motif at their
C-terminus, while Type Il TPS contain a DxDD motif at their N-terminus. The aforementioned
triterpene, sesquiterpene and monoterpene synthases are all Type | TPS, similar to KS.
Once the various scaffolds such as kaurenes, pimaradienes, sandropimaradienes, etc. are
formed, an array of CYP450s, belonging to various families, as well as cytosolic
dehydrogenases and 2-oxoglutarate-dependent dioxygenases (20DDs), amongst other
enzymes, perform additional modifications (Bathe & Tissier, 2019). The result of such
multi-factorial biosynthesis pathways is a variety of diterpenes which can be secreted into
the environment or accumulate in various tissues, acting as anti-fungal compounds as well
as allelochemicals (Pelot et al., 2018; Peters, 2006; Wyatt et al., 2024).

1.1.2 Examples of potent defensive terpenes in grasses

To emphasise the functions of the various triterpenes, sesquiterpenes, monoterpenes and
diterpenes thus far characterised in grasses, | discuss notable examples of each terpene
type in the Poaceae in this section.

1.1.2a Avenacins: a classic anti-fungal triterpene in oat

Avenacins are a class of anti-microbial triterpenes, first discovered in the roots of oat plants
(Turner, 1953). Subsequently, follow-up efforts isolated avenacin A1, the major product, and
showed that it was highly toxic to a variety of fungal pathogens (Maizel et al., 1964).
Avenacins have been shown to act by permeabilising fungal membranes in a
sterol-dependent manner, leading to pore formation, membrane destabilisation, and
accumulation of sterol-saponin complexes in the membrane (Armah et al., 1999). Recent
efforts in the assembly of the oat genome also led to the full elucidation of the avenacin
biosynthesis pathway (Yan Li et al.,, 2021), with heterologous expression in tobacco
producing avenacins. The same group also showed that two more oat species, A. eriantha
and A. atlantica, both contain BGCs similar to that of the avenacin BGC in A. strigosa.
However, while A. atlantica produces avenacins in roots, A. eriantha produces avenacins in
leaves, presumably against foliar pathogens (Yan Li et al., 2021). The same class of
defensive triterpenes are produced in closely related oat species, utilising similar genes
located in syntenic genomic regions, yet in different tissues.

1.1.2b Volatile monoterpenes and sesquiterpenes act as chemoattractants to
predators of herbivorous insects

Recent efforts to understand the defensive terpenes produced by switchgrass, Panicum
virgatum, an important biofuel crop, found that production of volatile sesquiterpenes and
monoterpenes was induced by fall armyworm larvae (Spodoptera frugiperda) (Muchlinski et
al., 2019). Volatile sesquiterpenes and monoterpenes can act as anti-feedants on insects or
as inducers of plant defence, thereby priming surrounding plants for predation, as well as for
fungal or bacterial infections (Chen et al., 2018; Taniguchi, Hosokawa-Shinonaga, et al.,
2014). This mechanism of action holds true for below-ground interactions as well. Maize
roots damaged by insects release the sesquiterpene (E)-B-caryophyllene, which attracts

11
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nematodes to prey on the invading beetle larvae (Rasmann et al., 2005). ZmTPS23
catalyses the production of (E)-B-caryophyllene in the roots to attract nematodes, and in
leaves to attract parasitic wasps which prey on herbivorous leafworm larvae (Degenhardt,
2009; Kollner et al., 2008). The volatile monoterpene (S)-limonene has been shown to be
inducibly produced by OsTPS19, leading to the inhibition of spore germination in
Magnaporthe oryza, a notorious fungal pathogen of rice (Chen et al., 2018).

1.1.2c Defensive diterpenes are a vital component of anti-fungal plant defence

Lastly, the defensive diterpenes within the Poaceae family are best characterised in rice and
maize and will be elaborated upon in the next section. Therefore, this section will focus on
the recently reported class of anti-fungal defensive diterpenes in barley (Hordeum vulgare)
(Yaming Liu et al., 2024). A BGC on chromosome 2 of barley was found to contain 9 genes
encoding for CYP450s, 1 KS gene and 1 CPS gene. Heterologous expression of
HvCYP89E31, HvCYP99A66, HvCYP99A67 and HvCYP99A68 with HYCPS2 and HvKSL4
in yeast and tobacco led to the production of at least 9 different hordedanes, a subset of the
22 found in fungal-infected barley roots. Furthermore, barley mutants deficient in hordedane
biosynthesis had higher colonisation by the generalistic pathogen Fusarium graminearum,
whereas the same mutants were less infected by Bipolaris sorokiniana. The authors of that
study suggested that it could be due to B. sorokiniana having co-evolved with barley as it
was domesticated, therefore relying on hordedanes as chemoattractants. F. graminearum,
on the other hand, was adapted to North American grasses, as evidenced by the higher
tolerance of the latter to Fusarium mycotoxins compared to wheat and barley (Lofgren et al.,
2018). Nevertheless, it is a fascinating insight into the ancient role that diterpenes play in
pathogen defence. Hordedanes are merely the first defensive diterpenes reported in barley.
As research progresses, it is a foregone conclusion that defensive terpenes of varying
structures will be discovered in most grasses.

The incredible diversity of terpenes as well as the modularity of their biosynthesis pathways
has selected for the evolution of terpenes as key defensive compounds in all plants, not only
grasses. Amongst the domesticated crop grasses, maize and rice are some of the most
widely and intensively grown crops globally. As of 2021, 1.2 billion tonnes of maize and ~800
million tonnes of rice were harvested (Agricultural production statistics 2000-2022, 2023). As
highly vital crops, they have been studied extensively to engineer higher productivity and
faster growth rates, while also making them more resilient to abiotic and biotic stresses. Both
rice and maize produce defensive terpenes upon biotic and abiotic stress, leading to
resistance to fungal infections or drought tolerance respectively (Quan & Xuan, 2018;
Umemura et al., 2003; Vaughan et al., 2015).

1.2 Defensive terpenes produced by rice and maize

Defensive terpenoids have been very well studied in rice and maize, with major classes
having been identified (Figure 1). Both species produce a variety of monoterpenes,
diterpenes and sesquiterpenes in response to biotic stresses such as fungal or bacterial
infections, as well as in response to abiotic stresses such as drought (Vaughan et al., 2015;
Xuan et al., 2016).

1.2.1 Little is known about maize triterpenes

Triterpenes in maize have only recently been researched, with a single publication that
discovered ZmOSC1, encoding for an enzyme that produced the triterpenes
hop-17(21)-en-3-ol, hopenol B and simiarenol when heterologously expressed in yeast (Fan
et al.,, 2022). It is assumed that maize produces triterpenes via otherwise undiscovered
triterpene synthases, as such compounds are required for sterol biosynthesis and cuticular
wax formation (Matschi et al., 2020).
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1.2.2 Maize produces a variety of sesquiterpenes in response to fungal
and insect triggers

Maize sesquiterpenes and monoterpenes have been more extensively studied than
triterpenes. As mentioned in the previous section, ZmTPS23 catalyses the production of
volatile sesquiterpenes in roots and leaves, which attract parasitic nematodes and wasps,
respectively, to combat herbivorous insects. Maize has been shown to produce at least 30
different volatile sesquiterpenes and monoterpenes in response to insect predation as well
as fungal infections (Figure 1) (Becker et al., 2014). A previous attempt to identify all known
sesquiterpenes in maize proposed that they could be separated into 5 groups (A-E), with
each group containing sesquiterpenes that accumulated to similar levels and in the same
tissues (Kollner et al., 2004b). Group A comprises (E)-B-farnesene and a-bergamotene,
Group B a-copaene, germacrene D and &-cadinene, Group C [B-bisabolene, Group D
bisabolane-, sesquithujane- and bergamotane-type sesquiterpenes, and lastly Group E
y-cadinene, d&-cadinene and a-cadinene (Figure 1) (Saldivar et al., 2023). The only
sesquiterpenes found in maize roots belong to group C, whereas husks accumulate a
combination of groups A, B and D. Lastly, leaves accumulated a mix of compounds from
groups A, D and E. While this experiment was by no means extensive, it serves to highlight
the variation of sesquiterpenes produced in maize and the differential accumulation in
tissues.

A major class of non-volatile defensive maize sesquiterpenes are zealexins (Huffaker et al.,
2011). Reported first in 2011, zealexins are 3-macrocarpene related acidic sesquiterpenes,
produced in response to fungal infections, insect feeding and treatment with jasmonic acid
and ethylene. Although 14 acidic sesquiterpenes were detected in infected maize stems,
only 5, Zealexins A1-4 and B1, have been identified to date (Christensen et al., 2018;
Huffaker et al., 2011). Zealexins A1-3 and B1 accumulated in stem tissue in response to C.
heterostrophus, R. microsporus, C. sublineolum, and A. flavus, but not in response to C.
graminicola, a specialist maize pathogen. Zealexins have variable effects on fungal growth;
100 pg / ml of zealexin A1 having had the strongest inhibitory activity against R. microsporus
(45%), A. flavus (80%), and F. graminearum (37%) (Huffaker et al., 2011). Zealexin A2 had
no inhibitory activity against these 3 pathogens at concentrations up to 100 pg / ml, whereas
zealexin A3 at the same concentration inhibited growth of A. flavus and F. graminearum by
32% and 20% in liquid culture. Therefore, zealexins are speculated to have differential
activities against differing fungal pathogens, collectively providing broad anti-fungal
resistance to maize.

1.2.3 Monoterpenes in maize play a key role in volatile defence against
insects

There are 9 known monoterpenes in maize, all acting as volatile defence compounds against
insects (Figure 1). Linalools and myrcene were shown to repel aphids but act as attractants
to larvae of army worms (Yactayo-Chang et al., 2024). 3-myrcene, limonene, y-terpinene,
terpinolene, 4-terpineol, and a-terpineol are all produced in response to damage from insects
feeding on tissues (Lin et al., 2008; Shen et al., 2000). It seems that the main role for
monoterpenes in maize is to act as volatile defence signals against herbivory.

1.2.4 Maize diterpenes are potent antibiotics against pathogenic fungi

There are two main classes of defensive diterpenes in maize which have been uncovered
recently; kauralexins and dolabralexins (Figure 1). Dolabralexins are produced in the roots at
a higher concentration than kauralexins, with concentrations of trihydroxydolabrene reaching
225 ug/g of fresh weight in maize roots elicited by Fusarium spores (Mafu et al., 2018).
Kauralexins were measured to accumulate to 9 pg/g of root tissue in the same experiment,
suggesting that dolabralexins are the primary anti-fungal diterpenes in maize roots.
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Furthermore, epoxydolabranol reduced hyphal growth of F. graminearum and F. verticillioides
by 87% and 71%, respectively, at concentrations of 50 pg/ml (Mafu et al., 2018). This
suggested that even if such concentrations were not observed in planta, a combination of
dolabralexins acting in concert could act as effective fungicides.

First observed in 2011, kauralexins were inducibly produced in stems subject to insect and
fungal infections. Amongst the 6 characterised kauralexins, 10 pg/ml of kauralexin B3
significantly inhibited the growth of R. microsporus and Colletotrichum graminicola (Schmelz
et al,, 2011). Kauralexins were also shown to be produced in the roots and vital for
resistance to F. verticillioides infection (Veenstra et al., 2019).

That summarises the effects of maize terpenes as well as their inducibility. Similar to maize,
a number of defensive terpenes have also been characterised in rice thus far. This includes
sesquiterpenes, monoterpenes and diterpenes. These are summarised in this following
section.

1.2.5 Rice does not produce any known defensive triterpenes

Despite efforts to characterise the production of defensive triterpenes in rice, the only
progress made thus far has been to identify 12 genes encoding OSCs which might produce
triterpene precursors such as beta-amyrins (Inagaki et al., 2011). Five of these genes have
been characterised in vitro, producing isoarborinol, cycloartenol, parkeol, achilleol B and
orysatinol (Ito et al., 2011; Xue et al., 2012, 2018). Furthermore, none of these genes occur
in a BGC akin to the avenacin BGC in oat. Therefore, rice is thought to produce no defensive
triterpenes, but instead produce cuticular wax sterols or other forms of triterpene derivatives
(Inagaki et al., 2011).

1.2.6 Rice produces anti-bacterial sesquiterpenes and monoterpenes

Like other cereals, rice also produces volatile sesquiterpenes, especially in response to
biotic stresses (Figure 1). Bacterial blight (Xanthamonas oryza) infection of rice led to the
production of volatile (E)-nerolidol, which also inhibited the growth of Xanthamonas at 100
UM (Kiryu et al., 2018).

Xanthamonas oryza infection in rice was found to induce the production of a variety of
monoterpenes, including (S)-limonene, which inhibited the growth of the bacteria at 5 mM
(Lee et al., 2016). Furthermore, pre-treatment of rice leaves with 1 - 5 mM of (S)-limonene
confers noticeable resistance to X. oryzae infection symptoms, suggesting that (S)-limonene
acted as a primer of plant defence, as well as inhibitor of bacterial growth. Monoterpene
production in rice is also induced by jasmonic acid, a common plant defence signal.
y-terpinene was found in rice plants induced with jasmonic acid, which inhibited growth of X.
oryzae as well (Yoshitomi et al., 2016). Lastly, jasmonic acid treatment also induced the
production of linalool in rice, however linalool did not directly inhibit growth of X. oryzae
(Taniguchi, Hosokawa-Shinonaga, et al., 2014). Instead, plants overexpressing linalool
biosynthesis genes were more resistant to X. oryzae infection, implying that linalool derived
monoterpenes were anti-bacterial compounds, akin to previously mentioned rice
monoterpenes.

1.2.7 Rice produces five major classes of diterpenoids with varied roles
in plant defence

Amongst all grasses, rice defensive diterpenes have been best characterised and
understood. There are five major classes of diterpenes: phytocassanes, oryzalexins,
oryzalides, momilactones, and casbenes (Figure 1).
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Phytocassanes A-E were first isolated from leaves of rice infected with Magnaporthe grisea
(rice blast) (Koga et al., 1997, 1995). The 5 compounds accumulated at edges of necrotic
lesions, suggesting a role in preventing fungal spread to surrounding tissue (Umemura et al.,
2003). Respectively, phytocassanes A-E inhibited spore germination of M. grisea at 20
pg/ml, 4 pg/ml, 7ug/ml, 25 ug/ml, 6 ug/ml. Phytocassane F was reported recently in rice
leaves and was shown to have comparable inhibition of spore germination against M. grisea
as phytocassane A (Horie et al., 2015). Phytocassanes were also found in root exudates of
rice, suggesting that they are anti-fungal defence compounds for above-ground and
below-ground pathogens (Toyomasu et al., 2008).

Oryzalexin A - D were isolated in 1984 from M. grisea-infected rice leaves, similar to
phytocassanes (Akatsuka et al., 1983; Kono et al., 1984; ;&4%0 et al., 1986). Oryzalexin E, F
and S were isolated from UV-irradiated rice leaves (H. Kato et al., 1993, 1994; O. Kodama et
al., 1992). Oryzalexin F had an EDs, of 0.3 mM for spore germination of M. grisea.
Oryzalexin D had an ICs, of 0.7 mM against M. grisea when measuring mycelial growth and
is speculated to disrupt fungal membranes (Sekido & Akatsuka, 1987). Overall, oryzalexins
seem to be less well understood than phytocassanes, leading to the conclusion that they
may be secondary anti-fungal metabolites.

The third major class of rice diterpenoids are oryzalides. First discovered in rice leaves
infected with the bacterial pathogen X. oryzae, oryzalide A inhibits colony formation of X.
oryzae at 0.468 mM (Minoru Watanabe et al., 1990). Oryzalide B and oryzalic acid A were
identified later from healthy rice leaves, marking a change from prior studies (Kono et al.,
1991). Oryzalide B and and oryzalic A inhibits colony formation of X. oryzae at 0.6 mM and
0.2 mM respectively. Varying forms of oryzalides have been characterised but remain
unnamed or uninvestigated (Manabu Watanabe et al., 1992). Due to the presence of
oryzalides in X. oryzae infected leaves as well as their accumulation in healthy leaves, they
are thought to be to prohibitins acting as the first line of defence against bacterial pathogens.

Momilactones are likely the most studied rice diterpenoids. They were first isolated in 1973
from rice husks (known as ‘momi’ in Japanese, thus the name momilactones) (Kato et al.,
1973). They were then extracted from UV irradiated rice leaves as well as M. oryzae infected
leaves (Cartwright et al., 1981). Rice produces momilactones A, B, C, D and E, with
momilactones A and B being the most potent contributors to plant defence (Cartwright et al.,
1981; J.-G. Cho et al., 2015; T. Kato et al., 1973; Tsunakawa et al., 2006; Zhao et al., 2018).
Momilactone B in particular was shown to be actively exuded into the rhizosphere and acted
as an allelochemical, inhibiting growth of other plants (Kato-Noguchi & Ino, 2003), including
Echinochloa crus-galli (Kato-Noguchi et al., 2010), Arabidopsis thaliana (Kato-Noguchi et al.,
2012), and Echinochloa colonum (Kato-Noguchi, 2011), to name a few. In general, the 1Cs,
of momilactone B ranged from 1 yM to 20 pyM in inhibiting hypocotyl extension or root
extension, whereas momilactone A had much higher IC5, of 28 puM to 240 uM
(Kato-Noguchi, 2011). Uniquely within grasses, momilactones are allelopathic diterpenoids,
warranting much more research interest than the other rice diterpenoids.

The final major rice diterpene is 5,10-diketo-casbene, also known as ent-10-oxodepressin,
and was first reported to be produced in rice in 2013 (Inoue et al., 2013).
5,10-diketo-casbene was shown to accumulate in the leaves of rice that had been irradiated
with UV as well as in leaves inoculated with M. oryzae spores, albeit at lower concentrations
than momilactones A and B. 5,10-diketo-casbene was shown to inhibit germ tube elongation
of M. oryzae at an ICs, of 33 uM and spore germination at 100 uM (Inoue et al., 2013).
Mutants deficient in producing 5,10-diketo-casbene exhibit stronger symptoms of M. oryzae
infection (Liang et al., 2021). 5,10-diketo-casbene is produced by a recently assembled
BGC, which will be discussed in the next section, and is therefore still undergoing selection
in Oryza species, domesticated and wild (Zhan et al., 2020). Furthermore, considering that it
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has a high IC5, and accumulates in tissues at lower concentrations than other anti-fungal
compounds, it is not as significant in anti-fungal responses as the other rice diterpenes.

Recent reports have proposed a new class of diterpenes which still need better
characterisation. These were termed oryzalactones and were speculated to originate from a
novel KSLX-OL enzyme acting in concert with OsCPS4 to produce syn-abieta-7,12-diene,
which is then converted to oryzalactones via unknown enzymes (Kariya et al., 2024).
Furthermore, the gene encoding OsKSLX-OL was found to exist in a subset of rice cultivars
and arose from fusion of OsKSL8 and OsKSL9 on chromosome 11. Clearly, terpenoid
biosynthesis is still evolving in rice cultivars and varieties in order to generate a sufficiently
large array of defensive compounds to combat rapidly evolving fungal and bacterial
pathogens.

In summary, the array of terpenes produced by maize and rice contribute to plant defence
against agronomically relevant fungal, bacterial and weed species. By accumulating in
tissues before damage, after damage and actively being secreted into the environment,
terpenes play a key role as the first line of plant defence in limiting fungal and bacterial
damage. Allelochemicals confer competitive advantages to rice, in allowing seedlings to
establish themselves while reducing competition. All of these traits are vital points of
improvement in the agricultural chase for higher yields. Therefore, it is crucial to identify the
biosynthesis of defensive terpenes in rice and maize.
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1.3 Defensive terpene biosynthesis genes in rice and maize
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Figure 2: The relevant, known BGCs present in a) rice and b) maize. The genes are coloured by their
function and the gene length corresponds to the genomic distances shown in the y-axis only for rice.
Due to the large size of the maize genome, the gene lengths in maize have been scaled up in order to

better visualise the presence of gene clusters.

The terpene biosynthesis genes in rice and maize are largely organised in clusters of genes,
known as biosynthetic gene clusters (BGCs). These clusters are shown in Figure 2 above.
This section covers the discovery of these genes and their roles within each terpene

biosynthesis pathway in rice and maize.
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1.3.1 Maize sesquiterpene and monoterpene synthases catalyse a
variety of major and minor products

The main sesquiterpene biosynthesis genes appear to be ZmTPS8, ZmTPS10 and
ZmTPS23 (Kdllner et al., 2013; Saldivar et al., 2023). Together, these 3 genes cyclicise FPP
into 11 of the 21 known sesquiterpenes in maize (Block et al., 2019). The remaining ten are
produced by sesquiterpene synthases encoded by ZmTPS1/4/5/6/7/8/10/ 11/ 21.
ZmTPS26 encodes for a monoterpene synthase which solely reacts with only GPP and
yields B-myrcene, y-terpinene, a-terpinolene, and geraniol (Lin et al., 2008). ZmTPS1 is
another monoterpene synthase which can produce linalool and geraniol (Schnee et al.,
2002).

1.3.2 Maize diterpene production is intricately linked to zealexin
production

Zealexin, kauralexin and dolabralexin biosynthesis was recently reported to be intertwined,
incorporating promiscuous CYP450s which act on acyclic FPP as well as cyclical diterpenes
(Ding et al.,, 2020). The first step in zealexin production is the conversion of FPP to
B-macrocarpene and B-bisabolene via ZmTPS6 (Zx1), ZmTPS12 (Zx2), ZmTPS11 (Zx3),
and ZmTPS13 (Zx4) (Christensen et al., 2018; Huffaker et al., 2011). Then, ZmCYP71Z19
(Zx5), ZmCYP71Z18 (Zx6) and ZmCYP71Z16 (Zx7) produce zealexin D1/2 from
B-bisabolene, and zealexin A1 from (B-macrocarpene. Zealexin A1 is metabolised into at
least 12 other zealexin A, B and C products via ZmCYP81A37 (Zx8), ZmCYP81A38 (Zx9),
ZmCYP81A39 (Zx10) (Ding et al., 2020). GGPP is cyclicised into ent-CDP by the CPS
ZmAN2. Subsequently, ZmKSL2 and ZmKSL4 produce ent-isokaurene and dolabradiene
respectively. ZmCYP71Z19 (Zx5), ZmCYP71218 (Zx6), ZmCYP71Z16 (Zx7), ZmKR2 and
ZmKOZ2 then produce kauralexins from ent-isokaurene and dolabralexins from dolabradiene
(Ding et al., 2019, 2020; Mafu et al., 2018). The respective compounds are shown in Figure
1 and the BGCs of zealexins in Figure 2.

1.3.3 Rice triterpene synthases

As mentioned before, although 12 genes encoding OSCs have been identified and tentative
products characterised, the final active triterpenes are unknown and have no clear roles
(Inagaki et al., 2011; Xue et al., 2012).

1.3.4 Rice sesquiterpene and monoterpene synthases

Sesquiterpenes and monoterpenes are generally catalysed by single terpene synthases in
rice, unlike the diterpene biosynthesis pathways which incorporate multiple TPS, KS and
CYP450s. OsTPS3, OsTPS19, OsTPS20, OsTPS24 produce the bulk of volatile
sesquiterpenes and monoterpenes in rice (Cheng et al., 2007; Taniguchi, Miyoshi, et al.,
2014; Yoshitomi et al., 2016). Geraniol, a monoterpene produced by rice in response to X.
oryza infection inhibits growth of said pathogen by suppressing expression of cell division
genes (Kiyama et al., 2021).

1.3.5 Diterpene biosynthesis in rice is highly modular and involves
promiscuous enzymes

Diterpenes in rice are catalysed by cyclicisation of GGPP into ent-copalyl diphosphate
(ent-CDP) or syn-CDP via OsCPS4 or OsCPS1/2 respectively. OsKSL4 / 8 / 10 and 11 can
cyclicise syn-CDP into syn-pimara-7,15-diene, syn-stemarene, syn-labda-8(14)15-diene and
syn-stemodene, respectively. Syn-pimara-7,15-diene is converted into momilactones A and
B by OsCYP99A3, OsCYP76M8, OsCYP701A8, OsCYP76M14, and momilactone A
synthase (OsMAS) (De La Pefia & Sattely, 2020; Kitaoka et al., 2016; Q. Wang et al., 2012,
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2011, 2012-3). OsDTC1 is necessary for oryzalexin S production (Nemoto et al., 2004).
Syn-stemarene leads to the production of oryzalexin S (Nemoto et al., 2004) whereas
syn-stemodene has an unknown function as well as undiscovered biosynthesis pathway.
ent-CDP can be cyclicised into gibberellins by OsKS1, ent-sandaracopimaradiene by
OsKSL10, ent-cassadiene by OsKSL7, ent-isokaurene by OskSL6 or
ent-pimara-8(14),15-diene by OsKSL5. Ent-sandaracopimaradiene is converted to
oryzalexin A-F by OsCYP701A8, and OsCYP76M6/8 and OsSDR110c-MS3, a short chain
dehydrogenase (Kitaoka et al., 2016; Q. Wang et al., 2012-3). Phytocassanes arise from
ent-cassadienes via oxidations catalysed by CYP76M7/8 and CYP71Z7 (Swaminathan et
al., 2009; Wu et al., 2011). Finally, ent-isokaurenes are converted to oryzalides via
OsCYP71Z6 (Wu et al.,, 2011). Amongst the terpenes in rice and maize, the modular
organisation of diterpene biosynthesis in rice, involving various CPS and KS yielding
different chiralities, an array of CYP450s and SDRs is most impressive. It is evident that
such modularity and promiscuity confers high diversity in terpenes, thus providing a higher
chance of anti-fungal, anti-bacterial and allelopathic defences. The phytocassane, oryzalexin
and momilactone biosynthesis genes are located in BGCs in chromosomes 2 and 4,
respectively (Figure 2). There is a 3rd BGC on chromosome 7, which contains 3 genes
involved in casbene production (Figure 2).

The identification of biosynthesis genes and pathways contribute to plant breeding for more
resistant cultivars, especially with climate change forecasted to greatly impact agriculture.
Known biosynthesis pathways and genes can be transferred to high yielding varieties of
crops, supplementing endogenous resistance mechanisms. However, other approaches to
engineer more stress-tolerant cultivars rely on the identification of regulatory mechanisms
governing the production of defensive compounds.

1.4 Transcriptional regulation of terpene biosynthesis genes in
rice and maize

In parallel to the discovery of defensive terpenes in rice and maize, regulatory mechanisms
driving the production of such compounds have been partially identified in rice and maize.
Seven transcription factors (TFs) in rice have been identified that affect the production of
defensive terpenes in rice. OsDPF, OsTGAP1, OsWRKY45 and OsWRKY10 were all found
to increase momilactone, phytocassane and oryzalexin production, as well as upregulate
transcription of the respective biosynthesis genes (Akagi et al., 2014; Okada et al., 2009;
Wang et al.,, 2023; Yamamura et al., 2015). OsDPF was found to bind to N-boxes
(5-CACGAG-3’), sequences in the promoter regions of OsCPS2 and OsCYP99A2, thereby
activating their expression. OsWRKY 10 binds to W-boxes (5’-TTGACC-3’) and W-box like
element (WLE) (5-TGACA-3’) in the promoter regions of OsKSL7, OsKSL4, OsCYP99A3
and OsKSL10, thereby activating their transcription. OsWRKY62, OsWRKY76 and
OsBZIP79 repress diterpenoid accumulation when transgenically overexpressed, perhaps
playing a role in shunting metabolic flux towards primary metabolism of gibberellic acid (Liu
et al., 2016; Miyamoto et al., 2015).

The regulatory mechanism of maize terpenoid production has not been as well understood
as in rice. Only three TFs have been identified thus far. First, ZmTPS10 is regulated by
ZmEREBS58, a jasmonic acid regulated TF ( Li et al., 2015), thereby controlling
sesquiterpene production. Second, ZmWRKY79 regulates ZmAN2 and ZmTPS6 via W-box
and WLEs in the promoter regions of the two terpene synthases (Fu et al., 2018).
Furthermore, WLEs in the promoter regions of ZmKSL5 were also found to regulate its
expression, suggesting that WRKYs play a larger role in regulating the production of
zealexins and kauralexins (Yang et al., 2020). Finally, gene co-expression network analyses
identified ZMNACTF7 as a key regulator of a module of genes which contained zealexin,
kauralexin and diterpene biosynthesis genes (Ma et al., 2017). Such gene co-expression
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networks are highly useful tools for fully elucidating biosynthesis pathways as well as
identifying regulatory genes.

1.5 Gene co-expression networks shed light on specialised
metabolism in plants

Gene co-expression network tools have been useful tools in deciphering biology since gene
expression data was available (Butte & Kohane, 1999). With the introduction of microarray
and RNA-Seq, a great variety of tools were designed to build co-expression networks from
single and multiple projects. In the latter case, tools could utilise data from multiple projects
to identify networks of genes that commonly impact disease symptoms (Soh et al., 2011).
The gradual development of these tools as well as increasing interest from traditional plant
biologists led to projects identifying Fusarium-responsive BGCs in wheat and TFs regulating
anthocyanin production in eggplant, amongst many other publications (He et al., 2021;
Perochon et al., 2021).

1.5.1 Examples of use of WGCNA in studying plant specialised
metabolism

The identification of SMWRY44 in eggplant which positively regulates the accumulation of
anthocyanins (Yongjun He et al., 2021), is highly relevant to this thesis. In this example,
transcriptomic data from 33 time point samples were used in a gene co-expression network
building tool known as Weighted Gene Correlation Network Analysis (WGCNA). This
generated modules of genes which were highly correlated with each other. The main core of
the known anthocyanin biosynthesis genes was present in module "tan", and analysis of the
module showed that a single gene, encoding a TF, was highly correlated to the rest of the
genes in the module, and hence termed a hub gene. Further investigations of this TF
SmWRKY44 showed that it was induced by light, activated the promoters of known
anthocyanin biosynthesis genes, and - when overexpressed - caused the accumulation of
anthocyanins in stems. Thereby, a gene co-expression network successfully identified a TF
regulating a core metabolic process in plants.

Gene co-expression networks are also useful for identifying novel BGCs which produce
defensive compounds. WGCNA was used to build gene networks from fungus-inoculated
wheat tissue, eventually leading to the identification of 6 BGCs. These 6 BGCs were
predicted to produce diterpenes, triterpenes and flavonoids (Polturak et al., 2022).
Heterologous expression of the triterpene and flavonoid BGCs in tobacco leaves confirmed
the production of triterpenes and flavonoids, albeit not necessarily the final end products. It
was shown that upon fungal infection, these BGCs were activated, producing defensive
compounds in leaves and roots. While this has been the most recent outstanding example of
gene network analysis in pathway discovery, it is by no means the last.

Clearly, gene co-expression networks are useful tools for identifying novel BGCs and
regulatory genes in specialised metabolism. It is crucial to understand the key, relevant
concepts of gene networks as they have been used within the scope of this project.

1.5.2 What is a WGCNA derived gene network?

Gene networks can be built from a variety of methods, including traditional Pearson’s
correlation and Spearman’s correlation. These methods compare the expression levels of all
genes across all samples. Genes which are similarly differentially expressed across similar
samples and conditions have a high Pearson’s correlation score and are considered
co-expressed. These genes can then be ranked by the correlation score and be considered
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as strong candidates for missing biosynthesis genes (De La Pefia & Sattely, 2020). The
correlation score derived from Pearson’s correlation can be used to build gene networks,
which can be informative as well.

Modern methods such as WGCNA are built from Pearson’s correlation analysis. After
obtaining a correlation matrix of all genes, the next step in WGCNA is to perform a
topological similarity analysis, producing a topological overlap matrix (TOM). The
neighbourhood of a gene is defined as the genes most associated with it in the correlation
matrix. The topological similarity analysis compares the neighbourhoods of all genes and
scores them for similarity, thereby producing a TOM. Hierarchical clustering of the TOM then
leads to genes being grouped into modules which can be associated with biological and
cellular functions. For example, the 6 wheat BGCs in the previous subsection contained
genes largely within module 25 of the wheat WGCNA network (Polturak et al., 2022). This
module contained genes consistently upregulated in treatment conditions (fungal
inoculations) when compared to control samples, aligning with the upregulation of the 6
BGCs upon fungal stress.

Once the gene network is separated into modules, the average expression of each module
can be correlated to the "Treatment" of each sample. Again, relating back to the wheat BGC
example in the previous subsection - 5 modules of genes, out of 69 modules, were
consistently upregulated in treatment conditions compared to control conditions. One of
those 5 modules contained the majority of the genes in the 6 BGCs. By correlating module
expression to treatments, most projects can identify a few modules or a single module which
contributes the most to a treatment and possibly a phenotype.

At this stage, the genes in the module are extensively investigated by mining available
literature or performing GO Enrichment analysis to identify cellular pathways which are
represented in the module etc. Another approach is to dissect the topology of a module.
Within each module, there are hub genes, which are defined as genes having a high TOM
score to most of the other genes in the module. For example, SmMWRKY44 was a hub gene
which most strongly correlated with many of the other genes in the "tan" module, and
therefore was picked as a candidate for anthocyanin biosynthesis regulation. By mining such
topologies, hub genes can be identified and can be characterised better in experiments.
Most publications involved in gene network analysis take these approaches and are
successfully published and well received. However, this project leverages one key concept
of gene networks, which will be elaborated upon in the next subsection.

1.5.3 Orthologous gene networks accelerate our understanding of core
cellular processes

A core concept in gene networks are the neighbourhoods of a gene, which refer to the most
strongly correlated genes of any single gene, i.e., it's closest neighbours. By exploring the
neighbourhoods of genes known to perform particular roles, one can identify candidates
contributing to metabolism, transcriptional regulation, cell immunity etc. For example,
identification of SmMWRKY44 as an anthocyanin regulating TF was possible because it was
in the neighbourhood of known anthocyanin biosynthesis genes.

Another approach, which partially inspired this doctoral thesis, studied gene neighbourhoods
of known growth regulating genes in 3 different species, leading to the identification of 34
genes regulating growth in Arabidopsis (Curci et al., 2022). In Curci et al, 2020, a variety of
gene network building algorithms, including TOM, were used to build meta-gene networks in
three plant species (Curci et al., 2022). These networks were then filtered for orthologous
genes present in all three species, and gene neighbourhoods of known growth regulators
were analysed in each network. This yielded a substantial number of candidate genes in
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each species which could contribute to cell growth and elongation. Curci et al showed that
Arabidopsis plants lacking either of two growth regulating candidate genes had reduced
rosette area. Therefore, by identifying conserved orthologous genes between 3 species and
analysing their gene neighbourhoods, one can identify novel genes involved in core cellular
pathways. This concept of orthologous gene networks has been a key component of this
thesis project.

1.6 Momilactone B: A potent diterpenoid allelochemical

In section 1.2.7, one of the potent diterpenoids covered in rice was momilactone B. It is one
of the unique terpenoids within the scope of this project as it has broad effects in inhibiting
the growth of neighbouring competitor plants (Kato-Noguchi et al., 2010, 2012; Kato-Noguchi
& Ino, 2003). Its potency against the agronomically relevant weed E. crus-galli provoked
interest in developing it as a herbicide (Kato-Noguchi, 2011). There were early efforts to
identify rice cultivars producing high amounts of allelochemicals and introducing them to
farmers (MOlofsdotter et al., 1999; Olofsdotter et al., 1995; Olofsdotter et al., 1999), to
alleviate the costs of herbicides as well as mitigate the impact of rising herbicide resistance
(Powles & Yu, 2010). However, at that point, even though momilactone B had been
discovered in 1964, its function as an allelochemical was overseen in these efforts; instead,
focus was on phenolic acids, which were eventually concluded to be unlikely effective
allelochemicals (Maria Olofsdotter et al., 2002). Momilactone B's allelopathic abilities were
intensely investigated in the early 2000s and onwards, and its biosynthesis pathway was
recently fully elucidated (De La Pena & Sattely, 2020; Shimura et al., 2007; Toyomasu et al.,
2014; Wang et al., 2012-3).

1.6.1 Allelochemicals are strong starting points for herbicide
development

As naturally occurring compounds that inhibit plant growth, allelochemicals are obvious
candidates for herbicide development. The goal would be to identify the mode of action and
test it against a range of agronomically relevant weeds. Leptospermone is the success story
of exactly such a developmental method. While leptospermone itself required a high
application rate to be a practical herbicide, its backbone was used to generate thousands of
analogues. This led to the triketone class of 4-hydroxyphenylpyruvate dioxygenase inhibitor
(HPPD), with mesotrione, also known as Callisto, as a well-known Syngenta product
(Cornes, 2005).

Coincidentally, the discovery of potent allelopathy in rice led to intense focus on identifying
the culprits. In the late 1990s as well as early 2000s, Maria Olofsdotter led the efforts in
quantifying the allelopathic nature of a variety of rice cultivars against weeds as well as
model organisms such as lettuce (Olofsdotter et al., 1999).

Multiple assays were conducted in a variety of plants to characterise the potency of
momilactones. These assays varied greatly, as they were based on herbicide development
assays where seeds were sown on filter paper imbibed with potential herbicides. These
methods result in the crystallisation of chemicals, leading to unequal concentrations being
encountered by test organisms. Thus, the ICs, was often inaccurate and imprecise, varying
amongst published papers. These various ICss are included in Table 1 below as well as
their dose response method.
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Table 1: Summary of studies reporting momilactone B effective concentrations on target plants. Adapted

from (Serra Serra et al., 2021).

Organism Experimental Phenotype Observation Reference
method measured
Lepidum sativum | Co-cultivation on Root and 30% inhibition at | (Kato-Noguchi &
L. filter paper hypocotyl length | 12 yM and 16uM Ino, 2003)
E. crus-galli Co-cultivation on | Shoot and root ICs, of 6.5 uM (Kato-Noguchi et
filter paper growth and 6.9 uM al., 2010)
A. thaliana Co-cultivation on | Hypocotyl and ICs, of 6.5 uM (Kato-Noguchi et
filter paper root growth and 12 uM al., 2012)
A. thaliana Co-cultivation on | Hypocotyl and Internal IC5, of | (Kato-Noguchi et
filter paper root growth 0.09 uM and al., 2012)
0.95 uM
A. thaliana Co-cultivation on | Germination rate | [Csy0f 48.4 yM | (Chi et al., 2013)
filter paper
E. crus-galli Co-cultivation on | Root and shoot ICs Of 6.31 uM (Kato-Noguchi,
filter paper growth and 6.11 uM 2011)
E. colona Co-cultivation on | Root and shoot ICso Of 12.5 yM (Kato-Noguchi,
filter paper growth and 5.04 yM 2011)

Various stresses were used to identify the mechanisms of induction of momilactone
production in rice. Triggers such as copper chloride and UV treatment, fungal infections, or
chitin elicitations drove the accumulation of momilactones in tissues as well as in root
exudates. This was supposed by the increased expression of biosynthesis enzymes in
transcriptomic analyses. This led directly to the elucidation of the key enzymes CPS4, KSL4,
CYP99A3 and OsMAS by analysing genes which were upregulated upon elicitation by one
or several of the aforementioned triggers.

Through an act of convergent evolution, momilactone B is also produced in the moss
Calohypnum plumiformae. The biosynthesis pathway is partially characterised with the
enzymes CpDTC1 ( bifunctional diterpene synthase that combines activities of OsCPS4 and
OsKSL4), CpMAS, CpCYP970A14 (CYP99A3 orthologue), and CpCYP964A1 (CYP701A8)
(Mao et al., 2020; Okada et al., 2016).

Due to the ubiquitous occurrence in rice, a crucial crop, as well as its potency, it is vital that
the mode of action of momilactone be identified. This will lead to a variety of applications
including breeding for more allelopathic cultivars that utilise less herbicide as well as lead
compounds in herbicide development. A prominent method of identifying modes of action of
herbicides is through forward genetic screens.

1.6.2 Forward genetic screens in Arabidopsis

Forward genetic screens are extremely useful tools for deciphering cellular pathways (St
Johnston, 2002). To date, the common fruit fly, Drosophila melanogaster, is known as the
workhorse of genetics for two reasons; i) core processes were conserved between insects
and animals, allowing for translational findings ii) fruit flies were highly amenable to forward
genetic screens, allowing for quick deciphering of cellular pathways. Similarly, forward
genetic screens in Arabidopsis have been used to understand core plant processes in
plants.
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Forward genetic screens or mutant screens in Arabidopsis have identified genes governing
leaf and flower morphology (McKelvie, 1961; Rdbbelen, 1957), flowering time (Koornneef et
al.,, 1983), phytohormone biosynthesis and perception (Bleecker et al., 1988; Guzman &
Ecker, 1990; Koornneef et al., 1984; Koornneeff et al., 1982; Maher & Martindale, 1980),
lipid biosynthesis (Lemieux et al., 1990) and plant-pathogen interactions (Glazebrook et al.,
1997), to name a few. Forward genetic screens in Arabidopsis are effective at identifying
mutants resistant to herbicides (Brotherton et al., 2007; Jander et al., 2003).

Herbicide resistance in plants can be classified into two categories - target site resistance
and non-target site resistance (Délye et al., 2015). Target site resistance can arise from
mutations in the target protein of the herbicide, therefore altering the affinity of a herbicide for
a target protein (Beckie & Tardif, 2012). Target site resistance can also occur from mutations
that increase the expression of a target protein either by increased transcription or target
gene duplication, therefore surpassing a herbicide's effects (Baerson et al., 2002).
Non-target site resistance occurs in 4 main mechanisms - altered transport, enzymatic
modifications, sequestration and dosage compensation via extra-chromosomal DNA.
Mutations in exporters / importers have been shown to reduce contact of herbicides with
target proteins (Svyantek et al.,, 2016). Mutations in enzymes allow the detoxification or
modification of herbicides into harmless metabolites, such as CYP450s in rice detoxifying
the herbicide, bensulfuron-methyl, by O-demethylation (Deng & Hatzios, 2002). Mutations in
metabolite sequestration mechanisms result in shuttling of herbicides into vacuolar spaces
that prevent cellular damage, such as the shuttling of glyphosate to the edges of leaves
(Feng et al., 2004; Gaines et al., 2019). Finally, extra-chromosomal DNA (eccDNA) or mini
chromosomes can harbour copies of target genes of herbicides, thereby increasing
expression to overcome the herbicidal effects. This mechanism was first reported in
glyphosate resistant Amaranthus palmeri (Koo et al., 2018) and recent findings have shown
that eccDNA is heritable across compatible species, further accelerating herbicide resistance
in weeds (Koo et al., 2023).

Forward genetics screens in Arabidopsis are well established and fairly straight forward.
Ethyl methanesulfonate (EMS) is used to mutate Arabidopsis seeds, which are grown on
regular media, and selfed to generate an M2 population (Kim et al., 2006). The M2
population can have as many as 700 mutations, of which a significant percentage are
homozygous mutations, therefore allowing for effective screening (Jander et al., 2003). This
population is then screened for phenotypes; resistance to herbicides, morphological
changes, etc. When screening for chemicals in particular, a dose response study must be
conducted in order to choose an appropriate mutant screen concentration. Once herbicide
resistant mutants are identified in a mutant screen, these mutants are usually crossed with
wild-type Arabidopsis, producing an F1 generation (Page & Grossniklaus, 2002). This
crossing step dilutes the large number of mutations in the M2 generation into individual
plants, such that an F1 plant has much fewer mutated loci compared to M2. The F1
generation is self-fertilised, leading to an F2 generation which has homozygous mutations at
the mutated loci (Schneeberger, 2014). The F2 generation is now screened for herbicide
resistance; resistant individuals are sequenced in bulk to identify genomic loci associated
with herbicide resistance. At this point, identification of genes at those loci or other genetic
elements driving target site / non-target site resistance followed by characterisation of those
genes allows for understanding how a herbicide binds to a target protein as well as the types
of genes which could confer resistance.

In summary, as Arabidopsis has been extensively used in forward genetic screens and is

susceptible to momilactone B, there was an opportunity to better understand this diterpene,
within the context of this project.
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1.7 Objectives

There were two primary objectives in this doctoral thesis. First, due to rice and maize
utilising orthologous enzymes to produce similar defensive terpenoids, | hypothesised that
there could be other orthologous genes encoding ancillary proteins involved in the terpenoid
biosynthesis machinery. | aimed to build gene networks in both species and identify
orthologous ancillary genes involved in transcriptional regulation, transport, and immune
response, thereby collectively driving the production and deployment of defensive
diterpenoids. | then aimed to verify the roles of these ancillary genes in the terpenoid
biosynthesis machinery by using bioinformatic approaches. Collectively, this improves the
current understanding of defensive terpenoid metabolism in two key crop species.
Furthermore, it would validate using similar gene network approaches in other plant species
to accurately identify the production of defensive metabolites.

Second, | hypothesised that the mode of action of momilactone B, a potent allelochemical in
rice, could be elucidated using forward genetics approaches, akin to deciphering herbicide
resistance in weeds. | aimed to use a forward genetic screen in Arabidopsis to identify
resistant mutants, perform linkage mapping to identify resistant loci, and eventually identify
genes conferring resistance to momilactone B in Arabidopsis. This would eventually lead to
understanding of the mode of action of momilactone B, which would aid efforts to generate
much needed herbicides with novel modes of action.
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2. Materials & Methods

2.1 Mutant screens in Arabidopsis

2.1.1 Dose Response of Momilactone B in Arabidopsis

A. thaliana Col-0 seeds were sterilised with chlorine gas for 1 h and stratified for 6 d in the
dark at 4°C. 20 seeds per plate were sown on Y2 MS media supplemented with various
concentrations of momilactone B (0 pM, 0.1 uM, 1 pM, 4 uM, 10 uM and 20 pM) dissolved in
DMSO, to a final DMSO concentration of 0.1% in all plates. Seedlings were grownina 16 h /
8 h light/dark cycle chamber at 21°C with a light intensity of 50 pM/m?/sec. After 5 d of
growth, the seedlings were imaged using a fixed camera and a ruler for scale. The primary
root length was traced using Imaged and primary root length was calculated using the scale
as a reference. Primary root length was plotted as relative percentage of growth compared
to the control sample. The drc package in RStudio was used to fit a dose—response model
and to calculate the half-maximal-effect concentration; data was plotted using the ggplot2
package.

2.1.2 Mutant Screens

Two collections of Arabidopsis mutants were used in the course of this project. The first
collection was an EMS mutagenised F2 generation of seeds obtained from collaborators at
the Max Planck Institute for Plant Breeding Research, Cologne, Germany. The second
collection was an F5 generation of single seed propagated EMS mutagenised plants,
originally generated by the Mercier lab at the INRA, France (Capilla-Perez et al., 2018).
Three different concentrations of momilactone B were used during the course of this project.

2.2 Building terpenoid gene networks

2.2.1 Curation of bait gene list in rice and maize

The bait gene lists in maize and rice were assembled by identifying known terpene
synthases via annotation files available on Phytozome (https://phytozome-next.jgi.doe.gov/)
for each species, as well as via literature review of terpene synthases and CYP450s which
contribute to terpenoid production. Rice has two versions of gene identifiers, defined by the
Rice Annotation Project (https://rapdb.dna.affrc.go.jp/) and the Rice Genome Annotation
Project (http://rice.uga.edu/), respectively. Both versions of identifiers were used for literature
search in order to exhaustively identify terpene synthases. Maize has a variety of gene
identifiers available at the MaizeGDB database (https://www.maizegdb.org/). Most
publications use identifiers from version 3 or 4 of the maize genome annotation project.
Some publications refer to maize genes by their pan-gene identifiers, GRMZM2G132212 for
example.

2.2.2 ldentification of orthologous proteins in rice, maize, barley and
sorghum

Orthofinder (Emms & Kelly, 2019) was used to identify orthologous proteins based on amino
acid sequences of 27 species, consisting of 26 grasses and 1 outgroup species (Ananas
comosus; pineapple). This generated an orthogroup file that listed orthologous genes in
each species, classified into distinct orthogroups.
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Table 2: Latin names of all species of monocots used in the OrthoFinder analysis to identify orthogroups
and orthologous proteins. A. comosus is the only monocot that is not a grass species and was used as

an outgroup. The common names for some popular species are in brackets.

Ananas comosus (Pineapple)

Streptochaeta angustifolia

Phatrus latifolius

Zea mays (Maize)

Sorghum bicolor (Sorghum)

Digitalis exilis

Echinocloa crus-galli

Echinocloa haploclada

Setaria italica (Foxtail
millet)

Panicum hallii

Cleistogenes songorica

Eragrostis curvula

Eragrostis tef (Teff)

Brachypodium distachyon

Hordeum vulgare (Barley)

Secale cereale (Rye)

Triticum aestivum (Wheat)

Aegilops tauschii

Olyra latifolia

Phyllostachys edulis

Zizania palustris

Leersia perrieri

Oryza brachyantha

Oryza officinalis

Oryza punctata Oryza sativa subsp. Japonica (Japonica

cultivar of rice)

Oryza alta

2.2.3 Curation of bait gene list in barley and sorghum

The bait genes in barley were identified by identifying orthogroups which contained known
terpenoid biosynthesis genes in rice and extracting the barley genes in the same
orthogroups. The bait genes in sorghum were identified in an identical manner but by using
known maize biosynthesis genes.

2.2.4 Gene network construction

Dataset identification and mapping
Datasets for network building were identified on NCBI BioProjects via the criteria listed

below. In general, recently published datasets were chosen for the analyses.

i) For comparability across studies, the tissue of origin must be from leaves treated
with fungal pathogens or the respective control condition; plants must be of similar
age 2 - 3 week.

ii) The cultivars used in the experiments must have a well-assembled and annotated
genome. This is the case for cultivar ‘Morex’ for H. vulgare, cv. ‘Nipponbare’ for O.
sativa, cv. ‘B73’ for Z. mays, cv. Btx623 for S. bicolor.

iii) The percentage of uniquely mapped reads in each sample must be > 80%, else
the samples were omitted.

Reads were mapped and gene features counted using the nf-core pipeline RNAseq v3.9
with default parameters (Ewels et al., 2020). In brief, reads were mapped using STAR and
quantified using salmon (Patro et al., 2017). The counts per gene were further analysed
using Rv4.4.1.

Batch effect correction

When performing meta-analyses that incorporate multiple transcriptomic datasets, a batch
effect often arises. The count table was filtered such that genes with low or no reads across
all samples were removed. Then, the count table was formatted into a DESeq object and
PCAs were used to visualise variance among the top 500 genes. This showed that the
variations amongst the samples in the datasets were driven to a significant extent by the
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BioProjects. In order to minimise the impact of the differing BioProjects, batch effect
correction was applied via the limma::RemoveBatchEffect function on a normalised count
table (variance stabilising transformation, vst() function of the DESeq2 package). This
generated batch corrected, normalised counts which were used for network construction.

Network construction

Batch-effect corrected datasets were then transposed and a soft power calculated for each
species using WGCNA::pickSoftthreshold(). This function generates a curve to determine a
power which is used as an exponent in transforming the adjacency values in the adjacency
matrix. This is necessary for then determining the threshold values for defining modules in
the topological overlap matrix. Networks for each species were built using the automatic
network building function WGCNA::blockwisemodules(). Once modules were defined, all the
edges in each species were extracted using WGCNA::ExportNetworkToCytoscape() and
saved.

Neighbourhood identification

For each bait gene, the edges were ranked by weight and the strongest 2% of edges were
extracted, as well as the corresponding nodes. This led to two files, a consolidated edge file
and a node file that contained all nodes in the edge file, which together constituted a
terpenoid gene network for each species.

Text mining for ancillary genes

The genome annotations available for Oryza sativa subsp. Japonica cv. Nipponbare, Zea
mays subsp. Mays cv B73, Sorghum bicolor and Hordeum vulgare subsp. Vulgare cv Morex
contained key terms that were attributed to gene types. For example, a WRKY TF would
contain the term “WRKY” or IPR036576, which was the InterPro domain name for WRKY
domains. By mining the annotation files for specific terms | was interested in, | assigned
categories for each gene in the terpenoid gene networks. | have listed the text | mined for
each category in the table below.

Table 3. Each category had a few key terms | could mine the annotation file for. | mined these terms in the
general description column of the annotation file of each genome or in the InterPro columns.

Category Mined Text

Leucine-rich / NB-ARC / receptor kinase / WAK / RLCK /

LRR /NB-ARC / WAK / LRK Lectin receptor / wall associated kinase

Solanesyl / Isopentenyl / 1-deoxy-D-xylulose / Geranylgeranyl /

TPS Precursor Isoprenoid biosynthesis / Farnesyl / prenyl transferase

Transporter Transporter / pleiotropic drug / IPR002528
CYP450 P450, CYP450, cytochrome P450
TPS Terpene synthase / sesquiterpene synthase /
monoterpene synthase / squalene synthase
PR Protein Pathogenesis-related / pathogenesis related / 0006952 / Allergen V5
Cytochrome B5 Cytochrome B5
SDR Dehydrogenase
Methyltransferase Methyltransferase
Transcription Factor Transcription factor / IPR011598 / WRKY / IPR015495
TF Co-factor IPR008889 / VQ

Orthologous network identification

The orthogroup table is the key output from the OrthoFinder run. It lists genes for each
orthogroup, across 27 species. This list was used to filter the edge files for rice and maize,
such that only orthologous genes which had copies in rice and maize were retained in the
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edge file. The node tables were then filtered to contain nodes which were present in the
edge files.

Network visualisation

Gene networks were visualised using the ggraph and igraph packages in R. Nodes / genes
were coloured by either the module they were assigned into in the WGCNA network or by
their categories (Table 3). Nodes were labelled by gene IDs and gene names where
applicable.

Subnetwork visualisation

Subnetworks for each type of terpene were extracted from the overall terpenoid gene
network by using the induced_subgraph package of igraph. This package extracts all
associated genes / nodes from a graph when provided with a list of genes of interest. Then,
ggraph was used to visualise the extracted nodes and edges.

2.2.5 Downstream analysis

TF binding site analysis
Regions of interest in each species were defined as 2kb upstream of the transcription start

site. Bedtools was used to extract these regions of interest from genome files downloaded
from Phytozome or Rice Annotation Project Database (RAP-DB). The MEME suite of tools,
particularly the 'Find Individual Motif Occurrences' (FIMO) tool, was used to identify TF
binding motifs in the regions of interest (2 kb upstream from start codon) (Bailey et al.,
2015).

llular localisation prediction
The protein sequences of genes of interest were obtained from the fasta files of each
genome assembly. These were submitted to the online server of the DeeplLoc v2.1 tool
(https://services.healthtech.dtu.dk/services/DeeplLoc-2.1/) (ddum et al., 2024). The results
are listed in Supplementary tables 2 and 3.

InterPro annotations of immune receptor proteins
The protein sequences of immune receptor genes were submitted to the web server of the

InterPro website to annotate protein domains (Paysan-Lafosse et al., 2023). Protein domains
for each gene were visualised using BioRender.

Synteny visualisation

The MCscan and jcvi tools were used with the fasta files of each genome and the bed files
containing the positional information of each gene, to identify syntenic regions between two
species ( Tang et al., 2024; Wang et al., 2012). The default settings were used for synteny
identification and for visualising macro and micro synteny.

Figure visualisation

Most figures were generated in R, linux or BioRender and then edited in Affinity Designer
v1.10.5.
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3. Results

3.1 Rationale and study design

Plant metabolic networks are complex; many of them combine promiscuous or specific
enzymes which are spatially or temporally clustered in order to produce specific
stress-induced defensive compounds. In the last decade, plants have been shown to
produce defensive compounds of various types: indole alkaloids, steroidal glycoalkaloids,
coumarins, hydroxamic acids, and terpenoids, to mention a few. As many of these
compounds are induced by and act against agronomically relevant fungal pathogens or
weeds, there is interest in elucidating their full biosynthetic and regulatory pathways. This
would facilitate engineering additional resistance mechanisms into key crop species.

Many biosynthesis pathways of specialised defensive compounds branch out from primary
metabolism. For example, the biosynthesis of hydroxamic acids such as benzoxazinoids
branches out from tryptophan biosynthesis, whereas that of terpenoids often begins with
terpene synthases acting on cytosolic FPP or plastidic GGPP. Monoterpenes, diterpenes
and gibberellins are produced specifically via plastidic monoterpene synthases, CPS and
KS, whereas production of other terpenes in plants occurs in cytosols via terpene synthases.
In addition to terpene synthases, CYP450s and SDRs catalyse the production of various
defensive terpenoids from GGPP. The momilactones, phytocassanes and oryzalexins in rice
as well as the zealexins, kauralexins and dolabralexins that maize produces against biotic
stresses have been well studied and their biosynthetic pathways elucidated to varying
extents.

Previous work has shown that both rice and maize use orthologous CPS, KS and CYP450s
in order to produce defensive diterpenes. From this derives the main hypothesis of my
thesis, namely that the regulatory machinery driving the production of stress-induced
terpenes is also orthologous between species, and that cross-species network conservation
analysis can hence be exploited to identify yet unknown regulatory components of plant
specialised metabolism.

Based on this hypothesis, | aimed to identify 3 components of the conserved regulatory
machinery:

1. TFs driving terpenoid biosynthesis gene expression

2. Transporters which might transport intermediate and final compounds intra- and
extracellularly

3. Immune receptors which mediate defensive signalling, leading to terpenoid
production.

In order to capture such orthologous machineries, | used publicly available transcriptomic
data from fungus-infected and mock-treated leaves to build gene networks, as shown in the
workflow image below (Figure 3). | applied the following strict criteria for choosing the
publicly available datasets used in this project.

i) The experimental design of the RNA-Seq studies includes a time course.

ii) Treatments need to be replicated.
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i) The plants used in the experiments are of a cultivar/genotype with a high-quality
reference genome and genome annotation. Examples are cv. Nipponbare, one of the
best assembled rice genomes, or cv. B73 for maize.

iv) The tissue used in the studies are leaves, as the compounds studied in this project
are produced and accumulate in the leaves upon biotic stresses.

Table 4: A list of the publicly available datasets which were used in this study

Bioproject Species Tissue Treatment
PRINA727296 Oryga sativa cv Leaves Time course of leaf infection with M.
Nipponbare oryzae
PRINA352773 Oryza sativa cv Leaves Time course of leaf infection with M.
Nipponbare oryzae
PRINA739552 Ory.za sativa cv Leaves Time course of leaf infection with M.
Nipponbare oryzae

Time course of leaf infection with C.

PRJNA868217 | Zea mays cv B73 | Leaves "
graminicola

Time course of leaf infection with C.

PRJEB10574 | Zea mays cv B73 | Leaves -
graminicola

In total, | identified 3 studies in rice and 2 in maize which fulfilled the criteria above. The raw
reads from these studies were downloaded and mapped through the nf-core/rnaseq pipeline.
Samples with less than 70% of uniquely mapped reads were removed from the study, as
these reads were mapped to multiple locations in the genome, disproportionately affecting
gene counts. Subsequently, the per-gene read counts were corrected for batch effects using
limma::removeBatchEffect. This step corrected the overall gene counts for differences which
arise when using datasets from multiple studies. Thereby, when plotting the variability in
gene counts in a Principal Coordinate Analysis (PCA), the key variable was the treatment of
samples and not the source of the datasets. These batch effect-corrected counts were then
subjected to variance stabilising transformation (VST) such that variance across samples
was constant. Those counts were used to build gene networks using WGCNA.

3.2 Terpenoid gene networks in rice and maize segregate into
discrete terpenoid types

The gene networks built by WGCNA rely on co-expression analyses performed with either
Pearson’s or Spearman’s correlation of gene expression across the different treatments and
time points. Both methods have been used extensively for gene co-expression analyses
since microarrays and RNA-Seq were introduced, in order to identify genes which could be
involved in biosynthetic pathways. For example, the gene encoding for the enzyme that
catalyses the final step in the momilactone B biosynthesis pathway, OsCYP76M14, was
identified via co-expression analysis in rice (De La Pefia & Sattely, 2020). In that study,
publicly available RNA-Seq data from rice blast-infected leaves were used to correlate
expression of all CYP450s with that of known momilactone B biosynthesis pathway genes.
The subsequent heterologous expression of the top candidate CYP450s in tobacco leaves,
together with the already known biosynthetic enzymes, yielded substantial amounts of
momilactone B. This example illustrates that co-expression analyses are a valuable tool for
studying plant specialised metabolism. However, in contrast to co-expression analyses, gene
network approaches such as WGCNA are able to identify not only novel enzymes but also
TFs regulating plant specialised metabolism ( He et al., 2021). This is due to TFs usually
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acting as the hubs of gene networks, as they have a high correlation score with multiple
genes involved in the same biosynthesis pathway.
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Figure 3: Overall workflow of analysis, beginning with construction of gene networks from publicly
available transcriptome data and WGCNA. This is followed by curating a list of bait genes consisting of
known terpene biosynthesis genes and extracting the neighbourhood of these genes from the gene
network, resulting in a terpenoid gene network. Next, a phylogenetic orthology inference method,
OrthoFinder, is used to identify orthologous proteins in rice and maize. The terpenoid gene networks are
filtered such that only orthologous genes in rice and maize are retained, resulting in an orthologous
terpenoid gene network (OTGN). The OTGNs are then analysed for genes known to encode regulatory,
transport and defence proteins. Created with BioRender.com

WGCNA first correlates gene expression of all genes in all samples of an RNA-Seq dataset,
yielding a matrix termed “adjacency matrix”. Next, a topological overlap matrix (TOM) is
calculated from the adjacency matrix by comparing the adjacencies of every gene against all
other genes. If genes A and B have similar adjacencies to the same group of genes, they
end up with a high topological overlap, and correspondingly a high TOM score. The resulting
TOM matrix is hierarchically clustered such that genes with high TOM scores are clustered
together into modules. There are many variables in the network building process which can
be altered in order to generate biologically relevant modules depending on the specific
question that the study addresses. The output of the WGCNA analysis are modules of genes
which behave similarly across all conditions. For example, a module of genes upregulated in
disease conditions will likely contain plant defence genes encoding proteins such as
NB-LRRs, PR proteins, chitinases or anti-fungal biosynthesis enzymes. The output of the
gene network can be visualised as shown in Figure 4 below, linking genes within a module
via edges that represent the TOM score.

Once a gene network has been built, the neighbourhood of each gene can be extracted by
identifying the genes with the strongest TOM score for that gene. Since in my thesis project |
was interested in identifying the gene network surrounding terpene biosynthesis, the genes
of interest, or bait genes, were those encoding for enzymes known to be involved in terpene
biosynthesis. Rice has a reported list of 62 terpene biosynthesis-related genes, whereas
maize has 53 such genes. While most of these bait genes were terpene synthases, CPS, KS
and CYP450s, there were also some SDRs and CYP450 reductases. Table 5 and 6 below
show each bait gene used in this project, the associated biosynthetic pathway, their gene
IDs, gene name, and references where available. The neighbourhood of each bait gene was
extracted from the gene network, resulting in a terpenoid gene network, as shown in Figure
3.
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Visual Glossary

Gene Network

o0

Two nodes (genes) connected by an

edge (TOM score)
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Counts Sample1 Sample2 Sample3 Sample4 Adjacency Gene 1 Gene 2 Gene 3 Gene 4
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Figure 4. A visual glossary to understand key terms used in this paper. A simplified workflow of WGCNA
to understand how modules of genes are defined in the approach. Key terms used in this work to
interpret and describe networks and orthology are visualised and described also in the text. Created with

BioRender.com

Table 5: These rice genes are known to contribute to terpenoid biosynthesis or act as terpene synthases
according to literature or genome annotations. Where applicable, references are listed.

Gene ID
0S01G0561600

0S02G0568700

0S02G0569400
0S02G0569900
0S02G0570400

0S02G0570500

Gene Name
CYP76M14

KSL12

CYP76M8
CYP76M7
KSL7

CYP7126

Role

Diterpene
Diterpene

Diterpene
Diterpene

Diterpene

Diterpene

Reference

https://www.ncbi.nIm.nih.gov/pmc/articles/PMC7990393/ |
https://academic.oup.com/bbb/article/85/9/1945/6318364?lo
gin=false
https://www.jbc.org/article/S0021-9258(20)61105-X/fulltext
https://www.jbc.org/article/S0021-9258(20)61105-X/fulltext

https://www.tandfonline.com/doi/abs/10.1271/bbb.80044

https://www.sciencedirect.com/science/article/pii/S00145793
11007174
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0S02G0570700

0S02G0571100

0S02G0571300
0S02G0571800

0S02G0572050
0S04G0178300

0S04G0178400

0S04G0179200
0S04G0179700

0S04G0180400

0S04G0611800
0S04G0612000
0S06G0569500

0S07G0217600

0S07G0218200
0S07G0218700

0S07G0218900

0S11G0474800
0S512G0491800

0S02G0278700
0S03G0650200
0S02G0121700
0S02G0458100

0S04G0344100

0S04G0345400

0S04G0340300
0S01G0337100
0S03G0348200

0S03G0361700

0S04G0108600
0s0490339500

0S04G0342100

CYP71Z7

CPS2

KSL5
KSL6

KS7-Like
KSL4

CYP99A3

OsMAS
CPS4

CYP99A2

KS1

KS2

CYP701A8

CYP7122

TPS28
CYP71Z21

CYP71Z30

KSL8
KSL10

CPS1
CYP92C21
TPS3
CAD

TPS20-1

TPS24

TPS19
TPS1
TPS10

TPS13

TPS37
TPS18

STPS2

Diterpene

Diterpene

Diterpene

Diterpene
Diterpene

Diterpene
Diterpene

Diterpene

Diterpene

Diterpene

Diterpene
Diterpene
Diterpene

Diterpene

Diterpene

Diterpene
Diterpene

Diterpene

Diterpene
Gibberellin
Homoterpene
Linalool

Monoterpene

Monoterpene

Monoterpene

Monoterpene
Sesquiterpene

Sesquiterpene
Sesquiterpene

Sesquiterpene

Sesquiterpene

Sesquiterpene

https://www.sciencedirect.com/science/article/pii/S00145793
11007174
https://academic.oup.com/plphys/article/136/4/4228/611254
4

https://www.tandfonline.com/doi/abs/10.1271/bbb.80044

https://www.tandfonline.com/doi/abs/10.1271/bbb.80044

https://academic.oup.com/pcp/article/64/4/405/68745097?logi
n=true
https://pubmed.ncbi.nim.nih.gov/22150231/
https://www.jbc.org/article/S0021-9258(20)54453-0/fulltext
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-313X.2
010.04408.x
https://www.jbc.org/article/S0021-9258(20)54453-0/fulltext
https://onlinelibrary.wiley.com/doi/full/10.1111/ppl.12066?sa
ml_referrer
https://www.jbc.org/article/S0021-9258(20)54453-0/fulltext
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-313X.2
010.04408.x
https://www.tandfonline.com/doi/epdf/10.1271/bbb.800447?n
eedAccess=true
https://www.sciencedirect.com/science/article/pii/S0006291
X15005604
https://academic.oup.com/plphys/article/158/3/1418/610926
4

https://www.sciencedirect.com/science/article/abs/pii/S0168
945213000368

https://www.nature.com/articles/s41477-020-00816-7

https://www.nature.com/articles/s41477-020-00816-7

https://link.springer.com/article/10.1007/s42994-022-00092-
3

https://www.tandfonline.com/doi/abs/10.1271/bbb.80044

https://www.tandfonline.com/doi/abs/10.1271/bbb.80044
https://academic.oup.com/plphys/article/136/4/4228/611254
4

https://onlinelibrary.wiley.com/doi/full/10.1111/pce.13924

https://www.sciencedirect.com/science/article/abs/pii/S0031
942207002452

https://scholar.google.com/scholar_lookup?hl=en&volume=2
52&publication_year=2015&pages=997-1007 &journal=Proto
plasma&author=G.+Lee&author=S.+Lee&author=M.%E2%8
0%90S.+Chung&author=Y.+Jeong&author=B.+Chung&title=
Rice+terpene+synthase20+%280sTPS20%29+plays+an+i
mportant+role+in+producing+terpene+volatiles+in+respons
e+to+abiotict+stresses
https://www.sciencedirect.com/science/article/pii/S01761617
1500277 1#bib0090

https://www.ncbi.nim.nih.gov/pmc/articles/PMC6131416/
https://link.springer.com/article/10.1007/s11427-022-2241-0

https://www.sciencedirect.com/science/article/pii/S00319422
07002452#bib29

https://link.springer.com/article/10.1007/s10327-018-0774-7

https://thericejournal.springeropen.com/articles/10.1186/s12
284-019-0274-1
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0S08G0139700
0S08G0167800
0S08G0168000

0S08G0168400

0S08G0223900

0S09G0319800
0S11G0189600
0S11G0285000

0S11G0286800

0S11G0562100

0S02G0139700

0S02G0140200

0S02G0140400

0S03G0347900
0S03G0361100
0S03G0361500
0S03G0361600
0S03G0362032
0S03G0362500

0S03G0428200

0S04G0341500

0S04G0344400
0S04G0611700
0S10G0489500

TPS29
TPS30
TPS46

TPS31

PTS1/
0SC12

CPS3
OscC7
0OSCs8

0OSc10

OSsC11

0ScC2

0OSC3

0OSC4

TPS4
TPS11
Unknown
TPS12
Unknown1
TPS9

TPS14

TPS20

TPS23
KS3
TPS43

Sesquiterpene
Sesquiterpene

Sesquiterpene
Sesquiterpene

Squalene

Squalene
Squalene

Squalene

Squalene
Squalene
Triterpenoid
Triterpenoid

Triterpenoid

Unknown
Unknown
Unknown
Unknown
Unknown

Unknown

Unknown

Unknown

Unknown
Unknown

Unknown

https://onlinelibrary.wiley.com/doi/full/10.1111/j.1461-0248.20
12.01835.x

https://onlinelibrary.wiley.com/doi/epdf/10.1111/j.1365-313X.
2008.03524 .x?src=getftr
https://onlinelibrary.wiley.com/doi/10.1111/j.1365-313X.2008.
03524.x

https://www.nature.com/articles/s41467-018-03048-8

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6868895/
https://pubs.acs.org/doi/10.1021/01200777d

https://pubs.acs.org/doi/10.1021/01200777d

https://nph.onlinelibrary.wiley.com/doi/full/10.1111/j.1469-813
7.2011.03712.x

https://nph.onlinelibrary.wiley.com/doi/full/10.1111/j.1469-813
7.2011.03712.x

https://nph.onlinelibrary.wiley.com/doi/full/10.1111/j.1469-813
7.2011.03997 .x

https://nph.onlinelibrary.wiley.com/doi/full/10.1111/j.1469-813
7.2011.03997.x

https://nph.onlinelibrary.wiley.com/doi/full/10.1111/j.1469-813
7.2011.03997 .x

https://scholar.google.com/scholar_lookup?hl=en&volume=2
52&publication_year=2015&pages=997-1007 &journal=Proto
plasma&author=G.+Lee&author=S.+Lee&author=M.%E2%8
0%90S.+Chung&author=Y.+Jeong&author=B.+Chung&title=
Rice+terpene+synthase20+%280sTPS20%29+plays+an+i
mportant+role+in+producing+terpene+volatiles+in+respons
e+to+abiotict+stresses

https://cir.nii.ac.jp/crid/1390001206479873152

Table 6: These maize genes are known to contribute to terpenoid biosynthesis or act as terpene
synthases according to literature or genome annotations. Where applicable, references are listed.

Gene ID

ZM00001EB02120

0

ZMO00001EB04716

0

ZMO0001EB13320

0

Gene Name

ZmTPS38/
CPPS2 / AN2

ZmTPS45/
KSL4 / KS1

ZmTPS43 /
KSL2 / KS4

Role

Diterpene

Diterpene

Diterpene

Reference

https://link.springer.com/article/10.1007/s11103-005-16
74-8

https://academic.oup.com/plphys/article/176/4/2677/61
16981?login=false

https://link.springer.com/article/10.1007/s10658-018-1
557-x
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ZMO0001EB16712
0

ZMO00001EB17619
0

ZMO00001EB22268
0

ZMO00001EB30057
0

ZMO0001EB38507
0

ZMO00001EB41542
0

ZMO00001EB41543
0

ZMO0001EB43242
0

ZMO00001EB04802
0

ZMO00001EBO7107
0

ZMO0O001EBO7108
0

ZMO00001EB07109
0

ZMO0001EB38510
0

ZMO00001EB01673
0

ZMO00001EB20838
0
ZMO00001EB20840
0

ZMO0001EB23041
0

ZMO00001EB23044
0

ZmTPS40/CP
S4

ZmTPS42/
KSL1/KS6

ZmCYP71Z16
1 Zx7 | CYP22

ZmKR2

ZmKO2

ZmTPS39/CP
PS3

ZmTPS47 /
KSL6 / KS5

ZmCPR2

ZmTPS37 /
CPS1/AN1

ZmTPS44 /
KS3

ZmTPS46 /
KSL5 / KS2

ZmTPS1/KSL
7

ZmKO1

ZmTPS27

ZmTPS24

ZmTPS25

ZmTPS2

ZmTPS3

Diterpene

Diterpene

Diterpene

Diterpene

Diterpene

Diterpene

Diterpene

Diterpene

Gibberellin

Gibberellin

Gibberellin

Gibberellin

Gibberellin

Monoterpe
ne

Monoterpe
ne
Monoterpe
ne

Monoterpe
ne

Monoterpe
ne

https://www.frontiersin.org/journals/plant-science/articl
es/10.3389/fpls.2018.01542/full

https://www.nature.com/articles/s41477-019-0509-6

https://www.nature.com/articles/s41477-019-0509-6#S
ec2

https://www.nature.com/articles/s41477-019-0509-6#S
ec2

https://www.nature.com/articles/s41477-019-0509-6#S
ec2

https://www.ncbi.nim.nih.gov/pmc/articles/PMC620643
0/

https://www.nature.com/articles/s41477-019-0509-6

https://www.nature.com/articles/s41477-019-0509-6

https://www.frontiersin.org/journals/plant-science/articl
es/10.3389/fpls.2018.01542/full

https://www.ncbi.nIm.nih.gov/pmc/articles/PMC473458

6/

https://www.ncbi.nIm.nih.gov/pmc/articles/PMC473458
6/

https://www.ncbi.nIm.nih.gov/pmc/articles/PMC473458
6/

https://www.nature.com/articles/s41477-019-0509-6#S
ec2

https://www.mdpi.com/2223-7747/12/5/1111

https://link.springer.com/article/10.1007/s00425-018-2
999-2

https://link.springer.com/article/10.1007/s00425-018-2
999-2
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ZMO00001EB26702
0

ZMO0001EB27840
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ZM00001EB08936
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ZMO0001EB41672

0
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ZmTPS15

ZmTPS26

ZmTPS17/
ZmEDS

ZmTPS8

ZmTPS7

ZmTPS19/ST
C1

ZmTPS21

ZmTPS23

ZmTPS22

ZmTPS9

ZmTPS4

ZmTPS5

ZmTPS31

ZmTPS10

ZmTPS16

ZmTPS20

ZmTPS29

Monoterpe
ne

Monoterpe
ne

Sesquiterp
ene

Sesquiterp
ene

Sesquiterp
ene

Monoterpe
ne

Sesquiterp
ene

Sesquiterp
ene

Sesquiterp
ene

Sesquiterp
ene

Sesquiterp
ene

Sesquiterp

ene

Sesquiterp
ene

Sesquiterp
ene

Sesquiterp
ene

Sesquiterp

ene

Sesquiterp
ene

https://link.springer.com/article/10.1007/s11103-020-01
037-4

https://link.springer.com/article/10.1007/s00425-018-2
999-2

https://www.ncbi.nIm.nih.gov/pmc/articles/PMC602068
3/

https://link.springer.com/article/10.1007/s00425-018-2
999-2

https://link.springer.com/article/10.1007/s00425-018-2
999-2

https://academic.oup.com/plphys/article/146/3/940/610
73177?login=false

https://link.springer.com/article/10.1007/s00425-018-2
999-2

https://link.springer.com/article/10.1007/s00425-018-2
999-2

https://link.springer.com/article/10.1007/s11103-020-01
037-4

https://www.nature.com/articles/s41477-020-00787-9

https://link.springer.com/article/10.1007/s00425-018-2
999-2

https://link.springer.com/article/10.1007/s00425-018-2
999-2

https://www.frontiersin.org/journals/plant-science/articl
es/10.3389/fpls.2023.1162826/full

https://link.springer.com/article/10.1007/s00425-018-2
999-2

https://www.frontiersin.org/journals/plant-science/articl
es/10.3389/fpls.2023.1162826/full

https://link.springer.com/article/10.1007/s11103-020-01
037-4#Sec2

https://link.springer.com/article/10.1186/s12864-023-09
137-3
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3.2.1a Rice terpenoid gene network
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Zealexins
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Zealexins

Zealexins

Zealexins

Zealexins

Zealexins

https://www.frontiersin.org/journals/plant-science/articl
es/10.3389/fpls.2023.1162826/full

https://www.sciencedirect.com/science/article/pii/S209
5311918619215

https://link.springer.com/article/10.1186/s12864-023-09
137-3

https://www.nature.com/articles/s41477-020-00787-9

https://www.nature.com/articles/s41477-020-00787-9#
Sec?2

https://www.nature.com/articles/s41477-020-00787-9#
Sec?2

https://www.mdpi.com/2223-7747/12/5/1111

https://www.nature.com/articles/s41477-019-0509-6#S
ec2

https://www.nature.com/articles/s41477-020-00787-9#
Fig6

https://www.nature.com/articles/s41477-020-00787-9#
Sec2

https://link.springer.com/article/10.1007/s00425-018-2
999-2

https://www.nature.com/articles/s41477-020-00787-9#
Fig6

As shown in the workflow image above (Figure 3), | extracted the network around these bait
genes (top 2 % of strongest edges) from the overall gene network in each species for further
analysis. The rice terpenoid gene network segregated by terpenoid subtype as well as by
biological function of the compounds (Figure 5). | observed that there were 4 major
subnetworks: squalene, gibberellin, diterpene and sesquiterpene. Each subnetwork was
centred around terpene synthases which are known to be tri-, di-, sesquiter- or monoterpene
synthases. Squalenes are a class of plant triteprenes which are produced by triterpene
synthases known as oxidosqualene cyclases (OSCs). Sesquiterpenes are known to
accumulate in rice leaf tissues infected with bacterial or fungal pathogens (Cheng et al.,
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2007; Taniguchi, Miyoshi, et al., 2014). Similarly, diterpenes in rice are known to accumulate
at fungal sites of infection or be exuded into soil as allelochemicals (Imai et al., 2012;
Kato-Noguchi & Ino, 2003). In some cases, | noticed that some subnetworks such as
diterpene and sesquiterpene had overlapping neighbourhoods, i.e., the diterpene and
sesquiterpene synthases were equally related to a common set of genes.

The squalene subnetwork was noticeably independent of other subnetworks, with the
exception of OsOSC710 and OsOSC2, which appeared to share neighbourhoods with
gibberellin and sesquiterpene biosynthesis subnetworks (Figure 5). The squalene
subnetwork was centred around OsCPS3 (0S09G0319800), OsOSC11 (0S11G0562100),
OsOSC8 (0S11G0285000), OsOSC7 (0S11G0189600), OsTPS19 (0S04G0340300),
OsTPS20 (0S04G0341500) and OsTPS4 (OS03G0347900). Initially thought to be a
pseudogene, OsCPS3 has been implicated in the production of squalene (X.-Q. Wang et al.,
2019), whereas OsOSC11, OsOSC7 and OsOSC8 have been implicated in the production of
triterpenoids in in vitro systems and are only expressed in shoots (Inagaki et al., 2011; Ito et
al., 2011; Xue et al., 2012). In vitro expression of OsOSC171 in E. coli led to the accumulation
of isoarborinol, a triterpene thought to be unique to higher plants (Lu et al., 2024) and a
similar approach in yeast identified that OsOSC7 catalysed the production of parkeol (Xue et
al., 2012). Both OsTPS19 and OsTPS20 produce monoterpenes and sesquiterpenes, in
particular (S)-limonene, with OsTPS19 producing it in response to M. grisea infection, and
OsTPS20 producing it, along with a bouquet of volatile monoterpenes, in response to abiotic
stresses (Chen et al.,, 2018; Lee et al.,, 2015). OsCPS3, OsTPS19 and OsTPS20 are
predicted to localise to the chloroplast whereas OsOSC177 and OsOSC7 are predicted to
localise to the peroxisome. Hence, the shared gene neighbourhoods between copalyl,
monoterpene and triterpene synthases might contain common regulatory genes or
subcellular trafficking genes. OsOSC3 and OsOSC4 have been shown to be pseudogenes
(Inagaki et al., 2011), however this was performed in germinated seedlings. Therefore,
considering that both genes are present in the rice gene network and that OsOSC3 is
present in the sesquiterpene subnetwork, it is highly likely that both genes lead to the
production of novel defensive triterpenes upon biotic stress. Considering the clustering of
squalene biosynthesis together with volatile monoterpene production, it is possible that
OsOSC7, OsOSC11 and OsOSCS8 are also involved in the production of volatile triterpenes.
So far, only oat (Avena sativa) has been shown to produce defensive triterpenes in the form
of avenacins (Burkhardt et al., 1964). So, the rice triterpene subnetwork may be of interest to
future research focused on characterising novel defensive rice triterpenes.

The next subnetwork in the rice terpenoid gene network was the gibberellin subnetwork
(Figure 5), which was largely constrained to the subnetworks around known gibberellin
biosynthesis genes OsCPS1 and OsKS1. Both gibberellin subnetworks are associated to a
single uncharacterised sesquiterpene synthase (OS03G0367500) and do not share any
other genes in their neighbourhoods. This is possibly due to OsCPS1 being differentially
regulated during defence responses, as plants produce less gibberellins during infection
(Yimer et al., 2018). OsKS1, OsKS3 and OsKS5, belonging to modules 0 and 3, clustered
together with the triterpene synthases OsOSC2 / OsOSC3 / OsCAD and the sesquiterpene
synthases OsTPS29 and OsCAD. Considering the high degree of overlap in gene
neighbourhood between the diterpene synthases OsKS1, OsKS3, OsKS5, the sesquiterpene
synthase OsCAD and triterpene synthases OsOSC2 and OsOSC3, it is likely that the genes
in the shared neighbourhood between these 6 genes are involved in regulation, transport or
biosynthesis of terpenes.

The genes involved in the diterpene subnetwork mostly belonged to module 6 and are
annotated as CPS, KS and CYP450s known to be involved in diterpene biosynthesis.
However, a single sesquiterpene synthase, OsTPS46, was centrally located within this
subnetwork. OsTPS46 catalyses the production of defensive sesquiterpenes in response to
aphid infestation (Sun et al., 2017), therefore the shared neighbourhoods between OsTPS46
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and the diterpene subnetwork could be due to a common set of genes encoding for
biosynthesis enzymes or regulatory proteins. The genes in the diterpene subnetwork are
otherwise known to be involved in biosynthesis of momilactones, phytocassanes,
oryxalexins, oryzalides, and casbenes (Brown, 2016; De La Pefia & Sattely, 2020; Kitaoka et
al., 2015; J. Liang et al., 2021; Otomo et al., 2004; Shimura et al., 2007; Toyomasu et al.,
2014; Wang et al., 2012-3; Wu et al., 2011; Xu et al., 2012; Zhan et al., 2021).

The sesquiterpene subnetwork (Figure 5) was further divided into two subnetworks, the first
centred around OsCYP92C21, OsTPS3 and OsTPS30. OsCYP92C21 converts (E)-nerolidol
and (E,E)-geranyllinalool into homoterpenes; however, the sesquiterpene synthases that
produce (E)-nerolidol and (E,E)-geranyllinalool are unknown (Li et al., 2021). Since the
sesquiterpene synthases OsTPS3 and OsTPS30 grouped together tightly with
OsCYP92C21, it is likely that these 2 genes could produce the substrates needed for the
production of volatile homoterpenes in rice. The second sesquiterpene subnetwork was
centred around OsTPS10, OsTPS29 and OsOSC170. Recombinant expression of OsTPS29
alongside the substrate FPP resulted in the production of 5 sesquiterpenes with the major
product, (E)-B-caryophyllene (Yuan et al., 2008). There is little information on the catalytic
activity of OsOSC1710, but based on phylogenetic trees, it is predicted to produce the
triterpene friedelin (Yanlin Li et al., 2023; Liang et al., 2021). OsTPS10 and OsTPS29 were
shown to produce sesquiterpenes upon fall armyworm infection and friedelins are known to
function as antifeedants (Singh et al., 2023). One can therefore speculate that this second
sesquiterpene subnetwork centred around OsTPS70, OsTPS29 and OsOSC10 contained
genes which lead to the production and accumulation of anti-insect or more generally
anti-herbivore compounds in plant tissues. Lastly, there are some sesquiterpene synthases
which are unassociated with a specific sesquiterpene subnetwork. For example, OsTPS13
encodes a sesquiterpene synthase which leads to the production of sesquiterpene alcohols
from FPP ( Cheng et al., 2007). Perhaps, these are sesquiterpenes which accumulate in
tissues since the neighbourhood of OsTPS13 does not overlap with either of the
aforementioned sesquiterpene subnetworks.

Finally, genes such as OsCYP71Z6, OsTPS13, OsTPS4, 0OsOSC12, OsKSL12,
0S02G0572050 and OS03G0361500 were loosely affiliated with diterpene subnetworks or
appeared as independent subnetworks. This suggested that they play a minimal role in
defensive terpenoid biosynthesis in response to fungal infections. In summary, the rice
terpenoid gene network is segregated by terpenoid subtypes as well as volatile terpenes and
terpenes reported to accumulate in tissues.
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Figure 5: Top 2% of edges of each known diterpenoid biosynthesis enzyme and terpene synthase was
extracted from the overall rice network and visualised. Colours of each node correspond to the modules
they belong to in the gene network.

3.2.1b Maize terpenoid gene network

Similar to the rice terpenoid gene network, the maize terpenoid gene network (Figure 6) also
formed distinctive subnetworks which can be associated with terpenoid subtypes. The first
subnetwork contained genes known to encode for diterpene and zealexin synthases. The

43



Results

second subnetwork consisted of three further subnetworks which contained genes encoding
for sesquiterpene, monoterpene and gibberellin synthases (Block et al., 2019;Ding et al.,
2019). Some orphan subnetworks centred around ZmTPS13, ZmTPS14, ZmTPS20,
ZmTPS23, ZmTPS28, and ZmTPS31. While these genes have been annotated as
sesquiterpene synthases, they belonged to a variety of modules and did not interact with any
other subnetworks. This suggested that these genes likely play a minimal role in producing
defensive terpenoids in maize.

The sesquiterpene subnetwork was centred around the sesquiterpene synthases ZmTPS5,
7, 17 and 20 (Figure 6). ZmTPS7 has been shown to produce the sesquiterpene 1-cadinol,
and is inducibly expressed in leaves upon fungal spore inoculation and methyl jasmonate
treatment (Ren et al., 2016). Although 1-cadinol was shown to significantly inhibit mycelial
growth in Cochliobolus heterostrophus and F. graminearum, it is speculated that T-cadinol is
only the intermediate, and that other sesquiterpenes that ZmTPS7 produces might be the
primary ZmTPS7-derived anti-fungal compounds (Ren et al., 2016). ZmTPS4 and 5 are
closely related and produce the same types of sesquiterpenes: (Kollner et al., 2004a),
7-epi-sesquithujene, sesquithujene, (Z)-a-bergamotene, (E)-a-bergamotene, sesquisabinene
B, sesquisabinene A, (E)-B-farnesene, (S)-B-bisabolene, B-curcumene, and y-curcumene
(Kollner et al., 2004a). ZmTPS20 produces germacrene-A from farnesyl diphosphate (FPP)
and ZmTPS17 produces dihydroxylated eudesmane-2,11-diol from FPP (Liang et al., 2018;
Luck et al., 2020).

The gibberellin and monoterpene subnetworks (Figure 6) were tightly associated to each
other and centred around the plastidic diterpene synthases ZmAN1, ZmKS2, ZmKSS5,
ZmTPS1, ZmKO1, and ZmKS3, the plastidic monoterpene synthases ZmTPS24, ZmTPS2,
ZmTPS3, ZmTPS26, and ZmTPS15, as well as the sesquiterpene synthases ZmTPSS8,
ZmTPS18, and ZmTPS9. The clustering of the diterpene synthases with the monoterpene
synthases in the terpenoid gene network is likely due to both types of synthases being
plastidic. Therefore, the genes in the shared neighbourhood between both types of
synthases would correspond to chloroplast-localised proteins which facilitate plastidic
terpene biosynthesis. The sesquiterpene synthase ZmTPS18 is predicted to localise to the
chloroplast, whereas ZmTPS8 and ZmTPS9 are predicted to be cytoplasmic. While this
suggests that ZmTPS18 might produce some unique plastidic sesquiterpenes, there is
insufficient information about ZmTPS18, ZmTPS8 and ZmTPS9 to speculate on potential
activities.

Lastly, the diterpene / zealexin subnetwork contained terpene synthases and CYP450s
known to produce zealexins, a unique class of maize sesquiterpenoids, and defensive
diterpenoids such as kauralexins and dolabralexins (Figure 6). The top of the diterpene /
zealexin subnetwork contained the plastidic monoterpene synthase ZmSTC1, cytoplasmic
sesquiterpene synthases, ZmTPS22, ZmTPS27 and the triterpene synthases ZmSQSH1
and ZmSQS1 (Liu et al., 2021; Luck et al., 2020; Wan et al., 2023; Wang et al., 2023).
Compared to the other genes in the diterpene subnetwork, which have been assigned to
biosynthetic pathways, these five genes are less characterised and understood. Their
clustering with the diterpene / zealexin genes suggested that the enzymes encoded by these
five genes might be producing potent anti-fungal compounds also.

44



Results

Maize Terpenoid Gene Network
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Figure 6: Top 2% of edges of each known diterpenoid biosynthesis enzyme and terpene synthase was

extracted from the overall maize network and visualised. Colours of each node correspond to the
modules they belong to in the gene network.
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In summary, the overall terpenoid gene networks in both rice and maize segregated into
subnetworks that correspond to terpenoid subtypes. In general, the volatile terpenes
segregated independently from the defensive diterpenoids and zealexins in both species.
Furthermore, the monoterpene and diterpene subnetworks often clustered together or
overlapped to a certain extent, potentially due to a common relationship with genes
associated with the chloroplast machinery.

3.2.2 Ancillary genes contribute to the biosynthesis of terpenes in rice
and maize

Within the context of this project, | have defined ancillary genes as those involved in the
following cellular processes; i) transcriptional regulation ii) immune perception and signalling
iii) intra- and extracellular transport of metabolites. Together, ancillary genes and terpenoid
biosynthesis genes are crucial for production of defensive terpenes in rice and maize. In
order to identify ancillary genes, | mined the annotation files for the rice and maize genome,
searching for terms such as TFs, WRKY, bHLH and assigning them as TFs. Within the scope
of this project, | identified 11 categories of ancillary genes (CYP450s, LRR / NB-ARC / WAK /
LRK, transporters, PR proteins, TFs, TPSes, SDRs, cytochrome B5s, methyltransferases,
TF co-factors, TPS precursors) which have been associated with the 3 cellular processes |
was interested in. The terpenoid gene networks in rice and maize clearly contained an
abundant amount of information that could be useful to future work. Therefore, in order to
derive meaningful results from the gene networks, | extracted the genes most closely
associated with squalene, diterpene and sesquiterpene synthases in rice and visualised
them in three separate networks (Figure 7). Similarly, | extracted the genes most closely
associated with diterpene / zealexin, sesquiterpene, monoterpene, gibberellin synthases
from the maize terpene gene network.

Squalene subnetwork in rice
Defensive triterpenes such as the anti-fungal compound avenacin, which is produced in the

roots of Oat (Avena sativa), are as relevant as defensive diterpenes in the study of plant
chemical defence. Thus far in rice, the products of a number of triterpene biosynthesis genes
have been characterised (Inagaki et al., 2011; Xue et al., 2012) and these genes have been
labelled as OSCs. So, | refer to triterpenes in rice as squalenes. The complete biosynthetic
pathway for a finished triterpene product has not been identified, nor have any ancillary
genes. In this section, | have briefly proposed some biosynthesis / ancillary genes that may
contribute to triterpene biosynthesis in rice. The squalene subnetwork in rice (Figure 7)
contained more methyltransferases than the diterpenoid subnetworks, presumably due to
methyltransferases such as S-adenosyl methionine-dependent methyltransferases having
been reported to be involved in monoterpene and triterpene metabolism (Lashley et al.,
2022; Niehaus et al.,, 2012). 0OS06G0315300 is a SAM dependent carboxyl
methyltransferase, a category of enzymes known to mediate terpene biosynthesis. lts
association with OsOSC4 suggested that it might play a role in squalene biosynthesis. The
subnetwork further included several TFs such as OsMYB1 / Os2R_MYB22, which have
been characterised as a phosphate starvation responsive regulator of GA biosynthesis (Gu
et al.,, 2017). Those were not the only genes associated with phosphate starvation in the
squalene subnetwork: OsPT22 as well as OsABCB26 are induced by phosphate starvation
and are both plastidic transporters (Surhone et al., 2010). This might indicate that both of
these transporters are involved in shuttling intermediates in the squalene biosynthesis
pathway between organelles. OsSWEET2a encodes a sugar transporter which is closely
related to OsSWEET3a, a known gibberellic acid transporter in rice (Morii et al., 2020). While
this analysis highlighted several candidate genes which might play a role in squalene
production, it is not exhaustive; future work is required to elucidate the role of these genes in
squalene biosynthesis in rice.

Sesquiterpene production in rice
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To date, sesquiterpenes in rice have been shown to be anti-insect volatiles or anti-bacterials
which accumulate in tissues (Cheng et al., 2007; Kiryu et al., 2018; Xiao et al., 2012; Yuan et
al., 2008; Zhan et al., 2023). In this section, | have described biosynthesis / ancillary genes
which could contribute to sesquiterpene production in rice. As described in section 3.2.1a, |
observed an overlap between the sesquiterpenoid and diterpenoid subnetworks (Figure 5).
When visualising the rice sesquiterpene subnetwork (Figure 7), it became clear that it further
separated into two subnetworks, the first centred around OsTPS46 and OsTPS31, and the
second around OsTPS3, OsTPS30, OsTPS29 and OsTPS10.

The first sesquiterpene subnetwork shared genes with the diterpene subnetwork (Figure 7).
OsCYP76M5/6/8 and momilactone A synthase (OsMAS) are part of the phytocassane and
momilactone biosynthesis pathway. OsCYP716A16, OS03G0570100, OS06G0671300 and
OsSL (OsCYP71P1) are novel CYP450s which have not been reported to be involved in
diterpene biosynthesis. It is possible that these four CYP450s are involved in sesquiterpene
biosynthesis downstream of OsTPS371 and OsTPS46. Furthermore, OsDPF has been shown
to directly upregulate the gene expression of OsCPS2 and OsCYP99A2 (Yamamura et al.,
2015). Considering that OsWRKY72, OsBHLH030 and OsWRKY9 were also strongly
associated with the diterpene subnetwork, it is highly likely that OsTPS46 and OsTPS31
share regulatory mechanisms with the diterpene subnetwork. OsTPS371 and OsTPS46 have
been shown to produce sesquiterpenes in response to fall armyworm as well as aphids (Sun
et al.,, 2017; Yuan et al.,, 2008). Overall, these findings suggest that diterpene and
sesquiterpene biosynthesis in rice share a common set of TFs and enzymes, which might
facilitate mounting a successful defence response against biotic stress.

The second sesquiterpene subnetwork contained 5 yet uncharacterised CYP450s potentially
involved in sesquiterpene biosynthesis: C4H2, 0s09G0558900, 0Os10G0164500,
0s01G0227400 and 0s08G0243500. This subnetwork also contained genes encoding
enzymes involved in the cytosolic MVA pathway that generates substrates for
sesquiterpenes. This includes the genes farnesyl diphosphate synthase 1 (FPPS1), farnesyl
diphosphate synthase 4 (FPPS4), isopentenyl diphosphate isomerase (IPl), solanesyl
diphosphate synthase 2 (SPS2), and HMBPP synthase (HDS). Other biosynthesis enzymes
found in the sesquiterpene subnetwork included the methyltransferases OsCOMTL2,
OsJMT1, OsSHMT2 and OsASMT19 /| OsCOMT31, which are all known to be variably
induced by drought or salt stress and involved in lignin biosynthesis (Liang et al., 2022).
Additionally, the subnetwork contained a number of short chain dehydrogenases (SDRs)
such as OsMDHS5.1, OsMDHS8.1, OsMAS, OsPDHE1A, OsCAD3, hinting at their role in
mediating sesquiterpenoid biosynthesis.

The second sesquiterpene subnetwork (Figure 7) further contained TFs such as
OsWRKY104, which is upregulated upon rice blast infection, as well as OsZDH1 which
regulates floral transition (Cheng et al., 2015; Yoon et al., 2023). Noticeably, there were also
a variety of transporters in the sesquiterpenoid subnetwork, including multi antimicrobial
extrusion proteins (MATES), pleiotropic drug resistance (PDRs), phosphate-, potassium- and
boron-transporters, amino acid permeases, ABC transporters, and sugar transporters. PDRs
have been shown to transport the sesquiterpene B-caroyphyllene in Artemisinia annua L (X.
Fu et al., 2017) and sugar transporters such as OsSWEET3a have been shown to transport
diterpenes (Morii et al., 2020). Therefore, these transporters might be involved in intracellular
shuttling or extracellular secretion of sesquiterpenes and are therefore interesting candidates
for future follow up experiments. Both the biotic stress-responsive OsRLCK303 and the
drought stress-responsive 0S07G0729800, a lectin receptor kinase, suggested that
sesquiterpene biosynthesis can be induced by a variety of environmental stresses (Sun et
al., 2019).

Next, | more closely inspected the rice diterpene subnetwork (Figure 7), which had the
highest density and contained the most interconnected genes. Since the orthologous
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terpenoid gene network that is part of the diterpene subnetwork will be characterised in
depth in subsequent sections, | will limit the discussion here to just the biosynthesis genes,
CYP450s and SDRs. The immune receptors, PR proteins and TFs shown in the diterpene
subnetwork below will be elaborated upon in the subsequent sections as they address the
main objectives of my work. Among those were CYP450s known to catalyse the production
of momilactones, phytocassanes and casbenes. However, | also identified several novel
CYP450s such as OsCYP716A16, OsCYP76M13, OsCYP71Z8, Os1090513900 (CYP89B9)
and OS03G0594100 (CYP71W3), which are associated with OsCYP71Z21. Their close
association with casbene biosynthesis suggests that these enzymes might catalyse the
production of unknown diterpenes. Of particular interest was the subnetwork surrounding
OsCYP71Z6. It has been shown that although both OsCYP71Z6 and OsCYP71Z7 are
located in the phytocassane cluster on chromosome 2, only OsCYP71Z7 is involved in
phytocassane production (Wu et al.,, 2011). OsCYP71Z6, on the other hand, produces
compounds which might lead to the production of oryzalides or oryzadione (Kitaoka et al.,
2015; Wu et al., 2011). 0S02G0185300, OsCYP709C5 and OsSDR7-6, which were all
associated with OsCYP71Z6, might therefore contribute to oryzalide and oryzadione
biosynthesis.

In summary, in this section, | identify candidate genes which encode for biosynthesis or
ancillary genes, capable of facilitating terpene biosynthesis for each terpene subtype. While
the monoterpene and squalene subnetworks were significantly less complex when
compared to the sesquiterpene and rice subnetworks, both subnetworks might still contain
genes of interest for future research.
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Figure 7: Top 2% of edges of each known diterpenoid biosynthesis enzyme and terpene synthase were
extracted from the overall rice network; only ancillary genes were visualised. Colours of each node
correspond to the categories they belong to in the gene network.
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Figure 8: Top 2% of edges of each known diterpenoid biosynthesis enzyme and terpene synthase were
extracted from the overall maize network; only ancillary genes were visualised. Colours of each node
correspond to the categories they belong to in the gene network. The gene names of some nodes have
been removed to increase readability.

50



Results

Analogous to the approach applied to the rice network, | also filtered the maize terpenoid
gene network to retain ancillary genes involved in the following cellular processes; i)
transcriptional regulation ii) immune perception and signalling iii) intra- and extracellular
transport of metabolites. The resulting monoterpene, gibberellin, sesquiterpene, and
diterpene / zealexin subnetworks were thus extracted from the overall maize terpenoid gene
network, filtered, and visualised (Figure 7).

Monoterpene Subnetwork in maize

ZmCYP709D1 (IDP8387) and ZmCYP71C32 are the only CYP450s associated with the
monoterpene synthases, suggesting that other types of enzymes might play a larger role in
producing monoterpenes. ZmlIPPI3, an isopentenyl pyrophosphate isomerase (IPPI)
necessary for biosynthesis of GGPP precursors was also associated with ZmTPS2 as well
as ZmKO1, suggesting that of the 3 IPPI genes in maize, ZmIPPI3 is the only one involved
in monoterpene synthesis.

Methyltransferases, such as the S-adenosyl-L-methionine-dependent methyltransferases,
are known to be involved in terpenoid production. There are many methyltransferases in the
monoterpene subnetwork (Figure 7), including Vitamin E synthesis 4 (ZmVTE4), serine
hydroxymethyltransferase 1 (SHMTT) and ZMOO001EB275150 an,
S-adenosyl-L-methionine-dependent methyltransferase. As these enzymes are known to
produce precursors to volatile sesquiterpenes or catalyse terpene production, future work in
elucidating maize sesquiterpenes could include these as candidates (Kollner et al., 2010;
Lanier et al., 2023; Lenk et al., 2012).

Of the 6 transporters in the monoterpene subnetwork, two are ABC transporters of class C
and G, both known to transport defensive metabolites across the cell membrane. Lastly, the
presence of a MYB TF (ZM0O0O0O01EB125300) as well as the bHLH (ZM00001EB202130)
suggest that these genes could be regulated in plant defence by these stress responsive
TFs.

Gibberellin subnetwork in maize

The gibberellin and monoterpene subnetworks showed a high degree of overlap, probably
due to both pathways originating in the plastids (Figure 7). The CYP450s
ZMO0001EB103310 and ZmCYP13 were related only to the gibberellin synthases ZmKS5
and ZmKS2, respectively. QTL analysis associated ZmCYP13 with zeaxanthin and
carotenoid production (Venado et al., 2017) since both begin with plastidic GGPP, it is
possible that ZmCYP13 and ZmKS2 are responsible for producing maize carotenoids. The
gibberellin subnetwork in maize also contained methyltransferases, transporters and TFs.
The majority of these genes were shared with the monoterpene and sesquiterpene
subnetworks, suggesting a high degree of functional overlap between these three
subnetworks. If other ancillary genes involved in plastidic processes were also studied, one
might be able to identify interesting genes associated solely with gibberellin biosynthesis
during biotic stress.

Sesquiterpenoid subnetwork in maize

The sesquiterpene subnetwork (Figure 7) in maize was centred around ZmTPS7, 8, 9, and 5
and contained a single novel CYP450 (ZM00001EB020060), annotated as a sesquiterpene
producing enzyme (MaizeMine: Gene Zm00001eb020060 Z. mays, n.d.) as well as two
S-adenosyl-L-methionine-dependent methyltransferases which might contribute to
sesquiterpene biosynthesis. Volatiles can be sequestered in peroxisomes before emission
into the environment (Shitan et al.,, 2023); therefore the ABC type D transporter
ZMO0O001EB338660 / IDP88, which showed association with ZmTPS7, is a promising
candidate for acting as the facilitating transporter (Shitan et al., 2023).
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Based on available literature on TFs that regulate plant specialised metabolism, the MYB,
bHLH, WRKY and VQ classes of TFs are the most likely to regulate sesquiterpenoid
biosynthesis (Li et al., 2024; Schluttenhofer & Yuan, 2015). In particular ZmbZIP84, which
has been shown to act as a hub of gene regulatory networks inferred from transcriptomic
data of maize leaves infected with Puccinia sorghii (Kim et al.,, 2021) that could be
upregulating the production of anti-fungal sesquiterpenoids in response to infection, to be
investigated in future functional studies.

Due to lack of sufficient literature, the 19 transporters in the sesquiterpenoid subnetwork
could not be assigned putative functions in sesquiterpenoid production. However, based on
available genome annotations, there are at least 4 ABC transporters which might mediate
the extracellular accumulation of sesquiterpenes or intracellular transport of sesquiterpenes.

Diterpene / Zealexin network

The maize diterpene / zealexin subnetwork (Figure 7) could be further divided into two parts;
the first was enriched for genes encoding for enzymes involved in the early stages of the
diterpene / zealexin pathway. The second contained genes encoding for enzymes involved
in the late stage of that pathway, which generates the highly diverse types of diterpenes and
zealexins. The early-stage subnetwork was centred around ZmTPS6/11/12 or Zx1/2/3 and
ZmCYP29/30/31 or Zx5/6/8. These genes are known to produce enzymes which catalyse
the production of kauralexins, dolabralexins and zealexins D1, D2 and A1 (Ding et al., 2020).
Subsequently, these compounds are converted into further varieties of kauralexins,
dolabralexins and zealexin A and B via Zx8/9/10. The late stage diterpene / zealexin
subnetwork was centred around Zx9/70 or ZmCYP32/ZmCYP33 as well as ZmTPS27,
ZmKS6, ZmTPS22 and ZmKR2. The latter encodes a reductase which catalyses the
production of kauralexin A1-A4 from kauralexin B (Murphy & Zerbe, 2020), further supporting
the notion that this part of the subnetwork revolves around late-stage biosynthesis.
ZmTPS27 encodes a monoterpene synthase which is known to produce geraniol in
response to fungal infections (Jiang et al., 2023); one might therefore hypothesise that it
utilises ZmCYP32/33 to produce further monoterpenes, sesquiterpenes or zealexin subtypes
(Jiang et al., 2023).

While many of the CYP450s that catalyse the production of zealexins are well known, 12
uncharacterised CYP450s were strongly associated with the zealexin subnetwork and could
play a role in producing the diverse subtypes of zealexins or uncharacterised related
metabolites. They could also be facilitating the production of geraniol via ZmTPS27,
although ZmFNSII has been shown to produce flavone, specifically apigenin (Righini et al.,
2019), whereas ZmFTFH1 is a flavonoid 3',5-hydroxylase. The occurrence of genes
encoding for the biosynthesis of defensive metabolites such as flavonoids in the diterpene /
zealexin subnetwork is probably due to upregulation of flavonoid biosynthesis upon biotic
stress (Forster et al., 2022). ZmABH1 degrades abscisic acid, while ZmGA16 is a gibberellin
16,17 epoxidase which inactivates gibberellic acid (Hedden, 2020; Krochko et al., 1998).
Their occurrence in this subnetwork suggested that biosynthesis of defensive terpenes
co-occurs with degradation of the growth promoting gibberellins and the stress hormone
abscisic acid.

The extracellular transport of zealexin could be mediated by PDRs or MATES, both of them
classes of ftransporters known to transport specialised metabolites across the cell
membrane. All 5 PDRs in the zealexin subnetwork associated with the early-stage pathway,
whereas a single MATE gene clustered with the late-stage pathway. Although this could
facilitate the exudation or accumulation of specific zealexins in tissues, there is insufficient
knowledge of these genes to make founded conclusions.

Whereas the monoterpene / sesquiterpene / gibberellin subnetworks displayed many
methyltransferases (see above), the zealexin subnetwork contained only 7, some of which
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have been characterised. Specifically, ZmFOMT3 and ZmFOMT4 are involved in the
production of O-methylated flavonoids (Forster et al, 2022). ZmBX14 is an
O-methyltransferase that converts DIM2BOA-Glc to HDM2BOA-Glc, the endpoint in the
maize benzoxazinoid biosynthesis pathway. The presence of ZmBX714 in the zealexin
subnetwork and its close association with key diterpene / zealexin biosynthesis genes
ZmCYP32, ZmCPPS3, and ZmTPS6 suggested a common regulatory mechanism that leads
to the production of defensive diterpene, zealexins, and benzoxazinoids in response to biotic
stress.

Finally, the zealexin subnetwork (Figure 7) featured 9 PR proteins belonging to the PR1,
PR5 and PR10 families. All were associated with the early-stage pathway subnetwork. The
same 3 classes of PR proteins were also found in the rice diterpene subnetwork, suggesting
that these proteins are crucial for mediating the production of defensive diterpenes and
zealexins in both species upon fungal infection.

In summary, analysis of the subnetworks surrounding the genes associated with producing
diterpenes, gibberellins, monoterpenes, sesquiterpenes and zealexins, revealed abundant
information on candidate genes involved in biosynthesis and regulation of terpenes. Hence,
this analysis lays the ground for future research that aims at identifying novel biosynthesis
genes.

3.3 Terpenoid metabolism in rice and maize is driven by a
conserved machinery

The main goal of this project was to identify orthologous genes involved in terpenoid
production in both rice and maize which encode for proteins involved in i) immune signalling
ii) transcriptional regulation iii) intracellular transport of biosynthesis intermediates and
extracellular transport of defensive diterpenes and zealexins. In order to achieve that, | built
orthologous terpenoid gene networks (OTGNs) and orthologous edge terpenoid gene
networks (OETGNS) (illustrated below in Figure 9) from the overall terpenoid gene networks
in section 3.2. Both of these networks only contained orthologous genes between rice and
maize.

Orthologous Nodes and Edges in OTGNs and OETGNS
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Figure 9: A representation of OTGNs and OETGNs, where nodes are genes and edges between nodes
represent the strength or weight of an interaction. Genes are assigned to orthogroups so an edge which
exists between the same orthogroups of genes / nodes in both rice and maize is a conserved edge.
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| used OrthoFinder to compare protein sequences from 27 species of monocots, which
includes 26 grasses and Ananas comosus (pineapple) as an outgroup. Orthofinder defines
orthogroups as similar protein sequences (orthologs) across all 27 species which are
descended from a last common ancestor. The pineapple genome serves as an outgroup
genome, which is a reference point used to determine evolutionary relationships between
the other 26 genomes. Once orthogroups were defined, | filtered the maize and rice overall
terpenoid gene networks (section 3.2) such that only genes belonging to the same
orthogroup were retained, yielding OTGNSs.

OETGNs are an extension of OTGNs in that one can identify edges between two
orthologous genes which are conserved in both OTGNs. For example, if Genes OsAA/ZmAA
and OsBB/ZmBB in rice and maize belong to Orthogoups 1 and 2 respectively and are
associated to each in the rice and maize OTGNSs, that constitutes an orthologous edge.
Therefore, by filtering the OTGNs such that only orthologous edges between orthologs were
retained, | obtained OETGNs which highlight relationships conserved since rice and maize
last shared a common ancestor.

The second key step in visualising the OTGNs and OETGNs was to identify genes involved
in immune perception / signalling, transcriptional regulation and transport of chemicals. |
used gene annotation files available for the rice and maize genome to assign genes into 11
categories of genes: CYP450s, LRR / NB-ARC / WAK / LRK, transporters, PR proteins,
TFs, TPSes, SDRs, cytochrome B5s, methyltransferases, TF co-factors, TPS precursors.
Genes encoding TPS Precursors, CYP450s, TPSes, SDRs, cytochrome B5s and
methyltransferases would be involved in biosynthesis of terpenoids and genes encoding
transporters would be involved in transporting metabolites within or out of the cell. Finally,
genes encoding for LRR / NB-ARC / WAK / LRK, PR Proteins are immune receptors. Similar
to the last subsection of results, the genes in these 11 categories will be referred to as
ancillary genes.

Table 7: The number of nodes present in each type of orthologous network and in each species is
summarised. Each node / gene is also assigned to orthogroups, which are summarised in the table

below. In brackets are the number of genes or orthogroups which have been assigned to ancillary genes.
Rice Rice Maize Maize
Orthologous Orthologous edge Orthologous Orthologous edge
terpenoid gene terpenoid gene terpenoid gene terpenoid gene
network (OTGN) network (OETGN) network (OTGN) network (OETGN)
Nodes / Genes 260 (113) 129 (74) 273 (113) 119 (59)
Orthogroups 194 (61) 88 (37) 204 (65) 88 (35)

The differences in the number of categorised orthogroups between rice and maize are due
to inconsistencies in annotations between rice and maize. In order to limit the impact of
unavailable annotation on downstream analysis, | further defined ancillary genes as those
being well annotated in both rice and maize publicly available annotation files. For example,
a gene annotated as "hypothetical gene" with available InterPro domains, will not be
considered an ancillary gene. This filtering step removes such noise from downstream
analysis.

The table above summarises the number of genes and orthogroups found in the rice and
maize OTGNs & OETGNs. When analysing the genes in the OTGNSs, the ancillary genes
belong to 61 orthogroups in rice and 65 in maize. This is ~30% of the orthogroups in both
OTGNs, suggesting that the 147 rice and 160 maize genes belonging to the remaining 70%
of orthogroups in either OTGNSs could play a key role in terpenoid production. This highlights
the need for accurate and better gene annotations in publicly available genome assembilies.
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Key functions of genes in the rice OTGN and OETGN

Both monoterpene and gibberellin subnetworks (Figure 10) in the orthologous rice terpenoid
network contained conserved edges / relationships between TPSes and genes encoding for
methyltransferases (OsSHMT1), SDRs (OsFLO16), CYP450s (OsC4H2, 0Os08g0243500,
OsCYP71Z6) and transporters (OSABCB26 /| OsPTI19). The unconserved edges in the
monoterpene and gibberellin subnetworks indicate that there has been selection for new
genes encoding for transporters (OsMATE47), SDRs (OsMDH3.1 / OsERD1) and
cytochrome B5 reductases (0Os0719g0814900), to name a few ancillary genes. While analysing
the non-diterpenoid subnetworks may lead to new findings, | here only touch on them
tangentially, since the focus of this project was on the diterpenoid subnetworks.

The diterpenoid subnetwork within the rice OTGN (Figure 10) contains CYP450s belonging
to 8 orthogroups and to the families CYP89B, CYP76C, CYP76M, CYP99A, CYP71Z,
CYP701A and CYP73A. While most of the CYPs belonging to CYP76M, CYP99, CYP71Z
and CYP701 have been well studied and assigned to diterpene biosynthesis pathways in
rice, there are also some unassigned CYP450s such as OS710G0513900 (OsCYP89B9),
0S10G0164500, OsCYP76M13, OsCYP71Z8, OsCYP71Z4, 0S08G0243500 and
0S09G0558900. These 7 genes are only mentioned in available literature as differentially
regulated upon biotic or abiotic stresses. Nevertheless, perhaps their associations with some
TPSes could guide future studies investigating their biological functions.

When studying the OETGN (Figure 10), the only conserved CYPs belonged to the CYP71Z,
CYP89B, CYP701, and CYP73 families and were linked to other CYP450s, TPSes,
transporters, NB-LRRs, PR genes, cytochrome B5, and VQ genes. This suggests that the
recruitment of CYP76 and CYP99 and the subsequent gene expansion of both families in
diterpene biosynthesis occurred after rice and maize diverged. This will be explored in
greater detail in subsequent sections.

OsJMT1 encodes a carboxyl methyltransferase which catalyses the conversion of jasmonic
acid to methyl jasmonate, a volatile defence hormone (Qi et al., 2016; Jia Wang et al., 2020).
OsSHMT1 has been implicated in lowering ROS in chloroplast processes (T. Pan et al.,
2024). Finally, the maize ortholog of OsCOMTL2, ZmFOMT4, catalyses the production of
various flavonoids upon fungal infection (Forster et al., 2022). In the OETGN (Figure 10), the
methyltransferases OsSHMT1 and OsCOMTL2 were associated with kaurene synthases,
CYP701, CYP71Z and sesquiterpene synthases. This suggests that both rice and maize
produce defensive flavonoids alongside defensive diterpenes, sesquiterpenes and zealexins.
OsJMT1 was associated with the sesquiterpene synthase OsTPS29, which together with
OsTPS3 modulates herbivory behaviour on rice (Xiao et al., 2012).

Orthologous diterpenoid network in rice

The diterpenoid subnetwork in the rice OTGN (Figure 10) contained 4 TFs: OsDPF,
OsWRKY72, OsWRKY77 and OsSPL7. OsSPL7 encodes a heat stress responsive TF
which has been reported to regulate rice defences against fungal pathogens as well as heat
stress and cold stress (Hoang et al., 2019). OsDPF encodes a basic helix loop helix TF
(bHLH) which has been reported to bind directly to bHLH binding motifs upstream of
OsCYP99A2 and OsCPS2 to drive their transcription (Yamamura et al., 2015). OsWRKY72
and OsWRKY77 encode WRKY TFs and have been reported to potentially negatively
regulate chilling responses in rice (Viana et al., 2021) positively regulate expression of
defence genes in Arabidopsis (Lan et al.,, 2013). VQ proteins are co-factors of WRKY
proteins and aid in activating them as well as specifying their binding to DNA sequences.
The rice OTGN contained two VQ genes, OsVQ172 and OsVQ35. OsVQ35 has been shown
to be upregulated in rice shoots upon chilling stress and M. oryzae infection (Viana et al.,
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2021). Altogether, these findings suggest that there is a conserved transcriptional
mechanism between rice and maize that requires further investigation.

Both the OTGN and the OETGN in rice (Figure 10) contained 11 genes encoding PR
proteins, belonging to 4 orthogroups and 3 PR families (PR1, PR5 and PR10). PR1 proteins
have been shown to be involved in abiotic and biotic stress response, possibly by
sequestering sterols or directly binding to pathogen proteins (Akbudak et al., 2020; Breen et
al., 2017). Prunus domestica PR5 proteins have been shown to drive phytoalexin production
in Arabidopsis (El-kereamy et al., 2011), implying a conserved role of PR5 in pathogen
response. Lastly, the PR10 family of proteins in rice have been well studied in response to
abiotic as well as biotic stress conditions. Some PR10 proteins in plants have been shown to
have RNAse activity and some PR10 proteins have been shown to contain a hydrophobic
cavity which binds ligands such as flavonoids (Morris et al., 2021). The 5 rice PR10 genes in
the rice OTGNs and OETGNSs belong to the latter category of ligand binding PR10 proteins,
according to available genome annotation. OsPR70a and OsPR10b were shown to be
transcriptionally upregulated in response to M. grisea infection, while OsPR10c did not
respond and was assumed to be a pseudogene (McGee et al., 2001). RSOsPR10 has been
characterised in great detail in 2011 when Takeuchi and colleagues showed that it is
specifically expressed in the roots in response to jasmonic acid, ethylene, and
1-aminocyclopropane-1-carboxylic acid, and that it accumulates in the cortex cells
surrounding root vasculature. Furthermore, they showed that RSOsPR10 accumulation is
suppressed by salicylic acid treatment, suggesting a complex regulation of RSOsPR10 that
is dependent on abiotic and biotic stresses (Hashimoto et al., 2004; Takeuchi et al., 2011). It
seems therefore evident that the PR proteins in general, but specifically members of the
PR10 family, play a key role in mediating the production of diterpenoids in response to
abiotic and biotic stress, and that this role is likely conserved between rice and maize.

When analysing the genes encoding for immune receptors that could mediate the production
of defensive terpenes, | consolidated all genes containing the following domains into a single
category: leucine-rich repeat (LRR), nucleotide-binding adaptor shared by APAF-1, R
proteins, and CED-4 (NB-ARC), wall-associated kinases (WAK), leucine-rich kinases (LRK),
and S-domain subfamily of receptor-like kinases (SDRLKs). This was done because these
proteins are all crucial for mounting successful immune responses against fungal pathogens
(Stephens et al., 2022; Tang et al., 2017; van der Biezen & Jones, 1998).

Both the rice OTGN and OETGN (Figure 10) contained 5 orthogroups of genes belonging to
this LRR / NB-ARC / WAK / LRK category. This suggests that before rice and maize
diverged, these immune-response-related genes had existing relationships with the terpene
biosynthesis genes. OsSDRLK42 and OS07G0117900 are the only two immune receptors in
the rice OTGN which do not exist in the OETGN, with OsSDRLK42 associated with 9 TPSes
and CYP450s, while 0S07G0117900 was associated with OsCYP76M14 in the OTGN.

Among the 15 LRR / NB-ARC / WAK / LRK genes in the OTGN, there were 2 SDRLKs,
OsSDRLK42 and OsSDRLK54. OsSDRLK42 is associated with resistance to B. glumae,
whereas OsSDRLK54 is associated with cold tolerance (Naithani et al., 2021). Of the 4
remaining orthogroups of genes, OsSIT71 is the best characterised gene; it encodes a
salt-stress-responsive lectin receptor-like kinase which phosphorylates mitogen-activated
protein kinases (OsMPK3 / OsMPK6) and promotes reactive oxygen species (ROS)
accumulation (C.-H. Li et al., 2014). The genes in the other 3 orthogroups are annotated as
lectin receptor-like kinases (0S07G0129800, OS07G0129900), NB-ARCs (0S01G0721200,
0S01G0721300, 0OS01G0721400, 0OS07G0116900, 0OS07G0117200, 0OS07G0117800,
0S07G0117900, OS07G0118000), and LRRs (0S05G0522600, OsBDG1, OS11G0514500).
All of these immune-response-related genes were equally associated with the diterpene
biosynthesis genes in the network; therefore, all of these genes and their products are
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interesting targets for future studies on immune responses that trigger the production of
defensive diterpenes in rice.

The diterpenoid subnetwork in the OTEGN contained 7 genes encoding transporters,
distributed across 4 orthogroups, whereas the diterpenoid subnetwork in the OTGN
contained 8 such genes in 5 orthogroups. There were 5 genes annotated as PDRs in the
OETGN that were strongly associated with most diterpene biosynthesis genes (OsPDR3/5 |
8 /9, and 0OS01G0342750). PDRs have been shown to be stress-responsive and to
transport specialised metabolites. As such, these 5 genes are the strongest candidates for
future work on understanding the transport of defensive diterpenes during stress response.

In summary, the rice OETGN and OTGN shed light on key genes which might regulate,
transport and contribute to the biosynthesis of diterpenes in rice.

To dissect the roles played by ancillary genes in the OTGNs and OETGNSs, there are few
bioinformatic approaches available. For example, the extent to which one could validate a
transcription factor in silico would be to identify the presence of its binding motifs in promoter
regions of genes and to ensure that it is in open chromatin regions. Molecular biology
methods on the other hand would be able to verify the importance of such motifs via
luciferase assays for example, proving that the motif and transcription factor regulate the
expression of any target gene. Due to such limitations of bioinformatic analyses, only some
of the ancillary genes in the OTGNs and OETGNs can be explored in greater detail in
subsequent sections. Transporters, immune-response-related genes, and genes encoding
for enzymes can only be fully characterised via in vitro experiments, which was beyond the
scope of this dissertation project. Therefore, | have utilised available bioinformatic tools to
ascertain putative roles for some key ancillary genes in the OTGNSs.
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Figure 10: Top 2% of edges of each known diterpenoid biosynthesis enzyme and terpene synthase were
extracted from the overall rice network and only orthologous genes were retained. Ancillary genes were
visualised and colours of each node correspond to the categories they belong to.
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Key functions of genes in the maize OTGN and OETGN

Figure 11 below shows the maize OTGN and OETGN. Most of the conserved edges were in
the diterpenoid and gibberellin subnetworks. There were a few conserved edges linking
ZmTPS7 with genes encoding proteins involved in cellular respiration and photosynthesis.
The gibberellin subnetwork in the maize OTGN was conserved for genes encoding the
methyltransferases ZmSHMT1, ZMOO0O01EB04228, ZMO00001D035767 and CYP99
(ZMO0O001EB020060). The TFs ZmHAGTF41, ZmHB26 and ZmOHP3 have not been
characterised although they are all annotated as chloroplastic or thylakoidal transcriptional
processes. ZmPZA03723 is an ABC subfamily B protein, which has been shown in multiple
studies to transport auxin (M. Cho & Cho, 2013) it was associated with the gibberellin,
monoterpene and sesquiterpene synthases, suggesting promiscuous transport of common
intermediates or substrates in the respective pathways. ZmPZA03723 is orthologous to
OsABCB26, which was also associated with a kaurene synthase in the rice OETGN (Figure
11). Thus, it is likely that OSABCB26 and ZmPZA03723 are transporting substrates or
intermediates in the gibberellin biosynthesis pathway and are strong candidates for in vitro
validation experiments.

The sesquiterpene subnetwork surrounding ZmTPS5 and ZmTPS7 was associated only with
the protein kinase ZmPRK1 and the chloroplast-localised TF ZmSIG1. It is possible that, due
to limitations in the maize genome annotation, other genes that might be crucial for
sesquiterpene biosynthesis could not be identified. The sesquiterpene subnetwork around
ZmTPS9 and ZmTPS8 was closely linked to the gibberellin subnetwork, sharing several
genes with it. ZmTPS9 was associated with the CYP99 ZM00001EB020060, whose ortholog
is involved in momilactone biosynthesis in rice (Wang et al., 2011). | thus speculate that
ZMOO0O01EB020060 may catalyse similar oxidations of methyl groups in sesquiterpenes
(Wang et al., 2011). ZmTPS8 had 6 conserved relationships with genes which are also in the
gibberellin subnetwork. This strongly suggests that ZmTPS8 may act downstream of
gibberellin biosynthesis in maize to produce novel, uncharacterised metabolites.

The monoterpene subnetwork in the maize OTGN (Figure 11) contained only unconserved
edges, suggesting substantial differences in monoterpene production between rice and
maize. The maize monoterpene subnetwork contained 3 genes encoding transporters
(ZmQK1, ZmMRPA7, ZMOOO01EB147760). ZM0OOOO1EB147760 is an uncharacterised
phosphate transporter. ZmMRPA7 belongs to the ABC subfamily C, a subfamily of exporters
known to transport specialised metabolites and other chemicals (Pan et al., 2021). ZmQK1 is
a metal transfer protein required for iron transport in maize (Nie et al., 2021). The
monoterpene subnetwork contained ZmKO1 and ZmFCR1, which encode a CYP701A and a
cytochrome B5 reductase respectively. Both of these proteins may facilitate monoterpene
biosynthesis, although ZmKO1 has been shown to produce gibberellins constitutively (Mao
et al.,, 2017). There was a single SDLRK (ZM0O0001EB220500) in the monoterpene
subnetwork, orthologous to OsSDLRK42 |/ 54. Overall, ~75 uncategorised genes were
associated with sesquiterpenoid biosynthesis, belonging to a variety of cellular processes
such as plastid biosynthesis, sugar metabolism and transcription.
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Figure 11: Orthologous terpenoid network in maize. Top 2% of edges of each known diterpenoid
biosynthesis enzyme and terpene synthase were extracted from the overall maize network and only
orthologous genes were retained. Ancillary genes were visualised and colours of each node correspond
to the categories they belong to.
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Orthologous diterpenoid network in maize

The diterpenoid subnetwork in the maize OTGN contained 12 CYP450s, of which 5
(ZmKO2, ZmCYP29, ZmCYP30, ZM00001EB224350, ZM0O0OOO1EB368900) were in the
OETGN as well. ZM00001EB368900 (CYP73A) and ZM00001EB224350 (CYP89B) have no
reported functions in maize specialised metabolism so far. ZM0O0001EB368900 was only
linked with ZmTPS12 and ZmTPS6, therefore the CYP73A encoded by it could be involved
in sesquiterpene biosynthesis. ZM0O0001EB224350 was associated only with the zealexin
synthases, ZmCYP29 and ZmCYP30, therefore it too is most likely involved in catalysing the
various subtypes of zealexins.

In the maize OTGN (Figure 11), ZM00001EB220030 and IDP8614 are CYP450s which have
not been associated with diterpenoid biosynthesis before. These are novel findings and
makes these genes good candidates for in vitro validation for activity in dolabrelexin,
kauralexin or other diterpenoid biosynthesis, especially downstream of ZmCPPS3 and
ZmCPS4. The presence of the known CYP450s is expected, as the CYP71Z / Zx family
plays a key role in zealexin biosynthesis and are conserved in rice to produce casbene via a
cluster on chromosome 7. Cytochrome B5 proteins are known cofactors of CY450s and an
annotated Cytochrome B5, ZMO00001EB248960, was strongly associated with other
diterpene synthases in the orthologous network. Experimental reconstitutions of maize
diterpene biosynthesis could include such cytochrome B5s to fully elucidate crucial proteins
for diterpene biosynthesis. Lastly, ZmFOMT4 is a flavonoid O-methyltransferase which
methylates anti-fungal flavonoids at position 7 (Forster et al., 2022). Its occurrence in this
network is probably due to diterpenes, zealexins and anti-fungal flavonoids being produced
in response to fungal infections. Hence flavonoids and diterpenes may share some common
regulatory elements.

10 PR genes encoding PR proteins were found in the maize OTGN and OETGN, spanning 4
orthogroups and 3 PR families, PR1, PR5 and PR10. The PR1 genes, ZmPRP1/4/8, are
associated with ZmKO2, ZmKS2, ZmKS4, and ZmKS1, which are all diterpenoid synthases.
Two PR5 proteins belonging to the orthogroup OG0000630 (PCO103560,
ZMO0001EB21797) were closely associated to ZmCPPS2, ZmCYP30, ZmTPS6/11/12 and
ZmKS1. The PRS protein, ZmSIP1, also belonging to OG0000630 was closely associated
with ZmCPPS3 and ZmCPR2. ZmCPPS3 is constitutively expressed and has been shown to
produce pimara-8,14-diene together with ZmKSL4 (Murphy et al., 2018). OG0000856 also
contains 3 PR5 proteins, ZM00001EB032560, ZmOSM1 and ZmPRP5. ZmOSM1 is
associated with ZmKS4, ZmCPPS2, KO2, ZmCYP30, ZmTPS11 and ZmCYP29, whereas
ZMO0001EB032560 was associated solely with ZmCYP29 and ZmPRP5 with ZmKS1.
Lastly, ZmPRP9, belonging to the PR10 subfamily, was associated with a multitude of
diterpene synthases and CYP450s such as ZmKO2. Overall, while the OsPR10 family has
undergone expansion while being strongly associated with diterpenoid biosynthesis, maize
diterpenoid biosynthesis incorporates PR5 mediated cellular interactions to a higher degree.

There were two main classes of transcription factors, bHLHs and WRKY's, which were found
to be strongly associated with the diterpenoid subnetwork; the WRKYs: ZmWRKY34 / 68 /
73/ 108 and the bHLHs: ZmBHLH62 / 70 / 98. ZmBHLH70 and ZmBHLH62 are strongly
associated with diterpene biosynthesis and are orthologous to OsDPF, a well characterised
regulator of rice diterpene biosynthesis (Yamamura et al., 2015). ZmBHLH62 has been
shown to be expressed in differentiating tissues, whereas ZmBHLH70 has been shown to be
upregulated in biotic stress (Hayford et al., 2023; Zhang et al.,, 2018). They are key
candidate genes for downstream experiments directed towards dissecting the transcriptional
regulation of diterpene / zealexin biosynthesis in maize. The 4 WRKYs associated with
diterpene biosynthesis belonged to two orthogroups; ZmWRKY108 (belonging to
0OG0000320) was associated with the zealexin biosynthesis genes ZmTPS11, ZmCYP29,
ZmCYP30 and ZmKO2. It has been implicated in defence response to F. verticillioides

61



Results

(Wang et al.,, 2022). ZmWRKYs 34 / 68 / 73 belong to the same orthogroup and are
associated with ZmCPPS2, ZmTPS6, ZmTPS11, ZmKS4, ZmCYP30. ZmWRKY73 was the
only WRKY associated with ZmKS1. Together, these WRKYs suggest a regulatory hierarchy
that might overlap due to induction by various stresses. For example ZmWRKY34 / 68/ 73
have been shown to act in a regulatory network when maize plants were infected by
Puccinia sorghi (Kim et al., 2021). Moreover, ZmWRKY34 was associated with driving
ZmTPS6 and ZmTPS11 in a meta-regulatory network (Zhou et al., 2020). The final TF worth
discussing in the maize OTGN is ZmHSFTF16, which is orthologous to OsSPL7 and a heat
stress TF belonging to class A4. Presumably, these two genes are the abiotic stress
responsive TFs which regulate diterpenoid biosynthesis in both species.

ZMO0001EB357950 is a PDR (ABC-G subtype) transporter, orthologous to OsPDR8/9 and
has been found to be responsive to biotic stress as well as transcriptionally upregulated in
both abiotic and biotic stress (Hayford et al., 2023; Wang et al., 2022). GRMZM2G415529
and ZM00001D025012 belong to the same orthogroup as OsPDR5 and OsPDR3, and are
closely associated with diterpenoid biosynthesis. They have both been identified as
differentially expressed in the aforementioned meta-analysis of abiotic and biotic stress
treated maize tissues (Hayford et al., 2023). PDRs have been shown to export defensive
metabolites into the extracellular environment in Arabidopsis, and these 3 PDRs would be
the strongest candidates for downstream validation for the export of defensive metabolites in
maize (He et al., 2019). IDP7586 is a MATE protein, which are transporters associated with
transport of metabolites within cells, across tissues, and into extracellular environments in
plants (Upadhyay et al., 2019).

The final category of genes in the diterpenoid subnetwork belong to immune receptors such
as LRRs, WAKs, LRKs, RLKs and NB-ARCs. ZmRLK10 and ZM00O001EB153630 are RLKs
which have been shown in rice (OsBDR1) to bind to mitogen activated protein kinase 3
(OsMAPK3) after rice blast infection and drive the production of terpenoids.
ZMO0001EB069530 belongs to a class of SDRLK and the orthologs in rice have been shown
to be responsive to cold stress and B. glumae infection (Naithani et al., 2021).
ZMO00001EB069530 might therefore play a similar role here in perceiving either stress and
driving the production of diterpenoids. ZM0O0001EB124900 and ZMQOOO0O1EB156250 are
WAK-LRKs, which have been increasingly associated with fungal response in cereals (Fan
et al.,, 2024). ZmRLK10 and ZMOOOO1EB153630 are LRR-RLKS and have been recently
shown to be upregulated in fungal infection of maize (Hayford et al., 2023; Wang et al., 2022;
Yan et al., 2023). While ZmRLK10 was strongly associated with the diterpene biosynthesis
genes, ZMO0O0O01EB153630 was associated only with ZmKS4 in the maize orthologous
network. ZM00001EB237530 and ZM00001EB325300 are RLKs whose orthologs in rice is
OsSIT1, a salt responsive immune receptor. Furthermore, both of these genes were
peripherally associated with ZmKS4 and ZmCYP29 and were found to be differentially
expressed in biotic as well as abiotic / biotic conditions in recently published literature
(Hayford et al., 2023). The final category of genes belong to the NB-ARC, of which there are
8 genes in the rice as well as maize orthologous terpenoid subnetwork. Within the maize
network, 4 genes (ZMOOOO1EB154670, ZMO0O0O001EB298840, ZM00001EB298800,
ZMOO0O01EB398950) were strongly associated with diterpene biosynthesis whereas the
other 4 genes (ZMO0001EB298830, ZMOOO01EB361660, ZMO00001EB298890,
ZMOO001EB361650) were associated with ZmTPS27, ZmKR2, ZM00O001EB414190 and
ZmSTC1, which produce sesquiterpenes. Therefore, perhaps these 8 NB-ARCs could
represent novel switches which regulate the production of defensive diterpenoids and
zealexins in maize as well as rice. A number of the immune receptor genes listed above are
also found to be upregulated in maize transcriptomes from varying fungal infections (Wang
et al., 2022). In summary, these immune receptors respond to biotic or abiotic and can also
respond to particular fungal pathogens in order to potentially drive the production of
defensive diterpenoids / sesquiterpenoids in maize. Downstream characterisation of these
proteins may be challenging if they perform redundant roles. Recent literature has shown
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that NB-ARCs can bind to plasma membrane localised cysteine rich secreted proteins
(CRRSPs) in order to trigger immune responses mediated by PR proteins and thereby
trigger cell death (Wang et al., 2023).

The categories of genes identified and described so far in the analysis are crucial candidates
that address the aim of this project: to identify genes which regulate, transport, facilitate and
drive the production of defensive diterpenoids in maize and rice. In order to substantiate my
findings thus far, further analyses were conducted on candidate genes.

3.4 A conserved transcriptional mechanism drives the
production of defensive terpenoids

The OTGNs and OETGNSs in both rice and maize contain bHLHs, WRKYs and the WRKY
cofactors, VQ proteins which are known to regulate cellular responses to abiotic and biotic
stresses. The bHLHs belong to two orthogroups: OG0008510, which consists of ZmbHLH?70,
ZmbHLHG62 and OsDPF, and OG0003325, which consists of ZmBHLH98 and OsBHLH30.
The WRKY cofactors, the VQs also belong to two orthogroups, OG0004644 (ZmVQ41,
OsVQ12) and OG0004352 (ZM00001EB084880, OsVQ35).

OsDPF is known to directly bind to the N-boxes in the promoter regions of OsCYP99A2 and
OsCPS2 and to activate their transcription (Yamamura et al., 2015). ZmWRKY79 is a
transcriptional activator binding to W-boxes in the promoter regions of ZmANZ2 and ZmTPS6
(Fu et al.,, 2018). Due to these previous reports of bHLHs and WRKYs being involved in
diterpene biosynthesis in both species, | chose to focus on those two classes of TFs to
understand how they might be further regulating diterpene / zealexin biosynthesis in rice and
maize. | analysed the promoter regions (designated as 2 kb upstream of the transcription
start site of a gene) for presence of N-boxes (5'-CACGAG-3') and G-boxes (5-CACGTG-3")
for putative bHLH binding, and W-boxes (5-TTGACC-3') and W-box like elements
(WLEs)(5'-TGACA-3'") as putative WRKY binding sites.

Table 8. Distribution of bHLH motifs in promoter regions of genes in orthologous networks. Rice has 260

enes in the network, maize has 273.
Species N-box G-box N-box & G-box Neither
Rice 49 62 33 116
Maize 56 73 37 106

3.4.1 bHLH TFs regulate defensive terpenoid production via N-boxes
and G-boxes

Analysis of the promoter regions of the genes in the OTGNs showed that both N-boxes and
G-boxes were present in promoter regions of 82/260 genes and 95/260 genes, respectively
(Table 8). Similarly, 96/273 genes in maize had at least 1 N-box in the promoter region and
111/275 genes in maize had at least 1 G-box (Table 8).

bHLHs such as OsDPF bind to their motifs via the residues His/Lys290, Glu294 and Arg298
in the basic region of the protein (Yamamura et al., 2015). An amino acid alignment of all 5
bHLHs showed that the N-box binding residues were conserved in all of them (Figure 12).
Furthermore, recent research from our collaborator Kazunori Okada had also shown that
OsDPF as well as N-boxes in momilactone biosynthesis genes had been conserved acros 5
wild rice species, O. rufipogon, O. punctata, O. officinalis, O. brachyantha and L. perrieri
(Liu et al., 2024).
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| identified N-box motifs in the promoter regions of OsCPS2, OsKSL4, OsKSL7, OsKS5 and
OsKSL10, which catalyse the initial conversion of GGPP into intermediates of the
momilactone, phytocassane and oryzalexin biosynthesis. My analysis further showed that
promoter regions of CYP450s known to be involved in the casbene, momilactone and
phytocassane pathways, such as OsCYP71Z21, OsCYP99A3, OsCYP99A2, OsCYP76M14,
and OsCYP76M7 also contained N-boxes, suggesting that momilactone and phytocassane
biosynthesis is directly regulated by OsDPF.

The promoter regions of the diterpene synthase genes OsKSL12, OsKS7, OsCPS2 and
OsKS5 contained G-box motifs. | detected G-boxes also in the promoter regions of genes
encoding for known diterpene biosynthesis CYP450s: OsCYP99A2, OsCYP76M6/7/8,
OsKO5 and OsKO4, as well as uncharacterised enzymes such as OsCYP71Z2/4/8 and
OsCYP89B9 (0Os1090513900). N-boxes and G-boxes were also found in promoter regions
of genes involved in monoterpene, linalool, sesquiterpene biosynthesis.

Aside from biosynthesis genes, | identified N-boxes and G-boxes in promoter regions of
conserved ancillary genes which are elaborated upon in the following subsections. The
promoter regions of genes encoding the PR proteins, OsPR1A, RSOSPR10, PR10b,
RPR10c, PR10a contained N-boxes and G-boxes. The immune receptor genes
OsSDRLK54, OsSDRLK42, OsBDG1, OsSIT1, 0S01G0721200, OS01G0721300 and
0S01G0721400 had either G-boxes or N-boxes, same as the TFs OsDPF, OsBHLH30,
OsWRKY77 and OsWRKY72 as well as transporters such as OsPDR3 / 5/ 8 / 9,
OsABCB26 and OsMATE47. While OsDPF has been well characterised to activate the
transcription of diterpene biosynthesis genes, the data presented here strongly suggests that
it may as well be regulating the transcription of ancillary genes in the diterpene biosynthesis
network. | also propose that OsBHLH30 is a strong candidate that may be binding to
G-boxes, which are abundant in essential genes found in the orthologous terpenoid gene
network in rice. In summary, | find that the OTGNs in rice and maize contain 2 BHLHs which
can bind to motifs abundant in promoter regions of biosynthesis genes as well as genes
encoding regulatory, transport and immune-related proteins. A future in-depth
characterisation of both of these genes may yield novel findings about the regulatory
network of diterpene biosynthesis.
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Figure 12: A) An amino acid alignment of 5 conserved bHLHs in both networks. Proteins in 0G0003451
are shaded in light green whereas proteins in 0G0008510 are shaded in light pink. A neighbour-joining
tree shows the phylogenetic relationship between all 5 proteins. The red arrows highlight the conserved
His, Glu and Arg residues which are necessary for binding to N-boxes as well as G-boxes. b) A heatmap
showing the presence of N-box and G-box motifs in promoter regions of genes sorted by their roles
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according to published research and annotation files. c) A heatmap showing the presence of N-box and
G-box motifs in promoter regions of genes encoding proteins which might regulate, transport and
facilitate defensive terpene production.

The maize OTGN contained 3 genes encoding bHLHs and two of them were in the same
orthogroup as OsDPF and one in the same orthogroup as OsbHLH30. As mentioned above,
the 3 key amino acid residues for binding to N-boxes and G-boxes were conserved across
all 5 bHLH proteins. As such, | assumed that ZmbHLH98, ZmbHLH70 and ZmbHLHG62 were
also binding to N-boxes and G-boxes in promoter regions of genes. When the promoter
regions of the genes encoding diterpene biosynthesis enzymes in the maize OTGN were
scanned for N-boxes and G-boxes, | found that N-boxes were only present in 2 genes
encoding CYP450s (CYP76M and an CYP450 reductase), and ZmKS5. Similarly, G-boxes
were found in promoter regions of 2 CYP450s (CYP76M and CYP89B), ZmKS1 and ZmKS4.
The rice orthologs of these 5 maize genes also had either G-boxes or N-boxes.

Of the genes encoding gibberellin biosynthesis enzymes, only ZmKO1 contained a G-box
motif. Since gibberellin biosynthesis is downregulated upon biotic stress, it is logical that few
of the gibberellin biosynthesis genes had bHLH binding motifs.

The promoter regions of 4 genes encoding monoterpene biosynthesis enzymes contained
either N-boxes or G-boxes, which suggests regulation via bHLHs as well. Although the
maize OTGN did not contain any bHLHs associated with monoterpene biosynthesis genes,
the monoterpene subnetwork in the overall terpenoid network in maize contained
ZmbHLH148, a potential regulator.

Of the genes assigned as sesquiterpene synthases in the figure above, only ZmTPS4/5/7
/ 8/ 9 were found in the sesquiterpene subnetwork of the maize OTGN. All genes except
ZmTPS9 contained either a G-box or an N-box, suggesting that an unknown bHLH might be
regulating expression of these sesquiterpene synthases. Otherwise, 5 of the sesquiterpene
synthases had a G-box or both motifs. Furthermore, 4 out of 6 zealexin biosynthesis genes
had only G-box motifs. This suggests that defensive diterpene and zealexin biosynthesis in
maize is regulated by bHLH proteins binding to G-box motifs.
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Figure 13: a) An amino acid alignment of 5 conserved bHLHs in both networks. Proteins in 0G0003451
are shaded in light green whereas proteins in 0G0008510 are shaded in yellow. A neighbour-joining tree
shows the phylogenetic relationship between all 5 proteins. The red arrows highlight the conserved His,
Glu and Arg residues which are responsible for binding to N-boxes as well as G-boxes. b) A heatmap
showing the presence of N-box and G-box motifs in promoter regions of genes sorted by their roles
according to published research and annotation files. c) A heatmap showing the presence of N-box and
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G-box motifs in promoter regions of genes encoding proteins which might regulate, transport and
facilitate defensive terpene production.

| detected G and N-box motifs also in the promoter regions of flavonoid biosynthesis genes
(ZmFOMT4), PR5 (ZmOSM1, ZmPRP5, ZM00001EB217970) and PR10 (ZmPRP9) genes.
These genes were also tightly associated with diterpene / zealexin biosynthesis in maize,
hence the presence of these motifs in their promoter regions increases the likelihood of a
master bHLH regulating diterpene / zealexin biosynthesis in maize. The TFs ZmbHLH62 and
ZmbHLHhA70 both had at least a single G-box motif in their promoter region. This could be
indicative of a positive feedback loop or an uncharacterised master bHLH regulator that was
not captured in this network. Finally, two PDR transporters (GRMZM2G415529,
ZMO00001D025012) and a MATE transporter (IDP7586) in the diterpene subnetwork of the
maize OGTN had G-box motifs in their promoter regions. All of this points towards bHLHs
regulating defensive diterpene / zealexin production in maize by binding to G-box motifs. I'd
like to point out that while the maize OTGN only contained 3 bHLHs, the overall maize
terpenoid network (Section 3.2.1b) contained 8 genes in total encoding for bHLHs.
Therefore, while ZmbHLHG62 / 70 / 98 are excellent candidates for studying the regulation of
diterpene / zealexin biosynthesis in maize, the remaining 5 bHLH genes in the overall maize
terpenoid network should also be considered as strong candidates.

3.4.2 WRKYs and VQ proteins regulate defensive terpenoid production

Table 9. Distribution of WRKY motifs in promoter regions of genes in orthologous networks. Rice
has 260 genes in the network, maize has 272.

Species WLE W-box WLE & W-box Neither
Rice 75 50 39 96
Maize 78 51 41 102

WRKYs have been shown to bind to W-boxes as well as W-box like elements (WLE) via the
conserved WRKYGQK motif (Choi et al., 2015). Analysis of the promoter regions of the
genes in the rice OTGN showed that both W-boxes and WLEs were present in promoter
regions of 50/260 genes and 75/260 genes, respectively (Table 8). Similarly, 51/272 maize
genes had at least 1 W-box in the promoter region and 78/272 maize genes had at least 1
WLE (Table 9).

WRKYs also require VQ proteins, containing a conserved FxxxVQxhTG motif that binds to
the C terminal WRKY domains of group | and group llc WRKYs in order to promote or
repress DNA transcription (Cheng et al., 2012). The orthologous networks of rice and maize
contained 2 and 6 WRKYs, respectively, as well as 2 VQ proteins, each classified into 2
orthogroups. OsWRKY77 was orthologous to ZmWRKY34, ZmWRKY68 and ZmWRKY73,
whereas OsWRKY72 was orthologous to ZmWRKY36, ZmWRKY100 and ZmWRKY108.
These 8 WRKYs were classified as group llc WRKYs, containing a single C-terminal WRKY
DNA-binding domain followed by a C2H2 zinc finger domain (Tang et al., 2021; Zhang et al.,
2017). According to available literature spanning 3 maize reference genomes, ZmWRKY108,
ZmMWRKY36 and ZmWRKY68 have been shown to be drought-responsive (Wang et al.,
2018; Zhang et al.,, 2017) whereas OsWRKY77 and OsWRKY72 have been previously
characterised to be involved in the fungal infections and abiotic stress responses,
respectively (Lan et al., 2013; Xie et al., 2005; Yu et al., 2010).

My analysis of the promoter regions of genes (Figure 14) in the rice OTGN for presence of

W-boxes and WLEs showed that only 2 characterised CYP450s (OsCYP76MS5,
OsCYP99A3) do not contain either motif. Furthermore, of all diterpene synthases, only the
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gibberellin synthase OsKS1 and the oryzalexin S synthase OsKS8 did not contain WRKY
motifs in their promoter regions. The prevalence of WRKY binding motifs in the promoter
regions of diterpene biosynthesis genes suggests that WRKYs are crucial for regulating
diterpene biosynthesis in rice. Considering that both OsWRKY72 and OsWRKY77 have
been reported to be responsive to abiotic and biotic stress respectively, and trigger the
production of phytoalexins in Arabidopsis, they are excellent candidates for further validation
(Lan et al., 2013; Yu et al., 2010).

W-boxes and WLEs were present in the promoter regions (Figure 14) of biosynthesis genes
known to produce sesquiterpenes (OsTPS10 / 30 / 31). Since the overall rice terpenoid
network contained 3 other WRKYs (OsWRKY9 / 32 / 104), it is likely that these WRKYs
might regulate sesquiterpene production in rice via binding to W-boxes and WLEs in the
promoter regions of OsTPS10/ 30/ 31.

| identified WRKY binding motifs in the promoter regions of 11 immune receptor genes.
OsSDRLK54, OsSDRLK42, OS01G0721400 and OS05G0522600 only contained W-boxes
in their promoter regions, whereas the remaining seven genes contained both motifs or only
WLEs. There are 8 NB-ARCs in the orthogroup OG0000059, located in two clusters on
chromosomes 1 and 7. All 3 genes in chromosome 1 (OS01G0721200, OS01G0721300,
001G0721400) had at least 1 WRKY binding motif, whereas only 1 of 5 genes on
chromosome 7 (0OS07G0116900, OS07G0117200, OS07G0117800, OS07G0117900,
0S07G0118000) had a WRKY binding motif. Four out of five genes in the chromosome 7
cluster contained bHLH binding motifs, and 2 of 3 genes on chromosome 1 contained bHLH
binding motifs. This suggests that the NB-ARCs on chromosome 1 might be regulated by
both bHLHs and WRKYs, but that the NB-ARCs on chromosome 7 might be regulated by
only bHLHs.

The promoter regions of OsPR1a as well as 4 out of 5 PR10 genes contained WRKY binding
motifs (Figure 14), in contrast to only OsPR1a and OsPR10a having bHLH binding motifs
(Figure 13). Similar to the NB-ARCs above, this suggests that these PR proteins in the rice
OTGN are more likely to be regulated by WRKYs than by bHLHs. Furthermore, the WLE
motif in the promoter region of OsPR10a was found to bind to salicylic induced OsWRKY6
(Choi et al.,, 2015). All 4 TFs in the rice OTGN contained WRKY binding motifs, which
suggests that WRKYs promote the transcription of OsDPF and OsbHLH30, thereby
increasing the expression of diterpene biosynthesis genes. The key transporter-encoding
genes, PDRs, OsMATE47, and OsABCB26 all contain at least a single WRKY binding motif,
further emphasising the potential role of WRKYs in affecting all stages of terpenoid
biosynthesis in rice: perception of immune signals, transcriptional regulation, biosynthesis,
and transport.

Taken together, the rice diterpene biosynthesis genes and the ancillary genes which encode
for proteins mediating transcriptional regulation, transport and immune responses
consistently contained WRKY binding motifs in their promoter regions, with WLE motifs
being more prevalent. In some cases, there were genes which have either bHLH binding
motifs or WRKY binding motifs. This might indicate a regulatory hierarchy, the further
elucidation of which unfortunately has to remain beyond the scope of this project.

My confidence in WRKYs being crucial for regulating the diterpene biosynthesis machinery
is also rooted in the finding of WRKY cofactors, the VQ proteins (OsVQ712, OsVQ35,
ZmVQ41, ZM0O0O001EB084880), in the OTGNs. There were 3 genes encoding for VQ
proteins in the rice terpenoid gene networks (Section 3.2.1a) and 2 in the rice OTGN.
AlphaFold3 predictions (in Supplementary Table 1) did not suggest a strong binding affinity
between the predicted VQ structures and the predicted OsWRKY72 / 77 structures.
However, due to a lack of deep understanding of interactions between VQs and WRKYs, as
well as of the overall WRKY machinery that drives transcription, AlphaFold predictions for
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interactions cannot be relied upon at this stage. OsVQ1712 was shown to be biotic stress
responsive, like OsWRKY77, whereas OsVQ35 was shown to be drought responsive, like
OsWRKY72 (Kim et al.,, 2013). Of the 39 known VQ genes in rice, only OsVQ72 and
OsVQ35 were present in the rice OTGN, implying a conservation of these two VQs
alongside the WRKYSs, lending confidence to my hypothesis that the WRKY transcriptional
machinery regulating terpene biosynthesis requires OsVQ172 and OsVQ35.
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Figure 14: a) Alignment of WRKY protein sequences in the orthologous terpenoid network. WRKYs in
orthogroup 0G0000320 are in light orange and WRKYs in orthogroup 0G0000481 are in turquoise. The
yellow box highlights the conserved WRKYG(Q/K)K sequence that is necessary for binding to W-box or
WLE motifs. The WRKY domain is illustrated for both the zoomed in sequence alignment and the overall
protein alignment. b) A heatmap showing the presence of W-box and WLE motifs in promoter regions of
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genes sorted by their roles according to published research and annotation files. ¢) A heatmap showing
the presence of W-box and WLE motifs in promoter regions of genes encoding proteins which might
regulate, transport and facilitate defensive terpene production.

When analysing the promoter regions of the maize diterpene biosynthesis genes (Figure 15),
8 of the CYP450s and TPSes contained at least a single WRKY binding motif. However,
ZmCPPS2 did not have a bHLH or WRKY binding motif in its promoter region. ZmCPPS2 is
crucial for producing dolabralexins and kauralexins (Harris et al., 2005) and might thus be
regulated by other stress responsive TFs in the diterpene / zealexin subnetwork, such as
basic leucine zippers (BZIPs), EREBs or MYBs, as has been shown for ZmTPS10 (Li et al.,
2015). WRKY binding motifs were found in promoters of 9 sesquiterpene biosynthesis genes
in the diterpene / zealexin subnetwork, and 5 of the 6 zealexin biosynthesis genes. Overall,
this suggests that WRKYs in the maize OTGN could be regulating the expression of
diterpene / zealexin biosynthesis genes. WRKY motifs were also found in genes associated
with biosynthesis of gibberellins, sesquiterpenes and monoterpenes.

Four out of five gibberellin biosynthesis genes contained WRKY binding motifs in their
promoter regions. ZmAN1 did not contain WRKY motifs or bHLH motifs in its promoter
region, similar to ZmCPPS2. Promoters of 3 genes encoding monoterpene synthases
contained WRKY motifs, with ZmTPS24 and ZmTPS2 containing both W-boxes and WLE
motifs. The sesquiterpene synthases ZmTPS8 / 7 / 9 also contained at least a single WRKY
binding motif. Aside from ZmWRKY34 / 36 / 68 / 73 / 100 / 108, the monoterpene /
sesquiterpene / gibberellin subnetworks in maize contained 2 WRKYs, ZmWRKY52 and
ZmWRKY127, which might be involved in maize terpene biosynthesis regulation.

| identified WLE motifs in promoter regions of 4 out of 7 genes encoding methyltransferases,
and a W-box in the promoter region of the flavonoid biosynthesis gene ZmFOMT4. W-boxes
were found in the promoter regions of all PR5 genes except ZmOSM1, and all PR1 but not
PR10 genes. This suggests that while the PR10 proteins are important immune signalling
components in rice, the PR5 and PR1 proteins might be more relevant in maize. W-boxes
were also present in promoter regions of 7 genes belonging to the "LRR / NB-ARC / WAK /
LRK" category, and WLE motifs in promoters of 5 such genes. There were no discernable
relationships between the orthogroups that these immune genes belonged to and the types
of motifs found in their promoter regions. The promoter regions of the PDRs,
ZMO00001EB357950, GRMZM2G415529, ZM00001D025012, contained W-boxes and WLEs.
5 out of 6 WRKY genes and 2 out of 3 bHLH genes in the maize OTGN contained WRKY
binding motifs.

In summary, genes encoding terpene biosynthesis enzymes as well as ancillary genes
involved in cellular signalling, regulation and transport of terpenes contained WRKY motifs in
their promoter regions. WLE motifs were more frequent than W-boxes in the promoter
regions of genes in the maize OTGN, although the relevance of this discrepancy remains
unknown.

The conservation of bHLHs and WRKYs in the OETGNs and OTGNs of both rice and maize
as well as their strong relationships to known diterpene and zealexin biosynthesis genes
leads me to conclude that these TFs are the most likely candidates to directly regulate
diterpene and zealexin biosynthesis in rice and maize. Furthermore, the finding of WRKY
and bHLH binding motifs in promoter regions of ancillary genes that are known to mediate
immune signalling, regulate biosynthesis, or transport metabolites, suggests that the TFs
covered in this section may directly bind and regulate expression of ancillary genes, and
hence regulate diterpene-based defence systems beyond the core biosynthetic component.
Finally, the conservation of genes encoding VQ proteins in both OTGNs positions them as
strong candidates for in vitro binding assays to the WRKY's in the OTGNSs. In summary, | find
evidence for a conserved regulatory network that governs the transcriptional regulation,
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biosynthesis, transport and immune signalling leading to the production of defensive
diterpenes and zealexins in rice and maize.
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Figure 15: a) Alignment of WRKY protein sequences in the orthologous terpenoid network. WRKYs in
orthogroup 0G0000320 are in light orange and WRKYs in orthogroup 0G0000481 are in turquoise. The
yellow box highlights the conserved WRKYG(Q/K)K sequence that is necessary for binding to W-box or
WLE motifs. The WRKY domain is illustrated for both the zoomed in sequence alignment and the overall
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protein alignment. b) A heatmap showing the presence of W-box and WLE motifs in promoter regions of
genes sorted by their roles according to published research and annotation files. c) A heatmap showing
the presence of W-box and WLE motifs in promoter regions of genes encoding proteins which might
regulate, transport and facilitate defensive terpene production.

3.5 Transporters in terpenoid network

Terpenoids in rice and maize have been shown to accumulate in leaves and roots during
biotic stresses such as fungal infections as well as during abiotic stress such as drought
(Hasegawa et al., 2010; Vaughan et al., 2015). In rice, momilactones are secreted into the
surrounding environment to inhibit the growth of plants around them (Kato-Noguchi, 2004).
In maize, (E)-B-caryophyllene is emitted into the rhizosphere upon root herbivory (Kéllner et
al., 2008) and kauralexins accumulate in roots upon seed infections with Fusarium (Veenstra
et al., 2019). The active accumulation as well as exudation of defensive compounds require
transporters belonging to specific classes, such as PDRs or ABC transporters (Fu et al.,
2017; He et al., 2019; Pierman et al., 2017).Ten genes in the rice OTGN and 8 genes in the
maize OTGN encoded for transport proteins, including PDRs and ABC transporters. In order
to assign potential functions to the transporters found in the rice and maize OTGNSs, | used
DeepLoc? to predict subcellular localisation of the proteins encoded by these genes (ddum
et al., 2024). These genes spanned 7 orthogroups and were the most promising candidates
identified thus far in this project which could be involved in intracellular and extracellular
transport of diterpenes and intermediate metabolites. Since bioinformatic approaches for
characterising transporters are still developing, this section summarises available literature
on each gene and assigns potential roles within terpene biosynthesis for each transporter
gene.

Table 10: Subcellular localisation of transporters according to DeeplLoc2 subcellular localisation
predictions. Scores of predictions are listed for every protein. The orthogroup information for every gene
is also listed.

. DeepLoc Localisation / : Dee:ch?c
Orthogroup Rice Gene Score Maize Gene Loc;llsatlon 1
core
060000074 | OSTETHN | Cell Membrane (0.7723) | ZMIZVILEIAT0 | Ol L
0G0000074 osgggtgggfoo Cell Membrane (0.7386) | “M72000 280700 Ce”(y sy
0G0000074 os((o);gg:gf;w Cell Membrane (0.7903) Z’V’?ZO,?,%ECBGC?%)95O Cell( (I)\/II;agrE\gr)ane
060000896 | 0 arRsy | CellMembrane (07488) | “MZTLEY | S0 se0)
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Cell Membrane

0G0008363 0S01G0930400 Cell Membrane (0.7879) & ZMO00001EB142370 (0.7739) &
(OsHAKS) Lysosome (0.6293) (ZmHAKS) Lysosome /
(0.6404)
0G0012991 0S07G0464600 Plastid (0.8202) ZMO00001EB306760 Plastid (0.8296)
(OsABCB26) (ZmABCB28)

0G0000392 | 0S12G0181500 Cell Membrane (0.7794) ZMO0001EB178270 Cell Membrane
(OSAAP11A ) (ZmAAP14) (0.6968)

The first orthogroup (OG0000074) contained PDRs OsPDR9, OsPDRS8, OsPDR16 and
ZMOOO0O1EB357950. The latter has been found to be upregulated in maize leaves in
response to fungal infections (Hayford et al., 2023; Lambarey et al., 2020) and no further
information is currently available on this gene. OsPDR9 expression is upregulated in rice
roots for several hours in response to jasmonic acid treatment, and for a much shorter time
period after salicylic acid treatment (Moons, 2008). Furthermore, expression of OsPDR9 is
induced upon PEG, cadmium, and zinc treatment, as well as under hypoxia and salt stress
(Moons, 2003). Dithiothreitol, ascorbic acid and hydrogen peroxide also induced OsPDR9
expression in rice roots. These findings led the authors to speculate that OsPDR9 is involved
in biotic and abiotic stress responses specifically in rice roots (Moons, 2003). OsPDR8
expression in rice roots was upregulated in response to jasmonic acid treatment and rice
blast infection, and in leaves infected with Rhizoctonia solani (Gupta et al., 2019; Moons,
2008). In summary, the PDRs in OG0000074 are transcriptionally upregulated in roots and
leaves upon biotic and abiotic stress.

The second orthogroup (OG0000896) also consisted of genes encoding PDRs; OsPDRS3,
OsPDR5, ZMO000O0O1EB322880 and ZMOO0O001EB419500. OsPDR3 and OsDPR5 are
upregulated in rice roots and shoots in response to abscisic acid, jasmonic acid and salicylic
acid treatment (Gupta et al., 2019; Moons, 2008). OsPDR5 is activated in roots upon salt
stress and in leaf sheaths upon infection by Rhizoctonia solani (Gupta et al., 2019). There is
little information on ZMO0O0O001EB322880. ZM0O0O0O01EB419500 is highly expressed under
drought stress (Zhang et al., 2021). In summary, similar to the previous orthogroup, the
PDRs in this one are also transcriptionally upregulated in roots and shoots upon biotic and
abiotic stress. This is in line with available knowledge on PDRs as stress responsive
transporters. All of the PDRs are predicted to localise to the plasma membrane, where they
may actively transport defensive metabolites into extracellular environments.

The orthogroup 0G0002387 contained OSMATE47 and ZmMATE18. OsSMATE47 is
upregulated in the root cortex upon iron deficiency and is also expressed constitutively in
shoot tissue (Du et al., 2021; Ogo et al., 2014). There is no information available on
ZmMATE18. MATE proteins are known to be generally stress-responsive (Upadhyay et al.,
2019). Based on limited available data, | can only speculate that OsMATE47 and
ZmMATE 18 might be abiotic stress responsive, plasma membrane-localised transporters of
defensive terpenes.

0G0005685 consisted of OsMST4 and ZmSTP2; both are known to encode sugar
transporters. Firstly, ZmSTP2 has been shown to be important in resistance against the
agronomically relevant corn fungal pathogens Cochliobolus heterostrophus, C. carbonum,
and Setosphaeria turcical. Mutants deficient in producing ZmSTP2 had significantly enlarged
lesion areas in leaves infected with the 3 pathogens (Ma et al., 2023). OsMST4 is a sugar
transporter that is expressed in all tissues to varying degrees and transports a variety of
sugars, specifically having a high affinity for galactose and mannose. Furthermore, its
expression is upregulated upon root exposure to air and PEG treatment (Deng et al., 2019;
Wang et al., 2007). OsMST4 and ZmSTP2 are orthologous to AtSTP13, which has been
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shown to sequester hexose sugars from pathogens by importing them constitutively from the
extracellular environment. Upon phosphorylation by AtBAK1, AtSTP13 increases its
efficiency of importing sugars, reducing pathogen growth (Yamada et al., 2016). Both the rice
and maize OTGNs contain orthologues of AtBAK17, which suggests that OsMST4 and
ZmSTP2 could play a similar role as AtSTP13 in reducing pathogen growth by sequestering
hexose sugars. If further investigated in future experiments, this could provide fascinating
insights into the interplay between cellular immune responses and specialised metabolism in
plants.

0G0008363 contained OsHAKS5 and ZmHAKS, both of which are well known potassium
transporters known to mediate plant response to potassium deficiency (Qin et al., 2019;
Yang et al.,, 2014). Both of these proteins are known to localise to the cell membrane to
mediate potassium uptake upon potassium deficiency. As such, the presence of both of
these genes in the rice and maize OTGNs is probably due to the strong association between
potassium response and defensive terpene metabolism with drought response.

OsABCB26 and ZmABCB28 were in OG0012991 and code for plastid-localised (predicted)
ABC proteins. They are orthologous to A{ABCB28, which encodes a plastidic transporter
which transports auxin across the chloroplast envelope into the cytosol (Pang et al., 2013;
Tamizhselvan et al., 2023). Little further information was available on the role of OsABCB26
and ZmABCB28; | can therefore only speculate that these two ABCB proteins might
transport intermediates in terpene biosynthesis from the chloroplast into the cytosol, where
ER membrane-anchored CYP450s can complete the biosynthetic process.

The final orthogroup of transporter proteins | investigated was OG0000392, containing the
amino acid permeases (AAPs) ZmAAP14 and OsAAP11A. In a recent effort to characterise
maize AAPs, ZmAAP14 was found to encode a plasma membrane localised AAP which was
upregulated in roots during drought stress (Islam et al., 2024). OsAAP11A was upregulated
by glutamate treatment and transports a wide variety of amino acids, except aspartate and
R-alanine (Taylor et al., 2015). AAPs in general are increasingly being characterised as
being abiotic stress-responsive with some proteins having high affinity for particular amino
acids and some proteins having low affinity for all amino acids (Wang et al., 2024; Zhou et
al., 2020). As such, OsAAP11A and ZmAAP14 in rice and maize most likely import amino
acids upon abiotic stresses. Their association with terpenoid biosynthesis genes must be
due to a shared regulatory mechanism which activates amino acid uptake as well as terpene
biosynthesis during abiotic stress.

In summary, the transporters in the rice and maize OTGNs can be assigned as abiotic- or
biotic-stress-responsive. Some, such as the PDRs, are strong candidates for directly
facilitating transport of terpenoids, whereas other transporters, such as HAKs, AAPs and
STPs, are involved in processes that share a regulatory machinery with terpene
biosynthesis, hence their strong associations with terpene biosynthesis genes. All of these
genes have been assigned roles within the abiotic / biotic stress model in Figure 17.

3.6 Conserved immune receptors perceive abiotic and biotic
stresses in order to facilitate defensive terpenoid production

Both the rice and maize OTGNs contained 5 orthogroups of genes encoding proteins
associated with immune response. These belong to categories such as lectin receptor like
kinases (LRKs), S-domain receptor like kinases (SDRLKSs), leucine rich repeats (LRRs) and
nucleotide-binding/leucine-rich repeats (NLRs). Each of these proteins differ substantially in
protein domains and the manner in which they bind ligands in order to mediate immune
signalling. Four out of five orthogroups of proteins contained signal peptides (DeepLoc,
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Supplementary Tables 1 and 2), which is a common finding in cell membrane bound immune
receptors. Only a single orthogroup contained nuclear localisation signals (NLS), suggesting
a cytoplasmic immune signalling role. As bioinformatic methods to better understand these
immune receptors are still being developed, literature review of these proteins was the best
method to decipher their roles in triggering defensive terpene production in rice and maize.
Figure 16 below shows the protein domains, according to InterPro, of the five orthogroups of
immune receptor proteins in the maize and rice OTGNs.
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Figure 16: The predicted protein domains for each of the immune genes in the rice and maize OTGN,
separated into the 5 orthogroups. Each orthogroup has a legend and genes are labelled with names
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where available. The rice proteins are on the left and the maize proteins on the right. Subcellular
localisation was predicted using DeepLoc v2.1. Created with BioRender.com

OG0000002, contained L-type LRLKs: OsSIT1, 0S07G0129800, 0OS07G0129900,
0S10G0441900 (Wang et al.,, 2024), ZMOO0O01EB237530 and ZMOO0O0O1EB325300. The
expression of both maize genes is upregulated in the roots of maize grown in sandy soil to
mimic drought stress (Ganther et al.,, 2022). The promoter region of OS07G07129800
contains a number of abscisic acid responsive elements and expression of 0S07G0129900
is downregulated in rice roots inoculated with beneficial bacteria (Brusamarello-Santos et al.,
2019; Passricha et al., 2017). OsSIT1 is expressed in rice roots upon salt stress, leading to
ROS accumulation and ethylene production, eventually causing cell death (Li et al., 2014). In
summary, the LRLKs in OG000002 seem to mediate abiotic stress response in roots
specifically, possibly leading to the production of defensive diterpenes in both rice and
maize.

The SDRLKs OsSDRLK42, OsSDRLK54, 0S09G0551000, ZMO00001EB069530 and
ZMO0001EB220500 belonged to OGO0000016. There is little information on the maize
SD-RLKs, only that ZM00001EB069530 has been shown to be downregulated in leaves
upon drought stress (Wei et al., 2014). Expression profiles of OsSDRLK42 and OsSDRLK54
suggest that the former is responsive to bacterial infections and the latter is responsive to
chilling stress (Naithani et al., 2021). Since that was the extent of available information for
these 5 SDRLKSs, | can only conclude that these SDRLKs might respond to both abiotic and
biotic stresses.

The third orthogroup, OG0001044, contained RLKs OS05G0522600, ZM00001EB153630
and ZmRLK10. OS05G0522600 is differentially expressed in rice roots during nitrogen and
phosphate stress as well as in leaves upon Xanthomonas infection (Cai et al., 2013; Wu et
al., 2021). Both maize genes were recently shown to be hub genes in a co-expression gene
network built in a meta-analysis of maize pathogen infections (Hayford et al., 2023).
ZmRLK10 is also upregulated in leaves infected with C. heterostrophus or F. graminearum.
Furthermore, loss of function mutants of ZmRLK70 accumulate fewer kauralexins and
zealexins in leaves inoculated with C. heterostrophus. However, there were no differences in
kauralexin and zealexin accumulation levels in leaves inoculated with F. graminearum (Block
et al., 2021). In summary, this group of 3 RLKs mediate biotic stress-induced production of
defensive diterpene in maize and possibly rice.

0G0002865, contained the LRRs  0S711G0514400, 0S11G0514500 and
ZMO00001EB170180. Analysis of the protein sequences of all 3 proteins via InterPro showed
that there is an N-terminal signal peptide followed by a single LRR domain in all 3 proteins.
Furthermore, the LRR domains were annotated as extracellular, and subcellular localisation
predictions via DeeplLoc also suggested that these 3 genes are extracellular due to
N-terminal signal peptides. ZMOO001EB170180 is part of a pan-gene set under the umbrella
term GRMZM2G145440, as per MaizeGDB. It has also been annotated as a homolog
ofiAtBAK1 (BRI1 associated receptor kinase), which binds AtBRI1 (Brassinosteroid
insensitive 1) upon brassinosteroid binding and regulates cell growth (Li & Chory, 1997; Jia
Li et al., 2002). ZMOO001EB170180 / ZmBAK1 has been speculated to form a complex with
ZmRLK10 based on co-expression data (Block et al., 2021). As such, it is possible that the
RLKs in OG0001044 and the LRRs in OG0002865 could interact to form a receptor complex
which responds to biotic stress signals in rice and maize.

The only orthogroup to contain NLRs was OG0000059, which contained 8 rice NLRs and 3
maize NLRs. NLRs contain 3 domains, a variable N-terminal domain, an NB-ARC domain
which binds ADP / ATP and a C-terminal leucine rich repeat containing domain which
perceives stress signals. The variable N-terminal domain can be a coiled-coil domain (CC)
or a Toll/interleukin-1 receptor domain (TIR). Most of the NLRs in OGO0000059 were
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predicted to localise to the nucleus. The phylogenetic tree of OG0000059 showed that there
were two clades containing the rice and maize NLRs (Supplementary Figure 1). The first
clade contained the NLRs on chromosome 1 of rice and ZMO00001EB361650,
ZMOO001EB361650. The second clade contained the NLRs on chromosome 7 of rice and
ZMOO001EB154670. According to Figures 13 and 14, the 5 NLRs in clade 1 all contained
WRKY binding motifs and either G-boxes or N-boxes, whereas the 6 NLRs in clade 2 only
contain N-boxes or G-boxes, suggesting differential transcriptional regulation of this
orthogroup of NLRs.

According to InterPro, the rice NLRs on chromosome 1 have an N-terminal coiled-coil Rx_N
domain and an NB-ARC domain (Figure 16). ZM00O001EB361650 and ZM0O0O0O01EB361660
only contain the NB-ARC domain. The rice NLRs on chromosome 1 exist in a locus
containing 8 NLRs belonging to the same orthogroup. Clearly this is due to gene duplication
which had occurred after rice and maize diverged, since multiple orthologs exist in the Oryza
clade. The maize NLRs on the other hand have undergone gene duplication only in maize.
Without empirical in vitro data, it is difficult to better understand these NLR proteins, as they
could bind a variety of biotic or abiotic stress signals and signal immune responses.

According to InterPro, the clade 2 NLRs all contained an NB-ARC domain and some
contained Rx_N (coiled-coil) domains / signal peptides / non-cytoplasmic domains. The
clade 2 NLRs in rice were located in a locus containing 11 NLRs of the same orthogroup,
whereas the maize NLR in clade 2 is located in a locus that contains 2 copies;
ZMOO0O01EB154670 and ZMOOOO1EB154680, which are both in OG0000059.
ZMOOO0O1EB154680 contains an Rx N domain and is in a separate clade from
ZMOOO01EB154670. In summary, the NLRs of OG0000059 have undergone gene
duplication events in rice and maize, which might be indicative of an ongoing arms race
typical to plant NLRs. The cellular function / role of any of the NLRs in OGO0000059 is
unknown, as NLR-mediated plant immunity is a complex field that is the focus of active
research at the moment. The presence of bHLH and WRKY binding motifs, as well as the
strong associations of these genes within the maize and rice OETGNSs, suggest that these
NLRs warrant in vitro investigations of their ability to regulate terpene biosynthesis.

The genes in this subsection of the results are well known to be cytosolic or
membrane-bound immune receptors. Some of these genes, such as OsSDRLK42 | 54, or
ZmRLK10, have been characterised to a certain extent, whereas others, such as those in
0OG0000059, have not been investigated to date. | believe that all of these genes play a role
in intracellular immune signalling in response to abiotic or biotic stress and have played such
a role before rice and maize diverged. Therefore, | proposed putative roles / functions for
these genes in a summary model (section 3.7, Figure 17) for future experiments to refer to. |
hope that future experiments can identify the exact interplay in immune signalling between
LRRs, SDRLKs, RLKs and NLRs which lead to the production of defensive terpenes in both
rice and maize.

3.7 A putative terpenoid regulatory model that responds to
either biotic or abiotic stresses

The primary objective of this project was to analyse the orthologous proteins and genes
involved in terpenoid production in rice and maize, in order to identify genes / proteins which
act as regulators, transporters and immune signallers that collectively drive the production of
defensive diterpenes in both species. The analyses thus far have identified strong
candidates involved in each of these 3 categories; TFs, transporters and immune receptors,
thereby satisfying the primary objective of this project.
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Some genes in the OTGNs of both species are known to be differentially regulated upon
biotic or abiotic stress. The EMBL expression atlas contains data from 13 experiments with
differential gene expression analyses, involving biotic and abiotic stresses. This data and
other publicly available literature were used to assign genes in OTGNs as responsive to
biotic or abiotic stress. Incorporating these data as well as the functions of these genes
allowed me to generate a putative model of defensive terpenoid production (Figure 17).
These models should be considered as a summary of candidate genes involved in
regulation, transport, and immune responses.

As shown in panel A of Figure 17 below, upon perception of either biotic or abiotic stress by
SDRLKs, PR proteins could mediate cytosolic defence signalling leading to the expression of
terpenoid biosynthesis genes. In biotic stress conditions, NLRs would play a key role in
cytosolic defence signalling, as this is the hallmark role of NLRs in plant immunity. The
transcriptions factors discussed in section 3.4 (WRKYs and bHLHs) would bind to their
respective motifs in the promoter regions of terpene biosynthesis genes such as OsCPS2,
ZmTPS6. Subsequently, the next steps of mRNA translation and trafficking of plastidic
copalyl synthases and kaurene synthases are performed by known protein trafficking
mechanisms such as the ALBINO or TIC / TOC translocons (Chuang et al., 2021; Thomson
et al., 2020). Within the chloroplast, the terpene biosynthesis is well known; plastidic GGPP
is converted into pimaradienes by CPSes and KSes, which would be exported from the
chloroplast by chloroplast-localised ABCB transporters. The pimaradienes are then acted
upon by ER membrane anchored CYP450s and cytosolic SDRs, producing momilactones,
phytocassanes and oryzalexins in rice and kauralexins and dolabralexins in maize. These
end products would then be transported out of the plant cells by plasma membrane localised
transporters such as PDRs and MATEs. Defensive terpenoids would then accumulate in
extracellular spaces at sites of fungal infections in leaves or exuded into the rhizosphere via
the roots (Kodama et al., 1988; Veenstra et al., 2019).
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Figure 17: A model in a) rice and b) maize showing potential roles of candidate genes involved in i)
transcriptional regulation of terpenoid biosynthesis gene ii) transporters which facilitate intra- and
extracellular transport of intermediate compounds and complete compounds iii) immune responses
which drive production of defensive terpenes. The candidate genes are shown in bold, grey font and
known terpene biosynthesis genes / proteins are shown in black and white. Created with BioRender.com.
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3.8 Syntenic relationships between rice and maize ancillary
genes shed light on gene expansion and sub-functionalisation
within the terpenoid gene network

Maize and rice diverged from a common ancestor approximately 70 million years ago. Since
then, both species have undergone extensive evolution, including genome duplications and
domestication, which selected for certain alleles (llic et al., 2003; Stein et al., 2018). Despite
these substantial genomic changes, both species retained defensive terpenoid production
catalysed by conserved CPSes, KSes and CYP450s. As per section 3.3, there were also
conserved genes mediating immune responses, transport and transcriptional regulation of
terpenoid biosynthesis. | noticed that rice had many members of the CYP76 family in the rice
OTGN whereas the maize OTGN had many members of the CYP71 family. | was interested
in analysing the gene family expansions of both of these types of CYP450s as it suggested
that similar selection pressures in rice and maize had resulted in different CYP450s being
used to produce defensive diterpenes. | was also interested in the PR10 family of proteins in
the rice and maize OTGNSs as rice had 5 members and maize had just 1. This suggested
that there was a specific expansion of the PR10 family in rice associated with terpenoid
biosynthesis.

Pathogenesis related proteins are a loose term used to describe a variety of proteins which
accumulate in plant tissue upon abiotic and biotic stress. There are more than 17 families of
PR proteins characterised across all plants so far, with each family having a specific
biochemical function such as chitinase or peroxidase (Jain & Khurana, 2018; Morris et al.,
2021). The PR10 family of proteins are generally known to be anti-fungal and anti-viral
ribonucleases or protease inhibitors (Morris et al., 2021). The PR10 genes found in the rice
and maize OTGNs are located in chromosome 12 of rice and in chromosome 10 of maize
respectively. Both chromosomal regions are highly syntenic to each other, as shown in
Figure 18a. When analysing the microsynteny between the PR10 loci in rice and maize, |
observed that the 5 rice PR10 genes are syntenic to a single PR10 gene in maize, annotated
as ZmPRP9. The other genes upstream and downstream of this PR10 locus were
orthologous to each other as well, as expected in a syntenic block. This suggested that the
PR10 gene family in rice had undergone a gene expansion after rice and maize diverged. In
order to identify the earliest point of gene expansion, | analysed the phylogenetic tree
(Figure 18c) of orthogroup OGO0001341 containing the PR10 genes. This showed that L.
perrieri and O. brachyantha both have multiple PR10 copies that are not closely related to O.
sativa PR10s, indicating gene family expansion. Gene family expansions are usually
associated with positive selection, especially within plant defence (Kahlon & Stam, 2021),
suggesting that PR10s in L. perrieri and O. brachyantha already conferred advantages to
both species. The PR10 genes in O. sativa are located in 5 separate clades which also
contain O. alta and O. officinalis PR10s, indicating that the PR10 gene family involved in the
rice OTGN expanded first in O. alta and O. officinalis. In summary, the PR10 family of
proteins had undergone gene family expansion twice in the Oryza species analysed in this
project, whereas no gene family expansion had been observed in maize. Since PR10
proteins have been associated with anti-pathogen ribonuclease activity, this gene family
expansion might be specific to a particular pathogen. Future in vitro experiments can better
dissect the exact role of PR10 proteins in diterpene biosynthesis in rice and maize.
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| observed another example of gene family expansion and specialisation in the orthogroup
0OG0001170 containing OsTPS46. This gene is a sesquiterpenoid synthase and occurs in
the diterpenoid subnetwork of the rice OTGN. It is known to produce farnesene (Yuan et al.,
2008) and is in the same orthogroup that contained the maize zealexin biosynthesis genes
(ZmTPS6 / 12 / 11 / 13/ 9/ 4). The phylogenetic tree of the orthogroup is shown below in
Figure 19. It shows that there are 4 paralogs in rice, OsTPS1/30/ 31/ 46, which are in two
separate clades. ZmTPS31 was closely related to the clade containing OsTPS1 / 30 / 31,
with only a few species in between maize and rice having any orthologs within this clade.
Furthermore, in the maize OTGN (Figure 1 in section 3.3), ZmTPS31 is only linked to a
single other node. Whereas the other TPSes in the maize OTGN are connected to many
more nodes. Together, this suggests that ZmTPS37 has a minor role in maize terpene
biosynthesis.

The OGO0001170 tree showed that OsTPS46 was in a clade which contained at least 1
protein from the 6 Oryzoideae species studied in this project. The closest maize ortholog of
OsTPS46 is ZmTPS10, which was in the diterpenoid subnetwork of the maize OTGN and
was strongly associated with ZmCYP29. Considering that both ZmTPS10 and OsTPS46
were part of the diterpene subnetworks of the respective OTGNSs, there are two possible
scenarios. First, it is possible that ZmTPS10 and OsTPS46 are acting on products of
plastidic diterpene synthases. Alternatively, the sesquiterpene products of ZmTPS10 and
OsTPS46 are substrates for CYP450s associated with diterpene biosynthesis, thereby
yielding novel sesquiterpenes. For example, the OETGNs showed that the relationships
between genes encoding for CYP71Zs and ZmTPS10 /| OsTPS46 were conserved, so it is
possible that these sesquiterpene synthases are utilising CYP71Zs in their biosynthesis
pathway.

When examining the remainder of the phylogenetic tree of OG0001170, | observed that
there were 2 instances of gene duplications in maize which led to the formation of 2 BGCs.
The first gene cluster contained the zealexin synthases ZmTPS12/11/13/6 (Zx2/3/4/
1), while the second gene cluster contained the sesquiterpene synthases ZmTPS9 / 4/ 5
and a single pseudoegene, ZM00001EB415130. When comparing the presence of these two
gene clusters in the maize OTGN, it was evident that the zealexin synthases occurred in the
zealexin subnetwork, whereas ZmTPS5 / 9 were present in the gibberellin / sesquiterpene
subnetworks, and ZmTPS4 was not associated with any subnetworks. It is likely that
ZmTPS5 and ZmTPS9 produce uncharacterised metabolites in collaboration with the
gibberellin biosynthesis enzymes. The evolution of the zealexin synthases in maize via gene
duplication shows that zealexins are unique to maize and that it is unlikely that other closely
related species such as Sorghum would produce zealexins.
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Figure 19. The phylogenetic tree of the orthogroup O0G0001170 built from similarities of protein
sequences amongst 27 species. The rice proteins are highlighted in red, maize proteins in blue. The
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When analysing the CYP450s involved in terpenoid biosynthesis in rice and maize (Figure
20), | observed that the CYP76M, CYP71Z, CYP701A8 and CYP99A families were always
present, albeit to differing extent in both species. The Orthofinder analysis grouped proteins
from each of these CYP450 families into 4 distinct orthogroups. When analysing the
phylogenetic trees from each of these orthogroups, | noticed that each CYP450 family had
undergone gene expansion to varying degrees in each species. There are 14 CYP76M
proteins in rice (Figure 20a), located in chromosomes 1, 2, 6, 8 and 12, with two clusters of 4
genes each on chromosomes 2 and 8. The rice OTGN only contained the 4 genes from the
chromosome 2 cluster as well as OsCYP76M13 / 14 on chromosome 12 and 1, respectively.
This suggested that the chromosome 8 cluster of CYP76M genes might be involved in
non-terpene biosynthesis pathways or unknown terpenoid biosynthesis pathways. Maize had
a single CYP76M member in the CYP76M orthogroup, one that was involved in the maize
terpenoid network, associating with ZmTPS22 and ZmSTC1, potentially producing
sesquiterpenoids. This suggested that the CYP76M family in rice was selected over time and
underwent multiple gene duplication events in order to produce diverse terpenes.

The CYP71Zs in both the rice and maize terpenoid networks were part of OG0001139
(Figure 20b). Rice CYP71Zs are located on chromosomes 2, 7 and 10, arising from the 3
ancestral copies in L. perrieri. Maize has 3 CYP71Zs on chromosome 5, of which 2 genes
are duplicates. The chromosome 2 cluster of CYP71Zs in rice encodes CYP450s which
produce oryzalides. The chromosome 7 cluster, on the other hand, produces casbenes,
while the chromosome 10 cluster has not been associated with any known diterpenes so far.
Furthermore, when analysing the phylogenetic tree of Orthogroup 1139, it was evident that
there are no CYP71Zs of this orthogroup in H. vulgare, T. aestivum, S. cereale and A.
tauschii, all members of the Triticeae tribe of grasses. This suggests that the CYP71Z family
was only retained in Oryzoideae and Panicoideae, although it should be pointed out that the
phylogenetic analyses conducted here are insufficient to confidently conclude this.

The CYP99 family belongs to the orthogroup 733 and contains 2 copies in rice, both in the
terpenoid network, and 6 in maize, with only a single gene in the terpenoid network. Barley
has 12 proteins in this orthogroup, suggesting a substantial expansion and recruitment of
these genes into terpenoid metabolism in barley.

Overall, there were specific CYP450 gene family expansions observed in this analysis that
could be associated with specific types of reactions selected over time (Brown, 2016). For
example, CYP76M6 and CYP76M8 belong to the same orthogroup and are located in the
chromosome 2 locus. CYP76M6 catalyses a C9 hydroxylation with the oryzalexin
biosynthesis process, whereas CYP76M8 catalyses a C7 hydroxylation (Wu et al., 2013).
The expansion of the CYP76M gene family within rice and sub functionalisation for specific
hydroxylations of carbons likely enables generating specific compounds over time.
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Figure 20: a) The phylogenetic tree of the orthogroup containing CYP76M genes. b) The species tree of
the 27 species used in the OrthoFinder run. c) The phylogenetic tree of the orthogroup containing
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CYP71Z genes. The species belonging to the Oryzoideae, Panicoideae and Triticeae tribes are
highlighted.

3.9 Barley and Sorghum have extensive terpenoid networks
based on homology to maize and rice respectively

Among crop species, defensive terpene biosynthesis has been best characterised in rice
and maize, as shown in this project thus far. However, two vital crops which also have
terpene synthases and the ability to produce defensive terpenes are sorghum and barley.
Sorghum and maize are assigned to the Panicoideae clade of grasses, whereas rice and
barley are in the BOP (Bambusoideae Oryzoideae Pharoideae) clade. A putative diterpenoid
producing cluster on chromosome 2 has been identified in barley (Liu et al., 2023; Liu et al.,
2021, 2024) and no terpene biosynthesis genes nor metabolites have been reported for
sorghum. Since rice and maize share a number of conserved terpene biosynthesis genes, |
hypothesised that the closer ancestors of barley and sorghum would also have conserved
terpene biosynthesis genes. As such, | aimed to construct terpene gene networks in both
barley and sorghum in order to identify novel defensive terpene biosynthesis subnetworks.

Table 8. A list of the publicly available datasets which were used in this study

Bioproject Species Tissue Treatment
Hordeum vulgare cv Profiling of transgenic lines expressing the
PRINA431836 Golden Promise Leaves master regulator HYNPR1

Sorghum bicolor cv Time course of leaf infection with Sefosphaeria
Leaves

PRINAG56491 BTx623 turcica

A bait gene list was curated by identifying the orthologues of barley from the initial rice bait
list (Table 1), likewise for sorghum and maize. | built a gene network in sorghum and barley
using transcriptomic data from bacteria / fungus-infected leaves, and the gene
neighbourhoods of the orthologous bait gene list were extracted (top 2% of edges). When
the terpenoid gene network was visualised in both sorghum and maize, (Figures 21 and 22),
it segregated by modules, similar to the rice and maize terpenoid networks. Furthermore, the
barley terpenoid gene network segregated into 3 large subnetworks (Figure 21a), with one
containing the chromosome 2 cluster of genes that has been reported to produce
hordedanes, a type of diterpene (Liu et al., 2023). | decided to label this as putative
diterpene subnetwork 1. The other two large subnetworks contained a number of
sesquiterpene synthases and diterpene synthases respectively. Thus, | annotated them as
putative sesquiterpene subnetwork and putative diterpene subnetwork 2, respectively.

The putative diterpene subnetwork 1 contained 9 genes, 2 terpene synthases (2HG0099570,
2HG0099360) and 7 CYP450s (2HG0099350, 2HG0099480, 2HG0099550, 2HG0099280,
2HG0099340, 2HG0099370, 2HG0099420), which had been recently reported to form a
BGC in chromosome 2 of barley (Liu et al.,, 2024). Six genes, HvCPS2 (2HG0099570),
HvKSL4 (2HG0099360), HvCYP89E31 (2HG0099370), HvCYP99A66 (2HG0099280),
HvCYP99A67 (2HG0099350) and HvCYP99A68 (2HG0099550) encode enzymes which
catalyse the production of hordedanes, labdane related anti-microbial compounds (Liu et al.,
2024). The remaining 11 genes in the putative diterpene subnetwork 1 may contribute to the
production of more defensive diterpenes and should be the focus of future research.

The putative diterpene subnetwork 2 contained 2 CYP99As (2HG0099350, 2HG0191370), a
CPS (1HG0028250), a KSL (5HG0499370) and 2 monoterpene synthases (3HG0219500,
2HG0101990). Together these genes might facilitate the production of defensive diterpenes
although none of these genes are located in biosynthesis gene clusters.
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The putative sesquiterpene subnetwork contained 24 genes orthologous to known rice
terpene biosynthesis genes. Of these 24 genes, 3 monoterpene synthases (6HG0549330,
6HG0549080, 5HG0422720) clustered tightly together. These 3 monoterpene synthases and
the 7 genes of putative diterpene subnetwork 2 shared a number of genes enclosed in a
circle in Figure 21a. As speculated in the previous section, the shared genes might be
associated with chloroplast processes as both monoterpene and diterpene biosynthesis
originates in plastids.

Of the remaining genes in the putative sesquiterpene subnetwork, 4 genes (2HG0191330,
2HG0191390, 2HG0191410, 2HG0191420) encoded kaurene synthases and were tandemly
arranged in the barley genome. These genes were strongly associated with other genes in
the sesquiterpene subnetwork, suggesting that diterpene and sesquiterpene biosynthesis
may be intertwined in barley. The remaining genes in the putative sesquiterpene subnetwork
were orthologous to sesquiterpene and triterpene synthases in rice. These genes are also
strong candidates for future work aiming to identify novel terpene metabolites in barley.

Considering that rice and maize shared ~ 200 orthologous genes including TFs, immune
receptors and transporters, | hypothesised that rice and barley as well as maize and
sorghum would share a number of such regulatory genes as well. | filtered the barley
terpenoid gene network for ancillary genes such as TFs, immune receptors and transporters
and visualised in Figure 21b. This highlighted a few key findings. Firstly, there are 3 TFs in
the putative diterpene subnetwork 1 which encoded for two WRKYs and one GRAS family
TF. One of the WRKYs (2HG0096750) is orthologous to OsWRKY72, which was also closely
associated with diterpenoid production in rice in response to biotic stresses (Figure 14).
Secondly, 5HG0538180 is a PDR transporter, orthologous to OsPDR3 and OsPDR5, which
were both involved in the rice diterpenoid subnetwork (Figure 7, Table 10). Lastly, there were
3 PR proteins, 5HG0444080, 5HG0444170 and 5HG0444200, orthologous to OsPR10a,
which was also strongly associated with rice diterpenoid biosynthesis and occurred in the
rice diterpenoid subnetwork (Figure 7). Overall, this analysis suggests that some core genes
such as WRKYs, PDRs and PR proteins, which potentially regulate and transport diterpenoid
production, are conserved between rice and barley. These are strong candidates for
downstream experiments that focus on identifying how diterpenoid production is facilitated
and how they accumulate in extracellular spaces and / or are secreted into extracellular
environments, as for example in the case of momilactones in rice. In summary, by building
terpenoid gene networks in barley, | identified 3 major putative terpenoid subnetworks where
1 contained recently reported genes, validating my approach. Furthermore, | found evidence
for conserved genes in the immune regulation, transcriptional regulation and transport of
defensive diterpenes in rice and barley.
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Figure 21. The putative barley terpenoid network was constructed by extracting gene neighbourhoods
from barley genes known to be orthologs of rice terpene biosynthesis genes. a) The overall terpenoid
network, with 2 putative diterpene and 1 putative sesquiterpene cluster being highlighted. The known
barley diterpene biosynthesis genes are in red. b) The overall terpenoid network was filtered for genes
corresponding to relevant categories. The known barley diterpene biosynthesis genes are in bold.
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Similar to the previous section, a putative terpenoid gene network in sorghum was
assembled based on orthologous sorghum genes of maize terpenoid gest edges (strongest
2%) of each bait gene were extracted from the sorghum network and visualised as a network
(Figure 22) where overlapping neighbourhoods between bait genes might indicate a
potential biosynthetic pathway / network. This resulted in a substantial terpenoid gene
network containing 2200 genes. Where the maize terpenoid network segregated into two
large subnetworks, the sorghum network consisted of 3 identifiable subnetworks: a putative
monoterpene / sesquiterpene subnetwork, a putative sesquiterpene subnetwork and a
putative diterpene / sesquiterpene subnetwork.

The putative monoterpene / sesquiterpene subnetwork was annotated as such because it
contained 3 putative monoterpene synthases (004G153900, 004G019300, 004G019400)
which were orthologous to known maize monoterpene synthases and 2 putative
sesquiterpene synthases (007G187100, 007G034700) which were orthologous to maize
sesquiterpene synthases. This subnetwork also contained the genes orthologous to the
maize zealexin biosynthesis genes ZmTPS10 and ZmCYP31 (007G055500, 001G082500).
It is feasible that in sorghum, there are promiscuous enzymes encoded by genes in the
putative monoterpene / sesquiterpene subnetwork, acting in both monoterpene and
sesquiterpene biosynthesis. As both of these compounds are known to act as anti-insect and
anti-fungal metabolites, it is also feasible that this subnetwork contains genes encoding
those particular defense responses.

The putative sesquiterpene subnetwork contained putative sesquiterpene synthases
(007G034700, 007G055700, 001G363400, 005G130400) orthologous to maize
sesquiterpene synthases as well as CYP450s belonging to the CYP81 family (002G 189300,
001G082200, 002G065700, 001G082400, 003G360900). This subnetwork shares a lot of
genes with the diterpene / sesquiterpene subnetwork, which contained 3 diterpene
synthases (006G211500, 005G161200, 001G248600) which were orthologous to ZmKS3,
ZmCPS3 and ZmANT1 respectively. The diterpene / sesquiterpene subnetwork also
contained some CYP450s (001G369600, 001G082300, 010G172700) which were
orthologous to CYP450s involved in maize zealexin biosynthesis. Collectively, the
sesquiterpene and diterpene / sesquiterpene subnetwork in Figure 22a resemble the
diterpene / zealexin subnetwork in maize. Therefore, it is likely that the genes in both
subnetworks encode enzymes and proteins which respond to fungal infection and drive the
production of defensive terpenoids orthologous to those in maize.

The position of ZmAN1 within the diterpene / sesquiterpene subnetwork is incongruent as it
belongs to module 4 and most of the genes belonging to module 4 belong to the
monoterpene / sesquiterpene subnetwork. However, this is similar to OsCPS1 being distant
from the rest of the network in the rice terpenoid gene network. So perhaps this suggests
differential regulation of gibberellin biosynthesis upon biotic stress or novel diterpene
metabolism in sorghum.

While it is reasonable to annotate these subnetworks by the types of metabolites they might
produce, only in vitro experiments can accurately annotate these subnetworks.
Nevertheless, in an attempt to identify subnetworks which might produce defensive
terpenes, | filtered the sorghum terpenoid gene network for ancillary genes involved in
immune regulation, transcriptional regulation and transport of terpenes.

This resulted in a less dense network shown in Figure 22b which was still segregated by
potential terpenoid subtypes. PR proteins had been most strongly associated with
subnetworks producing defensive terpenes such as momilactones in rice, zealexins in maize
and hordedanes in barley. In the filtered sorghum terpenoid network, PR proteins were only
strongly associated with terpene synthases in the putative sesquiterpene subnetwork. These
PR proteins belonged to the PR5 and PR10 classes and were orthologous to the PR
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proteins in the rice and maize OTGNs. As mentioned previously, PR5 and PR10 proteins are
strongly upregulated under biotic stresses and in this project are always strongly associated
with the production of defensive terpenes. Due to this finding, | believe that the subnetwork
containing the genes (001G363400, 002G065700, 002G065800, 001G082200,
001G082400, 007G055800) is the strongest candidate for further research in sorghum
terpene metabolism.

Since rice, maize, barley and sorghum have all shown the ability to produce defensive
terpenoids, | analysed for the presence of common orthologous in the terpenoid gene
networks of all 4 species. This identified 37 orthogroups of proteins being conserved across
all 4 species. This includes 9 orthogroups spanning monoterpene, copalyl, kaurene and
sesquiterpene synthases. Of the remaining 28 orthogroups of proteins, there were 7
orthogroups which contained proteins such as CYP450s, TFs, immune receptors, PR
proteins and transporters. These are shown in Table 11 below. The remaining 21
orthogroups of proteins conserved in the terpenoid gene networks of rice, maize, barley and
sorghum are involved in various cellular processes and may contribute to terpenoid
production via currently unknown methods. In summary, | propose that an ancestral
defensive terpenoid network utilised proteins represented in these 37 orthogroups in order to
produce defensive terpenoids upon biotic stress and possibly abiotic stress.
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Figure 22: a) The overall terpenoid network in sorghum, based on sorghum orthologs of maize terpene
biosynthesis genes. b) The terpenoid network with genes of interest filtered and highlighted in a
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corresponding colour scheme. In both panels, the putative zealexin / diterpene subnetwork / cluster is
highlighted in light red. Each sorghum gene is labelled with its gene ID and the closest maize ortholog.
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Table 11. Orthogroups which have been conserved in terpenoid gene networks of rice, barley, maize and sorghum. The maize and rice genes IDs as well as gene
names, if available, are listed. Cells are coloured by their categories, green for CYP450s, purple for immune receptors, yellow for PR proteins, blue for TFs and red

for transporters.
Orthogroups Functional Category Maize Gene ID Rice Gene ID
0G0000549 CYP76M family ZMO00001EB031040 0S01G0561600
0S02G0569000
0S02G0569400
0S02G0569900
0S02G0571900
0S12G0199800
0G0000002 Lectin receptor like kinase ZMO0O0001EB237530 0S02G0640500 (OsSIT1)
ZMO00001EB325300 0S07G0129800
0S07G0129900
0G0000016 S-domain receptor like kinase ZMO00001EB069530 0S04G0633300 (OsSDRLK-54)
ZM00001EB220500 0S09G0551400 (OsSDRLK-42)
0G0001044 Leucine Rich Repeat protein ZMO0O001EB153630 0S05G0522600
ZMO00001EB293660 (ZmRLK10)
0G0000630 PR Protein 5 ZMO0001EB052520 0S03G0661600
ZMO0001EB217970 0S03G0663500
ZMO00001EB325340
0G0000320 WRKY transcription factor ZMO0001EB112840 (ZmWRKY108) 0S11G0490900 (OsSWRKY72)
ZMO00001EB169460 (ZmWRKY36)
ZMO00001EB293420 (ZmWRKY100)
0G0000074 PDR transporter ZMO00001EB357950 0S01G0342750
0S01G0609300 (OsPDR9)
0S01G0609900 (OsPDRS)
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3.10 Traditional forward genetic screens in Arabidopsis to
identify resistance or tolerance to momilactone B are ineffective

Forward genetic screens are powerful tools for identifying genes that underlie phenotypic
traits, including the resistance or tolerance towards phytotoxic compounds. Particularly,
forward genetic screens in Arabidopsis have been vital for identifying genes which confer
sensitivity to chemicals such as sulfamethoxazole (Schreiber et al., 2012). As mentioned in
the introduction, both target site and non-target site resistances can arise in forward genetic
screens. Target site resistance is more robust as due to mutations which lead to structural
changes in the target protein, the toxin is unable to bind to the target protein. Furthermore,
screening for toxin resistance at a higher concentration often yields plants with target site
resistance (Melero-Jiménez et al., 2021).

3.10.1 Dose response of momilactone B

Since Arabidopsis is sensitive to momilactone B, | decided to perform a forward genetics
screen in Arabidopsis in order to identify genes which confer sensitivity to momilactone B or,
in other words, the molecular mechanisms targeted or affected by momilactone B. In order to
determine an effective screening concentration, | performed a dose response assay of
momilactone B on Arabidopsis seedlings. Arabidopsis seeds were sown on plates containing
Y2 MS (Y2 Murashige and Skoogs) media supplemented with various concentrations of
momilactone B and grown in a climate-controlled growth chamber in vertical orientation.
After 7 days, plates were scanned and primary root length (PRL) was scored using ImageJ.
The % of inhibition was calculated by comparing the PRL of seedlings at each concentration
against seedlings grown on control media. Then, | used the drc package in R and the L.3
model for plotting a dose-response curve which determined a momilactone B half-maximal
effect concentration (ICs,) of 2 uM (Figure 23a) (Ritz et al., 2015). Meaning that at 2 yM of
momilactone B, a 50% reduction in PRL was observed in seedlings. At the highest
concentrations used in the dose response assay, 20 uM, there was no radicle emergence
observed after 7 days. Radicle emergence was observed in 10 uM but there was very little
root growth observed. In order to increase the likelihood of identifying true momilactone B
resistant mutants with target site resistance (i.e., to reduce the number of false positives), |
chose to conduct the first momilactone B resistance screen at a concentration of 8 uM,
corresponding approximately to the 1Cg,.

3.10.2 Momilactone B resistance screen in EMS mutagenised M2
generation of Arabidopsis

| had access to an M2 generation of EMS mutants of Arabidopsis, which was made available
to us by Andreas Finke from the Max Planck Institute for Plant Breeding Research, Cologne.
At the time this project was ongoing, it was highly challenging to obtain momilactone B from
rice husks. As the extraction process was still being perfected, | had access to only limited
amounts of momilactone B for my mutant screens. To minimise the need of the compound,
mutant screens of momilactone B were conducted on horizontally grown plates of seedlings,
unless otherwise mentioned. 400 M2 Arabidopsis seeds were scattered uniformly on each %2
MS plates supplemented with 8 yM momilactone B. After 6-8 days of growth, seedling
fitness was scored. The dose response screens had shown that growth of seedlings after
radicle emergence was stunted and root extension was arrested as concentrations
increased. Therefore, in the M2 screen, seedlings with any form of radicle emergence and
root extension that stood out in comparison to the rest of the seedlings on the plate were
subject to a second round of screening on vertically oriented plates supplemented with
momilactone B for 3-4 days. A group of negative control seedlings which had limited radicle
emergence or no root extension were also transferred. The second round of screening
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identified 5 seedlings which had longer roots or radicles compared to the negative control
seedlings; those were also moved to momilactone B-containing media. If their growth was
not significantly different, the seedlings were discarded. Five seedlings were scored as
potentially resistant and moved to Y2 MS so that they could be rescued and grown in soil in
order to be crossed to Col-0 to progress further with the mutant analysis.

After these 5 seedlings were crossed with wild-type Arabidopsis to obtain an F1 generation,
this F1 generation was selfed in order to generate an F2 population, in which resistant
phenotypes would segregate. 10 seeds from each of the potentially resistant 5 lines were
sown on %2 MS plates supplemented with 8 uM and grown for 7 days in regular growth
conditions. Unfortunately, none of the seeds from any of the 5 lines showed any resistance
(Figure 23b). At 8 uM, all seeds showed minimal radicle emergence and a lack of root
extension.

Forward genetics screens in Arabidopsis can require screening a varied number of
individuals, depending on the project. For example, resistance to sulfamethoxazole was
identified in two screens of 12,000 and 16,000 seeds (Schreiber et al., 2012). Whereas other
screens can utilise up to 50,000 seeds and be unsuccessful. To improve the chances of a
successful forward genetics screen, | tried screening a new type of EMS mutant collection.

3.10.3 HEM Mutant Collection Screen

HEM mutant collections are the result of single seed descent (SSD) propagation of
EMS-mutagenised Arabidopsis for 4 generations (Capilla-Perez et al., 2018). When a subset
(25) of the ~ 700 HEM lines were sequenced and mutations analysed, there were on
average 1003 mutations in each line with 70% of all mutations being homozygous. Of the
1003 mutations, 193 cause protein sequence changes and 15 may affect protein function.
Across all ~700 lines of the HEM collections, effectively every gene should statistically be
affected by at least one missense or nonsense mutation. Furthermore, since within each line
there is a variable rate of homozygosity at mutated loci, | calculated that screening 4 seeds
for each line should target all mutated loci within each line.

3.10.3a Momilactone B resistance screen in Arabidopsis HEM mutants

Hence, 4 seeds for each of the ~ 700 HEM lines were screened for resistance to
momilactone B at 8 yM on horizontally oriented plates which were placed in the growth
chamber for 5 - 7 days (Figure 23c). A control population of HEM seeds were grown on %
MS media supplemented with DMSO alongside the mutant screen to ensure seed viability.
Unfortunately, none of the screened seeds / seedlings exhibited any form of resistance
according to root phenotypes. Even if root radicles had emerged, | did not observe any
radicle extension or root elongation when the seeds were examined under the stereo
microscope. Therefore, | terminated the mutant screen for resistance to momilactone B at
this stage.

There are two major reasons which could explain the challenges of identifying momilactone
B resistance in the EMS and HEM Arabidopsis mutant populations; lethal mutations in
Arabidopsis and polygenic mutations for momilactone B resistance. These are elaborated
upon further in the discussion. Since resistance to momilactone B had failed in both HEM
and EMS populations, | chose to screen for tolerance to momilactone B, which might arise in
the form of target site resistance or non-target resistance.
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Figure 23: a) A dose response curve of inhibition of primary root length in Arabidopsis as concentration
of momilactone B increases. The IC5, was 2 pM after fitting a model for the dose response curve using
the drc package in R. b) Screening of backcrossed and selfed potentially resistant EMS M2 mutants at 8
MM momilactone B showed that resistance was not observed. c) A set up for screening ~ 696 Arabidopsis
HEM mutant lines, with 4 seeds of each line plated in a square. d) Arabidopsis HEM mutants which were
initially selected as potentially tolerant to momilactone B at 4 uM. e) A dose response curve of
Arabidopsis and 3 lines of HEM mutants which exhibited strongest tolerance to Arabidopsis. The primary
root length of each length at each concentration was compared to the root length of that line on control
media (DMSO + 2 MS) and plotted as % inhibition. The IC;, was approximately 1.39 uM for all 3
backcrossed and selfed (BC1F2) HEM lines and Col-0.

3.10.3b Momilactone B tolerance screen in Arabidopsis HEM mutants

Similar to the previously conducted mutant screen for resistance, a screen for tolerance to
momilactone B in Arabidopsis was conducted at 4 uM. At this concentration, Arabidopsis
Col-0 seeds were observed to have higher rates of radicle emergence and root elongation.
Therefore, a tolerant mutant would exhibit phenotypes similar to Col-0 growing on control
media, with a substantially long primary root after 5 - 7 days of growth in light. The HEM
mutant screen identified some potentially resistant plants at 4 yM momilactone B. Screening
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of the F2 generation of these lines could not confirm these observations; none of the
selected plants were tolerant or resistant (Figure 23d). A dose response curve of these
plants showed that none of these mutants deviated from the wild-type Col-0 Arabidopsis
(Figure 23e).

Resistance to a xenobiotic such as herbicides, or momilactone B in the context of our
assays, can be a difficult trait to incur. As such, we screened for tolerance to momilactone B
at 2 yM as well. Unfortunately, neither resistance nor tolerance to momilactone B was
observed in the EMS mutagenised M2 population or the HEM population. This suggests that
resistance to momilactone B in Arabidopsis could arise from two mechanisms. First, the
momilactone B target gene could be a core gene which causes a lethal phenotype when
mutated, hence it would not be detected in a forward genetic screen. Second, resistance to
momilactone B could be a polygenic trait, which would be challenging to identify in a forward
genetic screen.

The objective of this project was to utilise forward genetics approaches to identify the target
protein of momilactone B in Arabidopsis. This would have provided insight into the cellular
mechanisms which were disrupted by momilactone B, leading to lack of root elongation and
eventually seedling death at higher concentrations. Although this objective was not fulfilled,
the potency of momilactone B is still intriguing. It does not appear to have any degree of
autotoxicity according to publicly available literature. Colleagues in our lab have shown that
momilactone B treatment of rice leads to plant death at higher concentrations, suggesting
that there is a cellular mechanism for momilactone B exudation into the environment or
sequestration.
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4. Discussion

The orthologous terpenoid gene network project was an ambitious attempt to leverage
existing publicly available transcriptomic data in order to obtain insights into the evolutionary
conservation of the terpenoid biosynthesis machinery in rice and maize, and to identify
additional components of terpenoid biosynthesis, transport, modification, and regulation.
Many of the individual results were discussed within the results section to ease the logical
flow in the writing. However, several key insights warrant further discussion, especially in
reference to future projects that might be inspired by or based on this work.

4.1 Diterpenes and sesquiterpenes are the primary anti-fungal
metabolites

Out of the 4 major terpene subtypes which were within the scope of this thesis project
(mono-, di-, tri-, sesqui-terpene), the diterpene and sesquiterpene networks in both rice and
maize appear to be most involved in the response to biotic stress caused by fungal
infections. Monoterpene synthases in both rice and maize were tightly related to gibberellin
synthases, possibly due to gibberellin and monoterpene biosynthesis sharing components of
the cellular machinery, e.g., chloroplast transport. Triterpene biosynthesis in both rice and
maize was weakly associated with other terpene synthases or ancillary genes of interest,
reflecting their lack of involvement in anti-fungal responses, at least at the transcriptional
level.

It would be highly interesting to analyse a gene network built from transcriptomes of infected
roots in rice and maize, especially from single cell data, as this has been used successfully
to shed light on vinblastine biosynthesis in Catharanthus, a feat unachievable by bulk
RNA-Seq (Li et al., 2023). A similar approach in rice and maize may identify novel triterpene
biosynthesis, such as avenacin biosynthesis in roots of oats (Orme et al., 2019). In either
scenario, it would be fascinating to analyse a terpenoid gene network of transcriptomes from
other stresses such as insect, drought as well as tissues; root, stem, husk. Furthermore,
advances in single cell transcriptomics have also made it possible to build single cell gene
networks (Morabito et al., 2023), which can provide much information on cell type specific
terpene biosynthesis.

4.1.1 Unexpected relationships exist amongst terpene subnetworks

The overall terpenoid networks in both species segregated into modules which also
happened to be terpene subtype-specific. While this allowed me to neatly graphically
represent functional subnetworks corresponding to terpene subtypes, this visualisation
masks some of the underlying complexity.

For example, the maize network is divided into two clusters, one producing well-known
anti-fungal diterpenoids and sesquiterpenoids (zealexins), and the other producing
gibberellins, monoterpenes and other anti-insect compounds. In contrast, in rice, the overall
terpenoid network is divided into volatile, anti-insect mono / tri / sesquiterpenes and
defensive diterpenes. The co-occurrence of diterpene synthases with sesquiterpene
synthases in maize is substantially different from the observations in rice. However, it fits to
published findings that anti-fungal terpenoid metabolism in maize involves promiscuous
sesquiterpene and diterpene synthases as well as CYP450s. Unexpectedly, a similar pattern
is observed in rice to a lesser degree. The orthogroup of proteins that contains the zealexin
synthases Zx1/2/3/4 (ZmTPS6/ 12/ 11 / 13) also contained the rice genes OsTPS317,
OsTPS30 and OsTPS46. While OsTPS30 and OsTPS31 are located in the sesquiterpenoid
networks, OsTPS46 is integrated tightly into the diterpenoid network, suggesting that there
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are as yet uncharacterised rice sesquiterpenoids which arise from interacting with
promiscuous diterpene biosynthesis machinery. While the substrate and product of
OsTPS46 have been identified (Yuan et al., 2008), future work could express OsTPS46
together with the CYP450s in the diterpenoid subnetwork in order to identify novel defensive
terpenoids.

A second example of complexity in gene networks are the close relationships between the
sesquiterpene synthases ZmTPS8 / 9 and the known gibberellin synthases ZmAN1, ZmKS2
/ 3/ 5. According to DeepLoc's subcellular predictions, ZmTSP8 is plastid localised whereas
ZmTPS9 is cytoplasmic. Both are sesquiterpene synthases, shown to produce
sesquiterpenes (Block et al., 2019). Some monoterpene synthases have been shown to
produce sesquiterpenes from FPP, while some sesquiterpene synthases have been shown
to produce monoterpenes from GPP, implying substrate plasticity. In this case, ZmTPS8 is
predicted to localise to the chloroplast and belongs to the same orthogroup as known maize
and rice monoterpene synthases (ZmTPS27, ZmTPS7, OsTPS19, OsTPS20), yet has been
shown to act as a sesquiterpene synthase. Therefore, it is possible that it is actually a
plastid-localised monoterpene synthase which has substrate plasticity for FPP as well.

In summary, future efforts should build multiple terpenoid gene networks from varying
datasets of diverse tissue types and stresses, to identify more regulatory mechanisms
involved in terpene biosynthesis in grasses. It would also be fascinating to extend this
analysis to grasses with well assembled genomes and transcriptomes as this would shed
light on the extensive variety of terpene metabolism in plants. Considering recent reports of
sesterterpenes and non-canonical terpenes in plants, there seem to be many more layers to
uncover in plant specialised metabolism than meets the eye.

4.2 Phylogenetics of terpenoid production highlight conserved
terpenoid biosynthesis machinery

4.2.1 Promiscuous ancient CYP450s drive terpenoid diversity

Rice and maize diverged approximately 50 - 70 million years ago. Even so, significant
portions of the genome are syntenic and the corresponding genes as well as proteins retain
significant homology. Amongst these orthologous proteins are CYP450s, which have
undergone gene expansion and are involved to varying extents in terpenoid production. For
example, the CYP71Z family in rice has been recently shown to be vital for casbene
production (Liang et al., 2021), whereas the CYP71Z family in maize is crucial for zealexin
production, the main maize antibiotic (Saldivar et al., 2023). To underpin this, members of
the CYP71Z family in maize have undergone gene duplication events and are also
functionally redundant to each other, in order to limit the negative effects of mutations on
antibiotic production (Ding et al., 2020). The CYP76 and CYP701A families are both similar
examples of CYP450s that were retained in both rice and maize for producing terpenoids
(Mao et al., 2017; Wang et al., 2012, 2012-3). Both families are crucial and are also shown
to be promiscuous, participating in a variety of biosynthesis pathways to produce differing
terpenoids. CYP99s in monocots are grass-specific CYP450s which were reclassified into
the CYP71 family later on (Nelson & Werck-Reichhart, 2011). This suggests that as the
CYP71 superfamily of CYP450s diversified, the CYP99 family in rice was adopted into
terpenoid production, forming two core enzymes for momilactone biosynthesis. Unlike the
CYP71s, CYP76s and CYP701s discussed so far in rice and maize, CYP99s in rice are only
involved in momilactone production and have not been shown to act in other diterpenoid
biosynthesis pathways. Perhaps this is due to the recent recruitment of CYP99s into
terpenoid production in Oryza. Overall, this paints an - admittedly incomplete - picture of the
genomic dynamics at play in the evolution of terpene metabolism in rice and maize. If
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OTGNs were built in many more grass species, it would be fascinating to study the various
CYP450s facilitating terpene production as well as their gene family expansions and
synteny.

4.2.2 OETGNSs retain ancestral regulatory genes

The OETGNSs contained a lower number of CYP450s (CYP71Z, CYP89, CYP701A, CYP73)
than the orthologous node network (7 CYP450 families), firstly because it is common for new
families of CYP450s to be introduced into or removed from a terpenoid network. A prominent
example is CYP99, as discussed before. However, it is less likely for regulatory genes to be
excluded from such a conserved network, as regulatory genes in organisms tend to be
conserved over time. One key example of this is the conservation of the Hox genes, TFs
which regulate body development in all animals (Maconochie et al., 1996).

4.2.2.1 Conserved transcription factors could regulate one half of functional roles of
diterpenes

| identified TFs such as OsDPF, ZmbHLH70 /98 and WRKYs in both species, as well as the
WRKY cofactors, VQ proteins. The conserved TFs also coincided with the corresponding TF
binding motifs being conserved in the promoter regions of the genes in the terpenoid
network. Noticeably, there were differing ratios of bHLH motifs and WRKY binding motifs
between rice and maize, suggesting that there was further evolution of TF binding motifs
after maize and rice diverged.

The conservation of the VQ proteins in the orthologous node and edge network is a
surprising finding, as it is not common to identify the cofactors of proteins in a gene network.
While the VQ-WRKY binding would have to be confirmed, the occurrence of VQs in an
orthologous gene network specific for terpenoid production does substantially support their
roles as cofactors for conserved WRKYs. Furthermore, AlphaFold prediction of WRKY-VQ
binding for all available pairs in both networks suggests similar binding pockets centred
around the VQ domains.

A comprehensive motif discovery and enrichment analysis via XSTREME (Meme-suite.org)
of the putative promoter sequences in both rice and maize identified a number of common
TF binding motifs. These motifs are known to be MYB, ERF, AP2/EREBP and BZIP binding
sites. While some of these TFs are known to respond to abiotic stresses such as drought or
zinc deficiencies, a significant portion (MYB, ERF, are known to drive leaf architecture as
well as panicle development (Komatsu et al., 2003; Li et al., 2022). This could explain how
momilactones, for example, accumulate in rice husks. Therefore, it is possible that while
bHLHs and WRKYs drive the production of defensive terpenoids in response to biotic /
abiotic stress, the bZIP, ERF and AP2 TFs facilitate the accumulation of terpenoids in rice
husks in order to protect the developing seed and / or confer an allelopathic / microbiotic
advantage to a developing seed.

4.2.2.2 Conserved immune receptors could signal towards co-evolution with
pathogens

NLRs have been the subject of much research into plant immunity over the last two
decades. They have been shown to be versatile, highly adaptable proteins with varied
domains which co-evolve alongside pathogens such as M. oryzae. One example would be
the evolution of the Pik1 NLR in rice to perceive Avr-PikD, an effector protein from M. oryzae
(Biatas et al., 2021). Paired with the sensor Pik1 NLR, the Pik2 helper NLR is crucial for
mounting an effective immune response against M. oryzae (De la Concepcion et al., 2021).

The rice and maize OTGNs contained an orthogroup of NLRs with the coiled-coil domain,
known as an N-terminal Rx domain (Hao et al., 2013). These NLRs are located in two
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clusters on chromosomes one (Clade 1) and seven (Clade 2) (Supplementary Figure 1).
Similarly in maize, the clade 1 NLRs are in chromosome eight and clade 2 in chromosome
three. At both chromosome one and seven in rice, there are multiple copies of NLRs, of
which only a subset is present in the rice OTGN. This gene duplication is only observed
within the Oryzoideae, a common observation in NLR research (Borrelli et al., 2018). This
suggests that both clade 1 and 2 NLRs are undergoing active selection and evolution in
response to the rice specific pathogen, M. oryzae, akin to the Pik1/2 locus as well.

Lastly, clade 1 NLRs in both rice and maize contain bHLH binding motifs as well as WRKY
binding motifs, whereas the clade 2 NLRs in both species only contained bHLH binding
motifs. This suggests that there exists a difference in transcriptional regulation of each NLR.
Perhaps this is indicative of each clade being regulated in response to differing pathogens or
strains of M. oryzae. As NLRs with coiled-coil domains can perform many roles from
signalling for cell death to forming pores as multimers (Wang et al., 2021), it was challenging
to accurately surmise the function of these NLRs.

A final aspect worth noting on the NLRs in the rice and maize OTGNs is the lack of finding
well/characterised NLRs, especially in rice, where key NLRs mediating resistance to M.
oryzae have been found (Ding et al., 2020; Liu et al., 2020; Ortiz et al., 2017; Zdrzatek et al.,
2020). Perhaps this is due to the NLRs in the OTGNs being helper NLRs which amplify
immune responses, leading to production of defensive diterpenoids and zealexins. In any
case, only future study can analyse the role these proteins play in driving terpenoid
production.

4.2.2.3 Does differential PR10 gene family expansion and involvement in defensive
terpene networks suggest sub-functionalisation?

The orthologous edge network also highlighted the conservation of a class of PR10 genes
which had undergone gene expansion within the Oryza clade, whereas only a single PR10
gene in maize was strongly associated with anti-fungal terpenoids. First, this suggests that
the PR10 gene family is crucial for defensive terpenoid production in both species, especially
in rice. Second, the 5 PR10s within rice occur at the same locus that is syntenic to the maize
locus containing a single PR10. Transcriptomics has shown that these 5 genes differ
substantially in transcriptional response to biotic stresses. RSOsPR10 is a root specific gene
in rice which is induced by pathogen infection, yet it occurs in our leaf-oriented gene
network. Of the remaining 4 PR10 genes, at least one is a pseudogene, whereas the other 3
are upregulated in different time frames in response to pathogen infection. While there is
some literature that suggests putative roles for these cytoplasmic proteins as cell signalling
proteins, there is insufficient evidence to assign specific functions for any of the PR10 genes
in our networks. As such, future work on PR10 proteins can include their effects on driving
defensive terpenoid production.

4.3 Building terpenoid gene networks from orthologous genes in grasses
is a valid tool for predicting biosynthesis of novel metabolites

There have been some reports on a barley diterpene cluster on chromosome 2, involving
KSL4, CPS4, CYP89 and CYP99 family members ( Liu et al., 2024). In order to
independently verify this cluster and identify orthologous regulatory elements in a putative
barley diterpenoid network, | built a terpenoid network in barley based on networks extracted
from bait genes orthologous to terpenoid genes in rice and maize. This showed that putative
diterpene subnetwork 1 (Figure 21a & 21b) contained genes characterised in the hordedane
biosynthesis pathway. The aligning of an independent transcriptomic approach with in vivo
findings strongly suggests that the putative diterpenoid subnetwork 2 as well as the putative
sesquiterpene subnetwork contain genes involved in novel terpene biosynthesis pathways.
This is worth following up, and | am looking forward to future research using these data.
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The sorghum terpenoid gene network contained many TPS from the OG0000434
orthogroup. The maize terpenoid gene network only contained 2 genes from this orthogroup,
whereas sorghum had 7 genes. The opposing trend was observed for the orthogroup
0G0001170, where the maize terpenoid gene network contained 9 genes of this orthogroup
and sorghum only contained 4. It is clear that in maize, expansion of the genes in
0OG0001170 led to the production of zealexins, whereas there was a positive selection for
the genes in OG0000434 in sorghum. In parallel, the sorghum terpenoid gene network also
contained 9 CYP81s belonging to the orthogroup OG0000139, whereas maize only had 3,
which catalyse zealexin production. It is possible that in sorghum, the TPS belonging to
0G0000434 and the CYP81s in OG0000139 present in all three subnetworks of sorghum
could collectively contribute to producing sorgolexins, analogous to the zealexins in maize.

A final observation made in the orthologous network analysis was that for each category of
genes / proteins analysed, published literature assigned these genes as either biotic- or
abiotic-stress-responsive. This suggests a dichotomy of a regulatory network that drives the
production of these defensive terpenoids in response to biotic or abiotic stresses. It is
possible that there are parallel regulatory elements which regulate identical steps in
terpenoid production yet respond to various stresses. For example, OsWRKY72 has been
reported to be abiotic-stress-responsive, whereas OsWRKY77 responds to biotic stress. Or,
OsSDRLK54 is responsive to cold stress whereas OsSDRLK42 is responsive to bacterial
infection. Diterpenes such as momilactones and phytocassanes in rice, dolabralexins and
kauralexins in maize have been shown to accumulate in leaves during drought conditions as
well as upon fungal infections. As such, the genes identified in our network could be
responsive to biotic and / or abiotic stresses. Future work could consider these genes as
strong candidates for in vitro experiments that focus on characterising this terpenoid
network.

4.4 Resistance to momilactone B in Arabidopsis is a complex
phenotype

Amongst all of the terpenoids discussed thus far, momilactones are the best studied class of
diterpenes. Studies have focused on understanding the induction mechanism, the regulatory
TFs and elucidating the complete biosynthetic network that spans 4 chromosomes and 2
known BGCs. In this project, we also attempted to identify the mode of action of these potent
allelochemicals. However, multiple mutant screens of F2 generation of EMS mutants as well
as HEM mutant collections to identify resistance or tolerance have failed. There are many
possible reasons for this result or lack thereof.

It is possible that resistance or tolerance to momilactone B could be a pleiotropic effect.
Replicating pleiotropic mutations in a mutant screen can be challenging, especially when
considering the availability and cost of procurement of momilactone B. Alternatively,
resistance to momilactone B in Arabidopsis could arise from mutations which are lethal in
embryos. Therefore, these mutants would be unobtainable in EMS mutagenesis and instead
would have to be conditionally knocked out or down, which are expensive and
time-consuming projects. A final reason for true resistance or tolerance to be unobtainable
was that momilactone B could have multiple sites of action on multiple proteins, thereby
requiring the screenings of hundreds of thousands of mutants in order to identify true
resistance.

It is also interesting to note that Echinocloa crus-galli contains some momilactone
biosynthesis genes and has been shown to produce momilactone A, yet is highly sensitive to
exogenously applied momilactone B (Kato-Noguchi et al., 2010; Van Quan et al., 2019). As a
weed that is known to have been co-cultivated with rice by accident, one would expect
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resistance to momilactone B to have evolved in E. crus-galli. Hence, if resistance has not
emerged in E. crus-galli, it might come less as a surprise that a forward-genetic screen in A.
thaliana was not able to return individuals resistant to momilactone B. A more informative
approach here might be to study momilactone B autotoxicity amongst various rice cultivars
and perform GWAS to identify causal regions / SNPs / genes.

In short, large-scale, high-throughput mutant screens as well as study of autotoxicity in rice
cultivars could shed more light on the mode of action of momilactone B in plants. As a highly
potent allelochemical which has the potential to be a lead compound in herbicide
development, it is vital to understand the mode of action of momilactone B. The agronomical
impact of momilactone B derived novel herbicides in an increasingly monoculture, highly
industrial agricultural system is immense and therefore warrants more research into this
topic.
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Conclusion

5. Conclusion

Gene networks have increasingly been shown to be powerful tools in understanding
regulatory mechanisms in cells in response to specific stresses. In this project, | showed that
there are conserved ancillary genes which coordinate the production of defensive terpenoids
in response to fungal infections of leaves. | identified key genes encoding for transporters,
TFs and immune receptors which cumulatively might perceive biotic stress signals and then
transcriptionally regulate the production and transport of defensive terpenoids. Therefore,
these genes are strong candidates for future validation assays to completely characterise
the production, transport and regulation of defensive terpenoids in rice and maize. | also
showed that by comparing orthologous genes, it is possible to identify terpene gene
networks in other related species as well. Collectively, the approaches in this thesis and the
knowledge generated would substantially advance efforts to increase agricultural output by
boosting endogenous defensive traits in crops.

The second goal of identifying the mode of action of momilactone B by identifying resistant

mutants in Arabidopsis was unsuccessful, due to a variety of reasons laid out above. As a
potent allelochemical, momilactone B’s mode of action still warrants future research.
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7. Appendix

Supplementary Table 1: Results of protein-protein docking attempted with ALPHAFOLD servers.
Predicted template model (PTM) scores reflect the accuracy of the structures, with scores > 0.5 meaning
that the predicted structures are similar to the true structures. The interface predicted template model
(iPTM) scores reflect the accuracy of the predicted interaction area between the two proteins. Score > 0.8

are understood to be similar to the true structures.

Interaction Partners vQ WRKY iPTM PTM Species
(()Dssv\\/lg:(%(;;s 12 2 x WRKY72 0.27 0.25 Rice
g;v\\/,gx;fs 12 2 x WRKY77 0.28 0.25 Rice
oz 12 WRKY72 0.4 0.29 Rice

OsVQ12 x
OSWRKY72 x 12 WRKY72 x WRKY77 0.29 0.25 Rice
OSWRKY77
evalzx 12 WRKY77 0.41 0.29 Rice
a2 35 2 x WRKY72 0.28 0.22 Rice
ooss\xgii;fs 35 2 x WRKY77 0.3 0.23 Rice
s 35 WRKY72 043 0.25 Rice
OsVQ35 x
OSWRKY72 x 35 WRKY72 x WRKY77 0.31 0.23 Rice
OSWRKY77
OZSVVSS% 35 WRKY77 0.43 0.24 Rice
ZanvVVR(I)(4Y11 0 “ 100 0.48 0.35 Maize
zﬁ%ﬁ%g 4“1 108 0.44 0.33 Maize
ZmeV\V/gI‘(tJ(;Lt “1 34 0.5 0.34 Maize
2RSS 41 36 042 0.32 Maize
szmv\\fgé\}gs 41 68 0.53 0.35 Maize
err1mv\\//§;<1\1(7x3 41 73 0.47 0.34 Maize

A o950 X | Zm000016b084880 100 0.5 0.34 Maize

Zm00001eh0B4850 X | Zmo0001eb084880 108 0.44 03 Maize

£mO200 e008ae20 X | Zm00001eb084880 34 047 0.29 Maize

Zm0000160084880x | zmo000 166084880 36 043 03 Maize

Zm0007ehoBA850 X | zmo0001eb084880 68 0.52 0.29 Maize

£mO200 1 P00e7980 X | Zm00001eb084880 73 047 0.27 Maize

Supplementary Table 2: Subcellular localisation prediction of protein sequences of maize genes in
OTGN. Prediction was performed by Deeploc.

Protein_ID

Localizations

Signals

Protein_ID

Localizations

Signals
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. Signal
ZMO0O0001EBO . Chloroplast ZMO00001EB2 Endoplasmic .
01950 Plastid transit peptide 22680 reticulum peptide|Transme
mbrane domain
ZMO00001EBO Plastid Chloroplast ZMO00001EB2 Cell membrane Transmembrane
02270 transit peptide 23910 domain
. Signal
ZMO00001EBO Plastid Chloroplast ZMO00001EB2 Endoplasmic eptide|Transme
04050 transit peptide 24350 reticulum pep .
mbrane domain
ZMO0001EBO Cvtoplasm ZMO00001EB2 Plastid Chloroplast
04420 ytop 30410 transit peptide
ZMO00001EBO . ZMO00001EB2 ) Chloroplast
04570 Plastid 30440 Plastid transit peptide
ZMOOO001EBO Cell membrane Transmembrane ZMO00001EB2 Plastid Chloroplast
08810 domain 36900 transit peptide
ZMO0001EBO Nuclear ZMO0001EB2 cell Signal
Cytoplasm|Nucleus localization membrane|Lysosome | peptide|Transme
10210 . 37530 ;
signal /Vacuole mbrane domain
ZMOOO01EBO . Chloroplast ZMO00001EB2 . .
12130 Plastid transit peptide 39740 Mitochondrion
ZMO0001EBO Plastid ZMO0001EB2 membrarSaTI! sosome Signal peptide
14950 40970 Y gnal pep
/Vacuole
ZMO0001EBO Plastid ZMO0001EB2 Nucleus Iozlaullezzrr)n
14960 42930 :
signal
ZMO00001EBO ) Ceﬂ Transmembrane | ZMO0OO1EB2 | . | Nul?'ef.r
15510 membrane|Lysosome domain 43310 ytoplasm|Nucleus ocalization
/Vacuole signal
Cell
ZM00001EB0 | Membrane|Endoplas Signal ZMO0001EB2 . Chloroplast
15530 __ mic peptide|Transme 43590 Plastid transit peptide
reticulum|Lysosome/ mbrane domain
Vacuole
ZMOOO01EBO ZMO0001EB2 .
16730 Cytoplasm 45320 Plastid
ZM00001EBO ) ZMO00001EB2 ) Chloroplast
17120 Plastid 46090 Plastid transit peptide
ZMO00001EBO Cell membrane Transmembrane ZM00001EB2 Plastid Chloroplast
17730 domain 46340 transit peptide
ZMO00001EBO Nugl onudear ZMO00001EB2 Cvton
18860 ucleus ocalization 48540 ytoplasm
signal
Signal
peptide|Transme
ZMO0O0001EBO Cell membrane ZMO00001EB2 Endoplasmic mbrane
19620 48960 reticulum domain|Peroxiso
mal targeting
signal
. Signal
ZMO0O001EBO Endoplasmic eptide[Transme ZMO00001EB2 Plastid Chloroplast
20060 reticulum pep } 51520 transit peptide
mbrane domain
ZMO00001EBO Plastid Chloroplast ZM00001EB2 Endoplasmic Signal peptide
21200 transit peptide 53760 reticulum gnat pep
ZMO00001EBO Cytoplasm ZMO00001EB2 Plastid Chloroplast
21690 ytop 55850 transit peptide
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Nuclear
ZMO0O0001EBO Cytoplasm|Nucleus localization ZMO00001EB2 Plastid Chloroplast
26100 ytop signal|Nuclear 58200 transit peptide
export signal
ZMO00001EBO Plastid Chloroplast ZMO00001EB2 Mitochondrion Mitochondrial
28930 transit peptide 58710 transit peptide
ZMO0001EBO Crionlasm lo’;‘;‘lfz'gﬁgn ZMO0001EB2 Plastid Chloroplast
29480 ytop ) 58750 transit peptide
signal
ZMOOOOTEBO | o ombrane onudtear | 7M00001EB2 Plastid Chloroplast
30650 ; 67020 transit peptide
signal
ZMO00001EBO Endoplasmic . tij;?{‘;'nsme ZMO00001EB2 Cvtonlasm
31040 reticulum pep . 67640 yiop
mbrane domain
ZMO00001EBO . ) ZMO00001EB2 ) Chloroplast
32520 Extracellular Signal peptide 68360 Plastid transit peptide
ZMO00001EBO . ) ZMO00001EB2 ) Thylakoid luminal
32560 Extracellular Signal peptide 71820 Plastid transit peptide
ZMO00001EBO . ) ZMO0001EB2
32580 Extracellular Signal peptide 72110 Cytoplasm
Extracellular|Endopla
I Extracellular Signal peptide s smic Signal peptide
32600 gnat pep 77710 reticulum|Lysosome/ gnat pep
Vacuole
ZMO0O0001EBO . Chloroplast ZMO00001EB2 Nuclear export
39850 Plastid transit peptide 78070 Cytoplasm|Nucleus signal
ZMO00001EBO Plastid Chloroplast ZMO00001EB2 Cvtoplasm
41400 transit peptide 78400 ytop
ZMO00001EBO Cvtoplasm ZMO00001EB2 Plastid Chloroplast
41770 ytop 80560 transit peptide
ZMO00001EBO Cell membrane Peroxisomal ZMO00001EB2 Endoplasmic Signal pentide
42200 targeting signal 82710 reticulum gnal pep
ZMO0O001EBO . ZMO00001EB2
49280 Plastid 83060 Cytoplasm|Nucleus
ZMO0001EBO Cytoplasm|Nucleus Io’g‘aullezzrr)n ZMO0001EB2 Plastid Chloroplast
42710 . 87190 transit peptide
signal
ZMO0O0001EBO . Chloroplast ZM00001EB2 . . . Mitochondrial
42940 Plastid transit peptide 88110 Mitochondrion|Plastid transit peptide
ZMO0001EBO Endoplasmic . tidSé?T”r:'nsme ZMOOOOTEB2 | (i1 biasiid Peroxisomal
43620 reticulum pep ! 89570 ytop targeting signal
mbrane domain
ZM00001EBO Endoplasmic . tij;%”;'nsme ZM00001EB2 Plastid
43630 reticulum pep . 90720
mbrane domain
ZM00001EBO Plastid Chloroplast | ZM00001EB2 Nudlous onudear
47160 transit peptide 93420 )
signal
ZMO0001EBO . Chioroplast | ZM00001EB2 cel Signal
Plastid : : membrane|Lysosome | peptide|Transme
48020 transit peptide 93660 }
/Vacuole mbrane domain
Nuclear
ZMO00001EBO Cytoplasm|Nucleus localization ZMO00001EB2 Plastid
50280 ytop signal|Nuclear 94780
export signal
ZMO00001EBO . ) ZMO00001EB2
52520 Extracellular Signal peptide 96670 Cell membrane
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ZMO00001EBO . Chloroplast ZMO00001EB2 . )
55320 Plastid transit peptide 09340 Extracellular Signal peptide
ZMO00001EBO . . Mitochondrial ZMO0001EB2 . )
56550 Mitochondrion transit peptide 99370 Extracellular Signal peptide
ZMO0001EBO Plastid Thylakoid luminal | ZMO0O01EB3 Endoplasmic
58590 transit peptide 00570 reticulum
ZMO0001EBO ) ZMO0001EB3 . Chloroplast
59070 Plastid 01210 Plastid transit peptide
ZMO0001EBO ) ZMO0O01EB3 . Chloroplast
63160 Plastid 02370 Plastid transit peptide
ZMO0O0001EBO . Chloroplast ZMO00001EB3 .
63710 Plastid transit peptide 06760 Plastid
Signal
ZMO00001EBO . ZMO0O0001EB3 Transmembrane
Cell membrane peptide|Transme Lysosome/Vacuole )
69530 } 12350 domain
mbrane domain
ZMO00001EBO Plastid Chloroplast ZMO0O0001EB3 Mitochondrion Mitochondrial
71070 transit peptide 14770 transit peptide
ZMO00001EBO Plastid Chloroplast ZMO00001EB3 Cvtoplasm
71080 transit peptide 15490 ytop
Signal
ZMO0001EBO Plastid ZMO0001EB3 Cell membrane peptide|Transme
71090 15600 ]
mbrane domain
ZMO00001EBO Cytoplasm ZMO0001EB3 Plastid Chloroplast
71310 ytop 19610 transit peptide
ZMO0O0001EBO Mitochondrion Mitochondrial ZMO0O0001EB3 Plastid Chloroplast
71870 transit peptide 19770 transit peptide
ZMO00001EBO ) . Mitochondrial ZMO0001EB3 )
71890 Mitochondrion transit peptide 22600 Plastid
ZMO0O0O001EBO Plastid Chloroplast ZMO0O0O001EB3 Cell membrane Transmembrane
72370 transit peptide 22880 domain
Signal
ZMO00001EBO . ) ZMO00001EB3 .
74700 Mitochondrion 23300 Cell membrane peptlde|Transme
mbrane domain
ZMO00001EBO . Chloroplast ZMO0001EB3 )
75370 Plastid transit peptide 24080 Plastid
ZMO0001EBO ZMO0001EB3 Cell Signal
Cytoplasm membrane|Lysosome | peptide|Transme
75660 25300 )
/Vacuole mbrane domain
ZMO00001EBO ZMO00001EB3 . .
81570 Cytoplasm 25340 Extracellular Signal peptide
ZMO0001EBO Nudlous pudlear ZMO0001EBR3 blastid Chloroplast
84880 . 25560 transit peptide
signal
ZMO00001EBO Mitochondrion Mitochondrial ZMO00001EB3 Endoplasmic Transmembrane
86340 transit peptide 25890 reticulum domain
ZMOO0001EBO Plastid ZMO0001EB3 Nucleus Iozl:liczkae;gn
88390 27890 )
signal
ZMO0O001EBO Plastid Chloroplast ZMO0O001EB3 Plastid Chloroplast
89390 transit peptide 29630 transit peptide
Nuclear
ZMO0O001EBO Cell membrane Transmembrane ZMO0O001EB3 Cytoplasm|Nucleus localization
93580 domain 29990 ytop signal|Nuclear
export signal
ZMO0O001EBO Plastid Chloroplast ZMO0O0001EB3 Plastid Chloroplast
96060 transit peptide 30460 transit peptide
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ZMO00001EBO Cell membrane lo’;'a”“cz'Z‘t":gn ZMO00001EB3 Plastid Thylakoid luminal
96890 ) 35810 transit peptide
signal
s Cell membrane e tidSeiz?Frzlnsme ZIOCO0IEES Plastid Chloroplast
01180 pep . 35940 transit peptide
mbrane domain
ZMOO0001EB1 Endoplasmic ZMOO0001EB3 Cvtoplasm
08040 reticulum 36120 yiop
ZM00001EB1 Nucleus|Cell ZMO0001EB3 Nucleus lo’g':lfz";ﬁgn
09480 membrane 37860 )
signal
Nuclear
ZMO00001EB1 N ZMO00001EB3 . .
12840 Nucleus Iocgllzatlon 41580 Extracellular Signal peptide
signal
ZMO0001EB1 Cytoplasm ZMO0001EB3 Cytoplasm|Nucleus Io’;le:jliczlzzgn
14130 yiop 42550 yio -
signal
ZMO00001EB1 Endoplasmic Signal peptide ZMO00001EB3 Plastid Chloroplast
16470 reticulum gnat pep 46280 transit peptide
ZMO00001EB1 Extracellular Peroxisomal ZMO0001EB3 Plastid
16560 targeting signal 46800
Nuclear
ZMO0001EB1 Extracellular|Cell ZMO0001EB3 e
17000 membrane 46880 Nucleus localization
signal
ZMOO0001EB1 Plastid Chloroplast ZMO0001EB3 Plastid Mitochondrial
18450 transit peptide 49410 transit peptide
ZMO0001EB1 Nuclear ZMO0001EBR3 Cell Signal
Nucleus localization membrane|Lysosome | peptide|Transme
20960 ' 53610 )
signal /Vacuole mbrane domain
Nuclear
ZMO00001EB1 Cvtoplasm ZMO0001EB3 Nucleus localization
22690 ytop 53710 signal|Nuclear
export signal
ZMO0001EB1 Plastid Chioroplast | ZM00001EB3 Nuclous lo’;':“cz'zzgn
24300 transit peptide 54370 :
signal
ZMO00001EB1 Signal ZMO0001EBR3 Nuclear
Cell membrane peptide|Transme Nucleus localization
24900 ) 56430 :
mbrane domain signal
ZMO00001EB1 . Chloroplast ZMO0O0001EB3 . Chloroplast
26080 Plastid transit peptide 57520 Plastid transit peptide
ZMO00001EB1 Plastid ZMO00001EB3 Cell membrane Transmembrane
27150 57950 domain
Cell Signal
ZMO0001EB1 Extracellular Signal peptide ZMO0001EB3 membrane|Endoplas peptide|Transme
27360 60740 ’ ; )
mic reticulum mbrane domain
ZMO00001EB1 Plastid ZMO00001EB3 Nucleus
27510 61650
ZMO00001EB1 Cytoplasm ZMO0001EB3 Nucleus
28290 yiop 61660
Nuclear
ZM00001EB1 ZMO0O01EB3 e
30870 Cytoplasm 63910 Cytoplasm|Nucleus Iocgllzatlon
signal
ZM00001EB1 Coll membrane onwdtear | 7M00001EB3 blastid Chioroplast
31480 . 65000 transit peptide
signal
ZMO00001EB1 Cvtoplasm ZMO00001EB3 Plastid Chloroplast
32050 ytop 66810 transit peptide
ZMOOOO1EB1 Plastid Chloroplast ZMOOOO1EB3 Nucleus lo(’;';:’z'iign
33200 transit peptide 68070 signal
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ZMO00001EB1 Plastid ZMO00001EB3 Endoplasmic Transmembrane
39760 68900 reticulum domain
ZMO00001EB1 Plastid Chloroplast ZMO0001EB3 Cvtoplasm
40490 transit peptide 68910 ytop
ZMO00001EB1 Plastid Chloroplast ZMO0O001EB3 Plastid Chloroplast
40540 transit peptide 70480 transit peptide
ZMO0O001EB1 . Chloroplast ZMOOO01EB3 . Chloroplast
41870 Plastid transit peptide 71640 Plastid transit peptide
ZMO00001EB1 Cell Transmembrane | ZMOO0O1EB3 | Lysosome/Vacuole|G
membrane|Lysosome . p
42370 domain 73350 olgi apparatus
/Vacuole
ZMOO0001EB1 . . ZMOO0001EB3 . Chloroplast
45860 Extracellular Signal peptide 74210 Plastid transit peptide
ZM00001EB1 ) Chloroplast ZMO00001EB3 .
47750 Plastid transit peptide 77150 Plastid
ZMO00001EB1 . Chloroplast ZMO0O0001EB3 . Chloroplast
47760 Plastid transit peptide 78020 Plastid transit peptide
ZMO00001EB1 Cytoplasm Nuclear export ZMO00001EB3 Plastid Chloroplast
47990 ytop signal 78030 transit peptide
ZMO00001EB1 Cytoplasm|Peroxiso Peroxisomal ZMO0O0001EB3 Plastid Chloroplast
48110 me targeting signal 79570 transit peptide
ZMO00001EB1 Nucleus ZMO0001EB3 Plastid
48580 85070
ZMO00001EB1 Endoplasmic Transmembrane ZMO00001EB3 Plastid|Endoplasmic
49860 reticulum domain 85100 reticulum
Cell Signal
ZMO0001EB1 membrane|Lysosome | peptide|Transme ZMO0001EB3 Nucleus
53630 3 85110
/Vacuole mbrane domain
ZMO00001EB1 Cvtoplasm ZMO0001EB3 Plastid Chloroplast
54000 yiop 86680 transit peptide
ZMO0001EB1 Cvtoplasm ZMO0001EB3 Nucleus
54670 yiop 87370
ZMO0001EB1 Nucleus Io’c\;lauliczlzzgn s Cytoplasm
54960 ; 87920 yiop
signal
ZMO0001EB1 Cytoplasm|Nucleus ZMO0001EB3 Cytoplasm
55590 yiop 87930 yiop
ZMO0001EB1 Cytoplasm ZMO0001EB3 Lysosome/Vacuole
56190 yiop 93630 Y
Signal
ZMO0001EB1 Cell membrane peptide|Transme ZMO0001EBR4 Cytoplasm
56250 ) 00190
mbrane domain
ZM00001EB1 Cytoplasm|Cell lo';‘:“czlgign ZM00001EB4 Cvtoplasm loz‘;’lle‘;:gn
60050 membrane ; 00820 yiop ;
signal signal
ZMO00001EB1 Plastid Chloroplast ZM00001EB4 Cvtoplasm
69360 transit peptide 04590 yiop
ZMO0001EB1 Nudlous pudlear ZMO0001EB4 blastid Chloroplast
69460 . 06810 transit peptide
signal
ZMO00001EB1 . ) ZM00001EB4 Endoplasmic . )
70180 Extracellular Signal peptide 09690 reticulum Signal peptide
ZMO00001EB1 Mitochondrion Transmembrane ZM00001EB4 Endoplasmic Signal peptide
71030 domain 09700 reticulum gnal pep
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Mitochondrial
transit

ZMOO0001EB1 . . . . ZMO00001EB4 Chloroplast
72970 Mitochondrion peptlde|PerQX|so 10040 Cytoplasm transit peptide
mal targeting
signal
ZMO0001EB1 Plastid Chloroplast ZMO0001EB4 Cvtoplasm
77670 transit peptide 11340 ytop
ZMOO0001EB1 Cell membrane Transmembrane ZMO00001EB4 Cvtoplasm
78270 domain 12960 ytop
ZMO0O001EB1 Cvtoplasm ZMO0001EB4 Cvtoplasm
80060 ytop 12970 ytop
ZMO0O001EB1 Plastid Chloroplast ZMO0001EB4 Cvtoplasm
83770 transit peptide 12980 ytop
ZMQ0001EB1 Cytoplasm Io’;lz:liczlzztr)n ZMO0001EB4 Cytoplasm
90340 ytop ; 12990 ytop
signal
ZMO0O01EB1 . ) ZMO0001EB4
00430 Extracellular Signal peptide 14190 Cytoplasm
ZMO00001EB1 Peroxisome ZM00001EB4 Cytoplasm Nuclear export
98200 14630 ytop signal
ZMOO0001EB1 Lysosome/Vacuole Transmembrane ZMO00001EB4 Cytoplasm
98740 Y domain 15070 ytop
ZMO0001EB2 ZMO0001EB4 )
00520 Cell membrane 15080 Plastid
ZMO00001EB2 Plastid Chloroplast ZMO00001EB4 Cvtoplasm Nuclear export
00910 transit peptide 15090 ytop signal
ZMO0O001EB2 Plastid Thylakoid luminal | ZM00001EB4 Cvtoplasm
03770 transit peptide 15100 ytop
ZMO00001EB2 Cytoplasm Io’c\;l:Iiczlzztr)n ZMO00001EB4 Cytoplasm
04910 ytop ; 15160 ytop
signal
ZMO0001EB2 Nuclear export ZMO00001EB4 . Chloroplast
08380 Nucleus signal 15420 Plastid transit peptide
ZMO00001EB2 . Chloroplast ZM00001EB4 . Chloroplast
08940 Plastid transit peptide 15430 Plastid transit peptide
ZMO00001EB2 Nucleus ZM00001EB4 Cytoplasm Nuclear export
15460 16690 ytop signal
ZMO0O001EB2 . ) ZMO0001EB4
17970 Extracellular Signal peptide 16700 Cytoplasm
ZMO0001EB2 Endoplasmic Signal ZM00001EB4
20030 reticulum peptide[Transme 16720 Cytoplasm
mbrane domain
ZMO0001EB2 Cell membrane . tidSé?anzlnsme ZMO0001EB4 Plastid Mitochondrial
20500 pm‘b’rane ot 18980 transit peptide
ZMO0001EB2 Endoplasmic Signal ZMO0001EB4 Transmembrane
22540 reticulum peptide[Transme 19500 Cell membrane domain
mbrane domain
ZMO00001EB2 Endoplasmic ZM00001EB4 Cytoplasm Nuclear export
22660 reticulum 19890 ytop signal
ZMO00001EB4 Plastid Chloroplast ZMO00001EB4 Mitochondrion Mitochondrial
24460 transit peptide 20390 transit peptide
ZMO0001EB4 Endoplasmic . tidse'?T”rZ'nsme ZMO0001EB4 Cvtoplasm
32420 reticulum pep 23470 ytop

mbrane domain
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Supplementary Table 3: Subcellular localisation prediction of protein sequences of maize genes in

OTGN. Prediction was performed by Deeploc.
Protein_ID Localizations Signals Protein_ID Localizations Signals
Signal
0S01G0101200 Plastid 0S04G0633300 Cell membrane |peptide|Transmem
brane domain
0S01G0118000 Plastid Chloroplast transit | 50460677300 | Cell membrane | T"ansmembrane
peptide domain
. Thylakoid luminal Cytoplasm|Nucleu Nuclear
0S01G0144100 Plastid transit peptide 0S05G0102000 S localization signal
. Chloroplast transit Nuclear
0S01G0151200 Plastid peptide 0S05G0141300 Cytoplasm localization signal
Endoplasmic Endoplasmic . .
0S01G0151200 reticulum 0S05G0156300 reticulum Signal peptide
0S01G0151200 Cytoplasm 0S05G0177500 Cytoplasm
0S01G0158400 Nucleus 0505G0291700 Plastid Chloroplast transit
peptide
Nuclear Endoplasmic Signal
0S01G0196300 Nucleus o . 0S05G0320700 P peptide|Transmem
localization signal reticulum .
brane domain
0S01G0205500 | CYtoplasmiNucleu Nuclear 0S05G0331200 | Mitochondrion Peroxisomal
S localization signal targeting signal
0S01G0252600 Plastid Chloroplast transit | 54550388600 Plastid
peptide
Transmembrane
0S01G0264700 Cytoplasm 0S05G0390100 Mitochondrion | domain|Peroxisom
al targeting signal
0S01G0297200 | Endoplasmic 0S05G0401100 Plastid
reticulum
0S01G0323600 Cytoplasm 0S05G0401200 Plastid Thylakoid luminal
transit peptide
0S01G0339900 | Endoplasmic Signal peptide | OS05G0480000 Plastid
reticulum
0S01G0342750 | Cell membrane | lansmembrane | oqns:0480000 | Cytoplasm|Plastid | , - eroxisomal
domain targeting signal
Nuclear Cell Signal
0S01G0376600 Nucleus o . 0S05G0522600 | membrane|Lysoso |peptide|Transmem
localization signal ]
me/Vacuole brane domain
. . Cytoplasm|Cell Nuclear
0S01G0382000 Extracellular Signal peptide 0S05G0522600 membrane localization signal
. Signal Cell Signal
Endoplasmic . .
0S01G0561600 . peptide|Transmem [ OS05G0526700 | membrane|Lysoso |peptide|Transmem
reticulum ) .
brane domain me/Vacuole brane domain
050160584900 Nucleus Nuclear 0S05G0530400 Nucleus Nuclear
localization signal localization signal
Cell Signal
0S01G0589800 Plastid 0S05G0550800 | membrane|Lysoso |peptide|Transmem
me/Vacuole brane domain
0S01G0609300 | Cell membrane Tra”fj?n‘:g}gra”e 0S05G0576600 | Cell membrane
0S01G0609900 | Cell membrane 0S05G0582300 Plastid Ch'orgzﬁiﬁérans't
0S01G0609900 | Cell membrane | '"ansmembrane | 5q4650101600 Plastid Chloroplast transit
domain peptide
0s01Go612500 | CYoPlasmiNudleu Nuclear 0S06G0133800 Plastid
S localization signal
0S01G0658400 Cytoplasm|Nucleu Nucle_ar export 0S06G0133800 Cytoplasm|Nucleu _Nuglear_
S signal S localization signal
Cell Signal Chloroplast transit
0S01G0693300 | membrane|Endopl |peptide|Transmem | OS06G0133900 Plastid g tide
asmic reticulum brane domain pep
0S01G0693900 Plastid 0S06G0146300 | CYtoPiasmINucleu Nuclear
S localization signal
0S01G0703400 | CYioptasmiNucleu Nuclear 0S06G0210900 | Golgi apparatus
S localization signal
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Chloroplast transit

0S01G0721200 Nucleus 0S06G0245800 Plastid .
peptide
0S01G0721300 Nucleus 0S06G0254300 | Endoplasmic Signal peptide
reticulum
0S01G0721400 Nucleus 0S06G0254300 | Mitochondrion
0S01G0734600 Cytoplasm 0S06G0264800 Plastid Ch'°rgg"fﬁs$éra”s“
0S01G0761000 Plastid Ch'°’gg§i§gansn 0S06G0313440 Cytoplasm
0S01G0814900 | Endoplasmic | Transmembrane | qng0354500 |CYioPlasm|Peroxis | Peroxisomal
reticulum domain ome targeting signal
0S01G0838600 Nucleus Nuclear 0S06G0549600 Extracellular Signal peptide
localization signal
0S01G0847700 Cytoplasm 0S06G0549900 |EXUacellularlysos | g o) oo tie
ome/Vacuole
0S01G0862200 Plastid Chloroplast transit | 5650568600 | Plastid|Endoplasm
peptide ic reticulum
0S01G0871300 Plastid Ch'°rgg';‘tis(§gans“ 0S06G0569300 Cytoplasm
0S01G0871300 Cytoplasm Peroxisomal | g0550569500 |P'@stidlEndoplasm
targeting signal ic reticulum
0S01G0879200 |EXtracellularilysos | g0 o) nontide | 0S06G0570900 Nucleus
ome/Vacuole
0S01G0897600 Cytoplasm 0S06G0647100 Plastid Ch'orgg"f‘t%éfans't
0S01G0912700 Plastid ChIor;zI;t?é;ransit 0S06G0729650 Plastid
050160925700 | CYtoplasmiNucleu Nudlear 0S07G0116900 | Golgi apparatus
S localization signal
Cell Transmembrane
0S01G0930400 | membrane|Lysoso d h 0S07G0117200 Nucleus
omain
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Supplementary Figure 1: A phylogenetic tree of the orthogroup 0G0000059, which contains NLRs, spli
into two clades. Rice proteins are in red and bold, maize proteins in blue and bold. Some branches of the
tree have been truncated as boxes in order to ease visualisation. The distance between the clades has
also been truncated and is represented as two diagonal dashes.
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