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ABSTRACT

Fusarium verticillioides is a fungal pathogen of maize causing ear rot and stalk rot
diseases. Importantly, the fungus also produces carcinogenic mycotoxins, fumonisins, on
infested maize. Unfortunately, we still lack a clear understanding of how the pathogen
responds to host and environmental stimuli to trigger fumonisin B1 (FB1) biosynthesis. In
this study, we hypothesized that G-protein coupled receptors (GPCRs), heterotrimeric G
proteins and regulators of G protein signaling (RGS) proteins play important roles in
sensing environmental cues and activate signaling pathways. Previously, we demonstrated
that Gf protein FvGbbl directly impacts FB1 regulation but no other physiological
aspects in F. verticillioides. In this study, we identified and characterized Receptor for
Activated C Kinase 1 (RACK1) homolog FvGbb2 as a putative GB-like protein in F.
verticillioides. The mutant exhibited severe defects not only in FB1 biosynthesis but also
in vegetative growth and conidiation. FvGbb2 was positively associated with carbon
source utilization and stress agents but negatively regulated general amino acid control.
As for RGS proteins, F. verticillioides has two FvFIbA paralogs, namely FvFIbA1 and
FvFIbA2, unlike yeast and 4Aspergillus species with a single copy of FIbA. Previously, we
demonstrated that FIbA2 protein negatively impacts FB1 regulation in F. verticillioides.
In this study, we further characterized the role and association of two FvFIbA paralogs.
We learned that FvFIbA1 deletion did not lead to significant physiological defects, but
FvflbA2/A1 double mutation resulted in severe growth defects and elevated FBI1
production than those observed in single mutants. Taken together, our data suggest that
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heterotrimeric G proteins and RGS proteins perform unique functions in regulating F.
verticillioides growth, virulence and FB1 biosynthesis by associating with different
proteins and signaling pathways. Additionally, the characterization of a small GTPase
FvSec4 showed critical functions in asexual development, pathogenicity, stress responses
and mycotoxin biosynthesis. GFP-FvSec4 is localized to growing hyphal tips and raised

the possibility that FvSec4 is involved in protein trafficking and endocytosis.
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CHAPTER I

INTRODUCTION

Fusarium verticillioides is a major pathogen of maize

Fusarium species is a major group of filamentous fungi associated with plant diseases and
mycotoxin contamination (Ma et al., 2013). These fungi cause a wide variety of plant
diseases including wilts, rots and blights in many agriculturally important plants
worldwide. For example, F. oxysporum f. sp. cubense tropical race 4 (Foc TR4)is a
devastating pathogen for Cavendish bananas in subtropic and tropic areas worldwide
(Warman and Aitken, 2018). F. oxysporum f. sp. vasinfectum Race 4, known as FOV4, is
a newly introduced pathogen that is causing devastating wilt in Pima cotton in California
and Texas (Cox et al., 2019; Seo et al., 2020). Furthermore, Fusarium is notorious for
producing a large number of toxic mycotoxins including fumonisins, trichothecenes,
zearalenone, and fusarins. The genes associated with biosynthesis of these secondary
metabolites typically occur in clusters. To date, forty-six secondary metabolite clusters
were identified in key Fusarium plant pathogens, including F. verticillioides, F.

graminearum and F. oxysporum (Ma et al., 2010).

Maize is widely cultivated and one of the most important crops in the world, mainly used
for human and animal consumption. F. verticillioides (teleomorph: Gibberella

moniliformis Wineland) is a fungal pathogen of maize that causes ear rot and stalk rot
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diseases and thus poses significant food safety and security risks. This fungus utilizes
asexual spores, i.e. microconidia and macroconidia, to rapidly reproduce and spread
through infested seeds and plant debris. Typically, microconidia are the predominant
inoculum source for dissemination and infection. F. verticillioides can infect all
developing stages of maize, and in some cases does not exhibit any recognizable
symptoms prompting some scientists to designate the pathogen as facultative endophyte
(Blacutt et al., 2018). F. verticillioides is known to cause ear rot on maize primarily

through silk infection (Duncan and Howard, 2010).

Fumonisins gene cluster and biosynthesis

F. verticillioides produces a variety of mycotoxins and biologically active secondary
metabolites including fusaric acid, fusarins, and fumonisins on infested maize. Production

of fumonisins are notable in several Fusarium species, but F. verticillioides is recognized

as the most prevalent species with critical economic impact. Fumonisins consist of A, B,
C and P series with 28 fumonisin analogs identified in total (Rheeder et al., 2002). The B
series fumonisin B1, B2, B3 and B4 are more thoroughly studied, and fumonisin B1 (FB1)
is recognized as the most prevalent and toxic form in nature. Fumonisins are a group of
polyketide-derived mycotoxins structurally similar to sphinganine, which are associated
with esophageal cancer and neural tube defect in humans and also toxic to animals

(Gelderblom et al., 1988; Nelson et al., 1993). Due to these health risks, the levels of



fumonisins in grains and foodstuffs for human and animal consumptions are regulated by

governmental agencies worldwide.

Structurally, fumonisins are 19-20 carbon backbone polyketide secondary metabolites.
The fumonisin biosynthesis gene cluster (referred to as the “FUM cluster”) was first
proposed by Proctor et al (1999), which consists of 16 genes encoding biosynthetic
enzymes and regulatory proteins (Proctor et al., 2013). Except for four FUM genes
(FUM15, FUMI6, FUMI17, FUMI8) which were reported to have no impacts on
fumonisns production, all other FUM genes (FUMI, FUM2, FUM3, FUMSG,
FUM7, FUMS, FUMI10, FUMI11, FUMI13, FUMI14, FUM19, FUM2I) were determined
to be required for fumonisins production in F. verticillioides. More specifically, FUMI,
which encodes a polyketide synthase (PKS), contributes to the first step in fumonisin
production, followed by FUMS, an aminotransferase gene. FUMG6, a cytochrome P450
monixygenase is proposed to be responsible for the third step in FB1 biosynthesis
pathway. Fumonisins production were completely abolished in fuml, fum8 and fum6
knockout mutants. (Proctor et al., 1999; Seo et al., 2001). Additionally, FUM21 is a
Zn(I1)2Cys6 transcription factor that positively regulated FUM cluster gene expression

and fumonisins production (Brown et al., 2007).

It is well documented that polyketide synthases (PKSs) and non-ribosomal peptide
synthases (NRPSs) are responsible for a large number of structurally diverse secondary

metabolites in bacteria, fungi and plants. Fungal PKSs are multifunctional proteins which
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harbor multiple functional domains required for synthesizing polyketides that are
precursors of numerous pigments and toxins (Hopwood and Sherman, 1990; Staunton and
Weissman, 2001; Kroken et al., 2003). To date, 16 PKSs and 16 NRPSs are identified in
the F. verticillioides genome (Hansen et al., 2015). Particularly, PKS11/ (also known as
FUM]I) is the essential PKS gene for initiating fumonisin biosynthesis. Some additional
PKS genes have been characterized in F. verticillioides responsible for secondary
metabolisms, e.g. PKS3 (PGLI) required for the dark violet pigment production in
perithecia. PKS21 (FUBI) is required for fusaric acid biosynthesis (Brown et al., 2012).
PKS10 (FUSI), a NRPS-PKS hybrid, is also responsible for fusarin C production (Song
et al., 2004). However, the majority of PKS gene functions remain uncharacterized

(Hansen et al., 2015).

In addition to FUM gene cluster, a number of genetic components have been demonstrated
to be positively or negatively associated with FB1 regulation. Disruption of FCC/ gene,
a yeast Ssn8 (Ume3 or Srb11) homolog, led to significantly lower FB1 and microconidia
production (Shim and Woloshuk, 2001). Later, it was revealed that Ficcl interacts with a
cyclin-dependent kinase 8, Fckl and that inactivation of FCKI results in similar
phenotypes as FCCI mutant (Bluhm and Woloshuk, 2006). Another study identified a
transcription factor, ZFRI, which is highly suppressed in the Afccl deletion mutant.
Disruption of ZFR1I gene led to a drastic reduction in fumonisin BI1(FB1) production but
there was minimal negative impacts on physiological growth and development (Flaherty

and Woloshuk, 2004). Two MADS-box transcription factors deletion mutants, Amads1
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and Amads2, further showed significant alterations in FB1 production and PKS genes
expression. A recent study on FUGI, a Fungal Unknown Gene 1, implies that there are
still a number of uncharacterized genetic factors associated with FUM genes expression

and fumonisin biosynthesis (Ridenour and Bluhm, 2017).

A select number of negative regulators including PACI, CPP1, PPR2, GBPI, FLBA2 have
also been reported. Molecular characterization of PACI, a PH regulatory gene showed
significant higher FB1 production when grown on maize kernels and in acidic synthetic
medium (Flaherty et al., 2003). CPPI is a protein phosphatase 2A (PP2A) catalytic
subunit, negatively associated with FB1 production, FUM1 expression level but positively
involved in growth and hyphal polarity (Choi and Shim, 2008). Similarly, deletion of
PPR2, a gene encoding regulatory subunit of PP2A, showed elevated FB1 production
(Shin et al., 2013). GBPI, a monomeric G protein, was upregulated in fcc/ mutant in
expressed sequence tag (EST) test. Gene deletion mutant of Agbp1 demonstrated increases
in FB1 production, FUM1 and FUMS gene expressions compared to WT (Sagaram et al.,

2006).

GPCRs and non-receptor guanine nucleotide exchange factors

All living organisms have the task of sensing and responding to fluctuating environmental
cues. G protein-coupled receptors (GPCRs) are the largest group of receptors containing

seven transmembrane (TM) domains that transduce signals from the external environment
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to the cell, enabling the organism to adjust to its environment. In addition to 7 TM
domains, GPCRs have N-terminus exposed to the external cell while the C-terminus is
extending to cytoplasm. GPCRs are roughly half of drug targets accounted for in human
disease treatments or under development (Marchese et al., 2008). To date, 15,147 GPCRs
are predicted in 3,547 species in GPCRdb (Munk et al., 2016). The number of GPCRs
varies in different organisms; more than 800 GPCRs were identified in the human genome
while over 1300 were found in the mouse genome. By contrast, three GPCRs are present
in Saccharomyces cerevisiae and nine in S. pombe. Surprisingly, GPCR was not identified

in plants such as Arabidopsis thaliana.

GPCRs bind to heterotrimeric G proteins that consist of a, 3, and y subunits. The a subunit
is bound to GTP or GDP and is capable of GTP hydrolysis stimulated by RGS proteins.
When activated by specific stimuli including hormones, amino acid and nutrients, GPCRs
will go through a conformational change. This will lead to the exchange of GTP for GDP
on the Ga subunit triggering dissociation of the heterotrimer G proteins (Hanlon and
Andrew, 2015). Both Ga subunit and Gy dimer are responsible for initiating the signaling
pathway. Typically, GBy dimer is not dissociated during nondenaturing circumstances

(Neves et al., 2002).

Ga subunit GDP-GTP exchange can also be regulated by nonreceptor guanine echange
factors (GEFs), including Ric8 and Get3/Arr4 (Miller et al., 2000; Tall et al., 2003; Lee
and Dohlman, 2008). Ric8 (resistant to inhibitors of cholinesterase 8 protein) was firstly
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identified in Caenorhabditis elegans, mediating GEF activity to several G proteins (Miller
etal., 2000; Tall etal., 2003). Ric8 orthologs are found in filamentous fungi, but are absent
in S. cerevisiae. Recent studies have characterized five putative Ric8 orthologs in
filamentous fungi, including Neurospora crassa, Aspergillus nidulans, A. fumigatus,
Magnaporthe oryzae and F. gramniearum, associated with many different biological
processes (Li et al., 2010; Eaton et al., 2012; Kwon et al., 2012; Wu et al., 2015). For
instance, in F. graminearum, FgRic8 has physical interaction with group I and Group II
Ga proteins (Wu et al., 2015). Gene expression levels of heterotrimeric G protein
components were all significantly inhibited in FgRic8 deletion mutant except FeGPA2
which was elevated (Wu et al., 2015). Significantly, the deletion mutant exhibited defects

in radial growth, conidiation, mycotoxin production and virulence (Wu et al., 2015).

Arr4, a homolog of ArsA ATPase in bacteria was initially named due to the similarity to
Arsenicals Resistance proteins in bacterial species (Shen et al., 2003). Get3/Arr4 is
responsible for tail-anchored (TA) proteins inserting into the endoplasmic reticulum
(Schuldiner et al., 2008). Get3 showed interaction with Gpal and promoted GEF activity
on Gpal protein in S. cerevisiae (Lee and Dohlman, 2008). Get3/Arr4 is important for
stress tolerance, proper MAPK signaling, gene expression, and mating efficiency in S.
cerevisiae (Shen et al., 2003; Lee and Dohlman, 2008). Additionally, a recent study
revealed that Get3 acts as a ATP-Independent chaperone under oxidative stresses

preventing cells from detrimental oxidative damage (Voth et al., 2014). Get3 has been



shown to be an essential protein in mouse (Mukhopadhyay et al., 2006), however its

ortholog has not been studied in the filamentous fungi to date.

Heterotrimeric G proteins signaling components

In general, canonical heterotrimerc G protein complex in vast majority of filamentous
fungi contains three Ga, one Gf, and one Gy subunits (Li et al., 2007). However, this is
not always the case; S. cerevisiae has two Ga proteins while Ustilago maydis has a fourth
Ga protein Gpa4. Similar to many fungi, Fusarium species contain three Ga proteins. Gou
group I is the most conserved Ga proteins in key Fusarium species, with 100% identity at
the protein level, and is responsible for negatively regulating secondary metabolisms in F.
graminearum and F. fujikuroi (Yu etal., 2008b; Studt et al., 2013). In addition, the mutants
showed mating defects in both F. graminearum and Fusarium fujikuroi. Ga. group II did
not impact the phenotypes in F. graminearum, while Go. group III was shown to be
involved in pathogenicity and cell wall chitin content in F. graminearum but associated

with the fusarubin biosynthesis in F. fujikuroi.

It is widely accepted that fungi contain one canonical Gf3 protein. However, studies have
shown that G} function is not conserved in fungi. For instance, the deletion of G protein

in F. graminearum and F. fujikuroi showed significant reduction in host virulence while

the mutation did not impact F. verticillioides maize stalk pathogenicity (Delgado-Jarana



etal., 2005; Sagaram and Shim, 2007; Yu et al., 2008a). F. graminearum AFggpbl mutant
produced significantly higher DON and ZEA biosynthesis, while F. verticillioides
AFvgbbl mutant produced significantly less FB1. To date, the function of Gy subunit in
Fusarium species has not been characterized but we know it is highly conserved in four
select Fusarium species (F. verticillioides, F. graminearum, F. fujikuroi, and F.

oxXysporum).

Accumulating evidences demonstrate that non-canonical G subunit, Receptor for
Activated C Kinase 1 (RACK1) homologue, interacts with canonical heterotrimeric G
protein components in various fungi. For instance, G-like protein RACKI interacts with

Ga group IIl in S. cerevisiae, C. neoformans and M. oryzae (Zeller et al., 2007; Wang et
al., 2014; Yin et al., 2018). In addition, RACK1 homologue Gib2 in C. neoformans also
showed interaction with two Gy subunits (Gpgl and Gpag2) (Wang et al., 2014). RACK 1
protein has seven WD40 repeats that are about 40 amino acids motifs typically ending
with Trp(W)-Asp(D) dipeptide (Wang et al., 2016). WD40 proteins mainly exist in
eukaryotes while some are present in bacteria. In F. verticillioides, HMMER (version
3.2.1) search showed 109 WD40-containing proteins. WD proteins often function as
scaffolding proteins and are associated with many fundamental biological processes, such

as signal transduction, autophagy and transcription regulation (Xu and Min, 2011).



Regulator of G protein signaling (RGS) proteins

GPCR signaling is attenuated by G-protein-coupled receptor kinases (GRKs) and -
arrestin in animals (Dohlman, 2009). However, GRKs and B-arrestin were not found in
fungi. In contrast, studies showed regulator of G protein signaling (RGS) proteins in fungi
acts as GTPase-activating proteins that promote GTP hydrolysis and leads Ga subunit
back to GDP-bound inactivated form to terminate GPCR and G protein signaling pathways
(Dohlman, 2009). RGS proteins typically contain a 130 amino acid RGS domain, which
promote RGS protein binding to the Ga subunit. Notably, RGS proteins also contain
diverse non-RGS domains, such as DEP (Dishevelled, Egl-10 and Pleckstrin), PX (phox),
PXA, nexin C and TM, which are linked to various signaling pathways. For instance, the
DEP domain is found in a well-known yeast RGS protein Sst2 that is known to interact

with pheromone sensing Ste2 and mediate GPCR signaling responses (Ballon et al., 2006).

S. cerevisiae Sst2 was the first RGS protein investigated in fungi. Since then, RGS proteins
have also been identified and studied in other fungi. Amongst Fusarium species, RGS
proteins were first identified and studied in F. verticillioides; when investigating the
function of G} protein FvGbbl, transcription of four RGS genes FvFLBAI, FvFLBA2,
FvRGSB and FvRGSC1 were significantly altered compared to the WT strain (Mukherjee
et al., 2011). Intriguingly, FvFIbA2 and FvRgsB knockout mutants exhibited increase in
FBI1 production. In F. graminearum, FgFIbA exhibited similar impacts on DON and ZEA
production while FgRgsB and FgRgsC were associated with sexual development. No
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evidence indicated the function of RGS proteins in virulence on corn stalk rot in F.
verticillioides but F. graminearum FgFIbA, FgRgsA and FgRgsb were shown to be

involved in the pathogenicity.

Objectives of this study

The discovery of FUM gene cluster allowed researchers to gain a better understanding of
the biosynthetic mechanism associated with fumonisins contamination in Fusarium ear
rot of maize. However, further studies suggested that fumonisins are not critical for maize
ear rot virulence (Desjardins et al., 2002). Thus, it is intriguing to ask why, when, and how
F. verticillioides triggers fumonisin biosynthesis. While there are a number of genes
shown to be involved in regulating fumonisin biosynthesis, our knowledge of the cellular
and genetic networks underpinning the mechanisms of fumonisin regulation is still very
limited. Previous studies demonstrated that there are multiple components, environmental
and epigenetic factors, involved in this complex biological process (Woloshuk and Shim,
2013; Blacutt et al., 2018). For instance, Bluhm & Woloshuk (2005) showed that
amylopectin in synthetic media supported the higher FB1 levels when compared to a
medium with glucose or maltose as the carbon source. How does F. verticillioides sense
the differences in carbon source and trigger FUM genes? Based on earlier studies, it is
reasonable to hypothesize GPCRs, heterotrimeric G proteins and RGS proteins play

important roles in sensing environmental cues and activating signaling pathways. The goal
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of my research is to further understand fumonisins regulatory mechanism, particularly the

roles heterotrimeric G proteins and RGS proteins play, in F. verticillioides.
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CHAPTER II
CHARACTERIZATION OF NON-CANONICAL G BETA-LIKE PROTEIN FVGBB2
AND ITS RELATIONSHIP WITH HETEROTRIMERIC G PROTEINS IN FUSARIUM

VERTICILLIOIDES

Summary

Fusarium verticillioides is a fungal pathogen that is responsible for maize ear rot and stalk
rot diseases worldwide. The fungus also produces carcinogenic mycotoxins, fumonisins,
on infested maize. Unfortunately, we still lack clear understanding of how the pathogen
responds to host and environmental stimuli to trigger fumonisin biosynthesis. The
heterotrimeric G protein complex, consisting of canonical Ga, G3, and Gy subunits, is
involved in transducing signals from external stimuli to regulate downstream signal
transduction pathways. Previously, we demonstrated that G protein FvGbbl1 directly
impacts fumonisin regulation but no other physiological aspects in F. verticillioides. In
this study, we identified and characterized a RACK 1 (Receptor for Activated C Kinase 1)
homolog FvGbb2 as a putative GB-like protein in F. verticillioides. The mutant exhibited

severe defects not only in fumonisin biosynthesis but also vegetative growth and

* This chapter is reprinted with permission from “Characterization of non-canonical G
beta-like protein FvGbb2 and its relationship with heterotrimeric G proteins in Fusarium
verticillioide” by Yan, H.J. and Shim, W.B. 2020. Environmental Microbiology 22(2),
615-628. Copyright © (2020) John Wiley & Sons, Inc.
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conidiation. FvGbb2 was also positively associated with various carbon source utilization
and stress agents. While FvGbb2 does not interact with canonical G protein subunits, it
may associate with diverse proteins in the cytoplasm to regulate vegetative growth,

virulence, fumonisin biosynthesis, and stress response in F. verticillioides.

Introduction

Fusarium verticillioides (teleomorph: Gibberella moniliformis Wineland) is a widely
distributed fungal pathogen associated with every stage of maize life cycle, from seed
germination to harvest and post-harvest storage (Blacutt et al., 2018). The most common
maize diseases caused by this fungus are stalk rot, ear rot and seedling blight. Importantly,
F. verticillioides produces a variety of mycotoxins including fusaric acid, fusarins, and
fumonisins. Fumonisin B1 is the most abundant and toxic form among fumonisins, a group
of polyketide-derived secondary metabolites, that contaminate cereals and grains, leading
to health and food safety risks for humans and animals (Marin et al., 2013). Note that a
wide variety of secondary metabolites are synthesized in microbes, plants, and even
certain marine animals. Polyketide synthases (PKSs) and non-ribosomal peptide synthases
(NRPSs) are mainly responsible for the biosynthesis of diverse secondary metabolites. To
date, 16 PKSs and 16 NRPSs are identified in F. verticillioides genome (Hansen et al.,
2015). Particularly, PKS11 (also known as FUM1) is the essential PKS gene for initiating
fumonisin biosynthesis. While some PKS genes have been characterized in F.

verticillioides secondary metabolism, e.g. PKS3 (PGLI) required for the dark violet
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pigment production in perithecia and PKSI/0 contributing to fusarin biosynthesis, the
majority of PKS gene functions remain unclear (Hansen et al., 2015). Furthermore, these
secondary metabolites are not required for normal fungal growth, survival, or virulence
but are known to provide certain physiological benefits, including protection against UV
damage, defense against abiotic and biotic stresses (Ma et al., 2013; Keller, 2019). It is
also important to note that there is still a significant gap in our knowledge on how these

secondary metabolites, including fumonisins, are regulated for biosynthesis.

Canonical heterotrimeric G protein complex, which consists of o, 3, and y subunits (Neves
et al., 2002), is critical for sensing environmental stimuli, including pheromones, nutrients
and host infection. When activated by their cognate ligands, seven transmembrane domain
receptors, i.e. G protein-coupled receptors (GPCRs), will go through a conformational
change. This leads to the exchange of GTP for GDP in Ga subunit triggering the
dissociation of G protein complex (Xue et al., 2008). Both Ga subunit and Gy dimer are
responsible for initiating downstream signaling pathway including cAMP and MAPK
kinase pathways. Multiple Ga subunits are identified in filamentous fungi, while only one
canonical G subunit is found in fungal species (Li et al., 2007). G subunit is the most
extensively studied WD40-repeat protein. In addition to harboring seven WD40-repeat
domains, G subunit also contains a short coiled-coil motif in the N-terminus region
responsible for interacting with Gy subunit (Zeller et al., 2007). In addition to G subunit,

12 out of 55 WD proteins have seven WD40-repeat domains in S. cerevisiae, but only one
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G and one Gp-like protein were identified (Smith et al., 1999). Studies suggest that Gf3-

like protein is associated with diverse physiological functions in fungi (Zhang et al., 2016).

Putative GB-like protein RACK1 (Receptor for Activated C Kinase 1) was first identified
from a chicken liver cDNA library. Later, RACK1 was also identified as a receptor protein
for activated Protein Kinase C (PKC) (Mochlyrosen et al., 1991; Ron et al., 1994). In
Aspergillus fumigatus, the deletion of RACK1 homolog CpcB led to defects in hyphal
growth, virulence and gliotoxin biosynthesis (Kong et al., 2013; Cai et al., 2015). In rice
blast pathogen Magnaporthe oryzae, RACK1 homolog Mip11 was identified as a Mst50-
and MoRgs7-binding protein, which is critical in cAMP signaling and plant infection (Li
etal., 2017; Yin et al., 2018). RACK1 homologs were shown to interact directly with one
of the Ga subunits in multiple fungi, including S. cerevisiae, Cryptococcus neoformans
and M. oryzae (Palmer et al., 2006; Zeller et al., 2007). Furthermore, a recent study in
Arabidopsis thaliana demonstrated that RACK1 actually serves as a scaffolding protein
for GP subunit and a downstream MAPK cascade component involved in plant immunity
(Cheng et al., 2015). If RACK1 were to be recognized as a Gf-like protein in F.
verticillioides, one question we can ask is whether this protein physically interacts with

heterotrimeric G protein subunits.

In F. graminearum, the deletion mutant of G protein GzGpbl facilitated ZEA and DON
production but was defective in hyphal growth and pathogenicity (Yu et al., 2008b). Our

previous study demonstrated that Gf subunit FvGbbl positively regulated FBI
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biosynthesis, but otherwise showed very limited role in F. verticillioides vegetative
growth and virulence (Sagaram and Shim, 2007). Significantly, as described earlier, Gf3-
like protein RACK1 is involved in diverse functions in multiple eukaryotic organisms.
The outcomes from our FvGbbl study led us to hypothesize that an alternative non-
conventional G subunit may compensate for the main Gf subunit functions in F.
verticillioides. In this study, we characterized the functional role of putative GB-like
protein FvGbb2, a RACK1 homolog, in F. verticillioides development and secondary
metabolism. Additionally, we investigated the relationship between FvGbb2 and

canonical heterotrimeric G protein components.

Results

Identification of RACKI1 homolog in F. verticillioides

We used Ascl protein sequence from the S. cerevisiae genome database

(http://www.yeastgenome.org/) to search for RACKI1 homolog in F. verticillioides

database using BLASTP algorithm. Our search led to the identification of FVEG 02582,
which was designated as FvGbb2. The FvGBB2 gene is 1,465 bp in length with 3 predicted
introns, encoding a 316-amino-acid protein. To identify FvGbb2 orthologs in other
species, F. verticillioides FvGbb2 protein sequence was used in BLAST query. Sequence
alignment indicated that FvGbb2 protein shares a high amino acid identity with its

orthologs (Figure A-1). Both FvGbb2 and FvGbbl1 are predicted to contain seven WD-40
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repeat motifs, while FvGbb1 has an extra coiled-coil domain. FvGbb2 did not share high
protein similarity with FvGbb1, but this is not surprising when you consider structural
diversity of WD-40 repeat motifs and the difficulty associated with predicting secondary
structure information (Wang et al., 2016). But, to further study FvGbb2 against canonical
G subunit in fungi, amino acid sequences of candidate proteins were aligned using
ClustalW software (Larkin et al., 2007), and the phylogenetic tree was built with bootstrap
1000 replicates using MEGA 7 (Kumar et al., 2016). Domain information was retrieved
from SMART and presented by EvolView (Letunic et al., 2015; He et al., 2016; Letunic
and Bork, 2018) (Figure 2.1). Phylogenetic tree analysis suggested that FvGbb2 and its

homologs are distinct from canonical G} subunit in various species.
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Figure 2.1 Phylogenetic and domain analysis of GB-like and GJ proteins in multiple
fungi.

Protein names with fungal species, NCBI locus tag, and protein similarity against FvGbb2
used in the figure are; FvGbb2 (Fusarium verticillioides, FVEG 02582, 100% identity),
FoAscl (F. oxysporum f. sp. lycopersici 4287, FOXG_05557, 100% identity), FgAscl (F.
graminearum, FGSG 09870, 99% identity), MoMipll (Magnaporthe oryzae,
MGG 04719, 97% identity), NcCpc2 (Neurospora crassa ORT4A, NCU05810, 95%
identity), AfCpcB (4spergillus fumigatus A1163, AFUB 070060, 90% identity), CnGib2
(Cryptococcus neoformans var. grubii H99, CNAG 05465, 73% identity), SpCpc2
(Schizosaccharomyces pombe, SPAC6B12.15, 70% identity), ScAscl (Saccharomyces
cerevisiae, YMR116C, 59% identity), SpGit5 (S. pombe, SPBC32H8.07, 22% identity),
ScSte4 (S. cerevisiae, YOR212W, 26% identity), CnGpbl (C. neoformans var. grubii
H99, CNAG 01262, 22% 1dentity), AfSfaD (4. fumigatus A1163, AFUB_ 059800, 23%
identity), NcGnb1 (N. crassa OR74A, NCU00440, 23% identity), MoMgb1 (M. oryzae,
MGG 05201, 22% identity), FvGbbl (F. verticillioides, FVEG 10291, 22% identity),
FgGpbl (F. graminearum, FGSG_04104.1, 27% identity), FoFgb1 (F. oxysporum f. sp.
lycopersici 4287, FOXG_11532, 22% identity).



AFvgbb2 had severe defects in vegetative growth and conidia on agar plates but

showed more vigorous mycelial growth in liquid YEPD medium

To study the functional role of FvGbb2, we generated a null mutant of FvGBB2 (AFvgbb2)
by replacing the gene with hygromycin-resistance gene (Figure A-2A). FvGBB2 transcript
in the mutant was tested by qPCR, and the complete loss of FvGBB2 expression indicated
successful gene deletion (Figure A-2D). The AFvgbb2 mutant grew significantly slower
and less fluffy compared to the wild type (WT) on V8, 0.2xPDA, myro and YEPD agar
plates (Figure 2.2A). In addition, 7-day-old YEPD liquid cultures of double deletion
mutants AFvgbb2-gbbl, AFvgbb2-gpa2 showed extremely high levels of undetermined

dark pigment (Figure 2.2A).

Additionally, when examined under the microscope, AFvgbb2 exhibited shorter but
noticeable hyper-branching hyphae (Figure 2.2B). Gene complementation strains
AFvgbb2-Com and AFvgbb2-Gbb2-GFP showed full recovery of growth defects in
AFvgbb2 strain. These results indicated that FvGbb2 is important for vegetative growth in
F. verticillioides. Moreover, we measured the number of conidia after 8 days of incubation
on V8 plates at room temperature. AFvgbb2 exhibited dramatic inhibition of conidia
production and germination (Figure 2.3A and 2.3C). Interestingly, we found that AFvgbb2
mycelial mass (fresh weight) in YEPD liquid media was significantly higher than WT
(Figure 2.3B). To further understand the molecular basis of these defects, we studied

expression levels of conidia-related genes including FvBRLA, FYWETA, FvABAA and
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FvSTUA. Total RNA was extracted from WT and mutant mycelia collected from YEPD
liquid cultures incubated for 20 h with agitation (150 rpm). Transcript levels of conidia-
related genes were all significantly down-regulated in AFvgbb2 in myro and YEPD liquid
media (Figure 2.3D and A-3A). We also tested whether FvGbb2 is essential for sexual

reproduction, but all mutant strains were capable of perithecia production (Figure A-3B).
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Figure 2.2 Mycelial growth and morphology of AFvgbb2, AFvgbbl, AFvgpa2,
AFvgbb2-gbbl, and AFvgbb2-gpa2 mutants.

(A) Colonies of the wild-type (WT), AFvgbb2, AFvgbb2-Com, AFvgbb2-Gbb2-GFP,
AFvgbbl, AFvgbbl-Com, AFvgpa2, AFvgpa2-Com, AFvgbb2-gbbl, AFvgbb2-gpa2
mutants grown on V8 agar, 0.2xPDA, myro agar, YEPD agar plates for 8 days at room
temperature. Strains were also cultured in YEPD liquid medium for 7 days with agitation
at 150 rpm. (B) Hyphal growth and branching were examined on 0.2xPDA after 3 days of
incubation at room temperature. Bar = 100 pm
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Figure 2.3 Impacts of gene deletion (AFvgbb2, AFvgbbl, AFvgpa2, AFvgbb2-gbbl,
AFvgbb2-gpa2) on conidiation and vegetative growth.

(A) Conidia production was assayed after 8 days of incubation on V8 agar plates. Error
bars indicate standard deviation from three replicates. The letters indicate statistically
significant differences analyzed by Ordinary One-way ANOVA Fisher’s LSD test (p <
0.05). (B) WT, AFvgbb2, AFvgbbl, AFvgpa2, AFvgbb2-gbbl, AFvgbb2-gpa2 strains
were suspended in 0.2xPDB liquid medium. Conidia showing germination were counted
after incubating for 5.5 h and 6.5 h with gentle shaking. Different letters indicate
significant difference according to a Two-Way ANOVA Fisher’s LSD test (P < 0.05).(C)
Conidia (10°) from each strain were inoculated into 100 ml YEPD liquid medium, and
images were taken after 7 days of incubation with shaking at 150 rpm. Fresh mycelia were
harvested by filtering through Miracloth. Three replicates were performed for each strain.
(D) The differences in transcription of conidia regulation genes were observed in WT
versus AFvgbb2 when cultured in myro liquid medium. Three replicates were performed
for each sample.
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FvGBB2, FvGBBI and FvGPA2 play important roles in secondary metabolism

Fumonisin B1 (FBI) is the most important mycotoxin produced by F. verticillioides in
maize (Marin et al., 2013). Here, we assayed FB1 production in AFvgbb2, AFvgbbl, and
AFvgpa2 in autoclaved kernels and surface-sterilized kernels (Silver Queen hybrid,
Burpee Seeds) after 8 days of incubation (Figure A-4A and A-4B). Interestingly, we
noticed differences in pigment production (Figure 2.4A and B). Additionally, FB1
production levels were dramatically lower in AFvgbb2, AFvgbbl and AFvgpa2 mutants
when compared to WT and complemented strains (Figure 2.4C and D). To verify the role
of FvGbb2 in F. verticillioides secondary metabolism, we used qPCR to test transcription
of 15 PKS genes. Total RNA samples were extracted from mycelia grown in myro broth,
in which we noticed intense carmine red pigment production after 7 days of culturing with
150 rpm shaking (Figure A-4C). Consistently, all tested PKS genes showed significantly
altered expressions in AFvgbb2. Notably, PKSI1 (FUMI), which is responsible for the
first step of FB1 biosynthesis, was significantly downregulated in AFvgbb2 and AFvgbbl
(Table A-1). Taken together, FvGbb2 is positively associated with FB1 production and

necessary for maintaining proper regulation of other pigment productions.
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Figure 2.4 Role of FvGBB2, FvGBB1, FvGPA2 on fumonisin B1 (FB1) and pigment
productions.

Pigment production observed in WT and deletion mutant strains grown on (A) autoclaved
kernels and (B) surface sterilized kernels for 8 days. Samples were extracted overnight
with 50 % acetonitrile (5 ml) and retrieved in a 96-well plate for the photograph. Three
replicates were conducted for each strain. FB1 production in WT, mutants and
complemented strains grown on (C) autoclaved kernels and (D) surface sterilized kernels
for 8 days at room temperature. FB1 levels were normalized with fungal ergosterol levels.
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Subcellular localization of FvGbb2, FvGbb1, and FvGpa2

To study the subcellular localization of FvGbb2, we fused GFP to the C-terminus of
FvGbb2 with its native promoter (Figure A-5A). We observed strong FvGbb2-GFP signals
widely distributed in F. verticillioides cells grown on both 0.2xPDA and myro agar media
(Figure A-5B~D). To further uncover the relationship between FvGbb2 and G protein
subunits, we examined colocalizations of FvGbb2 with FvGbbl and FvGpa2. Briefly,
mCherry-FvGbb1 and FvGpa2-mCherry were independently transformed into FvGbb2-
GFP strain. Unfortunately, we were not able to determine mCherry signals of FvGbb1 and
FvGpa2 in growing hyphae tips (18 h) at room temperature due to very low signal intensity
(data not shown). However, FvGbb1 and FvGpa2 mCherry signals from 0- and 10-h post-
inoculation samples were clearly visible in plasma membrane and vacuoles (Figure 2.5A
and B). Significantly, our observations showed that GFP-FvGbb2 does not colocalize with
mCherry-FvGbbl and FvGpa2-mCherry, suggesting that FvGbb2 does not physically

interact with FvGbb1 and FvGpa2 in selected time points in F. verticillioides.
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Figure 2.5 FvGbb2 localization and protein-protein interaction assays with FvGbbl1
and FvGpaz2 in F. verticillioides.

Colocalization of (A) FvGbb2-GFP and mCherry-FvGbbl and (B) FvGbb2-GFP and
FvGpal-mCherry are shown. We inoculated conidia (1x10°) on 0.2xPDA agar plates,
cultivated at room temperature, and took images at 0 h and 10 h post inoculation. Images
were processed by ImagelJ. Bar =5 um. (C) Testing physical interaction between FvGbb2
and canonical heterotrimeric G protein components by yeast two-hybrid assay. FvGbb2
was co-introduced with Ga (FvGpal, FvGpa2, and FvGpa3), GB (FvGbbl) and Gy
(FvGpbl) into AH109 strain. Yeast transformants were grown on SD—His—Leu-Trp—Ade
plates amended with 3 mM 3-AT. A pair of plasmids pGBKT7-53 and pGADT7-T was
used as a positive control. A pair of plasmids pGBKT7-Lam and pGADT7-T was used a
negative control. Images were taken after incubating at 30°C for 3 days. (D) Yeast two-
hybrid assay results were further verified by split luciferase complementation assays.
Luminescence activity was acquired from three replicates and shown as relative light units
(RLUs). A pair of FvGbbl-NLuc and FvGpbl-CLuc was used as a positive control.
Multiple negative controls (FvGbb2-CLuc, FvGbb1-CLuc, NLuc-CLuc, no vector (NA)-
NA) were also included in the study.
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GB-like protein FvGbb2 does not physically interact with F. verticillioides canonical

heterotrimeric G protein components

Our localization study led us to ask the relationship between FvGbb2 and canonical
heterotrimeric G protein subunits. We used yeast two-hybrid system to test the interaction
between these proteins in vivo. Results showed that FvGbb2 does not physically interact
with heterotrimeric G protein subunits (FvGpal, FvGpa2, FvGpa3, FvGbbl, FvGpbl) in
yeast cells (Figure 2.5C). To further verify these results and to circumvent the limitations
known in yeast two-hybrid system, we performed in vivo split luciferase complementation
assay. However, we did not observe luciferase activity in all samples tested, confirming
that FvGbb2 and key heterotrimeric G protein subunits (FvGpal, FvGpa2, FvGpa3,

FvGbbl, and FvGpbl) do not interact in F. verticillioides (Figure 2.5D). FvGbbl (Gf3
subunit) and FvGpbl (Gy subunit) were used as a positive control in split luciferase

complementation assay.

FvGbb?2 is important for corn seedling virulence

Our previous study demonstrated that G subunit is dispensable for the stalk rot virulence
in F. verticillioides (Sagaram and Shim, 2007). FvGbb1 was fully capable of causing stalk
rot disease when inoculated into maize B73 inbred stalks. To further investigate the
function of Gp-like protein in pathogenicity, we performed seedling rot assay with
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AFvgbb2, AFvgbbl, AFvgpa2, AFvgbb2-gbbl, AFvgbb2-gpa2 strains along with WT and
complemented strains. The single mutant AFvgbb2 exhibited reduced virulence, but
double mutants AFvgbb2-gbbl and AFvgbb2-gpa2 were far less virulent when compared
to the WT progenitor (Figure 2.6A and 2.6B). These results suggest that FvGbb1, while
physically not interacting with FvGbb2, plays a supplementary role in F. verticillioides

seedling rot virulence.
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Figure 2.6 Attenuated virulence of Fvgbb2 mutant strain in corn seedling rot assay.
(A) Seedlings were grown in the dark room and inoculated with fungal spore suspension
from each strain. The images were taken after one week of incubation. (B) The lesion size
of seedling rot was examined and measured by image J. At least three biological and three
technical replicates were performed for each strain.
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FvGDbb?2 is associated with carbon source utilization and stress response

Yeast RACK1 homolog ScAscl is positively associated with glucose sensing (Zeller et
al., 2007). Here, we cultured mutant strains on different carbon sources to test whether
FvGbb2 plays a similar role in F. verticillioides. In addition to dextrose, we tested sucrose,
fructose and xylose as the sole carbon source in Czapek-Dox agar plates (Figure 2.7A and
C). While AFvgbb2 showed general vegetative growth defect, we learned that the negative
impact on mycelial growth was more severe in dextrose when compared to sucrose,

fructose and xylose. This result was in agreement with the study in S. cerevisiae.

Moreover, in S. cerevisiae, MAPK SIt2 phosphorylation level was enhanced in Scascl
mutant (Chasse et al., 2006). Thus, we hypothesized that FvGbb2 is associated with stress
responses in F. verticillioides. As shown in Figure 7B and D, AFvgbb2 exhibited increased
sensitivity to SDS (cell wall stress) and H,O; (oxidative stress) but enhanced tolerance to
NaCl (salt stress). This result indicates that FvGbb?2 is positively associated with cell wall
stress response but negatively with salt tolerance. To test whether FvGbb2 regulates stress
response via interacting with MAP kinase pathways, we performed yeast two-hybrid and
split luciferase complementation assays to test possible interactions between FvGbb2 with
three cell wall integrity MAPK kinase cascade proteins (FvSIt2, FvMkk1/2, FvBckl)
(Figure A-6A and A-6B). However, these studies did not reveal direct physical

interactions.
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Figure 2.7 Impact of FvGBB2, FvGBBI1, FvGPA2 on carbon utilization and stress
response.

Strains were cultivated on modified Czapek-Dox agar with different carbon sources,
including sucrose, dextrose, fructose, and xylose, and incubated at room temperature for
8 days. (B) Radial growth of WT and deletion mutants with various stress agents amended
in 0.2xPDA plates incubated for 8 days at room temperature. (C) The growth inhibition
rate was analyzed by comparing the growth on Czapek-Dox agar with sucrose against
other carbon amendments. The mycelial growth inhibition rate (%) was measured by
((sucrose growth diameter - designated carbon diameter) / sucrose growth diameter) x 100.
Bar indicates standard deviation of three replicates. (D) The inhibition rate (%) of strains
of stress responses was measured by ((0.2xPDA growth diameter - designated stress

growth diameter) / 0.2xPDA growth diameter) x 100. Bar indicates standard deviation of
three replicates.
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Discussion

Our previous study characterized F. verticillioides G protein FvGbbl, a key component
in the heterotrimeric G protein complex, that demonstrated an important role for FB1
biosynthesis. However, despite the roles G subunit is known to play in the heterotrimeric
G protein complex, we were quite baffled by the fact that FvGbb1 null mutation had little
impact on vegetative growth, sexual and asexual reproduction, and pathogenicity in F.
verticillioides (Sagaram and Shim, 2007), particularly when Gf protein subunits in other
fungal species are known to play some critical roles (Rosen et al., 1999; Wang et al., 2000;
Nishimura et al., 2003; Yu et al., 2008b). For instance, mutational inactivation studies in
M. oryzae, C. neoformans, F. graminearum and N. crassa indicated that G} proteins are
directly associated with sexual mating or virulence. Namely, M. oryzae Mgbl deletion
mutant showed defects in appressorium formation and thus failed to penetrate host plant
leaves. It was also observed that the mutation led to cAMP level reductions in M. oryzae
cells and that exogenous application of cAMP failed to restore appressorium functions.
Moreover, we must recognize that G protein is one of the best characterized WD40-
repeat proteins, and numerous published reports demonstrate important physiological and
genetic roles WD40-repeat proteins play in filamentous fungi. For instance, fungal
striatin-like proteins are important WD40-repeat proteins known to function as a
scaffolding protein required for fungal anastomosis, sexual development and virulence in
N. crassa, Sordaria macrospora, and Fusarium species (Shim et al., 2006; Bloemendal et

al., 2012; Dettmann et al., 2013)
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Based on our experimental data and literature, we hypothesized that the presence of a G-
like protein can supplement or perhaps substitute canonical GP subunit in F.
verticillioides. In this study, we identified FvGbb2, which shares structural similarity with
FvGbbl with seven WD40 repeat domains. As we mentioned earlier, since G protein
FvGbbl1 does not play a critical role in F. verticillioides growth and virulence (Sagaram
and Shim, 2007), we tested whether FvGbb2 serve these functions. G subunit is a well-
recognized regulator of asexual development and secondary metabolism in fungi. As
shown in this study, the deletion mutant of FvGBB2 exhibited severe defects in growth
and conidiation in solid medium. Our qPCR results also revealed that transcription of
conidia-related genes including putative BRLA are highly suppressed in tested media. In
Aspergillus species, transcriptional and metabolic studies indicated that BRLA is
associated with regulating secondary metabolisms in addition to asexual development
(Adams and Yu, 1998; Lind et al., 2018). This outcome raised a question whether
secondary metabolites such as mycotoxins and pigments in F. verticillioides also follow
the same pattern of regulation as in Aspergillus. Additionally, earlier studies also
demonstrated that GP-like proteins positively regulate mycotoxin production in F.
graminearum and A. fumigatus. Similarly, we found that the deletion of FvGBB2 led to a
reduction in FB1 production while showing enhanced pigment production in maize
kernels (Figure 2.4A), myro liquid medium (Figure 2.4C), and 0.2xPDB (data not shown).
However, it is interesting to note that the pigment biosynthesis was not altered in F.

graminearum when Fgascl was cultured in PDB (Tang et al., 2018). When we performed
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expression analyses of 15 PKS genes, we learned that most PKS genes are significantly
downregulated, including PKS11 (FUM]1). And we also saw overexpression of select PKS
genes which may explain why we observed a high level of pigment production in AFvgbb2
cultures. This is contradictory to results observed in A. nidulans; Gp-like protein
inactivation did not alter mycotoxin sterigmatocystin (ST) biosynthesis stcU gene
expression in 4. nidulans (Kong et al., 2013). We concluded that FvGbb2 regulates
transcriptional activities of key conidia-related genes and impacts fungal secondary
metabolism and asexual reproduction, as is the case with canonical heterotrimeric G

subunit.

Previous studies in Candida albicans and A. fumigatus demonstrated that the deletion of
RACKI1 leads to a dramatic reduction of virulence when tested in animal models (Liu et
al., 2010; Cai et al.,, 2015). Consistent with these results, AFvgbb2 exhibited
approximately 50% reduction in virulence when tested for maize seedling rot. The
virulence defect is likely due to impaired vegetative growth on seedlings. However, we
did not rule out the possibility that AFvgbb2 virulence deficiency is also due to impaired
response against stress factors. In S. cerevisiae and M. oryzae, RACKI1 deletion mutants
showed higher sensitivity when exposed to cell wall stress agents (Rachfall et al., 2013;
Li et al., 2017). Notably, 4. thaliana RACK1 homolog has been shown to interact with
three tiers of MAPK cascade components, while in M. oryzae the protein interacts with
MoBckl1 (Cheng et al., 2015; Li et al., 2017). These MAPK pathways are known to be

important signal transduction pathways in eukaryotes (Hamel et al., 2012). Similar to S.
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cerevisiae and M. oryzae, AFvgbb2 exhibited sensitivity towards SDS stress, but we found
no experimental evidence that FvGbb2 physically interacts with MAPK kinase cascade
components FvBck1, FvMkk1/2, and FvSIt2. However, we are further investigating this
due to the possibility that FvGbb2-MAPK interactions may occur in a specific, yet-to-be
determined condition. On another note, S. pombe RACK1 homolog Cpc2 was positively
involved in cytoplasmic catalase production, which in turn mediates the detoxification of
hydrogen peroxides (Nunez et al., 2009). In line with this previous study, AFvgbb2
exhibited greater sensitivity to oxidative stress agents. Moreover, a prior study
demonstrated that rice OsSRACKI1A has negative impacts on salt tolerance and interacts
physically with salt stress-related proteins (Zhang et al., 2018a). Our analysis also revealed
that AFvgbb2 mutant strain showed a higher level of tolerance against NaCl treatment. In
A. fumigatus, the mutation in AfcpcB gene showed no such effect (Cai et al., 2015). These
stress responses observed in F. verticillioides could be explained by S. cerevisiae
proteome and transcriptome studies since the mutation in RACK1 homolog Ascl
impacted the expression of various regulatory response components including those in

MAPK kinase signal pathways (Rachfall et al., 2013).

RACKI1 shares structural similarity, and therefore is hypothesized to function as a G
subunit and physically interact with Go subunits. In yeast, the interaction with one of the
two Ga subunits, Gpa2, was documented while RACK 1 homolog in F. graminearum Gib2
was shown to interact with one of the three Ga subunits, Gpal, and two Gy subunits
(Palmer et al., 2006; Zeller et al., 2007). Interestingly, two studies in A. thaliana were not
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in agreement when characterizing the relationship between RACKI1 homolog and
canonical heterotrimeric G protein components. While one previous report in 4. thaliana
using yeast two-hybrid and in vivo Co-IP assays failed to detect interactions between
RACKI1 and G proteins, the other research group showed that the scaffolding protein
RACKI1 interacts with G} protein in A. thaliana through bimolecular fluorescence, split
firefly luciferase complementation and co-immunoprecipitation assays (Guo et al., 2009;
Cheng et al., 2015). In our study, the direct interaction between FvGbb2 with canonical
heterotrimeric G proteins could not be established by yeast two-hybrid and split luciferase
complementation assays. We also could not observe colocalization of FvGbb2-GFP with
mCherry-FvGbbl and FvGpa2-mCheery. However, AFvgbb2-gbbl and AFvgbb2-gpa2
showed more severe defects in FB1 production and pathogenicity when compared to
single mutant strains. We propose that although Gf3 protein FvGbb1 and GB-like protein
FvGbb2 share similarity, their localizations and functions are distinct. While FvGbbl1 is
expressed mostly in the vacuole in conidia and early hyphal elongation stage, FvGbb2 is
highly expressed in the cytoplasm constitutively. We observed diverse roles FvGbb2 plays
in F. verticillioides, and this may be explained by how FvGbb2-GFP signal is distributed
broadly in the cytoplasm. Thus, it would be reasonable to hypothesize that FvGbb2
interacts with diverse partners in the cell concurrently or sequentially, and in turn regulates
differential gene expression and translation of downstream proteins associated with
vegetative growth, virulence, mycotoxin biosynthesis, carbon utilization and stress

response in F. verticillioides.
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Materials and methods

Fungal strains and growth study

F. verticillioides strain M3125 was used as the wild-type strain in this study (Sagaram and
Shim, 2007). All strains in this study were cultivated on V8, 0.2x potato dextrose agar
(PDA) and myro agar plates as described previously (Yan et al., 2019). For spore
gemination assay, equal amounts of newly harvested microconidia grown on V8 agar
plates for 8 days were cultivated in 0.2x potato dextrose broth (PDB) (Sigma-Aldrich) for
5.5 h and 6.5 h with gentle shaking. For stress assay, 4 pul of 1 x 10° conidial suspension
of each strain was inoculated on 0.2xPDA agar plates amended with various stressors
including 0.01% SDS, 2 mM H>O», and 0.75 M NaCl. For carbon utilization assay, four
different carbon sources were used in Czapek-Dox agar, i.e., sucrose (30g/L), dextrose
(10g/L), fructose (10g/L) and xylose (10g/L) (Yan et al., 2019). Fungal growth diameters
were determined after 8 days of incubation at room temperature. Perithecia formation was
conducted by applying equal amount of spores obtained from V8 agar plates and spreading
onto the strain m3120 grown on carrot agar plates following our earlier method (Sagaram
and Shim, 2007). For amino-acid starvation assay, 0.2xPDA with 3mM 3-amino-1,2,4-
triazole (3AT) was used for testing growth impact. All experiments had at least three

replicates.
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Gene deletion and complementation

Knockout mutants AFvgbb2, AFvgbbl, AFvgpa2 were generated in F. verticillioides
M3125 strain via homologous recombination using the split-marker approach. Partial
hygromycin B phosphotransferase gene (HPH) designated as PH (929bp) and HP (765bp)
or partial geneticin resistance gene (GEN) designated as GE (1183 bp) and EN (1021 bp)
were used to fuse with left and right flanking regions of the targeted gene with joint-PCR
approach (Figure A-2). For generating double knockout mutants, FvGPA2 and FvGBBI
genes were replaced with GEN gene in AFvgbb2 background using the same strategy as
described above. For complementation, we amplified the target gene with its native
promoter and terminator and cotransformed with either pBSG (GEN) or pBP15 (HPH)
plasmid to the mutant protoplast. All knockout constructs and complementation fragments
in this study were amplified using Phusion Flash High-Fidelity PCR Master Mix (Thermo
Scientific) following the manufacturer’s instructions. All transformants were screened by
PCR using Phire Plant Direct PCR Kit (Thermo Scientific) and Taq DNA polymerase
(New England Biolabs) to identify putative mutant strains. qPCR was used for further

confirmations. All primers used in this study are listed in Table S2.

Construction of fluorescent strains

For constructing FvGbb2-GFP plasmid, FvGBB2 fragment (2818 bp) was amplified from

F. verticillioides genomic DNA of with primers FvGbb2-GFP-F/R using Q5 High-Fidelity
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DNA Polymerase (New England Biolabs). The amplicon was introduced to pKNTG
plasmid Kpnl and HindlIll sites via In-Fusion-HD cloning kit (Clontech). We sequenced
plasmids and subsequently transformed these into AFvgbb2 and WT strains resulting in
AFvgbb2-Gbb2-GFP and FvGbb2-GFP strains. To construct the mCherry-FvGbbl
plasmid, FvGBBI native promoter was amplified from F. verticillioides genomic DNA,
while FvGBBI coding sequence and 3’ UTR was amplified from F. verticillioides cDNA.
pKNT-mCherry was used for mCherry fragment amplification. These three PCR products
were cloned into Kpnl and BamHI sites of pKNT. Based on suggestions for Ga protein
florescent strain construction, mCherry was tagged in the amino acid 114 site to construct
FvGpa2-mCherry plasmid (Eaton et al., 2012; Ramanujam et al., 2013). mCherry-FvGbbl1
and FvGpa2-mCherry were independently cotransformed with hygromycin marker into
the FvGbb2-GFP strain. All DNA fragments used in this study were purified using
GeneJET Gel Extraction Kit (Thermo Scientific). Plasmids in this study were isolated

using GeneJET Plasmid Miniprep Kit (Thermo Scientific).

Yeast two-hybrid and split luciferase complementation assay

Coding sequences of FvGPAI (FVEG 06962), FvGPA2 (FVEG_04170), FvGPA3
(FVEG _02792), FvGPBI(FVEG 05349), FvGBBI (FVEG _10291), FvMKKI/2
(FVEG_05280), FvSLT2 (FVEG_03043), and FvBCKI(FVEG _05000) were used to
construct plasmids for yeast two-hybrid assay. These were amplified from F.

verticillioides cDNA using Q5 High-Fidelity DNA Polymerase and inserted in pGADT7
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as prey vectors (Clontech). The full coding region of FvGBB2 was cloned into pPGBKT7
as the bait vector. The resulting plasmids were verified by sequencing. The pair of yeast
two-hybrid plasmids were transformed into yeast strain AH109 following the
manufacturer's instruction. We added 5 ul of transformants (107 cells/mL) on SD/~Leu/—

Trp and SD/—Ade/—His/~Leu/~Trp (3 mM 3-AT) agar plates.

Split luciferase complementation assay plasmids in this study were described previously
(Kim et al., 2012). Coding region of each gene was amplified from WT strain cDNA by
Q5 High-Fidelity DNA Polymerase and inserted into pFNLucG or pFCLucH via In-
Fusion HD Cloning (Clontech). The resulting constructs were validated by sequencing.
Transformation, selection and luciferin assay methods were described previously (Zhang

et al., 2018b).

Fumonisin B1 and pathogenicity assays

For determining FB1 production, cracked corn kernels (2 g) were put in 20-mL
scintillation vials and hydrated with 1 mL sterilized water overnight followed by
autoclaving. Additionally, silver queen kernels (Burpee Seeds) were surface sterilized
using a method previously described (Christensen et al., 2012). Sterilized kernels were
placed on sterilized 90 mm Whatman filter paper, wounded on the endosperm area by a
scalpel, and four kernels were put in each scintillation vial. Fungal spore solutions (200

uL, 109/mL) were inoculated in each vial and cultivated at room temperature for eight
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days. FB1 and ergosterol extraction methods were described previously (Christensen et
al., 2012), but in this study we used 5 mL of acetonitrile:water (1:1, v/v) for FB1 extraction
while 5 ml of chloroform: methanol (2:1, v/v) for ergosterol extraction. HPLC analyses of
FBI1 and ergosterol were performed as described (Shim and Woloshuk, 1999). FB1 levels
were normalized to ergosterol contents. These experiments were carried out with three
biological replicates. Stalk rot virulence assay was conducted using silver queen hybrid
seeds as previously described with minor modifications (Kim et al., 2018b). Spores
solutions (5 pL, 107/mL) were collected from V8 plates. Seedlings were harvested and

imaged after one-week growth in the dark room.

RNA extraction and relative gene expression study

For PKS gene gPCR assay, 200-ul conidia solution (10° conidia/ml) was inoculated into
100 ml YEPD liquid medium for 3 days. Subsequently, mycelial samples were harvested
through Miracloth (EMD Millipore), weighed (0.3 g), and inoculated into 100-ml myro
liquid medium. Samples were collected after 7 days of incubation at 150 rpm. All
experiments had at least three replicates. Total RNA was isolated using Qiagen RNA Plant
Mini kit following the manufacturer's instruction. For gPCR, cDNA was synthesized using
Verso cDNA synthesis kit (Thermo Scientific). qPCR analyses were conducted by Step
One plus real-time PCR system using the DyNAmo ColorFlash SYBR Green qPCR Kit
(Thermo Scientific). Relative expression levels of each gene were calculated using a

272ACT method and normalized with F. verticillioides B-tubulin gene (FVEG_04081). All
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qPCR assays were performed three times. Primers for F. verticillioides polyketide

synthase (PKS) genes were from a previous study (Ortiz and Shim, 2013).

Microscopy

For hyphal branching imaging, minor modifications were made from a previously
described method (Schultzhaus et al., 2015). Briefly, strains were cultivated on 0.2xPDA
agar plates for three days. A block of agar was cut and put on a glass slide. Sterilized water
(10 puL) was added followed by a coverslip. The sample was incubated at room
temperature for 20 mins and examined by a microscope (Olympus BX60). Images were

processed using Image] software (Schneider et al., 2012).
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CHAPTER III
TWO FVFLBA PARALOGS FVFLBA1 AND FVFLBA2 DIFFERENTIALLY

REGULATE FUMONISIN BIOSYNTHSIS IN FUSARIUM VERTICILLIOIDES

Summary

Fusarium verticillioides is a fungal pathogen causing maize ear rot and fumonisins
contamination. While fumonisins are recognized as mycotoxins posing health concerns to
humans and animals, we still do not have a clear understanding of the mechanism of
fumonisins regulation during maize ear rot pathogenesis. The heterotrimeric G protein
complex, which consists of Ga, G, and Gy subunits, plays an important role in
transducing signals under environmental stress. Furthermore, regulators of G-protein
signaling (RGS) proteins are well known to act as negative regulators of the heterotrimeric
G protein signaling pathway. Our previous study demonstrated that Ga. and Gf3 subunits
are positive regulators of fumonisin B1 (FB1) biosynthesis and that two RGS genes,
FvFIbA1 and FvFIbA2, were highly upregulated in Gp deletion mutant AFvgbbl.
Saccharomyces cerevisiae and Aspergillus nidulans contain a single copy of FIbA, but F.
verticillioides has two FvFIbA paralogs, FvFIbA1 and FvFIbA2. Importantly, FvFIbA2
plays a negative role in FBI regulation. In this study, we further characterized the
relationship between the two FvFIbA paralogs. While the FvFIbAT1 single deletion mutant
had no significant defects, the AFvflbA2 and AFvflbA2/A1 mutants showed thinner aerial

growth but promoted fumonisin B1 production. Consistently, we learned that FVvFIbA2 is
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required for proper expression of key conidia regulation genes, including putative
FvBRLA, FYWETA, and FvABAA. FvFIbA2 is also critical for suppressing FUM?2I,
FUM]1, and FUMS gene transcription. However, two FvFIbA paralogs were not associated
with carbon source utilization and stress agents. When two FvFIbA paralogs localization
and protein interaction partner studies are completed, we will have a better understanding
of how FvFIbAl and FvFIbA2 differentially regulate fumonisin B1 biosynthesis in F.

verticillioides.

Introduction

Fusarium verticillioides (teleomorph: Gibberella moniliformis Wineland) is a fungal
pathogen capable of causing ear rot, stalk rot and seedling blight in maize worldwide. The
fungus primarily utilizes conidia for dissemination, and the pathogen is capable of
infecting and colonizing all developmental stages of maize plants (Blacutt et al., 2018).
Importantly, kernel infections by F. verticillioides lead to the production of fumonisins,
a group of carcinogenic mycotoxins. Fumonisin B1 (FB1) is the most abundant and toxic
form among fumonisin analogs, and long-term exposure to FB1 is linked to severe
human and animal diseases including esophageal cancer and neural tube defects.
Fumonisins contain a 19-20 carbon polyketide backbone, and usually multiple genes are
involved in the biosynthesis of these complex secondary metabolites. A number of studies

have demonstrated that genes involved in microbial secondary metabolite biosynthesis are
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organized as gene clusters (Alexander et al., 2009). The fumonisin biosynthesis gene
cluster (referred to as the “FUM cluster”) was first discovered by Proctor et al (1999),
which consists of 16 genes encoding biosynthetic enzymes and regulatory proteins
(Proctor et al., 2013). Inactivation of each of the key genes, e.g. FUMI, FUM6, FUMS,
and FUM?21, completely abolished production of fumonisins. Notably, previous studies
demonstrated that these fumonisins-non-producing mutant strains did not significantly
reduce maize ear rot in field tests (Desjardins and Plattner, 2000; Desjardins et al., 2002),

which demonstrated that fumonisins are not essential for Fusarium ear rot pathogenicity.

G protein-coupled receptors (GPCRs) are the largest group of membrane receptors
containing seven transmembranes (TMs) that transduce signals from the external
environment to the cell, enabling the organism to adjust to its environment (Xue et al.,
2008). The canonical heterotrimeric G protein complex, which consists of a, f and y
subunits, plays important roles in transducing signals from GPCRs. When activated by
specific ligands, GPCRs stimulate GDP to GTP exchange on the Ga subunit. Then,
heterotrimeric G proteins are dissociated into Go subunit and Gy dimer, which triggers
downstream various signaling pathways. GPCR signaling is known to be attenuated by G-
protein-coupled receptor kinases (GRKs) and B-arrestin in animals, which are absent in
filamentous fungi (Dohlman, 2009). However, the studies showed regulators of G protein
signaling (RGS) proteins in fungi act as GTPase activating proteins, which promotes GTP
hydrolysis of Ga subunit back to GDP-bound inactivated form terminating GPCR and G
protein signaling pathways. RGS proteins typically contain 130-amino-acid RGS
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domains, which promotes the binding of RGS proteins to the Ga subunit. Notably, other
than the RGS domain, RGS proteins are known to contain diverse non-RGS domains such
as DEP (Dishevelled, Egl-10 and Pleckstrin), PX, PXA, nexin C and TM, which are linked
to various signaling pathways. For instance, the DEP domain in Saccharomyces cerevisiae
ScSst2 was shown to interact with pheromone sensing Ste2 and mediated regulation of

pheromone signaling responses (Ballon et al., 2006).

In Aspergillus nidulans, flbA (for fluffy low brlA expression) was the first RGS protein
identified in filamentous fungi, which is positively associated with conidiophore
development and sterigmatocystin accumulation (Lee and Adams, 1994; Hicks et al.,
1997a). The deletion mutant of fIb4 was incapable of facilitating the transition from
vegetative growth to conidiophore development. Conversely, overexpression of fIbA led
to premature stcU gene expressions and sterigmatocystin biosynthesis (Hicks et al.,
1997a). In Magnaporthe oryzae, an AnFIbA1 ortholog MoRgs1 was shown to be involved
in asexual development, pathogenicity, and thigmotropism (Liu et al., 2007). Additionally,
MoRgs1 had physical interactions with a non-canonical GPCR, MoPth11 and colocalize
with Rab7, a late endosome marker (Ramanujam et al., 2013). The other well studied RGS
protein, MoRgs7 comprises of N-terminal GPCR seven-transmembrane domain and a C-
terminal RGS domain, which is critical for germ tube growth, cAMP signaling, and
virulence in M. oryzae (Zhang et al., 2011a). Similarly, a GPCR protein in Arabidopsis
thaliana, AtRgsl1 is important for plant cell proliferation and sugar signaling pathway

(Chen and Jones, 2004).
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We previously studied G and Gf-like proteins were positively associated with FB1
production in F. verticillioides (Sagaram and Shim, 2007; Yan and Shim, 2020).
Transcription of four RGS genes FLBAI, FLBA2, RGSB, and RGSCI were significantly
altered in Gf3 deletion mutant Fvgbbl when compared to the wild-type F. verticillioides
strain (Mukherjee et al., 2011). In this earlier study, we learned that unlike in 4. nidulans,
F. verticillioides contains two putative FvFIbA paralogs which we designated as FvFIbA1
and FvFIbA2. Intriguingly, FvFIbA2 deletion mutation showed a drastic increase in FB1
production (Mukherjee et al., 2010). Also, FIbA1 and FIbA2 were important for regulating
host response during the fungal infection in surface-sterilized viable maize kernels. In this
study, we further examined the regulatory mechanisms of the two FIbA genes in F.
verticillioides. In particular, we focused on a deeper study of how each gene plays unique

roles in FB1 biosynthesis.

Results

Identification and sequence analyses of FIbA1 and FIbA2 in F. verticillioides

Our previous study identified two FvFIbA paralogs in F. verticillioides including FvFIbA 1
(FVEG_08855) and FvFIbA2 (FVEG 06192) (Mukherjee et al., 2011). The new
annotation predicts that FvFIbAl encodes a 499-amino-acid protein while FvFIbA2
contains 517-amino-acid. FvFIbA1l and FvFIbA2 share 52% identity at the amino-acid
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level. To identify FIbA orthologs in other fungi, F. verticillioides FvFIbA2 protein
sequence was used in a BLAST query. Among the fungal species we searched, only
Fusarium species showed multiple copies of FIbA genes. Both F. verticillioides and F.
graminearum have two FIbA genes, and surprisingly, F. oxysporum has five FIbA
paralogs. All FIbA orthologs are predicted to contain both DEP and RGS domain except
that FVFIbA2 does not contain the RGS domain in the new annotation. Notably, FvFIbA1
and FvFIbA2 belong to different branches in our phylogenetic tree analysis (Figure 3.1),
which indicated that FvFIbA paralogs may have a distinct evolutionary origin.
Phylogenetic tree and domain analysis followed a previous description (Yan and Shim,

2020).
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Figure 3.1 Phylogenetic and domain analysis of FIbA proteins in multiple fungi.

Organism names and NCBI locus tag: FvFIbA2 (FVEG_06192, 100% identify), FvFIbA1
(FVEG_08855, 52% identify), FoFIbAl1 (FOXG 08482, 98% identity), FoFIbA2
(FOXG_06495, 74% identity), FoFIbA3 (FOXG 17640, 64% identity), FoFlbA4
(FOXG_09613, 53% identity), FoFIbAS5 (FOXG_ 07099, 53% identity) in F. oxysporum
f- sp. Iycopersici 4287, FgFIbA (FGSG_06228, 98% identity), FgFIbB (FGSG 03597,
50% identity) in F. graminearum, MoRgs1 in Magnaporthe oryzae (MGG_14517, 63%
identity), NcFIbA in Neurospora crassa OR74A (NCUO08319, 74% identity), AnFIbA in
Aspergillus nidulans FGSC A4 (An5893, 66% identity), AfFIbA in A. fumigatus Af293
(AFUA 2G11180,77%), SpRgs1 in Schizosaccharomyces pombe (SPAC22F3.12¢c, 31%
identity), ScSst2 in Saccharomyces cerevisiae S288C (YLR452C, 36% identity). Notably,
we failed to perform the tree analysis of FOFIbAS with other proteins in this analysis.
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AFvflbA1l and AFvflbA2 mutants exhibit limited defects in vegetative growth

The two FvFIbA paralogs null mutants were generated by the split-marker approach
(Figure B-2A). FVvFLBAI and FvFLBA2 transcriptional expression in the mutants were
tested by qPCR method (Figure B-2D). The mutant AFvflbA1 showed no obvious defect
in terms of growth and conidiation on three different agar media. However, the AFvflbA2
mutant showed slower growth on these media and also produced less conidia compared to
the wild type (Fig. 3.2). To further understand the relationship of two FvFIbA paralogs in
F. verticillioides, we generated a AFvflbA2/A1 double mutant. AFvflbA2/A1 exhibited
more severe defects in aerial hyphae and conidia production when compared to AFvflbA2
(Fig. 3.3A). Surprisingly, we discovered that AFvflbA2 and AFvflbA2/A1 had precocious
conidial germination which was not observed in wild type or other mutants (Fig. 3.3B).
Gene complementation strain AFvflbA2-Com demonstrated full recovery of growth

defects observed in AFvflbA2 strain.
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Figure 3.2 Hyphal growth of AFvflbA1l, AFvflbA1-Com, AFvflbA2, AFvflbA2-Com,
AFvflbA2/A1 strains.

Colonies of the wild-type (WT), AFvflbA1l, AFvflbA1-Com, AFvflbA2, AFvflbA2-Com,
AFvflbA2/AT1 strains on 0.2xPDA, myro and YEPD agar incubated at room temperature
for 8 days.
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Figure 3.3 FvFIbA2 impacts on conidiation and germination.

(A) Conidia were harvested from V8 agar plates after 8§ days at room temperature
incubation. The letters suggest statistically significant differences analyzed by Ordinary
One-way ANOVA Fisher’s LSD test (p < 0.05). (B) WT, AFvflbAl, AFvflbA1-Com,
AFvilbA2, AFvflbA2-Com, AFvflbA2/Al strains were cultured in 0.2xPDB liquid
medium with gentle shaking. Conidial germination rate was counted under microscope.
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FvFIbA2 is negatively associated with FB1 production

Fumonisn B1 (FB1) is the most widely distributed and toxic form of fumonisins produced
by F. verticillioides. Our previous studies showed RGS protein FvFIbA2 is negatively
associated with FB1 production, while GB and one of the Ga proteins positively regulate
FBI1 biosynthesis (Mukherjee et al., 2011; Yan and Shim, 2020). To further understand
the impact and relationship of the two FvFIbA paralogs in FB1 production, we studied
FBI1 biosynthesis in mutant strains. We performed FB1 assay in autoclaved cracked
kernels and surface-sterilized living kernels (Figure 3.4A and B). The results showed that
AFvflbA2 and AFvflbA2/A1 produced significantly higher levels of FB1 compared with
wild type or AFvflbAl (Figure 3.4C and D). Significantly, the double mutant
AFvflbA2/A1 produced a drastically higher FB1 level in contrast to AFvflbA2 mutant
strain. However, AFvflbAl produced similar levels of FB1 as the wild-type and
complemented strains. This result suggested that FvFIbA2 serves as a negative regulator
of FB1 biosynthesis, but the impact is more dramatic with double deletion of two FvFIbA

paralogs.
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Figure 3.4 Colonization of two FvFIbA deletion mutants in kernels and FB1 assay.
F. verticillioides WT, AFvflbAl, AFvflbA1l, AFvflbA2, AFvflbA2/A1 and complemented
strains were cultivated in (A) 2-g cracked autoclaved kernels and (B) four sterilized
surface-sterilized kernels for seven days at room temperature. (C) FB1 production in WT,
mutants and complemented strains cultured on nonviable kernels and (D) viable kernels
after seven days incubation at room temperature. The relative FB1 production levels were
normalized to fungal ergosterol.

Expression levels of genes associated with conidiation and FB1 biosynthesis

The expression of brl4A mRNA was not detectable in 4. nidulans flbA mutant, which
indicated that AnFIbA is indispensable for brl4 gene activation (Lee and Adams, 1994).
In this study, we observed that AFvflbA2 produced a lower amount of conidia and
germinated atypically in water in comparison to the wild type. To understand the impact

of FvFIbA2 on asexual development of the molecular level, we performed qPCR to study
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F. verticillioides putative BRLA, ABAA and WETA transcriptional expression in the wild-
type and mutant strains. Our results showed that these three conidia related genes were
highly down-regulated in AFvflbA2 and AFvflbA2/A1 but not in AFvflbA1 (Figure 3.5A).
This result partially explains why FvFIbA1 does not completely correlate with conidiation
production levels seen in F. verticillioides. To verify the role of the two paralogs in FB1
biosynthesis, we carried out qPCR analysis of three key FUM genes including FUM1,
FUMS and FUM?21. Consistent with our FB1 results in myro liquid cultures (Figure B-3),
key FUM genes were greatly up-regulated in AFvflbA2 and AFvflbA2/A1 (Figure 3.5B).
However, our results suggested that FIbA1 and FIbA2 regulate different signaling

pathways, with FIbA2 playing a critical role in FB1 biosynthesis.
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Figure 3.5 Effects of FvFIbA1 and FvFIbA2 on conidia related genes and key FUM
gene transcription.

(A) Relative expression levels of putative FvBRLA (FVEG 09661), FvABAA
(FVEG _00646) and FvWETA (FVEG 02891) in wild-type, AFvflbAl, AFvflbA2,
AFvflbA2/A1 were normalized to F. verticillioides B-tubulin gene (FVEG 04081). (B)
Relative mRNA expression level of three key FUM gene in deletion mutant strains in
contrast to wild type.
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F. verticillioides two FIbA paralogs are not required for stress responses, carbon

utilization and virulence

We tested various carbon sources including sucrose, dextrose, fructose and xylose to test
if there are deficiencies in carbon utilization. We observed only minor vegetative growth
defects in AFvflbA2 and AFvflvA2/A1 mutants, suggesting that two FvFIbA paralogs are
not critical for fungal growth (Figure 3.6A). Additionally, to determine whether FvFIbA1
and FvFIbA2 are required for response to cell wall integrity (SDS), oxidative (H>0O,), and
osmotic (NaCl) stresses, we investigated the vegetative growth of AFvflbA mutants in the
presence of these agents in Czapek-Dox agar medium. We observed that AFvflbA2 and
AFvflvA2/A1 mutants have slight defects in growth in all media tested (Figure 3.6B).
However, AFvflbA2 and AFvflvA2/A1 mutants showed no significant difference in
sensitivity to stresses agents (date not shown). We also determined that all mutant strains
have similar capacities to cause seedling rot when compared to the wild type (Figure 3.7A
and B). These results suggest that both FvFIbA1 and FvFIbA2 are dispensable for stress

response, carbon utilization and virulence in F. verticillioides.
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Figure 3.6 The influence of FvFIbA1 and FvFIbA2 on carbon utilization and stress
response.

(A) The colony of wild-type, AFvflbAl, AFvflbA2, AFvflbA2/A1 and complemented
strains grown on modified Czapek-Dox agar plates with different carbon sources for 8
days. (B) Strains were cultured on Czapek-Dox agar plates with various stress agents for
8 days.

WT AFvflbA1l AFvflbA1-Com AFvflbA2
]

Lesion size (mm?)

Figure 3.7 The pathogenicity of FvFIbA mutant strains in corn seedling rot assay.
(A) A syringe needle was used to created wounds on one-week old silver queen seedlings.
Spore suspensions (5 pl, 10%/ml) were inoculated on the wound sites. (B) The lesion size
was quantified by Image J software after one-week incubation.
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Discussion

Our previous study demonstrated that heterotrimeric G proteins and non-canonical Gf3
components positively regulate the virulence and secondary metabolism (Yan and Shim,
2020). RGS proteins are well known as negative regulators of G protein signaling
pathway. A further investigation showed that transcription of four putative RGS genes
FvFLBAI, FvFLBA2, FvRGSB and FvRGSCI were significantly altered in AFvgbbl
Gp deletion mutant background compared to the WT strain (Mukherjee et al., 2011).
Further characterizations of F. verticillioides FvFIbAl and FvFIbA2, two FvFIbA
paralogs, showed FvFIbA2 is negatively associated with FB1 production (Mukherjee et
al., 2011). Both FvFIbA1 and FvFIbA2 mRNA transcription levels are relatively low,
which indicated these two gene functions are transient and may be degraded quickly after
regulating Ga subunits (data not shown). In this study, our aim was to test the hypothesis
that two FvFIbA paralogs play different roles that complement each other in F.
verticillioides. Our study revealed that although FvFIbA1l is not critical for FBI1
production, AFvflbA2 and AFvflbA2/A1 enhanced mycotoxin production and defects in

aerial growth.

BrlA is a critical transcription factor involved in activating conidiophore development in
both A. nidulans and A. niger. FIbA was demonstrated to be required for BrlA activation
(Lee and Adams, 1994). The mutation of fIb4 in A. nidulans and A. niger resulted in the

fluffier hyphal colony (Krijgsheld et al., 2013). But in F. verticillioides, the deletion
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mutant AFvflbA2 showed a less fluffy phenotype similar to M. oryzae AMorgsl while
AFvflbA1 did not exhibit defects in growth (Ramanujam et al., 2012). AFvflbA2 mutant
showed reduced conidia production while conidiation was completely blocked in A.
nidulans flbA mutant. Both AFvflbA2 and AFvflbA2/A1 deletion mutants showed
precocious germination. One possible explanation for this difference in two fungi could
be due to distinct asexual production mechanisms between A. nidulans and F.
verticillioides. F. verticillioides conidia are formed through monophialides in long chains
and false heads, while A. nidulans is the model of conidia production through typical
conidiophore, specialized asexual reproductive structures found in Ascomycetes (Leslie
and Summerell, 2008). As described earlier, fungal asexual development had been
proposed to be regulated by BrlA-AbaA-WetA transcription factor cascade (Yu, 2010).
Our result in F. verticillioides raises the question of whether putative BrlA-AbaA-WetA
cascade follows the same expression pattern in two FvFIbA paralogs deletion mutants.
Our transcriptional expression study showed these three genes were produced significantly
lower but not completely abolished. This result shows a strong correlation with actual

conidia production.

In A. nidulans, the fIbA mutant showed reduced sterigmatocystin production (Hicks et al.,
1997b). Interestingly, A. niger is known to harbor the putative FUM gene cluster and is
capable of synthesizing fumonisins (Aerts et al., 2018). Transcriptome analysis of fIbA
mutant in A. niger demonstrated highly down-regulated expression of FUMZ2I which

positively corresponds with other FUM genes expression and fumonisins production
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(Aerts et al., 2018). In F. verticillioides, FUM?21 also functions as a putative Zn(I1),Cyss
transcription factor that controls FUM genes expression, including FUM1 and FUMS
(Brown et al., 2007). FUM?21 locates adjacent to FUM1 that encodes a polyketide synthase
responsible for the first step of FB1 production. To further understand how FvFIbA
paralogs regulate FUM genes expression, we tested transcription of FUM1, FUMS and
FUM?21. Our results showed that these three key FUM genes were highly up-regulated in
AFvilbA2 and AFvflbA/A1 mutants. This result is consistent with our elevated FB1
production in AFvflbA2 and AFvflbA2/A1 mutants. The same pattern of FIbA impacts on
mycotoxin productions was also reported in deletion mutants of FIbA paralogs in F.
graminearum (Park et al., 2012). FgflbA mutant strain produced significantly higher levels
of mycotoxins including DON and ZEA compared to wild-type. However, FgFIbB mutant
showed no obvious deficiencies in mycotoxin production similar to AFvflbA1l mutant

strain (Park et al., 2012).

Inactivation of Rgsl in M. oryzae led to appressorium formation in both non-inductive
and inductive surfaces and no capacity to cause rice blast disease (Liu et al., 2007; Zhang
et al., 2011a). Similar impacts were observed in the AMorgsl complement DEP or the
RGS domain mutant strains with drastically less of virulence on barley and rice compared
to wild-type (Ramanujam et al., 2012). Similarly, FgFIbA was shown to be positively
involved in wheat head pathogenicity in F. graminearum. However, our seedling rot assay
revealed that FVFIbA1 and FvFIbA2 are not associated with virulence in F. verticillioides

similar to the G deletion mutant AFvgbbl. This result was consistent with our analyses
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of stress response and carbon utilization assays, in which both FflbA1 and FvFIbA2

deletion mutants failed to exhibit defects.

FIbA is well known as a negative regulator of the G protein signaling pathway. One
important question we need to clarify is the relationship between two FvFIbA paralogs
with canonical G protein components in F. verticillioides. Fluorescence localization study,
split luciferase complementation and yeast two hybrid assay will be performed to verify
the interaction between two FvFIbA paralogs and G protein components. Experimental
procedure for these assays are well established (Yan and Shim, 2020), and thus should not
pose technical issues. Our previous study showed that FvGbb1 and FvGpa2 localized in
the cell membranes and vacuoles (Yan and Shim, 2020). Here, we hypothesize that two
FvFIbA paralogs share the same localization with canonical heterotrimeric G protein
components. However, it is reasonable to anticipate that these interactions are transient
and may only be observable under certain developmental or physiological stages of F.
verticillioides. Additionally, we hope to identify the mechanisms of how FLBA paralogs
are important for FB1 biosynthesis regulation while showing relatively low transcription
levels. It is reasonable to hypothesize that these RGS proteins are transiently expressed
and also differentially regulated at different fungal growth stages. In addition, the DEP
domain in FIbA paralogs is well studies for membrane targeting. Our unpublished yeast
two hybrid experimental data showed FvFIbA2 but not FvFIbA1 physically interacts with
C terminus of one of the G protein-coupled receptors (GPCRs) (FVEG 10980). This

raises the possibility that FvFIbA2 can work with GPCR and heterotrimeric G protein
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components to regulate F. verticillioides FB1 production and asexual development. When
two FvFIbA paralogs localization and protein interaction partner studies are completed,
we will have a clearer understanding of how FvFIbA 1 and FvFIbA2 differentially regulate

FBI1 biosynthesis in F. verticillioides.

Materials and methods

Fungal strains and growth study

F. verticillioides M3125 was used as the wild-type strain in this study (Yan and Shim,
2020). For growth and conidia production, all strains were grown on 0.2xPDA, myro,
YEPD and V8 agar plates as described previously (Yan et al., 2019). Spore germination
assay followed our previous descriptions (Yan and Shim, 2020). For carbon utilization
assay, Czapek-Dox agar was modified with various carbon sources such as sucrose
(10g/L), dextrose (10g/L), fructose (10g/L) and xylose (10g/L) (Yan et al., 2019). Fungal
growth was determined by measuring colony diameter on agar plates after 8 days of
incubation at room temperature. For mycelial weight assay, we inoculated 0.5 ml of WT
and mutant conidia (10%) into 100 ml YEPD with constant shaking before harvested at
indicated time points. For stress assays, 4 ul (10°) spore suspension was inoculated on
0.2xPDA agar plates and were grown with various stressors including 0.01% SDS, 2 mM
H>0,, 0.6 M NaCl. All experiments had at least three replicates.

Gene deletion and complementation
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Both AFvflbA1l and AFvflbA2 knockout mutants were generated in wild-type strain via
split-marker approach (Yan and Shim, 2020). All knockout constructs were amplified
using Q5 High-Fidelity DNA Polymerase (New England Biolabs) except the second step
of joint PCR using Taq enzyme (New England Biolabs). To further characterize the
function of two FvFIbA paralogs in F. verticillioides, we generated the AFvflbA2/A1
double mutants in the AFvflbA2 background. Complementation fragments were amplified
by Phusion Flash High-Fidelity PCR Master Mix (Thermo Scientific). All transformants
were screened by PCR using Phire Hot Start Il DNA Polymerase and verified by qPCR

(Thermo Scientific). All primers are listed in the Table B-1.

Fumonisin B1, virulence, and gene expression assays

To study the FB1 production, cracked autoclaved kernels (2 g) and four surface sterilized
kernels were used as described previously (Christensen et al., 2012; Yan and Shim, 2020).
These experiments were performed with three biological replicates. Seedling rot was
assayed by inoculating spore (5 pL, 10%mL) and imaged after one-week growth in the
dark room. For qPCR analysis of conidiation-related genes and key FUM genes, mycelia
were harvested from 7-day-old culture grown in myro liquid medium at 150 rpm. Primers
for three conidia related genes, FUM1 and FUMS were from previous studies (Zhang et

al., 2011b; Yan et al., 2019)
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CHAPTER IV
A RAB GTPASE PROTEIN FVSEC4 IS NECESSARY FOR FUMONISIN B1

BIOSYNTHESIS AND VIRULENCE IN FUSARIUM VERTICILLIOIDES

Summary

Rab GTPases are responsible for a variety of membrane trafficking and vesicular
transportation in fungi. But the role of Rab GTPases in Fusarium verticillioides, one of
the key corn pathogens worldwide, remains elusive. These Small GTPases in fungi,
particularly those homologous to Saccharomyces cerevisiae Sec4, are known to be
associated with protein secretion, vesicular trafficking, secondary metabolism and
pathogenicity. In this study, our aim was to investigate the molecular functions of FvSec4
in F. verticillioides associated with physiology and virulence. Interestingly, the FvSec4
null mutation did not impair the expression of key conidiation-related genes. Also, the
mutant did not show any defect in sexual development, including perithecia production.
Meanwhile, GFP-FvSec4 localized to growing hyphal tips and raised the possibility that
FvSec4 is involved in protein trafficking and endocytosis. The mutant exhibited defect in

corn stalk rot virulence and also significant alteration of fumonisin B1 production. The

* This chapter is reprinted with permission from “A Rab GTPase protein FvSec4 is
necessary for fumonisin B1 biosynthesis and virulence in Fusarium verticillioides” by
Yan, H.J., Huang J., Zhang, H. and Shim, W.B. 2020. Current Genetics 66, 205-216.
Copyright © (2020) Springer-Verlag GmbH Germany, part of Springer Nature.
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mutation led to higher sensitivity to oxidative and cell wall stress agents, and defects in
carbon utilization. Gene complementation fully restored the defects in the mutant
demonstrating that FvSec4 plays important roles in these functions. Taken together, our
data indicate that FvSec4 is critical in F. verticillioides hyphal development, virulence,

mycotoxin production and stress responses.

Introduction

Eukaryotic cells employ exocytosis and endocytosis to ensure proper cell physiology
while interacting with ambient environment (Schultzhaus and Shaw, 2015). Vesicles
mediate protein transport during exo- and endocytosis (Lazar et al., 1997), and Rab
GTPases play important roles in each transport step (Lazar et al., 1997). This protein
family, the largest subfamily of Ras superfamily, is involved in vesicular trafficking
regulation in eukaryotes by cycling between inactive (GDP-bound) and active (GTP-
bound) states (Novick, 2016). In Saccharomyces cerevisiae, 11 members of Rab GTPases
have been identified and studied (Lazar et al., 1997). Sec4 was first identified in S.
cerevisiae which was shown to be involved in both secretory vesicles and the plasma
membrane (Salminen and Novick, 1987; Goud et al., 1988). A recent study also
demonstrated that Sec4 is associated with the actin patches and endocytic internalization
in yeast (Johansen et al., 2016). In host-pathogen interactions, pathogenic fungi such as
Fusarium species utilize many virulence factors including cell-wall degrading enzymes,

effectors and toxins by secreting these into the extracellular space or the host cytoplasm
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to trigger a variety of responses in the host (Ma et al., 2013). Thus, it is reasonable to
anticipate that exocyst complex plays an important role in fungal pathogenesis (Chen et
al., 2015). And Sec4 is a crucial component during this process which is responsible for
the transport of post-Golgi-derived secretory vesicles to the cell membrane (Salminen and

Novick, 1987).

Fusarium verticillioides (teleomorph Gibberella moniliformis Wineland) is a fungal
pathogen of corn causing ear rot and stalk rot, posing significant food safety and security
risks. The fungus is a heterothallic ascomycete, but predominantly utilizes asexual spores,
i.e. macroconidia and microconidia, to rapidly reproduce on infected seeds and plant
debris (Leslie and Summerell, 2008). Most importantly, the fungus can produce various
mycotoxins and biologically active metabolites including fusaric acid, fusarins, and
fumonisins on infested corn ears. Fumonisin B1 (FB1) is the most prevalent and toxic
form of fumonisins, a group of polyketide-derived mycotoxins structurally similar to
sphinganine, and this mycotoxin is linked to devastating health risks in humans and
animals, including esophageal cancer and neural tube defect (Alexander et al., 2009; Wu
et al., 2014). Fumonisin biosynthesis gene cluster, also referred to as the FUM cluster, was
first discovered by Proctor et al (1999). The cluster consists of a series of key genes
encoding biosynthetic enzymes and regulatory proteins (Alexander et al., 2009), and
molecular characterization of FUM1, a polyketide synthase (PKS) gene, and FUMS, an
aminotransferase gene, showed their important roles in FB1 biosynthesis. FB1 production

was significantly reduced in fum/ and fum8 knockout mutants suggesting that these two
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key genes in the FUM cluster are critical for fumonisin biosynthesis (Proctor et al., 1999;

Seo et al., 2001).

However, the regulatory mechanisms involved transport and secretion of FB1 in F.
verticillioides remain obscure. But it is reasonable to hypothesize that key mycotoxigenic
fungi employ similar mechanisms (Woloshuk and Shim, 2013). A study performed in
Aspergillus parasiticus described how vesicles, not vacuoles, are primarily associated
with aflatoxin biosynthesis and export (Chanda et al., 2009). The study also illustrated the
development of mycotoxigenic vesicles under conditions conducive to mycotoxin
biosynthesis. A follow-up study also demonstrated that these mycotoxigenic vesicles fuse
with the cytoplasmic membrane to secrete and export aflatoxin (Chanda et al., 2010). In
other pathogenic fungi, a number of studies have shown that Sec4 is associated with
various cellular functions important for virulence. CLPTI in Colletotrichum
lindemuthianum was the first Sec4-like Rab GTPase gene reported in a phytopathogenic
fungus associated with intracellular vesicular trafficking (Dumas et al., 2001). Later,
CLPTI was further demonstrated to be required for protein secretion and fungal
pathogenicity (Siriputthaiwan et al., 2005). In A. fumigatus, Sec4 homolog SrgA was
shown to be involved in stress response, virulence and phenotypic heterogeneity (Powers-
Fletcher et al., 2013). Magnaporthe oryzae AMosec4 mutant exhibited defects in
extracellular proteins secretion and consequently hyphal development and pathogenicity
in the rice blast fungus (Zheng et al., 2016). Exocytosis relies on a exocyst complex which

has eight proteins, including Exo70p, Exo84p, Sec3p, Sec5p, Sec6p, Sec8p, Sec10p and
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Secl5p (TerBush et al., 1996; Chen et al., 2015). And Sec4 was recognized as the key
component regulating the exocyst assembly (Guo et al., 1999). We hypothesize that Sec4-
like Rab GTPases in F. verticillioides is important for FB1 synthesis and transport. To test
this, we identified a S. cerevisiae Sec4 homolog FvSec4 and characterized its roles in F.

verticillioides vegetative growth, virulence and FB1 biosynthesis.

Results

Identification of the Sec4 homolog in F. verticillioides

We used the Sec4 protein sequence from the S. cerevisiae genome database
(http://www.yeastgenome.org/) to conduct a search into NCBI F. verticillioides database.
This search identified FVEG 06175 locus, a 990-bp gene encoding a putative 203-amino-
acid protein, which was designated as FVvSEC4 gene. To identify Sec4 homolog in other
fungal species, the predicted FvSec4 amino acid sequence from the F. verticillioides
genome database was used for our BLAST search. Multiple sequences alignment (Figure
4.1) and phylogenetic analyses (Figure C-1A) indicated that Sec4-like proteins share high
amino acid identity in fungi, such as S. cerevisiae Sec4 (YFLOO5SW, 64 % identity), A.
fumigatus AfSrgA (Afudg04810, 87% identity), M. oryzae MoSec4 (MGG 06135, 88%
identity), C. lindemuthianum CLPT1 (AJ272025, 95% identity) and C. orbiculare CoSec4
(Cob_13201, 95% identity). The predicted ScSec4 protein structure was obtained from

PDB (PDB ID: 1G16) and modified into alignment by ESPript (Stroupe and Brunger,
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2000; Robert and Gouet, 2014).
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Figure 4.1 FvSec4 protein sharing high similarity with other fungal species.

Protein sequence alignment of S. cerevisiae Sec4, F. verticillioides FvSec4, A. fumigatus
AfSrgA, M. oryzae MoSec4. C. lindemuthianum CLPTI1. White characters with black
background and black characters in a box indicate identical and similar sequences,

respectively. Sec4 is predicted to have six alpha helices and six beta strands.
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Loss of FvSec4 impairs hyphal growth and conidiation

To investigate the function of FvSec4, we generated deletion mutants by replacing the
entire gene with a hygromycin-resistance marker (Figure C-2A). The gene-replacement
mutants were confirmed by Southern blot (Figure C-2B). The wild-type strain showed a
2.4-kb hybridizing band and all three putative mutants had a 6.5-kb band, as expected
when using the ORF 5’ flanking probe for Southern blot (Figure C-2B). These results
suggested that the three mutant strains had a single-copy insertion of the hygromycin-
resistance marker and had no ectopic insertion events. We selected the first mutant, which
was designated AFvsec4, to perform further experiments, including qPCR and phenotypic
analyses in this study (Figure C-2C). We also generated a gene complementation strain

AFvsec4-Com and a GFP-tagged complementation strain AFvsec4-GFP-FvSec4.

To study the role of FvSec4 protein in F. verticillioides vegetative growth, we cultivated
wild-type, AFvsec4, AFvsec4-Com and AFvsec4-GFP-FvSec4 strains on V8, 0.2xPDA,
myro agar media. The AFvsec4 mutant showed a drastic reduction in growth and less
fluffy mycelia on all agar media tested. Both AFvsec4-Com and AFvsec4-GFP-FvSec4
strains exhibited full recovery of growth defects (Figure 4.2A). Moreover, AFvsec4
displayed hyphal hyperbranching under microscopic examination (Figure 4.2B). In
addition, AFvsec4 mutant produced a significantly lower quantity of conidia when
compared with wild-type and complemented strains (Figure 4.3A). However, conidia

germination rate in the mutant and wild-type did not show a significant difference when
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all strains were cultivated in 0.2xPDB liquid culture (Figure 4.3B). Also, mycelial fresh
weight did not differ between wild-type and mutants after growing in YEPD liquid

medium for 3 days (Figure 4.3C).

To further characterize the basis for conidia production deficiency in AFvsec4, we used
gqPCR to test transcription levels of key conidia regulation genes, including BRLA, WETA,
ABAA and STUA. Total RNA samples were extracted from strains cultured in myro broth
for 7 days and in YEPD broth for 20 h. The qPCR data suggested that conidia regulation
genes are not impacted by the FvSec4 deletion both in myro and YEPD culture, except
ABAA expression that showed 40% reduction when the mutant was cultured in myro broth
(Figure C-3C and C-3D). We also tested whether FvSec4 is important for sexual

reproduction, but all strains showed no defect perithecia production (Figure C-3E).
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a WT AFvsec4 AFvsec4-Com GFP-FvSec4

Figure 4.2 Vegetative growth of wild-type (WT), AFvsec4, AFvsec4-Com and
AFvsec4-GFP-FvSec4 (GFP) strains.

(A) Strains were cultured on the V8, 0.2xPDA, myro agar plates for 8 days at room
temperature. (B) AFvsec4 mutant enhanced hyphal branching compared to WT, AFvsec4-
Com after 3 days on 0.2xPDA agar plates. Bar = 100 pm
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Figure 4.3 Impacts of FvSec4 on conidia production

(A) Conidia production in wild-type (WT), AFvsec4, AFvsec4-Com strains were
measured after incubation on V8 agar medium at room temperature for 8 days. (B) Conidia
germination rate in WT, AFvsec4, and AFvsec4-Com on 0.2xPDB were examined under
a microscope after 5 and 6.5h incubation with gentle shaking. (C) Mycelium samples
(fresh weight) were assayed after 3-day incubation in YEPD liquid medium. (D)
Transcript differences of conidia-related genes in AFvsec4 were compared to WT and
AFvsec4-Com strains. Three biological replicates were performed independently. Error
bars in this study all represent the standard deviations for three replicates. Lowercase
letters in this study on the bar top suggest significant differences among various strains.
(Student T-test, P<<0.05). All data in this study were analyzed by Prism software.
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Subcellular localization of FvSec4 suggests its role in vesicle trafficking

Since Sec4 is known as a key component that regulates the exocyst assembly, we studied
the localization of FvSec4 in F. verticillioides. We used the native promoter and fused
GFP to the N-terminus of FVSEC4 coding sequence, and subsequently transformed the
FvSec4,o-GFP-FvSec4 construct into AFvsec4 strain. After confirming construct
insertion through PCR, we performed a live-cell imaging study of GFP-FvSec4 protein
subcellular localization. The FvSec4 green fluorescent signal accumulated mainly in the
tips of hyphae, which was consistent with the predicted Sec4 protein role in the tip vesicle

transport and growth (Figure 4.4A).

In addition to exocytosis, a previous study revealed that Sec4 is also important for
endocytosis (Kean et al., 1993). To further test whether FvSec4 is associated with
endocytosis, we stained the mycelia of wild-type, AFvsec4, and AFvsec4-Com with FM4-
64, which is frequently used to study endocytosis and vesicle trafficking in the fungal
hyphae (Fischer-Parton et al., 2000). Highly concentrated fluorescent signals were
detected in the Spitzenkdrper region in both WT and AFvsec4-Com, while the AFvsec4
mutant showed a broader diffused staining at the mycelial tip (Figure 4.4B). In the mutant,
FM4-64 staining was generally localized to the growing hyphal tip but no clear
Spitzenkorper structure staining was observed. In addition, when we monitored FM4-64
staining in wild-type and AFvsec4 hypha in time course, we were able to observe higher

intensity of endomembrane staining in the wild type (Figure C-4), which suggests that
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AFvsec4 is either not properly functioning in the uptake of FM4-64 or defective in

recycling dyes to hyphal tip by exocytosis.

a AFvsec4-GFP-FvSec4 b FM4-64
DIC

AFvsec4-Com

Figure 4.4 FvSec4 protein localization assay.

(A) GFP-Sec4 protein driven by its native promoter mainly localized to the apical area of
growing hyphae. Bar = 5 um (B) Hyphal growth of wild-type (WT), AFvsec4, AFvsec4-
Com were examined under a microscope after 10 min of FM4-64 staining. The
Spitzenkorper region in AFvsec4 was compared with WT and AFvsec4-Com. Bar =5 pm

FvSec4 is important for corn seedling rot virulence

To test whether FvSec4 plays a role in F. verticillioides virulence, we inoculated wild-
type, AFvsec4, AFvsec4-Com spore suspensions, with sterilized distilled water as the
negative control, on one-week-old corn (silver queen hybrid) seedlings. After one week
of incubation, we observed significantly reduced rot symptoms in AFvsec4 mutant when
compared to the wild-type strain (Figure 4.5A and 4.5B). Gene complementation strain

AFvsec4-Com showed fully recovered stalk rot symptoms in our assay. These results
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demonstrated that FvSec4 plays an important role in F. verticillioides corn stalk rot

virulence.
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Figure 4.5 Role of FvSec4 in corn seedling rot severity.

(A) We inoculated 10 pl of wild-type (WT), AFvsec4, and AFvsec4-Com spore suspension
(107/ml) on one-week old silver queen seedlings. Symptoms were observed after 7 days
of incubation. (B) Lesion sizes were quantified using Image J.

74



FvSec4 is essential for FB1 production

We tested FB1 production in F. verticillioides strains on both corn kernels (silver queen
hybrid) and in myro liquid medium after a one-week incubation. The AFvsec4 growth was
reduced on corn kernels but not in myro liquid medium (Figure 4.6A and C-3B). When
FBI1 production was normalized to fungal growth, the results showed that AFvsec4
produces dramatically lower levels of FB1 than the wild-type progenitor in both growth
conditions (Figure 4.6B and 4.6C). To further understand how FvSec4 impacts FB1
production at the molecular level, we used qPCR to study the expression of two key FUM
cluster genes FUM 1 and FUMS. RNA samples were collected from 7 day-post-inoculation
myro cultures. Both FUMI and FUMS expressions were significantly altered with the
three-fold reduction in AFvsec4 strain when compared to the wild-type and AFvsec4-Com
(Figure 4.6D). Additionally, to determine functions of FvSec4 associated the exocyst
complex and secreted protein gene transcription, we also tested expression of three
exocyst complex SECS5, EXO70, SYNI genes and one secreted protein LCPI gene in 7
day-post-inoculation myro and 20h YEPD liquid media. Our data showed selected genes
associated with exocytosis were not altered but LCP] transcription level was suppressed
in the AFvsec4 deletion mutants (Figure 6D and C-3D). Taken together, our results
indicate that FvSec4 is positively associated with key FUM gene expression and ultimately

FBI1 production.
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Figure 4.6 Influence of FvSec4 in FB1 production and key FUM gene transcription.
(A) Surface sterilized silver queen corn seeds were inoculated with wild-type (WT),
AFvsec4, AFvsec4-Com and incubated for 7 days. Sterile water was used as a negative
control. (B) FB1 and ergosterol were quantified by HPLC. Ergosterol level in each sample
was used to normalize FB1 levels, thus resulting in relative FB1 production in corn seeds.
(C) Myro liquid medium was inoculated with WT, AFvsec4, and AFvsec4-Com for 7 days
at room temperature with agitation. FB1 levels were analyzed by HPLC. (D)
Transcriptional analyses of key FUM genes, exocyst-related genes, and FvLcpl in WT,
AFvsec4, AFvsec4-Com after 7-day incubation in the myro liquid medium. Transcripts
were normalized against WT gene expression. Three biological replicates were performed
independently. Error bars in this study all represent the standard deviations for three
replicates. Lowercase letters in this study on the bar top suggest significant differences
among various strains.
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FvSec4 plays an important role in response to various stressors and differential

carbon utilization

To investigate whether FvSec4 is involved in response to environmental stress agents, we
tested vegetative growth of strains on minimal media amended with SDS (cell membrane
stress), Congo red (cell wall stress) and H>O» (oxidative stress) (Figure 4.7A). The mutant
growth rate was significantly inhibited by these stress agents when compared to the wild-
type strain, especially under the oxidative stress with H>O» (Figure 4.7B). This outcome
suggests that FvSec4 plays a role in response to stress-related to cell wall integrity and

tolerance to oxidative stress.

To determine if FvSec4 is important for the utilization of different carbon nutrients, we
cultivated wild-type, AFvsec4, AFvsec4-Com strains on Czapek-Dox agar medium
containing different carbon sources, i.e. sucrose, dextrose, fructose and sorbitol (Figure
7C). We learned that the mycelial growth of AFvsec4 mutant exhibits significant
restriction when grown on Czapek-Dox agar containing dextrose or fructose but not
sorbitol, when compared to the growth observed with sucrose as the sole carbon source
(Figure 4.7D). Further studies are needed to determine if this deficiency is due to carbon

nutrient import into the fungal cell or secretion defect in extracellular catabolic enzymes.
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Figure 4.7 Susceptibility against various stressors and deficiency in carbon
utilization in AFvsec4 mutant.

(A) Strains were grown on Czapek-Dox agar amended with SDS, congo red and H»O; for
8 days at room temperature. (B) Growth diameter of AFvsec4, AFvsec4-Com were
subjected to statistical analyses. The growth inhibition rate (%) was measured by (sucrose
growth diameter - designated stress growth) / sucrose growth diameter x 100. (C) Strains
were grown on modified Czapek-Dox with dextrose, fructose or sorbitol as the sole carbon
source for 8 days at room temperature. Czapek-Dox agar plates with sucrose was used as
a control. (D) Inhibition rate of strains grown on the media containing different carbon
sources. Three replicates were used in this assay. The growth inhibition rate (%) was
measured by (diameter of growth on sucrose - designated carbon growth) / diameter of
growth on sucrose x 100.
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Discussion

Exocytosis plays important roles in diverse functions such as cell polarization, growth,
morphology, and migration (He and Guo, 2009). Exocytosis is responsible for the
secretion of cellular substances to the extracellular space. When pathogenic fungi colonize
the living plants, these organisms employ various strategies to adapt the host environment,
namely by activating signaling pathways associated with producing effectors, secondary
metabolites and enzymes (van der Does and Rep, 2017). Previous studies indicate the Sec4
protein is a key regulator of multi-subunit exocyst complex function (Guo et al., 1999).
Unlike in S. cerevisiae and Candida albicans, Sec4 protein does not appear to be essential
for viability but its function is critical for other physiological functions in filamentous
fungi(Salminen and Novick, 1987; Mao et al., 1999). Our study showed that FvSec4, a
highly conserved Rab GTPase protein, is essential for the hyphal branching and growth,
conidiation, stress responses and carbon utilization in F. verticillioides. Furthermore,

FvSec4 was also critical for the virulence and mycotoxin production.

Similar to AMosec4 in M. oryzae, the virulence in AFvsec4 strain was significantly
reduced in our seedling rot assay when compared with the wild-type progenitor. The
reduced virulence in AMosec4 was partially due to appressoria abnormalities, particularly
with lower turgor pressure which is crucial for host penetration. Misshapen invasive
hyphae and mislocalization of the cytoplasmic effector in AMosec4 mutant could have

also negatively impacted virulence. Infection structures such as appressoria are not
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recognized in F. verticillioides. But it is also noteworthy that a mutation in a Sec4 homolog
in wheat scab pathogen F. graminearum, a non-appressorium producing ascomycete, also
led to a virulence defect (Zheng et al., 2015). Furthermore, the deletion of Sec4 homolog
BcSasl in Botrytis cinerea also showed reduced virulence, and this outcome could perhaps
be explained by reduced growth rate and inadequate secretion of cell wall degrading
enzymes (Zhang et al., 2014). While we cannot exclude slower vegetative growth as one
of the factors for reduced virulence, we can also propose that FvSec4 is involved in
regulating the expression of F. verticillioides secreted proteins. Consistent with this idea,
we learned that the expression of FvLCPI gene was significantly decreased in AFvsec4.
In our previous study, we characterized FvLcpl as a secreted protein that is involved in

host defense suppression and FB1 biosynthesis (Zhang et al., 2019).

Another possible reason for attenuated pathogenicity is due to the mutant exhibiting
deficiencies in responding to various exogenously applied stress agents. In our study,
AFvsec4 showed increased sensitivity to H>O,. It is well studied that reactive oxygen
species (ROS) are accumulated in plant hosts as a response to biotic and abiotic stress, and
Fusarium species are directly causing biotic stress on corn (Lehmann et al., 2015).
However, there are contradicting studies that suggest ROS sensitivity may not be a key
factor in fungal virulence. For instance, B. cinerea BcSasl deletion mutants showed less
sensitivity when compared to the wild-type (Zhang et al., 2014). In addition to ROS
response, AFvsec4 exhibited growth deficiencies when utilizing different carbon sources

such as dextrose and fructose when compared to sucrose. This result raises a question
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whether FvSec4 is involved in secretion of enzymes important for specific carbon nutrient
utilization. The hypersensitivity to H,O» and the impairment in carbon nutrient utilization
are consistent with the attenuated virulence in AFvsec4. Published studies show that Sec4
Rab GTPases were important for stress response and nutrient utilization (Zhang et al.,
2014; Zheng et al., 2016). But, whether these two physiological processes are genetically

linked needs further investigation.

Secondary metabolites are not required for conventional growth in Fusarium species but
may offer advantages in certain circumstances (Ma et al., 2013). However, it is clear that
mycotoxins produced by fungi have adverse effects on human health and food safety (Wu
et al., 2014). There is an earlier study by Zheng et al (2015) describing how Rab GTPase
FgRab8 and exocytosis are positively associated with F. graminearum mycotoxin DON
production (Zheng et al., 2015). While DON has been recognized as a virulence factor in
F. graminearum, FB1 is not a critical factor for plant pathogenesis in F. verticillioides
(Proctor et al., 1995; Desjardins et al., 2002). In this study, AFvsec4 showed a significantly
lower level of FB1 production when compared to the wild-type strain, implying that this
protein is critical for regulating mycotoxin biosynthesis. To further understand how
FvSec4 is impacting FB1 production, we tested the expression of key FUM genes FUM 1
and FUMS. Our qPCR result showed that the transcriptional expression of these two FUM
genes were significantly suppressed in the mutant. It is reasonable to hypothesize that this
Rab GTPase indirectly regulates transcriptional activities of FUM cluster through other

transcription factors.
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Sec4 protein is known to control exocyst assembly and involved in secretion of
vesicles. We confirmed that FvSec4 is localized to the hyphal tip area which is consistent
with the exocytosis function. To investigate the role of FvSec4 in regulating the exocyst
complex and other downstream components, we identified three Sec4 downstream genes,
EXO70, SEC5 and SYNI, to study their gene expression levels. We found that AFvsec4
mutation is not crucial for exocyst-related gene expression except for SECS5, which
showed 22% less expression when compared to wild-type progenitor after a 7-day
incubation in myro medium. This outcome led us to conclude that Sec4 is not directly
involved in the transcriptional regulation of its downstream genes associated with

exocytosis.

Spitzenkorper is a subcellular structure found at the fungal hyphal tip that is associated
with polar growth (Riquelme and Sanchez-Leon, 2014). A previous report also indicated
that Spitzenkdrper acts as a Vesicle Supply Center (VSC) where vesicles accumulate
before being released to extracellular space (Bartnicki-Garcia et al., 1989). We stained
mycelia with FM4-64, and the result showed that our wild-type strain harbors a
recognizable SpitzenkOrper at the hyphal tip. However, AFvsec4 exhibited accumulated
fluorescence in both apical and subapical areas while the Spitzenkorper was absent after
the same staining treatment. When we consider the important role of Spitzenkdrper in
delivering cell wall components to the sites of cell wall synthesis, perhaps this abnormal

Spitzenkorper structure and distribution are impacting the response to SDS and congo red
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cell wall stress agents in AFvsec4 (Riquelme, 2013). The lack of Spitzenkorper is possibly
due to AFvsec4 showing a defect in maintaining the balance between exocytosis and
endocytosis. We can further hypothesize that in the mutant insufficient number of vesicles
are delivered to the hyphal tip, and perhaps this leads to significantly slower vegetative

growth and hyper-branching.

Materials and methods

Fungal strains, culture media and growth conditions

F. verticillioides strain 7600 was used as the wild-type strains in this study (Zhang et al.,
2018b). All strains were grown and evaluated on V8 juice agar (200 ml of V8 juice, 3 g
of CaCOs and 20 g of agar powder per liter), potato dextrose agar (PDA, Difco) and myro
agar (1g of NH4H2POy4, 3 g of KH2PO4, 2 g of MgSO4-7H20, 5 g of NaCl, 40 g of sucrose
and 20 g of agar powder per liter) at room temperature for 8 days. For the spore production,
5 ml sterile water was added into 8 days old V8 agar plates. Spore suspensions were
harvested by passing through miracloth (EMD Millipore) and counted using the
hemocytometer. Newly harvested microconidia were suspended in 0.2x potato dextrose
broth (PDB) for 5h and 6.5 h with gentle shaking to assay spore germinations. For genomic
DNA extraction, strains were grown in YEPD liquid medium (3 g yeast extract, 10 g
peptone and 20 g dextrose per liter) at 25 °C in a rotatory shaker for 4 days. For stress

assays, strains were cultured on Czapek-Dox agar (2 g/LL NaNOs, 0.5 g/L MgS0O4-7H>0,
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0.5 g/L KCI, 10 mg/L 14 FeSO4-7H>0, and 1 g/LL KoHPOs, 30 g/L sucrose, pH 7) amended

with 70 mg/L Congo red, 2 mmol/L H20> or 0.01% SDS.

For carbon utilization assay, 4 ul of 1 x 10° conidial suspension was inoculated on the
center of Czapek-Dox agar plates with four different carbon sources, i.e. sucrose (30 g/L),
dextrose (10 g/L), fructose (10 g/L) and sorbitol(91 g/L), and incubating 8 days at room
temperature. For the mating study, conidia from wild-type, AFvsec4, AFvsec4-com strains
were harvested from culture grown on V8 agar for 7 days, and subsequently spread onto
F. verticillioides strain 7598, which was grown on carrot plates following our standard

protocol (Sagaram and Shim, 2007).

Gene deletion and complementation, polymerase chain reaction (PCR), and

transformation

The constructs for F. verticillioides transformation were generated following our
laboratory standard procedures (Sagaram and Shim, 2007). Briefly, DNA fragments
corresponding to 5” and 3’ flanking regions of the gene were amplified from the wild-type
genomic DNA. Meanwhile, hygromycin B phosphotransferase (HPH) gene in pBP15
plasmid was used to obtain the HP and PH fragments. 5’ and 3’ flanking region fragments
were fused with PH and HP fragments by single-joint PCR respectively (Yu et al., 2004;
Sagaram and Shim, 2007). We used protoplast preparation and transformation protocols

previously described in Zhang et al (2018). We used PCR to verify targeted gene deletion
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mutations using primers OF/OR, UAF/YG/F, UAR/HY/R (Table S1), followed by

Southern blot and qPCR for further validation (Yun et al., 2019).

For gene complementation, wild-type FVSEC4 gene with its native promoter was co-
transformed with a geneticin-resistant gene (GEN) into mutant protoplasts. All
transformants were screened by PCR. All primers used in this study are presented in Table
S1. To construct the GFP-FvSec4 plasmid, FvSEC4 coding region from F. verticillioides
cDNA was amplified. FvSEC4 native promoter and terminator were amplified from wild-
type DNA. GFP was amplified from pKNTG plasmid (Yang et al., 2018). These four
purified products were introduced to the Hindlll and BamHI sites of pKNTG using In-
Fusion-HD cloning kit (Takara Bio USA). The plasmid was then sequenced and

introduced into the AFvsec4 strain for genetic complementation and localization study.

Nucleic acid manipulation and Southern blot

Bacterial plasmid DNA was isolated with Wizard miniprep DNA purification system
(Promega). Fungal genomic DNA isolation and Southern blot analysis were performed
following standard procedures (Sambrook, 2001). Briefly, 10 ug genomic DNA of each
strain was completely digested with Clal and probed with a *?P-labelled DNA fragment
amplified from F. verticillioides genomic DNA with primers FvAF1 and FvAR1 (Table

S1).
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Corn infection and fumonisin B1 assays

Infection assays on corn seedling were conducted as previously described with minor
modifications (Kim et al., 2018a). In this study, we used silver queen hybrid seeds
(Burpee) for seedling inoculation with fungal spore suspensions. The seedlings were
collected and analyzed after a one-week growth period in the dark room. At least three

biological and three technical replicates were performed for each fungal strain.

For FB1 and ergosterol extraction, four silver queen seeds were surface sterilized using
the method previously described (Christensen et al., 2012) with a minor modification.
Sodium hypochlorite (6%) was replaced with 10% bleach. Next, sterilized kernels were
put on autoclaved 90-mm Whatman filter paper. A scalpel was used to create wounds on
the endosperm area, and these seeds were placed in 40-ml borosilicate glass vials. Fungal
spore suspensions (200 ul, 107/ml) were inoculated into each vial, and these samples were
incubated in room temperature for 7 days. FB1 extraction and sample purification methods
were described previously (Christensen et al., 2012). HPLC analyses of FB1 and
ergosterol were performed as described (Shim and Woloshuk, 1999). FB1 levels were then
normalized to ergosterol contents. The experiment was repeated twice with three

biological replicates.
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RNA extraction and gene expression study

A 1ml fungal spore suspension (10° spores/ml) was inoculated in 100 ml YEPD for 3 days
at room temperature with agitation (150 rpm). Then, mycelium from each flask was
filtered through Miracloth and weighed (0.3 g) before transferred to 100 ml myro liquid
medium. Samples were collected after 7 days incubation at room temperature with
agitation (150 rpm). In addition, 2 ml of spore suspension (10° spores/ml) were added into
100 ml YEPD, incubated for 20 h at 28°C at 150rpm before being harvested for RNA
extraction for qPCR assay. Three replicates were performed for each strain. Total RNA
was extracted using Qiagen kit following the manufacturers’ protocols. RNA samples
were converted into cDNA using the Verso cDNA synthesis kit (Thermo Fisher
Scientific), and qPCR analyses were performed with Step One plus real-time PCR system
using the DyNAmo ColorFlash SYBR Green qPCR Kit (Thermo Fisher Scientific) with
0.5 ul cDNA as the template in per 10 pl reaction. Expression levels were normalized with

F. verticillioides B-tubulin-encoding gene (FVEG 04081).

Microscopy and staining protocol

For hyphal growth imaging, strains were cultivated on 0.2xPDA for three days, and a
block of agar containing the growing edge (approximately 1 cm diameter) was cut and
placed on a glass slide. Next, water (10 ul) was added on the agar block, and subsequently

a coverslip was gently placed on top. We incubated the sample at 28°C for additional 20
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mins, and then observed hyphal growth under a microscope (Olympus BX60). For GFP
assay, we followed a previous method with minor modifications (Schultzhaus et al., 2015)
and with assistance from Dr. Brian Shaw (Department of Plant Pathology and
Microbiology, TAMU). We used 16-18 h hypha to take images and water was added on
the top of agar. Samples were incubated at 28°C for 20 mins. For FM4-64 staining, 16-
18h growth of strains in 0.2xPDA were cut and put in the slide. Then, we added 10 pl of
5 uM FM4-64 on top of the medium and incubated at room temperature for 10 mins. We
used 0.2xPDB broth to wash samples twice before taking images. Images were prepared

using ImagelJ software (Schneider et al., 2012).

88



CHAPTER V

CONCLUSION

Mycotoxins produced by fungi pose serious food safety and health risk to humans and
animals. The major mycotoxins are produced by Aspergillus, Penicillium and Fusarium
species including aflatoxins, zearalenone and fumonisins. Fumonisins are predominantly
produced by Fusarium verticillioides. Much work has contributed to uncovering the
components regulating fumonisin B1 (FB1) production. However, there remains a gap in
our understanding of how F. verticillioides senses environmental cues and ultimately
stimulates FB1 biosynthesis on the plant host. One of the critical sensory mechanisms in
eukaryotic organisms is mediated by G protein-coupled receptors (GPCRs) and G-protein
signaling pathway. GPCR is the largest group of transmembrane receptors in the cell,
which serves important sensor functions. GPCR functions as a guanine nucleotide
exchange factor to activate heterotrimeric G proteins that consist of a, B, and y subunits.
Regulators of G protein signaling (RGS) proteins contribute to promoting GTPase
activities in Go subunit and regulating G protein-coupled receptor pathway. In this
dissertation research, I asked a series of questions that provided a deeper understanding of

how G-proteins impact FB1 regulation in F. verticillioides.

I studied a noncanonical G protein component, Receptor for Activated C Kinase 1
(RACKI1) homolog, FvGbb2 in F. verticillioides. The mutant exhibited severe defects not

only in fumonisin B1 biosynthesis but also in other physiological aspects. Gene expression
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studies in Fvgbb2 showed 15 polyketide synthase (PKS) genes were all significantly
altered when compared to the wild-type strain. Notably, PKS11 (FUMI) gene expression
was not detected in Fvgbbl and Fvgbb2 mutants. The combined PKS and FB1 results
suggest that GB-like protein, FvGbb2 is a broader regulator of PKS-related secondary
metabolism while Gf3 protein FvGbbl plays a more positively dominant role in FB1
biosynthesis. Additionally, although FvGbbl and FvGbb2 share the similarity in domain
structures, their localizations are different. FvGbb1 is expressed mainly in the vacuole and
cell membrane while FvGbb2 is constitutively expressed in the cytoplasm. The reason for
FvGbbl and FvGbb2 distinct localization is still not completely understood. But we
hypothesize that the diverse roles of FvGbb2 may be explained by broad localization in
the cytoplasm. The mechanism remains to be further investigated. In terms of RGS
proteins, our characterization of two FvFIbA orthologs, namely FvFIbA1 and FvFIbA2,
showed that FvflbA2/A1 double mutation results in severe growth defects and elevated
FBI1 production than those observed in single mutants. This is in contrast to our G} and
Ga subunits single deletion mutants that decreased FB1 production. This contradictory
FBI1 regulation further supports the idea that the negative regulation by RGS signaling on

heterotrimeric G protein.

My effort to characterize 18 putative GPCR single deletion mutants did not result in FB1
biosynthesis-related phenotypes (data not shown). This may be due to the redundancy of
GPCR proteins in the cell. Specifically, I identified 117 putative GPCR proteins in F.

verticillioides. Stimuli sensing and initiation of signal transduction pathways by GPCR is
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a complex mechanism, and I question any single putative GPCR serve a predominant role
in F. verticillioides. However, my study of genetic components highly associated with
GPCRs, i.e. G protein subunits and RGS orthologs, has demonstrated critical impacts on
FBI1 regulation. Identification and further characterization of putative interacting proteins
of FvGbb2 and two FIbA paralogs will provide more insightful knowledge in F.

verticillioides virulence and mycotoxin biosynthesis.
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Figure A-1. Sequence alignment and domain analysis of GB-like proteins in fungal

We aligned amino acid sequences of Saccharomyces. cerevisiae ScAscl, Fusarium
verticillioides FvGbb2, F. verticillioides FvGbbl, Magnaporthe oryzae MoMipll,
Neurospora crassa NcGnbl, and Cryptococcus neoformans CnGib2. Identical and similar
sequences were indicated in white characters with black backgrounds and black characters
in a white box, respectively. FvGbb2 is predicted to have 28 beta strands. ScAscl protein

structure was from PDB (ID:3FRX) (Coyle et al., 2009).
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Figure A-2. Schematic description of split marker approach for generating gene
deletion mutants AFvgbb2, AFvgbbl, and AFvgpa2 in F. verticillioides.

(A) Hygromycin gene (HYG) was used to replace the FvGBB2 gene and generate AFvgbb2
mutant. (B) Geneticin gene (GEN) was used to replace the FvGBBI gene and generate
AFvgbbl mutant. (C) Geneticin gene (GEN) was used to replace the FvGPA2 gene and
generate AFvgpa2 mutant. (D) Total RNA samples were extracted from mycelia from 7-
day myro liquid culture. Mutants AFvgbb2, AFvgbb2-gbbl, AFvgbb2-gpa2 were subject
to qPCR using FvGBB2 gene primer. FvGBB2 transcript was not detectable in AFvgbb2,
AFvgbb2-gbbl, AFvgbb2-gpa2 mutants when compared to the wild-type (WT) progenitor.
(E) FvGBBI gene expression was assayed in WT, AFvgbbl, and AFvgbb2-gbbl. (F)
FvGPA?2 gene expression was assayed in WT, AFvgpa2, and AFvgbb2-gpa2.
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Figure A-3. Perithecia formation inf wild-type (WT) and deletion mutant strains.
(A) Expression levels of conidia related genes in AFvgbb2 were compared to the WT in
YEPD liquid medium. (B) (B) WT, AFvgbb2, AFvgbbl, AFvgpa2, AFvgbb2-gbbland
AFvgbb2-gpa2 strains, which all have MAT-1 mating type, were crossed to F.
verticillioides m3120 strain (MAT-2) in carrot medium. After 3-week incubation,
perithecia formation was observed.
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Figure A-4. Fusarium verticillioides colonization in autoclaved cracked kernels and
surface sterilized kernels. Wild-type (WT), AFvgbb2, AFvgbbl, AFvgpa2, AFvgbb2-
gbbl, AFvgbb2-gpa2 and complementation strains were cultured in (A) 2-g cracked
autoclaved (non-viable) kernels and (B) four sterilized surface-sterilized (viable) kernels
after 8 days of incubation at room temperature. (C) Pigment production when strains are
grown in myro liquid medium. Two mutants AFvgbb2 and AFvgbb2-gbbl exhibited
dramatic alteration in pigmentation when cultured for 7 days with shaking.
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Figure A-5. FvGbb2 protein localization assays. (A) Schematic representation of
FvGbb2-GFP, mCherry-FvGbbl, FvGpa2-mCherry constructs. (B) FvGbb2-GFP was
expressed in the AFvgbb2 mutant in (B) FB1 non-inducing 0.2xPDB medium and in (C)
FBI1-inducing myro medium. Bar = 5 pum. (D) FvGbb2-GFP was expressed in the WT and
with 10 uM FM4-64 stain after a 30-min incubation. Bar = 5 um.
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Figure A-6. Interaction between FvGbb2 and MAPK Kkinase cascade proteins.

(A) FvGbb2 did not show interaction with three MAPK cascade proteins when tested by
yeast two-hybrid assay. FvGbb2 was co-transformed with FvBckl, FvMkk1/2 or FvSIt2
into AHI109 strain. pGBKT7-53 and pGADT7-T were used as a positive control.
pGBKT7-Lam and pGADT7-T were used as a negative control. (B) The split luciferase
complementation analysis was performed to confirm yeast two-hybrid assays. FvGbbl1-
FvGpa2 complementation was used as a positive control.
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Table A-1. Relative mRNA expression level of 15 PKS gene in deletion mutant strains

Relative transcriptional level

Gene WT AFvgbb2 AFvgbbl AFvgpa2 AFvgbb2-gbbl | AFvgbb2-
PKS1 12 0.24 +0.01 0.45+0.19 0.58+0.14 0.10+0.09 0.2§‘I‘(7).13
PKS2 1 ND 0.31 £0.15 0.62+0.28 1.16 £ 0.46 0.46+0.13
PKS3 1 762.42 £168 1.89 +£0.06 6.78+2 179 0.47+0.16 23.37+10.26
PKS4 1 ND 1.28 +0.12 1.64 +0.67 ND ND
PKS5 1 0.25+0.01 0.86+0.19 0.99 +0.01 0.75+0.15 ND
PKS6 1 208.70 + 28.52 1.32+1.17 12.05 +4.15 131.84+42.62 | 54.22+22.75
PKS7 1 0.48 +£0.21 0.65+0.26 0.83+£0.42 1.14 +£0.50 0.59+0.15
PKS8 1 0.10 £0.02 0.23+0.10 0.31+0.20 0.06 = 0.04 0.72+0.18
PKS9 1 0.003 = 0.001 0.82+0.10 1.50+0.10 ND 0.08 £0.01
PKS10 1 0.02 +£0.001 3.53+1.19 1.51+0.44 0.29 +0.01 0.08 +0.02
PKS11 1 ND ND 0.86 +0.34 ND ND
PKSI12 ND ND ND ND ND ND
PKS13 1 0.42+£0.12 0.95+0.12 1.44 +0.55 2.46 +0.69 0.58+0.14
PKS14 1 1.36 £ 0.15 0.76 £ 0.20 ND 0.55+0.24 0.55+0.02
PKS15 1 0.15+£0.02 0.17+0.04 0.23+0.10 0.43+0.14 548 +£0.56

Strains mycelium were harvested from 7 days of incubation on myro liquid medium. Then,
total RNA samples were extracted. qPCR analysis of gene expressional levels on was
conducted with SYBR-Green. Each gene expression was normalized to B-tubulin gene
(FVEG_04081) expression level. Gene expressions were calculated using 244, Wild-
type expression level was standardized to 1.0. Three replicates were performed for each

test. PKS5, PKS14, PKS15 expression levels were very low.
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Table A-2. Primers used in this study

Primer Primer sequence (5°-3°) Application
validation of FvGBB2 5’
Gbb2 LF. F2 GCT CAG TGG ACA ACC AGA CAA A
deletion
amplify FvGBB2 5’ flank
Gbb2 LF.F1 TCC TTC TTC CTT TCC CGA CTT TC
sequence
nested primer for amplify
Gbb2 LF. F/N | CGC AAG CAG AAA GAG GTC AAG AA
FvGBB2-LF + YG
TAG ATG CCG ACC GGG AAC GTT TGC GGT | amplify FvGBB2 5’ flank
Gbb2 LF.R1
GAC GAG GCG AT sequence
CCA CTA GCT CCA GCC AAG ATT GCT CTA | amplify FvGBB2 3’ flank
Gbb2 RF. F1
CCC TAA AAA AGA GGC sequence
nested primer for amplify
Gbb2 RF.RN TCT CTT ATT CAC CAG CGG ACA
FvGBB2-RF + HY
amplify FvGBB2 3’ flank
Gbb2 RF.RI1 GTT GGG CGA TCA CCATAA CTA
sequence
validation of FvGBBI 5’
Gbb1/LF/F2 GTG TTT GGG TGA GCG GAT G
deletion
amplify FvGBBI1 5’ flank
Gbbl1-LF/F1 CGG GTA CTT GAT GTT TGG TGG A
sequence
nested primer for amplify
Gbb1-LF/FN ACG GAT GAA CTG GAG TCG A
FvGBBI-LF + GE
GGC GTT ACC CAA CTT AAT CGA TCG ACC | amplify FvGBB1 5’ flank
Gbb1-LF/R1

AGT CAACTTTTIGTTIGT

sequence
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TTC CAC ACA ACA TAC GAG CCT TGT TCT

amplify FvGBBI 3’ flank

Gbbl RF/F1
TTG CGA CTATGA ACCTT sequence
nested primer for amplify
Gbbl RF/RN ACA CAC GTC CGA CAG CAA ATA
FvGBBI-RF + EN
amplify FvGBBI 3’ flank
Gbbl RF/R1 ACG GGA TAA GTG CGG AAT GTT
sequence
validation of FvGPA2 5’
Gpa2 LF/F2 ACA TGG AGG CTT GTG AGG TTA T
deletion
amplify FvGPA2 5’ flank
Gpa2 LF/F1 ACC TTA CTT TCC CGT CCC TC
sequence
nested primer for amplify
Gpa2 LF/FN TTT GGC ATT ACT TCC GCT TGC
FvGPA2-LF + GE
GGC GTT ACC CAA CTT AAT CGT GTG GCG | amplify FvGPA25’ flank
Gpa2 LF/R1
GAT CAC AAA ATA GCT sequence
TTC CAC ACA ACA TAC GAG CCT AGC GAA | amplify FvGPA23’ flank
Gpa2_RF/F1
TCA CTG CTC ATT TGA sequence
nested primer for amplify
Gpa2_ RF/RN GTC ATT TAC GCC AAGCGACTAT
FvGPA2-RF + EN
amplify FvGPA2 3’ flank
Gpa2 RF/R1 AAG CTC CAA TCC ACA TCC AGA
sequence
HYG/F TTG GCT GGA GCT AGT GGA GGT CAA amplify HY fragment
HY/R GTA TTG ACC GAT TCC TTG CGG TCC GAA | amplify HY fragment
HYG/R GTT CCC GGT CGG CAT CTA CTC TAT amplify YG fragment
YG/F GAT GTA GGA GGG CGT GGA TAT GTC CT amplify YG fragment
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GEN/F

CGA TTA AGT TGG GTA ACGCCA G

amplify GE fragment

GE/R ATC ACG GGT AGC CAA CGCTA amplify GE fragment
EN/F TCG ACC ACC AAG CGA AAC AT amplify EN fragment
GEN/R GGC TCG TAT GTT GTG TGG AAT T amplify EN fragment

CCG GAA TTC ATG GCC GAA CAA TTG ATC | construction of pPGBDT7-
Gbb2-BD-F

CTG AA FvGBB2

CCG GGA TCC TTA TGC CCT CGA CAT GAC | construction of pGBDT7 -
Gbb2-BD-R

ACC FvGBB2

construction of pGADT7-
Gpal-AD-F CCG GAA TTC ATG GGT TGC GGA ATG AGC
FvGPAI

CCG GGA TCC TTAGAT GAG ACC ACA GAG | construction of pGADT7 -
Gpal-AD-R

ACG CAG FvGPAI

CCG GAA TTC ATG GGC GCA TGC ATG AGC | construction of pGADT7-
Gpa2-AD-F

T FvGPA2

CCG GGA TCC.TCA AAG AAT GCC CGA GTC | construction of pGADT7 -
Gpa2-AD-R

CTT AAG TG FvGPA2

CCG GAA TTC ATG CTG CAG AAA CAC ATG | construction of pGADT7-
Gpa3-AD-F

GCC FvGPA3

CCG GGA TCC TTA GAG AAT GAG CTG CTT | construction of pGADT7 -
Gpa3-AD-R

GAGGTT G FvGPA3

CCG GAA TTC ATG CCT CAG TAC ACT TCT construction of pGADT7-
Gpbl-AD-F

CGC FvGPBI

CCG GGA TCC TTA CAT GAC CAC ACA GCA | construction of pGADT7 -
Gpbl1-AD-R

GC FvGPBI

119




construction of pGADT?7-

Mkk1/2-AD-F CGG AAT TCA TGG CCG ACC AAC AGC CT
FvMKK1/2
TCC CCC GGG CTA AGA GTC CTT AGG TTG | construction of pGADT?7 -
Mkk1/2 -AD-R
TTC ATC CC FvMKK1/2
CGG AAT TCA TGT CGG ACC TTC AAG GAC | construction of pGADT7-
SIit2 AD-F
G FvSLT2
CGG GAT CCT TAT CTC CTG GAG GCA TCC | construction of pGADT7 -
SIit2 AD-R
A FvSLT2
ACCAGATTACGCTCATATG construction of pGADT?7 -
Bck1-AD-F1
ATGAAGGGTAGCGATAGCTTG FvBCK1
construction of pGADT?7-
Bck1-AD-R1 ATT TGG CGA ATC CAT GGG ATC
FvBCK1
TCCCATGGATTCGCCAAATACACCTCTCAA | construction of pGADT?7 -
Bck1-AD-F2
TGCCCCTG FvBCK1
construction of pGADT?7-
Bck1-AD-R2 CTA TTT CGT TGG ACA TCC TCG G
FvBCK1
construction of pGADT?7 -
Bck1-AD-F3 CCG AGG ATG TCC AAC GAA ATA G
FvBCK1
CAG CTC GAG CTC GAT GGATCC TTATTT construction of pGADT?7 -
Bck1-AD-R3
GAA CGA CTT GAT TTT GTG ATA CAG FvBCK1

Gbb2_nLUC/F

AAG CTC GAG TAG TCG ACA TGG CCG ACC

AAC AGC CTG AA

construction of pFNLuc

FvGBB2

Gbb2_nLUC/R

CGT ACG AGA TCT GGT CGA CTG CCC TCG

ACA TGA CAC CCCA

construction of pFNLuc

FvGBB2
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Gbbl_nLUC/F

AAG CTC GAG TAG TCG ACA TGA ACT CTC

AAG GCA ACAACGA

construction of pFNLuc-

FvGBBI

Gbbl_nLUC/R

CGT ACG AGA TCT GGT CGA CGT AGG CCC

AGA TTT TAA GCA G

construction of pFNLuc-

FvGBBI

Gpal cLUC/F

CGT CCC GGG GCG GTA CCG GTT GCG GAA

TGA GCA CAG A

construction of pFCLuc-

FvGPAl

Gpal cLUC/R

TTG GAT CCC CGG GTA CCT TAG ATG AGA

CCA CAG AGA CGC AG

construction of pFCLuc-

FvGPAl

Gpa2 cLUC/F

CGT CCC GGG GCG GTA CCG GCG CAT GCA

TGA GCT CG

construction of pFCLuc-

FvGPA2

Gpa2_cLUC/R

TTG GAT CCC CGG GTA CCT CAA AGA ATG

CCCGAGTCCTTA AGT G

construction of pFCLuc-

FvGPA2

Gpa3_cLUC/F

CGT CCC GGG GCG GTA CCC TGC AGA AAC

ACA TGG CCA

construction of pFCLuc-

FvGPA3

Gpa3_cLUC/R

TTG GAT CCC CGG GTA CCT TAG AGA ATG

AGC TGC TTG AGG TTG

construction of pFCLuc-

FvGPA3

Gbbl_cLUC/F

CGT CCC GGG GCG GTA CCA ACT CTC AAG

GCA ACAACGA

construction of pFCLuc-

FvGBBI

Gbbl_cLUC/R

TTG GAT CCC CGG GTA CCT TAG TAG GCC

construction of pFCLuc-

CAG ATT TTA AGC AG FvGBBI1
Mkk1/2 cLUC/ | CGT CCC GGG GCG GTA CCG CCG ACC AAC | construction of pFCLuc-
F AGC CTC AAA GT FvMKK1/2
Mkk1/2 cLUC/ | TTG GAT CCC CGG GTA CCC TAA GAG TCC | construction of pFCLuc-

R

TTA GGT TGT TCA TCC CAG

FvMKK1/2
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CGT CCC GGG GCG GTA CCT CGG ACCTTC

construction of pFCLuc-

SIt2 cLUC/F

AAG GAC GGA FvSLT2

TTG GAT CCC CGG GTA CCT TAT CTC CTG construction of pFCLuc-
SIt2 ¢cLUC/R

GAG GCATCC A FvSLT2

CGTCCCGGGGCGGTACC construction of pFCLuc-
Bckl cLUC/F

AAGGGTAGCGATAGCTTGC FvBCK1

Bckl cLUC/R

TTGGATCCCCGGGTACC TTA TTT GAA CGA

CTT GAT TTT GTG ATA CAG

construction of pFCLuc-

FvBCK1

screening paired with each

cLUC F: GAT TGA CAA GGA TGG ATG GCT AC
gene cLUC/R
screening paired with each
nLUC-R GGT AGA TGA GAT GTG ACG AAC GTG
gene nLUC/F
AGG GAA CAA AAG CTG GGT ACC CGC TAC | construction of pKNTG-
Gbb2-GFP-F
GAC GGC ACA ATGTT FvGBB2
GCC CTT GCT CAC CAT AAG CTT TGC CCT construction of pKNTG-
Gbb2-GFP-R
CGA CAT GAC ACC FvGBB2
AGG GAA CAA AAG CTG GGT ACC GTG TTT | amplify FvGBBI native
Gbb1-pro-F
GGG TGA GCG GATG promoter
CTC CTC GCC CTT GCT CAC CAT CGT GAT amplify FvGBBI native
Gbb1-pro-R
CGA CCA GTC AACTTTT promoter
GGC ATG GAC GAG CTG TAC AAG ATG AAC | amplify FvGBBI coding
Gbbl1-F
TCT CAA GGC AAC AAC GA sequence
TCA GTA ACG TTA AGT GGA TCC GTA TAG | amplify FvGBBI coding
Gbbl-R

CCG TCA ACT CCT ATG GA

sequence
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AGG GAA CAA AAG CTG GGT ACC ACA

amplify FvGPA?2 native

Gpa2-pro-F
TGG AGG CTT GTG AGG TTA T promoter
amplify FvGPA?2 native
Gpa2-pro-R TGA TCC GCC TCC TCA TTG CT
promoter
amplify FvGPA?2 partial
Gpa2-N-F AGCAATGAGGAGGCGGATCA
coding sequence
CTC CTC GCC CTT GCT CAC CAT GGCTTG | amplify FvGPA?2 partial
Gpa2-N- R
GTA TTC TAA TAG GAA CTCC coding sequence
amplify FvGPA?2 partial
GGC ATG GAC GAG CTG TAC AAG GAG TCT
Gpa2-C-F coding sequence and
GGC CCT CAA GCG CAA AT
terminal
amplify FvGPA?2 partial
TCA GTA ACG TTA AGT GGA TCC AAG GGA
Gpa2-Ter-R coding sequence and
AGC CAT ACG CCT GTT CTC
terminal
mCherry-F ATGGTGAGCAAGGGCGAGGAG amplify mCherry fragment
mCherry-R CTT GTA CAG CTC GTC CAT GCC amplify mCherry fragment
ATC GTC TCC GAC TGT GTC ATC TCC TCT
Gbb2-qpcr_F1 gqPCR analysis
GA
Gbb2-qper R1 TAG TAC CGC TGG CAA GCT CCC AGA qPCR analysis

Gbb1-gPCR_F1

TTC GTG GCT TGC GGT GGT CT

gqPCR analysis

Gbbl-gPCR_R1

TCA CGG GCA ACA CGG GTA GG

gqPCR analysis

Gpa2-qPCR-F1:

TGA GCA GGT CTC CGC TAG GCA A

gqPCR analysis

Gpa2-qPCR-R1

TGT CGC TTG CGT CAA GTG GGG A

gqPCR analysis

Tub2-F

CAG CGT TCC TGA GTT GACCCA ACA G

gqPCR analysis
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Tub2-R CTG GAC GTT GCG CAT CTG ATC CTC G qPCR analysis

Underlined sequences represent overlaps with a DNA fragment, or a linearized vector
used for joint PCR. Sequences in gray background represent restriction enzyme.
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Figure B-1. Sequence alignment FIbA ortholog proteins in select fungal species.

We aligned protein sequences of Fusarium verticillioides FvFIbAl, F. verticillioides
FvFIbA2, Saccharomyces cerevisiae ScSst2, A.nidulans AnFlbA, Neurospora crassa
NcFIbA, and Magnaporthe oryzae MoRgsl. Identical and similar sequences were
displayed in the box.
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Figure B-2. Split marker approach employed in FLBA generating gene deletion
mutants in F. verticillioides.

(A) AFvflbA1l mutant was generated by replacing FLBAI gene with a hygromycin B
phosphotransferase gene (HPH). (B) FvFLBA2 gene was replaced by a hygromycin gene
to generate a AFvflbA2 mutant. (C) AFvflbA2/A1FvFLBAI was generated by replacing
FLBAI gene with a geneticin gene (GEN) in AFvflbA2 background. (D) Mutants
AFvilbA1l, AFvflbA1-Com, AFvflbA2/A1 were subject to qPCR using FVvFLBAI gene
primer. Relative expression was normalized to F. verticillioides B-tubulin gene
(FVEG 04081). (E) FvFLBA2 gene transcription level was examined in WT, AFvflbA2,
AFvflbA2-Com, AFvflbA2/A1 strains.
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Figure B-2. Relative FB1 expression in wild-type and FvflbA mutants.

FBI1 was extracted from supernatant (2ml) of 7-day incubation at 150 RPM in myro liquid
culture. In details, YEPD mycelial samples (3 dpi) were harvested through Miracloth
(EMD Millipore). Subsequently, mycelia (0.3g) were inoculated into 100 ml myro liquid
medium at room temperature.
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Table B-1. Primers used in this study

Primer Primer sequence (5°-3) Application
validation of FVFLBAI S’
FIbAl1 LF/F2 CAGTTG TCC CGC CGTTCT ACA T
deletion
amplify FVvFLBAI 5’ flank
FIbAl LF/F1 TAT CTC GTT TAG CCT CCT TGA GC
sequence
nested primer for amplify
FIbA1 LF/N GAT GTT CGG TTC ATG TCC ATG C FvFLBAI-LF + YG or
LF+GE
TAG ATG CCG ACC GGG AAC ATG AAT GAA | amplify FVFLBAI 5’ flank
FIbAl LF/R1

TGA AGC AGC ACA GC

sequence

FIbA1_LF/R1-GE

GGC GTT ACC CAA CTT AAT CGA TGA ATG

AAT GAA GCA GCA CAGC

amplify FVvFLBAI 5’ flank
sequence for double

knockout

FIbAl _RF.F1

CCA CTA GCT CCA GCC AAG GTT CGA TGT

AAT ACA GCG AGC GA

amplify FvFLBAI 3’ flank

sequence

FIbA1-RF/F1-EN

TTC CAC ACA ACA TAC GAG CCG TTC GAT

GTA ATA CAG CGA GCG A

amplify FVvFLBAI 5’ flank
sequence for double

knockout

nested primer for amplify

FIbA1 RF/RN GTT TAG CGT TCG GAC AGA TGG FvFLBAI-RF + HY and

RF+EN

amplify FvFLBAI 3’ flank
FIbA1 RF/R1 TGC CAG GAA GTC AAC AAC ATAC

sequence

validation of FvFLBA2 5’
FIbA2 _LF/F2 GCT TCT CCA GCT TGT TGG TAT GT

deletion
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amplify FvFLBA2 5’ flank

FIbA2 LF/F1 AGA CAG ACA AGC AAT TCA GGC
sequence
nested primer for amplify
FIbA2 LF/FN CAA GCA AGC CCA CAT GGA ATA GA
FvFLBA2-LF + YG
TAG ATG CCG ACC GGG AAC CTA ACG GGA | amplify FVFLBA2 5’ flank
FIbA2 LF/R1
ACG AGA AAG GTC A sequence
CCA CTA GCT CCA GCC AAG GGA TCT TGT | amplify FvFLBA2 3’ flank
FIbA2 RF/F1
CAG TGG TGC TG sequence
nested primer for amplify
FIbA2 RF/RN GAG GCA GAT GAT GGA TGT GAG AA
FvFLBA2-RF + HY
amplify FvFLBA2 3’ flank
FIbA2 RF/R1 GAA GCC GAG GCG ACA AAT AAA
sequence
HYG/F TTG GCT GGA GCT AGT GGA GGT CAA amplify HY fragment
HY/R GTA TTG ACC GAT TCC TTG CGG TCC GAA | amplify HY fragment
HYG/R GTT CCC GGT CGG CAT CTA CTC TAT amplify YG fragment
YG/F GAT GTA GGA GGG CGT GGA TAT GTC CT amplify YG fragment
GEN/F CGA TTA AGT TGG GTA ACG CCA G amplify GE fragment
GE/R ATC ACG GGT AGC CAA CGCTA amplify GE fragment
EN/F TCG ACC ACC AAG CGA AAC AT amplify EN fragment
GEN/R GGC TCG TAT GTT GTG TGG AAT T amplify EN fragment
validation of FvFLBAI
FIbA1-qPCR-F ATG CTT GAC CTA GGA GGT TCT AC
deletion
validation of FvFLBAI
FIbA1- gPCR R TCA TCG CAC GCC AGC CTG AA
deletion
validation of FvFLBAI
FIbA2- qPCR-F ATG GCC ACT CAG TCG CAA CC

deletion
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FIbA2- qPCR-R

TTA CCG CGT TGC GAG AGT T

validation of FvFLBAI

deletion

Fum21- qPCR-F

CGG TTT GCG AGG ATC TGT TCT TCT ATC

FvFUM21 qPCR

Fum21- qPCR-R

ACCGAGCTT GCGCTATACTCAG

FvFUM21 qPCR
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APPENDIX C

CLPT1 (pt1)
93
- | CoSec4 (Cob_13201)

FvSec4 (FVEG_06175)

MoSec4 (MGG_06135)

AfSrgA (Afu4g04810)

ScSec4 (YFLOO5W)

| |
0.05

Figure C-1. Phylogenetic analysis for FvSec4 and other Sec4 orthologs.
Multiple sequences were aligned by ClusterX2. A neighbor-joining tree was constructed
by MEGAX. The number at nodes indicates the percentage of replicate trees clustered

together in 1000 bootstrap replications.
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Figure C-2. AFvsec4 knockout schematic overview and verifications

(a) Homologous gene recombination approach used to construct AFvsec4 mutant in F.
verticillioides. (b) Southern blot analyses of WT and three knockout candidates (M1, M2,
M3). M1 was used in this study as AFvsec4. We used the 5’-flanking regions as a probe
for Southern blot. (¢) WT, AFvsec4 and AFvsec4-Com total RNAs were isolated after 7
days in myro liquid medium and reversed to cDNA. qPCR was employed to verify the
AFvsec4 and AFvsec4-Com using a FVvSEC4 gene-specific primer set while WT was as a
control. No detectable FvSec4 transcript in the AFvsec4 mutant by qPCR analysis and
AFvsec4-Com fully recover the FVSEC4 expression.
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Figure C-3. Involvement of FvSec4 the vegetative growth but not perithecia in sexual
mating. (a) Mycelia growth diameter on V8, 0.2xPDA and myro solid medium were
assayed after 8 days at room temperature. (b) Same weight of mycelia from YEPD was
transferred into myro liquid medium for constant shaking. Samples were collected after 7
days incubation in 100ml myro liquid medium. (¢) qPCR study of putative BRLA, WETA,
ABAA and STUA after 20 h incubation in YEPD liquid medium. (d) 20 h samples in YEPD
medium was studied the expression of exocyst-related and FvLcpl gene expression. (e)
WT, AFvsec4 and AFvsec4-Com were crossed to M3120, an opposite mating type to assay

fertility.
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Figure C-4. FM4-64 staining with time course in WT and AFvsec4.

We inoculated 10 ul conidia (10%/ml) of WT and AFvsec4 on 0.2x PDA agar plates
overnight. WT and AFvsec4 were stained with 10 pl of 10 uM FM4-64 for 2.5, 5, 10 and
30 mins. Bars=10 um.

134



Table C-1. Primers used in this study

Primer Primer sequence (5°-3°) Application
amplify FvSEC4 5’
UAF TTCCTGCTCCCTATGGTGAT
flank sequence
amplify FvSEC4 5’
AF1 GTG AAT GTG GTT GCC AGA ATG C
flank/probe sequence
TAG ATG CCG ACC GGG amplify FVvSEC4 5’
AR1
AACCGGGACTAATCCGTTTGC flank/probe sequence
CCA CTA GCT CCA GCC amplify FVvSEC4 3’
BF1
AAGAGCGGTCGTTGTTGGAGTA flank sequence
amplify FvSEC4 3’
BR1 CTC TTG ACC CGA TAC CTA ATCG
flank sequence
amplify FvSEC4 3’
UAR GCCCTTCCTCCCTTTATTTC
flank sequence
HYG/F TTGGCTGGAGCTAGTGGAGGTCAA amplify HY fragment
HY/R GTATTGACCGATTCCTTGCGGTCCGAA amplify HY fragment
HYG/R GTTCCCGGTCGGCATCTACTCTAT amplify YG fragment
YG/F GATGTAGGAGGGCGTGGATATGTCCT amplify YG fragment
OF AATCGCATCGCACTGTTGTC FvSEC4 ORF screening
OR AGCGCATTGCTTTGTTGG FvSEC4 ORF screening
FvSEC4
AF2 TCAAGTATCCCATGCCAGTTC
complementation
FvSEC4
BR2 TGGCTGAGGGCTTTGGTT

complementation
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gtcgacggtatcgataagcett

amplify FvSEC4

SEC4-PF

TCAAGTATCCCATGCCAGTTC promoter sequence

CTC GCC CTT GCT CAC CAT GTT GAC CAA GAG | amplify FVvSEC4
SEC4-PR

TGA GAGTAGC promoter sequence
GFP-F ATG GTG AGC AAG GGC GA amplify GFP sequence
GFP-R CTT GTA CAG CTC GTC CAT GC amplify GFP sequence

cacggcatggacgagetgtacaagATG TCG AGT AAT CGC amplify FvSEC4 cDNA
ORF-F

AAC TAT GAT sequence

GGA CTC CTT AGG GTA TTC GGT TTA GCA GCA | amplify FVvSEC4 cDNA
ORF-R

CTT GCT sequence

amplify FvSEC4
Ter-F ACC GAA TAC CCT AAG GAG TCC
terminal sequence

tcagtaacgttaagtggatcc TAT GAC GGA GGA GAC GAG | amplify FvSEC4
Ter-R

GT terminal sequence
BrlA-gpcr-F1 CGT CAC AAG CAA ACT TTC CAC GGT qPCR analysis
BrlA-gpcr-R1 CGT GTA GCT TGC GGT GGT TGT T gqPCR analysis
WetA-qper-F1 GGC ATCCAC ACACCAGCAGAAT gqPCR analysis
WetA-gper-R1 GAT GCT GCC AAG CTG ACT GAG GA gqPCR analysis
AbaA-qper-F1 TAC CGC AAC CGA CAA GCA CAC AA qPCR analysis
AbaA-qper-R1 GTG AGG CAT GAG AAG AAC AGA GTCAACA qPCR analysis
StuA-qper-F1 TGT AGC ACG GAG AGA AGA TAA CCA CAT GA | qPCR analysis
StuA-gpcer-R1 ATC TTG ACG ACG TGG CGA ACC TTT gqPCR analysis

Ex070-qpcr-F1

GCT CTA GAT GAA GAA GCA AGG GCT GA

gqPCR analysis

Ex070-qpcr-R1

ATC AAC GTT ATT TCC CAA TAT CTG CAG TCG

gqPCR analysis

Sec5- gper -F1

TGA AGA AGA CGG AGG ACG ACT GGT TAAT

gqPCR analysis

Sec5- gqper_R1

CGA ATG TTT CTA TCC CCT GAG TCC AATGC

qPCR analysis
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Synl-gpcr-F1

CCCTCGTCG TTC AGC AAG AA

gqPCR analysis

Synl-gpcr-R1 AGC AAC ACA AAT ACC CAA GCA G gqPCR analysis
Lepl-gper-F1 TAT GGA CCT GAG GAG GAC GAA TG qPCR analysis
Lepl-gper-R1 CAC CAA AGG TAC TCC CAG CAA TC gqPCR analysis

Sec4 qPCR F1

GTG CGA CTG GGA GGA GAA GCG

gPCR analysis

Sec4 qPCR RI1

GCT GAG GGT TGG TCG TTC TTG G

qPCR analysis

Tub2-F

CAG CGT TCC TGA GTT GACCCA ACA G

gqPCR analysis

Tub2-R

CTG GAC GTT GCG CAT CTG ATC CTC G

gqPCR analysis
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