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Abstract

Fusarium oxysporium f.sp vasinfectum (Fov) is a soilborne filamentous fungus that
causes vascular wilt on cotton. In response to pathogens such as Fov, cotton plants produce
the phytoalexin gossypol as a defense mechanism. This research aims to explore the
molecular mechanism(s) utilized by Fov to tolerate the antimicrobial action of gossypol
during infection and colonization of cotton. Candidate genes that could be responsible for
gossypol tolerance were identified through RNA sequencing. Four RNA samples were
extracted from germlings of a highly virulent race 4 genotype Fov isolate that was grown in
minimal medium in the presence of 80 ug/mL of gossypol for 1, 2, and 4 hours as well as
untreated control. RNA-seq data showed upregulation of ABC and major facilitator
transporters, fungal transcription factors, cytochrome P450s, and several classes of
dehydrogenases when compared with transcripts isolated from the non-treated Fov RNA
sample. KEGG pathway analysis identified genes involved in various metabolic pathways,
including the biosynthesis of secondary metabolites and antibiotics. The RNA-seq data was
validated through RT-gPCR where out of the selected 29 upregulated genes, 16 were
significantly expressed through a paired t-test. Even though some genes were not
significantly expressed, the expression was increased 70 to 240-fold for at least a single time
point. Importantly, candidate genes and gene classes that could be involved in conferring
gossypol tolerance were identified Including a beta lactamse, a tannase, several

dehydrogenases, transcription factors, cytochrome P450s, and multiple ABC and major



facilitator superfamily transporters. Collectively, these findings provide a framework for
further investigation into Fov virulence and the mechanisms underlying gossypol tolerance.
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CHAPTER ONE

1. Introduction and Literature Review

1.1 Fusarium

Fusarium is a diverse group of filamentous ascomycete fungi that includes many
plant pathogens of agricultural and clinical importance (Ma et al. 2013). Fusarium species
have been regarded as economically important due to the variety of diseases they cause on
various plants including crown rot, scab, and head blight on cereals; vascular wilts on
horticultural and agriculturally important crops; root rots, and cankers (Nelson et al. 1994).
Fusarium species have also been studied for their clinical importance in
immunocompromised patients and are responsible for a wide range of infections including
keratitis, onychomycosis, sinusitis, fusariosis, and mycotoxicosis (Kosmidis and Denning

2017).

As a genus Fusarium was first described in the early 19 century. In 1935, the genus
was organized into 16 sections by Wollenweber and Reinking which were composed of 65
species, 55 varieties, and 22 forms based on morphological differences (Wollenweber and
Recking 1935). Later it was reclassified into 70 species based on morphological and
phylogenetic information (Leslie and Summerell 2006). With the emergence of modern
sequencing technologies, 22 different species complexes are now currently recognized in
the genus Fusarium with more than 200 species. All of the species complexes differ in

morphology, molecular parameters, and host associations (Laurence et al. 2016).



1.2 Fusarium oxysporum

One of the species complex is the Fusarium oxysporum species complex (FOSC)
which is a widely studied group of ascomycetous fungi that encompasses genetically and
phenotypically diverse strains. Members of the FOSC are soil-borne and saprophytic, where
they can survive on organic matter in the soil and rhizosphere for extended period of time
(Chantal, et.al., 2018; Kang, Demers, del Mar Jimenez-Gasco, & Rep, 2014). The species
complex comprises devastating plant pathogens causing wilt and rot diseases on more than
100 cultivated plant species and are considered one of the world’s most economically
important soil-borne plant pathogens in the world (Gordon and Martyn 1997; Leslie and
Summerell 2006). Some isolates of F. oxysporum can penetrate roots and invade the
vascular system of the host plant, while other isolates penetrate the roots but are unable to
invade the vascular system and cause disease (Chantal et al. 2018). Pathogenic isolates of F.
oxysporum show a high degree of host specificity and they are classified into more than 120
formae speciales and races depending on the plant species and cultivar they can infect

(Armstrong and Armstrong 1981).

1.3 Fusarium oxysporum f.sp. vasinfectum

Fusarium oxysporum Schlechtend.:Fr. f. sp. vasinfectum (Atk.) W.C. Snyder & H.N.
Hans., is a pathogen responsible for vascular wilt disease in cotton (Gossypium. spp.), an
important economic crop, the major source of natural fiber and a cosmopolitan forma
specialis that causes significant crop losses in most cotton growing areas of the world
(Assigbetse et al. 1994). F. oxysporum f. sp. vasinfectum (Fov) is a soil borne pathogen, but
can persist as a saprophyte that is able to survive for longer period of time as large thick cell

walled resting spores, chlamydospores in the soil (Ragazzi and Vecchio 1992; Devay et al.



1997). The fungus is able to be disseminated through production of macroconidia and
microconidia. Macroconidia are falcate shaped, moderately curved, sub-cylindrical,
gradually tapering towards both ends with a distinct pedicellate basal cell and pointed apical
cell. They are composed of three to five cells and are around 27-48 x 2.5-4.5 um in size and
borne in sporodociums or on conidiophores (Nelson et al. 1981). Microconidia are 5-20 x
2.2-3.5 um in size and composed of one or two cells, where their shape can vary from
cylindrical to ellipsoid, oval or straight to slightly curved. They are borne on phialides arising
from short conidiophores (Nelson et al. 1981). Chlamydospores are single celled of about 7-
11 um in size, and can be smooth or rough walled, globose to sub-globose, and can be found
in pairs, short chains, or in clusters (Nelson et al. 1981). They are readily formed in old
cultures, but are better known as resting/over wintering spores that can remain dormant in
soil for longer periods and germinate in various types of soils (Smith and Snyder 1972). The
short micro conidiophores and chlamydospores are the main morphological features that

distinguish F. oxysporum from other fusaria (Hillocks 1992).

The chlamydospores in the soil germinate when the nutrients and environmental
conditions are favorable for pathogen growth (Smith and Snyder 1972). Once germinated,
they can infect either intact or wounded cotton roots (Rodriguez-Galvez and Mendgen
1995). Fov forms a compact mycelium or a hyphal net on the cotton root surface that
facilitates the infection of the root surface and promotes competition against other
microbes within the rhizosphere (Rodriguez-Galvez and Mendgen 1995). The penetration
process starts with the development of specialized penetration hyphae (Rodriguez-Galvez
and Mendgen 1995). Both intercellular and intracellular penetration of the root occurs
primarily in the meristematic zone and to a lesser extent the zones of elongation and

maturation (Rodriguez-Galvez and Mendgen 1995). The hyphal growth occurs along the

3



depression in the cell wall junctions which results in the ingress of hyphae between
adjoining epidermal cells. Alternatively, direct penetration of the epidermal cells can take
place immediately after conidial germination. The fungus enters through the root cortex and
follows both inter and intracellular routes (Hall et al. 2013). The hyphae colonize the xylem
vessels and invades adjacent xylem vessels by growing through the pits or by directly
penetrating the vessel walls (Hall et al. 2013). The fungus spreads systemically inside plants
via transport of conidia and mycelial growth in the vessels and cortex region. Vascular
occlusion occurs due to the release of conidia by the pathogen and the simultaneous release
of secondary compounds by the plant causing disruption of the water transport system
(Turco et al. 2007a). This leads to the development of the characteristic symptoms of
Fusarium wilt of cotton; chlorosis and necrosis of leaves and vascular browning of xylem,
and ultimately results in either a physiologically compromised plant yielding a suboptimal
quantity and/or quality lint production or a completely collapsed plant. The incidence and
severity of Fusarium wilt outbreaks in cotton are a result of the pathogen density, the
genetic resistance of the plant, and the prevailing environmental conditions (Devay et al.

1997; Mcfadden et al. 2004).

1.3.1 Environmental Factors

Fov is a warm temperature favoring pathogen. The optimum temperature required
for Fusarium spore germination in soil is ~25°C (Nelson et al. 1990) and the optimum
temperature for hyphal penetration ranges from 28 to 30°C (Rodriguez-Galvez and
Mendgen 1995). F. oxysporum can grow in temperatures ranging from 10 to 32°C, while
growth inhibition occurs at temperatures below or above this range (Larkin and Fravel

2002). The optimum moisture holding capacity of the soil for spore germination and fungal



growth is 40% and the fungal activity is favored by high humidity (El-Abyad and Saleh 1971).
The disease is most damaging in acidic and sandy soils with a pH of 5.0 to 6.5 (Bell et al.

2003) while the disease is less of a problem in heavier clay soils (Larkin 1993).

Disease suppression of different types of soil on Fusarium wilt of cotton has been
known to occur (Larkin 1993), as red lateritic clay soils are suppressive to Fusarium wilt
(Smith and Snyder 1972). Disease suppression activity is commonly associated with physical
characteristics like pH, soil type, and organic matter content in the soil (Larkin and Fravel

2002).

1.3.2 Interaction with nematodes

Infection of some isolates of Fov is associated with the root-knot nematode,
Meloidogyne incognita (Kofoid and White) Chitwood, for development of Fusarium wilt in
some cotton cultivars. Initial cotton root infection by M. incognita increases the incidence of
secondary infection and colonization by Fov (Garber et al. 1978). Cotton plants infected with
both Fov and root-knot nematodes are more stunted, resulting in greater yield losses than
plants infected with Fov alone (Garber et al. 1978). The control of root knot nematodes by
nematode resistant cultivars, nematicides, and crop rotation results in marked reduction in
the incidence and the severity of Fusarium wilt of cotton (Kim 2005). In soil infested with
both pathogens, the extent of fungal invasion and colonization is correlated with the degree
of root galling by nematodes; however, the precise mechanism(s) involved in the interaction
between Fov and M. incognita that favor disease progression is not fully understood (Garber

et al. 1978).



1.3.3 Development and distribution of different races

Races of fungal phytopathogens are defined as a population or biotypes that carry
the same combination of virulence genes and are capable of attacking certain varieties of
susceptible host species (Parlevliet 1985; Dutta and Garber 1961). Pathogenic races can be
of two different types; those that interact differentially with varieties of the host plant, and
those that do not (Plank 1969). In F. oxysporum races had been identified inconsistently
(Kistler 1997). In some instances, it has been defined as strains compatible to specific
cultivars of the host genotype (Kistler 1997). This definition of race is common in plant
pathology; however, in some cases race has also been defined as selectivity of isolates to
distinct plant species (Armstrong and Armstrong 1981). As a result, race designation was

given for isolates that were specific to genotypes within a plant species.

Eight different races within Fov have been described based on the geographic
location of their initial isolation and pathogenicity tests on cotton and non-cotton hosts
(Armstrong and Armstrong 1958, 1960; Ibrahim 1966; Armstrong and Armstrong 1978;
Qiying et al. 1985). Races 1 and 2 were identified from the United States (Armstrong and
Armstrong 1958), race 3 in Egypt (Armstrong and Armstrong 1960), race 4 in India
(Armstrong and Armstrong 1960), race 5 in Sudan (lbrahim 1966), race 6 in Brazil
(Armstrong and Armstrong 1978), and races 7 and 8 in China (Qiying et al. 1985). Originally,
all of these races had distinct geographic locations but with the global trade of cotton seeds
their distribution has changed. In the United States, only races 1 and 2 were known to occur
until early 2000s (Smith et al. 1981; Devay 1986) where eventually races 3, 4, and 8 were
identified in California in 2003 (Kim 2005). Among all the races, race 4 is the most virulent

strain of Fov (Ulloa et al. 2013). As reported by (Cianchetta et al. 2015) race 4 was not



documented outside of California in the United States until 2017 when it was reported in
western Texas (Halpern et al. 2018). Unlike the other races of Fov, race 4 can cause
extensive disease symptoms in cotton plants even in the absence of root knot nematodes

(Kim 2005).

In addition to the eight races of Fov, in 1993 two closely related biotypes of Fov populations
were discovered on cotton crops in Australia (Kochman 1995). Since the term “race” in
regards to Fov was deemed invalid, no race designation was made for the Australian
biotypes (Davis et al. 2006, 1996). Some studies have indicated that the Australian isolates
behave similar to race 6 on differential hosts (Davis et al. 1996) while other studies have
suggested that the Australian Fov isolates evolved indigenously (Wang et al. 2006). Overall,

knowledge on the Australian Fov genotypes is limited.

Previously the race designation of Fov isolates was based loosely on pathogenicity
tests using different cotton cultivars and non-cotton hosts. However, these tests are time
consuming and require a standardized procedure. The classification of Fov races might be
ambiguous if only based on a pathogenicity test on a few cultivars (Davis et al. 2006). Even
the simple difference in inoculation densities (Devay et al. 1997) and inoculation methods
(Ibrahim and Nirenberg 1993) may alter the aggressiveness of Fov towards some cultivars.
Since the 1990s, pathogenicity tests in conjunction with different DNA-based techniques
have been employed to distinguish among different races of Fov (Bridge et al. 1993;
Assigbetse et al. 1994; Egamberdiev et al. 2013; Skovgaard et al. 2001). In 1993, vegetative
compatibility groups (VCGs) among races 1, 2, 3, and 4 of Fov were investigated and
concluded that race 1 and 2 belong to one VCG and race 3 and 4 belong to a separate VCG

(Bridge et al. 1993). Random amplified polymorphic DNA (RAPD) markers along with



pathogenicity tests were also used to distinguish Fov races; however no strict correlation
was found between races and RFLPs (Assigbetse et al. 1994). Amplified fragment length
polymorphism (AFLP) markers have also been used to find intraspecific genetic variation in
fungi (Mueller and Wolfenbarger 1999). Recently AFLP technology has been used to

distinguish between different races of Fov (Egamberdiev et al. 2013; Wang et al. 2006).

Multigene genealogy analysis has been conducted on DNA sequences encoding
elongation factor (EF-1), beta tubulin (BT), and phosphate permease (PHO) (Skovgaard et al.
2001). Phylogenetic analysis based on regions within the coding regions of EF-1, BT, and
PHO genes sorted Fov races into four lineages. Lineage | with race 3 and 5; lineage Il with
race 1,2, and 6; lineage IIl with race 8, and lineage IV with race 4 and 7 (Skovgaard et al.

2001).

1.4 Phytoalexins

Plants are continuously challenged with many pathogenic microorganisms in their
natural environment. They have developed a variety of resistance mechanisms, innate and
induced, to cope with these stresses. One of these mechanisms is the production of low-
molecular-weight antimicrobial or anti-oxidative compounds termed phytoalexins, as a
response to pathogenic microorganisms and abiotic stresses (Ahuja et al. 2012; Jeandet et
al. 2013). As such they take part in an intricate defense system enabling plants to impede
the invasion of microorganisms (Jeandet and Philippe 2015). The concept of phytoalexins as
a defense response was first introduced in 1940 by Miiller and Borger when they observed
that potato tubers infected with a strain of Phytophthora infestans is capable of initiating a
hypersensitive reaction that significantly inhibited the effect of a subsequent infection with

another strain of P. infestans (Muller 1940). This inhibition was called a “principle” produced



by the plant cells reacting in a hypersensitive manner that they named phytoalexin (Deverall
1972). After Muller introduced the concept of phytoalexin, these biologically active
compounds have been shown to have a number of applications including health promotion
in humans (Pedras et al. 2011; Yang et al. 2009; Boue et al. 2009; Smoliga et al. 2011). For
example, resveratrol from grapevines has anticarcinogenic, anti-aging, antioxidant, and anti-
inflammatory properties (Smoliga et al. 2011), glyceollin from soybeans has antitumor and
antiproliferative actions (Ng et al. 2011), and 3-deoxyanthocyanins from sorghum are known

to reduce gastrointestinal cancer (Yang et al. 2009).

A range of phytoalexins have been described that are produced by crop plants in the
families of Leguminosae, Solanaceae, Brassicaceae, Malvaceae, and Poaceae in response to
pathogen infection or elicitor treatment (Ahuja et al. 2012; Jeandet et al. 2014). Several
parts of a plant including the leaves, stems, roots, flowers, and seeds, are capable of
producing phytoalexins, and their production can be influenced by several factors such as
humidity, temperature, and water availability (Mikkelsen et al. 2003). Phytoalexins have
been categorized into several different classes based on the structure and the active side
chains in the compound. Flavonoids, alkaloids, terpenoids, coumarins, apigeniden, phenolic
compounds, apigeninidin, and luteolinidin and more than 300 phytoalexins have been
characterized within these classes (Harborne 1999; Araujo and Menezes 2009). Among
these classes, terpenoids constitute the largest group and play varied roles from plant
growth and development, to plant protection from herbivores and pathogens (Tholl 2015).
The terpenoid phytoalexins have higher commercial value due to their industrial and
pharmacological uses; for instance paclitaxel, a diterpene alkaloid, is used clinically for the
treatment of different types of cancers (Guchelaar et al. 1994), and artemisinin, a

sesquiterpene lactone, is used clinically for the treatment of malaria caused by Plasmodium
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falciparum (Paddon and Keasling 2014). Cotton plants, produce gossypol, a sesquiterpenoid

phytoalexin (Tian et al. 2016).

1.5 Gossypol

Gossypol is a yellow colored phenolic compound occurring naturally in small
intercellular pigment glands of cotton plants (Liu et al. 1999). It was first isolated by
Longmore (1886) as a crude pigment from cottonseed oil. The name is derived from the
scientific name of cotton plants, Gossypium, combined with ‘ol’ from phenol (Spinosa et al.
2008). It is crystalline in nature, insoluble in water and hexane, but soluble in ether,
chloroform, acetone, methyl ethyl ketone, and partially soluble in crude vegetable oils. It
has a molecular weight of 518.55 Daltons with a chemical formula C3gH300s and structural
formula of 2,2'-bis(8-formyl-1,6,7-trihydroxy-5-isopropyl-3-methylnaphthalene); Figure 1-1

(Gadelha et al. 2014; Abou-Donia 1976; Rogers et al. 2002).

Figure 1-1: Structure of gossypol

Gossypol is the combination of two enantiomers, (=) and (+) gossypol, where the (-)
isomer is the more physiologically active form (Hron et al. 1999) and more toxic than the (+)
isomer (Lordelo et al. 2005). Both isomers are produced by cotton species in varied
proportions and is genetically determined by the alleles Gl, and Gls (Spinosa et al. 2008; Lee

1973). In upland cotton (Gossypium hirsutum), Gl, is expressed higher than Glz and usually
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produces more of the (+) enantiomer; while in the Pima cultivar (G. barbadense) both the
Gly and Gls alleles are equally expressed and synthesize more of the (-) enantiomer (Hron et

al. 1999; Lee 1973).

Gossypol is produced by several plant parts, stems, leaves, flower buds, roots, and
seeds, where the highest concentration is found in the seeds (Abou-Donia 1976; Kenar
2006; Alexander et al. 2008; Hunter et al. 1978). Gossypol and derivative compounds like
desoxyhemigossypol, desoxy-6-methoxyhemigossypol, hemigossypol, 6-
methoxyhemigossypol, etc. are produced and released by cotton roots in the form of root
exudates (Hunter et al. 1978). These compounds tend to occur in greater concentration in
the roots of G. barbadense varieties (Stipanovic et al. 1977). The gossypol content of the
root bark increases as the plant matures and can constitute about 1.8% of total amount of
gossypol in cotton (Royce et al. 1941). The content of gossypol found in seeds varies among
different cotton varieties (Alexander et al. 2008; Randel et al. 1992) and can range from 0.02
to 6.64% (Price et al. 1993). The seeds of G. barbadense alone may synthesize up to 34g of
gossypol per kg of seeds (Percy et al. 1996). In most cotton cultivars, seeds might contain
more than 7 g/kg of free gossypol and more than 14 g/kg of total gossypol (Alexander et al.

2008).

1.5.1 Biological activity of gossypol

Gossypol is hypothesized to be a part of the defense system of the cotton plant
through anti-insect activity (Bottger et al. 1964) as well as antimicrobial activity (Mellon et
al. 2011). Gossypol is toxic to humans as well as animals (Gadelha et al. 2014; Alexander et
al. 2008), as gossypol poisoning has been reported in goats, pigs (Haschek et al. 1989),

broiler chickens (Henry et al. 2001), sheep (Morgan et al. 1988), and dogs (West 1940). In
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mammals, gossypol is reported to have an inhibitory effect in spermatogenesis in males and
interferes with the estrous cycle, pregnancy, and early embryonic development in females
(Randel et al. 1992). In addition to its antimicrobial activity, gossypol has anticancer and
antiviral activity (Wang et al. 2008; Lee et al. 2017; Polsky et al. 1989; Gilbert et al. 1995).
Gossypol has a cytotoxic effect on tumor cells and therefore may have a therapeutic benefit
for the treatment of colon cancer (Wang et al. 2000). Literature shows that gossypol
enantiomers contribute unevenly to these biological activities. In Aspergillus flavus, (-)
gossypol was four times more active than (+) gossypol in inhibitory activity on conidial
germination, mycelial growth, and conidiophore development (Mellon et al. 2003). Whereas
in the fungal pathogen Rhizoctonia solani, (+) gossypol, (-) gossypol, as well as a racemic
mixture were found to be equally effective in inhibiting growth of this pathogen (Puckhaber
et al. 2002). Gossypol is a potent growth inhibitor of the pathogens Pythium irregulare, P.
ultimum, and F. oxysporum when tested at a concentration of 100 ug ml™ ,whereas the
pathogens R. solani and Mortierella sp. growth inhibition was only around 60 to75% (Mellon
et al. 2014). Fov is able to overcome gossypol inhibition over time suggesting Fov resilience
towards gossypol might be due to detoxification of gossypol by Fov or due to the

breakdown of gossypol naturally (Turco et al. 2007).

1.6 Phytoalexin tolerance by plant pathogens

The interaction between plants and pathogens has been referred to as a molecular
arms race and has evolved for centuries and continues to escalate (Maor and Shirasu 2005).
Although phytoalexins have been regarded as a means to defend plants against pathogens,
their actual role in disease resistance is controversial (Vanetten et al. 1989). The ability of

pathogens to tolerate the effect of phytoalexins is one of the determinants of host-
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pathogen interactions (Wu and Vanetten 2004; Cho et al. 2014). With his work on Monilinia
fructicola and pisatin, the phytoalexin of pea, I.A.M. Cruickshank established the concept of
phytoalexin tolerance in pathogens (Cruickshank 1962). Muller had also advised that
pathogens can “adapt to” or degrade phytoalexins (Muller 1958). However, many
detoxification mechanisms of phytoalexins by fungi are not clearly understood (Cho et al.

2014).

The first enzymatic detoxification of a phytoalexin was reported by Uehera in 1964
concerning the detoxification of pisatin to non-toxic compounds by F. oxysporum and
Ascochyta pisi (Uehara 1964). Since then, the most studied mechanism of phytoalexin
tolerance is enzymatic degradation of phytoalexins to less or non-toxic compounds
(VanEtten et al. 2001). Phytoalexins are lipophilic in nature and can efficiently penetrate cell
membranes. The metabolism of phytoalexins by fungi generally involves their conversion to
more polar products, and chemical reactions like reduction (Pedras and Suchy 2005),
hydration (Li et al. 1995), glycosylation (Pezet et al. 2004), oxidation (Pedras et al. 2008),
demethylation (Delserone et al. 1999), and oxidative dimerization (Breuil et al. 1998) are
involved in catabolism by fungi. The formation of new hydroxyl groups by demethylation
and oxygenation, glycosylation, hydration of double bonds, or reduction of aldehydes and
ketones increases the degree of polarity of phytoalexins (Jeandet et al. 2014). An example is
the oxidation of brassinin, a phytoalexin in crucifers, by the enzyme brassinin oxidase in
Leptosphaeria maculans into the less fungitoxic compound indol-3-carboxaldehyde (Figure
1-2) (Pedras et al. 2008). Similarly, in Fusarium pseudograminearum the enzyme N-
malonyltransferase is involved in the detoxification of benzoxazolinones, the phytoalexins in
wheat (Kettle et al. 2015). Demethylation of pisatin by the cytochrome P450 pisatin

demethylase into 6a-hydroxymaackiain and 3-hydroxymaackiain-isoflavan has been
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characterized in Nectria haematococca and F. oxysporum f. sp. pisi (Delserone et al. 1999).
Non-methylated phytoalexins are known to be less fungitoxic than methylated since
methylation augments their lipophilic character (Jeandet et al. 2014). Hydration of the bean
phytoalexin kievitone by the enzyme kievitone hydratase of F. solani produces a less toxic
compound (Li et al. 1995). Similarly, oxidative dimerization of stilbene phytoalexins by a
laccase-like stilbene oxidase from Botrytis cinera has also been reported (Breuil et al. 1998;

Kettle et al. 2016).

In addition to enzymatic detoxification, a second mode of phytoalexin tolerance is a
non-degradative mechanism, and is common in both prokaryotes and eukaryotes through
the activation of transporters (Bolhuis et al. 1997). Transporters can nullify the effect of
phytoalexins by isolating toxic compounds into a vacuole or extruding them outside the cell
(Jeandet et al. 2014). The existence of non-degradative tolerance was first described in N.

haematococca in an isolate that was unable to metabolize the phytoalexin pisatin (Denny

OH
Resveratrol
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OH

Benzoxazolinones Aminophenols Malonamic acids
R=H=BOA R=H=2-AP R =H = HPMA _
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Figure 1-2: Enzymatic detoxification of phytoalexins to more polar compounds. (A) oxidation
of brassinin to indol-3-carboxaldehyde by a brassinin oxidase. (B)degradation of

benzoxazolinones to malonamic acid by a N-malonyltransferase. (C) oxidative dimerization of

resveratrol to dehydrodimer by a laccase-like stilbene oxidase.
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and Vanetten 1983). The transporters are expressed in fungi after elicitation by phytoalexins
and other toxic compounds (Urban et al. 1999; Schoonbeek et al. 2001; Coleman et al.
2011a). The ABC transporter, NNABC1 of N. haematococca, GpABC1 of Gibberella

pulicaris, and BcatrB of Botrytis cinerea confer tolerance to the phytoalexins pisatin, rishitin,
and resveratrol, respectively (Schoonbeek et al. 2001; Coleman et al. 2011a; Fleisner et al.
2002). In addition, NhABC1, BcatrB, and GpABC1 mutants had reduced virulence on pea,
grape leaves, and potato respectively (Schoonbeek et al. 2001; Coleman et al. 20113;
Fleisner et al. 2002). Besides ABC transporters, members of the major facilitator superfamily
(MFS) of transporters are also known to be involved in multidrug, toxin, and fungicide
resistance through efflux of small molecules (Callahan et al. 1999; Roohparvar et al. 2008;
dos Santos et al. 2014). Bcmfs1, a MFS transporter from B. cinerea was found to provide
tolerance to camptothecin, a natural toxin produced by the plant Camptotheca acuminata
(Hayashi et al. 2002). When the MFS transporter Pep5 from N. haematococca was added to
a nonpathogenic pea isolate it was able to confer an increase in pathogenicity on pea (Han
et al. 2001). PEP5, the MFS encoding gene was induced after exposure to the phytoalexin
pisatin of pea (Liu et al. 2003); however, the molecular mechanism responsible for the

increase in virulence of PEP5 on pea is unknown.

Another mechanism of drug tolerance in microbes is through the alteration of the
targeted cellular components (Bolhuis et al. 1997). However, no examples of phytoalexin
tolerance mechanisms in fungi have been reported due to natural modification of the
targeted cellular component. Studies on mutants of N. haematococca and tomatine, a
phytoanticipin in tomato, demonstrated how changes in the target site could influence
virulence (Défago and Kern 1983). It was found that tomatine tolerant mutants of this

fungus were reduced in sterol content, and were more virulent on green tomato fruit, which
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contain high concentrations of tomatine. This was because tomatine interacts directly with
sterols in the cell membrane and a slight difference in sterol content affects fungal
sensitivity to tomatine (Défago and Kern 1983; Défago et al. 1983). These three different

mechanisms of phytoalexin tolerance by pathogens is represented in Figure 1-3 (Vanetten et

al. 2001).

1%

Phytoalexm
Phyroanf/c:pm

\

Figure 1-3: Proposed three main mechanisms of phytoalexin

tolerance by fungi; (A) detoxification mediated by enzymatic
modification; (B) non-degradative tolerance or exclusion of
phytoalexins mediated by an efflux pump; and (C) alteration of

the cellular component (red structure) targeted by the toxin.
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CHAPTER TWO

2. Transcriptomic analysis to identify candidate genes conferring gossypol tolerance
in Fusarium oxysporum f. sp. vasinfectum

Abstract

Fusarium oxysporium f.sp vasinfectum (Fov) is a soilborne filamentous fungus that
causes vascular wilt on cotton. In response to pathogens such as Fov, cotton plants produce
the phytoalexin gossypol as a defense mechanism. This research aims to explore the
molecular mechanism(s) utilized by Fov to tolerate the antimicrobial action of gossypol
during infection and colonization of cotton. Candidate genes that could be responsible for
gossypol tolerance were identified through RNA sequencing. Four RNA samples were
extracted from germlings of a highly virulent race 4 genotype Fov isolate that was grown in
minimal medium in the presence of 80 ug/mL of gossypol for 1, 2, and 4 hours as well as
untreated control. RNA-seq data showed upregulation of ABC and major facilitator
transporters, fungal transcription factors, cytochrome P450s, and several classes of
dehydrogenases when compared with transcripts isolated from the non-treated Fov RNA
sample. KEGG pathway analysis identified genes involved in various metabolic pathways
including the biosynthesis of secondary metabolites and antibiotics. The RNA-seq data was
validated through RT-gPCR where out of the selected 29 upregulated genes, 16 were
significantly expressed through a paired t-test. Even though some genes were not
significantly expressed, the expression was increased 70 to 240-fold for at least a single time

point. Importantly, candidate genes and gene classes that could be involved in conferring
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gossypol tolerance were identified Including a beta lactamse, a tannase, several
dehydrogenases, transcription factors, cytochrome P450s, and multiple ABC and major
facilitator superfamily transporters. Collectively, these findings provide a framework for
further investigation into Fov virulence and the mechanisms underlying gossypol tolerance.

Keywords: Fusarium oxysporum f.sp. vasinfectum, gossypol, cotton, tolerance

2.1 Introduction

Fusarium oxysporum Schlechtend.:Fr. f. sp. vasinfectum (Atk.) W.C. Snyder & H.N.
Hans., is a pathogen causing vascular wilting disease in cotton (Gossypium. spp.), a major
source of natural fiber and an important economic crop. It is cosmopolitan in nature and
causes significant crop losses in most cotton growing areas of the world (Assigbetse et al.
1994). Being a soil borne pathogen, it is able to survive in the soil as chlamydospores for a
long period of time (Ragazzi and Vecchio 1992). Once germinated it infects either intact or
wounded cotton roots (Rodriguez-Galvez and Mendgen 1995). After infecting the root
tissue, hyphae invades the xylem vessels causing vascular occlusion due to the release of
conidia by the pathogen and the simultaneous release of secondary compounds by the plant
causing disruption in the water transport system (Turco et al. 2007). This leads to the
development of the characteristic symptoms of Fusarium wilt of cotton, chlorosis and
necrosis of leaves and vascular browning of xylem, ultimately resulting in a physiologically
compromised plant with poor-quality/quantity of lint production or a completely collapsed
plant. The incidence and severity of Fusarium wilt outbreaks in cotton are a result of
pathogen density, genetic resistance of the plant, and prevailing environmental conditions

(Devay et al. 1997; Mcfadden et al. 2004).
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Plants have developed a variety of resistance mechanisms, innate and induced, to
cope with pathogens and stresses. One of these mechanisms is the production of low-
molecular-weight antimicrobial compounds termed phytoalexins, as a response to
pathogenic microorganisms as well as abiotic stresses (Ahuja et al. 2012; Jeandet et al.
2013). The compounds are part in an intricate defense system enabling plants to impede the
invasion of microorganisms (Jeandet and Philippe 2015). Production of phytoalexins in the
vascular tissues is one of the defense strategy adopted by cotton plants against Fusarium
wilt pathogens which leads to the vascular browning and occlusion symptoms (Kaufman et
al. 1981; Bugbee 1970). Among different classes of phytoalexins, terpenoids constitute
the largest group and play varied roles from plant growth and development to plant
protection from herbivores and pathogens (Tholl 2015). Cotton plants, an important
source of natural fiber, produce gossypol, a sesquiterpenoid phytoalexin (Tian et al. 2016).

Gossypol is a yellow colored phenolic compound occurring naturally in small intercellular

Figure 2-1: Structure of gossypol

pigment glands of cotton plants (Liu et al. 1999). It has a molecular weight of 518.55
Daltons with a chemical formula C3oH300s and a structural formula of 2,2'-bis(8-formyl-1,6,7-
trihydroxy-5-isopropyl-3-methylnaphthalene)[Figure 2-1; (Gadelha et al. 2014; Abou-Donia

1976; Rogers et al. 2002)]. Gossypol is hypothesized to be a part of the defense system of
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the cotton plant as it has anti-insecticidal (Bottger et al. 1964) and antifungal activity
(Mellon et al. 2011). It also displays a wide range of biological activity including anticancer,
spermicidal, and antiviral effects (Wang et al. 2008; Kim et al. 1984; Lee et al. 2017; Polsky

et al. 1989; Gilbert et al. 1995).

2.2 Gossypol tolerance by Fov

A previous study has indicated that gossypol is able to initially inhibit the growth of
Fov but the ability of Fov to tolerate gossypol increases over time suggesting that resilience
towards gossypol might be due to detoxification of gossypol or due to the breakdown of
gossypol naturally (Turco et al. 2007). This study presents the differential gene expression

analysis of Fov when the pathogen is exposed to gossypol.

2.3 Results

2.3.1 Gene expression profile in Fusarium oxysporum f.sp. vasinfectum when exposed to

gossypol

Previous research has indicated that, Fov tolerance to gossypol increases with time
(Turco et al. 2007). In order to better understand the molecular mechanisms underlying
gossypol tolerance in Fov, a transcriptomic approach was undertaken using mycelia

collected 1 hour (T1), 2 hours (T2) and 4 hours (T4) after the exposure to 80 pg/mL of
gossypol.

The number of genes upregulated at 1 hour, 2 hours, and 4 hours after gossypol
treatment when compared with control were 501, 226, and 261 genes, respectively (Figure

2-2). There was a total of 707 genes that were upregulated for at least one gossypol

treatment time point and 68 upregulated genes that were common in all three timepoints
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(Figure 2-3). Similarly, the number of downregulated genes at 1 hour, 2 hours, and 4 hours
when compared to the untreated sample were 102, 69, and 51, respectively. Among these
downregulated genes, a total of 169 different genes were downregulated in at least one
time point after gossypol treatment, and only 6 genes were common at all three timepoints
(Figure 2-3). Of the total differentially expressed genes (707 upregulated genes and 169
downregulated genes), approximately 70.86% of the upregulated genes and 60.35% of
downregulated genes were differentially expressed the first hour (T1) after gossypol
treatment. Common genes upregulated and downregulated in all three timepoints with
putative Pfam functions and expression are shown in supplementary material Table S-2 and

Table S-3.
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Figure 2-2: Differentially expressed genes (DEGs) at 1 hour, 2 hours, and 4 hours after
gossypol treatment when compared with the untreated control. Numbers above each bar
is the number of genes. DEGs were identified using DESeq2 at a p-value < 0.05 and Log fold
change threshold equals 2. Blue color represents upregulated genes and orange color

represents downregulated genes.
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Figure 2-3: Venn diagrams illustrating the number of upregulated (A) and

downregulated (B) genes in Fov at 1 hour, 2 hours, and 4 hours after gossypol exposure.
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2.3.2 Functional analysis of differentially expressed genes

Functional evaluation of the DEGs was conducted by Pfam domain analysis using
InterProScan. A total of 127 dehydrogenases were upregulated while 17 were
downregulated and included zinc binding dehydrogenases (PF00107), short chain
dehydrogenases (PF00106) and those containing FAD binding domains (PF01494) and
NADP(H) binding domains (PF13460), aldehyde dehydrogenases (PF00171), acyl
dehydrogenases (PF02771, PF02770, PF0O0441) and alcohol dehydrogenases (PF08240,
PF00465) (Table S-12, S-13). There were 52 transcription factors that were upregulated
while only a single transcription factor was downregulated. Those upregulated included
fungal specific transcription factors (PF11951), and transcription factors containing a zinc
binuclear cluster domain (PF00172) or C2H2 type zinc finger domain (PFO0096) (Table S-8, S-

9).

A total of 37 major facilitator superfamily (MFS) transporters (PF07960) were
differentially expressed (30 upregulated and 7 downregulated) (Table S-6, S-7). Similarly, 28
transporters from other families were upregulated and 8 were downregulated (Table S-4, S-
5). These transporters mostly include ABC transporters, sugar transporters, cation
transporters, and potassium transporters. The numbers of cytochrome P450s that were
differentially expressed were relatively low compared to dehydrogenases, transporters, and
transcription factors, 10 cytochrome P450s were upregulated and 3 were downregulated

(Table S-10, S-11).
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Table 2-1: Numbers of differentially expressed genes under various Pfam domain
categories

Classes Upregulated | Downregulated Total DEGs
ABC and sugar transporters 28 8 36
Major Facilitator Superfamily 30 7 37
Fungal Transcription Factors 52 1 53
Cytochrome P450 10 3 13
Dehydrogenase 127 17 144

Based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) protein interaction
pathways, the top 15 functional categories of DEGs with best hits were determined (Figure
2-4). KEGG pathway analysis of DEGS demonstrated that enzymes involved in metabolism
were highly expressed, followed by genes involved in the biosynthesis of secondary
metabolites and carbon metabolism (Table S-16 to S-20). Automatic annotation of
upregulated and downregulated genes was conducted using the KEGG Automatic
Annotation Server (KAAS)and revealed that out of 707 upregulated genes only 123 genes
were annotated. Similarly, out of 169 downregulated genes only 36 were annotated. The
KAAS annotated genes with Gene ID and KEGG orthology ID are given in supplementary

material Table S-14 and Table S-15.
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Figure 2-4: Classification of up- and down-regulated genes of different pathways by KEGG

analysis.

2.3.3 Gene expression patterns

Hierarchical distribution was done for the top 50 genes that had significant
expression (p-value < 0.05) with a high variance across all timepoints (Figure 2-5). Three
different patterns of gene expression can be seen based on gene expression across all
conditions (TO, T1, T2, and T4). One group encompassing 40 genes are genes where their
expression gradually increases over the first two timepoints and peaks at T4. The second
group of three genes are downregulated where the expression gradually decreases over the
timepoints. In the final group of seven genes, the expression is high one hour after gossypol
treatment but then gradually declines over the remaining time course. Vertical clustering of

columns or timepoints suggest that timepoints T1 and T2 cluster together while T4 and the
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control group cluster separately (Figure 2-5). The clustering is based on Euclidean distance
between each log transformed points, and the three clusters can be described as

moderately upregulated, highly upregulated, and downregulated gene clusters.

2.3.4 Validation of DEGs from RNA-seq through RT-qPCR

Reverse Transcription Quantitative PCR (RT-qPCR) was used to validate a total of 31
DEGs (29 upregulated and 2 downregulated genes). The genes were selected based on their
expression values in all three timepoints and their predicted Pfam domains. Two
housekeeping genes EF-1 and GAPDH were used for normalization. Specific primers were
designed for each gene (Table S-21) and primer efficiency and specificity were evaluated

and verified for all primer pairs.

The inclusion of a negative control that received solvent treatment for each
timepoint, 0 hour (T0), 1 hour (T1), 2 hours (T2), 4 hours (T4), 8 hours (T8), 12 hours (T12)
and 24 hours (T24), allowed to determine if the change in gene expression was due to the
solvent stress response to DMSO or part of the transcriptional response to gossypol. Paired
two tailed t-tests were performed on delta Ct (DCT) values of all the selected genes to
evaluate the significance of expression between negative control and gossypol treated
conditions. From t-test at timepoint T1 it was found that out of 29 upregulated genes, 3
genes were significantly expressed at p value < 0.001, 7 genes were significantly expressed
at p value < 0.0,1 and 11 genes were significantly expressed at p value < 0.05 (Figure 2-6).
However, 8 genes were not significantly expressed at timepoint T1, suggesting that
expression of these genes in the RNA-seq data at T1 was most likely due to induction from

the DMSO solvent. The bar chart shows the DCT values of all genes at gossypol and DMSO
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treated conditions. It should be noted that the lesser the DCT value, the more highly the

gene is expressed.

At timepoint T2 (two hours after gossypol treatment), the log2fold change
expression values of selected candidate genes for the RNA-seq and the RT-gPCR data was
compared (Figure 2-7). The relative level of gene expression in both the RNA-seq and RT-
gPCR was approximately the same for 20 of the assessed genes (G7914, G14616, G16397,
G17308, G14232, G13126, G13127, G5244, G5243, G9742, G9749, G16843, G10034, G1781,
G1443, G17337, G2070, G13853, G12645, and G11668); however for 11 of the assayed
genes (G17064, G3905, G10333, G17063, G18019, G17062, G14749, G4637, G4633, G14661,
and G16581) the level of expression determined by RT-qPCR was comparatively lower than
RNA-seq. One possible explanation for this variation is the inclusion of the negative solvent
only DMSO controls for each timepoint in the RT-qPCR data analysis which was absent in the

RNA-seq data set.

The trend of gene expression from the RT-qPCR data indicates that immediately after
gossypol treatment, there is increase in expression of genes (Figure 2-8). Gene expression is
at its highest level soon after addition of gossypol (T1, T2 and T4) for most genes whereas at
TO, T8, and T12, gene expression is comparatively lower. As determined using the Least
Significance Difference test, gene expression at timepoints T1, T2, T4, and T24 was
significantly higher than timepoints TO, T8 and T12 (p-value < 0.05). The heatmap shows the
hierarchical distribution of genes where rows are clustered based on the distance between

points (Figure 2-8).
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Figure 2-5: RNA-seq data heatmap illustrating log2 fold change of 50 DEGs (p-value < 0.05)
in all 16 samples. The top 50 genes were selected based on the highest variance. Each row
represents a gene and each column represents the sample condition. The genes cluster
together based on similarity of fold change among the 16 samples. Blue color represents
lower log2 fold change while red indicated a higher log2 fold change. The scale on the right

indicate the colors to the log2 fold change values.
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DCT of genes after one hour of treatment
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Figure 2-6: Comparison of DCT values between gossypol treated and DMSO treated samples at T1 from RT-qPCR data. Data represent

means and standard deviation from three biological replicates. Each biological sample was repeated twice to have three technical

replicates. The asterisks denote the level of significance for Student’s t-test (*p-value < 0.05, **p-value < 0.01, and ***p-value < 0.001).
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Comparision of DEG after 2 hours of gossypol treatment
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Figure 2-7: Comparison of relative log2 fold changes between RNA-seq and RT-qPCR results at 2 hours after gossypol treatment in Fov.
Fold changes in RT-qPCR are calculated using double delta Ct (AACT) method where each gossypol treated sample was compared to the
negative control group (DMSO treatment alone) as normalized with the reference genes EF-1 and GAPDH. Fold change in RNA-seq was

calculated using the DESeq2 package from R after performing DESeq2 normalization.
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Figure 2-8: Heatmap of RT-qPCR analysis of candidate genes in Fov under gossypol
treatment, with three biological and technical replicates. Genes are hierarchically
distributed and clustered based on the distance between each timepoint. Each row
represents a single gene and each column represents a timepoint. Squares indicated in red
color represents genes with higher log2 fold change and blue color represents genes with

lower log2 fold change values.
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Table 2-2: Fold change of selected candidate genes at timepoints TO, T1, T2, T4, T8, T12, and T24

Timepoints

Putative Pfam function Gene ID TO T1 T2 T4 T8 T12 T24
Aldo/keto reductase family G7914* 0.57 440.61 | 318.59 8.55 0.4 2.38 101.98
AMP-binding enzyme G17064 2 3.95 2.27 1.99 1.35 1.26 2.96
NAD(P)H-binding G14616* 0.29 259.29 | 568.12 | 37.31 1.51 9.48 123.77
Major Facilitator Superfamily G16397 0.44 | 279.44 | 56.41 5 0.94 9.13 123.59
Sugar (and other) transporter G17308* 0.396 2.32 126.76 | 26.56 1.54 2.6 40.31
Major Facilitator Superfamily G14232* 0.26 405.47 | 759.47 6.6 0.46 3.84 123.59
Zinc-binding dehydrogenase G13126*** | 0.52 165.41 | 3547.43 | 5068.23 | 386.78 | 67.4 127.65
Calcineurin-like phosphoesterase | G3905* 0.63 23.97 11.5 3.93 1.54 7.09 13.79
GMC oxidoreductase G10333 1.69 4.51 3.34 6.27 1.06 3.79 107.25
Glycosylhydrolasesfamily18 G13853 0.56 5.86 1.15 6.35 1.60 1.29 19.11

G13127*** | 0.30 137.43 | 695.59 | 159.21 | 87.69 9.48 21.52
Acetyl transferase G17063 2.63 1.53 2.22 1.24 0.61 7.08 0.53
NAD dependent
epimerase/dehydratase family G5244** 0.47 156.67 73.89 45.43 3.10 3.97 331.56
Zinc binding dehydrogenase G5243** 0.44 55.32 30.48 50.26 5.07 458 55.73
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Timepoints

Putative Pfam function Gene ID TO T1 T2 T4 T8 T12 T24
Glutathione-dependent

formaldehyde activating enzyme G18019 0.59 3.87 1.90 6.20 5.23 10.78 | 118.06
ABC transporter G17062 0.67 2.19 3.82 1.73 1.05 1.18 2.42
Aldehyde dehydrogenase G4633 0.58 4.27 1.18 1.09 0.83 0.53 1.95
Aldehyde dehydrogenase family G9742** 0.95 64.81 87.04 18.71 1.02 3.13 39.56
FAD binding domain G9749 0.42 58.53 | 238.77 | 10.20 0.35 9.46 130.68
NADH:flavinoxidoreductase/NADH

oxidase family G12645 3.10 7.87 1.37 2.18 1.70 0.65 12.00
Tannase and feruloyl esterase G16843** 1.96 39.40 134.85 | 99.77 3.32 28.35 33.86
Beta lactamase G10034*** | 0.70 317.31 | 459.53 | 466.87 | 58.85 | 33.42 | 355.10
SRR1, circadian clock G1781** 0.44 675.76 78.19 6.24 0.90 1.27 45.05
Cytochrome P450 G1443 2.33 71.25 13.74 2.25 0.16 1.10 13.99
Short chain dehydrogenase G17337* 2.34 | 3308.49 | 99.25 54.69 1.79 10.57 | 218.82
Short chain dehydrogenase G14749 0.90 3.30 3.75 0.63 1.13 5.55 30.99
Short chain dehydrogenase G2070* 0.60 65.10 61.02 8.70 2.11 3.73 97.52
Cytochrome P450 G14661 1.02 11.43 3.38 0.74 0.40 2.89 6.13
FAD binding G16581 0.50 102.60 9.03 29.56 1.13 10.57 28.40
Zinc binding dehydrogenase G11668* 0.43 203.60 | 48.20 6.31 1.21 12.88 | 128.93

42




Timepoints

Putative Pfam function Gene ID T0 T1 T2 T4 T8 T12 T24

Fungal specific transcription factor | G4637 1.09 2.41 3.13 1.44 0.95 1.57 7.85

*statistically significant at the level 0.05 (paired two tailed t-test)
**statistically significant at the level 0.01 (paired two tailed t-test)

***statistically significant at the level 0.001 (paired two tailed t-test)
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Several genes were found to be greatly induced after treatment with gossypol (Table
2-2). The genes G13126 (a putative zinc binding dehydrogenase) and G17337 (a putative
short chain dehydrogenase) are expressed over a thousand fold in the presence of gossypol
while several other genes have over a 500 fold increase in expression (G14616, G14232,
G1781, and G13127). While some genes (G16397, G10333, G18019, G9749, G1443, and
G16581) were not significantly upregulated after gossypol treatment, at some timepoints

the fold change was high ranging from 71 to 238 fold.

2.4 Discussion

Cotton plants have developed a variety of resistance mechanisms, innate and
induced, against fungal pathogens. One of these mechanisms is the production of
phytoalexins, e.g. gossypol which has antimicrobial properties. It has been documented that
the most successful plant pathogens have developed mechanisms to detoxify phytoalexins
produced by their host plants (Morrissey and Osbourn 1999; Vanetten et al. 2001). The
ability of Fov to overcome gossypol inhibition over time has been previously described
(Turco et al. 2007); however the molecular mechanism(s) reposnsible for conferring this

tolerance remain unknown.

In order to further investigate the molecular aspects responsible for gossypol
tolerance in Fov, the gene expression profile changes immediately after treatment of
gossypol were assessed by RNA-seq. Analysis of the Fov transcriptome identified 501, 226,
and 261 genes upregulated 1 hour, 2 hours, and 4 hours after gossypol treatment.
Conversely, 102, 69, and 51 genes were down regulated 1 hour, 2 hours, and 4 hours after
gossypol treatment. The DEGs identified were different classes of dehydrogenases,

transporters, transcription factors, cytochrome P450s and other various enzyme families.
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RT-qPCR analysis of a select subset of 31 genes identified in the RNA-seq data set was used
to verify the results from the transcriptomic study. Of the 29 selected upregulated genes,
16 were significantly upregulated in the time course RT-qPCR experiment. The use of a
gossypol stock solution that was prepared in DMSO to treat the fungal culture made it
essential to include negative DMSO control samples in the RT-qPCR analysis for confirmation

of the RNA-seq data.

Classification of DEGs based on their Pfam function identified several differentially
expressed dehydrogenases at all timepoints. The fold change expression of a zinc binding
dehydrogenase (G13126) and a short chain dehydrogenase (G17337) was calculated to be
more than thousand-fold in Fov after gossypol treatment. Short chain dehydrogenases, also
known as reductases, are known for their critical roles in lipid, carbohydrate, amino acid,
cofactor, hormones, and xenobiotic metabolism as well as enzymatic reduction (Kavanagh
et al. 2008). Zinc dehydrogenases or alcohol dehydrogenases are known for the oxidation of
alcohols (primary or secondary) to corresponding ketones and aldehydes (Crichton 2012).
The conversion of toxic compounds to less lipophilic and more soluble compounds is
mediated by enzymatic action of various dehydrogenases (Maser and Bannenberg 1994).
Thus, oxidation, reduction, and further metabolism of gossypol to less toxic compound(s)
might be catalyzed by these dehydrogenases in Fov and may promote pathogen growth in

planta increasing virulence.

Transcription factors are another of the classes of highly upregulated genes in the
gossypol treated Fov samples. Fungal specific transcription factors including those
containing either a Zn(2)-Cys(6)binuclear cluster or a C2H2 zinc finger domain were

differentially expressed in the presence of gossypol. Only one transcription factor was
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significantly downregulated after treatment with gossypol suggesting the importance of
transcription factors in regulating gene expression during fungal infection. In fungi,
transcription factors are known for their role in coordinating the responses to external
stimuli (Yin and Keller 2011). Transcription factors in fungi are also found to be involved in
detoxification of phytoalexins in various plants (Kettle et al. 2016; Srivastava et al. 2013). For
example, the zinc finger transcription factor Fdb3 in F. pseudograminearum has been
reported for its ability to control the detoxification of 6-methoxy-benzoxazolin-2-one
(MBOA), a phytoalexin in wheat (Kettle et al. 2016). Similarly, in the necrotrophic fungus
Alternaria brassicicola, it was found that brassinin detoxification factor 1 (Bdtf1) was
involved in the detoxification of the phytoalexin brassinin in Brassica plants (Srivastava et al.
2013). Upregulation of transcription factors is also important to regulate gene expression in
fungi. Therefore, transcription factors could also be involved in similar roles in Fov and be

important mediators for gossypol tolerance.

Several major facilitator superfamily (MFS) transporters were also significantly
expressed in Fov when exposed to gossypol through RNA-seq analysis, and RT-gPCR analysis
confirmed that MFS transporters were increased in expression from 200 to 700 fold.

MFS transporters are known to be involved in multidrug, toxin, and fungicide resistance
through transportation of small molecules (Callahan et al. 1999; Roohparvar et al. 2008; dos
Santos et al. 2014). For example, BcMfs1, a MFS transporter from Botrytis cinerea, was
found to provide tolerance to camptothecin, a natural toxin produced by the

plant Camptotheca acuminata (Hayashi et al. 2002). The expression of the putative MFS
encoding gene PEP5 in N. haematococca has been reported when this pathogen was
exposed to phytoalexin pisatin (Liu et al. 2003). Direct involvement of MFS transporters in

phytoalexin tolerance has not been reported yet; however, MFS transporters could be
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potential candidates involved in efflux of gossypol outside of the fungal cell and confer

gossypol tolerance during colonization of Fov.

There were 28 transporters upregulated in the RNA-seq data including ABC, sugar,
and cation transporters (Table S-4). One ABC transporter (G17062) and one Sugar
transporter (G17308) was selected for validation by gPCR. G17308 was increased in
expression by more than 100 fold, while G17062 was found only to have been increased in
expression less than 5 fold. The less than expected increase in expression of G17062 is likely
due to the observed increase in the RNA-seq data was the result of the response of the
solvent, DMSO. Many ABC transporters are induced in Fov in response to gossypol
treatment (Table S-4). ABC transporters of the pleiotropic drug resistance and multidrug
resistance families are important in conferring resistance to xenobiotics (Kretschmer et al.
2009); and ABC transporters from multiple fungal pathogens are known to be involved in
phytoalexin tolerance (Fleisner et al. 2002; Coleman et al. 2011). Sugar transporters are
involved in efflux of glucose and in pathogen nutrition (Chen et al. 2010). The involvement
of transporters containing a sugar transporter domain in tolerance of phytoalexins has not
been reported although these transporters could play an important role in gossypol

tolerance by Fov.

Similarly, after gossypol treatment there were 10 Fov cytochrome P450 upregulated
in expression in the RNA-seq data (Table S-10), of which two CYPs (G1443 and G14661) were
selected for validation by RT-gqPCR. Both of these CYPS were confirmed to have higher levels
of expression after treatment with gossypol. CYPs are a large group of diverse enzymes
involved in primary and secondary metabolism and xenobiotic detoxification in fungi (Lah et

al. 2011) and have been shown to be involved in phytoalexin detoxification in F. oxysporum
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and N. haematococca (Coleman et al. 2011). Therefore, CYPs could be involved in a similar

role in Fov and be important mediators involved in gossypol tolerance.

Among the upregulated genes from KEGG pathway analysis, 38 of them were
involved in various metabolic pathways and 20 in microbial metabolism in adverse
environments (Table S-16, Table S-17). Various dehydrogenases, oxidases, CYPs, etc. are
involved in these pathways and metabolism of phytoalexins can be mediated by various
enzymes like oxidases and CYPs (Schafer et al. 1989; Pezet et al. 1991). Many of the
dehydrogenases, hydroxylases, oxygenases, CYPs, and reductases that are upregulated in
Fov after gossypol exposure could be involved in various metabolic pathways that leads to

the detoxification of gossypol to less toxic compounds.

Although not the primary focus of the study, the upregulated 16 genes involved in
the biosynthesis of secondary metabolites and 11 genes were involved in the biosynthesis of
antibiotics through the KEGG analysis are intriguing. Secondary metabolites, including
antibiotics, are produced by fungi as competitive weapons against other microorganisms or
plants during their growth (Demain and Fang 2000); perhaps the expression of these gene
for the synthesis of secondary metabolites and antibiotics might aid Fov to establish

successfully inside cotton plants.

Hierarchical clustering of genes by heatmaps from RNA-seq and qPCR data indicates
that the zinc binding dehydrogenase (G13126) and a beta lactamase (G10034) cluster
together. G10034 is also significantly expressed at all timepoints after gossypol treatment in
both RNA-seq and RT-gPCR. In bacteria, B-lactamases have been studied for their role in B-
lactam antibiotic resistance (Kotra and Mobashery 1998). Similarly, in fungi two related

lactamases were found to function in xenobiotic hydrolysis. F. verticillioides encoded
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a lactamase that was responsible for the degradation of 2-benzoxazolinone (BOA) in maize
(Glenn et al. 2016). Likewise, F. pseudograminearum encoded a lactamase that was involved
in the degradation of benzoxazolinones, a class of phytoalexins in wheat (Kettle et al. 2015).
While the role that B-lactamase fulfills in Fov is not known, the high expression of the gene
after treatment with gossypol is intriguing; however, a lactam ring is not present in
gossypol. This does not rule out the presence of a lactam ring being formed further in an

unknown detoxification pathway of gossypol.

Similarly, another gene encoding an enzyme with a tannase and feruloyl esterase
domain (G16843) is also expressed at a higher fold in both the RNA-seq and RT-qPCR data.
Tannases are known to catalyze the hydrolysis of bonds present in tannins and gallic acid
ester (Lekha and Lonsane 1997). It is known that gossypol is sensitive to oxidation and has a
tendency to react and degrade in the presence of several reagents; therefore hydroxyl
groups of gossypol are first protected by converting them to ester derivatives (Kenar 2006).
No tannase enzymes have been reported to be involved in phytoalexin tolerance but based
on the structure of gossypol and the transcriptomic data, the tannase might be involved in

hydrolysis of ester bonds in gossypol derivatives.

This transcriptomic data with Fov and gossypol interaction supports the hypothesis
that most successful fungal pathogens have developed resistance mechanisms against
phytoalexins. The phytoalexin tolerance of Fov could be the result of several genes
collectively acting synergistically, including different classes of genes like transcription
factors, dehydrogenases, major facilitator transporters, ABC transporters, cytochrome
P450s, and various enzymes. Further studies need to be conducted to clarify if these Fov

genes are important virulence traits facilitating the fungus to colonize cotton plants.
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2.5 Materials and methods

2.5.1 Fungal culture and RNA-seq sample preparation

Fungal cultures of the race 4 Fov isolate 89-1A were maintained at room
temperature on V8 medium. Conidia were collected from two weeks old V8 plates and
inoculated into 100 ml of liquid M100 (minimal) medium. The conidia were allowed to
germinate on a rotary shaker at 150 rpm for 24 hours at room temperature. After 24 hours,
a 25 ml aliquot of the culture was collected and frozen at -80°C for RNA extraction. The
remaining 75 ml of the 89-1A culture was treated with gossypol (dissolved in DMSO) to
obtain a final concentration of 80 pg/ml. Gossypol treated mycelium was collected in 25 ml
aliquots from the remaining culture at 1 hour, 2 hours, and 4 hours after treatment. All of

these collected samples were snap frozen at -80°Cfor RNA extraction.

2.5.2 RNA isolation and RNA sequencing

RNA was extracted from frozen mycelial samples using 0.5 mm glass beads (Sigma-
Aldrich) and agitated for 50 seconds in two different cycles with 5 seconds interval in
between (Leite et al. 2012). This was followed by phenol-chloroform purification method
and RNA was eluted in DEPC (MP Biomedicals) treated water. DNA contamination was
removed using DNase | (New England Biolabs). RNA quality and integrity was verified by gel
electrophoresis and confirmed by Bioanalyzer before sending for sequencing. cDNA library
preparation and RNA sequencing were performed at the Genomic Services Lab at Hudson
Alpha Institute of Biotechnology. lllumina 1.9, paired end, directional RNA-seq was done
with 50 bp read length and 25 million reads per sample. The RNA-seq experiment had 4

different biological replicates and each replicate had 4 different sample conditions.
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2.5.3 Bioinformatics and statistical data analysis

The quality of 50 base pairs reads from the 16 separate libraries were checked by
FastQC and all the low quality bases, adapter sequences, and sequencing artifacts were
removed using Trimmomatic, version 0.35 (Bolger et al. 2014). The number of reads that
survived after trimming across all the samples in each biological replicate is shown in
supplementary material Table S-1. Of the remaining reads, the proportion of reads mapped
to the genome ranged from 70.13% to 89.07% (Table S-1). After filtering, the reads were
aligned to the reference genome sequence of 89-1A (Seungyeon Seo, unpublished data)
using STAR (Dobin et al. 2013). The number of reads mapped to each gene were counted
using the python package HTSeq (Anders et al. 2015). Data were normalized and differential
gene expression was calculated using Bioconductor package DESeq2 (Love et al. 2014). The
genes with Log2Fold change > 2 and p-value < 0.05 were considered as differentially
expressed. The Pfam domain scan of differentially expressed genes was conducted using the

program InterProScan (Zdobnov and Apweiler 2001).

2.5.4 Experimental setup and sample preparation for RT-qPCR

The experimental setup for sample preparation for the RT-qPCR was done in a
similar way as for the RNA-seq experimental setup. Conidia were collected from two week
old V8 plates and inoculated in two flasks Erlenmeyer flasks each containing 175 ml of liquid
M100 (minimal) medium. The cultures were left to grow on the shaker at 150 rpm for 24
hours at room temperature. After 24 hours, the growing mycelium was collected from 25ml
of the culture from both flasks separately. At this time to the remaining growing cultures:
one flask was treated with gossypol stock solution (gossypol in DMSO) to final concentration

of 80 pg/ml of gossypol and 4% DMSO and another flask was only treated with final
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concentration of 4% DMSO. The samples collected from the DMSO treated flasks were
denoted as negative controls. Aliquots of 25 mL of the mycelium from both flasks were
collected from the remaining cultures at 1 hour, 2 hours, 4 hours, 8 hours, 12 hours, and 24
hours after treatment. All of these collected samples were snap frozen at -80°C for RNA

extraction.

2.5.5 RNA isolation and cDNA preparation

RNA was extracted from the frozen mycelial samples using 0.5 mm glass beads
(Sigma-Aldrich) and agitated for 50 seconds in two different cycles with 5 seconds interval in
between (Leite et al. 2012). This was followed by phenol-chloroform purification method
and RNA was eluted in DEPC treated water. DNA contamination was removed using DNase |
(New England Biolabs). RNA concentration and purity were determined using a NanoDrop
2000 spectrophotometer (Thermo Scientific) and RNA quality was evaluated by gel
electrophoresis. cDNA was synthesized from 1ug of total RNA by reverse transcriptase using

the QuantiNova Reverse Transcription Kit (Qiagen).

2.5.6 RT-gPCR assay

RT-qPCR was performed in skirted white 96-well plates (VWR) on the CFX96 Real-
Time System (Bio-Rad). The reaction mix was made using: 10ul of PerfeCTa SYBR Green
FastMix (QuantaBio), 1.5 pl of 10 uM primer mix, 1 pl of a diluted 1:10 cDNA and water to
complete a final volume of 20 pl. Cycling conditions were 95 °C for 5 minutes, and 40
cycles of 95 °C for 55, 60 °C for 30 s. A total of 29 upregulated genes and 2
downregulated genes determined by DESeq2 were selected for validation by RT-qPCR.
The primers for all selected genes were designed using Primer quest tool (Integrated DNA
Technology) [Table S-21]. Efficiency of each primer were calculated by performing five
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series of 10 fold serial dilution RT-gPCR assay and analyzing the melt curve peaks. The
expression of each gene under DMSO and gossypol treatment was assayed using three

biological and three technical replicates.

2.5.7 RT-gPCR data analysis

Data obtained from RT-qPCR was analyzed using double delta Ct method. Two
housekeeping genes: EF-1 and GAPDH were used for data normalization. Relative gene fold
change was calculated using formula 222 (Livak and Schmittgen 2001). The R graphics

program ggplot2 (Wickham 2009) was used to generate bar plots.
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SUPPLEMENTARY MATERIAL

Table S-1: Number of reads survived after trimming and proportion of reads mapped to

the genome
Reads survived after | Proportion of uniquely
Samples trimming mapped reads
TOR1 23523510 87.07%
TO R2 43756775 89.07%
TOR3 26264144 70.13%
TO R4 31940447 72.97%
T1R1 43629450 84.35%
T1R2 42388166 87.13%
T1R3 49930009 78.41%
T1R4 33762920 76.17%
T2 R1 44958722 81.50%
T2 R2 41340700 85.38%
T2 R3 34312966 79.94%
T2 R4 39542066 79.02%
T4 R1 62679395 82.28%
T4 R2 49942782 85.76%
T4 R3 29276669 77.56%
T4 R4 39874612 79.01%

Table S-2: Common 68 upregulated genes with Pfam domain and expression values at
timepoints T1, T2, and T4 from RNA-seq data

Gene ID Pfam ID Function T1 T2 T4
expression | expression | expression
G16893 3.97 3.31 3.24
G14810 | PFO0172 Fungal Zn(2)-Cys(6) 3.29 3.28 3.25
binuclear cluster domain
G8072 3.82 4.10 3.84
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Gene ID Pfam ID Function T1 T2 T4
expression | expression | expression
G15647 | PFO4082, Fungal specific 4.15 4.51 3.91
PFO0096 transcription factor
domain, Zinc finger, C2H
type
G4532 3.72 3.94 3.93
G11615 | PFO0689, Cation transporting 5.07 4.44 3.97
PFO0122, ATPase,C-terminus,N-
PF00702, terminus, halo acid
PF00690 dehalogenase-like
hydrolase, E1-E2 ATPase
G11765 | PF02538, HydantoinaseB/oxoproli 3.53 5.51 4.04
PFO5378, nase
PF01968
G16103 | PF11917 Protein of unknown 5.09 5.89 4.19
function (DUF3435)
G5799 PF07690 Major Facilitator 5.90 5.13 4.34
Superfamily
G4637 PF04082, Fungal specific 5.64 4.43 4.34
PF00172 transcription factor
domain, Fungal Zn(2)-
Cys(6)binuclear cluster
domain
G3976 PF00106 short chain 7.79 7.95 4.34
dehydrogenase
G6536 PF08325, WLM domain, Methyl 4.27 4.60 4.66
PF13649 transferase domain
G17310 | PF04082 Fungal specific 3.41 6.26 471

transcription factor

domain
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Gene ID Pfam ID Function T1 T2 T4
expression | expression | expression
G12406 | PFO0173, Cytochrome b5-like 5.38 3.97 4.82
PF01070 Heme/Steroid binding
domain, FMN-dependent
dehydrogenase
G14228 | PFO0501, AMP-binding enzyme 6.33 4.78 4.89
PF13193
G13181 | PFO0083 Sugar (and other) 6.02 4.82 5.01
transporter
G13718 8.55 6.48 5.05
G11616 | PF02705, K+ potassium 5.32 6.05 5.05
PF02386 transporter, Cation
transporter protein
G9742 PFO0171 Aldehyde dehydrogenase 7.36 7.80 5.20
family
G3132 4.75 5.85 5.25
G4103 9.96 7.38 5.37
G14856 | PFO1161, Phosphatidyl 5.02 5.34 5.41
PF09056 ethanolamine-binding
protein, Prokaryotic
phospholipase A2
G2387 PF03062 MBOAT,membrane- 8.52 6.96 5.50
bound O-acyl transferase
family
G11320 | PF13577 Snoal-like domain 9.79 7.02 5.72
G1272 PFO0732 GMC oxidoreductase 6.46 7.83 5.82
G9263 6.38 6.98 5.96
G17061 | PFO7690 Major Facilitator 5.11 5.34 5.97
Superfamily
G8733 PF01979 Amido hydrolase family 9.63 7.65 6.15
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Gene ID Pfam ID Function T1 T2 T4
expression | expression | expression

G9846 PF00107 Zinc-binding 8.60 7.50 6.17
dehydrogenase

G14232 | PFO7690 Major Facilitator 11.67 9.52 6.20
Superfamily

G16420 | PF13489 Methyl transferase 9.27 7.88 6.40
domain

G11668 | PFO0107 Zinc-binding 10.38 8.69 6.55
dehydrogenase

G2070 PF00106 Short chain 9.42 8.10 6.57
dehydrogenase

G4638 PF02629, CoA binding domain, 7.76 7.90 6.57

PF00549 CoA-ligase

G6112 PFO7859 alpha/beta hydrolase 7.62 7.74 6.66
fold

G14618 | PFO5368 NmrA-like family 7.50 7.12 6.66

G18019 | PF04828 Glutathione-dependent 8.69 9.72 6.70
formaldehyde-activating
enzyme

G14619 | PF0O0561 alpha/beta hydrolase 6.39 6.95 6.75
fold

G4635 PF03328 HpcH/Hpalaldolase/citra 6.40 7.37 6.79
telyasefamily

G16397 | PFO7690 Major Facilitator 10.40 8.45 6.91
Superfamily

G14759 | PF0084Ss, Ring hydroxylating alpha 6.31 6.34 7.03

PF00355 subunit (catalytic

domain), Rieske[2Fe-2S]

domain
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Gene ID Pfam ID Function T1 T2 T4
expression | expression | expression
G17335 | PF13688, Metallo- 10.04 8.51 7.09
PF00200 peptidasefamilyM12,
Disintegrin
G17308 | PFO0083 Sugar (and other) 4.42 9.19 7.22
transporter
G9997 5.80 7.98 7.54
G17337 | PFO0O106, Short chain 10.97 8.79 7.69
PF04082 dehydrogenase, Fungal
specific transcription
factor domain
G14750 | PFO5368 NmrA-like family 7.85 7.43 7.73
G16926 | PF12697 Alpha/beta hydrolase 9.25 8.09 7.80
family
G1759 PF03595 Voltage-dependent 5.57 7.10 7.81
anion channel
G2286 PF13561 Enoyl- (Acyl carrier 6.58 10.09 7.87
protein) reductase
G5740 PF13460 NAD(P)H-binding 11.23 9.90 8.12
G17064 | PFO066S, Condensation domain, 6.30 7.69 8.23
PFO0501, AMP-binding enzyme,
PFO0550 Phosphopantetheine
attachment site
G4503 PF02771 Acyl-CoA 7.45 8.26 8.26
dehydrogenase, N-
terminal domain
G9749 PF01494 FAD binding domain 10.79 12.06 8.27
G16581 | PF01494 FAD binding domain 13.40 10.13 8.42
G1781 PFO7985 SRR1 10.42 9.29 8.43

63




Gene ID Pfam ID Function T1 T2 T4
expression | expression | expression
G14749 | PFO0106 Short chain 8.70 9.10 8.47
dehydrogenase
G4506 6.69 8.41 8.57
G17062 | PFO0O0OS5, ABC transporter, ABC 8.01 8.17 8.88
PFO0664 transporter
transmembrane region
G4633 PFO0171 Aldehyde dehydrogenase 9.23 10.22 9.15
family
G5244 PF01370 NAD dependent 6.24 8.11 9.56
epimerase/dehydratase
family
G17063 | PF13523 Acetyltransferase(GNAT) 6.39 8.06 9.69
domain
G4504 PF02515 CoA-transferase family lll 8.33 9.39 9.73
G5243 PFO0107 Zinc-binding 6.34 8.25 9.91
dehydrogenase
G13127 6.89 9.52 9.94
G16843 | PF07519 Tannase and feruloyl 7.24 11.00 10.10
esterase
G14616 | PF13460 NAD(P)H-binding 13.43 14.51 10.99
G13126 | PFO0107, Zinc-binding 5.67 10.86 12.08
PF08240 dehydrogenase, Alcohol
dehydrogenase GroES-
like domain
G10034 | PF12706 Beta-lactamase 7.77 11.37 12.09

superfamily domain
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Table S-3: Common 6 downregulated genes with Pfam domain and expression values at
timepoints T1, T2, and T4 from RNA-seq data

Gene ID | Pfam ID Function T1 T2 T4
expression expression expression
G12645 | PFO0724 | NADH: flavin oxidoreductase/ -4.50 -7.07 -5.61
NADH oxidase family

G3067 PFO0083 | Sugar (and other) transporter -3.36 -4.80 -4.09
G9392 -4.24 -3.97 -4.06
G16857 | PFO7716 | Basic region leucine zipper -3.85 -4.74 -3.97
G13853 | PFO0704 | Glycosyl hydrolases family18 -2.99 -5.10 -3.33
G8874 -3.09 -2.93 -4.51

Table S-4: Upregulated ABC, sugar, and other transporters from RNA-seq data with Pfam

domains
GeneID | PfamID Function
G15525 PFO1061 ABC-2 type transporter
G15525 PF14510 ABC-transporter extracellular N-terminal
G15525 PFO0005 ABC transporter
G15525 PF06422 CDR ABC transporter
G14872 PF0O0083 Sugar (and other) transporter
G14773 PFO0664 ABC transporter transmembrane region
G14773 PFO0005 ABC transporter
G11513 PFO0690 Cation transporter / ATPase, N-terminus
G1844 PF00083 Sugar (and other) transporter
G17308 PF0O0083 Sugar (and other) transporter
G16947 PF00083 Sugar (and other) transporter
G3073 PFO0664 ABC transporter transmembrane region
G3073 PFO0005 ABC transporter
G11615 PFO0690 Cation transporter / ATPase, N-terminus
G14231 PFO1061 ABC-2 type transporter
G14231 PFO0005 ABC transporter
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GeneID | PfamID Function

G14231 | PFO6422 CDR ABC transporter

G14231 PF14510 ABC-transporter extracellular N-terminal
G1l1616 PF02705 K+ potassium transporter

G8088 PF10337 Putative ER transporter, 6TM, N-terminal
G5761 PFO0083 Sugar (and other) transporter

G3879 PF00083 Sugar (and other) transporter

G15640 PF00083 Sugar (and other) transporter

G6073 PF10337 Putative ER transporter, 6TM, N-terminal
G13181 PF00083 Sugar (and other) transporter

G16571 PF0O0083 Sugar (and other) transporter

G9755 PF00083 Sugar (and other) transporter

G4124 PFO1061 ABC-2 type transporter

G4124 PFO6422 CDR ABC transporter

G4124 PFO0005 ABC transporter

G4124 PF14510 ABC-transporter extracellular N-terminal
G4732 PFO0005 ABC transporter

G4732 PFO1061 ABC-2 type transporter

G4732 PF06422 CDR ABC transporter

G4732 PF14510 ABC-transporter extracellular N-terminal
G4585 PF00083 Sugar (and other) transporter

G17062 PFO0005 ABC transporter

G17062 PFO0664 ABC transporter transmembrane region
G13990 PF06422 CDR ABC transporter

G13990 PFO0005 ABC transporter

G13990 PFO1061 ABC-2 type transporter

G11512 PF02705 K+ potassium transporter

G6162 PFO1226 Formate / nitrite transporter

G1068 PF14510 ABC-transporter extracellular N-terminal
G1068 PFO0005 ABC transporter

G1068 PF06422 CDR ABC transporter
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GeneID | PfamID Function
G1068 PFO1061 ABC-2 type transporter
G5833 PFO0083 Sugar (and other) transporter

Table S-5: Downregulated ABC, sugar, and other transporters from RNA-seq data with
Pfam domains

Gene ID | Pfam ID | Function

G225 PF01490 | Transmembrane amino acid transporter protein
G15196 | PFO0690 | Cation transporter / ATPase, N-terminus
G13568 | PF04145 | Ctr copper transporter family

G3067 PFO0083 | Sugar (and other) transporter

G12622 | PF12848 | ABC transporter

G12622 | PFO00O0S | ABC transporter

G10880 | PF02535 | ZIP Zinc transporter

G1912 PF03169 | OPT oligopeptide transporter protein

G2915 PF01384 | Phosphate transporter family

Table S-6: Upregulated Major facilitator superfamily transporters from RNA-seq data with
Pfam domains

GenelD | PfamID Function

G8405 PFO7690 Major Facilitator Superfamily
G15166 PFO7690 Major Facilitator Superfamily
G2996 PFO7690 Major Facilitator Superfamily
G1849 PFO7690 Major Facilitator Superfamily
G12440 PFO7690 Major Facilitator Superfamily
G5738 PFO7690 Major Facilitator Superfamily
G13020 PF07690 Major Facilitator Superfamily
G17061 PF07690 Major Facilitator Superfamily
G12311 PF07690 Major Facilitator Superfamily
G15135 PF07690 Major Facilitator Superfamily
G5799 PF07690 Major Facilitator Superfamily
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Gene ID Pfam ID Function

G14409 PFO7690 Major Facilitator Superfamily

G12395 PFO7690 Major Facilitator Superfamily

G3773 PFO7690 Major Facilitator Superfamily

G3190 PFO7690 Major Facilitator Superfamily

G1861 PFO7690 Major Facilitator Superfamily

G15271 PFO7690 Major Facilitator Superfamily

G14797 PFO7690 Major Facilitator Superfamily

G16397 PFO7690 Major Facilitator Superfamily

G14232 PF07690 Major Facilitator Superfamily

G8026 PFO7690 Major Facilitator Superfamily

G11770 PF07690 Major Facilitator Superfamily

G5712 PFO7690 Major Facilitator Superfamily

G8159 PFO7690 Major Facilitator Superfamily

G17302 PF07690 Major Facilitator Superfamily

G9120 PFO7690 Major Facilitator Superfamily

G16528 PFO7690 Major Facilitator Superfamily

G1573 PF07690 Major Facilitator Superfamily

G13135 PFO7690 Major Facilitator Superfamily

G15388 PFO7690 Major Facilitator Superfamily

Table S-7: Downregulated Major facilitator superfamily transporters from RNA-seq data
with Pfam domains

Gene ID | PfamID Function

G11174 | PFO7690 | Major Facilitator Superfamily

G16496 | PF0O7690 | Major Facilitator Superfamily

G12203 | PFO7690 | Major Facilitator Superfamily

G11064 | PF0O7690 | Major Facilitator Superfamily

G16807 | PFO7690 | Major Facilitator Superfamily

G11928 | PFO7690 | Major Facilitator Superfamily

G12670 | PFO7690 | Major Facilitator Superfamily
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Table S-8: Upregulated transcription factors from RNA-seq data with Pfam domains

Gene ID Pfam ID Function

G10320 PF11951 | Fungal specific transcription factor domain

G10320 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain

G10851 PF11951 | Fungal specific transcription factor domain

G10851 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain

G11314 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain

G11701 PF11951 | Fungal specific transcription factor domain

G11701 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain

G11830 PF04082 | Fungal specific transcription factor domain

G1370 PF04082 | Fungal specific transcription factor domain
G1398 PF04082 | Fungal specific transcription factor domain
G1398 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain

G13989 PF04082 | Fungal specific transcription factor domain

G13989 PF00172 | Fungal Zn(2)-Cys(6) binuclear cluster domain

G1407 PF04082 | Fungal specific transcription factor domain

G14409 PF04082 | Fungal specific transcription factor domain

G14409 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain

G14751 PF11951 | Fungal specific transcription factor domain

G14799 PF04082 | Fungal specific transcription factor domain

G148 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain

G14810 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain

G15272 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain

G1530 PF11951 | Fungal specific transcription factor domain

G15386 PF11951 | Fungal specific transcription factor domain

G15525 PF04082 | Fungal specific transcription factor domain

G15525 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain

G15647 PF04082 | Fungal specific transcription factor domain

G15647 PFO0096 | Zinc finger, C2H2 type

G15666 PF04082 | Fungal specific transcription factor domain
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G15666 PF00172 | Fungal Zn(2)-Cys(6) binuclear cluster domain
G16453 PF04082 | Fungal specific transcription factor domain
G16453 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain
G1l6716 PF11951 | Fungal specific transcription factor domain
G17094 PF04082 | Fungal specific transcription factor domain
G17310 PF04082 | Fungal specific transcription factor domain
G17337 PF04082 | Fungal specific transcription factor domain
G2028 PF04082 | Fungal specific transcription factor domain
G2030 PF04082 | Fungal specific transcription factor domain
G2299 PF04082 | Fungal specific transcription factor domain
G2369 PF04082 | Fungal specific transcription factor domain
G2369 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain
G2995 PF04082 | Fungal specific transcription factor domain
G3074 PF04082 | Fungal specific transcription factor domain
G3213 PF04082 | Fungal specific transcription factor domain
G3328 PF04082 | Fungal specific transcription factor domain
G3416 PF04082 | Fungal specific transcription factor domain
G3610 PF04082 | Fungal specific transcription factor domain
G3610 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain
G3735 PF04082 | Fungal specific transcription factor domain
G3735 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain
G3971 PF04082 | Fungal specific transcription factor domain
G3971 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain
G4107 PF04082 | Fungal specific transcription factor domain
G4498 PF04082 | Fungal specific transcription factor domain
G4498 PFO0096 | Zinc finger, C2H2 type

G4524 PF04082 | Fungal specific transcription factor domain
G4524 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain
G4637 PF04082 | Fungal specific transcription factor domain
G4637 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain
G5923 PF04082 | Fungal specific transcription factor domain
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G6278 PF04082 | Fungal specific transcription factor domain
G6345 PF04082 | Fungal specific transcription factor domain
G6345 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain
G6853 PFO0096 | Zinc finger, C2H2 type

G7331 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain
G8136 PF04082 | Fungal specific transcription factor domain
G8567 PF04082 | Fungal specific transcription factor domain
G9152 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain
G9711 PF04082 | Fungal specific transcription factor domain
G9711 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain
G9771 PF11951 | Fungal specific transcription factor domain
G9821 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain

Table S-9: Downregulated transcription factor from RNA-seq data with Pfam domain

Gene ID Pfam ID Function

G2849 PFO0172 | Fungal Zn(2)-Cys(6) binuclear cluster domain

Table S-10: Upregulated cytochrome P450s form RNA-seq data with Pfam domains

Gene ID | Pfam ID | Function

G9954 PFO0067 | Cytochrome P450

G1880 PFO0067 | Cytochrome P450

G4997 PFO0067 | Cytochrome P450

G2069 PFO0067 | Cytochrome P450

G6368 PFO0067 | Cytochrome P450

G14661 | PFO0067 | Cytochrome P450

G4515 PFO0067 | Cytochrome P450

G1443 PFO0067 | Cytochrome P450

G4392 PFO0067 | Cytochrome P450

G11227 | PFO0067 | Cytochrome P450
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Table S-11: Downregulated cytochrome P450s form RNA-seq data with Pfam domains

Gene ID Pfam ID | Function

G7160 PFO0067 | Cytochrome P450

G13893 PF0O0067 | Cytochrome P450

G13959 PFO0067 | Cytochrome P450

Table S-12: Upregulated dehydrogenases from RNA-seq data with Pfam domains

GeneID | PfamID Function

G10035 | PF13602 | Zinc-binding dehydrogenase

G10035 | PF08240 | Alcohol dehydrogenase GroES-like domain

G10036 | PF0O0106 | short chain dehydrogenase

G10333 | PF0O5199 | GMC oxidoreductase

G10333 | PFO0732 | GMC oxidoreductase

G10383 | PF01494 | FAD binding domain

G10383 | PF13450 | NAD(P)-binding Rossmann-like domain

G10445 | PF08240 | Alcohol dehydrogenase GroES-like domain

G10445 | PF00107 | Zinc-binding dehydrogenase

G10524 | PF02826 | D-isomer specific 2-hydroxy acid dehydrogenase, NAD

binding domain

G10524 | PFO0389 | D-isomer specific 2-hydroxy acid dehydrogenase,

catalytic domain

G10557 | PF0O0106 | short chain dehydrogenase

G11181 | PF0O0106 | short chain dehydrogenase

G11216 | PF0O0106 | short chain dehydrogenase

G11304 | PF01565 | FAD binding domain

G11342 | PFO1370 | NAD dependent epimerase / dehydratase family

G11344 | PFO0465 | Iron-containing alcohol dehydrogenase

G11376 | PF01565 | FAD binding domain

G11376 | PF02913 | FAD linked oxidases, C-terminal domain

G11667 | PF00171 | Aldehyde dehydrogenase family
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G11668 | PFO0107 | Zinc-binding dehydrogenase

G11764 | PFO0970 | Oxidoreductase FAD-binding domain

G11764 | PFO0175 | Oxidoreductase NAD-binding domain

G12406 | PF01070 | FMN-dependent dehydrogenase

G1272 PFO0732 | GMC oxidoreductase

G1272 PFO5199 | GMC oxidoreductase

G13047 | PF13738 | Pyridine nucleotide-disulphide oxidoreductase

G13065 | PF00393 | 6-phospho gluconate dehydrogenase, C-terminal
domain

G13065 | PF03446 | NAD binding domain of 6-phospho gluconate
dehydrogenase

G13126 | PF0O0107 | Zinc-binding dehydrogenase

G13126 | PF08240 | Alcohol dehydrogenase GroES-like domain

G13301 | PF13460 | NAD(P)H-binding

G13661 | PF01565 | FAD binding domain

G1370 PF08240 | Alcohol dehydrogenase GroES-like domain

G1370 PF00107 | Zinc-binding dehydrogenase

G1378 PF08240 | Alcohol dehydrogenase GroES-like domain

G1378 PFO0107 | Zinc-binding dehydrogenase

G1396 PF00106 | short chain dehydrogenase

G1398 PFO1370 | NAD dependent epimerase / dehydratase family

G13984 | PF01370 | NAD dependent epimerase / dehydratase family

G1409 PFO0725 | 3-hydroxyacyl-CoA dehydrogenase, C-terminal domain

G1409 PF02737 | 3-hydroxyacyl-CoA dehydrogenase, NAD binding
domain

G14190 | PFO0107 | Zinc-binding dehydrogenase

G14190 | PF08240 | Alcohol dehydrogenase GroES-like domain

G14190 | PFO1370 | NAD dependent epimerase / dehydratase family

G14263 | PF07992 | Pyridine nucleotide-disulphide oxidoreductase

G14287 | PF01370 | NAD dependent epimerase / dehydratase family

G14616 | PF13460 | NAD(P)H-binding
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G14661 | PFO0667 | FAD binding domain

G14661 | PFO0175 | Oxidoreductase NAD-binding domain
G14671 | PF0O0107 | Zinc-binding dehydrogenase

G14671 | PF08240 | Alcohol dehydrogenase GroES-like domain
G14672 | PFO0724 | NADH: flavin oxidoreductase / NADH oxidase family
G14677 | PF08240 | Alcohol dehydrogenase GroES-like domain
G14677 | PFO0107 | Zinc-binding dehydrogenase

G14749 | PF00106 | short chain dehydrogenase

G14854 | PF13738 | Pyridine nucleotide-disulphide oxidoreductase
G14914 | PF01565 | FAD binding domain

G15163 | PF08240 | Alcohol dehydrogenase GroES-like domain
G15163 | PF0O0107 | Zinc-binding dehydrogenase

G15525 | PF0O0106 | short chain dehydrogenase

G15648 | PF01494 | FAD binding domain

G15649 | PFO0724 | NADH: flavin oxidoreductase / NADH oxidase family
G1620 PF13460 | NAD(P)H-binding

G16454 | PF01494 | FAD binding domain

G16581 | PF01494 | FAD binding domain

G16611 | PF0O0106 | short chain dehydrogenase

G16693 | PF00106 | short chain dehydrogenase

G16837 | PF01565 | FAD binding domain

G17285 | PF0O0106 | short chain dehydrogenase

G17309 | PF01266 | FAD dependent oxidoreductase

G17318 | PF01494 | FAD binding domain

G17330 | PFO5199 | GMC oxidoreductase

G17330 | PFO0732 | GMC oxidoreductase

G17336 | PFO0107 | Zinc-binding dehydrogenase

G17336 | PF08240 | Alcohol dehydrogenase GroES-like domain
G17337 | PF00106 | short chain dehydrogenase

G17434 | PF0O0106 | short chain dehydrogenase

G1754 PFO0732 | GMC oxidoreductase
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G1754 PFO5199 | GMC oxidoreductase

G1768 PFO1370 | NAD dependent epimerase / dehydratase family

G1777 PFO0107 | Zinc-binding dehydrogenase

G17960 | PF07992 | Pyridine nucleotide-disulphide oxidoreductase

G1816 PF01494 | FAD binding domain

G1851 PF01565 | FAD binding domain

G1892 PF01565 | FAD binding domain

G2006 PF00106 | short chain dehydrogenase

G2029 PF01408 | Oxidoreductase family, NAD-binding Rossmann fold

G2070 PFO0106 | short chain dehydrogenase

G2131 PF08022 | FAD-binding domain

G2166 PF00106 | short chain dehydrogenase

G2638 PFO7991 | Aceto hydroxy acid isomer reductase, NADPH-binding
domain

G291 PF08240 | Alcohol dehydrogenase GroES-like domain

G291 PFO0107 | Zinc-binding dehydrogenase

G3010 PF00106 | short chain dehydrogenase

G3117 PF00107 | Zinc-binding dehydrogenase

G3117 PF08240 | Alcohol dehydrogenase GroES-like domain

G3129 PF08240 | Alcohol dehydrogenase GroES-like domain

G3171 PF08240 | Alcohol dehydrogenase GroES-like domain

G3171 PFO0107 | Zinc-binding dehydrogenase

G3328 PF07992 | Pyridine nucleotide-disulphide oxidoreductase

G3623 PF03807 | NADPoxidoreductasecoenzymeF420-dependent

G3831 PF01266 | FAD dependent oxidoreductase

G3872 PFO0106 | short chain dehydrogenase

G3911 PF01494 | FAD binding domain

G3968 PF01494 | FAD binding domain

G3976 PF00106 | short chain dehydrogenase

G3977 PF00106 | short chain dehydrogenase

G4049 PFO0107 | Zinc-binding dehydrogenase
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G4049 PF08240 | Alcohol dehydrogenase GroES-like domain
G4069 PFO0465 | Iron-containing alcohol dehydrogenase

G4100 PFO0107 | Zinc-binding dehydrogenase

G4100 PF08240 | Alcohol dehydrogenase GroES-like domain
G4121 PF13602 | Zinc-binding dehydrogenase

G4162 PF03358 | NADPH-dependent FMN reductase

G4166 PF08240 | Alcohol dehydrogenase GroES-like domain
G4166 PFO0107 | Zinc-binding dehydrogenase

G4167 PF00107 | Zinc-binding dehydrogenase

G4167 PF08240 | Alcohol dehydrogenase GroES-like domain
G4172 PFO0724 | NADH: flavin oxidoreductase / NADH oxidase family
G441 PF00106 | short chain dehydrogenase

G4503 PF02771 | Acyl-CoA dehydrogenase, N-terminal domain
G4503 PF02770 | Acyl-CoA dehydrogenase, middle domain

G4503 PFO0441 | Acyl-CoA dehydrogenase, C-terminal domain
G4550 PF00106 | short chain dehydrogenase

G4581 PFO1370 | NAD dependent epimerase / dehydratase family
G4633 PFO0171 | Aldehyde dehydrogenase family

G5012 PFO0890 | FAD binding domain

G5027 PF07992 | Pyridine nucleotide-disulphide oxidoreductase
G5243 PFO0107 | Zinc-binding dehydrogenase

G5244 PFO1370 | NAD dependent epimerase / dehydratase family
G5269 PF01565 | FAD binding domain

G5692 PFO0890 | FAD binding domain

G5740 PF13460 | NAD(P)H-binding

G5793 PFO0107 | Zinc-binding dehydrogenase

G5834 PF01593 | Flavin containing amine oxidoreductase

G5917 PF00107 | Zinc-binding dehydrogenase

G5917 PF08240 | Alcohol dehydrogenase GroES-like domain
G5920 PFO0171 | Aldehyde dehydrogenase family

G5988 PFO0724 | NADH: flavin oxidoreductase / NADH oxidase family
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G6106 PF01370 | NAD dependent epimerase / dehydratase family

G6230 PFO0465 | Iron-containing alcohol dehydrogenase

G6271 PFO0107 | Zinc-binding dehydrogenase

G6271 PF16884 | N-terminal domain of oxidoreductase

G6659 PFO0171 | Aldehyde dehydrogenase family

G71 PF01494 | FAD binding domain

G7845 PF08240 | Alcohol dehydrogenase GroES-like domain

G7845 PFO0107 | Zinc-binding dehydrogenase

G8008 PF00106 | short chain dehydrogenase

G8185 PF01070 | FMN-dependent dehydrogenase

G8403 PF01565 | FAD binding domain

G8618 PF00107 | Zinc-binding dehydrogenase

G8618 PF08240 | Alcohol dehydrogenase GroES-like domain

G8683 PF00106 | short chain dehydrogenase

G8885 PFO0171 | Aldehyde dehydrogenase family

G8885 PF01408 | Oxidoreductase family, NAD-binding Rossmann fold

G9013 PF00106 | short chain dehydrogenase

G9522 PFO0732 | GMC oxidoreductase

G9522 PF05199 | GMC oxidoreductase

G9742 PFO0171 | Aldehyde dehydrogenase family

G9749 PF01494 | FAD binding domain

G9787 PFO0171 | Aldehyde dehydrogenase family

G9793 PF08240 | Alcohol dehydrogenase GroES-like domain

G9793 PFO0107 | Zinc-binding dehydrogenase

G9846 PFO0107 | Zinc-binding dehydrogenase

Table S-13: Downregulated dehydrogenases from RNA-seq data with Pfam domains

Gene ID Pfam ID Function

G10481 PF08240 | Alcohol dehydrogenase GroES-like domain

G10481 PF00107 | Zinc-binding dehydrogenase
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GenelID | PfamID | Function

G11062 | PF08022 | FAD-binding domain

G11062 PFO8030 | Ferric reductase NAD binding domain

G11858 PF01593 | Flavin containing amine oxidoreductase

G12645 PFO0724 | NADH: flavin oxidoreductase / NADH oxidase family

G13210 PF08240 | Alcohol dehydrogenase GroES-like domain

G13210 PF00107 | Zinc-binding dehydrogenase

G13650 PFO7992 | Pyridine nucleotide-disulphide oxidoreductase

G13783 PF08022 | FAD-binding domain

G13783 PFO8030 | Ferric reductase NAD binding domain

G13862 PFO0171 | Aldehyde dehydrogenase family

G15182 PF0O0984 | UDP-glucose/GDP-mannose dehydrogenase family,
central domain

G15182 PF03721 | UDP-glucose/GDP-mannose dehydrogenase family,
NAD binding domain

G15182 PF03720 | UDP-glucose/GDP-mannose dehydrogenase family,
UDP binding domain

G224 PF01266 | FAD dependent oxidoreductase

G2350 PFO1565 | FAD binding domain

G2725 PF00441 | Acyl-CoA dehydrogenase, C-terminal domain

G3034 PF01266 | FAD dependent oxidoreductase

G4736 PF08028 | Acyl-CoA dehydrogenase, C-terminal domain

G4736 PF02771 | Acyl-CoA dehydrogenase, N-terminal domain

G5825 PF08240 | Alcohol dehydrogenase GroES-like domain

G5825 PF00107 | Zinc-binding dehydrogenase

G7618 PF00106 | short chain dehydrogenase

G8862 PF00171 | Aldehyde dehydrogenase family
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Table S-14: Upregulated genes assigned with KEGG orthology ID through KEGG analysis

Gene ID KEGG ID

G4650 K00222
G659 K22285
G7378 K02510

G11480 K09419

G9122 K20826

G16539 K01568

G2877 K20121
G2638 K00053
G6271 K07119

G11765 K01469

G11829 K00681

G8611 K01876
G9522 K19069
G4140 K13333

G17285 K01188

G8176 K07407

G17350 K06978

G8085 K01899

G11513 K01536

G11508 K04450

G1880 K10437

G11817 K15102

G6296 KO0799

G6536 K22685

G15496 K01607

G9713 K01555

G17189 K18195

G13159 K04630
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Gene ID KEGG ID
G7009 K12666
G12072 K20832
G17318 K03380
G17494 K10798
G6659 K00128
G3073 K05658
G17997 K15255
G11615 K01536
G11753 K05349
G11764 K00326
G15648 K00480
G243 K01621
Gl1616 K03549
G12406 K00101
G3171 K13953
G5761 K08139
G3879 K08141
G3850 K01078
G1816 K00480
G15640 K08141
G9789 K14333
G15135 K22134
G12305 K01702
G12395 K08158
G1518 K09705
G17064 K22148
G5547 K00750
G17960 K03885
G10383 K00480
G17063 K22151
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Gene ID KEGG ID
G4635 K11390
G4649 K00451
G13357 K09704
G1272 K17066
G8185 K00101
G4116 K00459
G109 K04711
G6227 K11159
G4659 K08678
G14661 K14338
G9714 K00451
G4515 K21293
G3117 K13953
G10381 K14333
G9742 K00128
G16823 K00799
G4503 K00249
G10266 K00799
G4638 K01899
G4585 K08141
G1398 K01183
G2387 K00637
G1395 K17740
G4633 K00135
G11320 K17740
G11530 K01887
G16397 K22134
G11372 K01560
G1670 K04618
G9738 K01875
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Gene ID KEGG ID
G3623 K00286
G17359 K17740
G11512 K03549
G7326 K14001
G5200 K06035
G4627 K03457
G3613 K03320
G9787 K00128
G4632 K01900
G9741 K00276
G9998 K00799
G4505 K11390
G17309 K00306
G10333 K00108
G8920 K01480
G6840 K01895
G5782 K03787
G16454 K03380
G4040 K01279
G17340 K00456
G3784 K20059
G14677 K13953
G13065 K00033
G13656 K01443
G3230 K03457
G16340 K11493
G4321 K01408
G8084 K01900
G17278 K01312
G11376 K00102
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Gene ID KEGG ID
G5917 K13953
G5988 K00354
G5920 K00128
G4166 K13953
G3954 K06035

Table S-15: Downregulated genes assigned with KEGG orthology ID through KEGG analysis

Gene ID | KEGG orthology

G8215 KO0505

G13650 | K17877

G15196 | KO1536

G15182 | KO0O012

G11062 | K21421

G12357 | K0O0275

G16496 | K03448

G7160 K05917

G7106 K01424

G7582 K17069

G8338 K03320

G14990 | KO7297

G1677 K11244

G13892 | K16231

G14157 | KOO559

G13853 | KO1183

G261 K08994

G1018 K09829

G12694 | K11976

G2531 K01613

G10880 | K14715

83



Gene ID | KEGG orthology

G9451 K01785

G12641 | KO7393

G14022 | K13690

G10481 | KO0O002

G10990 | K05928

G206 K09983

G12639 | KO9568

G7442 K12373

G13203 | KO5349

G224 KO0306

G8862 K00129

G2915 K14640

G8860 K00276

G4954 K03146

G7827 K18278

Table S-16:Upregulated genes involved in metabolic pathways with KEGG ID, gene name
and function identified through KEGG analysis

Gene ID KEGG ID | Gene Function

G13065 K00033 | PGD 6-phospho gluconate dehydrogenase
G2638 KO0053 | ilvC ketol-acid reducto isomerase

G12406, G8185 | K0O0101 | lldD L-lactate dehydrogenase (cytochrome)
G10333 K0O0108 | betA Choline dehydrogenase

G6659, G9742, K00128 | ALDH Aldehyde dehydrogenase (NAD+)

G9787, G5920

G4633 K00135 | gabD succinate-semialdehyde

dehydrogenase/glutarate-semialdehyde

dehydrogenase
G4650 K00222 | TM7SF2 Deltal4-sterolreductase
G4503 K00249 | ACADM acyl-CoA dehydrogenase
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Gene ID KEGG ID | Gene Function
G9741 K00276 | AOC3 primary-amine oxidase
G3623 K00286 | proC pyrroline-5-carboxylate reductase
G17309 K00306 | PIPOX Sarcosine oxidase/L-pipecolate oxidase
G4649, G7914 K00451 | HGD homogentisatel,2-dioxygenase
G17340 K00456 CDhO1 Cysteine dioxygenase
G15648, G1816, | KO0O480 | E1.14.13. | Salicylate hydroxylase
G10383 1
G11829 K0O0681 | ggt gamma-glutamyl transpeptidase/glutathione
hydrolase
G5547 K00750 | GYG1 Glycogenin
G3850 K01078 | PHO Acid phosphatase
G1398 K01183 | E3.2.1.14 | Chitinase
G17285 K01188 | E3.2.1.21 | beta-glucosidase
G11765 K01469 | OPLAH 5-oxoprolinase(ATP-hydrolysing)
G8920 K01480 speB Agmatinase
G9713 KO01555 FAH Fumaryl acetoacetase
G11372 KO1560 | E3.8.1.2 2-haloaciddehalogenase
G16539 K01568 | PDC Pyruvate decarboxylase
G15496 K01607 | pcaC 4-carboxy muconolactone decarboxylase
G243 K01621 | xfp xylulose-5-phosphate/fructose-6-phosphate
phosphor ketolase
G12305 K01702 | LEU1 3-isopropyl malate dehydratase
G6840 K01895 | ACSS acetyl-CoA synthetase
G8085, G4638 K01899 | LSC1 succinyl-CoA synthetase alpha subunit
G4632, G8084 KO1900 | LSC2 succinyl-CoA synthetase alpha subunit
G5782 K03787 | surE 5'-nucleotidase
G11753 K05349 | bglIX beta-glucosidase
G8176 KO07407 | E3.2.1.22 | alpha-galactosidase
B
G4659 K08678 | UXS1 UDP-glucuronate decarboxylase
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Gene ID KEGG ID | Gene Function

G1880 K10437 | PHAA Phenyl acetate2-hydroxylase

G7009 K12666 | OST1 Oligo saccharyl transferase complex subunit

alpha (ribophorin 1)

G3171, G3117, K13953 | adhP Alcohol dehydrogenase, propanol-preferring
G14677, G5917,
G4166

G1272 K17066 MOX Alcohol oxidase

Table S-17:Upregulated genes involved in microbial metabolism in diverse environments
with KEGG ID, gene name and function identified through KEGG analysis

Gene ID KEGG ID | Gene Function

G13065 K00033 PGD 6-phospho gluconate dehydrogenase

G6659, G9742, K00128 ALDH Aldehyde dehydrogenase (NAD+)

G9787, G5920

G4633 K00135 gabD succinate-semialdehyde
dehydrogenase/glutarate-semialdehyde
dehydrogenase

G4649, G9714 K00451 HGD homogentisatel,2-dioxygenase

G15648, G1816, K00480 E1.14.13. | Salicylate hydroxylase

G10383 1

G9713 K01555 FAH Fumaryl acetoacetase

G11372 K01560 E3.8.1.2 2-haloacid dehalogenase

G15496 K01607 pcaC 4-carboxymucono lactone decarboxylase

G243 K01621 xfp xylulose-5-phosphate/fructose-6-
phosphate phosphor ketolase

G6840 K01895 ACSS acetyl-CoA synthetase

G8085, G4638 K01899 LSC1 succinyl-CoA synthetase alpha subunit

G4632, G8084 K01900 LSC2 succinyl-CoA synthetase beta subunit

G7378 K02510 hpal 4-hydroxy-2-oxoheptanedioatealdolase
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Gene ID KEGG ID | Gene Function
G17318, G16454 K03380 E1.14.13. | phenol2-monooxygenase
7
G5200, G3954 K06035 DDI2_3 Cyanamide hydratase
G1880 K10437 PHAA phenylacetate2-hydroxylase
G3171, G3117, K13953 adhP Alcohol dehydrogenase, propanol-
G14677, G5917, preferring
G4166
G9789, G10381 K14333 DHBD 2,3-dihydroxybenzoatedecarboxylase
G14661 K14338 cypDE Cytochrome P450/NADPH-cytochrome
P450 reductase
G1272 K17066 MOX Alcohol oxidase

Table S-18: Upregulated genes involved in biosynthesis of secondary metabolites with
KEGG ID, gene name and function identified through KEGG analysis

Gene ID KEGG ID Gene Function

G13065 K00033 PGD 6-phospho gluconate dehydrogenase
G2638 K00053 ilvC ketol-acid reducto isomerase

G6659, G9742, | KO0128 ALDH Aldehyde dehydrogenase (NAD+)
G9787, G5920

G4650 K00222 TM7SF2 Deltal4-sterolreductase

G4503 K00249 ACADM acyl-CoA dehydrogenase

G9741 K00276 AOC3 primary-amine oxidase

G3623 K00286 proC pyrroline-5-carboxylate reductase
G17285 K01188 E3.2.1.21 beta-glucosidase

G16539 K01568 PDC Pyruvate decarboxylase

G12305 K01702 LEU1 3-isopropyl malate dehydratase
G6840 K01895 ACSS acetyl-CoA synthetase

G8085, G4638 K01899 LSC1 succinyl-CoA synthetase alpha subunit
G4632, G8084 K01900 LSC2 succinyl-CoA synthetase beta subunit
G5782 K03787 surE 5'-nucleotidase
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Gene ID KEGG ID Gene Function

G11753 K05349 bglIX beta-glucosidase

G3171,G3117, | K13953 adhP Alcohol dehydrogenase, propanol-
G14677, G5917, preferring

G4166

Table S-19:Upregulated genes involved in biosynthesis of antibiotics with KEGG ID, gene
name and function identified through KEGG analysis

Gene ID KEGG ID Gene Function

G13065 K00033 PGD 6-phospho gluconate dehydrogenase
G2638 K00053 ilvC ketol-acid reducto isomerase

G6659, G9742, K00128 ALDH Aldehyde dehydrogenase (NAD+)

G9787, G5920

G4650 K00222 TM7SF2 Deltal4-sterol reductase

G4503 K00249 ACADM acyl-CoA dehydrogenase

G3623 K00286 proC pyrroline-5-carboxylate reductase
G13656 K01443 nagA N-acetyl glucosamine-6-phosphate

deacetylase

G6840 K01895 ACSS acetyl-CoA synthetase

G8085, G4638 K01899 LSC1 succinyl-CoA synthetase alpha subunit
G4632, G8084 K01900 LSC2 succinyl-CoA synthetase beta subunit
G3171, G3117, K13953 adhP Alcohol dehydrogenase, propanol-
G14677, G5917, preferring

G4166

Table S-20: Upregulated genes involved in carbon metabolism with KEGG ID, gene name
and function identified through KEGG analysis

Gene ID KEGG ID | Gene Function

G13065 K00033 | PGD 6-phospho gluconate

dehydrogenase

G4503 K00249 | ACADM | acyl-CoA dehydrogenase
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Gene ID KEGG ID | Gene Function

G6840 K01895 | ACSS acetyl-CoA synthetase

G8085, K01899 | LSC1 succinyl-CoA synthetase alpha
G4638 subunit

G4632, K01900 | LSC2 succinyl-CoA synthetase beta
G8084 subunit

G1272 K17066 | MOX Alcohol oxidase

Table S-21: List of primers and amplicon length of candidate genes selected for RT-qPCR

Gene Forward Primer 5' - 3' Reverse Primer 5' - 3' Amplicon
ID length (bp)
G10034 | GAGAACCGAAGTATGCGATAGG | CTGCTCTCCTTTCACCCTTC 133
G13127 | CCTACAGGGTTATGGTGTTCAG CCATGGTGCTCCCAGATTAT 96
G5243 | GGAGCGTAATGTTGGCATAATC | CTAGCTTCATTGCCCTCTTCT 96
G17063 | AACTCAGACCGAGTCAACAAG GAGTTCTCCGTTCCACTCAAA 126
G4633 | GTCACGCTGGTACTCGTATTT CCGTGTCGGGATCAAAGTT 114
G14749 | CGGCCAGTTGTTGGTCTAAT GCAGGTGAGTTCAGTCTCTTC 88
G17337 | TGAAGGCGCTGAGGATTAAG TAGCTCAGTCGACATAGTAGGG | 101
G18019 | TATAGGTGAGACCCGAACCTAC | CCGCAGTTACCACAGAAGTT 78
G16581 | CATCTTCGCGACCTTCAATCT TCATGGCGTTGGTCTTCTTC 113
G2070 | CGGTAGGTCCTTGTTCTTCTTC CTCGTATCATCAACGTGTCCAG | 92
G11668 | CCGAGAATGTCCATCTCCTAAAC | CGATAACAGTCTCTCCAGCTTTC | 144
G14661 | CATACGCAGGTGCAGAAAGA GATTGACCAGCTCTGGGAATAG | 117
G1443 | GCAGGATCATGCTTCTCATACT ACAGTGCCTTAAGCCTCATATC | 129
G4637 | GTTCAACGTCACAGTCCTCATC GCGGCTATGGTGGTCAATATAC | 95
G1781 | CCAGAGCCTCGATATCTCTGTA CAAGTGTCTCCTCGTCCATTATC | 86
G17308 | CCTGAGATTTCTGGTCTGAGTG CGAAGTCCTCCTTACCATTCTC 127
G13126 | CGTTGCAGCCTCCAGATAA GGCTCTGTTGATGGCACTAT 96
G5244 | GCTTGGCTCAACGACTATTTC CATGTTTGCTCACCCTTGAC 119
G17064 | CGGATGATGACGAGGAGATTAC | CGAGCCTCATGCTGGATTAT 100
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Gene Forward Primer 5' - 3' Reverse Primer 5' - 3' Amplicon
ID length (bp)
G16843 | GTTCTCTACTCCTGTGGTTGTG CTGCAGGAGGTGTTGAAACT 99

G9742 | CATCAGCGACTTGGAAGACTAC | CCTGAACATCGCGCTCAATA 87

G3905 | CGAGCTGATACTCTGGTTCTTC CGCTCTTGTCAACCCAGTTA 83
G17062 | GTCGTGGCTCTTCGGTAAAT GTCTTCTCGGTCACCTCAAAC 104
G16397 | CCGATGAAACCCGTGTATGT GTGATTGTCGGGCGTTCTAT 119
G9749 | GCAACACGGATCAAGGGAAT GGAAGCCAGCTCCAAGAAATAG | 98

G7914 | GAGACGACATCATCCCGATTC TGCTTCCTTTCCTCATCTGTC 100
G14232 | GAGACGACATCATCCCGATTC TGCTTCCTTTCCTCATCTGTC 100
G14616 | GGAATGCAGATCGACCTTGT CAGGTTCCTGTACTCTGGAATG | 114
G10333 | GCATCGATGAGCAGTGTCTTA GACCTCACTGGCTACGAATATG | 104
G12645 | CGGTGGTTTAGATAGTCGTCAG | CACAGCAACTCCGGTATCTT 103
G13853 | CTTCCAGCTTCGTTGTAGACTC CCTCAGTGAATGCCACACTATC | 102

EF-1 TGAGTTCGAGGCTGGTATCT CACTTGGTGGTGTCCATCTT 110
GAPDH | CCACCGTCCACTCCTACACT GAGCTCAGGAATGACCTTGC 146
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