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Abstract

The oomycetes are heterotrophic, filamentous protists that share morphological
similarities with some fungi, but according to phylogenetic evidence, are actually
relatives of diatoms and brown algae, within a different eukaryotic supergroup
(Stramenopiles) (Forster et al., 1990; Leclerc et al., 2000; Hudspeth et al., 2000;
Hudspeth et al., 2003; Thines et al., 2007; McCarthy and Fitzpatrick., 2017).
Horizontal Gene Transfer (HGT) from fungi to oomycetes has been previously
suggested to have played a role in the evolution of osmotrophic and
phytopathogenic traits during divergence of the oomycete lineage; such transfers
include secreted proteins predicted to degrade plant cell wall-specific substrates
—these are the initial barriers to pathogen invasion as well as an abundant source
of fixed carbon (Torto et al., 2002; Belbahri et al., 2008; Richards et al., 2011;

Savory et al., 2015).

The HGTs are largely expanded in hemibiotrophic oomycetes, and their
selective benefit is suggested by subsequent gene duplications following
acquisition (Richards et al., 2011; Savory et al., 2015) - giving rise to paralogs
hypothesised to possess functional differences. Bioinformatics and
computational analysis of laterally-transferred Glycoside Hydrolase 10 (GH10)
and GH12 in Phytophthora sojae (oomycete hemibiotrophic parasite of soybean)
discovered unique differences amongst paralogs — P. sojae_482953 (GH12
xyloglucanase) encodes a significantly disordered, 186 amino acid ‘tail’, which
improves the enzymatic activity of the protein towards xyloglucan when
heterologously-expressed in Saccharomyces cerevisiae. Interestingly, knockout
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of the gene encoding P. sojae_482953 in vivo did not affect the ability of P. sojae
to utilise xyloglucan as a sole carbon source, indicating that gene duplication
events are also an important mechanism for transcriptional fidelity and
maintenance of function. A second GH12 paralog, P. sojae_ 559651 was
predicted to encode a ‘second’ carbohydrate-binding site, with the prediction
being conserved for orthologs encoded by P. cactorum and P. nicotiniae;
interestingly, two indels (coding for alanine and serine) were identified as being
important for the prediction, and their removal abolished the second binding site
prediction for all three proteins. Functional diversification of variant paralogs post-
HGT was also suggested by differences in oligosaccharides released from
xyloglucan breakdown by P. sojae_559651 and P. sojae_482953 proteins using
mass spectrometry. Taken together, this work extends our understanding of the
functional significance of gene duplication post-HGT in hemibiotrophic

oomycetes.

Of further interest is how N-terminal signal peptide sequences affect the
transferability of secreted proteins by cross-phylum HGT — this work has
optimised a functional agar plate screen (and demonstrated a promising micro-

droplet approach) in order to explore signal peptide evolution in future work.
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Chapter 1

Introduction

1.1 What are the oomycetes?

The oomycetes are a diverse group of heterotrophic, filamentous protists that
include plant, fungal and animal parasites, as well as saprotrophs that acquire
nutrients from decaying matter (Beakes et al., 2012). They share biological and
morphological similarities with some fungi (such as filamentous growth and an
absorptive mode of osmotrophic nutrition), and as a result, were once classified
in the same kingdom (Ainsworth., 1961). Later, analysis of conserved DNA and
protein sequences (including the nuclear-encoded small-subunit ribosomal DNA
(rDNA) (Forster et al., 1990), large-subunit rDNA (Leclerc et al., 2000), and the
mitochondrial-encoded COX2 (Thines et al., 2007; Hudspeth et al., 2000;
Hudspeth et al., 2003)), as well as analysis of expressed sequence tag (EST)
data (McCarthy and Fitzpatrick., 2017), all provided strong phylogenetic evidence
that the oomycetes branch separately to the “true” fungi. With accepted divergent
ancestry, it was later believed that oomycetes and fungi independently evolved
similar biological and morphological traits, and so some of their similarities may
be due to convergent evolution (Latijinhouwers et al., 2003; Money et al., 2004).
Now oomycetes are classified within the diverse stramenopiles lineage (also
known as heterokonts), within the Stramenopiles-Alveolata-Rhizaria (SAR)

eukaryotic supergroup (Riisberg et al., 2009).
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Oomycetes are characterised by bi-flagellated motile zoospores - with one
of the flagella, the anterior “tinsel” flagellum, being a characteristic of the
stramenopiles/heterokonts (Cavalier-Smith., 1986). The stramenopiles once
belonged to the polyphyletic Chromista kingdom (protists possessing plastids
(the photosynthetic organelles) that contain chlorophyll c) (Cavalier-Smith.,
1981), but when the kingdom was later refined, they were assigned to the
Chromalveolata supergroup (including organisms that are proposed to be
descended from a single secondary endosymbiosis involving a red alga and a
bikont) (Cavalier-Smith., 1999; Keeling., 2009). However, contrary to the early
analyses (e.g. Yoon et al., 2002), monophyly for the Chromalveolata has since
been rejected (Harper., 2005; Rice and Palmer., 2006; Janouskovec et al., 2010;
Gaston and Roger., 2013) — but multiple phylogenetic analyses currently support
monophyly of the SAR supergroup (Moreira et al., 2007; Hackett et al., 2007,
Gaston and Roger., 2013). When the draft genomes of two oomycetes
(Phytophthora spp.) were published (Tyler et al., 2006), it was suggested that the
stramenopiles descended from a photosynthetic ancestor (based on identification
of encoded genes of ‘algal’ origin in the oomycete genomes) (Tyler et al., 2006).
However, the oomycetes are aplastidic and, in contrast to the earlier
chromalveolate hypothesis (proposing a common ancestor that engulfed a red
alga, followed by multiple secondary plastid losses within descendant
heterotrophic lineages (Cavalier-Smith., 1999)), there is currently insufficient
evidence for relic plastid genes within available oomycete genomes (Stiller et al.,

2009; Wang et al., 2017).

Oomycetes branch sister to the hyphochytriomycetes (also

stramenopiles), which likewise share similarities with fungi, but unlike oomycetes,
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some have undergone secondary loss of their posterior flagellum (Cooney et al.,
1985). Together, the oomycetes and the hyphochytriomycetes are classified in
the phylum Pseudofungi (Cavalier-Smith., 2006); phylogenies of nuclear-
encoded genes show that the Pseudofungi form a sister group to photosynthetic
stramenopiles, including diatoms and ‘golden-brown’ algae (Moreira and Lopez-
Garcia., 2002; Cavalier-Smith and Chao., 2006; Derelle et al., 2016). Although,
this is conflicted by phylogenies using mitochondrial-encoded genes, which
suggest the Pseudofungi form a sister group to other heterotrophic stramenopiles
(Secq et al., 2006; Tsui et al., 2009; Leonard et al., 2018). Taken together, the

oomycetes photosynthetic ancestry remains ambiguous.

The earliest known evidence of oomycete (or ‘oomycete-like’) structures
in the fossil record dates back to the Devonian period (between 400 and 360
million years ago (Ma)) (Krings et al., 2011) — although molecular clock estimates
suggest oomycetes could date back further to the Silurian period (the shortest of
the Paleozoic Era; between 440 and 410 Ma) (Matari and Blair., 2014). The
Silurian period was characterised by a significant evolutionary transition of
multicellular life from marine to terrestrial environments - after which came huge
diversification of terrestrial life into the Carboniferous period (between 360 and
300 Ma), and a major shift in atmospheric oxygen levels (up to 35%). Strullu-
Derrien et al. (2011) provide evidence of oomycete plant parasitism during this
time - identifying fossilised Combresomyces williamsonii within tissues of the now
extinct seed fern, Lyginopteris oldhamia (Strullu-Derrien et al., 2011). It is
estimated that the two major oomycete lineages (the saprolegnialean and
peronosporalean branches) diverged in the early Mesozoic Era between 225 and

190 Ma, which was ~200 Ma after the first appearance of oomycetes in the fossil
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record (Matari and Blair., 2014). Current phylogenetic evidence demonstrates the
presence of some marine species within the predominantly terrestrial oomycete
branches (e.g. Pythium porphyrae, which infects red seaweeds, and
Myzocytiopsis vermicola, which infects marine nematodes (Newell et al., 1977)).
Therefore, it has been proposed that the oomycetes could have transitioned from
marine environments to the land via parasitism of nematodes in terrestrial soil, or
through colonisation of early coastal plants (Beakes et al., 2012). However, it
should be noted that the two deeply-diverging peronosporalean clades, the
Rhipidiales and the Albuginales, are (according to current sampling) exclusively
terrestrial — therefore the origins of the ‘higher’ marine oomycete species is as

yet not fully understood (Beakes et al., 2012).

1.2 Oomycetes and Fungi

Although traditionally included in the Kingdom Fungi, molecular phylogenetics
has demonstrated a divergent and paraphyletic evolutionary relationship between
the oomycetes and fungi (Forster et al., 1990; Leclerc et al., 2000; Thines et al.,
2007; Hudspeth et al., 2000; Hudspeth et al., 2003; Baldauf and Palmer., 1993).
Morphologically, the oomycetes appear similar to fungi; for example, both grow
filamentously during vegetative lifecycle phases, and the vegetative bodies of
both fungi and oomycetes are composed of mycelium (the complex networks of
hyphae that are used for dispersal, reproduction, and nutrient acquisition
(Richards et al., 2006)). Being heterotrophic organisms, most fungi and
oomycetes feed exclusively by an osmotrophic mode of nutrition (Richards et al.,
2017); this involves the secretion of depolymerising enzymes outside of the cell,
with the function of breaking down complex molecules into smaller units (e.g.

monomers that include simple sugars, amino acids, and fatty acids), which are
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subsequently transported into the cell to derive energy for important cellular
processes. Interestingly, Rozella, the as-yet only culturable member of the
deeply-diverging fungal clade, Cryptomycota (Jones et al., 2011), feeds
osmotrophically but lacks the hallmark characteristic fungal cell wall during its
trophic phase (conceptually referred to as ‘no jacket required’) — a phenomenon
thought to be due to convergence and adaptation to life as an intracellular
parasite (James and Berbee., 2011). Whilst earlier described as ‘intermediates’
between fungi and ancestral protists (Jones et al., 2011), it is possible that that
the cryptomycota are a deeply-diverging ‘enigmatic’ fungal lineage (capable of
producing chitin-rich cell walls during immature spore growth (James and
Berbee., 2011)) — blurring our understanding of the early evolution of fungal
characteristics. Nevertheless, both fungi and oomycetes obtain nutrients by
absorption from external environments (or by invading the body of another
organism), and they have in common some membrane transporter families for

nutrient uptake (e.g. Chothia et al., 2003; Savory et al., 2018).

Despite sharing similar morphological features, there are also important
differences between the oomycetes and fungi. Early biochemical studies
suggested that oomycete cell walls are more similar to those of Vaucheria
(yellow-green alga) than to fungi (Parker et al., 1963), and it has been
demonstrated that oomycete cell walls are predominantly composed of cellulose,
with some B-1,3 and 3-1,6-linked glucose polymers, and small amounts of chitin
(<1%) (Bartnicki-Garcia., 1966; 1968 and 1969). Conversely, chitin is the major
structural component of most fungal cell walls. Interestingly, oomycetes do
express chitin synthases during hyphal tip morphogenesis (Levesque et al., 2010;

Guerrieo et al., 2010), suggesting that the chitin polysaccharide plays a role
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during oomycete-host (or environment) interactions. Unlike fungi, which grow as
haploid vegetative hyphae (although some exceptions do exist) (Levesque et al.,
2010; Emerson., 1941), the oomycetes’ vegetative phase is diploid, and the cells
only become haploid nuclei transiently in the gametangia during sexual
reproduction. There is no dikaryotic phase in the oomycete lifecycle, as gametic
nuclei fuse to form a diploid zygote and oomycete sexual spores (known as
oospores) are formed on terminal hyphae - each containing one viable zygotic
nucleus. Oomycete asexual spores (known as zoospores) are biflagellated (with
the anterior tinsellated flagellum being a defining characteristic of the heterokonts
(Cavalier-Smith., 1986)) - this is unlike many members of the Kingdom Fungi,
which lack flagella (with an exception being the ‘chytrids’, which produce singular-
flagellated gametes (zoospores)) (Van der Auwera et al., 1995). Other major
morphological distinctions between the oomycetes and fungi include the structure
of their inner mitochondrial membranes, as the oomycetes possess tubular
cristae (like animals), whereas fungi possess flattened cristae (like many other
eukaryotic groups) (Taylor., 1978), and the structure of their hyphae (where
oomycete hyphae are always non-septate/aseptate, i.e. not divided into separate

cells, as in most fungi (Latijnhouwers et al., 2003)).

Differences in biochemical pathways have also been identified between
the oomycetes and fungi (Vogel., 1960 & 1961; LeJon., 1971), including in
enzymes involved in the lysine biosynthetic pathway, which, in oomycetes, is
more similar to higher plants than to fungi. It should be noted that the two
described lysine biosynthesis pathways (the diaminopimelate (DAP) pathway
(present in bacteria, plants and algae (Velasco et al., 2002; Hudson et al., 2005)),

and the a-aminoadipate (AAA) pathway (present in fungi (Miyazaki et al., 2004)),
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have complex evolutionary histories (likely due in part to horizontal/lateral gene
transfers) — for example, a core DAP gene (lysA) is encoded by multiple
opisthokonts, and a core AAA gene (AAR) is encoded by a marine protist

(Sumathi et al., 2006; Torruella et al., 2009).

1.3 Current division of the oomycetes

The oomycetes are composed of multiple ecologically-destructive species
(Beakes et al., 2012). Although many species remain unsampled, based on
current data the oomycetes can be divided into two broad subclasses — the
deeply diverging, Saprolegniomycetidae (also known as the “water molds”, all
known members of this group are aquatic in habitat (with the exception of
nematode-infecting species (Hakariya et al., 2007))), and the
Peronosporomycetidae. The Saprolegniomycetidae include the orders
Eurychasmales, Leptomitales, and Saprolegniales; the Saprolegniales include
ecologically-destructive fish pathogens of both marine and freshwater
environments — diseases caused by Saprolegnia parasitica, for example,
contribute to major losses in aquaculture (van West., 2006)). Also included in the
saprolegnian branches are animal and plant pathogens of the Aphanomyces
genus (Jiang and Tyler., 2012; Kamoun., 2003). Within the genus Albugo, which
forms part of the Albuginales order, are obligate biotrophic microbes that cause
“white blister rusts” in crops of the Brassicaceae family (these are flowering plants
also known as the mustards, crucifers, or cabbages) (Kemen et al., 2011; Links
et al.,, 2011). The Peronosporomycetidae include the orders Rhipidiales,
Pythiales, and Peronosporales (with the Pythiales and Peronosporales being
mainly associated with terrestrial environments (Jiang and Tyler., 2012)). The

Peronosporales include some of the best-characterised oomycetes to date - the
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diversity in oomycete microbial forms includes obligate and non-obligate
parasites of the order Pythiales, including plant pathogens of the Pythium genus
(containing necrotrophic pathogens that cause disease by killing host plant cells),
and of the Phytophthora genus (containing hemibiotrophic pathogens that live
biotrophically with their plant hosts before switching to a necrotrophic phase). The
majority of the Peronosporales are phytopathogens (with the exception of some
Pythium species, which infect animals and some fungi (Gaastra et al., 2010;

Benhamou et al., 2012)).

Plant pathogenicity is thought to have evolved independently in multiple
oomycete lineages (Thines and Kamoun., 2010), and plant host ranges vary
widely; for example, Pythium spp. (the causative agents of root rot and ‘damping
off’ of seedlings) can have a broad host range, (such as P. ultimum, which infects
soybean, corn, and wheat), or can show some host preferences (such as P.
arrhenomanes) (Adhikari et al., 2013). Interestingly, differences in temperature
‘preferences’ amongst Pythium spp. have also been observed, such as increased
virulence of P. ultimum and P. aphinidermatum associated with higher
temperatures, whilst P. iwayamai and P. irregulare seem to be more virulent at
lower temperatures (Adhikari et al., 2013). The order Peronosporales includes
phytopathogens of the genus Phytophthora (from the Greek meaning ‘plant
destroyer’), which is the most studied oomycete genus to date, and so far
contains over 100 known species affecting a range of agriculturally- and
ecologically-important plants). Again, host ranges vary within the genus - some
important diseases caused by Phytophthora spp. include late blight of potato (P.
infestans (causal agent of the Irish potato famine in the 1840s)) (Van West and

Vleeshouwers., 2004), sudden oak death (P. ramorum) (Tyler., 2006), and root
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rot of soybean (Glycine max) (P. sojae) (Tyler., 2007). International
transportations of plants has spread many species of Phytophthora away from
natural areas of origin, and invasive species have been known to cause
devastation to natural ecosystems (Hansen., 2008). In particular, the
hemibiotroph, P. sojae is among the most important species of phytopathogenic
oomycetes of economic importance (Kamoun et al., 2015), with around 20.5
million metric ton losses of crops due to root and stem rot since 1996 (Dorrance.,

2018).

1.4 The oomycete life cycle

Oomycetes predominantly grow as branched aseptate hyphae, about 4-8 uM in
diameter, collectively known as mycelia. The hyphae differentiate into sporangia,
which are vessels containing motile spores, or zoospores; each sporangium can
release 20-30 single-celled zoospores, which are the oomycetes’ asexual means
of dispersal. Spores possess dual flagella (one anterior ‘whiplash’ flagella, and
one posterior ciliated flagella) — both thought to contribute to tighter control of
motility. In the case of oomycetes that form close associations with host plants, it
is thought that zoospores can ‘swim’ through soil or water films for hours (at 125-
150 um s1) (Ho and Hickman., 1967), until chemotactically attracted to host cells
through recognition of secreted, specific host molecules (isoflavones released by
the roots, in the case of P. sojae) (Morris & Ward., 1992; Morris et al., 1998).
Once at the surface of a host cell, the flagella retract and zoospores attach to the
surface, form a cell wall, and encyst. Germination of cysts leads to filamentous
growth (i.e. extensions of hyphae), that penetrates the host cell. Hyphae extend
throughout host cells, whilst digestive enzymes are secreted to break down and

utilise host-derived substrates for growth (e.g. carbohydrates of the plant cell wall
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that provide a source of fixed carbon). Oomycetes have evolved sophisticated
systems for interacting with their plant hosts, including the release of various
classes of proteins that promote virulence - of particular interest to this work is
how oomycete systems have evolved for breaking down and feeding on plant-
specific substrates. Other important systems include those that trigger the
oomycete sexual cycle, for example - when host substrates have been digested
and nutrient sources have been depleted, oomycete cells undergo sexual
reproduction - initiated when meiosis occurs in terminal hyphal cells,
differentiating into female ‘oogonium’ and male ‘antheridium’ haploid gametes
(coincident with stage-specific gene expression (Fabritius et al., 2002; Lamour
and Kamoun., 2009). The cells mate via a fertilisation tube, giving rise to the
zygote, known as an oocyte. It has been observed that oospores (derived from
oocytes) have a thicker cell wall and are significantly more resistant to desiccation
than zoospores (Lamour and Kamoun., 2009), suggesting that sexual
reproduction in oomycetes plays an important role in ensuring survival - by

allowing the organism to remain dormant during times when nutrients are limited.

1.5 What are hemibiotrophs?

Phytopathogens utilise a wide variety of infection strategies to penetrate host
cells and avoid immune recognition. Biotrophs, for example, must maintain a
close relationship with host plants without disrupting cells - instead extracting
essential nutrients from the host cell environment, whilst withstanding (or
avoiding triggering) the host immune response. Biotrophs take up nutrients from
living cells through structures called haustoria, which are differentiated hyphae
that penetrate the plant cell wall, but do not enter the cytoplasm (Mendgen and

Hahn., 2002; Latijnhouwers et al., 2003; de Writ., 2007; Kabbage et al., 2015) —
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for example, the obligate biotrophic fungus, Blumeria gramminis (powdery mildew
of barley), extracts glucose from host cells and uses it to synthesise glycogen
(Both et al., 2015). Interestingly, biotrophs lack some genes involved in the
biosynthesis of metabolites, such as the obligate biotrophic oomycete,
Hyaloperonospora arabidopsidis and basal-branching oomycete, Albugo
laibachii, which lack some genes involved in sulphur and nitrogen synthesis
pathways (Meadows., 2011). For example, A. laibachii has lost an entire
molybdopterin biosynthesis pathway — molybdopterin is an essential cofactor for
sulphite oxidase and nitrate reductase function, whilst A. laibachii and H.
arabidopsidis have both lost a molybdenum-dependent nitrate reductase,

involved in the reduction of nitrate to nitrite (Kemen et al., 2011).

Generally, many biotrophs have also lost genes associated with
pathogenesis, including reduced numbers of plant cell wall-degrading enzymes
and genes required for toxin production (Kabbage et al., 2015), suggesting the
genomes of biotrophs reflect their lifestyle, i.e. maintenance of long-term
interactions with hosts, as well as the requirement to be largely ‘undetected’ as a
pathogen (Micali et al., 2008; Kemen and Jones., 2012). On the other hand,
hemibiotrophs maintain only an initial biotrophic existence with their hosts,
causing very little damage and suppress host cell death during this phase. Most
hemibiotrophs also produce haustoria, although some may develop intracellular
hyphae, to facilitate early spreading throughout intact plant tissues,
asymptomatically (Oliver and Ipcho., 2004; Divon and Fluhr., 2006). However,
the biotrophic lifestyle later switches to necrotrophy, where necrotrophic microbes
kill host cells and extract nutrients from dead tissues; necrotrophy is

characterised by the development of secondary extracellular hyphae that rapidly
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spread throughout tissues, and the breakdown of host cell walls through
increased secretion of plant cell wall-degrading enzymes - facilitating both
nutrient uptake and parasitic colonisation (Latijnhouwers et al., 2003; Oliver and
Ipcho., 2004; Kabbage et al., 2015). There is some ambiguity around the term
‘hemibiotroph’ in the literature (specifically, whether biotrophic and necrotrophic
phases are distinct or overlapping); studies by Dufresne et al. (2000), involving
random mutagenesis of the hemibiotrophic fungus, Colletotrichum
lindemuthianum, identified a GAL4-like transcriptional activator, named CLTAL,
which was shown to play a role in reprogramming host cell metabolism and
proposed to be a gene involved in facilitating the hemibiotrophic ‘switch’ in
lifestyle from biotrophy to necrotrophy (Dufresne et al., 2000; Oliver and Ipcho.,
2004; Krola et al., 2015). Conversely, studies involving the oomycete P. infestans
suggest that an effector, SNE1 (expressed during biotrophic growth), acts as an
antagonist for other necrosis-inducing effectors, regulating the change from
biotrophy to necrotrophy (Kelley et al., 2010). Despite their evolutionary
divergence from one another, due to some shared biological similarities between
the oomycetes and fungi, it is interesting to compare their systems for interacting
with plants, and more specifically to this work - to better understand how

osmotrophic phytopathogenic oomycetes evolve to feed on their hosts.

Currently, over 20 ‘complete’ oomycete genomes spanning a range of
lifestyles are publically available for analysis. Of the hemibiotrophic genus,
Phytophthora, these include P. sojae (95 Mb; Tyler et al., 2006), P. ramorum (65
Mb; Tyler et al., 2006), P. infestans (240 Mb; Haas et al., 2009), P. capsici
(Lamour et al., 2012), and P. lateralis (44 Mb; Quinn et al.,, 2013); of the

necrotrophic Pythium genus, these include P. ultimum var. ultimum (Levesque et
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al., 2010), P. vexans, P. ultimum var. sporangiiferum, P. aphinidermatum, P.
arregenomanes, P. irregulare and P. iwayamai (Adhikari et al., 2013), and of the
obligate biotrophic oomycetes, these include A. laibachii (Kemen et al., 2011), H.
arabidopsis (Baxter et al., 2010), and A. candida (Links et al., 2011). It is thought
that around 8000-9500 ‘core’ genes are conserved among oomycete species
(Haas et al., 2009; Seidl et al., 2012), therefore, up to half of some genomes are
variable — largely due to gene loss, horizontal gene transfers, and/or gene family
expansion, resulting in novel genome partitioning into regions of low or high gene
density. Size expansion of Phytophthora spp. genomes is thought to be caused
by repetitive DNA sequences (Tyler et al., 2006; Haas et al., 2009) - some
sequences in gene-sparse, repeat-rich regions have been hypothesised to be
under higher selection pressures (and therefore evolve ‘faster’) - such dynamic
regions are also associated with higher numbers of pathogenicity-related genes
(Haas et al., 2009; Raffaele et al., 2010). Furthermore, Dong et al (2015) discuss
the concept of ‘two-speed genomes’ of filamentous pathogens, where the
bipartite structure (gene-rich vs gene-sparse regions) is hypothesised to foster a
higher opportunity for adaptive evolution (in the gene-sparse regions) (Dong et

al., 2015).

Leonard et al. (2018) have recently published the draft genome of and
demonstrated that many gene families associated with plant parasitism in the
oomycetes appear to be absent in free-living sister Hyphochytrium catenoides
(Richards et al.,, 2011; Leonard et al., 2018) - consistent with independent
evolution of these traits within the lineage (e.g. Thines and Kamoun., 2010). It
has been proposed that multiple Horizontal Gene Transfers (HGTs) from fungi

have contributed to the evolution of plant parasitic traits in the oomycetes (Torto
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et al., 2002; Richards et al., 2006; Belbahri et al., 2008; Richards et al., 2011;

Misner et al., 2015; Savory et al., 2015).

1.6 What is Horizontal Gene Transfer (HGT)?

Organisms evolve or adapt to new environments by natural selection, traditionally
involving spontaneous genetic mutations that are transferred vertically from
parents to progeny (via sexual or asexual reproduction). In this case, a genome’s
evolutionary history would be expected to reflect that of the organism’s lineage.
Consequently, acquisition of novel traits is limited by the constraints of the
existing genetic variation, as well as the rate at which new mutations are
introduced into a lineage. So specific traits may be restricted to lineages that
encode the necessary genetic precursors, as well as requiring some evolutionary
time for ‘meaningful’ mutations to accumulate and undergo selection — allowing
novel, adaptive traits to arise. However, analysis of genomes reveal they are
dynamic in size and content, reflecting the genes that have been lost, gained, as
well as differences in evolution rates (due to genes having differing selective
pressures). Genes can be acquired through duplication events or from foreign
transfers from ‘donor’ organisms. The transfer of genes among groups of
organisms with divergent evolutionary histories can enable organisms to
hypothetically ‘bypass’ some of the constraints associated with vertical evolution,
and lead to the acquisition of novel genetic material for natural selection to act on
- and also has the evolutionary advantage of increasing the overall genetic
diversity of species pan-genomes (the total set of genes across all of the strains
of a single species). The reshaping of a species genome (or genotype), and the

resulting phenotype, can therefore allow recipients of gene transfers to explore
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novel ways of functioning in otherwise unexplored/diverse sequence space (E.g.

Soanes and Richards., 2014).

Horizontal gene transfer (HGT), also known as Lateral Gene Transfer
(LGT), involves the transmission of genetic material between unrelated species,
in the absence of sexual reproduction — in other words, gene evolution which
appears to contradict the known or accepted species phylogeny. In principle, this
could occur between any two organisms that encode DNA, and the recipient of a
HGT may have a very different evolutionary history to that of the donor (Doolittle.,
1999; Syvanen., 1985). In 1960, Akiba et al. demonstrated transfer of drug-
resistance phenotypes between Escherichia coli and Shigella species,
suggesting the possibility of HGT occurrence between bacteria in the human
intestinal environment (Akiba et al., 1960); subsequently, mechanisms of
prokaryote exchange of genetic material have been well described, including
transformation, transduction and conjugation (Thomas and Nielsen., 2005;
Zhaxybayeva and Doolittle., 2011). It is generally accepted that HGT is common
and frequent between prokaryotes, and that these recurrent events of gene gains
(and losses) contribute to speciation, genomic plasticity and environmental
adaptation (Ochman et al., 2000; Boucher et al., 2003; Jain et al., 2003). A large
proportion of genes in some prokaryote genomes (up to 80%) are thought to have
been transferred laterally (intradomain HGT (i.e. prokaryote to prokaryote))
during their evolution (Dagan et al., 2008). HGT is thought to be so ubiquitous in
prokaryotes, that it is often the main source of ambiguous species phylogenies
(which has been suggested to limit our current inference and understanding of
organism evolutionary relationships for bacteria (and archaea)) (Doolittle et al.,

2016).

Page | 34



Although once thought to be infrequent, HGT into the eukaryotes has also
become increasingly recognised as an important evolutionary mechanism driving
adaptation (e.g. Hirt et al., 2015; Soanes and Richards., 2014) — although its
study has, perhaps in part, been previously overshadowed by the study of HGT
amongst bacteria, for which there are considerable sequenced genomes
available for analysis. Over evolutionary time, bacteria have been associated with
eukaryotes (for example, as parasites or symbionts), but have also influenced
eukaryote biology through transfers of novel DNA. However, despite increasing
evidence, there has been a problematic history of prokaryote-eukaryote HGT -
due to past misattributions of HGT into the human genome (Salzberg et al., 2001;
Salzberg et al., 2017), and into a tardigrade genome (Arakawa., 2016). This
reflects the importance of robust analysis for the hypothesis of prokaryote-
eukaryote HGT (and consideration of microbial contamination in eukaryote
genome projects by, for example, looking at hypothesised HGT gene linkage to
vertically-derived genes). Nevertheless, the recent increase in genomic datasets
has made it possible to extensively screen more eukaryote genomes for evidence
of horizontally-transferred genes, and has demonstrated that HGT (once
considered a rare occurrence in eukaryotes), has also been common in these

organisms.

HGT from bacteria to eukaryotes has been described previously, most
significantly being endosymbiotic gene transfers from organellar genomes to the
nuclear genome (Margulis., 1970; Martin et al.,, 2001) - improving our
understanding of the origin and evolution of eukaryotic genomes (Keeling and
Palmer., 2008). Horizontally-acquired genes have been found in both unicellular

and multicellular eukaryote genomes (Andersson., 2009; Richards et al., 2009),
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HGT of metabolic genes have been identified in parasitic microbial eukaryotes
(Hirt et al., 2015; Alsmark et al., 2013), and pathogenicity genes (for example,
those encoding secreted cell wall-degrading enzymes) of soil-borne bacterial
origin, have been found in the genome of plant-parasitic nematode, Meloidogyne
incognita (Danchin et al., 2010). Marcet and Gabaldon. (2010) suggest that more
than 700 genes of prokaryote origin are present in fungi, mostly in a subdivision
of the Ascomycota (the Pezizomycotina) (Marcet and Gabaldon., 2010) -
suggesting bacteria have been an important source of genetic material
throughout eukaryote evolution. HGT of ice-binding proteins to the green alga,
Pyraminmonas gelidicola (Raymond et al., 2012), and to the diatom,
Fragilariopsis cylindrus (Mock et al., 2017), also provide good examples of gene
transfer events from bacteria that have enabled eukaryotes to colonise variant

environments.

Interestingly, eukaryotes have also acquired genes from bacteria that
function to target other bacteria, such as a bacterial lysozyme family with
antibacterial function (Metcalf et al., 2014) — an evolutionary phenomenon
described as ‘the eukaryotes strike back’ (Dunning et al., 2014). Other interesting
examples of bacterial defence-related genes acquired by eukaryotes and re-
purposed for eukaryote (fungal) attack have also been described, such as
secreted proteins in the oomycete, Aphanomyces euteiches (AeCRN13) and the
fungus, Batrachochytrium dendrobatidis (BACRN13), which were shown to
induce DNA damage in host nuclei (Ramirez-Garces et al., 2016). In the
oomycetes, bacterial metabolic genes involved in amino acid metabolism have
been identified in Phytophthora spp. (Whitaker et al., 2009), in addition to

secreted cutin-degrading enzymes that are proposed to have Actinobacterial
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origin (Belbahri et al., 2008). HGT of a secreted endoglucanase from bacteria has
also been identified in basal Saprolegniales, Achlya hypogyna and Traustotheca
clavata (Misner et al., 2015). Additionally, McCarthy and Fitzpatrick (2016)
demonstrate five well-supported examples of HGT into the oomycetes from
bacterial species, including metabolic genes, a secreted protein, and enzymes
involved in degrading xenobiotics (McCarthy and Fitzpatrick., 2016). Fungal-
oomycete HGTs have also been described. Of significant interest to this work are
the secreted proteins acquired by oomycetes with a strong functional trend
towards degradation of plant cell wall-specific substrates (Torto et al., 2002;
Richards et al., 2006; Belbahri et al., 2008; Richards et al., 2011; Misner et al.,
2015; Savory et al., 2015). Laterally-transferred oomycete transporter proteins
with proposed fungal origin and involved in metabolic uptake have also been
described and characterised previously (Richards et al., 2011; Savory et al.,

2015, 2018).

HGT can lead to the acquisition of new genes, paralogs of existing genes
(known as ‘xenologues’ (Fitch., 1970)), or the displacement of existing genes by
laterally-transferred orthologs. As such, HGT events can be broadly split into two
categories, ‘maintenance’ transfers and ‘innovative’ transfers (Husnik and
McCutcheon., 2018). The definition of maintenance transfers are those that
maintain (or replace) a pre-existing function (such as those involving functions
encoded by endosymbionts (e.g. Husnik and McCutcheon., 2016)), whilst
innovative transfers are those in which the HGT encodes a new function to the
recipient (a novel innovation), providing an ability to colonise additional

environments (e.g. new nutritional sources, protection from other organisms, or
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acquisition of genes that may facilitate parasitism (Andersson et al., 2005;

Keeling and Palmer., 2008)).

Horizontally-transferred genes have been identified between species of
the same genus (Silva and Kidwell., 2000), of different genus (Won and Renner.,
2003), and between organisms of different domains (with, for example, some
interesting insights into dynamic viral-eukaryote associations (Monier et al.,
2017). Among plants, HGT events have been identified involving mitochondrial
genes (Bergthorsson et al., 2003; Won and Renner., 2003; Rice et al., 2013),
nuclear genes (Li et al., 2014; Mahelka et al., 2017), and genes involved in plant-
parasitic interactions (Davis and Wurdack., 2004; Mower et al., 2004). Recently,
Dunning et al. (2019) identified fifty-nine HGT events (from multiple donors) into
the grass Alloteropsis semialata, and demonstrated (by RNA-seq analysis) that
the acquisitions added functional diversity to the recipient genome (Dunning et
al., 2019). Richards et al. (2009) used a comprehensive bioinformatics approach
to identify five HGTs from fungi into plants, and four HGTs from plants into fungi
(including, for example, a putative two-domain zinc binding alcohol
dehydrogenase (Richards et al., 2009)). Eukaryote acquisitions of putative
virulence-associated genes (e.g. from one species of fungal pathogen to another
(Friesen et al., 2006; Gardiner et al., 2012)) also demonstrates the impact of HGT
to biological adaptation during eukaryotic evolution (and demonstrate that
eukaryote features, such as the presence of introns and the nuclear envelope,

are not barriers to HGT as once thought).

Whilst a large proportion of published HGT events involve the transfer of

single genes between species, there are also examples of transfers of
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Transposable Elements (TEs) (which can contain multiple genes). TEs are
widespread amongst most organisms (Craig and Craigie., 2002) and are naturally
mobile sequences of DNA that can move within a genome to different positions
— sometimes introducing sequence mutations, and often resulting in duplication
of their DNA at other locations within a genome, generating large numbers of
copies. TEs belong to two classes; Class | (retrotransposons), which are reverse-
transcribed by an RNA intermediate and integrated into the genome as a
duplicated copy, and Class Il (transposons), which are excised and directly
integrated back into another part of the genome. TEs, therefore, play important
roles in modifying genetic variation and genome size, and because they exist as
‘free molecules’ during transposition, they may be more amenable for HGT (e.g.
through close contact with vectors (e.g. viruses) that could mobilise them
(Piskurek and Okada., 2007)). Horizontal TE transfer has been described for the
P-element from Drosophila willistoni, ‘laterally’ transferred to D. melanogaster
and then to other species of Drosophila (Daniels et al., 1990; Haring et al., 2000).
In plants, a few cases of TE HGT have been described (e.g. Diao et al., 2006;
Fortune et al.,, 2008), expanding our understanding of eukaryote genome

evolution.

1.7 Mechanisms of HGT

For eukaryotes, transfer mechanisms of HGT depend on contact between the
donor and the recipient organisms (or the frequency of donor DNA in the
environment), the ability of a recipient to ‘take up’ and integrate foreign DNA into
its genome (i.e. recombination rates, as well as the genomic location of
integration), and the type of selection (e.g. positive, purifying, neutral) imposed

on the newly-acquired DNA (i.e. the rates of transcription and translation, that
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would then impact the functionality of the transferred gene) (Baltrus., 2013).
Interestingly, for phagotrophic eukaryotes, the ‘you are what you eat’ hypothesis
has been proposed to play a role in increasing the opportunity of HGT in predator-
prey relationships (Doolittle., 1998) - consistent with studies that have identified
prokaryote genes in phagotrophic eukaryote genomes (e.g. Andersson et al.,
2003; Archibald et al., 2003). However, evidence of HGT involving non-
phagotrophic fungi and oomycetes (and plants (Richards et al., 2009)), suggests
that overlapping ecologies or shared associations may also play an important role
in the frequency of HGT. In addition to proposed donor to recipient HGT transfers,
Richards et al. (2009) also demonstrate prokaryote to eukaryote gene transfer
followed by a eukaryote to eukaryote (plant to fungi, or fungi to oomycetes)
transfer — referred to as a ‘two-step serial gene transfer (Richards et al., 2009;

Richards et al., 2011).

Principally, foreign DNA could be integrated anywhere into a genome
where it does not disrupt an already existing functional genomic element (only if
that functional genomic element is essential). Previous studies have shown that
transferred genes are generally integrated into dynamic (gene-sparse) genomic
regions, often rich in transposons and retrotransposons, with the major
mechanism of integration in eukaryotes proposed to be non-homologous end
joining (NHEJ) (Leiber., 2010). As previously described, it is thought that these
dynamic, gene-sparse, repeat-rich regions of pathogen genomes are under
higher selection pressures and consistently, are associated with a greater

number of pathogenicity-related genes (Haas et al., 2009; Raffaele et al., 2010).
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Another important factor in acquisition of foreign DNA that eventually gains
functionality in the recipient could be the size of the acquired genetic material -
where shorter DNA sequences may be more amenable for integration and
expression in recipient genomes. For example, analyses of entire Wolbachia spp.
genomes that have been transferred to arthropod and nematode genomes, show
many transfers of DNA fragments resulting in high levels of ‘junk’ DNA (i.e.
pseudogene formation and eventual DNA deletion), as well as low expression
levels (Kumar et al., 2012; Choi et al., 2015). This is also true of fragments of
mitochondrial DNA in eukaryote nuclear genomes (called NUMTs, or NUclear
MiTochondrial DNA) (Lopez et al., 1994). Interestingly, on the other hand, a large
~1.5 Mb DNA fragment transferred from Wolbachia spp. to Armadillidium vulgare,
has been important in evolving a new female sex chromosome (successively
duplicated to 3 Mb) (Leclercq et al., 2016). Increased expression of integrated,
transferred DNA in eukaryotes can result from intron gain (Le Hir et al., 2003),
and/or subsequent tandem duplications. The latter is of significant interest to this
work — particularly how the increase in paralog number (resulting in multi-gene
families arising from single HGT events) influences both transcriptional dosage
and function (i.e. where some duplicates may be functional or non-functional, and
some may gain new or additional functions not encoded by the original HGT).
Functions of duplicated HGT gene families has not been extensively studied
previously, although clearly this phenomenon is evident (e.g. Richards et al.,
2009; Richards et al., 2011; Savory et al., 2015). Of the fungal-oomycete HGTs
relevant to this work (with putative functions in degradation of plant cell wall
carbohydrates), most have undergone subsequent gene duplication events —
demonstrated by identification of paralogous proteins in recipient genomes

(Richards et al., 2011., Savory et al., 2015). In this case, it is interesting to
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consider how the acquisitions by HGT have been under positive selection to
evolve the paralogs in recipient oomycetes, in order to digest host-specific

substrates with greater efficiency.

1.8 Barriers of HGT

Principally, there are physical and biological barriers to HGT (Thomas and
Nielsen., 2005). The maintenance (and fixation) of a newly acquired gene in a
recipient genome is limited by both the fithess advantage of the expressed gene,
and the fitness cost that is associated with expressing that gene — and so there
must exist a balance between both factors. Mechanistic costs can include, for
example, differences in codon bias! between the donor and recipient organisms,
or how complex the resulting protein-protein interactions are by expression of the
gene (Francino., 2012). To expand on the latter, Jain et al. (1999) propose ‘the
complexity hypothesis’, in which more complex genes (i.e. ‘informational’ genes,
such as those encoding functions related to transcription and translation) have
lower frequencies of HGT, when compared to ‘operational’ genes (encoding
proteins that interact with fewer gene products), which have higher observed
rates of HGT (Jain et al., 1999). Differences in codon bias between the donor and
recipient genomes is also a key factor in the efficiency of horizontally-transferred
gene expression. For example, using a heterologous expression approach,
Amoros et al. (2010) expressed three synonymous versions of the
chloramphenicol acetyl transferase (cat) gene in E. coli, and used this experiment

to demonstrate that the gene with the highest positive impact to chloramphenicol

1 Codon bias: the preferred (or optimised) usage of codons over alternate synonymous codons amongst

different types of genes in an organism’s genome (Behura and Severson., 2012).
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resistance in E. coli was the one which mirrored the bacterium’s own preferred
codon frequency (Amoros et al., 2010). It is assumed that rare (or mismatched)
codon usage slows down protein translation by introducing incorrect amino acids
into the nascent polypeptide, which then leads to subsequent misfolding of
proteins (Sorensen et al., 1989; Buchan., 2006; Hershberg and Petrov., 2008;
Qian et al., 2012). Misfolded, non-functional protein accumulated inside a cell
would have negative impacts to fithess, and force higher energy consumption to
activate the required protein degradation pathways to clear the protein
(Drummond and Wilke., 2008). The normal translation of other cellular proteins
may also be affected, through tRNA competition between multiple transcripts
(Frumkin et al., 2018). It has been suggested that tRNA copy number and codon
usage preferences co-evolved to optimise translation and protein folding (Sharp
et al., 2010; Gingold and Pilpel., 2011). It has been proposed that HGT genes
with mismatched codon usage can be maintained in recipient genomes by the
accumulation of synonymous mutations that drive codon bias in the favour of the
recipients codon preferences (Lawrence and Ochman., 1997, 1998; Garcia-
Vallve., 2003) - alternatively, synonymous mutations that increase the overall
efficiency of transcription and translation may also prove to be beneficial for the
acquisition of new genes. As such, HGT genes that are maintained and provide
functionality to the recipient will eventually follow the same fate as other evolved
eukaryotic genes —i.e. DNA sequence features will be ameliorated to match that

of the host genome.

Experimental evolution studies have also provided interesting insights into
recipient adaption to the acquisition of orthologous genes (by gene

displacement); for example, Lind et al. (2010) ‘transferred’ orthologous ribosomal
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genes into Salmonella typhimurium, and demonstrated an initial fithess cost to
the organism for their expression (demonstrated by low levels of protein
translation), however, experimental evolution resulted in increased expression of
the transferred genes, as well as increased translation quantity (via gene
duplications or mutations in promoter sequences) (Lind et al., 2010). Similarly,
Bershtein et al. (2015) ‘transferred’ an orthologous dihydrofolate reductase gene

into E. coli with comparable consequences (Bershtein et al., 2015).

1.9 Identification of HGTs

HGT can be inferred by detecting conflicting gene ancestries; this can be done
explicitly by reconstructing the gene phylogeny (sampling a diversity of taxa that
allows for comparison of gene phylogenetic relationships with established
species phylogenetic relationships). HGT can be hypothesised if the gene of one
species appears to share ancestry with genes from distantly related species
(Keeling and Palmer., 2008; Andersson., 2009), i.e. if the two genes share the
most recent ancestral node, with strong statistical support for the HGT gene
branching both with and within the donor group (Figure 1) (Richards et al., 2011;
Soanes and Richards., 2014). Alternative topology tests (e.g. approximately
unbiased (AU) test based on Efron et al. (1996) (Shimodaira., 2002)) can be used
to detect the robustness of established phylogenetic trees (suggestive of
inconsistent evolutionary histories), and bootstrap tests (Felsenstein., 1985) can
be used to evaluate the statistical support for nodes in a phylogenetic tree, to
assess confidence in the clade suggestive of HGT (i.e. what percentage of
bootstrap trees show the same clade). Doolittle and Bapteste (2007) describe the
concept of pattern pluralism, i.e. different evolutionary models will be appropriate

for different taxa (Doolittle and Bapteste., 2007); model-based phylogenetic
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methods can test multiple evolutionary scenarios resulting in the conflicting gene
phylogeny, such as ancestral gene duplication and gene losses (hidden
paralogy), representing an alternative hypothesis to HGT; rejection of alternative
evolutionary scenarios can be based on parsimonious criteria (e.g. if the total
number of gene duplications/losses required to explain the resulting tree topology
is high and overly complex) (Soanes and Richards., 2014). It is also important to
exclude DNA contamination from putative HGT genome projects (for example,
resulting from DNA extraction methods), which can be done by looking at the
linkage of the hypothesised transfers to vertically-derived genes (Richards et al.,
2009). Taken together, HGT can be suggested if it is the most consistent
hypothesis for the gene phylogeny/taxonomic distribution. Phylogenetic-based
methods for HGT identification have the advantage of putatively detecting the
direction of transfer, as well as donor and recipient species, allowing further study
within the context of recipient evolution. As mentioned previously, comparative
phylogenetic analyses have identified multiple cases of HGT into the oomycete
lineage (Torto et al., 2002; Richards et al., 2006; Belbahri et al., 2008; Richards

et al., 2011; Misner et al., 2014; Savory et al., 2015).
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Species phylogeny HGT phylogeny

Figure 1.1: HGT can be hypothesised if the gene of one species appears to share ancestry with
distantly related species, i.e. the red gene (B) branching with the black gene (A), which conflicts
the known or accepted species phylogeny. Statistical support must be strong for the HGT gene
branching both with and within the donor group (nodes numbered 1 and 2, respectively), and
alternative evolutionary scenarios to explain the conflicting gene phylogeny (e.g. gene duplication
and gene loss) must be rejected based on adequate genome sampling and comparisons of

parsimonious criteria.

HGT can enable recipients to better adapt to a novel lifestyle or an
ecological niche, leading to improved fitness (Hirt et al., 2015; Soanes and
Richards., 2014). Therefore, further support for HGT may include consideration
of the acquired function. By coupling HGT identification with knowledge of
function, we can better understand the selective benefit of the transfer -
informative for understanding how HGT genes are maintained (or fixed) within
recipient genomes. To date, there have been few functional studies to confirm
the roles of horizontally-transferred genes in eukaryotes (Friesen et al., 2006; Hall

and Dietrich., 2007; Gardiner et al., 2012; Savory et al., 2018), although it is
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possible to infer putative protein functions based on conserved sequence identity
in comparison with characterised genes (e.g. Pfam (Finn et al., 2016) and Interpro
(Finn et al., 2017) database searches). However, it is important to note that the
reliability of functional annotation may be limited if characterised proteins are
distantly related, or are paralogous. High sequence similarity also might not
(confidently) account for differences in broad, variable, or ‘promiscuous’ protein
functions. ‘Enzyme promiscuity’ for example, describes an enzyme that can
catalyse reactions outside of its normal biological function (i.e. those that are
under selection), including degradation of different types of substrates using the

same active site.

As previously mentioned, one of the mechanisms that can shape the
resulting gene function and transcriptional dosage is gene duplication (Long et
al., 2003). Gene expansion by duplication events can be a source of phenotypic
diversity, by generating variant protein-coding genes (neofunctionalization
(Ohno., 1970), by maintaining mutational robustness, or by partitioning ancestral
functions (subfunctionalization (Stoltzfus., 1999; Force et al., 1999). Diversity and
expansion in genes associated with phytopathogenicity likely reflect their
importance; although phylogenetic identification of gene duplications have
improved (e.g. by performing Hidden Markov Model (HMM) searches against
genome databases (Finn et al., 2015), using raw profile HMM training sets for
putative protein families (Pfam: Finn et al., 2016)), subtle functional differences
between paralogs may be difficult to elucidate in the absence of experimental
analysis (e.g. Zallot et al., 2016), limiting our understanding of their wider impact

to the evolution of plant pathogenic oomycetes.
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1.10 Oomycete secreted proteins

Although the oomycetes appear to be descended from a phagotrophic (and
possibly photosynthetic) ancestor (Cavalier-Smith., 2006), they have lost
phagotrophic capability (i.e. feeding by engulfing prey), and feed exclusively by
osmotrophy. As mentioned previously, this involves secretion of depolymerising
enzymes into the environment to break down complex biological molecules into
monomers, which are transported back into the cell (Richards and Talbot., 2013).
Interestingly, the majority of identified HGT events into the oomycete lineage
encode putative secreted proteins (Torto et al., 2002; Belbahri et al., 2008;
Richards et al., 2011; Misner et al., 2015; Savory et al., 2015). These secreted
proteins are hypothesised to play important roles in digesting plant cell wall
carbohydrates (enabling entry to plant tissues and for scavenging nutrients), and
also in mediating oomycete interactions with their plant hosts, as well as in
environmental social interactions (through generation and acquisition of ‘public
goods’ in diverse microbial communities) (West et al., 2007; Kamoun., 2009;

Richards and Talbot., 2013).

The soluble secreted molecules of an organism can be collectively
referred to as a secretome, and can be determined computationally for
eukaryotes by identifying proteins with an N-terminal secretion signal peptide
(SignalP: Bendtsen et al., 2004), and those predicted to have extracellular
localisation (WoLFPSORT: Horton et al., 2007). The eukaryotic secretion
pathway (involving protein co-translational translocation to the Endoplasmic
reticulum (ER), and vesicular transport to the Golgi (Lodish et al., 2000)) is
initiated by recognition of a short N-terminal peptide sequence (16-30 amino

acids), and is therefore a good indicator for identifying putative secreted proteins
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amongst proteomic datasets. Sperschneider et al. (2015) compared differences
in secretion prediction sensitivities across experimentally-validated fungal and
oomycete effectors, and suggested that previous versions of SignalP (v3, v2) may
be the most sensitive in detecting oomycete signal peptides (Sperschneider et
al., 2015). However, most bioinformatics tools are generally trained using
secreted proteins from model species (for eukaryotes, the yeast Saccharomyces
cerevisiae and the plant, Arabidopsidis thaliana), so it is important to be cautious

in the absence of experimental evidence of secretion.

1.11 The P. sojae secretome

Parasitic microbes have evolved specialised strategies to gain entry into host
cells, and induce host cell susceptibility - one such mechanism being the
secretion of proteins to degrade host cell components, or otherwise interact
with/disrupt host innate immunity. The P. sojae putative secretome is predicted
to include 1464-1756 proteins (Tyler et al., 2006; Richards et al., 2011; Adhikari
et al., 2013; McGowan and Fitzpatrick., 2017). As with other hemibiotrophic
phytopathogens, Phytophthora spp. secrete diverse proteins to interact with plant
hosts or manipulate host defences (plant defences that may otherwise stall
successful infection by parasites) (Halder et al., 2006; Kamoun., 2006). Some of
these are so-called ‘effector’ proteins, which selectively bind to and alter the
activity of host proteins; they are usually small proteins, and they can either act
within the host apoplast (apoplastic effectors) or the host cytoplasm (cytoplasmic
effectors) (Kamoun., 2006). Effector proteins have been studied in great detail
amongst phytopathogens, in addition to their counterpart receptor proteins in
plant host species. This has particularly been significant for disease management

in crops — for example, P. sojae avirulence (Avr) genes (typically identified by N-
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terminal ‘RxLR’ and ‘DEER’ amino acid motif sequences) are known to be
recognised by host soybean proteins (major resistance (Rps) genes) that have
nucleotide binding site and leucine-rich repeat (NLR) receptors (e.g. Dong et al.,
2011). This recognition induces a plant defence response, therefore the
upregulation of Rps in soybean cultivars has been a strategy used to increase
host resistance to infection (e.g. Sahoo et al., 2017). Interestingly, the
apicomplexans (chromalveolate obligate parasites) have evolved a similar ‘RxLR’
motif (Bhattacharjee at al., 2006; Whisson et al., 2007), although it is unclear if it
is a result of convergent evolution or inherited evolution from a common ancestor
in this line. Mutations in Avr genes, or changes in expression demonstrate that
these genes evolve rapidly, resulting in an evolutionary ‘arms race’ between
pathogens and hosts, as per the Red Queen Hypothesis (Dybdahl and Storfer.,
2003). This is further suggested by the genomic locations of Avr genes — again
found in dynamic areas containing duplications and repetitive sequences prone

to chromosomal rearrangements (Tyler and Gijzen., 2014).

Recently, Rodenburg et al. (2019) reconstructed an integrated metabolic
model of P. infestans and Solanum lycopersicum (tomato) to simulate metabolic
fluxes from host to pathogen, highlighting the complexity of interactions between
them both. It is important to understand the evolutionary origins of the secreted
proteins involved in pathogenicity (and the selective pressures they are under),
as well as how novel genes and/or protein functions could be evolved from
existing genetic material (i.e. the significance of paralog evolution for
pathogenicity-related functions) (Rodenburg et al., 2019). Understanding these
functions and targets of the full arsenal of a pathogens secreted proteins might

also impact the study of plant resistance — with implications on reducing crop loss
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due to biotic stressors (e.g. due to root and stem rot caused by P. sojae

(Dorrance., 2018).

1.12 Summary

Previously identified HGT events from fungi are thought to have played a role in
the evolution of osmotrophic and plant-parasitic traits in the oomycetes. Many of
the HGTs encode secreted proteins with putative functions involved in plant cell
wall digestion (Torto et al.,, 2002; Belbahri et al., 2008; Richards et al., 2011,
Savory et al., 2015) — facilitating entry into plant tissues, as well as providing a
source of fixed carbon. Many of the transferred protein families have undergone
subsequent gene duplication events, and it is currently unclear whether the
paralogs possess functional differences (e.g. Ohno., 1970; Stoltzfus., 1999;

Force et al., 1999).

1.13 Aims of study

This work aims to characterise the functional significance of HGT followed by
gene duplication in the oomycetes, by investigating multi-paralog enzyme
families in the genome of P. sojae - a widespread hemibiotrophic pathogen of
soybean (and one of the current model species for the Phytophthora genus).
Functional investigation of paralogs in a GH12 enzyme family, putatively involved
in cellulose degradation (endo-1,4-B-glucanase (EC 3.2.1.4), xyloglucan endo-
hydrolase (EC 3.2.1.151) and endo-1,3-1,4-B-glucanase (EC 3.2.1.73) activities),
and a GH10 enzyme family, putatively involved in xylan (hemicellulose)
degradation (endo-1,4- B-xylanase (EC 3.2.1.8), endo-1,3- B-xylanase (EC

3.2.1.32) and xylan endotransglycosylase (EC 2.4.2.-) activities), will provide
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functional evidence of the phenotypic fate (post-acquisition) of horizontally-

transferred, expanded enzyme families in this organism.

It is hypothesised that whilst HGT of plant cell wall-degrading enzymes
into the oomycetes facilitated novel gain of function, successive gene expansion
of HGT families has given rise to further enhancement of function - by allowing 1)
transcriptional amplification, ii) transcriptional fidelity, and iii) subfunctionalization
or neofunctionalization - and contributed to adaptation to an osmotrophic and
plant-parasitic lifestyle. P. sojae is an economically-significant pathogen of
soybean, so it is likely to benefit from the expression and secretion of multiple
paralogs for the breakdown of specific plant carbohydrates. It is also possible that
selection following subsequent gene duplication events has widened the
functions of some of the paralogs from the functions originally acquired by HGT -
including a gain in novel substrate specificity or improved activity under unique

biological conditions (e.g. temperature and pH).

It is conceivable that subtle differences in protein sequences and three-
dimensional protein structures between the paralogs could result in differences
in enzyme activity or in novel ways to interact with carbohydrate substrates (or
plant hosts). Therefore in this work, bioinformatics and computational methods
will be used to characterise sequence and structural differences between P. sojae
GH12 and GH10 paralogs. This will be followed by experimental investigation of
paralogous proteins - using enzyme assays under different pH and temperatures,
and mass spectrometry to compare differences in products released from
carbohydrate breakdown. Gene-deletion tools will also be used to investigate

carbohydrate utilisation by P. sojae in vivo. By better understanding any
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functional differences between the paralogs of HGT, we can gain a better insight
into the dynamics of phytopathogenicity, as well as a better understanding of

gene flow in phytopathogenic oomycetes.

In addition to improving the understanding of the functions of the enzyme
paralogs, this work will also seek to experimentally investigate N-terminal signal
peptide sequences as a potential barrier to HGT. This will be achieved by
generating large libraries of signal peptide sequences and using high-throughput
enzyme assays as a proxy to identify the positive sequences for secretion -
enabling the construction of an N-terminal signal peptide mutational landscape
(from non-functional to functional), improving our understanding of the dynamics

of integration of horizontally-acquired secreted proteins.

The yeast S. cerevisiae will be used as a model for heterologous protein
expression and secretion analysis, using a synthetic gene synthesis and
molecular cloning approach. S. cerevisiae is a widely used eukaryotic model
organism (Karathia et al., 2011); it is non-pathogenic, simple to culture, and has
a generation time of ~90 minutes. The S. cerevisiae BY4742 (derivative of
S288C) genome sequence (Winston et al., 1995; Brachmann et al., 1998) is
freely available from the Saccharomyces Genome Database (SGD), and a
number of genetic tools have been established for this organism. Whilst the
bacterium, E. coli is a widely used as a heterologous host for producing many
recombinant proteins, it was not preferable for this study due to its inability to
perform post-translational protein modifications associated with eukaryotic

proteins (e.g. glycosylation). S. cerevisiae was chosen over other eukaryotic

Page | 53



hosts due to its ease of culture (when compared with mammalian cell lines, for

example).

The aim is to use yeast culture supernatants to build a partial-synthetic P.
sojae secretome for study. Oomycete proteins have been successfully expressed
in S. cerevisiae in the past, including a P. sojae pleitropic drug resistance
transporter (Connolly et al., 2005). To date, only one oomycete secreted protein
has been expressed in S. cerevisiae - a 3-amylase from S. ferax (Kim et al., 2000;
Choi et al., 2002), which was successfully secreted into the culture medium using
the proteins native signal peptide. To date, no secreted GH from P. sojae has
been expressed in S. cerevisiae; however cellulose- and xylan-degrading
enzymes from fungi, insects and bacteria have been successfully secreted in this

yeast (Haan et al., 2007; Shirley et al., 2014) (Fang et al., 2017a).
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Chapter 2

General Materials and Methods

2.1 Bioinformatics Analysis

For identification of HGTSs, a bioinformatics pipeline consisting of a series of PERL
scripts (Richards et al., 2009) was used to generate phylogenetic trees for
predicted protein sequences. BUSCO (Benchmarking Universal Single-Copy
Orthologs) was used to measure genome completeness across oomycete
genomes used for further analysis (Simao et al., 2015). HGT paralogs were
confirmed by Hidden Markov Model (HMM) searches against Ensembl genomes
with default parameters (Finn et al., 2015), using raw profile HMM training sets
for putative protein families (Pfam; Finn et al., 2016). P. sojae transcriptome data
for candidate paralogs was compared during three lifecycle stages (normalised
from paired-end RNA-seq data; FungiDB; Stajich et al., 2012; Basenko et al.,
2018)). SignalP 3.0 (Bendtsen et al., 2004) with default eukaryote parameters,
and WoLFPSORT (Horton et al., 2007) with default fungi parameters, were used
to identify putative N-terminal secretion signals in the amino acid sequences, and
predicted protein localisation, respectively. The CAZy database was mined for
GH families present in P. sojae with predicted activities similar to those acquired
by HGT (http://www.cazy.org; Lombard et al., 2013). Three-dimensional protein
structures were obtained with Phyre2 (Protein Homology/analogY Recognition
Engine v2.0 (Kelly and Sternberg., 2009)). Clustal Omega was used to align
amino acid sequences (Larkin et al., 2007; Madeira et al., 2019). Molecular

weight of the proteins was calculated with Compute pl/Mw tool (available at
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ExXPASY; http://web.expasy.org/compute _pi/). N-glycosylation sites were
predicted with NetNGlc 1.0 (Gupta et al., 2004). Phosphorylation sites (serine,
threonine and tyrosine) were predicted with NetPhos 3.1 (Blom et al., 1999).

Ligand binding sites were predicted by 3DLigandSite (Wass et al., 2010).

2.2 Media and culture conditions for yeast and bacteria
Bacterial strains were grown in rich Luria Broth (LB), with appropriate antibiotic
selection (kanamycin or ampicillin at 100 pg/mL). Bacteria were routinely cultured

in 5 mL at 37°C (180 rpm).

Yeast strains were grown in rich Yeast Peptone Dextrose (YPD) (1% (w/v)
yeast extract, 2% (w/v) bactopeptone, 2% (w/v) glucose) or Synthetic Complete
Media minus uracil (SCM-URA) (0.67% (w/v) yeast nitrogen base without amino
acids, 2% (w/v) glucose or other appropriate sugar, and 0.077% (w/v) drop-out
URA amino acid mixture) for plasmid maintenance. Yeast strains were routinely

cultured in 5-20 mL at 30°C (180 rpm).

Solid media was prepared by adding 1.5-1.8% (w/v) agar. All media was
autoclaved using a standard autoclave cycle (120°C for 15 minutes for <100 mL

or 30 mins for >100 mL), or filter-sterilised through a 0.22 uyM pore.

2.3 Synthesis of P. sojae GH12 and GH10 paralogs

Candidate nucleotide sequences were yeast codon optimised to accommodate
high  expression levels in  heterologous host, S. cerevisiae
(http://www.genscript.com/tools/rare-codon-analysis (selection of S. cerevisiae

as the expression host organism)). The gene sequences were externally
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synthesised by Synbio Technologies into standard pUC57_Amp or p426-GPD
vectors, received as 4 pg lyophilized plasmid and diluted to 100 ng/uL (stored at
-20°C). P. sojae N-terminal signal peptide sequences were replaced with S.
cerevisiae mating factor a (MFA) — a pre-pro signal sequence including Kex (KR)
and Stel3 (EAEA) protease cleavage sites (267 bp)), to direct export from the
cell. S. cerevisiae MFA sequence as in pGAPZ-alpha Pichia pastoris expression

vector (Thermo Fisher)).

2.4 Polymerase Chain Reaction (PCR)

Unless otherwise stated, all PCR reactions were set up in a total of 25 pL with Q5
High-fidelity DNA polymerase (NEB), using a standard protocol: 5 pL 5x Q5
Reaction Buffer, 0.5 pL 10 mM dNTPs, 1.25 pL 10 puM forward primer, 1.25 pL
10 uM reverse primer, 0.25 pL Q5 polymerase, 1-2 uL template DNA, and H20
(up to 25 pL). PCR conditions were optimised based on a recommended protocol
for the polymerase (initial denaturation at 98°C (30 seconds), followed by 25-30
cycles of denaturation at 98°C (5-10 seconds), annealing at 50-72°C* (10-30
seconds), and extension at 72°C (20-30 seconds per kb), with a final extension
at 72°C (2 minutes)). *annealing temperatures for primer sets were adjusted
using NEBTm Calculator. PCR products were separated by gel electrophoresis
using 1.8% (w/v) agarose (Sigma) in TAE buffer (4.84 g/L Tris base, 1.14 mL/L
glacial acetic acid, 0.37 g/L EDTA). A 1 kb DNA ladder was used in parallel (NEB),
and samples were mixed with loading dye containing GelRed (Biotium; a safer
alternative to ethidium bromide for staining DNA), run at 100 V for ~ 30-45
minutes, and visualised by UV exposure. PCR purification was carried out using

Thermo Scientific GeneJET PCR purification kit according to the manufacturer’s
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instructions, and quantified using a Nanodrop spectrophotometer (ND-2000;

Thermo Fisher).

2.5 Cloning - restriction digests

Unless otherwise stated, 30 pL DNA (plasmid or insert) was digested overnight
at 37°C, with 1 pL restriction enzyme (a total of 10 units) in 5 pL 10x buffer and
14 yL H20. Each digested DNA insert was PCR-purified as previously described,
and each digested plasmid (vector) backbone was confirmed by running the
entire reaction on agarose gel (100 V for > 1 hour). A linear band (representing
the digested vector) was excised and purified using Thermo Scientific GeneJET
Gel Extraction kit, according to the manufacturer’s instructions. Phosphatase
treatment was carried out by incubating 10 pL of the digested, purified vector with
1 pL 10x Antarctic Phosphatase reaction buffer and 1 pL Antarctic Phosphatase
at 37°C for 30 minutes, followed by 70°C for 5 minutes. All samples were stored

on ice or at -20°C for long-term storage.

Unless otherwise stated, a ratio of DNA insert to vector backbone of 4:1
was used to set up ligation reactions, i.e. 8 yL of insert was mixed with 2 pL of
vector, with 2 pL T4 DNA ligase buffer (10x), 0.4 uL T4 DNA ligase (400 units),

in a total of 20 pL. Ligations were carried out overnight at room temperature.

2.6 E. coli transformation

A total of 2 pL of plasmid was incubated with 50 pL of chemically-competent E.
coli (Thermo Fisher) in a 1.5 mL sterile tube on ice for 30 minutes, followed by a
heat shock of 42°C for 45 seconds. The tube was briefly incubated on ice for 2

minutes, followed by addition of 250 pL sterile LB, and incubated at 37°C for 1
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hour (180 rpm). Volumes of 20 pL or 100 pL were plated on LB agar

supplemented with an appropriate antibiotic, and incubated at 37°C overnight.

2.7 E. coli plasmid purification

Three single E. coli colonies were re-streaked onto appropriate agar, and
inoculated into 5 mL LB broth (with the appropriate antibiotic selection) in 3x
sterile 50 mL tubes. The cells were grown overnight at 37°C (180 rpm). Plasmid
purification was carried out according to the manufacturer’s instructions
(GeneJET plasmid miniprep kit, Thermo Fisher). Plasmid DNA was quantified
using a Nanodrop, and stored at -20°C. DNA sequences were confirmed by

Sanger Sequencing using an appropriate sequencing primer.

2.8 S. cerevisiae transformation (electroporation method)

A yeast colony was inoculated into 5 mL YPD broth in a sterile 50 mL tube. The
cells were grown overnight at 30°C (180 rpm). A fresh tube of 15 mL YPD was
prepared, and 250 uL of the overnight yeast culture was added. The culture was
grown until it reached ODsoo ~1.5, and the cells collected by centrifugation at 2300
xg for 5 minutes. The supernatant was removed, the cells were washed in 50 mL
sterile ¢H20 (centrifugation as before), and resuspended in 8 mL ¢H20, 1 mL
10xTE and 1 mL LiAc by gentle shaking. The cells were incubated at 30°C for 30
minutes (with shaking), after which 250 pL cold 1M Dithiothreitol (DTT) was
added and the cells were incubated at 30°C for a further 60 minutes (with
shaking). 40 mL of sterile ¢H20 was added to the tube and the cells were
harvested by centrifugation at 2300 xg for 5 minutes (at 4°C). The cells were
washed once in 25 mL cold sterile ¢H20, and once in 5 mL cold 1 M sorbitol

(centrifugation as before), and finally resuspended in 550 pL 1 M sorbitol. The
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competent cells were stored on ice; 45 pL of cells were added to a sterile 1.5 mL

tube; 5 pL of plasmid DNA was added to the tube and incubated on ice for 5-10

minutes. The transformation mixture was transferred to a sterile pre-chilled

electroporation cuvette (2 mm), which was subject to electroporation (BioRad)

with the following pulse settings for yeast: 200 Q, 1.5 kV, 25 pF; then, 950 L of

YPD was added to the cuvette and the entire mixture was transferred back into

the original 1.5 mL tube, and incubated at 30°C overnight. The transformation

mixture was plated on SCM-URA agar to select for plasmid maintenance, and

incubated at 30°C for 2 days.

2.9 Plasmids used for this study

Plasmid Description

Source

Yeast high copy vector
Promoter: constitutive GPD
p426-GPD P. sojae sequences (including MFA signal
peptide) cloned via 5° Smal and 3’ Hindlll

Selectable markers: ura3, ampR

No tag

Addgene

Yeast high copy vector
Promoter: constitutive GPD
P. sojae sequences (including MFA signal
p426-GPD-6xHis peptide) cloned via 5 Smal and 3’ Hindlll
Selectable markers: ura3, ampR

C-terminal 6xHis tag

Addgene

CRISPR vector (encoding Cas9 nuclease)
Promoter: P. sojae RPL41
PYF515 gRNA cloned via Nhel and Bsal

Selectable markers: ampR

Dr Fang
(Duke University)

No tag
pBluescript-KS(-) CRISPR vector (for construction of HDR Dr Fang
template) (Duke University)

Table 2.1. Plasmids used for this study.
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2.10 Plasmids constructed for this study

Plasmid Description

Source

Yeast high copy vector
Promoter: constitutive GPD
MFA signal peptide sequence cloned via &’
Spel and 3’ Smal
p426-GPD-MFA P. sojae sequences cloned via 5 Smal and 3’
Hindlll
Selectable markers: ura3, ampR

No tag

This study

Yeast high copy vector
Promoter: constitutive GPD
MFA signal peptide sequence cloned via &’
Spel and 3’ Smal
p426-GPD-MFA- P. sojae sequences cloned via 5’ Smal and 3’
6xHis Hindlll
Selectable markers: ura3, ampR

C-terminal 6xHis tag

This study

Yeast high copy vector
p426-GPD_P. Promoter: constitutive GPD
sojae_482953 noSP | P. sojae_482953 missing its N-terminal signal
peptide (noSP — no signal peptide) cloned via 5’
Hindlll and 3’ Clal
Selectable markers: ura3, ampR

No tag

This study

CRISPR vector (encoding Cas9 nuclease and
gRNA for P. sojae_482953
pYF515 482953 Promoter: P. sojae RPL41
gRNA cloned via Nhel and Bsal
Selectable markers: ampR

No tag

This study

pBluescript-KS(-) CRISPR vector with GFP HDR template for
HDR_482953 replacement of P. sojae_482953

This study

Table 2.2. Plasmids constructed for this study.
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2.11 General sequencing primers used in this study

Primer

Sequence 5’ to 3’

M13 forward (F)

ACTGGCCGTCGTTTTAC

M13 reverse (R)

GGAAACAGCTATGACCATG

GPD_Pro forward
(F)

CGGTAGGTATTGATTGTAATTCTG

Table 2.3. General sequencing primers used in this study.

2.12 Primer sequences used to clone P. sojae genes

Primer

Sequence 5’ to 3’

Smal MFA forward

TAA GCA CCC GGG ATG AGATTT CCT TCA

520599 Hindlll C-

tag Reverse

TGC TTAAAG CTT GTT CGC ACC CGC CGT

520924 Hindlll C-

tag Reverse

TGC TTA AAG CTT AGC ACT ATT AAC TGC

355355 Hindlll C-

tag Reverse

TGC TTA AAG CTT TGC AGT ATG GAC TGC

260883 Hindlll C-

tag Reverse

TGC TTAAAG CTT CTT TAC CTG GAC AGA

338064 Hindlll C-

tag Reverse

TGC TTAAAG CTT CTT GAC CTG CAC TGA

559651 Hindlll C-

tag Reverse

TGC TTA AAG CTT ATT GAC CGC AGC AGA

360375 Hindlll C-

tag Reverse

TGC TTA AAG CTT CGT TGA TAG GGG TAG

482953 Hindlll C-

tag Reverse

TGC TTAAAG CTT TTC ACG CCT CAC CCT

247788 Hindlll C-

tag Reverse

TGC TTA AAG CTT ATT GAC AGC AGC TGA
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338074 Smal
forward TAA GCA CCC GGG CAG GAG GAG TTC TGT
338074 Hindlll No
tag Reverse TGCTTAAAGCTTCTATTGTTG TTG TAC
338074 HindlIl C-
tag Reverse TGC TTAAAGCTTTTGTTG TTG TAC
520248 Smal
forward TAA GCA CCC GGG GAT AAG ATG TGT GGG
520248 Hindlll No
tag Reverse TGC TTAAAG CTT CTAGTT TTG GGA GAA
520248 Hindlll C-
tag Reverse TGC TTAAAG CTT GTT TTG GGA GAA
527497 Hindlll C-
tag Reverse TGC TTAAAG CTT ATT TTG CAG GTT CAT
519234 Hindlll C-
tag Reverse TGC TTA AAG CTT CAA TAT CCA ACC GGC
489338 Hindlll C-
tag Reverse TGC TTAAAG CTT GGA TTG CCA AGC CTG
518763 Smal
Forward TAA GCA CCC GGG GAC CCT CGT GTG ATG
518763 Hindlll No
tag Reverse TGC TTA AAG CTT CTA TAA AAT CCATCC
518763 Hindlll C-
tag Reverse TGC TTA AAG CTT TAA AAT CCATCC
482953 No tag
forward TAA GCA AAG CTT GCT GAATTC TGT GAT CAG
482953 Clal No tag
Reverse TGC TTA ATC GAT CTATTC ACG CCT CAC

Table 2.4. Primer sequences used to clone P. sojae genes.
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2.13 Bacterial strains used in this study

Strain Genotype Source
DHS5 a F- ®80lacZAM15 A(lacZYA-argF) U169 recAl | ThermoFisher Scientific
endAl hsdR17(r«, mk*) phoA supE44 thi-1 (18265017)
gyrA96 relA1 A

Table 2.5. Bacterial strains used in this study.

2.14 Yeast strains used in this study

Strain Genotype Source
S. cerevisiae MATa his3A1 leu2A0 lys2A0 ura3A0 Haynes group
BY4742 (University of Exeter)

Table 2.6. Yeast strains used in this study.

2.15 Other microbial strains used in this study

Strain Source
P. sojae Dr Fang
P6497 (Race 2) (Duke University)

Table 2.7. Other microbial strains used in this study.
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Chapter 3

Using bioinformatics, protein structure- and substrate
binding-prediction tools to investigate P. sojae paralogs

putatively involved in plant cell wall degradation

3.1 Overview

The plant cell wall is a heterogeneous structure representing the first barrier to
abiotic and biotic stresses including pathogen attack (Hamann., 2012). As a
result, plant parasites must be able to digest or break through the external barrier
- both as a means to scavenge nutrients from degraded cell wall carbohydrates,
and as part of a process to gain entry to host cells to facilitate infection. The
genomes of plant parasites are abundant in genes encoding secreted digestive
enzymes for this purpose, including previously identified HGTs into oomycete
genomes from fungi (Torto et al., 2002; Richards et al., 2006; Belbahri et al.,
2008; Richards et al., 2011; Misner et al., 2015; Savory et al., 2015). The
selective benefit of maintaining the HGT genes is suggested by evidence of
widespread gene duplication (post-acquisition) of HGT-acquired genes -
however, knowledge is limited in understanding the functional significance of the
paralogous proteins for the degradation of plant carbohydrates in
phytopathogenic oomycetes. Further characterisation is therefore crucial -
especially as most proteins of interest may only be distantly-related to

biochemically-characterised enzymes. This chapter aims to characterise putative
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functional differences between P. sojae paralogs of horizontally-acquired

enzymes for plant cell wall degradation, using available computational methods.

3.2 Introduction

3.2.1 The plant cell wall

The plant cell wall is a polysaccharide-rich structure formed from cellulose
microfibrils cross-linked by glycans, and embedded within a 3D matrix composed
of pectin, hemicellulose, lignin and other various aromatic polymers, and proteins,
which together provide structural integrity (McNeil et al., 1984; Schindler., 1998).
Whilst cell wall composition varies among plant species (and across different
tissues within the same plant, as well as throughout various life stages), cellulose
is always the most abundant polysaccharide and makes up 20-50% (w/v) of a
typical plant cell wall, whilst hemicellulose (including all of the cellulose-binding
polysaccharides) constitutes around 15-35% (w/v), and primarily includes
xyloglucan, xylan, arabinoxylan, glucuronoxylan, mannan and glucomannan
(Kubicek., 2013; Alvarez et al., 2016). Cellulose microfibrils are synthesised in
the plasma membrane (Mueller et al., 1976; Mueller and Brown., 1980), whilst
hemicelluloses (and non-hemicellulosic sugars) are synthesised in the Golgi and
delivered to the surface of the cell wall by vesicles (Driouich et al., 1993; Lerouxel
et al., 2006; Driouich et al., 2012). Pectin is the major non-hemicellulosic
polysaccharide, formed by polymerisation of D-galacturonic acid (an oxidised
form of D-galactose) (Atmodjo et al., 2013), with complex functions involved in
cell wall porosity and cell wall thickness, as well as in connecting cells in the
middle lamella (lwai et al.,, 2002). It is thought that pectin binds to the
hemicellulose xyloglucan to strengthen the cell wall (Rizk., 2000; Cumming et al.,

2005), and the degradation products of pectin are also important elicitors of plant
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immune responses (Hahn et al., 1981; Ferrari et al., 2013). Many plants also
possess an extracellular lipid (hydrophobic) membrane called the cuticle,

consisting of cutin with embedded waxes (Jeffree., 1996).

Cellulose is a simple polymer of D-glucose units linked by (-1,4-glycosidic
bonds; polymerisation occurs when the anomeric carbon (C1) of a glucose
residue covalently joins to the hydroxyl oxygen (O4) of the next glucose residue
(resulting in the net release of one water molecule for each glucose residue
added to the chain) (Sandgren et al., 2001). Together, these cellulose polymers
form microfibrils that are linked by the hemicelluloses, which are divided into
classes based on the main sugar in the backbone, and are often more complex
in structure than cellulose due to the presence of multiple side groups. For
example, xyloglucan consists of a backbone of D-glucose units linked by (3-1,4-
glycosidic bonds (like cellulose), however, most are substituted with a-1,6-linked
xylose (up to 75%), which are often in turn capped with a galactose, arabinose,
or sometimes a fucose residue. Xyloglucan is the most abundant hemicellulosic
polysaccharide, however, owing to the different possible variations of the sugar
side chains on the xylosyl residues, its structure varies significantly between plant
species (York et al., 1990, 1996; Hoffman et al., 2005; Pena et al., 2008) — a
nomenclature-based system has been described to help to define the side chain
variants (Fry et al., 1993). Whilst xyloglucan is thought to stabilise the adjacent
cellulose fibrils, the importance of xyloglucan for the formation of the cross-linked
cellulose network is unclear — for example, there is a xyloglucan-deficient
Arabidopsis mutant that is still able to form cross-linked cellulose (albeit more
irregularly spaced than a wild-type strain) (Cavalier et al., 2008; Anderson et al.,

2010). Some studies suggest xyloglucan creates important tensile strength in
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hardwoods (Nishikubo et al., 2007; Mellerowicz et al., 2008) - nevertheless,
degradation of xyloglucan is necessary for complete lignocellulosic

decomposition (e.g. Hayashi and Kaida., 2011).

Another major component of hemicellulose is xylan, which is formed from
B-1,4-linked D-xylose (a pentose sugar), with many side chains substituted with
a-arabinofuranose and a-glucuronic acids. Arabidopsis mutants deficient in xylan
have weakened cell walls and cannot develop a vascular system (Brown et al.,
2007; Wu et al., 2009), similarly suggesting the importance of close interactions
between xylan within the hemicellulose structure, and cellulose microfibrils, for
plant cell wall integrity and strength (e.g. Busse-Wicher et al., 2014; Simmons et

al., 2016) — a tough external barrier that plant pathogens must overcome.

3.2.2 Plant cell wall-degrading enzymes

Cellulose as the major structural component of plant cell walls was discovered in
1837 (Hon., 1994), and by extension of its abundance in plant cell walls, it is
considered the most abundant polysaccharide on the planet that is not easily
broken down in nature. Therefore, cellulolytic organisms that can release carbon
from its degradation (i.e. for nutrient sources), play a significant role in cellulose
recycling in the biosphere, contributing to global carbon fluxes (Levesque et al.,
2010; de Vries and Visser., 2001). Whilst some phytopathogens can partly
overcome the plant barrier by formation of mechanical structures such as
appressoria (e.g. Grenville-Briggs et al., 2008; Wilson and Talbot., 2009), in order
to completely breach the plant cell wall, release sugars, and gain entry to cells,
many phytopathogens synthesise and secrete proteins to degrade cellulose, as

well as the other components of the cuticle and cell wall layers (Mueller et al.,
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2008; Raffaele et al., 2010). Across the tree of life, eukaryotes have evolved to
break down living and dead plant biomass and many of the genes involved are
considered pathogenicity factors; for example, Fusarium solani deficient in cutin-
degrading enzymes has significantly reduced virulence (Dantzig et al., 1986), as
is the case for pectinase-deficient Nectria hematococca (Rogers et al., 2000). At
the molecular level, secretion of plant cell wall-degrading enzymes weakens the
plant cell wall structure and often facilitates successful parasite infection. Such
extracellular enzymes must withstand external conditions (variations in
temperature or pH) at the plant cell wall surface, as well as tolerate plant

proteolytic attack (Jones and Dangl., 2006; Schwessinger and Ronald., 2012).

Cellulases are well-studied enzymes that degrade cellulose; these are
naturally expressed and secreted by many microorganisms including the
filamentous ascomycete fungi, Tricoderma reesei, which is the best studied
cellulolytic organism to date, and is often exploited in industry practises for
cellulase production as a biological tool to degrade plant biomass for biofuel
production (see historical review of T. reesei as an enzyme producer - Bischof et
al., 2016). Many industrial processes require elevated temperatures or non-
physiological pHs; significant research has improved the understanding of T.
reesei biology (as well as other cellulolytic microbes), leading to successes in
protein engineering of cellulases with enhanced biochemical characteristics, such
as improved enzyme stability at high temperatures and across broad pH ranges,
as well as enriched heterologous secretion of enzymes from suitable recombinant
hosts (e.g. Day et al., 2007; Lantz et al., 2010). Extending our understanding of

the cellulolytic activity of other plant-pathogenic microbes therefore has the
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potential to identify other novel protein features for enhanced cellulose

breakdown across various industrial processes.

Cellulose degradation by anaerobic and aerobic microbes follows two
distinct mechanisms; whilst anaerobes use multi-bound enzyme complexes
(cellulosomes; Bae et al., 2013), aerobes use combinations of single enzymes
(named the ‘free enzyme paradigm’; Gupta et al., 2016) — the latter of which
contributes to the highest plant polysaccharide breakdown in nature (Kubicek.,
2013). Due to the tough crystalline nature of cellulose microfibrils in plant cell
walls (which makes cellulose extremely resistant to digestion), many cellulolytic
microorganisms secrete multiple ‘types’ of enzymes that target different parts of
the structure (Wilson., 2009). Complete cellulose degradation by single enzymes
involves the synchronised activity of endoglucanases (which cleave amorphous
sites of the cellulose backbone), exoglucanases (or cellobiohydrolases, which
cleave the new side chains produced from endoglucanase activity, yielding
mainly cellobiose (a disaccharide of D-glucose)), and B-glucosidases (which
cleave cellobiose and liberate D-glucose). The synergy between the different
types of enzymes enables more rapid and efficient cellulose breakdown
(Henrissat et al., 1985; Nidetzky et al., 1994). Few cellulose-degrading fungi
(which share some biological similarities with some oomycetes) can also combine
the activities of cellobiose dehydrogenase and copper-dependent oxidases
(Langston et al., 2011; Quinlan et al., 2011), whilst many cellulases have
carbohydrate-binding modules (CBMs) (Tomme et al., 1995) - which are not
required for enzymatic activity, but play a role in promoting the binding of the
enzyme to its substrates (Boraston et al., 2004; Tomme et al., 1995). Enzymatic

degradation of xylan follows a similar synergy of three hydrolytic enzymes
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involving endoxylanases, exoxylanases, and B-xylosidases (review by Biely et
al., 2016) — and together, these groups of enzymes are known as Carbohydrate-

Active enZymes (CAZymes).

3.2.3 Carbohydrate-Active enZymes (CAZymes)

CAZymes are enzymes involved in the synthesis, metabolism and transport of
carbohydrates; CAZy (http://www.cazy.org; Lombard et al., 2013) is a specialist
database for these enzymes, which are divided into families based on sequence
and structural similarities. New enzymes are assigned to a CAZyme family based
on significant amino acid similarity with at least one biochemically characterised
member of the family. As a result, predicted substrates for enzymes are based
on assignment to a family (this has the potential to limit functional annotation
amongst proteomic datasets in the absence of experimental characterisation —
biochemically characterised enzymes with substrate specificities that lie outside
of the CAZyme family they are assigned to are often later grouped into
‘subfamilies’ to try and account for this). Currently, the CAZy database describes
Glycoside Hydrolases (GH), Glycosyl Transferases (GT), Polysaccharide Lyases
(PL) and Carbohydrate Esterases (CE), grouped according to the type of
chemical bond they attack and mechanism of action (http://www.cazy.org;

Lombard et al., 2013).

GH enzymes hydrolyse glycosidic bonds in complex sugars, and are the
most represented group in the database so far, with 148 families described,
spanning a range of substrate preferences and enzymatic activities. Distribution
of GH families in oomycete genomes appears to be species-specific, with

expansion in Phytophthora spp. (Adhikari et al., 2013; McGowan and Fitzpatrick.,
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2017), suggesting an importance of these types of digestive enzyme activities (at
least for hemibiotrophic? lifestyles). Consistently, all CAZy-encoded genes
reported as horizontally-acquired in the oomycetes are GHs (Torto et al., 2002;

Richards et al., 2011; Savory et al. 2015).

3.3 Aims of chapter

Comparative phylogenetic analyses identified multiple cases of HGT into the
oomycete lineage from fungi (Torto et al., 2002; Richards et al., 2006; Belbahri et
al., 2008; Richards et al., 2011; Misner et al., 2015; Savory et al., 2015). Of these
transfer events, many are predicted to encode secreted proteins putatively
associated with degradation of plant cell wall-specific substrates — providing a
means of entry into plant tissues for parasitic oomycetes, as well as an abundant
source of fixed carbon during hyphal growth. As previously mentioned, there has
been widespread gene duplication following lateral acquisition of GH enzymes in
the oomycetes (Richards et al., 2011; Savory et al., 2015), giving rise to paralogs
that could possess as yet unknown significant differential or overlapping functions
important for plant carbohydrate digestion (Ohno., 1970; Stoltzfus., 1999; Force

et al., 1999).

This chapter aims to re-confirm 11 previously-identified HGT events
associated with breakdown of the plant cell wall, including updated taxon
sampling to investigate the evolutionary ancestry of the putative transfer, and
confirm the total numbers of paralogs across representative complete oomycete
genomes (i.e. spanning different ecological lifestyles). Two HGT events will then

be selected for further analysis — a GH12 enzyme family putatively involved in

2 Hemibiotrophic pathogens live biotrophically with their plant hosts before switching to a necrotrophic phase.
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cellulose degradation, and a GH10 enzyme family putatively involved in xylan
degradation. Using the hemibiotroph, P. sojae (a widespread pathogen of
soybean), as a model species for analysis, the putative protein functions acquired
by HGT will be compared to alternative cellulose- and xylan-degrading
capabilities across the oomycetes (i.e. by identifying other GH gene families in
oomycete genomes that putatively perform the same enzyme functions as well).
As HGT events can be broadly separated into ‘maintenance’ transfers and
‘innovative’ transfers (as described in Chapter One) (Husnik and McCutcheon.,
2018), it is important to consider the wider functional impact of the HGTs across
oomycete species - it is hypothesised that GH12- and GH10-like activities should
be more widespread amongst oomycetes with close plant associations that feed
on host-derived substrates (therefore the abundance of such secreted proteins
would be higher than (for example) saprotrophic oomycetes that feed on decaying

matter).

All confirmed paralogs of both GH12 and GH10 in P. sojae (11 and 4
protein sequences, respectively) will be investigated using bioinformatics tools -
using phylogenetic tree-building methods to confirm the evolutionary history of P.
sojae homologous sequences (and their respective orthologs across other
oomycetes). The P. sojae protein sequences will be further investigated using
protein  three-dimensional structure-prediction tools, post-translational
modification site-prediction tools, and ligand (carbohydrate) binding-prediction
tools - in order to elucidate putative functional differences between the paralogs,
as well as identify amino acid sequence and structural features that could
theoretically alter the putative substrate interaction sites in vivo. Publically-

available transcriptome (RNA-sequencing) data will be used to explore the
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differences in gene expression across P. sojae life stages (including during
infection of its soybean host), and relative genomic locations of the GH12 and
GH10 genes will be investigated - it is hypothesised that such analysis could

uncover duplicated paralogs with putative functional differences in vivo.

3.4 Methods

3.4.1 Identification of putative HGTs

11 HGT events were selected from Torto et al. (2002), Belbahri et al. (2008),
Richards et al. (2011) and Savory et al. (2015), representing acquired oomycete
gene families associated with plant cell wall breakdown (See Appendix | for
putative protein functions). Representative oomycete protein sequences (in
FASTA format) were selected as seed sequences for analysis, and a
bioinformatics pipeline consisting of a series of PERL scripts (Richards et al.,
2009) was used to process each seed sequence separately. This pipeline was
used to generate phylogenetic trees for predicted protein sequences: Protein
Basic Local Alignment Search Tool (BLASTp) (Altschul et al., 1990) was used to
search for protein homologs against a custom-built database of ~1200 prokaryote
and eukaryote taxa (e-value 1e19), with no top hit limit for P. sojae, in order to
retrieve all possible paralogous sequences for this species (maximum of three
sequences for all other taxa). Recovered sequences were aligned using
MUSCLE (Edgar., 2004) and uninformative alignment sites (e.g. gaps) removed
(masked) using GBLOCKS (Castresana, 2000; Talavera & Castresana., 2007).
Phylogenetic tree construction was carried out by PhyML (Guindon and Gascuel.,
2003), and resulting tree image files were edited to include conserved protein

domains (Pfam; Finn et al., 2016). Phylogenies were scrutinised for tree
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topologies suggestive of HGT into the oomycetes — that is, oomycete sequences

branching within a clade of fungal (or bacterial) sequences.

Phylogenetic trees were used to annotate the presence or absence of
each HGT across representative oomycete genomes, including Phytophthora
(hemibiotrophs), Pythium (necrotrophs?®), saprophytic and non-pathogenic
oomycetes, and H. catenoides (free-living representative of the sister group to
the oomycetes). Thirty-five genomes spanning diverse oomycete species (see
McCarthy and Fitzpatrick., 2017) were selected for analysis of completeness
using BUSCO (Benchmarking Universal Single-Copy Orthologs) (Simao et al.,
2015) in order to be selected for analysis. BUSCO provides a quantitative
measure of genome completeness, based on expected gene content in
comparison with a ‘core’ gene list derived from multiple eukaryotic genomes (note
that for BUSCO v.2, the core gene list is only derived from fungal and metazoan
genomes, which may limit estimates of completion outside of these groups). The
output of BUSCO analysis is split into four categories: i) Complete and single-
copy, ii) Complete and duplicated, iii) Fragmented, or iv) Missing BUSCOs

(Simao et al., 2015).

3.4.2 Identification of HGT paralogs

For phylogenies suggestive of HGT into the oomycetes, all paralogous
sequences in P. sojae were selected for further analysis. Sequence homologs
(paralogs) for each HGT family were confirmed by performing Hidden Markov
Model (HMM) searches against Ensembl genomes with default parameters (Finn

et al., 2015), using raw profile HMM training sets for putative protein families

3 Necrotrophic pathogens kill host plant cells and feed on dead/dying tissues.
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(Pfam; Finn et al., 2016). Profile HMMs use multiple sequence alignments gained
from training data sets to compute a (position-specific) scoring matrix - the score
at each position is determined by how conserved each amino acid is in the
alignment, and takes into account biases such as which amino acids are most
likely to occur at which positions, as well as the probability of insertions/deletions
at specific positions in the sequence. When the profile HMM is compared to a
genome database, high-scoring sequences (compared to the ‘null’) are
considered homologous to the sequences used to construct the profile HMM. E-
values (i.e. the number of hits expected by chance alone) can be set as default
or user-defined (Finn et al., 2015). BLAST-based methods do not distinguish
insertions and deletions based on position (i.e. they are all scored equally),
therefore HMM searches were chosen to enable accurate identification of the true

protein homologs.

3.4.3 Identification of N-terminal secretion signals

SignalP 3.0 (Bendtsen et al., 2004) with default eukaryote parameters, and
WOoLFPSORT (Horton et al., 2007) with default fungi parameters, were used to
identify putative N-terminal secretion signals in the amino acid sequences, and
predicted protein localisation, respectively?. SignalP-based predictions use HMM
algorithms (v2 and v3; Nielsen and Krogh., 1998; Bendtsen et al., 2004) — the
training data sets enable identification of differences in amino acid composition

from the N-terminus to the mature protein (allowing the prediction, presence and

4 It is important to note that a positive secretion prediction does not mean that a protein is extracellular, as
proteins with N-terminal signal sequences have been shown to be retained intracellularly (e.g. in the ER or
Golgi), and similarly, a negative secretion prediction does not mean that a protein is intracellular, as some
proteins can be secreted via non-classical pathways. (e.g. Rubartelli., 1997).
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location of signal peptide cleavage sites). Each amino acid position is given three
scores (0-1): the C-score, which recognises a cleavage site vs no cleavage site,
the S-score, which recognises a signal peptide vs no signal peptide, and the Y-
score, which takes into consideration both the C-score and the S-score to

optimise the overall prediction (Nielsen and Krogh., 1998; Bendtsen et al., 2004).

WOLFPSORT predicts protein localisation to 10+ sites based on a k-
nearest neighbour algorithm, i.e. prediction is based on the closest similarity to
proteins (of known localisation) in the existing data set within the model. The
scoring matrix is based on features such as amino acid composition and sorting
signals, and the output can include dual localisation prediction. Results are given
as a list of proteins in order of similarity to the query sequence, with details of

their localisation features (Horton et al., 2007).

3.4.4 Further analysis of candidate HGT families

GH12 and GH10 HGT candidates were taken forward for further analysis. GH12
enzymes were annotated as having endo-1,4-B-glucanase (EC 3.2.1.4),
xyloglucan endo-hydrolase (EC 3.2.1.151) and endo-1,3-1,4-B-glucanase (EC
3.2.1.73) activities (http://www.cazy.org; Lombard et al., 2013); other GH families
putatively annotated with one or more of the same activities were identified by
searching the CAZy database, identifying GH5, -6, -7 and -17 present in P. sojae
(http://www.cazy.org; Lombard et al., 2013). The presence of the GH families
across the oomycetes, and the total numbers of paralogs, were confirmed by

carrying out profile HMM searches as previously described (Finn et al., 2015).
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GH10 enzymes were annotated as having endo-1,4- B-xylanase (EC
3.2.1.8), endo-1,3- B-xylanase (EC 3.2.1.32) and xylan endotransglycosylase
(EC 2.4.2.-) activities (http://www.cazy.org; Lombard et al., 2013); both the latter
activities were not found in any other GH family in P. sojae, however endo-1,4-
B-xylanase activity was found to be associated with GH5, 30 and 43. Similarly,
the presence of these GH families and the total numbers of paralogs across the

oomycetes was explored as detailed previously (Finn et al., 2015).

P. sojae GH12 and GH10 protein sequences were aligned with Clustal
Omega (Larkin et al., 2007; Madeira et al., 2019), using T. reesei_Cel12a (fungal
GH12) and T. reesei_Xyn3 (fungal GH10) for comparison. Three-dimensional
structures of paralogous proteins of GH12 and GH10 were obtained with Phyre2
(Protein Homology/analogY Recognition Engine v2.0 (Kelly and Sternberg.,
2009)), using protein sequences without their predicted N-terminal signal peptide.
N-glycosylation sites were predicted with NetNGlc 1.0 (Gupta et al., 2004), and
phosphorylation sites (serine, threonine and tyrosine) were predicted with
NetPhos 3.1 (Blom et al., 1999). Predictions of carbohydrate-binding sites for
paralogous proteins were generated by 3DLigandSite (Wass et al., 2010) — an
automated pipeline based on a previously used human method for predicting
binding sites in CASP8 (Wass and Sternberg., 2009; Wass et al., 2010). The
server was used to identify high-scoring homologous protein structures with

ligands bound (by comparative MAMMOTH score) (Wass et al., 2010).

For each paralog of GH12 and GH10, P. sojae transcriptome (RNA-
sequencing) data was compared during three lifecycle stages: mycelial, cyst and

3 days post-infection (soybean hypocotyls infected with P. sojae strain P6497),
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expressed as transcript levels of fragments per kilobase of exon model per million
mapped reads (FPKM - sequencing depth and gene depth normalised from
paired-end RNA-seq data; FungiDB; Stajich et al., 2012; Basenko et al., 2018).
P. sojae transcriptome data was additionally used to scrutinise HGT gene
sequences from published gene models. The FungiDB genome browser tool was
additionally used to investigate the genomic locations of (and distances between)

the P. sojae GH12 and GH10 genes (Stajich et al., 2012; Basenko et al., 2018).

A phylogenetic tree was constructed to confirm the evolutionary
relationships between P. sojae GH12 paralogs, and orthologs in other oomycetes
as follows: GH12 protein homologs were identified from a selection of eukaryotic
(with a focus on oomycete and fungi) and prokaryotic genomes using (BLASTp)
(Altschul et al., 1990); from these hits a multiple sequence protein alignment was
constructed and aligned using automated methods in Seaview, it was then edited
and masked by eye using Seaview (Galtier et al., 1996). A preliminary
phylogenetic tree was calculated using the built-in PhyML option within Seaview,
this was then checked manually (enabling distantly-related fungal and prokaryotic
outgroups, and partial sequences to be removed) and re-masked (Guindon and
Gascuel., 2003), finally resulting in an alignment with 161 sequences and 211
amino acid sites. A second PhyML tree was calculated and checked, and the final
ML tree was constructed with IQ-Tree v2.0.3 to take advantage of the automatic
model selection criteria (type of analysis: ModelFinder (Kalyaanamoorthy et al.,
2017) with tree reconstruction and non-parametric bootstrap (200 replicates)
(Minh et al., 2020)). As part of the run, WAG+R5 was predicted as the best-fit
model of evolution (Whelan and Goldman., 2001). The tree was rooted with a

fungal outgroup because (although distantly related to the oomycetes), fungi
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were previously identified as the putative donor group of the GH12 HGT

(Richards et al., 2011; Savory et al., 2015).

3.5 Results

3.5.1 Presence of HGT families associated with plant cell wall degradation
across oomycetes

Eleven previously-identified HGT events from fungi to the oomycetes (Torto et
al., 2002; Belbahri et al., 2008; Richards et al., 2011; Savory et al., 2015) were
re-confirmed through phylogenetic reconstruction, and the presence or absence
of each were verified across thirty-five oomycete genomes (McCarthy and
Fitzpatrick., 2017) - including hemibiotrophs (Phytophthora spp.), necrotrophs
(Pythium spp.), saprotrophs, and non-pathogenic species, in addition to the sister
group to the oomycetes (H. catenoides) (Figure 3.1). The coloured grey boxes
indicate the presence of the HGT gene in the genome of that organism, whilst
numbers indicate the total sequence homologs (paralogs) of that gene family in
each organism — confirmed by performing profile HMM searches against Ensembl
genomes (Finn et al., 2015). Results of BUSCO analysis indicates that all
genomes included scored >80% for ‘complete and single-copy BUSCOs’ (Simao

et al., 2015) (Base of Figure 3.1).

None of the HGT genes were identified in the genome of H. catenoides,
the sister group to the oomycetes (Figure 3.1). The HGTs identified were found
in higher numbers across members of the hemibiotrophic Phytophthora genus,
including P. infestans T30-4, P. nicotiniae, P. parasitica P1569, P. lateralis MPF-
4, P. ramorum, P. sojae and P. kernoviae 00238/432 — contributing between >50

and >150 proteins to the total putative secretomes of these organisms. Across all
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of the oomycete genomes sampled, GH88 (encoding a putative a-L-
rhamnosidase) was only confirmed to be present in Phytophthora spp., and GH28
(encoding a putative pectin hydrolase) was only confirmed in genomes of
Peronosporales, i.e. hemibiotrophs and obligate biotrophs. All of the HGTs were
found in reduced paralog numbers within the genomes of the two obligate
biotrophs within the order Peronosporales, contributing a total of 19 proteins to
the P. halstedii putative secretome, and 27 proteins to the H. arabidopsidis
(Emoy-2) putative secretome. GH78 and GH88 were not found encoded in either
obligate biotrophs - both with putative functions in the degradation of pectin (a-L-
rhamnosidase and d-4,5-unsaturated beta-glucuronyl hydrolase activities,
respectively). P. halstedii was not found to encode a horizontally-transferred
pectate lyase gene —involved in the breakdown of pectin polysaccharides (Figure

3.1).
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3.5.1 Presence of HGT families associated with plant cell wall degradation across oomycetes
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Figure 3.1. Presence of HGTs across oomycete genomes. 11 HGT events were selected from Torto et al (2002), Belbahri et al (2008), Richards et al (2011) and
Savory et al (2015), representing acquired oomycete gene families associated with plant cell wall breakdown. Phylogenies generated using protein sequences were
used to annotate the presence or absence of each HGT across oomycete genomes, including Phytophthora (hemibiotrophs), Pythium (necrotrophs), saprophytic and
non-pathogenic oomycetes, and H. catenoides (the sister group to oomycetes). Significance E-values: 0.01 (sequence). BUSCO (Simao et al., 2015) was used to
assess the genome completeness for each oomycete genome used for analysis; results are shown at the base of the figure. The results demonstrate that the HGTs
are largely retained amongst hemibiotrophic oomycetes, with higher total paralog numbers across Phytophthora spp., compared to oomycetes occupying other
ecological niches.
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3.5.2 Presence of cellulose and xylan-degrading activities across
oomycetes

GH12 enzymes include endo-1,4-B-glucanases (EC 3.2.1.4), xyloglucan endo-
hydrolases (EC 3.2.1.151) and endo-1,3-1,4-B-glucanases (EC 3.2.1.73)
(http://www.cazy.org; Lombard et al., 2013). Mining the CAZy database for other
GH families with the above activities identified GH5°, -6, -7 and -17 (that are
encoded by P. sojae) (Figure 3.2). The coloured grey boxes indicate the presence
of the GH gene, whilst numbers indicate the total number of putative homologs
(paralogs) of that gene family in each organism — confirmed by performing profile

HMM searches as previously described (Finn et al., 2015).

Higher total numbers of CAZymes associated with the activities of GH12
enzymes were identified in the genomes of hemibiotrophic oomycetes - including
P. infestans T30-4 (23 proteins), P. nicotiniae (50 proteins), P. parasitica P1569
(34 proteins), P. lateralis MPF-4 (24 proteins), P. ramorum (26 proteins), P. sojae
(34 proteins) and P. kernoviae 00238/432 (26 proteins). Conversely, for obligate
biotrophic oomycetes, total CAZymes conferring putative cellulose-degrading
activities (associated with the enzyme activities related to GH12) were found in
reduced numbers - 14 proteins in P. halstedii, and 11 proteins in H. arabidopsidis
genomes. Within the order Pythiales, P. arrhenomanes was the only sampled
genome found to encode horizontally-transferred GH12 - however P. vexans, P.
irregulare, P. iwayami and P. aphanidermatum were all confirmed to encode
paralogs of GH6, 7 and 17, and total humbers of CAZymes across the GH

families varied between 8 and 22 proteins. None of the oomycetes sampled from

5 As GH5 is associated with activities not involved in cellulose/xylan degradation (http://www,cazy.org), for
clarity it is not included in Figure 3.2 or Figure 3.3.
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the order Saprolegniales were found to encode GH7 or GH12 enzymes (by HMM
search methods), however, high paralog numbers of GH6 were identified
amongst aquatic parasites S. diclina VS20 (13 proteins) and S. parasitica CBS
223.65 (14 proteins) - contributing to a total of 18 and 16 proteins associated with

putative cellulose-degradation to each genome, respectively (Figure 3.2).

GH10 enzymes include endo-1,4- B-xylanases (EC 3.2.1.8), endo-1,3- -
xylanases (EC 3.2.1.32) and xylan endotransglycosylases (EC 2.4.2.-)
(http://lwww.cazy.org; Lombard et al., 2013). Other GH families putatively
encoding one or more of these activities were identified by mining the CAZy
database. Endo-1,3- B-xylanase and xylan endotransglycosylase activities were
not found in any other GH family, but endo-1,4- B-xylanase activity was found to
be associated with GH5°, 30 and 43 (that are encoded by P. sojae) (Figure 3.3).
The coloured grey boxes indicate the presence of the HGT gene, whilst numbers
indicate the total number of putative homologs (paralogs) of that gene family in
each organism — confirmed by performing profile HMM searches as previously

described (Finn et al., 2015).

Higher total numbers of CAZymes associated with the activities of GH10
enzymes were identified in the genomes of hemibiotrophic oomycetes - including
P. infestans T30-4 (24 proteins), P. nicotiniae (33 proteins), P. parasitica P1569
(23 proteins), P. lateralis MPF-4 (21 proteins), P. ramorum (22 proteins), P. sojae
(21 proteins) and P. kernoviae 00238/432 (16 proteins). Conversely, for obligate
biotrophic oomycetes, total CAZymes conferring xylan-degrading activities
(associated with the enzyme activities related to GH10) were found in reduced

numbers - 7 proteins in P. halstedii, and 6 proteins in H. arabidopsidis genomes.
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None of the oomycetes sampled from the order Saprolegniales were found to
encode GH43, or horizontally-transferred GH10. Comparatively lower total
numbers of xylanase-associated CAZymes were identified in these organisms
(only associated with GH30) - S. diclina VS20 (2 proteins), S. parasitica CBS
223.65 (4 proteins), A. invadans (2 proteins) and A. astaci (2 proteins) (Figure

3.3).
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3.5.2 Presence of cellulose-degrading activities across oomycetes
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Figure 3.2. Presence of GH12-like activities across oomycete genomes. GH12 is annotated as having endo-1-4-3-glucanase (EC 3.2.1.4), xyloglucan endo-hydrolase
(EC 3.2.1.151) and endo-1,3-1,4-B-glucanase (EC 3.2.1.73) activities. Other P. sojae GH families putatively associated with one or more of the same activities are
GH5*, 6, 7 and 17 (http://www.cazy.org; Lombard et al., 2013); presence and expansion of all GH families across oomycete genomes is shown (the bars at the base
of the figure represent the total numbers of paralogs across all GH families). The results show diversity and expansion in GH12-like activities amongst hemibiotrophic
oomycetes. *GH5 is one of the most widespread GH families present in archaea, bacteria and eukaryotes, and is associated with activities not involved in
cellulose/hemicellulose degradation (http://www,cazy.org; Lombard et al., 2013); for clarity, GH5 is not included in the figure.

Page | 87


http://www.cazy.org/
http://www,cazy.org/

3.5.2 Presence of xylan-degrading activities across oomycetes
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Figure 3.3. Presence of GH10-like activities across oomycete genomes. GH10 is annotated as having endo-1-4-B-xylanase (EC 3.2.1.8), endo-1-3-B-xylanase (EC
3.2.1.8) and xylan endotransglycosylase (EC 2.4.2.-) activities; both the latter activities were not found in any other GH family, however endo-1-4-3-xylanase activity
was also found to be associated with GH5*, 30, and 43 (http://www.cazy.org; Lombard et al., 2013); presence and expansion of all GH families across oomycete
genomes is shown (the bars at the base of the figure represent the total numbers of paralogs across all GH families). The results show diversity and expansion in
GH10-like activities amongst hemibiotrophic oomycetes. *GH5 is one of the most widespread GH families present in archaea, bacteria and eukaryotes, and is

associated with activities not involved in cellulose/hemicellulose degradation (http://www,cazy.org; Lombard et al., 2013); for clarity, GH5 is not included
in the figure.
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3.5.3.1 Sequence and structural features of P. sojae GH12 paralogs
P. sojae GH12 protein sequences were aligned with Clustal Omega (Larkin et al.,
2007; Madeira et al., 2019), using T. reesei_Cell2a (Fungal GH12) as a

comparison (Sandgren et al., 2001) (Figure 3.4, Table 3.1 for protein alignment

key).

* Fully conserved residue

Conservation between groups of strongly similar properties

Conservation between groups of weakly similar properties

- Gap

Table 3.1. Protein alignment key (Clustal Omega (Larkin et al., 2007; Madeira et al., 2019)).

The P. sojae GH12 protein alignment was manually annotated to include
predicted 3D structural features (a-helices and B-sheets) (Phyre2; Kelly and
Sternberg., 2009), N-glycosylation sites (NetNGlc 1.0; Gupta et al., 2004),
phosphorylation sites (serine, threonine and tyrosine) (NetPhos 3.1; Blom et al.,
1999), predicted ligand (carbohydrate)-binding sites (3DLigandSite; Wass et al.,
2010), as well as glutamic acid (Glu; E) catalytic residues (conserved amongst

GH12 members (Sandgren et al., 2001)) (Figure 3.4).

All P. sojae GH12 proteins except P. sojae_360375 were found to have
conserved both glutamic acid (Glu; E) residues theoretically required for
enzymatic activity (shown by the red vertical arrows (Figure 3.4)). Total putative

N-glycosylation sites were variable amongst the GH12 protein sequences (P.
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sojae_520924: 6 sites; P. sojae_520248: 5 sites; P. sojae_338074 and _520599:
4 sites; P. sojae_338064: 3 sites; P. sojae_355355, 482953, 247788, 559651
and _360375: 1 site; P. sojae_260883: 0O sites). Predicted phosphorylation sites
(serine, threonine and tyrosine) were between >20 and 38 for most P. sojae GH12
paralogs, however, a significantly higher number of putative phosphorylation sites
were identified in P. sojae_482953 (97 sites) and P. sojae_247788 (107 sites)

(Figure 3.4).

3.5.3.2 P. sojae paralog _559651 is predicted to have a ‘second’
carbohydrate-binding site

Predictions of carbohydrate-binding sites were generated by 3DLigandSite
(Wass et al., 2010). P. sojae_559651 was the only P. sojae GH12 paralog in
which a putative ‘second’ carbohydrate-binding site was predicted. The residues
putatively involved in this additional binding site are highlighted by the red boxes
in the GH12 protein alignment for that sequence (Figure 3.4) — these are Gly55,
Ala56, Ala57, Thr58, Val97, Phe205 and Val206 (residue position numbers given

for the protein sequence in the absence of its N-terminal signal peptide).

3D structures of all P. sojae GH12 paralogous proteins are shown in Figure
3.5. Predictions of the amino acid residues putatively involved in binding the
cellulose backbone were generated by 3DLigandSite (Wass et al., 2010), and are
labelled in blue. Known glutamic acid (Glu, E) catalytic residues are shown by the
red arrows. For P. sojae_559651, two carbohydrate-binding sites were predicted
— both are shown (labelled (1) and (2)). The black arrow indicates the Thr58

residue common in both predicted binding sites for this paralog.
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Orthologous proteins of P. sojae paralog 559651 in P. cactorum and P.
nicotiniae were also predicted to have a putative ‘second’ carbohydrate-binding
site using 3DLigandSite (Wass et al., 2010) (Figure 3.6). Whilst all of the ‘second’
binding site residues were found to be conserved amongst the three orthologous
protein sequences, for P. cactorum, Ala57 was not predicted to form part of its
putative ‘second’ binding site (Figure 3.6). Inspection of the P. sojae GH12 protein
alignment (Figure 3.4) revealed two putative indels coding for alanine (Ala, A)
and serine (Ser, S) — of all the P. sojae sequences, these amino acids are present
only in P. sojae_559651 and P. sojae_360375 protein sequences (Figure 3.7).
Removal of both amino acids from the P. sojae_559651 protein sequence
abolished the prediction of the putative ‘second’ binding site; the two indels were
also found to be conserved in orthologs in P. cactorum and P. nicotiniae (Figure
3.7), and likewise, their removal from those respective protein sequences

eliminated both predictions of a putative ‘second’ binding site.
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P_sojee_520248
P_sojae_338074
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P_sojse_355355
P_sojae_482953
P_sojae_247788
P_sojae_559651
P_sojae_360375

T_reesei_Cell2a
P_sojae_520248
P_sojee_338074
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P_sojse_260883
P_sojae_338064
P_sojee_520924
P_sojse_355355
P_sojae_482953
P_sojae_247788
P_sojse_559651
P_sojae_360375

T_reesei_Cell2a
P_sojse_520248
P_sojse_338¢74
P_sojae_520599
P_sojae_262883
P_sojoe_338064
P_sojae_520924
P_sojse_355355
P_sojae_482953
P_sojse_247788
P_sojae_559651
P_sojse_360375
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P_sojee_520248
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Figure 3.4. Protein alignment of P. sojae GH12 paralogs, generated by Clustal Omega (Larkin et al., 2007; Madeira et al., 2019), aligned with T. reesei Cell2a (fungal)
protein for comparison. N-glycosylation sites were predicted with NetNGlc 1.0 (Gupta et al., 2004); three-dimensional structures of paralogous proteins were obtained
with Phyre2 (Protein Homology/analogY Recognition Engine v2.0 (Kelly and Sternberg., 2009)); phosphorylation sites (serine, threonine and tyrosine) were predicted
with NetPhos 3.1 (Blom et al., 1999); predictions of carbohydrate-binding sites (active site residues) were generated by 3DLigandSite (Wass et al., 2010). All P. sojae
paralogs except _360375 possess both glutamic acid residues theoretically required for enzymatic activity (red arrows); P. sojae_482953 and _247788 possess long,
significantly phosphorylated unique C-terminal ‘tail’ regions; P. sojae_559651 possesses a putative ‘second’ substrate binding site (as predicted by 3DLigandSite

(Wass et al., 2010) — see Figure 3.5), with two putative indels (alanine and serine) that are important for the second binding site prediction (blue stars in the alignment).
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3.5.3.2 P. sojae paralog _559651 is predicted to have a ‘second’ carbohydrate-binding site

P. sojae_360375

Page | 94



P. sojae_559651 (1) P. sojae_559651 (2)
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Figure 3.5. Three-dimensional structures of P. sojae GH12 paralogs were obtained with Phyre2 (Protein Homology/analogY Recognition Engine v2.0 (Kelly and
Sternberg., 2009)); predictions of carbohydrate-binding sites (active site residues) were generated by 3DLigandSite (Wass et al., 2010), and are labelled in the figure.
Known glutamic acid [Glu] catalytic residues are shown by the red arrows. For P. sojae paralog 559651, two carbohydrate-binding sites were predicted by 3DLigandSite
— amino acids predicted for each binding site are labelled (1) and (2). The black arrow indicates the threonine Thr58 residue common in both predicted sites; two

putative indels (alanine and serine) that are important for the ‘second’ binding site prediction for this paralog are indicated by the blue arrows.
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Figure 3.6. P. sojae_559651 and orthologs in P. cactorum and P. nicotiniae are predicted to encode a putative ‘second’ carbohydrate binding site. A. Three-dimensional
structures of P. sojae_559651 orthologs in P. cactorum and P. nicotianae were obtained with Phyre2 (Protein Homology/analogY Recognition Engine v2.0 (Kelly and
Sternberg., 2009)); predictions of carbohydrate-binding sites (active site residues) were generated by 3DLigandSite (Wass et al., 2010), and are labelled in blue.
Known glutamic acid [Glu] catalytic residues are shown by the red arrows. Two carbohydrate-binding sites were predicted by 3DLigandSite — both are shown (labelled
(1) and (2)). The black arrow indicates the threonine Thr58 residue common in both predicted sites. B. Protein alignment of P. sojae_559651 and orthologs in P.
cactorum and P. nicotiniae, generated by Clustal Omega (Larkin et al., 2007; Madeira et al., 2019). N-glycosylation sites were predicted with NetNGlc 1.0 (Gupta et
al., 2004); phosphorylation sites (serine, threonine and tyrosine) were predicted with NetPhos 3.1 (Blom et al., 1999); two putative indels (alanine and serine) that are

important for the second binding site prediction are indicated by the blue stars in the alignment.
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Two indels, coding for alanine and serine, are important for the ‘second’ carbohydrate-binding site prediction
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Figure 3.7. A. Protein alignment for P. sojae GH12 generated by Clustal Omega (Larkin et al., 2007; Madeira et al., 2019); blue boxes highlight the positions of two
indels (Alanine; A, and Serine, S), only present in P. sojae_559651 and _360375 - when the two amino acid residues are removed from the protein sequence of
559651, the ‘second’ carbohydrate-binding site is no longer predicted by 3DLigandSite (Wass et al., 2010). B. Protein alignment for P. sojae_559651 and orthologous
proteins in P. cactorum and P. nicotianae, generated by Clustal Omega; blue boxes highlight the positions of the two indels (Alanine; A, and Serine, S) that are

conserved between the proteins, and also required for the ‘second’ carbohydrate-binding site predictions in the orthologs.
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3.5.3.3 P. sojae paralog 482953, and orthologs in P. cactorum and P.
nicotiniae have a highly phosphorylated, significantly disordered C-
terminus ‘tail’

The protein sequence of P. sojae_482953 is predicted to encode 97 putative
phosphorylation sites (serine, threonine and tyrosine) (NetPhos 3.1; Blom et al.,
1999) — a high proportion of which are clustered towards the C-terminus region
of the protein (Figure 3.4). Phyre2 (Kelly and Sternberg., 2009) was unable to
confidently assign the terminal 186 amino acids of this protein sequence to an
appropriate structural prediction, due to the disordered nature of the ‘tail
sequence — consistent with structural predictions of protein orthologs in P.
cactorum and P. nicotiniae. Figure 3.8 (A) shows the results of Phyre2 analysis
for the three orthologous proteins (Kelly and Sternberg., 2009) — the colours
represent Phyre2 disorder scores (blue to red, from order to disorder); non-
modelled C-terminal sequences are shown below the predicted structures with a
red star indicating the start positions of the ‘tail’ sequences on the structures that
were unable to be modelled. Figure 3.8 (B) shows the protein alignment of the
orthologous sequences (Clustal Omega (Larkin et al., 2007; Madeira et al.,
2019)), manually edited for features as described previously (NetNGlIc 1.0 (Gupta

et al., 2004); 3DLigandSite (Wass et al., 2010); NetPhos 3.1 (Blom et al., 1999)).
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Figure 3.8. A. Three-dimensional structures of P. sojae_482953 and orthologs in P. nicotiniae and P. cactorum were obtained with Phyre2 (Protein Homology/analogY
Recognition Engine v2.0 (Kelly and Sternberg., 2009)). C-terminal ‘tail’ sequences were not able to be modelled; tail sequences are shown below the structures (the
red star indicates where on the structure the tail sequence begins). Colours represent disorder scores generated by Phyre2 and demonstrate significant disorder in
the C-terminal extensions. B. Protein alignment of P. sojae_482953 and orthologs in P. cactorum and P. nicotiniae, generated by Clustal Omega (Larkin et al., 2007;
Madeira et al., 2019). N-glycosylation sites were predicted with NetNGlc 1.0 (Gupta et al., 2004); predictions of carbohydrate-binding sites (active site residues) were
generated by 3DLigandSite (Wass et al., 2010); phosphorylation sites (serine, threonine and tyrosine) were predicted with NetPhos 3.1 (Blom et al., 1999). The data
indicates that the significant disorder and phosphorylation of the C-terminal ‘tail’ sequences is conserved amongst orthologs of P. sojae_482953.
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3.5.4 Gene expression profiles of GH12 paralogs

For each P. sojae GH12 paralog, transcriptome data was compared during three
lifecycle stages: mycelial, cyst and 3 days post-infection (soybean hypocotyls
infected with P. sojae strain P6497) (FungiDB; Stajich et al., 2012; Basenko et
al., 2018). Fragments per kilobase of exon model per million mapped reads

(FPKM) values were used to calculate Log2 values (plotted in Figure 3.9).

Genes coding for P. sojae_ 247788 and P. sojae_520599 did not appear
to be expressed under any of the conditions tested. For the remaining GH12
paralogs, all show expression during infection (P. sojae_338074 and P.
sojae_520248 are exclusively expressed during infection only (expressed in
Log2(FPKM)), at 5.08 and 3.12, respectively). P. sojae_355355 is highly
expressed across all three lifecycle stages compared to other GH12 genes (4.66
mycelial, 9.23 cyst, and 8.68 infection). Expression of the gene encoding P.
sojae_482953 is highly upregulated from mycelial to cyst and infection stages

(0.95 mycelial, 6.66 cyst, 5.51 infection) (Figure 3.9).

3.5.5 Genomic locations of GH12 paralogs

For each P. sojae GH12 gene, the genome browser tool within FungiDB (Stajich
et al., 2012; Basenko et al.,, 2018) was used to locate the coordinates of the
eleven GH12 genes within the P. sojae genome. Approximate distances between
each of the GH12 genes is shown in Figure 3.10. Notably, P. sojae tandem repeat
pairs _559651 and 360375, and _482953 and 247788 (putatively based on
protein sequence similarity between the sequences, see Figure 3.4), have unique
genomic locations, 2278 kb and 5868 kb, upstream and downstream,

respectively, from the remaining GH12 paralogs (Figure 3.10).
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3.5.4 Gene expression profiles of GH12 paralogs
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Figure 3.9. For each GH12 gene, P. sojae transcriptome data was compared during three lifecycle stages: mycelial, cyst and 3 days post-infection of soybean
hypocotyls, expressed as transcript levels of fragments per kilobase of exon model per million mapped reads (FPKM - sequencing depth and gene depth normalised
from paired-end RNA-seq data; FungiDB; Stajich et al., 2012; Basenko et al., 2018). FPKM values were used to calculate Log2 (plotted). The data indicates that all

paralogs have unique expression profiles during all lifecycle stages, with many upregulated during infection (i.e. close interactions with the plant host and increased

capacity for plant cell wall digestion).

3.5.5 Genomic locations of GH12 paralogs

559651 360375 338064 260883 355355 520524 520595 338074 520248 482953| 247788

T o S

Figure 3.10. For each GH12 gene, FungiDB (Stajich et al., 2012; Basenko et al., 2018) was used to locate genomic coordinates - the relative approximate distances
between the paralogs are shown in kilobases (kb). The red boxes highlight the two P. sojae paralogs (_559651 and _482953) that were shown to have unique structural

features, and notably, these paralogs (with tandem repeat duplicates), are more distantly located to the other GH12 genes.
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3.5.6 Evolutionary history of oomycete GH12

A phylogenetic tree was constructed to confirm the evolutionary relationships
between P. sojae GH12 paralogs (and their orthologs in other oomycetes) (Figure
3.11). The black stars indicate P. sojae GH12 paralogs; the red stars indicate
GH12 paralogs P. sojae_482953 and P. sojae_559651, which form distinct
clades with orthologous proteins (blue boxes). This is consistent with the unique
sequence and structural features of the two paralogs described in this chapter
(C-terminal ‘tail’ of P. sojae_482953 and a putative ‘second’ carbohydrate-binding

site of P. sojae_559651).
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Figure 3.11. Evolutionary history of oomycete GH12. ML tree constructed with 1Q-Tree v2.0.3 (WAG+R5 model of evolution (Whelan and Goldman., 2001) selected
as the best-fit model by ModelFinder (Kalyaanamoorthy et al., 2017)). The tree was constructed with an alignment of 161 sequences comprising 211 amino acids;
node values indicate results of non-parametric bootstrap (200 replicates) (Minh et al., 2020). The tree is rooted with a fungal outgroup because fungi were previously
identified as the putative donor group of the GH12 HGT into the oomycetes (Richards et al., 2011; Savory et al., 2015). The black stars indicate P. sojae GH12
paralogs; the red stars indicate GH12 paralogs P. sojae_482953 and P. sojae_559651, which form distinct clades with orthologous proteins (blue boxes; blue dots
indicate the orthologs characterised in Figures 3.6, 3.7 and 3.8) - consistent with the unique sequence and structural features of the two paralogs described in this

chapter (C-terminal ‘tail’ of P. sojae_482953 and a putative ‘second’ carbohydrate-binding site of P. sojae_559651).
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3.5.7 Sequence and structural features of P. sojae GH10 paralogs

P. sojae GH10 protein sequences were aligned® with Clustal Omega (Larkin et
al., 2007; Madeira et al., 2019), using T. reesei_Xyn3 (Fungal GH10) as a
comparison (Figure 3.12, Table 3.1 for protein alignment key). The P. sojae GH10
protein alignment was manually annotated to include predicted 3D structural
features (a-helices and B-sheets) (Phyre2; Kelly and Sternberg., 2009), N-
glycosylation sites (NetNGlIc 1.0; Gupta et al., 2004), phosphorylation sites
(serine, threonine and tyrosine) (NetPhos 3.1; Blom et al., 1999), predicted ligand
(carbohydrate)-binding sites (3DLigandSite; Wass et al., 2010), as well as

glutamic acid (Glu; E) catalytic residues (Figure 3.12).

All P. sojae GH10 proteins were found to have conserved both glutamic
acid (Glu; E) residues theoretically required for enzymatic activity (shown by the
red vertical arrows (Figure 3.12)). Total putative N-glycosylation sites were as
follows: P. sojae_519234: 3 sites; P. sojae_518763: 3 sites; P. sojae_527497: 1

site; P. sojae_489338: 1 site. Predicted phosphorylation sites (serine, threonine

6 Whilst 5 sequence homologs for GH10 were identified in P. sojae (Figure 3.1), available transcriptome data
for the paralogs (FungiDB; Stajich et al., 2012; Basenko et al., 2018) allowed scrutinisation of gene model
predictions (using gene expression data for correction). For GH10 gene P. sojae_254209, RNA-seq data did
not support the prediction of two introns called in the genome-derived sequence, and additionally suggested
that a portion of the 5' sequence was missing (including a putative N-terminal signal sequence, which was
not predicted in the genome-derived sequence). Using the gene expression data, within the upstream 5’
sequence, there was an intron of 78bp over-predicted by 1 nucleotide (resulting in a frame shift in the
translated protein sequence), in addition to many stop codons preceding the mis-annotated 5’ intron — such
that it was not possible to confidently assemble the sequence before 162bp upstream of the original
transcriptional start site. As a result, this paralog was omitted from further analysis as a putative pseudogene
— the protein sequence is not included in the P. sojae alignment (Figure 3.12), however, it's expression
profile and genomic location are included in Figures 3.13 and 3.14, respectively.
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and tyrosine) were between 36 and 59 for all paralogs (59 in P. sojae_527497,
which also has an additional ~63 amino acid ‘tail’ sequence at its C-terminus
(Figure 3.12)). Predictions of carbohydrate-binding sites were generated by
3DLigandSite (Wass et al., 2010); all GH10 paralogs except P. sojae_527497
possessed a putative additional carbohydrate-binding site — although, predicted
amino acid residues for both sites varied in some instances between the protein
sequences (Figure 3.12). Whilst P. sojae_519234, 527497 and _489338 were
predicted to include 12, 11 and 11 amino acids in one binding site (respectively),
P. sojae_518763 was only predicted to include 5 amino acid residues in the same
site (although the site prediction did include both glutamic acid (Glu; E) residues

as expected) (Figure 3.12).
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Figure 3.12. Protein alignment of P. sojae GH10, generated by Clustal Omega (Larkin et al.,
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2007; Madeira et al., 2019), aligned with T. reesei Xyn3 (fungal) protein

2004); three-dimensional structures of paralogous proteins were obtained with

Phyre2 (Protein Homology/analogY Recognition Engine v2.0 (Kelly and Sternberg., 2009)); predictions of carbohydrate-binding sites (active site residues) were

generated by 3DLigandSite (Wass et al., 2010). All P. sojae paralogs possess both glutamic acid residues theoretically required for enzymatic activity (red arrows); P.

sojae_527497 possesses a long, phosphorylated unique C-terminal ‘tail’ region; interestingly, carbohydrate-binding site residues were variable amongst paralogs and

P. sojae_527497 was the only paralog not to predict a ‘second’ binding site.
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3.5.8 Gene expression profiles of GH10 paralogs
For each P. sojae GH10 paralog, transcriptome data was compared during three
lifecycle stages as previously described (FungiDB; Stajich et al., 2012; Basenko

et al., 2018) (Figure 3.13).

Genes coding for P. sojae_ 518763 and P. sojae_527497 were not shown
to be expressed during mycelial growth, in contrast to P. sojae_519234 and P.
sojae_489338 genes - (expressed in Log2(FPKM): 1.93 and 3.22, respectively).
All paralogs were shown to be expressed during infection, and interestingly,
putative pseudogene (P. sojae_254209) is highly upregulated during infection

(Figure 3.13).

3.5.9 Genomic locations of GH10 paralogs

For each P. sojae GH10 gene, the genome browser tool within FungiDB (Stajich
et al., 2012; Basenko et al., 2018) was used to locate the coordinates of the five
GH10 genes within the P. sojae genome. Approximate distances between each
of the GH10 genes is shown in Figure 3.14. Interestingly, P. sojae_519234 and
P. sojae_518763 are arranged ‘head to head’ with 0.3 kb between the genes,
whilst P. sojae_489338 is located 209 kb upstream of P. sojae_519234. Putative
pseudogene, P. sojae_254209 and P. sojae_527497 are also orientated in a

‘head to head’ arrangement, 41 kb from one another (Figure 3.14).
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Figure 3.13. For each GH10 gene, P. sojae transcriptome data was compared during three lifecycle stages: mycelial, cyst and 3 days post-infection of soybean
hypocotyls, expressed as transcript levels of fragments per kilobase of exon model per million mapped reads (FPKM - sequencing depth and gene depth normalised
from paired-end RNA-seq data; FungiDB; Stajich et al., 2012; Basenko et al., 2018). FPKM values were used to calculate Log2 (plotted). The data indicates that all

paralogs have unique expression profiles during all lifecycle stages, with many upregulated during infection (i.e. close interactions with the plant host and increased

capacity for plant cell wall digestion).

3.5.9 Genomic locations of GH10 paralogs

527437 254208 489338 519234 518763

=

Figure 3.14. For each GH10 gene, FungiDB (Stajich et al., 2012; Basenko et al., 2018) was used to locate genomic coordinates - the relative approximate distances
between the paralogs are shown in kilobases (kb). P. sojae 519234 and P. sojae_518763 are arranged ‘head to head’ with 0.3 kb between the genes, whilst P.
sojae_489338 is located 209 kb upstream of P. sojae_519234. Putative pseudogene, P. sojae_254209 and P. sojae_527497 are also orientated in a ‘head to head’

arrangement, 41 kb from one another.
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3.6 Discussion

3.6.1 HGT families associated with plant cell wall degradation have been
largely retained by hemibiotrophic oomycetes

Previously reported HGT events from fungi to oomycetes include putatively
secreted enzymes predicted to degrade plant cell wall-specific substrates (Torto
et al., 2002; Belbahri et al., 2008; Richards et al., 2011; Savory et al., 2015).
Eleven of the HGT events are absent in H. catenoides (the sister group to the
oomycetes), and are largely expanded in hemibiotrophic oomycetes in the
Phytophthora genus (Figure 3.1) - suggesting HGT has had a lifestyle-specific
influence to oomycete evolution. Whilst the HGTs appear to have been lost by
some hemibiotrophs, the hypothesis is consistent with the detection of fewer
HGTs in obligate biotrophs (P. halstedii and H. arabidopsidis), as well as in
necrotrophs, saprotrophs, and non-pathogenic oomycetes - although this could
reflect a bias in genome sampling for the original analysis (i.e. predicted
proteomes were selected from P. ramorum, P. sojae, P. infestans and H.
parasitica - therefore limiting identification of putative HGTs to these taxa only
(Richards et al., 2011)). Pythium vexans has been renamed Phytopythium
vexans, an intermediate between Phytophthora and Pythium (de Cock et al.,
2015), which correlates with the distribution of the HGTs in this organism (Figure

3.1).

Previous studies indicate that obligate biotrophs express and secrete
fewer CAZymes than hemibiotrophs (Baxter et al., 2010; Kemen et al., 2011) —
indicative of their requirement to maintain an intimate association with their host
without stimulating an immune response from cell wall maceration (presumably
the host association having a greater importance than increased carbohydrate
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availability for biotrophs). Also consistent with observations of this study are
previous genome analyses of Phytophthora spp., which have shown that they
generally encode more GH genes than Pythium spp. (e.g. Zerillo et al., 2013) —
in part due to the significant expansion (by gene duplication) of GH families in
Phytophthora species (Levesque et al., 2010; Zerillo et al., 2013), but also likely
due to differences in the enzyme families expressed by necrotrophic pathogens.
P. sojae (95 Mb genome) has been previously annotated to encode a total of 309
GH enzymes (Tyler et al., 2006), whilst P. ultimum (42 Mb genome), a total of
183 GH enzymes (Levesque et al., 2010) - higher selection pressures for the
HGT genes (and other CAZymes) in Phytophthora spp. and their rapid evolution
(i.e. through subsequent gene duplication events leading to multiple paralogs,
inflating the total genome size) reflect their importance for phytopathogenicity in
hemibiotrophic oomycetes — for more efficient substrate breakdown, or a means

to evade host defences.

Interestingly, a HGT-acquired GH88 (encoding a putative a-L-
rhamnosidase), putatively involved in pectin degradation was only confirmed to
be present in hemibiotrophic Phytophthora spp., and GH28 (encoding a putative
pectin hydrolase) was only confirmed in genomes of Peronosporales, i.e.
hemibiotrophs and obligate biotrophs (Figure 3.1). GH78 was not found encoded
in either obligate biotroph included in the analysis — again, with a putative function
in the degradation of pectin (p-4,5-unsaturated beta-glucuronyl hydrolase). As
pectin is the major non-hemicellulosic polysaccharide of plant cell walls, formed
from a backbone of D-galacturonic acid (Atmodjo et al., 2013) rather than D-
glucose, it represents an important structural component for plant parasites to

overcome - in addition to the cellulose and hemicellulose layers. Therefore, the
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retention of pectin-specific HGT genes largely by hemibiotrophic oomycetes
indicates the importance of these enzymes for efficient and complete cell wall
digestion. Furthermore, the transferred genes likely contribute to an arsenal of
alternative pectinase genes in these organisms, although that was not the focus
of this work. As pectin degradation products are also important elicitors of plant
immune responses (Hahn et al., 1981; Ferrari et al., 2013), it is feasible for
phytopathogens to secrete a battery of digestive enzymes as a major mode of
attack to counteract host defence (by driving complete and rapid breakdown of

the substrate).

P. sojae is currently one of the model organisms for the Phytophthora
genus, and the selective benefit of maintaining the HGTs is further suggested by
widespread gene expansion (by duplication) following acquisition. For each HGT
paralog in P. sojae (110 in total, across all HGT families) (Figure 3.1), this has
putatively contributed to >6% of the P. sojae predicted secretome (calculated
from 1659 total secreted proteins predicted in McGowan and Fitzpatrick (2017))
(>6% of 1756 total secreted proteins predicted in Adhikari et al. (2013), >6% of
1586 total secreted proteins predicted in Richards et al. (2011), >7% of 1464 total

secreted proteins predicted in Tyler et al. (2006)).

3.6.2 There is diversity and expansion of cellulose- and xylan-degrading
activities among hemibiotrophic oomycetes

To identify other GH families present in P. sojae putatively involved in cellulose
(GH12) and xylan (GH10) metabolism, the CAZy database was searched,
identifying GH5, 6, 7 and 17 (for GH12) and GH5, 30 and 43 (for GH10)

(http://lwww.cazy.org; Lombard et al., 2013). Interestingly, GH6 has been
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previously published as a HGT into the oomycetes and proposed to have a
bacterial origin (Misner et al., 2015; Savory et al., 2015), and GH43 is a fungal-
oomycete HGT putatively involved in the breakdown of arabinan in hemicellulose

layers (Richards et al., 2011; Savory et al., 2015).

The presence and expansion of GH families putatively annotated for
cellulose and xylan breakdown across oomycetes was investigated (Figure 3.2,
Figure 3.3). GH5 is one of the largest and most widespread GH families present
in archaea, bacteria and eukaryotes, and is associated with a significant variety
of activities, including those not involved in cellulose and xylan degradation
(http://www.cazy.org; Lombard et al., 2013). As it was not possible to confidently
assign carbohydrate-degrading functions to all predicted proteins for GH5, for
clarity it is not included in the figures. Interestingly, GH5 enzymes of Phytophthora
spp. have been cloned and investigated previously, but substrate specificity was

not investigated (McLeod et al., 2003; Costanzo et al., 2007).

Consistent with the distribution of the eleven HGT events across the
oomycetes (Figure 3.1), higher numbers of CAZymes associated with the
activities of horizontally-acquired GH12 were identified in the genomes of
hemibiotrophic oomycetes in the Phytophthora genus (Figure 3.2). Interestingly,
of the necrotrophic oomycetes sampled, P. arrhenomanes was the only Pythium
species found to encode horizontally-transferred GH12 (Figure 3.1) - initially
suggesting reduced secreted cellulase activity within the genus. However, when
investigating the wider GH families putatively associated with the same activities,

P. vexans, P. irregulare, P. iwayami and P. aphanidermatum were all confirmed
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to encode paralogs of GH6, 7 and 17 (in reduced paralog numbers as compared

with Phytophthora spp.) (Figure 3.2).

None of the oomycetes sampled from the order Saprolegniales were found
to encode GH7 or GH12 enzymes by the methods used in this study, however,
high paralog numbers of GH6 were identified amongst aquatic parasites S. diclina
VS20 and S. parasitica CBS 223.65 (Figure 3.2). Whilst removal of GH5 enzymes
from the analysis aimed to limit the inclusion of enzymes not involved in cellulose
degradation from plant host substrates, it is important to note that putative
cellulose-digesting enzymes of the GH families identified may not always be host-
targeted, and could play a role in remodelling the oomycete’s own cell wall (which
is rich in cellulose (Bartnicki-Garcia., 1968; Grenville-Briggs et al., 2008)). In the
absence of experimental evidence, it is unclear how the wider GH families
identified are involved in cellulose digestion. That said, cellulases have also been
identified from (for example) Arabidopsis (Williamson et al., 2002) and crayfish

(Bryne et al., 1999), suggesting they have diverse roles across the tree of life.

As with GH12-associated enzymes, higher total numbers of CAZymes
associated with the activities of GH10 enzymes were identified amongst
hemibiotrophic oomycetes — with comparatively lower total enzymes amongst
obligate biotrophs (Figure 3.3). None of the oomycetes sampled from the order
Saprolegniales were found to encode GH43 or horizontally-transferred GH10,
and only 2-4 paralogs of xylanase-associated CAZymes were identified in these

organisms (only associated with GH30) (Figure 3.3).
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Overall, the data is consistent with previous studies indicating significant
expansion of GH enzymes in Phytophthora species (e.g. Adhikari., 2013;
McGowan and Fitzpatrick., 2017). Although many oomycete genomes encode
gene families putatively involved in cellulose and xylan metabolism, it is likely that
the diversity in enzyme families, as well as their expansion by subsequent gene
duplications in Phytophthora species, correlates with the importance of the
specific functions for hemibiotrophic lifestyles — functions that HGT and gene
duplication are hypothesised to have contributed to. It is therefore important to
better understand the functional significance of the paralogous proteins in

hemibiotrophic oomycetes.

3.6.3.1 Ten out of eleven P. sojae GH12 paralogs possess both catalytic
amino acids theoretically required for enzymatic activity

The protein sequence of T. reesei_Cell2a was used for comparison of P. sojae
GH12 sequence and structural features, because its structure has already been
elucidated by Sandgren et al. (2001) using x-ray crystallography (Sandgren et al.,

2001), whereas no crystal structure of a P. sojae GH12 is currently available.

T. reesei_Cel12a is made up of 15 B-strands that fold into two twisted,
largely anti-parallel B-sheets that pack on top of one another (Sandgren et al.,
2001). The only two cysteine residues in T. reesei_Cell2a are also conserved
amongst the P. sojae GH12 paralogs (Cys4 and Cys32 for T. reesei (numbers
not including the N-terminal signal sequence) (Figure 3.4) — these are proposed
to form a disulphide bridge between two of the B-strands of the first B-sheet

(Sandgren et al., 2001).
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Interestingly, Sandgren et al. (2003) mutated Ala35 in T. reesei_Cell2a to
Val35 and recorded an increase in thermal stability of the protein of 7.7°C, and
the authors later went on to crystallise the structure of this variant (Sandgren et
al., 2003). The alanine residue at this position is not conserved amongst P. sojae
GH12 proteins (Figure 3.4), however, a valine residue at the position for P.
sojae_260883, 355355, 559651 and _360375 (whilst would require further
testing), could be a target for modification to study improved thermostability of the

P. sojae paralogs.

Ten of the P. sojae GH12 paralogs possess both glutamic acid (Glu, E)
residues required for catalytic activity for this family (Figure 3.4) (Okada et al.,
2000). In T. reesei_Cell2a, the catalytic nucleophile Glul16 is in close proximity
to residues Asp99 and Metl118, which are widely conserved amongst GH12

proteins (including the P. sojae GH12 paralogs (Figure 3.4)).

The protein sequence of P. sojae_360375 is missing a significant portion
of its C-terminus (including the second conserved glutamic acid residue) —
previous in vivo work by Ma et al. (2017) demonstrated that this P. sojae protein
transiently expressed in N. bethamiana leaves does not result in hydrolytic activity
(although, the authors note that the preferred substrates could have been absent
in the assay; Ma et al., 2017) - which is consistent with both glutamic acid
residues being required for catalytic activity. Interestingly, despite loss of
enzymatic activity, the researchers demonstrate that this protein has a strong
binding affinity to a host immune protein (named GmGIP1) (Ma et al., 2017) —
demonstrating a role for non-active isozymes in P. sojae virulence as putative

‘stealth factors’. Strong selection pressures resulting from intimate pathogen-
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plant interactions suggests that evolution of multiple enzyme paralogs (whilst
many are likely to contribute to the overall function through transcriptional
redundancy and/or neo/sub-functionalisation (Ohno., 1970; Stoltzfus., 1999;
Force et al.,, 1999; Long et al., 2003)), are also important for subverting or
exploiting host defences - whether binding directly to host immune proteins to
free active paralogs from targeting (as shown by Ma et al.,, 2017), or even
(hypothetically) binding plant cell wall degradation products (i.e.
oligosaccharides, di- or monosaccharide units), in order to limit activation of host
immune receptors. Whilst this work aimed to characterise multiple enzyme
paralogs on the basis of evolved functions gained by oomycete parasites through
a combination of HGT and subsequent gene duplication events, it is also
important to consider how both phenomena have additionally contributed to host-

pathogen co-evolution as well.

3.6.3.2 P. sojae paralog 559651 is predicted to have a ‘second’
carbohydrate-binding site that could alter enzymatic activity

Paralogous enzymes with conserved catalytic sites could have unique sequence
or structural features that are important for their activity and/or their interactions
with substrates. Predictions of carbohydrate-binding sites (active site residues)
for the GH12 paralogs were generated by 3DLigandSite (Wass et al., 2010), and
suggested that P. sojae_559651 was a unique GH12 paralog in which a ‘second’
carbohydrate binding site was predicted (Figure 3.5). The putative amino acid
residues for this site are Gly55, Ala56, Ala57, Thr58, Val97, Phe205, Val206
(residue position numbers given for the protein sequence in the absence of its N-
terminal signal peptide) — Thr58 is the common residue predicted in both ligand

sites for this paralog. Orthologous proteins in P. cactorum and P. nicotiniae were
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also predicted to have a ‘second’ carbohydrate-binding site (Figure 3.6), and
interestingly, two putative indels coding for alanine (Ala, A) and Serine (Ser, S)
that are conserved amongst the three sequences (Figure 3.7), are important for
the ‘second’ binding site prediction. Removal of both amino acids abolished the
prediction of the binding site for the orthologous proteins (whilst the binding site
common amongst all GH12 paralogs was left intact). The two indels are also
conserved in P. sojae_360375, however, as this paralog is significantly truncated
at the C-terminus (see Figure 3.4), a second putative binding site was not
originally predicted by 3DLigandSite (Wass et al., 2010) (Figure 3.5). Whilst
further experimental characterisation of P. sojae_559651 would be required to
better understand the functional significance of an additional (putative) ligand-
binding pocket in the context of plant carbohydrate degradation, it is feasible that
this isoenzyme interacts with its substrate by a novel mechanism in the family —
putatively able to bind more of the cellulose backbone, or putatively able to digest
its substrates more efficiently. Sandgren et al. (2001) note that the T.
reesei_Cell2a cellulose-binding site putatively binds at least six glucose residues
(Sandgren et al.,, 2001), so it would be interesting to investigate how this

compares with the P. sojae proteins.

3.6.3.3 P. sojae paralog _482953, and orthologs in P. cactorum and P.
nicotiniae, have a significantly disordered, highly phosphorylated C-
terminus ‘tail’ that could alter enzymatic activity

As previously mentioned, isozymes of the same enzyme could have evolved
under strong selection pressures driving unique activities with possibly untested
adaptive consequences. Another interesting feature of two of the P. sojae GH12

paralogs (482953 and _247788), is that they both possess long, significantly
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phosphorylated C-terminal tails (Figure 3.4). P. sojae_482953 was taken forward
for further analysis and (in addition to its orthologs in P. cactorum and P.
nicotianae) the C-terminal tail regions of each protein were unable to be
accurately modelled to a protein structure using Phyre2 (Kelly and Sternberg.,
2009). Amounts of disorder for the protein sequences (calculated by Phyre2)
were 57% (P. sojae_482953), 51% (P. cactorum_2), and 64% (P. nicotianae_2)
- the disordered sequences are shown in Figure 3.9. It is currently unclear how
the 186 amino acid ‘tail’ of P. sojae_482953 affects the proteins function, however
it is conceivable that it could affect (for example) binding affinity, catalytic activity,

or tolerance across biological conditions (e.g. temperature, pH).

The C-terminus tail of P. sojae_482953 is highly phosphorylated (serine
and threonine (Figure 3.4; Figure 3.9)). Interestingly, other families of cellulases
with CBMs are usually connected to the CBM by a flexible linker sequence — also
rich in serines, threonines and prolines, but highly glycosylated (Harrison et al.,
1998). Li et al (2014) also describe a C-terminal proline-rich sequence of
xylanase XynA, and its removal affects the protein function (Li et al., 2014), and
Wen et al (2005) describe a truncated glucanase that displays improved
enzymatic activity (Wen et al.,, 2005). It is therefore possible that the P.
sojae_482953 tail region has a positive or negative effect to the overall function
of the enzyme — which would require further experimental investigation to

elucidate.
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3.6.4 P. sojae GH12 paralogs have unique RNA-seq profiles during three
different stages of the organism'’s lifecycle

The transcription of multiple isozymes of the same enzyme may be independently
regulated and expressed in different relative amounts, therefore P. sojae
transcriptome data was compared for all GH12 paralogs. Interestingly, P.
sojae_247788 and P. sojae_520599 did not appear to be expressed under any
of the conditions tested, suggesting these paralogs could be putatively inactive
(Figure 3.9). P. sojae_247788 is most closely related to P. sojae_482953; both
possess long, significantly disordered C-terminal tails (as previously described;
Figure 3.4), however of the two, P. sojae_482953 is the only paralog expressed
during mycelial, cyst and 3 days post-infection (soybean hypocotyls infected with
P. sojae strain P6497) (FungiDB; Stajich et al., 2012; Basenko et al., 2018)
(Figure 3.9) - suggestive of a functional role of this paralog with this particular
sequence feature in this organism. In contrast, there is currently no evidence for

expression of P. sojae_247788 during any of these phases.

For the remaining GH12 paralogs, all show expression during infection (P.
sojae_338074 and P. sojae_520248 are exclusively expressed during infection
only) (Figure 3.9), suggestive of an important role during P. sojae interactions
with its host. It is unclear how GH12 expression is induced during this stage,
however, it is possible that other functional paralogs constitutively expressed
recognise the cellulose backbone, and early enzymatic cleavage of the chain
generates oligosaccharides that further induces GH12 expression. Similarly,
when T. reesei is given cellulose as the sole carbon source, multiple cellulase
genes are induced, suggestive of recognition in response to the presence of

cellulose (Kubicek and Penttila., 1998). Interestingly, growth on glucose as the
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sole carbon source (i.e. the monomer that makes up the cellulose chain),
represses cellulase expression in T. reesei (llmen et al., 1997), but varying
lengths of oligosaccharides are known to induce cellulase expression in T. reesei
(Sternberg and Mandels., 1980). Ma et al. (2015) demonstrated expression of the
gene encoding P. sojae_559651 at 12 time points during early infection (up to 48
hours), and showed high expression up to 2 hours followed by a decline — it would
be interesting to know how the other functional paralogs compare to this pattern

of expression during very early points of infection (Ma et al., 2015).

3.6.5 P. sojae paralogs _559651 and _482953 have distinctive structural
features, and unique genomic locations with tandem-repeat paralogs

Genomic locations of the P. sojae GH12 paralogs were identified using an
available FungiDB genome browsing tool (Stajich et al., 2012; Basenko et al.,
2018). Whilst paralogs _338064, _260883, _355355, _520924, 520599,
338074 and 520248 were found largely clustered together (Figure 3.10),
tandem repeat pairs _559651 and _360375, and _482953 and 247788 were
found located 2278 kb and 5868 kb upstream and downstream of the clustered
genes, respectively. Interestingly, P. sojae 559651 and P. sojae 482953

possess unique structural features, as previously described.

3.6.6 Evolutionary history of oomycete GH12

To confirm the evolutionary relationships between P. sojae GH12 paralogous
protein sequences, and their orthologs amongst oomycete taxa, a phylogenetic
tree was constructed on the basis of multiple sequence alignment of the proteins
(Figure 3.11). P. sojae_482953 and P. sojae_559651 form distinct clades with

orthologous proteins (blue dots highlight the orthologs characterised in this
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chapter), consistent with the observed unique sequence and structural features
of the paralogs. As previously mentioned, P. sojae_247788 (most closely related
to P. sojae_482953) also possesses a significantly phosphorylated C-terminal tail
(Figure 3.4); however, this protein and orthologs form a clade distinct to that
containing P. sojae_482953 (Figure 3.11). Interestingly, there is no evidence that
P. sojae_247788 is expressed during P. sojae life stages (FungiDB; Stajich et al.,
2012; Basenko et al., 2018) (Figure 3.9), so it is intriguing to consider whether
the evolved ‘tail’ sequence of P. sojae 247788 could have a negative or toxic
effect to protein function — this would be interesting to explore further through

experiments involving the full-length and truncated proteins.

3.6.7 Sequence and structural features of P. sojae GH10 paralogs

All P. sojae GH10 protein sequences were found to possess both conserved
glutamic acid (Glu; E) residues theoretically required for enzymatic activity
(shown by the red vertical arrows (Figure 3.12)). Both glutamic acid residues were
also predicted to form part of one (of two) predicted carbohydrate-binding sites
amongst the GH10 proteins (predictions generated by 3DLigandSite (Wass et al.,
2010)). Interestingly, predicted amino acid residues for both putative binding sites
varied between the protein sequences (Figure 3.12), suggesting that (despite
conservation of amino acids in the protein alignment), the respective side chains
within the binding pocket of the assembled proteins could be differentially
exposed between the paralogs. P. sojae_527497 was not predicted to possess
an additional binding site, however, this paralog has an additional ~63 amino acid
phosphorylated ‘tail’ sequence at its C-terminus (Figure 3.12)) — which, could alter

its interaction with putative substrates.
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3.6.8 Gene expression profiles of GH10 paralogs

As for GH12, P. sojae transcriptome data was additionally compared for GH10
genes. As seen for some GH12 members, two of the GH10 genes were not
shown to be expressed during mycelial growth (P. sojae_518763 and P. sojae_
527497) (Figure 3.13). As mentioned previously, it is possible that constitutively-
expressed paralogs (in this case, P. sojae_519234 and P. sojae_489338) could
play an important role in substrate recognition during P. sojae infection (which
would benefit from further experimentation to identify the importance of the genes
in expression signalling). All GH10 genes are expressed during infection,
interestingly, including putative pseudogene P. sojae_254209, which is not
induced at any other stage of P. sojae growth (Figure 3.13). It could be possible
that this gene also plays some sort of role in regulation of the gene family (if
indeed it is non-functional - however, as discussed earlier in the chapter, it was
not possible to confidently assign a nucleotide sequence, therefore it is not

included in the experimental analysis of the paralogs in Chapter 4).

3.6.9 Genomic locations of GH10 paralogs

Genomic locations of the P. sojae GH10 paralogs were identified using an
available FungiDB genome browsing tool (Stajich et al., 2012; Basenko et al.,
2018). Interestingly, P. sojae_519234 and P. sojae_518763 are arranged ‘tail to
tail’ (as are orthologs in P. parasitica (Lai et al., 2018), with just 0.3 kb between
the genes — though the two have varying levels of transcription (Figure 3.13).
Putative pseudogene, P. sojae_254209 and P. sojae_527497 are also orientated
in a ‘tail to tail’ arrangement, but 41 kb from one another (Figure 3.14) — between
the two are 17 genes including a predicted ABC transporter and two ferric

reductases (FungiDB; Stajich et al., 2012; Basenko et al., 2018).
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3.7 General Conclusion

The genomes of plant parasites are abundant in genes encoding secreted
digestive enzymes to break down the plant cell wall, of particular interest to this
work are previously identified HGTs into oomycetes from fungi (Torto et al., 2002;
Richards et al., 2006; Belbahri et al., 2008; Richards et al., 2011; Misner et al.,
2015; Savory et al., 2015). This chapter aimed to re-confirm eleven HGT events
and identify the total numbers of paralogs across oomycetes with diverse
ecological lifestyles; the results suggest that the HGTs have been largely retained
by hemibiotrophic oomycetes, and widespread gene duplication amongst
transferred gene families indicates strong selection for the maintenance of the
genes. However, knowledge is limited in understanding the functional
significance of the paralogous proteins for the degradation of plant carbohydrates
in phytopathogenic oomycetes - therefore, this chapter also aimed to investigate
P. sojae GH12 and GH10 paralogs using bioinformatics and available
computational methods. Interestingly, GH12 paralog P. sojae_482953 (and
orthologs in P. cactorum and P. nicotiniae) were found to possess a significantly
disordered and phosphorylated C-terminal ‘tail’ which could putatively alter the
activity of this paralog (or its interactions with substrates) in vivo. Another GH12
paralog, P. sojae_559651 (and orthologs in P. cactorum and P. nicotiniae) were
predicted to encode a putative ‘second’ substrate binding site, and interestingly,
two putative indels coding for alanine and serine are important for this binding
site prediction (their removal from amino acid sequences abolishes the
prediction). Further experimental characterisation will be crucial to further
understand such putative functional differences between paralogs of horizontally-

acquired enzymes for plant cell wall degradation.

Page | 126



Chapter 4

Using experimental methods to investigate functional
characteristics of P. sojae GH12 and GH10 paralogs

putatively involved in plant cell wall degradation

4.1 Overview

Previously identified fungal-oomycete HGTs encoding putative secreted
enzymes for plant cell wall degradation (Torto et al., 2002; Richards et al., 2006;
Belbahri et al., 2008; Richards et al., 2011; Misner et al., 2015; Savory et al.,
2015) show evidence of gene duplication (post-acquisition) - most significantly
among hemibiotrophic Phytophthora spp. (as explored in Chapter 3). Secretion
of multiple paralogs of GH12 and GH10 proteins in P. sojae is suggestive of
important roles in transcriptional dosage and/or represent functional divergence
— it is therefore hypothesised that some duplicates may be functional, some non-
functional, and some may have evolved new or additional functions (i.e. those not
encoded by the original HGT (e.g. evidence of neofunctionalization (Ohno., 1970)
or subfunctionalization (Stoltzfus., 1999; Force et al., 1999)). Chapter 3 aimed to
explore this hypothesis through the use of bioinformatics and available
computational methods to characterise putative functional differences between
P. sojae GH12 and GH10 paralogs. Of particular interest were two GH12
paralogs (P. sojae_482953 and P. sojae 559651), which, along with their
orthologs in other hemibiotrophic Phytophthora spp., possess unique structural

features (a significantly disordered C-terminus ‘tail’ extension, and a putative
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‘second’ substrate binding site, respectively), which could be responsible for

altered biological activity in vivo.

The current chapter aims to experimentally characterise P. sojae HGT
paralogs through heterologous gene expression and secretion of the proteins in
eukaryotic host, S. cerevisiae. Yeast culture supernatants will be used as crude
protein extracts for enzyme activity assays across different biological conditions
(temperature and pH), as well as for analysis of oligosaccharide degradation
products by mass spectrometry, in order to explore putative functional differences
between the paralogs. A truncated version of GH12 paralog P. sojae_482953 will
be engineered and expressed in S. cerevisiae BY4742, to better understand the
importance of the 186 amino acid C-terminal ‘tail’ (see Chapter 3) for the proteins’
function, as well as providing useful insights to paralog evolution (i.e. the
significance of gene duplication and mutation for the evolution of protein function).
Additionally, P. sojae genome editing methods developed by Fang and Tyler
(2016; 2017) will be used to knock-out the gene encoding enzymatically-active P.
sojae_482953 (the full-length protein) in vivo’, to better understand the functional
significance of individual GH12 paralogs for carbohydrate utilisation in
phytopathogenic oomycetes (as well as establishing another P. sojae mutant for

the research field for future biological experiments).

7 Generation of the P. sojae mutants was carried out in the research group of Professor Joseph Heitman
(Duke University, North Carolina), using methods implemented in this organism (Fang and Tyler., 2016);
Fang et al., 2017), Thanks to Professor Heitman and Dr Fang for their support during this part of the project.
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4.2 Introduction

4.2.1 Catalytic mechanism of GH12 endo-B-1,4-glucanases

CAZymes assigned to GH12 are currently associated with endo-B-1,4-glucanase
(EC 3.2.1.4), xyloglucan endo-hydrolase (EC 3.2.1.151), and endo-B-1,3-1,4-
glucanase (EC 3.2.1.73) activities - with the assignment of proteins based on
similarity with resolved structures and characterised functions of family members
(http://lwww.cazy.org; Lombard et al., 2013). The first X-ray crystallography
structure of a cellulase (T. reesei Cel6A (PDB: 3CBH)) was elucidated in 1990
(Rouvinen et al., 1990), and the first structure of a GH12 enzyme (bacterial
Streptomyces lividans CelB2 (PDB: 1NLR)) was elucidated in 1997
(Sulzenbacher et al., 1997) - since then, many more cellulase structures have
been published for a wide range of microorganisms, enabling their catalytic

mechanisms to be elucidated.

Endo-B-1,4-glucanases hydrolyse B-1,4-glycosidic bonds between the
glucose residues of cellulose polymers — hydrolysis can be achieved via two
distinct mechanisms (known as retaining or inverting mechanisms, which are
distinguished from one another by the resulting configuration of the anomeric
carbon (C1) of the oligosaccharide following hydrolysis). Nuclear Magnetic
Resonance (NMR) studies, including those of endoglucanase 3 from Humicola
insolens (Schou et al., 1993), have shown that GH12 enzymes use a retaining
mechanism during digestion, i.e. the C1 configuration is retained following the
hydrolysis (Koshland., 1953; Sinnott., 1990; Davies and Henrissat., 1995) (Figure
4.1). The retaining reaction follows a so called ‘classical Koshland mechanism’,
in which there are two-steps (glycosylation and deglycosylation), involving double
displacement (i.e. the hydrolysis of the glycosidic bond creates a product with the
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same configuration at C1 that the substrate had before the hydrolysis). For GH12
enzymes, the mechanism involves two glutamic acid (Glu, E) residues, located
~5.5 A apart — usually localised at opposite ends of the carbohydrate-binding
pocket of the secreted protein (McCarter and Withers., 1994) (Also see Chapter
3, Figure 3.5, for localisation of Glu residues in P. sojae GH12 predicted protein
structures (indicated by the red arrows)). During the glycosylation step, one of the
glutamic acid residues acts as a catalytic nucleophile (attacking the C1 of the
substrate), and the other acts as a general acid catalyst (protonating the oxygen
of the next glucose residue in the chain as the bond cleaves) — this generates a
glycosyl enzyme intermediate. The intermediate is then hydrolysed by water
during the deglycosylation step - the other glutamic acid residue now acts as a
general base catalyst (removing a proton from the water molecule as it attacks).
The resulting C1 that is no longer linked to the next glucose residue (but has a
free hydroxyl group) is now located at the supposed ‘reducing’ end of the
carbohydrate chain (Figure 4.1). Conversely, Inverting enzymes typically function
via a one-step, single displacement mechanism (Koshland., 1953), but will not be

discussed further in this thesis.
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Glycosylation step

General acid catalyst

Catalytic nucleophile

Deglycosylation step

General base catalyst

OH

OH
/

‘Reducing end’

Figure 4.1. Retaining mechanism (glycosylation and deglycosylation) involving a double
displacement: one of the catalytic residues acts as a catalytic nucleophile (attacking the C1 of the
substrate), whilst the other catalytic residue acts as a general acid catalyst (protonating the
oxygen of the next glucose residue). The glycosyl enzyme intermediate is hydrolysed by water:
one of the catalytic residues now acts as a general base catalyst (removing a proton from the
water molecule). The C1 has a free hydroxyl group and is known as the ‘reducing end’. Figure

adapted from Sandgren (2003).
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4.2.2 Xyloglucan-specific endo-B-1,4-glucanases

Many enzymes assigned to GH12 possess xyloglucan endo-hydrolase activity
(EC 3.2.1.151) (http://www.cazy.org; Lombard et al., 2013). This activity is also
associated with GH5 and GH74 CAZyme families, the latter of which includes
well characterised bacterial and fungal members (e.g. Hasper et al., 2002; Yaoi
et al., 2004; Yaoi et al., 2005), and some crystal structures (e.g. Clostridium
thermocellum (PDB: 2CN2) (Fleites et al., 2006)). Xyloglucan endo-hydrolases
are encoded across the tree of life in bacteria, plants and fungi, with many
demonstrating hydrolase activity towards unbranched polymers (Sandgren et al.,
2005; Sinnott et al., 1990). Interestingly, studies including those by Grishutin et
al. (2004) show that xyloglucanases from Aspergillus japonicas, Chrysosporium
luckenowense and T. reesei have high specific activities towards xyloglucan
(backbone of 3-1,4 linkages), but low to zero activity against barley B-glucan (-
1,4 and B-1,3 linkages), and carboxymethylcellulose (CMC; an artificially derived

cellulose with a backbone of B-1,4 linkages) (Grishutin et al., 2004).

As previously mentioned, plant xyloglucans are complex and
heterogeneous in structure; they have a backbone of (-1,4-linked glucose
residues (like that of cellulose polymers), but most of the residues are substituted
with side chains of a-1,6-linked xylose, which may in turn have substitutions of a-
linked arabinose or fucose, or B-linked galactose attached. In Arabidopsis
thaliana (and other vascular plants), every fourth glucose residue in the
xyloglucan backbone is unsubstituted (Vincken et al., 1997). The nomenclature
system introduced by Fry et al. (1993) assigns letters to the possible xyloglucan
side chain variants, therefore it is possible to describe the oligosaccharides

released from xyloglucan breakdown by xyloglucan endoglucanases (Fry et al.,
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1993). With no other hydrolase activity, the result of endoglucanase treatment of
xyloglucan is the release of oligosaccharides with unsubstituted glucose residues
at their reducing end (the end of the chain with an anomeric carbon (C1) not
linked to another glucose residue). For example, endoglucanase digestion of
Arabidopsis spp. xyloglucan releases the oligosaccharides XXG, GXXG, XXXG,
XXLG, XLXG, XLLG, XXFG, and XLFG (Madson et al., 2003; Obel et al., 2009).
G refers to an unsubstituted glucose residue, X refers to a glucose residue
substituted with an a-linked xylose, L refers to a glucose residue substituted with
an a-linked xylose further substituted with a B-linked arabinose, and F refers to a
glucose residue substituted with an a-linked xylose further substituted with a

fucose residue (Fry et al., 1993) (Table 4.1).

G | Unsubstituted glucose residue

X | Glucose residue substituted with an a-linked xylose

L | Glucose residue substituted with an a-linked xylose further substituted

with a B-linked arabinose

F | Glucose residue substituted with an a-linked xylose further substituted

with a fucose residue

Table 4.1. Example of nomenclature system for xyloglucan oligosaccharides (Fry et al., 1993).

Cellulase digestion of xyloglucans from tamarind seeds has been shown
to release four types of oligosaccharides - XXXG, XLXG, XXLG and XLLG
(Buckeridge et al., 1992; Marry et al., 2003; Grishutin et al., 2004). More widely,

structural studies of monocotyledon xyloglucans by Hsieh and Harris (2009) have
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also revealed interesting differences in oligosaccharides that the authors discuss
within phylogenetic context of monocotyledon species evolution (Hsieh and

Harris., 2009).

The nomenclature system developed by Fry et al. (1993) is useful for
investigating putative differences in xyloglucan binding (by identifying the
oligosaccharides released) between paralogous proteins of enzyme families.
Enzymatic activity has been studied previously — for example, Yaoi et al. (2005)
isolated a GH74 xyloglucanase from Paenibacillus sp., demonstrating putative
dual endo- and exo-xyloglucanase activity (or processive endo-activity), by the
release of XXX, XXXG and GXXXG from xyloglucan oligosaccharides (Yaoi et

al., 2005).

4.2.3 Catalytic mechanism of GH10 endo-B-1,4-xylanases

Whilst xylanases have been assigned to a range of CAZyme families, the most
common families are GH10 and GH11 (http://www.cazy.org; Lombard et al.,
2013). Proteins from both families are structurally distinct - for example, GH10
enzymes fold into a (B/a)s barrel ((Harris et al., 1994), and see Chapter 3, Figure
3.12 for predicted structural features of P. sojae GH10 paralogs), with smaller
substrate binding sites (suggested by their high activity towards short
oligosaccharides, as well as crystal structure studies that suggest they are able
to bind 4-5 substrate units (Biely et al., 1997; Biely et al., 1981)). Both families
have varying substrate specificities (Biely et al., 2016), as well as different targets
for catalysis — GH10 enzymes cleave non-reducing ends of substituted xylose
residues (resulting in the release of shorter oligosaccharides), whilst GH11

enzymes cleave unsubstituted xylose residues (Collins et al., 2005). Interestingly,
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some GH10 enzymes are also enzymatically-active towards cellulose — Chu et
al. (2017) investigated Caldicellulosiruptor bescii GH10 substrate promiscuity and
demonstrated 6 and 10 amino acid residues involved in the xylanase and
cellulase activity, respectively (Chu et al., 2017), also highlighting the importance
of non-catalytic residues within substrate binding pockets for activity. Similar to
the mode of action described for endo-glucanases, endo-xylanases hydrolyse the
B-1,4 linkages between xylose residues by a double displacement mechanism -
retaining the configuration of C1 at the site of cleavage (Davies and Henrissat.,

1995).

4.2.4 Duplication and divergence in the evolution of enzyme functions

For proteins of interest, identifying putative functions (including assignment to a
CAZyme family) is possible through conserved sequence identity (e.g. Pfam (Finn
et al., 2016) and Interpro (Finn et al., 2017) searches). However, reliability is
limited especially if characterised proteins are only distantly related, or if proteins
of interest are paralogous with the potential for derived functions and
neofunctionalization. It is possible that many enzymes possess ‘promiscuous’
functions, i.e. those that lie outside of their previously classified range. For
example, a fourth function of GH12 enzymes has been described, a xyloglucan
endo-transcosylase (EC 2.4.1.207), but this is so far only associated with a single
fungal GH12 protein (GenBank AAN89225.1; Nielsen., 2002). It is therefore
feasible that unique sequence and structural features of GH12 paralogs would
play a role in broad or variable enzymatic functions (e.g. across different
biological conditions), the efficiency of substrate binding (e.g. how much of or
how strongly a substrate is able to be bound), or in the substrate range itself (e.qg.

the ability to digest multiple types of substrates using modifications of the same
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active site). Different properties associated with amino acid side chains around
the substrate binding sites are likely to play an important role here, as previously
mentioned - particularly as CAZymes secreted to digest plant cell walls must be
able to bind and function efficiently within a complex of milieu of plant substrates

(McNeil et al., 1984; Schindler., 1998).

Promiscuous enzyme activities can contribute to an organism'’s fitness -
creating new selective advantages for the new activities (Ohno., 1970). This is
consistent with other early work (for example) by Ycas (1974) and Jensen (1976),
who hypothesised the evolution of modern metabolism through duplication of
primitive broadly-specific enzymes — with gene duplication events creating novel
genetic material for selection to act on (leading to the optimisation of the activity

and independent regulation of each enzyme (Ycas., 1974; Jensen., 1976)).

It is interesting to consider the problem of how gene sequence evolution
leads to protein change, which in turn leads to adaptation to novel functions
(innovation), whilst their original functions are maintained (conservation).
Evolution of new enzyme functions has been represented by various models —
including neofunctionalization, where gene duplication is proposed to yield
redundant gene copies (Ohno., 1970; Force et al., 1999). In the original model of
neofunctionalization, one gene copy is maintained under purifying selection to
retain the ancestral function, leaving the duplicated gene hypothetically subject
to genetic drift (neutral selection) — meaning it is theoretically able to accumulate
mutations over time that could eventually confer a new activity (in addition to or
in the absence of the original function). This model of gene duplication implies

that the ancestral enzyme was unable to perform the new activity prior to
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duplication, and is also referred to as ‘mutation during non-functionality’ (MDN)
(Hughes., 1994). The novel function (if advantageous to the organisms’ fitness)
iIs then maintained through positive selection. However, the original
neofunctionalization model received some criticism as there is little experimental
support — some studies show that both duplicated genes are under purifying
selection (e.g. demonstrated by analysis of duplicate genes in Xenopus laevis
(Hughes and Hughes., 1993)), and some studies show that in the absence of
selection, deleterious mutations (rather than advantageous ones) are more likely
to accumulate - leading to non-functionalization, rather than neofunctionalization.
For example, only when a selective pressure was applied to a library of TEM-1
B-lactamase variants (i.e. ampicillin), was there an increase in the accumulation
of beneficial mutations eventually leading to a new function (cefotaxime
resistance), however, in the absence of selection, many enzymes lost their
function (Bershtein et al., 2008). It is also possible that ‘relaxed’ selection
pressures on individual enzymes (by increasing gene/transcriptional dosage
through gene duplication events) might also protect the original activity from
putatively deleterious mutations, whilst increasing the accumulation of beneficial

mutations and thus the probability of neofunctionalization.

Conversely, the Innovation, Amplification, Divergence (IAD) model of
neofunctionalization involves single gene evolution towards one or more
additional ‘weaker’ or ‘side’ activities (i.e. novel protein functions are evolved in
the ancestral gene before gene duplication), meaning that subsequent gene
duplications have the potential to evolve mutations favouring a side activity

becoming the main activity of the protein (Nasvall et al., 2012).
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Subfunctionalization refers to a model of gene evolution in which multiple
ancestral functions encoded by a single gene/protein become sub-divided or
partitioned between duplicated genes (Force et al., 1999). Subfunctionalization
has been proposed to occur by duplication-degeneration-complementation
(DDC), or by escape from adaptive conflict (EAC). In the DDC model (as
assumed in Ohno’s model) the duplicated gene is maintained at low frequency,
putatively leading to the compartmentalisation of functions over the duplicated
gene and its ancestor - strong selection pressure for maintenance of both genes
would be expected in this model, as together, both genes encode the full set of
functions required. The EAC model (Hittinger and Carroll., 2007) is similar in
scope, however, there is a focus on the multi-functionality of a single gene before
the duplication event (similar to what is assumed of the ancestral gene in the IAD
model of neofunctionalization) - over evolutionary time, the gene evolves towards
multiple advantageous functions, but each are unlikely to be carried out with
optimal efficiency (creating an ‘adaptive conflict’). Gene duplication therefore
allows the functions to be partitioned (as in the DDC model), however, in the EAC
model, after a gene duplication it is assumed that the genes are both under
positive selection (to maintain the full repertoire of functions) (Hittinger and

Carroll., 2007).

Although hypothesising a model of gene evolution by duplication for P.
sojae GH10 and GH12 paralogs was not the main focus of this thesis, it is
interesting to consider whether experimental characterisation of the gene families
could uncover putative neofunctionalised or subfunctionalised functions —
functions that have evolved from an HGT event from fungi, therefore enabling us

to better consider the significance of both evolutionary phenomena in the
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evolution of plant-parasitic oomycetes. Further work would involve using
ancestral gene reconstruction methods and heterologous characterisation of the
putative functions of the fungal zenologue and the ancestral acquired HGT - this
approach has been previously used to demonstrate the evolutionary history of

oomycete transporter proteins acquired from fungi (Savory et al., 2018).

4.2.5 Genome-editing tools to investigate enzyme paralogs in vivo

The CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)
system is found across diverse species of bacteria and archaea (Makarova et al.,
2006), and plays an important role in adaptive immunity against bacteriophage
invasion (e.g. demonstrated experimentally in Streptococcus thermophilus
(Barrangou et al., 2007)). During an initial invasion, the host cell stores fragments
of viral genomes within loci known as CRISPR arrays — the arrays consist of
repetitive sequences, interspaced by short non-repetitive sequences (these are
the fragments that match viral sequences from previous attacks (short segments
of bacteriophages and conjugative plasmids — see Mojica et al., 2005)), acting as

a type of molecular memory for the host cell.

Three types of CRISPR systems have been identified so far across a
range of hosts, with the type Il system of Streptococcus pyrogenes being the
best-studied to date. Upon subsequent viral attacks, two non-coding CRISPR
RNAs (crRNASs) (pre-crRNA and tracrRNA) are transcribed - the pre-crRNA is
processed into mature-crRNA, which then acts as a ‘guide’ to direct an associated
nuclease (known as Cas; CRISPR-associated protein) to the target DNA. A
sequence known as the Protospacer Adjacent Motif (PAM) is required for target

DNA recognition by the Cas nuclease (which is directed to the protospacer on
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the target DNA next to the PAM sequence) (Mojica et al., 2009). The PAM
sequence is organism-specific, for example the sequence ‘NGG’ is recognised in
S. pyrogenes (Mojica et al., 2009). At the target site, the Cas nuclease creates a

DNA double-strand break in the DNA (thereby inactivating the virus).

The study of diverse CRISPR/Cas systems has led to novel Cas proteins
being discovered with new enzymatic activities, functioning as single proteins or
within a complex; of the microbial nucleases discovered so far, Cas9 is able to
create double-strand DNA cleavage through the use of a single guide RNA
(sgRNA). The basic components of CRISPR have been used to alter DNA in
diverse organisms, including fungi, plants, mammals (including in multiplex, e.g.
Cong et al. (2013); in S. cerevisiae e.g. Mali et al. (2013), and in the oomycetes
(P. sojae - Fang and Tyler (2016); Fang et al; (2017), P. capsici - Wang et al
(2018), P. infestans — Hoogen and Govers (2018)). By using CRISPR as a
genome editing tool to precisely knockout or replace genes in target organisms,
we can better understand their impact in vivo. The technique requires a nuclease,
a 20 nucleotide gRNA and a tracrRNA expressed within a plasmid — upon the
targeted dsDNA break by the nuclease, host DNA repair pathways are initiated —
cleaved ends are ligated by Non-Homologous End Joining (NHEJ), or Homology
Directed Repair (HDR), if a HDR template is provided in the experiment (e.g. as

previously demonstrated for P. sojae (Fang and Tyler., 2016)).

4.3 Aims of chapter

Chapter 3 aimed to use computational methods to explore putative functional
differences between multiple paralogs of two previously-identified HGT events
associated with breakdown of the plant cell wall (Torto et al., 2002; Richards et
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al., 2006; Belbahri et al., 2008; Richards et al., 2011; Misner et al., 2015; Savory
et al., 2015) - a GH12 enzyme family (putatively involved in cellulose
degradation), and a GH10 enzyme family (putatively involved in xylan
degradation). Endoglucanases and endoxylanases contribute to an important
repertoire of enzymes for parasitic microbes to degrade plant-specific substrates,
providing a means of entry into plant tissues, as well as a source of fixed carbon.
As discussed in the previous chapter, ten out of eleven of the P. sojae GH12
paralogs possess both glutamic acid residues theoretically required for enzymatic
activity (Chapter 3, Figure 3.4) - therefore, putative differences in the in vivo
functions (including interactions with their substrates) could arise from diverging
amino acid sequences, giving rise to distinct structural properties of the
paralogous proteins. For example, the protein sequence of P. sojae_482953
includes a significantly disordered C-terminus ‘tail’ of 186 amino acid residues,
present in multiple orthologs across multiple species — potentially altering the

enzymatic activity of this GH12 paralog.

In the absence of direct experimental evidence, it is difficult to appreciate
the functional significance of HGT followed by gene duplication and mutation for
the evolution of paralog functions. Therefore, this chapter aims to investigate the
functions of P. sojae GH12 and GH10 protein paralogs using experimental tools.
Publically-available P. sojae transcriptome (RNA-sequencing) data will be used
to scrutinise HGT gene sequences from published gene models (FungiDB,;
Stajich et al., 2012; Basenko et al., 2018); nucleotide sequences will then be
codon-optimised for expression in S. cerevisiae BY4742, and protein secretion
will be optimised by replacing native N-terminal signal peptides with a yeast-

specific sequence. Yeast culture supernatants will be used as crude protein
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extracts for testing differences in enzymatic activity across pH 5-10 and
temperatures 20-30°C, as well as exploring differences in oligosaccharide
breakdown products using mass spectrometry. Additionally, the protein sequence
of P. sojae_482953 will be truncated (i.e. it's significantly phosphorylated,
disordered C-terminal ‘tail’ will be removed) in order to compare its enzymatic
activity to that of the full-length protein - allowing us to better appreciate the
importance of the C-terminal sequence for protein function. Lastly, a
CRISPR/Cas9 genome editing technique (Fang and Tyler., 2016; Fang et al.,
2017), will be used to replace the gene encoding P. sojae_482953 with a GFP
HDR template in vivo?; verified P. sojae mutants will then be tested for differences
in carbon utilisation using an enzymatic substrate (xyloglucan) as a sole carbon
source (alongside a wild-type control) — this will enable investigation of the impact

of single HGT paralogs to P. sojae carbon utilisation and phytopathogenicity.

4.4 Methods

4.4.1 Analysis of enzymatic activity by DNS reducing sugar detection

3,5-Dinitrosalicylic acid (DNS) is an aromatic compound that is reduced in the
presence of reducing sugars (released during the breakdown of carbohydrates),
to 3-amino-5-nitrosalicylic acid, which absorbs light at 540 nm (Miller., 1959).
Therefore, an increase in absorbance at 540 nm over time can be used to infer

enzymatic activity towards specific carbohydrate substrates.

8 Generation of the P. sojae mutants was carried out in the research group of Professor Joseph Heitman
(Duke University, North Carolina), using methods implemented in this organism (Fang and Tyler., 2016);

Fang et al., 2017), Thanks to Professor Heitman and Dr Fang for their support during this part of the project.
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Yeast transformants were screened for released reducing sugars from
carbohydrate breakdown as follows: recombinant S. cerevisiae strains (in
biological triplicate) were cultured in 20 mL for 7 days at 30°C (with shaking), the
supernatants were removed by centrifugation at 4°C and concentrated 10x
(Corning Spin-X UF; Sigma Aldrich) (stored on ice). Total protein concentrations
were measured using a Qubit Fluorometer (Thermo Scientific). Concentrated
supernatants (at 100 pg/mL) were incubated with 1% (w/v) carbohydrate
substrate (see Table 4.2 for the carbohydrates tested in this study) in citrate buffer
(50 mM, pH 5, 7 and 10: citric acid monohydrate dissolved in H20, with sodium
hydroxide (NaOH) added to pH 5, 7 or 10) or buffer only (supernatant control) at
20 and 30°C. At each time point sampled, released reducing sugars were
measured by removing 60 pL of each sample into a sterile 1.5 mL tube, and
adding 60 pL of DNS reagent (30 g K-Na tartrate dissolved in 50 mL H20, with 1
g DNS and 20 mL NaOH added and made up to 100 mL with H20), followed by
incubation at 95°C for 5 minutes to allow colour development. Samples were
transferred to a sterile 96-well plate (clear, flat bottom), and the absorbance was
measured at 540 nm using an absorbance microplate reader (CLARIOstar; BMG

LABTECH).

Reducing sugars released over the incubation time were calculated based

on reference to a 0-5 mg/mL standard curve (glucose or xylose), prepared during

each experiment.
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Xyloglucan (Tamarind) Backbone of 3-1,4-glucan; most substituted (endo activity)

Carboxymethylcellulose Backbone of B-1,4-glucan (cellulose derivative; endo activity)

(CMC)

Avicel Backbone of B-1,4-glucan (microcrystalline cellulose; exo
activity)

Laminarin Backbone of B-1,3-glucan with some (3-1,6-glucan branches

Xylan Backbone of B-1,4-linked xylose

Table 4.2. Carbohydrates tested during this study.

4.4.2 Analysis of enzymatic activity by ‘halo’ screening

Yeast transformants were screened for carbohydrate-degrading activity as
follows: recombinant S. cerevisiae strains (in biological triplicate) were cultured
in 5 mL for 24 hours at 30°C (with shaking), and the cell pellets were washed
once and resuspended in H20. 10 pL spots of ODesoo —matched cells (0.1-1) were
spotted onto SCM-URA agar containing 0.2% (w/v) substrate (with 2% (w/v)
glucose as an additional carbon source). Additionally, concentrated supernatants
at 100 pg/mL total protein were spotted on agar plates as described, (alongside
performing DNS assays with the same supernatant sample). Agar plates were

incubated at 30°C for 24-48 hours.

Yeast colonies were washed off the plates (not applicable to the

concentrated supernatant spots), and the remaining intact polysaccharide on the
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plates was stained with 0.2% (w/v) Congo red (Sigma) for 30 minutes at room
temperature, and de-stained with 1 M (w/v) sodium chloride (NaCl) for 30 minutes
at room temperature (Wood and Weisz., 1987). H20 adjusted to pH2 with
hydrochloric acid (HCI) was used to intensify the stain. Extracellular enzyme
activity was indicated by a clearing or ‘halo’ around colonies of enzyme-secreting

S. cerevisiae strains.

For recombinant yeast strains secreting GH10 enzymes, screening was
carried out as above, using 0.2% (w/v) Azo-Xylan (Birchwood) (Megazyme) as
the substrate; incubation of agar plates resulted in visible halos around colonies

without the requirement for further staining.

4.4.3 Removal of the disordered C-terminus ‘tail’ of P. sojae_482953

As described in Chapter 3, the protein sequence of GH12 paralog P.
sojae_482953 includes a significantly disordered C-terminus ‘tail’ of 186 amino
acid residues. Using computational tools alone (see Chapter 3), it was unclear
how the additional amino acids affected the protein structure, or its interactions
and enzymatic function towards putative substrates. To better understand the
functional significance of the C-terminus tail of P. sojae_482953, a truncated
version of the gene was engineered and expressed in S. cerevisiae BY4742

(Figure 4.2).
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P sojae_482953 (complete protein sequence)

MRFPSIFTAVLFAASSALAAPYNTTTEDETAQIPAEAVIGY SDLEGDFDWVAVLPFSNSTNNGLLFINTTIASIAAKEEGYSLEKREAEA
AEFCDQWGQAKSGNYIIYNNLWGSSAANPGGKQCTALDSGSGDSVAWHTTWSWQGGDKSVKSFANAALEFDPVPLSEVKSIP
STMAYTVKSKGKAVTDVAYDLFTSSTAKGEKEFEIMIWLAALGGAGAISSTGKPIASTTIAGTEWSVYKGPNGSMMVYSFVASKQY
ENFEGDLLEFFNYLVKEQGFKTSQFLIKVECGTEPFVGTDVTMTVSKY SAAVNTSGGSSTPTQSGESSSSTEQTTTAPAASNTGS
SAEQTTPAPAESNTGSSAEQTTPAPAGSDAGSSEEQTPSTPSTGSSTEQT TDAPAASNTGSSEETPSTGSSEETPSTGSSEETP
ATSDAGSSEETPATSSTGSSEETPVESSTGSSEQNPGQQEPSTPTTSSSSEETPSTETNPKCVLRRVRRE

P sojae_452953 (truncated protein sequence)

MRFPSIFTAVLFAASSALAAPVNTTTEDETAQIPAEAVIGY SDLEGDFDVAVLPFSNSTNNGLLFINTTIASIAAKEEGVSLEKREAEA
AEFCDQWGQAKSGNYIIYNNLWGSSAANPGGKQCTALDSGSGDSVAWHTTWSWQGGDKSVKSFANAALEFDPVPLSEVKSIP
STMAYTVKSKGKAVTDVAY DLFTSSTAKGEKEFEIMIWLAALGGAGAISSTGKPIASTTIAGTEWSVYKGPNGSMMVY SFVASKQV
ENFEGDLLEFFNYLVKEQGFKTSQFLIKVECGTEPFVGTDVTMTVSKY SAAVN

Figure 4.2. P. sojae_482953 full (upper) and truncated (lower) protein sequences tested during
this study. The underlined sequence was removed in order to generate the truncated version of
the protein. The red sequence is the S. cerevisiae-specific MFA signal peptide sequence used for

efficient protein secretion in this heterologous host.

Primers were designed to amplify a truncated P. sojae_482953 from the
full gene sequence (i.e. 558bp removed from the 3’ end), with 5° Xmal and 3’
Hindlll restriction site sequences. The PCR master mix was prepared as follows
(1x): in a sterile 1.5 mL tube, 5 uL Q5 Reaction Buffer (5x), 0.5 uL DNTPs (10
mM), and 1.25 uL of each forward and reverse primers were added to 15.75 pL
H20. Q5 High-Fidelity DNA Polymerase was thawed on ice and added (0.25 pL)
to the PCR mix. 1 pL plasmid DNA (5 ng/uL) containing the full-length gene was
used as the template for PCR amplification. PCR conditions were as follows:
denaturation at 98°C (5 Minutes), annealing at 98°C (10 seconds) + 50-70°C (30
seconds) + 72°C (2.5 minutes) (30 cycles), followed by extension at 72°C for 10
minutes. Amplification of the truncated 933bp gene product (plus the additional
bases required for restriction enzyme cloning) was confirmed by gel
electrophoresis, and the PCR product was purified using Thermo Scientific

GeneJET PCR purification kit according to the manufacturer’s protocol.
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The purified PCR product (insert) and the plasmid backbone (vector) were
prepared as follows: 30 pL insert and plasmid p426-GPD were digested with 1
pL Xmal and Hindlll (each 10 units in total) in 5 uL Cutsmart Buffer (10x) and 14
puL H20, overnight at 37°C. The digested insert was PCR-purified as previously
described. The digested plasmid was confirmed by gel electrophoresis, and a
linear band was excised for gel purification using Thermo Scientific GeneJET Gel
Extraction kit, according to the manufacturer’s instructions. Purified plasmid DNA
was quantified using a Nanodrop. The vector was additionally phosphatase-
treated to prevent self-ligation as follows: 10 pL of the vector was incubated with
1 pL Antarctic Phosphatase reaction buffer (10x) and 1 pL Phosphatase at 37°C
for 30 minutes, followed by enzyme inactivation at 70°C for 5 minutes, and

subsequently stored on ice.

The DNA insert (8 pL) and the vector (2 pL) were ligated in 2 uyL T4 DNA
ligase buffer (10x), 0.4 pL T4 DNA ligase (400 U), in a total of 20 pL. The ligation
reaction was incubated at room temperature overnight, and transformed into
chemically-competent E. coli — 2 pL of ligation reaction was added to 50 pL
competent cells, incubated on ice for 30 minutes, heat-shocked at 42°C for 30
seconds, and incubated on ice for 2 minutes. Cells were recovered by adding 250
puL LB and were incubated at 37°C for 1 hour with shaking. 100 uL of cells were
inoculated onto LB agar (supplemented with 100 ug/mL ampicillin for plasmid
selection). Agar plates were incubated at 37°C overnight. Three transformants
were re-streaked on fresh agar and used to prepare liquid cultures (one colony
inoculated into 5 mL LB-amp broth in sterile 50 mL tubes, incubated at 37°C
overnight with shaking). Plasmid extraction was carried out using Thermo

Scientific GeneJET plasmid miniprep kit according to the manufacturer’s protocol,
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and purified plasmid DNA was quantified using a Nanodrop. The correct
truncated P. sojae_482953 gene sequence in the vector was confirmed by

Sanger Sequencing, as previously described.

Purified plasmid DNA containing the truncated P. sojae_482953 gene was
transformed into competent S. cerevisiae BY4742 using a basic electroporation
protocol, as previously described, and transformation mutants were selected on
SCM-URA agar. Three independent S. cerevisiae mutants were re-stocked and

maintained as the three biological replicates used in this study of this enzyme.

The truncated P. sojae_482953 protein (secreted into S. cerevisiae culture
supernatants) was assayed for DNS reducing sugar activity, and enzymatic halo
detection using the same methods as described in sections 4.4.1 and 4.4.2 of this

chapter.

4.4.4 Analysis of oligosaccharides released during enzymatic degradation
of xyloglucan by Mass Spectrometry

Mass Spectrometry (MS) was utilised in order to investigate the differences in
degradation products released by active P. sojae GH12 paralogs from xyloglucan
breakdown. MS involves the ionisation of samples into charged molecules,
allowing their mass-to-charge ratio (m/z) to be determined; it was expected that
digestion of xyloglucan would result in the release of shorter oligosaccharides
(and putatively some smaller sugars (e.g. mono- and disaccharides), however it
was not possible to detect mono- and di-saccharides using the method described

below)).
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Sample ionisation by Matrix Assisted Laser Desorption/lonisation (MALDI)
is useful for carbohydrates and other large biomolecules that are otherwise likely
to fragment or decompose when heated. In MALDI, the sample is dissolved by
an organic solvent, mixed with an energy-absorbing matrix (EAM), and spotted
on a target plate. When the spot is irradiated by a laser, the sample ionises,
producing ions in the gas phase - an electric field is applied, causing the ions to
move towards a detector which records the time of flight (the ionisation system is
MALDI and the detection system is Time of Flight (TOF), hence this technique is
referred to as MALDI-TOF), and the mass-to-charge ratio (m/z) is computed. The
resulting spectra includes the m/z and the intensity (humbers of ions detected) —
therefore, specific molecular species present in the sample result in peaks of

intensity at specific m/z.

Yeast transformants were prepared for MS analysis as follows:
recombinant S. cerevisiae strains (in biological triplicate) were cultured in 20 mL
for 7 days at 30°C, the supernatants were removed by centrifugation at 4°C and
concentrated 10x (Corning Spin-X UF) (stored on ice). Protein concentrations
were measured using a Qubit Fluorometer (Thermo Scientific). Concentrated
supernatants (at 100 pg/mL) were incubated with 1% (w/v) xyloglucan (tamarind)
in citrate buffer (50 mM, pH 7: citric acid monohydrate dissolved in H20) or buffer

only (supernatant control) for 0-90 hours at 30°C.

At 0 and 90 hours, 60 pL of each sample was removed into a sterile 1.5
mL tube), and the reactions terminated by heating at 95°C for 5 minutes. The
samples were air-dried using a centrifugal vacuum concentrator (SpeedVac), and

sent for MS analysis to the National Mass Spectrometry facility (NMSF) at

Page | 149



Swansea University. Another 60 pL of the reactions were also removed at each
time point (0-90 hours), to approximate the reducing sugars released by the DNS

method described above.

4.4.5 Detection of N-terminal his-tagged proteins in S. cerevisiae culture
supernatants by western blotting

All gene sequences under study were additionally cloned into a p426-GPD-6xHis
vector (resulting in a 6xHis tag fused to the C-terminus of the secreted protein),
in order to detect and purify recombinant proteins from S. cerevisiae culture
supernatants. Molecular cloning methods used were as previously described,

using Xmal and Hindlll restriction enzymes for cloning into p426-GPD-6xHis.

Detection of heterologously-expressed GH12 proteins in yeast culture
supernatants was carried out by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) as follows: yeast strains expressing genes with an
N-terminal 6xHis tag were cultured in 20 mL for 7 days at 30°C, to allow high
density growth and maximal protein secretion. The supernatants were removed
by centrifugation at 4°C, and concentrated approximately 10x (Corning Spin-X
UF). Samples were subsequently stored on ice or at 4°C. Proteins in the culture
supernatants were separated by molecular mass on TruPAGE 10%
polyacrylamide gels (Sigma-Aldrich), alongside the Chameleon Duo ladder (LI-
COR). Electrophoresis was carried out at 180 V for ~45 minutes at room
temperature. To confirm supernatant-localised heterologous proteins,
fluorescence-based western blotting techniques were used as follows: after
electrophoresis, proteins were transferred onto an Immobilon-FL membrane

(Merck Millipore) (transfer carried out on ice at 100 V for 1-4 hours). The
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membrane was then washed in 1x phosphate buffered saline (PBS), and blocked
overnight in 0.1% Alkali-soluble Caesin in 0.2% PBS (with shaking, in the dark).
After incubation, the membrane was washed in PBS, and incubated in 1 ug
primary antibody (Rabbit anti-6x His; Abcam ab9108) in blocking buffer + 0.1%
Tween20 for 1 hour with shaking. The membrane was then washed four times in
PBS + 0.1% Tween20, and incubated in 2 pg secondary antibody (Goat Anti-
Rabbit; Abcam) in blocking buffer + 0.1% Tween20 for 1 hour with shaking (in the
dark). The membrane was washed four times in PBS + 0.1% Tween20, and once
in PBS to remove residual Tween20, and subsequently stored in the dark -

imaging was carried out on a LI-COR Odyssey Fc imaging system.

4.4.6 Using the CRISPR/Cas9 system to disrupt an enzymatically active
GH12 paralog in P. sojae

CRISPR/Cas9 methods for P. sojae were developed by Fang and Tyler (2016);
Fang et al; (2017), and previously used for gene disruption by non-homologous
end joining (NHEJ) and homology-directed repair (HDR). The methods were used
in this study to disrupt the gene encoding P. sojae_482953 as per Fang et al

(2017).

Guide RNA (gRNA) was designed using the Eukaryotic Pathogen CRISPR
guide RNA/DNA Design Tool (EuPaGDT); the nuclease selected was ‘SpCas9’
— i.e. Cas9 from S. pyrogenes, which recognises the PAM sequence ‘NGG’
(chosen here because it was the Cas9 nuclease used in the work by Fang et al
to develop CRISPR plasmids for P. sojae). The gRNA length was selected as 20
nucleotides, and the P. sojae_482953 gene sequence was used as an input in

plain/FASTA format. From the long-list of potential gRNAs, several scoring
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criteria were used to evaluate gRNA efficiency and off-target potential (i.e.
alignment of the gRNA sequences to the rest of the genome). Off-target sites
were also manually checked using the BLASTN function within FungiDB (Stajich
et al., 2012; Basenko et al., 2018); short-listed gRNAs were then also checked
for their secondary structures, to avoid self-complementarity (preventing

hybridization with the target sequence).

The gRNA linear insert was constructed using sense and antisense
oligonucleotides (100 pM), with Nhel and Bsal restriction sites. The
oligonucleotides were annealed together to form dsDNA as follows: In a sterile
0.2 mL PCR tube, 3 yL of each oligonucleotide was mixed with 3 uL 10x T4 DNA
ligase buffer, 4 yL 0.5 M NaCl and 21 pL H20. The reactions were incubated at
100°C for 2 minutes in a thermocycler, and cooled slowly to room temperature for
3-4 hours. The annealed oligonucleotides were diluted 1 yL into 499 uL H20 and

stored at 4°C.

The plasmid backbone for the gRNA was prepared as follows: 3 ug
plasmid pYF515 (13032 bp, encoding the Cas9 nuclease) was digested with Nhel
and Bsal (each 15 units in total) in 1x CutSmart buffer, for 5 hours at 37°C.
Digested plasmid DNA was confirmed by gel electrophoresis, and linear bands
were excised for gel purification. Purified plasmid DNA was quantified using a
Nanodrop. Diluted, annealed gRNA oligonucleotides (4 pL) were ligated with the
purified digested pYF515 plasmid (50 ng) in 1x T4 DNA ligase buffer, and 1 uL
T4 DNA ligase (400 V), in a total of 20 pyL. The reaction was incubated for 30
minutes at room temperature. The ligation mixture was transformed into

chemically-competent E. coli as follows: 2 uL of ligation product was added to 50
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ML competent cells, incubated on ice for 30 minutes, heat-shocked at 42°C for 45
seconds, and incubated on ice for a further 2 minutes. Cells were recovered by
adding 800 pL FB media (for 1 litre: 25 g tryptone, 7.5 g yeast extract, 1 g glucose,
6 g NaCl, 50 mL TRIS (pH 7.6), made up to 1 litre with dH20, followed by
incubation at 37°C for 45 minutes with shaking. 200 pL of cells were inoculated
onto YT Amp agar, and the plates were incubated at 37°C overnight. Three
transformants were re-steaked onto fresh media and used to set up overnight
cultures for plasmid purification. The gRNA insert in pYF515 was confirmed by
Sanger sequencing. Positive transformants were used to set up overnight
cultures in 50 mL for larger-scale plasmid DNA isolation (midi-prep), in order to

obtain ~200 ug of the plasmid DNA.

A Homology Directed Repair (HDR) template was constructed in order to
produce a P. sojae gene-deletion mutant with a precise genome mutation (i.e.
insertion of a specific (known) DNA sequence by homologous recombination).
Fang et al. (2017) note that HDR occurs efficiently in P. sojae when 1 kb of
homologous flanking sequences are included in the HDR DNA template (Fang
and Tyler., 2016; Fang et al., 2017). The plasmid pBlueScript KS(-) was used as
the vector backbone for the HDR template, and the donor DNA sequence used
was GFP, with 1 kb of ‘left’ and ‘right’ flanking arms — homologous to the flanking
sequences of the target gene (encoding P. sojae_482953) in the P. sojae
genome. For assembly of the HDR template, NEBuilder was used to design PCR
primers for single-reaction cloning (4 fragments: the vector backbone, GFP, 1 kb
‘leftarm’ and 1 kb ‘right arm’ — each with 25 bp overlap to adjacent fragments, for

efficient assembly).
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The upstream and downstream homologous sequences of the gene
encoding P. sojae_482953 were PCR-amplified from a P. sojae DNA extraction
(gDNA), and the donor DNA fragment (GFP) was PCR-amplified from a plasmid
DNA preparation. The PCR master mix was prepared as follows (1x): in a sterile
1.5 mL tube, 5 pL High Fidelity (HF) buffer (5x), 1 uL DNTPs (10 mM) and 0.5 pL
of each forward and reverse primers were added to 17.25 pL H20. Phusion
Polymerase was thawed on ice and added (0.25 pL) to the PCR mix. 2 uL P.
sojae gDNA, and 1 pL GFP plasmid DNA were used as the templates for PCR
amplification. PCR conditions were as follows: denaturation at 98°C (5 minutes),
annealing at 98°C (10 seconds) + 61.2°C (left arm), 67.8°C (GFP) or 61.4°C (right
arm) (30 seconds) + 72°C for 2.5 minutes (30 cycles), followed by extension at
72°C for 10 minutes. PCR products were confirmed by gel electrophoresis, and

linear bands were excised for gel purification.

The plasmid backbone was prepared as follows: 3 ug plasmid pBlueScript
KS(-) (2958bp) was digested with Xbal and Xmal (each 15 units in total) in 1x
CutSmart buffer, for 5 hours at 37°C. Digested plasmid DNA was confirmed by
gel electrophoresis, and linear bands were excised for gel purification. Purified
plasmid DNA was quantified using a Nanodrop. NEBuilder HiFi DNA Assembly
cloning kit was used to clone the 4 DNA fragments - a total of 0.2-0.5 pmols of
DNA was used in the reaction; pmols per DNA fragment was calculated using the
following equation: pmols = (weight in ng x 1000) / (base pairs x 650 Daltons).
For example, 50 ng of 500 bp DNA is 0.15 pmols. As per the manufacturers
protocol, the recommended ratio for DNA fragments in a 4-6 fragment assembly
(1:1) were used. Reactions were prepared in a sterile 1.5 mL tube as follows: 10

puL of NEBuilder Assembly master mix (2x), DNA fragments (total of 0.2-0.5
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pmols), with dH20 added to a total volume of 20 pL. The reaction was incubated
at 50°C for 60 minutes, and subsequently stored on ice or at -20°C. The
assembled fragment mixture was transformed into chemically-competent E. coli

using a standard transformation procedure as previously described.

Thirty-two transformants were re-streaked onto fresh media and used as
template DNA for colony PCRs. Two primer pairs were used to verify correct
assembly of the DNA fragments: (i) M13_Fw and GFP_Rv (expected amplimer:
1821 bp if the left homology arm and GFP were correctly inserted), and (ii)
GFP_Fw and M13_Rv (expected amplimer: 1861 bp if GFP and the right
homology arm were correctly inserted). The PCR master mix was prepared as
follows (1x): in a sterile 1.5 mL tube, 12.5 pL GoTaq Green Master Mix (2x) (pre-
mixed solution containing Taq DNA polymerase, dNTPs, MgCl2 and reaction
buffers — stored at -20°C and thawed on ice), and 0.5 pL of each forward and
reverse primers were added to 10.5 pL H20. Colonies were picked into 10 pL
dH20 in a sterile 1.5 mL tube, and 1 pL from each tube was used as the DNA
template for PCR amplification. PCR conditions were as follows: denaturation at
98°C (2 minutes), annealing at 98°C (30 seconds) + 50°C (primer pair i) or 46.8°C
(primer pair ii) + 72°C for 2.5 minutes (35 cycles), followed by extension at 72°C

for 10 minutes. PCR products were confirmed by gel electrophoresis.

Three transformants that were positive using both PCR primer pairs were
selected to set up overnight cultures for plasmid DNA isolation (mini-prep). The
HDR template was confirmed by Sanger sequencing (GeneWiz) using GFP_Fw,

GFP_Rv, M13_Fw and M13_Rv primers.
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gRNA plasmid DNA and HDR plasmid DNA were introduced into P. sojae
by Polyethylene glycol (PEG) mediated protoplast transformation, as per Fang et
al. (2017) (optimised from previously described methods (Dou et al., 2008;
Mcleod et al., 2008)). Briefly; wild-type (WT) P. sojae race 2 (p6497) was cultured
on V8 agar at 25°C (in the dark without shaking) for 3-7 days, and then cultured
on nutrient pea agar at 25°C (in the dark without shaking) for 3-7 days (V8 and
nutrient pea media prepared as per Fang et al. (2017)). Five mycelial discs were
extracted from the edge of mycelia growing on the nutrient pea agar, and
inoculated into 50 mL nutrient pea broth (in sterilised 250 mL flasks). Flasks were
incubated at 25°C (in the dark without shaking) for 2-4 days. P. sojae growth was
visualised as ‘clumps’ of mycelia in the liquid media. The mycelia were collected
using sterilised tweezers, and rinsed with 50 mL sterile dH20 over (autoclaved-
sterile) Miracloth and cheese cloth. The mycelia were rinsed with 50 mL 0.8 M
mannitol, and then removed into a sterile tall petri dish and covered with 0.8 M
mannitol for plasmolysis (incubation for 10 minutes at room temperature). The
mycelia were then transferred back to the Miracloth and cheese cloth layers, and
rinsed once with 0.8 M mannitol, before being removed into a sterile tall petri dish
and covered with an enzyme solution (see Fang et al., 2017) for digestion. The
petri dish was sealed and covered with foil, then placed on a shaking platform set
to 50 rpm for 1 hour at room temperature, to allow for enzymatic digestion of the

hyphae.

The dish was subiject to light microscopy, to check for the release of round
protoplasts (as an indicator of efficient enzymatic digestion). Using a Pasteur
pipette to transfer the mycelia, the mycelial debris were removed by filtering

through a 70 uM Falcon nylon mesh cell strainer (BD Biosciences) — collecting
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the flow through. P. sojae protoplasts were pelleted by centrifugation (1200 xg for
2 minutes at room temperature), washed in 30 mL W5 solution (see Fang et al.,
2017) and resuspended in 10 mL W5 solution. The protoplasts were kept on ice
for 20 minutes (or overnight, depending on time availability), and then pelleted
again by centrifugation (1200 xg for 2 minutes at room temperature). All of the
W5 solution was removed and the protoplasts were gently resuspended in 6 mL
MMG solution (see Fang et al., 2017). The protoplasts were kept for 10 minutes
at room temperature. In triplicate, 1 mL of protoplasts were added to 30 ug of the
constructed sgRNA plasmid (in pYF515) and 13 pg of the constructed HDR
plasmid (in PBS-K-) (1:1 equal molar ratio between the two plasmids) in 50 mL
tubes, and incubated for 20 minutes on ice. 1.74 mL of freshly-prepared PEG-
calcium solution was added to the tubes (with each tube at a 90° angle, 580 pL
aliquots were added and allowed to slide down the tube, the tube was then gently
rotated to mix). Transformation reactions were incubated for 15 minutes on ice,
2 mL of cold regeneration media (as in Fang et al., 2017) was added, followed by
incubation for 2 minutes on ice. 8 mL of cold regeneration media was added and
the reactions incubated for 2 minutes on ice again. Transformation reactions were
each poured into a tall petri dish containing 10 mL of cold regeneration media,
and ampicillin (50 pg/mL) was added to control bacterial contamination. Petri
dishes were incubated at room temperature (in the dark without shaking) for 18

hours.

Regenerated hyphae were harvested by centrifugation (2000 xg for 5
minutes) in 50 mL tubes, and the supernatants discarded until ~3 mL remained
in each tube. Each pellet was resuspended and divided evenly between three 50

mL tubes (i.e. 1 mL in each tube). 45 mL of liquid regeneration agar (containing
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50 pg/mL G418; agar prepared and incubated at 42°C on the day of testing) was
added to each of the three tubes, which were inverted to mix and poured across
3 petri dishes (i.e. 15 mL in each). For each transformation, there were a total of
9 petri dishes. Plates were incubated at 25°C (in the dark without shaking) for 2
days until mycelial colonies were visible. Twenty-four P. sojae colonies were
transferred into 2 mL of liquid V8 media supplemented with 50 pg/mL G418, in
sterile 12-well microplates. Plates were incubated at 25°C (in the dark without

shaking) for 2-3 days.

gDNA was isolated at per Fang et al. (2017). Briefly; individual P. sojae
transformants (and the wild-type strain) were grown in 2 mL V8 liquid medium in
a 12-well plate for 2-3 days in the dark, without shaking. Fingertip-sized clumps
of P. sojae hyphae were picked using 2x 200 uL sterile pipette tips and excess
liquid removed on Kimwipe paper. Hyphae were transferred to a sterile 1.5 mL
tube and snap-frozen in liquid nitrogen. Frozen hyphae were ground using
autoclave-sterile pestles, and resuspended in 500 uL lysis buffer (as in Fang et
al., 2017). The tubes were vortexed for 30 seconds, and incubated for 30 minutes
at 37°C for RNA digestion. 500 pL of phenol-chloroform-isoamyl alcohol (25:24:1;
saturated with TE) was added to the tubes and they were inverted five times. The
tubes were centrifuged for 15 minutes at 12,000 xg at room temperature, and the
upper clear layer was removed into a new sterile 1.5 mL tube. An equal volume
of chloroform was added to the tubes and they were inverted five times. The tubes
were centrifuged for 15 minutes at 12,000 xg at room temperature, and the
agueous layer was removed into a new sterile 1.5 mL tube. gDNA was
precipitated by adding 0.5 volumes of isopropanol to the tubes and they were

inverted five times, before placing at -20°C for 15 minutes. The tubes were
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centrifuged for 15 minutes at 12,000 xg at 4°C, and the supernatants were
carefully removed. The pellet containing gDNA was dried, and dissolved in 40 uL
sterile deionized water. Quality and quantity of P. sojae gDNA was analysed by

gel electrophoresis.

After genotyping by PCR, single P. sojae zoospores were isolated (these
are >95% mononucleate). Positive mutants were inoculated onto V8 agar
supplemented with 50 pg/mL G418 and incubated at 25°C (in the dark without
shaking) for 7-10 days. Plates were then flooded with sterile dH20 every 30
minutes for ~4 hours — this allowed for nutrient depletion and sporangia
production. Zoospore release from sporangia was monitored using a light
microscope. The dH20 was removed and the plates sealed and incubated at
14°C (in the dark without shaking) for 16 hours. Zoospores were counted using a
haemocytometer, and ~15 zoospores were plated on V8 agar. Plates were
incubated at 25°C (in the dark without shaking) for 2 days. Individual mycelial
colonies were grown in 2 mL V8 liquid medium in a 12-well tissue culture plate
for 2-3 days in the dark, without shaking. gDNA was extracted as previously
described, and transformants were again genotyped by PCR. Verified
homokaryotic P. sojae mutants were maintained on V8 agar (sub-cultured weekly

for all downstream experiments).

Mutants with verified knockout of the gene encoding P. sojae_482953
(replaced with GFP by HDR), were tested for their ability to utilise xyloglucan as
a sole carbon source. P. sojae mutants (and the wild type) were initially cultured
on V8 medium as previously described; an agar plug taken from the edge of fast-

growing mycelium was then transferred to the centre of minimal media agar (pH
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6 (per litre): 0.5 g KH2PO4, 0.5 g K2HPO4, 4 x 10*g MnSO4, 4 x 10* g ZnSOa4,
1.05 g NH4Cl, 6.8 mL 1 M CaCl2.2H20*, 2 mL 1 M MgS0a4.7H20%, 4 x 103 g
FeSO4**, 1% (w/v) substrate (*Autoclaved separately, **Sterile-filtered). The agar
plates were incubated at 25°C (in the dark without shaking). Colony morphology

pictures were taken at 7 days.

4.5 Results

4.5.1 Analysis of enzymatic activity by DNS reducing sugar detection and
‘halo’ screening

Reducing sugars released from the incubation of recombinant P. sojae proteins
(secreted into S. cerevisiae concentrated culture supernatants) with carbohydrate
substrates was investigated using DNS reagent (Miller., 1959). Secretion of all
proteins was directed by the S. cerevisiae MFA N-terminal signal peptide,
therefore it was expected that relative secretion rates between strains would be
comparable. The crude enzyme extracts were matched to a total protein
concentration of 100 pg/mL and incubated with 1% (w/v) substrate in Citrate

buffer (pH5, 7, 10; 20°C and 30°C).

4.5.1.1 GH12

Of the P. sojae GH12 paralogs, it was only possible to detect activity of P.
sojae_482953 and P. sojae 559651 using the DNS method; both paralogs
demonstrated activity towards 1% xyloglucan up to 6 hours of incubation under
all conditions tested (Figure 4.3). The reducing sugars released over 6 hours
were calculated based on reference to a 0-4 mg/mL standard curve (glucose); at
20°C, P. sojae_482953 released 0.29 mg/mL, 0.13 mg/mL and 0.05 mg/mL
reducing sugars at pH5, pH7 and pH10, respectively. P. sojae_559651 released
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0.58 mg/mL, 0.51 mg/mL and 0.51 mg/mL at pH5, pH7 and pH10, respectively.
At 30°C, P. sojae_482953 released 0.49 mg/mL, 0.73 mg/mL and 0.59 mg/mL
reducing sugars at pH5, pH7 and pH10, respectively. P. sojae_559651 released
0.69 mg/mL, 0.71 mg/mL and 0.34 mg/mL at pH5, pH7 and pH10, respectively.
Interestingly, at 20°C, P. sojae_482953 displayed highest activity at pH5 (0.29
mg/mL reducing sugar detection), whilst at 30°C, P. sojae_482953 displayed
highest activity at pH7 (0.73 mg/mL detected). P. sojae_559651 released higher
detectable reducing sugars during incubation at 20°C (compared with P.
sojae_482953), again with highest detection at pH5 (0.58 mg/mL), whilst at 30°C,
the highest detection of reducing sugars was at pH7 (0.71 mg/mL) for this

paralog.

No activity was detected against CMC, Avicel or Laminarin for the two P.
sojae paralogs (i.e. the proteins are xyloglucan-specific endoglucanases). The
same concentrated yeast supernatants used in the DNS assay were additionally
spotted onto SCM-URA agar plates containing 0.2% (w/v) xyloglucan;
consistently, halos were visible after staining for both P. sojae_482953 and P.
sojae_559651 GH12 paralogs, in comparison with a p426-GPD vector only

sample (negative control) (Figure 4.3).
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4.5.1.1 P. sojae GH12 paralogs 482953 and _559651 are active against xyloglucan (pH5, 7 and 10, at 20°C and 30°C), but show
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Figure 4.3. A. P. sojae_482953 and P. sojae_559651 secreted into S. cerevisiae BY4742 culture supernatants were incubated with 1% xyloglucan; the increase in
absorbance (ODs40) of DNS reagent added to the samples is suggestive of an increase in the reducing sugars released (i.e. from the breakdown of xyloglucan).
Enzymatic activity was detected up to 6 hours of incubation under all conditions tested. No reducing sugars were detected in the p426-GPD vector only sample (N=3,
+/- SD). B. No activity of P. sojae_482953 and P. sojae_559651 was detected against CMC, Avicel or Laminarin (i.e. the paralogs are xyloglucan-specific
endoglucanases). C. The reducing sugars released over 6 hours (A) were calculated based on reference to a 0-4 mg/mL standard curve (glucose). D. Concentrated
supernatants were spotted onto SCM-URA agar plates containing 0.2% (w/v) xyloglucan; consistently, halos were visible after staining for both P. sojae_482953 and

P. sojae_559651 GH12 paralogs, in comparison with a p426-GPD vector only sample (negative control).
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4.5.1.2 GH10

Of the P. sojae GH10 paralogs, it was only possible to detect activity of P.
sojae_527497 and P. sojae_519234 at 30°C (pH5, pH7 and pH10); however, a
longer incubation period was required to demonstrate activity under all pH tested
(compared to GH12 paralogs - up to 170 hours) (Figure 4.4). Enzymatic activity
of the secreted GH10 paralogs was compared to a fungal xylanase, T.
reesei_Xyn2, which was heterologously expressed in S. cerevisiae using the
native signal peptide sequence of the protein (as per Grange et al., 1996). The
reducing sugars released over the incubation time were calculated based on
reference to a 0-4 mg/mL standard curve (xylose); for T. reesei_Xyn2, 1.30
mg/mL, 1.22 mg/mL and 1.46 mg/mL reducing sugars were released after 170
hours at pH5, pH7 and pH10, respectively. For P. sojae_527497, 0.24 mg/mL,
0.24 mg/mL and 0.40 mg/mL, and P. sojae_519234, 0.17 mg/mL, 0.57 mg/mL
and 0.58 mg/mL were released after 170 hours at pHS5, pH7 and pH10,
respectively (Figure 4.4). Enzymatic activity for P. sojae 519234 and P.
sojae_527497 was also detected by the presence of halos around recombinant

yeast strains spotted onto SCM-URA (+ 0.2% (w/v) Azo-xylan).
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4.5.1.2 P. sojae GH10 paralogs _527497 and _519234 are active against xylan (pH5, 7 and 10, at 30°C)
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Figure 4.4. A. P. sojae_527497 and P. sojae_519234 secreted into S. cerevisiae BY4742 culture supernatants were incubated with 1% xylan; the increase in
absorbance (ODs40) of DNS reagent added to the samples is suggestive of an increase in the reducing sugars released (i.e. from the breakdown of xylan). Both
proteins demonstrated activity towards xylan at 30°C under all pH tested. Enzymatic activity was screened alongside fungal xylanase, T. reesei_Xyn2 (heterologously
expressed in S. cerevisiae using the native signal peptide sequence of the protein (as per Grange et al., 1996)). No reducing sugars were detected in the p426-GPD
vector only sample (N=3, +/- SD). B. The reducing sugars released over the incubation time were calculated based on reference to a 0-4 mg/mL standard curve

(xylose). C. Enzymatic activity was also detected by the presence of halos around recombinant yeast strains spotted onto SCM-URA (+ 0.2% (w/v) Azo-xylan).
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4.5.2 Removal of the disordered C-terminus ‘tail’ of P. sojae_482953

To investigate the functional significance of the 186 amino acid ‘tail’ sequence at
the C-terminus of GH12 paralog, P. sojae_482953 (as discussed in Chapter 3),
a truncated version of the protein was engineered and expressed in S. cerevisiae.
The full length and truncated proteins were expressed with the N-terminal MFA
secretion signal, driving secretion into yeast culture supernatants, and then the
culture supernatant was subject to DNS reducing sugar and halo assays as

previously described.

P. sojae_482953 (truncated) was found to be enzymatically-active towards
xyloglucan, although displayed significantly reduced activity in comparison with
the full-length protein (Figure 4.5). All reactions were maintained at 20°C and
30°C (pH5, pH7 and pH10) for 22 hours, which did not change this observation.
The reducing sugars released over 22 hours were calculated based on reference
to a 0-5 mg/mL standard curve (glucose); at 20°C, P. sojae_482953 (full length)
released a total of 1.39 mg/mL, 1.15 mg/mL and 1.16 mg/mL reducing sugars at
pH5, pH7 and pH10, respectively, whilst P. sojae_482953 (truncated) released a
total of 0.19 mg/mL, 0.41 mg/mL and 0.41 mg/mL, at the corresponding pHs. At
30°C, P. sojae_482953 (full length) released a total of 2.53 mg/mL, 1.83 mg/mL
and 2.11 mg/mL reducing sugars at pH5, pH7 and pH10, respectively, whilst P.
sojae_482953 (truncated) released a total of 0.69 mg/mL, 1.02 mg/mL and 1.14

mg/mL reducing sugars at the corresponding pHS.

Incubation of concentrated supernatants at 100 ug/mL, 10 pg/mL and 1
pg/mL total protein, with 1% (w/v) xyloglucan for 144 hours (pH7, 30°C)

suggested that P. sojae 482953 (truncated) was less enzymatically active
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compared to the full-length protein; total reducing sugars released after 144 hours
(at 100 pug/mL starting concentration of total protein) were 2.03 mg/mL and 1.54
mg/mL for full length and truncated proteins, respectively. Proteins spotted onto
SCM-URA agar plates containing 0.2% (w/v) xyloglucan gave consistent results;
halos were visible after staining for both P. sojae_482953 (full length) and P.
sojae_482953 (truncated) — however, with reduced halo sizes (diameters) for the

truncated version of this enzyme (Figure 4.5).
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4.5.2 Removing the disordered C-terminus ‘tail’ from P. sojae 482953 reduces its enzymatic activity against xyloglucan
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Figure 4.5. A. P. sojae_482953 (truncated) and P. sojae_482953 (full-length) secreted into S. cerevisiae BY4742 culture supernatants were incubated with 1%
xyloglucan; the increase in absorbance (ODss0) of DNS reagent added to the samples is suggestive of an increase in the reducing sugars released (i.e. from the
breakdown of xyloglucan). P. sojae_482953 (truncated) displayed significantly reduced activity towards xyloglucan in comparison with the full-length protein, up to 22
hours of incubation under all conditions tested. No reducing sugars were detected in the p426-GPD vector only sample (N=3, +/- SD). B. Incubation of concentrated
supernatants at 100 ug/mL, 10 yg/mL and 1 pyg/mL total protein, with 1% (w/v) xyloglucan for 144 hours (pH7, 30°C) suggested that P. sojae_482953 (truncated) was
active at a slower rate compared to the full length protein; total reducing sugars released after 144 hours (at 100 ug/mL starting concentration of total protein) were
2.03 mg/mL and 1.54 mg/mL for full length and truncated proteins, respectively. C. Proteins spotted onto SCM-URA agar plates containing 0.2% (w/v) xyloglucan gave
consistent results; halos were visible after staining for both P. sojae_482953 (full length) and P. sojae_482953 (truncated) — however, with reduced halo sizes (diameter)

for the truncated version of this enzyme.
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4.5.3 Analysis of oligosaccharides released during enzymatic degradation
of xyloglucan by Mass Spectrometry

The oligosaccharides cleaved and generated during 90 hours incubation of 1%
(w/v) xyloglucan with S. cerevisiae culture supernatants containing P.
sojae_482953, P. sojae_559651, P. sojae_360375, and a p426-GPD vector only
control (30°C, pH7), were sent for MS analysis to the NMSF at Swansea
University. The reducing sugars generated by 90 hours were estimated by DNS
assay (calculated based on reference to a glucose standard curve); for P.
sojae_482953, a total of 0.68 mg/mL, and for P. sojae_559651, a total of 0.76
mg/mL were released, whereas 0.00 mg/mL reducing sugars were released by
P. sojae_360375 (catalytically-inactive GH12 paralog, as discussed in Chapter 3;

Ma et al., 2017) and p426-GPD vector-only negative control (Figure 4.6).

Using MALDI-MS, samples were analysed in (1) positive-reflectron and (2)
positive-linear, and for each there were two preparations of the 2,5-
Dihydroxybenzoic acid (DHB) matrix, (a) 1:1 MeOH:H20 and (b) 2:1 MeCN:Hz0.
The optimal combination was found to be positive-reflectron mode (1) with 2:1
MeCN:H20 buffer for the matrix (b). For each sample, blank matrix reflectron
spectra were included, as the low mass region (including putative mono- and
disaccharide species) was also the region expected to show blank matrix and

other background species.

MS spectra are shown in Figure 4.6 for P. sojae_482953 and P.
sojae_559651 — the species (m/z) are indicated on the x-axis, with the relative
intensity of the ions on the y-axis. Focussing on the m/z >1000 range (shown in

the figure), three main peaks were observed for both samples after 90 hours
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incubation with 1% (w/v) xyloglucan (30°C, pH7); ions with the m/z of 1085, 1247
and 1409 — putatively corresponding to the oligosaccharides XXXG, XXLG (or
XLXG), and XLLG, respectively (Fry et al.,, 1993). These species were not
observed in the equivalent O hour samples for these enzymes, or within the 90
hour samples for P. sojae_360375 (catalytically-inactive GH12 paralog (Ma et al.,
2017)) and the p426-GPD vector only control (spectra not shown in the figure) —
consistent with the observed enzymatic activity of paralogs P. sojae_482953 and
P. sojae_559651 by DNS reducing sugar assays and halo assays as previously
described. Unfortunately, it was not possible to confidently identify low m/z
species within the samples that could putatively correspond to mono- and di-
saccharides (or smaller sugars) released from random or further processing of
longer chain oligosaccharides by P. sojae GH12 paralogs - this was due to blank

matrix and background ion species located in the lower m/z region for all samples.

The relative intensity of species identified at m/z 1085, 1247 and 1409
after 90 hours incubation (within single spectra for each GH12 paralog) were
compared by calculating the ratios between the areas under the peaks (Figure
4.6). The results suggest that there may be putative differences in preferential
binding of the xyloglucan backbone by the two enzymatically-active GH12
paralogs — P. sojae_482953 and P. sojae_559651 released similar relative ratios
of XXXG, whilst there was an increase in oligosaccharides XXLG/XLXG
generated by P. sojae_482953, and increased XLLG generated by P.

sojae_559651.
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4.5.3 P. sojae paralogs _482953 and 559651 cleave the same glycosidic linkages of the xyloglucan backbone, but show some

preferences in the oligosaccharides bound/released
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Figure 4.6. A. MALDI-MS spectra for P. sojae_482953 and P. sojae_559651 after xyloglucan incubation suggests both paralogs putatively bind to different regions of
the xyloglucan chain. The species (m/z) are indicated on the x-axis, with the relative intensity of the ions on the y-axis. Focussing on the m/z >1000 range, three main
peaks were observed for both samples after 90 hours incubation with 1% (w/v) xyloglucan (30°C, pH7); ions with the m/z of 1085, 1247 and 1409 — putatively
corresponding to the oligosaccharides XXXG, XXLG (or XLXG), and XLLG, respectively (Fry et al., 1993). B. The relative intensity of species identified at m/z 1085,
1247 and 1409 were compared by calculating the ratios between the areas under the peaks, and suggest there may be putative differences in preferential binding of
the xyloglucan backbone. C. The reducing sugars generated by 90 hours were quantified by DNS (calculated based on reference to a glucose standard curve); for P.
sojae_482953, a total of 0.68 mg/mL, and for P. sojae_559651, a total of 0.76 mg/mL were released, whereas 0.00 mg/mL reducing sugars were released by P.

sojae_360375 (catalytically-inactive GH12 paralog, as discussed in Chapter 3; Ma et al., 2017) and a p426-GPD vector-only negative control sample.
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4.5.4 Using the CRISPR/Cas9 system to disrupt an enzymatically-active
GH12 paralog in P. sojae

The gene encoding P. sojae_482953 was knocked out in vivo, using the
CRISPR/Cas9 methods published by Fang et al. (2017) — involving design of
efficient gRNA and a HDR template in order to replace the target gene sequence
with GFP (Figure 4.7). PCR was used to amplify 1 kb of flanking homology arms
to the target gene, as well as the GFP sequence, and the fragments were
assembled by HiFi cloning into pBlueScript KS(-) — with verification of the HDR

template by multiple PCR screening (Figure 4.7).

Three independent P. sojae mutants were tested for their ability to utilise
xyloglucan as a sole carbon source by incubating hyphal plugs on minimal agar
containing 1% (w/v) xyloglucan at 25°C (for 7 days, in the dark), after which
colony morphology pictures were taken. Phenotypic analysis of the knock-out
strains indicated that there was no significant effect to growth on xyloglucan as
the sole carbon source, based on comparisons with the wild-type strain (i.e. there
were no differences in the diameters of mycelial growth between isolates that
would suggest an altered capacity to utilise xyloglucan resulting from the gene

knockout) (Figure 4.7).
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4.5.4 Knock-out of the gene encoding P. sojae_482953 does not affect xyloglucan utilisation as a sole carbon source in vivo
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Minimal agar

No carbon source 1% CMC 1% xyloglucan

P. sojse WT P. sojee 06C1.1 P. sojee 08C12 P. sojoe 06C2.1 P. sofse 07.1 P.s0jae 072

7 days growth (25°C in the dark)

Figure 4.7. CRISPR/Cas9 methods for knockout of P. sojae_482953 followed as per Fang et al (2017). A. Example of gRNA used to direct Cas9 to the target gene
sequence. B. A HDR template was constructed to produce a precise genome mutation (insertion of GFP sequence by homologous recombination). The upstream and
downstream homologous sequences of the gene encoding P. sojae_482953 (~1 kb) were PCR-amplified from a P. sojae DNA extraction (gDNA), and the donor DNA
fragment (GFP) was PCR-amplified from a plasmid DNA preparation. Red arrows indicate the expected product sizes. C. Two primer pairs were used to verify correct
assembly of the HDR DNA fragments: (i) M13_Fw and GFP_Rv (expected amplimer: 1821 bp if the left homology arm and GFP were correctly inserted), and (ii)
GFP_Fw and M13_Rv (expected amplimer: 1861 bp if GFP and the right homology arm were correctly inserted). Red arrows indicate the expected product sizes; red
boxes highlight the verified products corresponding to the three transformants taken forward for plasmid DNA isolation (mini-prep) and Sanger sequencing. D. Growth
of WT P. sojae on minimal media (no carbon source, 1% CMC and 1% xyloglucan); highlights were added to the images to show clearly the extent of growth for the
WT strain on each media type. E. Growth of P. sojae CRISPR mutants on minimal media (1% xyloglucan) (06C1, 06C2 and 07 refer to individual transformants; ‘1’

and ‘2’ refer to the number of technical repeats per transformant); no differences in mycelial growth (diameter) were observed in comparison with the WT strain.
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4.6 Discussion

4.6.1 P. sojae GH12 paralogs 482953 and 559651 are active against
xyloglucan, but show no activity against CMC, Avicel or Laminarin

Hemicelluloses (including all of the cellulose-binding polysaccharides) make up
around 15-35% (w/v) of a typical plant cell wall (Kubicek., 2013; Alvarez et al.,
2016), and xyloglucan is an important component that plays a role in the cross-
linking of the cellulose microfibrils, increasing strength (Bauer et al., 1973). As a
result, plant parasites must overcome the xyloglucan layers in order to gain entry
to plant tissues; Xxyloglucan-specific endoglucanases (xyloglucanases) are
widespread amongst plant pathogens, and have been previously associated with
CAZyme families GH5, GH12 and GH74 (http://www.cazy.org; Lombard et al.,

2013).

Some xyloglucanases have been shown to lack activity (or are active at
significantly lower levels) to CMC and other polysaccharides with -1,4 and p-1,3
linkages (e.g. Grishutin et al., 2004; Hasper et al., 2002) — consistently, this study
found that GH12 paralogs, P. sojae_559651 and P. sojae_482953 both displayed
activity towards xyloglucan, with no demonstrable activity towards CMC or
Laminarin (B-1,3, with some B-1,6 linkages). Enzyme activity against Avicel was
also investigated — this substrate is typically used to demonstrate exo-glucanase
activity (although studies such as those by Cohen et al. (2005) describe a 42 kDa
endoglucanase (Cel5A) in Gloeophyllum trabeum with avicelase activity (Cohen
et al., 2005)). However, activity towards Avicel was not demonstrated by the
GH12 paralogs. A CBD has been previously shown to aid Avicel digestion (e.g.
Ahn et al., 1997), which could explain the lack of exoglucanase activity amongst

some endoglucanases. Nevertheless, the narrow substrate range for xyloglucan-
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specific endoglucanases suggests their importance for the targeted digestion of
an important hemicellulosic component involved in cross-linking and

strengthening the plant cell wall (Bauer et al., 1973).

The reducing sugars released from the incubation of P. sojae_482953 and
P. sojae_559651 (secreted into S. cerevisiae concentrated culture supernatants)
with carbohydrate substrates was investigated using DNS reagent (Miller., 1959).
After 6 hours of incubation with xyloglucan, P. sojae_482953 and P.
sojae_559651 displayed higher activity at 30°C under all pH tested, compared to
incubation at 20°C — this is consistent with the optimum temperature for disease
development by P. sojae (25-30°C; warm soil (Dorrance and Mills., 2012)). For
P. sojae_482953, the biggest difference between temperatures was observed at
pH7, where there was an increase of 0.60 mg/mL detected reducing sugars when
the temperature was increased to 30°C (Figure 4.3). The same concentrated
yeast supernatants used in the DNS assay were additionally spotted onto SCM-
URA agar plates containing 0.2% (w/v) xyloglucan; consistently, halos were
visible after staining for both P. sojae_482953 and P. sojae 559651 GH12
paralogs, in comparison with a p426-GPD vector only sample (negative control),

confirming the observed enzymatic activity towards xyloglucan (Figure 4.3).

4.6.2 Removing the disordered C-terminus ‘tail’ from P. sojae _482953
reduces its enzymatic activity against xyloglucan

As previously mentioned, isozymes of the same enzyme could display unique
activities with possibly untested adaptive consequences. Chapter Three
demonstrated that GH12 paralog, P. sojae_482953, and orthologs in P. cactorum

and P. nicotiniae, possess a disordered, significantly phosphorylated C-terminus
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‘tail’ (unable to be modelled to available protein structures using Phyre2 (Kelly
and Sternberg., 2009)) — therefore, using computational tools alone, it was not
possible to identify the functional significance of the evolved ‘tail’. It was
hypothesised that the unique sequence (of 186 amino acids) could putatively play
a role in the enzymatic activity of the paralog in vivo (i.e. improving catalytic
activity, substrate binding, or tolerance across broader temperature and pH
ranges), therefore a truncated version of the protein was engineered and

expressed in S. cerevisiae.

Results of the DNS reducing sugar assays and the halo assays suggest
that the disordered C-terminal sequence improves enzymatic activity of the
protein towards xyloglucan (Figure 4.5). Incubation of the full-length protein with
the substrate resulted in the release of a significantly higher concentration of
reducing sugars compared to the truncated protein. It was supposed that P.
sojae_482953 (truncated protein) could be active at a slower rate compared to
the full-length protein (and could indicate that the ‘tail’ sequence is putatively
involved in mediating efficient or prolonged substrate binding, for example),
therefore an extended incubation time of 144 hours (pH7, 30°C) was included to
confirm whether a similar concentration of reducing sugars could be eventually
detected by both versions of the protein. Total reducing sugars released after 144
hours (at 100 ug/mL starting concentration of total protein) were 2.03 mg/mL and
1.54 mg/mL for full length and truncated proteins, respectively. Results of halo
assays were consistent with enzymatic assays — whilst both the full length and
truncated proteins resulted in visible halos after staining, there were reduced halo
sizes (diameters) observed for the truncated version of this enzyme (Figure 4.5).

Interestingly, Li et al. (2014) describe a C-terminal extension of a xylanase (XynA

Page | 180



— from sheep rumen), which improves catalytic efficiency as well as increasing
the range of pH and temperature in which the protein retains activity (Li et al.,
2014) - consistent with the hypothesis and results for P. sojae_482953. The data
also demonstrate that HGT followed by subsequent gene duplication can provide
novel genetic material for selection to act on and increase functionality within
recipient proteomes — putatively resulting in expanded protein functions between
paralogs of the same gene family (in this case, an evolved ‘tail’ sequence which
appears to enhance xyloglucan degradation). This also highlights the importance
of characterising multiple paralogs of the same gene families of parasite-secreted
CAZymes, in order to better understand their roles within the complex
microenvironment of plant cell walls — i.e. how each protein putatively adds to the
efficiency of digestive functions. Future experiments will involve characterising C-
terminal tailed orthologs in P. cactorum and P. nicotianae (both full-length and
truncated proteins), to confirm their significance to enzymatic activity. It would
also be interesting to further investigate how the C-terminal tail affects the
substrate binding affinity of the proteins, as well as their putative interactions with
host immune proteins. As previously discussed, Ma et al. (2017) demonstrated a
difference in host protein-binding between catalytically-inactive P. sojae_360375
and its closest-related (catalytically active) GH12 paralog (Ma et al., 2017) —
therefore, it could be feasible to suggest that an (as yet, unmodelled) 186 amino
acid C-terminal sequence encoded by P. sojae_482953 could result in altered

interactions with putative host immune proteins, compared to a truncated protein.
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4.6.3 P. sojae paralogs 482953 and 559651 cleave the same glycosidic
linkages of the xyloglucan backbone, but show some preferences in the
oligosaccharides bound/released

As previously mentioned, xyloglucan is a highly-branched polysaccharide with
different side chain variants branching from the main glucose backbone (Fry et
al., 1993). Previous analysis of the oligosaccharides released by endoglucanase
digestion of the xyloglucan chain has come from (for example) MALDI-TOF
screening methods to profile the units released (Oligosaccharide Mass Profiling;
OLIMP (e.g. Lerouxel et al., 2002)) - this has also enabled the characterisation of
oligosaccharides that make up plant cell wall polysaccharides including

xyloglucan (e.g. Obel et al., 2009; Westphal et al., 2010).

In this study, the oligosaccharides released from xyloglucan degradation
by GH12 paralogs, P. sojae_482953 and P. sojae_559651, were investigated by
MALDI-MS analysis carried out at the NMSF at Swansea University. Following
incubation with xyloglucan for 90 hours, three peaks were observed in the P.
sojae_559651 spectra correlating to the oligosaccharides XXXG, XXLG (or
XLXG), and XLLG, respectively (Fry et al., 1993)), and for P. sojae_482953, one
significant peak was observed correlating to XXLG (or XLXG)), with smaller
peaks of XXXG and XLLG. These peaks were not present at 0 hours, consistent
with their release over the duration of the experiment (90 hours), and in line with
observable xyloglucanase activity by DNS assay for these samples. The putative
oligosaccharide peaks are not observable for P. sojae_360375, consistent with
this being a catalytically inactive GH12 paralog (Ma et al., 2017), or the p426-
GPD vector only control. It was not possible to distinguish between the

oligosaccharides XXLG and XLXG in this study, as they are structural isomers
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and remain unresolved (although other studies have used further MALDI-PSD or

—TOF/TOF analysis to distinguish them (e.g. Yamagaki et al., 1998)).

Relative intensities of the oligosaccharide species identified suggest
putative differences in binding to the xyloglucan backbone by the two
enzymatically-active GH12 paralogs. P. sojae_482953 and P. sojae_ 559651
released similar relative ratios of XXXG®, whilst there was an increase in
oligosaccharides XXLG/XLXG generated by P. sojae 482953, and increased
XLLG generated by P. sojae_559651 (Figure 4.6). Therefore, it is possible that
the two GH12 paralogs display binding preferences for the xyloglucan backbone
(by, for example, recognising specific side chains (Fry et al., 1993)). Whilst it was
not possible to optimise a suitable substrate-binding assay during this study to
investigate differences in oligosaccharide binding, further work could explore the
relative binding affinities of P. sojae_482953 and P. sojae_559651 to different
oligosaccharide units, in order to identify putative differences amongst the
paralogs. It would be feasible to hypothesise that in addition to increasing
transcriptional dosage by the expression and secretion of multiple enzyme
paralogs (as well as putatively widening resulting functions), a greater efficiency
of in vivo xyloglucan digestion could be achieved through the secretion of two
catalytically-active GH12 paralogs with preferences in binding to different parts

of the xyloglucan chain.

9 G refers to an unsubstituted glucose residue; X refers to a glucose residue substituted with an a-linked
xylose; L refers to a glucose residue substituted with an a-linked xylose further substituted with a B-linked
arabinose; F refers to a glucose substituted with an a-linked xylose further substituted with a fucose residue
(Fry et al., 1993).
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The MS spectra generated in this study were not appropriate to detect the
release of mono- or disaccharide units resulting from xyloglucan degradation,
therefore it would also be interesting to explore the further processing of the larger
oligosaccharide chains into simpler sugars using alternative spectrometry

techniques.

4.6.4 Knock-out of the gene encoding P. sojae_482953 does not affect
xyloglucan utilisation as a sole carbon source in vivo

The gene encoding P. sojae 482953 was knocked out in vivo, using the
CRISPR/Cas9 methods published by Fang et al. (2017). Phenotypic analysis of
the knock-out strains indicated that there was no significant effect to growth on
xyloglucan as the sole carbon source, based on comparisons with the wild-type
strain (i.e. there were no differences in the diameters of mycelial growth between
isolates that would suggest an altered capacity to utilise xyloglucan resulting from
the gene knockout) (Figure 4.7). The results are unsurprising, as it is likely that
other functional P. sojae proteins (of the GH12 family, or other associated GH
families with similar enzymatic activities (see Chapter 3)) are able to compensate
for the deletion of P. sojae_482953 and conceal the loss of function. Whilst it was
not possible within the duration of this study, it would be interesting to further
explore the effect of the knock-out to the expression of the remaining GH12
paralogs (and other putatively associated GH genes) to confirm the
transcriptional redundancy of the paralogs — this could be achieved through
gPCR, although the experiment would require dedicated design of appropriate
gPCR primers for all genes to be tested. Alternatively, RNA of the mutant P. sojae
strains grown on minimal media substituted with xyloglucan could be extracted at

multiple time points and subject to RNA (transcriptome) sequencing — this would
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enable the study of the wider impact of the gene deletion for secreted
xyloglucanase activity in this organism. Multiplexed CRISPR/Cas methods (i.e.
knocking out expression of multiple genes) would also be a significant step to
better understanding the functional significance of the horizontally-transferred
GH12 (and GH10) duplicated paralogs in P. sojae — to date, there are no reported
studies of large gene family knock-outs in this organism, although multiplexed
CRISPR methods have been described in (for example) Trypanosoma cruzi
(Peng et al., 2015) and Candida albicans (Vyas et a., 2015). The key strategy in
this case would be in the design of the gRNA (which could ideally target
homologous regions of the paralogous sequences) (e.g. see Hyams et al., 2018

for developments in algorithms for efficient gRNA design).

Whilst host virulence was not assayed during the study, it would be
interesting to test pathogenicity of the knockout mutant of P. sojae_482953 —
particularly as previous studies by Ma et al. (2015) demonstrated that
overexpression and silencing of the paralog 559651 both reduced P. sojae

virulence in vivo (Ma et al., 2015).

4.6.5 P. sojae GH10 paralogs _527497 and _519234 are active against xylan
Two of the four P. sojae GH10 paralogs secreted into S. cerevisiae culture
supernatants displayed activity towards xylan at 30°C under all pH tested.
Enzymatic activity (by released reducing sugars) was detected up to 170 hours,
alongside T. reesei_Xyn2 (Grange et al., 1996). The T. reesei enzyme displayed
significantly higher activity (by detected reducing sugar and halo assays (Figure

4.4), suggesting increased capacity for xylan digestion (although this could
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alternatively be related to improved secretion resulting from expression of the

proteins’ native signal peptide (as per Grange et al., 1996)).

Amino acid sequence and structural analysis of P. sojae_527497 (Chapter
Three) demonstrated that this is the only GH10 paralog not predicted to encode
a putative additional carbohydrate-binding site (by 3DLigandSite (Wass et al.,
2010)) — however, it does have an additional ~63 amino acid ‘tail’ sequence at its
C-terminus (Chapter 3, Figure 3.12)), which could compensate for the lack of
additional binding site by altering the proteins interaction with putative substrates
(and explain the similar concentrations of reducing sugars released from xylan
degradation by P. sojae_527497 and P. sojae_519234 (Figure 4.4)). Further work
could involve truncating P. sojae_527497 to elucidate the functional significance
of its C-terminal extension to enzymatic activity of the protein. Interestingly, the
gene encoding P. sojae_519234 is expressed during P. sojae mycelial growth,
whilst P. sojae_527497 is not expressed at this stage (both are expressed during
infection) (See previous chapter (FungiDB; Stajich et al., 2012; Basenko et al.,
2018)). This could indicate that secretion of P. sojae 527497 is specifically
associated with the later necrotrophic switch in the P. sojae lifestyle, therefore it
Is possible that the additional C-terminal tail sequence could also play a role in
‘masking’ the protein from host immune detection at this stage — this would be

interesting to explore further in future work.

4.7 General Conclusion
This chapter aimed to experimentally investigate P. sojae HGT paralogs through
heterologous gene expression and secretion of GH12 and GH10 proteins in S.

cerevisiae. GH12 paralogs, P. sojae_482953 and P. sojae_559651 are
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enzymatically active towards xyloglucan, with higher reducing sugars released
from substrate breakdown at 30°C (compared to 20°C) (i.e. at the optimum
temperature for disease development by P. sojae (25-30°C; warm soil (Dorrance
and Mills., 2012)). MS analysis of the oligosaccharides released from xyloglucan
digestion by P. sojae_559651 and P. sojae_482953 suggest there could be
putative differences in binding of the paralogs to the xyloglucan chain (putatively
leading to enhanced breakdown of the substrate in vivo). Further experiments will
be useful to investigate such putative binding differences between the multi-

paralog families.

GH12 paralog P. sojae_482953, and orthologs in other hemibiotrophic
Phytophthora spp., possess a disordered, significantly phosphorylated C-terminal
‘tail’ (unable to be modelled to available protein structures (see Chapter Three;
Phyre2 (Kelly and Sternberg., 2009)). The native protein and a truncated version
(missing the 186 amino acid C-terminal ‘tail’) were both expressed and secreted
into S. cerevisiae BY4742 culture supernatants — interestingly, the full-length
protein resulted in a higher concentration of reducing sugars released during
incubation with xyloglucan, indicating that the tail sequence enhances substrate
breakdown. It is interesting that knock-out of the same paralog in vivo has no
detectable effect to the utilisation of xyloglucan as a sole carbon source for P.
sojae — although it is likely that the remaining paralogs (or alternative genes)
provide transcriptional redundancy (highlighting the functional significance of
multiple paralog expression for oomycete parasites that rely on liberation of
carbon from the plant cell wall (particularly where most secreted enzymes would

themselves be subject to digestion by host immune responses)).
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Enzymatic activity was not demonstrated for many of the GH12 and GH10
paralogs, therefore their functions in the digestion of plant-specific substrates
remain unclear. The secretion strategy utilized for this study was optimized using
a yeast-specific N-terminal secretion signal peptide, however, it is important to
note that protein secretion in heterologous hosts can be limited by a number of
factors (and remains a challenge — e.g. Schroder and Friedl., 1997; Hodgson.,
2003; Idiris et al., 2010), and therefore, the methods described may not have

been optimal for the study of the remainder of the proteins.

Page | 188



Chapter 5

Development of methods to investigate the mutational
landscape from non-functional to functional signal
peptide sequences for a secreted protein ‘acquired’ by

S. cerevisiae

5.1 Overview

Previously-identified HGTs transferred from fungi into the oomycete lineage
(Torto et al., 2002; Richards et al., 2006; Belbahri et al., 2008; Richards et al.,
2011; Misner et al., 2015; Savory et al., 2015) include a suite of secreted proteins,
specifically those targeted for transit through the ER and Golgi networks into the
extracellular environment by recognition of an N-terminal secretion signal peptide
sequence. Whilst the previous chapters aimed to improve understanding of the
paralogous functions gained from HGT and subsequent gene duplications, the
present chapter seeks to develop methods that will experimentally investigate the
putative degeneracy of N-terminal signal peptide sequences, alongside the
hypothesis that signal peptide sequences represent a putative barrier to HGT that
must be overcome - i.e. if a donor secretion sequence is incompatible with the
recipients secretory pathway (or results in inefficient secretion), the signal peptide
must evolve to gain compatibility with the hosts cellular requirements allowing
secretion. The work here seeks to understand if a gain of a functional signal

peptide is likely (i.e. there is a wide diversity of sequence variants that allow
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secretion), or alternatively, it is unlikely (i.e. there are few sequence variants that

allow secretion).

The acquired protein function and the complexity of subsequent protein
interactions are important determinants that affect the transferability of genes by
HGT (e.g. Rivera et al., 1998; Jain et al., 1999; Cohen et al., 2011). High gene
expression (Park and Zhang., 2012), as well as differences in codon usage
between donor and recipient also represent putative mechanistic costs to the
acquisition of foreign genes (due to high demand for cellular energy, the
increased likelihood of aberrant amino acid translation, and the cytotoxic
misfolding of proteins (Sorensen et al., 1989; Buchan., 2006; Hershberg and
Petrov., 2008; Qian et al., 2012), leading to further downstream fitness costs). It
has been proposed that DNA sequence features will eventually be driven to
match that of the host genome (Lawrence and Ochman., 1997, 1998; Garcia-
Vallve., 2003), or otherwise transferred genes with similar codon usage to the

recipient may be selectively retained by the host (Callens et al., 2020 (preprint)).

What determines the transferability of genes encoding secreted proteins
is less well understood. Eukaryote N-terminal signal peptides represent an
interesting paradox, because they are heterogeneous (there is no consensus
sequence, even amongst highly similar paralogs of the same gene family), but
intracellular transit of proteins is complex and can be highly specific (Lodish et
al., 2000) and therefore the sequences must successfully target protein secretion.
As a result, evolution towards a ‘positive’ signal peptide is not likely to be linear
but rather a landscape of putative sequence space containing sequences that

positively encode signal peptide function and those that don’t, recognised by
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translocation machinery with varying efficiency. Whilst other studies have
focussed on amino acid sequence requirements for efficient signal peptides (e.g.
Ryan and Edwards., 1995; Rothe and Lehle., 1998; Nilsson et al., 2015), there is
currently limited experimental data assessing the functionality of all possible N-
terminal sequences for the secretion of a protein. Such data would allow us to
investigate how a protein acquired laterally could theoretically traverse mutational

sequence space in order to acquire, improve, or lose a functional signal peptide.

This chapter aims to develop methods that will ultimately be used in
combination with high-throughput microfluidic technologies to screen large
libraries of randomised N-terminal peptide sequences, using secreted enzyme
activity in a heterologous yeast host as a proxy for identifying signal peptide
function. This will enable the construction of a mutational sequence landscape
(from non-functional to functional signal peptide sequences) for the ‘acquisition’
of a secreted protein by S. cerevisiae — improving our understanding of the
evolutionary dynamics of eukaryotic horizontally-acquired secreted proteins, i.e.
the ability of a protein to acquire, lose, or augment its extracellular localisation,
and more generally — how malleable the yeast is as a cell factory for production

of secreted proteins.

5.2 Introduction

5.2.1 Protein secretion

To be able to carry out encoded functions effectively, assembled proteins must
be directed to their correct locations - either to intracellular organelles (e.g.
membrane-bound, mitochondrial, ER, Golgi, or endosome-localised proteins), or

the extracellular space (i.e. secreted proteins) (Bendtsen et al., 2004; Horton et
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al., 2007). Therefore, the correct protein localisation is central to protein function
across the tree of life - so it is important to understand the molecular features that
enable different types of proteins to reach their target destinations. In 1971,
Gunter Blobel and David Sabatini hypothesised the presence of cis-encoded
targeting sequences for the translocation of proteins (Blobel and Sabatini., 1971).
The presence of such sequences was demonstrated experimentally by Milstein
et al. (1972), who showed that the light chain of IgG becomes a smaller mature
protein in the ER vesicles (Milstein et al., 1972) — suggesting prior cleavage of a
putative targeting sequence from the nascent polypeptide. The signal hypothesis
suggests that different proteins encode variant targeting sequences depending
on their final destination (Blobel and Dobberstein., 1975) — these sequences are
commonly referred to as N-terminal signal sequences (signal peptides or leader
peptides). They are short N-terminal sequences with a cleavage site upstream of
the nascent polypeptide (von Heijne., 1983, 1985, 1990), which are responsible
for sorting proteins into the secretory pathway (or for transport to other organelles
inside the cell). In 1985, Takahara et al. took the signal peptide from E. coli major
outer membrane protein, OmpA, and fused it upstream of Staphylococcus aureus
nuclease A — the signal peptide was cleaved as expected, demonstrating that a
viable N-terminal signal sequence is an important determinant for secretion

(Takahara et al., 1985).

In eukaryotes, protein secretion generally involves co-translational
translocation of a precursor polypeptide to the ER membrane (i.e. translocation
is coupled to protein synthesis), followed by vesicular transport to the Golgi
(Lodish et al., 2000). This is initiated by recognition of the N-terminal signal

peptide by a cytoplasmic, GTP-hydrolysing, ribonucleoprotein complex called the
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Signal Recognition Particle (SRP) — comprised of one or more protein
components and an RNA (Walter and Blobel., 1980; Walter and Johnson., 1994;
Plath et al., 1998; Keenan et al., 2001; Egea et al., 2005; Rapoport., 2008;
Akopian et al., 2013; Elvekrog and Walter., 2015). As the nascent polypeptide
emerges from the ribosome, SRP binds to the hydrophobic core of the signal
sequence (with high affinity - in the range of 0.05-0.4 nM (Flanagan et al., 2003)),
transiently stalling translation. The SRP-polypeptide complex then binds to the
SRP receptor on the ER membrane, which targets the elongating polypeptide to
the ER membrane-spanning translocon, Sec61 (composed of Sec61, Sec62 and
Sec63) — which acts as the translocation channel (Van den Berg et al., 2004;
Crowley et al., 1994; Rapoport., 2008; Nyathi et al., 2013). The newly-translated
polypeptide crosses the ER membrane in an unfolded state, the N-terminal signal
sequence is enzymatically cleaved by a serine protease (signal peptidase) on the
luminal side of the ER membrane (Evans et al., 1986), and the nascent
polypeptide is then properly folded and may undergo further modifications in the
ER, such as glycosylation (the addition of sugar chains), before being transported
to the Golgi. Here, the protein can undergo further processing, before being

packaged into secretory vesicles for cellular export (Lodish et al., 2000).

Co-translational translocation to the ER (or to the plasma membrane of
prokaryotes) is an evolutionarily conserved mechanism involving N-terminal
signal peptide recognition, but remarkably, signal peptide sequences are largely
heterogeneous (even within a single species), varying in length and amino acid
composition. For example, the signal peptides of P. sojae GH12 paralogs
generally vary between 18-21 amino acids (see Chapter 3, Figure 3.4). However,

N-terminal signal peptides do have in common a basic tripartite architecture -
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observed for both prokaryote (Gennity et al., 1990) and eukaryote sequences.
Generally, the N-terminus region consists of a short stretch of positively-charged
basic amino acids (an average length of 5 residues (von Heijne., 1990)), followed
by a core of ~10-15 hydrophobic amino acids (which form an a-helix that enters
the lipid bilayer of the ER membrane and interacts with the Sec61 translocon),
and a C-terminus that includes the signal peptide cleavage site for signal
peptidase (and forms a [(-sheet) (von Heijne., 1984, 1990). Experimental
determination of signal peptide sequences has come from taxonomic sampling;
interestingly, von Heijne and Abrahmsen (1989) compared N-terminal signal
sequences across animals, plants and bacteria, and found that eukaryote signal
peptides possess longer stretches of hydrophobicity within their core region than
those of bacteria (von Heijne and Abrahmsen., 1989). It is widely accepted that
the amino acid residues within the hydrophobic core play an important role in
translocation and secretion efficiency (including in bacteria (Gennity et al., 1990)
and mammals (Bird et al., 1990)). For example, deletions within this region have
been shown to have detrimental effects to mammalian SRP binding (Nilsson et
al., 2015), as well as impairing sorting of proteins into the SRP-dependent
secretory pathway in yeast (Rothe and Lehle., 1998). Structural determination
and studies of Thermus aquaticus Ffh (the prokaryotic counterpart to SRP) are
also consistent with the importance of the hydrophobic interactions with SRP in
prokaryotes as well (Keenan et al.,, 1998). Ryan and Edwards (1995)
demonstrated that proline substitutions at most positions along the hydrophobic
core of the eukaryotic glycoprotein C signal peptide (whilst maintaining near
identical hydrophobicity), have differing effects on translocation (Ryan and
Edwards., 1995), and Duffy et al. (2010) suggest that the hydrophobic cores

between diverse species are unique and consist of unique so-called h-motifs that
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are not random (Duffy et al., 2010). Equally, other studies have shown that an
excess of hydrophobicity within the sequence is also detrimental for signal
peptides (e.g. Huber et al., 2005) — presumably affecting the ability of the core
residues to fold into the predicted a-helix and interact with the correct cellular

machinery at the ER surface.

At the N-terminus of the signal peptide, mutation of the first three amino
acids of the yeast invertase N-terminal signal peptide from MRF (methionine —
arginine — phenylalanine) to MFR or MFK (methionine — phenylalanine - lysine)
was previously shown to reduce translocation by up to 75% (Green et al., 1989),
and interestingly, an increase in protein secretion when lysine or arginine are the
second residues has also been described (Puziss et al., 1992; Sugai and

Tsumoto., 2010).

Itis also important to consider that downstream features of the polypeptide
could also play a role in efficient protein secretion — for example, yeast acid
phosphatase secretion was partially disrupted when part of the N-terminus
sequence following the signal peptide was deleted (Haguenauer-Tsapis and
Hinnen., 1984) - although it is unclear if this was due to aberrant misfolding of the
protein. Conversely, Silve et al. (1987) demonstrated that deletion of the signal
peptide resulted in yeast acid phosphatase still (inefficiently) entering the
secretory pathway (Silve et al., 1987), and whilst depletion of SRP abolishes the
translocation of dipeptidyl diaminopeptidase B, the translocation of
carboxypeptidase Y is unaffected (Hann and Walter., 1991; Brown et al., 1994) -
suggesting some protein features may be recognised by an alternative

mechanism (in some species at least), or that cells putatively use the extracellular
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space as a default ‘dumping ground’ for proteins not properly targeted to other
cellular locations. It is also interesting to consider that not all eukaryotic secreted
proteins possess an N-terminal secretion signal peptide, and yet many are still
secreted by so called non-classical mechanisms (e.g. some secreted effectors of

P. sojae and the filamentous fungus Verticillium dahliae (Liu et al., 2014)).

5.2.2 Degeneracy of protein targeting sequences

Protein transport is specific and involves complex interactions between receptors
and proteins at different stages (e.g. during or after protein synthesis), as well as
post-protein folding (e.g. peroxisomal-targeted proteins). N-terminal signal
peptides attached to proteins destined for secretion must be recognised by the
correct machinery, and avoid mis-targeting to other cellular locations — they have
a loosely-defined architecture with no consensus sequence, so it is interesting to
consider whether non-conventional or randomised N-terminal secretion
sequences can also enable proteins to be secreted (albeit with varying specificity
and efficiency of secretion). For example, previous experiments in S. cerevisiae
revealed that around 20% of random signal peptide sequences could facilitate
secretion of yeast invertase, suggesting lowered specificity for recognition by
translocation machinery (Kaiser et al., 1987). Of 19,610 random transformants,
the authors found that 164 inserts facilitated protein secretion (0.8%), however
the frequency of inserts in frame with no stop codons was suggested to be 4% of
the 19,610 sequences (i.e. 784 sequences), meaning that the frequency of signal
peptide sequences that facilitated secretion was estimated at 164/784 (or 20%)

in the study.
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The putative degeneracy of protein-targeting sequences has been
described recently by Dunn and Paavilainen (2019) - in the context of both
intracellular organelle targeting and extracellular secretion (involving
conceptually similar protein recognition events) (Dunn and Paavilainen., 2019).
The authors suggest that degeneracy of protein targeting sequences lowers the
requirements for successful protein targeting — therefore putatively enabling
many eukaryotic proteins to sample multiple subcellular localisations over the
course of their evolution (Bogorad., 2008; Dunn and Paavilainen., 2019) —
although it is also important to note that this can lead to negative consequences
as well e.g. cellular toxicity. Evolutionary retargeting of eukaryotic protein families
across multiple subcellular locations has also been described in review by
Gabaldon and Pittis (2015); for extant proteins, the dual-targeting (or bi-
localisation) of protein disulfide isomerases has been demonstrated between the
secretory pathway and other organelles - including A. thaliana ATPD12, which
has been shown to localise independently to the ER, Golgi, vacuole and the
nucleus (Cho et al., 2011; also see review by Porter et al., 2015). Moreover, in
yeast under stress, non-specific targeting of intracellular proteins from the cytosol
to the mitochondria has been observed (Ruan et al., 2017). Non-specific targeting
of proteins to different cellular locations has obvious advantages for genomic
efficiency, and in the case of novel proteins, could buffer against possible toxicity
or foster subsequent adaption to new cellular compartments (e.g. the targeting of
bacterial-derived HGT genes to plant plastids (Llorente., 2016)) (although it could

lead to negative effects if there are not clear boundaries, as mentioned above).

Mechanisms for multiple protein targeting can include receptor competition

for recognition of signal sequences, splice variants with alternative targeting
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seqguences (e.g. the Drosophila protein tyrosine phosphate gene has two splice
variants — one with an ER-targeting signal and the other with a nuclear
localisation signal (Buszard et al., 2013)), or by process of co-translation (i.e.
piggyback transport) (Porter et al.,, 2015). It has also previously been
hypothesised that some eukaryotic proteins could have migrated from the
cytoplasmic proteome to the secretome by ‘acquiring’ a viable N-terminal signal
sequence - this could occur by (for example) extension of an open reading frame
(ORF) (Dunn and Paavilainen., 2019), and in Plasmodium falciparum, it has been
shown that signal peptides can arise from exon shuffling and random amino acid
shuffling (Tonkin et al., 2008). Gene duplication events can therefore provide the
raw material for enabling, disabling, or altering signal peptide function over the
course of protein evolution (as also demonstrated by the work in the previous
chapters of this thesis). Honigschmid et al. (2018) explored losses and gains of
signal peptide sequences amongst orthologous Enterobacterales proteins,
finding related genes both with and without signal peptides - including, for
example, a pectin methylesterase, which harbours a signal peptide in two
Dickeya species, but not in four Pectobacteria (Honigschmid et al.,, 2018),
suggesting that signal peptide loss is also an important evolutionary mechanism

for regulating secretory protein function.

It is interesting to consider the putative degeneracy of protein-targeting
sequences in the context of HGT of secreted proteins, because it is difficult to
understand how a recipient organism would initially benefit from a lateral gene
transfer if the proteins N-terminal signal peptide was not recognised by the cells
translocation machinery due to a mismatch. Such transfers could be selected

against (unless selectively neutral or they elicit other responses that enhance
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their integration), therefore it is possible that liberal recognition of a newly
acquired signal peptide would be advantageous for initial maintenance (albeit,
putatively resulting in lower secretion efficiency). It is also possible that
transferred genes with inefficient signal peptides, could themselves ‘acquire’
functional N-terminal sequences as a result of gene duplication and mutation.
However, another possibility is simply the selective retention of HGTs with more
compatible N-terminal signal peptide sequences i.e. those sequences that are
initially recognised by the recipient’s translocation machinery. As previously
mentioned, genes acquired by HGT can contain codons that do not match the
host genome preferred usage — over evolutionary time, synonymous mutations
(or changes in tRNA content) can better adapt the genes to host translation (e.qg.
Bulmer., 1991). However, there may be initial strong selection for better adapted
genes - interestingly, Callens et al. (2020) recently explored the evolutionary
significance of codon usage post-HGT, using P. aeruginosa as a recipient
species and a comparative genomics approach involving ancestral gene
reconstruction — finding that maintained transfers largely displayed an initial bias
to the host’s own codon usage — i.e. there is evidence of selective retention of
genes that more closely matched the ancestral genome at the time of transfer,
with eventual convergence towards the core genome (Callens et al., 2020
(preprint)). It would be interesting to explore such selective retention in the
context of acquired signal peptide sequences by HGT events - although this
would initially require comprehensive investigation of functional and non-

functional signal peptide sequences for a given protein in a given organism.
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5.2.3 Directed evolution and DNA mutagenesis

Directed evolution is a useful tool for protein engineering, enabling a protein to
be removed from its natural context to observe how alternative adaptive
scenarios might affect its function (or contribute to reproductive fitness). This is
an artificial process that imitates natural selection to evolve proteins, enabling us
to better consider how natural adaptation to functional challenges can occur (and
Is therefore also a useful tool for studying the underlying principles of protein
evolution itself (Peisajovich and Tawfik., 2007)). Directed evolution has enabled
the discovery of novel therapeutics (Carter., 2006) (including enhanced activity
of therapeutically-relevant antibodies (Barbas et al., 1994)), and improved
enzymes (reviewed by Bershtein and Tawfik., 2008; Kaur and Sharma., 2008),
as well as optimised strains of microorganisms for industrial applications or

further downstream experiments (see review by Keasling., 2008).

DNA mutagenesis is a tool involving deliberate mutation of a nucleotide
sequence, creating a population of variants, and aims to elucidate the phenotypes
resulting from those mutations — e.g. the impact of altered amino acid residues to
the resulting protein function. DNA mutagenesis allows us to disconnect a protein
from its natural environment and has been beneficial for many biotechnology
processes, enabling proteins with desired or improved properties (compared to
their wild-type, extant counterparts) to be exploited for medical and biofuel
industries. Variant proteins with improved stability (e.g. thermal tolerance),
catalytic activity, substrate specificity, and immunogenicity have all previously
been harnessed by this tool (e.g. Sandgren et al., 2003; Sriprang et al., 2006).
The early mutagenesis techniques were entirely random, involving exposure of

cells or organisms to chemical mutagens, or UV radiation, and selecting for the
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desired phenotypes (such as altered growth under specific nutrient conditions).
Later development of site-specific mutagenesis then enabled researchers to
make more precise nucleotide edits, offering the potential to narrow the sequence
space of potential variants for screening (based on what was already know about
the sequence of interest). For example, structural information could inform
researchers of the amino acid positions most likely to affect function or protein
stability etc. - enabling single or multiple precise amino acid substitutions to be
made (the latter being known as combinatorial site-directed mutagenesis). For
example, Sandgren et al. (2003) mutated Ala35 in T. reesei_Cell2a endo-
glucanase to Val35 and recorded an increase in thermal stability of the protein of
7.7°C (Sandgren et al., 2003). This technique has also led to the characterisation
of a number of modified enzymes with improved activities (site-directed
mutagenesis discussed in Plapp., 2005), including the increased thermostability

of A. niger xylanase (Sriprang et al., 2006).

As earlier mentioned, previous studies have used DNA mutagenesis tools
to alter signal peptide sequences, demonstrating that the hydrophobic core plays
an important role in efficient translocation (e.g. Ryan and Edwards., 1995; Rothe
and Lehle., 1998; Huber et al., 2005; Nilsson et al., 2015), as well as the impact
of key residues at the N-terminus for secretion (e.g. Green et al., 1989; Puziss et
al., 1992; Tsumoto., 2010). However, there is currently no comprehensive data
set to investigate how all possible combinations of amino acid variants of a given
signal peptide sequence systematically affects protein secretion efficiency; such
information would be useful to better understand the putative sequence space of

signal peptide evolution, and in particular, how a secreted protein acquired

Page | 201



laterally would need to traverse this theoretical space to gain, lose, or augment

its signal peptide.

Saturation mutagenesis (or oligonucleotide-directed randomisation) refers
to a method of randomising sets of codons in order to generate a library of all
possible amino acids at every desired position. Targeted positions can reflect
those most likely to affect protein characteristics of interest, and this technique
has been previously used to enhance enzyme activity, binding affinity and
thermostability (e.g. Reetz et al, 2006; Yeung et al., 2009). Saturation
mutagenesis can be achieved using degenerate sequences where each base
(‘N’)can be A, T, C or G with equal probability, i.e. NNN for a codon. To minimise
stop codons, reduced codon sets such as NNK (where K can be ‘G’ or “T’) or NNS
(where S can be ‘C’ or ‘G’) can be used (which allow all 20 amino acids to be
encoded by 31 possible codons, but limits the possible stop codons to TAG only,
therefore a stop codon has a 3% probability of being encoded by each set of
randomised triplicate nucleotides) (e.g. Reetz et al., 2008). The randomised
library can then be screened for variants of interest (e.g. improved secretion of
an enzyme as a proxy for signal peptide function). The larger the library size of
distinct variants, the higher the probability of exploring more of the sequence
space and discovering distinct variants. Screening can be achieved through agar
or microplate-based methods that detect substrate degradation, or higher-
throughput methods that enable intensive screening of very large populations or

libraries.
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5.2.4 High-throughput library screening using droplet-based microfluidics
In order to successfully screen large libraries of variants (e.g. enzymes), efficient
guantitative tools must be used to effectively sample sequence space. Traditional
methods for screening randomised enzyme libraries include microplate and agar-
based assays, although these can be laborious and time-consuming - reducing
the throughput and potentially the total number of variants that can be sampled
in the time available. Additionally, such methods may require high reagent
volumes, as well as excessive consumption of single-use laboratory plasticware.
Large amounts of purified proteins (and large cultures of the organism used for
heterologous expression of the enzymes) are usually needed for functional
assays, overall increasing the time and cost footprint for each library study.
Therefore, the development of rapid, cost-effective, and high-throughput tools for
diverse library characterisation has been a necessity; such developments have
been valuable across diverse scientific fields including protein engineering,

synthetic biology, and evolutionary biology (Peisajovich and Tawfik., 2007).

Current high-throughput, microplate-based screening methods involve
advanced robots that can process ~1 assay per second (up to 100,000 a day),
on microplates with up to 1536 wells (Wang et al., 2016). However, robotic
approaches are limited by physical constraints such as the risk of evaporation of
small (uL) volumes, capillary forces (Dove., 2003), and financial constraints (such
as the high cost to set up, maintain, and run large robotics equipment). Therefore,
miniaturisation of high-throughput screening with microfluidic lab-on-a-chip
approaches have provided a convenient format for functional analysis with
significant improvements; such tools are rapid, have high reproducibility (and

repeatability), and they significantly reduce reagent consumption per experiment,
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as each screen is carried out on a microfluidic scale — all at a lower cost compared
with microplate-based screening methods (e.g. Agresti et al., 2010; reviews by
Theberge et al.,, 2010 and Colin et al., 2015; Gielen et al., 2016). Data are
generated rapidly, therefore large sequence diversities can be explored in a
considerably shorter time-frame. For example, Agresti et al. (2010) describe the
screening of horseradish peroxidase (HRP) mutants in yeast (where the enzyme
is displayed on the cells surface), using droplet-based microfluidics; in total, ~108
reactions were characterised in 10 hours using less than 150 pL total reagent
volume. The authors describe the library screen as having a 1,000-fold increase
in speed, a 10 million-fold decrease in reagent volume, and a 1-million-fold
reduction in cost, compared to sophisticated robotic microplate screening (Agresti

et al., 2010).

For enzyme screening, the basic microfluidic workflow involves
encapsulating an enzyme with its substrate inside a water-in-oil droplet, implying
that the product of the reaction will also be retained within the droplet (therefore
each genotype and phenotype are confined within a single droplet boundary).
This is a crucial concept, as it means that the phenotype is immediately linked to
the proteins’ genetic identity. Droplet volumes can be in the femto-nanoliter scale
(e.g. for single bacteria or yeast, they are typically 10 pico-liter droplets), and
each one conceptually represents a single miniature experiment that can be
manipulated in its own ‘micro-environment’ within the droplet. For example, the
droplets can be fused together, or reagents can be injected - reproducing the
equivalent pipetting actions, but with tighter control over timing and with greater
efficiency. The droplets created are monodisperse (the desired size can be

achieved by manipulating the flow rate during droplet formation), and they are
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generated quickly (at kHz frequencies); commonly up to 1000+ droplets can be
produced per second, meaning that large libraries (e.g. up to 10° clones) —
ultimately representing 10° single and distinct mini experiments - can be

encapsulated in only 20 minutes (Gielen et al., 2013, 2016).

Recombinant expression of randomised enzyme libraries by a suitable
heterologous host (e.g. bacteria or yeast), theoretically results in encapsulation
of single cells expressing a single variant enzyme within each droplet. As well as
increasing the diversity of clones that can be sampled, this is additionally useful
as single-cell phenotypes can be monitored away from heterogeneous
populations — informative for characterising isolated enzyme responses.
Recombinant protein targeting, either to the cell surface or extracellularly (via
secretion), are beneficial for characterisation because the enzyme has to be
accessible to the substrate (which is generally encapsulated around the cell
within each droplet). Studies in E. coli involving proteins expressed and localised
to the cytoplasm or periplasm relied on an additional lysis step following
encapsulation, in order to release intracellular enzymes and enable detection of
reaction products (e.g. Romero et al.,, 2015), (or instead were based on
assumption that the substrate and product could traverse the cellular membrane
(e.g. Beneyton et al.,, 2014; Hosokawa et al., 2015)). However, heterologous
secretion of enzymes by well-characterised eukaryote model systems removes
the need for an additional lysis step; instead, single cells can be incubated
following encapsulation, allowing extracellular enzyme secretion. For example,
Beneyton et al. (2017), expressed five hydrolytic genes from Aspergillus niger (2

endoxylanases, a cellobiohydrolase, an endoglucanase, and an aspartic
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protease) in Yarrowia lipolytica; single yeast cells were encapsulated and grown

successfully in droplets (Beneyton et al., 2017).

Following incubation with the appropriate enzyme substrate, a certain
proportion of the substrate is broken down and turned into a detectable product
(depending on the functionality of the enzyme variant). Fluorescence-activated
droplet sorting (FADS)-based methods have been used previously (e.g. Baret.,
2009; Agresti et al., 2010), or else traditional flow cytometers could be used for
final readouts after initial microfluidic preparations (Zinchenko et al., 2014;
Fischlechner et al., 2014). Enzymatic characterisation based on absorbance
detection has traditionally relied on microplate assays, or agar-based colony
screens (e.g. staining insoluble substrate), the latter of which is limited by the
dynamic range of reactions - reducing the ability to confidently discriminate
between subtly different phenotypes. Absorbance measurements in droplets (e.g.
Srinivasan et al., 2004; Trvedi et al., 2010; Gielen et al., 2013, 2016), have been
useful for enzyme reactions that lack a fluorescent product for detection. In 2016,
Gielen et al. reported a microfluidic device successfully used for absorbance
detection with a connection to a sorting module (absorbance-activated droplet
sorting (AADS)), validating it through directed evolution experiments involving a
phenylalanine dehydrogenase (PheDH) (Gielen et al., 2016). Droplets of interest
(i.e. those that lie above or below a threshold of interest) can be sorted by a
bespoke microfluidic device (similar to a flow cytometer or FACS) - sorting
droplets of phenotypic interest enables rapid recovery of their genetic fingerprints
(i.e. the amino acid sequences of enzymes of interest). In the context of signal

peptide sequences, rapid screening of randomised libraries would result in a
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comprehensive dataset linking the sequences to function (i.e. improved

secretion), which can be displayed as a mutational sequence landscape.

5.2.5 Fitness landscapes

Understanding the effects of amino acid mutations to protein function (and
organism fitness) is a central part of evolutionary biology, as it allows us to
appreciate the complex driving forces that shape the evolutionary fates of
populations. Adaptation occurs through mutation and selection (or genetic drift),
therefore it is important to understand the molecular impact of different mutations
to a theoretical path of protein evolution (and their selective constraints).
Conceptually, proteins evolve across a sequence space where each ‘step’
represents a mutation that can affect its function (and therefore potentially the
fitness of the organism) (Wright.,, 1932; Maynard-Smith., 1970; Eigen and
Schuster., 1977; Sasaki and Nowak., 2003). Therefore, in sequence space,
neighbouring sequences would differ by a single amino acid substitution (i.e.
encoded by one codon (a set of three nucleotides)); each sequence is also
associated with a fitness score (i.e. a relative value of fithess — which could relate
to function, reproductive or mutation rate). Ultimately, this gives rise to a fithess
landscape (Wright., 1932; Maynard-Smith., 1970) — allowing us to visualise the
interplay between mutation, protein function, organism fitness, as well as
epistasis (the effect of combined mutations that may stabilise or compensate for
otherwise deleterious effects (e.g. Poon et al., 2005)). A combinatorial complete
fitness landscape (where all possible combinations of mutations are considered)
is a good strategy to fully understand all of the driving forces that underpin protein
evolution (e.g. review by de Visser et al., 2011) - the resulting landscape can be

smooth (with a single peak), suggesting narrow protein evolvability (i.e. most
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mutations or combinations thereof have a neutral or negative effect to function or
fitness), or rugged (with many peaks and valleys), suggesting multiple theoretical
routes for protein evolution are possible that maintain or lead to functionality

(Romero and Arnold., 2009; Carneiro and Hartl., 2010).

Considering the effect of all possible mutations on an amino acid sequence
as a landscape is useful, because it allows us to consider all of the possible paths
in protein evolution and how they would theoretically relate to protein function. It
is also interesting to appreciate the number of neutral mutations that maintain
function, as well as the mutations that could putatively give rise to novel
phenotypes within the landscape. Cory and Dunn (2019) describe the concept of
‘evolvability’ as the capacity of a population to find its way across a phenotypic
environment — whether through a process of sequential mutations (as is the case
for proteins inherited vertically) (Romero and Arnold., 2009), or through the
phenomena of HGT and gene duplication, which enables organisms to
theoretically jump across large spaces of the sequence landscape (Cory and
Dunn., 2019). Protein evolution across sequence space has been studied
previously for a number of different proteins, e.g. Jacquier et al. (2013)
demonstrate the mutational landscape of a beta-lactamase (TEM-1) using 10,000
mutants and an enzyme activity screening by minimum inhibitory concentration
(MIC) approach (Jacquier et al., 2013), whilst Meini et al. (2015) investigated the
path of an alternative metallo-beta-lactamase (Meini et al., 2015). Interestingly,
in a study of the local fitness landscape of Aequorea victoria GFP using tens of
thousands of mutants, Sarkisyan et al. (2016) discovered that % of proteins with
one point mutation displayed reduced fluorescence, and a complete loss of

function was associated with four mutations in half of the mutants tested
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(Sarkisyan et al., 2016). However, there are fewer studies regarding the evolution
of organelle-targeting sequences, including signal peptides, which are also
required to traverse phenotypic space during evolution. Williams et al. (2000)
analysed the signal peptides of 76 mouse-rat orthologs, suggesting that many
mutations are under stabilising selection, evolving half as fast as neutral
sequences (Williams et al., 2000), but there is currently no experimental data
exploring a complete sequence landscape of signal peptides sequence and their
functional consequences to the secretion of a protein. This limits our knowledge
about whether signal peptide sequences represent a putative barrier to the cross-

phylum acquisition of secreted proteins by HGT in eukaryotes.

5.3 Aims of chapter

Signal peptides play an important role in determining translocation and the entry
of proteins into the secretory pathway (and therefore also affect protein-folding
and other modifications required prior to secretion). Eukaryote signal peptides
share a basic tripartite structure, but the sequences are heterogeneous, even
amongst paralogs of the same gene family — and yet, protein targeting to the
secretory pathway is a complex and specific process involving recognition of the
N-terminal signal peptide by translocation machinery. Therefore, it is interesting
to consider how the function of a secreted protein acquired laterally through
cross-phylum HGT could be restricted by signal peptide differences - in particular,
whether signal peptides represent a putative barrier for HGT into eukaryotes (i.e.
if a donor secretion sequence is incompatible with the recipient’s secretory

pathway (or results in inefficient secretion)).
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The aim of this chapter is to develop gene-to-phenotype methods for a
mutational perturbation study that will be used for a larger effort to assess the
efficacy of signal peptides in the secretion of a xylo-glucanase synthetically
‘acquired’ by S. cerevisiae. Ultimately, this will enable screening of large libraries
of randomised signal peptide sequences (cloned upstream of the xylo-glucanase
missing its native secretion sequence), using secreted enzyme activity in the
recombinant yeast host as a proxy for signal peptide function and efficacy.
Assessment of all possible variant signal peptides will facilitate the construction
of a mutational sequence landscape — a putative sequence space containing both
positive and negative signal peptide sequences for the secretion of a
heterologously-expressed (‘acquired’) xylo-glucanase in S. cerevisiae. This
landscape will be informative for exploring how a protein acquired laterally could
theoretically traverse sequence space in order to evolve, improve, or lose a
functional signal peptide, as well as improving insights into the evolution of
secretion sequences. By inferring how costly different mutations may be, this will
improve our understanding of the evolutionary dynamics relating to successful
acquisition and processing of foreign secreted proteins gained through HGT
events, as well as provide a better understanding of the relationship between

sequence variation and protein coding.

Degenerate signal peptide libraries will be generated and transformed into
S. cerevisiae, using two different approaches to screen the secreted xylo-
glucanase activities: (i) Congo red staining of agar plates and halo detection
around recombinant S. cerevisiae colonies, followed by PCR and Sanger
Sequencing to identify the corresponding signal peptide sequences, and (ii)

Congo red absorbance detection in liquid droplets, using microfluidics to
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encapsulate single recombinant S. cerevisiae cells in media containing
xyloglucan (inferring the breakdown of the substrate by secreted xylo-glucanase

from the absorbance shift of Congo red)?°.

5.4 Methods

5.4.1 Expression of the gene encoding P. sojae_ 482953 without an N-
terminal signal sequence

Primers were designed to amplify P. sojae_482953 without its N-terminal signal
sequence, with 5’ Hindlll and 3’ Clal restriction site sequences. The PCR master
mix was prepared as follows (1x): in a sterile 1.5 mL tube, 5 uL Q5 Reaction
Buffer (5x), 0.5 uL DNTPs (10 mM), and 1.25 pL of each forward and reverse
primers were added to 15.75 pL H20. Q5 High-Fidelity DNA Polymerase was
thawed on ice and added (0.25 pL) to the PCR mix. 1 pL plasmid DNA (5 ng/uL)
containing the full-length gene was used as the template for PCR amplification.
PCR conditions were as follows: denaturation at 98°C (5 Minutes), annealing at
98°C (10 seconds) + 50-70°C (30 seconds) + 72°C (2.5 minutes) (30 cycles),
followed by extension at 72°C for 10 minutes. Amplification of the 1221 bp (plus
the additional bases required for restriction enzyme cloning) was confirmed by
gel electrophoresis, and the PCR product was purified using Thermo Scientific

GeneJET PCR purification kit according to the manufacturer’s protocol.

The purified PCR product (insert) and the p426-GPD plasmid backbone
(vector) were prepared as follows: 30 pL insert and plasmid p426-GPD were

digested with 1uL Hindlll and Clal (each 10 units in total) in 5 pL Cutsmart Buffer

10 Thanks to Dr Fabrice Gielen and Vasilis Anagnostidis (University of Exeter) for their help and support
during the micro-droplet component of the project.
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(10x) and 14 pL H20, overnight at 37°C. The digested insert was PCR-purified
as previously described. The digested plasmid was confirmed by gel
electrophoresis, and a linear band was excised for gel purification using Thermo
Scientific GeneJET Gel Extraction kit, according to the manufacturer's
instructions. Purified plasmid DNA was quantified using a Nanodrop. The vector
was additionally phosphatase-treated to prevent self-ligation as follows: 10 pL of
the vector was incubated with 1 pL Antarctic Phosphatase reaction buffer (10x)
and 1 puL Phosphatase at 37°C for 30 minutes, followed by enzyme inactivation

at 70°C for 5 minutes, and subsequently stored on ice (Figure 5.2).

The DNA insert (8 pL) and the vector (2 pL) were ligated in 2 pL T4 DNA
ligase buffer (10x), 0.4 pL T4 DNA ligase (400 U), in a total of 20 L. The ligation
reaction was incubated at room temperature overnight, and transformed into
chemically-competent E. coli DH5a— 2 uL of ligation reaction was added to 50 L
competent cells, incubated on ice for 30 minutes, heat-shocked at 42°C for 30
seconds, and incubated on ice for 2 minutes. Cells were recovered by adding 250
puL LB and were incubated at 37°C for 1 hour with shaking. 100 pL of cells were
inoculated onto LB agar (supplemented with 100 ug/mL ampicillin for plasmid
selection). Agar plates were incubated at 37°C overnight. Three transformants
were re-streaked on fresh agar and used to prepare liquid cultures (one colony
inoculated into 5 mL LB-amp broth in sterile 50 mL tubes, incubated at 37°C
overnight with shaking). Plasmid extraction was carried out using Thermo
Scientific GeneJET plasmid miniprep kit according to the manufacturer’s protocol,
and purified plasmid DNA was quantified using a Nanodrop. The correct P.

sojae_482953 gene sequence (without its N-terminal signal sequence) in the
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vector was confirmed by Sanger Sequencing, as previously described (Figure

5.2).

5.4.2 Generation of the degenerate N-terminal signal peptide library

Single-tube HiFi reactions were prepared in order to generate the degenerate
signal peptide library (upstream of P. sojae_482953 missing its native signal
peptide in plasmid p426-GPD). A forward degenerate oligonucleotide primer (117
bp) was designed to insert random N-terminal signal peptide sequences (ATG
followed by NNK*& (where K can be ‘G’ or ‘T’ - allowing all 20 amino acids to be
encoded but limits the stop codons to TAG only)) upstream of the gene encoding
P. sojae_482953, with 5 Xmal and 3’ HindlIl restriction sites (including 24 bp
overlaps to the adjacent plasmid and gene sequences, for efficient assembly)

(Figure 5.3).

Figure 5.1. Degenerate oligonucleotide primer (117 bp); blue boxes indicate the 24 bp 5’ and 3’
overlaps to the adjacent plasmid p426-GPD and gene sequences, respectively, red lettering
indicates the 5 Xmal and 3’ Hindlll restriction sites for cloning; yellow box indicates the

degenerate signal peptide sequence (ATG start codon followed by NNK18),

The plasmid backbone (encoding the gene for P. sojae_482953 without
an N-terminal signal sequence) was prepared as follows: 3 pg plasmid was
digested with Xmal and Hindlll (each 15 units in total) in 1x CutSmart buffer,

overnight at 37°C. Digested plasmid DNA was confirmed by gel electrophoresis,
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and linear bands were excised for gel purification. Purified plasmid DNA was
quantified using a Nanodrop. NEBuilder HiFi DNA Assembly cloning kit was used
to clone the 2 DNA fragments together — a total of 0.03-0.2 pmols of DNA was
used in the reaction; pmols per DNA fragment was calculated using the following
equation: pmols = (weight in ng x 1000) / (base pairs x 650 Daltons). For example,
50 ng of 500 bp DNA is 0.15 pmols. A total of 0.02 pmols of the vector and a total
of 0.1 pmol of the degenerate insert (i.e. a 1:5 ratio) was used. Multiple reactions
were prepared in sterile 1.5 mL tubes as follows: 10 pL of NEBuilder Assembly
master mix (2x), DNA fragments (total of 0.03-0.2 pmols), with dH20 added to a
total volume of 20 pL. The reactions were incubated at 50°C for 60 minutes, and

subsequently stored on ice or at -20°C (Figure 5.3).
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GPDPFra_F_primer

P. sojae_482953 NSP

inait | P. sojae_482953_NSP | ciat + p426_GPD_

P. sojae_482853_NSP

(i) DNA insert (P. sgjae_482953 endo-
glucanase with no signal peptide
(NSP)) with flanking &5 Hindifl and 3 (ii) Vector backbone, linearized by double (iii) DNA insert and vector backbone
Clal restriction sites, prepared by PCR. restriction digest with Hindlll and Cial. ligated and propagated in E. coli.

Figure 5.2. Construction of the p426-GPD vector expressing P. sojae_482953 missing its native N-terminal signal peptide. P. sojae_482953 (missing its native
signal peptide) was amplified by PCR and digested with 5’ Hindlll and 3’ Clal. The plasmid backbone (p426-GPD) was digested with 5’ Hindlll and 3’ Clal. The
insert and vector were ligated with T4 DNA ligase, and the constructed plasmid was propagated in E. coli. Three independent transformants were confirmed to

harbour the correct sequence by Sanger Sequencing.
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F peir NEBuilder DNA
assembly master mix ATG-ATT-CAT-CCG-ATG-
CTT-CTT-ACT-AAG-TTG-
CCG-TAT-CTG-AAT-CAG-
TTG-GCT-CGGE-AAT

P. sojae_482953_NSP

ATG-MNNE-MME-MME-NME-NMK-
AL NNKMNECNME-NNEK-NMME-NNK- [0 — +
NP MMM - NN RN

+

p426_GPD_
P. sojae_482953 NSP

() Transformation yields mutants

(i) DNA insert (single-stranded oligonucleotide) (i) One step cloning reaction expressing the vector with one of a
with flanking 5' Xmal, 3’ Hindill restriction sites, (if) Vector backbone, linearized by double includes  exonuclease, DNA number of signal peptide sequences
and 24 bp overlapping ends for vector assembly. restriction digest with Xmal and Hindil!. polymerase and DNA ligase. upstream of the endo-glucanase.

Figure 5.3. Construction of the signal peptide library. A forward degenerate oligonucleotide primer (117 bp) was designed to insert random N-terminal signal peptide
sequences (ATG followed by NNK18) upstream of the gene encoding P. sojae_ 482953 in the plasmid constructed in Figure 5.2. The DNA insert and the plasmid
backbone were digested with 5° Xmal and 3’ Hindlll and the DNA fragments were assembled using a NEBuilder HiFi DNA Assembly cloning kit (a one-step cloning
reaction containing exonuclease, DNA polymerase and DNA ligase). Cloning reactions were transformed into E. coli and S. cerevisiae (each transformant theoretically
expresses one of a number of possible signal peptide sequences upstream of the gene encoding P. sojae_482953).

Page | 216



(1) Halo screening

pozltive

poaltive

Use secreted enzyme activity as a Staining with Congo red reveals the mutants secrefing
proxy for positive signal peptide the endo-glucanase, and thersfore expressing a

I wector with a positive signal peptide sequence.
(2) Micro-droplet screening
endo-glucanase will contain less xyloglucan.

. O
o ©°
o O {iif) Congo red and NaCl are injected into each droplet,
@ followed by an absorbance measurement at 550 nm.
{iv) A drop in absorbance (compared to a negative contral)

(i) Al transformants are pooled revesals xyloglucan degradation, and therefore the droplets

{if) Following incubation, droplets expressing a secreted

and single cells are encapsulated with mutanis expressing a positive signal peptide sequence.

in droplets with the substrate for

the endo-glucanase (oyloglucan). {v) Positive droplets are collected.

Figure 5.4. Overview of the two screening approaches for the signal peptide libraries. Transformants generated in Figure 5.3 can be screened for secreted enzyme
activity as a proxy for signal peptide function. Method (1) involves staining agar plates with 0.2% (w/v) Congo red (Sigma), and de-staining with 1 M (w/v) NaCl for
30 minutes (e.g. Wood and Weisz., 1987). A clearing (or halo) around colonies indicates extracellular enzyme activity. Method (2) involves using a micro-droplet
screen to identify secreted enzyme activity of single cells in droplets, by a shift in Congo red absorbance (indicating it is no longer bound to soluble substrate - e.g.
Haft et al., 2012).
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5.4.3 Pilot study of the N-terminal signal peptide library in E. coli

A pilot study in E. coli aimed to validate the HiFi cloning method and use of a
degenerate oligonucleotide primer as the insert DNA upstream of the gene
encoding P. sojae 482953 (without it's N-terminal signal peptide). Three
assembled HiFi fragment mixtures were transformed into chemically-competent
E. coli using a standard transformation procedure as previously described. Each
transformation reaction was inoculated across three 12 cm x 12 cm LB agar
plates (supplemented with 100 pg/mL ampicillin for plasmid selection). Agar
plates were incubated at 37°C overnight (Figure 5.3). Across each of the three
sets of HiFi reaction plates, a total of 50 individual colonies were re-streaked on
fresh agar and used to prepare liquid cultures (one colony inoculated into 5 mL
LB-amp broth in sterile 50 mL tubes, incubated at 37°C overnight with shaking).
Plasmid extraction was carried out using Thermo Scientific GeneJET plasmid
miniprep kit according to the manufacturer’s protocol, and purified plasmid DNA
was quantified using a Nanodrop. Cloned N-terminal signal peptide sequences
were identified using Sanger Sequencing, as previously described (using a

M13_Rv primer).

5.4.4 Pilot study of the N-terminal signal peptide library in S. cerevisiae
(halo screening method)

5 pL per HiFi reaction (from section 5.4.2) was transformed directly into S.
cerevisiae BY4742 using a basic electroporation method, as previously
described. Each entire transformation reaction was inoculated onto a SCM-URA
agar plate (+ 0.2% (w/v) xyloglucan) and incubated at 30°C for 48 hours. This
resulted in approximately 200 individual S. cerevisiae transformants per HiFi

reaction transformed. A positive control (P. sojae_482953 expressing the S.
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cerevisiae MFa N-terminal signal peptide (as used for experiments in the
previous chapters of this thesis)), and a negative control (P. sojae_482953
expressing no signal peptide) were also included alongside the yeast

transformations.

Colonies were picked into 96-well plates containing ~200 pL SCM-URA
liquid media to maintain a stock, and the original plates stained with Congo red -
colonies were washed off the plates, and the remaining intact polysaccharide
stained with 0.2% (w/v) Congo red (Sigma) for 30 minutes at room temperature,
and de-stained with 1 M (w/v) NaCl for 30 minutes at room temperature (Wood
and Weisz., 1987). H20 adjusted to pH 2 with hydrochloric acid (HCI) was used
to intensify the stain. Extracellular enzyme activity was indicated by a clearing or
‘halo’ around colonies of enzyme-secreting strains (Figure 5.4 (1)). Additionally,
31 of the stocked S. cerevisiae transformants were cultured individually in 5 mL
for 24 hours at 30°C (with shaking), and the cell pellets were washed once and
resuspended in H20. 10 uL spots of ODsoo —matched cells (0.5-1) were spotted
onto SCM-URA agar containing 0.2% (w/v) xyloglucan (with 2% (w/v) glucose as
an additional carbon source). Agar plates were incubated at 30°C for 48 hours.
Yeast colonies were washed off the plates, and the remaining intact
polysaccharide on the plates was stained with 0.2% (w/v) Congo red as before to

confirm extracellular enzyme activities of recombinant S. cerevisiae strains.

The 31 S. cerevisiae transformants were subject to colony PCR using GPD
pro-F and 482953 NT_Clal_Rv primers (PCR master mix and thermocycler
conditions as previously described in this chapter). Amplification of the 1420 bp

gene product was confirmed by gel electrophoresis, and the PCR product was
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purified using Thermo Scientific GeneJET PCR purification kit according to the
manufacturer’'s protocol. Cloned N-terminal signal peptide sequences were
identified by Sanger Sequencing, as previously described (using a GPD pro-F

primer).

5.4.5 Screening secreted xylo-glucanase activities by recombinant S.
cerevisiae using microfluidics

In order to screen large numbers of N-terminal signal peptides by secreted
enzyme activity in S. cerevisiae, it would be advantageous to develop a high-
throughput method that can simultaneously phenotype very large libraries of
yeast variants. Haft et al. (2012) developed a simple colorimetric microplate
assay to quantify cellulose degradation by the shift in Congo red absorption when
no longer bound to soluble cellulose - this method was adapted for the present
study to infer xyloglucan degradation by single S. cerevisiae mutants
compartmentalised in water-in-oil droplets. The ultimate aim is to develop a high-
throughput microdroplet tool to rapidly screen and quantify secreted xylo-
glucanase activities in S. cerevisiae based on Congo red absorbance shift (Haft
et al., 2012) (Figure 5.4 (2)). Firstly, it was important to establish that droplets
containing S. cerevisiae cells secreting an active enzyme could be distinguished
from droplets containing cells not secreting an active enzyme (i.e. a vector-only
control) - by the shift in Congo red absorbance, indicating substrate breakdown.
The appropriate starting concentration of xyloglucan and the concentration of
Congo red required for detection were confirmed by a microplate assay: SCM-
URA media containing 1%, 0.5%, 0.25% and 0% (w/v) xyloglucan were mixed
with 0.4%, 0.3%, 0.2% and 0.1% (w/v) Congo red (+ 1 M NaCl for colour

development), and the absorbance measured at 550 nm (Figure 5.7). This
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revealed the optimal combination of 1% xyloglucan with 0.1% Congo red — the
biggest difference was observed between Congo red absorbance of 1%
xyloglucan, and the absorbance of 0% xyloglucan (i.e. SCM-URA only), which
would indicate complete substrate breakdown in a hypothetical sample (Figure

5.7).

S. cerevisiae BY4742 samples were prepared for the microdroplet study
as follows: P. sojae_482953 expressed in plasmid p426-GPD downstream of the
S. cerevisiae MFa N-terminal signal peptide sequence was used as the positive
control because secreted enzyme activity was already demonstrated using this
construct (see Chapter 4), and a p426-GPD vector-only was used as a negative
control. S. cerevisiae transformants were cultured individually in 5 mL for 24
hours at 30°C (with shaking), and the cell pellets were washed once and
resuspended in SCM-URA (+ 1% (w/v) xyloglucan) at an ODsoo of 0.1 (0.34 X 107

cells per mL) (Beneyton et al., 2017)).

The polydimethylsiloxane (PDMS) microfluidic chip was designed and
fabricated by Dr Fabrice Gielen and Vasilis Anagnostidis (University of Exeter);
chips were operated using syringe pumps (neMESYS) using 1 mL disposable or
glass syringes; chips were visualised under a light microscope (LED device:
coolLED pE 100 (38% intensity)), using Vimba Viewer 2.1.3 (brightness/exposure
of 40-100 ps and gain to 5-10 db). Droplet generation and collection were
operated with two liquid streams — (i) 1% oil and (ii) the cell suspension. Positive
and negative S. cerevisiae samples were encapsulated using flow rates for oil
and cell preparation of 15 pL/min and 3 pL/min, respectively; droplets were

collected in 0.2 mL tubes and incubated at 30°C for 24 hours. Following
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incubation, droplets were reinjected into the microfluidic chip; equal volumes of
0.1% Congo red and 1 M NaCl were premixed in a 1.5 mL tube and injected into
each droplet passing alongside channels filled with salt solution (5 M NaCl) - salt
water electrodes have been previously used to substitute metal electrodes for
droplet pico-injection (e.g. Sciambi and Abate., 2014). The voltage signal was
recorded for a series of droplets read in sequence using a custom Labview
program, and data analysed using a custom MatLab script developed by Dr

Gielen.

5.5 Results

5.5.1 Pilot study of the N-terminal signal peptide library in E. coli
Three independent HiFi reactions were transformed into chemically-competent
E. coli; a total of 50 colonies were selected for plasmid extraction and Sanger

Sequencing in order to identify putative signal peptide sequences.

All 50 sequences were analysed manually and were all unique to one
another — 42% had at least one stop codon within the sequence (21 sequences),
10% were an ‘unexpected length’ (i.e. not 57 bp) (5 sequences), and 48% were
expected 57 bp sequences with no stop codons, and therefore had the potential
to act as viable signal peptides (24 sequences). This latter set of 24 sequences
were taken forward for further analysis. WebLogo (Crooks et al., 2004) was used
to show the frequency of nucleotides at each position amongst the putative signal
peptide sequences (Figure 5.5). The 24 nucleotide sequences were analysed for
G/C content (21.8-61.4%), and the translated amino acid sequences were
analysed for % hydrophobicity (26-74%); SignalP 3.0 (Bendtsen et al., 2004) with

default eukaryote parameters was used to identify putative N-terminal cleavage
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sites when the putative signal peptide amino acid sequences were pasted
upstream of P. sojae_482953 (missing its native signal peptide) (Table 5.1). Two
of the sequences generated a prediction of signal peptide cleavage (sequences
2.16 and 3.18, which predicted cleavage sites +1 and +10 amino acids following

the signal peptide sequence, respectively Table 5.1).
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5.5.1 Pilot study of the N-terminal signal peptide library in E. coli
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Figure 5.5. WebLogo (Crooks et al., 2004) was used to show the frequency of nucleotides at each position amongst the putative signal peptide sequences isolated
from E. coli. The logo includes the 24 sequences which were expected 57 bp in length with no stop codons (therefore had the potential to act as viable N-terminal
signal peptide sequences). The third position of each ftriplicate bases (i.e. a codon) could only encode ‘G’ or ‘T’, as shown in the logo. Nucleotide bases at other
positions were diverse, demonstrating the success of the degenerate primer and HiFi cloning method to capture a multiplicity of putative signal peptide sequences for
further study. Error bars indicate an approximate Bayesian 95% confidence interval.
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Signal Nucleotide sequence G/C content Translated amino acid Hydrophobic | SignalP secretion prediction

Peptide (%) sequence residues (%)

1.4 ATGTGTGCTTTTAGGGTGAGTCGTGTTGGTGTGCGTCATGAT 45.6 MCAFRVSRVGVRHDFRRIG 42 No
TTTCGTAGGATTGGT

1.11 ATGGGGTTGGTTCTGCTGTGTGGGTCTTTGGCTACTGAGGG 61.4 MGLVLLCGSLATEGRRRMG 42 No
GCGTAGGCGGATGGGG

1.15 ATGGTGGAGGGTGTTTGGCTTGGGCTTATTTCGGTTGCGAAG 50.9 MVEGVWLGLISVAKGSSDL 53 No
GGGTCTAGTGATCTT

1.17 ATGGCGGCTACGCGTCCGCGGCCGGGTTTGTTTAATATTAAG 49.1 MAATRPRPGLFENIKSGYYS 37 No
TCGGGTTATTATTCT

1.19 ATGTCTCAGATGTATAATATGCATCGGCATTGTAGGGTGACTA 43.9 MSQMYNMHRHCRVTTLLLG 37 No
CGTTGTTGCTTGGG

2.1 ATGGGGATGCCTTTGCGGTGTATTGCGTGGTTTTCTGATGGG 57.9 MGMPLRCIAWFSDGCASRG 47 No
TGTGCGTCGAGGGGG

2.2 ATGCAGTTGGCGGTTCGTCCGTGTACGTATTGTTATCATGTG 49.1 MQLAVRPCTYCYHVWLWRM 47 No
TGGTTGTGGCGTATG

25 ATGCCGCAGAGGCTTAGTTCGGTTTGTTTGTTGTCGTTTTATC 49.1 MPQRLSSVCLLSFYPNAES 47 No

CGAATGCGGAGTCG
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2.6 ATGGGTTTTGCGTTTTCGTATCGGATTCGTCGGCATCGGCGT 56.1 MGFAFSYRIRRHRRGTTGV 26 No
GGTACGACTGGGGTC

2.8 ATGTCGTTGTCGTTGAGGGGTTATTGGCCGAGGGGGAGTGA 56.1 MSLSLRGYWPRGSDWSMGR 37 No
TTGGTCGATGGGTCGT

2.11 ATGAAGCCTGGGGATCTGGCGAATGATGTGTTTAAGGCTACT 45.6 MKPGDLANDVFKATSAFRD 47 No
AGTGCTTTTAGGGAT

2.12 ATGAGGAATGTTTTTATTATGGATCAGGGTGGTACTCAGCTGT 36.8 MRNVFIMDQGGTQLFLSSI 47 No
TTCTTTCTTCGATT

2.15 ATGTCTTTTATGGTGCATCTTGAGCGGACTAGTGTGAGTGTG 43.9 MSFMVHLERTSVSVIRCCW 47 No
ATTAGGTGTTGTTGG

2.16 ATGGGGATTCCGAATTTGCTTTTTCCGTGGACGGTTGCGAGG 47.4 MGIPNLLFPWTVARLVSTS 63 *Yes — cleavage site predicted
TTGGTTAGTACTAGT after ‘A’ in the protein

sequence (+1) 20-21

2.17 ATGAGTATGTCTTGGCAGACTGCGAGGGTGTTGTTTAATAGG 49.1 MSMSWQTARVLFNRGQHSS 37 No
GGGCAGCATTCGTCT

3.2 ATGAAGCTTCGGCGGGCTAGTCTGCATGTGCATAGGACTACG 57.9 MKLRRASLHVHRTTEVALC 42 No
GAGGTGGCGCTGTGT

3.5 ATGCAGTTGGGTATGTGTGGGATTGAGTCGCTGGTGGGGAG 50.9 MQLGMCGIESLVGSTSSTY 32 No

TACTTCGTCGACTTAT
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3.6 ATGTGTTTGTTGGAGTGGGCTGTGGATATGGAGTGTCCTCGT 47.4 MCLLEWAVDMECPRCRFRV 53 No
TGTAGGTTTAGGGTT

3.10 ATGCGTGTTAATACGGTGATGTCGTCTGGTGCGTGTTATTTTT 45.6 MRVNTVMSSGACYFSYRTT 32 No
CTTATCGGACGACG

3.11 ATGGTGTATACGGAGTGGGGGCATATGCGGTTGCGTCTTATG 52.6 MVYTEWGHMRLRLMPFLVD 58 No
CCGTTTCTGGTGGAT

3.15 ATGATGGAGCAGTTTGAGGTGGTTTGGTTTTGTGAGAGGGTG 50.9 MMEQFEVVWFCERVWPFLS 63 No
TGGCCGTTTCTGTCG

3.16 ATGGGGGGGTGTGCGATGATGGTGCCGAGGTATGTGGCTGT 61.4 MGGCAMMVPRYVAVWVGER 58 No
TTGGGTGGGTGAGAGG

3.17 ATGACGTGGACGAATGGGGCGTGGCTGTGTTGTGCGCCGCC 57.9 MTWTNGAWLCCAPPEDSFQ 47 No
TGAGGATAGTTTTCAG

3.18 ATGCATGTTTCTGTTATTAATTATTGGATTAATAATGCTCTGCT 21.8 MHVSVINYWINNALLLFFV 74 *Yes — cleavage site predicted

GCTGTTTTTTGTT

after ‘A’ in protein sequence

(+10) 29-30
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Table 5.1. 50 independent E. coli transformants were selected for plasmid extraction and Sanger Sequencing to identify putative signal peptide sequences. Sequences
were unique and 48% were expected 57 bp length with no stop codons - these sequences were analysed for G/C content, translated protein sequences were analysed
for % hydrophobicity, and SignalP 3.0 (Bendtsen et al., 2004) with default eukaryote parameters was used to identify putative N-terminal cleavage sites (sequences
pasted upstream of P. sojae_482953 missing its native signal peptide). Amino acid residues were coloured by their side chain properties: red (hydrophobic), blue
(acidic), magenta (basic), green (hydroxyl, sulfhydryl, amine). Grey boxes indicate sequences 2.16 and 3.18, with predicted cleavage sites in the downstream protein
sequence (+1 and +10 amino acids after the signal peptide sequence, respectively).
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5.5.2 Pilot study of the N-terminal signal peptide library in S. cerevisiae
(halo screening method)

HiFi reactions were transformed directly into S. cerevisiae BY4742 and
transformants were selected on SCM-URA agar (+ 0.2% (w/v) xyloglucan).
Transformation plates were stained with Congo red to reveal extracellular
enzyme activity (indicated by a clearing or ‘halo’ around colonies of enzyme-

secreting strains) — shown in Figure 5.6 (A).

Transformants were stocked and a total of 31 S. cerevisiae strains were
cultured individually to confirm secreted enzymatic activity. ODsoo —matched cells
(0.5-1) were spotted onto SCM-URA agar containing 0.2% (w/v) xyloglucan (with
2% (w/v) glucose as an additional carbon source), and following incubation,
plates were stained with Congo red to visualise halos (Table 5.2). The N-terminal
signal peptide sequences encoded by the 31 transformants were identified by
colony PCR (using GPD pro-F and 482953 NT_Clal_Rv primers), followed by
PCR purification and Sanger Sequencing (using a GPD pro-F primer) (Figure 5.6
(B and C)). Table 5.2 shows the nucleotide sequences derived from the 31
recombinant S. cerevisiae strains, as well as the translated amino acid
sequences, and whether those yeast transformants produced a halo (i.e. if there
was secretion of the xylo-glucanase by the N-terminal sequence encoded in that
plasmid). For N-terminal signal peptide sequences that did not include a stop
codon, SignalP 3.0 (Bendtsen et al., 2004) with default eukaryote parameters
was used to confirm prediction of the signal peptide sequence when pasted
upstream of P. sojae_482953 (missing its native signal peptide) (Table 5.2).

Interestingly, sequences P2.C5 and P1.A4 (the same signal peptide sequence)
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were predicted to encode a cleavage site +1 amino acid after the signal peptide

sequence; secreted enzyme activities were detected for these clones (Table 5.2).
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5.5.2 Pilot study of the N-terminal signal peptide library in S. cerevisiae (halo screening method)
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CEGTAGGTATTGATTGTAATTCTGTAAATCTATTTCTTAAACTTCTTAAAATTCTACTTTTA
TAGTTAGTCTTTTTTTTAGTTTTAAAACACCAGAACTTAGTTTCGACGGATTCTAGAACTA
C GTGGATCCCCCGGGsignal peptide sequence

Figure 5.6. A. HiFi reactions were transformed into S. cerevisiae and selected on SCM-URA (0.2% (w/v) xyloglucan); mutants were stocked and plates were stained
with Congo red to reveal extracellular enzyme activity. 31 independent S. cerevisiae transformants were selected for Sanger Sequencing to identify putative signal
peptide sequences. B. The approach to identify the N-terminal signal peptides involved PCR (GPD_pro-F and 482953 NT_Clal_Rv), followed by (C) Sanger

Sequencing of purified PCR products using GPD_pro-F primer to retrieve N-terminal sequences.
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Signal

Nucleotide sequence

G/C content

Translated amino acid

Hydrophobic

SignalP secretion

Halo

Peptide (%) sequence residues (%) prediction
ATGAGATTTCCTTCAATTTTTACTGCTGTTT 42 MRFPSIFTAVLFAASSALAAPV 49 Yes
TATTCGCAGCATCCTCCGCATTAGCTGCTC ODsw=1 ODeo=05 ODeso=0.1
CAGTCAACACTACAACAGAAGATGAAACG NTTTEDETAQIPAEAVIGYSDL
GCACAAATTCCGGCTGAAGCTGTCATCGG

EGDFDVAVLPFSNSTNNGLLFI

MFA TTACTCAGATTTAGAAGGGGATTTCGATGT G SNSTRNG
+ve TGCTGTTTTGCCATTTTCCAACAGCACAAA NTTIASIAAKEEGVSLEKREAE

TAACGGGTTATTGTTTATAAATACTACTATT
control GCCAGCATTGCTGCTAAAGAAGAAGGGGT A

ATCTCTCGAGAAAAGAGAGGCTGAAGCT
P2.A1 ATGACGCGTATGACTTAGGATCCGGTTCTT 43 MTRMTIlIDPVLVGYMLCLGY 47 No P2.A1 - NO
P2.A8 GTGGGGTATATGTTGTGTCTTGGTTAT P2.A8 — NO
P2.B11
P2.A2 ATGGGTATGCGTGTGGTTATTGTGGGTGAT 50 MGMRVVIVGDKRAECGVGL 47 No P2.A4 - YES
P2.A4 AAGCGTGCTGAGTGTGGTGTTGGGTTG
P2.B4
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P2.A3

ATGGTGCCTGCGGCGTTTTTTTTTCAGGGG 48 MVPAAFFFQGFKYAVRLQS 63 No P2.A3 - YES
P2.A5 TTTAAGTATGCGGTTCGTCTGCAGAGT P2.A5 - YES
P2.A7 P2.A7 - YES
P2.A10 P2.A10 - YES
P2.B2 P2.B2 - YES
P2.B5
P2.B7
P2.A6 ATGTATCAGGGGTCTCGGAGTCGGTAGGC 54 MYQGSRSR-ASGKMRFRG 21 No P2.B1 - NO
P2.B1 GTCTGGTAAGATGCGGTTTCGGGGTAAT N P2.B6 - YES
P2.B6 P2.D1 - NO
P2.C12
P2.D1
P2.A9 CTGCAGGAATTCGATATC 45 LQEFDI 33 No P2.A9 - NO
P2.C1 P2.C1-NO
P2.C3 P2.C3-NO
P2.D7 P2.D7 — NO
P2.E2 P2.E2 - NO
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P2.C2 ATGGTGTGTTTTATGATTAATTCTGTTCATC 38 MVCFMINSVHHRGL YIIlIRRL 42 No P2.C2-NO
P2.C7 ATCGTGGGCTTTATTAGAGGCGGTTG .
P1.A5
P2.C4 ATGTCGGAGTTTCATGAGTGGGGGGGTGC 59 MSEFHEWGG 33 No . P2.C4 - YES
P2.C5 ATGTGGTTTCGGGCGAGGGTGTATACGTG 51 MWFRARVYTWSWFACSEIL 58 *Yes — cleavage P2.C5 - YES
P1.A4 GTCGTGGTTTGCGTGTAGTGAGATTTTG site predicted after .
‘A’ in protein
sequence (+1) 20-
21

P2.C9 ATGGATGCGCAGCTTCGGGTTATGTATGTT 42 MDAQLRVMYVLI 58 No P2.C9 - YES

CTTATT .
P2.E1 ATGCTGTTTAGGGCTAGTGAGTGTATTAGG 55 MLFRASECIRVAGREPETR 37 No . P2.E1- YES

GTTGCTGGGCGTGAGCCTGAGACGCGT

Page | 234




Table 5.2. 31 independent S. cerevisiae transformants were selected for PCR and Sanger Sequencing to identify putative signal peptide sequences, alongside
individual culture on SCM-URA (+0.2% (w/v) xyloglucan) with Congo red staining, to confirm extracellular enzyme activity. Nucleotide sequences highlighted in grey
indicate those that were less than the expected 57bp length. Sequences P2.A9, P2.C1, P2.C3, P2.D7 and P2.E2 (the same sequence) encoded a signal sequence of
6 amino acids missing a start codon — consistently, none of these clones showed extracellular enzyme activity. Sequences P2.Al, P2.A8, P2.B11, P2.A6, P2.B1,
P2.B6, P2.C12, P2.D1 encoded a stop codon followed by a subsequent start codon (sequences underlined); sequences P2.C2, P2.C7, P1.A5 encoded a stop codon
and consistently, clones did not produce a halo after staining (suggesting the protein was not translated). Sequences P2.C4 and P2.C9 encoded putative signal peptide
sequences of 9 and 12 amino acids, respectively — interestingly, both transformants demonstrated secreted enzyme activity. SignalP 3.0 (Bendtsen et al., 2004) with
default eukaryote parameters was used to identify putative N-terminal cleavage sites (sequences pasted upstream of P. sojae_482953 missing its native signal
peptide). Sequences P2.C5 and P1.A4 (the same nucleotide sequence) predicted a cleavage site +1 amino acid after the signal peptide sequence. Amino acid residues
were coloured by their side chain properties: red (hydrophobic), blue (acidic), magenta (basic), (hydroxyl, sulfhydryl, amine). ‘MFA +ve control’ refers to the S. cerevisiae

MFA signal peptide sequence that successfully directs enzyme secretion (see previous chapter).
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5.5.3 Microfluidics approach to screen the N-terminal signal peptide library
in S. cerevisiae

Carbohydrate degradation can be inferred by a shift in Congo red absorbance —
previously demonstrated by a microplate assay to quantify cellulase activities
(Haftetal., 2012). The method was adapted in order to develop a high-throughput
microdroplet technique for simultaneously detecting xylo-glucanase activities in

large libraries of N-terminal signal peptide mutants.

The starting concentration of xyloglucan and the concentration of Congo
red for detection were identified by a microplate assay: SCM-URA media
containing 1%, 0.5%, 0.25% and 0% (w/v) xyloglucan were mixed with 0.4%,
0.3%, 0.2% and 0.1% (w/v) Congo red (+ 1 M NaCl for colour development), and
the absorbance measured at 550 nm (Figure 5.7 (A)). At 0.3% and 0.4% Congo
red, the upper limit for accurate absorbance detection was reached by the plate
reader and it was therefore impossible to distinguish between samples with and
without xyloglucan. The optimal Congo red concentration (where a maximum
difference in absorbance was achieved between 1% xyloglucan and 0%
xyloglucan (i.e. SCM-URA only — representing complete xyloglucan breakdown))

was found to be 0.1% (w/v) Congo red (Figure 5.7 (B)).

In order to begin to develop a high-throughput micro-droplet assay for
rapid detection of secreted xylo-glucanase activities by recombinant S. cerevisiae
expressing a number of randomised N-terminal signal peptides, it was important
to establish that ‘positive’ droplets (i.e. those containing S. cerevisiae single cells
secreting an active cognate enzyme) could be distinguished from ‘negative’

droplets. Two samples were prepared - (i) P. sojae_482953 expressed in plasmid

Page | 236



p426-GPD downstream of the S. cerevisiae MFa N-terminal signal peptide
sequence (positive control), and (ii) a p426-GPD vector-only (negative control).
Both strains were cultured overnight, the cells were washed and resuspended in
SCM-URA (+ 1% (w/v) xyloglucan) at an ODeoo of (0.1). Cells were encapsulated
within water-in-oil droplets using a microfluidic chip designed and fabricated in
the group of Dr Gielen (University of Exeter) (Figure 5.8 (A, B)). Droplets were
collected in 0.2 mL tubes and incubated at 30°C for 24 hours. Following
incubation, a small volume of droplets were extracted to check for cell growth
using a light microscope — several cells per droplet were visualised, suggesting
encapsulation did not affect S. cerevisiae growth and division (Figure 5.8 (C)).
Both positive and negative S. cerevisiae droplets were separately reinjected into
the microfluidic chip. Equal volumes of 0.1% (w/v) Congo red and 1 M NaCl were
premixed immediately before pico-injection into each droplet (Figure 5.8 (D)) -
following injection, the voltage signal for each droplet was recorded using a
custom Labview program. Raw data (time and voltage) (Figure 5.9 (A)) was
processed using a custom MatLab script (to exclude droplet edges and correct
for the background of oil); probability distribution for positive and negative

samples are shown in (Figure 5.9 (B)).
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5.5.3 Microfluidics approach to screen the N-terminal signal peptide library in S. cerevisiae
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Figure 5.7. The starting concentration of xyloglucan to encapsulate with yeast in the droplets, and the concentration of Congo red for detection were identified by a
microplate assay: A. SCM-URA media containing 1%, 0.5%, 0.25% and 0% (w/v) xyloglucan were mixed with 0.4%, 0.3%, 0.2% and 0.1% (w/v) Congo red (+ 1 M
NacCl for colour development), and the absorbance measured at 550 nm. B. At 0.3% and 0.4% Congo red, the upper limit for accurate absorbance detection was
reached by the plate reader; the optimal Congo red concentration (where a maximum difference in absorbance was achieved between 1% xyloglucan and 0%

xyloglucan (i.e. SCM-URA only — representing complete xyloglucan breakdown)) was found to be 0.1% (w/v) Congo red. N=3, +/- SD.
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Figure 5.8. A. Micro-droplet set up; yeast cells were encapsulated within water-in-oil droplets, and collected in 0.2 mL tubes. B. Example of droplet formation, C.
encapsulated cells were visualised after incubation for 24 hours at 30°C - several cells per droplet were visualised, suggesting encapsulation did not affect S. cerevisiae
growth and division. D. Following incubation, droplets were reinjected into the microfluidic chip; 0.1% Congo red (+ 1 M NaCl) were premixed before pico-injection

(upper channel in the figure) into each droplet (passing along the horizontal channel in the figure).
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Figure 5.9. A. Preliminary micro-droplet data for positive and negative S. cerevisiae samples. Time and voltage of droplets were recorded in series as they passed
through the detector; the raw data for each droplet is illustrated in the image on the right - the value for each droplet is the average between the edges of the droplet.
B. Raw data for a ‘yeast positive’ (i.e. P. sojae_482953 expressed downstream of an MFa signal peptide), and a ‘yeast negative’ (i.e. S. cerevisiae expressing a p426-
GPD vector only) were processed using a custom MatlLab script (probability distributions shown in the figure). Compared to the negative control, a small peak

(population of droplets) was observed at ~4.5 mV in the positive sample (blue arrow) — putatively indicating droplets in which there has been xyloglucan degradation.
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5.6 Discussion

Previously reported HGT events from fungi to oomycetes include a suite of
secreted enzymes predicted to degrade plant cell wall-specific substrates (Torto
et al., 2002; Belbahri et al., 2008; Richards et al., 2011; Misner et al., 2015;
Savory et al., 2015). Whilst mechanistic costs to HGT have been described
previously (e.g. differences in codon usage (Sorensen et al., 1989; Buchan.,
2006; Hershberg and Petrov., 2008; Qian et al., 2012; Callens et al., 2020)), what
influences the transferability of genes encoding secreted proteins is less well
understood. Secreted proteins are targeted to the secretory pathway through the
recognition of a short N-terminal amino acid sequence by translocation
machinery (Blobel and Sabatini., 1971; Blobel and Dobberstein., 1975; von
Heijne., 1983; 1985; 1990) by an evolutionarily-conserved mechanism; such
sequences therefore play a fundamental role in controlling the rate of protein
secretion, as well as determining downstream protein folding and modifications.
Yet, there are no consensus N-terminal sequences, and they are largely
heterogeneous (even amongst paralogs of the same gene family (e.g. see

Chapter 3, Figure 3.4 P. sojae GH12 proteins).

The aim of the present chapter was to develop methods that will be used
to investigate the diversity of signal peptide-encoding sequences, and therefore
understand how such peptides can evolve, and address the hypothesis that N-
terminal signal peptide sequences represent a porous barrier to the acquisition
of foreign genes by HGT — i.e. if a donor signal peptide is not recognised by
translocation machinery in the host, it could be selected against in favour of genes
that more closely match the host cellular system requirements. The putative
degeneracy of protein targeting sequences has been described previously (e.g.
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by Cory and Dunn., 2019), and such liberal recognition of N-terminal signal
peptides could potentially buffer against the initial incompatibilities with
translocation machinery (with subsequent gene duplication events fostering
beneficial mutations in favour of increasing the efficiency of secretion). The
methods described in this chapter will ultimately be used for a large mutational
perturbation study, which will lead to the generation of a wide population of
potential mutant signal peptides for the synthetic ‘acquisition’ of a secreted xylo-
glucanase by S. cerevisiae. Due to the heterogeneity of N-terminal sequences, it
is hypothesised that the resulting sequence space would have many peaks and
valleys (Romero and Arnold., 2009; Carneiro and Hartl., 2010), representing the
many possible sequences that still retain functionality (i.e. secretion), although
putatively at varying efficiencies. The sequence landscape will be fundamental
for understanding how a protein acquired through HGT could theoretically
traverse mutational sequence space in order to evolve, improve, or lose a

functional signal peptide.

5.6.1 Pilot study of the N-terminal signal peptide library in E. coli

The experimental approach to generate exhaustive libraries of randomised signal
peptide sequences used a degenerate oligonucleotide (ATG followed by NNK18),
cloned upstream of a xylo-glucanase missing its native N-terminal signal peptide
sequence (expressed in high-copy vector, p426-GPD). This combination allowed
for all 20 amino acids to be coded, but reduced the probability of stop codons to
TAG only (therefore, a stop codon has a 3% probability of being encoded by each
set of randomised triplicate nucleotides) (e.g. Reetz et al., 2008). It is important
to note that some amino acids are coded for by more than one set of codons

(resulting in bias caused by uneven degeneracy) — for example, assuming a NNK
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library, tryptophan is encoded by 1 codon, whereas leucine is encoded by 3 -
putatively reducing diversity and the amount of sequence space sampled
(Makowski and Soares., 2003; Krumpe et al.,, 2007). Nevertheless, large
randomised libraries can be generated by sufficient replication of the cloning

method, in order to expand the genomic diversity captured.

NEBuilder HiFi DNA cloning enabled synthesis of the library of variants in
a single reaction - this allowed for many randomised N-terminal sequences to be
assembled. Transformation of the HiFi cloning reactions into E. coli enabled initial
analysis of the efficiency of the cloning method; 50 individual E. coli transformants
across three independent HiFi reactions were selected for plasmid isolation and
Sanger Sequencing; the data indicated that all 50 N-terminal sequences were
unique, and that 48% (24 of the sequences) were the expected length (57 bp)
and contained no stop codons (i.e. these were putatively viable 19 amino acid N-
terminal signal peptides). GC content within these 24 sequences was in the range
21.8-61.4% (Table 5.1, and see Figure 5.5 for WebLogo of the frequency of
nucleotides observed at each position) (Crooks et al., 2004), and percentage
hydrophobicity was in the range of 26-74% (Table 5.1). Hydrophobicity is a useful
parameter to include because the hydrophobic core amino acids play an
important role in determining the efficiency of secretion across of the tree of life
(e.g. in bacteria (Gennity et al., 1990; Keenan et al., 1998), mammals (Bird et al.,
1990; Nilsson et al.,, 2015) and yeast (Rothe and Lehle., 1998)). Amino acid
residues were coloured by their side chain properties, confirming that a diverse

set of library variants could be generated by this cloning method (Table 5.1).
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Of the 24 unique sequences, 22 did not result in prediction of an N-terminal
signal peptide when pasted upstream of the P. sojae_482953 protein sequence
(missing its native signal peptide) (Table 5.1) — although, it is important to be
cautious in the absence of direct experimental evidence for secretion, because
characterised sequences in protein training datasets may be distantly related.
Interestingly, two of the sequences did elicit the prediction of putative cleavage
sites by SignalP 3.0 (using default eukaryote parameters; Bendtsen et al., 2004)
— suggesting the recognition of appropriately composed N-terminal signal
peptides (Table 5.1). Notably, the sequences share two of the highest
hydrophobicity scores (63% and 74%), which as mentioned previously, is an
important determinant for recognition by translocation machinery. However, the
predicted signal peptide cleavage sites for both sequences was not following the
final amino acid of the signal peptide sequence - in sample 2.16, a cleavage site
was predicted +1 amino acid following the signal peptide sequence, and in
sample 3.18, a cleavage site was predicted +10 amino acids following the signal
peptide sequence (Table 5.1), suggesting putative N-terminal signal peptides of
20 and 29 amino acids, respectively. It would be interesting to further confirm
signal peptide recognition and cleavage at these sites, and (particularly for
sample 3.18) — the impact of the putative cleavage site in the downstream protein

sequence to the folding and function of the mature protein.

5.6.2 Pilot study of the N-terminal signal peptide library in S. cerevisiae
(halo screening method)

After establishing an appropriate method to generate large libraries of
randomised N-terminal signal peptide sequences, the method was used to

transform the HiFi cloning reactions directly into heterologous host, S. cerevisiae
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- enabling direct selection of transformants expressing one of a number of N-
terminal sequences. Colonies were stocked and transformation plates were
subjected to Congo red staining to identify recombinant S. cerevisiae with
secreted enzyme activity as a proxy for signal peptide function (Figure 5.6 (A)). It
was difficult to confidently distinguish between positive and negative yeast
colonies by direct staining of the transformation plates - this was due to (i) an
unknown reaction between Congo red and the transformation mixture
background on the agar plates resulting in ‘hazy’ patches of staining, (ii) the size
of the individual transformants (i.e. the diameter of each colony) meant that halo
diffusion was not obvious in some cases, and (iii) some colonies were too close
together and difficult to distinguish. As stocks of the S. cerevisiae mutants were
maintained following the transformations, 31 strains were individually cultured,
spotted on fresh media containing xyloglucan, and the plates were stained as
before. This allowed clear identification of the S. cerevisiae mutants expressing
either a ‘positive’ or a ‘negative’ N-terminal signal peptide sequence (i.e. by
detection of the secreted enzyme activity). N-terminal sequences were identified
using a PCR and Sanger Sequencing approach; interestingly (and unlike the
previous result in E. coli), many recombinant S. cerevisiae clones expressed the
same signal peptide sequences (Table 5.2). Whilst the redundancy suggests that
a reduced diversity of sequences was captured and implies that much larger
libraries would need to be screened to capture more complete diversity, it is also
particularly useful for replication if multiple clones harbour the same N-terminal
signal peptide. Many S. cerevisiae transformants expressing the same N-terminal
signal peptide sequence gave the same result in the halo screen (Table 5.2),

improving the reliability of the screening method.
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Wangen and Green (2020) recently demonstrated genome-wide stop
codon readthrough (SCR) in mammalian cells treated with aminoglycosides for
both premature stop codons and normal stop codons, suggesting that the
presence of a termination codon within a gene sequence is not necessarily
indicative of a halt in translation (Wangen and Green., 2020). Interestingly, in this
study there were examples of N-terminal signal peptide sequences that contained
one or more premature stop codons (i.e. found within the 19 amino acid signal
sequence preceding the gene of interest) (Table 5.2). Sequences P2.C2, P2.C7
and P1.A5 all contained a single stop codon, and did not appear to secrete an
active enzyme, suggesting that the protein was not translated (as expected).
Clones P2.A1, P2.A8, P2.B11 and P2.A6, P2.B1, P2.B6, P2.C12 contained a
stop codon followed by another start codon within the signal peptide sequence,
so for these clones it is possible that the second methionine signalled the
beginning of the nascent polypeptide chain. As the N-terminal signal peptide
sequence preceding the protein would then be only 6-7 amino acids in length, no
protein secretion would be expected (based on previous studies concerning the
length and basic structure of signal peptide sequences (e.g. von Heijne., 1984,
1990)). Interestingly, all except one of these S. cerevisiae clones did not
demonstrate secreted enzyme activity as expected — however, P2.B6 (sequence
consisting of a stop codon, followed by a terminal ‘M-R-F-R-G-N’) did appear to
secrete an active enzyme as suggested by a halo (Table 5.2). SCR could explain
this result — although it also implies that the 6 amino acid ‘signal peptide’
sequence is also sufficient to drive translocation of this peptide (or otherwise due
to background protein secretion resulting from the expression vector — discussed

below).
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It was not possible to retrieve an N-terminal signal peptide of 57 bp in
length, with no stop codons, which did not result in extracellular enzyme activity
(i.e. most sequences with a start codon appeared to act as functional signal
peptides), suggesting that N-terminal sequences may be largely degenerate.
Whilst a negative control (P. sojae_482953 expressed in p426-GPD without a
signal peptide) was included in the study, it is possible that the choice of a high-
copy plasmid and constitutive promoter for gene expression also resulted in
background secretion of the protein in S. cerevisiae (i.e. due to excess protein
accumulation inside the cell, which may then be removed by a mechanism
independent to the classical secretory pathway involving signal peptide
recognition). Park and Zhang (2012) hypothesise that high expression of HGT
genes presents a fitness cost due to increased energy expenditure, protein
misfolding and reductions in translation efficiency (Park and Zhang., 2012), but it
is possible that gene expression level could play a role in the HGT of secreted
proteins with ‘incompatible’ signal peptide sequences — for example, high gene
expression and non-efficient recognition of proteins by translocation machinery
could allow use of the extracellular space as a putative ‘dumping ground’ for novel
proteins. Multiple organelle targeting of novel proteins has been previously
suggested to buffer against the putative disruption of recently introduced
sequences (e.g. Llorente et al., 2016), and has been demonstrated in the removal
of (for example) putatively toxic proteins from the cytosol to mitochondria in yeast
and human cells (Ruan et al., 2017). Subsequent gene duplications and mutation
then provide the opportunity to evolve a signal peptide sequence that more
closely matches the host’s translocation requirements. However, it has also been
shown to be deleterious for pre-proteins to accumulate in the cell without signal

peptide cleavage (e.g. Dalbey and Wickner., 1985; Nesmeyanova et al., 1991,
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Nesmeyanova et al., 1997), so it would be interesting to further explore gene
expression level in the context of secreted protein acquisition by HGT events. It
is also interesting to consider paralog evolution for secreted proteins and whether
these events could provide a means to optimise signal peptide sequences (i.e.
increase or decrease the efficiency of secretion through gene duplication and
mutation); unfortunately it was beyond the scope of this work, but it would be
informative to compare the native secretion efficiency of GH12 and GH10
paralogs (for example, by in vivo fluorescent tagging of the proteins in P. sojae,
and monitoring the secreted protein concentration by Western blotting or mass

spectrometry).

5.6.3 Microfluidics approach to screen the N-terminal signal peptide library
in S. cerevisiae

As a large number of S. cerevisiae transformants would need to be screened in
order to capture the full diversity of N-terminal signal peptide sequences for
analysis, a high-throughput microdroplet technique was sought for the detection
of secreted enzyme activities, based on Congo red absorbance shift (Haft et al.,
2012). Two samples ((i) P. sojae_482953 expressed in plasmid p426-GPD
downstream of the S. cerevisiae MFa N-terminal signal peptide sequence
(positive control), and (ii) a p426-GPD vector-only (negative control)) were initially
trialled by this method — single cells were encapsulated within water-in-oil
droplets in SCM-URA (+ 1% (w/v) xyloglucan), and the droplets were incubated
overnight at 30°C. Following incubation, droplets were visualised under a light
microscope to confirm cell viability (Figure 5.8C)). Empty droplets were also
visualised (i.e. droplets that did not harbour a S. cerevisiae cell during

generation); as previously shown, cell encapsulation into droplets generally
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follows the Poisson distribution, therefore an appropriate cell dilution is needed
to achieve mostly single cells in droplets - for this study, a starting cell density of
ODe0o 0.1 (0.34 X 107 cells per mL) (Beneyton et al., 2017)) was used. Following
pico-injection of Congo red (+ NaCl) (premixed immediately before injection
because longer exposure of the Congo red to NaCl resulted in precipitation within
the microfluidic channels), the voltage signal for each droplet was recorded and
raw data (time and voltage) was processed using a custom MatLab script,
visualised as probability distributions (Figure 5.9). The preliminary data indicates
that the positive control sample (i.e. S. cerevisiae secreting an active xylo-
glucanase) contained a population of droplets after 24 hours (small peak at ~4.5
mV), which putatively represents the droplets in which there is a shift in Congo
red absorbance (i.e. putative xyloglucan degradation). This is a promising result,
although further work will be necessary to confirm accurate distinction between
known populations of droplets (i.e. generating spectra for droplets containing
varying concentrations of xyloglucan to optimise detection of subtle degradation).
Unfortunately (due to time constraints), it was not possible to continue
optimisation of this method, however further work should also involve mixing the
positive and negative S. cerevisiae cultures before encapsulation with the
enzyme substrate — this will allow optimisation of the next stage, the droplet
sorting (i.e. the ability to detect and collect positive droplets based on xyloglucan
product absorbance). After sorting, plasmid DNA can be recovered from the
droplets to confirm the droplet identities (also enabling the enrichment ratio to be

calculated for positive and negative variants).
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5.7 General Conclusion

This chapter aimed to develop a method that will ultimately be used to investigate
signal peptide evolution, specifically exploring if N-terminal signal peptide
sequences represent a putative barrier to cross-phylum HGT of secreted proteins
- or if such sequences are largely degenerate (indicating lowered requirements
for protein targeting in eukaryotes that putatively allows increased mobility across
theoretical sequence space). With sufficient replication, large libraries of
randomised signal peptide sequences can be generated using a degenerate
oligonucleotide approach (ATG-NNK?*), with sequences cloned upstream of a
secreted xylo-glucanase missing its native signal peptide, and expressed in S.
cerevisiae. Secreted enzyme activity can then be used a proxy for signal peptide
function — Congo red staining and halo screening of agar plates is a convenient
approach to identify positive and negative variants, and this chapter has
demonstrated how to link a variants’ phenotype to its genotype using this method
(by subsequent PCR and Sanger Sequencing). Although laborious, this method
can be used to screen high numbers of variants. However, to reduce the time
demands, screening of enzyme mutants compartmentalised in monodisperse
droplets in microfluidic devices was also explored based on the shift in Congo red
absorbance when no longer bound to soluble substrate. Initial data suggests it is
possible to distinguish between positive and negative secreted enzyme activities
within water-in-oil droplets, and with further optimisation, this could be an
invaluable tool for high-throughput data generation for the N-terminal signal

peptide sequence landscape.
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Chapter 6

General Discussion and Conclusions

The oomycetes are a group of heterotrophic protists that form part of the
stramenopiles (heterokonts) lineage, within the SAR supergroup (Riisberg et al.,
2009). They resemble fungi in their filamentous growth and osmotrophic feeding
habits, which resulted in their initial placement within the same kingdom
(Ainsworth., 1961) - however, it is now known that the oomycetes and fungi have
very different evolutionary histories (Forster et al., 1990; Leclerc et al., 2000;
Hudspeth et al., 2000; Hudspeth et al., 2003; Thines et al., 2007; McCarthy and
Fitzpatrick., 2017), and so some of their similarities may be due to convergent
evolution (Latijnhouwers et al., 2003; Money et al., 2004). Whilst many species
have not yet been sampled, we know the oomycetes are diverse and include
ecologically-destructive parasites of plants, fungi and animals, as well as

saprotrophic species (Beakes et al., 2012).

Plant pathogenicity is thought to have evolved independently in multiple
oomycete lineages (Thines and Kamoun., 2010). Some of the best-known
species of phytopathogenic oomycetes include those of the hemibiotrophic
genus, Phytophthora - late blight of potato (caused by P. infestans), sudden oak
death (caused by P. ramorum), and root rot of soybean (caused by P. sojae) are
some of the ecologically-important diseases triggered by oomycetes that occupy
a hemibiotrophic lifestyle, involving an initial biotrophic association with a plant
host that causes little damage, before switching to a necrotrophic phase

(involving maceration of host tissues as the infection spreads). Through
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comparative phylogenetic analyses, it has previously been proposed that multiple
HGTs from fungi have contributed to the evolution of phytopathogenicity in the
oomycetes, and interestingly, many of the identified genes encode secreted
proteins that display a strong functional trend towards plant cell wall degradation
(Torto et al., 2002; Richards et al., 2006; Belbahri et al., 2008; Richards et al.,
2011; Misner et al., 2015; Savory et al., 2015). Oomycete-plant interactions are
complex, involving the secretion of diverse proteins involved in feeding and
virulence - of particular interest to this work are the digestive enzymes secreted
to break down plant cell wall-specific carbohydrates - providing a means of entry
into plant tissues, as well as an abundant source of fixed carbon (Latijnhouwers
et al., 2003; Oliver and Ipcho., 2004; Kabbage et al., 2015). Most of the HGTs
have undergone subsequent gene duplications (e.g. Richards et al.,, 2011.,
Savory et al.,, 2015) — an important mechanism that can influence both the
expression of the acquired DNA (i.e. by putatively increasing the transcriptional
dosage or fidelity), and the resulting gene function. As a result, paralogs evolved
from ancestral HGT events could encode unexplored functional differences
important for plant cell wall digestion (Ohno., 1970; Stoltzfus., 1999; Force et al.,

1999; Long et al., 2003).

The aim of this thesis was to explore the functional significance of protein
paralogs (which form part of multi-gene enzymes families) acquired by HGT into
the oomycetes. It was hypothesised that whilst HGT may have facilitated a novel
gain of function, the subsequent expansion (by iterative gene duplication events)
resulted in a further enhancement of function (i.e. by putatively widening the
encoded protein activities). Gene duplication can be a source of phenotypic

diversity, therefore it was hypothesised that some duplicates could be functional,
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some could be non-functional, and some may have putatively gained additional
or novel functions over the course of their evolution (e.g. neofunctionalization
(Ohno., 1970); subfunctionalization (Stoltzfus., 1999; Force et al., 1999)). By
considering both evolutionary phenomena together (HGT and gene duplication),
we can better understand their contribution to oomycete evolution - paralog
functions post-HGT have not been broadly studied previously, although the
phenomenon is evident (e.g. Richards et al., 2009; Richards et al., 2011; Savory
et al., 2015). Exploring functional evidence of the phenotypic fate post-acquisition
of horizontally-transferred, expanded enzyme families also allows us to better
understand how phytopathogenic oomycetes are able to digest host-derived
substrates with greater efficiency, as well as how they respond to the host

immune system (e.g. Ma et al., 2017).

Chapter Three re-confirmed 11 previously-identified HGT events
associated with plant cell wall digestion (Torto et al., 2002; Richards et al., 2006;
Belbahri et al., 2008; Richards et al., 2011; Misner et al., 2015; Savory et al.,
2015) with updated taxon sampling, and confirmed the total paralog numbers of
HGT genes across oomycetes spanning different ecological lifestyles. All of the
HGTs are absent in the sister group to the oomycetes, the hyphochytridiomycetes
(specifically H. catenoides) - consistent with previous work that demonstrates
many gene families associated with phytopathogenicity are absent in this
organism (Richards et al., 2011; Leonard et al., 2018). Interestingly, many of the
HGTs have been largely expanded in hemibiotrophic oomycetes (Phytophthora
spp.), suggesting a lifestyle-specific influence of HGT (of these gene families) to
oomycete evolution. Most of the HGTs encode secreted CAZymes (GHs), and

the results of this work are consistant with previous studies that demonstrate
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higher numbers of GH genes in Phytophthora genomes compared to Pythium
genomes (e.g. Zerillo et al., 2013), as well as fewer CAZymes encoded in the
genomes of obligate biotrophs within the Phytophthora lineage (e.g. Baxter et al.,
2010; Kemen et al., 2011). Biotrophs must maintain a close association with their
hosts without stimulating cell death, so it is unsurprising that higher numbers of
plant cell wall digestive enzymes would be encoded by hemibiotrophs associated

with a later necrotrophic phase.

P. sojae (a hemibiotrophic pathogen of soybean) was used as a model
species for analysis in this work, because it is a well-studied organism within the
Phytophthora genus, and an economically-significant plant parasite (Kamoun et
al., 2015). The P. sojae genome is 95 Mb (Tyler et al., 2006), and the putative
secretome is predicted to include 1464-1756 proteins (Tyler et al., 2006; Richards
etal., 2011; Adhikari et al., 2013; McGowan and Fitzpatrick., 2017). The selective
benefit of maintaining the fungal-oomycete HGTs is suggested by widespread
gene duplication, putatively contributing to >6% of the P. sojae predicted
secretome (Tyler et al., 2006; Richards et al., 2011; Adhikari et al., 2013;
McGowan and Fitzpatrick., 2017). Rapid evolution of the laterally-acquired genes
(through selection pressures and subsequent gene duplication events) reflects
their putative importance for phytopathogenicity for hemibiotrophic oomycetes.
Two HGT gene families were selected for further analysis in P. sojae - a GH12
enzyme family (endo-1,4-B-glucanase (EC 3.2.1.4), xyloglucan endo-hydrolase
(EC 3.2.1.151) and endo-1,3-1,4-B-glucanase (EC 3.2.1.73) activities), and a
GH10 enzyme family (endo-1,4- B-xylanase (EC 3.2.1.8), endo-1,3- B-xylanase
(EC 3.2.1.32) and xylan endotransglycosylase (EC 2.4.2.-) activities). The

presence of alternative cellulose- and xylan-degrading capabilities across the
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oomycetes suggests there is greater diversity and expansion of such activities
among hemibiotrophs (consistent with the distribution of the 11 original HGT
events) — again, higher numbers of CAZymes associated with GH12- or GH10-
like activities were identified in Phytophthora spp., suggesting their presence and
expansion by subsequent gene duplication events correlates with the importance

of the specific functions for a hemibiotrophic lifestyle.

Publically-available transcriptome (RNA-sequencing) data (FungiDB,;
Stajich et al., 2012; Basenko et al., 2018)) indicated that all GH12 and GH10
paralogs are uniquely expressed across P. sojae life stages, and most were
shown to be upregulated during infection of its soybean host (i.e. when host-
derived substrates are likely to be digested at increased capacity). It was
hypothesised that differences in amino acid sequences and three-dimensional
protein structures between the paralogs could result in differences in enzyme
activity or in novel ways to interact with carbohydrate substrates (or plant hosts)
in addition to increasing the transcriptional load - therefore, putative functional
differences between P. sojae GH12 and GH10 paralogs (11 and 4 proteins,
respectively) were investigated using bioinformatics tools. Ten of the P. sojae
GH12 paralogs possess both glutamic acid residues theoretically required for
enzymatic activity (Okada et al., 2000) - this is consistent with other in vivo work
involving the eleventh paralog (P. sojae_360375), which is missing a significant
portion of its C-terminus and does not appear to possess hydrolytic activity (Ma
et al., 2017). Interestingly, this non-active paralog has a strong binding affinity to
host immune protein, GmGIP1 (Ma et al., 2017), suggesting important roles of
paralogs outside of the functions they are thought to encode (i.e. in this case,

subverting or exploiting host defences).
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GH12 paralogs, P. sojae_559651 and P. sojae_482953 were found to
possess distinctive structural features and unique genomic locations with
tandem-repeat paralogs. Using available carbohydrate-binding site-prediction
tools (3DLigandSite: Wass et al., 2010), GH12 paralog, P. sojae_559651, was
predicted to encode a putative ‘second’ carbohydrate binding site, involving the
residues Gly55, Ala56, Ala57, Thr58, Val97, Phe205, Val206 (residue position
numbers given for the protein sequence in the absence of its N-terminal signal
peptide), and the binding site prediction was also conserved amongst
orthologous proteins in P. cactorum and P. nicotiniae. Interestingly, two putative
indels coding for alanine and serine are conserved amongst the orthologs, and
are important for the site prediction (their removal abolished the prediction of the
‘second’ binding site (whilst the primary binding site common amongst all GH12

paralogs was left intact)).

The full-length protein was expressed and secreted into S. cerevisiae
culture supernatants — released reducing sugars from DNS assays (Miller., 1959)
demonstrated the protein was active towards xyloglucan (3-1,4 linkages), but not
towards CMC (B-1,4 linkages), Laminarin (8-1,3 with some B-1,6 linkages), or
Avicel (typically used to demonstrate exo-glucanase activity). Higher reducing
sugars were released at 30°C compared to 20°C at pH5, 7 and 10, consistent
with the optimum temperature for disease development by P. sojae (25-30°C;
warm soil (Dorrance and Mills., 2012)), and enzymatic activity was also observed
by spotting culture supernatants onto SCM-URA agar plates containing
xyloglucan — halos around enzyme spots were visible after staining with Congo
red. Whilst it was not possible to confirm putative differences in carbohydrate-

binding affinities between P. sojae 559651 and the remaining GH12 paralogs
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due to time constraints, the results of the computational analysis suggest that
unique sequence and structural features of the paralogs could enhance their
enzyme activity and/or interactions with substrates. Future experimental work
involving P. sojae_559651 will include further characterisation of the putative
differences to enzymatic activity resulting from the removal of the two indels
responsible for the second binding site prediction - it is hypothesised that the
additional carbohydrate-binding site could enable more efficient substrate
digestion through increased binding of the xyloglucan backbone, and therefore
removal of the additional binding site would be expected to reduce enzymatic

activity (but not abolish it as the primary binding site remains intact).

GH12 paralog P. sojae_482953, and orthologs in P. cactorum and P.
nicotiniae all possess a long, disordered, significantly phosphorylated C-terminus
‘tail’, and the C-terminal sequences were unable to be modelled to available
protein structures using Phyre2 (Kelly and Sternberg., 2009) — therefore, using
computational tools alone, it was not possible to identify a putative functional
significance of the ‘tail’ sequence. The native protein and a truncated version
(missing the 186 amino acid C-terminal ‘tail’) were both expressed and secreted
into S. cerevisiae culture supernatants — interestingly, the full-length protein
demonstrated higher activity towards xyloglucan (by DNS reducing sugar
detection (Miller., 1959)), whilst the truncated protein released a significantly
lower concentration of reducing sugars during the same incubation time. The
results demonstrate that HGT followed by subsequent gene duplication can foster
the expansion of paralog function (in this case, the evolved C-terminus tail, which
appears to enhance the rate of enzymatic function). This also highlights the

importance of investigating the functions of multiple paralogs of the same gene
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families of CAZymes to better-understand their complex functional roles within
the milieu of plant cell walls. Future work will involve characterisation of the
orthologous proteins (to confirm the observed reduction in enzymatic activity) -
however, it would also be interesting to further explore the significance of the tail
sequence to carbohydrate-binding affinity and identify its final conformation within
the folded protein (i.e. using crystallography methods) to better understand how

the tail sequence enhances the proteins’ interaction with xyloglucan.

The gene encoding P. sojae_482953 was also knocked out in vivo, using
CRISPR/Cas9 methods published by Fang et al. (2017). Whilst no significant
effect to P. sojae growth was observed using xyloglucan as the sole carbon
source, the result indicates that the remaining GH12 paralogs (as well as other
genes with overlapping activities (as previously discussed)) likely provide
functional compensation for the loss of the paralog and therefore maintain the
encoded function. In nature, this would be particularly important for a parasitic
microbe under attack from host immune proteins — secretion of multiple paralogs
with subtle sequence and structural differences could affect detection by the host
(as previously explored with a catalytically-inactive GH12 paralog (Ma et al.,
2017)). Of particular interest would be future work involving multiplexed
CRISPR/Cas methods to knockout the entire GH12 family in P. sojae — enabling
us to better understand the impact of HGT and subsequent gene duplication

events to carbon utilisation in vivo.

11 Generation of the P. sojae mutants was carried out in the research group of Professor Joseph Heitman
(Duke University, North Carolina), using methods implemented in this organism (Fang and Tyler., 2016);

Fang et al., 2017), Thanks to Professor Heitman and Dr Fang for their support during this part of the project.

Page | 258



The oligosaccharides released from xyloglucan breakdown by GH12
paralogs, P. sojae_482953 and P. sojae_559651, were investigated using mass
spectrometry (MALDI analysis carried out at the NMSF at Swansea University).
After 90 hours incubation with xyloglucan (pH7, 30°C), three peaks were
observed (ions with m/z 1085, 1247 and 1409), correlating to the released
oligosaccharides XXXG, XXLG (or XLXG), and XLLG (Fry et al., 1993).
Comparison of the relative intensities of the oligosaccharide species released by
both paralogs indicated that P. sojae_482953 and P. sojae_559651 putatively
bind to different parts of the xyloglucan backbone - whilst P. sojae_482953
released increased XXLG/XLXG oligosaacharides following incubation with
xyloglucan, P. sojae_559651 released increased XLLG, so it is possible that the
paralogs display preferences for the carbohydrate backbone (by, for example,
binding to different side chains (Fry et al., 1993)). Again, with an optimised
carbohydrate-binding assay, it would be interesting to further investigate these
putative binding preferences, but it would be feasible to hypothesise that a greater
efficiency of in vivo xyloglucan digestion could be achieved through the secretion
of two catalytically-active GH12 paralogs with preferences in binding to different
parts of the xyloglucan chain. Unfortunately, it was not possible to accurately
detect the release of single sugars from the MS spectra generated — therefore, it
is also possible that the enzymes are also further processing the larger
oligosaccharides released, which would be useful to investigate further
(potentially with alternative spectrometry techniques). It would be interesting to
better understand the release of smaller mono- and di-saccharides from
xyloglucan breakdown by the proteins, to gain a clearer picture of putative

differences in digestive activity between the paralogs.
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All P. sojae GH10 paralogs possess both glutamic acid residues
theoretically required for enzymatic activity. Interestingly, P. sojae_527497 was
also found to encode a phosphorylated ‘tail’ sequence of ~63 amino acids — when
expressed and secreted into S. cerevisiae culture supernatants, this paralog
displayed activity towards xylan at pH5, pH7 and pH10 (30°C) (by DNS assay
(Miller., 1959). P. sojae_519234 was the only other paralog expressed in S.
cerevisiae that displayed activity towards xylan; using available carbohydrate-
binding site prediction tools (3DLigandSite: Wass et al., 2010), all GH10 paralogs
were found to putatively encode varying amino acid residues within their
predicted carbohydrate-binding sites — suggesting there could be exposure of
different amino acid side chains to the xylan substrate between the paralogs
secreted in vivo, putatively interacting with different parts of the xylan chain for
more efficient digestion (as mentioned for GH12). This further emphasises that it
is crucial to investigate the functions of multiple paralogs of HGT enzyme families
and their interactions with substrates, to improve understanding of the functional

consequences of HGT and gene duplication events.

As formerly discussed, previously identified fungal-oomycete HGTs
encode secreted proteins — these are targeted extracellularly by N-terminal signal
peptide sequences. Although biological and physical barriers to HGT have been
previously described (e.g. Thomas and Nielsen., 2005), less is known about the
transferability of genes encoding secreted proteins. Therefore, this work also
aimed to develop methods that will be used for an on-going mutational
perturbation study, to investigate the putative degeneracy of signal peptide
sequences (e.g. Dunn and Paavilainen., 2019), alongside the hypothesis that N-

terminal signal peptide sequences represent a putative barrier to the HGT of
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genes encoding secreted proteins. Eukaryotic signal peptides are heterogeneous
(even amongst paralogs of the same gene family), despite sharing a basic
tripartite architecture; co-translational translocation is complex and involves
recognition of an appropriate N-terminal sequence by cellular machinery,
therefore it is interesting to consider how cross-phylum HGT could be restricted
by signal peptide differences (i.e. if a donor sequence is incompatible with the

recipient’s secretory pathway, or results in inefficient secretion).

As a proof-of-principle experiment, randomised N-terminal signal peptide
sequences were generated using a degenerate oligonucleotide (ATG-NNK?®)
cloned upstream of a P. sojae GH12 xylo-glucanase missing it's native signal
peptide sequence. Transformation of the library into S. cerevisiae resulted in
yeast transformants expressing one of a number of possible signal peptide
sequences upstream of the enzyme, and secreted enzyme activity in the
recombinant host was used as a proxy for signal peptide function and efficacy.
Congo red staining and halo screening of transformants allowed successful
identification of positive clones, providing a useful method for testing large
libraries of randomised N-terminal signal peptide sequences. PCR and Sanger
sequencing of representative clones suggested redundancy of the cloning
method (i.e. several clones harboured the same signal peptide sequence) - whilst
this reduces the diversity of variants sampled and requires more exhaustive
screening, the increased replication gives further confidence in the method as
variants harbouring the same N-terminal sequence generally exhibited the same

phenotype.
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Ultimately, it would be useful to screen large libraries of signal peptide
sequences rapidly, therefore a micro-droplet method was also trialled, which
aimed to encapsulate single recombinant S. cerevisiae cells (expressing one of
all possible signal peptide sequences), and infer substrate breakdown through a
shift in Congo red absorbance when it is no longer bound to soluble carbohydrate
(Haft et al., 2012)'2. Based on initial analysis involving (i) P. sojae_482953
expressed in plasmid p426-GPD downstream of the S. cerevisiae MFa N-terminal
signal peptide sequence (positive control), and (ii)) a p426-GPD vector-only
(negative control)), it was possible to culture the yeast cells in droplets
supplemented with SCM-URA (+ 1% (w/v) xyloglucan). Pico-injection of Congo
red (+ NaCl) followed by signal capture of a series of droplets (each conceptually
representing an experiment) enabled a huge amount of data to be generated in
a relatively short amount of time. The preliminary data is promising because it
highlights a population of droplets in the positive sample (i.e. S. cerevisiae
secreting the active enzyme) which putatively represents droplets in which there
is a shift in Congo red absorbance (and therefore may represent xyloglucan
degradation). It will be exciting to further optimise this method in order to screen
several orders of magnitude higher numbers of N-terminal sequences for signal

peptide function.

Assessment of signal peptide variants will ultimately allow us to construct
a mutational landscape — a theoretical sequence space containing all possible N-
terminal signal peptides (19 amino acids in length), linked to their function (as

inferred by detection of the secreted enzyme activity). The sequence space will

12 Thanks to Dr Fabrice Gielen and Vasilis Anagnostidis (University of Exeter) for their help and support

during the micro-droplet component of the project.
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contain both positive and negative sequences for the secretion of a
heterologously-expressed (‘acquired’) xylo-glucanase in S. cerevisiae -
informative for exploring how a protein acquired laterally could theoretically
traverse sequence space in order to evolve, improve, or lose a functional signal
peptide, as well as improving insights into the evolution of N-terminal secretion
sequences. By inferring how costly different mutations may be, this will improve
our understanding of the evolutionary dynamics relating to successful acquisition
and processing of foreign secreted proteins gained through HGT events, as well
as provide a better understanding of the relationship between sequence variation

and protein coding.

In conclusion, strong phylogenetic evidence has demonstrated that the
oomycetes branch separately to the “true” fungi (Forster et al., 1990; Leclerc et
al., 2000; Hudspeth et al., 2000; Hudspeth et al., 2003; Thines et al., 2007,
McCarthy and Fitzpatrick., 2017). Their diversity in forms includes hemibiotrophic
plant parasites, whose genomes are abundant in genes encoding secreted
digestive enzymes, including previously identified HGTs from fungi (Torto et al.,
2002; Richards et al., 2006; Belbahri et al., 2008; Richards et al., 2011; Misner et
al., 2015; Savory et al., 2015). Such gene transfers between organisms with very
divergent evolutionary histories can enable organisms to take great leaps across
evolutionary sequence space and ‘bypass’ some of the constraints associated
with vertical evolution. Genes can also be acquired through duplication events,
and this work has demonstrated that for an acquired GH12, subsequent paralog
evolution has given rise to at least two proteins with unique sequence and
structural features important for (plant-specific) substrate digestion. Confident

functional annotation is limited if proteins are only distantly related to
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characterised ones (or are paralogous, or have promiscuous functions), therefore
it is crucial to experimentally investigate multiple paralogs of protein families,
including those acquired by HGT. By coupling gene-duplicated horizontal
transfers with improved knowledge of function, we can better understand the
selective benefit of the transfer and maintenance, which is important for
understanding how HGT genes are maintained (or fixed) within recipient
genomes. Of further interest is how N-terminal signal peptide sequences affect
the transferability of secreted proteins by HGT — this work has optimised a
functional agar plate screen (and demonstrated a promising micro-droplet

approach) in order to explore signal peptide evolution in future work.

Summary

% Previously identified HGTs from fungi to oomycetes encode secreted
proteins with putative functions for plant cell wall degradation - subsequent
gene duplications have given rise to unexplored paralogs that could
encode important functional differences.

s P. sojae GH12 paralog 559651 and orthologs in P. cactorum and P.
nicotiniae encode a putative ‘second’ carbohydrate binding site, involving
the residues Gly55, Ala56, Ala57, Thr58, Val97, Phe205, Val206; two
putative indels coding for alanine and serine are important for the site
prediction.

« P. sojae GH12 paralog 482953 and orthologs in P. cactorum and P.
nicotiniae encode a disordered, significantly phosphorylated C-terminal
‘tail’, which increases the proteins enzymatic activity towards xyloglucan.

+ Knockout of the gene encoding P. sojae_482953 in vivo demonstrated no
significant effect to P. sojae growth with xyloglucan as a sole carbon

Page | 264



source, suggesting functional compensation for the loss of the paralog by
other genes.

MALDI-MS analysis suggests that GH12 paralogs P. sojae_482953 and
P. sojae_559651 putatively bind to different parts of the xyloglucan
backbone.

The results demonstrate that HGT followed by subsequent gene
duplication can foster the expansion of paralog function.

There are biological and physical barriers to HGT, but less is known about
the transferability of genes encoding secreted proteins; this work has
optimised a functional agar plate screen (and demonstrated a promising
micro-droplet approach) in order to explore signal peptide evolution in

future work.

Page | 265



Appendix |

List of HGTs with putative protein functions.

HGT (reference) Annotation based on sequence similarity Putative function Evidence of function in
oomycetes
CO-esterase Carboxylesterase Breakdown of plant waxy cuticle
(Richards et al., 2011, Savory et al., EC3.1.1.1
2015)
Cutinase Cutinase Breakdown of plant waxy cuticle
(Belbahri et al 2008, Savory et al., EC3.1.1.74
2015)
GH12 Endoglucanase Breakdown of cellulose P. sojae XEG1 (_559651) (Ma et
(Richards et al., 2011, Savory et al., Glycosyl hydrolase 12 family al., 2015); silencing and
2015) overexpression reduced virulence.
XLP1 (_360375) (Ma et al., 2017);
no reducing sugars released in
apoplastic fluid of Nicotiana
benthamiana leaves transiently
expressing protein (catalytically
inactive); deletion reduced
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virulence, overexpression

increased virulence.

GH10 Xylanase Breakdown of xylan (component P. parasitica (pp) xyn1-4 (Lai and
(Richards et al., 2011, Savory et al., Glycosyl hydrolase 10 family of hemicellulose) Liou., 2018); all genes upregulated
2015) during infection; silencing xynl and
xyn2 reduced virulence towards N.
benthamiana.
GH43 Endo alpha-L-arabinosidase Breakdown of arabinan
(Richards et al., 2011, Savory et al., Glycosyl hydrolase 43 family (component of hemicellulose)
2015)
GH78 Alpha-L-rhamnosidase Breakdown of pectin
(Richards et al., 2011, Savory et al., Glycosyl hydrolase 78 family
2015)
GH53 Arabinogalactan endo-1,4-beta-galactosidase Breakdown of arabinogalactans
(Richards et al., 2011, Savory et al., Glycosyl hydrolase 53 family (component of pectin)
2015)
Pectolyase Pectolyase Breakdown of pectin
(Richards et al., 2011, Savory et al., EC 4.2.2.2
2015)
GH88 d-4,5-unsaturated beta-glucuronyl hydrolase Breakdown of pectin
(Richards et al., 2011, Savory et al., Glycosyl hydrolase 88 family
2015)
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FAD-binding FAD-binding Broad specificity

(Richards et al., 2011, Savory et al., Broad specificity
2015)
GH28 Polygalacturonase Breakdown of pectin P. parasitica pppgl (Lan and Yiou.,
(Torto et al 2002, Savory, 2015) Glycosyl hydrolase 28 family 2005); strong induction during

infection, pppg1-10 (Wu and Liou.,
2008); pppg4, 6 and 7 were
upregulated post-inoculation on
tomato leaves (ppp3, 5, 8 and 9 not

detectable)
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