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Abstract 
 
Despite resembling ‘true’ fungi in terms of morphological features, oo-
mycetes form a distinct eukaryotic lineage of filamentous microorganisms 
that belongs to the stramenopiles, a group of protists also comprising the 
closely-related brown algae and diatoms. Many oomycetes are devastating 
pathogens of plants and animals, globally causing significant economic los-
ses in the agriculture and aquaculture industries, and posing considerable 
environmental damage to natural ecosystems. Although the cell wall (CW) 
is critical for the viability and morphogenesis of the organism it surrounds, 
our knowledge of oomycete CW architecture and biosynthetic enzymes is 
limited. Given the vast threat that pathogenic oomycetes pose, uncovering 
the details of CW biosynthesis and regulation in these pathogens may re-
veal new opportunities for disease control. 

To this end, we aimed to elucidate the role of putative membrane-bound 
glycosyltransferase family 2 enzymes implicated in the biosynthesis of oo-
mycete CW polysaccharides. Suitable gene candidates were identified, and 
their products analysed, as illustrated by the oomycete-wide discovery and 
phylogenetic analysis of the chitin synthase gene family (paper I), and the 
identification of the cellulose synthase genes in Saprolegnia parasitica 
(paper II) and Phytophthora capsici (paper III). Expression of promi-
sing candidate genes was verified using different techniques, including 
gene expression analysis (papers II and III), and the effect of inhibitors 
on hyphal growth (papers I and II) and enzymatic activity in in vitro 
assays (paper II). Single enzymes representing putative chitin synthases 
from various organisms (unpublished data) and cellulose synthases from 
S. parasitica (extended data for paper II), and P. capsici cellulose syn-
thase 1 (paper III) were produced, and partly enriched or even purified, 
in yeast strains specifically engineered to facilitate the biochemical 
characterisation of the recombinant proteins in in vitro enzyme assays. To 
advance functional investigations and structure determination of integral 
membrane proteins, we developed DirectMX, a method that allows the re-
constitution of target proteins with their surrounding lipids directly from 
crude cell membranes into Salipro nanoparticles (paper IV). 

 
Keywords: biochemical characterisation, cellulose synthase, chitin 
synthase, in vitro activity assay, microtubule-interacting and trafficking 
domain, nanoparticle, oomycetes, phylogenetic analysis, yeast engineering 
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Sammanfattning 
 
Trots sina morfologiska likheter med ”äkta” svampar, tillhör oomyceterna 
en separat eukaryotisk utvecklingslinje av filamentösa mikroorganismer 
som ingår i gruppen stramenopiler. Stramenopiler beskriver ett fylum av 
protister som även omfattar de nära besläktade brun- och kiselalgerna. 
Många oomyceter infekterar växter och djur med förödande konsekvenser 
och stora ekonomiska förluster för land- och vattenbruk globalt. Infek-
tionerna orsakade av oomyceter resulterar även i stora miljöskador på 
naturliga ekosystem. Trots att cellväggen påverkar organismens viabilitet 
och morfogenes, är vår kunskap av oomyceternas cellväggsarkitektur och 
biosyntetiska enzymer begränsad. Med tanke på det hot som patogena 
oomyceter utgör, kan avsjöjanden av detajlerna kring cellväggens bio-
syntes och reglering i dessa patogener medföra förbättrade möjligheter för 
smittskyddet.  

Därför ville vi klarlägga rollen av förmodade, membranbundna glyco-
syltransferas familj 2-enzymer, som antas vara inblandade i biosyntesen av 
oomyceternas cellväggspolysackarider. Lämpliga genkandidater identi-
fierades och deras genprodukter analyserades, vilket illustreras av den 
fylogenetiska analysen av kitinsyntas-genfamiljen (artikel I), och identi-
fiering av cellulosasyntasgener i Saprolegnia parasitica (artikel II) och 
Phytophthora capsici (artikel III). Uttryck av lovande kandidatgener 
verifierades med hjälp av olika tekniker, bland andra genuttrycksanalys 
(artikel II och III), påverkan av inhibitorer på hyfernas tillväxt (artikel 
I och II) och enzymaktivitet i in vitro analyser (artikel II). Enskilda, för-
modade kitinsyntaser från olika organismer (opublicerade data) och cellu-
losasyntaser från S. parasitica (utökad data för artikel II), samt P. capsici 
cellulosasyntas 1 (artikel III), producerades, delvis i anrikad och även 
renad form, i speciellt framtagna jäststammar som tillåter en biokemisk 
karakterisering av de rekombinanta proteinerna i in vitro enzymanalyser. 
För att främja funktionsstudier och strukturbestämningar av integrala 
membranproteiner utvecklade vi DirectMX (artikel IV). DirectMX är en 
metod som möjliggör rekonstitution av målproteiner tillsammans med 
omgivande lipider från orenade cellmembraner i Salipro nanopartiklar. 

 
Nyckelord: biokemisk karakterisering, cellulosasyntas, kitinsyntas, in 
vitro aktivitetsanalys, mikrotubulus-interagerande och -trafikerande 
domän, nanopartikel, oomyceter, fylogenetisk analys, jäst proteinteknik 
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Preface 
 
When I started my PhD studies in mid-2011, several plant diseases caused 
by important oomycete pathogens were considered as re-emerging, exem-
plified by the chemical resistance developed in the late blight pathogen 
Phytophthora infestans, or due to the ban on effective chemicals control-
ling the fish pathogen Saprolegnia parasitica (van West, 2006; Lévesque, 
2011; Fry et al., 2015). Concomitantly, new oomycete diseases particularly 
affecting animals, including humans, and forestry had recently appeared 
(Phillips et al., 2008; Lévesque, 2011; Grünwald et al., 2019). The obvious 
resulting interest in and awareness of oomycete pathogens motivated our 
lab group to turn our focus to these notorious microorganisms, which can 
cause severe damage in agri- and aquaculture, as well as in the wild. Given 
our lab’s strong background in plant and microbial cell wall (CW) poly-
saccharide biosynthesis, we focussed on deciphering the CW-synthesising 
machinery in oomycetes as a potential route to effective disease control. 

The major polysaccharides of oomycete CWs, namely β-1,3-glucans, 
cellulose, and chitin, and the enzymatic activities corresponding to the 
synthase complexes involved in the biosynthesis of these CW polysaccha-
rides in various oomycetes have been studied in detail. Nevertheless, 
knowledge about the precise identity of individual enzymes and their 
biochemical characterisation remains rather limited, especially when com-
pared to ‘true’ fungi. Moreover, from a more fundamental and mechanistic 
point of view, no structural insight had been published by mid-2011 for any 
CW-synthesising enzyme belonging to glycosyltransferase family 2. In-
deed, the seminal report on the bacterial cellulose synthase structure by 
Morgan et al. (2013) was not to come until a couple of years later. 

Motivated to contribute filling these important gaps in our knowledge, 
I set out to develop a toolbox for the biochemical and structural analysis of 
enzymes implicated in the synthesis of oomycete CW polysaccharides. The 
work presented in this thesis and appended papers either directly address-
es the aforementioned gaps, or provides tools enabling other researchers 
to do so. I hope that the findings of my work will help to advance our 
understanding of oomycete CW biosynthesis, and turn out to be useful for 
future developments in disease control for these pathogens. 
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An introduction to the oomycetes 
Oomycetes form a distinct eukaryotic lineage of heterotrophic and mostly 
filamentous microorganisms. Considered one of the most successful 
groups of eukaryotes in terms of the extent of their colonisation, oomycetes 
thrive in nearly all ecosystems on Earth, ranging from the polar regions to 
temperate and tropical forests, as well as semi-arid and desert climates 
(Thines, 2014). The majority of oomycetes are terrestrial, and together 
with freshwater species these comprise more than 90% of known oomycete 
diversity. However, the early diverging(1) clades live almost exclusively in 
marine environments (Beakes and Thines, 2016). Oomycetes exhibit a 
huge adaptive potential to diverse lifestyles, and include some saprotrophs 
and a great number of diverse pathogenic species, from facultative 
necrotrophs to hemibiotrophic plant pathogens and obligate biotrophic 
parasites (Thines, 2014). 

The complicated relationship of oomycetes to ‘true’ fungi 
Due to certain striking similarities in morphology and lifestyle, oomycetes 
were historically considered part of the fungal kingdom. The branched 
hyphal mesh that many oomycetes form during vegetative growth resem-
bles the mycelium of filamentous fungi. Both groups are heterotrophic and, 
as such, exhibit an osmotrophic feeding strategy characterised by the 
secretion of various enzymes to degrade nutrients (Lévesque, 2011; Beakes 
and Thines, 2016). The released molecules are then absorbed by the cells 
to fuel their metabolism. Furthermore, sexual and asexual spores com-
monly occur in both fungi and oomycetes (Billiard et al., 2012; Judelson, 
2012). 

Mounting morphological and, somewhat later, biochemical evidence of 
fundamental differences between oomycetes and ‘true’ fungi from the mid-
20th century onwards unveiled the ineptness of their morphology-based 
taxonomic grouping (reviewed by Wijayawardene et al., 2020). Pioneering 

                                                             
(1) Bifurcating nodes in phylogenetic trees result in two sister lineages diverging from each 
other, of which one lineage typically exhibits fewer extant taxa than the other. It is a common 
misinterpretation to see the species-poor sister group as ‘early diverging’ with respect to its 
‘derived’ species-rich sister. This view is in fact incorrect because both sister groups diverge 
simultaneously from their nearest common ancestor, the internal node. Moreover, the num-
bers of extant and extinct species originating from a certain node do not have to correlate 
with each other. See Crisp and Cook (2005) for more details on and illustrations of this com-
mon misconception. 
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work (Aronson et al., 1967; reviewed by Bartnicki-Garcia, 1968) demon-
strated that oomycete cell walls (CWs) are predominantly composed of cel-
lulose, and β-1,3- and β-1,6-glucans, containing minute amounts of chitin, 
if any (Mélida et al., 2013). In contrast, chitin is typically a relatively minor 
(<15%) yet important CW polysaccharide lining the plasma membrane of 
most fungi, while fungal CWs are devoid of cellulose (Gow et al., 2017). 

Moreover, oomycetes are diploid throughout nearly their whole life 
cycle and form non-septate hyphae, as opposed to the largely haploid 
structures and septate hyphae of many fungal species (Wijayawardene et 
al., 2020). Asexual reproduction in oomycetes occurs by means of motile 
zoospores that often possess two flagella with different shape and function, 
which is a distinguishing feature of stramenopile protists, a major eu-
karyotic lineage (Beakes et al., 2012). In contrast, the existence of motile 
zoospores possessing a single flagellum is restricted to a few phyla of early 
diverging fungi that have retained some ancestral traits (Gleason et al., 
2018). 

Resolving the oomycete’s phylogenetic placement 
The pioneering findings presented above, together with some other novel 
insights into the fundamental differences between oomycetes and ‘true’ 
fungi, challenged the longstanding belief that ‘true’ fungi were phylogeneti-
cally closely related to oomycetes. Thus, even before the advent of mole-
cular techniques in the late 20th century laid the foundation for molecular 
phylogenetics, the currently valid taxonomic framework of the oomycetes 
was developed by a few scholars of zoosporic fungi (Dick 1973a, b; Sparrow, 
1976; Cavalier-Smith, 1981; Karling, 1981). The ongoing controversy about 
the taxonomic relationship between oomycetes and fungi was finally set-
tled when phylogenetic studies on ribosomal subunit genes included the 
first oomycete sequences (Gunderson et al., 1987; Förster et al., 1990; 
Leipe et al., 1994). Unequivocally, the phylogenetic evidence showed that 
oomycetes form their own monophyletic phylum within the stramenopile 
kingdom of a eukaryotic supergroup also including alveolates and Rhizaria 
(Fig. 1). Thus, we now know for certain that oomycetes are closely asso-
ciated with diatoms, brown algae and other stramenopile protists, but 
distantly related to ‘true’ fungi. 

Rather, their similar filamentous morphology and lifestyles are the 
result of convergent evolution (reviewed by McDowell, 2011; Dong et al., 
2015; Sharma et al., 2015) and, to a lesser extent, horizontal gene transfer 
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Figure 1. Phylogeny of the major eukaryotic groups. The illustration is based on published 
molecular phylogenetic and ultrastructural data. Asterisks denote the phylogenetic positions 
of oomycetes and fungi. Adapted from S. Baldauf, personal communication. Copyright 2021 
S. Baldauf. 
 
 
(HGT) (Richards et al., 2006, 2011; Misner et al., 2015; Savory et al., 2015). 
Indeed, about 40 oomycete gene families show evidence of fungal origin, 
thus testifying the contribution of HGT to oomycete evolution, and have 
significantly contributed to the development of hemibiotrophic plant-
pathogenic traits in the genus Phytophthora. In contrast, genes acquired 
through HGT occur less often in closely-related necrotrophic Pythium 
species (Savory et al., 2015). 

Diversity and evolution 
Around 1,700 oomycete species that group into about 100 genera are 
recognised in the current classification (Wijayawardene et al., 2020), even 
though their molecular systematics keep evolving (Beakes and Thines, 
2016). The oomycetes are divided into two major sister classes with fungus-
like morphology, the Peronosporomycetes and Saprolegniomycetes, and 
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several early-diverging lineages of mostly holocarpic species, defined by a 
mycelium that is entirely converted into a zoosporangium (Fig. 2). The 
predominantly terrestrial Peronosporomycetes comprise mainly plant-
pathogenic groups, such as the Peronosporaceae and the Albuginales, the 
facultatively parasitic Pythiales, which can infect both plants and animals, 
and the saprotrophic Rhipidiales. Most Saprolegniomycetes live in fresh-
water environments as saprophytes, but may turn into opportunist para-
sites under favourable circumstances, or invertebrate parasites, whereas 
some species in the Saprolegniales infect vertebrates, such as fishes and 
amphibians, or plant roots. The early diverging genera, of which the order 
Eurychasmales seem to form the earliest, remain poorly resolved (Fig. 2) 
 
 

 
Figure 2. Oomycete phylogeny showing the main taxonomic groups. Taxon diversity is indica-
ted by species numbers in the boxes. The predominant ecology and lifestyle of taxonomic 
groups are colour-coded. Names in quotation marks have not yet been formally accepted. 
s.l., sensu lato. Adapted from M. Thines, personal communication. Copyright 2021 M. Thines.  
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and include mostly marine species parasitic to nematodes, crustaceans, 
and seaweeds (Beakes and Thines, 2016). Interestingly, the name ‘oomy-
cetes’ was originally derived from the distinctive structures for oogamous 
sexual reproduction in these organisms, namely female oogonia and male 
antheridia (see Figs. 3 and 4 below), although most early-diverging genera 
lack oogamy. 

Molecular clock analyses, which infer divergence times of species based 
on highly-conserved orthologous genes from genome sequences, place the 
origin of modern-day oomycetes to at least 430–400 million years ago 
(Matari and Blair, 2014; Gaulin et al., 2018), which correlates well with the 
earliest robust fossil evidence of oomycetes (Krings et al., 2011). However, 
early diverging species were not included in the analyses due to a lack of 
genomic data for these lineages. The divergence of the two major classes, 
the Peronosporomycetes and Saprolegniomycetes, is estimated to have 
occurred some 225–190 million years ago (Matari and Blair, 2014; Gaulin 
et al., 2018). The much earlier genesis of host plants and animals 
(Cunningham et al., 2016; Morris et al., 2018) compared to their respective 
oomycete pathogens indicates that oomycete diversification and their 
evolution towards different pathogenic lifestyles were possibly driven by 
environmental changes and HGT (Matari and Blair, 2014). Indeed, most 
oomycete gene families with demonstrated HGT from fungi are implicated 
in plant infection processes, including effector proteins to promote viru-
lence, many secreted enzymes that break down polysaccharides of host 
CWs, and transporters allowing for the uptake of host-derived nutrients. 
In contrast, the early evolutionary history of oomycetes seems to have been 
shaped by HGT to only a limited extent (Savory et al., 2015). 

Due to low taxon sampling from modern-day species of the early diver-
ging lineages, the evolutionary history of the oomycetes is controversial 
and still somewhat debated, but it is reasonable to assume that ancient 
species were morphologically simple, referred to as holocarpic, parasites of 
animals and seaweeds living in the marine environment about 500 million 
years ago (Beakes et al., 2014; Wijayawardene et al., 2020). Oomycetes 
likely colonised freshwater and terrestrial environments at several inde-
pendent occasions, and possibly by co-migration with their hosts (Beakes 
and Thines, 2016; Wijayawardene et al., 2020). Evolution of saprotrophic 
and plant-pathogenic lifestyles is thought to have occurred only seconda-
rily through adaptation to the new environmental conditions (Beakes and 
Thines, 2016). For instance, both plant pathogenicity (Peronosporales, 
Aphanomyces in the Verrucalvaceae) and obligate biotrophy (downy mil-
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dews, Albuginales) have evolved independently within the oomycetes 
(Fig. 2). 

Genome architecture shapes pathogenicity 
Factors contributing to the pathogenic potential of oomycetes lie in their 
genomes, which range from 32–295 Mb with an average of 75 Mb 
(McGowan and Fitzpatrick, 2020), about twice the average size of fungal 
genomes (Ramos et al., 2015). It is the content of repetitive DNA — as high 
as 74% for Phytophthora infestans (Haas et al., 2009) — that accounts for 
the differences in genome sizes, rather than an increased number of genes 
(Judelson, 2012). Dependent on lifestyle, genome completeness, and 
phylogenetic affiliation, oomycetes possess some 12,000–26,000 genes, 
8,500–10,000 of which form the conserved core set of orthologous gene 
families (Seidl et al., 2012; McCarthy and Fitzpatrick, 2017; McGowan et 
al., 2019). Thus, adaption to different pathogenic lifestyles and host species 
shaped the considerable gene fraction that varies between different oo-
mycete species through frequent expansion of gene families and/or gene 
losses (Judelson, 2012; McGowan et al., 2019). Indeed, about 20% of all 
genes in oomycete genomes arose after divergence of the last common an-
cestor of all oomycetes from other stramenopiles, according to a statistical 
analysis of the evolutionary emergence of founder genes (McGowan et al., 
2019). Additionally, about 8% each of genes were identified as unique to 
individual oomycete lineages or to a single species. Many of the expanded 
families comprise apo- and cytoplasmic effector proteins involved in infec-
tion processes, in which they aid in the degradation of host cell compo-
nents, dampening host immune responses, and inducing necrosis of host 
cells (reviewed by McGowan and Fitzpatrick, 2020). 

Interestingly, conserved genes are present in gene-dense regions of the 
genome, whereas effector proteins reside in gene-sparse areas enriched in 
repetitive DNA and transposable genetic elements (Judelson, 2012; 
McGowan et al., 2019). In filamentous pathogens belonging to oomycetes 
and fungi, gene-sparse areas are typically evolving much faster than the 
gene-dense regions of conserved genes. This compartmentalised genome 
architecture allows filamentous pathogens to rapidly adapt their effector 
repertoire in response to changes of the host immune defence (Dong et al., 
2015; Frantzeskakis et al., 2019). At the same time, the pathogens prevent 
compromising their own overall fitness by not putting the essential and 
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conserved core genes at risk because adaptive evolution is limited to the 
gene-sparse areas harbouring effectors. 

Besides, sexual reproduction is widely observed among saprophytic oo-
mycetes, whereas its importance for plant pathogens depends on factors 
such as biology of both pathogen and host species, population dynamics, 
agronomic practices, and climate (Judelson, 2009). Oogamous sexual re-
production typically occurs between two sexually-compatible mating types 
in heterothallic oomycete species — in which the sexual reproductive struc-
tures reside in different individuals — and culminates in the formation of 
thick-walled diploid oospores (see Figs. 3 and 4 below). These resting 
structures can survive inhospitable conditions such as freezing, drought, 
or exposure to pesticides, and thus are feared as effective inocula for future 
disease outbreaks. Ultimately, the sexual cycle enhances the fitness of a 
strain through genetic variation, maintains genomic integrity and genera-
tes progeny with novel pathogenicity traits (Judelson, 2009). 

Major pathogenic oomycetes 
Many oomycetes are devastating pathogens of plants and animals, globally 
causing significant economic losses in the agriculture and aquaculture 
industries. Plant-pathogenic Peronosporomycetes comprise at least 50% of 
all oomycete species known to date (Fig. 2) (Beakes and Thines, 2016). 
These include the obligate biotrophic downy mildews, whose infestations 
can result in high yield losses for many economically important crops, 
whereas devastating dieback diseases of trees and shrubs are characteristic 
of the genus Phytophthora. Although plant pathogenicity is rare among 
Saprolegniomycetes, Aphanomyces euteiches is a highly damaging patho-
gen of economically important legume crops (Gaulin et al., 2018). Some 
opportunistic oomycete pathogens of the genera Pythium and Lagenidium 
can infect mammals, including humans (Mendoza and Vilela, 2013). 

Moreover, infection of innumerable wild species poses considerable en-
vironmental damage to natural ecosystems (Beakes and Thines, 2016). For 
instance, Phytophthora ramorum is an invasive pathogen causing sudden 
oak death, which has severely affected oak populations on the west coast of 
the United States, and led to the death of both conifers and broadleaf trees 
in Great Britain and other European countries (Grünwald et al., 2019). An 
extremely wide host range of possibly more than 3,000 host species that 
include important crops, horticultural plants, and forest trees, is documen-
ted for the closely-related Phytophthora cinnamomi, which has caused 
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widespread damage in Australia (Hardham, 2005). The decline of wild am-
phibian populations has partly been attributed to different Saprolegnia 
species that infect aquatic stages of these animals (Phillips et al., 2008; van 
den Berg et al., 2013). Similarly, Aphanomyces astaci has devastated na-
tive European crayfish species since its introduction to Europe in the late 
19th century (reviewed by Filipová et al., 2013). Intriguingly, some 
Pythium species are themselves pathogens of oomycetes, fungi, and 
mosquitos, which may render them applicable as biocontrol agents (Paul, 
1999; Benhamou et al., 2012; Shen et al., 2019). 

Given the huge economic and environmental impact of pathogenic oo-
mycetes, it is not surprising that they are considered one of the biggest 
threats to food safety, biodiversity, forestry, and natural ecosystems 
(Jones, 2013; McGowan and Fitzpatrick, 2020). Indeed, it is estimated that 
10–16% of the global edible crop produced each year is lost on the field due 
to pests and pathogens, including oomycetes, and that these agents ac-
count for similar losses post-harvest (Bebber et al., 2013). Moreover, 
climate change imposes multiple types of stress on plants, thus rendering 
them more susceptible to infection. The observed expansion of pathogenic 
species towards the planetary poles is also correlated with global warming, 
endangering increasingly vulnerable plant species (Bebber et al., 2013). 

The plant pathogen P. infestans 
Potato may only be the fourth most-produced staple food around the world 
after maize, rice, and wheat (FAO, 2020a), but it is more nutritious than 
these cereal grains, gives higher yields, and possesses many agriculturally-
important traits superior to many other major crops (McNeill, 1999). Ri-
sing populations and a globally increasing demand for grain-based meat, 
dairy products, and biofuels have led developing countries to turn to the 
potato as alternative food source (MacKenzie, 2008). Potatoes were first 
cultivated about 8,000 years ago in the Peruvian highlands (Spooner et al., 
2005), refined and taken over as primary staple food by the indigenous 
populations of the Andes, and subsequently introduced to Europe by the 
Spanish conquistadors in the mid-16th century (McNeill, 1999). At first, 
potatoes became widely used by European peasants as they alleviated the 
misery of regular famines due to crop failures, and because the under-
ground tubers were rarely pillaged in wartime. Except for Ireland, where 
potatoes had been introduced and quickly adopted as early as the begin-
ning of the 16th century, large-scale cultivation of potato as a field crop 
across Europe did not start before the mid-18th century (McNeill, 1999). 
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P. infestans is a hemibiotrophic plant pathogen belonging to the Pero-
nosporomycetes (Fig. 2), and causes the devastating potato late blight, as 
well as casing infection in tomato plants (Fry et al., 2013). This oomycete 
originates from the central highlands of Mexico, a second centre of diver-
sity for wild, tuber-bearing potato relatives besides the Andean highlands, 
and emerged as a pathogen of cultivated potato when the crop was intro-
duced to Mexico from the Andes (Grünwald and Flier, 2005; Goss et al., 
2014). P. infestans can infect all parts of the potato plant except the roots 
(Judelson, 1997). Pathogenesis is initiated by deciduous sporangia, dis-
seminated by wind dispersal or water running over plant tissues, and 
occurs via the asexual life cycle (Fig. 3), which can be completed in as little 
as four days under favourable conditions. Depending on the temperature, 
sporangia may germinate directly or, more typically, differentiate into 
motile zoospores, which swim towards host tissues where they encyst. The 
cysts, in turn, extend a germ tube in the same manner as sporangia. The 
tip of the germ tube forms an appressorium, a specialised thick-walled 
 
 

 
Figure 3. Life cycle of P. infestans and disease cycle of potato late blight. A1 and A2 indicate 
different mating types. Reprinted with permission from Drenth (1994). Copyright 1994 A. 
Drenth. 
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structure to create high turgor pressure, which allows P. infestans to pene-
trate the CW of the underlying host cell (Fig. 3). Initially, hyphae ramify 
intercellularly and establish biotrophic feeding structures known as haus-
toria. Upon depletion of nutrients, P. infestans switches to necrotrophic 
growth, visible as brownish lesions on dead plant tissues. Eventually, new 
sporangia spring forth on the plant surface and may release millions of new 
zoospores. In contrast to the short-lived asexual life cycle stages, thick-
walled oospores that result from sexual reproduction between different 
mating types (Fig. 3), can persist for several years in soil or on tubers 
(Judelson, 1997). 

In terms of public attention and impact on humanity, the potato late 
blight is rivalled by few other plant diseases. Although its actual source is 
under debate (Bourke, 1964; Yoshida et al., 2014; Saville et al., 2016), one 
P. infestans lineage likely emerged around the major ports of the east coast 
of the United States from a domestic metapopulation of more southern 
origin (Yoshida et al., 2014; Saville et al., 2016), and ravaged the potato 
fields of North America in 1843–1845. In Europe, the disease first ap-
peared in Belgium in late June 1845, then swept over large parts of the 
continent in a single season, fostered by disease-promoting weather con-
ditions and an extreme susceptibility of the dominant potato varieties 
(Bourke, 1964). The epidemic was especially disastrous in Ireland because 
its largely poor population was more dependent on the potato for subsis-
tence than elsewhere in Europe. Moreover, particular socioeconomic and 
political circumstances coincided in Ireland with what would come to be 
known as the Great Famine of 1845–1951, which led to the death of about 
one million people, and forced even more into emigration (Yoshida et al., 
2014). 

The threat persists to this day as potato and tomato have since been 
introduced to large parts of the world, together with P. infestans isolates of 
the different mating types (Grünwald and Flier, 2005). Although pesticides 
and more resistant potato varieties helped to contain late blight in a more 
industrialised world, new genotypes arising from both sexual and asexual 
reproduction have repeatedly triggered explosive epidemics (Cox and 
Large, 1960; Cooke et al., 2012; Fry et al., 2013). Late blight remains the 
most destructive disease of potato, resulting in annual losses estimated at 
$7 billion (Haas et al., 2009), and sufficient to feed a few hundreds of mil-
lions of people (Fisher et al., 2012). 
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The fish pathogen S. parasitica 
An ever-growing demand for fish and seafood, paired with stagnant catch 
from capture fisheries over the last decades due to global overfishing of 
many species, gave rise to the development and continuous expansion of 
the aquaculture industry (FAO, 2020b). Indeed, the global production 
share of the aquaculture industry is steadily raising and reached 46% in 
2018, thus nearly equalling the share of captured fishes. Farming of Atlan-
tic salmon was encouraged in the late 20th century by the high price and 
limited seasonal supply of wild salmon (Iversen et al., 2020). Norway and 
Chile clearly dominate modern salmon aquaculture (Iversen et al., 2020), 
which has reached a prevalent share of 76% for globally fished salmon, 
trout, and smelt worth $23 billion (FAO, 2020b). 

Many Saprolegniomycete species are saprotrophs that live from dead or 
decaying matter (Fig. 2), but they can be opportunist necrotrophic patho-
gens of damaged host tissues (Beakes and Thines, 2016). Indeed, the 
genome of S. parasitica, a species endemic to all freshwater habitats 
around the world, lacks certain metabolic pathways, just like obligate 
plant-pathogenic oomycetes and fungi (Jiang et al., 2013). Moreover, 
necrotic growth is driven by a large repertoire of proteases, lipases, and 
other lytic enzymes. Both the sexual and asexual life cycle stages of 
S. parasitica (Fig. 4) largely resemble those of P. infestans (Fig. 3). One 
notable difference, and a defining characteristic of the Saprolegniomycetes 
termed di- or polyplanetism, is the production of two or more consecutive 
generations of motile zoospores that encyst (Robertson et al., 2009; Beakes 
and Thines, 2016). The primary zoospores are weak and brief swimmers 
for the purpose of dispersal from the sporangia. In contrast, secondary 
zoospores are highly motile, and are believed to be the infective stage of the 
asexual life cycle, which encyst on suitable host tissues (Fig. 4). The ‘boat 
hook’ spines of secondary cysts from Saprolegnia are a distinguishing 
feature of this genus, and help the cysts to remain firmly attached to the 
swimming host (Robertson et al., 2009; Beakes and Thines, 2016). Depen-
ding on perceived stimuli, secondary cysts may either germinate to initiate 
infection, or form a new secondary zoospore to find a potential host 
(Fig. 4). 

S. parasitica is the causal agent of saprolegniosis, a feared disease of 
salmon and trout species (van West, 2006). This devastating disease is re-
emerging in aquaculture since the highly-effective chemical control agent 
malachite green was banned in 2002. Commonly, infections by 
S. parasitica appear as white or grey patches of mycelium on already 
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existing wounds or infections by other pathogens (van den Berg et al., 
2013), although some highly virulent S. parasitica strains causing primary 
infections in healthy salmon have also been reported (van West, 2006, and 
references therein). Live eggs from salmonids cannot be directly infected 
by S. parasitica zoospores. Rather, dead or unfertilised eggs serve as sub-
strates for infection by encysted zoospores, from which hyphae spread to 
surrounding live eggs (Thoen et al., 2011). A high stocking density, both of 
eggs in hatcheries and fish rearing in farms, is characteristic of the aqua-
culture industry, similar to other types of industrial livestock production 
(Ashley, 2007). Aimed at high productivity, such artificially dense and 
confined environments are pivotal factors affecting health, behaviour, and 
disease susceptibility of farmed fishes. Thus, salmon farms are especially 
prone to outbreak of saprolegniosis, to which about 10% of hatched salmon 
may succumb, and although estimates of the financial damage are scarce, 
it is thought to be in the order of hundreds of millions of dollars (van West, 
2006; Phillips et al., 2008). Moreover, the decline of wild salmonid popu-
lations around the world is attributed to opportunistic infections by 
S. parasitica (van West, 2006). 
 

 

 
Figure 4. Life cycle of S. parasitica. Adapted from van West (2006). Copyright 2006 The 
British Mycological Society. 
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Current methods of disease control 
Disease control is largely focused on oomycete pathogens causing infec-
tions in economically important crops and farmed salmon, and fungicide 
use is the predominant practice for the management of oomycete diseases 
(Judelson, 2017). However, many chemicals used against ‘true’ fungi are 
not effective against oomycetes due to them having different and only part-
ly overlapping metabolic pathways. Several classes of multi-site fungicides, 
which target several metabolic processes (such as carbamates), and single-
site fungicides (such as carboxylic acid amides) are currently employed 
against oomycetes, with limited success (Cohen and Coffey, 1986; Gisi and 
Sierotzki, 2008). Oomycetes are notorious for developing resistance due to 
their genomic flexibility and adaptive potential. For plant-pathogenic oo-
mycetes, the application of fungicides is thus often part of an integrated 
pest management system that combines prediction of weather conditions 
suitable for disease outbreaks and good cultural practices (Fry, 2008; 
Babadoost, 2016). This improves the efficacy of fungicide treatments while 
minimising fungicide use and thus, reduces the risk that the pathogens 
develop resistance. The breeding of resistant plants represents a third 
method of disease control, which is however hampered by the fast adaptivi-
ty of oomycetes (Fry, 2008; Lebeda and Cohen, 2011). As described above, 
the parts of oomycete genomes that harbour effector proteins, which are 
involved in infection and modulation of host immunity, evolve rapidly. 
Moreover, sexual reproduction is possible at least for P. infestans in certain 
regions of the world, and may lead to rapid shifts in the genetic structure 
of a local population (Fry, 2008; Lebeda and Cohen, 2011). Nevertheless, 
new breeding approaches using homozygous diploid potato lines (Su et al., 
2020), or based on genome editing (Kieu et al., 2021) may advance the 
breeding of late blight-resistant plants. 

Treatments of the fish disease saprolegniosis, which is caused by 
S. parasitica, typically involve the regular and preventive application of 
chemicals to fish eggs and juvenile fish in hatcheries. Malachite green, a 
small molecule dye, has been used for a long time because of its high 
efficacy, ready availability, and relative low cost (Culp and Beland, 1996). 
However, this compound was globally banned in 2002 due to its carcino-
genic and toxicological effects on animals and humans (van West, 2006). 
Although suitable replacements have been sought since the late 20th 
century (Culp and Beland, 1996), only a few compounds have been proven 
to prevent infections by S. parasitica, and none possess an efficacy com-
parable to that of malachite green (reviewed by Tedesco et al., 2019; Kumar 
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et al., 2020, and references therein). Formalin, an aqueous solution of 
formaldehyde, is a commonly used disinfectant employed to inhibit cyst 
germination. However, formalin is itself classified as mutagenic and pos-
sibly carcinogenic due to its high reactivity with biological macromolecu-
les. Despite the fact that a ban on formalin is anticipated (van den Berg et 
al., 2013), this disinfectant is still in use to date. The small molecule 
bronopol is a broad-range biocide that has been commercialised for the 
prophylactic treatment of fish eggs against microbial infections. Although 
generally regarded as safe for humans, bronopol was found to be toxic for 
phytoplankton and zooplankton. Hydrogen peroxide is an effective anti-
microbial compound exhibiting a low environmental impact, and is used 
to prevent infections on fish eggs (Tedesco et al., 2019, and references 
therein). Water treatment by UV or ozone represent additional alternative 
options (van den Berg et al., 2013). 

Unpublished data: novel nanomolar inhibitors of cyst germination 
None of the alternative treatments for the prevention of saprolegniosis 
described above reach the efficacy of malachite green. In some cases, 
efficacy is quite high but wider use is restricted for other reasons such as 
cost or broad toxicity. Moreover, P. infestans continues to be a hardy 
pathogen of potato and tomato that is difficult to control. Thus, given the 
importance of salmon aquaculture and potato agriculture for food safety in 
our modern world, my former colleague Dr. Osei Y. Ampomah and I set out 
to identify novel chemicals to prevent oomycete infections in these 
industries. We wanted to identify new anti-oomycete compounds for disea-
se control targeting cyst germination, the primary route of infection for oo-
mycete pathogens (Figs. 3 and 4). In a collaboration with the lab of Prof. 
Stéphanie Robert at the Umeå Plant Science Centre, Umeå, Sweden, we 
interrogated a library of 360 small molecules shown to inhibit plant pollen 
tube germination, because pollen tube germination in plants and cyst 
germination in oomycetes share the identical phenotype of apical growth. 
Besides, cysts at the onset of germination are very vulnerable because their 
metabolism must rely exclusively on endogenous sources until nutrient 
supply from host cells is established following successful host infection 
(Judelson, 1997). The 360 low molecular mass inhibitors we tested include 
structurally and functionally diverse compounds with drug-like charac-
teristics, compounds with proven biological activity on the model plant 
Arabidopsis, and compounds compatible with click chemistry (Drakakaki 
et al., 2011). 
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Briefly, we designed a microtiter plate assay for the germination of cysts 
from the fish pathogen S. parasitica (work performed by Dr. Osei Y. 
Ampomah) and the plant pathogen P. infestans (my part of the work), al-
lowing for the rapid screening of the 360-chemical library, and in a way 
that was compatible with differential interference contrast microscopy. 
Zoospores were isolated and encysted according to established routines 
(S. parasitica: Diéguez-Uribeondo et al., 1994; P. infestans: Grenville-
Briggs et al., 2005), and incubated in minimal medium (S. parasitica: 
Machlis, 1953; P. infestans: Keen, 1975, without the addition of CaCO3). 
Compounds from the chemical library were dissolved in 100% (v/v) di-
methyl sulfoxide (DMSO), and control experiments confirmed that cyst 
germination using minimal medium supplemented with 0.5% (v/v) DMSO 
was unaffected compared to minimal medium alone. All concentration 
ranges during the primary screen were tested once. The secondary screen 
and experiments to determine minimum inhibitory concentrations were 
each independently repeated three times. 

The primary screen with the entire chemical library was initially 
performed at the final compound concentration used in the plant-based 
screen (50─100 µM; Drakakaki et al., 2011), which resulted in 90 (25%) 
and 223 (62%) compounds inhibiting cyst germination in S. parasitica and 
P. infestans, respectively. Thus, serial dilutions of all compounds down to 
final assay concentrations in the lower nanomolar range were carried out 
to identify the most effective inhibitors. The molar concentrations of the 
library compounds vary by a factor of up to two because they exhibit diffe-
rent molar masses but are dissolved at a concentration of 5 mg mL–1. 
P. infestans cysts were more sensitive to the library compounds at every 
concentration range tested (Fig. 5A and additional data not shown). 
Twenty-six compounds arrested germination of P. infestans cysts at 
125─250 nM, with five inhibitors effective at concentrations as low as 
25─50 nM. For S. parasitica, 18 compounds prevented cyst germination 
at nanomolar concentrations, of which two were still inhibitory at 125─250 
nM (Fig. 5A). When the compounds that inhibit P. infestans cysts at 
125─250 nM and S. parasitica cysts at 500─1,000 nM are compared, a 
minority of only 13 (42%) of these in total 31 inhibitors was effective against 
both pathogens. Interestingly, the ratio between common and species-
specific inhibitors was inversed between both oomycetes. Half of the 26 
compounds preventing cyst germination in P. infestans were specific for 
this pathogen, whereas this was the case for only five (28%) of the 18 in-
hibitors inhibiting germination of S. parasitica cysts. 
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Figure 5. Identification of nanomolar inhibitors of cyst germination in S. parasitica and 
P. infestans. (A) Primary screen of  the chemical library comprising 360 inhibitors of plant 
pollen tube germination (Drakakaki et al., 2011). The number of library compounds inhibiting 
cyst germination in either oomycete species at the indicated nanomolar range is shown. n.d., 
not determined. (B). Results from the secondary screen for P. infestans with the most potent 
inhibitor, compound A, identified in the primary screen. The inhibitory effect of 3–100 nM of 
commercial compound A on cyst germination was studied, and 30 nM determined as mini-
mum inhibitory concentration under our assay conditions. Arrows indicate examples of 
successful germination events. Scale bars represent 50 µm. MM, minimal medium; DMSO, 
the solvent in which the library compounds were dissolved. 
 
 

The most potent common inhibitor, (5-chloro-N-(3,5-dichlorophenyl)-
2-hydroxybenzamide, hereafter designated as ‘compound A’, was commer-
cially purchased from Maybridge in larger amounts to verify its inhibitory 
effect on cyst germination in a secondary screen. Indeed, results with com-
mercial compound A confirmed the findings from the primary screen, as it 
inhibited cyst germination of P. infestans at ≥30 nM (Fig. 5B, upper pa-
nel), and of S. parasitica at ≥250 nM (data not shown). These values 
represent minimum inhibitory concentrations when cysts were incubated 
with compound A for at least 2 h, thereafter diluted with an excess of 
minimal medium, and further incubated overnight (data not shown). In 
contrast, using ≤10 nM of compound A had no apparent inhibitory effect 
on P. infestans cysts (Fig. 5B, middle panel). These findings resemble 
those of controls in which cysts were germinated in the absence of com-
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pound A in minimal medium supplemented or not with DMSO, the solvent 
in which the library compounds were dissolved (Fig. 5B, lower panel). 
Moreover, several inhibitors of diverse cellular functions (such as thio-
mersal and antimycin A) were among the most potent nanomolar inhibi-
tors, thus serving as internal positive controls for our assays. 

To our knowledge, this is the first study that successfully exploited this 
library of compounds preventing plant pollen tube germination to identify 
inhibitors of organisms outside the plant kingdom. Thus, it indicates 
possibly shared pathways in endosomal trafficking between life cycle 
stages of plants and oomycetes featuring a common apical growth pheno-
type. Both pathogens feature different metabolic adaptations to their 
respective hosts (Dahlin et al., 2017; Rodenburg et al., 2020). For instance, 
60% of S. parasitica genes were found to be novel (<50% similarity with 
putative orthologues), and there is limited conservation of the core pro-
teome shared by plant-pathogenic oomycetes (Jiang et al., 2013; Srivastava 
et al., 2018). These metabolic differences may reflect the finding that the 
majority (58%) of the 31 most potent inhibitors identified here are specific 
to only one species. Generally, P. infestans was more sensitive to the li-
brary compounds, as evidenced by the identification of about eleven times 
more compounds able to effectively abolish cyst germination at nanomolar 
concentrations than for S. parasitica (Fig. 5A). This higher sensitivity may 
be due to the different extent of chemical exposure between the pathogens’ 
respective habitats. Since S. parasitica lives in freshwater environments 
(van West, 2006), it may have adapted to a life in frequent contact with 
diverse metabolites and synthetic compounds in ways that renders it more 
resistant for the uptake of such potentially harmful substances. In contrast, 
life cycle stages of P. infestans during early infection are exposed to the air 
or they overwinter in soil (Judelson, 1997). Compound A, which we identi-
fied as the most potent in our library, is an effective nanomolar inhibitor of 
cyst germination of two economically important pathogenic oomycetes. 
Future experiments should be performed to elucidate its toxicity to other 
organisms, environmental safety, inhibitory potential of other oomycetes, 
and possible large-scale synthesis routes. 
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Oomycete CWs and their biosynthesis 
CWs are more than a simple ‘sugar decoration’ on the plasma membrane. 
Rather, this extracellular matrix is critical for the viability and morpho-
genesis of the organism it surrounds, and its interactions with the environ-
ment. Any CW must exhibit load-bearing properties that maintain cell 
integrity by withstanding internal turgor pressure, and at the same time 
allow its composition to be dynamically remodelled in response to the 
environment and cellular development (Gow et al., 2017). Thus, most eu-
karyotic CWs are organised in a fundamentally similar way, although their 
actual composition varies between species and tissues (Gow et al., 2017; 
Lampugnani et al., 2018). The CW layer residing directly on the plasma 
membrane comprises a structurally conserved scaffold of load-bearing and 
rigid polysaccharides. In fungi, this core consists of chitin (Fig. 6A) as the 
innermost sheath surrounded by, and in some species covalently linked to, 
a network of β-1,3-glucans (Fig. 6B). The outer CW layer is much more 
diverse in terms of carbohydrate composition and typically consists of 
different β-glucans and α-mannans, although other glycans may also be 
present (Gow et al., 2017). 

In contrast, plant CWs have a load-bearing network of β-1,4-glucans in 
the form of cellulose (Fig. 6C) microfibrils crosslinked to each other 
through interactions with different types of surrounding hemicelluloses, a 
group of branched and complex polysaccharides (Lampugnani et al., 
2018). Occurrence and abundance of the various hemicelluloses depend on 
plant species and CW type, with xyloglucan being the most abundant hemi-
cellulose in type I primary CWs of dicots and non-commelinid monocots 
(Doblin et al., 2010). In contrast, differently decorated forms of xylan are 
predominant in type II primary CWs of grasses, and secondary plant CWs. 
Primary plant CWs are characterised by more loosely organised micro-
fibrils embedded in and interacting with a pectic matrix (type I primary 
CWs) or mixed-linkage glucans (type II primary CWs) (Doblin et al., 2010), 
whereas the networks of hemicelluloses and more ordered microfibrils 
found in secondary CWs are impregnated and coated by lignin (Zhong and 
Ye, 2015). 

Over the past two decades, considerable progress has been made in 
uncovering CW architecture in both fungi and plants, and the enzymes 
involved in the biosynthetic CW machinery (Gow et al., 2017; Lampugnani 
et al., 2018). Nevertheless, the precise composition and interaction of in-
dividual proteins in CW-synthesising machineries, and many aspects of  
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Figure 6. The major types of β-glycans encountered in oomycete CWs. Dimeric units are 
shown for all linear polymers to highlight and facilitate comparison of monomer orientation 
and glycosidic linkage. (A) Chitin consists of N-acetylglucosamine (GlcNAc) monomers con-
nected by β-1,4-linkages. (B) The structures of linear β-1,3-glucan (top), and branched β-1,3-
glucan (bottom) with β-1,6-linkages at the branching points are shown. (C) Cellulose, a β-1,4-
linked polymer of glucose. 
 
 
CW dynamics and their underlying regulatory mechanisms, remain poorly 
understood, although the field of CW biology may be at the onset of a 
‘structural era’ as discussed below. Extant knowledge about wall architec-
ture and the enzymes synthesising the polysaccharides of oomycete CWs 
lags far behind what has been unveiled for their plant and fungal counter-
parts. Given the vast threat that pathogenic oomycetes pose to agriculture, 
aquaculture, and natural ecosystems, uncovering the details of CW bio-
synthesis and regulation in these pathogens is highly desirable. Eventually, 
unique features of oomycete CWs may reveal new opportunities to control 
diseases caused by oomycetes, for instance by compromising the cellular 
integrity that the CWs provide. In this perspective, it is noteworthy that 
plants are devoid of chitin, and neither fish nor mammals produce β-1,3-
glucans. Indeed, both polymers efficiently stimulate immune responses in 
these organisms (Legentil et al., 2015; Petit and Wiegertjes, 2016; Fuchs et 
al., 2018; Pusztahelyi, 2018; Wanke et al., 2020). 
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Current paradigm for oomycete CWs 
Not until the 1960s did pioneering biochemical work elucidate the 
fundamental constituents of oomycete CWs (Bartnicki-Garcia, 1968; 
Zevenhuizen and Bartnicki-Garcia, 1969; Sietsma et al., 1969, 1975; Pao 
and Aronson, 1970; Cameron and Taylor, 1976; Reiskind and Mullins, 
1981a; Bertke and Aronson, 1992). The main analytical methods employed 
at the time were of poor resolution, such as colorimetric assays and paper 
chromatography, in which mono- and disaccharides released during 
chemical or enzymatic hydrolysis are separated by a mobile solvent phase. 
In some cases, the nature of polysaccharides recalcitrant to hydrolysis was 
identified based on characteristic patterns using X-ray diffractometry (Lin 
and Aronson, 1970; Pao and Aronson, 1970; Sietsma et al., 1975; Aronson 
and Lin, 1978). 

Although oomycetes had historically been considered to possess cel-
lulosic CWs (Bartnicki-Garcia, 1968, and references therein), these early 
studies on various Peronosporomycetes and Saprolegniomycetes (‘Achlya-
ceae’, Atkinsiellales, Lagenidium, Phytophthora, Pythium, Saprolegnia-
ceae; see Fig. 2) revealed that the major CW polysaccharides were in fact 
β-1,3- and β-1,6-glucans (typically 60–80%; Fig. 6B). Only a relatively low 
proportion (4–21%) of low-crystallinity cellulose (Fig. 6C) was detected in 
the CWs of the studied oomycetes (Bartnicki-Garcia, 1968; Zevenhuizen 
and Bartnicki-Garcia, 1969; Sietsma et al., 1969, 1975; Pao and Aronson, 
1970; Cameron and Taylor, 1976; Reiskind and Mullins, 1981a; Bertke and 
Aronson, 1992). A somewhat higher cellulose content (20-28%) to the 
expense of β-1,3- and β-1,6-glucans was reported in several Rhipidiales 
(Bertke and Aronson, 1985), an early branching Peronosporomycete order 
(Fig. 2). 

Additional data from more advanced techniques such as glycosidic 
linkage analysis by gas chromatography are scarce and limited to few 
Peronosporomycetes and Saprolegniomycetes, but nonetheless estab-
lished that the β-1,3-glucan backbone contained short side chains of β-1,3-
glucosyl residues linked via β-1,6-linkages to the main chain (Fig. 6B) at 
about every fifth repeating unit (Zevenhuizen and Bartnicki-Garcia, 1969; 
Sietsma et al., 1969, 1975; Fabre et al., 1984; Blaschek et al., 1992). More-
over, glycosidic linkage signatures found in CWs of Phytophthora and 
Pythium species indicated the presence of cross-links between β-1,3-
glucans and cellulose (Zevenhuizen and Bartnicki-Garcia, 1969; Sietsma et 
al., 1975; Blaschek et al., 1992). Thus, the emerging picture until quite re-
cently was that oomycete CWs are largely composed of β-1,3-glucans with 
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frequent β-1,6-linked side chains of short length, and a small proportion of 
cellulose, possibly all crosslinked to some extent with each other. 

Importantly, none of these studies found evidence for any chitin in oo-
mycete CWs, despite the occasional detection of minute amounts (<4%) of 
glucosamine (Novaes-Ledieu et al., 1967; Bartnicki-Garcia, 1968; Sietsma 
et al., 1969; Dietrich, 1973; Cameron and Taylor, 1976; Reiskind and 
Mullins, 1981a; Bertke and Aronson, 1992), and an unspecified, but 
certainly small, quantity of N-acetylglucosamine (GlcNAc) in Saprolegnia 
ferax (Sietsma et al., 1969). However, the occurrence of chitin (5–18%; 
Fig. 6A) in partially crystalline form was unequivocally demonstrated 
during the 1970s by X-ray diffractometry in the CWs of several Lepto-
mitales (Lin and Aronson, 1970; Lin et al., 1976; Aronson and Lin, 1978; 
Bertke and Aronson, 1980), an early branching order of the Saprolegnio-
mycetes (Fig. 2). The reported chitin contents in the CWs of Leptomitales 
should be taken with caution as these oomycetes remain poorly studied and 
the carbohydrate composition of their CWs has not been determined using 
modern analytical methods. Nevertheless, similar investigations on Achlya 
radiosa and Saprolegnia monoica established the presence of a small 
amount of crystalline chitin (0.7–4%) in the Saprolegniaceae (Campos-
Takaki et al., 1982; Bulone et al., 1992). A unique GlcNAc-containing CW 
heteroglycan, together with some non-crystalline chitin, is present in 
A. euteiches, a legume root pathogen belonging to the Verrucalvaceae 
(Fig. 2). Alternating β-1,3 and β-1,4 linkages form the glucan backbone of 
a highly branched heteropolysaccharide, which is substituted at β-1,3-
linked glucosyl residues with single glucosyl or GlcNAc residues through 
β-1,6 linkages (Badreddine et al., 2008; Nars et al., 2013). 

Using electron microscopy, ultrastructural investigations of hyphal 
CWs subjected to sequential chemical or enzymatic treatments elucidated 
that the major CW polysaccharides in oomycetes are arranged in discrete 
layers (Hunsley and Burnett, 1970; Sietsma et al., 1975; Reiskind and 
Mullins, 1981b). These studies concluded that the outermost layer is com-
prised of amorphous β-1,3-glucans with β-1,6 linkages, and an underlying, 
more resistant, microfibrillar layer of the same material. Closest to the 
plasma membrane resides a layer of crosslinked cellulose microfibrils and 
proteins. 

More recently, Mélida et al. (2013) systematically characterised the 
extracellular carbohydrates in ten species of Peronosporomycetes and 
Saprolegniomycetes, and proposed three major CW types for oomycetes, 
distinguishable by their carbohydrate features (Fig. 7). In contrast to the 
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Figure 7. Carbohydrate composition of the three major CW types of oomycetes. Values 
(mol%) were calculated based on the relative proportion of the alkali-insoluble (about 70%) 
and alkali-soluble (about 30%) fractions from a representative species of each CW type. Type 
I CWs occur in Phytophthora species and are represented by P. infestans. Type II CWs are 
common to Saprolegniaceae and ‘Achlyaceae’, and are represented by S. parasitica. The 
only analysed species to exhibit type III CWs is A. euteiches. Adapted from Mélida et al. 
(2013). Copyright 2013 American Society for Microbiology. 

 
 
previous findings presented above, a much higher proportion of cellulose 
(30–60%) in oomycete CWs was detected by the analytical approach of 
Mélida et al. (2013), which allowed quantification of both crystalline and 
non-crystalline CW polysaccharides. Phytophthora is representative of 
type I CWs, which are characterised by the lack of GlcNAc and conse-
quently chitin, and the presence of glucuronic acid and higher levels of 
mannose in the alkali-soluble CW fraction compared to the other two CW 
types (Fig. 7). CWs belonging to type II are found in the Saprolegniaceae 
and ‘Achlyaceae’, of which seven species were included in the carbohydrate 
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analysis. Type II CWs contain a small amount of chitin (<5%), and 1,3,4-
linked glucosyl residues, suggesting that cross-links between β-1,3-glucans 
and cellulose occur in Saprolegniaceae and ‘Achlyaceae’ (Fig. 7). While the 
occurrence of 1,3,4-linked glucosyl residues in Saprolegniomycetes has 
never been reported previously, the absence of these linkages for 
Phytophthora in the analysis by Mélida et al. (2013) contradicts earlier 
findings of such crosslinking indicators in Phytophthora, representative of 
type I CWs, and Pythium described above (Zevenhuizen and Bartnicki-
Garcia, 1969; Sietsma et al., 1975; Blaschek et al., 1992). Compared to type 
I CWs, Mélida et al. (2013) found an overall higher proportion of glucans 
present in type II CWs, of which the 1,3-glucans in the alkali-insoluble 
fraction exhibit a lower degree of polymerisation than the other CW types 
(Fig. 7). CWs of type III are represented by the carbohydrate composition 
of A. euteiches, which are characterised by a higher GlcNAc content than 
type II CWs, and the unique occurrence of 1,6-linked GlcNAc residues 
(Fig. 7). Branched β-1,3-glucans connected by β-1,6-linkages (Fig. 6B) are 
present in all oomycete CW types (Fig. 7), even though types I and III con-
tain significantly more branches than type II CWs (Mélida et al., 2013). 

Despite the valuable insight into CW characteristics revealed by the 
study of Mélida et al. (2013), no other Peronosporomycetes, except two 
Phytophthora species, were included. It would be highly interesting to 
conduct similar carbohydrate analyses on other Peronosporomycetes, such 
as downy mildews, Albuginales and Rhipidiales, the Leptomitales, a poorly 
studied order of the Saprolegniomycetes, and generally early-diverging 
oomycetes (Fig. 2). However, the obligate biotrophic lifestyle, and in parts 
holocarpic nature, of some of these oomycetes may limit the possibilities 
to purify their CW material without contamination by host CWs. 

The biosynthetic machinery for CW polysaccharides 
The constituent polysaccharides present in oomycete CWs, namely β-1,3-
glucans, cellulose, and, to a lesser extent, chitin (Fig. 6), are synthesised by 
distinct enzymes or enzyme complexes that reside in the plasma mem-
brane. The three types of glycosyltransferases (GTs) discussed here all 
perform the catalytic transfer of a single glycosyl moiety from a UDP-sugar 
donor to the end of a nascent glycan acceptor. According to the classifica-
tion of carbohydrate-active enzymes based on sequence similarity, both 
cellulose and chitin synthases (CesAs and CHSs, respectively) are found in 
the GT2 family (Campbell et al., 1997; http://www.cazy.org/). This is the 
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largest of all GT families, which exhibits a GT-A structural fold and com-
prises many different enzymatic activities from species of the entire tree of 
life. In contrast, β-1,3-glucan synthases (BGSs) belong to the GT48 family, 
of which the structural fold is currently unknown, and enzymes charac-
terised to date exclusively synthesise β-1,3-glucans in fungi and plants 
(Douglas et al., 1994; Verma and Hong, 2001). All three types of poly-
saccharide synthases are integral membrane proteins (IMPs) that possess 
several transmembrane helices, typically at both termini – except for 
oomycete and certain fungal CHSs –, and a large cytosolic central loop 
containing the catalytic domain. 

Until recently, the only crystal structure solved for any of the three 
classes of synthases described above was that of a bacterial CesA complex 
(CSC), the BcsAB heterodimer from Rhodobacter sphaeroides captured 
with a translocating oligosaccharide chain (Morgan et al., 2013). As dis-
cussed in more detail below, this bacterial structure revealed ground-
breaking insight into the basis for the coupled mechanism of cellulose 
synthesis and translocation by CSCs. A concomitantly-released and 
computationally-predicted atomistic model for the structure of the cytosol-
ic catalytic domain of a cotton CesA largely confirmed and complemented 
the findings from the bacterial CSC structure (Sethaphong et al., 2013). 
Several very recent publications report the oligomeric structures of the 
synthase complexes for different plant CesAs (Purushotham et al., 2020; 
Zhang et al., 2021) and the first-ever, yet preliminary, BGS structure from 
yeast plasma membranes (Jiménez-Ortigosa et al., 2021). As discussed in 
more detail below, these additional protein structures provide exciting and 
fundamental insight into plant-specific CesA features and β-1,3-glucan 
synthesis. Thus, it is tempting to envision that the field of CW-synthesising 
enzymes is currently at the brim of entering a ‘structural era’, which will 
permit fundamental insight into the structures, mechanisms and interac-
tions that govern many more synthase complexes. No structures for CHSs 
in general, and any of the three synthase classes from oomycetes in 
particular, have been reported to date, although a structure based on in 
silico modelling using the bacterial CesA as template has been proposed 
for a CHS-related rhizobial GT2 enzyme that synthesises the chitooligo-
meric backbone of nodulation signal molecules (Dorfmueller et al., 2014). 

A distinguishing hallmark of most GT2 enzymes, and more generally 
most GT families with a GT-A fold (Taujale et al., 2020), are the canonical 
amino acids (D, D, D, and QXXRW) in conserved motifs (Fig. 8), which 
contain the residues involved in catalysis and positioning of donor, metal 
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ion and acceptor (Nagahashi et al., 1995; Saxena and Brown, 1997; Yabe et 
al., 1998; Saxena et al., 2001; Morgan et al., 2013). Moreover, three additio-
nal motifs belong to the conserved CesA ’signature’, all of which line the 
catalytic cavity and participate in catalysis (see Fig. 8; Morgan et al., 2013; 
McNamara et al., 2015). Four additional CHS-specific motifs have likewise 
been identified, even though the role of some of these motifs remains to be 
elucidated (Ruiz-Herrera et al., 2002; Choquer et al., 2004; Gonçalves et 
al., 2016). 

Interestingly, none of these conserved motifs present in CesAs and 
CHSs exist in plant, fungal, or oomycete BGSs of the GT48 family, although 
all three types of polysaccharide synthases produce linear β-glucans. A no- 
 
 

 
Figure 8. Conserved motifs with invariant residues involved in catalysis by processive GT2 
enzymes. Here, the structural details of the catalytic cavity for the bacterial CSC are shown 
(Morgan et al., 2013), including the four canonical GT2 motifs (II, IV, V, VI) and three addi-
tional conserved CesA motifs (I, III, VII) according to McNamara et al. (2015). For CHSs, the 
structural line-up is thought to be similar, although with some additional CHS-specific motifs 
(Ruiz-Herrera et al., 2002; Choquer et al., 2004; Gonçalves et al., 2016). Cellulose (cyan) and 
a UDP molecule (violet) are shown as sticks. A Mg2+ ion (yellow) and the Cα atom (blue) for 
the underlined residue of each motif are shown as spheres. Insertions primarily found in plant 
CesAs (P-CR, plant-conserved region; CSR, class-specific region) are represented as orange 
triangles. Adapted from McNamara et al. (2015). Copyright 2015 Annual Reviews. 
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table difference is the metal-independent catalysis documented for some 
BGSs (Shematek et al., 1980; Schlüpmann et al., 1993; Antelo et al., 1998; 
Leijon et al., 2018), the structural and catalytic basis of which is 
presentlyunknown (Chhetri, 2020). Nevertheless, two short domains 
directly upstream of the conserved first aspartate and QXXRW motif of 
GT2 enzymes are conserved across the GT48 family, but the significance of 
these domains remains elusive (Kelly et al., 1996; Verma and Hong, 2001). 
Some putatively BGS-specific motifs have been proposed to participate in 
catalysis, partly inferred from structural knowledge of highly similar motifs 
in other metal-independent GT families (Johnson and Edlind, 2012; 
Chhetri, 2020, and references therein). Additional conserved motifs in 
plant BGSs have been described (Li et al., 2003). The effect of amino acid 
substitutions on BGS activity has to my knowledge only been studied for 
the major yeast BGS (Dijkgraaf et al., 2002; Okada et al., 2010), which 
however did not unambiguously identify catalytic residues. 

GT2 and GT48 enzymes belong to the inverting GTs, which are charac-
terised by inversion of the configuration at the anomeric carbon of the 
sugar donor during catalysis (Lairson et al., 2008; Morgan et al., 2013). 
The following catalytic mechanism is based on extensive insight from the 
GT2 family (Fig. 9). GT48 enzymes are generally assumed to follow a simi-
lar route, even though both metal-dependent and -independent catalysis 
occurs in this family, but the underlying mechanistic details are currently 
unknown. Invariant aspartates of some conserved GT2 motifs assist with 
the coordination of the nucleotide sugar donor and the essential divalent 
metal cation in the active site cavity. Another conserved aspartate acts as 
the catalytic base that deprotonates the incoming nucleophile of the 
acceptor glycan. Concomitantly, the coordinated divalent cation electro-
statically stabilises the developing negative charge on the nucleotide 
diphosphate leaving group (Fig. 9). These processes facilitate the direct 
displacement of the nucleotide diphosphate leaving group by the nucleo-
phile. Consequently, a glycosidic bond is formed between sugar donor and 
glycan acceptor at the non-reducing end of the elongating glycan chain. 
The opposite directionality of nucleophilic attack and nucleotide diphos-
phate bond at the anomeric carbon (Fig. 9) results in its inversed configu-
ration from α to β (Lairson et al., 2008; Morgan et al., 2013). 

Moreover, GT2 and GT48 enzymes are processive — a feature that has 
been attributed to the QXXRW motif (see Fig. 8) in GT2 enzymes (Saxena 
and Brown, 1997; Morgan et al., 2013) — as they do not release the linear 
polymer product, but extend it with high efficiency to lengths ranging from  
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Figure 9. Catalytic mechanism of GT2 enzymes. Transfer of the glycosyl group from a nucleo-
side diphosphate sugar donor (red) to the non-reducing end of a glycan acceptor (blue) occurs 
via inversion of the anomeric stereochemistry with respect to the donor sugar. The oxocar-
benium ion-like transition state is omitted here. R, nucleoside monophosphate; R’, glycan 
acceptor. Adapted from Lairson et al. (2008). Copyright 2008 Annual Reviews. 
 
 
a few hundreds to several thousands of sugar residues (Bi et al., 2015; 
Orlean and Funai, 2019; Chhetri et al., 2020). A common feature of BGSs, 
CesAs, and CHSs is that these enzymes are likely capable of self-priming 
the polymerisation reaction by hydrolysis of a UDP sugar donor, genera-
ting the first acceptor monosaccharide (Omadjela et al., 2013; Orlean and 
Funai, 2019; Chhetri et al., 2020), rather than requiring an existing accep-
tor mono- or oligosaccharide to be present. CesA and CHS mechanistic 
models propose that every sugar moiety added last to the elongating chain 
rotates by 180° before the next glycosyl transfer event takes place (Morgan 
et al., 2013; Yang et al., 2015; Orlean and Funai, 2019). These models are 
inferred from the inverted arrangement of alternating glycosyl units in the 
linear cellulose and chitin products (Fig. 6), paired with the processive na-
ture of GT2 enzymes, and based on mechanistic insight from the bacterial 
CesA structure (Morgan et al., 2013). 

β-1,3-Glucan synthases 
BGSs from plants, fungi and oomycetes belong to the GT48 family 
(Douglas et al., 1994; Li et al., 2003), which has evolved to catalyse the for-
mation of similar linear β-glucans as are produced by some of the diverse 
GT2 enzymes, such as the aforementioned CesAs and CHSs. Notably, the 
GT2 family also comprises bacterial BGSs known as curdlan synthases, but 
these do not share any sequence similarity with their GT48 counterparts 
(Stasinopoulos et al., 1999; Karnezis et al., 2003), and will not be discussed 
here. All BGSs (EC 2.4.1.34) catalyse the repetitive transfer of a glucosyl 
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moiety from UDP-glucose to the non-reducing end of a nascent β-1,3-
glucan chain (Chhetri et al., 2020). 

Fungi possess one or a few BGS orthologues, depending on taxonomic 
membership (Douglas, 2001), as exemplified by two BGSs with distinct but 
partially overlapping functions in the yeast Saccharomyces cerevisiae 
(Douglas et al., 1994; Inoue et al., 1995; Mazur et al., 1995). The BGS com-
plex in S. cerevisiae is composed of a catalytic subunit containing one or 
several BGS paralogues, and a regulatory subunit, Rho1 GTPase, which acts 
as a molecular switch for BGS activity (Drgonová et al., 1996; Qadota et al., 
1996). The stoichiometry of these two subunits and their oligomeric states 
are currently unknown (Chhetri et al., 2020). However, very recently, the 
structure of the BGS complex from Candida glabrata was preliminarily 
determined to consist of hexameric clusters with a large central pore 
(Jiménez-Ortigosa et al., 2021). The limited resolution of the employed 
cryo-electron tomography did not permit distinction between the two BGS 
paralogues of this fungus, and could not be used to determine whether 
translocation channels for β-1,3-glucan chains exist in the complex. 

Plant genomes encode 4–12 BGS orthologues, which were discovered  
based on their similarity to fungal BGSs (Saxena and Brown, 2000; Li et 
al., 2003), and fall into six orthologous clades (Záveská Drábková and 
Honys, 2017). Although growing evidence suggests that plant BGSs from 
different clades are involved in the synthesis of β-1,3-glucans (Chowdhury 
et al., 2016, and references therein), experimental evidence for their cataly-
tic function is missing. As discussed above, the canonical GT2 motifs are 
absent from BGSs of the GT48 family, but the presence of putative BGS-
specific motifs may allow for a similar catalytic route. Moreover, the high 
similarity between fungal BGSs, with proven catalytic activity (Chhetri et 
al., 2020), and the large cytosolic domain of plant orthologues further sup-
ports that the latter act as the catalytic subunit of GS complexes in plants. 
Plant BGSs lack those GT2 motifs required for positioning of the substrate 
UDP-glucose in the active site, a function suggested to  be carried out in-
stead by a UDP-glucose transferase shown to be associated with plant GS 
complexes (Verma and Hong, 2001). 

Oomycetes have, like plants, multiple BGS orthologues ranging from 7–
13 paralogues in Peronosporales (Zerillo et al., 2013). This is supported by 
the two distinct BGS activities in S. monoica that differ in pH range and 
dependency on divalent cations (Billon-Grand et al., 1997). Searches of 
representative genome assemblies from 17 additional oomycete genera 
covering most Peronosporomycete and all Saprolegniale families, which I 
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conducted using the catalytic domain of yeast Fks1 (Dijkgraaf et al., 2002) 
as query sequence, confirm the general existence of a multi-membered 
putative BGS family (E-values typically <10–30) in the oomycetes (S. 
Klinter, unpublished data, not shown here). To my knowledge, there is still 
no experimental proof that any oomycete BGS can catalyse the synthesis of 
β-1,3-glucans. Nevertheless, β-1,3-glucans were synthesised in vitro using 
membrane preparations from various oomycetes belonging to the Perono-
sporomycetes and Saprolegniomycetes, including the extensively studied 
S. monoica (Wang and Bartnicki-Garcia, 1966, 1982; Cerenius and 
Söderhäll, 1984; Szaniszlo et al., 1985; Bulone et al., 1990; Antelo et al., 
1998; Bouzenzana et al., 2006; Briolay et al., 2009). BGS activity in 
membrane preparations of S. monoica is associated with three protein 
bands of 34–50 kDa in SDS-PAGE analysis (Bulone et al., 1990; Bulone 
and Fèvre, 1996), the smallest of which stimulated enzyme activity, and 
was subsequently identified as an annexin (Bouzenzana et al., 2006). Si-
milarly, an annexin was shown to directly interact with a cotton BGS, on 
which it had an inhibitory effect (Andrawis et al., 1993). Moreover, heat-
stable factors were found to stimulate β-1,3-glucan synthesis in 
Phytophthora cinnamomi (Wang and Bartnicki-Garcia, 1966) and 
S. monoica, and in the case of S. monoica the factor was suggested to be a 
membrane-bound glycoprotein (Girard and Fèvre, 1991). 

Catalysis by fungal BGSs occurs independently of divalent metal cations 
(Shematek et al., 1980), whereas plants possess two BGS types that may or 
may not be dependent on Ca2+ (Köhle et al., 1985; Schlüpmann et al., 1993; 
Leijon et al., 2018). The effect of divalent cations on oomycete BGSs is am-
biguous as some enzyme activities are stimulated (Billon-Grand et al., 
1997), whereas others remain largely unaffected (Szaniszlo et al., 1985; 
Schlüpmann et al., 1993; Antelo et al., 1998) or are even inhibited by 
cations (Fèvre and Rougier, 1981; Andrawis et al., 1993; Antelo et al., 
1998). For oomycetes, it has been proposed that the cytosolic Ca2+ gradient 
is a regulator for different BGSs in elongating hyphae (Billon-Grand et al., 
1997), just as the influx of Ca2+ regulates deposition of β-1,3-glucans, 
typically known as callose, in wounded plant tissue (Köhle et al., 1985; 
Schlüpmann et al., 1993). 

Only a few cases of inhibitors of β-1,3-glucan synthesis in oomycetes 
have been reported. The dye Congo Red complexes with extracellular cellu-
lose and β-1,3-glucan chains in vivo, thus preventing their aggregation into 
microfibrils in CWs but not their synthesis (Wood, 1980; Nodet et al., 
1990a, and references therein). BGS and CesA activities in membrane 



OOMYCETE CWS AND THEIR BIOSYNTHESIS  |  31 

 

preparations of S. monoica were inhibited by Congo Red in vitro in a non-
competitive manner, possibly because the dye could reach the isolated 
enzyme and block chain elongation (Nodet et al., 1990b). Accordingly, the 
hyphal growth of S. monoica in the presence of Congo Red was drastically 
reduced and showed aberrant tips (Nodet et al., 1990a; Fugelstad et al., 
2009). Echinocandins such as caspofungin are non-competitive inhibitors 
of fungal BGSs, but single point mutations confer increased resistance to 
fungal pathogens (Walker et al., 2010). The oomycete Pythium insidiosum 
is pathogenic to animals and human, and to my knowledge, the only oomy-
cete for which echinocandin susceptibility has been investigated (Yolanda 
and Krajaejun, 2020). Although susceptibility was variable in different 
studies, it is generally regarded to be low, indicating a largely fungistatic 
activity of echinocandins against this oomycete (Pereira et al., 2007). 

Cellulose synthases 
CesAs (EC 2.4.1.12) occur in land plants, diverse algal groups, tunicates, 
amoeba, some fungi, protists such as oomycetes, and bacteria (Grenville-
Briggs et al., 2008; Sagane et al., 2010 and references therein; Yin et al., 
2014; Römling and Galperin, 2015; Brawley et al., 2017). In all cases, these 
enzymes synthesise cellulose (Fig. 6C) by the processive addition of gluco-
syl units from UDP-glucose. A minimal dimeric complex of the catalytic 
and another subunit is sufficient for cellulose synthesis in vitro, transloca-
ting one cellulose chain through a protein tunnel across the membrane 
(Morgan et al., 2013). In contrast, single plant and moss CesAs, pre-
sumably held in trimeric arrangement, are sufficient to form cellulose 
chains and even microfibrils in vitro without additional factors needed 
(Purushotham et al., 2016; Cho et al., 2017). Nevertheless, plant and bac-
terial CSCs consist of several additional subunits in vivo (McNamara et al., 
2015; Acheson et al., 2021). 

The CesA family in land plants comprises seven major clades, which 
divide CesAs according to their participation in forming primary or sec-
ondary CWs, and each may contain one or several paralogues (Yin et al., 
2014; Little et al., 2018). Very recently, the homotrimeric structures of 
single plant CesAs involved in secondary CW formation in hybrid aspen 
and cotton were determined (Purushotham et al., 2020; Zhang et al., 
2021), confirming previous observations of trimeric structures formed by 
catalytic domains of plant CesAs (Nixon et al., 2016; Vandavasi et al., 
2016). Trimerisation is critically dependent on the sequence region specific 
to plant CesAs (Fig. 8), which is highly conserved among hybrid aspen 
CesAs involved in secondary CW formation, thus explaining how hetero-
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trimers can form in vivo (Purushotham et al., 2020). Each CesA of the 
complex produces a cellulose chain, which unite to a protofibril, thus sup-
porting the current view of plant CSCs as hexamers of trimers that form 
cellulose microfibrils composed of 18 chains (Kubicki et al., 2018, and 
references therein). Interestingly, the catalytic domain of Arabidopsis 
thaliana CesA3 and rice CesA8 form dimers, and it was hypothesised that 
dimerisation may occur prior to CSC assembly, possibly to prevent pre-
mature CSCs to form (Olek et al., 2014; Qiao et al., 2021). 

In oomycetes, four CesAs have been reported to be encoded in se-
quenced genomes of the Peronosporales (Grenville-Briggs et al., 2008; 
Lévesque et al., 2010; Zerillo et al., 2013; Liang et al., 2020), and three 
CesA genes were identified in S. monoica using Southern blot analysis in 
the absence of genomic data (Fugelstad et al., 2009). Searches of represen-
tative genome assemblies from eight additional oomycete genera, which I 
conducted using the catalytic domain of P. infestans CesA3 (Grenville-
Briggs et al., 2008) as query sequence, confirm the existence of typically 
four and 5–6 CesAs (E-values typically <10–50) in many Peronosporo-
mycete and all Saprolegniale families, respectively (S. Klinter, unpublished 
data, not shown here). Phylogenetic analysis of oomycetes CesA genes di-
vide this gene family into four clades, three of which are characterised by 
the presence of an N-terminal pleckstrin homology (PH) domain 
(Grenville-Briggs et al., 2008; Fugelstad et al., 2009; Blum et al., 2010b; 
Liang et al., 2020), which is further discussed below. 

Gene expression profiling across all life cycle stages of P. infestans re-
vealed that CesA3 was significantly more highly expressed during hyphal 
growth than the other CesA genes (Grenville-Briggs et al., 2008). More-
over, all four CesA genes were upregulated in germinating cysts and during 
the formation of appressoria, a thick-walled infection structure (Fig. 3). 
Silencing of the entire CesA gene family in P. infestans by RNA interfer-
ence reduced the cellulose content in appressorial CWs by more than 50%, 
thus severely affecting appressoria formation and morphology (Grenville-
Briggs et al., 2008). Similarly drastic effects on germinating cysts and ap-
pressoria in P. infestans were observed when these pre- and early infection 
stages were treated with 40 µM 2,6-dichlorobenzonitrile (DCB), leading to 
loss of pathogenicity (Grenville-Briggs et al., 2008), which was also ob-
served upon CesA3 silencing in the downy mildew pathogen Hyaloperono-
spora arabidopsidis (Bilir et al., 2019). DCB is an inhibitor of cellulose 
synthesis and reduces CSC motility in plants, thus resulting in the deple-
tion of these synthesising complexes in the plasma membrane (DeBolt et 
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al., 2007; Liu et al., 2017). Strikingly, mycelial growth of P. infestans was 
unaffected even using 100 µM DCB (Grenville-Briggs et al., 2008), whereas 
a 40% reduced growth of the S. monoica mycelium in the presence of 200 
µM DCB was observed (Fugelstad et al., 2009). This contrasting DCB 
susceptibility may reflect differences in CW composition between the 
oomycete CW types I and II of P. infestans and S. monoica, respectively, as 
discussed above. For instance, a higher proportion of cellulose occurs in 
type II CWs, which are potentially reinforced by the characteristic cross-
links between cellulose and β-1,3-glucans (Mélida et al., 2013). 

Mandipropamid (MPD) is a relatively new single-site inhibitor from the 
carboxylic acid amides that is highly active against foliar oomycete patho-
gens (Blum et al., 2010a). Treatment of P. infestans germinating cysts with 
MPD led to the reversible growth arrest and pre-mature tip swelling of 
germ tubes, similar to the effect of other inhibitors acting on CW-active 
enzymes or microtubules. Indeed, cellulose biosynthesis was drastically re-
duced in germ tubes grown in the presence of 17 nM MPD, whereas germ 
tube elongation was only affected at higher MPD concentrations. Mutants 
exhibiting MPD insensitivity showed point mutations in a single CesA3 
codon (Blum et al., 2010a), which is the most highly expressed of all CesA 
genes in the P. infestans mycelium (Grenville-Briggs et al., 2008). Trans-
formation of MPD-sensitive wild-type isolates with a mutated CesA3 allele 
resulted in increased MPD resistance of the transformants, thus confir-
ming CesA3 as the cellular target of MPD (Blum et al., 2010a). Subsequent-
ly, similar findings regarding susceptibility and mutational resistance were 
reported from additional Peronosporaceae, whereas other oomycete lin-
eages are tolerant for MPD due to inherent amino acid configurations at 
the putative MPD target site in CesA3 (Blum and Gisi, 2012; Blum et al., 
2012). Strikingly, the amino acid residue of CesA3 enzymes conferring 
MPD resistance is located near the extracellular end of a transmembrane 
helix, very much resembling point mutations that render plant CesAs 
resistant to isoxaben (Blum et al., 2010b; Purushotham et al., 2020). 

Chitin synthases 
Although chitin is best known to occur in fungal CWs and the exoskeleton 
of crustaceans and insects, its presence in fishes and amphibians has 
recently been demonstrated (Tang et al., 2015) Accordingly, CHSs (EC 
2.4.1.16) are found in a wide range of organisms, including numerous 
animals (Zakrzewski et al., 2014; Schwelm et al., 2015; Torruella et al., 
2015; Gonçalves et al., 2016), in which these enzymes repeatedly add 
GlcNAc moieties from UDP-GlcNAc to form β-1,4-linkages on growing 
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chitin chains. Early classification of fungal CHS (Choquer et al., 2004) 
established a system of several major CHS classes in fungi belonging to 
CHS division 1 (I–III) and 2 (IV–VII), although somewhat contradictory 
amendments throughout the years led to a recently proposed unifying 
classification based on CHS sequences from 89 genomes of diverse fungi 
(Gonçalves et al., 2016). The typically multi-membered CHS families of 
fungi fulfil distinct roles in chitin production at different growth stages, 
cellular localisations or in response to CW stress (Orlean, 2012; Roncero et 
al., 2016). The individual roles of yeast CHSs are well-studied, with, for 
example, the three CHSs of S. cerevisiae acting as repair enzyme at the bud 
scar after cell separation (Chs1, class I), forming the primary septum (Chs2, 
class II), or producing CW chitin during vegetative growth and in response 
to CW stress (Chs3, class IV). In contrast, the function(s) of individual 
CHSs in filamentous fungi is far less resolved, despite the proven involve-
ment of some of the latter enzymes in morphogenesis (Roncero et al., 2016; 
and references therein). Interestingly, fungal CHS classes V and VII are 
vital for the virulence of filamentous pathogens, and usually contain an 
additional N-terminal domain, as discussed further below. 

The expression of CHS genes, and the trafficking and activation of their 
gene products are highly regulated processes, due to their importance for 
morphogenesis and cell division (Orlean, 2012; Roncero et al., 2016). Thus, 
the earlier view based on in vitro studies with S. cerevisiae CHSs that regu-
lation essentially involves activation of zymogenic CHSs by proteolytic en-
zymes does not hold true any longer for the situation in vivo. Nevertheless, 
activation of both S. cerevisiae Chs1 and Chs2 in vivo occurs via poorly 
understood mechanisms that can be mimicked in vitro by proteolysis, 
although neither activating proteases nor processed CHS forms have been 
found (Orlean, 2012; Roncero et al., 2016). Whether oligomerisation is a 
common feature of CHSs shared with BGSs and CesAs remains poorly in-
vestigated, but the di- and/or oligomerisation of S. cerevisiae Chs3 has 
been shown to be important for trafficking (Reyes et al., 2007; Sacristan et 
al., 2013; Gohlke et al., 2017). Besides, Chs3 activity and localisation to the 
plasma membrane are critically dependent on binding to its regulator Chs4 
(Meissner et al., 2010; Sacristan et al., 2012; Gohlke et al., 2018). Catalyti-
cally active CHS di- and oligomeric complexes have also been identified in 
the oomycete S. parasitica (Rzeszutek, 2019) and a moth species (Maue et 
al., 2009), respectively. 

Oomycete CHSs form a monophyletic clade separate from the CHSs of 
other stramenopiles, such as diatoms, due to secondary loss of parts of the 
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ancestral eukaryotic CHS family (Schwelm et al., 2015). Nevertheless, oo-
mycete CHSs group with homologs from the closely related alveolates and 
Rhizaria, and as the result of convergent elution, also fungal CHS of classes 
I–III (Blank, 2011; Schwelm et al., 2015; Torruella et al., 2015; Gonçalves 
et al., 2016). Some of the CHSs from Saprolegnia species encode an N-
terminal microtubule-interacting and trafficking (MIT) domain (Guerriero 
et al., 2010; Jiang et al., 2013; Rzeszutek et al., 2019), that is discussed in 
more detail below. Four of the six CHS genes identified in the genome of 
S. parasitica (Jiang et al., 2013) are expressed in the mycelium (Rzeszutek 
et al., 2019), which is in agreement with the detection of chitin in the CWs 
of this species, as discussed above. Saprolegniales seem to possess at least 
two CHS genes, as evidenced by the identification of two CHS paralogues 
from the genomic DNA of additional species (Mort-Bontemps et al., 1997; 
Badreddine et al., 2008; Guerriero et al., 2010). The identification of 1–6 
putative CHSs encoded in 48 oomycete genomes from all major lineages in 
paper I is discussed in detail below. CHS activity was detected from mem-
brane preparations of various Saprolegniales, and readily reduced or abo-
lished by the competitive CHS inhibitors nikkomycin Z (NZ) and polyoxin 
D (Dietrich and Campos, 1978; Bulone et al., 1992; Mort-Bontemps et al., 
1997; Rzeszutek et al., 2019). These inhibitors affect likewise vegetative 
growth, potentially resulting in morphological changes, such as branched 
hyphae, tip bursting and thinner hyphal CWs (Bulone et al., 1992; 
Badreddine et al., 2008; Guerriero et al., 2010; Rzeszutek et al., 2019). 
Trypsin is a potent stimulator of oomycete CHS activity in vitro (Bulone et 
al., 1992; Guerriero et al., 2010; Rzeszutek et al., 2019), similar to fungal 
CHSs. 

Strikingly, 1–2 putative CHS genes have been reported to occur in the 
Peronosporales (Mort-Bontemps et al., 1997; Werner et al., 2002; 
Lévesque et al., 2010; Blum and Gisi, 2012; Zerillo et al., 2013; Hinkel and 
Ospina-Giraldo, 2017; Fuechtbauer et al., 2018; Cheng et al., 2019), despite 
the fact that their mycelial CWs lack detectable levels of chitin, as discussed 
above. CHS expression was confirmed to be upregulated in pre-infection 
stages, such as sporangia, zoospores, germinating cysts, and/or during ear-
ly infection (Fig. 3), even though not all stages were tested for each species. 
Together with the appressorium-specific phosphorylation of the single 
CHS of P. infestans detected by proteomics (Resjö et al., 2014), these 
combined data suggest an involvement of CHSs just before and at the onset 
of infection in the Peronosporales. Indeed, disruption of CHS orthologues 
of the P. infestans CHS gene in Phytophthora capsici and Phytophthora 
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sojae significantly reduced zoospore maturation and release from 
sporangia, as well as virulence (Cheng et al., 2019). NZ severely affects 
hyphal growth and induces morphological changes in P. infestans and 
Phytophthora palmivora (Hinkel and Ospina-Giraldo, 2017; Fuechtbauer 
et al., 2018), similar to Saprolegniales (Bulone et al., 1992; Badreddine et 
al., 2008; Guerriero et al., 2010; Rzeszutek et al., 2019). P. sojae represents 
a special case as its genome encodes two CHS paralogues (Tyler et al., 
2006; Cheng et al., 2019), which may contribute to rendering P. sojae un-
affected by NZ during hyphal growth (Hinkel and Ospina-Giraldo, 2017), 
and by gene disruption prior to and during infection (Cheng et al., 2019). 

Trafficking and localisation of CW-synthesising enzymes 
occurs via unique domain fusions in oomycetes 
A hallmark of oomycete genomes is their enrichment in gene fusions 
containing functional domains from common regulatory, metabolic, or sig-
nalling pathways (Haas et al., 2009; Morris et al., 2009; Seidl et al., 2011; 
Jiang et al., 2013). This feature distinguishes oomycetes from other eu-
karyotic organisms, in which these functional domains typically occur in 
separate genes. While most Phytophthora proteins containing domain 
fusions lack a secretion signal (Seidl et al., 2011), domain combinations 
specific to S. parasitica are enriched in putatively secreted proteins, thus 
potentially contributing to pathogenicity (Jiang et al., 2013). Domain fu-
sions are generally regarded to be facilitated by the tight gene spacing in 
gene-rich regions of oomycete genomes (Judelson, 2012). The diploid 
nature of oomycetes allows innovative and viable domain combinations to 
persist long enough for them to assert their benefits in a real-life setting, 
or to be eliminated either asexually or sexually. 

As discussed below, some of these innovative domain fusions occur in 
genes encoding GT2 enzymes, facilitating their transport to and interaction 
with cell membranes. The cytoskeleton is essential for many cellular 
processes, including the delivery of enzymes or enzyme complexes to the 
plasma membrane for the purpose of synthesising CW polysaccharides, 
and to guide the directionality of the subsequent polymer biosynthesis 
(Bashline et al., 2014). Sterol-rich membrane domains, termed lipid rafts, 
contribute to polarised cell growth in animals, fungi, and other eukaryotes 
by providing an apical scaffold for the cytoskeleton (Simons and Vaz, 2004; 
Steinberg, 2007; Sezgin et al., 2017). 
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In plants, actin filaments mediate the transport of CSCs in vesicles from 
cellular compartments to the plasma membrane, where these complexes 
bind to microtubules via protein-protein interactions promoted by auxil-
iary proteins (Chan and Coen, 2020). CSC movement in the membrane 
plane is propelled by the synthesis of cellulose and its subsequent crystalli-
sation into microfibrils, whereas cortical microtubules or, as recently 
uncovered, existing cellulose microfibrils guide directionality of the CSCs 
(Chan and Coen, 2020). In yeast-like and filamentous fungi, the transport 
of secretory vesicles, with CHSs and/or BGSs as cargo, occurs along micro-
tubules towards the Spitzenkörper below the apex of growing hyphal tips 
(Schuster et al., 2016, 2020). Here, tethering of the vesicles to actin fila-
ments prolongs their retention time, thus increasing the chance of cargo 
release into the plasma membrane by exocytosis. 

Oomycetes lack the well-defined Spitzenkörper found in many ‘true’ 
fungi, but accumulate, in an equivalent manner, vesicle clusters in hyphal 
apices (Grove and Bracker, 1970; Heath, 1994). Using inhibitors of cyto-
skeletal components during hyphal growth of Saprolegnia ferax, actin 
filaments were shown to be important for initiating and regulating polar 
growth and hyphal tip morphogenesis (Bachewich and Heath, 1998; Heath 
et al., 2000) Disruption of actin filaments led to severe growth defects 
including aberrant and impaired deposition of CW material, thus indica-
ting that actin regulates CW-synthesising enzymes. Moreover, detergent-
resistant microdomains similar to lipid rafts, and isolated from the 
mycelium of S. parasitica, contained enriched BGS and CHS activities, 
suggesting that membrane microdomains are involved in CW biosynthesis 
during apical growth (Briolay et al., 2009). In contrast, the hyphal apex of 
S. ferax contains rather few microtubules, and suppressing microtubule 
polymerisation hardly altered tip growth, despite growth was slowed and 
mitosis inhibited (Heath et al., 2000). 

The PH domain of oomycete CesAs 
The PH domain (Pfam accession PF00169) occurs in a wide range of eu-
karyotic proteins involved in cellular signalling, cytoskeletal organisation, 
membrane trafficking, and phospholipid processing (Scheffzek and Welti, 
2012). The structural fold seen in all analysed PH domains is highly con-
served and consists of a bent seven-stranded β-sheet and a contacting C-
terminal α-helix (Fig. 10A), whereas sequence conservation is rather low. 
A small fraction of all PH domains exhibits specific binding to membrane 
phospholipids, such as phosphatidylinositol phosphates (PIPs), but most 
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Figure 10. Canonical structures of the PH and MIT domains. (A) Structure of the PH domain 
(yellow) and its binding sites for phosphotyrosine peptides (blue), polyproline helices (green) 
and headgroups of PIPs (orange). Not shown here, protein-protein interactions are mediated 
by different interfaces of the PH domain. Reprinted with permission from Scheffzek and Welti 
(2012) under a Creative Commons BY-NC-ND 3.0 licence. Copyright 2015 The Authors. (B) 
Three-helix structure of the MIT domain (yellow, orange, and red for individual α-helices) and 
its major binding grooves for selected interacting motifs (green and blue). Note that an artificial 
overlay of two distinct binding conformations is shown here. Adapted from Kieffer et al. (2008). 
Copyright 2008 Elsevier. 

 
 
PH domains help to establish protein-protein interactions, in particular to 
G proteins, through binding to phosphotyrosine and polyproline peptides 
(Scheffzek and Welti, 2012). Interestingly, interactions with these diverse 
ligands are mediated by binding to different faces of the PH domain 
(Fig. 10A), which may have evolved from a rather ancient protein module 
by adaptation to various cellular functions (Xu et al., 2010; Scheffzek and 
Welti, 2012). 

The PH domain is one of the domains that is highly overrepresented in 
oomycete-specific fusions compared to fungal plant pathogens (Seidl et al., 
2011). About 100 proteins in Phytophthora contain a PH domain, albeit in 
different combinations with a range of other domains (Morris et al., 2009; 
Seidl et al., 2011). Many oomycete CesAs exhibit an N-terminal fusion of a 
PH domain that is unique compared to CesAs of other organisms 
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(Grenville-Briggs et al., 2008; Blum et al., 2010b; Blum and Gisi, 2012; 
Fugelstad et al., 2012), although this is never the case for every CesA 
encoded by a single genome. 
In oomycetes, the only PH domain that has been functionally characterised 
to date, SmPH, is N-terminally fused to S. monoica CesA2 (Fugelstad et al., 
2012). Sequence analysis of the SmPH domain identified a conserved 
binding motif for PIPs present in human PH homologs, and highest se-
quence similarity was found with one of the PH domains of the human 
protein TAPP1 (Fugelstad et al., 2012), which binds PIPs, is targeted to 
membranes, and co-localises with actin filaments (Dowler et al., 2000; 
Marshall et al., 2002). Indeed, strong binding of the SmPH domain to dif-
ferent PIPs and other phosphorylated lipids, even in picomole amounts, 
was detected by an in vitro binding assay (Fugelstad et al., 2012). Further 
in vitro binding assays revealed that, like TAPP1, the SmPH domain binds 
to actin filaments, and additionally to microtubules, although possibly to a 
somewhat lesser extent. Expressing recombinant SmPH domain fused to 
GFP in human cells confirmed its partial co-localisation with actin fila-
ments in the cytosol, in addition to extensive staining in the nucleus 
(Fugelstad et al., 2012), which contains its own pool of PIPs (Fiume et al., 
2012). However, similar in vivo experiments for binding of the SmPH do-
main to microtubules remained inconclusive (Fugelstad et al., 2012). Thus, 
the probable function of the SmPH domain is to aid S. monoica CesA2 in 
localisation to and retention at sites of CW biosynthesis, similar to the role 
of auxiliary proteins that tether plant CSCs to microtubules (Chan and 
Coen, 2020). 

The MIT domain of oomycete CHSs 
The MIT domain (Pfam accession PF04212) is found in many eukaryotic 
proteins that share an involvement in diverse processes related to endoso-
mal membrane trafficking and/or microtubule interaction, but occurs also 
in archaea (Ciccarelli et al., 2003; Obita et al., 2007; Samson et al., 2017). 
A well-studied type of proteins containing MIT domains is a class of multi-
domain ATPases that is crucial to microtubule severing and cell abscission 
after completed cell division (Monroe and Hill, 2016). As for the PH 
domain, sequence conservation of the MIT domain is rather low (Rigden 
et al., 2009). In the aforementioned ATPases, the MIT domain mediates 
binding to the interacting protein motifs (Fig. 10B) of a fundamental pro-
tein complex for membrane scission, whereas another domain specifically 
binds to microtubules (Monroe and Hill, 2016). However, sperm cells ex-
press other proteins containing a MIT domain, which directly links vesicles 
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to microtubules (Berruti et al., 2010; Elkis et al., 2015). The highly conser-
ved MIT domain structural fold features an asymmetric bundle of three α-
helices (Fig. 10B), which is stabilised by unusual coiled-coil interactions 
between the helices (Scott et al., 2005; Obita et al., 2007). Binding of the 
interacting protein motifs occurs at characteristic grooves formed between 
different α-helical pairs of the MIT domain (see Fig. 10B; Yang et al., 2012). 
Unfortunately, no structure for any MIT domain of sperm cell proteins has 
been solved to my knowledge. Moreover, one MIT domain was shown to 
also bind PIPs, as is the case for some PH domains, but in a Ca2+-dependent 
manner instead, and although it was not tested experimentally, coincident 
binding to interacting motifs and PIPs was structurally feasible (Iwaya et 
al., 2013). 

In oomycetes, the N-terminal MIT domains of S. monoica CHS1 
(SmMIT1) and CHS2 (SmMIT2) have been structurally and functionally 
characterised (Brown et al., 2016). Lipid binding assays showed that re-
combinant forms of both MIT domains displayed nearly identical substrate 
specificities, with highest binding observed to phosphatidic acid, followed 
by somewhat weaker signals measured with phosphatidylserine and dif-
ferent PIPs. Binding occurred exclusively with phosphorylated lipids, and 
was possible even in the absence of divalent cations (Brown et al., 2016), 
unlike other MIT domains that require Ca2+ ions for lipid binding (Iwaya 
et al., 2013). Neither the SmMIT1 nor the SmMIT2 domain were able to 
interact with microtubules or actin filaments (Brown et al., 2016). Potential 
protein-protein interactions were further probed using a yeast two-hybrid 
screen, but yielded few hits with significant sequence identity to known 
proteins from oomycetes. Interestingly, common putative interactors 
included proteins involved in the formation and cargo recruitment of 
clathrin-coated vesicles, which mediate the transport of proteins between 
membranes (Robinson, 2015). 

The NMR structure of the SmMIT1 domain exhibited the classical 
three-helix bundle characteristic of MIT domains, and guided building of 
a highly similar structure for the SmMIT2 domain using homology mod-
elling (Brown et al., 2016). Except for a shorter N-terminal α-helix, the 
overall structure of the SmMIT1 and the SmMIT2 domain largely resem-
bled human MIT domain structures. Moreover, the absorption profiles of 
the SmMIT1 domain on lipid bilayers of different constituents, known to 
occur in the plasma membrane of S. monoica (Briolay et al., 2009), were 
studied using molecular dynamics simulations (Kuang et al., 2016). Bin-
ding to membranes composed of phosphatidic acid was much stronger 
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than for those made of phosphatidylcholine (Kuang et al., 2016), to which 
the SmMIT1 domain did not exhibit affinity in vitro (Brown et al., 2016). A 
‘binding hotspot’ on the SmMIT1 domain, consisting of four arginine 
residues on helix 1 and the N-terminus of helix 2, was shown to be critical 
for the high affinity to phosphatidic acid-based membranes (Kuang et al., 
2016). Thus, the putative function of the SmMIT1 and the SmMIT2 domain 
could be to interact with membrane phospholipids and aid proper vesicle 
sorting for trafficking of S. monoica CHSs to the plasma membrane. 

Notably, certain CHSs specific for filamentous fungi possess an N-
terminal fusion with a myosin motor domain (Pfam accession PF00063), 
which binds actin filaments but rather functions in exocytosis of CHS-
containing vesicles at the plasma membrane than in trafficking (Schuster 
et al., 2016, 2020). These vesicles were shown to co-transport other CHSs 
and/or BGSs lacking a myosin motor domain. 

Unpublished data: the MIT domain is important for the expression of 
S. monoica CHS2 
Given that the CW and its biosynthetic machinery represent promising 
targets for novel methods of disease control for devastating oomycete 
pathogens, I further investigated the role of the SmMIT2 domain in mem-
brane trafficking, to improve our understanding and potentially identify a 
target for inhibition. Recombinant S. monoica CHS2 was previously 
confirmed to exhibit catalytic activity in vitro when expressed in Pichia 
pastoris, but this wild-type strain showed significant endogenous CHS 
activity (Guerriero et al., 2010). Thus, I utilised a S. cerevisiae mutant 
strain, that I had constructed as discussed below, exhibiting a low back-
ground CHS activity in in vitro enzyme assays. I engineered a recombinant 
version of the full-length S. monoica CHS2 fused to a C-terminal GFP tag 
(Fig. 11A), hereafter referred to as SmCHS2, the sequence of which was 
verified by DNA sequencing (data not shown). Heterologous expression in 
the S. cerevisiae mutant strain followed an established scheme for the 
recombinant production and purification of membrane proteins in yeast 
(Drew et al., 2008), which is frequently used by our group. SmCHS2 pro-
duction levels were 1.2 ± 0.3 mg L–1 (Fig. 11A), as determined by measuring 
the whole-cell GFP fluorescence (Drew et al., 2008). These and the follow-
ing fluorescence data are from one experiment with 5–7 replicates. In-gel 
GFP fluorescence from crude membrane samples after denaturing SDS-
PAGE revealed a protein band with an apparent molecular weight of 123 
kDa (Fig. 11B), whose identity was confirmed by mass spectrometry 
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Figure 11. Expression analysis of different SmCHS2 constructs with or without MIT domain. 
(A) Schematic overview of the N-terminal deletion constructs. The positions of the MIT domain 
(white) and the CHS domain (grey) are shown as predicted by the Pfam database v34 (Mistry 
et al., 2021, http://pfam.xfam.org/), and of transmembrane α-helices (black vertical lines) as 
predicted by CCTOP (Dobson et al., 2015, http://cctop.enzim.ttk.mta.hu). The canonical GT2 
residues (triangles) and the GFP tag (black) are indicated. Values in parentheses denote 
protein yields (mg L–1) as calculated from whole-cell GFP fluorescence of recombinant 
SmCHS2 constructs expressed in yeast, and represent means and standard deviations from 
5–7 replicates of one experiment. n.d., not detected. (B) In-gel GFP fluorescence of the differ-
ent SmCHS2 constructs from crude yeast membranes after denaturing SDS-PAGE. Note the 
inversed intensity ratio between the auto-fluorescent yeast protein (asterisk) and constructs 
SmCHS2Δ208 and SmCHS2ΔMIT lacking the MIT domain. 
 
 
analysis of peptides after in-gel proteolysis as described by Srivastava et al. 
(2016), detecting 14 unique peptides with a total coverage of 21%. The 
lower band at about 70 kDa corresponds to an unknown auto-fluorescent 
yeast protein typically observed under the experimental conditions used 
(Drew et al., 2008). 

I constructed two SmCHS2 variants in which the MIT domain (residues 
143–205 according to Pfam accession PF04212) was deleted, of which con-
struct SmCHS2Δ208 lacks the first N-terminal 208 residues that include the 
MIT domain (Fig. 11A). In contrast, the very N-terminal sequence is retai-
ned in construct SmCHS2ΔMIT but nearly the entire MIT domain (residues 
156–208) was deleted (Fig. 11A). The deletion design of SmCHS2ΔMIT was 
guided by the NMR structure of SmMIT1 (Brown et al., 2016) to minimise 
the impact of the deletion on the remaining protein sequence, which is why 
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the short N-terminal helix 1 of the MIT domain was kept as its last residue 
is in close proximity to the domain’s C-terminus. Neither SmCHS2Δ208 nor 
SmCHS2ΔMIT (Fig. 11A) were detectable by whole-cell GFP fluorescence, 
but faint protein bands with apparent molecular weights of about 100 and 
110 kDa, respectively, were visible from in-gel GFP fluorescence of separa-
ted crude membranes (Fig. 11B). Comparison of the in-gel GFP fluores-
cence between the different SmCHS2 variants is most easily achieved by 
comparing the band intensity for a certain variant with that of the 70-kDa 
auto-fluorescent yeast protein (Fig. 11B, asterisk), which exhibits very 
similar protein levels independent of the recombinant IMP target (Drew et 
al., 2008). These results highlight the important role of the SmMIT2 do-
main for accurate protein biosynthesis and/or targeting, as its deletion 
appears to have largely reduced but not completely abolished production 
of SmCHS2Δ208 and SmCHS2ΔMIT, or their membrane targeting, although 
the underlying mechanism was not investigated further. 

To further clarify the role of the SmMIT2 domain for membrane target-
ing and/or protein production of CHS proteins, I constructed two additio-
nal SmCHS2 variants, of which construct SmCHS2Δ132 lacks the very N-
terminal end until shortly before the start of the MIT domain (Fig. 11A). 
Construct SmCHS2reΔ features the same deletion as SmCHS2ΔMIT, but has 
additionally the entire SmMIT2 domain engineered at the very N-terminus 
of the construct (Fig. 11A). Surprisingly, whole-cell GFP fluorescence was 
not only restored with constructs SmCHS2Δ132 and SmCHS2reΔ but even en-
hanced four- and two-fold, respectively, compared to SmCHS2 (Fig. 11A). 
Guided by the band intensity of the auto-fluorescent yeast protein 
(Fig. 11B, asterisk), the level of in-gel GFP fluorescence of SmCHS2Δ132 was 
comparable to that of SmCHS2, whereas construct SmCHS2reΔ exhibited a 
moderate level of fluorescence intermediate between the high level of 
SmCHS2 and SmCHS2Δ132, and the faintly fluorescent constructs 
SmCHS2Δ208 and SmCHS2ΔMIT (Fig. 11B). 

Altogether, these data show that the MIT domain is pivotal for protein 
production and/or membrane targeting of SmCHS2. Indeed, such a 
membrane-trafficking function has been shown for the MIT domain of 
mammalian and yeast proteins, which are cytosolic in contrast to SmCHS2, 
and involved in endosomal membrane trafficking and/or microtubule 
interaction (Babst et al., 1998; Row et al., 2007; Berruti et al., 2010; Elkis 
et al., 2015). However, the precise nature of the membrane(s) in which 
SmCHS2 resides was not investigated in the present experiments as only 
crude membranes were analysed for the occurrence of GFP fluorescence. 
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Future experiments could dissect more precisely the sub-cellular locali-
sation of the wild-type and variant constructs of SmCHS2, and aim to 
elucidate the function of the SmMIT2 domain in vivo. 
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Present investigation 
The main objective of this work was to elucidate the role of putative GTs 
implicated in the biosynthesis of oomycete CW polysaccharides by a multi-
step procedure, in which relevant data for each target protein were 
thoroughly validated at each step. Firstly, suitable gene candidates were 
identified, and their gene products analysed for the presence of typical 
sequence features important for putative function. Such work is illustrated 
by the oomycete-wide discovery and detailed phylogenetic analysis of 
CHSs and their sequence features (paper I), and similarly, the identifica-
tion of the CesA gene families in S. parasitica (paper II) and P. capsici 
(paper III). Secondly, expression of promising candidate genes was veri-
fied, which was probed here by means of different techniques, including (i) 
gene expression analysis (papers II and III), (ii) detection of and inter-
action between P. capsici CesAs using monoclonal antibodies in Western 
blotting and immunoprecipitation (paper III), and (iii) the effect of 
inhibitory compounds on hyphal growth and integrity (papers I and II) 
and enzymatic activity in in vitro assays (paper II). Thirdly, firm bio-
chemical characterisation is the absolute proof of protein function, and has 
been attempted here by the in vitro enzymatic assays of recombinant forms 
of single GTs representing putative CHSs from various organisms (unpub-
lished data) and PcCesA1 (paper III). Fourthly, obtaining structural 
insight remains a highly desired yet challenging aim for many IMPs. This 
is witnessed by the paucity of determined GT2 structures (17 at the time of 
writing), of which enzymes synthesising CW polysaccharides are only 
represented by three CSC structures (Morgan et al., 2013; Purushotham et 
al., 2020; Zhang et al., 2021), which strikingly contrasts with the fact that 
this enzyme family is the largest of all GT families (Campbell et al., 1997; 
http://www.cazy.org/). To facilitate structural determination of IMPs, we 
developed a method that allows the reconstitution of IMPs and surroun-
ding lipids directly from crude cell membranes into Salipro nanoparticles 
(paper IV). 

Gene identification and analysis 
Since the first two Phytophthora genome sequences were released by Tyler 
et al. (2006), the number of available oomycetes genomes has been grow-
ing at an ever-accelerating pace (Fig. 12), and has generated a wealth of 
genomic data. Although the assembly of oomycete genomes is complicated 
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Figure 12. The growth of deposited oomycete genomes. Cumulative numbers of represen-
tative (black) and all (grey) oomycete genome assemblies deposited in the NCBI GenBank 
repository (Benson et al., 2013; https://www.ncbi.nlm.nih.gov/genbank/) until the end of Au-
gust 2021, accessed on the 2nd of September 2021. 

 
 
by their high repeat content and relatively large sizes — as high as 74% for 
Phytophthora infestans (Haas et al., 2009), and ranging 32–295 Mb with 
an average of 75 Mb, respectively —, recent phylogenomic data include a 
staggering 65 genomes (McGowan and Fitzpatrick, 2020). At the time of 
writing, 87 representative assemblies (Fig. 12) are deposited in the NCBI 
GenBank repository (Benson et al., 2013). 

The majority of oomycete genomes lack associated gene models 
(McGowan and Fitzpatrick, 2020), which are defined as genomic regions 
transcribed into RNA that, in turn, may either be translated into protein, 
or belong to non-coding RNA (Schnable, 2020). Gene annotations are 
certainly at least partly correct and are valuable if such annotation is 
carried out manually by reliable experts, or automatically using stringent 
inference criteria for homologous gene families (McCarthy and Fitzpatrick, 
2017) or common universal single-copy orthologues (McGowan et al., 
2019; McGowan and Fitzpatrick, 2020). Nevertheless, much of the annota-
tion process relies on automated workflows that assign putative functions 
to gene products based on criteria such as sequence similarity and coverage 
to putatively homologous, or presumably equivalent, sequences in data-
bases (Haas et al., 2011; Hoff and Stanke, 2015). Thus, the accuracy of gene 
function predictions by such automated annotation is critically dependent 
on (i) completeness and quality of the genome to be annotated, and (ii) 
evolutionary distance to, conservation of, and strength of the functional 
evidence of the ‘reference’ sequence, from which the putative function of a 
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novel gene product can be inferred (Salzberg, 2019; Vaattovaara et al., 
2019). Moreover, novel experimental insight into the function of a ‘refer-
ence’ sequence after the time of annotation does not automatically lead to 
an update for the inferred gene product (Salzberg, 2019). It is noteworthy 
that less than 0.3% of all protein sequences in the UniProt database 
(https://www.uniprot.org/) had experimentally verified functions at the 
time of writing, and that a large portion of these come from a limited num-
ber of model organisms. 

Oomycete-wide survey of CHS diversity and evolution (paper I) 
As discussed above, Peronosporomycetes are devoid of chitin (Cooper and 
Aronson, 1967; Bertke and Aronson, 1992; Mélida et al., 2013), yet it was 
shown that the viability of Phytophthora species is severely challenged by 
NZ, a competitive CHS inhibitor (Hinkel and Ospina-Giraldo, 2017; 
Fuechtbauer et al., 2018). Strikingly, genomes of Peronosporomycetes 
contain one or two putative CHS genes (Tyler et al., 2006; Lévesque et al., 
2010; Kemen et al., 2011), which are highly expressed during plant 
infection, at least, in Phytophthora (Hinkel and Ospina-Giraldo, 2017; 
Fuechtbauer et al., 2018), suggesting an important biological function. In 
contrast, small quantities of chitin are typically found in the CWs of Sapro-
legniales (Bulone et al., 1992; Mélida et al., 2013), and six CHS genes are 
predicted in the genome of S. parasitica (Jiang et al., 2013; Rzeszutek et 
al., 2019). 

Available data on phylogeny and conserved CHS motifs of oomycete 
CHSs pre-date or are from the onset (Fig. 12) of oomycete genomics (Mort-
Bontemps et al., 1997; Ruiz-Herrera et al., 2002; Werner et al., 2002; 
Badreddine et al., 2008; Guerriero et al., 2010; Blum and Gisi, 2012). Thus, 
it is difficult to draw general conclusions from these very limited and 
outdated datasets about occurrence, phylogeny, diversity, function, and 
evolution of oomycete CHSs. Nevertheless, answering these questions may 
give valuable insight into suitable candidate CHSs to study, among other 
reasons, for biochemical activity, the discovery of CW-disrupting drugs 
against oomycete pathogens, or structure determination of the first-ever 
CHS. 

Mining all available genomic data, one unpublished genome project, 
and some additional gene data, we identified 93 putative CHS genes from 
48 evolutionary discrete oomycetes belonging to Peronosporomycetes and 
Saprolegniales, and including the early diverging Eurychasma dicksonii 
(Fig. 2). Notably, sequence quality and coverage for 21 oomycete CHSs was 
markedly improved by correcting apparent errors, which had been intro-
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duced during genome sequencing, as guided by sequence alignments and 
initial maximum-likelihood (ML) phylogenies of full-length CHSs. The cor-
rectness of the predicted protein sequences was validated by the presence 
of conserved CHS motifs, essential for enzymatic activity in fungal homo-
logs, in all gene products (see Table 2 of paper I). ML phylogenetic 
analysis revealed that oomycete CHSs form two Peronosporomycete-
specific and six Saprolegniale-specific clades, and demonstrated that each 
oomycete genome harbours at least one CHS gene (see Fig. 1 of paper I). 
Moreover, our work showed the prevalence of an N-terminal MIT domain 
in oomycete CHSs belonging to all except one clade. This widespread 
existence of a CHS-associated MIT domain is strongly supported by manu-
al sequence analysis, results from homology modelling, and comparison of 
conserved structural features from sequence logos. Using phylogenetic 
reconciliation analysis, we propose a dynamic evolution of CHSs in 
modern-day oomycetes characterised by multiple independent gene dupli-
cations and losses, and the existence of at least four conserved CHS groups 
common to all oomycete lineages (see Fig. 4 of paper I). Expression of a 
single CHS gene detected in the P. infestans genome, and the function of 
its encoded gene product were probed using the CHS inhibitor NZ, a 
substrate analogue of UDP-GlcNAc. Indeed, rupture of hyphal tips in 
growing mycelium of P. infestans was observed by light microscopy (see 
Fig. 2 of paper I). 

In conclusion, this work represents the first systematic identification 
and in-depth analysis of putative CHSs in 48 highly diverse species. Our 
results significantly expand previous knowledge on oomycete CHSs by 
showing that these proteins (i) are encoded by every genome included in 
the analysis, (ii) form well-defined clades with distinctive features such as 
expression during certain developmental stages, (iii) frequently exhibit a 
characteristic N-terminal fusion to a MIT domain, and (iv) existed as at 
least four paralogues already in the most recent common ancestor of the 
oomycetes. Sensitivity of growing mycelium to a CHS inhibitor indicates 
that (i) the single CHS gene of P. infestans is indeed expressed in this life 
cycle stage, and (ii) its encoded gene products possibly synthesises minute 
amounts of chitin or chitooligomers not detectable in CWs using conven-
tional approaches. 

Identification of CesA gene families in oomycete genomes (papers II 
and III) 
Identification of six putative CesA genes by my colleague Dr. Sara M. Díaz-
Moreno in the S. parasitica genome (Jiang et al., 2013) initiated the work 
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presented in paper II to analyse the CesA gene family in this oomycete. I 
verified the correctness of the gene sequences from the genome project 
(Jiang et al., 2013). DNA sequencing of cDNA cloned from extracted total 
RNA of the S. parasitica mycelium confirmed the gene sequences of three 
genes, namely SpCesA2.1, SpCesA2.3, and SpCesA3.2, whereas multiple 
differences detected in the other three gene sequences, namely SpCesA2.2, 
SpCesA3.1 and SpCesA4, partly affected the encoded gene products (see 
File S1 of paper II). A missed nucleotide base in SpCesA3.1 resulted in an 
early stop codon, the correction of which by my DNA sequencing work 
revealed the existence of an additional transmembrane α-helix. For 
SpCesA4, the N-terminus was found to start 19 aa earlier than predicted by 
the genome project (Jiang et al., 2013), and a missed nucleotide base re-
sulted in a frame-shift extending the C-terminus by about 300 aa (see File 
S1 of paper II). 

Similar to the ML phylogenetic analysis of CHSs presented in paper I, 
we inferred a representative ML phylogeny of oomycete CesAs sampled 
from diverse Peronosporomycetes and Saprolegniomycetes (see Fig. 1 of 
paper II). The data comprised eleven known homologues of three species, 
and 31 newly identified CesAs in paper II from six additional species, 
including the six paralogues of S. parasitica. This broad species diversity 
of our dataset resulted in the well-supported placement of CesA ortho-
logues into three groups (CesA2–4), which contrasts with previous divi-
sions of oomycete CesAs from limited species sets into four orthologous 
groups (CesA1–4). More specifically, our analysis showed that CesA ortho-
logues from Peronosporomycetes, traditionally designated as CesA1 group, 
rather originate from gene duplication within the CesA2 group (see Fig. 1 
of paper II). Our finding was subsequently confirmed by another phylo-
genetic analysis of CesAs from largely different oomycetes (Liang et al., 
2020), including the four CesAs of P. capsici (paper III). Notably, the 
sequences of all oomycete homologues included in our analysis (paper II), 
and additionally of all P. capsici CesAs (paper III), were shown to contain 
conserved motifs, essential for the catalytic activity of plant and bacterial 
CesAs, thus indicating the general enzymatic functionality of the CesAs in 
S. parasitica and other oomycetes. The presence or absence of an N-
terminal PH domain in oomycete CesAs belonging to different CesA groups 
is a distinguishing hallmark that has been noted previously. Indeed, the 
domain organisation of the CesA homologues from P. capsici and 
S. parasitica is in line with these previous observations, as all orthologous 
gene sequences were confirmed to encode a PH domain, which is replaced 
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by additional transmembrane α-helices in CesA3 paralogues (see Fig. 1 of 
papers II and III, respectively). 

Verification of gene expression and protein function 
The life cycle of oomycetes is characterised by clearly distinct stages 
(Figs. 3 and 4), such as mycelium, zoospores, and cysts, that differ signifi-
cantly in number and relative abundance of genes expressed (Judelson et 
al., 2008; Lévesque et al., 2010; Jiang et al., 2013). For instance, about 60% 
of all P. infestans genes show significant differences (>2-fold changes) in 
mRNA levels throughout the life cycle, and expression of most of the 15% 
of the genes that exhibit even >100-fold changes is stage-specific (Judelson 
et al., 2008). This corroborates the need to verify expression of a selected 
target gene in a given life cycle stage if biochemical characterisation of the 
encoded gene product is intended to be carried out from endogenous cell 
material. 

Functional and evolutionary relatedness, the latter being implied by 
sequence similarity, do not have to mutually correlate, and there are many 
examples highlighting the pitfalls of assigning functions primarily on the 
basis of high sequence similarity, or refraining from doing so in the absence 
of significant similarity (Pearson, 2015). Indeed, many proteins of common 
evolutionary ancestry have functionally diverged as result of gene dupli-
cation. The CesA-like superfamily of plant GT2 enzymes represents a 
prominent example for such diversified functions, in which different yet 
similar enzymatic activities catalyse the synthesis of various CW polysac-
charides (Richmond and Somerville, 2000; Yin et al., 2014, and references 
therein; Little et al., 2018). Likewise, convergent evolution can lead to the 
development of identical function in otherwise unrelated proteins, as 
evidenced by the independent evolution of BGS activity in bacterial GT2 
and eukaryotic GT48 enzymes. It may also be rather the structural fold 
than the actual protein sequence that is highly conserved, as is the case for 
the PH and MIT domains discussed above. 

Expression analysis of oomycete genes encoding GT2 enzymes 
(papers II and III) 
Gene expression analysis demonstrated that the SpCesA2.2, SpCesA3.1, 
and SpCesA4 genes were expressed in the mycelium of S. parasitica (see 
Fig. 2A of paper II), of which SpCesA3.1 showed the highest expression, 
consistent with the expression pattern of CesA genes observed in the 
mycelium of Peronosporomycetes (Grenville-Briggs et al., 2008; Blum and 
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Gisi, 2012; Liang et al., 2020). We further probed gene expression and the 
presence of functional gene products using known inhibitors of cellulose 
biosynthesis in plants, namely flupoxam (Vaughn and Turley, 2001), CGA 
325’615 (Peng et al., 2001), and compound 1 (Sharples et al., 1998). Firstly, 
mycelial expression of SpCesA3 was significantly reduced in the presence 
of flupoxam and CGA 325’615, which concomitantly also affected the 
expression of several CHS genes (see Fig. 2B of paper II). The effect of 
compound 1 on gene expression was not tested. Secondly, growth of the 
S. parasitica mycelium was reduced by about 60–75% compared to the 
control after two days in the presence of 200 µM of any of the inhibitors 
(see Fig. 5A of paper II), and specifically flupoxam let to a long-lasting 
delayed growth not seen with the other inhibitors. Compared to the other 
two inhibitors, S. parasitica was generally less susceptible to compound 1 
as evidenced by the fact that 100 µM of this inhibitor caused only an about 
30% reduction in hyphal growth. Microscopic observations of mycelium 
grown with inhibitors revealed that only flupoxam altered hyphal mor-
phology of S. parasitica, with application of 100 µM flupoxam leading to 
immediate cell death (see Fig. 5B of paper II). Thirdly, in vitro measure-
ments of different GT activities, which is discussed in more detail below, 
from detergent-extracted microsomal fractions demonstrated that both 
CesA and CHS activity, and to a smaller extent BGS activity, were strongly 
reduced by flupoxam in a concentration-dependent manner (see Fig. 3 of 
paper II). CGA 325’615 and compound 1 also partially inhibited CesA and 
CHS activity, but these effects were much weaker than those seen with 
flupoxam. Taken together, these data confirm the expression of some CesA 
genes in the mycelium of S. parasitica, and support corresponding enzy-
matic activity of the encoded gene products, an activity which is susceptible 
to known cellulose biosynthesis inhibitors. Moreover, the inhibition of dif-
ferent enzymatic activities from the GT2 family by all three inhibitors, and 
the additional inhibition of GT48 enzymes by flupoxam in S. parasitica, 
may indicate that these inhibitors rather interfere with general pathways 
for CW biosynthesis, or bind to other sites on the enzymes than the cat-
alytic site, as was proposed for CGA 325’615 in plants (Peng et al., 2001). 

In the case of P. capsici, gene expression analysis confirmed that all 
four CesA genes are expressed during mycelial growth (see Fig. 2 of paper 
III), showing the general expression pattern for CesA genes in Perono-
sporomycetes described above. Using monoclonal antibodies specific for 
single P. capsici CesAs, we demonstrated the presence of all four CesAs in 
CHAPS-extracted microsomal fractions by Western blotting (see Fig. 3A of 
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paper III). Interestingly, all P. capsici CesAs except CesA3 were shown to 
interact in CHAPS-extracted microsomal fractions by immunoprecipi-
tation with CesA-specific antibodies (see Fig. 3B of paper III), and sub-
sequent mass spectrometry analysis (see Fig. S4 of paper III), possibly 
indicating the formation of a heteromeric CSC in this oomycete. We inves-
tigated the in vitro formation of soluble and insoluble products, discussed 
in more detail below, under conditions specific for CesAs using CHAPS-
extracted microsomal fractions from the mycelium of P. capsici. About 2.3 
± 0.1 nmol of glucose was incorporated into water-soluble reactions pro-
ducts per mg of protein, whereas insoluble material was hardly detected 
(see Fig. 4 of paper III). Thus, these data demonstrate that all CesA genes 
are expressed in the mycelium of P. capsici, and that the corresponding 
gene products may interact with each other, and form soluble products in 
vitro. 

Measurement of GT activities by an in vitro radiometric assay 
A robust and specific assay to measure the enzyme activity of interest is the 
cornerstone of every biochemical characterisation, which must carefully 
consider the available quantity and purity of the protein preparation, and 
the inherent characteristics of the catalysed reaction and its product(s). 
The enzymatic activities investigated here belong to various membrane-
bound GTs, which commonly feature the catalytic transfer of a single glyco-
syl moiety from a UDP-sugar donor to the end of a nascent glycan chain 
acceptor. The typical amount of these GTs available during initial enzyme 
characterisation from crude membranes, such as from the mycelium of 
oomycetes or when the protein of interest is recombinantly produced, is 
rather low and a limiting factor for any assay to be employed. Moreover, 
crude membranes contain a wide range of IMPs with different activities 
and other substances that potentially could interfere with in vitro assays. 

The most widely used assay for plant (Brown et al., 2012), fungal 
(Shematek et al., 1980; Orlean, 2012) and oomycete (Cerenius and 
Söderhäll, 1984; Bulone et al., 1992; Fugelstad et al., 2009) GTs forming 
neutral products, such as BGSs, CesAs and CHSs, utilises UDP-sugar 
donors that are radiolabelled on the sugar moiety (Fig. 13), typically with 
14C (Wagner and Pesnot, 2010; Brown et al., 2012). Although the use of 
radiolabelled substrates comes at the cost of dedicated workspace and 
equipment, special lab safety routines, and rigorous waste management, 
the radiometric GT assay is superior to alternative methods (Wagner and 
Pesnot, 2010; Brown et al., 2012; Bubner et al., 2015) for several reasons: 
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Figure 13. Radiometric assay for GTs that form either ethanol-insoluble polysaccharide pro-
ducts (A) or shorter oligosaccharides soluble in ethanol (B) as described by Brown et al. 
(2012). NDP, nucleoside diphosphate. Adapted from Brown et al. (2012). Copyright 2012 
Nature Publishing Group. 
 
 
(i) it is highly sensitive and can detect picomoles of incorporated mono-
saccharides (Fugelstad et al., 2009; Leijon et al., 2018; papers II and III), 
(ii) it is generally applicable to many UDP-sugar-dependent GTs forming 
neutral products, (iii) it is compatible with heterogenous enzyme pre-
parations such as crude membranes or detergent extracts, (iv) it directly 
measures substrate incorporation without the need for additional enzyma-
tic or chemical detection cascades, and (v) it allows for the rapid analysis 
of dozens of samples in one day. Moreover, with the radiometric assay it is 
possible to distinguish between poly- and oligosaccharide reaction pro-
ducts, based on the relative solubility of the products in ethanol (Brown et 
al., 2012). Radioactivity incorporated into ethanol-insoluble polysaccha-
rides is retained on glass-fibre filters, and the excess of radiolabelled UDP-
sugar is washed away (Fig. 13A). Shorter oligosaccharide products that 
remain soluble in ethanol are extracted with chloroform, and subsequently 
elute from an anion-exchange chromatography column on which radio-
labelled substrate in excess is retained (Fig. 13B) (Brown et al., 2012). The 
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radioactivity incorporated into either product type is measured by liquid 
scintillation counting. 

Biochemical characterisation of recombinant enzyme 
activities 
Thorough biochemical characterisation remains the undeniable proof of 
function for any protein of interest, and enzymes in particular. However, 
such experimental proof may be difficult to achieve with IMPs, which are 
challenging targets to work with for several reasons. Firstly, many IMPs 
are typically present at very low abundance in their endogenous hosts, thus 
requiring recombinant expression to produce protein amounts sufficiently 
high to enable biochemical characterisation (Pandey et al., 2016). Second-
ly, their membrane-bound nature implies that, once extracted from cell 
membranes, IMPs need to be kept in membrane-mimicking environments 
or detergents during enrichment and/or purification procedures to prevent 
structural collapse. Detergents are frequently employed for membrane ex-
traction of IMPs, and have enabled their structural determination in the 
first place, but are detrimental for essential protein-lipid interactions 
important for the structural and functional integrity of IMPs (Zoonens et 
al., 2013; Kurauskas et al., 2018; Guo, 2020; Lasitza-Male et al., 2020). 
Thirdly, to biochemically characterise an IMP, it is crucial that its en-
zymatic activity remains unaffected by the enrichment or purification 
method. These problems have all proven throughout the decades to be 
difficult to solve. 

Indeed, biochemical data on the activity of oomycete BGSs, CesAs, and 
CHSs is scarce, and typically limited to some Saprolegniomycetes 
(Cerenius and Söderhäll, 1984; Huizar and Aronson, 1985, 1986; Szaniszlo 
et al., 1985; Bulone et al., 1990, 1992; Gay et al., 1993; Briolay et al., 2009; 
Fugelstad et al., 2009; Guerriero et al., 2010; Brown, 2015; Rzeszutek, 
2019; Rzeszutek et al., 2019), except for occasional reports on in vitro acti-
vity detected in Phytophthora (Wang and Bartnicki-Garcia, 1966, 1982; 
Antelo et al., 1998). Only in a few instances was activity measured using 
individual enzymes recombinantly produced in heterologous expression 
systems (Guerriero et al., 2010; Rzeszutek, 2019; S. Klinter, unpublished 
data presented below), whereas enzyme activity most often has originated 
from membrane preparations likely containing several paralogous enzy-
mes, all contributing to the detected activity. 



PRESENT INVESTIGATION  |  55 

 

In oomycetes, genetic engineering has long been hampered by in-
efficient transformation protocols requiring optimisation for individual 
species (Judelson and Ah-Fong, 2009; McLeod et al., 2008), although 
oomycetes were recently shown to be amenable to modern gene editing 
techniques (Fang and Tyler, 2016), thus opening new possibilities. In our 
lab, we routinely follow a protocol for the overexpression and purification 
of IMPs in S. cerevisiae, monitored by a C-terminal GFP fusion to the 
protein of interest (Drew et al., 2008). S. cerevisiae is a widely-used over-
expression host for the purification of eukaryotic IMPs similar in costs to 
E. coli, but with the advantage of allowing eukaryotic post-translational 
modifications, the possibility for cloning by homologous recombination, 
and a more suitable lipid composition (Routledge et al., 2016). Moreover, 
more tools and strains for improved IMP production are available for 
S. cerevisiae, as its genetics are better understood than those of the related 
yeast P. pastoris. However, the biochemical characterisation of some re-
combinant GTs in S. cerevisiae is hampered by interfering GT activities of 
host enzymes in in vitro assays. 

Mutant strain for the study of recombinant oomycete CesAs (paper 
III) 
We decided to construct a S. cerevisiae mutant strain with a low 
background glucan synthase activity (LoGSA) in in vitro enzyme assays 
(Fig. 14), which allowed for the functional characterisation of the CesA1 
gene product from P. capsici (PcCesA1) presented in paper III. Moreover, 
the characterisation of CesAs from S. parasitica in the LoGSA strain was 
attempted (S. Klinter, unpublished data presented below). S. cerevisiae 
contains a significant portion of β-1,3-glucans and limited β-1,6-glucans in 
its CWs (Orlean, 2012), and utilises glycogen, a branched polysaccharide 
largely composed of α-1,4-glucosyl units, for energy storage (Farkas et al., 
1990, 1991). Consequently, its genome encodes multiple enzyme activities 
that potentially interfere with in vitro assays of CesA activity, which 
measure incorporation of the substrate UDP-glucose into nascent glucan 
chains as described above. S. cerevisiae possesses two paralogous genes 
encoding BGSs, termed FKS1 and FKS2 (Douglas et al., 1994; Mazur et al., 
1995), and two encoding glycogen synthases, termed GSY1 and GSY2 
(Farkas et al., 1990, 1991), whereas no enzyme synthesising β-1,6-glucans 
has been identified to date (Orlean, 2012). Despite sharing considerable 
sequence identity with FKS1 and FKS2 (Mazur et al., 1995), the FKS3 gene 
does not encode a BGS but rather modulates β-1,3-glucan synthesis in 
spore CWs (Ishihara et al., 2007). 
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Figure 14. In vitro glucan synthase activity from S. cerevisiae wild-type (WT), fks1Δ and 
LoGSA strains. The WT strain is parental to the fks1Δ strain. Reactions were performed under 
conditions that allow for ready detection of most glucan synthase activities from microsomal 
fractions as detailed in paper III. Incorporation of radiolabelled substrate into insoluble (black) 
and soluble (grey) reaction products was quantified according to the method by Brown et al. 
(2012). Data represent the means and standard deviations of a representative experiment 
performed in triplicate. Adapted from paper III as permitted under a Creative Commons BY 
4.0 licence. 

 
 

Simultaneous disruption of FKS1 and FKS2 is lethal. The major con-
tribution to both the β-1,3-glucan content in hyphal CWs and in vitro BGS 
activity originates from Fks1, whereas Fks2 exhibits only a minor activity 
in vitro (Inoue et al., 1995; Mazur et al., 1995; Dijkgraaf et al., 2002). Thus, 
we chose to use an existing Fks1-deficient strain (ATCC #4015251), 
generated during the systematic S. cerevisiae gene disruption project 
(Brachmann et al., 1998), as starting point for our construction of the 
S. cerevisiae LoGSA strain (paper III). Disruption of GSY2 similarly 
abolishes most of the glycogen synthase activity in S. cerevisiae, with Gsy1 
contributing to glycogen production only to a limited extent (Farkas et al., 
1990, 1991). However, gsy1Δ gsy2Δ double mutants remain viable, and 
hence, we decided to disrupt both genes during construction of the LoGSA 
strain to reach the minimum background activity in our assays. To prevent 
degradation of recombinant proteins when overexpressed in S. cerevisiae 
(Drew et al., 2008), we also disrupted the PEP4 gene, which encodes an 
endopeptidase that activates several vacuolar hydrolases (Jones et al., 
1982; Zubenko et al., 1983). Successive replacements of GSY2, PEP4, and 
GSY1 with auxotrophic marker genes by homologous recombination, and 
their verification, is described in detail in paper III. Indeed, measuring 
the in vitro glucan synthase activity in the S. cerevisiae LoGSA strain 
confirmed that insoluble product formation under these conditions is 
abolished compared to the wild-type strain, whereas about eight per cent 
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of the soluble products is still formed in vitro by membranes of the LoGSA 
strain (Fig. 14). 

The GT activity of recombinant P. capsici CesA1 (paper III) 
Following our standard protocol (Drew et al., 2008), a recombinant 
PcCesA1 was produced in the S. cerevisiae LoGSA strain as confirmed by a 
single protein band visible with in-gel GFP fluorescence from crude cell 
membranes (see Fig. 5A of paper III). Similar attempts to express CesA3 
from P. capsici remained unsuccessful, possibly due to the absence of a PH 
domain from oomycete CesA3 proteins compared to other oomycete 
CesAs, which may aid the latter proteins to be targeted to and be retained 
at sites of CW biosynthesis in the plasma membrane (Fugelstad et al., 
2012). Microsomal fractions containing PcCesA1 exhibited the same low 
levels of in vitro CesA activity for either product type as the empty vector 
control (data not shown). In contrast, 271 ± 30 pmol of glucose were incor-
porated into soluble products per mg of protein using CHAPS-extracted 
microsomal fractions containing PcCesA1 (see Fig. 6A of paper III). Only 
a moderate gain in activity of about 20% was observed when assay reac-
tions were performed in the presence of 250 µM glucose, owing to the 
endogenous pool of glucose existing in these membrane preparations (data 
not shown). However, activity for the empty vector control remained at the 
low background level of the LoGSA strain (see Fig. 6A of paper III), and 
no insoluble products were formed for any of the reactions with CHAPS-
extracted microsomal fractions (data not shown). Analysis of the soluble 
products by high-performance anion-exchange chromatography with pul-
sed amperometric detection revealed that PcCesA1 in CHAPS-extracted 
microsomal fractions produced largely cellobiose (see Fig. 6C of paper 
III). Besides, small amounts of glucose and cellotriose were detected using 
radiometric analysis of soluble products separation by thin layer chro-
matography (see Fig. S7 of paper III). PcCesA1 could be purified using 
immobilised metal ion chromatography (see Fig. 5B of paper III), and the 
identity of the PcCesA1 protein band was confirmed by mass spectrometry 
(see Fig. S6 of paper III). However, purified PcCesA1 was unstable, and 
its activity significantly reduced (see Fig. 6B of paper III), whereas solu-
ble products remained the same as those formed by CHAPS-extracted 
microsomal fractions (see Fig. S7 of paper III). 

In conclusion, we have demonstrated GT activity for recombinant 
PcCesA1 in the S. cerevisiae LoGSA strain, leading to the production of 
cellobiose and -triose. The inability to form longer soluble or generally in-
soluble products may be due to the lack of necessary interacting proteins 
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or unfavourable conditions for enzyme activity. In analogy to the homotri-
meric CSCs that synthesise cellulose microfibrils in plants (Purushotham 
et al., 2016; Cho et al., 2017; Purushotham et al., 2020; Zhang et al., 2021), 
it is tempting to speculate that equivalent, yet heteromeric, complexes may 
exist and be required for cellulose biosynthesis also in oomycetes. Indeed, 
the possible interactions of PcCesA1 with its two paralogues CesA2 and 
CesA4 we detected by co-immunoprecipitation support this hypothesis. 
Future attempts to express recombinant CesA2 and CesA4 genes from 
P. capsici in the LoGSA strain, and in vitro activity assays using combina-
tions of P. capsici CesA paralogues could shed light on whether active CSCs 
exist in heteromeric form in oomycetes. 

Recombinant expression of three S. parasitica CesA genes in the 
S. cerevisiae LoGSA strain (extended data for paper II) 
As discussed above, the putative SpCesA2.2, SpCesA3.1, and SpCesA4 
genes are expressed in the mycelium of S. parasitica. Therefore, we decid-
ed to attempt overexpression of these genes of in the S. cerevisiae LoGSA 
strain, as briefly mentioned in paper II. Following the standard protocol 
(Drew et al., 2008) frequently used in our lab, I constructed C-terminal 
GFP fusion products, allowing for easy tracking of the gene products 
during overexpression and purification. Repeated screening of about ten 
transformants for each of the three SpCesA constructs revealed low recom-
binant protein levels, reaching at most 0.5 and 0.3 mg L–1 for SpCesA3.1, 
and SpCesA2.2 and SpCesA4, respectively, as measured by whole-cell GFP 
fluorescence (Drew et al., 2008). In-gel GFP fluorescence from crude 
membrane samples after denaturing SDS-PAGE showed protein bands of 
about 130 kDa (Fig. 15A), which exhibited a rather faint intensity com-
pared to the auto-fluorescent 70-kDa yeast protein (Drew et al., 2008). 
Despite the low production levels for all three SpCesAs, I probed the in 
vitro CesA activity from microsomal fractions (Fig. 15B) and membrane 
proteins extracted therefrom with 0.5% (w/v) CHAPS (data not shown) as 
described in paper II. Using the in vitro radiometric assay technique 
discussed above (Brown et al., 2012), the extent of insoluble product 
formation for the three putative SpCesAs did not differ from that of an 
empty vector control under any of the conditions tested, including every 
combination of membrane fractions containing SpCesA2.2, SpCesA3.1 or 
SpCesA4 (Fig. 15B). Similar negative results were obtained in a single 
experiment with CHAPS-extracted membrane proteins (data not shown). 
Soluble product formation was not investigated in either case. 
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Figure 15. Production and enzymatic activity of recombinant SpCesAs. (A) In-gel GFP fluo-
rescence of the different SpCesA constructs from crude yeast membranes after denaturing 
SDS-PAGE. The auto-fluorescent yeast protein (asterisk) is marked. (B) In vitro radiometric 
assay of CesA activity. Quantification of insoluble products formed by microsomal fractions 
of the S. cerevisiae LoGSA strain containing individual SpCesAs, or combined microsomal 
fractions is shown. Reaction mixtures under standard conditions consisted of 100 mM MOPS 
buffer (pH 7.0), 1 mM CaCl2, 8 mM MgCl2, 1 mM UDP-glucose, and 0.4 µM UDP-D-[U-14C]-
glucose (final concentrations). Some reactions were additionally supplemented, as indicated, 
with 20 mM cellobiose and/or 0.5% (w/v) CHAPS. Control assays for background activity (t = 0) 
were immediately terminated by the addition of absolute ethanol (Brown et al., 2012). Data 
represent the means and standard deviations from one experiment performed in triplicate. 
 
 

As briefly mentioned in paper II, due to the low protein levels of 
SpCesA2.2, SpCesA3.1 and SpCesA4 achieved in the S. cerevisiae LoGSA 
strain, no additional efforts were made to look for in vitro activity from the 
three CesAs. However, considering the findings with PcCesA1 presented in 
paper III, it seems justified to investigate the putative SpCesAs further. 
Firstly, it is noteworthy that microsomal fractions containing PcCesA1 did 
neither show a significantly different in vitro activity compared to an 
empty vector control (paper III), but were close to the measurements for 
the three SpCesAs (SpCesA data shown in Fig. 15B). Secondly, only soluble 
products were detected by CHAPS-extracted microsomal fractions 
containing P. capsici CesA1 (see Figs. 4 and 6 of paper III). Thirdly, 
several PcCesAs interact, thus possibly forming a CSC, as shown by co-
immunoprecipitation of CHAPS-extracted membrane proteins from the 
mycelium of P. capsici (paper III). Hence, the formation of soluble 
products may likewise be detected for CHAPS-extracted SpCesAs. 
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Unpublished data: modified expression strain for the study of 
recombinant CHSs from oomycetes and other organisms 
Just as the S. cerevisiae LoGSA strain facilitates characterisation of recom-
binant CesAs and BGSs, we wanted to develop an equivalent methodologi-
cal tool for the accurate characterisation of CHSs produced in S. cerevisiae. 
Our motivation was driven by our interest to investigate the functions of 
putative oomycete CHSs, but also to engineer a suitable screening platform 
for the CHS mining theme within the EU-funded Nano3Bio consortium, to 
which our lab belonged (http://www.nano3bio.eu/). S. cerevisiae possess-
es three CHSs with distinct functions (Orlean, 2012), and although a triple 
mutant is viable, its growth is severely impaired and requires osmotic 
stabilisation (Shaw et al., 1991; Schmid, 2004). Both Chs2 and Chs3 have 
important roles in septation and cell division (Shaw et al., 1991), but only 
the former exhibits a very low in vitro activity (Bulawa, 1992). Moreover, 
Chs2 activity is negligible in chs1Δ chs3Δ double mutants (Nagahashi et al., 
1995; Oh et al., 2012). We were initially provided with an apparent 
S. cerevisiae chs1Δ chs3Δ strain (Oh et al., 2012), which I however found 
to have an intact CHS1 gene (confirmed by P. Orlean and E. Bi, personal 
communication). Thus, using the same parental genetic background 
(ATCC #4040004) as for construction of the S. cerevisiae LoGSA strain, I 
replaced in successive rounds the PEP4, CHS3 and CHS1 genes by homo-
logous recombination with auxotrophic or antibiotic marker genes, as de-
scribed above and in paper III. The resulting S. cerevisiae mutant strain 
exhibited a low endogenous chitin synthase activity (LECSA) in in vitro 
enzyme assays (data not shown), as demonstrated previously (Nagahashi 
et al., 1995; Oh et al., 2012). 

To attempt biochemical characterisation of putative oomycete CHS 
genes in the S. cerevisiae LECSA strain, I constructed C-terminal GFP 
fusion products following the standard protocol (Drew et al., 2008), 
namely the P. infestans CHS (Haas et al., 2009), S. monoica CHS1 and 
CHS2 (Bulone et al., 1992; Guerriero et al., 2010), and S. parasitica CHS5 
genes (Rzeszutek, 2019). Similarly, as part of our commitment in the 
Nano3Bio consortium, putative CHS genes from the fungus Mucor 
circinelloides (Lee et al., 2014), the diatom Thalassiosira pseudonana 
(Durkin et al., 2009), and the Paramecium bursaria Chlorella virus (PbC) 
(Kawasaki et al., 2002; Mohammed Ali et al., 2005) were recombinantly 
expressed in the S. cerevisiae LECSA strain. These collaborative efforts 
involved, partly under my supervision, the cloning, yeast transformation, 
and verified expression of putative CHS genes from the fungus and virus 
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by Dr. André Nordhues and BSc Joachim Burbank, both at the University 
of Münster, Germany, and from the diatom by MSc Yann Thomas at the 
Institut de Biologie de l'École Normale Supérieure, Paris, France. 

In vitro CHS activity has previously been shown for recombinant 
SmCHS2 in the yeast P. pastoris (Guerriero et al., 2010) and S. parasitica 
CHS5 in a S. cerevisiae chs3Δ strain (Rzeszutek, 2019), thus these con-
structs served as positive controls to test the new LECSA strain. Moreover, 
PbC-infected cells express the viral CHS genes and subsequently, produce 
chitin fibres (Kawasaki et al., 2002; Mohammed Ali et al., 2005). All 
constructs expressed well (data not shown) as judged from the single pro-
tein bands observed by in-gel GFP fluorescence from crude membrane 
samples after denaturing SDS-PAGE (Drew et al., 2008). Recombinant 
protein yields typically reached about 1–4 mg of protein per litre of expres-
sion culture as calculated from the whole-cell GFP fluorescence (Drew et 
al., 2008), except for a much weaker production (<0.4 mg L–1) for the 
M. circinelloides CHS. The capability of each putative CHS from microso-
mal fractions of the S. cerevisiae LECSA strain to form insoluble or soluble 
products under different conditions was probed using the in vitro radio-
metric assay technique discussed above (Brown et al., 2012). Substantial 
protein degradation of the diatom CHS, and loss of the M. circinelloides 
CHS, was observed by in-gel fluorescence from microsomal fractions (data 
not shown), when cells were grown at culture volumes scaled up for en-
zyme assays. These inherent problems with the diatom and fungal CHSs 
prevented their biochemical characterisation. 

For those genes that could be effectively expressed at sufficient levels, 
low amounts of insoluble (<3 nmol µg–1) and soluble (<8 nmol µg–1) pro-
ducts were typically detected for oomycete (Figs. 16A and B) and viral 
CHSs after subtraction of mock activity from an empty vector control 
under standard assay conditions, except for CHS2 from PbC (PbCCHS2), 
which showed a robust activity of 29±0.9 nmol µg–1 for soluble products 
(Fig. 16C). The addition of trypsin to reaction mixtures had a limited effect 
on SmCHS2 activity, while the presence of digitonin resulted typically in a 
somewhat more pronounced increase of activity. Although the incubation 
of microsomal fractions containing the P. infestans CHS with digitonin led 
to a 23-fold increase in insoluble product formation (Fig. 16A), the overall 
very low enzyme activity (<5 nmol µg–1) prevented us from pursuing any 
further investigation of this enigmatic yet interesting target. The emerging 
picture for CHS genes from various Phytophthora species is that these are 
expressed during infection and essential for virulence (Resjö et al., 2014; 
  



62  |  PRESENT INVESTIGATION 

 

 
Figure 16. In vitro radiometric assay of CHS activity with recombinant oomycete and viral 
CHSs. Quantification of insoluble or soluble products is shown, formed by microsomal frac-
tions or further enriched preparations thereof of the S. cerevisiae LECSA strain containing 
individual CHSs. Data represent the means and standard deviations from one experiment 
performed in triplicate. Background activity under identical gene expression and assay con-
ditions from a mock transformation with empty vector has been subtracted. Reaction mixtures 
under standard conditions (Rzeszutek, 2019) consisted of 10 mM Tris-HCl buffer (pH 7.5), 10 
mM MgCl2, 20 mM GlcNAc, 475 µM UDP-GlcNAc, and 1.67 µM (for assays with microsomal 
fractions) or 0.83 µM (for assays with detergent extracts or partially purified enzymes) UDP-
[U-14C]-GlcNAc (final concentrations). Some reactions were additionally supplemented, as 
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Figure 16. (continued) indicated, with 1.25 µg mL–1 trypsin as proteolytic CHS activator 
(Bulone et al., 1992; Orlean, 2012; Rzeszutek, 2019; Rzeszutek et al., 2019), 0.25% (w/v) 
digitonin, which efficiently extracts CHS activity from microsomal fractions (Rzeszutek et al., 
2019), 0.5 mM NZ, a competitive CHS inhibitor, and/or 50 µg mL–1 chitinase. Note the different 
scale of the y-axis in each panel. (A), (B) Insoluble (A) and soluble (B) products formed by 
microsomal fractions containing single oomycete CHSs. (C) Insoluble (black) and soluble 
(grey) products formed by microsomal fractions containing viral PbCCHS2. (D) Insoluble 
(black) and soluble (grey) products formed by digitonin extracts of microsomal fractions 
containing SmCHS2. (E) Insoluble products formed by partially purified SmCHS2. Note the 
different metric prefix compared to the other panels. 
 
 
Hinkel and Ospina-Giraldo, 2017; Fuechtbauer et al., 2018; Cheng et al., 
2019) as discussed above. 

The formation of either product type by any of the four oomycete CHSs 
from microsomal fractions was typically observed to be significantly en-
hanced (7- to 67-fold) in the concomitant presence of trypsin and digitonin 
(Figs. 16A and B), which are known to activate or enrich certain microbial 
CHS activity (Orlean, 2012; Rzeszutek, 2019, and references therein; 
Rzeszutek et al., 2019). In contrast, PbCCHS2 activity towards soluble pro-
ducts was reduced by about 80% when trypsin and digitonin were included 
in the reactions (Fig. 16C). This finding may reflect the fact that Chlorella 
virus proteins possibly represent the minimal catalytic unit necessary for 
activity (Kawasaki et al., 2002; Van Etten, 2003), which, in the case of 
PbCCHS2, is impaired upon further proteolytic degradation by trypsin. 
Notably, the low endogenous CHS activity in microsomal fractions of the 
S. cerevisiae LECSA strain allowed us to detect the formation of both 
product types by S. monoica CHS1 (Figs. 16A and B), which had previously 
remained occluded by endogenous CHS activity in wild type P. pastoris 
(Guerriero et al., 2010). 

PbCCHS2 and SmCHS2 were selected for further biochemical 
characterisation based on promising initial observations. Formation of 
soluble products by PbCCHS2 in microsomal fractions, and insoluble 
products by digitonin-extracted SmCHS2 was completely abolished using 
NZ (Figs. 16C and D), a competitive CHS inhibitor (Gow and Selitrennikoff, 
1984; Cabib, 1991; Gaughran et al., 1994; Rzeszutek, 2019; Rzeszutek et al., 
2019). Together with the insensitivity of the soluble products to chitinase 
treatment(2) (Fig. 16C), these findings strongly suggest that PbCCHS2 
                                                             
(2) The chitinase used here is a commercial mixture of chitinolytic enzymes from Trichoderma 
viride (Sigma-Aldrich, product number C8241). Information on the precise identity and hydro-
lytic activity of the enzymes present in the mixture are not provided, except for a protein mole-
cular weight of 30 kDa. The chitinolytic system in Trichoderma species contains a multitude 
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forms short chitooligosaccharides in vitro. Indeed, analysis of soluble 
radiolabelled products using thin-layer chromatography, as described by 
Rzeszutek (2019), by my colleague Dr. Sara M. Díaz-Moreno confirmed 
that GlcNAc and chitobiose were the main products formed by PbCCHS2 
activity, with smaller amounts of chitotriose and chitotetraose being 
synthesised (data not shown). In contrast, insoluble products formed by 
digitonin extracts of microsomal fractions containing SmCHS2 were sen-
sitive to chitinase treatment(2) (Fig. 16D), indicating the in vitro synthesis 
of chitin by this enzyme, an activity previously shown for recombinant 
SmCHS2 produced in P. pastoris (Guerriero et al., 2010). Preliminary data 
show the feasibility to attempt purification of active SmCHS2 from the 
S. cerevisiae LECSA strain (Fig. 16E) by immobilised metal ion chromato-
graphy as described by Rzeszutek (2019). 

Methods of structure determination for IMPs 
The physiological importance of IMPs is highlighted by the multitude of 
essential cellular functions they convey, including the transport of nutri-
ents and ions, sensing and transmission of signal molecules, membrane 
trafficking, the generation of energy, and influencing the composition of 
CWs and cell membranes (Pandey et al., 2016). Correspondingly, IMPs 
represent about 23% of the human proteome (Uhlén et al., 2015), and are 
targets for more than 60% of currently marketed drugs (Santos et al., 
2017). Determining the three-dimensional structure of a protein of interest 
allows for structural and potentially mechanistic insight into catalysis, 
regulation, and inhibition. This task has proven notoriously difficult to 
achieve with many IMPs, and GT2 enzymes in particular, due to their in-
herently fragile nature and other experimental barriers (Sethaphong et al., 
2013; Pandey et al., 2016). Corroborating this challenge, only a few per cent 
of all solved protein structures deposited to date (https://www.rcsb.org/) 
originate from IMPs. No structure for any CW-synthesising GT2 enzyme 

                                                             
(2) (continued) of enzymes acting on chitin or its degradation products, namely exo- and endo-
chitinases, and β-N-acetylglucosaminidases (Haran et al., 1995; Gruber and Seidl-Seiboth, 
2012). Judging from the commercial product’s molecular weight of 30 kDa, it seems likely that 
one or several chitinases (with molecular weights ranging 31–42 kDa) represent the major 
chitinolytic activity in the mixture. These chitinases have been shown to break down chito-
triose and longer chains, but cannot hydrolyse chains as short as chitobiose (de la Cruz et 
al., 1992). Therefore, a population of chitin with degrees of polymerisation in excess of just 
two would be expected to be sensitive to the treatment with this commercial chitinase source, 
while a mixture dominated by chitobiose would not be degraded by these enzymes. 



PRESENT INVESTIGATION  |  65 

 

from oomycetes has yet been determined, despite the fact that some re-
combinant forms of these enzymes were shown to exhibit CHS activity 
(Guerriero et al., 2010; Rzeszutek, 2019; S. Klinter, unpublished data pre-
sented above), and an active CHS oligomer from S. parasitica was purified 
to homogeneity (Rzeszutek, 2019). X-ray crystallography has traditionally 
been the dominant method to obtain IMP structures (Fig. 17), but its 
applicability is hampered by the presence of detergents, whereas recent 
breakthroughs in cryo-electron microscopy (cryo-EM) have significantly 
accelerated high-resolution structure determinations for IMPs (Fig. 17) (Le 
Bon et al., 2021). As discussed below, emerging techniques that allow for 
the reconstitution of IMPs in lipid bilayer nanoparticles eliminate the need 
to rely on detergent, while preserving important protein-lipid interactions. 

Detergents remain the ‘gold standard’ that disturbs protein-lipid 
interactions 
The use of detergents to extract IMPs from membranes is per se a valid 
approach that has been a longstanding ‘gold standard’ for functional and 
structural studies of IMPs (Parker and Newstead, 2016; Le Bon et al., 
2021). Notably, all available CSC structures have been determined after 
 
 

 
Figure 17. The growth of deposited IMP structures. Unique IMP structures solved each year 
by different approaches according to the 8th of January 2021 update of the mpstruc database 
(https://blanco.biomol.uci.edu/mpstruc/). Reprinted with permission from Le Bon et al. (2021). 
Copyright 2021 The Authors. 
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detergent extraction from membranes (Morgan et al., 2013; Purushotham 
et al., 2020; Zhang et al., 2021). Moreover, detergents help in providing the 
necessary intramolecular order required for high-resolution structure de-
termination by X-ray crystallography. Pro- and eukaryotic IMPs exhibit 
comparable stability in membranes (Nji et al., 2018), whereas the lipid-
removing effect of detergents renders the latter proteins significantly less 
stable after detergent extraction (Sonoda et al., 2011; Nji et al., 2018; Kotov 
et al., 2019). The dynamics and complexity of natural lipid environments 
surrounding IMPs in cell membranes has in recent years been realised as 
important for fundamental protein-lipid interactions that contribute to the 
structural and functional integrity of IMPs (Whorton and MacKinnon, 
2011; Contreras et al., 2012; Laganowsky et al., 2014; Hedger and Sansom, 
2016; Gupta et al., 2017; Agasid and Robinson, 2021). Thus, detergents 
negatively affect IMPs in multiple ways (Zoonens et al., 2013; Kurauskas et 
al., 2018; Guo, 2020; Lasitza-Male et al., 2020), hampering to a significant 
extent functional and structural studies of eukaryotic IMPs, which is espe-
cially problematic for pharmaceutical targets. This is further corroborated 
by the instability of oomycete BGSs upon detergent extractions from cell 
membranes (Antelo et al., 1998; Bulone et al., 1990). Similarly, about 85% 
of particles observed on cryo-EM grids for the hybrid aspen CesA were 
monomers, presumably resulting from disruption of CesA trimers by 
detergent (Purushotham et al., 2020). 

Reconstitution of membrane proteins into Salipro nanoparticles 
(paper IV) 
Different systems have been developed throughout the years to overcome 
the instability of IMPs in detergents, including the introduction of thermo-
stabilising mutations that trap a protein in a preferred conformation and 
enable structure determination (Tate, 2012). However, apart from protein 
engineering being time-consuming and requiring individual optimisation 
for every protein (Magnani et al., 2016), to lock IMPs in single conforma-
tional states comes at the price of losing the dynamic conformational 
ensemble that comprises catalytically relevant states (Lasitza-Male et al., 
2020). Early approaches to reconstituting IMPs in detergent-free environ-
ments include proteoliposomes (Rigaud et al., 1995), amphipathic poly-
mers termed amphipols (Tribet et al., 1996), and virus-like particles (Willis 
et al., 2008), but their broader applicability is restricted due to inherent 
constraints of these methods. The recent development of high-resolution 
cryo-EM techniques has opened novel opportunities for the structure 
determination of IMPs. Concomitantly, three important technologies have 
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emerged that provide membrane-mimicking environments for functional 
and structural studies of IMPs in the absence of detergent (Fig. 18): 
nanodiscs (Bayburt and Sligar, 2003), styrene-maleic acid copolymer-lipid 
particles (SMALPs) (Knowles et al., 2009) and Salipro nanoparticles 
(Frauenfeld et al., 2016). 

Nanodiscs are small lipid bilayer discs encircled by a belt of amphi-
pathic α-helical scaffold proteins, into which detergent-purified IMPs can 
be reconstituted (Fig. 18). Finding the optimal ratio between scaffold pro-
teins, lipids and IMP is time-consuming, and the fixed belt size necessitates 
screening various scaffold constructs for an IMP of interest (Denisov and 
Sligar, 2017). Nevertheless, many examples demonstrate that nanodiscs 
are generally amenable to functional and structural studies of IMPs. 

SMALPs exploit the amphipathic nature of the copolymer to excise 
small lipid bilayer discs containing single IMPs in their native lipid en-
vironment (Fig. 18) from membranes without the use of detergents (Lee et 
al., 2016). Although not as frequently used as nanodiscs, multiple studies 
have demonstrated that SMALPs conserve IMPs functionally and struc-
turally (Overduin and Esmaili, 2019). However, the broader applicability 
of SMALPs to investigate IMPs is limited due to unfavourable chemical 
properties of the copolymer, such as its insolubility in aqueous solutions 
 
 

 
Figure 18. Membrane-mimicking nanoparticle systems for the reconstitution of IMPs. 
Schematic side (upper panel) and top (lower panel) views of an IMP (violet) with surrounding 
lipids (grey) in nanodiscs, SMALPs and Salipro nanoparticles. The scaffold proteins of 
nanodiscs (MSP, green) and Salipro nanoparticles (saposin A, orange) are marked, and the 
chemical structure for the repeating unit of the copolymer (red) is shown. Adapted from Frick 
and Schmidt (2019) as permitted under a Creative Commons BY 4.0 licence. 
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below a pH of 6.5, and sensitivity to divalent cations. Recently-developed 
alternative copolymers overcome at least some of the initial limitations of 
SMALPs, but it remains to be investigated whether these alternatives are 
suitable to preserve reconstituted IMPs (Overduin and Esmaili, 2019, and 
references therein). 

Reconstitution of detergent-purified IMPs into Salipro nanoparticles 
(Fig. 18) occurs by the scaffolding action of the human lipid-binding 
protein saposin A (Frauenfeld et al., 2016). Here, disc-like nanoparticles 
composed of lipids and IMPs and surrounded by saposin A molecules form 
through self-assembly of the constituents upon mixing, with the flexible 
nature of the saposin scaffold allowing the system to accommodate IMPs 
of various sizes and structures (Frauenfeld et al., 2016; Flayhan et al., 2018; 
Nguyen et al., 2018; Rahman et al., 2020; Xiao et al., 2021). Reconstituted 
IMPs are amenable to various structural, biophysical, and biochemical 
methods, including cryo-EM and enzymatic assays, as their function and 
structural integrity are preserved in Salipro nanoparticles (see paper IV 
for references; Lasitza-Male et al., 2020). 

While nanodiscs, SMALPs and Salipro nanoparticles are all valid and 
established methods, it remains challenging to purify and reconstitute 
many IMPs, and especially wild-type human proteins of pharmaceutical 
relevance, together with their surrounding lipids. During my time at 
Salipro Biotech AB, the intellectual property holder of the Salipro 
technology, we aimed to address this challenge by obviating the need to use 
detergent-purified IMPs for reconstitution. To this end, we developed 
DirectMX, a novel Salipro methodology presented in paper IV, which al-
lows to reconstitute IMPs with their native lipid environments into Salipro 
nanoparticles directly from crude membranes. A reconstituted IMP of in-
terest is then readily purified by affinity chromatography from the bulk of 
the Salipro membrane proteome using a suitable affinity tag engineered to 
the target protein. 

Concluding remarks and future perspective 
In this work, we identified CHS and CesA genes in highly diverse oomy-
cetes, and verified the correctness of the encoded gene products by detailed 
analyses. It is of particular note that all CHSs and CesAs analysed in this 
work contain every conserved sequence motif known to be essential for 
enzymatic activity in the GT2 family, thus indicating that these proteins are 
likely functional. Moreover, we inferred ML phylogenies for oomycete 
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CHSs and CesAs to elucidate their occurrence, diversity, and evolutionary 
history, leading to the proposal of several clades for each enzyme type. The 
importance of CHSs for CW biosynthesis in oomycetes is underlined by our 
finding that each genome analysed harbours at least one CHS gene. This 
oomycete-wide occurrence of CHS genes is in striking contrast with the 
apparent absence of chitin from hyphal CWs in Peronosporomycetes. 
However, recent investigations have revealed that the CHS gene(s) in 
Peronosporales are expressed prior to and during early infection, and that 
the encoded gene product(s) contribute to zoospore maturation and 
virulence in Phytophthora species. Shedding light on the role of oomycete 
CHSs in life cycle stages, other than the vegetative mycelium, and whether 
chitin is produced in these stages is a highly interesting task for future 
studies. Nevertheless, the reduced number of CHS genes in Peronosporo-
mycetes compared to Saprolegniomycetes suggests an adaptation to the 
prevalent plant-pathogenic lifestyle that characterises the former lineage. 
In contrast, the essential contribution of cellulose to oomycete CWs is 
clearly highlighted by the fact that 4–6 paralogous CesA genes are present 
in all oomycete genomes analysed. 

Following gene identification and sequence verification, we inves-
tigated whether the genes were expressed during vegetative growth. 
Indeed, expression of some or all CesA genes occurred in the mycelium of 
S. parasitica and P. capsici, respectively, with the expression pattern 
confirming previous findings that CesA3 orthologues exhibit the highest 
expression. The production of functional CesAs and CHSs during hyphal 
growth was further probed with inhibitors. Known inhibitors of plant cel-
lulose biosynthesis drastically reduced the growth rate of the S. parasitica 
mycelium, whereas application of the CHS inhibitor NZ resulted in im-
mediate bursting of hyphal tips in P. infestans. The latter observation 
implicates a possibly highly-restricted localisation of CHSs to the tips of 
growing hyphae in oomycetes. Further evidence for the presence of func-
tional CesAs in oomycetes came from radiometric in vitro assays using 
microsomal fractions or detergent extracts thereof, which showed the 
respective formation of soluble or insoluble products in the mycelium of 
S. parasitica and P. capsici. CesA activity in microsomal fractions of 
S. parasitica was markedly reduced by inhibitors of plant cellulose 
biosynthesis, which however also affected the enzymatic activity of other 
CW-synthesising enzymes in S. parasitica. Thus, the precise mode of 
action of these inhibitors remains currently elusive, at least in oomycetes, 
but it seems plausible that they may either target a general site shared by 
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different GT2 enzymes, or interfere with trafficking pathways for CW-
synthesising enzymes. In conclusion, our findings confirm the presence of 
functional CesAs and CHSs in the mycelium of oomycetes. 

Given the limited possibilities to genetically manipulate oomycetes, we 
engineered S. cerevisiae strains to exhibit low endogenous enzyme 
activities during radiometric in vitro CesA and CHS assays. The resulting 
LoGSA and LECSA strains were a cornerstone in our work that enabled and 
facilitated the biochemical characterisation of recombinant GT2 enzymes 
from various pathogenic oomycetes. We revealed that recombinant 
PcCesA1 has GT activity resulting in the formation of cellobiose as the main 
product. Based on putative interactions between different CesA paralogues 
in the mycelium of P. capsici, we hypothesise that the synthesis of cellulose 
microfibrils in oomycetes may require heteromeric CSCs, similar to the 
homotrimeric CSCs that exist in plants. More work in this area is necessary, 
possibly with additional recombinant CesAs produced in the S. cerevisiae 
LoGSA strain, to shed light on how cellulose biosynthesis is achieved in 
oomycetes. Unpublished data on the production of recombinant SmCHS2 
in the LECSA strain demonstrated that this enzyme indeed possesses CHS 
activity in vitro, leading to the formation of chitin. Moreover, preliminary 
results indicate that SmCHS2 can be purified in active form, thus poten-
tially enabling the detailed biochemical characterisation of this oomycete 
CHS. Principally, the LoGSA and LECSA strains may prove useful also for 
the study of CesAs and CHSs from outside the oomycetes, as we illustrated 
with our biochemical characterisation of PbCCHS2. 

The development of DirectMX, a novel methodology to reconstitute 
IMPs with their surrounding lipids into Salipro nanoparticles directly from 
crude membranes, opens new possibilities for functional and structural 
studies on a wide range of challenging target proteins. This method is 
highly relevant for pharmaceutical research because drug development 
typically requires structural and mechanistic insight on the native confor-
mation and interactions of an IMP with its surrounding membrane 
environment in vivo. Nevertheless, the failures and struggles to recombi-
nantly produce many GT2 enzymes that synthesise CW polysaccharides in 
a range of organisms may be overcome by applying the DirectMX 
methodology to these IMPs. Besides that the purification of an IMP using 
DirectMX is straight-forward and requires only the engineering of an 
affinity tag to the target protein, the resulting Salipro nanoparticles are 
void of detergent. IMPs reconstituted in Salipro nanoparticles remain 
functionally active, and concomitantly retain their structural integrity and 
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flexibility. Thus, using DirectMX for the reconstitution of CesAs and CHSs 
may contribute to accelerate the generation of structural and mechanistic 
insight on these important GT2 enzymes. Against the backdrop of the 
demonstration that two oomycete CHSs, namely CHS5 from S. parasitica 
and SmCHS2, can be purified in active form, it seems not unlikely that the 
first-ever CHS structure determined may be that from an oomycete. Such 
structural insight on CHSs would be highly desirable for novel approaches 
of disease control for pathogenic oomycetes and fungi. 

Overall, the work presented in this thesis has revealed novel insight into 
the occurrence, diversity, and function of membrane-bound GT2 enzymes 
involved in the biosynthesis of CW polysaccharides in oomycetes. As such, 
this work marks a substantial advancement in the knowledge of GT2 
enzymes in oomycetes, and may lead to new ways of disease control for 
devastating oomycete pathogens. Although the framework illustrated here 
with frequent experimental examples — for which data was partly obtained 
together with co-workers — may not be a novel approach per se, it offers a 
potential ‘gene-to-function’ and even ‘gene-to-structure’ discovery track 
for GT2 enzymes also from non-oomycetes species, thanks to the engi-
neered LoGSA and LECSA strains. 
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