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Abstract
White rot Basidiomycota can decompose all wood components in nature and
are therefore essential in recycling carbon in our forests and ecosystems. These
fungi are filamentous organisms that reside on top of trunks and elongate their
hyphae inside wood particles which may be waterlogged or submerged by
vegetation and debris. Therefore, it is likely these organisms are occasionally
subjected to limited oxygen availability. This doctoral thesis elucidated how
this atmospheric shift steers the metabolism of a white rot fungus and how this
phenomenon can be used in bioethanol production.
This thesis explored a group of white rot fungi for their capability to produce
ethanol from wood and lignocellulose containing waste material. One isolate,
Phlebia radiata 79 (FBCC0043) turned out to be efficient in producing ethanol
from waste substrates in considerable quantities. This isolate was used to
develop a single-step single-organism bioethanol production method. A wide
range of substrates e.g. saw dust, straw, board and recycled wood waste were
used as substrates for ethanol production. Up to 32 g/L of ethanol was
obtained from solid-state cultivations with core board. To increase ethanol
yield, various cultivation conditions were explored, including co-cultivations
with Saccharomyces cerevisiae.
Fungal wood decomposition is considered strictly aerobic; however,
Phlebia radiata could convert lignocellulose into ethanol under fermentative
and oxygen depleted conditions. Therefore, gene expression of P. radiata was
studied after 14 days of cultivation under oxygen depletion or hypoxia. The
research concentrated on the expression of both the extracellular carbohydrate
active enzymes (CAZy) and the intracellular metabolism. CAZy genes are
responsible of encoding enzymes responsible of wood decomposition and the
intracellular metabolism is responsible for converting the released sugars into
ethanol and other metabolites. Changes in the CAZy gene expression led into
changes, for instance, in cellulase activity under hypoxia. In addition, the
substantial effect of hypoxia was extended in various intracellular metabolic
pathways that were manifested as extracellular accumulation of ethanol and
acetate.
To conclude, the white-rot fungus P. radiata can decompose untreated
lignocellulose in low-oxygen conditions and turn the released sugars into
ethanol. Production of ethanol was also achievable on a larger than laboratory
scale indicating that a “single-step, single-organism consolidated bioprocess”
could be used as a novel method for bioethanol production.
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Tiivistelmä
Kantasieniin (Basidiomycota) kuuluvat valkolahottavat sienet kykenevät
hajottamaan kaikkia puun polymeerisiä komponentteja. Nämä sienet ovat
ensiarvoisen tärkeitä metsien ja ekosysteemien hiilen kierrätyksessä.
Valkolahottavat sienet ovat rihmastollisia organismeja, jotka elävät puun
pinnalla ja sisällä. Puupartikkelit voivat olla kastuneita, muun kasvillisuuden
peittämiä tai hautautuneena maahan. Siksi on todennäköistä, että puuta
lahottavat
organismit
altistuvat
alhaisille
happipitoisuuksille
kasvuympäristössään. Tässä tutkimuksessa keskityttiin selvittämään, kuinka
kasvuympäristön kaasukehän muutos ohjaa valkolahottavan sienen
aineenvaihduntaa ja kuinka ilmiötä voidaan käyttää hyväksi bioetanolin
tuottamiseksi.
Väitöskirjassa tutkittiin ryhmää valkolahottavia sieniä ja niiden kykyä
tuottaa etanolia puusta ja lignoselluloosaa sisältävästä jätemateriaalista,
esimerkiksi oljesta. Yksi kanta, Phlebia radiata 79 (FBCC0043) osoittautui
erityisen
tehokkaaksi
tuottamaan
huomattavia
määriä
etanolia
jätemateriaaleista. Tämän sienen avulla kehitettiin menetelmää, joka oli
yksivaiheinen ja siinä käytettiin vain yhtä mikro-organismia. Etanolin
tuotannossa käytettiin laajaa kirjoa lähtöaineita, kuten erilaisia sahanpuruja,
olkea, kartonkia ja kierrätettyä puujätettä. Etanolisaannon lisäämiseksi
tutkittiin myös erilaisia kasvatusolosuhteita, mukaan lukien yhteiskasvatusta
Saccharomyces cerevisiae -sienen eli leivinhiivan kanssa. Lopputuloksena
hylsykartongista saatiin tuotettua etanolia jopa 32 g/L ilman lähtömateriaalin
esikäsittelyä.
Puun lahotusta pidetään hapellisena tapahtumana, mutta P. radiata oli
kykenevä muuntamaan puujätettä etanoliksi myös hapettomissa olosuhteissa.
P. radiata sienen kykyä selvitä hapettomista oloista selvitettiin tutkimalla sen
geeniekspressiota 14 päivän kasvatuksen jälkeen. Tutkimus keskittyi sekä
solunulkoiseen puunlahotukseen, että solunsisäiseen metaboliaan. Hapen
puute johti muutoksiin myös esimerkiksi sellulaasiaktiivisuudessa. Lisäksi
hapen puute muokkasi merkittävästi solunsisäistä aineenvaihduntaa, mikä
ilmeni esimerkiksi etanolin ja asetaatin erittymisenä solun ulkopuolelle.
Johtopäätöksenä voidaan todeta, että valkolahottava P. radiata -sieni
hajotti käsittelemättömän lignoselluloosan vähähappisissa olosuhteissa ja
muutti vapautuneet sokerit etanoliksi. Etanolin valmistus oli myös
mahdollista laboratoriomittakaavaa suuremassa tilavuudessa, mikä osoittaa,
että yksivaiheinen ja yhden organismin menetelmä voisi toimia
uudentyyppisenä menetelmänä bioetanolin tuotannossa.
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1

Introduction

Lignocellulose is the Earth’s largest renewable resource found in all the world’s
three trillion trees. Trees contain up to 650 billion tonnes of carbon [1,2] that
could be used to produce sustainable biofuels such as bioethanol as a
replacement for fossil transport fuels. To mitigate global warming to 1.5°C
(from the pre-industrial era) [3], a wide range of approaches are required,
including development and implementation of biofuels [4]. Lignocellulosic
biomasses are abundant worldwide and could be used as feedstocks for
biofuels such as bioethanol. To ensure sustainable bioethanol production,
lignocellulose waste materials should also be explored in more detail as
substrates.
This thesis explores the potential of filamentous wood decay fungi in the
bioconversion of various lignocellulose-based waste materials into bioethanol.
As a starting point of the research, selected species of saprotrophic
Basidiomycota of the order Polyporales were compared for growth, substrate
degradation, and ability to convert a selection of lignocellulose waste materials
into ethanol and other compounds. To better understand the conversion
process, and to get an insight of the fungal metabolism and its regulation, the
wood decay process of the white rot fungus Phlebia radiata was studied under
oxygen-limited ethanol-producing conditions.
This thesis studied lignocellulose degradation and primary metabolism
under oxygen-depleted conditions by following gene expression, enzyme
activities and metabolite production. Moreover, the interconnections and
regulation in fungal metabolic pathways and cellular response to hypoxia were
expanded to Ascomycota and Basidiomycota by looking into the similarities
and differences between these two groups of fungi. The following sections
discuss the global importance of biofuels and bioethanol production and the
use of waste lignocelluloses as substrates. In addition, fungal metabolism,
enzymes involved in decomposition of lignocellulose, known regulators and
metabolic responses of these pathways in fungi will be elucidated.

1.1 Switching from fossil transport fuels to renewable
biofuels
1.1.1 Biofuels in the EU and global scale
Of currently available biofuels, bioethanol is the largest one in production and
consumption with a global annual production of 112x106 m3 (year 2018) [5].
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This equals 57x106 tons in oil equivalent (toe). In comparison, the annual
production of biodiesel (fatty acid methyl ester (FAME) and hydrogenated
vegetable oil (HVO) combined) equals about the half of ethanol oil equivalent,
that is, 31x106 toe [5]. In the European Union, however, biodiesel is currently
the main biofuel, making up 82% of all renewable biofuels in production
volume. Bioethanol forms 17% of all biofuels in the EU, and biogas is
responsible for the remaining 1% (biomethane), which is mainly produced and
consumed in Sweden and Germany [6].
Based on the EU renewable energy directive (RED), all member countries
should reach a 10% share of the renewable energy supply in transport by the
year 2020. However, nearly all EU member countries were behind on fulfilling
this target by the year 2017 and the share of renewable fuels in EU28 countries
was only 8.1% on average [7]. Efforts to increase the share of renewables to
closer to 10%, and to meet higher future goals, evidently lead to an increase in
biofuel production. According to the European Environment Agency, the slow
growth in biofuel consumption is due to sustainability requirements and slow
progress in second-generation biofuel development [7]. In other words, there
is an urgent need to develop biofuels that are both renewable and sustainable.
Production of biodiesel, biogas, bioethanol and biohydrogen all rely on
different substrates. Therefore, expanding the selection of consumed biofuels
simultaneously widens the range of substrates and decreases the dependence
of biofuel production on a single type of biomass. This strategy would reduce
the risk of overexploiting a single feedstock. In addition, versatile selection of
available biofuel production methods could introduce the industry to new
localities and increase the transport fuel self-sufficiency in these regions. Even
though, this thesis concentrates only on bioethanol and in the biological
features involved in its production, all biofuel options should be explored and
developed equally with electric vehicles to guarantee sustainable replacement
of fossil fuels.

1.1.2 First-generation bioethanol production and sustainability issues
Ethanol (ethyl alcohol) or bioethanol is one of the renewable fuels which is
already widely used [8,9] as a partial replacement of fossil-based
transportation fuels worldwide. Transport fuel labelled as E85 contains 15% of
gasoline (petrol) and up to 85% of anhydrous ethanol. This fuel is in use in the
US and Europe in flexible-fuel vehicles.
Most of the bioethanol is produced in the US and Brazil from corn and sugar
cane feedstocks, respectively [10]. Therefore the majority of currently
available bioethanol is “first-generation” biofuel which is produced from
carbohydrate feedstocks originating in crop plants [6,11]. The process for firstgeneration bioethanol production consists of substrate preparation,
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liquification and fermentation steps [12]. During substrate preparation, the
feedstock, such as corn is ground to increase the particle surface area. This
improves the efficiency of the liquification step, when the substrate is treated
with enzymes such as α- and γ-amylases. Amylases degrade the α(1–6) and
α(1–4) glycoside linkages in starch, leading to release of oligosaccharides and
eventually glucose. Amylases can be produced by bacteria and fungi, but in
industry Aspergillus niger isolates are favoured [13]. Before initiating the
fermentation step by inoculating the cultivation with a fermenting organism,
nutrients are added to the corn slurry. Numerous microorganisms and isolates
can be used for the fermentation, but Saccharomyces cerevisiae isolates are
commonly preferred when pursuing ethanol [14].
First-generation bioethanol production is, however, problematic. The use
of crop plants competes with food production, therefore causing societal issues
in addition to environmental challenges [15,16]. Despite the purpose,
decreasing greenhouse gas emissions, the production of renewable liquid fuels
from crop plants is susceptible to the consequences of climate change. For
instance, drought periods during in summer 2018 increased prices of plant
feedstocks used for bioethanol production, thus reducing bioethanol
production in Germany by 9% [6]. In addition to the mitigation of greenhouse
gas (GHG) emissions, water footprint is one of the factors that affects the
sustainability of biofuels, the although irrigation requirement depends on the
crop plant and cultivation location [17]. Increasing biofuel production also
increases the pressure on available land, food price ecosystem preservation
and diversity [3]. Insecurity of feedstock supply, environmental issues and the
general opinion against first-generation production of biofuels, have
motivated to the development of more sustainable second-generation biofuels
that use lignocelluloses or waste substrates.

1.1.3 Second-generation bioethanol and efficiency issues
Second-generation or advanced bioethanol refers to a manufacturing process
where bioethanol is manufactured from sources, which are not usable for food
or feed purposes. Therefore, second-generation bioethanol is produced from
lignocellulose substrates such as sawdust, straw or bakery waste. The
Etanolix® and Cellunolix® processes by St1 [18] and the Sunliquid® [19]
process by Clariant are examples of second-generation bioethanol
technologies currently under development. However, these processes are still
implemented only on the pilot or demonstration plant scale.
One of the main challenges posed to second-generation bioethanol
production is the insolubility of cellulose and lignocellulose. A second
challenge is the minimum ethanol concentration required for efficient
distillation. As an example, the minimum ethanol concentration required by a
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feasible distillation process is case-sensitive, but to gain e.g. 40 g/L of ethanol,
the initial sugar quantity must be around 80 g/L (1.96 times higher based on
Equation 1) [20]. Since lignocellulose contains less than 50% of glucose [21],
the solid load must be at least two times higher to reach the desired sugar
levels. In other words, to reach 40 g/L of ethanol the initial lignocellulose solid
load needs to be at least 16%. Since the bioconversion is not operating at 100%
efficiency as presented in this example, the dry load should be higher.

C6H12O6 → 2CO2 + 2C2H5OH
Equation 1 Stoichiometric c onversion of hexose sugar (such as glucose) into
ethanol by glycolysis .

To achieve bioethanol production from lignocellulose the substrate needs
to be pre-treated to gain access to sugars. Substrates for advanced biofuels are
of various quality and purity grades. Therefore, there are no universal methods
for producing second-generation bioethanol. Depending on the lignocellulose
and waste substrate, a wide array of physio-chemical and enzymatic pretreatment methods have been developed [22–25] to facilitate the release of
fermentable sugars from the raw material. Characteristics of different pretreatments and consolidated bioprocess are discussed in the following
paragraphs.
First are the physico-chemical pre-treatments that include both chemical
and physico-chemical approaches. Acidic and alkaline liquids, ionic liquids,
and organic solvents (organosolv) are classified as chemical treatments. The
aim of these methods is to hydrolyse or modify the lignocellulose structure to
increase cellulose availability. The most important physico-chemical pretreatment is the steam explosion which uses liquid ammonia, supercritical CO2
or water steam [23]. Steam explosion is a thoroughly investigated method
where a biomass is heated using pressurised steam. The structure of the
biomass is changed by release of pressure. Degradation of solid plant biomass
and lignocellulose usually requires a combination of pre-treatments, which
complicate the process and increase the required initial capital (Fig. 1A).
During the harsh chemical and physico-chemical pre-treatment nonbeneficial compounds are generated in the hydrolysates. Therefore, the
hydrolysate acidity or alkalinity needs to be neutralised and disadvantageous
compounds such as phenolic compounds need to be separated from
carbohydrates prior to fermentation [26]. Despite their complexity, physiochemical pre-treatments can produce a high level of sugars (Fig. 1) [23].
Released sugars are then converted into ethanol in a similar way to firstgeneration bioethanol production.
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Enzymatic pre-treatment, leading to the breakdown of lignocellulose
polysaccharides, is achieved through lignocellulose acting enzymes, which are
produced by various microorganisms, in particular fungi. This treatment
mimics the naturally occurring lignocellulose degradation of microorganisms.
Commercially available enzymes and enzyme cocktails are produced by
companies such as Novozymes (www.novozymes.com), DuPont
(www.dupont.com), or ROAL Oy (www.roal.fi).

Figure 1

Simplified illustration of lignocellulose pre -treatment methods. Methods
have been compiled from various articles [8,23,26,32 –35]. Various
modifications and combinations of the presented schemes exist.

In lignocellulose pre-treatment, various enzyme cocktails can be used to
saccharify lignocellulose. The mixtures can contain a selection of cellulases
(cellulose-acting enzymes) usually produced by Trichoderma reesei [27,28]
(for example: Cellic Ctec2, Celluclast) or hemicellulose and pectin acting
enzymes produced by T. reesei and Aspergillus spp. [29]. These species are
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favoured in enzyme production for their fast growth rate, high level of protein
production and established genetic modification methods. Despite the vast
selection of lignocellulose acting enzymes available, to accelerate the process
pace in industrial and larger-scale applications, physico-chemical treatments
normally precede the enzymatic steps (Fig. 1B)[30]. Enzyme addition is a
substantial expense in second-generation bioethanol production. As an
estimation, enzyme dosages 40–100 times higher are required to hydrolyse
lignocellulose than for starch [31].
Biological pre-treatment of lignocellulose refers to applying a
lignocellulose-decomposing organism or organisms, such as Phanerochaete
chrysosporium, Gloeophyllum trabeum or Phlebia brevispora, for
modification and saccharification of the substrates (Fig. 1C) [32,36–38]. The
purpose of a biological pre-treatment is to replace harsh and environmentally
hazardous physico-chemical steps [24]. In practice, the wood degradation
mechanisms of Basidiomycota white rot fungi result in a decline in the
molecular weight of polymeric lignin [35]. Subsequent fungal actions
depolymerise and solubilise the carbohydrate polymers of lignocellulose. The
soluble carbohydrates are generally fermented by other microbial cells, such
as baker’s yeast S. cerevisiae, to obtain higher fermentation efficiency [36–
38]. Therefore, white rot fungi that have a relatively low sugar uptake rate in
comparison to degradation capacity are preferred [32]. In contrast to the
physico-chemical pre-treatments, inhibitory compounds are not formed
during the process. However, biological pre-treatment requires from 7 to 42
days which is more than in physico-chemical pre-treatments [32,36–38]. The
next section will discuss the last method in figure 1 the consolidated bioprocess
(CBP) in detail.

1.1.4 Lignocellulose decomposition by fungi in consolidated
bioprocess
Consolidated bioprocessing (CBP) is an approach where an organism capable
of using and fermenting lignocellulose carbohydrates is responsible for all
steps, starting with intact lignocellulose substrate and then proceeding to the
production of bioethanol (Fig. 1D). In other words, no pre-treatments are
required in this process. Microbes used in consolidated bioprocesses vary
depending on the substrate and process scale. Thermophilic anaerobic
bacteria such as Clostridium thermocellum have been adapted for CBP of
cellulosic substrates [39]. Anaerobic rumen fungi such as Piromyces sp. could
be considered to produce short-chain organic acids, ethanol and other
alcohols, especially from grass plants and silage [40]. Genetically modified
organisms have been also developed to improve the second-generation
bioethanol production. For instance, S cerevisiae strains that express
cellulases and Trichoderma reesei strains that have an improved ethanol
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tolerance have been developed for the purpose of CBP [41,42]. However, these
organisms lack the capability to modify lignin and are therefore incapable of
using untreated lignocellulose. White rot Basidiomycota fungus Phlebia MG60 of the class Agaricomycetes has been adopted in CBP of hardwood and
waste lignocellulose [33,43]. In the case of white rot fungi, lignocellulose is
degraded by extracellular carbohydrate active enzymes (CAZy) that degrade
cellulose, hemicellulose, pectin and lignin polymers.
The degradation is orchestrated by a combination of secreted enzymes with
catalytically specific binding and reactivity. Cellulose, formed of hundreds or
thousands of glucose molecules linked with β (1–4) connections, is degraded
by β-glucosidases (CAZy [44] classes GH1 and GH3), reducing and nonreducing end active cellobiohydrolases (CBH), GH6 and GH7, respectively,
and cellulose-acting lytic polysaccharide monooxygenases (LPMO, CAZy class
AA9). Endoglucanases are found in numerous CAZy classes, including GH5_5,
GH5_22, GH9, GH12, GH44, GH45 and GH131 [45–48]. All these enzyme
classes are required to degrade this polymer. Endoglucanases operate on
amorphous regions of cellulose releasing shorter oligosaccharides that can be
cut by cellobiohydrolases and by β-glucosidases into glucose. LPMO, in
contrast, lyses crystalline regions of cellulose which opens a reducing or
nonreducing end in the cellulose chain where CBH enzymes can bind [45,46].
Hemicelluloses, on the other hand, vary between plant species and tissues,
and include several different sugar and sugar acid units as well as linkages,
and may be partially covalently bound to other lignocellulose polymers, e.g.
lignin or cellulose [49]. In coniferous trees, the majority of gymnosperm wood
hemicelluloses are galactoglucomannans, whereas in angiosperm deciduous
trees such as birch, the main hemicellulose polymers are derivatives of xylan
[50]. The xylan backbone consists of the pentose sugar xylose units, and is
enzymatically degraded by endoxylanases (CAZy classes GH10 and GH11) [45]
and xylan-acting LPMO (CAZy class AA14) [51].
Pectin is a carbohydrate heteropolymer formed from a polymeric
galacturonate or galactorhamnose backbone, adorned with various glycosyl
side chains. Pectin is found in fruits but also in the middle lamellae of xylem
cells. Pectate lyases (CAZy PL class enzymes), together with hydrolytic GH28,
specifically cleave the pectin backbones. In addition, pectin methylesterase
CE8 and other glucoside hydrolases (e.g. GH78, GH88 and GH105) are among
the enzymes involved in pectin degradation. Similar to the enzymatic
breakdown of hemicelluloses, numerous CAZy classes are associated with
cleavage of the side chain linkages and different carbohydrate units
[45,48,52].
Modification by oxidation and cleavage of lignin substructures is required
to access the carbohydrates within lignocellulose. The modification and
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degradation of lignin is complex due to its heteropolymer and recalcitrant
nature. Fungal extracellular oxidoreductase enzymes such as laccases (CAZy
class AA1), manganese peroxidases, versatile peroxidases, and lignin
peroxidases (CAZy class AA2) are responsible for these modifications [53–56].
In conclusion, consolidated bioprocesses rely on wood-decaying fungi and
their capability to produce these catalytically different carbohydrate active
enzymes. Despite its elegance, CBP requires more time than traditional pretreatments [33,57] and results in a lower yields of ethanol, in mass relation to
the processed solid substrate [42]. However, establishing a CBP may require
less initial capital than pre-treatment options and may be more flexible in
terms of the quality and purity of the plant biomass wastes and lignocellulose
substrate. For instance, Phlebia MG-60 have been reported to use divergent
waste quality substrates without the need to change cultivation conditions
[33,43].
The biological challenge in CBP is that effective degradation of
lignocellulose requires oxidative conditions while fermentation to ethanol is
efficient under anaerobic conditions [30]. Therefore, the role of cultivation
atmosphere to fermentation efficiency and lignocellulose degradation needs to
be studied to understand and improve the biochemical events of a CBP
process. This is best achieved by exploring the genomes, gene expression and
regulative features of CBP organisms such as the white rot fungus Phlebia
radiata. Lignocellulose degradation by P. radiata has been studied on
deciduous (hard-wood) and coniferous trees (soft-wood) [58–60], but also on
straw [61–63]. In addition, its genome has been sequenced and is publicly
available [64,65] and the physiology and the potential of P. radiata in
biological pre-treatment have been explored [61,66,67], but the effect of
hypoxia has not yet been studied. The following sections describe how fungi in
general respond to hypoxia.

1.2 Basidiomycota and Ascomycota fungi under hypoxia
In the kingdom of Fungi (Mycota), the phyla Ascomycota and Basidiomycota
include both filamentous and yeast-like fungi [68–70]. These two phyla form
the subkingdom Dikarya, which are encountered in various environments and
ecological niches. Dikarya species are found in living animals and plants but
also in soil and lignocellulose, where they may function as symbionts,
pathogens or saprotrophic inhabitants. A common feature for many species
within Dikarya is that they endure oxygen depleted environments. For
instance, opportunistic human pathogens Cryptococcus neoformans
(Basidiomycota) and Aspergillus fumigatus (Ascomycota) are both able to
survive in low-oxygen environments [71–73]. In addition, tolerance to hypoxia
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in plant pathogenic fungi such as Fusarium oxysporum has been reported
[74,75]. However, plant biomass-decomposing saprotrophic fungi are less
studied under hypoxia.
Fungal decomposition of wood is accomplished by the previously
mentioned white rot, brown rot or soft rot mechanisms, and intermediate
versions [76–78]. Rot types differ not only in the mechanism they use, but also
in the outcome. Brown rot mechanism mainly relies on Fenton- chemistry type
degradation, which leads to the depolymerisation of lignocellulose and
efficient degradation of cellulose. White rot and soft rot mechanisms rely on
enzymatic degradation of lignocellulose polymers. White rot organisms can
degrade all lignocellulose main components, while soft rot fungi have the
means to degrade only cellulose and sometimes hemicellulose [48,77,79,80].
Brown and white rot fungi can occupy the same habitats and can co-exist in
the same trunk of tree stump [81,82]. In the boreal and temperate forest,
brown and white rot fungi are the main decomposers of dead wood and woody
debris materials, thus making their ecological importance for carbon and
nutrient cycling is crucial in these environments [48].
Brown and white rot are regarded as aerobic processes. However, wood
decomposing organisms which are filamentous dikaryotic organisms elongate
their hyphae inside the pieces of wood in the tracheids and through bordered
pitch connections [83]. In the natural fungal habitats, pieces of wood will
occasionally become submerged under vegetation or be waterlogged after rain
and flooding. These factors, combined with soil respiration, can create oxygendepleted growth environments [75]. In the soil and inside plant biomass, the
extending fungal hyphae may eventually encounter oxygen depletion during
lignocellulose decomposition. This leads to changes not only in the energy
metabolism but also likely in those wood decomposition mechanisms that
require oxygen.
To conclude, despite the variability in growth habitats, Dikarya fungi
encounter regional or transient oxygen depletion that may lead to hypoxia.
Nevertheless, fungal responses towards hypoxia are divergent [84,85]. The
effect of microaerophilic or even anaerobic conditions found in dead wood on
the organisms tolerating these conditions have seldom been studied.

1.2.1 Fungal fermentation
One of the major changes that any aerobic organism or cell is forced to go
through upon oxygen depletion and hypoxia is the switch from cellular
respiration to fermentative metabolism. Depending on the organism and used
substrate, fermentation may lead, for instance, to the build-up of extracellular
ethanol, lactate, glycerol or acetate or to the accumulation of more than one
product in heterofermentation [86]. Fermentation is a cellular catabolic
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response in both prokaryotes and eukaryotes for coping with ATP deficiency
in low oxygen conditions [87]. However, remarkably less ATP is produced
through fermentation than through aerobic respiration, which results in
slower propagation and growth rates and increased carbohydrate uptake.
Despite the various end products, the purpose of fermentation in
aerotolerant organisms is the same: maintaining the cellular redox balance
and energy levels when cellular respiration is impaired [75,88]. During
fermentation, the end products (ethanol, glycerol or lactate) cannot be
reincorporated into glycolysis or used as carbon sources due to the shortage of
oxidative co-factors (NAD+ and NADP+) which is when the end products are
secreted out [89]. In contrast, glycerol can be turned into sn-glycerol-3P by
glycerol kinase [EC 2.7.1.30] in the presence of ATP and stored in lipid droplets
or used in the synthesis of lipids in peroxisomes (Discussed in section 1.3.2).
Instead these metabolites are secreted out.
Transportation of fermentation products is important to avoid their
accumulation in the cytosol. Ethanol is soluble and diffusible through the
phospholipid bilayer of cell membranes. In contrast, lactate and glycerol are
actively transported by a symport protein complex or through the aquaporin
system [90–92]. Ethanol and glycerol are also both harmful compounds
outside the cell. High extracellular glycerol concentration increases osmotic
stress and may trigger a high osmolarity glycerol pathway (HOG-MAPK) [93–
95], while ethanol as a diffusible element disrupts the cellular and organellar
membranes (discussed in section 1.3.2).
The range of carbohydrates used varies throughout the fungal kingdom and
may be specific for certain evolutionary lineages. S. cerevisiae has been used
for a long time in ethanol fermentation, even though its capability to use
different carbon sources is limited. S. cerevisiae uses 6-carbon (hexose) sugars
but lacks the mechanisms to catabolise pentose (5-carbon) sugars [21,96].
However, transformants that use pentose sugars have been developed [97]. In
addition, a wild type S. cerevisiae isolate cannot use D-galacturonate, the
backbone of pectin as a carbon source. However, a transgenic strain of S.
cerevisiae has been developed that can use this uronic acid [98]. The structure
of pectin depends on their origin and the means to degrade them vary amongst
fungi [52,99].
Ethanol fermentation may also take place in the presence of oxygen,
especially when the culture medium has a high sugar concentration. This
“Crabtree effect” is thought to act as a competitive benefit for fungi such as S.
cerevisiae that feed on ripe fruits or other sugar-rich substrates [100,101]. In
some fungi, such as the human opportunistic pathogen Candida albicans, this
diauxic shift leads to morphological change from yeast unicellular-like growth
to filamentous, hyphal growth type [102]. In conclusion, fungi respond to
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hypoxia in several ways. In the following sections different aspects of hypoxia
important from the perspective of lignocellulose bioconversion will be
discussed. This includes carbohydrate metabolism and metabolic pathways
that are important in the absence of oxygen and required in the presence of
ethanol.

1.3 Metabolism of Basidiomycota and Ascomycota under
hypoxia
1.3.1 Carbohydrate usage and redox balance in fungi during
fermentation
After the carbohydrates in lignocellulose are depolymerised and imported into
the cells, carbon catabolism takes place. Glycolysis, PPP (pentose phosphate
pathway), and other degradative pathways (mannose degradation, Leloir
pathway, galacturonic acid degradation) are required to obtain energy and
cellular building blocks. During respiratory metabolism, cytosolic electron
carrier redox cofactor molecules NADH and NADPH can be transformed back
and forth between oxidised (NAD+ and NADP+) and reduced states to meet a
redox homeostasis [87].
Uptake of carbohydrates and metabolism changes under hypoxia due to the
lack of oxygen eventually leads to a lowered NAD+/NADH ratio [89].
Catabolism of hexose sugars (glucose, galactose and mannose) requires
recycling of NAD+ and NADH between glyceraldehyde dehydrogenase (NAD+
-> NADH) and alcohol/glycerol dehydrogenases (NADH -> NAD+) (Fig. 2A).
Acetate production during fermentation by NAD+ dependent acetaldehyde
dehydrogenase [EC 1.2.1.3] is usually repressed due to the deficiency of
cytosolic NAD+ [89]. Glycerol formation by glycerol dehydrogenase [EC
1.1.1.6] acts as an alternative to ethanol fermentation, even though it yields half
the amount of ATP compared to ethanol fermentation. Ethanol is usually the
main product secreted during the fermentation of hexose sugars, and glycerol
is formed as a side product. Extracellular glycerol quantity may not directly
reflect the activity of glycerol synthesis, since glycerol may be partly used in
lipid metabolism.
Eukaryote xylose reductase enzyme [EC 1.1.1.21] can in general use either
NADPH or NADH as the reducing cofactor (Fig. 2C and 2D). The choice of
NADH or NADPH is determined by the enzyme affinity cofactor availability.
In theory, during fermentation, NADPH dependent reduction of xylose would
lead to the depletion of NAD+, and thereby cease the subsequent reaction by
xylulose reductase [EC 1.1.1.9] (Fig. 2D). Therefore, the reduction of xylose
would be paused and xylitol accumulated [103,104]. In contrast, NADH
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dependent reduction of xylose proceeds by NAD+ dependent oxidation of
xylitol to xylulose (Fig. 2C). A reduced quantity of NADPH has been shown to
lead to higher xylose consumption in a S. cerevisiae strain capable of
consuming xylose [103]. Prokaryotic organisms have, in addition to xylose
reduction, a xylose isomerase [EC 5.3.1.5] enzyme that reduces xylose directly
to D-xylulose [105]. In contrast with the catabolism of pentose sugars, the
conversion and degradation of galacturonic acid is dependent on NADPH as
the only cofactor (Fig. 2B). In conclusion, carbohydrate metabolism is strongly
linked with cofactor availability and its importance is highlighted under
hypoxia, when recycling via oxidative phosphorylation is repressed. Secondly,
the role of cofactors is revealed with metabolically engineered strains. For
instance, silencing the pyruvate decarboxylase [EC 4.1.1.1] (Fig. 2A) in Phlebia
MG-60 led to the accumulation of xylitol when fed with xylose [106]. Pyruvate
decarboxylase forms acetaldehyde, which is the substrate for NAD+ forming
alcohol dehydrogenase. In contrast, the enzyme that uses xylitol, xylulose
dehydrogenase [EC 1.1.1.9], is NAD+ dependent. Therefore, the authors
proposed that the accumulation of xylitol was due to the absence of NAD+
cofactor (Similar to Fig. 2D).

1.3.2 Synthesis of ergosterol, sphingolipids, triglycerides and fatty
acids under hypoxia
Lipid membranes are a crucial part of any biological organism and system
[107] and are affected by both hypoxia and ethanol. Lipid membranes are
found in cell membranes but also in organelles such as mitochondria,
peroxisomes and the Golgi apparatus. The majority of lipid membranes is
found, however, in the smooth and rough endoplasmic reticula (ER), which is
responsible for protein synthesis and biosynthesis of ergosterol [108,109].
Two metabolites derived from carbohydrate metabolism, acetyl-CoA and snglycerol-3P, play a central role in the biosynthesis of lipids. Acetyl-CoA is
required for the elongation of fatty acids and ergosterol biosynthesis, while snglycerol-3P is required as the backbone of triglycerides [110,111].
Several steps of lipid biosynthesis are dependent on NADPH and molecular
oxygen as cofactors. Ergosterol, the main lipid component of the fungal cell
membrane, is synthesised from acetyl-CoA through the mevalonate pathway
and it requires 12 oxygen molecules, nine NADPH and ferrocytochrome as
cofactors per ergosterol molecule. Despite, or precisely because of, the scarcity
of cofactors, the ergosterol pathway is often induced as a response to hypoxia.
A similar trend is seen in the synthesis of oxygen and NADPH dependent [112]
phospholipids
(such
as
phosphatidylcholine,
phosphatidyl,
phosphatidylinositol and phosphatidylserine), which are significant
components of organelle membranes [108].
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Figure 2

Examples of cofactor involvement during fermentation of hexose, pentose and
galacturonic acid in fungi. Green dotted lines = ineffective. Only those enzyme
reactions that use NADH or NADPH as a cofactor are displayed.

In addition to the scarcity of cofactors required for the synthesis of lipids
under hypoxia, ethanol affects the lipid bilayer by increasing its disordered
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structure. Even small quantities of ethanol have been shown to affect the
structure of lipid rafts that contain sterols [113,114], while also affecting the
cell wall permeability of Phanerochaete chrysosporium [115]. To conclude,
both the lipid biosynthesis and membrane functionality are challenged during
ethanol fermentative conditions.

1.3.3 Iron metabolism and iron transportation under hypoxia
Iron metabolism has been studied extensively in human pathogens A.
fumigatus and C. neoformans due to its important role in virulence [116–118].
To access exogenous iron, metal cations are imported into cells by various
methods or in various forms which may also reflect the lifestyle of the
organism[119,120]. So-called high affinity reductive iron uptake is conserved
amongst fungi and it involves extracellular or cell-membrane-bound ferric
reductase enzymes and specific transporter proteins [119,120]. Secondly, fungi
may exploit iron-chelating extracellular siderophore compounds to facilitate
iron import through siderophore transporters. Siderophores can be
intracellular [121], endogenous (synthesised and secreted by the fungal cells
[120]), or xenosiderophores (non-self-synthesised). Iron-transporting
siderophores are produced within Ascomycota and Basidiomycota,
particularly via non-ribosomal peptide synthetases (NRPS) [122,123]. Animal
pathogens such as C. albicans use haem or haemoglobin as a source of iron.
The uptake of haem is achieved with the aid of the CFEM (cysteine- rich
Common in Fungal Extracellular Membrane) protein family [120].
Saprotrophs like wood decay fungi mainly encounter iron in ferrous form
while elongating their hyphae inside dead wood xylem [83,124].
The comprehensive nature of iron in maintaining cell homeostasis during
hypoxia is revealed when exploring the array of pathways and critical enzymes
that need iron as a cofactor. Iron is especially required in the mitochondria,
where it is transformed into haem or [2Fe-2S] clusters (iron sulphur clusters
or ISC) [125,126]. Haem protoporphyrinogen ring biosynthesis takes place
partly in the cytosol and partly in the mitochondria [127] and is one of the
pathways that uses molecular oxygen as a cofactor. Haem is included in the
electron transfer pathway cytochromes and various oxidoreductases, such as
peroxidases and cytochrome P450 enzymes required, for instance, in
ergosterol biosynthesis. In contrast, mitochondria synthesised [2Fe-2S]
clusters are required for several steps of oxidative respiration and the TCA
(tricarboxylic acid) cycle. [2Fe-2S] clusters are synthesised in mitochondria
and transported to the cytosol by a glutathione assisted transporter Atm1 (S.
cerevisiae) [128]. In the cytosol, [2Fe-2S] clusters are involved in sensing
intracellular iron levels, or they are integrated with their target enzymes as
[2Fe-2S] or [4Fe-4S] which often includes interaction with glutaredoxin
[118,129,130].
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In the wood decaying, saprotrophic brown rot and white rot Basidiomycota,
iron is additionally required for extracellular redox reactions and wood
degradation mechanisms. In white-rot fungi, haem is required as a cofactor in
the haem containing class II peroxidases (MnP, VP, LiP) [EC 1.11.1.13, 1.11.1.14,
1.11.1.16] and other peroxidases that may act on lignin and aromatic
compounds leading to radical reactions and lignin modifications [53]. In
addition, the flavoprotein cellobiose dehydrogenase [EC 1.1.99.18], also active
in association with LPMOs, contains a haem-binding domain [131]. Brown rot
fungi instead use an iron-dependent, non-enzymatic reaction to oxidise and
degrade lignocellulose. This Fenton-chemistry is believed to be achieved in a
two-step reaction [132–134].

1.4 Regulation of the metabolism during hypoxia
Regulation of primary metabolism is comprised of numerous mechanisms.
For instance, epigenetic modifications in chromatin structure and DNA
methylation affect the possibility to transcribe a gene into mRNA [135].
Transcription factors that bind to the promoter regions of a gene can induce
and repress the transcription of a gene. Alternative splicing and mRNA
stability affect the outcome of the translation process [136,137]. Feedback
loops regulate the expression of other genes and activity of other enzymes in
the same pathway [138]. These are all important parts of the regulome but,
due to the experimental setup used in the publications, this introduction
focuses only on the role of DNA-binding transcription factors. Transcription
factors (TF) play a central role in reacting to environmental changes.
Expression of a given metabolic pathway is usually regulated by more than one
transcription factor, and based on current knowledge, certain transcription
factors can act as both activators and repressors, depending on the growth
conditions [118,139]. Following the expression of DNA binding TFs and
investigating their binding sites in gene promoters will help understanding of
their regulative role. However, other regulative mechanisms need to be
studied as well to understand the steps of CBP (consolidated bioprocess).
The regulation of primary metabolism, including ethanol fermentation and
other critical pathways, have been well studied in the Ascomycota baker’s
yeast S. cerevisiae [140] while fungi in the phylum Basidiomycota have
attracted much less interest in this respect. Despite being considered a genetic
model species among fungi, the yeast-type subphyla Saccharomycotina and
Taphrinomycotina differ from other Dikarya lineages in several elementary
features. The regulation of primary metabolism is different, especially between
Basidiomycota and Ascomycota, as described in the following sections.
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1.4.1 Transcription factors involved in regulation of sterol
biosynthesis and iron metabolism
The metabolism and regulation of gene expression in filamentous Dikarya
fungi has been studied extensively with human pathogens. These filamentous
and yeast-like fungi are widely adapted to temporal or prolonged hypoxia.
However, each phylogenetic lineage has different cellular mechanisms to cope
with hypoxia. In most cases, the sterol regulatory element binding proteins
(SREBP) and their homologues have a central regulative role under lowoxygen conditions. In addition to sterol biosynthesis, SREBP is involved in the
regulation of iron metabolism and, in some cases, of haem synthesis. For
instance, in the Ascomycota filamentous fungus A. fumigatus, a SREBP
homologue SrbA is at least indirectly involved in the regulation of both
ergosterol biosynthesis and iron metabolism [141–143].
Species in the Ascomycota genera Saccharomyces and Candida, however,
have divergent mechanisms for regulation of ergosterol synthesis. Instead of a
SREBP type of regulator, they possess another transcription factor, Upc2,
which regulates both ergosterol synthesis and uptake [144–147]. In S.
cerevisiae, Upc2 expression is affected by numerous factors and it reciprocally
affects the expression of other transcription factors such as Hap1 and Rox1
[85,144,148]. Several Basidiomycota species, however, lack the SREBP
mechanisms and regulate the ergosterol biosynthesis by an unknown
mechanism [148]. Despite the fundamental role of ergosterol to all fungi (see
section 1.3.2) its regulation is organised differently within Dikarya. Therefore,
it raises the question of whether the regulation mechanism of ergosterol
metabolism could correlate with the phenotype, such as tolerance towards
hypoxia.
Regulation of iron metabolism has recently been studied in the human
pathogenic Dikarya fungi C. neoformans and A. fumigatus [117,118]. There are
two TF types directly involved in iron metabolism regulation. Of these, zinc
finger TF SreA (A. fumigatus) or Cir1 (C. neoformans), has been found to bind
on a GATA motif and act as repressor of iron acquisition [117,118,149]. The
second group of regulators of iron and haem metabolism are transcription
factors that bind to the CCAAT-binding complex (CBC). As an example,
leucine zipper (bZIP) transcription factors Hap4 (in S. cerevisiae), php4 (in
Schizosaccharomyces pombe) and HapB, HapC, HapE or HapX in (in A.
fumigatus and C. neoformans) belong in this category [150]. These
transcription factors have a low degree of identity in amino acid sequences,
although they display similarities in function. In S. cerevisiae, Hap4 [151] acts
as an activator of several genes involved in haem biosynthesis, such as the gene
encoding the rate-limiting enzyme in the pathway, that is, uroporphyrinogen
synthase [EC 2.5.1.61] [152].
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The exact mechanism of co-operation between the transcription factors
involved in iron metabolism is not clear, and fungal species-specific features
are probably involved. In A. fumigatus and C. neoformans, in the presence of
iron, the GATA type TF Cir1/SreA represses the reductive uptake of iron and
the expression of HapX, which is a repressor of iron consumption and an
activator of iron uptake. However, in the absence of iron, HapX switches to
induce iron uptake related genes but represses iron consumption [117,118]. In
A. fumigatus, the regulation of iron metabolism involves a small redox enzyme
glutaredoxin that may act as post-translational moderator of SreA and HapX
transcription factors [118]. It has also been proposed to be involved in iron
regulation in C. neoformans [117]. Moreover, in A. fumigatus, HapX and SreA
both regulate the synthesis of [Fe-S]-clusters alongside other mitochondrial
functions [149,153]. [Fe-S]-clusters interact in the cytosol and nucleus with
glutaredoxin [118,154]. In A. fumigatus, this leads to the induction of Fe-ion
acquisition during iron starvation and Fe consumption during iron repletion
[118]. It has not been studied how these transcription factors react to hypoxia
and it is unknown how well the findings from these human pathogens can be
applied to other fungi. To conclude, since iron is required by numerous
enzymes that are associated with hypoxia response, understanding the
regulation of iron metabolism is crucial to assess the suitability of a candidate
species for their application in consolidated bioprocesses.

1.4.2 Regulation of carbohydrate metabolism under hypoxia
The regulation of carbohydrate metabolism involves a vast selection of DNAbinding transcription factors. As an elementary part of primary metabolism in
Dikarya, regulation features of carbohydrate metabolism are more conserved
than ergosterol metabolism. Carbon catabolite repression by CreA/Mig1
transcription factors is one of the well-known regulative features in fungi. In
the presence of a preferred carbon source such as glucose, the enzymes
required for the use of alternative carbon sources are less synthesised [155].
The metabolic switch to fermentation in S. cerevisiae is also regulated by Mig1
(by repressing respiration related genes) [139]. The ambiguous consensus
binding motif 5’-SYGGRG-3’ for CreA can be predicted by in silico analysis
from most core metabolism gene promoters. Therefore, its exact binding
features are not easy to assess without experimental evidence. CreA has also
been reported to repress expression of the xylanase inducer XlnR in
Aspergillus nidulans [156], which is one of the indications of shared regulation
between extracellular wood decomposition and intracellular metabolism. As
an example of the complexity of carbohydrate metabolism, protein kinase Snf1
acts as an upstream regulator of Mig1 while also regulating other carbon
metabolism features, such as the gluconeogenesis activator Cat8 or an
alternative carbon usage activator Adr1 [139].
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In a similar fashion to the repression of carbon catabolic pathways, the
induction of gluconeogenesis is operated by numerous transcription factors.
In baker’s yeast S. cerevisiae, gluconeogenesis is regulated by at least Adr1,
ERT1, rds2 and Cat8. These transcription factors share overlapping target
genes in carbohydrate metabolism [157]. Examples exist in glycolysis,
gluconeogenesis, ethanol usage and lipid recycling and in the TCA cycle
[139,157–160]. In addition, these transcription factors may regulate the
expression of each other [157]. In conclusion, the combined expression of
these transcription factors determines how carbohydrates are consumed.
However, several target genes of these transcription factors are responsible for
a reversible reaction. Therefore, labelling these transcription factors strictly as
mediators of gluconeogenesis is misleading. In a fashion analogous to iron
regulation, the regulative activity or Ert1 (ethanol regulated transcription
factor 1) changes upon environmental changes. The DNA binding affinity of
Ert1 changes depending on the availability of ethanol and glucose. Ert1 acts as
an inducer for ATP-dependent phosphoenolpyruvate carboxykinase and
fructose-1,6-bisphosphatase, as well as a repressor of pyruvate decarboxylase
involved in ethanol fermentation [157].
Regulation of genes encoding carbohydrate active enzyme (CAZy) have
been extensively studied with cellulose using Ascomycota species such as T.
reesei and Aspergillus species [161–166]. Lignocellulose degradation requires
secretion of various enzymes targeting different polymers of lignocellulose.
The regulative factors of lignocellulose degradation in Basidiomycota whiterot fungi are poorly known, mainly due to the taxonomic distance between
Ascomycota and Basidiomycota.
Development of a consolidated bioprocess that aims at ethanol production
requires thorough knowledge of the organism used and how it responds to
changes in its growth environment. Thus, wood decomposition, carbohydrate
metabolism and their regulation are the first to be studied. However, the
pathways and factors that are required to survive under hypoxia and in the
presence of ethanol need to be studied as well. These include iron uptake and
metabolism, lipid syntheses, redox balance and NADPH synthesis.
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2

Aims of study

An overall objective of this PhD research was to explore the possibility of using
white rot fungi in bioethanol production. Various phlebioid fungi and isolates
were screened to find a suitable candidate for bioethanol production in a
consolidated bioprocess. One of the candidates Phlebia radiata 79 was
investigated in detail for its remarkable capability for decomposing
lignocellulose and producing ethanol. An additional goal was to investigate the
range of feedstocks that can be used for bioethanol production.
Ethanol fermentation is conducted in an oxygen-depleted environment while
lignocellulose degradation, by contrast, involves mechanisms that require
oxygen. To determine how oxygen-depleted cultivation conditions affect these
events, gene expression and metabolism of P. radiata were investigated under
hypoxia.
To gain a comprehensive overview of bioethanol production during a
consolidated bioprocess, functional annotation of genes involved in
carbohydrate metabolism and other essential pathways was conducted. The
research examined both intracellular metabolism and extracellular wood
decomposition. This not only gives fundamental information on how wood is
decomposed in natural environments, but also reveals how the sugars from
lignocellulose saccharification are used.
The specific aims of the publications (I-III) were:
-

To investigate a group of wood decomposing white-rot fungi for their
ability to produce ethanol from untreated lignocellulose (I).
To establish suitable cultivation conditions for single-step singleorganism bioethanol production (I).
To evaluate the efficiency of a consolidated bioprocess (CBP) with
various substrates (II).
To explore the impact of fungal co-cultures on ethanol yields (II).
Functional annotation of genes involved in carbohydrate metabolism,
iron metabolism, lipid metabolism and mitochondrial events.
To explore the impact of hypoxia on the expression of genes related to
the core metabolism and wood decomposition in P. radiata (III).
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3

Summary of materials and methods

All methods used in this study are described in Table 1, including the
respective publication where the methods are described. Table 2 lists all
organisms used in this study.
Table 1 Methods used in this thesis .

Method
Fungal cultivations
HPLC

RNA extraction and purification
RNA-sequencing
Promoter region analysis

Pathway tools
Enzyme activity measurements

Description
semisolid and liquid cultivations
bioreactor cultivations (volume>1 L)
ion-exchange HPLC: quantification of
extracellular metabolites including ethanol
reverse-phase HPLC: quantification of
organic acids

MEME-suite http://meme-suite.org/
FIMO-tool
MEME-tool
construction of metabolic pathways
Cellobiohydrolase
β-glucosidase
Endoglucanase
Laccase
Manganese peroxidase
Polygalacturonate depolymerase
Alcohol dehydrogenase

Reducing sugar quantification
Transcriptome assembly and
analysis

Publication
I, II, III
II
II, III
I, II
III
III
III

III
III
III
III
III
III
III
I, II
I
III

Table 2 All organisms and isolates studied in the experiments.

HAMBI-FBCC identifier
FBCC 0004
FBCC 0043
FBCC 1181
FBCC 2577
FBCC 2471
FBCC 2525
FBCC 2576
FBCC 2539
FBCC 2526
FBCC 2527
FBCC 2573
FBCC 2494
FBCC 2458
FBCC 2574

Species identity
Phlebia acerina
Phlebia radiata
Fomitopsis pinicola
Saccharomyces cerevisiae
Saccharomyces cerevisiae
Saccharomyces cerevisiae
Saccharomyces cerevisiae
Saccharomyces cerevisiae
Saccharomyces cerevisiae
Candida humilis
Kluyveromyces lactis
Pichia anomala
Candida albicans
Zygosaccharomyces rouxii
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Publication
I, II
I, II, III
II
II
II
II
II
II
II
II
II
II
II
II

FBCC 2575
FBCC 1463
FBCC 2371
FBCC 0207
FBCC 0360
FBCC 0125
FBCC 0426
FBCC 0082
FBCC 0280

Rhodosporidium toruloides
Phlebia brevispora
Phlebia brevispora
Phlebia centrifuga
Phlebia ochraceofulva
Phlebia radiata
Phlebia subserialis
Phlebia tremellosa
Phanerochaete chrysosporium
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II
I
I
I
I
I
I
I
I

4

Results and discussion

4.1 Ethanol production
(publications I and II)

from

lignocellulose

waste

In previous research [59], the phlebioid clade belonging to the Polyporales
order of Fungi was found to contain numerous species and isolates that are
capable of decomposing lignocellulose. Based on the enzyme activity profiles
of the previously reported isolates, ten fungal isolates were selected as
candidates for single-step single-organism bioethanol production (Box 1).
Cultivation of these isolates under a semi-aerobic atmosphere revealed that
production of ethanol from glucose was a common feature among this group
of fungi. In addition to ethanol, oxalic and fumaric acids were detected in the
extracellular fluid as products of bioconversion from glucose, core board and
spruce wood (publication I). For instance, 6 mM of fumaric acid was detected
after cultivating P. acerina on core board for 14 days and 10 mM of oxalate was
detected after cultivating P. radiata 14 days on the same substrate Oxalic acid
is usually discovered in high concentrations as an outcome of brown rot decay
by fungi such as Fomitopsis pinicola, and to a lesser extent, from white rot
decay [81,133,167,168]. Extracellular fumaric acid is particularly secreted by
species of the Mucoromycota genus Rhizopus [169–171]. The levels of oxalic
and fumaric acids in publication I were relatively low and the accumulation of
fumaric acid was a transient event. Although these organic acids are
interesting platform chemicals, their bioconversion was not studied further in
this thesis due to the small quantities in comparison to the output of F.
pinicola or Rhizopus spp.
P. radiata isolate 79 (FBCC0043) was found to be the best candidate of the
ten fungi studied for ethanol production. This isolate was capable of
fermenting ethanol from core board and spruce saw dust in acidic conditions
(initial pH 3 in the cultivations) at 25°C and on solid-state cultivations with
yeast extract or spent barley mash as the nitrogen source. In further
cultivations with P. radiata isolate 79 an ethanol concentration of 32 g/L was
detected, which is a relatively high concentration for a CBP (Box 2, publication
II) but inferior to the levels that can be obtained with the most productive S.
cerevisiae strains [14]. However, P. radiata uses a wider selection of
monomeric sugars as a carbon source and can grow on and saccharify
cellulosic and lignocellulosic substrates such as recycled waste wood
(publications I, II and III). Therefore, the benefits of a co-cultivation with
yeasts were explored. In total 11 Ascomycota including six S. cerevisiae
isolates and one Basidiomycota (Rhodosporidium toruloides) (Table 2) were
obtained from HAMBI-FBCC culture collection and screened for their ethanol
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production capacity. As a result, co-cultivations did not increase the ethanol
yield considerably possibly due to the cultivation conditions favouring P.
radiata more than the S. cerevisiae such as the relatively low temperature
(25°C) and the absence of agitation. However, most of the S. cerevisiae isolates
were found to be tolerant towards the metabolites and enzymes in the
secretome of a phlebioid fungus. Exploring other co-cultivation conditions
such as higher temperature, different dry weight load or agitation could
increase the ethanol yield and facilitate downstream processes such as
distillation.
The ability of P. radiata to convert different lignocellulose materials into
ethanol was studied next. Deciduous and coniferous wood sawdust, wheat and
barley straw, and recycled waste wood and core board represented potential
waste materials obtained from forestry, agriculture and municipalities. Core
board and barley straw in particular emerged as potential substrates for
consolidated bioprocesses. With a 15% dry weight load, P. radiata could
convert 89% or 16% of the total sugars in core board and barley straw,
respectively, into ethanol. The result from core board is a particularly
promising premise for future high-gravity consolidated bioprocesses [172]
(See section 1.1.3).
Recycled waste wood (used in publication II) consisting of lignocellulose
materials such as pieces of chipboard and plywood accompanied with visible
pieces of plastics, board and metal (Fig. 3). These substrates can also contain
higher levels of heavy metal elements in comparison to intact wood or sawdust
[173]. Altogether, P. radiata could survive on a recycled waste substrate and
produce minor quantities of ethanol (publication II). The concentration of
ethanol (2.0 g/L) after 142 days of cultivation in a bioreactor was, however,
smaller than with other substrates such as birch and spruce sawdust, barley
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and wheat straw and core board. Therefore, ethanol production might not be
the best application for recycled wood waste.
Cultivating P. radiata or other white rot fungi on recycled waste wood could
have other beneficial outcomes. White rot fungi can, for instance, degrade azo
dyes and absorb metal elements such as copper, which is commonly used to
preserve wood [174–177]. Recycled wood is currently burned to produce
electricity and heat. However, the impurities in the substrate cause corrosion
of the equipment and increase the emissions from this process [173].
Bioremediation and biosorption actions by white rot fungi could be used to
pre-treat waste wood and increase its recycling potential.
Current industrial-scale pilot or demonstration plants producing secondgeneration bioethanol are optimised for a single substrate with a constant
supply and steady quality such as spruce wood sawdust, wheat straw or
sugarcane bagasse [14]. In contrast, P. radiata could consume a wide array of
solid lignocellulose substrates without the need to change the cultivation
conditions. The organism responsible for CBP (P. radiata) was exposed to
both the presence of ethanol and absence of oxygen during the bioconversion
process. The following sections discuss how these two factors steer the
metabolism of P. radiata.

Figure 3

Recycled waste lignocellulose used in publication II. The substrate
comprised of heterogenic pieces of wood, plywood, chipboard and
board, accompanied with impurities such as pieces of plastic. The
substrate was provided by Remeo Oy and had been sieved with an 8
mm mesh size prior to taking this picture.
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4.2 Primary metabolism during hypoxia (publication III
and additional data)
4.2.1 Use of lignocellulose sugars and pectin (publication III)
P. radiata was found to ferment ethanol from sugars originating from various
substrates (publications I and II). However, adaptation to oxygen depletion
involves more than just the ability to produce ethanol. Therefore, the
intracellular metabolism and extracellular wood decomposition in P. radiata
were studied in detail (Box 3). P. radiata was cultivated in airtight vials, and
as a result of cellular respiration, the oxygen levels dropped from 21% to 1%
after seven days of cultivation and remained the same until the end of the
experiment. The atmosphere of vials sealed with cellulose plugs remained
relatively unchanged (publication III additional file). The gene expression and
metabolism of these cultivations were studied at day 14, which means P.
radiata had grown under oxygen depleted conditions for at least seven days.
First, based on the gene
expression data (publication III), P.
radiata was determined as a
Crabtree-effect negative organism,
meaning that unlike S. cerevisiae it
cannot
switch
to
ethanol
fermentation
under
aerobic
cultivation conditions [100,101].
However, ethanol was also produced
under aerobic cultivation conditions
(Fig. 4), which was probably caused
by the metabolism in hyphae that
were
submerged
(in
liquid
cultivations) [178] or hyphae that had
elongated inside pieces of wood (in
semi-solid cultivations).
P. radiata was fed with different
carbohydrates such as glucose, xylose,
mannose or galactose to determine
how they were consumed under
normal
and
reduced
oxygen
conditions. The levels of mannose and
galactose dropped faster over time
than the level of glucose in P. radiata
under both aerobic and fermentative
conditions (Fig. 4A and 4C). This
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faster consumption pace indicates that these two specific monosaccharides do
not cause repression of carbon metabolism at the same level as glucose. This
feature could make P. radiata a potential candidate for fermenting substrates
that contain galactose and mannose. These compounds are found as
galactomannan and galactoglucomannan, for instance, in spent coffee
grounds and spruce wood hemicellulose [21,50,179].
Furthermore, P. radiata used polygalacturonic acid, the backbone of a
pectin polymer, as a substrate for growth (Fig. 4A and 4C). Polygalacturonic
acid was degraded into its monomeric units under both aerobic and hypoxic
cultivation conditions. This was detected as the accumulation of galacturonic
acid (Fig. 4A and 4C). High depolymerisation activity combined with a small
consumption rate that leads to the accumulation of extracellular galacturonate
(as seen in Fig. 4A and 4D) is similar to the combination of traits preferred in
biological pre-treatments (See section 1.1.3); therefore, P. radiata could be
used to pre-treat pectin rich substrates to gain galacturonic acid. Soft rot

Figure 4

Cumulative display of carbohydrate usage in P. radiata under aerobic
(A and B) and hypoxic (C and D) cultivation conditions. A and C are
liquid cultivations with initially 1 0 g/L of one carbon source (glucose,
galactose, mannose, xylose, polyg alacturonic acid or pectin). B and D
are solid cultivations with spruce and core board as the substrate.
Numbers on X -axis represent the cultivation day. Adopted from
publication III Fig . 3.

35

species of the genus Aspergillus are commonly used to degrade pectins
originating in fruits and vegetables [180,181]. Aspergillus species are usually
cultivated on pectin separated from other biomasses. As a possible future
application, P. radiata could be used in a CBP to degrade pectin containing
lignocellulose substrates to gain galacturonic acid for further bioconversions
including its fermentation to ethanol. The following sections explain how the
genes that are responsible for carbohydrate usage were expressed in P. radiata
during hypoxia. In addition, other metabolic pathways important during
hypoxia are discussed.

4.2.2 Impact of hypoxia on P. radiata
Hypoxia had a massive influence on gene expression in P. radiata (Fig. 5). It
extended from regulation of the extracellular enzyme encoding genes to
central cellular metabolic pathways such as glycolysis and iron acquisition.
Gene expression of 21 different pathways in the intracellular metabolism were
analysed to explore the impact of oxygen depletion. Hypoxia induced the
transcription of 13 different cellular pathways while repressing four others
(Fig. 5). These four pathways were either constitutively expressed (ergosterol
metabolism, fatty acid biosynthesis) or inconclusive (mannose degradation,
TCA-cycle). Inconclusiveness refers to pathways where some genes were
induced and some repressed by hypoxia. Surprisingly, pathways with opposing
functions were both induced under hypoxia such as biosynthesis and
degradation of triglycerides or iron uptake and iron using pathways (Fig. 5).
The next sections focus in the role of these 21 pathways under hypoxia.

Figure 5

Hypoxia response of 21 different intracellular pathways in P. radiata.
Orange arrows represent pathways that were induced under hypoxia.
Light blue: repressed pathways. Black: inconclusive pathways. Data
have been compiled from Table S1.

36

4.2.3 Carbohydrate metabolism of P. radiata under hypoxia
(publication III)
Carbohydrate metabolism and ethanol fermentation are essential for surviving
under hypoxia. To study this, P. radiata was cultivated in vials with
lignocellulose that were sealed with either airtight rubber plugs or gas
permeable cellulose plugs (Box3). In this experiment, ethanol (4.8 g/L),
acetate (1.13 g/L) and glycerol (0.17 g/L) accumulated in the extracellular fluid
(Fig. 4D). Genes within the pathways responsible for ethanol production
(glycolysis and alcohol dehydrogenases [EC 1.1.1.1] (NADH dependent) were
induced under hypoxia (Fig. 6).
In contrast to ethanol, the other products acetate and glycerol can also be
metabolised under hypoxia despite the scarcity of NAD+ [89] (Fig. 6). Based
on the gene expression data, dihydroxyacetone phosphate (DHAP) may have
been metabolised into glycerol, thus regenerating cytosolic NAD+ reserves,
similar to ethanol fermentation. Despite the high activity of glycerol
metabolism, only a small quantity of glycerol (0.17 g/L) was detected.
Therefore, glycerol was used in triglyceride biosynthesis as sn-glycerol-3P, or
it may have been recycled back to dihydroxyacetone phosphate (DHAP). The
recycling of DHAP takes place via mitochondrial glycerol phosphate shuttle
[182] by the enzyme glycerol -3P dehydrogenase 2 [EC 1.1.5.3]. This shuttle
transfers the electrons (originating in NADH) into mitochondrial FAD (Fig. 6).
DHAP may be transferred to sn-glycerol-3P in two ways, directly with glycerol3-P dehydrogenase 1 [EC 1.1.1.8] or in a three-step pathway including
dihydroxyacetone kinase [EC 2.7.1.29], glycerol dehydrogenase [EC 1.1.1.6]
and glycerol kinase [EC 2.7.1.30] [158]. Based on gene expression, P. radiata
favours this three-step pathway under hypoxia (publication III Fig. 4).
Acetate, the second by-product during ethanol fermentation, was detected
only under hypoxia (Fig. 4B and 4D) in conditions where most of the NAD+
dependent acetaldehyde dehydrogenase genes [EC 1.2.1.4] were
downregulated (Fig. 6). Therefore, other fungal pathways that could yield
acetate were explored. The only acetate producing enzyme found in P. radiata
was acetate kinase [EC 2.7.2.1] which, with xylulose-5 phosphate/Fructose-6
phosphate phosphoketolase [EC 4.1.2.9], form the phosphoketolase pathway
or bypass [183,184]. The phosphoketolase pathway was induced in P. radiata.
The expression of this ATP-producing and NAD+ independent pathway has
been reported in only a few organisms under hypoxia such as C. neoformans
and Phlebia MG-60. The phosphoketolase pathway was induced under
hypoxia in C. neoformans [71] but repressed in Phlebia MG-60 [185]. The
phosphoketolase pathway may serve as an ATP-producing pathway under
hypoxia (Fig. 6) if acetate is the end product. It may also contribute to the
acidification of growth environment by formation and secretion of acetic acid
[183]. However, the function of phosphoketolase in eukaryotes remains
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unclear and is proposed to have been gained from bacteria through horizontal
gene transfer [186].

Figure 6

Simplified illustration of carbohydrate catabolism in P. radiata under
hypoxia. Orange arrows: induced reactions and pathways under hypoxia.
Blue arrows: repressed pathways and reactions u nder hypoxia. Black
arrows: constitutively expressed or inconclusive. Yellow circle
represents the peroxisome. Simplified illustration from Fig. 4 in
publication III.

As previously stated, acetate can be metabolised under hypoxia, for
instance, into acetyl-CoA in either mitochondria or peroxisomes [187]. Based
on gene expression, under hypoxia P. radiata prefers the non-mitochondrial
option (cytosolic or peroxisomal) leading to acetyl-CoA. This can be used in
the biosynthesis of lipids and ergosterol or catabolised into malate. Malate can
be regenerated into PEP or transported into mitochondria with C4dicarboxylate transporters (Fig. 6). In publication III it was presumed that
phosphoketolase is a part of hypoxia adaptation leading to acetyl-CoA, which
could be used in lipid and ergosterol synthesis or converted into malate. In
addition to carbohydrate metabolism, acetyl-CoA has an important regulative
role. In glucose-limited aerobic conditions, acetyl-CoA is directed to
mitochondria for ATP production. In contrast, when glucose is available,
acetyl-CoA is channelled back to the cytosol and the nucleus where it is used
in histone acetylation [188]. Changes in the compartmentalisation of acetylCoA under hypoxia should be studied with a fluorescent probe imaging
technique [189] to better understand the hypoxia response of P. radiata.
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Although P. radiata used pentose sugars, the efficiency under hypoxia
seemed low (Fig. 4C). The lower use of xylose under hypoxia was consistent
with the xylanase enzyme activity (discussed in section 4.3.1). The results from
xylose reduction pathways are ambiguous, since the paralogs of
xylitol/arabitol dehydrogenase, xylose reductase and xylulose reductase
encoding genes were differently regulated (TABLE S1). It is possible that cofactor availability and redox state steered the pentose metabolism and Dgalacturonate degradation in P. radiata under hypoxia (Fig. 6). The genes
involved in the four-step pathway of rhamnose degradation, leading to
pyruvate and L-lactaldehyde [190] were not found in the P. radiata genome.
However, genes that encode CAZy and target rhamnose, containing pectin, are
found in P. radiata (e.g. PL4, GH78, GH105 discussed in section 4.3.1).
Therefore, it remains unclear whether P. radiata can use rhamnose as a
carbon source or is the role of rhamnose targeting CAZy in P. radiata only to
help access to other carbohydrates.

4.2.4 Regulation of carbohydrate metabolism (publication III)
Expression of genes involved in the carbohydrate metabolism in fungi is
regulated, for instance, by DNA binding transcription factors. The regulation
of carbohydrate metabolism in Basidiomycota has only been studied in minor
detail by using the animal pathogen species C. neoformans. Therefore, the
transcription factor protein models of this species were used to find the
respective homologs in P. radiata (Table 3). Transcription factors associated
directly with the carbohydrate metabolism were mainly constitutively
expressed both under hypoxia and aerobic cultivation, while Ert1 and
alternative carbon usage transcription factor Adr1 homologs were upregulated
under hypoxia. Ert1 regulates the phosphoenolpyruvate (PEP) synthesis from
malate (Fig. 6) while Adr1 has a more wide-ranging effect. Analysis of P.
radiata gene promoters revealed that a sequence similar to Adr1 binding
sequence 5’-TGCGGGGA-3’ [158] was present, for example in the following
pathways: PPP, phosphoketolase, xylose/arabinose degradation and glycerol
metabolism (publication III, Fig. 5). Surprisingly, nearly all genes with this
motif on their promoter region were upregulated under hypoxia. This
reinforces the idea that Adr1 has a more complex role in regulating
carbohydrate metabolism than previously reported [158,160]. Adr1 is
associated with alternative carbon usage, although most of the genes it
regulates encode enzymes that are involved in reversible reactions. Therefore,
the outcome of an induced pathway is determined by substrate availability and
cofactor balance rather than gene expression alone. When investigating
carbon catabolism, the transcription factors associated with gluconeogenesis
should be studied as well. To understand the regulative role of Adr1 and its
homologues in Basidiomycota fungi, the target range of Adr1 should be
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Uniprot Entry

CNAG_04588

CNAG_02215

CNAG_07680

J9W323
P27705
P39113
P07248

Function

Ethanol regulated TF. activates PEP synthesis[191]

Non-fermentable carbon usage[192]

Non-fermentable carbon usage[192]

Carbon catabolite repression regulator[155]

Gluconeogenesis activator[193]

Alternative carbon usage[158]
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S. cerevisiae

S. cerevisiae

C. neoformans
S. cerevisiae

C. neoformans

C. neoformans

C. neoformans

Reference organism
for protein homolog

Adr1

Cat8

CreA
Mig1

Hap5

Hap3

Ert1

Protein
name

minus.g541

plus.g8696

plus.g8859

minus.g13227

minus.g3547

plus.g634

radiata
P.
ortholog

3.2

-0.84

-0.01

-0.97

-1.54

1.01

Log2 fold
change

studied with a wide selection of Basidiomycota species, using promoter region
analysis and gene deletions.

Table 3 Transcription factors of carbohydrate metabolism found in P. radiata. Fold
change >1 induced under hypoxia. Adopted from publication III.

4.2.5 Mycelium structure and lipid metabolism (publication III and
additional data)
The mycelium morphology and growth were remarkably different under
hypoxia than in aerobic cultivation. By visual inspection, more aerial hyphae
(parts of mycelia that grow away from the nutrition source, for instance
upwards) were detected in aerobic cultivation in contrast to hypoxic
cultivation where they were absent in general (Fig. 7). The mycelial growth
reached the edges of the cultivation flask in 14 days in both cases, but the
amount of total RNA was lower in hypoxic cultivation (46 µg) than in aerobic
cultivation (183 µg). This would indicate that aerobic cultivation contained
more living biomass than hypoxic cultivation. In addition, the colour of the
culture was different. An orange hue was present on the mycelium and the
lignocellulose particles in the aerobic cultivation (Fig. 7). The origin of the
colour remains unclear, but pigments produced by secondary metabolite
clusters and pathways derived from the mevalonate pathway, which was
annotated during this work, may be involved. Identification of these molecules
is a complex task that requires mass spectrometric approaches. Identification
of the genes requires further annotations and expressional data. The findings
in this thesis, including gene annotations and gene expression data, can help
initiate this future work.

Figure 7

P. radiata growing on a mixture of saw d ust and core board. Left:
aerobic cultivation has more aerial hypha in contrast to hypoxic
cultivation and the colour of the substrate has turned orange. Right:
hypoxic cultivation.
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In P. radiata, triglyceride synthesis and degradation were induced under
hypoxia while genes involved in the initiation of fatty acid synthesis,
elongation and degradation (β-oxidation), with ergosterol synthesis, were
constitutively expressed (Fig. 4 in publication III). This means that fatty acids,
the building blocks of lipids, are not extensively synthesised nor degraded
based on gene expression.
Fatty acids and an intermediate of triglyceride synthesis, 1,2 diacyl-snglycerol, are required to synthesise membranes of cellular organelles. Each
organelle membrane consists of different types of lipids with their own
synthesis pathways [108]. Interestingly, genes involved in the synthesis of
ergosterol, which is the main lipid in cell membranes, were not induced. This
diverges from the majority of fungi, where ergosterol is one of the first
biosynthesis pathways to be induced [85,148]. Genes encoding enzymes that
use oxygen as a cofactor in the biosynthesis of unsaturated fatty acids and
sphingolipids were upregulated in P. radiata during hypoxia (Table S1). The
phosphatidylethanolamine and phosphatidylinositol biosynthesis pathways
responsible for the synthesis of the main components of the endoplasmic
reticulum (ER) were induced as well. In contrast, genes involved in the
synthesis of cardiolipins which are found mainly on the inner mitochondrial
membrane [107] were repressed (Table S1). This is surprising, since several
pathways that take place in the mitochondria such as oxidative
phosphorylation, [2Fe-2S] cluster synthesis and the TCA cycle were induced
under hypoxia (Table S1).

4.2.6 Coping with ethanol and hypoxia stress (publication III and
additional data)
The endogenously produced and diffusible ethanol affects not only the cell
membrane but also the functionality of other membranes. Therefore, the
synthesis of the phosphatidylethanolamine and phosphatidylinositol located
in ER membrane could be a response to counter the detrimental effect of
ethanol. Ethanol can trigger an unfolded protein response (UPR), which is a
stress response related to ER membrane dysfunction [194]. During UPR, the
expression of chaperone and heat shock protein encoding genes is induced
[194] to decrease the number of misfolded proteins. In. P. radiata, the heat
shock proteins were indeed upregulated under hypoxia, implying a possible
UPR response.
A second detrimental effect of ethanol is the increase in membrane
permeability that fuels the proton influx. This can be countered with vacuolar
V-ATPases [195]. These proton pumps play a crucial role in transporting
intracellular protons (H+) into vacuoles to maintain a favourable pH in the
cytosol. However, expression of V-ATPases were in general not induced in P.
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radiata under hypoxia (Table S1). Peroxisome functions are also associated
with ethanol tolerance. Nevertheless, peroxisome membrane proteins that
indicate peroxisome biogenesis were not induced either (Table S1) [195].
NADPH is required as a cofactor in the biosynthesis of several pathways
(see sections: 1.3.3, 4.2.3 and 4.2.5) but also as a countermeasure to mitigate
stress caused by hypoxia. For instance, NADPH is required for the reduction
of glutathione reductase, an important enzyme in preventing oxidative stress.
In S. cerevisiae, the capability to regenerate NADPH during fermentation has
also been linked with an increased ethanol tolerance [195]. The primary
mechanisms responsible for generating NADPH from NADP+ in the cytosol
are the oxidative branch of PPP, cytosolic malic enzyme and NADP+
dependent glycerol dehydrogenase [110,111,195]. Genes encoding these
functions and enzymes were, however, either constitutively expressed or only
slightly induced in P. radiata under hypoxia (Table 4). In an ethanol tolerant
strain of S. cerevisiae, genes encoding NADPH regenerating enzymes were, in
contrast, induced [195,196]. As a possible consequence of the low NADPH
availability, many of the genes encoding NADPH dependent enzymes were
repressed in P. radiata (Fig. 6 and Fig. 4 in publication III). The difference
between the responses of P. radiata and S. cerevisiae may indicate that P.
radiata is either incapable of using vacuolar V-ATPases and NADPH
regeneration to mitigate the consequences of hypoxia or, alternatively, these
stress factors were not present under the experimental conditions used in this
study.
Ethanol tolerance, hypoxia and stress responses are compiled from several
pathways that are likely to contain more than one regulative feature.
Therefore, apprehending an ethanol-tolerant strain of P. radiata by genetic
engineering would be complicated. To obtain a good candidate strain for
consolidated bioprocesses, these responses should be investigated in other
white rot fungi, such as Phanerochaete chrysosporium.
Table 4

Cytosolic NADPH generating enzymes in P. radiata, their respective
EC codes and fold change between aerobic and hypoxic conditions.
Genes with the fold change >1 are induced under hypoxia. Genes with
fold change between 1 and -1 are constitutively expressed.

Enzyme name

EC

Malic enzyme
Malic enzyme
Glucose-6-P-dehydrogenase
6-phosphogluconate dehydrogenase
Glycerol
dehydrogenase
(NADP+
dependent)

1.1.1.40
1.1.1.40
1.1.1.49
1.1.1.44
1.1.1.156
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Gene
ID
radiata)
plus.g8199
plus.g8423
minus.g13145
minus.g7515
minus.g3218

(P.

Log2
change
0.66
1.73
0.02
1.26
-0.4

fold

4.2.7 Iron and haem uptake (publication III and additional data)
Genes that are involved in the iron uptake are often reported to be induced by
hypoxia [197]. Iron is a crucial element for normal growth, but also for the
virulence of animal pathogens under hypoxia [198,199]. Although the role of
iron for saprotrophs under hypoxia remains ambiguous, these pathways need
to be explored to comprehend the fungal biology and biotechnological
potential of a candidate organism in CBP. Therefore, the uptake and
consumption of iron by P. radiata cultivated under hypoxia was also studied.
Reductive iron uptake, which involves an extracellular ferric reductase and a
complex of ferroxidase and iron permease proteins, were all induced under
hypoxia in P. radiata (Table S1). Ferroxidase (gene minus.g1527) and iron
permease (gene plus.g1567) are co-localised in the genome of P. radiata 79,
and tightly co-regulated based on the analysis of all 14 transcriptomes from 5
different conditions (additional data).
The existence of non-reductive siderophore mediated iron uptake in P.
radiata remains unclear. P. radiata might use xenosiderophores for the nonreductive transportation as has been reported with S. cerevisiae, C.
neoformans and C. albicans [120]. Regarding this, a siderophore transporter
was detected from P. radiata (gene plus.g11464) and it was induced under
hypoxia. However, this protein model lacks the signal peptide, thereby
questioning the localisation of the mature protein. Other iron acquisition
means, such as the CFEM family proteins or the endosomal sorting complexes
required for transport (ESCRT), were not identified in P. radiata
[120,200,201]. The lack of haem transportation mechanisms in a wood-decay
saprotrophic fungus is logical, as haem is a less abundant iron source in
lignocellulose than in animal systems. The induction of reductive iron uptake
on lignocellulose substrate and under hypoxia is similar to reports from work
with animal pathogens. A similar response to hypoxia is interesting
considering that in nature P. radiata or any saprotroph grows on substrate,
which has less available iron than in animal tissues.

4.2.8 Iron consumption (additional data)
Iron is required in several pathways in the form of haem or iron-sulphur
clusters. Biosynthesis of protoheme and mitochondrial [2Fe-2S] and cytosolic
[4Fe-4S] clusters were both induced under hypoxia (Table S1). The putative
homologue for a mitochondrial iron carrier (import) (minus.g12034) was
constitutively expressed while the transporter responsible for the export of
ready [2Fe-2S] clusters into the cytosol (minus.g10882) was induced [202].
Expressional data may be a manifestation of iron deficiency in the cytosol.
Alternatively, it may reflect a situation where the mitochondrial iron reserves
to synthesise haem and [Fe-S] clusters are abundant.
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Expression of proteins that require [Fe-S] clusters or haem was also
induced. These include proteins in the respiratory chain complexes and TCAcycle. [2Fe-2S] clusters that are transported into the cytosol and possibly to
the nucleus may have a role in iron sensing and gene regulation [118,130]. In
contrast, CAZy genes that encode enzymes that contain a haem such as class
II peroxidases, cellobiose dehydrogenase and LPMO were repressed
(discussed in section 4.3.1). Based on the expression data, the induction of iron
metabolism genes may be part of the hypoxia response of P. radiata. It could
alternatively be a response to intracellular iron deficiency. To better
understand iron usage and regulation under hypoxia, the expression of the
genes related to iron metabolism could be studied further using various iron
concentrations.

4.2.9 Regulation of iron metabolism (additional data)
SreA and Cir1 transcription factors act as repressors of iron uptake in A.
fumigatus and C. neoformans (as described in sections 1.3.6). The closest
homologue of SreA or Cir1 in P. radiata was plus.g2313. This gene was
repressed under hypoxia, which is consistent with the induction of iron
uptake. These transcription factors are reported to bind to the DNA motif
GATA, or, more precisely, 5’-ATCWGATAA-3’ (SreA). P. radiata gene
promoters were scanned for this binding motif (using the FIMO tool of the
MEME suite) and the motif 5’-ATCWGATAA-3’ was indeed found on promoter
regions of genes involved in reductive iron uptake, and the siderophore
transporter gene promoter of P. radiata.
This specific motif was present on the promoter regions of P. radiata genes
involved in pathways such as ergosterol and phospholipid syntheses and [FeS] cluster biosynthesis (Table S2). These results are similar to those obtained
with C. neoformans [203]. Investigating the role of plus.g2313 as a Cir1/SreA
homologue or any other transcription factor in P. radiata would require an
established gene transfer protocol. Gene transfer in filamentous or mushroom
forming Basidiomycota is challenging and only a few examples exist where
genome editing via CRISPR/Cas9 has been successful [204,205]. There are no
reports to date on transgenic P. radiata strains.

4.2.10 Comparison of hypoxia responses in Dikarya
The hypoxia response of P. radiata was compared with other well-studied
fungi of the Dikarya subkingdom. First, the capability to ferment ethanol was
found in several evolutionary lineages and various ecological niches and was
induced in all cases (Table 5). Hypoxia had a similar effect on iron uptake and
use and biosynthesis of lipids, with the exception that ergosterol biosynthesis
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was not induced in P. radiata under hypoxia (Table 5). The two Basidiomycota
fungi P. radiata and C. neoformans seem to respond to hypoxia by inducing
oxidative phosphorylation and Krebs-cycle, while the Ascomycota fungi
respond in an opposite way. In contrast to A. fumigatus and S. cerevisiae,
NADPH regeneration was not induced in P. radiata. Based on this short
comparison, the phylogenetic distance between Ascomycota and
Basidiomycota seems to explain differences between hypoxia responses,
rather than their ecological niche. For instance, the expression of genes
involved in oxidative phosphorylation and TCA cycle differs between
Ascomycota and Basidiomycota (Table 5).
Hypoxia has been studied only with a few species that belong in the Dikarya
subkingdom (Table 5). Older studies used a microarray technique that focused
on a limited set of genes. To understand the differences between hypoxia
responses in the Dikarya subkingdom, a more comprehensive study should be
conducted
using
the
genomes
available
in
JGI
Mycocosm
(https://mycocosm.jgi.doe.gov/mycocosm/) combined, for instance, with the
RNA-Seq approach used also in this thesis.
Effect of oxygen depletion on gene expression of a selection of Dikarya
fungi. ↑ Pathways or genes are induced under hypoxia. ↓ Pathways or
genes are repressed under hypoxia. ↔ Indicates that the pathway is
constitutively expressed. Compilation of hypoxia responses include
different types of analysis (RNA-seq, microarray, RT -qPCR), various
cultivation conditions and duration of the hypoxic period.

C. neoformans

A. fumigatus

S. cerevisiae

C. albicans

S. pombe

Metabolic pathway
Glycolysis
and
ethanol
fermentation
Galactose metabolism
Glycerol metabolism
Ergosterol synthesis
Iron metabolism
Haem synthesis
Fatty acid biosynthesis
Unsaturated fatty acid synthesis
Sphingolipid biosynthesis
Oxidative phosphorylation
Krebs-cycle
NADPH regeneration

P. radiata
publication III and
additional data

Table 5

↑

↑[71]

↑[197]

↑[144]

↑[206]

↑[207]

↑
↑
↔
↑
↑
↔
↑
↑
↑
↑
↓

↑[71]
↑[143]
↑[143]
↑[71]
↑[71]
↑[71]
↑[71]
↑[71]
↑[71]
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↑[141]
↑[141]
↑[141]

↑[144]
↑[144]
↓[210]

↓[208]
↑[206]
↑[147]
↑[208]
↑[208]
↑[102]

↑[212]
↓[197]
↓[197]

↓[144]
↓[144]

↓[102]
↓[208]
↑[206]

↑[209]
↑[209]
↑[211]
↑[211]
↑[207]
↓[207]

4.3 Wood decomposition during hypoxia (publication III)
Despite the importance of intracellular metabolism events under hypoxia,
wood degradation begins by secreting fungal enzymes into the extracellular
space with the goal of modifying and saccharifying the lignocellulose. White
rot organisms such as P. radiata have a vast selection of enzymes and several
differently regulated gene copies that belong in the same CAZy class [65,83].

4.3.1 Expression and activity of carbohydrate active enzymes (CAZy)
under hypoxia
Hypoxia had a contradictory effect on the expression of P. radiata genes
encoding cellulose acting enzymes. For instance, part of the genes that
encoded cellobiohydrolases (CBH) were induced and some repressed under
hypoxia (Fig. 8). A similar trend was found in endoglucanase, β-glucosidase
and cellulose active LPMO encoding genes. Despite the split into repressed
and induced genes in CBH (CAZy groups GH6 and GH7), endoglucanase
(GH12, GH131, Gh44, GH45, GH5_22, GH5_5) and β-glucosidase (GH3)
encoding genes, the respective enzyme activities were higher under hypoxia
than in aerobic culture (Fig. 9). Only a single β-glucosidase encoding gene of
P. radiata (GH3) was induced under hypoxia (Fig. 8). Three of the AA9 LPMO
encoding genes (plus.g8293, plus.g10695 and minus.g531) were induced
under hypoxia although LPMO enzymes require molecular oxygen or an
oxidative agent to operate [46]. Due to their unspecific nature, it remains
possible that LPMO enzymes have contributed to at least the endoglucanase
enzyme activity by degrading the used substrate hydroxyethyl cellulose
differently in aerobic conditions and under hypoxia (Fig. 9).
The majority of genes encoding hemicellulose and especially xylanase active
enzymes (GH10 and GH11) was repressed under hypoxia (Fig. 8). This was
concurrent with the xylanase activity measurements (Fig. 9). In contrast, the
genes in CAZy class GH31 that show resemblance with α-xylosidase and αglucosidases were identified as “anaerobically induced genes” (publication
III). In conclusion, only a few genes encoding hemicellulose active enzymes
were found to be induced under hypoxia while the type and structure of
lignocellulose was found to be a more important regulator of expression of
these genes (publication III: Table 1).
Genes encoding pectin active enzymes were mainly repressed (fold change
<-1) or constitutively expressed (1> fold change>-1) under hypoxia with the
sole exception of plus.g1493. This gene encodes an endopolygalacturonase
that belongs in the CAZy group GH28 (Fig. 8). The expression of pectin active
CAZy genes in general was similar to the expression of genes involved in
intracellular galacturonate metabolism (see section 4.2.3). A similar type of
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concerted regulation of galacturonate metabolism and pectin degradation has
been previously reported for Aspergillus niger and Botrytis cinerea [213,214].
When P radiata was grown on polygalacturonic acid or pectin in liquid
cultivation, galacturonic acid accumulated into the culture liquid (Fig. 4)
implying pectinase activity. There is no gene expression data from these
cultivations; therefore, it is not clear if the galacturonate accumulation is due
to polygalacturonase GH28 encoded by gene plus.g1493.

Figure 8

Fold change of CAZy genes between aerobic conditions and hypoxia
(fold change>1 are induced under hypoxia , fold change < -1 are
repressed). Bottom left: genes encoding cellulose active enzymes. Top
left: hemicellulose active, top right: lignin active enzymes, right: pectin
active. P. radiata has 12 β-glucosidase (GH1 and GH3) encoding
genes in total, but 9 of them do not possess th e signal leader peptide,
which indicates they might have other roles than extracellular
lignocellulose degradation [65]. Therefore only 3 GH3 genes are
represented .
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In contrast to enzymatic decomposition of wood polysaccharides, the
lignin-modifying oxidoreductase encoding genes (AA2 class-II LiP and MnP
peroxidases, and AA1 laccases) were systematically repressed in P. radiata
under hypoxia (Fig. 8). Accordingly, the enzyme activities of laccase and MnP
were not detected under hypoxia (Fig. 9). In contrast, both laccase and MnP
enzymes have been detected in P. radiata under ethanol-producing semiaerobic cultivation conditions [215]. In an additional set of experiments, the
semi-aerobic conditions were measured to contain approximately 10 wt% of
oxygen after 14 days of growth on core board. Therefore, the limit for laccase
and MnP expression and activity is between 1% (publication III) and 10%. To
conclude, the profile of secreted CAZymes in P. radiata changed drastically
upon oxygen depletion (Fig. 9) and is not solely dependent on the presence
and type of lignocellulose as previously reported for other fungi of Polyporales
[83,216–219]. This shows that the lignocellulose degradation mechanism of P.
radiata is adapted to temporal or spatial hypoxia and that the hypoxia
response does not only concern intracellular metabolism. This type of
adaptations should be investigated in other saprotrophs as well. Expanding
the research to other saprotrophs may reveal novel regulative aspects that
could be also used in the development of CBP and enzyme production.

Figure 9 Enzyme activity of P. radiata under hypoxia and aerobic conditions.
Enzyme activities were mea sured from cultivation day 14. Brackets
with asterisk define a statistical difference in the enzyme activity
between the atmosphe res (p<0.01) CBH: cellobiohydrolase. MnP:
manganese peroxidase. Adopted from publication III Fig. 2.
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4.3.2 Regulation of CAZy encoding genes in P. radiata
The regulation of cellulose, hemicellulose and pectin acting enzymes mediated
by DNA-binding transcription factors has been extensively studied in
Ascomycota fungi. However, homologues for most of the transcription factors
regulating cellulolytic (ACE 1-3), hemicellulolytic (XlnR and SxlR) or
pectinolytic (GaaR) enzymes were not found in P. radiata, (publication III)
[161–166]. It is unclear whether the regulation of CAZy genes could also be
affected by intracellular metabolism and cellular events. For instance, in the
plant biomass decomposing Ascomycota species Neurospora crassa, the
transcription of CAZy genes is proposed to be indirectly controlled by SREBPtype regulator [220] (section 1.3.6). In addition, the carbon catabolite
repressor has been reported to regulate the expression of the hemicellulolytic
regulator XlnR [156].
Lignin-modifying oxidoreductases have been proposed to be regulated by
factors binding to a TATAA box type sequence on the gene promoter regions
[54]. The in silico analysis of P. radiata promoter regions demonstrated that
all genes encoding laccase, LiP or MnP enzymes possessed a 5’-SGTATAAA-3’
sequence motif on their promoter regions (publication III). The same motif
was found on promoters of 26 genes in total and in 24 cases (genes), the motif
was found in the 5’->3’ direction. In addition to lignin acting genes, it was
found in those three GH7 genes that were repressed under hypoxia (Fig. 8).
In conclusion, only a little is known about the regulation of CAZy genes in
Basidiomycota. The regulative mechanism of P. radiata differs substantially
from Ascomycota fungi. Understanding the regulation and activity of different
CAZy classes under hypoxia is important in achieving a single-step
consolidated bioprocess where lignocellulose could be bioconverted into
ethanol without any pre-treatments. Exploring the function of CAZymes
during different oxygen limited conditions (e.g., 5% of oxygen) may help in the
development of future bioconversion methods.
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5

Concluding remarks and future directions

This study discusses factors that affect the Basidiomycota fungus P. radiata
79 during bioethanol production from untreated lignocellulose. During this
research project, cultivation conditions for a consolidated bioprocess were
developed (publications I and II). Furthermore, the response of the fungus to
oxygen depleted growth conditions were characterised in detail (publication
III, additional publications, additional data).
A consolidated bioprocess using the white rot fungus P. radiata can bypass
several pre-treatment steps conventionally required in second-generation
bioethanol production. The concept described in publications I and II could
act as a sustainable method for producing bioethanol. Although the results are
promising, further research and an improvement in ethanol yields are
required.
The annual consumption of gasoline in transport equals 1034 Mtoe (million
tonnes of oil equivalent) [221]. Replacing 85% of this gasoline with ethanol
would require an annual production of 1724 million m3 (or 1361 million
tonnes). The ethanol yield from lignocellulose was close to 10% w/w in
publication I and II. Thus, roughly 13 billion tonnes of lignocellulose would be
required annually to produce bioethanol. This quantity cannot be achieved in
a sustainable way by increasing forest cuttings. Instead, waste and recycled
lignocelluloses substrates should be used to produce ethanol as presented in
this thesis.
The investigation of primary metabolism consisted of annotating over 300
genes and following their expression under hypoxia. A brief comparison of a
few well-studied species of Dikarya (based on gene expression) revealed major
differences in their hypoxia responses. Importantly, this subkingdom contains
not only saprotrophic organisms but also pathogens and organisms that form
symbiotic relationships with plants. Therefore, wider knowledge on hypoxia
responses might open novel ways to fight pathogenic organisms and might
help to understand the interactions between a plant and mycorrhiza organism.
The carbohydrate metabolism in fungi is already well-studied. However,
this work showed that it also needs to be examined during hypoxia. Metabolite
analysis combined with transcriptomics revealed that acetate production
under hypoxia is likely to originate from the phosphoketolase pathway in P.
radiata. Although homologs for phosphoketolase are found in the genomes
throughout the fungal kingdom, its role in fungal metabolism and biology
remains uncertain. The effect of hypoxia was not limited to intracellular
metabolism but also wood degradation. The expression of genes encoding
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carbohydrate active enzymes responsible for lignocellulose modification and
decomposition were widely affected by hypoxia. The effect of other
environmental factors, such as temperature, on gene expression and enzyme
activity needs to be studied to understand the wood decomposition process
occurring under hypoxia. In conclusion, the hypoxia response and
mechanisms related to ethanol tolerance in P. radiata differ from ethanol
tolerant strains of S. cerevisiae. For instance, NADPH regeneration and
ergosterol synthesis were not induced in P. radiata under hypoxia.
This PhD thesis provides new information on how a saprotrophic
Basidiomycota fungus responds to hypoxia and how this fungus could be used
in bioconversion of lignocellulose waste materials. In order to decelerate the
progress of climate change, fossil fuels need to be replaced with a renewable
option. However, renewability is not enough. Sustainable transport fuel
options such as bioethanol from waste materials should be explored to secure
a diverse and sustainable living environment for us and future generations.

52

6

Acknowledgements

This study was carried out at the Department of Microbiology, Faculty of
Agriculture and Forestry, University of Helsinki. All financial support gained
during the project is greatly appreciated. I want to acknowledge the main
funders: The Academy of Finland (project grants 138331 Ox-Red and 285676
Fungcolife) Jane and Aatos Erkko foundation, Marjatta and Eino Kolli
foundation and Niemi foundation.
I want to thank my supervisor Docent Taina Lundell for taking me into the
research group and giving an opportunity to advance in my career. I am most
grateful for all the support and advices during the years and for the adequate
freedom to follow my own path and to find my own voice as a researcher. This
accomplishment was largely possible thanks to your tireless support and
energetic character. I wish also to acknowledge the help provided by the coauthors, for their contributions to the articles. My special thanks go to Dr. Mari
Mäkinen and Dr. Jaana Kuuskeri. I learned a lot from both of you and I am
ever grateful for your patience during the years.
I would like to express my very great appreciation to the pre-examiners
Prof. Helena Nevalainen and Prof. Yvonne Nygård for providing valuable
suggestions and helpful comments during the finalisation of the thesis.
Assistance provided by thesis committee members Prof. Annele Hatakka, Dr.
Jyri Maunuksela and late Prof. Pia Vuorela were a great help in directing the
research.
I want to thank all the Master’s thesis students Dina, Netta, Anna and Faruq
for your contributions to the project. In addition, I want to acknowledge my
colleagues Eero and Tuulia for all the inspiring discussions and crazy off-topic
plans during the years. I also want to thank the Department of Microbiology
technical staff: Matti, Miika, Mika, Pekka, Ritu and Susanna.
This journey could not have been possible without friends and family. I
thank you all for your patience and interest towards my research. To my wife
Hanna I am ever grateful for your support and enthusiasm towards my work.
You were always ready to hear the extravagant hypotheses and you were
interested in the ambiguous theories about metabolic pathways. Last, I want
to thank my son Rasmus for letting me sleep during the nights. I look forward
for all the years that the three of us have together.

Helsinki, August 2020

53

7

References

1.

Popkin G. The hunt for the world’s missing carbon. Nature 2015;523:
20–22. doi:10.1038/523020a

2.

Crowther TW, Glick HB, Covey KR, Bettigole C, Maynard DS, Thomas
SM, et al. Mapping tree density at a global scale. Nature 2015;525:
201–205. doi:10.1038/nature14967

3.

de Coninck H, Revi A, Babiker M, Bertoldi P, Buckeridge M, Cartwright
A, et al. Strengthening and implementing the global response. IPCC
special report Global Warming of 1.5 oC. 2018. pp. 313–443. Available:
https://www.ipcc.ch/site/assets/uploads/sites/2/2018/11/SR15_Chap
ter4_Low_Res.pdf

4.

Rogelj J, Shindell D, Jiang K, Fifita S, Forster P, Ginzburg V, et al.
Mitigation pathways compatible with 1.5°C in the context of
sustainable development. IPCC special report Global Warming of 15 oC.
2018. pp. 93–174. Available:
https://www.ipcc.ch/site/assets/uploads/sites/2/2019/02/SR15_Cha
pter2_Low_Res.pdf

5.

REN21 Community. Renewables 2019 global status report. 2019.
doi:10.3390/resources8030139

6.

EurObserver. Biofuels barometer 2019. 2019. Available:
https://www.eurobserv-er.org/biofuels-barometer-2019/

7.

European Environment Agency (EEA). Use of renewable fuels in
transport. 2019. Available: https://www.eea.europa.eu/data-andmaps/indicators/use-of-cleaner-and-alternative-fuels/use-of-cleanerand-alternative-5

8.

Niphadkar S, Bagade P, Ahmed S. Bioethanol production: insight into
past, present and future perspectives. Biofuels 2018;9: 229–238.
doi:10.1080/17597269.2017.1334338

9.

IEA. Tracking transport. 2019. Available:
https://www.iea.org/reports/tracking-transport-2019

10.

Renewable Fuels Association. Global ethanol production. 2018.
Available: http://www.afdc.energy.gov/data/10331

11.

Mohanty SK, Swain MR. Bioethanol production from corn and wheat:
food, fuel, and future. Bioethanol Production from Food Crops
Elsevier; 2019. pp. 45–59. doi:10.1016/B978-0-12-813766-6.00003-5

12.

Nigam PS, Singh A. Production of liquid biofuels from renewable
resources. Prog Energy Combust Sci 2011;37: 52–68.
doi:10.1016/j.pecs.2010.01.003

13.

de Souza PM, e Magalhães P de O. Application of microbial α-amylase

54

in industry - a review. Brazilian J Microbiol 2010;41: 850–861.
doi:10.1590/s1517-83822010000400004
14.

Mohd Azhar SH, Abdulla R, Jambo SA, Marbawi H, Gansau JA, Mohd
Faik AA, et al. Yeasts in sustainable bioethanol production: A review.
Biochem Biophys Reports 2017;10: 52–61.
doi:10.1016/j.bbrep.2017.03.003

15.

UN. Sustainable land use for the 21st century. 2012. p. 82. Available:
https://sustainabledevelopment.un.org/index.php?page=view&type=4
00&nr=639&menu=1515

16.

Amigun B, Musango JK, Stafford W. Biofuels and sustainability in
Africa. Renew Sustain Energy Rev 2011;15: 1360–1372.
doi:10.1016/j.rser.2010.10.015

17.

Achinas S, Horjus J, Achinas V, Euverink GJW. A PESTLE analysis of
biofuels energy industry in Europe. Sustain 2019;11: 1–24.
doi:10.3390/su11215981

18.

St1. Creating new business from waste-based advanced ethanol. A
white Pap 2015.

19.

Clariant. Cellulosic ethanol from agricultural residues. A white Pap
2014.

20.

Larsen J, Østergaard Petersen M, Thirup L, Wen Li H, Krogh Iversen
F. The IBUS process – lignocellulosic bioethanol close to a commercial
reality. Chem Eng Technol 2008;31: 765–772.
doi:10.1002/ceat.200800048

21.

Raud M, Kikas T, Sippula O, Shurpali NJ. Potentials and challenges in
lignocellulosic biofuel production technology. Renew Sustain Energy
Rev 2019;111: 44–56. doi:10.1016/j.rser.2019.05.020

22.

Mohapatra S, Mishra C, Behera SS, Thatoi H. Application of
pretreatment, fermentation and molecular techniques for enhancing
bioethanol production from grass biomass – A review. Renew Sustain
Energy Rev 2017;78: 1007–1032. doi:10.1016/j.rser.2017.05.026

23.

Haghighi Mood S, Hossein Golfeshan A, Tabatabaei M, Salehi Jouzani
G, Najafi GH, Gholami M, et al. Lignocellulosic biomass to bioethanol,
a comprehensive review with a focus on pretreatment. Renew Sustain
Energy Rev 2013;27: 77–93. doi:10.1016/j.rser.2013.06.033

24.

Salvachúa D, Prieto A, López-Abelairas M, Lu-Chau T, Martínez ÁT,
Martínez MJ. Fungal pretreatment: an alternative in secondgeneration ethanol from wheat straw. Bioresour Technol 2011;102:
7500–7506. doi:10.1016/j.biortech.2011.05.027

25.

Zabed H, Sahu JN, Suely A, Boyce AN, Faruq G. Bioethanol production
from renewable sources: current perspectives and technological
progress. Renew Sustain Energy Rev 2017;71: 475–501.
doi:10.1016/j.rser.2016.12.076

55

26.

Rouches E, Herpoël-Gimbert I, Steyer JP, Carrere H. Improvement of
anaerobic degradation by white-rot fungi pretreatment of
lignocellulosic biomass: a review. Renew Sustain Energy Rev 2016;59:
179–198. doi:10.1016/j.rser.2015.12.317

27.

Paloheimo M, Haarmann T, Mäkinen S, Vehmaanperä J. Production of
industrial enzymes in Trichoderma reesei. In: Schmoll M, Dattenböck
C, editors. Gene expression systems in Fungi: advancements and
applications. Springer; 2016. pp. 23–58. doi:10.1007/978-3-31927951-0_2

28.

Penttilä M, Limón MC, Nevalainen H. Molecular biology of
Trichoderma and biotechnological applications. In: Arora DK, editor.
Handbook of fungal biotechnology. Marcel Dekke, Inc; 2004.
doi:10.1201/9780203027356

29.

Kubicek CP. Production of cellulases and hemicellulases by fungi.
Fungi and Lignocellulosic Biomass. Wiley; 2013. pp. 165–183.

30.

Zabed H, Sahu JN, Boyce AN, Faruq G. Fuel ethanol production from
lignocellulosic biomass: an overview on feedstocks and technological
approaches. Renew Sustain Energy Rev 2016;66: 751–774.
doi:10.1016/j.rser.2016.08.038

31.

Merino ST, Cherry J. Progress and challenges in enzyme development
for biomass utilization. Biofuels 2007. pp. 95–120.
doi:10.1007/10_2007_066

32.

Saha BC, Kennedy GJ, Qureshi N, Cotta MA. Biological pretreatment of
corn stover with Phlebia brevispora NRRL-13108 for enhanced
enzymatic hydrolysis and efficient ethanol production. Biotechnol Prog
2017;33: 365–374. doi:10.1002/btpr.2420

33.

Kamei I, Hirota Y, Mori T, Hirai H, Meguro S, Kondo R. Direct ethanol
production from cellulosic materials by the hypersaline-tolerant whiterot fungus Phlebia sp. MG-60. Bioresour Technol 2012;112: 137–142.
doi:10.1016/j.biortech.2012.02.109

34.

Alvira P, Tomás-Pejó E, Ballesteros M, Negro MJ. Pretreatment
technologies for an efficient bioethanol production process based on
enzymatic hydrolysis: A review. Bioresour Technol. 2010;101: 4851–
4861. doi:10.1016/j.biortech.2009.11.093

35.

Mao J-Z, Zhang X, Li M-F, Xu F. Effect of biological pretreatment with
white-rot fungus Trametes hirsuta C7784 on lignin structure in Carex
meyeriana Kunth. BioResources 2013;8: 3869–3883.
doi:10.15376/biores.8.3.3869-3883

36.

Shrestha P, Rasmussen M, Khanal SK, Pometto AL, Van Leeuwen J.
Solid-substrate fermentation of corn fiber by Phanerochaete
chrysosporium and subsequent fermentation of hydrolysate into
ethanol. J Agric Food Chem 2008;56: 3918–3924.
doi:10.1021/jf0728404

56

37.

Vincent M, Pometto AL, van Leeuwen JH. Ethanol production via
simultaneous saccharification and fermentation of sodium hydroxide
treated corn stover using Phanerochaete chrysosporium and
Gloeophyllum trabeum. Bioresour Technol 2014;158: 1–6.
doi:10.1016/j.biortech.2014.01.083

38.

Bak JS, Ko JK, Choi IG, Park YC, Seo JH, Kim KH. Fungal
pretreatment of lignocellulose by Phanerochaete chrysosporium to
produce ethanol from rice straw. Biotechnol Bioeng 2009;104: 471–
482. doi:10.1002/bit.22423

39.

Fan Z. Consolidated bioprocessing for ethanol production.
Biorefineries: Integrated Biochemical Processes for Liquid Biofuels.
Elsevier B.V.; 2014. pp. 141–160. doi:10.1016/B978-0-444-594983.00007-5

40.

Müller M, Mentel M, van Hellemond JJ, Henze K, Woehle C, Gould SB,
et al. Biochemistry and evolution of anaerobic energy metabolism in
Eukaryotes. Microbiol Mol Biol Rev 2012;76: 444–495.
doi:10.1128/MMBR.05024-11

41.

Amore A, Giacobbe S, Faraco V. Consolidated bioprocessing for
improving cellulosic ethanol production. In: Faraco V, editor.
Lignocellulose Conversion: Enzymatic and Microbial Tools for
Bioethanol Production. Berlin, Heidelberg: Springer Berlin Heidelberg;
2013. pp. 169–196. doi:10.1007/978-3-642-37861-4

42.

Rastogi M, Shrivastava S. Recent advances in second generation
bioethanol production: an insight to pretreatment, saccharification and
fermentation processes. Renew Sustain Energy Rev 2017;80: 330–340.
doi:10.1016/j.rser.2017.05.225

43.

Kamei I, Hirota Y, Meguro S. Integrated delignification and
simultaneous saccharification and fermentation of hard wood by a
white-rot fungus, Phlebia sp. MG-60. Bioresour Technol 2012;126:
137–141. doi:10.1016/j.biortech.2012.09.007

44.

Lombard V, Golaconda Ramulu H, Drula E, Coutinho PM, Henrissat B.
The carbohydrate-active enzymes database (CAZy) in 2013. Nucleic
Acids Res 2014;42: D490–D495. doi:10.1093/nar/gkt1178

45.

Rytioja J, Hildén K, Yuzon J, Hatakka A, de Vries RP, Mäkelä MR.
Plant-polysaccharide-degrading enzymes from Basidiomycetes.
Microbiol Mol Biol Rev 2014;78: 614–49. doi:10.1128/MMBR.0003514

46.

Müller G, Chylenski P, Bissaro B, Eijsink VGH, Horn SJ. The impact of
hydrogen peroxide supply on LPMO activity and overall
saccharification efficiency of a commercial cellulase cocktail.
Biotechnol Biofuels 2018;11: 1–17. doi:10.1186/s13068-018-1199-4

47.

Bissaro B, Várnai A, Røhr ÅK, Eijsink VGH. Oxidoreductases and
reactive oxygen species in conversion of lignocellulosic biomass.
Microbiol Mol Biol Rev 2018;82: e00029-18.

57

doi:10.1128/MMBR.00029-18
48.

Lundell TK, Mäkelä MR, de Vries RP, Hildén KS. Genomics, lifestyles
and future prospects of wood-decay and litter-decomposing
Basidiomycota. 1st ed. Martin F, editor. Advances in Botanical
Research. Elsevier Ltd.; 2014. doi:10.1016/B978-0-12-3979407.00011-2

49.

Keegstra K. Plant cell walls. Plant Physiol 2010;154: 483–486.
doi:10.1104/pp.110.161240

50.

Sjöström E. Wood chemistry fundamentals and applications. San
Diego, CA: Elsevier; 1993. doi:10.1016/C2009-0-03289-9

51.

Couturier M, Ladevèze S, Sulzenbacher G, Ciano L, Fanuel M, Moreau
C, et al. Lytic xylan oxidases from wood-decay fungi unlock biomass
degradation. Nat Chem Biol 2018;14: 306–310.
doi:10.1038/nchembio.2558

52.

Benoit I, Coutinho PM, Schols HA, Gerlach JP, Henrissat B, de Vries
RP. Degradation of different pectins by fungi: correlations and
contrasts between the pectinolytic enzyme sets identified in genomes
and the growth on pectins of different origin. BMC Genomics 2012;13.
doi:10.1186/1471-2164-13-321

53.

Hofrichter M, Ullrich R, Pecyna MJ, Liers C, Lundell T. New and
classic families of secreted fungal heme peroxidases. Appl Microbiol
Biotechnol 2010;87: 871–897. doi:10.1007/s00253-010-2633-0

54.

Janusz G, Kucharzyk KH, Pawlik A, Staszczak M, Paszczynski AJ.
Fungal laccase, manganese peroxidase and lignin peroxidase: gene
expression and regulation. Enzyme Microb Technol 2013;52: 1–12.
doi:10.1016/j.enzmictec.2012.10.003

55.

Hildén K, Mäkelä MR, Steffen KT, Hofrichter M, Hatakka A, Archer
DB, et al. Biochemical and molecular characterization of an atypical
manganese peroxidase of the litter-decomposing fungus Agrocybe
praecox. Fungal Genet Biol 2014;72: 131–136.
doi:10.1016/j.fgb.2014.03.002

56.

Kohler A, Kuo A, Nagy LG, Morin E, Barry KW, Buscot F, et al.
Convergent losses of decay mechanisms and rapid turnover of
symbiosis genes in mycorrhizal mutualists. Nat Genet 2015;47: 410–
415. doi:10.1038/ng.3223

57.

Kamei I, Hirota Y, Meguro S. Direct fungal production of ethanol from
high-solids pulps by the ethanol-fermenting white-rot fungus Phlebia
sp. MG-60. Bioresources 2014;9: 5114–5124.

58.

Hakala TK, Maijala P, Konn J, Hatakka A. Evaluation of novel woodrotting Polypores and Corticioid fungi for the decay and biopulping of
norway spruce (Picea abies) wood. Enzyme Microb Technol 2004;34:
255–263. doi:10.1016/j.enzmictec.2003.10.014

59.

Kuuskeri J, Mäkelä MR, Isotalo J, Oksanen I, Lundell T.

58

Lignocellulose-converting enzyme activity profiles correlate with
molecular systematics and phylogeny grouping in the incoherent genus
Phlebia (Polyporales, Basidiomycota). BMC Microbiol 2015;15: 217.
doi:10.1186/s12866-015-0538-x
60.

Hatakka AI, Uusi-Rauva AK. Degradation of 14C-labelled poplar wood
lignin by selected white-rot fungi. Eur J Appl Microbiol Biotechnol
1983;17: 235–242. doi:10.1007/BF00510422

61.

Bule MV, Chaudhary I, Gao AH, Chen S. Effects of extracellular
proteome on wheat straw pretreatment during solid-state fermentation
of Phlebia radiata ATCC 64658. Int Biodeterior Biodegrad 2016;109:
36–44. doi:10.1016/j.ibiod.2015.12.002

62.

Sharma RK, Arora DS. Biodegradation of paddy straw obtained from
different geographic locations by means of Phlebia spp. for animal
feed. Biodegradation 2011;22: 143–152. doi:10.1007/s10532-0109383-7

63.

Villavicencio EV, Mali T, Mattila HK, Lundell T. Enzyme activity
profiles produced on wood and straw by four fungi of different decay
strategies. Microorganisms 2020;8: 3–9.
doi:10.3390/microorganisms8010073

64.

Salavirta H, Oksanen I, Kuuskeri J, Mäkelä M, Laine P, Paulin L, et al.
Mitochondrial genome of Phlebia radiata is the second largest (156
kbp) among fungi and features signs of genome flexibility and recent
recombination events. PLoS One 2014;9: e97141.
doi:10.1371/journal.pone.0097141

65.

Mäkinen M, Kuuskeri J, Laine P, Smolander O, Kovalchuk A, Zeng Z,
et al. Genome description of Phlebia radiata 79 with comparative
genomics analysis on lignocellulose decomposition machinery of
phlebioid fungi. BMC Genomics 2019;20: 430. Available:
https://doi.org/10.1186/s12864-019-5817-8

66.

Krcmar P, Novotny C, Marais MF, Joseleau JP. Structure of
extracellular polysaccharide produced by lignin-degrading fungus
Phlebia radiata in liquid culture. Int J Biol Macromol 1999;24: 61–64.
doi:10.1016/S0141-8130(98)00072-5

67.

Galkin S, Vares T, Kalsi M, Hatakka A. Production of organic acids by
different white-rot fungi as detected using capillary zone
electrophoresis. Biotechnol Tech 1998;12: 267–271.
doi:10.1023/A:1008842012539

68.

Hibbett DS, Binder M, Bischoff JF, Blackwell M, Cannon PF, Eriksson
OE, et al. A higher-level phylogenetic classification of the Fungi. Mycol
Res 2007;111: 509–547. doi:10.1016/j.mycres.2007.03.004

69.

McLaughlin DJ, Hibbett DS, Lutzoni F, Spatafora JW, Vilgalys R. The
search for the fungal tree of life. Trends Microbiol 2009;17: 488–497.
doi:10.1016/J.TIM.2009.08.001

59

70.

Tedersoo L, Sánchez-Ramírez S, Kõljalg U, Bahram M, Döring M,
Schigel D, et al. High-level classification of the Fungi and a tool for
evolutionary ecological analyses. Fungal Divers 2018;90: 135–159.
doi:10.1007/s13225-018-0401-0

71.

Chun CD, Liu OW, Madhani HD. A link between virulence and
homeostatic responses to hypoxia during infection by the human
fungal pathogen Cryptococcus neoformans. PLoS Pathog 2007;3: e22.
doi:10.1371/journal.ppat.0030022

72.

Kroll K, Pähtz V, Hillmann F, Vaknin Y, Schmidt-Heck W, Roth M, et
al. Identification of hypoxia-inducible target genes of Aspergillus
fumigatus by transcriptome analysis reveals cellular respiration as an
important contributor to hypoxic survival. Eukaryot Cell 2014;13:
1241–1253. doi:10.1128/EC.00084-14

73.

Grahl N, Dinamarco TM, Willger SD, Goldman GH, Cramer RA.
Aspergillus fumigatus mitochondrial electron transport chain
mediates oxidative stress homeostasis, hypoxia responses and fungal
pathogenesis. Mol Microbiol 2012;84: 383–399. doi:10.1111/j.13652958.2012.08034.x

74.

Kurakov A V., Khidirov KS, Sadykova VS, Zvyagintsev DG. Anaerobic
growth ability and alcohol fermentation activity of microscopic fungi.
Appl Biochem Microbiol 2011;47: 169–175.
doi:10.1134/S0003683811020098

75.

Hillmann F, Shekhova E, Kniemeyer O. Insights into the cellular
responses to hypoxia in filamentous fungi. Curr Genet 2015;61: 441–
455. doi:10.1007/s00294-015-0487-9

76.

Binder M, Justo A, Riley R, Salamov A, Lopez-Giraldez F, Sjokvist E, et
al. Phylogenetic and phylogenomic overview of the Polyporales.
Mycologia 2013;105: 1350–1373. doi:10.3852/13-003

77.

Riley R, Salamov AA, Brown DW, Nagy LG, Floudas D, Held BW, et al.
Extensive sampling of basidiomycete genomes demonstrates
inadequacy of the white-rot/brown-rot paradigm for wood decay fungi.
Proc Natl Acad Sci 2014;111: 9923–9928.
doi:10.1073/pnas.1400592111

78.

Nagy LG, Riley R, Tritt A, Adam C, Daum C, Floudas D, et al.
Comparative genomics of early-diverging mushroom-forming fungi
provides insights into the origins of lignocellulose decay capabilities.
Mol Biol Evol 2016;3: 959–970. doi:10.1093/molbev/msv337

79.

Presley GN, Panisko E, Purvine SO, Schilling JS. Coupling secretomics
with enzyme activities to compare the temporal processes of wood
metabolism among white and brown rot fungi. Appl Environ Microbiol
2018;84: e00159-18. Available: https://doi.org/10.1128/AEM.0015918

80.

Hori C, Gaskell J, Igarashi K, Samejima M, Hibbett D, Henrissat B, et
al. Genomewide analysis of polysaccharides degrading enzymes in 11

60

white- and brown-rot Polyporales provides insight into mechanisms of
wood decay. Mycologia 2013;105: 1412–1427. doi:10.3852/13-072
81.

Mali T, Kuuskeri J, Shah F, Lundell TK. Interactions affect hyphal
growth and enzyme profiles in combinations of coniferous wooddecaying fungi of Agaricomycetes. PLoS One 2017;12: e0185171.
doi:10.1371/journal.pone.0185171

82.

Hiscox J, Savoury M, Toledo S, Kingscott-Edmunds J, Bettridge A,
Waili N Al, et al. Threesomes destabilise certain relationships:
multispecies interactions between wood decay fungi in natural
resources. FEMS Microbiol Ecol 2017;93. doi:10.1093/femsec/fix014

83.

Kuuskeri J, Häkkinen M, Laine P, Smolander O-P, Tamene F,
Miettinen S, et al. Time-scale dynamics of proteome and transcriptome
of the white-rot fungus Phlebia radiata: growth on spruce wood and
decay effect on lignocellulose. Biotechnol Biofuels 2016;9: 192.
doi:10.1186/s13068-016-0608-9

84.

Grahl N, Shepardson KM, Chung D, Cramer RA. Hypoxia and fungal
pathogenesis: to air or not to air? Eukaryot Cell 2012;11: 560–570.
doi:10.1128/EC.00031-12

85.

Butler G. Hypoxia and gene expression in Eukaryotic microbes. Annu
Rev Microbiol 2013;67: 291–312. doi:10.1146/annurev-micro-092412155658

86.

Pokusaeva K, Fitzgerald GF, van Sinderen D. Carbohydrate metabolism
in Bifidobacteria. Genes Nutr 2011;6: 285–306. doi:10.1007/s12263010-0206-6

87.

Madigan MT, Bender KT. Brock Biology of Microorganisms. Pearson
Education Limited; 2018.

88.

Bakker BM, Overkamp KM, Van Maris AJA, Kötter P, Luttik MAH, Van
Dijken JP, et al. Stoichiometry and compartmentation of NADH
metabolism in Saccharomyces cerevisiae. FEMS Microbiol Rev
2001;25: 15–37. doi:10.1016/S0168-6445(00)00039-5

89.

Bekers KM, Heijnen JJ, van Gulik WM. Determination of the in vivo
NAD:NADH ratio in Saccharomyces cerevisiae under anaerobic
conditions, using alcohol dehydrogenase as sensor reaction. Yeast
2015;32: 541–557. doi:10.1002/yea.3078

90.

Hibuse T, Maeda N, Nagasawa A, Funahashi T. Aquaporins and
glycerol metabolism. Biochim Biophys Acta - Biomembr 2006;1758:
1004–1011. doi:10.1016/j.bbamem.2006.01.008

91.

Klein M, Swinnen S, Thevelein JM, Nevoigt E. Glycerol metabolism
and transport in yeast and fungi: established knowledge and
ambiguities. Environ Microbiol 2017;19: 878–893. doi:10.1111/14622920.13617

92.

Casal M, Paiva S, Queirós O, Soares-Silva I. Transport of carboxylic
acids in yeasts. FEMS Microbiol Rev 2008;32: 974–994.

61

doi:10.1111/j.1574-6976.2008.00128.x
93.

Tamás MJ, Rep M, Thevelein JM, Hohmann S. Stimulation of the yeast
high osmolarity glycerol (HOG) pathway: Evidence for a signal
generated by a change in turgor rather than by water stress. FEBS Lett
2000;472: 159–165. doi:10.1016/S0014-5793(00)01445-9

94.

Blomberg A, Adler L. Physiology of osmotolerance in Fungi. Advances
in Microbial Physiology 1992. pp. 145–212. doi:10.1016/S00652911(08)60217-9

95.

Brewster J, de Valoir T, Dwyer N, Winter E, Gustin M. An osmosensing
signal transduction pathway in yeast. Science. 1993;259: 1760–1763.
doi:10.1126/science.7681220

96.

Sánchez ÓJ, Cardona CA. Trends in biotechnological production of fuel
ethanol from different feedstocks. Bioresour Technol 2008;99: 5270–
5295. doi:10.1016/j.biortech.2007.11.013

97.

Li X, Chen Y, Nielsen J. Harnessing xylose pathways for biofuels
production. Curr Opin Biotechnol 2019;57: 56–65.
doi:10.1016/j.copbio.2019.01.006

98.

Biz A, Sugai-Guérios MH, Kuivanen J, Maaheimo H, Krieger N,
Mitchell DA, et al. The introduction of the fungal d-galacturonate
pathway enables the consumption of d-galacturonic acid by
Saccharomyces cerevisiae. Microb Cell Fact 2016;15: 144.
doi:10.1186/s12934-016-0544-1

99.

Battaglia E, Benoit I, van den Brink J, Wiebenga A, Coutinho PM,
Henrissat B, et al. Carbohydrate-active enzymes from the zygomycete
fungus Rhizopus oryzae: A highly specialized approach to
carbohydrate degradation depicted at genome level. BMC Genomics
2011;12. doi:10.1186/1471-2164-12-38

100. Pfeiffer T, Morley A. An evolutionary perspective on the Crabtree
effect. Front Mol Biosci 2014;1: 1–6. doi:10.3389/fmolb.2014.00017
101. De Deken RH. The Crabtree effect: a regulatory system in yeast. J Gen
Microbiol 1966;44: 149–156. doi:10.1099/00221287-44-2-149
102. Setiadi ER, Doedt T, Cottier F, Noffz C, Ernst JF. Transcriptional
response of Candida albicans to hypoxia: linkage of oxygen sensing
and Efg1p-regulatory networks. J Mol Biol 2006;361: 399–411.
doi:10.1016/j.jmb.2006.06.040
103. Jeppsson M, Johansson B, Hahn-Hägerdal B, Gorwa-Grauslund MF.
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Supplementary information

Table S1 All P. radiata genes (excluding CAZy encoding genes) discussed in this
dissertation. Genes are organi sed alphabetically by pat hway name. EC
code is provided where available. Gene expression data are based on
‘Additional data’. F old change indicates the change between aerobic
and hypoxic cultivations . Genes with a fold change >1 are induced
under hypoxia an d genes with fold change <-1 are repressed. One
gene ID may be present in more than one pathway.
Pathway
Function
name
[4Fe-4S] cluster biosynthesis (cytosol)
Homoaconitase
Fe-S cluster ABC-transporter
Cytosolic Fe-S cluster assembly factor DRE2
Cytosolic Fe-S cluster assembly factor NBP35
Iron hydrogenase
Cytosolic Fe-S cluster assembly factor CDF1
[2Fe-2S] cluster biosynthesis (mitochondria)
Cysteine desulfurase
Endoplasmic reticulum chaperone BiP
Adrenodoxin-type ferredoxin
Mitochondrial iron carrier
Frataxin homolog (mitochondrial)
Iron sulphur assembly protein 1
Iron sulphur assembly protein 2
Iron sulphur cluster assembly protein 1
Conserved hypothetical protein
Mitochondrial protein
Monothiol glutaredoxin-5
NifU-like protein C
Heat shock 70kDa protein 1/2/6/8
Molecular chaperone DnaK
Fatty acid biosynthesis initiation
Fatty acid synthase
Acetyl-CoA carboxylase (Malonyl coA forming)
Flavin biosynthesis
2,5-diamino-6-(ribosylamino)-4(3H)-pyrimidinone 5P- reduct.
6,7-dimethyl-8-ribityllumazine synthase
Riboflavin synthase
Riboflavin kinase
FAD synthetase
5-amino-6-(5-phospho-D-ribitylamino)uracil phosphatase
GTP-cyclohydrolase
DRAP deaminase
3,4-dihydroxy-2-butanone 4-P synthase
Galacturonate degradation
D-galacturonic acid reductase
Galacturonate reductase
Aldo keto reductase
2-keto-3deoxy-L-galactonate aldolase
2-keto-3deoxy-L-galactonate aldolase
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P. radiata
gene ID

EC

Fold
change

plus.g7224
minus.g10882
minus.g12761
plus.g12149
minus.g517
minus.g7779

4.2.1.-

-0.58
3.2
2.54
2.94
3.91
0.1

minus.g4310
minus.g2101
minus.g3280
minus.g12034
minus.g7530
minus.g1937
plus.g10056
minus.g12922
minus.g7282
plus.g12488
plus.g7004
minus.g1957
minus.g4105
minus.g9805

2.8.1.7
3.6.4.10

1.96
0.2
2.04
-0.45
0.55
4.07
1.24
-0.39
1.91
1.78
2.69
2.64
5.12
4.67

plus.g11076
plus.g12209

2.3.1.86
6.4.1.2

-1.09
-1.15

minus.g7826
minus.g4280
plus.g6350
plus.g12934
plus.g3384
plus.g6501
minus.g10094
minus.g12163

1.1.1.302
2.5.1.78
2.5.1.9
2.7.1.26
2.7.7.2
3.1.3.104
3.5.4.25
3.5.4.26
4.1.99.12

plus.g7289
minus.g3218
minus.g10071
minus.g3726
plus.g780

1.1.1.1.1.1.365
1.1.1.372
4.1.2.54
4.1.2.54

0.74
1.23
-0.07
1.27
1.29
1.82
1.87
-1.75
-0.4
-2.11
-2.8
2.82

Enolase C-terminal domain
Gluconeogenesis
NAD-malate dehydrogenase (cytos)
Malic enzyme (cytosolic)
Malic enzyme (cytosolic)
Fructose-1-6-bisphosphatase
PEP carboxykinase
Glycerol metabolism
Glycerol dehydrogenase (NADP+ dependent)
Glycerol dehydrogenase
Glycerol dehydrogenase
Glycerol dehydrogenase
Glycerol-3P dehydrogenase
Glycerol-3P dehydrogenase
Dihydroxyacetone kinase
Dihydroxyacetone kinase
Dihydroxyacetone kinase
Dihydroxyacetone kinase
Glycerol kinase
Glycogen degradation
Glycogen phosphorylase
4-α-glucanotransferase
Glucan 1,4-α-glucosidase
Glycogen synthesis
Glycogen synthase
1-4 a glucan branching enzyme
Glycogenin
Glycolysis
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Alcohol dehydrogenase
Mannitol-1P dehydrogenase MPDH1
Glyceraldehyde-3-P dehydrogenase
Aldehyde dehydrogenase
Aldehyde dehydrogenase
Aldehyde dehydrogenase
Aldehyde dehydrogenase
Aldehyde dehydrogenase
Aldehyde dehydrogenase
Glucokinase
Glucokinase
6-phosphofructokinase
Hexokinase
Hexokinase
Pyruvate kinase
Mannokinase
Mannokinase
Phosphoglycerate kinase
Pyruvate decarboxylase
Fructose-bisP aldolase
Enolase
Triose P isomerase
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minus.g8452

4.2.1.146

0.01

minus.g5486
plus.g8199
plus.g8423
minus.g4517
minus.g709

1.1.1.37
1.1.1.40
1.1.1.40
3.1.3.11
4.1.1.49

1.82
0.66
1.73
0.67
4.08

minus.g3218
plus.g2488
minus.g6616
plus.g8893
minus.g7405
minus.g8720
plus.g11866
plus.g8909
plus.g6690
minus.g8818
minus.g12139

1.1.1.156
1.1.1.6
1.1.1.6
1.1.1.6
1.1.1.8
1.1.5.3
2.7.1.29
2.7.1.29
2.7.1.29
2.7.1.29
2.7.1.30

-0.4
1.23
7.38
12.95
0.13
1.51
-3.89
3.27
4.46
4.82
3.39

plus.g2454
minus.g12028
minus.g8779

2.4.1.1
2.4.1.25
3.2.1.3

3.04
1.08
2.11

minus.g2879
plus.g12717
plus.g7813

2.4.1.11
2.4.1.18
2.4.1.186

3.48
1.48
-0.15

minus.g12050
minus.g11465
plus.g7878
minus.g9653
minus.g9652
minus.g11463
minus.g7143
plus.g7883
plus.g7882
minus.g9651
plus.g9788
plus.g11585
plus.g5457
minus.g303
plus.g775
minus.g769
plus.g12481
minus.g8233
minus.g8232
plus.g2697
minus.g12499
plus.g9230
plus.g2697
minus.g12499
minus.g7449
plus.g2697
minus.g12499
plus.g3922
minus.g9119
minus.g8548
plus.g6405
plus.g9781

1.1.1.1
1.1.1.1
1.1.1.1
1.1.1.1
1.1.1.1
1.1.1.1
1.1.1.1
1.1.1.1
1.1.1.1
1.1.1.1
1.1.1.1
1.1.1.1
1.2.1.12
1.2.1.4
1.2.1.4
1.2.1.4
1.2.1.4
1.2.1.4
1.2.1.4
2.7.1.1
2.7.1.1
2.7.1.11
2.7.1.2
2.7.1.2
2.7.1.40
2.7.1.7
2.7.1.7
2.7.2.3
4.1.1.1
4.1.2.13
4.2.1.11
5.3.1.1

-7.05
-3.31
-2.2
0.93
3.74
4.36
4.78
4.97
5.06
5.55
7.77
5.26
5.22
-4.45
-3.69
-2.48
-1.29
-0.67
1.25
1.59
5.01
2.17
1.59
5.01
2.69
1.59
5.01
5.3
6.02
1.67
3.41
3.72

Glucose-6-P isomerase
Phosphoglycerate mutase family
Phosphoglycerate mutase
Glyoxylate shunt
Citrate synthase
Malate synthase peroxisome
Isocitrate lyase
Isocitrate lyase
Haem biosynthesis
Coproporphyrinogen III oxidase
Coproporphyrinogen III oxidase
Coproporphyrinogen III oxidase
5-aminolevulinate synthase
PBGD
Porphobilinogen deaminase
Uroporphyrinogen decarboxylase
Porphobilinogen synthase
Uroporphyrinogen-III synthase
Ferrochelatase
Iron uptake
Ferric reductase
Ferric reductase
Ferric reductase
Ferric reductase
High-affinity iron transporter
Iron uptake cluster
MCO multicopper oxidase
MCO multicopper oxidase
Siderophore iron transporter
Iron permease
Iron permease
Iron permease
Zinc iron permease
Zinc iron permease
Leloir pathway
Galactokinase
Galactose-1P uridylyltransferase
UTP—glucose-1-phosphate uridylyltransferase
UDP-glucose 4-epimerase
Aldose 1-epimerase
Aldose 1-epimerase
Galactose mutarotase
Phosphoglucomutase
Mannose degradation
Mannose-6-P isomerase
Mevalonate pathway
Hydroxymethylglutaryl-CoA reductase (NADPH)
Acetoacetyl-CoA acetyltransferase
Acetoacetyl-CoA acetyltransferase
Hydroxymethylglutaryl-CoA synthase
Mevalonate kinase
Phosphomevalonate kinase
Mevalonate diphosphate decarboxylase
Isopentenyl diphosphate isomerase
Nitrogen metabolism
Glutamate synthase
Glutamate dehydrogenase
Aspartate aminotransferase
Aspartate aminotransferase
PLP-dependent transferase

minus.g1700
minus.g1627
plus.g11073

5.3.1.9
5.4.2.11
5.4.2.12

0.4
7.58
5.35

minus.g9153
minus.g125
minus.g8985
minus.g7928

2.3.3.1
2.3.3.9
4.1.3.1
4.1.3.1

-2.94
5.64
1.99
5.49

minus.g4254
plus.g5770
minus.g9225
plus.g12937
minus.g1958
plus.g1993
minus.g12450
minus.g676
minus.g7612
plus.g539

1.3.3.3
1.3.3.3
1.3.3.4
2.3.1.37
2.5.1.61
2.5.1.61
4.1.1.37
4.2.1.24
4.2.1.75
4.99.1.1

-0.48
4.21
0.26
2.02
-2.13
-0.53
-0.36
2.51
-1.48
0.2

plus.g6533
minus.g4160
minus.g10592
minus.g2472
plus.g1567
minus.g2853
minus.g1527
minus.g4078
plus.g11464
plus.g2263
minus.g1284
plus.g2522
plus.g8929
plus.g10691
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3.34
3.54
9.75
3.02
5.57
3.63
5.36
9.07
4.56
-0.85
0.78
1.84
0.82
1.05

minus.g10832
minus.g3880
plus.g706
plus.g8171
minus.g7293
minus.g8594
minus.g8594
minus.g11888

2.7.1.6
2.7.7.12
2.7.7.9
5.1.3.2
5.1.3.3
5.1.3.3
5.1.3.3
5.4.2.2

1.57
1.72
-1.14
3.99
0.57
3.72
3.72
2.45

minus.g9743

5.3.1.8

-0.63

minus.g3435
minus.g4155
minus.g4155
plus.g11896
plus.g11361
plus.g541
minus.g5153
minus.g7262

1.1.1.34
2.3.1.16
2.3.1.9
2.3.3.10
2.7.1.36
2.7.4.2
4.1.1.33
5.3.3.2

2.28
1.13
1.13
-0.13
0.88
2.3
0.52
1.35

minus.g4121
plus.g8754
plus.g4183
plus.g7316
minus.g3372

1.4.1.14
1.4.1.4
2.6.1.1
2.6.1.1
2.6.1.2

-2.39
5.25
3.78
4.51
2.58

Glutamine synthetase
C4 dicarboxylic transporter
C4 dicarboxylic transporter
Oxidative phosphorylation
MCO alternative oxidase
NADH dehydrogenase (ubiquinone) Fe-S protein 1
NADH dehydrogenase (ubiquinone) Fe-S protein 2
NADH dehydrogenase (ubiquinone) Fe-S protein 3
NADH dehydrogenase (ubiquinone) Fe-S protein 4
NADH dehydrogenase (ubiquinone) Fe-S protein 5
NADH dehydrogenase (ubiquinone) Fe-S protein 6
NADH dehydrogenase (ubiquinone) Fe-S protein 7
NADH dehydrogenase (ubiquinone) Fe-S protein 8
NADH dehydrogenase (ubiquinone) flavoprotein 1
NADH dehydrogenase (ubiquinone) flavoprotein 2
Succinate dehydrogenase (ubiquinone) cytochrome b560
subunit dehydrogenase (ubiquinone) flavoprotein subunit
Succinate
Succinate dehydrogenase (ubiquinone) iron-sulphur subunit
Succinate dehydrogenase (ubiquinone) membrane anchor
Ubiquinol-cytochrome c reductase iron-sulphur subunit
Ubiquinol-cytochrome c reductase core subunit 2
Ubiquinol-cytochrome c reductase cytochrome c1 subunit
Ubiquinol-cytochrome c reductase subunit 7
Ubiquinol-cytochrome c reductase subunit 8
Cytochrome c oxidase subunit 4
Cytochrome c oxidase subunit 5a
Cytochrome c oxidase subunit 5b
Cytochrome c oxidase subunit 6b
Cytochrome c oxidase subunit 7c
Cytochrome c oxidase subunit 7c
F1-type H+-transporting ATPase subunit alpha
F1-type H+-transporting ATPase subunit beta
F1-type H+-transporting ATPase subunit gamma
F1-type H+-transporting ATPase subunit delta
F1-type H+-transporting ATPase subunit epsilon
F0-type H+-transporting ATPase subunit OSCP
F0-type H+-transporting ATPase subunit b
F0-type H+-transporting ATPase subunit d
F0-type H+-transporting ATPase subunit f
F0-type H+-transporting ATPase subunit g
F0-type H+-transporting ATPase subunit h
F0-type H+-transporting ATPase subunit k
Pentose degradation
L-xylulose reductase
L-xylulose reductase
Arabitol dehydrogenase
Arabitol dehydrogenase
Arabitol dehydrogenase
D-xylose reductase
D-xylose reductase
Xylitol dehydrogenase
Xylitol dehydrogenase
Xylitol dehydrogenase
Xylulokinase
Peroxisomal membrane genes
PEX1
PEX6
PEX13
PEX3
PEX5

77

plus.g12841
plus.g805
minus.g765

6.3.1.2

2.22
2.23
4.8

minus.g4077
minus.g1452
minus.g7843
plus.g7638
plus.g9162
minus.g8355
minus.g7271
minus.g260
plus.g13020
minus.g5690
minus.g4234
minus.g8563
plus.g6932
minus.g9515
plus.g8250
minus.g7068
plus.g2323
minus.g10709
plus.g4458
plus.g3420
minus.g4605
plus.g6323
plus.g11390
minus.g8513
minus.g12444
plus.g6387
plus.g7049
plus.g4746
minus.g6775
plus.g201
minus.g4665
minus.g351
minus.g11572
plus.g12632
plus.g5811
minus.g8591
plus.g2421
plus.g3595

1.10.3.11
7.1.1.2
7.1.1.2
7.1.1.2
7.1.1.2
7.1.1.2
7.1.1.2
7.1.1.2
7.1.1.2
7.1.1.2
7.1.1.2
1.3.5.1
1.3.5.1
1.3.5.1

5.04
1.49
2.64
1
0.66
0.04
4.08
1.92
1.16
0.84
1.8
0.15
3.56
2.35
1.65
3.42
2.19
1.74
2.02
2.77
4.82
4.94
2.6
1.97
3.9
9.23
2.6
3.06
1.66
1.91
1.99
3.37
3.36
2.02
3.51
2.64
2.51
0.14

minus.g5984
plus.g9088
plus.g12848
minus.g12712
minus.g12713
minus.g7354
minus.g7081
plus.g12848
minus.g12712
minus.g12713
minus.g11992

1.1.1.10
1.1.1.10
1.1.1.12
1.1.1.12
1.1.1.12
1.1.1.21
1.1.1.21
1.1.1.9
1.1.1.9
1.1.1.9
2.7.1.17

plus.g12220
plus.g3946
plus.g1657
plus.g1347
plus.g248

7.1.1.8

7.1.2.2

-3.65
3.24
-4.44
-1.51
4.58
-2.42
6.03
-4.44
-1.51
4.58
2.68
-0.09
-1.8
2.39
0.52
1.72

PEX7
PEX11
Phosphoketolase pathway
Acetate and butyrate kinase
D-xylulose 5-P phosphoketolase
Acetyl-coA synthetase FacA (cytosolic/peroxisomal)
Phospholipid synthesis
Aspartate N-acetyltransferase
Phosphatidyl-N-methylethanolamine N-methyltransferase
Choline kinase
Ethanolamine kinase
Ethanolamine-phosphate cytidylyltransferase
Choline-phosphate cytidylyltransferase
Phosphatidate cytidylyltransferase
Phosphatidate cytidylyltransferase
Polyribonucleotide nucleotidyltransferase
Ethanolaminephosphotransferase
CDP-diacylglycerol—inositol 3-phosphatidyltransferase
Diacylglycerol cholinephosphotransferase
Cardiolipin synthase (CMP-forming)
CDP-diacylglycerol-glycerol-3-phosphate 1phosphatidyltransf.
Phosphatidylglycerophosphatase
Phosphatidylserine decarboxylase
Phosphatidylserine decarboxylase
Pentose phosphate pathway
6-phosphogluconate dh
Glucose-6-P dehydrogenase
Transketolase
Aldolase
6-phosphogluconolactonase
Ribulose-5-P 3-epimerase
Ribose-5-P isomerase
Rhamnose degradation
Rhamnofuranose 1-dehydrogenase
Rhamnofuranose 1-dehydrogenase
L-rhamnono-gamma-lactonase
2-keto-3-deoxy-L-rhamnoate aldolase
L-rhamnoate dehydratease
Sphingolipid biosynthesis
3-dehydrosphinganine reductase
Sphingolipid C4-monooxygenase
4-hydroxysphinganine ceramide fatty acyl 2-hydroxylase
Ceramide synthase
Serine C-palmitoyltransferase
Serine C-palmitoyltransferase
Inositol phoshorylceramide mannosyltransferase
Inositol phoshorylceramide synthase
Mannosyl-inositol-phosphoceramide inositolphosphotransf.
Sphingolipid degradation
Aldehyde dehydrogenase
Aldehyde dehydrogenase
Aldehyde dehydrogenase
Sphingosine/sphinganine kinase
Phytosphingoid/sphinganine 1-P phosphatase
Phytosphingoid/sphinganine 1-P phosphatase
Phosphoric diester hydrolases
Phytoceramidase
Sphinganine-1-phosphate aldolase
2,3,4-saturated fatty acyl-CoA ligase
Sterol metabolism
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minus.g11520
plus.g7244

0.83
-0.87

plus.g11263
plus.g11264
plus.g1345

2.7.2.1
4.1.2.9
6.2.1.1

5.33
5.33
1.5

plus.g5396
minus.g2397
plus.g7669
plus.g7669
plus.g2099
plus.g2099
minus.g48
plus.g6089
minus.g4626
plus.g6320
plus.g4655
plus.g6320
minus.g11825
plus.g3982
plus.g10046
minus.g10835
minus.g1862

2.1.1.17
2.1.1.71
2.7.1.32
2.7.1.82
2.7.7.14
2.7.7.15
2.7.7.41
2.7.7.41
2.7.7.8
2.7.8.1
2.7.8.11
2.7.8.2
2.7.8.41
2.7.8.5
3.1.3.27
4.1.1.65
4.1.1.65

1.34
0.88
2.03
2.03
0.81
0.81
1.6
1.61
1.5

minus.g7515
minus.g13145
minus.g4429
plus.g7365
plus.g7593
plus.g7522
plus.g9498

1.1.1.44
1.1.1.49
2.2.1.1
2.2.1.2
3.1.1.31
5.1.3.1
5.3.1.6

1.26
0.02
2.86
1.16
4.44
-0.16
1.65

minus.g7343
minus.g7343
NA
plus.g3053
plus.g8441

1.1.1.173
1.1.1.378
3.1.1.65
4.1.2.53
4.2.1.90

-4.33
-4.33

plus.g13344
minus.g6957
minus.g2535
plus.g12830
plus.g1375
plus.g3354
plus.g12857
plus.g11812
plus.g10703

1.1.1.102
1.14.18.5
1.14.18.6
2.3.1.297
2.3.1.50
2.3.1.50
2.4.1.370
2.7.1.227
2.7.1.228

-0.05
4.09
6.59
0.93
2.09
3.95
1.94
1.52
1.5

plus.g8682
minus.g12029
plus.g3862
plus.g4195
minus.g3531
plus.g7464
minus.g7796
plus.g8164
minus.g63
minus.g5336

1.2.1.3
1.2.1.3
1.2.1.3
2.7.1.91
3.1.3.3.1.3.3.1.4.3.5.1.23
4.1.2.27
6.2.1.3

-1.62
-1.06
2.32
3.16
-0.13
0.12
3.64
1.66
2.44
0.41

1.33
-1.02
-0.78
0.08
1.77
2.5

-0.53
-2.2

C3-sterol dehydrogenase
C3-sterol dehydrogenase
3-keto-steroid reductase
Lanosterol 14-alpha-demethylase
C4-methyl sterol oxidase
C-5 Sterol desaturase
C-22 sterol desaturase
C-14 sterol reductase
C-14 sterol reductase
C24-sterol reductase
C24-sterol reductase
Delta24(24(1))-sterol reductase
Sterol 24-C-methyltransferase
Dimethylallyltranstransferase
Dimethylallyltranstransferase
Dimethylallyltranstransferase
(2E,6E)-farnesyl diphosphate synthase
(2E,6E)-farnesyl diphosphate synthase
(2E,6E)-farnesyl diphosphate synthase
Lanosterol synthase
C-8 sterol isomerase
TCA-cycle
Malate dehydrogenase
Malic enzyme
Isocitrate dehydrogenase subunit 1 precursor
Isocitrate dehydrogenase
Isocitrate dehydrogenase
Homoisocitrate dehydrogenase
Pyruvate dehydrogenase
Transketolase domain-containing 1
Dihydrolipoyl dehydrogenase TCA
Dihydrolipoamide acetyl transferase
Dihydrolipoamide succinyl transferase
Citrate synthase
Citrate synthase
Fumarate hydratase
Aconitate hydratase
Acetate ligase (mitochondrial)
Succinate- ligase TCA
Pyruvate carboxylase
Triacylglycerol biosynthesis
Diacylglycerol transacylase
Glycerol-3-phosphate 1-O-acyltransferase
Glycerol-3-phosphate 1-O-acyltransferase
Diacylglycerol acyltransferase
Diacylglycerol O-acyltransferase
1-acylglycerol-3-phosphate O-acyltransferase
Lysophospholipid acyltransferase
Diacylglycerol kinase 1
Lipid transport
Phosphatidate phosphatase
Triacylglycerol degradation
Acylglycerol lipase
Triacylglycerol lipase
Vacuolar proton translocating V-ATPase
V-type proton ATPase subunit A
V-type proton ATPase subunit a
V-type proton ATPase subunit B
V-type proton ATPase subunit C
V-type proton ATPase subunit c
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plus.g5688
plus.g2471
plus.g12623
plus.g11514
minus.g10676
plus.g11373
plus.g1824
plus.g5968
plus.g11831
plus.g5968
plus.g11831
plus.g11831
plus.g8480
plus.g3019
plus.g3090
minus.g7024
plus.g3019
plus.g3090
minus.g7024
minus.g10690
plus.g9311

1.1.1.170
1.1.1.170
1.1.1.270
1.14.14.154
1.14.18.9
1.14.19.20
1.14.19.41
1.3.1.70
1.3.1.70
1.3.1.71
1.3.1.71
1.3.1.71
2.1.1.41
2.5.1.1
2.5.1.1
2.5.1.1
2.5.1.10
2.5.1.10
2.5.1.10
5.4.99.7

-0.62
0.71
-1.66
1.1
2.08
2.36
1.49
-1.08
1.46
-1.08
1.46
1.46
0.01
-1.44
-1
1.15
-1.44
-1
1.15
-0.82
-2.14

plus.g13265
plus.g4926
minus.g12693
minus.g6494
minus.g1398
plus.g12942
plus.g3969
plus.g9256
plus.g2702
minus.g7487
minus.g8321
plus.g4664
plus.g8569
minus.g7163
minus.g5346
minus.g1298
plus.g7512
minus.g10754

1.1.1.37
1.1.1.38
1.1.1.41
1.1.1.41
1.1.1.42
1.1.1.87
1.2.4.1
1.2.4.2
1.8.1.4
2.3.1.12
2.3.1.61
2.3.3.1
2.3.3.1
4.2.1.2
4.2.1.3
6.2.1.1
6.2.1.4
6.4.1.1

1.11
4.72
2.69
3.75
-0.47
1.73
0.78
-1.98
2.98
3.02
2.24
1.27
2.17
0.54
1.66
-0.25
2.71
0.03

minus.g10606
plus.g4096
plus.g4097
plus.g9662
minus.g11789
plus.g12973
minus.g12911
minus.g3266
plus.g4362
minus.g6433

2.3.1.2.3.1.15
2.3.1.15
2.3.1.158
2.3.1.20
2.3.1.51
2.3.1.51
2.7.1.174
3.1.3.4
3.1.3.4

1.7
-1.23
2.87
2.7
0.32
2.19
-0.51
1.55
1.7
0.02

plus.g9992
minus.g7381

3.1.1.23
3.1.1.34

-1.56
1

minus.g3860
plus.g1113
minus.g5959
plus.g7608
minus.g5988

7.1.2.2

2.21
2.71
0.89
-0.7
1.44

V-type proton ATPase subunit c
V-type proton ATPase subunit c
V-type proton ATPase subunit D
V-type proton ATPase subunit d
V-type proton ATPase subunit E
V-type proton ATPase subunit e
V-type proton ATPase subunit F
V-type proton ATPase subunit G
V-type proton ATPase subunit H
β-oxidation
Fatty acid-CoA ligase
Fatty acid-CoA ligase
Long-chain acyl-CoA synthetase
3-oxoacylCoA thiolase (mitochondrial)
Enoyl-CoA hydratase (mitochondrial)
Enoyl-CoA hydratase (mitochondrial)
3-hydroxybutyryl-CoA dehydrogenase (mitochondrial)
3-hydroxyacyl-CoA dehydrogenase (mitochondrial)
Acyl-CoA dehydrogenase (mitochondrial)
Fatty acid coenzyme A oxidase (peroxisomal)
3-oxoacylCoA thiolase (peroxisomal)
3-oxoacylCoA thiolase (peroxisomal)
Enoyl-CoA hydratase (peroxisomal)
Enoyl-CoA hydratase (peroxisomal)
3-hydroxyacyl-CoA dehydrogenase (peroxisomal)

plus.g5836
minus.g5093
plus.g4049
plus.g6060
minus.g9718
plus.g11517
plus.g7660
plus.g12163
minus.g3822
minus.g4467
minus.g4468
minus.g5336
minus.g7323
plus.g7042
minus.g3295
minus.g9980
minus.g9980
plus.g13281
minus.g2263
plus.g12367
plus.g7441
plus.g7977
plus.g6314
plus.g11483

1.93
2.21
0.34
1.61
-0.38
-0.18
-0.92
0.77
6.2.1.6.2.1.6.2.1.2.3.1.16
4.2.1.119
4.2.1.119
1.1.1.35
4.2.1.17
1.3.3.6
2.3.1.16
2.3.1.16
4.2.1.119
4.2.1.119
4.2.1.119

0.97
1.12
0.82
-2.94
-1.82
-0.02
2.79
2.79
1.2
-2.08
-0.26
2.2
-2.79
-1.99
-1.32

Table S2 All P. radiata genes with the bi nding motif of SreA/Cir1 (5’ -ATCWGATAA3’) in the promoter regions combined with a putative function and fold
change between aerobic and hypoxia cultivations.
Gene ID

Function

minus.g4310
minus.g12922
minus.g10882
plus.g11076
minus.g3218

Cysteine desulfurase
Iron sulphur cluster assembly protein 1
Fe-S cluster ABC-transporter
fatty acid synthase
galacturonate reductase/Glycerol
dehydrogenase (NADP+ dependent)
glucokinase/mannokinase /hexokinase
glucokinase/mannokinase /hexokinase
Ferric reductase
Ferric reductase
high-affinity iron transporter
MCO multicopper oxidase
MCO multicopper oxidase
Siderophore iron transporter

Fold
change
1.96
-0.39
3.2
-1.09
-0.4

Pathway

1.59
5.01
3.34
9.75
5.57
5.36
9.07
4.56

[2Fe-2S] cluster biosynthesis
[2Fe-2S] cluster biosynthesis
[4Fe-4S] cluster biosynthesis
fatty acid biosynth. initiation
galacturonate/glycerol
degradation
glycolysis
glycolysis
iron uptake
iron uptake
iron uptake
iron uptake
iron uptake
iron uptake

3.99
1.13
-4.44
-1.51
4.58
2.03
0.81

Leloir pathway
mevalonate pathway
pentose degradation
pentose degradation
pentose degradation
phospholipid synthesis
phospholipid synthesis

minus.g7343
minus.g5336

UDP-glucose 4-epimerase
Acetoacetyl-CoA acetyltransferase
xylitol dehydrogenase
xylitol dehydrogenase
xylitol dehydrogenase
choline/ethanolamine kinase
ethanolamine/choline-phosphate
cytidylyltransferase
rhamnofuranose 1-dehydrogenase
2,3,4-saturated fatty acyl-CoA ligase

-4.33
0.41

plus.g11831

C-14 sterol reductase

1.46

rhamnose degradation
Sphingolipid degradation/βoxidation
sterol metabolism

plus.g2697
minus.g12499
plus.g6533
minus.g10592
plus.g1567
minus.g1527
minus.g4078
plus.g11464
plus.g8171
minus.g4155
plus.g12848
minus.g12712
minus.g12713
plus.g7669
plus.g2099
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plus.g5968
minus.g7024
plus.g3019
plus.g3090
minus.g9980

C-14/C24 sterol reductase
dimethylallyltranstransferase
dimethylallyltranstransferase/(2E,6E)farnesyl diphosphate synthase
dimethylallyltranstransferase/(2E,6E)farnesyl diphosphate synthase
3-hydroxybutyryl/acyl-CoA
dehydrogenase
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-1.08
1.15
-1.44

sterol metabolism
sterol metabolism
sterol metabolism

-1

sterol metabolism

2.79

β-oxidation (mitochondrial)

