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USE OF MUSHROOMS

H umans have used mushrooms throughout history. For instance, Psilocybe
species were used by pre-colonial Indian cultures in shamanic rituals (Díaz

1977) and Vikings may have ingested the Amanita muscaria mushroom to induce
a trance before going to war (“going Berserk”, Fabing 1956). The mummified
Iceman Ötzi carried material from Piptoporus betulinus and Fomes fomentarius
mushrooms that were likely used for medicinal purposes and to start fire, re-
spectively (Peintner et al. 1998). Ancient Egyptians believed that mushrooms
were a source of immortality according to 4600-year-old hieroglyphics. Pharaohs
brusquely decreed mushrooms were food for royalty (Daba 2006). Nowadays,
mushrooms were and are still collected in forests and open fields throughout
the world as a food source. The Chinese and Japanese were among the first to
cultivate mushrooms. Cultivation of mushrooms was first mentioned in 1313 by
Wang Zeng in his “Book of Agriculture”. Mushroom growing in Europe started in
the 17th century in France during the reign of Louis XIV. Mushrooms of Agaricus
species were grown in the region of Paris in quarries. At that time, horse manure
containing mycelium was used to re-inoculate newly prepared manure. The first
pure culture spawn (based on spores) of Agaricus bisporus were developed in
Europe at the end of the 19th century. The spawn was used to inoculate batches of
horse manure. Several American spawn companies started up by using mycelium
cultures produced from mushroom caps. This formed the basis for A. bisporus
becoming the dominant cultivated mushroom in the world. Until 1927, all A.
bisporus were brown or cream-colored. The white button mushrooms produced
today find their origin in a cluster of white mushrooms within a bed of brown
fruiting bodies in Pennsylvania (van Griensven 1988). Today, the production of
the button mushrooms amounts one billion kilogram annually in the European
Union. The Netherlands produces 25 % of this, representing a market value of
€ 400 million (Logatcheva et al. 2014). They are sold as fresh products or are
conserved by canning.

COMMERCIAL PRODUCTION OF Agaricus bisporus
A. bisporus grows on litter in nature but compost is used for the commercial
production of its mushrooms. In the Netherlands, composting consists of a phase
I and phase II, A. bisporus is introduced in phase III, and in phase IV mushrooms
are produced. In the past compost was produced outdoor but environmental
regulations necessitated indoor production.
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PHASE I
Wheat straw bedded horse manure, gypsum and water are mixed in phase I (PI)
of compost production. Chicken manure and wheat straw may be added as
additional or alternative nitrogen and carbon source, respectively. Wheat straw
represents the major carbon source in compost. While gypsum has a stabilizing
effect on the quality of the substrate and mushroom yield. Colloidal substances
are flocculated by gypsum resulting in a less greasy compost with improved air
circulation and structure. Furthermore, gypsum neutralizes negative effects of
high ammonia content by decreasing pH. In tunnels, PI takes 3 - 6 days during
which temperatures of up to 80 °C are reached due to microbial activity. The
pH in compost is 8.4 and 8.9 at PI-end in the presence and absence of gypsum,
respectively. At a higher compost pH more NH3 is formed that has a negative effect
on mushroom yield (Gerrits 1988). Some xylan and cellulose is consumed during
PI, while lignin remains untouched (Jurak et al. 2014; 2015b; Jurak 2015). After PI,
the compost is inoculated with a microflora contained in PII-end compost that
went through phase II (PII) and is placed in large tunnels.

PHASE II
PII starts with a pasteurization process, after which the compost is conditioned by
circulating air through the compost. During pasteurization, temperatures are first
brought to 50 °C and then increased to 60 °C. This kills unwanted organisms such
as insects but may also affect the microflora (Gerrits 1988; Straatsma et al. 1994).
Pasteurization takes 2 days, after which conditioning is started by decreasing the
temperature to 45 °C. The three days of conditioning allow a thermophilic fungal
community to develop. The presence of Scytalidium thermophilum (also known
as Humicola insolens, Straatsma and Samson 1993) is important for the growth
of A. bisporus (Straatsma et al. 1989; Straatsma et al. 1994). S. thermophilum is
associated with the removal of ammonia and suppression of competitors of A.
bisporus (Ross and Harris 1983). After PII, 60 % and 50 % of xylan and cellulose
has been degraded, respectively, as compared to the starting material, while lignin
still remains largely unaffected (Jurak 2015; Jurak et al. 2015b). The pH has
decreased from 8 to 7 - 7.5 and the compost is highly suitable for colonization by
A. bisporus.

PHASE III
At the start of phase III (PIII) A. bisporus is introduced by mixing spawn through the
compost. Spawn is usually prepared using rye, calcium carbonate, and calcium
sulfate. The inoculated compost is transported to a new tunnel. The optimal
growth temperature of A. bisporus of 25 °C is maintained by circulating air through
the compost (Gerrits 1988). In PIII 15 % of xylan and 10 % of cellulose are removed
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Figure 1.1: Loss of lignin (black), cellulose (light grey), and hemicellulose (dark grey) during the
cultivation of A. bisporus after 0 days (end of PII), 16 days (PIII-16), and 47 days (2nd flush, days
estimated from typical cutivation schedule). Values are based on Jurak (2015).

relative to the end of PII (Jurak 2015). The loss of cellulose is likely higher since
the glucan in fungal material contributes to the glucose content on which the
cellulose content is based. In contrast to PI and PII, lignin is removed efficiently
during PIII (Jurak et al. 2015b). 48 % of lignin present at the start of PI is left after
PIII (Jurak 2015). After 16 - 19 days the compost is fully colonized by A. bisporus
and pH has declined to 6.5 - 7. To start phase IV the compost is transported
to the mushroom growers. Mushroom yield and quality can be improved by
supplementing the compost with formaldehyde treated, protein rich nutrients
(Gerrits 1988).

PHASE IV
Phase IV (PIV) starts by placing the compost in large trays and topping it with cas-
ing layer. The casing layer consists of peat and lime and is essential for mushroom
formation (Visscher 1988). It is nutrient poor and contains bacteria that assist
in mushrooms formation, likely by removing volatiles produced by A. bisporus.
During colonization of the casing layer the air temperature is kept at 22 °C to
allow compost temperatures of 25 °C. In addition, CO2 levels are high and relative
humidity is 85 %. After 7 days, mushroom formation is induced by lowering the
compost temperature to 18 - 22 °C, increasing relative humidity to 87 - 90 % and
lowering CO2 levels by venting (Visscher 1988). Mushrooms are harvested in 2 -
3 flushes with an interval of 7 - 8 days and a typical yield of 30 kg m-2 using 85 -
95 kg compost m-2. Harvesting can be done manually, taking up to 6 days, or me-
chanically in which case all mushrooms of a flush are harvested simultaneously.
The 1st flush provides 50 - 70 % of the total harvest. The contribution of each flush
can be changed by varying climate conditions but total yield will remain similar.
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Figure 1.2: Schematic representation of cellulase activity on amorphous and crystalline cellulose.

Risk of pests and disease increases in time and therefore optimal harvest in flush I
is preferred.

The amount of xylan and cellulose not consumed at PIV-end is 56 % and 46
% relative to the PII-end, respectively (Figure 1.1; Jurak 2015). The remaining
cellulose may be an overestimation due to the glucose present in fungal material.
Lignin is removed less efficiently during PIV as compared to PIII. Only, an addi-
tional 8 % of lignin is removed relative to the start of PI, bringing the total amount
of remaining lignin to 44 % (Figure 1.1; Jurak 2015). Thus, a significant amount
of carbohydrates and lignin remain in champost, the compost that remains after
cultivation of button mushrooms (Iiyama et al. 1994; Chen et al. 2000, Jurak 2015).
Space for mushrooms to develop is a limiting factor for mushrooms yield in the
first flush but this is not the case in the 2nd and 3rd flush. This in combination
with the sugar content in champost was the basis of the STW project leading to
this PhD thesis.

COMPOSITION OF WHEAT STRAW
Wheat straw is the primary carbon source of A. bisporus. It consists of 34 - 40 % cel-
lulose, 24 - 35 % hemicellulose, and 14 - 24 % lignin (Lawther et al. 1995; Sun et al.
1995; Sun et al. 1998; Kirstensen et al. 2008). The primary cell wall contains mostly
carbohydrates, while the secondary cell wall contains up to 20 % lignin (Vogel
2008). Cellulose is a polymer of β-(1−→4)-D-linked glucose units with cellobiose
as its repeating unit. It is the most abundant organic carbon in nature. Intra- and
intermolecular hydrogen bonds produce rigid, insoluble microfibrils (Béguin and
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Figure 1.3: Schematic representation of xylan and enzymes involved in its degradation. XLN; en-
doxylanase, BXL; β-xylosidase, LAC; β-galactosidase, AGU; α-glucoronidase, FAE; feruloyl esterase,
ABF; α-L-arabinofuranosidase and AXE; acetyl xylan esterase.

Aubert 1994). Cellulose microfibrils can be tightly packed in a crystalline structure
or can be part of amorphous regions (Figure 1.2). Crystallinity of cellulose in wheat
straw is approximately 40 % (Liu et al. 2005). Hemicellulose in wheat straw is
more amorphous than cellulose and consists primarily of glucuronoarabinoxylan.
This polymer consists of a β-(1−→4)-linked D-xylose backbone that is decorated
with L-arabinose, acetyl, and glucuronic acid residues (either or not methylated)
(Figure 1.3). Glucuronic acid and arabinosyl decorations are most abundant (Sun
et al. 1996) while D-galactosyl, rhamnose, and mannose are minor substituents
(Sun et al. 1996; Sun et al. 2005). L-arabinose decorations occur as single or double
substitutions on the xylan backbone at O3 and / or O2 of D-xylose (Fincher 2009).
A portion of the glucuronic acid residues are suggested to be linked to lignin via
ester bonds (Sun et al. 2005). Moreover, ferulic and coumaric acid link arabinose
to lignin via ester or ether linkages (Sun et al. 2002; del Río et al. 2012).

Lignin is the second most abundant organic carbon in nature. It provides rigid-
ity to the cell wall, and protects the plant cell wall from enzymatic attack. Lignin
is a generic term for aromatic polymers that consist of p-coumaryl, coniferyl, and
sinapyl alcohols (Boerjan et al. 2003; Vanholme et al. 2010). In the context of the
cell wall these monomers form p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S)
phenylpropanoid units, respectively. Lignin is synthesized through a radical cou-
pling reaction that may or may not be random (Davin et al. 2008). This reaction
produces a heterogeneous and recalcitrant structure that is covalently linked to
hemicellulose. Wheat straw lignin has a S : G : H ratio of 30 : 64 : 6. β-O-4 linkages
are most abundant in wheat straw lignin, followed by phenylcoumarans with an
abundance of roughly 75 % and 11 %, respectively (del Río et al. 2012). Typical
lignin structures are presented in Figure 1.4. To utilize cellulose and hemicellulose
in wheat straw as a carbon source, lignin needs to be removed and / or modified
to increase accessibility of these carbohydrates.
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Figure 1.4: Main structures in wheat straw lignin. (A) β-O-4’ alkyl-aryl ethers; (A’) β-O-4’ alkyl-aryl
ethers with acylated γ-OH; (Aox) Cα-oxidized β-O-4’ structures; (B) phenylcoumarans; (C) resinols;
(D) dibenzodioxocins; (E) α,β-diaryl ethers; (F) spirodienones; (I) cinnamyl alcohol end-groups; (J)
cinnamyl aldehyde end-groups; (PCA) p-coumarates; (FA) ferulates; (H) p-hydroxyphenyl units; (G)
guaiacyl units; (S) syringyl units. Reprinted with permission from del Río J C, Rencoret J, Prinsen
P, Martínez A T, Ralph J, Gutiérrez A (2012) J. Agric. Food Chem. 60:5922-5935. Copyright © 2012
American Chemical Society.
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LIGNOCELLULOSE DEGRADATION
Enzymes can degrade lignocellulosic biomass by direct or indirect interaction
with the substrate. Glycoside hydrolases (GHs), polysaccharide lyases (PLs), and
carbohydrate esterases (CEs) (Lombard et al. 2014; http://www.cazy.org/) are
enzymes that directly interact with the substrate. They act through hydrolysis
and / or rearrangement of glycosidic bonds, non-hydrolytic cleavage of glycosidic
bonds, and hydrolysis of carbohydrate esters, respectively. Lignocellulose is also
degraded by oxidation through direct interaction with enzymes or indirectly by
mediators. These enzymes are thought to support the GHs, PLs, and CEs in
accessing their substrates. They are classified in the CAZy database as auxiliary
activities (AAs) (Levasseur et al. 2013). Enzymes involved in generating co-factors
for oxidative enzymes are also included in the AA class. Carbohydrate binding
modules (CBM) are found in a variety of enzymes acting on carbohydrates. CBMs
can bind strongly to the carbohydrate surface and support the specificity and
activity of the enzymes (Gilbert et al. 2013).

CELLULOSE DEGRADATION

Several cellulases are involved in the synergistic degradation of cellulose (Fig-
ure 1.2; Baldrian and Valášková 2008; Glass et al. 2013). Endo-1,4-β-glucanases
cleave internal bonds of the amorphous cellulose polymer. This creates new
sites for the action of cellobiohydrolases that act on reducing or non-reducing
ends of cellulose to release cellobiose, which is turn is hydrolyzed into glucose by
β-glucosidases. There may be overlap in the substrates of cellulases and hemi-
cellulases. For example, β-glucosidases can sometimes act on mannose, xylose
or galactose units from hemicellulose with varying affinities. Copper-dependent
lytic polysaccharide monooxygenases (LPMOs) can fulfill a function similar to
endoglucanases by oxidatively cleaving cellulose chains. LPMOs are relevant in
the degradation of crystalline cellulose but are also involved in the degradation of
hemicellulose and chitin (Vaaje-Kolstad et al. 2010; Harris et al. 2010; Quinlan
et al. 2011; Agger et al. 2014). Cellobiose dehydrogenase (CDH) may support
LPMO activity by providing electrons through its action (Glass et al. 2013). Al-
ternatively, CDH may contribute to cellulose and hemicellulose degradation by
supporting the production of hydroxyl radicals in a Fenton-type reaction (Baldrian
and Valášková 2008). In the Fenton reaction H2O2 oxidizes Fe2+ to Fe3+ which
generates a hydroxyl radical capable of depolymerizing cellulose, hemicellulose
and modifying lignin.

HEMICELLULOSE DEGRADATION

Hemicellulose is more heterogeneous than cellulose and requires a large set of
enzymes for its degradation (Figure 1.3). Similar to cellulases, hemicellulases
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degrade hemicellulose synergistically (Baldrian 2008; Dodd and Cann 2009; Glass
et al. 2013). There are enzymes that make cleavage sites available for other en-
zymes, enzymes removing side chains and decorations, and enzymes that cleave
shorter chains into sugar monomers. The xylan backbone of glucuronoarabi-
noxylan in wheat straw is attacked by endo- and exo-acting β-1,4-xylanases and
β-xylosidases. Substituents are removed by enzymes like α-arabinofuranosidase,
α-glucuronidase, and acetyl xylan esterase. Ferulic acid and p-coumaric esterases
cleave the ester linkages between ferulic and coumaric acid decorating arabinose
substituents of the xylan, while glucuronoyl esterases cleave the ester bonds be-
tween 4-O-methyl-D-glucuronic acid and lignin (Špániková and Biely 2006, Dodd
and Cann 2009).

LIGNIN DEGRADATION

The efficient degradation of lignin requires an extracellular radical generating
machinery. These radicals extract electrons from lignin resulting in lignin degra-
dation through oxidation or “combustion” (Kirk and Farrell 1987). White rot fungi
are thought to be efficient lignin degraders, while brown rot fungi only modify
lignin (Hattaka 1994; Filley et al. 2002). Both brown and white rot fungi employ
Fenton chemistry (Hammel et al. 2002), while white rots also produce ligninolytic
enzymes. Brown rot fungi are polyphyletic. They may have arisen several times
from white rots by losing genes encoding ligninolytic enzymes (Floudas et al.
2012; Riley et al. 2014).

Lignin peroxidase (LiP), manganese peroxidase (MnP), versatile peroxidase
(VP) and laccase (LCC) are the main ligninolytic enzymes (Kirk and Farrell 1987;
Hattaka 1994; ten Have and Teunissen 2001; Guillén et al. 2005). LiP, MnP, and VP
contain a heme group and have a catalytic cycle similar to other peroxidases. Their
heme group is oxidized by hydrogen peroxide (H2O2), resulting in the oxidation of
small mediators like veratryl alcohol (for LiP and VP) and Mn2+ (for MnP and VP).
These mediators oxidize lignin structures and are thought to be essential to reach
lignin inaccessible to proteins. LiP can also oxidize lignin model compounds
directly. VP acts as a hybrid of MnP and LiP since it may oxidize substrates of
both LiP and MnP. At the protein level, VP may resemble a LiP containing a Mn2+

binding site or a MnP with a Trp residue normally present in a conserved region of
LiP (Hammel and Cullen 2008). LCC is a copper containing oxidase that reduces
oxygen to water resulting in the oxidation of a substrate. The relation of LCC to
lignin degradation is less clear as compared to LiP, VP, and MnP. MnP and LCC
activity are increased in the interaction zone of competing fungi (Hiscox et al.
2010) indicating that these enzymes have a role in fungal defense.

The A. bisporus genome does not contain genes encoding LiPs and VPs but
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Figure 1.5: Catalytic cycle of MnP. Adapted from Hofrichter (2002).

contains two MnP genes (see below). The catalytic cycle of MnP is presented in
more detail in Figure 1.5 (Hofrichter 2002). The Fe3+ in the heme of MnP binds
H2O2 or an organic peroxide (R-OOH) thereby forming an iron-hydroxide com-
plex. Next, two electrons are transferred from the heme group to the hydroxide
group. This results in compound 1 that contains a Fe4+-oxo-porphyrin-radical
complex and the release of H2O (or R-OH). Compound 1 is reduced to compound
2 by oxidizing Mn2+ to Mn3+. In this step alternative substrates like phenolic
compounds may be oxidized (Wariishi et al. 1988). Compound 2 preferentially
oxidizes Mn2+ to Mn3+. With an excess of H2O2 MnP can be reversibly inactivated
to compound III. The Mn2+ ions used by MnP are thought to be chelated by an
organic acid such as oxalic acid. Chelation by two oxalic acids stabilizes the Mn3+

ion and provides a more efficient release from MnP. The (chelated) Mn3+ serves
as a redox mediator through which MnP is able to oxidize phenolic model lignin
dimers. For the oxidation of non-phenolic model lignin structures additional
mediators are required. For example, lipid peroxidation produces oxidants strong
enough to cleave Cα-Cβ bonds and β-aryl ether bonds in non-phenolic lignin
model dimers.

Enzymatic or non-enzymatic production of extracellular H2O2 is an essential
co-factor for effective ligninolytic action. Extracellular oxidases like glyoxal oxi-
dase produce H2O2 with glyoxal and methylglyoxal as substrate (Kersten and Kirk,
1987). Non-enzymatic reactions include quinone redox cycling which generates
H2O2 and superoxide (Guillén et al. 2000; Gómez-Toribio et al. 2009). Quinones
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may originate from lignin or are produced by the fungus. In addition, Mn3+ driven
oxidation of fungal organic acids like oxalic acid can generate superoxide that
may react with Mn2+ to generate Mn3+ and H2O2 (Urzúa et al. 1998; Schlosser
and Höffer 2002). Quinone redox cycling and Mn3+ generation can be assisted by
enzymes like (intracellular) benzoquinone reductase, LCC and MnP (Guillén et al.
1997; Gómez-Toribio et al. 2009).

COMPOST DEGRADATION BY Agaricus bisporus
The CAZymes found in the genome of A. bisporus reflect its capacity to degrade
cellulose, hemicellulose, and lignin (Morin et al. 2012). The cellulose and hemi-
cellulose degrading enzymes form a relatively complete set. The putative lignin
degrading machinery of A. bisporus includes 12 LCCs and 2 MnPs but LiPs and
VPs are absent. Calcium oxalate associated with the hyphae of A. bisporus may
be a pool for oxalic acid to support MnP action (Whitney and Arnott 1987). Fur-
thermore, predicted H2O2 producing oxidases and benzoquinone reductases
would produce extracellular H2O2. Together, the MnPs of A. bisporus, either or
not with the help of LCCs, and other AAs would provide a complete ligninolytic
system. Enzyme families implicated in the detoxification of aromatic compounds
like heme-thiolate peroxidases and glutathione-S-transferases were found to be
expanded in the genome of A. bisporus. This suggests an adaptation to dealing
with toxic aromatic structures in the humic rich compost that may originate from
lignin or humic acids.

THE LIGNOCELLULOSE DEGRADING MACHINERY IN ACTION

A. bisporus preferentially degrades lignin during PIII illustrated by a 50 % loss of
lignin as compared to 15 % xylan and 10 % cellulose (Figure 1.1). It was estimated
that lignin removal by A. bisporus increases carbohydrate availability by 30 %
(ten Have et al. 2003). The laccase genes lcc1 and lcc2 are highly expressed in
compost during PIII, indicating a role in ligninolysis (Patyshakuliyeva et al. 2015).
However, total LCC activity is lower in axenic compost cultures (Bonnen et al.
1994) supporting a role in fungal defense such as in the interaction of A. bisporus
with Trichoderma aggressivum (Sjaarda et al. 2015). MnP activity increases during
vegetative growth similarly to LCC (Bonnen et al. 1994). MnP1 is produced in
compost and has been characterized (Bonnen et al. 1994; Lankinen et al. 2001).
There is no evidence for expression of mnp2 in transcriptome or proteomics data
(Patyshakuliyeva et al. 2015) but transient production of its encoded enzyme
cannot be excluded. Several oxidase genes putatively involved in H2O2 generation
and a predicted quinone reductase gene were expressed in PIII (Patyshakuliyeva
et al. 2015). In agreement with limited cellulose and hemicellulose degradation,
A. bisporus produces only some cellulase and hemicellulase activity during PIII
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(Wood and Goodenough 1977; Savoie 1998; Whiteford et al. 2000; Jurak et al.
2015a).

LCC and MnP activities decrease in PIV during mushroom production in the
first flush (Wood and Goodenough 1977; Bonnen et al. 1994; Ohga et al. 1999).
Interestingly, LCCs seem to be inactivated prior to degradation (Wood 1980ab).
The mechanism for this remains unknown. Conversely, cellulase activity increases
during mushroom production followed by a decrease (Wood and Goodenough
1977; Ohga et al. 1999). The relation of hemicellulase activity with mushroom for-
mation is less clear. Transcriptome analysis at several time points during the first
and second flush show increased production of cellulase and hemicellulase tran-
scripts at the end of the 1st and 2nd flush (Whiteford et al. 2000; Patyshakuliyeva
et al. 2015). Yet, xylanase activity does not correlate well with cellulase activity
or fruiting (Wood and Goodenough 1977). Xylanase activities were similar in A.
bisporus strains incapable and capable of fructification, while LCC and cellulase
activities differ greatly in these strains. The discrepance between transcriptome
analysis and enzyme activity assays may be due to post-transcriptional regulation
and enzyme stability in compost. Production of cellulases and hemicellulases
may be affected by catabolite repression and induction through compounds in
the growth medium (Yagüe et al. 1997; de Groot et al. 1998). The increased activity
and production of cellulases and hemicellulases during PIV fits well with the
preferential removal of carbohydrates during this phase. As mentioned, a major
part of the substrate is not degraded at the end of mushroom production. This is
partly explained by selective degradation. Double substituted Ara / Xyl residues
of hemicellulose accumulate during mushroom cultivation. The arabinofuranosi-
dases predicted to act on this substrate are lacking from its genome (Jurak et al.
2015a; 2015b; 2015c). In addition, glucuronic acid substitutions accumulate in
compost despite the presence of genes encoding α-glucuronidases in the genome
of A. bisporus that have been shown to be produced and active on beechwood
xylan (Puls et al. 1987). The encoding genes are lowly expressed during PIII and
PIV but α-glucuronidase activity is absent at these stages (Jurak et al. 2015a;
Patyshakuliyeva et al. 2015).

SCOPE OF THE THESIS
The aim of this thesis was to study A. bisporus growth and compost degradation
which should ultimately result in reduced champost waste stream and increased
mushroom production.

Fungal and bacterial biomass was quantified in PII-end and PIII compost in
Chapter 2. Chitin content, indicative of total fungal biomass, increased during
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PIII both in the absence (negative control) and presence of A. bisporus. The fungal
phospholipid-derived fatty acid (PLFA) marker C18:2ω6, indicative of the living
fraction of the fungal biomass, decreased in the negative PIII control. In contrast,
it increased in the presence of A. bisporus. Bacterial PLFA markers remained
constant during the negative control but decreased in the presence of A. bisporus.
The latter was associated with a change in the ratio of Gram positive and Gram
negative associated PLFA markers suggesting that Gram negative bacteria are
more suppressed by A. bisporus. Together, these data indicate that fungal biomass
can make up 6.8 % of the compost after A. bisporus colonization, 57 % of which
being dead. Moreover, results strongly indicate that A. bisporus feeds on both
bacteria and fungi that are preset in compost.

Double substituted arabinoxylan is part of the 40 % of wheat straw polysac-
charides that is not degraded by A. bisporus during its growth and development.
Genes encoding α-1,3-L-arabinofuranosidase (AXHd3) enzymes that act on dou-
ble substituted arabinoxylan are absent in this mushroom forming fungus. In
Chapter 3, the AXHd3 gene of Humicola insolens was expressed in A. bisporus
under control of its actin promoter. Transformants secreted active AXHd3 as
shown in an in vitro assay. However, carbohydrate composition and degree of
arabinosyl substitution of arabinoxylans were not affected in compost showing
that the production of AXHd3 is not sufficient to improve compost degradation
by A. bisporus. The manganese peroxidase gene mnp1 was over-expressed in A.
bisporus with the aim to increase ligninolytic activity and thereby carbohydrate
accessibility (Chapter 4). Over-expression neither impacted lignin degradation,
carbohydrate composition, carbohydrate release by enzyme treatment, fungal
biomass, nor mushroom yield. Notably, H2O2 consumption in compost extract
was at least 4- to 8-fold higher than its de novo production. This indicates that
H2O2 production limits MnP activity.

Codon optimized manganese peroxidase genes mnp1 and mnp2 of A. bis-
porus were introduced in Schizophyllum commune to assess their effect on ligni-
nolytic activity (Chapter 5). In contrast to the wild-type, strains producing ei-
ther or both MnPs decolorized Remazol Brilliant Blue R and coupled 3-methyl-
2-benzothiazolinone hydrazone (MBTH) and (3-dimethylamino)benzoic acid
(DMAB). Thermally assisted hydrolysis and methylation showed that birch wood
lignin was not affected by S. commune wild-type or MnP-producing strains during
a 119 day incubation. These data show that mnp2 encodes an active enzyme.
Yet, additional players apart from MnP1 and MnP2 are required for a minimal
ligninolytic system in S. commune.

The inability to improve substrate degradation by the introduction and overex-
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pression of enzymes involved in lignocellulose degradation suggests that compost
degradation is not limiting mushroom production. Therefore, it was assessed
whether expression of transcription factors involved in mushroom formation
could be a bottleneck (Chapter 6). Over-expression of the transcription factor
c2h2 in A. bisporus strain A15 resulted in accelerated fruiting body formation by
one day. This shows that white button mushroom production can be improved by
modifying the regulatory network underlying mushroom development.

Chapter 7 describes respiratory rhythms during vegetative growth of A. bis-
porus in compost. The respiratory bursts were initially observed every 13 h but the
interval increased up to 20 h and became more irregular in time. The bursts were
accompanied by an up to 3.5 fold increase in CO2 production and O2 consumption
and an increase in compost temperature of up to 3 °C. In addition, the respiratory
quotient during a respiratory burst was up to 1.2 fold higher when compared to
the pre-burst minimum. Respiratory bursts between parts of compost synchro-
nized when they were in physical contact, showing that hyphal interactions and
not volatiles or heat are necessary for synchronization. The potential role of the
respiratory bursts in lignin degradation is discussed.

The results are summarized and jointly discussed in Chapter 8.
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ABSTRACT
Agaricus bisporus mushrooms are commercially produced on a microbe rich com-
post. Here, fungal and bacterial biomass was quantified in compost with and with-
out colonization by A. bisporus. Chitin content, indicative of total fungal biomass,
increased during a 26-day period from 4.61 to 5.37 µmol N-acetylglucosamine g-1

compost in the absence of A. bisporus (negative control). A similar increase was
found in the presence of this mushroom forming fungus. The fungal phospholipid-
derived fatty acid (PLFA) marker C18:2ω6, indicative of the living fraction of the
fungal biomass, decreased from 575 to 280 nmol g-1 compost in the negative
control. In contrast, it increased to 1200 nmol g-1 compost in the presence of A.
bisporus. Laccase activity was absent throughout culturing in the negative control,
while it correlated with the fungal PLFA marker in the presence of A. bisporus.
PLFA was also used to quantify living bacterial biomass. In the negative control,
the bacterial markers remained constant at 3000 - 3200 nmol PLFA g-1 compost.
In contrast, they decreased to 850 nmol g-1 compost during vegetative growth
of A. bisporus, implying that bacterial biomass decreased from 17.7 to 4.7 mg
g-1 compost. The relative amount of the Gram positive associated PLFA markers
a15:0 and a17:0 and the Gram negative PLFA associated markers cy17:0 and cy19:0
increased and decreased, respectively, suggesting that Gram negative bacteria
are more suppressed by A. bisporus. Together, these data indicate that fungal
biomass can make up 6.8 % of the compost after A. bisporus colonization, 57 % of
which being dead. Moreover, results show that A. bisporus impacts biomass and
composition of bacteria in compost.

INTRODUCTION

C ompost is used for the commercial production of the fruiting bodies of Agar-
icus bisporus known as button mushrooms. In the Netherlands, compost

is produced from a mixture of wheat straw, horse manure, gypsum, and water,
while chicken manure is either or not used as an additional nitrogen source
(Gerrits 1988). Phase I (PI) of composting takes 3 - 6 days during which temper-
ature increases to 80 °C due to microbial activity. Temperature of the compost
during phase II (PII) is initially 50 °C, followed by a 2-day-period at 60 °C, and
a 3-day-period at 45 °C (Gerrits 1988). The thermophilic fungus Scytalidium
thermophilum (also known as Humicola insolens; Straatsma and Samson 1993)
removes ammonia during PII and suppresses competitors of A. bisporus (Ross and
Harris 1983; Straatsma et al. 1989; 1994). At the end of PII, 50 - 60 % of xylan and
cellulose have been degraded as compared to the starting material, while lignin is
still largely intact (Jurak 2015; Jurak et al. 2015). Introduction of A. bisporus spawn
in PII-end compost initiates phase III (PIII). This phase takes 16 - 19 days, during
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which the button mushroom colonizes the compost at 25 °C. This is accompanied
by degradation of 50 % of the lignin, with an additional decomposition of 15 %
of the xylan and 10 % of the cellulose (Jurak 2015; Jurak et al. 2015). PIII-end
compost is either or not supplemented with formaldehyde treated, protein rich
nutrients (Gerrits 1988), after which Phase IV (PIV) is initiated by topping the
compost with a casing layer that consists of peat and lime. Casing is essential
for mushroom formation (Visscher 1988), probably due to bacterial activity that
removes suppressing volatiles produced by A. bisporus (Noble et al. 2009). CO2

levels are high and relative humidity is 85 % during colonization of the casing
layer. Mushroom formation is induced after 7 days by lowering the compost
temperature to 18 - 22 °C, increasing relative humidity up to 90 %, and lowering
CO2 levels by venting (Visscher 1988). Mushrooms are harvested in 2 - 3 flushes
with 7 - 8 day intervals with a typical yield of 30 kg m-2 and a bulk density of 85 -
95 kg m-2. A total of 44 %, 29 %, and 8 % of cellulose, xylan, and lignin is degraded
in PIV, respectively, when compared to PIII-end. Thus, a significant amount of
the organic compounds remain unused in the compost after cultivation of button
mushrooms (Iiyama et al. 1994; Chen et al. 2000; Jurak 2015). It should be noted
that cellulose has been quantified based on glucose content in the compost. Since
glucan in the fungal cell wall also consists of glucose, total cellulose degradation
in PI - PIV will be higher than that reported.

Wheat straw represents the major carbon source for A. bisporus in compost
but microbes may also represent an important part of its diet (Sparling et al. 1982).
So far, dynamics of microbial biomass in compost have not been monitored. Here,
we determined fungal and bacterial biomass in compost in time in the presence
and absence of A. bisporus using chitin, laccase, and phospholipid-derived fatty
acid (PLFA) analysis. Quantification of chitin determines both living and dead
mycelium (Ekblad et al. 1998), while laccase activity can be used to monitor
the linear vegetative growth phase (Wood 1979; Wood and Goodenough 1977).
PLFA assays are used to determine the fraction of both living fungal and bacterial
biomass (Frostegård et al. 2011). Experimental data indicate that A. bisporus can
make up 6.8 % of the dry weight of compost, more than half of it being dead after
26 days of growth. In addition, experimental data indicate that A. bisporus feeds
on bacterial and fungal biomass and that it impacts the bacterial composition.

MATERIALS AND METHODS

STRAINS AND GROWTH CONDITIONS

The A. bisporus strain A15 (Sylvan, Horst, the Netherlands) was routinely grown
at 25 °C on malt extract agar (MEA; 20 g l-1 malt extract agar [BD biosciences,
Franklin Lakes, USA], 2.1 g l-1 MOPS, pH 7.0, and 1.5 % agar). Spawn was made



2

20

by mixing pieces of colonized MEA (0.5 by 0.5 cm) with a sterilized mixture of 50
g rye, 1.4 g CaCO3, 1 g CaSO4, and 50 ml demi water. The rye was colonized in 3
weeks at 25 °C and stored at 4 °C before use. PII-end compost (CNC Grondstoffen,
Milsbeek, the Netherlands) was inoculated (5 spawn grains per 25 g of compost)
in 250 ml bottles and incubated in the dark at 25 °C for up to 26 days. Compost
not inoculated with A. bisporus served as a control. Samples of PII-end compost
and PIII compost were stored at -20 °C.

Compost agar medium (CAM) was prepared by homogenizing 75 g phase III
compost (CNC Grondstoffen) in 0.5 l water. The mixture was autoclaved 3 times
at 120 °C for 20 min and mixed 1 : 1 with 3 % agar. To produce pure A. bisporus
mycelium CAM was overlaid with a polycarbonate (PC) membrane (diameter, 76
mm; pore size, 0.1 µm; Profiltra, Almere, the Netherlands) and inoculated at the
center of the plate. After 14 days at 25 °C mycelium was lyophilized, and ground
to a powder.

LACCASE ACTIVITY

Compost extract was prepared by mixing 50 mg lyophilized and milled compost
with 1 ml demi water and incubating head over tail for 1 h at 25 °C. Insolubles
were removed by centrifugation at 4 °C and 15000 g for 15 min. Laccase activity
was determined by mixing 20 µl 5 times diluted compost extract with 1 ml 1 mM
ABTS in citric phosphate buffer, pH 4. Change in absorbance was followed at 420
nm for 30 sec. Activity in units (U) was calculated using the law of Lambert-Beer
with an extinction factor of 36000 M-1 cm-1.

QUANTIFICATION OF CHITIN

N-acetylglucosamine (GlcNAc) released from chitin was quantified in technical
triplicates using a colorimetric assay (Reissig et al. 1955; François 2006). Compost
(20 - 30 mg dry weight) was mixed with 1 ml 6 % KOH (w/v) and incubated at
80 °C for 90 min. The mixture was centrifuged at 10000 g at 4 °C for 10 min
after adding 500 µl glacial acetic acid. Pellets were washed twice with water
and once with 50 mM potassium phosphate buffer, pH 6.5. Chitin was digested
overnight in 600 µl 50 mM potassium phosphate buffer pH 6.5 containing 0.42
U chitinase, 8.3 U lyticase, and 2 µl protease inhibitor (P8215, Sigma-Aldrich, St
Louis, USA). Water was added to a final volume of 1.2 ml and 100 µl was used for
colorimetric quantification of GlcNAc. To this end, 50 µl demi water and 150 µl
0.27 M tetraborate were added. After incubation at 100 °C for 15 min, 1.8 ml Reissig
reagent (10 gram 4-(dimethylamino)benzaldehyde, 12.5 ml of 10 M HCl, and 87.5
ml glacial acetic acid) was added and incubated at 40 °C for 20 min. Liquid was
transferred to a cuvette and the OD585 was measured. A standard curve of 0-90
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nmol GlcNAc (with a detection limit of 2 nmol) was used to calculate the release
of the aminosugar per gram compost after subtracting the signal obtained from
the assay in the absence of chitinase. 0.5 to 8 mg of pure mycelium was used
to determine the amount of GlcNAc release mg-1 mycelium. The average OD of
the reaction mixture in the absence of compost was substracted from the OD of
mixtures containing fungal colonized compost or pure mycelium. GlcNAc was
not detected when using 3 x 109 dH5α Escherichia coli cells that contain a total
amount of 174 nmol of the aminosugar (Wientjes et al. 1991). This shows that the
GlcNAc in the assay does not orginate from bacterial biomass.

PHOSPHOLIPID FATTY ACID ANALYSIS

PLFAs were extracted from 300 mg compost as described (Frostegård et al. 1991;
1993; Hedlund, 2002) based on the methods of Bligh and Dyer (1959) and White
et al. (1979). In short, PLFAs were extracted using 10 ml Bligh and Dyer solution
(CHCl3 : MeOH : citrate buffer, 1 : 2 : 0.8, v / v / v). Phases were separated by
addition of 4 ml CHCl3 and 4 ml citrate buffer during overnight incubation at
room temperature. An aliquot of 3 ml of the lipid extract was transferred to a
glass tube. After evaporation of the solvent with a stream of N2, samples were
solubilized in CHCl3 and applied on a silica column. Phospholipids were eluted
with 1.5 ml MeOH after eluting the neutral and glycolipids with 1.5 ml CHCl3 and
6 ml acetone, respectively. 5 µg of methyl nonadecanoate (C19:0, Sigma-Aldrich)
was added to each sample as an internal standard. Samples were transesterified
at 37 °C for 15 min by addition of 1 ml toluene : methanol (1 : 1) and 1 ml freshly
made 0.2 M KOH in methanol. After cooling to room temperature for 20 min, 2 ml
hexane : CHCl3 (4 : 1 v / v), 0.3 ml 1 M HAc, and 2 ml H2O were added. Samples
were centrifuged for 5 min at 685 g and 5 µg of methyl dodecanoate (C12:0, Sigma
Aldrich) was added as an internal control to the upper phase that contained the
PLFAs. After evaporation of the solvent by a stream of N2, lipids were taken up in
200 µl hexane for gas chromatography-flame ionization detector analysis. PLFAs
were identified based on retention time and equivalent chain length as calculated
using C12:0, C16:0, and C19:0. Abundance in nmol g-1 was calculated using spiked
C19:0. The C18:2ω6 marker was used to estimate fungal biomass, while various
PLFA markers (Table 2.3) were used as markers of bacterial biomass (Frostegård
and Bååth 1996; Hedlund 2002; Ruess and Chamberlain 2010).

DATA ANALYSIS

Custom R (v3.03) scripts were used for annotation of PLFAs. Statistical analysis
of chitin and PLFA biomass was done with T-tests in SPSS Statistics 22 software.
Changes of laccase, chitin, and PLFA over time were analysed using ANOVA with
Bonferroni or Dunnet T3 post-hoc correction (SPSS Statistics 22; p < 0.05).
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Table 2.1: Fungal biomass in mg g-1 compost based on chitin (GlcNAc release) and
PLFA C18:2ω6 content. Average biomass (µ) and standard deviation (σ) are shown.
Significant differences between the biomass at each time point are indicated with
letters (p < 0.05, T-test).

Day 0* Day 13 Day 19 Day 26
Methods µ σ µ σ µ σ µ σ

Chitin 58.1 2.3 A 64.2 0.3 A 65.6 3.2 A 67.6 1.5 A
C18:2ω6 14.2 2.8 B 23.0 4.4 B 30.2 1.5 B 28.9 8.1 B

*Based on conversion factor of A. bisporus.

RESULTS

FUNGAL BIOMASS IN COMPOST

A. bisporus strain A15 was grown in PII-end compost for 26 days. Fungal biomass
was determined by laccase activity and by chitin and PLFA content. No laccase
activity was found in the negative control (PII-end compost that had not been
innoculated with A. bisporus) during the 26 days of incubation (Figure 2.1). In
contrast, laccase activity increased to approximately 100 U g-1 compost after 19 -
26 days of colonization by A. bisporus. Fungal biomass based on chitin content
increased during the first 19 days from 4.61 to 5.21 µmol GlcNAc g-1 in the absence
of A. bisporus, after which it did not increase further (Figure 2.1). In the presence
of A. bisporus, an increase in the released amino sugar was observed between
day 0 and 19 from 4.61 to 6.03 µmol GlcNAc g-1 compost (Figure 2.1), after which
no further increase was found. No significant differences in chitin content were
observed in compost with or without A. bisporus throughout culturing. The
amount of the fungal PLFA marker C18:2ω6 decreased during the 26-day-period
from 575 to 280 nmol g-1 in the absence of A. bisporus (Figure 2.1). In contrast,
it increased from 575 to 1200 nmol during the first 19 days in the presence of A.
bisporus, after which it remained constant.

Pure A. bisporus mycelium grown on compost agar medium contained 40
nmol mg-1 C18:2ω6, and 80 nmol GlcNAc mg-1 (Figure 2.3). These amounts
were used to calculate the fungal biomass in compost. The estimated biomass
in PII-end compost based on chitin and PLFA was 58 and 14 mg g-1, respectively
(Table 2.1). These amounts had increased to 68 and 29 mg g-1 compost after 26
days of growth of A. bisporus.

BACTERIAL BIOMASS IN COMPOST

PLFA was used to quantify bacterial biomass in compost that had either or not
been inoculated with A. bisporus. To this end, selected bacterial PLFA markers
were used (Table 2.3). Bacterial biomass remained constant between day 0 and 26
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Figure 2.1: Fungal biomass in compost. Fungal biomass as determined by laccase activity (U g-1)
(A, D) and chitin (GlcNac, µmol g-1) (B, E) and PLFA (C18:2ω6, nmol g-1) (C, F) content in compost
that had not (A, B, C) or had (D, E, F) been colonized with A. bisporus. Error bars indicate standard
deviation. Significant differences are indicated with letters (ANOVA with Bonferonni or Dunnett T3
correction).
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Figure 2.2: Bacterial biomass in compost based on PLFA. Sum of bacterial PLFAs in nmol g-1

compost in the absence (A) and presence (B) of A. bisporus. Error bars indicate standard deviation.
Statistical differences are indicated with letters, absence of letters indicates no significant differences
were found (ANOVA, Bonferroni correction).

in the absence of A. bisporus (Figure 2.2A). In contrast, bacterial PLFAs decreased
from 3200 to 850 nmol g-1 in this time period in the presence of A. bisporus
(Figure 2.2B). Only minor temporal changes in relative abundance of the bacterial
markers were found in the absence of A. bisporus. In contrast, relative abundance
of the bacterial markers a15:0, C15:0, and a17:0 increased 1.3, 2.8, and 1.2 fold,
respectively, from day 13 onwards, while relative abundance of 16:1ω9, 10Me16:0,
cy17:0, and cy19:0 decreased 5, 1.4, 2.5, and 1.8 fold, respectively (Table 2.2).
The contribution of A. bisporus PLFAs to the pool of bacterial PLFAs was ≤ 5 %
after 26 days of compost colonization. From these data and the assumptions
that 363.6 nmol bacterial PLFA equals 1 mg C and bacterial biomass consists for
50 % of C (Bratbak and Dundas 1984; Tsiafouli et al. 2015) it is concluded that
bacterial biomass decreased from 17.7 to 4.7 mg g-1 compost during the 26-day-
colonization of compost by A. bisporus. In contrast, bacterial biomass was in the
range of 14.9 to 17.7 mg g-1 compost in the absence of A. bisporus.

DISCUSSION

F ungal and bacterial biomass was quantified during a 26-day-incubation of
PII-end compost in the presence and absence of A. bisporus. Chitin was used

to quantify total fungal biomass, laccase and C18:2ω6 for the living fraction of the
fungal biomass, and bacterial PLFAs for living bacterial biomass. Laccase activity
was absent in PII-end compost during the incubation period in the absence of
A. bisporus, while chitin and C18:2ω6 content increased by 26 % and dropped
by 50 %, respectively. In contrast, laccase activity and C18:2ω6 levels increased
during the first 19 days of A. bisporus colonization, while chitin content already
reached its maximum at day 13. These data confirm that laccase is a good marker
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for vegetative growth of A. bisporus in compost as reported previously (Wood
1979). However, its activity (Wood and Goodenough 1977) and transcript levels
(Ohga et al. 1999) drop during mushroom formation and therefore laccase can
only be used as a biomarker during PIII.

Standard curves of chitin and PLFA content in pure mycelium of A. bisporus
were used to estimate fungal biomass in compost. This approach assumes that
chitin and PLFA content is identical between species and culture conditions,
which is not necessarily the case. For instance, C18:2ω6 content ranges from
1.4 - 22.9 nmol mg-1 between fungal species with basidiomycetes containing 45 -
57 mol % and zygomycetes between 12 and 22 mol % (Klamer and Bååth 2004).
Using these numbers, 25 and 400 mg g-1 represent the extremes of fungal biomass
in PII-end compost. Notably, A. bisporus contains 40 nmol mg-1 C18:2ω6 and
this number was used to estimate fungal biomass in this study. The use of the
high C18:2ω6 content of A. bisporus to calculate fungal biomass does not impact
relative changes found in this study but is expected to underestimate the fungal
biomass in compost 2 - 4 fold in the absence of A. bisporus. Chitin levels can
vary depending on culture age and growth conditions (Sharma et al. 1977). In
the case of A. bisporus, however, chitin content did not change in time relative to
fungal dry weight in malt extract (Matcham et al. 1985). Moreover, A. bisporus
becomes the dominant fungal species after its inoculation. Fungal biomass in A.
bisporus inoculated compost based on chitin and PLFA was calculated to amount
68 and 29 mg g-1 compost after 26 days. This indicates that more than half of the
fungal biomass is dead. The 50 % decrease in living fungal biomass in the absence
of A. bisporus shows that the applied growth conditions negatively impact the
established fungal community in PII compost. At the same time, the increase in
chitin content under this condition suggests that part of the fungal community
continues to grow, albeit slower than the death rate.

Relative abundance of bacterial PLFAs changed during the 26-day-period.
This shows that the bacterial community is influenced by the vegetative growth
of A. bisporus and that (selected) bacteria divide and thus produce biomass. The
relative increase of the Gram positive associated markers a15:0 and a17:0 and
the relative decrease of Gram negative associated markers cy17:0 and cy19:0
indicates that Gram negative bacteria are more suppressed by A. bisporus than
Gram positive bacteria. Previously, it was caculated that the microbial biomass
consumption would contribute < 10 % of the mushroom dry weight biomass
(Sparling et al. 1982). This was based on colony forming units in PII-end compost
extracts and by direct counting. It did not include bacterial biomass formation
in PIII and therefore bacterial consumption could be much higher. The fact
that bacterial biomass was relatively stable in the absence of A. bisporus, while
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it decreased about 4-fold in the 26-day-period in the presence of A. bisporus
supports the hypothesis that this mushroom forming fungus feeds on bacteria.
This is also suggested from the fact that growth of A. bisporus is strongly reduced
when it is exposed to sterilized compost (not shown). Based on a conversion factor
from the literature the PII-end compost contained 8.9 mg C bacterial biomass
g-1 compost (Frostegård and Bååth 1996; Tsiafouli et al. 2015). When assuming
a C content of 50 % in dry material of bacteria (Bratbak and Dundas 1984) a
decrease in living bacterial biomass from 17.7 to 4.7 mg g-1 compost occurred
during the 26 day period of compost colonization by A. bisporus. The increase in
fungal biomass from 14 to 30 mg g-1 in the same period and the fact that bacterial
biomass production in PIII is not taken into account suggests that the A. bisporus
diet may contain bacteria as its main course. In this view, A. bisporus would
secrete the enzymes that degrade lignocellulose. The bacteria would use the
degradation products as nutrients, after which A. bisporus feeds on the bacterial
biomass. This strategy would alleviate the deficiency of A. bisporus to produce
molecules such as vitamins.
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SUPPLEMENTARY MATERIALS

Table 2.3: Bacterial PLFA markers used in this study (Hedlund 2002; table adapted from Ruess
and Chamberlain 2010; Heijboer et al. 2016).

PLFA markers Fatty acid type Predominant origin References

i15:0, a15:0,
i16:0, a17:0

Ise/anteiso methyl-
branched

G+ bacteria Zelles (1997, 1999)

cy17:0, cy19:0 Cyclopropyl ring G- bacteria Zelles (1997, 1999)
15:0 Straight-chain satu-

rated < 19
Non-specific

10Me16:0 10-methyl-branched Sulphate reducing
bacteria and/or
Actinomycetes

Dowling et al. (1986)
& Kerger et al. (1986)

18:1ω7 Double bond C7 Bacteria Zelles (1999)
16:1ω9 Double bond C9 Non-specific
18:2ω6 Poly-unsaturatedω6

family
Sapotrophic fungi Frostegård and Bååth

(1996) & Zelles (1999)

Figure 2.3: N-acetylglucosamine (GlcNAc) (A) and PLFA marker C18:2ω6 (B) content in pure A.
bisporus mycelium.
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ABSTRACT
Agaricus bisporus consumes wheat straw carbohydrates contained in compost
used for commercial mushroom production. Double substituted arabinoxylan
is part of the 40 % of the wheat straw polysaccharides that is not degraded
by A. bisporus during its growth and development. Genes encoding α-1,3-L-
arabinofuranosidase (AXHd3) enzymes that act on xylosyl residues doubly sub-
stituted with arabinosyl residues are absent in this mushroom forming fungus.
Here, the AXHd3 gene of Humicola insolens was expressed in A. bisporus under
control of its actin promoter. Transformants secreted active AXHd3 as shown
by the degradation of doubly substituted arabinoxylan oligomers in an in vitro
assay. However, carbohydrate composition and degree of arabinosyl substitution
of arabinoxylans were not affected in compost showing that the production of
AXHd3 is not sufficient to improve compost degradation by A. bisporus.

INTRODUCTION

A garicus bisporus mushrooms are produced in the Netherlands using a wheat
straw based compost. Wheat straw consists of 34 - 40 % cellulose, 24 - 35

% hemicellulose, and 14 - 24 % lignin (Lawther et al. 1995; Sun et al. 1995; Sun
et al. 1998; Kristensen et al. 2008). The hemicellulose fraction consists for a
large part of glucuronoarabinoxylan. Its β-(1−→4)-linked D-xylosyl backbone is
decorated with L-arabinosyl, acetyl, and / or glucuronic acid residues that are
either or not methylated and with D-galactosyl, rhamnose, and mannose as minor
substituents (Sun et al. 1996; Sun et al. 2005; Figure 1.3). Acetyl, glucuronic
acid, and arabinosyl residues have a degree of substitution (based on xylosyl) of
0.1, 0.038, and 0.077, respectively (Sun et al. 1996; Sun et al. 2005). Some of the
glucuronic acid is suggested to be linked to lignin via ester bonds (Sun et al. 2005),
while the arabinosyl substituents can be covalently linked to lignin via ester or
ether bonds with ferulic and coumaric acid (Sun et al. 2002; Fincher 2009; del Río
et al. 2012).

Compost used by the Dutch A. bisporus industry is prepared in three phases.
At the start of phase I (PI), wheat straw, horse manure, gypsum, and water, either
or not supplemented with chicken manure as an additional nitrogen source,
are mixed in a tunnel (Gerrits 1988). The temperature of the compost reaches
up to 80 °C and ammonia is produced during the 3 - 6 days PI period. As a
consequence, the mesophilic microbiota is replaced by a thermophilic microbiota
(Gerrits 1988). Lignin remains, while some xylan and cellulose is consumed (Jurak
et al. 2014; Jurak 2015; Jurak et al. 2015c). The PI-material is transported to a
new tunnel at the start of phase II (PII). Temperature is decreased to 50 °C and
then increased to 60 °C, while ammonia is removed from the compost, affecting
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the composition of the microflora (Gerrits 1988; Straatsma et al. 1994). After
2 days, the temperature is decreased to 45 °C to start a conditioning process.
During this 3-day period remaining ammonia is sequestered by thermophilic
fungi like Scytalidium thermophilum (also named Humicola insolens; Straatsma
and Samson 1993). These fungi also suppress competitors of A. bisporus (Ross
and Harris 1983; Straatsma et al. 1989; Straatsma et al. 1994). Lignin is still
unaffected after PII, while 50 % and 60 % of cellulose and xylan have been removed,
respectively (Jurak 2015). Spawn of A. bisporus is introduced in PII-end compost,
after which the mixture is transferred to a new tunnel to start Phase III (PIII). The
compost is colonized by A. bisporus during a 16 - 19 day period at 25 °C. Lignin is
preferentially removed during this phase with a loss of 50 %, while only 15 % and
10 % of xylan and cellulose are degraded, respectively (Jurak 2015). Formaldehyde
treated, protein rich supplements can be mixed through the compost after PIII to
improve mushroom yield and quality (Gerrits 1988), after which the compost is
transported to mushroom growers to start Phase IV (PIV). To this end, the compost
is topped with a casing layer and mushrooms are produced in 2 - 3 flushes with
7 - 8 day intervals and a typical yield of 30 kg m-2 when using 85 - 95 kg compost
m-2. Bacterial activity in the casing layer likely removes A. bisporus volatiles that
suppress mushroom formation (Visscher 1988; Noble et al. 2009). High CO2 levels
are required for optimal colonization of the casing layer. After 7 days, mushroom
formation is induced by lowering CO2 levels through venting, increasing relative
humidity from 85 % up to 90 %, and lowering the compost temperature to 18 - 22
°C (Visscher 1988). An additional 44 %, 29 %, and 8 % of cellulose, xylan, and lignin
are degraded during PIV, respectively (Jurak 2015). It should be noted that the loss
of cellulose in PI - PIV is underestimated since glucose from cellulose cannot be
distinguished from fungal glucan. Still, this leaves a significant proportion of the
carbohydrates unutilized for mushroom production.

Recalcitrant hemicellulose accumulates as xylan substituted with (4-O-methyl)
glucuronic acid and single and double substitutions of arabinosyl residues (Jurak
et al. 2015a; Jurak et al. 2015c). The arabinosyl and glucuronoyl substitution
ratio of xylose increases during PIV but not during PIII of mushroom cultivation
(Jurak et al. 2014; Jurak et al. 2015a). The genome of A. bisporus encodes GH115
α-glucuronidase genes (geneID 121649 and 121650; Morin et al. 2012). Based on
characterization of other GH115 proteins it is expected that those of A. bisporus
act on (4-O-methyl) glucuronic acid substituted xylan (Martínez et al. 2016). The
encoded proteins are actively produced in beech wood xylan (Puls et al. 1987), but
their activity could not be found in compost (Jurak et al. 2015a; Patyshakuliyeva et
al. 2015). Arabinofuranosidases (GH43) predicted to act on the O3 position of dou-
bly substituted xylosyl residues (AXHd3) are absent in the genome of A. bisporus
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(Jurak et al. 2015c), which would explain why arabinose substituents accumulates
in compost. Here, the AXHd3 gene from Humicola insolens was introduced in
A. bisporus to assess whether this activity increases substrate utilization by this
basidiomycete. Although transformants produced active enzyme, no effect on
carbohydrate composition or xylan substitution was found during PIII and PIV.
This indicates that expression of AXHd3 by A. bisporus is not the bottleneck to
improve compost degradation.

MATERIAL AND METHODS

STRAINS AND SUBSTRATE

Agaricus bisporus strain A15 (Sylvan, Netherlands) was routinely grown at 25 °C on
malt extract agar medium (MEA; 20 gr l-1 malt extract [BD biosciences, Franklin
Lakes, USA], 1.5 % agar, 2.1 gr l-1 MOPS, pH 7.0). Mycelium for RNA isolation
was grown for 16 days from 4 mycelial plugs (5 x 5 mm) on a polycarbonate (PC)
membrane (diameter, 76 mm; pore size, 0.1 µm) overlaying MEA.

Spawn was made by inoculating a sterilized mixture of 50 g rye, 1.4 g CaCO3,
1 g CaSO4, and 50 ml demi water with 0.5 by 0.5 cm pieces of colonized MEA.
After 3 weeks of growth, spawn was stored at 4 °C. For small scale cultivation of
A. bisporus 20 g spawn was mixed with 2.5 kg PII compost (CNC Grondstoffen,
Milsbeek, the Netherlands) in a box (30 x 20 x 22 cm) overlaid with plastic foil
containing 20 evenly distributed holes of 2 - 3 mm. After 16 days of growth at 24
°C, the compost was topped with 1 kg casing layer (CNC Grondstoffen, Milsbeek,
the Netherlands) and growth was prolonged for 7 days. Plastic foil containing 20
evenly distributed holes of 2 - 3 mm prevented water evaporation. Mushroom
formation was induced by removing the foil and lowering the air temperature to
20 °C. Mushrooms were harvested in two flushes during a 2 week period.

PLASMID CONSTRUCTION

The coding sequence of H. insolens hgh43 (GenBank: CAL81199.1) was codon
optimized using the OptimumGeneTM algorithm (Genscript USA Inc). To this
end, a codon usage table of coding sequences of A. bisporus (strain H97, genome
version 2.0) was used combined with that of the 1000 most highly expressed genes
on compost (Morin et al. 2012). The codon tables were produced using a custom
Python script that discarded coding sequences that did not start with ATG or
ended with an in frame stop codon. The codon optimized arabinofuranosidase
genes were ordered at Genscript (New Jersey, United States). The gene contained
intron 4 of gpdII (gene ID 138631) including 6 upstream and 8 downstream nu-
cleotides after its stop codon. To create the expression vector, the actin promoter
and terminator of A. bisporus were amplified with primers 1 & 2 and 3 & 4 (Table
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S1). Fragments were cloned in pGEMt and reamplified with primers 5 & 6 and 7
& 8 (Table S1). They were cloned in PacI / AscI digested pBHg-PA (Pelkmans et
al. 2016) using InFusion cloning, resulting in pBHg-ActPT. Primers 9 & 10 were
used to amplify codon optimized hgh43 with the intron following the stop codon
using Phusion polymerase (Table S1). InFusion cloning (Takara Bio USA, Inc) was
used to introduce the amplified fragment in between the 5’ and 3‘ actin regulatory
elements in PacI / AscI digested pBHg-ActPT resulting in plasmid pBHg-HGH43.

TRANSFORMATION OF AGARICUS BISPORUS

Plasmid pBHg-HGH43 was transformed to A. bisporus A15 gills using Agrobac-
terium tumefaciens mediated transformation (Chen et al. 2000; Romaine and
Chen 2005). For selection, gills were placed on MEA containing 25 µg ml-1

hygromycin, 200 µM cefotaxime, and 100 µg ml-1 chloramphenicol. Resistant
mycelium originating from gills was transferred to a second selection plate con-
taining 40 µg ml-1 hygromycin.

RNA ISOLATION AND QPCR
Mycelium was homogenized for 1 min with 2 metal balls at 25 Hz in a 2 ml
tube that was placed in a holder cooled to -80 °C. RNA was extracted with 500 µl
Trizol reagent (Chomczynski and Sacchi 1987). After a 5 min incubation at room
temperature, 200 µl chloroform was added and phases were separated through
centrifugation at 15000 g for 15 min. RNA in the aqueous phase was precipitated
by addition of 0.5 volume isopropanol and centrifugation at 15000 g for 15 min.
RNA was washed with 70 % ethanol and dissolved in water. cDNA was prepared
from 1 µg of RNA using the Quantitect® reverse transcription kit (QIAGEN).

An optical 96 wells plate (Applied Biosystems) and a ViiA™ 7 Real-Time PCR
System (Thermo Fisher Scientific) were used for qPCR with SYBR® Green to
monitor DNA synthesis. Primers 11 & 12, 13 & 14, and 15 & 16 (Table S1) were used
to detect gpdII, 18S, and hgh43, respectively. Reactions were performed using 40
cycles of 15 s at 95 °C and 1 min at 60 °C preceded with an incubation for 2 min at
50 °C and 10 min at 95 °C. RNA levels of hgh43 were calculated relative to gpdII
and 18S using the 2-∆∆Ct method (Livak and Schmittgen 2001; Schmittgen and
Livak 2008).

ARABINOFURANOSIDASE ASSAY

An aliquot of 10 g compost harvested after the 2nd flush was mixed with 100
ml water and shaken for 1 h at 250 rpm. Compost particles were removed by
centrifugation for 15 min at 4500 g, after which the extract was filter sterilized
(Minisart® syringe filter, 0.45 µm), concentrated, and washed with 4 ml ultra-
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pure water using Amicon Ultra-4 centrifugal filters (Merck Millipore, Billerica,
USA) with a pore size of 10 kDa. Concentrated extract (150 µl) was supplemented
with wheat arabinoxylan (WAX) oligomers (45 µl, 2.5 mg ml-1 in 20 mM NaOAc,
pH 4.5) and 0.1 % azide (5 µl, 8 mg ml-1). The WAX oligomers were prepared
by treating WAX (medium viscosity wheat arabinoxylan, Megazyme, Ireland)
with endo-xylanase (Kormelink et al. 1993). High performance anion exchange
chromatography (HPAEC) was performed to analyze reaction mixtures. To this
end, a Dionex ICS-5000 unit (Dionex, Sunnyvale, USA) equipped with a CarboPac
PA-1 column (2 mm x 250 mm ID) was used in combination with a Carbopac
guard column (2mm x 50 mm ID) and pulsed amperometric detection (PAD).
Chromelion software (Thermo scientific, Sunnyvale, USA) was used to control
the system. Flow rate during the 35-min elution was 0.3 ml min-1 using a linear
gradient from 0 - 38 % 1 M NaOAc in 0.1 M NaOH. A 3 min cleaning step with 100 %
1 M NaOAc in 0.1 M NaOH and a 12 min equilibration step with 0.1 M NaOH were
used in between runs. Identification and quantification of degradation products
was not affected by the high baseline resulting from the presence of mono- and
oligosaccharides in the compost extracts.

ANALYSIS OF NEUTRAL SUGARS AND URONIC ACIDS

Samples were incubated for 1 h at 30 °C in 72 % (w / w) H2SO4, after which
samples were hydrolyzed for 3 h in 1 M H2SO4 at 100 °C. Alditol acetate derivatives
of the sugars were produced and analyzed using gas chromatography (FocusGC,
Thermo Scientific, Waltham, USA) using inositol as internal standard (Englyst and
Cummings 1984).

Uronic acid content was measured as anhydro-uronic acid using an auto-
mated m-hydroxydiphenyl assay (Thibault 1979) with addition of sodium tetrabo-
rate using an autoanalyzer (Skalar Analytical, Breda, The Netherlands). Glucuronic
acid (12.4 to 200 µg ml-1 (Fluka AG, Busch, Switzerland) was used as a reference.
The sum of neutral sugars and uronic acids was defined as the total carbohydrate
content.

PHYLOGENETIC ANALYSIS OF ARABINOFURANOSIDASES

Members of the GH43_36 subfamily (Mewis et al. 2016) were identified in 145
fungal genomes of which an evolutionary tree had been constructed based on 71
highly conserved fungal genes (Sabotič et al. 2016).
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RESULTS

PHYLOGENY OF AXHD3 MEMBERS

The GH43 subfamily 36 represents fungal AXHd3 members that act on double
substituted arabinoxylan (Mewis et al. 2016). The distribution of genes of this
subfamily was assessed in 145 fungal genomes (Sabotič et al. 2016), of which the
clade with 69 basidiomycetes is presented in Figure 3.1. The GH43_36 subfamily
appears to be present in two clusters of basidiomycetes and is absent in the
order Agaricales that includes A. bisporus. The GH43 proteins of A. bisporus
were previously identified as GH43_5 arabinases (protein ID 224152 and 119499),
GH43_13 bifunctional xylosidase / arabinofuranosidase (protein ID 211524), and a
protein that is part of the uncharacterized GH43_23 subfamily (protein ID 208425)
(Jurak et al. 2015c; Mewis et al. 2016).

INTRODUCTION OF AN AXHD3 GENE IN A. bisporus
The coding sequence of the AXHd3 gene hgh43 of H. insolens was codon optimized
for expression in A. bisporus and introduced in this basidiomycete under control
of A. bisporus actin regulatory sequences. Expression of this gene was assessed by
qPCR in MEA grown cultures of 6 transformants. As expected no hgh43 expression
was found in wild-type A15 (not shown). Transformants HGH43-1 and HGH43-2
expressed hgh43 most highly with a 4- and 10-fold higher expression as compared
to HGH43-13 when normalized to gpdII and 18S (Figure 2). Strain HGH43-1
and HGH43-2 were selected for a small scale cultivation to assess carbohydrate
degradation and GH43 activity in compost.

SMALL SCALE CULTIVATION OF A. bisporus EXPRESSING hgh43
A small scale A. bisporus cultivation was performed to assess the effect of HGH43
production in compost. To this end, PII compost was mixed with spawn of A15
wild type or strains HGH43-1 and HGH43-2. After 16 days of compost colonization,
PIV was initiated by topping the compost with casing layer. Mushrooms were
harvested in two flushes. Total fresh weight of mushrooms of strain A15 was 293 g
kg-1 compost. The mushroom yield of the transformants was 80 - 100 % of that of
A15.

Oligomers of wheat arabinoxylan (WAX) substituted with arabinosyl residues
were incubated with compost extracts and analyzed by HPAEC (Figure 3.3 and
Figure S1). Compost extract from PII-end compost (i.e. before inoculation with A.
bisporus) completely degraded both single and double substituted WAX oligomers
(Figure 3.3A, A’). Single substituted arabinoxylan oligomers (Figure 3.3, Figure S1;
structure 3.2 and 4.1) were also degraded when WAX-oligomeric substrate was
incubated with PIV compost extracts of A15 and its transformants (Figure 3.3B’ -
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Figure 3.1: Basidiomycota branch from a phylogenetic tree of 145 fungi based on 71 highly con-
served fungal genes (Sabotič et al. 2016). Presence of genes of the GH43_36 subfamily is indicated
in yellow. Loss of GH43_36 in the ancestor of A. bisporus is indicated with an asterisk.
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Figure 3.2: Expression of hgh43 in A. bisporus transformants relative to transformant HGH43-13.

D’, 13.15 and 13.30 min). In addition, these extracts degraded the multiple substi-
tuted oligomers (Figure S1; structures 6.2, 5.2, 8.1, 7.1, 10.1, 6.3, and 9.1) almost
completely (Figure 3.3B - D, 18 - 24 min). The doubly substituted oligomer 5.1
decreased in abundance in WAX-oligomeric substrate treated with A15 compost
extract (Figure 3.3B’ - D’, 15.45 min). Conversely, the double substituted oligomer
6.1 increased in abundance (Figure 3.3B’, 15.15 min). In addition, an unknown
oligomer with a slightly lower retention than 6.1 had accumulated (Figure 3.3B’,
shoulder of the 6.1 peak). Compost extract from the hgh43 transformants was
more active on the 5.1 oligomer as compared to compost extract from A15 (Fig-
ure 3.3C’ - D ’, 15.45 min). Furthermore, the abundance of the 6.1 oligomer and
the unknown oligomer that eluted between 14.45 and 15.30 min was up to 73 %
lower in the transformants as compared to A15 (Figure 3.3C’-D’; T-test, p < 0.05).
The average area of A15, GH43-1, and HGH43-2 was 11.2, 4.5, and 3.0 nC*min,
respectively, with standard deviations of 1.6, 1.7, and 0.4, respectively. Together,
this shows that arabinofuranosidase active on doubly substituted xylosyl residues
was produced by hgh43 transformants and was lower or absent in the extracts of
A15.

Carbohydrate compositions of PII-end compost and PIV compost were ana-
lyzed (Table 1) to assess the impact of hgh43 expression during cultivation of A.
bisporus. The relative abundance of glucosyl, xylosyl, and arabinosyl residues in
the PII-end compost was 56.1, 30.3, and 4.3 % (mol / mol), respectively. Relative
abundance of glucosyl and xylosyl (Xyl) residues had decreased to 51.3 and 26.6 %
(mol / mol), respectively, while the arabinosyl (Ara) abundance had increased to
4.8 % (mol / mol) after 2 flushes of A15 mushroom production. As a consequence,
the Ara / Xyl ratio had increased from 14 to 18 (mol / 100 mol) in PII-end compost
and after the 2nd flush, respectively. No differences in carbohydrate composi-
tion (mol / mol %) or Ara / Xyl ratio were observed between A15 and the strains
producing active AXHd3.
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Figure 3.3: HPAEC chromatogram of endoxylanase predigested WAX incubated with concentrated
compost extract of PII (A) and extract of compost colonized by A15 (B), HGH43-1 (C), and HGH43-
2 (D). Endoxylanase predigested WAX without compost extracts (1), with concentrated compost
extract (2), and compost extract without WAX-oligomers added (3) are shown in each panel. The line
closest to the x-axis shows the retention time of arabinose and xylose at 3.5 and 4.5 min, respectively.
Each sample is representative for a biological triplicate. The chromatogram is magnified from
retention time 12 - 16.5 min (A’, B’, C’, and D’) for each sample where single and double substituted
arabinoxylan oligomers are indicated with S and D, respectively. Chromatograms of compost
extract or compost extract incubated with WAX were shifted 10 - 30 sec to the left as compared to
endoxylanase predigested WAX.
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Table 3.1: Carbohydrate composition (mol / mol %) of PII compost and PIV compost colonized by
strains A15, HGH43-1, and HGH43-2. Averages and standard deviation (in parentheses) of biological
triplicates are shown.

Compost Rha Man Gal Glc Uronic
acid

Ara Xyl Ara/Xyl
(mol / 100 mol)

PII 0.7 (0.07) 1.6 (0.22) 1.5 (0.14) 56.1 (0.14) 5.3 (0.28) 4.3 (0.19) 30.3 (0.77) 14.1 (1.01)
PIV A15 1.1 (0.13) 6 (0.66) 2.2 (0.09) 51.3 (1.51) 7.7 (0.65) 4.8 (0.39) 26.6 (0.98) 18.1 (1.19)
PIV HGH43-1 1.2 (0.1) 6.3 (0.81) 2.5 (0.27) 50.2 (0.37) 8 (0.41) 4.9 (0.29) 26.5 (1.45) 18.8 (2.02)
PIV HGH43-2 1.2 (0.16) 6.3 (0.48) 2.3 (0.08) 51.6 (1.15) 8 (0.54) 4.9 (0.21) 25.5 (0.73) 19.2 (0.35)

DISCUSSION

C ompost colonization and subsequent mushroom production by A. bisporus
may be limited by its inability to degrade recalcitrant polysaccharides such

as doubly substituted arabinoxylan (Jurak et al. 2015a; Jurak et al. 2015c). AXHd3
removes the O3 linked arabinosyl decorations from the xylan backbone. Phyloge-
netic analysis revealed that 59 out of 69 basidiomycetes did not have a predicted
AXHd3 gene, among which mushroom forming basidiomycetes such as A. bis-
porus, Coprinopsis cinerea, and Laccaria bicolor. The absence of AXHd3 genes in
A. bisporus would explain why arabinoxylan accumulates during cultivation of
this mushroom forming fungus.

H. insolens colonizes compost during PII before the introduction of A. bisporus
(Straatsma et al. 1989). The GH43 AXHd3 of H. insolens acts specifically on the O3
position of doubly substituted xylosyl residues (Sørensen et al. 2006) and would
thereby be involved in removing doubly substituted arabinoxylan during this
stage of composting. Indeed, arabinofuranosidase contained in PII compost ex-
tract degraded both single and double substituted arabinoxylo-oligosaccharides.
Previously it was shown that double substitutions were not removed by compost
extract of PIII and PIV compost (Jurak et al. 2015a). As a solution, the AXHd3 gene
hgh43 of H. insolens was introduced in A. bisporus controlled by actin regulatory
elements. The pH optimum of the encoding enzyme, pH 6.7 (Sørensen et al.
2006), is close to that found in PIII and PIV compost (being 7 and 6.5, respectively).
AXHd3 activity was found in PIV compost colonized by hgh43 transformants and
was low or even absent in A15 extract. Enzyme activities in compost extract from
A15 were able to degrade multiple substituted arabinoxylo-oligomers. This is
explained by xylanases that cleave the large oligomers into smaller single and
double substituted arabinoxylo-oligomers. The small single substituted arabi-
noxylan oligomers were also completely degraded but not the doubly substituted
oligomers. Part of the double substituted 5.1 structure disappeared by the action
of A15 compost extract. This may be explained by GH51 arabinofuranosidase
activity that acts on xylan with double substituted arabinose residues at the non-
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reducing terminal xylose (Ferré et al. 2000; Lagaert et al. 2010; Borsenberger et
al. 2014; Koutaniemi and Tenkanen 2016). A. bisporus contains one GH51 that is
highly expressed during its vegetative growth but less active during mushroom
formation (Patyshakuliyeva et al. 2015). This would agree with the lack of arabi-
nosyl accumulation during PIII (Jurak et al. 2015a). Alternatively, structure 5.1
may (partly) disappear due to the action of a xylanase that removes the terminal
non-substituted xylose from this oligomer that consists of a backbone of 3 xy-
lose residues. This may explain the appearance of an unknown oligomer eluting
slightly faster than structure 6.1 and that was formed when arabinoxylo-oligomers
were incubated with compost extract from A15. Together, it is clear that compost
extracts from the hgh43 transformants are much more active in removing doubly
substituted arabinoxylo-oligomers when compared to A15.

The production of AXHd3 by A. bisporus was expected to result in a reduction
of the degree of substitution (DS) of xylan in colonized compost by removal of
arabinose from double substituted arabinoxylan. Consequently, a reduction in the
Ara / Xyl ratio was expected. However, no difference in carbohydrate composition
or Ara DS was found in compost colonized by the HGH43 producing transfor-
mants as compared to compost colonized by A15. This may be explained by the
production of too low amounts of AXHd3 or by inaccessibility of the double sub-
stituted arabinoxylan due to covalent interactions with lignin through ferulic acid.
These ferulate crosslinks can protect hemicellulose from enzymatic degradation
(Grabber et al. 1998; Grabber et al. 2009). Improved ligninolysis may therefore be
required to benefit from AXHd3 production.
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SUPPLEMENTARY DATA

Table 3.2: Primers used in this study.

Number Name Sequence (5’ - 3’)

1 Actin prmtr F AAGCTTAGCCGAGAGAAGATGCCCC
2 Actin prmtr R CCATGGTTTGTTATTCGTGTGTTCG
3 Actin trmntr F GGATCCGCTGATGGTGCTTTATGATAAATAAAGTCCTTGGG
4 Actin trmntr R GAATTCTACTACTACCCCCAAAACCGACATCATCC
5 Act-Pr_F CCAGGGGGATCGTTAAAGCTTAGCCGAGAGAAG
6 pBHg_ActP_R AATTAAGAATTCAGATCTCAATTGGGCGCGCCTTTGTTATTC

GTGTGTTCG
7 pBHg_ActT_F TCTGAATTCTTAATTAAGGATCCGCTGATGGTGCTTTATG
8 Act-Ter_R CGCCGAATTGGCGCGGAATTCTACTACTACCCCC
9 HiGH43_F AATAACAAAGGCGCGATGCTCGGACTTAAAGTTTTG
10 HiGH43_R ATCAGCGGATCCTTAGATTGAACGGGCTGCCATG
11 APqGPD_F TCGATCTTGTTGTTCGTCTTGAG
12 APqGPD_R GCGCATGACCTCCTTGATTT
13 q18S_F TCGCCGCTCCCTTGGT
14 q18S_R GCATCGCCGGCACAA
15 qPCR_HiGH43_F ATCGGCATGGAATTGGCAAC
16 qPCR_HiGH43_R AGAGTTGCGCAACGTTGATG
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ABSTRACT
Degradation of lignin by fungi enhances availability of cellulose and hemicellu-
lose in plant waste and thereby increases the amount of carbon source available
to these microorganisms. The button mushroom Agaricus bisporus degrades
only around 58 % of the total lignin in compost and a significant part of the
carbohydrates remain unutilized during mushroom cultivation. Here it was as-
sessed whether over-expression of the manganese peroxidase gene mnp1 im-
proves lignin degradation and, as a consequence, carbohydrate breakdown by
A. bisporus. Transformants expressing mnp1 under control of actin regulatory
sequences produced MnP activity in malt extract medium, while the parental
strain A15 did not. MnP activity was increased 0.3- and 3-fold at casing and af-
ter the 2nd flush of a semi-commercial cultivation, respectively, when compared
to strain A15. Pyrolysis-GC-MS showed that overexpression of MnP decreased
phenylmethane and phenylethane type lignin relative to the phenylpropane type
(Ph-C1,2 / Ph-C3) after the 2nd flush. However, it neither affected the S / G ratio
nor the ratio of oxidized to non-oxidized lignin residues. Moreover, the carbohy-
drate content and accessibility was not affected in compost. Notably, the capacity
of compost extract to consume the MnP co-factor H2O2 was 4- to 8-fold higher
than its producing capacity. This may well explain why over-expression of mnp1
did not improve carbohydrate degradation in compost. In fact, availability of
H2O2 may limit lignin degradation by wild-type A. bisporus.

INTRODUCTION

T he button mushroom Agaricus bisporus is cultivated worldwide on straw
based compost. The commercial substrate of A. bisporus used in the Nether-

lands is produced in two phases of composting. Phase I (PI) comprises a 3 - 6
day incubation of a mixture of wheat straw, horse manure, gypsum, and water,
either or not supplemented with chicken manure (Gerrits 1988). Temperature in-
creases up to 80 °C during this phase, replacing a mesophilic with a thermophilic
microbiota (Gerrits 1988). Phase II starts after the microflora of a previous phase
II is introduced into PI compost. The temperature is decreased to 50 °C and then
increased to 60 °C in a 2-day-period changing the microflora and killing unwanted
organisms like insects (Gerrits 1988; Straatsma et al. 1994). This is followed by
a 3-day-period at 45 °C during which thermophilic fungi like Scytalidium ther-
mophilum (also named Humicola insolens; Straatsma and Samson 1993) colonize
the compost sequestering ammonia and suppressing competitors of A. bisporus
(Ross and Harris 1983; Straatsma et al. 1989; Straatsma et al. 1994). During phase
I and II 50 - 60 % of the carbohydrates in the compost is consumed, while lignin
remains intact (Jurak 2015). The end product of phase II is relatively selective for
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growth of A. bisporus. PII-end compost is colonized by A. bisporus during 16 - 19
days at 25 °C. As a result, 15 %, 10 %, and around 50 % of xylan, cellulose, and
lignin is consumed, respectively in phase III (PIII) when compared to PII-end
(Jurak 2015). PIII-end compost, either or not supplemented with formaldehyde-
treated protein rich substrates, is topped with a casing layer. A. bisporus mycelium
colonizes this casing layer during phase IV (PIV) under high CO2 conditions with
a relative humidity of 85 %. Mushroom formation is induced by reducing CO2

levels, lowering the temperature to 18 - 22 °C, and increasing relative humidity
to 87 - 90 % (Visscher 1988). Mushrooms are produced in 2 - 3 flushes with 7 -
8 day intervals, resulting in a typical yield of 30 kg m-2 per 85 - 95 kg compost
m-2. An additional 44 %, 29 %, and around 8 % of cellulose, xylan, and lignin is
degraded, respectively, during PIV (Jurak 2015). Thus, about 20 % and 40 % of
the carbohydrates are not consumed when compared to the starting material and
PII-end, respectively (Iiyama et al. 1994; Chen et al. 2000a; Jurak 2015).

Lignin is a cohesive of cellulose microfibrils and forms covalent interactions
with hemicellulose (Boerjan et al. 2003). Consequently, enzymatic degradation of
these carbohydrates is hampered. It has been estimated that lignin removal makes
30 % of the carbohydrates available for consumption by A. bisporus (ten Have et al.
2003). Lignin consists of the monolignol monomers p-coumaryl alcohol, coniferyl
alcohol, and sinapyl alcohol (Boerjan et al. 2003; Vanholme et al. 2010) that
form p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) phenylpropanoid units
within lignin, respectively. Lignin has a heterogeneous and recalcitrant structure
that, unlike cellulose and hemicellulose, cannot be degraded by enzymes directly.
Therefore, fungi produce lignin peroxidase (LiP), manganese peroxidase (MnP),
and versatile peroxidase (VP) that generate extracellular radicals (Kirk and Farrell
1987; Hatakka 1994; ten Have and Teunissen 2001; Guillén et al. 2005). Laccase
(Lac) has also been implicated in ligninolysis but its role is less clear (Eggert et al.
1996; 1997; Li et al. 2001).

A. bisporus contains two mnp genes and 13 lac genes in its genome (Morin
et al. 2012). MnP acts on lignin using Mn2+ and (organic) hydrogen peroxide
(H2O2 or R-OOH) as cofactors (Hofrichter 2002). H2O2 oxidizes the heme group
in MnP to form compound I. Compound I oxidizes Mn2+ or a phenolic compound
to generate compound II that subsequently oxidizes another Mn2+ to return the
MnP to its original oxidation state. Oxalic acid chelates the generated Mn3+,
which stimulates its release from MnP and increases its stability. MnP is able to
oxidize both phenolic and non-phenolic lignin model structures. For the latter,
other mediators like unsaturated lipids are required to initiate extracellular lipid
peroxidation that results in highly reactive compounds. MnP and Lac are highly
produced during the vegetative colonization of compost but are downregulated
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upon mushroom formation (Wood and Goodenough 1977; Bonnen et al. 1994).
Manganese peroxidase MnP1 but not MnP2 has been characterized (Bonnen et al.
1994; Lankinen et al. 2001).

Xylan substituted with arabinose and glucuronic acid accumulates in compost
(Jurak et al. 2015a; Jurak et al. 2015c). Expression of arabinofuranosidase from
H. insolens in A. bisporus did not result in increased degradation of arabinose
substituents (Chapter 3). This may be due to linkage of this pentose to lignin
through ester bonds with ferulic acid. Here, mnp1 of A. bisporus was overexpressed
with the aim to improve ligninolytic activity, thereby increasing degradation of
hemicellulose and cellulose in compost. Overexpression of mnp1 increased MnP
activity in compost but neither affected lignin content nor carbohydrate content
and accessibility. Experimental evidence indicates that this is due to a limiting
availability of H2O2 as a cofactor.

MATERIAL AND METHODS

CULTURE CONDITIONS AND STRAINS

A. bisporus strains were grown at 25 °C on malt extract agar medium (MEA; 20
g l-1 malt extract [BD biosciences, Franklin Lakes, USA], 2.1 g l-1 MOPS, pH 7.0,
and 1.5 % agar), wheat bran (WB; 4 % wheat bran (w / w) in water), or PII-end
compost (CNC Grondstoffen, Milsbeek, the Netherlands). Spawn was produced
using a mixture of 24 g kg-1 CaSO4, 6.87 g kg-1 CaCO3, and 75 g Sorghum seeds.
The seeds had been heated in water at 100 °C for 20 min followed by sterilization
for 20 min at 121 °C. The mixture was colonized for 3 weeks at 25 °C using 2
1-week-old MEA-grown A. bisporus colonies as inoculum. End phase II compost
was colonized in 18 boxes per strain (40 cm width x 60 cm length x 22 cm height)
containing 16 kg phase 2 compost (CNC, Milsbeek, The Netherlands) each in-
oculated with 75 g of spawn. Temperature was maintained at 25 °C using an air
temperature of 22 °C. Relative humidity in the growth cell was kept at 95 % with
1500-2000 ppm CO2. Boxes that had been randomly distributed in the growth cell
(Unifarm, Wageningen) were overlaid with 7 kg casing layer (CNC, Milsbeek, The
Netherlands) after 16 days, after which growth was prolonged for 14 days. The
casing was manually broken and mixed to create fast regenerative growth and a
more equal distribution of A. bisporus in the casing layer 4 days prior to venting
(i.e. 10 days after casing). Venting resulted in a gradual decrease of compost and
air temperature to 19 and 18 °C, respectively, while relative humidity and CO2

levels decreased to 85 % and 1200 ppm. The first buttons were removed from the
bed 9 days after venting. Compost from 4 boxes of each strain was collected at
casing (day 15), venting (day 30), and after the 2nd flush (day 56). After removing
the casing, compost was mixed manually for 3 min, after which samples were
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frozen in liquid nitrogen and stored at -20 °C.

TRANSFORMATION OF A. bisporus
The coding sequence of mnp1 (gene ID 221245) was synthesized at Genscript
(Nanjing, China) with its ApaI, BsaI, MfeI, BclI, NcoI, EcoRI, and BclI restriction
sites removed (Table 4.5) without altering the amino acid sequence (Table 4.6).
The actin promoter and terminator were amplified from genomic DNA of A.
bisporus A15 using Taq polymerase and primers 1 & 2 and 3 & 4, respectively
(Table 4.3). Fragments were cloned in pUC20 using HindIII / NcoI, and BamHI
/ EcoRI, respectively. The mnp1 coding sequence was cloned in between the
actin regulatory elements using NcoI and BamHI. The mnp1 coding sequence
flanked by the actin regulatory elements was amplified using Phusion Hot Start
II High-Fidelity DNA polymerase (Thermo Fisher Scientific, Waltham, USA) and
primers 5 & 6 (Table 4.3). The PCR product was cloned in pBHgPA digested with
PacI and SgsI using InFusion cloning (Pelkmans et al. 2016). The resulting plasmid
pBHg-221245-ActPT was introduced in A. bisporus A15 gills using Agrobacterium
tumefaciens strain AGL-1 (Chen et al. 2000b). Transformants were screened on
MEA plates containing 25 µg ml-1 hygromycin, 200 µM cefotaxime, and 100 µg
ml-1 chloramphenicol, and transferred to a second selection plate containing 40
µg ml-1 hygromycin.

LACCASE AND MANGANESE PEROXIDASE ACTIVITY

Compost samples were taken up in 10 volumes demi water and shaken at 250
rpm at 25 °C for 1 h. The extract was separated from insoluble particles at 15000
g for 15 min. Lac activity was determined by mixing 10 - 100 µl 5 times diluted
compost extract with 1 mM ABTS in 1 ml citric phosphate buffer pH 4. Change
in absorbance at 420 nm was followed for 30 sec. MnP activity was measured via
the oxidative coupling of 3-methyl-2-benzothiazolinone hydrazone (MBTH) and
(3-dimethylamino)benzoic acid (DMAB) (Castillo et al. 1994). The reaction mix
contained 0.07 mM MBTH, 0.99 mM DMAB, 0.1 mM MnSO4, 0.05 mM H2O2, and
100 mM succunic-lactate buffer pH 5. The reaction was followed for 30 sec at 590
nm. Compost extract was diluted to obtain changes in OD < 0.3 (usually 5 times
diluted extract was used). The Mn2+ independent activity was obtained by adding
1 mM EDTA. MnP activity was defined as the difference in OD change over time
in the presence and absence of EDTA. Lac and MnP activities were expressed in
units (U) using the law of Lambert-Beer with an extinction coefficient of 36000
M-1 cm-1 and 53000 M-1 cm-1, respectively.
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CHITIN ASSAY

N-acetylglucosamine (GlcNAc) release from chitin was determined as described
(Chapter 2). In short, homogenized lyophilized compost (see below) was treated
with KOH, followed by an incubation with chitinase and lyticase. OD585 was
converted to [GlcNAc] using a reference line of 0 - 300 µM GlcNAc.

LIGNIN ANALYSIS WITH PYROLYSIS-GC-MS
Lyophilized compost (15 g) was ground using a mortar and homogenized using a
Tissuelyser at 30 Hz for 1 min (Qiagen Tissuelyser II and grinding jar). Technical
triplicates of 60 - 70 µg and 100 - 107 µg compost were used for pyrolysis of wheat
straw and PII, and PIII and PIV samples, respectively. Samples were pyrolyzed at
500 °C for 1 min with helium as carrier gas using a 2020 microfurnace pyrolyzer
(Frontier Laboratories, New Ulm, MN, USA) with an AS 1020E Autoshot GC-MS,
using a Trace GC with a DB1701 fused-silica capillary column coupled to a DSQ-
II (El at 70 eV). Amdis software was used to characterize peaks in the GC-MS
chromatogram. Molar areas were calculated by dividing areas by the molecular
weight of the corresponding molecule (Jurak et al. 2015c).

TOTAL CARBOHYDRATE CONTENT AND COMPOSITION

Composition and content of neutral carbohydrates in homogenized compost sam-
ples (see above) was determined in technical duplicates using gas chromatography
with inositol as an internal standard (Englyst et al. 1982). Glucose, arabinose,
rhamnose, xylose, galactose and mannose were used as standards ( 1 mg). Sam-
ples were hydrolyzed with 1M H2SO4 for 3 h at 100 °C after treatment with 72 % (w
/ w) H2SO4 for 1 h at 30 °C. Sugar monomers were derivatized to their alditol ac-
etates by reducing the sugars with sodium borohydride followed by acetylation of
the formed alditols and analysed using a Focus-GC (Thermo Scientific, Waltham,
MA, USA). Uronic acid content was determined as the anhydro-uronic acid con-
tent using a m-hydroxydiphenyl assay in which Na2B4O7 was added. Analysis was
performed using an autoanalyser (Skalar Analytical, Breda, The Netherlands) with
12.5 - 100 µg ml-1 glucuronic acid as a standard (Thibault 1979). Total carbohy-
drate content was calculated as the sum of the neutral carbohydrate and uronic
acid content.

SACCHARIFICATION AND MONOSACCHARIDE QUANTIFICATION

Technical duplicates of 250 mg homogenized compost samples (see above) were
wetted using a vortex mixer in 9.75 ml 50 mM NaOAc buffer (pH 5) containing 0.25
mg ml-1 NaN3. Samples were heated at 100 °C for 10 min, followed by addition
of 0.25 ml of a mix of cellulases and hemicellulases (Cellic Ctec2, 2.7 % w / w of
DM and Cellic Htec, 0.3 % w / w of DM). The enzyme preparations were kindly
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provided by Novozymes (Bagsvaerd, Denmark). After rotation head over tail for
24 h at 50 °C, samples were heated at 100 °C for 10 min. Insoluble particles were
removed by centrifugation at 20 °C for 10 min at 10000 g. As a control, samples
were incubated without enzymes. Content of monosaccharides was analysed
by high performance anion exchange chromatography (HPAEC) using a Dionex
ICS-5000 unit (Dionex, Sunnyvale, CA, USA) equipped with a CarboPac PA-1
column (2 mm x 250 mm ID) in combination with a Carbopac guard column (2
mm x 50 mm ID) and pulsed amperometric detection (PAD). Chromelion software
(Thermo scientific, Sunnyvale, CA, USA) was used to control the system. Elution
was performed with a flow rate of 0.4 ml-1 min as follows: 40 min 100 % H2O;
5 min from 100 % 1 M NaOH to 100 % 1 M NaOAc; 5 min 100 % 1M NaOAc; 8
min with 100 % H2O; followed by elution for 15 min at 0.1 ml min-1 using 0.5 M
NaOH. Monosaccharides were detected and quantified during the first 40 min
and the last 15 min of elution. Calibration curves of 12.5 - 100 µg ml-1 rhamnose,
galactose, glucose, xylose and mannose were used as a reference.

HYDROGEN PEROXIDE CONSUMPTION AND PRODUCTION

The H2O2 consuming and producing capacity were measured in compost extract
using a Hydrogen Peroxide Assay Kit (BioVision Inc.). The de novo H2O2 produc-
tion in compost extract was calculated using measurements 8, 13, 18, 23, and 28
min after addition of HRP and OxiRed. In order to determine H2O2 consumption
in compost the compost extract was supplemented with 10 µM H2O2. The H2O2

consumption was calculated based on the remaining H2O2 in compost extract
after incubation at room temperature for 10, 20, 30 and 40 min and corrected for
H2O2 production. One reaction of 100 µl contained 25 µl compost extract, 25 µl
40 µM H2O2 and 50 µl reaction mix containing 0.4 µl HRP and 0.2 µl OxiRed. A
standard curve of 0 - 12.8 µM H2O2 was used to calculate the H2O2 producing and
consuming capacity in nmol min-1 g-1 compost.

DATA ANALYSIS

Differences between strains and temporal changes in the H2O2 producing and
consuming capacity were assessed with a T-test using SPSS 22. Temporal changes
in other variables were assessed using ANOVA followed by a Bonferroni or Dun-
nett’s T3 post hoc correction. Ratios of S / G, Ox / non-Ox, and Ph-1,2 / Ph-3 were
log transformed prior to testing. Statistical significance is indicated with * (p <
0.05), ** (p < 0.01), and *** (p < 0.001).
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Figure 4.1: MnP activity of A15, MnP1-1, and MnP1-2 in malt extract. Error bars indicate standard
deviation of biological triplicates.

Figure 4.2: MnP (A) and Lcc (B) activity and GlcNAc release (C) in a semi-commercial cultivation
of A15 (dark grey shading) and the MnP overexpressor MnP1-1 (light grey shading). Significant
differences between A15 and MnP1-1 at each time point are indicated. Significant differences
between time points are presented in Table 4.4. Error bars represent standard deviation of biological
quadruplicates.
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RESULTS
Manganese peroxidase gene mnp1 of A. bisporus that was cloned in between the
actin regulatory sequences was introduced in A. bisporus. No MnP activity was
detected after growth of the wild type strain A15 in ME. In contrast, transformants
MnP1-1 and MnP1-2 produced 0.9 and 0.8 U l-1 MnP activity after 17 days of
growth, respectively (Figure 4.1). A semi-commercial cultivation was performed
with strain A15 and MnP1-1. MnP activity g-1 wet compost was increased 0.30- and
3-fold at casing (day 15) and the 2nd flush (day 56), respectively (Figure 4.2A). Lac
activity (Figure 4.2B) and chitin content (Figure 4.2C) of strain A15 and MnP1-1
was similar throughout the cultivation. Moreover, MnP overexpression did neither
affect flush pattern nor mushroom yield (not shown). Pyrolysis-GC/MS showed
that the ratio of syringyl to guaiacyl derived residues (S / G) had increased from
0.38 (PII-end) to 0.47 and 0.48 (venting) in compost colonized by A15 and MnP1-1
until venting, respectively (Table 4.1, Figure 4.3). After the 2nd flush the S / G
ratio had dropped to 0.43 in compost colonized by A15 or MnP1-1. The relative
abundance of oxidized to non-oxidized lignin derived residues (Ox / non-Ox) in
compost colonized by A15 was 0.28, 0.47, 0.72, and 0.93 at PII, casing, venting, and
after the 2nd flush, respectively. These ratios were similar in compost colonized by
MnP1-1. The relative abundance of lignin derived residues of the phenylmethane
and phenylethane type relative to those of the phenylpropane type (Ph-C1,2 / Ph-
C3, Del Rió et al. 2001) decreased in compost colonized by A15 from 5.46 (PII-end
compost) to 4.17 (venting). After the 2nd flush, Ph-C1,2 / Ph-C3 had increased
to 4.53, a similar value to casing. In compost colonized by MnP1-1, Ph-C1,2 /
Ph-C3 decreased similarly to A15. However, after the 2nd flush Ph-C1,2 / Ph-C3 of
compost colonized by MnP1-1 had not increased and differed significantly from
the Ph-C1,2 / Ph-C3 after the 2nd flush of A15 (T-test after log transformation, p <
0.05 after Bonferroni correction). A total of 30 - 35 % of the lignin was removed
after the 2nd flush based on the pyrolysis area and Klason lignin content. No
differences in lignin content were found between A15 and MnP1-1 throughout the
cultivation (not shown). Moreover, carbohydrate accessibility and composition
were similar. Hydrolysis of the carbohydrates in the compost showed that total
carbohydrate content (w / w %) decreased by about 50 % from PII-end to the 2nd

flush in case of A15 and MnP1-1 (Table 4.2). Moreover, glucose and xylose release
after incubating compost with cellulases and hemicellulases was similar between
A15 and MnP1-1 (Figure 4.4).

The consuming and producing capacity of the MnP co-factor H2O2 in compost
extract was monitored during cultivation of A15 and MnP1-1 (Figure 4.5). The
H2O2 consuming capacity in compost extract of A15 was 32 and 8 nmol min-1 g-1

wet compost at casing and after the 2nd flush, respectively. The H2O2 consuming
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Table 4.1: S/G, Ox/non-Ox, and Ph-C1,2/Ph-C3 ratios in compost colonized by strain A15 or MnP1-
1. Each value represents the average of 4 biological replicas except for PII-end which represents 3
replicas and standard deviations are shown in brackets. Means of each ratio that share a letter (A, B
or C) are not significantly different (ANOVA after log transformation). Differences between A15 and
MnP1-1 are indicated with an asterisk (T-test, Bonferroni correction, p < 0.01).

A15 MnP1-1

S / Ga Ox / Non-oxb Ph1,2 / Ph3b S / Gb Ox / Non-oxb Ph1,2 / Ph3b

PII-end 0.38 (0.028) AB 0.29 (0.01) A 5.46 (0.153) A 0.38 (0.028) A 0.29 (0.01) A 5.46 (0.153) A
Casing 0.45 (0.024) AB 0.47 (0.038) B 4.68 (0.074) B 0.46 (0.019) BC 0.49 (0.033) B 4.59 (0.202) B
Venting 0.48 (0.002) A 0.73 (0.013) C 4.17 (0.04) C 0.48 (0.013) B 0.73 (0.023) C 4.15 (0.088) C

2nd flush 0.44 (0.005) B 0.94 (0.023) D 4.53 (0.046) B* 0.43 (0.017) C 0.97 (0.026) D 4.35 (0.053) BC*

a: ANOVA with Dunnett’s T3 post hoc test; b: ANOVA with Bonferroni post hoc test.

Figure 4.3: Relative abundance of lignin derived residues as measured by pyrolysis-GC/MS in
compost samples of a semi-commercial cultivation of A15 and the MnP overexpressor MnP1-1.
Each compost sample represents the average of biological quadruplicates. Error bars have been left
out for clarity, all values are available in Table 4.7. WS = wheat straw, PII = compost from end of
phase II.
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capacity in compost extract of MnP1-1 was similar at casing but was 2-fold higher
with 17.5 nmol min-1 g-1 wet compost after the 2nd flush. The H2O2 producing
capacity in compost extract at casing and after the 2nd flush was 3.6 and 1.85
nmol min-1 g-1 wet compost, respectively, for A15. After the 2nd flush the H2O2

producing capacity in extract from MnP1-1 was higher with 1.99 nmol min-1 g-1

wet compost. The H2O2 consuming capacity in compost extract was always 4
- 8 times higher than the capacity for H2O2 production. Together, this strongly
indicates that co-factor H2O2 is limiting MnP activity in compost of both A15 and
the over-expression strain MnP1-1.

DISCUSSION

A significant fraction of carbohydrates is not utilized by A. bisporus during
colonization and mushroom production (Iiyama et al. 1994; Chen et al. 2000a;

Jurak 2015). This may in part be explained by limited degradation of lignin that
makes the carbohydrates inaccessible to enzymatic degradation (ten Have et
al. 2003). A. bisporus removes around 50 % of the lignin originally present in
compost in PIII, while an additional 8 % is removed during PIV (Jurak 2015). This
correlates with a decreased MnP activity during mushroom production when
compared to vegetative growth in PIII (Bonnen et al. 1994). Here, the mnp1 gene
was over-expressed using actin regulatory sequences with the aim to increase
MnP activity during vegetative growth and mushroom production thus increasing
lignin degradation, and, as a consequence, carbohydrate utilization by A. bisporus.
Transformants MnP1-1 and MnP1-2 produced MnP activity in malt extract, while
strain A15 did not. Moreover, MnP was overproduced 3 - 4 fold in wheat bran
(data not shown) and a 40 % increase in compost was observed in transformants
MnP1-1 and MnP1-2 relative to A15 in a small scale cultivation (data not shown).

Figure 4.4: Glucose (Glc) and xylose (Xyl) release after treating compost at casing and after the
2nd flush with cellulases and hemicellulases. Monosaccharide release is expressed as a percentage
of the total corresponding carbohydrate. Error bars represent standard deviations based on four
biological replicas.
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Figure 4.5: H2O2 consuming and producing capacity in compost extract from a semi-commercial
cultivation of A15 (dark shading) and MnP1-1 (light shading). Statistical difference between the
time points and between A15 and MnP1-1 are indicated. Error bars represent standard deviations
based on biological quadruplicates.
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MnP activity was increased 0.3- and 3-fold at casing and 2nd flush, respectively,
in a large scale cultivation of A15 and MnP1-1, respectively. However, no major
changes in lignin content and composition were observed during cultivation of
these two strains. The S / G ratio increased from 0.38 in PII-end compost to 0.47
at venting where after it decreased to 0.43 at the end of the 2nd flush. This pattern
agrees with previous reports (Zeng et al. 2011; Jurak et al. 2015b; Patyshakuliyeva
et al. 2015). However, ligninolytic activity in other systems has been associated
uniquely with a decrease of the S / G ratio (Camarero et al. 2001; Martınez et al.
2001; Vane et al. 2001a; Vane et al. 2001b; Del Rio et al. 2002; Geib et al. 2008). It is
assumed that a higher redox potential and condensation degree makes G lignin
more recalcitrant than S lignin. From this perspective, ligninolytic action should
result in a decrease of the S / G ratio. In the case of A. bisporus the increase in the
S / G ratio during casing and venting may relate to a part of the G lignin that is
solubilized during PI, PII and / or PIII. This is supported by the observation that
the S / G ratio of lignin in water insoluble compost particles at the end of PIII is
similar to that of PI, i.e. lower than the S / G ratio in the total PIII sample (Jurak et
al. 2015b). The Ox / non-Ox ratio increased throughout the cultivation from 0.28
in PII-end compost to 0.93 at the end of the 2nd flush and the Ph-C1,2 / Ph-C3 ratio
decreased from 5.46 in PII-end compost to 4.17 at venting. The changes in S / G,
increase in Ox / non-Ox, and decrease in Ph-C1,2 / Ph-C3 after venting show that
lignin is modified during PIV. The direction of change of the S / G and Ph-C1,2 / Ph-
C3 ratio reverted after venting (i.e. a decrease in S / G after venting as compared
to an increase during PIII and an increase in Ph-C1,2 / Ph-C3 as compared to
a decrease during PIII). From this it is concluded that A. bisporus affects lignin
differently in PIV as compared to PIII, specifically during mushroom formation.
This fits with the induction of cellulases and hemicellulases and downregulation of
the ligninolytic machinery during fruiting (Wood and Goodenough 1977; Bonnen
et al. 1994; Patyshakuliyeva et al. 2015). Notably, the Ph-C1,2 / Ph-C3 ratio had
increased after the 2nd flush for compost colonized by A15 but not for compost
colonized by MnP1-1. This may be explained by an increased loss of Ph-C1 and
Ph-C2 residues as compared to A15 or a higher turnover of Ph-C3 to Ph-C1 and
Ph-C2. However, this did not result in detectable differences in carbohydrate
composition or accessibility. In contrast, overexpression of a VP in P. ostreatus
increased the mineralization of lignin and carbohydrate digestibility in cotton
stalk (Salame et al. 2012). This illustrates that in other systems ligninolytic action
can be improved by overexpression of lignin-modifying enzymes.

The most important co-factors of MnPs are H2O2 and Mn2+. High Mn2+ con-
centration in PIV compost has a positive effect on mushroom yield (Weil et al.
2006). However, Mn2+ is not considered a limiting micronutrient in Dutch com-
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post (CNC Grondstoffen and Walkro Compost, personal communication; Burton
2016). Furthermore, MnP overexpressor MnP1-1 did not affect lignin differently
during its vegetative growth compared to A15 in compost supplemented with
Mn2+ (data not shown). We did show that H2O2 consumption in compost extract
of A15 and Mnp1-1 was 4 - 8 fold larger than its production, implying that this
co-factor is limiting for MnP activity and thus explaining why over-expression of
mnp1 does not impact lignin and carbohydrate utilization. H2O2 as a limiting
factor for ligninolytic activity has also been found in Phanerochaete chrysospo-
rium (Buswell et al. 1984; Kirk et al. 1986). This makes H2O2 generation a target
for optimizing lignin removal from compost in A. bisporus and, consequently,
improving carbohydrate consumption of this mushroom forming fungus.
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SUPPLEMENTAL MATERIAL

Table 4.3: Primers used in this study.

Primer Primer name Sequence

1 Actin prmtr F AAGCTTAGCCGAGAGAAGATGCCCC
2 Actin prmtr R CCATGGTTTGTTATTCGTGTGTTCG
3 Actin trmntr F GGATCCGCTGATGGTGCTTTATGATAAATAAAGTCCTTGGG
4 Actin trmntr R GAATTCTACTACTACCCCCAAAACCGACATCATCC
5 Act-Pr_F_infu CCAGGGGGATCGTTAAAGCTTAGCCGAGAGAAG
6 Act-Ter_R_infu CGCCGAATTGGCGCGGAATTCTACTACTACCCCC

Table 4.4: Statistical differences over time in MnP and Lcc activity and chitin content in compost as
presented in Figure 4.2. Time points sharing a letter are not significantly different (ANOVA with
Bonferroni post hoc test, p < 0.05).

A15 MnP1-1
MnP Lcc Chitin MnP Lcc Chitin

PII - - A - - A
Casing A A AB A A AB
Venting B B BC B B BC

After 2nd flush C C C C C C

Table 4.5: Supplemental sequence 1

CCATGGCTTTCAAAATTCTTCTCAGCCTTATTTTGGCTTTGAACGCCGTCCAATTTATTGCTGGTACGCACTTTACTC
ATATCCTCATATTATTTGCCGACAAGTCAACGATGTAGCTGTTCCTACCAGGAGGGCGCAATGTGCCGATGGCACCAC
TGTTTCTAATGAGGCCTGTTGCGTTCTGCTCCCCATTATAGCAGATATCCAGCCGAACTTGTTCGAAAACGAGTGCGG
TGAAGAGGTAATGATTTAATTTTTTGATAGAGTTACGATATTCAACAGCATATTTATACTTTAGGTCCATGAAACCTTGC
GGGCATCATTTCATGATGCTATCGGATTCTCCAGAGCAGCTGGGTAGGTTCTGACTGTCTGTGGCGGCAGCTAGTATC
GCTAAAATGATTTCCAGTGGTGGTGGTGCTGATGGTTCTCTCGTCACTTTCGGCGATGTGGAGACGACATTTGCCGC
TAACGCAGGAATCGACGAGATTGTAGAGACATTACGACCTTTTATAAACAGCCACAACATCAGTGCCGGCGATTTGTG
AGCCTGGACTCATAATCTGTGTTGCATCCTGTTAACGCTCTTCCTAGCATCCAGTTTGCAACCGTTGTTGGATTGACC
AACTGCCCCGGCGCACCTCGCATACCCTTTTTCTTAGGCCGCCCAGACGCTACCGCCGCTTCCCCCGATGGTCTTGT
CCCTGAGCCCTTCGGTCAGTCTCTCATCAGCCTTTCCGGTATAATCTACAACCCAAGTTGATAATCAACAGATTCCGT
CACGAAAATTCTTGAACGCTTCGATGATGCTGGTTTTACCCCCACTGAAGTTGTTGCATTGCTTGCATCGTGAGTCTC
TAGAACAAGATCGAGAAATATGTGTCCAATCCCCCCGTAGTCATACTGTCGCAGCTTCGGACACTATTGAGCCCGGTG
TAAGTTTATTTCTTCGTCAGTATGCATTCTCATCTCATGAGCACCTTATTCCAGCTCGAAGGGTAAGACATTCCCTATC
AATAAGAAACGTCTCAGTATCCAACGCAACCTCTAGTGTCCCCTTCGACTCGACTCCCGGAGAATTTGACAGGCAGT
TCTTTATCGAGACTATGCTTAAAGGCACTTCCTTCCCAGGGTAAGTAGTTCGTTGACATTCGTTACGCATCCTAATTT
TGGCAAAGCACTGGGGGGAACCAAGGTGAAGCCTTATCTCCCTTGCCGGGAGAACTTCGTCTCGAATCCGATGGACT
TGTACGTATACAGTCTTTTGTTGTCTGAATTTGTGATTGTTAACATTATTTATCATTAGTTGGCTCGAGGTCTGTCTTG
CTAACAAAAGGCATCTGATAACATTGAAGGACTAACTTCATCATAGATGAACGAACCGCATGTGACTGGCAACTCTTC
GCTAGTAAGAATGTTTGCCAACCAAGAAGAATAGCTCACCTAAAATTCCACGATAGCAGATCAACAAAAAATGGCATC
GGCATTTAGCGACGCGATGGTCAAACTGTCTCTCGTCGGGCAAGATAAGAGCCAGTTGATTGATTGTTCAGACGTCAT
TCCGCGAACGATCCCTTTGACAAATGAACCATACTTCCCTGCCGACTTGACCAAAGATGATCTTGAGCAGACCGTGAG
TCCAATAGACATTCACAATACGATTTCCACTCTGAGCCTGCTTGTTTTTGATACAGTGCCCGGATGAATTTCCTGATT
ACCCTTCCAACCCCAGTGTCACTTCGGTCGCGCCAGTGTAAGTTTATGAACAGCTCCAGACGTCTGCTCTTATTCAC
TCTGCGCAAATATCTAGTCCCACCTCGTAAGGATCC
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Table 4.6: Supplemental sequence 1

M A F K I L L S L I L A L N A V Q F I A A V P T R R A Q C A D G T T V S N E A C C V L L P I I A D I Q P N L F E N E C G E E V H
E T L R A S F H D A I G F S R A A G G G G A D G S L V T F G D V E T T F A A N A G I D E I V E T L R P F I N S H N I S A G D F
I Q F A T V V G L T N C P G A P R I P F F L G R P D A T A A S P D G L V P E P F D S V T K I L E R F D D A G F T P T E V V A L L
A S H T V A A S D T I E P G L E G V P F D S T P G E F D R Q F F I E T M L K G T S F P G T G G N Q G E A L S P L P G E L R L E
S D G L L A R D E R T A C D W Q L F A T D Q Q K M A S A F S D A M V K L S L V G Q D K S Q L I D C S D V I P R T I P L T N E
P Y F P A D L T K D D L E Q T C P D E F P D Y P S N P S V T S V A P V P T S
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ABSTRACT
The mushroom forming basidiomycete Schizophyllum commune has been classi-
fied to be intermediate between white and brown rot fungi. It deviates from the
white rot fungi by lacking lignin degrading peroxidases such as manganese peroxi-
dase, while it deviates from the brown rot fungi by possessing a variety of enzymes
acting on crystalline cellulose. Here, the codon optimized manganese peroxidase
genes mnp1 and mnp2 from Agaricus bisporus were introduced in S. commune to
assess their effect on ligninolytic activity. In contrast to the wild-type, strains pro-
ducing either or both MnPs decolorized Remazol Brilliant Blue R and coupled 3-
methyl-2-benzothiazolinone hydrazone (MBTH) and (3-dimethylamino)benzoic
acid (DMAB). Thermally assisted Hydrolysis and Methylation showed that birch
wood lignin was not affected by S. commune wild-type or MnP-producing strains
during a 119 day incubation. These data indicate that additional players are
required for a minimal ligninolytic system in S. commune.

INTRODUCTION

F ungi play a major role in nature by recycling plant waste material. Basid-
iomycetes are well known for their capacity to mineralize wood that is rich in

lignin. These fungi are classified as white or brown rots based on the color and
macrostructure of their substrate after degradation. Recently, the dichotomy of
brown and white rots was challenged based on the analysis of genes encoding
carbohydrate active enzymes (CAZyme) and microscopical analysis of wood decay
(Riley et al. 2014; Floudas et al. 2015). Brown rots have a reduced number of
CAZymes active on (hemi)cellulose and lignin. They use Fenton chemistry to
efficiently depolymerize (hemi)cellulose and to modify, but not effectively de-
grade, lignin (Yelle et al. 2008; Yelle et al. 2011; Arantes et al. 2012). White rots
typically contain a reservoir of CAZymes for the degradation of (hemi)cellulose.
Furthermore, they produce peroxidases such as lignin peroxidase (LiP), versatile
peroxidase (VP), and manganese peroxidase (MnP) to degrade lignin (Kirk and
Farrell 1987; Hatakka 1994; ten Have and Teunissen 2001; Hofrichter 2002; Guillén
et al., 2005; Gómez-Toribio et al. 2009), while they may use Fenton chemistry as
well. Ligninolytic peroxidases produce small highly reactive intermediates like
oxidized veratryl alcohol (LiP and VP) and Mn3+ (VP and MnP) that effectively
penetrate the plant cell wall to oxidize and depolymerize the lignin within this
matrix.

Schizophyllum commune has classically been classified as a white rot but it
does not degrade lignin efficiently (Schmidt and Liese 1980). In agreement, it was
shown to cause weak wood decay while leaving the middle lamella intact (Floudas
et al., 2015). Genome analysis revealed that S. commune lacks the typical lignin
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degrading peroxidases present in white rot fungi but it does have lytic polysaccha-
ride monooxygenases acting on crystalline cellulose that are absent or reduced in
number in the brown rots (Ohm et al., 2010; Riley et al., 2014). S. commune was
therefore classified as an organism that is intermediate between white and brown
rot fungi (Riley et al., 2014). Here, S. commune was used as a model organism to
study the minimal requirements of an in vivo ligninolytic system. Introduction
of MnP genes of A. bisporus resulted in Remazol Brilliant Blue R degradation
and oxidative coupling of 3-methyl-2-benzothiazolinone hydrazone (MBTH) and
(3-dimethylamino)benzoic acid (DMAB) but did not impact lignin degradation in
birch wood. This shows that additional players in lignin degradation have to be
introduced to equip S. commune with an efficient lignin degrading machinery.

MATERIAL AND METHODS

STRAINS AND CULTURE CONDITIONS

Isogenic mono- and dikaryons of S. commune strain H4.8 (Ohm et al. 2010; 2011)
and their derivatives were routinely grown at 30 °C on minimal medium (MM)
with 2 % glucose and 1.5 % agar (van Peer et al. 2009). Strains were crossed by
growing mycelial plugs on MM plates that had been sealed with Parafilm. After 3
days growth in the dark, the sealing was removed and cultures were placed upside
down in the light at 25 °C to allow development of fruiting bodies. Spores were
harvested from the lid of the Petri dish and spread on MM supplemented with 0.5
% activated charcoal. Germlings were transferred after 1 day to MnP screening
plates (see below).

Mycelial homogenates were used to inoculate static liquid cultures and birch
wood (BW) cultures. To this end, a quarter of a 7-day-old colony (including the
underlying agar medium) was homogenized 3 times 20 s at high speed in 50
ml MM in a Waring blender (Waring Product, Torington, CT). For static liquid
cultures, 6 ml homogenate was transferred to a Petri dish. After 2 days incubation,
10 ml MM either or not supplemented with 0.05 mM NaOH that either or not
contained 0.5 mg ml-1 hemin was introduced underneath the mycelium. For BW
cultures, 90 ml MM supplemented with 35 µg ml-1 chloramphenicol and 50 µg
ml-1 ampicillin was added in polypropylene containers (182 x 120 x 92 mm; Eco2
NV, Netherlands) and inoculated with 10 ml mycelial homogenate. After 6 days of
growth, cultures were overlaid with a mixture of 30 g birch wood chips (1 - 5 mm)
and 40 ml MM in the absence of glucose but presence of 250 mg l-1 hemin and 1
mM NaOH and culturing was prolonged for 119 days.
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PLASMID CONSTRUCTION

Manganese peroxidase genes mnp1 (GeneID 221245) and mnp2 (GeneID 118334)
of A. bisporus (genome version 2) were codon optimized (Scholtmeijer et al. 2014)
and synthesized by Genscript (New Jersey, USA). Primers 1 & 2 (Table 5.1) were
used to amplify the mnp genes with Phusion polymerase (Thermo Fisher Sci-
entific, Massachusetts, USA). The protocol included a 5 min incubation at 98
°C, followed by 35 cycles of 10 sec at 98 °C, 20 sec at 55 °C, and 1.5 min at 72 °C,
and was completed with a 10 min incubation at 72 °C. Reactions contained 6 %
DMSO (v / v). Amplified fragments were digested with NcoI / BamHI and cloned
in pESCT (Scholtmeijer et al. 2014) bringing the mnp genes under control of the
promoter of the tubulin gene tub1 and the sc3 terminator. The nourseothricin
resistance cassettes in the resulting expression vectors pESCT-Nour-mnp1 and
pESCT-Nour-mnp2 were replaced with a phleomycin resistance cassette using
EcoRI (Schuren and Wessels 1994) resulting in plasmids pESCT-Phleo-mnp1 and
pESCT-Phleo-mnp2.

TRANSFORMATION

Transformation of S. commune was performed as described (van Peer et al. 2009).
107 protoplasts were incubated with 10 µg plasmid DNA and transformants were
selected on 20 µg ml-1 phleomycin or 8 µg ml-1 nourseothricin after overnight
regeneration. Transformants were transferred to a second selection plate after 4
days.

MNP ASSAY

For MnP plate assays, MM was supplemented with 200 µg ml-1 Remazol Brilliant
Blue R (RBBR; Sigma-Aldrich, USA) and 0.3 mM MnSO4. Oxidative coupling of 3-
methyl-2-benzothiazolinone hydrazone (MBTH) and (3-dimethylamino)benzoic
acid (DMAB) was used to measure MnP activity in liquid (Castillo et al. 1994).
Medium from static liquid cultures was centrifuged for 10 min at 12000 g to remove
mycelium. Birch wood extract was prepared by mixing homogenized birch wood
(see below) with miliQ water in a 1 : 5 (w / v) ratio. After shaking at 25 °C for 1 h at
225 rpm extract was separated from the wood particles by centrifugation for 20
min at 5500 g. MnP activity was measured by mixing 100 - 200 µl culture medium
or birch wood extract with 0.07 mM MBTH, 0.99 mM DMAB, 0.1 mM MnSO4, 0.05
mM H2O2, and 100 mM succinic-lactate buffer pH 5 using a final volume of 1
ml. Changes in OD590 were followed for 30 sec. Unless otherwise stated MnP
activity was obtained by subtracting the activity in a reaction containing 1 mM
EDTA. MnP activity was expressed in units (U) using the law of Lambert-Beer and
an extinction coefficient 53000 M-1 cm-1.
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Figure 5.1: RBBR decoloration in Mn2+ supplemented MM by wild type strain H4.8 (A), mnp1
transformant B1-9 (B), mnp2 transformant B2-4 (C), and by strain M1-8 containing both mnp1 and
mnp2 (D).

QPCR
S. commune was grown for 3 days on MM overlaid with a polycarbonate (PC)
membrane (diameter, 76 mm; pore size, 0.1 µm; Maine Manufacturing, LCC,
Sanford, USA). Mycelium was frozen in liquid nitrogen and homogenized for 1 min
at 25 Hz using a TissueLyser II (Qiagen, Düsseldorf, Germany). RNA was isolated
from the homogenized mycelium using 1 ml TRIzol reagent (Chomczynski and
Sacchi 1987). Chloroform (200 µl) was added and shaken for 15 sec. After 3
min at rt, the suspension was centrifuged at 4 °C for 15 min at 12000 g. RNA in
the aqueous phase was precipitated with 0.8 volume isopropanol, washed with
75 % ethanol, and resuspended in RNAse-free water. 1 µg RNA was used for
cDNA preparation using a Quantiscript Reverse Transcriptase kit (Qiagen Inc.,
Netherlands) according to the manufacturer’s instructions. A ViiA™ 7 Real-Time
PCR System (Thermo Fisher Scientific, Massachusetts, USA) and an optical 96
wells plate (Applied Biosystems, California, USA) were used for qPCR with SYBR®
Green (Thermo Fisher Scientific, Massachusetts, USA). Transcripts of mnp1 and
mnp2 were amplified using primers 3 & 4 and 5 & 6, respectively (Table 5.1),
starting with a 2-min incubation at 50 °C and a 10-min incubation at 95 °C and
followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C.

THERMALLY ASSISTED HYDROLYSIS AND METHYLATION ( THM)
Birch frozen in liquid nitrogen was milled at 30 Hz for 1 min using a tissuelyser
(Qiagen Tissuelyser II and grinding jar). Samples ( 2 mg) were treated with a
droplet of 25 % tetramethylammonium hydroxide (TMAH) and dried under a 100
W halogen lamp, after which they were pyrolyzed at 600 °C for 5 s in a Horizon In-
struments Curie-point pyrolyzer (Heathfield, UK). THM products were transferred
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into a Carlo Erba GC8060 gas chromatograph (Milano, Italy) using helium and
separated onto a silica column (25 m, 0.32 mm i.d.; Varian, Palo Alto, USA) coated
in CP-Sil5 (film thickness 0.40 µm). The oven was heated to 320 °C with 7 °C min-1
and kept at peak temperature for 15 min. A Fisons MD800 mass spectrometer
(Loughborough, UK; mass range m / z 40 - 650, ionization energy 70 ev, cycle time
0.7 s) was used to analyze the THM products that were identified based on their
mass spectrum and relative retention times. The peak area was based on the two
dominant fragment ions of each identified compound.

RESULTS
The A. bisporus mnp1 (Agabi Gene ID 221245) and mnp2 (Agabi Gene ID 118334)
coding sequences were codon optimized for S. commune and placed in between
the tub1 promoter and sc3 terminator. The expression vectors that contained an
artificial intron directly after the stop codon of the mnp genes (Lugones et al. 1999;
Scholtmeijer et al. 2014) as well as a nourseothricin or phleomycin resistance
cassette were introduced in the compatible strains H4.8 (phleomycin resistance
cassetes) and H4.8b (nourseothricin resistance cassettes). About 25 % of the
mnp1 and mnp2 transformants were capable of decolorizing RBBR in medium
supplemented with Mn2+. Based on the decoloration of RBBR, one nourseothricin
resistant transformant of mnp1 (B1-9), one nourseothricin resistant transformant
of mnp2 (B2-4), one phleomycin resistant transformant of mnp1 (A1-15), and one
phleomycin resistant transformant of mnp2 (A2-11) were selected. Expression of
the introduced MnP genes was verified in B1-9 and B2-4 using qPCR. Transcripts of
mnp1 and mnp2 were detected at Ct values of 15.6 ± 0.2 and 18.8 ± 0.2, respectively,
while actin was detected at a Ct value of 19.5 ± 0.2. The wild type strain H4.8 did
not produce transcripts of mnp1 and mnp2 as expected.

Figure 5.2: MnP activity in culture medium of strain H4.8, B1-9, B2-4, and M1-8 without supple-
ments (black shading), or culture medium that had been supplemented with 0.05 mM NaOH (light
grey shading), or 0.05 mM NaOH and 500 mg l-1 hemin (dark grey shading). Values are based on
two biological replicas.
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Strain M1-8 was created using three crossing events. First, strain A1-15 and
A2-11 were each crossed with B1-9. Progeny of these two crosses was plated
on phleomycin and nourseothricin containing medium and compatible strains
were again crossed. Progeny of this cross was again plated on phleomycin and
nourseothricin containing medium resulting in strain M1-8 that contained both
mnp1 and mnp2 (Figure 5.1). Strains H4.8, B1-9, B2-4, and M1-8 were grown on
plates containing RBBR. Strain B2-4 decolorized the dye most actively, B1-9 and
M1-8 showed intermediate activity, while H4.8 hardly decolorized RBBR. In the
next step, activity of MnP was measured in liquid cultures using the MBTH/DMAB
assay. This assay was performed in the absence or presence of hemin being an
essential cofactor of MnP (Stewart et al. 1996; Conesa et al. 2002). The MnP
activity of cultures of H4.8 and the transformants was assessed in the culture
medium that had either or not been supplemented with the co-factor hemin.
As a control, cultures were supplemented with NaOH. Strain M1-8 produced a
2-fold higher MnP activity as compared to B1-9, while MnP activity of B2-4 was
just above background levels in cultures that had not been supplemented with
hemin (Figure 5.2). Supplementation of this co-factor during growth increased
MnP activity of B1-9 and M1-8 by 0.1- and 2.4-fold, respectively. The pH optima
of MnP activity in standing cultures of M1-8 and compost extract of A. bisporus
strain A15 were assessed by the MBTH/DMAB assay after supplementation with
H2O2 and Mn2+. A pH optimum of 5.4 was observed for culture medium of M1-
8 and compost extract of A15 (Figure 5.3). The pH dependent MnP activity in
compost extract of A. bisporus followed a similar pattern as compared to M1-8
(R2 of 0.95). MnP activity was at background levels in the presence of H2O2 alone
(not shown) but upon addition of Mn2+ alone some activity was measured that
increased linearly with increasing pH (Figure 5.3).

Strains H4.8 and M1-8 were grown for 119 days on birch wood to study the
effect of MnP production on the degradation of lignin. Wood extract from M1-8
cultures contained MnP activity, while wood extract of H4.8 did not (Figure 5.4C).
Both the Ac / Al ratio and Γ proxy (Filley et al. 2006) of the untreated birch wood
(0.42 and 0.24, respectively) were not affected by colonization of H4.8 or M1-8
(Figure 5.4A and B).

DISCUSSION

T he lack of class II peroxidases in the genome of S. commune, its poor per-
formance in wood decay, and genetic accessibility make this basidiomycete

an interesting model to study the minimal requirements for efficient ligninolytic
action. Codon optimized mnp1 and mnp2 genes of A. bisporus were successfully
expressed by S. commune as shown by qPCR and RBBR discoloration. Crossing
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mnp1 and mnp2 transformants resulted in strain M1-8 that produced 2-fold and
13-fold more MnP activity in the MBTH/DMAB assay as compared to strain B1-9
and B2-4, respectively. The pH spectrum of MnP activity in compost extract of
A. bisporus was similar to that in standing cultures of M1-8. The pH optimum
of 5.4 was similar as reported previously but the decrease in MnP activity at pH
> 5.5 was not as steep (Bonnen et al. 1994). This may be caused by the guaiacol
substrate used by Bonnen et al. (1994). Notably, activity was also observed, albeit
lower, when H2O2 was not supplemented in the assay. This activity increased with
increasing pH and may be caused by de novo production of H2O2 (Chapter 4).

MnP2 has not been isolated from compost and expression of its encoding gene
has not been observed (Lankinen et al. 2001; Patyshakuliyeva et al. 2015). This
suggested that it is a pseudogene. However, we here showed that transformants
expressing mnp2 did decolorize RBBR. In fact, mnp2 transformant B2-4 showed
higher RBBR decoloration when compared to mnp1 transformant B1-9 while
mRNA production was higher in B1-9. In contrast, activity of the mnp1 transfor-
mants was higher when using the MBTH/DMAB assay. This difference may be
due to differences in the interaction of MnP1 and MnP2 with their substrates.

Figure 5.3: pH spectrum of MnP activity in culture medium of transformant M1-8 (A) and compost
extract of A. bisporus strain A15 (B). MnP activity measured after supplementing the assay with
H2O2 and Mn2+ (black line) and H2O2-independent but Mn2+ dependent activity (grey line). Data
for M1-8 represents 1 biological replica, while A15 represents a biological triplicate with standard
deviations as error bars.
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Figure 5.4: Thermally assisted Hydrolysis and Methylation of birch wood (BW) and birch wood
colonized by wild type H4.8 or M1-8. Data is represented as the acid / aldehyde ratio (A), and the Γ
proxy (B). MnP activity (C) was measured in BW colonized by H4.8 and M1-8. BW, H4.8, and M1.8
represent 3, 4, and 4 replicas, respectively. Error bars represent standard deviations.

Some genes involved in lignin degradation have been identified. This was
done by random mutagenesis, by targeted knockouts, and by using in vitro assays
(Boominathan et al. 1990; Addleman et al. 1995; Eggert et al. 1997; Salame et al.
2014). However, a bottom up approach of introducing a (minimal) ligninolytic
system in a fungus has not been attempted yet. The introduction of MnP in S.
commune was a first step in this approach. THM of wood colonized by S. commune
did not show any effect on the oxidation of propenyl chains as indicated by both
the Γ proxy and the acid / aldehyde ratio. This suggests that introduction of
MnP alone is not sufficient to adapt the life style of S. commune to a ligninolytic
white rot. Based on the results of Chapter 4 it is tempting to speculate that
introduction of a H2O2 generating enzyme may stimulate ligninolysis in MnP
producing transformants of S. commune.
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SUPPLEMENTAL MATERIAL

Table 5.1: Primers used in this study.

Primer Sequence

1 CGCCATGGCCTTCAAGATCCTCCTCTC
2 GCGGATCCTCAGGACGTGGGACCGGG
3 AGGACAAGTCGCAGCTCATC
4 AAGTACGGCTCGTTCGTCAG
5 ACCACTTCGAGAACGTCTGC
6 ATGTCCGAGAAGGTGACGATG
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ABSTRACT
The Cys2His2 zinc finger protein gene c2h2 of Schizophyllum commune is involved
in mushroom formation. Its inactivation results in a strain that is arrested at the
stage of aggregate formation. In this study, the c2h2 orthologue of Agaricus bis-
porus was over-expressed in this white button mushroom forming basidiomycete
using Agrobacterium-mediated transformation. Morphology, cap expansion rate,
and total number and biomass of mushrooms was not affected by over-expression
of c2h2. However, yield-per-day of the c2h2 over-expression strains peaked one
day earlier. These data and expression analysis indicate that C2H2 impacts timing
of mushroom formation at an early stage of development, making its encoding
gene a target for breeding of commercial mushroom strains.

INTRODUCTION

T he basidiomycete Agaricus bisporus is cultivated globally for the production of
white button mushrooms. These fruiting bodies have a relative high protein

content and contain fibers, vitamins, minerals, and bioactive compounds. A.
bisporus is grown on compost formed from wheat straw, horse or chicken manure,
and gypsum. During colonization, the compost is topped with a casing layer
needed for moisture and microbial flora (Bels-Koning 1950; Flegg 1956; Kalberer
1987). Induction of mushroom formation depends on environmental signals. The
volatile 1-octen-3-ol represses early development, while high temperature (i.e. 25
°C instead of 18 °C) inhibits development from smooth to elongated primordia.
On the other hand, CO2 impacts the number of fruiting bodies that are formed
(Noble et al. 2009; Eastwood et al. 2013). Development of A. bisporus is a complex
process (Kües and Navarro-González 2015). It starts with aggregation of hyphae
into hyphal knots (Umar and van Griensven 1997). These structures develop into
1 - 2 mm initials, also called primordia, that differentiate by forming cap and stem
tissues (Umar and van Griensven 1997). Up to 10 % of differentiated primordia
develop into mushrooms (Noble et al. 2003). Breaking of the veil of these fruiting
bodies enables airborne dispersal of basidiospores that had been formed in the
gill tissue within the cap.

Production conditions of white button mushrooms have been optimized with
respect to yield and quality of fruiting bodies (Straatsma et al. 2013). However,
molecular mechanisms underlying mushroom formation are poorly understood.
For instance, transcription factors (TFs) involved in white button development
have not been identified so far. Such regulatory proteins have been identified
in the model organism Schizophyllum commune (Ohm et al. 2010; 2011; 2013).
Formation of its fruiting bodies is induced by blue light and is repressed by high
CO2 (Perkins and Gordon 1969; Niederpruem1963; Raudaskoski and Viitanen
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1982; Ohm et al. 2013). The blue light receptor complex consists of the sensor WC-
1 and TF WC-2. Inactivation of wc-1 and / or wc-2 results in a blind strain not able
to produce aggregates, primordia, and fruiting bodies (Ohm et al. 2013). Strains
in which the homeodomain gene hom2 or the zinc finger TF gene fst4 have been
inactivated are also not able to produce aggregates (Ohm et al. 2010; 2011). In
contrast, inactivation of the gene encoding the Cys2His2 zinc finger protein C2H2
results in a strain that does form aggregates but primordia and fruiting bodies
are not formed (Ohm et al. 2011). Strains in which genes are inactivated that
encode the zinc finger protein Fst3, the GATA type zinc finger protein Gat1, or the
homeodomain protein Hom1 form smaller fruiting bodies but in higher numbers
(Ohm et al. 2011). These proteins were proposed to play a role in repression of
outgrowth of primordia into fruiting bodies or to play a role in expansion of the
fruiting body.

Homologues of the S. commune TFs involved in fruiting body development
have been identified in other mushroom forming fungi. Expression analysis in
A. bisporus, Laccaria bicolor, and Coprinopsis cinerea suggest that mushroom
development in the Basidiomycota follows a core regulatory program with species
specific variations that explain differences in morphology and sensitivity to envi-
ronmental signals (Ohm et al. 2010; Morin et al. 2012; Plaza et al. 2014; Muraguchi
et al. 2015). In this study, the A. bisporus c2h2 homologue was over-expressed
in the commercial A15 strain of this mushroom forming fungus. This resulted in
an accelerated rate of mushroom production. Experimental data indicate that
C2H2 functions both early and late in mushroom development and that it is an
interesting target for breeding of commercial strains.

MATERIAL AND METHODS

CULTURE CONDITIONS AND STRAINS

The heterokaryotic A. bisporus strain A15 (obtained from the fungal collection
of Plant Breeding Wageningen UR, the Netherlands) and its derivatives AT273-1
and AT273-5 that over-express c2h2 were routinely grown at 25 °C on malt extract
agar medium (MEA; 20 g l-1 malt extract agar [BD biosciences, Franklin Lakes,
USA], 2.1 g l-1 MOPS, pH 7.0). Spawn was produced using a mixture of 24 g kg-1

CaSO4, 6.87 g kg-1 CaCO3, and 75 g Sorghum seeds. The seeds had been heated in
water at 100 °C for 20 min followed by sterilization for 20 min at 121 °C. Spawn
was colonized for 3 weeks at 25 °C using 2 1-week-old A. bisporus colonies as
inoculum. Mushrooms were produced by inoculating boxes (40 cm width x 60 cm
length x 22 cm height) containing 16 kg phase 2 compost (CNC, Milsbeek, The
Netherlands) with 75 g of spawn. Compost temperature was maintained at 25 °C
with an air temperature of 22 °C. Relative humidity in growth cells was kept at 95
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%, while CO2 levels fluctuated between 1500 ppm and 2000 ppm. 10 boxes were
inoculated per strain and were randomly distributed in the growth cell. After 16
days, the compost in each box was topped with 7 kg casing layer (CNC, Milsbeek,
The Netherlands). Growth was prolonged for 14 days before venting. The casing
was manually broken 4 days prior to venting and mixed to create fast regenerative
growth and a more equal distribution of A. bisporus in the casing layer. Venting
resulted in a gradual decrease of compost and air temperature to 19 and 18 °C,
respectively. Relative humidity and CO2 levels decreased gradually to 85 % and
1200 ppm, respectively. The first buttons were removed from the bed 9 days after
venting.

ANALYSIS OF MUSHROOM FORMATION

Photos of casing layer surfaces were taken in a fixed rig at 24 h intervals from
venting until the start of the first flush. Emergence of mushrooms and growth rate
of the caps was monitored using ImageJ (http://imagej.nih.gov/ij/). Harvesting
of mushrooms was done by a professional picker as performed in commercial
production. Prior to the flushes some buttons were removed to open up the space
between developing buttons. Fruiting bodies with a diameter between 40 and 60
mm were always harvested, while fruiting bodies with a diameter of ≤ 40 mm were
picked from densely populated areas to provide more space, water, and nutrients
to the remaining mushrooms, thereby ensuring optimal yield. Mushrooms were
classified as size 40 (mushrooms with a cap ≤ 40 mm) and size 60 (mushrooms
with a cap between 40 - 60 mm). Mushrooms were harvested in two flushes. All
mushrooms had reached a size ≥ 40 mm during the second flush at day 22 and all
fruiting bodies were therefore harvested, thus completing the experiment. Yield
per box was expressed as the biomass and the number of harvested mushrooms.
Height and width of cap and stem were determined of 10 randomly selected
mushrooms per box during the peak day of the first flush. Dry weight of the
mushrooms was assessed by drying 200 g wet weight fruiting bodies at 100 °C.
Relative dry weight is defined as the dry weight compared to the original wet
weight.

OVER-EXPRESSION OF c2h2
Primers GATCGTTAATTAAGAATTCAGATCTCAATTGGGCGCGCC and GGCGCGC-
CCAATTGAGATCTGAATTCTTAATTAAC were used to introduce PacI and AscI sites
into pBHg (Chen et al. 2000), creating pBHgPA. Gene c2h2 of A. bisporus (Pro-
teinID 230069, http://genome.jgi.doe.gov/ Agabi_varbisH97_2) encompassing
its coding region with 750 bp up- and downstream sequences was amplified
by PCR using genomic DNA of A. bisporus A15, primers CGCTTAATTAACCTG-
GCAAAAAAGTGAAC and ATATGGCGCGCCACTACGTCGATGATCATG and Phusion
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Hot Start II High-Fidelity DNA polymerase (Thermo Fisher Scientific, Waltham,
USA). The amplicon contained PacI and AscI linkers at its 5’ and 3’ ends, respec-
tively, enabling its introduction in pBHgPA that had been cut with PacI and AscI.
The resulting plasmid pKS273 was introduced in Agrobacterium tumefaciens AGL-
1 (Chen et al. 2000). Transformation of A. bisporus A15 gills was performed as
described (Romaine and Chen 2005). Transformants were screened on MEA plates
containing 25 µg ml-1 hygromycin, 200 µM cefotaxime, and 100 µg ml-1 moxalac-
tum. Transformants were transferred to a second selection plate containing 40 µg
ml-1 hygromycin, 200 µM cefotaxime, and 17 µg ml-1 tetracycline.

WHOLE GENOME EXPRESSION ANALYSIS

Mycelium in the casing layer, initials, stage I and stage II buttons, and young
fruiting bodies of A. bisporus strain A15 were harvested 9 days after venting from
two distinct places of the casing bed (thereby creating biological duplo’s). Due to
the method of cultivation at the commercial hand-picking grower Maatschap van
den Heuvel, de Rips, The Netherlands, all developmental stages were present on
the casing bed at this time point. Casing mycelium was harvested with casing soil.
The initials were pooled to obtain sufficient material for RNA isolation. A single
stage I button was divided in cap and stipe using a scalpel. A stage II button and a
young fruiting body were divided into components of the stipe (skin, underlying
tissue and center) and cap (skin, underlying tissue, gill tissue and veil). Samples
were immediately frozen in liquid nitrogen. The casing mycelium sample was
broken in pieces and kept frozen with liquid nitrogen while harvesting mycelium
using cooled tweezers. Samples were homogenized using the TissueLyser II (Qia-
gen, Düsseldorf, Germany) and RNA was purified using the NucleoSpin RNA kit
(Macherey-Nagel, Düren, Germany). Quality was assessed by gel electrophoresis
and sent to ServiceXS (Leiden, the Netherlands) for Illumina Next Generation
Sequencing. RNA sequencing data have been deposited at NCBI under accession
PRJNA309475.

Sequencing revealed between 20,002,387 and 38,840,092 reads. The RNA-Seq
pipeline used the TRIMMOMATIC read trimmer version 0.32 (Bolger et al. 2014)
to remove low quality regions and the ILLUMINA adapters from the 125 bp paired
end reads. These filtered reads that made up 79 - 86 % of the initial reads were
aligned to the A. bisporus v3.0 genome (Sonnenberg, unpublished data) using
STAR aligner version 2.4.0f1 (Dobin et al. 2013). The size of the introns was limited
to 1500 bp based on the largest intron sizes in the genome annotation provided by
the Joint Genome Institute of the Department of Energy (JGI DOE). This resulted
in an alignment of 80 - 93 % of the filtered reads. Abundance estimation was
calculated with Cufflinks version 2.1.1 (Trapnell et al. 2012), and differential
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Figure 6.1: Total up- and downregulated genes (A) and up- and downregulated TF genes (B) com-
paring initials, stage I buttons, stage II buttons, and young fruiting bodies (YFB) with the preceding
developmental stage.
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expression tests were performed by Cuffdiff using a Benjamini Hochberg false
discovery rate of 0.05 (Trapnell et al. 2013). Proteins annotated to contain a
DNA-binding or regulatory protein domain in the InterPro annotation predictions
provided by JGI DOE were considered TFs.

STATISTICAL ANALYSES

Permutations tests were performed to circumvent non-normal distributions of
the data. Within each test 1,000.000 permutations were performed. P-values were
corrected with a Benjamini Hochberg procedure using a false discovery rate of
0.05.

RESULTS

WHOLE GENOME EXPRESSION ANALYSIS

RNA composition of casing mycelium, initials, stage I and II buttons, and young
fruiting bodies of the commercial A. bisporus strain A15 were determined. Initials
consisted of 1 - 2 mm hyphal knots, while stage I buttons were 4 - 5 mm in
diameter. Stage II buttons showed differentiation within the cap and stipe tissue.
For instance, gills had developed. Young fruiting bodies were between 15 and 20
mm in diameter and still had their gills covered with veil. Stage I and II buttons
and young fruiting bodies were dissected into stipe and cap. Stipes of stage II
buttons and young fruiting bodies were subdivided into skin, underlying tissue,
and central tissue, while caps were subdivided in skin, underlying tissue, gill tissue,
and veil tissue. 875 and 707 genes were up- and downregulated, respectively, in
initials when compared to casing mycelium (Figure 6.1A). In stipes and caps of
stage I buttons 1194 and 1496 genes were upregulated when compared to initials,
while 1788 and 2225 genes were downregulated. The number of genes that were
upregulated in tissues of stage II buttons ranged from 39 to 147, while 105 to
503 genes were downregulated when compared to the caps and stipes of stage I
buttons. The number of upregulated genes in young fruiting body tissues ranged
from 118 to 735 compared to the stage II button tissues, while 136 to 568 genes
were downregulated.

The overall number of TF genes that were upregulated ranged from 1 to 35
when consecutive stages were compared, while the number of downregulated
regulatory genes ranged from 3 to 55 (Figure 6.1B, Table 6.3 in the Supplementary
Material). The most prominent changes were observed when initials and caps of
stage I buttons were compared (90 differentially expressed TF genes). Only 4 TF
genes were differentially expressed in the transition of stipes of stage I buttons
into stipe skin of stage II buttons and from stage I caps to stage II cap tissues
(Figure 6.1B).
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Figure 6.2: Average biomass (A) and number (B) of A15 (black line), AT273-1 (dark grey line), and
AT273-5 (light grey line) mushrooms per box (n=10) picked during a 22-day period after venting (t =
0). Bars represent standard deviation.

Expression of the A. bisporus orthologues of the blue light sensor gene wc-1
and the TF genes wc-2, hom2, fst4, c2h2, fst3, gat1, and hom1 of S. commune
(Morin et al. 2012) was analyzed. To this end, expression levels at the different
stages of development were compared with mycelium in the casing layer. Tran-
script levels of wc-2 and c2h2 increased > 2-fold in initials compared to casing
mycelium, while hom1 levels decreased > 2-fold (Table 6.1; Table 6.4 in the Sup-
plementary Material). Expression of wc-1 and wc-2 was in general higher in aerial
structures when compared to the casing mycelium, in stipes when compared to
caps, and in outer tissues when compared to inner tissues of the aerial structures.
Genes hom2 and fst4 were ≥ 2-fold upregulated when initials had developed in
stage I buttons. Like wc-1 and wc-2, they were more highly expressed in stipes
when compared to caps but in this case there was no difference between outer and
inner tissues of the stage II buttons and young fruiting bodies. Gene c2h2 showed
high expression at different stages of fruiting body development. Expression levels
≥ 4-fold were observed in initials, caps of stage I buttons, gill tissue of stage II
buttons, and veil tissue of young fruiting bodies. Expression of c2h2 was reduced
≥ 2-fold when compared to casing mycelium in stipe and cap skin and in inner
cap tissue of young fruiting bodies. Increased (≥ 2-fold) levels of fst3 were only
observed in stipes of stage I buttons and in stipe skin and tissue of stage II buttons.
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Table 6.1: Fold changes in expression during A. bisporus development of TF orthologues involved
in mushroom formation in S. commune.

wc-1 wc-2 hom2 fst4 c2h2 fst3 gat1 hom1

Casing mycelium 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Initials 1.4 6.0 1.6 1.9 4.4 1.1 0.9 0.4

Stage I buttons

Stipe 2.3 3.4 5.6 2.3 3.1 2.0 0.4 0.6
Cap 1.1 2.8 1.4 2.1 8.5 0.9 0.4 0.3

Stage II buttons

Stipe center 1.6 5.5 6.0 2.1 3.2 1.3 0.2 0.7
Stipe tissue 3.4 11.2 6.0 2.1 1.2 2.2 0.2 0.9
Stipe skin 2.7 8.2 4.7 2.0 1.6 2.0 0.4 0.9
Cap skin 2.1 3.2 0.6 1.3 2.1 0.9 0.4 0.6

Cap tissue 1.3 1.5 1.1 1.6 3.8 0.9 0.3 0.5
Gill tissue 0.8 0.8 1.7 1.9 7.6 0.8 0.3 0.4

Young fruiting bodies

Stipe center 3.1 7.6 8.3 2.1 1.2 1.5 0.5 1.4
Stipe shell 4.6 18.8 8.0 2.0 1.6 1.9 0.3 1.4
Stipe skin 4.1 24.0 4.6 1.7 0.3 1.9 0.3 1.3
Cap skin 3.7 8.2 0.5 0.9 0.4 1.0 0.4 1.1

Cap tissue 2.8 2.3 1.0 0.8 0.1 1.0 0.3 0.8
Gill tissue 3.8 9.1 1.4 1.3 3.0 1.4 0.4 1.1

Veil 2.3 3.3 1.7 1.8 6.7 1.4 0.4 0.7

Expression was related to expression in the casing layer. Dark and light red boxes indicate ≥ 2-fold
and ≥ 4-fold reduced expression in the developmental structures, respectively. Light to dark green
in the closed boxes indicates ≥ 2-fold, ≥ 4-fold, and ≥ 10-fold increased expression in the aerial
structures.

Table 6.2: Total weight and number of mushrooms per box of A. bisporus strains
A15, AT273-1 and AT273-5 after 2 flushes (n=10).

Weight (g) Number of mushrooms
Strain Average Standard deviation Average Standard deviation

A15 4197.6 200.1 600.1 114.6
AT273-1 4209.8 439.2 573.1 149.1
AT273-5 4324.4 235.5 634.7 90.9
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Figure 6.3: Buttons (black bar), mushrooms with 40 mm diameter (dark grey bar), and 60 mm
(light grey bar) of A15, AT273-1 and AT273-5 harvested during two flushes. Bars represent standard
deviation (n=100).

Gene hom1, and in particular gat1 was in general downregulated when compared
to casing mycelium.

FASTER MUSHROOM PRODUCTION BY OVER-EXPRESSION OF c2h2
Gene c2h2 (protein ID 230069) of A. bisporus shares 79 % identity with its homo-
logue of S. commune (protein ID 1194000; http://genome.jgi.doe.gov/Schco3). Ex-
pression construct pKS273 (see Material and methods) encompassing A. bisporus
gene c2h2 was introduced into A. bisporus A15 using A. tumefaciens mediated
transformation. This resulted in 10 transformants, 2 of which were picked for
further analysis. qPCR showed a 30- and a 2.5-fold increase in c2h2 expression in
A. bisporus AT273-1 and AT273-5, respectively, when grown on MEA. Growth of
these strains on malt extract medium was similar to the parental strain.

Mushroom production of A. bisporus AT273-5 and AT273-1 was assessed in
a semi-commercial setting (see Material and methods). The first flush started
9 days after venting and progressed until day 14. The second flush took place
between day 19 and day 22 (Figure 6.2). Biomass of mushrooms harvested at day
9 - 11 and at day 19 - 20 was higher for A. bisporus AT273-1 when compared to A15
(Figure 6.2A). A. bisporus AT273-5 showed higher harvested mushroom biomass
at day 11, 19, and 20 when compared to A15. The latter strain produced more
biomass at day 13 and 14 compared to both transformants and more biomass
compared to A. bisporus AT273-1 on day 22. Total production of mushrooms was
similar for the 3 strains (Table 6.2). A higher number of A15 mushrooms was har-
vested at day 13 when compared to A. bisporus AT273-5, day 14 compared to both
transformants, and day 22 compared to A. bisporus AT273-1. A higher number of
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A. bisporus AT273-1 and AT273-5 mushrooms were harvested compared to A15 at
day 9, 19, and 20 when compared to A15 (Figure 6.2B). Together, these data show
that over-expression of c2h2 accelerates development of mushrooms.

Harvested mushrooms were classified based on size 40 (cap ≤ 40 mm) and
size 60 (cap between 40 - 60 mm) (Figure 6.3). During the first flush, A15 produced
more size 40 mushrooms (57 %), while the c2h2 over-expressing strains produced
more size 60 mushrooms (56 and 55 %, respectively). The ratio between cap and
stem dimensions were similar for all strains. A relative dry weight of 8 % was
found for the mushrooms of the 3 strains at day 12 and 13 (Figure 6.4). All strains
produced more size 40 mushrooms in the second flush (64 % for A15 versus 73 and
71 % for AT273-1 and AT273-5). Relative dry weight at day 21 amounted between
6.2 and 6.7 % for the three strains (Figure 6.4). Together, these data show that
over-expression of c2h2 promotes size in the first flush.

Mushroom formation was monitored by analyzing photos taken in 24 h in-
tervals. Cap expansion was similar for the 3 strains (Figure 6.5B). The number
of buttons emerging from the casing was not significantly different between the
three strains but there was a trend that the c2h2 over-expression strains showed
accelerated button emergence (Figure 6.5A).

DISCUSSION

F ormation of mushrooms is a highly complex developmental process (Kües
2000). After a submerged mycelium has been formed, hyphae escape the

substrate to grow into the air. These hyphae form aggregates with a diameter
< 1 mm. They result from a single hypha that branches intensely or arise from
branches of neighboring aerial hyphae that grow towards and alongside each other.
The dark-grown aggregates of C. cinerea can develop into different structures

Figure 6.4: Relative dry weight of mushrooms at days 12, 13 and 21 after vent-off for A. bisporus
strains A15 (black bar), AT273-1 (dark grey bar), and AT273-5 (light grey bar). Bars represent standard
deviation (n=10).
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Figure 6.5: Number of A15 (black), AT273-1 (dark grey), and AT273-5 (light grey) buttons that had
emerged from the casing soil 1, 2 and 3 days after venting (A) and expansion of mushroom caps of
the three strains in time (B). Bars represent standard deviation (n=10).

depending on light conditions. Continuation of growth in the dark results in
formation of sclerotia, while a 12 h day-night cycle induces development of initials.
Initials, or primordia, are the first fruiting body specific structures and can be
selectively stained with Janus green (Sánchez and Moore 1999). The switch from
aggregate to primordia can be considered key in development since it determines
the structure to develop into a sexual reproductive structure. The fact that c2h2
of S. commune is involved in the switch from aggregates to primordia (Ohm et
al. 2011) makes it a gene of high interest for fruiting body development. Here
the c2h2 orthologue of A. bisporus was over-expressed resulting in accelerated
mushroom formation.

Expression of c2h2 in different developmental stages was compared to that in
casing mycelium. Gene c2h2 was ≥ 4-fold upregulated in initials of A. bisporus.
Upregulation was also found in stage I and stage II buttons, in particular in cap
tissue. Expression of c2h2 was reduced or ≤ 2-fold upregulated in the tissues of
young fruiting bodies with the exception of veil and gill tissue. These expression
data indicate that c2h2 functions early in fruiting body development, while it also
seems to have a role in selective tissues of young mushrooms.

Gene c2h2 of A. bisporus was over-expressed in the commercial A. bisporus
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strain A15. Two transformants were selected for phenotypic analysis. These
strains, called AT273-1 and AT273-5, displayed 30-fold and 2.5-fold increased
c2h2 expression, respectively. Phenotypes of these strains were similar, indicating
that a few fold increased expression of c2h2 is sufficient to obtain a full effect of
over-expression. Morphology, cap expansion rate, and total number and biomass
of harvested mushrooms were not affected by over-expression of c2h2. However,
formation of mushrooms with a cap size ≥ 4 cm was accelerated. Biomass of har-
vested mushrooms was increased on day 9 to 11 (first flush) and 19 to 20 (second
flush) in A. bisporus AT273-1 and day 11, 19, and 20 in A. bisporus AT273-5 when
compared to A15. On the other hand, A15 produced more biomass on day 13, 14,
and 22. The number of harvested mushrooms also indicated accelerated growth
of the c2h2 over-expressors. The fact that expansion rate of mushrooms was
similar between the transformants and A15 implies that accelerated mushroom
formation is caused at the level of outgrowth of initials. This is supported by a
trend that the transformants had formed more initials when compared to A15 1, 2,
and 3 days after venting.

It is difficult to compare our results with other whole genome expression
studies of mushroom development (Ohm et al. 2010; 2011; 2013; Morin et al.
2012; Plaza et al. 2014; Muraguchi et al. 2015). In this work RNA from a fertile
casing mycelium was used as a reference for differential expression, while Plaza
et al. (2014) used fertile vegetative mycelium from complete medium. Ohm et al.
(2010, 2011, 2013) compared whole cultures of a sterile monokaryotic vegetative
mycelium with whole cultures of the fertile dikaryon at different developmen-
tal stages. In contrast, we here used pure developmental structures and tissues.
Therefore, we have only focused on expression of genes known to play a role in
fruiting body development in S. commune. Expression of c2h2 in S. commune is
highest in primordia and mature fruiting bodies (Ohm et al. 2011), which is in
agreement with the findings in A. bisporus. The genes encoding the blue light
sensing complex components Wc-1 and Wc-2 are also most highly expressed in
primordia and fruiting bodies of S. commune. This agrees with the finding that
the A. bisporus homologues were more highly expressed in aerial structures when
compared to casing mycelium, in stipe tissue when compared to cap tissue, and in
outer tissues of the aerial structures when compared to inner tissues. A. bisporus
does not require blue light to produce mushrooms. Yet, blue light sensing is also
required to induce UV light-related DNA damage repair (e.g. photolyase) and in
conversion of toxic porphyrin intermediates in heme (ferrochelatase) (Ohm et al.
2013). Expression of hom2 of S. commune does not change during development
until the stage of mature fruiting bodies when expression drops. Expression of
fst3 and fst4 is considered constitutive in S. commune. Gene hom2 was ≥ 2-fold
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over-expressed when initials had developed into stage I buttons. Like wc-1 and
wc-2, expression of hom2, fst4, and fst3 were more highly expressed in stipes
when compared to caps but only small differences were observed between outer
and inner tissues of the stage II buttons and young fruiting bodies. Genes gat1
and hom1 of S. commune are most highly expressed in late stages of mushroom
development, although their upregulation is modest. These genes have a different
expression profile in A. bisporus. They were generally downregulated in the devel-
opmental structures when compared to casing mycelium. This effect was most
prominent for gat1. It may thus be that their role in S. commune and A. bisporus
is different. Recently, expression profiles of wc-2, hom2, fst4, c2h2, fst3, hom1,
and gat1 were determined in stipe and cap during fruiting body development in
C. cinerea (Muraguchi et al. 2015). Expression of wc-2 increased during initial
development and was higher in the stipe when compared to cap. Genes fst4 and
fst3 were also more highly expressed in the stipe. This is similar to the A. bisporus
expression profiles presented in this study. Expression of hom2 remained constant
during the early development, but in contrast to A. bisporus, was higher in the cap
during later stages. Transcript levels of gat1 slightly increased during development
in C. cinerea, while they diminished in A. bisporus at this stage. Expression of c2h2
was higher in the cap compared to the stipe tissues early in development while
this was reversed later in development, a situation similar to A. bisporus. Together,
these data support the view that mushroom development in the Basidiomycota
follows a core regulatory program with species specific variations that may explain
differences in morphology and sensitivity to environmental signals.
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SUPPLEMENTARY MATERIAL

Table 6.3: ProteinIDs of transcription factor genes differentially expressed in initials, stage I buttons,
stage II buttons, and young fruiting bodies (YFB) when compared to the preceding developmental
stage. Fc = Fold-change.

Initials
Upregulated Downregulated

ProteinID Annotation Fc ProteinID Annotation Fc

185241
Fungal transcriptional regula-
tory protein, N-terminal

1.9 141117
HMG-I and HMG-Y, DNA-
binding

0.5

56847 High mobility group box, HMG INF 71198
Fungal specific transcription fac-
tor

0.4

199498 TEA/ATTS 5.6 204681
Fungal transcriptional regula-
tory protein, N-terminal

0.3

224104 Homeobox 1.9 229742 Zinc finger, C2H2-type 0.5
114694 Zinc finger, C2H2-type 2 206880 Zinc finger, C2H2-type 0.4

117682
Bacterial regulatory protein,
MarR

2.5 189981 Zinc finger, C2H2-type 0.4

118034 Homeodomain-like 1.9 179892 High mobility group box, HMG 0.3

116879 Zinc finger, C2H2-type 2.5 180441
Basic helix-loop-helix dimerisa-
tion region bHLH

0.5

116860
Homeodomain-like SANT, DNA-
binding

1.8 189288 Homeobox 0.5

132586 Basic-leucine zipper (bZIP) 3.8 192433 Homeobox 0.4

199557
Fungal specific transcription fac-
tor

2.1 137362
Centromere protein B, helix-
turn-helix Homeodomain-like

0.2

75421 SANT, glycoside hydrolase 2.5 122840 Zinc finger, C2H2-type 0.4

185465
HMG-I and HMG-Y, DNA-
binding

1.8 61584
Basic helix-loop-helix dimerisa-
tion region bHLH

0.4

223670
Fungal specific transcription fac-
tor

1.9

192334 Zinc finger, C2H2-type 1.9
117665 Zinc finger, C2H2-type 2.2
230069 Zinc finger, C2H2-type 4.4
120238 High mobility group box, HMG 4.2
190401 Zinc finger, GATA-type 6

Stage I buttons stipe
ProteinID Annotation Fc ProteinID Annotation Fc

141117
HMG-I and HMG-Y, DNA-
binding

3 113594
Fungal specific transcription fac-
tor

0.5

56560 High mobility group box, HMG 2.1 74326 Zinc finger, NF-X1-type 0.5
196071 Basic leucine zipper 2 56847 High mobility group box, HMG INF
147784 SANT, DNA-binding 2.3 204101 Zinc finger, C2H2-type INF
147361 Homeobox 2.1 199498 TEA/ATTS 0.5

196103 Zinc finger, C2H2-type 2 116501
Basic helix-loop-helix dimerisa-
tion region bHLH

0.4

117837
HMG-I and HMG-Y, DNA-
binding

1.8 68386
Homeodomain-like SANT, DNA-
binding

0.6

223664
Fungal specific transcription fac-
tor

2 78651 Zinc finger, Rad18-type putative 0.4

208468 High mobility group box, HMG 2.2 194792
Basic-leucine zipper (bZIP) tran-
scription factor

0.5
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78141 Zinc finger, C2H2-type 2 123182
Fungal specific transcription fac-
tor

0.4

197611 Homeodomain-like 1.9 117682
Bacterial regulatory protein,
MarR

0.5

215897 Zinc finger, DHHC-type 2 187161
Basic-leucine zipper (bZIP) tran-
scription factor

0.6

138604
Fungal transcriptional regula-
tory protein, N-terminal

4.1 121841 Zinc finger, GATA-type 0.4

191883 SANT, glycoside hydrolase 2 132586 Basic leucine zipper 0.4

179892 High mobility group box, HMG 2.3 199557
Fungal specific transcription fac-
tor

0.3

187697
Fungal specific transcription fac-
tor

1.8 229713 Homeodomain-like 0.6

136982 Zinc finger, GATA-type 2.6 227329 Zinc finger, TFIIS-type 0.3

189288 Homeobox 2.2 211033
Lambda repressor-like, DNA-
binding

0.1

119147 Zinc finger, GATA-type 2.6 192389
p53-like transcription factor,
DNA-binding

0.3

212592 1.1 75421 SANT, glycoside hydrolase 0.6

61584
Basic helix-loop-helix dimerisa-
tion region bHLH

2.3 183343
Fungal transcriptional regula-
tory protein, N-terminal

0.4

191328
Fungal specific transcription fac-
tor

1.9 190699 Zinc finger, C2H2-type 0.6

192725 Homeobox 3.4 218115 DnaJ 0.5

197030 High mobility group box, HMG 2.9 222360
Fungal specific transcription fac-
tor

0.6

187173
Basic helix-loop-helix dimerisa-
tion region bHLH

0.5

116656 0.2
123539 0.4
122941 Zinc finger, C2H2-type 0.2
189365 Zinc finger, C2H2-type 0.4
192334 Zinc finger, C2H2-type 0.5
195724 Zinc finger, GATA-type 0.5
115873 Zinc finger, C2H2-type 0.3

191564
Homeodomain-like SANT, DNA-
binding

0.5

193132 Zinc finger, C2H2-type 0.4
193980 Zinc finger, C2H2-type 0.5
194929 0.5
177769 Zinc finger, C2H2-type 0.5
188638 High mobility group box, HMG 0.3

191136
Fungal transcriptional regula-
tory protein, N-terminal

0.5

Stage I buttons cap
ProteinID Annotation Fc ProteinID Annotation Fc

141117
HMG-I and HMG-Y, DNA-
binding

2.7 113594
Fungal specific transcription fac-
tor

0.2

56560 High mobility group box, HMG 2.5 74326 Zinc finger, NF-X1-type 0.4
199498 TEA/ATTS 2 56847 High mobility group box, HMG INF

196071 Basic leucine zipper 2.3 116501
Basic helix-loop-helix dimerisa-
tion region bHLH

0.4

147784 SANT, DNA-binding 2.8 68386
Homeodomain-like SANT, DNA-
binding

0.6

147361 Homeobox 2.4 78651 Zinc finger, Rad18-type putative 0.5
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196103 Zinc finger, C2H2-type 1.8 191917
Basic-leucine zipper (bZIP) tran-
scription factor

0.5

193519 SANT, DNA-binding 2.1 206331
Fungal specific transcription fac-
tor

0.4

225055
Homeodomain-like SANT, DNA-
binding

1.9 73014
Fungal transcriptional regula-
tory protein, N-terminal

0.5

135160
Transcription factor CBF/NF-
Y/archaeal histone

2 194792
Basic-leucine zipper (bZIP) tran-
scription factor

0.3

78141 Zinc finger, C2H2-type 1.9 182409
Basic-leucine zipper (bZIP) tran-
scription factor

0.4

79223 Zinc finger, C2H2-type 2.8 123182
Fungal specific transcription fac-
tor

0.5

70431
ssDNA-binding transcriptional
regulator

2.2 117682
Bacterial regulatory protein,
MarR

0.4

221859
Basic-leucine zipper (bZIP) tran-
scription factor

1.9 116508 Zinc finger, C2H2-type 0.2

219430 DNA-binding, Ankyrin 2.1 187161
Basic-leucine zipper (bZIP) tran-
scription factor

0.5

138604
Fungal transcriptional regula-
tory protein, N-terminal

2.1 121841 Zinc finger, GATA-type 0.3

191883 SANT, glycoside hydrolase 2.1 132586 Basic leucine zipper 0.4

71368 DNA-binding, Ankyrin 1.9 199557
Fungal specific transcription fac-
tor

0.2

179892 High mobility group box, HMG 3.1 219861
Fungal specific transcription fac-
tor

0.4

189288 Homeobox 3.1 227329 Zinc finger, TFIIS-type 0.2

117665 Zinc finger, C2H2-type 4.5 211033
Lambda repressor-like, DNA-
binding

INF

191725 Zinc finger, CCHC-type 2 192389
p53-like transcription factor,
DNA-binding

0.4

191645
HMG High mobility group box,
HMG1/HMG2

2.6 75421 SANT, glycoside hydrolase 0.6

230069 Zinc finger, C2H2-type 2 138736
Fungal transcriptional regula-
tory protein, N-terminal

0.2

190999 High mobility group box, HMG 2.1 183343
Fungal transcriptional regula-
tory protein, N-terminal

0.4

193208 Zinc finger, C2H2-type 3.3 222360
Fungal specific transcription fac-
tor

0.6

175561
Homeodomain-like SANT, DNA-
binding

1.8 187173
Basic helix-loop-helix dimerisa-
tion region bHLH

0.3

134080 MBF 2 182895
Basic helix-loop-helix dimerisa-
tion region bHLH

0.3

190684
Homeodomain-like SANT, DNA-
binding

2.2 116656 0.1

191328
Fungal specific transcription fac-
tor

2.1 122941 Zinc finger, C2H2-type 0.1

197030 High mobility group box, HMG 3.7 189365 Zinc finger, C2H2-type 0.3
192334 Zinc finger, C2H2-type 0.5
192345 Basic leucine zipper 0.5
148501 Zinc finger, C2H2-type 0.5
122836 Zinc finger, GATA-type 0.2
195724 Zinc finger, GATA-type 0.5
115873 Zinc finger, C2H2-type 0.2
115875 Zinc finger, C2H2-type 0.5
191490 Zinc finger, C2H2-type 0.3

191564
Homeodomain-like SANT, DNA-
binding

0.1
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193132 Zinc finger, C2H2-type 0.4
193980 Zinc finger, C2H2-type 0.3

194007
Fungal transcriptional regula-
tory protein, N-terminal

0.5

194929 0.4
122840 Zinc finger, C2H2-type 0.5
177769 Zinc finger, C2H2-type 0.4

183616
Fungal transcriptional regula-
tory protein, N-terminal

0.5

184201 Zinc finger, C2H2-type 0.2
188638 High mobility group box, HMG 0.2
190401 Zinc finger, GATA-type 0.5

191136
Fungal transcriptional regula-
tory protein, N-terminal

0.4

Stage II stipe center
ProteinID Annotation Fc ProteinID Annotation Fc

208769 Zinc finger, PARP-type 2.9 113594
Fungal specific transcription fac-
tor

0.3

117743
Fungal specific transcription fac-
tor

3.3 224104 Homeobox 0.1

204206
Fungal transcriptional regula-
tory protein, N-terminal Zinc
finger, C2H2-type

5.3 199557
Fungal specific transcription fac-
tor

0.5

224564
Fungal transcriptional regula-
tory protein, N-terminal Zinc
finger, C2H2-type

4.6 178849
Fungal transcriptional regula-
tory protein, N-terminal

0.5

138736
Fungal transcriptional regula-
tory protein, N-terminal

3.9 223295
Fungal specific transcription fac-
tor

0.5

122941 Zinc finger, C2H2-type 0.3
189365 Zinc finger, C2H2-type 0.5
117665 Zinc finger, C2H2-type 0.1
195724 Zinc finger, GATA-type 0.4
115873 Zinc finger, C2H2-type 0.4
191490 Zinc finger, C2H2-type 0.1

191564
Homeodomain-like SANT, DNA-
binding

0.4

193208 Zinc finger, C2H2-type 0.1
184201 Zinc finger, C2H2-type 0.2
116512 1.8

Stage II stipe tissue
ProteinID Annotation Fc ProteinID Annotation Fc

204101 Zinc finger, C2H2-type 1.3 185241
Fungal transcriptional regula-
tory protein, N-terminal

0.5

177333 Zinc finger, GATA-type 1.7 113594
Fungal specific transcription fac-
tor

0.3

190401 Zinc finger, GATA-type 3.3 223451 Zinc finger, C2H2-type 0.4
224104 Homeobox 0.3

224564
Fungal transcriptional regula-
tory protein, N-terminal Zinc
finger, C2H2-type

0.5

192389
p53-like transcription factor,
DNA-binding

0.3

117665 Zinc finger, C2H2-type 0.2
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230069 Zinc finger, C2H2-type 0.4
191490 Zinc finger, C2H2-type 0.2
193208 Zinc finger, C2H2-type 0.2
197030 High mobility group box, HMG 0.5

Stage II stipe skin
ProteinID Annotation Fc ProteinID Annotation Fc

190401 Zinc finger, GATA-type 2.4 224564
Fungal transcriptional regula-
tory protein, N-terminal Zinc
finger, C2H2-type

0.5

138736
Fungal transcriptional regula-
tory protein, N-terminal

INF

230069 Zinc finger, C2H2-type 0.5

Stage II cap skin
ProteinID Annotation Fc ProteinID Annotation Fc

185241
Fungal transcriptional regula-
tory protein, N-terminal

2.2 122355 Homeobox 0.6

132586 Basic leucine zipper 2.2 138736
Fungal transcriptional regula-
tory protein, N-terminal

INF

178849
Fungal transcriptional regula-
tory protein, N-terminal

2.4 230069 Zinc finger, C2H2-type 0.2

180216 Transcription factor, STE-like 1.8 115875 Zinc finger, C2H2-type 0.5
192433 Homeobox 1.8 192725 Homeobox 0.5

194007
Fungal transcriptional regula-
tory protein, N-terminal

1.9 116512 0.9

Stage II cap tissue
ProteinID Annotation Fc ProteinID Annotation Fc

194007
Fungal transcriptional regula-
tory protein, N-terminal

1.8 79223 Zinc finger, C2H2-type 0.5

230069 Zinc finger, C2H2-type 0.4
116512 0.8

Stage II gill tissue
ProteinID Annotation Fc ProteinID Annotation Fc

138736
Fungal transcriptional regula-
tory protein, N-terminal

3.1 185241
Fungal transcriptional regula-
tory protein, N-terminal

0.5

199498 TEA/ATTS 0.4
79223 Zinc finger, C2H2-type 0.4

192389
p53-like transcription factor,
DNA-binding

0.5

189365 Zinc finger, C2H2-type 0.6
191490 Zinc finger, C2H2-type 0.4
193208 Zinc finger, C2H2-type 0.5
190401 Zinc finger, GATA-type 0.3

Young fruiting bodies stipe center
ProteinID Annotation Fc ProteinID Annotation Fc

185241
Fungal transcriptional regula-
tory protein, N-terminal

2.3 223451 Zinc finger, C2H2-type 0.3

113594
Fungal specific transcription fac-
tor

2.5 147784 SANT, DNA-binding 0.6
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116501
Basic helix-loop-helix dimerisa-
tion region bHLH

2.4 138604
Fungal transcriptional regula-
tory protein, N-terminal

0.5

121272
Fungal specific transcription fac-
tor

3.1 138736
Fungal transcriptional regula-
tory protein, N-terminal

0.4

199557
Fungal specific transcription fac-
tor

2.6 117665 Zinc finger, C2H2-type 0.3

180441
Basic helix-loop-helix dimerisa-
tion region bHLH

1.7 230069 Zinc finger, C2H2-type 0.4

192433 Homeobox 2 197030 High mobility group box, HMG 0.3
195724 Zinc finger, GATA-type 2.7
191490 Zinc finger, C2H2-type 4.1

191564
Homeodomain-like SANT, DNA-
binding

3.9

Young fruiting bodies stipe shell
ProteinID Annotation Fc ProteinID Annotation Fc

116501
Basic helix-loop-helix dimerisa-
tion region bHLH

2.3 224104 Homeobox 0.4

121272
Fungal specific transcription fac-
tor

2.6 138604
Fungal transcriptional regula-
tory protein, N-terminal

0.5

204206
Fungal transcriptional regula-
tory protein, N-terminal Zinc
finger, C2H2-type

5.1 185465
HMG-I and HMG-Y, DNA-
binding

0.6

224564
Fungal transcriptional regula-
tory protein, N-terminal Zinc
finger, C2H2-type

3.4 178849
Fungal transcriptional regula-
tory protein, N-terminal

0.4

180441
Basic helix-loop-helix dimerisa-
tion region bHLH

1.7 117665 Zinc finger, C2H2-type 0.2

193208 Zinc finger, C2H2-type 0.2

Young fruiting bodies stipe skin
ProteinID Annotation Fc ProteinID Annotation Fc

189243 Zinc finger, C2H2-type 4.2 178849
Fungal transcriptional regula-
tory protein, N-terminal

0.4

116501
Basic helix-loop-helix dimerisa-
tion region bHLH

2.2 117665 Zinc finger, C2H2-type 0.5

204206
Fungal transcriptional regula-
tory protein, N-terminal Zinc
finger, C2H2-type

1.8 230069 Zinc finger, C2H2-type 0.2

180441
Basic helix-loop-helix dimerisa-
tion region bHLH

1.7

190401 Zinc finger, GATA-type 2.9

Young fruiting bodies cap skin
ProteinID Annotation Fc ProteinID Annotation Fc

189243 Zinc finger, C2H2-type 2.4 132586 Basic leucine zipper 0.5

190401 Zinc finger, GATA-type 2.5 178849
Fungal transcriptional regula-
tory protein, N-terminal

0.3

180216 Transcription factor, STE-like 0.5

191645
HMG High mobility group box,
HMG1/HMG2

0.5

230069 Zinc finger, C2H2-type 0.2
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Young fruiting bodies cap tissue
ProteinID Annotation Fc ProteinID Annotation Fc

189243 Zinc finger, C2H2-type 2.3 74659 Zinc finger, PARP-type 0.3

192596
Fungal transcriptional regula-
tory protein, N-terminal

2 199498 TEA/ATTS 0.4

122836 Zinc finger, GATA-type 2.3 78651 Zinc finger, Rad18-type putative 0.5
224104 Homeobox 0.2

192389
p53-like transcription factor,
DNA-binding

0.3

185465
HMG-I and HMG-Y, DNA-
binding

0.5

223670
Fungal specific transcription fac-
tor

0.5

178849
Fungal transcriptional regula-
tory protein, N-terminal

0.4

223295
Fungal specific transcription fac-
tor

0.5

190080 Zinc finger, TFIIS-type 0.4
117665 Zinc finger, C2H2-type 0.2

191645
HMG High mobility group box,
HMG1/HMG2

0.4

230069 Zinc finger, C2H2-type INF
191490 Zinc finger, C2H2-type 0.2
116512 0.8

Young fruiting bodies gill tissue
ProteinID Annotation Fc ProteinID Annotation Fc

185241
Fungal transcriptional regula-
tory protein, N-terminal

4.4 122355 Homeobox 0.5

189243 Zinc finger, C2H2-type 3.4 223451 Zinc finger, C2H2-type 0.4
199498 TEA/ATTS 3.6 196103 Zinc finger, C2H2-type 0.5

116501
Basic helix-loop-helix dimerisa-
tion region bHLH

5.8 224564
Fungal transcriptional regula-
tory protein, N-terminal Zinc
finger, C2H2-type

0.5

224104 Homeobox 3 138736
Fungal transcriptional regula-
tory protein, N-terminal

INF

222207 TEA/ATTS 2.7 189288 Homeobox 0.5
132586 Basic leucine zipper 3 190080 Zinc finger, TFIIS-type 0.4

79223 Zinc finger, C2H2-type 5.9 191645
HMG High mobility group box,
HMG1/HMG2

0.4

192389
p53-like transcription factor,
DNA-binding

2.5 230069 Zinc finger, C2H2-type 0.4

182895
Basic helix-loop-helix dimerisa-
tion region bHLH

2.3

223295
Fungal specific transcription fac-
tor

2

189365 Zinc finger, C2H2-type 2.7
192433 Homeobox 2.8
148501 Zinc finger, C2H2-type 2.4
115873 Zinc finger, C2H2-type 2.5
191490 Zinc finger, C2H2-type 2
193208 Zinc finger, C2H2-type 2.7
194929 1.7
188638 High mobility group box, HMG 3.4
190401 Zinc finger, GATA-type 11.4
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182786
Basic-leucine zipper (bZIP) tran-
scription factor

1.8

Young fruiting bodies veil
ProteinID Annotation Fc ProteinID Annotation Fc

185241
Fungal transcriptional regula-
tory protein, N-terminal

2.1 223451 Zinc finger, C2H2-type 0.5

189243 Zinc finger, C2H2-type 2.9 190080 Zinc finger, TFIIS-type 0.4
224104 Homeobox 2.3
222207 TEA/ATTS 1.9
79223 Zinc finger, C2H2-type 3

182895
Basic helix-loop-helix dimerisa-
tion region bHLH

1.8

189365 Zinc finger, C2H2-type 2.1
117665 Zinc finger, C2H2-type 1.9
193208 Zinc finger, C2H2-type 2.4
188638 High mobility group box, HMG 2.2
190401 Zinc finger, GATA-type 4.2

Analysis has been performed in version 3 of the A. bisporus genome. Since this improved version is

not yet published we use the ProteinIDs and corresponding annotations of version 2 of the genome

sequence (v2, http://genome.jgi.doe.gov/Agabi_varbisH97_2). In version 3 some genes, highlighted

with dark grey shading, have been newly identified as transcription factor genes. ProteinIDs in bold

are present once in the table and light grey shading indicates differential expression. Some genes

have been annotated as transcription factors in version 3 that did not exist in version 2. Since these

genes do not have a proteinID in version 2, they are not shown in this table.
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Table 6.4: Expression levels (FPKM) of orthologues of regulators of mushroom formation in S.
commune during development of A. bisporus.

wc-1 wc-2 hom2 fst4 c2h2 fst3 gat1 hom1

Casing Myc 64 139 50 120 45 74 284 438
Initials 88 827 82 233 196 84 250 166

Stage I buttons

Stipe 145 474 281 289 140 155 113 250
Cap 71 382 69 249 384 65 119 150

Stage II buttons

Stipe Center 104 772 301 251 143 93 50 312
Stipe Tissue 214 1558 302 251 55 166 69 378
Stipe Skin 174 1145 234 242 70 152 118 386
Cap Skin 137 448 32 155 94 63 123 276
Cap Tissue 86 212 55 192 172 69 95 211
Gill Tissue 51 111 83 234 343 61 86 179

Young fruiting bodies

Stipe Center 197 1050 416 286 52 113 135 618
Stipe Shell 297 2620 405 246 73 138 96 627
Stipe Skin 264 3335 232 198 13 139 77 585
Cap Skin 236 1136 25 105 18 75 105 472
Cap Tissue 181 328 51 99 6 75 72 351
Gill Tissue 242 1267 69 161 137 101 116 492
Veil 149 462 86 221 302 98 115 296
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ABSTRACT
Respiratory rhythms were found during vegetative growth of Agaricus bisporus in
compost. The respiratory bursts of 3 - 6 h were initially observed every 13 h but the
interval increased up to 20 h and became more irregular in time. The bursts were
accompanied by an up to 3.5 fold increase in CO2 production and O2 consumption
and an increase in compost temperature of up to 3 °C. In addition, the respiratory
quotient during a respiratory burst was up to 1.2 fold higher when compared to the
pre-burst minimum. Respiratory bursts between parts of compost synchronized
when they were in physical contact, showing that hyphal interactions and not
volatiles or heat are necessary for synchronization. The potential role of the
respiratory bursts in lignin degradation is discussed.

INTRODUCTION

C ommercially produced mushrooms of the basidiomycete A. bisporus are
grown on compost. In the Netherlands, this substrate is produced in two

phases in large aerated bunkers. Its raw materials comprise of wheat straw, horse
manure, gypsum, and water either or not supplemented with chicken manure
(Gerrits 1988). Heat produced by microbial activity during the first phase of
composting (PI) results in a maximum compost temperature of 80 °C. After 3 - 6
days the compost is transferred to a new bunker to start phase II (PII). During
a 2-day period, the temperature is first lowered to 50 °C, then increased to 60
°C, and subsequently decreased to 45 °C. It is kept at this latter temperature for
3 days to allow the development of a thermophilic fungal community (Gerrits
1988). Scytalidium thermophilum (also known as Humicola insolens; Straatsma
and Samson 1993) plays an important role in preparing a compost suitable for
colonization by A. bisporus (Straatsma et al 1994). It is thought to remove ammonia
and to suppress competitors of A. bisporus (Ross and Harris 1983). About 60 %
and 50 % of xylan and cellulose, respectively, are removed during phase I and II,
while lignin remains largely intact (Jurak 2015, Jurak et al. 2015). Mixing spawn
of A. bisporus through PII-end compost initiates phase III (PIII). The compost
is colonized during 16 - 19 days at a substrate temperature of 25 °C. During PIII
50 % of lignin is removed, while only 15 % xylan and 10 % cellulose are removed
as compared to PII-end (Jurak 2015). It should be noted that cellulose loss is
underestimated due to the contribution of fungal glucan in the glucose assay
used to quantify cellulose. PIII-end compost is transferred to mushroom growers.
Phase IV (PIV) starts by placing a casing layer consisting of peat and lime on top of
the compost. This layer serves as a water reservoir for mushrooms and contains
microorganisms thought to be involved in the removal of volatiles that repress
mushroom formation (Visscher 1988, Noble et al 2009). High CO2 levels and a
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relative humidity of 85 % ensure efficient colonization of the casing layer during a
7-day-period. Mushroom formation is induced by venting the growth chamber;
thereby reducing CO2 levels and compost temperature to 18 - 22 °C and increasing
the relative humidity to 87 - 90 % (Visscher 1988). A yield of 30 kg mushrooms
results from a layer of 85 - 95 kg m-2 compost. The mushrooms are harvested in
2 - 3 flushes that occur each 7 - 8 days. After PIV, 54 % and 44 % of cellulose and
xylan, respectively, have been removed relative to PII-end, while 58 % of lignin has
been degraded (Jurak 2015).

Here it is shown that colonization of compost by A. bisporus is accompanied
by respiratory bursts that are synchronized over large distances (i.e. at least 60
cm) by hyphal interactions. Consumption of O2 and production of CO2 increased
up to 3.5 fold during a burst, while the respiratory quotient (RQ) increases up to
1.22 fold. These results are discussed in relation to lignin degradation.

MATERIAL AND METHODS

STRAINS AND SUBSTRATE

A. bisporus strains A15 (Sylvan, Netherlands) and MnP1-1 (Chapter 5) were grown
at 25 °C on malt extract agar medium (MEA; 20 gr l-1 malt extract [BD biosciences,
Franklin Lakes, USA], 2.1 gr l-1 MOPS, pH 7.0, and 1.5 % agar) or on PII-end
compost (CNC Grondstoffen, Milsbeek, the Netherlands). The compost was
inoculated with rye based A15 spawn (Sylvan) or with MnP1-1 spawn that was
prepared as described (Chapter 3).

Respiration of MnP1-1 (hyg+) was assessed in a 500 ml bottle containing 50
ml MEA supplemented with 40 µg ml-1 hygromycin, 50 µg ml-1 kanamycin, and
50 µg ml-1 ampicillin. Respiration measurements with PII-end compost was
done in the presence and absence of strain A15. To this end, 50 g compost was
either or not inoculated with 10 spawn grains in a 1 L flask. Temperature was
monitored during 21 days in 1 kg (30 x 20 x 22 cm boxes), 8 kg (40 x 60 x 20 cm
boxes), or 16 kg (40 x 60 x 22 cm boxes) PII-end compost that was inoculated with
8, 64, or 75 gr of spawn, respectively. The 1 and 8 kg compost boxes were used to
monitor temperature during PIII. To this end, they were incubated at 25 °C and
covered with plastic film containing 50 holes of 3 mm m-2. The 16 kg compost
boxes were used to monitor temperature during PIII and PIV. To this end, they
were incubated at 22 °C at a relative humidity of 95 % and 1500 - 2000 ppm CO2

(Unifarm, Wageningen). After 16 days, the compost of each box was overlaid
with 7 kg casing layer (CNC, Milsbeek, The Netherlands), after which growth was
prolonged for 14 days. Manually broken casing layer was mixed 4 days prior
to venting to create fast regenerative growth and a more equal distribution of A.
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Figure 7.1: Typical patterns of cumulative CO2 production (A), CO2 production rate (B), and
respiratory quotient (C) by sterile compost (dark-grey), compost without A. bisporus (light grey),
and compost inoculated with A. bisporus (black). At time points indicated with a black dot in (C),
O2 levels were below 17.97 % resulting in an underestimation of the actual O2 consumption and
therefore overestimation of the RQ.
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bisporus in the casing. After venting, air temperature was decreased to 18 °C, while
relative humidity and CO2 levels decreased to 85% and 1200 ppm, respectively.

CO2 , O2 , AND TEMPERATURE MEASUREMENTS

Experiments were performed at least in biological triplicates. CO2 production
and O2 consumption were measured with optical CO2 and O2 sensors using a
respirometer (Biometric Systems, Germany). In short, CO2 and O2 measurements
were made at the start of the experiment and 2.5 h later. Air in the flasks was
then refreshed allowing a new cycle of measurements at t = 0 and t = 2.5 h. Data
were processed with a custom R script (R v3) that calculated molar amounts
of produced CO2 and consumed O2, correcting for temperature and pressure.
Synchronization experiments between parts of compost were analysed using a
Mann-Whitney U test (p < 0.05).

To correlate temperature changes with changes in CO2 levels Arduinos
(https://www.arduino.cc/) equipped with temperature (DS18B20; Dallas Semi-
conductor, USA) or CO2 (MG811; Sandbox Electronics, Finland) sensors were
used. To this end, the temperature sensor was placed 2 cm below the compost
surface, while the CO2 sensor was placed 5 cm above the compost.

RESULTS

RESPIRATORY BURSTS IN COMPOST

PII-end compost was sterilized or either or not inoculated with A. bisporus. CO2

production and O2 consumption were measured every 2.5 h during a 425 h period
after 5 days incubation at 25 °C. Total CO2 produced per gram of sterile compost,
compost without A. bisporus, and compost with A. bisporus was 52, 227, and 831
µmol during the 425 h period, respectively (Figure 7.1A). In compost without A.
bisporus the CO2 production rate decreased over time from 1 to 0.3 µmol h-1 while
≤ 0.23 µmol h-1 CO2 was released from sterile compost (Figure 7.1B). In compost
with A. bisporus CO2 production increased from 1.2 to 2.6 µmol h-1 during the first
180 h and then decreased to 1.3 µmol h-1. This general course was accompanied
by distinct respiratory bursts of 3 - 6 h. The CO2 production rate during the
bursts increased up to 3.5 fold as compared to the intermediate periods. These
intermediate periods were initially 13 h in length. They had a length of 20 h and
50 - 90 h after 200 and 240 h, respectively, with an irregular pattern in the latter
case. No respiratory bursts were observed in the absence of A. bisporus but they
were produced in sterilized compost in which this mushroom forming fungus was
growing (Figure S1). However, growth of A. bisporus in sterilized compost was
slow coinciding with low CO2 production. To verify respiratory burst production
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Figure 7.2: Typical CO2 production profile of A. bisporus strain MnP1-1 on malt extract.

of A. bisporus in the absence of other microbes, this fungus was also grown on
malt extract. Also in this case respiratory burst were observed with a median
interval of 30 - 31.5 h (Figure 2). The duration of these bursts was 6 - 15 h reaching
a maximum CO2 production ≤ 2-fold in 3 - 9 h as compared to pre-burst levels,
after which CO2 production normalized in 6 - 9 h.

The respiratory quotient (RQ; mol CO2 released / mol O2 consumed) in com-
post without A. bisporus decreased from 0.8 to 0.55 during the 450 h period
(Figure 7.1C), while it decreased in sterilized compost from 0.6 to 0.3. During the
colonization of A. bisporus the maximal RQ decreased from 0.8 to 0.65 during a
150 h period and then increased to 0.8 again in the following 350 h (Figure 7.1C). At
three time points the O2 levels were below 17.9 % resulting in an underestimation
of the actual O2 consumption and overestimation of the RQ (Figure 7.1C, black
dots). The RQ was up to 0.13 units higher during a burst as compared to the
pre-burst minimum.

CO2 production correlated with an increase in compost temperature. The
increase in temperature was detected 30 min after the start of a respiratory burst,
peaked 45 - 90 min later, and took 2 - 8 h to normalize to pre-peak temperature
(Figure S2). Monitoring compost temperature can thus also be used to monitor
respiratory bursts. Compost temperature was monitored during PIII and PIV of a
semi-commercial cultivation of A. bisporus. Respiratory bursts were observed be-
tween day 10 and 16 of PIII (Figure 7.3) and followed a similar pattern as observed
in small scale lab cultivations. They were also observed during colonization of
casing and the 1st flush but not during the 2nd flush.

SYNCHRONIZATION OF RESPIRATORY BURSTS

The respiratory bursts during A. bisporus colonization of compost were further
characterized using 6 temperature sensors that were placed 15 - 20 cm apart in
a box of 40 x 60 cm. Respiratory bursts occurred during the first 500 h of a 900
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Figure 7.3: Temperature profile of compost (black line) and air in the incubation room (grey line)
during vegetative growth (PIII and colonization of casing layer) and mushroom production (Venting,
1st flush, and 2nd flush) of A. bisporus. Respiratory bursts occurring in PIV are indicated with an
arrow. These temperature peaks cannot be explained by peaks in the temperature of the incubation
room.

Figure 7.4: Compost temperature measured by 6 sensors spaced 15 - 20 cm apart in a box of 40 x 60
cm (A) and the maximum peak delay between the sensors during a burst (B). LA = left upper corner,
RA = right upper corner, LM = left of the middle, RM = right of the middle, LV = left bottom corner,
RV = right bottom corner.
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h colonization period (Figure 7.4A). They resulted in a temperature increase of
up to 2 °C in a 1.5 to 3 h period. Initially, a maximum time difference of 170
min was registered between the different sensors to detect a burst (Figure 7.4B).
This decreased to 50 min between 225 and 280 h (Figure 7.4B), showing that
the mycelium synchronized its heat production over at least 60 cm (the largest
distance between sensors). No clear pattern was observed in the order sensors
measured a burst. After 330 h the time between the sensors picking up a burst
increased, while after 390 h not all sensors picked up a burst. One more burst was
registered by all sensors at 410 h, after which occurrence of bursts became erratic.

Two aliquots of 1 kg PII-end compost were placed next to each other (i.e.
physically touching each other), were placed 3 cm apart, or were separated by
aluminium foil. In the latter case, transfer of heat did occur but hyphae of the
two parts could not interact. The temperature in the center of both parts of
compost was monitored for 300 h after 8 days (Figure 7.5). The average time
between sensors in the two parts of compost picking up a burst was lower when
the parts were in physical contact (38 min) when compared to those placed 3 cm
apart or separated by aluminium foil (3 h 50 min and 4 h 33 min, respectively;
Mann-Whitney U, p < 0.05). These data show that bursts are synchronized during
colonization due to physical contact of the mycelium.

DISCUSSION

H ere it was shown for the first time that growth and development of A. bisporus
is accompanied by respiratory bursts with increased O2 consumption and

CO2 release. These bursts had a 3 - 6 h duration and peaked after 1.5 - 3 hours.
The period between bursts increased from 13 h to 20 h within a 14 day growth
period after which they became less frequent and irregular. Bursts in compost
were more frequent when compared to malt extract that showed a median interval
of 30 - 31.5 h. In addition, the increase in CO2 production during a burst in
compost was more pronounced in compost (≤ 3.5 fold) when compared to malt
extract (≤ 2 fold). The reasons for the differences in period and intensity of the
bursts is not yet clear. The large deviation of the burst period from 24 h excludes
a circadian rhythm (Loros and Dunlap 2001). Light independent respiratory
patterns with periods varying between 7.5 and 22.5 h were also observed during
colonization of malt extract and wood blocks by the mushroom forming fungi
Lentinus lepideus, Lenzites trabea, Poria monticola, and Coniophora (Damaschke
and Becker 1966; Smith 1973). Such ultradian periods (i.e. shorter than a circadian
rhythm; Richard 2003) have also been observed in yeast in the case of glycolytic
and respiratory oscillations. Temperature profiles of rye colonized by Pleurotus
ostreatus showed a median infradian interval (i.e. longer than a circadian rhythm)
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of 49 h, while Schizophyllum commune and Trametes versicolor did not produce
temperature patterns (our unpublished data, not shown). These data show that
respiratory rhythm intervals are highly variable in basidiomycetes and that they
may not generally occur in this group of fungi. Bursts of A. bisporus became
increasingly synchronized with progression of colonization, as was shown by
monitoring temperature changes at different positions in the compost. It was
hypothesized that this was caused by increasing contact between the mycelia
that resulted from different inoculation points (i.e. the spawn grains). Indeed,
synchronization was observed when two parts of compost were placed next to
each other (i.e. in physical contact) but not when aluminium foil was placed in
between the parts or when they were placed 3 cm apart. The latter experiments
showed that volatiles or heat transfer are not responsible for synchronization of
the bursts. Synchronization of coupled oscillating systems may explain how long
distance synchronization arises in fungi (Fricker et al. 2007 and references therein).
Notably, near the end of the exponential growth phase the synchronization started
to deteriorate, while it disappeared after this phase. This may be caused by a
reduction of the connectivity of the hyphal network, which would fit with the
observation that a large portion of hyphae in compost is dead after vegetative
growth of A. bisporus (Chapter 2; Vos et al. 2017).

So far, the cause of the bursts is unknown. It seems not related to oscillations
in transport of the amino-acid analogue α-aminoisobutyrate. These oscillations
were approximately synchronous in colonies of Phanerochaete velutina but were
not related to temperature fluctuations (Tlalka et al. 2002; Tlalka et al. 2003;
Fricker et al. 2007; Tlalka et al. 2009). The finding that respiratory bursts of
A. bisporus are accompanied by an increase in RQ indicates that these bursts
relate to changes in metabolic activity. For instance, 150 h after the start of the
experiment the RQ decreased from 0.7 at the peak of the burst to 0.58 in the
following inter-burst period. RQ’s of 1 and 0.7 are typical for mineralization of
carbohydrates and fats, respectively (Péronnet and Massicotte 1991). A RQ < 0.7
can be explained by mineralization of highly reduced compounds but also by
production of highly oxidized compounds. These events may occur at the same
time. How could we explain these RQ values in the context of colonization of
compost by A. bisporus? This basidiomycete converts a relatively high amount
of lignin during PIII, while conversion of this polymer is less pronounced during
PIV. This correlates with the incidence of the respiratory bursts. Therefore, it is
tempting to speculate that lignin is oxidized during the period in between the
bursts, which is followed by mineralization during the bursts. This hypothesis
could be tested by monitoring the temporal release of 13C- or 14C-labelled CO2

resulting from mineralization of labelled lignin. An alternative explanation of the
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Figure 7.5: Typical temperature profiles of two parts of compost (dark and light grey) pressed
together (A), placed 3 cm apart (B), or separated by aluminium foil (C). Arrows indicate where heat
transfer through the aluminium foil was detected by the temperature sensor.
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burst may be the production of organic acids by A. bisporus during the inter-burst
periods. These compounds are more oxidized when compared to for instance
glucose. However, preliminary evidence shows that bursts and not the inter-
burst period is associated with the production of organic acid. Calcium oxalate
crystals are associated with the hyphae of A. bisporus (Whitney and Arnott 1987).
Therefore, the respiratory bursts may be related to oxalic acid secretion during
the burst and by its (partial) conversion by secreted oxalate oxidase or oxalate
decarboxylase. This would result in CO2 and H2O2 and CO2 and formic acid,
respectively. A. bisporus was shown to produce oxalate decarboxylase in malt
extract (Kathiara et al. 2000). In addition, laccase and manganese peroxidase
can mediate degradation of oxalic acid to CO2 and a net yield of 1 - 2 or 0 - 1
H2O2, respectively, and 0 - 2 Mn3+ (Urzúa et al. 1998a; 1998b; Schlosser and Höfer
2002). Notably, H2O2 is involved in the Fenton reaction and serves as co-factor
of manganese peroxidase (Hofrichter 2002; Arantes et al. 2012). Thus, several
mechanisms may link lignin degradation to the respiratory bursts.
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SUPPLEMENTARY MATERIAL

Figure 7.6: CO2 production rate of 10 g PII-end compost that had (grey line) or had not (black
line) been sterilized prior to inoculation with 4 spawn grains of A. bisporus. CO2 production was
monitored after pre-growth at 25 °C for 3 days.

Figure 7.7: Respiratory bursts in 1 kg compost as measured by monitoring changes in temperature
(black) and CO2 (grey).
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M ushrooms of Agaricus bisporus, known as button mushrooms (“champignons”),
represent a high quality food. They are rich in protein, fibers, minerals,

and contain bioactive compounds such as immune-stimulatory polysaccharides.
Button mushroom production can be considered sustainable because of the low
amount of pesticides that are used and the use of compost that is based on low
quality waste streams. The Dutch mushroom industry produces 270 thousand
tons of button mushrooms per annum making the Netherlands one of the main
producers worldwide.

Compost used to grow Agaricus bisporus is produced in 2 phases. Phase I
(PI) starts with mixing horse manure, wheat straw, gypsum, and water, either
or not in combination with chicken manure (Gerrits 1988). A thermophilic mi-
crobial community develops that increases compost temperature up to 80 °C by
metabolizing (simple) sugars. Compost temperature in Phase II (PII) ultimately is
reduced to 45 °C allowing the establishment of a thermophilic fungal community.
At the end of PII, 8 - 11 days after the start of PI, around 50 % and 60 % of the
wheat straw polysaccharides cellulose and xylan have been removed, respectively,
while lignin is largely unaffected (Jurak et al. 2014; Jurak 2015; Jurak et al. 2015b).
PII-end compost is inoculated with A. bisporus spawn to start phase III (PIII). A.
bisporus colonizes the compost in 16 - 19 days while producing the ligninolytic
enzymes laccase (Lcc) and manganese peroxidase (MnP) (Wood and Goodenough
1977; Bonnen et al. 1994). This coincides with degradation of about 50 % of the
lignin, while only 15 % and 10 % of xylan and cellulose are degraded relative to
PII-end (Jurak 2015). PIII-end compost supplemented with protein (Gerrits 1988)
is topped with casing layer at the grower. During Phase IV (PIV) the casing layer
is colonized by A. bisporus under high CO2 levels for 7 days. Mushroom forma-
tion is induced by venting the atmosphere thereby reducing CO2 levels, compost
temperature, and relative humidity (Visscher 1988). A total of yield of 30 kg m-2

is produced in 2 - 3 flushes with a 7 - 8 day interval from 85 - 95 kg compost m-2.
Lignin degrading activities like those of Lcc and MnP are downregulated during
mushroom formation while (hemi)cellulose acting activities increase (Wood 1977;
Claydon et al. 1988; Bonnen et al. 1994). In agreement, about 44 % and 29 % of
cellulose and xylan are removed while only 8 % of lignin is degraded during PIV
relative to PII (Jurak 2015). As a result, 46 % and 56 % of cellulose and hemicellu-
lose remain unutilized for mushroom production in spent compost (Iiyama et al.
1994; Chen et al. 2000; Jurak 2015). It is important to note that glucose originating
from glucan polymers in the A. bisporus cell walls contributes to the total glucose
that is measured to determine the cellulose content of compost. The left-over of
cellulose and xylan at the end of mushroom production led to the project “How
mushrooms feed on sugars”. The project aimed to understand how the sugar poly-
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mers in compost are degraded, which should result in leads to improve digestion
of the compost coinciding with higher mushroom yields and lower amounts of
spent compost (champost) that is considered an animal waste stream. Within the
project I focused on quantification of fungal biomass formation in compost and
ways to improve lignocellulose degradation by improving lignin degradation and
removal of recalcitrant xylan.

THE MICROBIAL DIET OF Agaricus bisporus

I t was known that PI - PIV compost is rich in microbes but quantitative informa-
tion about fungal and bacterial biomass was lacking. I determined microbial

biomass at PII-end and during a small scale PIII using laccase activity, and by quan-
tifying chitin and the phospholipid-derived fatty acid (PLFA) marker C18:2ω6
(Chapter 2). PLFA is an indicator of living fungal and bacterial biomass, while
chitin is indicative of the total fungal biomass (Frostegård and Bååth 1996; Ekblad
et al. 1998). Laccase activity is a marker for A. bisporus biomass during PIII but its
use during PIV is limited, if useful at all, because it is downregulated during fruit-
ing (Wood and Goodenough 1977; Wood 1979; Ohga et al. 1999). Laccase activity
in PIII correlated with C18:2ω6 content but not with chitin content. Based on
chitin quantification total fungal biomass at PIII-end was estimated to represent
6.8 % of the dry weight compost while the fraction of living fungal biomass was
about 2.9 % at the end of this phase based on PLFA. Notably, chitin content of
compost was similar during the small scale PIII in the presence and absence of A.
bisporus indicating that this fungus consumes the cell walls of the (thermophilic)
fungal community that is already present at PII-end. By combining our data with
that of others (Chapter 4, Baars et al. 2013, Jurak, 2015, not shown), cellulose loss
was underestimated 5 - 10 % implying that still 36 - 41 % of the cellulose remains
in the compost after mushroom production.

PLFA indicated that the bacterial biomass decreased 4-fold during PIII, while
it remained stable in the absence of A. bisporus. This supports the view that bacte-
ria are being consumed by A. bisporus while growing in compost. Calculations
suggested that < 10 % of A. bisporus biomass is provided by feeding on bacteria
(Sparling et al. 1982). However, this was based on bacterial cell counts at PII-end
not taking into account proliferation of bacteria in PIII and PIV. The actual con-
tribution of bacterial biomass in the diet of A. bisporus may therefore be much
higher. Based on PLFA it was calculated that bacterial biomass decreased from
17.9 to 4.7 mg g-1 compost in a small scale PIII, while fungal biomass increased
from 14 to 30 mg g-1 in the presence of A. bisporus (Chapter 2). This suggests that
bacteria may indeed represent the main course of A. bisporus. In this scenario, A.
bisporus secretes enzymes, either or not together with bacteria, to degrade the lig-
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nocellulose, bacteria would take up a main part of the degradation products and
proliferate, while A. bisporus would consume the bacteria that provide essential
molecules like vitamins.

PLFA showed that reduction of bacterial biomass during PIII was accompa-
nied by a change in the ratio between Gram-positive and Gram-negative bacteria
(Chapter 2). It is tempting to speculate that A. bisporus selectively consumes bac-
teria, resulting in a microbial flora that helps A. bisporus degrading compost. This
hypothesis is supported by the finding that mineralization of cellulose was higher
in non-axenic compost as compared to axenic compost (Wood and Leatham
1983).

IMPROVING SUBSTRATE DEGRADATION

T he suboptimal utilization of carbohydrates by A. bisporus may be partly ex-
plained by the accumulation of recalcitrant arabinoxylan with xylose being

double substituted with arabinose (Jurak et al. 2015ac). This was linked to the
absence of α-1,3-L-arabinofuranosidase (AXHd3) activity in extract of PIII and
PIV compost. Indeed, genes encoding this activity are not widely distributed in
the basidiomycete clade. Notably, extract of PII compost does contain AXHd3
activity explained by the presence of the thermophilic fungus Humicola insolens
(also known as Scytalidium thermophilium) at this stage (Straatsma et al. 1989;
1993). Its AXHd3 gene hgh43 (Sørensen et al 2006) was introduced in A. bisporus
(Chapter 3). Extract of compost colonized by transformants showed higher activity
on doubly substituted arabinoxylan when compared to the parental A15 strain.
Yet, oligomers with a backbone of 3 xyloses, doubly substituted with arabinose at
its reducing end were (partly) removed by compost extract of A15. This may be
explained by xylanase activity acting on the terminal non-substituted xylose of
this oligomer. Alternatively, GH51 arabinofuranosidase may act on the double
substituted arabinose residues at the non-reducing terminal xylose (Ferré et al.
2000; Lagaert et al. 2010; Borsenberger et al. 2014; Koutaniemi and Tenkanen
2016). The presence of a GH51 in the genome of A. bisporus that is highly ex-
pressed at PIII-end but lowly expressed during PIV (Patyshakuliyeva et al. 2015)
and the accumulation of arabinosyl during PIV but not PIII (Jurak et al. 2015a)
support this hypothesis.

More than 40 % of the lignin is not degraded during PIII and PIV. This not
only impacts the volume of champost, it is also expected to prevent degradation
of (hemi)cellulose. For instance, the failure of hgh43 transformants to affect
compost composition (Chapter 3) could not only be caused by suboptimal AXHd3
production but also by inaccessibility of the double substituted arabinoxylan
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caused by covalent interaction to lignin. Hemicellulose can be protected from
enzymatic degradation by ferulate crosslinks (Grabber et al. 1998; Grabber et al.
2009). Thus, the ligninolytic system of A. bisporus is a target to improve compost
degradation. The genome of A. bisporus contains the manganese peroxidase
genes mnp1 and mnp2 (Morin et al. 2012), of which the former is expressed
in compost (Lankinen et al. 2001; Patyshakuliyeva et al. 2015). Although it
is not expressed, mnp2 does encode an active peroxidase. Transformants of
Schizophyllum commune expressing mnp2 resulted in more active decoloration
of the substrate RBBR, while mnp1 expression resulted in a higher oxidative
coupling of MBTH and DMAB (Chapter 5). This indicates that MnP1 and MnP2
have different roles in lignin degradation.

Transformants of A. bisporus overexpressing mnp1 produced a 0.3- and 3-
fold higher MnP activity at casing and after the 2nd flush, respectively, in a semi
commercial cultivation relative to the parental A15 strain (Chapter 4). However,
effects on lignin degradation were only minor, if present at all. In contrast, miner-
alization of lignin and carbohydrate digestibility of cotton stalk was increased by
over-expressing the ligninolytic gene encoding versatile peroxidase in Pleurotus
ostreatus (Salame et al. 2012). Limited availability of the MnP co-factors H2O2

and Mn2+ may explain the absence of an increase in ligninolytic activity in the
case of the A. bisporus transformants. Yet, Mn2+ is not considered a limiting mi-
cronutrient in Dutch compost (CNC Grondstoffen and Walkro Compost, personal
communication; Burton 2015) and modification of lignin by MnP1-1 and A15 was
not affected when compost had been supplemented with Mn2+ (Chapter 4). In
contrast, H2O2 production was 4 - 8 fold lower than its consumption, suggesting
that this co-factor indeed limits MnP activity. Similarly, H2O2 was limiting the
ligninolytic activity of Phanerochaete chrysosporium (Buswell et al. 1984; Kirk et
al. 1986). It is tempting to speculate that H2O2 was also the limiting factor for
lignin degradation of MnP producers of S. commune on birch wood (Chapter 5).
Together, this makes H2O2 production a target for optimizing lignin removal from
compost and, consequently, increased carbohydrate consumption by A. bisporus.
Supplementation of CaO2 to compost could provide a source of H2O2 for the
ligninolytic machinery of A. bisporus. It’s supplementation to PIII-end compost
increased compost temperatures in the first 24 - 48 h after supplementation but
fungal biomass as quantified by chitin did not change, while laccase activity was
lower in supplemented compost (not shown).

IMPROVING MUSHROOM DEVELOPMENT

C ompost degradation was not improved by introduction and over-expression
of α-1,3-L-arabinofuranosidase and MnP, respectively (Chapter 3 and Chap-
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ter 4). Moreover, supplementing compost after PIII with cellulose and hemicellu-
lose did not increase mushroom yield (Baars et al. 2013). Together, this points to
other factors than carbohydrate utilization that limit mushroom production. De-
velopmental processes may be such a factor. Transcription factors (TFs) involved
in mushroom development have recently been shown also to impact vegetative
growth in S. commune. TFs BriI and Hom1 of this model fungus that are involved
in late stages of mushroom development stimulate vegetative growth, while Wc-
2, Hom2, Tea1, and Fst4 that function early in development repress vegetative
growth (Pelkmans, 2016). It is tempting to speculate that modulation of vegetative
growth impacts enzyme release and thereby substrate degradation. This is sup-
ported by the fact that ligninolytic activity is downregulated during mushroom
formation, while (hemi)cellulose acting activities increase (Wood 1977; Claydon
et al. 1988; Bonnen et al. 1994). The Cys2His2 zinc finger TF C2H2 was over-
expressed in A. bisporus to assess whether results obtained in S. commune can
be extrapolated to other mushroom forming fungi (Chapter 6). C2H2 is involved
in the switch from aggregates to primordia in S. commune (Ohm et al. 2011).
Transcriptome analysis suggests that the orthologue of c2h2 in A. bisporus is also
involved in early development of mushroom development but also in selective
tissues of young fruiting bodies (Chapter 6). Morphology, cap expansion rate, and
number and biomass of mushroom was unaffected by over-expression of c2h2.
However, formation of mature mushrooms was accelerated by one day. This is
likely the result of accelerated outgrowth of initials since c2h2 over-expression did
not affect the expansion rate of mushrooms. Clearly, c2h2 is a target for breeding
of A. bisporus and this could also hold for the A. bisporus orthologues of the other
TFs involved in vegetative growth and development of S. commune.

SYNCHRONIZED RESPIRATORY BURSTS IN COMPOST

A garicus bisporus showed respiratory bursts during its vegetative growth in
compost (Chapter 7). These bursts had a 3 - 6 h duration. Peak levels were

reached in 1.5 - 3 h coinciding with up to 3.5 fold higher CO2 production and O2

consumption when compared to the inter-burst levels. Respiratory bursts pro-
duced on malt extract differed in their interval, duration, and intensity when com-
pared to compost. The reason for these differences are not clear but both burst
types deviated greatly from a 24 h period excluding a circadian rhythm (Loros
and Dunlap 2001). Respiratory rhythms have also been observed in Lentinus
lepideus, Lenzites trabea, Poria monticola, and Coniophora with interval periods
varying between 7.5 and 22.5 h (Damaschke and Becker 1966; Smith 1973), while
Pleurotus ostreatus showed even an interval period of 49 h (Chapter 7). The fact
that S. commune and Trametes versicolor did not show respiratory bursts (Chapter
7) indicates that not all mushroom forming fungi produce respiratory rhythms.
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Bursts of A. bisporus progressively synchronized over a minimum distance
of 60 cm during vegetative growth (Chapter 7). Compost separated by air (allow-
ing exchange of volatiles) or aluminium foil (allowing exchange of heat) did not
synchronize, while compost in physical contact did. Notably, synchrony was re-
duced at the end of the exponential growth phase. This may be due to a reduction
in the connectivity of the hyphal network. This would fit with the observation
that a significant part of hyphae are dead after vegetative growth of A. bisporus
(Chapter 2). Synchronization of oscillations in transport of the amino-acid ana-
logue α-aminoisobutyrate in Phanerochaete velutina and Coniophora puteana
was proposed to occur through coupled oscillating systems (Fricker et al. 2007 and
references therein). Colony wide oscillations inα-aminoisobutyrate transport was
not related to temperature fluctuations. Moreover, synchronization of different
colonies upon anastomosis occurred with a phase shift while synchronization of
bursts in compost was in-phase (Tlalka et al. 2002; Tlalka et al. 2003; Fricker et al.
2007; Tlalka et al. 2009).

The respiratory quotient (RQ) of bursts was higher as compared to the inter-
burst period (e.g. 0.7 and 0.58, respectively). RQs of 1 and 0.7 are typical for
mineralization of glucose and fat, respectively (Péronnet and Massicotte 1991).
RQs lower than 0.7 are indicative of mineralization of highly reduced compounds,
production of highly oxidized compounds, or a combination of both. Respiratory
bursts occurred primarily in PIII, correlating with the mineralization of lignin by
A. bisporus. Preliminary data suggests that respiratory bursts in PIII are associated
with acid production but also with its neutralization (possibly by mineralization).
At the same time laccase seems to be produced but also damaged during bursts.
It is tempting to speculate that the respiratory bursts and the ligninolytic activity
of A. bisporus are linked. Calcium oxalate crystals are associated with hyphae
of A. bisporus (Whitney and Arnott 1987). The extracellular oxalic acid may be
converted into CO2 and formic acid or CO2 and H2O2 by the action of oxalate
decarboxylase and oxalate oxidase, respectively. The former activity has been
found in A. bisporus (Kathiara et al. 2000). Oxalic acid may also be degraded by
Lcc and MnP coinciding with a net increase in H2O2 and Mn2+ (Urzúa et al. 1998a;
1998b; Schlosser et al. 2002). Together, these activities may increase ligninolytic
activity and heat production during respiratory bursts.
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NEDERLANDSE SAMENVATTING

P addenstoelen van de schimmel Agaricus bisporus, beter bekend als de cham-
pignon, zijn een hoogwaardige voedingsbron. Ze zijn rijk in eiwit, vezels en

mineralen en bevatten bioactieve componenten zoals suikers die het afweersys-
teem stimuleren. Champignons worden geteeld zonder pesticiden op compost
dat onder andere bestaat uit afvalmateriaal van maneges en de agro-industrie.
Dit maakt de champignon een duurzaam product. De Nederlandse champignon-
industrie is één van de grootste in de wereld met een productie van 270 duizend
ton champignons per jaar. Na de productie van de champignon blijft er champost
over. Deze bevat dan nog 46 % cellulose en 56 % hemicellulose relatief tot de
compost voordat de champignon geïntroduceerd wordt. De overgebleven cellu-
lose en hemicellulose aan het eind van de champignonproductie leidde tot het
project “How mushrooms feed on sugars” (Hoe de champignon van suikers eet).
Dit project had als doel het begrijpen van de afbraak van suikerpolymeren in
compost waardoor champignon productie zou kunnen worden verhoogd en de
productie van champost verminderd. Binnen het project lag mijn focus op het
kwantificeren van schimmelbiomassa in compost en manieren om de afbraak van
suikers in compost te verbeteren door het stimuleren van lignine afbraak en het
verwijderen van moeilijk afbreekbaar hemicellulose.

HET MICROBIOLOGISCH DIEET VAN DE CHAMPIGNON
Voorafgaand aan mijn onderzoek was er weinig informatie beschikbaar over
schimmel en bacteriële biomassa tijdens de groei van de champignon in de com-
post. In mijn onderzoek heb ik gebruik gemaakt van laccase activiteit, chitine
bepalingen en fosfolipide afgeleide vetzuur (PLFA) bepalingen om de microbiële
biomassa in de compost te bepalen (Hoofdstuk 2). De laccase activiteit in com-
post correleerde met de PLFA schimmelmerker C18:2ω6 maar niet met chitine.
Gebaseerd op het chitine gehalte was de schimmelbiomassa 5.8 % van de totale
droge stof in compost voor de introductie van de champignon en 6.8 % in compost
na volledige kolonisatie. Dit was echter 1.4 % wanneer uitgegaan werd van de
PLFA waardes. Dit suggereert dat een significant gedeelte van de schimmelbio-
massa dood is. PLFA geeft namelijk informatie over de levende schimmelfractie
terwijl chitine informatie over de totale schimmelfractie geeft. Na incuberen
van compost zonder champignonmycelium en het incuberen van compost met
champignonmycelium was het chitinegehalte vergelijkbaar. Dit suggereert dat de
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champignon zich voedt met de schimmelpopulatie die aanwezig is in de compost
voordat de champignon geïntroduceerd wordt.

Met behulp van bacteriële PLFA merkers werd aangetoond dat de bacterie-
biomassa viervoudig af nam tijdens de vegetatieve groei van de champignon
terwijl er geen afname was indien er geen champignonmycelium in de compost
geïntroduceerd werd. Dit ondersteunt het beeld dat de champignon bacteriën in
compost als voedselbron gebruikt. Gebaseerd op de PLFA data werd berekend dat
de bacteriële biomassa afnam van 17.9 mg g-1 naar 4.7 mg g-1 droge stof compost
terwijl de schimmelbiomassa toe nam van 14 mg tot 30 mg g-1. Dit suggereert dat
bacteriën de belangrijkste voedselbron vormen voor champignonmycelium. Van-
uit dit perspectief zou de champignon, al dan niet samen met bacteriën, enzymen
produceren om plantenmateriaal af te breken waarna de bacteriën de afbraakpro-
ducten als voedselbron gebruiken. Vervolgens gebruikt de champignon bacteriën
als voedselbron om zo essentiële bouwstoffen als vitamines te verkrijgen.

HET VERBETEREN VAN COMPOSTAFBRAAK
De suboptimale afbraak van compost door de champignon zou gedeeltelijk ver-
klaard kunnen worden door de accumulatie van moeilijk afbreekbaar hemicel-
lulose (xylan met xyloses die dubbel gesubstitueerd zijn met arabinose). Er is
geen α-1,3-L-arabinofuranosidase (AXHd3) activiteit, dat betrokken is bij de af-
braak van dit xylan, in compostextract aanwezig wanneer Agaricus bisporus de
compost koloniseert. Inderdaad heeft de champignon geen genen die voor dit
enzym coderen. Het hgh43 gen van Humicola insolens, dat codeert voor het
AXHd3 eiwit werd geïntroduceerd in de champignon om de afbraak van het arabi-
noxylan te verbeteren. Compost extract van hgh43 transformanten was actiever
op dubbel gesubstitueerd arabinoxylan oligomeren dan dat van de ouderstam.
Desondanks waren de hgh43 transformanten niet in staat de suikersamenstelling
van de compost te beïnvloeden tijdens de groei op compost.

Meer dan 40 % van de lignine in compost wordt niet afgebroken tijdens de
kweek van de champignon. Lignine is niet alleen van invloed op de hoeveelheid
champost maar kan ook afbraak van (hemi)cellulose verhinderen. Zo zou de
afwezigheid van een effect van introductie van het hgh43 gen kunnen komen
doordat lignine de toegang tot het moeilijk afbreekbare hemicellulose belemmert.
Daarom zou het verbeteren van het lignine afbraak systeem van de champignon
kunnen lijden tot een betere compostafbraak. Het genoom van de champignon
bevat de mangaanperoxidase (MnP) genen mnp1 en mnp2. Transformanten
die mnp1 tot overexpressie brachten produceerde tijdens een semi-commerciële
cultivatie tot 3 keer meer MnP activiteit ten opzichte van de ouderstam (Hoofdstuk
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4). Afbraak van lignine en (hemi)cellulose werd echter niet beïnvloed door MnP
overexpressie. Dit is mogelijk te verklaren door een gebrek aan de MnP cofactor
H2H2. H2H2 productie bleek namelijk tot 8 keer lager dan zijn consumptie. Dit
maakt H2H2 productie een kandidaat om lignine afbraak in compost, en daarmee
de beschikbaarheid van suikers, te verhogen.

HET VERBETEREN VAN PADDENSTOELVORMING
Zoals hierboven is beschreven, werd compostafbraak niet verbeterd door de intro-
ductie van enzymen die betrokken zijn bij de afbraak van het substraat. Mogelijk
zijn niet enzymen maar andere factoren limiterend voor de productie van cham-
pignons. Regulatie van paddenstoelvorming blijkt één van deze factoren te zijn
(Hoofdstuk 6). Over-expressie van het regulatie eiwit C2H2 van de champignon
versnelde paddenstoelvorming met een dag, terwijl de vorm van de paddenstoel,
hun aantal en hun biomassa niet beïnvloed werd. Transcriptoom analyse liet zien
dat c2h2 in de champignon betrokken is in de beginfase van paddenstoelvorming
maar ook in bepaalde weefsels van jonge paddenstoelen (Hoofdstuk 6). Deze
bevindingen maken c2h2 een kandidaat gen in de veredeling van de champignon.

GESYNCHRONISEERDE ERUPTIES VAN RESPIRATIE IN COMPOST
De champignon produceert erupties van metabole activiteit tijdens zijn vege-
tatieve groei in compost (Hoofdstuk 7). Deze erupties duurden 3 tot 6 uur en
maximale respiratie werd na 1.5 - 3 uur gevonden met een 3.5-voudige verho-
ging van CO2 productie en O2 consumptie in vergelijking met de periodes tussen
de erupties. De respiratie quotiënt (RQ), de geproduceerde CO2 gedeeld door
de geconsumeerde O2, was tijdens erupties hoger (0.7) dan de periode tussen
erupties (0.58). RQs lager dan 0.7 wijzen op mineralisatie van sterk gereduceerde
stoffen, de productie van sterk geoxideerde stoffen of een combinatie van beide.
De erupties synchroniseerden gedurende de vegetatieve groei van de champignon
over een minimale afstand van 60 cm. Het is waarschijnlijk dat fysieke interactie
van mycelium noodzakelijk is om deze synchronisatie tot stand te brengen om-
dat deze synchronisaties niet optraden tussen compost dat gescheiden was door
lucht of aluminium folie. Aan het einde van de exponentiele groei fase nam de
synchroniciteit van de erupties af. Dit lijkt overeen te komen met de observatie
dat een significant gedeelte van het mycelium in compost dood is aan het einde
van de vegetatieve groei van de champignon (Hoofdstuk 2). Aangezien de erup-
ties plaatsvinden tijdens de periode van lignine afbraak, zouden deze processen
gekoppeld kunnen zijn.
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