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Abstract
Fungivory of mycorrhizal hyphae has a significant impact on fungal fitness
and, by extension, on nutrient transfer between fungi and host plants in nat-
ural ecosystems. Mycorrhizal fungi have therefore evolved an arsenal of
chemical compounds that are hypothesized to protect the hyphal tissues
from being eaten, such as the protease inhibitors mycocypins. The genome
of the ectomycorrhizal fungus Laccaria bicolor has an unusually high num-
ber of mycocypin-encoding genes. We have characterized the evolution of
this class of proteins, identified those induced by symbiosis with a host plant
and characterized the biochemical properties of two upregulated L. bicolor
mycocypins. More than half of L. bicolor mycocypin-encoding genes are dif-
ferentially expressed during symbiosis or fruiting body formation. We show
that two L. bicolor mycocypins that are strongly induced during symbiosis
are cysteine protease inhibitors and exhibit similar but distinct localization in
fungal tissues at different developmental stages and during interaction with
a host plant. Moreover, we show that these L. bicolor mycocypins have
toxic and feeding deterrent effect on nematodes and collembolans, respec-
tively. Therefore, L. bicolor mycocypins may be part of a mechanism by
which this species deters grazing by different members of the soil food web.

INTRODUCTION

Tree roots establish mutualistic interactions with ecto-
mycorrhizal (ECM) fungi that can aid the host tree
growth and health by supplying nutrients, particularly in
nutrient-limited forest soils. During this symbiotic inter-
action, ECM hyphae aggregate on the surface of roots
to form a sheath-like mantle and then grow into the root

apoplastic space to form a structure known as the Har-
tig net, where the exchange of nutrients occurs (Martin
et al., 2016; Pellegrin et al., 2019). The colonization
process significantly alters the physiology and structure
of roots, with tree hosts typically displaying an immune
response entailing the induction of secondary metabo-
lites, localized hormone signalling and the secretion of
a range of proteases (Basso et al., 2020). How ECM
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fungi respond to these physiological changes and avoid
the host immune system is still an area of actively
developing research. While ECM fungi have been
found to secrete effector-like proteins that manipulate
host secondary metabolism (Plett et al., 2020) and
host hormone signalling (Daguerre et al., 2020; Plett
et al., 2014), there are currently no known defences
against host proteases characterized in the effectome
of ECM fungi. In addition to the structures formed at the
host root, ECM fungi produce extensive hyphae
into the surrounding soil for nutrient acquisition
(e.g. nitrogen and phosphorus) and to form fruiting bod-
ies during sexual propagation (Pickles & Simard, 2017;
Simard et al., 2012). The establishment and mainte-
nance of these hyphae is necessary for the mainte-
nance of symbiotic interactions but can be impeded by
hyphal predation by soil fauna (Giannakis &
Sanders, 1990). Within this context, the mechanisms
induced in ECM fungi during colonization of a host
dealing with predation also need to be studied.

Following the genome sequencing of the model
ECM fungus L. bicolor (Martin et al., 2008), a series of
transciptomic experiments have identified hundreds of
host-induced fungal genes (Kohler et al., 2015; Martin
et al., 2008; Plett et al., 2015). The majority of these
genes have no known function or have a function spe-
cifically attributed to supporting the establishment of
mutualistic symbiosis (e.g. nutrient transport and
metabolism). Among the genes induced by host coloni-
zation identified in the first transcriptomic studies were
several genes encoding mycocypin-like proteins
(Martin et al., 2008). Characterized mycocypins from
the saprotrophic fungi Clitocybe nebularis (clitocypin)
and Macrolepiota procera (macrocypin) act against a
wide variety of cysteine proteases such as papain,
cathepsin L, legumain and bromelain (Brzin, 2000;
Renko et al., 2010; Sabotic et al., 2006). Several plant
cysteine proteases of the papain and legumain families
are involved in plant defence and are inhibited during
colonization by fungal pathogens (Misas Villamil
et al., 2019; Passarge et al., 2021; Schulze Hüynck
et al., 2019; Van der Linde et al., 2012). It is hence
likely that ECM fungi use the induced mycocypins to
inactivate defensive plant proteases during colonization
of their host. Such a function would necessitate a
secretion of these protease inhibitors.

Alternatively and also based on their role in sapro-
trophic fungi, the mycocypin-like proteins of ECM fungi
may inhibit the proteases of predators and parasites of
ECM hyphae. As soil-borne hyphae and fruiting bodies
represent a major reservoir of nutrients, they are tar-
geted by a number of predatory nematodes, insects
and micro-arthropods (Asplund et al., 2013; Bokhorst
et al., 2012; Bokhorst & Wardle, 2014; Klironomos &
Kendrick, 1996). In order to defend against this preda-
tion, fungi have evolved a set of defensive molecules to
deter or kill grazers, including secondary metabolites,

lectins, biotin-binding proteins, ribotoxins and protease
inhibitors (Künzler, 2018; Rohlfs, 2015). Many of these
defensive molecules are not secreted but accumulate
in the fungal hyphae and are only released upon attack
of the fungivore. Mycocypins, members of the I48 and
I85 protease inhibitor families of the MEROPS data-
base, negatively affect foraging herbivores. They coun-
teract the activity of proteases in the predator’s gut,
thereby reducing the digestibility of ingested material
(Goulet et al., 2008; Michaud et al., 1995). This process
gradually starves the predator or encourages its re-
location towards a more acceptable food source (Šmid
et al., 2013; Zhao et al., 1996). While these defensive
molecules directly benefit all fungi, for those fungi that
enter into symbiosis with a host plant they may also
indirectly benefit its host. Namely, their presence in the
mantle surrounding host roots may alter fungivore feed-
ing, as has been found for other fungal toxins
(Kaneda & Kaneko, 2004; Wohlschlager et al., 2014). It
is still unknown whether mycocypins of L. bicolor func-
tion as feeding deterrents to soil fauna.

Given the induction of mycocypins during symbiosis
with the host plant, and the different roles that they may
play in ECM fungi to support symbiosis, we sought to
improve our understanding of this protease inhibitor
family in the mutualistic ECM fungus L. bicolor. Their
representation and inheritance throughout the fungal
tree of life were determined using currently available
genomes. Two recently published transcriptomic data
sets were used to identify which of this manually
curated list of mycocypin-like encoding genes were
induced during symbiosis. Of these, two L. bicolor
mycocypins upregulated during symbiotic establish-
ment and/or in fruiting bodies were chosen for further
characterization. As these two characterized L. bicolor
mycocypin-like genes were non-secreted, we hypothe-
sized that these mycorrhiza-induced genes may have a
role as feeding deterrents towards soil fauna as
opposed to plant defence modification.

EXPERIMENTAL PROCEDURES

BLAST search for mycocypin-like genes
and phylogeny

In order to find the mycocypin-like gene sequences
within the fungal tree of life, a BLAST search and func-
tional domain search approach was taken. Using the
Joint Genome Institute fungal website (http://genome.
jgi.doe.gov/programs/fungi/index.jsf; accessed June
2019) with 1379 fungal genomes publicly available, we
first searched for functional annotations related to
mycocypins (i.e. MEROPS:I48; IPR019508; PF10467)
and performed tBLASTn using the reference mycocy-
pin sequences from Clitocybe (accession number
AAZ78483), S. stellatus (protein ID 267444),

4608 PLETT ET AL.
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Rhizoctonia solani (protein ID 1087) and L. bicolor
(protein IDs 311135 and 293818) to find significantly
similar gene sequences. A cut-off of e�10 was used.
From this search, the total number of mycocypin-like
genes and the number of genomes are reported in
Figure 1 (inset). Mycocypin-like sequences from 14 pub-
lished fungal genomes (Table S1) were used in the cre-
ation of a phylogenetic tree. Predicted protein
sequences were analysed using MEGA11 (Tamura
et al., 2021) with the MUSCLE 3.8.31 alignment pro-
gram using the default settings (Dereeper et al., 2008).
The evolutionary history was inferred by using the

Phylogeny using Maximum Likelihood method (PhyML)
using the WAG substitution model. The tree was rooted
using a mid-point rooting method and was visualized
using FigTree, with branch support values of >70% rep-
licates annotated in the figure.

Gene expression analysis

Mycocypin gene expression data were extracted from
two previously published experiments (Ruytinx
et al., 2021). Briefly, for the first experiment, early

F I GURE 1 Phylogenetic relationship using maximum likelihood method of all mycocypin-like sequences obtained. Each mycocypin is
identified by a JGI number or by protein ID. Within the L. bicolor mycocypin-like proteins, the linkage group within which they are found is
indicated by a coloured ellipse (blue—LG1; Green—LG8; Orange—Scaffold 17). Black arrows indicate the two mycocypins further characterized
in this study. Inset: Total number of mycocypin-like genes and number of genomes within clades of Agaricomycotina

MYCOCYPINS SHOW TOXIC AND DETERRENT EFFECTS 4609
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(primordia), medium (non-fully developed cap) and late
(fully developed cap) stages of L. bicolor fruiting bodies
were harvested in a nursery under Douglas fir seed-
lings inoculated with L. bicolor S238N-93.12 mycelium
(=L. bicolor S238N strain frozen in liquid nitrogen in
1993 as back-up). Basidiocarps were flash-frozen in liq-
uid nitrogen before RNA extraction. Total RNAs of basi-
diocarp stipes and caps were extracted using a
cetyltrimethylammonium bromide–based protocol
including a LiCl precipitation. For the second experi-
ment, total RNA from mycelium and mycorrhizal root
tips [harvested after 14 d of in vitro contact between
Populus tremula � Populus alba and L. bicolor S238N
(established as per Felten et al., 2009)] was extracted
using the RNeasy Plant Mini Kit (Qiagen, Hilden,
Germany).

RNA concentration and integrity were assessed
using the Biorad Experion and RNA StdSens kit and
chips. Three replicates from each stage and tissue
were used for RNA-seq sequencing. The preparation of
libraries from total RNA (TruSeq Stranded mRNA Kit
Illumina), 2 � 100 bp Illumina HiSeq2000 sequencing
for the basidiocarp samples and 2 � 150 bp Illumina
HiSeq3000 sequencing for all other samples were per-
formed on the GET platform (Génopole Toulouse Midi-
Pyrénées, Auzeville, France) following their standard
protocol. Raw reads were trimmed for low quality (qual-
ity score, 0.05). Illumina adapters and sequences
shorter than 15 nucleotides were removed and remain-
ing reads were aligned to the L. bicolor reference tran-
scripts (https://mycocosm.jgi.doe.gov/Lacbi2/Lacbi2.
home.html) using CLC Genomics Workbench 7.5.1 and
8 (Qiagen). Reads per kilobase and per Million (RPKM)
and mean RPKM from replicates were calculated from
unique mapped reads (Table S2). The complete data
sets were submitted to NCBI-GEO as GSE190444 and
GSE190443.

Microscopy

Indirect immuno-localization of two mycocypins was
performed as described by Plett et al. (2011). Anti-
293826 and anti-311135 antibodies were created
against the VHGKESAYTISLHTN and KDDSVVPKGP
IDTSR regions, respectively, of these proteins
(Eurogentec, Seraing, Belgium). Immunolocalization of
the mycocypin genes was performed on transverse
sections free-living mycelium (FLM) of L. bicolor
S238N, ECM root tips and the stipe and gills of a
mature fruiting body with fully developed stipe and open
cap (fruiting body harvested in a nursery under Douglas
fir seedlings inoculated with L. bicolor S238N-93.12
mycelium) as described in Martin et al. (2008) with a
1:1000 dilution of purified anti-mycocypin rabbit anti-
bodies, followed by incubation with a 1:100 dilution of
goat anti-rabbit IgG-Alexa Fluor 488 conjugate

(Molecular Probes, Invitrogen™, Carlsbad, CA, USA).
As a control, immunolocalization was also performed
with only the secondary antibody and no detectable
fluorescence was found [Figure S2(B)]. Sections were
mounted in propidium iodide and viewed by a Bio-Rad
Radiance 2100 AGR3Q-BLD Rainbow confocal micro-
scope with laser levels and emission parameters
adjusted to avoid auto-fluorescent signal.

Secretion analysis

Using cDNA libraries from ECM tissues, full-length
mycocypin 293826 and 311135 coding sequences
were cloned (lacking the stop codon) into pSUC-GW as
described previously (Plett et al., 2011). These con-
structs were transformed into the Saccharomyces cer-
evisiae strain YTK12. They were plated on selective
SD-W medium and cultured for 4 days at 30�C. After
this period, positive colonies were selected using col-
ony PCR and replica-plated on SD-W and on YPR-A
medium (10 g L�1 yeast extract, 20 g L�1 peptone,
20 g L�1 agar amended with 2 g L�1 sucrose and
60 μg L�1 antimycin A, pH 6.5). If cultures grew on the
latter medium, then the protein of interest contained a
secretion motif. Cells were cultured on these media for
7 days at 30�C after which growth was scored. Four
separate colonies per construct were tested for their
growth on these media.

Production and purification of recombinant
protein

cDNA sequences of 293826 and 311135 L. bicolor
genes were optimized (Genecust; Luxembourg) for E.
coli production and cloned into pET28a between NdeI
and SalI restriction sites. The resulting plasmid, or an
empty vector control, was used to transform the
Rosetta2 (DE3) pLysS strain of E. coli (Novagen). The
expression of the recombinant proteins or empty vector
control was performed at 37�C in lysogeny broth
medium supplemented with ethanol (5 ml L�1) until cell
culture reached an OD600 of 0.7. Recombinant protein
expression was induced by the addition of 0.1 mM, and
the cells were grown for a further 24 h at 20�C. Cells
were then harvested by centrifugation and resus-
pended in 40 ml chilled His Tag-A lysis buffer (54 mM
Na2HPO4, 4 mM NaH2PO4). Thereafter, they were son-
icated for 2 min at 30-s intervals. After sonication, the
samples were centrifuged at 15,000g for 20 min at 4�C
and then loaded onto a Nickle-NTA column (2 ml bed
volume; Qiagen) and allowed to pass through by grav-
ity flow. After adding the cell protein extract, the column
was washed using His Tag buffer A until OD280 regis-
tered no additional protein loss from the column. Pro-
tein elution was performed in a step-wise manner first

4610 PLETT ET AL.
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with the loading buffer supplemented with 25 mM imid-
azole. Twenty-eight 0.5 ml elution fractions were col-
lected after which the elution concentration of imidazole
was changed to 150 mM. After taking additional
18 � 0.5 ml fractions, aliquots of each fraction were run
on a denaturing SDS-PAGE gel to verify the production
of the proper product and product purity. Fractions exhi-
biting pure products of the expected size were pooled
and loaded into a Slide-A-Lyzer 10 kDa dialysis cas-
sette (Thermo Fisher Scientific) and left to dialyze over-
night at 4�C in 1� PBS. As the empty vector control did
not have the same product as the target mycocypins,
the same fractions were taken during elution as the tar-
get proteins eluted and used as negative control. After
dialysis, the samples were removed from the Slide-A-
Lyzer, the protein concentration was determined and
normalized to 10 mg/ml for the two target proteins and
aliquots were stored at �20�C. As the negative control
had no detectable protein, it was diluted in a similar
ratio as for the target proteins.

Protease inhibition assays

Papain (2� crystallized) (EC 3.4.22.2), ficain
(EC 3.4.22.3) and trypsin (EC 3.4.21.4) were obtained
from Sigma-Aldrich. Legumain (EC 3.4.22.34) was iso-
lated from germinated bean seeds (Sabotic
et al., 2011). Recombinant human cathepsin V and L
(EC 3.4.22.43), cathepsin H (EC 3.4.22.16) and
cathepsin B (EC 3.4.22.1) were prepared as described
by Sabotic et al. (2009) and cathepsin X as described
by Mitrovi�c et al. (2017). Substrates benzylox
ycarbonyl(Z)-Phe-Arg-MCA [7-(4-methyl)-coumaryla-
mide], Z-Arg-Arg-MCA, Z-Ala-Ala-Asn-MCA, Arg-MCA
and Abz-Gly-Ile-Val-Arg-Ala-Lys(Dnp)-OH were
obtained from Bachem and substrate bz-FEK(Dnp)-OH
was used for cathepsin X (Mitrovi�c et al., 2017). Cae-
norhabditis elegans Bristol N2 crude protein extract
was prepared by homogenization of adult nematodes in
0.1 M Tris–HCl, pH 8.5 with 0.5 M NaCl followed by
centrifugation to remove insoluble material. Adult nem-
atodes grown in liquid culture (Stiernagle, 2006) and
cleaned by sucrose flotation (Portman, 2006)
were used.

Inhibition kinetics were determined under pseudo-
first-order conditions and analysed according to Hen-
derson (1972). Kinetic assays were performed for the
cysteine proteases papain, ficain and cathepsin V
using Z-Phe-Arg-MCA as the substrate in 0.1 M MES
buffer, pH 6.5 with 5 mM DTT (dithiothreitol); for
cathepsin L using the same substrate in 0.1 M acetate
buffer, pH 5.5 with 5 mM DTT and 1.5 mM EDTA; for
cathepsin B (endopeptidase activity) Z-Arg-Arg-MCA in
phosphate buffer, pH 6 with 5 mM DTT and 1.5 mM
EDTA; for cathepsin B (exopeptidase activity) using

Abz-Gly-Ile-Val-Arg-Ala-Lys(Dnp)-OH in 60 mM acetate
buffer, pH 5 with 5 mM DTT and 1.5 mM EDTA; for
cathepsin H using Arg-MCA in 0.1 M MES buffer with
1.5 mM EDTA and 2 mM DTT and for legumain using
Z-Ala-Ala-Asn-AMC substrate in 0.1 M Na-acetate
buffer, pH 5.5 with 5 mM DTT. Trypsin was assayed
using the substrate Z-Phe-Arg-AMC in 0.1 M Tris–HCl
buffer, pH 8.0, containing 20 mM CaCl2. The released
MCA was measured using an Infinite®M1000 micro-
plate reader (Tecan).

Nematotoxicity tests

To study the nematotoxicity of the L. bicolor mycocy-
pins 293826 and 311135, we transformed E. coli BL21
with plasmids directing the heterologous expression of
both mycocypins and of the lectin CGL2 (as positive
control) and with the empty vector pET28b
(as negative control). The strains were cultivated in LB
medium containing 50 μg/ml kanamycin or 100 μg/ml
ampicillin at 37�C until an OD of 0.5 was reached. The
cells were then chilled on ice for 20 min and expres-
sion of proteins was induced by incubating the cells
with 0.5 mM IPTG for 2 h at 16�C. Then, 300 μl of cell
solution was transferred to nematode growth medium
(NGM) plates (2.5 g/L peptone, 50 mM NaCl, 1.7%
agar, 1 mM CaCl2, 25 mM KH2PO4, 1 mM MgSO4 and
13 mM cholesterol) with 1 mM IPTG and 50 μg/ml
kanamycin or 100 μg/ml ampicillin, and incubated
overnight at 23�C. For verification of protein expres-
sion, the bacterial lawns of separate plates were
washed off and collected. After incubation, 20 synchro-
nized L1 larvae of C. elegans Bristol N2, C. briggsae
AF16 or C. tropicalis JU1373 were added to each
plate. After 72 h at 23�C, the fraction of nematodes
that reached the L4 developmental stage was deter-
mined by counting under a stereo microscope. All
nematode strains were obtained from the Caenorhab-
ditis Genetics Center (CGC) at the University of Minne-
sota. The nematodes were maintained on NGM plates
using the E. coli strain OP50 and synchronized L1
larvae were isolated according to guidelines
(Stiernagle, 2006). The isolated bacterial lawns were
used for the preparation of whole-cell extracts and high
spin fractions (S), which were centrifuged for 20 min at
14,000g to test solubility of the expressed proteins.
These samples were loaded on an SDS-PAGE gel
and stained with Coomassie (Figure S4). Statistical
analysis was conducted using one-way ANOVA, fol-
lowed by Dunnett’s multiple-comparison test to com-
pare the mean of the negative control group to the
means of the other groups (Dunnett, 1964). Each
group consists of five biological replicates. The
ANOVA results are shown in the Supplemental
Table S3.

MYCOCYPINS SHOW TOXIC AND DETERRENT EFFECTS 4611
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Collembola isolation and identification

Collembola (springtails) were isolated from soil sam-
pled from Winmalee, NSW, Australia (S33.7�,
E150.6�). Multiple specimens were handpicked from a
wetted soil using an eyelash and transferred to 90 mm
Petri dishes with a substrate of plaster of Paris and
activated charcoal. Plates were made by mixing acti-
vated charcoal, Paris plaster, and water, in a ratio of
1:8:6 by weight and pouring them into 90 mm Petri
dishes. Thereafter, the plates were left to dry for
1 week. Prior to use, to provide enough humidity for
the collembola, the charcoal plaster plates were
flooded with Milli-Q water and set to soak for 3 min,
after which they were drained of excess water. Collem-
bola were reared on dried baker’s yeast and identified
as Orthonychiurus sp. (closest match to O. folsomi
with 94% similarity) based on the mitochondrial DNA
cytochrome C oxidase I gene (Schäffer, 1900). This
genus and species have a global distribution
(Environment Canada, 2007; Greenslade, 2018;
Ospina-S�anchez et al., 2020; Yao et al., 2020) and,
therefore, is a proper model organism to test toxicity
and feeding deterrence. When sufficient juvenile num-
bers were obtained, 15 collembola from a variety of
stock plates were added and transferred to new plates
to establish breeding colonies. The stock colonies
were fed baker’s yeast as required and plates were
kept at high relative humidity using RO water and
sealed with parafilm.

Juvenile collembola feeding trials

To test the impact of the L. bicolor mycocypins on
Orthonychiurus sp. feeding, their food source was
treated with purified protein and feeding was mea-
sured. To do this, 15 mg of dry baker yeast was mixed
with 20 μl of either L. bicolor protein (5 mg/ml),
Mcp1 at the same concentration (positive control), or
20 μl of the negative control. The negative control was
generated by extracting protein from IPTG-induced E.
coli transformed with an empty protein expression vec-
tor and then sent through the same purification proto-
col as for the mycocypins. As no detectable protein
was recovered in this manner, we pooled the same
elution fractions as for the mycocypins, dialysed them,
and then used this as a negative control. The treated
yeasts were added to new plates and 10 juvenile col-
lembola at second to third stage of development were
placed onto each plate. In total three replicates were
completed at staged intervals to reduce the impact on
the breeding colonies. After 1 month, yeast pellets
were removed and weighed to determine the amount
consumed.

Adult collembola feeding choice trials

To determine if the L. bicolor mycocypins may act as
feeding deterrents, a feeding choice trial was performed
using adult Orthonychiurus sp. To establish these, two
pellets of yeast were produced per plate (15 mg
yeast + 20 μl protein at 10 mg/ml) whereby one pellet
was always treated with the negative control protein
purification and the other pellet was treated with Mcp1
(positive control), 293826, or 311135. Following this,
five adult collembola were transferred into the plates
and left to feed for 1 month. Across this incubation
period, regular observations in the late evening (when
the most activity in the plates was typically observed)
were recorded as to the number of collembola actively
feeding at either of the pellets or that were not feeding.
Following the incubation period, yeast pellets were
removed and weighed to determine the amount of each
pellet consumed. A total of six replicates per treatment
were performed.

RESULTS

Mycocypin-coding genes appear in
multiple clades of the Agaricomycotina

Within the 1379 fungal genomes publicly available
through the Joint Genome Institute MycoCosm data-
base (Grigoriev et al., 2014), a total of 177 mycocypin-
like gene sequences were found in 27 published
genomes (including L. bicolor). More genes were iden-
tified based on annotated functional domains, such as
the beta-trefoil fold, rather than using a tBLASTn align-
ment, suggesting that these are highly divergent genes.
However, the beta-trefoil fold is common with fungal
lectins and only functional tests could confirm whether
the protein is a lectin or a protease inhibitor. Phyloge-
netically, the very high sequence divergence observed
among mycocypin genes was supported by low
confidence values on a number of the predicted ances-
tral branches (Figure 1). Lacking in Ascomycota,
mycocypin-like sequences were only found within five
different clades of the Agaricomycotina: Cantharellales,
Geastrales (within Phallomycetidae), Polyporales,
Boletales and Agaricales (Figure 1, inset; Table S1),
with the Cantharellales as the most basal clade.
Mycocypin-like sequences were not found in all
genomes of intervening clades between Cantharellales
and Agaricales. An increased number of mycocypin-
encoding genes were apparent within the genomes of
more recently evolved clades of the Agaricomycotina
(e.g. Agaricales) as opposed to more basal clades
(e.g. Cantharellales; Figure 1). The phylogenetic tree
suggests that mycocypin gene duplications took place
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in the symbiotic genus Laccaria. Within the genome of
L. bicolor, mycocypins were clustered on scaffold
17 (i.e. 396760, 382297, 311135). Linkage group
8 exhibited clusters of phylogenetically related mycocy-
pin sequences (e.g. 326006, 326016) together with
other clusters of phylogenetically distinct mycocypins
(e.g. 385833). An analysis of the orientation of clus-
tered genes found that 25% displayed divergent align-
ment, 8% showed a convergent alignment and 67%
had a co-linear alignment (Table S1).

Transcripts of L. bicolor mycocypin-
encoding genes accumulate during
mutualistic symbiosis and in fruiting
bodies

Using the newly identified and refined list of L. bicolor
mycocypins (Figure 1), we wished to understand which
genes were expressed during symbiosis, fruiting-body

development (early as primordia, stipe and cap at
medium and late stage; see details in Experimental
Procedures) and in axenic FLM (Table S2). Hierarchi-
cal clustering based on normalized expression levels
(RPKM) revealed five expression profiles (Figure 2).
Eight mycocypins genes (335916, 44770, 326095,
461677, 326006, 396760, 385858, 326032) were not
expressed or expressed at very low levels in all condi-
tions. Three mycocypins genes (318727, 318749,
293818) were highly, and almost specifically,
expressed in stipes and caps of fruiting bodies
(Figure 2), while two other genes (326016, 293826)
were expressed in both stipes and caps of fruiting bod-
ies as well as in ECM roots. Five mycocypin-encoding
genes (602958, 293824, 385833, 382297, 311135)
were expressed in ECM roots and, to a lower extent, in
FLM, while only one (326015) displayed the highest
expression level in FLM (Figure 2). Some of the paralo-
gues (Figure 1) did not share the same expression pro-
file (Figure 2). The L. bicolor mycocypin genes

F I GURE 2 Expression profiles of 19 Laccaria bicolor mycocypin genes, during fruiting body development (early, medium and late stages of
both stipe and cap), in axenically grown free-living mycelium (FLM) and in vitro ectomycorrhiza (ECM) formed between L. bicolor and Populus
tremula � alba roots. Mean expression levels (RPKM) are shown with their hierarchical clustering (1-r, Pearson correlation with average linkage
method). Dendrogram produced using Morpheus (https://software.broadinstitute.org/morpheus/). Each gene is represented by a row of coloured
boxes (RPKM values) with a single column representing one condition. Expression levels range from pale to saturated colours (orange for high
expression; blue for low expression). Red dots indicate the highest gene expression levels (>1000 RPKM). Raw data were extracted from
Ruytinx et al. (2021) and are available in Table S2. Protein IDs are given for each gene. Colours in genomic localization indicate genes
belonging to the same cluster (orange for scaffold 17 and pale green and dark green for two clusters in LG_8). Red arrows indicate the two
mycocypins further characterized
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belonging to clusters did not always share the same
expression patterns, indicating that they were not co-
regulated. For example, mycocypins-311135 and
382297 were strongly upregulated during host coloniza-
tion while mycocypin-396760 was not significantly
expressed or regulated under the tested conditions,
although they belong to the same gene cluster. None of
the host-induced mycocypin-like genes was predicted
with high confidence to be secreted (i.e. SignalP >4).

Mycocypins are localized in distinct L.
bicolor tissues

Two L. bicolor mycocypin-encoding genes were chosen
for further characterization. The choice was made to

follow-up on two host-induced sequences that
were divergent based on (i) sequence (i.e. phylogenetic
relationship; Figure 1), (ii) location within the genome
(i.e. different linkage groups/scaffolds) and (iii) expression
profiles. Based on these criteria, we chose mycocypin
293826 and mycocypin 311135. Neither mycocypin
293826 nor 311135 were found to be secreted in accor-
dance with in silico predictions using SignalP (Petersen
et al., 2011) or expression in yeast (Figure S1). Recom-
binant proteins were produced in, and purified from, E.
coli. Antibodies against the recombinant proteins were
obtained and tested for binding to the proteins of inter-
est [Figure S2(A)]. Indirect immunolocalization in L.
bicolor tissues was unable to detect either of these
mycocypins within the FLM [Figure 3(A,B)] suggesting
that protein levels of these two mycocypins were below

F I GURE 3 Mycocypins 293826 and 311135 of L. bicolor show overlapping protein localization patterns. Indirect immunolocalization of
mycocypins 293826 (orange false-coloured signal) and 311135 (purple false-coloured signal) in free-living mycelium (A, B), in transverse cross-
sections of a fully colonized mycorrhizal root tip (C, D), in a longitudinal cross-section of the stipe (E, F) and in the gills of a mature fruiting body
(G, H). Flm = free-living mycelium; m = mantle; Hn = Hartig net; s = stipe; g = gill; bs = basidium/basidiospores. Photographs were taken with
�60 magnification
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detectable levels, despite a detectable expression at
the transcript level (Figure 2). Within ECM root tips,
mycocypin 293826 exhibited strong expression in the
mantle and weaker expression in the hyphae of the
Hartig net [Figure 3(C)], while mycocypin 311135 was
only localized to the mantle [Figure 3(D)]. Within the
mature fruiting body, we found mycocypin 293826
within the stipe [Figure 3(E,F)], consistent with gene
expression profiles (Figure 2), while both mycocypins
were found in the gills and cap of the fruiting body
[Figure 3G,H)]. In the latter tissues, however, mycocy-
pin 293826 was more localized to interior hyphae while
mycocypin 311135 was localized to the outer layers of
the cap and the basidiospores, despite the latter gene
being expressed at very low levels in these tissues.

Laccaria bicolor mycocypins inhibit
different cysteine proteases

The high sequence variability and high plasticity of
function within mycocypins make it impossible to pre-
dict their substrate specificity as protease inhibitors
based on sequence alone. To test if mycocypins
293826 and 311135 could inhibit cysteine proteases,
we performed in vitro protease inhibition assays using
model proteases of either plant or animal origin
(Table 1). Mycocypin 293826 inhibited the plant
C1-family protease papain, with an inhibitory constant
(or Ki) in the μM range. The inhibition of papain by
mycocypin 311135 was weaker. Furthermore, mycocy-
pin 293826 exhibited weak inhibition of ficain, showing
approximately 50% inhibition at 50 μM, whereas

mycocypin 311135 did not inhibit this protease at this
concentration. Both mycocypins inhibited legumain, a
C13-family cysteine protease, albeit weakly, showing
approximately 40% inhibition at 50 μM, whereas no
inhibition was observed for trypsin, a serine protease.
Sequence comparison (Figure 4) explained the differ-
ences in inhibition of plant C1-family proteases
between mycocypin 293826 and 311135 (Sabotic
et al., 2007, 2009). The predicted inhibitory loops in
293826 have high similarity (44%–57%) to those of cli-
tocypin and macrocypin, which are strong inhibitors of
papain-like proteases. The protein loops predicted to
mediate inhibition of the C1-protease family are shorter
(eight and nine residues in 293826 and five and nine
residues in 311135) compared to the same loops in
either clitocypin (11 and 10 residues) or macrocypin
(15 and 9 residues). These changes likely affect the
level of inhibition by the L. bicolor proteins. Further-
more, the predicted legumain inhibitory loop in mycocy-
pin 293826 contains an asparagine that presumably
interacts with the enzyme’s active site, not present in
the loop of mycocypin 311135. However, the measured
strength of inhibition was similarly weak for both. The
latter indicates that a different loop could be involved in
legumain inhibition in mycocypin 311135 compared to
other mycocypins, as observed for trypsin inhibition by
the different fungal beta-trefoil inhibitors cnispin and
cospin (Caglic et al., 2014; Renko et al., 2012).

Both mycocypins strongly inhibited human cathep-
sin L with Ki in the pM range. Mycocypin 293826 also
strongly inhibited human cathepsin V with Ki in the nM
range, whereas mycocypin 311135 was in the μM
range. Mycocypin 311135 inhibited both endopeptidase

TAB LE 1 Inhibition of various proteases from plant or animal origin by recombinant mycocypins

Protease (family, source organism)

Inhibition (Ki) Ki (nM)

293826 311135 Mcp1 Clt

Papain (C1, Carica papaya) 7.96 � 0.38 μM >100 μM 0.95 � 0.33 6.2 � 0.55

Ficain (C1, Ficus glabrata) Yes (weak) No ND ND

Legumain (C13, Phaseolus vulgaris) Yes (weak) Yes (weak) 3.38 � 1.44 21.5 � 2.81

Cathepsin V (C1, Homo sapiens) 0.52 � 0.09 nM 1.16 � 0.10 μM 0.69 � 0.06 0.08 � 0.03

Cathepsin L (C1, Homo sapiens) 12.8 � 1.5 pM 12.4 � 0.5 pM 0.64 � 0.22 0.02 � 0.001

Cathepsin B—endo (C1, Homo sapiens) >100 μM 1.80 � 0.30 μM ND 480 � 90

Cathepsin B—exo (C1, Homo sapiens) No 39.3 � 5.0 nM ND ND

Cathepsin H (C1, Homo sapiens) No No 100 � 10 No

Z-Arg-Arg-activity (C1, C. elegans)—cathepsin B
endopeptidase-like activity

No Yes (strong) ND ND

Z-Phe-Arg-activity (C1, C. elegans)—cathepsin L/V-like
activity

No Yes (strong) ND ND

Trypsin (S1, Bos taurus) No No No No

Equilibrium constants for the inhibition of different proteases were determined under pseudo-first-order conditions and analysed according to Henderson (1972).
Kinetic data for the interaction of clitocypin (Clt) from Clitocybe nebularis and macrocypin 1 (Mcp1) from Macrolepiota procera were reported previously (Sabotic
et al., 2009). Standard deviation is given where appropriate; ND, not determined.
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and exopeptidase activities of human cathepsin B,
whereas 293826 showed weak or no inhibition. No inhi-
bition was found for the human exopeptidase cathepsin
H. Interestingly, only mycocypin 311135 showed inhibi-
tion of cysteine protease activity in C. elegans extracts,
and the inhibition of both cathepsin B-like and cathepsin
L/V-like activity was strong (approximately 50% inhibi-
tion at 1 μM). Therefore, L. bicolor mycocypins 293826
and 311135 both inhibit cysteine proteases of different
origins. However, the strength of inhibition differs by
several orders of magnitude, with mycocypin 311135
being more effective against nematode proteases.

Laccaria bicolor mycocypins inhibit the
development of bacterivorous
Caenorhabditis sp. juveniles

To test whether mycocypin 293826 and 311135 had an
impact on nematode development, E. coli BL21 strains

expressing the recombinant mycocypins were supplied
as food to juvenile L1 larvae of the bacterivorous nema-
tode strains C. elegans Bristol N2, C. briggsae AF16
and C. tropicalis JU1373. A previously characterized
nematotoxic lectin (CGL2) from the fungus Coprinopsis
cinerea was used as positive control (Bleuler-Martínez
et al., 2011). Protein expression by E. coli BL21 was
verified for all experiments using a Coomassie-stained
SDS-PAGE gel showing heterologous expression and
solubility of the proteins [Figure S3(a,b)]. When fed with
the E. coli strain expressing CGL2, none of the C. ele-
gans juveniles reached L4 stage [Figure 5(A)]. Signifi-
cantly fewer nematodes developed into L4 stage
compared to the negative control when the juveniles
were fed on a diet of E. coli expressing either L. bicolor
mycocypin 293826 or 311135 [Figure 5(A)]. Most of the
mycocypin-fed nematodes died during the L1 develop-
mental stage, but the larvae that survived the first 24 h
of the experiment continued to grow until L4 (data not
shown). This indicates that L1 stages of C. elegans

F I GURE 4 Alignment of L. bicolor mycocypin sequences with those of Clitocypin (Clt) from Clitocybe nebularis and Macrocypin 1 (Mcp1)
from Macrolepiota procera. Identical residues are highlighted in dark grey and similar residues shown in light grey. The two loops involved in
inhibition of papain-like proteases (family C1) are underlined with a solid line; the loop involved in inhibition of family C13 or S1 proteases is
underlined with a dotted line

F I GURE 5 Mycocypins 293826 and 311135 inhibit larval survival of three different Caenorhabditis spp. Percentage of C. elegans Bristol N2
(A), C. tropicalis JU1373C (B) and C. briggsae AF16 (C) that survive from larval stage L1 through to L4 after feeding on E. coli BL21 expressing
empty vector pET28b as a negative control (�ctrl), the lectin CGL2 as a positive control (+ctrl) and mycocypins 293826 and 311135. Asterisk
denotes significant difference of the mean of a group compared to the mean of control condition (Dunnett’s multiple-comparison test); the bars
represent the median value of five biological replicates, the error bars represent the 95% confidence interval. ns, not significant; *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001 (Table S3)
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juveniles are most susceptible to Laccaria mycocypins.
Caenorhabditis briggsae and C. tropicalis juveniles
were not affected by the lectin CGL2, nor by the myco-
cypin 293826 [Figure 5(B,C)]. However, a significant
toxic effect of mycocypin 311135 on C. briggsae was
detected [Figure 5(C)]. These results suggest that
mycocypins are highly species-specific for bacterivor-
ous nematodes. To assess whether nematotoxicity is
specific to L. bicolor mycocypins, previously character-
ized mycocypins from saprotrophic fungi, namely,
macrocypins (Mcp) 1, 3 and 4 from M. procera and cli-
tocypin (Clt) from C. nebularis, were tested for a nema-
totoxic effect (Figure S4). Mcp1 and Mcp3 showed
weak nematotoxicity, confirming this effect is not limited
to L. bicolor mycocypins and may be a common trait of
several mycocypin family members.

Laccaria bicolor mycocypin 311135 acts as
a feeding deterrent to collembola

To understand the putative impact of the L. bicolor
mycocypins on the feeding habits of larger soil fauna,
these proteins were also produced in vitro and purified
[Figure S3(c)]. They were tested to determine how they
impact the grazing of yeast by the springtail Orthony-
chiurus sp. (Collembola). This forager was chosen
because it is an eudaphic species (i.e. foragers in the
soil horizons associated with ECM hyphae), found in
both the Northern and Southern hemisphere locations
where Laccaria sp. are known to co-occur
(Environment Canada, 2007; Greenslade, 2018;
Ospina-S�anchez et al., 2020; Yao et al., 2020). The
characterized mycocypin Mcp1 from M. procera was
used as positive control. We found that juvenile collem-
bola consumed an average of 25 � 5 μg/day when their
yeast food source was treated with the negative control
solution [Figure 6(A)]. This feeding was significantly
reduced if their food source was treated with either
Mcp1 or with L. bicolor mycocypin 311135, but not
when the yeast was treated with L. bicolor mycocypin
293826. We further tested if adult Orthonychiurus
sp. would, if given a choice of food source, avoid yeast
treated with the mycocypins. Similar to juvenile feeding
assays, we found that adults were significantly more
likely to feed off of yeast treated with the negative con-
trol protein source rather than Mcp1 or 311135 [Figure 6
(B)]. Visitation of feeding was also recorded during the
evening when feeding was most consistently observed.
The collembola were more likely to be found actively
eating yeast without mycocypin treatment, when the
other option was either Mcp1 or 311135-treated yeasts,
while they were found to be more equally split between
control and 293826-treated yeasts [Figure 6(C)]. In this
latter measure, no active feeding was observed on
311135-treated yeasts [Figure 6(C)] despite a quantifi-
able consumption of these yeasts [Figure 6(B)].

DISCUSSION

Mutualistic ECM fungal hyphae are exposed to a range
of protease defences when growing within plant tis-
sues. Furthermore, their ability to support plant health
is dependent upon an intact hyphal network within the
soil. Therefore, ECM fungi must have evolved protec-
tive mechanisms against both plant defences and pre-
dation. In this study, we determined that a suite of
uncharacterized mycocypin genes encoded of L.
bicolor were induced during the colonization process.
Work hypothesis was that their products may play a
role in either subverting plant protease defences or act-
ing as feeding deterrents for soil fauna. It is worth not-
ing that none of the L. bicolor mycocypins induced
during symbiosis were predicted to be secreted. This
would suggest that, rather than being produced to
counter plant immune responses, these proteins are
more likely active against fungivores, as data from con-
trolled assays support this latter claim.

During the characterization of mycocypins from
saprotrophic fungi, it was hypothesized that their
expansion within fungal lineages would allow for novel
functional adaptations of the duplicated genes (Sabotic
et al., 2006). Expression divergence is considered to
occur through post-gene duplication events (Brawand
et al., 2011; Farre & Alba, 2010; Ganko et al., 2007; Gu
et al., 2002; Huerta-Cepas et al., 2011; Makova &
Li, 2003). For example, differential expression of para-
logous genes for defence effectors, such as copsin and
its paralogues, was previously observed (Kombrink
et al., 2019), suggesting that different effector paralo-
gues with different specificities may be active in differ-
ent fungal tissues. In L. bicolor genome, a few of these
genes showed expression patterns responsive to the
host tissues colonization, the formation of the reproduc-
tive tissues, or both. However, no correlation was found
between gene expression patterns and gene clustering
among L. bicolor mycocypin genes. Since the discov-
ery of the first mycocypin sequence (Brzin, 2000), the
evolutionary origin of this class of protease inhibitors
has been questioned (Sabotic et al., 2006). With the
recent increase of available fungal genomes (Kohler
et al., 2015; Miyauchi et al., 2020), it is now possible to
start tracing their origin. It is worth noting that the high
sequence divergence shown by this class of proteins
makes their detection difficult, based on sequencing
alone. We observed an amplification in the number of
mycocypin-coding genes within the Agaricomycotina
where they are found in four separate clades (particular
in the Agaricales family and Laccaria genus) as well as
genes clustered within the genome of L. bicolor. The
evolutionary source of gene clusters has also been
debated. Horizontal gene transfer (Walton, 2000) or
gene duplication and specialization by inversion during
meiosis (Hane et al., 2011) or by the activity of trans-
posable elements (Ehrlich & Yu, 2010; Young
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F I GURE 6 Mycocypin 311135 acts as a feeding deterrent to juvenile and adult collembola. (A) Average daily feeding of juvenile collembola
on yeast treated with empty vector protein purification (�ctrl.), Mcp1 (+ctrl), and L. bicolor mycocypins 311135 and 293826. (B) Average daily
feeding of adult collembola in choice feeding trials where each colony had the choice of yeast treated with empty vector protein purification
(�ctrl) paired with either: Mcp1 (+ctrl), or L. bicolor mycocypins 311135 or 293826. (C) Percentage of times that adult collembola from (C) were
found feeding at either yeast food source or not feeding (NF). Asterisk = significant difference from Neg (Student t-test; *p < 0.05;
**p < 0.01,***p < 0.001, ****p < 0.0001), all values �SE

4618 PLETT ET AL.

 14622920, 2022, 10, D
ow

nloaded from
 https://am

i-journals.onlinelibrary.w
iley.com

/doi/10.1111/1462-2920.16115 by Inrae - D
ipso, W

iley O
nline L

ibrary on [23/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



et al., 2006) have been considered. Most mycocypins
from the annotated genomes searched to date, how-
ever, do not follow these rules of cluster formation. Alto-
gether, this suggests that mycocypin gene duplication
has occurred in Laccaria genus, which is an interesting
deviation from a typical gene clustering process.

Due to the mycocypins redundancy and the limita-
tion of the molecular tools available in L. bicolor, the
functional characterization of mycocypins by gene inac-
tivation is challenging. Despite this drawback, we
showed that these two proteins were unlikely to be
secreted, as has been found for most proteins in this
class (Sabotic et al., 2006). However, one secreted
mycocypin was previously found in the exudates of
axenic mycelium of L. bicolor (Vincent et al., 2012).
Since we did not characterize the full set of the L.
bicolor mycocypins, it is likely that the mycocypin
detected in L. bicolor exudates is either not the same
as the ones we studied, derived from non-intact myce-
lium, or that certain mycocypins of L. bicolor are not
secreted through a conventional pathway. The non-
secretion of the mycorrhiza-induced L. bicolor mycocy-
pins is consistent with the hypothesis that they act as
toxins against fungivores, taken up during feeding
(Künzler, 2018). The presence of the two mycocypins
in the hyphal mantle surrounding roots colonized by L.
bicolor as well as in fruiting bodies (Figure 3), similar to
clitocypin and macrocypin from the saprotrophic fungus
M. procera (Sabotic et al., 2011, 2016), is also indica-
tive of a role as potential fungivory deterrents.

We found that both L. bicolor mycocypins inhibit
cysteine proteases of different origins, with an inhibition
constant in the range of most enzyme-inhibiting drugs
(from pM to μM). This is consistent with their sequence
divergence and different locations within the genome.
Their inhibitory activity is comparable to that of other
known mycocypins (Renko et al., 2010; Sabotic
et al., 2011), targeting both plant and animal cysteine
proteases, with a much stronger activity against the lat-
ter. The strong inhibition of the cathepsin-like protease
of C. elegans by L. bicolor mycocypins corroborates
the proposed function in defence against nematodes
(probably by affecting their development). This is also
indicated by the observed nematotoxicity, while an
inhibitory role against plant proteases involved in plant
defence mechanisms appears less likely.

Interestingly, the strength of inhibition of different
cysteine proteases differs greatly between the two L.
bicolor proteins, indicating different target proteases/
protease families. For instance, mycocypin 311135
inhibited C. elegans cathepsin L, but not C. elegans
cathepsin B. In addition, very weak inhibition of human
cathepsin X, an orthologue of nematode cathepsin Z,
was also observed (data not shown). Comparing the
differences between inhibition of human and nematode
cathepsin B, it is conceivable that mycocypins show
stronger inhibition of the cathepsin Z (nematode-

derived cathepsin X). As both cathepsin L and Z play a
role in the development of C. elegans and are increas-
ingly expressed before the L1/L2 moult (Hashmi
et al., 2002, 2004), data suggest that L. bicolor myco-
cypin 311135 impacts the L1/L2 moulting step. Data
also showed that only mycocypin 311135 acted as a
feeding deterrent for the fungivore Collembola. The
same result was observed with the bacterivorous nem-
atode C. briggsae, while both L. bicolor mycocypins
tested inhibited the development of C. elegans. Inter-
estingly, neither of the two mycocypins affected the
development of C. tropicalis. These results suggest
that the effect of mycocypins on nematodes is species-
specific, as is the case for the lectin CGL2 (this study;
Tayyrov et al., 2019). Differences in toxicity and antifee-
dant properties against fungivorous nematodes have
also been observed previously for other saprotrophic
fruiting body defence proteins (Tayyrov et al., 2018).

In summary, we established that the genome of the
mutualistic fungus L. bicolor displays a duplication of
protease inhibitor mycocypin-encoding genes that are
either expressed in symbiotic tissues, the reproductive
tissues, both, or not expressed under the tested condi-
tions. Both toxic and feeding deterrent properties were
found for two host-induced mycocypins from L. bicolor.
It remains to be seen if other mutualistic fungi produce
similar mycocypins with sequence divergence too great
to be captured in the present study. It would also be of
interest to investigate other possible roles of mycocy-
pins in fungal biology (e.g. development and regulation
of endogenous proteases). In conclusion, we have
identified one pathway by which ECM fungi may pre-
vent feeding on their own hyphae and host roots by soil
fauna and, thereby, indirectly promote plant growth.
Further research in situ on the complex role of mycocy-
pins in fungal physiology is needed to elucidate their
greater ecological significance.
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