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The coordinated transcriptomic responses of both mutualis-
tic ectomycorrhizal (ECM) fungi and their hosts during the 
establishment of symbiosis are not well-understood. This 
study characterizes the transcriptomic alterations of the 
ECM fungus Laccaria bicolor during different colonization 
stages on two hosts (Populus trichocarpa and Pseudotsuga 
menziesii) and compares this to the transcriptomic varia-
tions of P. trichocarpa across the same timepoints. A large 
number of L. bicolor genes (≥8,000) were significantly regu-
lated at the transcriptional level in at least one stage of colo-
nization. From our data, we identify 1,249 genes that we 
hypothesize is the ‘core’ gene regulon necessary for the mu-
tualistic interaction between L. bicolor and its host plants. 
We further identify a group of 1,210 genes that are regulated 
in a host-specific manner. This variable regulon encodes a 
number of genes coding for proteases and xenobiotic efflux 
transporters that we hypothesize act to counter chemical-
based defenses simultaneously activated at the transcrip-
tomic level in P. trichocarpa. The transcriptional response of 
the host plant P. trichocarpa consisted of differential waves 
of gene regulation related to signaling perception and trans-
duction, defense response, and the induction of nutrient 
transfer in P. trichocarpa tissues. This study, therefore, gives 
fresh insight into the shifting transcriptomic landscape in 
both the colonizing fungus and its host and the different 
strategies employed by both partners in orchestrating a 
mutualistic interaction. 

Plants are constantly in contact with different types of fungi 
ranging from parasitic to endophytic to mutualistic. To guar-
antee survival, therefore, the plant must encode certain tran-
scriptional programs that enable interaction with beneficial 

mutualistic microbes and instigate resistance against patho-
genic detrimental organisms (Newton et al. 2010). Fungi, such 
as the mutualistic ectomycorrhizal (ECM) fungi, likewise have 
evolved mechanisms to overcome, resist, or control these 
differing plant responses, in order to colonize root tissues 
(Brundrett 2009; Kloppholz et al. 2011; Plett et al. 2011, 
2014a). The molecular mechanisms that enable an ECM fungus 
to colonize a range of host plants are not well-characterized, 
although recent work has begun to tease out the host genetic 
markers that facilitate the interaction between ECM fungi and 
host trees (Labbé et al. 2011; Tarkka et al. 2013). 

We sought here to understand how L. bicolor, a generalist 
ECM fungus, tunes its transcriptomic response to multiple 
hosts during different physiological stages of colonization. 
Further, we analyzed the coordinated transcriptomic response 
of one host at the same stages. A number of molecular studies 
considering ECM mutualistic interactions have used L. bicolor 
as a model (Felten et al. 2009; Heller et al. 2008; Larsen et al. 
2010, 2011; Martin et al. 2008; Plett et al. 2014b). These stud-
ies have emphasized the importance of different hormonally 
controlled developmental pathways (Felten et al. 2009; Plett et 
al. 2014b), the importance of glycine, glutamate, and allantoin 
in spurring the exchange of nutrients during the progression of 
the interaction between L. bicolor and its host plant (Larsen et 
al. 2010, 2011) and the metabolic differences in host response 
during compatible and incompatible mutualistic interactions 
(Tschaplinski et al. 2014). They have also identified a number 
of effector-like mycorrhiza-induced small secreted proteins 
(MiSSP) (Martin et al. 2008) that act to target plant signaling 
pathways to foster symbiosis (Plett et al. 2014a). Given the 
wide range of tissue ages and culture techniques used in these 
different studies, however, it is difficult to ascertain the tran-
scriptomic specificity of the ECM fungus to different host plants 
or to determine if there is a stable ‘core’ gene regulon expressed 
independent of either host identity or colonization stage that 
serves as the genetic foundation for the symbiotic lifestyle. The 
response of the host plants under the same conditions is also 
lacking. Together, these data are critical in defining what mecha-
nisms ECM fungi have evolved to communicate with a variety 
of plants and understanding how a receptive host plant (i.e., a 
plant with high percentage of colonized root tips) adapts to 
colonization by an ECM fungus. 

In order to address these points, we consider here the tran-
scriptional analysis of L. bicolor during the colonization pro-
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cess of two different host plants (Populus trichocarpa, an an-
giosperm, and Pseudotsuga menziesii, a gymnosperm) grown 
in the same conditions. Further, using the same RNA pool, we 
simultaneously characterized the transcriptomic response of P. 
trichocarpa. After the initial shift, the transcriptome of L. bi-
color was quite stable across all stages of colonization, with 
the majority of genes showing small differences in transcrip-
tional level between two and 12 weeks of colonization. Within 
the regulated genes in L. bicolor, 5.4% of all L. bicolor genes 
exhibited strict conservation of transcriptional control between 
both plant hosts, pointing to the possibility that these genes 
represent the necessary core set of genes that have evolved in 
L. bicolor to enable the mutualistic interaction with plants. 
Conversely, we denote a group of 1,210 genes (5.2% of all L. 
bicolor genes) as the ‘variable regulon’ due to their differential 
regulation between angiosperm and gymnosperm hosts. These 
genes, therefore, may play a role in host-specific interactions. 
P. trichocarpa, meanwhile, exhibited only a small number of 

significantly regulated transcripts that varied greatly in their 
expression patterns across the different stages of colonization. 
This set of genes was characterized by a variety of genes asso-
ciated with plant defenses and nutrient transport. These results 
open the door for future characterization of novel mutualistic 
signaling pathways associated with specific stages of host-fun-
gal interactions. 

RESULTS 

A timecourse of mycorrhizal root tip development. 
L. bicolor (Maire) P.D. Orton isolate S238N (originally iso-

lated from a colonized root of Tsuga mertensiana [Di Battista 
et al. 1996]) has a strong positive influence on the growth of 
host plants (Le Tacon et al. 1992). In order to better under-
stand this mutualistic colonization process, we chose, here, 
to define the different stages of colonization of newly rooted 
P. trichocarpa saplings by L. bicolor in a pot culture. Across 

Fig. 1. The different stages of Laccaria bicolor root colonization. Cross section of A, a Populus trichocarpa lateral root after 2 weeks in contact with L. bicolor,
showing the beginning of fungal aggregation on the root surface; B, a P. trichocarpa lateral root after 4 weeks in contact with L. bicolor, showing the begin-
ning of fungal penetration within the root; C, a P. trichocarpa lateral root after 6 weeks in contact with L. bicolor, showing proliferation of the fungal Hartig 
net; and D, a P. trichocarpa lateral root after 12 weeks in contact with L. bicolor, showing a fully developed mantle and Hartig net. In comparison are the 
Pseudotsuga menziesiii root transverse cross sections of E, early-stage and F, late-stage mycorrhizal root tips. G, Comparison of the percent lateral roots
colonized (black bars) and the depth of the Hartig net (gray bars, in μm) between P. trichocarpa and Pseudotsuga menziesiii colonized by L. bicolor. All val-
ues ± standard error. OM = outer mantle, IM = inner mantle, HN = Hartig net, EC = epidermal cell, CC = cortical cell; Bars = 10 m. 
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a 12-week period of time, the number of roots exhibiting fun-
gal colonization increases continually and then levels off 
after 12 weeks (Tschaplinski et al. 2014). Microscopically, 
we were able to define the morphological events occurring at 
different points. After 2 weeks of contact, L. bicolor was be-
ginning to aggregate on the surface of newly emerged short 
roots (Fig. 1A). After 4 weeks of contact between the two 
organisms, L. bicolor had formed a full mantle around the 
lateral roots and had begun to grow into the apoplastic space 
of the root (Fig. 1B). Typically, at this stage, fungal hyphae 
had surrounded the rhizodermal cells of the root. Through 6 
weeks of contact, the fungus continued extending within the 
apoplastic space of the root to surround one to two layers of 
cortical cells (Fig. 1C). The final timepoint was at 12 weeks 
after putting the two organisms in contact. At this stage, very 
little had physically changed regarding the morphology of 
the colonized roots (Fig. 1D). Colonization of P. trichocarpa 
roots resulted in a significant increase in plant growth and 
lateral root density (Supplementary Fig. 1). Based on these 
morphological stages observed repeatedly over the course of 
multiple experiments over a two year time-frame, we would 
define the 2-week timepoint as the ‘aggregation’ stage, the 

4-week timepoint as the ‘penetration’ stage, the 6-week time-
point as the Hartig net ‘proliferation’ stage, and the final, 
‘mature’ mycorrhizal root tip stage at the 12-week timepoint. 
Faster colonization dynamics were observed in the interac-
tion between L. bicolor and Pseudotsuga menziesii, with pene-
tration occurring as early as 2 weeks after contact (Fig. 1E) 
and a fully established Hartig net at 6 weeks after contact 
(Fig. 1F). 

In order to understand the molecular hallmarks of these dif-
ferent stages of mycorrhizal root development, we performed 
transcriptomic analyses of L. bicolor on P. trichocarpa roots at 
each of the different stages of colonization. To serve as a host 
comparison, we also analyzed the transcriptome of L. bicolor 
colonizing the roots of the gymnosperm Pseudotsuga men-
ziesii under the same conditions, after 2, 4, and 6 weeks of 
colonization. This latter timepoint is functionally equivalent to 
12 weeks of contact between P. trichocarpa and L. bicolor, as 
6 weeks of contact between L. bicolor and Pseudotsuga men-
ziesii results in a stable average of 90% lateral roots colonized 
by the fungus with a Hartig net depth similar to that of a 
mature L. bicolor–P. trichocarpa ectomycorrhizal root tip 
(Fig. 1G). 

Fig. 2. Laccaria bicolor gene transcription in response to two different plant hosts. A, Hierarchical clustering of the log2-transformed data of significantly 
regulated genes of L. bicolor in contact with two plant hosts for different lengths of time. The heat map is annotated on the right side with the hierarchical 
groupings denoted LA to LH. B, Venn diagram showing the overlap in the number of genes with significant elevated transcript abundance (red) and reduced 
transcript abundance (green) as compared with free-living mycelium. These diagrams do not include the number of genes that have an increased transcript
presence at one timepoint and a repressed expression value at the second. C, Functional classification of the genes found to be in each regulon. 
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L. bicolor responds with different transcriptomic intensities 
to angiosperm and gymnosperm hosts. 

We found that 8,644 genes were differentially regulated 
(≥2.5 fold; P < 0.05) in at least one developmental stage of the 
L. bicolor colonization of P. trichocarpa or Pseudotsuga men-
ziesii. Globally, we found that L. bicolor colonization of P. 
trichocarpa resulted in a greater amplitude of gene regulation, 
as opposed to the amplitude of gene regulation during Pseudo-
tsuga menziesii colonization (Fig. 2A; Supplementary Table 
1). In the former pairing, the majority of genes exhibiting sig-
nificant regulation during the fungal aggregation stage (2 
weeks after contact) (Fig. 2A, regulons LA and LH) maintained 
the same level of transcriptomic expression or repression 
through to the mature mycorrhizal root tip (12 weeks). In con-
trast, L. bicolor interaction with Pseudotsuga menziesii re-
sulted in an initial burst of differential gene regulation, followed 
by a steady return to presymbiotic levels in the following 
timepoints of colonization (Fig. 2A). There were a number of 
L. bicolor genes that were significantly regulated in the same 
fashion, although not necessarily to the same amplitude, dur-
ing the colonization of both hosts (Fig. 2B). This included a 
common set of 947 genes with increased transcript abundance 
and 881 genes with reduced transcript abundance. The group 
of genes exhibiting increased transcript abundance was charac-
terized by a high percentage of poorly characterized genes or 
genes of unknown function, while the common genes with re-
pressed levels of transcription were divided between annotated 
functions in cellular processes and signaling, information stor-
age and processing, metabolism, and genes with unknown 
function (Fig. 2C). One class of genes that did not conform to 
the general trend of lower induction in the L. bicolor–
Pseudotsuga menziesii interaction as compared with the L. bi-
color–P. trichocarpa interaction were the carbohydrate active 
enzymes (CAZymes). In total, 60 CAZymes exhibited signifi-
cantly increased transcript abundance during at least one stage 
of colonization in the former interaction as opposed to 53 
genes in the latter interacting pair (Supplementary Fig. 2; Sup-
plementary Table 2). Further, there was a greater number of 
CAZymes with significantly reduced transcript levels in the L. 
bicolor–P. trichocarpa interaction (117 downregulated genes) 
as compared with the L. bicolor–Pseudotsuga menziesii inter-
action (52 downregulated genes, e.g., GH16, GH24). 

During the interaction between two organisms, the secre-
tome is very important, as these proteins are responsible for 
communicating between the two partners as well as altering 
the environment around the invading organism (Martin and 
Kamoun 2012). We analyzed the modification of the different 
classes of secreted proteins within the significantly regulated 
genes of L. bicolor in contact with both hosts (Fig. 3A through 
D). In the L. bicolor–P. trichocarpa interaction, there were a 
larger number of MiSSP and, as seen with the CAZyme family 
as a whole, a smaller number of secreted CAZymes upregu-
lated by colonization as compared with the L. bicolor–
Pseudotsuga menziesii interaction (Fig. 3A and C). In the 
interaction with both hosts, there were a large number of se-
creted proteases that exhibited lower transcript abundance 
(Fig. 3B and D). From our data, we were able to annotate a 
new type of small secreted protein (SSP), i.e., the mycorrhiza-
repressed (Mr)SSP. These were SSP (<300 amino acids) that 
exhibited significantly repressed levels of expression during 
the establishment of the mutualistic interaction. While a large 
portion of the MiSSP of L. bicolor were found to have no 
homologues or conserved domains with genes from other fun-
gal genomes (52% of MiSSP expressed during the L. bicolor–
P. trichocarpa interaction and 42% of MiSSP expressed dur-
ing L. bicolor–Pseudotsuga menziesii [Fig. 3E]), we found that 
MrSSP had a higher level of conservation in the fungal tree of 

life. For example, 8% of MrSSP repressed during the L. bi-
color–P.trichcarpa interaction have no known existing homo-
logues in other fungal systems, while 31% of MrSSP repressed 
during the L. bicolor–Pseudotsuga menziesii interaction have 
no known homologues (Fig. 3E). These data would suggest 
that MrSSP are encoded by more conserved genes of unknown 
function within the fungal tree of life that either have no role 
or a detrimental role to the mutualistic lifestyle or which may 
control the growth of free-living hyphae. 

L. bicolor encodes a stable mutualistic core regulon. 
One group of genes, denoted as regulon groups LB and LD in 

Figure 2A, were characterized by equally high levels of ex-
pression at all timepoints in the interaction between L. bicolor 
and both of its hosts. Within this group, we found a small num-
ber of CAZymes (e.g., GH16 xyloglucan:xyloglucosyltransfer-
ase [protein ID 619909, 239682]; GH17 glucan 1,3-β-glucosi-
dase [protein ID 296997]; GH18 chitinase [protein ID 310136, 
246840, 301747]; GH28 polygalacturonase [protein ID 612983, 
613299], GH61 lytic polysaccharide monooxygenases (now 
AA9) [protein ID 299682]), a number of mycocypins, cyto-
chrome P450s, and a terpene synthase. A number of transport-
ers were also included in this group, namely, one ammonium 
transporter, an oligopeptide transporter, as well as major facili-
tator superfamily (MFS), amino acid, and sulfate transporters 
(Supplementary Table 3). There was a significant enrichment 
of MiSSP-coding genes in this group as opposed to the other 
regulons (5.5% in regulon LB and 7% in regulon LD as opposed 
to 2% of all genes tested [Table 1]; Fisher exact test P < 0.05). 
MiSSP were significantly enriched for L. bicolor specific SSP 
as opposed to the genomic complement of L. bicolor SSP 
(2.7% in regulon LB MiSSP and 2.2% in regulon LD MiSSP 
as opposed to 0.8% of all SSP annotated [Table 1]). The 
MiSSP within these two regulons included MiSSP7, MiSSP22, 
MiSSP31, MiSSP11.4, MiSSP7.6, MiSSP8, MiSSP17, 
MiSSP32, and MiSSP12. The presence of a core of genes whose 
expression patterns are maintained between very different host 
species and stages of colonization would suggest that these 
genes form the minimum basis of genes necessary to allow for 
the mutualistic lifestyle of L. bicolor. 

L. bicolor encodes a variable regulon  
with host-specific expression patterns. 

In addition to a set of genes whose expression was inde-
pendent of host identity was a set of genes whose expression 
was found to be regulated in opposing manners when the two 
hosts were compared. These genes likely encode proteins that 
have host-specific roles. The majority of these genes were up-
regulated in the L. bicolor–P. trichocarpa interaction and 
repressed in the L. bicolor–Pseudotsuga menziesii symbiotic 
relationship (Fig. 2A, regulons LC and LE). The role of the 
genes within the host-specific groups is difficult to interpret. 
This is due to the fact that genes from these groups have a high 
number of unknown or Laccaria-specific genes. For example, 
in regulon LC, 45% of the genes regulated are Laccaria-spe-
cific and 34.7% genes of regulon LE are specific to L. bicolor 
(Fig. 2A; Table 1). This concentration of L. bicolor–specific 
genes is a significant enrichment over the genomic comple-
ment of L. bicolor–specific genes (Table 1, 22.9%). Within this 
group of 2,097 L. bicolor–specific genes (out of a total 8,644 
regulated transcripts), 85 are SSP, 14 are secreted but ≥300 aa, 
136 have a pfam domain, and 42 a GenBank (nonredundant) 
hit (Supplementary Table 4). Of the remaining genes with an-
notated functions, several are peptidases (e.g., protein ID 
436610, 299240, 709984) and lipases (e.g., protein ID 633622, 
299240, 570409) that were found to be more highly expressed 
in the L. bicolor–P. trichocarpa interaction. We also found that 
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Fig. 3. Laccaria bicolor secretome during mutualistic symbiosis. A, Percentage of mycorrhiza-induced small secreted proteins (MiSSP), carbohydrate active 
enzymes (CAZymes), proteases, lipases, and other secreted protein–coding genes significantly expressed when in contact with poplar or B, that are repressed 
using the same host. MrSSP = mycorrhiza-repressed SSP. The same graphics are shown for C, upregulated and D, downregulated genes in the response of L. 
bicolor to Pseudotsuga menziesii. E, Total number of expressed SSP compared with the number of SSP that have no homologue in other fungal genomes. L. 
bicolor–specific genes. A Markov chain clustering of predicted proteins from 49 fungal genomes was used. If a cluster contained only predicted proteins 
from L. bicolor, these proteins were considered to be Laccaria-specific. 
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a number of MFS and xenobiotic transporters were activated 
(e.g., protein ID 151934, 314210, 314109, 577732), as were a 
number of Ankyrin proteins (e.g., protein ID 324492, 633186, 
437613), a NACHT domain protein (protein ID 653763), and 
two ARMADILLO proteins (ID 442207, 489026). These 
results would suggest that P. trichocarpa, as the less receptive 
host, is confronting L. bicolor with a higher level of protein 
and toxin-based warfare than Pseudotsuga menziesii and that 
the variable L. bicolor regulon is responding with increased 
expression of detoxification transporters and with different pro-
teins to degrade defensive plant-based proteins. These results 
reflect a similar trend observed during incompatible L. bicolor 
interactions with plant roots in which a larger complement of 
defensive metabolites was observed in the roots of plants 
poorly colonized by L. bicolor (Tschaplinski et al. 2014). 

The P. trichocarpa transcriptome evolves  
during the colonization process by L. bicolor. 

During the course of root colonization by an ECM fungus, 
the plant root undergoes a number of morphological changes 
from the cessation of growth to the alteration of plant cell-wall 
properties and, finally, the alternate control of wall-bound 
transporters to accommodate the new paradigm of nutrient 
fluxes inherent in mutualistic interactions. Therefore, we were 
interested in determining the global changes in host transcrip-
tion during these different stages. We focused on P. tricho-
carpa due to the public availability of its genome (Tuskan et 
al. 2006). We identified 360 genes with significantly altered 
abundance during at least one stage of colonization (≥2.5-fold 
regulation) (Fig. 4A; Supplementary Table 5). Unlike the rela-
tively stable response of L. bicolor to P. trichocarpa across the 
stages of colonization considered here, the significantly regu-
lated genes of P. trichocarpa displayed very variable transcrip-
tional responses during colonization. Two major patterns of 
gene regulation are observed in the roots. One pattern involves 
genes that show increasing expression from the onset of fungal 
aggregation on the root through to proliferation of fungal hy-
phae within the root apoplastic space, after which they begin 
to decrease (Fig. 4A, regulons PA-D). Included in this grouping 
of genes are stress- and defense-related genes, developmental 
genes, and genes annotated as transporters. The second pattern 
of gene expression involves genes that are repressed or not 
regulated in these same earlier timepoints but which become 
highly expressed in the mature mycorrhizal root tip (Fig. 4A, 
regulons PE-G). Major functional classes of genes within these 
regulons are a number of hormone-response factors, genes in-

volved in metabolic pathways and transport. Selected catego-
ries are discussed in more detail below. A further point of 
interest within this dataset was the fact that nearly 25% of the 
genes found to have ‘increased’ abundance over the course of 
the interaction between L. bicolor and P. trichocarpa were not 
actually upregulated over this time period. Rather, the expres-
sion of 84 of the 360 significantly regulated P. trichocarpa 
genes in roots undergoing colonization was maintained at the 
same or similar expression levels between 4 and 12 weeks of 
colonization (Fig. 4B; Supplementary Table 6), while the ex-
pression of these genes in uncolonized roots decreased over 
the same time interval. Therefore, L. bicolor appears to be 
maintaining the root in a more transcriptionally juvenile phase 
during the mutualistic interaction. 

Plant host perception, signaling, and  
defense relays activated by colonization. 

One of the key aspects of mutualistic interactions is the abil-
ity of the two partner organisms to perceive each other. During 
the fungal aggregation stage, we found very few P. tricho-
carpa genes related to either pathogen (e.g., resistance genes) 
or symbiotic detection (e.g., LysM receptor kinases). During 
the penetration and Hartig net proliferation stages, however, 
we observed a marked increase in the expression of different 
receptors and signaling proteins associated with plant-fungal 
interactions. These included NB-ARC domain–containing dis-
ease resistance genes (e.g., Potri.001G416900), cysteine-rich 
receptor-like kinases (e.g., Potri.011G029300), lectin protein 
kinases (e.g., Potri.011G28000), leucine-rich repeat receptors 
(e.g., Potri.003G138900), and a number of general protein 
kinases (e.g., Potri.013G030400) (Fig. 4C). 

We were also interested in determining how perception of 
the fungal symbiont affected the defense signaling of P. tricho-
carpa. Defensive genes only showing increased expression 
during the early stages of colonization were homologous to 
PLIEOTROPIC DRUG RESISTANCE (PDR2, PDR5, PDR6; 
Potri.010G153800, Potri.002G188900, Potri.009G147100), to 
A. thaliana MLP423, a gene associated with defense responses 
triggered by the host upon pathogenic colonization (e.g., 
Potri.010G000200) (Ascencio-Ibáñez et al. 2008; Libault et al. 
2007), and to β-glucosidases (e.g., Potri.001G-1500). Other 
than a very small number of genes (e.g., homologues to genes 
such as a reticuline oxidase induced by jasmonic acid [JA] 
[Pandey et al. 2005]), there were very few genes regulated that 
were associated with hormonal-based plant defenses at these 
early stages of colonization. 

In mature mycorrhizal root tips (i.e., 12 weeks of coloniza-
tion; regulons PF and PG) (Fig. 4A), a striking shift in plant de-
fense response was noted. Transcriptomically, from the begin-
ning of the colonization of roots, the plant appeared to largely 
base its defensive program on the use of toxic secondary com-
pounds—a tactic that was attenuated at the 12-week timepoint 
(Fig. 4A, regulons PA and PB). These genes included germins 
(e.g., Potri.013G000500 [Wang et al. 2013]), a putative ter-
pene synthase (homologous to A. thaliana TRP21, Potri.015G 
032100), U-box/ARMADILLO genes (e.g., Potri.008G137700, 
Potri.015G031000), and senescence-related genes. At this later 
timepoint, we also observed the induction of a hormone-based 
defense response. Classically, three plant hormones (ethylene 
[ET], salicylic acid [SA], and JA) are associated with plant de-
fenses against pathogenic attack. We found, here, that there are 
transcriptomic signatures of the ET and SA pathways induced 
in P. trichocarpa colonized roots. These included a number of 
ET-response factors (AP2/ERF transcription factors; e.g., Potri. 
014G046600) and a number of genes normally associated with 
SA-induced signaling (e.g., homologues of A. thaliana WRKY33 
[Potri.016G128300], WRKY40 [Potri.003G182200], WRKY41 

Table 1. Transcriptional regulation of genes specific to Laccaria spp. (Lac-
specific) and genes coding for small secreted proteins (SSP), and Lac-spe-
cific SSPa  

 
Cluster 

 
% Lac-specificb 

 
% SSPc 

% SSP 
Lac-specific 

A 44.3 1.8 1.2 
B 25.0 5.5 2.7
C 45.4 2.3 1.6 
D 15.8 7.0 2.2
E 34.7 2.0 1.4 
F 6.5 4.3 1.1 
G 20.8 2.0 0.3 
H 7.0 1.7 0.2 
All regulated 24.3 2.6 1.0 
All genes on array 22.9 2.0 0.8 
a Values in bold: enriched (Fisher exact test; P value < 0.01).  
b A Markov cluster algorithm of predicted proteins from 49 fungal genomes

was used. If a cluster contained only predicted proteins from Laccaria
spp., these proteins were considered as Lac-specific. 

c Predicted secreted protein of less than 300 aa and not a protease, lipase,
or carbohydrate active enzyme. 
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Fig. 4. Populus trichocarpa gene transcription alters radically in response to different stages of colonization. A, Hierarchical clustering of the log2-trans-
formed data of significantly regulated genes of P. trichocarpa in contact with Laccaria bicolor. The heat map is annotated on the right side with the hierar-
chical groupings denoted PA to PH. B, Mean expression map showing just the expression of genes in each sample tested. UC = uncolonized control; C =
colonized root. Functional classification of the genes found to be in each regulon. 
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[Potri.001G092900]) (Birkenbihl et al. 2012; Li et al. 2004). 
Despite the overexpression of one known JA-induced gene 
(homologue of A. thaliana WRKY53 [Potri.003G138600), the 
majority of genes associated with JA that displayed altered 
transcript abundance are responsible for repression of JA 
response. Examples include the upregulation of JAZ domain–
containing genes (homologues of A. thaliana JAZ5 [Potri.001 
G166200] and JAZ8 [Potri.011G083900] and homologues of 
A. thaliana WRKY41). 

Nutrient transporters form an integral component  
of the colonization transcriptome. 

Given the importance of nutrient transport to the mutualistic 
aspect of this interaction, we analyzed the expression of 
different annotated transporter classes in P. trichocarpa 
throughout the colonization process (Supplementary Table 7). 
Surprisingly, the transporters classically associated with 
mutualistic nutrient exchange were significantly regulated in 
P. trichocarpa during stages as early as fungal aggregation on 
the root and prior to the establishment of the full Hartig net. 
The expression of these genes peaked at 6 weeks after contact 
with the fungus but they were still very highly expressed in 
mature 12-week-old mycorrhizal roots. The genes in these 
expression regulons (Fig. 4A, PA-C) included an amino acid 
transferase (Potri.013G095900), four SWEET transporters 
(Potri.019G030500, Potri.002G072600, Potri.002G072700, 
Potri.002G.072800), and three malate transporters 
(Potri.009G017900, Potri.001G217300, Potri.001G217400). 
Another set of transporters was only found to be upregulated 
in the late phases of the colonization process (Fig. 4A, 
regulons PF and PG), including amino acid permeases (e.g., 
Potri.006G236000), an ABC transporter (Potri.017G074000), 
and lipid transporters (e.g., Potri.002G251000). 

DISCUSSION 

The presence of a foreign organism stably integrated or 
‘accommodated’ within plant tissues, as in the interaction be-
tween mutualistic ECM fungi and the roots of different tree 
species, requires a remarkably fine-tuned response on the part 
of both the plant and the invading organism. Typically the inter-
action between mutualistic microbes and plants progresses from 
i) the recognition of the microbe to ii) an attempt by the 
microbe to overcome plant defense through iii) penetration of 
plant tissues by the microbe and, finally, iv) a trade in nutrient 
stores between the two organisms. Recognition of microbes is 
mediated by pathogen-associated molecular pattern membrane 
receptors and resistance proteins (Chinchilla et al. 2007; 
DeYoung and Innes 2006; Thomma et al. 2011). These recep-
tors then induce a signaling cascade that either accommodates 
the organism or attempts to repulse it through defense reac-
tions. In the interaction between mutualistic Rhizobia bacteria 
and legumes, these signal relay pathways induce gene activa-
tion dedicated to fostering the mutualistic organism (e.g., 
LysM receptor kinases and GRAS family transcription factors) 
(Kaló et al. 2005; Limpens et al. 2003; Madsen et al. 2003; 
Radutoiu et al. 2003; Smit et al. 2005), while the interaction 
between arbuscular mycorrhizal fungi and their hosts requires 
an active SYM pathway (Gobbato et al. 2012; Oldroyd 2013). 
Less is known about how signal perception and transduction 
elements are coordinated between ECM fungi and their hosts 
during the different stages of colonization. 

The ECM fungal lifestyle is thought to have evolved within 
the fungal tree of life multiple times, arising from saprotrophic 
ancestors unable to colonize living tissues (Hibbett and 
Matheny 2009). Within the spectrum of ECM fungi, L. bicolor 
is considered a generalist fungus, as it can colonize plant hosts 

from both angiosperm and gymnosperm lineages (Wallenda 
and Kottke 1998). Therefore, L. bicolor is an ideal model to 
study how an ectomycorrhizal fungus is able to tune its response 
to different host trees. In the interaction between L. bicolor 
and P. trichocarpa or Pseudotsuga menziesii, we demonstrate 
that the colonization rate is much higher during the latter inter-
action as opposed to the former (Fig. 1E). This higher level of 
colonization with Pseudotsuga menziesii is accompanied by a 
lower level of transcriptomic change in L. bicolor, a reduced 
number of differentially expressed effector-like MiSSP and a 
higher number of CAZyme genes with increased transcript 
abundance as compared with the L. bicolor–P. trichocarpa 
interaction (Figs. 2 to 4). These data would suggest that L. 
bicolor has two different colonization approaches. On a gym-
nosperm host, the fungus uses a more enzymatically based 
technique of colonization, while the colonization of the angio-
sperm host necessitates the use of a more diversified effector-
based control of plant tissues combined with a much higher 
level of gene transcription to overcome plant defenses. 

Within the L. bicolor transcriptome we found evidence for a 
conserved core of genes that were regulated at levels inde-
pendent of host identity and of colonization stage during the 
interaction with host roots. A number of these genes, espe-
cially in relation to nutrient transport, have also been identified 
as being regulated in the interaction between L. bicolor and 
another poplar host, Populus tremuloides (Larsen et al. 2011). 
This would suggest that, upon perceiving the presence of a 
plant root, transcriptional alterations to these 1,249 genes in L. 
bicolor hyphae enters a set pattern regardless of the host pre-
sent. Such strict regulation would suggest that these genes, to-
gether, form the transcriptional foundation necessary for L. bi-
color to enter into symbiosis with a plant. The logical outcome 
of this hypothesis would be, therefore, that loss of one or sev-
eral of these genes would prevent L. bicolor from colonizing a 
host plant. Such evidence has already been found with relation 
to L. bicolor colonization of P. trichocarpa (Plett et al. 2011). 
Within this core set of genes is the highly upregulated MiSSP7 
gene. MiSSP7 is a 7-kDa protein that is secreted from fungal 
hyphae and internalized within plant cells, after which it local-
izes to the nucleus (Plett et al. 2011). Loss of MiSSP7 expres-
sion results in a drop in colonization potential of P. tricho-
carpa from 42% with wild-type L. bicolor to 1 to 5% with 
L. bicolor Δmissp7 RNAi mutants. While the necessity of 
MiSSP7 has not been tested in the interaction between L. bi-
color and Pseudotsuga menziesii, we would hypothesize that it 
has a similar role in negotiating symbiosis, as we have found 
that MiSSP7 is also taken up into root cells and localizes to the 
nucleus (J. M. Plett unpublished data). We also found a nitrate 
reductase within this core set of L. bicolor genes. Like 
MiSSP7, the L. bicolor nitrate reductase gene LbNRT2 is an 
essential factor in mycorrhizal formation (Kemppainen et al. 
2009). Therefore, as these two examples demonstrate, loss of 
expression of even one of these core genes is sufficient to stop 
(or reduce the efficiency of) the mutualistic interaction, the 
other genes within this group are also likely important, both 
individually and as a group, in negotiating symbiosis with P. 
trichocarpa. The fact that the majority of the genes within this 
core are MiSSP and that these MiSSP exhibit an enrichment in 
the number of L. bicolor–specific genes would also suggest 
that they have evolved specific roles during the evolution of 
the Laccaria lineage for this purpose. 

In pathogenic systems, fungal pathogenicity is heavily influ-
enced by the response of the host with intrinsic host traits and 
host life history playing an important role in determining the 
outcome of the infection (Begon 2008; Dobson 2004; Ezenwa 
and Jolles 2011; Gervasi et al. 2013). In bacterial symbiosis, we 
see the same pattern with host-specific responses priming the 
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bacterial symbiont metabolically and transcriptomically for suc-
cessful tissue colonization (Kremer et al. 2013). Further, in obli-
gate mutualism, the host environment leads to transcriptomic 
and genomic specialization of the mutualists (Ellers et al. 2012; 
Shigenobu et al. 2000; Van Ham et al. 2003; Xiao et al. 2013). 
During the accommodation of L. bicolor within P. trichocarpa 
root tissues, we find similar evidence of coordinated tran-
scriptomic responses. This coordination in gene expression pro-
grams between both organisms is exemplified in the control of 
defense regulation. When L. bicolor hyphae are just beginning 
to aggregate on the surface of P. trichocarpa roots to form the 
mantle and to grow in between the rhizodermal cells (2 weeks 
after contact between the two organisms), the plant host’s de-
fense tactics were characterized by an increase in chemically 
and enzymatically based responses (e.g., β-glucosidases, PDR, 
MLP423, TRP21) (Ascencio-Ibáñez et al. 2008; Libault et al. 
2007) or in the detoxification of fungal toxins (e.g., cytochrome 
P450) (Kim et al. 2006). Increased production of defensive 
metabolites has been verified during this stage in the interaction 
(Tschaplinski et al. 2014). In response, the L. bicolor variable 
regulon codes for genes that could counteract this class of host 
defense by producing proteases and xenobiotic efflux transport-
ers. As colonization then proceeds, when the fungal mantle is 
fully formed and fungal hyphae are well-established in the root 
apoplastic space (12 weeks of contact), a striking shift in host 
defense response was noted, with the increased expression of 
genes linked to ET and SA hormone signaling and a repression 
of JA-induced gene transcription. A similar shift in defense 
strategies and the effect on fungal colonization has been de-
scribed in the interaction between L. bicolor and P. tremula × P. 
alba (Plett et al. 2014b) and in the interaction between Piso-
lithus microcarpus and Eucaluptus globulus (Duplessis et al. 
2005), between Piloderma croceum and Quercus robur (Tarkka 
et al. 2013), and between Piriformospora indica and A. thaliana 
(Camehl et al. 2009), suggesting a key role for ET signaling dur-
ing ectomycorrhizal colonization of host tissues. As suggested 
for the chemical-based plant defenses, it is likely that L. bicolor 
actively attempts to control plant-based hormone signaling, as 
has been seen with the alteration of auxin signaling in plant 
hosts by L. bicolor (Felten et al. 2009). Rather than proteases 
and xenobiotic efflux transporters, however, this counterattack 
likely takes the form of fungal effector proteins that alter the 
biological activity of key aspects of the host hormonal pathways. 
Recently, it was found that the highly expressed effector protein 
MiSSP7 of L. bicolor is able to be taken up into host cells, in 
which it localizes to the nucleus (Plett et al. 2011) and interacts 
with two JA transcriptional repressors (PtJAZ5 and PtJAZ6) 
(Plett et al. 2014a). The interaction between the effector and 
these repressors leads to a reduction in the transcription of a sub-
set of JA marker genes, thereby demonstrating that L. bicolor is 
actively countering host hormonal defenses. There is also evi-
dence for such a mechanism of control in other model systems. 
For example, the ECM fungus Pisolithus tinctorius controls host 
auxin signaling through the use of the hypaphorine effector 
(Reboutier et al. 2002). The distantly related mutualistic fungus 
Rhizophagus irregularis uses an effector protein to target and 
silence part of the host ET pathway (Klopholz et al. 2011). In 
pathogenic relationships, a range of effectors target plant JAZ 
proteins and JA receptors to alter the outcome of JA-induced 
transcription (Kazan and Lyons 2014; Mukhtar et al. 2011; 
Weiler et al. 1994). Therefore, as the host defense strategies 
change over the course of the interaction with L. bicolor, our 
results would suggest that they are counteracted in the fungus by 
the expression of proteases or of MiSSP. 

Our results concerning the transcriptomic interplay between 
SA and JA pathways also support a developing theme within 
the interaction between ECM fungi and their host plants. Pre-

viously reported work with L. bicolor and P. trichocarpa 
shows that JA inhibits L. bicolor proliferation in plant tissues 
(Plett et al. 2014a) and has demonstrated that L. bicolor also 
has the capability to take metabolites secreted from P. tricho-
carpa roots during colonization and catabolize them into SA 
(Tschaplinski et al. 2014). We now present further evidence 
that SA-marker genes are highly upregulated in roots undergo-
ing colonization, while the majority of JA marker genes are 
repressed. Hormone analysis has found a similar induction of 
SA in the interaction between Paxillus involutus and Populus x 
canescens (Luo et al. 2009), and it has been shown to improve 
colonization of Capsicum annuum by the endophyte Penicil-
lium resedanum LK6 (Khan et al. 2013), while SA levels 
inhibit root colonization by arbuscular mycorrhizal fungi 
(Herrera Medina et al. 2003). This is different from model bio-
trophic interactions in which JA signaling is increased in plant 
tissues at the expense of SA-induced gene regulation 
(Gimenez-Ibanex et al. 2014; Jiang et al. 2013; Mukhtar et al. 
2011; Weiler et al. 1994; Xu et al. 2011). Our results, pre-
sented here, combined with past published findings gives fur-
ther credence to the hypothesis that SA favors, or at least is not 
detrimental to, ECM mutualistic interactions while JA is inhib-
itive to the relationship. 

Our results also give us a glimpse into the transcriptional 
response of P. trichocarpa during these different phases of 
colonization and enable us to compare host response with the 
same fungal symbiont in the closely related P. tremuloides 
(Larsen et al. 2011) and in the gymnosperm Pinus sylvestris 
(Heller et al. 2008). Similar to what has been found in the 
interaction between L. bicolor and P. tremuloides, we show 
that nutrient transporters and amino acid metabolism are two 
important metabolic pathways induced at the transcriptional 
level (Larsen et al. 2011). We are able to show here, however, 
that the induction of these transporters and metabolic path-
ways occurs surprisingly early in the interaction—as early as 
the aggregation stage, before the establishment of the Hartig 
net (Fig. 4). This would suggest that nutrient exchange between 
the two partner organisms is occurring at a very early stage of 
the interaction. We also observed striking differences in the host 
reaction of P. trichocarpa and Pinus sylvestris to L. bicolor 
(Heller et al. 2008). Contrary to the P. trichocarpa host, early 
stages of the interaction between Pinus sylvestris and L. bi-
color (i.e., aggregation stage) resulted in a transcriptional 
repression of most nutrient transporters and an induction of 
cellular defense genes (Heller et al. 2008). The majority of 
defense response genes were observed in the later stages of P. 
trichocarpa–L. bicolor interaction, while this class of genes 
was attenuated in mature mycorrhizal root tips in the interac-
tion between Pinus sylvestris and L. bicolor (i.e., functional 
mycorrhizal root tips) (Heller et al. 2008). Similar to the P. tri-
chocarpa host, discrete signaling pathways and cell-wall modi-
fying enzymes were induced during the intermediate stages of 
colonization (i.e., fungal accommodation stage). These results 
would suggest that, while the genes necessary to accommodate 
the fungus within the plant tissue are similar between the two 
host lineages, gymnosperm and angiosperm hosts have very 
different genetic responses to the initial challenge by L. bi-
color and they use different pathways to maintain functioning 
mycorrhizal root tips. 

Therefore, we have characterized the whole genome tran-
scriptomic responses of L. bicolor to two different hosts. Fur-
ther, we characterize the coordinate gene expression in one of 
these hosts, P. trichocarpa. While there is a large degree of 
overlap in the transcriptomic reaction of L. bicolor to both an 
angiosperm and a gymnosperm host, L. bicolor displays an 
increase in the variety of MiSSP differentially expressed and 
repression of a larger number of CAZymes when colonizing 
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P. trichocarpa as compared with Pseudotsuga menziesii. This 
may suggest that colonization of gymnosperm roots requires a 
more physical manipulation of the host to assure colonization 
while colonization of an angiosperm host requires a broader 
level of host manipulation through the use of more MiSSP 
effector proteins. We have defined a core set of 1,249 genes 
encoded by L. bicolor that are likely necessary for mutualis-
tic lifestyle, as loss of even one of these genes (i.e., MiSSP7 
[Plett et al. 2011]) leads to the loss of the mutualistic life-
style for L. bicolor. These results further the concept that 
there is a complex interplay between the protein receptors of 
the plant and the role of mutualistic effectors in defining the 
plants with which ECM fungi will be able to form a mutual-
istic relationship. Finally, we show that the host plant has a 
narrow selection of genes that respond in a manner that is 
very dependent on the stage of fungal colonization. Espe-
cially apparent within this set of genes is the coordinated cy-
cling of chemical- and hormonal-based defense signaling 
during fungal in-growth within plant tissues. These results 
further clarify the molecular events that are necessitated dur-
ing the interaction between mutualistic fungal symbionts and 
their host plants. 

MATERIALS AND METHODS 

Plant growth conditions. 
For colonization experiments, Laccaria bicolor innoculum 

was grown on a substrate of peat moss/vermiculite (3:1) damp-
ened with liquid Pachlewski medium (2.7 mM di-ammonium 
tartrate, 7.3 mM KH2PO4, 2.0 mM MgSO4  7 H2O, 13 mM 
maltose, 110 mM glucose, 2.9 M thiamine-HCl, and 1 ml of 
trace-element stock solution Kanieltra) for 3 months. Prerooted 
stem cuttings of Populus trichocarpa (rooted for 1 week in a 
solution of 2.5 mM KNO3, 0.8 mM KH2PO4, 1 mM MgSO4  7 
H2O, 2.3 mM Ca(NO3)2  4 H2O, 23 M H3BO3, 4.6 M 
MnCl2  4 H2O, 0.4 M ZnSO4  7 H2O, 0.09 M (NH4)2MoO4, 
0.18 M CuSO4  5 H2O, 20 M FeNaEDTA, pH 5.8) or 1-
week-old seedlings of Pseudotsuga menziesii were planted in a 
9:1 mixture (vol/vol) of Terra-Green (a calcined attapulgite 
clay supplied by Turf-Pro, Wallingford, U.K.) and L. bicolor 
inoculum. Each pot was given 20 ml of a dilute nutrient solu-
tion (0.8 mM KNO3, 0.8 mM Ca(NO3)2  4 H2O, 0.3 mM 
NaH2PO4, 0.3 mM MgSO4  7 H2O, and 20 l of trace-element 
solution Kanieltra per liter of solution) weekly. To determine 
the percent of P. trichocarpa roots colonized by L. bicolor 
over time, plants were destructively harvested at 2, 4, 6, and 12 
weeks after being put into contact with L. bicolor, the root sys-
tem was carefully washed clean of substrate, and the top third 
of the root system, in which most L. bicolor mycorrhizal root 
tips are found, was analyzed for the percentage of lateral roots 
colonized. This was performed by taking four random selec-
tions from this portion of the root mass, counting 25 lateral 
roots from each sample, and scoring them as mycorrhizal root 
tips or uncolonized root tips, using a Nikon SMZ-2T stereo-
microscope (Nikon Instruments Europe B.V., Amsterdam). 
Four biological replicates (i.e., at least four individual plants) 
per timepoint were analyzed for colonization potential. The 
colonization experiment was replicated twice (technical repli-
cate) under climate-controlled greenhouse conditions, main-
taining a 16-h photoperiod and a temperature of 22°C during 
the day. To act as a comparison, Pseudotsuga menziesii plants 
undergoing colonization were treated identically and were har-
vested after 2, 4, and 6 weeks (a timepoint corresponding to 
when nearly the entire root system of Pseudotsuga menziesii is 
colonized by L. bicolor and the Hartig net is fully formed) to 
determine the percentage of the root system that had been 
colonized by L. bicolor. 

Sampling procedure. 
Tissues used for transcriptomic profiling were taken from 

root systems of P. trichocarpa 2, 4, 6, and 12 weeks after con-
tact with the fungus and from Pseudotsuga menziesii after 2, 4, 
and 6 weeks of colonization. Plants were destructively harvested 
at the same time of day to avoid confounding effects of cir-
cadian rhythm, their roots were washed of the substrate, and 
roots were observed using a Nikon SMZ-2T stereomicroscope 
(Nikon Instruments Europe B.V.). For 2-week samples, only 
roots that exhibited fungal mycelia attached to the root surface 
were sampled and frozen immediately in liquid nitrogen. For 
12-week samples (or 6-week samples for Pseudotsuga men-
ziesii), only roots that had a developed fungal mantle were 
sampled and frozen in liquid nitrogen. For each timepoint 
taken, plant host roots grown in the same substrate and with 
the same nutrient regime but without fungus were harvested to 
act as a control for transcriptomic analyses. L. bicolor free-
living mycelium grown on a medium containing agar and the 
nutrient solution used on the plants was used as the control 
tissue for L. bicolor. This control was used because L. bicolor 
grown in the Terra Green substrate could not be harvested in 
sufficient quantity for RNA extraction and transcriptomic 
analysis. 

For microscopy analysis, roots that were at the same stage 
of colonization as used for transcriptomic samples were taken 
and fixed in ice-cold 4% paraformaldehyde. Infiltration of the 
fixative was aided by placing the samples under vacuum for 1 h, 
followed by at least 24 h at 4°C. 

Microscopy and Hartig net development measurements. 
Fixed tissues were used for all microscopic analysis. Fol-

lowing fixation, as described above, samples were washed 
twice in 1× phosphate buffered saline, pH 7.4, and were then 
embedded in 6% (wt/vol) agarose. Sections (25 to 30 µm 
thick) of the mycorrhizal roots were taken using a Leica 1200 
series vibratome. Attention was paid to always take sections in 
the middle of the colonized root (approximately 2 mm from 
the root apex) to ensure the ability to compare the develop-
ment of the Hartig net between samples. The development of 
the Hartig net is defined here as the depth of penetration within 
the apoplastic space between the rhizodermal cells of the root. 
The depth of penetration was determined using ImageJ analy-
sis of our microscopic images. The data presented in this paper 
for the development of the Hartig net is the average of at least 
three biological replicates and a minimum of five technical 
replicates from each sample. 

RNA extraction and amplification. 
Four biological replicates between 50 to 100 mg of tissues 

harvested, as described above, were used for RNA extraction 
for each timepoint. Total RNA extraction was performed using 
the RNAeasy kit (Qiagen, Courtaboeuf, France) per the manu-
facturer’s instructions, with the addition of 25 mg of polyethy-
lene glycol 8000 per milliliter of RLC buffer (RNeasy, Qia-
gen) to the extraction solution. An on-column DNA digestion 
step with DNAse I (Qiagen) was also included to avoid DNA 
contamination. RNA quality was verified by Experion 
HighSens capillary gels (Bio-Rad, Marnes-la-Coquette, France). 
As mycorrhizal tissues are very recalcitrant to RNA extraction, 
quantities of RNA recovered were too low for quantities needed 
for either oligoarray or RNAseq analysis. Therefore, we ampli-
fied the RNA using the Clonetech SMARTer amplification kit 
(Ozyme, St Quentin en Yvelines, France), according to manu-
facturer’s instructions. For Pseudotsuga menziesii mycorrhizal 
root tips, we followed only the transcriptional variation of L. 
bicolor, using oligoarrays for three independent biological 
replicates. 
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Whole-genome oligoarray and bioinformatic data analysis. 
Two oligoarrays were used in this study. The 4-plex Laccaria 

bicolor S238N whole genome expression array (GPL14641) 
and the Populus trichocarpa 12-plex whole genome expression 
array (GPL13485), both manufactured by NimbleGen Systems 
Limited (Madison, WI, U.S.A.). Single-dye labeling of sam-
ples, hybridization procedures, and data acquisition were per-
formed at the NimbleGen facilities (Reykjavik, Iceland), follow-
ing their standard protocol. Three or four biological replicates 
were performed for each condition. Microarray probe intensi-
ties were normalized across chips, using the ARRAYSTAR 
software (DNASTAR, Madison, WI, U.S.A.). Natural log–
transformed data were calculated and were subjected to the 
CyberT statistical framework (Baldi and Long 2001), using the 
standard t-test unpaired two conditions data module. Benja-
mini-Hochberg multiple-hypothesis testing corrections with 
false discovery rate were used. Before transcripts were declared 
present, the signal-to-noise threshold (signal background) was 
calculated based on the mean intensity of random probes 
present on the microarray. Cut-off values for signal intensity 
(three times the mean intensity of random probes) were then 
subtracted from the normalized intensity values. The highest 
signal intensity values observed on these arrays were approxi-
mately 65,000 arbitrary units. Signals below the cut-off values 
were assigned a signal intensity value of 1. For major cate-
gories of genes found to be significantly regulated, we plotted 
gene fold change as determined by oligoarray results against 
fold change as determined by RNA sequencing by Tschaplinski 
and associates (2014) (Supplementary Fig. 3). In all four cate-
gories analyzed, a significant correlation between the two 
techniques was found. 

To detect L. bicolor–specific genes, each protein of 49 
fungal genomes was aligned against every other protein, using 
BLASTP. The protein was then assigned to a cluster, with or 
without other proteins, using the Markov cluster algorithm 
based on alignment score. The resulting sets of mutually ex-
clusive clusters were then filtered for those whose members 
were solely from L. bicolor and not from any of the other 48 
fungal species. 

The complete expression datasets are available as series 
(accession number GSE62225 and GSE62226 at the Gene 
Expression Omnibus at the National Center for Biotechnology 
Information website. 
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