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Abstract

Mucor species belong to the Mucorales order within the Mucoromycota phylum, an early
diverging fungal lineage. Although Mucor species are often ubiquitous some species have
been reported to specifically occur in certain ecological niches. In this study, similarities and
differences of a representative set of Mucor species with contrasted lifestyles were
investigated at the transcriptome level. Five strains pertaining to five different species were
studied, namely M. fuscus and M. lanceolatus, two species used in cheese production
(during ripening), M. racemosus, a recurrent cheese spoiler sometimes described as an
opportunistic pathogen, M. circinelloides, often described as an opportunistic pathogen and
M. endophyticus, a plant endophyte. A core transcriptome was delimited and a phylogenetic
analysis led to an altered phylogenetic placement of M. endophyticus compared to

previously published topologies. Interestingly, the core transcriptome comprising 5566
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orthogroups included genes potentially involved in secondary metabolism. As expected,
given the wide taxonomic range investigated, the five transcriptomes also displayed
specificities that can be, for some of them, linked to the different lifestyles such as
differences in the composition of transcripts identified as virulence factors or carbohydrate

transporters.

Introduction

Within the filamentous fungi, the Mucor genus belongs to the Mucorales order within the
Mucoromycota phylum, an early diverging fungal lineage [1]. Mucor species are common
and often ubiquitous [2, 3], their fast growing and high sporulating mycelium, consisting of
coenocytic hyphae, are encountered in a large variety of environments, with the exception of
low water activities (aw) substrates. Growth of several Mucor species has been documented
to be limited to relatively high aw ( > 0.90) [4]. The Mucor genus mainly comprises mesophilic
species but also some thermotolerant and thermophilic species [2], some of them being
animal and human opportunistic pathogens responsible for mucormycoses [5, 6] which are
increasingly frequent, especially in immunocompromised patients [7]. Mucor spp. are mostly

saprobes, with some species being described as plant endophytes [8].

Interestingly, several Mucor species have an obvious biotechnological interest, for
metabolite production (e.g., biofuels) and biotransformations (e.g., terpenoid
biotransformations) but also in food production, especially in fermented Asian and African
food but also in cheese ripening (e.g. Tommes or Saint-Nectaire in France) (for a review,
see [9]). Since Mucor strains used for cheese ripening can be considered as technological
and have been only described so far in cheese, the question of their potential adaptation to
this matrix has been raised [9]. An adaptation hypothesis in cheese technological strains

was supported by the results of a recent study that showed that, contrary to other Mucor
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strains tested (M. racemosus, M. circinelloides, M. brunneogriseus, M. spinosus and M.
endophyticus), M. lanceolatus and M. fuscus (technological strains) showed higher optimal
growth rates (Mopt) ON cheese matrices than on Potato Dextrose Agar (PDA) medium [4].
Moreover, lag times of the M. endophyticus endophyte strain were strongly extended on
cheese related matrices. The apparent adaptation to the cheese environment of M.
lanceolatus was also confirmed by morphological observations as well as by a higher ratio of

over accumulated proteins on Cheese agar versus PDA [2].

A recent large effort to generate genome data concerning the early diverging fungi has
helped refine their taxonomy [10] and has shed new light on Mucor genome evolution and
functions such as sensory perception [11], lipid metabolism [12] or pathogenesis [13]. The
lifestyle diversity within the genus Mucor offers interesting perspectives to better understand
evolutive adaptation to different life modes, e.g, saprobic, pathogenic and even adaptation to
anthropogenic conditions. The present study aimed to provide an overview of the common or
specific patterns of gene expression of five Mucor species with contrasting lifestyles, grown

in standard fungal culture.

Materials and methods

Mucor strains, culture conditions

Five Mucor strains belonging to different species reported to have contrasting lifestyles and
habitats, namely M. fuscus (MF) and M. lanceolatus (ML) (two species used in cheese
ripening), M. racemosus (MR) (a recurrent cheese spoiler), M. circinelloides (MC) (often
classified as an opportunistic pathogen) and M. endophyticus (ME) (a plant endophyte
species) were used in the present study (Table 1). They were obtained from the Université
de Bretagne Occidentale Culture Collection, (UBOCC, France; http://www.univ-
brest.fr/ubocc) or ordered from the Westerdijk Fungal Biodiversity Institute (The Netherlands,

http://www.westerdijkinstitute.nl/). Strains were maintained in the dark at 25 °C on PDA
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medium (Difco Laboratories, Detroit, Michigan). Spore suspensions of each strain were
produced as previously described by Morin-Sardin et al. (2016) [4]. Concentrations were
adjusted to 107 to 108 spores-mL" prior to storage at -80 °C until use. For RNA extraction,
each fungal strain was grown on PDA solid medium at 25°C for 7 days. The whole organism

was collected for sequencing.

RNA extraction and sequencing

Total RNA extraction from each strain thallus was performed using the RNeasy plant mini kit
(Qiagen, Courtaboeuf, France) following the manufacturer’s instructions. The RNA-seq
libraries were prepared from total RNA using the lllumina Ribo-Zero rRNA Removal Kit
(Epicenter,Madison, WI) and converted to cDNA with the TruSeq RNA Sample Preparation
Kit (llumina, San Diego, CA) following the manufacturer’'s instructions. The libraries
containing the cDNA from each sample were sequenced on an lllumina HiSeq 2000 system

(HNlumina) with a sequencing configuration for 100 bp paired-end reads.

RNAseq quality check and assembly

Data quality of the sequencing files was checked using the FastQC software [14]. For each
strain, de novo transcriptome was reconstructed using Trinity (release 2014-07-17; [15]) with
the ‘~trimmomatic —normalize_reads —normalize_by read_set’ options. Weakly expressed
transcripts (isoform percentage < 1 and fragment per kilobase of transcript per million
mapped reads (FPKM) < 1) were removed from the dataset with the RSEM tool [16] included
in the Trinity package. For each Trinity-predicted “gene” only the most abundant isoform was

conserved in the final dataset.

Transcript annotation

Eukaryotic and prokaryotic ribosomal RNA were screened with Rnammer (v.1.2; [17]).
Transcript open reading frames (ORFs) were predicted using Transdecoder (r2014-07-04,
available at http://transdecoder.github.io), protein domains were predicted with HMMER

(v.3.1b1, [18]) based on the PFAM-A database [19], transmembrane helices were identified
4
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with tmhmm (v.2.0, [20]), signal peptide cleavage sites were predicted with SignalP (v.4.1,
[21]). All predicted transcripts and predicted proteins were identified using respectively
BLASTx and BLASTp [22] against Swissprot-Uniprot (r2017-01-18) and Uniref90 (r201611-
02) databases and against the filtered predicted proteomes of M. circinelloides CBS 277.49
(v2, [11]), Rhizopus oryzae 99-880 [23] and Phycomyces blackesleeanus NRRL1555 (v2,
[11]) available on the Joint Genome Institute (JGI) database (genome.jgi.doe.gov/). An E-
value cut-off of 1e-4 was used for all BLASTp and BLASTx analysis, only the best match per
database and protein was conserved. Putative functions were assigned to predicted proteins
using the Gene Ontology (GO) database [24] and the Enzyme Commission number (EC)
classification [25]. Predicted proteins were assigned to GO categories by transferring the
annotation of BLAST matches and protein domains. EC numbers were assigned by profile
search with PRIAM (r2015-03-04, [26]) and transferred from the predicted proteomes BLAST

matches.

Transcriptome quality check

In order to assess the quality of the transcriptomes, statistics such as percentage of
realigned reads and N50 were calculated. Transcriptome completeness in terms of gene
content was assessed by searching with BUSCO (Benchmarking Universal Single-Copy
Orthologs, v2, http://busco.ezlab.org/, [27]) for the presence/absence of the conserved

eukaryotic orthologous genes available in the BUSCO software.

Comparative transcriptomics

Significant differences in GO category occurrence among species were identified with an
internal script using the Fisher's exact test (pvalue < 0.05, available on github). All EC
numbers for each species were mapped onto metabolic networks with iPath2 [28]. When a
species specific EC number was found, the transcript annotation was checked manually. All
predicted proteomes were compared against each other based on sequence similarity to

identify orthologous proteins using the software Orthofinder v.1.1.2 [29] (E-value 1e-2,
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inflation 1.5). Orthologous proteins were clustered according to the reported lifestyle of the
producing fungal species. Clusters were then compared: cheese/non-cheese, pathogen/non-
pathogen and core transcriptome/non-endophyte (orthogroups composed of proteins of all
species except ME). GO categories were assigned to orthogroup by transfer of protein

annotation. A single copy of each annotation was kept to avoid annotation redundancy.

Phylogenomic analysis

Single copy orthologs shared by the five studied Mucor spp. as well as Rhizopus oryzae
strain 99-880 and Phycomyces blackesleeanus strain NRRL1555 (both later species being
considered as  outgroups)  were kept for  phylogenetic reconstruction.
For each of the 1289 obtained clusters, a multiple alignment was inferred using PRANK
v.170427 [30], run with default settings. Spuriously aligned regions were excluded with trimAl
v1.4.r15 [31] with a 0.2 gap threshold. Subsequent alignments were concatenated in a
supermatrix of 727479 sites. This matrix was used to reconstruct species tree by maximum
likelihood inference and by Bayesian Monte Carlo Markov Chain (MCMC) samples. RAXxML
PTHREADS v. 8.2.9 [32], a program for Maximum Likelihood based inference, was used
with a partitioned WAG+G model, where each data partition represented a single input gene
family. A bootstrap analysis with 100 replicates under the same model was performed in
RAXML in order to assess branch support of the tree. Alternatively, the PhyloBayes v3.3

MCMC samplers [33] was used with a CAT+GTR model and 3 chains.

Investigation of specific gene families

Transcripts involved in secondary metabolism (PKS and NRPS), sugar transport, aminoacyl
degradation (decarboxylases, transaminases and deaminase), fatty acid degradation
(alkaline and acidic lipases) and virulence (M. circinelloides CBS 277-49 ferroxidases fet3
and ID112092, Rhizopus delmar fob, FTR1 and cotH) were identified in each transcriptome.

PKs and NRPs transcripts were identified using the genes annotated in the Mucor



153
154
155
156
157
158
159
160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

circinelloides CBS277.49 genome available at the JGI. Sugar transporters, cotH transcripts
and FTR1 transcripts were identified using the corresponding domain profiles: respectively
Pfam ID PF00083, PF08757 and PF03239. Alkaline and acidic lipases and sequences of
genes involved in virulence were collected from the NCBI database and used to search the
Mucor predicted proteomes using diamond BLASTp [34]. Matching predicted proteins were
then used as queries to search Mucor predicted proteomes to identify predicted proteins that
might have significant sequence variation compared to the reference sequence. Annotation
of each matching sequence was then checked using the conserved domain search tool

available on NCBI [35].

A gene tree of putative sugar transporters was reconstructed using similar methodology as
presented above. Aspergillus niger putative sugar transporters and 61 experimentally
characterized fungal sugar transporters presented in Peng et al [36] were appended to the

analysis. Gene tree was displayed using iTOL v3 [37].

Availability of supporting data

Sequence data are available in the ArrayExpress database at EMBL-EBI
(www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-6453. Transcriptomes are
available upon request. Internal script allowing the analysis of GO terms can be found on

github (https://github.com/anlebreton/GO_terms_FisherTest.qit).

Results

RNA sequencing, transcriptome assembly and annotation

Sequencing of the five Mucor transcriptomes resulted in 25 to 35 million pairs of 101 base

paired-end reads (Table 2). Reads were assembled into 16,950 to 21,556 filtered transcripts
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grouped into 13,655 to 15,554 Trinity “genes”. Except for ML, assemblies correctly
represented the read sets. Indeed, the percentage of realigned reads was above 93% for all
species except ML which was 70% (73% for the transcriptome including all isoforms). Except
for ME, the average transcript length was close to 1,200 bp for all species. In addition, more
than 97% of single-copy orthologs were complete reflecting the high-quality of the
assemblies. The assembly of ME was of lower quality as shown by the N50 of 1,292bp, a
higher number of predicted genes and the identification of single-copy orthologs against the
BUSCO eukaryotic database of which 67% were complete, 20% fragmented and 13%
missing. Despite this difference, functional annotation was similar among species: the
number of transcripts with protein prediction varied from 9,383 to 10,808 and among these
predicted proteins 61% to 72% had GO term annotation and 19% to 24% had an EC number

assignment (Table 2).

Functional comparisons

Overall, 1212 different EC numbers were assigned, among them 956 (79%) were shared
among all strains (Figure 1A). We did not identify any strains-specific pathways (data not
shown). Even though a significant proportion of EC were lacking for ME (7%) compared to

the other strains, all pathways were complete and present in this strain.

Nineteen GO categories were differently represented among strains (level 2) (Fisher exact,
p-value < 0.05). These categories corresponded to primary catabolism and anabolism (e.g.
“nitrogen compound metabolic process”), transport (e.g. “carbohydrate transporter activity”)

as well as secondary metabolism (e.g. “pigmentation”) (Figure 1B).

Ortholog groups
The predicted proteins were clustered in ortholog groups (orthogroups).
The core transcriptome of the five Mucor species grown on PDA medium comprised 5566

orthogroups, whereas 5017 predicted proteins could not be grouped (singletons) (Figure

2A).
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Based on the obtained single copy orthologs, a phylogenomic tree was reconstructed. This
tree was concordant with the previously published results [38] except for the placement of

ME which was found basal compared to the other species in the present study (Figure 2B).

Some orthogroups were composed of multiple predicted proteins associated to the same
species. The 21 orthogroups consisting of more than 10 predicted proteins associated with
one species were investigated. Seven orthogroups corresponded to unknown proteins while
14 could be assigned to a putative function (Figure 2C). Interestingly, two orthogroups were
composed of predicted proteins corresponding to transposons (OG03 and OG12). In the first
orthogroup MF and ML had a higher number of predicted proteins by fourfold compared to
other species whereas in the second group MF had a higher number of predicted proteins by
at least twofold. In addition, the GO category transposase activity was overrepresented in
MR and MC compared to the other studied strains. Notably, the number of predicted proteins
was found higher by at least twofold in MR and MC than in the other strains in an orthogroup
associated with a multidrug resistance gene family. Among the singletons, predicted proteins
with a predicted signal peptide were specifically investigated in order to identify putative
secreted proteins involved in strain-specific substrate exploitation. However, no predicted
proteins with signal peptide were identified in MF while only a few sets could be identified in
the species representative strains (e.g. carbohydrate esterase and glycoside hydrolase in
MC) (Figure 2D). At least 48% of the singletons had EC numbers assignation and/or GO
term annotation. Although most of the EC numbers were strains-specific, and mapping onto

metabolic networks did not reveal any strain-specific pathways.

Investigation of specific gene families

The expression on PDA medium of (i) different gene families that could be involved in
exploitation of the cheese substrate, (ii) virulence factors that could play an important role for

Mucor opportunistic pathogens (iii) sugar transporters that may vary depending on the
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fungus lifestyle, and (iv) PKS and NRPS that are important for secondary metabolite

production were analyzed in more detail.

MF and ML, two technological strains used for cheese ripening, did not harbor, cultivated on
PDA medium, a richer repertoire of transcripts corresponding to genes potentially involved in
the exploitation of the cheese substrate such as lactate permease and dehydrogenase and
in aroma production through lipolysis and aminoacyl degradation such as lipases,
decarboxylases and aminases. Indeed, unexpectedly more of these genes were transcripted

in MC and MR.

Among the virulence factors identified in this study, three categories harbour different
number of transcripts among strains: spore coat protein homologs (cotH), high affinity iron

permease FTR1 and iron transport multicopper ferroxidase fet3 homologs.

The number of cotH transcripts detected was two time higher in MC and MR than in ML and
MF transcriptomes (Table 3). A previously described motif involved in the invasin function of
cotH was identified in three Rhizopus delmar cotH genes: cotH2, cotH3 and the cotH
RO3G_15938. One homolog to cotHZ/cotH3 was found in each Mucor transcriptome and

one homolog of RO3G_ 15938 was found in MC, MR and ME.

MC and MR clearly showed a higher number of transcripts identified as sugar transporters
(STs) than the other strains. However, only half of these transcripts were clustered with
experimentally characterized fungal transporters (Figure 3). Three clusters of transcripts
were expanded, all three in MR and MC compared to the other Mucor strains: Unknown STs

group 3, D_galacturonic, quinic acid STs and Glucose, pentose STs.

Among secondary metabolism transcripts, two fragments of non-ribosomal peptides (NRPs)
were identified in ME and two fragments of PKs/FAS were found in MC and MR. In both

cases when fragments were concatenated, they formed a complete sequence. If we
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considered them as one gene, one NRPS and one PKS/FAS was found in all

transcriptomes.

Discussion

The transcriptomes of five Mucor strains pertaining to five species within a broad
phylogenetic range and reported to have different lifestyles were investigated in order to
shed new light on Mucor gene expression on a standard medium and get information on
specificities that could be linked to specific lifestyles within the Mucor genus. Indeed, Mucor
lanceolatus (ML) and Mucor fuscus (MF) that form a clade within the tree reconstructed
using 1289 orthogroups composed of single copy orthologs, were encountered in cheeses
[39] and were reported to have an optimal growth on cheese [4] whereas Mucor
endophyticus (ME), basal to the other species was only described as a wheat leaf endophyte
[8]. Mucor circinelloides (MC) and Mucor racemosus (MR) forming a sister clade to the
ML/MF clade are possibly more ubiquitous, MR being known as a recurrent cheese spoiler
and MC as an opportunistic pathogen [9]. It is however worth to note that the two latter

species include different forms which might display different ecological behaviors.

Some common traits were observed among the five transcriptomes. Global comparison of
transcriptome functional annotations in these five species did not reveal noticeable
differences among them in terms of enzyme composition nor putative secreted proteins in
the medium suggesting that the sets of enzymes mobilized by Mucor species to grow on
PDA medium were similar among the five species with no lost/altered nor gained pathways
despite the different lifestyles and habitats reported for these species. Besides functions
related to basal metabolism we noticed interesting traits among the core transcriptome. It is
noteworthy that repeated elements seemed still active in Mucor genomes as shown by the

orthogroups OGO03 and OG12 that were identified as transposons and expressed in the five

11
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Mucor species, as well as GO term transposase activity that was differentially represented
among species with more expressed genes related to this GO term found in MC which is a
thermophilic opportunistic pathogen [38]. It is also worth to note that GO categories related
to known factors associated to interactions with other organisms were found: "movement in
the environment of other organism involved in symbiotic interaction”, "multi-organism
metabolic process", "host cell part and other organism membrane". This raises the possibility
that bacterial endosymbionts occur in these studied Mucor strains especially in the MF and
ML strains where the above categories were overrepresented compared to the other strains
studied. This has previously been shown in Rhizopus microsporus, another Mucorales,

which harbors endosymbiotic bacteria [40, 41].

Since secondary metabolites can provide a significant advantage for survival in a given
ecological niche [42] and might vary depending on the fungus lifestyle, our study
investigated transcripts corresponding to PKS and NRPS. Indeed, PKs and non-ribosomal
peptides (NRPs) are involved in the majority of secondary metabolite biosynthesis (usually
40% and 15% respectively). Despite the different lifestyles reported for the five species
studied here, no differences were found among the transcriptomes obtained from cultures on
PDA medium. One transcript of NRPS was systematically found as well as one transcript
corresponding to a gene annotated as a PKS [ in the M. circinelloides genome [11] but
which, as noticed by Voigt et al. [3], has the typical structure and domain order of a Fatty
Acid Synthase (FAS) alpha subunit. FAS and PKS | share a common evolutionary history
[43] and many homologies/similarities, such as the chemistry of catalyzed reactions (a
sequence of simple unit condensation resulting in the synthesis of a molecule of higher
molecular weight), or their enzymatic activity characteristics (condensation and modification
of fatty acids or polyketides). Further studies are needed to determine to which production
the NRPS could be associated. Mucor species are known to produce secondary metabolites

such as pigments and terpenoids [3] and has been sometimes suspected to produce harmful

12
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toxins [44] but little information has already been obtained concerning production of other

secondary metabolites in the Mucor genus.

This study did not demonstrate specificities linked to species encountered in cheese and that

can be considered as technological species (ML and MF).

The more ubiquitous species MC and MR, which have been isolated from clinical
environments [13] especially in the case of MC which is a thermotolerant species [9]
involved in mucormycoses [9, 45] had transcriptomes with an over-representation of
“intrinsic component of membrane", "carbohydrate transporter activity", "xenobiotic
transporter activity", "oxidoreductase activity" and "transcription factor activity” on the
standard PDA medium. Among carbohydrate transporters, three sugar transporter families
were expanded in MR and MC transcriptomes, corresponding to D-galacturonic and quinic
acid STs, glucose and pentose STs and an unknown STs group 3. D-Galacturonic acid is
the main component of pectin which is an important plant cell-wall polysaccharide. Since
pectin is most abundant in the primary cell walls of soft and growing tissues, fruits and
vegetables are particularly pectin-rich [46]. Quinic acid can also be extracted from plants
sources. Possessing more diverse sugar transporters of this type may be an asset to a plant
pathogenic lifestyle. The unknown STs group 3 was rare in ME (the endophyte species)
transcriptome while it was expanded in MR and MC. Determining the substrate(s) of this
transporter family might contribute to our understanding of how MR and MC are more
ubiquist. The GO category xenobiotic transporter activity was over-represented in MR and
MC. Furthermore, the orthogroup OG27 associated to a multidrug resistance gene family
was also mainly composed of MC and MR transcripts. These genes might contribute to a
better resistance to xenobiotics, including drugs, which could facilitate opportunistic

infections of these two species which are known to be animal/human pathogens [5, 38] and
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might contribute to the known problem with drug treatments against mucormycosis since

pathogenic Mucor species are resistant to many classical antifungal products [47-50].

Among the strains studied in this work, the two strains reported as potential opportunistic
human pathogens presented expression of all virulence factors checked whereas at least

one of them was not detected in the technological and the endophytic transcriptomes.

Indeed, the MC ferroxidases fet3b and fet3c were absent from ME transcriptome. These
genes along with fet3a, are overexpressed during infection in a mouse model for
mucormycosis [51]. fet3a is specifically expressed during yeast growth under anaerobic
conditions, whereas fet3b and fet3c are specifically expressed in mycelium during aerobic
growth, fet3c being required for virulence during in vivo infections. FTR1, another gene
involved in iron uptake and linked to virulence showed a different distribution among Mucor
species. Two FTR1 transcripts were detected in ME where only one was found in other
species, ME display a higher pathogenic susceptibility concerning this aspect. In R. oryzae
the reduction of FTR1 copy number by gene disruption reduces the virulence of the fungus
in animal models of mucormycosis [52, 53]. The most important differences regarding the
virulence factor transcripts were observed for spore coat protein homologs (cotH). During
Human cell invasion by Mucorales, cotH genes allow the fungi to bind to glucose-regulated
protein 78 (GRP78) which act as endothelial cell receptor [54], the cotH gene copy number
of the species being correlated with its clinical prevalence [13]. Our results concur with this
hypothesis as the number of cotH transcripts detected was two time higher in the
transcriptomes of potentially pathogenic strains than in cheese technological strains. It is
worth noting that cotH genes does not have the same impact on virulence. Indeed, Rhizopus
delmar cotH3 has higher affinity to GRP78 than cotH1 leading to a reduce impact of cotH1 in
virulence [55]. A motif corresponding to a surface-exposed region against which a
therapeutic antibody has been raised was previously proposed [13]. Searching for cotH
transcripts containing this motif allowed the identification of cotH2 and cotH3 known to be

important for virulence [55] and the cotH RO3G 15938 in Rhizopus delmar genes.
14
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According to this study the duplication of the ancestral gene leading to cotH2 and cotH3
happened after the separation of Rhizopus and Mucor clades. Each of the Mucor species
used in this study expressed one ortholog of cotHZ/cotH3 gene. However, the ortholog of
cotH RO3G 15938, that might be an asset for a pathogenic lifestyle, lacked in

transcriptomes of MF/ML, the species used for cheese ripening.

Conclusion

The transcripts obtained from five different Mucor spp. cultivated on PDA allowed us to
describe the predicted core proteome of a representative set of Mucor species with
contrasting lifestyles. This analysis provided insight into Mucor characteristics by highlighting
the presence of NRPS which imply a potential of Mucor for the production of secondary
metabolites including pigments, siderophores, toxins [56]. It also provided hints as to how
Mucor may adapt to different lifestyles, for example through expression of a larger set of
sugar transporters and a comprehensive array of virulence factors in species that inhabit in
multiple environments. On the other hand, species that are associated with cheese did not
appear to have over-representation of set of transcripts involved in cheese media usage.
Further studies using media mimicking cheese and animal and plant media might highlight

more differences in transcripts expression associated to Mucor adaptation to a lifestyle.
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Table 1: List of Mucor strains used in the present study, their origin and reported habitats for
the corresponding species according to Walther et al. (2013) [38]; Hermet et al. (2012) [39];
Zheng and Jiang (1995) [8].

Species Strain Strain Reported habitat Reported role
origin
M. racemosus UBOCC- Cheese  Cheese, yogurt, walnuts, Food contaminant,
A-109155 sausages, grassland soil, technological in cheese
decaying vegetables, production,
human pathogen
M. fuscus UBOCC - Cheese Cheese, dung, sediment Technological in cheese
A-109160 production
M. lanceolatus UBOCC- Cheese Cheese Technological in cheese
A-109153 production
M. endophyticus CBS 385- Triticum  Triticum aestivum None
95 aestivum; endophyte
leaves;

M. circinelloides CBS 277- Unknown Sufu, corn grain, fungi Food contaminant

49 (basidiomycota), human, technological in  sufu
forest  soil,  decaying production, pathogen
vegetables
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Table 2: Overview statistics of Mucor racemosus (MR), Mucor fuscus (MF), Mucor
lanceolatus (ML), Mucor endophyticus (ME) and Mucor circinelloides (MC) including
transcriptome size, assembly quality and annotation. Gene* refers to cluster of transcripts
predicted to be transcribed from the same gene by the assembler Trinity.

species MR MF ML ME MC
Filtered reads (2x101 bp) 30,203,513 25,511,572 24,835,844 34,852,641 24,642,543
No. genes* 14,035 14,299 14,041 15,554 13,655
No. transcripts 17,368 20,898 21,556 16,950 19,891
Average transcript length 1,205 1,231 1,209 836 1,295
Remapped reads (%) 93.08 95.33 70.93 96.94 93.60
g/o)mp'ete BUSCO genes g9 34 97,36 97,36 67,00 97,69
no. of predicted proteins  4g,g 9963 9383 10434 10194
coding genes

No. predicted proteins with 5, 2886 2801 0727 3085
EC numbers assignment

No. predicted proteins W|th10202 9021 8799 11280 9506

GO term annotation
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644 Table 3: Number of predicted proteins, potentially involved in adaptation to different
645 lifestyles, across the translated products of the five Mucor transcriptomes. Mucor racemosus
646  (MR), Mucor fuscus (MF), Mucor lanceolatus (ML), Mucor endophyticus (ME) and Mucor

647  circinelloides (MC).

Target Gene name References MC MR MF ML ME
lactate permease 2 3 2 2 2
lactate
dehydrogenase 2 2 1 1 1

Cheese alkaline lipase 3 1 4 2 0

exploitation  acidic lipase 3 2 1 1 1
decarboxylase [57-59] 21 25 19 22 22
transaminase 26 27 25 23 26
deaminase 21 20 16 16 21
cotH2, cotH3 1 1 1 1 1
RO3G_15938 [13, 55] 1 1 0 0 1
all cotH 16 17 7 8 11
ID112092 Mucor

circinelloides [60] 1 1 1 ] ’

Virulence fob1 (RO3G_11000),

factors
fob2 (RO3G_11000) (52, 53]
FTRT 1 1 1 1 2
(RO3G_03470)
fet3a 0 0 0 0 1
fet3b [51] 1 1 1 1 0
fet3c 1 1 1 1 0
Subst'r at_ sugar transporter 47 39 29 25 25
exploitation
NRPs 1 1 1 1 2
secondary fragments
metabolism 31 2 2
PKs/FAS 1 1 1
fragments fragments
648
649
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Legends of Figures

Figure 1 : Global comparisons of the five transcriptomes functional annotation. (A) The
Venn diagram shows the distribution of Enzyme Commission (EC) numbers assigned across
the translated products of the five Mucor transcriptomes. Shaded sections indicate
categories with manual curation of the annotation. (B) Comparison of GO sub-categories
(level 2) annotations across the translated products of the five Mucor transcriptomes. (Fisher
exact, * p value < 0.05, ** p value < 0.005, *** p value < 0.0005). bp: biological process, cc:
cellular component, mf: molecular function, MR: Mucor racemosus, MF: M. fuscus, ML: M.
lanceolatus, ME: M. endophyticus, MC: M. circinelloides.

Figure 2: (A) Distribution of orthogroups among strains. Hereafter, predicted proteins that
could not be grouped are referred as singletons. (B) Phylogenetic species tree and reported
lifestyle of the five studied Mucor species: M. racemosus (MR), M. fuscus (MF), M.
lanceolatus (ML), M. endophyticus (ME) and [IM. circinelloides (MC). Branch length
represents the substitution per site, numbers on node represent the bootstrap support. (C)
The heat map represents orthogroups composed of more than 10 proteins for at least one
strain. For each orthogroup, the number of predicted proteins of each strain is represented
by a color gradient going from blue (no predicted protein) to red (more than 20 predicted
proteins). Only orthogroups with putative function assignment are displayed. (D) The table
lists the function of singletons with signal peptides found in the five transcriptomes. Stars (*)

indicate partial predicted proteins. Predicted proteins of unknown function are not shown.

Figure 3: Phylogenetic classification of putative sugar transporters (STs) in five Mucor
transcriptomes. The tree includes 165 Mucor sugar transporters containing Pfam domain
PF00083, 86 Aspergillus niger putative sugar transporters containing Pfam domain PF00083
and 61 experimentally characterized fungal transporters. Predicted protein of Mucor species
found in multiple environments are highlighted with violet font, those found in the endophytic
species in green and technological species in orange. Four clades were collapsed as they
contain only references genes. Bars around the tree indicates the substrate of

experimentally characterized fungal transporters within the cluster. Branches with bootstrap
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values above 50% are indicated by circles with larger circles representing higher bootstraps.
Mucor genes begin with the species name tag: MC = Mucor circinelloides, MR = Mucor
racemosus, MF = Mucor fuscus, ML = Mucor lanceolatus and ME= Mucor endophyticus. An
represent Aspergillus niger putative sugar transporter genes. The abbreviation of reference
fungal species name is attached to each known transporter gene (Anid = Aspergillus
nidulans, Anig = Aspergillus niger, Aory = Aspergillus oryzae, Amon = Ambrosiozyma
monospora, Bcin = Botrytis cinerea, Kmar = Kluyveromyces marxianus, Klac =
Kluyveromyces lactis, Ncra = Neurospora crassa, Psti = Pichia stipitis, Scer =
Saccharomyces cerevisiae, Spas = Saccharomyces pastorianus, Stip = Scheffersomyces
stipitis, Tree = Trichoderma reesei, Thar = Trichoderma harzianum, umay = Ustilago

maydis).
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