N

N

A new cheese population in Penicillium roqueforti and
adaptation of the five populations to their ecological
niche
Ewen Crequer, Jeanne Ropars, Jean-luc Jany, Thibault Caron, Monika Coton,
Alodie Snirc, Jean-philippe Vernadet, Antoine Branca, Tatiana Giraud,

Emmanuel Coton

» To cite this version:

Ewen Crequer, Jeanne Ropars, Jean-luc Jany, Thibault Caron, Monika Coton, et al.. A new cheese
population in Penicillium roqueforti and adaptation of the five populations to their ecological niche.
Evolutionary Applications, 2023, 16 (8), pp.1438-1457. 10.1111/eva.13578 . hal-04192307

HAL Id: hal-04192307
https://hal.science/hal-04192307
Submitted on 31 Aug 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-04192307
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Received: 24 January 2023 | Revised: 26 April 2023

'.) Check for updates

Accepted: 22 June 2023

DOI: 10.1111/eva.13578

ORIGINAL ARTICLE

WILEY

A new cheese population in Penicillium roqueforti and
adaptation of the five populations to their ecological niche

Ewen Crequer? | Jeanne Ropars® | Jean-Luc Jany! | Thibault Caron? |
Monika Coton! | Alodie Snirc> | Jean-Philippe Vernadet? | Antoine Branca?® |

Tatiana Giraud?

Univ Brest, INRAE, Laboratoire
Universitaire de Biodiversité et Ecologie
Microbienne, Plouzané, France

2Université Paris-Saclay, CNRS,
AgroParisTech, Laboratoire Ecologie
Systématique et Evolution, UMR 8079,
Gif-sur-Yvette, France

Correspondence

Emmanuel Coton, Univ Brest, INRAE,
Laboratoire Universitaire de Biodiversité
et Ecologie Microbienne, F-29280,
Plouzané, France.

Email: emmanuel.coton@univ-brest.fr

Funding information

Agence Nationale de la Recherche, Grant/
Award Number: ANR-19-CE20-0002-02
Fungadapt and ANR-19-CE20-0006-01
Artifice

| Emmanuel Coton?

Abstract

Domestication is an excellent case study for understanding adaptation and multiple
fungal lineages have been domesticated for fermenting food products. Studying do-
mestication in fungi has thus both fundamental and applied interest. Genomic stud-
ies have revealed the existence of four populations within the blue-cheese-making
fungus Penicillium roqueforti. The two cheese populations show footprints of domes-
tication, but the adaptation of the two non-cheese populations to their ecological
niches (i.e., silage/spoiled food and lumber/spoiled food) has not been investigated
yet. Here, we reveal the existence of a new P. roqueforti population, specific to French
Termignon cheeses, produced using small-scale traditional practices, with spontane-
ous blue mould colonisation. This Termignon population is genetically differentiated
from the four previously identified populations, providing a novel source of genetic
diversity for cheese making. The Termignon population indeed displayed substan-
tial genetic diversity, both mating types, horizontally transferred regions previously
detected in the non-Roquefort population, and intermediate phenotypes between
cheese and non-cheese populations. Phenotypically, the non-Roquefort cheese popu-
lation was the most differentiated, with specific traits beneficial for cheese making, in
particular higher tolerance to salt, to acidic pH and to lactic acid. Our results support
the view that this clonal population, used for many cheese types in multiple countries,
is a domesticated lineage on which humans exerted strong selection. The lumber/
spoiled food and silage/spoiled food populations were not more tolerant to crop fun-
gicides but showed faster growth in various carbon sources (e.g., dextrose, pectin, su-
crose, xylose and/or lactose), which can be beneficial in their ecological niches. Such
contrasted phenotypes between P. roqueforti populations, with beneficial traits for

cheese-making in the cheese populations and enhanced ability to metabolise sugars in
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the lumber/spoiled food population, support the inference of domestication in cheese

fungi and more generally of adaptation to anthropized environments.
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1 | INTRODUCTION

Domestication, for which humans operate strong selection for iden-
tified traits in a species, has been used since Charles Darwin's “On the
origin of species” book (1859) as a model case of adaptive divergence.
Adaptive divergence under domestication has been documented in
various lineages in animals and plants (e.g., evolution of dogs from
wolves and corn from teosinte; Steensels et al., 2019), but also in
bacteria and fungi (e.g., the lactic acid bacteria Oenococcus oeni,
Lorentzenetal., 2019, and the yeast Saccharomyces cerevisiae, Pontes
et al., 2020). Adaptive divergence can result in highly differentiated
domesticated varieties. For example, the spread and adaptation of
maize to different agro-ecological and cultural environments has led
to a multitude of varieties (Meyer & Purugganan, 2013). In dogs, the
extreme behavioural and morphological differences between the
500 breeds are the result of directional selection for different be-
haviours, aspects and usages Hayward et al., 2019. The magnitude
of morphological differences between dog breeds is higher than that
between wild Canidae (Wayne, 1986).

Fungi represent an interesting clade to study adaptive diver-
gence as they exhibit small genomes and short generation times
compared to most plant and animal models. Ascomycota (one
of the two main groups of fungi, encompassing most moulds and
yeasts) are particularly used for fermented food to produce a vari-
ety of beverages and food from animal products (e.g., cheese and
dry cured sausages; Venturini Copetti, 2019) or plant products (e.g.,
wine, bread, tempeh and soya sauce; Nout et al., 1995). Among do-
mesticated Ascomycota, S. cerevisiae, the baker's yeast, has been
extensively studied (Gallone et al., 2016; Garcia-Rios et al., 2017,
Legras et al., 2018; Peter et al., 2018). Adaptive divergence has been
demonstrated in S. cerevisiae, with population subdivision and dif-
ferences between populations in terms of phenotypes relevant for
fermentation, such as sulfite resistance, maltotriose fermentation
and growth at low temperature (Gallone et al., 2016; Garcia-Rios
et al., 2017). Moulds in Ascomycota have also been domesticated for
fermenting food products. For example, Aspergillus oryzae (Gibbons
etal.,, 2012; Watarai et al., 2019) and Aspergillus sojae (Chang, 2004),
intensively used in Asia as koji moulds for the production of various
fermented products (e.g., miso, sake and shoyu), have evolved bene-
ficial traits for fermentation and human consumption, such as starch
breakdown ability (Gibbons et al., 2012) and the lack of toxin pro-
duction (Kiyota et al., 2011). Penicillium camemberti, the fungus used
for making bloomy rind soft cheeses (e.g., Brie and Camembert), has
also been domesticated. This clonal lineage is indeed genetically
differentiated from non-cheese closely related populations and

exhibits beneficial traits for cheese production, for example in terms
of colour, growth rate, competitive ability and reduced mycotoxin
production (Ropars et al., 2020).

Another filamentous ascomycete fungus of interest for the
study of adaptive divergence is Penicillium roqueforti, because
of its importance in several countries for making different types
of renowned blue cheeses (e.g., Roquefort, Fourme d'Ambert,
Gorgonzola, Danish blue, Stilton and Cabrales). Within P. roqueforti,
four genetically differentiated populations have been identified
so far (Dumas et al., 2020), one population being associated with
mouldy silage and spoiled food, one with lumber and spoiled food,
and two different cheese populations, resulting from independent
domestication events. One of the cheese populations, called non-
Roquefort, corresponds to a clonal lineage (Dumas et al., 2020)
largely used for the production of many blue cheeses in various
countries (e.g., Gorgonzola, Cabrales, Danish blue and Stilton), but
not for Roquefort cheeses produced under the protected designa-
tion of origin (PDO) label. Strains belonging to the non-Roquefort
population harbour large horizontally transferred genomic regions,
in particular the CheesyTer and Wallaby genomic regions (Cheeseman
et al., 2014; Ropars et al., 2015), conferring advantages in terms
of growth and competitive abilities (Dumas et al., 2020; Ropars
etal., 2015). These two horizontally transferred genomic regions are
absent from the other three identified P. roqueforti populations but
have also been acquired, completely or partially, by other cheese-
making Penicillium fungi (e.g., Penicillium camemberti and P. biforme;
Cheeseman et al., 2014; Ropars et al., 2015). The non-Roquefort lin-
eage has acquired multiple beneficial traits for commercial cheese
production, very different from non-cheese populations, such as
faster growth on cheese, better exclusion of spoilers, the ability to
make bluer cheeses and more attractive aromas (Caron et al., 2021;
Coton et al., 2020; Dumas et al., 2020; Gillot et al., 2017).

The other known cheese population is strongly associated
with the Roquefort protected designation of origin (PDO; Dumas
et al., 2020; Gillot et al., 2015). This Roquefort population is differ-
entiated from the non-Roquefort population and displays higher
genetic and phenotypic diversities (Dumas et al., 2020; Gillot
et al., 2017), which is probably due to the requirement to use local
strains for the Roquefort PDO (Cahier des charges de l'appellation
d'origine “Roquefort”, 2017). This has prevented Roquefort-cheese
producers from using the clonal non-Roquefort lineage, so that they
kept using their strains originating from different cultures on local
farms in the area. The Roquefort population also displays benefi-
cial traits for cheese production, including the production of typi-
cal aromas and blue veined cheeses with larger blue areas than the
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non-cheese populations (Caron et al., 2021; Dumas et al., 2020).
The Roquefort population, however, seems more adapted to ancient
production modes, with for example greater spore production on
bread, the original medium used to produce P. roqueforti conidia for
cheese inoculation (Dumas et al., 2020). The Roquefort population
also displays slower growth, which was likely beneficial for cheese
production before refrigeration, to preserve cheeses over a span of
several months (Dumas et al., 2020).

Penicillium roqueforti cheese strains analysed so far all came
from cheeses inoculated with spores from cultivated strains.
However, some local blue cheeses can be spontaneously col-
onised by P. roqueforti. This is the case for “Bleu de Termignon”
cheeses produced by only a handful of cheese makers in the
French Alps, with small-scale production. Spontaneous coloni-
sation could result from the presence of feral strains in the farm
environment or ripening caves, i.e., spores released from cheeses,
corresponding to a known or unknown domesticated cheese
population. Alternatively, the strains spontaneously colonising
Termignon cheeses could correspond to a genuinely wild popu-
lation. However, Roquefort-like cheeses produced with the non-
cheese populations described so far produced blue cheeses with
little or unpleasant aromas (Caron et al., 2021), pointing more to a
feral origin or a locally domesticated population.

In addition to the cheese populations, two other populations
have indeed been identified in P. roqueforti, one largely associated
with silage and spoiled food (e.g., bread, fruits and jam) and the other
mainly found in lumber and spoiled food (e.g., inner fridge wall and
mouldy wild apple; Dumas et al., 2020). These non-cheese popula-
tions display higher levels of sexual fertility than the cheese popu-
lations and grow faster under harsh conditions (Dumas et al., 2020;
Ropars et al., 2016, 2020). The non-cheese populations also present
higher genetic diversities than the cheese populations and have di-
verged from each other more recently than their common ancestor
from the cheese populations (Dumas et al., 2020). They may there-
fore correspond either to populations recently adapted to human-
made environments different from cheeses or to ancestral-like, wild
populations.

The occurrence of genetically differentiated populations
in distinct ecological niches suggests adaptive divergence in P.
roqueforti. Indeed, these ecological niches are either plant- or
dairy-related and vary in terms of environmental conditions (e.g.,
temperature, pH and salt concentration) and composition (nu-
trients). Such contrasting environments likely require different
metabolic activities for a fungus to thrive in. For example, tem-
perature is much lower during cheese ripening (8 to 14°C accord-
ing to the (Cahier des charges de l'appellation d'origine «Bleu
d'Auvergne», 2016; Cahier des charges de l'appellation d'origine
«Bleu du Vercors-Sassenage », 2017)) than for optimal silage pro-
duction (20-30°C; Borreani & Tabacco, 2010; Ferrero et al., 2021;
Weinberg et al., 2001). pH in Roquefort cheeses is around 4.7 and
ranges from 3.7 to 5 in silage depending on the forage type (e.g.,
maize or grass) and on the dry matter percent of the crop. Blue
cheeses are among the cheeses with highest salt concentrations

T, \\| Y-

(Hashem et al., 2014). Beyond contributing to the organoleptic
qualities as a taste enhancer, salt prevents contamination by un-
desired microorganisms, as it impairs both fungal and bacterial
growth by reducing water availability (also called water activity,
a,). Water availability is under regulation for cheese import in
the USA, for consumer safety, as it prevents the growth of patho-
genic microorganisms such as Listeria spp. Salt represents nearly
4% weight in Roquefort, leading to very low water activity values
(Caron et al., 2021). For non-cheese food, the specific tempera-
ture, pH and water activity depend on the type of food and storage
conditions. Cheese and silage are environments with high organic
acid concentrations due to fermentation, with in particular large
quantities of lactic acid (Bevilacqua & Califano, 1989). Lactic acid
may be used as a carbon source by some microorganisms (Eschrich
et al., 2002; Jiang et al., 2014; Schink et al., 2022) but also exhibits
antimicrobial activities, being therefore commonly used as a food
preservative.

Carbon sources are very different between the ecological
niches of the distinct P. roqueforti populations. For example, malt-
ose, starch, pectine, cellobiose and xylose are associated with
plant material, while the sugars in cheese are lactose and galac-
tose, but they are present only at the beginning of cheese making
and mostly metabolised by bacteria (Lee et al., 2014). Some of the
P. roqueforti ecological niches can include fungal inhibitors or fun-
gicides; for example, the two P. roqueforti populations occurring on
spoiled food may be exposed to chemical preservatives commonly
used for food preservation (e.g., potassium sorbate and natamy-
cin). In P. roqueforti, sorbate resistance has been reported in some
strains isolated from spoiled food, which has been attributed to
the presence of a horizontally transferred region named SORBUS
(Punt et al., 2022). In addition, the P. roqueforti population associ-
ated with silage may be exposed to triazoles, commonly used as
fungicides on crops. The existence of specific adaptation to silage
and food ecological niches by their P. roqueforti populations has
not been investigated so far.

In order to improve our understanding of adaptive divergence
in P. roqueforti, we investigated here (i) the genetic differentia-
tion of strains isolated from Termignon blue cheeses from other
populations, by comparing their genomes to available genomes
of strains from other ecological niches, and by looking for three
horizontally transferred regions (Wallaby, CheesyTer and SORBUS)
previously found in some P. roqueforti populations or strains, and
(ii) the phenotypic differentiation between P. roqueforti popula-
tions for traits likely under differential selection in the different
ecological niches. We studied the impact of temperature, pH, salt
concentration, various carbon sources and fungal inhibitors on the
growth rate and latency of the different P. roqueforti populations
using laser nephelometry, a mid-throughput method which mea-
sures fungal growth by estimating particle density in liquid media
based on the detection of light reflection by cells. We thereby
tested the hypothesis that the Termignon cheeses are made
with a specific P. roqueforti population, that has evolved adaptive
traits for cheese making, and, more generally, that the different P.
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roqueforti populations exhibit adaptation to their respective eco-

logical niches.

2 | MATERIALS AND METHODS

2.1 | Strain collection and conidia suspension
preparation

For comparative genomics, we analysed the genomes of 51 P.
roqueforti strains (Table S1). Among them, we randomly selected
for phenotypic experiments seven strains from each of the non-
Roquefort and Roquefort populations, six strains from the lumber/
spoiled food population, and eight strains from the silage/spoiled
food population, which presents the highest genetic diversity
(Dumas et al., 2020). We also used the four available strains sam-
pled from Termignon blue cheeses. All strains are part of the ESE
or UBOCC (https://nouveau.univ-brest.fr/ubocc/fr) culture collec-
tions (Table S1).

Conidia suspensions were prepared for the different experi-
ments by cultivating the fungal strains for 6 days at 25°C on potato
dextrose agar (PDA, Difco, Fisher Scientific). Two millilitres of Tween
80 (0.045%, v/v) were then added on each plate and conidia were
scraped off the surface. Conidia concentrations in the suspensions
were estimated using Malassez cells and adjusted to 10° conidia.
mL? with Tween 80. Fresh suspensions were prepared for each

experiment.

2.2 | Genome sequencing and population genomics

DNA was extracted from Termignon cheese isolates and all new
strains sequenced using the lllumina technology for this project
from fresh haploid mycelium and conidia after monospore isola-
tion and growth for 5days on malt agar using the Nucleospin Soil
Kit (Macherey-Nagel). Sequencing was performed using the lllumina
paired-end technology (lllumina Inc.) at the INRAe GenoToul and
CNRS 12BC platforms. We also generated an improved long read-
based genome assembly of the LCP06133 strain. Its DNA was ex-
tracted from mycelium and conidia with the NucleoBond High
Molecular Weight DNA kit (Macherey-Nagel), with the mechani-
cal disruption of about 30mg of lyophilized mycelium with beads
for 5min at 30Hz. Its genome was sequenced using the Oxford
Nanopore MinlON technology with an R9 flow cell without multi-
plexing. The Nanopore library was prepared with the SQK-LSK109
ligation sequencing kit and sequencing was performed in-house. We
assessed the run quality using Porechop version 0.2.3_sequan2.1.1
(Wick et al., 2017). All raw data are available at NCBI under the
project ID PRJNA933571. We also used some available genomes
(Dumas et al., 2020; Table S1).

We trimmed all Illumina reads and cleaned adapters with
Trimmomatic v0.36 (Bolger et al., 2014). We removed the three
bases at the beginning and end of reads using the Leading and

Trailing options, dropped reads having a length inferior to 36 with
the MINLEN option and performed a sliding window trimming ap-
proach using the Slidingwindow option and 4:25 as values. Cleaned
reads were mapped on the new high-quality P. roqueforti LCP06133
reference genome assembly (project ID PRJNA933571) using
Bowtie2 version 2.3.4.1 (Langmead & Salzberg, 2012). This refer-
ence genome was built using raw ONT reads with Canu version 1.8
(Koren et al., 2017) with the option genomeSize =28 m and polished
twice using lllumina reads (Dumas et al., 2020) with Pilon version
1.24 (Walker et al., 2014), after a mapping using Bowtie2 (Langmead
& Salzberg, 2012) with a maximum length (-X) of 1000bp for both
runs. Redundant contigs were removed based on a self-alignment.
In Bowtie2, the maximum length (-X) was set to 1000 and the pre-
set “very-sensitive-local” was used. SAMtools v1.7 (Li et al., 2009)
was used to filter out duplicate reads and reads with a mapping
quality score above 10 for SNP calling. Single nucleotide polymor-
phisms (SNPs) were called using the GATK v4.1.2.0 Haplotype
Caller (McKenna et al., 2010), generating a gVCF file per strain.
GVCFs were combined using GATK CombineGVCFs, genotypes
with GATK GenotypeGVCFs, and SNPs were selected using GATK
SelectVariants. SNPs were filtered using GATK VariantFiltration and
options QUAL <30, DP<10, QD<2.0, F$>60.0, MQ<40.0, SOR
>3.0, QRankSum < -12.5, ReadPosRankSum < -8.0. All processes
from cleaning to variant calling were performed with Snakemake
v5.3.0 (Koster & Rahmann, 2012) using an internally developed
script.

We used Splitstree v4.16.2 (Huson & Bryant, 2006) for the
neighbour-net analysis. We used the R package ade4 v.1.7-20
(Bougeard & Dray, 2018; Chessel et al., 2004; Dray & Dufour, 2007
Thioulouse et al., 2018) for principal component analyses (PCA, cen-
tred and unscaled). We used NGSadmix v.33 (Jgrsboe et al., 2017)
from the ANGSD (Korneliussen et al., 2014) package (version
0.933-110-g6921bcé) to infer individual ancestry from genotype
likelihoods based on realigned reads, by assuming a given number of
populations. A Beagle file was first prepared from bam using ANGSD
with the following parameters: “-uniqueOnly 1 -remove_bads 1
-only_proper_pairs 1 -GL 1 -doMajorMinor 1 -doMaf 1 -doGlIf 2
-SNP_pval 1e-6". The Beagle file was used to run NGSadmix with 4
as the minimum number of informative individuals. The analysis was
run for different K values, ranging from 2 to 6. A hundred indepen-
dent runs were carried out for each number of clusters (K).

The nucleotide diversity 7 (Nei's Pi; Hudson et al., 1992; Nei &
Li, 1979), the Watterson's 6 (Watterson, 1975), the fixation index Fe;
(Hudson et al., 1992) and the absolute divergence d,, (Nei & Li, 1979)
were calculated using the popgenome v.2.7.5 package in R (Pfeifer
et al., 2014). Fixed, private and shared sites were counted using
custom scripts available at https://github.com/BastienBennetot/
fixed_shared_private_count, with bcftools version 1.11 (using htslib
1.13+ds). The strain ESE00421 was not included for these computa-
tions. The pairwise homology index (PHI) test was performed using
Splitstree v4.16.2 (Huson & Bryant, 2006).

Mating types in the Termignon population were determined
using a mapping approach: the two mating-type alleles previously
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identified in P. roqueforti (Ropars et al., 2012) were used as refer-
ences to map the Termignon strain reads.

We assessed the presence of the horizontally transferred regions
Wallaby and CheesyTer in the genomes of the Termignon strains (as
they were previously searched for in the other genomes), and of the
SORBUS region in all the genomes analysed here, by mapping the
Illumina reads on the published sequences (Cheeseman et al., 2014;
Punt et al., 2022; Ropars et al., 2015).

2.3 | Growth media and conditions for
phenotypic studies

For all tested conditions, we used potato dextrose broth (PDB,
Difco, Fisher Scientific), except to evaluate carbon source impact on
growth, for which we used a minimum medium (see below). For as-
sessing temperature impact on growth, microplates were incubated
at nine different temperatures (4, 8, 12, 20, 22, 25, 27, 30 and 32°C).
For evaluating the pH impact on growth, PDB (initial pH5.2) was
adjusted to the targeted pH values (2, 3,4, 5, 6,7, 8,9, 10, 12 or 14)
using either hydrochloric acid or sodium hydroxide. To assess the ef-
fect of salt concentration on growth, we added NaCl (Sigma-Aldrich,
Germany), using 11 concentrations (1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 8 and
10%), corresponding to the following of water activity values (frac-
tion of water available for growth, aw): 0.996, 0.991, 0.988, 0.986,
0.983, 0.980, 0.977, 0.974, 0.967, 0.960, 0.946 and 0.929. To evalu-
ate the impact of lactic acid on growth, this acid was added to PDB
to obtain the target concentrations (0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.8, 1 and 1.5M) and pH was adjusted to 5.2+0.1 with sodium hy-
droxide. All media were sterilised at 121°C for 15 minutes and stored
at 4°C until use, except for pH-modified media which were instead
filtered at 0.45um to avoid pH change during autoclaving.

To study the impact of carbon sources on growth, we supple-
mented the “MO” minimum medium (urea: 0.5g.L%, magnesium sul-
phate: 0.25g.L%, biotin and thiamin: 50mg.L’?, citric acid and zinc
sulphate: 5mg.L’%, iron alum: 1mg.L'}, copper sulphate: 0.25mg.
L'! manganese sulphate, boric acid, sodium molybdate: 0.05mg.L™?)
with 20g.L'1 of either sucrose, glucose, lactose, galactose, maltose,
cellobiose, xylose, starch, pectin or sodium lactate. The media were
then sterilised at 121°C for 15min.

To assess the impact of fungicides on growth, we supplemented
PDB with either potassium sorbate (Sigma-Aldrich, Germany, 0.5 or
1g.L'1), natamycin (Sigma-Aldrich, Germany, 2 or Smg.L'l) or tebu-
conazole (Sigma-Aldrich, Germany, 2.5, 5 or 10 mg.L'i). We sterilised
PDB 2X at 121°C for 15min and inhibitor solutions by filtration at
0.45pum, and then combined PDB 2X, inhibitor filtrate and sterile
water in order to obtain the targeted inhibitor concentrations.

2.4 | Growth monitoring by laser nephelometry

We added 190pL of broth culture media in sterile 96-well micro-
plates (Thermo Scientific) and completed each well with either 10pL
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of conidia suspension at 10° conidia.mL™ or with 10 uL of Tween 80
(0.045% v/v) for negative controls. For incubation, microplates were
stored in a plastic box containing sterile distilled water to regulate
humidity during incubation. Measures were obtained using a laser
nephelometer (NEPHELOstar™ VS, BMG labtech) with a laser diode
at 635nm. At the beginning of each measurement, a 20-s 500rpm
double-orbital agitation step was performed by the nephelometer
microplate reader (Savary et al., 2022). Each microplate was moni-
tored four times a day for days 1-2, thrice a day for days 3-7, twice
a day for days 8-14 and once a day for days 15-21 or until the sig-
nal reached saturation. For each experiment, a minimum of three
replicas per strain and condition were performed for more robust

estimates of growth parameters.

2.5 | Fungal growth kinetic
follow-up and modelling

Growth kinetics were obtained with nephelometric measure-
ment, i.e., measurement of forward scattered light that is directly
proportional to the suspended particle concentration (i.e., the
turbidity) and to mycelium dry matter (Joubert et al., 2010), see
Figure S1. The results are expressed in an arbitrary unit named
relative nephelometry unit (RNU which can range from zero to
several thousands until detector saturation), corresponding to the
measure of the scattered light at an angle relative to the incident
light source to avoid possible transmitted light interference, as a
function of time. In order to estimate growth latency and growth
rate for each strain and parameter tested, we performed a pri-
mary modelling step with the MatLab software (R2018b, Natick,
Massachusetts: The MathWorks Inc.; see Figure 2a). We fitted a
growth curve to the measured values for each strain and tested
parameter using the modified Gompertz Equation (1) (Zwietering
et al., 1990), as it is the most robust for fungal growth modelling
(Declerck et al., 2001; Savary et al., 2022).

y=y0+a><exp[—exp[(&)(&—t)+ln (1)

where y, is the value for time 0, y is the turbidity signal (in RNU)
measured at time t, a is the maximal amplitude of the turbidity sig-
nal in RNU, g, is the growth rate (RNU.h™Y) in the exponential phase
(hereafter called “maximal growth rate” as typically done in model-
ling growth studies) and A is the lag time in hours (i.e., the time before
fungal growth is detected). See Figure S1 for an illustration of the
parameters.

We included a negative control in each microplate (i.e., a well
with only medium) for which the measures obtained were fitted with
a polynomial model adapted to this type of data, i.e., with limited
variation of signal. For each well, each fitted value for the negative
control was subtracted to the value of the same time point obtained
in inoculated wells in order to standardise the kinetics modelling
across plates and conditions.
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Using the output parameters of the primary modelling, we per-
formed a secondary modelling for each of the studied parameters
(i.e., temperature, pH, lactic acid concentration and water activity),
to determine the cardinal values, i.e., the minimum, optimal and max-
imum values of these factors for growth, as well as the growth rate
at the optimal value (i.e., the maximal growth rate across conditions,
hereafter called “optimal growth rate” as typically done in growth
rate modelling studies; see Figure 2a). We used cardinal models to fit
the maximal growth rate and inverse latency (the inverse of the la-
tency as this can be modelled with the same model as for the growth
rate, in contrast to latency), to assess the impact of the tested abiotic
factors on microbial growth using Equations (2) to (5).

Yo = Yopt- CM(X) (2)

where CM(X) is the value returned by the cardinal model for X, the
model being as in Equations (3), (4) or (5) depending on the studied pa-
rameter X, YDpt corresponds to the optimal growth rate (RNU/hour) or

optimal reciprocal latency (inverse of latency, %) to model the effect

)
opt
of the various factors on the optimal growth rapte or optimal inverse
latency, noted Y in the equation.

To determine temperature and water activity cardinal values
(i.e., minimum, optimal and maximum values for growth; Figure 2a),
we used the Rosso model (Rosso et al., 1993, 1995), largely used
to model the effect of temperature and water activity on fungal

growth (Dagnas & Membré, 2013), and presented in Equation (3).

CMOO) = 1— [LA]/[LA] . [LA] < [LA]

max

where [LA] represents the total concentration in lactic acid and [LA], .,
the maximum lactic acid concentration for fungal growth.

Growth rates and latencies obtained from primary modelling
were fitted with these equations by minimising the sum of squared
error (nlinfit function, MATLAB R2018b). Five percent confidence
intervals were computed using the Jacobian matrix (nlparci function,
MATLAB R2018b). We assessed how well our models predicted the
data by computing the root mean square error (RMSE), measuring
the error of a model in predicting quantitative data, and the deter-
mination coefficient (r?), measuring the proportion of variance in the
growth parameter explained by the factor variation in the model. We
kept only the values of the growth dynamics that could be modelled
with sufficient confidence, hence strain replica values with coeffi-
cient r? below 0.95 were excluded from further analyses. For popu-
lation comparisons, we used a single value per strain and parameter,
corresponding either to the mean of the replicates per strain (growth

curve modelling) or to the secondary modelling outcome.

2.6 | Statistical analyses on phenotypes

In order to evaluate the impact of fungicides (lactic acid, potas-

sium sorbate, tebuconazole and natamycin), controlling for intrinsic

0
X< Xni
(X_Xmax)' (X_Xmin)2 mn
CMX) = + Xenin <X <Xy &)
(Xopt _Xmin)' { (Xopt _Xmin)' (X _Xopt) - (Xopt _Xmax)' [Xopt +Xmin - 2X] } X<X
max
0

where X represents the studied parameter (temperature or water ac-
tivity),and X_. , X ___and X

min® Xmax opt 2r€ the minimum, maximum and optimal

parameter values for growth, respectively (Figure 2a). As the maxi-

mal water activity value is 1 (pure water) was fixed at 1 (Pinon

’ aW max
et al., 2004). As the growth rate was always lower than that measured

in the maximal tested water activity value, a was fixed at the high-

wopt
esta,, value used, i.e., 0.996 (Savary et al,, 202p2). See Figure S1 for an
illustration of the parameters.

For determining pH growth limits, we used the Presser model
(Presser et al., 1998) presented in Equation (4), that is the most ap-
propriate when growth rate and latency are stable in a large range of

pH as is the case in fungi:

CM(X) = (1 = 10°HmnPH ) (1 — 10PH-PHus ) pH, < pH < pHoae (4)

where pH_. and pH__ are the minimum and maximum pH values for

which fungal growth is possible, respectively.

min max
To model growth parameters as a function of lactic acid concen-

tration, we applied the model developed by Le Marc et al. (2002),

designed for estimating the minimum inhibitory concentration:

growth variations among strains, we computed relative latency and
growth rate by dividing the measured growth values by a refer-
ence value for each strain. The reference values were the individual
growth values obtained in PDB without fungicide.

Statistical analyses for testing differences in phenotypes be-
tween populations were performed using the R software (version
4.2.1, https://www.r-project.org/). For population comparisons,
Shapiro-Wilk and Bartlett tests (package rstatix v.0.7.1, R) were
performed to assess normality and homoscedasticity of residuals
in each population. If the data or the log-transformed data did not
deviate from normality and homoscedasticity, populations were
compared using ANOVA type | and Tukey tests were used as post-
hoc tests. If the log-transformed and square-root transformed data
significantly deviated from normality, a Kruskal-Wallis test was per-
formed on raw data to compare populations, followed by Dunn tests
as post-hoc tests.

To illustrate phenotypic population differentiation, we per-
formed a principal component analysis (PCA) based on the pheno-
types, i.e., the parameter values obtained in growth curves in all
experiments using the FactoMiner v2.7 R package (Lé et al., 2008).
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3 | RESULTS

3.1 | Identification of a specific Termignon cheese
population

After filtering, we obtained 190,387 SNPs in total in the set of 51
genomes. The neighbour-net network (SplitsTree, Figure 1a) revealed
a novel P. roqueforti population, specific to Termignon cheeses, and
most closely related to the non-Roquefort population (Figure 1;
Table S2). The Termignon population displayed reticulations up to the
tips of the network, suggesting that recombination may occur. The
pairwise homology index tests in fact indicated signs of recombination
in the Termignon population, as in the silage/spoiled food and lum-
ber/soiled food populations (p <0.0001), but not in the Roquefort or
non-Roquefort populations (p=0.99). Three strains in the Termignon
population carried the MAT1-1 mating type (ESE00424, ESE00428
and ESE00685) while the fourth one carried the MAT1-2 mating type
(ESE00426). A fifth strain had been isolated from a Termignon cheese
(ESE00425) but actually belonged to the Roquefort genetic cluster.

The PCA based on SNPs (Figure 1b), and the F¢; and d,, val-
ues (Table S2) showed a high differentiation of the non-Roquefort
and Roquefort populations from other populations and one to each
other, in agreement with the previous inference of strong divergence
following independent domestication of these two lineages. The
Termignon population again appeared differentiated from the other
populations, especially on the first and fourth axes of the PCA, and
the F¢; and d,, values (Figure S2; Table S2). The Termignon popula-
tion appeared genetically closer to the non-Roquefort population on
the splitstree but closer to the non-cheese populations on the PCA.
The strong differentiation of the cheese populations from other
populations in the PCA is likely due to the existence of a high num-
ber of fixed SNPs in each of the Roquefort and non-Roquefort pop-
ulations due to strong bottlenecks (Table S2). The high percentage
of identical and fixed alleles shared between the Termignon and the
non-Roquefort populations (Table S2) explains, on the other hand,
that they are branched together in the neighbour-net network, i.e.,
showing that they are most closely related to each other. The silage/
spoiled food and lumber/spoiled food populations had the highest
diversity levels. These two populations also had the highest shared
polymorphism level (Table S2), in agreement with the previous infer-
ence showing that their split represents the most recent divergence
in P. roqueforti. Indeed, previous ABC demographic inference based
on whole-genome sequencing have revealed that these two popula-
tions split the most recently, while the Roquefort and non-Roquefort
populations diverged much earlier (Dumas et al., 2020).

The NGSAdmix analysis, which gives a probability of assignment
to genetic clusters with a pre-defined number of clusters K, also sup-
ported the existence of five genetically differentiated clusters, with
five well defined clusters at K=5, each including multiple strains as-
signed at 100% and with 70% of the runs finding this subdivision
(Figure 1c). At K=6, different subdivisions were inferred in the dif-
ferent runs, with balanced proportions for the various solutions,
that inferred subclusters in either of the populations (Figure S3).

T, \\| Y-

However, the splitstree and PCA (Figure 1a,b) showed that the main
level of genetic subdivision was at K=5. The second order rate of
change in the likelihood (AK) peaked at K=4 (Figure S3), indicating
that the subdivision in four clusters is the strongest population sub-
division level (the strongest increase in likelihood when increasing K
by 1 was between K=4 and K=5). The neighbour-net network, the
barplots, the PCA and the F¢; values (Figure 1; Table S2) nevertheless
showed that the subdivision in five clusters is genuine and appeared
biologically the most relevant regarding ecological niches. We there-
fore considered the subdivision into five clusters in the following.

A few strains displayed intermediate percentages of assignation
at several clusters at K=5 and at higher K values. Such low percent-
ages of assignation can result from admixture between groups or
from low assignation power, for example because a few strains are
differentiated from other strains within their cluster. The LCP06131
strain, for example, displayed intermediate assignment levels in bar-
plots (Figure 1c; Figure S3), but the splitstree showed that this strain
is still much closer genetically to other strains in the Roquefort clus-
ter than to other clusters, and without reticulations. The LCP06679
strain appeared close to ESE00421 and LCP06036 in the splitstree
but has been assigned to the silage/food spoiler population by the
NGSAdmix analysis and in a splitstree with additional genomes (un-
published data); this strain was therefore considered to belong to
the silage/spoiled food population in phenotypic analyses. Among
the phenotyped strains, three strains showed intermediate percent-
ages of assignment. The ESE00421 strain was phenotyped but ap-
peared intermediate between clusters in all analyses (splitstree, PCA
and NGSAdmix; Figure 1 and Figure S3), suggesting that it may be
an admixed strain, i.e., resulting from a cross between clusters. We
therefore excluded this strain from the statistical tests on pheno-
type differences. Two other phenotyped strains, UBOCC-A-118017
and LCP06059, displayed intermediate assignment percentages,
but fell in the middle of the silage/spoiled food cluster in the split-
stree. The UBOCC-A-118017 strain appeared intermediate between
the Termignon and silage/spoiled food clusters in the PCA but the
LCP06059 strain clustered well in the silage group. Because of these
assignment uncertainties, we tested differences between clusters
with and without these two strains. We present below the statis-
tical test results with the two strains included. Similar results were
obtained when removing them from the dataset, unless specified
otherwise.

The four Termignon strains carried the whole CheesyTer region in
their genome, while only two (ESE00424 and ESE00685) harboured
the Wallaby region. Only two strains (LCP04180 and LCP03969),
both isolated from spoiled foods and belonging to the silage/spoiled

food population, carried the SORBUS horizontally transferred region.
3.2 | Penicillium roqueforti populations exhibit
distinct growth responses to abiotic factors

We tested whether growth behaviour differed between the five
identified P. roqueforti populations in response to various abiotic
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FIGURE 1 Representation of the genomic data and the differentiation between the five populations of Penicillium roqueforti: the three
cheese populations (Roquefort, non-Roquefort and Termignon) and the two non-cheese populations (silage/food spoiler and lumber/
spoiled food). (a) Reticulated network of P. roqueforti strains based on 190,387 single nucleotide polymorphisms, showing the five distinct
populations with pictures of their respective environments of collection. The ID of the strains used for phenotyping are in bold. (b) Principal
component analysis based on 190,387 single nucleotide polymorphisms. The names of the strains used in phenotype comparisons are
indicated. The strain ESE00421 with intermediate assignments in various clusters with NGSadmix is shown in grey. (c) Population subdivision
inferred with NGSadmix for K=5 populations (see Figure S3 for K=2 to 6). Colored bars represent the coefficients of membership in the K
gene pools based on genomic data. Each bar represents a strain, its name being indicated at the bottom of the figure. The ID of the strains
used for phenotyping are in bold. The same colour code as on the other figures is used in all three panels.

factors. The principal component analysis (PCA) performed on the
33 phenotyped strains with the 39 inferred growth parameters
(Table S3) separated well the different P. roqueforti populations
(Figure 2). The first dimension separated the non-Roquefort and
the lumber/spoiled food populations, the novel Termignon popu-
lation being intermediate. This first PCA dimension was positively
associated with the optimal growth rates obtained from secondary
modelling in the temperature, water activity, pH and lactic acid
concentration assays, and growth rate in lactose, pectin, xylose
and sucrose, and negatively with minimum reciprocal latency and
relative growth rate in potassium sorbate at 0.5g.L"%. This sug-
gests that the non-Roquefort population grows more slowly, is
more tolerant to 0.5g.L™* potassium sorbate, has shorter minimal
latency, and that the lumber/spoiled food population can better
use lactose, pectin, xylose and sucrose for growth than the other
populations.

The second PCA dimension separated the silage/spoiled food
and cheese populations, the Termignon population once again ap-
pearing intermediate (Figure 2). This second PCA dimension was
positively associated with maximal pH, optimal water activity and
optimal temperature, and negatively with minimal temperature. This
suggests that cheese populations are less tolerant to higher pH and

have lower optimal growth temperature than the silage/spoiled food
population.

The third PCA axis separated the silage/spoiled food and non-
Roquefort populations on the one hand from the Roquefort and
lumber/spoiled food populations on the other hand, the Termignon
population appearing intermediate (Figure S4). This PCA dimension
was negatively associated with maximal lactic acid concentration.
This suggests that non-Roquefort and silage populations present
better tolerance to high lactic acid concentrations compared to the
other populations.

3.3 | The non-Roquefort population displays the
highest salt and pH tolerance

Statistical tests confirmed a distinct growth behaviour of the non-
Roquefort population compared to the other populations, revealing
significant differences in terms of salt and pH tolerance. The popula-
tions indeed showed significant differences in the minimum water
activity for growth (ANOVA Table S4, becoming non-significant
when the LCP06059 and UBOCC-A-118017 strains are excluded).
Post-hoc tests did not detect any significant differences between
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FIGURE 2 Principal component analysis (PCA) illustrating the phenotypic differences between Penicillium roqueforti populations based on
growth response to temperature, water activity (salt), pH, various carbon sources (sucrose, glucose, lactose, galactose, maltose, cellobiose,
xylose, starch, pectin and lactic acid) and to exposure to fungal inhibitors (lactic acid, potassium sorbate, tebuconazole and natamycin). (a)
Strains on the first two axes of the PCA. A confidence ellipse is drawn for each of the five populations. The percentage of variance explained
by the axes are indicated. The same colour code is used as in the other figures: green for the lumber/spoiled food population, orange for

the silage population, dark blue for the non-Roquefort cheese population, purple for the Roquefort cheese population and light blue for the
Termignon cheese population. The strain IDs are provided in Table S1. (b) Association between the two PCA axes and the variables. Pectin.
mu, lactose.mu, Maltose.mu, Xylose.mu, Sucrose.mu correspond to growth rate with pectin, lactose, maltose, xylose or sucrose as sole
carbon sources, respectively. awopt.lambda.aw corresponds to optimal water activity (salt concentration minimising latency). Tmin.mu.T

and Topt.mu.T corresponds to the minimal and optimal growth temperature; muopt.mu.T, muopt.mu.aw, muopt.mu.ph and muopt.mu.LA
correspond the optimal parameter values for growth rate in terms of temperature, water activity (salt concentration), pH and lactic acid
concentration, respectively. lambda.opt.lambda.aw, lambda.opt.lambda.pH and lambda.opt.lambda.LA, correspond to the optimal parameter
values for inverse latency in terms of water activity (salt concentration), pH and lactic acid concentration, respectively. See Figure S1 for an
illustration of parameter determination.
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pairs of populations (Figure 3b; Table S4). The means nevertheless in-
dicated that the silage/spoiled food and non-Roquefort populations
tended to tolerate lower minimum water activity (i.e., had higher salt
tolerance) than lumber / spoiled food and Termignon populations
(Figure 3b; Table S3). The non-Roquefort population was also char-
acterised by a significantly lower optimal water activity for latency
(mean of 0.993 for the shortest latency) than the Roquefort popula-
tion (mean of 0.995 for the shortest latency, Table S3). This means
that the shortest latency for the non-Roquefort population was
observed at a higher salt concentration (0.5% in NaCl) than for the
Roquefort population (0.2% in NaCl). These findings support previ-
ous inference suggesting adaptation to highly salted environments
in the non-Roquefort population (Dumas et al., 2020).

The non-Roquefort population also tolerated more acidic pH, its
mean minimal pH for growth being significantly lower than those
for the silage/spoiled food, Roquefort and Termignon populations
(meanpH,;:1.82vs. 2.19,2.20 and 2.27, respectively, Table S3). The
maximal pH for growth for the non-Roquefort population was also
significantly lower than for the silage/spoiled food population (mean
pH__ :10.34 vs. 10.51; Figure 3D, Table S3). The Termignon pop-

max*®

ulation displayed an intermediate maximal pH value (mean pH,__:
10.44) between cheese and non-cheese populations (Figure 3).

We detected a significant difference between populations in
the minimal temperature for growth, post-hoc tests indicating a
significantly lower minimal temperature for the Termignon popu-
lation than for each of the two non-cheese populations (Figure 2;
Table S4). However, the estimated minimal temperatures (T, ) were
all below 0°C, which has little biological or practical relevance in
terms of cheese making, food storage or silage storage. Differences
between populations were not significant for the other estimated
cardinal temperature values, while there was a tendency for a lower
temperature optimum for the non-Roquefort population compared

to the silage population (Table S4).

3.4 | Better capacity to use various carbohydrates
for the silage/spoiled food and lumber/spoiled food
populations

We also compared the ability of the different P. roqueforti popula-
tions to use various carbohydrates and lactic acid as carbon sources
because cheese presents low concentrations in carbohydrates but
a high concentration in lactic acid, in contrast to silage. The lumber/
spoiled food population showed a significantly higher mean growth
rate in potato dextrose broth than the non-Roquefort popula-
tion (Figure 4a,b; Table S4). We detected significant differences in
growth rate between populations in lactose, sucrose, xylose and pec-
tin (Figure 4b; Table S5). The lumber/spoiled food population indeed
showed significantly faster growth than the non-Roquefort popula-
tion in sucrose, xylose, and pectin (plant-derived sugars; Figure 4b;
Table S5) and than the Roquefort population in lactose (dairy-derived
sugar, Figure 4b; Table S5). The silage/spoiled food population grew
significantly faster than the non-Roquefort population in pectin

T, \\| Y-

and than the non-Roquefort and Roquefort populations in lactose
(Figure 4b; Table S5). The differences between the silage and non-
Roquefort populations in terms of growth rate in pectin and lac-
tose were not significant any more when removing the LCP06059
and UBOCC-A-118017 strains from the analysis. We did not detect
any significant growth rate differences between populations for the
other tested carbon sources (galactose, lactic acid, maltose or cello-
biose, Figure 4b; Table S5). Figure 5 also illustrates the intermediate
position of the Termignon population in the PCA (Figure 2), with in
particular intermediate phenotypes between cheese and non-cheese
populations in terms of growth rates on lactose, xylose and maltose.

3.5 | Penicillium roqueforti populations exhibit
different growth responses to lactic acid exposure
but no difference for other fungicides

As P. roqueforti populations can be exposed to various fungicides
or fungal inhibitors depending on their ecological niches, we tested
whether some of the P. roqueforti populations had higher tolerance
than others. We detected significantly different behaviours between
populations in response to the presence of lactic acid, a fungal inhib-
itor produced during lactic fermentation, with a higher tolerance of
the non-Roquefort population (Figure 5a). The non-Roquefort popu-
lation growth rate was less impacted by lactic acid than other pop-
ulations. Indeed, the maximal lactic acid concentration for growth
was higher for the non-Roquefort population (mean of 1.05M) than
the other populations (means between 0.65 and 0.76 M, Figure 5a;
Table S4); Post-hoc tests indicated that the difference between
non-Roquefort and Roquefort population was significant. The non-
Roquefort population showed higher relative growth rate at lactic
acid concentrations ranging from 0.1 to 0.4 M (Figure 5b; Table S6)
than other populations. This may result from an adaptation of the
non-Roquefort population to the cheese environment where lactic
acid is an important inhibitor. We detected no significant latency or
growth rate differences between populations when exposed to the
other fungicides, i.e., potassium sorbate and natamycin, used in the
food industry, or tebuconazole, the main fungicide used on crops
(Table S6). Among the phenotypically tested strains, LCP04180, the
only phenotyped strain carrying the SORBUS region associated with
sorbate-resistance, had a latency that was the least impacted by a
sorbate concentration at 1g.L™* (Table S3).

4 | DISCUSSION

In this study, we revealed a new P. roqueforti population, specific to
Termignon cheeses, in which this blue mould is not inoculated. We
detected differences between the cheese and non-cheese P. roque-
forti populations in terms of growth response to various abiotic fac-
tors. The non-Roquefort cheese population appeared as the most
phenotypically differentiated population, with higher tolerance to
salt, more acidic pH and lactic acid. These results are in agreement
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with the previous suggestion that the non-Roquefort population has
been subjected to strong selection for traits beneficial for cheese-
making (Dumas et al., 2020). The Termignon population appeared
phenotypically intermediate between cheese and non-cheese popu-
lations. The non-cheese populations show faster growth in various
carbohydrates compared to the non-Roquefort and/or Roquefort
populations, with faster growth of the lumber/spoiled food popula-
tion in sucrose, xylose and pectin, and faster growth of the silage/
spoiled food population in lactose and pectin. This suggests that
the non-cheese populations are adapted to ecological niches that
are rich in diverse carbohydrates, and particularly in plant-derived
sugars.

4.1 | A specific Penicillium roqueforti population in
Termignon cheeses

The Termignon strains, that spontaneously colonise cheeses in
small-scale traditional cheese-making processes, formed a specific
population, genetically differentiated from the four previously iden-
tified populations (Dumas et al., 2020). This population may be an
unidentified, genuinely wild population, or a locally domesticated
population. The Termignon population displayed substantial ge-
netic diversity, both mating types, horizontally transferred regions
previously detected in the non-Roquefort population, and inter-
mediate phenotypes between cheese and non-cheese populations,
in particular in terms of maximal pH and growth rates on lactose,
xylose and maltose. Its intermediate phenotypes between cheese
and non-cheese populations suggest that it may have been selected
for traits beneficial for cheese making, although less strongly than
the other cheese populations. The fact that the Termignon strains
are not cultivated or inoculated could let us think that they are not
genuinely domesticated. They could however be feral strains deriv-
ing from an ancient cultivated P. roqueforti population, which would
explain why the Termignon population is genetically most closely re-
lated to the non-Roquefort cheese population, carried the CheesyTer
and for two strains the Wallaby regions (specific so far to the cheese
non-Roquefort population), and displayed phenotypes intermediate
between cheese and non-cheese populations. They would thus be
descendants of the domesticated population from which the non-
Roquefort lineage would have been selected for and further im-
proved, and thus remnants of a larger population from which most of

the genetic diversity has been lost. We only isolated five strains from

Termignon blue cheeses to date, including one that was actually as-
signed to the Roquefort population, so that we cannot rule out that
strains belonging to other P. roqueforti populations may also colonise
Termignon cheeses. However, Termignon cheeses are produced by
only a handful of French farmers and at small scales (only a few hun-
dred cheeses produced per year), so they may be mainly colonised by
strains from the newly described population.

The identified Termignon population represents a potential new
source of strain diversity for making blue cheeses, a highly valuable
asset given that the Roquefort and the non-Roquefort populations
have recently lost most of their diversity (Dumas et al., 2020). The
discovery of this new population, with the two alternative mating
types, paves the way for strain improvement, through the genera-
tion of offspring by crosses between populations, leveraging on the
protocol developed to induce sexual reproduction in P. roqueforti
(Ropars et al., 2016). This will generate novel genetic and phenotypic
diversity for cheese making. All strains analysed so far from the non-
Roquefort populations carried the MAT1-2 mating type, while most
strains of the Roquefort populations harboured the MAT1-1 mating
type. The presence of the two mating types in the Termignon popu-
lation despite the low number of strains available reinforces the view
that this population may be recombining, as suggested by the retic-
ulation on the network and the Phi tests. This finding is of interest
for future crosses with the two other cheese populations. New ben-
eficial traits for cheese making could be obtained and sexual repro-
duction could counteract the degeneration occurring in the clonal

Roquefort and non-Roquefort lineages (Ropars et al., 2014, 2016).

4.2 | Specific traits in Penicillium roqueforti
populations beneficial in their ecological niches

We detected signs of adaptation of the P. roqueforti populations to
their ecological niches, in particular for the non-Roquefort cheese
population and the non-cheese populations. A feature of cheese
is its high salt content compared to other P. roqueforti ecological
niches (wood, fruits and even bread). Salt has been traditionally
used for taste enhancing and for its antimicrobial effect improv-
ing food conservation. Salt impairs growth of living organisms by
decreasing water availability and through the toxicity of NaCl ions
(Morin-Sardin et al., 2016; Venancio et al., 2017). The domestica-
tion of fungi for cheese making may thus have led to salt toler-

ance as adaptation to the blue cheese environment, where salt

FIGURE 3 Growth parameters with differences between the Penicillium roqueforti five populations. The same colour code is used as in
the other figures: green for the lumber/spoiled food population, orange for the silage population, dark blue for the non-Roquefort cheese
population, purple for the Roquefort cheese population and light blue for the Termignon cheese population. The results of the global test for
a population effect is given at the top of each panel. Pairwise significant differences are indicated by asterisks. The boxplots represent the
median (centre line), the first quartile and third quartile (box bounds), the maximum and minimum excluding outlier points (whiskers), points
being the outliers, i.e., with values either below the first quartile minus 1.5 fold the interquartile range or above the third quartile plus 1.5
fold the interquartile range. (a) Optimal temperature, (b) Optimal water activity, (c) Minimal water activity (i.e., the fraction of available water
for growth, which decreases for increasing salt concentrations), (d) Minimal pH and (e) Maximal pH.
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concentration is 1.5%-3.5% (El-Bakry, 2012; Hashem et al., 2014). findings that showed higher salt tolerance for the non-Roquefort
In fact, we found here a higher salt tolerance in the non-Roquefort population based on growth experiments on malt agar and cheese-
population than in the other populations. This supports previous based media (Dumas et al., 2020). The Roquefort and Termignon
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FIGURE 4 Differences in growth rate with various carbon sources between the Penicillium roqueforti populations. Pairwise significant
differences are indicated by asterisks. The same color code is used as in the other figures: green for the lumber/spoiled food population,
orange for the silage population, dark blue for the non-Roquefort cheese population, purple for the Roquefort cheese population and light
blue for the Termignon cheese population. The boxplots represent the median (centre line), the first quartile and third quartile (box bounds),
the maximum and minimum excluding outlier points (whiskers), points being the outliers, i.e., with values either below the first quartile minus
1.5 fold the interquartile range or above the third quartile plus 1.5 fold the interquartile range. (a) Optimal growth rate, i.e., estimated growth
rate at the optimal temperature, in potato dextrose broth, obtained from temperature secondary modelling. The results of the global test for
a population effect is given at the top. (b) Growth rate in minimal medium with glucose, galactose, lactic acid, lactose, cellobiose, maltose,
pectin, sucrose and xylose as sole carbon sources.

FIGURE 5 Impact of lactic acid

on growth parameters between the
Penicillium roqueforti populations. Pairwise
significant differences are indicated by
asterisks. The same color code is used

as in the other figures: green for the
lumber/spoiled food population, orange
for the silage population, dark blue for the
non-Roquefort cheese population, purple
for the Roquefort cheese population

and light blue for the Termignon cheese
population. The boxplots represent the
median (centre line), the first quartile and
third quartile (box bounds), the maximum
and minimum excluding outlier points
(whiskers), points being the outliers, i.e.,
with values either below the first quartile
minus 1.5 fold the interquartile range

or above the third quartile plus 1.5 fold
the interquartile range. (a) Maximal lactic
acid concentrations allowing growth for
each of the five Penicillium roqueforti
populations. The results of the global

test for an effect of population maximal
lactic acid concentration is given at the
top. (b) Relative growth rate with lactic
acid concentration for each of the five
Penicillium roqueforti populations. Relative
growth rate corresponds to the observed
growth rate normalized by the growth rate
without lactic acid.
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cheese populations are less salt tolerant than the non-Roquefort

population, which is consistent with previous observations show-

ing that the non-Roquefort population exhibits more beneficial

traits for commercial cheese production due to stronger selection

(Dumas et al., 2020).

0.1 0.2 03 0.4
Concentration in lactic acid (M)

We found no particular tolerance for biologically relevant low
temperature in the cheese populations, as in previous studies on
other Penicillium cheese-making fungi (Ropars et al., 2020) or in
other fungi used for cheese making, such as Bisifusarium domesticum
and Geotrichum candidum (Bennetot et al., 2023; Savary et al., 2022).
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In the Saccharomyces yeast genus, different modes of fermentation,
at high versus low temperature, have yielded distinct lineages with
different optimal temperatures by hybridization between S. cerevi-
siae and Saccharomyces cryophilic species (Baker et al., 2019).

The non-cheese populations also exhibited traits that may be
beneficial in their ecological niche. The lumber/spoiled food pop-
ulation grew faster in potato dextrose broth and in various plant-
derived carbohydrates (e.g., dextrose, sucrose, pectin and xylose).
The silage/spoiled food population grew faster in pectin. These
sugars are absent in cheese, in which proteins and lipids are instead
dominant during ripening (Prieto et al., 2000). The faster growth
of the non-cheese populations in plant-derived sugars may corre-
spond to ancestral traits in P. roqueforti. Indeed, while no genuinely
wild P. roqueforti population is known so far, it has been suggested
that the ancestral population of the identified cheese and non-
cheese populations could be a plant saprophyte or endophyte
(Dumas et al., 2020). The carbohydrates used in our assays (e.g.,
xylose, dextrose, pectin and sucrose) represent important carbon
sources in plants (Fukasawa & Matsukura, 2021). Important traits
for wild populations can be lost in domesticated fungi due to the
degeneration of unused traits or to drastic bottlenecks (Ropars
& Giraud, 2022). Domestication in P. roqueforti could therefore
have resulted in a fitness decrease in carbohydrate-rich media in
the cheese populations. This is supported by the finding that the
differences in growth rates of the lumber/spoiled food popula-
tion were significant when compared to the most strongly do-
mesticated cheese population, i.e., the non-Roquefort population.
Cheese populations would have lost the ability to optimally use
plant-derived sugars for growth and gained the ability to metab-
olise other nutrients (e.g., proteins and lipids). Cheese populations
indeed have faster proteolytic activity and the non-Roquefort pop-
ulation has faster lipolysis than non-cheese populations in synthetic
media (Dumas et al., 2020) and in the cheese environment (Caron
et al., 2021). Alternatively, the ability to optimally use sugars may
have been gained in the silage and the lumber/spoiled food popula-
tions as an adaptation to a new, anthropized ecological niche. The
lack of identification of any undeniably wild P. roqueforti population
precludes disentangling the two hypotheses.

The silage/spoiled food and lumber/spoiled food populations
grew surprisingly faster in lactose than the Roquefort population.
An explanation may be that, while galactose is abundant in milk as a
constitutive hexose of lactose, it is also an important sugar in plant
cell walls (Gangl & Tenhaken, 2016), which could lead to a selection
in non-cheese populations for an efficient degradation of polymers
containing galactose. Indeed, the same enzyme (p-galactosidase) is
involved in the lysis of lactose and of plant cell wall hemicellulose
polymers (e.g., xyloglucan and arabinogalactan proteins), which lib-
erates galactose (Fujita et al., 2019; Gangl & Tenhaken, 2016; Pefia
et al., 2004). Therefore, the faster growth of the non-cheese popula-
tion in lactose may be a by-product of an adaptation to hemicellulose
degradation. Alternatively, the non-cheese populations may have
adapted to the use of lactose, as several strains isolated from spoiled
food are also present in these populations (Dumas et al., 2020). In

S. cerevisiae, the cheese population showed higher growth rate on
galactose due to the acquisition, by horizontal gene transfer (HGT),
of genes involved in the galactose import and degradation pathway
(Legras et al., 2018). In our study, the non-Roquefort population did
not exhibit higher efficiency for lactose use, despite the presence of
genes involved in lactose import and degradation in the Cheesyter
region acquired by HGT and only harboured by this population
(Ropars et al., 2015).

Fungi can be exposed to various chemical biocides, in particular
in crops and in food with preservatives. In laboratory experiments,
recurrent exposure to biocides can lead to tolerance evolution (i.e.,
an increase in average minimum inhibitory concentrations), as shown
for tebuconazole in Aspergillus fumigatus (Cui et al., 2019) and nata-
mycin in Aspergillus ochraceus, Fusarium oxysporum, Trichosporon asa-
hii and Colletotrichum musae (Streekstra et al., 2016). In P. roqueforti,
sorbate resistance has been reported in some strains isolated from
spoiled food, which has been attributed to the presence of a hori-
zontally transferred region named SORBUS (Punt et al., 2022). Here,
we studied the impact, on the growth of the different P. roqueforti
populations, of chemical preservatives used in the food industry
(natamycin and sorbate), a fungicide used for crop treatment (tebu-
conazole) and of a weak organic acid present in cheese (lactic acid re-
sulting from lactose degradation by lactic acid bacteria). We did not
detect any significant differences between the populations in terms
of tolerance to potassium sorbate, tebuconazole and natamycin. This
is consistent with our finding that a single silage strain carried the
SORBUS region that provides sorbate resistance. This suggests that
the selection for such tolerance is not strong in any of the ecolog-
ical niches of P. roqueforti or that evolutionary constraints prevent
adaptation.

Cheese and silage are rich in lactic acid due to the metabolism
of lactic acid bacteria. We showed that the non-Roquefort popu-
lation was more tolerant to lactic acid than the other populations,
which may be an adaptive trait under cheese ripening conditions.
The other cheese populations were less tolerant to lactic acid, while
lactic acid is present in all types of cheeses and silage can pres-
ent higher concentrations in lactic acid than cheese (Bevilacqua
& Califano, 1989; Borreani & Tabacco, 2010; Marsili et al., 1981).
The higher lactic acid tolerance in the non-Roquefort population
may be due to the stronger selection in this lineage, so this lin-
eage has evolved a more extreme phenotype, as shown for other
traits in the non-Roquefort population, e.g., salt tolerance, growth
on cheese and competitive ability (this study, Dumas et al., 2020;
Ropars et al., 2015). An alternative explanation is that lower lac-
tic acid tolerance induces slower growth, which may have been
beneficial for blue cheese production before fridges were used
(Dumas et al., 2020), so that there may have been no selection for
higher lactic acid tolerance in the Roquefort and Termignon popu-
lations. Organic acid tolerance has been reported in other domes-
ticated fungi, for example tolerance to acetic acid, formic acid and
levulinic acid in S. cerevisiae (Gallone et al. Tolerance to sulphite,
a microbiocide classically used in wine-making, has also been re-
ported in S. cerevisiae (Gallone et al., 2016; Legras et al., 2018) and
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in some wine-associated populations of the Brettanomyces bruxel-

lensis yeast (Avramova et al., 2018).

5 | CONCLUSION

In conclusion, we report here new evidence for contrasting phe-
notypes between P. roqueforti populations, with beneficial traits
for cheese making in the cheese populations (in particular higher
tolerance to salt, acidic pH and lactic acid in the non-Roquefort
population), which supports the inference of domestication in
cheese fungi. In addition, we identified a novel P. roqueforti popu-
lation, from non-inoculated French Termignon cheeses, with in-
termediate traits, substantial genetic diversity and the two mating
types. This provides highly promising genetic resources for strain
improvement, in addition to being a good model case to study do-
mestication. We also found a more efficient use of various plant-
derived carbon sources (in particular pectin, dextrose, xylose and/
or lactose) in the silage/spoiled food and lumber/spoiled food
populations, suggesting adaptation to anthropized niches, such as
stored food and silage, and/or adaptation as saprophytes or endo-
phytes. Among the three cheese populations, we found evidence
for different stages of domestication, the non-Roquefort popu-
lation showing the most differentiated traits, with phenotypes
beneficial for cheese making, while the Termignon population
appeared phenotypically intermediate between cheese and non-
cheese populations. The non-Roquefort population also had the
lowest genetic diversity, likely due to strong bottlenecks, which
was not the case of the Roquefort population, certainly due to
PDO requirements. Such gradual domestication syndromes have
previously been reported in the soft-cheese making fungi from
the P. camemberti clade (Ropars et al., 2020) and in the cheese-
making fungus Geotrichum candidum (Bennetot et al., 2023). This
suggests a protracted domestication process, with ancient, mild
domestication, followed by more intensive selection in industrial
times, as reported for example in maize (Allaby et al., 2008; Janzen
& Hufford, 2016). The modern improvement process leads to a
more drastic domestication syndrome, but also to worrying losses
of diversity, threatening biodiversity conservation, jeopardis-
ing future strain improvement and leading to product uniformity
(Vavilov, 2009). Our discovery of a new P. roqueforti population
with higher diversity and contrasting phenotypes in Termignon
cheeses is thus highly valuable for the sustainability of blue-

cheese making and for strain improvement.

AUTHOR CONTRIBUTIONS

ECr performed experiments and analyses on phenotypes. JR, TG
and AB collected the Termignon strains. AS performed DNA extrac-
tion and MinlON sequencing. JR, TC and TG acquired the Termignon
genomes. JR, JPV, AB and TC performed the genomic analyses. TG
supervised the genomic analyses. JLJ, MC and ECo designed and su-
pervised the experiments and analyses on phenotypes. AB contrib-
uted to statistical analyses. ECo, TG and JR obtained funding. ECr,

T, \\| Y-

TG and ECo wrote the first draft of the manuscript, with addition by
JLJ, MC and JR. All authors revised the manuscript.

ACKNOWLEDGMENTS

This study was funded by the ANR-19-CE20-0002-02 Fungadapt
and ANR-19-CE20-0006-01 Artifice ANR (French National Research
Agency) grants. We thank Alodie Snirc and Stephanie Le Prieur for
DNA extractions. We thank the GenoToul INRAe platform and the
CNRS 12BC platform for genome sequencing.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
Genome accession numbers (lllumina reads and new assembly) have
been deposited in NCBI under the project PRINA933571.

ORCID
Antoine Branca "* https://orcid.org/0000-0001-8475-1386
https://orcid.org/0000-0002-2685-6478

https://orcid.org/0000-0003-0912-8804

Tatiana Giraud

Emmanuel Coton

REFERENCES

Allaby, R. G., Fuller, D. Q., & Brown, T. A. (2008). The genetic expecta-
tions of a protracted model for the origins of domesticated crops.
Proceedings of the National Academy of Sciences of the United States
of America, 105, 13982-13986.

Avramova, M., Cibrario, A., Peltier, E., Coton, M., Coton, E., Schacherer,
J., Spano, G., Capozzi, V., Blaiotta, G., Salin, F., Dols-Lafargue, M.,
Grbin, P, Curtin, C., Albertin, W., & Masneuf-Pomarede, I. (2018).
Brettanomyces bruxellensis population survey reveals a diploid-
triploid complex structured according to substrate of isolation and
geographical distribution. Scientific Reports, 8, 4136.

Baker, E. P, Peris, D., Moriarty, R. V,, Li, X. C., Fay, J. C., & Hittinger, C.
T. (2019). Mitochondrial DNA and temperature tolerance in lager
yeasts. Science Advances, 5, eaav1869.

Bennetot, B., Vernadet, J.-P., Perkins, V., Hautefeuille, S., Rodriguez de
la Vega, R. C., O'Donnell, S., Snirc, A., Grondin, C., Lessard, M.-H.,
Peron, A.-C., Labrie, S., Landaud, S., Giraud, T., & Ropars, J. (2023).
Domestication of different varieties in the cheese-making fungus
Geotrichum candidum. Peer Community Journal, 3, e45.

Bevilacqua, A. E., & Califano, A. N. (1989). Determination of organic
acids in dairy products by high performance liquid chromatography.
Journal of Food Science, 54, 1076.

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: a flexible
trimmer for Illumina sequence data. Bioinformatics, 30, 2114-2120.

Borreani, G., & Tabacco, E. (2010). The relationship of silage temperature
with the microbiological status of the face of corn silage bunkers.
Journal of Dairy Science, 93, 2620-2629.

Bougeard, S., & Dray, S. (2018). Supervised multiblock analysis in R with
the ade4 package. Journal of Statistical Software, 86, 1-17.

Cahier des charges de 'appellation d'origine « Bleu d'Auvergne » homologué
par l'arrété du. (2016). relatif a I'appellation d'origine protégée «Bleu
d'Auvergne », JORF du 22 décembre 2016 (Bulletin officiel No. 2016-53).
Ministére de I'agriculture, de I'agroalimentaire et de la forét, France.

Cahier des charges de Il'appellation d'origine «Bleu du Vercors-
Sassenage » homologué par l'arrété du. (2017). JORF du 9 novembre
2017 (Bulletin officiel du Ministére de I'agriculture et de I'alimenta-
tion No. 2017-46). Ministére de I'agriculture et de l'alimentation,
France.

85U8017 SUOWWIOD 3AIKaID 3|qeoljdde au Aq pauenob afe Saplie O ‘SN o S8 10y Akeiq1 8UI|UO AB]IM UO (SUORIPUD-PUR-SWLBH LD A8 |IM"AleIq1[BU UO//SANY) SUOIIPUOD pue SWie | 8L} 89S *[£202/20/0T] U0 ARiqITauljuO A8]IM ‘0l 8UeIYO0D Aq 8/GETAS/TTTT OT/I0p/L00 A8 |IM AleIq1jpul|uo//Sdny Wwolj papeojumod ‘0 ‘T.SK2GLT


https://orcid.org/0000-0001-8475-1386
https://orcid.org/0000-0001-8475-1386
https://orcid.org/0000-0002-2685-6478
https://orcid.org/0000-0002-2685-6478
https://orcid.org/0000-0003-0912-8804
https://orcid.org/0000-0003-0912-8804

CREQUER ET AL.

= lwiLe v —

Cahier des charges de l'appellation d'origine «Roquefort» homologué
par l'arrété du 12 septembre 2017 relatif a la modification du cahier
des charges de I'appellation d'origine protégée « Roquefort », JORF du
20 septembre 2017 (Bulletin officiel du Ministére de I'Agriculture et de
I'alimentation No. 2017-39). Ministére de I'Agriculture et de 'alimen-
tation, France.

Caron, T., Piver, M. L., Péron, A.-C., Lieben, P., Lavigne, R., Brunel, S.,
Roueyre, D., Place, M., Bonnarme, P., Giraud, T., Branca, A., Landaud,
S., & Chassard, C. (2021). Strong effect of Penicillium roqueforti pop-
ulations on volatile and metabolic compounds responsible for aro-
mas, flavor and texture in blue cheeses. International Journal of Food
Microbiology, 354, 109174.

Chang, P.-K. (2004). Lack of interaction between AFLR and AFLJ con-
tributes to nonaflatoxigenicity of Aspergillus sojae. Journal of
Biotechnology, 107, 245-253.

Cheeseman, K., Ropars, J., Renault, P., Dupont, J., Gouzy, J., Branca, A,
Abraham, A.-L., Ceppi, M., Conseiller, E., Debuchy, R., Malagnac, F.,
Goarin, A, Silar, P., Lacoste, S., Sallet, E., Bensimon, A., Giraud, T,,
& Brygoo, Y. (2014). Multiple recent horizontal transfers of a large
genomic region in cheese making fungi. Nature Communications, 5,
2876.

Chessel, D., Dufour, A. B., & Thioulouse, J. (2004). The ade4 Package—I:
One-table methods. R News, 4, 5-10.

Coton, E., Coton, M., Hymery, N., Mounier, J., & Jany, J.-L. (2020).
Penicillium roqueforti: An overview of its genetics, physiology, me-
tabolism and biotechnological applications. Fungal Biology Reviews,
34, 59-73.

Cui, N, He, Y,, Yao, S., Zhang, H., Ren, J., Fang, H., & Yu, Y. (2019).
Tebuconazole induces triazole-resistance in Aspergillus fumigatus
in liquid medium and soil. Science of The Total Environment, 648,
1237-1243.

Dagnas, S., & Membré, J.-M. (2013). Predicting and preventing mold
spoilage of food products. Journal of Food Protection, 76, 538-551.

Declerck, S., D'or, D., Cranenbrouck, S., & Boulengé, L. E. (2001).
Modelling the sporulation dynamics of arbuscular mycorrhizal fungi
in monoxenic culture. Mycorrhiza, 11, 225-230.

Dray, S., & Dufour, A.-B. (2007). The ade4 package:
Implementing the duality diagram for ecologists. Journal of
Statistical Software, 22, 1-20.

Dumas, E., Feurtey, A., Rodriguez de la Vega, R. C., Le Prieur, S., Snirc, A.,
Coton, M., Thierry, A., Coton, E., Le Piver, M., Roueyre, D., Ropars,
J., Branca, A., & Giraud, T. (2020). Independent domestication
events in the blue-cheese fungus Penicillium roqueforti. Molecular
Ecology, 29, 2639-2660.

El-Bakry, M. (2012). Salt in cheese: A review. Current Research in Dairy
Sciences, 4, 1-5.

Eschrich, D., Kétter, P., & Entian, K.-D. (2002). Gluconeogenesis in
Candida albicans. FEMS Yeast Research, 2, 315-325.

Ferrero, F., Tabacco, E., Piano, S., Casale, M., & Borreani, G. (2021).
Temperature during conservation in laboratory silos affects fer-
mentation profile and aerobic stability of corn silage treated with
Lactobacillus buchneri, Lactobacillus hilgardii, and their combination.
Journal of Dairy Science, 104, 1696-1713.

Fujita, K., Sasaki, Y., & Kitahara, K. (2019). Degradation of plant arab-
inogalactan proteins by intestinal bacteria: Characteristics and
functions of the enzymes involved. Applied Microbiology and
Biotechnology, 103, 7451-7457.

Fukasawa, Y., & Matsukura, K. (2021). Decay stages of wood and asso-
ciated fungal communities characterise diversity-decomposition
relationships. Scientific Reports, 11, 8972.

Gallone, B., Steensels, J., Prahl, T, Soriaga, L., Saels, V., Herrera-Malaver,
B., Merlevede, A., Roncoroni, M., Voordeckers, K., Miraglia, L.,
Teiling, C., Steffy, B., Taylor, M., Schwartz, A., Richardson, T., White,
C., Baele, G, Maere, S., & Verstrepen, K. J. (2016). Domestication
and divergence of Saccharomyces cerevisiae beer yeasts. Cell, 166,
1397-1410.e16.

Gangl, R., & Tenhaken, R. (2016). Raffinose family oligosaccharides act
as galactose stores in seeds and are required for rapid germination
of Arabidopsis in the dark. Frontiers in Plant Science, 7. https://doi.
org/10.3389/fpls.2016.01115

Garcia-Rios, E., Morard, M., Parts, L., Liti, G., & Guillamén, J. M. (2017).
The genetic architecture of low-temperature adaptation in the
wine yeast Saccharomyces cerevisiae. BMC Genomics, 18, 159.

Gibbons, J. G, Salichos, L., Slot, J. C., Rinker, D. C., McGary, K. L., King,
J. G., Klich, M. A,, Tabb, D. L., McDonald, W. H., & Rokas, A. (2012).
The evolutionary imprint of domestication on genome variation
and function of the filamentous fungus Aspergillus oryzae. Current
Biology, 22, 1403-1409.

Gillot, G., Jany, J.-L., Coton, M., Le Floch, G., Debaets, S., Ropars, J.,
Lépez-Villavicencio, M., Dupont, J., Branca, A., Giraud, T., & Coton,
E. (2015). Insights into Penicillium roqueforti morphological and ge-
netic diversity. PLoS One, 10, e0129849.

Gillot, G., Jany, J.-L., Poirier, E., Maillard, M.-B., Debaets, S., Thierry,
A., Coton, E., & Coton, M. (2017). Functional diversity within
the Penicillium roqueforti species. International Journal of Food
Microbiology, 241, 141-150.

Hashem, K. M., He, F. J., Jenner, K. H., & MacGregor, G. A. (2014). Cross-
sectional survey of salt content in cheese: A major contributor to
salt intake in the UK. BMJ Open, 4, e005051.

Hayward, J. J., White, M. E., Boyle, M., Shannon, L. M., Casal, M. L.,
Castelhano, M. G,, Center, S. A., Meyers-Wallen, V. N., Simpson, K.
W., Sutter, N. B, Todhunter, R. J., & Boyko, A. R. (2019). Imputation
of canine genotype array data using 365 whole-genome sequences
improves power of genome-wide association studies. PLoS Genetics,
15,e10080083.

Hudson, R. R., Slatkin, M., & Maddison, W. P. (1992). Estimation of levels
of gene flow from DNA sequence data. Genetics, 132, 583-589.

Huson, D. H., & Bryant, D. (2006). Application of phylogenetic net-
works in evolutionary studies. Molecular Biology and Evolution, 23,
254-267.

Janzen, G. M., & Hufford, M. B. (2016). Crop domestication: A sneak-
peek into the midpoint of maize evolution. Current Biology, 26,
R1240-R1242.

Jiang, T., Gao, C., Ma, C., & Xu, P. (2014). Microbial lactate utilization:
Enzymes, pathogenesis, and regulation. Trends in Microbiology, 22,
589-599.

Jaorsboe, E., Hanghgj, K., & Albrechtsen, A. (2017). fastNGSadmix:
Admixture proportions and principal component analysis of a single
NGS sample. Bioinformatics, 33, 3148-3150.

Joubert, A., Calmes*, B., Berruyer, R., Pihet, M., Bouchara, J.-P., Simoneau,
P., & Guillemette, T. (2010). Laser nephelometry applied in an au-
tomated microplate system to study filamentous fungus growth.
BioTechniques, 48, 399-404.

Kiyota, T., Hamada, R., Sakamoto, K., Iwashita, K., Yamada, O., & Mikami,
S.(2011). Aflatoxin non-productivity of Aspergillus oryzae caused by
loss of function in the aflJ gene product. Journal of Bioscience and
Bioengineering, 111, 512-517.

Koren, S., Walenz, B. P., Berlin, K., Miller, J. R., Bergman, N. H., & Phillippy,
A. M. (2017). Canu: Scalable and accurate long-read assembly via
adaptive k -mer weighting and repeat separation. Genome Research,
27,722-736.

Korneliussen, T. S., Albrechtsen, A., & Nielsen, R. (2014). ANGSD:
Analysis of next generation sequencing data. BMC Bioinformatics,
15, 356.

Koster, J., & Rahmann, S. (2012). Snakemake-A scalable bioinformatics
workflow engine. Bioinformatics, 28, 2520-2522.

Langmead, B., & Salzberg, S. L. (2012). Fast gapped-read alignment with
bowtie 2. Nature Methods, 9, 357-359.

Le Marc, V., Huchet, V., Bourgeois, C. M., Guyonnet, J. P., Mafart, P,,
& Thuault, D. (2002). Modelling the growth kinetics of listeria as
a function of temperature, pH and organic acid concentration.
International Journal of Food Microbiology, 73, 219-237.

85U8017 SUOWWIOD 3AIKaID 3|qeoljdde au Aq pauenob afe Saplie O ‘SN o S8 10y Akeiq1 8UI|UO AB]IM UO (SUORIPUD-PUR-SWLBH LD A8 |IM"AleIq1[BU UO//SANY) SUOIIPUOD pue SWie | 8L} 89S *[£202/20/0T] U0 ARiqITauljuO A8]IM ‘0l 8UeIYO0D Aq 8/GETAS/TTTT OT/I0p/L00 A8 |IM AleIq1jpul|uo//Sdny Wwolj papeojumod ‘0 ‘T.SK2GLT


https://doi.org/10.3389/fpls.2016.01115
https://doi.org/10.3389/fpls.2016.01115

CREQUER ET AL.

L&, S., Josse, J., & Husson, F. (2008). FactoMineR: An R package for multi-
variate analysis. Journal of Statistical Software, 25, 1-18.

Lee, H., Rankin, S. A, Fonseca, L. M., & Milani, F. X. (2014). Lactose and
galactose content in cheese results in overestimation of moisture
by vacuum oven and microwave methods. Journal of Dairy Science,
97,2567-2577.

Legras, J.-L., Galeote, V., Bigey, F., Camarasa, C., Marsit, S., Nidelet, T.,
Sanchez, I., Couloux, A., Guy, J., Franco-Duarte, R., Marcet-Houben,
M., Gabaldon, T., Schuller, D., Sampaio, J. P., & Dequin, S. (2018).
Adaptation of S. cerevisiae to fermented food environments reveals
remarkable genome plasticity and the footprints of domestication.
Molecular Biology and Evolution, 35, 1712-1727.

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J.,, Homer, N.,
Marth, G., Abecasis, G., Durbin, R., & 1000 Genome Project Data
Processing Subgroup. (2009). The sequence alignment/map format
and SAMtools. Bioinformatics, 25, 2078-2079.

Lorentzen, M. P., Campbell-Sills, H., Jorgensen, T. S., Nielsen, T. K.,
Coton, M., Coton, E., Hansen, L., & Lucas, P. M. (2019). Expanding
the biodiversity of Oenococcus oeni through comparative genomics
of apple cider and kombucha strains. BMC Genomics, 20, 330.

Marsili, R. T., Ostapenko, H., Simmons, R. E., & Green, D. E. (1981). High
performance liquid chromatographic determination of organic
acids in dairy products. Journal of Food Science, 46, 52-57.

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K.,
Kernytsky, A., Garimella, K., Altshuler, D., Gabriel, S., Daly, M., &
DePristo, M. A. (2010). The genome analysis toolkit: A mapreduce
framework for analyzing next-generation DNA sequencing data.
Genome Research, 20, 1297-1303.

Meyer, R. S., & Purugganan, M. D. (2013). Evolution of crop species:
Genetics of domestication and diversification. Nature Reviews
Genetics, 14, 840-852.

Morin-Sardin, S., Rigalma, K., Coroller, L., Jany, J.-L., & Coton, E. (2016).
Effect of temperature, pH, and water activity on Mucor spp. growth
on synthetic medium, cheese analog and cheese. Food Microbiology,
56, 69-79.

Nei, M., & Li, W. H. (1979). Mathematical model for studying genetic
variation in terms of restriction endonucleases. Proceedings of the
National Academy of Sciences of the United States of America, 76,
5269-5273.

Pefa, M. J., Ryden, P., Madson, M., Smith, A. C., & Carpita, N. C. (2004).
The galactose residues of xyloglucan are essential to maintain me-
chanical strength of the primary cell walls in Arabidopsis during
growth. Plant Physiology, 134, 443-451.

Nout, M. J. R. (1995). Useful role of fungi in food processing. In R. A.
Samson, E. S. Hoekstra, J. C. Frisvad, & O. Filtenborg (Eds.),
Introduction to food-borne fungi (pp. 295-303). Centraal Bureau
voor Schimmelcultures.

Peter, J., De Chiara, M., Friedrich, A., Yue, J.-X., Pflieger, D., Bergstrom,
A., Sigwalt, A., Barre, B., Freel, K., Llored, A., Cruaud, C., Labadie,
K., Aury, J.-M., Istace, B., Lebrigand, K., Barbry, P., Engelen, S.,
Lemainque, A., Wincker, P,, ... Schacherer, J. (2018). Genome evo-
lution across 1,011 Saccharomyces cerevisiae isolates. Nature, 556,
339-344.

Pfeifer, B., Wittelsbiirger, U., Ramos-Onsins, S. E., & Lercher, M. J.
(2014). PopGenome: An efficient swiss army knife for popula-
tion genomic analyses in R. Molecular Biology and Evolution, 31,
1929-1936.

Pinon, A., Zwietering, M., Perrier, L., Membré, J.-M., Leporq, B., Mettler,
E., Thuault, D., Coroller, L., Stahl, V., & Vialette, M. (2004).
Development and validation of experimental protocols for use of
cardinal models for prediction of microorganism growth in food
products. Applied and Environmental Microbiology, 70, 1081-1087.

Pontes, A., Hutzler, M., Brito, P. H., & Sampaio, J. P. (2020). Revisiting
the taxonomic synonyms and populations of Saccharomyces
cerevisiae-phylogeny, phenotypes, ecology and domestication.
Microorganisms, 8, 903.

T, \\| Y-

Presser, K. A., Ross, T., & Ratkowsky, D. A. (1998). Modelling the growth
limits (growth/No growth Interface) of Escherichia coli as a func-
tion of temperature, pH, lactic acid concentration, and water activ-
ity. Applied and Environmental Microbiology, 64, 1773-1779.

Prieto, B., Franco, |., Fresno, M., Bernardo, A., & Carballo, J. (2000).
Picon Bejes-Tresviso blue cheese: An overall biochemical survey
throughout the ripening process. International Dairy Journal, 9,
159-167.

Punt, M., Seekles, S. J., van Dam, J. L., Adelhart Toorop, C. d., Martina,
R. R., Houbraken, J., Ram, A. F. J., Wésten, H. A. B., & Ohm, R. A.
(2022). High sorbic acid resistance of Penicillium roqueforti is me-
diated by the SORBUS gene cluster. PLoS Genetics, 18, €1010086.

Ropars, J., Didiot, E., Rodriguez de la Vega, R. C., Bennetot, B., Coton,
M., Poirier, E., Coton, E., Snirc, A., Le Prieur, S., & Giraud, T. (2020).
Domestication of the emblematic white cheese-making fungus
Penicillium camemberti and its diversification into two varieties.
Current Biology, 30, 4441-4453.e4.

Ropars, J., Dupont, J., Fontanillas, E., Vega, R. C. R. d. |, Malagnac, F,,
Coton, M., Giraud, T., & Lépez-Villavicencio, M. (2012). Sex in
cheese: Evidence for sexuality in the fungus Penicillium roqueforti.
PLoS One, 7, e49665.

Ropars, J., & Giraud, T. (2022). Convergence in domesticated fungi
used for cheese and dry-cured meat maturation: Beneficial traits,
genomic mechanisms, and degeneration. Current Opinion in
Microbiology, 70, 102236.

Ropars, J., Lo, Y.-C., Dumas, E., Snirc, A., Begerow, D., Rollnik, T., Lacoste,
S., Dupont, J., Giraud, T., & Lépez-Villavicencio, M. (2016). Fertility
depression among cheese-making Penicillium roqueforti strains sug-
gests degeneration during domestication. Evolution, 70,2099-2109.

Ropars, J., Lopez-Villavicencio, M., Dupont, J., Snirc, A, Gillot, G., Coton,
M., Jany, J.-L., Coton, E., & Giraud, T. (2014). Induction of sexual
reproduction and genetic diversity in the cheese fungus Penicillium
roqueforti. Evolutionary Applications, 7, 433-441.

Ropars, J., Rodriguez de la Vega, R. C., Lépez-Villavicencio, M., Gouzy, J.,
Sallet, E., Dumas, E., Lacoste, S., Debuchy, R., Dupont, J., Branca,
A., & Giraud, T. (2015). Adaptive horizontal gene transfers between
multiple cheese-associated fungi. Current Biology, 25, 2562-2569.

Rosso, L., Lobry, J. R, Bajard, S., & Flandrois, J. P. (1995). Convenient
model to describe the combined effects of temperature and pH
on microbial growth. Applied and Environmental Microbiology, 61,
610-616.

Rosso, L., Lobry, J. R., & Flandrois, J. P. (1993). An unexpected correlation
between cardinal temperatures of microbial growth highlighted by
a new model. Journal of Theoretical Biology, 162, 447-463.

Savary, O., Coton, M., Jany, J.-L., Coroller, L., & Coton, E. (2022). Effect
of abiotic factors and culture media on the growth of cheese-
associated Nectriaceae species. International Journal of Food
Microbiology, 364, 109509.

Schink, S. J., Christodoulou, D., Mukherjee, A., Athaide, E., Brunner, V.,
Fuhrer, T., Bradshaw, G. A, Sauer, U., & Basan, M. (2022). Glycolysis/
gluconeogenesis specialization in microbes is driven by biochemical
constraints of flux sensing. Molecular Systems Biology, 18, e10704.

Steensels, J., Gallone, B., Voordeckers, K., & Verstrepen, K. J. (2019).
Domestication of industrial microbes. Current Biology, 29,
R381-R393.

Streekstra, H., Verkennis, A. E. E., Jacobs, R., Dekker, A., Stark, J., &
Dijksterhuis, J. (2016). Fungal strains and the development of toler-
ance against natamycin. International Journal of Food Microbiology,
238, 15-22.

Thioulouse, J., Dray, S., Dufour, A.-B., Siberchicot, A., Jombart, T., &
Pavoine, S. (2018). Multivariate analysis of ecological data with ade4.
Springer.

Vavilov, N. (2009). Origin and geography of cultivated plants. ler édition.
Cambridge University Press.

Venancio, C., Pereira, R., Freitas, A. C., Rocha-Santos, T. A. P,, Costa, J. P.
d., Duarte, A. C., & Lopes, I. (2017). Salinity induced effects on the

85U8017 SUOWWIOD 3AIKaID 3|qeoljdde au Aq pauenob afe Saplie O ‘SN o S8 10y Akeiq1 8UI|UO AB]IM UO (SUORIPUD-PUR-SWLBH LD A8 |IM"AleIq1[BU UO//SANY) SUOIIPUOD pue SWie | 8L} 89S *[£202/20/0T] U0 ARiqITauljuO A8]IM ‘0l 8UeIYO0D Aq 8/GETAS/TTTT OT/I0p/L00 A8 |IM AleIq1jpul|uo//Sdny Wwolj papeojumod ‘0 ‘T.SK2GLT



CREQUER ET AL.

= LwiLe v —

growth rates and mycelia composition of basidiomycete and zygo-
mycete fungi. Environmental Pollution, 231, 1633-1641.

Venturini Copetti, M. (2019). Yeasts and molds in fermented food pro-
duction: An ancient bioprocess. Current Opinion in Food Science, 25,
57-61.

Walker, B. J., Abeel, T., Shea, T., Priest, M., Abouelliel, A., Sakthikumar,
S., Cuomo, C. A., Zeng, Q., Wortman, J., Young, S. K., & Earl, A.
M. (2014). Pilon: An integrated tool for comprehensive microbial
variant detection and genome assembly improvement. PLoS One,
9,e112963.

Watarai, N., Yamamoto, N., Sawada, K., & Yamada, T. (2019). Evolution of
Aspergillus oryzae before and after domestication inferred by large-
scale comparative genomic analysis. DNA Research, 26, 465-472.

Watterson, G. A. (1975). On the number of segregating sites in geneti-
cal models without recombination. Theoretical Population Biology,
7,256-276.

Wayne, R. K. (1986). Limb morphology of domestic and wild canids:
The influence of development on morphologic change. Journal of
Morphology, 187, 301-319.

Weinberg, Z. G., Szakacs, G., Ashbell, G., & Hen, Y. (2001). The effect of
temperature on the ensiling process of corn and wheat. Journal of
Applied Microbiology, 90, 561-566.

Wick, R. R., Judd, L. M., Gorrie, C. L., & Holt, K. E. (2017). Completing
bacterial genome assemblies with multiplex MinlON sequencing.
Microbial Genomics, 3, e000132.

Zwietering, M. H., Jongenburger, I., Rombouts, F. M., & van't Riet,
K. (1990). Modeling of the bacterial growth curve. Applied and
Environmental Microbiology, 56, 1875-1881.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Crequer, E., Ropars, J., Jany, J.-L.,
Caron, T., Coton, M., Snirc, A., Vernadet, J.-P.,, Branca, A,
Giraud, T., & Coton, E. (2023). A new cheese population in
Penicillium roqueforti and adaptation of the five populations
to their ecological niche. Evolutionary Applications, 00, 1-20.
https://doi.org/10.1111/eva.13578

85U8017 SUOWWIOD 3AIKaID 3|qeoljdde au Aq pauenob afe Saplie O ‘SN o S8 10y Akeiq1 8UI|UO AB]IM UO (SUORIPUD-PUR-SWLBH LD A8 |IM"AleIq1[BU UO//SANY) SUOIIPUOD pue SWie | 8L} 89S *[£202/20/0T] U0 ARiqITauljuO A8]IM ‘0l 8UeIYO0D Aq 8/GETAS/TTTT OT/I0p/L00 A8 |IM AleIq1jpul|uo//Sdny Wwolj papeojumod ‘0 ‘T.SK2GLT


https://doi.org/10.1111/eva.13578

	A new cheese population in Penicillium roqueforti and adaptation of the five populations to their ecological niche
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Strain collection and conidia suspension preparation
	2.2|Genome sequencing and population genomics
	2.3|Growth media and conditions for phenotypic studies
	2.4|Growth monitoring by laser nephelometry
	2.5|Fungal growth kinetic follow-­up and modelling
	2.6|Statistical analyses on phenotypes

	3|RESULTS
	3.1|Identification of a specific Termignon cheese population
	3.2|Penicillium roqueforti populations exhibit distinct growth responses to abiotic factors
	3.3|The non-­Roquefort population displays the highest salt and pH tolerance
	3.4|Better capacity to use various carbohydrates for the silage/spoiled food and lumber/spoiled food populations
	3.5|Penicillium roqueforti populations exhibit different growth responses to lactic acid exposure but no difference for other fungicides

	4|DISCUSSION
	4.1|A specific Penicillium roqueforti population in Termignon cheeses
	4.2|Specific traits in Penicillium roqueforti populations beneficial in their ecological niches

	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


