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Abstract 19 

 20 

Domestication is an excellent case study for understanding adaptation and multiple 21 

fungal lineages have been domesticated for fermenting food products. Studying 22 

domestication in fungi has thus both fundamental and applied interest. Genomic 23 

studies have revealed the existence of four populations within the blue-cheese-making 24 

fungus Penicillium roqueforti. The two cheese populations show footprints of 25 

domestication, but the adaptation of the two non-cheese populations to their ecological 26 

niches (i.e. silage/spoiled food and lumber/spoiled food) has not been investigated yet. 27 

Here, we reveal the existence of a new P. roqueforti population, specific to French 28 

Termignon cheeses, produced using small-scale traditional practices, with 29 

spontaneous blue mould colonisation. This Termignon population is genetically 30 

differentiated from the four previously identified populations, providing a novel source 31 

of genetic diversity for cheese making. Phenotypically, the non-Roquefort cheese 32 

population was the most differentiated, with specific traits beneficial for cheese making, 33 

in particular higher tolerance to salt, to acidic pH and to lactic acid. Our results support 34 

the view that this clonal population, used for many cheese types in multiple countries, 35 

is a domesticated lineage on which humans exerted strong selection. The Termignon 36 

population displayed substantial genetic diversity, both mating types, horizontally 37 

transferred regions previously detected in the non-Roquefort population, and 38 

intermediate phenotypes between cheese and non-cheese populations. The 39 

lumber/spoiled food and silage/spoiled food populations were not more tolerant to crop 40 

fungicides but showed faster growth in various carbon sources (e.g. dextrose, pectin, 41 

sucrose, xylose and/or lactose), which can be beneficial in their ecological niches. 42 

Such contrasted phenotypes between P. roqueforti populations, with beneficial traits 43 
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for cheese-making in the cheese populations and enhanced ability to metabolise 44 

sugars in the lumber/spoiled food population, support the inference of domestication 45 

in cheese fungi and more generally of adaptation to anthropized environments. 46 

 47 

Keywords: domestication, fungus, physiology, growth modelling, carbon sources, 48 

fungicide tolerance 49 
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Introduction 52 

Domestication, for which humans operate strong selection for identified traits in a 53 

species, has been used since Charles Darwin’s “On the origin of species” book (1859) 54 

as a model case of adaptive divergence. Adaptive divergence under domestication has 55 

been documented in various lineages in animals and plants (e.g. evolution of dogs 56 

from wolves and corn from teosinte; Steensels et al. 2019), but also in bacteria and 57 

fungi (e.g. the lactic acid bacteria Oenococcus oeni, Lorentzen et al. 2019, and the 58 

yeast Saccharomyces cerevisiae, Pontes et al. 2020). Adaptive divergence can result 59 

in highly differentiated domesticated varieties. For example, the spread and adaptation 60 

of maize to different agro-ecological and cultural environments has led to a multitude 61 

of varieties (Meyer & Purugganan, 2013). In dogs, the extreme behavioural and 62 

morphological differences between the 500 breeds are the result of directional 63 

selection for different behaviours, aspects and usages (Hayward et al., 2019). The 64 

magnitude of morphological differences between dog breeds is higher than that 65 

between wild Canidae (Wayne, 1986). 66 

Fungi represent an interesting clade to study adaptive divergence as they exhibit small 67 

genomes and short generation times compared to most plant and animal models. 68 

Ascomycota (one of the two main groups of fungi, encompassing most moulds and 69 

yeasts) are particularly used for fermented food, to produce a variety of beverages and 70 

food from animal products (e.g. cheese and dry cured sausages; Venturini Copetti 71 

2019) or plant products (e.g. wine, bread, tempeh and soya sauce; Nout et al. 2004). 72 

Among domesticated Ascomycota, S. cerevisiae, the baker’s yeast, has been 73 

extensively studied (Gallone et al., 2016; García-Ríos et al., 2017; Legras et al., 2018; 74 

Peter et al., 2018). Adaptive divergence has been demonstrated in S. cerevisiae, with 75 

population subdivision and differences between populations in terms of phenotypes 76 
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relevant for fermentation, such as sulfite resistance, maltotriose fermentation and 77 

growth at low temperature (Gallone et al. 2016; García-Ríos et al. 2017). Moulds in 78 

Ascomycota have also been domesticated for fermenting food products. For example, 79 

Aspergillus oryzae (Gibbons et al., 2012; Watarai et al., 2019) and Aspergillus sojae 80 

(Chang, 2004), intensively used in Asia as koji moulds for the production of various 81 

fermented products (e.g. miso, sake and shoyu), have evolved beneficial traits for 82 

fermentation and human consumption, such as starch breakdown ability (Gibbons et 83 

al., 2012) and the lack of toxin production (Kiyota et al. 2011). Penicillium camemberti, 84 

the fungus used for making bloomy rind soft cheeses (e.g. Brie and Camembert), has 85 

also been domesticated. This clonal lineage is indeed genetically differentiated from 86 

non-cheese closely related populations and exhibits beneficial traits for cheese 87 

production, for example in terms of colour, growth rate, competitive ability and reduced 88 

mycotoxin production (Gillot et al., 2017; Ropars et al. 2020). 89 

Another filamentous ascomycete fungus of interest for the study of adaptive 90 

divergence is Penicillium roqueforti, because of its importance in several countries for 91 

making different types of renowned blue cheeses (e.g. Roquefort, Fourme d’Ambert, 92 

Gorgonzola, Danish blue, Stilton and Cabrales). Within P. roqueforti, four genetically 93 

differentiated populations have been identified so far (Dumas et al., 2020), one 94 

population being associated with mouldy silage and spoiled food, one with lumber and 95 

spoiled food, and two different cheese populations, resulting from independent 96 

domestication events. One of the cheese populations, called non-Roquefort, 97 

corresponds to a clonal lineage (Dumas et al., 2020) largely used for the production of 98 

many blue cheeses in various countries (e.g. Gorgonzola, Cabrales, Danish blue and 99 

Stilton), but not for Roquefort cheeses produced under the protected designation of 100 

origin (PDO) label. Strains belonging to the non-Roquefort population harbour large 101 
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horizontally transferred genomic regions, in particular the CheesyTer and Wallaby 102 

genomic regions (Cheeseman et al. 2014; Ropars et al. 2015), conferring advantages 103 

in terms of growth and competitive abilities (Ropars et al. 2015; Dumas et al 2020). 104 

These two horizontally transferred genomic regions are absent from the other three 105 

identified P. roqueforti populations but have also been acquired, completely or partially, 106 

by other cheese-making Penicillium fungi (e.g. Penicillium camemberti and P. biforme; 107 

Cheeseman et al. 2014; Ropars et al 2015). The non-Roquefort lineage has acquired 108 

multiple beneficial traits for commercial cheese production, very different from non-109 

cheese populations, such as faster growth on cheese, better exclusion of spoilers, the 110 

ability to make bluer cheeses and more attractive aromas (Gillot et al., 2017; Coton et 111 

al., 2020; Dumas et al., 2020; Caron et al., 2021).  112 

The other known cheese population is strongly associated with the Roquefort protected 113 

designation of origin (PDO; Gillot et al. 2015; Dumas et al. 2020). This Roquefort 114 

population is differentiated from the non-Roquefort population and displays higher 115 

genetic and phenotypic diversities (Gillot et al., 2017; Dumas et al., 2020), which is 116 

probably due to the requirement to use local strains for the Roquefort PDO (Cahier des 117 

charges de l’appellation d’origine “Roquefort”, 2017). This has prevented Roquefort-118 

cheese producers from using the clonal non-Roquefort lineage, so that they kept using 119 

their strains originating from different cultures on local farms in the area. The Roquefort 120 

population also displays beneficial traits for cheese production, including the 121 

production of typical aromas and blue veined cheeses with larger blue areas than the 122 

non-cheese populations (Dumas et al. 2020; Caron et al. 2021). The Roquefort 123 

population however seems more adapted to ancient production modes, with for 124 

example greater spore production on bread, the original medium used to produce P. 125 

roqueforti conidia for cheese inoculation (Dumas et al. 2020). The Roquefort 126 
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population also displays slower growth, which was likely beneficial for cheese 127 

production before refrigeration, to preserve cheeses over a span of several months 128 

(Dumas et al. 2020). 129 

Penicillium roqueforti cheese strains analysed so far all came from cheeses inoculated 130 

with spores from cultivated strains. However, some local blue cheeses can be 131 

spontaneously colonised by P. roqueforti. This is the case for “Bleu de Termignon” 132 

cheeses produced by only a handful of cheese makers in the French Alps, with small-133 

scale production. Spontaneous colonisation could result from the presence of feral 134 

strains in the farm environment or ripening caves, i.e. spores released from cheeses, 135 

corresponding to a known or unknown domesticated cheese population. Alternatively, 136 

the strains spontaneously colonising Termignon cheeses could correspond to a 137 

genuinely wild population. However, Roquefort-like cheeses produced with the non-138 

cheese populations described so far produced blue cheeses with little or unpleasant 139 

aromas (Caron et al., 2021), pointing more to a feral origin or a locally domesticated 140 

population.  141 

In addition to the cheese populations, two other populations have indeed been 142 

identified in P. roqueforti, one largely associated with silage and spoiled food (e.g., 143 

bread, fruits and jam) and the other mainly found in lumber and spoiled food (e.g., inner 144 

fridge wall and mouldy wild apple; Dumas et al. 2020). These non-cheese populations 145 

display higher levels of sexual fertility than the cheese populations and grow faster 146 

under harsh conditions (Ropars et al., 2016, 2020; Dumas et al., 2020). The non-147 

cheese populations also present higher genetic diversities than the cheese populations 148 

and have diverged from each other more recently than their common ancestor from 149 

the cheese populations (Dumas et al., 2020). They may therefore correspond either to 150 
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populations recently adapted to human-made environments different from cheeses or 151 

to ancestral-like, wild populations.  152 

The occurrence of genetically differentiated populations in distinct ecological niches 153 

suggests adaptive divergence in P. roqueforti. Indeed, these ecological niches are 154 

either plant- or dairy-related and vary in terms of environmental conditions (e.g., 155 

temperature, pH and salt concentration) and composition (nutrients). Such contrasting 156 

environments likely require different metabolic activities for a fungus to thrive in. For 157 

example, temperature is much lower during cheese ripening (8 to 14°C according to 158 

the (Cahier des charges de l’appellation d’origine «/Bleu d’Auvergne/», 2016; Cahier 159 

des charges de l’appellation d’origine «/Bleu du Vercors-Sassenage/», 2017)) than for 160 

optimal silage production (20-30°C; Weinberg et al. 2001; Borreani and Tabacco 2010; 161 

Ferrero et al. 2021). pH in Roquefort cheeses is around 4.7 and ranges from 3.7 to 5 162 

in silage depending on the forage type (e.g., maize or grass) and on the dry matter 163 

percent of the crop. Blue cheeses are among the cheeses with highest salt 164 

concentrations (Hashem et al., 2014). Beyond contributing to the organoleptic qualities 165 

as a taste enhancer, salt prevents contamination by undesired microorganisms, as it 166 

impairs both fungal and bacterial growth by reducing water availability (also called 167 

water activity, aw). Water availability is under regulation for cheese import in the USA, 168 

for consumer safety, as it prevents the growth of pathogenic microorganisms such as 169 

Listeria spp. Salt represents nearly 4% weight in Roquefort, leading to very low water 170 

activity values (Caron et al., 2021). For non-cheese food, the specific temperature, pH 171 

and water activity depend on the type of food and storage conditions. Cheese and 172 

silage are environments with high organic acid concentrations due to fermentation, with 173 

in particular large quantities of lactic acid (Bevilacqua & Califano, 1989). Lactic acid 174 

may be used as a carbon source by some microorganisms (Eschrich et al., 2002; Jiang 175 
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et al., 2014; Schink et al., 2022) but also exhibits antimicrobial activities, being 176 

therefore commonly used as a food preservative.  177 

Carbon sources are very different between the ecological niches of the distinct P. 178 

roqueforti populations. For example, maltose, starch, pectine, cellobiose and xylose 179 

are associated with plant material, while the sugars in cheese are lactose and 180 

galactose, but they are present only at the beginning of cheese making and mostly 181 

metabolised by bacteria (Lee et al., 2014). Some of the P. roqueforti ecological niches 182 

can include fungal inhibitors or fungicides; for example, the two P. roqueforti 183 

populations occurring on spoiled food may be exposed to chemical preservatives 184 

commonly used for food preservation (e.g. potassium sorbate and natamycin). In P. 185 

roqueforti, sorbate resistance has been reported in some strains isolated from spoiled 186 

food, which has been attributed to the presence of a horizontally transferred region 187 

named SORBUS (Punt et al. 2022). In addition, the P. roqueforti population associated 188 

with silage may be exposed to triazoles, commonly used as fungicides on crops. The 189 

existence of specific adaptation to silage and food ecological niches by their P. 190 

roqueforti populations has not been investigated so far. 191 

 192 

In order to improve our understanding of adaptive divergence in P. roqueforti, we 193 

investigated here i) the genetic differentiation of strains isolated from Termignon blue 194 

cheeses from other populations, by comparing their genomes to available genomes of 195 

strains from other ecological niches, and by looking for three horizontally transferred 196 

regions (Wallaby, CheesyTer and SORBUS) previously found in some P. roqueforti 197 

populations or strains, and ii) the phenotypic differentiation between P. roqueforti 198 

populations for traits likely under differential selection in the different ecological niches. 199 

We studied the impact of temperature, pH, salt concentration, various carbon sources 200 
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and fungal inhibitors on the growth rate and latency of the different P. roqueforti 201 

populations using laser nephelometry, a mid-throughput method which measures 202 

fungal growth by estimating particle density in liquid media based on the detection of 203 

light reflection by cells. We thereby tested the hypothesis that the Termignon cheeses 204 

are made with a specific P. roqueforti population, that has evolved adaptive traits for 205 

cheese making, and, more generally, that the different P. roqueforti populations exhibit 206 

adaptation to their respective ecological niches. 207 

 208 
 209 

Material and methods 210 

Strain collection and conidia suspension preparation 211 

For comparative genomics, we analysed the genomes of 51 P. roqueforti strains 212 

(Suppl. Table 1). Among them, we randomly selected for phenotypic experiments 213 

seven strains from each of the non-Roquefort and Roquefort populations, six strains 214 

from the lumber/spoiled food population, and eight strains from the silage/spoiled food 215 

population, which presents the highest genetic diversity (Dumas et al., 2020). We also 216 

used the four available strains sampled from Termignon blue cheeses. All strains are 217 

part of the ESE or UBOCC (https://nouveau.univ-brest.fr/ubocc/fr) culture collections 218 

(Suppl. Table 1).  219 

Conidia suspensions were prepared for the different experiments by cultivating the 220 

fungal strains for six days at 25°C on potato dextrose agar (PDA, Difco, Fisher 221 

Scientific). Two mL of Tween 80 (0.045 %, v/v) were then added on each plate and 222 

conidia were scraped off the surface. Conidia concentrations in the suspensions were 223 

estimated using Malassez cells and adjusted to 106 conidia.mL-1 with Tween 80. Fresh 224 

suspensions were prepared for each experiment. 225 
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 226 

Genome sequencing and population genomics 227 

DNA was extracted for Termignon cheese isolates and all new strains sequenced using 228 

the Illumina technology for this project from fresh haploid mycelium and conidia after 229 

monospore isolation and growth for five days on malt agar using the Nucleospin Soil 230 

Kit (Macherey-Nagel). Sequencing was performed using the Illumina paired-end 231 

technology (Illumina Inc.) at the INRAe GenoToul and CNRS I2BC platforms. We also 232 

generated an improved long read-based genome assembly of the LCP06133 strain. 233 

Its DNA was extracted from mycelium and conidia with the NucleoBond High Molecular 234 

Weight DNA kit (Macherey-Nagel), with the mechanical disruption of about 30 mg of 235 

lyophilized mycelium with beads for 5 min at 30 Hz.  Its genome was sequenced using 236 

the Oxford Nanopore MinION technology with an R9 flow cell without multiplexing. The 237 

Nanopore library was prepared with the SQK-LSK109 ligation sequencing kit, and 238 

sequencing was performed in-house. We assessed the run quality using Porechop 239 

version 0.2.3_sequan2.1.1 (Wick et al., 2017). All raw data are available at NCBI under 240 

the project IDXX (to be completed upon manuscript acceptance). We also used some 241 

available genomes (Dumas et al., 2020) (Suppl. Table 1). 242 

We trimmed all Illumina reads and cleaned adapters with Trimmomatic v0.36 (Bolger 243 

et al., 2014). We removed the three bases at the beginning and end of reads using the 244 

Leading and Trailing options, dropped reads having a length inferior to 36 with the 245 

MINLEN option and performed a sliding window trimming approach using the 246 

Slidingwindow option and 4:25 as values. Cleaned reads were mapped on the new 247 

high-quality P. roqueforti LCP06133 reference genome assembly (ID Genbank, to be 248 

completed upon manuscript acceptance) using Bowtie2 version 2.3.4.1 (Langmead & 249 

Salzberg, 2012). This reference genome was built using raw ONT reads with Canu 250 
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version 1.8 (Koren et al., 2017) with the option genomeSize=28m and polished twice 251 

using Illumina reads (Dumas et al., 2020) with Pilon version 1.24 (Walker et al., 2014)), 252 

after a mapping using Bowtie2 (Langmead & Salzberg, 2012) with a maximum length 253 

(-X) of 1000bp for both runs. Redundant contigs were removed based on a self-254 

alignment. In Bowtie2, the maximum length (-X) was set to 1000 and the preset “very-255 

sensitive-local” was used. SAMtools v1.7 (Li et al., 2009) was used to filter out 256 

duplicate reads and reads with a mapping quality score above ten for SNP calling. 257 

Single nucleotide polymorphisms (SNPs) were called using the GATK v4.1.2.0 258 

Haplotype Caller (McKenna et al., 2010), generating a gVCF file per strain. GVCFs 259 

were combined using GATK CombineGVCFs, genotypes with GATK 260 

GenotypeGVCFs, and SNPs were selected using GATK SelectVariants. SNPs were 261 

filtered using GATK VariantFiltration and options QUAL <30, DP < 10, QD < 2.0, FS > 262 

60.0, MQ < 40.0, SOR > 3.0, QRankSum < -12.5, ReadPosRankSum < -8.0. All 263 

processes from cleaning to variant calling were performed with Snakemake v5.3.0 264 

(Koster & Rahmann, 2012) using an internally developed script. 265 

We used Splitstree v4.16.2 (Huson & Bryant, 2006) for the neighbour-net analysis. We 266 

used the R package Ade4 (Chessel et al., 2004; Dray & Dufour, 2007; Bougeard & 267 

Dray, 2018; Thioulouse et al., 2018) for principal component analyses (PCA, centred 268 

and unscaled). We used NGSadmix v.33 (Jørsboe et al., 2017) from the ANGSD 269 

(Korneliussen et al., 2014) package (version 0.933-110-g6921bc6) to infer individual 270 

ancestry from genotype likelihoods based on realigned reads, by assuming a given 271 

number of populations. A Beagle file was first prepared from bam using ANGSD with 272 

the following parameters: “-uniqueOnly 1 -remove_bads 1 -only_proper_pairs 1 -GL 1 273 

-doMajorMinor 1 -doMaf 1 -doGlf 2 -SNP_pval 1e-6”. The Beagle file was used to run 274 

NGSadmix with 4 as the minimum number of informative individuals. The analysis was 275 
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run for different K values, ranging from 2 to 6. A hundred independent runs were carried 276 

out for each number of clusters (K). 277 

The nucleotide diversity Ã (Nei’s Pi; Nei and Li 1979; Hudson et al. 1992), the 278 

Watterson’s » (Watterson, 1975), the fixation index FST (Hudson et al. 1992) and the 279 

absolute divergence dXY (Nei & Li, 1979) were calculated using the popgenome 280 

package in R (Pfeifer et al., 2014). Fixed, private and shared sites were counted using 281 

custom scripts available at 282 

https://github.com/BastienBennetot/fixed_shared_private_count, with bcftools version 283 

1.11 (using htslib 1.13+ds). The strain ESE00421 was not included for these 284 

computations. The pairwise homology index (PHI) test was performed using Splitstree 285 

v4.16.2 (Huson & Bryant, 2006).  286 

Mating types in the Termignon population were determined using a mapping approach: 287 

the two mating-type alleles previously identified in P. roqueforti (Ropars et al., 2012) 288 

were used as references to map the Termignon strain reads .  289 

We assessed the presence of the horizontally transferred regions Wallaby and 290 

CheesyTer in the genomes of the Termignon strains (as they were previously searched 291 

for in the other genomes), and of the SORBUS region in all the genomes analysed 292 

here, by mapping the Illumina reads on the published sequences (Cheeseman et al., 293 

2014; Ropars et al., 2015; Punt et al., 2022). 294 

 295 

Growth media and conditions for phenotypic studies 296 

For all tested conditions, we used potato dextrose broth (PDB, Difco, Fisher Scientific), 297 

except to evaluate carbon source impact on growth, for which we used a minimum 298 

medium (see below). For assessing temperature impact on growth, microplates were 299 

incubated at nine different temperatures (4, 8, 12, 20, 22, 25, 27, 30 and 32°C). For 300 
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evaluating the pH impact on growth, PDB (initial pH 5.2) was adjusted to the targeted 301 

pH values (2, 3, 4, 5, 6, 7, 8, 9, 10, 12 or 14) using either hydrochloric acid or sodium 302 

hydroxide. To assess the effect of salt concentration on growth, we added NaCl 303 

(Sigma-Aldrich, Germany), using eleven concentrations (1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 304 

8 and 10%), corresponding to the following of water activity values (fraction of water 305 

available for growth, aw): 0.996, 0.991, 0.988, 0.986, 0.983, 0.980, 0.977, 0.974, 0.967, 306 

0.960, 0.946 and 0.929. To evaluate the impact of lactic acid on growth, this acid was 307 

added to PDB to obtain the target concentrations (0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 308 

1 and 1.5 M) and pH was adjusted to 5.2 ± 0.1 with sodium hydroxide. All media were 309 

sterilised at 121°C for 15 minutes and stored at 4°C until use, except for pH-modified 310 

media which were instead filtered at 0.45 µm to avoid pH change during autoclaving. 311 

To study the impact of carbon sources on growth, we supplemented the “M0” minimum 312 

medium (urea: 0.5 g.L-1, magnesium sulphate: 0.25 g.L-1, biotin and thiamin: 50 mg.L-313 

1, citric acid and zinc sulphate : 5 mg.L-1, iron alum : 1 mg.L-1, copper sulphate: 0.25 314 

mg.L-1 manganese sulphate, boric acid, sodium molybdate: 0.05 mg.L-1) with 20 g.L-1 315 

of either sucrose, glucose, lactose, galactose, maltose, cellobiose, xylose, starch, 316 

pectin or sodium lactate. The media were then sterilised at 121°C for 15 minutes. 317 

To assess the impact of fungicides on growth, we supplemented PDB with either 318 

potassium sorbate (Sigma-Aldrich, Germany, 0.5 or 1 g.L-1), natamycin (Sigma-319 

Aldrich, Germany, 2 or 5 mg.L-1) or tebuconazole (Sigma-Aldrich, Germany, 2.5, 5 or 320 

10 mg.L-1). We sterilised PDB 2X at 121°C for 15 minutes and inhibitor solutions by 321 

filtration at 0.45 µm, and then combined PDB 2X, inhibitor filtrate and sterile water in 322 

order to obtain the targeted inhibitor concentrations. 323 

 324 

Growth monitoring by laser nephelometry 325 
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We added 190 µL of broth culture media in sterile 96-well microplates (Thermo 326 

Scientific) and completed each well with either 10 µL of conidia suspension at 106 327 

conidia.mL-1 or with 10 µL of Tween 80 (0.045% v/v) for negative controls. For 328 

incubation, microplates were stored in a plastic box containing sterile distilled water to 329 

regulate humidity during incubation. Measures were obtained using a laser 330 

nephelometer (NEPHELOstarPLUS, BMG labtech) with a laser diode at 635 nm. At the 331 

beginning of each measurement, a 20-second 500 rpm double-orbital agitation step 332 

was performed by the nephelometer microplate reader (Savary et al. 2022). Each 333 

microplate was monitored four times a day for days 1-2, thrice a day for days 3-7, twice 334 

a day for days 8-14 and once a day for days 15-21 or until the signal reached 335 

saturation. For each experiment, a minimum of three replicas per strain and condition 336 

were performed for more robust estimates of growth parameters.  337 

 338 

Fungal growth kinetic follow-up and modelling  339 

Growth kinetics were obtained with nephelometric measurement, i.e. measurement of 340 

forward scattered light that is directly proportional to the suspended particle 341 

concentration (i.e. the turbidity) and to mycelium dry matter (Joubert et al. 2010), see 342 

Suppl. Fig. S1. The results are expressed in an arbitrary unit named relative 343 

nephelometry unit (RNU which can range from zero to several thousands until detector 344 

saturation), corresponding to the measure of the scattered light at an angle relative to 345 

the incident light source to avoid possible transmitted light interference, as a function 346 

of time. In order to estimate growth latency and growth rate for each strain and 347 

parameter tested, we performed a primary modelling step with the MatLab software 348 

(R2018b, Natick, Massachusetts: The MathWorks Inc.; see Figure 2A). We fitted a 349 

growth curve to the measured values for each strain and tested parameter using the 350 
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modified Gompertz equation (1) (Zwietering et al., 1990), as it is the most robust for 351 

fungal growth modelling (Declerck et al., 2001; Savary et al., 2022). 352 

 353 

� = �� + � × ��	 �2 ��	  �
��  × ��	 �1� 
� � �� 2 �� + 1� �                       �1� 354 

 355 

where y0 is the value for time 0, y is the turbidity signal (in RNU) measured at time t, a 356 

is the maximal amplitude of the turbidity signal in RNU, µm is the growth rate (RNU.h-357 

1) in the exponential phase (hereafter called “maximal growth rate” as typically done in 358 

modelling growth studies) and » is the lag time in hours (i.e. the time before fungal 359 

growth is detected). See Suppl. Fig. S1 for an illustration of the parameters.  360 

We included a negative control in each microplate (i.e. a well with only medium) for 361 

which the measures obtained were fitted with a polynomial model adapted to this type 362 

of data, i.e., with limited variation of signal. For each well, each fitted value for the 363 

negative control was subtracted to the value of the same time point obtained in 364 

inoculated wells in order to standardise the kinetics modelling across plates and 365 

conditions.  366 

 367 

Using the output parameters of the primary modelling, we performed a secondary 368 

modelling for each of the studied parameters (i.e. temperature, pH, lactic acid 369 

concentration and water activity), to determine the cardinal values, i.e. the minimum, 370 

optimal and maximum values of these factors for growth, as well as the growth rate at 371 

the optimal value (i.e. the maximal growth rate across conditions, hereafter called 372 

“optimal growth rate” as typically done in growth rate modelling studies ; see Figure 373 

2A). We used cardinal models to fit the maximal growth rate and inverse latency (the 374 

inverse of the latency as this can be modelled with the same model as for the growth 375 
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rate, in contrast to latency), to assess the impact of the tested abiotic factors on 376 

microbial growth using equations (2) to (5). 377 

 378 

�� = ����. � �!�                      �2� 379 

 380 

where CM(X) is the value returned by the cardinal model for X, the model being as in 381 

equation (3), (4) or (5) depending on the studied parameter X, Yopt corresponds to the 382 

optimal growth rate (RNU/hour) or optimal reciprocal latency (inverse of latency, »-1opt) 383 

to model the effect of the various factors on the optimal growth rate or optimal inverse 384 

latency, noted Y in the equation.  385 

To determine temperature and water activity cardinal values (i.e. minimum, optimal 386 

and maximum values for growth; Fig. 2A), we used the Rosso model (Rosso et al., 387 

1993, 1995), largely used to model the effect of temperature and water activity on 388 

fungal growth (Dagnas & Membré, 2013), and presented in equation (3).  389 

�3� 390 

 391 

where X represents the studied parameter (temperature or water activity), and Xmin, 392 

Xmax and Xopt are the minimum, maximum and optimal parameter values for growth, 393 

respectively (Fig. 2A). As the maximal water activity value is 1 (pure water), aw max was 394 

fixed at 1 (Pinon et al., 2004). As the growth rate was always lower than that measured 395 

in the maximal tested water activity value, aw opt was fixed at the highest aw value used, 396 

i.e. 0.996 (Savary et al. 2022). See Suppl. Fig. S1 for an illustration of the parameters.  397 
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For determining pH growth limits, we used the Presser model (Presser et al., 1998) 398 

presented in equation (4), that is the most appropriate when growth rate and latency 399 

are stable in a large range of pH as is the case in fungi: 400 

 401 

� �!� =  �1 2 10�%&'()�% �. �1 2 10�%)�%&*+  � , 	-�./ < 	- < 	-�12  (4) 402 

 403 

where pHmin and pHmax are the minimum and maximum pH values for which fungal 404 

growth is possible, respectively.  405 

 406 

To model growth parameters as a function of lactic acid concentration, we applied the 407 

model developed by Le Marc et al. (2002), designed for estimating the minimum 408 

inhibitory concentration:  409 

 410 

� �!� = 1 2  [45]/[45]�12 , [45] < [45]�12 (5) 411 

 412 

where [LA] represents the total concentration in lactic acid and [LA]max the maximum 413 

lactic acid concentration for fungal growth.  414 

Growth rates and latencies obtained from primary modelling were fitted with these 415 

equations by minimising the sum of squared error (nlinfit function, MATLAB R2018b). 416 

Five percent confidence intervals were computed using the Jacobian matrix (nlparci 417 

function, MATLAB R2018b). We assessed how well our models predicted the data by 418 

computing the root mean square error (RMSE), measuring the error of a model in 419 

predicting quantitative data, and the determination coefficient (r²), measuring the 420 

proportion of variance in the growth parameter explained by the factor variation in the 421 

model. We kept only the values of the growth dynamics that could be modelled with 422 
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sufficient confidence, hence strain replica values with coefficient r² below 0.95 were 423 

excluded from further analyses. For population comparisons, we used a single value 424 

per strain and parameter, corresponding either to the mean of the replicates per strain 425 

(growth curve modelling) or to the secondary modelling outcome.  426 

 427 

Statistical analyses on phenotypes 428 

In order to evaluate the impact of fungicides (lactic acid, potassium sorbate, 429 

tebuconazole and natamycin), controlling for intrinsic growth variations among strains, 430 

we computed relative latency and growth rate by dividing the measured growth values 431 

by a reference value for each strain. The reference values were the individual growth 432 

values obtained in PDB without fungicide.  433 

Statistical analyses for testing differences in phenotypes between populations were 434 

performed using the R software (version 4.2.1, https://www.r-project.org/). For 435 

population comparisons, Shapiro-Wilk and Bartlett tests (package rstatix, R) were 436 

performed to assess normality and homoscedasticity of residuals in each population. 437 

If the data or the log-transformed data did not deviate from normality and 438 

homoscedasticity, populations were compared using ANOVA type I and Tukey tests 439 

were used as post-hoc tests. If the log-transformed and square-root transformed data 440 

significantly deviated from normality, a Kruskall-Wallis test was performed on raw data 441 

to compare populations, followed by Dunn tests as post-hoc tests. 442 

To illustrate phenotypic population differentiation, we performed a principal component 443 

analysis (PCA) based on the phenotypes, i.e. the parameter values obtained in growth 444 

curves in all experiments using the R software (https://www.r-project.org/).  445 

 446 

Results 447 
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Identification of a specific Termignon cheese population 448 

After filtering, 190,387 SNPs were kept. The neighbour-net network (SplitsTree, Fig. 449 

1A) revealed a novel P. roqueforti population, specific to Termignon cheeses, and most 450 

closely related to the non-Roquefort population (Fig. 1, Suppl. Table S2). The 451 

Termignon population displayed reticulations up to the tips of the network, suggesting 452 

that recombination may occur. The pairwise homology index tests in fact indicated 453 

signs of recombination in the Termignon population, as in the silage/spoiled food and 454 

lumber/soiled food populations (P<0.0001), but not in the Roquefort or non-Roquefort 455 

populations (P=0.99). Three strains in the Termignon population carried the MAT1-1 456 

mating type (ESE00424, ESE00428 and ESE00685) while the fourth one carried the 457 

MAT1-2 mating type (ESE00426). A fifth strain had been isolated from a Termignon 458 

cheese (ESE00425) but actually belonged to the Roquefort genetic cluster.  459 

The PCA based on SNPs (Fig. 1B), and the FST and dXY values (Suppl. Table S2) 460 

showed a high differentiation of the non-Roquefort and Roquefort populations from 461 

other populations and one to each other, in agreement with the previous inference of 462 

strong divergence following independent domestication of these two lineages. The 463 

Termignon population again appeared differentiated from the other populations on the 464 

PCA, and the FST and dXY values (Suppl. Table S2). The Termignon population 465 

appeared genetically closer to the non-Roquefort population on the splitstree but closer 466 

to the non-cheese populations on the PCA. The strong differentiation of the cheese 467 

populations from other populations in the PCA is likely due to the existence of a high 468 

number SNPs that are fixed for a nucleotide within the non-Roquefort population, and 469 

to a lesser extent within the Roquefort population, and that display different nucleotides 470 

in other populations (Suppl. Table S2), likely arising from bottlenecks and strong 471 

selection in these two cheese populations. The high percentage of identical and fixed 472 
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alleles between the Termignon and the non-Roquefort populations (Suppl. Table S2) 473 

explains, on the other hand, that they are branched together in the neighbour-net 474 

network, i.e. showing that they are most closely related to each other. The 475 

silage/spoiled food and lumber/spoiled food had the highest diversity levels and shared 476 

polymorphism level (Suppl. Table S2), in agreement with the previous inference that 477 

they represent the most recent divergence in P. roqueforti. 478 

The NGSAdmix analysis, which gives a probability of assignment to genetic clusters 479 

with a pre-defined number of clusters K, also supported the existence of five genetically 480 

differentiated clusters, with five well defined clusters at K=5, each including multiple 481 

strains assigned at 100% and with 70% of the runs finding this subdivision (Fig. 1C). 482 

At K=6, different subdivisions were inferred in the different runs, with balanced 483 

proportions for the various solutions, that inferred subclusters in either of the 484 

populations (Suppl. Fig. S1A and S1B). However, the splitstree and PCA (Fig. 1A and 485 

1B) showed that the main level of genetic subdivision was at K=5. The second order 486 

rate of change in the likelihood (�K) peaked at K=4 (Suppl. Fig. S1C), indicating that 487 

the subdivision in four clusters is the strongest population subdivision level (the 488 

strongest increase in likelihood when increasing K by 1 was between K=4 and K=5). 489 

The neighbour-net network, the barplots, the PCA and the FST values (Fig. 1; Suppl. 490 

Table S1) nevertheless showed that the subdivision in five clusters is genuine and 491 

appeared biologically the most relevant regarding ecological niches. We therefore 492 

considered the subdivision into five clusters in the following. 493 

A few strains displayed intermediate percentages of assignation at several 494 

clusters at K=5 and at higher K values. Such low percentages of assignation can result 495 

from admixture between groups or from low assignation power, for example because 496 

a few strains are differentiated from other strains within their cluster. The LCP06131 497 
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strain, for example, displayed intermediate assignment levels in barplots (Fig. 1C; 498 

Suppl. Fig. S1), but the splitstree showed that this strain is still much closer genetically 499 

to other strains in the Roquefort cluster than to other clusters, and without reticulations. 500 

Among the phenotyped strains, three strains showed intermediate percentages of 501 

assignment. The ESE00421 strain appeared intermediate between clusters in all 502 

analyses (splitstree, PCA and NGSAdmix; Fig. 1 and Suppl. Fig. S1), suggesting that 503 

it may be an admixed strain, i.e. resulting from hybridization between clusters. We 504 

therefore excluded this strain from the statistical tests on phenotype differences. Two 505 

other phenotyped strains, UBOCC-A-118017 and LCP06059, displayed intermediate 506 

assignment percentages, but fell in the middle of the silage/spoiled food cluster in the 507 

splitstree. The UBOCC-A-118017 strain appeared intermediate between the 508 

Termignon and silage/spoiled food clusters in the PCA but the LCP06059 strain 509 

clustered well in the silage group. Because of these assignment uncertainties, we 510 

tested differences between clusters with and without these two strains. We present 511 

below the statistical test results with the two strains included. Similar results were 512 

obtained when removing them from the dataset, unless specified otherwise. 513 

 514 

The four Termignon strains carried the whole CheesyTer region in their genome, while 515 

only two (ESE00424 and ESE00685) harboured the Wallaby region. Only two strains 516 

(LCP04180 and LCP03969), both isolated from spoiled foods and belonging to the 517 

silage/spoiled food population, carried the SORBUS horizontally transferred region. 518 

 519 

Penicillium roqueforti populations exhibit distinct growth responses to abiotic 520 

factors 521 
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We tested whether growth behaviour differed between the five identified P. roqueforti 522 

populations in response to various abiotic factors. The principal component analysis 523 

(PCA) performed on the 33 phenotyped strains with the 39 inferred growth parameters 524 

(Suppl. Table S3) separated well the different P. roqueforti populations (Fig. 2). The 525 

first dimension separated the non-Roquefort and the lumber/spoiled food populations, 526 

the novel Termignon population being intermediate. This first PCA dimension was 527 

positively associated with the optimal growth rates obtained from secondary modelling 528 

in the temperature, water activity, pH and lactic acid concentration assays, and growth 529 

rate in lactose, pectin, xylose and sucrose, and negatively with minimum reciprocal 530 

latency and relative growth rate in potassium sorbate at 0.5 g.L-1. This suggests that 531 

the non-Roquefort population grows more slowly, is more tolerant to 0.5 g.L-1 532 

potassium sorbate, has shorter minimal latency, and that the lumber / spoiled food 533 

population can better use lactose, pectin, xylose and sucrose for growth than the other 534 

populations. 535 

The second PCA dimension separated the silage/spoiled food and cheese populations, 536 

the Termignon population once again appearing intermediate (Fig. 2). This second 537 

PCA dimension was positively associated with maximal pH, optimal water activity and 538 

optimal temperature, and negatively with minimal temperature. This suggests that 539 

cheese populations are less tolerant to higher pH and have lower optimal growth 540 

temperature than the silage/spoiled food population. 541 

 542 

The non-Roquefort population displays the highest salt and pH tolerance 543 

Statistical tests confirmed a distinct growth behaviour of the non-Roquefort population 544 

compared to the other populations, revealing significant differences in terms of salt and 545 

pH tolerance. The populations indeed showed significant differences in the minimum 546 
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water activity for growth (ANOVA Suppl. Table S4, becoming non-significant when the 547 

LCP06059 and UBOCC-A-118017 strains are excluded). Post-hoc tests did not detect 548 

any significant differences between pairs of populations (Fig. 3B, Suppl. Table S4). 549 

The means nevertheless indicated that the silage/spoiled food and non-Roquefort 550 

populations tended to tolerate lower minimum water activity (i.e. had higher salt 551 

tolerance) than lumber / spoiled food and Termignon populations (Fig. 3B, Suppl. Table 552 

S3). The non-Roquefort population was also characterised by a significantly lower 553 

optimal water activity for latency (mean of 0.993 for the shortest latency) than the 554 

Roquefort population (mean of 0.995 for the shortest latency, Suppl. Table S3). This 555 

means that the shortest latency for the non-Roquefort population was observed at a 556 

higher salt concentration (0.5% in NaCl) than for the Roquefort population (0.2% in 557 

NaCl). These findings support previous inference suggesting adaptation to highly 558 

salted environments in the non-Roquefort population.  559 

The non-Roquefort population also tolerated more acidic pH, its mean minimal pH for 560 

growth being significantly lower than those for the silage/spoiled food, Roquefort and 561 

Termignon populations (mean pHmin: 1.82 vs. 2.19, 2.20 and 2.27, respectively, Suppl. 562 

Table S3). The maximal pH for growth for the non-Roquefort population was also 563 

significantly lower than for the silage/spoiled food population (mean pHmax: 10.34 vs. 564 

10.51; Fig. 3D, Suppl. Table S3). 565 

We detected a significant difference between populations in the minimal temperature 566 

for growth, post-hoc tests indicating a significantly lower minimal temperature for the 567 

Termignon population than for each of the two non-cheese populations (Fig. 2, Suppl. 568 

Table S4). However, the estimated minimal temperatures (Tmin) were all below 0°C, 569 

which has little biological or practical relevance in terms of cheese making, food 570 

storage or silage storage. Differences between populations were not significant for the 571 
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other estimated cardinal temperature values, while there was a tendency for a lower 572 

temperature optimum for the non-Roquefort population compared to the silage 573 

population (Suppl. Table S4). 574 

 575 

Better capacity to use various carbohydrates for the silage/spoiled food and 576 

lumber/spoiled food populations  577 

We also compared the ability of the different P. roqueforti populations to use various 578 

carbohydrates and lactic acid as carbon sources because cheese presents low 579 

concentrations in carbohydrates but a high concentration in lactic acid, in contrast to 580 

silage. The lumber/spoiled food population showed a significantly higher mean growth 581 

rate in potato dextrose broth than the non-Roquefort population (Fig. 4A and 4B Suppl. 582 

Table S4). We detected significant differences in growth rate between populations in 583 

lactose, sucrose, xylose and pectin (Fig. 4B, Suppl. Table S5). The lumber/spoiled food 584 

population indeed showed significantly faster growth than the non-Roquefort 585 

population in sucrose, xylose, and pectin (plant-derived sugars; Fig. 4B, Suppl. Table 586 

S5) and than the Roquefort population in lactose (dairy-derived sugar, Fig. 4B, Suppl. 587 

Table S5). The silage/spoiled food population grew significantly faster than the non-588 

Roquefort population in pectin and than the non-Roquefort and Roquefort populations 589 

in lactose (Fig. 4B, Suppl. Table S5). The differences between the silage and non-590 

Roquefort populations in terms of growth rate in pectin and lactose were not significant 591 

any more when removing the LCP06059 and UBOCC-A-118017 strains from the 592 

analysis. We did not detect any significant growth rate differences between populations 593 

for the other tested carbon sources (galactose, lactic acid, maltose or cellobiose, Fig. 594 

4B, Suppl. Table S5).  595 
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 596 

Penicillium roqueforti populations exhibit different growth responses to lactic 597 

acid exposure but no difference for other fungicides 598 

As P. roqueforti populations can be exposed to various fungicides or fungal inhibitors 599 

depending on their ecological niches, we tested whether some of the P. roqueforti 600 

populations had higher tolerance than others. We detected significantly different 601 

behaviours between populations in response to the presence of lactic acid, a fungal 602 

inhibitor produced during lactic fermentation, with a higher tolerance of the non-603 

Roquefort population (Fig. 5A). The non-Roquefort population growth rate was less 604 

impacted by lactic acid than other populations. Indeed, the maximal lactic acid 605 

concentration for growth was higher for the non-Roquefort population (mean of 1.05 606 

M) than the other populations (means between 0.65 and 0.76 M, Fig. 5A, Suppl. Table 607 

S4); Post-hoc tests indicated that the difference between non-Roquefort and Roquefort 608 

population was significant. The non-Roquefort population showed higher relative 609 

growth rate at lactic acid concentrations ranging from 0.1 to 0.4 M (Fig. 5B, Suppl. 610 

Table S6) than other populations. This may result from an adaptation of the non-611 

Roquefort population to the cheese environment where lactic acid is an important 612 

inhibitor. We detected no significant latency or growth rate differences between 613 

populations when exposed to the other fungicides, i.e. potassium sorbate and 614 

natamycin, used in the food industry, or tebuconazole, the main fungicide used on 615 

crops (Suppl. Table S6). Among the phenotypically tested strains, LCP04180, the only 616 

strain carrying the SORBUS region associated with sorbate-resistance, had a latency 617 

that was the least impacted by a sorbate concentration at 1 g.L-1 (Suppl. Table S3). 618 

 619 
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Discussion 620 

In this study, we revealed a new P. roqueforti population, specific to Termignon 621 

cheeses, in which this blue mould is not inoculated. We detected differences between 622 

the cheese and non-cheese P. roqueforti populations in terms of growth response to 623 

various abiotic factors. The non-Roquefort cheese population appeared as the most 624 

phenotypically differentiated population, with higher tolerance to salt, more acidic pH 625 

and lactic acid. These results are in agreement with the previous suggestion that the 626 

non-Roquefort population has been subjected to strong selection for traits beneficial 627 

for cheese-making (Dumas et al., 2020). The Termignon population appeared 628 

phenotypically intermediate between cheese and non-cheese populations. The non-629 

cheese populations show faster growth in various carbohydrates compared to the non-630 

Roquefort and/or Roquefort populations, with faster growth of the lumber/spoiled food 631 

population in sucrose, xylose and pectin, and faster growth of the silage/spoiled food 632 

population in lactose and pectin. This suggests that the non-cheese populations are 633 

adapted to ecological niches that are rich in diverse carbohydrates, and particularly in 634 

plant-derived sugars.  635 

 636 

A specific Penicillium roqueforti population in Termignon cheeses 637 

The Termignon strains, that spontaneously colonise cheeses in small-scale traditional 638 

cheese-making processes, formed a specific population, genetically differentiated from 639 

the four previously identified populations (Dumas et al., 2020). This population may be 640 

an unidentified, genuinely wild population, or a locally domesticated population. Its 641 

intermediate phenotypes between cheese and non-cheese populations suggest that it 642 

may have been selected for traits beneficial for cheese making, although less strongly 643 
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than the other cheese populations. The fact that the Termignon strains are not 644 

cultivated or inoculated could let us think that they are not genuinely domesticated. 645 

They could however be feral strains deriving from an ancient cultivated P. roqueforti 646 

population, which would explain why the Termignon population is genetically most 647 

closely related to the non-Roquefort cheese population, carried the CheesyTer and for 648 

two strains the Wallaby regions (specific so far to the cheese non-roquefort population), 649 

and displayed phenotypes intermediate between cheese and non-cheese populations. 650 

They would thus be descendants of the domesticated population from which the non-651 

Roquefort lineage would have been selected for and further improved, and thus 652 

remnants of a larger population from which most of the genetic diversity has been lost. 653 

We only isolated five strains from Termignon blue cheeses to date, including one that 654 

was assigned to the Roquefort population, so that we cannot rule out that strains 655 

belonging to other P. roqueforti populations may also colonise Termignon cheeses. 656 

However, the Termignon cheese production is made by only a handful of French 657 

farmers and at small scales (only a few hundred cheeses produced per year), so they 658 

may be mainly colonised by strains from the newly described population. 659 

The identified Termignon population represents a potential new source of strain 660 

diversity for making blue cheeses, a highly valuable asset given that the Roquefort and 661 

the non-Roquefort populations have recently lost most of their diversity (Dumas et al., 662 

2020). The discovery of this new population, with the two alternative mating types, 663 

paves the way for strain improvement, through the generation of offspring by crosses 664 

between populations, leveraging on the protocol developed to induce sexual 665 

reproduction in P. roqueforti (Ropars et al., 2016). This will generate novel genetic and 666 

phenotypic diversity for cheese making. All strains analysed so far from the non-667 

Roquefort populations carried the MAT1-2 mating type, while most strains of the 668 
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Roquefort populations harboured the MAT1-1 mating type. The presence of the two 669 

mating types in the Termignon population despite the low number of strains available 670 

reinforces the view that this population may be recombining, as suggested by the 671 

reticulation on the network and the Phi tests. This finding is of interest for future crosses 672 

with the two other cheese populations. New beneficial traits for cheese making could 673 

be obtained and sexual reproduction could counter-act the degeneration occurring in 674 

the clonal Roquefort and non-Roquefort lineages (Ropars et al., 2014, 2016). 675 

 676 

Specific traits in Penicillium roqueforti populations beneficial in their ecological 677 

niches 678 

We detected signs of adaptation of the P. roqueforti populations to their ecological 679 

niches, in particular for the non-Roquefort cheese population and the non-cheese 680 

populations. A feature of cheese is its high salt content compared to other P. roqueforti 681 

ecological niches (wood, fruits and even bread). Salt has been traditionally used for 682 

taste enhancing and for its antimicrobial effect improving food conservation. Salt 683 

impairs growth of living organisms by decreasing water availability and through the 684 

toxicity of NaCl ions (Morin-Sardin et al., 2016; Venâncio et al., 2017). The 685 

domestication of fungi for cheese making may thus have led to salt tolerance as 686 

adaptation to the blue cheese environment, where salt concentration is 1.5 - 3.5% (El-687 

Bakry, 2012; Hashem et al., 2014). In fact, we found here a higher salt tolerance in the 688 

non-Roquefort P. roqueforti population than in the other populations. This supports 689 

previous findings that showed higher salt tolerance for the non-Roquefort population 690 

based on growth experiments on malt agar and cheese-based media (Dumas et al., 691 

2020). The Roquefort and Termignon cheese populations are less salt tolerant than 692 
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the non-Roquefort population, which is consistent with previous observations showing 693 

that the non-Roquefort population exhibits more beneficial traits for commercial cheese 694 

production due to stronger selection (Dumas et al., 2020).  695 

We found no particular tolerance for biologically relevant low temperature in the cheese 696 

populations, as in previous studies on other Penicillium cheese-making fungi (Ropars 697 

et al., 2020) or in other fungi used for cheese making, such as Bisifusarium 698 

domesticum and Geotrichum candidum (Savary et al., 2022; Bennetot et al., 2023). In 699 

the S. cerevisiae yeast, different modes of fermentation, at high versus low 700 

temperature, have yielded distinct lineages with different optimal temperatures (Baker 701 

et al., 2019).  702 

The non-cheese populations also exhibited traits that may be beneficial in their 703 

ecological niche. The lumber/spoiled food population grew faster in potato dextrose 704 

broth and in various plant-derived carbohydrates (e.g. dextrose, sucrose, pectin and 705 

xylose). The silage/spoiled food population grew faster in pectin. These sugars are 706 

absent in cheese, in which proteins and lipids are instead dominant during ripening 707 

(Prieto et al., 2000). The faster growth of the non-cheese populations in plant-derived 708 

sugars may correspond to ancestral traits in P. roqueforti. Indeed, while no genuinely 709 

wild P. roqueforti population is known so far, it has been suggested that the ancestral 710 

population of the identified cheese and non-cheese populations could be a plant 711 

saprophyte or endophyte (Dumas et al., 2020). The carbohydrates used in our assays 712 

(e.g., xylose, dextrose, pectin and sucrose) represent important carbon sources in 713 

plants (Fukasawa & Matsukura, 2021). Important traits for wild populations can be lost 714 

in domesticated fungi due to the degeneration of unused traits or to drastic bottlenecks 715 

(Ropars & Giraud, 2022). Domestication in P. roqueforti could therefore have resulted 716 

in a fitness decrease in carbohydrate-rich media in the cheese populations. This is 717 
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supported by the finding that the differences in growth rates of the lumber/spoiled food 718 

population were significant when compared to the most strongly domesticated cheese 719 

population, i.e. the non-Roquefort population. Cheese populations would have lost the 720 

ability to optimally use plant-derived sugars for growth and gained the ability to 721 

metabolise other nutrients (e.g. proteins and lipids). Cheese populations indeed have 722 

faster proteolytic activity and the non-Roquefort population has faster lipolysis than 723 

non-cheese populations in synthetic media (Dumas et al., 2020) and in the cheese 724 

environment (Caron et al., 2021). Alternatively, the ability to optimally use sugars may 725 

have been gained in the silage and the lumber/spoiled food populations as an 726 

adaptation to a new, anthropized ecological niche. The lack of identification of any 727 

undeniably wild P. roqueforti population precludes disentangling the two hypotheses.  728 

 729 

The silage/spoiled food and lumber/spoiled food populations grew surprisingly faster 730 

in lactose than the Roquefort population. An explanation may be that, while galactose 731 

is abundant in milk as a constitutive hexose of lactose, it is also an important sugar in 732 

plant cell walls (Gangl & Tenhaken, 2016), which could lead to a selection in non-733 

cheese populations for an efficient degradation of polymers containing galactose. 734 

Indeed, the same enzyme (³-galactosidase) is involved in the lysis of lactose and of 735 

plant cell wall hemicellulose polymers (e.g. xyloglucan and arabinogalactan proteins), 736 

which liberates galactose (Gangl and Tenhaken 2016; Fujita et al. 2019; Peña et al. 737 

2004). Therefore, the faster growth of the non-cheese population in lactose may be a 738 

by-product of an adaptation to hemicellulose degradation. Alternatively, the non-739 

cheese populations may have adapted to the use of lactose, as several strains isolated 740 

from spoiled food are also present in these populations (Dumas et al., 2020). In S. 741 

cerevisiae, the cheese population showed higher growth rate on galactose due to the 742 
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acquisition, by horizontal gene transfer (HGT), of genes involved in the galactose 743 

import and degradation pathway (Legras et al., 2018). In our study, the non-Roquefort 744 

population did not exhibit higher efficiency for lactose use, despite the presence of 745 

genes involved in lactose import and degradation in the Cheesyter region acquired by 746 

HGT and only harboured by this population (Ropars et al., 2015).  747 

Fungi can be exposed to various chemical biocides, in particular in crops and in food 748 

with preservatives. In laboratory experiments, recurrent exposure to biocides can lead 749 

to tolerance evolution (i.e. an increase in average minimum inhibitory concentrations), 750 

as shown for tebuconazole in Aspergillus fumigatus (Cui et al. 2019) and natamycin in 751 

Aspergillus ochraceus, Fusarium oxysporum, Trichosporon asahii and Colletotrichum 752 

musae (Streekstra et al. 2016). In P. roqueforti, sorbate resistance has been reported 753 

in some strains isolated from spoiled food, which has been attributed to the presence 754 

of a horizontally transferred region named SORBUS (Punt et al. 2022). Here, we 755 

studied the impact, on the growth of the different P. roqueforti populations, of chemical 756 

preservatives used in the food industry (natamycin and sorbate), a fungicide used for 757 

crop treatment (tebuconazole) and of a weak organic acid present in cheese (lactic 758 

acid resulting from lactose degradation by lactic acid bacteria). We did not detect any 759 

significant differences between the populations in terms of tolerance to potassium 760 

sorbate, tebuconazole and natamycin. This is consistent with our finding that a single 761 

silage strain carried the SORBUS region that provides sorbate resistance. This 762 

suggests that the selection for such tolerance is not strong in any of the ecological 763 

niches of P. roqueforti or that evolutionary constraints prevent adaptation.  764 

Cheese and silage are rich in lactic acid due to the metabolism of lactic acid bacteria. 765 

We showed that the non-Roquefort population was more tolerant to lactic acid than the 766 

other populations, which may be an adaptive trait under cheese ripening conditions. In 767 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 23, 2023. ; https://doi.org/10.1101/2023.01.21.524518doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.21.524518
http://creativecommons.org/licenses/by-nc-nd/4.0/


contrast, only a tendency for higher lactic acid tolerance was detected for the silage 768 

population, while silage can present higher concentrations in lactic acid than cheese 769 

(Marsili et al., 1981; Bevilacqua & Califano, 1989; Borreani & Tabacco, 2010). Organic 770 

acid tolerance has been reported in other domesticated fungi, for example tolerance to 771 

acetic acid, formic acid and levulinic acid in S. cerevisiae (Gallone et al., 2016). 772 

Tolerance to sulphite, a microbiocide classically used in wine-making, has also been 773 

reported in S. cerevisiae (Gallone et al., 2016; Legras et al., 2018) and in some wine-774 

associated populations of the Brettanomyces bruxellensis yeast (Avramova et al., 775 

2018).  776 

 777 

Conclusion 778 

In conclusion, we report here new evidence for contrasting phenotypes between P. 779 

roqueforti populations, with beneficial traits for cheese making in the cheese 780 

populations (in particular higher tolerance to salt, acidic pH and lactic acid in the non-781 

Roquefort population), which supports the inference of domestication in cheese fungi. 782 

In addition, we identified a novel P. roqueforti population, from non-inoculated French 783 

Termignon cheeses, with intermediate traits, substantial genetic diversity and the two 784 

mating types. This provides highly promising genetic resources for strain improvement, 785 

in addition to being a good model case to study domestication. We also found a more 786 

efficient use of various plant-derived carbon sources (in particular pectin, dextrose, 787 

xylose and/or lactose) in the silage/spoiled food and lumber/spoiled food populations, 788 

suggesting adaptation to anthropized niches, such as stored food and silage, and/or 789 

adaptation as saprophytes or endophytes. Among the three cheese populations, we 790 

found evidence for different stages of domestication, the non-Roquefort population 791 

showing the most differentiated traits, with phenotypes beneficial for cheese making, 792 
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while the Termignon population appeared phenotypically intermediate between 793 

cheese and non-cheese populations. The non-Roquefort population also had the 794 

lowest genetic diversity, likely due to strong bottlenecks, which was not the case of the 795 

Roquefort population, certainly due to PDO requirements. Such gradual domestication 796 

syndromes have previously been reported in the soft-cheese making fungi from the P. 797 

camemberti clade (Ropars et al., 2020) and in the cheese-making fungus Geotrichum 798 

candidum (Bennetot et al., 2023). This suggests a protracted domestication process, 799 

with ancient, mild domestication, followed by more intensive selection in industrial 800 

times, as reported for example in maize (Allaby et al., 2008; Janzen & Hufford, 2016). 801 

The modern improvement process leads to a more drastic domestication syndrome, 802 

but also to worrying losses of diversity, threatening biodiversity conservation, 803 

jeopardising future strain improvement and leading to product uniformity (Vavilov, 804 

2009). Our discovery of a new P. roqueforti population with higher diversity and 805 

contrasting phenotypes in Termignon cheeses is thus highly valuable for the 806 

sustainability of blue-cheese making and for strain improvement.  807 
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Figure legends 1100 

Figure 1: Representation of the genomic data and the differentiation between the 1101 

five populations of Penicillium roqueforti: the three cheese populations 1102 

(Roquefort, non-Roquefort and Termignon) and the two non-cheese populations 1103 

(silage/food spoiler and lumber/spoiled food). A. Reticulated network of P. 1104 

roqueforti strains based on 190,387 single nucleotide polymorphisms, showing the five 1105 

distinct populations with pictures of their respective environments of collection. The ID 1106 

of the strains used for phenotyping are in bold. B.  Principal component analysis based 1107 

on 190,387 single nucleotide polymorphisms. The names of the strains used in 1108 

phenotype comparisons are indicated. The strain ESE00421 with intermediate 1109 

assignments in various clusters with NGSadmix is shown in grey. C. Population 1110 

subdivision inferred with NGSadmix for K=5 populations (See Suppl. Fig. 1 for K=2 to 1111 

6). Colored bars represent the coefficients of membership in the K gene pools based 1112 

on genomic data. Each bar represents a strain, its name being indicated at the bottom 1113 

of the figure. The ID of the strains used for phenotyping are in bold. The same colour 1114 

code as on the other figures is used in all three panels.  1115 

 1116 

Figure 2: Principal component analysis (PCA) illustrating the phenotypic 1117 

differences between Penicillium roqueforti populations based on growth 1118 

response to temperature, water activity (salt), pH, various carbon sources 1119 

(sucrose, glucose, lactose, galactose, maltose, cellobiose, xylose, starch, pectin 1120 

and lactic acid) and to exposure to fungal inhibitors (lactic acid, potassium 1121 

sorbate, tebuconazole and natamycin). A. Strains on the first two axes of the PCA. 1122 

A confidence ellipse is drawn for each of the five populations. The percentage of 1123 

variance explained by the axes are indicated. The same colour code is used as in the 1124 
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other figures: green for the lumber/spoiled food population, orange for the silage 1125 

population, dark blue for the non-Roquefort cheese population, purple for the 1126 

Roquefort cheese population and light blue for the Termignon cheese population. The 1127 

strain IDs are provided in Suppl. Table 1. B. Association between the two PCA axes 1128 

and the variables. Pectin.mu, lactose.mu, Maltose.mu, Xylose.mu, Sucrose.mu 1129 

correspond to growth rate with pectin, lactose, maltose, xylose or sucrose as sole 1130 

carbon sources, respectively. awopt.lambda.aw corresponds to optimal water activity 1131 

(salt concentration minimising latency). Tmin.mu.T and Topt.mu.T corresponds to the 1132 

minimal and optimal growth temperature; muopt.mu.T, muopt.mu.aw, muopt.mu.ph 1133 

and muopt.mu.LA correspond the optimal parameter values for growth rate in terms of 1134 

temperature, water activity (salt concentration), pH and lactic acid concentration, 1135 

respectively. lambda.opt.lambda.aw, lambda.opt.lambda.pH and 1136 

lambda.opt.lambda.LA, correspond to the optimal parameter values for inverse latency 1137 

in terms of water activity (salt concentration), pH and lactic acid concentration, 1138 

respectively. See Suppl. Fig. S1 for an illustration of parameter determination.  1139 

 1140 

Figure 3: Growth parameters with differences between the Penicillium roqueforti 1141 

five populations. The same colour code is used as in the other figures: green for the 1142 

lumber/spoiled food population, orange for the silage population, dark blue for the non-1143 

Roquefort cheese population, purple for the Roquefort cheese population and light blue 1144 

for the Termignon cheese population. The results of the global test for a population 1145 

effect is given at the top of each panel. Pairwise significant differences are indicated 1146 

by asterisks. The boxplots represent the median (centre line), the first quartile and third 1147 

quartile (box bounds), the maximum and minimum excluding outlier points (whiskers), 1148 

points being the outliers, i.e. with values either below the first quartile minus 1.5 fold 1149 
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the interquartile range or above the third quartile plus 1.5 fold the interquartile range. 1150 

A. Optimal temperature, B. Optimal water activity, C. Minimal water activity (i.e. the 1151 

fraction of available water for growth, which decreases for increasing salt 1152 

concentrations), D. Minimal pH and E. Maximal pH.  1153 

 1154 

Figure 4: Differences in growth rate with various carbon sources between the 1155 

Penicillium roqueforti populations. Pairwise significant differences are indicated by 1156 

asterisks. The same color code is used as in the other figures: green for the 1157 

lumber/spoiled food population, orange for the silage population, dark blue for the non-1158 

Roquefort cheese population, purple for the Roquefort cheese population and light blue 1159 

for the Termignon cheese population. The boxplots represent the median (centre line), 1160 

the first quartile and third quartile (box bounds), the maximum and minimum excluding 1161 

outlier points (whiskers), points being the outliers, i.e. with values either below the first 1162 

quartile minus 1.5 fold the interquartile range or above the third quartile plus 1.5 fold 1163 

the interquartile range. A. Optimal growth rate, i.e. estimated growth rate at the optimal 1164 

temperature, in potato dextrose broth, obtained from temperature secondary 1165 

modelling. The results of the global test for a population effect is given at the top. B. 1166 

Growth rate in minimal medium with glucose, galactose, lactic acid, lactose, cellobiose, 1167 

maltose, pectin, sucrose and xylose as sole carbon sources.  1168 

 1169 

Figure 5: Impact of lactic acid on growth parameters between the Penicillium 1170 

roqueforti populations. Pairwise significant differences are indicated by asterisks. 1171 

The same color code is used as in the other figures: green for the lumber/spoiled food 1172 

population, orange for the silage population, dark blue for the non-Roquefort cheese 1173 

population, purple for the Roquefort cheese population and light blue for the Termignon 1174 
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cheese population.The boxplots represent the median (centre line), the first quartile 1175 

and third quartile (box bounds), the maximum and minimum excluding outlier points 1176 

(whiskers), points being the outliers, i.e. with values either below the first quartile minus 1177 

1.5 fold the interquartile range or above the third quartile plus 1.5 fold the interquartile 1178 

range. A. Maximal lactic acid concentrations allowing growth for each of the five 1179 

Penicillium roqueforti populations. The results of the global test for an effect of 1180 

population maximal lactic acid concentration is given at the top. B. Relative growth rate 1181 

with lactic acid concentration for each of the five Penicillium roqueforti populations. 1182 

Relative latency and relative growth rate are growth rate and latency normalized by 1183 

latency or growth rate without lactic acid. 1184 

  1185 
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Figure 1:  1186 
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Figure 2 1202 

 1203 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 23, 2023. ; https://doi.org/10.1101/2023.01.21.524518doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.21.524518
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 3 1204 
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Figure 4 1206 

 1207 

 1208 

 1209 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 23, 2023. ; https://doi.org/10.1101/2023.01.21.524518doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.21.524518
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 5 1210 
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