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Abstract

Filamentous fungi are used in the dairy industry as adjunct cultures in fermented products, but
can also lead to food spoilage, waste and economic losses. The control of filamentous fungi
with abiotic factors contributes to longer food shelf life and prevention of fungal spoilage.
One of the main abiotic factors for controlling fungal growth in foods is water activity (aw).
This study aimed to evaluate radial growth as a function of a,, for sixteen fungal adjuncts
and/or spoilers isolated from dairy products or a dairy environment. Glycerol (a nonionic
compound) and sodium chloride (NaCl, an ionic compound) were used to adjust the a,, of
culture media. This study showed significant diversity in the responses of the tested fungal
strains as a function of medium a,,. The growth response of Penicillium bialowiezense and
Sporendonema casei was binary, with no clear decrease of growth rate until the growth limit,
when the a,, was reduced. For the strains of Bisifusarium domesticum, Mucor circinelloides
and Penicillium camemberti, a decrease of a,, had the same impact on radial growth rate
regardless of the a,, belonging to their growth range. For the strains of Aspergillus flavus,
Cladosporium herbarum, Geotrichum candidum, Mucor lanceolatus, Penicillium expansum,
Penicillium fuscoglaucum, Penicillium nalgiovense, Paecilomyces niveus, Penicillium
roqueforti, Penicillium solitum and Scopulariopsis asperula, the impact of a decrease in aw
was more pronounced at high a, than at low a,. A mathematical model was suggested to
describe this impact on the radial growth rate. For all tested species, radial growth was more
sensitive to NaCl than glycerol. The ionic strength of NaCl mainly explains the difference in

the effects of the two solutes.
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1. Introduction

In the food industry, filamentous fungi and yeasts are used as adjunct cultures to make
fermented products, including sausages (Berwal and Dincho, 1995), cheeses (Nielsen et al.,
1998) and beverages (Malbasa et al., 2011). Some species, however, can also spoil a large
range of foods such as dairy (Garnier et al., 2017) or bakery goods (Dagnas and Membré,
2013). Indeed, the quality of food products can be affected by fungi, which can alter the
colour, odour and taste of products, leading to economic losses and food waste. In addition,
safety concerns exist concerning their ability to produce mycotoxins in food products (Sengun
et al., 2008).

In the dairy industry, fungal contamination of products mainly originates from the production
environment, in which spores are highly dispersed i.e., air, work surfaces, equipment,
workers, ingredients for food production (Bernardi et al., 2019; Kure and Skaar, 2019).
Cheeses are excellent substrates for fungal growth, and can be spoiled during production,
ripening, storage, distribution in food shops or consumers' homes (Garnier et al., 2017). While
some mycotoxins are unstable in a cheese matrix, others can persist under processing
conditions (Kure and Skaar, 2019). The food industry, and especially the dairy industry, now
aims to replace traditional preservation techniques by alternative methods in order to reduce
the use of chemical compounds in food, in line with developments in food legislation and new
consumer demands.

The control of abiotic factors contributes greatly to the prevention of fungal spoilage and
shelf-life extension. Water activity (aw) is generally assumed to be one of the most important
factors impacting fungal growth; it may also contribute to reducing mycotoxin production
(Camardo Leggieri et al., 2016; Dagnas and Membré, 2013; Gibson et al., 1994; Kosegarten
et al., 2017). Salts and sugars can be added to foods to improve the organoleptic properties of

products and to limit the development of spoilage microorganisms by reducing a,. The nature



of the solute used to reduce a,, is known to influence the relationship between the medium a,,
and fungal proliferation (Pitt and Hocking, 1977; Rosso and Robinson, 2001). The a,, of dairy
products depends on the type of product and on the production stages (drying, ripening,
salting) and techniques: 0.988-0.995 a,, for whole milk , 0.961-0.980 a,, for butter (unsalted),
0.979 a,, for cream (40% fat), 0.970-0.980 a,, for Camembert, Brie and Emmental cheeses,
0.945-0.950 a, for Cheddar and Gruyere cheeses and 0.917-0.920 a,, for Parmesan cheese
(Fox, 1997; Guinee and Fox, 2017; Schmidt and Fontana, 2008). Most fungi are able to grow
at low a,, compared with bacteria (Guinee and Fox, 2017), and the main species responsible
for cheese spoilage belong to the genera Aspergillus and Penicillium. The latter are tolerant to
aw reduction but other abiotic factors can also have an impact on the fungal population
dynamics by favouring the growth of certain species at the expense of others (Kure and Skaar,
2019; Marin et al., 2014; Musa et al., 2018). Although fungi can spoil all types of cheeses,
fungal contamination occurs mainly in soft cheeses with high a,, (Kure and Skaar, 2019).
Nonetheless, little is known concerning this effect in terms of risk management by predictive
mycology, especially for dairy products. It was previously reported that cardinal values
obtained with NaCl could be an appropriate method to develop predictive models for fungal
cheese spoilage, although further studies would be needed to better understand and model the
effects of NaCl on fungal growth (Nguyen Van Long et al., 2017).

In the current study, the effect of a,, on the radial growth of sixteen fungal adjuncts and/or
spoilers encountered in the dairy industry was studied by using glycerol (a non-ionic
compound) and sodium chloride (NaCl, an ionic compound) as solutes in culture media to
modulate a,.This study aims at assessing the diversity in physiological responses to variation
of water activity adjusted with ionic or non-ionic solute of the prominent fungal species
encountered in the dairy environment in order to control the spoilage of different dairy

products or to improve the colonization of cheeses by adjuncts. A predictive mycology



approach was used to estimate the a,, cardinal values of fungal growth for strains belonging to
sixteen different species. The models obtained for both solutes were compared to highlight the
diversity of fungal physiological responses and the impact of the solute choice for a,,
reduction. The data obtained with glycerol and NaCl were also used to suggest a model of the
radial growth response to ionic strength.

2. Material and methods

2.1. Fungal strains

Sixteen fungal strains belonging to different species were selected for their significance in
dairy products or the dairy environment (Table 1). All strains and informations about them
were provided by the Université de Bretagne Occidentale Culture Collection (University of
Western Brittany [UBOCC], Plouzané, France). Each strain was genetically identified by the
UBOCC. Additional sequencing of the cyclopropane fatty-acyl-phospholipid synthase (CFS)
encoding gene was done to identify UBOCC-A-109153, since the Mucor circinelloides
complex was recently resolved (Wagner et al., 2020) (GenBank accession number:

OK560012, data not shown).

2.2. Conidia production

Conidia were harvested from cultures obtained on potato dextrose agar (PDA, Difco, Becton
Dickinson Sparks, MD, USA, pH 5.6, 0.995 a,,) after a 7-day incubation at 25°C in the dark.
For spore collection, the cultures were flooded with sterile water containing Tween 80 at
0.01% (v/v). Conidia concentrations were estimated using a haemocytometer (Malassez,
Preciss, Paris, France), and conidia were diluted prior to storage (suspended in 15% glycerol
at -80°C) or inoculation. In specific situations, different incubation/harvest parameters were
used in order to maximize the conidium concentration: (1) the incubation temperature was

increased to 30°C for the P. niveus strain, and (2) the incubation period was extended to 14



days for the P. niveus, B. domesticum and S. asperula strains. We verified that freezing step of
conidial suspensions did not impact the radial growth of fungi. The growth rates obtained with

fresh and frozen conidia were not significantly different.
2.3. Growth media

Radial growth assessments were performed on potato dextrose broth (PDB, Difco, Becton
Dickinson Sparks, MD, USA) supplemented with agar (Biomérieux, Marcy-1’Etoile, France);
the pH of the culture medium was 5.3. Glycerol (Thermo Fischer Scientific, Waltham, MA,
USA) was added according to the Langmuir equation (Nevarez et al., 2009). Ten ay, levels
were tested, from 0.820 to 0.995 a,, (0.820, 0.880, 0.900, 0.920, 0.940, 0.950, 0.960, 0.970,
0.980 and 0.995 a,). NaCl (Sigma-Aldrich, Saint-Louis, MO, USA) was added according to
the Stokes-Robinson equation (Robinson and Stokes, 1965). Eleven a,, levels were tested,
ranging from 0.815 to 0.995 a,, (0.815, 0.840, 0.862, 0.902, 0.919, 0.935, 0.950, 0.964, 0.977,
0.988 and 0.995 ay). In order to prevent agar polymerization issues, the culture medium and
water activity depressor were double-concentrated in the same bottle, while agar was double-
concentrated in another bottle. The solutions were sterilised separately by autoclaving (20 min
at 121°C). Before use, the culture medium was mixed with the depressor and agar at 55°C and
poured into Petri dishes.

2.4. Medium inoculation and radial growth assessment

Conidium suspensions were diluted down to 10° conidia/mL in a solution containing Tween
80 at 0.01% (v/v), and were adjusted, using glycerol or NaCl, to the a, of the agar medium to
be inoculated. Then, 10 uL of a 10° conidia/mL suspension were deposited on the medium in
the centre of Petri dishes (4 technical replicates) containing 20 mL of tested medium. The
Petri dishes were sealed with parafilm and incubated in plastic boxes (34 x 25 x 12 cm)
containing 200 mL of a solution at the same a,, of the tested medium in order to avoid

desiccation of the agar plate. The petri dishes were incubated at 25°C. Previous studies were



performed on the selected strains to evaluate the impact of temperature on the fungal growth
(unpublished data). The optimal growth temperature was always found in the 20°C-30°C
range depending on the strain tested. Thallus diameters were regularly measured in two

directions using a precision decimetre during a maximum storage period of 70 days.
2.5. Data treatment and statistical analyses
2.5.1. Radial growth modelling

Radial growth was modelled as a function of time with a two-phase primary model (Equation
1) (Dagnas and Membré, 2013; Nguyen Van Long et al., 2017) to estimate the primary

parameters, namely the latency and radial growth rate:

_ T + €l lftSA (1)
O lry+ (=) + eiift>2

in which r(; is the thallus radius (mm), 7 is the incubation time (days), A is the latency (days)
and p is the radial growth rate (mm.day!), and i the residual error on the estimated radius. In

this study, the radius r) was fixed at 3 mm.
2.5.2. Modelling the effect of water activity on the radial growth primary parameters

For the glycerol data, the radial growth rate (u, mm.day!) was modelled as a function of
water activity (aw) with a monophasic model developed to demonstrate the effect of a,, on

mould growth (Equation 2) (Rosso and Robinson, 2001):
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where aw min, aw opr and aw max are the cardinal a,, values corresponding to the minimum,
optimum and maximum a, values respectively and &ii is the residual error on the estimated
value. In this study, the aw max parameter was fixed at 1.000. The radial growth rate, u, was
estimated with Equation (1); i ¢ is the value of g when a,, is equal to aw opr. 1 is a shape
parameter, equal to 2 in our case (Rosso and Robinson, 2001). When the data did not allow
the estimation of an optimal value, the a. .p: parameter was fixed at the average value between
the two ay levels for which the highest growth rates were observed. This model describes a

regular reduction of growth rate by a,, decrease.

For the NaCl data, two different equations were used to model the radial growth rate (u,
mm.day™') as a function of a,. For some strains, the Cardinal Model Rosso (CMR) model
(Equation 2) was used. For other strains, a biphasic model adapted from a model developed
for growth modelling of Listeria monocytogenes as a function of temperature was used

(Equation 3) (Le Marc et al., 2002):

ﬁ:\/uopt.CMLMn(aw) + &ii

( (aw — ay 1)2 (@ — Ay max) e s a,
CMLM,, = 4 (aw opt = aw ) [(@w opt = aw,)- (azw — ayopt) — (@ opt = Awmax)- (Gw ope + Gw1 — 2.a4) ] )
(awc_awl) (@ ¢ — Ay max) Ay — Ay min \2 .
(aw opt = @w 1)-[(@w ope — @w ,)- (Aw ¢ = @w opt) = (@w opt — Gw max)- (Qw ope + Qw1 — 2.0 )] (aw — mm) Jifay < ay.

where the parameters are the same as those described for Equation 2, with two additional
parameters: a. ¢, the a,, at which the switch between two different growth phases is observed,
and a. 1, the point of intersection between the first linear part and the abscissa straight line.
When the data did not allow the a., oy to be obtained, this parameter was fixed at the average
value between the two a, levels for which the highest growth rates were observed, and € is

the residual error on the estimated value. This model describes the irregular evolution of the



growth rate as a function of a,, with a lower sensitivity to a,, variations at the lowest a,, range.

The latter model was called Cardinal Model Le Marc (CMLM) in the present work.

The models were fitted by minimizing the sums of squares of the residuals (Isqcurvefit
function, MATLAB 2018, The Mathworks Inc., USA). Linear approximations and
calculations were performed to estimate the confidence intervals with a risk o = 0.05 (nlparci
function of MATLAB). The Akaike information criterion (AIC) was used to evaluate the
fitting performances of the tested models and to determine which model had the best fit with

the data.

2.5.3. Theoretical impact of ionic strength on radial growth rates

The effect of NaCl concentration on radial growth rates differs from that of glycerol
concentration. Glycerol is a nonionic solute that penetrates the microbial cells and limits
growth in a way that could be influenced by water availability. The impact of a,, could

therefore be modelled by the effects of these solutes, as follows:

U=l opt * CMRn (aw)

where CMR,, w) 1s the water activity associated with the use of glycerol.

When NaCl is used in formulations of food or growth media, we hypothesize that its impact
on the growth rate involves both a,, and ionic strength. The growth rate in NaCl experiments

should, therefore, be expressed as follows:

=t opt ¥ CMRn aw) * Vi is)

where CMR,, (aw) could be associated with the impact of the water activity and ¥nqs)is the

impact of the ionic strength.

Assuming that the effect of glycerol on the radial growth rate is only due to the effect of water

activity, the effect of ionic strength could be expressed as:



1l
Hopt * Vn(@s) = m

The effect of ionic strength on radial growth rate can be assessed by making a graphical

n

representation of
Rn(aw)

as a function of ionic strength (is).

3. Results

3.1. Effect of a,, reduction on radial growth Kkinetics

For all tested strains, a latency phase was observed prior to the formation of a visible thallus.
The duration of this latency phase varied among the tested strains and a,, levels. After the
initial latency phase, the growth of the thallus radius was linear. This phenomenon was
observed in all conditions except when the tested a,, was below the minimum a,, required for
the fungus to produce a visible mycelium within 70 days. This level was called MINa,, in our
study and can serve a rough indicator of sensitivity to a, reduction for a given strain. If the lag
phase was longer than the experiment duration (i.e. no visible growth at the end of incubation
period), the radial growth rate (u) was not estimated. However, the lag phase was not always
satisfactorily estimated, this could bias estimations of secondary modelling. For these reasons,

only the radial growth rate values were used for secondary modelling.

3.2. Effect of a, reduction on radial growth rate ()

The reduction of a, in the culture medium led to a lag phase increase and a radial growth rate
decrease for both solutes. The CMR model (Equation 2) was used to represent a linear
evolution of the growth rate in suboptimal conditions, while the CMLM model (Equation 3)
was used to represent the lower sensitivity to a,, variations at low a,,. For all strains, the data
from the glycerol experiments were fitted with the CMR model, whereas the CMLM model
was needed to fit data obtained from the NaCl experiments for eleven out of the sixteen

strains.

10



The different strains were classified into three groups depending on their response to a,
reduction when NaCl was used as the solute: 1) strains for which a linear evolution of the
growth rate was observed in suboptimal conditions for both solutes (CMR); 2) strains for
which a linear evolution of the growth rate for glycerol experiments (CMR) and a non-linear
evolution of the growth rate for NaCl experiments (CMLM) were observed in suboptimal
conditions; and 3) strains for which none of the models tested in the current study were

satisfactory to fit the data.

The B. domesticum, M. circinelloides and P. camemberti strains had a linear evolution of
growth rate in suboptimal a,, conditions for both solutes (Fig. 1A—C) and were classified into
the first group. The CMR model was the best fitting model for these data (Table 2). Of these
three strains, B. domesticum and M. circinelloides were more sensitive to a,, reduction than P.
camemberti. For both these species, the MINa,, corresponding to the low a,, with visible
growth were above or equal to 0.900 a,, for both solutes. The MINa,, for the P. camemberti
strain could not be determined for either solute because it grew at the lowest tested a (i.e.,
0.820 and 0.815 ay, for the glycerol and NaCl experiments, respectively). Moreover, the B.
domesticum, M. circinelloides and P. camemberti strains grew faster on glycerol media than
on NaCl media. These results suggest that these species were more sensitive to NaCl than
glycerol. Regardless of the solute, M. circinelloides grew faster than the other species of this
group. The u opr were estimated above 11 mm.day™!, whereas they were estimated between 2.6
and 3.4 mm.day"!' and under 1 mm.day! for P. camemberti and B. domesticum, respectively,

for both solutes.

Eleven strains were classified into the second group (A. flavus, C. herbarum, M. lanceolatus,
P. fuscoglaucum, P. nalgiovense, P. roqueforti, P. solitum, S. asperula, G. candidum, P.
niveus and P. expansum). For these strains, in suboptimal conditions, a constant evolution of

the growth rate as a function of the a,, of the medium was observed using glycerol, whereas a
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non-linear evolution of the growth rate was observed using NaCl (Fig. 1D-H and Fig. 2A-F).
For that reason, the CMR model and the CMLM model had the best fit for the glycerol and
NaCl data, respectively. Consequently, two supplementary secondary parameters had to be
estimated for NaCl (Table 2 and Table 3). The MINa,, of the A. flavus, P. fuscoglaucum, P.
nalgiovense, P. roqueforti and P. solitum strains could not be determined for either of the
solutes because the fungi grew at the lowest tested a,.. Of the eleven strains, M. lanceolatus,
G. candidum and P. niveus were the most sensitive to a,, reduction, with the MINa,, above
0.900 a,, for both solutes. The Aspergillus and Penicillium strains were the most tolerant to a,,
reduction. For the majority of these strains, the u ,,s were estimated between 2.7 and 5.5
mm.day!. Nevertheless, M. lanceolatus grew faster, with estimations of i o, above 6.5
mm.day!, while S. asperula grew slower, with estimations under 1.2 mm.day! for both
solutes. The estimations of a,; and a. . depended on the species and the extent of the biphasic

effect phenomenon.

For the P. bialowiezense and S. casei strains, which were in the third group, the radial growth
rate changes were not fitted by the secondary models tested (Fig. 2G—H). They grew very
slowly, the estimated growth rates were under 1 mm.day 'for all tested conditions as for B.
domesticum (in the first group). The MINa,, of P. bialowiezense could not be determined
(Table 3) because it grew at the lowest tested a,. The MINa,, for S. casei were equal or close
to 0.900 a,, for both solutes (Table 3). None of the tested models were able to satisfactorily fit

the data.
3.3. Effect of ionic strength on radial growth rate (%) for NaCl experiments

Our proposed hypothesis for the glycerol experiments was that the impact on the growth rate
was only due to a, reduction, while for NaCl experiments the impact on the growth rate was
due to the effects of a, reduction and the ionic strength of the solute. The a,, effect observed

on the growth rate for glycerol was removed to NaCl data in order to showed the effect of
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ionic strength on the growth rate. A linear decrease in the growth rate was observed for M.
circinelloides, G. candidum and P. roqueforti (Fig. 3A-C) between 0 and 0.95 mol-L!
(corresponding to 0.995 and 0.935 a., respectively). This suggests a linear effect of ionic
strength on the growth rate in this ionic strength range. In contrast, for P. nalgiovense (Fig.

4D), ionic strength seemed to have no clear effect on the growth rate.

4. Discussion

This study aimed to compare the physiological responses of filamentous fungi found in
cheeses to a,, reduction, using either a nonionic compound (glycerol) or an ionic compound
(NaCl). Numerous studies on the growth or mycotoxin production of A. flavus, P. roqueforti
or P. expansum as a function of a,, are available in the literature. However, little or no data are
available for S. casei, B. domesticum and other less emblematic species, although their
occurrence and function in the dairy industry have become increasingly evident (Bachmann et

al., 2005; Dupont et al., 2017; Irlinger et al., 2015).

According to a previous study (Marin et al., 2014), Aspergillus and Penicillium are generally
more tolerant of reduced a,, than Mucor species, and the present data support this observation.
Indeed, Mucor species do not belong to the phylum Ascomycota like the other species of the
present study but to the Mucoromycota. They also appear to be very different regarding their
ecological strategy: they are not S-selected species, competitive in a stressful environment,
but rather ruderal or R-selected species (Cooke and Rayner, 1984; Magan and Aldred, 2007)
with rapid growth, rapid commitment to reproduction, utilization of easily assimilable
resources and non-persistence (Cooke and Rayner, 1984). In accordance with other studies,
lowering the a,, of the medium limits the radial growth of a fungus. It is noteworthy that some
differences can be observed between the various published studies due to intraspecific
variability or experimental conditions, such as the composition of culture media and nature of

the solute, which makes it difficult to compare the a, values obtained from different studies.
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Regarding intraspecific variability, strain choice can have a significant impact on the growth
parameters. One study showed that only 80% of P. nalgiovense strains isolated from regional
sausages were able to grow at 0.90 a,, (the lowest a,, level tested) and 25°C on malt extract
agar containing glycerol (Ludemann, 2004). In the current study, the adjunct P. nalgiovense
strain isolated from a cheese crust was able to grow at the lowest tested a,, level, which
corresponded to 0.820 a, for the glycerol experiments. It was also previously reported that the
temperature and a, cardinal values varied significantly among 29 P. roqueforti strains isolated
from different cheeses and environments (Nguyen Van Long et al., 2021). For P. expansum,
when NaCl was used as the solute in PDA medium incubated at 25°C, the MINa,, for a strain
isolated from decayed apple was between 0.93 and 0.96 a,, (Lahlali et al., 2005), whereas this
value was between 0.89 and 0.92 a,, for a strain isolated from fresh cheese (Nguyen Van Long

et al., 2017). The value in the present study was between 0.815 and 0.840 a,,.

Previous studies have shown that culture media composition could also influence the growth
response to a, reduction. The MINa,, for a strain of P. camemberti (CBS 122399) was 0.90 a.
on Czapek yeast agar (Camardo Leggieri et al., 2016), whereas it was below 0.83 a,, on malt
extract autolysate agar (Camardo Leggieri et al., 2018). Both media had been incubated at
20°C, and NaCl was used as a water activity depressor. The MINa,, for NaCl experiments of
the Penicillium camemberti strain in our study was closer to the one obtained in the malt
extract autolysate agar than those obtained in Czapek yeast agar because the strain grew at
0.815 aw when NaCl was used as the solute. In addition, the MINa,, was higher for low
nutrient medium compared with a rich nutrient culture medium as observed on three strains of
A. flavus grown on corn extract medium (low nutrient) or CY A medium (nutrient rich) at
30°C (Astoreca et al., 2012). Moreover, the nature of the solute (sugar, salt) added to the
culture media could have an effect on the a,, values. For P. expansum, grown at 25°C on

PDA, the MINa,, was equal to or below 0.890 a,, when glycerol, sorbitol or glucose was used
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as a depressor, while the MIN a,, was between 0.930 and 0.960 a,, when NaCl was used as a
depressor (Lahlali et al., 2005). Similar results were observed for A. flavus (Pitt and Hocking,

1977).

In addition, the maximum incubation time set in a study can bias the minimum a,, level for
growth when the growth latency is longer than the duration of the experimental incubation.
For P. nalgiovense, the observed MINa,, was 0.90 a,, when the experiments were monitored
for 14 days, whereas it was 0.87 a,, when the incubation time was extended to 56 days
(Camardo Leggieri et al., 2016). This observation suggested that experiments with a short
incubation period, such as 7 days (Ludemann, 2004) or 10 days (Camardo Leggieri et al.,
2018), could underestimate the growth latency and potentially overestimate the MINa,, for
growth in comparison with studies with longer incubation times such as 30 days (Nguyen Van
Long et al., 2017), 70 days (Morin-Sardin et al., 2016) or 100 days (Pitt and Hocking, 1977;
Pitt and Miscamble, 1995). Naturally, longer incubation times can lead to culture medium

stability issues that could also cause technical bias.

Regarding M. lanceolatus, there were differences in the estimated values of the secondary
parameters for NaCl experiments in two previous studies. In the first study (Morin-Sardin et
al., 2016), the aw min and ay opr Were estimated at 0.928 and 0.996 a,,, while in the second study
(Nguyen Van Long et al., 2017) these parameters were estimated at 0.870 and 0.969 a,,. These
differences could be due to differences in the experimental conditions. Morin-Sardin et al.
(2016) used PDB to dilute the spores, and Nguyen Van Long et al. (2017) used culture media
buffered at pH 4.2 with a mixture of citric acid monohydrate and dibasic sodium phosphate.
All data from both of these studies were fitted with the CMR model. In our study, the spores
were diluted in a water and Tween solution, the culture media were not buffered, and the

NaCl data were fitted with the CMLM model. Consequently, all experimental parameters
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(temperature, pH, culture medium), but also the intraspecific variability must be taken into

account for data comparison because they could impact the apparentes values of the a,, limit.

In the literature, the most common model used to fit the data and estimate the cardinal a,,
values of fungi is the cardinal model (CMR model) (Rosso and Robinson, 2001). However,
this model was not always suitable in our study because the u,p: could be underestimated and
the aw min could be overestimated as the growth rate for some strains was less impacted by a,
variations at low a,, using NaCl. Therefore, the CMLM model, derived from a temperature

cardinal model (Le Marc et al., 2002), was tested.

When glycerol was used, the a, reduction had a consistent impact on the radial growth rate
for all tested strains. In this case, the CMR model could be used. When a shift in the growth
rate sensitivity was observed between low and high a,, changes with NaCl, the CMLM model
could be used. This model is an extension of the cardinal model with two supplementary
parameters, and allowed a good description of fungal growth for NaCl experiments. However,
the use of the CMLM model could be limited in specific situations since this model may

require optimization of the experimental design or additional data.

A simplification of the CMLM model was tested to reduce the number of parameters by
studying the correlation of aw min, @w op, @w 1 and aw ¢ (data not shown). This model
simplification was not used for data fitting because it was not possible to set a constant a,,
value for the shift, as its position is species dependent. For A. flavus, P. nalgiovense and S.
asperula (Table 2 and Table 3), the estimated aw »i» Seemed to be underestimated because the
values were very low. The confidence intervals of aw min for A. flavus and P. fuscoglaucum
were very wide, with values above 0.100 a,, compared with those of the other fungi which
indicates a lower precision of estimation in these two cases (Table 2). The estimations of a,
min Were lower than the MINa, when the growth / no growth interface was observed for the

majority of the experiments. This phenomenon was probably due to the limited number of
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experimental data close to MINa,,. The acquisition of more data could lead to more accurate
estimatation of aw min, although these results will probably not be very different from those
presented in this study. To keep food safety conditions, the use of a model which

underestimated a. min Was better compared to one which overestimated this parameter.

Tolerance mechanisms to a, reduction were more often described in yeasts than in
filamentous fungi (this occurred in two halotolerant yeasts : Hortaea werneckii, which can
sometimes contaminate salted foods (Cabaiies et al., 2012; Musa et al., 2018; Zalar et al.,
2019), and Debaryomyces hansenii, which can be an adjunct (cheeses, sausages) or a spoiler
in foods (Garnier et al., 2017; Musa et al., 2018)). The addition of sugars or salts to the culture
media leads to hyperosmotic shock. One of the main strategies used by different fungal
species is the accumulation of compatible solutes to limit the loss of turgor pressure and cell
volume (Luxo et al., 1993). Compatible solutes are generally uncharged organic molecules
with a low molecular weight. They protect the cells under osmotic stress without inhibiting
enzymatic activities. Glycerol is generally the main compatible solute accumulated under
water stress (Gunde-Cimerman et al., 2018; Kogej et al., 2007; Zidan and Abdel-Mallek,
1987), but several polyols (arabinitol, erythritol, mannitol and others) (Adler et al., 1982) and
other compounds, such as trehalose and proline (Davis et al., 2000; Jennings and Burke, 1990;
Welsh, 2000), can be accumulated by fungi. G. candidum does not have an effective retention
system to maintain a high glycerol concentration within its cells (Hocking, 1986; Luxo et al.,
1993), but it is able to accumulate arabinitol, which might act as a compatible solute under
salt stress (Luxo et al., 1993). A strain of A. flavus was identified as a high producer of sugar
alcohols and was able to accumulate D-arabinitol, D-mannitol and glycerol after 15 days at
28°C on Czapek medium containing 15% NaCl (El-Kady et al., 1995). Regarding other
strategies described in H. werneckii, cell melanisation promotes glycerol retention by

decreasing cell porosity (Gunde-Cimerman et al., 2018; Kejzar et al., 2013; Kogej et al.,
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2007; Musa et al., 2018) and mycosporine-like amino acids might contribute to
osmoregulation as compatible solutes for a particular range of salinity (Kogej et al., 2007,
2006). The plasma membrane composition (sterol-to-phospholipid ratios, unsaturated fatty
acids, fluids domains) could modify membrane fluidity (Gunde-Cimerman et al., 2009; Turk
et al., 2007, 2004). Several shifts in the transcription of genes involved in plasma membrane
and cell wall composition were also observed under salt stress. This suggests that the plasma
membrane and cell wall could be modified under high salt content, as for Aspergillus sydowii,
which has rarely been found in dried foods (Pérez Llano et al., 2020). In addition, different
strategies have been identified concerning the intracellular tolerance to Na* ions: D. hansenii
relies on the accumulation of Na* ions without toxic effect, while H. werneckii relies on the
exclusion of Na* and the maintenance of Na* intracellular concentrations under the toxic level
(Gunde-Cimerman et al., 2018, 2009; Kogej et al., 2005; Musa et al., 2018). These results

suggest that several mechanisms could be involved in salt tolerance.

Significant differences between glycerol and NaCl have been previously reported (Giorni et
al., 2011; Lahlali et al., 2005; Morin-Sardin et al., 2016; Nguyen Van Long et al., 2017), with
aw min Significantly affected by the solute used (Nguyen Van Long et al., 2017; Rosso and
Robinson, 2001). Another study showed that the species P. expansum and M. circinelloides
were more sensitive to ionic stress than nonionic stress (Lahlali et al., 2005; Marin et al.,
2014; Morin-Sardin et al., 2016; Nguyen Van Long et al., 2017). High concentrations of salt
may lead to oxidative stress, with the production of reactive oxygen species (ROS) that could
damage biomolecules or cells. This phenomenon could explain the growth differences
between these solutes. For nonionic osmolytes, ATP synthesis and lipid peroxidation
decreased in H. werneckii, while at high concentrations of NaCl, gene expression linked to
energy production and oxidative damage protection increased (Gunde-Cimerman et al., 2018).

Another study conducted on strains of H. werneckii, D. hansenii and A. flavus showed that the
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number of genes encoding antioxidant enzymes was correlated with the maximum tolerated
salinity (Gostin¢ar and Gunde-Cimerman, 2018). A different study focusing on Aspergillus
sydowii showed that hydroperoxides, which provide an indication about the oxidation of
biomolecules, were three-fold higher in the mycelium at 5.13 M compared with 1.0 M NaCl,
and the activity of catalase significantly increased in the mycelium at the higher tested salinity
(Jiménez-Goémez et al., 2020). All of these observations suggest that high salt concentrations

could induce oxidative stress.

The impact of ionic strength in our study was investigated by representing the u opr * Yn (is) as a
function of ionic strength (Fig. 3). lonic strength seemed to have an effect on the growth rate
of M. circinelloides, G. candidum and P. roqueforti. Increasing concentrations of Na* and CI
ions might affect the cellular system of fungi by modifying enzymatic activity. The decreased
growth rate related to ionic strength could be linear until ionic saturation of the cellular
system is achieved; beyond that, the impact of ionic strength could become less significant on
the growth rate. This hypothesis might explain why the impact of NaCl on the growth rate for
P. solitum and P. roqueforti in a previous study became less than that of glycerol for the
lowest a,, (Marin et al., 2014). On the contrary, no effect was observed on the growth rate of
P. nalgiovense, suggesting that this strain was not sensitive to ionic strength. This species
could, therefore, be used to make fermented products containing high amounts of salt, such as
cured sausages, as it seems to have developed specific physiological strategies to grow at high
ionic strength. Fungal sensitivity to ionic strength seems to be species-dependent. Indeed, it
was reported that a moderate increase of NaCl concentration (< 10%) could improve the
growth of some fungi as for Penicillium nalgiovense for which an increase of 4% NaCl
produced a significant stimulus on growth (Garcia-Rico et al., 2011). A previous study
showed that the optimal a,, for growth of Penicillium nalgiovense and other Penicillium and

Aspergillus species was 0.950 a,, (corresponding to 8% NaCl) compared to 0.990 a,, and

19



0.910 a which corresponding to 0 and around 13% NaCl respectively (Camardo Leggieri et
al., 2018). In another study, the growth rate of Penicillium roqueforti and Penicillium solitum
were higher at 4% NaCl than 0 and around 8% NaCl. Likewise, the growth rate of Penicillium
olsonii and Aspergillus pseudoglaucus were higher at around 8% NaCl than 0 and around
12% NaCl (Marin et al., 2014). Nevertheless, additional studies are needed. The data
transformation used in this study is impacted by the experimental variability. Consequently,
the impact of ionic strength does not show a clear trend for some strains. Futher studies could
be performed by combining several abiotic factors (temperature, pH, organic acids, a, and
modified atmospheres) in culture media then in food matrices to validate the growth rates
predicted in culture media. Similar methods to those described in previous studies could be
used, the results of them in cheese matrices were hopeful (Morin-Sardin et al., 2016; Nguyen

Van Long et al., 2017).

To conclude, this study helps to estimate the development of food technology and spoilage
strains by taking into account a large diversity of fungi found in a dairy environment as a
function of reduced a, by solutes of different types. Fungal growth as a function of a
reduction by ionic compounds suggests that ionic strength may impact fungal growth.
Predictive mycology tools may be of interest in understanding the physiology of the selected
fungi as a function of a, variation in food or industrial environments, such as B. domesticum,
which is widely used in the production of Saint Nectaire and raclette cheeses (Bachmann et
al., 2005), and C. herbarum, which has been reported as a spoiler of soft cheeses (Bailly &

Brugere, 1999; Jacquet & Desfleurs, 1966).
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Fig. 1. Influence of a, reduction of PDA medium at 25°C on the growth rate of B. domesticum (a), M. circinelloides (b), P. camemberti (c), A. flavus (d),
C. herbarum (e), M. lanceolatus (f), P. fuscoglaucum (g) and P. nalgiovense (h). Water activity was reduced either with glycerol: (-), no growth observed after

70 days (), ttmax Observed () and fitted value with CMR model values (- -); or NaCl: (-), no growth observed after 70 days (), tmax Observed (+) and fitted
with CMR model (--) or CMLM model values ([]).
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Fig. 2. Influence of a, reduction of PDA medium at 25°C on the growth rate of P. roqueforti (a), P. solitum (b), S. asperula (c), G. candidum (d), P. niveus (e),
P. expansum (f), P. bialowiezense (g) and S.casei (h). Water activity was reduced either with glycerol: (), no growth observed after 70 days ('), t/max Observed
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(*) and fitted with CMR model values (--); or NaCl (-): no growth observed after 70 days (><), tmax Observed (+) and fitted with CMR model (--) or CMLM

model values (L] ).
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Table 1. List of the strains used in this study.

Fungal species Strain Collection number Substrate of origin Type of isolate
Aspergillus flavus UBOCC-A-108066 butter Spoiler
Cladosporium herbarum UBOCC-A-108074 cheese Spoiler
Bisifusarium domesticum UBOCC-A-113010 cheese (crust) Adjunct
Geotrichum candidum UBOCC-A-113018 dairy environment Adjunct
Mucor circinelloides UBOCC-A-109182 dairy environment Spoiler
Mucor lanceolatus UBOCC-A-109153 dairy environment Adjunct
Paecilomyces niveus UBOCC-A-110204 cow milk Spoiler
Penicillium bialowiezense UBOCC-A-110007 fresh dairy product Spoiler
Penicillium camemberti UBOCC-A-113011 cheese (crust) Adjunct
Penicillium expansum UBOCC-A-110032 fresh cheese Spoiler
Penicillium fuscoglaucum UBOCC-A-113012 dairy environment Spoiler
Penicillium nalgiovense UBOCC-A-113013 cheese (crust) Adjunct
Penicillium roqueforti UBOCC-A-113014 cheese Adjunct
Penicillium solitum UBOCC-A-113015 dairy environment Spoiler

Scopulariopsis asperula

UBOCC-A-113016

dairy environment

No information

Sporendonema casei

UBOCC-A-113017

dairy environment

No information




Table 2

Estimation of secondary model parameters (and confidence intervals, a = 0.05) obtained by fitting the CMR (Eq. (2)) or CMLM (Eq. (3)) models to radial growth rate
(Umax) of B. domesticum, M. circinelloides, P. camemberti, A. flavus, C. herbarum, M. lanceolatus, P. fuscoglaucum and P. nalgiovense at 25°C as a function of PDA
medium containing either glycerol or NaCl to adjust a,. The accuracy of models was evaluated by using the Akaike Information criterion (AIC). (MINay): the lowest a,,

with observed growth. When growth was observed at the lowest tested aw, the MIN,, was considered inferior or equal to this value. (-): model not adjusted or parameter
not estimated.

Species B. domesticum M. circinelloides P. camemberti A. flavus
Group 1 1 1 2
Solute Glycerol NaCl Glycerol NaCl Glycerol NaCl Glycerol NaCl
MINay 0.920 0.935 0.900 0.902 <0.820 <0.815 <0.820 <0.815
Model CMR CMR CMR CMR CMR CMR CMR CMLM
Qw min 0.883 £ 0.006 0.908 £ 0.005 0.880 + 0.002 0.903 +0.003 0.794 + 0.005 0.776 + 0.005 0.786 £ 0.002 0.619£0.113
Qw opt 0.987 £ 0.001 0.987 £ 0.001 0.983 +0.001 0.989 + 0.001 0.979 + 0.001 0.988 +0.001 0.981 +0.000 0.991 +0.002
Uopt 0.88 £0.03 0.67 +0.03 12.50 £0.23 11.79 £0.46 3.35+0.07 2.64 +0.05 5.34+£0.05 4.25+0.10
aw 1 - - - - - - - 0.818 +£0.007
aw ¢ - - - - - - - 0.866 £ 0.007
AIC -62.48 -57.91 -27.53 12.86 -47.46 -68.53 -85.14 -51.23
Species C. herbarum M. lanceolatus P. fuscoglaucum P. nalgiovense
Group 2 2 2 2
Solute Glycerol NaCl Glycerol NaCl Glycerol NaCl Glycerol NaCl
MINay 0.880 0.902 0.920 0.935 <0.820 <0.815 <0.820 <0.815
Model CMR CMLM CMR CMLM CMR CMLM CMR CMLM
Qw min 0.849 £+ 0.004 0.815 £0.038 0.876 + 0.007 0.917 £ 0.005 0.804 +0.003 0.549 +0.631 0.709 £ 0.020 0.645 £0.072
Qw opt 0.971 £ 0.001 0.973 £ 0.002 0.981 +0.001 0.986 + 0.006 0.972 +0.001 0.978 £ 0.002 0.974 £ 0.002 0.971 £0.002
Uopt 1.49 £ 0.04 1.56 + 0.08 8.17+0.34 10.09 £3.44 2.78 +£0.04 2.89+£0.12 1.61 £0.06 2.94 +0.11
aw 1 - 0.927 £ 0.009 - 0.972 £0.470 - 0.794 £0.012 - 0.795 £0.017
aw ¢ - 0.946 £+ 0.004 - 0.976 £ 0.003 - 0.847 £0.015 - 0.886 £ 0.016
AIC -62.71 -38.11 -3.53 2.73 -73.16 -1.13 -35.74 -30.68




Table 3

Estimation of secondary model parameters (and confidence intervals, a = 0.05) obtained by fitting the CMR (Eq. (2)) or CMLM (Egq. (3)) models to radial growth rate
(Umax) of P. roqueforti, S. asperula, G. candidum, P. niveus, P. expansum, P. bialowiezense and S.casei at 25°C as a function of PDA medium containing either glycerol

or NaCl to adjust ay. The accuracy of models was evaluated using the Akaike information criterion (AIC). (MIN,,): the lowest a,, with an observed growth. When a
growth was observed at the lowest tested a,, the MINg, was considered inferior or equal to this value. (-): model not adjusted or parameter not estimated.

Species P. roqueforti P. solitum S. asperula G. candidum
Group 2 2 2 3
Solute Glycerol NaCl Glycerol NaCl Glycerol NaCl Glycerol NaCl
MINayw <0.820 <0.815 <0.820 <0.815 0.880 0.862 0.940 0.950
Model CMR CMLM CMR CMLM CMR CMLM CMR CMLM
Qw min 0.796 £+ 0.004 0.822 £ 0.006 0.792 + 0.001 0.763 +£0.013 0.833 +0.005 0.686 + 0.050 0.919 +0.002 0.937 £ 0.002
Qw opt 0.980 £ 0.001 0.989 £+ 0.001 0.968 + 0.000 0.979 + 0.001 0.977 £ 0.001 0.965 +0.017 0.990 + 0.001 Fixed at 0.992
Uopt 5.64 £0.10 5.16 £0.18 3.28 £0.02 3.06 £ 0.07 0.71 £0.02 1.09 +£0.10 4.96 £0.13 477 £0.18
aw 1 - 0.912 £ 0.006 - 0.809 £ 0.009 - 0.932 £ 0.904 - 0.978 +£0.004
aw ¢ - 0.950 £ 0.004 - 0.902 £ 0.027 - 0.952 £0.100 - 0.986 + 0.001
AIC -46.84 -18.67 -123.06 -55.11 -86.03 -31.24 -38.76 -51.27
Species P. niveus P. expansum P. bialowiezense S. casei
Group 3 3 4 4
Solute Glycerol NaCl Glycerol NaCl Glycerol NaCl Glycerol NaCl
MINay 0.940 0.964 0.880 0.840 0.880 <0.815 0.900 0.904
Model CMR CMLM CMR CMLM - - - -
Qw min 0.927 +0.007 0.916 +0.019 0.848 +0.002 0.814 £ 0.017 - - - -
aw opt Fixed at 0.988 Fixed at 0.992 0.977 £ 0.001 Fixed at 0.983 - - - -
Uopt 5.01 £0.66 6.31 £0.19 4.87 £0.07 3.88£0.12 - - - -
aw 1 - 0.975 £ 0.004 - 0.869 £ 0.008 - - - -
aw ¢ - 0.977 £ 0.004 - 0.902 £+ 0.009 - - - -
AIC 26.27 -56.62 -66.95 -35.39 - - - -
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