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ARTICLE INFO ABSTRACT

Keywords: This study evaluated the effect of both gaseous and dissolved oxygen (O») concentration (0 - 21%) on the growth
Byssochlamys of six heat-resistant moulds (HRMs) (Neosartorya and Byssochlamys spp.) previously isolated from high-acid fruit
Neosartorya products. The study was performed in acidified potato dextrose agar (aPDA) with all six HRMs and with B. fulva
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and N. fischeri in strawberry, apple and orange juice-based media. At = 0.15% O, visible growth of the HRMs
occurred within 3-6 days. Complete inhibition on aPDA did not occur even at very low levels of dissolved O, (ca.
0.01% O,). With the exception of B. fulva, decrease of the O, concentration to <0.03% resulted in significantly
(p < 0.05) longer times to visible growth. The growth of N. laciniosa, N. fischeri, B. nivea and B. fulva was
inhibited for 30 days when they were incubated under strict anaerobic conditions. As in aPDA, B. fulva and N.
fischeri grew in the three fruit-based media at O, concentrations =0.15%. Significantly slower (p < 0.05)
growth was observed for N. fischeri in orange juice medium. Strategies to inhibit the growth of HRMs should
therefore not be based entirely on establishing low headspace O, levels. With this in mind, the effect of low O,
concentrations (< 1%) should be studied in combination with other factors (hurdles) such as antioxidants,
organic acids, sugars (ay), storage temperature and pasteurization intensity, in order to predict the growth

inhibition of the HRMs.

1. Introduction

The ability of heat-resistant moulds (HRMs) to withstand thermal
and non-thermal processes commonly applied by the food industry and
to grow in a broad range of conditions, makes them a threat for the
stability of high-acid processed fruit products (Berni et al., 2017; Evelyn
and Silva, 2015, 2017; Houbraken et al., 2006; Panagou et al., 2010;
Tournas, 1994).To tackle this issue, it is crucial to determine the con-
ditions that may prevent and/or inhibit the germination of ascospores
and fungal growth. To date, the effects of sugar composition and con-
centration, water activity (a,,) and storage temperature on the growth
of HRMs have been addressed (Berni et al., 2017; Panagou et al., 2010;
Tremarin et al., 2015). Conversely, studies focusing on the effect of the
atmosphere on the growth of these microorganisms are still very scarce.
Moreover, the few available studies have mostly focused on the use of
modified atmosphere packaging (MAP) i.e., the combination of oxygen
(0,) reduction by adding carbon dioxide (CO,) to inhibit microbial

growth (Taniwaki et al., 2001, 2009, 2010; Yates et al., 1967).

HRMs belonging to Byssochlamys sp. and Aspergillus sp. with
Neosartorya-type ascospores are well known for their economical re-
levance and their high incidence of occurrence in fruits and fruit pro-
ducts (Pitt and Hocking, 2009; Samson et al., 2010; Santos et al., 2018a;
Tranquillini et al., 2017). Although many fungal species associated with
food spoilage require O, for growth, HRMs have been reported to be
able to grow under nearly anaerobic conditions; at levels as low as 0.1%
O, (King et al., 1969; Kotzekidou, 2014; Pitt and Hocking, 2009;
Taniwaki et al., 2009). Moreover, some Byssochlamys and Neosartorya
strains have been reported to produce mycotoxins in atmospheres with
very low O, concentrations and/or 80% CO,, such as in packaged fruit
juices (Kotzekidou et al., 2014; Nielsen et al., 1989; Sant’Ana et al.,
2010; Taniwaki et al., 2010).

Food spoilage by HRMs is caused by their mycelial growth followed
by the production of CO, and pectic enzymes (Kotzekidou et al., 2014).
Thus, available O, is not only associated with the microbial stability of
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food products, but also with sensorial and nutritional changes which
can compromise their quality (Choe and Min, 2005).

According to Pitt and Hocking (2009), it is necessary to study the
available O, in both gaseous and water phases as they both determine
microbial growth, rather than the isolated study of O, tension. The few
studies that addressed the effect of O, depletion on the growth of
HRMs, were performed by controlling the gas phase alone (King et al.,
1969; Nielsen et al., 1989). The dissolved O, level and its evolution
over time were not evaluated in these studies. Moreover, the data
available on the minimum amount of O, required for growth inhibition
is very limited, existing for only a few HRM species (King et al., 1969;
Nielsen et al., 1989)

Therefore, this study aimed to assess the O, concentration necessary
for the growth of different HRMs isolated from fruit products by (i)
determining their times to visible growth in a general growth medium
at 22 °C as a function of low O, concentrations; (ii) assessing the effect
of O, concentration on the growth of two HRMs in three fruit-based
media and, (iii) by assessing the evolution of gaseous and dissolved O,
profiles over time at all conditions studied.

2. Material and methods
2.1. Strains

Six HRMs, previously isolated from raw and processed fruit products
(Santos et al., 2018a), were investigated in this study. These were By-
ssochlamys nivea (Bysso nivea 76-1) and Neosartorya laciniosa (Neosart
laciniosa 67-2) - isolated from pasteurized strawberry puree, By-
ssochlmays fulva (Bysso fulva 56-2) and Neosartorya hiratsukae (Neosar
hiratsukae 77-5)- isolated from strawberries, Neosartorya udagawae
(Neosar udagawae 54-3) - isolated from sieved strawberry puree, and
Neosartorya fischeri (Neosar fisheri 95-1)- isolated from extracted or-
ange juice. The isolates were maintained in the culture collection of the
Laboratory of Applied Mycology (MYCOLAB, Department of Food
Technology, Ghent University, Belgium).

2.2. Fruit medium preparation

Three fruit-based medium were prepared by adding bacteriological
agar (Oxoid™, Hampshire, UK) to diluted strawberry puree, apple puree
and concentrated orange juice at the rates shown in Table 1. The a,,
values were set at 0.960 by adding appropriate amount of water to
simulate fruit purees aimed for the retail. Firstly, fruit puree or con-
centrate was added to water and heated in a microwave (1 minat
750 W) to facilitate dissolution. Subsequently, bacteriological agar was
added after which the medium were heated for 1-2minat 750 W in a
microwave to facilitate mixing. The fruit medium were ultimately
sterilized at 115 °C for 10 min and characterized by measuring the a,,,
degree Brix (*Brix) and pH after sterilization. These values and the
formulations used are summarized in Table 1.

2.3. Experimental design

In order to assess the effect of low O, on the growth of the six HRMs,
four O, levels were evaluated in acidified Potato Dextrose Agar (aPDA,
pH = 3.5, HCI 6M, a,, = 0.995, 4°Brix): 0% (strict anaerobic), 0.03,
0.15, and 0.9%. Every condition was examined in triplicate and the

Table 1
Ratio of fruit concentrate, water, and agar used to prepare fruit-based medium.

Fruit Concentrate (g) Water (g) Agar (g) aw °Brix pH

Apple 70 30 5 0.96 22 3.90
Orange 30 70 13 0.96 24 3.83
Strawberry 70 30 10 0.96 26 3.90
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experiments were independently performed twice (n = 6). In the
second part of the study, two of the six HRMs, B. fulva and N. fischeri
were inoculated in the three fruit-based media whose O, concentrations
were set at 0.15% and 21% (atmospheric air). Every condition in this
part of the study was examined in triplicate (n = 3).

2.4. Preparation of ascospore suspensions

The HRMs were grown for 30 days at 30 °C on ten Malt Extract Agar
plates (MEA, Oxoid, Hampshire, UK) to ensure adequate ascospore
production. Subsequently, ascosporous suspensions were prepared by
flooding each Petri plate with 8 ml of sterile 0.1% Tween 80 (Sigma-
Aldrich, USA), followed by filtration through sterile cotton and cen-
trifugation for three times at 8.000 g for 15 min at 4 °C. The final sus-
pensions were obtained by adding 10 ml of sterile distilled water to the
pellet obtained after centrifugation. When asci were present in high
numbers, sonication (amp: 45%, 30s-interval) was applied for up to
4min to separate the ascosporous clusters (Vibra = Cell™ 75,186,
United States). The counts of ascospores in the final suspensions were
determined by spread plating serial decimal dilutions of the suspensions
on MEA. The serial decimal dilutions were prepared in test tubes with
9ml of sterile distilled water. Spread plating of the decimal dilutions
was preceded by heat shocking the ascospores at 80 °C for 10 min.
Enumeration was performed after 5-7 days of incubation at 30 °C. The
final (non-activated) ascospore suspensions were kept at 2 °C for up to
one month.

2.5. Data collection

The final suspensions were then standardized in sterile acidified
phosphate buffer (pH = 3.5) to 10° ascospores/ml. The diluted spore
suspensions were activated before use by heat shocking them for 10 min
at 80 °C. A method based on the use of O, scavengers to obtain and
maintain the desired low O, levels was used. The method relies on
initially setting the desired O, level in the headspace of gas-tight-40 ml
glass jars closed with metal lids. Ten ml of molten aPDA (ca. 48 °C) were
poured into each of three glass jars (= three replicates) resulting in a
1cm thick layer of medium. One of the three jars contained two
Oxydot's” (European Tech Serv NV, Belgium) which were attached to
the inner walls prior to the addition of the molten aPDA. One of the
Oxydots was attached in the region of the headspace whereas the other
one was attached at the bottom of the jar. Thereafter, the molten agar
was inoculated with 100 pL of standardized suspension (ca.100 ascos-
pores) and thoroughly mixed. In this way, it was possible to obtain a
homogeneous distribution of the ascospores within the culture medium.
The glass jars were externally disinfected and placed inside a high O,
barrier plastic bag with an O, scavenger sachet (AnaeroGen Compact,
Oxoid Ltd, Basingstoke, UK). Subsequently, the bag was sealed with a
heat-sealing machine after which the lids of the jars were opened to
facilitate the consumption of the O, in the medium and headspace by
the scavenger. The rate of O, uptake was measured via the Oxydot at-
tached in the headspace of the jar. When the desired gas concentration
was achieved in the headspace, the bag was divided into two com-
partments with a heat-sealing machine in such a way that the O, sca-
venger was separated from the jars. The bags containing the open jars
were then stored at 8 °C, a temperature at which no germination could
occur (data not shown), until the O, levels in the headspace and
medium had equilibrated. After equilibrium, the lids were tightly closed
before the jars were withdrawn from the bag and stored at 22 °C. The
incubation temperature was selected in order to simulate the storage
condition of shelf-stable pasteurized fruit products, such as fruit purees
and concentrated juices. For the strict anaerobic condition, the aPDA
was supplemented with sodium thioglycolate (1.0g.L ™!, Sigma-Aldrich,
USA) and Resazurin salt (0.001g.L™!, Sigma-Aldrich, USA).
Additionally, the O, scavengers were kept inside bags with the in-
oculated closed jars during the whole experiment. Measurements of
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composition (O, and CO, levels) of the air inside the bags were per-
formed by means of the CheckMate 3 headspace gas analyzer
(Dansensor A/S, Denmark) just after equilibration. The jars were
checked every two days for visible growth (at colony diameters of ca.
2 mm) at the agar surface and along the walls, for up to 30 days or until
growth was observed. In addition, the O, concentrations during the
course of the study were determined by means of an OxySense” 200T
(OxySense, Inc., Dallas, TX).

2.6. Statistical analysis

All statistical tests were performed in R version 3.3.1 (R Foundation
for Statistical Computing, Austria). Differences between average times
to visible growth were analyzed using one-way ANOVA and post-hoc
analysis by means of Tukey's test when the normality and equality of
variances were confirmed. When equality of variances was not verified,
one-way ANOVA followed by the Games-Howell post-hoc test was used.
All tests were performed at a = 0.05.

3. Results and discussion
3.1. Effect of O, on the growth of HRMs in acidified PDA

In order to assess the effect of low O, levels on the time to visible
growth of HRMs, four conditions were assessed in PDA: strict anaerobic,
0.03%, 0.15%, and 0.90% O, The growth of six HRMs (B. fulva, B.
nivea, N. laciniosa, N. hiratsukae, N. udagawae and N. fischeri) and the O,
concentrations in the headspace and in the water phase (medium) were
monitored for up to 30 days. Fig. 1 shows the O, profile for each HRM
at each condition evaluated. At the highest O, level assessed (0.9%), no
growth inhibition was observed. The O, concentration generally de-
creased rapidly in both the headspace and the water phase followed by
visible growth of B. nivea and the Neosartorya isolates within 3-5 days
(see Fig. 2). Under this condition, no significant differences (p > 0.05)
were observed between the times to visible growth of the six HRMs (see
Fig. 2). The highest level to be evaluated in the study was set at 0.9% as
filamentous fungi are not likely to be inhibited at levels =1% O, when
other growth determining factors are set at optimal levels (Nguyen Van
Long and Dantigny, 2017; Nielsen et al., 1989). The decrease in the O,
concentration was attributed to consumption by the HRMs. Growth was
observed promptly after the O, level in the water phase of the medium
had reached very low levels (< 0.05%). With regards to B. fulva, there
was no indication of appreciable O, consumption before visible growth
was observed (see Fig. 1).

Subsequently, growth of the HRMs was assessed in a headspace set
at 0.15% O.. In this case, a slight decrease in the O, concentrations was
observed before visible growth of the HRMs occurred after 5-7 days of
incubation (see Fig. 1). With the exception of N. hiratsukae, the times to
visible growth at these two O, levels were non-significantly different
(p > 0.05) for all isolates evaluated (see Fig. 2). The O, was rapidly
consumed and growth was visible after the O, level had reached nearly
0% in both the water phase and headspace.

As the growth of all six HRMs was not inhibited at 0.15% O, a very
low level of 0.03% O, was also assessed. Despite the slight fluctuations
in the O, levels observed over time under this initial O, level, the O,
level in all replicates remained under 0.1% O (see Fig. 1). The mean O,
values and respective standard deviations are depicted in Table 2. De-
spite the delay observed in the growth of the HRMs when the O level
was reduced to 0.03%, all six HRMs were still able to grow out and form
visible colonies within 4-30 days of incubation (see Fig. 3). B. fulva had
in general the shortest and the most variable times to visible growth
between the replicates, which ranged from 4 to 18 days. B. fulva was
followed by N. laciniosa which was able to form visible colonies after
11-21 days of incubation. N. fischeri and N. hiratsukae required 17-21
days and 22-25 days to form visible colonies, respectively. Spores from
the most Os-sensitive HRMs evaluated in this study, B. nivea and N.
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udagawae, may require up to one month to form visible colonies under
this condition. One-way ANOVA analysis showed that, with the ex-
ception of B. fulva, the HRMs exhibited significantly higher (p < 0.05)
times to visible growth under extremely low O, levels (0.03% O-) (see
Fig. 2).

The temporal reduction of O, observed in the headspace and in the
culture medium was attributed to metabolism of the HRMs, which use
0, as a final electron acceptor in respiration (Deacon, 2006; Hull, 1939;
Nguyen Van Long and Dantigny, 2016). Decrease in headspace O le-
vels due to fungal growth has been previously reported by several au-
thors (Ellis et al., 1994; Hull, 1939; Rice, 1980; Tournas, 1994; Weng
and Hotchkiss, 1991). Hull (1939) inoculated canned plums with B.
fulva and stored them at 30 °C. The O, concentrations in the artificially
contaminated cans decreased from 10.5% on the second day of storage
to 0% on the sixth day, whereas, the CO5 concentration increased up to
as much as 52%. Rice (1980) inoculated canned grape juice with B.
nivea and observed a reduction in the O, level from 10% to 0.5% at
25 °C within 10 days, accompanied by patulin production. Ellis (1994)
inoculated peanuts with Aspergillus flavus and observed a decrease in
the headspace O, within 1-3 days of incubation.

B. fulva and B. nivea did not form any visible colonies under strict
anaerobic conditions over a three day incubation period. The mean O,
levels during this period were 0.00 = 0.01% in both the headspace and
medium of the jars inoculated with B. fulva and 0.00 + 0.00% in both
the headspace and medium of the jars inoculated with B. nivea.
Amongst the Neosartorya isolates, the jars inoculated with N. fischeri
had mean O, values of 0.01 + 0.01% in the headspace and
0.00 *= 0.00% in the medium whereas the jars inoculated with N. la-
ciniosa had mean O, levels of 0.04 + 0.06% in the headspace and
0.00 = 0.01% in the medium. No visible growth was observed for
these isolates. In difference, visible growth was observed in one of the
three replicates (jars) inoculated with N. udagawae and N. hiratsukae
after 24 days, in jars which had O, concentrations of 0.02 = 0.02%
and 0.00 = 0.00% in the headspace and 0.04 = 0.07% and
0.00 *= 0.01% in the medium, respectively. It is important to highlight
that the O, measurements were only performed in one of the three
replicate jars. Therefore, the visible growth observed in jars without
Oxydot” may be due to either possible (albeit most likely small) dif-
ferences in the initial O, concentrations, gas leakage and/or the pre-
sence of residual O, on the medium at the start of incubation.
Nevertheless, this assessment reinforces the fact that despite the toler-
ance of the HRMs evaluated in this study to very low O, levels, they are
unlikely to grow in conditions without available O,.

The ability of Neosartorya and Byssochlamys sp. to grow under low
O, tensions was previously reported (King et al., 1969; Nielsen et al.,
1989; Taniwaki et al., 2001, 2009). As an example, N. fischeri was re-
ported to exhibit growth under 1% O, on CYA at 25 °C (Nielsen et al.,
1989), whilst B. fulva was reported to grow under 0.27% O, on PDA
after three days of incubation at room temperature (King et al., 1969).
The growth of Byssochlamys sp. at extremely low O, levels (< 0.1%)
was also observed by King et al. (1969) and Taniwaki et al. (2009). In
agreement with our results, King et al. (1969) observed no growth after
three weeks when B. fulva was inoculated on PDA and incubated under
strict anaerobic conditions. Nielsen et al. (1989) reported absence of
growth of N. fischeri under 0.0095% O, after a 38-day incubation period
at 25 °C. Based on these finding, it might be appropriate to classify these
fungi as facultative anaerobes as already proposed by some authors
including Hesseltine et al. (1985) and Taniwaki et al. (2010).

Overall, the results showed that HRMs respond differently to O,
depletion. Moreover, potential variability in response of single spores
within a population to O, level cannot be neglected. These variabilities
appeared to increase as the O, level was reduced to very low levels. The
high variability on the time to visible growth between replicates in-
cubated under 0.03% O, may be due to the higher degree of stress that
the ascosporous were submitted to as a result of the near absence of O,.
It is known that stress may result in increased variability in fungal
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Fig. 1. O, profile (%) at headspace (dotted line) and dissolved in acidified PDA (solid lines) in jars inoculated with B. fulva, B. nivea, N. laciniosa, N. hiratsukae, N.
udagawae and N. fischeri and stored at 22 °C. The O, concentrations were initially set at 0.03% (@), 0.15% (A) and 0.9% (#). Each symbol represents the average O,
level of two repetitions.



J.L.P.d. Santos, et al.

35

D W
whn O
=

[\
)

[a—
o

Time to visible growth (days)
W >

o

N. laciniosa N. hiratsukaeN. udagawae

Food Microbiology 84 (2019) 103243

0.03%
m0.15%
m0.90%

"R R R

B. nivea B. fulva  N. fischeri

Fig. 2. Time to visible growth in aPDA for N. laciniosa, N. hiratsukae, N. udagawae, B. nivea, B. fulva and N. fischeri at three initial headspace O, levels (0.03, 0.15 and

0.9%).

Table 2

Mean oxygen values and the respective standard deviations assessed in the
headspace and culture medium (aPDA) in jars inoculated with HRMs and in-
cubated at 22 °C for 30 days when the initial concentration was set at 0.03% O».

Strain O, (%) headspace 03 (%) culture medium
B. fulva 0.03 + 0.04 0.04 = 0.05
B. nivea 0.03 = 0.03 0.02 = 0.03
N. laciniosa 0.03 = 0.03 0.01 + 0.02
N. hiratsukae 0.03 + 0.04 0.01 = 0.02
N. fischeri 0.00 = 0.01 0.00 = 0.00
N. udagawae 0.07 = 0.05 0.06 = 0.04

growth response (Amaeze, 2013; Dagnas et al., 2015, 2017; Santos
et al.,, 2018b). In addition, variability may be influenced by experi-
mental uncertainties due to potential differences in inoculum as the
repetitions were performed independently. Nevertheless, the biological
variability of germination times of single spores from the same popu-
lation could also have influenced the results (Gougouli and
Koutsoumanis, 2012; Judet et al., 2008). Regarding the inter-species
variability, B. fulva was significantly (p < 0.05) more tolerant than B.
nivea to low levels of O,. Whilst the ability to form visible colonies was
not significantly different (p > 0.05) among the three Neosartorya
isolates, the time to visible growth of N. hiratsukae was significantly
longer (p < 0.05) than those of N. laciniosa and N. fischeri. Variability
between fungal species regarding their O, tolerance, were also reported
by Gibb and Walsh (1980).

Although the time to visible growth was the main variable in-
vestigated in the present study, it is worth mentioning that the size of
the colonies when the headspace was set at 0.03% O, was markedly
smaller compared to those that developed under 0.9 and 0.15% O,. The
influence of the composition of the headspace on the mycelium weight
has been studied by several authors ( Hillman et al., 2015; Hull, 1939;
Taniwaki et al., 2009, 2010; Yates et al., 1967. Therefore, the out-
growth of fungi growing at lower O, concentrations is expected to not
only be delayed, but also to present less dense colonies compared to
growth under higher O, concentrations.

It is worth noting that the O, scavenger used in the set-up generates
CO, whilst absorbing atmospheric O, from the headspace (Oxoid,
2018). Therefore, the headspace CO, concentrations were determined
after the lids of the jars were closed (= just after equilibration). The
mean CO, concentrations in the samples set to initial O, levels of 0.9%,
0.15%, 0.03% were 9.00 = 0.78%, 9.52 * 0.61% and 1.08 = 0.58,
respectively. 16.9 * 1.7% CO, was obtained in the strictly anaerobic
condition. It has been already reported that CO, at high partial pres-
sures has a fungistatic effect, even though the threshold for inhibition
may vary considerably between species (Nguyen Van Long and
Dantigny, 2017; Pitt and Hocking, 2009; Taniwaki et al., 2010). Studies
indicate that concentrations higher than 40% noticeably inhibit the
growth of most spoilage fungi (Taniwaki et al.,2010; Zardetto, 2005).
Although limited information is available on the effect of intermediate
partial CO, pressures (0.03-20%) on the growth of fungi (Nguyen Van
Long and Dantigny, 2017), there is some indication that the inter-
mediate concentrations inadvertently attained in this study (1-9.5%)
might have a stimulatory effect on the fungal growth. This effect has
also been observed in other studies including Gibb and Walsh (1980),
Nguyen Van Long and Dantigny (2017), Taniwaki et al. (2010), and
Wells and Uota (1970). As an example, Gibb and Walsh (1980) reported
a general stimulatory effect of CO, at levels up to 4% in combination
with 0.1% O, for Fusarium moniliforme. Furthermore, Wells and Uota
(1970) observed growth stimulation of several fungi when CO, in the
headspace was 10% and O, was as low as 2%. This occurs possibly due
to the heterotrophic CO, fixation capacity observed in most fungi. CO,
is fixed into acids of the citric acid cycle which afterwards are used for
energy and growth (Walker and White, 2005; Wells and Uota, 1970). To
the extent of our knowledge, no data is available on the effect of in-
termediate CO, levels on the growth of the HRMs investigated in the
present study. Thus, we strongly recommend that further studies are
performed focused on assessing the combined effects of CO, and O, or
evaluating the effect of O, alone (using methods which do not generate
CO,, or which scavenge produced CO5).

The HRMs investigated have been recently isolated from various
raw materials of the fruit processing industry (Santos et al., 2018a;
Tranquillini et al., 2017). Moreover some of them have been associated
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Fig. 3. Profile of O, (%) in the headspace (dotted line) and dissolved in fruit-based medium (solid lines) in apple puree (A), strawberry puree (@) and orange juice
(M). The medium were inoculated with N. fischeri and B. fulva and stored at 22 °C. The O, concentrations were set at 0.03% (@), 0.15% (A) and 0.9% (). Each

symbol represents the average O, level of the 2 repetitions.

with the spoilage of pasteurized and canned fruit products (Chapman
et al., 2007; Kotzekidou, 1997; Tournas, 1994). The time to visible
growth of the six HRMs evaluated ranged from 3 to 30 days, depending
on the species and initial O, concentration. However, this period is
much shorter than the typical shelf-life of fruit products stored at room
temperature, which may vary from a few to several months. Therefore,
O, concentration cannot be used alone as a hurdle to inhibit the growth
of HRMs and ensure stability of food products during shelf-life.

It is also worthwhile to acknowledge that the experiments were
performed in acidified PDA, which leaves the possibility that the re-
sponse of these HRMs could differ in real fruit products. Composition of
the growth medium has been determined to have an effect on the so-
lubility of O, in fruit products (Renard and Maingonnat, 2012). Other
factors that may also affect O, solubility include the °Brix, temperature
(Schumpe et al., 1982) and antioxidants (Garcia-Torres et al., 2009).
The effect of some of these factors was taken into account in the second
part of the study whereby the growth potential of the HRMs was as-
sessed in fruit-based media.

3.2. Effect of O, in fruit-based media

In addition to the assessment of the effect of O, level in aPDA on the
growth of HRMs, the effect of O, level on the growth of N. fischeri and B.
fulva was investigated in three types of media based on concentrated
orange juice, strawberry puree and apple puree. Only two O, levels,
0.15% and 21% O, (atmospheric air), were assessed in this study. The
two isolates were selected due to their potential to spoil fruit and fruit-
based products and for exhibiting the most tolerance to very low O,
levels (Pitt and Hocking, 2009; Samson et al., 2010; Santos et al.,
2018a; Tournas, 1994). The composition of the three fruit-based media
is shown in Table 1.

The evolution of the O, concentrations in the headspace and water
phase of the fruit-based medium is shown in Fig. 3. Overall, the
headspace O, concentrations were higher than those of dissolved O, in
the medium. Initially, growth of the HRMs was assessed in atmospheric
air (21% 0O,). Under this condition, the mean O, concentration in the
fruit medium inoculated with B. fulva were 9.7 = 2.1%, 13.8 + 4.8%,
and 12.8 *+ 6.4% in orange, strawberry and apple medium, respec-
tively. A slight increase in the O, concentrations of orange and
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strawberry medium inoculated with B. fulva was observed during the
first four and two days, of incubation respectively. Two important
phenomena occur during gas transfer on food as well as in synthetic
media: solubility and diffusivity (Chaix et al., 2014). The gas present in
the headspace first needs to dissolve at the foods surface followed by
diffusion through the matrix. The initial increase in the O, levels may
be therefore a result of O, diffusing into the medium. After four days,
the O, levels rapidly decreased followed thereafter by visible grow in
all three medium inoculated with B. fulva. The initial O, concentration
in the fruit medium inoculated with N. fischeri were respectively 13% in
orange medium; 5% in strawberry medium and 7% in apple medium.
As observed for B. fulva, there was a slight increase in the O, con-
centrations during the first 4 days in strawberry and apple puree
medium at 21% O,. Thereafter, there was a gradual decrease followed
by a sharp fall in the O, levels in apple puree medium until the O, was
depleted and visible growth was observed within 5-8 days. Similar
trends were observed in strawberry puree medium inoculated with N.
fischeri albeit three days later than observed in apple puree medium.
Interestingly, the evolution of the O, concentration in orange juice
medium inoculated with N. fischeri was marked by a sharp decline
during the first two days of incubation, followed by a slight increase
and then reduction until the O, was depleted and visible growth was
observed within 9-13 days (see Fig. 3).

As previously observed in aPDA, B. fulva seems to consume O, at a
slower rate than the other HRMs. This could be deducted from the
presence of dissolved O, in the medium after visible growth had oc-
curred (Fig. 4). Moreover, this HRM seems to exhibit a high hypoxic
tolerance compared to the other species, as it was able to germinate and
growth after just 4 days when the O, concentration was lowered to
0.03%. It is known that under O-limited conditions, the energy me-
tabolism of filamentous fungi will not be entirely depends on O,, but
also on the available carbon source, such as glucose (Hillman et al.,
2015; Zhou et al., 2010). Therefore, these findings imply that more
studies are required to better understand the physiological character-
istics of B. fulva regarding its alternative respiration processes. On the
other hand, the results show that N. fischeri consumes O, at very early
stages of outgrowth, most probably during the germination process. It
was also noticed that, despite the experiments being performed without
O, control (in atmospheric air), the O, level found in fruit medium
differed according to the isolates (species) inoculated in the medium.
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The O, levels in fruit media inoculated with N. fischeri were markedly
lower than those found in the media inoculated with B. fulva. For in-
stance, the initial O, decreased from 13 to 0% and from 9 to 6% when
N. fischeri and B. fulva were inoculated, respectively, in orange juice.

The evolution of O, concentrations when the initial value was set at
0.15% is depicted in Fig. 3. Under this condition, the initial and final O,
values were respectively 0.07 and 0.04% in orange juice medium; 0.02
and 0% in strawberry puree medium and, 0.13 and 0.05% in apple
puree medium. Overall, the O, profile in fruit media inoculated with B.
fulva were characterized by an initial slight increase, fluctuations and a
slight reduction which was accompanied by appearance of visible co-
lonies within 9-13 days in apple medium, 10-12 days in strawberry
medium and, 10-15 days in orange juice medium (see Fig. 4). At the
same condition, the initial and final O, concentration in fruit medium
inoculated with N. fischeri were, respectively, 0.12 and 0% in orange
juice medium, 0.15 and 0% in strawberry puree medium and, 0.14 and
0.06% in apple puree medium (see Fig. 4). These levels decreased ra-
pidly, reaching 0.00% after two days in orange juice and strawberry
puree medium. Thereafter the O, levels remained constant before
visible growth was ultimately observed after 6-10 days in strawberry
medium and 12-15 days in orange juice medium. For apple puree
medium, the evolution of the O, concentration was characterized by an
initial rapid decrease followed by slight fluctuations and visible growth
within 6-9 days (see Fig. 3).

Reduction of the O, level resulted in a significant increase
(p < 0.05) in the time to visible growth of N. fischeri in orange juice
medium and that of B. fulva in all three fruit medium (see Fig. 4). Both
N. fischeri and B. fulva had longer times to visible growth in orange juice
medium than they had in apple and strawberry puree medium. The
time to growth of N. fischeri was nearly two times longer and sig-
nificantly higher (p < 0.05) in orange juice medium (10.7 * 1.9
days) than it was in strawberry and apple puree medium (5-6 days)
under 21% O,. Similar results were observed when the initial O, con-
centration was decreased to 0.15% for N. fischeri, Likewise, the time to
growth of B. fulva was longer in orange juice medium at both O, levels
investigated. However, the times did not differ significantly (p > 0.05)
between the three fruit medium for these HRMs (see Fig. 4). The lower
O, concentration found in orange juice medium when exposed to at-
mospheric air may be due to the fact that orange juice is rich source of
antioxidants, such as ascorbic acid, which would potentially consume
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Fig. 4. Time to visible growth (D = 2mm) of N. fischeri and B. fulva inoculated in fruit-based medium (a,, = 0.960) at 0.15% O, and 21% O, (atmospheric air) and
22 °C. The bars represent the average time (days) with the respective standard deviations.
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dissolved O, (Garcia-Torres et al., 2009; Wang et al., 1996). This im-
plies that HRMs have to compete for available O, with chemical reac-
tions such as ascorbic acid oxidation and oxidation of flavor and color
compounds in the food matrix (Kefford et al., 1959), which therefore
resulted in longer times to visible growth in orange juice medium.

In general, shorter times to visible growth were observed in aPDA
than in fruit medium. For instance, the times to visible growth of the
HRMs at 0.15% O, were nearly twice as long in fruit medium (7-14
days) than they were in aPDA (4-7 days). It should be noted that the a,,
values of aPDA and the fruit-based medium used in this study differed,
with the latter having higher values. The lower a,, values of the fruit
medium (a,, = 0.96) together with the fruits composition may have
contributed to the longer times to visible growth observed in these
medium. The effect of sugars, such as glucose and fructose, commonly
present in fruit and fruit-products, may strongly influence fungal ger-
mination and growth (Amaeze, 2013; Panagou et al., 2010; Valik and
Pieckova, 2001; Zimmermann et al., 2013). Moreover, it is known that
at sugar concentrations above 20% (20° Brix), such as those of the fruit-
based medium used in this study, the germination of heat shocked as-
cospores may be delayed or inhibited (Amaeze, 2013). In addition,
oranges and strawberries are rich sources of citric acid, which is known
as an important food preservative and has been reported to strongly
retard and/or inhibit the growth of ascospores (Ackermann et al., 1992;
Amaeze, 2013; Campo and Santos, 2006; Sturm et al., 2003). This may
in part explain the faster growth of the HRMs in apple puree medium
compared to orange juice and strawberry puree medium. Ultimately, it
cannot be neglected that O, in the headspace may also be consumed by
the food while it diffuses through the matrix (Chaix et al., 2014). As a
result, lower O, levels were expected in the fruit medium than in aPDA.
In this way, the O, that was able to diffuse into the fruit medium might
not have been entirely available for the HRMs.

4. Conclusions

This study aimed to assess the minimum inhibitory concentration of
O, towards six HRMs (N. laciniosa, N. fischeri, N udagawae, N. hir-
atsukae, B. nivea and B. fulva) previously isolated from fruit products.
All six HRMs were able to grow in aPDA under atmospheres with
>0.03% O, within 30 days at 22 °C. Decrease in the initial O, con-
centration resulted in markedly smaller colonies and longer times to
visible growth. With the exception of B. fulva, all the HRMs exhibited
significantly (p < 0.05) longer times to visible growth when exposed
to 0.03% O,. No growth was observed for up to 30 days when N. laci-
niosa, N. fischer, B. nivea and B. fulva were incubated under strict
anaerobic conditions at 22 °C. Conversely, N udagawae, N. hiratsukae,
exhibited visible growth in at least one of three replicates after 24 days.
The effect of O, level (0.15 and 21% O,) on the growth of B. fulva and
N. fischeri was also evaluated in three fruit-based media. The time to
visible growth in the fruit-based medium was in general almost twice as
long as those observed in aPDA at the same O, concentrations. Both
isolates grew faster in apple puree medium, followed by strawberry
puree and then orange juice medium. However, it should be noted that
the delay observed in orange juice medium was only significant
(p < 0.05) for N. fischeri. Furthermore, the wide range of times to
visible growth observed for some isolates when O, was nearly depleted
highlights the large biological variability between single ascospores.
This issue needs to be taken into account in future studies i.e. by as-
sessing more replicates. The times to visible growth observed under all
conditions where O, was present were much shorter than the actual
shelf-life of fruit-based products. Therefore, the complete inhibition of
the growth of HRMs in acid fruit-based should not be based alone on
establishing low headspace O, levels. Instead, a more effective ap-
proach would encompass the combined effect of low O, concentration
(< 1%) (in the headspace and food matrix) with intrinsic factors spe-
cific for the food e.g. antioxidants, organic acids, sugars (a,)), opti-
mized heat treatments, high O, barrier packaging, and storage

Food Microbiology 84 (2019) 103243

temperature.
Acknowledgements

The authors thank Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico (CNPq) -Brazil for financial support
(Grant#234405/2014-7) (Grants #302763/2014-7; #305804/2017-0)
and Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior -
Brasil (CAPES) - Finance Code 001.

References

Ackermann, J., Fischer, M., Amado, R., 1992. Changes in sugars, acids, and amino acids
during ripening and storage of apples (cv. Glockenapfel). J. Agric. Food Chem. 40 (7),
1131-1134.

Amaeze, N.J., 2013. Effect of different fruit components, aeration and cold storage at 5°C
on the germination of ascospores of Neosartorya fischeri. Lett. Appl. Microbiol. 56 (6),
443-448.

Berni, E., Tranquillini, R., Scaramuzza, N., Brutti, A., Bernini, V., 2017. Aspergilli with
Neosartorya-type ascospores: heat resistance and effect of sugar concentration on
growth and spoilage incidence in berry products. Int. J. Food Microbiol. 258, 81-88.

Campo, G., Santos, J.I., 2006. Quantitative analysis of malic and citric acids in fruit juices
using proton nuclear magnetic resonance spectroscopy. 556. pp. 462-468.

Chaix, E., Guillaume, C., Guillard, V., 2014. Oxygen and carbon dioxide solubility and
diffusivity in solid food matrices: a review of past and current knowledge. Compr.
Rev. Food Sci. Food Saf. 13 (3), 261-286.

Chapman, B., Winley, E., Fong, A.S.W., Hocking, A.D., Stewart, C.M., Buckle, K.A., 2007.
Ascospore inactivation and germination by high pressure processing is affected by
ascospore age. Innov. Food Sci. Emerg. Technol. 8 (4), 531-534.

Choe, E., Min, D.B., 2006. Chemistry and reactive oxygen species in foods. Crit. Rev. Food
Sci. Nutr. 41, 1-22.

Dagnas, S., Gougouli, M., Onno, B., Koutsoumanis, K.P., Membré, J.M., 2015. Modeling
red cabbage seed extract effect on Penicillium corylophilum: relationship between
germination time, individual and population lag time. Int. J. Food Microbiol. 211,
86-94.

Dagnas, S., Gougouli, M., Onno, B., Koutsoumanis, K.P., Membré, J.M., 2017. Quantifying
the effect of water activity and storage temperature on single spore lag times of three
moulds isolated from spoiled bakery products. Int. J. Food Microbiol. 240, 75-84.

Deacon, J., 2006. Fungal Biology, fourth ed. Blackwell Publishing Ltd.

Ellis, W.O., Smith, J.P., Simpson, B.K., Ramaswamy, H., Doyon, G., 1994. Growth of and
Aflatoxin Production by Aspergillus Fiat: us ( MAP ) conditions, vol. 22. pp. 173-187.

Evelyn, Silva, F.V.M., 2015. Inactivation of Byssochlamys nivea ascospores in strawberry
puree by high pressure, power ultrasound and thermal processing. Int. J. Food
Microbiol. 214, 129-136.

Evelyn, Silva, F.V.M., 2017. Resistance of Byssochlamys nivea and Neosartorya fischeri
mould spores of different age to high pressure thermal processing and thermo-
sonication. J. Food Eng. 201, 9-16.

Garcia-Torres, R., Ponagandla, N.R., Rouseff, R.L., Goodrich-Schneider, R.M., Reyes- De-
Corcuera, J.I., 2009. Effects of dissolved oxygen in fruit juices and methods of re-
moval. Compr. Rev. Food Sci. Food Saf. 8 (4), 409-423.

Gibb, B.E., Walsh, J.H., 1980. Effect of nutritional factors and carbon dioxide on growth
of Fusarium moniliforme and other fungi in reduced oxygen concentrations. Trans. Br.
Mycol. Soc. 74 (1), 111-118.

Gougouli, M., Koutsoumanis, K.P., 2012. Modeling germination of fungal spores at con-
stant and fluctuating temperature conditions. Int. J. Food Microbiol. 152 (3),
153-161.

Hesseltine, C.W., Featherston, C.L., Lombard, G.L., Dowell, V.R., 1985. Anaerobic growth
of molds isolated from fermentation starters used for foods in Asian countries.
Mycologia 77, 390-400.

Hillmann, F., Shekhova, E., Kniemeyer, O., 2015. Insights into the cellular responses
tohypoxia in filamentous fungi. Curr. Genet. 61 (3), 441-455.

Houbraken, J., Samson, R. a, Frisvad, J.C., 2006. Byssochlamys: significance of heat re-
sistance and mycotoxin production. Adv. Exp. Med. Biol. 571, 211-224.

Hull, R., 1939. Study of Byssochlamys fulva and control measures in processed fruits. Ann.
Appl. Biol. 26 (4), 800-822.

Judet, D., Bensoussan, M., Perrier-Cornet, J.M., Dantigny, P., 2008. Distributions of the
growth rate of the germ tubes and germination time of Penicillium chrysogenum
conidia depend on water activity. Food Microbiol. 25 (7), 902-907.

Kefford, J.F., McKenzie, H.A., Thompson, P.C.O., 1959. Effects of oxygen on quality and
ascorbic acid retention in canned and frozen orange juices. J. Sci. Food Agric. 10 (1),
51-63.

King, A.D., Michener, H.D., Ito, K.A., 1969. Control of Byssochlamys and related heat
resistant fungi in grape products. Appl. Microbiol. 18 (2), 166-173.

Kotzekidou, P., 2014. Byssochlamys. Encyclopedia of Food Microbiology. 1. pp.
344-350.

Kotzekidou, P., 1997. Heat resistance of Byssochlamys nivea, Byssochlamys fulva and
Neosartorya fischeri isolated from canned tomato paste. J. Food Sci. 62 (2), 410-412.

Nguyen Van Long, N., Dantigny, P., 2016. Antimicrobial food packaging materials.
Additives for Polymers, vol. 2001.

Nguyen Van Long, N., Vasseur, V., Couvert, O., Coroller, L., Burlot, M., Rigalma, K.,
Mounier, J., 2017. Modeling the effect of modified atmospheres on conidial germi-
nation of fungi from dairy foods. Front. Microbiol. 8.



J.L.P.d. Santos, et al.

Nielsen, P.V., Beuchat, L.R., Frisvad, J.C., 1989. Influence of atmospheric oxygen content
on growth and fumitremorgin production by a heat-resistant mold, Neosartorya fi-
scheri. J. Food Sci. 54 (3), 679-682.

Panagou, E.Z., Chelonas, S., Chatzipavlidis, 1., Nychas, G.J.E., 2010. Modelling the effect
of temperature and water activity on the growth rate and growth/no growth interface
of Byssochlamys fulva and Byssochlamys nivea. Food Microbiol. 27, 618-627.

Pitt, J.I., Hocking, A.D., 2009. Fungi and Food Spoilage. 1-519.

Renard, C., Maingonnat, J.-F., 2012. Thermal processing of fruits and fruit juices. Thermal
Food Processing 413-438.

Rice, S.L., 1980. Patulin Production by Byssochlamys spp. in canned grape juice. J. Food
Sci. 45, 485-488.

Samson, R.A., Houbraken, J., Thrane, U., Frisvad, J.C., Andersen, B., 2010. Food and
Indoor Fungi. CBS-KNAW, Utrecht.

Sant'Ana, A.S., Simas, R.C., Almeida, C.A.A., Cabral, E.C., Rauber, R.H., Mallmann, C.A.,
Eberlin, M.N., Rosenthal, A., Massaguer, P.R., 2010. Influence of package, type of
apple juice and temperature on the production of patulin by Byssochlamys nivea and
Byssochlamys fulva. Int. J. Food Microbiol. 142, 156-163.

Santos, J., Samapundo, S., Biyikli, A., Impe, J. Van, Akkermans, S., Hofte, M.,
Devlieghere, F., 2018a. Occurrence, distribution and contamination levels of heat
resistant moulds throughout the processing of pasteurized high-acid fruit products.
Int. J. Food Microbiol. 281, 72-81.

Santos, J.L.P., Samapundo, S., Giilay, S.M., Impe, V., Ana, A.S.S., Devlieghere, F., 2018b.
Inter- and intra-species variability in heat resistance and the effect of heat treatment
intensity on subsequent growth of Byssochlamys fulva and Byssochlamys nivea. Int. J.
Food Microbiol. 279, 80-87.

Schumpe, A., Quicker, G., Deckwer, W.-D., 1982. Gas Solubilities in Microbial Culture
Medium. 1-38.

Sturm, K., Koron, D., Stampar, F., 2003. The composition of fruit of different strawberry
varieties. depending on maturity stage 83, 417-422.

Taniwaki, M.H., Hocking, A.D., Pitt, J.I., Fleet, G.H., 2010. Growth and mycotoxin pro-
duction by fungi in atmospheres containing 80% carbon dioxide and 20% oxygen.
Int. J. Food Microbiol. 143 (3), 218-225.

Taniwaki, M.H., Hocking, A.D., Pitt, J.I., Fleet, G.H., 2001. Growth of fungi and myco-
toxin production on cheese under modified atmospheres. Int. J. Food Microbiol. 68
(1-2), 125-133.

Food Microbiology 84 (2019) 103243

Taniwaki, M.H., Hocking, a. D., Pitt, J.I., Fleet, G.H., 2009. Growth and mycotoxin pro-
duction by food spoilage fungi under high carbon dioxide and low oxygen atmo-
spheres. Int. J. Food Microbiol. 132, 100-108.

Tournas, V., 1994. Heat-resistant fungi of importance to the food and beverage industry.
Crit. Rev. Microbiol. 20 (4), 243-263.

Tranquillini, R., Scaramuzza, N., Berni, E., 2017. Occurrence and ecological distribution
of Heat Resistant Moulds Spores (HRMS) in raw materials used by food industry and
thermal characterization of two Talaromyces isolates. Int. J. Food Microbiol. 242,
116-123.

Tremarin, A., Angelo, D., Cassia, B. De, Salomao, M., Maria, G., Aragao, F., 2015.
Modeling the growth of Byssochlamys fulva and Neosartorya fischeri on solidified apple
juice by measuring colony diameter and ergosterol content. Int. J. Food Microbiol.
193, 23-28.

Valik, L., Pieckové, E., 2001. Growth modelling of heat-resistant fungi: the effect of water
activity. Int. J. Food Microbiol. 63 (1-2), 11-17.

Walker, G.M., White, N.A., 2005. Introduction to Fungal Physiology. Fungi: Biology and
Applications.

Wang, H., Cao, G., Prior, R.L., 1996. Total antioxidant capacity of fruits. J. Agric. Food
Chem. 44, 701-705.

Wells, J.M., Uota, M., 1970. Germination and growth of five fungi in low-oxygen and
high-carbon dioxide atmospheres. Phytopathologia 60, 50-53.

Weng, Y.-M., Hotchkiss, J.H., 1991. Headspace gas composition and chitin content as
measures of Rhizopus stolonifer growth. J. Food Sci. 56 (1), 274-275.

Yates, A.R., Seaman, A., Woodbine, M., 1967. Growth of Byssochlamys nivea in various
carbon dioxide atmospheres. Can. J. Microbiol. 13 (52), 52-55.

Zardetto, S., 2005. Effect of modified atmosphere packaging at abuse temperature on the
growth of Penicillium aurantiogriseum isolated from fresh filled pasta. Food Microbiol.
22 (4), 367-371.

Zimmermann, M., Rodriguez De Massaguer, P., Maria, G., Aragao, F., 2013. Byssochlamys
nivea growth in papaya juice as influenced by water activity and ascospore age.
Focusing on Modern Food Industry 2 (1), 17-25.

Zhou Z, Takaya N, Shoun H .2010 Multi-energy metabolic mechanisms of the fungus
Fusarium oxysporum in low oxygen environments. Biosci. Biotechnol. Biochem.
74:2431-2437.



