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Abstract: High levels of carbon dioxide are known to inhibit the growth of microorganisms. A
total of twenty strains of filamentous fungi and yeasts were isolated from habitats with enriched
carbon dioxide concentration. Most strains were derived from modified atmosphere packed (MAP)
food products or mofettes and were cultivated under an atmosphere of 20% CO2 and 80% O2. The
influence of CO2 on fungal cell membrane fatty acid profiles was examined in this study. Major
changes were the increase in linolenic acid (C18:3 cis 9, 12, 15) and, additionally in most strains,
linoleic acid (C18:2 cis 9, 12) with a maximum of 24.8%, at the expense of oleic (C18:1 cis 9), palmitic
(C16:0), palmitoleic (C16:1 cis 9) and stearic acid (C18:0). The degree of fatty acid unsaturation increased
for all of the strains in the study, which consequently led to lower melting temperatures of the cell
membranes after incubation with elevated levels of CO2, indicating fluidization of the membrane
and a potential membrane malfunction. Growth was reduced in 18 out of 20 strains in laboratory
experiments and a change in pigmentation was observed in several strains. Two of the isolated
strains, strain WT5 and strain WR1, were found to represent a hitherto undescribed yeast for which
the new genus and species Stenotrophomyces fumitolerans (MB# 849906) is proposed.

Keywords: carbon dioxide; modified atmosphere packaging; fatty acids; membrane fluidity;
filamentous fungi; novel yeast species; capnophiles

1. Introduction

Fungi are indispensable in food science and are not only used as edible mushrooms
and in the production process of fermented and baked goods, but for the refinement of
important consumer goods, such as for the maturation of cheese and dry-cured meat [1].
In the maturation process of food products, they release secondary metabolites, which
subsequently impart characteristic aromas or flavours [1]. On the other hand, several
species of filamentous fungi and yeasts are relevant as food-spoilage organisms, which
can cause off-odour and off-flavour of the product, and in some cases even result in
contamination with mycotoxins [2]. Food products, especially those that are nutrient-
rich and have high water content, such as meat, are prone to microbial spoilage due to
microbial growth and metabolic activity [3]. Fungi commonly found on food include several
yeast species and molds of the genera Saccharomyces, Rhodotorula, Aspergillus, Penicillium,
Mucor and Rhizopus and are food spoilage organisms in most of the cases [4,5]. Fungi are
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ubiquitously distributed and occur in large numbers of up to 10,000 spores in 1 m3 of air [6],
which indicates the importance of their role not only in terms of food production, food
waste and hygiene, but also in biotechnology, human medicine and plant pathology.

For conservation and for the prevention of microbial growth, food products are packed
under modified atmospheres (MA), including high amounts of CO2, depending on the
product. For raw red meat, gas mixtures of 20–30% CO2 and 70–80% O2 are commonly
used, whereas for white non-processed fish gas mixtures of 30% O2, 40% CO2 and 30%
N2 are used [7]. In general, the function of carbon dioxide is mainly the inhibition of
microbial growth [7,8]. In the case of fungi, it has also been shown that the production of
several mycotoxins, including aflatoxins, patulin and roquefortine C, is greatly decreased
by high CO2-containing MA [8,9]. Nevertheless, some food spoilage and plant or human
pathogenic microorganisms are able to grow under these conditions, including the fungi
Mucor plumbeus, Fusarium oxysporum and members of the genus Byssochlamys [8] and the
bacteria Brochothrix thermosphacta, Campylobacter jejuni and members of the Lactobacillales [7,10].

Microorganisms, which can tolerate or even require high-CO2 concentrations, are
referred to as capnotolerant or capnophilic organisms, respectively. They can be found
in anthropogenic CO2-rich environments, such as MAP food products, as well in natural
environments, such as mofettes or geysers [11]. The latter result from volcanic activities
releasing CO2 to the surface and thereby create natural unique environments with elevated
CO2 levels, where even new fungal species have been discovered [12]. Fungal adaptation
mechanisms to such an increased presence of the carbon dioxide stressor are expected
to be similar for strains from artificial (MAP) and natural habitats (mofettes), which can
only be evaluated through comparison analysis. Not much is known about the cell effect
of elevated CO2 concentrations on microorganisms, but it has been suggested to be a
complex interaction of several reactions leading to growth reduction of the organisms or
even bactericidal and sporicidal effects [13]. Due to its unique property of being lipo- and
hydrophilic, carbon dioxide can dissolve in the phospholipid bilayer of the membrane
of cells and is supposed to cause the so-called ‘anesthesia effect’, a loss of order by the
incorporation of foreign molecules [14].

The lipids of the phospholipid bilayers of fungi include fatty acids, phospholipids,
sterols, oxylipins, sphingolipids and glycolipids [15]. In fungi, the most abundant fatty
acids in membrane phospholipids, as well as storage triacylglycerols, are palmitic (C16:0)
and stearic (C18:0) acids, as well as their unsaturated derivatives palmitoleic (C16:1 cis 9),
oleic (C18:1 cis 9), linoleic (C18:2 cis 9, 12) and alpha- or gamma-linolenic (C18:3 cis 9, 12, 15 or
C18:3 cis 6, 9, 12) acids [16–18]. Polar lipids are therefore an essential part of membranes and
fungal polar lipids can account for up to 85% of the total lipid content [16]. The main fungal
lipids are phospholipids such as phosphatidylcholine and phosphatidylethanolamine, but
also phosphatidylserine, phosphatidylinositol, phosphatidylglycerol and diphosphatidyl-
glycerol, as well as glycolipids [19]. Slightly elevated concentrations of about 560 ppm CO2
(instead of the ambient atmospheric 360 ppm of that time) have been shown to stimulate
fungal activity and increase the total biomass [20]. In other studies, slightly increased CO2
levels have led to increased extracellular enzymatic activities and stimulated microbial
respiration [21].

In this work, the effect of high CO2-containing MA on several fungal isolates and their
membranes was examined. The strains were mainly isolated from MAP food and mofettes
and identified based on marker gene sequencing. The strains were furthermore analyzed
regarding their fatty acid profile changes towards CO2 and temperature stress. The study
also resulted in the isolation of a novel yeast species, which was characterized and formally
described in this study.

2. Materials and Methods
2.1. Isolation and Ecology

The majority of the organisms used in this study were isolated from food packed
under CO2-enriched atmospheres. Oxygen and carbon dioxide concentrations were mea-
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sured using an Oxybaby M+ O2/CO2 gas analyzer (WITT-Gasetechnik, Witten, Germany).
For the isolation of strains, 10 g of each product were taken and diluted with Ringer’s
solution (Merck, Darmstadt, Germany) to a total weight of 100 g. The sample was then
homogenized for 60 s and a ten-fold dilution series was prepared. The suspension (0.1 mL)
of an appropriate dilution was plated on YMG agar with penicillin and streptomycin
(5.0 g glucose, 2.0 g yeast extract, 5.0 g malt extract, 10 g bacteriological agar, 0.04 g peni-
cillin G potassium salt, 0.03 g streptomycin sulfate, ad 500 mL distilled H2O) and incubated
at 25 ◦C. After 4 d, the isolates were picked from the plates.

All strains used in this study are listed in Table 1. Yeast strains WR1, WT2, WT5,
WT6 and WT7 were recovered from a vegetarian wrap packed under MA, with remaining
oxygen and carbon dioxide concentrations of 0.3% and 28.4%, respectively. Yeast strain
HT4 and filamentous fungus strain HR2 were isolated from MAP minced meat, with a
remaining atmosphere of 59.4% O2 and 28.0% CO2. Yeast strain LR1 and mold strain LT1
were recovered from MAP salmon, with a remaining atmosphere of 0% O2 and 21.1%
CO2. The filamentous fungus strain KR3 was recovered from MAP coffee powder, with a
remaining atmosphere of 0.8% O2 and 81.2% CO2.

Table 1. Isolation source and identification of the different fungal strains using ITS and/or 28S
rRNA gene regions according to GenBank. Sequences of isolates were only compared to type strain
sequences. Models and environmental samples were excluded. All strains were sequenced during
this project, with the exception of the two strains IF2SW-F4 and DSM 1075.

Source Strain Species According to NCBI
BLAST

Sequence Similarity with
Closely-Related Type Strain Sequence Accession No.

Vegetarian wrap WR1 Torulaspora globosa 96.9% ‡ (KY109865.1) OQ255941
WT2 Pichia fermentans 99.8% ‡ (MK394169.1) OQ255937
WT5 Vanderwaltozyma verrucispora 89.0% * (NR_137559.1) OQ255923

Torulaspora globosa 96.9% ‡ (KY109865.1) OQ255942
Further accession numbers for
SSU-ITS-LSU fragment, RPB2

and TEF1
- OQ708375, OQ715316,

OR661267

WT6 Apiotrichum gracile 99.8% ‡ (KY106124.1) OQ255938
WT7 Candida oleophila 99.6% ‡ (NG_060820.1) OQ255939

Minced Meat HR2 Penicillium griseofulvum 99.8% * (MH854925.1) OQ255924
Penicillium dipodomyus † 100% ‡ (MH874450.1) OQ255931

HT4 Candida sake 100% ‡ (KY106745.1) OQ255932
Salmon LR1 Candida zeylanoides 100% ‡ (NG_060834.1) OQ255933

LT1 Didymella corylicola † 100% ‡ (MN954290.1) OQ255934
Coffee KR3 Neurospora tetraspora 98.9% ‡ (NG_068996.1) OQ255940

Airborne TS1 Penicillium tardochrysogenum † 100% * (MH865983.1) OQ255929
Penicillium dipodomyus † 100% ‡ (MH874450.1) OQ255935

TS2 Penicillium griseofulvum 99.8% * (MH854925.1) OQ255930
Penicillium tardochrysogenum † 100% ‡ (NG_070021.1) OQ255936

Mofettes M1 Rhizopus oryzae 100% * (DQ641279.1) OQ255925
M2 Cladosporium subuliforme † 100% * (MH864124.1) OQ255922
M3 Rhodotorula alborubescens 99.6% * (NR_153197.1) OQ255926
M4 Alternaria alstroemeriae † 100% * (NR_163686.1) OQ255927
M6 Penicillium glandicola 100% * (MH860946.1) OQ255928

M12 Rhodotorula babjevae 99.4% * (NR_077096.1) OQ504373
International Space

Station (ISS) IF2SW-F4 Penicillium rubens 100.0% (MT558923.1) JACSPE000000000

Cantaloupe melon DSM 1075 Penicillium rubens 100% * (NR_111815.1) PKG00000000,
as published before [22]

* ITS nucleotide sequence; ‡ LSU nucleotide sequence; † Additionally shares 100% sequence similarity with
other strains.

In search of natural environments with elevated CO2 levels, water samples were
taken from mofettes, located at lake Laacher See, Germany (coordinates: 50◦24′51.3′′ N,
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7◦17′08.9′′ E). A ten-fold dilution series was prepared and YMG agar was inoculated with
the suspension (0.1 mL) of an appropriate dilution and incubated at 10 ◦C and 25 ◦C to
isolate mesophilic fungi that grow at colder and ambient temperatures. Colonies were
picked after 4 d of incubation. Yeast strains M3 and M12, as well as filamentous fungi M1,
M2, M4 and M6, were isolated from this source and analyzed in this study.

Strains Penicillium rubens IF2SW-F4 and Penicillium rubens DSM 1075 were taken from
the culture collection of the Aerospace Microbiology Research Group, German Aerospace
Center (DLR). Strain IF2SW-F4 was originally isolated from a surface inside the Interna-
tional Space Station (ISS) during the NASA JPL Microbial Tracking studies [23]. DSM 1075,
the corresponding type strain, was used as a reference in this study. CO2 levels on the
ISS can be more than 20 times higher than in the earth’s atmosphere (0.03% at the time of
publication), ranging from 0.3 to 0.7% [24]. For humans, these conditions can already have
a medical impact in terms of increasingly reported headaches [25].

Filamentous fungi strains TS1 and TS2 were airborne and isolated from TSA (tryptic
soy agar; Merck, Germany) and were included as reference strains from environments with
non-elevated CO2 concentrations.

All strains listed above are yeasts and filamentous ascomycetes. Other taxa were not
isolated from these samples.

2.2. Cultivation and Modified Atmosphere Packaging of Strains

Spore suspensions of all strains listed above were stored at −80 ◦C using Cryobank
(Mast Group, Bootle, UK). For all subsequent experiments, the fungi were cultivated on YE
agar (10.0 g glucose, 2.5 g yeast extract, 10 g bacteriological agar, 500 mL distilled H2O) or
broth. All strains tested positive for growth at temperatures of 10 and 25 ◦C.

Growth under MA was assessed by placing inoculated YE agar Petri dishes or 50 mL
inoculated YE broth in tissue culture flasks (Sarstedt, Nümbrecht Germany) in a polypropy-
lene tray (ES-Plastic, Hutthurm, Germany), which was sealed with polyethylene foil (Süd-
pack, Ochsenhausen, Germany) by a Multivac T200 traysealer (Multivac, Wolfertschwen-
den, Germany). A common gas composition for meat products, consisting of 80% O2
and 20% CO2, was used for all strains. The trays were incubated at 10 ◦C, to simulate
the conditions of food storage, for the time span of four weeks, after which the growth
was visually evaluated, and by measuring the optical density or glucose concentration
in the media. In case the growth of each strain was sufficient (utilization of the glucose
or an optical density above 0.1), biological triplicates were incubated under MAP for all
subsequent experiments on agar for 14 days (yeasts) and in broth (filamentous fungi) until
the remaining glucose concentration was approximately 25 mg/L (filamentous fungi).
Concerning the yeasts, controls exposed to normal atmosphere and MAP samples were
incubated at 10 ◦C for 14 days and at 25 ◦C for 3 days in order to distinguish CO2-induced
effects on the membrane from temperature-related effects. In contrast, controls and MAP
samples of the filamentous fungi were incubated at 10 ◦C, as well as samples at an ele-
vated temperature of 25 ◦C and were harvested at growth phases as similar as possible
by harvesting at 25 mg/L glucose. The gas compositions were immediately measured
before harvesting. Trays with non-inoculated YE and trays without plates were also packed
under MAP and incubated like the samples in order to determine how the gas composition
differs due to CO2 diffusing into the agar and other factors changing the gas composition.
The pH values of non-inoculated agar stored under MAP and the controls were measured
after incubation.

2.3. Phylogenetic Analyses

The genomic DNA of the strains was extracted with a Qiagen DNeasy Blood and
Tissue Kit (Qiagen, Hilden, Germany) and the supplementary protocol for yeasts using
the enzyme lyticase or using a MasterPure Yeast DNA Purification kit (Lucigen, Biosearch
Technologies, Hoddesdon, UK). The extraction was performed according to the instructions
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in the protocols, with an incubation time of 90 min after adding proteinase K using the
Qiagen DNeasy Blood and Tissue Kit.

For the amplification of the 28S rRNA gene region or ITS region, the primer
sets used were NL-1F (5′-GCATATCAATAAGCGGAGGAAAAG-3′) and NL-4R
(5′-GGTCCGTGTTTCAAGACGG-3′) [26] for the sequencing of the D1/D2 region at the
5′ end of the large subunit 28S rRNA gene and ITS-1 (5′-TCCGTAGGTGAACCTGCGG-
3′) and ITS-4 (5′-TCCTCCGCTTATTGATATGC-3′) for sequencing of the ITS region [27].
The PCR conditions were as follows: initial denaturation at 94 ◦C for 2 min; 36 cycles of
denaturation at 94 ◦C for 0.5 min, annealing at 52 ◦C for 1 min, elongation at 72 ◦C for
1 min; final extension at 72 ◦C for 10 min, followed by a cooling phase at 4 ◦C for the 28S
rRNA gene sequence and initial denaturation at 95 ◦C for 2 min; 35 cycles of denaturation
at 95 ◦C for 0.3 min, annealing at 52 ◦C for 0.5 min, elongation at 72 ◦C for 1.5 min; final
extension at 72 ◦C for 10 min, followed by a cooling phase at 4 ◦C for the ITS gene sequence.
The PCR products were Sanger sequenced by Seqlab (Göttingen, Germany). Sequences
were manually checked and edited with Chromas software (Version 2.6.6, Technelysium,
South Brisbane, Australia). Partial sequences of other genes, namely ribosomal 18S (SSU)
rRNA, TEF1 (translation EF-1KA nucleotide sequence) and RPB2 (RNA polymerase II
subunit nucleotide sequence), were used for phylogenetic analyses of strain WT5. Am-
plification and sequencing of the 18S rRNA, RPB2 and TEF1 genes were performed with
the following primer pairs: NS1 and NS8, RPB2-7cR and RPB2-5F, YTEF-1G and YTEF-6G,
respectively [28–31]. Nucleotide sequences were assembled with Sequencher software
(Version 5.4.6, GeneCodes Inc., Ann Arbor, MI, USA).

The gene sequences were compared with publicly available sequences from GenBank
using BLAST version 2.12.0 (Basic local alignment search tool, National Centre for Biotech-
nological Information, Bethesda, MD, USA; [32]) and the MycoID (www.mycobank.org,
accessed on 26 September 2023) database. Models and environmental samples were ex-
cluded in the search. The results of the sequencing and BLAST search are shown in Table 1.

For strain WT5, nucleotide sequence alignments were aligned in the dataset previously
used by Kachalkin et al. [33] in the description and placement of Zygotorulaspora dagestanica
using the online version of the MAFFT algorithm [34]. Phylogenetic relationships in the
concatenated alignment of the five loci were inferred by the Maximum-Likelihood (ML)
method with RAxML GUI 2.0 [35] with 100 thorough bootstrap replicates. A model test
tool implemented in the software was used to determine the best substitution model
for each partition, the general time reversible model GTR + G + I (SSU and LSU), the
Kimura model K80 + G (5.8S rRNA gene) and transition models TIM2 (RPB2) and TIM3
(TEF1). Single-gene best ML trees were combined into a single file and analyzed with
Splitstree 4.10 [36] using the ConsensusNetwork (threshold 0.1; edges weight sum of
nodes) algorithm. The approach has been previously used to visualize and delimit closely
related species in the Papiliotrema flavescens species complex [37] and species in the family
Saccharomycetaceae [38]. The dataset for the multigene phylogenetic tree consisted of 48 taxa
and that for the phylogenetic network was reduced to 46 taxa for the phylogenetic tree
analysis to include taxa for which all sequences of the five gene regions were available.
The alignment included representatives of the family Saccharomycetaceae, the WGD clade
(the clade characterized by the whole-genome duplication) in the whole-genome analysis
of ascomycetous yeasts by Shen et al. [39], as well as outgroup taxa from the families
Debaryomycetaceae, Phaffomycetaceae and Pichiaceae. The resulting alignment consisted of
3597 characters: 1654 in the nearly complete 18S rRNA gene (SSU), 584 in D1/D2 domains
of the 26S/28S rRNA gene (LSU), 160 in 5.8S rRNA gene, 448 in TEF1 and 751 in RPB2.

2.4. Fatty Acid Analysis

For the analysis of fungal fatty acids, the samples were prepared in the form of fatty
acid methyl esters [40] from 40 mg of yeast cell material grown on agar plates or from 20 mg
of lyophilized fungal cell material. The methyl esters were chromatographically separated
via the GC-MSD system 8890 (Agilent Technologies, Santa Clara, CA, USA) with a 5%
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phenyl methyl silicone capillary column (0.25 mm by 30 m) and identified as previously
described [41]. Samples that contained both the oleic (C18:1 cis 9) and linolenic acid (C18:3
cis 9, 12, 15) were additionally analyzed using a GC 2010 plus system (Shimadzu, Duisburg,
Germany) with a flame ionization detector [42] and a Phenomenex ZX-WaxPlus column
(0.25 mm by 30 m) to discriminate these two compounds. After relatively quantifying the
samples, the degree of unsaturation (DU) within the fatty acid profiles was calculated using
Formula 1. The analyzed fatty acids include data sets from growth at 10 ◦C with MAP
treatment (20% CO2, 80% O2), controls with growth at 10 ◦C without MA and growth at
25 ◦C in regular atmosphere. All fatty acid profiles are listed in Table 2 (yeasts) and Table 3
(filamentous fungi), alongside the calculated average melting temperature (WAMT) of each
organisms’ fatty acid profile and the DU. WAMT values were calculated according to Seel
(2018) [43].

Formula (1): Formula for calculating the degree of unsaturation (DU) within the
extracted fatty acids extracted from the fungal strains.

DU = 1×%
monoenes

100
+ 2×%

dienes
100

+ 3×%
trienes

100
(1)

2.5. Physiology and Chemotaxonomy of Strains WT5 and WR1

Growth tests for strains WT5 and WR1 were performed in liquid media according
to the methods described by Kurtzman et al. [44]. A Microscope Nikon ECLIPSE Ni-E
equipped with phase-contrast and digital interference optics and a digital camera DS-Ri2
were used for microscopy. Polar lipid patterns of membrane lipids were extracted and
analyzed for the strains WT5 and WR1 using two-dimensional thin-layer chromatography,
as described previously [45]. For polar lipid extraction, the yeasts were cultivated in YE
broth until the solution reached an optical density of 1.0 ± 0.2 at 625 nm. Furthermore, the
fatty acids of the two yeast strains were extracted and analyzed as described above. The
results are displayed in Table 2.



J. Fungi 2023, 9, 1031 7 of 19

Table 2. Fatty acid composition of the examined yeasts under elevated CO2 levels (20% CO2) at 10 ◦C, and under normal atmospheres at 10 ◦C and 25 ◦C. The
values represent the average of three biological replicates (n = 3) and the standard deviation in % of the total area of all fatty acids in the sample. WAMT resembles
the weighted average melting temperature of the membrane in ◦C. DU shows the degree of unsaturation. nd, fatty acids not detected in the replicates.

Organisms Growth at C14:0 C16:0 C16:1 cis 9 C18:0 C18:1
cis 9

C18:2
cis 9, 12

C18:3
cis 9, 12, 15

C18:1
cis 11 C18:0 3OH WAMT (◦C) DU

Candida
zeylanoides LR1

10 ◦C, CO2 10.4 ± 0.5 8.9 ± 1.8

<1

38.7 ± 3.1 24.8 ± 1.9 17.3 ± 2.6

nd

7.7 ± 0.2 1.49
10 ◦C <1 11.5 ± 1.5 8.4 ± 2.1 39.6 ± 3.1 25.8 ± 0.5 14.7 ± 4.0 nd 8.7 ± <0.1 1.44
25 ◦C 15.1 ± 0.6 4.5 ± 0.3 41.3 ± 1.7 27.0 ±0.3 12.0 ± 1.3 11.5 ± 0.1 1.36

Pichia fermentans
WT2

10 ◦C, CO2 11.4 ± 1.6 19.8 ± 1.7 0.5 ± 0.2 22.9 ± 2.1 22.9 ± 1.3 22.4 ± 0.4
nd

6.4 ± 0.7 1.56
10 ◦C <1 11.1 ± 0.9 23.1 ± 0.4 1.0 ± 0.1 24.9 ± 1.2 27.1 ± 1.0 12.8 ± 0.5 nd 7.6 ± 0.5 1.41
25 ◦C 14.8 ± 0.4 15.7 ± 1.6 2.2 ± 0.3 21.4 ± 1.3 35.6 ± 0.2 10.3 ± 0.3 9.9 ± 0.6 1.39

Stenotrophomyces
fumitolerans WT5

10 ◦C, CO2 5.6 ± 0.7 74.2 ± 2.6
<1

16.4 ± 2.0
nd nd

3.8 ± 0.7 7.0 ± 0.7 0.94
10 ◦C <1 8.3 ± 0.3 74.5 ± 0.8 13.5 ± 0.3 3.8 ± 0.7 nd 8.4 ± 0.2 0.92
25 ◦C 9.3 ± 1.5 65.5 ± 3.3 18.2 ± 1.9 7.0 ± 1.0 10.0 ± 1.0 0.91

Stenotrophomyces
fumitolerans WR1

10 ◦C, CO2 8.6 ± 0.5 75.6 ± 0.1
<1

13.1 ± 0.2
nd nd

2.7 ± 0.3 8.3 ± 0.3 0.91
10 ◦C <1 9.0 ± 0.5 79.7 ± 4.6 9.2 ± 3.5 2.9 ± 0.8 nd 8.2 ± 0.2 0.91
25 ◦C 10.5 ± 0.4 66.4 ± 1.2 17.2 ± 1.0 5.9 ± 0.4 10.4 ± 0.4 0.89

Apiotrichum
gracile WT6

10 ◦C, CO2 16.2 ± 1.0 1.4 ± 0.3 2.4 ± 2.8 19.6 ± 1.0 47.2 ± 4.2 14.0 ± 1.7
nd

8.7 ± 2.3 1.57
10 ◦C <1 19.1 ± 1.8 2.3 ± 0.4 2.3 ± 0.4 47.5 ± 3.0 22.9 ± 3.0 5.9 ± 1.4 nd 17.2 ± 2.0 1.13
25 ◦C 20.8 ± 1.1 0.8 ± 0.3 3.9 ± 1.2 24.0 ± 1.7 46.4 ± 2.8 4.2 ± 3.9 14.9 ± 0.6 1.30

Candida oleophila
WT7

10 ◦C, CO2 12.4 ± 0.5 12.4 ± 1.1 0.3 ± 0.1 35.6 ± 0.4 19.1 ± 0.9 20.1 ± 0.3
nd

8.9 ± 0.3 1.37
10 ◦C <1 14.3 ± 0.5 15.7 ± 1.0 0.8 ± 0.1 41.9 ± 3.8 16.8 ± 1.3 10.3 ± 2.7 nd 12.6 ± 1.1 1.22
25 ◦C 14.7 ± 0.4 1.8 ± 0.1 3.7 ± 0.3 47.8 ± 0.7 23.7 ± 0.4 8.2 ± 0.8 15.2 ± 0.6 1.22

Candida sake HT4
10 ◦C, CO2 11.1 ± 0.5 11.5 ± 2.7 0.7 ± 0.3 34.0 ± 8.8 28.7 ± 6.8 14.0 ± 4.5

nd
8.2 ± 0.2 1.45

10 ◦C <1 14.3 ± 1.2 14.7 ± 0.1 1.1 ± 0.1 50.5 ± 3.4 13.7 ± 3.1 5.8 ± 1.6 nd 14.6 ± 1.6 1.10
25 ◦C 12.3 ± 0.7 10.5 ± 0.2 1.5 ± 0.3 48.0 ± 4.6 23.0 ± 3.1 4.7 ± 1.3 12.8 ± 0.8 1.19

Rhodotorula
alborubescens M3

10 ◦C, CO2 10.4 ± 0.5 0.9 ± 0.1 1.9 ± 0.1 28.5 ± 0.8 39.1 ± 1.1 19.2 ± 0.4
nd

6.4 ± 0.4 1.65
10 ◦C <1 20.4 ± 1.3 1.4 ± 0.2 2.4 ± 0.5 46.8 ± 2.3 20.9 ± 2.1 8.1 ± 1.4 nd 17.9 ± 1.5 1.14
25 ◦C 18.1 ± 0.5 0.4 ± 0.1 4.0 ± 0.2 54.3 ± 0.8 17.6 ± 0.6 5.6 ± 0.4 19.0 ± 0.3 1.06

Rhodotorula
babjevae M12

10 ◦C, CO2 1.0 ± <0.1 13.7 ± 0.3 2.1 ± 0.2 1.4 ± 0.2 25.8 ± 0.9 25.6 ± 0.2 18.9 ± 0.3 11.5 ± 0.5 19.2 ± 0.4 1.70
10 ◦C 1.0 ± 0.2 16.9 ± 0.9 3.2 ± 0.5 1.0 ± 0.4 36.5 ± 2.8 15.5 ± 0.8 9.6 ± 2.3 nd 16.1 ± 1.3 28.7 ± 0.8 1.48
25 ◦C 1.1 ± 0.1 17.7 ± 1.2 1.2 ± 0.1 1.7 ± 0.2 39.0 ± 3.3 20.2 ± 2.9 10.3 ± 1.9 8.5 ± 0.5 22.1 ± 1.7 1.38
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Table 3. Fatty acid composition of the examined filamentous fungi under elevated CO2 levels (20% CO2) at 10 ◦C, and under normal atmospheres at 10 ◦C and 25 ◦C.
The values represent the average of three biological replicates (n = 3; except for M2 10 ◦C, where n = 2) and the standard deviation in % of the total area of all fatty
acids in the sample. WAMT resembles the weighted average melting temperature of the membrane in ◦C. DU shows the degree of unsaturation. * R. oryzae M1 has
C18:3 cis 6, 9, 12 instead of C18:3 cis 9, 12, 15.

Organisms Growth at C16:0 C16:1 cis 9 C18:0 C18:1
cis 9

C18:2
cis 9, 12

C18:3
cis 9, 12, 15 WAMT (◦C) DU

Penicillium rubens IF2SW-F4
10 ◦C, CO2 8.8 ± 0.5 6.5 ± 1.0 11.1 ± 1.7 43.7 ± 3.8 30.0 ± 4.8 4.7 ± 0.2 1.89

10 ◦C 14.9 ± 0.6 <1 7.2 ± 1.4 10.2 ± 1.2 51.0 ± 2.7 16.7 ± 0.6 10.0 ± 1.7 1.64
25 ◦C 16.1 ± 1.1 3.6 ± 0.9 8.7 ± 0.5 60.0 ± 2.7 11.6 ± 1.0 8.0 ± 1.3 1.63

Penicillium rubens DSM 1075
10 ◦C, CO2 8.9 ± 0.4 6.8 ± 2.9 4.2 ± 2.2 47.3 ± 4.6 32.8 ± 4.5 3.6 ± 1.4 1.97

10 ◦C 10.6 ± 1.3 <1 10.1 ± 2.9 2.7 ± 0.9 44.5 ± 6.2 33.0 ± 5.6 6.8 ± 1.5 1.91
25 ◦C 16.0 ± 1.6 4.0 ± 0.6 3.5 ± 0.5 61.5 ± 5.2 15.1 ± 3.2 7.0 ± 1.6 1.72

Penicillium griseofulvum HR2
10 ◦C, CO2 10.5 ± 1.2 1.6 ± 0.5 2.3 ± 1.1 6.9 ± 1.0 64.2 ± 3.3 14.5 ± 2.3 2.7 ± 1.8 1.80

10 ◦C 13.0 ± 0.4 1.6 ± 0.3 4.2 ± 0.8 8.0 ± 0.9 55.7 ± 3.3 17.5 ± 2.2 6.0 ± 0.5 1.74
25 ◦C 14.8 ± 0.9 0.8 ± 0.1 2.9 ± 0.3 8.0 ± 0.4 70.2 ± 2.2 3.4 ± 1.1 6.8 ± 0.8 1.59

Didymella corylicola LT1
10 ◦C, CO2 14.8 ± 2.3 3.9 ± 0.7 1.5 ± 0.2 12.9 ± 2.2 58.6 ± 2.3 8.4 ± 2.6 6.8 ± 2.2 1.59

10 ◦C 18.8 ± 1.5 8.1 ± 2.2 3.0 ± 1.0 33.8 ± 3.9 33.8 ± 5.0 2.5 ± 0.5 15.5 ± 2.0 1.17
25 ◦C 14.4 ± 1.8 1.0 ± 0.6 2.8 ± 0.1 20.7 ± 5.4 57.9 ± 6.5 3.2 ± 1.5 9.1 ± 2.4 1.47

Neurospora tetraspora KR3
10 ◦C, CO2 10.2 ± 1.8 1.5 ± 1.0 1.5 ± 0.4 5.8 ± 0.6 54.3 ±2.4 26.8 ± 3.5 1.1 ± 1.7 1.96

10 ◦C 12.1 ± 1.3 3.2 ± 0.8 4.7 ± 1.8 15.5 ± 3.2 53.2 ± 1.6 11.2 ± 1.3 7.7 ± 1.6 1.59
25 ◦C 15.0 ± 1.2 1.5 ± 0.1 8.0 ± 2.8 25.7 ± 3.0 45.0 ± 3.1 4.8 ± 2.2 14.4 ± 2.1 1.32

Penicillium tardochrysogenum TS1
10 ◦C, CO2 11.0 ± 1.1

<1
4.5 ± 0.4 13.4 ± 1.5 42.5 ± 4.2 28.5 ± 6.5 5.4 ± 1.1 1.84

10 ◦C 13.8 ± 0.9 5.8 ± 0.9 10.7 ± 1.3 44.0 ± 2.6 25.6 ± 3.3 7.9 ± 0.4 1.76
25 ◦C 15.0 ± 0.4 2.5 ± 0.4 23.3 ± 3.0 50.4 ± 6.9 8.8 ± 3.3 9.4 ± 0.9 1.50

Penicillium griseofulvum TS2
10 ◦C, CO2 10.3 ± 0.8 1.7 ± 0.9 2.5 ± 1.1 6.2 ± 1.4 64.6 ± 4.8 14.7 ± 2.3 2.6 ± 1.5 1.81

10 ◦C 12.9 ± 0.6 1.6 ± 0.4 2.6 ± 0.8 8.1 ± 0.8 60.8 ± 3.5 14.0 ± 4.2 4.9 ± 0.6 1.73
25 ◦C 14.6 ± 1.0 0.8 ± 0.1 3.0 ± 0.6 8.6 ± 0.7 70.2 ± 3.0 2.7 ± 0.9 6.9 ± 1.2 1.58

Rhizopus oryzae M1 *
10 ◦C, CO2 25.5 ± 4.4 8.0 ± 2.9 2.1 ± 0.3 35.1 ± 4.1 11.6 ± 2.0 17.7 ± 4.8 19.2 ± 4.0 1.19

10 ◦C 20.3 ± 0.4 5.0 ± 1.0 6.5 ± 2.5 50.4 ± 1.6 8.8 ± 2.4 9.0 ± 2.0 22.0 ± 2.3 1.00
25 ◦C 22.0 ± 3.5 0.9 ± 0.4 6.1 ± 1.1 42.1 ± 1.5 19.4 ± 1.5 9.5 ± 1.4 20.9 ± 2.8 1.10

Cladosporium subuliforme M2
10 ◦C, CO2 20.6 ± 2.2

<1
2.4 ± 0.4 16.2 ± 0.9 49.9 ± 2.1 10.9 ± 0.8 11.7 ± 1.5 1.49

10 ◦C 22.8 ±1.6 5.4 ± 2.8 28.2 ± 0.2 37.3 ± 0.1 6.3 ± 0.8 18.1 ± 1.0 1.22
25 ◦C 29.1 ± 2.4 8.4 ± 1.8 33.7 ± 0.8 27.9 ± 4.0 0.9 ± 0.2 26.1 ± 2.7 0.92

Alternaria alstroemeriae M4
10 ◦C, CO2 14.6 ± 1.5 0.9 ± <0.1 5.0 ± 1.0 8.3 ± 1.6 63.7 ± 1.3 7.5 ± 2.0 8.2 ± 1.7 1.59

10 ◦C 24.1 ± 1.3 1.3 ± <0.1 6.2 ± 1.1 16.9 ± 0.6 47.6 ± 3.2 4.0 ± 0.2 17.5 ± 1.9 1.25
25 ◦C 22.3 ± 2.2 1.5 ± 0.1 6.2 ± 0.6 33.9 ± 2.3 35.8 ± 0.6 0.3 ± <0.1 20.0 ± 1.6 1.08

Penicillium glandicola M6
CO2 12.0 ± 0.7 2.8 ± 0.3 2.4 ± 0.4 7.7 ± 1.3 61.3 ± 2.0 13.9 ± 2.7 4.1 ± 0.6 1.75
10 ◦C 12.9 ± 0.6 1.2 ± 0.1 8.3 ± 0.2 17.0 ± 1.7 50.6 ± 0.9 10.0 ± 2.5 11.2 ± 0.8 1.49
25 ◦C 16.4 ± 1.4 1.4 ± 0.1 6.9 ± 1.4 36.7 ± 2.1 37.3 ± 1.5 1.4 ± 0.5 16.9 ± 1.8 1.17
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3. Results
3.1. Growth Assessment

The growth of all strains used in this study decreased under MAP, except for the two
yeast strains Candida sake HT4 and P. fermentans WT2, which grew as well as in the control
cultures under normal atmosphere. A general observation in light of consistency was that
the yeast appearance on the CO2-incubated plates was generally more mucous than that
of the controls. The mycelial clumps in liquid culture were observed to be smaller and
denser under MA in most of the cases. Furthermore, in terms of pigmentation, differences
were noticed between cultures grown under elevated CO2 concentrations and controls.
Untypical orange to pink pigmentation was observed in the CO2 samples of C. sake HT4,
P. fermentans WT2, strains WT5 and WR1, as well as Candida oleophila WT7, while the
controls were generally white to beige in color. In filamentous fungi, the most apparent
pigmentation change was noted in P. rubens DSM 1075, which developed a pink color
under CO2 (from originally white), and Penicillium griseofulvum HR2, P. rubens IF2SW-F4,
Penicillium tardochrysogenum TS1 and Penicillium griseofulvum TS2, which equally changed
from a white and beige to a yellowish to orange color. The formation of exudates, which
has been observed in P. rubens IF2SW-F4, P. griseofulvum HR2 and especially P. glandicola
M6 under normal atmospheres on solid medium, was strongly reduced under elevated
CO2 conditions.

The pH value of the agar was lowered due to carbonic acid formation after MAP,
leading to a decrease from 7.0 ± 0.1 under normal atmosphere at 10 ◦C to a pH of 6.1 ± 0.1
under increased CO2 levels.

3.2. Phylogenetic Analyses

The multi-locus phylogenetic analysis located the yeast strain WT5 in a well-supported
(bootstrap value of 100% for the ML tree) clade composed of genera Kazachstania, Nau-
movozyma, Saccharomyces, Nakaseomyces, Yueomyces, Tetrapisispora, Torulaspora, Zygotorulas-
pora, Zygosaccharomyces and Vanderwaltozyma (Figure 1). The sub-clade containing genera
Kazachstania, Yueomyces, Tetrapisispora and the novel yeast received moderate (bootstrap
value of 70% for the ML tree) support in the analysis. The phylogenetic analysis was
consistent with previous analyses by Kachalkin et al. [33] and Shen et al. [39]. The potential
new yeast species was placed in the phylogenetic tree close to the genera Tetrapisispora
and Yueomyces, although the support for the placement was weak (Figure 1). The main
clade of the genus Tetrapisispora received very good (ML: 100%) support and Tetrapisispora
blattae clustered as the next species with good (ML: 83%) support. The phylogenomic
analysis by Shen et al. [39] demonstrated the polyphyly of the genus Tetrapisispora and
the placement of the species Tetrapisispora blattae close to Yueomyces sinensis. In the same
analysis, Vanderwaltozyma polyspora was clustered with other Tetrapisispora species.

The network analyses revealed a complex structure of the clade and showed discrepan-
cies between single-gene datasets (Figure 2). In agreement with previous results, the genus
Kazachstania displayed high genetic heterogeneity and shared ancestry with Naumovozyma
(see also [39]). Compared to other genera, Tetrapisispora blattae was rather distant from the
type species of the genus Tetrapisispora phaffii, corroborating the results of the previous
phylogenomic study [39]. The strain WT5 was placed in the network between Yueomyces
sinensis and Vanderwaltozyma polyspora. Taking into consideration relative position and dis-
tances between taxa in the phylogenetic tree and network analyses and the phylogenomic
analysis of Shen et al. [39], it is very unlikely that the novel yeast species will build a good
phylogenetic cluster either with Tetrapisispora phaffii, Tetrapisispora blattae, Yueomyces sinensis
or Vanderwaltozyma polyspora. The new yeast is as distant from the aforementioned taxa as
the members of different genera comprising the WGD clade [39].
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3.3. Fatty Acid Compositions

The fatty acid composition of the fungi analyzed in this work mainly consisted of
palmitic and stearic acids, as well as their unsaturated derivatives. Stenotrophomyces fumi-
tolerans WT5 and WR1 both lacked polyunsaturated linoleic and linolenic acids. R. oryzae
M1 was the only species with γ- instead of α-linolenic acid, which has been reported
to be a characteristic of Zygomycetes [46]. Figure 3 displays the differences between the
MAP-treated samples and the controls (at 10 ◦C, with natural atmospheric composition)
as a heatmap. The WAMT values of the CO2-treated samples were lower in comparison
to the controls in every case–except for S. fumitolerans WR1–meaning that the organisms
increasingly synthesize fatty acids with lower melting temperatures, which fluidizes the
membranes. This is mainly due to the elevated DU, which was increased for all samples
treated with increased CO2 levels. The effect of carbon dioxide on the WAMT values and
the DU was much higher than the effect from the temperature shift from 25 to 10 ◦C.
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Figure 3. Comparison of averaged changes in total fatty acid compositions of MAP-treated samples
at 10 ◦C to the controls at 10 ◦C. Increases in fatty acid contents of MAP-treated samples compared
to the controls are highlighted in green, while decreases are highlighted in red with the intensity of
the color correlating to the extent of the difference. In the lower graph, differences in the fatty acid
contents are normalized in order to individually display changes for each sample. When a fatty acid
is not detected in a sample or the content is below <1%, it is not included, and is therefore displayed
in grey. The organisms are mentioned by their strain designations. “DSM” resembles the strain DSM
1075, and “ISS” resembles the strain IF2SW-F4.

As can be seen in the upper graph of Figure 3, Apiotrichum gracile WT6, Didymella
corylicola LT1, Rhodotorula alborubescens M3 and C. sake HT4 show the strongest adaptation
to CO2-enriched atmosphere at 10 ◦C incubation temperature in terms of changed fatty
acid incorporation. Changes in the WAMT values and proportions of fatty acids are
displayed in Tables 2 and 3. The organisms Candida zeylanoides LR1, P. rubens DSM 1075
and S. fumitolerans WR1, on the other hand, do not show any significant changes (p > 0.05).
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Moreover, S. fumitolerans WT5, P. tardochrysogenum TS1 and P. griseofulvum TS2 only have
one significant change (p < 0.05), namely a slightly decreased proportion of C16:0 under
increased CO2 concentrations. In the lower graph, displaying the normalized values, it is
noticeable that under CO2 the proportion of C18:3 cis 9, 12, 15 (or C18:3 cis 6, 9, 12 in the case
of R. oryzae M1) is increased in almost all species or remains the same, whereas it is only
decreased in P. griseofulvum HR2. The same applies for C18:2 cis 9, 12, which is increased in
most species, but decreased in C. zeylanoides LR1, P. fermentans WT2, P. rubens IF2SW-F4, N.
tetraspora KR3 and P. tardochrysogenum TS1. Furthermore, most species have a decreased
content of C18:1 cis 9 under elevated CO2 levels, except for S. fumitolerans WT5 and WR1,
where it increased as the only unsaturated fatty acid present, which was also observed for
P. rubens DSM1075 and P. tardochrysogenum TS1. The contents of C16:0, C16:1 cis 9 and C18:0
remained the same or were reduced under CO2, except for R. oryzae M1, where C16:0 and
C16:1 cis 9 increased under CO2.

As for the changes in fatty acids after incubation at increased temperatures of 25 ◦C,
the total DU is lower, compared to the strains cultivated at 10 ◦C with carbon dioxide
treatment and to the controls. This consequently led to an elevated WAMT value for those
samples (Tables 2 and 3). The most significant changes occur in A. gracile WT6, P. rubens
DSM1075, P. glandicola M6, Alternaria sp. M4 and D. prosopidis LT1. The main differences
between the fatty acids of fungi grown at 10 ◦C and at 25 ◦C are the decrease in linolenic
acid and the increase in linoleic acid at 25 ◦C. Moreover, the content of the palmitoleic acid
is decreased, particularly in yeasts. The contents of oleic and palmitic acid, on the other
hand, are highest at the elevated temperature and lowest at CO2 treatment.

3.4. Taxonomy of Novel Yeast Species

The sequence analyses of strains WT5 and WR1 revealed that these strains represent a
new species. Physiologically, the new yeast species is characterized by a narrow spectrum
of utilized carbon and nitrogen compounds and shares this similarity with members of
the genus Tetrapisispora and Yueomyces, with Yueomyces sinensis being the only known
species of the genus. The new species ferments and assimilates glucose and galactose,
and can additionally grow on trehalose (and also ferments it) and glycerol, which makes
it a potential food spoilage microorganism. The new yeast shares these physiological
properties with Tetrapisispora namnaonensis and differs from this species in the ability
to grow in the presence of 50% glucose (negative for T. namnaonensis) and 10% NaCl
(negative for strains WT5 and WR1). The yeast is homothallic and produces unconjugated
autogamic or pedogamic persistent asci; it does not produce true hyphae. The neighboring
genera Tetrapisispora, Yueomyces and Vanderwaltozyma are characterized by a remarkable
diversity of morphological features of sexual reproduction (the formation of asci and
ascospore numbers). Neither growth characteristics nor sexual reproduction can be used
to convincingly support the placement of this yeast in either of these genera. Taking into
account the position of the new yeast in multi-locus phylogenetic analyses, the physiological
profile and culture characteristics, we decided to propose a new genus for these yeast
strains rather than to place them in any of the already existing genera. We advocate
that it is better to propose a new genus to accommodate this single-species lineage than
to substantially increase phylogenetic heterogeneity of the neighboring genera, be that
Tetrapisispora, Yueomyces or Vanderwaltozyma.

The polar lipid pattern consisted of phosphatidylethanolamine, dimethyl-
phosphatidylethanolamine, phosphatidylcholine and phosphatidylinositol. The fatty acid
profiles of strains WT5 and WR1 were similar under all conditions, including MAP treat-
ment and different incubation temperatures. At 25 ◦C, the main fatty acids of these
organisms consisted of C16:1 cis 9 (65.5 to 66.4%), C18:1 cis 9 (17.2 to 18.2%) and C16:0 (9.3 to
10.5%). At 10 ◦C the amount of C16:1 cis 9 was increased to 74.5 to 79.7%, whereas both C18:1
fatty acids were lowered. Exposition to elevated amounts of CO2 did not have a strong
effect on the fatty acid profile in contrast to the temperature change. Polyunsaturated
fatty acids were missing, which was only described for a few other members of the family
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Saccharomycetaceae, such as Saccharomyces cerevisiae [47], as well as for other yeast genera
such as Hanseniaspora and Schizosaccharomyces [48].

The strains WT5 and WR1 were deposited at the DSMZ (Deutsche Sammlung von
Mikroorganismen und Zellkulturen) under the strain numbers DSM 113852 and DSM
113853, respectively.

3.5. Description of Stenotrophomyces fumitolerans Gen. Nov., Sp. Nov.

Stenotrophomyces, D. Heidler von Heilborn, J. Reinmüller, A. Yurkov, P. Stehle, R.
Möller, A. Lipski, gen. nov. MB# 849905

Ethymology: The genus name refers to the narrow assimilation spectrum of car-
bon sources.

Description: Cells are ellipsoid, ovoid or elongate and reproduce by multilateral
budding. Asci with one or two spherical ascospores. Narrow assimilation spectrum of
carbon sources. Glucose and galactose are fermented. Growth in vitamin-free medium.
No starch-like substance is produced. Urea hydrolysis and the Diazonium blue B reaction
are negative.

Type species: Stenotrophomyces fumitolerans
Stenotrophomyces fumitolerans, D. Heidler von Heilborn, J. Reinmüller, A. Yurkov, P.

Stehle, R. Möller, A. Lipski, sp. nov. MB# 849906
Ethymology: The species name refers to the ability of the species to tolerate CO2-

rich environments.
On Glucose Peptone Yeast Extract Agar (GPYA) and 5% malt extract agar (MEA),

after 7 days at 22 ◦C, the streak is cream-colored, butyrous and smooth, with an entire
margin. The profile is flat. Cells are ovoid to ellipsoid, 2.5–6.0 × 2.0–4.0 µm, singly occur
and in pairs (Figure 4). Pseudohyphae and true hyphae are not formed on GPYA, MEA,
potato dextrose agar or corn meal agar. Growth on minimal medium without amino acids.
Vegetative reproduction is by multilateral budding.
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Ascospores are produced by both strains on GPYA, MEA and on minimal medium
without amino acids after 7–14 days at 22 ◦C (Figure 4). Asci are persistent, often uncon-
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jugated or arise following conjugation between a cell and its bud. One or two spheroid
(diameter of 2.5–3.0 µm) ascospores are formed per ascus.

Fermentation of d-glucose, d-galactose and trehalose is positive. Glucose, d-galactose,
trehalose and glycerol are assimilated. No growth occurs on l-sorbose, d-glucosamine,
d-ribose, d-xylose, l-arabinose, d-arabinose, sucrose, maltose, methyl α-d-glucoside, cel-
lobiose, salicin, melibiose, lactose, raffinose, melezitose, inulin, soluble starch, erythritol,
ribitol, l-arabinitol, d-glucitol, d-mannitol, galactitol, myo-inositol, 2-keto-d-gluconate,
5-keto-d-gluconate, d-gluconate, d-glucoronate, d-galacturonate, dl-lactic acid, succinic
acid, citric acid, methanol or ethanol. Nitrogen compounds: ammonium sulfate is assimi-
lated, but not potassium nitrate, sodium nitrite, ethylamine, l-lysine, cadaverine, creatine,
creatinine, glucosamine, imidazole or d-tryptophan. Growth in the presence of 5% (w/v)
NaCl and 50% (w/v) glucose is positive. Weak growth in the presence of 8% (w/v) NaCl,
and no growth in the presence of 10% (w/v) NaCl and 60% (w/v) glucose. Growth in
vitamin-free medium positive. No starch-like substance is produced. Urea hydrolysis and
the Diazonium blue B reaction are negative. Maximum growth temperature is 28 ◦C. The
minimum growth temperature is 2 ◦C.

The holotype, strain WT5, was isolated from a vegetarian wrap in June 2020 in Bonn
(Germany). It is preserved in a metabolically inactive state in the German Collection of
Microorganisms and Cell Cultures, Braunschweig, Germany, under the number DSM
113852. The isotype is preserved in a metabolically inactive state in the CBS culture
collection of the Westerdijk Fungal Biodiversity Institute (Utrecht, the Netherlands) under
the number CBS 18379 and in the HAMBI microbial culture collection, Helsinki, Finland,
under the number HAMBI 3777.

Other strains studied: paratype WR1 (DSM 113853, HAMBI 3776) from the same source.

4. Discussion

Elevated concentrations of carbon dioxide cause a reduction in microbial and, in
particular, fungal growth, which is technically used in MAP within the food industry [7,8].
The inhibition mechanism is not fully understood yet, but it is believed to be a complex
interaction of several effects, including membrane-, ion- and pH-related effects [13]. These,
for example, comprise a disorder of the phospholipids within the cell membrane caused
by the CO2 molecules [49], as well as a decrease in extra- and intracellular pH, leading
to an inhibition of microbial growth and elevated energy consumption to maintain pH
homeostasis [13,50]. Due to its ability to solve in water and fat [51], it is very likely that the
inhibition mechanism of carbon dioxide includes the phospholipid bilayer of the membrane
as a target. This can be assessed by analyzing the fatty acid composition. We assumed that
CO2 stress would lead to a fluidization of the membrane to which the organisms react by
incorporation of fatty acids with a higher melting temperature, leading to a solidification of
the membrane and an increase of the WAMT. Other fat-soluble stressors have already been
found to have an impact on the polar lipid and fatty acid compositions of microorganisms
by disturbing the lipid layer, such as the amphiphilic ethanol [52]. It was shown in
S. cerevisiae that its ethanol tolerance is highly dependent on the oleic acid content [53].

We found that carbon dioxide stress resulted in a significant elevation of the DU of
fatty acids in yeasts and filamentous fungi, mainly due to the increased incorporation
of linolenic acid. The WAMT did slightly decrease, meaning that no solidification of the
membrane was observed, but a fluidization of the membrane. On the contrary, increased
temperatures of 25 ◦C led to an increase of the WAMT and a decrease in the DU, indicating
a solidification of the membrane in order to adapt to the elevated temperature.

In this study, several strains from natural habitats (mofettes), carbon dioxide including
MA-packed food, the ISS and airborne fungi as controls were used to study commonly used
adaptation mechanisms to elevated CO2 levels. In addition to the elevated carbon dioxide
levels, temperature adjustments were tested as comparative parameters, where fatty acid
modifications served as a reference to assess membrane fluidization effects. We found
that an MA of 80% O2 and 20% CO2 led to reduced fungal biomass production, reduced
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sporulation and reduced exudate formation on agar compared to the controls grown under
normal atmosphere. The mycelial clumps often formed in liquid cultures were smaller and
denser under MA. This could be due to the growth-inhibitory effects of CO2. In a study
by Fairclough et al., 20% CO2 MA fungistatically acted and negatively affected the growth
of Penicillium roqueforti and the pigmentation of immature conidiospores; the effects were
reversible and the pigmentation returned in the normal atmosphere [54]. The same effects
of altered coloration have been observed in the present study. An MA consisting of 80%
CO2 and 20% O2 has been reported to exert lethal effects after incubation for 60 days on
Xeromyces bisporus and Eurotium chevalieri [55], but we did not observe any lethal effects in
our experiments, which were performed with lower CO2 concentrations.

We have demonstrated that artificial atmospheres with elevated CO2 levels induce
changes in the fungal fatty acid profiles. The most pronounced changes in the majority of
fungi used were the higher proportions of linolenic and linoleic acids and the decreased
levels of oleic acid. Consequently, these effects were displayed by the DU in the total
fatty acid content, which was increased in all strains. Because of the rather low melting
temperatures of the polyunsaturated fatty acids, the WAMT values were lower under
elevated CO2, indicating fluidization of the membrane. The strains did not respond to
the presumed fluidizing effect of the CO2 by solidification of their membrane through
increasing the WAMT. We assume that the physiological reaction observed may be one
reason, in these concentrations, for the non-lethal but growth-limiting effect of carbon
dioxide. Literature on the effects of high concentrations of CO2 on microbial fatty acids,
especially on fungal fatty acids, is scarce. However, the high degree of unsaturation under
CO2, which was observed in this work, is consistent with the results for S. cerevisiae by
Castelli et al. [56]. The group found that elevated CO2 concentrations, as well as elevated
HCO3

- concentrations, lead to a higher degree of unsaturation in fatty acids and that with
increasing CO2 concentrations, regardless of the pH value, the total amount of fatty acids
and lipids increases.

In contrast, meat-spoilage bacteria and green algae showed a decreased unsaturation
degree due to the incorporation of mainly saturated fatty acids under 30% CO2 and 70% O2
in bacteria [57] and under 2% CO2 in algae [58]. For the green algae, a total increase in fatty
acids in high CO2-treated cells was observed as well [58]. Available studies were mostly
performed with very few isolates and did not cover a reasonable range of taxa. It has been
furthermore suggested that the observed inhibitory effects of CO2 may also depend on
other factors, such as the incubation temperature, growth medium, water activity and pH
value [59].

The exact functions of specific fatty acids in fungi have not been fully elucidated yet.
Linoleic acid and its derivatives have been shown to increase conidial development in
Aspergillus and asexual spore production, and might act as signaling molecules modulating
fungal sporulation [60]. The chemical mechanism underlying the effect is the formation of
oxylipins from linoleic acids or their derivatives, by the incorporation of molecular oxygen
with the help of oxygenases. The enzyme activities of stearoyl-CoA ∆9 and oleoyl-CoA
∆12 desaturases have been studied in dependence of the growth stage and temperature
in Yarrowia lipolytica [61]. At 10 ◦C, the maximum activity of stearoyl-CoA desaturase was
half of that at 25 ◦C, while the oleoyl-CoA desaturase activity showed the opposite trend,
which is consistent with the observed higher unsaturation at lower temperatures. In the
proposed main pathway of oleic and linoleic acids in Y. lipolytica, linoleic acid is synthesized
by the ∆12 desaturase from oleic acid on phosphatidylcholine as a carrier, while oleic acid
has been formed from 18:0-CoA by the ∆9 desaturase and then by acyl exchange onto
phosphatidylcholine [61].

Concerning effects on human nutrition, polyunsaturated fatty acids have been re-
ported to have a positive impact, including cholesterol-lowering effects, leading to a
reduced risk of cardiovascular diseases [62]. If the DU in yeasts and fungi is increased after
incubation in a CO2-containing MA or after CO2 treatment in general, this modification
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of the fungal lipid profile could be used in perspective when cultivating edible fungi to
increase their nutritional value.

The temperature-dependent adaptation mechanisms through the change of fatty
acid compositions have been found to vary between different fungal species [63] and are
of interest for this study in terms of comparing membrane adaptations to temperature
shifts with those to increased CO2 concentrations. The adaptation strategy, referred to as
homeoviscous adaptation, was initially reported for the bacterium Escherichia coli, which
favored fatty acids with higher melting points when incubated at higher temperatures in
order to maintain membrane fluidity [64]. This strategy was also observed in 14 out of the
20 organisms investigated in the present study, the WAMT values of which were lower
when incubated at a temperature of 10 ◦C, mainly due to the increased amount of linolenic
acid and decreased concentration of palmitic acid. Cold stress adaptation is reportedly
achieved by an increased DU and a decrease in the average chain length of fatty acids [65]
by the induction of fatty acid desaturases and dehydrases, which decrease the proportion
of saturated fatty acids, and (less frequently) decrease the chain length [66]. Similar
observations were made for the fungus Pleurotus ostreatus, where lowered temperatures of
12 ◦C resulted in an increase in fatty acid unsaturation in comparison to the controls at 27 ◦C,
mainly by an increase in linoleic acid [16]. In the present work, the temperature change
from 25 ◦C to 10 ◦C caused similar changes, namely the increased ratio of polyunsaturated
to monounsaturated fatty acids. Therefore, organisms that are better adapted to cold
environments have been shown to produce a higher proportion of unsaturated lipids that
result in lower WAMT values–an effect that was furthermore described for the amphiphilic
ethanol [53], and which we unexpectedly observed for carbon dioxide stress in this study
as well. Initially, we assumed that fungi would respond to high levels of membrane-soluble
CO2, similar to their heat adaptation, by solidification of the membrane. Some organisms
showed similar fatty acid profiles when grown under elevated CO2 and under normal
atmosphere at 25 ◦C, including A. gracile WT6 and D. corylicola LT1, both of which showed
strong adaptation to elevated CO2 and to the elevated temperature compared to the controls
at 10 ◦C.

We found that the increase in temperature, which results in an increased WAMT for
the majority of strains, does not have the same adaptation effect on fatty acid compositions
as the effect of compounds that solve in water and in lipids, such as carbon dioxide, which
we used in our study, or ethanol, as described in [53].

In addition, similar adaptation mechanisms were found irrespective of the origin of the
strains, including mofettes, MAP food products, the ISS, with elevated CO2 concentrations,
or the airborne strains with regular atmospheric CO2 exposition. This indicates that the
increase in the unsaturation of fatty acids is a general response of yeasts and filamentous
fungi to carbon-dioxide-induced stress and is different from the stress-response induced by
increased temperatures.

The isolation of different strains from environments with elevated CO2 concentrations
furthermore resulted in the discovery of a new yeast genus and species proposed as
Stenotrophomyces fumitolerans gen. nov., sp. nov. Investigating such extreme environments
and the adapted organisms could be of great importance concerning new opportunities in
biotechnology, such as pigments, enzymes or secondary metabolites [67]. In the case of MA-
packed food, these organisms can also play an important role as potential food spoilage
organisms, especially when they grow at low temperatures, such as Stenotrophomyces
fumitolerans WT5, which demonstrates growth down to 2 ◦C. As mentioned above, the
production of polyunsaturated fatty acids in fungi under carbon dioxide-rich conditions
might be used to improve the nutritional value of food products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jof9101031/s1, Table S1: List of the novel species Stenotrophomyces
fumitolerans WT5, the representatives of the family Saccharomycetaceae and outgroup taxa from families
Debaryomycetaceae, Phaffomycetaceae, and Pichiaceae used for multi-locus phylogenetic analysis. Type
strains were used for the analysis.

https://www.mdpi.com/article/10.3390/jof9101031/s1
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