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Abstract:

The knowledge of how Aspergillus niger responds to ethanol can lead to the design of strains with
enhanced ethanol tolerance to be utilized in numerous industrial bioprocesses. However, the current
understanding about the response mechanisms of A. niger toward ethanol stress remains quite
limited. Here, we first applied a cell growth assay to test the ethanol tolerance of A. niger strain ES4,
which was isolated from the wall near a chimney of an ethanol tank of a petroleum company, and
found that it was capable of growing in 5% (v/v) ethanol to 30% of the ethanol-free control level.
Subsequently, the metabolic responses of this strain toward ethanol were investigated using
untargeted metabolomics, which revealed the elevated levels of triacylglycerol (TAG) in the
extracellular components, and of diacylglycerol, TAG and hydroxy-TAG in the intracellular
components. Lastly, stable isotope labelling mass spectrometry with ethanol-d; showed altered
isotopic patterns of molecular ions of lipids in the ethanol-d; samples, compared to the non-labelled
ethanol controls, suggesting the ability of A. niger ES4 to utilize ethanol as a carbon source.
Together, the studies revealed the upregulation of glycerolipid metabolism and ethanol utilization
pathway as novel response mechanisms of A. niger ES4 toward ethanol stress, thereby underlining
the utility of untargeted metabolomics and the overall approaches as tools for elucidating new
biological insights.

(Most contents presented in this report were adapted from the published article; the final publication

is available at Wiley Online Library via https://doi.org/10.1002/mbo03.948.)

Keywords: Aspergillus niger, ethanol response, ethanol utilization pathway, glycerolipid metabolism,

metabolomics
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Executive Summary

Introduction

Organic solvent-tolerant microbes play key roles in many industrial bioprocesses, such as
biofuel production, biocatalysis and bioremediation. To obtain strains with tolerance to these
solvents, an approach involves genetically engineering selected strains based on the knowledge of
organic solvent-induced stresses and responses?®, which include repression or activation of
sporulation?, induction of stress proteins®, biodegradation or secretion of toxic organic solvents®’,
alteration in cell morphology®, and adaptation of the cell surface and cell membrane®'°. Because
these responses might be triggered to counteract chemical toxins, the elevation in their levels might
lead to the development of tolerance traits in these microorganisms'"'4.

Aspergillus niger is a filamentous ascomycete fungus, which can be found in almost every
environment. It is known as the black mold on rotting fruits and vegetables. Yet, despite these
common views of A. niger as an undesirable contaminant, it rarely causes disease in humans'®. In
fact, it has the GRAS (generally regarded as safe) status for many of its processes'® and is one of
the most economically useful fungi in the biotechnological industry'’. It has been applied in the
fermentation process for the production of organic acids, such as gluconic18 and citric acids, with
production of the latter exceeding one million metric tons annually'®, and of various extracellular
enzymes, including a-amylase or f-glucosidase®. Apart from these industrial usages, A. niger has

also been utilized in bioremediation processes®'?2

, as heterologous hosts for proteins and secondary
metabolites production® and as a co-fermentation partner with Saccharomyces cerevisiae for the
simultaneous saccharification and fermentation in bioethanol production®. The further studies and
usages of A. niger have also been facilitated by the availability of the genome sequence of three
different A. niger strains (NRRL3, ATCC1015 and CBS513.88)"""°.

Recently, one of the black spots found on the roof and outside upper wall of an ethanol
tank of a petroleum company was investigated and identified as a living organism, A. niger strain
ES4 (Figure 1). The black spots could be found most densely near the valved chimney of the tank
where ethanol was allowed to evaporate, which indicated the preference of this strain of A. niger for
ethanol. This finding was rather surprising, as most non-ethanol-producing species are not capable
of tolerating a high concentration of ethanol.

Relating to ethanol tolerance, A. niger isolated from spoiled pastry products was shown
previously to be able to grow on potato dextrose agar containing ethanol up to about 3% (w/w) with
almost no growth defect and up to 4% (w/w) with about 50% reduction in its growth®®. Another
unrelated study also exhibited the capabilities of A. niger to grow weakly on a plate containing 1%
ethanol as a sole carbon source®. However, while A. niger was demonstrated to be capable of
tolerating some concentrations of ethanol in many cases, and while a transcriptomic analysis of its
closely related fungus Aspergillus nidulans revealed a 10-fold and two-fold upregulation of alcohol
dehydrogenase alcA and aldA genes in minimal medium containing ethanol compared to glucose,

respectively?’, there have so far been no reports on the metabolic responses of A. niger toward



ethanol. The knowledge of which would allow for the engineering of the strain to have either higher
tolerance toward ethanol for utilization in biotechnological industry or for designing novel methods for
eradication of the strain in unwanted situations, such as in food spoilage or on a wall of an ethanol

tank. We therefore decided to study the metabolic responses of A. niger ES4 toward ethanol further.

— A

Figure 1 | Aspergillus niger strain ES4 growing on the roof and outside upper wall of an ethanol tank of a petroleum

company.

In this study, ethanol tolerance of A. niger ES4 was first examined. Then, to understand its
metabolic responses toward ethanol, untargeted metabolomics analysis was conducted to assay
extracellular and intracellular hydrophobic compound changes in A. niger ES4 when put under
ethanol stress. Lastly, since it was possible that this strain of A. niger might intake ethanol for
nutrients or substrates for production of some metabolites, the incorporation of ethanol into its
metabolites was interrogated by stable isotope labelling mass spectrometry (MS) experiments using

ethanol-ds.

Literature Review

Metabolites

Metabolites are small molecules produced by every living organism to serve critical roles in
biology. They are one of the key components of life and are crucial for survival of organisms in
various environments. In microbes, metabolites are typically divided into two types based on their

functions: primary and secondary metabolites®. Primary metabolites are involved in central



metabolism and energy storage®®, which include, for example, amino acids, lipids, and
carbohydrates. Secondary metabolites, on the other hand, are found in diverse pathways and are
synthesized largely to respond to the immediate environments the microbes are in®°. Their functions
include signal transduction, antibiotic activity against other organisms, virulence factors, metal
acquisition, and reduction of oxidative stress®**.

Through natural products discovery programs of many laboratories worldwide, we are
fortunate to have learnt about diverse structures of primary and secondary metabolites. However,
the biological roles leading to their production are still largely unknown. In addition, as many
metabolites are not produced by microbes under standard laboratory conditions, a handful number of
them are still awaiting further discovery. For example, Aspergillus niger itself was reported to
express fewer than 30% of its 31 distinct polyketide synthase (PKS), 15 non-ribosomal peptide
synthase (NRPS), and 9 hybrid PKS-NRPS biosynthetic gene clusters under common in vitro
conditions®®. As one of the known small-molecule elicitors®®, ethanol might potentially induce
transcription of commonly silent PKS or NRPS genes in A. niger and lead to discovery of novel
metabolites and metabolic pathways. Further, the global metabolite profiling of both known and
unknown metabolites of A. niger under ethanol stress might help assign novel functions to the

altering metabolites as for alleviating stress from or moderating tolerance in ethanol of the microbe.

Known metabolic responses of microbes to ethanol

Ethanol is one of the most important biofuels in the past decades, is the key ingredient in
alcoholic beverages, and is one of the most common disinfection agent. With many usages, many
laboratories have therefore spent tremendous efforts on understanding response mechanisms of
microorganisms to ethanol in hope of modulating its ethanol tolerance.

With regards to metabolic responses to ethanol, the main focus has been on measuring
changes in the composition of fatty acids, which are known to affect fluidity of cell surfaces and cell
membranes’. Ethanol was reported to cause an increase in the ratio of unsaturated to saturated fatty
acids in the membrane of E. coli®® and S. cerevisiae®’, and a decrease in B. subtilis®® and C.
acetobutylicum®**°. Apart from fatty acids, the levels of sterol glucosides were also reported to
accumulate within 4 hours after induction of ethanol stress in S. cerevisiae, whereas those of
cerebrosides slightly decreased*'.

As an elicitor of metabolites, ethanol can also induce production of otherwise suppressed
secondary metabolites®. A chlorinated benzophenone antibiotic, pestalone, for example, was
biosynthesized by the marine fungus Pestalotia sp. strain CNL-365 only upon addition of 1% ethanol
to the culture medium. Other examples of ethanol elicitation included enhanced production of
tetracenomycin C in Streptomyces glaucescens*, of the antibiotic jadomycin B in Streptomyces
venezuelae 1ISP5230%, and of carotenoid production in Phaffia rhodozyma‘”. Nonetheless, the roles
of these metabolites on ethanol tolerance are still elusive.

For A. niger, while A. niger with its amylolytic activity has been applied to ferment potato

starch to ethanol in cocultures with S. cerevisiae*®, there has never been any reports on how it



metabolically responds to ethanol either intracellularly and extracellularly. The ability to measure and
identify wider range of ethanol-induced or suppressed metabolites simultaneously in untargeted
metabolomics experiments of A. niger should allow for discovery of novel response mechanisms of
microorganisms to ethanol, which might include the use of special metabolic or biotransformation
pathways; suggest alternative strategies to increase or reduce ethanol tolerance of A. niger; or at

least provide a system-level view on the question.

The relevance of stress responses to tolerance

Since cellular responses of microbes to chemical stresses might confer the benefits of
counteracting these toxins, thereby protecting organisms from them, one might expect these
responses to lead to development of tolerance traits in these microorganisms. While the issues
remain largely unresolved, a few studies have demonstrated the possible correlation between stress
responses and tolerance’.

In particular, in 2007, Kang and coworkers'? studied protein profiles of the psychrophile
Bacillus psychrosaccharolyticus in isopropanol (IPA) and found upregulated levels of a heat-shock
protein Hsp33 upon stress. They then proceeded to test the correlation between the stress response
and tolerance by overexpressing the HSP33 genes of B. psychrosaccharolyticus in Escherichia coli,
which resulted in the improved tolerance of the strain in organic solvents compared to the wildtype.

In another more metabolic-related example, Kajiwara et al.'" evaluated the correlation
between fatty acid composition and ethanol tolerance in Saccharomyces cerevisiae. As mentioned
earlier, it was known that the ratio of unsaturated to saturated fatty acids in S. cerevisiae increases,
as the cells are grown in the presence of ethanol. In this work, the authors successfully increased
this ratio by overexpressing the FAD2 gene from Arabidopsis thaliana in S. cerevisiae. The
subsequent examination of the growth of this strain in 15% ethanol confirmed greater resistance
toward ethanol of this overexpressing strain compared to the control cells, thereby suggesting the
relevance between stress responses and tolerance.

Yet, while the above two examples supported the correlation, when Luo et al.*® attempted to
perform similar experiments to the latter example by modulating fatty acid composition in E. coli, the
results turned out to be opposite to those predicted. As is the case for S. cerevisiae, the presence of
ethanol led to the increased ratio of unsaturated to saturated fatty acids in E. coli. The
overexpression of des gene encoding fatty acid desaturase from Bacillus subtilis, which increased
the desired ratio of fatty acids in E. coli, should therefore elevate resistance of the strain toward
ethanol. However, in this case, the tolerance appeared to be reduced.

It might seem unfortunate that not every engineered expression conferred tolerance as
expected. Nevertheless, what was most valuable about the stress response knowledge was that it
did suggest potential gene or metabolite targets to begin strain engineering or modulating levels. In
fact, in the last example, when the authors overexpressed another gene in the pathway, fabA, which
yielded contrasting fatty acid composition in E. coli, they could obtain the E. coli strain with increased

resistance toward ethanol.



Metabolomics

Metabolomics is a global profiling approach used for comparing levels of large numbers of
metabolites simultaneously under conditions of interest (e.g., stress-induced vs. normal states)?.
The changes in levels of these metabolites or their metabolic pathways suggested their association
with the conditions, thereby generating hypothesis for subsequent downstream studies. One mode
for performing metabolomics analysis is untargeted mode*’. Utilizing liquid chromatography (LC)—
mass spectrometry (MS) as a quantitative tool, untargeted metabolomics analysis quantified
metabolites based on their absolute mass ion intensities without prior specification of target
metabolites. The analysis therefore allows for quantitative comparison of both known and novel
metabolites alike.

The previous work in our laboratory, which was supported by the Thailand Research Fund
(TRG5780194), developed and applied untargeted metabolomics platforms for studying intracellular
components of Bacillus subtilis strain 168 subjected to 1-butanol stress*®. The studies found the
levels of phosphatidylethanolamine (PE), diglucosyldiacylglycerol (DGDAG), and phosphatidylserine
(PS) to be increased upon 6 h treatment of 1-butanol, whereas diacylglycerol (DAG) and
lysylphosphatidylglycerol (lysylPG) were decreased (Figure 2). Because these lipids are in the
membrane lipid biosynthetic pathways, the findings from untargeted metabolomics analysis led to the
examination of the levels of all gene transcripts in the pathways by real-time reverse transcriptase
PCR, which exhibited elevated levels of ywiE transcripts and reduction in levels of cdsA, pgsA,
mprF, clsA, and yfnl transcripts. The untargeted metabolomics analysis therefore provides novel
knowledge of how B. subtilis responds to 1-butanol stress and the potential gene targets for strain
engineering B. subtilis to have higher resistance toward 1-butanol. In fact, our laboratory has
recently explored this possibility and obtained a strain with mutation in the mprF gene in the
membrane lipid biosynthetic pathways that exhibited 29% increased tolerance in 1-butanol after 12-h

exposure compared to the original strain'.
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Figure 2 | Membrane lipid biosynthetic pathways in B. subtilis showing key lipids and enzyme-encoding genes. The
block arrows represent lipids with elevated (green upward arrows) or decreased (red downward arrows) levels under
1-butanol stress. The arithmetic symbols indicate genes with up- (pluses) or down- (minuses) regulated expression

levels. (Adapted from ref. 48).



The above studies focused on analyzing the intracellular metabolomes, which mostly
contained primary metabolites. For extracellular secondary metabolites in microbes, the following
example illustrated the efforts of utilizing untargeted metabolomics analysis. Specifically, when
Vinayavekhin et al.*® examined the pyochelin (pch) gene cluster in Pseudomonas aeruginosa for its
potential abilities to biosynthesize or regulate other metabolites, they compared the extracellular
metabolomes of pyochelin (pch) gene cluster mutants to those of wild-type P. aeruginosa (strain
PA14). The untargeted metabolomics analysis then allowed for the identification of 198 ions
regulated by the pch genes (Figure 3). Subsequent downstream analysis using a combination of
mass spectrometry, chemical synthesis, and stable isotope labeling with cysteine-3,3-d, then led to
the characterization of known biosynthetic intermediates, as well as a pair of novel metabolites as 2-
alkyl-4,5-dihydrothiazole-4-carboxylates (ATCs). ATCs appeared to be able to bind iron and depend

on pchE gene in the pch gene cluster for their biosynthesis.
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Figure 3 | Untargeted metabolomics of the pyochelin (pch) gene cluster in P. aeruginosa allowed discovery of known

and novel metabolites, 2-alkyl-4,5-dihydrothiazole-4-carboxylates (ATCs), regulated by the pch genes.

Likewise, a comprehensive untargeted metabolomics analysis of A. niger in the presence
and absence of ethanol will provide opportunities for discovery of novel metabolites and metabolic
pathways, assignment of new functions to known metabolites, as well as increasing our knowledge

about mechanisms of ethanol response and tolerance in A. niger.

Objectives

I. Untargeted metabolomics analysis of extracellular hydrophobic metabolomes of A. niger
strain ES4 in the presence or absence of ethanol. The first step for probing metabolic
responses of A. niger to ethanol is to identify metabolites whose levels are altered upon ethanol
exposure. This aim is therefore to apply untargeted metabolomics platforms to globally measure
levels of extracellular hydrophobic metabolites in A. niger cultures incubated with or without
ethanol, in order to uncover metabolites potentially impacting resistance of A. niger toward

ethanol.



Il. Untargeted metabolomics analysis of intracellular hydrophobic metabolomes of A. niger
strain ES4 in the presence or absence of ethanol. Apart from extracellular hydrophobic
metabolomes in aim 1, we will also explore changes in levels of intracellular hydrophobic
metabolites in A. niger culture in the presence and absence of ethanol as well, so as to obtain a
full picture of how A. niger responds to ethanol metabolically.

lll. Characterization of metabolites as metabolic responses to ethanol stress. Knowledge about
metabolite structures will allow us to link these metabolites to metabolic or biosynthetic pathways,
as well as to predict their molecular functions. In this aim, we propose to employ bioinformatics,
chemical, analytical, and chromatographic techniques to characterize differential metabolites
found in aims 1 and 2.

IV. Identification of ethanol-incorporated metabolites. As A. niger strain ES4 was isolated from
the outside wall of an ethanol tank, the strain might possess special metabolic or
biotransformation pathways for making use of ethanol. To test this hypothesis, we propose to
trace the possible incorporation of ethanol into metabolites with increased levels in ethanol-
treated samples found in aim 1 by using stable-isotope labelling mass spectrometry experiments

with ethanol-d.

Research Methodology

Fungal strain and growth conditions

Aspergillus niger strain ES4 was isolated from a black spot on the outside upper wall of an
ethanol tank of a petroleum company by the serial dilution method®°. It was identified based on
morphological characteristics and then confirmed using molecular technique. The nucleotide
sequence data was submitted into the DDBJ/EMBL/GenBank nucleotide sequence databases with
accession number MK621333.

The fungus was grown on potato dextrose agar for 7 d, before three agar plugs were
inoculated in 20 mL of potato dextrose broth and shaken at 180 rpm, room temperature for 3 d. The
culture was then diluted 20-fold into 20 mL of minimal medium (MM; per liter: 6 g NaNO,, 0.52 g
KCl, 0.52 g MgSO,-7H,0, 1.52 g KH,PO,, 10 g glucose, 2 mL Hutner’s trace elements, pH 6.8)°"'
with ethanol (Merck, absolute, 2 99.9%), water (as control), or ethanol-ds (Merck, deuteration
degree 2 99%; for stable isotope labelling MS) at the indicated concentrations and shaken further

until the predetermined time.

Determination of the dry weight (DW)
Mycelia from three 20-mL cultures were combined and collected on a dry, pre-weighed
Whatman paper no. 1 by vacuum filtration. They were then washed with distilled water (4 x 5 mL,

then 2 x 20 mL) and dried on the filter paper at 70 °C until at a constant weight (DW).



Metabolites extraction and analysis

Mycelia and supernatant from the 3-d-old 20-mL A. niger culture were separated by gravity
filtration through a cotton ball. A mixture of 10 mL of chloroform and 5 mL of methanol was added to
the supernatant, while mycelia were washed once with 10 mL of distilled water and soaked overnight
in a mixture of 3 mL of chloroform and 1.5 mL of methanol, before 1.5 mL of MM without glucose
was added to them. Subsequently, all mixtures were shaken vigorously, and centrifuged at 1500g,
room temperature for 3 min to separate the organic layer (bottom) from the aqueous layer (top). The
organic layer was transferred to another glass vial, evaporated to dryness under a steam of nitrogen,
and placed at —20 °C for storage. The extracts were reconstituted in 200 L of chloroform prior to
analysis by liquid chromatography (LC)-MS.

For LC—MS and LC-MS/MS analyses, 40 pL of each sample was quantitated on an
Ultimate DGP-3600SD LC coupled to a Bruker MicrOTOF Q-Il MS instrument, both in the positive

and negative ion modes, as described previously®2.

LC-MS untargeted data analysis

The total ion chromatograms from each sample group (i.e., control vs. ethanol treatment)
were obtained in triplicate. The total of six chromatograms for mycelia samples and six
chromatograms for supernatant samples were then subjected to comparative data analyses
separately as previously described®, except that (i) the data were normalized by the average DW of
the cultures instead of the optical density at 600 nm and (ii) the minimum integrated mass ion

intensity (MSIl) was set at 5,000 instead of 30,000.

Stable isotope labelling MS with ethanol-d;

Intracellular metabolites from A. niger cultures treated with ethanol-d; were extracted and
analyzed by LC—MS exactly as described above in the section “Metabolites extraction and analysis”.
The resulting chromatograms were then inspected manually to obtain the mass spectra of the

indicated ions.

Results

Ethanol tolerance of A. niger ES4

Since A. niger ES4 was isolated from the outside upper wall of an ethanol tank, we first
assessed its ethanol tolerance. It, however, was not possible to monitor the growth of A. niger on the
solid agar medium containing ethanol, which best mimicked its growth on the wall of the tank,
because its spore interfered with the radial growth (data not shown). We therefore determined its
ethanol tolerance using a cell growth assay in a defined liquid medium instead™. In this assay, A.

niger ES4 mycelia (60 mL) were cultured in MM adapted slightly from that used by Barratt et al.>! for
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culturing Aspergillus nidulans, and with ethanol added at concentrations up to 5% (v/v). Then, their
growth was monitored daily over a 5-d period by measuring the DW of mycelia.

The A. niger strain ES4 was able to grow in ethanol at all tested concentrations (2-5%
(v/v)), although at slower growth rates than the no-ethanol control (Figure 4). Increasing ethanol
concentrations decreased the DW at each measured time point in a dose-dependent manner and
became lowest at 5% (v/v) ethanol. The DW amounted to 78%, 65%, 49%, and 30% of that of the
ethanol-free control at 2%, 3%, 4%, and 5% (v/v) ethanol, respectively, at day 4 when the cells were
solidly in the stationary phase. Overall, the data revealed some degree of tolerance toward ethanol

by the A. niger ES4 strain.

—0—0%-W-2%-4 3%
4% —x -5%

Dry weight
(g9/ 60 mL culture)

Figure 4 | Growth curves of A. niger ES4 in MM with concentrations of ethanol from 0-5% (v/v). Data are shown as

the average DW of mycelia from a 60-mL culture + standard error of the mean for triplicate experiments per

concentration.

Metabolomics of A. niger under ethanol stress

To further characterize the microbe and understand the responses of A. niger toward
ethanol, metabolomics analysis was performed on both the extracellular and intracellular
components of A. niger ES4 cultures in the presence and absence of 4% (v/v) ethanol at day 3,
which was the condition that induced moderate stress levels to the fungi (i.e., 52% growth of that
without ethanol) and at the day the cells entered early stationary phase (Figure 4). The mycelia or
culture supernatant were then extracted for analysis of the hydrophobic metabolites using a 2:1 (v/v)
ratio of chloroform: methanol, and the extracts were concentrated and analyzed by LC-MS using a
previously-developed untargeted metabolomics platform®.

To identify differential metabolites related to ethanol stress responses, the XCMS program®*
was used to obtain an MSII value for each detectable metabolite ion in each LC—MS chromatogram,
and the MSII values were normalized by the DW to account for the differences in fungal growth. lons
were then regarded as potential responses to ethanol stress only if they were up- or down-regulated
by four-fold or more with statistical significance (Student’s t test with p < 0.05) in the ethanol-treated
samples compared to the controls, and only if they also met these criteria in another set of
independent experimental repeat. Using these criteria, the unbiased comparative analyses revealed

68 and 7 upregulated ions and 1 and 1 downregulated ions in the supernatant, and 322 and 29
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upregulated ions and 14 and 24 downregulated ions in the mycelia under ethanol stress in the

positive and negative ion modes, respectively, (Figure 5).
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Figure 5 | Volcano plots of metabolite changes in A. niger ES4 at day 3 caused by 4% (v/v) ethanol. Each (A)
extracellular and (B) intracellular metabolite ion in the hydrophobic components with an average MSII above 5,000
counts is plotted as its statistical significance (p-value) against the fold change of ethanol (EtOH) over the control.
The ions that locate above the horizontal dash line and outside the two vertical dash lines have a p-value of less
than 0.05 and a fold change of greater than 4, respectively. Each plot contains data from both negative (neg) and
positive (pos) ion modes. However, only some positive-mode MS ions with p < 0.05 could be identified (pos (ID)) in

this study.

Next, the structural characterization of these ions with altered levels following ethanol
treatment was undertaken manually using the combined clues from the accurate mass, previously-

reported retention time (RT)**%

, and tandem mass spectra (Tables 1-2, and Appendix 1 Figure A1).
Structures could be assigned to 5 extracellular and 63 intracellular upregulated positive-mode ions.
All of these ions were in the family of triacylglycerol (TAG) for the extracellular components, and the
families of diacylglycerol (DAG), TAG and hydroxy-(h)TAG for the intracellular components (Tables
1-3 with the sn-1, sn-2 and sn-3 side chains written in random order and exact positions of the
hydroxyl groups on hTAG unspecified). The most commonly found acyl chains in these altered lipids
were 16:0, 18:0, 18:1 and 18:2. The remaining uncharacterized changed ions could not be grouped
into the same families as other changed ions, were detected at relatively lower MSII, or were
potentially classified as ion fragments or adducts of other smaller or larger molecules. As references,
we also performed targeted analyses of other lipids in the biosynthetic pathways of DAG and TAG,
such as phospholipids (see Figure 7 for details), and found their levels under ethanol stress more or
less undifferentiated from those of the controls (Tables 3—4, and Appendix 1 Figure A1). Together,

the untargeted metabolomics analysis suggested the involvement of glycerolipids in response to

ethanol stress in A. niger ES4.
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Table 1: Identified positive-mode ions with statistically significantly elevated levels in ethanol-treated
extracellular A. niger samples compared to the untreated control showing the mass-to-charge ratio
(m/z), retention time (RT) and (a) potential identification and MS/MS spectrum, (b) integrated mass
ion intensity (MSII) and (c) adjusted mass ion intensity (aMSll). The MSII and aMSII data are shown
for three A. niger samples without (Con-1-3) or with ethanol treatment (EtOH-1-3) and their

respective averages (Con-avg and EtOH-avg, respectively).

(a) lIdentified significantly elevated positive-mode ions in ethanol-treated extracellular A. niger

samples (potential identification and MS/MS spectrum)

# m/z RT lon Potential identification MS/MS spectrum
(min)

1 874.783048.3 [M + NH,] TAG (16:0/18:1/18:2) A3

2 898.783948.1 [M + NH,]" TAG (18:1/18:2/18:2) A4

3 900.798948.6 [M + NH,]" TAG (18:1/18:1/18:2) A5

4 902.813648.7 [M + NH,]" TAG (18:1/18:1/18:1) AB

5 904.827248.9 [M + NH,]" TAG (18:0/18:1/18:1) A7

(b) Identified significantly elevated positive-mode ions in ethanol-treated extracellular A. niger

samples (MSII)

RT

(min)

Integrated mass ion intensity (MSII)

EtOH-1 EtOH-2 EtOH-3 EtOH-avg Con-1 Con-2 Con-3 Con-avg

a A W N

874.783048.3
898.783948.1
900.798948.6
902.813648.7
904.827248.9

3.27E+06 2.51E+06 2.47E+06 2.75E+06 1.30E+06 1.02E+06 9.02E+05 1.07E+06
1.01E+07 7.88E+06 6.70E+06 8.24E+06 2.79E+06 2.21E+06 2.08E+06 2.36E+06
1.17E+07 8.98E+06 8.84E+06 9.85E+06 8.84E+06 2.66E+06 2.16E+06 4.55E+06
7.59E+06 5.94E+06 5.82E+06 6.45E+06 2.02E+06 1.55E+06 1.18E+06 1.58E+06
4.85E+06 3.76E+06 4.10E+06 4.23E+06 1.17E+06 9.80E+05 7.42E+05 9.64E+05

(c) Identified significantly elevated positive-mode ions in ethanol-treated extracellular A. niger

samples (aMSlI)

RT
m/z
(min)

Adjusted integrated mass ion intensity (aMSlI)

EtOH-1 EtOH-2 EtOH-3 EtOH-avg Con-1 Con-2 Con-3 Con-avg

a W N

874.783048.3
898.783948.1
900.798948.6
902.813648.7
904.827248.9

4.71E+06 3.62E+06 3.55E+06 3.96E+06 9.95E+05 7.83E+05 6.91E+05 8.23E+05
1.46E+07 1.13E+07 9.65E+06 1.19E+07 2.14E+06 1.69E+06 1.59E+06 1.81E+06
1.69E+07 1.29E+07 1.27E+07 1.42E+07 6.77E+06 2.04E+06 1.65E+06 3.49E+06
1.09E+07 8.56E+06 8.38E+06 9.29E+06 1.55E+06 1.19E+06 9.04E+05 1.21E+06
6.98E+06 5.41E+06 5.90E+06 6.10E+06 8.95E+05 7.51E+05 5.68E+05 7.38E+05
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Table 2: Identified positive-mode ions with statistically significantly elevated levels in ethanol-treated

intracellular A. niger samples compared to the untreated control showing the mass-to-charge ratio

(m/z), retention time (RT) and (a) potential identification and MS/MS spectrum, (b) integrated mass

ion intensity (MSII) and (c) adjusted mass ion intensity (aMSll). The MSII and aMSII data are shown

for three A. niger samples without (Con-1-3) or with ethanol treatments (EtOH-1-3) and their

respective averages (Con-avg and EtOH-avg, respectively).

(a) Identified significantly elevated positive-mode ions in ethanol-treated intracellular A. niger

samples (potential identification and MS/MS spectrum)

# mi/z RT lon Potential identification MSMS

(min) spectrum
1 243.2090 43.8 - Fragment of DAG (18:2/18:2) -
2 2612182 438 - Fragment of DAG (18:2/18:2) -
3 263.2362 44.0 - Fragment of DAG (16:0/18:2) -
4 299.2571 442 - Fragment of DAG (16:0/18:2) -
5 331.2789 44.0 - Fragment of DAG (16:0/18:2) -
6 337.2740 44.0 - Fragment of DAG (16:0/18:2) -
7 339.2896 44.6 - Fragment of DAG (18:2/20:2) -
8 357.2972 444 - Fragment of DAG (18:1/18:2) -
9 505.3885 43.8 - Fragment of DAG (18:2/18:2) (?) -
10 577.5185 44.6 [M-H,0 + H]" DAG (16:0/18:1) -
11 593.5154 441 [M + H]" DAG (16:0/18:2) -
12 595.5281 44.6 [M + H]" DAG (16:0/18:1) -
13 599.5026 43.8 [M —H,0 + H]* DAG (18:2/18:2) -
14 601.5186 44.4 [M—H,0 + H]" DAG (18:1/18:2) -
15 603.5334 449 [M-H,0 + H]" DAG (18:1/18:1) -
16 605.5484 44.0 [M —H,0 + C,Hg + H]' DAG (16:0/18:2) -
17 617.5133 43.7 [M + H]" DAG (18:2/18:2) -
18 617.5101 44.7 [M —H, + H] DAG (18:1/18:2) -
19 619.5266 44.4 [M + H]" DAG (18:1/18:2) -
20 621.5416 449 [M+ HJ' DAG (18:1/18:1) -
21 6315530 442 20T el DAG (18:2/18:2) -

+ H, + H

22 633.5441 44.6 [M+ CH, + H]" DAG (18:1/18:2) -
23 634.5394 43.8 [M+ NH,] DAG (18:2/18:2) A8
24 636.5550 44.4 [M + NH,]" DAG (18:1/18:2) A9
25 638.5700 44.9 [M + NH,] DAG (18:1/18:1) A10
26 639.4951 43.8 [M + NaJ DAG (18:2/18:2) -
27 640.5815 45.3 [M + NH,]" DAG (18:0/18:1) A11
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# miz RT lon Potential identification MSMS
(min) spectrum

28 641.5108 44.3 [M + Na] DAG (18:1/18:2) -
29 643.5256 44.9 [M + Na] DAG (18:1/18:1) -
30 645.5386 45.4 [M + Na]* DAG (18:0/18:1) -
31 655.4700 43.7 [M+ K] DAG (18:2/18:2) -
32 657.4889 44.3 [M + K] DAG (18:1/18:2) -
33 659.5346 44.9 [M + K] DAG (18:1/18:1) -
34 662.5667 44.6 [M + NH,]" DAG (18:2/20:2) A12
35 664.6204 45.1 [M + NH,]" DAG (18:2/20:1) and some DAG (18:1/20:2) A13
36 667.5271 44.6 [M + Na] DAG (18:2/20:2) -
37 816.7036 47.6 [M + NH,]" TAG (12:0/18:2/18:2) and isomers A14
38 844.7360 47.8 [M + NH,]" TAG (14:0/18:2/18:2) and isomers A15
39 860.7302 46.6 [M + NH,]" hTAG (16:1/16:1(OH)/18:2) (7?) -
40 862.7455 46.9 [M + NH," hTAG (16:0/16:1(OH)/18:2) A16
41 864.7565 47.2 [M+ NH,] hTAG (16:0/16:0/18:2(0OH)) A17
42 879.7409 46.5 [M+ HJ' TAG (18:2/18:2/18:2) -
43 886.7387 46.8 [M + NH,] hTAG (16:0/18:2(0OH)/18:3) (?) -
44 888.7606 47.1 [M + NH," hTAG (16:0/18:2/18:2(0H)) A18
45 890.7736 47.3 [M + NH,]" hTAG (16:0/18:1/18:2(0OH)) A19
46 904.8319 49.0 [M + NH,] TAG (18:0/18:1/18:1) A20
47 906.8451 49.1 [M + NH,]" TAG (18:0/18:0/18:1) A21
48 912.7626 46.9 [M + NH, hTAG (18:1/18:2(OH)/18:3) and isomers A22
49 914.7771 47.2 [M + NH,]" hTAG (18:1/18:2/18:2(OH)) A23
50 916.7929 47.5 [M + NH,]" hTAG (18:1/18:1/18:2(0OH)) A24
51 918.8068 47.7 [M + NH,]" hTAG (18:0/18:1/18:2(0OH)) A25
52 934.8749 49.5 [M + NH,]" TAG (18:0/18:1/20:0) and other isomers A26
53 990.9377 50.2 [M + NH,]" TAG (18:0/18:1/24:0) A27
54 1002.9375 50.2 [M + NH,]" TAG (18:1/18:1/25:0) A28
55 1004.9508 50.4 [M + NH,]" TAG (18:0/18:1/25:0) (?) -
56 1018.9654 50.5 [M + NH,]" TAG (18:0/18:1/26:0) A29
57 1231.9962 43.8 [2M — H, + H]" DAG (18:2/18:2) -
58 1234.0106 44.1 [2M + H]" DAG (18:2/18:2) (?) -
59 1236.0261 44.3 [2M — H, + H] DAG (18:1/18:2) -
60 1238.0424 44.8 M+HT DAG (18:1/18:1) + DAG (18:2/18:2) -

61 1255.9951 43.7 [2M + Na]* DAG (18:2/18:2) -
62 1260.0226 44.3 [2M + Na]* DAG (18:1/18:2) -
63 1264.057545.0 [2M + Na]* DAG (18:1/18:1) -
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(b) Identified significantly elevated positive-mode ions in ethanol-treated intracellular A. niger

samples (MSII)

# m/z

RT

(min) EtOH-1

Integrated mass ion intensity (MSII)

EtOH-2 EtOH-3 EtOH-avgCon-1 Con-2 Con-3 Con-avg

—_

243.2090
261.2182
263.2362
299.2571
331.2789
337.2740
339.2896
357.2972
505.3885
10 577.5185
11 593.5154
12 595.5281
13 599.5026
14 601.5186
15 603.5334
16 605.5484
17 617.5133
18617.5101
19 619.5266
20621.5416
21631.5539
22 633.5441
23 634.5394
24 636.5550
25638.5700
26 639.4951
27 640.5815
28 641.5108
29 643.5256
30 645.5386
31655.4700
32 657.4889
33 659.5346

© 00 N O o b~ W N

4338
438
44.0
44.2
44.0
44.0
446
44.4
438
446
441
446
4338
44.4
44.9
44.0
43.7
44.7
44.4
44.9
44.2
446
4338
44.4
44.9
4338
45.3
443
44.9
45.4
437
443
44.9

6.14E+04 4.25E+04 4.54E+04 4.98E+04 1.68E+04 1.42E+04 1.86E+04 1.65E+04
3.14E+05 2.07E+05 2.35E+05 2.52E+05 8.54E+04 6.46E+04 1.16E+05 8.86E+04
9.81E+05 7.13E+05 8.18E+05 8.37E+05 3.26E+05 2.60E+05 4.16E+05 3.34E+05
1.72E+04 2.82E+04 2.56E+04 2.37E+04 7.81E+03 8.39E+03 8.35E+03 8.18E+03
1.87E+05 1.27E+05 1.54E+05 1.56E+05 7.13E+04 5.52E+04 9.16E+04 7.27E+04
1.18E+07 8.40E+06 9.33E+06 9.86E+06 2.82E+06 2.33E+06 3.69E+06 2.95E+06
1.09E+07 9.04E+06 9.03E+06 9.67E+06 2.18E+06 1.64E+06 2.92E+06 2.25E+06
8.13E+04 6.16E+04 6.28E+04 6.86E+04 1.91E+04 1.51E+04 2.27E+04 1.89E+04
6.89E+04 3.99E+04 4.40E+04 5.10E+04 1.32E+04 1.17E+04 1.58E+04 1.35E+04
2.10E+06 1.80E+06 2.14E+06 2.02E+06 8.52E+05 6.66E+05 1.19E+06 9.04E+05
3.19E+05 2.27E+05 2.70E+05 2.72E+05 1.25E+05 1.01E+05 1.56E+05 1.28E+05
1.90E+05 1.73E+05 1.70E+05 1.78E+05 7.65E+04 6.12E+04 1.03E+05 8.01E+04
2.80E+06 1.70E+06 1.90E+06 2.13E+06 5.39E+05 4.38E+05 5.83E+05 5.20E+05
4.16E+06 3.46E+06 3.26E+06 3.63E+06 9.62E+05 7.49E+05 1.16E+06 9.58E+05
3.49E+06 3.09E+06 2.97E+06 3.18E+06 8.51E+05 6.37E+05 9.90E+05 8.26E+05
8.82E+05 9.92E+05 1.22E+06 1.03E+06 0.00E+00 3.30E+05 3.98E+05 2.42E+05
6.33E+06 3.80E+06 4.06E+06 4.73E+06 1.14E+06 9.60E+05 1.34E+06 1.15E+06
5.45E+04 7.25E+04 1.01E+05 7.59E+04 4.26E+04 2.30E+04 3.19E+04 3.25E+04
2.09E+06 1.66E+06 1.57E+06 1.77E+06 4.97E+05 3.95E+05 6.40E+05 5.11E+05
5.78E+05 5.25E+05 4.47E+05 5.17E+05 1.34E+05 1.05E+05 1.84E+05 1.41E+05
5.90E+04 6.91E+04 8.55E+04 7.12E+04 0.00E+00 0.00E+00 1.34E+03 4.47E+02
1.14E+04 2.51E+04 2.37E+04 2.01E+04 0.00E+00 4.73E+03 5.80E+03 3.51E+03
3.66E+06 2.28E+06 2.11E+06 2.68E+06 7.41E+05 5.42E+05 7.47E+05 6.77E+05
2.82E+06 2.21E+06 1.89E+06 2.30E+06 6.98E+05 4.98E+05 7.58E+05 6.51E+05
2.01E+06 1.78E+06 1.49E+06 1.76E+06 5.18E+05 3.72E+05 5.97E+05 4.96E+05
1.03E+06 7.02E+05 8.05E+05 8.45E+05 1.82E+05 1.16E+05 2.06E+05 1.68E+05
6.84E+05 6.19E+05 4.95E+05 5.99E+05 1.32E+05 1.02E+05 1.54E+05 1.29E+05
7.54E+05 7.40E+05 8.55E+05 7.83E+05 2.20E+05 1.42E+05 2.41E+05 2.01E+05
5.60E+05 6.48E+05 6.90E+05 6.33E+05 2.65E+05 1.51E+05 2.12E+05 2.09E+05
2.36E+05 3.23E+05 3.02E+05 2.87E+05 9.56E+04 6.22E+04 6.83E+04 7.53E+04
3.34E+04 2.28E+04 2.56E+04 2.73E+04 7.36E+03 6.12E+03 7.46E+03 6.98E+03
2.75E+04 2.54E+04 2.73E+04 2.67E+04 1.10E+04 7.86E+03 1.09E+04 9.90E+03
5.13E+04 3.76E+04 4.59E+04 4.49E+04 1.48E+04 6.56E+03 9.97E+03 1.05E+04
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# m/z

RT

(min) EtOH-1

Integrated mass ion intensity (MSII)

EtOH-2 EtOH-3 EtOH-avgCon-1 Con-2 Con-3  Con-avg

34 662.5667
35 664.6204
36 667.5271
37 816.7036
38 844.7360
39 860.7302
40 862.7455
41 864.7565
42 879.7409
43 886.7387
44 888.7606
45 890.7736
46 904.8319
47 906.8451
48 912.7626
49914.7771
50 916.7929
51 918.8068
52 934.8749
53 990.9377

446
45.1
446
476
47.8
46.6
46.9
47.2
46.5
46.8
471
47.3
49.0
49.1
46.9
47.2
475
47.7
49.5
50.2

54 1002.937550.2
55 1004.950850.4
56 1018.965450.5
57 1231.996243.8
58 1234.010644.1
59 1236.026144.3
60 1238.042444.8
61 1255.995143.7
62 1260.022644.3
63 1264.057545.0

9.14E+04 7.21E+04 5.92E+04 7.42E+04 1.87E+04 1.33E+04 2.06E+04 1.75E+04
7.79E+04 6.74E+04 5.29E+04 6.61E+04 1.70E+04 1.54E+04 2.07E+04 1.77E+04
2.50E+04 2.23E+04 2.28E+04 2.34E+04 7.71E+03 2.65E+03 3.69E+03 4.68E+03
1.89E+05 1.63E+05 1.50E+05 1.68E+05 4.36E+04 3.54E+04 3.32E+04 3.74E+04
1.24E+06 1.11E+06 1.04E+06 1.13E+06 5.17E+05 4.83E+05 4.51E+05 4.84E+05
4.87E+04 3.27E+04 3.70E+04 3.94E+04 2.95E+03 3.49E+03 5.87E+03 4.10E+03
1.11E+05 8.84E+04 1.09E+05 1.03E+05 3.89E+04 3.38E+04 5.26E+04 4.18E+04
1.13E+05 1.06E+05 1.06E+05 1.08E+05 4.50E+04 4.77E+04 5.22E+04 4.83E+04
3.85E+05 2.77E+05 3.44E+05 3.35E+05 0.00E+00 6.04E+04 5.62E+04 3.89E+04
4.56E+05 3.16E+05 4.05E+05 3.92E+05 1.89E+05 9.46E+04 1.17E+05 1.34E+05
6.34E+05 4.53E+05 5.12E+05 5.33E+05 1.27E+05 9.66E+04 1.45E+05 1.23E+05
5.16E+05 4.09E+05 4.70E+05 4.65E+05 1.84E+05 1.46E+05 1.58E+05 1.63E+05
1.20E+07 1.17E+07 1.12E+07 1.16E+07 5.20E+06 5.14E+06 4.32E+06 4.89E+06
6.89E+06 6.87E+06 6.62E+06 6.79E+06 2.54E+06 2.70E+06 1.83E+06 2.36E+06
6.04E+05 3.94E+05 4.14E+05 4.71E+05 8.59E+04 7.87E+04 7.21E+04 7.89E+04
7.27E+05 5.06E+05 5.55E+05 5.96E+05 9.83E+04 9.24E+04 9.40E+04 9.49E+04
5.63E+05 4.16E+05 4.71E+05 4.84E+05 7.59E+04 6.54E+04 1.68E+05 1.03E+05
2.68E+05 2.07E+05 2.53E+05 2.43E+05 4.88E+04 4.53E+04 4.49E+04 4.63E+04
9.33E+05 1.02E+06 9.33E+05 9.62E+05 4.54E+05 4.52E+05 3.34E+05 4.13E+05
4.77E+06 4.56E+06 4.16E+06 4.50E+06 2.04E+06 2.45E+06 1.71E+06 2.07E+06
8.96E+05 8.10E+05 7.02E+05 8.02E+05 3.15E+05 3.43E+05 2.54E+05 3.04E+05
7.08E+05 6.30E+05 5.66E+05 6.34E+05 1.78E+05 1.91E+05 1.33E+05 1.67E+05
7.98E+05 7.61E+05 6.96E+05 7.52E+05 2.94E+05 3.54E+05 2.54E+05 3.01E+05
2.92E+04 2.23E+04 2.21E+04 2.45E+04 9.12E+03 5.33E+03 9.03E+03 7.83E+03
4.12E+04 3.93E+04 3.15E+04 3.73E+04 1.59E+04 9.40E+03 1.51E+04 1.35E+04
4.62E+04 4.30E+04 3.95E+04 4.29E+04 1.65E+04 1.09E+04 1.74E+04 1.49E+04
5.91E+04 6.23E+04 5.54E+04 5.89E+04 2.47E+04 1.28E+04 2.30E+04 2.02E+04
4.14E+04 3.05E+04 2.37E+04 3.19E+04 6.23E+03 3.47E+03 5.24E+03 4.98E+03
4.14E+04 4.31E+04 3.21E+04 3.89E+04 1.00E+04 6.42E+03 9.24E+03 8.56E+03
8.14E+04 9.04E+04 6.78E+04 7.99E+04 2.49E+04 1.43E+04 2.03E+04 1.98E+04
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(c) Identified significantly elevated positive-mode ions in ethanol-treated intracellular A. niger

samples (aMSlI)

# mi/z

RT

(min) EtOH-1

Adjusted integrated mass ion intensity (aMSiIl)

EtOH-2 EtOH-3 EtOH-avgCon-1 Con-2 Con-3 Con-avg

—

243.2090
261.2182
263.2362
299.2571
331.2789
337.2740
339.2896
357.2972
505.3885
10 577.5185
11 593.5154
12 595.5281
13 599.5026
14 601.5186
15603.5334
16 605.5484
17 617.5133
18617.5101
19 619.5266
20 621.5416
21631.5539
22 633.5441
23 634.5394
24 636.5550
25638.5700
26 639.4951
27 640.5815
28 641.5108
29 643.5256
30 645.5386
31655.4700
32 657.4889
33 659.5346
34 662.5667

© o N o a H~ wWw DN

438
438
44.0
44.2
44.0
44.0
446
44.4
43.8
44.6
44.1
446
4338
44.4
44.9
44.0
437
44.7
44.4
44.9
44.2
446
438
44.4
44.9
438
45.3
44.3
44.9
45.4
437
443
44.9
446

8.85E+04 6.12E+04 6.54E+04 7.17E+04 1.29E+04 1.09E+04 1.42E+04 1.27E+04
4.52E+05 2.99E+05 3.39E+05 3.63E+05 6.54E+04 4.95E+04 8.86E+04 6.78E+04
1.41E+06 1.03E+06 1.18E+06 1.21E+06 2.50E+05 1.99E+05 3.18E+05 2.56E+05
2.47E+04 4.07E+04 3.68E+04 3.41E+04 5.98E+03 6.42E+03 6.39E+03 6.27E+03
2.70E+05 1.83E+05 2.22E+05 2.25E+05 5.46E+04 4.23E+04 7.02E+04 5.57E+04
1.71E+07 1.21E+07 1.34E+07 1.42E+07 2.16E+06 1.78E+06 2.83E+06 2.26E+06
1.58E+07 1.30E+07 1.30E+07 1.39E+07 1.67E+06 1.25E+06 2.23E+06 1.72E+06
1.17E+05 8.87E+04 9.04E+04 9.87E+04 1.46E+04 1.15E+04 1.74E+04 1.45E+04
9.92E+04 5.75E+04 6.34E+04 7.34E+04 1.01E+04 8.93E+03 1.21E+04 1.04E+04
3.03E+06 2.60E+06 3.08E+06 2.90E+06 6.53E+05 5.10E+05 9.14E+05 6.92E+05
4 59E+05 3.27E+05 3.89E+05 3.92E+05 9.60E+04 7.73E+04 1.20E+05 9.77E+04
2.73E+05 2.49E+05 2.45E+05 2.56E+05 5.86E+04 4.69E+04 7.86E+04 6.14E+04
4.04E+06 2.45E+06 2.74E+06 3.07E+06 4.13E+05 3.35E+05 4.46E+05 3.98E+05
5.99E+06 4.98E+06 4.70E+06 5.22E+06 7.37E+05 5.74E+05 8.92E+05 7.34E+05
5.03E+06 4.45E+06 4.28E+06 4.59E+06 6.52E+05 4.88E+05 7.58E+05 6.33E+05
1.27E+06 1.43E+06 1.76E+06 1.49E+06 0.00E+00 2.52E+05 3.05E+05 1.86E+05
9.12E+06 5.47E+06 5.85E+06 6.81E+06 8.77E+05 7.35E+05 1.03E+06 8.79E+05
7.85E+04 1.04E+05 1.45E+05 1.09E+05 3.26E+04 1.76E+04 2.44E+04 2.49E+04
3.00E+06 2.39E+06 2.26E+06 2.55E+06 3.81E+05 3.03E+05 4.90E+05 3.91E+05
8.32E+05 7.56E+05 6.44E+05 7.44E+05 1.03E+05 8.02E+04 1.41E+05 1.08E+05
8.49E+04 9.96E+04 1.23E+05 1.03E+05 0.00E+00 0.00E+00 1.03E+03 3.43E+02
1.64E+04 3.62E+04 3.42E+04 2.89E+04 0.00E+00 3.62E+03 4.44E+03 2.69E+03
5.27E+06 3.28E+06 3.04E+06 3.86E+06 5.67E+05 4.15E+05 5.72E+05 5.18E+05
4.06E+06 3.18E+06 2.73E+06 3.32E+06 5.34E+05 3.82E+05 5.81E+05 4.99E+05
2.89E+06 2.56E+06 2.15E+06 2.53E+06 3.97E+05 2.85E+05 4.58E+05 3.80E+05
1.48E+06 1.01E+06 1.16E+06 1.22E+06 1.40E+05 8.91E+04 1.57E+05 1.29E+05
9.84E+05 8.91E+05 7.12E+05 8.62E+05 1.01E+05 7.84E+04 1.18E+05 9.92E+04
1.09E+06 1.07E+06 1.23E+06 1.13E+06 1.69E+05 1.09E+05 1.85E+05 1.54E+05
8.07E+05 9.34E+05 9.94E+05 9.11E+05 2.03E+05 1.16E+05 1.63E+05 1.60E+05
3.39E+05 4.65E+05 4.35E+05 4.13E+05 7.32E+04 4.77E+04 5.23E+04 5.77E+04
4.81E+04 3.28E+04 3.69E+04 3.93E+04 5.63E+03 4.69E+03 5.71E+03 5.35E+03
3.96E+04 3.66E+04 3.93E+04 3.85E+04 8.40E+03 6.02E+03 8.33E+03 7.58E+03
7.39E+04 5.41E+04 6.60E+04 6.47E+04 1.14E+04 5.02E+03 7.63E+03 8.01E+03
1.32E+05 1.04E+05 8.53E+04 1.07E+05 1.43E+04 1.02E+04 1.58E+04 1.34E+04
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# m/z

RT

(min) EtOH-1

Adjusted integrated mass ion intensity (aMSlI)

EtOH-2 EtOH-3 EtOH-avgCon-1 Con-2 Con-3 Con-avg

35 664.6204
36 667.5271
37 816.7036
38 844.7360
39 860.7302
40 862.7455
41 864.7565
42 879.7409
43 886.7387
44 888.7606
45 890.7736
46 904.8319
47 906.8451
48 912.7626
49914.7771
50 916.7929
51 918.8068
52 934.8749
53 990.9377

45.1
44.6
47.6
47.8
46.6
46.9
47.2
46.5
46.8
47.1
47.3
49.0
49.1
46.9
47.2
47.5
47.7
49.5
50.2

54 1002.937550.2
55 1004.950850.4
56 1018.965450.5
57 1231.996243.8
58 1234.010644.1
59 1236.026144.3
60 1238.042444.8
61 1255.995143.7
62 1260.022644.3
63 1264.057545.0

1.12E+05 9.71E+04 7.62E+04 9.51E+04 1.31E+04 1.18E+04 1.59E+04 1.36E+04
3.60E+04 3.21E+04 3.29E+04 3.37E+04 5.91E+03 2.03E+03 2.83E+03 3.59E+03
2.72E+05 2.35E+05 2.16E+05 2.41E+05 3.34E+04 2.71E+04 2.54E+04 2.86E+04
1.79E+06 1.60E+06 1.50E+06 1.63E+06 3.96E+05 3.70E+05 3.45E+05 3.70E+05
7.01E+04 4.70E+04 5.33E+04 5.68E+04 2.26E+03 2.67E+03 4.49E+03 3.14E+03
1.60E+05 1.27E+05 1.58E+05 1.48E+05 2.98E+04 2.59E+04 4.03E+04 3.20E+04
1.62E+05 1.53E+05 1.53E+05 1.56E+05 3.45E+04 3.66E+04 4.00E+04 3.70E+04
5.55E+05 3.99E+05 4.95E+05 4.83E+05 0.00E+00 4.63E+04 4.30E+04 2.98E+04
6.56E+05 4.55E+05 5.83E+05 5.65E+05 1.45E+05 7.24E+04 9.00E+04 1.02E+05
9.14E+05 6.53E+05 7.37E+05 7.68E+05 9.74E+04 7.40E+04 1.11E+05 9.41E+04
7.43E+05 5.89E+05 6.77E+05 6.70E+05 1.41E+05 1.12E+05 1.21E+05 1.25E+05
1.72E+07 1.69E+07 1.61E+07 1.67E+07 3.98E+06 3.94E+06 3.31E+06 3.74E+06
9.93E+06 9.89E+06 9.53E+06 9.78E+06 1.95E+06 2.07E+06 1.40E+06 1.81E+06
8.70E+05 5.67E+05 5.97E+05 6.78E+05 6.58E+04 6.03E+04 5.52E+04 6.04E+04
1.05E+06 7.29E+05 7.99E+05 8.58E+05 7.53E+04 7.08E+04 7.20E+04 7.27E+04
8.11E+05 6.00E+05 6.79E+05 6.96E+05 5.81E+04 5.01E+04 1.29E+05 7.89E+04
3.87E+05 2.99E+05 3.64E+05 3.50E+05 3.74E+04 3.47E+04 3.44E+04 3.55E+04
1.34E+06 1.47E+06 1.34E+06 1.39E+06 3.47E+05 3.46E+05 2.56E+05 3.16E+05
6.88E+06 6.56E+06 5.99E+06 6.48E+06 1.57E+06 1.88E+06 1.31E+06 1.59E+06
1.29E+06 1.17E+06 1.01E+06 1.16E+06 2.41E+05 2.62E+05 1.95E+05 2.33E+05
1.02E+06 9.07E+05 8.15E+05 9.14E+05 1.36E+05 1.46E+05 1.02E+05 1.28E+05
1.15E+06 1.10E+06 1.00E+06 1.08E+06 2.25E+05 2.71E+05 1.95E+05 2.30E+05
4.20E+04 3.21E+04 3.18E+04 3.53E+04 6.98E+03 4.08E+03 6.92E+03 5.99E+03
5.93E+04 5.65E+04 4.53E+04 5.37E+04 1.22E+04 7.20E+03 1.15E+04 1.03E+04
6.65E+04 6.19E+04 5.69E+04 6.18E+04 1.26E+04 8.33E+03 1.33E+04 1.14E+04
8.50E+04 8.97E+04 7.97E+04 8.48E+04 1.89E+04 9.81E+03 1.76E+04 1.54E+04
5.97E+04 4.39E+04 3.42E+04 4.59E+04 4.77E+03 2.66E+03 4.01E+03 3.81E+03
5.97E+04 6.20E+04 4.62E+04 5.60E+04 7.68E+03 4.92E+03 7.08E+03 6.56E+03
1.17E+05 1.30E+05 9.77E+04 1.15E+05 1.91E+04 1.09E+04 1.55E+04 1.52E+04
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Table 3: Relative levels of identified ethanol-upregulated lipids and of other related lipids.

Lipid class and acyl chain lon m/z RT EtOH/con®: ®
(min)
Upregulated lipids in ethanol-treated extracellular samples
Triacylglycerol (TAG)
16:0/18:1/18:2 [M+ NH," 874.7830 48.3 4.8*
18:1/18:2/18:2 [M+ NH,]* 898.7839 48.1 6.6
18:1/18:1/18:2 [M + NH,*  900.7989 48.6 411
18:1/18:1/18:1 [M+ NH,]* 902.8136 48.7 7.7"
18:0/18:1/18:1 [M+ NH,*  904.8272 48.9 8.3"
Upregulated lipids in ethanol-treated intracellular samples
Diacylglycerol (DAG)
18:2/18:2 [M+ NH,]* 634.5394 43.8 7.5
18:1/18:2 [M+ NH,]* 636.5550 44 .4 6.7*
18:1/18:1 [M+ NH,* 638.5700 44.9 6.7
18:0/18:1 [M+ NH,]* 640.5815 45.3 8.7t
18:2/20:2 [M+ NH,]* 662.5667 44.6 8.0*
18:2/20:1 [M+ NH,]* 664.5833 45.1 7.0
TAG
12:0/18:2/18:2 [M+ NH,]” 816.7036 47.6 8.41
14:0/18:2/18:2 [M+ NH,]*  844.7360 47.8 4.4%
18:0/18:1/18:1 [M+ NH,* 904.8319 49.0 4.5%
18:0/18:0/18:1 [M+ NH,]* 906.8451 49.1 5.48
18:0/18:1/20:0 [M+ NH,]*  934.8749 49.5 4.4%
18:0/18:1/24:0 [M+ NH,*  990.9377 50.2 4.18
18:1/18:1/25:0 [M+ NH,J]" 10029375 50.2 5.0
18:0/18:1/26:0 [M+ NH,J]* 1018.9654  50.5 4.7%
Hydroxy TAG (hTAG)
16:0/16:1(OH)/18:2 [M+ NH,]* 862.7455 46.9 4.6%
16:0/16:0/18:2(0OH) [M+ NH,]* 864.7565 47.2 4.28
16:0/18:2/18:2(0OH) [M+ NH,]* 888.7606 471 8.2*
16:0/18:1/18:2(0OH) [M+ NH,]* 890.7736 47.3 5.47
18:1/18:2(0OH)/18:3 [M+ NH,J* 912.7626 46.9 11.2*
18:1/18:2/18:2(0OH) [M+ NH,]"  914.7771 47.2 11.8*
18:1/18:1/18:2(0OH) [M+ NH,*  916.7929 47.5 8.8t
18:0/18:1/18:2(0OH) [M+ NH,]* 918.8068 47.7 9.9"
Other intracellular lipids in the related pathways
Fatty acid (FA)
16:0 M —HJ 255.2317 18.6 1.6t

20



RT

Lipid class and acyl chain lon m/z EtOH/con®: ®
(min)

18:2 [M - HI 279.2336 18.5 1.7%

18:1 [M—HI 281.2478 18.8 2.0

18:0 M —HJ 283.2624 19.2 1.5
Monoacylglycerol (MAG)

16:0 [M + Na]* 353.2656 34.0 2.4*

18:2 [M + Na]* 377.2718 33.1 2.1
Phosphatidic acid (PA)

16:0/18:2 [M —HI 671.4649 27.4 1.6

18:2/18:2 [M - HI 695.4647 26.8 2.3*
Phosphatidylethanolamine (PE)

16:0/18:2 [M - HI 714.5023 39.0 1.0

18:2/18:2 M —HJ 738.5004 38.2 1.7
Phosphatidylserine (PS)

16:0/18:2 [M—HJ 758.4944 29.9 1.3

18:2/18:2 [M = HI 782.4946 29.3 1.5
Phosphatidylglycerol (PG)

16:0/18:2 [M —HI 745.4976 344 1.4

18:2/18:2 [M - HI 769.4962 33.8 1.5
Phosphatidylinositol (PI)

16:0/18:2 [M —HI 833.5160 34.0 1.2

18:2/18:2 M —HJ 857.5147 334 1.1
Phosphatidylcholine (PC)

16:0/18:2 [M + HJ 758.5726 41.7 0.8"

18:2/18:2 M + HJ* 782.5751 41.3 1.8%

Abbreviations: mass-to-charge ratio (m/z) and retention time (RT)
3 EtOH/con value represents the ratio of the average mass ion intensity of ethanol-treated

sample group and that of the control.

Table 4: Other lipids in the pathways found in intracellular A. niger samples. Lipids are shown in

terms of their lipid class and acyl chain as (a) detected ion adduct, measured mass-to-charge ratio
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(m/z), retention time (RT), MS/MS spectrum, (b) integrated mass ion intensity (MSIl) and (c)
adjusted mass ion intensity (aMSIl). The MSII and aMSII data are shown for three A. niger samples
without (Con-1-3) or with ethanol treatments (EtOH-1-3) and their respective averages (Con-avg

and EtOH-avg, respectively).

(a) Other intracellular lipids in the pathways (ion, m/z, RT, MS/MS spectrum)

Hpid class lons m/z RT (min) MS/MS spectrum
acyl chain

Fatty acid (FA)

1 16:0 [M—HI 255.2317 18.6 -

2 18:2 [M—HI 279.2336 18.5 -

3 18:1 [M—HI 281.2478 18.8 -

4 18:0 [M—HI 283.2624 19.2 -
Monoacylglycerol (MAG)

3 16:0 [M + Na]* 353.2656 34.0 -

4 18:2 [M + Na]* 377.2718 33.1 -
Phosphatidic acid (PA)

5 16:0/18:2 [M—HI 671.4649 27.4 A32

6 18:2/18:2 [M - HI 695.4647 26.8 A33
Phosphatidylethanolamine (PE)

7 16:0/18:2 [M—HI 714.5023 39.0 A34

8 18:2/18:2 [M - HI 738.5004 38.2 A35
Phosphatidylserine (PS)

9 16:0/18:2 [M - HI 758.4944 29.9 A36

10 18:2/18:2 [M—HI 782.4946 293 A37
Phosphatidylglycerol (PG)

11 16:0/18:2 [M—HI 745.4976 34.4 A38

12 18:2/18:2 [M—HI 769.4962 33.8 A39
Phosphatidylinositol (PI)

13 16:0/18:2 [M—HI 833.5160 34.0 A40

14 18:2/18:2 [M—HI 857.5147 33.4 Ad1
Phosphatidylcholine (PC)

15 16:0/18:2 [M + H] 758.5726 41.7 A30

16 18:2/18:2 [M + H] 782.5751 41.3 A31

(b) Other intracellular lipids in the pathways (MSII)
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Lipid class Integrated mass ion intensity (MSII)

i acyl chain EtOH-1 EtOH-2 EtOH-3 EtOH-avg Con-1 Con-2 Con-3 Con-avg
Fatty acid (FA)

1 16:0 2.26E+06 2.16E+06 1.99E+06 2.14E+06 2.43E+06 2.48E+06 2.53E+06 2.48E+06

2 18:2 1.48E+07 1.31E+07 1.38E+07 1.39E+07 1.56E+07 1.57E+07 1.57E+07 1.57E+07

3 181 7.86E+06 7.31E+06 6.94E+06 7.37E+06 7.03E+06 6.66E+06 7.33E+06 7.01E+06

4 180 1.51E+06 1.47E+06 1.36E+06 1.44E+06 1.91E+06 1.73E+06 1.77E+06 1.80E+06
Monoacylglycerol (MAG)

3 16:0 5.15E+05 4.80E+05 3.36E+05 4.44E+05 3.23E+05 5.30E+05 4.54E+05 4.36E+05

4 182 3.46E+05 1.88E+05 2.70E+05 2.68E+05 3.21E+05 3.07E+05 2.98E+05 3.09E+05
Phosphatidic acid (PA)

5 16:0/18:2 9.63E+05 1.32E+06 7.26E+05 1.00E+06 1.34E+06 1.18E+06 9.63E+05 1.16E+06

6 18:2/18:2 1.03E+06 1.47E+06 1.08E+06 1.20E+06 9.08E+05 1.04E+06 9.54E+05 9.68E+05

Phosphatidylethanolamine (PE)
7 16:0/18:2 3.62E+05 7.06E+05 4.47E+05 5.05E+05 1.03E+06 9.95E+05 8.92E+05 9.72E+05
8 18:2/18:2 2.77E+05 4.11E+05 3.38E+05 3.42E+05 3.80E+05 3.64E+05 3.75E+05 3.73E+05
Phosphatidylserine (PS)
9 16:0/18:2 1.08E+06 1.64E+06 1.35E+06 1.36E+06 2.30E+06 1.87E+06 1.64E+06 1.94E+06
10 18:2/18:2 3.07E+05 3.50E+05 4.30E+05 3.62E+05 4.76E+05 4.50E+05 4.35E+05 4.54E+05
Phosphatidylglycerol (PG)
11 16:0/18:2 1.03E+05 1.59E+05 1.11E+05 1.24E+05 1.89E+05 1.75E+05 1.49E+05 1.71E+05
12 18:2/18:2 2.22E+04 4.09E+04 2.56E+04 2.96E+04 4.18E+04 3.44E+04 3.51E+04 3.71E+04
Phosphatidylinositol (PI)
13 16:0/18:2 9.00E+05 1.20E+06 9.51E+05 1.02E+06 1.73E+06 1.65E+06 1.37E+06 1.59E+06
14 18:2/18:2 4.21E+05 5.89E+05 4.83E+05 4.98E+05 9.33E+05 8.45E+05 8.03E+05 8.60E+05
Phosphatidylcholine (PC)
15 16:0/18:2 4 97E+06 5.26E+06 4.69E+06 4.97E+06 1.21E+07 1.22E+07 1.10E+07 1.18E+07
16 18:2/18:2 2.06E+07 2.15E+07 2.00E+07 2.07E+07 2.25E+07 2.26E+07 2.13E+07 2.22E+07

(c) Other intracellular lipids in the pathways (aMSll)

Lipid class Adjusted integrated mass ion intensity (aMSiIl)
acyl chain EtOH-1 EtOH-2 EtOH-3 EtOH-avg Con-1 Con-2 Con-3 Con-avg

Fatty acid (FA)

1 16:0 3.25E+06 3.11E+06 2.87E+06 3.08E+06 1.86E+06 1.90E+06 1.94E+06 1.90E+06
2 182 2.14E+07 1.89E+07 1.99E+07 2.01E+07 1.20E+07 1.20E+07 1.20E+07 1.20E+07
3 181 1.13E+07 1.05E+07 1.00E+07 1.06E+07 5.39E+06 5.10E+06 5.62E+06 5.37E+06
4 180 2.17E+06 2.11E+06 1.95E+06 2.08E+06 1.46E+06 1.33E+06 1.36E+06 1.38E+06
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Lipid class Adjusted integrated mass ion intensity (aMSlI)

i acyl chain EtOH-1 EtOH-2 EtOH-3 EtOH-avg Con-1 Con-2 Con-3 Con-avg
Monoacylglycerol (MAG)

3 16:0 8.76E+05 8.16E+05 5.71E+05 7.54E+05 2.29E+05 3.76E+05 3.22E+05 3.09E+05

4 18:2 5.88E+05 3.19E+05 4.58E+05 4.55E+05 2.27E+05 2.17E+05 2.11E+05 2.19E+05
Phosphatidic acid (PA)

5 16:0/18:2 1.39E+06 1.91E+06 1.05E+06 1.45E+06 1.03E+06 9.02E+05 7.37E+05 8.88E+05

6 18:2/18:2 1.49E+06 2.12E+06 1.56E+06 1.72E+06 6.95E+05 7.98E+05 7.30E+05 7.41E+05

Phosphatidylethanolamine (PE)
7 16:0/18:2 5.21E+05 1.02E+06 6.44E+05 7.27E+05 7.89E+05 7.62E+05 6.83E+05 7.45E+05
8 18:2/18:2 4.00E+05 5.91E+05 4.86E+05 4.92E+05 2.91E+05 2.79E+05 2.87E+05 2.86E+05
Phosphatidylserine (PS)
9 16:0/18:2 1.56E+06 2.36E+06 1.94E+06 1.95E+06 1.76E+06 1.43E+06 1.26E+06 1.48E+06
10 18:2/18:2 4.42E+05 5.05E+05 6.19E+05 5.22E+05 3.65E+05 3.45E+05 3.33E+05 3.48E+05
Phosphatidylglycerol (PG)
11 16:0/18:2 1.48E+05 2.29E+05 1.59E+05 1.79E+05 1.45E+05 1.34E+05 1.14E+05 1.31E+05
12 18:2/18:2 3.19E+04 5.89E+04 3.69E+04 4.26E+04 3.20E+04 2.64E+04 2.69E+04 2.84E+04
Phosphatidylinositol (PI)
13 16:0/18:2 1.30E+06 1.73E+06 1.37E+06 1.46E+06 1.33E+06 1.26E+06 1.05E+06 1.21E+06
14 18:2/18:2 6.06E+05 8.48E+05 6.95E+05 7.17E+05 7.15E+05 6.47E+05 6.15E+05 6.59E+05
Phosphatidylcholine (PC)
15 16:0/18:2 7.16E+06 7.57E+06 6.76E+06 7.16E+06 9.24E+06 9.38E+06 8.41E+06 9.01E+06
16 18:2/18:2 2.96E+07 3.10E+07 2.88E+07 2.98E+07 1.73E+07 1.73E+07 1.63E+07 1.70E+07

Ethanol utilization by A. niger ES4

To survive on the wall of an ethanol tank, it might be necessary for A. niger strain ES4 to
be capable of metabolizing ethanol for nutrients or incorporating ethanol into other molecules to
reduce its toxicity. Because our metabolomics analyses above revealed the upregulation of DAG,
TAG and hTAG in the ethanol-treated A. niger samples compared to the controls, we set out to trace
the possible incorporation of ethanol or parts of ethanol into some of these lipids by using stable
isotope labelling MS with ethanol-d;.

The A. niger ES4 cultures were grown in MM in the presence of 4% (v/v) ethanol-dg (or
non-labelled ethanol as controls) for 3 d, harvested for metabolites in the mycelia, and analyzed by
LC—-MS exactly as described earlier for metabolomics. The chromatograms were then inspected
manually for the mass spectra of four representative metabolite ions: (i) DAG (18:2/18:2), (ii) TAG
(18:0/18:1/18:1) (significantly elevated under ethanol treatment compared to the untreated controls),
(iii) fatty acid (FA) (18:2) and (iv) phosphatidic acid (PA) (18:2/18:2) (in the related metabolic

pathways but with unchanged levels). The data showed varying shift in the detected mass-to-charge
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ratios (m/z) of all lipids in the ethanol-d; samples from the non-labelled controls (Figure 6). The
monoisotopic peaks of all lipids, except for FA (18:2), in the non-labelled samples were no longer
dominant peaks in the ethanol-d; samples. The m/z with the highest intensities were shifted by +3,
+5 and +2 mass units for DAG (18:2/18:2), TAG (18:0/ 18:1/18:1) and PA (18:2/18:2) from those in
the non-labelled samples, respectively. However, the m/z peaks at + 1, + 2 and + 3 mass units from
the dominant m/z peaks were not very different in intensities from those of the dominant m/z peaks
for all investigated lipids in the ethanol-d; samples. Overall, the results support the metabolism of

ethanol in A. niger ES4 into other metabolites.
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Figure 6 | Mass spectra of representative ions from stable isotope labelling MS experiments with ethanol-ds. The A.
niger ES4 was cultured in duplicate in the presence of 4% (v/v) either ethanol (EtOH)-dg or EtOH (as control) and
analyzed for intracellular metabolites exactly as conducted in the untargeted metabolomics analysis. Mass spectra
were extracted from the total ion chromatograms at the retention time (RT) of 43.8 min for (A) diacylglycerol (DAG)
(18:2/18:2) and 49.0 min for (B) triacylglycerol (TAG) (18:0/18:1/18:1) in the positive ion mode, and at a RT of 18.5
min for (C) fatty acid (FA) (18:2) and 26.8 min for (D) phosphatidic acid (PA) (18:2/18:2) in the negative ion mode.

Discussion and Conclusions

The ability to tolerate chemicals present in cultures is one of the most essential traits of
microorganisms for utilization in bioprocesses. In this study, we found A. niger ES4 capable of
growing even in 5% (v/v) (or 4% (w/v)) ethanol with its growth amounting to approximately 30% of
that of the ethanol-free control. Interestingly, this level of tolerance was comparable to that of the
ethalogenic filamentous fungus Fusarium oxysporum® and higher than that of the natural ethanol-

producing ascomycetous yeasts Pichia stipites, whose growth was inhibited at 3.4% (w/v) ethanol
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when grown on glucose®. Assuming that the amount of ethanol produced by these ethalogenic
microbes themselves stayed relatively low compared to that of the initially-added ethanol
concentration, our results would indicate that A. niger strain ES4 had a relatively high resistance
toward ethanol. However, as mentioned earlier, Dantigny and coworkers?® also demonstrated the
ability of the A. niger strain isolated from spoiled pastry products to grow on potato dextrose agar
containing ethanol up to 4% (w/w) with about 50% reduction in its growth, which seemed to be
higher than ethanol tolerance of A. niger ES4 in this study. Nevertheless, it was known that the
choice of culture media and conditions could affect ethanol tolerance of microbes greatly, and thus,
how tolerance A. niger ES4 is compared to other A. niger strains or other organisms remained to be
proven in the future study.

The subsequent investigation into the response mechanisms of A. niger ES4 to ethanol
using an untargeted metabolomics approach revealed the accumulation of neutral glycerolipids
(extracellular TAG, and intracellular DAG, TAG and hTAG) under ethanol stress. DAG and TAG are
interconnected in the glycerolipid metabolism (Figure 7). Functionally, DAG is known to play multiple
roles from being a component of the cell membrane and an intermediate in lipid metabolism to a
second messenger in lipid-mediated signaling cascades®’, whereas TAG is traditionally thought of as

an energy storage lipid.

Ethanol Utilization Pathway
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Figure 7 | Biosynthesis of glycerolipids and phospholipids in A. nigerss, starting from ethanol. The green boxes
indicate lipids that had statistically significantly elevated levels, whereas the gray boxes show other lipids whose
levels were quantitated in this study and the yellow box emphasizes where ethanol locates in the pathways.
Glycerolipids include monoacylglycerol (MAG), diacylglycerol (DAG), and triacylglycerol (TAG), whereas phospholipids
shown are phosphatidic acid (PA), phosphatidylethanolamine (PE), phosphatidylcholine (PC), phosphatidylserine
(PS), phosphatidylglycerol (PG), and phosphatidylinositol (PI).

In terms of responses to stress, even though there have been no prior reports
demonstrating the effect of upregulated DAG or TAG in the organic solvent tolerance of microbes,

these neutral lipids were previously implicated in protecting plants from other abiotic stressors, such
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as coldness® and darkness®. In the case of coldness, for example, Arabidopsis accumulated PA,
DAG, and TAG during freezing stress where disruption in the genes encoding the enzymes acyl-
coenzyme A: DAG acyltransferase and DAG kinase, which catalyze the conversion of DAG to TAG
and PA, subsequently resulted in decreased and increased TAG levels and tolerance to coldness,
respectively®. It is, therefore, possible that, with the unchanged levels of other phospholipids that
are components of cell membranes (e.g., PA, phosphatidylethanolamine (PE), and
phosphatidylcholine (PC)®") found in this study, the elevated DAG and TAG levels as the novel
responses to ethanol stress might play some roles in defending A. niger against the toxic effects of
ethanol. Yet, because cold stress rigidifies cell membrane, the effect that is opposite to that of
ethanol, further genetic data is needed to pinpoint the relevance of these glycerolipids on ethanol
tolerance of A. niger. In addition, it remains to be determined whether the upregulation in
glycerolipids following ethanol exposure is specific to A. niger ES4 or general for all A. niger isolates.
Another class of metabolites elevated under ethanol stress was hTAGs, which have mainly been
described in Ricinus communis castor 0il®?, Lesquerella seed 0il®®*% and ergot oil from the fungus
Claviceps purpurea®. As the detection and quantitation of hTAG in routine work has remained quite
limited compared to other classes of lipids, there is no evidence to support or refute their relevance
to various stresses. Yet, because their substrates, hydroxy fatty acids, are known for their
specialized medical and industrial usages (e.g. lubricants, paints and coatings)®%, the discovery of
upregulated hTAGs in this study suggested that, upon fully characterizing their structures, A. niger
might be able to serve as another source of this industrially-important class of lipids as well.

One of the known metabolic responses of the yeast Saccharomyces cerevisiae toward ethanol
involves an increase in the unsaturated-to-saturated fatty acids ratio, whereby the relative contents
of FA (16:1) and FA (18:1) increase while those of FA (16:0) and FA (18:0) decrease®. Interestingly,
our metabolomics studies showed only slight elevation in contents of all four most abundant fatty
acids found in A. niger ES4 (i.e., 16:0, 18:2, 18:1 and 18:0) under ethanol stress without an obvious
shift in unsaturation index. The alteration in this index was also not immediately apparent in other
lipid species, as most of the changing lipids contained both unsaturated and saturated acyl chains.
The findings therefore suggested that A. niger might utilize different mechanisms to counteract
toxicity of ethanol than S. cerevisiae. However, we could not rule out the possibilities that the
observed effects might simply be specific to the choices of microbial strain, growth medium, or
conditions depicted in this study.

The results from the stable isotope labelling MS showed that the isotopic patterns of all the
molecular ions of representative lipids in the ethanol-d; samples differed from those in the non-
labelled ethanol samples. Because the only isotope present at an unnaturally-high abundance in this
case was deuterium, the finding indicated the incorporation of varying numbers of deuterium atoms
into each lipid, which could potentially occur both via catabolism of ethanol-d; by A. niger and via
deuterium exchanges with the deuteron on the hydroxyl group of ethanol-dy during the lipid
biosynthesis. However, in this study, ethanol-d; was added into the cultures at 4% (v/v), which

resulted in the mole ratio of proton to deuteron in the cultures being 100 to 0.58 (see Appendix 2 for
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details on calculation). Assuming that all hydrogen atoms on each representative ion have equal
chances to undergo deuterium exchanges, and disregarding any kinetics isotope effects of
deuterium, the predicted isotopic ratios, M: M+1: M+2: M+3: M+4, when considering only deuterium
exchanges and natural isotopic abundance of each element would be equal to 100: 84: 36: 10: 2 for
DAG (18:2/18:2), 80: 100: 63: 27: 9 for TAG (18:0/18:1/18:1), 100: 38: 7: 1: <1 for FA (18:2), and
100: 82: 35: 10: 2 for PA (18:2/18:2) (Appendix 2). These ratios represent the highest probable
signals of each isotope arisen from deuterium exchanges; yet, they alone still could not account for
the observed high abundances of these isotopes, especially with M+2 and higher m/z species, in the
ethanol-d; samples (Figure 6). The finding therefore suggested to us that A. niger ES4 was in fact
capable of metabolizing ethanol-dg into other compounds in an existing metabolic pathway.
Metabolically, the ethanol utilization pathway has been well studied in the closely-related fungus,
Aspergillus nidulans®®. In this pathway, ethanol is first oxidized to acetaldehyde by alcohol
dehydrogenase |. Further oxidation of acetaldehyde by alcohol dehydrogenase then yields acetate,
which subsequently is converted to acetyl CoA by acetyl CoA synthetase (Figure 7). In the form of
acetyl CoA, these carbon and hydrogen atoms from ethanol can then enter into many metabolic
pathways, along with the acetyl CoA synthesized from other carbon sources, such as glucose. For
lipid synthesis, acetyl CoA is carboxylated to malonyl CoA and coupled with this product to yield acyl
CoA, which is the substrate for production of fatty acids, phospholipids, and glycerolipids®® (Figure
7). For A. niger, the genes encoding several homologs of alcohol dehydrogenases have been
annotated in the genome of A. niger strain CBS513.88". However, their activities in culture have not
been confirmed. Our present data, therefore, represents the first piece of evidence to support the
existence of this ethanol utilization pathway in A. niger ES4.

In total, by applying untargeted metabolomics to study the extracellular and intracellular
hydrophobic components of the A. niger strain ES4 isolated from the wall of an ethanol tank, we
demonstrated the upregulation of glycerolipids (i.e., DAG, TAG and hTAG) as novel responses of
microbes to ethanol stress. The subsequent stable isotope labelling MS with ethanol-dg also
supported the utilization of ethanol by A. niger ES4. Future work will aim to determine the relevance
of these upregulated changes in glycerolipid metabolism and the ethanol utilization pathway in the
ethanol tolerance of A. niger, as well as to elucidate the structures, biosynthesis and functions of
hTAG more thoroughly. More generally, we believe that untargeted metabolomics platforms and the
overall approaches presented in this work will be powerful tools for the discovery of more novel

responses of microbes to organic solvent stress, as well as to other external stimuli, in the future.
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International Journal Publication (see Appendix 3)

Published 2 articles in 2 peer-reviewed international journals:

1.1 Vinayavekhin N*, Kongchai W, Piapukiew J, Chavasiri W (2020). Aspergillus niger
upregulated glycerolipid metabolism and ethanol utilization pathway under ethanol stress.
MicrobiologyOpen 9: €948. DOI: 10.1002/mbo3.948. Impact factor 2.738 in Quartile 2 of Scopus
database

1.2 Vinayavekhin N*, Vangnai AS (2018). The effects of disruption in membrane lipid
biosynthetic genes on 1-butanol tolerance of Bacillus subtilis. Appl. Microbiol. Biotechnol. 102:

9279-9289. Impact factor 3.670 in Quartile 1 of Scopus database

Research Utilization and Application

Academic application — This project led to the novel discovery of metabolic responses of A.
niger to ethanol. The knowledge can be applied for rationally engineering A. niger to have higher
tolerance to ethanol in the future, which would be useful for processes involving ethanol, such
as biocatalysis of ethanol. In addition, the knowledge also suggested metabolic pathways that
might be disturbed to eliminate A. niger in unwanted situation, such as on the ethanol tank. This
project was also used as a mean to train a Master student to do research in untargeted

metabolomics.

Others (e.g., national journal publication, proceeding, international conference, book chapter,
patent)

Published 1 proceeding article at the Research Administration Network Conference (RANC)
2018 on May 27-29, 2018 at Thumrin Thana Hotel, Trang. The article also received the best
article award in the field of science and technology for development of community and better
quality of life (UNANNITBAEUFIVINEIMEATUAzINAlUlaE Lﬁaw?um‘lgmuua:qmmw%?m).
The details of the article is as follows (see Appendix 4):
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(2018), Targeted metabolomics analysis of Aspergillus niger ES4 under ethanol
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muldanueioaanienues’, i 1114-1121)
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Singapore and at Department of Applied Chemistry, Faculty of Science, Maejo University.
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Figure A1. List of MS/MS Spectra (as referred to in Tables 1-2 and 4)

List of categories

Upregulated positive-mode ions in ethanol-treated extracellular samples

(see list in Table 1) A3
Upregulated positive-mode ions in ethanol-treated intracellular samples

(see list in Table 2) A8
Other intracellular lipids in the pathways in the positive ion modes

(see list in Table 4) A30
Other intracellular lipids in the pathways in the negative ion modes

(see list in Table 4) A32

List of Abbreviations

DAG
FA
hDAG
hTAG
LPA
LPC
LPE
LPG
LPI
MAG
MF
PA
PC
PE
PG

PI

PS
TAG

diacylglycerol

fatty acid
hydroxy-diacylglycerol
hydroxy-triacylglycerol
lysophosphatidic acid
lysophosphatidylcholine
lysophosphatidylethanolamine
lysophosphatidylglycerol
lysophosphatidylinositol
monoacylglycerol
molecular formula
phosphatidic acid
phosphatidylcholine
phosphatidylethanolamine
phosphatidylglycerol
phosphatidylinositol
phosphatidylserine

triacylglycerol

A2



Upregulated positive-mode ions in ethanol-treated extracellular samples

m/z 874.7830 at 48.3 min — [M + NH,]* of TAG (16:0/18:1/18:2)

'&tgf) +MS2(874 6505), 48 40-48 47min #(2883-2887)
] 577.5175
0.8 1
0.6 1
041 1211018 2652514
0.2 313.2734
00— AR AR L, L Ml A .
100 200 300 400 500 600 700 800 m/z
Measured m/z Possible MF Possible structural assignment
95.0861 CHy,* Fragment of acyl chains
109.1021 CgHis" Fragment of acyl chains
121.1018 CoHy5" Fragment of acyl chains
123.1173 CoHy5 Fragment of acyl chains
135.1181 CioHqs" Fragment of acyl chains
149.1329 CyHy7" Fragment of acyl chains
163.1471 CioHyo" Fragment of acyl chains
175.1502 Ci3Hio" Fragment of acyl chains
239.2371 Cy6H30" Acylium ion from breakage of acyl chain C16:0
245.2253 CigHy" Fragment of acyl chains
247.2405 CigHsi" Fragment of acyl chains
263.2353 C,gH5,07 Acylium ion from breakage of acyl chain C18:2
265.2514 C,gH3507 Acylium ion from breakage of acyl chain C18:1
313.2734 CyoH3705" MAG (16:0) — H,O
339.2888 C,4H3905" MAG (18:1) — H,O
575.5033 C4Hg,0," DAG (16:0/18:2) — H,0
577.5175 Cy7HgeO4" DAG (16:0/18:1) — H,0O
601.5177 CioHggO4" DAG (18:1/18:2) — H,0O
603.5307 CyH70,4" DAG (18:1/18:2) — H,0O + H,
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m/z 898.7839 at 48.1 min — [M + NH,]* of TAG (18:1/18:2/18:2)

l(zzeorf;'; +MS2(898.5208), 48.25-48.32min #(2874-2878)
] 601.5166
1.00
0.75
0.50 _ 1091019 263.2361
0.251 dm 337.2732
000 ] ﬁﬁ__“mlﬂl .
100 200 300 400 500 600 700 800 miz
Measured m/z Possible MF Possible structural assignment
95.0855 C,H," Fragment of acyl chains
109.1019 CgHy5" Fragment of acyl chains
121.1026 CoHy5" Fragment of acyl chains
123.1175 CoHys" Fragment of acyl chains
135.1177 CioHis" Fragment of acyl chains
149.1323 CiHqy7" Fragment of acyl chains
161.1323 CiHy7" Fragment of acyl chains
163.1479 CiHq" Fragment of acyl chains
175.1480 CigHyo" Fragment of acyl chains
245.2251 CigHy" Fragment of acyl chains
263.2361 C,gH5,07 Acylium ion from breakage of acyl chain C18:2
337.2732 C,H3,05" MAG (18:2) — H,0O
599.5034 CyHe7O4" DAG (18:2/18:2) — H,0
601.5166 CigHgeO4" DAG (18:1/18:2) — H,0
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m/z 900.7989 at 48.6 min — [M + NH,]* of TAG (18:1/18:1/18:2)

'&TOT;': +MS2(900.5546), 48.50-48.57min #(2889-2893)
2 601.5184
1 121.1022 265.2918 3590279
ol [l e
100 200 300 400 500 600 700 800 miz
Measured m/z Possible MF Possible structural assignment
95.0858 C,H," Fragment of acyl chains
109.1019 CgHy5" Fragment of acyl chains
121.1022 CoHy5" Fragment of acyl chains
123.1172 CoHys" Fragment of acyl chains
135.1173 CioHis" Fragment of acyl chains
149.1328 CiHqy7" Fragment of acyl chains
163.1481 CiHy" Fragment of acyl chains
175.1502 Ci3Hyo" Fragment of acyl chains
247.2412 CygHsq" Fragment of acyl chains
265.2515 C,gH307 Acylium ion from breakage of acyl chain C18:1
601.5184 CiHgeO4" DAG (18:1/18:2) — H,0
603.5334 CyH710," DAG (18:1/18:1) — H,0O
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m/z 902.8136 at 48.7 min — [M + NH,]* of TAG (18:1/18:1/18:1)

l(;z%rf; +MS2(902.6239), 48.77-48.92min #(2905-2914)
] 603.5354

2.0

15

1.0% 265.2522

] 135.1177
0.5 ] 359.0288
ooty by 4.
100 200 300 400 500 600 700 800 m/z

Measured m/z Possible MF Possible structural assignment
95.0861 C,H," Fragment of acyl chains
109.1023 CgHy5" Fragment of acyl chains
121.1019 CoHy3" Fragment of acyl chains
135.1177 CioHis" Fragment of acyl chains
149.1330 CyHy7" Fragment of acyl chains
247.2414 CigHat" Fragment of acyl chains
265.2522 C,gH3507 Acylium ion from breakage of acyl chain C18:1
339.2900 C,4H3005" MAG (18:1) — H,O
601.5194 CioHgeO4" DAG (18:1/18:1) — H,O — H,
603.5354 CyH;,O," DAG (18:1/18:1) — H,0O
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m/z 904.8272 at 48.9 min — [M + NH,]* of TAG (18:0/18:1/18:1)

'(Zﬁeorf)'_: +M326(gg45.i; 39), 49.00-49.07min #(2919-2923)
1.00—5
0.75—i
] 265.2522
0303 09,1022
0.25 339.2897
ooonﬁ_L.
100 200 300 400 500 600 700 800 m/z
Measured m/z Possible MF Possible structural assignment
95.0861 C,H," Fragment of acyl chains
109.1022 CgHy5" Fragment of acyl chains
121.1023 CoHy3" Fragment of acyl chains
135.1180 CioHis" Fragment of acyl chains
149.1334 CyHy7" Fragment of acyl chains
247.2417 CigHat" Fragment of acyl chains
265.2522 C,gH3507 Acylium ion from breakage of acyl chain C18:1
339.2897 C,4H3005" MAG (18:1) — H,O
603.5354 CyH710,4" DAG (18:1/18:1) — H,0
605.5499 CyoH50," DAG (18:0/18:1) — H,0O
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Upregulated positive-mode ions in ethanol-treated intracellular samples

m/z 634.5394 at 43.8 min — [M + NH,]* of DAG (18:2/18:2)

Intens.
(x104) +MS2(634.9046), 43.57-43.70min #(2595-2603)
| 337.2750
6 -
4 -
2 -
109.1024
263.2369
0 — LALI_'_T.hL:h. L - ‘L l — I————.
100 200 300 400 500 600 m/z

Measured m/z Possible MF Possible structural assignment
95.0858 CHq,* Fragment of acyl chains
109.1020 CgHis" Fragment of acyl chains
121.1020 CoH45" Fragment of acyl chains
123.1170 CoHys5" Fragment of acyl chains
133.1020 CioH1s Fragment of acyl chains
135.1170 CioHqs" Fragment of acyl chains
147.1170 CyHys" Fragment of acyl chains
161.1330 CiHqir" Fragment of acyl chains
175.1490 CisHyg Fragment of acyl chains
189.1640 C,4H4 Fragment of acyl chains
245.2260 CigHa" Fragment of acyl chains
263.2370 C,gH30 Acylium ion from breakage of acyl chain C18:2
337.2750 C,H3;,04 MAG (18:2) — H,O
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m/z 636.5550 at 44.4 min — [M + NH,]* of DAG (18:1/18:2)

Intens.
x104) ] +MS2(637.0294), 44.51-44.57min #(2651-2655)
339.2906

6 4

4 4

2 m

121.1023
265.2527
0 T 'Ih. u- T T T i 'Jl T T -‘ T T T T T T T T T T T T T T .‘
100 200 300 400 500 600 mlz

Measured m/z Possible MF Possible structural assignment
95.0863 C,H," Fragment of acyl chains
109.1020 CgHy5" Fragment of acyl chains
121.1020 CoHy3" Fragment of acyl chains
135.1180 CioHis" Fragment of acyl chains
245.2260 CigHag" Fragment of acyl chains
247.2410 CigHat" Fragment of acyl chains
263.2360 C,gH5,0" Acylium ion from breakage of acyl chain C18:2
265.2530 C,gH5307 Acylium ion from breakage of acyl chain C18:1
337.2750 C,H3;05" MAG (18:2) — H,O
339.2910 CyH3e05" MAG (18:1) — H,O
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m/z 638.5700 at 44.9 min — [M + NH,]* of DAG (18:1/18:1)

Intens.
(r; ¥ gf) ] +MS2(638.6263), 44 60-44 72min #(2650-2657)
i 339.2856
6 -4
4 -
21 135.1148
1 265.2481
ol adblu, P | o emams
100 200 300 400 500 600 miz
Measured m/z Possible MF Possible structural assignment
109.1000 CgHy3" Fragment of acyl chains
121.0990 CoHy5" Fragment of acyl chains
135.1150 CioHis" Fragment of acyl chains
149.1300 CyHy7" Fragment of acyl chains
245.2260 CigHy" Fragment of acyl chains
247.2370 CigHaq" Fragment of acyl chains
265.2480 C,gH5507 Acylium ion from breakage of acyl chain C18:1
339.2860 CyH3e05" MAG (18:1) — H,0O
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m/z 640.5815 at 45.3 min — [M + NH,]* of DAG (18:0/18:1)

I(r;t;:—eg“s),_: 3413030 +MS2(640.4206), 45.19-45.31min #(2685-2692)
31
21
1 135.1154
SEEY U6 WA G G4t N .
100 200 300 400 500 600  miz
Measured m/z Possible MF Possible structural assignment
95.0848 C,H," Fragment of acyl chains
109.1010 CgHy5" Fragment of acyl chains
121.1010 CoHy5" Fragment of acyl chains
135.1150 CioHis" Fragment of acyl chains
247.2400 CygHa" Fragment of acyl chains
265.2500 CgH330" Acylium ion from breakage of acyl chain C18:1
267.2640 CygH350" Acylium ion from breakage of acyl chain C18:0
339.2880 C,4H3005" MAG (18:1) — H,0O
341.3030 C,H4 05" MAG (18:0) — H,O
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m/z 662.5667 at 44.6 min — [M + NH,]* of DAG (18:2/20:2)

'Tzeggf +MS2(662.8430), 44.43-44.60min #(2640-2650)
3 337.2707
1000
] 365.3024
750 3
] 109.1009
500 ]
250
] 263.2375
0 1 'Iilr II.L.J.I.uILlllJllllll-.lu..Ll bl e L L L e
100 200 300 400 500 600 m/z
Measured m/z Possible MF Possible structural assignment
95.0846 CH,,* Fragment of acyl chains
109.1009 CgHy5" Fragment of acyl chains
121.0997 CoHy5" Fragment of acyl chains
135.1148 CioHis" Fragment of acyl chains
147.1149 CiHys" Fragment of acyl chains
161.1295 CioHer Fragment of acyl chains
337.2707 C,H3;,04 MAG (18:2) — H,O
365.3024 Cy3Hy4 04 MAG (20:2) — H,0O
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m/z 664.5833 at 45.1 min — [M + NH,]" of DAG (18:2/20:1) and some DAG (18:1/20:2)

Intens. 1 +MS2(664.9974), 34.9499V, 45.02min #(2675)
1250 - 337.2711
1000 367.3187
750
500 _ 109.0985
250 1 265.2488
0 o ._m...,]..uu ke o b e s
100 200 300 400 500 600 m/z
Measured m/z Possible MF Possible structural assignment
95.0836 C,H,,* Fragment of acyl chains
109.0985 CgHy5" Fragment of acyl chains
121.0996 CoHy5" Fragment of acyl chains
135.1169 CioHis" Fragment of acyl chains
149.1286 CyHy" Fragment of acyl chains
161.1298 CyHy7" Fragment of acyl chains
265.2488 CgH330" Acylium ion from breakage of acyl chain C18:1
337.2711 C,4H3,045" MAG (18:2) — H,O
339.2854 C,4H3505" MAG (18:1) — H,0O
365.2987 C,3H4105" MAG (20:2) — H,0O
367.3187 Cy3H4305" MAG (20:1) — H,0O
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m/z 816.7036 at 47.6 min — [M + NH,]" of TAG (12:0/18:2/18:2) and isomers

Intens. 1 +MS2(817.4478), 47.54-47.61min #(2825-2829)
2000
1 197.0799
1500 J
] 135.1147 519.4394
1000 1
263.2325
500 I
] 311.2621 4252158 l
0 1 '-rl.l‘.LJ.L:‘. et . W X
100 200 300 400 500 m/z
Measured m/z Possible MF Possible structural assignment
95.0835 C,H," Fragment of acyl chains
109.1007 CgHy5" Fragment of acyl chains
121.1000 CoHy3" Fragment of acyl chains
123.1153 CoHis Fragment of acyl chains
135.1147 CioHy5" Fragment of acyl chains
263.2325 C,gH30 Acylium ion from breakage of acyl chain C18:2
311.2621 CoH3505 MAG (16:1) — H,O
313.2708 CioH3704 MAG (16:0) — H,O
337.2704 C,H3,04 MAG (18:2) — H,0O
339.2812 C,1H3405 MAG (18:1) — H,O
519.4394 Ca3H500,4 DAG (12:0/18:2) — H,0O
521.4539 Ca3Hs10, DAG (12:0/18:1) — H,0
547.4702 C35Hs30, DAG (14:0/18:2) — H,0
573.4778 C37Hss0, DAG (16:0/18:3) — H,0O
575.4995 CsHs,0, DAG (16:0/18:2) — H,0
599.4956 CaoHs704 DAG (18:2/18:2) — H,0
601.5107 CagHgeO4 DAG (18:1/18:2) — H,0
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m/z 844.7360 at 47.8 min — [M + NH,]" of TAG (14:0/18:2/18:2) and isomers

'&E%rf) +MS2(845.0828), 47.80-47.86min #(2847-2851)
i 547.4712
0.8 ]
0.6 |
0.4 123176 ., 2892357 560.6053
0.2 1 337.2748
00 1— l_.__“'-lﬂll .l,-,Ll. —_— ﬁl k —_—
100 200 300 400 500 600 700 800 m/z
Measured m/z Possible MF Possible structural assignment
95.0857 C,H," Fragment of acyl chains
109.1025 CgHy5" Fragment of acyl chains
123.1176 CoHy5" Fragment of acyl chains
135.1174 CioHy5" Fragment of acyl chains
149.1335 CyHqi7" Fragment of acyl chains
161.1322 CioHy7" Fragment of acyl chains
175.1481 CisHyg" Fragment of acyl chains
211.2056 C,4H,,0" Acylium ion from breakage of acyl chain C14:0
245.2257 CygHapg" Fragment of acyl chains
263.2357 C,gH5,07 Acylium ion from breakage of acyl chain C18:2
285.2414 C7H3305" MAG (14:0) — H,O
337.2748 C,4H3;045" MAG (18:2) — H,O
547.4712 Ci5Hg30,4" DAG (14:0/18:2) — H,0
573.4852 Cy7Hgs0,4" DAG (16:0/18:2) — H,O — H,
575.5025 Cy7He,O4" DAG (16:0/18:2) — H,0O
599.5053 CyHe7O4" DAG (18:2/18:2) — H,0

A15



m/z 862.7455 at 46.9 min — [M + NH,]* of hTAG (16:0/16:1(0OH)/18:2)

Intens.

109.1006
600 -

400 -

323.2878
217.1926
263.2345

+MS2(863.3274), 46.75-46.84min #(2778-2783)

575.4997

200 -
0 4
100 200 300 400 500 600 700 800 miz
Measured m/z Possible MF Possible structural assignment
95.0828 CH,,* Fragment of acyl chains
109.1006 CgHy5" Fragment of acyl chains
121.0990 CoHy5" Fragment of acyl chains
123.1150 CoHys5 Fragment of acyl chains
135.1148 CioHis" Fragment of acyl chains
149.1301 CyHy7" Fragment of acyl chains
163.1445 CioHy" Fragment of acyl chains
175.1471 CisHyg" Fragment of acyl chains
217.1926 CigHas" Fragment of acyl chains
235.2011 CgH,, 0" Acylium ion of hydroxy fatty acyl chain C16:1 — H,O
239.2337 CgH3 0" Acylium ion from breakage of acyl chain C16:0
263.2345 C,gH5,07 Acylium ion from breakage of acyl chain C18:2
313.2715 CyoH3705" MAG (16:0) — H,O
323.2878 C,4H300," MAG (18:1) — 2H,0 (?)
337.2700 C,H3;05" MAG (18:2) — H,0O
549.4886 CisHgs04" DAG (16:1/16:0) — H,0O
551.4956 Cy5Hg70," DAG (16:1/16:0) — H,O + H,
565.4776 C35Hes05" hDAG (16:0/16:1) — H,O
575.4997 CsHe,O,4" DAG (16:0/18:2) — H,0O
577.5119 Cs7HgeOs" DAG (16:0/18:2) — H,0 + H,
589.4740 Cy7Hgs05" hDAG (16:1/18:2) — H,O
591.4946 C47Hg705" hDAG (16:1/18:2) — H,O + H,
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m/z 864.7565 at 47.2 min — [M + NH,]* of hTAG (16:0/16:0/18:2(0H))

Intens. 1 +MS2(864.7281), 47.02-47.29min #(2794-2810)
1250 A 551.4976
] 109.099%
1000 5 313.2696
750 _ 239.2328
500
] 451.3756
250 A
Oiﬁ—ﬁ—ﬁﬁ—ﬁ—.—.—.—ﬁ.—.—.ﬁﬁ—.—ﬁﬁﬁ—.—y—'—ﬂ—.—.‘....‘....‘..“
100 200 300 400 500 600 700 800 miz
Measured m/z Possible MF Possible structural assignment
95.0842 C,H," Fragment of acyl chains
109.0996 CgHy5" Fragment of acyl chains
123.1146 CoHys" Fragment of acyl chains
135.1151 CioHis" Fragment of acyl chains
147.1147 CyHys" Fragment of acyl chains
161.1311 CioHy7" Fragment of acyl chains
217.1916 CigHos" Fragment of acyl chains
239.2328 CgH3 0" Acylium ion from breakage of acyl chain C16:0
263.2312 C,gH5,07 Acylium ion from breakage of acyl chain C18:2
279.2285 CygH310," Acylium ion of hydroxy fatty acyl chain C18:2
313.2696 CyoH3705" MAG (16:0) — H,O
551.4976 Cy5Hg,0," DAG (16:0/16:0) — H,0
575.4985 C4Hg,0," DAG (16:0/18:2) — H,0
577.5123 Cy7HgsO4" DAG (16:0/18:2) — H,0O + H,
591.4927 C37He,O5" hDAG (16:0/18:2) — H,O
593.5117 Cs7HgeO5" hDAG (16:0/18:2) — H,O + H,
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m/z 888.7606 at 47.1 min — [M + NH,]" of hTAG (16:0/18:2/18:2(OH))

Intens. +MS2(889.0916), 46.75-47.05min #(2778-2796)
] 577.5160
4000 4 109.1005
3000 265.2505
2000 217.1932 339.2868
1000
0 L‘L" — e MMl .
100 200 300 400 500 600 700 800 m/z
Measured m/z Possible MF Possible structural assignment
95.0842 CH,,* Fragment of acyl chains
109.1005 CgHy5" Fragment of acyl chains
121.1004 CoHy5" Fragment of acyl chains
123.1154 CoHys5 Fragment of acyl chains
135.1155 CioHis" Fragment of acyl chains
149.1304 CyHy7" Fragment of acyl chains
161.1306 CiHqyr" Fragment of acyl chains
175.1455 Ci3Hio" Fragment of acyl chains
217.1932 CigHas" Fragment of acyl chains
263.2350 C,gH5,0" Acylium ion from breakage of acyl chain C18:2
265.2505 CgH330" Acylium ion from breakage of acyl chain C18:1
279.2291 CgH3,0," Acylium ion of hydroxy fatty acyl chain C18:2
313.2717 CyoH3705" MAG (16:0) — H,O
337.2706 C,4H3;045" MAG (18:2) — H,0O
339.2868 CyH3605" MAG (18:1) — H,O
575.5004 C4Hg,0," DAG (16:0/18:2) — H,0
577.5160 Cy7HgeO4" DAG (16:0/18:1) — H,0O
589.4800 Cy7Hgs05" hDAG (16:0/18:2) — H,O — H,
591.4943 Cs7He,O5" hDAG (16:0/18:2) — H,O
601.5162 CioHgeO4" DAG (18:1/18:2) — H,0O (?)
603.5304 CyH;1O," DAG (18:0/18:2) — H,0O (?)
615.4941 CygHg705" hDAG (18:2/18:2) — H,0O
617.5096 C3oHgeO5" hDAG (18:1/18:2) — H,O
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m/z 890.7736 at 47.3 min — [M + NH,]* of hTAG (16:0/18:1/18:2(OH))

Intens. 1 +MS2(890.5284), 47.14-47.34min #(2801-2813)
] 1021270
4000
3000 591.4945
2000 265.2494
1000 339.2869
. Ll
100 200 300 400 500 600 700 800 m/z
Measured m/z Possible MF Possible structural assignment
95.0837 CHq,* Fragment of acyl chains
109.1008 CgHis" Fragment of acyl chains
121.1008 CoHy5" Fragment of acyl chains
135.1156 CioHis" Fragment of acyl chains
149.1315 CyHqy7" Fragment of acyl chains
161.1314 CiHy7" Fragment of acyl chains
217.1918 CieHys" Fragment of acyl chains
263.2346 C,gH5,0" Acylium ion from breakage of acyl chain C18:2
265.2494 C,gH5507 Acylium ion from breakage of acyl chain C18:1
279.2280 CgH3,0," Acylium ion of hydroxy fatty acyl chain C18:2
313.2697 CgH3,05" MAG (16:0) — H,O
337.2708 C,H3;05" MAG (18:2) — H,0O
339.2869 C,4H3505" MAG (18:1) — H,0O
575.4987 CyHg,0," DAG (16:0/18:2) — H,0
577.5132 Cy7HgeO4" DAG (16:0/18:1) — H,0O
591.4945 Cy/Hg,05" hDAG (16:0/18:2) — H,O
603.5342 CyH;,O," DAG (18:0/18:2) — H,0O (?)
617.5115 C3oHgsO5" hDAG (18:1/18:2) — H,O
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m/z 904.8319 at 49.0 min — [M + NH,]* of TAG (18:0/18:1/18:1)

I(:z%r:‘s; | +M32é§g'zggz§9), 49.11-49.6 1min #(2925-2955)

6

4

265.2527
2 109.1024
] 339.2892
STV B I
100 200 300 400 500 600 700 800 m/z

Measured m/z Possible MF Possible structural assignment
95.0860 C,H," Fragment of acyl chains
109.1024 CgHy5" Fragment of acyl chains
121.1023 CoHy3" Fragment of acyl chains
135.1178 CioHis" Fragment of acyl chains
149.1330 CyHy7" Fragment of acyl chains
163.1477 CioHyo" Fragment of acyl chains
247.2415 CigHyt" Fragment of acyl chains
265.2527 C,gH5307 Acylium ion from breakage of acyl chain C18:1
339.2892 C,4H3005" MAG (18:1) — H,O
341.3047 CyHy1O5" MAG (18:0) — H,O
603.5362 CyH;,O," DAG (18:1/18:1) — H,0O
605.5516 C3H730," DAG (18:0/18:1) — H,0
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m/z 906.8451 at 49.1 min — [M + NH,]* of TAG (18:0/18:0/18:1)

'(;fo’;s) +MS2(906.6410), 49.20-49.27min #(2024-2928)

1 605.5485

1.0
0.5
_: 109.1006 265,2504
100 200 300 400 500 600 700 800 m/z

Measured m/z Possible MF Possible structural assignment
95.0841 C,H," Fragment of acyl chains
109.1006 CgHy5" Fragment of acyl chains
121.1005 CoHy5" Fragment of acyl chains
123.1160 CoHy5" Fragment of acyl chains
135.1156 CioHis Fragment of acyl chains
149.1312 CyHqy7" Fragment of acyl chains
247.2394 CigHaq" Fragment of acyl chains
265.2504 C,gH5507 Acylium ion from breakage of acyl chain C18:1
267.2657 CgH3507 Acylium ion from breakage of acyl chain C18:0
339.2866 CyH3e05" MAG (18:1) — H,O
341.3023 CyH4105" MAG (18:0) — H,O
603.5319 CyH710,4" DAG (18:1/18:1) — H,O
605.5485 CyoH730," DAG (18:0/18:1) — H,O
607.5612 CyoH750," DAG (18:0/18:0) — H,0
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m/z 912.7626 at 46.9 min — [M + NH,]* of hTAG (18:1/18:2(0OH)/18:3) and isomers

Intens. |
(x10%)

15
1.0

0.5

00 :—'_ﬁ_'ﬁ—'ﬁﬁ_'_'_'_'_l_'_" T

1 T T L L L
200 300 400 500 600 700 800

135.1157

100

263.2341339.2871

+MS2(913.3212), 46.67-46.82min #(2773-2782)

601.5157

s |

m/z

Measured m/z Possible MF Possible structural assignment

95.0842 CH,," Fragment of acyl chains

109.1003 CgHqs" Fragment of acyl chains

121.1003 CoHy5" Fragment of acyl chains

123.1158 CoHy5 Fragment of acyl chains

135.1157 CioHqs" Fragment of acyl chains

149.1305 CyHy7" Fragment of acyl chains

161.1309 CiHy7" Fragment of acyl chains

163.1450 CiHy" Fragment of acyl chains

243.2076 CigHyr" Fragment of acyl chains

245.2236 CigHy" Fragment of acyl chains

247.2391 CigHsi" Fragment of acyl chains

261.2181 CgH,0" Acylium ion from breakage of acyl chain C18:3
263.2344 C,gH5,07 Acylium ion from breakage of acyl chain C18:2
265.2499 C,gH5507 Acylium ion from breakage of acyl chain C18:1
277.2148 CigHu00," Acylium ion of hydroxy fatty acyl chain C18:3
279.2287 CgH3,0," Acylium ion of hydroxy fatty acyl chain C18:2
337.2701 C,H3;05" MAG (18:2) — H,0O

339.2871 Cy4H3505" MAG (18:1) — H,O

599.4994 C3He7O4" DAG (18:1/18:3) — H,0O

601.5157 CigHgeO4" DAG (18:1/18:2) — H,0

603.5314 CyH;,O," DAG (18:0/18:2) — H,0O (?)

615.4940 C3gHg705" hDAG (18:2/18:2) — H,0O

617.5106 C3oHgsO5" hDAG (18:1/18:2) — H,O
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m/z 914.7771 at 47.2 min — [M + NH,]" of hTAG (18:1/18:2/18:2(0H))

'(:ﬁ%"% +MS2(914.8940), 46.87-47.00min #(2785-2793)
] 603.5316

20

15

10 339.2866

] 135.1160 265.2499
0.5 3
100 200 300 400 500 600 700 800 m/z

Measured m/z Possible MF Possible structural assignment
95.0841 C,H," Fragment of acyl chains
109.1003 CgHy5" Fragment of acyl chains
121.1004 CoHy5" Fragment of acyl chains
135.1160 CioHy5" Fragment of acyl chains
149.1307 CyHqi7" Fragment of acyl chains
163.1450 CiHie" Fragment of acyl chains
245.2241 CigHag" Fragment of acyl chains
247.2396 CigHyi" Fragment of acyl chains
263.2344 CgH; 0" Acylium ion from breakage of acyl chain C18:2
265.2499 C,gH307 Acylium ion from breakage of acyl chain C18:1
279.2294 CygH310," Acylium ion of hydroxy fatty acyl chain C18:2
339.2866 C,4H3005" MAG (18:1) — H,0O
599.5011 CyoHs,0," hDAG (18:1/18:2) — 2H,0
601.5164 CigHgeO4" DAG (18:1/18:2) — H,0
603.5316 CyH710,4" DAG (18:0/18:2) — H,0O (?)
615.4950 C3He7O5" hDAG (18:2/18:2) — H,0O
617.5100 C3oHgeO5" hDAG (18:1/18:2) — H,0O
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m/z 916.7929 at 47.5 min — [M + NH,]* of hTAG (18:1/18:1/18:2(OH))

l(:;eorf)"_ +MS2(916.9630), 47.32-47.46min #(2812-2820)
603.5322
0.8 A
0.6
0.4 — 109.1007 265-2499339_2866
0.2 1
o.o:_ﬁ_ﬁ_ﬁﬁ_ﬁ___.w Ailn
100 200 300 400 500 600 700 800 m/z
Measured m/z Possible MF Possible structural assignment
95.0843 C,H," Fragment of acyl chains
109.1007 CgHy5" Fragment of acyl chains
121.1006 CoHy3" Fragment of acyl chains
135.1166 CioHis" Fragment of acyl chains
149.1306 CyHy7" Fragment of acyl chains
175.1455 Ci3Hio" Fragment of acyl chains
245.2233 CigHy" Fragment of acyl chains
247.2393 CigHyi" Fragment of acyl chains
263.2348 C,gH5,0" Acylium ion from breakage of acyl chain C18:2
265.2499 C,gH507 Acylium ion from breakage of acyl chain C18:1
279.2307 CygH3:0," Acylium ion of hydroxy fatty acyl chain C18:2
337.2713 C,H3,05" MAG (18:2) — H,0O
339.2866 C,4H3005" MAG (18:1) — H,O
341.3017 CyHy1O5" MAG (18:0) — H,O
601.5167 CigHgeO4" DAG (18:1/18:2) — H,0
603.5322 CyH;,O," DAG (18:1/18:1) — H,0O
605.5475 CyH730,4" DAG (18:0/18:1) — H,0O (?)
617.5099 C3oHgeO5" hDAG (18:1/18:2) — H,0O
619.5271 CjoH7105" hDAG (18:0/18:2) — H,O (?)
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m/z 918.8068 at 47.7 min — [M + NH,]* of hTAG (18:0/18:1/18:2(0H))

Intens. | +MS2(919.0446), 47.51-47.64min #(2823-2831)
2500 1 603.5297
2000
1500 ]  109.0994 279.2273
1000 ] 339.2853
500 '
0-E I e e N N o
100 200 300 400 500 600 700 800 m/z
Measured m/z Possible MF Possible structural assignment
95.0845 C,H," Fragment of acyl chains
109.0994 CgHy5" Fragment of acyl chains
121.0993 CoH,5" Fragment of acyl chains
135.1146 CioHis" Fragment of acyl chains
149.1303 CiHqy7" Fragment of acyl chains
247.2390 CigHaq" Fragment of acyl chains
263.2329 C,gH5,0" Acylium ion from breakage of acyl chain C18:2
265.2503 C,gH330" Acylium ion from breakage of acyl chain C18:1
279.2273 CgH3,0," Acylium ion of hydroxy fatty acyl chain C18:2
337.2688 C,4H3,045" MAG (18:2) — H,0O
339.2853 C,4H3005" MAG (18:1) — H,0O
341.3026 CyHy1O5" MAG (18:0) — H,O
603.5297 CyoH;1O," DAG (18:0/18:2) — H,0
605.5459 CyH730,4" DAG (18:0/18:1) — H,0O
617.5079 C3oHgeO5" hDAG (18:1/18:2) — H,0O
619.5252 C3H7.05" hDAG (18:0/18:2) — H,0O
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m/z 934.8749 at 49.5 min — [M + NH,]" of TAG (18:0/18:1/20:0) and other isomers

Intens. +MS2(934.5644), 43.0369eV, 49.54min #(2951)
8000 | 635.5952
6000 - 577.5186

4000 1 109.1027

2000 -

265.2516

] 339.2885397 3681
0 - o S ———
100 200 300 400 500 600 700 800 900 miz
Measured m/z Possible MF Possible structural assignment
95.0855 C,H," Fragment of acyl chains
109.1027 CgHy5" Fragment of acyl chains
121.1025 CoHy5" Fragment of acyl chains
123.1179 CoHy5" Fragment of acyl chains
135.1175 CioHis Fragment of acyl chains
149.1326 CyHqy7" Fragment of acyl chains
163.1449 CiHye" Fragment of acyl chains
239.2379 Cy6H3 0" Acylium ion from breakage of acyl chain C16:0
247.2420 CigHsi" Fragment of acyl chains
265.2516 CgH330" Acylium ion from breakage of acyl chain C18:1
295.3001 CyoH30" Acylium ion from breakage of acyl chain C20:0
313.2730 CyoH3705" MAG (16:0) — H,O
339.2885 C,4H3005" MAG (18:1) — H,O
369.3348 Cy3Has05" MAG (20:0) — H,0O
397.3681 CysHag05" MAG (22:0) - H,0O
549.4848 Cy5Hes04" DAG (16:0/16:1) — H,0O
577.5186 C37HgeO4" DAG (16:0/18:1) — H,O
605.5504 CyH730," DAG (18:0/18:1) — H,O
635.5952 C4H70," DAG (18:0/20.0) — H,0
661.6102 C43Hs1O," DAG (18:1/22:0) — H,0
689.6420 C5Hgs04" DAG (20:1/22:0) — H,0
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m/z 990.9377 at 50.2 min — [M + NH,]* of TAG (18:0/18:1/24:0)

'&ms)‘-: +MS2(990.4218), 50.31-50.45min #(2997-3005)
] 689.6448
31
2 605.5503
] 265.2527
11 109.1024
] 339.2903425.3999
05,.-L,‘l.“h.lr,..1..,.‘,L'..,.l,..,...J!,.....':...1..,.....“r
100 200 300 400 500 600 700 800 900 m/z
Measured m/z Possible MF Possible structural assignment
95.0862 C,H," Fragment of acyl chains
109.1024 CgHy5" Fragment of acyl chains
121.1021 CoHy5" Fragment of acyl chains
135.1174 CioHy5" Fragment of acyl chains
149.1329 CyHqi7" Fragment of acyl chains
247.2414 CigHaq" Fragment of acyl chains
265.2527 C,gH5507 Acylium ion from breakage of acyl chain C18:1
339.2903 CyH3e05" MAG (18:1) — H,0O
425.3999 C,7H5505" MAG (24:0) — H,O
603.5343 CyH710,4" DAG (18:0/18:1) — H,O — H,
605.5503 CyH730," DAG (18:0/18:1) — H,O
689.6448 C5Hgs0,4" DAG (18:1/24:0) — H,0O
691.6571 CsHs70," DAG (18:0/24:0) — H,0
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m/z 1002.9375 at 50.2 min — [M + NH,]" of TAG (18:1/18:1/25:0)

'(;z%'f) +MS2(1002.8422), 50.20-50.25min #(2990-2993)
. 703.6592
1.5 1
10 _ 603.5346
] 265.2529
057 109.1023
11V VU Y N WO
100 200 300 400 500 600 700 800 900 m/fz

Measured m/z Possible MF Possible structural assignment
95.0864 C,H," Fragment of acyl chains
109.1023 CgHy5" Fragment of acyl chains
121.1018 CoHy5" Fragment of acyl chains
135.1177 CioHis" Fragment of acyl chains
149.1329 CyHy7" Fragment of acyl chains
247.2425 CygHsq" Fragment of acyl chains
339.2875 C,4H3505" MAG (18:1) — H,0O
439.4149 CypgHss05" MAG (25:0) — H,0
601.5191 CioHgeO4" DAG (18:1/18:1) — H,O — H,
603.5346 CyH;,O," DAG (18:1/18:1) — H,0O
701.6445 CeHgs04" DAG (18:1/25:0) - H,O — H,
703.6592 CusHgr0," DAG (18:1/25:0) — H,0
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m/z 1018.9654 at 50.5 min — [M + NH,]* of TAG (18:0/18:1/26:0)

Intens. |
5000 4

4000
3000
20001

1000 ]

0 1 B e e e e e e B B R

109.0998

265.2492

339.2873  453.4252

+MS2(1019.1777), 50.56-51.12min #(3005-3038)
717.6708

605.5451

————T
500 600 700 800 900 m/z

100 200 300 400
Measured m/z Possible MF Possible structural assignment
95.0829 C,H,,* Fragment of acyl chains
109.0998 CgHy5" Fragment of acyl chains
123.1143 CoHy5" Fragment of acyl chains
135.1151 CioHis" Fragment of acyl chains
137.1302 CioHy7" Fragment of acyl chains
149.1312 CyHy7" Fragment of acyl chains
247.2399 CigHsq" Fragment of acyl chains
265.2492 C,gH3507 Acylium ion from breakage of acyl chain C18:1
339.2873 C,4H3505" MAG (18:1) — H,O
453.4252 C,oH5705" MAG (26:0) — H,O
603.5294 CyH;,O," DAG (18:0/18:1) — H,O — H,
605.5451 CyoH750," DAG (18:0/18:1) — H,0
717.6708 C47HggO4" DAG (18:1/26:0) — H,0O
719.6843 C47Hg10,4" DAG (18:0/26:0) — H,0O
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Other intracellular lipids in the pathways in the positive ion modes

m/z 758.5726 at 41.7 min — [M + H]" of PC (16:0/18:2)

I(:t190r15$. | +MS2(758.8623), 41.47-41.58min #(2470-2477)
) 184.0769
6 .
4 .
2 .
125.0014
o T T T ¥ T v T T T T T T g T v T T v T T T T T T T T T T T T T ?
100 200 300 400 500 600 700 m/z
Zoom in
Intens. +MS2(758.8623), 41.47-41.58min #(2470-2477)
5000 3 959847 276.2690
4000 1
3000 1 577.5178
] 166.06p0 313.2730
2000 4
] 352.2844
1000 1 l 478.3296
0 ] L*.ll!‘tF..L.l.LL.u.L.L#.‘,H,..,?
100 200 300 400 500 600 700 m/z
Measured m/z Possible MF Possible structural assignment
98.9847 H,0,P* Phosphate
125.0014 C,HsO,P* Phosphocholine — N(CH,),
166.0630 CsH3NO4P* Phosphocholine — H,0
184.0769 CsHsNO,P? Phosphocholine
239.2359 C,H5,0" Acylium ion from breakage of acyl chain C16:0
263.2401 CgH; 0" Acylium ion from breakage of acyl chain C18:2
265.2517 C,gH3507 Acylium ion from breakage of acyl chain C18:1
313.2730 CgH3,05" MAG (16:0) — H,0O
337.2741 C,H3;05" MAG (18:2) — H,0O
339.2878 CyH3605" MAG (18:1) — H,O
478.3296 Cy4yHygNOGP* LPC (16:0) — H,O
496.3378 C,4H5NO,P* LPC (16:0)
502.3281 CoeHygNOGP* LPC (18:2) — H,0O
575.5029 C,Hg,0," DAG (16:0/18:2) — H,0
577.5178 Cy7HgeO4" DAG (16:0/18:1) — H,0
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m/z 782.5751 at 41.3 min — [M + H]" of PC (18:2/18:2)

Intens.
(;19()”68) 7] +MS2(782.6086), 41.05-41.65min #(2445-2481)
1 184.0779
0.8 1
0.6 -
04 4
0.2 -
125.0015
00'.“
100 200 300 400 500 600 700 miz
Zoom in
Intens. +MS2(782.6086), 41.05-41.65min #(2445-2481)
98.984
6000 A
4000 | 166.06p6
2000 4 502.3292
2632361 337.2739 443.2530 t 601.5173
0“.."11—.—y—,,l'.."‘.|l.‘.hll..‘,.L....l...,.......“'
100 200 300 400 500 600 700 m/z
Measured m/z Possible MF Possible structural assignment
98.9848 H,0,P* Phosphate
125.0015 C,HsO,P* Phosphocholine — N(CHj),
166.0636 CsH3NO4P* Phosphocholine — H,0
184.0779 CsHsNO,P? Phosphocholine
263.2361 C,gH5,0" Acylium ion from breakage of acyl chain C18:2
337.2739 C,4H3,04" MAG (18:2) — H,O
443.2530 Cy3Hy00sP* LPC (18:2) — H,0 — N(CH,),
502.3292 CeHygNOGP* LPC (18:2) — H,O
520.3410 CyHsNO,P* LPC (18:2)
599.5051 CyoHs70," DAG (18:2/18:2) — H,0
601.5173 CioHggO4" DAG (18:1/18:2) — H,0O
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Other intracellular lipids in the pathways in the negative ion modes

m/z 671.4649 at 27.4 min — [M — H]™ of PA (16:0/18:2)

'(:29018)'-_ _MS2(671.9095), 28.74-28.88min #(1708-1716)
] 255.2330
3
2
] 152.9954
1]
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100 200 300 400 500 600 m/z
Zoom in
Intens. 4 -MS2(671.9095), 28.74-28.88min #(1708-1716)
500 4 153{9995
] 409.2353
400 7
300 - p81|2421
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0 _ a 'l.‘ . aidde uln sl Lobuta, g A e sadl it e | i s PO TNV N .I.Q._'
100 200 300 400 500 600 miz
Measured m/z Possible MF Possible structural assignment
96.9682 H,0,P~ Phosphate
134.9859 C;H,0,P Glycerol phosphate — 2H,0
152.9954 C;HOsP~ Glycerol phosphate — H,O
171.0060 C3HgO6P~ Glycerol phosphate
255.2330 Ci6H3105~ FA (16:0)
279.2331 CgH3:0,~ FA (18:2)
391.2294 CoH3606P~ LPA (16:0) — H,0O
409.2353 C1oHag0,P~ LPA (16:0)
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m/z 695.4647 at 26.8 min — [M — H]™ of PA (18:2/18:2)

Intens.
(x10%4) 1 -MS2(695.9216), 28.07-28.21min #(1668-1676)
] 279.2340
]
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21 152.9960
1
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100 200 300 400 500 600 m/z
Zoom in
Intens. . "MS2(695.9216), 28.07-28.21min #(1668-1676)
500 4 1539996 415.2252
400 1
300
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200 1
] 28212462
100 §
0 _-.A.... !.-l-.l hia 7“, b . I_..In A Pt ‘ILI A&_#
100 200 300 400 500 600 m/z
Measured m/z Possible MF Possible structural assignment
96.9696 H,0,P~ Phosphate
134.9855 C;H,O,P Glycerol phosphate — 2H,0
152.9960 C;HOsP~ Glycerol phosphate — H,O
171.0070 C;HOsP~ Glycerol phosphate
279.2340 C,gH3/05” FA (18:2)
415.2252 C,1H3506P~ LPA (18:2) — H,0
433.2347 C,H340,P~ LPA (18:2)

A33



m/z 714.5023 at 39.0 min — [M — HJ™ of PE (16:0/18:2)

'(:ﬁeorlf‘)': -MS2(714.9617), 39.69-39.81min #(2360-2367)
3] 279.2310
2]
:
] 140.0099 196.0367
O_ T T T 'l T T I| T T T T T T T T T T T T T T T T T T T T d T "
100 200 300 400 500 600 m/z
Zoom in
Intens. -MS2(714.9617), 39.69-39.81min #(2360-2367)
1200 1 140.0099 196.0367
1000 A
800 7 D5 1|2394
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200 - JL
0_- ,J..l‘l.'..l..—r‘., ..,l.'.*..,.‘.,..‘..".
100 200 300 400 500 600 m/z
Measured m/z Possible MF Possible structural assignment
122.0001 C,H;NO4P~ Ethanolamine phosphate — H,O
140.0099 C,H;NO,P~ Ethanolamine phosphate
196.0367 CsH{yNOzP~ Glycerophosphorylethanolamine
255.2310 CsH3:0,~ FA (16:0)
279.2310 CgH3:0,~ FA (18:2)
452.2785 C,H43NO,P~ LPE (16:0)
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m/z 738.5004 at 38.2 min — [M — HJ™ of PE (18:2/18:2)

'(:TOZS)' ] -MS2(738.9893), 38.57-39.17min #(2293-2329)
i 279.2308
1.0
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Zoom in
Intens. -
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100 200 300 400 500 600 700 m/z
Measured m/z Possible MF Possible structural assignment
121.9997 C,HsNO4P~ Ethanolamine phosphate — H,O
140.0099 C,H,NO,P~ Ethanolamine phosphate
196.0369 CsHyNOsP~ Glycerophosphorylethanolamine
279.2308 CigH310,5~ FA (18:2)
458.2627 Cy3H4yNOGP~ LPE (18:2) — H,0
476.2690 C,3HysNO, P~ LPE (18:2)
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m/z 758.4944 at 29.9 min — [M — HJ™ of PS (16:0/18:2)

l&ﬁeorl;s)'t -MS2(758.9479), 30.94-31.41min #(1839-1867)
] 255.2329
3
21
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1 .
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100 200 300 400 500 600 700 m/z
Measured m/z Possible MF Possible structural assignment
152.9951 C;HOsP~ Glycerol phosphate — H,O
255.2329 Ci6H310,~ FA (16:0)
279.2331 C.gH3:05~ FA (18:2)
391.2294 CgH3606P~ LPA (16:0) — H,0
409.2353 CgH350,P~ LPA (16:0)
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m/z 782.4946 at 29.3 min — [M — H]™ of PS (18:2/18:2)

Intens. -MS2(782.8917), 30.12-30.56min #(1790-1816)
8000 -
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6000 -
4000 -
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2000 -
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100 200 300 400 500 600 700 m/z
Measured m/z Possible MF Possible structural assignment
152.9957 C3HgO5P~ Glycerol phosphate — H,O
279.2327 CigH310,5~ FA (18:2)
415.2253 C,1H3506P~ LPA (18:2) — H,0
433.2379 C,H340,P~ LPA (18:2)
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m/z 745.4976 at 34.4 min — [M — H]” of PG (16:0/18:2)

Intens. J -MS2(745.8745), 34.79-34.92min #(2068-2076)
] 279.2321
4000
3000
2000
1000
] 152.9962
0 . ¥ T T T v l' ! v T = v T T T : v T T T T " T v v T T T T T b T T T '.
100 200 300 400 500 600 700 m/z
Measured m/z Possible MF Possible structural assignment
152.9962 C3HgO5P~ Glycerol phosphate — H,O
171.0062 C;3HOgP~ Glycerol phosphate
255.2323 Ci6H3:0,5~ FA (16:0)
279.2321 CigH310,” FA (18:2)
465.2532 CyH,4,04P” LPG (16:0) — H,O
483.2832 CyH.,O4P~ LPG (16:0)
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m/z 769.4962 at 33.8 min — [M — H]™ of PG (18:2/18:2)

Intens. | -MS2(769.9089), 34.20-34.26min #(2035-2038)
1 279.2285
2000 3
1500
1000 1
500 A
] 152.9926
0 A T 1T T l' L T T ==t T T L T T T T T 1T T T 7 T T I L !-
100 200 300 400 500 600 700 miz
Measured m/z Possible MF Possible structural assignment
152.9926 C;HOsP~ Glycerol phosphate — H,O
279.2285 CigH3105 FA (18:2)
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m/z 833.5160 at 34.0 min — [M — H]™ of Pl (16:0/18:2)

'(:290[23)‘ ] “MS2(834.0311), 34.44-34.51min #(2049-2053)
] 279.2305
4 N
3]
2]
] 152.9935
L \ 391.2225 553.2747
0_ UL 1 'l T l| l- T T 'II = L T T T ‘\' “- T T T T T T T 1 ‘t
100 200 300 400 500 600 700 800 m/z
Measured m/z Possible MF Possible structural assignment
152.9935 C3HgO5P~ Glycerol phosphate — H,O
241.0096 CeH,,0gP Inositol phosphate — H,0O
255.2304 CyeH310,” FA (16:0)
279.2305 C,gH3105” FA (18:2)
391.2225 CoH3606P~ LPA (16:0) — H,0O
409.2321 C1gH350,P" LPA (16:0)
553.2747 CpsHas014P™ LPI (16:0) — H,0
571.2860 CosHig01P~ LPI (16:0)
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m/z 857.5147 at 33.4 min — [M — H]™ of Pl (18:2/18:2)

I(;t190n43)_ 70,2304 -MS2(858.0421), 33.57-33.70min #(1997-2005)
2.0
1.5—f
107 241.0092
0-5 7 152.9935 415.2236 577.2758
00t 0\t
100 200 300 400 500 600 700 800 m/z
Measured m/z Possible MF Possible structural assignment
152.9935 C;HOsP~ Glycerol phosphate — H,O
241.0092 CeH,,0gP™ Inositol phosphate — H,0O
279.2304 C.gH3:05~ FA (18:2)
415.2236 C,1H306P~ LPA (18:2) — H,0O
577.2758 CyHyO44P LPI (18:2) - H,O
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Calculation and predicted isotopic patterns on the mass spectra of representative ions in
the ethanol-ds samples when taking into account only deuterium exchanges of all

hydrogens on the representative ions and natural abundances of elements.

Base calculation:
As ethanol-ds (or CD3CD,0D) was added to the culture at the concentration of 4% (v/v),

the medium had the following ratios of H,0 to CD3CD,0D:

By volume 96: 4

By mass 95.7: 3.1
(At 25°C, density of H,0 =0.99707 g/mL

and of ethanol = 0.78522 g/mL)

By mole 5.3: 0.060
(MW of H,0 = 18.01528 g/mol and of

CDsCD,0D = 52.10541 g/mol)

Since H>0 has 2 protons, while CD3CD,0D has 1 deuteron, the mole ratio of proton (and
some deuteron from water) to deuteron (from ethanol-ds) is equal to 10.6: 0.060.
However, considering that natural abundances of hydrogen and deuterium are 99.9844%
and 0.0156%, respectively, the mole ratio of proton to deuteron then becomes 10.6:

0.062, which is equal to 100: 0.58.
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(a) Diacylglycerol (DAG) (18:2/18:2)

-

~ o

w o
L

N
w
L

o

Relative Abundance
(9)]
o

625 630 635 640 645

miz

Calculation:

[M + NH4]* has the molecular formula of C39H7,NOs*.

The highest probability of each isotope when considering only deuterium exchanges and
natural isotopic abundance of each element is then equal to the following:

(Note: Terms with relatively small contribution are ignored below.)
M: P(M) =P(0D)
_nc (058 °(100\"
= ol — | | =
100 100
=1.00
M+1: P(M+1) =P(1D)+P(11C()
1 71 1 38
oo (s2)
100 ) \ 100 100 /) \ 100
=0.84
M+2: P(M+2) =P(2D)+P(213C)+P(1D&11C)+P(1180)
2 70 2 37
o 32] ()" 2 (2
100 100 100 100

1 4
P(1D)-P(113C) + °C, (%} (%}

=0.36
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M+3: P(M+3) =P(3D)+P(313C)+P(2D&113C) +P(1D &2 13C) +

P(1D & 1 180) + P(1 13C & 1 180)

_ e (o.ssf(mojﬁg s [1.08)3(100j36
= 1= +7C|— || =] +
100 ) {100 100 ) 100
P(2 D)-P(1 13C) + P(1 D)-P(2 13C) + P(1 D)-P(1 180) +

P(1 13C)-P(1 120)

=0.10

M+4: P(M+4) =P(4D)+P(413C)+P(3D&113C)+P(2D &2 13C) +
P(1D &3 13C) + P(2 D & 1 180) + P(2 13C & 1 180) +

P(1D & 113C + 1 180)

_ e (o.%j“(mo)ﬁg s (1.08)“[100)35
= = 1l—==1] *+7C|—7—||—==] +
100 ) {100 100 ) {100
P(3 D)-P(1 13C) + P(2 D)-P(2 13C) + P(1 D)-P(3 13C) +

P(2 D)-P(1 180) + P(2 13C)-P(1 180) + P(1 D)-P(1 13C)-P(1 160)

=0.02

Thus, M: M+1: M+2: M+3: M+4 = 100: 84: 36: 10: 2.

(b) Triacylglycerol (TAG) (18:0/18:1/18:1)

-
=~ o
[6;] o
1

)
[,

o

T T T T T T

895 900 905 910 915
m/z

Relative Abundance
[$)]
o

Calculation:

[M + NH4]* has the molecular formula of Cs7H110NO¢*.
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The highest probability of each isotope when considering only deuterium exchanges and
natural isotopic abundance of each element is then equal to the following:

(Note: Terms with relatively small contribution are ignored below.)
M: P(M) =P(0D)
o~ ((0.58Y 100)110
=1C, | = | | =
100 ) (100
=1.00
M+1: P(M+1) =P(1D)+P(11C)
o~ (058Y (100" o . (1.08)(100)"
o | =2 = | +%C,|=—||—=
100 ) (100 100 ) (100
=1.26
M+2: P(M+2) =P(2D)+P(213C)+P(1D &1 1C) +P(1 180)
2 108 2 55
e 35) (i0) **=30) (i) *
100 ) 100 100 ) {100

1 5
P(1 D)-P(113C) +°C, [%} [%)

=0.80

M+3: P(M+3) =P(3D)+P(313C)+P(2D&113C)+P(1D&21C) +

P(1D & 1180) + P(1 13C & 1 180)

o~ (058) (1007 o . (1.08)(100)"

=Gl —||—=| *7C|— || = +
100 ) {100 100 ) \ 100

P(2 D)-P(1 3C) + P(1 D)-P(2 13C) + P(1 D)-P(1 180) +

P(1 13C)-P(1 120)

=0.34
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M+4: P(M+4) =P(4D)+P(413C)+P(3D&113C)+P(2D &2 13C) +
P(1D &3 13C) + P(2 D & 1 180) + P(2 13C & 1 180) +

P(1D & 113C + 1 180)

_ o [0.58j“ (100)“’6 o (1.08]“(100)53
= =] +7C)l—7—0 1| —==]| *+
100 ) {100 100 ) \ 100
P(3 D)-P(1 13C) + P(2 D)-P(2 13C) + P(1 D)-P(3 13C) +

P(2 D)-P(1 180) + P(2 13C)-P(1 180) + P(1 D)-P(1 13C)-P(1 180)

=0.11

Thus, M: M+1: M+2: M+3: M+4 = 80: 100: 63: 27: 9.

(c) Fatty acid (FA) (18:2)

100 1

~
(¢)]
1

Relative Abundance
N
o o

o

270 275 280 285 290
m/z

Calculation:

[M - H]- has the molecular formula of C1gH3102".

The highest probability of each isotope when considering only deuterium exchanges and
natural isotopic abundance of each element is then equal to the following:

(Note: Terms with relatively small contribution are ignored below.)

M: P(M) =P(0D)

_ g (0.58]0[100]31
-ag, [ 222 [ 22
100 ) (100

=1.00
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M+1: P(M+1) =P(1D)+ P(113C)

e 22K 2
'{ 100 ) {100 {100 ) { 100
=0.38

M+2: P(M+2) =P(2D)+P(21C)+P(1D &1 13C) +P(1 180)
2 29 2 16
e e )
100 ) \ 100 100 ) \ 100
0.20)'(100
P(1 D)-P(1 13C) +2C1( ' j ( j

100 ) 100

=0.07

M+3: P(M+3) =P(3D)+P(313C)+P(2D&113C)+P(1D &2 1)+

P(1D & 1180) + P(1 13C & 1 180)

3 28 3 15
o2 )" ] e
100 100 100 100
P(2 D)-P(1 13C) + P(1 D)-P(2 13C) + P(1 D)-P(1 180) +

P(1 13C)-P(1 120)

=0.01

Thus, M: M+1: M+2: M+3 =100: 38: 7: 1.

(d) Phosphatidic acid (PA) (18:2/18:2)
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Calculation:

[M - H]- has the molecular formula of C39HegOgP-.

The highest probability of each isotope when considering only deuterium exchanges and
natural isotopic abundance of each element is then equal to the following:

(Note: Terms with relatively small contribution are ignored below.)
M: P(M) =P(0 D)
_ oo (058 °r100)*
= ol — | | =
100 100
=1.00
M+1: P(M+1) =P(1D)+P(11C()
1 67 1 38
(s (s
100 ) {100 100 /) \ 100
=0.82
M+2: P(M+2) =P(2D)+P(21C)+P(1D&11C)+P(1180)
2 66 2 37
w12 (8" 2 (2
100 100 100 100

1 7
P(1 D)-P(1 13C) +8cl(%j (%)

=0.35

M+3: P(M+3) =P(3D)+P(313C)+P(2D&113C) +P(1D&213C) +

P(1D & 1180) + P(1 13C & 1 180)

3 65 3 36
o2 ] )
100 100 100 100
P(2 D)-P(1 13C) + P(1 D)-P(2 3C) + P(1 D)-P(1 180) +

P(1 13C)-P(1 180)
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=0.10

M+4: P(M+4) =P(4D)+P(413C)+P(3D&113C) +P(2D &2 13C) +
P(1D & 313C) + P(2 D & 1 180) + P(2 13C & 1 180) +

P(1D & 113C + 1 180)

_ e (O.SST(lOO)M s (1.08)“[100)35

= == +7C,|—| | == | +
100 ) \ 100 100 ) {100

P(3 D)-P(1 13C) + P(2 D)-P(2 13C) + P(1 D)-P(3 13C) +

P(2 D)-P(1 180) + P(2 13C)-P(1 180) + P(1 D)-P(1 13C)-P(1 180)

=0.02

Thus, M: M+1: M+2: M+3: M+4 = 100: 82: 35: 10: 2.
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1 | INTRODUCTION

| Wimonsiri Kongchail | Jittra Piapukiew??

Abstract

The knowledge of how Aspergillus niger responds to ethanol can lead to the design
of strains with enhanced ethanol tolerance to be utilized in numerous industrial bi-
oprocesses. However, the current understanding about the response mechanisms
of A. niger toward ethanol stress remains quite limited. Here, we first applied a cell
growth assay to test the ethanol tolerance of A. niger strain ES4, which was iso-
lated from the wall near a chimney of an ethanol tank of a petroleum company, and
found that it was capable of growing in 5% (v/v) ethanol to 30% of the ethanol-free
control level. Subsequently, the metabolic responses of this strain toward ethanol
were investigated using untargeted metabolomics, which revealed the elevated lev-
els of triacylglycerol (TAG) in the extracellular components, and of diacylglycerol,
TAG, and hydroxy-TAG in the intracellular components. Lastly, stable isotope labe-
ling mass spectrometry with ethanol-d, showed altered isotopic patterns of molecu-
lar ions of lipids in the ethanol-d, samples, compared with the nonlabeled ethanol
controls, suggesting the ability of A. niger ES4 to utilize ethanol as a carbon source.
Together, the studies revealed the upregulation of glycerolipid metabolism and etha-
nol utilization pathway as novel response mechanisms of A. niger ES4 toward ethanol
stress, thereby underlining the utility of untargeted metabolomics and the overall

approaches as tools for elucidating new biological insights.

KEYWORDS
Aspergillus niger, ethanol response, ethanol utilization pathway, glycerolipid metabolism,

metabolomics

& Cowan, 2008; Torres, Pandey, & Castro, 2011), which include re-

pression or activation of sporulation (Bohin, Rigomier, & Schaeffer,

Organic solvent-tolerant microbes play key roles in many industrial
bioprocesses, such as biofuel production, biocatalysis, and biore-
mediation (Nicolaou, Gaida, & Papoutsakis, 2010). To obtain strains
with tolerance to these solvents, an approach involves genetically
engineering selected strains based on the knowledge of organic sol-

vent-induced stresses and responses (Taylor, Tuffin, Burton, Eley,

1976), induction of stress proteins (Petersohn et al., 2001), biodeg-
radation or secretion of toxic organic solvents (Aono, Tsukagoshi, &
Yamamoto, 1998; Bustard, Whiting, Cowan, & Wright, 2002), alter-
ation in cell morphology (Neumann et al., 2005), and adaptation of
the cell surface and cell membrane (Aono & Kobayashi, 1997; Weber
& de Bont, 1996). Because these responses might be triggered to
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counteract chemical toxins, the elevation in their levels might lead
to the development of tolerance traits in these microorganisms
(Kajiwara et al., 1996; Kang et al., 2007; Mahipant, Paemanee,
Roytrakul, Kato, & Vangnai, 2017; Vinayavekhin & Vangnai, 2018).

Aspergillus niger is a filamentous ascomycete fungus, which can
be found in almost every environment. It is known as the black mold
on rotting fruits and vegetables. Yet, despite these common views of
A. niger as an undesirable contaminant, it rarely causes disease in hu-
mans (Person, Chudgar, Norton, Tong, & Stout, 2010). In fact, it has
the GRAS (generally regarded as safe) status for many of its processes
(Frisvad et al., 2011) and is one of the most economically useful fungi
in the biotechnological industry (Pel et al., 2007). It has been applied
in the fermentation process for the production of organic acids, such
as gluconic (Ramachandran, Fontanille, Pandey, & Larroche, 2008)
and citric acids, with production of the latter exceeding one million
metric tons annually (Baker, 2006), and of various extracellular en-
zymes, including a-amylase or p-glucosidase (Pariza & Cook, 2010).
Apart from these industrial usages, A. niger has also been utilized
in bioremediation processes (Coulibaly, Naveau, & Agathos, 2002;
Srivastava & Thakur, 2006), as heterologous hosts for proteins and
secondary metabolites production (Lubertozzi & Keasling, 2009) and
as a cofermentation partner with Saccharomyces cerevisiae for the
simultaneous saccharification and fermentation in bioethanol pro-
duction (Izmirlioglu & Demirci, 2017). The further studies and usages
of A. niger have also been facilitated by the availability of the genome
sequence of three different A. niger strains (NRRL3, ATCC1015, and
CBS513.88) (Baker, 2006; Pel et al., 2007).

Recently, one of the black spots found on the roof and outside
upper wall of an ethanol tank of a petroleum company was inves-
tigated and identified as a living organism, A. niger strain ES4. The
black spots could be found most densely near the valved chimney of
the tank where ethanol was allowed to evaporate, which indicated
the preference of this strain of A. niger for ethanol. This finding was
rather surprising, as most non-ethanol-producing species are not ca-
pable of tolerating a high concentration of ethanol.

Relating to ethanol tolerance, A. niger isolated from spoiled pas-
try products was shown previously to be able to grow on potato
dextrose agar containing ethanol up to about 3% (w/w) with almost
no growth defect and up to 4% (w/w) with about 50% reduction in
its growth (Dantigny, Guilmart, Radoi, Bensoussan, & Zwietering,
2005). Another unrelated study also exhibited the capabilities of
A. niger to grow weakly on a plate containing 1% ethanol as a sole
carbon source (O'Connell & Kelly, 1988). However, while A. niger
was demonstrated to be capable of tolerating some concentrations
of ethanol in many cases, and while a transcriptomic analysis of its
closely related fungus Aspergillus nidulans revealed a 10-fold and
twofold upregulation of alcohol dehydrogenase alcA and aldA genes
in minimal medium containing ethanol compared with glucose, re-
spectively (Mogensen, Nielsen, Hofmann, & Nielsen, 2006), there
have so far been no reports on the metabolic responses of A. niger
toward ethanol. The knowledge of which would allow for the engi-
neering of the strain to have either higher tolerance toward etha-
nol for utilization in biotechnological industry or for designing novel

methods for eradication of the strain in unwanted situations, such
as in food spoilage or on a wall of an ethanol tank. We therefore
decided to study the metabolic responses of A. niger ES4 toward
ethanol further.

In this study, ethanol tolerance of A. niger ES4 was first exam-
ined. Then, to understand its metabolic responses toward ethanol,
untargeted metabolomics analysis was conducted to assay extra-
cellular and intracellular hydrophobic compound changes in A. niger
ES4 when put under ethanol stress. Lastly, since it was possible that
this strain of A. niger might intake ethanol for nutrients or substrates
for production of some metabolites, the incorporation of ethanol
into its metabolites was interrogated by stable isotope labeling mass

spectrometry (MS) experiments using ethanol-d,.

2 | MATERIALS AND METHODS

2.1 | Fungal strain and growth conditions

Aspergillus niger strain ES4 was isolated from a black spot on the
outside upper wall of an ethanol tank of a petroleum company by
the serial dilution method (Clark, Bordner, Galdrich, Kabler, & Huff,
1958). It was identified based on morphological characteristics and
then confirmed using molecular technique. The nucleotide sequence
data were submitted into the DDBJ/EMBL/GenBank nucleotide se-
qguence databases with accession number MK621333.

The fungus was grown on potato dextrose agar for 7 days, before
three agar plugs were inoculated in 20 ml of potato dextrose broth
and shaken at 180 rpm, room temperature for 3 days. The culture
was then diluted 20-fold into 20 ml of minimal medium (MM; per
liter: 6 g NaNO,, 0.52 g KCl, 0.52 g MgSO,.7H,0, 1.52 g KH,PO,,
10 g glucose, 2 ml Hutner's trace elements, pH 6.8) (Barratt, Johnson,
& Ogata, 1965) with ethanol (Merck, absolute, 299.9%), water (as
control), or ethanol-d, (Merck, deuteration degree > 99%; for stable
isotope labeling MS) at the indicated concentrations and shaken fur-
ther until the predetermined time.

2.2 | Determination of the dry weight

Mycelia from three 20-ml cultures were combined and collected on
a dry, preweighed Whatman paper no. 1 by vacuum filtration. They
were then washed with distilled water (4 x 5 ml, then 2 x 20 ml)
and dried on the filter paper at 70°C until at a constant weight (dry
weight [DW]).

2.3 | Metabolites extraction and analysis

Mycelia and supernatant from the 3-day-old 20-ml A. niger culture
were separated by gravity filtration through a cotton ball. A mixture
of 10 ml of chloroform and 5 ml of methanol was added to the super-
natant, while mycelia were washed once with 10 ml of distilled water
and soaked overnight in a mixture of 3 ml of chloroform and 1.5 ml of
methanol, before 1.5 ml of MM without glucose was added to them.
Subsequently, all mixtures were shaken vigorously, and centrifuged
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at 1500 g, room temperature for 3 min to separate the organic layer
(bottom) from the aqueous layer (top). The organic layer was trans-
ferred to another glass vial, evaporated to dryness under a steam of
nitrogen, and placed at -20°C for storage. The extracts were recon-
stituted in 200 ul of chloroform prior to analysis by liquid chroma-
tography (LC)-MS.

For LC-MS and LC-MS/MS analyses, 40 pl of each sample was
quantitated on an Ultimate DGP-3600SD LC coupled to a Bruker
MicrOTOF Q-1 MS instrument, both in the positive and negative ion
modes, as described previously (Vinayavekhin et al., 2016).

2.4 | LC-MS untargeted data analysis

The total ion chromatograms from each sample group (i.e., control
vs. ethanol treatment) were obtained in triplicate. The total of six
chromatograms for mycelia samples and six chromatograms for su-
pernatant samples were then subjected to comparative data analy-
ses separately as previously described (Vinayavekhin, Mahipant,
Vangnai, & Sangvanich, 2015), except that (a) the data were normal-
ized by the average DW of the cultures instead of the optical density
at 600 nm and (b) the minimum integrated mass ion intensity (MSll)
was set at 5,000 instead of 30,000.

2.5 | Stableisotope labeling MS with ethanol-d,

Intracellular metabolites from A. niger cultures treated with etha-
nol-d, were extracted and analyzed by LC-MS exactly as described
above in the section “2.3 Metabolites extraction and analysis.” The
resulting chromatograms were then inspected manually to obtain
the mass spectra of the indicated ions.

3 | RESULTS

3.1 | Ethanol tolerance of A. niger ES4

Since A. niger ES4 was isolated from the outside upper wall of an eth-
anol tank, we first assessed its ethanol tolerance. It, however, was
not possible to monitor the growth of A. niger on the solid agar me-
dium containing ethanol, which best mimicked its growth on the wall
of the tank, because its spore interfered with the radial growth (data
not shown). We therefore determined its ethanol tolerance using a
cell growth assay in a defined liquid medium instead (Mahipant et al.,
2017). In this assay, A. niger ES4 mycelia (60 ml) were cultured in MM
adapted slightly from that used by Barratt et al. (1965) for culturing
Aspergillus nidulans, and with ethanol added at concentrations up to
5% (v/v). Then, their growth was monitored daily over a 5-day period
by measuring the DW of mycelia.

The A. niger strain ES4 was able to grow in ethanol at all tested
concentrations (2%-5% [v/v]), although at slower growth rates than
the no-ethanol control (Figure 1). Increasing ethanol concentrations
decreased the DW at each measured time point in a dose-dependent
manner and became lowest at 5% (v/v) ethanol. The DW amounted
to 78%, 65%,49%, and 30% of that of the ethanol-free control at 2%,
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FIGURE 1 Growth curves of A. niger ES4 in MM with
concentrations of ethanol from 0% to 5% (v/v). Data are shown as
the average DW of mycelia from a 60-ml culture + standard error of
the mean for triplicate experiments per concentration

3%, 4%, and 5% (v/v) ethanol, respectively, at day 4 when the cells
were solidly in the stationary phase. Overall, the data revealed some

degree of tolerance toward ethanol by the A. niger ES4 strain.

3.2 | Metabolomics of A. niger under ethanol stress

To further characterize the microbe and understand the responses
of A. niger toward ethanol, metabolomics analysis was performed on
both the extracellular and intracellular components of A. niger ES4
cultures in the presence and absence of 4% (v/v) ethanol at day 3,
which was the condition that induced moderate stress levels to the
fungi (i.e., 52% growth of that without ethanol) and at the day the
cells entered early stationary phase (Figure 1). The mycelia or cul-
ture supernatant was then extracted for analysis of the hydrophobic
metabolites using a 2:1 (v/v) ratio of chloroform:methanol, and the
extracts were concentrated and analyzed by LC-MS using a previ-
ously developed untargeted metabolomics platform (Vinayavekhin
etal., 2015).

To identify differential metabolites related to ethanol stress
responses, the XCMS program (Smith, Want, O'Maille, Abagyan, &
Siuzdak, 2006) was used to obtain an MSlI value for each detectable
metabolite ion in each LC-MS chromatogram, and the MSII values
were normalized by the DW to account for the differences in fungal
growth. lons were then regarded as potential responses to ethanol
stress only if they were up- or downregulated by fourfold or more
with statistical significance (Student's t test with p < .05) in the eth-
anol-treated samples compared with the controls, and only if they
also met these criteria in another set of independent experimental
repeat. Using these criteria, the unbiased comparative analyses re-
vealed 68 and 7 upregulated ions and 1 and 1 downregulated ions
in the supernatant, and 322 and 29 upregulated ions and 14 and 24
downregulated ions in the mycelia under ethanol stress in the posi-
tive and negative ion modes, respectively (Figure 2).

Next, the structural characterization of these ions with altered
levels following ethanol treatment was undertaken manually using
the combined clues from the accurate mass, previously reported re-
tention time (RT) (Vinayavekhin et al., 2015, 2016), and tandem mass
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FIGURE 2 Volcano plots of metabolite changes in A. niger ES4 at day 3 caused by 4% (v/v) ethanol. Each (a) extracellular and (b)
intracellular metabolite ion in the hydrophobic components with an average MSII above 5,000 counts is plotted as its statistical significance
(p-value) against the fold change of ethanol (EtOH) over the control. The ions that locate above the horizontal dash line and outside the

two vertical dash lines have a p-value of less than 0.05 and a fold change of greater than 4, respectively. Each plot contains data from both
negative (neg) and positive (pos) ion modes. However, only some positive-mode MS ions with p < .05 could be identified (pos (ID)) in this

study

spectra (Appendix 1: Tables A1 and A2, and Figure S1). Structures
could be assigned to five extracellular and 63 intracellular upreg-
ulated positive-mode ions. All of these ions were in the family of
triacylglycerol (TAG) for the extracellular components, and the
families of diacylglycerol (DAG), TAG, and hydroxy-(h)TAG for the
intracellular components (Table 1, and Appendix 1: Tables A1 and A2
with the sn-1, sn-2 and sn-3 side chains written in random order and
exact positions of the hydroxyl groups on hTAG unspecified). The
most commonly found acyl chains in these altered lipids were 16:0,
18:0, 18:1, and 18:2. The remaining uncharacterized changed ions
could not be grouped into the same families as other changed ions,
were detected at relatively lower MSII, or were potentially classified
as ion fragments or adducts of other smaller or larger molecules. As
references, we also performed targeted analyses of other lipids in
the biosynthetic pathways of DAG and TAG, such as phospholipids
(see Figure 3 for details), and found their levels under ethanol stress
more or less undifferentiated from those of the controls (Table 1,
Appendix 1: Table A3, and Figure S1). Together, the untargeted me-
tabolomics analysis suggested the involvement of glycerolipids in
response to ethanol stress in A. niger ES4.

3.3 | Ethanol utilization by A. niger ES4

To survive on the wall of an ethanol tank, it might be necessary for
A. niger strain ES4 to be capable of metabolizing ethanol for nu-
trients or incorporating ethanol into other molecules to reduce its
toxicity. Because our metabolomics analyses above revealed the
upregulation of DAG, TAG, and hTAG in the ethanol-treated A. niger
samples compared with the controls, we set out to trace the possible
incorporation of ethanol or parts of ethanol into some of these lipids
by using stable isotope labeling MS with ethanol-d,.

The A. niger ES4 cultures were grown in MM in the presence of
4% (v/v) ethanol-d, (or nonlabeled ethanol as controls) for 3 days,
harvested for metabolites in the mycelia, and analyzed by LC-MS ex-
actly as described earlier for metabolomics. The chromatograms were

then inspected manually for the mass spectra of four representative

metabolite ions: (a) DAG (18:2/18:2), (b) TAG (18:0/18:1/18:1) (signifi-
cantly elevated under ethanol treatment compared to the untreated
controls), (c) fatty acid (FA) (18:2), and (d) phosphatidic acid (PA)
(18:2/18:2) (in the related metabolic pathways but with unchanged
levels). The data showed varying shift in the detected mass-to-charge
ratios (m/z) of all lipids in the ethanol-d, samples from the nonla-
beled controls (Figure 4). The monoisotopic peaks of all lipids, except
for FA (18:2), in the nonlabeled samples were no longer dominant
peaks in the ethanol-d, samples. The m/z with the highest intensities
were shifted by +3, +5, and +2 mass units for DAG (18:2/18:2), TAG
(18:0/18:1/18:1), and PA (18:2/18:2) from those in the nonlabeled
samples, respectively. However, the m/z peaks at +1, £2, and +3 mass
units from the dominant m/z peaks were not very different in inten-
sities from those of the dominant m/z peaks for all investigated lipids
in the ethanol-d, samples. Overall, the results support the metabo-

lism of ethanol in A. niger ES4 into other metabolites.

4 | DISCUSSION

The ability to tolerate chemicals present in cultures is one of the most
essential traits of microorganisms for utilization in bioprocesses. In
this study, we found A. niger ES4 capable of growing even in 5% (v/v)
(or 4% [w/v]) ethanol with its growth amounting to approximately
30% of that of the ethanol-free control. Interestingly, this level of
tolerance was comparable with that of the ethalogenic filamentous
fungus Fusarium oxysporum (Paschos, Xiros, & Christakopoulos,
2015) and higher than that of the natural ethanol-producing asco-
mycetous yeasts Pichia stipites, whose growth was inhibited at 3.4%
(w/v) ethanol when grown on glucose (Meyrial, Delgenes, Romieu,
Moletta, & Gounot, 1995). Assuming that the amount of ethanol pro-
duced by these ethalogenic microbes themselves stayed relatively
low compared with that of the initially added ethanol concentration,
our results would indicate that A. niger strain ES4 had a relatively
high resistance toward ethanol. However, as mentioned earlier,

Dantigny et al. (2005) also demonstrated the ability of the A. niger



VINAYAVEKHIN ET AL. . . 50f21
MicrobiologyOpen _ J_
yopen e WILEY

Open Access,

TABLE 1 Relative levels of identified ethanol-upregulated lipids and of other related lipids

Lipid class and acyl chain lon m/z RT (min) EtOH/con®”

Upregulated lipids in ethanol-treated extracellular samples

Triacylglycerol (TAG)

16:0/18:1/18:2 [M+NH,J* 874.7830 48.3 4.8*
18:1/18:2/18:2 [M+NH,]" 898.7839 48.1 6.6*
18:1/18:1/18:2 [M+NH,J* 900.7989 48.6 41t
18:1/18:1/18:1 [M+NH,]" 902.8136 48.7 7.7t
18:0/18:1/18:1 [M+NH,J* 904.8272 48.9 8.3t

Upregulated lipids in ethanol-treated intracellular samples
Diacylglycerol (DAG)

18:2/18:2 [M+NH,I" 634.5394 43.8 7.5*
18:1/18:2 M+ NH4]+ 636.5550 44.4 6.7*
18:1/18:1 [M+NH,I" 638.5700 449 6.7t
18:0/18:1 M+ NH4]+ 640.5815 45.3 8.7t
18:2/20:2 [M+NH,I" 662.5667 44.6 8.0*
18:2/20:1 [M+NH,J* 664.5833 451 7.0*
TAG
12:0/18:2/18:2 [M+NH,J* 816.7036 47.6 8.4"
14:0/18:2/18:2 [M+NH,I" 844.7360 47.8 4.4%
18:0/18:1/18:1 [M +NH,J* 904.8319 49.0 4.55
18:0/18:0/18:1 [M+NH,I" 906.8451 49.1 5.4°
18:0/18:1/20:0 [M+NH,J* 934.8749 49.5 4.45
18:0/18:1/24:0 M+ NH4]+ 990.9377 50.2 418
18:1/18:1/25:0 [M+NH,J* 1,002.9375 50.2 5.0f
18:0/18:1/26:0 [M+NH,I" 1,018.9654 50.5 4.7°
Hydroxy-TAG (hTAG)
16:0/16:1(0OH)/18:2 [M+NH,] 862.7455 46.9 4.6%
16:0/16:0/18:2(0OH) [M+NH,J* 864.7565 47.2 4.28
16:0/18:2/18:2(0OH) [M+NH,I 888.7606 471 8.2*
16:0/18:1/18:2(0H) [M+NH,J* 890.7736 47.3 5.4
18:1/18:2(0OH)/18:3 M+ NH4]+ 912.7626 46.9 11.2*
18:1/18:2/18:2(0H) [M+NH,J* 914.7771 47.2 11.8*
18:1/18:1/18:2(0OH) [M+NH,] 916.7929 47.5 8.8*
18:0/18:1/18:2(0H) [M+NH,J* 918.8068 47.7 9.9f
Other intracellular lipids in the related pathways
Fatty acid (FA)
16:0 [M - H]” 255.2317 18.6 1.6
18:2 [M-H] 279.2336 18.5 1.7t
18:1 [M - HI” 281.2478 18.8 2.0
18:0 [M-H] 283.2624 19.2 1.5%
Monoacylglycerol (MAG)
16:0 [M + NaJ]* 353.2656 34.0 2.4*
18:2 [M + Na]* 377.2718 331 2.1
Phosphatidic acid (PA)
16:0/18:2 [M-H] 671.4649 27.4 1.6
18:2/18:2 [M-H] 695.4647 26.8 2.3*

(Continues)
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TABLE 1 (Continued)
Lipid class and acyl chain lon m/z

Phosphatidylethanolamine (PE)

16:0/18:2 [M-HI 714.5023

18:2/18:2 [M-H] 738.5004
Phosphatidylserine (PS)

16:0/18:2 [M-H] 758.4944

18:2/18:2 [M-HI 782.4946
Phosphatidylglycerol (PG)

16:0/18:2 [M-HI 745.4976

18:2/18:2 [M-H] 769.4962
Phosphatidylinositol (PI)

16:0/18:2 [M-H] 833.5160

18:2/18:2 [M-HI 857.5147
Phosphatidylcholine (PC)

16:0/18:2 [M+HJ* 758.5726

18:2/18:2 [M+HJ* 782.5751

Abbreviations: m/z, mass-to-charge ratio; RT, retention time.

RT (min) EtOH/con®”
39.0 1.0
38.2 1.7
29.9 1.3
29.3 1.5
34.4 1.4
33.8 1.5
34.0 1.2
334 11
417 0.8t
413 1.8°

2EtOH/con value represents the ratio of the average mass ion intensity of ethanol-treated sample group and that of the control.

bStudent's t test: *p<.051,p<.01; % p<.005; 8 p<.001;N=3.

Ethanol utilization pathway

1
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FIGURE 3 Biosynthesis of glycerolipids and phospholipids in A. niger (Kanehisa & Goto, 2000), starting from ethanol. The green boxes
indicate lipids that had statistically significantly elevated levels, whereas the gray boxes show other lipids whose levels were quantitated
in this study and the yellow box emphasizes where ethanol locates in the pathways. Glycerolipids include monoacylglycerol (MAG),
diacylglycerol (DAG), and triacylglycerol (TAG), whereas phospholipids shown are phosphatidic acid (PA), phosphatidylethanolamine (PE),
phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylglycerol (PG), and phosphatidylinositol (PI)

strain isolated from spoiled pastry products to grow on potato dex-
trose agar containing ethanol up to 4% (w/w) with about 50% reduc-
tion in its growth, which seemed to be higher than ethanol tolerance
of A. niger ES4 in this study. Nevertheless, it was known that the
choice of culture media and conditions could affect ethanol toler-
ance of microbes greatly, and thus, how tolerance A. niger ES4 is
compared to other A. niger strains or other organisms remained to be
proven in the future study.

The subsequent investigation into the response mechanisms of
A. niger ES4 to ethanol using an untargeted metabolomics approach

revealed the accumulation of neutral glycerolipids (extracellular

TAG, and intracellular DAG, TAG, and hTAG) under ethanol stress.
DAG and TAG are interconnected in the glycerolipid metabolism
(Figure 4). Functionally, DAG is known to play multiple roles from
being a component of the cell membrane and an intermediate in
lipid metabolism to a second messenger in lipid-mediated signaling
cascades (Carrasco & Mérida, 2007), whereas TAG is traditionally
thought of as an energy storage lipid.

In terms of responses to stress, even though there have been
no prior reports demonstrating the effect of upregulated DAG or
TAG in the organic solvent tolerance of microbes, these neutral lipids

were previously implicated in protecting plants from other abiotic
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FIGURE 4 Mass spectra of representative ions from stable isotope labeling MS experiments with ethanol-d,. The A. niger ES4 was
cultured in duplicate in the presence of 4% (v/v) either ethanol (EtOH)-d, or EtOH (as control) and analyzed for intracellular metabolites
exactly as conducted in the untargeted metabolomics analysis. Mass spectra were extracted from the total ion chromatograms at the
retention time (RT) of 43.8 min for (a) diacylglycerol (DAG) (18:2/18:2) and 49.0 min for (b) triacylglycerol (TAG) (18:0/18:1/18:1) in the
positive ion mode, and at a RT of 18.5 min for (c) fatty acid (FA) (18:2) and 26.8 min for (d) phosphatidic acid (PA) (18:2/18:2) in the negative

ion mode

stressors, such as coldness (Tan et al., 2018) and darkness (Fan, Yu, &
Xu, 2017). In the case of coldness, for example, Arabidopsis accumu-
lated PA, DAG, and TAG during freezing stress where disruption in
the genes encoding the enzymes acyl-coenzyme A: DAG acyltrans-
ferase and DAG kinase, which catalyze the conversion of DAG to
TAG and PA, subsequently resulted in decreased and increased TAG
levels and tolerance to coldness, respectively (Tan et al., 2018). It is,
therefore, possible that, with the unchanged levels of other phos-
pholipids that are components of cell membranes (e.g., PA, phospha-
tidylethanolamine (PE), and phosphatidylcholine (PC) [lanutsevich,
Danilova, Groza, & Tereshina, 2016]) found in this study, the elevated
DAG and TAG levels as the novel responses to ethanol stress might
play some roles in defending A. niger against the toxic effects of eth-
anol. Yet, because cold stress rigidifies cell membrane, the effect
that is opposite to that of ethanol, further genetic data are needed
to pinpoint the relevance of these glycerolipids on ethanol tolerance
of A. niger. In addition, it remains to be determined whether the up-
regulation in glycerolipids following ethanol exposure is specific to
A. niger ES4 or general for all A. niger isolates.

Another class of metabolites elevated under ethanol stress was
hTAGs, which have mainly been described in Ricinus communis cas-
tor oil (Kim et al., 2011), Lesquerella seed oil (Byrdwell & Neff, 1998;
Hayes, Kleiman, & Phillips, 1995), and ergot oil from the fungus
Claviceps purpurea (Morris & Hall, 1966). As the detection and quan-
titation of hTAG in routine work have remained quite limited com-
pared with other classes of lipids, there is no evidence to support
or refute their relevance to various stresses. Yet, because their sub-
strates, hydroxy fatty acids, are known for their specialized medical
and industrial usages (e.g. lubricants, paints, and coatings) (Hayes et

al., 1995; Meesapyodsuk & Qiu, 2008), the discovery of upregulated
hTAGs in this study suggested that, upon fully characterizing their
structures, A. niger might be able to serve as another source of this
industrially important class of lipids as well.

Oneoftheknownmetabolicresponsesoftheyeast Saccharomyces
cerevisiae toward ethanol involves an increase in the unsaturated-
to-saturated fatty acids ratio, whereby the relative contents of FA
(16:1) and FA (18:1) increase while those of FA (16:0) and FA (18:0)
decrease (Sajbidor, Ciesarova, & Smogrovicova, 1995). Interestingly,
our metabolomics studies showed only slight elevation in contents
of all four most abundant fatty acids found in A. niger ES4 (i.e., 16:0,
18:2, 18:1 and 18:0) under ethanol stress without an obvious shift in
unsaturation index. The alteration in this index was also not imme-
diately apparent in other lipid species, as most of the changing lipids
contained both unsaturated and saturated acyl chains. The findings
therefore suggested that A. niger might utilize different mechanisms
to counteract toxicity of ethanol than S. cerevisiae. However, we
could not rule out the possibilities that the observed effects might
simply be specific to the choices of microbial strain, growth medium,
or conditions depicted in this study.

The results from the stable isotope labeling MS showed that the
isotopic patterns of all the molecular ions of representative lipids in
the ethanol-d, samples differed from those in the nonlabeled eth-
anol samples. Because the only isotope present at an unnaturally
high abundance in this case was deuterium, the finding indicated
the incorporation of varying numbers of deuterium atoms into each
lipid, which could potentially occur both via catabolism of etha-
nol-d, by A. niger and via deuterium exchanges with the deuteron
on the hydroxyl group of ethanol-d, during the lipid biosynthesis.
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However, in this study, ethanol-d, was added into the cultures at
4% (v/v), which resulted in the mole ratio of proton to deuteron in
the cultures being 100 to 0.58 (see Appendix 2 for details on cal-
culation). Assuming that all hydrogen atoms on each representative
ion have equal chances to undergo deuterium exchanges, and dis-
regarding any kinetics isotope effects of deuterium, the predicted
isotopic ratios, M:M + 1:M + 2:M + 3:M + 4, when considering
only deuterium exchanges and natural isotopic abundance of each
element would be equal to 100:84:36:10:2 for DAG (18:2/18:2),
80:100:63:27:9 for TAG (18:0/18:1/18:1), 100:38:7:1:<1 for FA
(18:2), and 100:82:35:10:2 for PA (18:2/18:2) (Appendix 2). These
ratios represent the highest probable signals of each isotope arisen
from deuterium exchanges; yet, they alone still could not account
for the observed high abundances of these isotopes, especially with
M + 2 and higher m/z species, in the ethanol-d, samples (Figure 3).
The finding therefore suggested to us that A. niger ES4 was in fact
capable of metabolizing ethanol-d, into other compounds in an ex-
isting metabolic pathway.

Metabolically, the ethanol utilization pathway has been well
studied in the closely related fungus, Aspergillus nidulans (Felenbok,
Flipphi, & Nikolaev, 2001). In this pathway, ethanol is first oxidized
to acetaldehyde by alcohol dehydrogenase |. Further oxidation of
acetaldehyde by alcohol dehydrogenase then yields acetate, which
subsequently is converted to acetyl CoA by acetyl CoA synthetase
(Figure 3). In the form of acetyl CoA, these carbon and hydrogen
atoms from ethanol can then enter into many metabolic pathways,
along with the acetyl CoA synthesized from other carbon sources,
such as glucose. For lipid synthesis, acetyl CoA is carboxylated to
malonyl CoA and coupled with this product to yield acyl CoA, which
is the substrate for production of fatty acids, phospholipids, and
glycerolipids (Figure 3) (Kanehisa & Goto, 2000). For A. niger, the
genes encoding several homologs of alcohol dehydrogenases have
been annotated in the genome of A. niger strain CBS513.88 (Pel et
al., 2007). However, their activities in culture have not been con-
firmed. Our present data, therefore, represent the first piece of ev-
idence to support the existence of this ethanol utilization pathway
in A. niger ES4.

5 | CONCLUSIONS

In total, by applying untargeted metabolomics to study the extracel-
lular and intracellular hydrophobic components of the A. niger strain
ES4 isolated from the wall of an ethanol tank, we demonstrated the
upregulation of glycerolipids (i.e., DAG, TAG and hTAG) as novel re-
sponses of microbes to ethanol stress. The subsequent stable iso-
tope labeling MS with ethanol-d, also supported the utilization of
ethanol by A. niger ES4. Future work will aim to determine the rel-
evance of these upregulated changes in glycerolipid metabolism and
the ethanol utilization pathway in the ethanol tolerance of A. niger,
as well as to elucidate the structures, biosynthesis, and functions of
hTAG more thoroughly. More generally, we believe that untargeted
metabolomics platforms and the overall approaches presented in

this work will be powerful tools for the discovery of more novel re-
sponses of microbes to organic solvent stress, as well as to other

external stimuli, in the future.
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APPENDIX 1

TABLE A1: Identified positive-mode ions with statistically significantly elevated levels in ethanol-treated extracellular A. niger samples
compared to the untreated control showing the mass-to-charge ratio (m/z), retention time (RT) and (a) potential identification and MS/

MS spectrum, (b) integrated mass ion intensity (MSIl) and (c) adjusted mass ion intensity (aMSll). The MSIl and aMSII data are shown for
three A. niger samples without (Con-1-3) or with ethanol treatment (EtOH-1-3) and their respective averages (Con-avg and EtOH-avg,
respectively)

(a) Identified significantly elevated positive-mode ions in ethanol-treated extracellular A. niger samples (potential identification and MS/MS
spectrum)

No. m/z RT (min) lon Potential identification MS/MS spectrum
1 874.7830 48.3 [M+NH,I" TAG (16:0/18:1/18:2) SI,p.S3
2 898.7839 48.1 [M +NH,]* TAG (18:1/18:2/18:2) S, p. S4
3 900.7989 48.6 [M+NH,I" TAG (18:1/18:1/18:2) Sl, p. S5
4 902.8136 48.7 [M +NH,]* TAG (18:1/18:1/18:1) Sl, p. S6
5 904.8272 48.9 [M+NH,I" TAG (18:0/18:1/18:1) Sl,p.S7

(b) Identified significantly elevated positive-mode ions in ethanol-treated extracellular A. niger samples (MSII)

Integrated mass ion intensity (MSII)

No. m/z RT (min)  EtOH-1 EtOH-2 EtOH-3 EtOH-avg Con-1 Con-2 Con-3 Con-avg

1 874.7830  48.3 3.27E+06  2.51E+06 2.47E+06 2.75E+06 1.30E+06  1.02E+06  9.02E+05 1.07E+06
2 898.7839  48.1 1.01E+07  7.88E+06  6.70E+06 8.24E+06  2.79E+06  2.21E+06  2.08E+06  2.36E+06
3 900.7989  48.6 1.17E+07 8.98E+06  8.84E+06 9.85E+06 8.84E+06  2.66E+06  2.16E+06  4.55E+06
4 902.8136  48.7 7.59E+06  5.94E+06  5.82E+06 6.45E+06  2.02E+06  1.55E+06  1.18E+06  1.58E+06
5 904.8272  48.9 4.85E+06  3.76E+06 4.10E+06 4.23E+06  1.17E+06 9.80E+05 7.42E+05 9.64E+05

(c) Identified significantly elevated positive-mode ions in ethanol-treated extracellular A. niger samples (aMSII)

Adjusted integrated mass ion intensity (aMSll)

No. m/z RT (min) EtOH-1 EtOH-2 EtOH-3 EtOH-avg Con-1 Con-2 Con-3 Con-avg

1 8747830  48.3 4.71E+06  3.62E+06  3.55E+06 3.96E+06  9.95E+05 7.83E+05  6.91E+05 8.23E+05
2 898.7839 48.1 1.46E+07 1.13E+07 9.65E+06 1.19E+07 2.14E+06 1.69E+06 1.59E+06 1.81E+06
3 900.7989  48.6 1.69E+07  1.29E+07  1.27E+07 1.42E+07  6.77E+06  2.04E+06  1.65E+06  3.49E+06
4 902.8136 48.7 1.09E+07 8.56E+06  8.38E+06 9.29E+06 1.55E+06 1.19E+06 9.04E+05 1.21E+06
5 904.8272  48.9 6.98E+06  5.41E+06  5.90E+06 6.10E+06  8.95E+05 7.51E+05 5.68E+05  7.38E+05
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Identified positive-mode ions with statistically significantly elevated levels in ethanol-treated intracellular A. niger samples

compared to the untreated control showing the mass-to-charge ratio (m/z), retention time (RT) and (a) potential identification and MS/MS
spectrum, (b) integrated mass ion intensity (MSIl) and (c) adjusted mass ion intensity (aMSll). The MSII and aMSlII data are shown for three A.
niger samples without (Con-1-3) or with ethanol treatments (EtOH-1-3) and their respective averages (Con-avg and EtOH-avg, respectively)

(a) Identified significantly elevated positive-mode ions in ethanol-treated intracellular A. niger samples (potential identification and MS/MS

spectrum)
No. m/z RT (min) lon Potential identification MS/MS spectrum
1 243.2090 43.8 - Fragment of DAG (18:2/18:2) -
2 261.2182 43.8 - Fragment of DAG (18:2/18:2) -
3 263.2362 44.0 - Fragment of DAG (16:0/18:2) -
4 299.2571 44.2 - Fragment of DAG (16:0/18:2) -
5 331.2789 44.0 - Fragment of DAG (16:0/18:2) -
6 337.2740 44.0 = Fragment of DAG (16:0/18:2) =
7 339.2896 44.6 - Fragment of DAG (18:2/20:2) -
8 357.2972 44.4 = Fragment of DAG (18:1/18:2) =
9 505.3885 43.8 - Fragment of DAG (18:2/18:2) -
?)
10 577.5185 44.6 [M-H,0+H]" DAG (16:0/18:1) =
11 593.5154 44.1 [M+H]* DAG (16:0/18:2) -
12 595.5281 44.6 [M+HJ* DAG (16:0/18:1) =
13 599.5026 43.8 [M-H,0+ HI* DAG (18:2/18:2) -
14 601.5186 44.4 [M-H,0+H]" DAG (18:1/18:2) =
15 603.5334 44.9 [M-H,0+ HI* DAG (18:1/18:1) -
16 605.5484 44.0 [M-H,0+C,H,+H]" DAG (16:0/18:2) =
17 617.5133 43.7 [M+H]* DAG (18:2/18:2) -
18 617.5101 447 [M-H,+HJ" DAG (18:1/18:2) =
19 619.5266 44.4 [M+H]* DAG (18:1/18:2) -
20 621.5416 44.9 [M+HJ* DAG (18:1/18:1) =
21 631.5539 44.2 [M-H,0+CH,+H,  DAG(18:2/18:2) -
+HJ*
22 633.5441 44.6 [M+CH, +HJ" DAG (18:1/18:2) =
23 634.5394 43.8 [M+NH,]" DAG (18:2/18:2) Sl, p. S8
24 636.5550 44.4 [M +NH,I" DAG (18:1/18:2) Sl, p. S9
25 638.5700 44.9 [M+NH,]" DAG (18:1/18:1) Sl, p. S10
26 639.4951 43.8 [M + Na] DAG (18:2/18:2) =
27 640.5815 45.3 [M+NH,]" DAG (18:0/18:1) Sl, p. S11
28 641.5108 44.3 [M + Na] DAG (18:1/18:2) =
29 643.5256 44.9 [M + Na]* DAG (18:1/18:1) -
30 645.5386 45.4 [M + Na] DAG (18:0/18:1) =
31 655.4700 43.7 [M+KJ* DAG (18:2/18:2) -
32 657.4889 44.3 [M+K]* DAG (18:1/18:2) =
33 659.5346 449 [M+KJ* DAG (18:1/18:1) -
34 662.5667 44.6 [M+NH,I" DAG (18:2/20:2) Sl, p. S12
35 664.6204 45.1 [M+NH,]" DAG (18:2/20:1) and some Sl, p. S13
DAG (18:1/20:2)
36 667.5271 44.6 [M + Na]* DAG (18:2/20:2) =
37 816.7036 47.6 [M+NH,I" TAG (12:0/18:2/18:2) and Sl, p. S14
isomers
38 844.7360 47.8 [M+NH,]" TAG (14:0/18:2/18:2) and S, p. S15

isomers

(Continues)
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TABLE A2: (Continued)

(a) Identified significantly elevated positive-mode ions in ethanol-treated intracellular A. niger samples (potential identification and MS/MS
spectrum)

No. m/z RT (min) lon Potential identification MS/MS spectrum

39 860.7302 46.6 [M+NH,I* hTAG (16:1/16:1(0H)/18:2) (?) -

40 862.7455 46.9 [M +NH,]* hTAG (16:0/16:1(0OH)/18:2) Sl, p. S16

41 864.7565 47.2 M+ NH4]+ hTAG (16:0/16:0/18:2(0H)) Sl, p. S17

42 879.7409 46.5 [M+HJ* TAG (18:2/18:2/18:2) =

43 886.7387 46.8 M+ NH‘,']+ hTAG (16:0/18:2(0OH)/18:3) (?) -

44 888.7606 471 [M+NH,]" hTAG (16:0/18:2/18:2(0H)) Sl, p. S18

45 890.7736 47.3 M+ NH‘,']+ hTAG (16:0/18:1/18:2(0H)) Sl, p. S19

46 904.8319 49.0 [M+NH,]" TAG (18:0/18:1/18:1) S, p. S20

47 906.8451 49.1 M+ NH4]+ TAG (18:0/18:0/18:1) Sl, p.S21

48 912.7626 46.9 [M +NH,]" hTAG (18:1/18:2(0OH)/18:3) S, p. S22
and isomers

49 914.7771 47.2 [M+NH,]* hTAG (18:1/18:2/18:2(0OH)) Sl, p. S23

50 916.7929 47.5 [M +NH,I" hTAG (18:1/18:1/18:2(0H)) Sl, p. S24

51 918.8068 47.7 [M+NH,]" hTAG (18:0/18:1/18:2(0OH)) Sl, p. S25

52 934.8749 49.5 [M+NH,I" TAG (18:0/18:1/20:0) and Sl, p. S26
other isomers

53 990.9377 50.2 [M+NH,]" TAG (18:0/18:1/24:0) Sl, p. S27

54 1,002.9375 50.2 M+ NH4]+ TAG (18:1/18:1/25:0) Sl, p. S28

55 1,004.9508 50.4 [M+NH,]" TAG (18:0/18:1/25:0) (?) -

56 1,018.9654 50.5 M+ NH4]+ TAG (18:0/18:1/26:0) Sl, p. S29

57 1,231.9962 43.8 [2M - H, + HI* DAG (18:2/18:2) -

58 1,234.0106 441 [2M + H]* DAG (18:2/18:2) (?) =

59 1,236.0261 44.3 [2M - H, + HI* DAG (18:1/18:2) -

60 1,238.0424 44.8 IM+H] DAG (18:1/18:1) + DAG -
(18:2/18:2)

61 1,255.9951 43.7 [2M + Na]* DAG (18:2/18:2) -

62 1,260.0226 44.3 [2M + Na]* DAG (18:1/18:2) =

63 1264.0575 45.0 [2M + Na]* DAG (18:1/18:1) -

(b) Identified significantly elevated positive-mode ions in ethanol-treated intracellular A. niger samples (MSII)

Integrated mass ion intensity (MSII)

NO. m/z z'nTin) EtOH-1 EtOH-2 EtOH-3 EtOH-avg Con-1 Con-2 Con-3 Con-avg

1 243.2090 43.8 6.14E+04 4.25E+04  4.54E+04  4.98E+04 1.68E+04  1.42E+04 1.86E+04 1.65E+04
2 261.2182 43.8 3.14E+05  2.07E+05 2.35E+05  2.52E+05 8.54E+04  6.46E+04 1.16E+05 8.86E+04
3 263.2362 44.0 9.81E+05 7.13E+05 8.18E+05 8.37E+05 3.26E+05 2.60E+05 4.16E+05 3.34E+05
4 299.2571 44.2 1.72E+04  2.82E+04 2.56E+04 2.37E+04  7.81E+03  8.39E+03 8.35E+03 8.18E+03
5 331.2789 44.0 1.87E+05 1.27E+05 1.54E+05 1.56E+05 7.13E+04 5.52E+04 9.16E+04 7.27E+04
6 337.2740 44.0 1.18E+07  8.40E+06 9.33E+06  9.86E+06  2.82E+06  2.33E+06 3.69E+06 2.95E+06
7 339.2896 44.6 1.09E+07 9.04E+06  9.03E+06 9.67E+06 2.18E+06 1.64E+06 2.92E+06 2.25E+06
8 357.2972 44.4 8.13E+04  6.16E+04  6.28E+04  6.86E+04 1.91E+04  1.51E+04 2.27E+04  1.89E+04
9 505.3885 43.8 6.89E+04  3.99E+04  4.40E+04 5.10E+04 1.32E+04 1.17E+04 1.58E+04 1.35E+04
10 577.5185 44.6 2.10E+06  1.80E+06 2.14E+06  2.02E+06  8.52E+05  6.66E+05 1.19E+06 9.04E+05
11 593.5154 441 3.19E+05 2.27E+05  2.70E+05 2.72E+05 1.25E+05 1.01E+05 1.56E+05 1.28E+05
12 595.5281 44.6 1.90E+05  1.73E+05 1.70E+05  1.78E+05  7.65E+04  6.12E+04 1.03E+05 8.01E+04

(Continues)
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(b) Identified significantly elevated positive-mode ions in ethanol-treated intracellular A. niger samples (MSII)

NO.

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
a1
42
43
44
45
46
a7
48
49
50
51
52
53
54
55

m/z

599.5026
601.5186
603.5334
605.5484
617.5133
617.5101
619.5266
621.5416
631.5539
633.5441
634.5394
636.5550
638.5700
639.4951
640.5815
641.5108
643.5256
645.5386
655.4700
657.4889
659.5346
662.5667
664.6204
667.5271
816.7036
844.7360
860.7302
862.7455
864.7565
879.7409
886.7387
888.7606
890.7736
904.8319
906.8451
912.7626
914.7771
916.7929
918.8068
934.8749
990.9377
1,002.9375
1,004.9508

RT
(min)
43.8
44.4
44.9
440
43.7
447
44.4
44.9
44.2
44.6
43.8
44.4
44.9
43.8
45.3
44.3
44.9
45.4
43.7
44.3
449
44.6
45.1
44.6
47.6
47.8
46.6
46.9
47.2
46.5
46.8
471
47.3
49.0
49.1
46.9
47.2
47.5
47.7
49.5
50.2
50.2
50.4

Integrated mass ion intensity (MSII)

EtOH-1

2.80E+06
4.16E+06
3.49E+06
8.82E+05
6.33E+06
5.45E+04
2.09E+06
5.78E+05
5.90E+04
1.14E+04
3.66E+06
2.82E+06
2.01E+06
1.03E+06
6.84E+05
7.54E+05
5.60E+05
2.36E+05
3.34E+04
2.75E+04
5.13E+04
9.14E+04
7.79E+04
2.50E+04
1.89E+05
1.24E+06
4.87E+04
1.11E+05
1.13E+05
3.85E+05
4.56E+05
6.34E+05
5.16E+05
1.20E+07
6.89E+06
6.04E+05
7.27E+05
5.63E+05
2.68E+05
9.33E+05
4.77E+06
8.96E+05
7.08E+05

EtOH-2

1.70E+06
3.46E+06
3.09E+06
9.92E+05
3.80E+06
7.25E+04
1.66E+06
5.25E+05
6.91E+04
2.51E+04
2.28E+06
2.21E+06
1.78E+06
7.02E+05
6.19E+05
7.40E+05
6.48E+05
3.23E+05
2.28E+04
2.54E+04
3.76E+04
7.21E+04
6.74E+04
2.23E+04
1.63E+05
1.11E+06
3.27E+04
8.84E+04
1.06E+05
2.77E+05
3.16E+05
4.53E+05
4.09E+05
1.17E+07
6.87E+06
3.94E+05
5.06E+05
4.16E+05
2.07E+05
1.02E+06
4.56E+06
8.10E+05
6.30E+05

EtOH-3

1.90E+06
3.26E+06
2.97E+06
1.22E+06
4.06E+06
1.01E+05
1.57E+06
4.47E+05
8.55E+04
2.37E+04
2.11E+06
1.89E+06
1.49E+06
8.05E+05
4.95E+05
8.55E+05
6.90E+05
3.02E+05
2.56E+04
2.73E+04
4.59E+04
5.92E+04
5.29E+04
2.28E+04
1.50E+05
1.04E+06
3.70E+04
1.09E+05
1.06E+05
3.44E+05
4.05E+05
5.12E+05
4.70E+05
1.12E+07
6.62E+06
4.14E+05
5.55E+05
4.71E+05
2.53E+05
9.33E+05
4.16E+06
7.02E+05
5.66E+05

EtOH-avg

2.13E+06
3.63E+06
3.18E+06
1.03E+06
4.73E+06
7.59E+04
1.77E+06
5.17E+05
7.12E+04
2.01E+04
2.68E+06
2.30E+06
1.76E+06
8.45E+05
5.99E+05
7.83E+05
6.33E+05
2.87E+05
2.73E+04
2.67E+04
4.49E+04
7.42E+04
6.61E+04
2.34E+04
1.68E+05
1.13E+06
3.94E+04
1.03E+05
1.08E+05
3.35E+05
3.92E+05
5.33E+05
4.65E+05
1.16E+07
6.79E+06
4.71E+05
5.96E+05
4.84E+05
2.43E+05
9.62E+05
4.50E+06
8.02E+05
6.34E+05

Con-1
5.39E+05
9.62E+05
8.51E+05
0.00E+00
1.14E+06
4.26E+04
4.97E+05
1.34E+05
0.00E+00
0.00E+00
7.41E+05
6.98E+05
5.18E+05
1.82E+05
1.32E+05
2.20E+05
2.65E+05
9.56E+04
7.36E+03
1.10E+04
1.48E+04
1.87E+04
1.70E+04
7.71E+03
4.36E+04
5.17E+05
2.95E+03
3.89E+04
4.50E+04
0.00E+00
1.89E+05
1.27E+05
1.84E+05
5.20E+06
2.54E+06
8.59E+04
9.83E+04
7.59E+04
4.88E+04
4.54E+05
2.04E+06
3.15E+05
1.78E+05

Con-2
4.38E+05
7.49E+05
6.37E+05
3.30E+05
9.60E+05
2.30E+04
3.95E+05
1.05E+05
0.00E+00
4.73E+03
5.42E+05
4.98E+05
3.72E+05
1.16E+05
1.02E+05
1.42E+05
1.51E+05
6.22E+04
6.12E+03
7.86E+03
6.56E+03
1.33E+04
1.54E+04
2.65E+03
3.54E+04
4.83E+05
3.49E+03
3.38E+04
4.77E+04
6.04E+04
9.46E+04
9.66E+04
1.46E+05
5.14E+06
2.70E+06
7.87E+04
9.24E+04
6.54E+04
4.53E+04
4.52E+05
2.45E+06
3.43E+05
1.91E+05

Con-3

5.83E+05
1.16E+06
9.90E+05
3.98E+05
1.34E+06
3.19E+04
6.40E+05
1.84E+05
1.34E+03
5.80E+03
7.47E+05
7.58E+05
5.97E+05
2.06E+05
1.54E+05
2.41E+05
2.12E+05
6.83E+04
7.46E+03
1.09E+04
9.97E+03
2.06E+04
2.07E+04
3.69E+03
3.32E+04
4.51E+05
5.87E+03
5.26E+04
5.22E+04
5.62E+04
1.17E+05
1.45E+05
1.58E+05
4.32E+06
1.83E+06
7.21E+04
9.40E+04
1.68E+05
4.49E+04
3.34E+05
1.71E+06
2.54E+05
1.33E+05

Con-avg

5.20E+05
9.58E+05
8.26E+05
2.42E+05
1.15E+06
3.25E+04
5.11E+05
1.41E+05
4.47E+02
3.51E+03
6.77E+05
6.51E+05
4.96E+05
1.68E+05
1.29E+05
2.01E+05
2.09E+05
7.53E+04
6.98E+03
9.90E+03
1.05E+04
1.75E+04
1.77E+04
4.68E+03
3.74E+04
4.84E+05
4.10E+03
4.18E+04
4.83E+04
3.89E+04
1.34E+05
1.23E+05
1.63E+05
4.89E+06
2.36E+06
7.89E+04
9.49E+04
1.03E+05
4.63E+04
4.13E+05
2.07E+06
3.04E+05

1.67E+05
(Continues)
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(b) Identified significantly elevated positive-mode ions in ethanol-treated intracellular A. niger samples (MSII)

Open Access,
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Integrated mass ion intensity (MSII)

RT
NO. m/z (min) EtOH-1 EtOH-2 EtOH-3 EtOH-avg Con-1 Con-2 Con-3 Con-avg
56 1,018.9654 50.5 7.98E+05 7.61E+05 6.96E+05 7.52E+05 2.94E+05 3.54E+05 2.54E+05 3.01E+05
57 1,231.9962 43.8 2.92E+04 2.23E+04  2.21E+04 2.45E+04 9.12E+03 5.33E+03 9.03E+03 7.83E+03
58 1,234.0106 441 4.12E+04 3.93E+04  3.15E+04 3.73E+04 1.59E+04 9.40E+03 1.51E+04 1.35E+04
59 1,236.0261 44.3 4.62E+04 4.30E+04  3.95E+04 4.29E+04 1.65E+04 1.09E+04 1.74E+04 1.49E+04
60 1,238.0424 44.8 5.91E+04 6.23E+04  5.54E+04 5.89E+04  2.47E+04 1.28E+04 2.30E+04 2.02E+04
61 1,255.9951 43.7 4.14E+04 3.05E+04  2.37E+04 3.19E+04 6.23E+03 3.47E+03 5.24E+03 4.98E+03
62 1,260.0226 44.3 4.14E+04 4.31E+04  3.21E+04 3.89E+04 1.00E+04  6.42E+03 9.24E+03 8.56E+03
63 1,264.0575 45.0 8.14E+04 9.04E+04  6.78E+04 7.99E+04 2.49E+04 1.43E+04 2.03E+04 1.98E+04
(c) Identified significantly elevated positive-mode ions in ethanol-treated intracellular A. niger samples (aMSlI)
- Adjusted integrated mass ion intensity (aMSlI)

No. m/z (min) EtOH-1 EtOH-2 EtOH-3 EtOH-avg Con-1 Con-2 Con-3 Con-avg
1 243.2090 43.8 8.85E+04 6.12E+04 6.54E+04 7.17E+04 1.29E+04 1.09E+04 1.42E+04 1.27E+04
2 261.2182 43.8 4.52E+05 2.99E+05 3.39E+05 3.63E+05 6.54E+04 4.95E+04 8.86E+04 6.78E+04
3 263.2362 44.0 1.41E+06 1.03E+06 1.18E+06 1.21E+06 2.50E+05 1.99E+05 3.18E+05 2.56E+05
4 299.2571 44.2 2.47E+04 4.07E+04 3.68E+04 3.41E+04 5.98E+03 6.42E+03 6.39E+03 6.27E+03
5 331.2789 44.0 2.70E+05 1.83E+05 2.22E+05 2.25E+05 5.46E+04 4.23E+04 7.02E+04 5.57E+04
6 337.2740 44.0 1.71E+07 1.21E+07 1.34E+07 1.42E+07 2.16E+06 1.78E+06 2.83E+06 2.26E+06
7 339.2896 44.6 1.58E+07 1.30E+07 1.30E+07 1.39E+07 1.67E+06 1.25E+06 2.23E+06 1.72E+06
8 357.2972 44.4 1.17E+05 8.87E+04 9.04E+04 9.87E+04 1.46E+04 1.15E+04 1.74E+04 1.45E+04
9 505.3885 43.8 9.92E+04 5.75E+04 6.34E+04 7.34E+04 1.01E+04 8.93E+03 1.21E+04 1.04E+04
10 577.5185 44.6 3.03E+06 2.60E+06 3.08E+06 2.90E+06 6.53E+05 5.10E+05 9.14E+05 6.92E+05
11 593.5154 441 4.59E+05 3.27E+05 3.89E+05 3.92E+05 9.60E+04 7.73E+04 1.20E+05 9.77E+04
12 595.5281 44.6 2.73E+05 2.49E+05 2.45E+05 2.56E+05 5.86E+04 4.69E+04 7.86E+04 6.14E+04
13 599.5026 43.8 4.04E+06 2.45E+06 2.74E+06 3.07E+06 4.13E+05 3.35E+05 4.46E+05 3.98E+05
14 601.5186 44.4 5.99E+06 4.98E+06 4.70E+06 5.22E+06 7.37E+05 5.74E+05 8.92E+05 7.34E+05
15 603.5334 44.9 5.03E+06 4.45E+06 4.28E+06 4.59E+06 6.52E+05 4.88E+05 7.58E+05 6.33E+05
16 605.5484 44.0 1.27E+06 1.43E+06 1.76E+06 1.49E+06 0.00E+00 2.52E+05 3.05E+05 1.86E+05
17 617.5133 43.7 9.12E+06 5.47E+06 5.85E+06 6.81E+06 8.77E+05 7.35E+05 1.03E+06 8.79E+05
18 617.5101 447 7.85E+04 1.04E+05 1.45E+05 1.09E+05 3.26E+04 1.76E+04 2.44E+04 2.49E+04
19 619.5266 44.4 3.00E+06 2.39E+06 2.26E+06 2.55E+06 3.81E+05 3.03E+05 4.90E+05 3.91E+05
20 621.5416 449 8.32E+05 7.56E+05 6.44E+05 7.44E+05 1.03E+05 8.02E+04 1.41E+05 1.08E+05
21 631.5539 44.2 8.49E+04 9.96E+04 1.23E+05 1.03E+05 0.00E+00 0.00E+00 1.03E+03 3.43E+02
22 633.5441 44.6 1.64E+04 3.62E+04 3.42E+04 2.89E+04 0.00E+00 3.62E+03 4.44E+03 2.69E+03
23 634.5394 43.8 5.27E+06 3.28E+06 3.04E+06 3.86E+06 5.67E+05 4.15E+05 5.72E+05 5.18E+05
24 636.5550 44.4 4.06E+06 3.18E+06 2.73E+06 3.32E+06 5.34E+05 3.82E+05 5.81E+05 4.99E+05
25 638.5700 449 2.89E+06 2.56E+06 2.15E+06 2.53E+06 3.97E+05 2.85E+05 4.58E+05 3.80E+05
26 639.4951 43.8 1.48E+06 1.01E+06 1.16E+06 1.22E+06 1.40E+05 8.91E+04 1.57E+05 1.29E+05
27 640.5815 453 9.84E+05 8.91E+05 7.12E+05 8.62E+05 1.01E+05 7.84E+04 1.18E+05 9.92E+04
28 641.5108 44.3 1.09E+06 1.07E+06 1.23E+06 1.13E+06 1.69E+05 1.09E+05 1.85E+05 1.54E+05
29 643.5256 44.9 8.07E+05 9.34E+05 9.94E+05 9.11E+05 2.03E+05 1.16E+05 1.63E+05 1.60E+05
30 645.5386 45.4 3.39E+05 4.65E+05 4.35E+05 4.13E+05 7.32E+04 4.77E+04 5.23E+04 5.77E+04
31 655.4700 43.7 4.81E+04 3.28E+04 3.69E+04 3.93E+04 5.63E+03 4.69E+03 5.71E+03 5.35E+03
32 657.4889 44.3 3.96E+04 3.66E+04 3.93E+04 3.85E+04 8.40E+03 6.02E+03 8.33E+03 7.58E+03
33 659.5346 449 7.39E+04 5.41E+04 6.60E+04 6.47E+04 1.14E+04 5.02E+03 7.63E+03 8.01E+03

(Continues)
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(c) Identified significantly elevated positive-mode ions in ethanol-treated intracellular A. niger samples (aMSlI)

No. m/z

34 662.5667
35 664.6204
36 667.5271
37 816.7036
38 844.7360
39 860.7302
40 862.7455
41 864.7565
42 879.7409
43 886.7387
44 888.7606
45 890.7736
46 904.8319
47 906.8451
48 912.7626
49 914.7771
50 916.7929
51 918.8068
52 934.8749
53 990.9377
54 1,002.9375
55 1,004.9508
56 1,018.9654
57 1,231.9962
58 1,234.0106
59 1,236.0261
60 1,238.0424
61 1,255.9951
62 1,260.0226
63 1,264.0575

TABLE A3:

RT
(min)
44.6
451
44.6
47.6
47.8
46.6
46.9
47.2
46.5
46.8
471
47.3
49.0
49.1
46.9
47.2
47.5
477
49.5
50.2
50.2
50.4
50.5
43.8
441
443
44.8
43.7
44.3
45.0

Adjusted integrated mass ion intensity (aMSII)

EtOH-1

1.32E+05
1.12E+05

3.60E+04
2.72E+05
1.79E+06
7.01E+04

1.60E+05
1.62E+05
5.55E+05
6.56E+05
9.14E+05

7.43E+05

1.72E+07
9.93E+06

8.70E+05
1.05E+06
8.11E+05

3.87E+05
1.34E+06
6.88E+06
1.29E+06
1.02E+06
1.15E+06
4.20E+04
5.93E+04
6.65E+04
8.50E+04
5.97E+04
5.97E+04
1.17E+05

EtOH-2

1.04E+05
9.71E+04
3.21E+04
2.35E+05
1.60E+06
4.70E+04
1.27E+05
1.53E+05
3.99E+05
4.55E+05
6.53E+05
5.89E+05
1.69E+07
9.89E+06
5.67E+05
7.29E+05
6.00E+05
2.99E+05
1.47E+06
6.56E+06
1.17E+06
9.07E+05
1.10E+06
3.21E+04
5.65E+04
6.19E+04
8.97E+04
4.39E+04
6.20E+04
1.30E+05

EtOH-3

8.53E+04
7.62E+04
3.29E+04
2.16E+05
1.50E+06
5.33E+04
1.58E+05
1.53E+05
4.95E+05
5.83E+05
7.37E+05
6.77E+05
1.61E+07
9.53E+06
5.97E+05
7.99E+05
6.79E+05
3.64E+05
1.34E+06
5.99E+06
1.01E+06
8.15E+05
1.00E+06
3.18E+04
4.53E+04
5.69E+04
7.97E+04
3.42E+04
4.62E+04
9.77E+04

EtOH-avg

1.07E+05
9.51E+04

3.37E+04
2.41E+05

1.63E+06
5.68E+04
1.48E+05
1.56E+05
4.83E+05
5.65E+05
7.68E+05
6.70E+05
1.67E+07
9.78E+06
6.78E+05
8.58E+05
6.96E+05
3.50E+05
1.39E+06
6.48E+06
1.16E+06
9.14E+05

1.08E+06
3.53E+04
5.37E+04
6.18E+04
8.48E+04
4.59E+04
5.60E+04
1.15E+05

Con-1

1.43E+04
1.31E+04
5.91E+03
3.34E+04
3.96E+05
2.26E+03
2.98E+04
3.45E+04
0.00E+00
1.45E+05
9.74E+04
1.41E+05
3.98E+06
1.95E+06
6.58E+04
7.53E+04
5.81E+04
3.74E+04
3.47E+05
1.57E+06
2.41E+05
1.36E+05
2.25E+05
6.98E+03
1.22E+04
1.26E+04
1.89E+04
4.77E+03
7.68E+03
1.91E+04

Con-2

1.02E+04
1.18E+04
2.03E+03
2.71E+04
3.70E+05
2.67E+03
2.59E+04
3.66E+04
4.63E+04
7.24E+04
7.40E+04
1.12E+05
3.94E+06
2.07E+06
6.03E+04
7.08E+04
5.01E+04
3.47E+04
3.46E+05
1.88E+06
2.62E+05
1.46E+05
2.71E+05
4.08E+03
7.20E+03
8.33E+03
9.81E+03
2.66E+03
4.92E+03
1.09E+04

Con-3

1.58E+04
1.59E+04
2.83E+03
2.54E+04
3.45E+05
4.49E+03
4.03E+04
4.00E+04
4.30E+04
9.00E+04
1.11E+05
1.21E+05
3.31E+06
1.40E+06
5.52E+04
7.20E+04
1.29E+05
3.44E+04
2.56E+05
1.31E+06
1.95E+05
1.02E+05
1.95E+05
6.92E+03
1.15E+04
1.33E+04
1.76E+04
4.01E+03
7.08E+03
1.55E+04

Con-avg

1.34E+04
1.36E+04
3.59E+03
2.86E+04
3.70E+05
3.14E+03
3.20E+04
3.70E+04
2.98E+04
1.02E+05
9.41E+04
1.25E+05
3.74E+06
1.81E+06
6.04E+04
7.27E+04
7.89E+04
3.55E+04
3.16E+05
1.59E+06
2.33E+05
1.28E+05
2.30E+05
5.99E+03
1.03E+04
1.14E+04
1.54E+04
3.81E+03
6.56E+03
1.52E+04

Other lipids in the pathways found in intracellular A. niger samples. Lipids are shown in terms of their lipid class and acyl

chain as (a) detected ion adduct, measured mass-to-charge ratio (m/z), retention time (RT), MS/MS spectrum, (b) integrated mass ion
intensity (MSIl) and (c) adjusted mass ion intensity (aMSll). The MSIl and aMSlII data are shown for three A. niger samples without (Con-1-3)
or with ethanol treatments (EtOH-1-3) and their respective averages (Con-avg and EtOH-avg, respectively)

(a) Other intracellular lipids in the pathways (ion, m/z, RT, MS/MS spectrum)

No.

A WO N -

Lipid class

Acyl chain

Fatty acid (FA)

16:0
18:2
18:1
18:0

Monoacylglycerol (MAG)

lons

m/z

255.2317
279.2336
281.2478
283.2624

RT (min)

18.6
18.5
18.8
19.2

MS/MS spectrum

(Continues)
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TABLE A3: (Continued)

(a) Other intracellular lipids in the pathways (ion, m/z, RT, MS/MS spectrum)

Lipid class

No. Acyl chain lons m/z RT (min) MS/MS spectrum

16:0 [M + Na]* 353.2656 34.0 -

4 18:2 [M + Na]* 377.2718 33.1 =
Phosphatidic acid (PA)

5 16:0/18:2 [M-HI 671.4649 27.4 SI, p. S32

6 18:2/18:2 [M-HI 695.4647 26.8 Sl, p. S33
Phosphatidylethanolamine (PE)

7 16:0/18:2 [M-HJI 714.5023 39.0 S, p. S34

8 18:2/18:2 [M-HI 738.5004 38.2 SI, p. S35
Phosphatidylserine (PS)

9 16:0/18:2 [M-HI 758.4944 29.9 SI, p. S36

10 18:2/18:2 [M-HI 782.4946 29.3 Sl, p. S37
Phosphatidylglycerol (PG)

11 16:0/18:2 [M-HI 745.4976 34.4 Sl, p. S38

12 18:2/18:2 [M-HI 769.4962 33.8 SI, p. S39
Phosphatidylinositol (PI)

13 16:0/18:2 [M-HI 833.5160 34.0 SI, p. S40

14 18:2/18:2 [M-HJI 857.5147 334 Sl p. S41
Phosphatidylcholine (PC)

15 16:0/18:2 [M+H]* 758.5726 41.7 SI, p. S30

16 18:2/18:2 [M +H]* 782.5751 41.3 SI, p. S31

(b) Other intracellular lipids in the pathways (MSII)

Lipid class Integrated mass ion intensity (MSII)

No. Acyl chain EtOH-1 EtOH-2 EtOH-3 EtOH-avg Con-1 Con-2 Con-3 Con-avg

Fatty acid (FA)

1 16:0 2.26E+06 2.16E+06 1.99E+06 2.14E+06 2.43E+06 2.48E+06 2.53E+06 2.48E+06
2 18:2 1.48E+07 1.31E+07 1.38E+07 1.39E+07 1.56E+07 1.57E+07 1.57E+07 1.57E+07
S 18:1 7.86E+06 7.31E+06 6.94E+06 7.37E+06 7.03E+06 6.66E+06 7.33E+06 7.01E+06
4 18:0 1.51E+06 1.47E+06 1.36E+06 1.44E+06 1.91E+06 1.73E+06 1.77E+06 1.80E+06
Monoacylglycerol (MAG)
16:0 5.15E+05 4.80E+05 3.36E+05 4.44E+05 3.23E+05 5.30E+05 4.54E+05 4.36E+05
4 18:2 3.46E+05 1.88E+05 2.70E+05 2.68E+05 3.21E+05 3.07E+05 2.98E+05 3.09E+05
Phosphatidic acid (PA)
5 16:0/18:2 9.63E+05 1.32E+06 7.26E+05 1.00E+06 1.34E+06 1.18E+06 9.63E+05 1.16E+06
6 18:2/18:2 1.03E+06 1.47E+06 1.08E+06 1.20E+06 9.08E+05 1.04E+06 9.54E+05 9.68E+05
Phosphatidylethanolamine (PE)
7 16:0/18:2 3.62E+05 7.06E+05 4.47E+05 5.05E+05 1.03E+06 9.95E+05 8.92E+05 9.72E+05
8 18:2/18:2 2.77E+05 4.11E+05 3.38E+05 3.42E+05 3.80E+05 3.64E+05 3.75E+05 3.73E+05
Phosphatidylserine (PS)
9 16:0/18:2 1.08E+06 1.64E+06 1.35E+06 1.36E+06 2.30E+06 1.87E+06 1.64E+06 1.94E+06
10 18:2/18:2 3.07E+05 3.50E+05 4.30E+05 3.62E+05 4.76E+05 4.50E+05 4.35E+05 4.54E+05

Phosphatidylglycerol (PG)

(Continues)
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TABLE A3: (Continued)

(b) Other intracellular lipids in the pathways (MSII)

Lipid class Integrated mass ion intensity (MSII)
No. Acyl chain EtOH-1 EtOH-2 EtOH-3 EtOH-avg Con-1 Con-2 Con-3 Con-avg
11 16:0/18:2 1.03E+05 1.59E+05 1.11E+05 1.24E+05 1.89E+05 1.75E+05 1.49E+05 1.71E+05
12 18:2/18:2 2.22E+04 4.09E+04 2.56E+04 2.96E+04 4.18E+04 3.44E+04 3.51E+04 3.71E+04
Phosphatidylinositol (PI)
13 16:0/18:2 9.00E+05 1.20E+06 9.51E+05 1.02E+06 1.73E+06 1.65E+06 1.37E+06 1.59E+06
14 18:2/18:2 4.21E+05 5.89E+05 4.83E+05 4.98E+05 9.33E+05 8.45E+05 8.03E+05 8.60E+05
Phosphatidylcholine (PC)
15 16:0/18:2 4.97E+06 5.26E+06 4.69E+06 4.97E+06 1.21E+07 1.22E+07 1.10E+07 1.18E+07
16 18:2/18:2 2.06E+07 2.15E+07 2.00E+07 2.07E+07 2.25E+07 2.26E+07 2.13E+07 2.22E+07

(c) Other intracellular lipids in the pathways (aMSlI)

Lipid class Adjusted integrated mass ion intensity (aMSlI)

No. Acyl chain EtOH-1 EtOH-2 EtOH-3 EtOH-avg Con-1 Con-2 Con-3 Con-avg

Fatty acid (FA)

1 16:0 3.25E+06 3.11E+06 2.87E+06 3.08E+06 1.86E+06 1.90E+06 1.94E+06 1.90E+06

2 18:2 2.14E+07 1.89E+07 1.99E+07 2.01E+07 1.20E+07 1.20E+07 1.20E+07 1.20E+07

& 18:1 1.13E+07 1.05E+07 1.00E+07 1.06E+07 5.39E+06 5.10E+06 5.62E+06 5.37E+06

4 18:0 2.17E+06 2.11E+06 1.95E+06 2.08E+06 1.46E+06 1.33E+06 1.36E+06 1.38E+06
Monoacylglycerol (MAG)

3 16:0 8.76E+05 8.16E+05 5.71E+05 7.54E+05 2.29E+05 3.76E+05 3.22E+05 3.09E+05

4 18:2 5.88E+05 3.19E+05 4.58E+05 4.55E+05 2.27E+05 2.17E+05 2.11E+05 2.19E+05
Phosphatidic acid (PA)

5 16:0/18:2 1.39E+06 1.91E+06 1.05E+06 1.45E+06 1.03E+06 9.02E+05 7.37E+05 8.88E+05

6 18:2/18:2 1.49E+06 2.12E+06 1.56E+06 1.72E+06 6.95E+05 7.98E+05 7.30E+05 7.41E+05
Phosphatidylethanolamine (PE)

7 16:0/18:2 5.21E+05 1.02E+06 6.44E+05 7.27E+05 7.89E+05 7.62E+05 6.83E+05 7.45E+05

8 18:2/18:2 4.00E+05 5.91E+05 4.86E+05 4.92E+05 2.91E+05 2.79E+05 2.87E+05 2.86E+05
Phosphatidylserine (PS)

9 16:0/18:2 1.56E+06 2.36E+06 1.94E+06 1.95E+06 1.76E+06 1.43E+06 1.26E+06 1.48E+06

10 18:2/18:2 4.42E+05 5.05E+05 6.19E+05 5.22E+05 3.65E+05 3.45E+05 3.33E+05 3.48E+05
Phosphatidylglycerol (PG)

11 16:0/18:2 1.48E+05 2.29E+05 1.59E+05 1.79E+05 1.45E+05 1.34E+05 1.14E+05 1.31E+05

12 18:2/18:2 3.19E+04 5.89E+04 3.69E+04 4.26E+04 3.20E+04  2.64E+04  2.69E+04 2.84E+04
Phosphatidylinositol (PI)

13 16:0/18:2 1.30E+06 1.73E+06 1.37E+06 1.46E+06 1.33E+06 1.26E+06 1.05E+06 1.21E+06

14 18:2/18:2 6.06E+05 8.48E+05 6.95E+05 7.17E+05 7.15E+05 6.47E+05 6.15E+05 6.59E+05

Phosphatidylcholine (PC)
15 16:0/18:2 7.16E+06 7.57E+06 6.76E+06 7.16E+06 9.24E+06 9.38E+06 8.41E+06 9.01E+06
16 18:2/18:2 2.96E+07 3.10E+07 2.88E+07 2.98E+07 1.73E+07 1.73E+07 1.63E+07 1.70E+07
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APPENDIX 2:

Calculation and predicted isotopic patterns on the mass spectra of
representative ions in the ethanol-d, samples when taking into ac-
count only deuterium exchanges of all hydrogens on the representa-
tive ions and natural abundances of elements.

BASE CALCULATION

As ethanol-d, (or CDSCD2OD) was added to the culture at the con-
centration of 4% (v/v), the medium had the following ratios of H,0O
to CD,CD,0D:

By volume 96:4

By mass 95.7:3.1

(At 25°C, density of H,0 = 0.99707 g/ml and of
ethanol = 0.78522 g/ml)

By mole 5.3:0.060

(MW of H,0 = 18.01528 g/mol and of
CD3CDZOD =52.10541 g/mol)

Since H,0 has 2 protons, while CD,CD,0D has 1 deuteron, the
mole ratio of proton (and some deuteron from water) to deuteron
(from ethanol-dé) is equal to 10.6: 0.060. However, considering that
natural abundances of hydrogen and deuterium are 99.9844% and
0.0156%, respectively, the mole ratio of proton to deuteron then
becomes 10.6: 0.062, which is equal to 100: 0.58.

(A) DIACYLGLYCEROL (DAG) (18:2/18:2)

100 H
75 1
50 1

Relative Abundance

|,
[ e S S S S S S
625 630 635 640 645
m/z

CALCULATION

[M + NH,]* has the molecular formula of C4oH,,NO.".

The highest probability of each isotope when considering only
deuterium exchanges and natural isotopic abundance of each ele-
ment is then equal to the following:

(Note: Terms with relatively small contribution are ignored below.)

M:  P(M)=P(0D)

_72C <058>0 <1OO>72
="%o
100 100

=1.00

Open Access,

M+1: P(M+1)=P(1D)+P(1C)

72 (058\' (100\"" 5. (108\'/100)%
="Cy | — _— +¥C, [ —=— -
100/ \100 100/ \ 100

=0.84

M+2: P(M+2)=P(2D)+P(21°C)+P(1D&1%C)+P(1%°0)
0.58\2 /100\7° 1.08\% /100\¥
=72C (—) <—> %C (—) <—> P(1D)-P(1%C
2\ 100 100) © 2\ 100 100 +P(1D) ( >+

< (0.20>1 ( 100>4
1
100 100

=0.36

M+3: P(M+3)=P(3D)+P(3°C)+P(2D&1%°C)+P(1D&2%°C)
+P(10&11°0) +P (17°c&1'%0)
e (S) (1) e (3%) (358)
~ 73\ 100 100 *\ 100 100
+P(2D)-P(113c)
+P(1D)-P(213c)+P(1D)-P(1180)+P(113c)-P(1180)

=0.10

M+4: P(M+4)=P(4D)+P(413c)+P(3D&113c)+P(2D&213c)
+P(1D&313c)+P(20&1180)+P(213c&1130)

+P(1D&11%C+11%0) =72C, <%>4 <%>6B+39C4 <%>4 <%>3§
+P(3D)-P(11°C)+P (2D)-P(21°C) +P (1D)-P(3'C)
+P(2D)-P(1180)+P(213c)-P(1180)
(

+P(1D)-P(1°C)-P(11°0) =0.02

Thus, MM+ 1:M+2: M+ 3: M+ 4 =100: 84: 36: 10: 2.
(B) TRIACYLGLYCEROL (TAG) (18:0/18:1/18:1)

100 -

~
(&)]
L

N
(6,1
L

|
895 900 905 910 915
m/z

o

Relative Abundance
(8]
o
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CALCULATION

[M + NH,]" has the molecular formula of Co,H,,,NO,".

The highest probability of each isotope when considering only
deuterium exchanges and natural isotopic abundance of each ele-
ment is then equal to the following:

(Note: Terms with relatively small contribution are ignored below.)

M: P(M)=P(0D)
_n0c <O.58>0 <m>11o
= o\ 7on

100 100
=1.00

M+1: P(M+1)=P(1D)+P(1C)

o (058\" (100\' 5. (1.08\" /100"
=uoc, (222) (22) 457c (==) (22
100/ \ 100 100 ) \ 100

=126

M+2: P(M+2)=P(2D)+P(2°C)+P(1D811°C)+P(1'0)
0 (058Y\%(100\"® . 108?100\
1o, (=22) (222) +7¢, (=) (200

100/ \100 100 ) \100

020\" 7100\’
+(10) p(1c) v, (535) (3c5)

=0.80

M+3: P(M+3)=P(3D)+P(3"°C)+P(2D&1C)
+P(1D&213c)+P(1D&1180>+P(113c&1180)
e (92 () e (22 (1)
~ 7\100 100 *\ 100 100
+P(2D)~P(113C)+P(1D)~P<213C)+P(1D)‘P(1180>
+P(113C)»P<1180)

=0.34

M+4: P(M+4)=P(4D)+P (413C>+P (3D& 113C>

+P (2D&213C) +P (1 D&313c) +P (2D& 1180) +P (213c& 1180)

4 106
+p(1D&113C+1%0) =10C, (—2‘33) (%)

4 53
+57¢C, <@> <@> +P(3D)-P (113c) +
100/ \100

P(2D)-P (213C) +P(1D)-P (313c) +P(2D)-P (1180) +
P (213c) P (1180) +P(1D)-P (113c) P (1180)

=0.11

Thus, MM+ 1:M+2: M+ 3: M + 4 =80: 100: 63: 27: 9.

(C) FATTY ACID (FA) (18:2)

100 1
75 A
50 A

25 1

Relative Abundance

o +rrr—rrr—r-r-rtT-r—rt-r-r-rr-r-r-r

270 275 280 285 290

m/z

CALCULATION

[M - HI has the molecular formula of C;gH,,0,".

The highest probability of each isotope when considering only
deuterium exchanges and natural isotopic abundance of each ele-
ment is then equal to the following:

(Note: Terms with relatively small contribution are ignored below.)

M:  P(M)=P(0OD)
e (52) ()
- 0

100 100
=1.00

M+1: P(M+1)=P(1D)+P(1%°C)

s (058\" (100\* 5. [208\'/100\"
=3c (=2) (22) +8c, (=) (=2
100,/ \100 100/ \ 100

=0.38

M+2: P(M+2)=P(2D)+P(21°C)+P(1D&11°C) +
0.58\% /100\% 1.08\? / 100\
P 1180 :31C o= = 18C - -
(1°0) 2<1oo> (100) * 2<1oo> (100) *
1 1
P(1D).P(113c)+2c1<@> <@>
100 ) \ 100
—0.07

M+3: P(M+3)=P(3D)+P(3"C)+P(2D&11°C)+
P(1D&213c)+P<1D& 1180>+P(113c&1180)
o (50) (i) o (3%) (%) +
P (2D) -P(113c>+P(1D) .P(213c) +
P(1D)-P(1°0)+P(1%°C)-P(1%°0)

=001

Thus, MM+ 1:M+2: M+ 3=100:38:7: 1.
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(D) PHOSPHATIDIC ACID (PA) (182/182) M+2: P(M+2)=P(ZD)+P(213C)+P(1D&113C>+P(1180)
_ee @)(@) » (@)(@) (10
100 1 - C2<1oo 100) * ©(7100) (200) *P(1P) P(1 C>+
0.20\* 7
“(32) ()
100/ \ 100
=0.35

N
[6;}
f

685 690 695 700 705
miz P(1D&213C>+P<1D&1180)+P(113C&1180)

3 65 3 36
e (52) () e (1) ()"
CALCULATION 100 100 100 100

P(2D)-P (113c)+P (1D)-P (213c) +

Relative Abundance
(9]
o

o

M+3: P(M+3)=P(3D)+P(31C)+P(2D&11°C) +

[M - H] has the molecular formula of C;,H,,O4P".
The highest probability of each isotope when considering only P(1D) -P(1180)+P(113C> ~P(1180>

deuterium exchanges and natural isotopic abundance of each ele- —0.10

ment is then equal to the following:
(Note: Terms with relatively small contribution are ignored below.)

M+4: P(M+4)=P(4D)+P(4°C)+P(3D&1°C)+P(2D&27C) +

M:  P(M)=P(OD)
0581\° / 100\ P(1D&313c)+P(2D&1180 +P(213c&1180)+
__68 .
—escy (222 (190
(100) <100> P(lD&113C+1180):68C (@)4 <@>64+
=1.00 “\'100,/ \100

39c4<%>4<%>SS+P(3D).P(1BC)+
P(2D)~P(213C)+P(1D)~P<313C)+P(2D)-P(1180)+
_esc <E>1<@>67+39C <@>1<@>38 P(213(:).P(1180)+P(1D)~P<113C).P<118O)

t\ 100 100 t\ 100 100 =0.02

=0.82

M+1: P(M+1)=P(1D)+P(1C)

Thus, MM+ 1:M+2: M+ 3: M+ 4 =100: 82: 35: 10: 2.
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Abstract

Microbes with enhanced 1-butanol tolerance have the potentials to be utilized in various biotechnological processes. To achieve
the rational design of such strains, we previously conducted an untargeted metabolomics analysis of Bacillus subtilis under 1-
butanol stress and uncovered a novel type of microbial responses as the alterations in the glycerolipid and phospholipid
composition. However, the current knowledge about the relevance of these changes on 1-butanol tolerance remains quite limited.
Here, we constructed the B. subtilis mutants with disruption in the pssA, ugtP (U), mprF (M), yfnl, and yful/mprF genes in the
membrane lipid biosynthetic pathways. The 1-butanol tolerance test indicated markedly increased and decreased 1-butanol
resistance in M and U compared to the wild-type strain, respectively, and slight effects in other strains under high stress level.
Further examination of the lipid contents of these strains in the presence of 1-butanol by liquid chromatography—mass spectrom-
etry demonstrated an elevated ratio of neutral and anionic to cationic lipids in direct relation with an improved 1-butanol
tolerance. Last, cell morphological studies showed the shortening of only the U cells, compared to the wild-type. All strains
including U were capable of elongating by 14-24% under 1-butanol stress. Together, the studies indicated the involvement of
membrane lipid biosynthetic genes, which regulated glycerolipid and phospholipid composition, on 1-butanol tolerance and
allowed for the procurement of M with enhanced 1-butanol tolerance trait, highlighting the usefulness of the overall approaches
on discovery of novel biological insights and engineering of microorganisms with desired resistance characteristics.

Keywords Bacillus subtilis - 1-butanol tolerance - Glycerolipids - Phospholipids - Membrane lipids
Liquid chromatography—mass spectrometry

Introduction

1-butanol is a linear short-chain alcohol, which finds wide
industrial usages as a solvent, a stabilizer, and an intermediate
for the production of butyl esters in the manufacture of paints,
polymers, and plastics (Green 2011). With its many
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advantageous properties over ethanol, such as its higher ener-
gy density and performance, 1-butanol is also an attractive
renewable biofuel (Fortman et al. 2008).

Industrially, the production of 1-butanol can be achieved
via oxidation of propylene, the precursor from petroleum
feedstock (Chauvel and Lefebvre 1989). However, the in-
creasing concerns about the diminishing supply of petroleum
oil and other environmental issues associated with petroleum
have led many countries to recently adopt manufacturing
plants using the greener acetone-butanol-ethanol (ABE) fer-
mentation process, which converts starch or sugar molasses
into 1-butanol using Clostridium acetobutylicum, a natural 1-
butanol-producing host (Durre 2011; Green 2011; Ni and Sun
2009). Apart from this industrial process, several attempts
have also been made in recent years to engineer other mi-
crobes that have more easily manipulated biological path-
ways, such as Escherichia coli and Bacillus subtilis, to syn-
thesize 1-butanol (Connor and Liao 2009; Nielsen et al. 2009).
Nevertheless, the low product concentrations arising from the
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toxicity of 1-butanol remain one of the key challenges to over-
come in these systems (Liu and Qureshi 2009). In fact, during
the industrial ABE fermentation using the wild-type
Clostridium acetobutylicum strain, the feedback inhibition
prevents 1-butanol product from accumulating to greater than
1.3% (w/v) (Jones and Woods 1986), and the growth of its
solvent-tolerant strain is inhibited at only about 2% (w/v) of
1-butanol (Lin and Blaschek 1983).

Our prior work attempted to give clues for unraveling this
challenge in Bacillus subtilis by evaluating its metabolic re-
sponses under 1-butanol stress (Vinayavekhin et al. 2015).
Our choice of B. subtilis was from the fact that B. subtilis
exhibited the highest tolerance toward 1-butanol anaerobically
among seven common biofuel-producing hosts (Fischer et al.
2008) and that B. subtilis strain GRSW2-B1 was isolated in
the search for microorganisms with higher resistance toward
1-butanol (Kataoka et al. 2011). Moreover, the non-
pathogenic Gram-positive B. subtilis has also been thoroughly
characterized and frequently used for industrial heterologous
enzyme production (Kunst et al. 1997).

The results from our previous untargeted metabolomics
analysis of B. subtilis strain 168 (a laboratory strain) indicated
changes in levels of glycerolipids and phospholipids in the
membrane lipid biosynthetic pathways in response to 1-
butanol stress (Fig. 1) (Vinayavekhin et al. 2015).
Specifically, the cells were shown to have elevated levels of
phosphatidylethanolamine (PE), diglucosyldiacylglycerol
(DGDAG), and phosphatidylserine (PS) and decreased levels

[P]

of diacylglycerol (DAG) and lysylphosphatidylglycerol
(lysylPG) upon treatment with 1% (v/v) 1-butanol for 6 h in
Spizizen’s minimal media (SMM). The subsequent analysis of
the gene transcript levels in the pathways also revealed eleva-
tion in levels of ywiE transcripts and the reduction in levels of
cdsA, pgsA, mprF, clsA, and yfnl transcripts under similar
conditions. Moreover, the cell morphological analysis demon-
strated the elongation of cells by almost twofold after being
exposed to 1.4% (v/v) 1-butanol for 12 h in Luria-Bertani (LB)
medium. Since the mutations in some genes in the pathways,
such as the ugtP and yfIE genes, have been reported previous-
ly to result in alterations in the cell lengths (Salzberg and
Helmann 2008; Schirner et al. 2009), the overall studies high-
ly pointed to the involvement of these membrane lipid biosyn-
thetic pathways in response to 1-butanol.

Yet, while these previous findings provided novel knowledge
of the responses of B. subtilis toward 1-butanol stress, it did not
prove the relevance of these changes in glycerolipid and phos-
pholipid levels or in cell lengths on the development of 1-butanol
tolerance traits. As parts of evolutionary adaptation, one would
expect these responses to provide protection against chemical
toxins, thereby conferring tolerance on the cells (Nicolaou et al.
2010). However, the as-yet limited examples on literature render
it elusive to predict which responses eventually lead to these
benefits, especially with novel gene targets.

With an endeavor to probe the mechanisms and the rele-
vance of glycerolipid and phospholipid composition on 1-
butanol tolerance of B. subtilis, we therefore set out to

A d
PSSR psh P, pEA
clsA @ clsB
CDP-DAG ywiE & » CL
o [m]
cdsA PgsA ® mprF ©
PGP > > lysylPG
PA
yinl@ , yfE
> GP-DGDAG | — LTA
dgkB [u] [u]

tP
DAG § Y97, MGDAG

Fig. 1 Membrane lipid biosynthetic pathways in B. subtilis. The block
arrows and the arithmetic symbols indicate lipids and gene transcripts
with increased (upward arrows and pluses) or decreased (downward
arrows and minuses) levels under 1-butanol stress as found in the
previous metabolomics and qrtRT-PCR analysis, respectively
(Vinayavekhin et al. 2015). The letters in the filled frames represent the
B. subtilis mutants with mutation in the genes written beneath them.

@ Springer

ugtP

_—

DGDAG 1

Abbreviations: phosphatidic acid (PA), cytidine diphosphate-
diacylglycerol (CDP-DAG), phosphatidylserine (PS),
phosphatidylethanolamine (PE), phosphatidylglycerol phosphate (PGP),
phosphatidylglycerol (PG), cardiolipin (CL), lysylphosphatidylglycerol
(lysylPG), diacylglycerol (DAG), monoglucosyldiacylglycerol
(MGDAG), diglucosyldiacylglycerol (DGDAG), lipoteichoic acid (LTA)
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manipulate the following genes in the membrane lipid biosyn-
thetic pathways of B. subtilis strain 168 in this work: pssA (P),
ugtP (U), mprF (M), yfnl (L), and yfnl and mprF (LM)
(Table 1 and Fig. 1). These mutants were then tested for their
abilities to tolerate 1-butanol, compared to that of the wild-
type (WT) 168 strain. Subsequently, levels of all lipids in the
pathways, as well as cell morphologies, of the WT and mutant
strains were examined both in the presence and absence of 1-
butanol. In this last step, these findings were assimilated to-
gether to pinpoint the factors that potentially affect the toler-
ance of B. subtilis toward 1-butanol.

Materials and methods
Bacterial strains and growth conditions

All Bacillus subtilis strains in this study (Table 1) were deriv-
atives of the strain 168 provided by the Bacillus Genetic Stock
Center (BGSC; Columbus, OH, USA). The Escherichia coli
strain DH5x was employed for standard cloning procedures.
All bacteria were grown aerobically at 200 rpm, 37 °C. For
cloning, cultures were cultivated in LB medium supplemented
with the following antibiotics when appropriate: 100 pg mL ™
of ampicillin for E. coli, 5 pg mL ™" of chloramphenicol for
B. subtilis, 20 pg mL™" of tetracycline for B. subtilis, and
100 ug mL™" of spectinomycin for B. subtilis (Kataoka et al.
2011). For experiments with 1-butanol, B. subtilis (20 mL)
was cultured in SMM as previously described
(Vinayavekhin et al. 2015) and treated with 0, 1, or 1.4% (v/
v) of 1-butanol as indicated when the optical density at 600 nm
(ODgqo) of the cultures reached 0.2-0.3. Growth curves were
generated by measuring ODgq of each culture every 3 h after
addition of 1-butanol. For quantitation of lipids and cell mor-
phology studies, B. subtilis cells were harvested at 6 h after
treatment with 1% (v/v) of 1-butanol.

Table 1 Bacterial strains used in this study and their predicted
tolerance. The symbols — and + represent decreased and elevated
tolerance against 1-butanol

Strain® Abbrev.  Genotype Predicted tolerance
PS561 P 168 pssA::cat

UGT31 U 168 ugtP::spc

LPG31 M 168 mprF::cat +

LTA31 L 168 yfinl::spc +

LM31 LM 168 yful::spc mprF:cat  +

#The strains were sequence verified at the disrupted positions upon de-
posit at the BIOTEC Culture Collection, National Center for Genetic
Engineering and Biotechnology (Pathumthani, Thailand) under the codes
TBRC 2-54-TBRC 2-58

Construction of mutants

Primers used for the construction of mutants are listed in
Table 2. All target gene fragments were amplified from
B. subtilis strain 168 chromosomal DNA, except for the cat
and spc genes, which were sourced to pHTO1 and pIC333,
respectively (Mahipant et al. 2017). They were then digested
by the restriction enzyme pairs shown on the primer names.

For construction of P, the pssA gene fragments (containing
the pssA gene along with the DNA sequences ~ 1000 bp up-
stream and downstream) were inserted into the pBluescript 11
SK(-) plasmid. The resulting plasmid was then digested by
Accl/HindlIll to remove some parts of the pssA gene and re-
placed by the cat gene. The gene cassette on the pBluescript II
SK(-) plasmid was subsequently subcloned into a pHYA
E. coli-B. subtilis shuttle vector, which contained the sequence
5'-GGTACCCTCGAGAGATCTGCATGCGCTAGCCG
GCCGCATAT-3' in place of the sequence 5'-CTGT
TATAAAAAAAG-3' after the EcoRI site in a pHY300PLK
vector (Ishiwa and Shibahara 1985). The plasmid carrying the
disrupted gene was electroporated into B. subtilis 168
(Kataoka et al. 2011), and the homologous recombinant strain
was selected on LB agar plates supplemented with tetracycline
or chloramphenicol.

L was constructed analogously to P, except that part of the
yfnl gene on the pBluescript II SK(—) plasmid was removed
by HindIll/Sall before being replaced by the spc gene cassette.
The resulting pBluescript I SK(—) plasmid was also trans-
formed directly into B. subtilis 168 using the protocol similar-
ly to that described previously (Kunst and Rapoport 1995).
Briefly, B. subtilis cells were grown in modified GCHE me-
dium containing 100 mM potassium phosphate buffer (pH 7),
3 mM trisodium citrate, 3 mM MgSO,, 2% (w/v) glucose,
0.2% (w/v) potassium glutamate, 0.1% (w/v) tryptone,
22 ug mL " of ferric ammonium citrate, and 50 pug mL ™" of
tryptophan, until its ODggg reached ~ 0.6. 1 mL of the culture
was then incubated with the plasmid at 200 rpm, 37 °C for 2 h,
before it was plated on LB agar plate supplemented with ap-
propriate antibiotic.

For construction of U and M, the gene fragments were
cloned into the pBluescript II SK(—) plasmid in the order of
upstream (U), antibiotic, and downstream (D) sequences. The
transformation of the plasmids carrying the disrupted genes
into B. subtilis 168 was carried out analogously to L. Last, a
double-mutant LM was also constructed by transforming the
pBluescript 11 SK(—) plasmid carrying the disrupted mprF
gene into L using the latter transformation protocol.

Quantitation of lipids
Cell pellets of each bacterial strain (N =3) were collected,

extracted for metabolites, and analyzed by LC-MS exactly
as reported earlier for the metabolomics studies
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Table 2 Oligonucleotides used for construction of mutants in this study
Strain Gene Primer name Primer sequence (5’ to 3)
P pssA F-pssA-Xbal AGTCTCTAGAAAAGACAAATTGTGGCGGGC
R-pssA-Kpnl AGTCGGTACCCGGGTATGAGCGATTTCCGA
cat F-cat-Accl ATGCGTATACACAAACGAAAATTGGATAAAGTG
R-cat-HindIII ATGCAAGCTTTTATAAAAGCCAGTCATTAGGCCT
0] UugtP F-UugtP-Smal ATGCCCCGGGAACGATATGAGCGTCAGTTCA
R-UugtP-EcoRI ATGCGAATTCCACCTCAATGTAATCAACAACAAGC
spc F-spc-EcoRI ATGCGAATTCAACGAGGTGAAATCATGAGC
R-spc-Xhol ATGCCTCGAGTAAATTAAAGTAATAAAGCGTTCTCT
AATTTC
DugtP F-DugtP-Apal ATGCGGGCCCCAATCGGGAAACAGTTTTATCG
R-DugtP-Kpnl ATGCGGTACCTTACGATAGCACTTTGGCTT
M UmprF F-UmprF-Kpnl AGTCGGTACCACCAAGTCCGAACAGGCAAA
R-UmprF-HindIII AGTCAAGCTTTAGTTCGATCCTCTCCCCCA
cat F-cat-HindIII ATGCAAGCTTACAAACGAAAATTGGATAAAGTG
R-cat-EcoRI ATGCGAATTCTTATAAAAGCCAGTCATTAGGCCT
DmprF F-DmprF-EcoRI AGTCGAATTCCGGAGTGGCGAGGGAAATAC
R-DmprF-BamHI AGTCGGATCCAGTTCAAGCAACAGCGAGGT
L yfnl F-yfnl-EcoRI ATGCGAATTCCGAATACAGGGGTGTGGCAT
R-yfnl-Xhol ATGCCTCGAGCAAGTCCTCAAGAGAGCCCC
spc F-spc-HindIII ATGCAAGCTTAACGAGGTGAAATCATGAGC
R-spc-Sall ATGCGTCGACTAAATTAAAGTAATAAAGCGTTCTCT

AATTTC

(Vinayavekhin et al. 2015), except that the LC-MS analysis
was performed on an Ultimate DGP-3600SD LC coupled to a
Bruker MicrOTOF Q-II MS instruments instead.

For data analysis, all LC-MS chromatograms in each ion
mode were first simultaneously analyzed by the XCMS pro-
gram (Smith et al. 2006) to obtain a list of all detected metab-
olite ions in terms of average mass-to-charge ratio (m/z), av-
erage retention time (rt), and integrated mass ion intensities
(peak area; MSII). The obtained MSII was then normalized by
ODyg value and averaged within each set of samples (fMSII).
Fold changes were calculated by taking the ratios between
fMSII’s of each data pair in question, and statistical signifi-
cance was determined by a two-tailed Student’s ¢ test. Last,
ions of lipids of interest were selected from these lists based on
the previously reported m/z and rt (Vinayavekhin et al. 2015).

Cell morphology

B. subtilis cells (1 mL) were collected by centrifugation at
8000xg for 2 min and fixed by resuspension in 1 mL of cold
2.5% (v/v) glutaraldehyde in 0.1 M phosphate buffer (pH 7.2),
which allowed them to be stable for a week at 4 °C. The cells
were then prepared for and examined by SEM analysis as
described previously (Vinayavekhin et al. 2015), except that
cells were not fixed again after the solution was filtered
through a 0.4-um polycarbonate membrane. The obtained
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electron micrograph images were then used for examining
the length of bacterial cells by using the SemAfore program,
and the values were reported as an average from 60 individual
bacterial cells.

Results

Glycerolipid and phospholipid composition
in B. subtilis mutants

Our prior metabolomics and qrtRT-PCR analyses inferred the
potential involvement of glycerolipids and phospholipids in the
membrane lipid biosynthetic pathways in the defense against 1-
butanol toxicity of B. subtilis (Fig. 1) (Vinayavekhin et al. 2015).
To test the relevance of these lipids on 1-butanol tolerance, we
therefore constructed B. subtilis mutants with possible alterations
in levels of these lipids around the previous data here by replac-
ing the whole or part of the specified gene with the cat or spc
antibiotic cassette. Specifically, we inactivated the pssA gene in P
and the ugtP gene in U, which were expected from the pathways
to result in the depletion of PS and PE, and the downregulation of
monoglucosyldiacylglycerol (MGDAG), DGDAG, and
glycerophosphodiglucosyldiacylglycerol (GP-DGDAG) and the
upregulation of DAG, respectively. These effects on metabolites
opposed those of the WT B. subtilis under 1-butanol stress, and
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thus, P and U were predicted to have lower tolerance toward 1-
butanol (Table 1). On the other hand, inactivation of the mprF
gene in M should lead to the reduction in levels of lysylPG
(Salzberg and Helmann 2008), which was also observed when
cells were put under 1-butanol stress, and therefore the disruption
should result in an improved 1-butanol tolerance. For L, even
though it was unclear what the metabolic consequences of
inactivating the yfinl gene might be from the many associated
genes and the looped pathways, the mutation in L was based
on our previous findings on the gene transcript levels of
B. subtilis which showed downregulation of the yfiu/ gene under
1-butanol treatment and therefore should also result in an in-
creased tolerance toward 1-butanol. Last, the double mutant in
the yfnl and mprF gene, LM, should receive the additive benefits
from both mutations and have the highest 1-butanol tolerance
among all tested strains.

Because it was possible that these mutations might lead to
alterations in other lipids in the pathways aside from their imme-
diate substrates or products, the glycerolipid and phospholipid
composition in these B. subtilis mutants was quantitated. Here,
each strain was cultured in SMM without addition of 1-butanol,
extracted for metabolites with chloroform and methanol mixture,
and analyzed for the following lipid composition with the acyl
chains 15:0/15:0, 16:0/15:0, and 17:0/15:0 by the LC-MS plat-
forms developed previously for the metabolomics analysis
(Vinayavekhin et al. 2015): PE, DGDAG, GP-DGDAG, DAG,
lysylPG, cardiolipin (CL), phosphatidic acid (PA),
phosphatidylglycerol (PG), and MGDAG. Notably, we did not
include the quantitation for PS, cytidine diphosphate (CDP)-
DAG, and phosphatidylglycerol phosphate (PGP) here, because
they were detected at approximately the limit of detection of the
instrument, rendering the comparison unreliable.

The results showed the anticipated absence of PE and
lysylPG in P and M, respectively (Table 3). We also could not
detect the signals of DGDAG and GP-DGDAG in U. However,
in this strain, MGDAG could still be found at 7- and 17-fold
reduction in signals, and the levels of DAG were unchanged
compared to the WT. For L, only the levels of its immediate
product GP-DGDAG were statistically significantly diminished
from those of WT. Finally, the LM strain contained the com-
bined lipid composition of L and M with some reduced amount
of GP-DGDAG and no lysylPG. Together, the data provided
phenotypic evidences for the disruption of the pssA, ugtP,
mprF, yfnl, and yml/mprF genes and confirmed the alterations
in glycerolipid and phospholipid composition of the construct-
ed B. subtilis mutants compared to the WT.

Growth of the B. subtilis mutants with and
without 1-butanol treatment

We then assessed the tolerance toward 1-butanol of the B. subtilis
mutants by using cell growth assay (Mahipant et al. 2017), the
same assay used for finding conditions for performing the prior

metabolomics analysis (Vinayavekhin et al. 2015). Here, each
B. subtilis strain was treated with 1-butanol (or water for con-
trols) in SMM during late lag phase (ODggo ~0.25) and moni-
tored for its ODg every 3 h as a measure of tolerance.

Using this method, all of the recombinant strains showed
similar cell growth as WT in the absence of 1-butanol (Fig. 2),
consistent with those in the previous report for P, U, and M on
a CU1065 background by Salzberg and Helmann (2008).
Knowing that the differences in growth of these mutants, if
any, were not derived from the differing lipid composition
itself, we proceeded to subject them to varying degrees of 1-
butanol stress: 1% (v/v) and 1.4% (v/v) of 1-butanol for mod-
erate and high stress levels with the ODgoo of WT decreased to
65 and 19% of those of the untreated samples at 12 h expo-
sure, respectively. To our surprise, at 1% (v/v) of 1-butanol
where the metabolic responses were previously derived con-
stituting the basis for our current studies, U was the only tested
strains with slightly reduced cell growth compared to WT; the
other strains grew non-differentially.

The distinction in growth of mutant strains was clearly
evidenced when B. subtilis cells were exposed to 1.4% (v/v)
of 1-butanol (Fig. 2), however. At this concentration, U did
not grow at all, while M could proliferate at a somewhat faster
rate and to a higher density than WT with specific growth rate
of 0.17 £ 0.04 h™! (vs. 0.12 + 0.04 h™! of WT; insignificant
with p>0.05) and ODg( at 12 h exposure of 0.53 =0.01 (vs.
0.41 £0.02 of WT; p <0.01). The rest of the strains only had
slight differential cell growth from WT; P and L cells grew
slightly worse, whereas LM cells grew marginally better than
the WT strain. Overall, the data on the cell growth of the
varying strains suggested a correlation between some
glycerolipid and phospholipid composition and 1-butanol tol-
erance of B. subtilis under high stress level.

Levels of glycerolipids and phospholipids
in 1-butanol-treated B. subtilis mutant samples

Next, we attempted to investigate potential factors contribut-
ing to 1-butanol tolerance of B. subtilis. Particularly, we
questioned if any glycerolipids or phospholipids, or their ra-
tios, might be responsible for the observed increase or de-
crease in the tolerance of varying B. subtilis mutant strains.
We therefore set out to quantitate levels of glycerolipids and
phospholipids of all recombinant strains in SMM in the pres-
ence of 1% (v/v) of 1-butanol after 6 h exposure, which was
the same condition used in the prior metabolomics analysis to
facilitate the direct comparison between results.

The data indicated that, except for the lipids depleted by
inactivation of genes in each strain as mentioned above,
B. subtilis mutant strains under treatment contained almost
all lipids at similar levels to those of the 1-butanol-treated
WT samples (Table 3). P was absent of PE and PS; however,
though the latter was statistically insignificant (p >0.05), it
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Table 3 Levels of representative membrane lipids in various B. subtilis mutants relative to WT

Lipid class m/z Fold* ® (/WT) Fold® ® (/WT-B)

Acyl chain WI-B P U M L LM P-B U-B M-B L-B LM-B
Lipids previously reported to be increased in 1-BuOH-treated samples®

PE

15:0/15:0 664.5 6.8 >843% 1.1 13 1.0 1.3 266.35 2.2% 1.0 1.0 1.1
16:0/15:0 678.5 11.3% >87.5 11 1.4% 13 1.6 185.0° 15 1.0 1.0 1.0
17:0/15:0 692.5 49% 12808 1.1 13 1.1 1.6 318185 16 1.0 1.1 1.1
DGDAG

15:0/15:0 887.6 8.7% 1.0 >683% 1.0 1.1 1.6 1.8% 191.1% 1.1 1.1 1.2
16:0/15:0 901.6 8.0 1.2 >1745 12 1.1 12 3.6% >140.1F 11 12 13
PS

15:0/15:0 706.5 >103%  na. na. na. na. na. >10.3% 2.9 1.2 1.0 1.4
16:0/15:0 720.5 >232%  na na. na. na. na. >23.24 2.9f 1.0 1.2 14
17:0/15:0 734.5 >134"  na. na. na. na. n.a. >13.4  2.5% 1.1 1.3 1.4
GP-DGDAG

15:0/15:0 10176 228 1.1 >35.18 1.4 584 6.0 1.0 >76.4° 1.2 9.5% 9.4%
16:0/15:0 10316  3.9% 14 >/4.5" 13 6.6¢ 71" 1.1 >56.0°8 1.2 2.8 118
17:0/15:0 10456 298 12 >16.6" 1.4 63" 52t 1.1 >47.48 1.2 1045 8.6°
Lipids previously reported to be decreased in 1-BuOH-treated samples®

DAG

15:0/15:0 558.5 9.8 2.0 1.1 15 1.8 1.7 1.3 1.1 1.8 1.1 1.4
16:0/15:0 5725 717 1.3 1.2 1.7 1.9 1.8 1.4 1.3 22 1.0 1.3
17:0/15:0 586.5 9.3 1.5 1.1 1.8 1.7 2.0 13 1.1 1.8 1.0 1.1
LysylPG

15:0/15:0 823.6 32.5% 1.6 2.7 >1130° 12 >1130° 6.1 8.8 >348" 13 >34.8"
16:0/15:0 837.6 25.8* 13 1.6 >12434 12 >12434 76 9.2 >482% 12 >48.2%
17:0/15:0 851.6 16.4% 14 2.1 > 694 12 > 694" 6.4 10.6 >424" 10 >42.4"
Other lipids

CL

16:0/16:0/15:0/15:0 13239  [.4% 1.1 1.9 1.1 1.1 12 1.1 1.8% 1.6 1.5 1.4
17:0/17:0/15:0/15:0 13520 1.0 1.1 2.3 1.5% 1.1 1.7 1.0 12 1.7% 15 1.7
PA

16:0/15:0 633.5 3.1t 1.1 1.0 1.2 1.1 1.1 1.7% 1.2 1.1 14 1.3
17:0/15:0 647.5 2.4% 1.0 12 1.2 1.0 15 1.0 13 15 13
PG

16:0/15:0 707.5 1.2 1.1 12 1.1 1.1 1.1 13 1.2 1.0 1.1 .
17:0/15:0 7215 1.3 12 1.4 1.1 1.0 12 1.3 1.0 1.2 1.0 1.1
MGDAG

16:0/15:0 739.5 1.1 1.4 6.5 1.1 1.0 1.1 4.6 7.5 1.1 1.1 1.3
17:0/15:0 753.5 15 13 16.6¢ 1.4 13 1.6 12 27.6" 1.2 14 1.3

m/z mass-to-charge ratio, -B 1-BuOH-treated, n.a. not available

*Fold value represents the ratio of the average normalized mass ion intensity (fMSII) of indicated sample group and that of untreated (WT) or 1-BuOH-
treated (WT-B) wild-type group and vice versa (in italics). When the mass ion intensity was below 3000 counts, the ratio was calculated by assuming the

value of 3000 and reported as greater than or equal to the obtained value
®Student’s  test: * p<0.05; 1, p<0.01; 1, p<0.005; §, p<0.001; N=3
¢ See Vinayavekhin et al. (2015)

4 The ion with m/z 1031.6 was found previously in the metabolomics studies to be elevated in 1-BuOH-treated samples, but it was not identified in the
previous work. Here, GP-DGDAG was detected as [M—H] ions at the retention time of 31.1, 32.0, and 32.8 min for m/z 1017.6, 1031.6, and 1045.6,

respectively

also had an unanticipated 1.8-3.6-fold and 6.1-7.6-fold in-
creases in DGDAG and lysylPG, respectively. For U, not only
were DGDAG and GP-DGDAG undetectable and MGDAG
was declined as predicted, but it also contained 2.5-2.9-fold
reduction in PS and 8.8-10.6-fold elevation in lysylPG as
well, although the change in lysylPG was again statistically
insignificant. Last, M was deficit in only lysylPG, and L was
downregulated in only GP-DGDAG, while LM was depleted
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in both lipids. Although the levels of some lipids, such as
lysylPG and PS, were only escalated or reduced in the 1-
butanol-resistant or sensitive strains, their levels were found
to be unchanged in some other strains with altered 1-butanol
tolerance, such as L. Therefore, the data suggested that these
individual lipids might not affect 1-butanol tolerance of
B. subtilis directly by themselves, but only when considered
collectively (see the “Discussion” section for more details).
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Fig. 2 Growth curves of B. subtilis wild-type (168, circles with solid
lines) and mutant (P, crosses with dash-dot lines; U, diamonds with
dashed lines; M, squares with short dashed lines; LM, triangles with
dotted lines; and L, asterisks with long dashed lines) strains in SMM a

Cell morphologies of the B. subtilis mutants with and
without 1-butanol

Our previous work found that cells elongated almost twofold
in length, compared to the controls, when they were treated
with 1.4% (v/v) of 1-butanol for 12 h in LB (Vinayavekhin
et al. 2015). Hypothesized that alterations in cell length might
affect 1-butanol tolerance, we studied morphologies of the
B. subtilis mutant cells grown under the exact same conditions
as the above analysis of lipids by SEM. Under these condi-
tions, 168 WT cells markedly lengthened under 1-butanol
stress (1.73 £ 0.05 vs. 1.46 + 0.03 um of the WT unexposed
controls; Fig. 3). When not treated with 1-butanol, all
B. subtilis mutants, except U, had cell lengths indistinctive
from the WT with the measured lengths of 1.38 + 0.03,
1.37 £ 0.04, 1.34 + 0.03, and 1.36 + 0.04 um for P, M, L,
and LM, respectively, consistent with those previously de-
scribed for P, M, and L (Salzberg and Helmann 2008;
Schirner et al. 2009). The P, M, and L cells remained non-
distinctive from the WT under 1-butanol treatment
(1.71 £0.05, 1.70 £ 0.05, and 1.65 + 0.05 wm, respectively),
whereas the LM cells elongated but to a slightly lesser extent
(1.56 = 0.04 pm). For U, consistent with the previous report
(Salzberg and Helmann 2008), we found their cells to be

without 1-butanol, and with b 1% and ¢ 1.4% (v/v) of 1-butanol. Each
data point is represented as the average ODgq + standard error of the
mean from three to five experimental replicates

evidently shorter than those of the WT under no 1-butanol
treatment (1.12 £0.03 pm). Their cells also lengthened slight-
ly when exposed to 1-butanol (1.29 +0.03 um), although they
were still apparently shorter than other strains. Considering
that the gene disruption in U had the adverse effects on 1-
butanol tolerance and that only the U cells were shortened
both with and without 1-butanol exposure, cell length might
be another factor affecting 1-butanol tolerance of the U strain,
but not of other tested strains.

Discussion

Organic solvent tolerance is one of the desired properties of
bacteria for utilization in industrial bioprocesses, such as biofuel
and chemical production, bioremediation, and biocatalysis
(Nicolaou et al. 2010). A powerful approach to obtain strains
with tolerance to these solvents is to focus on elucidating the
mechanisms of the microbial responses (Torres et al. 2011).
These responses generally involve activation or inhibition of
sporulation (Bohin et al. 1976), biodegradation of organic sol-
vents (Bustard et al. 2002), induction of stress proteins (Kang
et al. 2007; Petersohn et al. 2001), changes in cell morphology
(Neumann et al. 2005), modification of cell membrane and cell
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Fig. 3 Morphologies of a Control
B. subtilis cells in SMM in the
absence (control; white bars) or
presence of 1% (v/v) 1-butanol (1-
butanol; black bars). a
Representative SEM images of
B. subtilis wild-type (168) and
mutant (P, U, M, L, and LM)
strains shown at x15,000
magnification with a scale bar of
1 um. b Cell lengths were then
measured from the SEM images,
and data were shown as the
average cell lengths + standard P
error of the mean from 60

individual bacterial cells
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surface (Aono and Kobayashi 1997; Ingram 1976; Weber and
de Bont 1996), and secretion of solvent through efflux pumps
(Aono et al. 1998). Because these responses might be triggered
to counteract the toxic effects of chemicals, they have the po-
tential to provide cellular protection to microbes, thereby
allowing the engineered strains with elevated levels of such
responses to possess enhanced tolerance characteristics
(Zingaro and Papoutsakis 2012).

Our prior work on untargeted metabolomics analysis of
B. subtilis under 1-butanol stress uncovered a novel type of
metabolic responses of the microbes toward 1-butanol through
changes in glycerolipid and phospholipid composition in the
membrane lipid biosynthetic pathways (Vinayavekhin et al.
2015). However, the issue of whether these responses translate
to defense against 1-butanol and hence mechanisms of 1-
butanol tolerance remained unresolved. The present study
was therefore aimed at dissecting this potential connection
by investigating physical and morphological characteristics

@ Springer
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of the B. subtilis mutants with disruption in genes in the mem-
brane lipid biosynthetic pathways.

The 1-butanol tolerance test identified two B. subtilis mu-
tants with markedly increased and decreased resistance toward
1-butanol as M and U, respectively. However, these tolerance
differences were detected mostly when B. subtilis was grown
in the presence of 1.4% (v/v; high stress level), but not 1% (v/
v; moderate stress level) of 1-butanol. While the reasons be-
hind the observation were still unclear, the recent transcripto-
mics and proteomics analyses of Clostridium acetobutylicum
under butyrate and butanol at low, medium, and high stress
levels indicated that high stress levels accentuated the features
distinctive of each stress condition (Venkataramanan et al.
2015). Since at 1% (v/v) of 1-butanol, U had slightly reduced
growth when compared to the untreated control, it was possi-
ble that the high stress level at 1.4% (v/v) of 1-butanol might
simply render the effects more prominent, and thus detectable,
for M and U.

M L LM
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Our studies also attempted to understand the metabolic
basis contributing to 1-butanol tolerance of B. subtilis.
Ideally, the lipid analyses should be performed with the
1.4% (v/v) of 1-butanol samples, as this concentration allowed
for the observation of altered growth tolerance. Nevertheless,
the analyses at this concentration were limited by the fact that
B. subtilis grew to much lower ODg values under this con-
dition than under the no 1-butanol control, resulting in the
potentially dissimilar background in the LC—MS chromato-
grams between treated and untreated samples which obscured
the accurate quantitative comparison between them. We there-
fore chose to quantitate the lipids in the 1% (v/v) of 1-butanol
samples instead by assuming from the above finding by
Venkataramanan et al. (2015) that the metabolic shifts poten-
tially occurred under the 1.4% (v/v) of 1-butanol condition
would be similar to those found under the 1% (v/v) of 1-
butanol condition, but with amplified magnitude.

In the presence of 1% (v/v) of 1-butanol, M metabolically
differs from the WT under 1-butanol stress in that it lacked the
positively charged lysylPG. U, on the other hand, comprised
elevated levels of the cationic lysylPG, but depleted levels of
the neutral MGDAG, the neutral DGDAG, the neutral PS, and
the anionic GP-DGDAG, compared to the treated WT.
Assuming that the total cellular lipid contents measured in this
work were directly proportional to those found on the micro-
bial membranes, this meant that the ratio of neutral and anion-
ic to cationic lipids was escalated in the case of M but reduced
in the case of U. The elevation in this ratio also matched well
with that observed when WT was put under 1-butanol stress
(Vinayavekhin et al. 2015). For other mutants, as P was defi-
cient in the zwitterionic PE and the neutral PS but abundant in
the neutral DGDAG and the cationic lysylPG, whereas L did
not contain the negatively charged GP-DGDAG, P and L with
slightly lower resistance also demonstrated the decrease in this
ratio as well but to the lesser extent than U. For LM, it lacked
both the anionic GP-DGDAG and the cationic lysylPG. Thus,
this ratio of neutral and anionic to cationic lipids remained
similar to that of the exposed WT, which might explain why
it only had a slight improvement on its 1-butanol tolerance.
While it was not yet apparent why maintaining this ratio might
be beneficial to the organism, the increase in this ratio via the
enhanced anionic phospholipid contents was shown in the
past to facilitate the adaptation of B. subtilis in a high-
salinity environment (Lopez et al. 2006). We therefore postu-
lated that this benefit might be extended to B. subtilis placed
under intense 1-butanol toxicity as well, thereby explaining
how the change in glycerolipid and phospholipid composition
constituted a novel mechanism of 1-butanol tolerance.

Apart from the effects of the ugtP disruption in U on the
ratio of neutral and anionic to cationic lipids, the gene inacti-
vation also affects the synthesis of the downstream LTA, the
main polymer on the cell wall of most Gram-positive bacteria.
Incapable of producing DGDAG as the LTA precursor, U

achieves the synthesis of LTA by anchoring the glycerol phos-
phate polymer to DAG instead (Salzberg and Helmann 2008).
Notably, this use of DAG for LTA production likely explained
our finding that the level of DAG was unaltered, instead of
elevated, in U, compared to the WT. The loss of the uncharged
diglucosyl group on the LTA structure alone should not attract
1-butanol to the cells more favorably or increase its sensitivity
to the uncharged 1-butanol, however.

The other mutant that might be related to the LTA synthesis
or structures in this study is the yf/ mutant, or L. Along with
YfIE, Yfnl was one of the two LTA synthase orthologs that
could be detected in the B. subtilis culture in the previous
proteomics studies (Hirose et al. 2000). The yfil expression
is regulated by the sigma factor o™, which suggests its in-
volvement in specific stress resistance, such as high salt, low
pH, heat, and antibiotics (Eiamphungporn and Helmann 2008;
Jervis et al. 2007). The previous report, however, described no
effects of the mutant on salt stress (Schirner et al. 2009).
Interestingly, our data showed otherwise with the somewhat
decreased tolerance of L. While its tolerance went in the re-
verse direction from that predicted by the transcript responses,
the results provided supporting evidence for the o™-controlled
yfnl transcription, especially under 1-butanol stress.

Another phenotype unique to U in this study was the short-
ening of cells from the WT strain. Some microbes, such as
Pseudomonas putida and Enterobacter sp., were reported to
adapt to organic solvent toxicity by increasing their cell sizes
(Neumann et al. 2005) such that their surface-to-volume ratios
were decreased, thereby reducing their direct contacts with or-
ganic solvents. It was thus possible that the observed adverse 1-
butanol resistance found in U might be rooted from the short-
ening of cells. Interestingly, our data indicated that these short-
ened cells were still capable of extending their length by 15%
when placed under 1-butanol stress, which was closed to the
changes in length of other strains (14-24%) in this study. If the
altered cell length truly constituted the cause of increased sol-
vent sensitivity in U, one would expect the gene disruption to
block its ability to lengthen, thereby becoming incapable of
protecting itself from toxin. However, because our findings
demonstrated otherwise, and because other strains with differ-
ential tolerance, such as M, still had similar lengths compared to
WT both in the presence and absence of 1-butanol, while cell
length might affect 1-butanol tolerance of U, we doubted that
the cell elongation morphologies was the key mechanism of 1-
butanol tolerance that provided protection to B. subtilis under
the tested conditions.

In summary, by conducting 1-butanol tolerance test with the
B. subtilis mutants with disruption in genes in the membrane
lipid biosynthetic pathways, we demonstrated the correlation
between some changes in glycerolipid and phospholipid com-
position as metabolic responses to 1-butanol stress and 1-
butanol tolerance. The subsequent detailed investigation into
lipid contents of each strain pointed to the importance of the
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elevated ratio of neutral and anionic to cationic lipids on the
protection of B. subtilis cells against 1-butanol, whereas the cell
morphological studies suggested the potential effects of cell
shortening on the increased 1-butanol sensitivity of the U strain,
even though it might not constitute the key mechanism of 1-
butanol resistance. Together, this study indicated the involve-
ment of membrane lipid biosynthetic genes, which regulated
glycerolipid and phospholipid composition, on 1-butanol toler-
ance in B. subtilis and led to the obtainment of the M strain with
enhanced tolerance toward 1-butanol. Future work will extend
the approaches to study responses and tolerance to other
stressors and microorganisms (e.g., a solventogenic
Clostidium) to probe the generalizations of this mechanism.
More generally, the findings underlined the power of untargeted
metabolomic approaches and the downstream experiments in
discovery of novel mechanism of 1-butanol response and toler-
ance, as well as the attainment of strains with improved resis-
tance for further use in biotechnological applications.
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Aspergillus niger ESG 1dusitueninatnaaduuuresdauivienueavesuisnilnsidounms
wils iflesanlaguniqauniderliansnsanusiaionusaluyinagsld mslaves A niger ES4 vudafiy
levuea Sestignantifimwesaeiuiilunsnevaussieieniuen ynAdeiieaulafinwmanes
lomupanie A niger E4 TnsdAnmnsnanansuunusladuszianluiiunelugad Wedes A niger ES
Tuemsiasaide minimal media Milemusadudu 4% Wuan 3 u lasfu 2 vila loud laeda-
nAwosea uarlnsiedandivesea fvSmanivdued siiveddynain Weieufuaneitldiiioniues
Tuauzdilusiudug Wun nsnluty nsanearinn Weavh@faenluaniy wean draiweTu weanfna-
nAwosen wavreavhAnaduluinea fusuaildsuulanisndndesvielidsuulas arsmaniions
\Rendosfunsmumueviueaves A niger £54 Faorathlugmslivsslonilugnamnssuiiisadestu
ovuea Wetduwitlmilunsidnsaely

o w

AaAgy: Aspersillus niger, wuea, lwanlulalind, wuvuelas, ludu

Abstract

Aspergillus niger ES4 is a fungus isolated from the top wall of an ethanol tank of a
petroleum company. Because normally, microorganism cannot tolerate high amount of ethanol,
the growth of A. niger ES4 on the ethanol tank indicates the special properties of this fungal strain
in response to ethanol. This research was therefore aimed at studying the effects of ethanol on A.
niger ES4 by studying the production of various lipophilic metabolites within the cells. When A.
niger ES4 cultures were grown in minimal media containing 4% of ethanol for 3 days, two lipids,
including diacylglycerol and triacylglycerol, were statistically-significantly elevated when compared
with no ethanol conditions, while other lipids, such as fatty acid, phosphatidic acid,
phosphatidylethanolamine, phosphatidylserine, phosphatidylglycerol, and phosphatidylinositol,
remained unaltered. These metabolites might be related to the tolerance of A. niger ES4,
potentially benefiting ethanol-related industries or leading to discovery of the novel methods to

eliminate mold in the future.
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Aspergillus niger JusifiaUesdm (conidial head) fiduledun aeludulefintaiundugien
(septate hyphae) wanuauafufsiuannn (Shahlaei wasaniz, 2013) lngaldisadnnusisiai
Vuidlousdluinuazmalsl 15y adu ueuSaon Wavew wawda (Samson uazany, 2001) viewulufuwey
anmuwandoulusu (Frisvad uazany, 2011) MatTdaausylordlumanaluladanin wasgramnssy
nareUszian lagianizlunisudansa@nin nsanglalin nsneeny1dn wazieuledene lauwn exluiaa
lava iadiua warverlulangla@iag (Samson waganiy, 2010) Tunenisunng A niger 1dluntsnén
wulwsl prolyl endoprotease dldlumssnwlsadld@snauld (Tack wazamy, 2013)

PINNTTAaBITINILIN AaEATElEuen A niser ESA 91nnainuuuTesdufiuienueareIuity
MasiFosuvinia esanunfudrsasliannsanueionuealuuTuugld nislnvessiaeiugioy
fufiuienueaiesdinnantifiesuisssmslunsegseaniensnovaussieioniuoa

osananwAdeiiinumn wuih aunidvansviianovaussionnuednaindwinarareunss
Tasmswasuuvaswiiaveansaluduuuievuiead (Nicolaou wagane, 2010) AngidsIsaulafnuina
YoaenIueaRe A niger ES4 TnensinwmsasunlasUSinamedasiuaingeg 1aud nsaludy (fatty
acid; FFA) late@andiwesea (diacylglycerol; DAG) lasndiwesea (triacylglycerol; TAG) nsanogan @fn
(phosphatidic acid; PA) WeaW1@fatenluaiiu (phosphatidylethanolamine; PE) WoaW @faiwo3u
(phosphatidylserine; PS) Waanffandiwasoa (phosphatidylglycerol; PG) wazwaan ddaduludnoa
(phosphatidylinositol; PI) ¢ae3gnistuailuladnduuuiidivune lagldnatiadaialasulnnsil-
unaatUnlngiues (liquid chromatography-mass spectrometry; LC-MS)

o

nQUszaeAvaIn1sive
WisAnwravesenueanansuanasiuunueladussianladuniglulwadues A niser ESA

WUIAA N1EH NTBULLIAN

sufugduviduszamguesloniiduiusldiauuuedomauazliodomna isfwusvudeuey
Tuomns Tufu n3emuaninuwindeulusy (Frisvad wazamz, 2011) Unfndrsazldaiuisanuse
ovuealuuingsld mslaes A niger anewug £54 vudufiuionueaisusiinmandifivauung
UsznstunisedsenviionsneuauasolonIuea

lomusailuiinazanedunidiifurouinsgeiogaunid tomusariiliAmduelululnaouede
(mitochondria DNA) #eve wazyinliteulediuiesda wu tenlglaiua wazdlalasdiuaiianuiaunf
deareaunalunszuiunsuwuedduluead (Pettit, 2011) wazson1siasaiulnvesdiu Tl 1998
Walters uazanizfnunmsiaseiiulaves Pyrenophora avenae fiugnunannlsadi Tne¥atminues P
avenae Tasayivlaluenmsinan potato dextrose broth Tunnigfifiieniueaidudu 1% 3% uaz 6%
Weufunmzunafilaifiionuea Augddenuin dhnitdnues P, avenae lunmeiiiionueaidudu 1% 3%
WAz 6% Wiy 18.0 9.8 uaz 1.1 ndu auddu Feanauions auaududureLenueaiiiiuannty
PnanzUnd Feiimiiniu 223 ndu

mnemuiivioneniueail 9aunidisegmelinnzamnaisanazdosiuiiiolviogson
Tnenalnuildlunisnevauesreieniueaniedvinazatedunideneg don1susuasulesiu Sady
oadUsznovvenderugad duandluiogneoluil

You HazAmz (2003) $1891UI AIULATEAINLONIUDAAINARDDIAUTZNOUVBINTA tULTU
laji‘iuéfﬂutﬁaﬁmsuaémm Saccharomyces cerevisiae TiHuN3FARBELNTLEY (TRINPVE transformant
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strain) ileides S, cerevisiae luammsinan YPD Aitevueaidudu 5% You wazaazwudn nseleadnil
USinaufivtuegnaileddnsann Tuvasiinsalesiudug Wun nsaurditin nsnaiiosn wavnsnundd-
Taadnilusunaanas

Vinayavekhin tazang (2015) Aiasgriumiluladindwuuladfiidvuneass Bacillus subtilis
melaanuaienain -0amiuea wual nswdsaisiunuelanusyianladuves B subtilis in1s
Wasuwladluidueghannluemnswean Spizizen’s minimal media 71 1-Samueadudu 1% Fslasiu 3
wiin 1Hun eawddaonlusiiu vearhAdaweiu warlangledalaiedaniieesoaiiusinaifingy
Turaudilusiudug Wud lawedandwesea wavladanearfnandweseaiviunuanas

IvATUNITIVY
1. mav“v’uﬁuasﬂmwwém A. niger

wen A niger aneiug £54 ananuifsinuuuvesiuivieniusavesuitnilnsidouuviils
\WIELABS A, niger ESE Uuemn3ui potato dextrose agar Wurian 7 Ju eusindudiudng sauau 3
Fu wldiudosudiluemsan potato dextrose broth (PDB) Usinms 20 fiadans wwenegnasiatiios
figamgiivontuiian 3 Yu 9ty T A niger ES4 Tu PDB USums 1 fiaddns adluemisinas
minimal medium (MM; NaNO; 6 nfusiaans, KCl 0.52 n§uaodns, MgSO,.7H,0 0.52 nfunodnsg,
KH,PO, 1.52 n3usodns, D-glucose 10 NSuUADEAT, ZnSO,.7TH,0 22 nSuUADARS, HiBO; 11 nSunodng,
MnCL,.4H,0 5 nSusiedns, FeSO,.7H,0 5 nsusaans, CoCl,.6H,0 1.6 nSusadns, CuSO,.5H,0 1.6 n5u
610809, (NHIM0;0,4.6H,0 1.1 nFu9ans wag EDTA 50 nSue0ans, pH 6.8) (Barratt wayAmy, 1965)
U315 20 Tadans Tileueaitudu 0% (aeuay) ie 4% weheewiallesiigumgivieaduian 3
T
2. msiaSauiulnves A niger £54 Tupmsinas MM fifileniuea

wides A, niger Tuemmsmvan MM fifilenueaidudu 0% w3e 4% dde 1 andu nseude
HIUNTEANYNTEY Whatman wes 1 (@usiugudnaiaauin 110 dadiuns) fouursuaznsruriuinaai
W& sheTEnseanuayane eusnidulouazernsinatoanainiu Saduledrethndudsuas 5
findans 1uu 4 as wazUTung 20 Tedans 1utu 2 ads thidulelveuliuieiionmnd 70 e
wadea aunsviadulowdedihminaei Sufindtinuis svion 3 Srdmiuusazanududy

MM A, niger Tuammsivas MM Aiflenusaidudu 0% w3o 4% Wuan 3 Ju 3
\Jugnaianit A niger ﬁmiLﬂ%ﬁgLﬁUImaq”LuLWaﬁmmﬁ (early stationary phase) wuieadsetmiin
wiwesduleanamedilifiionueaniniu 0.0897+0.0026 nu uaglunnefifienueaidudu 4% wirtu
0.0374+0.0007 n§u uanslsiisiuin A niger lunnizifilomusalnanasanaeilifieniueasy 2.4 wi

3. msannasLnuslad

wides A niger lusmsivan MM fiflemusaidudu 0% n3e 4% fede 1 nseudorudd
dioiudle wiiduleluansavanonaussnineaslsvesy 3 fiaddns uazuniuea 1.5 1adans Wuian
1y mindudvensidsande MM wuulifinglaaadly 1.5 §adans 1we dludumlseiiaanmda 15008
Hunen 3 it figamgiiies uendueaslsrlesuldluramifvansoung 4 findans sumedvinazansniels
whalulnsiau ivansadanenu (crude extract) 7 -20 ssrnwaidoa nouazaglunaslsnesu 200
lulasans wieTinsenidae LC-MS  wisdadalasunnns fl-ununuuuaauninsiund  (liquid
chromatography-tandem mass spectrometry; LC-MS/MS)
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4. Mmywrsziansunueladmemaia LC-MS wag LC-MS/MS

Jnsziasuunuelaniiatnainduleves A nicer ES4 sewmaiin LC-MS uay LC-MS/MS u
munleeauuan (positive ion mode) uagluunlooouau (negative ion mode) #9189 1UlAE
Vinayavekhin wazamey (2016) sniiuldia3es Ultimate DGP 3600SD LC siafiu Bruker MicrOTOF QI
MS unu

5. mylaszvideyamesnselulaiindwuuiivdming

Answiwaiulainduuuiitvnuneves FFA DAG TAG PA PE PS PG uay Pl fuimsituitlénsanl
yosloseuresansiaulalulasulaunsuwdazlasunlawnsy wosdalad (normalize) Tnamsearitlédie
dhmhuresdulelunmyifieniueadudu 0% wie 4% aint mAnadevesiuildnsmitlasuns
uosifaladudaluiednsusazngu (91U YAIUAN) NAFOUAMNLANANBIALRAFENTNATOUT (-
test) TnafmunseRutoddd 005 wasiUiouflousnsdiunsiddsundameiiuiildnsmives
Hetaildienueaitudu 4% isuiugaaua

v
N Ya v oA

wadl dmdusiuauaniveuluaeldveslefuiiiutmanelunisinssimend §3duiden
Answiladuiifanels C16:0 C18:0 C18:1 way C18:2 imsnznsaluiy (FFA) Aflaneldimaniidunsalaiy
Aenduildnslulasulaunsugeiian Weifsusunsnlutuiidsiuaunisusuniedwnuiuse dduq
Hosmngaunislénsalatubuasdeiulunssuiumsdunseiluiurindu 19y DAG TAG uay PA 1513
taznvanelgwantinnlulututmneeinduduiu

NMIVAGEI NUUSU IR DAG way TAG Tufegeilidedlunziifiionuea 4% iududu
8-15 Wi war 4-9 wihwesnedilifiiovnuea nuddy Tuvauedilutudug Ldurn FFA PA PE PS PG uay Pl
IUsunadasuudasiisadnifosvioliasuidas (11599 1 uasniw 1)

A1319 1 YSunawesladuuszinnenge Tluwaaues A niger ES4 Tunnsifitoniusadudu 4% 1isuiu
amzAlifilonuea

viinvadlusiv logou  w2aoUszy (M/2)  Retention time (min)  Ethanol/Control™”

lvsfuiniiudulunneieniusa 4 %

DAG
16:0/18:1 M + NH.T' 612.5 44.6 8.0*
16:0/18:2 M + NH.1' 610.5 44.0 7.0%%x
18:2/18:2 M + NH.1' 634.5 437 12.7%%*
18:2/18:1 M + NH.1" 636.5 44.3 14.7%%*

TAG
16:0/16:0/18:1 M + NH.l" 850.7 485 4. 4rex
18:2/18:2/18:2 M + NH.I' 896.7 48.0 8.4xx*
18:2/18:2/18:1 M + NH.l' 898.7 483 g.8xx*
18:1/18:1/18:1 M+ NH.I' 902.8 48.7 9.1%xx

l9siudus (Ethanol/Control < 4 %38 p > 0.05)

FFA
16:0 M - HT 255.2 19.0 1.3%
18:1 M - HT 281.2 19.4 1.0
18:0 M - HT 283.2 19.9 0.5

PA
16:0/18:1 M - HT 673.4 32.4 2. 5w
16:0/18:2 M - HT 671.0 31.2 2.0%%%

( ]
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viinvadlusiv losau  wadiaUszy (m/z)  Retention time (min)  Ethanol/Control™”
18:2/18:2 M - HT 695.4 30.6 3.0%**
18:2/18:1 M - HT 697.4 31.8 3.6%**
16:0/18:1 M - HT 716.5 424 1.9%%*
16:0/18:2 M - HT 714.5 a1.4 1.3%*
18:2/18:2 M - HT 7385 40.7 2.2%%%
18:2/18:1 M - HT 740.5 41.8 2.5%xx
16:0/18:1 M - HT 760.5 34.9 2.20%%%
16:0/18:2 M - HT 758.4 33.8 2.0%**
18:2/18:2 M - HT 782.4 33.1 1.2%
18:2/18:1 M - HT 784.5 34.2 2.4%xx
16:0/18:1 M - HT 7475 375 0.9
16:0/18:2 M - HT 745.4 36.6 1.0
16:0/18:1 M - HT 8355 37.2 1.6**
16:0/18:2 M - HT 833.5 36.2 1.7%%%
18:2/18:2 M - HT 857.5 35.6 1.8%
18:2/18:1 M - H] 859.5 36.6 2.2%%%

*Ethanol/Control Aasns1duvasanadsiuildnsmilasunisussialadudweauunualadlosaunnuly
feg1an TN URALINTY 4% Wisuiunneiliiieniues

b

Student’s t test: *p < 0.05; ** p < 0.01; ***p < 0.005; N =3

A Intens.
(x10%)

4.0+

2.0

0.0

m/z 636.5
DAG (18:2/18:1)

Ethanol

Control

T T

40 42

Intens.
(x10°)

4.0

2.0

m/z 896.7

TAG (18:2/18:2/18:2)

0.0

Retention time (min)

44

T
46 48 50

Retention time (min)

AN 1 §7984 extracted ion chromatogram ¥as (A) DAG (18:2/18:1) uaz (B) TAG (18:2/18:2/18:2) Tu
\Wwaawes A. niger ESA lunmgffiteniuea (Ethanol) Wisudunmgilidfiteniuea (Control)

dyuNanITNAaeg
PNNSANE A. niger ES4 Tlugnunnnudaduuuresdafiuienveavesudsnllnsidouumis
feFsnsumluladinduvuitmme Tnedeserlasuiifiansls C16:0 C18:0 C18:1 uay C18:2 Wui
A. niger ES mauduasaruasEnneyueanududy 4% o Suil 3 luemsideads MM Taenis
\islU3inm DAG uag TAG neluiwad Wawfleufunieitlifieniuea luvaedilusiudug ldun FFA PA PE
PS PG wa Pl iiUSinaliisuntas ansmaniioraiiosdesiunnnumuniuves A. niger ES4 sialeniuea
Feorathlugmisldvszlevilugnamnssuiisatestuieniuoa wiatduislmilunmsidnndeluly

BUIAR
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Fnhazaedunidiinnudufivaoutisgeiodunid Qaunidisiinalansuiuduionisegsen
(Nicolaou wazame 2010) 1w fimsdudimsvhanueeaeulesiiefifived (ATPases) ilinisaanendeey
lumadanas denaliisyiures ATP geiu uarannsntouusadiilédsuarundensld (Sequra uazany
, 2005) wonanil WeRuiunanegludoriuwad (efflux pump) asvimihiidaefughavasfiiufiv
ponanlalanatady (Zgurskaya way Nikaido, 1999) LLasmiLﬂﬁauLLﬂananﬁﬂixﬂaumaaL?iaﬁ:waaé LU
mswdsuutatlelawedveansalusiulidudanuuudadunuunsiudly Pseudomonas putida ils
lustudnigosiiuldfity dmalishazaedunididnguadldontu (Weber uazans, 1994)

druddnivitlalusiusneg luddidiefiantiunneaiufie Siuansuen anudud uagn
wnuiiluanels Tnesisnuiiniun Sndunsfnwinsaladudundn ﬂﬁfﬂl‘uﬁuﬁwwmﬁqm’luiws
arfueuluansldsiuan 16 3o 18 afueu uaznsalusulidudfinudundn 1éun nsnlewadn (oleic
acid; C18:1) waznsnalutadn (linoleic acid; C18:2) (Chopra waz Khuller, 1984) d4sU A. niger NI
lushudusuarliduffinuinnifansueuluaneldsuan 16 81 18 Arsvewsmisaiy uinsalasfuiiny
wniign leun nsndlutadn (inoleic acid; C18:2) wagnsaUddidn (palmitic acid; C16:0) dwlvsiuiiny
S09A9UNAD NIAALAYSA (stearic acid; C18:0) wagnsndlutadin (linolenic acid; C18:3) (Chattopadhyay
uazAny, 1985) luAdei aelsfinumniigelunsaluiuaslusussinneine lusadues A niger Ao
C16:0 C18:0 C18:1 uay C18:2 aenndosfiuatddefinaraudediu

TAG iilwsiufidaluadussqdunid Inevimihiiduunasasaundsanulyifuiead (Chopra
way Khuller, 1984) uagiiuSinaiis 50% veeUSunalasusianaa (Carman, 2011) n3¥UIUNSELATIEN
TAG TufariuardsdTinsedugaiuan PA Ty PA azgniddswdu DAG dwimihiidussduszneuvesiie
Huwad waztfulushudedyaasiiiass (lipid second messenger) inugunsasalusiu Tneioules]
filonaanuna (PA phosphatase) tHuALIsUfATen 1ty DAG azgniwrldifuansdedulunis
Fuaswnt TAG wazlusfudun 1dun PE wazwoavh@naladu (phosphatidylcholine) uanannil PA &sld
Duansaedulunsdansiest Pl uas PG sndii-lowedanawwesea (CDP-diacylglycerol) (Carman, 2011)

mananlutulueaduesgdunidifsrtosiunssuiunsiuunueaduresniivesea duduansds
FuFmidlunszuiuniskdn DAG uaz TAG (Carman, 2011) s1e9ufikuuilng Hayashi wazaae (2003)
fu Escherichia coli anewug 0ST3410 Beilanununmugadufiiausedwhazaredunds 1Wu Lanisy
wu Bulunszurumsiuuvuedduuesnalwesea tawn Bu elpB, elpC, gloF waz glpQ finsuanseanluy
aneig OST3410 gandiluaestugweus (parent strain) sgnsiifoddamieadin uonaind Shimizu wa
Az (2005) Sanunsuaneeniiiiutuvesdu gloC lu £ coli aewusiimumusiefivhazanedunisligs
ety eidedlunneifileduuaslelaaeneudnge Memumaiitelsdi msazaunivesea
adluwaduasqgdunidonaiidiuiedesiunisnevausnazanumuniuvssgdunidsediviazane
3uv3d Inendwaseasnatisdasfuwadananuaioneealufin (osmotic stress) flinandiazaty
Sun3d wardwmasonnununusediaratedunIsTiutuld (Nicolaou wazaniy, 2010) n1siiiaty
yesndlveseaiiondmalisinamesleiiudug Adundnias Wy DAG uay TAG uduniulude e
wuluenddei] edelsin Suduludiidnmsduasezdlatuiasiidiuioitedae Fuilvilud DAG uay
TAG wihiufifiusunaniuty luvasiileurindudadundndurvesndiweseaiduiuilusunald
Wasuulas Hagtudilsifiserunsifisdureniiwesen DAG w3 TAG luangiifiieniuen uislus A

v
[ I~ [

niger $MUABUIMDLTUNUTULINNTIBUAIANTUYIUTIIU DAG taz TAG LianauaUadIsasivi

N6 o

avaneBunid Yauiivitesiemsnumnusdelevueavseliiy dinsdessensfigatisoly

y
i
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Jordusuuziaznsiinaniside lulduselaad

mi@hm ﬁﬂau‘vﬁéwam?uyul,ﬁamauauawiammLﬂ%‘&m ugduiiannnsiviliddiinegson
Iumauumaauuuﬂ 161@15014 Iuwm%u A n/ger ma‘wuﬁ ES4 ma‘uauamammLmamﬂmamuaaima
MINAA DAG uay TAG Wisnnngy mszaziu mﬂmmimaaaummuLammmnu A. niger ESA lu
Amzithoniuea asedesiimsamali A nicer ES6 numusieonuealdfitu lunianduiu mns
annsnanU3anas DAG uay TAG Tuwadwes A niger 1w TnnsuSuuseduluinitvesnisuanansdes
i wdeldansdudnsiauvenouluslug3ds A niger Anrsnunusotenuealddonas ildidn A
niger iudlouluanmundousineg Aifvsvasdldinedu

AnAnssuUTENA

AuglIdgvevauAudIinIuANEnITUNITNTRANANY d1dnaunemualtuayuniside
(MRG6180002) waglasans Sci Super Il AngAne1aans guiasnsaiunine1ds Aldliunuaduayy
NI
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