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ABSTRACT

Acinetobacter baumannii has gained prominence due to its heightened antibiotic resistance and
adaptability within healthcare settings. Unlike other Acinetobacter species, A. baumannii predominantly
thrives within healthcare environments, where its persistence is underscored by physiological adaptations,
including homeoviscous adaptation that modifies glycerophospholipids (GPL) to enhance membrane
flexibility. The bacterium's substantial genetic diversity highlights the paramount importance of prudent
strain selection for research involving drug resistance and virulence. This study investigates the lipid
composition of six clinical A. baumannii strains, incorporating the highly virulent model strain AB5075 with
multiple antibiotic resistances. Our objective is to scrutinize the adaptations of glycerophospholipids (GPL)
and glycerolipids (GL) within these isolated strains, each characterized by unique antibiotic resistance
profiles, under variable temperature conditions mimicking environmental and physiological scenarios. The
strains' differential performance in motilities and biofilm formation across varying temperatures reveals
intriguing patterns. Notably, the study uncovers a consistent elevation in palmitoleic acid (C16:1) content
in five of the six strains at 18°C. Utilizing LC-HRMS? analysis, we elucidate shifts in GPL and GL compositions
as temperatures oscillate between 18°C and 37°C for all strains. Exploration of lipid subspecies further
exposes disparities in PE and PG lipids containing C16:1 and oleic acid (C18:1). This investigation not only
provides insights into the physiological attributes and survival strategies of A. baumannii but also deepens
our comprehension of its adaptive responses to temperature changes. By unraveling the dynamics of lipid
composition and fatty acid profiles, this study enriches our understanding of the bacterium's ecological
fitness and behavior in diverse environments.

IMPORTANCE
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Acinetobacter baumannii, a bacterium known for its resistance to antibiotics, is a concern in healthcare
settings. This study focused on understanding how this bacterium adapts to different temperatures and
how its lipid composition changes. Lipids are like the building blocks of its cell membranes. By studying
these changes, scientists can gain insights into how the bacterium survives and behaves in various
environments. This knowledge helps us better understand its ability to cause infections and resist
treatments. The study's findings contribute to our broader understanding of how Acinetobacter baumannii
functions, which is important for developing strategies to combat its impact on patient health.

INTRODUCTION

Acinetobacter spp., a versatile and resilient group of bacteria, has gained significant attention in recent
years due to mainly Acinetobacter baumannii which is commonly found in healthcare settings and long-
term care facilities (1). This bacterium, a member of the Acinetobacter calcoaceticus-baumannii (Acb)
complex, is implicated in human infections, alongside other species such as A. Iwoffi, A. junii, A.
nosocomialis, and A. pittii. Additionally, A. calcoaceticus is regarded as an environmental species (2). One
of the biggest concerns with A. baumannii is its ability to develop resistance to multiple antibiotics, which
can make infections difficult to treat (3). Although Acinetobacter spp. are renowned for their widespread
presence and exceptional adaptability, the case appears to differ when it comes to A. baumannii. Unlike
other Acinetobacter species that are commonly found in soil or water samples, A. baumannii is rarely
isolated from such sources unless inadvertently introduced through human waste (4, 5). Instead, A.
baumannii has demonstrated a higher propensity for survival within healthcare facilities (6, 7), potentially
facilitated by transient colonization on the hands of healthcare workers and dissemination through
aerosolized particles from infected patients (8, 9).

To thrive in hospital environments and survive outside the human body, A. baumannii undergoes
physiological adaptations that can influence its pathogenicity, such as its ability to form biofilm or exhibit
motility. Motility is a critical mechanism that aids A. baumannii in the dissemination within hospital
environments. Additionally, motility also plays a significant role in actively moving towards and colonizing
specific sites within the host (10). Two distinct types of motility have been characterized in Acinetobacter
spp.: twitching motility, which relies on the type IV pilus for movement (11), and surface-associated
motility. The latter is influenced by various factors, including the PrpABCD pilus and 1,3 diaminopropane
(12-15). In addition to motility, A. baumannii's capability to form biofilms further contributes to its
pathogenicity and persistence by making eradication more challenging (16, 17). Interestingly, the impact
of temperature on the physiology and virulence of A. baumannii remains relatively understudied while
these nosocomial bacteria rely on a dynamic interplay between their ability to colonize the human body
and their capacity to spread within the hospital environment. This intricate balance is crucial for their
persistence and dissemination in healthcare settings. One prominent mechanism known as homeoviscous
adaptation is a common response to low temperatures, enabling the bacteria to withstand extracorporeal
conditions. This adaptation involves modifying the composition of glycerophospholipids (GPL) by altering
their fatty acids, ultimately enhancing their flexibility (18). Therefore, the bacterial cell membrane plays a
crucial role in providing a protective barrier against the external environment and importantly to antibiotic
resistance in several bacterial species (19-21). GPL in A. baumannii are found through seven sub classes
including phosphatidylethanolamine (PE), phosphatidylglycerol (PG), lysophosphatidylethanolamine (LPE),
hemibismonoacylglycerophosphate (HBMP), cardiolipin (CL), monolysocardiolipin (MLCL) and
phosphatidylcholine (PC) (22, 23). A. baumannii contains two glycerolipids (GL), namely triacylglycerol (TG)
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and diacylglycerol (DG) (22). These GL serve not only as reserve compounds but also fulfill roles in
metabolism, potentially acting as sources of fatty acids that can be readily mobilized (24).

A. baumannii, shows high genetic diversity. Reference strains don't represent the full range of clinical
isolates, so strain selection is crucial. The use of contemporary isolates should be preferred over historical
strains to ensure accurate research on virulence and drug resistance (25). In this article, five strains of A.
baumannii isolated from patients in intensive care from France are compared with the highly virulent
model strain, AB5075, isolated in 2008 from a combatant wound infection (26, 27).
The primary goal of this research is to unravel the intricate relationship between temperature and the
virulence-related characteristics of A. baumannii. Specifically, we seek to explore the influence of
temperature on twitching motility and biofilm formation capabilities in six recently isolated clinical strains.
In addition, we aim to comprehensively analyze the lipid composition of these strains, focusing on their
fatty acid content and conducting liquid chromatography-high-resolution tandem mass spectrometry (LC-
HRMS?) to delve deep into the GPL and GL profile. This comprehensive investigation will shed light on the
lipidic adaptation of A. baumannii under temperature conditions that faithfully replicate those
encountered within the human body and hospital environments. By uncovering the intricate interplay
between temperature and A. baumannii's pathogenic traits, this study will contribute to our understanding
of the bacterial adaptation mechanisms and potentially provide valuable insights for the development of
novel strategies to address this resilient pathogen in healthcare settings.

RESULTS
Bacterial species-level identification and antibiotic resistance pattern

Five strains of Acinetobacter spp. were isolated from France, specifically selected to represent different
antibiotic resistance profiles. Additionally, a reference strain, AB5075, isolated from a patient with
osteomyelitis in USA was included in this study (26). To identify the five isolated strains, matrix-assisted
laser ionization time-of-flight mass spectrometry (MALDI-TOF MS) has been used. This method has been
effectively utilized in clinical microbiology labs for rapid bacterial identification. However, this technique is
unable to accurately identify species within the Acb complex (28). Although all strains were initially
identified as A. baumannii, we conducted amplification and sequencing of the 16S-23S rRNA gene spacer
region (29) to confirm the identity of the strains used in this study. Fragments of approximately 600 bp
were observed, exhibiting a high degree of similarity among the six strains, including AB5075
(Supplementary figure 1). Furthermore, as indicated in table 1, the strain AB5075 exhibits resistance to
nearly all antibiotics, with the exception of minocycline, as previously described (26). ABVal3 is resistant to
all antibiotics tested whereas ABVal2 requires higher concentrations of Ticarcillin, Trimethoprim-
sulfamethoxazole and three B-lactams (clavulanic acid with tricarcillin, cefepime and imipenem) to exhibit
susceptibilities. ABVall is susceptible to Trimethoprim—sulfamethoxazole only while ABVal4 is resistant to
Aztreonam, Fosfomycin and at low concentration to Ciprofloxacin.
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Table 1. Antibiotic resistance exhibited by the strains used in this study. R indicates resistance to the
corresponding antibiotic and S stands for susceptible.

Sulfonamide

sulfamethoxazole

concentration)

Antibiotic group| Antibiotics ABVall ABVal2 ABVal3 ABVal4 ABVal5 |AB5075

Carboxypenicillin| Ticarcillin R S (at high R S R R
concentration)

Carboxypenicillin| Ticarcillin - R S (at high R S S R

- B-lactam clavulanic acid concentration)

B-lactam Piperacillin R R R S R R

B-lactam - B- Piperacillin - R R R S R R

lactamase Tazobactam

inhibitor

B-lactam Aztreonam R R R R R R

B-lactam Ceftazidime R R R S R R

B-lactam Cefepime R S (at high R S R R
concentration)

B-lactam Imipenem R S (at high R S S R
concentration)

Fluoroquinolone| Levofloxacin R R R S R R

Fluoroquinolon | Ciprofloxacin R R R S (at high R R

concentration)

Aminoglycoside | Gentamicin R R R S R R

Aminoglycoside | Tobramycin R R R S R R

Aminoglycoside | Amikacin R R R S R R

Tetracycline Minocycline R R R S S S

Phosphonic Fosfomycin R R R R R R

Antifolate - Trimethoprim - S S (at high R S R R
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Motility and biofilm formation

To comprehensively assess bacterial behavior at both 37°C and 18°C, we evaluated the twitching motility
of all six strains (Figure 1A). Among the strains, ABVal2, ABVal3, and ABVal5 showed minimal motility at
either temperature, whereas ABVall, ABVal4, and AB5075 exhibited significant twitching motility at 37°C.
Of these, ABVall displayed particularly efficient movement, covering a greater distance than the others at
37°C. Notably, no distinct twitching motility was observed at 18°C.

Given that Type IV pili have been proposed to play a role in biofilm formation by facilitating initial bacterial
attachment, a concept demonstrated in various bacterial species, including A. baumannii (11, 30, 31), we
proceeded to evaluate each strain's biofilm-forming capacity at both temperatures (Figure 1B). ABVal2 and
ABVal3 showed negligible biofilm formation at 18°C and modest biofilm production at 37°C, with values
slightly exceeding 0.28 OD590. Interestingly, AB5075 exhibited consistent medium-level biofilm production
that remained unaffected by the temperature variations. ABVal5 displayed medium biofilm production, but
exclusively at 18°C, while its biofilm formation weakened significantly at 37°C. ABVall and ABVal4 emerged
as robust biofilm producers at 18°C; however, their biofilm production reduced to a medium level at 37°C.
As described before, there appeared to be an inverse correlation between surface-associated motility and
the capacity to form biofilms (32). At 18°C, motility was virtually absent across all strains, while at the same
time, motility was evident in all strains (Figure 1C). Notably, ABVal2 and ABVal3 demonstrated the highest
motility among the strains.
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Figure 1. (A), Twitching motility at 37°C and 18°C after 48 hours of inoculation. (B), Biofilm formation at
37°C and 18°C. The graph represents the level of biofilm formation (absorbance at 590nm), which was
investigated in a 96-well microtiter tray using a crystal violet stain method. (C), Surface associated motility
at 37°Cand 18°C after 48 hours of inoculation. The results correspond to at least 3 biologically independent

samples. Statistical significances were determined by a two-tailed student’s t test (****, p < 0.0001;
*** p<0.001; ns, p>0.05).

Fatty acids content at different temperatures

To better estimate the temperature adaptation of the six strains, the fatty acid content was determined
using gas chromatography with a flame ionization detector (GC-FID) after culturing them in LB at 37°C and
18°C (Figure 2). At 37°C, the major fatty acids detected were palmitic acid (C16:0) and oleic acid (C18:1),
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comprising approximately 35-40% and 30-40% of the total fatty acids, respectively. ABVal2, however,
exhibited approximately 30% and 10% of these two fatty acids. Interestingly, ABVal2 also displayed a higher
percentage of palmitoleic acid (C16:1) compared to other strains, with levels around 40% (Figure 2B). In
contrast, C16:1 content varied between 5% and 15% at 37°C in the other strains, while the remaining fatty
acids were below 5%, consistent with previous observations (22). At 18°C, a significant increase in C16:1
content was observed in strains ABVall, ABVal3 to ABVal5, and AB5075 compared to 37°C (Figure A, C, E
and F respectively). Notably, ABVal2 exhibited a substantial increase in oleic acid content at 18°C compared
to 37°C. In order to achieve a more comprehensive comprehension of the apparent differences at 37°C and
18°C, particularly concerning ABVal2, we delved into the GPL and GL composition beyond just fatty acid
content, employing LC-HRMS2 analysis.
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Figure 2. Fatty acid methyl ester analysis of A. baumannii clinical strains by GC-FID cultivated at 37°C or
18°C. The results correspond to n = 3 biologically independent samples. (A), ABVall; (B), ABVal2; (C),
ABVal;3 (D), ABVal4; (E), ABVal5; (F), AB5075. Statistical significances were determined by a two-tailed
student’s t test (****, p < 0.0001; ***, p <0.001).
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Figure 3. Partial least squares-discriminant analysis (PLS-DA) scores plot showing variances in lipid species
between 37°C and 18°C for the strains (A), ABVall; (B), ABVal2; (C), ABVal3; (D), ABVal4; (E), ABVal5; (F),
AB5075. The results correspond to at least 3 biologically independent samples. The analysis was performed
using MetaboAnalyst V5.0 (https://www.metaboanalyst.ca/, accessed in May 2023).

LC-HRMS? analyses and temperature adaptations

Partial least squares-discriminant analysis (PLS-DA) was utilized to analyze the lipidome data and determine
if there was any discernible separation among each strain when exposed to 37°C and 18°C (Figure 3). While
there were variations in the GPL and GL compositions between the two temperatures for all strains, ABVal1l,
ABVal2, and AB5075 displayed more pronounced differences (Figures 3A, B and F respectively).
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Figure 4. Volcano plot depicting lipids diversity of each strain at 37°C and 18°C with (A), ABVal1; (B), ABVal2;
(C), ABVal;3 (D), ABVal4; (E), ABVal5; (F), AB5075. In red, all the lipids upregulated at 18°C are shown, along
with their significance levels. The results correspond to at least 3 biologically independent samples. The
analysis was performed using MetaboAnalyst V5.0 (https://www.metaboanalyst.ca/, accessed in May
2023). Statistical significances were determined by a two-tailed student’s t test (***, p < 0.001; **, p <
0.01; *, p<0.05; ns, p > 0.05).

To identify the most upregulated lipids at 18°C for each strain, the data were analyzed using Volcano plots.
The significance of the lipid with the highest fold-change was calculated, and these values were directly
added to the scatterplot for clarity (Figure 4). For ABVall 5 lipids were found to be upregulated at 18°C
containing one or two C16:1 as follow: PG 16:1_18:1, CL 16:1_18:1 16:1 18:1, PG 16:1_16:1, HBMP
16:1/16:1_18:1 and PE 16:1_16:1. The first four are significantly different from 37°C (Figure 4A). ABVal2
showed only one lipid upregulated at 18°C, PE 16:1_18:1 (Figure 4B). While ABVal3 presented 3 lipids: PE
16:1_18:1, PG 16:1_18:1 and PE 16:1_16:1 with only the first significantly upregulated (Figure 4C). ABVal4
showed 4 lipids PE 16:1_16:1, PG 16:1_18:1, PG 16:1_16:1 and PA 16:0_16:1 with the last one non-
significant (Figure 4D). ABVal5 and AB5075 had more upregulated lipids at 18°C with respectively 10 and 8
species. ABVal5 had HBMP 16:1/16:1_16:1, MLCL 16:1/16:1_16:1, PG 14:0_16:1, PE 14:0_16:1, PG
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16:1_16:1, HBMP 16:1/16:1_18:1, CL 16:1_18:1_16:1_18:1, PE 16:1_16:1, CL 16:1_16:1_16:1_16:1 and
MLCL 16:0_30:2. Among them only the two last lipids were not significant (Figure 4E). For AB5075 all the
following lipids were significantly up regulated at 18°C: PG 16:0_16:1, HBMP 18:1/16:1_18:1, PA16:1_16:1,
PA 16:1_18:1, PC18:1_18:1, PC34:2, PG 16:1_18:1 and PE 16:1_16:1 (Figure 4F).

Subsequently, to obtain a holistic understanding of each subclass, their respective proportions were
computed (Figure 5). Across all strains, the prevailing lipids were predominantly PE and PG. Notably, there
was a substantial rise in PE levels at 18°C for ABVall, ABVal2, and ABVal3 (Figure 5A, B, and C, respectively).
Conversely, in the case of AB5075, a reduction in PE content was discernible at 18°C, accompanied by a
concurrent elevation in PG levels (Figure 5F).
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Figure 5. GPL and GL percentages of A. baumannii clinical strains cultivated at 37°C or 18°C based on LC-
HRMS? data with (A), ABVall; (B), ABVal2; (C), ABVal;3 (D), ABVal4; (E), ABVal5; (F), AB5075. The results
correspond to at least 3 biologically independent samples. Statistical significances were determined by
post-hoc Tukey test after two-ways analysis of variance (****, p <0.0001; ***, p <0.001; ns, p > 0.05).
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Given the prevailing abundance of PE and PG among the extracted lipids, the proportions of PE and PG
molecules each incorporating one or two C18:1 and C16:1 fatty acids, which experience upregulation at
18°C, were computed and subsequently juxtaposed (Figure 6). In the case of ABVall, 2, 3, 4, and 5, an
elevated occurrence of PE containing C18:1 was discernible at 18°C, while no significant differences were
apparent for PG (depicted by the white bars in figure 6A, B, C, D, and E, respectively). Conversely, for
AB5075, the quantity of PE containing C18:1 exhibited a reduction, and although no significant effect was
observed on PG, a similar discernible trend was distinctly evident, paralleling the pattern witnessed with
PE (white bars in Figure 6F). The identical observation was repeated for PE containing C16:1 (represented
by the grey bars in Figure 6A, B, C, D, E, and F, respectively). However, for PG containing C16:1, an elevation
was noticed in ABVall, 3, 4, 5, and AB5075. Particularly noteworthy was the more pronounced upsurge of
PG C16:1 detected at 18°C for AB5075 (as indicated by the grey bars in Figure 6F). Intriguingly, for ABVal2,
no significant fluctuation in either PE or PG containing C16:1 was discernible between the two
temperatures (Figure 6B).
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Figure 6. PE and PG containing at least one C16:1 or C18:1 percentages of A. baumannii clinical strains
cultivated at 37°C or 18°C based on LC-HRMS? data with (A), ABVal1; (B), ABVal2; (C), ABVal;3 (D), ABVal4;
(E), ABVal5; (F), AB5075. The results correspond to at least 3 biologically independent samples. Statistical
significances were determined by post-hoc Tukey test after two-ways analysis of variance (****, p <0.0001;
*** p<0.001; **, p<0.01; *, p <0.05; ns, p > 0.05).
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DISCUSSION

Like other bacterial species, A. baumannii maintains its protective barrier's integrity through well-
coordinated lipid homeostasis pathways, resulting in a diverse array of GPL and GL molecules (33). These
major GPLs not only preserve membrane integrity but also aid in forming domains that facilitate protein
translocation, guide cell division locations, and influence antibiotic penetration (22, 34-37). Therefore,
understanding how lipids are formed in different A. baumannii strains with varying antibiotic susceptibility
and how their synthesis is regulated under diverse physiological conditions is highly significant. In this
study, our aim was to compare the physiological adaptations to GPL and GL compositions in six clinically
isolated strains, each characterized by unique antibiotic resistance profiles (Table 1), under conditions
mimicking environmental and body temperatures. The study reveals variations in twitching motility and
biofilm formation capacities among the six strains at different temperatures (Figure 1). At lower
temperatures, none of the strains exhibit motility, while three of them display enhanced biofilm-forming
capabilities. ABVall showcases superior twitching motility at 37°C, with ABVal4 and AB5075 showing
similar albeit lesser levels. Concerning biofilm formation, ABVal2 and ABVal3 exhibit minimal production,
AB5075 consistently produces a medium amount, ABVal5's production varies with temperature, and
ABVall and ABVal4 display medium production at 37°C. The Acb complex has been associated with higher
infection rates during warmer periods, as noted in prior studies (38). This observation aligns with the fact
that A. baumannii infection incidence among hospitalized patients exhibits a peak during warmer months
(39). This trend might be partly explained by the temperature-sensitive regulation of motility, as evidenced
by its reduced efficiency when subjected to lower temperatures. Similarly, when examining the ATCC strain
17978, which was isolated in 1951 (40), research has uncovered that it exhibits an increased ability for
biofilm formation at 28°C, accompanied by a decrease in its twitching motility. As previously mentioned,
there exists a reverse relationship between surface-associated motility and biofilm formation, a point
reiterated as well here (32, 41, 42). Globally, the specific motility and biofilm formation behaviors unique
to each strain among the examined A. baumannii strains have been previously emphasized in studies
involving various clinal strains (43-45).

The range of documented lipid variations in A. baumannii upon exposure to lower temperatures is limited.
As far as our knowledge extends, modifications in fatty acid content under cold conditions have only been
described in lipooligosaccharides (46). The present work sheds light on the matter by uncovering a
significant increase in palmitoleic acid (C16:1) content for ABVall, ABVal3-ABVal5, and AB5075 at 18°C.
Whereas, ABVal2 exhibited a notable elevation in oleic acid (C18:1) content at 18°C (Figure 2). These
findings imply that ABVal2 could exhibits a distinct desaturase specificity. Desaturases are enzymes that
use oxygen to introduce double bonds into saturated fatty acyl chains, and their activity relies on an
electron transport chain (47). However, in many bacteria, fatty acid desaturations can occur differently.
Instead of specific desaturases, a double bond is introduced into a ten-carbon intermediate through the
action of the fabA gene-encoded enzyme, which is part of the bacterial type Il fatty acid biosynthetic
pathway. This intermediate is then elongated to form 16:1 and 18:1 fatty acids (48-50). A recent study
revealed poor desaturase activity in Pseudomonas putida, likely due to a weakly active component involved
in the electron transfer process (51). Similarly, in ABVal2, the desaturase DesA identified in A. baumannii,
which is characterized as desaturating C16:0 (52), could potentially fail to produce C16:1 and therefore be
replaced by the activity of FabA, leading to the production of C18:1.
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In the spectrum of tested antibiotics, ABVal4 displayed the least resistance compared to the other strains.
Notably, this strain exhibited a remarkable proficiency in twitching motility, particularly conspicuous at
37°C, while it displayed its most optimal biofilm formation potential at 18°C. It's worth noting that prior
studies have established a link between heightened antibiotic resistance and increased biofilm formation
by compiling data on more than 100 strains (53). However, drawing a definite conclusion solely from one
strain is excessively speculative; a more comprehensive understanding necessitates the inclusion of
additional strains to ensure statistically significant results.

Subsequently, LC-HRMS2 analyses were conducted to pinpoint the specific lipids that could potentially
accommodate the heightened presence of unsaturated fatty acids at 18°C. Initially, a comprehensive
assessment of the overall content was undertaken using PLS-DA, with the aim of discerning potential
distinctions among various strains exposed to temperatures of 37°C and 18°C (Figure 3). The outcomes
highlighted notable shifts in both GPL and GL compositions between the two temperatures for all strains.
This observation aligns well with existing literature on bacterial adaptation facilitated by alterations in their
lipid content (18, 54). Contrasting with a prior investigation, LPE displayed irregular detection across
biological replicates, resulting in its omission from the analysis. In contrast, although phosphatidic acid (PA)
was identified and included in this study, it comprised a mere fraction of the total lipid content though (22)
(Figure 5).

Subsequently, we undertook an endeavor to identify lipid species that demonstrate an increase in
expression at 18°C. However, among the outcomes, a consistent upregulation of lipid species across all
strains at 18°C was not evident (Figure 4). As a result, we initiated an analysis at the lipid subspecies level,
initially identifying the most prevalent lipids as a percentage across the strains and tested conditions
(Figure 5). Subsequently, we concentrated on the two principal unsaturated fatty acids, C18:1 and C16:1
(Figure 2), which were upregulated at 18°C, specifically within the PE and PG lipids, known for their
abundant presence (Figure 6). This analytical approach enabled us to deduce which lipids subspecies were
accountable for the distinct fatty acid profile observed in ABVal2 (Figure 2). While PE containing C18:1 and
C16:1 experienced upregulation at 18°C, no corresponding increase in PE and PG with augmented C16:1
content was noted. This contrasted with all other strains, which demonstrated elevated levels of PE and
PG containing C16:1. Of note, AB5075 demonstrates a parallel elevation in C16:1 at 18°C (Figure 2F), with
the exception of ABVal2. This increase is primarily attributed to PG at 18°C. Additionally, the diminishing
levels of PE C18:1, PE C16:1, and PG C18:1 at 18°C indicate a discernible difference in lipid homeostasis
compared to the other five strains under investigation. Hence, within the tested set of six strains, there are
distinct behaviors observed: two strains exhibit dissimilar patterns, while the remaining four strains
demonstrate notable similarity in terms of lipid synthesis under low temperatures. This phenomenon is a
result of the significant gene repertoire diversity in A. baumannii and the notable influence of natural
selection on protein evolution, driven by recombination and lateral gene transfer events within A.
baumannii strains (55-58).

Overall, these findings emphasize the importance of temperature in influencing the lipid composition and
fatty acid profiles of the bacterial strains studied. The observed variations highlight strain-specific
differences as well as temperature-dependent adaptations, which could potentially have implications for
the strains' physiological properties, growth, and survival strategies. Further investigation into the
functional implications of these lipidomic variations may provide insights into the mechanisms underlying
the bacterial response to temperature changes and their overall ecological fitness.
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MATERIALS AND METHODS
Strains and growth conditions

Clinical isolates were obtained from the microbiology department of the hospital of Valenciennes (France).
All strains were isolated from the intensive care unit between 2014-2020. They were cultivated in lysogeny
broth (LB) at 18°C or 37°C at 180 rpm. 18°C was considered as a relevant environmental temperature.

Motility assays

All LB agar plates (1% concentration for twitching motility and 0.3% for surface-associated motility with
Eiken chemical, Japan) were prepared freshly prior to being inoculated with 5 uL of a bacterial suspension
in the exponential phase of growth (OD600: 0.3). For each temperature condition, the bacteria were
initially cultured overnight at either 37°C or 18°C accordingly. The plates were then incubated at their
respective temperatures for a duration of 48 hours. To ensure robustness of the results, three independent
measurements were conducted for each strain.

Biofilm assays

Prior to initiating the experiments, the bacteria were cultured overnight at either 37°C or 18°C.
Subsequently, 100 pL of LB medium containing bacteria in the exponential growth phase were aseptically
transferred to individual wells of a 96-well plate. The methodology used here is based on previous work
(59), with slight modifications. The adherent cells underwent a series of steps. Initially, they underwent
three washes with phosphate-buffered saline (PBS) and were then left to air-dry in a cabinet for two hours.
Following this, the cells were stained by incubating them with a solution of 0.1% crystal violet for 10
minutes. After staining, the wells were washed three times with PBS to eliminate any excess dye. For dye
release from the biofilm, a solution of ethanol containing 10% acetone was employed. The released dye's
absorbance was measured at 590nm using a plate reader. The presented biofilm data is an average taken
from 10 or 12 wells. To assess the strains' biofilm-forming ability, a modified version of a method derived
from previous research (53) was employed. The average optical density at 590nm (ODssonm) Of 48 control
wells incubated without bacteria at both 37°C and 18°C was determined as 0.28 (ODc). Using this control
value, the bacteria's biofilm-forming capability was classified as strong when the value was 4 times ODc,
medium between 2 times ODc and 4 times ODc, low if below 2 times ODc, and absence of biofilm if the
values were equal to or below ODc.

Antimicrobial susceptibility testing

The disk diffusion method was performed according to norms of Clinical Laboratory Standards Institute
(CSLI) (60). Antibiotics tested included Ticarcillin (75 pg), Ticarcillin - clavulanic acid 7.5:1 (85 ug),
Piperacillin (100 pg), Piperacillin — Tazobactam 1:1 (110 pg), Aztreonam (30 pg), Ceftazidime (30 pg),
Cefepime (30 pg), Imipenem (10 pg), Levofloxacin (5 pg), Ciprofloxacin (5 pg), Gentamicin (10 ug),
Tobramycin (10 ug), Amikacin (30 ug), Minocycline (30 pg), Fosfomycin (200 pg), Trimethoprim —
sulfamethoxazole 1:19 (25 ug)

MALDI-TOF identification

After anincubation of 72 h at 37 °C, single colonies were observed, and the bacterial species were identified
by matrix-assisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-TOF MS). Fresh
colony material was spread on a MALDI target plate (MSP 96 target polished steel BC) (Bruker Daltonik
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GmbH, Germany) using a toothpick, mixed with 1 pL of a saturated a-cyano-4-hydroxy-cinnamic acid matrix
solution in acetonitrile 50%—trifluoroacetic acid 2.5%, and dried in air at ambient temperature. Mass
spectra were acquired and analyzed on a microflex LT/SH mass spectrometer (Bruker Daltonik) using a
Bruker’s MALDI Biotyper software reference database library of 3995 entries, version 3.1.2.0 and default
parameter settings, as reported.

Amplification of ribosomal DNA

Amplification of 16S rRNA and 23S rRNA was performed with the specific universal primers 1512F
(5GTCGTAACAAGGTAGCCGTA 3) and 6R (5GGGTTYCCCCRTTCRGAAAT3) as described previously (29).

Lipid extraction

Lipids were extracted using the Bligh and Dyer method with a mixture of methanol (MeOH), chloroform
(CHCI3), and water (H,0) in a volumetric ratio of 2:1:0.8 as described previously (22). The extracted lipids
were stored at -20 °C until further analyses.

Fatty acids analysis

The purified lipids were suspended in chloroform and a mixture of H2SO4 in methanol, butylated
hydroxytoluene (BHT), and toluene was added and heated. Fatty acid methyl esters (FAME) were extracted
using sodium chloride and heptane. The FAME composition was determined using gas chromatography, on
a BPX70 column as described previously (22).

LC-HRMS?, data processing and annotation

The liquid chromatography used a Waters Aquity UPLC C18 column (100 x 2.4 mm, 1.7 um) coupled to an
Acquity UPLC CSH C18 VanGuard precolumn (5x 2.1 mm; 1.7 um) at 65 °C. The mobile phase 60:40 (vol/vol)
acetonitrile/water (solvent A) and 90:10 (vol/vol) isopropanol/acetonitrile was performed as described
before (61). As previously outlined the LC-electrospray ionization (ESI)-HRMS? analyses were achieved by
coupling the LC system to a hybrid quadrupole time-of-flight (QTOF) mass spectrometer Agilent 6538
(Agilent Technologies) equipped with dual electrospray ionization (ESI) (62). For quantifications, 2 pL of
internal standards (EquiSPLASH LIPIDOMIX, 330731-1EA) were added prior to extraction. The files
generated by Agilent (*.d) were converted to the *.mzML format using MSConvert (63). Subsequently, the
software MS-DIAL version 5.1 was employed for data processing and lipid annotation (64). The peak height
was utilized as the intensity measure for each annotated lipid in the mass spectra. The nomenclature for
lipid sub-classes adheres to the definition provided in (65). Up to nine assays were carried out for lipid
analysis during three independents assays. Ouliers analyses was performed via Prism Software V 9.0

Statistical analysis

MetaboAnalyst 5.0 [63] was used to estimate variation across the sample group (PLS-DA and volcano plot).
For the Volcano plot, the fold change threshold was 3.0 and the p-value threshold was 0.05. Significance
was analyzed using ANOVA, and Tukey’s was used as a post hoc test. Graphs were made using Prism
Software V 9.0. The results were considered significant for a p value of <0.05.

Data availability

All data associated with this study are provided in the article.


https://doi.org/10.1101/2023.08.09.552612
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.09.552612; this version posted August 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

ACKNOWLEDGEMENTS

Our gratitude extends to the European Regional Development Fund and the Region of Picardy (CPER 2007—-
2020) for their support. We also appreciate UAR 2014—US 41—Plateformes Lilloises en Biologie et Santé
and PAGés-P3M for providing the necessary scientific and technical setting that facilitated the completion
of this study.

REFERENCES

1. Peleg AY, Seifert H, Paterson DL. 2008. Acinetobacter baumannii : emergence of a successful
pathogen. Clin Microbiol Rev 21:538-582.

2. Al Atrouni A, Joly-Guillou M-L, Hamze M, Kempf M. 2016. Reservoirs of non-baumannii
Acinetobacter species. Front Microbiol 7.

3. Lee C-R, Lee JH, Park M, Park KS, Bae IK, Kim YB, Cha C-J, Jeong BC, Lee SH. 2017. Biology of
Acinetobacter baumannii: pathogenesis, antibiotic resistance mechanisms, and prospective
treatment options. Front Cell Infect Microbiol 7.

4, Hrenovic J, Durn G, Goic-Barisic |, Kovacic A. 2014. Occurrence of an environmental Acinetobacter
baumannii strain similar to a clinical isolate in paleosol from Croatia. Appl Environ Microbiol
80:2860-2866.

5. Towner KJ. 2009. Acinetobacter: an old friend, but a new enemy. J Hosp Infect 73:355-363.

6. Aygiin G, Demirkiran O, Utku T, Mete B, Urkmez S, Yilmaz M, Yasar H, Dikmen Y, Oztiirk R. 2002.
Environmental contamination during a carbapenem-resistant Acinetobacter baumannii outbreak
in an intensive care unit. J Hosp Infect 52:259-262.

7. Denton M, Wilcox M., Parnell P, Green D, Keer V, Hawkey P., Evans |, Murphy P. 2004. Role of
environmental cleaning in controlling an outbreak of Acinetobacter baumannii on a neurosurgical
intensive care unit. J Hosp Infect 56:106—110.

8. Munoz-Price LS, Fajardo-Aquino Y, Arheart KL, Cleary T, DePascale D, Pizano L, Namias N, Rivera
JI, O’Hara JA, Doi Y. 2013. Aerosolization of Acinetobacter baumannii in a trauma ICU. Crit Care
Med 41:1915-1918.

9. Wong D, Nielsen TB, Bonomo RA, Pantapalangkoor P, Luna B, Spellberg B. 2017. Clinical and
pathophysiological overview of Acinetobacter infections: a century of challenges. Clin Microbiol
Rev 30:409-447.

10. Harding CM, Hennon SW, Feldman MF. 2018. Uncovering the mechanisms of Acinetobacter
baumannii virulence. Nat Rev Microbiol 16:91-102.

11. Ronish LA, Lillehoj E, Fields JK, Sundberg EJ, Piepenbrink KH. 2019. The structure of PilA from
Acinetobacter baumannii AB5075 suggests a mechanism for functional specialization in
Acinetobacter type IV pili. J Biol Chem 294:218-230.

12. Skiebe E, de Berardinis V, Morczinek P, Kerrinnes T, Faber F, Lepka D, Hammer B, Zimmermann O,
Ziesing S, Wichelhaus TA, Hunfeld K-P, Borgmann S, Grobner S, Higgins PG, Seifert H, Busse H-J,


https://doi.org/10.1101/2023.08.09.552612
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.09.552612; this version posted August 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

made available under aCC-BY-NC-ND 4.0 International license.

Witte W, Pfeifer Y, Wilharm G. 2012. Surface-associated motility, a common trait of clinical
isolates of Acinetobacter baumannii, depends on 1,3-diaminopropane. Int J Med Microbiol
302:117-128.

Clemmer KM, Bonomo RA, Rather PN. 2011. Genetic analysis of surface motility in Acinetobacter
baumannii. Microbiology 157:2534-2544.

Wood CR, Ohneck EJ, Edelmann RE, Actis LA. 2018. A light-regulated type | pilus contributes to
Acinetobacter baumannii biofilm, motility, and virulence functions. Infect Immun 86.

Blaschke U, Skiebe E, Wilharm G. 2021. Novel genes required for surface-associated motility in
Acinetobacter baumannii. Curr Microbiol 78:1509-1528.

Rodriguez-Bafio J, Marti S, Soto S, Fernandez-Cuenca F, Cisneros JM, Pachdn J, Pascual A,
Martinez-Martinez L, McQueary C, Actis LA, Vila J. 2008. Biofilm formation in Acinetobacter
baumannii: associated features and clinical implications. Clin Microbiol Infect 14:276-278.

Khalil MAF, Ahmed FA, Elkhateeb AF, Mahmoud EE, Ahmed MI, Ahmed RI, Hosni A, Alghamdi S,
Kabrah A, Dablool AS, Hetta HF, Moawad SS, Hefzy EM. 2021. Virulence characteristics of biofilm-
forming Acinetobacter baumannii in clinical isolates using a Galleria mellonella model.
Microorganisms 9:2365.

Sinensky M. 1974. Homeoviscous adaptation-A homeostatic process that regulates the viscosity
of membrane lipids in Escherichia coli. Proc Natl Acad Sci 71:522-525.

Dunnick JK, O’Leary WM. 1970. Correlation of bacterial lipid composition with antibiotic
resistance. J Bacteriol 101:892-900.

Rashid R, Cazenave-Gassiot A, Gao IH, Nair ZJ, Kumar JK, Gao L, Kline KA, Wenk MR. 2017.
Comprehensive analysis of phospholipids and glycolipids in the opportunistic pathogen
Enterococcus faecalis. PLoS One 12:e0175886.

Nguyen AH, Hood KS, Mileykovskaya E, Miller WR, Tran TT. 2022. Bacterial cell membranes and
their role in daptomycin resistance: A review. Front Mol Biosci 9.

Tao Y, Acket S, Beaumont E, Galez H, Duma L, Rossez Y. 2021. Colistin treatment affects lipid
composition of Acinetobacter baumannii. Antibiotics 10:528.

Lopalco P, Stahl J, Annese C, Averhoff B, Corcelli A. 2017. Identification of unique cardiolipin and
monolysocardiolipin species in Acinetobacter baumannii. Sci Rep 7:2972.

Alvarez H, Steinbiichel A. 2002. Triacylglycerols in prokaryotic microorganisms. Appl Microbiol
Biotechnol 60:367-376.

Valcek A, Philippe C, Whiteway C, Robino E, Nesporova K, Bové M, Coenye T, De Pooter T, De
Coster W, Strazisar M, Van der Henst C. 2023. Phenotypic characterization and heterogeneity
among modern clinical isolates of Acinetobacter baumannii. Microbiol Spectr 11.

Jacobs AC, Thompson MG, Black CC, Kessler JL, Clark LP, McQueary CN, Gancz HY, Corey BW,
Moon JK, Si Y, Owen MT, Hallock JD, Kwak Yl, Summers A, Li CZ, Rasko DA, Penwell WF, Honnold
CL, Wise MC, Waterman PE, Lesho EP, Stewart RL, Actis LA, Palys TJ, Craft DW, Zurawski D V.
2014. AB5075, a highly virulent isolate of Acinetobacter baumannii, as a model strain for the
evaluation of pathogenesis and antimicrobial treatments. MBio 5.


https://doi.org/10.1101/2023.08.09.552612
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.09.552612; this version posted August 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

made available under aCC-BY-NC-ND 4.0 International license.

Gallagher LA, Ramage E, Weiss EJ, Radey M, Hayden HS, Held KG, Huse HK, Zurawski D V.,
Brittnacher MJ, Manoil C. 2015. Resources for genetic and genomic analysis of emerging
pathogen Acinetobacter baumannii. ) Bacteriol 197:2027-2035.

Mari-Almirall M, Cosgaya C, Higgins PG, Van Assche A, Telli M, Huys G, Lievens B, Seifert H,
Dijkshoorn L, Roca |, Vila J. 2017. MALDI-TOF/MS identification of species from the Acinetobacter
baumannii (Ab) group revisited: inclusion of the novel A. seifertii and A. dijkshoorniae species. Clin
Microbiol Infect 23:210.e1-210.e9.

Chang HC, Wei YF, Dijkshoorn L, Vaneechoutte M, Tang CT, Chang TC. 2005. Species-level
identification of isolates of the Acinetobacter calcoaceticus - Acinetobacter baumannii complex by
sequence analysis of the 165-23S rRNA gene spacer region. J Clin Microbiol 43:1632—-1639.

O’Toole GA, Kolter R. 1998. Flagellar and twitching motility are necessary for Pseudomonas
aeruginosa biofilm development. Mol Microbiol 30:295-304.

Welker A, Cronenberg T, Zollner R, Meel C, Siewering K, Bender N, Hennes M, Oldewurtel ER,
Maier B. 2018. Molecular motors govern liquidlike ordering and fusion dynamics of bacterial
colonies. Phys Rev Lett 121:118102.

Ahmad I, Nygren E, Khalid F, Myint SL, Uhlin BE. 2020. A Cyclic-di-GMP signalling network
regulates biofilm formation and surface associated motility of Acinetobacter baumannii 17978. Sci
Rep 10:1991.

Sohlenkamp C, Geiger O. 2015. Bacterial membrane lipids: Diversity in structures and pathways.
FEMS Microbiol Rev 40:133-159.

Koch S, Exterkate M, Lopez CA, Patro M, Marrink SJ, Driessen AJM. 2019. Two distinct anionic
phospholipid-dependent events involved in SecA-mediated protein translocation. Biochim
Biophys Acta - Biomembr 1861:183035.

MacDermott-Opeskin H, Wilson KA, Eijkelkamp B, O’Mara ML. 2023. Polyunsaturated lipids
promote membrane phase separation and antimicrobial sensitivity. Biophys J 122:322a-323a.

MacDermott-Opeskin HI, Gupta V, O’Mara ML. 2022. Lipid-mediated antimicrobial resistance: a
phantom menace or a new hope? Biophys Rev 14:145-162.

Zang M, MacDermott-Opeskin H, Adams FG, Naidu V, Waters JK, Carey AB, Ashenden A, McLean
KT, Brazel EB, Jiang J-H, Panizza A, Trappetti C, Paton JC, Peleg AY, Koper |, Paulsen IT, Hassan KA,
O’Mara ML, Eijkelkamp BA. 2021. The membrane composition defines the spatial organization
and function of a major Acinetobacter baumannii drug efflux system. MBio 12.

Kim YA, Kim JJ, Won DJ, Lee K. 2018. Seasonal and temperature-associated increase in
community-onset Acinetobacter baumannii complex colonization or infection. Ann Lab Med
38:266-270.

Kritsotakis El, Groves-Kozhageldiyeva A. 2020. A systematic review of the global seasonality of
infections caused by Acinetobacter species in hospitalized patients. Clin Microbiol Infect 26:553—
562.

Piechaud M, Second L. 1951. [Studies of 26 strains of Moraxella iwoffi]. Ann Inst Pasteur (Paris)
80:97-9.

De Silva PM, Chong P, Fernando DM, Westmacott G, Kumar A. 2018. Effect of incubation


https://doi.org/10.1101/2023.08.09.552612
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.09.552612; this version posted August 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

42.

43.

44,

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

made available under aCC-BY-NC-ND 4.0 International license.

temperature on antibiotic resistance and virulence factors of Acinetobacter baumannii ATCC
17978. Antimicrob Agents Chemother 62.

Eze E, Chenia H, El Zowalaty M. 2018. Acinetobacter baumannii biofilms: effects of
physicochemical factors, virulence, antibiotic resistance determinants, gene regulation, and
future antimicrobial treatments. Infect Drug Resist Volume 11:2277-2299.

Eijkelkamp BA, Stroeher UH, Hassan KA, Papadimitrious MS, Paulsen IT, Brown MH. 2011.
Adherence and motility characteristics of clinical Acinetobacter baumannii isolates. FEMS
Microbiol Lett 323:44-51.

Vijayakumar S, Rajenderan S, Laishram S, Anandan S, Balaji V, Biswas I. 2016. Biofilm formation
and motility depend on the nature of the Acinetobacter baumannii clinical isolates. Front Public
Heal 4.

Boone RL, Whitehead B, Avery TM, Lu J, Francis JD, Guevara MA, Moore RE, Chambers SA, Doster
RS, Manning SD, Townsend SD, Dent L, Marshall D, Gaddy JA, Damo SM. 2021. Analysis of
virulence phenotypes and antibiotic resistance in clinical strains of Acinetobacter baumannii
isolated in Nashville, Tennessee. BMC Microbiol 21:21.

Herrera CM, Voss BJ, Trent MS. 2021. Homeoviscous adaptation of the Acinetobacter baumannii
outer membrane: alteration of lipooligosaccharide structure during cold stress. MBio 12.

Shanklin J, Cahoon EB. 1998. Desaturation and related modifications of fatty acids. Annu Rev Plant
Physiol Plant Mol Biol 49:611-641.

Bloch K. 1969. Enzymatic synthesis of monounsaturated fatty acids. Acc Chem Res 2:193-202.

Spiering MJ. 2019. The work of Konrad Bloch’s laboratory on unsaturated fatty acid biosynthesis
in bacteria. J Biol Chem 294:14876-14878.

Cronan JE, Birge CH, Vagelos PR. 1969. Evidence for two genes specifically involved in unsaturated
fatty acid biosynthesis in Escherichia coli. ) Bacteriol 100:601-604.

Dong H, Wang H, Cronan JE. 2023. Divergent unsaturated fatty acid synthesis in two highly related
model pseudomonads. Mol Microbiol 119:252-261.

Adams FG, Pokhrel A, Brazel EB, Semenec L, Li L, Trappetti C, Paton JC, Cain AK, Paulsen IT,
Eijkelkamp BA. 2021. Acinetobacter baumannii fatty acid desaturases facilitate survival in distinct
environments. ACS Infect Dis acsinfecdis.1c00192.

Bardbari AM, Arabestani MR, Karami M, Keramat F, Alikhani MY, Bagheri KP. 2017. Correlation
between ability of biofilm formation with their responsible genes and MDR patterns in clinical and
environmental Acinetobacter baumannii isolates. Microb Pathog 108:122-128.

Mansilla MC, Cybulski LE, Albanesi D, de Mendoza D. 2004. Control of membrane lipid fluidity by
molecular thermosensors. J Bacteriol 186:6681-6688.

Wright MS, Haft DH, Harkins DM, Perez F, Hujer KM, Bajaksouzian S, Benard MF, Jacobs MR,
Bonomo RA, Adams MD. 2014. New insights into dissemination and variation of the health care
associated pathogen Acinetobacter baumannii from genomic analysis. MBio 5.

Wen H, Wang K, Liu Y, Tay M, Lauro FM, Huang H, Wu H, Liang H, Ding Y, Givskov M, Chen Y, Yang
L. 2014. Population dynamics of an Acinetobacter baumannii clonal complex during colonization


https://doi.org/10.1101/2023.08.09.552612
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.09.552612; this version posted August 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

57.

58.

59.

60.

61.

62.

63.

64.

65.

made available under aCC-BY-NC-ND 4.0 International license.

of patients. J Clin Microbiol 52:3200-3208.

Feng Y, Ruan Z, Shu J, Chen C-L, Chiu C-H. 2016. A glimpse into evolution and dissemination of
multidrug-resistant Acinetobacter baumannii isolates in East Asia: a comparative genomics study.
Sci Rep 6:24342.

Touchon M, Cury J, Yoon E-J, Krizova L, Cerqueira GC, Murphy C, Feldgarden M, Wortman J,
Clermont D, Lambert T, Grillot-Courvalin C, Nemec A, Courvalin P, Rocha EPC. 2014. The genomic
diversification of the whole Acinetobacter genus: origins, mechanisms, and consequences.
Genome Biol Evol 6:2866—2882.

O’Toole GA, Pratt LA, Watnick PI, Newman DK, Weaver VB, Kolter R. 1999. Genetic approaches to
study of biofilms, p. 91-109. In .

Wayne PA. 2010. Clinical and Laboratory Standards Institute: Performance standards for
antimicrobial susceptibility testing: 20th informational supplement. CLSI Doc M100-520.

Cajka T, Fiehn 0. 2017. LC—MS-Based lipidomics and automated identification of lipids using the
lipidBlast in-silico MS/MS library, p. 149-170. In .

Cazzola H, Lemaire L, Acket S, Prost E, Duma L, Erhardt M, Cechova P, Trouillas P, Mohareb F,
Rossi C, Rossez Y. 2020. The impact of plasma membrane lipid composition on flagellum-
mediated adhesion of enterohemorrhagic Escherichia coli. mSphere 5.

Chambers MC, Maclean B, Burke R, Amodei D, Ruderman DL, Neumann S, Gatto L, Fischer B, Pratt
B, Egertson J, Hoff K, Kessner D, Tasman N, Shulman N, Frewen B, Baker TA, Brusniak M-Y, Paulse
C, Creasy D, Flashner L, Kani K, Moulding C, Seymour SL, Nuwaysir LM, Lefebvre B, Kuhlmann F,
Roark J, Rainer P, Detlev S, Hemenway T, Huhmer A, Langridge J, Connolly B, Chadick T, Holly K,
Eckels J, Deutsch EW, Moritz RL, Katz JE, Agus DB, MacCoss M, Tabb DL, Mallick P. 2012. A cross-
platform toolkit for mass spectrometry and proteomics. Nat Biotechnol 30:918-920.

Tsugawa H, lkeda K, Takahashi M, Satoh A, Mori Y, Uchino H, Okahashi N, Yamada Y, Tada |,
Bonini P, Higashi Y, Okazaki Y, Zhou Z, Zhu Z-J, Koelmel J, Cajka T, Fiehn O, Saito K, Arita M, Arita
M. 2020. A lipidome atlas in MS-DIAL 4. Nat Biotechnol 38:1159-1163.

Liebisch G, Fahy E, Aoki J, Dennis EA, Durand T, Ejsing CS, Fedorova M, Feussner |, Griffiths WJ,
Kofeler H, Merrill AH, Murphy RC, O’Donnell VB, Oskolkova O, Subramaniam S, Wakelam MJO,
Spener F. 2020. Update on LIPID MAPS classification, nomenclature, and shorthand notation for
MS-derived lipid structures. J Lipid Res 61:1539-1555.


https://doi.org/10.1101/2023.08.09.552612
http://creativecommons.org/licenses/by-nc-nd/4.0/

