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ABSTRACT

It is well established that Staphylococcus aureus can incorporate exogenous straight-chain
unsaturated fatty acids (SCUFAs) into membrane phospho- and glyco-lipids from various sources
in supplemented culture media, and when growing in vivo in an infection. Given the
enhancement of membrane fluidity when oleic acid (C18:1A9) is incorporated into lipids, we were
prompted to examine the effect of medium supplementation with C18:1A9 on growth at low
temperatures. C18:1A9 supported the growth of a cold-sensitive, branched-chain fatty acid
(BCFA)-deficient mutant at 12°C. Interestingly, we found similar results in the BCFA-sufficient
parental strain. We show that incorporation of C18:1A9 and its elongation product C20:1A9 into
membrane lipids was required for growth stimulation and relied on a functional FakAB
incorporation system. Lipidomics analysis of the phosphatidylglycerol (PG) and
diglycosyldiacylglycerol (DGDG) lipid classes revealed major impacts of C18:1A9 and temperature
on lipid species. Growth at 12°C in the presence of C18:1A9 also led to increased production of
the carotenoid pigment staphyloxanthin; however, this was not an obligatory requirement for
cold adaptation. Enhancement of growth by C18:1A9 is an example of homeoviscous adaptation
to low temperatures utilizing an exogenous fatty acid. This may be significant in the growth of S.
aureus at low temperatures in foods that commonly contain C18:1A9 and other SCUFAs in various

forms.

IMPORTANCE

We show that S. aureus can use its known ability to incorporate exogenous fatty acids to enhance

its growth at low temperatures. Individual species of phosphatidylglycerols and
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diglycosyldiacylglycerol bearing one or two degrees of unsaturation derived from incorporation
of C18:1A9 at 12°C are described for the first time. In addition, enhanced production of the
carotenoid staphyloxanthin occurs at low temperatures. The studies describe a biochemical
reality underlying in membrane biophysics. This is an example of homeoviscous adaptation to
low temperatures utilizing exogenous fatty acids over the regulation of the biosynthesis of
endogenous fatty acids. The studies have likely relevance to food safety in that unsaturated fatty

acids may enhance growth of S. aureus in the food environment.

INTRODUCTION

The gram-positive bacterium Staphylococcus aureus is a versatile pathogen of humans and other
animals that is capable of infecting various organs and tissues. S. aureus infections are often
difficult to treat due to the accumulation of resistance to multiple antimicrobial agents.
Additionally, foodborne intoxications are caused by enterotoxin-producing S. aureus strains in
food resulting in toxin ingestion and subsequent disease symptoms (1, 2). Although S. aureus is
typically thought of as a host-associated bacterium that is only subjected to small variations in
temperature (3), the organism is also present in the environment (4) , and in food (1, 2) , where
it is exposed to a much wider range of temperatures. In fact, S. aureus can grow from about 7 to

48°C (5).

To cope with such a wide range of temperatures, bacteria must maintain appropriate membrane
fluidity (viscosity) to ensure continued cellular functions. The fatty acids of membrane

glycerolipids are the major determinants of membrane fluidity and their biosynthesis is strictly
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regulated to provide a constant membrane fluidity when it is measured at the growth
temperature, a process known as homeoviscous adaptation (6). Fatty acid shortening and
increased biosynthesis of straight-chain unsaturated fatty acids (SCUFAs) occur in response to
lower growth temperatures in Escherichia coli (7). In bacteria that contain branched-chain fatty
acids (BCFAs) and straight-chain fatty acids (SCFAs), such as is typical of various gram-positive
bacteria including S. aureus, fatty acid shortening and branching switching from iso to anteiso

forms are the major adaptations to lower growth temperatures (8, 9).

The fatty acids of S. aureus are a mixture of BCFAs and SCFAs and the organism is unable to
biosynthesize SCUFAs (10). The bacterium can incorporate exogenous SCUFAs and SCFAs as free
fatty acids (11) (, from triglycerides and cholesteryl esters, complex biological materials including
serum, and when growing in an infection (10, 12—-16). Incorporation occurs via the FakAB system

(11) and is thought to represent a savings of carbon and energy.

Given that S. aureus can incorporate SCUFAs such as C18:1A9 into its lipids, we were prompted
to ask whether incorporation of this fatty acid into the membrane phospho- and glyco-lipids
could play a role in the low-temperature adaptation of the organism. SCUFAs increase membrane
fluidity more than BCFAs due to the geometry of the molecule with a cis double bond mid-chain,
which thus packs less closely in the bilayer (17). We first examined this in a cold-sensitive strain
deficient in BCFAs due to a transposon insertion in the branched-chain a-keto acid
dehydrogenase (bkd) operon (18). Defective low-temperature growth of the BCFA-deficient
strain was indeed stimulated by supplementation of medium with C18:1A9. However, C18:1A9
also markedly stimulated the growth of the parental strains with an intact bkd operon at low

temperatures. C18:1A9 and its elongation product C20:1A9 were incorporated into lipids to

4
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91 significant amounts at all temperatures studied. In addition, the production of another
92  membrane lipid component, the orange carotenoid staphyloxanthin, was induced by C18:1A9 at
93  12°C. SCUFAs are widely distributed in plant and animal material and may promote the growth
94  of S. aureus at low temperatures in the food environment. These findings are an example of
95  homeoviscous adaptation to low temperatures relying on exogenous fatty acids over the
96  modulation of the biosynthesis of endogenous fatty acids, a phenomenon that does not appear

97 to have been extensively considered in the literature.

98

99  RESULTS

100  C18:1A9 stimulates the growth of BCFA-deficient strain JE2AIpd at low temperatures. Strains
101  with transposon insertions in the bkd operon are deficient in BCFAs (e.g., 35.4% BCFA versus
102  63.5% in the corresponding parental strain), and show increasingly diminished growth as the
103  culture temperature is lowered (18). Two-methyl butyrate is a precursor of anteiso C15:0 and
104  C17:0 fatty acids, which are particularly important in low-temperature growth (18). This
105 compound stimulates the growth of BCFA-deficient mutants due to the restoration of the
106  biosynthesis of anteiso fatty acids. For these reasons, we first studied the impact of C18:1A9 on
107  the growth of this mutant at various temperatures (Fig. 1). C18:1A9 delayed growth and final
108  optical densities were lower at 37°C (Fig. 1a) and 2-methyl butyrate had little impact on the
109  growth of strain JE2AIpd at 37°C (Fig. 1a). In contrast, growth of JE2AIpd was much slower at
110  20°C and was markedly improved by C18:1A9 but not 2-methyl butyrate (Fig. 1b). At 12°C, growth

111 of the BCFA-deficient strain was extremely slow but was promoted markedly by the presence of
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112 C18:1A9 (Fig. 1c). Thus, our data suggest that C18:1A9 was able to substitute for BCFAs at low
113 temperatures and input sufficient fluidity to the membrane to promote growth. Fatty acid
114  anteiso C15:0 added to the culture medium was inhibitory at all temperatures tested (data not

115  shown), which is in agreement with the findings of Parsons et al. (11).

116  C18:1A9 stimulates the growth of the BCFA-sufficient parental strain JE2 at 12°C in a FakA-
117  dependent manner. Given the stimulation of the growth of the BCFA-deficient strain at low
118  temperatures, it was of interest to investigate this in the BCFA-sufficient parental strain that is
119  known to incorporate C18:1A9 at 37°C (10). The addition of 70 uM C18:1A9 to cultures at 37°C
120  delayed the growth of the culture by about two hours, and delayed growth to a small extent in
121 cultures at 20°C (data not shown). However, somewhat to our surprise, while growth at 12°C was
122 very poor in TSB alone, supplementation of medium with C18:1A9 supported marked growth of
123 the culture (Fig. 2) suggesting that the growth promoting effect of C18:1A9 also occurs in the
124  presence of normal levels of BCFA at low temperatures. The stimulation of growth at 12°C was
125 dependent upon an intact FakA system because the growth of the fakA::Tn mutant was not
126  stimulated by C18:1A9. This indicates that C18:1A9 and its elongation products must be
127  incorporated into membrane phospho- and glyco-lipids to impart sufficient fluidity to the

128 membrane enabling growth at 12°C.

129  C18:1A9 is incorporated into cellular lipids in a FakA-dependent manner during growth at all
130 temperatures. We first analyzed the major classes of fatty acids in JE2AlIpd grown at 12°C in the
131 absence and presence of C18:1A9 and 2-methylbutyrate. Cells grown at 12°C had about 35%
132 SCFAs and 65% BCFAs (considerable amounts of culture needed to be harvested because growth

133  was very poor at this temperature). When cells were grown in the presence of 70 uM C18:1A9

6
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134  SCUFAs made up 34% of total fatty acids. Inclusion of 2-methylbutyrate in the medium increased
135  anteiso BCFAs from 27% in its absence to 83% in its presence. The SCUFAs were composed of

136  C18:1A9 and its elongation product C20:1A9 (data not shown).

137  The compositions of the major classes of fatty acids of strain JE2 grown in TSB-supplemented
138  with ethanol (control) or 70 uM C18:1A9 are shown in Table 1. These cells were composed of
139  about 28% SCFAs and 62% BCFAs. SCUFAs were not present in cells grown in unsupplemented
140  TSB. However, when grown in the presence of C18:1A9, SCUFAs made up 58.7% of the total fatty
141  acid profile at 12°C (Table 1). At this temperature, anteiso fatty acids diminished from 49.5% in
142 cultures grown without C18:1A9 to 19.6% in cells from C18:1A9-supplemented cultures. SCFAs
143  decreased from 27.8% to 13.3% under these conditions. Similarly, growth at 20 °C resulted in
144  incorporation of 71.2% SCUFAs in cells that were grown in the presence of C18:1A9. SCUFAs,
145  which made up 29.5% of the total fatty acids in cells grown at 37°C in the presence of C18:1A9,
146  were composed of 9.4% C18:1A9 and 19.6% of its elongation product C20:1A9. At 12°C in
147  C18:1A9-supplemented cultures, C18:1A9 was 29.7% of SCUFAs and C20:1A9 was 28.9%,
148  whereas at 20 °C, C18:1A9 was predominantly incorporated (Table 1). Hence, there was a
149  tendency towards the shorter chain unsaturated fatty acid at low temperatures. C18:1A9 was
150 incorporated to a negligible extent by the fakA mutant at 37°C, thus verifying that the FakA

151  system is required for C18:1A9 incorporation into membrane lipids.

152  Lipidomic analyses. C18:1A9 incorporation was detected in both the phosphatidylglycerol (PG)
153  and diglycosyldiacylglycerol (DGDG) lipid classes for all three temperatures investigated (Fig. 3-
154  4). The incorporation of C18:1A9 tended to suppress the levels of PGs and DGDGs with

155  endogenous saturated fatty acids relative to the control conditions (Fig. 3A and Fig. 4A). The

7
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156  predominant species of PGs and DGDGs formed upon C18:1A9 incorporation had an odd-carbon
157  fatty acyl tail in addition to the C18:1 or C20:1 fatty acid (Fig. 3B and Fig. 4B). Both PG 33:1 and
158  DGDG 33:1 resulted from the pairing of C18:1A9 with C15:0 fatty acid, whereas PG 35:1 and
159 DGDG 35:1 were formed from elongated C18:1A9 (C20:1) and C15:0. Bacteria grown with
160 C18:1A9 also contained PG and DGDG 31:1. Both the 31:1 and 33:1 lipids show an inverse
161 relationship between their abundance and the growth temperature, with levels being highest in
162  the at 12°C cultures and lowest at 37°C. Lipids containing an even number of total acyl carbons
163  andone degree of unsaturation (i.e., 32:1, 34:1, 36:1) were also detected, but tended to decrease
164  asthe growth temperature decreased. On the other hand, bacteria grown at 12°C in the presence
165  of C18:1A9 formed substantially higher amounts of PGs and DGDGs containing two C18:1A9-
166  derived fatty acids (Fig. 3C,D and Fig. 4C). PG 36:2 was over 9-times higher in the 12°C cultures
167  than either the 20°C or 37°C cultures, while PG 38:2 was 3.5- and 4.7-times higher at 12°C than
168  20°Cor 37°C, respectively. Although these overall trends were consistent between PG and DGDG
169  species, the relative differences between the three growth temperatures were much larger for
170  the DGDG species. For example, DGDG 36:2 was 14- and 30-times higher in bacteria grown at

171  12°Cthan 20°C or 37°C, respectively.

172  Inaddition to the incorporation of C18:1A9 into PGs and DGDGs, temperature dependent effects
173  were observed in the abundance of 10-hydroxystearic acid that is produced by the activity of
174  oleate hydratase (Ohy) on C18:1A9. Oleate hydratase adds water to cis-9 double bonds, provides
175  protection against palmitoleic acid (C16:1A9), and is considered to be a S. aureus virulence factor
176  (19). Levels of 10-hydroxystearic acid were more than 6-fold lower in bacteria grown with

177  C18:1A9 at 12°C and 20°C than at 37°C (Fig. 5). These data suggest that Ohy is less active at low
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178  temperatures, thereby promoting greater incorporation of C18:1A9 into membrane lipids at low

179  temperatures.

180  C18:1A9 stimulated the production of staphyloxanthin at 12°C. When cultures were harvested
181  for the determination of total fatty acid compositions, we noted that cultures grown at 12°C in
182  the presence of C18:1A9 had a deeper orange color compared to cells grown in either its
183  presence or its absence at higher temperatures. The results of quantification of staphyloxanthin
184  levels are shown in Fig. 6. Staphyloxanthin levels were about four-fold higher in cells grown at
185  12°C with C18:1A9 compared to cells grown in either its presence or absence at 37°C. Thus, an
186  increase in staphyloxanthin content appears to be involved in cold temperature adaptation in S.
187  aureus. Increased production of staphyloxanthin at 25°C compared to 37°C has previously been
188 noted by Joyce and others (20). It was thus of interest to study the stimulation of low-
189  temperature growth in a carotenoid-deficient mutant. C18:1A9 stimulated the growth of
190 carotenoid-deficient mutant JE2AcrtM and the complemented strain JE2AcrtMc pCU+«OPQMN
191  to a similar extent at 12°C (data not shown). Thus, although staphyloxanthin production is
192  enhanced at low temperatures by C18:1A9, staphyloxanthin production is not an obligatory part
193  of the response to low temperatures. The carotenoid-deficient strain and its complement
194  showed a high proportion of SCUFAs similar to strain JE2 when grown in the presence of C18:1A9
195 at 12°C (data not shown).

196

197  DISCUSSION

198 BCFA-deficient mutants of S. aureus have lowered BCFAs and increased SCFAs and show

199  increasingly impaired growth as the temperature lowers due to insufficient membrane fluidity
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200 (18). Growth at low temperatures can be rescued by feeding 2-methylbutyrate that acts as a
201  precursor of anteiso fatty acids, in particularly fatty acid anteiso C15:0, that imparts fluidity to
202  the membrane due to its lower degree of packing compared to SCFAs. We found that the SCUFA
203  C18:1A9 was also able to promote growth of the BCFA-deficient mutant at low temperatures

204  through its direct incorporation into membrane lipids.

205 Itis well known that S. aureus incorporates exogenous SCUFAs into its phospho- and glyco-lipids
206  from various sources(10, 12-16, 21). We found that C18:1A9 caused a minor delay in culture
207  growth at 37°C and that substantial incorporation of SCUFAs into membrane lipids occurred at
208  37°C and 20°C. Growth of strain JE2 at 12°C was very slow, but C18:1A9 markedly stimulated
209  growth. This growth stimulation was dependent on incorporation via the FakAB system because

210  a FakA-deficient strain did not grow at 12°C in the presence of C18:1A9.

211  C18:1A9, owing to its kinked cis-double bond structure, disrupts membrane packing and
212 increases membrane fluidity to a greater degree than the iso- and anteiso-BCFAs present in the
213  S. aureus membrane under normal growth conditions in complex media (17). Indeed,
214  phospholipids containing C18:1A9 demonstrate a melting transition around or below the freezing
215  point of water (22, 23). C18:1A9 then clearly impacts the adaptation of S. aureus to lower
216  temperatures, a phenomenon known as homeoviscous adaptation. The appearance of mono and
217  double unsaturated species of PGs and DGDGs in the lipid profiles at low temperatures is a result

218  of C18:1A9 incorporation and its elongation product by the FakAB system.

219 Homeoviscous adaptation using an exogenous fatty acid over or in addition to the regulation

220 of the biosynthesis of endogenous fatty acids. Sinensky (6) showed that bacteria have

10
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221  cytoplasmic membranes that show a constant fluidity when fluidity is measured at the growth
222  temperature. This is achieved through the regulation of the biosynthesis of endogenous fatty
223 acids. The strategies involved in achieving homeoviscous adaptation vary depending on whether
224 the fatty acids of an organism are predominantly SCFAs and SCUFAs such as is found in
225  Escherichia coli and other gram-negative bacteria, or contain significant amounts of BCFAs and
226 SCFAs typical of many gram-positive bacteria (24, 25). In the case of SCFA-SCUFA-containing
227  bacteria, SCFAs decrease and SCUFAs increase as temperatures decrease (25, 26). In the absence
228  of such adaptation, the membrane fluidity would decrease, and the membrane would become
229  too rigid for continued cellular function and growth could cease. In BCFA-containing bacteria such
230  as Listeria monocytogenes and Bacillus subtilis, fatty acid shortening and branching switching to
231  anteiso fatty acids are the main strategies in response to lower growth temperatures (8, 25).
232 have provided evidence that in E. coli homeoviscous adaptation involves a temperature-
233  responsive metabolic valve regulating flux between the pathways for biosynthesis of SCFAs and
234  SCUFAs. This is regulation of the biosynthesis of endogenous fatty acids to achieve appropriate
235 membrane fluidity. A temperature-responsive regulation of a transcription-based negative
236  feedback loop is a second element in homeoviscous adaptation. The picture is less clear in BCFA-
237  containing bacteria but the initial committed enzyme in fatty acid biosynthesis (FabH) in L.
238  monocytogenes, shows increased preference for C5-CoA precursors of anteiso fatty acids at low

239  temperatures (27).

240 Theincorporation of SCUFAs by S. aureus adds exogenous SCUFAs as a homeoviscosity strategy
241  tothe endogenous BCFA strategy. The membrane lipid changes in S. aureus in response to lower

242  growth temperatures have not been studied extensively. Joyce et al. (20) showed significant

11
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243  increases in fatty acid anteiso C15:0 and the production of staphyloxanthin when cultures were
244  shifted from 37 to 25°C. The importance of BCFAs to cold adaptation in S. aureus is demonstrated
245 by the cold sensitivity of BCFA-deficient mutants (18). These authors also showed that BCFAs
246  increased, particularly fatty acid anteiso C15:0, and SCFAs, particularly C18:0, decreased in
247  cultures grown at lower temperatures. Similar changes are seen in the data presented here
248  where BCFAs increase markedly in cells grown at 12°C, although growth is very slow. However,
249  when C18:1A9 s available, it is utilized and incorporated into membrane lipids and permits much
250 more vigorous growth at low temperatures than can be achieved by BCFAs alone. This is
251  presumably due to the greater fluidity imparted by this fatty acid with its unsaturated double
252 bond in the middle of the molecule compared to the branching at the end of the molecule of
253  BCFAs. Incorporation of C18:1A9 into L. monocytogenes lipids from the free fatty acid,
254  polysorbate 80, and food lipid extract has been shown by Flegler et al. (28) and Touche et al.(29)..
255 The mechanisms involved where the incorporation of an exogenous SCUFA overrides the

256  modulation of the biosynthesis of endogenous BCFAs remain to be determined.

257  Staphyloxanthin- another player in the staphylococcal homeoviscous response?
258  Staphyloxanthin is a golden triterpenoid pigment that is produced by S. aureus. The production
259  of staphyloxanthin is vexingly variable amongst different strains and under different growth
260  conditions (30, 31). The evidence that staphyloxanthin plays a role in protection against oxidative
261  stress is reasonably convincing (32, 33). The general consensus is that staphyloxanthin rigidifies
262 membranes (34). However, the finding of increased staphyloxanthin with decreased growth
263  temperatures as reported here and previously by Joyce et al. (20)is surprising at first sight.

264  Nevertheless, there are well-established connections between staphyloxanthin and gene

12
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265  expression in S. aureus in response to low temperatures. Katzif and others (35) reported that
266  cold-shock protein A null mutants were white in color due to lack of staphyloxanthin production.
267  CspA is proposed to act through a mechanism dependent on the alternative sigma factor SigB
268  and was shown to be required for the expression of the carotenoid biosynthesis operon and SigB.
269  CspAis believed to be an RNA chaperone (36). Increased production of staphyloxanthin and other
270  carotenoids has been reported in the coagulase-negative staphylococcal species Staphylococcus

271  xylosus grown at 10°C versus cultures grown at 30°C (37).

272  Biophysical implications of the changes in membrane biochemistry at 12 °C. Seel et al. (37)
273 carried out an in-depth biophysical investigation on the role of staphyloxanthin in membrane
274  fluidity in Staphylococcus xylosus. Measurement of generalized polarization with Laurdan GP and
275 anisotropy with trimethylammonium diphenylhexatriene (TMA-DPH) demonstrated
276  simultaneous increases in membrane order and membrane fluidity correlated with increased
277  carotenoid production. Increased expression of crt genes in low-temperature cultures was also
278  observed. It seems likely that staphyloxanthin is playing a similar role in membrane adaptations
279  to low temperatures in S. aureus. Munera-Jaramillo et al. (38) have shown that staphyloxanthin
280 reduces the liquid-crystalline to gel phase transition in S. aureus model membrane systems
281  without significantly broadening the transition. This is indicative of a freezing-point depression
282  caused by staphyloxanthin preferentially partitioning into the liquid-crystalline phase. However,
283 we found that a carotenoid-deficient mutant also showed stimulation of growth at low
284  temperatures by C18:1A9. This observation strongly suggests that staphyloxanthin serves to
285 augment cold adaptation if present but is not strictly required. Moreover, based on these

286  observations, we postulate that any membrane component that either softens the gel phase or

13
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287  lowers the membrane liquid-crystalline to gel phase transition temperature will aid bacterial

288  survival at low temperatures.

289  Food safety and low temperature process considerations. C18:1A9 is the most abundant fatty
290 acid in nature and is found in various oils and fats, meats, cheese, eggs, and other foods in the
291  form of free C18:1A9 and esterified to glycerol and cholesterol in the form of triglycerides and
292  cholesteryl esters respectively. S. aureus clearly encounters C18:1A9 in multiple different foods,
293 and it may enhance the growth of the organism at low temperatures. Staphylococcal food
294  poisoning is a foodborne intoxication requiring initial contamination of food by S. aureus and
295  then growth of the organism and release of enterotoxin. Storing food in refrigerators at 5°C
296  should prevent the growth of S. aureus, but many domestic refrigerators are operated at higher
297 temperatures than this, and maintaining the integrity of the cold chain is essential for the
298  prevention of the growth of the organism in foods (39). It would seem likely that C18:1A9 either
299 free or esterified, and possibly other unsaturated fatty acids, could enhance the growth of S.
300 aureus above 6°C in foods. Additionally, a significant number of foods are produced by low-
301 temperature fermentation processes (40). Possibly these fermentation processes and other low-
302 temperature industrial applications could be enhanced by C18:1A9 or other unsaturated fatty
303 acids by promoting more efficient exogenous homeoviscous adaptation of membrane fluidity
304 leading to enhanced growth. As an example of this, Tanet al.(41) showed that exogenous
305 unsaturated fatty acids enhanced the growth of Lactobacillus casei at low temperatures in the

306  ripening of cheddar cheese.

307
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308 MATERIALS AND METHODS
309 Bacterial strains and growth conditions. S. aureus strains used in this study are shown in Table
310 2. They were grown in 50ml of Tryptic Soy Broth (Difco) in 250ml Erlenmeyer flasks with shaking
311 (200 rpm) at the specified temperature. Inocula were 2% from a starter culture grown overnight
312  at 37°C. Growth was measured at intervals by measuring the optical density at 600 nm. Stock
313  solutions of C18:1A9 and 2-methyl butyrate were prepared in 95% (v/v) ethanol and ethanol
314 alone was added to cultures as a control. At least three biological replicates were performed for

315 growth experiments.

316  Analysis of fatty acid composition. Cells were harvested by centrifugation and washed in cold
317 0.9% (w/v) NaCl solution before fatty acid analysis. Fatty acid methyl ester analysis was
318  performed as described by Sen and others (10) at Microbial ID Inc (Newark, DE) where the cells
319  were saponified, methylated, and extracted. The methyl ester mixtures were separated using an
320 Agilent 5890 dual-tower gas chromatograph and the fatty acyl chains were analyzed and
321 identified by the MIDI microbial identification system (Sherlock 4.5 microbial identification
322  system). The percentages of the different fatty acids reported in tables and figures are the means
323  of the values from two or three independent experiments. Some minor fatty acids are not

324  reported.

325 Estimation of carotenoid content. Washed harvested cells were extracted with warm methanol

326  (55°C) for 5 min and the ODags5 of the supernatant was measured as described before (10, 42).

327  Lipid Extraction. The lipid extraction was performed using a modified version of the Bligh & Dyer
328  extraction method (43, 44). The pellets were washed twice with 2 mL of sterile water, during

329  which a portion of the suspension was taken for optical density measurement at 600 nm. After
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330 the last wash, the pellet was resuspended in 0.5 mL of HPLC grade water, transferred to glass
331  culture tubes, and sonicated in an ice bath for 30 minutes. Chilled extraction solvent [1:2
332  chloroform/methanol (v/v)] was added to the samples and vortexed sporadically for 5 min. Phase
333  separation was induced by adding 0.5 mL of chloroform and 0.5 mL of water, followed by 1 min
334  of vortexing. The samples were centrifuged at 2,000 x g at 4° C for 10 min. The bottom layer
335 containing the lipids was collected into fresh glass tubes and vacuum-dried (Savant,
336 ThermoScientific). The dry extracts were reconstituted in 0.5 mL of 1:1 chloroform/methanol and

337 storedin a -80°C freezer until the day of analysis.

338  Liquid-chromatography and mass spectrometric analysis. Lipid extract aliquots were dried using
339  avacuum concentrator before being reconstituted in mobile phase A (MPA) at dilutions of 25X
340 or greater. The samples were separated chromatographically with a Waters Acquity Ultra
341  Performance Liquid Chromatography (UPLC) bridged ethylene hybrid (BEH) hydrophilic
342 interaction liquid chromatography (HILIC) column (2.1 X 100mm, 1.7um) at a constant
343  temperature of 40°C. MPA composition consisted of 95% acetonitrile and 5% water, with 10 mM
344 ammonium acetate, while mobile phase B (MPB) comprised a mixture of 50% acetonitrile and
345 50% water, containing 10 mM ammonium acetate. A constant flow rate of 0.5 mL/min was
346  maintained throughout the 7 min run time. The gradient was as follows: 100% MPB for 0-2 min,
347  decreasing to 60% MPB for 3-4 minutes, hold at 60% MPB for 4-5 min, and then returning to
348  100% MPB for 5-7 minutes. The autosampler was maintained at 6°C throughout the analysis. An

349  injection volume of 5 uL was used.

350 After chromatographic separation, the samples were directed into the electrospray spray

351 ionization (ESI) source of the Waters Synapt XS traveling-wave ion mobility-mass spectrometer
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352  (TWIMS-MS). The following variables were used for both negative and positive mode ionizations:
353  capillary voltage, £2 kV; source temperature, 120°C; desolvation temperature, 450°C; desolvation
354  gas flow, 700 L/hr; cone gas flow, 50 L/hr. lon mobility separation was performed in nitrogen (90
355  mL/min flow) with traveling wave settings of 550 m/s and 40V. Leucine enkephalin was used as
356 astandard mass calibrant to lock mass correct the samples. Data was collected over 50-1200 m/z
357 with a scan time of 0.5 sec. Data-independent acquisition (DIA) MS/MS experiments were
358 conducted where fragmentation occurred in the transfer region of the instrument using a 45-60

359 eV collision energy ramp.

360 Data Analysis. The Waters .raw files were imported into Progenesis Ql software (v3.0,
361  Waters/Nonlinear Dynamics). Subsequently the data was lock-mass corrected and aligned with
362 the quality control (QC) reference file. Peak picking was performed using built-in default
363 parameters. The data was normalized using OD600 readings to take into consideration the
364  growth variations of S. aureus replicates. PGs (as [M - H]™ adducts) were evaluated from the
365 negative mode ionization whereas DGDGs (as [M + NH4]* adducts) and LysylPGs (as [M + H]*
366  adducts) were analyzed from the positive ionization mode with accurate mass (<10 ppm

367 tolerance) using LipidPioneer; user-generated database (45).

368 Acknowledgements

369  This work was supported by National Institute of Health grants 1R21Al113535 to BJW and CG,
370  R15AI1164585 and 1R03AI174033-01A1 to JUD, and RO1AI173144 to KMH, VKS and BJW. We

371  thank Patrick Ofori Tawiah for carefully proof-reading the manuscript.

17


https://doi.org/10.1101/2024.02.02.578686
http://creativecommons.org/licenses/by-nc-nd/4.0/

372

373

374

375

376

377

378

379

380

381

382

383

384

18

References

1.

Hennekinne J-A, De Buyser M-L, Dragacci S. 2012. Staphylococcus aureus and its food poisoning toxins: characterization and outbreak

investigation. FEMS Microbiol Rev 36:815-836.

Gustafson J, Wilkinson B. 2005. Staphylococcus aureus as a food pathogen: the staphylococcal enterotoxins and stress response systems, p.

331-357. In Griffiths, M (ed.), Understanding Pathogen Behaviour. Woodhead Publishing.

Bastock RA, Marino EC, Wiemels RE, Holzschu DL, Keogh RA, Zapf RL, Murphy ER, Carroll RK. 2021. Staphylococcus aureus Responds to

Physiologically Relevant Temperature Changes by Altering Its Global Transcript and Protein Profile. mSphere 6:10.1128/msphere.01303-20.

Uhlemann A-C, Knox J, Miller M, Hafer C, Vasquez G, Ryan M, Vavagiakis P, Shi Q, Lowy FD. 2011. The environment as an unrecognized

reservoir for community-associated methicillin resistant Staphylococcus aureus USA300: a case-control study. PLoS One 6:e22407.

Schmitt M, Schuler-Schmid U, Schmidt-Lorenz W. 1990. Temperature limits of growth, TNase and enterotoxin production of

Staphylococcus aureus strains isolated from foods. International Journal of Food Microbiology 11:1-19.

Sinensky M. 1974. Homeoviscous adaptation--a homeostatic process that regulates the viscosity of membrane lipids in Escherichia coli.

Proc Natl Acad Sci US A 71:522-525.

18


https://doi.org/10.1101/2024.02.02.578686
http://creativecommons.org/licenses/by-nc-nd/4.0/

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

10.

11.

12.

13.

19

Magnuson K, Jackowski S, Rock CO, Cronan JE. 1993. Regulation of fatty acid biosynthesis in Escherichia coli. Microbiological Reviews

57:522-542.

Annous BA, Becker LA, Bayles DO, Labeda DP, Wilkinson BJ. 1997. Critical role of anteiso-C15:0 fatty acid in the growth of Listeria

monocytogenes at low temperatures. Appl Environ Microbiol 63:3887-3894.

Suutari M, Laakso S. 1992. Unsaturated and branched chain-fatty acids in temperature adaptation of Bacillus subtilis and Bacillus

megaterium. Biochim Biophys Acta 1126:119-124.

Sen S, Sirobhushanam S, Johnson SR, Song Y, Tefft R, Gatto C, Wilkinson BJ. 2016. Growth-Environment Dependent Modulation of
Staphylococcus aureus Branched-Chain to Straight-Chain Fatty Acid Ratio and Incorporation of Unsaturated Fatty Acids. PLOS ONE

11:e0165300.

Parsons JB, Frank MW, Jackson P, Subramanian C, Rock CO. 2014. Incorporation of Extracellular Fatty Acids by a Fatty Acid Kinase-

Dependent Pathway in Staphylococcus aureus. Mol Microbiol 92:234-245.

Delekta PC, Shook JC, Lydic TA, Mulks MH, Hammer ND. 2018. Staphylococcus aureus Utilizes Host-Derived Lipoprotein Particles as Sources

of Fatty Acids. J Bacteriol 200:e00728-17.

Frank MW, Yao J, Batte JL, Gullett JM, Subramanian C, Rosch JW, Rock CO. 2020. Host Fatty Acid Utilization by Staphylococcus aureus at

the Infection Site. mBio 11:10.1128/mbio.00920-20.

19


https://doi.org/10.1101/2024.02.02.578686
http://creativecommons.org/licenses/by-nc-nd/4.0/

400

401

402

403

404

405

406

407

408

409

410

411

412

413

14.

15.

16.

17.

18.

19.

20

Hines KM, Alvarado G, Chen X, Gatto C, Pokorny A, Alonzo F, Wilkinson BJ, Xu L. 2020. Lipidomic and Ultrastructural Characterization of the

Cell Envelope of Staphylococcus aureus Grown in the Presence of Human Serum. mSphere 5:10.1128/msphere.00339-20.

Teoh WP, Chen X, Laczkovich I, Alonzo F. 2021. Staphylococcus aureus adapts to the host nutritional landscape to overcome tissue-specific

branched-chain fatty acid requirement. Proceedings of the National Academy of Sciences 118:€2022720118.

Kénanian G, Morvan C, Weckel A, Pathania A, Anba-Mondoloni J, Halpern D, Gaillard M, Solgadi A, Dupont L, Henry C, Poyart C, Fouet A,
Lamberet G, Gloux K, Gruss A. 2019. Permissive Fatty Acid Incorporation Promotes Staphylococcal Adaptation to FASII Antibiotics in Host

Environments. Cell Rep 29:3974-3982.e4.

Poger D, Caron B, Mark AE. 2014. Effect of Methyl-Branched Fatty Acids on the Structure of Lipid Bilayers. J Phys Chem B 118:13838—

13848.

Singh VK, Hattangady DS, Giotis ES, Singh AK, Chamberlain NR, Stuart MK, Wilkinson BJ. 2008. Insertional Inactivation of Branched-Chain a-
Keto Acid Dehydrogenase in Staphylococcus aureus Leads to Decreased Branched-Chain Membrane Fatty Acid Content and Increased

Susceptibility to Certain Stresses. Appl Environ Microbiol 74:5882—-5890.

Radka CD, Batte JL, Frank MW, Rosch JW, Rock CO. Oleate Hydratase (OhyA) Is a Virulence Determinant in Staphylococcus aureus.

Microbiol Spectr 9:e01546-21.

20


https://doi.org/10.1101/2024.02.02.578686
http://creativecommons.org/licenses/by-nc-nd/4.0/

414

415

416

417

418

419

420

421

422

423

424

425

426

427

20.

21.

22.

23.

24,

25.

26.

27.

21

Joyce GH, Hammond RK, White DC. 1970. Changes in Membrane Lipid Composition in Exponentially Growing Staphylococcus aureus During

the Shift from 37 to 25 C. J Bacteriol 104:323-330.

DeMars Z, Singh VK, Bose JL. 2020. Exogenous Fatty Acids Remodel Staphylococcus aureus Lipid Composition through Fatty Acid Kinase. J

Bacteriol 202:00128-20.

Marsh D. 2013. Handbook of Lipid Bilayers. 2nd Edition. CRC Press, Boca Raton.

https://www.taylorfrancis.com/books/mono/10.1201/b11712/handbook-lipid-bilayers-derek-marsh. Retrieved 31 January 2024.

Marsh D, P4li T. 2013. Orientation and conformation of lipids in crystals of transmembrane proteins. Eur Biophys J 42:119-146.

Saunders LP, Sen S, Wilkinson BJ, Gatto C. 2016. Insights into the Mechanism of Homeoviscous Adaptation to Low Temperature in
Branched-Chain Fatty Acid-Containing Bacteria through Modeling FabH Kinetics from the Foodborne Pathogen Listeria monocytogenes.

Frontiers in Microbiology 7.

Suutari M, Laakso S. 1994. Microbial Fatty Acids and Thermal Adaptation. Critical Reviews in Microbiology 20:285-328.

Cronan, JE, Rock CO. 2008. Biosynthesis of Membrane Lipids. EcoSal Plus 3:10.1128/ecosalplus.3.6.4.

Singh AK, Zhang Y-M, Zhu K, Subramanian C, Li Z, Jayaswal RK, Gatto C, Rock CO, Wilkinson BJ. 2009. FabH selectivity for anteiso branched-

chain fatty acid precursors in low-temperature adaptation in Listeria monocytogenes. FEMS Microbiol Lett 301:188-192.

21


https://doi.org/10.1101/2024.02.02.578686
http://creativecommons.org/licenses/by-nc-nd/4.0/

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

28.

29.

30.

31

32.

33.

34.

22

Flegler A, Iswara J, Manz AT, Schocke FS, FaRbender WA, Holzl G, Lipski A. 2022. Exogenous fatty acids affect membrane properties and

cold adaptation of Listeria monocytogenes. Sci Rep 12:1499.

Touche C, Hamchaoui S, Quilleré A, Darsonval M, Dubois-Brissonnet F. 2023. Growth of Listeria monocytogenes is promoted at low

temperature when exogenous unsaturated fatty acids are incorporated in its membrane. Food Microbiol 110:104170.

Campbell AE, McCready-Vangi AR, Uberoi A, Murga-Garrido SM, Lovins VM, White EK, Pan JT-C, Knight SAB, Morgenstern AR, Bianco C,
Planet PJ, Gardner SE, Grice EA. 2023. Variable staphyloxanthin production by Staphylococcus aureus drives strain-dependent effects on

diabetic wound-healing outcomes. Cell Rep 42:113281.

Tiwari KB, Gatto C, Wilkinson BJ. 2018. Interrelationships among Fatty Acid Composition, Staphyloxanthin Content, Fluidity, and Carbon

Flow in the Staphylococcus aureus Membrane. Molecules 23:1201.

Clauditz A, Resch A, Wieland K-P, Peschel A, G6tz F. 2006. Staphyloxanthin Plays a Role in the Fitness of Staphylococcus aureus and Its

Ability To Cope with Oxidative Stress. Infect Immun 74:4950-4953.

Liu GY, Essex A, Buchanan JT, Datta V, Hoffman HM, Bastian JF, Fierer J, Nizet V. 2005. Staphylococcus aureus golden pigment impairs

neutrophil killing and promotes virulence through its antioxidant activity. J Exp Med 202:209-215.

Mishra NN, Liu GY, Yeaman MR, Nast CC, Proctor RA, McKinnell J, Bayer AS. 2011. Carotenoid-Related Alteration of Cell Membrane Fluidity

Impacts Staphylococcus aureus Susceptibility to Host Defense Peptides. Antimicrob Agents Chemother 55:526-531.

22


https://doi.org/10.1101/2024.02.02.578686
http://creativecommons.org/licenses/by-nc-nd/4.0/

443

444

445

446

447

448

449

450

451

452

453

454

455

456

35.

36.

37.

38.

39.

40.

41.

23

Katzif S, Lee E-H, Law AB, Tzeng Y-L, Shafer WM. 2005. CspA regulates pigment production in Staphylococcus aureus through a SigB-

dependent mechanism. J Bacteriol 187:8181-8184.

Caballero CJ, Menendez-Gil P, Catalan-Moreno A, Vergara-Irigaray M, Garcia B, Segura V, Irurzun N, Villanueva M, Ruiz de Los Mozos |,
Solano C, Lasa |, Toledo-Arana A. 2018. The regulon of the RNA chaperone CspA and its auto-regulation in Staphylococcus aureus. Nucleic

Acids Res 46:1345-1361.

Seel W, Baust D, Sons D, Albers M, Etzbach L, Fuss J, Lipski A. 2020. Carotenoids are used as regulators for membrane fluidity by

Staphylococcus xylosus. 1. Sci Rep 10:330.

Mdunera-Jaramillo J, Lépez G-D, Suesca E, Carazzone C, Leidy C, Manrique-Moreno M. 2024. The role of staphyloxanthin in the regulation of

membrane biophysical properties in Staphylococcus aureus. Biochimica et Biophysica Acta (BBA) - Biomembranes 184288.

Bennett SD, Walsh KA, Gould LH. 2013. Foodborne disease outbreaks caused by Bacillus cereus, Clostridium perfringens, and

Staphylococcus aureus--United States, 1998-2008. Clin Infect Dis 57:425-433.

Liang C, Liu L-X, Liu J, Aihaiti A, Tang X-J, Liu Y-G. 2023. New Insights on Low-Temperature Fermentation for Food. 5. Fermentation 9:477.

Tan WS, Budinich MF, Ward R, Broadbent JR, Steele JL. 2012. Optimal growth of Lactobacillus casei in a Cheddar cheese ripening model

system requires exogenous fatty acids. J Dairy Sci 95:1680-1689.

23


https://doi.org/10.1101/2024.02.02.578686
http://creativecommons.org/licenses/by-nc-nd/4.0/

457

458

459

460

461

462

463

464

465

42.

43.

44,

45.

24

Davis AOQ, O’Leary JO, Muthaiyan A, Langevin MJ, Delgado A, Abalos AT, Fajardo AR, Marek J, Wilkinson BJ, Gustafson JE. 2005.
Characterization of Staphylococcus aureus mutants expressing reduced susceptibility to common house-cleaners. J Appl Microbiol 98:364—

372.

Bligh EG, Dyer WJ. 1959. A rapid method of total lipid extraction and purification. Can J Biochem Physiol 37:911-917.

Bimpeh K, Hines KM. 2023. A rapid single-phase extraction for polar staphylococcal lipids. Anal Bioanal Chem 415:4591-4602.

Freeman C, Hynds HM, Carpenter JM, Appala K, Bimpeh K, Barbarek S, Gatto C, Wilkinson BJ, Hines KM. 2021. Revealing Fatty Acid

Heterogeneity in Staphylococcal Lipids with Isotope Labeling and RPLC—IM—-MS. J Am Soc Mass Spectrom 32:2376—2385.

24


https://doi.org/10.1101/2024.02.02.578686
http://creativecommons.org/licenses/by-nc-nd/4.0/

25

A ° 2-MB +C18:1A9  ©EtOH
37°C

Optical density (600 nm)

0 2 4 6 8 10 12 14 16
Time (hours)

_ 20°C

gz

g s }o#
w

§’1 'O é e e 8 8
g os

5]

ol//
o/ 14 15 16 17 18 19 20

Time (hours)

_ 12°C

g 25

]

e 2

>

= 1.5

5

o 1 i

©

2 05 + é o 8

o o

(ST B e e

0 20 40 60 80 100

466 Time (hours)

467  Figure 1. C18:1A9 stimulates growth at lower temperatures. Growth curve of JE2Alpd grown in the presence and absence of 100 uM 2-methyl
468  butyrate and C18:1A9 at (A) 37 °C, (B) 20 °C, and (C) 12 °C, respectively. OD 600 nm was determined at the indicated time points (n =3, +S.D.).
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Figure 2. C18:1A9 promotes growth in a fakA-dependent manner. Growth curve of JE2 and fakA::Tn grown in the presence and absence of the
indicated concentrations of C18:1A9. OD 600 nm was determined at the indicated time points (n = 3, £ S.D.).
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Figure 3. Lipidomics analysis of phosphatidylglycerol (PG) lipids in JE2 grown at 12, 20, and 37°C with and without oleic acid. A) PGs containing
saturated fatty acids; B) high-abundance PGs containing monounsaturated fatty acids; C) low abundance PGs containing one or two
monounsaturated fatty acids; D) Negative mode fragmentation spectra of PG 36:2, m/z 773.6, showing the presence of only FA 18:1 acyl tails; E)

Negative mode fragmentation spectra of PG 38:2, m/z 801.6, showing the presence of FA 18:1 and FA 20:1 acyl tails.
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Figure 4. Lipidomics analysis of diglycosyldiacylglycerol (DGDG) lipids in JE2 grown at 12, 20, and 37°C with and without oleic acid. A) DGDGs
containing saturated fatty acids; B) high-abundance DGDGs containing monounsaturated fatty acids; C) low abundance DGDGs containing one or

two monounsaturated fatty acids.
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Figure 5. Abundance of 10-hydroxystearic acid, produced from oleic acid, in JE grown at 12, 20, and 37°C with and without oleic acid.
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489 Figure 6. Staphyloxanthin content of S. aureus grown at different temperatures in the presence and absence of 100 pM C18:1A9. The indicated
490  cultures were collected on day 5, washed twice in PBS, and normalized to 5 ml of an O.D.s00nm = 2. Staphyloxanthin was extracted with warm
491  methanol (55°C) for 5 min and the O.D.465nm Of the supernatant was determined.
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TABLE 1 Major fatty acid classes and individual fatty acids in strains JE2 and JE2AfakA grown in the presence and absence of C18:1A9

at different temperatures.

% Total Fatty Acid Composition®

Strains and Conditions

Fatty Acid Classes JE2 JE2 JE2 JE2 JE2 JE2 JE2AfakA
and Major Fatty 12°C 12°C + 20°C 20°C + 37°C 37°C+ 37°C+
Acids C18:1A9 C18:1A9 C18:1A9 C18:1A9
Even SCFAs 27.8+0.8 13.3+2.4 37.2+0.2 12.8+0.3 40.4+/-1.7 31.6+/-2.2 57.7+/-0.2
C18:0 7.5+0.1 2.3+0.8 13.3+0.1 3.1+0.1 16.7 +/- 0.0 6.2 +/- 0.4 6.6 +/- 0.1
C20:0 15.2+1.2 6.6+2.9 17.7 £ 0.0 6.3+0.0 18.4 +/-2.2 19.0 +/- 2.7 41.9 +/-0.1
Iso odd BCFAs 12.5+0.4 6.3+1.3 18.9+0.2 5.4+0.1 16.0+/-0.6 12.1+/-0.1  11.3+/-0.0
Iso C15:0 8.5+ 0.4 49+0.3 13.7+0.3 5.0+0.5 11.3+/-0.8 10.0 +/- 0.1 8.7 +/-0.0
Anteiso odd BCFAs 49.5+1.0 19.6 + 0.8 34.3+0.0 9.1+0.8 36.0+/-1.1 229+/-0.2 20.7+/-0.0
Anteiso C15:0 38.9+1.3 18.1+0.4 30.8+0.2 89+0.8 30.4+/-1.4 21.1+/-0.1 17.6 +/- 0.0
SCUFAs N.D. 58.7+1.8 N.D. 71.2+1.0 N.D. 29.5+/-2.4 1.6+/-0.0
C18:1A9 N.D. 29.7+2.7 N.D. 62.3+2.6 N.D. 9.4+/-1.1 1.6 +/- 0.0
C20:1A9 N.D. 289+3.8 N.D. 89+1.5 N.D. 19.6 +/- 1.4 N.D.

2 The percent total fatty acids in each major class are shown in bold and the major fatty acids in each class are shown.
b N.D. not detected
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497  TABLE 2. List of S. aureus strains used in this study.

499
Strain Characteristics Reference
JE2 Derived from community-acquired MRSA strain Fey et al., 2013 7
USA 300 LAC
JE2AfakA NR-46772 Fey et al., 2013
JE2AIpd BCFA-deficient mutant Singh et al., 2018
JE2Acrtm Carotenoid deficient mutant Braungardt, H., &

Singh, V. K. 2019

JE2AcrtM + crtm mutant of JE2 complemented with crt gene Singh et al., 2018
pCUcrtOPQMN clusterin trans
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