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SUMMARY: 19 
This method provides a framework for studying incorporation of exogenous fatty acids from 20 
complex host sources into bacterial membranes, particularly Staphylococcus aureus. To achieve 21 
this, protocols for the enrichment of lipoprotein particles from chicken egg yolk and subsequent 22 
fatty acid profiling of bacterial phospholipids utilizing mass spectrometry are described. 23 
 24 
ABSTRACT: 25 
Staphylococcus aureus and other Gram-positive pathogens incorporate fatty acids from the 26 
environment into membrane phospholipids. During infection, the majority of exogenous fatty 27 
acids are present within host lipoprotein particles. Uncertainty remains as to the reservoirs of 28 
host fatty acids and the mechanisms by which bacteria extract fatty acids from the lipoprotein 29 
particles. In this work, we describe protocols for enrichment of low-density lipoprotein (LDL) 30 
particles from chicken egg yolk and determining whether LDLs serve as fatty acid reservoirs for 31 
S. aureus. This method exploits unbiased lipidomic analysis and chicken LDLs, an effective and 32 
economical model for the exploration of interactions between LDLs and bacteria. The analysis of 33 
S. aureus integration of exogenous fatty acids from LDLs is performed using high-34 
resolution/accurate mass spectrometry and tandem mass spectrometry, enabling the 35 
characterization of the fatty acid composition of the bacterial membrane and unbiased 36 
identification of novel combinations of fatty acids that arise in bacterial membrane lipids upon 37 
exposure to LDLs. These advanced mass spectrometry techniques offer an unparalleled 38 
perspective of fatty acid incorporation by revealing the specific exogenous fatty acids 39 
incorporated into the phospholipids. The methods outlined here are adaptable to the study of 40 
other bacterial pathogens and alternative sources of complex fatty acids. 41 
 42 
INTRODUCTION: 43 
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Methicillin-resistant S. aureus (MRSA) is the leading cause of healthcare-associated infection and 44 
the associated antibiotic resistance is a considerable clinical challenge1-3. Therefore, the 45 
development of novel therapeutic strategies is a high priority. A promising treatment strategy for 46 
Gram-positive pathogens is inhibiting fatty acid synthesis, a requirement for membrane 47 
phospholipid production that, in S. aureus, includes phosphatidylglycerol (PG), lysyl-PG, and 48 
cardiolipin4. In bacteria, fatty acid production occurs via the fatty acid synthesis II pathway 49 
(FASII)5, which is considerably different from the eukaryotic counterpart, making FASII an 50 
attractive target for antibiotic development5,6. FASII inhibitors primarily target FabI, an enzyme 51 
required for fatty acid carbon chain elongation7. The FabI inhibitor triclosan is broadly used in 52 
consumer and medical goods8,9. Additional FabI inhibitors are being developed by several 53 
pharmaceutical companies for the treatment of S. aureus infection10-26. However, many Gram-54 
positive pathogens, including S. aureus, are capable of scavenging exogenous fatty acids for 55 
phospholipid synthesis, bypassing FASII inhibition27-29. Thus, the clinical potential of FASII 56 
inhibitors is debated due to considerable gaps in our knowledge of the sources of host fatty acids 57 
and the mechanisms by which pathogens extract fatty acids from the host27,28. To address these 58 
gaps, we developed an unbiased lipidomic analysis method to monitor incorporation of 59 
exogenous fatty acid from lipoprotein particles into membrane phospholipids of S. aureus.  60 
 61 
During sepsis, host lipoprotein particles represent a potential source of host-derived fatty acids 62 
within the vasculature, as a majority of host fatty acids are associated with the particles30. 63 
Lipoproteins consist of a hydrophilic shell composed of phospholipids and proteins that enclose 64 
a hydrophobic core of triglycerides and cholesterol esters31. Four major classes of lipoproteins--65 
chylomicron, very low-density lipoprotein, high-density lipoprotein, and low-density lipoprotein 66 
(LDL)—are produced by the host and function as lipid transport vehicles, delivering fatty acids 67 
and cholesterol to and from host cells via the vasculature. LDLs are abundant in esterified fatty 68 
acid including triglycerides and cholesterol esters31. We have previously demonstrated that 69 
highly purified human LDLs are a viable source of exogenous fatty acids for PG synthesis, thus 70 
providing a mechanism for FASII inhibitor bypass32. Purifying human LDLs can be technically 71 
challenging and time consuming while commercial sources of purified human LDLs are 72 
prohibitively expensive to use on a routine basis or to perform large-scale bacterial screens. To 73 
address these limitations, we have modified a procedure for the enrichment of LDLs from chicken 74 
egg yolk, a rich source of lipoprotein particles33. We have successfully used untargeted, high-75 
resolution/accurate mass spectrometry and tandem mass spectrometry to monitor 76 
incorporation of human LDL-derived fatty acids into the membrane of S. aureus32. Unlike 77 
previously reported methods, this approach can quantify individual fatty acid isomers for each of 78 
the three major staphylococcal phospholipid types. Oleic acid (18:1) is an unsaturated fatty acid 79 
present within all host lipoprotein particles that is readily incorporated into S. aureus 80 
phospholipids29,30,32. S. aureus is not capable of oleic acid synthesis29; therefore, the quantity of 81 
phospholipid-incorporated oleic acid establishes the presence of host lipoprotein-derived fatty 82 
acids within the staphylococcal membrane29. These phospholipid species can be identified by the 83 
state-of-the-art mass spectrometry method described here, offering unprecedented resolution 84 
of the membrane composition of S. aureus cultured in the presence of a fatty acid source it likely 85 
encounters during infection. 86 
 87 



PROTOCOL: 88 
 89 
NOTE: The following protocol for enrichment of LDL particles from chicken egg yolk is derived 90 
from Moussa et al. 200233. 91 
 92 
1. Preparation of chicken egg yolk for enrichment of LDL particles 93 
 94 
1.1. Sanitize two large chicken eggs by washing the shells with 70% ethanol solution and allow 95 
to air dry. 96 
 97 
1.2. Sanitize the egg separator using 70% ethanol solution and allow to air dry. Attach the egg 98 
separator onto the lip of a medium sized beaker. 99 
 100 
1.3. Crack each egg individually into the egg separator and allow the albumen to flow into the 101 
beaker. The intact egg yolk will be retained by the separator. 102 
  103 
1.4. Wash the egg yolk twice with 30 mL of sterile phosphate-buffered saline (PBS) to remove 104 
residual albumen.  105 
 106 
1.5. Gently place the egg yolk onto filter paper.  107 
 108 
1.6. Puncture the vitelline membrane with a sterile pipette tip and drain the contents of the 109 
membrane into a sterile 50 mL conical centrifuge tube. Discard the membrane and filter paper.  110 
 111 
2. Fractionation of LDL-containing plasma from chicken egg yolk 112 
 113 
2.1. Add approximately two volumes of 0.17 M NaCl at pH 7.0 to the egg yolk and mix 114 
vigorously. Then mix this solution at 4 °C for 60 min.  115 
 116 
2.2. Centrifuge the egg yolk dilution at 10 °C at 10,000 x g for 45 min. Remove the plasma 117 
fraction (supernatant) from the granular fraction (pellet) into a sterile 50 mL conical tube. 118 
 119 
2.3. Repeat step 2.2.  120 
 121 
3. Isolation of LDL particles from plasma 122 
 123 
3.1. Mix the plasma fraction with 40% ammonium sulfate (w/v) at 4 °C for 60 min. 124 
 125 
3.2. Adjust the pH of the plasma fraction with a 420 mM NaOH solution to 8.7.  126 
 127 
3.3. Centrifuge the egg yolk dilution at 4 °C at 10,000 x g for a duration of 45 min. Remove the 128 
upper semisolid yellow fraction into 7 kDa pore size dialysis tubing. Provide room in the tubing 129 
to allow for it to swell. 130 
 131 



3.4. Dialyze overnight at 4 °C in 3 L of ultrapure water to remove the ammonium sulfate. 132 
Gently agitate the water using a stir bar.  133 
 134 
3.5. Transfer dialyzed solution into a sterile 50 mL conical centrifuge tube.  135 
 136 
3.6. Centrifuge the solution at 4 °C at 10,000 x g for a duration of 45 min. Carefully remove 137 
the upper semisolid yellow fraction to a sterile tube and store at 4 °C.  138 
 139 
4. Assessment of chicken LDLs as a source of fatty acids  140 
 141 
4.1. Subculture S. aureus cells into 5 mL of fatty acid-free 1% tryptone broth and incubate 142 
overnight at 37 °C with shaking (225 rpm). For fatty acid auxotrophs, supplement cultures with a 143 
source of fatty acids.  144 
 145 
4.2. Dilute overnight cultures to an optical density (OD) at 600 nm (OD600) of 0.1 in 1% tryptone 146 
broth. Pipette 50 μL of the cell suspension into each well of a round-bottom 96-well plate. 147 
 148 
NOTE: When working with fatty acid auxotrophs, wash the overnight cultures in two volumes of 149 
tryptone broth and resuspend in 5 mL of tryptone broth to limit carryover of fatty acids before 150 
determining the OD of the culture. 151 
  152 
4.3. For the wells containing untreated controls, add 50 µL of 1% tryptone broth per well.  153 
 154 
4.4. To the wells containing the experimental cell suspensions, add 50 µL of 1% tryptone broth 155 
supplemented with 10% egg yolk-derived LDL, 2 μM triclosan, or a mixture of 10% egg yolk-156 
derived LDL and 2 μM triclosan.   157 

 158 
NOTE: At this point, each well will contain 100 μL and the final concentration of egg yolk-derived 159 
LDL and triclosan per well will be 5% and 1 µM, respectively.  160 
 161 
4.5. Measure OD600 over time, using a microplate reader set at 37 °C with continuous, linear 162 
shaking to monitor growth. 163 
 164 
5. Incubation of S. aureus with LDLs for membrane lipid analysis.  165 
 166 
5.1. Culture an isolated colony into 5 mL of fatty acid-free 1% tryptone broth and incubate 167 
overnight at 37 °C with shaking (225 rpm). 168 
 169 
5.2. Dilute overnight cultures 1:100 into a sterile 250 mL baffled flask containing 50mL of 1% 170 
tryptone broth. Incubate to mid-log phase (approximately 4 h) at 37 °C with shaking. 171 
 172 
5.3. Transfer 25 mL of culture to a sterile 50 mL centrifuge tube and pellet the cells. Remove 173 
the supernatant and resuspend the cell pellet in 750 µL of 1% tryptone broth. 174 
 175 



5.4. Combine the resuspended cells and aliquot 300 µL of the cell suspension into a sterile 1.5 176 
mL centrifuge tube. 177 
 178 
5.5. Add LDLs to the desired final concentration and incubate at 37 °C with shaking (225 rpm) 179 
for 4 h. 180 
 181 
5.6. Centrifuge the cultures at 4 °C at 16,000 x g for a duration of 2 min and wash the cell 182 
pellets in two volumes of sterile PBS then repeat. 183 
 184 
5.7. Record the weight of each wet cell pellet. Snap-freeze the cell pellets on dry ice or in liquid 185 
nitrogen and store at -80 °C or proceed directly to section 6. 186 
 187 
6. Extraction of S. aureus membrane lipids 188 
 189 
6.1. Place frozen S. aureus cell pellets on dry ice. Add 0.5 mm zirconium oxide beads on top of 190 
each cell pellet, using a volume of beads approximately equal to the volume of the cell pellet.  191 
 192 
NOTE: As an alternative to this method of lipid extraction, researchers can use the well-193 
established Bligh and Dyer or Folch methods for exacting lipids from bacterial cells34. 194 
 195 
6.2. Add 740 µL of 75% methanol (HPLC grade) chilled to -80 °C directly to the cell pellets. 196 
 197 
6.3. Add 2 μL of 50 µM dimyristoyl phosphatidylcholine (prepared in methanol) per 1 mg of 198 
cells as an internal standard. Close the test tube and place the 1.5 mL centrifuge tubes containing 199 
each sample into an available port in a Bullet Blender tissue homogenizer.  Homogenize the 200 
samples on low speed, setting 2-3, for 3 min. 201 
 202 
6.4. Visually inspect the samples for homogeneity. If clumps of cells are visible, continue 203 
homogenization in the Bullet Blender in 2 min increments. 204 
 205 
6.5. Remove the samples from Bullet Blender and transfer to a chemical fume hood. 206 
 207 
6.6. Add 270 µL of chloroform to each sample tube. Vortex the samples vigorously for 30 min. 208 
 209 
CAUTION: Chloroform is a possible carcinogen. 210 
 211 
6.7. Centrifuge the samples in a benchtop centrifuge for up to 30 min at a minimum 2000 x g. 212 
Faster speeds may be used with compatible centrifuge tubes and the duration of centrifugation 213 
may be shortened to 10 min.  214 
 215 
6.8. In a chemical fume hood, collect the monophasic supernatant and transfer to a new test 216 
tube, while carefully avoiding the protein pellet at the bottom of the extraction tube. 217 
 218 
6.9. Add 740 µL of 75% methanol (HPLC grade) and 270 µL of chloroform to the protein pellet, 219 



and re-extract each sample as described in steps 6.6-6.8 above. Combine the supernatant from 220 
the second extraction with the previously collected supernatant for each sample.  221 
 222 
6.10. Evaporate the extraction solvents under a stream of inert gas such as nitrogen or argon, 223 
or under vacuum using a centrifuge concentrator (Table of Materials). 224 
 225 
6.11. Wash dried lipid extracts three times with 1.0 mL of aqueous 10 mM ammonium 226 
bicarbonate solution and re-dry the samples as in step 6.10. 227 
 228 
6.12. Resuspend the dried lipid extracts in a suitable nonpolar solvent such as isopropanol. 229 
Resuspend samples using 20 µL per 1 mg of fresh cell weight determined in step 5.7 Alternatively, 230 
if the weight of the cell pellets is unknown, resuspend the samples in 200 µL of isopropanol and 231 
proceed to Section 7. 232 
 233 
7. Analysis of S. aureus lipid profiles using high resolution/accurate mass spectrometry 234 
 235 
7.1. Prior to conducting a full lipid analysis, select representative test samples from the 236 
experimental group(s) and analyze them over a range of sample dilution factors to determine 237 
sample dilution ranges in which the total lipid concentrations fall within the linear range of 238 
detector response for the mass spectrometer, as previously described35. 239 
 240 
7.2. Evaporate aliquots of each sample lipid extract to be subjected to lipid analysis, by drying 241 
the aliquots under inert gas or under vacuum in a centrifuge concentrator (Table of Materials).  242 
 243 
7.3. Resuspend each dried lipid extract in liquid chromatography–mass spectrometry (LC-MS) 244 
grade isopropanol:methanol (2:1, v:v) containing 20 mM ammonium formate, using volumes 245 
equivalent to an optimal sample dilution factor as determined in step 7.1.  246 
 247 
7.4. For an untargeted lipid analysis, samples may be introduced directly to the high 248 
resolution/accurate mass spectrometry platform without the use of chromatography by flow 249 
injection or direct infusion of extracts35,36. Transfer the diluted lipid extracts prepared in step 7.3 250 
to an appropriate autosampler vial or 96-well plate.  251 
 252 
7.5. For flow injection-based analysis, place the autosampler vials into a temperature-253 
controlled (15 °C) autosampler of an HPLC system capable of capillary/low flow applications, such 254 
as a HPLC (Table of Materials) equipped with an electronic flow proportioning and flow 255 
monitoring system.  256 
 257 
7.6. Fill the HPLC solvent reservoirs with LC-MS grade isopropanol:methanol (2:1, v:v) 258 
containing 20 mM ammonium formate. 259 
 260 
7.7. Using Agilent Chemstation software, program the HPLC autosampler to perform 5 µL 261 
sample injections. From the Instrument menu, select Set Up Injector, and type 5.0 in the 262 
Injection Volume field. The units are given as microliters. Ensure that the HPLC is set to isocratic 263 



flow at 1 µL per min of 2:1 (v:v) isopropanol:methanol containing 20 mM ammonium formate.  264 
 265 

7.8. From the Chemstation Instrument menu, select Set Up Pump… and then select the Micro 266 
Flow mode toggle switch.  267 

 268 
7.9. In the Timetable fields, enter: Time 0.00, 100% B, Flow 1.0. Hit Enter and create a second 269 
row in the Timetable by entering Time 10.0, 100% B, Flow 1.0. Select the OK button at the 270 
bottom of the Set Up Pump menu. These settings will enable 10 analytical runs at a flow rate of 271 
1.0 µL per minute. 272 
 273 
7.10. Introduce eluate from the HPLC transfer line to the mass spectrometer using an 274 
electrospray ionization source fitted with a low-flow (34 G) metal needle.  275 

 276 
7.11. Using Thermo Tune Plus instrument control software, select the Setup menu and select 277 
Heated ESI Source. Set the ionization voltage to 4000 V and sheath gas to 5 (arbitrary units) by 278 
typing these values into the corresponding fields of the dialogue box. Similarly, set the Capillary 279 
Temp to 150 °C and the S-lens to 50%.  280 

 281 
NOTE: These values need to be optimized for each mass spectrometry platform. 282 
 283 
7.12. For untargeted lipid analysis, use a high resolution/accurate mass MS platform (Table of 284 
Materials) as the detector.  285 
 286 
7.13. Using Thermo Tune Plus software, click the Define Scan button, and in the Analyzer menu 287 
select FTMS. Set the Mass Range field to Normal and in the Resolution field select 100,000. 288 
Ensure that Scan Type is set to Full. Under the Scan Ranges menu, enter 200 in the First Mass 289 
(m/z) field, and enter 2000 in the Last Mass (m/z) field.  290 
 291 
7.14. Ensure that negative polarity is utilized to detect the most abundant S. aureus lipids.  292 
 293 
7.15. Repeat the sample analysis using ion mapping tandem mass spectrometry (MS/MS) 294 
fragmentation of all lipid ions within a spectral region of interest in order to confirm lipid 295 
structures and fatty acid constituents. Alternatively, selected lipid ions of interest may be 296 
subjected to MS/MS analysis after initial lipid identifications have been assigned in Section 8. 297 
 298 
8. Database searching to identify endogenous S. aureus and exogenous LDL-derived lipids  299 
 300 
8.1. Use Thermo Xcalibur software to further refine observed mass accuracy. In Xcalibur, 301 
under the Tools menu, select the Recalibrate Offline. After the Recalibrate Offline window 302 
opens, load the mass spectrum file to be recalibrated by selecting the File menu and selecting 303 
the Open option.  304 
 305 
8.2. Open the file of interest, toggle the Insert Row button at the top of the view window, to 306 
view the total ion chromatogram for the MS run. Average the acquired MS signals by left-clicking 307 



the computer mouse on one edge of the observed signal peak in the total ion chromatogram and 308 
dragging the mouse across the broadest part of the peak.  309 

 310 
8.3. Under the Scan Filter menu, select the filter corresponding to full scan MS data. Load a 311 
reference file containing the theoretical monoisotopic masses of at least three known S. aureus 312 
endogenous lipids by selecting the Load Ref… button and selecting the reference file. Check the 313 
Use box next to each lipid monoisotopic mass.  314 

 315 
8.4. Click the Search button at the bottom of the viewing window. Re-average the MS signal 316 
across the signal peak in the total ion chromatogram as done previously.  317 

 318 
8.5. Click the Convert button near the bottom of the viewing window. When the Convert 319 
dialogue box opens, click OK. Omit this step if data was collected on mass spectrometry platforms 320 
from vendors other than Thermo Scientific. 321 
 322 
8.6. Using Xcalibur software, export the recalibrated accurate mass peak lists for each 323 
untreated or LDL-treated sample to separate worksheets of an Excel file. Select the Qual Browser 324 
icon. Open the recalibrated file of interest by selecting the File menu and selecting the Open… 325 
option.  326 

 327 
8.7. Average the signal across the broad peak in the total ion chromatogram as described in 328 
step 8.2.  329 

 330 
8.8. Right click the thumbtack icon in the mass spectrum viewing window and select View | 331 
Spectrum List. From the same menu, select Display Options and then All Peaks toggle box in the 332 
Display menu. Click the OK button to close the viewing window.  333 

 334 
8.9. Right click the thumbtack icon in the mass spectrum viewing window again and select the 335 
Export | Clipboard (Exact Mass). Paste the exported data cell A1 of the first worksheet into a 336 
new Excel spreadsheet. 337 
  338 
8.10.  Delete the first 8 rows of text in the exported data file, such that cell A1 of the Excel 339 
spreadsheet contains the first mass data point from the mass spectrum. Repeat the exporting of 340 
each recalibrated MS file, using a new worksheet in the Excel file for each exported peak list.  341 
 342 
8.11. Using the Lipid Mass Spectral Analysis (LIMSA) software37 Add-In for Excel, construct a 343 
database containing molecular formulas of known S. aureus lipid species as described by Hewelt-344 
Belka et al. 201438, as well as formulas representing lipid species that could hypothetically be 345 
present in LDL.  346 
 347 
NOTE: Additionally, care should be taken to include potential molecular formulas in the database 348 
for hypothetical bacterial lipids that have incorporated major LDL fatty acids, such as oleic (18:1) 349 
and linoleic (18:2) fatty acids32.  350 
 351 



8.12. To construct the database, open a blank Excel spreadsheet. In cell A1 of the first 352 
worksheet, type the theoretical/computed monoisotopic mass of the lipid species to be added 353 
to the database, corresponding to the mass of the lipid species in the ionic state observed in the 354 
mass spectrometer. In cell B1, enter a name for the lipid species, such as PG(34:0).  355 

 356 
8.13. In cell C1, enter the molecular formula for the lipid species, corresponding to the ionic 357 
state of the lipid observed in the mass spectrometer. In cell D1, enter the charge of the lipid 358 
species as observed in the mass spectrometer. Move to cell A2 to begin a new entry for the next 359 
lipid species to be entered in the searchable database. 360 

 361 
8.14. Repeat the steps 8.12 and 8.13 until all desired lipid species have been entered into the 362 
database. Save the database file and leave it open in Excel.  363 

 364 
8.15. In Excel, select the Add-Ins menu in. Select LIMSA to start the LIMSA software. From the 365 
main menu, click the Compound Library… button. In the new window that appears, click Import 366 
Compounds. This will upload the compound database for use by the LIMSA software. 367 
 368 
8.15. Perform accurate-mass based lipid identifications on all MS spectra using the LIMSA 369 
software Add-In for Excel according to the vendor’s instructions35. From the LIMSA main menu, 370 
select Peak List under the Spectrum type menu. Select Positive mode or Negative mode to 371 
correspond with the polarity in which the MS data was acquired.  372 
 373 
8.16. In the Peak fwhm (m/z) window, enter the desired mass search window for peak finding. 374 
A mass tolerance search window of 0.003-0.005 m/z is recommended for high 375 
resolution/accurate mass MS data.  376 
 377 
8.17. In the Sensitivity window, enter the desired baseline cutoff (for example, 0.01% relative 378 
abundance). In the Isotope correction menu, select Linear fit or Subtract algorithms, either of 379 
which may be used with peak list data.  380 
 381 
8.18. Highlight lipid compounds to include in the database search by clicking on desired lipid 382 
species within the Available Compounds window. Click the Add button to add highlighted lipid 383 
species to the search group.  384 
 385 
8.19. Define internal standards by clicking on added compounds, then changing the 386 
Concentration window to the corresponding concentration of the selected internal standard.  387 
 388 
8.20. Ensure that the internal standard and selected lipid species to be quantitated belong to 389 
the same class name by selecting each added lipid species and internal standard and typing a 390 
class name (such as PG or Lipid) in the Class field.  391 
 392 
8.21. To save the searchable group of lipid compounds for future use, click the Save button 393 
next to the Groups menu.  394 
 395 



8.22. Ensure that the Excel file containing all exported MS peak lists is open to the sheet 396 
corresponding to the first S. aureus MS run, and then click the Search button from the LIMSA 397 
main menu.   398 
 399 
NOTE: The output of the LIMSA database search will include a list of mass spectral features 400 
matched to lipids present in the database constructed in steps 8.12-8.13, as well as 401 
concentrations for each matched feature following normalization to one or more selected 402 
internal standards. 403 
 404 
8.23. Use Xcalibur software to examine accurate mass MS/MS spectra for m/z corresponding 405 
to lipid ions of interest in order to confirm fatty acid constituents present in each identified lipid 406 
molecular species. Select the Qual Browser icon. Open the MS/MS file of interest by selecting 407 
the File drop-down menu and selecting the Open… option.  408 
 409 
8.24. Select the scan filter corresponding to MS/MS analysis of a lipid m/z of interest by right 410 
mouse-clicking on the thumbtack icon in the mass spectrum viewing window and select Ranges 411 
from the menu. In the new window that appears, select the Filter menu to select the scan.  412 
 413 
8.25. Average the signal across the total ion chromatogram as described in step 8.2. Use 414 
MetaboAnalyst (www.metaboanalyst.ca) software to perform appropriate statistical tests. 415 
Evaluate statistically significant difference in S. aureus lipid composition by comparing 416 
normalized lipid abundances across untreated and LDL-treated conditions. 417 
 418 
REPRESENTATIVE RESULTS: 419 
The protocol for the enrichment of LDL from chicken egg yolk is illustrated in Figure 1. This 420 
process begins by diluting whole egg yolk with saline and separating the egg yolk solids referred 421 
to as granules from the soluble or plasma fraction containing the LDLs (Figure 1)33. The LDL 422 
content of the plasma fraction is further enriched by precipitation of the ~ 30-40 kDa β-livetins 423 
(Figure 2)33. The presence of protein bands at 140, 80, 65, 60 and 15 kDa correlate with the 424 
apoproteins of LDLs (Figure 2)33,39. Treatment with triclosan inhibits growth of S. aureus in fatty 425 
acid-free media32. We have previously demonstrated that supplementing cultures with egg yolk 426 
plasma or purified human LDLs as exogenous fatty acid sources overcomes triclosan-induced 427 
growth inhibition (Figure 3)32. Similarly, supplementation of triclosan-treated cultures with 428 
enriched egg yolk LDL restores growth (Figure 3). Further, addition of egg yolk LDLs support the 429 
growth of a previously characterized S. aureus fatty acid auxotroph (Figure 4)32. For the most 430 
accurate mass spectrometry-based profiling of S. aureus incorporation of exogenous fatty acids, 431 
it is important to limit the presence of free fatty acids in the growth medium. The free fatty acid 432 
composition of 1% tryptone broth and chicken egg yolk LDLs diluted in tryptone broth was 433 
determined by employing flow injection high-resolution/accurate mass spectrometry and found 434 
minimal quantities of free fatty acid (Figure 5). The same untargeted mass spectrometry analysis 435 
was performed to determine the fatty acid composition of S. aureus phospholipids after exposure 436 
to chicken egg yolk LDLs. Orthogonal partial least-squares discriminant analysis (OPLS-DA)40 of 437 
abundant S. aureus membrane phospholipids demonstrated clear class separation of untreated 438 
and chicken egg yolk LDL-treated conditions, as shown in the OPLS-DA scores plot (Figure 6A). 439 

http://www.metaboanalyst.ca/


The OPLS-DA loadings plot indicated numerous phosphatidylglycerol species as important 440 
variables in the PLS-DA model. Notably, phospholipids containing unsaturated fatty acids, a 441 
molecular marker of exogenous fatty acid incorporation, are enriched in the LDL supplemented 442 
cultures compared to cells incubated in the absence of LDLs (Figure 6B). Previous studies have 443 
found that chicken egg yolks are a rich source of unsaturated fatty acids with oleic acid (18:1) 444 
being the most abundant41,42. In agreement with these observations, we found oleic acid to be 445 
the most common unsaturated fatty acid utilized for phospholipid synthesis when S. aureus 446 
cultures were supplemented with chicken egg yolk LDLs (Figure 6C). Table 1 further illustrates 447 
that the fatty acid profiles of membrane phospholipids are altered when S. aureus is grown in the 448 
presence of egg yolk LDL. 449 
 450 
FIGURE AND TABLE LEGENDS: 451 
Figure 1: An illustration of LDL enrichment from chicken egg yolk utilizing centrifugation and 452 
ammonia sulfate precipitation. (A) The reagents necessary for the enrichment of LDL from 453 
chicken egg yolk. (B) The flow chart depicts the significant steps of the LDL enrichment process. 454 
 455 
Figure 2: Protein profile of chicken egg yolk prior to and after enrichment for LDL. Protein 456 
lysates were prepared using RIPA buffer. Protein lysate (15 µg) was loaded into an 8% acrylamide 457 
SDS-PAGE gel. Gels were stained overnight with Bio Rad Protein reagent. The molecular weights 458 
in kDa of LDL associated proteins are denoted along the right side of the image. M: protein 459 
marker, Y: chicken egg yolk, and LDL: chicken egg yolk LDL enrichment 460 
 461 
Figure 3: Egg yolk-derived LDLs protect S. aureus from triclosan-induced FASII inhibition. The 462 
growth of S. aureus was monitored over time via measurement of OD600 in 1% tryptone broth in 463 
the following conditions: 1% tryptone broth (TB), 1 µM triclosan (TCS), 1 µM triclosan with 1% 464 
egg yolk plasma (TCS + EYP), 5% egg yolk LDL (LDL), or 1 µM triclosan with 5% egg yolk LDL (TCS 465 
+ LDL). The mean from three independent experiments is shown. Error bars represent the 466 
standard deviation of the mean. 467 
 468 
Figure 4: Growth of a S. aureus fatty acid auxotroph is supported by egg yolk-derived LDL. The 469 
growth of a fatty acid auxotroph in 1% tryptone broth (TB) with or without 5% egg yolk LDL (LDL) 470 
supplementation was monitored over time via measurement of OD600. The mean from three 471 
independent experiments is shown. Error bars represent the standard deviation of the mean. 472 
 473 
Figure 5: Free fatty acid content measured in 1% tryptone broth or chicken egg yolk LDL. Free 474 
fatty acids were detected by flow injection high-resolution/accurate mass spectrometry and 475 
tandem mass spectrometry. Normalized numbers of ions per mg of protein was determined for 476 
1% tryptone broth and 1% tryptone broth supplemented with 5% chicken egg yolk LDLs.  477 
 478 
Figure 6: Chicken egg yolk low-density lipoproteins are a reservoir of exogenous fatty acids for 479 
synthesis of S. aureus phosphatidylglycerol. (A) Scores plot of orthogonal partial least-squares 480 
discriminant analysis of chicken egg yolk LDL-treated and untreated S. aureus membrane 481 
phospholipids identified using high resolution/accurate mass spectrometry. (B) Percentage of 482 
unsaturated phosphatidylglycerol (UPG) compared to total membrane PG of S. aureus grown in 483 



the absence (WT) or presence (WT + LDL) of chicken egg yolk LDLs. (C) Unsaturated fatty acid 484 
(UFA) profile of membrane PG of S. aureus grown without (WT) or with (WT + LDL) chicken egg 485 
yolk LDLs graphed as a percentage of the amount of total PG fatty acids.  486 
 487 
Table 1: Fatty acid profile of S. aureus cultured in the presence of chicken egg yolk LDLs. We 488 
used an unbiased lipidomic analysis utilizing high-resolution/accurate MS and MS/MS to 489 
determine the fatty acid profile of S. aureus PG. S. aureus was incubated in the presence or 490 
absence of chicken egg yolk LDLs, and the PG profile of these cells was compared to that of cells 491 
cultured in 1% tryptone broth. 492 
 493 
DISCUSSION: 494 
S. aureus incorporates exogenous fatty acids into its membrane phospholipids27,32,43. 495 
Phospholipid synthesis using exogenous fatty acids bypasses FASII inhibition but also alters the 496 
biophysical properties of the membrane27,32,44. While incorporation of exogenous fatty acids into 497 
phospholipids of Gram-positive pathogens is well documented, gaps remain in the identity of 498 
host fatty acid reservoirs and the structural alterations to each of the three major staphylococcal 499 
phospholipid types that result from exogenous fatty acid incorporation. Here, we describe 500 
protocols which can be employed to: i) enrich LDL particles from chicken egg yolk, a source of 501 
fatty acids, ii) determine the effects of exogenous fatty acids on the growth of S. aureus, and iii) 502 
utilize an unbiased lipidomic analysis for monitoring exogenous fatty acid incorporation into 503 
membrane phospholipids of S. aureus. The advanced mass spectrometry method provided in this 504 
study offers an extraordinary perspective of the membrane composition of S. aureus grown in 505 
the presence of exogenous fatty acids. 506 
 507 
Several Gram-positive pathogens utilize exogenous fatty acids for membrane synthesis and, as 508 
with S. aureus, the possible sources of exogenous fatty acids during infection are poorly 509 
understood27,43. The growth analysis described here can be modified to evaluate the proliferation 510 
of other Gram-positive pathogens in the presence of lipoproteins if the growth kinetics of each 511 
pathogen are considered. Additionally, other complex host sources of exogenous fatty acids 512 
could be tested using this protocol if the potential effects of the fatty acid source on background 513 
optical density are controlled. Moreover, the described mass spectrometry method for analysis 514 
of bacterial lipids is sufficiently flexible to enable lipidome evaluation from virtually any bacterial 515 
species. As lipid accurate mass data is collected in ‘full scan’ MS mode, little a priori knowledge 516 
of the lipid content of the bacterial species of interest is required, unlike targeted analytical 517 
methods based on known fragmentation patterns of specific lipids32,45,46. In the ‘untargeted’ 518 
analytical workflow we describe, the downstream data analysis, and particularly the searching of 519 
accurate mass peak lists against a lipid database, are key steps that are highly adaptable and may 520 
support a broad range of bacterial species and experimental treatments. When constructing or 521 
choosing a searchable database to enable identification of lipid species, researchers must 522 
consider a wide range of hypothetical endogenous lipid species, while also allowing for detection 523 
of novel or unforeseen exogenous lipids derived from the experimental treatment. 524 
 525 
In the present study, a high resolution/accurate mass spectrometer (Table of materials) was 526 
employed due to its ultra-high resolution/accurate mass capabilities. Alternatively, numerous 527 



other high resolution/accurate mass spectrometry platforms could be successfully implemented 528 
to perform untargeted lipid analysis. Similarly, a wide range of sample introduction methods 529 
including direct infusion, desorption electrospray ionization, or matrix-assisted laser desorption 530 
ionization, that enable direct analysis of lipid extracts, could be utilized to rapidly collect 531 
untargeted lipidomic data. The inclusion of liquid chromatography prior to sample introduction, 532 
when used in combination with high resolution/accurate mass spectrometry, may permit the 533 
resolution of some isobaric lipid species during full-scan MS data collection. However, the 534 
inclusion of chromatography necessitates ensuring that the chromatographic method of choice 535 
is versatile enough to enable separation and detection of unanticipated or novel lipid species that 536 
may be present following experimental treatments. Database searching to identify lipids present 537 
in the dataset may be performed using any publicly available searchable database. While LIMSA 538 
software enables facile development of user-defined databases of tens of thousands of 539 
hypothetical lipid species, numerous other options exist for identifying lipids from high 540 
resolution/accurate mass MS peak lists. The LIPID MAPS consortium (www.lipidmaps.org) 541 
provides tools for searching computational and experimental databases of hypothetical lipids 542 
using high resolution/accurate MS-generated peak lists within a user-defined mass tolerance, 543 
and many software vendors offer their own solutions for analyzing lipidomics data. 544 
 545 
Successful growth curve and exogenous fatty acid analysis is dependent on several factors 546 
including LDL purity and limiting background fatty acid levels. Proper identification of the LDL-547 
containing fraction is crucial. The above protocol and Figure 1 illustrate the correct fraction to 548 
retain for each step of the enrichment process. We have had success with the use of 40% 549 
ammonium sulfate (purity ≥99.5%) for the precipitation and subsequent removal of β-livetins. 550 
However, others have reported that the purity and concentration of ammonia sulfate added to 551 
the egg yolk plasma can significantly impact this step47. Limiting ammonium sulfate 552 
contamination in the LDL enrichment is important for the LDL preparation to be used in bacterial 553 
assays, as high concentrations of ammonium sulfate can restrict growth48. During dialysis, ample 554 
free space in the dialysis tubing must be provided to allow for the diffusion and removal of the 555 
ammonium sulfate. Further optimization of the dialysis process may include additional water 556 
changes during the overnight incubation. We have found overnight dialysis to provide the best 557 
results, although Moussa et al. report dialysis of 6 h is sufficient. It is critical that the starting 558 
concentration of cells in the growth curves are kept consistent between trials. For S. aureus, 559 
diluting cells to an initial OD600 of 0.05 has provided the most consistent results. Additionally, 560 
high concentrations of FASII inhibitors can result in non-specific effects on bacterial cells. For 561 
example, triclosan concentrations above 7 µM induce cytoplasmic membrane damage in S. 562 
aureus, therefore it is necessary that the concentration of this compound remain below this 563 
level49. We have found a final triclosan concentration of 1 µM results in reproducible growth 564 
assays. When evaluating a potential source of exogenous fatty acids for bacterial phospholipid 565 
synthesis, it is important to minimize the fatty acid contribution of the culture medium. In the 566 
above assays, the culture medium of 1% tryptone supports adequate growth of S. aureus and has 567 
minimal fatty acid contamination29,32.  568 
 569 
Limiting background fatty acid levels is particularly important for downstream mass 570 
spectrometry-based fatty acid profiling. Others have reported the quantity of free fatty acids in 571 



chicken egg yolk is naturally low41 and our analysis supports this conclusion (Figure 5). Using 572 
tryptone broth and thoroughly washing cells with PBS after incubation are essential. Additionally, 573 
it is important to consider the growth phase of the cells. We chose mid-log phase cells to ensure 574 
ample bacterial phospholipid synthesis. Other potential contaminating sources of exogenous 575 
fatty acids may be introduced after bacterial growth, such as during the lipid extraction steps or 576 
subsequent sample preparation prior to mass spectrometry analysis50. Exogenous fatty acids 577 
introduced at any step of sample preparation could be detected as free fatty acids during mass 578 
spectrometry analysis. Baking laboratory glassware in a high temperature oven (at least 180 °C) 579 
overnight can remove exogenous fatty acids from test tubes used for lipid extraction and lipid 580 
storage. Additionally, laboratory supplies including plastics may be rinsed with methanol to 581 
reduce fatty acid background50. Residual fatty acids from previous analyses may also contaminate 582 
internal surfaces of the mass spectrometer itself. Inclusion of analytical blanks during mass 583 
spectrometry analysis for determination of background levels of free fatty acids is therefore 584 
strongly advised. 585 
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Phosphatidyl 

glycerol 

(TC:TDB)a

Normalized ion 

abundance/mg 

of protein SD Fatty acidsc

Normalized ion 

abundance/mg 

of protein

24:0 0 0 NDb 0.052031116

26:0 0 0 ND 0.009539117

28:0 0.127937113 0.04528 15:0_13:0 0.167643281

28:1 0.006765427 0.00157 ND 0.002776821

30:0 8.680180809 2.68375 15:0_15:0 14.04873592

30:1 0 0 ND 0.010152161

31:0 4.150511117 1.31658 16:0_15:0, 14:0_17:0 10.17590926

31:1 0.016156004 0.01216 13:1_15:0, 12:1_19:0 0.473478683

32:0 29.29259262 8.82993 15:0_17:0 48.24342037

32:1 0.02074815 0.00941 ND 0.307044942

33:0 9.000460122 2.78194 18:0_15:0, 16:0_17:0 15.4531776

33:1 0.162934812 0.04796 ND 2.921832928

33:2 0 0 ND 0.167492702

34:0 12.3064043 3.70242 19:0_15:0, 17:0_17:0 18.40129157

34:1 0 0 ND 1.423605186

34:2 0.000470922 0.00082 ND 0.156133734

35:0 5.727462455 1.74583 20:0_15:0, 18:0_17:0 7.771538992

35:1 0.17337586 0.05727 20:1_15:0 0.772202525

35:2 0 0 ND 0.038758757

36:0 0.671004303 0.2116 21:0_15:0, 19:0_17:0 0.967295024

36:2 0 0 ND 0.495485065

36:3 0 0 ND 0.059268233

37:0 0.060466411 0.01961 22:0_15:0, 20:0_17:0 0.114526894

38:2 0 0 ND 0.079469521

a
Detected as [M-H]

-
 ions. TC, total chain length; TDB, total number of double bonds.

b
ND, not determined

WT cultured in tryptone broth WT cultured in tryptone broth supplemented with LDLs

Table 1: Fatty acid profile of S. aureus cultured in the presence of chicken egg yolk LDLs

c
Fatty acids are listed in order of isomer abundance. An underscore between fatty acid designations indicates that each fatty acid may be present in either the SN1 or SN2 position, 

as tandem mass spectrometry alone cannot rule out the possibility that lipid species exist as a mixture of positional isomers.
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SD Fatty Acidsc

0.02677 ND

0.00362 ND

0.02392 15:0_13:0

0.00372 15:0_13:1

2.4531 15:0_15:0 

0.00449 15:1_15:0, 13:1_17:0 

1.88431 16:0_15:0, 14:0_17:0, 18:0_13:0

0.09063 13:1_15:0, 18:1_13:0, 12:1_19:0

8.95664 15:0_17:0, 16:0_16:0

0.07305 18:1_14:0, 16:1_16:0

2.98171 18:0_15:0, 16:0_17:0

0.30851 18:1_15:0 

0.03211 18:1_15:1, 18:2_15:0

3.21385 19:0_15:0, 17:0_17:0

0.20066 18:1_16:0

0.03929 18:2_16:0

1.28515 20:0_15:0, 16:0_19:0, 18:0_17:0

0.08526 20:1_15:0, 18:1_17:0

0.01481 18:2_17:0, 18:1_17:1

0.2572 21:0_15:0, 20:0_16:0, 19:0_17:0, 22:0_14:0

0.04473 18:1_18:1, 18:2_18:0

0.02291 18:2_18:1, 20:3_16:0, 20:2_16:1

0.01852 22:0_15:0, 20:0_17:0, 18:0_19:0

0.02872 18:2_20:0, 16:1_20:1

WT cultured in tryptone broth supplemented with LDLs

Table 1: Fatty acid profile of S. aureus cultured in the presence of chicken egg yolk LDLs

c
Fatty acids are listed in order of isomer abundance. An underscore between fatty acid designations indicates that each fatty acid may be present in either the SN1 or SN2 position, 

as tandem mass spectrometry alone cannot rule out the possibility that lipid species exist as a mixture of positional isomers.



Name of Material/ Equipment Company Catalog Number

Ammonium sulfate Fisher BP212R-1

Cell culture incubator Thermo MaxQ 6000

Centrafuge Thermo 75-217-420

Costar assay plate Corning 3788

Filter paper Schleicher & Schuell 597

Large chicken egg N/A N/A

Microplate spectrophotometer BioTek Epoch 2

NaCl Sigma S9625

S. aureus  strain AH1263 N/A N/A

Dialysis tubing Pierce 68700

Tryptone Becton, Dickison and Company 211705

0.5 mm zirconium oxide beads Next Advance ZROB05

Bullet Blender Next Advance BBX24B

Methanol (LC-MS grade) Fisher A4561

Chloroform (reagent grade) Fisher MCX10559

Isopropanol (LC-MS grade) Fisher A4611

Dimyristoyl phosphatidylcholine Avanti Polar Lipids 850345C-25mg

Ammonium bicarbonate Sigma 9830

Ammonium formate Sigma 70221-25G-F

Xcalibur software Thermo Scientific OPTON-30801
LTQ-Orbitrap Velos mass 

spectrometer Thermo Scientific

Agilent 1260 capillary HPLC Agilent

SpeedVac Vacuum Concentrators Thermo Scientific
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Comments/Description

≥99.5% pure

Sorvall Legen XTR, rotor F14-6x250 LE

96 well

Common store bought egg

Provided by Alex Horswill of the University of Colorado 

7,000 MWCO

≥99.5% pure

high resolution/accurate mass MS 
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http://www.jove.com/author) via:      Standard Access       Open Access 

Item 2 (check one box): 

 The Author is NOT a United States government employee. 

 The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

ARTICLE AND VIDEO LICENSE AGREEMENT 

1. Defined Terms.  As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries 
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
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recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MyJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties” 
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.

2. Background.  The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article.  In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article.  In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above.  The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats.  If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article.  Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included.  All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video – Standard Access.  This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above.  In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video.  To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above.  In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above.  The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials.  If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party.  The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have

2 
612542.6 



 

ARTICLE AND VIDEO LICENSE AGREEMENT 

full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 
 
11.  Indemnification.  The Author agrees to indemnify JoVE 
and/or its successors and assigns from and against any and all 
claims, costs, and expenses, including attorney’s fees, arising 
out of any breach of any warranty or other representations 
contained herein.  The Author further agrees to indemnify and 
hold harmless JoVE from and against any and all claims, costs, 
and expenses, including attorney’s fees, resulting from the 
breach by the Author of any representation or warranty 
contained herein or from allegations or instances of violation 
of intellectual property rights, damage to the Author’s or the 
Author’s institution’s facilities, fraud, libel, defamation, 
research, equipment, experiments, property damage, personal 
injury, violations of institutional, laboratory, hospital, ethical, 
human and animal treatment, privacy or other rules, 
regulations, laws, procedures or guidelines, liabilities and 
other losses or damages related in any way to the submission 
of work to JoVE, making of videos by JoVE, or publication in 
JoVE or elsewhere by JoVE.  The Author shall be responsible 
for, and shall hold JoVE harmless from, damages caused by 
lack of sterilization, lack of cleanliness or by contamination 
due to the making of a video by JoVE its employees, agents or 
independent contractors.  All sterilization, cleanliness or 
decontamination procedures shall be solely the responsibility 
of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 
JoVE’s attorney’s fees and costs related to said losses or 
damages.  Such indemnification and holding harmless shall 
include such losses or damages incurred by, or in connection 
with, acts or omissions of JoVE, its employees, agents or 
independent contractors. 
 
12.  Fees.  To cover the cost incurred for publication, JoVE 
must receive payment before production and publication the 
Materials. Payment is due in 21 days of invoice. Should the 
Materials not be published due to an editorial or production 
decision, these funds will be returned to the Author. 
Withdrawal by the Author of any submitted Materials after 
final peer review approval will result in a US$1,200 fee to 
cover pre-production expenses incurred by JoVE.  If payment is 
not received by the completion of filming, production and 
publication of the Materials will be suspended until payment is 
received. 
 
13.  Transfer, Governing Law.  This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees.  This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to any 
conflict of law provision thereunder.  This Agreement may be 
executed in counterparts, each of which shall be deemed an 
original, but all of which together shall be deemed to me one 
and the same agreement.  A signed copy of this Agreement 
delivered by facsimile, e-mail or other means of electronic 
transmission shall be deemed to have the same legal effect as 
delivery of an original signed copy of this Agreement.   
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January 20th, 2019 
 

Dear Dr. Wu,  
 

Thank you for providing Editorial Comments, we have addressed all 18 
comments in the attached revised manuscript. Additionally, the reviewers made 
excellent suggestions that we also addressed. Below is our point-by-point 
response to each comment. We thank the reviewers for taking the time to assess 
our manuscript. 
 
Reviewer #1 Concerns: 
 
No major concerns noted. 
 
Minor Concerns: 
 
1. It is likely that for many users, the mass spectrometry analyses would be 
conducted by a core facility. Therefore, while the methodological description may 
still be a valuable resource, the description of lipoprotein extraction from egg yolk 
will likely be more useful to JoVE readers. 
 
We agree with Reviewer #1’s assessment that enrichment of LDL from chicken 
egg yolk is the more pertinent aspect of our manuscript. However, the advantage 
of describing the mass spectrometry is that it provides a resource for researchers 
to obtain a deeper understanding of the technique beyond submission to a core 
facility, if they so choose.  
 
2. Section 4, "Bacterial growth assessment of LDL preparation" does not include 
any specific instructions related to growth with exogenous lipoprotein 
supplement. For example, instruction line 4.2 simply states that overnight cultures 
should be diluted to an OD of 0.05, but does not specify that the cells should be 
diluted into 1% Tryptone broth, or Tryptone broth containing 5% egg yolk 
lipoprotein. 
 
We added this information to Step 4.2 (lines 154-158) and thank the reviewer for 
noting this omission. 
 
3. Section 6; "Extraction of S. aureus membrane lipids" line 6.1 could specify the 
mass of beads to be added. This section might also mention that although use of 
beads is your preferred method, that this may not be strictly necessary since a 
number of studies continue to cite the classic method of Bligh and Dyer. 
Alternately, explain why you believe that your protocol is superior.  
 
We comment that the Bligh and Dyer method is an alternative to our lipid 
extraction protocol (Step 6.1, lines 195-198), giving readers access to another 
acceptable approach for extracting lipids.   
 
Reviewer #2 Concerns: 
 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Revision cover
letter.docx

https://www.editorialmanager.com/jove/download.aspx?id=973158&guid=b7c94be0-a5f8-428b-a371-aa6387448365&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=973158&guid=b7c94be0-a5f8-428b-a371-aa6387448365&scheme=1


No major concerns noted. 
 
Minor Concerns: 
 
1. In the Abstract it is more correct to say fatty acids incorporated into the 
phospholipids rather than complexed within the phospholipids - this is what the 
mass spec shows after all. 
 
We have made the correction (line 42) and thank the reviewer for noting this 
improvement.  
 
2. I don't know whether it is necessary to mention this but egg yolk agar is used 
to demonstrate lipase activity in Clostridium species. It's interesting, just saying. 

 
This is an excellent point and agree that the use of chicken egg yolk as a 
diagnostic for bacterial pathogen lipase activity is fascinating. However, this 
property of chicken egg yolk is beyond the scope of this manuscript. It would also 
be interesting to know if Clostridium species incorporate chicken egg yolk-derived 
fatty acids into their membrane lipids. We mention that our protocol can be used 
to monitor fatty acid incorporation in other bacterial species in the discussion.  
 

In total, we appreciate the reviewers’ excellent comments and feel that 
they have contributed to much improved manuscript. Please contact me if there 
is any additional information you require. 
 
Sincerely, 

 
Neal D. Hammer, Ph.D. 
5163 Biomedical Physical Sciences 
Dept. Microbiology & Molecular Genetics 
Michigan State University 
East Lansing, MI 48824-4320 
(517) 884-5347 FAX: (517) 353-8957 
 
web page: https://sites.google.com/view/hammerlaboratorymsu/home 
Microbiology and Molecular Genetics: http://www.biomolecular.msu.edu 
 


