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Abstract 
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Abstract: 
1-Butanol has been utilized widely in industry and can be produced or transformed by microbes. 

However, current knowledge about the mechanisms of 1-butanol tolerance in bacteria remains quite 

limited. In this research project, we applied untargeted metabolomics to study Bacillus subtlis cells 

under 1-butanol stress and identified 55 and 37 ions with significantly increased and decreased 

levels, respectively. Using accurate mass determination, tandem mass spectra, and synthetic 

standards, 86% of these ions were characterized. The levels of phosphatidylethanolamine, 

diglucosyldiacylglycerol and phosphatidylserine were found to be upregulated upon 1-butanol 

treatment, whereas those of diacylglycerol and lysyl phosphatidylglycerol were downregulated. Most 

lipids contained 15:0/15:0, 16:0/15:0 and 17:0/15:0 acyl chains, and all were mapped to membrane 

lipid biosynthetic pathways. Subsequent two-stage quantitative real-time reverse transcriptase PCR 

analyses of genes in the two principal membrane lipid biosynthesis pathways revealed elevated 

levels of ywiE transcripts in the presence of 1-butanol and reduced expression levels of cdsA, pgsA, 

mprF, clsA and yfnI transcripts. Thus, the gene transcript levels showed agreement with the 

metabolomics data. Lastly, the cell morphology was investigated by scanning electron microscopy, 

which indicated that cells became almost two-fold longer after 1.4 % (v/v) 1-butanol stress for 12 h. 

Overall, the studies uncovered changes in the composition of glycerolipids and phospholipids in B. 
subtilis under 1-butanol stress, emphasizing the power of untargeted metabolomics in the discovery 

of new biological insights. The obtained knowledge from this project provides a good basis for 

further studying 1-butanol tolerance mechanisms, as well as engineering B. subtilis to be more 

tolerance to 1-butanol in the future. 

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

is available at Springer via http://dx.doi.org/10.1007/s00253-015-6692-0.) 
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บทคดัยอ่: 
1-บวิทานอลเป็นสารทีÉใชแ้พร่หลายในอุตสาหกรรม และสามารถผลติหรอืเปลีÉยนรปูไดโ้ดยใชเ้ชืÊอจุลนิทรยี ์
อย่างไรกต็าม ความรูเ้กีÉยวกบักลไกความทนต่อ 1-บวิทานอลในแบคทเีรยียงัค่อนขา้งจาํกดั โครงการวจิยันีÊจงึ
ประยุกตใ์ชว้ธิเีมตาบอโลมกิสอ์ยา่งไม่เจาะจงเพืÉอศกึษาเซลลบ์าซลิลสั ซบัทลิสี ภายใตค้วามเครยีดจาก 1-บวิ
ทานอล และระบุไอออนจาํนวน 55 และ 37 ไอออนทีÉมปีรมิาณเพิÉมขึÊนและน้อยลงเมืÉออยูใ่ตส้ภาวะนีÊ 
ตามลาํดบั 86 เปอรเ์ซน็ตข์องไอออนจาํนวนนีÊไดร้บัการระบุเอกลกัษณ์โดยใชข้อ้มลูค่ามวลแม่นยาํ แทนเดม
แมสสเปกตรมั และการเทยีบค่ากบัสารมาตรฐาน สารฟอสฟาทดิลิเอทานอลามนี ไดกลโูคซลิไดเอซลิกลเีซ
อรอล และฟอสฟาทดิลิซรินีมปีรมิาณเพิÉมขึÊนเมืÉอม ี1-บวิทานอล ในภาชนะเลีÊยงเชืÊอ สว่นไดเอซลิกลเีซอรอล 
และไลซลิฟอสฟาทดิลิกลเีซอรอลมปีรมิาณลดลง ไขมนัสว่นใหญ่ประกอบดว้ยโซ่เอซลิ 15:0/15:0, 16:0/15:0 
และ 17:0/15:0 และอยูใ่นวถิชีวีสงัเคราะหข์องเมมเบรนลพิดิ การวเิคราะหด์ว้ยเทคนิคปฏกิริยิาลกูโซ่พอลเิมอ
เรสแบบเวลาจรงิของยนีในวถิชีวีสงัเคราะหข์องเมมเบรนลพิดิ 2 วถิหีลกั แสดงใหเ้หน็การเพิÉมขึÊนของยนี 
ywiE เมืÉอม ี1-บวิทานอล และการลดลงของยนี cdsA, pgsA, mprF, clsA และ yfnI การเปลีÉยนแปลงของ
ปรมิาณยนีนีÊสอดคลอ้งกบัขอ้มลูเมตาบอโลมกิส ์สดุทา้ย การศกึษาสณัฐานวทิยาของเซลลด์ว้ยกลอ้ง
จุลทรรศน์อเิลก็ตรอนแบบสอ่งกราดทาํใหท้ราบว่า เซลลย์าวขึÊนเกอืบ 2 เทา่ หลงัอยู่ภายใตค้วามเครยีดจาก 
1-บวิทานอล ปรมิาณ 1.4 เปอรเ์ซน็ต ์เป็นเวลา 12 ชั Éวโมง โดยภาพรวม การวเิคราะหเ์มตาบอโลมกิสอ์ย่างไม่
เจาะจงแสดงใหเ้หน็การเปลีÉยนแปลงองคป์ระกอบของกลเีซอโรลพิดิและฟอสโฟลพิดิในบาซลิลสั ซบัทลิสิ 
ภายใตค้วามเครยีดจาก 1-บวิทานอล ซึÉงเน้นยํÊาใหเ้หน็ถงึความสามารถของเมตาบอโลมกิสอ์ย่างไม่เจาะจงใน
การคน้พบความเขา้ใจอย่างลกึซึÊงทางชวีวทิยาใหม่ๆ องคค์วามรูท้ีÉไดใ้นงานวจิยันีÊจะเอืÊอต่อการนําไปศกึษา
กลไกและพฒันาการทนต่อ 1-บวิทานอลของบาซลิลสั ซบัทลิสีในเชงิลกึต่อไป  
 
คาํหลกั: เมตาบอโลมกิส,์ บาซลิลสั ซบัทลิสี, การทนต่อ 1-บวิทานอล, เมมเบรนลพิดิ 
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Executive Summary 

 1-butanol (or n-butanol) has been utilized in a wide variety of industries as a solvent and a 

stabilizer, and is considered currently as a promising second-generation biofuel. It is also a starting 

material for various valuable industrial products, such as paints, plastics, and polymers. Due to the 

recent lowering supply of petroleum oils, as well as the needs for highly efficient or specific 

transformation of chemicals, there are increasing efforts for finding strategies to produce, use, or 

transform 1-butanol. One attempt to approach this question is by using a genetically engineered 

microbe. However, the often-encountered problem here involves low yielding of desired products, 

which in most cases, are caused from inability of the microorganisms to tolerate high concentration 

of 1-butanol itself either as a starting material or product.  

One way to improve 1-butanol tolerance of microbes is by understanding how they 

metabolically respond to and survive in an environment containing some amount of 1-butanol. In this 

proposal, liquid chromatography–mass spectrometry-based untargeted metabolomics analysis was 

therefore explored to identify lipophilic metabolites changed under 1-butanol stress in the cells of B. 
subtilis strain 168 (a model laboratory strain). After the characterization by bioinformatics, chemicals 

(using standards), tandem mass spectrometry, and comparison of retention time techniques, the 

levels of phosphatidylethanolamine, diglucosyldiacylglycerol and phosphatidylserine were found to be 

upregulated upon 6 hours of 1% (v/v) of 1-butanol treatment in Spizizen’s minimal media (SMM), 

whereas those of diacylglycerol and lysyl phosphatidylglycerol were downregulated. Their levels 

were subsequently found by quantitative real-time reverse transcriptase PCR analyses (qRT-PCR) to 

correlate well with those of biosynthetic genes in the membrane lipid biosynthetic under 1-butanol 

stress, including upregulated ywiE gene and downregulated cdsA, pgsA, mprF, clsA and yfnI genes. 

Scanning electron microscope also revealed that the B. subtilis cells became almost two-fold longer 

(3.91 ± 0.66 µm vs. 1.98 ± 0.27 µm) when in contact with 1.4% (v/v) of 1-butanol in Luria-Bertani 

(LB) medium, which might help decrease surface-to-volume ratio, thereby alleviating their direct 

contacts with 1-butanol.     

In summary, the research endeavors in this report not only uncover the metabolic 

responses of the microbe to 1-butanol stress, but also reveal metabolites and metabolic pathways 

responsible for improved tolerance of B. subtilis in 1-butanol. This knowledge will potentially allow us 

to better design an organism by perturbing their metabolic pathways or suggest novel strategies to 

achieve the desired outcomes. In a broader context, this project also leads to the establishment of 

untargeted metabolomics platforms for analyzing lipophilic metabolites, which can be applied to 

solve other biological and biochemical problems in the near future. 
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Introduction 
Due to the decreasing supply of petroleum oil, increasing efforts have been spent on finding 

sustainably renewable resources for the production of fuels and related industrial chemicals in recent 

years. One such effort includes employing microorganisms to produce or transform compounds of 

interest, such as biofuels.  

1-Butanol is a short chain alcohol, which has gained increasing attentions as a potential 

alternative biofuel1,2, since it has many advantageous properties over ethanol, including its higher 

energy density and its lower vapor pressure, corrosiveness and solubility in water3. 1-Butanol has 

also been used widely in industries as a solvent, stabilizer and as a precursor in the production of 

paints, polymers and plastics4. 

Microbial production of 1-butanol has long been possible industrially using the acetone-

butanol-ethanol (ABE) production by suitable ABE microbes5. The process turns starch or sugars 

from molasses into 1-butanol, typically using the natural 1-butanol-producing strain, Clostridium 
acetobutylicum, as a fermentation host1. However, one of the main problems is the low yield of 1-

butanol, due to its toxicity even to the producing host. In fact, the bacterial growth is inhibited at only 

about 2 % (v/v) of 1-butanol6. The same problem with 1-butanol toxicity would need to be resolved 

as well, if microbes were to be employed for the conversion of 1-butanol to other industrially 

important compounds or in bioremediation. 

Bacillus subtilis is one of the best-characterized Gram-positive bacteria7. It is non-

pathogenic and has been considered an important industrial strain, especially for the synthesis of 

enzymes via heterologous expression. In terms of 1-butanol tolerance, it was shown that B. subtilis 

had the highest tolerance in 1-butanol of the other six commonly used mesophilic, facultatively 

anaerobic biofuel producing hosts8. B. subtilis strain GRSW2-B1 was also one of the microorganisms 

isolated from seawater samples in Thailand in a screen to find bacteria with a higher tolerance to 1-

butanol9. 

One way to aid obtaining a 1-butanol-tolerant strain of bacteria is by truly understanding 

how bacteria respond to 1-butanol-induced stress metabolically, since these metabolites might be 

crucial for the survival and tolerance of the microorganisms in 1-butanol. Consequently, 

supplementing such metabolites or their precursors into the growth medium or genetically 

engineering genes in the involved metabolic pathways to manipulate their levels might enhance the 

1-butanol tolerance in bacteria. 

Therefore, we set out to search for metabolite changes in response to 1-butanol stress in B. 
subtilis strain 168 (a laboratory strain) using an untargeted metabolomics approach to assay 

lipophilic compounds. The methods for the detection, quantitation and identification of lipophilic 

metabolites, and the observed changes in the levels of glycerolipids and phospholipids induced by 1-

butanol are reported. Subsequent, two-stage quantitative real-time reverse transcriptase PCR (qrtRT-

PCR) and scanning electron microscopy (SEM) were performed to attempt to link the observed 

changes in these metabolites to the expression level of their likely key gene transcripts and the 

changes in the cell morphology of B. subtilis, respectively. 
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Objectives 

I. Metabolomics analysis of B. subtilis strain 168 in the presence and absence of n- butanol. This 

aim is to use untargeted metabolomics strategies to measure lipophilic metabolite levels in B. 
subtilis incubated with and without n-butanol to enable the discovery of lipophilic metabolites 

potentially responsible for improving tolerance of B. subtilis in n-butanol. 
II. Characterization of metabolites whose levels are altered in n-butanol-treated samples. In this aim, 

we use various bioinformatics, chemical, analytical, and chromatographic techniques to 

characterize metabolite changes in aim 1, especially those elevated in n-butanol-treated samples. 

III. Linking metabolites with altering levels characterized in aim 2 to their biosynthetic pathways and 

thus to the related genes. The metabolites are searched on KEGG pathway database and in 

literature to find such connections. 

IV. Investigation of cell morphologies of B. subtlis strain 168 under n-butanol treatment. 

 
Research Methodology 

Bacterial Strains and Growth Conditions. Bacillus subtilis strain 168 was provided by the 

Bacillus Genetic Stock Center (BGSC). Unless otherwise stated, bacteria were grown aerobically at 

200 rpm, 37 qC in Spizizen’s minimal media (SMM; 2 g L-1 (NH4)2SO4, 14 g L-1 K2HPO4, 6 g L-1 

KH2PO4, 1 g L-1 sodium citrate and 1 mM MgSO4) supplemented with carbon sources (5 g L-1 

glucose, 20 mg L-1 L-tryptophan, and 18 mg L-1 L-phenylalanine) and trace elements (5.5 mg L-1 

CaCl2, 15.3 mg L-1 FeCl3�6H2O, 1 mg L-1 MnCl2�4H2O, 1.7 mg L-1 ZnCl2, 0.43 mg L-1 CuCl2�2H2O, 

0.6 mg L-1 CoCl2�6H2O, 0.6 mg L-1 NaMoO4�2H2O and 0.47 mg L-1 Na2SeO4) as reported 

previously10-12.  
Specifically, cultures (5 mL) of B. subtilis strain 168 were grown overnight and diluted 50-

fold into 20 mL of fresh SMM medium. The cells were then allowed to grow to late lag phase (optical 

density at 600 nm (OD600) of ~0.2–0.3), before they were treated with the indicated concentrations of 

1-butanol (TCI  > 99.0 %) or water as control and then grown further until the predetermined time. 

For the construction of growth curves, experiments were performed in triplicate and samples were 

collected every 3 h after treatment with 1-butanol to measure the OD600. For the metabolomics and 

qrtRT-PCR analyses, cells were harvested 6 h after 1 % (v/v) 1-butanol was added to the culture. 

Metabolites Extraction. Cell pellets were collected upon centrifugation of cultures (20 mL) 

at 4500g, 4 qC for 15 min, washed once with 20 mL of SMM medium without trace elements or 

carbon sources and then resuspended in 3 mL of fresh SMM. Extraction was then performed as 

described previously with slight modifications13. Briefly, the cell suspension was extracted with a 9 

mL solution of 2:1 (v/v) ratio of chloroform (CHCl3): methanol (MeOH) mixture in a glass vial and 

centrifuged at 1000g for 5 min to separate the organic layer (bottom) from the aqueous layer (top). 

Subsequently, the organic layer was carefully transferred to another vial and concentrated to 

dryness under a steam of nitrogen. Samples were stored at −20 qC and dissolved in 200 µL CHCl3 

prior to analysis by liquid chromatography (LC)–mass spectrometry (MS).        
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LC–MS Analysis of Metabolomes. The LC–MS analysis was modified from that reported 

previously14. Briefly, the analysis was performed using Waters Alliance e2695 LC coupled to Bruker 

MicrOTOF Q-II MS instruments. For the LC analysis in the positive ion mode, a Luna C5 column (5 

µm, 4.6 mm u 50 mm) was used together with a precolumn (Phenomenex). Mobile phase A was 

composed of 95/5 water/ MeOH, and mobile phase B was made up of a 60/35/5 isopropanol/ 

MeOH/ water mixture. In addition, 0.1 % (v/v) formic acid and 5 mM ammonium formate were added 

to both A and B to serve as solvent modifiers. The 60-min gradient started at 0 % B for 5 min at 0.1 

mL min-1 before abruptly changed to 20 % B and then increased linearly to 100 % B over 40 min at 

0.4 mL min-1. The gradient remained at 100 % B for 8 min at 0.5 mL min-1 before ending with 

equilibration of the column at 0 % B for 7 min at 0.5 mL min-1.    

A similar LC analysis was performed in the negative ion mode except that samples were 

separated on a Gemini C18 column (5 µm, 4.6 mm u 50 mm; Phenomenex), and both mobile 

phases A and B were supplemented with 0.1 % (v/v) ammonium hydroxide as solvent modifiers 

instead. MS analysis was performed with an electrospray ionization source. The parameters were 

set as follows: end plate offset at −500 V, capillary voltage at 4000 V, Nebulizer pressure at 3 bar, 

dry gas at 8 L min-1, dry temperature at 200 °C and collision RF at 150 Vpp. Data was collected in 

the profile mode with a mass range of 100–1500 Da. Mass axis calibration was performed for each 

individual analysis using 10 mM sodium formate solution. For each run, 40 μL of metabolite extract 

was injected into the system for analysis. 

LC–MS Untargeted Data Analysis. The total ion chromatograms were obtained for the two 

groups of samples (control vs. those stressed with 1 % (v/v) 1-butanol) in quadruplicate (giving a 

total of eight chromatograms in each ion mode). The chromatograms were analyzed in two steps. In 

the first step, automated data analysis by the XCMS program15 was performed to compare the 

metabolite profiles of the 1-butanol-treated samples with those of the untreated control samples so 

as to identify, match and quantify the ions in the LC–MS chromatographs of all samples. Then in the 

second stage, manual analysis of the XCMS output files was performed to obtain a final list of 

statistically-significant changing ions. 

 The automated data analysis step was performed as reported previously13. However, 

because of the differences in instruments employed, the conversion of the Bruker .d files to the 

mzXML format was achieved using the CompassXport software. The final XCMS output file 

contained the following information for each ion: average mass-to-charge ratio (m/z), average 

retention time, and integrated mass ion intensity (peak area; MSII) for each of the LC–MS 

chromatograms. 

 In the next step, manual analysis began with normalization of each ion by dividing the MSII 

of the ion by the OD600 of the culture from which it was derived to give a normalized MSII (nMSII) to 

control for any large differences in the cell number (as OD600 values) of the different samples 

(observed variance was 1.7- to 2.0-fold differences). To make each nMSII value closer to that of 

MSII, the nMSII was multiplied by the average OD600 of all eight samples in each mode to obtain the 

adjusted MSII (aMSII). The resulting values were then averaged within each group and subsequently 
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employed to calculate the fold changes (i.e., aMSII of control/ aMSII of 1-butanol-treated samples, or 

vice versa) for each ion.  

To identify metabolites that were elevated or decreased upon addition of 1-butanol to B. 
subtilis cultures and not artifacts of differing cell numbers between cultures, certain criteria were set 

to filter out non-changing or unreal metabolites from the ion list. Specifically, these filters consisted 

of (i) a minimum fold changes of ≥ 4, (ii) statistical significance (t-test with p < 0.05), and (iii) a 

minimum MSII of 30,000 in the elevated samples (which was approximately five times the limit of 

detection of the instruments). Subsequently, the remaining ions on the list were visually inspected for 

the peaks in the extracted ion chromatogram to eliminate isotopic ions or any false positives. Lastly, 

another set of experiments were repeated in triplicate for control and quadruplicate for 1-butanol-

treated samples to confirm changes in the levels, as well as the presence of these ions in the final 

list. 

 Tandem MS Experiments. The MS/MS analyses were performed on every changing ion on 

the final list in previous part using a Waters Alliance e2695 instrument coupled to Bruker MicrOTOF 

Q-II instrument. The tandem MS analyses were performed in Auto MS/MS mode with instructions to 

include ions of interest in the precursor ion list using a target isolation width of 0.5. The number of 

precursor ions was set to 3 ions, and active exclusion was activated to exclude the ions after 

obtaining 3 MS/MS spectra and release the exclusion after 0.30 to 1.00 min. Collision energies were 

set at 35 V for m/z 500.00, 50 V for m/z 1000.00 and 70 V for m/z 2000.00. When an isolation mass 

was not exactly these values, the collision energies were then interpolated automatically from those 

of the two closest m/z values. Data were collected in the profile modes using a mass range of either 

50–1500 Da or 100–1500 Da. Metabolites from the extract (40 μL) or chemical standards (500 

pmol) were separated using the same LC conditions as in the section “LC–MS analysis of 

metabolomes” before coupling to the tandem MS analyses.   

Total RNA Isolation and Two-stage qrtRT-PCR Analysis. Cell pellets were collected by 

centrifugation of the cultures (5 mL for control and 10 mL for 1-butanol-stressed samples) at 4500g, 

4 qC for 15 min, and then washed once with SMM medium without trace elements or carbon 

sources using the same volumes as the cultures they were harvested from. Total RNA was isolated 

immediately from the washed cell pellets using the GF-1 Total RNA Extraction kit (Vivantis). In the 

first stage qrtRT-PCR, 4 µg of the total RNA was converted to cDNA using the RevertAid First 

Strand cDNA Synthesis kit (Thermo Scientific), according to the manufacturers’ instructions. 

Subsequently, for each sample the respective cDNA solution was diluted 10- or 50-fold and then 

used as the template in the second stage qrtRT-PCR analysis using the SsoAdvanced™ SYBR® 

Green Supermix (Biorad). The primer sequences (Integrated DNA Technologies) for the amplification 

of the target genes are listed in Table 1, along with those of gyrase B (gyrB) that served as an 

internal control. Finally, data analysis was conducted by using the 2–''Ct method to calculate the 

relative amount of target mRNA in the 1-butanol-treated samples vs. the control. The 'Ct values 

were subjected to Student’s t-test, and only those with p < 0.05 were considered significant. 
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Table 1. Oligonucleotides Used for Amplification of Target Genes in the Second Stage qrtRT-PCR 

Gene Primer sequence (5’ to 3’) Amplicon 
size (bp) 

   
cdsA TGG TTT CAC TGC CGG GTT TG 92 
 GGA AAT CCC GTC CGC TTC AA  
   
pssA CAA AGC AAG CTC CCG ACG TT 108 
 GCA AGT GCC GAT TGC CAG AA  
   
psd GGC AGC CGA AAT GTC CTG AT 95 
 TCC TCG CCG ATC TCC AAT TCA  
   
ugtP GGC TAT GTG GAG CGC ATT GA 91 
 TGG CTG TGG CTT CTG TCA AA  
   
yfnI TGA TGC CGA GCT GAC AAT GG 94 
 AGG AAG CGA CTG GTA GGT GTT  
   
yflE CGC TGG CTG TTG GAC TTG AT 137 
 AAC CTG GCA GTT GCG GAA TC  
   
dgkB ACG ACG TGC CAA GCA AAC TG 83 
 ACG AAG TGA AGG CAG CAT TTC C  
   
pgsA AGA CTG GGT GGA CGG GTA TT 139 
 CCA AGC TGG AGC GAG ATC AA  
   
mprF CAA TGA AGC GGC TCG AAA CGA 82 
 ACC GCA CGC TGA ACA ACA AG  
   
clsA AGC CCG ATC ACG CCT TTG TA 147 
 CTG TGC CGA CTG AAG CGA TTT  
   
clsB CCA ACA TTG CCC AAG CGA AGA 147 
 CCA GCG GAT GGT CTG ATT TCA TC  
   
ywiE AAA TAG GGC GTG GCG ATC CA 127 
 CCG TGG AAG GAG GAG GCA TTT A  
   
gyrB AAG CTG GGC AAC TCA GAA GCA CGG 138 
(control) AGC CAT TCT TGC TCT TGC CGC C  
   

 
Cell Morphology. Cultures (20 mL) of B. subtilis strain 168 were prepared as detailed 

(Bacterial strains and growth conditions section), except that Luria-Bertani (LB) medium was used 

instead of SMM. Cells were allowed to grow in the absence (control) or presence of 1.4 % (v/v) 1-

butanol for 12 h and then were harvested for cell morphology analysis by SEM as reported16. In 

brief, to perform the SEM analysis, cells were collected by filtration through a 0.4 µm membrane and 

fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for 2 h. The solution was then 

removed and the cells were washed twice with 0.1 M phosphate buffer (pH 7.2) and once with 

distilled water (5 min each). Next, specimens were prepared by dehydrating the cells in a graded 

ethanol series, followed by drying in a critical point dryer (Balzers, model no. CPD020) and gold-

mounting and coating using a sputter coater (Balzers, model no. SCD040). Finally, a scanning 
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electron microscope (JEOL, model no. JSM-5410LV) was used to examine the specimens for any 

changes in their anhydrous morphology induced by the 1-butanol stress. 

 

Results 

Growth of B. subtilis 168 in SMM with varying amount of 1-butanol. To determine the appropriate 

culture conditions for the untargeted metabolomics analysis, we first monitored the growth of B. 
subtilis 168 in SMM medium with various concentrations of 1-butanol. The defined medium does not 

contain any unknown metabolites that might interfere with the subsequent LC–MS analyses, so it 

was appropriate for use as our culture conditions. Moreover, the addition of 1-butanol at an improper 

time can induce spore formation (data not shown). Thus, an overnight culture of B. subtilis in SMM 

medium was used to inoculate larger cultures (20 mL), which were allowed to grow to late lag phase 

(OD600 ~ 0.25), prior to the addition of 1-butanol at concentrations up to 1.4% (v/v). The subsequent 

cell growth was then monitored by measuring the OD600 over 12 h. 

 The B. subtilis strain 168 was able to grow in 1-butanol at all tested concentrations (0.6–1.4 

% (v/v)), albeit at lower growth rates than the 1-butanol free control (Figure 1). As expected when 

cells were induced to stress by 1-butanol, the OD600 values at every measured time point were lower 

with increasing 1-butanol concentrations and lowest at 1.4% (v/v) 1-butanol. However, the fact that 

the final OD600 of the cultures with 0.6% and 0.8% (v/v) of 1-butanol at 12 h did not differ noticeably 

from that of the control indicated that the level of stress subjected upon B. subtilis at these 

concentrations might be insignificant or insufficient over this 12 h time course. 

 From the results, because the lowest concentration of 1-butanol that moderately and 

continuously disrupted the growth of B. subtilis was 1% (v/v), this condition was selected for the 

metabolomics analysis. Since B. subtilis entered early stationary phase at 6 h in the presence of 1% 

(v/v) 1-butanol, this time point was selected, because by this time the cells would likely have already 

accumulated several stress-induced metabolites in respond to 1-butanol. At a 6 h time point, the 

OD600 values of the 1-butanol-free control samples were approximately 1.7- to 2.0-fold higher than 

the samples cultured with 1% (v/v) 1-butanol. 
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Figure 1. Growth curves of B. subtilis stain 168 in SMM medium with different concentrations of 1-

butanol. Cultures were grown to late lag phase (OD600 ~0.2–0.3), before 1-butanol was added (all 

(v/v)) at 0% (control; dark blue diamonds), 0.6% (red squares), 0.8% (green triangles), 1.0% (purple 

crosses), 1.2% (blue pluses) and 1.4 % (orange circles). Data are shown as the average OD600
 ± 

standard errors of the mean, derived from three experimental replicates per concentration. 

 
Untargeted metabolomics of B. subtilis 168 under 1-butanol stress. Untargeted metabolomics 

was performed on B. subtilis 168 cells cultured in the presence of 1% (v/v) 1-butanol for 6 h, along 

with those cultured without 1-butanol as the control. Hydrophobic metabolites, such as fatty acids, 

were then extracted from the cells using 2:1 (v/v) ratio CHCl3: MeOH, and the extracts were then 

concentrated and subjected to LC–MS analysis using an untargeted metabolomics platform17. 

 To identify differentially changed metabolites associated with the 1-butanol stress response, 

the XCMS program15 was used to compare the metabolite profiles of the 1-butanol-treated samples 

with those of the untreated controls. The obtained MSII values were normalized to the OD600 value 

of each sample (aMSII) to account for differences in the cell numbers. To be certain that the 

differences were not merely artifacts of differing cell numbers, metabolite ions were labeled as likely 

to be involved in the 1-butanol stress response only if they were elevated or decreased by four-fold 

or more with statistical significance (p < 0.05) compared to in the control cells (Figure 2). The 

differential levels of the ions could clearly be observed in the extracted ion chromatograms (Figure 

3). At the end, the unbiased comparative analyses identified 34 and 21 ions with increasing levels, 

and 30 and 7 ions with decreasing levels in the 1-butanol-treated samples in the positive and 

negative ion modes, respectively (Figure 2, Figure 3, and Tables 2–5). 
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Figure 2. Results from the untargeted metabolomics analyses of hydrophobic cell components from 

B. subtilis 168 cells cultured in the absence (control) or presence of 1% (v/v) 1-butanol (1-BuOH) for 

6 h. Each metabolite ion with an average MSII above 30,000 counts in the (a) 1-BuOH or (b) control 

group is plotted as its statistical significance against the fold change of (a) 1-BuOH over the control 

or (b) vice versa. Positive- and negative-mode MS ions are indicated by triangles and diamonds, 

respectively, with the red and orange colors representing statistically significant changing ions that 

could be characterized in this study.  
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Figure 3. Representative differential detected ions between 1-butanol-stressed and unstressed B. 
subtilis cells, and their characterization as glycerolipids and phospholipids. (a) Extracted ion 

chromatograms of representative ions that showed highly elevated levels with m/z values of 

692.5207, 887.5686 and 734.4967, or highly decreased levels with m/z values of 586.5382 and 

851.6091 in the 1-butanol-treated samples (1-BuOH; dashed line) compared to the untreated control 

(solid line). Based on (a) accurate mass and (b) MS/MS spectra, they were characterized as PE 

(17:0/15:0), DGDAG (15:0/15:0), PS (17:0/15:0), DAG (17:0/15:0), and lysylPG (17:0/15:0), 

respectively, which are all membrane lipids. Precursor ions are denoted as diamonds in the MS/MS 

spectra. For a complete list of the changing ions, as well as identification of ions in the MS/MS 

spectra, see Tables 2–5. 
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Table 2. Positive-mode ions with significantly elevated levels in 1-butanol-treated B. subtilis 

compared to the untreated control showing the mass-to-charge ratio (m/z), retention time (RT), (a) 

potential identification, (b) integrated mass ion intensity (MSII), and (c) adjusted mass ion intensity 

(aMSII). (b) MSII and (c) aMSII data are for the four B. subtilis cultures without (Con-1–4) or with 1-

butanol treatments (BuOH-1–4) and their respective averages (Con-avg and BuOH-avg, 

respectively). 

(a) Significantly elevated positive-mode ions in 1-butanol-treated samples (potential identification) 

     # m/z RT (min) Ion Potential identification 

          1 223.2024 35.6 ? ? 

2 243.2279 40.0 [M + H]+ FFA (15:0) (a fragment of a larger compound?) 

3 313.2492 34.7 ? ? 

4 337.2681 35.6 ? ? 

5 341.3200 38.5 ? ? 

6 381.3115 38.5 ? ? 

7 493.3491 39.6 ? ? 

8 517.4454 43.4 ? ? 

9 636.4574 39.3 [M + H]+ PE (13:0/15:0) 

10 650.4743 40.0 [M + H]+ PE (14:0/15:0) 

11 664.4893 40.6 [M + H]+ PE (15:0/15:0) and some PE (14:0/16:0) 

12 678.5045 41.2 [M + H]+ PE (16:0/15:0) 

13 686.4740 40.7 [M + Na]+ PE (15:0/15:0) and some PE (14:0/16:0) 

14 692.5207 41.7 [M + H]+ PE (17:0/15:0) 

15 700.4895 41.3 [M + Na]+ PE (16:0/15:0) 

16 706.5397 42.3 [M + H]+ PE (18:0/15:0) and PE (16:0/17:0) 

17 714.5043 41.8 [M + Na]+ PE (17:0/15:0) 

18 736.5072 42.0 [M + 2Na - H]+ PE (17:0/15:0) and some PE (16:0/16:0) 

19 887.5686 39.7 [M + Na]+ DGDAG (15:0/15:0) and some DGDAG (14:0/16:0) 

20 901.5840 40.7 [M + Na]+ DGDAG (16:0/15:0) and some DGDAG (14:0/17:0) 

21 903.5416 39.6 [M + K]+ DGDAG (15:0/15:0) and some DGDAG (14:0/16:0) 

22 1327.9713 40.6 [2M + H]+ PE (15:0/15:0) and some PE (14:0/16:0) 

23 1341.9807 41.1 [M + H]+ PE (15:0/15:0) + PE (16:0/15:0) 

24 1344.9465 39.9 [2M + HCONH2 + H]+ PE (14:0/15:0) 

25 1355.9990 41.2 [2M + H]+ PE (16:0/15:0) or PE (14:0/17:0) 

26 1358.9629 40.4 [M + HCONH2 + H]+ PE (14:0/15:0) + PE (15:0/15:0) 

27 1370.0164 41.6 [M + H]+ PE (16:0/15:0) + PE (17:0/15:0) 

28 1372.9808 40.6 [2M + HCONH2 + H]+ PE (15:0/15:0) or PE (14:0/16:0) 

29 1384.0328 41.7 [2M + H]+ PE (17:0/15:0) or PE (16:0/16:0) 

30 1386.9926 41.0 [M + HCONH2 + H]+ PE (15:0/15:0) + PE (16:0/15:0) 

31 1394.9604 40.7 [2M + HCONH2 + Na]+ PE (15:0/15:0) 

32 1401.0108 41.2 [2M + HCONH2 + H]+ PE (16:0/15:0) 

33 1406.0117 41.7 [M + Na]+ PE (17:0/15:0) 

34 1422.9911 41.3 [2M + HCONH2 + Na]+ PE (16:0/15:0) 
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(b) Significantly elevated positive-mode ions in 1-butanol-treated samples (MSII) 

    
# m/z 

RT  

(min) 

Integrated mass ion intensity (MSII)  

 BuOH-1   BuOH-2   BuOH-3   BuOH-4  BuOH- avg  Con-1   Con-2   Con-3   Con-4  Con-avg 

                          1 223.2024 35.6 3.8E+04 2.0E+04 2.5E+04 3.7E+04 3.0E+04 1.1E+02 1.1E+02 0.0E+00 0.0E+00 5.4E+01 

2 243.2279 40.0 6.7E+04 7.2E+04 6.9E+04 7.8E+04 7.2E+04 3.6E+03 6.4E+03 6.8E+03 6.3E+03 5.8E+03 

3 313.2492 34.7 7.9E+04 NA 4.9E+04 7.6E+04 6.8E+04 9.7E+03 1.0E+04 8.3E+03 9.8E+03 9.6E+03 

4 337.2681 35.6 1.6E+05 1.2E+05 1.1E+05 1.6E+05 1.4E+05 1.3E+04 1.1E+04 1.1E+04 1.3E+04 1.2E+04 

5 341.3200 38.5 5.3E+04 5.9E+04 4.9E+04 5.6E+04 5.4E+04 7.1E+03 7.6E+03 6.5E+03 6.5E+03 6.9E+03 

6 381.3115 38.5 1.3E+05 1.2E+05 1.4E+05 1.3E+05 1.3E+05 1.7E+04 2.8E+04 3.1E+04 2.3E+04 2.5E+04 

7 493.3491 39.6 3.1E+04 4.0E+04 5.7E+04 5.1E+04 4.5E+04 3.4E+03 6.5E+03 1.4E+04 8.9E+03 8.2E+03 

8 517.4454 43.4 5.6E+04 5.9E+04 5.5E+04 4.5E+04 5.4E+04 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 

9 636.4574 39.3 8.1E+04 8.4E+04 7.9E+04 7.1E+04 7.9E+04 3.3E+04 3.1E+04 2.7E+04 2.4E+04 2.9E+04 

10 650.4743 40.0 4.0E+05 4.2E+05 3.8E+05 3.5E+05 3.9E+05 1.0E+05 9.7E+04 9.0E+04 8.5E+04 9.4E+04 

11 664.4893 40.6 1.5E+06 1.6E+06 1.6E+06 1.4E+06 1.5E+06 4.9E+05 4.8E+05 4.5E+05 4.2E+05 4.6E+05 

12 678.5045 41.2 2.7E+06 2.6E+06 2.8E+06 2.6E+06 2.7E+06 5.1E+05 5.1E+05 4.4E+05 4.4E+05 4.7E+05 

13 686.4740 40.7 2.6E+04 3.1E+04 3.4E+04 3.2E+04 3.1E+04 7.6E+03 7.9E+03 9.1E+03 8.2E+03 8.2E+03 

14 692.5207 41.7 2.7E+06 2.3E+06 2.4E+06 2.3E+06 2.4E+06 6.3E+05 6.5E+05 5.2E+05 5.1E+05 5.8E+05 

15 700.4895 41.3 8.0E+04 8.0E+04 9.4E+04 9.3E+04 8.7E+04 1.9E+04 1.8E+04 1.9E+04 1.9E+04 1.9E+04 

16 706.5397 42.3 2.1E+05 1.8E+05 1.6E+05 1.7E+05 1.8E+05 2.4E+04 3.4E+04 3.1E+04 2.7E+04 2.9E+04 

17 714.5043 41.8 1.6E+05 1.3E+05 1.5E+05 1.4E+05 1.5E+05 5.1E+04 4.9E+04 4.0E+04 4.3E+04 4.6E+04 

18 736.5072 42.0 3.2E+04 3.0E+04 3.3E+04 3.1E+04 3.1E+04 1.6E+04 1.6E+04 7.9E+03 1.2E+04 1.3E+04 

19 887.5686 39.7 4.4E+05 5.3E+05 6.1E+05 5.6E+05 5.3E+05 1.0E+05 8.6E+04 1.1E+05 1.6E+05 1.2E+05 

20 901.5840 40.7 1.7E+05 2.5E+05 2.7E+05 2.7E+05 2.4E+05 5.6E+04 5.9E+04 9.4E+04 9.7E+04 7.7E+04 

21 903.5416 39.6 4.0E+04 5.0E+04 5.8E+04 5.1E+04 5.0E+04 6.1E+03 8.1E+03 1.4E+04 1.6E+04 1.1E+04 

22 1327.9713 40.6 1.8E+05 2.0E+05 1.7E+05 1.4E+05 1.7E+05 1.7E+04 1.8E+04 1.4E+04 1.2E+04 1.5E+04 

23 1341.9807 41.1 9.8E+04 7.6E+04 1.1E+05 1.0E+05 9.5E+04 3.7E+03 4.0E+03 3.5E+03 4.4E+03 3.9E+03 

24 1344.9465 39.9 2.7E+05 2.8E+05 2.4E+05 1.9E+05 2.5E+05 8.7E+04 8.9E+04 7.6E+04 7.0E+04 8.1E+04 

25 1355.9990 41.2 5.1E+05 4.9E+05 4.4E+05 4.0E+05 4.6E+05 1.5E+04 1.4E+04 1.0E+04 9.3E+03 1.2E+04 

26 1358.9629 40.4 1.1E+05 9.8E+04 1.4E+05 1.2E+05 1.2E+05 4.5E+04 4.2E+04 4.6E+04 5.1E+04 4.6E+04 

27 1370.0164 41.6 3.3E+05 2.2E+05 2.6E+05 2.6E+05 2.7E+05 1.6E+04 1.5E+04 9.7E+03 1.2E+04 1.3E+04 

28 1372.9808 40.6 9.8E+05 9.6E+05 8.7E+05 7.6E+05 8.9E+05 3.9E+05 3.6E+05 2.9E+05 2.8E+05 3.3E+05 

29 1384.0328 41.7 4.3E+05 3.9E+05 3.2E+05 3.0E+05 3.6E+05 3.2E+04 3.1E+04 1.8E+04 1.9E+04 2.5E+04 

30 1386.9926 41.0 2.8E+05 2.3E+05 2.5E+05 2.8E+05 2.6E+05 9.7E+04 9.6E+04 7.5E+04 8.4E+04 8.8E+04 

31 1394.9604 40.7 3.1E+04 3.8E+04 4.1E+04 3.9E+04 3.7E+04 9.0E+03 9.8E+03 1.3E+04 1.1E+04 1.0E+04 

32 1401.0108 41.2 8.6E+05 7.3E+05 6.9E+05 6.7E+05 7.4E+05 2.6E+05 2.5E+05 1.8E+05 1.9E+05 2.2E+05 

33 1406.0117 41.7 3.3E+04 3.4E+04 2.9E+04 2.5E+04 3.0E+04 4.3E+03 3.8E+03 2.6E+03 2.7E+03 3.3E+03 

34 1422.9911 41.3 5.2E+04 5.1E+04 5.3E+04 4.8E+04 5.1E+04 1.5E+04 1.6E+04 1.4E+04 1.4E+04 1.5E+04 
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(c) Significantly elevated positive-mode ions in 1-butanol-treated samples (aMSII) 

    
# m/z 

RT 

(min) 

Adjusted integrated mass ion intensity (aMSII) 

BuOH-1 BuOH-2 BuOH-3 BuOH-4 BuOH-avg Con-1 Con-2 Con-3 Con-4 Con-avg 

                          1 223.2024 35.6 5.2E+04 2.9E+04 3.3E+04 5.0E+04 4.1E+04 8.6E+01 8.7E+01 0.0E+00 0.0E+00 4.3E+01 

2 243.2279 40.0 9.2E+04 1.0E+05 9.1E+04 1.1E+05 9.8E+04 2.7E+03 5.3E+03 6.0E+03 4.4E+03 4.6E+03 

3 313.2492 34.7 1.2E+05 NA 8.7E+04 1.2E+05 1.1E+05 7.6E+03 7.3E+03 7.2E+03 7.5E+03 7.4E+03 

4 337.2681 35.6 2.2E+05 1.7E+05 1.5E+05 2.1E+05 1.9E+05 1.0E+04 9.1E+03 1.0E+04 8.8E+03 9.5E+03 

5 341.3200 38.5 7.3E+04 8.4E+04 6.5E+04 7.6E+04 7.4E+04 5.4E+03 6.3E+03 5.7E+03 4.5E+03 5.5E+03 

6 381.3115 38.5 1.7E+05 1.8E+05 1.8E+05 1.8E+05 1.8E+05 1.3E+04 2.3E+04 2.7E+04 1.6E+04 2.0E+04 

7 493.3491 39.6 4.3E+04 5.8E+04 7.5E+04 7.0E+04 6.1E+04 2.6E+03 5.4E+03 1.2E+04 6.2E+03 6.6E+03 

8 517.4454 43.4 7.7E+04 8.4E+04 7.2E+04 6.2E+04 7.4E+04 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 

9 636.4574 39.3 1.1E+05 1.2E+05 1.0E+05 9.7E+04 1.1E+05 2.5E+04 2.6E+04 2.4E+04 1.7E+04 2.3E+04 

10 650.4743 40.0 5.4E+05 6.0E+05 5.0E+05 4.8E+05 5.3E+05 8.0E+04 8.0E+04 7.9E+04 5.9E+04 7.5E+04 

11 664.4893 40.6 2.0E+06 2.3E+06 2.1E+06 1.9E+06 2.1E+06 3.7E+05 4.0E+05 3.9E+05 3.0E+05 3.7E+05 

12 678.5045 41.2 3.7E+06 3.8E+06 3.7E+06 3.5E+06 3.7E+06 3.9E+05 4.2E+05 3.9E+05 3.1E+05 3.8E+05 

13 686.4740 40.7 3.5E+04 4.4E+04 4.4E+04 4.4E+04 4.2E+04 5.8E+03 6.5E+03 8.0E+03 5.7E+03 6.5E+03 

14 692.5207 41.7 3.7E+06 3.3E+06 3.1E+06 3.1E+06 3.3E+06 4.9E+05 5.4E+05 4.6E+05 3.6E+05 4.6E+05 

15 700.4895 41.3 1.1E+05 1.1E+05 1.2E+05 1.3E+05 1.2E+05 1.5E+04 1.5E+04 1.7E+04 1.3E+04 1.5E+04 

16 706.5397 42.3 2.9E+05 2.5E+05 2.1E+05 2.2E+05 2.5E+05 1.9E+04 2.8E+04 2.7E+04 1.9E+04 2.3E+04 

17 714.5043 41.8 2.2E+05 1.9E+05 2.0E+05 1.9E+05 2.0E+05 3.9E+04 4.1E+04 3.5E+04 3.0E+04 3.6E+04 

18 736.5072 42.0 4.3E+04 4.3E+04 4.3E+04 4.2E+04 4.3E+04 1.3E+04 1.3E+04 6.9E+03 8.5E+03 1.0E+04 

19 887.5686 39.7 5.9E+05 7.5E+05 8.0E+05 7.6E+05 7.3E+05 7.9E+04 7.1E+04 9.9E+04 1.1E+05 9.1E+04 

20 901.5840 40.7 2.3E+05 3.5E+05 3.5E+05 3.7E+05 3.3E+05 4.4E+04 4.9E+04 8.3E+04 6.8E+04 6.1E+04 

21 903.5416 39.6 5.5E+04 7.2E+04 7.6E+04 6.9E+04 6.8E+04 4.7E+03 6.7E+03 1.2E+04 1.1E+04 8.7E+03 

22 1327.9713 40.6 2.4E+05 2.8E+05 2.3E+05 2.0E+05 2.4E+05 1.3E+04 1.5E+04 1.2E+04 8.7E+03 1.2E+04 

23 1341.9807 41.1 1.3E+05 1.1E+05 1.4E+05 1.4E+05 1.3E+05 2.9E+03 3.3E+03 3.1E+03 3.1E+03 3.1E+03 

24 1344.9465 39.9 3.7E+05 4.0E+05 3.2E+05 2.6E+05 3.4E+05 6.7E+04 7.4E+04 6.7E+04 4.9E+04 6.4E+04 

25 1355.9990 41.2 6.9E+05 7.0E+05 5.8E+05 5.5E+05 6.3E+05 1.1E+04 1.2E+04 9.0E+03 6.5E+03 9.6E+03 

26 1358.9629 40.4 1.5E+05 1.4E+05 1.8E+05 1.7E+05 1.6E+05 3.5E+04 3.5E+04 4.1E+04 3.5E+04 3.7E+04 

27 1370.0164 41.6 4.5E+05 3.1E+05 3.4E+05 3.5E+05 3.6E+05 1.2E+04 1.2E+04 8.6E+03 8.1E+03 1.0E+04 

28 1372.9808 40.6 1.3E+06 1.4E+06 1.1E+06 1.0E+06 1.2E+06 3.0E+05 2.9E+05 2.5E+05 1.9E+05 2.6E+05 

29 1384.0328 41.7 5.9E+05 5.5E+05 4.2E+05 4.0E+05 4.9E+05 2.5E+04 2.5E+04 1.6E+04 1.3E+04 2.0E+04 

30 1386.9926 41.0 3.8E+05 3.3E+05 3.3E+05 3.8E+05 3.6E+05 7.5E+04 7.9E+04 6.7E+04 5.8E+04 7.0E+04 

31 1394.9604 40.7 4.3E+04 5.4E+04 5.4E+04 5.3E+04 5.1E+04 7.0E+03 8.1E+03 1.1E+04 7.3E+03 8.4E+03 

32 1401.0108 41.2 1.2E+06 1.0E+06 9.0E+05 9.1E+05 1.0E+06 2.0E+05 2.0E+05 1.6E+05 1.3E+05 1.8E+05 

33 1406.0117 41.7 4.5E+04 4.9E+04 3.8E+04 3.4E+04 4.2E+04 3.3E+03 3.1E+03 2.3E+03 1.9E+03 2.7E+03 

34 1422.9911 41.3 7.1E+04 7.2E+04 6.9E+04 6.5E+04 6.9E+04 1.2E+04 1.3E+04 1.3E+04 1.0E+04 1.2E+04 

               



18 

Table 3. Negative-mode ions with significantly elevated levels in 1-butanol-treated B. subtilis 

compared to the untreated control showing the mass-to-charge ratio (m/z), retention time (RT), (a) 

potential identification, (b) integrated mass ion intensity (MSII), and (c) adjusted mass ion intensity 

(aMSII). (b) MSII and (c) aMSII data are for the four B. subtilis cultures without (Con-1–4) or with 1-

butanol treatments (BuOH-1–4) and their respective averages (Con-avg and BuOH-avg, 

respectively). 

(a) Significantly elevated negative-mode ions in 1-butanol-treated samples (potential identification) 

     #  m/z  RT (min) Ion Potential identification 

          1   474.2599  37.5 [M + Na - 2H]- Fragment of PE (16:0/15:0) 

2   488.2762  38.5 [M + Na - 2H]- Fragment of PE (17:0/15:0) 

3   572.2569  38.5 [M + Na - 2H + 84]- Fragment of PE (17:0/15:0)? 

4   648.4608  35.7 [M - H]- PE (14:0/15:0) and some PE (13:0/16:0) 

5   662.4753  37.9 [M - H]- PE (15:0/15:0) and PE (14:0/16:0) 

6   670.4420  35.7 [M + Na - 2H]- PE (14:0/15:0) and some PE (13:0/16:0) 

7   676.4917  37.6 [M - H]- PE (16:0/15:0) and some PE (14:0/17:0) 

8   684.4578  37.9 [M + Na - 2H]- PE (15:0/15:0) and PE (14:0/16:0) 

9   690.5084  38.5 [M - H]- PE (17:0/15:0) and some PE (16:0/16:0) 

10   698.4726  37.5 [M + Na - 2H]- PE (16:0/15:0) and some PE (14:0/17:0) 

11   704.5251  39.6 [M - H]- PE (18:0/15:0) and some PE (16:0/17:0) 

12   706.4664  28.6 [M - H]- PS (15:0/15:0) and some PS (14:0/16:0) 

13   712.4893  38.5 [M + Na - 2H]- PE (17:0/15:0) and some PE (16:0/16:0) 

14   720.4817  29.5 [M - H]- PS (16:0/15:0) and some PS (14:0/17:0) 

15   723.4289  32.7 ? ? 

16   734.4967  30.4 [M - H]- PS (17:0/15:0) and some PS (16:0/16:0) 

17   760.4695  37.6 [M - H + 84]- PE (16:0/15:0) 

18   774.4860  38.5 [M - H + 84]- PE (17:0/15:0) 

19   905.6164  46.7 ? ? 

20 1031.5878 33.3 ? ? 

21 1325.9568 36.5 [2M - H]- PE (15:0/15:0) and PE (14:0/16:0) 
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(b) Significantly elevated negative-mode ions in 1-butanol-treated samples (MSII) 

    
#  m/z  

RT 

(min) 

Integrated mass ion intensity (MSII) 

BuOH-1 BuOH-2 BuOH-3 BuOH-4 BuOH-avg Con-1 Con-2 Con-3 Con-4 Con-avg 

                          1   474.2599  37.5 5.8E+04 5.5E+04 5.2E+04 5.6E+04 5.5E+04 1.4E+04 2.1E+04 1.9E+04 1.8E+04 1.8E+04 

2   488.2762  38.5 3.6E+04 3.5E+04 3.2E+04 3.1E+04 3.3E+04 7.7E+03 1.4E+04 1.3E+04 1.2E+04 1.2E+04 

3   572.2569  38.5 4.2E+04 4.5E+04 4.5E+04 4.2E+04 4.4E+04 1.1E+04 2.0E+04 1.8E+04 1.9E+04 1.7E+04 

4   648.4608  35.7 3.0E+05 4.0E+05 4.7E+05 4.3E+05 4.0E+05 3.9E+04 1.1E+05 1.2E+05 1.3E+05 1.0E+05 

5   662.4753  37.9 1.2E+06 NA 1.2E+06 1.2E+06 1.2E+06 3.1E+05 6.8E+05 4.2E+05 4.4E+05 4.6E+05 

6   670.4420  35.7 2.8E+04 4.2E+04 4.9E+04 4.4E+04 4.1E+04 4.0E+03 1.2E+04 1.2E+04 1.5E+04 1.1E+04 

7   676.4917  37.6 1.7E+06 1.8E+06 1.7E+06 1.7E+06 1.7E+06 6.8E+05 7.1E+05 6.3E+05 6.9E+05 6.8E+05 

8   684.4578  37.9 1.0E+05 NA 1.0E+05 9.3E+04 9.9E+04 3.1E+04 5.2E+04 3.5E+04 3.5E+04 3.8E+04 

9   690.5084  38.5 1.2E+06 1.1E+06 9.7E+05 9.9E+05 1.1E+06 4.3E+05 3.7E+05 4.0E+05 3.8E+05 4.0E+05 

10   698.4726  37.5 1.7E+05 1.7E+05 1.7E+05 1.8E+05 1.7E+05 7.5E+04 6.9E+04 6.1E+04 6.1E+04 6.6E+04 

11   704.5251  39.6 1.5E+05 1.3E+05 1.3E+05 1.4E+05 1.3E+05 5.7E+03 1.0E+04 1.1E+04 1.0E+04 9.2E+03 

12   706.4664  28.6 3.9E+04 4.3E+04 7.1E+04 9.4E+04 6.2E+04 2.6E+03 3.5E+03 2.5E+03 3.6E+03 3.1E+03 

13   712.4893  38.5 1.3E+05 1.1E+05 1.1E+05 1.1E+05 1.1E+05 5.1E+04 4.3E+04 4.1E+04 3.9E+04 4.4E+04 

14   720.4817  29.5 6.5E+04 6.7E+04 1.2E+05 1.7E+05 1.1E+05 2.7E+03 5.3E+03 2.9E+03 5.3E+03 4.1E+03 

15   723.4289  32.7 6.0E+04 7.0E+04 6.9E+04 6.1E+04 6.5E+04 0.0E+00 0.0E+00 9.7E+03 7.2E+03 4.2E+03 

16   734.4967  30.4 2.5E+04 2.5E+04 5.6E+04 8.1E+04 4.7E+04 1.3E+03 2.4E+03 1.9E+03 3.1E+03 2.2E+03 

17   760.4695  37.6 6.4E+04 6.5E+04 6.8E+04 6.7E+04 6.6E+04 1.7E+04 3.1E+04 2.6E+04 3.1E+04 2.6E+04 

18   774.4860  38.5 5.3E+04 5.1E+04 4.7E+04 4.5E+04 4.9E+04 1.1E+04 1.9E+04 1.8E+04 1.7E+04 1.6E+04 

19   905.6164  46.7 7.5E+04 6.7E+04 5.8E+04 5.5E+04 6.4E+04 2.2E+04 2.4E+04 1.8E+04 2.2E+04 2.2E+04 

20 1031.5878 33.3 2.2E+05 1.8E+05 1.4E+05 1.8E+05 1.8E+05 8.0E+04 6.8E+04 6.1E+04 6.2E+04 6.8E+04 

21 1325.9568 36.5 2.8E+04 2.6E+04 3.2E+04 3.4E+04 3.0E+04 1.4E+03 9.8E+03 9.5E+03 1.1E+04 8.0E+03 
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(c) Significantly elevated negative-mode ions in 1-butanol-treated samples (aMSII) 

    
#  m/z  

RT 

(min) 

Adjusted integrated mass ion intensity (aMSII) 

BuOH-1 BuOH-2 BuOH-3 BuOH-4 BuOH-avg Con-1 Con-2 Con-3 Con-4 Con-avg 

                          1   474.2599  37.5 7.9E+04 7.8E+04 6.8E+04 7.6E+04 7.5E+04 1.1E+04 1.7E+04 1.6E+04 1.2E+04 1.4E+04 

2   488.2762  38.5 4.9E+04 5.0E+04 4.2E+04 4.2E+04 4.6E+04 6.0E+03 1.2E+04 1.2E+04 8.3E+03 9.4E+03 

3   572.2569  38.5 5.8E+04 6.4E+04 6.0E+04 5.7E+04 6.0E+04 8.5E+03 1.6E+04 1.6E+04 1.4E+04 1.4E+04 

4   648.4608  35.7 4.1E+05 5.7E+05 6.2E+05 5.8E+05 5.4E+05 3.0E+04 9.1E+04 1.0E+05 9.2E+04 7.9E+04 

5   662.4753  37.9 1.8E+06 NA 2.1E+06 1.9E+06 1.9E+06 2.5E+05 4.7E+05 3.7E+05 3.4E+05 3.6E+05 

6   670.4420  35.7 3.8E+04 6.0E+04 6.4E+04 5.9E+04 5.5E+04 3.1E+03 9.7E+03 1.1E+04 1.0E+04 8.5E+03 

7   676.4917  37.6 2.4E+06 2.5E+06 2.3E+06 2.3E+06 2.4E+06 5.2E+05 5.8E+05 5.6E+05 4.8E+05 5.4E+05 

8   684.4578  37.9 1.6E+05 NA 1.9E+05 1.5E+05 1.6E+05 2.4E+04 3.6E+04 3.1E+04 2.7E+04 3.0E+04 

9   690.5084  38.5 1.6E+06 1.5E+06 1.3E+06 1.3E+06 1.4E+06 3.3E+05 3.1E+05 3.5E+05 2.7E+05 3.2E+05 

10   698.4726  37.5 2.4E+05 2.4E+05 2.2E+05 2.4E+05 2.4E+05 5.8E+04 5.7E+04 5.4E+04 4.2E+04 5.3E+04 

11   704.5251  39.6 2.0E+05 1.8E+05 1.7E+05 1.8E+05 1.8E+05 4.4E+03 8.4E+03 9.6E+03 7.2E+03 7.4E+03 

12   706.4664  28.6 5.4E+04 6.1E+04 9.3E+04 1.3E+05 8.4E+04 2.0E+03 2.9E+03 2.2E+03 2.5E+03 2.4E+03 

13   712.4893  38.5 1.8E+05 1.6E+05 1.4E+05 1.4E+05 1.5E+05 4.0E+04 3.5E+04 3.6E+04 2.8E+04 3.5E+04 

14   720.4817  29.5 8.8E+04 9.6E+04 1.6E+05 2.3E+05 1.4E+05 2.1E+03 4.4E+03 2.6E+03 3.7E+03 3.2E+03 

15   723.4289  32.7 8.2E+04 1.0E+05 9.0E+04 8.3E+04 8.9E+04 0.0E+00 0.0E+00 8.6E+03 5.0E+03 3.4E+03 

16   734.4967  30.4 3.4E+04 3.6E+04 7.3E+04 1.1E+05 6.3E+04 1.0E+03 1.9E+03 1.7E+03 2.1E+03 1.7E+03 

17   760.4695  37.6 8.8E+04 9.3E+04 9.0E+04 9.1E+04 9.0E+04 1.3E+04 2.5E+04 2.3E+04 2.1E+04 2.1E+04 

18   774.4860  38.5 7.2E+04 7.2E+04 6.1E+04 6.1E+04 6.7E+04 8.5E+03 1.6E+04 1.6E+04 1.2E+04 1.3E+04 

19   905.6164  46.7 1.0E+05 9.5E+04 7.6E+04 7.5E+04 8.7E+04 1.7E+04 2.0E+04 1.6E+04 1.5E+04 1.7E+04 

20 1031.5878 33.3 3.0E+05 2.6E+05 1.9E+05 2.5E+05 2.5E+05 6.2E+04 5.6E+04 5.4E+04 4.3E+04 5.4E+04 

21 1325.9568 36.5 3.8E+04 3.8E+04 4.2E+04 4.6E+04 4.1E+04 1.1E+03 8.1E+03 8.4E+03 7.9E+03 6.4E+03 
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Table 4. Positive-mode ions with significantly decreased levels in 1-butanol-treated B. subtilis 

compared to the untreated control showing the mass-to-charge ratio (m/z), retention time (RT), (a) 

potential identification, (b) integrated mass ion intensity (MSII), and (c) adjusted mass ion intensity 

(aMSII). (b) MSII and (c) aMSII data are for the four B. subtilis cultures without (Con-1–4) or with 1-

butanol treatments (BuOH-1–4) and their respective averages (Con-avg and BuOH-avg, 

respectively). 

(a) Significantly decreased positive-mode ions in 1-butanol-treated samples (potential identification) 

     # m/z RT (min) Ion Potential identification 

          1 299.2563 43.6 [M + H]+ Fragment of DAG (17:0/15:0) 

2 327.2871 43.6 [M + H]+ Fragment of DAG (17:0/15:0) 

3 523.4691 42.7 [M - H2O + H]+ DAG (15:0/15:0) and some DAG (14:0/16:0) 

4 541.4820 42.6 [M + H]+ DAG (15:0/15:0) and some DAG (14:0/16:0) and DAG (13:0/17:0) 

5 551.5029 43.6 [M - H2O + H]+ DAG (17:0/15:0) and some DAG (16:0/16:0) 

6 555.4968 43.2 [M + H]+ DAG (16:0/15:0) 

7 558.5066 42.9 [M + NH4]+ DAG (15:0/15:0) and some DAG (14:0/16:0) 

8 569.5127 43.6 [M + H]+ DAG (17:0/15:0) and some DAG (16:0/16:0) 

9 572.5192 43.2 [M + NH4]+ DAG (16:0/15:0) and some DAG (14:0/17:0) 

10 586.5382 43.9 [M + NH4]+ DAG (17:0/15:0) and some DAG (16:0/16:0) 

11 600.5474 44.1 [M + NH4]+ DAG (18:0/15:0) and DAG (16:0/17:0) 

12 795.5458 36.3 [M + H]+ lysylPG (13:0/15:0) 

13 809.5604 37.1 [M + H]+ lysylPG (14:0/15:0) 

14 823.5780 37.7 [M + H]+ lysylPG (15:0/15:0) 

15 831.5400 37.1 [M + Na]+ lysylPG (14:0/15:0) 

16 837.5934 38.4 [M + H]+ lysylPG (16:0/15:0) 

17 845.5584 37.8 [M + Na]+ lysylPG (15:0/15:0) 

18 851.6091 39.1 [M + H]+ lysylPG (17:0/15:0) 

19 853.5358 37.1 [M + 2Na - H]+ lysylPG (14:0/15:0) 

20 853.5865 36.4 ? ? 

21 861.5338 37.8 [M + K]+ lysylPG (15:0/15:0) 

22 867.5506 37.5 [M + 2Na - H]+ lysylPG (15:0/15:0) 

23 867.5964 37.0 ? ? 

24 881.5621 38.4 [M + 2Na - H]+ lysylPG (16:0/15:0) 

25 1103.9358 42.9 [2M + Na]+ DAG (15:0/15:0) and some DAG (14:0/16:0) 

26 1117.9517 43.2 [M + Na]+ DAG (15:0/15:0) + DAG (16:0/15:0) 

27 1145.9819 43.7 [M + Na]+ DAG (16:0/15:0) + DAG (17:0/15:0) 

28 1159.9972 43.9 [2M + Na]+ DAG (17:0/15:0) 

29 1174.0098 44.3 [M + Na]+ DAG (17:0/15:0) + DAG (16:0/17:0) 

30 1419.9666 39.4 ? ? 
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(b) Significantly decreased positive-mode ions in 1-butanol-treated samples (MSII) 

    
# m/z 

RT 

(min) 

Integrated mass ion intensity (MSII) 

BuOH-1 BuOH-2 BuOH-3 BuOH-4 BuOH-avg Con-1 Con-2 Con-3 Con-4 Con-avg 

                          1 299.2563 43.6 9.6E+05 NA 9.9E+05 5.6E+05 8.3E+05 1.0E+07 5.2E+06 9.1E+06 8.1E+06 8.2E+06 

2 327.2871 43.6 2.4E+05 NA 2.7E+05 1.9E+05 2.3E+05 3.2E+06 2.1E+06 2.6E+06 2.2E+06 2.5E+06 

3 523.4691 42.7 2.8E+05 NA 2.6E+05 2.0E+05 2.5E+05 2.3E+06 1.8E+06 2.3E+06 1.8E+06 2.1E+06 

4 541.4820 42.6 7.2E+03 NA 6.9E+03 4.8E+03 6.3E+03 9.7E+04 5.8E+04 7.9E+04 6.6E+04 7.5E+04 

5 551.5029 43.6 4.0E+05 NA 4.0E+05 3.3E+05 3.8E+05 4.4E+06 3.0E+06 3.7E+06 3.2E+06 3.6E+06 

6 555.4968 43.2 1.2E+04 NA 1.2E+04 9.8E+03 1.1E+04 1.8E+05 1.1E+05 1.4E+05 1.2E+05 1.4E+05 

7 558.5066 42.9 4.4E+04 4.5E+04 4.2E+04 3.7E+04 4.2E+04 4.4E+05 5.0E+05 3.2E+05 5.8E+05 4.6E+05 

8 569.5127 43.6 1.1E+04 NA 1.2E+04 9.5E+03 1.1E+04 1.7E+05 1.0E+05 1.5E+05 1.2E+05 1.4E+05 

9 572.5192 43.2 7.0E+04 NA 7.8E+04 5.0E+04 6.6E+04 2.1E+06 1.2E+06 1.7E+06 1.3E+06 1.6E+06 

10 586.5382 43.9 7.3E+04 7.5E+04 6.7E+04 6.4E+04 7.0E+04 6.5E+05 8.1E+05 5.5E+05 1.0E+06 7.6E+05 

11 600.5474 44.1 8.3E+03 NA 9.2E+03 7.8E+03 8.4E+03 1.0E+05 4.9E+04 7.2E+04 6.4E+04 7.2E+04 

12 795.5458 36.3 2.8E+03 4.1E+03 1.9E+03 1.9E+02 2.2E+03 1.3E+05 1.0E+05 6.3E+04 5.7E+04 8.7E+04 

13 809.5604 37.1 1.6E+04 2.7E+04 1.8E+04 7.7E+03 1.7E+04 1.2E+06 9.9E+05 6.5E+05 5.9E+05 8.6E+05 

14 823.5780 37.7 9.1E+04 1.6E+05 9.5E+04 3.9E+04 9.6E+04 6.6E+06 5.3E+06 3.3E+06 3.1E+06 4.6E+06 

15 831.5400 37.1 4.0E+03 3.1E+03 2.1E+03 1.8E+03 2.8E+03 1.2E+05 8.7E+04 5.5E+04 5.6E+04 8.0E+04 

16 837.5934 38.4 1.0E+05 1.7E+05 9.1E+04 4.2E+04 1.0E+05 4.6E+06 3.3E+06 2.1E+06 2.2E+06 3.1E+06 

17 845.5584 37.8 9.1E+03 1.4E+04 9.4E+03 3.9E+03 9.1E+03 5.8E+05 4.8E+05 2.7E+05 2.9E+05 4.1E+05 

18 851.6091 39.1 6.5E+04 1.0E+05 6.2E+04 3.4E+04 6.6E+04 1.9E+06 1.5E+06 1.3E+06 1.4E+06 1.5E+06 

19 853.5358 37.1 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 7.7E+04 5.3E+04 3.3E+04 3.3E+04 4.9E+04 

20 853.5865 36.4 2.6E+03 3.1E+03 2.0E+03 1.9E+03 2.4E+03 4.9E+04 3.9E+04 2.5E+04 2.4E+04 3.4E+04 

21 861.5338 37.8 6.2E+02 4.9E+01 6.6E+02 2.5E+01 3.4E+02 3.8E+04 3.9E+04 2.6E+04 2.8E+04 3.3E+04 

22 867.5506 37.5 1.3E+04 NA 1.5E+04 1.2E+04 1.3E+04 1.1E+05 1.4E+05 1.6E+05 1.3E+05 1.3E+05 

23 867.5964 37.0 1.5E+04 9.7E+03 9.7E+03 1.2E+04 1.1E+04 9.8E+04 1.4E+05 9.7E+04 3.8E+04 9.3E+04 

24 881.5621 38.4 6.7E+03 1.1E+04 5.4E+03 3.9E+03 6.6E+03 7.5E+04 7.0E+04 8.7E+04 9.1E+04 8.1E+04 

25 1103.9358 42.9 3.1E+04 3.2E+04 3.2E+04 2.4E+04 3.0E+04 4.0E+05 3.2E+05 2.2E+05 4.3E+05 3.4E+05 

26 1117.9517 43.2 3.2E+04 3.5E+04 3.3E+04 2.5E+04 3.1E+04 2.7E+05 2.2E+05 1.5E+05 2.5E+05 2.2E+05 

27 1145.9819 43.7 4.0E+04 4.4E+04 3.8E+04 3.4E+04 3.9E+04 3.3E+05 2.8E+05 2.0E+05 3.2E+05 2.8E+05 

28 1159.9972 43.9 3.2E+04 2.8E+04 3.0E+04 2.7E+04 2.9E+04 3.5E+05 3.1E+05 2.4E+05 4.4E+05 3.4E+05 

29 1174.0098 44.3 5.1E+03 4.6E+03 5.0E+03 4.5E+03 4.8E+03 5.0E+04 4.5E+04 3.2E+04 6.6E+04 4.8E+04 

30 1419.9666 39.4 2.4E+03 5.4E+03 3.3E+03 2.0E+03 3.3E+03 5.4E+04 4.3E+04 3.1E+04 2.9E+04 3.9E+04 
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(c) Significantly decreased positive-mode ions in 1-butanol-treated samples (aMSII) 

    
# m/z 

RT 

(min) 

Adjusted integrated mass ion intensity (aMSII) 

BuOH-1 BuOH-2 BuOH-3 BuOH-4 BuOH-avg Con-1 Con-2 Con-3 Con-4 Con-avg 

                          1 299.2563 43.6 1.5E+06 NA 1.8E+06 8.7E+05 1.4E+06 8.1E+06 3.6E+06 8.0E+06 6.2E+06 6.5E+06 

2 327.2871 43.6 3.7E+05 NA 4.8E+05 3.0E+05 3.9E+05 2.5E+06 1.5E+06 2.3E+06 1.7E+06 2.0E+06 

3 523.4691 42.7 4.4E+05 NA 4.6E+05 3.2E+05 4.1E+05 1.8E+06 1.3E+06 2.0E+06 1.4E+06 1.6E+06 

4 541.4820 42.6 1.1E+04 NA 1.2E+04 7.5E+03 1.0E+04 7.6E+04 4.1E+04 6.9E+04 5.1E+04 5.9E+04 

5 551.5029 43.6 6.2E+05 NA 7.0E+05 5.2E+05 6.2E+05 3.4E+06 2.1E+06 3.3E+06 2.5E+06 2.8E+06 

6 555.4968 43.2 1.8E+04 NA 2.2E+04 1.5E+04 1.9E+04 1.4E+05 7.7E+04 1.2E+05 9.5E+04 1.1E+05 

7 558.5066 42.9 6.1E+04 6.4E+04 5.5E+04 5.1E+04 5.8E+04 3.4E+05 4.1E+05 2.9E+05 4.0E+05 3.6E+05 

8 569.5127 43.6 1.7E+04 NA 2.1E+04 1.5E+04 1.8E+04 1.4E+05 7.3E+04 1.3E+05 9.4E+04 1.1E+05 

9 572.5192 43.2 1.1E+05 NA 1.4E+05 7.8E+04 1.1E+05 1.6E+06 8.4E+05 1.5E+06 1.0E+06 1.2E+06 

10 586.5382 43.9 9.9E+04 1.1E+05 8.8E+04 8.7E+04 9.5E+04 5.0E+05 6.7E+05 4.8E+05 7.3E+05 6.0E+05 

11 600.5474 44.1 1.3E+04 NA 1.6E+04 1.2E+04 1.4E+04 7.9E+04 3.4E+04 6.3E+04 4.9E+04 5.7E+04 

12 795.5458 36.3 3.8E+03 5.9E+03 2.5E+03 2.6E+02 3.1E+03 9.7E+04 8.4E+04 5.6E+04 3.9E+04 6.9E+04 

13 809.5604 37.1 2.2E+04 3.9E+04 2.4E+04 1.0E+04 2.4E+04 9.4E+05 8.2E+05 5.8E+05 4.1E+05 6.9E+05 

14 823.5780 37.7 1.2E+05 2.3E+05 1.2E+05 5.2E+04 1.3E+05 5.1E+06 4.4E+06 3.0E+06 2.2E+06 3.7E+06 

15 831.5400 37.1 5.5E+03 4.4E+03 2.8E+03 2.4E+03 3.8E+03 9.4E+04 7.2E+04 4.9E+04 3.9E+04 6.3E+04 

16 837.5934 38.4 1.4E+05 2.5E+05 1.2E+05 5.6E+04 1.4E+05 3.6E+06 2.8E+06 1.9E+06 1.5E+06 2.4E+06 

17 845.5584 37.8 1.2E+04 2.0E+04 1.2E+04 5.3E+03 1.2E+04 4.5E+05 4.0E+05 2.3E+05 2.0E+05 3.2E+05 

18 851.6091 39.1 8.9E+04 1.5E+05 8.2E+04 4.7E+04 9.1E+04 1.5E+06 1.2E+06 1.1E+06 9.7E+05 1.2E+06 

19 853.5358 37.1 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 6.0E+04 4.4E+04 2.9E+04 2.3E+04 3.9E+04 

20 853.5865 36.4 3.5E+03 4.4E+03 2.6E+03 2.6E+03 3.3E+03 3.8E+04 3.2E+04 2.2E+04 1.7E+04 2.7E+04 

21 861.5338 37.8 8.5E+02 7.0E+01 8.6E+02 3.4E+01 4.5E+02 2.9E+04 3.3E+04 2.3E+04 2.0E+04 2.6E+04 

22 867.5506 37.5 2.0E+04 NA 2.7E+04 1.9E+04 2.2E+04 8.7E+04 9.4E+04 1.4E+05 1.0E+05 1.1E+05 

23 867.5964 37.0 2.0E+04 1.4E+04 1.3E+04 1.6E+04 1.6E+04 7.6E+04 1.2E+05 8.6E+04 2.7E+04 7.6E+04 

24 881.5621 38.4 9.2E+03 1.5E+04 7.1E+03 5.3E+03 9.2E+03 5.8E+04 5.8E+04 7.7E+04 6.4E+04 6.4E+04 

25 1103.9358 42.9 4.2E+04 4.6E+04 4.2E+04 3.2E+04 4.1E+04 3.1E+05 2.7E+05 2.0E+05 3.0E+05 2.7E+05 

26 1117.9517 43.2 4.3E+04 5.0E+04 4.3E+04 3.4E+04 4.2E+04 2.1E+05 1.8E+05 1.4E+05 1.7E+05 1.7E+05 

27 1145.9819 43.7 5.4E+04 6.3E+04 5.0E+04 4.7E+04 5.3E+04 2.5E+05 2.3E+05 1.8E+05 2.2E+05 2.2E+05 

28 1159.9972 43.9 4.3E+04 4.0E+04 4.0E+04 3.7E+04 4.0E+04 2.7E+05 2.6E+05 2.1E+05 3.1E+05 2.6E+05 

29 1174.0098 44.3 6.9E+03 6.5E+03 6.6E+03 6.2E+03 6.5E+03 3.8E+04 3.7E+04 2.9E+04 4.6E+04 3.8E+04 

30 1419.9666 39.4 3.3E+03 7.7E+03 4.4E+03 2.8E+03 4.5E+03 4.1E+04 3.6E+04 2.7E+04 2.0E+04 3.1E+04 
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Table 5. Negative-mode ions with significantly decreased levels in 1-butanol-treated B. subtilis 

compared to the untreated control showing the mass-to-charge ratio (m/z), retention time (RT), (a) 

potential identification, (b) integrated mass ion intensity (MSII), and (c) adjusted mass ion intensity 

(aMSII). (b) MSII and (c) aMSII data are for the four B. subtilis cultures without (Con-1–4) or with 1-

butanol treatments (BuOH-1–4) and their respective averages (Con-avg and BuOH-avg, 

respectively). 

(a) Significantly decreased negative-mode ions in 1-butanol-treated samples (potential identification) 

     #  m/z  RT (min) Ion Potential identification 

          1   807.5488  39.5 [M - H]- lysylPG (14:0/15:0) and some lysylPG (13:0/16:0) 

2   821.5670  40.5 [M - H]- lysylPG (15:0/15:0) and some lysylPG (14:0/16:0) 

3   835.5818  41.6 [M - H]- lysylPG (16:0/15:0) and some lysylPG (14:0/17:0) and lysylPG (13:0/18:0) 

4   843.5483  40.5 [M + Na - 2H]- lysylPG (15:0/15:0) and some lysylPG (14:0/16:0) 

5   849.5976  42.5 [M - H]- lysylPG (17:0/15:0) 

6   857.5603  41.6 [M + Na - 2H]- lysylPG (16:0/15:0) and some lysylPG (14:0/17:0) 

7   871.5775  42.5 [M + Na - 2H]- lysylPG (17:0/15:0) and some lysylPG (16:0/16:0) 

      
(b) Significantly decreased negative-mode ions in 1-butanol-treated samples (MSII) 

    
#  m/z  

RT 

(min) 

Integrated mass ion intensity (MSII) 

BuOH-1 BuOH-2 BuOH-3 BuOH-4 BuOH-avg Con-1 Con-2 Con-3 Con-4 Con-avg 

                          1   807.5488  39.5 5.7E+03 9.6E+03 6.5E+03 3.1E+03 6.2E+03 1.2E+05 1.4E+05 1.2E+05 1.1E+05 1.3E+05 

2   821.5670  40.5 2.8E+04 4.0E+04 2.2E+04 1.5E+04 2.6E+04 5.4E+05 4.4E+05 2.5E+05 2.8E+05 3.8E+05 

3   835.5818  41.6 4.3E+04 5.9E+04 2.2E+04 1.6E+04 3.5E+04 3.7E+05 3.0E+05 1.9E+05 1.8E+05 2.6E+05 

4   843.5483  40.5 4.3E+03 5.6E+03 4.2E+03 2.5E+03 4.2E+03 4.1E+04 7.0E+04 5.4E+04 4.5E+04 5.2E+04 

5   849.5976  42.5 3.4E+04 5.8E+04 4.7E+04 2.4E+04 4.1E+04 2.5E+05 4.4E+05 3.6E+05 2.4E+05 3.2E+05 

6   857.5603  41.6 3.3E+03 6.4E+03 2.1E+03 1.3E+03 3.3E+03 4.0E+04 4.7E+04 2.9E+04 3.1E+04 3.7E+04 

7   871.5775  42.5 2.2E+03 4.9E+03 3.5E+03 1.7E+03 3.1E+03 3.7E+04 4.1E+04 3.6E+04 3.5E+04 3.7E+04 

              
(c) Significantly decreased negative-mode ions in 1-butanol-treated samples (aMSII) 

    
#  m/z  

RT 

(min) 

Adjusted integrated mass ion intensity (aMSII) 

 BuOH-1   BuOH-2   BuOH-3   BuOH-4   BuOH-avg   Con-1   Con-2   Con-3   Con-4   Con-avg  

                          1   807.5488  39.5 7.8E+03 1.4E+04 8.5E+03 4.1E+03 8.5E+03 9.4E+04 1.2E+05 1.1E+05 8.0E+04 1.0E+05 

2   821.5670  40.5 3.8E+04 5.7E+04 2.9E+04 2.0E+04 3.6E+04 4.2E+05 3.6E+05 2.2E+05 2.0E+05 3.0E+05 

3   835.5818  41.6 5.9E+04 8.5E+04 2.9E+04 2.2E+04 4.9E+04 2.9E+05 2.5E+05 1.7E+05 1.3E+05 2.1E+05 

4   843.5483  40.5 5.9E+03 8.1E+03 5.6E+03 3.3E+03 5.7E+03 3.2E+04 5.8E+04 4.8E+04 3.1E+04 4.2E+04 

5   849.5976  42.5 4.7E+04 8.4E+04 6.1E+04 3.3E+04 5.6E+04 1.9E+05 3.7E+05 3.2E+05 1.7E+05 2.6E+05 

6   857.5603  41.6 4.5E+03 9.1E+03 2.7E+03 1.8E+03 4.5E+03 3.1E+04 3.9E+04 2.6E+04 2.2E+04 2.9E+04 

7   871.5775  42.5 3.0E+03 7.0E+03 4.7E+03 2.2E+03 4.2E+03 2.9E+04 3.4E+04 3.2E+04 2.4E+04 3.0E+04 
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Characterization of metabolite ions potentially involved in the 1-butanol stress response. To 

connect the observation to biological significance, the statistically-significant changing metabolite 

ions need to be characterized for their structures. Upon using the accurate mass of each of the ions 

with the as-yet unidentified adducts to search on the Metlin18 database (Tables 2–5), we found so 

many hits to known metabolites that unfortunately, it was impossible to extract any useful 

information. Therefore, the data was used for assigning possible molecular formulas to the ions 

instead. 

To obtain more structural clues, we obtained tandem mass spectra of all the involved ions. 

The resulting MS/MS spectra were interpreted manually one by one to construct the likely structures 

from all the identifiable fragments (Tables 2–5). As a result, the most probable identification could be 

assigned to 27 and 18 ions with increasing levels, and 27 and 7 ions with decreasing levels in the 1-

butanol-treated samples in the positive and negative ion modes, respectively (Tables 2–5). Together, 

86% of the changing ions could be given potential identification. While several ions originated from 

the same metabolites and differed only by their ion adducts, the number of potentially identifiable 

ions was higher than previously anticipated for an untargeted metabolomics analysis. 

 In general, the characterized ions belonged to five classes of metabolites (Figure 3, and 

Tables 2–6). The classes with elevated levels in the 1-butanol-treated samples were 

phosphatidylethanolamine (PE), diglucosyldiacylglycerol (DGDAG) and phosphatidylserine (PS), 

whereas diacylglycerol (DAG) and lysyl phosphatidylglycerol (lysylPG) showed decreased levels. 

Although the MS/MS method did not allow distinction between the sn-1 acyl substituents from those 

at the sn-2 position, they were useful for identification of the acyl chains present in the molecules. 

Notably, we found that all the differentially changed metabolites contained only saturated fatty acyl 

chains, and that most were comprised of 15:0/15:0, 16:0/15:0 or 17:0/15:0 acyl chains (listed in 

random order without regarding the sn-1 or sn-2 positions).  

 To further confirm the identification of some of the glycerolipids and phospholipids, synthetic 

standards of PE (16:0/16:0), PS (16:0/16:0) and DAG (16:0/16:0) were examined. As expected if the 

identification was correct, the MS/MS fragmentation data of the standards (Table 8) exhibited the 

same patterns as those of the bacterial samples (Tables 2–5). In addition, while co-injection 

experiments were not performed due to the fact that the commercially-available synthetic standards 

contained different acyl chains from those that were most abundant in our B. subtilis samples, the 

standards were found to elute off of the columns at a sufficiently close retention time to the 

corresponding classes of metabolites in the natural samples (Tables 2–8). Together, the data with 

synthetic standards supported our prior identification of the metabolites. 
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Table 6. Relative levels of representative membrane lipids, measured by metabolomics analysis of 

B. subtilis 168 cultured with and without 1% (v/v) 1-butanol for 6 h. 

Lipid class 

acyl chain 
Ion m/z 

RT 

(min) 
Folda,b 

      Elevated lipids in 1-butanol-treated samplesc 
PE     
 15:0/15:0 [M + H]+   664.5 40.6    5.6***  
 16:0/15:0 [M + H]+   678.5 41.2    9.7***  
 17:0/15:0 [M + H]+   692.5 41.7    7.2***  
DGDAG     
 15:0/15:0 [M + Na]+   887.6 39.7    8.0***  
 16:0/15:0 [M + Na]+   901.6 40.7    5.3***  
PS     
 15:0/15:0 [M - H]-   706.5 28.6  34.6*  
 16:0/15:0 [M - H]-   720.5 29.5  44.8*  
 17:0/15:0 [M - H]-   734.5 30.4  37.4*  
      Decreased lipids in 1-butanol-treated samplesc 
DAG     
 15:0/15:0 [M + NH4]+   558.5 42.9    6.2***  
 16:0/15:0 [M + NH4]+   572.5 43.2  11.5**  
 17:0/15:0 [M + NH4]+   586.5 43.9    6.3***  
LysylPG     
 15:0/15:0 [M + H]+   823.6 37.7  27.5*  
 16:0/15:0 [M + H]+   837.6 38.4  17.3*  
 17:0/15:0 [M + H]+   851.6 39.1  13.2***  
      
Other Lipids (fold ≤ 2 or p > 0.05) 
CL     
 15:0/15:0/15:0/15:0 [M - H]- 1295.9 39.0   0.5* 
 16:0/16:0/15:0/15:0 [M - H]- 1323.9 40.1   1.4 
 17:0/17:0/15:0/15:0 [M - H]- 1352.0 41.1   2.0* 
CDP-DAG     
 15:0/15:0 [M - H]-   924.5 24.9   1.1 
 16:0/15:0 [M - H]-   938.5 25.6   1.4 
 17:0/15:0 [M - H]-   952.5 26.3   1.0 
PA     
 15:0/15:0 [M - H]-   619.4 26.0   1.1 
 16:0/15:0 [M - H]-   633.5 26.8   1.9***  
 17:0/15:0 [M - H]-   647.5 27.6   1.3 
PG     
 15:0/15:0 [M - H]-   693.5 33.2   0.9 
 16:0/15:0 [M - H]-   707.5 34.1   1.4* 
 17:0/15:0 [M - H]-   721.5 35.0   1.2 
PGP     
 15:0/15:0 [M - H]-   773.4 21.7   1.4 
 16:0/15:0 [M - H]-   787.5 22.4   2.3 
 17:0/15:0 [M - H]-   801.5 23.0   1.5 
MGDAG     
 16:0/15:0 [M + Na]+   739.5 41.9   1.0 
 17:0/15:0 [M + Na]+   753.5 42.3   1.2 
      
aFold value represents the ratio of the average aMSII of 1-butanol-treated 

samples and that of the control, and vice versa (underlined). 
bStudent’s t-test: *, p < 0.05; **, p < 0.01; ***, p < 0.005; N = 3–4.  
cIons identified from untargeted metabolomics analysis; only the three most 

abundant ions in each class of lipids are presented here (see Tables 2-5 for a 

more complete list). 
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Table 7. Other lipids in the membrane lipid biosynthetic pathways. Lipids are listed in terms of their 

lipid class and acyl chain as (a) detected ions, theoretical mass-to-charge ratio (m/z), retention time 

(RT), (b) integrated mass ion intensity (MSII), and (c) adjusted mass ion intensity (aMSII). (b) MSII 

and (c) aMSII data are for the four B. subtilis cultures without (Con-1–4) or with 1-butanol treatments 

(BuOH-1–4) and their respective averages (Con-avg and BuOH-avg, respectively). 

(a) Other lipids in membrane lipid biosynthetic pathways (ions, m/z, RT) 

# 
Lipid class 

acyl chain 
Ions  m/z  RT (min) 

 CL    

1  15:0/15:0/15:0/15:0 [M - H]- 1295.9018 39.0 
2  16:0/16:0/15:0/15:0 [M - H]- 1323.9331 40.1 
3  17:0/17:0/15:0/15:0 [M - H]- 1351.9644 41.1 
 CDP-DAG    

4  15:0/15:0 [M - H]- 924.4757 24.9 
5  16:0/15:0 [M - H]- 938.4914 25.6 
6  17:0/15:0 [M - H]- 952.5070 26.3 
 PA    

7  15:0/15:0 [M - H]- 619.4344 26.0 
8  16:0/15:0 [M - H]- 633.4501 26.8 
9  17:0/15:0 [M - H]- 647.4657 27.6 
 PG    

10  15:0/15:0 [M - H]- 693.4712 33.2 
11  16:0/15:0 [M - H]- 707.4869 34.1 
12  17:0/15:0 [M - H]- 721.5025 35.0 
 PGP    

13  15:0/15:0 [M - H]- 773.4375 21.7 
14  16:0/15:0 [M - H]- 787.4532 22.4 
15  17:0/15:0 [M - H]- 801.4688 23.0 
 MGDAG    

16  16:0/15:0 [M + Na]+ 739.5331 41.9 

17  17:0/15:0 [M + Na]+ 753.5487 42.3 
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(b) Other lipids in membrane lipid biosynthetic pathways (MSII) 

   
# 

Lipid class 

acyl chain 

Integrated mass ion intensity (MSII) 

BuOH-1 BuOH-2 BuOH-3 BuOH-4 BuOH-avg Con-1 Con-2 Con-3 Con-4 Con-avg 

             CL           

1  15:0/15:0/15:0/15:0 1.5E+04 2.6E+04 2.5E+04 1.6E+04 2.1E+04 4.4E+04 6.5E+04 8.3E+04 9.1E+04 7.1E+04 

2  16:0/16:0/15:0/15:0 5.8E+04 8.0E+04 1.1E+05 1.2E+05 9.1E+04 6.9E+04 1.2E+05 1.2E+05 1.4E+05 1.1E+05 

3  17:0/17:0/15:0/15:0 2.7E+04 4.1E+04 5.0E+04 6.4E+04 4.6E+04 2.0E+04 3.4E+04 4.5E+04 6.0E+04 3.9E+04 
 CDP-DAG           
4  15:0/15:0 4.2E+03 3.0E+03 2.9E+03 4.8E+03 3.7E+03 7.7E+03 5.7E+03 4.6E+03 4.9E+03 5.7E+03 

5  16:0/15:0 8.7E+03 8.3E+03 7.7E+03 1.1E+04 9.0E+03 1.7E+04 1.1E+04 7.6E+03 1.0E+04 1.1E+04 

6  17:0/15:0 6.6E+03 5.2E+03 5.7E+03 7.3E+03 6.2E+03 1.6E+04 1.1E+04 7.5E+03 9.9E+03 1.1E+04 
 PA           
7  15:0/15:0 1.4E+05 1.1E+05 9.8E+04 1.2E+05 1.2E+05 2.7E+05 1.7E+05 1.6E+05 1.5E+05 1.9E+05 

8  16:0/15:0 4.3E+05 3.0E+05 3.2E+05 3.6E+05 3.5E+05 4.1E+05 3.0E+05 3.1E+05 2.4E+05 3.2E+05 

9  17:0/15:0 2.7E+05 2.0E+05 1.8E+05 1.9E+05 2.1E+05 4.0E+05 2.6E+05 2.3E+05 2.2E+05 2.8E+05 
 PG           
10  15:0/15:0 9.0E+06 8.7E+06 8.0E+06 7.2E+06 8.2E+06 1.8E+07 1.7E+07 1.5E+07 1.2E+07 1.5E+07 

11  16:0/15:0 1.2E+07 1.1E+07 9.5E+06 9.6E+06 1.0E+07 1.4E+07 1.4E+07 1.2E+07 1.0E+07 1.3E+07 

12  17:0/15:0 6.9E+06 5.5E+06 5.2E+06 5.8E+06 5.8E+06 7.8E+06 9.3E+06 8.3E+06 7.6E+06 8.3E+06 
 PGP           
13  15:0/15:0 1.2E+04 8.7E+03 6.3E+03 5.1E+03 8.0E+03 1.3E+04 1.1E+04 7.4E+03 7.4E+03 9.7E+03 

14  16:0/15:0 3.1E+04 2.4E+04 1.8E+04 1.0E+04 2.1E+04 2.3E+04 1.7E+04 1.3E+04 1.1E+04 1.6E+04 

15  17:0/15:0 2.2E+04 1.6E+04 1.3E+04 6.4E+03 1.4E+04 6.8E+03 2.5E+04 1.7E+04 1.4E+04 1.6E+04 
 MGDAG           
16  16:0/15:0 6.1E+04 6.1E+04 5.6E+04 5.5E+04 5.8E+04 1.2E+05 9.6E+04 8.5E+04 1.1E+05 1.0E+05 

17  17:0/15:0 6.7E+04 4.9E+04 4.8E+04 4.8E+04 5.3E+04 9.4E+04 8.0E+04 6.1E+04 8.1E+04 7.9E+04 
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(c) Other lipids in membrane lipid biosynthetic pathways (aMSII) 

   
# 

Lipid class 

acyl chain 

Adjusted integrated mass ion intensity (aMSII) 

BuOH-1 BuOH-2 BuOH-3 BuOH-4 BuOH-avg Con-1 Con-2 Con-3 Con-4 Con-avg 

             CL           

1  15:0/15:0/15:0/15:0 2.0E+04 3.8E+04 3.3E+04 2.2E+04 2.8E+04 3.4E+04 5.4E+04 7.3E+04 6.3E+04 5.6E+04 

2  16:0/16:0/15:0/15:0 7.9E+04 1.1E+05 1.4E+05 1.7E+05 1.2E+05 5.3E+04 9.6E+04 1.0E+05 1.0E+05 8.8E+04 
3  17:0/17:0/15:0/15:0 3.7E+04 5.9E+04 6.6E+04 8.7E+04 6.2E+04 1.5E+04 2.8E+04 3.9E+04 4.2E+04 3.1E+04 
 CDP-DAG           
4  15:0/15:0 5.8E+03 4.2E+03 3.8E+03 6.5E+03 5.1E+03 6.0E+03 4.7E+03 4.0E+03 3.4E+03 4.5E+03 

5  16:0/15:0 1.2E+04 1.2E+04 1.0E+04 1.5E+04 1.2E+04 1.3E+04 9.3E+03 6.7E+03 7.0E+03 9.0E+03 
6  17:0/15:0 9.1E+03 7.5E+03 7.5E+03 9.8E+03 8.5E+03 1.2E+04 8.8E+03 6.6E+03 6.9E+03 8.6E+03 
 PA           
7  15:0/15:0 1.9E+05 1.6E+05 1.3E+05 1.7E+05 1.6E+05 2.1E+05 1.4E+05 1.4E+05 1.1E+05 1.5E+05 

8  16:0/15:0 5.8E+05 4.3E+05 4.3E+05 4.9E+05 4.8E+05 3.2E+05 2.5E+05 2.7E+05 1.7E+05 2.5E+05 
9  17:0/15:0 3.7E+05 2.9E+05 2.4E+05 2.6E+05 2.9E+05 3.1E+05 2.2E+05 2.0E+05 1.6E+05 2.2E+05 
 PG           
10  15:0/15:0 1.2E+07 1.2E+07 1.0E+07 9.8E+06 1.1E+07 1.4E+07 1.4E+07 1.3E+07 8.2E+06 1.2E+07 

11  16:0/15:0 1.6E+07 1.5E+07 1.2E+07 1.3E+07 1.4E+07 1.1E+07 1.1E+07 1.1E+07 7.1E+06 1.0E+07 
12  17:0/15:0 9.4E+06 7.9E+06 6.8E+06 7.9E+06 8.0E+06 6.0E+06 7.7E+06 7.3E+06 5.3E+06 6.6E+06 
 PGP           
13  15:0/15:0 1.6E+04 1.2E+04 8.2E+03 7.0E+03 1.1E+04 1.0E+04 8.8E+03 6.5E+03 5.1E+03 7.7E+03 

14  16:0/15:0 4.2E+04 3.4E+04 2.4E+04 1.4E+04 2.8E+04 1.8E+04 1.4E+04 1.1E+04 7.6E+03 1.3E+04 
15  17:0/15:0 2.9E+04 2.3E+04 1.7E+04 8.6E+03 1.9E+04 5.2E+03 2.0E+04 1.5E+04 9.6E+03 1.3E+04 
 MGDAG           
16  16:0/15:0 8.4E+04 8.8E+04 7.3E+04 7.4E+04 8.0E+04 9.6E+04 7.9E+04 7.5E+04 7.4E+04 8.1E+04 

17  17:0/15:0 9.2E+04 7.0E+04 6.4E+04 6.5E+04 7.3E+04 7.2E+04 6.6E+04 5.4E+04 5.6E+04 6.2E+04 
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Table 8. List of lipid standards and other membrane lipids in the positive and negative ion modes 

 Lipid Ion m/z 

  
Lipid standards in the positive ion mode  

 DAG (16:0/16:0) [M + H]+   569.5145 

 DAG (16:0/16:0) [M + NH4]+   586.5405 

 PE (16:0/16:0) [M + H]+   692.5230 

  
Lipid standards in the negative ion mode  

 PG (14:0/14:0) [M - H]-   665.4394 

 PE (16:0/16:0) [M - H]-   690.5074 

 PS (16:0/16:0) [M - H]-   734.4972 

 CL (18:2/18:2/18:2/18:2) [M - H]- 1447.9644 

 
Other membrane lipids in the positive ion mode 

 MGDAG (17:0/15:0) [M + Na]+   753.5487 

 
Other membrane lipids in the negative ion mode 

 PA (15:0/15:0) [M - H]-   619.4344 

 PA (16:0/15:0) [M - H]-   633.4501 

 PA (17:0/15:0) [M - H]-   647.4657 

 PG (16:0/15:0) [M - H]-   707.4849 

 PG (17:0/15:0) [M - H]-   721.5006 

 CDP-DAG (16:0/15:0) [M - H]-   938.4914 

 CL (16:0/16:0/15:0/15:0) [M - H]- 1323.9331 

    
 
 

Mapping metabolites to biosynthetic pathways. The five classes of glycerolipids and 

phospholipids that showed significantly altered cellular levels are known constituents of cell 

membranes. The biosynthetic pathways of these lipids are shown in Figure 419,20, which begins with 

phosphatidic acid (PA). In the pathways, PA reacts with cytidine triphosphate (CTP) catalyzed by 

CDP-diglyceride synthase (CdsA) to produce cytidine diphosphate-DAG (CDP-DAG) as an 

intermediate. Subsequently, the CDP-DAG intermediate has two possible fates. In the first, it reacts 

with serine to give PS under the catalysis of phosphatidylserine synthase (PssA), which is then 

decarboxylated by phosphatidylserine decarboxylase (Psd) to PE. In the second, in the presence of 

phosphatidylglycerophosphate synthase (PgsA), CDP-DAG reacts with glycerol phosphate to yield 

phosphatidylglycerol phosphate (PGP) and then phosphatidylglycerol (PG). In turn, PG can also 

serve as the starting material in the synthesis of either lysylPG, catalyzed by phosphatidylglycerol 

lysyltransferase (MprF), or cardiolipins (CL) catalyzed by the CL synthase enzymes (ClsA, ClsB and 

potentially YwiE). 

 The other pathway utilizes PA as the precursor for the synthesis of lipoteichoic acid (LTA), 

which is a major component of the cell wall of Gram-positive bacteria21. In this pathway, PA is first 

dephosphorylated by an as-yet unknown enzyme to form DAG, which in turn is then converted to 

monoglucosyl-diacylglycerol (MGDAG) and DGDAG by the enzyme UgtP. In the final step, the LTA 
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synthase enzymes (YfnI and YflE) then mediate coupling between DGDAG and PG to produce LTA 

as well as DAG as a by-product in the process that is then either reused for synthesizing DGDAG or 

phosphorylated by DgkB to revert to its precursor, PA. 

 

 
 

Figure 4. Biosynthesis of membrane lipids in B. subtilis. (a) Pathways showing the key intermediates 

and enzyme-encoding genes for the biosynthesis of membrane lipids, starting from PA. The block 

arrows indicate lipids in the metabolomics analysis that had significantly elevated (upward arrows) or 

decreased (downward arrows) levels under 1-butanol stress, whereas the arithmetic symbols 

represent up- (pluses) or down- (minuses) regulated gene transcript expression levels as determined 

from the qrtRT-PCR analysis. (b) Chemical structures of all the lipids shown in the pathways in (a). 

All are derivatives of DAG. 

 

Relative levels of other lipids in membrane lipid biosynthetic pathways. Since many other lipids 

in the membrane lipid biosynthetic pathways showed no significant changes in their levels in the 

untargeted metabolomics analysis, we questioned if this was because these lipids were not detected 

in our platform or because their levels remained truly unaltered under 1-butanol stress. From the 

untargeted metabolomics analysis above, the data suggested that most glycerolipids and 

phospholipids in B. subtilis were made up of 15:0/15:0, 16:0/15:0, and 17:0/15:0 acyl chains. 
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Therefore, the levels of other membrane lipids that contained these acyl substituents were evaluated 

by searching for CL, CDP-DAG, PA, PG, PGP and MGDAG in the LC–MS chromatograms. Based 

on the accurate mass measurements and retention times, we could identify an ion peak that likely 

corresponded to each of these metabolites. To be certain of the identification, the matches were 

further validated using tandem mass spectra, which were obtained for at least one metabolite in 

each class whenever possible (e.g., when MSII of the metabolite was high enough) (Tables 2–5). In 

addition, commercially-available standards of CL from bovine heart (mostly 18:2/18:2/18:2/18:2) and 

PG (14:0/14:0) were also acquired to compare their MS/MS fragmentation patterns and approximate 

retention times (Table 8). Because we could characterize most peaks in the tandem mass spectra, 

and because the fragmentation patterns as well as the retention time of the synthetic and natural 

samples were comparable for CL and PG, this supported the identification of the ion peaks derived 

from these membrane lipids.  

 To quantify the membrane lipids, the levels of these ions in the 1-butanol-treated samples 

were compared to those in control groups, similar to the untargeted analysis above. As expected 

when the metabolites were not associated with 1-butanol stress response, all lipids under 

examination either changed statistically insignificantly (p > 0.05) or had two-fold or lower changes 

(Tables 6–7). The data therefore confirmed that 1-butanol only caused a significant alteration in the 

levels of PE, DGDAG, PS, DAG and lysylPG, but not any of the other lipids in the two biosynthetic 

pathways.  

 

Expression levels of the key enzyme-encoding genes in membrane lipid biosynthetic pathways, 
as determined by qrtRT-PCR analysis. How the stress-induced metabolites correlated to the 

regulation of the genes in the membrane lipid biosynthetic pathways of B. subtilis was examined by 

two-stage qrtRT-PCR analysis on the total mRNA isolated from B. subtilis 168 cells grown under the 

same conditions as those for the untargeted metabolomics experiments. The relative mRNA 

expression level was determined for the genes in the memebrane lipid biosynthetic pathways (Figure 

4: cdsA, pssA, psd, pgsA, mprF, clsA, clsB, ywiE, dgkB, ugtP, yfnI and yflE). 

 The presence of 1-butanol significantly downregulated five of these 11 target genes, cdsA 

(3.4-fold), pgsA (1.9-fold), mprF (2.7-fold), clsA (2.5-fold) and yfnI (1.5-fold), and upregulated one, 

ywiE (22.3-fold), whereas the rest of the genes remained unaltered (Figure 5). Interestingly, while 

ywiE was the only gene in the pathways found to be significantly upregulated, it had by far the 

highest magnitude (22.3-fold) of change. Together with the metabolomics data (Figure 4), the results 

demonstrated an agreement between the gene transcript expression level and detected metabolite 

levels. 
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Figure 5. Relative transcript expression level of the genes involved in the biosynthesis of membrane 

lipids in B. subtilis after treatment without (control; white bars) or with 1% (v/v) 1-butanol (1-BuOH; 

black bars) for 6 h. The mRNA expression level was determined by two-stage qrtRT-PCR using the 

2–''Ct method and standardized against the gyrB transcript expression level as an internal control. 

The graph indicates the fold changes in the indicated mRNA levels in 1-butanol-treated samples 

relative to that in the control. Data are shown as the average ± standard errors of the mean, derived 

from three independent experiments. Student’s t-test: *, p < 0.05; **, p < 0.01; ***, p < 0.005. 

 

Cell morphologies of B. subtilis 168 under 1-butanol stress. Mutant B. subtilis cells with an 

altered membrane lipid composition have been shown to display aberrant cell morphologies19, and 

therefore, whether the differential levels of glycerolipids and phospholipids observed in our studies 

led to changes in the cell morphology under 1-butanol stress was examined using SEM analysis. 

The studies clearly demonstrated the lengthening of stationary-phase cells after being exposed to 

1.4% (v/v) of 1-butanol for 12 h in LB medium (the same medium as in the previous literature and at 

the concentration that resulted in a similar growth rate of B. subtilis as in SMM medium). The cells 

showed an almost two-fold increased length (3.91 ± 0.66 µm vs. 1.98 ± 0.27 µm) compared to the 

control cells (Figure 6). Taken together, the findings suggested a potential correlation between the 

cell morphology, glycerolipid and phospholipid composition, and 1-butanol stress. 
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Figure 6. Representative SEM images of B. subtilis 168 cells after being cultured (a, c) without or (b, 

d) with 1.4% (v/v) of 1-butanol in LB medium for 12 h. 1-Butanol was supplemented into the B. 
subtilis 168 cultures during the late lag phase (OD600 ~0.2–0.3). Images shown are at (a, b) 5000u 

(scale bar is 5 µm) and (c, d) 20000u (scale bar is 1 µm) magnification. 

 

Discussion and Conclusion 

 Organic solvent-tolerant bacteria have the potential to be utilized in industrial and 

environmental biotechnology applications that range from biofuel and chemical production to 

biocatalysis and bioremediation22. With these premises, various studies have previously been 

conducted to elucidate the mechanisms of organic solvent tolerance23. Some of the response 

mechanisms include the induction of stress proteins24, inhibition of sporulation25, deactivation of 

organic solvents26, changes in cell morphology27,28, modification of the cell surface and cell 

membrane29-31, and solvent excretion through efflux pumps32. The knowledge of these mechanisms 

helps accelerate the acquisition of bacterial strains with a higher tolerance to organic solvents by 

allowing the genetic engineering of relevant pathways or by changing the levels of key culture 

factors that are altered when the organisms adapt to stress33.  

 1-Butanol is one of the organic solvents that have been used widely in industry. However, 

because 1-butanol is highly toxic to microorganisms, the possibilities of applying microbial 

fermentation to produce or transform 1-butanol to other important chemicals or for bioremediation 

are still quite limited in scope. In the hope of obtaining bacteria with an enhanced tolerance to 1-

butanol in the near future, the present study was aimed at elucidating the metabolic responses of B. 
subtilis in a 1-butanol-stressed environment using an untargeted metabolomics approach. 

 Accordingly, B. subtilis was exposed to 1-butanol during the early growing condition (late lag 

phase), which was earlier than in most previous reports. During this vulnerable early stage of 

growth, the bacteria are able to tolerate lower concentrations of 1-butanol than when 1-butanol is 
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added at a later stage with an already high cell density9. However, the late lag to early log phase 

condition was chosen in this study, because the common practice in fermentation process is to have 

the toxic substrates present as early as possible, and the toxic products gradually formed. 

 We used an untargeted metabolomics analysis since, in contrast to targeted analysis that 

limits its scope to selected metabolites, untargeted analysis can detect and quantitate all ionizing 

metabolites based on their MSII, allowing measurement of both known and novel metabolites 

simultaneously34. The untargeted metabolomics analysis identified the zwitterionic PE, neutral PS, 

and neutral DGDAG to be differentially upregulated in 1-butanol-stressed B. subtilis, whereas the 

positively-charged lysylPG and neutral DAG were downregulated. If the whole-cell measurement of 

lipids in this work were directly correlated with the amount of these lipids in the B. subtilis 

membrane, it would mean that there is a decrease in the ratio of ionic to neutral lipids under 1-

butanol stress. However, this interpretation does not explain our findings, because one would expect 

ionic lipids to repel with the nonpolar alkyl chain of 1-butanol better than neutral lipids. 

Alternatively, the metabolomics data also indicates an increase in the ratio of neutral and 

anionic to cationic membrane lipids under 1-butanol stress. While no report has previously 

demonstrated the importance of maintaining this ratio, an increase in the anionic phospholipid 

contents has been shown previously to allow the adaptation of B. subtilis in a high salinity 

environment35, whereas cationic lipids generally played a role in attenuating the membrane 

perturbation of cationic compounds36. Since 1-butanol is a neutral compound, both anionic and 

cationic lipids should not provide any extra protection for B. subtilis via charge-charge repulsion with 

the uncharged solvent. Thus, we speculated that if the altered amount of these charged lipids did 

not affect growth of the organism, their production might become unnecessary and was reduced in 

this environment, as observed in the case of the cationic lysylPG. On the other hand, the presence 

of the major anionic membrane lipid, PG, is essential for overall viability of the organism35, and 

therefore its levels might be kept unaltered. Yet, it is also possible that the charged membrane lipids 

themselves might not interact directly with 1-butanol at all but affect the activities of integral 

membrane proteins, such as transporters, instead37. In any cases, more data points with other 

neutral organic solvents are needed, before any generalization can be drawn upon. 

One of the known mechanisms of bacteria for dealing with organic solvent stress involves 

changing their membrane fluidity, which in many cases, can be achieved by changing their 

saturated-to-unsaturated fatty acid composition. For example, ethanol stress was reported to cause 

an increased level of unsaturated fatty acids in the membrane of E. coli38 and S. cerevisiae39, and to 

increase the level of saturated fatty acids in B. subtilis40 and C. acetobutylicum41,42. Interestingly, we 

did not detect these changes in our metabolomics experiments with either the fatty acids themselves 

or as acyl chains of glycerolipids or phospholipids. One of the factors that may account for this 

discrepancy is that the earlier literature only described changes in fatty acid contents in B. subtilis 

under stress induced by methanol or ethanol, but not 1-butanol40. Despite all three compounds being 

short-chain alcohols, they could affect lipid metabolism differently. For example, some fatty acid 

compositions were only modified by ethanol stress, but remained unchanged with methanol stress40. 
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Alternatively, our results might simply be specific to the choices of the B. subtilis strain, growth 

medium and conditions employed in this study. Further experiments are needed to test their 

generality. 

The LC–MS/MS analyses of differentially altered lipids suggested that the most abundant 

acyl chains present were 15:0/15:0, 16:0/15:0 and 17:0/15:0. Although the results might look 

surprising without any a priori knowledge of the acyl chains of B. subtilis, the data was consistent 

with a previous report on the fatty acid distribution of the total membrane lipid extracts from B. 
subtilis, which indicated C15:0 as the most frequently found acyl chain43. Additional support for this 

observation also comes from a study on the lipid composition during various growth stages of B. 
subtilis by matrix-assisted laser desorption/ionization coupled to time-of-flight/time-of-flight (MALDI-

TOF/TOF) mass spectrometry44. In this work, the authors reported the detection of sodiated PE, PG, 

lysylPG and DGDAG in B. subtilis lipid extracts and applied tandem MS to identify the exact acyl 

chain combinations for DGDAG as observed here. 

The LC–MS platform as used in this study was not without faults, however, since the 

system could not separate nor distinguish branched-chain lipids from straight-chain lipids. Since B. 
subtilis has previously been described to have C15:0 and C17:0 fatty acyl chains as mostly the iso- 

and anteiso-derivatives43, it was likely that these branched-chain isomers constituted major 

components of our detected lipids. Nevertheless, except for the case of DGDAG above, our results 

demonstrated for the first time that glycerolipids and phospholipids in B. subtilis comprised mostly of 

15:0/15:0, 16:0/15:0, and 17:0/15:0 acyl chains. Furthermore, the extensive list of MS/MS spectra of 

these lipids (see supplementary information in the full publication) could serve as informative guides 

for the identification and characterization of these glycerolipids and phospholipids in the future.       

 Assuming that the levels of gene transcript expression correlate linearly with the activity of 

their encoded enzymes, the observed changes in the levels of glycerolipids and phospholipids could 

be partially explained by the changes in the relative mRNA expression levels. While the levels of the 

immediate enzymes for synthesis of PS and PE, PssA and Psd, were unaffected by 1-butanol, the 

level of PgsA, which also utilized CDP-DAG as its substrate, was decreased (Figure 4). 

Consequently, more CDP-DAG might flux in the direction of PS and PE causing in their increased 

levels. On the other hand, the decreased levels of lysylPG could simply be due to the fact that the 

level of mprF was reduced.  

Without differential expression of ugtP, the changes in the levels of DAG and DGDAG might 

seem uncorrelated to gene expression levels at first. However, because the YfnI enzyme can use 

DGDAG and PG as its substrate to release LTA and DAG as products45, the downregulation of the 

yfnI gene should lead to the heightened levels of substrates and lowered levels of products, which is 

consistent with that observed for DGDAG and DAG, respectively. Interestingly, the main LTA 

synthase enzyme (YflE), an ortholog of YfnI46,47, exhibited no significant change in its transcript 

expression levels. The transcription of yfnI is regulated by the sigma factor σM
, which is involved in 

various stress tolerance responses, such as high salt and ethanol48,49. Albeit in the opposite 

direction, our work suggested that YfnI is potentially associated with the 1-butanol stress response 
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as well. More importantly, while there are enzyme-encoding genes that were not evaluated in this 

study, especially in the intersecting pathways, the qrtRT-PCR data already demonstrated a strong 

correlation between gene regulation and metabolite production. 

The B. subtilis 168 cells were shown to elongate almost two-fold under 1-butanol stress in 

our studies. There are two membrane lipids-related genes that might be linked to the regulation of 

cell length, namely the ugtP and yflE genes. Deletion of the former gene was shown to shorten 

cells19. The UgtP enzyme converts DAG into MGDAG and DGDAG in the membrane lipid 

biosynthetic pathway, and therefore, in the ugtP mutant, the levels of DAG and DGDAG should be 

elevated and decreased, respectively. While no significant changes in the transcript levels of ugtP 

were found in this study, the DAG and DGDAG levels were decreased and increased, respectively, 

under 1-butanol stress, corroborating the observed cell morphologies.  

The deletion of the yflE gene was previously shown to increase the cell or cell chain length 

of B. subtilis47. Although YflE is the major LTA synthase enzyme in B. subtilis, another LTA synthase 

enzyme, YfnI, and not YflE showed a marked change in transcript expression levels under 1-butanol 

stress. A single deletion in the yfnI gene did not lead to the same morphological effects as the yflE 

mutant, but it is possible that its downregulation might affect the amount or structure of LTA45 or the 

same metabolites in the pathway as the yflE mutant, leading to the observed morphologies. 

Nevertheless, it is also possible that the observed longer cell phenotype under 1-butanol stress 

might be unrelated to these genes, and further experiments are required to pin down any effects of 

these genes on 1-butanol tolerance of B. subtilis.  

In total, applying untargeted metabolomics to study the hydrophobic or lipid-soluble cell 

components of B. subtilis under 1-butanol stress led to the identification of a moderate number of 

stress-associated membrane lipids. Using a combination of accurate mass determination, tandem 

mass spectra and partial comparison with synthetic standards, more than 85% of the ions could be 

characterized and were found to belong to five classes of glycerolipids and phospholipids in the 

membrane lipid biosynthetic pathways. These methods also revealed for the first time that the most 

frequently-found acyl chains of these lipids in B. subtilis were 15:0/15:0, 16:0/15:0 and 17:0/15:0. 

The downstream targeted qrtRT-PCR and SEM analyses further supported this discovery. The 

former revealed six lipid metabolism genes with significant altered transcript expression levels that 

were strongly correlated with the observed metabolite changes, whilst the latter showed cell 

elongation morphologies that were potentially associated with the pathways. Together, this study 

revealed changes in the composition of glycerolipids and phospholipids in B. subtilis in response to 

1-butanol stress. Future work will aim to determine the relevance of these changes in glycerolipids 

and phospholipids levels on 1-butanol tolerance. More generally, the results highlighted the 

importance of metabolite identification in metabolomics experiments, as well as the utility of linking 

metabolites to metabolic pathways in uncovering novel biological insights. 
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Output (Acknowledging the Thailand Research Fund) 
 

1. International Journal Publication 

Published in 1 international journal (Vinayavekhin N*, Mahipant G, Vangnai AS, Sangvanich 

P (2015). Untargeted metabolomics analysis revealed changes in the composition of 

glycerolipids and phospholipids in Bacillus subtilis under 1-butanol stress. Appl. Microbiol. 
Biotechnol. 99: 5971–5983.) 

 
2. Application 

Academic application – This project led to the novel discovery of metabolic responses of B. 
subtilis to 1-butanol. The knowledge can be applied for rationally engineering B. subtilis to have 

higher tolerance to 1-butanol in the future, which would be useful for processes involving 1-

butanol, such as in microbial bioremediation, biocatalysis, and metabolic engineering of 1-

butanol. This project was also used as a mean to train an undergraduate student to do research 

in the “Applied Chemistry Project” course.  
 

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

patent) 

Oral presentation in international symposia, such as with Academia Sinica, Taiwan; Gifu 

University, Japan; Nagaoka University of Technology, Japan; and Yamaguchi University, Japan.   
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Abstract 1-Butanol has been utilized widely in industry and
can be produced or transformed by microbes. However, cur-
rent knowledge about the mechanisms of 1-butanol tolerance
in bacteria remains quite limited. Here, we applied untargeted
metabolomics to study Bacillus subtilis cells under 1-butanol
stress and identified 55 and 37 ions with significantly in-
creased and decreased levels, respectively. Using accurate
mass determination, tandem mass spectra, and synthetic stan-
dards, 86 % of these ions were characterized. The levels of
phosphatidylethanolamine, diglucosyldiacylglycerol, and
phosphatidylserine were found to be upregulated upon 1-
butanol treatment, whereas those of diacylglycerol and lysyl
phosphatidylglycerol were downregulated. Most lipids
contained 15:0/15:0, 16:0/15:0, and 17:0/15:0 acyl chains,
and all were mapped to membrane lipid biosynthetic path-
ways. Subsequent two-stage quantitative real-time reverse
transcriptase PCR analyses of genes in the two principal mem-
brane lipid biosynthesis pathways revealed elevated levels of

ywiE transcripts in the presence of 1-butanol and reduced ex-
pression levels of cdsA, pgsA,mprF, clsA, and yfnI transcripts.
Thus, the gene transcript levels showed agreement with the
metabolomics data. Lastly, the cell morphology was investi-
gated by scanning electron microscopy, which indicated that
cells became almost twofold longer after 1.4 % (v/v) 1-butanol
stress for 12 h. Overall, the studies uncovered changes in the
composition of glycerolipids and phospholipids in B. subtilis
under 1-butanol stress, emphasizing the power of untargeted
metabolomics in the discovery of new biological insights.

Keywords Metabolomics . Bacillus subtilis . 1-Butanol
tolerance . Glycerolipids . Phospholipids .Membrane lipids

Introduction

Due to the decreasing supply of petroleum oil, increasing ef-
forts have been spent on finding sustainably renewable re-
sources for the production of fuels and related industrial
chemicals in recent years. One such effort includes employing
microorganisms to produce or transform compounds of inter-
est, such as biofuels.

1-Butanol is a short-chain alcohol, which has gained in-
creasing attentions as a potential alternative biofuel (Durre
2011; Fortman et al. 2008), since it has many advantageous
properties over ethanol, including its higher energy density
and its lower vapor pressure, corrosiveness, and solubility in
water (Connor and Liao 2009). 1-Butanol has also been used
widely in industries as a solvent, stabilizer, and precursor in
the production of paints, polymers, and plastics (Green 2011).

Microbial production of 1-butanol has long been possible
industrially using the acetone-butanol-ethanol (ABE) produc-
tion by suitable ABE microbes (Ni and Sun 2009). The
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process turns starch or sugars from molasses into 1-butanol,
typically using the natural 1-butanol-producing strain, Clos-
tridium acetobutylicum, as a fermentation host (Durre 2011).
However, one of the main problems is the low yield of 1-
butanol, due to its toxicity even to the producing host. In fact,
the bacterial growth is inhibited at only about 2 % (v/v) of 1-
butanol (Liu and Qureshi 2009). The same problem with 1-
butanol toxicity would need to be resolved as well, if microbes
were to be employed for the conversion of 1-butanol to other
industrially important compounds or in bioremediation.

Bacillus subtilis is one of the best-characterized Gram-pos-
itive bacteria (Kunst et al. 1997). It is nonpathogenic and has
been considered an important industrial strain, especially for
the synthesis of enzymes via heterologous expression. In
terms of 1-butanol tolerance, it was shown that B. subtilis
had the highest tolerance in 1-butanol of the other six com-
monly used mesophilic, facultatively anaerobic biofuel-
producing hosts (Fischer et al. 2008). B. subtilis strain
GRSW2-B1was also one of themicroorganisms isolated from
seawater samples in Thailand in a screen to find bacteria with
a higher tolerance to 1-butanol (Kataoka et al. 2011).

One way to aid obtaining a 1-butanol-tolerant strain of
bacteria is by truly understanding how bacteria respond to 1-
butanol-induced stress metabolically, since these metabolites
might be crucial for the survival and tolerance of the microor-
ganisms in 1-butanol. Consequently, supplementing such me-
tabolites or their precursors into the growth medium or genet-
ically engineering genes in the involved metabolic pathways
to manipulate their levels might enhance the 1-butanol toler-
ance in bacteria.

Therefore, we set out to search for metabolite changes in
response to 1-butanol stress in B. subtilis strain 168 (a labora-
tory strain) using an untargeted metabolomics approach to
assay lipophilic compounds. The methods for the detection,
quantitation, and identification of lipophilic metabolites and
the observed changes in the levels of glycerolipids and phos-
pholipids induced by 1-butanol are reported. Subsequently,
two-stage quantitative real-time reverse transcriptase PCR
(qrtRT-PCR) and scanning electron microscopy (SEM) were
performed to attempt to link the observed changes in these
metabolites to the expression level of their likely key gene
transcripts and the changes in the cell morphology ofB. subtilis,
respectively.

Materials and methods

Bacterial strains and growth conditions B. subtilis strain
168 was provided by the Bacillus Genetic Stock Center
(BGSC). Unless otherwise stated, bacteria were grown aero-
bically at 200 rpm, 37 °C in Spizizen’s minimal media (SMM;
2 g L−1 (NH4)2SO4, 14 g L−1 K2HPO4, 6 g L−1 KH2PO4,
1 g L−1 sodium citrate, and 1 mMMgSO4) supplemented with

carbon sources (5 g L−1 glucose, 20 mg L−1 L-tryptophan, and
18 mg L−1 L-phenylalanine) and trace elements (5.5 mg L−1

CaCl2, 15.3 mg L−1 FeCl3⋅6H2O, 1 mg L−1 MnCl2⋅4H2O,
1.7 mg L−1 ZnCl2, 0.43 mg L−1 CuCl2⋅2H2O, 0.6 mg L−1

CoCl2⋅6H2O, 0.6 mg L−1 NaMoO4⋅2H2O, and 0.47 mg L−1

Na2SeO4) as reported previously (Boch et al. 1994; Nakano
et al. 1997; Spizizen 1958).

Specifically, cultures (5 mL) of B. subtilis strain 168 were
grown overnight and diluted 50-fold into 20 mL of fresh
SMM. The cells were then allowed to grow to late lag phase
(optical density at 600 nm (OD600) of ∼0.2–0.3), before they
were treated with the indicated concentrations of 1-butanol
(TCI >99.0%) or water as control and then grown further until
the predetermined time. For the construction of growth curves,
experiments were performed in triplicate and samples were
collected every 3 h after treatment with 1-butanol to measure
the OD600. For the metabolomics and qrtRT-PCR analyses,
cells were harvested 6 h after 1 % (v/v) 1-butanol was added
to the culture.

Metabolites extraction Cell pellets were collected upon cen-
trifugation of cultures (20 mL) at 4500g, 4 °C for 15 min,
washed once with 20 mL of SMM without trace elements or
carbon sources, and then resuspended in 3 mL of fresh SMM.
Extraction was then performed as described previously with
slight modifications (Vinayavekhin and Saghatelian 2011).
Briefly, the cell suspension was extracted with a 9-mL solu-
tion of 2:1 (v/v) ratio of chloroform (CHCl3)/methanol
(MeOH) mixture in a glass vial and centrifuged at 1000g for
5 min to separate the organic layer (bottom) from the aqueous
layer (top). Subsequently, the organic layer was carefully
transferred to another vial and concentrated to dryness under
a steam of nitrogen. Samples were stored at −20 °C and dis-
solved in 200 μL CHCl3 prior to analysis by liquid chroma-
tography (LC)–mass spectrometry (MS).

LC–MS analysis of metabolomes The LC–MS analysis was
modified from that reported previously (Vinayavekhin and
Saghatelian 2009). Briefly, the analysis was performed using
Waters Alliance e2695 LC coupled to Bruker MicrOTOF Q-II
MS instruments. For the LC analysis in the positive ion mode,
a Luna C5 column (5 μm, 4.6 mm × 50 mm) was used togeth-
er with a precolumn (Phenomenex). Mobile phase Awas com-
posed of 95/5 water/MeOH, and mobile phase B was made up
of a 60/35/5 isopropanol/MeOH/water mixture. In addition,
0.1 % (v/v) formic acid and 5 mM ammonium formate were
added to both A and B to serve as solvent modifiers. The 60-
min gradient started at 0 % B for 5 min at 0.1 mLmin−1 before
abruptly changed to 20 % B and then increased linearly to
100 % B over 40 min at 0.4 mLmin−1. The gradient remained
at 100 % B for 8 min at 0.5 mL min−1 before ending with
equilibration of the column at 0 % B for 7 min at
0.5 mL min−1.
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A similar LC analysis was performed in the negative ion
mode except that samples were separated on a Gemini C18
column (5 μm, 4.6 mm × 50 mm; Phenomenex), and both
mobile phases A and B were supplemented with 0.1 % (v/v)
ammonium hydroxide as solvent modifiers instead. MS anal-
ysis was performed with an electrospray ionization source.
The parameters were set as follows: end plate offset at
−500 V, capillary voltage at 4000 V, nebulizer pressure at
3 bar, dry gas at 8 L min−1, dry temperature at 200 °C, and
collision RF at 150 Vpp. Data was collected in the profile
mode with a mass range of 100–1500 Da. Mass axis calibra-
tion was performed for each individual analysis using 10 mM
sodium formate solution. For each run, 40 μL of metabolite
extract was injected into the system for analysis.

LC–MS untargeted data analysis The total ion chromato-
grams were obtained for the two groups of samples (control
vs. those stressed with 1 % (v/v) 1-butanol) in quadruplicate
(giving a total of eight chromatograms in each ion mode). The
chromatograms were analyzed in two steps. In the first step,
automated data analysis by the XCMS program (Smith et al.
2006) was performed to compare the metabolite profiles of the
1-butanol-treated samples with those of the untreated control
samples so as to identify, match, and quantify the ions in the
LC–MS chromatographs of all samples. Then in the second
stage, manual analysis of the XCMS output files was per-
formed to obtain a final list of statistically significant changing
ions.

The automated data analysis step was performed as report-
ed previously (Vinayavekhin and Saghatelian 2011). Howev-
er, because of the differences in instruments employed, the
conversion of the Bruker .d files to the mzXML format was
achieved using the CompassXport software. The final XCMS
output file contained the following information for each ion:
average mass-to-charge ratio (m/z), average retention time,
and integrated mass ion intensity (peak area; MSII) for each
of the LC–MS chromatograms.

In the next step, manual analysis began with normalization
of each ion by dividing theMSII of the ion by the OD600 of the
culture from which it was derived to give a normalized MSII
(nMSII) to control for any large differences in the cell number
(as OD600 values) of the different samples (observed variance
was 1.7- to 2.0-fold differences). To make each nMSII value
closer to that of MSII, the nMSII was multiplied by the aver-
age OD600 of all eight samples in each mode to obtain the
adjusted MSII (aMSII). The resulting values were then aver-
aged within each group and subsequently employed to calcu-
late the fold changes (i.e., aMSII of control/aMSII of 1-
butanol-treated samples or vice versa) for each ion.

To identify metabolites that were elevated or decreased
upon addition of 1-butanol to B. subtilis cultures and not arti-
facts of differing cell numbers between cultures, certain
criteria were set to filter out nonchanging or unreal

metabolites from the ion list. Specifically, these filters
consisted of (i) a minimum fold changes of ≥4, (ii) statistical
significance (t test with p < 0.05), and (iii) a minimumMSII of
30,000 in the elevated samples (which was approximately five
times the limit of detection of the instruments). Subsequently,
the remaining ions on the list were visually inspected for the
peaks in the extracted ion chromatogram to eliminate isotopic
ions or any false positives. Lastly, another set of experiments
were repeated in triplicate for control and quadruplicate for 1-
butanol-treated samples to confirm changes in the levels, as
well as the presence of these ions in the final list.

Tandem MS experiments The MS/MS analyses were per-
formed on every changing ion on the final list in previous part
using a Waters Alliance e2695 instrument coupled to Bruker
MicrOTOF Q-II instrument. The tandem MS analyses were
performed in auto MS/MS mode with instructions to include
ions of interest in the precursor ion list using a target isolation
width of 0.5. The number of precursor ions was set to 3 ions,
and active exclusion was activated to exclude the ions after
obtaining 3 MS/MS spectra and release the exclusion after
0.30 to 1.00 min. Collision energies were set at 35 V for m/z
500.00, 50 V for m/z 1000.00, and 70 V for m/z 2000.00.
When an isolation mass was not exactly these values, the
collision energies were then interpolated automatically from
those of the two closest m/z values. Data were collected in the
profile modes using a mass range of either 50–1500 or 100–
1500 Da. Metabolites from the extract (40 μL) or chemical
standards (500 pmol) were separated using the same LC con-
ditions as in the BLC–MS analysis of metabolomes^ section
before coupling to the tandem MS analyses.

Total RNA isolation and two-stage qrtRT-PCR
analysis Cell pellets were collected by centrifugation of the
cultures (5 mL for control and 10 mL for 1-butanol-stressed
samples) at 4500g, 4 °C for 15 min, and then washed once
with SMM medium without trace elements or carbon sources
using the same volumes as the cultures they were harvested
from. Total RNA was isolated immediately from the washed
cell pellets using the GF-1 Total RNA Extraction kit
(Vivantis). In the first-stage qrtRT-PCR, 4 μg of the total
RNA was converted to cDNA using the RevertAid First
Strand cDNA Synthesis kit (Thermo Scientific), according
to manufacturers’ instructions. Subsequently, for each sample,
the respective cDNA solution was diluted 10- or 50-fold and
then used as the template in the second-stage qrtRT-PCR anal-
ysis using the SsoAdvanced™ SYBR® Green Supermix
(Biorad). The primer sequences (Integrated DNA Technolo-
gies) for the amplification of the target genes are listed in
Table 1, along with those of gyrase B (gyrB) that served as
an internal control. Finally, data analysis was conducted by
using the 2–ΔΔCt method to calculate the relative amount of
target mRNA in the 1-butanol-treated samples vs. the control.
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The ΔCt values were subjected to Student’s t test, and only
those with p < 0.05 were considered significant.

Cell morphology Cultures (20 mL) of B. subtilis strain 168
were prepared as detailed (Bacterial strains and growth condi-
tions section), except that Luria-Bertani (LB) mediumwas used
instead of SMM. Cells were allowed to grow in the absence
(control) or presence of 1.4 % (v/v) 1-butanol for 12 h and then
were harvested for cell morphology analysis by SEM as report-
ed (Kongpol et al. 2008). In brief, to perform the SEM analysis,
cells were collected by filtration through a 0.4-μm membrane
and fixed with 2.5 % glutaraldehyde in 0.1 M phosphate buffer
(pH 7.2) for 2 h. The solution was then removed, and the cells
were washed twice with 0.1 M phosphate buffer (pH 7.2) and
once with distilled water (5 min each). Next, specimens were
prepared by dehydrating the cells in a graded ethanol series,
followed by drying in a critical point dryer (Balzers, model no.
CPD020) and gold-mounting and coating using a sputter coater
(Balzers, model no. SCD040). Finally, a scanning electron mi-
croscope (JEOL, model no. JSM-5410LV) was used to exam-
ine the specimens for any changes in their anhydrous morphol-
ogy induced by the 1-butanol stress.

Results

Growth of B. subtilis 168 in SMM with varying amount of
1-butanol To determine the appropriate culture conditions for
the untargeted metabolomics analysis, we first monitored the
growth of B. subtilis 168 in SMMwith various concentrations
of 1-butanol. The defined medium does not contain any un-
known metabolites that might interfere with the subsequent
LC–MS analyses, so it was appropriate for use as our culture
conditions.Moreover, the addition of 1-butanol at an improper
time can induce spore formation (data not shown). Thus, an
overnight culture of B. subtilis in SMM was used to inoculate
larger cultures (20 mL), which were allowed to grow to late
lag phase (OD600 ∼ 0.25), prior to the addition of 1-butanol at
concentrations up to 1.4 % (v/v). The subsequent cell growth
was then monitored by measuring the OD600 over 12 h.

The B. subtilis strain 168 was able to grow in 1-butanol at
all tested concentrations (0.6–1.4 % (v/v)), albeit at lower
growth rates than the 1-butanol-free control (Fig. 1). As ex-
pected when cells were induced to stress by 1-butanol, the
OD600 values at every measured time point were lower with
increasing 1-butanol concentrations and lowest at 1.4 % (v/v)
1-butanol. However, the fact that the final OD600 of the cul-
tures with 0.6 and 0.8 % (v/v) of 1-butanol at 12 h did not
differ noticeably from that of the control indicated that the
level of stress subjected upon B. subtilis at these concentra-
tions might be insignificant or insufficient over this 12-h time
course.

From the results, because the lowest concentration of 1-
butanol that moderately and continuously disrupted the
growth of B. subtiliswas 1% (v/v), this condition was selected
for the metabolomics analysis. Since B. subtilis entered early
stationary phase at 6 h in the presence of 1 % (v/v) 1-butanol,
this time point was selected, because by this time the cells
would likely have already accumulated several stress-
induced metabolites in respond to 1-butanol. At a 6-h time
point, the OD600 values of the 1-butanol-free control samples
were approximately 1.7- to 2.0-fold higher than the samples
cultured with 1 % (v/v) 1-butanol.

Untargeted metabolomics of B. subtilis 168 under 1-
butanol stress Untargeted metabolomics was performed on
B. subtilis 168 cells cultured in the presence of 1 % (v/v) 1-
butanol for 6 h, along with those cultured without 1-butanol as
the control. Hydrophobic metabolites, such as fatty acids,
were then extracted from the cells using 2:1 (v/v) ratio
CHCl3/MeOH, and the extracts were then concentrated and
subjected to LC–MS analysis using an untargeted metabolo-
mics platform (Vinayavekhin and Saghatelian 2010).

To identify differentially changed metabolites associated
with the 1-butanol stress response, the XCMS program
(Smith et al. 2006) was used to compare the metabolite pro-
files of the 1-butanol-treated samples with those of the

Table 1 Oligonucleotides used for amplification of target genes in the
second-stage qrtRT-PCR

Gene Primer sequence (5′ to 3′) Amplicon
size (bp)

cdsA TGG TTT CAC TGC CGG GTT TG 92
GGA AAT CCC GTC CGC TTC AA

pssA CAA AGC AAG CTC CCG ACG TT 108
GCA AGT GCC GAT TGC CAG AA

psd GGC AGC CGA AAT GTC CTG AT 95
TCC TCG CCG ATC TCC AAT TCA

ugtP GGC TAT GTG GAG CGC ATT GA 91
TGG CTG TGG CTT CTG TCA AA

yfnI TGATGC CGA GCT GAC AAT GG 94
AGG AAG CGA CTG GTA GGT GTT

yflE CGC TGG CTG TTG GAC TTG AT 137
AAC CTG GCA GTT GCG GAATC

dgkB ACG ACG TGC CAA GCA AAC TG 83
ACG AAG TGA AGG CAG CAT TTC C

pgsA AGA CTG GGT GGA CGG GTATT 139
CCA AGC TGG AGC GAG ATC AA

mprF CAATGA AGC GGC TCG AAA CGA 82
ACC GCA CGC TGA ACA ACA AG

clsA AGC CCG ATC ACG CCT TTG TA 147
CTG TGC CGA CTG AAG CGATTT

clsB CCA ACATTG CCC AAG CGA AGA 147
CCA GCG GAT GGT CTG ATT TCATC

ywiE AAATAG GGC GTG GCG ATC CA 127
CCG TGG AAG GAG GAG GCATTTA

gyrB
(control)

AAG CTG GGC AAC TCA GAA GCA CGG 138
AGC CAT TCT TGC TCT TGC CGC C
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untreated controls. The obtained MSII values were normalized
to the OD600 value of each sample (aMSII) to account for
differences in the cell numbers. To be certain that the differ-
ences were not merely artifacts of differing cell numbers, me-
tabolite ions were labeled as likely to be involved in the 1-
butanol stress response only if they were elevated or decreased
by fourfold or more with statistical significance (p < 0.05) com-
pared to in the control cells (Fig. 2). The differential levels of
the ions could clearly be observed in the extracted ion chro-
matograms (Fig. 3). At the end, the unbiased comparative anal-
yses identified 34 and 21 ions with increasing levels and 30 and
7 ions with decreasing levels in the 1-butanol-treated samples in
the positive and negative ion modes, respectively (Figs. 2 and 3
and Supplementary Information (SI) Tables S1–S4).

Characterization of metabolite ions potentially involved in
the 1-butanol stress response To connect the observation to
biological significance, the statistically significant changing
metabolite ions need to be characterized for their structures.
Upon using the accurate mass of each of the ions with the as-
yet unidentified adducts to search on the METLIN (Smith
et al. 2005) database (SI, Tables S1–S4), we found so many
hits to known metabolites that unfortunately it was impossible
to extract any useful information. Therefore, the data was used
for assigning possible molecular formulas to the ions instead.

To obtain more structural clues, we obtained tandem mass
spectra of all the involved ions. The resulting MS/MS spectra
were interpreted manually one by one to construct the likely

structures from all the identifiable fragments (SI, Tables S1–
S4 and Fig. S1). As a result, the most probable identification
could be assigned to 27 and 18 ions with increasing levels and
27 and 7 ions with decreasing levels in the 1-butanol-treated
samples in the positive and negative ion modes, respectively
(SI, Tables S1–S4). Together, 86% of the changing ions could
be given potential identification. While several ions originated
from the same metabolites and differed only by their ion ad-
ducts, the number of potentially identifiable ions was higher
than previously anticipated for an untargeted metabolomics
analysis.

In general, the characterized ions belonged to five classes of
metabolites (Table 2, Fig. 3, and SI Tables S1–S4). The classes
with elevated levels in the 1-butanol-treated samples were phos-
phatidylethanolamine (PE), diglucosyldiacylglycerol (DGDAG),
and phosphatidylserine (PS), whereas diacylglycerol (DAG) and
lysyl phosphatidylglycerol (lysylPG) showed decreased levels.
Although the MS/MS method did not allow distinction between
the sn-1 acyl substituents from those at the sn-2 position, they
were useful for identification of the acyl chains present in the
molecules. Notably, we found that all the differentially changed
metabolites contained only saturated fatty acyl chains and that
most comprised 15:0/15:0, 16:0/15:0, or 17:0/15:0 acyl chains
(listed in random order without regarding the sn-1 or sn-2
positions).

To further confirm the identification of some of the
glycerolipids and phospholipids, synthetic standards of PE
(16:0/16:0), PS (16:0/16:0), and DAG (16:0/16:0) were exam-
ined. As expected, if the identification was correct, the MS/
MS fragmentation data of the standards (SI, Table S6 and
Fig. S1) exhibited the same patterns as those of the bacterial
samples (SI, Tables S1–S4 and Fig. S1). In addition, while co-
injection experiments were not performed due to the fact that
the commercially available synthetic standards contained dif-
ferent acyl chains from those that were most abundant in our
B. subtilis samples, the standards were found to elute off of the
columns at a sufficiently close retention time to the corre-
sponding classes of metabolites in the natural samples (SI,
Tables S1–S6). Together, the data with synthetic standards
supported our prior identification of the metabolites.

Mapping metabolites to biosynthetic pathways The five
classes of glycerolipids and phospholipids that showed signif-
icantly altered cellular levels are known constituents of cell
membranes. The biosynthetic pathways of these lipids are
shown in Fig. 4 (Matsuoka et al. 2011; Salzberg and Helmann
2008), which begins with phosphatidic acid (PA). In the path-
ways, PA reacts with cytidine triphosphate (CTP) catalyzed by
CDP-diglyceride synthase (CdsA) to produce cytidine
diphosphate-DAG (CDP-DAG) as an intermediate. Subse-
quently, the CDP-DAG intermediate has two possible fates.
In the first, it reacts with serine to give PS under the catalysis
of phosphatidylserine synthase (PssA), which is then

Fig. 1 Growth curves of B. subtilis strain 168 in SMM with different
concentrations of 1-butanol. Cultures were grown to late lag phase
(OD600 ∼ 0.2–0.3), before 1-butanol was added (all (v/v)) at 0 %
(control; diamonds), 0.6 % (squares), 0.8 % (triangles), 1.0 %
(crosses), 1.2 % (pluses), and 1.4 % (circles). Data are shown as the
average OD600 ± standard errors of the mean, derived from three
experimental replicates per concentration

Appl Microbiol Biotechnol (2015) 99:5971–5983 5975



Fig. 2 Results from the untargeted metabolomics analyses of
hydrophobic cell components from B. subtilis 168 cells cultured in the
absence (control) or presence of 1 % (v/v) 1-butanol (1-BuOH) for 6 h.
Eachmetabolite ion with an averageMSII above 30,000 counts in the a 1-
BuOH or b control group is plotted as its statistical significance against

the fold change of a 1-BuOH over the b control or vice versa. Positive-
and negative-mode MS ions are indicated by gray filled triangles and
black filled diamonds, respectively, with the open symbols representing
statistically significant changing ions that could be characterized in this
study

Fig. 3 Representative differential
detected ions between 1-butanol-
stressed and unstressed B. subtilis
cells and their characterization as
glycerolipids and phospholipids.
a Extracted ion chromatograms of
representative ions that showed
highly elevated levels with m/z
values of 692.5207, 887.5686,
and 734.4967 or highly decreased
levels with m/z values of
586.5382 and 851.6091 in the 1-
butanol-treated samples (1-
BuOH; dashed line) compared to
the untreated control (solid line).
Based on a accurate mass and b
MS/MS spectra, they were
characterized as PE (17:0/15:0),
DGDAG (15:0/15:0), PS (17:0/
15:0), DAG (17:0/15:0), and
lysylPG (17:0/15:0), respectively,
which are all membrane lipids.
Precursor ions are denoted as
diamonds in the MS/MS spectra.
For a complete list of the
changing ions, as well as
identification of ions in the MS/
MS spectra, see SI Tables S1–S4
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decarboxylated by phosphatidylserine decarboxylase
(Psd) to PE. In the second, in the presence of
phosphatidylglycerophosphate synthase (PgsA), CDP-DAG
reacts with glycerol phosphate to yield phosphatidylglycerol
phosphate (PGP) and then phosphatidylglycerol (PG). In turn,
PG can also serve as the starting material in the synthesis of
either lysylPG, catalyzed by phosphatidylglycerol
lysyltransferase (MprF), or cardiolipins (CL) catalyzed by the
CL synthase enzymes (ClsA, ClsB, and potentially YwiE).

The other pathway utilizes PA as the precursor for the syn-
thesis of lipoteichoic acid (LTA), which is a major component
of the cell wall of Gram-positive bacteria (Matias and Bever-
idge 2008). In this pathway, PA is first dephosphorylated by
an as-yet unknown enzyme to form DAG, which in turn is
then converted to monoglucosyldiacylglycerol (MGDAG)
and DGDAG by the enzyme UgtP. In the final step, the LTA
synthase enzymes (YfnI and YflE) then mediate coupling be-
tween DGDAG and PG to produce LTA as well as DAG as a
by-product in the process that is then either reused for synthe-
sizing DGDAG or phosphorylated by DgkB to revert to its
precursor, PA.

Relative levels of other lipids in membrane lipid biosyn-
thetic pathways Since many other lipids in the membrane
lipid biosynthetic pathways showed no significant changes
in their levels in the untargeted metabolomics analysis, we
questioned if this was because these lipids were not detected
in our platform or because their levels remained truly unal-
tered under 1-butanol stress. From the untargeted metabolo-
mics analysis above, the data suggested that most
glycerolipids and phospholipids in B. subtilis were made up
of 15:0/15:0, 16:0/15:0, and 17:0/15:0 acyl chains. Therefore,
the levels of other membrane lipids that contained these acyl
substituents were evaluated by searching for CL, CDP-DAG,
PA, PG, PGP, and MGDAG in the LC–MS chromatograms.
Based on the accurate mass measurements and retention
times, we could identify an ion peak that likely corresponded
to each of these metabolites. To be certain of the identification,
the matches were further validated using tandemmass spectra,
which were obtained for at least one metabolite in each class
whenever possible (e.g., when MSII of the metabolite was
high enough) (SI, Tables S1–S4 and Fig. S1). In addition,
commercially available standards of CL from bovine heart
(mostly 18:2/18:2/18:2/18:2) and PG (14:0/14:0) were also
acquired to compare their MS/MS fragmentation patterns
and approximate retention times (SI, Table S6 and Fig. S1).
Because we could characterize most peaks in the tandemmass
spectra, and because the fragmentation patterns as well as the
retention time of the synthetic and natural samples were com-
parable for CL and PG, this supported the identification of the
ion peaks derived from these membrane lipids.

To quantify the membrane lipids, the levels of these ions in
the 1-butanol-treated samples were compared to those in

Table 2 Relative levels of representative membrane lipids, measured
by metabolomics analysis of B. subtilis 168 cultured with and without
1 % (v/v) 1-butanol for 6 h

Lipid class and acyl chain Ion m/z RT (min) Folda,b

Elevated lipids in 1-butanol-treated samplesc

PE

15:0/15:0 [M + H]+ 664.5 40.6 5.6***

16:0/15:0 [M + H]+ 678.5 41.2 9.7***

17:0/15:0 [M + H]+ 692.5 41.7 7.2***

DGDAG

15:0/15:0 [M + Na]+ 887.6 39.7 8.0***

16:0/15:0 [M + Na]+ 901.6 40.7 5.3***

PS

15:0/15:0 [M − H]− 706.5 28.6 34.6*

16:0/15:0 [M − H]− 720.5 29.5 44.8*

17:0/15:0 [M − H]− 734.5 30.4 37.4*

Decreased lipids in 1-butanol-treated samplesc

DAG

15:0/15:0 [M + NH4]
+ 558.5 42.9 6.2***

16:0/15:0 [M + NH4]
+ 572.5 43.2 11.5**

17:0/15:0 [M + NH4]
+ 586.5 43.9 6.3***

LysylPG

15:0/15:0 [M + H]+ 823.6 37.7 27.5*

16:0/15:0 [M + H]+ 837.6 38.4 17.3*

17:0/15:0 [M + H]+ 851.6 39.1 13.2***

Other Lipids (fold ≤2 or p > 0.05)

CL

15:0/15:0/15:0/15:0 [M − H]− 1295.9 39.0 0.5*

16:0/16:0/15:0/15:0 [M − H]− 1323.9 40.1 1.4

17:0/17:0/15:0/15:0 [M − H]− 1352.0 41.1 2.0*

CDP-DAG

15:0/15:0 [M − H]− 924.5 24.9 1.1

16:0/15:0 [M − H]− 938.5 25.6 1.4

17:0/15:0 [M − H]− 952.5 26.3 1.0

PA

15:0/15:0 [M − H]− 619.4 26.0 1.1

16:0/15:0 [M − H]− 633.5 26.8 1.9***

17:0/15:0 [M − H]− 647.5 27.6 1.3

PG

15:0/15:0 [M − H]− 693.5 33.2 0.9

16:0/15:0 [M − H]− 707.5 34.1 1.4*

17:0/15:0 [M − H]− 721.5 35.0 1.2

PGP

15:0/15:0 [M − H]− 773.4 21.7 1.4

16:0/15:0 [M − H]− 787.5 22.4 2.3

17:0/15:0 [M − H]− 801.5 23.0 1.5

MGDAG

16:0/15:0 [M + Na]+ 739.5 41.9 1.0

17:0/15:0 [M + Na]+ 753.5 42.3 1.2

a Fold value represents the ratio of the average aMSII of 1-butanol-treated
samples and that of the control and vice versa (in italics)
b Student’s t test: *p < 0.05; **p < 0.01; ***p < 0.005; N = 3–4
c Ions identified from untargeted metabolomics analysis; only the three
most abundant ions in each class of lipids are presented here (see SI
Tables S1–S4 for a more complete list)
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control groups, similar to the untargeted analysis above. As
expected when the metabolites were not associated with 1-
butanol stress response, all lipids under examination either
changed statistically insignificantly (p > 0.05) or had two-
fold or lower changes (Table 2 and SI Table S5). The data
therefore confirmed that 1-butanol only caused a significant
alteration in the levels of PE, DGDAG, PS, DAG, and
lysylPG, but not any of the other lipids in the two biosynthetic
pathways.

Expression levels of the key enzyme-encoding genes in
membrane lipid biosynthetic pathways, as determined by
qrtRT-PCR analysis How the stress-induced metabolites
correlated to the regulation of the genes in the membrane lipid
biosynthetic pathways of B. subtilis was examined by two-

stage qrtRT-PCR analysis on the total mRNA isolated from
B. subtilis 168 cells grown under the same conditions as those
for the untargeted metabolomics experiments. The relative
mRNA expression level was determined for the genes in the
membrane lipid biosynthetic pathways (Fig. 4: cdsA, pssA,
psd, pgsA, mprF, clsA, clsB, ywiE, dgkB, ugtP, yfnI, and yflE).

The presence of 1-butanol significantly downregulated
five of these 11 target genes, cdsA (3.4-fold), pgsA (1.9-
fold), mprF (2.7-fold), clsA (2.5-fold), and yfnI (1.5-fold),
and upregulated one, ywiE (22.3-fold), whereas the rest of
the genes remained unaltered (Fig. 5). Interestingly, while
ywiE was the only gene in the pathways found to be signif-
icantly upregulated, it had by far the highest magnitude
(22.3-fold) of change. Together with the metabolomics data
(Fig. 4), the results demonstrated an agreement between the

Fig. 4 Biosynthesis of membrane lipids in B. subtilis. a Pathways
showing the key intermediates and enzyme-encoding genes for the
biosynthesis of membrane lipids, starting from PA. The block arrows
indicate lipids in the metabolomics analysis that had significantly
elevated (upward arrows) or decreased (downward arrows) levels

under 1-butanol stress, whereas the arithmetic symbols represent up-
(pluses) or down- (minuses) regulated gene transcript expression levels
as determined from the qrtRT-PCR analysis. b Chemical structures of all
the lipids shown in the pathways in a. All are derivatives of DAG
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gene transcript expression level and detected metabolite
levels.

Cell morphologies of B. subtilis 168 under 1-butanol
stress Mutant B. subtilis cells with an altered membrane lipid
composition have been shown to display aberrant cell mor-
phologies (Salzberg and Helmann 2008), and therefore,
whether the differential levels of glycerolipids and phospho-
lipids observed in our studies led to changes in the cell mor-
phology under 1-butanol stress was examined using SEM
analysis. The studies clearly demonstrated the lengthening of
stationary-phase cells after being exposed to 1.4 % (v/v) of 1-
butanol for 12 h in LB medium (the same medium as in the
previous literature and at the concentration that resulted in a
similar growth rate of B. subtilis as in SMM). The cells
showed an almost twofold increased length (3.91 ± 0.66 vs.
1.98 ± 0.27 μm) compared to the control cells (Fig. 6). Taken
together, the findings suggested a potential correlation be-
tween the cell morphology, glycerolipid and phospholipid
composition, and 1-butanol stress.

Discussion

Organic solvent-tolerant bacteria have the potential to be uti-
lized in industrial and environmental biotechnology applica-
tions that range from biofuel and chemical production to bio-
catalysis and bioremediation (Nicolaou et al. 2010). With the-
se premises, various studies have previously been conducted
to elucidate the mechanisms of organic solvent tolerance
(Torres et al. 2011). Some of the responsemechanisms include
the induction of stress proteins (Petersohn et al. 2001), inhibi-
tion of sporulation (Bohin et al. 1976), deactivation of organic
solvents (Bustard et al. 2002), changes in cell morphology
(Neumann et al. 2005; Nielsen et al. 2005), modification of
the cell surface and cell membrane (Aono and Kobayashi
1997; Kabelitz et al. 2003; Weber and de Bont 1996), and
solvent excretion through efflux pumps (Matsumoto et al.
2002). The knowledge of these mechanisms helps accelerate
the acquisition of bacterial strains with a higher tolerance to
organic solvents by allowing the genetic engineering of rele-
vant pathways or by changing the levels of key culture factors
that are altered when the organisms adapt to stress (Zingaro
and Papoutsakis 2012).

1-Butanol is one of the organic solvents that have been
used widely in industry. However, because 1-butanol is highly
toxic to microorganisms, the possibilities of applying micro-
bial fermentation to produce or transform 1-butanol to other
important chemicals or for bioremediation are still quite lim-
ited in scope. In the hope of obtaining bacteria with an en-
hanced tolerance to 1-butanol in the near future, the present
study was aimed at elucidating the metabolic responses of

B. subtilis in a 1-butanol-stressed environment using an
untargeted metabolomics approach.

Accordingly, B. subtilis was exposed to 1-butanol during
the early growing condition (late lag phase), which was earlier
than in most previous reports. During this vulnerable early
stage of growth, the bacteria are able to tolerate lower concen-
trations of 1-butanol than when 1-butanol is added at a later
stage with an already high cell density (Kataoka et al. 2011).
However, the late lag to early log phase condition was chosen
in this study, because the common practice in fermentation
process is to have the toxic substrates present as early as pos-
sible and the toxic products gradually formed.

We used an untargeted metabolomics analysis since, in
contrast to targeted analysis that limits its scope to selected
metabolites, untargeted analysis can detect and quantitate all
ionizing metabolites based on their MSII, allowing measure-
ment of both known and novel metabolites simultaneously
(Saghatelian et al. 2004). The untargeted metabolomics anal-
ysis identified the zwitterionic PE, neutral PS, and neutral
DGDAG to be differentially upregulated in 1-butanol-
stressed B. subtilis, whereas the positively charged lysylPG
and neutral DAG were downregulated. If the whole-cell mea-
surement of lipids in this work were directly correlated with
the amount of these lipids in the B. subtilis membrane, it
would mean that there is a decrease in the ratio of ionic to
neutral lipids under 1-butanol stress. However, this interpreta-
tion does not explain our findings, because one would expect
ionic lipids to repel with the nonpolar alkyl chain of 1-butanol
better than neutral lipids.

Alternatively, the metabolomics data also indicates an
increase in the ratio of neutral and anionic to cationic mem-
brane lipids under 1-butanol stress. While no report has
previously demonstrated the importance of maintaining this
ratio, an increase in the anionic phospholipid contents has
been shown previously to allow the adaptation of B. subtilis
in a high salinity environment (Lopez et al. 2006), whereas
cationic lipids generally played a role in attenuating the
membrane perturbation of cationic compounds (Kilelee
et al. 2010). Since 1-butanol is a neutral compound, both
anionic and cationic lipids should not provide any extra
protection for B. subtilis via charge–charge repulsion with
the uncharged solvent. Thus, we speculated that if the al-
tered amount of these charged lipids did not affect growth
of the organism, their production might become unneces-
sary and was reduced in this environment, as observed in
the case of the cationic lysylPG. On the other hand, the
presence of the major anionic membrane lipid, PG, is es-
sential for overall viability of the organism (Lopez et al.
2006), and therefore, its levels might be kept unaltered.
Yet, it is also possible that the charged membrane lipids
themselves might not interact directly with 1-butanol at all
but affect the activities of integral membrane proteins, such
as transporters, instead (Lee 2004). In any cases, more data
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points with other neutral organic solvents are needed, be-
fore any generalization can be drawn upon.

One of the known mechanisms of bacteria for dealing with
organic solvent stress involves changing their membrane flu-
idity, which in many cases, can be achieved by changing their
saturated-to-unsaturated fatty acid composition. For example,
ethanol stress was reported to cause an increased level of
unsaturated fatty acids in the membrane of E. coli (Ingram

1976) and S. cerevisiae (Beaven et al. 1982) and to increase
the level of saturated fatty acids in B. subtilis (Rigomier et al.
1980) and C. acetobutylicum (Borden and Papoutsakis 2007;
Lepage et al. 1987). Interestingly, we did not detect these
changes in our metabolomics experiments with either the fatty
acids themselves or as acyl chains of glycerolipids or phos-
pholipids. One of the factors that may account for this discrep-
ancy is that the earlier literature only described changes in

Fig. 5 Relative transcript expression level of the genes involved in the
biosynthesis of membrane lipids in B. subtilis after treatment without
(control; white bars) or with 1 % (v/v) 1-butanol (1-BuOH; black bars)
for 6 h. The mRNA expression level was determined by two-stage qrtRT-
PCR using the 2–ΔΔCt method and standardized against the gyrB

transcript expression level as an internal control. The graph indicates
the fold changes in the indicated mRNA levels in 1-butanol-treated
samples relative to that in the control. Data are shown as the
average ± standard errors of the mean, derived from three independent
experiments. Student’s t test: *p < 0.05; **p < 0.01; ***p < 0.005

Fig. 6 Representative SEM
images of B. subtilis 168 cells
after being cultured a, c without
or b, d with 1.4 % (v/v) of 1-
butanol in LBmedium for 12 h. 1-
Butanol was supplemented into
the B. subtilis 168 cultures during
the late lag phase (OD600 ∼ 0.2–
0.3). Images shown are at a, b
×5000 (scale bar is 5 μm) and c,
d ×20,000 (scale bar is 1 μm)
magnification
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fatty acid contents in B. subtilis under stress induced by meth-
anol or ethanol, but not 1-butanol (Rigomier et al. 1980).
Despite all three compounds being short-chain alcohols, they
could affect lipid metabolism differently. For example, some
fatty acid compositions were only modified by ethanol stress
but remained unchanged with methanol stress (Rigomier et al.
1980). Alternatively, our results might simply be specific to
the choices of the B. subtilis strain, growth medium, and con-
ditions employed in this study. Further experiments are need-
ed to test their generality.

The LC–MS/MS analyses of differentially altered lipids
suggested that the most abundant acyl chains present were
15:0/15:0, 16:0/15:0, and 17:0/15:0. Although the results
might look surprising without any a priori knowledge of the
acyl chains of B. subtilis, the data was consistent with a pre-
vious report on the fatty acid distribution of the total mem-
brane lipid extracts from B. subtilis, which indicated C15:0 as
the most frequently found acyl chain (Clejan et al. 1986).
Additional support for this observation also comes from a
study on the lipid composition during various growth stages
of B. subtilis by matrix-assisted laser desorption/ionization
coupled to time-of-flight/time-of-flight (MALDI-TOF/TOF)
mass spectrometry (Gidden et al. 2009). In this work, the
authors reported the detection of sodiated PE, PG, lysylPG,
and DGDAG in B. subtilis lipid extracts and applied tandem
MS to identify the exact acyl chain combinations for DGDAG
as observed here.

The LC–MS platform as used in this study was not without
faults, however, since the system could not separate nor distin-
guish branched-chain lipids from straight-chain lipids. Since
B. subtilis has previously been described to have C15:0 and
C17:0 fatty acyl chains as mostly the iso- and anteiso-
derivatives (Clejan et al. 1986), it was likely that these
branched-chain isomers constituted major components of our
detected lipids. Nevertheless, except for the case of DGDAG
above, our results demonstrated for the first time that
glycerolipids and phospholipids in B. subtilis comprised mostly
of 15:0/15:0, 16:0/15:0, and 17:0/15:0 acyl chains. Furthermore,
the extensive list of MS/MS spectra of these lipids (SI) could
serve as informative guides for the identification and character-
ization of these glycerolipids and phospholipids in the future.

Assuming that the levels of gene transcript expression cor-
relate linearly with the activity of their encoded enzymes, the
observed changes in the levels of glycerolipids and phospho-
lipids could be partially explained by the changes in the rela-
tive mRNA expression levels. While the levels of the imme-
diate enzymes for synthesis of PS and PE, PssA and Psd, were
unaffected by 1-butanol, the level of PgsA, which also utilized
CDP-DAG as its substrate, was decreased (Fig. 4). Conse-
quently, more CDP-DAG might flux in the direction of PS
and PE causing in their increased levels. On the other hand,
the decreased levels of lysylPG could simply be due to the fact
that the level of mprF was reduced.

Without differential expression of ugtP, the changes in the
levels of DAG and DGDAGmight seem uncorrelated to gene
expression levels at first. However, because the YfnI enzyme
can use DGDAG and PG as its substrate to release LTA and
DAG as products (Wormann et al. 2011), the downregulation
of the yfnI gene should lead to the heightened levels of sub-
strates and lowered levels of products, which is consistent
with that observed for DGDAG and DAG, respectively. Inter-
estingly, the main LTA synthase enzyme (YflE), an ortholog
of YfnI (Grundling and Schneewind 2007; Schirner et al.
2009), exhibited no significant change in its transcript expres-
sion levels. The transcription of yfnI is regulated by the sigma
factor σM, which is involved in various stress tolerance re-
sponses, such as high salt and ethanol (Jervis et al. 2007;
Thackray and Moir 2003). Albeit in the opposite direction,
our work suggested that YfnI is potentially associated with
the 1-butanol stress response as well. More importantly, while
there are enzyme-encoding genes that were not evaluated in
this study, especially in the intersecting pathways, the qrtRT-
PCR data already demonstrated a strong correlation between
gene regulation and metabolite production.

The B. subtilis 168 cells were shown to elongate almost
twofold under 1-butanol stress in our studies. There are two
membrane lipid-related genes that might be linked to the reg-
ulation of cell length, namely the ugtP and yflE genes. Dele-
tion of the former gene was shown to shorten cells (Salzberg
and Helmann 2008). The UgtP enzyme converts DAG into
MGDAG and DGDAG in the membrane lipid biosynthetic
pathway, and therefore, in the ugtP mutant, the levels of
DAG and DGDAG should be elevated and decreased, respec-
tively. While no significant changes in the transcript levels of
ugtP were found in this study, the DAG and DGDAG levels
were decreased and increased, respectively, under 1-butanol
stress, corroborating the observed cell morphologies.

The deletion of the yflE gene was previously shown to
increase the cell or cell chain length of B. subtilis (Schirner
et al. 2009). AlthoughYflE is the major LTA synthase enzyme
in B. subtilis, another LTA synthase enzyme, YfnI, and not
YflE showed a marked change in transcript expression levels
under 1-butanol stress. A single deletion in the yfnI gene did
not lead to the same morphological effects as the yflEmutant,
but it is possible that its downregulation might affect the
amount or structure of LTA (Wormann et al. 2011) or the same
metabolites in the pathway as the yflE mutant, leading to the
observed morphologies. Nevertheless, it is also possible that
the observed longer cell phenotype under 1-butanol stress
might be unrelated to these genes, and further experiments
are required to pin down any effects of these genes on 1-
butanol tolerance of B. subtilis.

In total, applying untargeted metabolomics to study the
hydrophobic or lipid-soluble cell components of B. subtilis
under 1-butanol stress led to the identification of a moderate
number of stress-associated membrane lipids. Using a
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combination of accurate mass determination, tandem mass
spectra, and partial comparison with synthetic standards, more
than 85% of the ions could be characterized and were found to
belong to five classes of glycerolipids and phospholipids in
the membrane lipid biosynthetic pathways. These methods
also revealed for the first time that the most frequently found
acyl chains of these lipids in B. subtilis were 15:0/15:0, 16:0/
15:0, and 17:0/15:0. The downstream targeted qrtRT-PCR and
SEM analyses further supported this discovery. The former
revealed six lipid metabolism genes with significant altered
transcript expression levels that were strongly correlated with
the observed metabolite changes, while the latter showed cell
elongation morphologies that were potentially associated with
the pathways. Together, this study revealed changes in the
composition of glycerolipids and phospholipids in B. subtilis
in response to 1-butanol stress. Future work will aim to deter-
mine the relevance of these changes in glycerolipids and phos-
pholipids levels on 1-butanol tolerance. More generally, the
results highlighted the importance of metabolite identification
in metabolomics experiments, as well as the utility of linking
metabolites to metabolic pathways in uncovering novel bio-
logical insights.
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