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Abstract

Multiomic studies are increasingly performed to gain a deeper understanding of molecular 

processes occurring in a biological system, such as the complex microbial communities (i.e., 

microbiota) that reside the distal gut. While a combination of metabolomics and proteomics is 

more commonly used, multiomics studies including peptidomcis characterization are less 

frequently undertaken. Here, we investigated three different extraction methods, chosen for their 

previous use in extracting metabolites, peptides, and proteins, and compared their ability to 

perform metabolomic, peptidomic, and proteomic analysis of mouse cecum content. The 

methanol/chloroform/water extraction performed the best for metabolomic and peptidomic 

analysis as it detected the largest number of small molecules and identified the largest number of 

peptides, but the acidified methanol extraction performed best for proteomics analysis as it had the 

highest number of protein identifications. The methanol/chloroform/water extraction was further 

analyzed by identifying metabolites with MS/MS analysis and by gene ontology analysis for the 

peptide and protein results to provide a multiomics analysis of the gut microbiota.
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1 Introduction

The gastrointestinal tract is host to large and dynamic communities of microbes, containing 

~108 to 1010 organisms per gram in the illium and stool,1 and encompassing the 3 domains 
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of life: bacterial, archaea and eukaryotes.2,3 The gut microbiota has various roles in human 

health, including nutrition and immune function modulation.4,5 Furthermore, the disruption 

of the gut microbiota has been connected to various inflammatory chronic conditions such as 

inflammatory bowel disease,6 obesity,7,8 and cardiovascular disease.9,10 Due to the 

importance that the microbiota plays in human health, there is an abundance of studies on 

various aspects of the microbiota. Research includes various aspects of the microbiome such 

as the metagenomic11 and proteomic content,12 but also looks at how the microbiome 

influences other systems, including blood and cerebrospinal fluid metabolites.13,14

While studying individual “omics” results in a depth of information about the genomic, 

proteomic or metabolomic content of the desired biological specimen, the combination of 

multiple of these analyses can determine different connections between molecular classes in 

a biological system. Consequently, multiomic approaches are used to study the microbiota, 

as well as in other fields.15–18 A combination of metagenomic and metabolomic approaches 

has been used, for example, to study the microbiota’s response to infection,19 the effect of 

arsenic on the gut microbiome,20 and the effect of trichloroacetamide exposure on the gut 

microbiome and urinary metabolites.21 Other combinations of metagenomics, 

metatranscriptomics, metabolomics, and (meta)proteomics can also be employed.22 

Although large amounts of data created in multiomic techniques can be challenging and time 

consuming to analyze, advances in software are arising to simplify the task.23,24

While the field of peptidomics is more recent than the fields of metabolomics and 

proteomics, it has nevertheless risen to importance.25,26 Well-studied signaling peptides in 

the brain, i.e. neuropeptides, are an important class of molecules regulating a wide variety of 

processes.27,28 Similarly, peptide hormones in the endocrine system are also important 

endogenous peptides that have been studied due to their role in regulating metabolism.29,30 

In the gut, bioactive peptides, derived from digestion of proteins in the intestines, has 

resulted in a number of peptides with roles in health.31 For example, bioactive peptides 

present in the gut that inhibit the angiotensin I-converting enzyme (ACE) can reduce 

hypertension and improve cardiovascular health.32,33

Although multiomic studies with a combination of genomics, metabolomics, and proteomics 

is common, peptidomics is much less frequently combined with other “omic” techniques. 

Therefore, we set out to identify an optimal extraction method ideal for combining 

peptidomics with metabolomics and proteomics for a multiomics approach to analyze the 

gut microbiota. Here, we tested three different extraction methods for combined 

metabolomics, peptidomics, and proteomics. Mouse cecum content was selected for its high 

microbial load, in order to allow for robust detection of microbiota-associated metabolites, 

peptides, and proteins.19 Only one region of the gastrointestinal tract was selected for this 

study as the focus was to compare the different extraction methods. Other regions of the 

gastrointestinal tract do contain important microbiota and would also be interesting to 

investigate in a follow-up study to compare changes in the metabolite, peptide, and protein 

content across different regions of the gastrointestinal tract. The three extractions chosen 

have been previously used in various biological systems to achieve good results in one or 

more of the metabolomics, peptidomics, and proteomics fields and comprise of a variety of 

solvent systems. The chloroform/methanol/water extraction is a common small molecule 
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extraction that can be used for metabolomics and proteomics multiomics studies,34 and has 

previously been used to study cecal metabolomics.19 An acidified methanol extraction is 

commonly used in neuropeptide extractions29,35 but has also been applied for metabolomics.
36 Finally, the 40/40/20 acetonitrile/methanol/water extraction adds acetonitrile to the 

extraction solvent, which has been shown to be beneficial for certain metabolites37 and has 

been shown to work well in metabolomics studies.38 The small molecules, peptides, and 

proteins detected for each extraction were compared and used to determine an optimal 

extraction for metabolomic, peptidomic, and proteomic analysis. While the acidified 

methanol extraction performed best for the proteomics experiments, the methanol/

chloroform/water extraction yielded better results in terms of the number of small molecules 

and peptides detected and was further evaluated with gene ontology analysis.

2 Materials and Methods

2.1 Cecum Collection

All animal procedures were approved by the Institutional Animal Care and Use Committee 

at the University of Wisconsin-Madison. Germ-free (n=1) and conventionally-raised (n=1) 

male C57BL/6 mice were used and fed LabDiet #5021 (Purina Mills, Inc. Richmond, IN). 

At 21 weeks of age, mice were euthanized via CO2 inhalation and exsanguination. Cecal 

content was collected, snap frozen in liquid nitrogen immediately, and stored in the −80°C 

until analysis.

2.2 Sample Preparation

The two cecum samples were combined and separated into three approximately equal 

aliquots. On one aliquot, a methanol/chloroform/water extraction was performed in a PTFE 

tube by adding in order, 3 parts methanol, 1 part chloroform, and 4 parts Milli-Q ultrapure 

water (total volute 4.0 mL). The tube was vortexed and centrifuged at 3200 × g and 4°C for 

15 minutes. The upper aqueous layer was removed, and 4 parts methanol were added to the 

tube and vortexed. The tube was centrifuged again at 1500 × g and 4°C for 5 minutes. The 

supernatant was removed (organic fraction). The aqueous fraction, organic fraction, and 

pellet were dried down and saved in the −80°C until further processing. The second aliquot 

was extracted with acidified methanol (methanol/water/acetic acid 90/9/1 v/v/v) and the 

third aliquot with 40% methanol 40% acetonitrile 20% water. Both of these two extractions 

were probe sonicated for 3 cycles (8s on 15 s off) at 4°C and centrifuged at 15,000 × g and 

4°C for 15 minutes. The supernatant and pellet were separated and then dried down in a 

speed vac and saved in the −80°C until further processing.

A 3 kDa molecular weight cut-off (MWCO) filtration was performed on the aqueous and 

organic fraction of the methanol/chloroform/water extraction, the acidified methanol 

(AcMeOH) extraction, and the methanol/acetonitrile/water extraction. The Amicon Ultra 

(Millipore) MWCO device was first rinsed with 0.2 mL 0.1 M NaOH, and 0.5 mL 50% 

methanol. Both rinses were centrifuged at 14,000 × g until the rinse was through the 

membrane. The sample was then loaded into the device and centrifuged through the device 

at 14,000 × g. A final rinse of 0.1 mL 50% methanol was added to the device and the 

MWCO was centrifuged at 14,000 × g. The content below 3 kDa was split into two aliquots 
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(one metabolomics and one peptidomics) for each of the four samples and dried down in a 

speed vac. The MWCO was rinsed with 0.4 mL 50% methanol and equilibrated for 5 mins, 

and then flipped over and centrifuged at 14,000 × g for 2 mins to collect content above 3 

kDa from the device. A 30 kDa MWCO was performed on the above three kDa fraction to 

separate the extract into peptidomics (3 kDa to 30 kDa) and proteomics (above 30 kDa) 

fractions.

The below 3 kDa and 3–30 kDa peptidomics fractions were combined. Sep-Pak C18 was 

used for peptide desalting, and then peptide samples were dried down in a speed vac and 

saved at −80°C until LC-MS/MS analysis. The proteomics fractions from the supernatant 

contents above 30 kDa and from the pellets were combined. The aqueous and organic 

fraction above 30 kDa from the methanol/chloroform/water extraction method were 

combined together with the pellet. The protein mixture samples were dissolved in 1 mL ice-

cold PBS, and debris from the pellet was removed with a low centrifuge speed (300 × g, 4°C 

for 5 mins).39 The supernatant was carefully collected, and the pellets were washed another 

two times with PBS and all the supernatant obtained from each time was combined. The 

supernatant was then centrifuged at 20,000 × g for 10 min to pellet the bacterial cells and 

host cells. The pellet was then lysed with 8 M urea Lysis buffer with sonication (On 8 sec, 

Off 15 sec, 3 cycles). The total protein concentration of each pellet was determined by BCA 

assay and then digested with Trypsin/Lys-C mixture overnight. Then, the digested proteins 

were desalted, dried down in a speed vac, and saved in the −80°C until LC-MS/MS analysis.

2.3 Metabolomics Data Acquisition and Analysis

The aqueous fraction was resuspended at 10 mg/mL in optima grade water with 0.1% formic 

acid while the other three metabolomic samples (organic fraction, AcMeOH sample, 

MeOH/AcN/water sample) were resuspended at 10 mg/mL in optima grade methanol with 

0.1% formic acid. Any samples that were cloudy were centrifuged briefly and the 

supernatant used for the analysis. LC-MS/MS analysis was performed with a Dionex 

Ultimate 3000 UHPLC system connected to a Q Exactive mass spectrometer (Thermo 

Scientific). Separation occurred on a Cortecs C18 column (2.1 mm internal diameter × 100 

mm length, 1.6 μm particle size; Waters), equipped with a corresponding guard column with 

a column temperature of 35°C, and mobile phases of optima grade water with 0.1% formic 

acid (A) and acetonitrile with 0.1% formic acid (B). A 35 minute gradient at a flow rate of 

0.3 mL/minutes with the following conditions was used for separation: 0–5 min, 1% B; 5–10 

min, linear gradient from 1–3% B; 10–18 min, linear gradient from 3–40% B; 18–22 min, 

linear gradient from 40–80% B; 22–27 min, column cleaning at 95% B; and 27–35 min, re-

equilibration at 1% B. A top 5 data dependent acquisition method was used for MS/MS of 

small molecules in the extractions. The full MS settings were 70,000 resolution, 1e6 AGC, 

100 ms max inject time, 100–1500 m/z. The MS/MS settings were 35,000 resolution, 1e5 

AGC, 100 ms max inject time, 1.0 m/z isolation window, and 30 dynamic exclusion. Three 

technical replicates were run for each extraction, and each technical replicate used a 

different HCD collision energy (25, 30, 40 respectively). Samples were run in both positive 

and negative mode.
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Compound Discoverer software was used to analyze the LC-MS/MS data for each extraction 

in both positive and negative ion mode (the aqueous and organic fractions were analyzed 

together). Individual runs were aligned with an adaptive curve model with a maximum shift 

of 1 minute and 5 ppm tolerance. Unknown compounds were detected with a 5 ppm mass 

tolerance, 30% intensity tolerance, 3 S/N ratio, and 1,000,000 minimum peak intensity. 

Unknown compounds were grouped with a 5 ppm mass tolerance and 0.1-minute retention 

time tolerance. A fill gaps step was used with 5 ppm mass error and 0.1-min retention time 

error. Constant sum normalization and marking of background compounds were used. The 

MS/MS spectra were searched in the mzCloud library against all activation types and 

activation energies and matches were manually validated by ensuring that all the major 

fragment ions in the database spectra matched the experimental spectra. MS/MS spectra 

were also searched against the MassBank of North America MS/MS database for additional 

identifications.

2.4 Peptidomics Acquisition and Analysis

Peptide samples were resuspended in optima grade water with 3% acetonitrile and 0.1% 

formic acid. LC-MS/MS was performed on an Ultimate 3000 UPLC system coupled with 

the Orbitrap Fusion™ Tribrid™ Mass Spectrometer. A 75 μm × 16 cm homemade column 

packed with 1.7 μm, 150 Å, BEH C18 material obtained from a Waters (Milford, MA) 

UPLC column (part no. 186004661) was used for label-free peptide separation at a flow rate 

of 0.3 μl/min. Mobile phase A was 0.1% formic acid in optima water and mobile phase B 

was 0.1% formic acid in optima acetonitrile. The 145 min optimized gradient used was as 

follows: 0–18.33 min, 3% solvent B; 18.33–30 min, 3–10% B; 30–50 min, 10–20% B; 50–

108 min, 20–75% B; 108–118 min, 75% B; 118–118.5 min 75%−95% B; 118.5–128 min, 

95% B; 128–128.5 min, 95%−3% B; 128.5–145 min, 3% B. Full MS scans were acquired 

from m/z 300 to 1500 at a resolution of 60 K, automatic gain control (AGC) at 2 × 105, and 

maximum injection time (IT) of 100 ms. The top 20 precursors were then selected for 

higher-energy C-trap dissociation tandem mass spectrometry (HCD MS2) analysis with an 

isolation window of 1 m/z, a HCD collision energy (NCE) of 30, a resolving power of 15 k, 

an AGC target of 5 × 104, a maximum injection time of 100 ms, and a lower mass limit of 

120 m/z.

The .raw data files from the Orbitrap MS analysis were searched against a combined 

database which included food, 93 strains of bacteria, and mouse proteome from Uniport with 

PEAKS STUDIO 8.5 software. A precursor tolerance of 10 ppm and a fragment mass 

tolerance of 0.02 Da were allowed. Acetylation (N-term), amidation, oxidation (M), pyro-

Glu from E, pyro-Glu from Q, sulfation (STY), were set as rare dynamic modifications and 

allowing three maximum variable PTM per peptide. Parameters for confident peptide 

identification were Ascore (PTM site confidence) higher than 20, FDR lower than 1%, and 

the presence of at least one unique peptide.

2.5 Proteomics Acquisition and Analysis

A Dionex UltiMate 3000 nanoLC system coupled with a Q Exactive HF Orbitrap MS was 

used for Ultra-performance LC-MS analysis. Homemade column and mobile phases were 

the same as mentioned above for the peptidomic analysis. The optimized gradient used was 
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as follows: 0–16 min, 3% solvent B; 16–20 min, 3–25% B; 20–30 min, 25–45% B; 30–50 

min, 45–70% B; 50–56 min, 70–95% B; 56–60 min 95% B; 60–60.5 min, 95–3% B; 60.5–

70 min, 3% B. Full MS scans were acquired from m/z 300 to 1500 at a resolution of 60 K, 

AGC at 1 × 106, and maximum injection time (IT) of 100 ms. The top 15 precursors were 

then selected for higher-energy C-trap dissociation tandem mass spectrometry (HCD MS2) 

analysis with an isolation window of 1.4 m/z, a normalized collision energy (NCE) of 30, a 

resolving power of 15 K, an AGC target of 1 × 105, a maximum injection time of 100 ms, 

and a lower mass limit of 120 m/z. PEAKS software was used for protein identification. The 

parameters were the same as used above for peptidomics analysis, except trypsin with D&P 

enzyme was selected for this bottom-up proteomics study. Non-specific cleavage at both 

ends of the peptide was allowed and the maximum missed cleavages per peptide was set at 

two.

3 Results

Two cecal content samples were combined and split into three approximately equal aliquots 

to test three different extraction protocols. The sample preparation workflow is provided in 

Figure 1 for the three extractions. The three extractions tested were a methanol/chloroform/

water (MeOH/CHCl3/H2O) extraction, an acidified methanol (AcMeOH) extraction, and a 

methanol, acetonitrile, water (MeOH/AcN/H2O) extraction. The methanol/chloroform/water 

extraction resulted in two liquid fractions, an aqueous fraction and an organic fraction, as 

well as a pellet. The other two extractions resulted in a supernatant and a pellet. The four 

liquid portions were processed with a 3 kDa molecular weight cut-off followed by a 30 kDa 

molecular weight cut-off. The <3 kDa portion was split for LC-MS metabolomics analysis 

and nano-LC-MS peptidomics analysis. The 3<x<30 kDa portion was saved for nano-LC-

MS peptidomics analysis as well. The >30 kDa fraction was combined with the pellet for 

bottom up nano-LC-MS proteomics analysis.

3.1 Metabolomics

Metabolomics data was analyzed in Compound Discoverer 2.0 to detect unknown 

compounds and perform tandem MS (MS/MS) matching of experimental MS/MS spectra to 

the mzCloud high resolution/accurate mass spectral database. Each of the three extractions 

were analyzed separately in the software with the same parameters to test how many 

compounds were detected in each extraction. The aqueous and organic fractions for the 

methanol/chloroform/water extraction were combined in the software. Figure 2 shows the 

results for the metabolomics analysis. In both positive and negative mode, the methanol/

chloroform/water extraction detected about 2-fold more compounds than the other 

extractions in Compound Discoverer. Compound monoisotopic molecular weights were 

processed in METLIN with a 5 ppm error to approximate how many of the m/z potentially 

matched to known small molecules. The methanol/chloroform/water extraction still out-

performed the other two extractions in both positive and negative mode in the METLIN 

analysis. In order to compare the detected m/z across the three extractions, the METLIN 

search results were used to create Venn diagrams. To be consistent, the lowest METLIN 

identification number was used for the m/z that had multiple accurate mass matches to the 

METLIN database. In the Venn diagrams (Figure 2B, positive data, Figure 2D, negative 
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data), a majority of the compounds are detected with the methanol, chloroform water 

extraction, with only a small percentage unique to one of the other two extractions. Thus, the 

methanol/chloroform/water extraction performs the best for metabolomics analysis.

3.2 Peptidomics

Peptidomic analysis was performed on a nano-LC QE-HF system and the data analyzed in 

PEAKS 8.5 software. Figure 3 shows the results of the peptidomics experiments by showing 

the peptide sequences detected and by comparing the protein accession numbers detected. In 

Figure 3A, the number of peptide sequences is shown with the number of peptide sequences 

shared in both technical replicates represented with the diagonal lines. The organic fraction 

of the methanol/chloroform/water extraction had the most peptides identified, with the 

aqueous fraction in second. The other two extractions showed low numbers of peptide 

identifications. When comparing the proteins detected from the peptide sequences that were 

shared between both technical replicates for the organic and aqueous fractions, most of the 

aqueous proteins were also in the organic fraction, but there were proteins only in the 

aqueous fraction. To compare the three extractions, the combination of unique proteins from 

the aqueous and organic fraction were taken, along with the proteins in both technical 

replicates for the other two extractions. The Venn diagram shows only 2 proteins that were 

not detected by the methanol/chloroform/water extraction and over 100 proteins that were 

only detected in the methanol/chloroform/water extraction. Thus, the methanol/chloroform/

water extraction performed best for the peptidomics analysis as it identified the most 

proteins and covered almost all of the proteins identified in the other two extractions.

To look further at the differences between the peptides detected in the aqueous and organic 

fractions, peptide sequences found in each fraction from the proteins present in both 

technical replicates were compared with respect to their length and isoelectric point. The 

isoelectric point was calculated using the Peptide Property calculator (GeneScript, online 

tool) as it allowed the inclusion of certain posttranslational modifications (PTMs), for 

example acetylation. PTMs that were not present in this online tool were excluded from the 

isoelectric point analysis, but this was a minority for each fraction (11/198 for organic 

fraction 2/89 for aqueous fraction). Figure 4 shows the results of the length and isoelectric 

point comparison. The length distribution in the aqueous and organic fractions seemed to be 

similar as the organic fraction had approximately 2-fold more peptides sequences at each 

length, and overall the organic fraction had about 2 times more sequences. The isoelectric 

point distribution, however, did appear to be different between the two fractions. While the 

number of peptides with very low pI’s was approximately the same for both fractions, the 

organic fraction had more peptide sequences with pI’s above 4. The organic fraction 

potentially extracted a larger number of peptides than the aqueous fraction due to the 

preference of the peptides for the methanol/chloroform solvent.

3.3 Proteomics

Bottom-up proteomics was performed on the pellets and the >30 kDa content from the 

molecular weight cut-off step. The results of this analysis are shown in Figure 5. The 

acidified methanol extraction had noticeably more proteins than the other two extractions. 

The comparison of the three extractions shows that each extraction has hundreds of 
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identifications unique to that extraction, with the acidified methanol extraction having over a 

thousand unique identifications. For searching, a combined multi-organism database was 

used containing the mouse genome, the genomes of approximately 90 bacterial strains for a 

model microbiota,19 and potential proteins from the food the mice were fed. While 

conventionally raised mice very likely have a more diverse microbial community,40 here a 

more focused database was used because increasing the database size to a more 

comprehensive one would make processing the MS/MS data significantly more challenging. 

For studies highly interested in the microbial species present, a targeted microbiome 

database without the mouse and food components could be used instead. Figure 5C shows 

the number of proteins that match to each of the different potential sources of the protein, 

namely the mouse, the microbiome, and the food. The methanol/acetonitrile/water extraction 

has the most proteins matching to both the mouse database and the food proteins. In 

contrast, the acidified methanol extraction yielded a vast majority of its protein 

identifications from microbiome proteins, as this extraction method produced a much higher 

number of microbiome identifications compared to the other two extractions.

3.4 Combined Metabolomics, Peptidomics, Proteomics

Figure 6 combines the results of the three different omics by total identifications and by a 

source comparison for the combined peptide and protein results. The total identifications 

were calculated with the total number of hits to the METLIN database from the positive 

mode LC-MS data for the metabolomics analysis, the identified proteins from the 

peptidomics study shared between both technical replicates and, the protein number from the 

proteomics study shared between both technical replicates. When all three omics are 

combined, the methanol/chloroform/water and the acidified methanol extractions have 

similar number of total identifications. When the peptide and protein results are combined, 

and the source of the protein identification investigated, the methanol/chloroform/water, and 

methanol/acetonitrile/water extractions have similar numbers of mouse proteins. However, 

the acidified methanol extraction still has the most identifications due to the large number of 

microbial protein identifications. For microbiome studies focusing on the host response, the 

methanol/chloroform/water performs well for metabolomics, peptidomics, and proteomics, 

but if microbial proteins are desired, the acidified methanol extraction preforms best.

4 Discussion and Conclusions

In order to get a good representation of metabolites, peptides, and proteins, the methanol/

chloroform/water extraction was chosen for further investigation into the compounds 

detected. For metabolomics identification, the mzCloud and MassBank small molecule 

MS/MS databases were used for spectral matching of fragment ions. Potential matches to 

either database were manually inspected for verification. Figure S1 compares the total small 

molecule putative identifications in the methanol/chloroform/water extraction with the two 

MS/MS databases with both databases in positive and negative modes, as well as comparing 

the overlap between the positive and negative putative identifications. Supplemental Table 

S1 provides all the small molecule identifications for the methanol/chloroform/water 

extraction with their molecular weight, retention time, and from which database and polarity 

they were identified. In positive mode, both databases provided a similar number of 
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identifications and resulted in complementary coverage for a total of 57 identifications. In 

negative mode, almost all the results came from the MSDial database. Overall, the positive 

and negative mode identification results showed complementary coverage as many 

identifications were made only in one of the polarities. To verify putatively identified 

compounds, standards could be obtained, and retention times and fragmentation patterns 

compared to the experimental data. More identifications are potentially possible using other 

databases (i.e., METLIN) or using in silico fragmentation software. However, these were not 

utilized here due to the time involved in metabolomics identification and the lack of a 

biological experiment that would show upregulation or downregulation of certain m/z in a 

biological condition.

The identifications for the peptidomics results for the methanol/chloroform/water extraction 

are in Supplemental Table S2 (aqueous fraction) and Supplemental Table S3 (organic 

fraction), and the proteomics results for the methanol/chloroform/water extraction are 

provided in Supplemental Table S4. Gene Ontology analysis was conducted on the protein 

and peptide results from the methanol/chloroform/water extraction using DAVID 

Bioinformatics Resources 6.8.41,42 The gene ontology results of the biological processes for 

the detected peptides and proteins are shown in Figure 7. The top biological process for both 

the protein and peptide results was proteolysis. Other shared biological process include 

digestion, chromatin silencing, regulation of systemic arterial blood pressure by renin-

angiotensin, and metabolic process. Overall, the many shared biological processes in the 

protein and peptide gene ontology results indicate that the protein and peptide results agree 

well with each other. By integrating the peptide results with the protein results, a more 

comprehensive understanding of the biological processes can be achieved for a biological 

question of interest.

To look further at the peptidomics results, the peptides belonging to the biological process of 

digestion, a key function of the digestive track that the cecum is a part of, were investigated. 

Table 1 shows the peptides that fell under the biological process of digestion. Peptide 

sequences from the enzymes chymotrypsinogen B1(Ctrb1), serine protease, and trypsin were 

detected. Further analysis would be necessary to discover the potential role that these 

peptides play. Furthermore, an in silico study reported the potential for endogenous proteins 

in the gut to be digested into bioactive peptides.43 Experimentally, peptides were observed 

from three proteins, Mucin-13, Chymotrypsinogen B, and pancreatic triacylglycerol lipase, 

that have predicted potential for bioactive peptide release after intestinal digestion of the gut 

endogenous protein. The predicted activity for peptides from these three proteins is ACE 

inhibition, which can prevent hypertension.33

Multiomic analysis can provide a greater understanding by studying not just the one subclass 

of molecules, protein changes, for example, but also changes in the metagenomic, or 

metabolome in order to better understand the relationships between various biological 

systems. Here, the ability of three extractions for combined metabolomics, peptidomics, and 

proteomics analysis was compared. The methanol/chloroform/water extraction method 

enabled a more comprehensive view of all three omics in the mouse host system and 

performed particularly strong in metabolomics and peptidomics analysis. By including 

peptidomics in the multiomics experiments, a deeper understanding of the role of peptides 
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could be obtained, for example, by characterization and discovery of bioactive peptides and 

their role in various pathways. In the future, studies investigating the metabolomics, 

peptidomics, and proteomics content of the colon, ilium, and rectum would provide further 

information about the proteins expressed by the gut microbiota and would lead to interesting 

comparisons of the metabolites, peptides, and proteins expressed in different areas of the 

gastrointestinal tract.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic diagram showing experimental workflow.

Keller et al. Page 13

J Mass Spectrom. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Metabolomics results for the three extractions. The number of compounds detected is shown 

for positive (A) and negative (C) mode. The m/z with hits in METLIN were compared 

between the three extractions in Venn Diagrams (B), positive and (D), negative mode.
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Figure 3. 
Peptidomics results from the extraction test. In (A) the number of peptide sequences are 

shown. (B) compares the protein accession numbers in the aqueous and organic fractions of 

the methanol/chloroform/water extraction. (C) compares the protein accession numbers for 

the three extractions.
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Figure 4. 
Comparison of peptide length (A) and isoelectric point (B) between peptide sequences 

detected in organic and aqueous fractions.
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Figure 5. 
Proteomics results from extraction optimization. (A) shows the detected proteins with the 

diagonal lines representing the number of shared proteins in both technical replicates. (B) 
compares the shared proteins in both technical replicates for the three extractions. (C) shows 

the breakdown of the shared proteins to the source of the protein ID for each extraction.
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Figure 6. 
Combined results of the three omics analysis. (A) shows the combined identifications of 

metabolomics, peptidomics, and proteomics results. (B) compares the protein source for the 

combined peptide and protein results.
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Figure 7. 
DAVID gene ontology results showing the biological processes associated with detected 

peptide (A) and protein (B). SABP stands for systemic arterial blood pressure.
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Table 1.

Peptide sequences from the digestion biological process in the peptide gene ontology results.

Identification Name Uniptrot ID Sequence Mass (Da)

chymotrypsinogen B1(Ctrb1) Q9CR35 A.GEFDQGSDEENVQVLK.I 1792.8115

chymotrypsinogen B1(Ctrb1) Q9CR35 K.IAQVFKNPK.F 1043.6127

protease, serine 2(Prss2) P07146 I.NVLEGNEQFVDSAK.I 1548.7419

trypsin 4(Try4)/trypsin 5(Try5) Q9R0T7/Q9QUK9 R.TLNNDIM(+15.99)LIK.L 1189.6377
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