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ABSTRACT  

In the past decade, matrix-assisted laser desorption/ionization time-of-flight (MALDI-ToF) 

mass spectrometry (MS) has become a timely and cost-effective alternative to bacterial 

identification. The MALDI-ToF MS technique analyzes the total protein of culturable 

microorganisms at the species level and produces a mass spectra based on peptides 

which is compared to a database of identified profiles. Consequently, unique signatures 

of each microorganism are produced allowing identification at the species and, more 

importantly, strain level. Our present study proposes that the MALDI-ToF MS can be 

further used to screen functional and metabolic differences. While other studies applied 

the MALDI-ToF technique to identify subgroups within species, we investigated how 

various environmental factors could alter the unique bacterial signatures. We found that 

genetic and phenotypic differences between microorganisms belonging to the same 

species can be reflected in peptide-mass fingerprints generated by MALDI-ToF MS. 

These results suggest that MALDI-ToF MS can screen intra-species phenotypic 

differences of several microorganisms. 
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INTRODUCTION 

The MALDI-ToF (matrix-assisted desorption/ionization time-of-flight) mass spectrometry 

(MS) technology offers a time- and cost-effective method of identifying microorganisms. 

Compared to previous time-consuming and expensive methods to identify 

microorganisms based on 16s rRNA or whole genome sequencing, the MALDI-ToF MS 

provides rapid, accurate and inexpensive identification within minutes via proteotyping1. 

While the MALDI-ToF is limited to culturable microorganisms and public databases, it has 

been quickly incorporated in the clinical setting and used for diagnosis. Studies have 

shown that MALDI-ToF MS can equally or even better identify sources of systemic 

infections2,3, urinary tract infections4±6, respiratory tract infections7 and intestinal 

infections8,9. The MALDI-ToF MS technology allows for identification down to the strain 

level and has been shown to discriminate between strains of methicillin-resistant 

Staphylococcus aureus10±13, shiga-toxigenic Escherichia coli14, clinically relevant strains 

of Aspergillus species 15and many others1. 

 

Although many existing methods allow rapid identification of microorganisms to the 

VSecLeV OeYeO, LdeQWLfLcaWLRQ WR WKe PRUe VSecLfLc µµVWUaLQ¶¶ Wa[RQ WeQdV WR be PRUe 

challenging, as strains within a single microbial species are often very genotypically and 

phenotypically similar, despite having different functions. Higher resolution approaches 

such as molecular genetics are thus commonly employed to identify and characterize 

strains within a microbial species 16. These include pulsed field gel electrophoresis 

(PFGE)17, multilocus sequence typing18 (MLST), repetitive extragenic palindromic PCR19 

(rep-PCR), housekeeping gene (e.g., PheS) sequence analysis20, and whole genome 

sequencing21,22. Each of these approaches has been shown to have adequately high 
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resolution to distinguish microbial strains from one another; however, these approaches 

are labor- and time-intensive as well as costly techniques that might lack the required 

rapid high-throughput nature of MALDI-ToF. A big advantage of the MALDI-ToF MS strain 

typing application would be epidemiologic investigations that require rapid identification 

of a single strain within a single species to determine the origin and spread of an outbreak 

in order to mitigate risks to public safety posed by microbial food and water contamination 

or potential acts of bioterrorism 16,23. Moreover, in an era where microbiome-based 

diagnostics and therapeutic targets are envisioned24, this technology could provide a 

framework to link disease phenotypes to peptides translated by microorganisms isolated 

from various biological samples.  

 

The MALDI-ToF MS is an ionization process that became commercially available in the 

eaUO\ 1990V. TKe LRQL]aWLRQ SURceVV LQYROYeV WKe PL[WXUe Rf aQ aQaO\We ZLWK a ³PaWUL[´ 

solution and the co-crystallization of both matrix and analyte (Diagram 1A-B). During 

ionization, a laser of a determined UV nm wavelength is fired at the mixture and causes 

its desorption into a gaseous phase. MALDI ion sources are combined with time of flight 

(ToF) tubes for ion separation16. A peptide mass fingerprint (PMF) is generated per 

sample and compared to a database of known bacterial species PMFs (Diagram 1C). 

MALDI-ToF looks at whole cell differences as opposed to a method that target a handful 

of molecules such as qPCR, protein blots, etc. which allows identification of species and 

strain differences that other molecular techniques would miss. While the technique lacks 

discriminatory power with some species such as Enterococucs faecium and 

Staphylococcus aureus25, the MALDI-ToF MS can robustly identify bacterial species in 

various culturing conditions26,27.  
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In contrast to studies that evaluate the ability of MALDI-ToF MS ability to identify bacterial 

species regardless of environmental conditions, we propose that the variation of MALDI-

ToF MS-produced peaks due to culturing can detect environmental imprints. By 

comparing PMF peaks and observing the differences in dendrogram and principal 

component of analysis (PCA) format (Diagram D and E), we report that the MALDI-ToF 

can reliably differentiate between various conditions including oxygen presence, nutrient 

availability and temperature stress. The MALDI-ToF MS is also able to detect previous 

environmental conditions after culturing out of the initial environment.  Our study shows 

that the MALDI-ToF can be applied to screening bacterial isolates from various 

environmental conditions and biological samples in order to see potential functional 

differences within the same microorganism.   

 

MATERIALS AND METHODS 

Bacterial strains and growth conditions: 

DH5Į Escherichia coli and enteropathogenic E. coli were grown on tryptic soy agar (TSA) 

plates and incubated at 37°C for 24 hours. Yersinia enterocolitica 8081 and Y. 

enterocolitica INV, YadA, and YscA knock-out strains were grown on TSA and incubated 

at room temperature for 48 hours. Enterotoxigenic Bacteroides fragilis (ETBF) and non-

enterotoxigenic B. fragilis (NTBF) were grown on TSA with 5% defibrinated sheep blood 

(TSBA) from skim milk stocks and incubated at 37°C anaerobically for 5 days. 

Lactobacillus rhamnosus GG was grown on TSA and incubated at 37°C for 24 hours 

aerobically and anaerobically.  
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For testing of various growth agar, E. coli DH5Į was plated on TSA, TSBA, McConkey 

and eosin methylene blue agars. The plates were then incubated aerobically at 37°C for 

24 hours. For testing of temperature stress environment, overnight cultures of DH5Į in 

Lysogeny broth (LB) were diluted and incubated at 37°C or 50°C for 15 and 30 minutes. 

For testing of residual effects of environment, overnight cultures of DH5Į in tryptic soy 

broth (TSB) were subcultured in various media and then plated on TSA. Briefly, DH5Į 

overnight culture in TSB was centrifuged at 3,000 x g for 5 minutes and washed in sterile 

PBS twice. The pellet was then resuspended in PBS and cultured in LB at 37°C or 50°C 

for 1 hour, shaking. Samples were then plated on TSA plates and incubated at 37°C for 

24 hours. 

 

Isolation and growth of clinical samples: 

Stool samples were collected from pre-diabetic adolescents aged 13-19 years as part of 

an ongoing study after institutional IRB approval. Participants were given a sterile stool 

collection kit (stool collection container [Precision (Covidien, Fisher Scientific)]), stool 

collector hat and sterile gloves to self-collect stool at home and mail to the University of 

Washington laboratory within 24-48 hours of collection at room temperature. When 

received, the sample was immediately aliquoted and one tube was used for the analysis 

Rf µFUeVK¶ VaPSOe RQ WKe VaPe day it was received. The other aliquots were stored at -

80°C for 2-3 PRQWKV XQWLO aQaO\]ed. FRU aQaO\VLV Rf WKe µFUR]eQ VaPSOe¶, WKe VaPSOe ZaV 

thawed on ice for 30 mins and then room temperature for 30 mins. 40-80 mg of each 

sample suspended in 1ml PBS and then centrifuged at 300 rpm for 2 mins.  Serial dilutions 

were made and plated on TSA and TSA blood and incubated in aerobic and anaerobic 
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conditions at 37°C fRU 48 KRXUV. BRWK µFUeVK¶ aQd µFUR]eQ¶ VaPSOeV ZeUe aQaO\]ed XVLQg 

the direct protein method. 

 

Protein Extraction Method for MALDI-ToF MS 

Bacterial colonies on agar were picked and added to 300 µl of HPLC-grade water in a 1.5 

ml Eppendorf tube and then mixed thoroughly with 900 µl of 100% Ethanol. After 

centrifugation at 13000 rpm for 2 min twice, pellets were dried at room temperature for 5 

minutes then they were directly mixed with equal volumes of 70% formic acid and 

acetonitrile (20-40 µl, depending on pellet size) for protein extraction. After centrifugation 

at 13000 rpm for 2 minutes, 1 µl of protein extract was spotted on a 96-target polished 

steel plate (Bruker Daltonics, Bremen, Germany) in four replicates, air-dried, and overlaid 

with 1 µl of alpha-cyano-4-hydroxycinnamic acid matrix solution (Bruker Daltonics, 

Bremen, Germany). Target plate was placed in the MALDI-ToF MS MicroFlex Biotyper 

for microbial identification (Bruker, Germany). 

 

Extended Direct Method for MALDI-ToF MS 

Bacterial colonies on agar were picked and placed directly on a target plate for 

identification. Samples were then overlaid with 1 µL of 70% formic acid and alpha-cyano-

4-hydroxycinnamic acid matrix solution (Bruker Daltonics, Bremen, Germany). Target 

plate was placed in the MALDI-ToF MicroFlex Biotyper for microbial identification (Bruker, 

Germany). 
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Cellular adhesion and invasion assays with Y. enterocolitica 

SW620s (ATCC; CCL-227) human intestinal epithelial adenoma cells were used. 

SW620s were maintained in DMEM supplemented with 10% fetal bovine serum and 

200uM L-glutamine. Prior to cellular assays, SW620s were seeded into 24-well plates 

and grown to a nearly confluent monolayer over 3-4 days. SW620s were rinsed with PBS 

and infected with Y. enterocolitica at an MOI of 10:1 with each starting dose plated on 

TSA to enumerate CFUs. Briefly, overnight Y. enterocolitica cultures were diluted 1:10 in 

TSB. Subcultures were then incubated for 2 hours at 37°C while shaking at 150 rpm. 

Cultures were then centrifuged, rinsed in PBS and diluted to the appropriate infection 

dose in cell media. The Y. enterocolitica samples were introduced to the cells and 

infection initiated by centrifuging the plates for 5 minutes at 500 x g. For adhesion, Y. 

enterocolitica was co-cultured with SW620s for 1 hour at 37°C in a 5% CO2 incubator. 

For intracellular invasion, Y. enterocolitica was co-cultured with SW620s for 1 hour, 

washed with PBS and then treated with 100 µg/ml gentamicin (Corning, Corning, NY). To 

elute the Y. enterocolitica and lyse the SW620s, each well was washed three times with 

warm PBS and then treated with 500ul PBS with 1% Triton X-100 (AMRESCO, VWR, 

Randor PA) for 5 minutes. Samples were then plated on TSA in serial dilutions to 

enumerate Y. enterocolitica colonization. In parallel, wells containing media only were 

infected with an equal amount of bacteria. Percentage of colonization was calculated by 

dividing the number of Y. enterocolitica CFU recovered from co-cultures by the number 

of Y. enterocolitica CFU initially applied to the wells. 

 

Methods Data analysis 
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Raw spectra text files were analyzed using the R package, MALDIquant 

[https://www.ncbi.nlm.nih.gov/pubmed/22796955]. The raw data were trimmed to a 

spectra range of 3,000 to 15,000 m/z. The spectra intensities were then square-root 

transformed and smoothed using the Savitzky-Golay algorithm. Baseline noise was 

removed using the statistics-sensitive non-linear iterative peak clipping (or SNIP) 

algorithm with 100 iterations. The data were then normalized using total ion current (or 

TIC) calibration, which sets the total intensity to 1. Multiple spectra within the same 

analysis were aligned to the same x-axis using the Lowess warping method, a signal-to-

noise ratio of 3, and a tolerance of 0.001. Peaks were detected from the average of at 

least 4 technical replicates using median absolute deviation. Principal components 

analyses and hierarchical clustering were also performed in R using the base stats 

package. Hierarchical clustering was performed on a calculated Euclidean distance 

PaWUL[ XVLQg WaUd¶V PeWKRd.  

 

RESULTS AND DISCUSSION 

 

Peptide mass fingerprints distinguish genetic differences within microbial 

species 

MALDI-ToF based bacterial profiling at the genus and species levels has provided results 

that are superior to and less expensive and time consuming than those obtained from 

more conventional approaches such as 16S rRNA sequencing. Such successes can be 

found across diverse areas of research and across many disciplines such as clinical 

microbiology, biodefense, food safety and environmental health. Although many studies 

have reported strain-specific peaks generated by MALDI-ToF MS, identification of reliable 
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peaks as strain-specific biomarkers has been hindered by poor profile reproducibility. 

Further, it appears that the limits of the taxonomic resolution of MALDI-ToF MS profiling 

at the strain level has been determined so far in large part by the nature of the particular 

bacterium profiled. The more genetically indistinguishable bacteria are, the more 

challenging their profiling has been28. In this study, we show that MALDI-ToF MS offers 

the possibility to discriminate between highly genetically similar genetic mutants or 

between different strains of the same bacterial species. To investigate the capabilities of 

MALDI-ToF to distinguish strain-level differences, we analyzed three different gram-

negative bacteria.  

 

Two sample preparation methods have been mainly reported for MALDI-ToF MS-based 

LdeQWLfLcaWLRQ aQd aUe NQRZQ aV WKe ³DLUecW TUaQVfeU MeWKRd´ aQd WKe ³PURWeLQ e[WUacWLRQ 

MeWKRd´29. TKe ³DLUecW TUaQVfeU MeWKRd´ cRQVLVWV LQ SLcNLQg bacWeULaO PaWeULaO fURP VLQgOe 

colony forming units on a culture plate with a sterile transfer device and applying the 

material as a thin layer onto the MALDI-ToF target plate. The sample is then overlaid with 

a matrix for MALDI-ToF MS analysis29. While this method is simple and rapid, it is inferior 

LQ accXUac\ WR WKe ³PURWeLQ E[WUacWLRQ MeWKRd´ becaXVe Rf LQVXffLcLeQW ceOO ZaOO 

disruption29. TKe ³PURWeLQ E[WUacWLRQ MeWKRd´ XVeV fRUPLc acLd aQd aceWRQLWULOe WR dLVUXSW 

the cells prior to applying protein extracts directly to the target plate. In our experiments, 

it was proven WKaW WKe ³PURWeLQ E[WUacWLRQ MeWKRd´ ZaV QeceVVaU\ fRU WKe beVW 

performance in order to reliably and reproducibly detect strain level differences between 

the various tested microorganisms.  
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Bacteroides fragilis is a gram-negative, obligate anaerobic, rod-shaped bacterium. It is 

part of the normal microbiota of the human colon and is generally commensal but can 

cause infection if displaced into the bloodstream or surrounding tissue following surgery, 

disease, or trauma30. Enterotoxigenic B. fragilis (ETBF) strains are strains of B. fragilis 

that secrete a 20-kDa heat-labile zinc-dependent metalloprotease toxin termed the B. 

fragilis toxin (BFT). ETBF strains are associated with inflammatory diarrheal disease in 

children older than 1 year of age and in adults as well as in inflammatory bowel disease 

flare-ups and colorectal cancer31±34. In this experiment, the BFT positive strain of B. 

fragilis (BFT+) was grown alongside its mutant (BFT-) on TSA supplemented with 5% 

defibrinated sheep blood for 48 hours at 37°C anaerobically. Multiple colonies of the WT 

strain and mutant were tested in four technical replicates each on a MALDI-ToF target 

following protein extraction. A PCA was generated after analyzing the peptide mass 

fingerprint profiles of each colony, showing statistically significant differences between 

the proteomic profiles of the WT strain and mutant. The PMFs were generated using 

BUXNeU¶V FOe[AQaO\VLV VRfWZaUe aQd WKe PCA ZaV SeUfRUPed ZLWK WKe KeOS Rf WKe 

MALDIquant package in R. The mean PMF of the biological replicates from each cluster 

is shown by the larger point in the middle of each ellipse. This experiment clearly shows 

that the MALDI-ToF MS is sensitive enough to detect small genetic differences in highly 

similar microorganisms as it can reliably discriminate between the enterotoxigenic B. 

fragilis strain and a genetic mutant for the B. fragilis toxin (Figure 1A).  

 

Another gram-negative bacteria is Yersinia enterocolitica. Y. enterocolitica is a common 

food-borne disease found in contaminated water and meat. Y. enterocolitica is a transient 

infection in immunocompetent adults but can be deadly to immunocompromised 
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individuals especially young children under the age of five35,36. As before, the various 

strains of Y. enterocolitica were grown on simultaneously prior to protein extraction and 

analysis through MALDI-ToF MS. The three strains of Y. enterocolitica were grown on 

TSA for 48 hours aerobically at room temperature. Using the MALDI-ToF, we are able to 

see three distinct clusters among a wild type Y. enterocolitica strain (Ye8081) and two 

mutants of the same strain that are lacking an adhesion gene, YadA, or a Yersinia 

translocation protein (YscA) (Figure 1B).  

 

Escherichia coli is a gram-negative, rod-shaped bacterium that is commonly found in the 

lower intestines. While most E. coli strains are harmless, pathogenic varieties can cause 

serious gastroenteritis, urinary tract infections, meningitis or septic shock in humans37. 

Enteropathogenic E. coli (EPEC) is a strain of E. coli that uses a virulence factor known 

as intimin, an adhesin that binds host intestinal cells, causing watery diarrhea in those 

afflicted38. In this experiment, EPEC was grown alongside a non-pathogenic strain of E. 

coli, DH5Į on TSA for 24 hours at 37°C aerobically. As we demonstrated with the B. 

fragilis and Y. enterocolitica, the MALDI-ToF can also differentiate lab strains of E. coli 

from the highly pathogenic EPEC (Figure 1C). This experiment clearly shows that 

MALDI-ToF MS is sensitive enough to detect strain-level differences within the same 

bacterial species as it was able to differentiate lab strains of E. coli from the highly 

pathogenic EPEC.  

 

As the MALDI-ToF MS uses whole protein of bacterial samples to generate unique 

profiles, lack of phenotypic or metabolic differences between subgroups of species can 

complicate identification. Meanwhile, our results confirm the findings of other studies. The 
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technique has proved to be highly performant and reproducible in distinguishing peaks 

within highly genetically similar species. Several known strains can then be used to create 

a reference library that affords identification of unidentified strains with potentially useful 

applications such as diagnosing pathogenic strains in certain disease states or rapidly 

identifying the origin of an outbreak. 

 

PMFs distinguish phenotypic differences within genetically identical strains 

The reproducibility of the mass spectra generated in MALDI-ToF MS analysis of proteins 

from bacterial extracts can be impacted by several experimental factors. Other 

researchers have discovered that differences in incubation and culturing conditions can 

alter peak intensities39 and identification rates40 (Table 1). In order to test whether 

environmental differences could reproducibly impact the proteome of several 

microorganisms, we decided to look at various environmental factors such as aerobic 

versus anaerobic conditions, various culturing medias, and different incubation 

temperatures on how they impact the PMF profile of the tested microorganisms.  

 

The first environmental factor tested was presence or absence of oxygen. Using the 

microorganism Lactobacillus reuteri, we investigated if MALDI-ToF MS analysis could 

detect differences in PMF following overnight incubation at 37°C in aerobic and anaerobic 

environments. Lactobacillus spp. are facultative anaerobes and several genes are 

differently expressed with the presence of oxygen41. Consequently, our experiment 

reveals that despite using the same starting culture, aerobic or anaerobic conditions 

cause significant alterations in the PMF profile of the same microbial strain (Figure 2A). 

The two conditions clearly separate along the x-axis with over 50% of the various 
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explained by PC1 (Figure 2A). Interestingly, the clustering of L reuteri grown aerobically 

exhibit more variability in PMFs compared to L. reuteri grown anaerobically. These 

differences may be indicative of the impact of anaerobic stress exerting a more distinct 

response on the bacteria.  

 

As others have noted, culturing on various media does not alter species identification. For 

this study we cultured E. coli DH5Į on four different nutrient-rich media: TSA, TSA 

supplemented with 5% blood (TSBA), MacConkey agar (MC), and eosin methylene blue 

agar (EMB). Whereas E. coli grown on MC and EMB agar had overlapping PMF profiles 

and clustered together on the PCA, there were clearly different clusters for E. coli grown 

on TSA and TSBA. (Figure 2B). The overlapping of MC and EMB-grown E. coli is likely  

due to the lactose fermentation process undergone by E. coli when it is grown on these 

two types of agars. While the differences between MC and EMB agars did not discriminate 

between the E. coli colonies grown on these two types of media, the presence of 5% 

defibrinated sheep blood in the TSA was enough to trigger the expression of a different 

proteomic profile in E. coli grown on TSBA relative to TSA (Figure 2B). Thus the MALDI-

ToF MS has the capacity to significantly discriminate between E. coli grown on various 

media depending on the components of the media.  

 

We next tested whether temperature affects the PMF profiles of microorganisms. Gut 

pathogen Y. enterocolitica is well adapted for survival and proliferation at room 

temperature (RT) and induces its virulence factors when consumed or introduced to host 

temperatures of 37°C42. These metabolic adaptations are clearly captured when we 

analyze Y. enterocolitica grown at these two temperatures on the MALDI-ToF MS with Y. 
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enterocolitica grown at RT clustering away from the 37°C treated group (Figure 2C). The 

two clusters for Y. enterocolitica are clearly separated on the x-axis with over 60% of the 

PMF various explained on PC1, demonstrating a clear distinction in proteome 

expressions due to temperature conditions.  The individual PMFs of Y. enterocolitica 

grown at room temperature are also more tightly clustered than the Y. enterocolitica 

grown at 37°C. These clustering could be indicative of more variable protein expression 

of Y. enterocolitica when grown in virulence-inducing temperatures. Previous studies 

using MALDI-ToF MS on Y. enterocolitica point out that temperature and media both play 

a role in PMF intensities with inference that temperature may play a bigger role26,27. 

Whereas Wunschel and collegues26 identified that Y. enterocolitica grown at 37°C has 

similar PMFs despite the media, we demonstrate that the MALDI-ToF can reliably 

distinguish between the temperature conditions. 

 

Next we tested whether stressing a bacteria with high heat induces heat shock proteins43. 

For this experiment, liquid cultures of DH5Į were incubated at 37°C or 50°C for 15 

minutes or 30 minutes. Sure enough, we clearly saw that temperatures also affected the 

PMF profile and clustering of E. coli introduced to temperatures greater than 42°C. These 

differences, most likely due to the translation of heat-shock proteins, became even more 

dramatic with an increase in incubation time (Figure 2D).  

 

All together these results with bacteria grown in different oxygen, nutrient and 

temperature environments demonstrate how the MALDI-ToF is capable of reproducibly 

discriminating between metabolic states through PMF profiles. Other studies have 

investigated whether these environmental and culture conditions can impact the MALDI-
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ToF identification of bacteria. Our experiments took it one step further and demonstrate 

that the MALDI-ToF can easily differentiate the direct effects of environmental conditions 

on the bacteria, allowing identification of biological environmental influences as it affects 

the proteomic profile of microorganisms.  

 

To further understand the extent of the MALDI-ToF MS technique on discerning 

environmental influences on bacteria, we tested if previous environmental stressors can 

impact PMF clustering. For this experiment, DH5Į was grown in liquid culture at 37°C 

and 50°C for 2 hour and then plated on TSA for 24 hours. Whereas our previous 

experiment measured the direct environmental impact of temperature on DH5Į (Figure 

2D), this experiment examined if the MALDI-ToF could sense the same temperature 

effects after the bacteria was removed from that conditions and plated. As expected, the 

PMF profiles of DH5Į grown in the two different cultures had distinct clusters (Figure 2E-

F). While there were some overlaps in clusters, this data demonstrates that the MALDI-

ToF can identify environmental conditioning effects despite the removal of the immediate 

conditions. These results have major implications in the lab setting where microorganisms 

isolated from biological samples are often studied ex vivo. Our ability to detect 

environmental conditionings even when the bacteria is removed from the initial stresses 

further highlight the advantage of proteotyping using the MALDI-ToF MS.  

 

PMFs identify metabolic and virulent states of Y. enterocolitica during in vitro 

adhesion and invasion assay 

MALDI-TOF analysis of Y. enterocolitica at the various temperatures demonstrated that 

PMF can potentially distinguish between virulent states. Other than temperature, Y. 
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enterocolitica has different metabolic states during infection and various genes that are 

modified during the course of infection44. The stages of Y. enterocolitica infection were 

investigated using human intestinal cells, SW620s. PMFs of untreated Y. enterocolitica, 

Y. enterocolitica applied to SW620s for 1 hour, or applied to SW620s for 1 hour and 

treated with gentamicin to remove extracellular bacteria were compared (Figure 3A). 

After samples were collected, Y. enterocolitica was plated on TSA and incubated at room 

temperature for 48 hours.  

 

As we previously demonstrated with liquid cultures of DH5Į plated on TSA, we found that 

Y. enterocolitica clustered depending on treatment group (Figure 3B). Cultures of 

intracellular Y. enterocolitica recovered following gentamicin had greater similarity 

whereas the Y. enterocolitica recovered after 1 hour had a more variable PMF profile. 

More divergent PMFs within a population could be due to natural heterogeneity within a 

clonal population45 or differences in transcriptional or virulent states.  

 

Our data using DH5Į E. coli and Y. enterocolitica demonstrate that the MALDI-ToF can 

detect differences in metabolic and virulence states, respectively, even after those 

environmental influences are removed. This is especially important for trying to assess 

phenotypic differences of clinical isolates or samples that cannot be readily grown in its 

natural environments. These methods could be applied to situations in which metabolic 

or phenotypic difference of experimental groups can be compared against known 

culturing conditions. It can be used as a method of screening of known bacterial 

phenotypes.  
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PMFs distinguish between fresh and frozen clinical isolates of the same species 

A very common use of the MALDI-ToF MS in clinical studies is to identify clinical isolates 

removed from biological samples for diagnostic purposes. Whereas the previous 

experiments described above used the protein extraction method in a well-controlled 

environment with well characterized strains, the use of MALDI-ToF in clinical settings is 

less likely to resort to this time-consuming method. In a clinical setting, using the protein 

extraction method is time consuming and not all samples are easily processed 

immediately. Additionally, freezing samples prior to culturing can reduce the number of 

bacteria recovered, skew the diversity of bacteria, and alter community composition46,47. 

Therefore these next experiments evaluated how frozen versus fresh conditions altered 

WKe PMFV Rf cOLQLcaO VaPSOeV XVLQg WKe ³E[WeQded DLUecW TUaQVfeU´ PeWKRd aV deVcULbed 

above.  

 

Using fresh human fecal samples, we tested whether culturing fresh or frozen microbiota 

samples altered the phenotype of clinical isolates (Figure 4A). In these experiments, 

whole fecal samples were plated aerobically on TSBA for 48 hours. Single colonies were 

then processed using the extended direct colony method. Bacteria identified as the same 

species were then compiled and examined retrospectively.  

 

Within our clinical samples, the MALDI-ToF identified Citrobacter sedlakii, E. coli and 

Bacteroides ovatus from both fresh and frozen cultures. Despite distinct clustering 

between fresh and frozen isolates of C. sedlakii and E. coli, the clustering was not 

statistically significant as there was overlap seen in the PCA and dendrogram (Figure 

4B-C). Freezing seemed to have a more profound impact on C. sedlakii compared to E. 
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coli as these isolates appeared to have little overlap in PMFs (Figure 4B). In contrast, E. 

coli isolates from fresh and frozen stool had more similarities suggesting that the 

response to freezing may be bacteria dependent (Figure 4C). These experiments provide 

a rationale for why sample collection during microbiome studies must be standardized.  

 

We next compared the MALDI-ToF analysis of fresh and frozen B. ovatus taken from two 

different patients clustered. As expected, B. ovatus clustering was patient dependent, 

likely due to each patient containing a different strain of B. ovatus or exposure to patient 

dependent microenvironments that contribute to genetic diversity via phage and 

horizontal gene transfer (Figure 4D). Interestingly, fresh or frozen status had less of an 

impact on the clustering of B. ovatus from patient 2, while patient 1 had high variability of 

PMFs within fresh and frozen groups. The different sensitivity between patient 1 and 

patient 2 B. ovatus isolates from fresh and frozen stool may be due to the presence of 

more temperature sensitive genes in the isolates from patient 1 and indicate that freezing 

stool may alter the PMF of MALDI-ToF in a bacteria-dependent manner.   

 

Our results using clinical isolates derived from a mixed microbiota sample reveal that 

fresh versus frozen culturing techniques may alter the proteotyping of microorganisms. 

Further study is needed to analyze the freezing effects. This clinical experiment was 

limited by MALDI-ToF processing, lack of technical replicates, and difference in MALDI-

ToF sampling days. These results exemplify a need for rigorous sample preparation and 

analysis. Given our ability to proteotype bacteria by various environmental factors, there 

is huge potential in analyzing phenotypic differences amongst clinical samples. There are 

numerous applications should this methodology be adapted in the clinic such as 
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distinguishing proteotypes from inflammatory, nutrient-rich or -depleted, or competitive 

microenvironments. 

 

CONCLUSIONS 

The emergence of MALDI-ToF MS has reinvigorated microbial identification over the past 

decade. By creating proteomic signatures through PMFs of microorganisms, species and 

subspecies identification is possible via proteotyping. Routine use of MALDI-ToF MS as 

a diagnostic tool is favorable due to its ease of use, time and cost efficiency, and robust 

sensitivity. Our current study demonstrates a new function by exploiting the unique 

proteomic signatures and comparative analysis afforded by the MALDI-ToF MS 

bioinformatic packages. While proteotyping of different physiological and metabolic states 

of microorganisms through MALDI-ToF has been previously suggested by others48,49 and 

variations in culturing conditions have been extensively tested for impact on species 

identification (Table 1), we test the ability to distinguish between multiple environmental 

conditions within the same microorganism. Environmental effects of oxygen, temperature 

and nutrients can all be easily distinguished. As a proof-of-principle, we also demonstrate 

that PMF signatures can differentiate by stressors even when microorganisms are 

removed from the initial environment. We further exemplify how the MALDI-ToF MS 

technique can separate different virulent states of Y. enterocolitica with the SW620 

adhesion assay.  

 

One limitation of proteotyping of metabolic and functional states include lack of PMF peak 

to protein identification readily available through the Bruker software. While publicly 

accessible databases for peptide/protein identification and assignment exist, such as 
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Mascot (www.matrixscience.com), there still remains a need to develop a database of 

peak information that can be more readily incorporated with MALDI-ToF MS data. Another 

limitation is addressed with our clinical data in which rigorous protein extraction and 

technical replicates may not be easily incorporated in a clinical setting. While our data 

inconclusively delineate fresh versus frozen isolates, these experiments need to be 

repeated with a wide variety of microorganisms. 

 

Altogether, we demonstrate the potential of MALDI-ToF MS to screen for physiological 

changes from direct and indirect environmental conditions. In conjunction with 

transcriptomic data and validation through PCR or LC/MS, this technique could provide a 

rapid and efficient way to screen for metabolic functions and physiological states of 

microorganisms. This methodology can be especially useful for analyzing phenotypic 

changes of bacteria cultured from previously unique environments such as an inflamed 

gastrointestinal tract or progression through virulence. In addition to the original function 

of species identification, the MALDI-ToF MS provides a plethora of data that has yet to 

be fully explored and exploited. Pairing these data with peptide/protein identity 

assignment could ultimately constitute a strong framework for the identification of 

microbiome-based biomarkers and therapeutic targets in various disease states. 
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MALDI-TOF MS detection of environmental influences
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Diagram 1. MALDI-ToF MS methodology 
A) Schematic of MALDI-ToF MS technology and B) methods of processing as described 

by manufacturer Bruker. Analysis of peptide-mass fingerprints (PMF) by C) spectra, D) 

dendrogram and E) principle component analysis (PCA). 
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Figure 1. Differentiation of bacterial genetic mutants on MALDI-ToF MS 
Principal component analysis (PCA) based on peptide mass fingerprint (PMF) profile of 

various bacterial strains and mutants. A) Bacteroides fragilis with and without the 

enterotoxigenic gene (BFT) are compared. B) Yersinia enterocolitica strain 8081 WT 

(Ye8081) and mutants with genetic differences in genes YadA and YscA are compared. 

C) Enteropathogenic Eschericia coli and DH5Į strains are compared. Each dot 

represents the average of 4 technical replicates; the larger point is the mean of the 

experimental group with a 95% confidence interval drawn on mean. Data for each 

experiment are from two independent experiments with n=5-7.  
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Condition Species Reference 

Media type E. coli This study 

Arnold et al. 199950 

Valentine et al., 200527 

Reich et al., 201351 

Veenemans et al., 201639 
 

Y. enterocolitica Valentine et al., 200527 
 

B. subtilis Valentine et al., 200527 
 

Mycobacteria BaOiåRYi eW aO., 2015 52 
 

S. aureus Reich et al., 201351 
 

Lactobacillus spp. âedR eW aO., 201353 
 

Acetic Acid bacteria Wieme et al., 201354 
 

Nocardia spp. McTaggart et al., 201855 

Growth rate / 
Age 

E. coli Arnold et al. 199950 

Wunschel et al., 200526 

Reich et al., 201351 

Veenemans et al., 201639 
 

Mycobacteria BaliåRYi eW aO., 2015 52 
 

Beverage spoiling yeasts Usbeck et al., 201356 
 

S. aureus Reich et al., 201351 
 

Lactobacillus âedR eW aO., 201353 
 

Rhizobium Mandal et al., 200757 
 

Nocardia spp. McTaggart et al., 201855 

Oxygen L. rhamnosus GG This study 
 

Beverage spoiling yeasts Usbeck et al., 201356 

Temperature E. coli This study 

Wunschel et al., 200526 
 

Y. enterocolitica This study 

Wunschel et al., 200526 
 

Bacillus spp. Shu and Yang 201758 
 

Lactobacillus âedR eW aO., 201353 

Broth vs agar Beverage spoiling yeasts Usbeck et al., 201356 
 

E. coli Reich et al., 201351 
 

S. aureus Reich et al., 201351 

pH E. coli Wunschel et al., 200526 

 
Table 1. Environmental influences on MALDI-ToF MS analyses 
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Figure 2. Differentiation of bacterial biological environment on MALDI-ToF MS 
PCA based on PMF profile of various bacterial species cultured in different growth 

conditions. A) Lactobacillus reuteri plated on TSA and incubated overnight at 37°C in 

aerobic and anaerobic conditions is compared. B) DH5Į Escherichia coli strain grown on 

4 different types of Media: TSA (TS agar), TSA with 5% sheep blood (TS blood agar), 

McConkey agar (MC agar), and eosin methylene blue agar (EMB agar) is compared. C) 

Y. enterocolitica grown at room temperature (RT) or 37°C for 48 hours on TSA. D) DH5Į 

grown in liquid culture at 37°C and 50°C for 15 and 30 min while shaking. E) Diagram and 

F) PCA of DH5Į grown in liquid culture at 37°C and 50°C for 1 hour and then plated to 

observe residual effects of different environmental conditions. Each dot represents the 

average of 4 technical replicates; the larger point is the mean of the experimental group 

with a 95% confidence interval drawn on mean. Data for each experiment are from two 

independent experiments with n=5-7.  
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Figure 3. PMF analysis of Y. enterocolitica virulence states 
A) Schematic of protocol. B) PCA and dendrogram of Y. enterocolitica cultured 48 hours 

at room temperature on TSA following adhesion and invasion assay with SW620 cells. 

Each dot represents the average of 4 technical replicates; the larger point is the mean of 

the experimental group with a 95% confidence interval drawn on mean. Data for each 

experiment are from two independent experiments with n=6. 
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Figure 4. PMF analysis of fresh and frozen clinical isolates  
A) Schematic of clinical sample analysis. PCA and dendrogram of fresh and frozen PMFs 

from B) C. sedlakii, C) E. coli and D) B. ovatus isolates identified on aerobic TSA with 5% 

sheep blood. Isolates proceeded via extended direct transfer. Each dot resembles a 

biological replicate. Ellipse drawn on the 95% confidence interval of the mean.  
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