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A B S T R A C T   

Bacteria play a variety of roles in the environment. They maintain the balance in the ecosystem and provide 
different ecosystem services such as in biogeochemical cycling of nutrients, biodegradation of toxic pollutants, 
and others. Therefore, isolation and identification of different environmental bacteria are important to most 
environmental research. Due to the high cost and time associated with the conventional molecular techniques, 
matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) has gained 
considerable attention for routine identification of bacteria. This review aims to provide an overview of the 
application of MALDI-TOF MS in various environmental studies through bibliometric analysis and literature 
review. The bibliometric analysis helped to understand the time-variable application of MALDI-TOF MS in 
various environmental studies. The categorical literature review covers various environmental studies 
comprising areas like ecology, food microbiology, environmental biotechnology, agriculture, and plant sciences, 
which show the application of the technique for identification and characterization of pollutant-degrading, plant- 
associated, disease-causing, soil-beneficial, and other environmental bacteria. Further research should focus on 
bridging the gap between the phylogenetic identity of bacteria and their specific environmental functions or 
metabolic traits that can help in rapid advancements in environmental research, thereby, improving time and 
cost savings.   

1. Introduction 

Microorganisms are living organisms with a size of a few millimeters 
to nanometers and are present in all environmental matrices i.e., water, 
air, and soil. They almost always exist as a network of biologically 
diverse groups, interacting with each other and fighting for the limited 
nutrients (Braga et al., 2016). Bacteria, fungi, plants, algae, protozoa, 
and viruses get involved with each other during these biological in-
teractions. They are present almost everywhere, thanks to their diverse 
metabolic processes and ability to adapt and survive in extreme envi-
ronments. It has been estimated that a few grams of soil may contain tens 
of thousands of different species of bacteria (Mauchline and Malone, 
2017). Similarly, the water matrix may contain various types of micro-
organisms including beneficial as well as pathogenic bacteria (Costello 
and Chaudhary, 2017; Zancarini et al., 2017). Moreover, it has been 
noted that the biological composition of the air matrix of an indoor 
environment can be determined by the occupants and can be correlated 
to the solid surfaces found in the environment (Hanson et al., 2016; 
Weikl et al., 2016). 

Microorganisms in the environment provide a variety of ecosystem 
services. They play a significant role in the biological decay of organic 
matter in the soil, biogeochemical cycling of various elements, provide 
nutrients for plant growth, detoxify, or biodegrade various environ-
mental pollutants, inhibit the growth of other harmful bacteria/fungi, 
participate in the fermentation of various food products, and contribute 
to countless other natural processes. On the other hand, some of the 
microorganisms (such as pathogenic bacteria) can be harmful to humans 
as they may cause infections and diseases that are sometimes life- 
threatening. In addition, the growth of some bacteria in food results in 
the spoilage of food items and products making them unfit for con-
sumption. In conclusion, the role of bacteria in the environment and 
ecosystem cannot be ignored and their isolation, identification, and 
characterization are important to fulfill various human needs. 

The techniques used for bacterial identification are based on the use 
of culture media and morphological, physiological, and biochemical 
based tests. Generally, these traditional identification methods take at 
least 3–5 days and require expert skills (Popovic et al., 2017). Other than 
these methods, various molecular (nucleic acid-based) methods have 
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also been developed such as DNA-DNA hybridization, 16s rRNA, G+C 
ratio, real-time polymerase chain reaction (RT-PCR), and fluorescent 
in-situ hybridization (Okafor, 2011). Some of these techniques like 16s 
rRNA and RT-PCR do not require the cultivation of bacteria making it 
possible to know the biological composition without going through 
culturing on microbiological media. However, these techniques are 
costly, time-consuming, and require high expertise (Braga et al., 2013). 
Therefore, accurate and rapid identification methods are required for 
bacterial identification to cope with pathogenic environmental bacteria 
and to support the isolation and identification of novel environmental 
bacteria. 

MALDI-TOF-MS stands for Matrix-Assisted Laser Desorption Ioniza-
tion – Time of Flight – Mass Spectrometry has been invented a long time 
before, but spectral fingerprints were obtained from whole bacterial 
cells for the first time in 1996 (Holland et al., 1996). During the same 
year, the spectral fingerprints of different Bacillus species such as Ba-
cillus anthracis, Bacillus melitensis, were acquired by employing the 
MALDI-TOF technique (Krishnamurthy et al., 1996). Since then, much 
attention was directed towards the identification of not only bacteria but 
also yeast and mold using MALDI–TOF (Kostrzewa et al., 2013). How-
ever, MALDI-TOF was started to be routinely utilized as a first-line 
identification method in Microbiology labs during the last 12–15 
years. The technology offers many advantages over conventional 
microbiological and molecular techniques, which include reliability and 
rapidness as it takes only a few minutes for identification of microbes 
(Fenselau, 2012), simplicity, cost-effectiveness, and non-requirement of 
highly skilled people (Seng et al., 2009). Moreover, the technology has 
the ability to identify many different types of microorganisms and thus 
possesses the potential to replace other identification methods in 
Microbiology labs (Biswas and Rolain, 2013). 

Although the MALDI-TOF MS has found its routine application in 
clinical Microbiology labs, its utilization for the identification of envi-
ronmental bacteria is still underestimated. There are several review 
articles published related to MALDI-TOF based identification of bacteria 
such as Tsuchida et al. (2020), Hou et al. (2019), Jang and Kim, (2018), 
and Singhal et al. (2015). However, both Tsuchida et al. (2020) and Hou 
et al. (2019) are entirely focused on clinical samples, while, the reviews 
by Jang and Kim, (2018) and Singhal et al. (2015) adopted a broader 
perspective and have discussed briefly its application in both clinical 
and environmental samples. In comparison, the more focused and 
comprehensive discussion of MALDI-TOF MS for its application in 
environmental microbiology was given by Santos et al., 2016. Never-
theless, in that review article, in addition to the bacterial identification 
by MALDI-TOF, other areas of environmental microbiology such as 
protein profiling, metabolomics, and others were also discussed. 

Therefore, the current review article aims to comprehensively explain 
the application of MALDI-TOF MS for bacterial identification in various 
environmental fields. Using bibliometric analysis, the trends of its 
application in different fields with time are explained for the first time. 
In addition, the application of MALDI-TOF MS for bacterial identifica-
tion from water, soil, plants, air, food, and other environmental surfaces 
is also presented in detail. 

2. MALDI-TOF MS, the technique 

MALDI-TOF MS relies on the detection of mass to charge ratio 
abbreviated as m/z of ribosomal proteins of the bacteria, which helps to 
provide a unique mass spectrum of the bacteria within a short period of 
time (Carbonnelle et al., 2011). The technique does not consider 
biomarker ion peaks identification in a spectrum. Instead, it relies on the 
characteristic mass profile obtained by a set of ion peaks, which repre-
sents a “fingerprint” of the bacteria (Dieckmann and Malorny, 2011). 
The identification is provided by comparing the spectrum with the 
spectra of reference strains based on the closest match (Popovic et al., 
2017). 

The technique can be used to analyze different types of organic 
molecules such as nucleic acids, organic molecule solutions, proteins, 
and completely microbial cells. However, the proteins and whole mi-
croorganisms are most extensively utilized for Microbiology applica-
tions (Dekker and Branda, 2011). The most reliable biomarkers for the 
identification of bacteria are the proteins specifically the ribosomal 
proteins. The features of ribosomal proteins favor efficient ionization, 
which includes their abundance and medium hydrophobicity (De Car-
olis et al., 2014). Thus, using this technique, an adequate amount of 
stable mass signals for the ribosomal protein peptides typically 2000 to 
20,000 Da can be obtained. The mass signals are used to produce profile 
spectra, which comprise a series of peaks that are conserved at the 
genus, species, and even subspecies level (Benagli et al., 2012). 

2.1. Sample preparation 

There are mainly two methods for sample preparation i.e., the Direct 
Transfer method and Protein extraction methods (Fig. 1). The former 
method is easy and fast which is based on using bacterial cells directly 
from the pure culture plates using sterile inoculating loops or after 
harvest action by centrifuge in the case of liquid media. This method is 
mostly utilized for identification i.e., for almost 90–95% of the samples. 
The protein extraction method constitutes the extraction of proteins 
from bacterial cells using solvents of different types (Sedo et al., 2011). It 
is strongly recommended when a higher quality of spectra is needed. 

Fig. 1. Workflow for bacterial identification using MALDI-TOF MS.  
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There are different types of solvents that can be used for the extraction of 
proteins. However, the combination of ethanol and formic acid is being 
widely utilized and is generally recommended by the manufacturers of 
MALDI-TOF MS systems (Bruker Daltonics, Microflex LT Biotyper 
operating system) (Step 1, Fig. 1). The bacterial cells directly from plates 
or extracted proteins are used to deposit on the MALDI biotarget plate 
(Step 2, Fig. 1), which is then overlaid with the suitable matrix solution 
(1:1). There are various organic compounds that have been used as 
matrices for MALDI-TOF MS such as α-cyano-4-hydroxycinnamic acid 
(CHCA), 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid), and 2, 
5-dihydroxy benzoic acid (DHB). However, the most commonly used 
matrix is CHCA. After drying the mixture of matrix and bacterial cell-
s/proteins at room temperature, the biotarget plate is then loaded onto 
the MALDI-TOF instrument for which the spectrum is obtained for 
comparison with the database (Step 3 and 4, Fig. 1). The most common 
manufacturers for the MALDI-TOF MS system are Bruker Daltonics and 
BioMerieux (Vitek MS). 

2.2. Microorganism identification 

Various commercial databases available can be used for comparing 
the acquired mass spectra of the unknown bacteria with the mass spectra 
of the known bacteria such as the MALDI Biotyper library (MBL). MBL 
contains a database of species-specific fingerprints of a wide variety of 
bacteria and yeasts. The identification is done by matching the unknown 
spectra obtained with the known spectra in a database using Biotyper 
software (Clark et al., 2013). Varieties of algorithms are developed to 
calculate the similarity level. Alternatively, there are various search 
engines and fingerprint libraries have been developed to search for da-
tabases of bacterial protein profiles (Bright et al., 2002). In addition, 
there are bioinformatics-based approaches like Swiss-Prot/TrEMBL or 
NCBInr data, however with albeit a lower number of protein entries for 
environmental bacteria of partially sequenced genomes (Mazzeo et al., 
2006). 

The identification accuracy via MALDI depends upon the database. 
In general, its accuracy of identification up to the species level is above 
90% (Martiny et al., 2012). Therefore, the database needs to be updated 
to enhance the identification of the MALDI instrument (De Carolis et al., 

Fig. 2. Comparison of bacterial protein profiles in MALDI-TOF MS using MALDI Biotyper software (a) Stack view, (b) Gel-view.  

M.Y. Ashfaq et al.                                                                                                                                                                                                                              



Journal of Environmental Management 305 (2022) 114359

4

2014). The reproducibility of MS Spectra via MALDI also depends upon 
the sample culture, its preparation, and storage as well as the matrix 
type used (Fenselau, 2012). 

2.3. Microorganism typing 

The MALDI-TOF technique has been recently applied for the purpose 
of bacterial subtyping and classification. Although the instrument has 
been widely used for genus and species level identification, its utility to 
be utilized up to subspecies level is not yet fully explored (Sandrin et al., 
2012). The subspecies level identification is quite challenging, as the 
strains (within the same species) tend to be very similar in terms of 
genotype and phenotype (Sandrin et al., 2012). However, subspecies 
level typing using MALDI-TOF MS has been reported for bacteria like 
Yersinia enterocolitica (Rizzardi et al., 2013). Methicillin-resistant S. aureus 
lineages (Wolters et al., 2011), S. enterica (Dieckmann and Malorny, 
2011), and Streptococcus agalactiae (Lartigue et al., 2009). 

There are different approaches to identification at strain level using 
MALDI-TOF MS as depicted in Fig. 2. The mass spectra are loaded for 
different Bacillus strains i.e., B. marisflavi, B. pumilus, B. infantis (Abu--
Dieyeh et al., 2019) and B. subtilis, B. cereus, B. atrophaeus (Alsayegh 
et al., 2021) in a stack view (Fig. 2a). One way of differentiating similar 
species is differentiating them based on the presence/absence of one or 
more discriminating peaks (Sandrin et al., 2012; Ashfaq et al., 2019, 
2020) through visual comparison of profiles. Similarly, the mass spectra 
can also be compared using gel-view as depicted in Fig. 2b. The gel-view 
makes the comparison easier as the presence/absence of peaks can be 
easily seen. The significant differences in the profiles of different species 
of Bacillus can be easily identified using Fig. 2 such as the presence of 

peak around 4300 and 5200 m/z can be considered biomarker peak for 
genus Bacillus. In addition, species-specific biomarker peaks like 7704, 
8256, and 9033 m/z are only present in B. marisflavi, while peaks like 
3044, 3595, and 5800 m/z are only present in B. infantis. 

There are also statistical/chemometric methods that can be used to 
differentiate the species such as principal component analysis (PCA) 
(Fig. 3a), dendrograms (Fig. 3b), and composite correlation matrix. The 
PCA diagram in Fig. 3a shows 95% of the variation within the mass 
spectral profiles of the 6 strains through PC1, PC2, and PC3. From Fig. 3, 
it is evident that the strains of B. atrophaeus and B. subtilis are similar to 
each other as they are lying close to each other on the 3D diagram of PCA 
as well as on dendrogram, which can also be noted from their respective 
protein profiles presented in Fig. 2. Hence, the PCA helps to categorize 
the mass spectra of strains into groups (clusters) such that the species 
following in the same group are similar to each other than the ones in 
different groups. While the dendrograms show the hierarchical re-
lationships between the strains and the composite correlation matrix 
provides information about intra- and inter-specific percentages of 
similarity between species (Abdel Samad et al., 2020). 

3. Bibliometric analysis 

For bibliometric analysis, the main data source is Web of Science 
(WOS), PubMed, and Scopus. In this research, the WOS was employed as 
the source database to obtain articles as many as possible. Additionally, 
the manual search was also conducted thoroughly to avoid missing any 
articles. To investigate the application of MALDI-TOF MS usage for 
bacterial identification from environmental samples (water, soil, plants, 
and others), the data was obtained using three main terms i.e., “MALDI- 
TOF MS” “Bacteria”, and “Identification”. These three terms were cho-
sen based on preliminary analysis with different terminologies as they 

Fig. 3. Chemometrics or Statistical methods for comparison of protein profiles 
(a) PCA; (b) Dendrogram. 

Table 1 
Categorization of environmental studies based on the core research objective.  

# Main Research Objective Assigned category 

1 Identification and characterization of new 
bacterial strain, Studying biodiversity of 
different environments such as polluted sites 

Ecology 

2 Comparison of MALDI-TOF MS with other 
established methods such as molecular 
techniques (16s rRNA, Multi-locus 
sequencing technique (MLST), and Vitek 2) 

Methodology Validation 

3 Identification of bacteria present in water, 
soil, and at different surfaces to investigate 
the presence of known indicator organisms 
(coliform bacteria), or to track the source of 
contamination 

Environmental Monitoring 

4 Identification, and characterization of human 
pathogens in the environment such as in 
water, indoor air, etc. 

Environment and Health 

5 Characterization of bacteria in water at 
different treatment stages, evaluating the 
efficiencies of treatment techniques for 
bacterial removal 

Water Treatment Technique 

6 Isolation, identification, and characterization 
of pollutant-degrading bacteria 

Environmental 
Biotechnology/ 
Bioremediation 

7 Isolation, identification, and characterization 
of mineral forming bacteria 

Biomineralization 

8 Identification of plant-growth-promoting 
(PGP) bacteria or growth inhibitors of 
pathogenic fungi to protect crops or increase 
yield 

Agriculture and Plant 
Sciences 

9 Identification of plant-associated bacteria 
involve in phytoremediation 

Phytoremediation 

10 Identification of plant pathogens Plant pathology 
11 Evaluation of different techniques for 

disinfection of surfaces 
Disinfection Technology 

12 Identification of foodborne pathogens, 
fermentative bacteria, lactic acid bacteria and 
others 

Food Microbiology  
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provided the greatest number and most relevant results. The analysis 
was performed on 30th March 2021 and the obtained results were 
exported as text files. 

Further analysis was performed using MS Excel to separate the 

articles/studies related to water, soil, plants, and other environmental 
compartments (air, food, and others). The application of MALDI-TOF MS 
for bacterial identification in environmental samples was studied 
through studying development trends (number of publications per year) 
by considering different sample types (water, soil, plants, air, food, and 
others), WOS categories (Microbiology, Environmental Sciences, etc.) 
and study areas (ecology, water treatment, food technology, bioreme-
diation, etc.). In this paper, the study areas were defined based on the 
main core objective of the research article, which is summarized in 
Table 1. There were few studies, which could fall into more than one 
category; the study was then categorized based on the dominant one. 

Fig. 4. Number of publications per year for different environmental compartments.  

Table 2 
Total number of articles published for environmental samples.   

Water Soil Plants Miscellaneous Total 

Total no. of articles 85 64 65 104 318 
% Percentage of total articles 26.75 20.1 20.45 32.7 100  

Fig. 5. Sankey diagram showing the evolution of MALDI-TOF MS technology for various types of studies in (a) Water; (b) Soil; (c) Plants; (d) Miscellaneous 
environmental samples. 
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4. Application of MALDI-TOF MS for identification of 
environmental bacteria 

4.1. Field development with time 

The temporal trend of publications related to “MALDI-TOF MS”, 
“Identification” and “Bacteria” is depicted in Fig. 4. It is evident from 
Fig. 4 that the technology has received greater attention for the identi-
fication of environmental bacteria during the last decade. Using the 
three strings in WOS, the total number of publications comprising 
original articles and research papers was 2533. During preliminary 
analysis, the review papers, and original articles pertaining to the 
application of MALDI-TOF MS in the medical industry and proteomics 
were omitted which yielded 318 articles. These articles were then 
further categorized based on the source of bacterial isolates and study 
types as summarized in Table 2. Table 2 shows that a total number of 85 
articles were belonging to “Water”, 64 to “Soil”, and 65 to “Plants”. 
While the remaining 104 articles, which did not belong to any of these 

environmental samples, were sub-categorized under “Miscellaneous” in 
which articles related to bacterial identification from food and surfaces 
were in abundance. 

The results of Bibliometric analysis showed that MALDI-TOF MS was 
used for the identification of environmental bacteria in 2004 (Fig. 4). In 
2004, Krader and Emerson (2004) tested MALDI-TOF MS using a linear 
mass spectrometer (Micromass, UK) for rapid identification and subse-
quent categorization of different environmentally important bacteria 
(acquired from American Type Culture Collection, ATCC). Similarly, 
Ruelle et al. (2004) developed a method for the identification of envi-
ronmental bacteria (Escherichia coli, Salmonella, and Acinetobacter) iso-
lated from sewage sludge. In 2005, another two articles were published 
aiming to develop and validate the method for bacterial identification 
using MALDI-TOF MS from marine sponges (Dieckmann et al., 2005) 
and bioaerosol particles (Kim et al., 2005). 

From water samples, the first two articles were published in 2007 by 
Siegrist et al. (2007) and Donohue et al. (2007). In the research of 
Siegrist et al. (2007), MALDI-TOF MS was evaluated for rapid 

Fig. 6. (a) Network of WOS categories as per different environmental compartments (b) Pie chart showing % of articles published in different WOS categories.  
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Table 3 
Summary of different studies related to the application of MALDI-TOF MS in environmental studies.  

Bacterial strain Significance Source Reference 

Environmental and Ecological studies (Categories: Ecology, Environmental monitoring, Environment, and Health) 
Gemmatimonas groenlandica sp., Capability of performing bacteriochlorophyll-based phototrophy 

(chlorophototrophy). 
Surface water Zeng et al. (2021) 

Methylobacterium extorquens, 
M. adhaesivum, M. marchantiae 

Known to be alpha-proteobacteria that inhibits the phyllosphere 
and consume the emitted methanol from the plants 

Plants Tani et al. (2012) 

Staphylococcus edaphicus Isolated from Antarctica, with special adaptation to extreme 
environments 

Soil Pantucek et al. 
(2018) 

Enterococci faecium Monitoring of water quality routinely in the water industry and 
can be used to assess the bacterial diversity of water intended for 
human consumption 

Water Laukova et al. (2019) 

Aeromonas hydrophila, Bacillus cereus, Pseudomonas 
aeruginosa, and Stenotrophomonas maltophilia 

Monitoring of groundwater being used as a drinking water Water Jancova et al. (2020) 

Staphylococcus aureus Examining the hygiene facilities provided including 
handwashing and hand-drying facilities in public washrooms 

Surfaces Suen et al. (2019) 

Staphylococcus aureus, E. faecalis, A. viridans, and Aspergillus 
sp. 

Investigate the presence of rarely described and underestimated 
species of bacteria on the surfaces of magazines found in waiting 
areas of the hospital 

Surfaces Ade et al. (2017) 

Staphylococcus sp., Escherichia sp., Enterococcus sp., and 
Bacillus sp. 

Rapid identification of various air pollutants Air Elbehiry et al. 
(2019a) 

Aeromonas hydrophila, Aeromonas caviae and Aeromonas sobria Rapid and fast identification and characterization of human 
pathogens isolated from chicken meat and water 

Food and Water Elbehiry et al. 
(2019b) 

Bukhloderia pseudomallei Categorization of B. pseudomallei based on its source i.e., clinical, 
or environmental and to identify the source-specific biomarkers 
for the strains 

Soil and Patients Niyompanich et al. 
(2014) 

Escherichia coli, Enterobacter cloacae, and Klebsiella 
pneumoniae 

Characterization of dust from laying hen farm for its microbial 
load and presence of antibiotic-resistant bacteria 

Air (Dust) Ahmed et al. (2020) 

Staphylococcus aureus, S. warneri, S. hominis, S. saprophyticus, 
and S. cohnii 

Identification of medically relevant staphylococci from the air 
samples taken from schoolrooms 

Air Fox et al. (2011) 

Environmental Biotechnology and Bioremediation studies 
Lysinibacillus fusiformis, Bacillus mycoides, Bacillus pumilus, 

and Bacillus cereus 
Isolation and identification of 25 bacterial strains from 1-chloro- 
4-[2,2,2-trichloro-1-(4-chlorophenyl)ethyl]benzene (DDT) 
contaminated site. 

Soil Lara et al. (2021) 

Actinobacteria sp., Firmicutes sp. and Proteobacteria sp. To remove polycyclic aromatic hydrocarbons (PAHs) from the 
environment 

Surface water 
seawater, and marine 
sediments 

Silva-Jimenez et al. 
(2018) 

Bacillus sp., Enterobacter sp., Burkholderia sp., and Klebsiella 
sp. 

To characterize the bacterial strains which showed resistance to 
copper contamination 

Water Avanzi et al. (2016) 

Arthrobacter sp., Serratia sp., Rhodococcus sp., and Rhizobium 
sp. 

Isolation of bacterial isolates that can utilize biphenyls for 
carbon and energy source and subsequently biodegrade them 

Soil Uhlik et al. (2011) 

Plant sciences (Category: Agriculture science, Phytoremediation, Plant Pathology) 
Enterobacter cloacae and Burkholderia cepacia Isolation and evaluation of the potential growth promoters 

present in plants and plant pathogenic fungi growth inhibitors 
Plants Junior et al. (2020) 

Rhizoctonia solani and Phytophthora infestans Investigation of their plant growth-promoting characteristics Soil (Rhizosphere) Ghyselinck et al., 
(2013) 

Burkholderia sp. Isolate and identify endophytic bacteria from locally cultivated 
sugarcane plants and screen the isolates for their plant growth- 
promoting activities. 

Plant Rajendran and 
Marimuthu, (2017) 

Pseudomonas sp., Enterobacter sp., Ewingella sp., Bacillus sp., 
Rahnella sp., Serratia sp., Yokenella sp., Enterobacter sp., 
Yersinia sp., Raoultella sp., and Klebsiella sp. 

Isolate and identify endophytic bacteria in bananas and 
investigate their potential to be developed as biofertilizers 

Plant Muthuri et al. (2012) 

Enterobacter sp. Screen out bacterial strains that are resistant to cadmium present 
in contaminated rice rhizosphere as well as evaluate its influence 
on the rice seedlings’ growth under cadmium stress 

Soil (Rhizosphere) Mitra et al. (2018) 

Stanleya pinnata and Astragalus bisulcatus Characterization of selenium hyperaccumulator bacteria with 
respect to selenium related properties and plant growth 
promoting properties 

Plant Sura-de Jong et al. 
(2015) 

Nicotiiana tabacum and Armoracia rusticana Investigation of the effect of plants and added natural 
compounds such as naringin, caffeic acid, and their mixture as 
PCB degrading inducers on indigenous microbial communities 
and activity of degrading bacteria 

Plant Prouzova et al. 
(2012) 

Pythium ultimum, Enterobacter cloacae, and Aeromonas media Identify the most abundant bacterial species that were isolated 
from rhizoplane 

Soil (Rhizosphere) Oberhaensli et al. 
(2017) 

Pseudomonas syringae Pseudomonas syringae pathogenicity on Chenopodium quinoa 
partial leaves 

Plants Fonseca-Guerra et al. 
(2021) 

Pseudomonas syringae To prove the pathogenicity of Pseudomonas syringae towards the 
leaf blight on Miscanthus sinensis 

Plants Choi et al. (2017) 

Burkholderia glumae, Burkholderia gladioli pv. gladioli, and 
Erwinia chrysanthemi pv. Zeae 

To detect the plant pathogens responsible for the infection 
caused in rice seedlings 

Plants Kajiwara (2016) 

Food Microbiology 
Brochothrix thermosphacta Identifying and differentiating different foodborne pathogenic 

bacteria 
Food Illikoud et al. (2019) 

Bacillus sp, Staphylococcus sp., Lysinibacillus sp., Micrococcus 
sp. and Brevibacillus sp. 

Investigation of the bacteria present in different kinds of honey 
of variable geographical and botanical origins 

Food Pomastowski et al. 
(2019) 

Identification of beer spoilage bacteria Food Turvey et al. (2016) 

(continued on next page) 
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identification and differentiation of coliform bacteria (Escherichia coli) in 
surface waters. Donohue et al. (2007) developed the library comprising 
40 strains representing 17 species of Aeromonas, potentially pathogenic 
to humans. Using MALDI-TOF MS, the identification of 52 isolates from 
drinking water was achieved and it was concluded that the technique 
could be used to identify microbial hazards in the water. Despite suc-
cessful development and validation of technology for bacterial identi-
fication from the environmental origin, there were no further studies 
reported for another two years (2008 and 2009). 

In 2010, the first plant-source and plant beneficial bacterium i.e., 
Pantoea agglomerans was identified using MALDI-TOF MS by Rezzonico 
et al. (2010). The results of MALDI-TOF MS clustering agreed with the 
gyrB sequencing method. Since 2010, there has been a steady increase in 
reported studies employing MALDI-TOF MS for the identification of 
bacteria from the environmental origin (water, soil, plants, and others) 
(Fig. 4). 

4.2. Evolution of MALDI-TOF MS application in different environmental 
compartments 

Based on the categorization of all selected studies, the evolution of 
MALDI-TOF MS over time in different subject areas is depicted in Fig. 5 
for water, soil, plants, and miscellaneous environmental samples. Ac-
cording to Fig. 5a, the 85 articles published for “water” compartment 
comprised of studies related to Monitoring (47%), Methodology vali-
dation (15%), Environment and Health (14%), Water Treatment tech-
niques (13%), and Ecology (11%). Fig. 5a also depicts the increase in 
researchers’ interest with time as 75% of the total articles were pub-
lished during the last 7 years (excluding 2021) that are related to water 
compartment. In addition, during the early stages of application 
(2007–2013), the researchers were more inclined towards the devel-
opment and validation of methodology. However, with time, other ap-
plications emerged such as the identification of bacteria during 
treatment of water and wastewaters. 

Moreover, for 64 articles published for “soil” compartment, they 
were mainly comprised of studies related to Environmental Biotech-
nology/Bioremediation (36%), Plant Biotechnology (20%), Ecology 
(19%), Environment and Health (12%“), Methodology validation 
(11%); and only 2% of the studies were related to the biomineralization. 
It is also noteworthy that 80% of the total articles were published during 
the last 6 years (2015–2020). Whereas, during the early stages of 
application (2010–2014), only 20% of the articles were published out of 
which mostly were related to the development and validation of the 
MALDI-TOF MS technique for identification of soil bacteria (Fig. 5b). 
However, with time, other applications of MALDI-TOF MS in soil sci-
ences emerged such as in Plant Biotechnology, Environment and Health, 
and others. 

Out of 65 published articles in which MALDI-TOF MS was employed 
for the identification of bacteria isolated from plant samples, 51% of 
these studies are related to Agriculture and Plant Sciences (26%) and 
Plant pathology (25%). While the studies related to Ecology, 

Methodology Validation, and Phytoremediation each comprised 23%, 
22%, and 5%, respectively. During the last 5 years (2016–2020), the 
application in the plant has gained significant interest as 63% of the 
articles are published during this time with a focus on its utilization in 
Agriculture, Plant Pathology, and Ecology (Fig. 5c). 

The published articles that do not belong to any of the environmental 
compartments discussed before i.e., water, soil, and plants, these articles 
were separately categorized under Miscellaneous Environmental sam-
ples. There were 104 articles under this category. According to Fig. 5d, 
these 104 articles are comprised of studies related to Methodology 
validation (30%), Food Microbiology (29%), and Monitoring (22%). In 
addition, 8% of the studies were related to the “Environment and 
Health” and 7% were related to “Ecology”, 3% to “Bioremediation” and 
2% to “Disinfection Technology”. It can be concluded that during the 
initial phase from 2004 to 2012, most of the researchers’ interest was 
towards the development and validation of the MALDI-TOF MS tech-
nique for the identification of environmental bacteria. However, other 
applications also emerged more recently, and the technique is now used 
more frequently and being applied in a variety of studies. 

4.3. Bibliometric evolution in subject categories 

The number of articles published based on different WOS categories 
is also depicted in Fig. 6. The WOS categories are simplified for easy 
representation based on a most related subject area such as Microbi-
ology; Virology; Parasitology; Medical Laboratory Technology; and 
other similar categories were grouped under “Microbiology”. In Fig. 6a, 
the thicker the edge is, the higher the number of articles published in a 
particular environmental compartment. Thus, the results presented in 
Fig. 6a and b showed that the greatest number of articles published in 
journals were related to “Microbiology (n = 62, 19.5%)”, out of which, 
19 articles belong to soil, 18 to miscellaneous environmental samples, 
14 to water and 11 to plant samples. This is then followed by 
“Biotechnology & Applied Microbiology (n = 55, 17.3%)” comprising 
contributions of 19 from miscellaneous environmental samples, 13 each 
from soil and plants, and 10 from water samples. Such analysis helps to 
understand the aim, type, and scope of different studies published 
encompassing the use of MALDI-TOF MS for bacterial identification 
from water samples. 

In terms of each environmental compartment, the most used WOS 
categories for “Water” samples include “Environmental Sciences & En-
gineering (n = 22)”, “Microbiology (n = 14)”, and “Biotechnology & 
Applied Microbiology (n = 10)”. On the other hand, only one article was 
published in each of the “Agriculture & Plant Sciences”, “Mineralogy 
and Mineral Processing”, and “Medicine”. Similarly for miscellaneous 
environmental samples, the most used were “Biotechnology & Applied 
Microbiology (n = 20)”, “Microbiology (n = 18)”, and “Food Science & 
Technology (n = 17)”. 

Table 3 (continued ) 

Bacterial strain Significance Source Reference 

Actobacillus lindneri, Lactobacillus brevis and Pediococcus 
damnosus 

Water treatment and Disinfection technology 
Halomonas aquamarina, Halomonas elongata, Pseudomonas 

fragi, P. stutzeri 
Isolation and screening of seawater microorganisms to 
determine their ability to use antiscalants as carbon and energy 
source. 

Water Ashfaq et al. (2019) 

Proteobacteria sp., Firmicutes sp., Bacteroidetes sp., and 
Actinobacteria sp. 

Assess the bacterial community in a drinking water treatment 
plant 

Water Sala-Comorera et al. 
(2017) 

Acinetobacter lwoffii, Bacillus amyloliquefaciens, Bacillus 
endophyticus, Bacillus megaterium, Bacillus oceanisediminis, 
Bacillus oleronius, Pantoea agglomerans, Psychrobacillus 
psychrodurans, Staphylococcus haemolyticus, and S. warner 

Investigate the application of a medical diode laser for the 
disinfection of small microbiologically contaminated spots on 
degraded collagenous materials 

Surfaces Rybitwa et al. (2020)  
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5. Categorical literature review 

5.1. Application in environmental and ecological studies 

5.1.1. Ecological studies 
MALDI-TOF MS has been used for the identification and character-

ization of new novel strains from environmental samples, and for 
exploring the biodiversity of bacteria in different environments 
(Table 3). The technique was also used to identify the bacterial com-
munities and diversity in the rhizosphere, phyllosphere and to identify 
and characterize the new bacterial species responsible for plant diseases. 

The chlorophyll-based phototrophy (chlorophototrophy) is done by 
bacteria that belong to the phylum Gemmatimonadetes. Nevertheless, 
only one bacterium capable of performing chlorophototrophy has been 
isolated which has limited our understanding of the lifestyle and evo-
lution of photoheterotrophy. Thus, Zeng et al. (2021) adopted a cul-
turomics strategy that incorporated a high-throughput colony screening 
approach using MALDI-TOF MS and genome sequencing to isolate a new 
strain of Gemmatimonadetes bacteria from the stream of Northeast 
Greenland. The rapid screening approach helped to isolate and identify 
one strain from 330 isolated strains. Another study that aimed to isolate 
and identify the biosurfactant-producing bacteria, MALDI-TOF MS was 
used. It was found that the 8 isolates out of 234 were capable of pro-
ducing biosurfactants and were identified as Alcaligenes faecalis, Proteus 
mirabilis, and Providenia alcalifaciens (Powthong and Suntornthitichar-
oen, 2018). 

Sedlacek et al. (2020), isolated four psychrotrophic bacterial strains 
from soil samples collected from the northern part of the James Ross 
Island (Antarctica). In addition to the molecular biology techniques, 
MALDI-TOF MS was also utilized for the characterization of new strains. 
The combined results from different techniques showed that the strains 
belong to the genus Hymenobacter. The characterization of lipids and 
cellular fatty acids was also carried out. Based on the obtained results, 
two novel species were proposed and named Hymenobacter terrestris, and 
Hymenobacter lapidiphilus. In a similar study, Pantucek et al. (2018) 
isolated two strains of Staphylococcus from sandy soil in James Ross Is-
land. The isolated strains were considered as novel species of Staphylo-
coccus as the molecular techniques as well as MALDI-TOF MS 
categorized the strain separately from its closest S. saprophyticus. Thus, 
the novel strain was designated as S. edaphicus (Table 3). These studies 
show the usefulness of MALDI-TOF MS in ecological studies as it holds 
great potential in the identification and characterization of new species 
due to its high sensitivity and accuracy in protein mass fingerprinting. 

Bacteria play an important role in the biogeochemical cycling of 
various elements; therefore, some researchers aim to explore the 
microbiota associated with different metal ores. One such study was 
carried out by Nosalova et al. (2021), to investigate the microbiota of 
gold ore. Cultivation analyses showed the occurrence of bacteria with 
colony-forming units (CFU) ranging from 2.18 × 105 to 3.16 × 105 per 1 
g of dry ore material. The identification results of 473 bacterial isolates 
showed that 89% of the microbiota of gold ore mainly belongs to the 
four main genera: Rhizobium, Microbacterium, Pseudomonas, and Acine-
tobacter. A similar study was carried out by Malinicova et al. (2020) to 
explore the microbiota of gold ore in the Rozalia gold mine in 
Hodrusa-Hamre. It was found that the ore was comprised of mainly 18 
different bacterial genera including Acidovorax, Acinetobacter, Aero-
coccus, Rhizobium, Staphylococcus, Pseudomonas, Microbacterium, and 
others. 

In another study, a more challenging task was undertaken with 
MALDI-TOF MS as it was used as a dereplication tool to discriminate 
bacterial isolates. Four hundred bacterial strains including both pig-
mented and non-pigmented isolates obtained from seawater of the 
Norwegian Trondheimsfjord and neighboring coastal areas were used 
(Stafsnes et al., 2013). The dendrogram produced by MALDI-TOF MS 
identified bacteria belonging to a variety of taxa, which was in agree-
ment with the pigment profile. Thus, the pigmentation could be linked 

to species-specific characteristics. Thus, it was demonstrated that 
MALDI-TOF MS could be used as a dereplication tool before pigment 
profiling to avoid massive redundant analysis. The study showed the 
application of MALDI-TOF MS as a rapid and cost-effective tool for 
characterizing a large number of environmental strains to reduce su-
perfluous work typically done using culture-based techniques. 

5.1.2. Environmental monitoring 
The monitoring of different environments, foods, and surfaces is 

important to investigate microbial composition and diversity. It is done 
sometimes to monitor the spread of pathogenic bacteria or sometimes to 
track the source of bacterial contamination. MALDI-TOF MS has shown 
its potential to be utilized for continuous monitoring of such environ-
ments and provide useful information about the composition and 
biodiversity of bacteria. The technique has also been used for the bac-
terial analysis of natural waters, wastewater, and drinking water for 
environmental monitoring purposes. For example, a study was carried 
out recently to analyze bacterial constituents of tap and mineral water; 
the two commonly used sources of drinking water. A total of 11 tap 
water samples were collected from different locations and 10 mineral 
water samples from different brands were obtained (Sala-Comorera 
et al., 2020). The bacterial diversity obtained from two different 
drinking water types was different as bacteria belonging to Alphapro-
teobacteria were most common in tap water, while Gammaproteobacteria 
were frequently isolated from mineral water. In addition, the season in 
which the water was bottled also affected the bacterial diversity and 
presence, as some of the bacteria were identified only in one season. The 
research showed that the MALDI-TOF MS is a suitable technique for 
monitoring water quality routinely in the water industry and can be used 
to assess the bacterial diversity of water intended for human consump-
tion. Laukova et al. (2019), reported the presence of Enterococci faecium 
(n = 23) using MALDI-TOF MS in cows’ dung water (Table 3). Out of 23 
strains, 56.5% were identified with the score ranging from 2.300 to 3.00 
which means highly probable species-level identification. While the 
remaining 43.5% of the strains were identified with the score ranging 
from 2.000 to 2.299 which means highly probable genus-level identifi-
cation and probable species-level identification. 

Biogenic amines (BAs) are naturally occurring organic compounds, 
which can be toxic to human health at certain concentrations. Some 
bacteria produce decarboxylase enzyme, which causes decarboxylation 
of amino acids resulting in the formation of BAs. Since such microor-
ganisms are commonly found in milk and dairy products, the wastewater 
from these industries can be a vector for the transportation of such 
bacteria in the environment. For this purpose, the wastewater from the 
dairy industry was collected for the bacterial analysis of water samples. 
From a total of 6 wastewater samples collected, 86 bacteria positive for 
decarboxylase activity were isolated and identified using MALDI-TOF 
MS. Results showed the identified bacteria belonged to different spe-
cies of genera Acinetobacter, Aeromonas, Enterobacter, Klebsiella, Kocuria, 
Lactococcus, Microbacterium, Pseudomonas, and Staphylococcus. 

The technique of MALDI-TOF MS was also used for the monitoring of 
groundwater being used as drinking water in the US (Jancova et al., 
2020). The high-throughput method helped to identify a variety of 
opportunistic pathogens in groundwater samples namely, Aeromonas 
hydrophila, Bacillus cereus, Pseudomonas aeruginosa, and Steno-
trophomonas maltophilia, which showed the risk from consumption of 
contaminated groundwater to human health. In a similar study, 
MALDI-TOF MS was also used for real-time study of different micro-
biomes and their variations in response to the anthropogenic activities 
(Suzuki et al., 2018). Thus, the groundwater samples were collected 
from rural areas where agricultural activities and oil, and gas explora-
tion activities were common. The results of MALDI-TOF MS showed the 
presence of mainly denitrifying and heterotrophic bacteria belonging to 
the proteobacteria phylum. 

Suen et al. (2019) used MALDI-TOF MS to evaluate the methods for 
sampling of S. aureus and other Staphylococcus species from indoor 
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surfaces. In total, 16 different Staphylococcus species were identified and 
2 of the total 66 samples were positive for S. aureus. It was found that the 
pre-moistened eSwabs are 10 times more sensitive than dip slides, 
pre-moistened viscose, and cotton swabs. Another study evaluated the 
hygienic conditions of hand washing and hand drying facilities in public 
washrooms of various high to low-class communities. The samples were 
taken from a total of 55 public washrooms, from which 52 bacterial 
species were identified using MALDI-TOF MS. 97% of the pathogenic 
Staphylococcus species were also found to be multi-drug resistant or-
ganisms (MDRO). It was concluded that the public washrooms do not 
provide hygienic hand washing and hand drying facilities and they can 
act as a reservoir for transmission of various pathogenic bacteria. In a 
similar study, Ade et al. (2017) used MALDI-TOF MS to reveal the 
presence of rarely described and underestimated species of bacteria on 

the surfaces of magazines found in waiting areas of the hospital. The 
samples were taken from 15 magazines from 5 waiting rooms of a hos-
pital. From the isolated bacteria, 60% of the bacteria were skin flora. 
However, some pathogenic bacteria were also identified such as 
S. aureus, E. faecalis, A. viridans, and Aspergillus sp. In addition, the 
bacteria like A. iwolfii and M. osloensis, which represent oropharyngeal 
flora, and fecal bacteria like B. stercoris were also isolated. Interestingly, 
there were some species not been described previously in the hospital 
environment were also identified which include Paracoccus yeei or 
Kytococcus sedentarius. 

The contamination of air with pathogenic microorganisms is one of 
the rising concerns for public health and safety. To prevent and control 
air pollution, rapid, cost-effective, and high-throughput techniques for 
bacterial identification are required. For this purpose, Elbehiry et al. 

Fig. 7. (a) MALDI-TOF MS spectral profiles of 43 Aeromonas strains isolated from chicken meat and drinking water samples; (b) The gel profile for the comparison of 
different mass spectra; (c) PCA analysis showing classification of A. hydrophila (red), A. caviae (green), and A. sobria (blue) (Contributions from PC1 45%, PC2 17% 
and PC3 9%) (Adapted from Elbehiry et al., 2019b). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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(2019a) used MALDI-TOF MS for rapid identification of various air 
pollutants (Table 3). From the 400 air samples collected at various sites 
(hospital, university, and poultry slaughterhouses), 119 out of 129 iso-
lates (92.5%) were identified using MALDI Biotyper. Out of these 119, 
93 (72.10%) were gram-positive and 36 (27.90%) were gram-negative 
bacterial isolates. In general, the most common genera were Staphylo-
coccus (n = 43, 33.33%), Escherichia (n = 16, 12.40%), Enterococcus (n =
15, 11.63%) and Bacillus, (n = 15, 11.63%). Overall, it was shown that 
the air is contaminated with various environmental microorganisms in 
the region and the technique of MALDI-TOF MS is effective for moni-
toring such air pollutants. 

Another important research was conducted to investigate the source 
of psychrotrophic bacterial contamination in poultry food products at a 
large plant in Belgium (Samapundo et al., 2019). Both the air and sur-
face samples were collected across the food processing area and food 
products (chicken legs and wings) before and after the expiry date were 
microbiologically analyzed. It was found that food contact surfaces such 
as cutting blades, leg hooks, Ertalon and polyurethane conveyor belts, 
working tables, and the hands of the operators could contaminate the 
food products mainly with Carnobacterium maltaromaticum. Other bac-
teria identified on expired wings and legs included Carnobacterium 
divergens, Brocothrix thermosphacta, Lactobacillus curvatus, and Lactoba-
cillus brevis. Thus, the results showed that the cleaning and disinfection 
of the food processing area are inadequate. Moreover, polluted air can 
also be the source of food contamination with psychrotrophic bacteria. 
These studies demonstrate the potential of MALDI-TOF MS for use in 
monitoring water, groundwater, air, and surfaces. 

5.1.3. Environment and Health 
Several studies used the MALDI-TOF MS technique for rapid and fast 

identification and characterization of human pathogens in the envi-
ronmental matrices. This was done to rapidly detect the pathogens in the 
environment, or characterize the pathogens on genus, species, and sub- 
species levels. For example, the identification of Aeromonas, a human 
pathogen, has posed certain challenges due to the phenotypic similarity 
between the species. Therefore, Elbehiry et al. (2019b), used 
MALDI-TOF MS to identify and differentiate Aeromonas spp. A total of 
150 strains isolated from chicken meat and water were used. Results 
showed that MALDI-TOF MS identified all the strains with a high score 
of >2.000. The high sensitivity of MALDI-TOF MS also allowed re-
searchers to identify four discriminating peaks for three Aeromonas 
species (Fig. 7a) (Elbehiry et al., 2019b). Moreover, principal compo-
nent analysis (PCA) of the protein profiles successfully separated 
A. hydrophila, A. caviae and A. sobria into different groups (Fig. 7b). 

Bukhloderia pseudomallei are a causative agent of endemic disease in 
Thailand and Australia. The contaminated water has been the source of 
infection from Bukhloderia pseudomallei. Therefore, Niyompanich et al. 
(2014) used MALDI-TOF MS for categorization of B. pseudomallei based 
on its source i.e., clinical, or environmental and to identify the 
source-specific biomarkers for the strains. A total of 11 strains from 
clinical (n = 6) and environmental (n = 5) sources were tested. Results 
showed that MALDI-TOF MS was able to correctly categorize 6 out of 11 
strains based on their sources. By employing ClinProTools, 6 biomarker 
ions were identified for environmental strains, while 4 were identified 
for clinical strains. 

Bacillus anthracis: classified as Tier 1 bioterrorism agent and has been 
used as a biological weapon in World Wars; is the causative agent for 
anthrax (a haemorrhagic and lethal disease in humans, wildlife, and 
domestic animals). Some studies have shown the presence of non- 
pathogenic B. anthracis in soil. Thus, the study was carried out to 
isolate and identify B. anthracis in soil samples collected in the state of 
Rio de Janeiro, Brazil (Salgado et al., 2020). In addition to the pheno-
typic and genotypic approaches, MALDI-TOF MS was also used for the 
identification of isolates. Results showed the presence of non-pathogenic 
B. anthracis (n = 1) in clay loam soil, B. anthracis-like strain (n = 1) in 
loamy sand soil, and 10 Bacillus sp. from loamy sand soil. This study was 

the first one of its kind that reports surveillance of B. anthracis in soil 
samples in Brazil. Another research was formulated to identify the 
occurrence and diversity of pathogenic bacteria in soil samples collected 
from cattle, sheep, and goat camps (Chitura et al., 2019). The identifi-
cation done by MALDI-TOF showed the presence of B. cereus, S. aureus, 
Listeria monocytogenes, and E. coli. The frequency and distribution of 
each bacterium were different in different types of samples with B. cereus 
was happened to be the most commonly found bacteria in all soil types, 
while E. coli was mainly present in cattle camps and was absent in sheep 
and goat camps. 

Ahmed et al. (2020), conducted a study in which the dust from laying 
hen farm was characterized for its microbial load and presence of 
antibiotic-resistant bacteria (ESBL producers, MRSA) (Table 3). The 
results showed that dust in Egyptian laying hen houses contains high 
concentrations of microorganisms and endotoxins, which might impair 
the health of birds and farmers when inhaled. Using MALDI-TOF MS, 
100 ESBL suspected isolates were identified (Escherichia coli, n = 64; 
Enterobacter cloacae, n = 20; and Klebsiella pneumoniae, n = 16). 

Some researchers have attempted to estimate the health risk of 
workers working in different environments that can be harmful to 
humans. For example, the wastewater treatment plant workers’ expo-
sure to airborne pathogenic bacteria was evaluated by Lu et al. (2020). It 
was noted that the identification of bacteria using MALDI-TOF MS to 
species level in personal samples was necessary for the risk assessment, 
and measurement of the microbial composition made the source 
tracking possible. The identified bacterial pathogens include S. aureus, 
Y. enterocolitica, N. meningitidis, P. rettgeri, Enterobacter cloacae, P. aeru-
ginosa, K. oxytoca, and E. coli from aeration tank, grid house, and per-
sonal exposure samples. In another research carried out to evaluate the 
risk of greenhouse workers (Madsen et al., 2021), it was found that the 
exposure levels, as well as the microbial composition, were associated 
significantly with a grouped work task and season with high exposures 
during tasks in close contact with mature and old plants and in the 
autumn. The organisms identified using MALDI-TOF MS were Hal-
omonas elongata, Stenotrophomonas maltophilia, Podosphaera fusca, and 
Wallemia spp. and others. Bacteria belonging to genera Ralstonia, and 
Cladosporium were most common. Hence, these studies showed the 
ability of MALDI-TOF MS to identify pathogenic bacteria from envi-
ronmental matrice like water, soil, and air. 

5.2. Application in environmental biotechnology and bioremediation 

Bioremediation involves the use of indigenous or deliberately 
introduced microorganisms for the degradation of environmental pol-
lutants. Recently, several studies have utilized MALDI-TOF MS for the 
isolation and identification of pollutant degrading microorganisms from 
different contaminated sites. Lara et al. (2021) reported the isolation 
and identification of 25 bacterial strains from 1-chloro-4-[2,2,2-trichlor-
o-1-(4-chlorophenyl)ethyl]benzene (DDT) contaminated site using 
MALDI-TOF MS. The identified strains include B. cereus, B. pumilus, B. 
marisflavi, Lysinibacillus fusiformis, S. maltophilia, P. nitroreducens among 
others. As per the MALDI-TOF MS score, 21 of the organisms were 
identified till species level, while the remaining 4 were identified till 
genus level only. Similarly, another research used MALDI-TOF MS to 
identify a halotolerant strain as Shewanella haliotis. The identified bac-
teria were found to be capable of tolerating bisphenol A (BPA) con-
centration up to 150 mg/L and could biotransform 75 mg/L in 10 h in a 
liquid culture medium. 

Hydrocarbons are also a class of environmental pollutants, and the 
isolation and characterization of new microorganisms with the ability to 
biodegrade these pollutants are important for effective biodegradation. 
In research conducted by Silva et al. (2019), 44 bacteria were isolated 
from compost and were identified by MALDI-TOF MS and 16S rRNA 
gene sequencing technique. MALDI-TOF MS identified 36 bacteria at the 
genus level (Acinetobacter, Pseudomonas, Stenotrophomonas, and Gordo-
nia) or species level (Klebsiella pneumoniae and Bacillus shackletonii). 
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However, six isolates could not be identified by MALDI-TOF MS which 
were then identified through molecular techniques as Aquamicrobium 
spp., Chryseobacterium spp., Gordonia paraffinivorans, Gordonia choles-
terolivorans, and Gordonia sihwensis. Silva-Jimenez et al. (2018) isolated 
the diversity of bacteria from surface water, seawater, and marine sed-
iments from the coast of Rosarito Port, B.C., Mexico (Table 3). The study 
employed MALDI-Biotyper (Bruker Daltonics) as a powerful analytical 
tool to identify a total of 52 bacteria that were capable of growing in 25 
mg/L pyrene as a sole carbon and energy source. Thus, the technique 
was able to identify hydrocarbon-degrading bacteria belonging to 
various phylogenetic groups i.e., Actinobacteria, Firmicutes and 
Proteobacteria. 

Avanzi et al. (2016), employed MALDI-TOF MS to characterize the 
bacterial strains which showed resistance to copper contamination. A 
total of sixteen strains were identified as Bacillus (n = 4), Enterobacter (n 
= 3), Burkholderia (n = 1), and Klebsiella (n = 1). For the four strains that 
were not identified by MALDI biotyper, the 16S rDNA technique was 
able to identify those strains as Pseudomonas sp. (n = 2), Cupriavidus sp. 
(n = 1), and Citrobacter sp. (n = 1). Similarly, 27 strains were isolated 
from oil-contaminated soil for identification by MALDI-TOF and com-
parison with16 rDNA method (Rabodonirina et al., 2019). Out of those 
27 strains, 8 strains with high capability to biodegrade polyaromatic 
hydrocarbons (PAHs) and use them as carbon and energy source were 
selected. By MALDI-TOF MS and 16 rDNA sequencing techniques, two 
strains were identified as B. simplex, and B. pumilus, and another two as 
P. stutzeri. One out of 8 tested strains were identified up to the genus 
level only i.e., Bacillus by MALDI-TOF, which was later identified as 
B. cereus by 16 rDNA technique. There were three strains not identified 
by MALDI-TOF that were later identified as B. pumilus (n = 2) and 
P. stutzeri by the 16 rDNA technique (Rabodonirina et al., 2019). Failure 
to obtain identification through MALDI-TOF could be due to the un-
known spectrum attributed to new species or due to insufficient quality 
of the spectrum (Rabodonirina et al., 2019). 

A study concluded by Lovecka et al. (2015), collected isolates from 
contaminated soils from the Czech Republic polluted sites, where they 
had the ability to degrade DDT (dichlorodiphenyltrichloroethane), HCB 
(hexachlorobenzene), and lindane. The degradation performed by mi-
croorganisms was examined through the amplification of the genes linA 
and bphA1 that are involved in pesticide degradation. The identification 
of seven selected isolates was done by MALDI-TOF MS, which identified 
them as Aeromonas sp., Rhodococcus sp., Stenotrophomonas sp., and three 
Bacillus sp., but one strain was not identified. The identification results 
of MALDI-TOF were complying with the 16S rRNA sequencing tech-
nique, where the latter technique was also able to identify the uniden-
tified isolate as Lysinibacillus fusiformis. 

So far, there is only one study, which shows the application of 
MALDI-TOF MS in identifying biomineralizing bacteria from soil. In a 
study conducted by Bibi et al. (2018), 18 strains were isolated from soil 
adapted to harsh conditions (high temperature, and 
hydrocarbon-polluted soil). The strains, which were found to be positive 
for urease activity (ureolytic bacteria), were then identified and differ-
entiated using MALDI-TOF MS. The ureolytic bacteria were identified as 
B. cereus, B. subtilis, and B. licheniformis. Results of identification 
confirmed through molecular methods for 6 strains showed 100% 
matching which demonstrated the use of the MALDI-TOF MS technique 
for rapid identification of biomineralizing strains from the soil. In 
conclusion, all these examples from the literature showed that the 
MALDI-TOF MS technique holds potential for the identification of 
different bacteria that are adapted to harsh and contaminated 
environments. 

5.3. Application in plant sciences 

5.3.1. Agricultural sciences 
Various researchers have employed MALDI-TOF MS for the identi-

fication of plant growth-promoting (PGP) bacteria and pathogenic fungi 

growth inhibitors to protect the crops and increase the crop yield. Since 
Garlic (Allium sativum L.) has gained great economic importance in 
Brazil, the endophytic bacteria present in the garlic roots could be 
considered as a cost-efficient alternative for cost reduction (Junior et al., 
2020). Therefore, researchers investigated the isolation and evaluation 
of the potential growth promoters present in plants and plant pathogenic 
fungi growth inhibitors by utilizing endophytic bacteria from garlic 
roots and bacteria from the Agricultural Microbiology Culture Collec-
tion at the Federal University of Lavras. MALDI-TOF MS was used to 
identify 48 endophytic bacteria based on the protein profile of each 
isolate. Among these 48 isolates, 4 were chosen based on their capability 
of fixing nitrogen, producing auxin as well as solubilizing phosphate. 
The improved growth and physiological attributes of garlic due to its 
inoculation with Enterobacter cloacae and Burkholderia cepacian indi-
cated its feasible application as plant growth promoters for commercial 
cultivation. Another study was conducted by Muthuri et al. (2012) to 
isolate and identify endophytic bacteria in bananas and investigate their 
potential to be developed as biofertilizers. In this study, bacteria from 
bananas were isolated via five different isolation media after collecting 
the banana from 2 banana cultivars in 5 different regions. Profiling of 
the microorganisms was analyzed through MALDI-TOF MS. A total of 43 
isolates demonstrated PGP activities such as nitrogen fixation, phos-
phate solubilization, and siderophores production. Pseudomonas, 
Enterobacter, Ewingella, Bacillus, Rahnella, Serratia, Yokenella, Entero-
bacter, Yersinia, Raoultella, and Klebsiella species were among the iden-
tified isolates. 

Furthermore, plant growth promoters can be extracted from rhizo-
bacteria in which plant growth-promoting rhizobacteria (PGPR) – 
mediated bioremediation can be used to detoxify heavy metals present 
in the soil as well as promote the growth of plants under the stress of 
heavy metals. Nowadays, agricultural lands are suffering from cadmium 
phytotoxicity causing a poor yield. Therefore, using PGPR is a conve-
nient strategy for its detoxification. Pramanik et al. (2017), used 
MALDI-TOF MS to identify K5 strain as Klebsiella pneumoniae and It was 
found that this strain has various PGP traits namely, the production of 
IAA (3413 μg/ml), solubilization of phosphate (80.25 ppm), ACC 
deaminase activity (40 ng alpha-ketobutyrate/mg protein/h), ability to 
fix N2 (1.84 μg N2 fixed/h) and several other traits. Furthermore, it was 
found that among all the reported cadmium resistant PGPR, this strain 
has the highest cadmium resistance value of 4000 μg/ml. In another 
research, Costerousse et al., (2017) proposed an easy approach to 
isolate, identify and characterize several zine-solubilizing bacteria using 
MALDI-TOF MS. The novel approach helped to isolate and identify 
bacteria such as Curtobacterium (n = 1), Plantibacter (n = 2), Pseudo-
monas (n = 3), Stenotrophomonas (n = 1), and Streptomyces (n = 1). 
Similarly, other researches have shown the potential of MALDI-TOF MS 
to identify salt-tolerant PGPR for their applications in agriculture and 
plant growth (Sarkar et al., 2018; Macedo-Raygoza et al., 2019) 

Furthermore, insect pest is a serious problem that leads to significant 
economic losses in agricultural production. Karut et al. (2020) con-
ducted a study to investigate the bacteria-insect interactions as well as 
the defense mechanism of whitefly. Hence, this study determined the 
bacterial flora of Bemisia tabaci and their entomopathogenic potential to 
control the pest biologically. Among the collected sesame and melon 
plants samples, 9 bacterial strains were identified by MALDI-TOF MS, 
morphological, and molecular identification techniques up to the spe-
cies level. Five bacterial strains of the sesame plant samples were 
identified as Microbacterium sp., Sphingomonas sp., Methylobacterium sp., 
Serratia marcescens, and Bacillus sp., while 4 melon bacterial strains were 
identified as Staphylococcus hominis, Acinetobacter Iwoffii, Staphylococcus 
warned, and Bacillus cereus. The biological efficiency towards B. tabaci 
was determined by feeding the whitefly with sucrose and water as insect 
food (control). A yield of 72% against the whitefly was achieved by the 
entomopathogenic S. marcescens bacterial isolate, however, this was not 
the case with the other strains which had <25% efficiency against 
whitefly. Therefore, further studies are required to be carried out on the 
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Fig. 8. (a) Protein profiles of the identified Dickeya and Proteobacterium species; (b) Assignment of unidentified isolate through protein profile comparison (Sal-
plachta et al., 2015). 
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entomopathogenic bacterial pathology in pest insects. 

5.3.2. Phytoremediation 
There are mainly three research studies in which MALDI-TOF MS 

was used for the identification of bacteria that can help in promoting 
plant growth with simultaneous removal of pollutants (phytor-
emediation) from the environment (Mitra et al., 2018; Jong et al., 2015; 
Prouzova et al., 2012) (Table 3). Phytoremediation and rhizor-
emediation are promising technologies to remediate soil contaminants. 
Various plant-derived chemicals stimulate microorganisms in the 
biodegradation process and serve as inducers for the bioremediation 
process Prouzova et al. (2012). Mitra et al. (2018), screened out bacte-
rial strains that are resistant to cadmium present in contaminated rice 
rhizosphere as well as evaluated its influence on the rice seedlings’ 
growth under cadmium stress. Screening based on different PGP traits 
and resistance toward various heavy metals including lead, cadmium, 
and arsenic with a minimum inhibitory concentration of 2500, 3500, 
and 1050, respectively, was carried out only for isolate S2 among other 
isolates. Phenotypic characterization, MALDI-TOF MS analysis, and 16S 
rDNA sequence homology were used to identify S2 strain as Enterobacter 
sp. Moreover, it was noted that 95% removal efficiency was achieved by 
this strain. Various morphological and biochemical characteristics of the 
growth of the rice seedlings inoculated with this strain were enhanced 
compared to the grown un-inoculated rice seedlings in a 
cadmium-stressed environment. Furthermore, this strain decreased the 
cadmium accumulation in seedlings, reduced the ethylene stress, 
exhibited alleviation of cadmium-induced oxidative stress, as well as 
conferred plants with cadmium tolerance. 

The selenium-rich plants can be used to clean up selenium- 
contaminated waters or soils. Sura-de Jong et al. (2015), targeted the 
endophytic bacterial plants that hyperaccumulate selenium up to 0.5%– 
1% dry weight. The identification and characterization were carried out 
for the cultivable endophytes from hyperaccumulators Stanleya pinnata 
and Astragalus bisulcatus. MALDI-TOF MS Biotyper analysis and 16S 
rRNA gene sequencing for the 66 bacterial morphotypes showed that it 
includes various strains such as Variovorax, Bacillus, Staphylococcus, 
Pseudomonas, Paenibacillus, Advenella, Pantoea, and Arthrobacter. All 
isolates reduced nitrite, reduced selenite to red elemental Se, as well as 
produced siderophores, while most of the isolates were highly resistant 
to up to 200 mM selenite and selenate. Among all the isolates, 7 isolates 
were found to have plant growth-promoting properties both when 
co-cultivated with either Brassica juncea (Brassicaceae) or Medicago 
sativa (Fabaceae) as well as in pure culture. Results showed that sele-
nium accumulation on plants was not affected. It can be concluded that 
the hyperaccumulator endophytes have high selenium resistance char-
acteristics, as well as the ability to produce elemental selenium and plant 
growth-promoting properties. 

5.3.3. Plant Pathology 
It is important to identify plant bacterial pathogens to control their 

impact on plant growth and health. Various studies have demonstrated 
the use of MALDI-TOF MS technology to identify plant bacterial path-
ogens (Fonseca-Guerra et al., 2021; Oberhaensli et al., 2017; Choi et al., 
2017) (Table 3). Kajiwara (2016), utilized MALDI-TOF MS to detect the 
plant pathogens responsible for the infection caused in rice seedlings 
namely Burkholderia glumae, Burkholderia gladioli pv. gladioli, and Erwinia 
chrysanthemi pv. Zeae without culturing in an artificial medium. 
MALDI-TOF MS analysis showed that the extracts of infected rice seed-
lings had peaks originating from bacteria in which the spectral peaks 
had significantly high scores regardless of minor spectral differences. 
MALDI-TOF MS direct analysis was not affected by the spectral peaks 
originating from host plant tissues. Salplachta et al. (2015), classified 
Dickeya and Pectobacterium species by using various analytical tech-
niques including MALDI-TOF MS, capillary zone electrophoresis (CZE), 
and capillary isoelectric focusing (CIEF) due to the insufficiency of the 
cultural, serological, and molecular methods that are usually used for 

bacterial classification. Dickeya and Pectobacterium species are respon-
sible for blackleg and soft rot diseases on various plants since they are 
representing a crucial broad-host-range group of phytopathogens. In this 
study, 43 strains of various Dickeya and Pectobacterium species were 
selected, including Pectobacterium carotovorum, Dickeya dianthicola, 
Dickeya dadantii, Dickeya dieffenbachiae, Dickeya chrysanthemi, Dickeya 
zeae, Dickeya solani, and Dickeya paradisiaca, Pectobacterium atrosepti-
cum. Some selected protein profiles of identified bacteria are given in 
Fig. 8a. Moreover, among all selected bacteria, one bacterium was not 
classified by traditional microbiological methods. However, through 
comparison with the protein profile of the unidentified bacterium in 
MALDI-TOF MS, the isolate was assigned to Pectobacterium carotovorum 
(Fig. 8b). 

Wang et al. (2012), used MALDI-TOF MS analysis to differentiate 
between the 2 closely related plant pathogenic bacteria Acidovorax 
oryzae and Acidovorax citrulli which is normally difficult to differentiate 
between them by using the traditional methods such as ELISA detection 
tests, and carbon source utilization profile. This study characterized and 
compared the results of 10 strains of each plant pathogenic bacteria by 
MALDI-TOF MS, traditional bacteriological methods, and FTIR spec-
troscopy. Results showed that MALDI-TOF MS and FTIR spectroscopy 
showed significant differences in the spectra between both bacteria. 
MALDI-TOF MS results showed that 22 peaks were specific to Acidovorax 
oryzae and 18 peaks were specific to Acidovorax citrulli. 

Similarly, Sawada et al. (2019), used the MALDI-TOF MS technique 
to identify and characterize the bacteria that grew on turnips and caused 
the rot disease in Japan. After isolation of bacteria that formed colonies 
with beige to cream color and were determined as pathogenic, the iso-
lates were identified as Pseudomonas grimontii. The identification has 
been done based on MALDI-TOF MS analysis, biochemical and physio-
logical characterization, as well as multilocus sequence analysis using 
concatenated sequences of 16S rRNA, rpoD, gyrB, and rpoB genes. This 
study indicated that P. grimontii has strong virulence, and can cause rot 
disease; hence, it is crucial to record it as a novel pathogen that needs 
vigilance since it threatens the plants. Such examples from the literature 
demonstrate the wide potential of the MALDI-TOF MS technique in the 
plant and agriculture sciences, its ability to identify plant growth pro-
moters, plant pathogens, and other plant-associated bacteria. 

5.4. Applications in food microbiology 

Microorganisms are associated with food in a variety of ways. They 
may be used in the manufacturing of food products, they may cause food 
spoilage, and they may also be transmitted by food. Food can be 
considered as a medium for the growth of bacteria. Food can become a 
source of various disease outbreaks; therefore, food microbiology has 
gained a lot of attention. MALDI-TOF MS technique can play its role in 
the field of food microbiology through identifying and differentiating 
different foodborne pathogenic bacteria, lactic acid bacteria, and other 
fermentative bacteria (Table 3). The diversity of Brochothrix thermos-
phacta; one of the major bacteria involved in the spoilage of meat and 
seafood; was characterized by MALDI-TOF MS and other techniques 
(Illikoud et al., 2019). A total of 161 strains of B. thermosphacta were 
differentiated using the MALDI technique which showed significant 
intra-species diversity, while the classifications did not relate to the 
origin of strains. Pomastowski et al. (2019) investigated the bacteria 
present in different kinds of honey of variable geographical and botan-
ical origins. Through MALDI-TOF MS, a variety of bacteria such as 
B. subtilis, B. megaterium, B. pumilus, B. cereus, B. mycoides, P. alvie, L. 
boronitolerans, and M. luteus were accurately identified up to the species 
level. Using PCA, the physicochemical characteristics of kinds of honey 
were also correlated to the bacterial composition and the results showed 
that the pH, electrical conductivity, and total acidity were the significant 
factors affecting the bacterial composition of honey. 

In the brewing industry, there is a need for constant quality checks of 
its products for any microbial contamination that can spoil the beers. For 
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this purpose, Turvey et al. (2016) investigated the potential of 
MALDI-TOF MS for its ability to identify beer spoilage bacteria. For this 
purpose, the protein profiles of the three most found bacteria in beer 
(L. lindneri, L. brevis, and P. damnosus) were included in the Biotyper 
reference library. It was noted that the technique can accurately identify 
and distinguish each of the three bacterial species from one another and 
over 5600 other bacteria present in the reference library. The study 
showed that the technique is a promising candidate for biological 
quality control testing within the brewing industry as a more rapid, 
high-throughput, and cost-effective technology that can be tailored for 
the detection of brewery-specific spoilage organisms from the local 
environment. Sapugahawatte et al. (2020) used MALDI-TOF as a 

high-throughput technique for the identification of pathogens (MDROs) 
from fish and pork acquired from the wet markets across Hong Kong. 
730 food animal samples were analyzed, and it was found that there is a 
high prevalence of Extended spectrum beta-lactamase producing 
Enterobacteriaceae (ESBL-E) (ranging from 0.5% to 52.4%) and 
carbapenemase-producing Enterobacteriaceae (CPE) (0%–9.9%) in 
various food animal samples. 

The quality of raw milk is important in determining the quality of 
manufactured dairy products. In a study carried out by Zhang et al. 
(2020), the numbers, and types of psychrotrophs in raw milk with and 
without refrigerated enrichment (5 days at 7 ◦C) were compared to 
understand the effect of extended refrigeration on the changes in raw 

Fig. 9. MALDI-TOF MS spectra profiles obtained for different P. fragi strains from offshore and onshore seawater samples (A) Main spectra (2000–13000 m/z); 
Magnified regions (B) 7400–7700 m/z (C) 8100–8400 m/z (D) 8700–8900 m/z, showing the differences between the strains (Ashfaq et al., 2019). 
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milk microbial ecology. In fresh raw milk, 119 isolates were identified 
that were belonging to 12 different genera and 23 species. The highest 
relative abundance of 74.79% of the total was of Pseudomonas, while the 
remaining 25.21% belong to 11 genera (Acinetobacter, Candida, Chrys-
eobacterium, Carnobacterium, Enterobacter, Enterococcus, Raoultella, Lac-
tococcus, Hafnia, Filobasidium, and Serratia). After refrigerating milk for 
5 days, the chilled milk was also analyzed, and 127 isolates were iden-
tified that were belonging to 9 genera and 20 species. The results showed 
that the diversity of psychrotrophic bacteria is less in chilled stored milk 
as compared to fresh raw milk. Among the identified strains from chilled 
milk, 93.68% of the total was represented by Pseudomonas, while the 
remaining 6.32% was contributed by 8 genera (Acinetobacter, Bacillus, 
Buttiauxella, Carnobacterium, Lactococcus, Hafnia, Rahnella, and Serra-
tia). Many of the isolated bacteria have demonstrated their potential to 
spoil the milk and therefore, it is important to investigate the biodi-
versity of both fresh raw and stored milk to ensure the safety of milk and 
dairy products. 

MALDI-TOF MS was used as a tool for the dereplication of a large 
number of bacteria to a smaller set for easy downstream characterization 
(Gantzias et al., 2020). A total of 88 non-starter lactic acid bacteria 
(NSLAB) were isolated from 18 samples of four different artisanal 
cheeses produced in Greece. The technique was able to identify 95.5% of 
the total isolates and the identified bacteria include Lactobacillus brevis, 
Lactobacillus plantarum, Lactococcus lactis, Leuconostoc mesenteroides 
Lactobacillus paracasei, Lactobacillus rhamnosus, Pediococcus pentosaceus, 
and Enterococcus faecium. 

Probiotics are used as supplements to improve health, positively 
affect health, and treat various diseases. A research was conducted to 
isolate new probiotic bacteria from different food items that are already 
known to possess probiotic features (Dogan and Ozpinar, 2017). For this 
purpose, a total of 144 strains were isolated from 130 food samples 
including 60 raw milk samples, 40 cheese, 20 kefir, and 10 boza sam-
ples. The strains were identified as Enterococcus faecium (n = 127), 
Lactobacillus plantarum (n = 7), Lactobacillus para-plantarum (n = 5) and 
Lactobacillus brevis (n = 5). When these isolated strains were charac-
terized further for their probiotic features, only 6 (4.1%) of the bacteria 
demonstrated their potential to be used as probiotics. Among these 6 
strains, there were 3 Lactobacillus brevis strains isolated from boza, and 
the remaining 3 were Lactobacillus plantarum species isolated from kefir. 
From milk and cheese samples, there were no probiotics isolated. 

5.5. Applications in water treatment and disinfection technology 

MALDI-TOF MS technology has also found its application in water 
treatment technology. It has been used as a fast and cost-effective tool to 
identify bacteria at different treatment stages or to investigate the effi-
ciency of treatment for bacterial removal. For example, Ashfaq et al. 
(2019) identified and differentiated various antiscalant-degrading mi-
croorganisms from seawater of the Arabian Gulf using MALDI-TOF MS 
(Table 3). The seawater samples collected from various sites including 
from the inlet of the desalination plant contained various bacteria 
capable of using antiscalants (chemicals used to control scaling in the 
desalination industry) as a carbon and energy source. The bacteria were 
identified as Halomonas aquamarina, Halomonas elongata, P. stutzeri and 
P. fragi among others. Fig. 9 shows the differentiation of protein profiles 
for various P. fragi strains isolated from seawater. Similarly, in a study 
conducted by Loff et al. (2014), MALDI – TOF MS was utilized for the 
routine detection of multiple pathogens, namely E. coli, Listeria, and 
Salmonella present in wastewater. In this study, samples were collected 
from the wastewater treatment plant for a period of 8 weeks from the 
influent point, effluent point, and aeration tank. 47 isolates of the pre-
sumptive E. coli strains, Listeria spp. and Salmonella spp. were obtained 
and identified by MALDI – TOF MS. Results revealed that MALDI – TOF 
MS identified 20 out of the 21 presumptive E. coli isolates (95%) at both 
genus and species levels. However, none of the presumptive Listeria (n =
17) and Salmonella (n = 9) isolates were correctly identified, which 

Table 4 
Comparison between MALDI-TOF MS and other established techniques for 
identification of different environmental bacteria - few examples from the 
literature.  

# Bacterial strains 
studied 

Sources Summary of 
Findings 

Reference 

1 Alteromonas sp., 
Bacillus sp., Colwellia 
sp., Erythrobacter sp., 
Marinobacter sp., 
Marinococcus sp., 
Pseudoalteromonas 
sp., Pseudomonas sp., 
Roseobacter sp., 
Sphingomonas sp. and 
Vibrio sp. 

Marine sponges The bacterial 
identification by 
MALDI-TOF was 
identical to those 
determined by 
analysis of partial 
rDNA sequences. 
Although there 
are considerable 
intra- and inter- 
species 
classification 
problems, which 
16S rDNA 
sequencing fails 
to resolve, 
MALDI-TOF MS 
comparatively 
achieved higher- 
level resolution 
and was able to 
discriminate 
organisms. 

Dieckmann 
et al., 
(2004) 

2 Acinetobacter, 
Burkholder, 
Citrobacter, 
Cupriavidus, 
Klebisella, 
Pseudomonas, 
Stenotrophomonas 
and others 

Water and Soil In comparison 
with 16S rDNA, 
72 were correctly 
identified by 
MALDI-TOF MS, 
while 16 were 
differently 
identified. 4 
strains, which 
belonged to 
Pseudomonas, 
Cupriavidus, and 
Citrobacter 
genera were not 
identified by 
MALDI-TOF MS 

Avanzi et al. 
(2017) 

3 Enterococcus sp., Recreational 
waters 

100% of the 
isolates were 
identified by 
MALDI-TOF MS. 
In comparison 
with the 16S 
rRNA method, 
74% were 
identified 
correctly. While 
API method only 
identified 11% 
correctly. 

Christ et al. 
(2017) 

4 Pseudomonas sp. Fish At species-level 
identification, 
60% of the 
identification 
results were not 
in accordance 
with the two 
methods 
(MALDI-TOF MS 
and 16s rDNA 
sequence) 

Kacaniova 
et al. (2019) 

5 Raoultella sp, 75 isolates 
(source not 
mentioned), 3 
reference 
strains 

97.4% strains 
were identified 
by MALDI-TOF 
MS, whereas 
ID32E and 
VITECK2 
Compact only 
identified 81.4% 

Sekowska 
et al. (2018) 

(continued on next page) 
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could be attributed to the unavailability of reference mass spectra in the 
database used for these strains. The MALDI-TOF identification of Listeria 
and Salmonella spp. has already been reported in other studies (Jadhav 
et al., 2014; Sparbier et al., 2012). 

In another research, MALDI-TOF MS was used to assess the bacterial 
community in a drinking water treatment plant (Sala-Comorera et al., 
2017) (Table 3). Water samples were collected from influent (raw sur-
face water) and effluent from different treatment stages during a period 
of 1 year. The technique was useful in detecting changes in the bacterial 
diversity at different stages i.e., raw water, and after sand filtration, 
ultrafiltration, reverse osmosis, and chlorination. Thus, the technique is 
useful to detect abnormal or recurrent strains in drinking water treat-
ment plants using the limited laboratory resources available in the water 
company. Moreover, the knowledge related to the bacterial community 
at different stages will help to develop and improve the water treatment 
strategies for the production of clean and healthy drinking water. 

To combat the spread of infection, various disinfection techniques 
are used to clean the surfaces and kill the pathogenic bacteria that may 
be present in the environment and surfaces. The research was conducted 
to investigate the application of a medical diode laser for the disinfection 
of small microbiologically contaminated spots on degraded collagenous 
materials (Rybitwa et al., 2020) (Table 3). The surfaces were microbi-
ologically examined, and microorganisms were identified using 
MALDI-TOF MS. The bacteria identified include Acinetobacter lwoffii, 
Bacillus amyloliquefaciens, Bacillus endophyticus, Bacillus megaterium, 
Bacillus oceanisediminis, Bacillus oleronius, Pantoea agglomerans, Psy-
chrobacillus psychrodurans, Staphylococcus haemolyticus, and Staphylo-
coccus warner. Another study was conducted to investigate the effect of 
enhanced cleaning on the presence of MDROs. MALDI-TOF MS was 
employed for screening 1042 MDROs before and after cleaning. The 
results showed that the cleaning reduced the rate of MDRO detection to 
13.32% from 31.77%. 

6. Development and validation of MALDI-TOF MS for 
environmental bacteria 

To demonstrate the suitability of the MALDI-TOF MS technique for 
the identification of bacteria, several studies were undertaken to 
compare the results of bacterial identification with other developed 
methods (Table 4). Through bibliometric analysis, it was noted that 
earlier studies focused more on evaluating the potential of MALDI-TOF 
MS for the identification, differentiation, and dereplication of environ-
mental bacteria. Krader and Emerson et al., (2004) evaluated the use of 

MALDI-TOF MS for the identification of different archea and environ-
mentally important bacteria such as sulfate-reducing bacteria, thermo-
philes, and others. The researchers used 8 archaea (10 genera, 20 spp.) 
and 42 bacteria (25 genera, 37 spp.) and found that the MALDI-TOF MS 
provides accurate, reproducible, and reliable results in the form of mass 
spectral profiles. The technique was able to distinguish halophilic bac-
teria (such as Halococcus dombrowski, Halobacterium salinarium, and 
Haloarcula marismortui). 

Similarly, in another research, Dieckmann et al., (2004) evaluated 
the dereplication potential of the MALDI-TOF MS technique. The re-
searchers utilized Intact-Cell MALDI-TOF (ICM) mass spectrometry to 
perform proteometric clustering of 456 isolates. The cluster analysis was 
performed for the obtained protein mass spectral profiles which cate-
gorized 456 isolates into 11 major groups; representing species of 
Pseudoalteromonas (n = 297), Pseudomonas (n = 56), Colwellia (n = 31), 
Erythrobacter (n = 19), Alteromonas (n = 15), Marinobacter (n = 14), 
Vibrio (n = 10), Marinococcus (n = 6), Bacillus (n = 3), Roseobacter (n =
3), and Sphingomonas (n = 2) which was also verified by 16S rDNA 
analysis. Siegrist et al. (2007) obtained E. coli isolates from various 
animal, human sources, and wastewater treatment plants for the pur-
pose to characterize the strains based on their sources to help in iden-
tifying the source of contamination for surface waters. Results suggested 
that in comparison to rep – PCR, MALDI – TOF MS is more effective in 
grouping E. coli environmental isolates based on their respective sources 
although it has lower repeatability levels. Moreover, source-specific 
biomarkers were identified through computer-aided analysis of MALDI 
– TOF MS spectra, which can speed up the identification of the fecal 
inputs impacting the quality of water. 

Kim et al. (2021) evaluated the culture-dependent MALDI-TOF MS 
technique for analysis of microbial community during fermentation of 
kimchi. The results were compared with the culture in-dependent 16S 
rRNA technique. Both methods identified Lactobacillus-related genera, 
Leuconostoc, and Weissella as predominant microorganisms. Although 
the 16S rRNA technique could also identify non-lactic acid bacteria, it 
identified most of the important microorganisms until the genus level. In 
contrast, MALDI-TOF MS identified bacteria up to species level showing 
its high accuracy and precision (Table 4). Pseudomonas species are 
present in freshwater ecosystems and can be pathogenic to humans and 
other aquatic organisms. Thus, research was conducted to develop 
effective and reliable methods for the identification of Pseudomonas 
species from water. For this purpose, Pseudomonas spp. (n = 161) were 
isolated from freshwater and were identified using MALDI-TOF MS 
(Kacaniova et al., 2019). The identified strains were P. extremorientalis, 
P. fluorescens, P. fragi P. proteolytica, P. veronii, and others. However, 9 
out of 15 strains used for comparison with the 16s rDNA gene 
sequencing method were not in accordance with the two methods. 
Overall, results showed the high discrimination power of MALDI-TOF 
MS for Pseudomonas identification from environmental samples. 

Raoultella is a commonly found gram-negative bacterium mostly 
isolated from water, soil, and plants. The identification of species of 
Raoultella has gained significant interest due to its involvement in a 
number of clinical cases. Its identification is challenging due to its close 
phylogenetic relationship with Klebsiella sp. Hence, research was con-
ducted to evaluate three different methods for the identification of 
Raoultella spp. and their differentiation from Kelbsiella spp (Sekowska 
et al., 2018). The three methods used were manual test ID32E (bio-
Merieux), automatic test VITEK2 Compact (bioMerieux), and 
MALDI-TOF MS. It was found that manual test ID32E identified only 
81.4%, while the VITECK2 Compact test identified 93.3% of the strains. 
Comparatively, MALDI-TOF MS gave the best results as 97.4% of the 
strains were identified and correctly differentiated from Klebsiella sp. 
Among the identified strains were R. planticola, R. terrigena, and 
R. ornithinolytica. 

Similarly, MALDI-TOF MS was also evaluated for the identification 
and characterization of Enterococcus spp., a coliform bacterium from 
marine recreational waters (Christ et al., 2017). The results of 

Table 4 (continued ) 

# Bacterial strains 
studied 

Sources Summary of 
Findings 

Reference 

and 93.3% 
strains, 
respectively. 

6 Legionella sp. Water 
(Hospitals, 
Hotels, Private 
apartments, 
Fitness & 
Wellness 
centers, 
Bathhouses) 

Comparison with 
culture and MIP 
gene sequencing 
technique, 
MALDI-TOF MS 
identified 45% 
strains up to 
species level. 

Pascale 
et al. (2020) 

7 Lactobacillus-related 
genera, Weissella, 
and Leuconostoc sp. 

Kimchi All the isolates 
were identified 
up to species 
level by MALDI- 
TOF MS, while 
the 16S rRNA 
technique 
identified most of 
the strains up to 
genus level. 

Kim et al. 
(2021)  
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MALDI-TOF MS were compared with the identification carried out by 
bioMerieux’s API (R) 20 Strep and biochemical methods. From the 
isolated strains of Enterococcus (n = 127), the biochemical test identified 
92% (n = 117), while MALDI-TOF identified 100% of the strains. When 
the results were compared with the reference method i.e., 16s rRNA 
gene sequencing technique, the MALDI identified 74% correctly, while 
API identified only 11% (Table 4). Thus, it was concluded that 
MALDI-TOF MS is a more reliable method for the identification of 
Enterococcus spp. from environmental matrices. 

In an attempt to understand the diversity of the microbial commu-
nity in copper contaminated sites to explore the impact of the metal on 
bacterial diversity, MALDI-TOF MS was evaluated and compared with 
the 16s rDNA method (Avanzi et al., 2017). It was revealed that the 
MALDI-TOF MS could be considered as a reliable and fast method for the 
identification of copper-resistant bacteria from water samples as 84% of 
the identification results were in agreement with the reference method. 
The copper-resistant bacteria identified include Acinteobacter, Bacillus, 
Burkholderia, Citrobacter, Ralstonia, Stenotrophomonas, and Pseudomonas 
among others. Moreover, further differentiation of P. aeruginosa strains 
based on their protein profiles was also made possible using MALDI-TOF 
MS showing the capability and sensitivity of this technique for differ-
entiation of closely related strains. 

MALDI-TOF MS has also been evaluated to produce and differentiate 
protein profiles for biological samples, which have been treated differ-
ently since this technique provides a reliable, cost-efficient, and fast 
approach to investigate the protein profiles. Ribeiro et al. (2020), con-
ducted a comparison study between the Xanthomonas campestris pv. 
Campestris (Xcc) grown in vivo (recovered from a plant) and in a culture 
medium. Explants at various somatic embryogenesis (SE) stages were 
included after analyzing the plant samples, in addition to the Brassica 
oleracea and Arabidopsis thaliana leaves which were inoculated with Xcc 
at different times. From the obtained results, the unequivocal differen-
tiation of bacteria and highly divergent plant samples from embryogenic 
stages can be observed in which the proteomic analysis by 2-DE was 
used for clustering. The obtained findings demonstrated the significance 
of MALDI-TOF MS profiling in which it can be used for the selection and 
prioritization of samples to be analyzed before using more complicated 
techniques such as transcriptomics and proteomics. Moreover, it was 
clearly shown that during the interactions between plant and pathogen, 
when subtle differences were obtained, MALDI-TOF MS profiling could 
mainly contribute to the assessment of experimental variability. This is 
relevant since reproducibility is a hard problem to address when dealing 
with complicated experimental conditions such as plant-pathogen in-
teractions. The usage of MALDI-TOF MS profiling is to help to minimize 
the experimental variability that is not related to the analyzed condi-
tions. Moreover, MALDI-TOF MS can be used for tracing certain mi-
croorganisms in a plant environment and their interaction in the 
presence of another microbiota. 

To enhance the application of MALDI-TOF MS in the dereplication of 
bacteria, Dumolin et al. (2019) evaluated a software called SPeDE for 

high-throughput dereplication and accurate classification of microor-
ganisms using MALDI-TOF MS spectra data. The data set of 5228 spectra 
comprising 167 bacterial strains of 132 genera across six phyla was used 
for dereplication. The results showed that the SPeDE is a valuable tool to 
achieve dereplication and classification of a large amount of MALDI-TOF 
MS data set. It could identify redundant spectra and obtain dis-
tinguishing features between the spectra with high efficiency, thus 
allowing rapid classification of a large set of data. In a similar study, 
Ghyselinck et al. (2011) used 249 unidentified bacterial isolates from 
the rhizosphere of potato plants to evaluate the identification and der-
eplication potential of MALDI-TOF MS and rep-PCR. Profile inspection 
and cluster analysis illustrate that for 82% of the isolates (n = 204), the 
taxonomic resolution was comparable for both MALDI-TOF MS and 
rep-PCR, while one of both techniques had a higher taxonomic resolu-
tion for 18% of the isolates (n = 45). Higher reproducibility was ach-
ieved by MALDI-TOF MS than rep-PCR, in which it was more promising 
in terms of high-throughput analysis, time, automation, and 
cost-efficiency. Hence, there are various attempts undertaken to 
compare and validate the MALDI-TOF MS technique for the identifica-
tion of environmental bacteria and the results have been encouraging. 
With the further development and enhancement in the reference data-
bases, this technique can prove to be useful for the identification of 
environmental bacteria at a wider scale. 

7. Challenges and progress in identification of environmental 
bacteria 

Bacteria present in different environments may possess different 
phenotypic traits and therefore, their protein – spectral-based identifi-
cation by MALDI-TOF MS can be affected. However, there is a very 
limited number of studies that have demonstrated the effect of bacterial 
living environment with the identification accuracy. Niestepski et al. 
(2019) investigated the identification of Bacteroides fragilis group (BFG) 
from different environmental samples i.e. human and rat feces, hospital 
wastewater, untreated and treated sewage from a wastewater treatment 
plant (WWTP) by MALDI-TOF MS. The results showed that the accuracy 
of identification was reduced from 100% for human and rat feces to 40% 
(treated wastewater) and 20% (hospital wastewater and untreated 
wastewater). This could be attributed to the similarity of strains from 
humans and rate feces to the clinical isolates, for which the database of 
MALDI-TOF MS is optimized. On the other hand, the strains from water 
and wastewater samples were identified with less accuracy due to the 
different character of those samples, higher bacterial diversity, and 
different phenotypic traits of the bacteria present in these environments. 
Therefore, the MALDI-TOF MS database requires optimization for BFG 
strains isolated from environmental samples. 

Another study was conducted to investigate the MALDI-TOF MS 
accuracy of identification for Burkholderia cepacia complex, which rep-
resents 21 different species widely found in the environment. The spe-
cies belonging to B. cepacia complex have shown their significance in 

Table 5 
Comparison of 3 studies focusing on identification of Burkholderia cepacia complex by MALDI-TOF MS (Furlan et al., 2019; Vicenzi et al., 2016; Fehlberg et al., 2013).  

# Source Strains Identification by Concordance (%) 

recA gene sequencing MALDI-TOF MS 

Genus level Species level Genus level Species level 

01 Clinical samples B. cenocepacia 70 70 68 100 97.15 
02 B. multivorans 16 16 13 100 81.25 
03 B. contaminans 12 12 0 100 0 
04 B. vietnamiensis 22 22 21 100 95.45 
05 B. cepacia 07 07 03 100 42.85 
06 Environmental soil samples B. lata 02 00 00 0 0 
07 B. cenocepacia 15 07 00 46.67 0 
08 B. cepacia 03 03 03 100 100 
09 B. ambifaria 02 02 00 100 0  
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bioremediation, and biotechnology as well as in clinical settings. But, 
their accuracy of identification has been affected due to the very high 
similarity between the species in this group. Combining 3 different 
studies for clinical samples (Vicenzi et al., 2016; Fehlberg et al., 2013) 
and environmental soil samples (Furlan et al., 2019) related to the 
application of MALDI-TOF MS for identification of B. cepacia complex, it 
can be concluded that the accuracy of identification for environmental 
strains is significantly lower as compared to strains from clinical samples 
(Table 5). In comparison to the recA gene method, a gold standard 
method for identification of B. cepacia, none of the environmental strains 
belonging to B. lata, B. cenocepacia, and B. ambifaria was correctly 
identified up to species level. Moreover, it was found that most of the 
strains of B. cenocepaica and B. lata were wrongly identified as Ochro-
bactrum anthropic by MALDI-TOF MS. Thus, it can be concluded that the 
source of environmental bacteria can affect their identification by 
MALDI-TOF MS and therefore, the databases need further optimization 
as per the environmental isolates. 

Another study aiming to utilize MALDI-TOF MS for differentiation of 
V. alginolyticus from other Vibrio species also showed significant differ-
ences in the protein profiles of strains isolated from environmental 
(water, and sediment) and clinical sources (Hazen et al., 2009). In 
contrast, Sulaiman et al. (2018) analyzed a total of 50 Staphylococcus 
strains from clinical, environmental, food, cosmetic products, a medical 
device, and American Type Culture Collection (ATCC). The results 
showed that the Vitek MS system could reliably identify all of the strains 
up to species level demonstrating the potential of this technique for the 
identification of Staphylococcus strains irrespective of the sources. 

Another challenge faced by MALDI-TOF MS in environmental 
microbiology is the lack of spectra in the commercial databases for many 
environmental bacteria. Table 6 shows the list of different environ-
mental bacteria either reported to be missing from commercial data-
bases or misidentified by MALDI-TOF MS due to the inadequate 
robustness of the reference spectra. Several researchers have reported 
the inadequate database for the identification of Virgibacillus sp. such as 
V. marismortui, and V. salarius (Rim et al., 2020; Konate et al., 2021; 
Brauge et al., 2021). While the identification of V. halodenitrificans has 
been reported by Brauge et al. (2021) isolated from seafood and 
seawater. In addition, there are some other bacteria for which 
misidentification by MALDI-TOF MS has been reported and therefore, 
the database of such bacteria requires further optimization. These 
include Bacillus drentensi, Bacillus safensis, Brachybacterium para-
conglomeratum, Vagococcus sp. to name few (Table 6). 

One of the most adopted approaches for the inadequate database is 
the construction of an in-house database (Table 7). The most recent and 
excellent example of an in-house database is the construction of a 
drinking water library by Pinar-Mendez et al. (2021). The researchers 
developed this library by targeting various bacteria present in water 
intended for human consumption. The drinking water library contained 
319 different bacterial strains belonging to 96 different bacterial gen-
erals, 44 of which were not present in the Bruker database. The use of 
the drinking water library significantly improved the identification of 
environmental bacteria from water by 76.2% from 54.8%. For Pseu-
doalteromonas sp. present in seawater, the inadequacy of the MALDI-TOF 
database has been reported previously (Emami et al., 2012). To resolve 
this problem, researchers developed an in-house database for the ac-
curate identification of Pseudoalteromonas species. When tested using 10 
environmental isolates of Pseudoalteromonas from water, the identifi-
cation was achieved up to the genus level. It was concluded that the 
isolates belong to new species and therefore, further update in the 
database is required for accurate identification up to species level. 
Similarly, Fergusson et al. (2020) has also reported the development of 
an in-house library for the identification of Burkholderia, Caballeronia, 
and Paraburkholderia. When tested with the unknown group of strains, 
39 out of 49 isolates were correctly identified to genus level. Moreover, 
it was noted that the strains with 3 or more representatives in the 
reference library were more correctly assigned as compared to the 

Table 6 
Examples of some environmental bacteria reported to be missing from com-
mercial databases or wrongly identified due to an inadequate spectral database 
(Brauge et al., 2021; Pinar-Mendez et al., 2021; Abdel Samad et al., 2020; Ha 
et al., 2019; Kim et al., 2019; Timperio et al., 2017; Emami et al., 2016; Chris-
tie-Oleza et al., 2013).  

# Genus Species Missing/Wrong identification 

1 Aquabacterium - Not available in Bruker BioTyper 
Library (DB-7311) 

2 Arthrobacter soli Not available in Bruker BioTyper 
Library (V7.0.0) 

3 Bacillus oceanisediminis Not available in Bruker BioTyper 
Library (V7.0.0) stratosphericus 

drentensi Not reliable identification (score 
<1.7) 

nealsoni Not reliable identification (score 
<1.7) or misidentified as 
B. circulans (score 1.71) 

safensis Not reliable identification (score 
<1.7) or misidentified as 
B. pumilus (score 1.72) 

aquimaris Not reliable identification (score 
<1.7) or misidentified as 
B. vietnamensis (score 1.86) 

firmus Not reliable identification (score 
<1.7) 

vallismortis Not reliable identification (score 
<1.7) 

pumilus Misidentified as B. altitudinis 
(score 1.88) 

thuringiensis Differentiation between B. cereus 
and B. thuringiensis 

4 Bosea - Not available in Bruker BioTyper 
Library (DB-7311) 

5 Brachybacterium paraconglomeratum Not reliable identification (score 
<1.7) 

6 Cloacibacterium - Not available in Bruker BioTyper 
Library (DB-7311) 

7 Desemzia incerta Not available in Bruker BioTyper 
Library (V7.0.0) 

8 Domibacillus - Not available in Bruker BioTyper 
Library (DB-7311) 9 Dyadobacter - 

10 Exiguobacterium aestuarii Not available in Bruker BioTyper 
Library (V7.0.0) acetylicum 

profundum 
oxidotolerans Not available in Bruker BioTyper 

Library 
11 Halobacillus sp. Not reliable identification (score 

<1.7) 
12 Macrococcus sp. Not reliable identification (score 

<1.7) 
13 Microbacterium esteraromaticum Not available in Bruker BioTyper 

Library (V7.0.0) 
esteraromaticum Not reliable identification (score 

<1.7) 
14 Planococcus sp. Not available in Bruker BioTyper 

Library (V7.0.0) 
15 Psychrobacter celer Not available in Bruker BioTyper 

Library (V7.0.0) faecalis 
16 Pseudomonas costantinii Not available in Bruker BioTyper 

Library 
17 Pseudoalteromonas sp. Lack of spectral database 
18 Phyllobacterium - Not available in Bruker BioTyper 

Library (DB-7311) 19 Polaromonas - 
20 Porphyrobacter - 
21 Ruegeria sp. Lack of spectral database 
22 Stenotrophomonas rhizophila Not reliable identification (score 

<1.7) 
23 Salinicoccus sp. Not available in Bruker BioTyper 

Library (V7.0.0) 24 Shewanella indica 
25 Staphylococcus lentus Wrong identification at species 

level. 
26 Virgibacillus marismortui Not available in Bruker Biotyper 

Library (MBT-8468) 27 Virgibacillus salarius 
28 Vagococcus sp. Not reliable identification (score 

<1.7)  
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strains with two or fewer representatives which emphasizes the impor-
tance of having multiple representatives for each species in the database 
library. Table 7 summarizes the in-house database developed for various 
environmental bacteria, and how it affected the results of identification. 

Various approaches have been used to improve the identification 
accuracy of environmental bacteria other than using in-house databases. 
For example: to improve the accuracy of identification for Ruegeria sp., 
Christie-Oleza et al. (2013) used proteins identified by shotgun 
nanoLC-MS/MS and used them to propose 5 potential biomarkers which 
give rise to 10 m/z peak signals derived from the mono- and doubly 
protonated proteins. To investigate the application of these biomarkers, 
30 seawater bacterial isolates were screened, out of which one bacte-
rium was identified as Reugeria sp., which was also confirmed by the 16S 
RNA sequencing technique. Recently, the publicly available database of 
protein sequences (UniProt) was used to identify bacteria and this 
approach helped to identify 84.1% of the bacteria (n = 403) at the genus 
level (Cheng et al., 2018). The source code of the algorithm is available 
at https://github.com/dipcarbon/BacteriaMSLF. 

There are also different open sources software such as BacteriaMS 
and BacteriaMS-Mixture introduced to enhance the accuracy of identi-
fication. Yang et al. (2017) tested the mass spectra of 1991 bacterial 

strains by adopting spectral similarity and novel bootstrapping pro-
cedure (BacteriaMS can be accessed at https://github.com/lmsac/Bac 
teriaMS). In addition to the significant improvement in both genus 
and species level identification, the research group was also able to 
discriminate 40 strains of Bacillus cereus which were previously 
considered difficult to resolve by MALDI TOF MS. 

The inability of MALDI-TOF MS to identify a mixture of bacteria was 
also recently tackled by introducing a new framework (BacteriaMS- 
Mixture, available at https://github.com/lmsac/BacteriaMS-mixture). 
The framework combined a synthetic mixture model based on a non- 
negative linear combination of candidate reference spectra and a sta-
tistical assessment by in silico-generated spectra through a jackknife 
resampling (Yang et al., 2018). To validate the new framework, a 
mixture of 97 bacterial samples, 8 cocultured bacterial samples (con-
taining 2–6 bacteria in each mixed culture), and a reference database of 
1081 strains were used. A sensitivity of more than 60% and an error rate 
of less than 5% were achieved for all types of mixed samples with more 
than 80% sensitivity for binary and ternary mixtures. Such a framework 
can help to resolve the issue of identifying mixed bacterial communities 
and can help in fostering MALDI-TOF usage in both clinical and envi-
ronmental research. 

Table 7 
Summary of some studies reporting the creation of in-house databases for better identification of environmental bacteria.  

# Bacteria No. of 
strains 

Strain source Spectra 
per MSP 

Culture conditions Results Reference 

1 Alcanivorax, 
Aquabacterium, 
Chromobacterium and 
many others 

44 30 from Spanish Type Culture 
Collection, 14 treated water and 
non-treated water 

24 Water Plate Count Agar at 
22 ◦C 

The identification 
performance of drinking 
water library was enhanced 
from 54.8% to 76.2%. 

Pinar-Mendez 
et al. (2021) 

2 Burkholderia, 
Caballeronia, and 
Paraburkholderia 

95 Rhizosphere 24 LB agar for 72 h at 30 ◦C 39/49 genus level 
identification, 24/39 up to 
species level identification 

Fergusson et al. 
(2020) 

3 Legionella sp. 216 Clinical, Water, Soil, and Cooling 
towers 

50 Buffered charcoal yeast 
extract agar at 36 ◦C for 
48–72 h. 

235/237 tested strains were 
reliably identified up to 
species level 

Gaia et al. 
(2011) 

4 Pectinatus, Megasphaera, 
and Selenomonas, 

8 –  - Species level identification 
increased from 47% to 85% 

Vavrova et al. 
(2018) 

5 Pediococus 141 130 isolated from kimchi or 
jeotgal, 11 reference strains from 
American Type Culture Collection 
(ATCC, USA), the Korean 
Agricultural Culture Collection 
(KACC, Korea) and the Korean 
Collection for Type Cultures 
(KCTC, Korea). 

12 n/a 84% strains identified up to 
species level, 46% identified 
up to genus level 

Cho et al. 
(2017) 

6 Pseudoalteromonas sp. (29 
different species) 

31 DSMZ (German Collection of 
Microorganisms and Cell Cultures 
or JCM (Japan collection of 
Microorganisms). 

30 Marine agar as per 
manufacturer instructions 

13 strains from seawater and 
seaweed were tested and all 
were identified up to genus 
level 

Emami et al. 
(2016) 

7 Ralstonia 
pseudosolanacearum, 
Ralstonia solanacearum, 
Ralstonia syzygii 

6 Plants >20 Nutrient agar incubated at 
28 ◦C for 48 h 

All 53 tested strains were 
identified up to species level 
with no false positive 
identifications 

van de Bilt et al. 
(2018) 

8 Rhizobiaceae (Ensifer, 
Rhizobium, Shinella) 

56 Water, Sludge, Soil, Plant roots/ 
nodules 

36 TY and YMA medium 
incubated at 28 ◦C for 24 and 
48 h 

100% tested strains 
identified up to species level 

Ferreira et al. 
(2011) 

9 Vibrionaceae family (more 
than 20 species) 

997 Collected from various 
organizations such as 
Governmental Institute of Public 
Health of Lower Saxony (NLGA), 
Centre for Environment, Fisheries 
& Aquaculture Science (CEFAS), 
National Institute for Public 
Health and the Environment 
(RIVM) and others 

32 Marine broth medium, 
containing 50% or 75% 
seawater (1.6% or 2.4% 
sodium chloride) incubated at 
37 ◦C or as per 
recommendation by DSMZ. 

All tested strains identified 
up to species level. The 
identification score 
increased by more than 
70%. 

Erler et al. 
(2015) 

10 Vibrio (Harveyi clade) 85 38 from DSMZ, the Spanish Type 
Culture Collection (CECT), and 
the Institut Pasteur Collection 
(CIP). 35 from a fish farm, 12 
from French Research Institute for 
the Exploitation of the Sea 
(IFREMER) 

18 Marine agar for 24 h at 37 ◦C/ 
25 ◦C 

All 47 strains were correctly 
identified to species level, 
19 misidentified strains with 
commercial database were 
identified correctly with in- 
house database 

Mougin et al. 
(2020)  
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From Table 7, it can be concluded that the creation of in-house da-
tabases has significantly helped researchers to optimize the processing 
of samples and obtain the desired results with high accuracy. However, 
this does not resolve the problem at the international level since these 
databases are not accessible to other researchers. To enhance the po-
tential of this technique for the identification of environmental bacteria, 
efforts at an international level are needed to develop open-access da-
tabases through global collaboration. Initial efforts have been made by 
some researchers like the “FoodBIMS” database that comprises 26 spe-
cies of food-borne pathogens (Mazzeo et al., 2006), and “SpectraBank” 
for 70 bacterial species (Bohme et al., 2012). 

With the development of such open-access global databases, 
continuous efforts would be needed to keep such databases updated 
through the introduction of new mass spectral profiles into the database 
like done for GenBank. Moreover, the sample processing guidelines and 
analysis of spectral profiles (baseline subtraction, normalization, and 
others) need to be standardized to improve the spectral representation of 
the bacterial species. To enhance the robustness of the reference spectra, 
the number of spectra in the database should also be maximized. It is 
highly expected that with the availability of highly curated, open-access, 
and robust databases, the extensive application of MALDI-TOF MS in 
environmental microbiology, ecology, biotechnology, plant, and agri-
cultural sciences can be achieved. 

8. Conclusion 

Numerous studies have validated the performance of MALDI-TOF for 
the identification of environmental bacteria through comparison with 
molecular techniques and have concluded that this technique is useful 
and applicable to environmental bacteria. With the further improve-
ment in the database libraries of reference bacteria, its routine appli-
cation in environmental studies should be encouraged due to its time 
saving and cost-effectiveness. The bibliometric analysis of the literature 
showed that the application of technology in environmental studies has 
gained significant attention during the past decade. The technique has 
been used with high accuracy and precision for the identification of 
various types of bacteria such as pollutant-degrading, biomineralizing, 
fermentative, foodborne/waterborne pathogens, coliforms, lactic acid, 
plant-associated and plant growth-promoting bacteria with environ-
mental and biotechnological importance. Moreover, the technique has 
found its application in routine environmental monitoring which has 
helped the rapid identification of bacteria present in water, air, and 
different surfaces. 

There are still untapped applications of MALDI-TOF MS technology 
that are not availed. These applications can include the use of the 
technique for the identification of proteins/enzymes produced by bac-
teria for their specific environmental function such as pollutant degra-
dation, biomineralization, biosurfactants production, and others. With 
the further development in technology and bioinformatics tools, the 
technique can be used to explain the role of bacterial proteins behind the 
environmental function, thereby, identifying the responsible proteins/ 
genes using such tools. Ultimately, there is a gap between the phylo-
genetic identity of bacteria and their potential environmental function/ 
s. Further advancements and research should focus on bridging this gap, 
which will not only enhance the potential of this technology in envi-
ronmental studies but will also ensure rapid progress in research 
through time and cost savings. 
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