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Abstract

Matrix Assisted Laser Desorption lonization - Time of Flight Mass Spectrometry
(MALDI-TOF MS) is routinely used as a rapid and cost-effective method for pathogen
identification in clinical settings. In comparison, its performance in other
microbiological fields, such as environmental microbiology, is still being tested,
although isolates of environmental microbes are essential for in-depth in vivo studies
of their biology, including biotechnological applications. We investigated the
applicability of MALDI-TOF MS for the identification of bacterial isolates from a highly
oligotrophic environment - Dinaric Karst caves, which likely harbor specific
microorganisms. We cultured bacteria from the shell surface of the endemic mussel
Congeria jalzici, one of the three known cave mussel in the world that lives in the
Dinaric karst underground. The bacterial isolates were obtained by swabbing the
shell surface of mussels living in microhabitats with different amounts of water: 10 air-
exposed mussels, 10 submerged mussels and 10 mussels in the hygropetric zone. A
collection of 87 pure culture isolates was obtained, mostly belonging to the phylum
Bacillota (72%), followed by Pseudomonadota (16%), Actinomycetota (11%) and
Bacteroidota (1%). We compared the results of MALDI-TOF MS identification (Bruker
databases DB-5989 and version 11, v11) with the results of 16S rDNA-based
phylogenetic analysis, a standard procedure for bacterial identification. Identification
to the genus level based on 16S rDNA was possible for all isolates and clearly
outperformed the results from MALDI-TOF MS, although the updated MALDI-TOF
MS database v11 gave better results than the DB-5989 version (85% versus 62%).
However, identification to the species-level identification by 16S rDNA sequencing
was achieved for only 17% of isolates, compared with 14% and 40% for the MALDI-
TOF MS databases DB-5989 and vi11 database, respectively. In conclusion, our
results suggest that continued enrichment of MALDI-TOF MS libraries will result with
this method soon becoming a rapid, accurate, and efficient tool for assessing the
diversity of culturable bacteria from different environmental niches.

Keywords: bacterial isolates; biofilm; Congeria jalzici; Dinaric karst underground,;
MALDI-TOF MS; oligotrophic environment
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Introduction

Matrix-Assisted Laser Desorption lonisation - Time of Flight Mass Spectrometry
(MALDI-TOF MS) is a method for rapid identification of bacterial isolates by analysing
the mass spectra of proteins from whole bacterial cells. Such protein fingerprints are
species-specific and allow identification of bacterial species by comparison with
reference spectra from commercially available databases (Lavigne et al. 2013;
Singhal et al. 2015). It has many advantages, such as high accuracy of identification,
low cost, rapid results and no need for highly skilled laboratory personnel (Angeletti
2017; Torres-Sangiao et al. 2021). The entire MALDI-TOF MS protocol takes about
30 minutes, which is significantly shorter than 2-3 days required for traditional
phenotypic testing or 16S rDNA sequencing combined with phylogenetic analysis (He
et al. 2010). In the clinical setting, MALDI-TOF MS has repeatedly been shown to
provide identification results comparable to or even more accurate than other
identification methods (Mellmann et al. 2008; He et al. 2010; Zhu et al. 2011;
Barberis et al. 2014; Rossel et al. 2019). This is understandable as the reference
databases contain the vast majority of clinically important species (Hou et al. 2019).
Therefore, MALDI-TOF MS is currently being widely used to identify human
pathogenic bacteria and fungi and is gradually replacing traditional methods, as it can
accurately identify 90% of relevant bacterial and yeast isolates, including antibiotic-
resistant bacteria and fungi that pose a global public health threat (Wilson et al. 2017;
Elbehiry et al. 2022).

However, the use of MALDI-TOF MS to identify bacteria in other areas of
microbiology, such as environmental microbiology, lags behind and is hampered by
inadequate spectral databases with respect to a variety of culturable environmental
microbes (Santos et al. 2016; Ashfaq et al. 2022). Here, culture-independent
methods have been routinely and widely used for decades for microbial community
analysis (Su et al. 2012), but pure cultures are still needed as environmental
microorganisms are an immense resource for many biotechnological applications and
are essential for in-depth in vivo studies of their biology, including epizootiology in the
case of pathogens (Austin 2017; Bodor et al. 2020). As the rapid identification of new
isolates is very important in this context, MALDI-TOF MS should be considered as a
promising tool for the routine identification of bacteria (Ashfaq et al. 2022). To date,
there are a number of studies using MALDI-TOF MS for the analysis of
environmental isolates from different habitats (e.g. Dieckmann et al. 2005; Uhlik et al.
2011; Dybwad et al. 2012; Koubek et al. 2012; Viver et al. 2015; Emami et al. 2016,
Brauge et al. 2021), including the identification of culturable microbes from acidic
wastewater (Kopcakova et al. 2014), Arctic seawater (Timperio et al. 2017), copper
mines (Avanzi et al. 2017), soil samples from the high altitude Indian Himalayan
region (Pandey et al. 2019) and caves (Mulec et al. 2015; Mudgil et al. 2022).
However, a significant proportion of the collected isolates could not be identified or
were misidentified by MALDI-TOF MS due to limited coverage of environmental
bacteria in the MALDI-TOF MS spectral database (Emami et al. 2016; Timperio et al.
2017; Brauge et al. 2021). Several studies conducted over the past decade have
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compared MALDI-TOF MS identification of environmental isolates from a variety of
environmental niches with 16S rDNA-based analysis (Emami et al. 2012; B6hme et
al. 2013; Fykse et al. 2015; Assis et al. 2017; Avanzi et al. 2017; Timperio et al. 2017;
Strejcek et al. 2018; Kacaniova et al. 2019; Pandey et al. 2019; Pomastowski et al.
2019; Brauge et al. 2021). The reported concordances between the two identification
approaches varied widely and were often low. In addition, the comparative studies
mentioned above have analysed bacteria isolated from a limited number of
environmental niches, mostly from nutrient-rich habitats such as seawater (Emami et
al. 2012; Timperio et al. 2017; Brauge et al. 2021), soil (Strejcek et al. 2018; Pandey
et al. 2019) and host tissues that are important as food sources (B6hme et al. 2013;
Assis et al. 2017; Kacaniova et al. 2019; Brauge et al. 2021). In addition, only one
version of the MALDI-TOF MS spectral database was used per study, making it
impossible to quantify the putative improvements in MALDI-TOF MS identification of
environmental isolates over time. All this suggests that further analyses of MALDI-
TOF MS as a tool for rapid identification of environmental isolates are needed,
especially those covering previously unanalysed habitats.

The aim of this work was therefore to compare the performance of MALDI-TOF MS
with standard DNA-based bacterial identification, i.e. phylogenetic analysis of the 16S
rRNA gene, in a specific, previously unexplored, environmental setting. We focused
on the Dinaric karst underground, a highly specific environment which will likely
harbour unique environmental microorganisms. Dinaric caves are characterized by
stable microclimatic conditions. Regardless of the season, relative humidity is high,
usually between 85 and 100%, while air temperature corresponds to the surface
mean annual air temperature of the area (MatoCec et al. 2002; Suri¢ et al. 2020).
Furthermore, caves are challenging and extreme environments, mainly because they
are highly oligotrophic, lack primary production and depend on limited nutrient input
brought in with percolating water (Kovac 2018). Finally, the Dinaric karst underground
is considered a hotspot of invertebrate biodiversity with one of the most complex and
diverse subterranean faunas in the world, including many endemic and relict species
(Culver and Sket 2000; Sket 2005; Ozimec et al. 2009). While most biospeleological
studies of this hotspot focus on invertebrates (Bilandzija et al. 2013; Deharveng and
Bedos 2018; Bedek et al. 2019; Kozel et al. 2020), studies on the microbial
communities of the Dinaric karst are scarce and mainly describe limestone-
associated biofilms (Mulec 2008; Pasic et al. 2010; Velikonja et al. 2014; Mulec et al.
2015). Animal-associated microbial communities of the Dinaric karst are even less
studied. There is only one recent study describing the bacterial communities on the
skin of Proteus anguinus, an endemic cave salamander (KostanjSek et al. 2019).

In this study, we provide the first insight into the culturable bacteria from the shell
surface of Congeria jalzici, a unigue endemic and critically endangered cave-dwelling
bivalve (Bilandzija et al. 2013). Unlike other cave invertebrates, species of the genus
Congeria form dense colonies (Jovanovi¢ Glavas et al. 2017), that make a very
specific microenvironment in karst cave ecosystems. We used the collected
Congeria-associated bacterial isolates to analyze the applicability of MALDI-TOF MS
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as a rapid and accurate method for identifying bacteria from a highly specific
environment. In particular, we compared the success of MALDI-TOF MS identification
using two versions of the Bruker database with the results of 16S rDNA-based
phylogenetic analysis, a standard approach for bacterial identification.

Materials and methods

Sampling and cultivation

Swab samples of biofilm communities from the surface of C. jalzici shells were taken
in Markov Ponor (Figure 1) in October 2016. Markov Ponor is one of the few caves
with living colonies of C. jalzici due to which it was included in Natura 2000 network
of protected areas. During sampling, the water parameters were: temperature = 18.3
°C, pH = 7.78, conductivity = 351 uS/cm, biological oxygen demand measured after 5
days at 20 °C (BODs) < 1 mg O2/L, ortophosphates < 0.03 mg P/L, nitrites < 0.02 mg
N/L, nitrates < 1.13 mg N/L, total dissolved solids (TDS) = 168 mg/L, hardness = 235
mg CaCOs/L, dissolved oxygen = 5.03 mg/L, oxygen saturation = 55.1%, dissolved
organic carbon (DOC) < 1 mg/L, total organic carbon (TOC) < 1 mg/L.

Slovenia
)

Bosnia o
and
Hercegovina

Figure 1. The location of the sampling site Markov Ponor (red dot) within the map of
the Dinaric karst (in grey). Adapted from BilandZija et al. (2013).

Biofilm samples were collected from surfaces (shells) of mussels living in three
microhabitats within Markov ponor with different amount of water: (i) 10 air-exposed
mussels, found in situ above the water level and abbreviated throughout the
manuscript as (A); (i) 10 submerged mussels (S), and (iii) 10 mussels in hygropetric
area (H), characterized by a thin layer of water flowing over the rock surface. Such
sampling procedure was performed in order to collect greater variety of isolates,
since each microhabitat might be dominated by different bacterial taxa (Zhu et al.,
2019). One swab sample was taken per animal using sterile swab sticks. Swabs
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were put on ice and transported to the laboratory where microorganisms from each
swab were immediately inoculated on Tryptic Soy Agar (TSA, Biolife, Italy), a non-
selective culture medium. Following incubation at 21 °C for seven days, up to 10
morphologically distinct single bacterial colonies per individual swab/mussel were
selected, purified by repeated streaking to obtain individual pure culture isolates, and
then stored in 20% glycerol (GRAM-MOL, Croatia) at -80 °C until further use.

Identification of isolates by sequencing and phylogenetic analysis
of 16S rRNA gene fragments

Genomic DNA was extracted from isolates using a NucleoSpin® Microbial DNA kit
(Macherey Nagel, Germany) following the manufacturer’s instructions. Almost full-
length 16S rDNA sequence (1465 bp, variable regions V1 to V9) of each isolate was
amplified by PCR using universal bacterial primers 27F and 1492R (Lane 1991).
Reaction mixture contained 1 pL of DNA solution, 12.5 pL of EmeraldAmp® PCR 2X
Master Mix (TAKARA), 0.5 pL of 10 uM forward primer 27F, 0.5 pL of 10 uM reverse
primer 1492R and 9 pL of dH20. Thermal cycling was performed in Alpha Cycler 1
(PCRmax, United Kingdom) as follows: 5 min at 95 °C, followed by 28 cycles of 1 min
at94 °C, 1 min at 55 °C and 1.5 min at 72 °C, and 10 min at 72 °C. PCR products
were analyzed by gel electrophoresis to confirm the appropriate PCR product size
and then purified and Sanger sequenced using the same primers by a commercial
service (Macrogen, Inc., Amsterdam, Netherlands). The resulting 16S rDNA
sequences were assembled and analyzed using GeneStudio (GeneStudio, Inc.). 16S
rRNA gene sequences were deposited in GenBank and accession numbers are listed
in Supplementary table S1.

The taxonomic identity of the cave isolates was determined by phylogenetic analyses
of 16S rRNA gene fragments. Firstly, Blastn (megablast algorithm) was used to
compare the sequences of the isolates to NCBI 16S ribosomal RNA sequences
database (Bacteria and Archea) and preliminarly determine the genus of each
isolate. Then, all 16S sequences from the respective genera were downloaded from
https:/Ipsn.dsmz.de/, an expert-curated database for prokaryotic nomenclature
(Parte et al. 2020; Meier-Kolthoff et al. 2022), to serve as a complete set of referent
sequences in the subsequent phylogenetic analyses. Next, multiple sequence
alignments (MSA) of 16S rDNA sequences of the cave isolates and referent
sequences were constructed in MAFFT (Katoh and Standley 2013). MSAs were
constructed separately for phyla Actinomycetota, Bacillota, Bacteroidota and
Pseudomonadota, and edited in SeaView (Gouy et al. 2010) and BioEdit (Hall 2011).
Maximum likelihood phylogenetic trees based on the Kimura 2-parameter model
(Kimura 1980) were constructed using MEGA v.7 software (Kumar et al. 2016). A
discrete Gamma distribution was used to model evolutionary rate differences among
sites (5 categories, +G). The rate variation model allowed for some sites to be
evolutionarily invariable (+l). Positions containing gaps and missing data were
eliminated. Branch lengths correspond to the number of substitutions per site, and
the reliability of the internal branches was assessed by bootstrapping with 1000
replicates. Phylogenetic trees were edited in iTOL web app (Letunic and Bork 2019).
Finally, isolates were identified to species level if they were clustered with only one
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reference sequence. If they were grouped with more than one reference sequence,
they were identified to the genus level, as it was not possible to distinguish between
two or more closely related species.

Identification of isolates by matrix assisted laser desorption
ionisation — time of flight mass spectrometry (MALDI-TOF MS)

Fresh single colonies of each isolate were cultured on TSA plates at 22 °C for one to
three days, depending on the time needed to obtain visible colonies. Next, the
collected biomass was analyzed by MALDI-TOF MS. Sample preparation was
performed according to the Bruker protocol using ethanol/formic acid extraction
(Topi¢ Popovic¢ et al. 2015).

Briefly, fresh colony was suspended in 300 L of deionized water followed by
addition of 900 uL of absolute ethanol (Kemika, Croatia), centrifuged at 13,000 rpm
for 2 min, and the supernatant was discarded. The centrifugation was repeated, and
the residual ethanol was discarded. The pellet was air dried and dissolved in 20 pyL
each of 70% formic acid (Fisher Scientific, Spain) and acetonitrile (Fisher Scientific,
UK). After centrifugation at 13,000 rpm for 2 min, 1 pL of the supernatant was
transferred to a polished steel MSP 96 target (Bruker Daltonik, Germany) and
allowed to air dry at room temperature. Matrix solution of 10 mg/mL a-cyano-4-
hydroxy-cinnamic acid (HCCA, Bruker Daltonics, Germany) in 50% acetonitrile and
2.5% trifluoroacetic acid (Sigma-Aldrich, Germany) was prepared fresh. The sample
spot on the steel target was then overlaid with 1 yL matrix solution and dried again.
Measurements were performed using a Microflex LT mass spectrometer (Bruker
Daltonics, Germany), and spectra were recorded in positive linear mode within a
mass range of 2000 to 20000 Da. External calibration was performed using the
Bacterial Test Standard (Bruker Daltonics, Germany).

Recorded mass spectra were processed using two versions of the MALDI Biotyper
software package and database, and the standard settings: (i) MALDI Biotyper 3.0
software package and Bruker database DB-5989, (ii) MALDI Biotyper Compass
Explorer 4.1 software package and Bruker database version 11 (v11). Each isolate
obtained a logarithm score between 0 and 3. According to the manufacturer's
recommendations, scores = 2.300 are recognized as highly probable species
identification, scores ranging from 2.000 to 2.299 as a secure genus identification
and probable species identification, scores ranging from 1.700 to 1.999 as a probable
genus identification, and scores < 1.700 as not reliable identification. Here, we
assigned a species-level identification to all isolates with a score =2 2.000 and a
genus-level identification to all isolates with a score = 1.700.
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Results

Taxonomic identification of isolates was firstly performed by phylogenetic analyses
where 16S rDNA sequences of the isolates were clustered with referent sequences
collected from an expert-curated LPSN database for prokaryotic nomenclature (Parte
et al. 2020; Meier-Kolthoff et al. 2022) (Supplementary Figures S1 to S4). We
collected 87 isolates, represented with 47 unique 16S rDNA sequences. 16S rDNA
analyses showed that the majority of isolates belonged to the phylum Bacillota (72%),
followed by Pseudomonadota (16%), Actinomycetota (11%) and Bacteroidota (1%)
(Supplementary Tables S1 and S2, Supplementary Figures S1 to S4). The most
abundant genera were gram-positive Bacillus (Supplementary Figure S5i, j, k and 1)
with 39 isolates and gram-negative Pseudomonas (Supplementary Figure S5b) with
13 isolates. Some of the genera, i.e. Bacillus, Paenibacillus, Rhodococcus, were
found in all three analyzed microhabitats (i.e. air exposed, hygropetric, submerged),
but the majority were more or less microhabitat-specific (Supplementary Table S2).

In overall, based on the clustering of 16S rDNA sequences of the cave isolates with a
complete set of referent sequences from the respective genera (Supplementary
Figures S1 to S4), all 87 isolates were identified to the genus level and 17% (15/87)
to the species level (Figure 2, Supplementary Table S1). Further, using the best blast
hit searches we obtained sequences from the database with high, 99 - 100% identity
to our queries. However, we often obtained multiple best blast hits to the same query
(32/87, 37%), making it hard to accurately assign the species using only best blast hit
results (see Supplementary Table S1). In fact, even for the 55 queries that yielded a
single best blast hit, the phylogenetic analysis could not confirm it as the correct
species identification (48/55, 87%).

Next, we performed MALDI-TOF MS identification of the isolates and compared them
with 16S rDNA-based identification Figure 2, Supplementary Table S1). The recorded
MALDI-TOF protein spectra were matched against two different versions of the
Bruker databases (DB-5989 and v11) to determine if the identification accuracy of
MALDI-TOF increased with updates to the database.

MALDI-TOF MS identification results obtained with the database DB-5989 somewhat
underperformed 16S rDNA-based identification: 17% of isolates were identified to
species level by 16S rDNA sequencing, whereas in the case of MALDI-TOF MS
species identification was successful for 14% of isolates (Figure 2). Next, 100% of
isolates were identified to the genus level by 16S rDNA analysis (correct identification
to species + to genus level), compared to 62% for MALDI-TOF MS identification.
Finally, 38% (33/87) of isolates could not be reliably identified to either the genus or
species level by MALDI-TOF MS. This was not the case with 16S rDNA sequencing,
where all isolates were successfully identified at least to the genus level. Although
15% of the isolates could still not be assigned to either a genus or a species using
the updated version of the MALDI-TOF MS database (v11), identification results were
significantly improved (Figure 2). Namely, 40% of the isolates could be identified to
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100%
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60%
40% identification to the species level
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20%
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16S rDNA phylogeny MALDI Database = MALDI Version 11
DB-5989

Identification type

Figure 2. Overview of MALDI-TOF MS identification — Database DB-5989 and
Database V11 of Congeria-associated bacterial isolates in comparison with 16S
rDNA-based identification.

We also examined in detail the identification success of the most common genera in
our collection (Table 1), in particular Pseudomonas and Bacillus. For the
Pseudomonas isolates, phylogenetic analysis of 16S rDNA resulted in 100% genus
identification, but only one isolate (1/13, 8%) could be identified to species (Table 1,
Supplementary Figure S4), Pseudomonas capeferrum isolate H.8. MALDI-TOF MS
genus identification was also 100% accurate, and identification to species level
outperformed the 16S rDNA phylogenetic analysis: 3/13 (23%) for Database DB-
5989 and 7/13 (54%) for Database V11. Further, not a single Bacillus isolate could
be identified to the species by 16S rDNA phylogenetic analysis. In comparison,
MALDI-TOF MS Database DB-5989, successfully identified 5/39 (13%) Bacillus
isolates to species, 23/39 (59%) to genus, and 11/39 (28%) were not identified. With
the new database v11, 15/39 Bacillus isolates (38%) could be identified to species
level and 18/39 (46%) to genus level, while others could not be correctly classified
(6/39, 15%).
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Table 1. Identification of Congeria-associated bacterial isolates from different genera by two methods: 16S rDNA phylogenetic
analyses and MALDI-TOF MS (Database DB-5989 and Database version 11). Only the genera containing five or more isolates in our
collection are presented. Identification success of different methods is color-coded: green — percentage of isolated identified to the
species level; yellow — percentage of isolates identified to the genus level; red — percentage of isolates that could not be reliably
identified. Concordance between methods at species or genus level is also presented.
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Finally, we analyzed the level of corcodance between the results of the two
identification methods (Figure 3, Tables 1 and 2). The results of the 16S rDNA-based
identification compared to the MALDI-TOF MS database DB-5989 were in agreement
for more than half of the cave isolates (59%), i.e., for 4% of the isolates at the
species-level and for 55% of the isolates at the genus-level level. The MALDI-TOF
MS database v11 results matched the 16S rDNA results for 79% of the isolates, i.e.,
6% at the species level and 73% at the genus level. In addition, we compared our
results to a number of other studies that have used both MALDI-TOF MS and 16S
rDNA-based identification in parallel to identify isolates from a variety of
environmental niches ranging from aquatic to terrestrial to aerial environments,
including some extreme environments such as copper mines. Reported genus level
concordance percentages ranged from 57% to 100%, depending on the study, and
were mostly higher than the concordance obtained here (Table 2). Species-level
concordance could not be compared because the different studies used different 16S
rDNA-based identification approaches, ranging from best blast hits to phylogeny-
based analyzes with different sets of reference sequences.

100%
90%
80%
70%
60%

50% concordance at the species level
o

40% concordance at the genus level
30% no concordance

20%

10%

0%
16S rDNA phylogeny vs.  16S rDNA phylogeny vs.

MALDI Database DB-5989 MALDI Database Version
11

Figure 3. Concordance between MALDI-TOF MS identification (Database DB-5989

and Database V11) and 16S rDNA-based identification of Congeria-associated
bacterial isolates.
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Discussion

We present the first insight into the invertebrate-associated bacterial isolates in
Dinaric karst as well as the first report on the culturable bacteria associated with the
shells of endemic and endangered Congeria mussels. We have used this collection
to analyze the applicability of MALDI-TOF MS as an inexpensive and fast tool for
identification of environmental bacteria. To our knowledge, this is the first study that
identified the environmental bacterial isolates using two different updates to the
Bruker libraries. Our results suggest that the continued expansion of MALDI-TOF MS
databases will soon make the method an effective mean of identifying bacterial
isolates from various environments outside the usual medical setting. Rapid and
reliable identification of bacterial isolates from the environment is a prerequisite for
their in-depth analysis, ranging from pathogenicity studies to biotechnological
applications.

The bank of isolates presented here is representative of a very specific environment:
on the one hand, a very stable habitat characterised by the absence of light,
relatively constant temperature and high humidity, and on the other, drastic annual
fluctuations in the water level (Bonacci et al. 2009; Jovanovi¢ Glavas et al. 2017).
Moreover, Congeria colonies, often comprising hundreds of individuals per m?,
represent a specific microhabitat in the Dinaric karst underground, i.e. a peak of
relatively dense biomass (Jovanovi¢ Glavas et al. 2017), that represents a potential
hotspot of bacterial diversity in this extremely oligotrophic environment. All this
confirms the ecological and microbiological uniqueness of the habitat we have
selected for testing the MALDI-TOF MS performance.

All of our isolates were reliably identified to the genus level by 16S rDNA. However,
resolution to the species level was poor, i.e. 83% of isolates could not be
undoubtedly identified to the species level by phylogenetic analysis of nearly
complete 16S rRNA gene fragments since they clustered with more than one
reference sequence from the expert-curated LPSN database (Meier-Kolthoff et al.
2022). In general, the advantages of 16S rDNA analysis that make it a widely used
tool for prokaryote identification are (i) 16S rRNA gene is universally found in all
bacteria and archaea, (ii) it contains highly conserved regions that can be used as
primer targets for amplification and subsequent sequencing, (iii) it contains
hypervariable regions that can be analyzed to distinguish and identify different taxa,
and (iv) the enormous and ever-growing number of 16S rDNA sequences in
databases (GenBank at NCBI, Ribosomal Database Project, RDP, GreenGenes,
SILVA, etc.) is available and can be used as a reference (Federhen 2012; McDonald
et al. 2012; Cole et al. 2014; Yilmaz et al. 2014; Balvociaté et al. 2017). For example,
the “Bacteria and Archaea 16S ribosomal RNA database” at NCBI currently contains
over 20,000 curated entries corresponding to bacterial and archaeal type strains.
However, 16S rDNA-based identification approach has serious disadvantages. It is
time-consuming, especially when sequencing is followed by computationally intensive
phylogenetic analyses. Also, it often does not provide resolution down to species
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level, as visible also from the phylogenetic analyses conducted in the scope of this
study. Closely related prokaryotic species often share high, sometimes even 100%
identity, in 16S rRNA sequence (Vos et al. 2012; Seuylemezian et al. 2018). Further,
it has been shown that sequence databases (such as the widely used NCBI) contain
a (not negligible) portion of misidentified sequences and even genomes (Beaz-
Hidalgo et al. 2015; Jin et al. 2020; Morimoto et al. 2020), that can lead to further
misclassifications. However, due to the omnipresence of 16S rRNA analysis,
attempts are often made to use it for species identification. Firstly, best blast hits
(with sequence identities = 97 or 99%) are often reported and mistakenly considered
as unambiguous species identifications (e.g. Emami et al. 2012; Béhme et al. 2013;
Assis et al. 2017; Avanzi et al. 2017; Pandey et al. 2019). Alternatively, if 16S rDNA
phylogenetic analyses are performed, an incomplete set of referent species is often
used, which can again lead to an inaccurate assignment of species (e.g. Timperio et
al. 2017).

Regarding the identification of isolates in our collection by the MALDI-TOF MS
approach, we tested two different updates of the database and compared their
identification success with 16S rDNA-based analysis. Our results suggest that with
the expansion of the Bruker database, there is a trend toward improved identification
of environmental bacteria by MALDI-TOF MS, although it still lags behind 16S rDNA
analysis in the percentage of isolates for which even the genus cannot be accurately
determined. This is due to the fact that, in comparison to genetic procedures for
identification of bacteria, MALDI-TOF MS relies on much smaller referent databases
that lack the bacterial diversity found in nature (Mulec et al. 2015; Topi¢ Popovi¢ et
al. 2016). The latest Bruker database v11 has 10,833 entries in total and covers
3,893 species of 664 microorganism genera. Nevertheless, MALDI-TOF MS has
been increasingly used in environmental microbiology, due to its attractive properties
such as high speed and low cost (see for instance Mulec et al. 2015; Kittinger et al.
2016; Topi¢ Popovic¢ et al. 2016; Avanzi et al. 2017; Timperio et al. 2017;
Seuylemezian et al. 2018; Strejcek et al. 2018; Pomastowski et al. 2019; Ashfaq et
al. 2022).

When inspecting the identification of environmental isolates to the genus level, 16S
rDNA analysis is highly reliable, while MALDI-TOF MS identification gives variable
results (Table 2 and references therein). Expectedly, the overall MALDI-TOF MS
identification performance for environmental isolates (i.e. between 57% to 100% at a
genus level) is poorer than previously reported for clinically important bacteria where
correct genus identification was mostly above 90% (Mellmann et al. 2008; Bizzini et
al. 2011; Schmitt et al. 2013; Rodriguez-Sanchez et al. 2016; Schulthess et al. 2016;
Alcala et al. 2021). This reflects the underrepresentation of environmental bacteria in
MALDI-TOF MS libraries (Popovi¢ et al. 2017). In addition, we have observed
variable success in identifying genera in different environmental studies. This is most
likely due to a combination of factors, such as different environmental niches
(inhabited by bacteria not consistently represented in MALDI-TOF MS databases),
different versions of the Bruker database used, and different colony preparation
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protocols. Compared with other studies (Table 2), MALDI-TOF MS database DB-
5989 performed the worst in identifying Congeria-associated isolates, i.e., genus-
level concordance with 16S rDNA-based identification was the lowest of all studies
examined, indicating the poor representation of our isolates in the Bruker library. This
also indicates the uniqueness of the studied habitat and its microbiota with a high
representation of rare and specific bacterial species. It has been previously shown
that different niches in karst cave systems contain unique niche-specific bacterial
assemblages (Zhu et al. 2019). However, when the MALDI-TOF MS database was
updated to v11, the identification results improved significantly, and the concordance
level with 16S rDNA-based identification was now comparable with other studies
(Table 2). The observed improvement in the identification capabilities of MALDI-TOF
MS with v11 of the database suggests that this method is gaining importance for
routine identification of environmental bacteria (Ashfaq et al. 2022).

The improvement of the Bruker libraries was further confirmed by the observed
increase in the number of isolates that obtained high identification scores and could
be identified to the species level (probable species identification) (Figure 2). If a
matching bacterial species is present in the database and is well annotated, MALDI-
TOF MS has the potential for more accurate species-level identification than the 16S
rRNA gene, since MALDI-TOF MS approach is based on whole proteome analysis.
The environmental isolates from the genera Pseudomonas and Bacillus, abundant in
our collection and elsewhere (Béhme et al. 2013; Avanzi et al. 2017; Timperio et al.
2017; Strejcek et al. 2018; Pomastowski et al. 2019; Samad et al. 2020; Brauge et al.
2021), were often reported to be difficult for identification to the species level by
MALDI-TOF MS, partly because of their difficult phylogeny (Gomila et al. 2015; Wang
and Ash 2015; Lalucat et al. 2022) and partly because of the limitations of the Bruker
library. In this study, the species-level identification of the isolates from these genera
was improved when the newer version of the database was used, and the identities
obtained were in line with 16S rDNA results despite the fact that none of our isolates
obtained a score > 2.300 (highly probable species identification).

Ultimately, accurate identification using both MALDI-TOF MS and 16S rDNA depends
upon the precise classification of reference taxa. Nonetheless, the taxonomy of many
bacterial genera undergoes constant refinement and correction due to the ongoing
discovery of novel species and the increasing number of whole genome sequences
(see for instance Huang et al. 2019). Consequently, databases, despite undergoing
continuous updates and curation, inevitably harbor inaccuracies and inconsistencies,
particularly within large and complicated genera such as Pseudomonas and Bacillus.
In our study, this caused some discrepancies in identifications by two approaches.
For instance, isolate H.8 was identified as Pseudomonas putida by MALDI-TOF MS
Database V11, and as P. capefferum by 16S rDNA sequencing. Its 16S rRNA
sequence was highly similar to that of P. capeferrum WCS358 isolate that belongs to
the P. putida species group (Berendsen et al. 2015) and was even classified as P.
putida for decades (see for instance Marugg et al., 1985; Lemanceau et al., 1992;
Duijff et al., 1999, Meziane et al. 2005), before being reclassified as P. capeferrum
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based on a whole genome analyses (Berendsen et al. 2015). In addition, three
isolates (S.10, S.12 and S.13) identified as Bacillus sp. by 16S rDNA were classified
by MALDI-TOF MS as members of Niallia sp., a new genus that until recently was
classified as Bacillus (Gupta et al. 2020). In line with this, both MALDI-TOF MS and
16S rDNA-based identification should be used only as a first step in the identification
of environmental isolates, while in-depth phylogenetic analysis is needed for precise
species identification. For example, it has been proposed to use a combination of
housekeeping genes, often based on whole genome sequences, to distinguish
between related bacterial isolates of Pseudomonas, Bacillus and other bacterial
genera (Gomila et al. 2015; Wang and Ash 2015; Lalucat et al. 2020). 16S rRNA
gene, gyrB, rpoB, rpoD and 92 housekeeping genes have recently been used to
investigate the correct taxonomic classification of Pseudomonas species (Saati-
Santamar et al., 2021). For the genus Bacillus, it has been proposed to use gyrA
instead of the 16S rRNA gene sequence, as it provides better phylogenetic resolution
(Liu et al., 2022), or to move from single gene to whole genome-based species
identification (Khurana et al., 2020).

In summary, our results demonstrate the progress of MALDI-TOF MS-based
identification of environmental bacteria using a collection of isolates from a highly
specific environmental compartment: a biofilm from the shell surface of the cave-
dwelling bivalve Congeria jalzici. However, the identification scores obtained were
still < 2.300, suggesting that further enrichment of commercial MALDI-TOF MS
libraries is required before this method can be used as a reliable tool for assessing
the diversity of culturable bacteria from such habitats. The construction of specific in-
house MALDI-TOF databases for particular genera/environments could also be
beneficial (e.g. Pinar-Méndez et al. 2021).
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