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Abstract: Many methods have been developed for studying and comparing bacterial diversity. These methods suffer from a number of
drawbacks. Culture-dependent methods have a drawback that only a small number of bacteria can be cultured. Although many modi-
fications in the traditional cultivation approach have been made, such as the use of gellan instead of agar and high throughput dilu-
tion to extinction culturing, but a large fraction of microbes still remain uncultured. Culture-independent methods were developed to
explore uncultured bacterial diversity but they have their own drawbacks. PCR-based methods have biases during DNA extraction and
the removal of substances that may inhibit polymerase activity during PCR and digestion with restriction enzymes. “Omics” approach, i.e.,
metagenomics, metatranscriptomics, and metaproteomics, aim to link bacterial community structure with function. Different combina-
tions of methods can be used to know more precisely about the bacterial diversity. To date, no known method can reveal the exact bacterial
diversity of different environments. This lacuna needs to be filled and newer methods must be developed that can help in exploring the
immense bacterial diversity created by nature.

1. Introduction. 2. Culture-dependent methods. 2.1. Plate counts. 2.2. Community level physiological profiles (CLPP) and sole carbon
source utilization (SCSU) patterns. 2.3. Other approaches for isolation. 3. Culture-independent methods. 3.1. Fatty acid methyl ester
(FAME) analysis. 3.2. GC content. 3.3. Nucleic acid reassociation and hybridization. 3.4. DNA microarrays. 4. PCR-based methods.
4.1. Denaturing gradient gel electrophoresis (DGGE). 4.2. Amplified ribosomal DNA restriction analysis (ARDRA). 4.3. Single strand
conformation polymorphism (SSCP). 4.4. Terminal restriction fragment length polymorphism (T-RFLP), 4.5. Ribosomal intergenic
spacer analysis (RISA)/ automated ribosomal intergenic spacer analysis (ARISA), 5. Direct e-DNA sequencing: Metagenomics, 6. From
who is there to what are they doing? 7. Summary

Keywords: bacterial diversity, culture-dependent methods, metagenomics, metaproteomics, metatranscriptomics, T-RFLP

1. Introduction

It was in the year 1663, more than three centuries
ago, when Antonie van Leeuwenhoek first observed
bacterial cells using his own microscope. This was the
beginning of a new field of study called “microbio-
logy”. For many years, the study of microbes remained
dependent on the use of microscopes. Microbiolo-
gists, such as Ferdinand Cohn, Louis Pasteur, and
Robert Koch, established microbiology as one of the
important disciplines. Koch, in particular, developed
solidified media using agar and, for the first time, the
microbiological world understood the concept of pure
cultures. Later on, it became mandatory to study bac-
teria in pure cultures. The majority of earlier microbio-
logical work focused on isolating and studying bacteria

in pure cultures. However, it was still not known that
the majority of the bacterial population was beyond
the reach of microbiologists as it was not possible to
culture them using standard laboratory procedures. The
evidence that a majority of the bacterial population is
uncultured came from the discrepancy between the
size of the population estimated through serial dilution
plating and microscopy, commonly referred to as the
“great plate count anomaly” (Staley and Konopka 1985).
Marine ecosystems are a well-studied example of this
phenomenon where only 0.01 to 0.1% of marine bac-
terial cells produce colonies by standard plating tech-
niques (Kogure etal. 1979). The unculturable micro-
organisms have been described as the “microbial dark
matter” (Bernard etal. 2018, Bowman 2018). In the
twentieth century, microbiologists started to realize that
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bacteria are important creatures, providing enzymes,
antibiotics, and other chemical compounds of use.
As it was already documented that only a small frac-
tion of bacteria could be cultivated, it was realized
that an enormous wealth of compounds produced
by these bacteria might be unexplored because there
were no methods to trap the majority of this bacte-
rial population. The inability of traditional microbio-
logical methods to isolate bacteria was not the only
problem. The difficulty faced by microbiologists was
also at the level of bacterial species definition. Bacte-
rial taxonomists agreed to define a genospecies based
on DNA-DNA similarities of more than 70% (Schleifer
and Stackebrandt 1983, Wayne et al. 1987). It is diffi-
cult to estimate the exact number of bacterial species,
as the number is enormous (Dykhuizen 1998). Using
DNA-DNA reassociation studies, Torsvik (Torsvik
etal. 1990a, 1990b) estimated that 1 g of soil contains
4000 different bacterial genomic units.

The methods that have been developed to explore
bacterial diversity are broadly classified into culture-
dependent and culture-independent methods. Culture-
dependent methods are the classical methods that
require bacterial growth or activity, e.g., colony mor-
phology from plate counts and community level physi-
ological profiling (CLPP) using Biolog™ plates. Culture-
independent methods were developed subsequently
because of drawbacks in the traditional cultivation
methods (Table I).

2. Culture-dependent methods
2.1. Plate counts

The diversity of bacterial communities has been
investigated using methods based on isolating and
culturing bacteria. These techniques are selective and
do not reflect the actual diversity of the bacterial com-
munity. Only a small fraction of cells can be cultured
on the media known so far (Overmann et al. 2017, Steen
etal. 2019). However, the paradigm that only 0.1-1%

of bacteria are culturable does not hold true now
(Martiny 2019). It is also not known whether the cul-
turable bacteria are representative of the bacterial
population (Torsvik et al. 1998). One of the limitations
in culturing environmental bacteria is the difficulty in
replicating the environmental conditions in the labo-
ratory that certain bacteria require (Stewart 2012).
Another limitation is that any departure from the
original environmental parameters during cultivation
can alter the community structure due to new selective
conditions (Dunbar etal. 1997). Despite drawbacks,
plate count is still the method of choice for isolating
and studying bacteria from different habitats (Chiang
etal. 2022, Djuuna et al. 2022, Schumacher et al. 2022,
Zhou et al. 2022).

2.2. Community level physiological
profiles (CLPP) and sole carbon source
utilization (SCSU) patterns

These assays are useful for studying physiologi-
cal diversity and are performed using Biolog™ plates
(96-well microtiter plates) that contain different car-
bon sources (Garland and Mills 1991). Differences
in utilization of different carbon sources yield different
profiles that reflect the potential utilization of differ-
ent carbon sources and help in differentiating bacte-
rial communities. Although simple, such techniques
suffer from many drawbacks. They help in assessing
the metabolic diversity of only culturable bacteria
and favor fast-growing bacteria. Theses technique
have been used recently to study: microbial diversity
in soil sown with six cultivars of rapeseed (Jezierska-
Tys etal. 2021), effects of burning season and veg-
etation coverage on Mediterranean mixed-mesogean
pine forest soils (Moya et al. 2021), bacterial commu-
nity variation in Sorghum rhizosphere (Kumar et al.
2021), microbial communities contaminated with
mine solid wastes (Martinez-Toledo etal. 2021), two
fire-affected sclerophyll forests in the Mediterranean
climate zone of Central Chile (Aponte etal. 2022),
impact of eight widely consumed antibiotics on natural

Table I.
Pros and cons of culture-dependent and culture-independent approaches for exploring bacterial diversity.

Pros

Cons

approaches or functional properties of bacteria.

2. Inexpensive.

Culture-dependent 1. Provides knowledge about physiological

1. Only culturable bacteria can be studied.
2. Favours fast growing bacteria.

approaches 2. Many samples can be analyzed
simultaneously.
3. Help in linking bacterial community

structure and function.

Culture-independent | 1. Non-cultivable bacteria can be detected.

1. Differences in DNA extraction efficiency.

2. Bias due to differential amplification of 16S rRNA gene.

3. Interpretation of bands/peaks difficult and time consuming.
4. Problems during sequence assembly and interpretations.

5. Expensive
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soil microbial communities (Pino-Otin et al. 2022), and
changes in the bacterial structure in bottom sediments
in Cardinal Pond, Poland (Woliniska et al. 2022).

2.3. Other approaches for isolation

Many different approaches have been used for isolat-
ing previously uncultured bacteria. One such approach
is the use of gellan as a solidifying reagent. Gellan gum
is a linear polysaccharide produced by Pseudomonas elo-
dia. It consists of glucuronic acid, rhamnose, and glu-
cose and is more stable than agar. Gellan may serve as an
energy source itself, leading to an increase in the colony
count. Many studies have shown that the use of gellan
gum increases the number of visible bacterial colonies
(Delavat et al. 2012, Rygaard et al. 2017, Stott et al. 2008,
Tamaki et al. 2005, 2009). Tamaki et al. (2005) showed
that under aerobic conditions, the use of gellan gum
increases the viable counts by nearly 2.2 to 12.6 times
as compared to agar. Stott et al. (2008) used gellan gum
to study bacterial diversity of three geothermal soils in
the Taupo Volcanic Zone of New Zealand. They could
isolate previously uncultured species, genera, classes,
and even a new phylum of bacteria. Rygaard et al. (2017)
found that the use of gellan gum increased viable counts
by 3- to 40-fold.

A high throughput dilution to extinction cultur-
ing (HTC) method was developed by Connon and
Giovannoni (2002). In this technique, a small inocu-
lum is added to a sterile medium in a 96-well plate,
resulting in a small number of cells. Incubation is done
and the plates are screened using a fluorescent stain,
such as SYBR Greenl. Using HTC, Connon and Gio-
vannoni could isolate various novel microbial isolates.
Four isolates could be assigned to previously uncul-
tured marine Proteobacteria clades and were related
to the clades SAR11 (a-subclass), OM43 (p-subclass),
SARO92 (y-subclass), and OM60/OM241 (y-subclass).

Rappe etal. (2002) used HTC using pristine sea
water as a medium to isolate novel SARI11 strains.
Transmission electron microscopy-based size estima-
tion of one of the isolates suggested that it was one of
the smallest free-living and replicating pure cultures
of bacteria known. Stingl et al. (2007) used a modified
HTC method to isolate 17 new SARI11 strains from
the Oregon coast (12 isolates) and Sargasso Sea (5 iso-
lates). A number of previously uncultured organisms
were also isolated from the Oregon coast, including the
SAR116 group, the OCS14 clade, 2 groups of Verru-
comicrobia, Bacteroidetes and uncultivated sulfur-oxi-
dizing symbionts related to y-proteobacteria. A recently
developed method, called the ichip device, involves the
cultivation of microorganisms by incubating the chips
in situ (Berdi et al. 2017).
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3. Culture-independent methods

Culture-independent methods have been developed
to study the uncultivated bacterial population. These
include biochemical and molecular methods. Molecu-
lar methods generally rely on PCR amplification of the
16S rRNA gene or direct sequencing of environmental
DNA (e-DNA). These methods have rapidly replaced
cultivation-based methods to investigate bacterial com-
munity diversity.

3.1. Fatty acid methyl ester (FAME) analysis

FAME analysis is based on the grouping of fatty
acids for studying bacterial communities. It is based
on the fact that signature fatty acids can differenti-
ate between major taxonomic groups. Fatty acids are
extracted directly from the environment, methylated,
and analyzed through gas chromatography. Compari-
son of different soil types can be done using multivari-
ate statistical analysis. This method has a number of
drawbacks. Fatty acid composition is affected by factors
such as temperature and nutrition. Moreover, fatty acids
cannot be species-specific as the same fatty acid can
be found in other species. This method has been used
recently to study microbial communities in the neph-
eloid layers and hypoxic zones of the canary current
upwelling system (Thiele et al. 2019), gut microbiome
and metabolome in Helicobacter pylori patients (White
etal. 2021), and the effect of residual organochlorine
pesticides on microbial community (Wang et al. 2022).

3.2. GC content

GC content can be used along with culture-inde-
pendent molecular methods for comparing bacterial
community structure (Nusslein and Tiedje 1999). It is
based on the fact that microorganisms differ in their
GC content and taxonomically related groups differ by
only 3-5% or may have the same GC content (Tiedje
etal. 1999). Different taxonomic groups may have the
same or nearly the same GC content. Although not
a reliable method, it can be used to indicate changes in
the bacterial community structure.

3.3 Nucleic acid reassociation and hybridization

DNA reassociation has been used for estimating bac-
terial diversity (Torsvik et al. 1990a, 1990b, 1996). For
reassociation or hybridization, e-DNA is isolated, dena-
tured, and reannealed. Annealing depends on the simi-
larity between the sequences. If sequences are diverged,
the rate of DNA reassociation decreases (Theron and
Cloete 2000). By determining the rate of DNA reas-
sociation, the heterogeneity in a community can be
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estimated. The degree of DNA similarity between
the two communities can be used to draw similarity
between them (Griffiths efal. 1998). Hybridization
using specific probes is also used to study bacterial
communities. Hybridization can be done on nucleic
acids extracted directly from the environment. Dot
blot hybridization is used to measure the relative abun-
dance of certain groups of bacteria. The probes used for
hybridization are generally radiolabeled, but florescent
labeled probes are now more commonly used. Fluores-
cence in situ hybridization (FISH) uses florescent probes
for detection of specific bacterial groups and has been
used successfully to study the distribution of bacteria on
biofilms (Schramm et al. 1996, Thurnheer et al. 2004).

3.4. DNA microarrays

A single DNA microarray contains thousands of
DNA sequences that can be specific target genes (for
functional diversity) or fragments that represent differ-
ent species (Greene and Voordouw 2003). DNA micro-
arrays have been used along with DNA-DNA hybridiza-
tion to identify bacterial species (Cho and Tiedje 2001).
A similar technique, reverse sample genome probing
(RSGP), uses genome arrays to analyze microbial com-
munity structure (Voordouw et al. 1991). In this tech-
nique, labeled e-DNA is hybridized to arrays in which
genomes of known microorganisms are spotted on
a solid matrix. RSGP has been used to identify sulfate-
reducing bacteria in oil fields (Voordouw et al. 1992), to
analyze the effect of toluene and dicyclopentadiene on
community composition (Shen et al. 1998), to analyze
the microbial communities in soil samples that were
incubated with 10% toluene (Hubert et al. 1999), and
to analyze the community composition of the enriched
soil samples contaminated with benzene, dicyclopen-
tadiene, cyclopentadiene, toluene, styrene, xylenes,
and naphthalene (Greene et al. 2000). DNA microar-
rays have been used to study microbial communities of
a Gulf of Mexico coastal salt marsh (Beazley et al. 2012)
and to detect pathogens in intracranial bacterial and
fungal infections (Cao et al. 2018). Ballarini et al. (2013)
used an oligonucleotide microarray called BactoChip
for culture-independent identification of bacteria in
complex communities.

4. PCR-based methods

PCR-based methods involve isolating e-DNA fol-
lowed by amplification of the 16S rRNA gene. The
PCR products are usually cloned to construct librar-
ies (Fig. 1), which are sequenced to identify the native
bacteria in environmental samples (Lal etal. 2015).
PCR-based methods have certain limitations and biases

HIMANI PANDEY, DEVI LAL

that appear at the stage of sampling and storage before
extraction of nucleic acids (Thies 2007). Improper soil
storage can result in a change in bacterial diversity. It
has been proposed that soil samples should be stored at
-20°C for short-term and -80°C for long-term storage
(Thies 2007). Problems are also encountered during the
extraction of nucleic acids (Sipos et al. 2010, Thies 2007),
including the reproducible lysis of all bacterial cells,
extraction of unfragmented nucleic acids, and removal
of substances such as humic acids, bacterial exopoly-
saccharides, and proteins that may inhibit enzyme
activity during PCR and restriction digestion (Cullen
and Hirsch 1998, Gelsomino et al. 1999, van Elsas et al.
1997). The lysis efficiency of bacterial cells varies with
the group. If a gentle method of lysis is used, Gram-
positive cells are not lysed. Harsh methods, such as bead
beating can lead to shearing of DNA (Wintzingerode
etal. 1997). PCR-based methods have a major drawback
in that they can only detect the most abundant species
present in the environmental samples (Rincon-Florez
etal. 2013), mainly due to differential amplification of
the 16S rRNA gene (Al-Awadhi et al. 2013).

4.1. Denaturing gradient gel electrophoresis (DGGE)

DGGE is a convenient technique for analyzing the
diversity of complex natural microbial populations. It
is a molecular fingerprinting method that separates
PCR-generated DNA products. DGGE was first described
by Muyzer etal. in 1993. This technique provides
information about sequence variations in a mixture of
PCR fragments of identical length based on differen-
tial mobility in the acrylamide gel matrix of increas-
ing denaturant concentration. Like other fingerprint-
ing techniques, it also involves the isolation of e-DNA
followed by PCR amplification of the 16SrRNA gene
using primers with a GC clamp (a stretch of GC-rich
sequences). PCR of e-DNA generates products with
varying DNA sequences, but conventional separation by
agarose gel electrophoresis results only in a single DNA
band, which is largely non-descriptive. This limitation
is overcome by DGGE as it separates PCR products
based on sequence differences that result in differential
denaturing characteristics of the DNA. During DGGE,
PCR products encounter increasing concentrations of
denaturant as they migrate through a polyacrylamide
gel. In practice, the denaturants used are a fixed ratio of
formamide (0-40%) and urea (0-7 M). 100% denatur-
ing acrylamide contains 7M urea with 40% formamide
(Myers et al. 1987). Another denaturant used is a con-
stant temperature of 60°C. This technique is commonly
known as TGGE (temperature gradient gel electropho-
resis). However, both the techniques, TGGE and DGGE,
are interchangeable and give comparable fingerprints
of microbial communities (Heuer and Smalla 1997).
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Fig. 1. Systematic representation of 16S rRNA clone library construction and subsequent screening and sequencing clones.

When a PCR product is electrophoresed into a gradient
of increasing denaturing conditions, it partially melts
and undergoes a sharp reduction in mobility on reach-
ing a threshold denaturant concentration. The position
in the gradient where a DNA fragment melts and nearly
stops migrating depends on the nucleotide sequence and
the GC content. Hence, DNA with different sequences
in a PCR product denatures at different denaturant con-
centrations, resulting in a pattern of bands (Fig. 2). The
banding pattern represents the major constituents of the
analyzed bacterial community (Heuer et al. 1997). Each
band theoretically represents a different bacterial popu-
lation present in the community. DGGE patterns can
be compared with the migration of reference clones of
known sequence; the major bands can be excised, ream-
plified, and sequenced to know their identities (Muyzer
etal. 1995, Teske et al. 1996). The patterns of DGGE are
more useful for direct comparison of structural diversity
between different microbial communities.

The importance of DGGE can be understood by
the fact that many recent studies have used this tech-
nique to study bacterial diversity. It has recently been

to study: microbial communities in vertical flow treat-
ment wetlands (Silveira etal. 2021), bacterial com-
munity diversity from lesional and non-lesional skin
of leprosy patients (Bayal etal. 2021), bacterial com-
munity composition in marine sediments from Palk
Bay and Gulf of Mannar (Aravindraja etal. 2022),
airborne bacterial community associated with PM_,
under different air quality indices (Acufa et al. 2022),
and diversity of cyanobacteria that colonize the roots
of leafless orchids (Tsavkelova et al. 2022). DGGE has
recently been used to compare the bacterial diversity
in the oral cavity of people with multiple sclerosis and
healthy subjects (Zangeneh et al. 2021) and microbial
community structure and function in the soil rhizos-
phere between bacterial wilt resistant and susceptible
mulberry genotypes (Dong et al. 2021). DGGE has also
been used recently to study the effect of: fertilizers on
soil nitrogen fixing bacteria community in a rice paddy
field (Tang et al. 2021), colonization of the red imported
fire ant on soil microbial communities (Travanty et al.
2022), and Asparagus racemosus starter-based rice fer-
mented foods on intestinal microbiota (Hor et al. 2022).
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Fig. 2. Denaturing Gradient Gel Electrophoresis. The figure shows 16S rRNA gene amplification from community DNA followed by gel

electrophoresis. Wells A to D contain amplified products from individual bacterial species, well E contains a mixture of amplified products

from A to D, well F contains amplified product from the soil community. The conventional agarose gel electrophoresis results in a single

non-descriptive band but separation on denaturing acrylamide gels results in multiple bands, each representing the dominant member
of the community.

4.2. Amplified ribosomal DNA restriction analysis
(ARDRA)

ARDRA is another molecular technique based on
PCR amplification of the 16SrRNA gene. The most
important step in this technique is the selection of
restriction enzymes (RE). Generally, tetracutter RE are
used. The selection of the number of RE is also impor-
tant. After restriction digestion of the amplified 16S
rRNA gene, the restriction pattern is visualized and
combined by pattern recognition and analysis soft-
ware. Similarities in ARDRA patterns allow the group-
ing, based on numerical analysis. ARDRA fingerprints
also allow the construction of a database for identifica-
tion purposes. Banding patterns in diverse communi-
ties may become complex to analyze as a single spe-
cies can have four to six restriction fragments (Tiedje
et al. 1999). Six base cutters can be used to increase the
resolution of this technique. Heyndrickx et al. (1996)
gave a standardized method for ARDRA using five RE,
Haelll, DpnlI, Rsal, Bfal, and Tru9I. Nicomrat and col-
leagues (2008) used four RE, Haelll, Hhal, Mspl, and

Taql, to explore bacterial diversity from a constructed
wetland system that treats acid coal mine drainage.
ARDRA has been used recently to characterize the
diversity of lactic acid bacteria from major Meekeri pro-
duction areas in Sri Lanka (Adikari et al. 2021), cyano-
bacterial diversity from two geothermal environments of
Northern Costa Rica (Brenes-Guillén et al. 2021), plant
growth-promoting endophytic bacteria from Pisum
sativum and Cicer arietinum (Maheshwari et al. 2022),
halophilic bacteria from a former salt mine (Nosalova
etal. 2022) and endophytic halotolerant bacterial iso-
lates from haloalkaliphytes (Enquahone et al. 2022).

4.3. Single strand conformation polymorphism (SSCP)

SSCP was primarily developed and used for the
detection of known or novel polymorphisms and muta-
tions in human genes (Orita ef al. 1989a, 1989b). In the
absence of denaturing conditions, single-stranded DNA
has a folded structure, determined by intramolecular
interactions and its nucleotide sequence. The electro-
phoretic mobility of DNA in a gel depends on length,
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molecular weight, and shape. Single-stranded DNA
fragments with the same size but different sequences
can be separated into different bands on a polyacryla-
mide gel based on differences in mobility caused by
their folded secondary structure (Hayashi 1991).

It is a simple and effective method for detect-
ing minor sequence changes in PCR-amplified DNA
(Sheffield et al. 1993). Many factors, such as gel matrix,
temperature, fragment size, and sequence, can affect
its sensitivity (Liu and Sommer 1994). This technique
has several advantages. It is less laborious and does not
require radioactive substrates. Reamplification and
sequencing of separate bands provide useful informa-
tion regarding community structure.

SSCP has been used to study bacterial communities
from different environments, such as the rhizosphere
(Bharathkumar et al. 2008, Schmalenberger and Tebbe
2003), anaerobic digester (Zumstein et al. 2000), river
(Ortega-Retuerta et al. 2013), colon mucosa (Ott et al.
2004), rumen (Boguhn etal. 2008), and traditional
Turkish ezine cheese (Sofu and Ekinci 2016).

A variation of SSCP, called capillary electrophoresis-
single strand conformation polymorphism (CE-SSCP)

fingerprinting, has been developed and used by sev-
eral workers (Jernigan and Hestekin 2015, Rossmann
etal. 2012).

4.4. Terminal restriction fragment length
polymorphism (T-RFLP)

T-RFLP is a method for analyzing variations in the
length of terminal restriction fragments (T-RFs) of the
16SrRNA gene generated after restriction digestion
(Dubey etal. 2014, Gupta etal. 2013, Lal etal. 2015).
T-RFLP is based on variations in restriction patterns
of 16SrRNA that generate a characteristic pattern of
T-RFs after restriction digestion and capillary electro-
phoresis (Fig. 3). Methods to obtain T-RF patterns for
the assessment of community structure and dynam-
ics are more or less similar with some modifications
(Blackwood et al. 2003, Dunbar et al. 2001). It involves
extraction of e-DNA, PCR amplification of 16S rRNA
gene using either only 5 end labeled or both 5 and
3’ end labeled universal or near universal primer(s),
purification of PCR product, restriction digestion of
purified amplicon using single or more than one RE,
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and finally separation of T-RFs by capillary electro-
phoresis using automated DNA sequencer equipped
with data collection and analysis software. Digestion
of amplified products is done by one or more than one,
common and readily available RE. It needs a careful
selection of RE to digest the amplified products that can
give better resolution (Castro et al. 2005). Since differ-
ent enzymes produce different community fingerprints,
it is important to use at least two to four different RE to
increase the accuracy.

TRFLP is a favorable technique to analyze bacterial
communities and has been used in many recent inves-
tigations. It has been used to study: the impact of daily
application of Lactobacillus reuteri on the indigenous
skin bacterial community diversity (Frerejacques et al.
2020), variations in ammonia-oxidizing communities
in a subtropical river of China (Ginawi et al. 2020), total
petroleum hydrocarbons-degrading microbial commu-
nity (Chen et al. 2020), changes in bacterial community
structure in response to increasing concentrations of
diclofenac in fed-batch reactors (Kraigher and Mandic-
Mulec 2020), oral microbial flora in patients undergo-
ing hematopoietic stem cell transplantation (Takahashi
etal. 2020), duodenal microbiota of patients with
pancreaticobiliary cancer (Sugimoto etal. 2021), and
microbial community distribution within two boreholes
located in the source area of perchloroethene (Herrero
etal. 2022). T-RFLP has also been used recently to study
the effects of: rifaximin on gut commensal microbiota
in mice (Ferrer et al. 2021), proton pump inhibitors on
the intestinal flora of low-dose aspirin users (Tsujimoto
etal. 2021), Lactiplantibacillus plantarum and Lactica-
seibacillus paracasei on the microbial community in
children with celiac disease autoimmunity (Oscarsson
etal. 2021), and banana leaf and plastic wraps on the
lactic acid bacteria quantity and community composi-
tion of tempeh (Erdiansyah et al. 2022).

4.5. Ribosomal intergenic spacer analysis
(RISA)/automated ribosomal intergenic
spacer analysis (ARISA)

RISA is similar to T-RFLP but involves PCR ampli-
fication of the 16S-23S ribosomal intergenic spacer
region rather than the 16S rRNA followed by separa-
tion on a polyacrylamide gel under denaturing con-
ditions. It exploits the heterogeneity in length, which
varies between 150 and 1500 bp, as well as nucleotide
sequence (Fisher and Triplett 1999). In RISA, the
sequence polymorphism is detected using silver stain,
while in ARISA, the forward primer is fluorescently
labeled and is detected automatically. RISA requires
large quantities of DNA, is time-consuming, and has
low resolution. ARISA is more sensitive and reduces the
time of the assay. RISA has been used to analyze bac-
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terial communities from soil (Borneman and Triplett
1997, Koroleva et al. 2021, Ranjard et al. 2000, Sigler
et al. 2002), agronomic products (Ikeda et al. 2005), oral
cavities (Mukherjee and Leys 2021), biofilms (De Luca
etal. 2021), and outer ear (Burton et al. 2022).

5. Direct e-DNA sequencing: Metagenomics

New sequencing technologies are emerging at
a fast pace, and now it is possible to direct sequence
e-DNA (metagenome), giving rise to a new field called
“metagenomics”. The classical examples of whole
metagenome sequencing are acid mine drainage and
the Sargasso Sea. Acid mine drainage represents one
of the most extreme environments, with drainage
water reaching a pH of 0-1. The microbial community
forms a pink biofilm that floats on the surface of highly
acidic drainage water. The biofilm is dominated by
Leptospirillum species and contains F. acidarmanus at
a relatively low abundance. Tyson and coworkers (2004)
first constructed a 16SrRNA gene clone library and
end sequenced 384 clones. The most abundant clones
belonged to Leptospirillum group II. They found that
94% of the Leptospirillum group II clones were iden-
tical, and 17 minor variants were detected. Groups
related to Leptospirillum group III, Sulfobacillus, and
Ferroplasma, were also detected. They then cloned DNA
from acid mine drainage and sequenced it with very
high coverage. They were able to reconstruct nearly
complete genomes of Leptospirillium group II and Fer-
roplasma type II. Metagenome sequencing of such an
extreme environment not only deciphered the commu-
nity structure but the load sharing in the community.

In another landmark metagenome sequencing pro-
ject, Venter and co-workers (2004) sequenced the
metagenome of a highly complex ecosystem-the Sar-
gasso Sea. In this project, they claimed to have discov-
ered many new genes. Six putative plasmids larger than
100 kbp in length, two plasmids of 70 to 80 kbp, and
two plasmids under 10 kbp were also reconstructed.
An important outcome of this project was the finding
that rhodopsins are also present outside proteobacteria
where they had previously been discovered. In another
classical work, DeLong and co-workers (2006) used
metagenome sequencing-based analysis of stratifica-
tion of planktonic microbial communitiesin the North
Pacific Subtropical Gyre. Samples were collected at dif-
ferent depths and a fosmid library was constructed for
each depth. A vertical zonation of taxonomic groups,
functional genes, and metabolic potential was found
in this study.

Metagenome sequencing projects have also resulted
in the reconstruction of whole genomes of uncultured
organisms. Buchnera aphidicola is one such intracellular
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symbiont of the aphid Baizongia pistacea whose com-
plete genome has been assembled from metagenome
data (van Ham et al. 2003). Insights into the genome of
this symbiont suggest a reduced genome due to symbi-
otic life with 544 putative genes and nine pseudogenes.
In a similar attempt, Woyke and colleagues (2009)
sequenced the genomes of two uncultured marine fla-
vobacteria from the Gulf of Maine. They employed flu-
orescence-activated cell sorting and multiple displace-
ment to isolate genomic DNA from flavobacterium for
sequencing. Shotgun sequencing yielded 1.9 Mbp in
17 contigs and 1.5 Mbp in 21 contigs with estimated
genome recoveries of about 91% and 78%, respectively.

Metagenomics is a recent field and has been used
in many recent investigations to study bacterial com-
munities. It has been used to study the role of microbial
community in bioelectrokinetic remediation of tan-
nery contaminated soil (Prakash etal. 2021), micro-
bial diversity on the US dollars and Chinese Renminbis
(Lin etal. 2021), hexabromocyclododecane degrada-
tion by soil microbial community (Li etal. 2022),
sediment microbial biodiversity associated with fish-
ing exposure (Bruce etal. 2022), antibiotic resistance
genes diversity in Taihu Lake, China (Bai et al. 2022),
antimicrobial resistance and virulence factor genes
in an Arctic permafrost region (Kim et al. 2022), anti-
microbial resistance in patients with lower respiratory
tract infections (Serpa et al. 2022), microbes associated
with traditional Brazilian artisanal cheeses (Kothe et al.
2022), microbial community from a municipal land-
fill site (Gupta et al. 2022), and microbial community
responsible for bioremediation of poly-contaminated
groundwater (Hauptfeld efal. 2022). Metagenomics
has also been used to study the effect of Bt cotton on the
soil bacterial community (Lv et al. 2022) and the dif-
ferent environmental conditions of soda lakes on bac-
terial communities (Pellegrinetti et al. 2022). Metage-
nomics has also been used to reconstruct genomes from
Siberian permafrost. Liang et al. (2021) used metage-
nomics to reconstruct genomes of fossil and living
microorganisms, while Sipes etal. (Sipes etal. 2021)
used metagenomics to assemble eight genomes from
ancient Siberian permafrost.

6. From who is there to what are they doing?

With advances in molecular techniques, there is
a change in ecologists’ perspective. From their ear-
lier approach to study bacterial community structure,
the newer approach is to find out community func-
tion. Metagenome sequencing of acid mine drainage
provides one classical example of linking community
structure with function. Functionality of a bacterial
community can also be characterized by the analy-
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sis of transcripts (metatranscriptomics) or proteins
(metaproteomics) (Rodriguez-Valera 2004).
Metatranscriptomics involves isolating mRNA
from environmental samples and its reverse transcrip-
tion to form cDNA, followed by cloning and sequenc-
ing. Metatranscriptomics has been used for different
habitats, such as aquatic (Poretsky et al. 2005), marine
(Frias-Lopez etal. 2008, Sun etal. 2021), soil (Urich
et al. 2008), human respiratory tract (Ren et al. 2021),
human lungs (Han et al. 2022), human breast cancer
(Hadzega et al. 2021), human feces (Tanaka et al. 2022),
and wood (Nerva et al. 2022). Metatranscriptomics has
been used in many recent investigations to study: the
effect of bioaugmentation on microbial community and
function in a continuous anaerobic process treating
cow manure (Li et al. 2021), the association of human
respiratory microbiota with mortality in COVID-19
(Ren etal. 2021), microbial composition in human
breast cancer primary tumour tissue (Hadzega et al.
2021), iron and carbon metabolism by diverse com-
munities in Southern Ocean (Sun et al. 2021), changes
in the lung microbiota due to SARS-CoV-2 infection
(Han etal. 2022), microbial communities associated
with the wood of 20-year-old grapevine plants (Nerva
et al. 2022), and composition of the fecal microbiota in
patients with irritable bowel syndrome (Tanaka et al.
2022). Many recent investigations have used a com-
bination of metagenomics and metatranscriptomics
to: get insights into the in situ microbial communities
of Challenger Deep, a hadal trench (Zhou et al. 2022),
identify antimicrobial resistance gene reservoirs present
in poultry, ruminant, swine GI tracts and soil (Lawther
etal. 2022); study changes in microbiota in patients
with chronic obstructive pulmonary disease (Yang et al.
2022), and get insight into the functional ecology of the
vaginal microbiota (France et al. 2022).
Metatranscriptomics suffers from a number of
drawbacks, such as difficulty in isolating RNA, short
half-life of RNA, and low correlation between RNA lev-
els and corresponding proteins, as all the RNAs do not
necessarily translate into proteins due to translational
repression. So, directly assessing the protein product
seems to have better prospects. Though proteomics as
a field emerged in the middle of the 1970s (O’ Farrell
1975), the term “metaproteomics” was proposed by
Wilmes and Bond (2004). Metaproteomics involves iso-
lation and purification of the environmental proteome
and its separation by two-dimensional polyacrylamide
gel electrophoresis. Highly expressed protein spots are
excised and identified by MALDI-TOF with peptide
sequencing. Many protocols have been developed to
isolate proteins from the environment. Singleton etal.
(2003) found the snap-freeze protein extraction tech-
nique (using liquid nitrogen) to be the most efficient
in extracting proteins from soil samples as compared
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to the bead beating method. Wilmes and Bond (2004)
devised a method for isolating proteome from a lab-
oratory-scale activated sludge system optimized for
enhanced biological phosphorus removal. Benndorf
and colleagues (2007) used a modified method of lysis
and protein separation from the soil matrix using 0.1 M
NaOH and phenol.

In a classical study, Ram and colleagues (2005)
used metaproteomics to characterize microbial bio-
film from acid mine drainage. They detected 2033
proteins from the five most abundant species in the
biofilm, which included 48% of the predicted proteins
from the dominant biofilm organism, Leptospirillum
group II. This study confirmed the earlier study by
Tyson and coworkers (2004). Metaproteomics has been
used in many recent investigations to study: functional
aspects of anaerobic methanogenic microbiomes that
deconstruct and utilize lignocellulose (Chirania et al.
2022), structure and function of microbial community
with benzene-mineralizing, nitrate-reducing potential
(Eziuzor et al. 2022), the composition of black extrinsic
tooth stain in children (Hirtz et al. 2022), gut micro-
biota in children with autism spectrum disorder (Levi
Mortera etal. 2022), and 30,000 year old fossilized
woolly mammoths (Cucina et al. 2022). Many recent
investigations have used a combination of metagenom-
ics and metaproteomics to study: microbial structure
and function of pre-denitrification biofilter in an urban
wastewater treatment plant in China (Tian and Wang
2021) and the gut microbial community and gut barrier
function in COVID-19 patients (Sun et al. 2022).

A multi-omics approach, including metagenomics,
metatranscriptomics and metaproteomics, has now
been used to get a deeper insight into bacterial com-
munity structure and function. Such a multi-omics
approach has been used recently to discover bioactive
microbial gene products in inflammatory bowel disease
(Zhang et al. 2022) and to identify arsenic-methylating
microorganisms in anoxic soil-derived microbial cul-
tures (Viacava et al. 2022).

7. Summary

Studying microbial diversity has been the key aim
of environmental microbiologists and ecologists. For
this, various methods have been developed, which are
classified as culture-dependent and culture-indepen-
dent methods. The most promising culture indepen-
dent method is whole metagenome sequencing. With
tremendous growth in sequencing technologies and
an increase in data output, it is now possible to get
gigabases of data in a few days. This has increased the
depth of sequence coverage, allowing more access to
uncultivable bacterial diversity. Further improvements
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in sequencing technologies and multi-omics approach
will surely help explore a larger fraction of previously
uncultured diversity .
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STENOTROPHOMONAS MALTOPHILIA
- ZNACZENIE KLINICZNE, LECZENIE ZAKAZEN
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Streszczenie: Stenotrophomonas maltophilia to istotny czynnik etiologiczny zakazen u pacjentéw z zaburzonym funkcjonowaniem uktadu
immunologicznego, poddanych inwazyjnym zabiegom diagnostycznym i terapeutycznym, z chorobg nowotworowsa czy mukowiscydoza.
Stanowi zagrozenie przede wszystkim dla pacjentéw hospitalizowanych. Ze wzgledu na szerokg opornos¢ naturalng, jak i narastajaca opor-
nos¢ nabytg terapia zakazen powodowanych przez ten mikroorganizm stanowi wyzwanie dla wspoélczesnej medycyny. W pracy przedsta-
wiono aktualng wiedze na temat ogdlnej charakterystyki, znaczenia klinicznego i najwazniejszych czynnikoéw chorobotworczosci pateczek
S. maltophilia. Oméwiono mozliwosci terapeutyczne, réwniez te alternatywne, przy zakazeniach wywolanych przez te drobnoustroje.

1. Wprowadzenie - ogélna charakterystyka i znaczenie kliniczne Stenotrophomonas maltophilia. 2. Postacie kliniczne zakazen. 3. Czynniki
predysponujace do zakazen. 4. Najwazniejsze czynniki chorobotwdrczoséci Stenotrophomonas maltophilia. 5. Leczenie zakazen wywola-
nych przez S. maltophilia. 5.1. Nowe opcje terapeutyczne. 6. Podsumowanie

STENOTROPHOMONAS MALTOPHILIA
— CLINICAL SIGNIFICANCE, TREATMENT OF INFECTIONS

Abstract: Stenotrophomonas maltophilia is an important etiological factor of infections in patients with compromised immune systems,
undergoing invasive diagnostic and therapeutic procedures, as well as in those suffering from cancer or cystic fibrosis. It poses a threat
primarily to hospitalized patients. Due to its broad natural resistance and increasing acquired resistance, the therapy of infections caused
by this pathogen is a challenge for modern medicine. The paper presents the current knowledge about the general characteristics, clinical
significance and the most important pathogenicity factors of S. maltophilia. It also discusses therapeutic possibilities, including alternative
ones, in infections caused by these microorganisms.

1. Background - general characteristics and clinical significance of Stenotrophomonas maltophilia. 2. Clinical forms of infections. 3. Factors
predisposing to infections. 4. Most important pathogenicity factors of Stenotrophomonas maltophilia. 5. Treatment of infections caused by
S. maltophilia. 5.1. New therapeutic options. 6. Summary

Stowa kluczowe: infekcje oportunistyczne, MDR, pacjenci z obnizong odpornoscia, S. maltophilia
Keywords: opportunistic infections, MDR, immunocompromised patients, S. maltophilia

1. Wprowadzenie - ogolna charakterystyka i znaczenie
kliniczne Stenotrophomonas maltophilia

Stenotrophomonas maltophilia to Gram-ujemna
pateczka niefermentujaca, wykazujaca zdolno$¢ poru-
szania si¢ (Insuwanno etal. 2020). Po raz pierwszy
zostala wyizolowana w 1943 roku. Poczatkowo klasy-
tikowana jako Bacterium bookeri, poiniej Pseudomo-
nas maltophilia 1 Xanthomonas maltophilia. Dopiero

w 1993 roku Palleroni i Brandbury wykazali réznice
pomiedzy rodzajem Xanthomonas i nalezacym do
niego X. maltophilia i zaproponowali powstanie nowego
rodzaju Stenotrophomonas. Obecnie rodzaj ten obej-
muje kilkanascie gatunkéw, wéréd ktérych najwieksze
znaczenie kliniczne ma S. maltophilia (Brooke 2012,
Bartoszek i Fleischer 2013).

S. malthophilia to krétka, prosta paleczka o matych
wymaganiach odzywczych. Rosnie na standardowych
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podlozach, w warunkach tlenowych, w szerokim zakre-
sie temperatur. Optymalna temperatura wzrostu to
35-37°C, chociaz opisywane s3 réwniez izolaty $ro-
dowiskowe wykazujace lepszy wzrost w nizszych tem-
peraturach, w zakresie 20-30°C. Wigkszos¢ szczepow
jest w stanie przetrwa¢ rowniez w temperaturze 4°C
(Brooke 2012, Mahdi et al. 2014, Szewczyk 2019). Na
agarze z krwig rosng pod postacia blyszczacych, okrag-
tych kolonii o lawendowym zabarwieniu (przy wydtu-
zonej inkubacji wykazuja barwe zottozielong) i sil-
nym zapachu amoniaku (Szewczyk 2019). Na podlozu
MacConkeya nie rozkladajg laktozy i wyrastaja jako
bezbarwne kolonie (Mahdi et al. 2014, Szewczyk 2019).
Toleruja szeroki zakres pH (Mahdi et al. 2014).

Najwazniejsze cechy biochemiczne tych drobno-
ustrojow, umozliwiajace odrdznienie od innych pale-
czek niefermentujacych, to dekarboksylacja lizyny i brak
wytwarzania oksydazy cytochromowej, cho¢ moga
zdarzy¢ sie szczepy oksydazododatnie (Brooke 2012,
Szewczyk 2019).

Sa to mikroorganizmy szeroko rozpowszechnione
w $rodowisku, miejscem ich naturalnego bytowa-
nia w przyrodzie jest przede wszystkim gleba i woda
(Kalidasan et al. 2018, Szewczyk 2019). S. maltophilia
izolowano miedzy innymi od zwierzat, z korzeni roslin,
z rzek i jezior, z oczyszczalni $ciekow, systemow uzdat-
niania i dystrybucji wody, wody z kranu czy z wody
butelkowanej (Brooke 2012). Paleczki te obecne sg
réwniez w srodowisku szpitalnym. S. maltophilia ziden-
tytikowano w probkach pochodzacych z wody do
hemodializy czy z niektorych zanieczyszczonych anty-
septykow, przede wszystkim tych zawierajacych chlor-
heksydyne i cetrimid. S. maltophilia izolowano z baterii
krandw, natryskow szpitalnych, zanieczyszczonych endo-
skopdw, z aparatury medycznej, z elektronicznych czuj-
nikéw temperaturowych respiratora, mydla stosowa-
nego do mycia rak, a nawet kart medycznych pacjentéow
(Brooke 2012, Zajac et al. 2014).

Pateczki te sg rzadko izolowane jako czynniki etio-
logiczne zakazen u 0s6b zdrowych ze sprawnie dziata-
jacym ukladem immunologicznym, uchodzg wigc za
drobnoustroje oportunistyczne, bedace zagrozeniem
przede wszystkim dla oséb z obnizong odpornoscia
i chorych na mukowiscydoze (Kalidasan etal. 2018,
Mojica et al. 2022). Mikroorganizmy te maja ograni-
czony potencjal patogennoséci w odniesieniu do zdro-
wego gospodarza (Kalidasan etal. 2018). Z drugiej
jednak strony pojawiaja si¢ coraz czeéciej opisy przy-
padkow zakazen wywolanych przez te drobnoustroje
u 0s6b ze sprawnym ukfadem immunologicznym (Jiang
etal. 2022, Mojica et al. 2022).

Autorzy pracy na bazie najbardziej aktualnego
pi$miennictwa postarajg si¢ przyblizy¢ czytelnikowi
najwazniejsze aspekty patogennosci tych mikroorga-
nizmow.
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2. Postacie kliniczne zakazen

Stenotrophomonas maltophilia jako patogen oportu-
nistyczny powoduje gtéwnie zakazenia u os6b immuno-
niekompetentnych. Najczesciej sg to zakazenia szpitalne,
ale moga by¢ takze infekcje pozaszpitalne (Bartoszek
i Fleischer 2013, Gajdacs i Urban 2019, Guerci et al.
2019). Paleczki te mogg kolonizowa¢ drogi oddechowe
pacjentow, wystepowaé przez dlugi czas w plwoci-
nie pacjentow, takze tych z mukowiscydoza (Gajdacs
i Urban 2019, Mojica et al. 2022).

Najczestsze postacie kliniczne zakazen to szpitalne
infekcje dolnych drég oddechowych, przede wszystkim
zapalenie pluc i zaostrzenia przewleklej obturacyjnej
choroby pluc, oraz zakazenia krwi, gléwnie odcew-
nikowe (Gajdacs i Urban 2019, Mojica etal. 2022).
Z innych warto wymieni¢ zakazenia skory i tkanek
miekkich, kosci i stawow, drég moczowych, drég z6t-
ciowych czy infekcje dotyczace gatki ocznej, wsierdzia,
watroby i opon mozgowo-rdzeniowych (Bartoszek
i Fleischer 2013, Brooke 2021, Gajdacs i Urban 2019,
Mojica et al. 2022, Said et al. 2022).

W 2017 S.maltophilia stanowit jeden z dziesigciu
najczesciej izolowanych drobnoustrojéw odpowie-
dzialnych za szpitalne zapalenie ptuc (HAP - hospital-
acquired pneumonia) na oddziatach intensywnej tera-
pii w wybranych krajach Europy, co stanowilo okolfo
5% wsrod wszystkich czynnikéw etiologicznych HAP
(ECDC 2019). Analiza retrospektywna przeprowa-
dzona przez Guerci i wsp. (2019) wykazala, ze sposrod
102316 pacjentéw hospitalizowanych na oddziale
intensywnej opieki medycznej réznych os$rodkow
medycznych we Francji w latach 2012-2017 u 282 szpi-
talne zapalenie pluc wywotane bylo przez S. maltophi-
lia (2019). Autorzy wykazali, ze HAP o takiej etiologii
wystepowalo przede wszystkim u pacjentéw z dtugim
pobytem na OIOM, poddanych wentylacji inwazyjnej
(Chen i Zou 2022, Guerci etal. 2019). U pacjentéow
z ciezkim uposledzeniem odpornosci S.maltophilia
moze powodowa¢ krwotoczne zapalenie ptuc (Araoka
i Yoneyama 2012, Imoto et al. 2020). Dotyczy to najczes-
ciej chorych z nowotworami uktadu krwiotworczego,
neutropenia, ktdrzy przeszli chemioterapi¢ przeciw-
nowotworowg lub otrzymali przeszczep komorek macie-
rzystych (Imoto etal. 2020, Zhu etal. 2021). Analiza
przeprowadzona przez Zhu i wsp. wykazala, ze praw-
dopodobienstwo rozwoju krwotocznego zapalenia ptuc
bylo wyzsze u pacjentéw m.in. z podwyzszonym pozio-
mem prokalcytoniny i neutropenia (Zhu et al. 2021).

S. maltophilia coraz cz¢sciej odpowiedzialny jest za
zakazenia u chorych na mukowiscydoze (Bartoszek
i Fleischer 2013), rosnie tez liczba pacjentéw skoloni-
zowanych przez te paleczki. Wedlug danych francu-
skich w roku 1999 i 2018 odnotowano odpowiednio
4,7% 110,3% pacjentow skolonizowanych S. maltophilia
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(Menetrey et al. 2021). Zauwazono wieksza czestotli-
wos¢ hospitalizacji oraz pogorszenie czynnosci pluc
u pacjentéw skolonizowanych (Menetrey et al. 2021).
Badania przeprowadzone przez Granchelli i wsp.
(2018), obejmujace lata 2003-2011 réwniez wskazujg
na wzrost czesto$ci izolacji S. maltophilia. Odsetek
pacjentow z zakazeniem S. maltophilia u chorujacych
na mukowiscydoze w roku 2003 i 2011 wynosil odpo-
wiednio 12% i 14,7% (Granchelli etal. 2018). Dane
szacunkowe wskazuja, ze zakazenia wywolane przez
S. maltophilia moga dotyczy¢ 10-18% pacjentéw z muko-
wiscydoza (Gallagher et al. 2019).

Zakazenia krwi w wiekszo$ci przypadkow sa zwig-
zane z obecnoscig cewnika naczyniowego (Bartoszek
i Fleischer 2013, Said et al. 2022), ale takze moga by¢
powiklaniem zapalenia ptuc, zakazenia uktadu pokar-
mowego czy moczowego, a takze zakazenia ran opa-
rzeniowych (Bartoszek i Fleischer 2013). Analiza prze-
prowadzona przez Kim i wsp. (2019) wykazala, ze
bakteriemia S. maltophilia w 38,9% przypadkéw bylta
zwigzana ze stosowaniem cewnika naczyniowego,
w 30,2% i 27,8% odpowiednio z infekcja wewnatrz-
brzuszng i zakazeniem ukladu oddechowego. Smier-
telno$¢ w przebiegu bakteriemii S. maltophilia wynosita
65,1% (Kim et al. 2019). Osawa i wsp. (2018) przepro-
wadzajac analize retrospektywna czynnikow ryzyka
zgonu wsrod pacjentéw z bakteriemia S. maltophilia
w latach 2010-2017 zauwazyli wzrost $miertelnosci
w latach 2014-2017 w pordéwnaniu do 2010-2013 roku
(Osawa etal. 2018). Bakteriemia wywolana przez
S. maltophilia charakteryzuje si¢ wysoka $miertelnos-
cig. Jest zagrozeniem m.in. dla pacjentéw w ciezkim
stanie, z chorobami wspélistniejacymi czy pacjentow
wczesniej przyjetych na oddzialy intensywnej terapii
(Kanchanasuwan et al. 2022).

Inne zakazenia wywolane przez S.maltophilia to
zakazenia skory i tkanek migkkich, przede wszystkim
zakazenia ran czy zakazenia tkanki facznej (Bartoszek
i Fleischer 2013, Said etal. 2022). Przeglad literatury
dokonany przez Abdulhak i wsp. (2009) wykazal, ze zapa-
lenie tkanki facznej, przerzutowe lub pierwotne, przy
nienaruszonej skorze wystepowalo przede wszystkim
u pacjentéw z obnizong odpornoscia. Infekcje byty powia-
zane znaczaco z obecnoscig nowotworéw hematologicz-
nych, stosowang chemioterapia, a takze z neutropenia
(Bin Abdulhak et al. 2009). W 2014 roku opisano przy-
padek wrzodu skory palcéw u pacjenta immunokompe-
tentnego z zakazeniem S. maltophilia. Pacjent zglosil si¢
do szpitala z martwicg dystalnej czgsci drugiego i trze-
ciego palca prawej reki. Wyniki morfologii krwi, bada-
nia czynnosciowe nerek i watroby oraz przesiewowe
badania immunologiczne byly prawidlowe. Z mate-
rialu pobranego od pacjenta (biopsja gleboka, wymaz
z wysieku) wyizolowano S. maltophilia. Szczep wykazy-
wal wrazliwo$¢ na kotrimoksazol (Trignano et al. 2014).

S. maltophilia moze by¢ takze przyczyna zakazen
ukladu moczowego (ZUM), przede wszystkim u pacjen-
tow cewnikowanych. Zauwazono, ze obecno$¢ pod-
stawowego procesu chorobowego dotyczacego nerek
i drog moczowych, np. kamica nerkowa oraz inne
czynniki ryzyka sprzyjaly rozwojowi ZUM (Bartoszek
i Fleischer 2013, Said et al. 2022, Umar et al. 2022).

Warto zaznaczy¢, ze S.maltophilia moze takze
powodowa¢ zakazenia pozaszpitalne, zaréwno u 0séb
dorostych jak i dzieci. Najczestsze postacie kliniczne
zakazen to zakazenia drog oddechowych, infekcje doty-
czace oka, zakazenia ukladu moczowego, ran i tkanek
miekkich, zapalenie ucha a takze zakazenia kosci i sta-
wow (Mojica etal. 2022). Jjang i wsp. (2022) w 2022
opisali przypadek pozaszpitalnego zakazenia o etiologii
S. maltophilia u dziecka ze sprawnym uktadem immu-
nologicznym (Jiang et al. 2022). Roczna dziewczynka
zostala przyjeta do szpitala z powodu kaszlu i goraczki.
Przes$wietlenie klatki piersiowej wykazalo prawostronne
zapalenie pluc. Z krwi wyhodowano S. maltophilia.
Zastosowane leczenie (poczatkowo meropenem, zamie-
niony na ceftazydym) przyniosto dobry efekt terapeu-
tyczny. U dziewczynki nie wykazano zadnej choroby
podstawowej ani wczesniejszej hospitalizacji (Jiang
et al. 2022). Podobnie Geller i wsp. (2018) w 2018 roku
przedstawili przypadek zapalenia pluc u 61-letniego
mezczyzny bez choréb wspélistniejacych. U mezczyzny
wystepowal uporczywy kaszel z odkrztuszaniem, tomo-
grafia komputerowa klatki piersiowej wykazata zmiany
w lewym plucu. W plwocinie zidentyfikowano S. mal-
tophilia. Zastosowane leczenie (lewofloksacyna) oka-
zalo si¢ skuteczne (Geller et al. 2018). Aydemir i wsp.
(2008) w 2008 roku opisali przypadek 8-letniej dziew-
czynki z septycznym zapaleniem prawego stawu kola-
nowego o etiologii S. maltophilia, po urazie penetruja-
cym. Infekcja réwniez wystapita u zdrowego dziecka
bez czynnikéw ryzyka. Po antybiotykoterapii celowanej
(trimetoprim/sulfametoksazol, amikacyna) zakazenie
zostato wyleczone (Aydemir et al. 2008).

Zakazenia z udzialem S.maltophilia moga mie¢
réwniez charakter mieszany, z trudng do ustalenia rola
S. maltophilia w tego rodzaju zakazeniach. Drobno-
ustrdj ten izolowano m. in. z innymi paleczkami nie-
fermentujacymi (np. Pseudomonas spp., Acinetobaacter
spp.), paleczkami jelitowymi (np. E. coli czy E. cloacae)
czy ziarniakami Gram-dodatnimi (np. Enterococcus
spp.» gronkowce koagulazo-ujemne) (Mojica et al. 2022).

3. Czynniki predysponujace do zakazen

Za czynniki ryzyka zakazen pateczkami S.mal-
tophilia uznaje si¢ inwazyjne zabiegi diagnostyczne
i terapeutyczne, stosowanie elementéw obcych (bio-
materialéw), choroby nowotworowe, mukowiscydoze,
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zaburzong czynnos$¢ ukladu immunologicznego orga-
nizmu pacjenta, zespot nabytego uposledzenia odpor-
nosci (AIDS - Acquired Immune Deficiency Syn-
drome), przewlekla chorobe ukladu oddechowego,
terapie lekami o dzialaniu immunosupresyjnym, dtugo-
trwale stosowanie antybiotykow, przede wszystkim kar-
bapenemow, oraz dlugotrwalg hospitalizacje, gléwnie
na oddziale intensywnej opieki medycznej (OIOM).
Pobyt na takim oddziale, stosowanie antybiotykéw,
wspomagany oddech, obecnos¢ cewnika naczynio-
wego czy moczowego to czynniki zwiekszajgce znacznie
ryzyko $miertelnosci wsréd pacjentéw z zakazeniem
pateczkami S. maltophilia (Brooke 2012, Mojica et al.
2022, Zajac et al. 2022). Smiertelnos¢ jest wysoka, moze
siega¢ od 20% do 70% (Gajdacs i Urban 2020, Zajac
etal. 2022). S. maltophilia to przede wszystkim czyn-
nik etiologiczny zakazen szpitalnych, rzadko zakazen
pozaszpitalnych. Zakazenia moga dotyczy¢ zaréwno
dorostych jak i dzieci (Zajac et al. 2022).

Insuwanno i wsp. (2020) przeprowadzajgc charakte-
rystyke kliniczng pacjentéw z zakazeniami S. maltophilia
wykazali, ze czynnikiem ryzyka wystgpienia zakazenia,
ktory stwierdzono u wiekszosci pacjentéw (91%), bylo
wczesniejsze stosowanie antybiotykow, przede wszyst-
kim karbapenemoéw. Chorym z zakazeniem S. malto-
philia podawano (w okresie ostatnich 2 tygodni) kar-
bapenemy (56%), piperacyling z tazobaktamem (16%)
oraz cefalosporyny (10%). 58% pacjentéw bylo sztucznie
wentylowanych, a 77% mialo zalozony cewnik naczy-
niowy. Niewydolno$¢ wielonarzagdows, chemioterapie,
a takze stosowanie leczenia immunosupresyjnego wyka-
zano odpowiednio u 37%, 13% i 33% pacjentéw. W przy-
padku 88% pacjentéw stwierdzono niskie stezenie albu-
miny w surowicy. Ostabiona czynno$¢ uktadu immuno-
logicznego u tych chorych byta spowodowana chorobg
podstawowa, terapig kortykosteroidami lub chemiotera-
pia. Srednia wieku wynosita 66 lat. Mezczyzni stanowili
47% pacjentéw (Insuwanno et al. 2020).

Analiza przeprowadzona przez Duan i wsp. (2020)
oceniajaca czynniki ryzyka zakazen pateczkami S. mal-
tophilia wykazala, ze najwiecej izolatow paleczek
pochodzito od pacjentéw z oddziatu intensywnej opieki
medycznej, a material, z ktérego najczesciej izolowano
szczepy to plwocina (87%). 79% to pacjenci w wieku
60 lat lub starsi, 67% stanowili mezczyzni. 38% pacjen-
tow, przed izolacja szczepdw, poddawana byla inwa-
zyjnym zabiegom diagnostycznym lub terapeutycznym.
U ponad 92% pacjentéw stwierdzono chorobe podsta-
wowa (m.in. nadci$nienie, choroba wiencowa, nie-
wydolnos¢ nerek, biataczka), u 27% pacjentéw wyka-
zano chorobe nowotworowa (nowotwdr zlosliwy).
U wszystkich wykazano wczesniejsze przyjmowanie
antybiotykow, przy czym najczesciej byly to cefalospo-
ryny (70%) i karbapenemy (57%). Pacjenci w wieku
60 lat i starsi byli bardziej podatni na zakazenie S. mal-
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tophilia co moze mie¢ zwiazek z ich immunosupre-
sjg. Ponadto byto stosunkowo wiecej pacjentéw pici
meskiej. Wedlug Duan i wsp. (2020) uzyskane wyniki
wskazuja na koniecznos$¢ zwrdcenia wiekszej uwagi na
zapobieganie zakazeniom paleczkami S.maltophilia
w niektorych grupach pacjentéw (Duan et al. 2020).

W 2022 roku Wang i wsp. (2022) przeprowadzili
metaanalize dotyczacg czynnikow ryzyka nabytego zapa-
lenia pluc o etiologii S. maltophilia u pacjentéw hospita-
lizowanych na OIOM. Autorzy do analizy wybrali arty-
kuly opublikowane w latach 2002-2022 oceniajac stan
ogélny pacjenta, choroby wspolistniejace, procedury
inwazyjne i stosowane zwigzki przeciwdrobnoustrojowe
(pte¢ i wiek pacjenta, wynik skali APACHE-II (Acute
Physiology and Chronic Evaluation; ocena ciezkosci
choroby oraz prognozowanie ryzyka zgonu), dlugos¢
pobytu na OIOM, skala Glasgow, stosowanie gliko-
kortykosteroidéw, nowotwory ztosliwe, cukrzyca, cho-
roby ukfadu krazenia, niewydolno$¢ nerek, zaburze-
nia odpornosci, intubacja dotchawicza, zatozone cew-
niki, zabiegi, stosowanie karbapeneméw, aminogliko-
zydow i chinolonéw). Analiza wykazala, ze pacjenci
OIOM-u, z obturacyjng chorobg ptuc i nowotworem
ztodliwym byli najbardziej narazeni na rozwdj zapale-
nia pluc o etiologii S. maltophilia. Nie wykazano takiej
zaleznoséci w przypadku innych choréb, np. cukrzycy
czy niewydolnosci nerek. Przyjmowanie glikokortyko-
steroidow nie bylo czynnikiem zwigkszajacym ryzyko
zapalenia ptuc wsrdd tych pacjentdw, w przeciwienstwie
do wentylacji mechanicznej i intubacji dotchawiczej.
Wraz z wydluzeniem czasu wentylacji mechanicznej
ryzyko zapalenia pluc rosto. Autorzy zwracaja rowniez
uwage na dlugotrwale stosowanie antybiotykow o sze-
rokim spektrum dziatania, ktdre jest istotnym czynni-
kiem ryzyka zakazen szpitalnych wywotanych przez
S. maltophilia, w tym réwniez zapalenia pluc. Zalecaja
szczegllng ostroznos¢ u pacjentow hospitalizowanych
na OIOM przyjmujacych jednocze$nie kilka antybioty-
kow (Wang et al. 2022).

Kliniczng charakterystyke pacjentéw, u ktérych
izolowano S. maltophilia z krwi przeprowadzil Kan-
chanasuwan i wsp. (2022). Autorzy ocenili czynniki
ryzyka $miertelnosci wérdd pacjentéw z bakteriemia
S. maltophilia. Wzieto pod uwage wiek pacjentow,
ple¢, mase ciata, choroby wspolistniejace (np. choroba
naczyn mézgowych, sercowo-naczyniowa, przewlekla
choroba nerek, cukrzyca) i stan obnizonej odpornosci
(liczba neutrofiléw <0,5x10°/1 ponad dwa tygodnie
lub stosowane leczenie immunosupresyjne — che-
mioterapia w ciggu 6 tygodni, kortykosteroidy dluzej
niz 2 tygodnie lub leki przeciwreumatyczne). Informa-
cje kliniczne obejmowaly réwniez przypadki zapale-
nia ptuc, wstepna hospitalizacje na OIOM, punktacje
stanu pacjenta w skali APACHE II, historie wczesniej-
szej antybiotykoterapii oraz stosowanie inwazyjnych
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urzadzen medycznych (Kanchanasuwan etal. 2022).
Srednia wieku pacjentéw wynosita 45 lat, 66% stanowili
mezczyzni, a u 90% osob stwierdzono choroby wspot-
istniejgce. Autorzy wskazali na duzg czg¢sto$¢ wyste-
powania otylosci, ktéra dotyczyta 70% pacjentow. 46%
chorych byto w stanie krytycznym ($rednia punktacja
APACHE II 19), u ponad potowy stwierdzono zapal-
nie pluc. U wiekszosci pacjentow (82%) zastosowano
wentylacje mechaniczng, cewnik naczyniowy (62%)
czy moczowy (86%). Zdecydowana wigkszo$¢ pacjen-
tow (96%) przyjmowala przed wystgpieniem zakaze-
nia karbapenemy, cefalosporyny (73%), fluorochino-
lony (62%) i aminoglikozydy (32%). Autorzy pracy
zaznaczajg, ze zakazenie S. maltophilia dotyczy przede
wszystkim pacjentéw z wczesniejszym podawaniem
$rodkéw przeciwdrobnoustrojowych, w szczegdlnosci
karbapenemdw. Stosowanie karbapenemoéw u hospita-
lizowanych pacjentéw moze przyczynia¢ si¢ do selek-
tywnego wzrostu niewrazliwych izolatow S. malto-
philia i wywolywania zakazen przez te drobnoustroje
(Kanchanasuwan et al. 2022).

Zollner i wsp. (2021) przeprowadzili dziesiecioletnia
(2011-2020) obserwacje czestosci izolacji S. maltophilia
od pacjentdéw pediatrycznych z chorobg onkologiczna
lub hematologiczng, w tym u pacjentéw po autolo-
gicznym lub allogenicznym przeszczepieniu komorek
krwiotworczych. W okresie tym S. maltophilia byt czyn-
nikiem etiologicznym zakazen u 10-ciu pacjentéw
(4 pacjentéw z zakazeniem ltozyska naczyniowego;
3 z zakazeniem lozyska naczyniowego i zapaleniem
pluc; 2 pacjentéw z zakazeniem tozyska naczyniowego
i zakazeniem tkanek miekkich; 1 pacjent z zapaleniem
pluc z ropniem wewnatrzptucnym bez izolacji S. mal-
tophilia z krwi). Wykazano wzrost czestosci izolacji
S. maltophlia w okresie 2016-2020 (7 przypadkdow)
w poréwnaniu do lat 2011-2015 (3 przypadki). Pigciu
pacjentéw bylo pici zenskiej, pigciu plci meskiej, $red-
nia wieku wynosita 10,4 lata. Pieciu pacjentéw mialo
ostra bialaczke limfoblastyczna, pigciu bylo po alloge-
nicznym przeszczepieniu komorek krwiotworczych,
u siedmiu stosowano terapi¢ przeciwnowotworowg lub
immunosupresyjng, wszyscy pacjenci mieli zalozony
cewnik dozylny. U 7 pacjentéw stwierdzono powierz-
chowna kolonizacje pateczkami S. maltophilia, ale nie
wykazano zwigzku miedzy kolonizacjg gardta czy drog
oddechowych pacjentéw przez pateczki, a zakazeniem
inwazyjnym. Wszyscy pacjenci mieli podwyzszony
poziom biatka C-reaktywnego, u 7 stwierdzono gra-
nulocytopenie. Sze$ciu pacjentéw wymagato hospitali-
zacji na OIOM, u 4 z nich konieczne bylo zastosowanie
wentylacji mechanicznej. Czterech pacjentéw zmarlo
(Zollner et al. 2021). Prawdopodobnie inwazyjne zaka-
zenie paleczkami S. maltophilia byto zwigzane z ostra
biataczky i/lub przeszczepem komorek krwiotwor-
czych. Zakazenia te korelowaly z zaburzonym funk-
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cjonowaniem ukladu odpornosciowego gospodarza,
zalozonym dozylnie cewnikiem, leczeniem lekami
o szerokim spektrum przeciwbakteryjnym (karbape-
nemy, glikopeptydy, chinolony) i przyjeciem na oddzial
intensywnej opieki medycznej (Zollner et al. 2021).
Gajdacs i Urban (2020) analizujac wykrywanie
S. maltophilia z probek klinicznych pacjentéw wykazali
ponad 2-krotny wzrost czgstosci izolacji tych pateczek
pomiedzy 5-letnimi okresami badania (263 przypadki
w okresie 2008-2012 i 554 w 2013-2017). Materiat
pobierano zaréwno od pacjentéw szpitalnych (m.in.
OIOM; Oddziat Choréb Wewnetrznych; Oddzial
Pediatrii; Oddzial Onkologii; Oddzial Neurologii)
jak i pacjentdw pozaszpitalnych. Do badan pobierano
przede wszystkim krew, material z dré6g oddechowych
i mocz (Gajdacs i Urban 2020). W ciagu calego okresu
obserwacji wyizolowano 817 szczepow S.maltophi-
lia, z najwigksza czestotliwoscig izolacji w 2015 roku
i najnizsza w 2008. Najwiecej szczepéw pochodzito
z probek pobranych z drég oddechowych, najmniej
z moczu. Wigkszo$¢ szczepow pochodzita od pacjen-
tow hospitalizowanych (694), najwigcej szczepow (334)
wyizolowano od pacjentéw hospitalizowanych na
OIOM (Gajdacs i Urban 2020). Autorzy podkreslaja,
ze znaczenie kliniczne S. maltophilia wzrosto z powodu
postepu w zakresie wykorzystywanych w medycynie
inwazyjnych metod diagnostycznych i terapeutycznych,
w przeszczepianiu narzadéw i stosowanego leczenia
chemioterapeutycznego (Gajdacs i Urban 2020).

4. Najwazniejsze czynniki chorobotworczosci
Stenotrophomonas maltophilia

Dla patogennosci tych mikroorganizmdw istotne sa
przede wszystkim zdolnosci adhezyjne, jak i wydzielane
enzymy, umozliwiajace zapoczatkowanie infekcji oraz
jej rozprzestrzenianie (Tabela I). Adhezja S. maltho-
philia, zwigzana gléwnie z obecnoscig adhezyn, rzesek
i fimbrii, umozliwia autoagregacje, ale przede wszyst-
kim kolonizacje¢ tkanek w organizmie gospodarza,
a takze wprowadzonych elementéw obcych. Adhezja
S. malthopilia istotna jest rowniez na wczesnym etapie
tworzenia struktur biofilmu (Zajac et al. 2014, Kalidasan
etal. 2018, Szewczyk 2019, Mojica et al. 2022). Adhe-
zyny niefimbrialne, zakotwiczone bezposrednio w blo-
nie zewnetrznej odpowiadajg przede wszystkim za
»bliski kontakt” komérki mikroorganizmu z powierzch-
nia abiotyczng czy z komorka gospodarza. Rzeski,
wysoce immunogenne struktury, nadajgce ceche ruchu,
réwniez odgrywaja role w przyleganiu bakterii do bton
$luzowych gospodarza jak i powierzchni abiotycznych.
Fimbrie typu 1 (SMF-1) biorg udziat w hemaglutyna-
cji, adhezji do komorek i w tworzeniu struktur bio-
filmu. Izolaty S. maltophilia pochodzace od pacjentow
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Tabela I.
Rola wybranych czynnikéw chorobotworczosci S. maltophilia (Bartoszek i Fleischer 2013, Zajac 2014, Kalidasan et al. 2018,
Szewczyk 2019, Trifonova i Strateva 2019 Moijca et al. 2022, Fluit et al. 2022).

Czynnik

Rola w patogennosci

Zwiazane z komorka
adhezyny niefimbrialne; rzeski; fimbrie; LPS; ruch; hydrofobowo$¢

adhezja, autoagregacja, kolonizacja tkanek i elementéw obcych,
sprzyjaja tworzeniu struktur biofilmu

Zewnatrzkomorkowe

proteazy (StmPrl, StmPr2, StmPr3, StmPr4, elastaza, zelatynaza,
fibrynolizyna); nukleazy (deoksyrybonukleazy, rybonukleazy);
hialuronidaza; esterazy, lipazy, fosfolipazy;

heparynaza; hemolizyny; cytotoksyny; siderofory

rozprzestrzenianie zakazenia

synteza -laktamaz; synteza enzymow modyfikujacych;
aktywne usuwanie leku z komoérki

Biofilm ochrona przed zwigzkami przeciwdrobnoustrojowymi
i mechanizmami odporno$ciowymi

Komunikacja regulacja patogennosci, wplyw na wydzielanie
i aktywnos¢ czynnikéw chorobotworczosci

Opornos$¢

trudnosci w terapii zakazen

z mukowiscydoza wykazywaly obecnos¢ genu smf-1,
kodujacego wytwarzanie SMF-1, co moze wskazywac
na udzial fimbrii S.maltophilia w kolonizacji drég
oddechowych u tych chorych. Szczepy $rodowiskowe
nie wykazywaly takiej cechy (Trifonova i Strateva 2019).
Z wydzielanych enzymdéw zewngtrzkomoérkowych
nalezy wymieni¢: proteazy, lipazy, deoksyrybonukleaze,
rybonukleaze, fibrynolizyne, lecytynaze i esteraze. Dzia-
tajg one cytotoksycznie na komorki ustroju gospodarza
i jak juz zaznaczono wcze$niej, umozliwiajg rozprze-
strzenianie zakazenia zwigkszajac inwazyjnos¢ pateczek
S. maltophilia (Kalidasan et al. 2018, Trifonova i Strateva
2019, Mojica et al. 2022). Proteazy przyczyniaja sie do
niszczenia tkanki facznej, przede wszystkim dziatajac na
fibronektyne i kolagen, moga takze rozklada¢ niektdre
bialka osocza oraz dezaktywowa¢ skfadniki uktadu od-
pornosciowego w organizmie czlowieka. Gléwna pro-
teaza zewngtrzkomodrkowa u S. maltophilia, alkaliczna
proteaza serynowa StmPrl, kodowana jest przez gen
StmPr1 (Trifonova i Strateva 2019). W tworzenie bio-
filmu jak i w oporno$¢ na antybiotyki zaangazowany
jest lipopolisacharyd tych mikroorganizméw (Kalidasan
etal. 2018, Mojica et al. 2022). LPS sktadajacy sie z lipi-
du A, oligosacharydu i polisacharydowego tancucha
O-swoistego uczestniczy w kolonizacji, ale takze w opor-
nosci na bakteriobojcze dzialanie uktadu dopelniacza.
Istotng role odgrywa tutaj gen spgM. Gen ten, kodujac
wytwarzanie enzymu o aktywnosci fosfoglukomutazy
i fosfomannomutazy, wplywa na integralnos¢ struktury
LPS-u i tym samym na zjadliwo$¢ pateczek S. malto-
philia. Zmutowane szczepy z nieaktywnym genem spgM
nie sg w stanie kolonizowa¢ ptuc szczura i s bardziej
wrazliwe na dzialanie ukladu dopelniacza (Trifonova
i Strateva 2019). Czasteczki sygnatowe (DSF - diffusible
signal factor) umozliwiajg porozumiewanie sie paleczek

S. maltophilia, reguluja zdolno$¢ ruchu, wydzielanie
enzymow zewnatrzkomorkowych, synteze LPS-u, two-
rzenie mikrokolonii jak i tolerancje na antybiotyki i jony
metali ciezkich (Zajac et al. 2014, Kalidasan et al. 2018,
Mojica et al. 2022, Trifonova i Strateva 2019).
Tworzenie biofilmu jest waznym czynnikiem pato-
gennosci S. maltophilia. Wykazano zdolno$¢ tworzenia
biofilmu przez S.maltophilia zarbwno na powierzch-
niach biotycznych jak i abiotycznych (np. teflon, szklo,
polistyren), w monokulturze jak i z innymi gatunkami
bakterii (Bartoszek i Fleischer 2013, Trifonova i Strateva
2019). Biofilm w istotny sposdb wplywa na zmniejszenie
wrazliwosci tych drobnoustrojéw na zwigzki o dziataniu
przeciwdrobnoustrojowym i utrudnia ograniczone, ze
wzgledu na narastajacg oporno$¢, mozliwosci terapeu-
tyczne tego rodzaju zakazen (Zajac et al. 2014). Dodat-
kowo biofilm chroni komorki S.maltophilia przed
mechanizmami obronnymi ustroju gospodarza. Pro-
ces tworzenia biofilmu przez S. maltophilia jest oparty
w gléwnej mierze na zjawisku quorum sensing czyli
komunikacji migdzy mikroorganizmami. U S. malto-
philia komunikacja ta zwigzana jest przede wszystkim
z syntezg czasteczek DSE do ktoérych zaliczamy kwas
cis-11-metylo-2-dodekenowy i jego pochodne (nasy-
cone i nienasycone). System DSF jest regulowany przez
zespOt genow rpf (regulation of pathogenicity factors),
z najistotniejszym z nich genem rpfF. Gen ten koduje
syntaze DSF (Zajac et al. 2014). Jak wspomniano wcze-
$niej system DSF reguluje w pewien sposob patogennosé
S. maltophilia wptywajac na syntez¢ enzymoéw, LPS-u
i zdolno$¢ do tworzenia struktur biofilmu. Poréwnujac
patogennos¢ szczepu dzikiego S. maltophilia i szczepu
z mutacjg w genie rpfF wykazano zmniejszong zjadliwos¢
szczepu z mutacjy. Miedzy innymi wykazywat on zwiek-
szong wrazliwo$¢ na antybiotyKki i jony metali ciezkich,
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zmniejszong ruchliwos¢, zmniejszona zdolnos¢ do two-
rzeni mikrokolonii i tworzenia struktur biofilmu, a takze
znacznie nizszg zdolno$¢ do wytwarzania i wydzielania
proteaz (Zajac et al. 2014, Trifonova i Strateva 2019).

Warto podkresli¢, ze istotne w procesie tworzenia bio-
tilmu sa wlasciwosci morfologiczne S. maltophilia, takie
jak obecno$¢ fimbrii i rzesek, a takze zdolnos¢ ruchu
i wlasciwosci hydrofobowe powierzchni komérki (Zajac
et al. 2014, Kalidasan et al. 2018, Mojica et al. 2022).

Bostanghadiri i wsp. (2019) przeprowadzajac feno-
typowa i genotypowg charakterystyke pateczek S. mal-
tophilia izolowanych w latach 2016-2017 wykazali, ze
ze 164 szczepow tylko 7 nie tworzylo biofilmu, pozo-
stale szczepy (157) tworzyly biofilm w stopniu stabym,
$rednim lub silnym. Najwiecej szczepéw (67) tworzylo
biofilm w stopniu $rednim. U wiekszosci izolatow
wykryto geny zwigzane z tworzeniem biofilmu (rpfF,
rml i spgM). Wszystkie szczepu posiadaty gen spgM
(Bostanghadiri et al. 2019).

Stenotrophomonas maltophilia jest naturalnie oporny
na wiele antybiotykéw. Naleza do nich m.in. ceftazy-
dym (czgsto wrazliwos¢ tylko in vitro) oraz karbape-
nemy, ktore powoduja selekcje tego drobnoustroju
w $rodowisku szpitalnym. Opornos¢ S. maltophilia
na antybiotyki -laktamowe jest spowodowana przez
synteze B-laktamaz: L1 — metalo-p-laktamazy oraz L2
- B-laktamazy serynowej. Sa one indukowane przez
antybiotyki p-laktamowe i moga rozklada¢ wszystkie
B-laktamy. L1 hydrolizuje penicyliny, cefalosporyny
i karbapenemy, nie rozklada aztreonamu. L2 hydro-
lizuje wszystkie P-laktamy, lacznie z aztreonamem
(Avison et al. 2001, Dzierzanowska 2018, Mojica et al.
2022, IDSA 2022). Pozostale mechanizmy oporno-
$ci polegaja na usuwaniu leku z komoérki, co dotyczy
tetracyklin oraz fluorochinolonéw (Gordon i Wareham
2010). W przypadku aminoglikozydéw opornos¢ zwig-
zana jest z synteza enzymow modyfikujacych (Okazaki
i Avison 2007, Dzierzanowska 2018, IDSA 2022).

5. Leczenie zakazen wywolywanych
przez S. maltophilia

W Europie EUCAST (The European Committee
on Antimicrobial Susceptibility Testing) do oznacza-
nia lekowrazliwosci S. maltophilia zaproponowal war-
tosci graniczne wyltacznie dla trimetoprimu/sulfame-
toksazolu (TMP-SMX). Jest on jedynym lekiem, dla
ktorego udowodniono korelacje pomiedzy skutecznoscia
kliniczng i warto$ciami granicznymi. Brakuje donie-
sien, ktore pozwolityby wyznaczy¢ wartosci graniczne
innych antybiotykéw dla S. maltophilia (Stanowisko
Zespolu Roboczego ds. oznaczenia lekowrazliwosci
zgodnie z zaleceniami EUCAST 2021, EUCAST 2022).
Opornoé¢ na trimetoprim-sulfametoksazol rzadko
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wystepuje u S. maltophilia i powinna zosta¢ potwier-
dzona oznaczeniem warto$ci MIC (minimalne stezenie
hamujace) (EUCAST 2022).

W tabelach wartosci granicznych zaproponowa-
nych przez EUCAST dla S. maltophilia zawarto réw-
niez informacj¢ odnosnie oznaczenia wrazliwosci tego
drobnoustroju na cefiderokol. Jest to sideroforowa
cefalosporyna aktywna wobec tlenowych bakterii
Gram-ujemnych, zatwierdzona do leczenia zakazen
u 0sob dorostych wywolanych przez bakterie Gram-
-ujemne, w przypadku ktérych opcje terapeutyczne
s3 ograniczone. EUCAST okreslil wartosci graniczne
cefiderokolu dla pateczek Enerobacterales oraz Pseudo-
monas aeruginosa, zardbwno dla metody dyfuzyjno-
-krazkowej, jak i ilosciowej. Nie wyznaczono wartosci
granicznych dla S. maltophilia, mimo ze cefiderokol
wykazuje wyrazng aktywno$¢, wobec tego drobno-
ustroju (EUCAST 2020, EUCAST 2022).

Polski Zespét Roboczy ds. oznaczania lekowrazli-
wosci, zgodnie z wytycznymi EUCAST, zaleca ozna-
czanie wrazliwosci S. maltophilia dodatkowo na: cefta-
zydym, lewofloksacyne, minocykling i chloramfenikol.
Interpretacj¢ oznaczania wrazliwosci na te dodatkowe
srodki przeciwdrobnoustrojowe nalezy wykona¢ zgod-
nie z rekomendacjami EUCAST z zastosowaniem war-
tosci granicznych MIC niezwigzanych z okreslonym
gatunkiem drobnoustrojow (preferowane) lub zgodnie
z aktualnymi warto$ciami granicznymi CLSI (Clinical
and Laboratory Standards Institute, USA) dla metody
dyfuzyjno-krazkowej i oznaczania MIC (Stanowisko
Zespolu Roboczego ds. oznaczania lekowrazliwosci
zgodnie z zaleceniami EUCAST 2021).

W Stanach Zjednoczonych CLSI ustalito kryteria
interpretacji MIC dla 7 lekéw przeciwdrobnoustrojo-
wych: trimetoprim-sulfametoksazol, tikarcylina — kwas
klawulanowy, ceftazydym, cefiderokol, lewofloksacyna,
minocyklina i chloramfenikol. Z powodu braku produk-
qji tikarcyliny z kwasem klawulanowym i ograniczonego
stosowania chloramfenikolu z uwagi na toksycznos¢,
pod uwage bierze si¢ 5 pozostatych lekéw (CLSI 2021,
IDSA 2022). Niestety ograniczona powtarzalno$¢ ozna-
czen wartosci MIC dla ceftazydymu i lewofloksacyny
oraz niewystarczajace dane farmakokinetyczno-farma-
kodynamiczne stosowane do okreslania wartosci gra-
nicznych dla wigkszo$ci wymienionych lekéw i korela-
¢ji pomiedzy MIC a wynikami klinicznymi powoduje,
ze kryteria interpretacji moga by¢ niedokltadne (IDSA
2022, Khan et al. 2021).

CLSI nie ustalito kryteriow wrazliwosci dla poli-
myksyn (CLSI 2021). Przy wyznaczaniu wartosci MIC
kolistyny dla S.maltophilia dochodzi do niepelnego
zahamowania wzrostu w studzienkach ptytek mikrotitracyj-
nych, co sugeruje heteroopornos¢. Istniejg takze trud-
nosci w uzyskaniu zadowalajacej doktadnosci i odtwa-
rzalno$ci uzyskanych warto$ci MIC dla polimyksyn
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(Martinez-Servat et al. 2018). Zgodnie z najnowszymi
wytycznymi IDSA (Infectious Diseases Society of Ame-
rica, USA) zaktualizowanymi w marcu 2022 roku koli-
styna nie jest zalecana do leczenia zakazert wywolanych
przez S. maltophilia (IDSA 2022).

Lekiem z wyboru w zakazeniach wywolywanych
przez Stenotrophomonas maltophilia jest kotrimoksazol
(trimetoprim/sulfametoksazol) (Dzierzanowska 2018,
IDSA 2022, Mojica et al. 2022). Kotrimoksazol poda-
wany jest w wysokich dawkach (miedzy innymi z uwagi
na bakteriostatyczne dzialanie tego leku), stanowi to
jednak ograniczenie u pacjentéw onkohematologicz-
nych. Obserwuje si¢ niestety coraz wigksza liczbe
szczepdw opornych na ten lek, obecnie jest to okoto
10 do 20% szczepéw (Chang et al. 2015, Dzierzanowska
2018). Innymi lekami aktywnymi wobec S. maltophilia
sa nowe fluorochinolony, takie jak moksifloksacyna czy
lewofloksacyna. Jednak majg one mniejsza aktywnos¢
w poréwnaniu z kotrimoksazolem (Grillon et al. 2016,
Khan etal. 2021, Wang et al. 2014). Aktywne s3 takze
tetracykliny (minocyklina) czy tygecyklina (Farrell
et al. 2010, Jacobson et al. 2016, Khan et al. 2021).

Wedlug najnowszych wytycznych IDSA do tagod-
nych infekcji wywolywanych przez S. maltophilia nalezy
zastosowac jeden ze wskazanych lekéw przeciwdrob-
noustrojowych: trimetoprim/sulfametoksazol, mino-
cykline, tygecykline, lewofloksacyne lub cefiderokol.
Eksperci IDSA sugerujg uzycie trimetoprimu/sulfame-
toksazolu lub minocykliny, jako najbardziej preferowa-
nych lekéw (IDSA 2022).

Z uwagi na naturalnie wytwarzane P-laktamazy
przez S.maltophilia ceftazydym nie jest zalecany do
leczenia zakazenn powodowanych przez ten drobno-
ustroj (Mojica et al. 2019, IDSA 2022).

Do leczenia zakazen o umiarkowanym lub ciezkim
przebiegu IDSA zaleca jedna z trzech opcji:

1) uzycie terapii skojarzonej trimetoprimu/sulfameto-
ksazolu z minocykling (preferowane polgczenie)

2) rozpoczecie terapii od wigczenia TMP-SMX, a na-
stepnie przy braku efektow klinicznych dolaczenie
drugiego leku: minocykliny (preferowana) lub tyge-
cykliny, lewofloksacyny czy cefiderokolu

3) zastosowanie skojarzone;j terapii — ceftazydym-awi-
baktam z aztreonamem - przy nietolerancji lub
braku aktywnosci innych lekéw (IDSA 2022).
Wisréd pochodnych tetracyklin preferowana jest

minocyklina w stosunku do tygecykliny. Spowodowane

to jest nieco korzystniejszymi danymi dotyczacymi dzia-
tania tego antybiotyku in vitro, dostepnoscia wartosci
granicznych CLSI, mozliwoscia podania doustnego
oraz prawdopodobnie lepszg tolerancja tego leku przez
pacjenta. Pomimo tego tygecyklina jest rowniez jedna

z opcji terapeutycznych (Jacobson et al. 2016, IDSA 2022).
W przypadku fluorochinolonéw lekiem o uznanej

aktywnosci wobec S. maltophilia jest lewofloksacyna,

JOANNA NOWICKA, ADRIANA JANCZURA, MARTYNA LELONKIEWICZ

ktéra moze by¢ stosowana w monoterapii fagodnych
zakazen. Jednakze z powodu narastajacej w trakcie tera-
pii opornosci na fluorochinolony IDSA zaleca ostroz-
nos¢ w podawaniu lewofloksacyny. Zalecenia wskazuja
na podawanie tego leku tylko jezeli jest taka koniecz-
nos$¢ i w terapii skojarzonej, np. z trimetoprimem/sul-
fametoksazolem, do leczenia ciezkich zakazen (Gibb
i Wong 2021, IDSA 2022).

Sugerowana jest rowniez mozliwo$¢ zastosowania
skojarzonego leczenia preparatem ceftazydymu z awi-
baktamem i aztreonamu w przypadku umiarkowanego
lub cigzkiego zakazenia, gdy leczenie trimetoprimem/
sulfametoksazolem i minocykling nie jest mozliwg
opcja terapeutyczng (Cowart i Ferguson 2021, Gibb
i Wong 2021, IDSA 2022).

5.1. Nowe opcje terapeutyczne

Leczenie ciezkich zakazen wywolywanych przez
wielolekooporne pateczki Stenotrophomonas maltophi-
lia stanowi ogromne wyzwanie dla klinicystéw, dlatego
poszukuje si¢ nowych sposobdw leczenia tych zakazen
(Gibb i Wong 2021).

Wsrdd nowych antybiotykéw B-laktamowych wpro-
wadzonych do lecznictwa w ciggu ostatnich kliku lat
jedynie preparat ceftazydymu z awibaktamem ma
zdolnos¢ hamowania B-laktamaz wytwarzanych przez
S. maltophilia, co daje mozliwo$¢ zastosowania w lecze-
niu umiarkowanych lub cigzkich zakazen (Moriceau
etal. 2020). Zgodnie z wytycznymi IDSA powinien
zosta¢ podany w polaczeniu z aztreonamem (IDSA
2022). Pozostale preparaty, takie jak meropenem-wabor-
baktam czy imipenem-relebaktam nie wykazuja aktyw-
nosci wobec S. maltophilia (Zhanel et al. 2018). W bada-
niu Forrester et al. wykazano, ze ponad 80% szczepow
S. maltophilia byla wrazliwa na ceftolozan/tazobaktam
(Forrester et al. 2018). Wsrod antybiotykéw o nowym
mechanizmie dzialania obiecujacy role w zakazeniach
wywolywanych przez S. maltophilia wykazuje cefide-
rokol. Jest to cefalosporyna podobna np. do cefepimu,
ale wykorzystujaca siderofor, czyli nosnik zelaza, zeby
dosta¢ sie do wnetrza bakterii. Jest to preparat stabilny
wobec B-laktamaz serynowych i metalo-f-laktamaz
wytwarzanych przez pateczki MDR (MDR - multidrug-
-resistant) (Simner i Patel 2020).

Ogromne nadzieje wiaze sie rowniez z preparatem
aztreonam-awibaktam, z uwagi na potencjalng zdol-
nos¢ blokowania chromosomalnych -laktamaz L1 L2.
Awibaktam ma za zadanie zahamowa¢ P-laktamaze
serynowg L2, aby umozliwi¢ aztreonamowi ominiecie
metalo-B-laktamazy L1 i osiagniecie efektu bakterio-
bdjczego. Obecnie preparat ten nie jest powszechnie
dostepny, wigc w terapii ratunkowej stosuje si¢ polacze-
nie ceftazydym-awibaktam i dodaje aztreonam (Gibb
i Wong 2021).
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Plazomycyna, nowy antybiotyk aminoglikozydowy,
wykazuje znikomg aktywnos$¢ wobec S. maltophilia
(Walkty et al. 2014).

Wirdd tetracyklin prowadzi si¢ badania nad aktyw-
noscig erawacykliny wobec pateczek S.maltophilia.
Antybiotyk ten jest coraz czgsciej podawany w zakaze-
niach wielolekoopornymi paleczkami Gram-ujemnymi.
Wykazano, ze ma on 2-4 razy nizsze warto$ci MIC90
w poréwnaniu do tygecykliny. Warto$ci MIC erawa-
cykliny sa zblizone do warto$ci MIC minocykliny dla
S. maltophilia (Morrissey et al. 2020).

Badania nad nowoczesnymi terapiami do lecze-
nia zakazen o etiologii S. maltophilia obejmuja row-
niez ocene¢ aktywnosci peptyddéw czy fagéw, wobec
tego drobnoustroju. Peptydy przeciwdrobnoustro-
jowe (AMP - Anitimicrobial peptides) sg zwiazkami
wytwarzanymi naturalnie przez wiele organizmdw, jako
element ukladu odpornosciowego. Moga by¢ réwniez
produkowane syntetycznie. W poréwnaniu do trady-
cyjnych antybiotykow dzialaja poprzez inne mecha-
izmy na drobnoustroje, co pozwala stosowac je wobec
szczepow wielolekoopornych (Gibb i Wong 2021, Huan
etal. 2020). Wykazano aktywnos¢ zaréwno naturalnych,
jak i syntetycznych peptydéw wobec szczepow S. mal-
tophilia (Huertas Méndez etal. 2017, Pompilio et al.
2012). Obiecujgce wyniki dajg rowniez badania nad
aktywnoscia fagéw infekujacych pateczki S. maltophilia
(Gibb i Wong 2021).

6. Podsumowanie

Czgstotliwos¢ zakazen powodowanych przez S. mal-
tophilia ro$nie, zardwno wérdd pacjentéw z zaburzong
czynnoscig ukladu immunologicznego jak i immu-
nokompetentnych (Belzer etal. 2022). Zakazenia te
moga dotyczy¢ zaréwno dzieci, jak i os6b dorostych.
Narastajaca opornos¢ S. maltophilia na zwiazki o dzia-
taniu przeciwdrobnoustrojowym powoduje, ze tera-
pia zakazen wywotanych przez te drobnoustroje jest
trudna. Warto dodac¢, ze szczepy S. maltophilia oporne
na TMP-SMX znalazly si¢ wérod dziesigciu prioryte-
towych klinicznie bakterii wielolekoopornych, stano-
wigcych zagrozenie dla pacjentéw hospitalizowanych
na oddziatach intensywnej opieki medycznej, wobec
ktorych istnieje szczegdlna konieczno$¢ poszukiwania
nowych opcji terapeutycznych (Rello et al. 2019).
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Abstract: Biosurfactants are a group of surface-active agents mainly produced by microorganisms and have a wide range of applications
in industries as well as agriculture. Global usage of such biologically active compounds as detergents, bioremediation agents, cosmetic
products is hugely dependent on their high production. New avenues of research have opened up due to this increased interest, most of
which are focused on identifying specialized microorganisms capable of biosurfactant production. Screening methods for selection
of biosurfactant producing bacteria are, therefore, of utmost importance in this endeavor. The aim of this review was to discuss various con-
ventional and novel methods that can overcome the hurdles encountered in time effective, economical microbial biosurfactant screening.
This review lists several important biosurfactant screening methods based on supernatant, biomass as well as culture media. New methods
devised for biosurfactant screening in the last half decade such as surfactant dependent dye solubilization, metagenomic studies etc. are also
explained in detail. A thorough grasp of both contemporary and anachronistic screening methodologies will not only lead to discoveries of
novel native strains capable of biosurfactant production but also form the basis on which new screening methods can be devised.

1. Introduction. 2. Biosurfactant Screening Methods. 2.1. Supernatant based screening methods. 2.2. Colony/Biomass based screening
methods. 2.3. Screening methods on the basis of incubation media. 2.4. Metagenomic screening methods. 2.5. Imaging and spectroscopic

techniques used for biosurfactant screening. 3. Conclusion. 4. References
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1. Introduction

Surface active metabolites such as biosurfactants are
generally produced extracellularly since these molecules
possess variable amphiphilic structures that reduce sur-
face and interfacial tension (Twigg et al. 2021). These
amphiphilic structures act with diverse polarities since
they are comprised of different hydrophilic and hydro-
phobic moieties, that classify biosurfactants based on
structure and function. The hydrophobic moieties of
these amphiphilic structures are derived from fatty
acid or their derivates while the hydrophilic moie-
ties are derived from peptides, carbohydrates, alco-
hols, carboxylic acids, carbohydrates, amino acids or
phosphate (Eldin et al. 2019). Bacterial biosurfactants
have remarkable emulsification and surface proper-
ties making them particularly significant in various
environmental applications. The reduced toxicity and
biodegradability of bacterial biosurfactants makes
them even more advantageous over synthetic surfactants

(Purwasena et al. 2019). Such surface-active compounds
produced by microorganisms also have the ability
to form stable emulsions. This strong emulsification of
hydrophobic compounds enhances their bioavailability
especially in case of bioremediation (Nayarisseri et al.
2018). The applications of biosurfactant are wide and
varied in the fields of medicine, industry as well as envi-
ronment (Tayeb et al. 2022). Due to the non-toxicity
of biosurfactant, these are highly specific compared to
their synthetic counterparts. In cellular systems, biosur-
factants are used in desorption, flocculation, aggrega-
tion, adhesion or dispersion etc. They are highly use-
ful in bioremediation of heavy metal, forming stable
emulsions as well as reducing surface tension (Eldin
etal. 2019). The interest biosurfactants have garnered
in numerous fields owing to their applications is only
made possible if large scale production of biosurfactants
can be achieved economically. Highest hurdle in such
cases is the cost and time effective screening of biosur-
factant producers. In this review, various conventional
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and novel biosurfactant screening methodologies have
been discussed in detail. Parameters such as use of
supernatant, biomass, media, metagenome, imaging
and spectroscopic techniques have been used for clas-
sification of screening methodologies.

2. Biosurfactant screening methods

Effective screening of biosurfactant producing bac-
teria is based on well-chosen experimental design, effi-
cient analytical and assessment methods. Physical and
chemical properties can be used to devise screening
methodologies specifically for biosurfactant producing
bacteria. Surface tension, emulsification, hydrocarbon
adherence etc. are all properties whose application can
be extrapolated in formulation of biosurfactant screen-
ing methods (Koim-Puchowska et al. 2019). Thus far,
numerous methods have been developed for this pur-
pose such as oil displacement, drop collapse, surface
tension measurement, hydrocarbon adherence, emul-
sification assay etc.

Furthermore, there are various methods to screen
for biosurfactant producing bacteria according to their
selective physiological as well as physicochemical prop-
erties. For example, physicochemical properties such as
salinity, temperature and pH etc. greatly effect biosur-
factant activities (Purwasena et al. 2019). Biosurfactants
are accumulated between fluid phases either on micro-
bial cell surfaces or extracellularly. Factors such as pH,
temperature, operation mode and agitation are used for
quantification as well as identification of biosurfactant
quality (Nayarisseri et al. 2018).

Most commonly, biosurfactant production ability of
bacterial species is evaluated by detecting their presence
or absence in supernatant. The effect of biosurfactants
- present in supernatant — is studied in such screen-
ing methods particularly on surface tension. Some of
these biosurfactant screening methods include emul-
sion test, parafilm-M test, surface tension test etc. The
glycolipid nature of biosurfactants can be detected by
using either the CTAB methylene blue test in culture
for anionic biosurfactants such as rhamnolipids or by
phenol sulfuric test in supernatant. The lipolytic activ-
ity of biosurfactants can also be detected using tests
as Tween 80 substrate test and Phenol red test. Thus,
based on the type of methodology used, biosurfactant
screening can be supernatant based, biomass (bacte-
rial cell pellet) based, as well as culture based. Some
advanced techniques have also been devised for bio-
surfactant screening in bacterial samples. In screening
for potential biosurfactant producers, it is imperative
that more than one screening method be used for accu-
rate identification of biosurfactant producing bacterial
strains. Due to the limitations of various test methods,
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an apparent and strong correlation between results
confirms the potency of effective biosurfactant produc-
tion (Eldin et al. 2019). Most commonly used screening
methods are discussed below (Table I).

2.1. Supernatant based screening methods

Among the wide array of tests used to screen the
ability of a bacterial strain for biosurfactant production,
most are based on supernatant. Since, biosurfactants are
extracellular, their presence or absence in the superna-
tant can vouch for bacteria’s ability to produce biosur-
factants. These supernatant-based screening techniques
can in turn be based on physical as well as chemical
parameters (Fig. 1).

2.1.1. Physical parameters as basis
for biosurfactant screening

2.1.1.1. Emulsification index test

Emulsification activity is measured in terms of
emulsification index (E24%). Emulsification index is
generally based on the ability of biosurfactant to emul-
sify hydrocarbons, thus, making them more accessible
for uptake by the cell. If biosurfactants are present in
a sample, they will emulsify the hydrocarbons and from
emulsions. Whereas no emulsion will be formed in the
absence of biosurfactants (Guerra et al. 2018). In this
test, a droplet of oil is added to supernatant in a screw
cap test tube. This test tube is vortexed at high speed
and then allowed to stand in an incubator for 24 hours
at 37°C (Eldin et al. 2019). The emulsification index is
calculated by measuring total height of liquid column
and the height of emulsified layer using the formula:

E24% = (Emulsified layer height/
Total liquid column height) x 100

It should be noted that the emulsification activity
of biosurfactant is not corelated with surface tension
reduction and is only the indicative of biosurfactant
presence (Devi et al. 2020).

2.1.1.2. Surface tension test

Reduction of surface tension at water and air inter-
face while reduction of interfacial tension at water and
oil interface is an ability specifying biosurfactant pres-
ence. Such surface-active properties are the result of
amphiphilic moieties of biosurfactant and favor aggre-
gation by formation of amphipathic micelles. Surfactant
concentration that is needed for micelle formation is
known as critical micellization concentration (CMC)
and corresponds to the maximum surface tension reduc-
tion achieved by the minimum biosurfactant concen-
tration. Efficiency of surfactant as well as its effectivity
in terms of surface and interfacial tension measurement
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Table L.
Biosurfactant screening methods: advantages and disadvantages
Screening methods Advantages Disadvantages References
Emulsification Index | ¢ Simple to use * Low stability of emulsion
* Gives indication of biosurfactant presence | * Surface activity and emulsification capacity (5,7)
do not always correlate
Surface tension test | ¢ Precise * Concurrent measurements present difficulties
* Simple * Variation prone (15)
* Reliable
Oil displacement/ * High precision * Amount of oil used influences detection
Oil spreading test * Small sample volume
: . (22)
» Low quantity of biosurfactant detected
* No need for specialized equipment
* Rapid
Drop collapse assay | * Simple * Low sensitivity
* Rapid (9,17)
* No need for specialized equipment
* Small sample volume
Penetration assay * Used for screening large number of samples | ¢ Qualitative (29)
Optical distortion * Easy * Rough
grid assay * Rapid * Only qualitative
* Sensitive
29
 Small sample volume (29)
* Suitable for automated high throughput
screening
BATH assay * Simple * Indirect (14)
* Inexpensive * Only qualitative
Tilted glass slide test | ¢ Simple * Preliminary
* Easy « If negligible amount of surfactant is present, (27)
false results are given
Hydrocarbon overlay | ¢ Direct  Cannot be used if microbe does not degrade
. (30)
agar test * Efficient hydrocarbons
Atomized oil assay « Surface enhanced biosurfactant production | ¢ Many strains only produce biosurfactant (11)
is shown in liquid media
Blood hemolysis test | ¢ Preliminary screening method * Dubious results (lytic enzymes can also cause
* Also predicts surface activity of producer hemolysis)
. (22)
 Hydrophobic substrates cannot be used as sole
carbon source
* Diffusion restriction can inhibit zone formation
Blue agar plate test » Semi-quantitative * Specific for anionic biosurfactants
) . . . (7,11)
* Allows various culture conditions * Inhibits growth of some microbes

are indicated by CMC value (Koim-Puchowska et al.
2019). Surface tension measurement can be done by
various methods such as capillary rise method etc.
In capillary rise method, supernatant is transferred to
glass tubes and immersed in a water bath. Standard-
ized capillary tube is immersed in each glass tube and
the height reached by supernatant is calculated as an
action of free ascending force to calculate surface ten-
sion. The equation; y=rxhxd x g* can be used to cal-
culate surface tension, where surface tension (mNm™)
is denoted by vy, capillary radius (cm) by r, height of
the liquid column (cm) by h, density (g/ml) by d and
gravity by g (Eldin et al. 2019). Tensiometers can be also
used to determine surface tension of cell free culture
broth using various different methods such as Du Nouy
Ring method (Nayarisseri et al. 2018).

2.1.1.3. Parafilm-M test

Parafilm-M test is based on the principle that biosur-
factant can destabilize a drop of polar liquid by reducing
the surface tension and the interfacial tension present
between the drop and hydrophobic surface of the para-
film strip. This reduction in surface and interfacial ten-
sion leads to flattening of the drop. The absence of bio-
surfactant results in maintenance of drop shape, since no
change in either surface or interfacial tension takes place
(Eldin et al. 2019). Supernatant is dropped on a strip
of parafilm at room temperature. Drop is allowed to
rest for one minute and then shape and diameter of the
drop are evaluated. A flat drop confirms the presence
of biosurfactant. A scoring system ranging from partial
to complete spreading of drop on the parafilm surface
corresponds from + to ++++ (El-Shahed et al. 2020).
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Fig. 1. Supernatant based biosurfactant screening methods.
(Figure depicts the isolation of microbes from environment and screening for biosurfactant)

2.1.1.4. Oil displacement/Qil spreading test

Oil displacement test is based on the principle that
effectiveness of biosurfactant activity shows positive
linear relation to the amount of surfactant present in
the sample (Eldin et al. 2019). Biosurfactant, if present
in the supernatant, has the ability to display oil and
create an oil free clearing zone (Nayarisseri et al. 2018).
Oil displacement test distilled water is taken in a Petri
dish and oil is dispensed onto the surface of distilled
water. The oil forms a thin film on the center of which
supernatant is dispensed. If biosurfactant is present in
the supernatant it results in displacement of oil and
creates an oil free zone due to reduction of surface
and interfacial tension. The diameter of oil free zone
is compared to the zones created in positive and nega-
tive controls. The oil displacement is calculated in cm?
and expressed as biosurfactant activity unit. Biosurfac-
tant activity unit is defined as the surfactant amount
that creates oil displaced area of 1 centimeter square.
This method is suitable only for qualitative testing dur-
ing primary screening of biosurfactant producers
(Pardhi et al. 2020).

2.1.1.5. Drop collapse assay

The ability of biosurfactant to modify shape, based
on the principle of reduced surface and interfacial ten-
sion, according to its surroundings is employed for drop
collapse tests. Biosurfactants reduce the interfacial ten-
sion between drop and hydrophobic surface and thus
the drop collapses (Ghasemi et al. 2019). This method,

being highly specific, is reliable for the detection of
large unknown consortia, however low levels of sur-
factant cannot be detected due to low sensitivity. Fur-
thermore, false positives can be shown due to hydro-
phobicity of bacterial cells, in which case bacterial cells
themselves mimic biosurfactant behavior. Oil is applied
to the wells of a 96-well microplates and left to rest for
24 hours in order to reach equilibration. A single drop
of 48-hour culture free broth is transferred to each well.
If biosurfactant is present in the media, drop collapses
and bacterial culture giving flat drop is considered to
be positive for biosurfactant produced. While, if the
drop maintains its shape and a round shaped drop is
observed, those cultures are considered as negative for
biosurfactant production (Nayarisseri et al. 2018). For
quantification of the test, drop diameter can be meas-
ured and is larger for experimental group compared to
control group in case of positive test results. Software
such as Image J can be used for the measurement of
drop (Mishra et al. 2021).

2.1.1.6. Penetration assay

Penetration assay depends upon the hydrophobic
and hydrophilic behaviors of biosurfactants i.e., in
the presence of biosurfactants, a hydrophobic phase
will be exited much quickly by silica gel. Silica gel will
enter hydrophilic phase at a more rapid rate than in the
absence of biosurfactants. In this test, a microtiter plate
filled with hydrophobic paste (usually made of oil and
silica gel) is covered with oil. Supernatant of culture
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broth and uncultured media (mixed with 1% safranin
added as indicator dye) are dispensed at the surface of
oil covered wells. In the presence of biosurfactant, the
color of upper phase turns white from the clear red of
safranin after 10 to 15 minutes. However, biosurfactant
free supernatant turns cloudy (since there is a modi-
cum of silica gel transfer) but still remains red (Touseef
and Ahmad 2018).

2.1.1.7. Foaming activity

Foam formation due to biosurfactant activity can
be studied by shaking supernatant taken is test tube. In
case of form formation, biosurfactant presence in the
supernatant is verified. Foaming activity can be quan-
titatively measured using the equation:

Foaming = (height of foam/
total height of supernatant) x 100

This activity also serves as indicator of surface ten-
sion reduction by biosurfactants (Bader et al. 2021).

2.1.1.8. Optical distortion grid assay

Pure water dispensed in a well has a flat surface
which becomes concave in the presence of surfactant
and causes wetting of the well edges. The fluid takes on
the shape of single diverging lens causing image dis-
tortion in a grid when viewed from above. A microw-
ell titer plate is used to study the optical distortion of
biosurfactant containing supernatant. Black and white
grids present on a backing sheet of paper are used for
this purpose. Supernatant is placed in the wells and
plate is viewed through the grid paper. Optical distor-
tion, in the presence of biosurfactant serves a positive
test result (Touseef and Ahmad 2018).

2.1.2. Chemical parameters as basis
for biosurfactant screening

2.1.2.1. Phenol sulfuric test

Phenol sulfuric test is based on the action of sulfuric
acid on carbohydrates to create monosaccharides by
removing water molecules to form furfural compounds.
These compounds condense with phenol to give
a dark yellow color. Unfortunately, this method detects
almost all classes of carbohydrates and not only gly-
colipid based biosurfactants. It is very difficult to
distinguish biosurfactant glycolipids from other car-
bohydrates present in supernatant (Eldin et al. 2019).
In the phenol sulfuric test, supernatant is added to
the phenol solution and concentrated sulfuric acid is
introduced drop by drop until a characteristic orange
color develops. The mixture is shaken and left at room
temperature in order to allow reaction when biosur-
factant is present. The development of color indicates
biosurfactant presence.
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2.1.2.2. Bromothymol blue assay

Bromothymol blue assay can be used for high
throughput detection of all three classes of biosur-
factants specifically lipopeptide based biosurfactants.
This quantitative assay is a colorimetric technique
based on the principle that lipopeptide biosurfactant
changes color in the presence of bromothymol blue that
can be quantified as a linear response to concentra-
tions at 410nm and 616 nm spectrophotometrically.
This test can be performed using either cell-free broth
for biosurfactant screening or purified biosurfactant
for quantitative assays. Such chemical tests for bio-
surfactant screening, however, have some limitations
such as reagent preparation, use of toxic chemicals etc.
(Ong and Wu 2018).

2.1.2.3. Methylene blue active substances (MBAS) assay

MBAS assay or methylene blue active substances
assay is an analysis method that uses methylene blue
for the detection of surfactant based on their anionic
nature. It is a colorimetric analysis since the color satu-
ration increases did the increase in concentration of
anionic surfactants present in the sample. These anionic
surfactants include phosphates, sulfonates, carboxylates
as well as sulfates.

The basic principle of this method is the color reac-
tion between methylene blue and the anionic surfactant.
Since methylene blue is a cationic dye, an ion pair
forms due to the reaction between cationic methylene
blue and anionic surfactant resulting in color change.
Firstly, a sample containing surfactants is acidified.
A solution of methylene blue and chloroform are added
and reagents are distributed throughout the aqueous
and organic phases by agitating the biphasic solution.
If an ion pair is created due to the presence of sur-
factant, it is extracted in the organic phase (Singh et al.
2021). Nonionic surfactants, on the other hand, can be
detected using cobalt thiocyanate active substance assay
(Muthukumaran 2022).

2.1.2.4. Surfactant dependent dye solubilization
Victoria Pure Blue BO (VPBO) dye can be used
for screening of biosurfactants in culture supernatant.
This method is a colorimetric assay used for detection
of different anionic and non-ionic biosurfactants and
quantification of biosurfactant concentration in a sam-
ple. This method is based on solubilization dependent
on detergent presence or absence. If biosurfactant is
present in the sample/supernatant, the immobilized
dye is solubilized as a result of micelle formation
and hence the specific absorption of VPBO increases.
The amount of dye released as result of solubilization
by biosurfactant reflects the amount of biosurfactant
in a linear logarithmic trendline and can be used
to obtain quantifiable data. Whereas if biosurfactant is
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absent in the supernatant, VPBO solubilization does
not take place and the overall specific absorption of
VPBO remains the same. Microtiter plates containing
Victoria pure blue BO dye coatings are obtained and
supernatant is transferred to the assay plates. Plates
are sealed with aluminum and incubated at 23°C for
1 hour with constant shaking at a speed of 750 rpm.
Absorbance of solution before and after incubation is
measured at 625 nm. Changes in VBPO absorption can
be used for quantification of biosurfactant concentra-
tion in supernatant by calculating logarithmic trend-
line equations from plots of standard biosurfactant.
In contrast to less specific chemical reactions between
reducing sugar and surfactants, this method depends
on surface activity and enable quantification compared
to current semi-quantitative colorimetric methods. One
limitation observed is that the behavior of biosurfactant
assembly to macrostructure changes in response to pH.
Thus, when using this method for screening of biosur-
factant, it is advised to work in a pH range that is suit-
able for solubilizing biosurfactant micelle formation
(Kubicki et al. 2020).

2.2. Colony /Biomass based screening methods

2.2.1. Tilted glass slide test

Surface tension is decreased as an action of biosur-
factant. In this method, a droplet of 0.9% NaCl is dis-
pensed on the surface of glass slide and a single colony
is transferred to the drop. Slides are placed in a tilted
position. If surface tension decreases due to biosur-
factant action, water flows over the surface whereby
the test is considered positive and vice versa (Touseef
and Ahmad 2018, Sohail and Jamil 2020).

2.2.2. BATH assay

Bacterial cells able to produce biosurfactant often
exhibit cell hydrophobicity by adhering to hydrocar-
bon surface. Generally, the adhesion of bacterial cell to
crude oil as well as cell surface hydrophobicity increases
with time. There are, however, some factors such as
temperature, pH, organic phases and ionic strength
that can influence adhesion (Khanpour-Alikelayeh
et al. 2020). In this test, culture pellet is made via cen-
trifugation, washed twice and suspended in a buffer salt
solution of K,HPO, and KH,PO, (16.9 g/L and 7.3 g/L
respectively). The pellet is diluted to an optical density
of 0.5 at 610 nm, using the same buffer salt solution.
Crude oil is added to the cell suspension and vortexed.
The cell and crude oil mixture is allowed to rest for
L hour in order to separate the aqueous and crude
oil phases. Optical density of aqueous phased at 610 nm
is measured and the percentage of cells that adhere to
oil is calculated using the formula:
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1% of bacterial cell adherence=[1- (0D
oD

original

shaken with oil

)] x 100
where the OD, . isthe optical density of the mix-
ture containing cells and crude oil while the OD i iyl 18
the initial optical density of the cell suspension e.g., 0.5.

In some cases, bacterial strains give positive results
for BATH test but if drop collapse test is performed,
negative test results are observed. The ability some
highly hydrophobic, bacterial cells to act as biosur-
factants themselves influences these test results. Since
no extracellular biosurfactant is produced, negative
results are observed for drop collapse test. Further con-
firmation of bacterial cell adherence to hydrocarbon
(BATH assay) can be made using a chemical technique
i.e., by adding INT (iodophenyl nitrophenyl-phenyl
tetrazolium-chloride) solution and observing under
a light microscope. INT is an indicator that changes
color when reduced. INT is taken up by bacterial cells
and reduced in the presence of biosurfactant. In BATH
assay, if bacterial cells actively adhere to the oil, INT
is reduced inside the cells and turns red. This change
in color observed under microscope also indicates
the viability of bacterial cells under experimentation
(Nayarisseri et al. 2018).

2.3. Screening methods on the basis
of incubation media

2.3.1. Hydrocarbon overlay agar (HOA) test

HOA test is used for the identification of hydro-
carbon-clastic bacteria and gives a measure of bacte-
ria’s hydrocarbon degrading activity (Nayarisseri et al.
2018). It has been suggested that many microorgan-
isms such as bacteria produce biosurfactants in order
to enhance the solubilization and emulsification of non-
polar substrates such as hydrocarbons. Hydrocarbons
are the sole source of carbon in a media and their emul-
sification by the action of biosurfactants facilitates the
overall process of growth and maintenance (Trudgeon
et al. 2020). This ability of biosurfactants is exploited in
hydrocarbon overlay plate test by measuring the overall
emulsification of hydrocarbon that is observed in form
of emulsification halo zone around bacterial colonies
(Eldin et al. 2019).

Hydrocarbon overlay agar (HOA) plate test is con-
ducted using a minimal salt agar plate whose surface
has been coated in oil and serves as indicator of toler-
ance against hydrocarbon (Touseef and Ahmad 2018).
The bacterial culture in which presence of biosurfactant
is suspected is cultured onto the surface of oil coated
agar plate and incubated at 30°C for seven to 10 days.
The growth of colonies is studied for the presence of
emulsified halo zone around the colonies that is indica-
tive of biosurfactant presence.
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2.3.2. Atomized oil assay

Oil/ hydrocarbon is displaced by the activity of bio-
surfactant and bright zone or halos are created in the
presence of biosurfactant. In this method, a droplet of
oil or a mist of liquid paraffin is sprayed over bacterial
culture plates in a fine spray. The formation of halos
around bacterial colonies is indicative of biosurfactant
production. Atomized oil assay is highly sensitive even
for very low concentrations of biosurfactant, however
is limitable only to microbes culturable on a solid
medium (Touseef and Ahmad 2018).

2.3.3. Blood hemolysis test

Blood agar plate test is conducted to evaluate the
hemolytic activity of surfactant. Blood agar media is
inoculated with bacteria culture and incubated at 37°C
for 48 to 72 hours. After incubation the formation of
clear zone indicating hemolysis is observed (Pardhi
etal. 2020). The hemolytic zones are categorized as
white for incomplete hemolysis (a), greenish for com-
plete hemolysis (), and no change in color in case of no
hemolysis (y). Hemolytic activity of biosurfactant how-
ever well documented - as ideal method for detection
of rhamnolipids and surfactins — has some limitations
pictures such as formation of clear zones around bacte-
rial colonies by action of other lytic enzymes, minimum
to no support of hydrophobic substrates, and hindrance
in biosurfactant production due to diffusion restriction
which consequently leads to inhibition of clear zone
formation. Since this particular method creates a lot
of false negative or false positive results, hemolysis is
not considered a reliable criterion for the detection of
biosurfactant activity (Eldin et al. 2019).

2.3.4. Blue agar plate (BAP) test

Extracellular anionic biosurfactants can be detected
by CTAB-methylene blue agar plate test. Biological
surface-active compounds such as biosurfactants form
insoluble ion pairs in the presence of cationic surfactant
CTAB (cetyl trimethyl ammonium bromide). These ion
pairs are indicated by formation of dark blue halos due
to the action of methylene blue dye base in the media.
This method, however only applicable in case of anionic
biosurfactants, is ideal for the detection of extracellular
glycolipids (Islam and Sarma 2021). A minimal salt agar
media supplemented with glucose, CTAB and methyl-
ene blue is used in this test. Petri plates containing media
are inoculated with bacterial culture and incubated at
37°C for 7 to 8 days. After incubation, plates are stored
at 4°C to develop color for an additional 24 hours. For-
mation of halo zone with dark blue coloration around
the bacterial colonies serves as indicative of biosur-

factant presence. The diameter of dark blue zone cre-
ated around bacterial colonies, is usually considered as
proportional to biosurfactant concentration, albeit semi-
quantitively. However, CTAB also forms complexes with
polysaccharides. Hence, if polysaccharides are present in
the supernatural, the reliability of this test is considered
to be significantly minimized (Eldin et al. 2019).

2.3.5. Agar double diffusion test

Cell bound biosurfactant have a characteristic
ionic behavior that can be used as a screening strategy.
In the presence of two charge bearing compounds, of
either the same or opposite types, precipitation lines
are formed due to the action of biosurfactant. In this
test, uniformly spaced wells are made in agar surface
and filled with 24-hour culture of test strain in Nutri-
ent broth media. On either side of wells anionic and
cationic compounds are introduced. Generally, sodium
dodecyl sulfate (SDS) and Cetyl trimethyl ammo-
nium bromide (CTAB) are used in this test, as anionic
and cationic compounds respectively. Plates are incu-
bated for 24 hours at 25°C. After incubation, presence
or absence of precipitation lines is observed (Touseef
and Ahmad 2018).

2.3.6. Tween 80 substrate test

Tween 80 induces lipase gene expression and thereby
stimulates lipase secretion. It also serves as substrate
for the enzymatic action of lipases and estrases. When
lipases act on Tween 80 substrate, oleic fatty acids are
released. Calcium ions present in the growth medium
react with these fatty acids and transform them to cal-
cium oleate that is water insoluble and appears in form
of white precipitate (Eldin et al. 2019). For Tween 80
agar plate test, petri plates are inoculated with bacterial
culture and incubated at 30°C for three to five days.
Due to the action of lipolytic biosurfactant, the pres-
ence of white precipitate is detected in the medium is
indicative of biosurfactant presence.

2.3.7. Phenol red test

Phenol red is a pH indicator dye that is used in order
to detect pH changes in the occurring due to acidity.
When extracellular lipases act on triglycerides, fatty
acids are released. These fatty acids cause a change in the
acidity of medium (Eldin et al. 2019). For lipase assay by
phenol red agar plate test, the plates are inoculated with
bacterial culture and supplemented with oil. Bacterial
plates are incubated at 30°C for three to five days. After
incubation formation of hydrolysis zone around the bac-
terial colonies as well change in color of phenol red to
a bright yellow is indicative of biosurfactant presence.
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2.3.8. Antifungal activity

Bacterial biosurfactants such as surfactin have the
ability to inhibit fungal growth by various defensive
mechanisms especially against cellular membranes.
Since antifungal activity has been linked to strong bio-
surfactant production, it can be used to screen for the
presence or absence of biosurfactant. Agar spot test
can be used to determine antifungal activity of bac-
terial strain. In this test, fungal plug is inoculated in
the center of bacterial culture plate and each bacterial
strain is spotted at a distance from the fungus (approxi-
mately 2.5 cm). Growth inhibition of fungus is studied
at day 7 of incubation at 25°C. Zone of inhibition are
created around bacterial colonies that produce biosur-
factant. Diameter of inhibition zones is measured in
mm (Kaboré et al. 2018).

2.3.9. Antimicrobial and antiadhesive activity

Biosurfactants serve as therapeutic antimicrobial
agents due to their potential for self-association and
pore creation in cell membrane. Antimicrobial activ-
ity of biosurfactants against various microorganisms
such as Enterobacter aerogenes, Staphylococcus aureus,
Escherichia coli, Salmonella Typhimurium, Pseudo-
monas aeruginosa, and Bacillus cereus can be deter-
mined by various tests such as agar well diffusion
method etc. In case of agar well diffusion method,
biosurfactant solution i.e., supernatant as well as lig-
uid culture can be added to wells made in solid agar
media plates and plates are incubated at 37°C. Anti-
microbial activity of biosurfactant against microbial
culture can be observed in form of clear inhibition
zones around the wells (Ghasemi etal. 2019). Stud-
ies show that adsorption of biosurfactant against solid
surfaces reduces microbial adhesion. This ability also
aids in inhibition of pathogenic microbial colonization.
Antiadhesive activity of biosurfactants against micro-
bial strains therefore can be exploited as screening
test for biosurfactant producing bacteria and serves as
a reliable criterion.

2.4. Metagenomic screening methods

Metagenomics provide a bypass from traditional
cultivation methods and make it efficient to han-
dle diverse microbial populations. Metagenomic
approaches have been devised by taxonomic and func-
tional analysis using databases and computational tools
such as NCBI BLAST (27), COG (clusters of ortholo-
gous groups of proteins), Biosurfactants and Biodeg-
radation Database (BioSurfDB) (22), KEGG (Kyoto
Encyclopedia of Genes and Genomes), antiSMASH

(antibiotic and secondary metabolite analysis shell)
etc. (Islam and Sarma 2021). Knowledge of microor-
ganisms and genes involved in biosurfactant produc-
tion, their identification and characterization help in
determination of specific microbial diversity in a con-
sortium. Collective microbial genome analysis aided
by bioinformatics tools can be aimed at identification
and screening of taxa as well as genes involved in bio-
surfactant production (Gaur etal. 2022). A few such
approaches are listed as follows:

2.4.1. Genome sequencing of unknown consortia

The extraction of DNA from environmental pool
aids in screening for biosurfactant producing genes.
A stable isotope probe (SIP) can be used for effec-
tive and efficient discovery and identification of bio-
surfactant producing strains. Since biosurfactants
have significance in hydrocarbon degradation, target-
ing the gene specific for polyaromatic hydrocarbon
(PAHs) degradation can aid in screening for biosur-
factant producers. Exploration of crude oil fields have
led to the discovery of various key genera of hydro-
carbon degrading bacteria, many of whom are biosur-
factant producers (Gaur et al. 2022). Genomic DNA is
obtained from microbial consortia and sequenced to
obtain metagenomic data. Metagenomic data is ana-
lyzed using different computational analysis such as
alignment, taxonomic hierarchy mapping and dendro-
gram drawing etc. in order to map out metabolic path-
ways specific for biosurfactant production. Bacterial
strains in which such biosurfactant specific genomic
sequences are identified are screened from the consortia
(Guerra et al. 2018).

2.4.2. PCR detection of known biosurfactant genes

PCR detection of biosurfactant specific genes can
also be done for screening of biosurfactant production
bacteria. Many genes involved in biosurfactant biosyn-
thetic pathways have been identified. Rhamnolipid bio-
surfactants are produced by rhlAB genes (Alyousif et al.
2020) while srfA operon containing srfA, srfB and srfC
genes is responsible for production of surfactin biosur-
factant. In case of hydrocarbon degradation, gene alkB
mediates petroleum hydrocarbon degradation while
nah gene mediates alkane and aromatic hydrocarbon
degradation (Islam and Sarma 2021). Gene sfp has
been reported to be involved in the biosynthetic path-
way of surfactin, a lipopeptide antibiotic. Surfactin
also aids in biofilm formation owing to its specific sur-
face-active properties. Due to its detergent like action
against biological membranes, as a defense mechanism,
surfactin is considered to be a powerful biosurfactant
(Kaboré et al. 2018).
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2.4.3. Vector construction from metagenomic library

Metagenome libraries are being used in for vector
construction derived biosurfactant screening. Such vec-
tors - including but not limited to lipids and proteins
- have proven efficient tools in diverse biosurfactant
identification from non-cultivable microorganisms.
Metagenome derived ornithine lipid identification has
been proposed as a novel functional screening method-
ology for biosurfactants, in a recent study. A metagen-
omic library using environmental DNA from Escheri-
chia coli, Streptomyces lividans and Pseudomonas putida
shuttle vector was constructed. This library was used
for sequence analysis to confirm ornithine acyl-ACP
N-acyltransferase as being responsible for biosurfactant
activity. Transposon mutagenesis was also explored. This
vector was used to study and identify ornithine lipid in
unknown microbial strains as indicative of biosurfactant
activity. Use of multiple hosts, in case of biosurfactants,
also increases substrate diversity during biosurfactant
synthesis (Williams etal. 2019). Another study pro-
posed the use of a protein having oil degradative activity,
namely MBSP1, without substrate dependence. Addi-
tionally, MBSP1 transformed cells showed increased
aliphatic hydrocarbon degradation (Araujo et al. 2020).

2.5. Imaging and spectroscopic techniques used
for biosurfactant screening

The properties of biosurfactants are being explored in
depth to devise innovative screening methodologies such
as biofilm disruption assay, etc. Recent advancement
in the field of biosurfactant screening are as follows.

2.5.1. Biofilm disruption detected by ERT

Microbial biofilms are surface associated complex
aggregates of microbial cells in an extracellular matrix.
These hydrophobic aggregates are highly resistant
against antimicrobial agents and have high interfacial
tension. Surface active molecules remove biofilms either
by destroying the extracellular matrix or altering sur-
face adhesion properties by emulsification, leading to
overall decrease in interfacial tension. Due to their low
toxicity, amphipathic biosurfactant molecules are pre-
ferred in biofilm removal as well as hydrocarbon and
xenobiotic remediation (Bhadra et al. 2022). In recent
studies, electrical resistance tomography (ERT) has been
reported as a screening method by detection of biosur-
factant mediated biofilm disruption. Sophorolipids and
rhamnolipids have been reported to disrupt bacterial
biofilms leading to their eventual removal. Electric
resistance tomography can be used to detect either bio-
tilm disruption or removal by action of biosurfactants.
Biofilms are nonconductive and their electrical proper-
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ties are governed by electrolyte diffusion and porosity
of biofilm layer. Pre-formed biofilms with well-known
electrical conductivities can be used to check the effect
of biosurfactant presence or absence. ERT, a non-intru-
sive imaging technique, can be used to monitor the
temporal and spatial resolution of biofilms. This tomo-
graphic technique also provides detection independent
of biofilm growth location. In this method, the electrical
conductivities of biofilms before and after biosurfactant
aided disruption are measured. The deviation of control
from experimental group can be represented as zonal
boundary averages for biofilm removal in terms of con-
ductivity values (De Rienzo et al. 2018).

2.5.2. Matrix assisted laser desorption/ time
of flight mass spectrometry (MALDI-TOF/MS)

Matrix assisted laser desorption/ time of flight mass
spectrometry (MALDI-TOF/MS) was used in a recent
study for the screening of glycolipid biosurfactant produc-
ing bacteria. Crude extract of well-known biosurfactant
producer initially used MALDI-TOF/MS and then envi-
ronmental samples were screened using broth cultures.
Results were compared to evaluate biosurfactant pro-
duction. This method can be used reliably for the rapid
screening of specific biosurfactant producing strains
such as glycolipid type biosurfactant (Sato et al. 2019).

2.5.3. Desorption Electrospray Ionization Mass
Spectrometry (DESI-MS)

Biofouling results from an excessive buildup of
microbes whose extracellular bioactive metabolites can
clog purification membranes and reduce efficiency. At
this air-water interface, microbial biosurfactants influ-
ence the water-membrane interface during bacterial
adherence mechanisms. This biosurfactant production,
as a result of quorum sensing, is strictly maintained
at transcriptional level and allows rapid screening of
biofilms at membrane surface. Thus, biosurfactants
have a particular molecular signal, that can be detected
in form of DESI-MS specific signatures, indicative of
biofilm initiation. In Pseudomonas aeruginosa, biofilm
formation is mediated by rhamnolipids that forewarn
the process of biofouling. Mass spectrometry specifi-
cally ambient ionization techniques can also be used
for the detection of surfactant-metal complexes, in case
of heavy metal toxicity (Jakka Ravindran et al. 2018).

2.5.4. Laser ablation electrospray ionization
mass spectrometry

Laser ablation electrospray ionization mass spec-
trometry can be used for the study of biofilm produc-
tion in situ. This biofilm production is accompanied
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by the production of various competitive biological
control factors within a chemically complex matrix.
Such factors including biosurfactants mostly of lipo-
peptide classes e.g., fengycin and surfactin can be
detected by laser ablation electrospray ionization mass
spectrometry as screening criteria for biosurfactants
producers (Bacon et al. 2018).

3. Conclusion

Various concurrent methods and selection criteria
of biosurfactant producers are discussed in this review.
Specific methods like MBAS assay for anionic biosur-
factants can be used for targeted microbial isolation.
Expertise in imaging and spectroscopic techniques
permits explorations of large populations. Metagen-
omic libraries are being employed for characterization
of novel microbes and surface-active metabolites using
techniques such as vector construction.
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Streszczenie: Ziarenkowce z rodzaju Enterococcus spp. sa sktadnikiem mikrobioty ludzi i zwierzat oraz powszechnie wystepuja w $rodo-
wisku naturalnym. Nalezg do patogenéw warunkowo chorobotwérczych, mogacych wywotywacé zakazenia o réznej lokalizacji. Bakterie te
rzadko wywoluja zakazenia pozaszpitalne. Mimo, ze do niedawna byly uwazane za drobnoustroje o niskim potencjale chorobotworczym,
staly sie jednym z istotnych patogenéw szpitalnych. Ich powszechne wystepowanie i zdolno$¢ do przezycia w srodowisku szpitalnym
przyczyniaja si¢ do notowanej od kilku lat i nadal wzrastajacej czgstosci ich izolacji, réwniez z zakazen inwazyjnych. Gatunki najczeéciej
izolowane z przypadkéw zakazen to E. faecalis 1 E. faecium, stwarzajace problemy terapeutyczne w zwigzku z ich narastajaca wieloleko-
opornoscia. Z powodu rosngcego znaczenia klinicznego, mechanizméw naturalnej i nabytej opornosci na antybiotyki oraz potencjalnych
czynnikow wirulencji, ziarenkowce z rodzaju Enterococcus staly si¢ przedmiotem wielu badan. Celem pracy jest przedstawienie aktualnej
wiedzy dotyczacej najistotniejszych czynnikéw wirulencji mogacych wystepowaé u bakterii z rodzaju Enterococcus, do ktérych naleza
- antygen wydzielniczy SagA, biatko EfaA, biatko powierzchniowe Esp, biatko wigzace kolagen Ace, cytolizyna, hialuronidaza, hemaglu-
tynina, lipaza, proteaza serynowa, substancja agregujaca, zewnatrzkomorkowe nadtlenki oraz zelatynaza.

1. Wstep. 2. Patogeneza zakazen wywotanych przez Enterococcus spp. 3. Najwazniejsze czynniki wirulencji Enterococcus spp. 3.1. Biatko
powierzchniowe Esp. 3.2. Cytolizyna. 3.3. Biatko EfaA. 3.4. Bialka wigzace kolagen (Ace, Acm, Scm). 3.5. Hialuronidaza. 3.6. Substancja
agregujaca. 3.7. Zelatynaza. 3.8. Antygen wydzielniczy SagA. 3.9. Lipaza. 3.10. Hemaglutynina. 3.11. Zewnatrzkomérkowe nadtlenki.
4. Podsumowanie 5. Pi$miennictwo

THE ROLE OF SELECTED VIRULENCE FACTORS IN INFECTIONS CAUSED BY ENTEROCOCCUS SPP.

Abstract: Enterococcus spp. are a component of the microbiota of humans and animals and are commonly found in the natural environ-
ment. They are opportunistic pathogens that can cause infections of various locations. These bacteria rarely cause community-acquired
infections. Although they were considered microorganisms with low pathogenic potential, they have become one of the important hos-
pital pathogens recently. Their common occurrence and ability to survive in the hospital environment contribute to the recorded and still
increasing frequency of their isolation, also from invasive infections. The species most frequently isolated from infection cases are E. faecalis
and E. faecium, which pose therapeutic problems due to their increasing multidrug resistance. Due to the growing clinical importance,
mechanisms of natural and acquired resistance to antibiotics, and potential virulence factors, Enterococcus spp. have become the subject of
many studies. The aim of the study is to present the current knowledge on the most important virulence factors that may occur in bacteria
of the genus Enterococcus, which include: SagA secretory antigen, EfaA protein, Esp surface protein, Ace collagen binding protein, cyto-
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1. Wstep

Bakterie z rodzaju Enterococcus sa skladnikiem
mikrobioty ukladu pokarmowego cztowieka i zwie-
rzat, stad dawniej nazywano je paciorkowcami kato-
wymi. Liczba bakterii Enterococcus faecalis na jeden
gram tresci kalowej ludzi wynosi od 10° do 107j.t.k.
(jednostek tworzacych kolonie), a Enterococcus faecium
od 10* do 10°j.tk. (Fisher i Phillips 2009). Mikro-
organizmy te moga wystepowac¢ réwniez w jamie ust-
nej, cewce moczowej, pochwie oraz na powierzchni
skory ludzi i zwierzat. Obecne s w srodowisku natu-
ralnym, tj. w wodzie, glebie, $ciekach i na powierzchni
roélin, a takze izolowane sg z produktow spozywczych,
m.in., z seréw, mielonego migsa, wedlin czy ryb (Fisher
i Phillips 2009, Giraffa 2022, Ziarno 2006). Bakterie
Enterococcus spp. naleza do fakultatywnych beztle-
nowcéw o niskich wymaganiach odzywczych. Mimo
braku mozliwosci wytwarzania przetrwalnikow, zdolne
sg do przetrwania w szerokim zakresie pH (4,5-10,0)
i temperatury (5-65°C), wykazuja oporno$¢ na 40%
stezenie zolci oraz na 6,5% stezenie NaCl (Fisher
i Phillips 2009). W obrazie mikroskopowym widoczne
sg jako Gram-dodatnie ziarenkowce wystepujace poje-
dynczo, w parach lub krétkich tancuszkach, rzadziej
w skupiskach. Na agarze z krwig wzrastaja w po-
staci szarych i stosunkowo niewielkich kolonii, nie-
kiedy hemolizujac podtoze. W rutynowej diagnostyce
mikrobiologicznej do wstepnej identyfikacji entero-
kokéw uzywa si¢ podioza zawierajacego eskuling,
ktorej rozktad pod wplywem metabolizmu tych bak-
terii powoduje zmiang zabarwienia podloza na czarny
(Facklam i Elliott 1995).

Ziarenkowce Enterococcus spp. s3 patogenami wzgled-
nie chorobotwodrczymi, a ich znaczenie w wywolywa-
niu zakazen zaczgto odnotowywac od lat 80. XX wieku,
gdy stosowanie cefalosporyn, na ktdre bakterie te sa
naturalnie oporne, stalo si¢ powszechne. Przedstawi-
ciele opisywanego rodzaju wywoluja zakazenia o roz-
nej lokalizacji, gléwnie u hospitalizowanych pacjen-
tow. Gatunkami najczesciej izolowanymi z materialu
klinicznego sg E. faecalis i E. faecium, rzadziej E. galli-
narum, E. casseliflavus, E. durans i E. raffinosus. Infor-
macje o najczestszych zakazeniach wywolanych przez
wymienione gatunki enterokokéw przedstawiono
w Tabeli I. Szczepy E. faecalis s3 odpowiedzialne za
okoto 60% wszystkich zakazen o etiologii Enterococcus
spp. (Flamm et al. 2012).

W ostatnich latach odnotowano takze znaczacy
wzrost infekcji wywotywanych przez gatunek E. fae-
cium. Oba te gatunki cechuje opornos$¢ na antybiotyki
z trzech lub wiecej grup (ang. Multi Drug Resistant,
MDR), przez co zakazenia wywolywane przez te ziar-
niaki sg trudne w leczeniu. Paciorkowce Enterococcus
spp. sa coraz czestszym czynnikiem etiologicznym
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zakazen uktadu moczowego, ran, czy tez bakteriemii
(de Fatima Silva Lopes etal. 2005, Fisher i Phillips
2009). Wzrasta tez czestos¢ izolacji od chorych hospi-
talizowanych szczepéw o fenotypach: VRE (ang. Vanco-
mycin Resistant Enterococcus), GRE (ang. Glycopep-
tide Resistant Enterococcus), LRE (ang. Linezolid-
-Resistant Enterococcus) i HLAR (ang. High Level
Aminoglycoside Resistance) (ECDC 2021). Fenotypy
te stanowiag powazny problem medyczny i epidemiolo-
giczny, a opcje terapeutyczne wobec szczepdw wieloan-
tybiotykoopornych sg nieliczne lub calkowicie ich brak.

W $rodowisku naturalnym wystepowanie drob-
noustrojow w formie planktonicznej (rozproszonej)
jest dla nich malo korzystne, dlatego wykazuja one
zdolno$¢ przylegania do powierzchni syntetycznych
lub warstw komoérek zywych i tworzenia btony biolo-
gicznej zwanej biofilmem. Ta wielokomoérkowa struk-
tura moze skladac si¢ z wielu komponentéow w tym:
bakterii jednego lub wielu gatunkéw/rodzajow, grzy-
béw, glondw, a nawet pierwotniakow (Ostrowska et al.
2013). Proces tworzenia biofilmu przebiega wieloeta-

Tabela I
Zakazenia wywolywane przez wybrane gatunki Enterococcus.

Gatunek Posta¢ zakazenia Pi$miennictwo

zapalenie drdg zélciowych
bakteriemia

zapalenie gatki ocznej
zapalenie wsierdzia
zapalenie jamy otrzewnej
zapalenie opon mézgowych

E. casseliflavus (17, 86, 136)

zapalenie wsierdzia
bakteriemia
zapalenie drég zélciowych

E. durans (119, 129)

zakazenie drég moczowych
zapalenie wsierdzia
zapalenie galki ocznej
infekcje tkanek migkkich
bakteriemia

zakazenia dzigsel i przyzebia
infekcje ran pooperacyjnych

E. faecalis (1,2,3,4,56)

zakazenie drog moczowych

bakteriemia

zapalenie wsierdzia

infekcje ran pooperacyjnych
zapalenie pluc

zapalenie opon mézgowych

E. faecium (34, 66, 138)

zapalenie drég z6lciowych
bakteriemia

zakazenia ran

zakazenie drég moczowych

E. gallinarum (86, 119)

bakteriemia

zakazenia ran

zakazenie drég moczowych
zapalenie kosci i stawow
zapalenie gatki ocznej
zapalenie pochwy

E. raffinosus (94, 119)
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Tabela II
Aktywno$¢ wybranych czynnikéw wirulencji wystepujacych u E. faecium i E. faecalis.

q .. Gen . e
Czynnik wirulencji kodujacy Aktywnoé¢ Pi$miennictwo
Bialko powierzchniowe . - udma? w ‘tworzen.m b.1‘0f11mu (65, 98, 121, 122, 130)
Esp — ulatwianie kolonizacji
cyIR
cylLs
. ILI | - hemoliza erytrocytow
1 >
Cytolizyna cyIM | - egzotoksyna (6, 10, 56)
cylB
cylA
Biatko EfaA efah |~ zdlhoze (5)
— udziat w tworzeniu biofilmu
Bialko wiazace kolagen :CC; - adhezyna (104)
Hialuronidaza hyl — hydroliza kwasu hialuronowego (10,113)
. . agg - adhezyna
Substancja agregujaca asa |- komunikacja komorek bakteryjnych (82,102, 113)
Zelatynaza gelE | - hydroliza kolagenu, zelatyny, hemoglobiny (12,111, 118)
Lipaza l’lfi’p' fjfl” - hydroliza thuszczéw (4,108, 135)

powo i zalezy zaréwno od wlasciwosci powierzchni,
jak i organizmdéw go tworzacych. Pierwszym etapem
powstawania biofilmu jest adhezja. U Enterococcus spp.
duzg role odgrywaja tu adhezyny powierzchniowe,
biatko wiazace kolagen Ace oraz obecnos¢ genu ebp
kodujacego pilusy majace szczegolne znaczenie w pato-
genezie zapalen wsierdzia wywolanych przez entero-
koki (Manias i Dunny 2018). Po wytworzeniu si¢ wig-
zan stabilizujacych pomiedzy warstwa komoérek bak-
teryjnych, a zasiedlang powierzchnig adhezja przecho-
dzi w etap nieodwracalny i biofilm zaczyna dojrzewac.
Podczas trwania tego etapu, drobnoustroje namna-
zaja sie i roznicuja, zatracajac stopniowo indywidu-
alne wlasciwosci. Dojrzaly biofilm bakteryjny ma na
celu chroni¢ bakterie przed srodowiskiem zewnetrz-
nym, temperaturg, $rodkami bakteriobodjczymi oraz
detergentami. W takiej formie dostep do substancji
odzywczych i ich dystrybucja sg ulatwione, natomiast
narazenie na antybiotyki i chemioterapeutyki zmniej-
sza si¢ (Ostrowska etal. 2013). Szczepy Enterococcus
spp. zdolne do tworzenia biofilmu i kolonizujgce rézne
powierzchnie oraz sprzet medyczny moga utrzymy-
wac sie na nich przez dluzszy czas, pomimo przestrze-
gania procedur dezynfekcji i higieny (Byers et al. 1998,
Drees et al. 2008).

Wirulencja szczepdw Enterococcus spp. jest w wiek-
szo$ci uwarunkowana wystepowaniem genéw zjadli-
wosci na chromosomie bakteryjnym lub elementach
pozachromosomalnych. Geny te moga by¢ przenoszone
za posrednictwem transpozondw koniugacyjnych, czy
tez plazmidow, rzadziej natomiast ulegaja transferowi

horyzontalnemu (Huycke etal. 1998). Plastyczno$¢
genomu enterokokéw ufatwia im nabywanie genéw
opornosci na antybiotyki i chemioterapeutyki, jak
i kodujacych czynniki wirulencji. To z kolei warun-
kuje zwigkszong patogennos$¢ szczepow, zwlaszcza
dla chorych z obnizong odpornoscia. Geny kodujace
mechanizmy antybiotykopornosci i czynniki wirulencji
moga by¢ zlokalizowane w obrebie wysp patogennosci
PAI (ang. Pathogenicity Islands) (Shankar et al. 2002)
i przekazywane z chromosomu jednego szczepu na
chromosom innego z udzialem plazmidéw (Palmer
etal. 2010). Plazmidy moga ponadto reagowaé na
sygnaly feromonowe wytwarzane przez inne bakterie
Gram-dodatnie (np. Streptococcus spp., Staphylococcus
spp., Listeria spp.), a nawet Gram-ujemnych (Escheri-
chia coli), co sprzyja miedzygatunkowemu rozprzestrze-
nianiu si¢ genéw wirulencji i opornosci na antybio-
tyki (Palmer et al. 2010, Vickerman et al. 2010). Genom
przedstawicieli rodzaju Enterococcus zawiera wiele
ruchomych elementéw w postaci sekwencji insercyj-
nych, fagéw i plazmidéw (Gilmore et al. 2013). Co cie-
kawe, mimo bliskiego pokrewienstwa filogenetycznego,
u szczepow z gatunkow E. faecalis i E. faecium wystepuja
rézne typy plazmidéw, co sugeruje, ze nie jest to cecha
powiazana z gatunkiem (Jensen et al. 2010, Palmer et al.
2010, Rosvoll et al. 2010).

Bakterie z rodzaju Enterococcus dysponuja niewielkg
liczbg czynnikéw wirulencji w poréwnaniu do innych
ziarenkowcow Gram-dodatnich. Gatunkiem spo$rod
rodzaju Enterococcus, u ktérego najlepiej zbadano czyn-
niki zjadliwosci jest E. faecalis.
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2. Patogeneza zakazen wywolywanych
przez Enterococcus spp.

Szczepy z rodzaju Enterococcus moga wywolywaé
zakazania endo- i egzogenne. Zrédlem zakazen endo-
gennych jest mikrobiota chorego, ktéra w wyniku trans-
lokacji z przewodu pokarmowego dostaje sie do weztow
chtonnych krezkowych, a nastepnie, poprzez blong $lu-
zowy jelita, do ukladu krazenia, a wraz z krwig do roz-
nych narzagdéw (Sledziniska et al. 2009). W przypadku
zakazen ukladu moczowego najczesciej obserwuje sie
zakazenia endogenne drogg wstepujaca, w przypadku
ktérych mikrobiota jelitowa dostaje si¢ do pecherza
moczowego bezposrednio poprzez cewke moczowa,
co jest mozliwe ze wzgledu na bliskie sasiedztwo tych
narzadow z okolicami odbytu (Salvatore et al. 2011).

Zakazenie egzogenne poprzedzone jest najczesciej
bezobjawowg kolonizacja ukladu pokarmowego, rza-
dziej skory, przez szczepy Enterococcus spp. wystepujace
endemicznie w srodowisku szpitalnym (Kayser 2003).
Zrédem szczepdw sg nosiciele lub chorzy zakazeni Ente-
rococcus spp., personel medyczny (przejsciowa mikro-
biota skory rak) oraz sprzet medyczny (Drees et al. 2008).

Ryzyko wystapienia zakazenia szpitalnego o etio-
logii Enterococcus spp. zalezne jest gtéwnie od czasu
trwania hospitalizacji pacjenta zaawansowania cho-
roby podstawowej oraz stosowanej antybiotykoterapii
(Colomer-Winter etal. 2018). Grupe zwigkszonego
ryzyka stanowig osoby z obnizong odpornoscia: chorzy
w podeszlym wieku, z powazng chorobg podstawowsa,
osoby z immunosupresja, z rozleglymi oparzeniami,
zespolem stopy cukrzycowej, niewydolnoscig nerek, po
przeszczepie narzadow oraz po hemodializach (Arias
i Murray 2012, Sledzifiska etal. 2009). Szczegdlnie
narazeni sg chorzy oddziatéw hematoonkologicznych,
intensywnej terapii oraz oddzialéw chirurgicznych
(Arias i Murray 2012).

3. Najwazniejsze czynniki wirulencji
Enterococccus spp.

3.1. Bialko powierzchniowe Esp

Zewnatrzkomorkowe biatko powierzchniowe (ang.
Enterococcal surface protein, Esp) zostalo po raz pierw-
szy wykryte u E. faecalis i opisane w 1999 roku przez
Shankar i wsp (Shankar etal. 1999). Jego masa czas-
teczkowa wynosi okoto 202kDa. Biatko Esp sklada
sie gtéwnie z powtarzajacych si¢ blokéw aminokwa-
sowych, oznaczonych jako A (84 aminokwasy) i C
(82 aminokwasy), ktorych liczba w obrebie gatunku
moze si¢ rozni¢. W bliskiej odleglosci od wspom-
nianych blokéw umiejscowiona jest unikatowa bial-
kowa domena N-koncowa, skladajaca sie z 694 amino-
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kwasow, poprzedzona krotka sekwencja sygnatowa S
(Tendolkar et al. 2005).

Esp jest metaloproteinazg zalezng od jonéw cynku,
ktora moze hydrolizowa¢, m.in., Zelatyne, hemoglobing
ikolagen (Zheng et al. 2017). Obecno$¢ Esp wigze si¢ ze
zdolnoscia Enterococcus spp. do wytwarzania biofilmu,
stwierdzang zwlaszcza u szczepow z gatunku E. faeca-
lis (Toledo-Arana et al. 2001, Waar et al. 2002), szcze-
gblnie u izolatéw wywolujacych zapalenie wsierdzia
(Heikens et al. 2011). Enzym Esp wykazuje podobien-
stwo do bialek wystepujacych u innych gatunkéw bak-
terii np. biatko Bap u Staphylococcus aureus i biatko Rib
u Streptococcus agalactiae, ktére réwniez biorg udzial
w tworzeniu biofilmu (Shankar et al. 1999). Biatko Esp
ma istotng role w kolonizacji i wywolywaniu zakazen
ukladu moczowego m.in. przez tworzenie biofilmu
w drogach moczowych oraz na powierzchniach cew-
nikéw urologicznych (Leendertse et al. 2009, Shankar
etal. 2001). Na podstawie swoich badan, Taglialegna
i wsp. (2020) wykazali, Ze domena N-koncowa biatka
Esp tworzy w srodowisku kwasnym agregaty podobne
strukturalnie do amyloidu, dzigki ktérym moze indu-
kowa¢ wytwarzanie macierzy biofilmu przez komorki
niezdolne do syntezy biatka powierzchniowego Esp.
Natomiast Ghameshlouei i wsp. (Ghameshlouei et al.
2021) zasugerowali, ze zastosowanie w przemysle
farmaceutycznym i biologicznym oksadiazoli obniza
ekspresje genu esp i dziala hamujaco na formowanie
biofilmu przez E. faecalis.

Biatko Esp kodowane jest przez gen esp, zlokalizo-
wany w obrebie PAI. Top i wsp. (Top et al. 2013) wyka-
zali, ze transkrypcja operonu dla Esp u E. faecium jest
regulowana przez biatko EbrB, a gen ebrB znajduje si¢
w sekwencji poprzedzajacej gen esp. Badane szczepy,
u ktérych wystepowata mutacja sekwencji regulatoro-
wej, wykazywaly nizszy poziom ekspresji biatka Esp,
a takze mniejsza zdolnos$¢ tworzenia biofilmu. Bakterie,
z mutacjg genu ebrB wytwarzaly biofilm mniej inten-
sywnie, w poréwnaniu do szczepdw niosacych mutacje
genu esp. Sugeruje to, ze ebrB reguluje rowniez geny
zaangazowane w tworzenie biofilmu, kodujace lizozym
i oksydaze NADH.

Wystepowanie biatka Esp na powierzchni komérek
E. faecium jest zréznicowane pomiedzy szczepami i za-
lezy od warunkéw wzrostu, tj. temperatury i zawartosci
tlenu (Van Wamel et al. 2007). Wigcej eksponowanych
zewnatrzkomorkowo czasteczek wystepuje w przy-
padku hodowli prowadzonej w temperaturze 37°C,
w poréwnaniu z hodowlg w 21°C, oraz w warunkach
beztlenowych. Dane te wskazujg, ze szczepy z gatunku
E. faecium reaguja na zmieniajace si¢ warunki srodowi-
skowe, a wigksza liczba bialek Esp ulatwia kolonizacje
i przyczynia si¢ do przyspieszenia procesu zakazenia.

Biatko Esp jest czynnikiem wirulencji rozpow-
szechnionym wsrod Enterococcus spp. (Nasaj et al. 2016,
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Strateva et al. 2016), zwlaszcza u szczepéw MDR (Eaton
i Gasson 2001). Poczatkowo, w latach 90. ubieglego
wieku, gen ten wykrywano tylko u gatunku E. faeca-
lis (Shankar etal. 1999), obecnie jego wystepowanie
stwierdza si¢ rowniez u przedstawicieli gatunkow, tj.
E. faecium, E. raffinosus i E. avium (Freitas et al. 2018,
Vankerckhoven et al. 2004). Ponadto wykazano kore-
lacje miedzy wystepowaniem genu esp na plazmidach
koniugacyjnych, a opornoscig bakterii na ampicyline
(Vergis etal. 2002). Obecnos$¢ genu esp stwierdzano
czesciej u szczepow E. fecium o fenotypie VRE oraz
izolowanych z ognisk epidemicznych (Arshadi etal.
2018, Willems et al. 2001). Szczepy z gatunku E. faecium
o fenotypie VRE kolonizujace krtan i gardlo pacjentéw
hematoonkologicznych, czesciej wykazuja obecnosé
genu esp w poréwnaniu do izolatéw z kaltu, jednak
rzadziej chechuje ich zdolno$¢ do tworzenia biofilmu.
Potwierdza to znaczenie biatka Esp w samym procesie
kolonizacji pacjentow (Jovanovi¢ et al. 2018).

3.2. Cytolizyna

Cytolizyna jest egzotoksyng dzialajacg zaréwno
wobec komorek eukariotycznych, jak i prokariotycz-
nych (Dong etal. 2015, Van Tyne et al. 2013). Nalezy
do grupy bakteriocyn klasy II zawierajacych lantionine,
aktywnych wobec wielu gatunkéw bakterii Gram-
-dodatnich (Archimbaud etal. 2002). Po raz pierw-
szy opisano jag w 1934 roku, jako streptolizyne (Todd
1934). Nazywana jest réwniez hemolizyna, poniewaz
wywoluje rozpad erytrocytéw ludzkich, konskich, bydle-
cych i kroliczych (Arias i Murray 2012, Basinger
iJackson 1968).

Cytolizyna kodowana jest przez gen cylA, umiejs-
cowiony na chromosomie bakteryjnym badz na plaz-
midach zaleznych od feromondéw. Moze wystepo-
waé w obrebie wysp PAI wraz z genami kodujacymi
substancje agregujacg oraz bialko powierzchniowe
Esp (Shankar et al. 2004). Na operon cytolizyny skfa-
dajg takie geny, jak: cyIR1, cyIR2, ¢yIL , cylL,, cyIM,
cyIB, cylAicyll (Jett et al. 1994). Geny kodujace cytoli-
zyne nie wystepuja u wszystkich szczepoéw Enterococcus
spp. Ponadto, ulegaja wybidrczej ekspresji (Semedo
etal. 2003a).

Wytwarzanie, wydzielanie i aktywnos$¢ cytolizyny
wymaga wspoétudzialu wielu biatek. Cytolizyna skfada
sie z dwoch peptydow, nazwanych cytolizyng L i S,
kodowanych przez geny cylL, i cylL, (Arias i Murray
2012). Sa one modyfikowane potranslacyjnie dzieki
reakcjom katalizowanym przez biatko CylM, kodo-
wane przez gen cyIM. Proces ten polega na dehydrata-
cji seryny i treoniny oraz powstaniu czgsteczek lantio-
niny i metylolantioniny. Laczg one odwodnione reszty
aminokwasowe z s3siadujacymi grupami tiolowymi
cystein (Van Tyne et al. 2013, Dong et al. 2015). Zmo-

dyfikowane peptydy CylL, i CylL, zostaja wydzielone
na zewnatrz komorki przy udziale CylB - biatka wigzg-
cego ATP. Aktywacja uwolnionej cytolizyny nastepuje
przez proteaz¢ serynows, kodowang przez gen cylA.
Oporno$¢ komorki bakteryjnej na dziatanie wydzie-
lonej toksyny zapewnia biatko odpornosciowe, bedace
produktem genu cylI (Biswas et al. 2016).

Ekspresja genu cytolizyny, nalezacej do hemolizyn
bakteryjnych, regulowana jest przez uklad dwdch biatek
CylR1/CylR2 (De Vuyst et al. 2003, Shankar et al. 2001,
Sledziniska et al. 2009). W przypadku braku komérek
docelowych dla cytolizyny, peptydy CylL, i CylL tworzg
nierozpuszczalny kompleks, a operon cytolizyny ulega
ekspresji na niskim poziomie. W przypadku obecnosci
komorek docelowych za wigzanie si¢ z nimi odpowiada
peptyd CylL,, stanowigcy wigksza podjednostke tok-
syny i majgcy znacznie wigksze powinowactwo do ery-
trocytéw niz podjednostka CylL.. Podjednostka CylL,
taczy si¢ ze zwigzanym z blong peptydem CylR1, co
prowadzi do uwalniania biatka represorowego CylR2
i skutkuje wysokim poziomem ekspresji operonu cyto-
lizyny. Proces ten docelowo odpowiada za wytworzenie
poréw w blonie atakowanej komorki (Ali et al. 2017,
Arias i Murray 2012, Byers etal. 1998, LaGrow et al.
2017). Dokladny proces transmisji sygnaléw pomiedzy
kompleksem CylR1/CylR2, a podjednostkami toksyno-
tworczymi nie zostal jeszcze w pelni poznany.

Cytolizyna jest obecna zaréwno u szczepdw wyizo-
lowanych z zakazen jak i wchodzacych w sktad mikro-
bioty 0s6b zdrowych. Infekcje wywolane przez szczepy
majace gen cyl cechuja sie ciezszym przebiegiem
i wyzszym odsetkiem $miertelnosci (Chow et al. 1993,
Huycke et al. 1991). Cytolizyna wykrywana jest takze
u szczepow izolowanych od zwierzat i z produktéw spo-
zywczych, ktére rdwniez moga by¢ zroédlem cigzkich
zakazen, np. u osob z obnizona odpornoscig (Ghosh
etal. 2011, Semedo etal. 2003a). Geny cytolizyny
wykrywane s3 najczesciej u gatunku E. faecalis (45%),
chociaz wystepuja réwniez u gatunkéw rzadziej izolo-
wanych z zakazen, np. E. durans (16%) i E. hirae (3%)
(Semedo etal. 2003a). LaGrow i wsp. (LaGrow et al.
2017) wykazali, ze uzycie nanoczgsteczkowego modelu
krwinek czerwonych w terapii zakazen galki ocznej
o etiologii E. faecalis neutralizuje aktywno$¢ cytolizyny
poprzez wigzanie si¢ do nich podjednostki CylL, .

3.3. Bialko EfaA

Biatko EfaA ma strukture wykazujaca w wysokim
stopniu homologie do biatkowych adhezyn umiejsco-
wionych w $cianie komdrkowej paciorkowcow z rodzaju
Streptococcus (Archimbaud et al. 2002). Wyniki badan
nad jego funkcjg wykazaly, ze biatko to moze uczestni-
czy¢ w przyleganiu komdrek bakteryjnych do komoérek
miesnia sercowego (Guzman et al. 1989).
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Obecnos¢ genu efaA, kodujacego biatko EfaA,
stwierdza si¢ u ponad 80% przedstawicieli rodzaju
Enterococcus (Semedo etal. 2003b), a jego ekspresja
podlega kontroli w czasie szeregu proceséw. Gen ten
moze wystepowac niezaleznie od pochodzenia szcze-
péw oraz ich wystepowania. U szczepéw E. faecalis
biatko EfaA kodowane jest u przez gen efaA . Wsrod
szczepow klinicznych E. faecalis jego obecnos¢ stwier-
dzono u 86% izolatéw (Strateva et al. 2016). Swiadczy to
o rozpowszechnieniu tego genu u wiekszosci szczepdw
nalezacych do tego gatunku.

Obecnos¢ genéw kodujacych biatko EfaA potwier-
dzono u innych gatunkéw m.in. E. faecium, E. durans
czy E. solitarius (Eaton et al. 2001, Semedo et al. 2003b).
U szczepow E. faecium biatko kodowane jest przez
gen efaA, , ktory wykrywany jest u kilkunastu pro-
cent szczepdw (Semedo et al. 2003b). W badaniach na
szczepach E. faecium wykazano jednocze$nie, ze gen ten
wystepuje z nizsza czestoscia u szczepoéw nie tworza-
cych biofilmu - 44,3% w poréwnaniu do 85,0% u izo-
latéw wytwarzajacych biofilm (Sienko et al. 2015).

Samo wystepowanie genu efaA nie determinuje
chorobotworczoéci danego szczepu. Dowiedziono bo-
wiem, Ze obecnos¢ genu nie ma wptywu na prozdro-
wotne, komensalne wlasciwosci szczepu i dlatego nie
wyklucza jego wykorzystania w konstrukeji prepara-
tow leczniczych np. preparatu probiotycznego (Mishra
i Ghosh 2018).

Pomimo duzego zréznicowania genetycznego wsrod
szczepow z rodzaju Enterococcus, obecnos¢ biatka EfaA,
wykazano u wszystkich izolatéw wyosobnionych z ran
(Heidari et al. 2016). Jego wystepowanie stwierdza si¢
z wyzszg czestoscia u szczepow klinicznych w porow-
naniu z izolatami pochodzacymi ze srodowiska natu-
ralnego czy z zywnosci (Semedo et al. 2003b). Jest to
szczegllnie istotne z punktu widzenia stosowanych
procedur diagnostycznych i leczniczych. Wykazano
bowiem, ze ekspresja genu efaA moze by¢ indukowana
przez obecno$¢ antybiotyku, np. gentamycyny w srodo-
wisku bytowania szczepu (Kafil et al. 2016).

Badania opisane w 2018 roku wykazaly, ze do wtasci-
wego dzialania szeregu czynnikéw wirulencji E. faeca-
lis niezbedne jest uzyskanie odpowiednich warunkéw,
np. pozyskanie przez komorki bakteryjne manganu
(Colomer-Winter et al. 2018). Wytwarzanie biatka EfaA
jest natomiast uzaleznione, m.in., od odczynu $rodowi-
ska i dzialania pola magnetycznego, co ma znaczenie
w tworzeniu technologii proceséw dezynfekcji (Fan
etal. 2018). Beomidehagh i wsp. (Beomidehagh et al.
2018) wykazali, ze srodowisko kwasne nie wplywa na
poziom ekspresji genu efaA u szczep6w E. faecalis nato-
miast warunki zasadowe znacznie go obnizajq.

Wystepowanie szczepow posiadajacych gen efaA
wydaje si¢ szczegdlnie istotne w odniesieniu do zakazen
na tle Enterococcus spp., do ktérych dochodzi w sto-
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matologii (Akbari Aghdam et al. 2017). Na podstawie
przeprowadzonych badan stwierdzono, ze gen ten
wystepowatu 95% izolatéw Enterococcus spp. wyosob-
nionych z materiatu klinicznego, pobranego z kanatow
korzeniowych od pacjentéw z wierzchotkowym zapale-
niem przyzebia (Barbosa-Ribeiro et al. 2016).

3.4. Bialka wiazace kolagen (Ace, Acm, Scm)

Jedna z najwazniejszych adhezyn wystepujacych
u E. faecalis jest biatko powierzchniowe Ace. Struk-
turg i funkcja przypomina bialko Cna, determinujace
adhezje szczepow S. aureus (Rich etal. 1999). Biatko
kodowane jest przez gen ace, ktdrego ekspresja jest
kontrolowana, m.in., przez czynniki transkrypcyjne
z rodziny ArgR (Manias i Dunny 2018). Analiza
genomu szczepow Enterococcus spp. pochodzacych
ze $rodowiska ludzi i zwierzat wykazala, ze az 89,0%
z nich zawieraly gen ace (Freitas et al. 2020). Ze wzgledu
na powszechne wystepowanie biatka Ace u szcze-
poOw E. faecalis, zaproponowano wykorzystanie kodu-
jacego je genu do identyfikacji gatunkowej szczepow
(Duh et al. 2001).

Czasteczka bialka Ace zawiera krotka sekwencje
sygnatowg skladajacg si¢ z 31 aminokwasow na N-koncu.
W strukturze biatka wyodrebnia si¢ domene A, skla-
dajaca si¢ z 335 aminokwasow, ktora jest odpowie-
dzialna za wigzanie ligandu w biatkach macierzy
zewnatrzkomorkowej (ang. extracellular matrix, ECM)
komorek gospodarza oraz domeng B o zmiennej liczbie
powtdrzen tandemowych. Ostatnim elementem struk-
tury biatka Ace jest region C skladajacy sie z sekwencji
LPXTG (L - leucyna, P - prolina, X - dowolne ami-
nokwasy, T - treonina, G - glicyna) o wysokim powi-
nowactwie do bialek ECM (Chajecka-Wierzchowska
etal. 2017).

Wiasciwosci adhezyjne bialka Ace ulatwiajg bak-
teriom z rodzaju Enterococcus kolonizacje poprzez
taczenie si¢ z biatkami ECM oraz udzial w wiazaniu
kolagenu typu I i IV (Nallapareddy et al. 2003, Rich
etal. 1999). Bialko Ace oraz swoiste dla niego prze-
ciwciala klasy IgG wykrywane sg w surowicy az w 90%
przypadkow zapalenia wsierdzia o etiologii E. faecalis
(Tendolkar et al. 2003). Wykazano, ze podawanie szczu-
rom monoklonalnego przeciwciala anty-Ace mAb70
znaczaco zmniejsza intensywnos$¢ wigzania komorek
bakteryjnych z kolagenem IV w testach adherencji
in vitro, a wstepne leczenie mAb70 anty-Ace zna-
czgco zmniejsza czgsto$¢ zakazen zastawek aortalnych
(Singh et al. 2018).

Analogiem biatka Ace u szczepow E. faecalis jest
biatko Acm wystepujgce u E. faecium. Kodujace je geny
réwniez wykazuja w wysokim stopniu homologi¢ do
bialka Cna wystepujacego u S. aureus. Produkt ekspresji
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genu acm ma zdolnos$¢ wigzania kolagenu, jednak tylko
typu I (Nallapareddy et al. 2003). Obecno$¢ tego genu
stwierdzono u 86,6% klinicznych izolatéw E. faecium
(Arshadi et al. 2018).

W badaniach na szczepach E. faecium wykazano
obecnos¢ innego biatka wiazacego kolagen Scm (ang.
second collagen adhesion, kodowanego przez gen scm)
(Sillanpéa et al. 2008). Szczepy E. faecium posiadajace
to biatko wykazuja zdolno$¢ wiazania kolagenu typu V
oraz fibrynogenu, co pelni istotng funkcje w patogene-
zie zapalenia wsierdzia o tej etiologii. Ponadto wyka-
zano, ze nawet niewielkie zmiany mutacyjne w genach
moga wplywac na zdolnos¢ wzrostu izolatdw E. faecium
oraz ekspresj¢ ich czynnikow wirulencji, przyczyniajac
sie do zmian patogenetycznych konkretnego szczepu
(Somarajan et al. 2014).

3.5. Hialuronidaza

Hialuronidaza wytwarzana jest przez szczepy wielu
gatunkow bakterii Gram-dodatnich, w tym przedsta-
wicieli Enterococcus spp. Wykazuje ona zdolnos$¢ hydro-
lizy kwasu hialuronowego, bedacego sktadnikiem tka-
nek i ptynéw ustrojowych, np. skdry, chrzastek, mézgu,
miesni czy pepowiny. Jest enzymem kodowanym przez
gen hyl, plazmidowo lub chromosomalnie (Basinger
i Jackson 1968, Sledzinska et al. 2009).

Udziat hialuronidazy w patogenezie zakazen wywo-
tywanych przez Enterococcus spp. nie jest dostatecznie
poznany. Pelni ona funkcje podobne do enzymow
wytwarzanych przez S.pyogenes i S.aureus. Uszka-
dza tkanki i ulatwia rozprzestrzeniane si¢ bakterii
oraz ich toksyn w zakazonym organizmie (Sledzifiska
etal. 2009). Rozkladajac kwas hialuronowy, hialu-
ronidaza uwalnia disacharydy, ktére stanowig sktad-
niki odzywcze dla bakterii (Hynes et al. 2000, Kayaoglu
i Qrstavik 2004).

Gen hyl wykrywany jest gtéwnie wsrod szczepow
E. faecium izolowanych od pacjentéw hospitalizo-
wanych (Basinger i Jackson 1968, Rice etal. 2003).
Znacznie rzadziej stwierdza si¢ go wérdd klinicznych
szczepow E. faecalis (Soheili etal. 2014). Obecnos$¢
genu hyl stwierdzano czesciej u szczepéw o fenoty-
pie VRE (28,7%) w poréwnaniu do izolatéw o feno-
typie VSE (ang. Vancomycin Sensitive Enterococci)
(5%) (Arshadi etal. 2018). Wazng informacje doty-
czacg potencjalu wytwarzania hialuronidazy wniosty
wyniki badania Elmali i Can (2018), ktorzy wykazali,
ze wérod 246 izolatow Enterococcus spp. pozyskanych
z zywnosci, Zaden nie miat genu hyl. Arias i wsp. (2009)
na podstawie swoich badan zasugerowali, Ze klastry
genéw warunkujacych opornos$¢ na wankomycyne sa
taczone z plazmidem zawierajacym gen hyl i moga by¢
wspolnie transferowane.
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3.6. Substancja agregujaca

Substancja agregujaca (ang. aggregation substance,
AS) jest bialkiem powierzchniowym, ktérego aktyw-
nos¢ zalezy od obecnosci feromonéw i surowicy (Sava
etal. 2010). Kodowana jest przez geny agg, asa, asa373,
prgB, wystepujace na plazmidach koniugacyjnych pADI,
pCF10, pPD1 (Przybylski 2007, Shiono i Ike 1999,
Sledzinska et al. 2009).

Obecnos¢ AS wiaze si¢ ze zwiekszong zdolnoscig
bakterii do tworzenia duzych agregatéw i przyczynia
sie do efektywnego przenoszenia miedzy nimi infor-
magcji genetycznej (Biswas et al. 2016, Sifimuth et al.
2000). Ponadto utatwia adhezje do powierzchni ko-
morek gospodarza, takich jak: komorki nablonkowe,
erytrocyty, granulocyty oraz makrofagi (Rakita et al.
1999, Simuth etal. 2000, Sledzinska etal. 2009).
Szczepy Enterococcus spp. wytwarzajace AS s3 czesciej
fagocytowane przez makrofagi, ale wykazuja wewnatrz
nich wyzsza przezywalnos$¢ niz szczepy niewytwarza-
jace AS (Stilmuth et al. 2000, Sledziniska et al. 2009).
Proces ten przyczynia si¢ do translokacji Enterococcus
spp. z przewodu pokarmowego do krwiobiegu, uktadu
limfatycznego i innych tkanek organizmu, co umozli-
wia bakteriom wywolywanie zakazen o réznej loka-
lizacji (Arshadi et al. 2018).

Ekspresja bialka AS, o masie czasteczkowej 137 kDa,
jest regulowana przez obecno$¢ hamujacego pep-
tydu iCF10, kodowanego na plazmidzie pCF10, lub
alternatywnie przez kompleksy lipidowo-biatkowe,
ktore wplywaja na aktywnos¢ tego peptydu. Afonina
i wsp. (Afonina etal. 2018) wykazali, ze AS wspot-
dziala z biatkiem Esp w tworzeniu struktury bio-
filmu oraz osadzeniu w niej agregatow bakteryjnych.
Ponadto udowodniono, ze biatko AS odpowiada przede
wszystkim za wstepng agregacje komorek bakterii,
a nastepnie hamowane jest przez wzrost stezenia pep-
tydu iCF10, podczas gdy biatko Esp bierze udziat w za-
geszczeniu struktury biofilmu w pdzniejszych etapach
jego tworzenia.

Biatko AS jest waznym czynnikiem wirulencji,
ktory ma wptyw na wywolywanie przez Enterococcus
spp. zapalenia wsierdzia (Chow et al. 1993, Schlievert
etal. 1998). Pierwszy przypadek izolacji E. faecalis
z takiego zakazenia zostal opisany w 1899 roku przez
Maccallum i Hastings (Maccallum i Hastings 1988).
Murray (Murray 1990) w 1990 roku okreslil, ze 5-15%
przypadkow zapalenia wsierdzia jest wywolywanych
przez Enterococcus spp., a choroba ta czgsciej wystepuje
umezczyzn w starszym wieku.

Obecnos¢ genu biatka AS jest wykrywana gléwnie
u szczepOw E. faecalis, z nizsza czesto$cia u E. faecium,
przy czym czeéciej wystepuje u izolatéw o fenotypie
VRE (Biswas et al. 2016, Strateva et al. 2016).
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3.7. Zelatynaza

Zelatynaza jest metaloproteinaza wykazujaca zdol-
nos$¢ hydrolizy zelatyny, kolagenu, kazeiny, hemoglo-
biny, elastyny (Biswas et al. 2016, Su et al. 1991) oraz
rozpuszczania fibryny (Waters et al. 2003). Zdolno$¢
ta ufatwia komoérkom bakteryjnym rozprzestrzenianie
sie w warunkach in vivo. Zelatynaza wptywa hamu-
jaco na uklad immunologiczny, co potwierdzily bada-
nia na surowicy ludzkiej krwi i hemolimfie owadéw
(Park etal. 2007). Inng wazng funkcjg zelatynazy jest
rozktad nieprawidlowo sfaldowanych, niefunkcjonal-
nych biatek powierzchniowych komoérek bakteryjnych
(Waters et al. 2003).

Enzym ten kodowany jest przez gen gelE, ktéry po
raz pierwszy zostat zsekwencjonowany w 1991 roku (Su
etal. 1991). Ulega on ekspresji jednoczesnie z genem
sprE, kodujacym proteinaze serynowa, ktéra stanowi
potencjalny czynnik wirulencji Enterococcus spp. uszka-
dzajacy tkanki gospodarza. Aktywno$¢ proteinazy sery-
nowej stwierdzana jest tylko w pofaczeniu z aktywnos-
cig wytwarzanej jednoczesnie Zelatynazy.

Ekspresja gendw gelE i sprE podlega regulacji dwu-
skltadnikowemu systemowi quorum sensing Fsr. Na
locus Fsr skiadaja si¢ geny: fsrA, fsrB, fsrC, fsrD. Udo-
wodniono, ze system Fsr reaguje na stezenie feromonu
aktywujacego GBAP (ang. gelatinase biosynthesis
activation pheromone). Jest on cyklicznym peptydem
kodowanym przez gen fsrD i majacym pierscien lakto-
nowy (Nakayama et al. 2001). FsrB odpowiada za roz-
szczepienie proteolityczne i cyklizacje FsrD (Nakayama
et al. 2006). Akumulacja peptydu GBAP w przestrzeni
pozakomodrkowej jest prawdopodobnie wykrywana
przez kinaze histydynowa FsrC, prowadzac do akty-
wacji regulatora (Nakayama et al. 2001).

Wyniki badan Hancock i wsp. (Hancock i Perego
2004) wykazaly, ze system Fsr wplywa na tworzenie
biofilmu przez szczepy E. faecalis poprzez wytwarzanie
zelatynazy. Ustalono, ze mutacja w obrebie gendw sys-
temu Fsr skutkuje wytwarzaniem biofilmu i zelatynazy
na nizszym poziomie. Proteinaza ta wplywa réwniez na
uwalnianie przez Enterococcus spp. zewnatrzkomarko-
wego DNA (eDNA), ktdre jest czynnikiem promuja-
cym rozwdj biofilmu (Thomas et al. 2008). Z kolei SprE
wplywa zaréwno na uwalnianie eDNA, dojrzewanie
biofilmu, jak i hamuje autoliz¢ komérek. Odmienne
wyniki w tym aspekcie uzyskali Zheng i wsp. (Zheng
et al. 2017), ktérzy wykazali, ze brak genu gelE koreluje
z wyzsza czgstoscia E. faecalis do tworzenia biofilmu.

Gen gelE moze wystepowac na chromosomie bak-
teryjnym, lecz nie zawsze ulega ekspresji (Eaton et al.
2001, Semedo etal. 2003a). Strzelecki i wsp. (2011)
w swoich badaniach wykryli ten gen u 91% izola-
tow E. faecalis, z czego zaledwie u 53% szczepow
wykazano fenotypowo zdolnos¢ hydrolizy zelatyny.
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Przyczyna dysfunkcji tej metaloproteinazy moga by¢
mutacje w obrebie genow fsr i gelE (Nakayama et al.
2002, Qin et al. 2000). Znaczenie tego procesu nie jest
do konca poznane.

Szczepy z rodzaju Enterococcus zawierajace gen
zelatynazy wykazuja wieksza zdolnos¢ adhezji do
powierzchni zgbiny, co ttumaczy ich udzial w zaka-
zeniach endodontycznych (Guneser i Eldeniz 2016).
Wytwarzanie Zelatynazy nie jest niezbedne do utrzymy-
wania sie i wywolywania przez Enterococcus spp. zaka-
zen w obrebie ukladu moczowego, gdyz wiele szczepdw
izolowanych z zakazen tego ukladu wykazuje delecje
regionéw odpowiedzialnych za wytwarzanie tej pro-
teinazy (Nakayama et al. 2002). Hashem i wsp. (2021)
dzieki swoim badaniom potwierdzili, ze sama obec-
nos¢ genu gelE nie wigze si¢ z aktywnoscig zelatynazy,
jednak zaobserwowali korelacje pomiedzy obecnoscia
w genomie E. faecalis genéw gelE i sprE, a intensywno$-
cig tworzenia biofilmu. Ponadto zasugerowali, ze obec-
nos¢ systemu quorum sensing Fsr moze by¢ skutecznym
biomarkerem aktywnosci zelatynazy.

Gen gelE wykrywany jest czesciej wsrod izola-
tow klinicznych, w pordwnaniu do szczepow z przy-
padkoéw kolonizacji, co potwierdzaloby udzial zelaty-
nazy w patogenezie zakazen wywolywanych przez
Enterococcus spp. (Coque et al. 1995, Pillai et al. 2002).
Gen kodujacy zelatynaze wystepuje czeéciej u E. fae-
calis, niz u E. faecium (Biswas etal. 2016, Eaton
i Gasson 2001). Jego obecnos$¢ potwierdzono réwniez
u szczepow E. faecalis izolowanych z Zzywnosci (Eaton
i Gasson 2001).

3.8. Antygen wydzielniczy SagA

W dostepnym pi$miennictwie istnieje niewiele
informacji o wlasciwosciach antygenu wydzielniczego
SagA (Paganelli etal. 2015, Sledzinska etal. 2009).
Jest to bialko wykrywane u przedstawicieli gatunku
E.faecium i kodowane przez gen saga umiejsco-
wiony w grupie gendéw niosacych podstawowe infor-
macje dotyczace szlaku syntezy $ciany komorkowej
bakterii. Stad, postuluje si¢, Ze produkt syntezy tego
genu moze odgrywac wazng role w procesie wzrostu
i namnazania si¢ komorek E. faecium (Teng et al. 2003).
Czyni to zatem sekwencje genu saga, albo aktywnos¢
kodowanego przez niego biatka, potencjalnym celem
w konstrukeji szczepionek, zapobiegajacym gléwnie
rozwojowi bakteriemii o etiologii Enterococcus spp. lub
tworzenia nowych lekéw o wlasciwosciach przeciwbak-
teryjnych (Kropec et al. 2011).

Biatko SagA jest podobne do analogicznych czas-
teczek wystepujacych u pateczek Listeria monocytogenes
(biatek P45 i 60), ktdre u przedstawicieli tego gatunku
s3 odpowiedzialne za inwazje hepatocytow, fibroblas-
tow i makrofagow. Antygen wydzielniczy SagA jest jed-
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noczesnie jednym z podstawowych sktadnikéw budowy
biofilmu E. faecium (Paganelli et al. 2015), jednak tylko
w odniesieniu do szczepéw nalezacych do kladu Al
(zawierajacego szczepy izolowane od ludzi) (Geraldes
etal. 2022). Ma zdolno$¢ wigzania si¢ z proteinami
macierzy zewnatrzkomoérkowej, m.in., fibrynogenem,
kolagenem typu I i IV, lamining i fibronektyna (Teng
etal. 2003). Wplywa to na zdolnos$¢ adhezji komorek
bakteryjnych oraz ulatwia szczepom z gatunku
E. faecium kolonizacje tkanek i narzadéw gospodarza
oraz nieozywionych powierzchni. W trakcie oceny zna-
czenia antygenu wydzielniczego SagA wykazano, ze jest
on w znacznym stopniu wytwarzany przez szczepy izo-
lowane z zapalenia wsierdzia (Sledziniska et al. 2009).

Z badan przeprowadzonych w ostatnich kilku
latach wynika, ze rola bialka SagA polega na modu-
lowaniu zdolnosci do kolonizacji czy zakazenia bak-
teriami bezwzglednie patogennymi, co wplywa na
formacje ludzkiej bariery jelitowej (Paganelli etal.
2015, Pedicord et al. 2016, Rangan et al. 2016). Ponadto
przeprowadzone w warunkach laboratoryjnych na
modelu zwierzecym badania wykazaly, Ze obecno$¢
antygenu wydzielniczego znaczgco wptywa na skltad
mikrobiomu ich jelit. Stwierdzono, Ze moze on nawet
promowac tolerancje wobec zakazen wywotanych przez
bakterie chorobotwodrcze, np. z rodzaju Salmonella
(Rangan et al. 2016).

3.9. Lipaza

Mniejsze znaczenie w patogenezie zakazen przy-
pisuje si¢ wlasciwosciom lipolitycznym szczepéw
z rodzaju Enterococcus. Wytwarzane przez te szczepy
lipazy hydrolizuja czasteczki ttuszczéw, co poszerza
zakres warunkow $rodowiskowych, w jakich moga
wystepowac. Dzigki wlasciwosciom lipolitycznym Ente-
rococcus spp. moga optymalizowa¢ pH srodowiska,
a takze niszczy¢ lipidowe komponenty komoérek gospo-
darza (Stehr et al. 2003).

Wisrdd szczepow Enterococcus spp. wykazano duze
zréznicowanie obecnosci lipazy. Jej wystgpowanie
notuje si¢ w szerokim zakresie od 4% do nawet ponad
35% wsrod szczepdw wyosobnionych z krwi (Elsner
etal. 2000, Sledzinska etal. 2009). Wedtug réznych
badaczy aktywnos¢ lipolityczna u szczepéw klinicz-
nych miesci si¢ w granicach od 7% szczepdéw wykry-
tych w zakazonych ranach (Dworniczek etal. 2012)
do prawie 24% wsrod szczepdw o réznej specyfice
zakazen i roznym profilu antybiotykowrazliwosci
(Biswas etal. 2016, Kowalska-Krochmal etal. 2011).
Aktywnos¢ lipazy wykrywana jest zdecydowanie cze-
$ciej wérdd szczepow tworzacych biofilm (Dworniczek
etal. 2014). W badaniach przeprowadzonych przez
Komiyama i wsp. (2016) na wytwarzajacych biofilm
izolatach réznych gatunkéw rodzaju Enterococcus,
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wykazano aktywno$¢ lipolityczng u 92% szczepow.
Wedlug Wroéblewskiej i wsp. (Wrdblewska et al. 2013)
aktywnos¢ lipolityczng wykazywato 71,1% klinicznych
szczepow E. faecium, a dodatkowo stwierdzono réznice
w aktywnosci lipazy wobec réznych uzytych w badaniu
estrow kwasowych. Moze to sugerowac rdznice struk-
turalne oraz biochemiczne enzymoéw lipolitycznych
wytwarzanych przez Enterococcus spp., co przyczynia
sie do wybidrczej hydrolizy substratow.

Waznym spostrzezeniem badaczy przedsatwionym
w dostepnym pismiennictwie jest to, ze na aktywnos¢
lipazy i zdolnos¢ tworzenia biofilmu wplywaja rézne
czynniki, w tym skladniki odzywcze. Wojnicz i wsp.
(Wojnicz et al. 2016) wykazali, ze ekstrakt z zurawiny
ma wplyw na wytwarzanie lipazy i tworzenie biofilmu,
co moze posrednio redukowaé zdolnos¢ szczepow
E. faecalis do wywolywania zakazen ukfadu moczo-
wego. Moze to mie¢ znaczenie w profilaktyce zakazen
o tej etiologii wystepujacych w tej konkretnej lokalizacji
(Wojnicz et al. 2016).

3.10. Hemaglutynina

W pismiennictwie dostepnych jest zaledwie kilka
publikacji dotyczacych znaczenia hemaglutyniny
u szczepow z rodzaju Enterococcus (Carvalho etal.
1995, Elsner et al. 2000). Takiej aktywnosci nie wykryto
u szczepdw E. faecium. Natomiast wérdd izolatow
E. faecalis, stwierdza si¢ jej wystepowanie u niemal
wszystkich izolatéw (97%) (Carvalho et al. 1995, Elsner
et al. 2000, Sledzinska et al. 2009).

Specyfika zjawiska hemaglutynacji erytrocytow,
jakie moga wykazywac szczepy z gatunku E. faecalis,
jest rozna i zalezy w duzej mierze od modelu badaw-
czego w warunkach in vitro - pochodzenia badanych
krwinek, pochodzenia szczepéw wzgledem lokalizacji
zakazenia czy rodzaju materiatu klinicznego, z ktérego
izolowane byly badane szczepy (Carvalho et al. 1995,
Izumi etal. 2005). Na podstawie wynikéw przepro-
wadzonych badan dostrzezono dwie prawidtowosci.
Po pierwsze, najwiecej szczepéw wykazuje zdolnosé
wywolywania hemaglutynacji erytrocytéw kroliczych.
Po drugie, czynniki odpowiedzialne za t¢ cech¢ moga
mie¢ zardwno typowo bialkowy, jak i niebiatkowy cha-
rakter (Carvalho et al. 1995).

Wedtug najnowszych badan opartych na technikach
biologii molekularnej w genomie szczepdw z rodzaju
Enterococcus mozna wykaza¢ grupe gendw zawierajaca,
m.in., operony utworzone z sekwencji genéw analo-
gicznych do enzymdw-toksyn u bakterii Gram-dodat-
nich, w tym kodujacych hemaglutynine. Na szczegdlna
uwage zastuguje operon zawierajacy rearanzacje genow
w obrebie sekwencji podobnych do tych, ktére koduja
neurotoksyny u laseczek z gatunku Clostridium botuli-
num (Brunt et al. 2018).
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3.11. Zewnatrzkomodrkowe nadtlenki

Zewnatrzkomorkowe nadtlenki zaliczane sa do
grupy czynnikow zjadliwosci Enterococcus spp. ulatwia-
jacych niszczenie tkanek gospodarza, gtéwnie u pacjen-
tow z bakteriemia o tej etiologii. Wplywaja one zna-
czaco na uogodlnienie zakazenia (Huycke et al. 1996).
Stwierdza sie, ze mozliwo$¢ wytwarzania reaktywnych
form tlenu znacznie czgsciej notuje si¢ wsrdd szczepow
E. faecalis w poréwnaniu do E. faecium. Zdolnos¢ ich
wytwarzania zewngtrzkomorkowo ulatwia przedsta-
wicielom rodzaju Enterococcus przezycie wewnatrz
komorek zernych. Ponadto reaktywne formy tlenu
uszkadzajg nabtonek przewodu pokarmowego, ulat-
wiajac bakteriom przetamanie bariery jelitowej. Waz-
nym spostrzezeniem poczynionym podczas badan
w tym zakresie bylo stwierdzenie réznic w poziomie
wytwarzania nadtlenkéw w grupach szczepéw o roz-
nym pochodzeniu. Wyniki badan prowadzonych przez
Huycke i wsp. (Huycke et al. 1996) wykazaly, ze poziom
wytwarzania zewnatrzkomérkowych nadtlenkéw byt
0 60% wyzszy w przypadku szczepdw Enterococcus spp.
izolowanych z bakteriemii w poréwnaniu ze szczepami
pozyskanymi z przypadkéw kolonizacji pacjentow.

Ciekawym spostrzezeniem jest réwniez powia-
zanie aktywnosci bakteryjnych nadtlenkéw z proce-
sem kancerogenezy. Postuluje si¢ bowiem, ze zdolno$¢
wytwarzania nadtlenkéw przez szczepy z rodzaju Ente-
rococcus jest zwigzana z indukcja lub progresja pro-
cesow nowotworowych w komoérkach nablonkowych
jelita grubego (Huycke et al. 2002, Rezasoltani et al. 2018,
Wang et al. 2017).

4. Podsumowanie

Bakterie z rodzaju Enterococcus ze wzgledu na
powszechne wystepowanie i zdolnos¢ do utrzymywania
sie w srodowisku szpitalnym, sg coraz czgstszym czyn-
nikiem etiologicznym zakazen, réwniez inwazyjnych.
Ponadto zwigksza si¢ rezerwuar szczepéw MDR oraz
posiadajacych szereg czynnikéw wirulencji. Szczepy
o takim fenotypie izolowane sg nie tylko od pacjentow
szpitalnych, ale réwniez od zwierzat domowych (Dotto
et al. 2018), gospodarskich (Vignaroli et al. 2011), pro-
duktow spozywcezych, jak i ze sSrodowiska naturalnego
(Sanchez Valenzuela etal. 2012). Do takiej sytuacji
przyczynily si¢ szeroko stosowane antybiotyki w prak-
tyce klinicznej, jak i w sektorze pozamedycznym (gtow-
nie weterynaryjnym i rolniczym).

Czynniki wirulencji umozliwiajg szczepom Entero-
coccus spp. wywolywanie zakazen poprzez wspomaga-
nie adhezji, kolonizacji i inwazji tkanek gospodarza,
modulacje odpowiedzi immunologicznej gospodarza
oraz wytwarzanie enzymow i toksyn, ktore zwigkszaja
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ciezko$¢ przebiegu zakazenia (Jett et al. 1994, Strateva
etal. 2016). Czynnikiem majacym wplyw na proces
kolonizacji jest zewnatrzkomdrkowe biatko powierzch-
niowe Esp. Translokacje z miejsca kolonizacji do innych
narzagdéw umozliwia substancja agregujaca, a czynni-
kami rozprzestrzeniajacymi sg hialuronidaza i zelaty-
naza. Znaczenie poszczegdlnych czynnikéw wirulencji
Enterococcus spp. w patogenezie wywolywanych zaka-
zen jest nadal przedmiotem wielu badan, gdyz uzyski-
wane wyniki nie zawsze s3 jednoznaczne. Najnowsze
badania nad genami kodujacymi czynniki wirulen-
cji wskazuja, ze na wzrost ekspresji wielu z nich (esp,
gelE, cylL, sprE) wplywa zaréwno stres osmotyczny,
jak i wysokie ci$nienie, co prowadzi do konkluzji, ze
nawet powszechne w przemysle metody przetworstwa
zywnosci moga indukowa¢ zmiany w profilu wirulen-
cji szczepow $rodowiskowych z rodzaju Enterococcus
(Zarzecka et al. 2022).

Wiele czynnikéw wirulencji wystepujacych u przed-
stawicieli Enterococcus spp. ma potencjalny wplyw
na tworzenie biofilmu, jednak zaleznos¢ miedzy ich
wystepowaniem, a zdolnoscig tworzenia biofilmu nie
zostala w pelni ustalona. Sugeruje si¢, ze tworzenie
biofilmu przez Enterococcus spp. jest ztozonym proce-
sem, wymagajacym wspotdziatania wielu biatek. Bio-
film, mimo, iz nie zawsze jest czynnikiem promujgcym
wywolanie przez bakterie zakazenia, przyczynia si¢ do
wzrostu patogennosci bakterii réwniez poprzez zwiek-
szanie opornosci na antybiotyki, srodki dezynfekcyjne
i warunki srodowiska.

Bakterie Enterococcus spp. jeszcze kilka dekad temu
nie byly uznawane za chorobotworcze, obecnie stano-
wig istotny czynnik etiologiczny zakazen, w tym tych
o cigzkim przebiegu, oraz stanowia istotny problem
medyczny, terapeutyczny i epidemiologiczny. Stad,
potrzebne jest lepsze zrozumienie zdolnosci gatunkow
z rodzaju Enterococcus do przetrwania w niekorzyst-
nych warunkach $rodowiskowych, ich mechanizmoéw
opornodci, a takze cech wirulencji, aby w pelni zro-
zumie¢ zfozono$¢ procesdéw przyczyniajacych sie do
wywolywania przez nie zakazen.
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Abstract: The larvae of the insect Galleria mellonella have gained wide acceptance as an in vivo model for the study of virulence in Gram-
negative and Gram-positive bacteria and fungi. Importantly, G. mellonella offers an alternative, low-cost, and ethically acceptable method
of assessing pathogens. These insects have a number of advantages, including ease of breeding, a rapid developmental cycle, low mainte-
nance costs, and ease of experimental manipulation. Most importantly, G. mellonella larvae have a complete immune system and a nonspe-
cific immune response similar to that of humans, making them a valuable model for studying pathogen-host interactions. Furthermore,
using this model, it is possible to test the efficacy of various chemical compounds or natural substances that show antimicrobial activity.
In this literature review, we provide a comprehensive overview of recent studies of the use of G. mellonella in virulence analyses and as
a platform for testing the efficacy of new drugs.

1. Introduction. 2. Immune system of G. mellonella. 3. Galleria mellonella humoral immune response. 4. Galleria mellonella larval AMPs.
5. Insect metalloproteinase inhibitor (IMPI) and lysozymes. 6. Melanization. 7. Selected studies of Gram-negative bacterial virulence in
the G. mellonellalarval model. 8. Galleria mellonella larva as a model organism in which to study Gram-positive bacteria. 9. Galleria mello-
nella larvae a model organism in which to study fungal pathogenicity. 10. Efficacy of antibacterial and antifungal compounds tested in
G. mellonella larvae. 11. Conclusion.
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1. Introduction

Galleria mellonella is a cosmopolitan insect species
that occurs on all continents except Antarctica (Kwadha
etal. 2017; Wojda et al. 2020). Because it feeds on bees-
wax, it is considered a pest. As a holometabolous species,
it is characterized by the four phases in its life cycle: egg,
larva, pupa and adult or moth stage (Fasasi and Malaka
2006; Kwadha et al. 2017; Pereira et al. 2018; Piatek et al.
2021). The larval form has been used as a model organ-
ism in which to study host-pathogen relationships, to
test new drugs, and to identify virulence factors of bac-
terial pathogens (Pereira et al. 2018; Piatek et al. 2021;
Chen and Keddie 2021; Ménard et al. 2021).

The G. mellonella larval model is becoming ever
more popular, as reflected in the increasing the number
of incoming publications containing the term “Galleria
mellonella” cited on PubMed (61 publications in 2010

compared with 348 in 2022). The insects used can be
divided into two classes. The so-called ‘research’ class
is reared without hormones or antibiotics and has
a standardized microbiome, whereas the ‘bait’ class is
commercially available and is used as bait in fisher-
ies or as pet food (Kwadha et al. 2017; Allonsius et al.
2019; Wojda et al. 2020). The larvae range in size from
1 to 3 cm, which facilitates the injection of compounds
and the recovery of organs, tissues and hemolymph
for further study (Fasai and Malaka 2006; Kwadha
etal. 2017). G. mellonella is characterized by a short
life cycle of approximately 5 weeks from the egg to
the adult form (Fasai and Malaka 2006; Ramarao and
Lereclus 2012; Firacative et al. 2020). Larvae are faster
growth, cheaper, and easier to house over model mice.
Moreover, G. mellonella larvae do not have nocicep-
tors, so in vitro studies can be undertaken without the
approval of a bioethics committee (Ménard et al. 2021).
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Table L.
Scoring system for G. mellonella larvae, modified from
(Loh etal. 2013).

Category Description Score
Activity No activity 0
Active 3
Complete melanization 0
Melanization | Single dark spots on larvae 2
No melanization 4

It is noteworthy that the entire genome of the insect
has been sequenced, which opens the possibility of its
use in research based on genetic modification (Lange
etal. 2018). Another major advantage of the organism
is the insect’s immune system, specifically its humoral
response. This, combined with the fact that G. mello-
nella larvae can be raised at 37°C, allows the tempera-
ture conditions in the human body to be simulated,
affording an excellent model organism that is capable of
simulating infections by human pathogens (Desalermos
etal. 2012; Sheehan et al. 2018).

Aims of presented review are to informed potential
G. mellonella larvae model users about exemplars of
Gram-negative, Gram-positive, fungus pathogenicity
and antimicrobials studies. Basic information about
G. mellonella immune system are provided.

A scoring system based on several health indices
is applicable in studies of human pathogens in G. mel-
lonella larvae (Table I) (Loh et al. 2013).

2. Immune system of G. mellonella

The nonspecific immune responses of invertebrates
protect them from adverse external factors and patho-
gens. Studies of the genome of G. mellonella larvae have
shown that their humoral immunity shares similari-
ties with the human humoral system, which involves
pathogen recognition patterns and the body’s defense
responses. The immune system of G. mellonella consists
of the cuticle and the cellular and humoral immune
responses. The cuticle is the organism’s first line of
defense. It is composed of chitin, matrix proteins,
and lipids, and its main function is to protect the organ-
ism against the entry of pathogens. If the structure of
the cuticle is damaged, the cellular and humoral defense
factors of the organism are activated (Tao et al. 2021).
The cellular immune response is characterized by
the involvement of hemocytes, which are phagocytic
cells. Hemocytes occur in the insect hemolymph, which
has a similar function to vertebrate blood, and are
involved in phagocytosis, encapsulation, and nodula-
tion. There are six types of hemocytes in G. mellonella
larvae: granulocytes, coagulocytes, plasmocytes, spher-
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ulocytes, oenocytoids, and prohemocytes. Granulo-
cytes first attack any microorganism that has entered
the body, after which plasmocytes trigger cell layering,
resulting in the encapsulation and nodulation of the
pathogen. The mechanism of phagocytosis is similar
to the cellular immune response of human blood cells
(Tsai etal. 2016). The humoral immune response is
mainly regulated by soluble effectors, including mela-
nin, opsonins, and antimicrobial peptides (AMPs),
which mediate melanization and hemolymph coagu-
lation (Tao et al. 2021).

3. G. mellonella humoral immune response

G. mellonella produces plasma proteins that func-
tion in opsoninzation, and recognition, and bind to
microbial structures. Apolipophorin III (apoLp-III) is
one of such proteins, and plays a key role in the innate
immune response of invertebrates. It has high affinity
for bacterial lipopolysaccharide (LPS) and lipoteichoic
acid (LTA), and shares high homology with the mam-
malian protein E (apoE), responsible for phagocytosis,
the detoxification of LPS, and the release of nitric oxide
(NO) from thrombocytes. ApoLp-III binds to fungal
conidia and {-1,3-glucans to facilitate cell encapsu-
lation. The protein has other important functions in
the immune response, including in stimulating hemo-
cytes to secrete superoxide, enhancing the antimicro-
bial effect of hemolymph, and stimulating the activ-
ity of cercopin, another AMP. ApoLp-III influences
the permeabilization of the bacterial cell membrane,
particularly of Gram-negative bacteria, by interact-
ing with the lysozyme found in G. mellonella larvae
(Tsai et al. 2016).

4. G. mellonella larval AMPs

AMPs are important factors in the specific immune
response of G. mellonella. They are present at various
concentrations in both healthy and infected larvae,
primarily in the salivary glands, gastrointestinal and
reproductive tracts, fat body, and hemocytes (Ménard
etal. 2021). Both cationic and anionic AMPs are pre-
sent (Trevijano-Contador and Zaragoza 2018). Cationic
AMPs can be divided into three groups: peptides with
glycine and/or proline residues (gloverin), a-helical
linear peptides (moricin, cepropin), and peptides with
disulfide bridges (galiomycin, galerimycin) (Ménard
etal. 2021). Anionic AMPs are classified as either pep-
tide 1 (AP1) or peptide 2 (AP2). AP2 is present in the
hemolymph of both infected and uninfected larvae,
and in both cases, the amount of AP2 is constant and
relatively high. The efficacy of AP2 against yeast and
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Micrococcus luteus is low (Sowa-Jasitek etal. 2020).
AMPs induce the efflux of ions from the bacterial cell,
which leads to its lysis. Each type of peptide has a dif-
ferent mechanism of action. For example, moricins and
cercopins determine the formation of pores in the cyto-
plasmic membrane, whereas proline- and glycine-rich
peptides contribute to the inhibition of the synthesis of
key membrane-associated proteins, increasing mem-
brane permeability (Ménard et al. 2021). Undoubtedly,
the most important and common feature characterizing
AMPs is their ability to destroy microbial cells although
AMPs differ in their affinities for filamentous fungi
and Gram-positive and Gram-negative bacterial cells
(Vertyporokh and Wojda 2017).

5. Insect metalloproteinase inhibitor (IMPI)
and lysozymes

Many bacterial pathogens that cause infections in
humans are characterized by the secretion of thermoly-
sin-like metalloproteinases (M4 family), which degrade
both human and larval defense system proteins. G. mel-
lonella larvae produce inhibitors of thermolysin-like
metalloproteinases, the production of which is stimu-
lated by the presence of pathogenic microorganisms.
Until now, it is the only known insect inhibitor of
microorganismal metalloproteinases, and is involved
in the immune response of invertebrates to pathogens
(Ménard et al. 2021).

The lysozymes belong to a family of antimicrobial
proteins that are very similar to peptidoglycan-degrad-
ing muramidases, and act against Gram-positive bacte-
ria and to a lesser extent against Gram-negative bacteria
(Ménard et al. 2021). Lysozymes are present in the lar-
val hemolymph, and their concentrations increase after
pathogen infection (Sheehan et al. 2021). These proteins
interact with opsonins (apoLp-III), in a complex that
damages Escherichia coli cells (Zdybicka-Barabas et al.
2013). As well as participating in the immune response,
lysozymes also regulate the microbiome of G. mellonella
larvae. It has been shown that the microbiomes of lar-
vae in which lysozyme production is limited are domi-
nated by Gram-negative Enterobacteriaceae species
(Johnston and Rolff 2015).

6. Melanization

Another important mechanism involved in the orga-
nism’s defense against fungi and bacteria is the mela-
nization pathway (Jorjao etal. 2018; Pereira 2018).
During the body’s defense response, bacterial compo-
nents (LTA, LPS) are bound by soluble effector mol-
ecules, leading to the release of pro-phenyl oxidase by
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oenocytoids. The pro-phenyl oxidase is then activated
via a serine protease cascade to phenyl oxidase, which
oxidizes phenolic compounds. The oxidation reaction
generates quinone compounds, which are broken down
to melanin, leading to the formation of dark spots on
infected larvae. Factors affecting the melanization
process include the virulence of the bacterial strain
and the number of microorganisms present (inocu-
lum). The melanization phenomenon was observed
in G.mellonella larvae infected with an enterotoxi-
genic E. coli strain, whereas no changes in larval color
was observed after infection with a nonpathogenic
E. coli strain. The infection of larvae with a suspension
of Staphylococcus aureus (10° colony-forming units
[CFU]) led to their complete and rapid melanization,
although this effect was not observed after infection
with 10* CFU (Ménard et al. 2021).

7. Selected studies of Gram-negative bacterial
virulence in the G. mellonella larval model

Pseudomonas aeuroginosa strain PA14 is character-
ized by its strong virulence against G. mellonella larvae.
A few bacterial cells were sufficient to kill half of the
organisms tested (LD, ) (Jander et al. 2000). P. aeurogi-
nosa strains are human pathogens, responsible for vari-
ous diseases, including ventilator-associated pneumo-
nia (VAP). The genes expressed in P. aeruginosa strains
isolated from patients with and without VAP were com-
pared, and no statistically significant differences were
detected in the expression of the P aeruginosa genes
associated with biofilm formation or virulence. The only
difference noted between the strains was in pigment
production. In the VAP-associated strain, pyoverdin
was expressed more strongly than pyocyanin, whereas
in the non-VAP strain, pyocyanin was expressed more
strongly than pyoverdin. Furthermore, the expression
of the rhil and rhIR genes was also weaker in non-VAP
strain (Alonso etal. 2020). Pyoverdin production is
dependent on the exposure time and the concentra-
tion of copper and other metal ions in the bacterial
environment (Lear et al. 2022). P aeuroginosa mutants
have been tested in the G. mellonella model. One study
tested the effect of the IptE gene on bacterial virulence.
About three bacterial cells of wild-type P aeurogi-
nosa strain PAO1 were required as the 90% lethal dose
(LD,,), whereas the LD, of the IptE-depleted mutant
was 9000-10000 times higher than that of the wild type
(Lo Sciuto et al. 2018). In another study the virulence
of Legionella pneumophila mutants was tested in the
G. mellonella model. A mutant depleted of the flaA
gene, which encodes the flagellin protein, did not differ
from the L. pneumophila wild-type strain in its replica-
tion or virulence in G. mellonella larvae (Harding 2013).
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A virulence analysis of 71 E. coli isolates from uri-
nary-tract infections was performed in G. mellonella
larvae. The LD, for each isolate was determined. A low
LD, correlated positively with the expression of the
papAH, papC, papEF, sfaS, bmaE, gafD, and kpsMTIII
genes (Alghoribi etal. 2014). Expression of the afa/
dra, ompT, fimH, fyuA, usp, traT, pap, kpsII, and malx
genes correlated with higher mortality (Ciesielczuk
etal. 2015). Mutation of the cpx gene, responsible for
the stress response, reduced the virulence potential of
the bacterium (Leuko and Raivio 2012).

Acinetobacter baumanii strains, which are respon-
sible for infections in healthcare facilities, have also
been tested in the G. mellonella model. The most viru-
lent strains are characterized by a enhanced capacity
for biofilm formation (Khalil et al. 2021). The expres-
sion of A. baumanii virulence factors was shown to be
temperature-dependent (Peleg et al. 2009). No differ-
ences in insect mortality after infection with several
A. baumanii strains were observed in the G. mellonella
model, suggesting the rapid adaptability of the bac-
teria to new environmental conditions (Chapartegui-
Gonzalez and Lazaro-Diez 2018). G. mellonella has
been used as a model organism to compare the viru-
lence of two strains of Klebsiella pneumoniae, with or
without carbapenemase activity. Observation for 24 h
showed that the strains that produced carbapenemases
were responsible for the death of 50% of larvae, whereas
only 25% of larvae were killed by carbapenemase-
negative strains (McLaughlin etal. 2014). Francisella
sp. are nonmotile, nonsporulating, gram-negative coc-
cobacilli. causes a zoonotic disease by inhalation of an
extremely low infectious dose of bacterial cells (Ahmad
etal. 2010). Francisella-infected G. mellonella larvae
were used as a model in which to study the efficacy of
the antibiotic azithromycin. Galleria mellonella larvae
were infected with E tularensis or E novicida strains.
After incubation for 2 h, the caterpillars were injected
with phosphate-buffered saline (PBS), ciprofloxacin, or
azithromycin. None of the Francisella-infected insects
survived beyond 100 h, whereas survival in the unin-
fected control group was >300h. The mean survival
time of larvae administered ciprofloxacin was >74h,
whereas in the group treated with azithromycin, the
mean survival time increased to >160h. The study
clearly demonstrated the efficacy of azithromycin in the
treatment of Francisella infection (Ahmad et al. 2010).

8. G. mellonella larva as a model organism
in which to study Gram-positive bacteria

Enterococci have been recognized as being among
the most common hospital-acquired pathogens. G. mel-
lonella was used to assess the pathogenic potential of
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the Enterococcus faecalis proteins extracellular gelati-
nase (GelE) and serine protease (SprE). To analyze the
bacterial virulence mechanisms, purified GelE and
SprE enzymes were injected directly into the insect
hemolymph. GelE showed lytic activity against the
AMP cecropin of G. mellonella, a defense factor that
acts in the early stages of microbial infection. In con-
trast to GelE, the SprE protease showed no activity
against the insect immune system (Park et al. 2007).

Staphylococcus aureus the Gram-positive opportun-
istic pathogen, is one of the most common causatives
of nosocomial infections. Study virulence of S. aureus
were done in a dose-effect manner. The infection of
G. mellonella larvae with 1 x10” CFU cells of S. aureus
in suspension resulted in 100% mortality after 24 h.
When the dose was reduced by two orders of magni-
tude (1 x 10°), mortality was reduced to 80%. The sur-
vival of test insects was also shown to decrease with
increasing temperature (Peleg etal. 2009). S. aureus
can also exist as small-colony variant (SCVs), which
are essential in establishing antibiotic resistance. SCV's
have an intracellular survival pattern that allows them
to evade the host immune system and antibacterial
substances (Zheng etal. 2021). However, they grow
more slowly and have lower virulence than prototype
S. aureus, as demonstrated in studies in the G.mel-
lonella model. In one study, tests were performed on
three S. aureus strains (JP310, JP1450, and JP1486) and
their SCV counterparts (Zheng et al. 2021). The sur-
vival of G. mellonella larvae after inoculation for 120
hours with the SCV of strain JP310 was reduced to 50%
of that of larvae injected with the native prototype; with
strains JP1450 and JP1486, larval survival reduction,
after injection with the corresponding SCV's, was about
40% and 50%, respectively, after observation for 5 days
(Zheng et al. 2021).

Listeria monocytogenes is an invasive foodborne
Gram-positive pathogen. G. mellonella has also proved
a useful model for the virulence analysis of L. monocy-
togenes. A suspension of the bacterium (1 x 107 cells)
showed 100% reproducible lethality against G.mel-
lonella larvae. The virulence of L. monocytogenes was
also temperature-dependent, and increasing the tem-
perature from 30°C to 37°C increased in the average
survival rate of G. mellonella larvae. A kinetic analysis
indicated that in the first 2h of the experiment, the
number of bacteria decreased, but increased rapidly
thereafter. Above results were observed when bacte-
ria were injected to hemolymph not for oral applica-
tion. An expression analysis of the genes responsible
for virulence in L.monocytogenes showed that they
were expressed at similar levels in G. mellonella lar-
vae as in mammalian organisms after infection (Joyce
and Gahan 2010).
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9. G. mellonella larvae - a model organism
in which to study fungal pathogenicity

G. mellonella larvae have been used to analyze the
virulence of the fungus Metarhizium robertsii, a micro-
organism capable of producing proteases that are
resistant to inhibitors present in the host. These enzymes
include chymotrypsin-like and subtilisin-like proteases
and metalloproteases. The immune response of larvae
to infection with M. robertsii is regulated by epigenetic
processes, including the expression of microRNAs,
which are responsible for controlling posttranscrip-
tional protein synthesis, histone deacetylation by his-
tone deacetylases, and histone acetylation by histone
acetyltransferases. M. robertsii produces toxic thermo-
lysin, a member of the M4 family of metalloproteinases,
which includes a number of virulence factors respon-
sible for infections. Several genes of Metarhizium are
responsible for thermolysin bisynthesis. Small amounts
of fungal thermolysin are sufficient to activate the
immune system of G. mellonella larvae, and this ther-
molysin induces the formation of larval peptides that
induce inflammation (Mukherjee and Vilcinskas 2018).

Candida albicans strains are present in the micro-
biomes of the gastrointestinal tract. It is an opportun-
istic pathogen. The cell wall of C. albicans is composed
of chitin, mannoproteins, phospholipomannan, and
B-1,6- and B-1,3-glucans. The chitin and glucans form
an internal rigid protective layer, which gives shape to
the cell. Mannoproteins, in contrast, are present in the
outer layer of the cell wall and are involved in the adhe-
sion of the fungus to host tissues, leading to the acti-
vation of the host's immune system. During invasion
by C. albicans, both the cellular and humoral immune
response mechanisms are activated in the host. The key
proteins and peptides involved in this process include
defensins, LL-37, histatins, and lysozyme. G. mellonella
larvae are increasingly used as a model organism in
which to study the pathogenicity of C.albicans and
the efficacy of antifungal preparations. Several stud-
ies have shown that the exposure of the larvae to the
fungus triggers the activation of the humoral immune
response, including the production of defense proteins
and peptides, which are also involved in the formation
of immune memory (Sowa-Jasitek et al. 2016).

10. Efficacy of antibacterial and antifungal
compounds tested in G. mellonella larvae

In an era of increasing antibiotic resistance, new anti-
bacterial compounds are urgently required. The acti-
vities of 90 extracts from native Atlantic Forest tree
species were tested against S. aureus in G. mellonella

larvae. The results suggested that prenylated flavo-
noids and isoflavones are effective anti-staphylococcal
agents (Chagas Almeida et al. 2019). In another study,
compound HEScL from the leaves of Syzygium cumini,
combined with silver nanoparticles, exerted both time-
and dose-dependent bactericidal and antibiofilm effects
(Kaul et al. 2022).

Both natural and synthetic compounds have been
studied in the G. mellonella larval model. The low-molec-
ular-weight peptide NapFFKK-OH forms a hydro-
gel, the toxicity properties of which were tested in
vivo in the G. mellonella model. No in vivo toxicity
or death was observed in G. mellonella larvae within
the 5 days of the experiment at NapFFKK-OH con-
centrations of <2% w/v. However, treatment with 2%
(w/v) NapFFKK-OH reduced S. aureus by 4.4 logl0
CFU/mL after 72h (McCloskey et al. 2019). Another
study showed that chromone 5-maleimide substitution
compound CM3a is toxic to both S. aureus and G. mel-
lonella larvae. CM3a effectively eradicated an S. aureus
biofilm by reducing bacterial cell viability and exert-
ing low-level toxicity. Therefore, chromium deriva-
tives of CM3a may offer an alternative treatment for
infections caused by S. aureus (Qing et al. 2021). New
antimicrobial molecules are being sought with various
approaches, including the dual-host method, which
is used to identify and validate new anti-methicillin-
resistant S. aureus (MRSA) compounds. In one study,
five new compounds, PPT, NNC, TBB, GW4064, and
PD198306, positively affected the survival of the test
organisms. The dual-host method can be used to iden-
tify compounds with both antimicrobial activity and
relatively low toxicity against the eukaryotic cells of
G. mellonella larvae, which are potentially very valu-
able therapeutic agents (Khader et al. 2020).

The utility of a staphylococcal phage (monophage
Sb-1) and a mixture of bacteriophages (PYO) has also
been demonstrated in the G. mellonella model. The authors
suggested that bacteriophages are effective against infec-
tions of MRSA strains. PYO was more effective than
Sb-1 against S. aureus, with a higher survival rate among
the infected insects. The timing of bacteriophage
injection also influenced the efficacy of the therapy.
Bacteriophages were injected 1 h before or after infec-
tion. There was less mortality in the infected larvae in
which the bacteriophages were injected before infection
(Tkhiaishvili et al. 2020). G. mellonella larvae were also
used to assess the activity of bacteriophage 191219 against
an S. aureus biofilm. This phage effectively destroyed
the bacterial cells in vitro, depending on the dose used
(Mannala etal. 2022). The study also confirmed the
utility of a preparation of Staphylococcus monophage
Sb-1, which is highly efficacious against S. aureus, includ-
ing antibiotic-resistant isolates. In another study, the
efficacy of this preparation in controlling or preventing



178

Table II.
Antibacterial substances tested in G. mellonella larvae
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Bacterial species

Studies

References

prevention of colonisation on medical foreign bodies
(in vivo model of implant infection)

(Materazzi et al. 2020)

virulence

(Andrade et al. 2022; Golla et al. 2021;
Gomez et al. 2022; Mishra et al. 2021;
Oyama et al. 2022; Rao et al. 2022;
Wang et al. 2021; Zheng et al. 2021)

testing an antibacterial hydrogel containing the peptide
(Naphthalene-2-ly)-acetyl-diphenylalanine-dilysine-OH (NapFFKK-OH)

(McCloskey et al. 2019)

in vivo antimicrobial activity

(Chagas Almeida et al. 2019)

in vivo efficacy of cefazolin and fosfomycin in the treatment of MRSA
infections

(Kussmann et al. 2021)

Staphylococcus | in vivo efficacy of phage preparations: staphylococcal bacteriophage (Tkhiaishvili et al. 2020)

aureus (containing monophage Sb-1) and bacteriophage mixture (PYO) '
infection model associated with biofilm on stainless steel (Mannala ef al. 2021)
and titanium implants '
biofilm formation inside the larvae (Campos-Silva et al. 2019)
resistance to infection (Sheehan et al. 2021)
regulation of humoral immunity by photodynamic therapy (PDT) (Huang et al. 2020)
maximum tolerated dose (MTD) of PPT, NNC, TBB, GW4064 (Khader ef al. 2020)
and PD198306 '
toxicity of CM3a (5-maleimide-substituted chromone compounds) (Qing et al. 2021)
evaluation of the activity of bacteriophage 191219 against biofilm (Mannala ef al. 2022)
on metal implants with and without antibiotics '
antimicrobial activity of diethyldithiocarbamate and copper ions (Kaul et al. 202)

Str'ep fomyces production of compounds with antimicrobial activity (de Siqueira et al. 2021)

griseocarneus

Stap h}_’ lococcus. virulence (Andrade et al. 2022)

pseudintermedius

Staphylococcus virulence (Andrade et al. 2022)

coagulans

Staphylococcus testing of an antibacterial hydrogel containing a peptide (McCloskey ef al. 2019)

epi der}"mi dis (Naphthalene-2-ly)-acetyl-diphenylalanine-dilysine-OH (NapFFKK-OH) yeran

antimicrobial activity of diethyldithiocarbamate and copper ions

(Kaul et al. 2022)

Escherichia coli

testing of an antibacterial hydrogel containing a peptide
(Naphthalene-2-ly)-acetyl-diphenylalanine-dilysine-OH (NapFFKK-OH)

(McCloskey et al. 2019)

virulence

(Antoine et al. 2021; Duan et al. 2020;
Wojda et al. 2020)

in vivo antimicrobial efficacy of lactoferricin

(Vergis et al. 2020)

in vivo antimicrobial efficacy of indolicidin

(Vergis et al. 2019)

microRNA expression (miRNA)

(Mukherjee et al. 2020)

photodynamic therapy activity (PDT)

(Garcez et al. 2023)

antimicrobial activity of the combination of PMB and LL-37

(Ridyard et al. 2023)

Pseudomonas
aeruginosa

testing of an antibacterial hydrogel containing a peptide
(Naphthalene-2-ly)-acetyl-diphenylalanine-dilysine-OH (NapFFKK-OH)

(Piatek et al. 2021)

virulence

(Alonso et al. 2020;
Calcagnile et al. 2023;
Fraser-Pitt et al. 2021)

antimicrobial activity of silver nanoparticles against UCBPP-PA14 strain

(Thomaz et al. 2020)

antimicrobial activity of pyokines S5 and AP41

(Six etal. 2021)

antimicrobial activity of the combination of PMB and LL-37

(Ridyard et al. 2023)

Bacillus cereus

iron homeostasis

(Consentino et al. 2021)
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Table III.
Antifungal compounds tested in G. mellonella larvae

Fungus species

Research carried out

References

resistance to infection

(Sheehan et al. 2021)

antifungal activity of zinc oxide nanoparticles

(Xu etal. 2021)

Candida albicans

antifungal activity of 4-chloro-3-nitrophenyl-difluorojodomethylsulfone

(Staniszewska et al. 2020)

antifungal activity of Origanum majorana essential oil

(Kaskatepe et al. 2022)

study of R. officinalis extract as an agent against fungal infections

(Meccatti et al. 2022)

Candida auris virulence

(Maione et al. 2022)

Conidiobolus coronatus | |
in hemocytes

study on linking infection to apoptosis and changes in caspase activity

(Wronska et al. 2022)

Aspergillus niger study of the immune response to a-1,3-glucan (Staczek et al. 2020)
Coccidioides posadasii virulence (Garcia et al. 2022)
virulence (Thomaz et al. 2013)

Histoplasma capsulatum

study of the effect of Hsp60 protein on biofilm

(Fregonezi et al. 202)

Paracoccidioides lutzii virulence

(Thomaz et al. 2013)

study on the role of melanin during infection

(Smith et al. 2021)

Cryptococcus neoformans | virulence

(Benaducci et al. 2016)

testing the innate immune response

(Trevijano-Contador et al. 2015)

Cryptococcus gattii virulence

(Benaducci et al. 2016)

Candida glabrata R .
against infections

study on the role of C. glabrata in enhancing host immunity

(Huang et al. 2020)

S. aureus colonization of medical foreign bodies (K-wires)
was tested in G. mellonella larvae. The bacteria were
reduced in preparations treated with the Sb-1/dapto-
mycin combination and the Sb-1 preparation prevented
the colonization of K-wires by S. aureus, as did vanco-
mycin (Materazzi et al. 2022).

With the discovery of potential new therapeutic
agents, novel therapies are also being sought. One such
therapy is photodynamic therapy (PDT), which shows
antimicrobial activity against certain pathogens. In
one study, G. mellonella larvae were used as the model
organism in which to evaluate the effectiveness of PDT
and to investigate the regulation of humoral immunity
by PDT. 5-Aminolevulinic acid (ALA) was used as
the photosensitizer. The study showed that ALA-PDT
exerted a defensive effect against bacterial infection
by inducing the humoral immune responses in larvae
(Huang et al. 2020).

The development of novel strategies that increase
the efficacy of antibiotics by exerting synergistic effects
can lead to the preventing of antibiotic resistance
in bacteria. For example, the synergistic effects of the
antibiotics cefazolin and fosfomycin against S. aureus
were investigated in the G.mellonella model. The
addition of as little as 0.8 mg/kg fosfomycin to cefa-
zolin restored cefazolin sensitivity of MRSA strains
(Kussmann et al. 2021).

Selected examples of studies of antibacterial and
antifungal compounds tested in the G. mellonella larvae
model are shown in Tables II and III.

11. Conclusion

The use of G. mellonella larvae as a model in which
to analyze the pathogenicity of microorganisms and to
evaluate the efficacy of new drugs has great potential
utility and benefits. The literature review presented here
shows that G. mellonella offers a practical, low-cost, and
ethically acceptable research tool that can be used in
various fields of medicine and biology. In addition,
correlation between bacterial virulence in insects and
mammals models can be tested, as was presented with
P aeruginosa mutant (Jander et al. 2020).

In studies of the pathogenicity of Gram-negative
bacteria, such as E. coli, A. baumanii, and K. pneumo-
niae, the use of the G. mellonella model has allowed the
analysis of pathogen-host interactions and the impact
of virulence factors on larval survival. Similarly, studies
of Gram-positive bacteria, such as S. aureus and E. fae-
calis, and the fungi C. albicans and M. robertsii based
on this model have provided important information on
their pathogenicity.

G. mellonella caterpillars are also used as an in vitro
model in which to evaluate the efficacy of new drugs
and improve existing therapies. This experimental sys-
tem makes it possible to test the antipathogenic activities
of various chemical compounds and natural substances.

From this literature review, it can be concluded that
G. mellonella is a versatile model for testing microbial
pathogenicity and evaluating new drugs. The ease of
breeding, rapid developmental cycle, complete immune
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system, and fully sequenced genome of G. mellonella
make it a valuable research tool. Unfortunately, the
model still suffers from a lack of standardization. Insects
from nonstandardized commercial cultures, which do
not have standardized microbiomes, can negatively
affect the reproducibility of research. As was pointed
out standardized rearing - temperature, humidity, diet,
light period are crucial for high quality G. mellonella
larvae for microbiological studies (De Jong et al. 2022).
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