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Abstract
Microbiological contamination is a big challenge to the food industry, medicine, agriculture, and environmental protection. For this reason,
scientists are constantly looking for alternative methods of decontamination, which ensure the effective elimination of unwanted biological
agents. Cold plasma is a new technology, which due to its unique physical and chemical properties becomes a point of interest to a growing
group of researchers. The previously conducted experiments confirm its effective action, e.g. in the disinfection of skin wounds, air, and sewage treatment, as well as in food preservation and decontamination. The reactive compounds present in the plasma: high-energy electrons,
ionized atoms and molecules, and UV photons are the key factors that cause an effective reduction in the number of microorganisms. The
mechanism and effectiveness of the cold plasma are complex and depend on the process parameters, environmental factors and the type
and properties of the microorganisms that are to be killed. This review describes the current state of knowledge regarding the effectiveness
of the cold plasma and characterizes its interaction with various groups of microorganisms based on the available literature data.
K e y w o r d s: biofilm, cellular response, cold plasma, mycotoxin, viruses

Introduction
Cold plasma (CP) or nonthermal plasma (NTP)
and, in particular, cold atmospheric plasma (CAP) is
gaining increasing scientists’ interest, given the possibility of application thereof in medicine (Boudam and
Moisan 2010; Isbary et al. 2010; Vandamme et al. 2010;
Metelmann et al. 2018), food industry (Afshari and
Hosseini 2014; Hojnik et al. 2017, Pignata et al. 2017),
agriculture, and environmental protection (Bogaerts
and Neyts 2018; Pawłat et al. 2018a; 2018b; Siddique
et al. 2018). Many investigations have confirmed the
positive effect of the plasma on the anticancer therapy
(Kim et al. 2009; Vandamme et al. 2010), disinfection of
skin wounds (Isbary et al. 2010; Lademann et al. 2011),
surgical instruments and materials in contact with food
(Boudam and Moisan 2010; Dasan et al. 2017b), purification of air, water, wastewater, and sewage, as well as
preservation and decontamination of food (Gallagher
et al. 2007; Korachi et al. 2009; Pawłat 2013; Chizoba
Ekezie et al. 2017; Wolny-Koładka et al. 2017). Such

a broad spectrum of the cold plasma applications is
associated with its ability to inactivate biological factors
as viruses (Terrier et al. 2009; Su et al. 2018), bacteria
(Isbary et al. 2010; Samoń et al. 2014; Kartaschew et al.
2016), spores (Deng et al. 2006; Boudam and Moisan
2010), yeasts (Korachi et al. 2009; Metelmann et al.
2018), or fungi (Bayliss et al. 2012; Panngom et al. 2014;
Siddique et al. 2018).
William Crookes discovered plasma in 1879 while
the concept of the plasma was first used in the article
by Irving Langmuir’s entitled “Oscillations in ionized
gases” in 1928. Since then, plasma physics has become
an important field of research. The plasma processing
is used from the seventies when it was used to etch
semiconductor materials. Then, in the 1980s, it was
used in the computer industry, especially in the production of miniaturized circuits. In the last decade of the
twentieth century, there has been a development of the
plasma generation technology at an atmospheric pressure, which allowed to eliminate the expensive vacuum
chambers. This has resulted in wider applications of
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cold plasma in medicine, environmental protection and
food preservation (Misra et al. 2016).
Plasma, which is regarded as the fourth state of matter is a type of ionized gas containing many charged
particles (OH–, H2O+, electrons), reactive compounds
(reactive oxygen species – ROS, which include hydroxyl radical, superoxide anion hydrogen peroxide, and
reactive nitrogen species – RNS, i.e., peroxynitrite), the
molecules in the excited and basic states, and UV photons (UVB, UVC) (Brisset and Pawłat 2016; Bruggeman
et al. 2016).
Plasma can be classified according to the generation conditions, i.e. atmospheric pressure (low-pressure
plasma, high-pressure plasma), temperature (low-temperature plasma, high-temperature plasma), and the
composition of plasma-generating gas (one-component
plasma, multi-component plasma) (Dzimitrowicz et al.
2015; Bourke et al. 2017). The division of the plasma due
to the temperature depends on the temperature of the
electrons (Te). The high-temperature plasma is characterized by Te = 106 ~ 108 K, whereas for the low-temperature plasma the Te value is in the range from 104 to 105 K
(Fridman et al. 2005). In addition, the low-temperature
plasma is divided into thermal and non-thermal plasma
due to the thermodynamic equilibrium. Inactivation
of biological factors uses a non-thermal plasma that is
characterized by a thermodynamic imbalance. Therefore, the electrons have a higher temperature than the
temperature of the neutral particles (Tn), and the temperature of the gas (Tg), and thus, the temperature of
the process increases slightly (Laskowska et al. 2016;
Liao et al. 2017).
Non-equilibrium plasma (with temperatures of electrons substantially exceeding the temperatures of the
other gas components) can be generated with the use
of various electric discharges, e.g. corona, microwave,
gliding arc, and dielectric barrier discharges as plasma
sources. As a result of these discharges, the energy from
the electric field is collected by electrons as a result of
their collision, and only part of the energy is transferred
to neutral molecules which results in the formation of
the Te ≥ Tn state, characterized by non-thermal plasma.
The type of the plasma source has directed the effect on
the composition and the number of components generated by the plasma and determines the technological
application of the plasma. The temperature of the plasma
is extremely important in the processing of the materials
that are sensitive to high temperatures. The optimization
of the power supply system, an appropriate geometry of
the discharge system, and the type of gas are essential
when active agents generated by cold plasma (e.g. reactive compounds), whose temperature does not exceed
several tens of degrees Celsius, have to be standardized.
For the applications in agriculture, food industry, and
medicine, the dielectric barrier discharges (DBD) and

plasma jets are used most frequently for the generation
of cold plasma due their simple structure and ease of
modification (Pawłat et al. 2016; Bourke et al. 2017).
The mechanism involved in the cold plasma sterilization process has not yet been elucidated. The numerous
attempts made by scientists confirm the inactivation of
virus particles and microbial cells by the plasma, but the
relationships between them have not been explored in
details (Liao et al. 2017). The reactive compounds, highenergy electrons, ionized atoms and particles, and UV
radiation are involved in the process of biological inactivation (Bourke et al. 2017). When in contact with biological material, the compounds derived from oxygen
or nitrogen, i.e., O, O2, O3, OH·, NO, and NO2 are characterized by high reactivity. Their effects include oxidation of membrane lipids and proteins, which results in
the disturbances of the proper membrane function and,
finally, the disruption of the cell membrane (Afshari and
Hosseini 2014). Membrane integrity is highly influenced
by electrostatic forces. The charged particles generated
by the plasma accumulate on the outer side of the membrane, thereby leading to its disintegration (Liao et al.
2017). The discontinuity of the cell surface structures
can also be an effect of the electroporation process. This
phenomenon involves an increase in the number of the
existing cell micropores and the emergence of new ones
induced by the pulsed electric field (Wiktor et al. 2013).
The degradation of DNA caused by UV radiation could
also be involved in the inactivation of microorganisms.
Photons present in the plasma can alter the structure
of the nucleic acids, leading to the formation of nitrogen base dimers and impairment of DNA replication
capacity (Beggs 2002; Liao et al. 2017). The contribution of each of the mechanisms and their effectiveness
in biological inactivation vary and depend primarily on
the parameters of the plasma generation process, environmental factors, and the type and properties of the
microorganisms (Fig. 1) (Bayliss et al. 2012).
The aim of this review is to present the current
knowledge on the antimicrobial activity of the plasma
and to discuss the molecular mechanism of interactions
between cold atmospheric plasma and various groups
of microorganisms.
Effect of cold plasma on viruses
The cold plasma technology becomes a promising solution for inactivation of pathogenic viruses
that cause infections in humans, animals, and plants
(Bourke et al. 2017). The specific mechanisms of CP
inactivation of viruses have not been elucidated yet.
The studies carried out so far demonstrated that exposure to cold plasma can lead to the modification and/
or degradation of proteins, nucleic acids, and lipids of
viral envelopes (Pradeep and Chulkyoon 2016). The
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Fig. 2. Pyramid of the sensitivity of microorganisms to plasma*.
Based on Klämpfl T.G. et al. 2012; and Liao et al. 2017.
* Sensitivity of individual groups of microorganisms can vary depending on the conditions of the process.

Fig. 1. Factors influencing the effectiveness of decontamination
using cold plasma. Based on Liao et al. 2017.

researches on the impact of the plasma on bacteriophages (a λ phage model system) suggested that the
damage of capsid proteins is directly involved in the
inactivation of viruses (Yasuda et al. 2010).
Cold plasma has been demonstrated to inactivate
animal viruses. Terrier et al. (2009) investigated three
types of viruses with the considerable clinical importance, which cause respiratory infections, e.g. respiratory syncytial virus (RSV), human parainfluenza
virus type 3 (HPIV-3), and influenza A virus subtype
H5N2. The plasma generated with air as the working
gas contributed to a significant decrease in the titer
of all viruses tested. Researchers indirectly associated
this finding with the presence of ozone in the generated plasma that induces the protein damage and lipid
peroxidation. The effect of the plasma on adenoviruses
was analyzed by Zimmermann et al. (2011), who used
4.7-kV micro-discharges for the generation of the
plasma. These viruses have double-stranded DNA
(dsDNA) and exhibit low sensitivity to physical and
chemical factors. They are causative agents of ophthalmological, respiratory, and gastrointestinal diseases.
Using a green fluorescent protein (GFP) and a firefly
luciferase, the researchers demonstrated that both viral

infectivity and replication were inhibited. The activity
of reactive nitrogen species (RNS) and their intermediates was proposed as a mechanism of the plasma effect
on the DNA structure and immunogenicity of the virus.
Some investigations were focused on the susceptibility of noroviruses (NoV), which cause gastrointestinal
infections and pose a major problem in the food industry. Ahlfeld et al. (2015) studied the effect of CP on the
inactivation of NoV from fecal samples. They treated
the samples with a plasma stream and evaluated the
effectiveness of inactivation at a variable time of the
process. They achieved 1.23 log and 1.69 log reduction
in the viral titer after 10 and 15 minutes, respectively
(Bourke et al. 2017). The recent research also suggests
that plasma-activated solutions (PASs) can contribute to effective decontamination. The effectiveness of
inactivation of the Newcastle disease virus (ND) by
the plasma-activated solutions (H2O, 0.9% NaCl, 0.3%
H2O2) was assessed. The scanning electron microscope’s
(SEM) images revealed morphological changes in virus
particles, and the reduction of their titer and RNA degradation have also been shown (Su et al. 2018).
Effect of cold plasma on microbial cells
Microorganisms are a key target in the investigation
of the plasma efficiency, as susceptibility to the sterilization process may vary between microorganisms, even
within species and strains (Fig. 2). It largely depends
on the structure of cellular envelopes and the microbial
growth phase (Liao et al. 2017).
Bacteria
The exact mechanism of inactivation of bacterial
cells by cold plasma is still unknown, although the
issue has been extensively studied. Permeabilisation of
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the cell membrane or cell wall leading to leakage of
intracellular components, i.e. potassium, nucleic acids,
and proteins, is regarded as one of the mechanisms of
inactivation of this group of microorganisms. Furthermore, inactivation of bacteria occurs via the oxidative
damage to intracellular proteins and DNA related to
the effect of the plasma compounds (Mai-Prochnow
et al. 2014). The overall mechanisms of microbial inactivation with plasma reactive species are presented in
Fig. 3. The impact of the plasma stream on the external
bacterial structures was investigated by Laroussi et al.,
who use the plasma generated with dielectric barrier
discharge (DBD) against Escherichia coli and Bacil
lus subtilis cells. For Gram-negative E. coli with a cell
wall composed of an outer membrane and thin peptidoglycan (murein), there was substantial damage to
the membrane resulting in the cytoplasm leakage. The
authors suggest that the visible changes resulted from
the electrostatic rupture of the outer membrane. In
turn, the microscopic image of Gram-positive B. subtilis
cells with a thick cell wall did not show the significant
morphological modifications and the decontamination was most probably due to interactions of reactive
compounds with the intracellular components. The differences in the effect of the plasma on this microbial
group are related to a different structure of cell walls
in these microorganisms (Laroussi et al. 2003). A comprehensive analysis of chemical modifications induced
by CAP in the structure of Gram-positive (B. subtilis)
and Gram-negative (E. coli) bacteria was performed by
Kartaschew et al. (2016) with use of a Fourier Transform Infrared Spectroscopy (FTIR) technique. The
spectral images revealed that the plasma caused an
increase in the number of symmetric stretching vibrations that reveal the formation of carboxylic groups
(COO–). The investigators also noted the spectra in the

2

absorbance range of 1720 cm–1 that indicate the formation of carbonyl groups (C = O) related to the presence
of aldehydes, ketones, or acids. The resulting signals
were associated with the destruction of the cell wall
and cellular membrane by ROS. Another phenomenon
induced by the activity of the plasma is the change of
the cell membrane potential. This leads to disturbances
in the function of the protonomotoric force and, consequently, abnormal ATP synthesis and the impairment of
cell metabolism and division (Brun et al. 2018).
The changes in the membrane integrity may have
a direct effect on DNA, mainly through the discontinuation of interactions with membrane proteins and formation of pores in the cell membrane by which nucleic
acids can be released from the cell (Coutinho et al.
2018). Plasma-induced release of DNA is possible after
the prior DNA fragmentation, and the effectiveness of
this process depends on the conformation of the nucleic
acid. In comparison with linear DNA, its supercoiled
circular form is regarded as the resistant form of the
nucleic acids (Moreau et al. 2008; Alkawareek et al.
2014). In general, it is believed that the plasma effect
on DNA is a result of the activity of both reactive compounds and UV photons (Coutinho et al. 2018). In the
cell, the DNA-protein crosslinks (DPCs) can be formed,
which lead to the formation of hard-to-repair damage.
Reactive oxygen and nitrogen species produced by the
plasma oxidize proteins by the generation of hydroperoxide groups in their structure, which can form strong
intramolecular crosslinks with the nucleic acids. In the
experiment conducted by Guo et al. (2018), E. coli cells
after treatment with the plasma stream with an air and
1% He were subjected to two versions of a Comet assay
(with and without proteinase K) to assess the formation
of DPC in DNA of the analyzed bacterium. In the fluorescent DNA image of the cells treated with the plasma,

Fig. 3. Mechanisms of microbial inactivation with plasma reactive species. Based on Bourke et al. 2017.
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the researchers observed short “tails” indicating the
damaged fragments without proteinase treatment, and
much longer tails after the treatment with proteinase.
This suggested the presence of DPC crosslinks, which
were destroyed by the enzyme digesting the proteins.
Then, the proteins were by the CsCl density gradient
ultracentrifugation, treated with a nuclease, and their
analysis revealed a higher concentration and diversity
of the proteins than in the samples that were not treated
with the plasma. This may be another piece of evidence
supporting the hypothesis that the plasma-induced
damage to nucleic acids is a result of the protein-DNA
covalent bonding. An important issue is the CP effect on
the genes encoding antibiotic resistance. The resistance
of methicillin-resistant Staphylococcus aureus (MRSA)
is associated with the mecA gene, which encodes protein
PBP2a characterized by low affinity to β-lactam anti
biotics. The most recent investigations of the CP applications for inactivation of S. aureus MRSA demonstrated
that the cumulative energy delivered to the surface of the
plasma-treated sample was 0.12 kJ/cm2 and 0.35 kJ/cm2,
respectively, when air was used as the working gas.
Five-log reduction in the number of S. aureus MRSA
was observed even at the lower energy values, whereas
higher values (0.35 kJ/cm2) were required for more effective degradation of the resistance gene. The isolated
mecA gene exhibited higher sensitivity to the plasma
activity compared to the intracellular gene. This is
closely related to the protective effect of cell constituents,
which are the first to interact with the reactive plasma
components (Liao et al. 2018). The investigations also
highlighted the changes in the membrane potential
and integrity induced by the various intensities of the
plasma activity. After application of the plasma treatment with a cumulative energy level of 0.12 kJ/cm2, the
authors observed that a membrane potential coefficient
was close to the depolarization value (Liao et al. 2018).
The use of cold plasma leads to the degradation
of cellular proteins. Large proteins (50–90 kDa) are
destroyed as the first. It was revealed by analysis of the
samples where the concentration of the proteins with
a molecular mass below 25 kDa increased after the
plasma treatment (Hosseinzadeh Colagar et al. 2013).
The probable mechanism of the degradation consists
of the destruction of hydrogen, sulfide, and peptide
bonds by reactive compounds present in the plasma.
This results in the changes of the primary, secondary,
and tertiary protein structure that lead to a decline in
the enzymatic activity of the cell (Mai-Prochnow et al.
2014). Recently, researchers have investigated the effect
of CP on proteins in thermophilic bacteria that pose
a serious problem in the food industry due to their high
resistance to the classical decontamination methods, i.e.
high temperature or chemical denaturing agents. Attri
et al. (2018) treated a highly stable MTH 1880 protein
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from the thermophilic bacterium Methanobacterium
thermoautotrophicum with CP generated by DBD and
analyzed it with the circular dichroism (CD), fluorescence, and nuclear magnetic resonance (NMR) spectroscopy techniques. Additionally, molecular dynamics
(MD) simulation was carried out for both the native
and plasma-treated protein. The investigators achieved
a partial destabilization of MTH protein only after
a long time of exposure to CP (20 min), which resulted
in a decrease of 5°C in its melting point and an increase
in its susceptibility to thermal denaturation. To elucidate
the mechanism of the plasma effect on cellular proteins,
the proteomic profile of Salmonella enteritidis was determined and as the result, 1096 proteins were identified
with 249 of them present only in the plasma-treated
samples and nine only in control samples. Under the
impact of CP, the proteins that were overexpressed came
mainly from the carbohydrate and nucleotide metabolism pathways and were associated with RNA transcription. It indicates an increased energy metabolism in cells
as a defense response of bacteria (Ritter et al. 2018). The
plasma-induced changes in bacterial metabolism were
reported by Laroussi et al. (2003), who demonstrated
the reduced utilization of L-lactic acid and increased
consumption of D-sorbitol (Moreau et al. 2008). Interestingly, the effect of plasma on microorganisms does
not always lead to cell death but can also reduce their
metabolism, therefore, the cells do not undergo division
and become viable but not culturable (VBNC). Dolezalova et al. (2015) treated a suspension of E. coli cells with
the plasma and measured bacterial viability with a conventional culture method and by assessment of the fluorescent images of the cells stained with the LIVE/DEAD
kits. The result of the former method suggested a 7.0-log
reduction of the number of cells, whereas a reduction
of only 1.0 log was indicated with the latter technique.
These findings suggest that the plasma may induce the
VBNC state of the cells.
Spores. Through evolutionary adaptation, bacterial spores have acquired the possibility to survive in
adverse environmental conditions. They are characterized by resistance to disinfectants, chemical sterilants,
drying processes, and thermal inactivation. This poses
a serious threat to food and pharmaceutical industries as
well as medicine, where spores are a permanent source
of contamination (Liao et al. 2017). The major cause of
such high resistance of spores is their structure, which
differs substantially from that of vegetative forms of bacteria. Spores are composed of impermeable outer layers
creating a specific barrier for the external factors. Additionally, they are characterized by low water content,
which accounts for approximately 15% of the entire cell
(Olesiak and Stępniak 2012). The interior of the spore
contains a rigid structure, i.e. an inner membrane permeable only to small molecules (< 200 Daltons). When
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the membrane is damaged, dipicolinic acid (DPA) is
released and endospore germination is not induced.
DPA ensures considerably higher (up to 50-fold) resistance to UV radiation in spores (Olesiak and Stępniak
2012). In the very core of the spore, the DNA protection function against chemical and physical agents is
fulfilled by small acid-soluble SASP proteins, which
are closely related to the nucleic acids (Kądzielska et al.
2012). The precise mechanism of the plasma effect on
spores has not been clarified to date. Some researchers
suggest that spores are inactivated mainly via interactions between the reactive plasma compounds and the
external spore structures (Hong et al. 2009). The morphological changes in B. subtillis endospores induced by
various CF-related factors were presented by Deng et al.
(2006) on scanning electron microscopy (SEM) images.
The changes in the spore size, leakage of the cytoplasm
content, and final membrane disruption were observed.
These results suggest that oxidation by reactive oxygen
species is the main factor contributing to the reduction of the number of viable B. subtilis cells, whereas
the electric field, UV photons, and charged particles
play a minor role in this process. Other investigators
demonstrated that inactivation of endospores was primarily caused by damage to their outer layers resulting in leakage of DPA and hydration of the core (Tseng
et al. 2012). The importance of the external structures
for resistance to cold plasma was analyzed by Raguse
et al. (2016), who investigated wild-type B. subtilis spores
and mutants deficient in some surface structures. Additionally, the investigators examined the effect of the gas
applied on the effectiveness of sterilization. Their results
indicated a substantial impact of surface structures and
the type of gas on the resistance of spores. A mixture of
oxygen and argon was the most effective in inactivation
of bacterial spores, as it caused significant damage to
the external layers. In contrast, the mutants deficient
in surface structures exhibited the highest sensitivity to
plasma. The recent studies conducted by Connor et al.
(2017) also have emphasized the impact of environmental conditions on plasma efficiency. The studies on the
resistance of Clostridium difficile spores to plasma were
conducted in three different environments (the spores
suspended in water and dry spores with or without
0.03% BSA). The greatest reduction in the spore number
in the shortest time was observed in a dry environment.
In contrast, organic matter and moist environment
extended the time of the spore inactivation by plasma
(Klampf et al. 2014).
Another aspect that should be explored more deeply
is the mechanism of CP effect on sporal DNA. There is
a contradictory data on the effect of UV photons generated in the sterilization process on nucleic acids. The
results of investigations conducted by Tseng et al. (2012)
did not show DNA degradation in B. subtilis spores after
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a 20-min exposure to the plasma. This finding can be
supported by the conclusion reported by Fiebrandt
et al. (2016), who suggested that cell layers absorb UV
radiation, thereby protecting DNA from damage. This
mechanism is plausible given the structure of spores.
Surface structures of spores are characterized by a high
content of proteins with amino acid side chains forming
endogenous chromophores. These compounds can be
the main target of photooxidation, thereby protecting
the cell interior from harmful radiation.
Some investigations have indicated that the plasma
inactivates spores by the impact on key metabolic proteins. In their study, Dobrynin et al. (2010) suggested
that reactive oxygen species penetrating the cell interior could cause oxidation of proteins involved in germination or inactivate germination receptors located
in the inner membrane of spores. In turn, Wang et al.
(2011) compared the kinetics of germination of the cold
plasma-treated B. subtilis spores and untreated spores.
They conducted the experiments in an environment
enriched with nutrient germinants (L-valine) and nonnutrient germinants (dodecylamine, Ca2+DPA). Their
results indicated the potential inactivation effects of the
plasma on germination receptors but the germination
induced by L-valine was inhibited.
Bacterial biofilm. Many microorganisms live in
the environment as biofilms rather than free-living
organisms. Biofilm was defined as the cells adhering
to a solid surface and surrounded by an extracellular
matrix produced by them (Czapka et al. 2018). Such
populations exhibit higher resistance to adverse external factors (antibiotics, temperature, and pH); therefore,
they pose a serious challenge in both medicine and food
industry (Maciejewska et al. 2016). There are numerous reports demonstrating the sensitivity of biofilms
to CF; however, the time required for full inactivation
thereof is longer than for planktonic cells (Mai-Prochnow et al. 2014; Flynn et al. 2015). This was confirmed
by Jahid et al. (2014), who compared the effect of CP
on planktonic Aeromonas hydrophila cells and bacterial biofilm on the surface of lettuce. The experiment
showed that a 15-s plasma treatment was sufficient
to reduce the number of planktonic populations by
> 5 logs. In contrast, the cell population on the lettuce
surface was substantially reduced after a 5-min process of the plasma treatment (Jahid et al. 2014; Bourke
et al. 2017). The extracellular matrix constitutes approx.
90% of biofilm and its presence largely determines the
effectiveness of sterilization processes (CzyzewskaDors et al. 2018). The matrix composition varies and
depends on species of microorganisms forming the biofilm. The basic components of the extracellular matrix
are polysaccharides, lipids, proteins, and nucleic acids.
These compounds constitute a protective barrier against
antibiotics or temperature as well as photons, reactive
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compounds, and charged particles in the plasma. Since
these agents have to penetrate the protective layer, the
biofilm inactivation time is prolonged (Mai-Prochnow
et al. 2014). The results of investigations conducted by
Ermolaeva et al. (2011) demonstrated the differences
in the survival of bacteria in different biofilm layers,
suggesting that the effectiveness of CP depends on the
biofilm thickness. Microscopic evaluation of the viability of P. aeruginosa biofilm showed a greater number
of bacterial cells in its deeper layers. This probably
explains the proportional decline of the sterilization
effectiveness with the increasing biofilm thickness.
Another determinant of the sterilization effectiveness
is the species of biofilm-forming microorganisms. This
issue was investigated by Mai-Prochnow et al. (2016)
who compared the effects of CP on bacterial biofilm
formed by Gram-positive B. subtillis and Gram-negative
P. aeruginosa. Almost complete reduction of the bacteria in Gram-negative biofilm was observed in contrast to Gram-positive biofilm where a 10-min plasma
treatment resulted in < 1 log reduction. The presence
of reactive oxygen compounds contributing to the cell
wall disintegration in the emission spectra suggests
that the cell wall thickness may be correlated with the
duration of the cold-plasma inactivation. In conclusion,
the sterilants present in the plasma inactivate biofilms
through damage to the extracellular matrix, cell wall,
cellular membrane, and internal cell structures. They
can also induce the VBNC state in the cells (Ziuzina
et al. 2015; Bourke et al. 2017).
Bacterial cell response to cold-plasma treatment.
Elucidation of mechanisms of cell response to the cold
plasma treatment is an important issue and requires
further exploration. Hitherto, the changes in gene transcription and expression induced by exposure of cells to
plasma have been already analyzed. The available scien
tific publications demonstrated a potential increase
in the expression of SOS regulon, oxidation-related
genes, and the genes encoding DNA repair processes.
In turn, the expression of housekeeping genes was
reduced (Sharma et al. 2009; Roth et al. 2010). Sharma
et al. investigated the effect of plasma on genomic DNA
in E. coli and performed a microarray analysis of the
samples after 2-min plasma exposure. The increased
expression of the gene involved in superoxide radical
scavenging (katG) and the recA gene responsible for
DNA recombination and repair was noted (Sharma
et al. 2009). Similar results were reported by Roth et al.
(2010) who analyzed the samples of highly radiationresistant bacteria (Deinococcus radiodurans) and found
an increase in the expression of the genes involved in
DNA repair, oxidative stress responses, and cell wall
synthesis. The process of the nucleic acids repair may
result in the emergence of mutations that will determine
increased resistance to CP. UV radiation, which induces

the formation of nitrogen base dimers in nucleic acids
is the main mutagenic factor. On the other hand, ROS
and RNS present in the plasma exert a destructive effect
on cellular components; thus, contribute to bacterial
death and minimize the conservation of mutation
effects (Boxhammer et al. 2013).
Yeast
Yeasts, which are a valuable source of many enzy
mes, are widely used in food biotechnology and microbiology in both fermentation and food-enrichment
processes (Krzyczkowska et al. 2008). With their low
pathogenicity as well as a unique structure and properties, some yeast species, e.g. Saccharomyces cerevisiae or
Schizosaccharomyces pombe have become an inseparable element of molecular biology, serving as a model
for an eukaryotic organism. Furthermore, a simple and
cost-efficient culture of yeasts has contributed to the
increasing interest in these organisms as objects for
the elucidation of the effect of CP on cells (Wawrzycka
2011). The experiments were performed by Nishime
and coworkers (2017) on the effectiveness of the plasma
generated by DBD discharges with helium addition
against various microorganisms. The researchers studied Enterococcus faecalis (Gram-positive) and P. aeru
ginosa (Gram-negative) bacteria as well as Candida
albicans yeasts. They reported an inactivating effect of
the plasma on all of the microorganisms investigated.
Nevertheless, in comparison with the bacterial cells,
C. albicans exhibited higher resistance, which can be
explained mainly by the differences in their cell structure. In turn, the investigations conducted by Colonna
et al. (2017) were focused on the effect of the plasma
generated with dry air and a gas mixture (65% O2, 30%
CO2, 5% N2) on S. cerevisiae cells at a different density
of cellular suspension and duration of the exposure. The
results confirmed a correlation between the effectiveness of sterilization and the process parameters. For the
samples with higher cellular density, a longer timer of
exposure of the suspension to the plasma was required
for a complete cell degradation. Moreover, the reduction effect monitored at various time points indicated
higher efficiency of a plasma stream with a gas mixture.
The effect of environmental conditions on the effectiveness of inactivation was examined by Ryu et al. (2013),
who observed a decrease of the number of S. cerevisiae
cells suspended in different media (water, saline, and
YPD). The most serious CP-induced damage to membrane lipids and genomic DNA was observed in yeast
cells suspended in water. This was associated with the
highest content of hydroxyl radicals generated in the
water medium during the process.
Polcic et al. (2018), who used genetic mutants of
yeasts to identify the role of oxidative stress and apoptosis
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in the decontamination process made an attempt at the
elucidation of the mechanisms of CP effect on S. cere
visiae. The results of the experiments indicated higher
susceptibility of strains with superoxide dismutase deficiency than those deprived of the key components of
the apoptotic pathway, as their sensitivity to the plasma
activity did not change. This proves that reactive oxygen
species are one of the most important factors involved in
the inactivation of yeast cells, and the apoptosis process
itself does not play a key role in this case. An important issue requiring comprehensive investigations is the
impact of CP on intracellular proteins. The treatment of
S. cerevisiae with argon plasma was found to lead to protein ubiquitination and formation of the insoluble protein aggregates in the yeast cytoplasm. These researchers
also underlined the potential of the CP-induced generation of endoplasmic reticulum (ER) stress, which is
characteristic of eukaryotic cells. This was confirmed by
an increase in the activity of the endoplasmic reticulum
transmembrane protein Ire1p induced by accumulation
of unfolded proteins in ER (Itooka et al. 2018). As demonstrated in many research reports, the cold-plasma
technique can be used for inactivation of enzymes
(Li et al. 2011; Surowsky et al. 2013; Tolouie et al 2017;
Tolouie et al. 2018). The authors suggest that the ability of plasma to inhibit enzymes is associated with loss
of the protein secondary structure. It is an effect of
interactions with reactive compounds generated in the
gas used in the process (Misra et al. 2016). Colonna
et al. (2017) investigated the impact of CP on enzymes
produced by yeasts in a study on the plasma generated
with dry air. Their analyses were focused on S. cerevisiae
yeast invertase, which lost its activity at a level of > 96%
after 75 s of the treatment.
Fungi
Plant diseases caused by fungal pathogens pose
a serious crisis in agriculture, as they cause huge economic losses worldwide. As demonstrated in the recent
research reports, the cold-plasma technology can
become an alternative plant protection method either by
inactivating fungal cells or improving the resistance of
infected hosts (Dasan et al. 2017a; Siddique et al. 2018).
The investigations that confirmed the susceptibility of
this microbial group to the CP activity have been conducted by many researchers (Suhem et al. 2013; Sohbatzadeh et al. 2016; Nikmaram et al. 2018). Some of them
suggested that the inactivation of fungal cells using CP
mainly involves the production of reactive compounds
which seems to have their destructive effect on the cell
wall and inner membrane of fungi (Ye et al. 2012; Lu
et al. 2014; Dasan et al. 2016; Dasan et al. 2017a). In their
study, Ye et al. (2012) assessed the effect of the plasma
(working gas: air) generated by corona discharges on the
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cells of Penicillium expansum, i.e. one of the most important pathogens causing spoilage of the stored fruit. SEM
images revealed disruption of the external structures of
P. expansum, which resulted in cytoplasmic leakage. In
turn, an analysis of transmission electron microscopy
(TEM) images indicated the plasma-induced alterations
in the cell, i.e. an increased volume of the protoplasm,
stretching of vacuoles, and disintegration of the membrane, which contributed to cell lysis.
Besides their impact on external structures and
intracellular organelles, the reactive compounds present
in the plasma and the generated UV radiation cause
damage to nucleic acids and oxidation of proteins and
lipids. Lu et al. (2014) have investigated the effect of
CP on Cladosporium fulvum by determination of the
concentration of malondialdehyde (MDA), i.e. the basic
product of lipid peroxidation. The findings reported
confirmed the hypothesis that the activity of sterilizing agents in fungal cells triggers the peroxidation process. The similar observations were reported by another
research team investigating the effect of CP generated
at atmospheric pressure on Aspergillus flavus cells. The
investigators determined the activity of thiobarbituric
acid (TBA) in the samples, which showed a linkage
between the membrane damage and lipid oxidation
process (Simoncicova et al. 2018).
The other mechanism that may reduce the number
of fungal cells is apoptosis or necrosis, as suggested by
Panngom et al. (2014) to identify the mechanism of
inactivation of Fusarium oxysporum cells, the authors
stained the cells with Annexin V and propidium iodide
and treated them with argon plasma for 1, 5, and
10 min. The numbers of viable, necrotic, and apoptotic
cells were analyzed with flow cytometry. The majority
of the cells were propidium iodide-stained after 5- and
10-min of the treatment with CP. This indicates that the
necrosis process was the main mechanism of inactivation of the fungal cells.
An important aspect that requires further research
is the increase in resistance to fungal pathogens in the
plasma-treated plants. The experiments conducted
by Filatova et al. (2016) demonstrated a substantially
reduced incidence of diseases caused by Fusarium spp.
and Ustilago maydis in wheat, lupine, and maize after
exposure of the seeds to CP. The stimulating and fungicidal effect of the plasma resulted in an increase in the
yield of the spring wheat, maize, and lupine seeds by
4–6%, 1.5–2%, and 20–40%, respectively, in comparison with the control. After additional assays that should
be carried out in the future, CP may become an alternative to chemical plant protection agents, which may
effectively minimize the negative impact of fungicides
on the environment (Siddique et al. 2018).
Cold-plasma inactivation of mycotoxins. The UN
Food and Agriculture data indicate that 25% of world
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crops are contaminated with mycotoxins produced by
fungi during plant growth or crop storage. Aspergillus,
Fusarium, and Penicillium molds are the major producers of toxic secondary metabolites, including aflatoxin,
fumonisin, zearalenone, ochratoxin, and deoxynivalenol, which are most toxic to mammals. The elimination
of these compounds from food products is problematic
due to their high thermostability; for instance, the temperature of aflatoxin degradation ranges from 237 to
306°C (Pankaj et al. 2017). The latest physicochemical
methods that can potentially be used for elimination of
mycotoxins include the cold-plasma sterilization (Ouf
et al. 2015; Hojnik et al. 2017; Pankaj et al. 2017; Shi
et al.2017). There is a possibility of the complete degradation and reduction of aflatoxin B1 (AFB1), deoxy
nivalenol (DON), and nivalenol (NIV) cytotoxicity
with the use of argon plasma generated by microwave
discharges (Hojnik et al. 2017). The reduction of the
toxicity of these compounds may result from structural
changes induced by the sterilization process. Wang
et al. (2015) applied low-temperature radio-frequency
plasma and reported 88.3% reduction in AFB1 concentration after a 10-minute process. The analysis of degradation products revealed five different compounds
characterized by loss of the double bond between C8
and C9 in the furan ring. Besides its effect on the standard mycotoxin solutions, the plasma has been found to
exert a reductive effect on the compounds contained
in food products (Ouf et al. 2015; Siciliano et al. 2016;
Shi et al. 2017). Aflatoxins present in hazelnuts were
decontaminated using CP (1000 W, 12 min), which
resulted in an over 70% decline in the AFB1 concentration
(Siciliano et al. 2016). In turn, the concentration of this
maize contaminant was reduced by 62% and 82% after
the 1- and 10-min plasma treatments, respectively (Shi
et al. 2017). However, the atmospheric plasma treatment
of contaminated nuts did not allow complete removal
of the mycotoxin. The best results were obtained with
the highest power (1150 W) and the longest operating
time (12 min), which enabled the reduction of AFB1
approx. by 70%. Given the high efficiency of degradation of standard mycotoxin solutions and mycotoxins
contained in food, the cold plasma method is becoming a promising solution that may replace conventional
techniques in the future. In addition to the high efficiency of compound degradation, the relatively low
cost of the process, as well as environmental safety, also
favor the use of CP (Hojnik et al. 2017).
Summary
The cold plasma technology is becoming a promising
solution with the potential to replace conventional techniques of decontamination of food products, medical
materials, and air in the future. This technique has many

advantages, e.g. high efficiency in reducing the viral particles load and the number of microorganisms, formation of non-toxic by-products, and a relatively low cost
of the process (Liao et al. 2016). Although many studies
focused on this issue, the precise molecular mechanism
of the plasma effect on cells of different microbial groups
has not been clarified yet. The available reports on the
possibility of induction of VBNC state in some bacteria
raise doubts about the safety of this sterilization method
(Dolezalova and Lukes 2015). In addition, this technology has some disadvantages, i.e. a small working surface
and poor permeability. In food products, this technique
may cause increased lipid oxidation, increased acidity
of the product, reduced color intensity and decrease in
firmness of fruits (Misra et al. 2016; Chizoba Ekezie
et al. 2017). Therefore, it is necessary to conduct further
research that will allow for the optimization of process
parameters, explain the doubts concerning the biting
mechanisms of plasma operation and promote the application of cold plasma in the industry with no negative
effects on human health or the environment.
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Abstract
Hand, foot, and mouth disease (HFMD) is caused by various serotypes of Enterovirus genus. Coxsackievirus A16 (CV-A16) and enterovirus
A71 (EV-A71) were known to be the only responsible agents for these epidemics; however, this opinion was challenged after the detection that coxsackievirus A6 (CV-A6) was the responsible species for the outbreak in Finland in 2008. HFMD is frequently seen in Turkey,
and no detailed study on its clinical and microbiological epidemiology has previously been reported. The present study addresses this question. Twenty-seven patient samples collected between 2015 and 2017 were included in the study. Typing was conducted by RT-PCR and
the sequencing applied directly to patient’s samples and as well as to the viral cultures with pan-enterovirus and serotype-specific primers.
The presence of Enterovirus in 12 of 27 HFMD samples was shown with RT-PCR. The causative agent for three of these 12 samples was
CV-A16, one of the most frequent two serotypes around the world, and the remaining nine samples was CV-A6. The findings of the study
are relevant since it pertains to the molecular epidemiology of HFMD in Turkey, a gateway country where different serotypes might be
circulating and transmitted. The findings also support the notion that CV-A6 cases are rising in number, which has caused more severe
clinical features and widespread rashes in recent outbreaks.
K e y w o r d s: hand foot and mouth disease, HFMD, enterovirus, coxsackievirus A6, coxsackievirus A16

Introduction
Hand, foot, and mouth disease (HFMD) is a viral
and febrile disease frequently seen in children, generally presenting with a mild course and accompanied by
oral rash and rashes on palmar surfaces of hand and
feet (Kliegman and Geme 2015). Cases of HFMD are
seen all over the world; however, epidemics with serious
complications that result in deaths are reported mostly
from Western Pacific Region countries (WHO 2011).
Enterovirus A species are responsible for more than 90%
of HFMD cases. Coxsackievirus A (CV-A) 2, 3, 5, 6, 7,
8, 10, 12, 14, 16, and enterovirus A71 (EV-A71) belong
to this group. It is known that epidemics are induced
by CV-A16 and EV-A71, while other enteroviruses may
cause sporadic cases (Mao et al. 2014; Bian et al. 2015).
CV-A6 was identified, for the first time, as the causative agent for HFMD in an epidemic that emerged in
Finland in 2008 (Österback et al. 2009). Following this,

the identification of CV-A6 as the major causative agent
for HFMD epidemics continued to occur in France,
Spain and other European countries in 2009–2011
(Bracho et al. 2011; Mirand et al. 2012). HFMD epidemics caused by CV-A6 were also reported in the Western Pacific Region and the Americas after 2009 (CDC
2012; Chen et al. 2012; Fujimoto et al. 2012; Fonseca
et al. 2014; Han et al. 2014; Hu et al. 2015). More severe
clinical course and widespread skin rashes were seen in
cases caused by CV-A6, different from typical HFMD
(Romero 2017).
Cases with no severe clinical course can be diagnosed with clinical findings without the need for
microbiological diagnostic tests. However, certain serotypes may lead to severe disease (Romero 2017). Serotypes may vary within and among countries. Therefore,
determination of the causative serotype is important
for public health as well as for the design and implementation of the preventive measures. Recent increases
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in movements of people between countries and continents could be influential in the spread of different viral
serotypes. Full identification of the causative organism
could also provide information for the vaccine development studies in addition to its epidemiological importance (WHO 2011).
The published research on HFMD in Turkey has
been generally towards the clinical aspects of the disease (Ekinci et al. 2013; Demirhan et al. 2016; Bucak
et al. 2017). Apart from a single case study, no detailed
investigations on the viral agent itself have been conducted (Kiratli et al. 2017). In this investigation, we
aimed to determine the serotype distribution in HFMD
cases in children.
Experimental
Materials and Methods

Patient Selection. Our study cohort consisted of
children applied to the outpatient clinics of the Pediatric Infectious Disease Department of Bezmialem
Vakif University Hospital between January 2015 and
November 2017. These consecutive patients were
selected who complained of fever and rash on the
hands, mouths or on the body including the legs (Fig. 1,

Fig. 1. Patients with typical lesions on the hands.

Fig. 2. Patients with mouth ulcers.

Fig. 3. Patient with generalized lesions on the legs.

2 and 3) and who were later clinically diagnosed with
HFMD. An approval from Bezmialem Vakıf University Ethics Committee for Experimentation Involving Human Subjects was obtained before the study
and informed consent was obtained from all families
of the subjects.
Sample Collection and Storage. Samples were
taken from at least two lesions in oral mucosa or trunk
of patients with clinical symptoms of HFMD. Sterile
cotton swabs wetted with saline (0.9% NaCl) were
used for sampling. The samples were stored at –80°C
in 1.5 ml sterile tubes containing phosphate buffered
saline (PBS) until further processed.
RNA isolation. Direct-zol RNA MiniPrep Kit (Zymo
Research, Irvine, CA, USA) was used for nucleic acid
extraction directly from patient samples and from
supernatants obtained after viral culture. Manufacturer’s
instructions were followed for the entire procedure.
Reverse transcription. SensiFAST cDNA Synthesis
Kit (Bioline, London, UK) was used to synthesize cDNA
from isolated viral RNAs using random primers and the
manufacturer’s instructions were followed at all steps.
cDNA was purified from reverse transcription products
with Zymo Research DNA Clean & Concentrator™-5
kit in accordance with the manufacturer’s instructions.
Designing primers and PCR. Pan-enterovirus
primers specific to the Enterovirus genus targeting
5’UTR were designed for nested-PCR on basis of previously published studies (Ge et al. 2013). In addition,
specific primers targeting VP1 gene were used for
EV-A71 and CV-A16 (Table I). A commercial kit (Illustra™ Hot Start Master Mix, GE Healthcare, Buckinghamshire, UK) was used for PCR. The reaction mixture
contained 0.5 µmol forward primer, 0.5 µmol reverse
primer, 1 µl (1–4 µg/µl) post clean-up purified cDNA,
and 22 µl DNase-RNase free water added to the master mix kept ready in PCR tubes. Veriti® thermal cycler
(Applied Biosystems, Foster City, CA, USA), was programmed as 94°C for 3 min initial incubation, 30 cycles
of 94°C for 30 sec, 59°C for 30 sec, 72°C for 30 sec and
72°C for 5 min in order to amplify the Pan-EV, CV-A16
and EV-A71 specific products.
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Table I
Primers used for PCR.
Target Serotype
Pan-EV-5’UTR Outer
Pan-EV-5’UTR-Inner
EV-A71-VP1
CV-A16-VP1

Orientation

Sequence

Forward

5’-CYTTGTGCGCCTGTTTT-3’

Reverse

5’-ATTGTCACCATAAGCAGCC-3’

Forward

5’-CAAGYACTTCTGTMWCCCC-3’

Reverse

5’-CCCAAAGTAGTCGGTTCC-3’

Forward

5’-AGAGCATGATTGAGACACG-3’

Reverse

5’-RTCTTTCTCYTGTTTGTGTTC-3’

Forward

5’-TGCAGACATGATTGACCAG-3’

Reverse

5’-TGCCTACAGTTCTGATGCTA-3’

The amplification products and the 100 bp marker
were loaded into 1.5% agarose gel, electrophoresed
for 40 minutes under 80 V, and analyzed in Molecular
Imager Gel Doc XR System (BioRad, Hercules, CA,
U.S.A.) imaging device.
Cell culture. Vero E6 cells were cultured in vitro with
DMEM (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA) containing 10% fetal bovine serum (Gibco)
in 5% CO2 medium at 37°C. Samples were filtered
through 0.45 µm filters and then added to monolayers
of Vero E6 cell cultures. The infected cells were examined after 3 days of incubation for evaluation of Entero
virus specific cytopathic effects. Reverse-transcription
PCR was performed with cell culture supernatants to
confirm the PCR results of the patient samples.
Sanger sequencing and phylogenetic analysis. The
sequencing of the amplified product was carried out by
the Sentegen Biyotek (Ankara, Turkey) to determine the
serotype of Enterovirus detected in the samples.
The sequences of PCR products were assembled and
edited using BioEdit version 7.0.5 (http://www.mbio.
ncsu.edu/BioEdit/bioedit.html). This sequence was
compared with the sequences deposited in GenBank
of the National Center for Biotechnology Information (NCBI) by means of the BLASTN 2.2.19 option.
The consensus sequence was compiled in a FASTA file
for the phylogenetic analysis and aligned with the
Clustal W 1.8.1. profile mode included in the Mega 4.0.2
(https://www.megasoftware.net/mega4/) software.

such as meningitis and encephalitis. Only three of
27 patients applied to the hospital with nail shedding
after the recovery period of approximately six weeks.
A total of 27 patient samples, 15 from the 2015–2016
season and 12 from 2017, were included in the study.
The nested PCR results of 12 patients, sampled in 2015–
2016, revealed products with a length of 530 and 389 bp
(Fig. 4 and 5) that corresponded to the pan-enterovirus
outer and inner primers, respectively. This finding was
interpreted as proof of the Enterovirus content in the
samples. No positive results were observed after PCR
performed with the species-specific primers targeting
CV-A16 and EV-A71 viruses. To confirm the presence
of enteroviral genetic material, all 12 PCR positive

Fig. 4. The samples were subjected to the pan-enterovirus specific nested PCR with outer primers where 530 bp products were
amplified. Left to right, line 1: 100 bp marker, lines 2 to 5: HFM-2
to HFM-5, line 6: HFM-7, line 7: HFM-9, lines 8 to 14: HFM-10
to HFM-16.

Results
Eleven of 27 children included in the study were
female and 16 were male. The ages ranged from
4 months to 9 years, and 21 of the 27 children were
aged between 1 and 3 years (78%). Eighteen of the
patients (67%) applied to the hospital during the summer months. In the cohorts, neither systemic blisters
nor high fever was noted. None of our patients needed
hospitalization. There were no severe complications

Fig. 5. The samples were subjected to the pan-enterovirus specific nested PCR with inner primers where 389 bp products were
amplified. Left to right, line 1: 100 bp marker, lines 2 to 5: HFM-2
to HFM-5, line 6: HFM-7, line 7: HFM-9, lines 8 to 14: HFM-10
to HFM-16.
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Table II
Phylogenetic identities of the coxsackievirus A isolates,
based on VP1 sequences.
Isolate
code

Nearest phylogenetic
neighbours

Primer

Identity
percentage

HFM-2

153 F/ 541 R

Coxsackievirus A6

99%

HFM-5

153 F/ 541 R

Coxsackievirus A6

99%

HFM-9

153 F/ 541 R

Coxsackievirus A6

99%

HFM-10

153 F/ 541 R

Coxsackievirus A6

99%

HFM-11

153 F/ 541 R

Coxsackievirus A6

99%

HFM-12

153 F/ 541 R

Coxsackievirus A6

99%

HFM-14

153 F/ 541 R

Coxsackievirus A6

99%

HFM-15

153 F/ 541 R

Coxsackievirus A6

99%

HFM-16

153 F/ 541 R

Coxsackievirus A6

99%

HFM24

153 F/ 541 R

Coxsackievirus A16

99%

HFM25

153 F/ 541 R

Coxsackievirus A16

99%

HFM26

153 F/ 541 R

Coxsackievirus A16

97%

products were sequenced. Sequencing revealed that
nine of these samples were consistent with the CV-A6
sequences but the remaining samples were not (Table II).
Afterward, a confirmatory species-specific PCR affir
med that the samples were indeed CV-A6 (Fig. 6).

ing without serotype-specific PCR for EV-A71 and
CV-A16, since the previous samples were negative.
Three of the seven samples were CV-A16 according to
the results of sequencing (Fig. 7).
All the samples were inoculated into the Vero E6 cell
line and characteristic cytopathic effects were noticed
after 3-days incubation. The supernatant samples were
collected and the PCR test was carried out with panenterovirus primers (data not shown). It was noticed
that the results were compatible with the PCR performed directly from the patient samples.
Discussion

Fig. 6. CV-A6 specific primers amplified products of approximately 645 bp.

Twelve patient samples from 2017, were amplified
by PCR and seven samples were positive for Enterovi
rus. These samples were directly subjected to sequenc-

Hand, foot, and mouth disease epidemics are mostly
caused by EV-A71 and CV-A16. Recently, CV-A6 has
been identified as the agent of epidemics causing severe
forms of the disease with general skin involvement. Similar epidemics that started in Finland in 2008 were also
reported from Singapore in 2009, France and Taiwan in
2010, and the USA, Cuba, Spain, Japan, and China in
2011 (Bian et al. 2015). In this study, CV-A6 was found
to be the causative agent in 75% of the cases what was
confirmed by sequencing (Table III). This result is consistent with the current literature that reports an increase

Table III
The patients’ samples and their positivity for coxsackievirus A6 and A16.
Year

No.
of samples

Enterovirus
positivity

Coxsackievirus A6
positivity

Coxsackievirus A16
positivity

2015–2016

15

12

9

0

2017

12

7

0

3

Total

27

19

9

3

2
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Fig. 7. Phylogenetic analysis of clinical isolates. Phylogenetic analysis of coxsackievirus A6 nucleotide sequences that were obtained
using 153F ve 541R primers, showed the relationships between the clinical CV-A6 and the CV-A16 isolate selected from the GenBank.
A scale bar indicates branch distances. The phylogenetic tree was constructed using neighbour-joining method and validated with
1000 pseudo-replicates. Poliovirus (NC 002058.3) was selected as out-group.

in CV-A6 incidence (Bian et al. 2015). HFMD is not
a mandatory disease to report to public health authorities in Turkey. Therefore, complete data on the causative
agents of the cases throughout the country is not yet
known. Only a single case study identifying the causative
agent was reported from Turkey (Kiratli et al. 2017). In
that study, the identification of CV-16 in a 39 years old
male patient was performed. The present study identified CV-A16 in 25% of the pediatric samples (Table III).
A study conducted in China between 2011 and 2015 on
2130 samples positive for Enterovirus demonstrated that
CV-A16 was identified in 32%, and EV-A71 – in 30% of
the samples (Sun et al. 2017). It has been reported that
EV-A71 infections may lead to neurological complications (e.g. aseptic meningitis, acute flaccid paralysis, and
brainstem encephalitis), and mortality. All of the cases in
our study were from outpatient services and no EV-A71
was identified in any patients. The literature reported
severe cases with CV-A6 but none of our patients had
a complicated course of the disease and needed hospitalization (Yang et al. 2014). Another clinical feature of
CV-A6 is onychomadesis, (Wei et al. 2011) and in our
cohorts, only one of the confirmed CV-A6 cases was
re-admitted to the hospital at the 6th week after the discharge with complaints of onychomadesis.
The frequency of HFMD emergences peak twice in
a year in countries with a tropical climate; however, it

can be observed throughout the year. It exhibits a single annual rise in summer or fall in countries located
at higher latitudes (Blomqvist et al. 2010; Huang et al.
2015; Wang et al. 2017). In Turkey, individual studies
showed that the frequency of HFMD rises during summer (Topkarcı 2013; Uğraş et al. 2014; Yorulmaz and
Onat 2017). In parallel with the previous research, in
the present study, it has been observed that the majority
of HFMD cases (67%) applied to our hospital during
summer months.
Hand, foot, and mouth disease frequently affects
children under the age of 5. Previous studies show that
more than half of the individuals affected by epidemics
were aged between 1 and 3 years (Montes et al. 2013;
Huang et al. 2015). Seventy-eight percent of 27 children
included in the current study was aged between 1 and
3 years. Epidemiological studies investigating HFMD
have shown that the incidence is 1.5–2 times higher
among boys compared to girls (Huang et al. 2015; Sun
et al. 2017). In this study, similarly, the ratio of boys/
girls was 16/11.
One of the limitations of the current study is that
our cohorts were from a single city and the numbers
of the patient were rather small. Therefore, our result
might not reflect the overall HFMD epidemiology of
all country. Secondly, only 12 sequencing results could
be used to make the evolutionary trees to establish the
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relationship of the CV-A6, or CV-A16 in Turkey in relation to others in the world. Therefore further studies
including samples from various regions of Turkey with
a larger sampling might shed a better light on the dissemination as well as the phylogenetic relationships of
these viral agents. Nevertheless, the data presented in
the current study reports for the first time a detailed
investigation about the presence of previously unnoticed serotypes on an important public health agent.
Geographically, Turkey acts as a gateway between
Asia and Europe, and receives an influx of tourists from
various countries across the world during summer
months, the time that the incidence of HFMD peaks.
Therefore, the establishment of a national surveillance
system for HFMD and identification of causative serotype agents are important from an epidemiological
point of view as well as for the planning and execution of preventive measures including vaccination. Our
investigation and reporting might be useful in guiding
these efforts.
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Abstract
In this research, Salmonella species were isolated from the animal, insect and human enteric sources in Faisalabad, Punjab, Pakistan. These
species were characterized by different microbiological and molecular techniques including polymerase chain reaction (PCR) by amplification of the 16S rRNA gene. Furthermore, sequencing of the amplicons confirmed all ten isolates as Salmonella strains. The antigenic
cross-reactivity was found maximum between the HB1 (strain isolated from honeybee) antiserum and its antigen with an antibody titer of
1:128, while the HB1 antiserum showed a cross-reactive titer range of 1:8 to 1:64. On the basis of the highest geometric mean titer (GMT)
shown by the antiserum of the HB1 antigen, it was selected as the best candidate for a cross-reactive live Salmonella oral antigen. Moreover,
the HB1 antigen was used a live oral antigen (1 × 1010 CFU/ml) in a safety test in rabbits and proved to be avirulent. During the animal
trial, three different oral doses of the HB1 live oral antigen were evaluated in four different rabbits’ groups (R1, R2, R3, and R4). The dose
number 2 of 0.5 ml (two drops orally and repeated after one week) gave the best GMT measured by indirect hemagglutination (IHA) as
compared to the other two doses, while R4 group was kept as control. Results of the challenge protection test also validated the efficacy of
the double dose of the HB1 live vaccine, which gave the highest survival percentage. Results of this study lay the foundation for a potential
cross-reactive live oral Salmonella vaccine that has proved to be immunogenic in rabbits.
K e y w o r d s: Salmonella, antigen, cross-reactivity, 16S rRNA gene, geometric mean titer

Introduction
Globally, every year millions of humans and animals
become victims of Salmonella-related infections. Both
developed and underdeveloped countries are equally
affected by these infections, and each year millions of
dollars are exhausted on epidemiological studies, prevention, and treatment (Eng et al. 2015). In spite of
advancements and improvements in hygiene and sanitation in many countries, Salmonella-related infections
are still on the rise (Coburn et al. 2007; Crump et al.
2015). The most common manifestation of Salmonella
infection is gastroenteritis followed by enteric fever and
bacteremia (Majovicz et al. 2010; Medalla et al. 2017)
The genus Salmonella is a rod-shaped, Gram-nega
tive, facultative anaerobe and a member of the family Enterobacteriaceae, it has two species Salmonella
enterica and Salmonella bongori (Kidgell et al. 2002;

Coburn et al. 2007); for a review about the taxonomy
of the genus Salmonella see Brenner et al. (2000). Division of Salmonella subspecies into serotypes was done
on the basis of lipopolysaccharide, flagellar and carbohydrate structures (Naier et al. 2014). Both humans
and animals can acquire the S. enterica serovars orally
(McClelland et al. 2001). However, the manifestation
of disease caused by these pathogens depends upon
various factors such as host susceptibility, immune
status of the host and the pathogenic serovar involved
(Hauser et al. 2010).
The four major disease syndromes caused by S. ente
rica include diarrhea/enterocolitis, typhoid fever, bacteremia and chronic asymptomatic carriage (Bhan et al.
2005; Karon et al. 2007; Crump et al. 2015). The primary
route of spread of S. Typhi in humans is the fecal-oral
route. According to the latest World Health Organization (WHO) data from 2018, each year 11–20 million
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people get sick from typhoid fever, and between 128 000
to 161 000 people die due to the disease (WHO 2018).
More than 90% of enteric fever cases occur in Asia
alone (Crump et al. 2004), with Pakistan, Bangladesh,
and Nepal being the most affected (Brooks et al. 2005;
Karkey et al. 2013). If a suitable treatment regime is
not adopted for the typhoid patients there is a 12–30%
increase in the mortality, while in treated cases the survival rate can be up to 99% (Ochiai et al. 2008). Over the
years, antimicrobial resistance in Salmonella serotypes
has emerged as a serious health problem worldwide
(Chiu et al. 2002). For more insight about antimicrobial resistance in Salmonella see Threlfall (2002), Foley
et al. (2008), Kariuki et al. (2015).
Consumption of food or fluids contaminated with
Salmonella result in infection in both humans and
animals (Escobedo et al. 2011). After entry into the
intestine, the bacteria attach, invade, and proliferate
in the enterocytes of the gut-associated lymphoid tissue (GALT) (Monack et al. 2004). This can result in
a diseased or carrier state and can also stimulate the
induction of various immune responses (mucosal
and systemic). However, these immune responses
can be suppressed with avirulent invasive Salmonella,
which can facilitate the establishment of a carrier state
(Curtiss et al. 1993; Burton et al. 2014). It is possible
to attenuate Salmonella strains by the introduction
of various mutations. The main purpose of oral immunization of animals with avirulent Salmonella serotypes
is usually not associated with suppression, but with
the stimulation of cellular and humoral immune
responses (Coburn et al. 2007). Animals injected with
killed vaccines or bacterins exhibit short-lived humoral
immunity, and this also does not stimulate the induction of mucosal and cellular immune response. Moreover, live Salmonella oral vaccines are better suited as
vaccine candidates as they provide long-lasting immunity (Behnsen et al. 2015).
In many countries licensed typhoid vaccines are
being used against typhoid fever. However, systemic
reactions have developed in around 25–40% of patients
(Eng et al. 2015). The majority of recipients of the
typhoid vaccine have been either children or young
adults. The Ty21a is an oral attenuated Salmonella
vaccine, but it has not been adopted by countries due
to its high cost (Fraser et al. 2007). Another vaccine
used in the prevention of typhoid fever is Vi capsular
polysaccharide subunit vaccine, but it has not shown
positive results in children under the age of two years
(Yang et al. 2001). Recently, a conjugate vaccine using
O-polysaccharide (OSP) of S. Typhi and S. Paratyphi A
conjugated with Diphtheria toxoid (DT) was used in
a vaccine trial in mice. The trials confirmed the immunogenic potential of the conjugate vaccine (Ali et al.
2014). In the case of animals including poultry, vari-

ous Salmonella vaccines are also in practice worldwide
(Desin et al. 2013; Gayet et al. 2017).
Salmonella Typhimurium is a non-typhoidal serovar, which infects a wide range of animal hosts and
humans (Feasey et al. 2012). Despite various attempts,
an appropriate licensed vaccine against S. Typhimuirum
for human use has not yet been approved (Ortiz et al.
2014). However, various vaccines (live, attenuated,
subunit) are under the process of development, these
vaccines may have the ability to induce a long-term
cross-protective prophylaxis against non-typhoidal
Salmonella serotypes (Sanapala et al. 2017). The aim of
this study was to search out a Salmonella species that
could be used as a potential live cross-reactive antigen
against infection of S. Typhimurium in a rabbit model
and could have the potential to be used as a live vaccine
for future experiments.
For this purpose, a mass scale isolation of Salmonella
species from different enteric sources was done using
various microbiological and molecular tools. Initially,
the whole cell antigen of all the identified strains was
used in an immunological assay to determine the crossreactivity. The best cross-reactive antigen was also evaluated for its avirulent potential in animal trials. Finally,
the live antigen was tested for cross-protection against
lethal challenge by S. Typhimurium (ATCC 14028) in
an animal trial.
Experimental
Materials and Methods

Sample collection. Between June and July of 2016,
a total of 90 samples were randomly collected from
various enteric sources. These stool and fecal samples
were collected from various veterinary hospitals, poultry/livestock farms and hospital facilities (Allied hospital, District headquarter hospital, Faisalabad) in the
district of Faisalabad, Punjab, Pakistan (Table I). In the
case of insects, honeybees were selected for sampling,
the droppings were not clearly visible by the naked eye,
so the gut contents were taken as samples. The samples
were collected through sterile cotton swabs in different collection tubes containing Cary Blair transport
medium (Oxoid, UK). All the samples were transported
immediately to Institute of Microbiology, University of
Agriculture, Faisalabad, Pakistan for further processing.
Isolation and identification of Salmonella isolates.
For pre-enrichment, the samples were suspended in
phosphate buffer water (PBW) with the necessary volume of medium used to make a 1/10 dilution of each
sample. Tetrathionate broth (TTB) (Oxoid, UK) was
used for the primary enrichment of the fecal/stool/
droppings samples, with 1 g of the sample in 10 ml of
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Table I
Details of collection of the fecal/stool/dropping samples along with location of the sampling.
Species

Sample
Average
size
weight (gm)

Location of the sample collection

Human

15

7

Allied Hospital, Faisalabad, Pakistan. District Headquarters Hospital, Faisalabad, Pakistan

Cat

15

5

Department of Clinical Medicine and Surgery, University of Agriculture, Faisalabad, Pakistan

Sheep
15
4
			

Livestock farm, University of Agriculture, Faisalabad, Pakistan
Department of Clinical Medicine and Surgery, University of Agriculture, Faisalabad, Pakistan

Honey bee
15
0.2
			

Botanical garden, University of Agriculture, Faisalabad, Pakistan
Department of Entomology, University of Agriculture, Faisalabad, Pakistan

Poultry birds

15

3

Poultry farms, University of Agriculture, Faisalabad, Pakistan

Horse

15

8

Brooke Hospital, University of Agriculture, Faisalabad, Pakistan

TTB and incubated at 37°C for 48 hours. After enrichment, the subculturing was performed on SalmonellaShigella agar (SSA) (Oxoid, UK), and further confirmation was done on Bismuth Sulphite Agar (BSA) (Oxoid,
UK). In the case of SSA, the Petri plates were incubated
for 24 hours, and the BSA plates were incubated for
48 hours at 37°C (Andrews et al. 1998). Visual examination of the colonies in the growth media was performed. Presumptive Salmonella colonies were straw
colored with black centers on SSA and black colored
colonies on BSA.
For further biochemical characterization, a bioche
mical kit RapIDTM ONE (Remel R8311006) (Thermo
Fisher Scientific, USA) was used. Prior to inoculation
into the kit, the well-differentiated colonies were picked
up by a sterilized inoculating loop from both SSA plates
and BSA plates and were inoculated into the Remel
inoculation fluid (2 ml). The turbidity of the fluid was
matched with the McFarland standard scale and was
equal to 2.0 McFarland standard. The fluid containing
the growth was then transferred to the wells of the kit
and incubated at 37°C for 4 hours. The Rapid one panel
(kit) contains 18 reaction cavities that provide a total
test score of 19. The cavities 15–17 required the addition of two reagents, 1) RapID One reagent (ρ-dimeth
ylaminocinnamaldehyde), the enzymatic hydrolysis of
the acrylamide substrate releases free β-naphtylamine
which is detected by this reagent 2) RapID Indole
reagent (ρ-dimethylaminocinnamaldehyde, hydrochloric acid, and demineralized water), detects formation
of indole. Scores were evaluated using the following
link http://www.remel.com/ERIC/Home.aspx. Salmo
nella Typhimuirum (ATCC 14028) was used as a control for the validation of kit results.
Molecular identification by amplification of 16S
rRNA genes. The ten isolates that were confirmed as
Salmonella species from the biochemical tests were further subjected to polymerase chain reaction (PCR) by
amplifying the 16S rRNA gene and further sequencing
of the amplicons. The DNA extraction was performed
using Genomic Isolate II DNA extraction kit (Bio line,

London, UK) by following the instructions provided in
the user manual for cultured cells. The NANODROP
8000 spectrophotometer (Thermo Scientific, USA) was
used for the quantification of the DNA concentration
in the samples.
For the amplification of the 16S rRNA gene
of the isolates, PCR was done with primers 27 F
(5’-AGAGTTTGATCCTGGCTCAG-3’) and 1492 R
(5’-GGTTACCTTGTTACGACTT-3’). For PCR, the
conditions of the thermal cycler were set at initial denaturation at 96°C for 3 min, followed by 32 amplification
cycles of 30 s at 94°C, 30 s at 52°C and 1 min at 70°C,
followed by a final extension at 70°C for 10 min (Sipos
et al. 2007). For gel electrophoresis, a marker (kb ladder,
University of California, San Diego, USA), of 4 kbp size
was used. The amplicons were further purified using
QIAquick Kit (Qiagen, Germany). The pure PCR products were placed in ice boxes for transport and were
sent for sequencing to the biotechnology company
TSINGKE, China.
Phylogenetic analysis. The sequences obtained of
all ten Salmonella isolates were screened against the
National Center of Biotechnology (NCBI) database
using the Basic Local Alignment Search Tool (BLAST).
After BLAST confirmed all ten sequences to be Sal
monella; these sequences and two S. bongori strains (as
out-groups) were used to construct a phylogenetic tree
using the Molecular Evolutionary Genetic Analysis
(MEGA X) software (Kumar et al. 2018)
Preparation of antigen for the raising of antiserum in rabbits. The purified colonies of Salmonella
strains were cultured in tryptic soy broth for 48 hours
at 37°C. Cultures were transferred to Eppendorf tubes
and were centrifuged at 800 × g. The supernatant was
discarded, and the pellet was resuspended in phosphate
buffer saline (PBS). Using the McFarland standard,
a standard of 0.5 McFarland was maintained. The antigens in the bacterial culture were inactivated by the
addition of 0.3% formalin, and an equal volume of
Montanide adjuvant ISA 206VQ (SEPPIC) was added in
the suspension and was mixed gently. The final count of

176

2

Zafar H. et al.
Table II
Schedule of Salmonella antigen inoculation for the raising of antibodies against
Salmonella strains.
Salmonella
antigen

Day 1 = 1st shot
(0.2 ml)

Day 7 = 1st booster
(0.5 ml)

Day 14th = 2nd booster
(0.5 ml)

HR1

C

HR1

C

HR1

C

TY1

0.2

0.2

0.5

0.5

0.5

0.5

TY2

0.2

0.2

0.5

0.5

0.5

0.5

TY3

0.2

0.2

0.5

0.5

0.5

0.5

HB1

0.2

0.2

0.5

0.5

0.5

0.5

HB11

0.2

0.2

0.5

0.5

0.5

0.5

SP6

0.2

0.2

0.5

0.5

0.5

0.5

CT7

0.2

0.2

0.5

0.5

0.5

0.5

PB2

0.2

0.2

0.5

0.5

0.5

0.5

PB9

0.2

0.2

0.5

0.5

0.5

0.5

HE13

0.2

0.2

0.5

0.5

0.5

0.5

HR1 = Group 1 of rabbits given antigen, C = control group given normal saline

the Montanide adjuvanted antigens was 1 × 1010 CFU/ml
and they were preserved at 4°C.
Protocol for raising antiserum against Salmonella
strains. For the raising of antisera, twenty specific pathogen free (SPF) Chinchilla rabbits having an average
weight of 3 kg were selected. Following all the bioethical
and biosafety measures as approved by the Institutional
Biosafety Committee of UAF, the rabbits were reared
at the animal house of the Institute of Microbiology,
UAF. The rabbits were divided into two groups HR1 and
HC, with each group having ten rabbits in it (Table II).
On the first day, 0.2 ml of the prepared antigens were
injected intraperitoneally into rabbits of the group
HR1, while 0.2 ml of normal saline was injected into
the rabbits of group HC as described in. On the 7th day
a booster dose of 0.5 ml was given to the rabbits of HR1,
while 0.5 ml of normal saline was given to group C. On
the 14th day a repeat of the booster dose for the group
HR1 was done with 0.5 ml being injected again, while
the group C rabbits were injected with 0.5 ml normal
saline. The antiserum raised against the whole cell
antigens of the Salmonella strains was collected on the
21st day of the experiment.
Microtiter plate agglutination test. This modified
assay test was performed to check the antibody titer levels resultant from the antiserum reacting with the different Salmonella antigens (Barsoum and Awad 1972).
It was performed in a 96-well microtiter plate in a triplicate with average readings presented in the Results section. A volume of 50 µl of tryptic soy broth was layered
in each of the wells of the microtiter plate, 50 µl of the
antiserum raised from all of the strains was layered at
the start of each well and two-fold dilutions were done
until the last well. A volume of 50 µl of the antigens
from all of the isolates was mixed in a sequence. The

plate was incubated for 12 hours at 37°C. A smooth
mat shape at the bottom of the well indicated a positive
reaction, while a negative reaction was indicated by button formation of the antigen at the bottom of the wells.
The last serum dilution where agglutination was visible
was considered the agglutination endpoint. Agglutination antibody titers were measured as the inverse of
the greatest dilution that still yielded agglutination. For
the geometric mean titer (GMT), the arithmetic means
of the logarithms of the last positive serum dilution
were considered.
Safety studies for evaluation of HB1 live antigen.
Preserved cultures of HB1 strain were refreshed in tryptone soy broth (TSB). Colony count was performed, and
a separate final suspension of 1010 CFU/ml was prepared. The Salmonella antigen (HB1) was maintained to
a 0.5 McFarland standard and kept in phosphate buffer
saline (PBS) (pH 7.2). As a preservative, honey (2%) was
added and no inactivation of the antigen was done. The
safety studies were conducted according to the international standards of antigen evaluation (Fedson 2005).
Three different groups of healthy rabbits with five rabbits in each (SR1, SR2, and SR3) were maintained. All
the containment facilities and biosafety measures were
adopted according to instructions provided by Biosafety
Level 2 (BSL2) laboratories Institute of Microbiology,
University of Agriculture, Faisalabad, Pakistan. In the
group, SR1 rabbits were given a single oral dose of 0.5 ml
(1 × 1010 CFU/ml) followed by normal feed and fodder.
In the group, SR2 an oral dose of 1 ml (1 × 1010 CFU/ml)
was given along with normal feed and fodder. Rabbits in
SR3 were controls and 0.5 ml of normal saline was orally
given to the animals in this group. The body temperature of all groups was measured and dropping samples
were collected after every 24 hours till the 7th day of
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the experiment. The Salmonella viable count was also
performed on droppings for evaluation of the recovery
of the HB1 live antigen.
Comparative immune response evaluation of live
Salmonella antigen (HB1) using three different dose
levels in rabbits. Four groups of healthy rabbits (10 in
each) were maintained in the laboratory animal housing facility attached to the IOM, UAF. Three different
dose levels of the HB1 antigen (0.5 ml) were given separately to each group including group R1 with two drops
orally (a single dose), group R2 was given two drops
orally and repeated after one week (a double dose) and
group R3 was given two drops and repeated after alternate days for three times (a triple dose). The group R4
rabbits were kept as inoculated control. All the rabbits
were maintained according to the institutional ethics
committee recommendation and offered fresh water
with feed and fodder ad-libitum.
For the detection of antibodies, the titer indirect
hemagglutination test (IHAT) of Smith et al. (1977) was
used with minor modifications. The live Salmonella antigen (HB1) was used to sensitize RBC’s using chromium
chloride for antigen binding. Two-fold serial dilutions
of sera were made in microtitration plate and antiserum
raised against HB1 live antigen was placed. The serum
raised against HB1 live antigen was diluted separately,
and 2% sensitized RBC’s were added into 50 µl diluted
serum after thorough mixing and were incubated at
37°C for 30 minutes. The different settling of RBC’s was
interpreted as positive and the compact button formation of RBC’s at bottom wells was indicated as negative.
Challenge protection test. Three groups of rabbits
R1, R2 and R3 were given an LD50 dose of S. Typhi
murium (ATCC 14028) (1 × 104 CFU/ml), while the
fourth group (R4) was given normal saline and used
as a control. The survival percentage for the duration
of 70 days and statistical analysis for determination of
survival percentage was done using the software GraphPad Prism version 7 (GraphPad Software Inc., USA).

Table III
Results of biochemical characterization by Remel RapIDTM
and the analysis by ERIC software.
Salmonella
isolate

RapID
No.

Percentage
ID

Spp.
identification

TY1

0320410

99.45%

Salmonella I

TY2

0320410

99.45%

Salmonella I

TY3

0320410

99.45%

Salmonella I

HB1

2360410

99.9%

Salmonella I

HB11

6363210

99.9%

Salmonella I

SP6

6360400

99.9%

Salmonella I

CT7

6160400

75.5%

Salmonella I

PB2

2300010

98.10%

Salmonella I

PB9

2300010

98.10%

Salmonella I

HE13

6360400

99.9%

Salmonella I

S. Typhimurium
ATCC 14028

6360410

99.9%

Salmonella I

(Salmonella I from RapID instruction manual). For
quality control, a reference strain of S. Typhimurium
ATCC 14028 was also tested.
Molecular characterization of isolates. The DNA
extracted from the Salmonella isolates was quantified
using Nanodrop 8000 spectrophotometer (Thermo
Scientific, USA). After DNA quantification the DNA
samples were subjected to molecular characterization
by PCR and further sequencing of the amplicons. For
PCR the 16S rRNA gene was amplified. All ten isolates
gave a band in the range of 1.4 kbp after gel electrophoresis shown in Fig. 1. Sequences of all ten isolates were

Results
Morphological and biochemical results. The colonies were moderately large (range of 0.5–1.5 mm diameter) convex, glistening and round in shape. In addition,
the suspected colonies of Salmonella were straw colored
with black centers due to the production of hydrogen
sulphide (H2S) on SSA. Typical straw-colored colonies
with black centered colonies were further plated for
confirmation on BSA. The suspected Salmonella colonies were completely black when grown on BSA.
The biochemical characterization of the Salmonella
isolates was done using a Remel Rapid ID kit (ThermoFisher Scientific, USA) and the results were given in
Table III. All ten isolates were confirmed as S. enterica

Fig. 1. Amplicons of 1.4 kbp are visible for each Salmonella isolate.
According to literature, the universal primer (27F, 1492R) gives a PCR
product of 1.4 kbp or 1.5 kpb. M is the marker used of 4 kbp size.

178

2

Zafar H. et al.

Fig. 2. The phylogenetic tree constructed by MEGA X, with the 16S rRNA sequences of the 10 Salmonella strains and two out-groups
of Salmonella bongori. The UPGMA method was used with 2000 bootstrap replications, bootstrap percentages are indicated on nodes.
The ten Salmonella species in this study are denoted as previously in this study along with their NCBI accession numbers. Evolutionary
distances were computed using the Maximum Composite Likelihood method and they are provided in the units of number of base substitutions per site. The rate variation among sites was modeled with a gamma distribution (shape parameter = 2). All positions containing
gaps and missing data were eliminated. There were a total of 1034 positions in the final dataset.

submitted to NCBI and were allotted following accession
numbers; TY1 (MH985341), TY2 (MH985355), TY3
(MH989533), HB1 (MH985334), HB11 (MH985335),
SP (MH985331), CT (MH985332), PB2 (MH985338),
PB9 (MH985340), HE13 (MH985333). According to
the BLAST, the results the three human isolates TY1,
TY2 and TY3 had top four hits of S. Typhi strains,
while HB1, HB11, CT7, HE13, and SP6 had more
hits of S. Typhimurium with good scores. In case of
the poultry isolates PB2 and PB9 both had top hits
of S. Gallinarum strains.
Phylogenetic analysis of DNA sequences is important in determining evolutionary relationships between
species of both prokaryotes and eukaryotes. In this
study, an evolutionary tree was constructed by using the
Molecular Evolutionary Genetics Analysis (MEGA X)
program. The tree construction was based on the Salmo
nella 16s rRNA sequences obtained in this study and two
out-groups of S. bongori. According to the tree results
(Fig. 2), the sequences were denoted as previously along
with their NCBI accession. Alignment of the sequences
was done using Multiple Sequence Comparison by LogExpectation (MUSCLE). The statistical method used for
inference of evolutionary history was the Unweighted
Pair Group Method and Arithmetic Mean (UPGMA).
Looking at the tree in Fig. 2, various clades can be
observed. Two of the strains isolated from humans;
TY1 and TY2 shared the most common ancestor (gene)
forming a monophyletic clade, also the 16S rRNA genes
of the third strain (TY3) isolated from humans and that
of the SP6 strain isolated from sheep were closer to TY1
and TY2 from an evolutionary standpoint. Another
monophyletic clade of the HE 13 strain isolated from

horse and the poultry isolate PB9 was present in the
tree, the second poultry isolate PB9 and the strain
(CT7) isolated from cat seemed more related to this
clade. The two strains (HB1 and HB11) isolated from
honeybee were also similar to each other with respect
to their position in the tree.
Salmonella plate agglutination test. The test was
performed to determine the homologous and hetero
logous antibody titer among individual antigens and
their antiserum. The assay was performed in a 96-well
microtiter plate. All the cumulative results of antigen
and antiserum reactions along with all possible combinations (homologous and heterologous) are presented
in Table IV. The HB1 antiserum exhibited significant
(p < 0.0001) cross-reactivity by giving the highest geometric mean titer among all strains (Fig. 3).

1

TY

2

TY

3

TY

3
6
9
1
2
1
7
HB HB1 SP CT PB PB HE1
Antiserum

Fig. 3. Geometric mean titers of the antiserum against
ten different strains.
Bars indicate the GMT (± SEM) at 95% Confidence Interval (CI)
(*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001).
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Table IV
The immunological cross-reactivity assay for the Salmonella strains with homologous and heterologous
antibody titers and geometric mean titers.
Antiserum
Antigen

TY1

TY2

TY3

HB1

HB11

SP6

CT7

PB2

PB9

HE13

TY1	 1:64

1:32	 1:16	 1:16	 1:16

1:2

1:4

1:2

1:4

1:8

TY2	 1:16

1:64	 1:32	 1:16	 1:32

1:4

1:8

1:4

1:2

1:4

TY3	 1:16

1:32	 1:64	 1:8	 1:16

1:4

1:2

1:2

1:4

1:2

HB1	 1:32

1:16	 1:16	 1:128	 1:32

1:16

1:8

1:16

1:8

1:16

HB11	 1:16

1:8	 1:16	 1:32	 1:64

1:8

1:4

1:4

1:8

1:4

SP6	 1:4

1:2	 1:4	 1:16	 1:8

1:32

1:2

1:8

1:4

1:2

CT7	 1:4

1:2	 1:8	 1:8	 1:16

1:4

1:64

1:8

1:4

1:8

PB2	 1:8

1:4	 1:8	 1:16	 1:8

1:16

1:8

1:64

1:16

1:8

PB9	 1:4

1:2	 1:8	 1:16	 1:4

1:2

1:4

1:8

1:32

1:8

HE13	 1:8

1:14	 1:8	 1:16	 1:4

1:4

1:4

1:4

1:2

1:64

GMT

8

6.063

5.657

6.498

5.657

6.964

11.31

13

18.38

Safety evaluation of HB1 live antigen. Zero mortalities were observed among the rabbits of the two groups
SR1, SR2 immunized with different doses of HB1 live
antigen (1 × 1010 CFU/ml). Overall, in the ten rabbits,
no physical abnormalities were observed, while the feed
intake remained normal throughout the seven days with
no apparent weight loss. Colony count was performed
on the feces of the five rabbits throughout the experiment and recovery of the Salmonella HB1 live antigen
from the five rabbits was shown to be between 1 × 103
to 1 × 105 CFU/ml for SR1, and 1 × 105 to 1 × 108 CFU/ml
for SR2. The complete results for the two immunized
groups and the controls (SR3) given normal saline are
given in Table SI of the Supplementary information.
Immune response in rabbits to different doses of
HB1 live antigen. The rapidity of the immune response
was similar for the groups R2 and R3 with a GMT of
12.1 for both groups 10 days post vaccination. For

13.93

the group R2, which were given the double dose, the
highest GMT of 119.4 was observed at 40 days postvaccination; while the lowest GMT of 8 was observed
at 70 days post-vaccination. The group R1, given the
single dose of HB1 antigen, initially exhibited low
immune response with a GMT of 9.1 and 17.1 at 10
and 20 days post vaccination (Table V). However, there
was a rise in the immune response of the rabbits with
a GMT of 73.5 at 50 days post vaccination. The lowest
GMT of 6.6 was recorded at 70 days post-vaccination.
The group R3, given tripe dose of the HB1 live antigen,
showed a strong immune response at 40 days post vaccination with a GMT of 122.4, and the lowest GMT of
5.8 at 70 days post-vaccination.
Results of challenge protection test. Protective efficacy of the three different doses of HB1 live antigen in
rabbits (R1 = single dose, R2 = double dose, R3 = triple
dose, and R4 = control) was evaluated against LD50 dose
of S. Typhimurium (ATCC 14028) (1 × 104 CFU/ml)
for a duration of 70 days post immunization. The LD 50
dose was determined using the method of Reed and
Muench (1938). The survival rates of the four groups
Table V
Geomean mean titers of the sera from four group of rabbits
immunized with the live HB1 antigen.
Days post
vaccination

Fig. 4. Comparative indirect hemagglutination titers GMT in the
three vaccinated groups and the control group during the 70-days
animal trial.

R1

R2

R3

R4

10	 9.1	 12.1	 12.1

–

20

17.1	 42.2	 27.8

–

30

34.2	 90.5	 45.2

–

40

64

122.4

–

50

73.5	 48.5	 78.7

–

60

29.8	 27.8	  9.1

–

70	 6.6	  8	  5.8

–

119.4
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Fig. 5. Survival rate of four groups of rabbits immunized. All
four groups were subjected to LD50 of S. Typhimurium. The three
groups (R1, R2, and R3), immunized with different doses of
HB1 live antigen, showed a significance increase (p < 0.0001) in
the survival time in comparison to the control group (R4). Each
group consisted of 10 rabbits. Kaplan Meier graph was generated
by GraphPad Prism 7.

(each group included ten rabbits) are given in Fig. 5
in the form of a Kaplan Meier graph (it is also given
in Table SIII as percentage protection). The three vaccinated groups that received three different doses (HB1
live antigen) had significantly longer survival rates as
compared to the control (R4; given normal saline, NS),
****p < 0.0001. All the rabbits injected with NS succumbed to the Salmonella infection by day 45th day of
the test. However, the R2 had zero mortalities throughout the 70-day period of the test, while R1 and R3 had
three and two mortalities, respectively. The double dose
of the HB1 live antigen (0.5 ml) proved to be the most
efficient dose in the challenge protection test.
Discussion
Salmonella-related infections are a major disease
threat in Southeast Asian countries including Pakistan.
With antibiotic resistance in Salmonella strains increasing at an alarming rate, the role of antimicrobial therapy for treating infections appears to be ineffective in
the battle against multi-drug-resistant (MDR) strains.
Moreover, the situation could be altered by effective
strategies that include: caution in the excessive use of
antimicrobials, better diagnostic techniques and the
finding of effective novel antimicrobials. Vaccines have
been elected as a suitable measure to prevent the occurrence of Salmonella infections. The present research was
designed to evaluate the antigenic cross-reactivity of
Salmonella strains isolated from different human and
animal sources in Faisalabad, Punjab, Pakistan. The predetermined goal of the research was to find an avirulent
Salmonella strain, whose live antigen would prove to be
a potential candidate for the development of a live oral
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cross-reactive vaccine. The vaccine would be trialed in
an animal model for evaluation of efficacy.
There was a variation among the prevalence percentage of the Salmonella strains isolated from different hosts. The highest prevalence was found in humans
with a percentage of 20%, followed by the honey bee
(13%), poultry birds (13%), and cat, sheep, and horse,
all three having prevalence percentage of 6%. In Pakistan, prevalence studies on Salmonella have regularly
pointed towards the higher prevalence of S. Typhi in
human subjects (Ochiai et al. 2008). In another prevalence study in Karachi, Pakistan, the prevalence percentage of S. Typhi from human subjects was reported
to be 9.1% (Siddiqui et al. 2015). The prevalence percentage of S. Typhi in the human subjects in this study
was the highest among all the Salmonella strains. Orji
et al. 2004, have reported a high prevalence of S. Gallinarum and S. Pullorum in poultry birds in Pakistan
with a combined percentage prevalence of around 12%
for both strains. In our study, one strain of both Salmonella serovars was found with a combined prevalence percentage of 13%. Interestingly, in our study the
occurrence of two Salmonella strains from the gut of
honeybee was unexpected. The honeybee nests selected
were not situated in the vicinity of any sewer, however,
the contact of the bees with any animal feces cannot be
ruled out. Also, Tarpy et al. (2014), have reported the
presence of members of the Enterobacteriaceae family in the gut microbiome of the honeybee, which was
one of the main reasons why we chose honeybee in
our insect category for the sampling of Salmonella spp.
The targeting of the 16S rRNA gene in bacteria
for numerous phylogenetic and taxonomic studies is
becoming quite common. There are several reasons why
the scientific community has resorted to this gene as
the housekeeping marker, i) it is ubiquitous in all bacteria, and may exist as a multigene family or an operon,
ii) the sequence of the gene is highly conserved, indicating that random sequence changes could be more useful in determining evolutionary pathways iii) the size
(1400–1500 bp) of the 16S rRNA gene makes it a suitable candidate for bioinformatics analysis (Janda and
Abbot 2007). Based on the sequencing results generated
after the amplification of the 16S rRNA given in the
Results section, the ten isolates were confirmed to be
Salmonella strains. Previous results of Trkov and Avgustin (2003), also validated the success of the primers 27F,
1492R used in this study for the amplification of the
16S rRNA gene of different strains of S. enterica. The
phylogenetic analysis of the sequences yielded interesting evolutionary relationships among the ten strains
(sequences submitted to NCBI) of this study.
The scientific community has envisioned a crossreactive live vaccine for enteric bacteria (Chedid et al.
1968). Various reports (Chacana and Trezolo, 2006;
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Matluva et al. 2013) have confirmed the cross-immunity induced by live Salmonella vaccines in animal models. However, a live vaccine is only considered effective
against an intracellular pathogen such as Salmonella, if
it can induce both systemic (IgG) and mucosal (IgA)
immune responses. In the present research, the double dose (two drops of 0.5 ml and repeated after one
week) of the HB1 vaccine gave the best protection in
the rabbits in response to LD50 of S. Typhimurium, as
indicated by the challenge protection test. However,
a shortcoming of this study was the determination of
the type of humoral immune response (either systemic
or mucosal) taking place in the rabbits. As Salmonella is
an enteric pathogen, IgA is more likely to be the dominant player in the protective immune response after
secretion into the gut lumen. As IgG (systemic antibodies) are more likely to combat Salmonella bacteria,
which have left infected cells and migrated to other tissues, thus initiating new infections (Nandre et al. 2015).
Preliminary results do support the avirulent live
HB1 strain to be a highly effective cross-reactive live
vaccine in rabbits, which works in a dose-dependent
manner. However, due to certain limitations, the exact
mechanism of this cross-protection elicited by the vaccine could not be established. It has been recognized
that live Salmonella strains are detected by the host
immune system through the surface exposed antigens,
as cell envelope shields the internal antigens (Burton
et al. 2014). The mechanism of action of the HB1 live
vaccine could be synonymous to the above-mentioned
hypothesis. According to literature, most of the identified cross-protective antigens of Salmonella are surface
exposed (Baumann 2014). On the cell surface of Salmo
nella, lipopolysaccharide (LPS) has been considered the
main component to induce cross-reactive antibodies in
the host. Various experiments have been performed on
the complete core LPS and truncated LPS of Salmonella
strains along with their cross-protection (Nnalue 1999).
However, literature reported previously, supports the
argument that the common outer membrane proteins
(OMPs) such as OmpD and the core LPS Salmonella can
induce cross-protection. As the core region of the LPS in
Salmonella serotypes is highly conserved; this could be
a candidate for studies that could help explain the crossprotection induced by the HB1 vaccine. However, the
role of cell-mediated immune (CMI) responses cannot
be overlooked as live oral Salmonella vaccines have been
shown to elicit cross-reactivity by stimulating these CMI
responses in the host, and future studies on the CMI
responses induced by HB1 vaccine would be helpful.
Various avirulent live attenuated Salmonella mutants
have been used as vaccine candidates in the past. These
mutants have certain gene knockouts for attenuation
and have been extensively studied. The use of attenuated strains bears various advantages such as the ability
to carry heterologous antigens and to induce humoral,

cellular and mucosal immune responses. However,
the HB1 strain was not attenuated due to the lack of
genomic information about the strain and the safety
evaluation test gave us the notion to use it as a whole
live antigen. For the preservation of the HB1 vaccine
honey (2%) was used. However, how this preservative
affected the vaccine should be evaluated in future studies. Various preservatives are used in vaccine preservation; some of these include aluminum salts, thimerosal (mercury-containing preservative), human serum
albumin, and formaldehyde. Future studies could be
performed using various preservatives and checking the
stability of the vaccine (a stability trial was conducted
whose results are given in the Supplementary file).
This research could prove to be just the tip of a huge
iceberg with numerous areas yet to be explored. However, it does lay down the foundation of a Salmonella
strain that has shown significant cross-reactivity against
homologous and heterologous strains and significant
efficacy as a vaccine against lethal infection by S. Typhi
muirum. First of all, a future perspective should be the
whole genome sequencing of the strain, as this study
just confirmed the HB1 isolate as a Salmonella strain
by sequencing of the 16S rRNA gene. A whole genome
sequence would certainly be helpful in the identification
of the suitable conserved antigens in comparison with
already sequenced Salmonella strains. After comparative
genomics of the strains, the development of HB1 strain
mutants may be plausible, and these mutants could also
be evaluated as future vaccine candidates in comparison to the wild type. In addition, the proteomic analysis
including 3-D structural analysis of the structure of the
proteins of the HB1 strain could also be helpful in identifying the amino acid differences that might be critical
for the cross-reactivity of the antigens of the strain.
The animal model included specific pathogen free
(SPF) Chinchilla rabbits infected with LD50 dose of
S. Typhimuirum (animal pathogen). However, future
studies could be orchestrated involving mice infected
with other Salmonella strains, and to check if the
cross-reactive HB1 vaccine still provides significant
cross-protection. In this regard, the prospective studies could involve humanized mice (Mian et al. 2011)
infected with S. Typhi strains. These mice have been
used to mimic S. Typhi infections and have proven to be
a valuable tool in studying the pathogenesis of S. Typhi.
Future research could apprehend if the HB1 vaccine
could provide similar cross-protection against S. Typhi
strains in humanized mice.
Conclusion
The HB1 live oral antigen (double dose) elicited
a strong immune response in the rabbits used in the
animal trial, this vaccine could also prove to be a good
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candidate as a potential vaccine in animals against other
strains of S. Typhimurium. Overall, this study does support the notion that the HB1 vaccine can be an effective live oral vaccine that may provide cross-protection
against other Salmonella strains in an animal model
and may also be tested for immunoprotection against
S. Typhi in a humanized mouse model. However, only
rigorous future experiments would be able to corroborate the claims about the immunoprotection potential
of the HB1 live oral antigen.
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Abstract
We observed the death of insect caterpillars of Spodoptera exigua in the laboratory culture line and identified Serratia marcescens as the
bacterial causative agent of the insect death. We confirmed that S. marcescens had insecticidal activity against S. exigua and caused high
mortality of larvae. The LC50 values of S. marcescens CFU per 1 cm2 of insect diet surface were similar for all isolates. Our research reports
novel strains with high pesticidal activity as candidates for future research on a new bioinsecticide. As bioinsecticides cannot be harmful
to non-target organisms, we determined the pathogenic properties of S. marcescens to humans. We proved the ability of S. marcescens to
damage mammalian epithelial cells. All strains had cytopathic effects to Vero cells with a cytotoxic index ranging from 51.2% ± 3.8%
to 79.2% ± 4.1%. We found that all of the strains excreted catecholate siderophore – enterobactin. All isolates were resistant to sulfamethoxazole, tobramycin, gentamicin, cefepime, and aztreonam. We did not observe the ESBL phenotype and the integrons’ integrase genes.
Resistance to sulfamethoxazole was due to the presence of the sul1 or sul2 gene. The use of resistant S. marcescens strains that are pathogenic
to humans in plant protection may cause infections difficult to cure and lead to the spread of resistance genes. The results of our study emphasize the necessity of determination of the safety to vertebrates of the bacteria that are proposed to serve as biocontrol agents. The novelty of
our study lies in the demonstration of the indispensability of the bacteria verification towards the lack of hazardous properties to humans.
K e y w o r d s: bioinsecticide, insecticidal activity, pathogenicity, pesticide safety, Serratia marcescens

Introduction
Due to the growing resistance of insects to synthetic
pesticides, there is an urgent need for new biopreparations. Serratia marcescens is a species of Gram-negative rods (Hejazi and Falkiner 1997) that produces
substances useful in different branches of industry and
medicine (Siva et al. 2012). Some S. marcescens strains
have been recognized as opportunistic or facultative
pathogens of insects. They cause lethal septicemia
after penetration into the hemocoel. The first step of
pathogenesis is the colonization of epithelial cells. After
adhesion to the cells, the bacteria produce potential
virulence factors, including extracellular toxins which
are probably the most common factors of S. marces
cens pathogenicity (Grimont and Grimont 2006). The
pathogenicity of S. marcescens to insects makes these
bacteria an interesting tool in the search of the new
biological control preparation applied in plant protection. Liquid culture of S. marcescens had potential use

as a biocontrol factor against insect pest of Lepidoptera Plutella xylostella (Jeong et al. 2010), Heliothis vire
scens (Sikorowski et al. 2001) and Helicoverpa armigera
(Mohan et al. 2011). Additionally, S. marcescens could
reduce the development of fungus and thus inhibit the
appearance of some diseases of crops. The bacteria have
an antagonistic effect towards plant pathogen belonging
to oomycetes – Phytopthora parasitica – the causative
agent of a disease known as gummosis (de Queiroz and
de Melo 2006). It has been demonstrated that the whole
S. marcescens cells (Sikorowski et al. 2001; Jeong et al.
2010; Mohan et al. 2011) as well as their isolated components (Khanafari et al. 2006; Patil et al. 2011; Aggarwal
et al. 2015) had putative usefulness in biocontrol on
condition that they are safe for non-target organisms.
As the whole bacterial cells could have a harmful
effect on vertebrates, more desirable are the components produced by bacteria. The bioactive substances
that may play an important role in plant protection produced by S. marcescens include several virulence agents:
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prodigiosin (Patil et al. 2011) and chitinase (Mohan
et al. 2011; Aggarwal et al. 2015) among them. Prodigiosin synthesized by S. marcescens is active against
insects of Coleoptera (Bidari et al. 2018) and Diptera. It
has also medical utility due to antitumor, immunomodulating, antimycotic (Khanafari et al. 2006), and antibacterial features (Samrot et al. 2011). It induces apoptosis in some cancer cell lines, such as acute human
T-cell leukemia hepatocellular cancer, breast cancer,
and the TNF-stimulated cervix carcinoma (Khanafari
et al. 2006). It can also be used as an inhibition agent
of protozoan species (Grimont and Grimont 2006).
Moreover, S. marcescens synthesizes substances active
against Pectobacteria spp. that causes the soft rot disease
of plant Amorphophallus konjac (Wu et al. 2012). None
of the previous studies on the usefulness of S. marces
cens in plant protection included the determination of
pathogenic potential to humans of S. marcescens strains
and evaluation of their safety to vertebrates.
The same factors which make S. marcescens the
putative biological control organisms are these that in
humans could facilitate bacterial cells adhesion, protect
from host’s immune system and allow for tissue pene
tration. The pathogenicity factors include the fimbriae,
the production of siderophores, the presence of cell wall
antigens, the ability to resist to the bactericidal action of
serum, the production of proteases and the cell-contact
toxins that facilitate bacterial invasion, induce cytotoxi
city and apoptosis of host cells (Franczek et al. 1986;
Krzymińska et al. 2012).
Additionally, the antibiotic resistance of the strains
should be considered due to the possibility of the
spread of the genes conferring drug resistance. Antibiotic resistance genes are often incorporated into
mobile structures such as plasmids, transposons, and
integrons. The latter are genetic structures that capture
and incorporate resistance gene cassettes and transform
them into the functional genes (Cambray et al. 2010).
We have observed the death of beet armyworm
Spodoptera exigua Hübner (Lepidoptera: Noctuidae)
larvae in the laboratory culture line of this insect pest.
This encouraged us to isolate and identify the bacterial
causative agent of the insects’ death and evaluate its
utility in plant protection against pests. We estimated
the 50% lethal concentration (LC50) of the microorganisms for S. exigua larvae to confirm the pathogenicity of
the bacterial strains for insects. According to the Integrated Pest Management program (Directive 2009/128/
WE of the European Parliament and the Council of the
European Union), application of insecticidal biopre
parations should come with the lowest risk to human
health (Matyjaszczyk 2018). Biological pest management can be aiming to maintain food and human safety
(Mosa et al. 2016). Therefore, we decided to evaluate
if the bacteria that caused the insect death are safe for

humans. We examined the cytotoxic activity of the
isolates to mammalian epithelial cells and the ability
to produce siderophores. Moreover, the strains were
verified for antimicrobial susceptibility and the presence of integrons.
Experimental
Materials and Methods

Bacterial strains. Eight S. marcescens isolates (MPU
Si1 – MPU Si8) were used in this study. They were isolated from dead caterpillars of Spodoptera exigua cultured in the laboratory culture line in September 2009.
In order to determine the clonal relationship of isolates,
thirteen additional strains were included in the study
as a comparative samples: S. marcescens strain MPU Si9
obtained from a dead larva of Agrotis segetum reared in
the same laboratory three months earlier, eight S. marces
cens strains (MPU S11, MPU S14, MPU S15, MPU S26,
MPU S32, MPU S40, MPU S41, MPU S47) isolated from
clinical specimens, one S. odorifera (MPU Se128/7) cultured from sewage, one S. ficaria (MPU S49), one strain
of Enterobacter cloacae (MPU E39a) from clinical specimens, and Pseudomonas aeruginosa (MPU Pb5/4) from
the intestinal tract of a wild boar.
Bacteria isolation and identification. Dead caterpillars were swabbed with 90% ethanol, homogenized
in BHI medium (Difco) and incubated at 30°C for 24h.
Then, the bacterial suspension was spread on BHI agar
medium and after 24-hour incubation, the bacteria
were characterized based on the morphology of colonies. Identification of bacteria was performed by API
20E tests according to the manufacturer’s instruction
(bioMérieux, France).
Clonal relationship. Bacterial typing was conducted by REP-PCR with primers REP1I and REP2I
for repetitive extragenic palindromic sequences (Moura
et al. 2007). One bacterial colony was suspended in 25 μl
of sterile distilled water and heated at 98°C for 5 min.
Two microliters of DNA were added to PCR mixture
containing PCR buffer with NH4(SO4)2, 0.5 μM of
each primer (Oligo.pl, Poland), 200 μM of dNTP mix,
2.5 mM of MgCl2, and 0.5 U of Allegro DNA polymerase (Novazym, Poland). PCR amplification involved
an initial denaturation at 94°C for 3 min followed by
35 cycles at 94°C for 1 min, 40°C for 1 min, 72°C for 90,
and a final extension at 72°C for 8 min.
Amplification products were electrophoresed in
1.5% NOVA Mini agarose gel (Novazym, Poland). The
similarity of bacteria DNA profiles was estimated with
Dice coefficient and a dendrogram was created by the
unweighted pair group method with average linkages
(UPGMA).
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Pathogenicity of S. marcescens strains for insects.
The pathogenicity of S. marcescens strains against S. exi
gua caterpillars was determined. Insects originated
from laboratory culture line reared at 26°C, 40–60%
relative humidity, and a 16:8 (light: dark) period in the
Department of Microbiology, Adam Mickiewicz University, Poznań.
The bioassay on insects was conducted according to
Jeong et al. (2010), Mohan et al. (2011), and Sikorowski
et al. (2001). S. marcescens isolates were grown in nutrient agar (Biocorp, Poland) at 30°C for 24 h. One bacterial colony was suspended in 1 ml of 0.85% NaCl.
Five different volumes: 2.5 μl, 5 μl, 10 μl, 20 μl, 40 μl of
the suspension were spread on pieces (5 mm diameter,
3 mm hight) of semisynthetic diet for S. exigua rearing as described by McGuire et al. (1997). The pieces
of diet were placed separately in transparent polystyrene multi-well plates. Caterpillars in L1 instar were
placed onto the diet – one larva per one well with one
diet piece. Each S. marcescens CFU number was tested
against 30 larvae (three replications with 10 insects
each). Simultaneously, the number of CFU per milliliter was determined by the spread plate method. The
volume of 100 μl of a bacterial colony suspension in
1 ml of 0.85% NaCl, and additionally the volume of
100 μl of five dilutions of the suspension (10–1, 10–2,
10–3, 10–4, and 10–5) were spread on BHI agar (each dilution on two plates with medium). After the overnight
incubation at 37°C, the colonies were counted and the
number of CFU per milliliter was calculated. As we
mentioned above different volumes of the suspension
were spread on pieces (5 mm diameter, 3 mm height)
of semisynthetic diet for insect rearing. The pieces had
a shape of a cylinder and the formula for the surface
area is πr2. Knowing the value of the surface area in
cm2, the volume of bacterial suspension spread on the
medium, and the number of CFU per milliliter, we
calculated CFU/cm2.
As a positive control, a strain of Bacillus thuringien
sis subsp. kurstaki HD1 from biopesticide Foray was
used. Foray contains bacterial endospores (spores) and
protein crystals and is dedicated for plant protection
against lepidopteran pests. The B. thuringiensis was cultured in medium developed for bacteria sporulation by
Lecadet and Dedonder (1971). Spores and crystals were
applied to insects in the same way as S. marcescens. As
a negative control, 0.85% NaCl was used.
Infected insects were reared at 26°C, 40–60% relative humidity, and a 16:8 (light: dark) period. The num
ber of dead insects was estimated after 7 days. The LC50
[S. marcescens CFU per 1 cm2 of insect diet surface]
against insects was calculated by a probit analysis
according to Finney, based on the mortality (%) in the
control sample, by using BioStat ver. 5.8.4.3 software
(AnalystSoft Inc.).
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Cytotoxic activity to epithelial cells by MTT assay.
African monkey kidney (Vero) cells were cultured in
Eagle Minimum Essential Medium (EMEM, Sigma)
with 5% fetal calf serum (FCS, Sigma) containing 2 mM
glutamine, 50 IU of penicillin per milliliter, streptomycin (100 µg/ml) and nystatin (1 mg/ml). The cells were
seeded (1 × 104 per well) and incubated at 37°C in an
atmosphere with 5% CO2.
The strains were cultured in Luria-Bertani medium
(LB, Difco) at 37°C for 24 h with shaking at 300 rpm.
The supernatants were centrifuged at 3000 × g for 30 min
and sterilized through 0.22 µm-pore size membrane
filters Millex-GV (Millipore) (Krzymińska et al. 2010).
The epithelial cell monolayer was incubated with
bacterial culture filtrates for 24 h at 37°C. As a negative
control, the cells were infected with a nonpathogenic
E. coli K-12C600 supernatant. The cytotoxicity was
assessed quantitatively by monitoring the mitochondrial reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma) (Krzymińska
et al. 2009). The data were presented as means ± standard deviation (SD) from two independent experiments
performed in duplicate.
Siderophore production. Serratia sp. strains were
verified for the production of siderophores by chrome
azurol S (CAS) assay (Schwyn and Neilands 1987). The
type of the siderophore excreted was identified in crossfeeding assays with the following indicators: enterobactin indicator – Salmonella typhimurium TA 2700, aerobactin and rhodotorulic acid indicator – Escherichia
coli LG 1522, rhizoferrin and α-keto acids indicator
– Morganella morganii SBK 3 (Reissbrodt and Rabsch
1988), and yersiniabactin indicator – Yersinia enteroco
litica 5030 (Haag et al. 1993). Additionally, the presence
of siderophore receptors for yersiniabactin, aerobactin
and glycosylated enterobactin – salmochelin, encoded
respectively by the fyuA, iutA and iroN genes, was
assessed by PCR. All PCR reagents were purchased from
Novazym (Poland). PCR amplification conditions and
sequences of primers have been previously published
(Karch et al. 1999; Johnson et al. 2000; Johnson and Stell
2000). The PCR products were separated in 1.5% agarose gel. All experiments were performed in triplicate.
Antimicrobial susceptibility. The susceptibility of
the isolates to 20 antibiotics representing nine classes
was determined according to the standard disk diffusion method recommended by The European Committee on Antimicrobial Susceptibility Testing (EUCAST
2014). The antimicrobials comprised: amikacin (30 μg),
tobramycin (10 μg), netilmicin (10 μg), gentamicin
(10 μg), ticarcillin (75 μg), ciprofloxacin (5 μg), norflo
xacin (10 μg), cefotaxime (5 μg), ceftaroline (5 μg), ceftazidime (10 μg), cefoperazone (10 μg), cefepime (30 μg),
co-trimoxazole (25 μg), trimethoprim (5 μg), sulfame
thoxazole (200 μg), piperacillin (30 μg), piperacillin/
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tazobactam (30–60 μg), aztreonam (30 μg), imipenem
(10 μg), and meropenem (10 μg). The production of
extended spectrum β-lactamases (ESBL) was determined in the double-disc synergy test. All antibiotic
discs were provided by Oxoid. Amplifications of three
genes conferring resistance to sulfonamides (sul1, sul2,
sul3), were conducted in a 25-μl volume with PCR
buffer with NH4(SO4)2, 0.5 μM of each primer (Oligo.
pl), 200 μM of dNTP mix, 2.5 mM of MgCl2, 0.5 U of
DreamTaq polymerase (Thermo Scientific), and 200 ng
of genomic DNA. The PCR conditions consisted of initial denaturation at 94°C, 3 min, followed by 35 cycles
at 94°C for 45 s, annealing (varied; 46–60°C) for 45 s,
72°C for 90 s, with a final extension at 72°C for 7 min
(Pei et al. 2006).
Presence of integrons. The integron integrase genes
were detected by multiplex PCR with primers targeting
three classes of the integrase genes intI1, intI2 and intI3
(Dillon et al. 2005). PCR amplifications were performed
in a 25-µl volume with 2.5 µl of 10 × PCR buffer with
NH4(SO4)2, 0.25 µM of each primer, 100 µM of dNTP
mix, 2.5 mM of MgCl2, 1 U of DreamTaq polymerase
(Thermo Scientific), and 200 ng of genomic DNA.
Amplification involved an initial denaturation (94°C,
5 min) followed by 30 cycles of denaturation (94°C,
1 min), annealing (59°C, 1 min) and extension (72°C,
1 min), with a final extension step (72°C, 8 min).
Results
Bacteria identification. The strains isolated from
insects were Gram-negative rods identified as Serratia
marcescens with API 20E system. On the agar medium,
the bacteria formed circular, raised, shiny, and smooth
colonies. All isolates produced the pigment that made
the colonies red.
Clonal relationship. Molecular typing revealed
three groups of bacteria with 100% similarity of DNA
patterns (Supplementary Fig. S1). Cluster 1 consisted
of three isolates: MPU Si4, MPU Si5, and MPU Si7.
Three strains MPU Si1, MPU Si2, and MPU Si3 formed
cluster 2. Isolates MPU Si6 and MPU Si8 were gathered
in cluster 3. These groups comprised S. marcescens isolates cultured from dead S. exigua insects. The similarity between cluster 1 and 2 was equal to 92%. Group 3
was similar to 1 and 2 in 85%. S. marcescens MPU Si9
isolated from the intestinal tract of A. segetum cultured
in the same laboratory as S. exigua but in different time
showed 66% similarity with S. marcescens isolates originated from S. exigua. DNA pattern of S. marcescens isolated from A. segetum was similar in 70% to the strain
cultured from a clinical specimen.
Pathogenicity of S. marcescens strains for insects.
S. marcescens isolates revealed insecticidal activity
against S. exigua caterpillars and caused high mortality

Table I
Pathogenicity of S. marcescens and B. thuringiensis to S. exigua.
LC50 (CFU/cm2)

Strain

95% Fiducial limits

MPU Si1

6

4 × 10

2 × 106 – 4.3 × 107

MPU Si2

4.2 × 106

2 × 106 – 1.1 × 108

MPU Si3

6

5 × 10

2.1 × 106 – 3.8 × 108

MPU Si4

2 × 106

5.6 × 105 – 7.6 × 106

MPU Si5

4.5 × 10

9.2 × 105 – 2.3 × 107

MPU Si6

6

5.6 × 10

9.2 × 105 – 3.3 × 107

MPU Si7

7.6 × 105

2 × 105 – 2.8 × 106

MPU Si8

6

2.5 × 10

1.3 × 106 – 2.4 × 107

B. thuringiensis

1.7 × 107

3.6 × 106 – 3 × 107

6

of larvae. The LC50 values of S. marcescens were similar
and ranged from 7.6 × 105 to 5.6 × 106 CFU per 1 cm2 of
the insect diet surface. The toxicities of S. marcescens
strains were higher than the activity of spore-crystal
preparation of B. thuringiensis from Foray bioinsecticide (Table I).
Cytotoxicity of S. marcescens strains. After 24 h
of incubation with the strain culture supernatants,
we observed cytopathic effects such as rounding and
shrinking of the Vero cells. These changes were followed by the gradual destruction of the monolayer.
All strains were cytotoxic to Vero cells (Table II). The
highest cytotoxicity in a range from 76.6 to 79.2% was
observed for five strains. Three isolates revealed cytotoxic activity, causing death from 54.9 to 59.7% of Vero
cells. The supernatant of non-pathogenic control, E. coli
K-12C600 did not cause the cytopathic effect.
Siderophore production. In the standard method
of Schwyn and Neilands (1987), all S. marcescens strains
demonstrated the production of iron chelators. Biological assays with indicator strains deficient in siderophore synthesis but capable of acquiring exogenous
iron chelators indicated that all of the strains excreted
catecholate siderophore – enterobactin. The PCR results
showed that the strains did not have the receptor genes
for yersiniabacin, aerobactin or salmochelin.
Table II
Cytotoxic activity of S. marcescens strains isolated from insects.
Strain

Cytotoxic index (%)

MPU Si1

79.2 ± 4.1*

MPU Si2

77.6 ± 2.8

MPU Si3

77.5 ± 3.1

MPU Si4

58.5 ± 2.5

MPU Si5

76.6 ± 1.9

MPU Si6

78.3 ± 3.7

MPU Si7

59.7 ± 2.1

MPU Si8

54.9 ± 3.8

* Mean percentage of cytotoxicity ± SD, measured by MTT assay
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Table III
Antibiotic resistance of S. marcescens strains isolated from insects.
Isolate

Antimicrobial resistance profile

MPU Si1

SUL*

MPU Si2

SUL

MPU Si3

SUL

MPU Si4

SUL

MPU Si5

TOB, FEP, SUL

MPU Si6

SUL

MPU Si7

GEN, TOB, SUL

MPU Si8

SUL

*ATM – aztreonam, GEN – gentamicin, SUL – sulfamethoxazole,
TOB – tobramycin

Antimicrobial susceptibility and presence of integrons. The strains were resistant toward one to three
antimicrobials (Table III). All isolates were resistant
to sulfamethoxazole. Moreover, they were resistant to
antibiotics belonging to aminoglycosides: tobramycin (22.2%) and gentamicin (11.1%), cephalosporins: cefepime (11.1%) and monobactams: aztreonam
(11.1%). We did not observe an ESBL phenotype and
the integron integrases genes. Resistance to sulfame
thoxazole of all strains was due to the presence of the
sul1 or sul2 gene.
Discussion
In recent years some microbial insect pathogens
have become useful in protecting crops against pests.
Application of natural enemies of insects could be the
long-term and suitable strategy. There is still a need to
search for an effective and safe biopreparation against
harmful crop pests, and entomopathogens of hazardous
insects could be employed in the development of the
biopreparations (Bahar and Demirbağ 2007; NuñezValdez et al. 2008). S. marcescens strains are proposed
to be used as biocontrol agents because of their insecticidal activity against lepidopteran larvae (Sikorowski
et al. 2001; Jeong et al. 2010; Mohan et al. 2011) of all
developmental stages (Aggarwal et al. 2015). However,
the proposal mentioned above ignored the issue of
bacterial safety for humans and other non-target vertebrates. We observed the death of insect caterpillars of
S. exigua and A. segetum in the laboratory culture lines.
We isolated and identified the bacterial causative agent
of dead insect and determined the pathogenic properties of insecticidal S. marcescens strains to humans.
For determining the possible clonality of strains, we
applied the REP-PCR typing method to determine the
genetic similarity of Gram-negative rods (Rasschaert
et al. 2005; Henriques et al. 2006; Moura et al. 2007;
Czajkowski et al. 2010; Mokracka et al. 2011). The
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analysis revealed a high similarity of all S. marcescens
isolates cultured from S. exigua intestinal track. DNA
profiles of strains that caused infections of S. exigua
varied significantly from that of the strain infecting
A. segetum. The strains made three clusters, yet we did
not treat them as clones as they differed in resistance
profiles and cytotoxic activity.
We confirmed entomopathogenicity of S. marces
cens isolates. The insecticidal activity of strains indicates
the usefulness of the bacteria in plant protection. The
low values of LC50 of S. marcescens against caterpillars
in comparison with LC50 of spore-crystal preparation of
B. thuringiensis from Foray suggested the possibility to
create a novel biopesticide based on S. marcescens with
high activity against lepidopteran pests. However, the
preparation could not have harmful effect for non-target
organisms, so we examined the cytotoxic activity of the
isolates to mammalian epithelial cells, determined the
siderophore production, antimicrobial susceptibility,
and the presence of integrons in S. marcescens genomes.
We observed that culture filtrates of S. marcescens
strains isolated from insects were capable of damaging mammalian epithelial cell line. Escobar et al. (2001)
have reported that supernatants of S. marcescens isolates
from plants and insects were cytotoxic to epithelial cell
lines. Strains originated from the stomach of Rhodnius
prolixus larvae revealed hemolytic activity (Azambuja
et al. 2004). Toxin production by entomopathogenic
strains is still not clearly defined. Hertle (2005) has suggested that hemolysin produced by S. marcescens strains
(ShlA) is the major cytolysin in the pathogenesis of the
bacteria. The toxin induces the formation of pores in
erythrocytes and eukaryotic nucleated cells, which
results in osmotic lysis. Moreover, the bacteria produce
extracellular lecithinase, proteinase, and chitinase that
play a role in their virulence for insects (Grimont and
Grimont 2006). Similar cytotoxic destruction of epithelial cells has been observed for strains isolated from
human specimens (Krzymińska et al. 2010). The results
presented in this study suggested that extracellular factors produced by the isolates could be responsible for
the destruction of the epithelial barrier, which could
pose a potential risk to human health.
Iron sequestration involving siderophores is a recognized factor essential for bacterial pathogenicity. Deletion of siderophore biosynthetic genes leads to loss of
pathogenicity in a mouse infection model, and also
affects maturation of biofilms, surface motility, activation of exotoxins and synthesis of other virulence factors (Vokes et al. 1999; Visca et al. 2007; Mossialos and
Amoutzias 2009). Enterobactin, which is a prototypical
catecholate siderophore with the highest known affinity
for iron, was excreted by all S. marcescens strains (Supplementary Table SI). Its role in pathogenesis is limited,
as in host it is bound by siderocalin (lipocalin 2, Lcn2)
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that inhibits bacterial iron acquisition (Flo et al. 2004).
Other siderophores like structurally distinct yersiniabactin or salmochelin, which is glycosylated enterobactin, deliver iron to bacteria despite the presence of Lcn2,
yet we did not find receptors for these chelators.
We did not find integrons in the genomes in S. marc
escens strains although all of them were resistant to sulfamethoxazole, suggesting the presence of class 1 integrons, which have the sul1 gene at the 3’ integron end.
The resistance to sulfamethoxazole was determined by
the sul1 or sul2 genes that code for dihydropteroate synthases, which are not inhibited by sulfonamides (Pei
et al. 2006). The resistance of single strains to aztreonam
and cefepime may be the result of overproduction of
β-lactamase and resistance to aminoglycosides, which
is often noted in clinical strains of S. marcescens. It is
most frequently determined by the presence of the
plasmid-mediated aminoglycoside-modifying enzymes.
Both the sul genes and those conferring resistance to
β-lactams and aminoglycosides may reside on mobile
genomic elements and be spread via horizontal gene
transfer (Stokes and Gillings 2011).
Our research confirmed the potential pathogenicity
to humans of S. marcescens strains lethal for insect pests.
We decided to undertake this issue because S. marcescens
is proposed to be a useful bioinsecticide (Sikorowski
et al. 2001; Jeong et al. 2010; Mohan et al. 2011; Aggarwal et al. 2015); however, the pesticidal biopreparations
cannot be harmful to non-target organisms. The ability
of S. marcescens to damage mammalian epithelial cell
line and to employ siderophore-mediated strategies of
iron acquisition eliminates the bacterial cells to be used
as a bioinsecticide. Using the antimicrobial resistant,
potentially pathogenic to humans S. marcescens strains
in plant protection may cause human infections difficult to cure and lead to the spread of resistance genes.
We emphasize the necessity of determining the safety to
vertebrates of the bacteria that are proposed to be used
as a biocontrol preparation for reducing the number of
insects. Yet, it is worth mentioning that bacterial strains
harmful for pests could be a source of novel genes or
factors useful in controlling insect pests. In our further
studies, the insecticidal factors-coding genes in S. mar
cescens strains will be identified, cloned and expressed
in E. coli cells (Baranek et al. 2015). After isolation and
purification of the genes’ products, their insecticidal
activity against lepidopteran pests will be determined.
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Abstract
The present study aimed to isolate the high-efficiency petrol metabolizing thermophilic bacteria from petrol contaminated soil samples.
Isolation was carried out through enrichment culture, serial dilution and pour plate methods using the petrol supplemented minimal
salt media. The isolated bacteria were analyzed to document growth behavior, petrol removal efficiencies, antibiotic resistance profile,
and biochemical characteristics. The 16S rRNA based phylogenetic analysis helped to reveal the identity of isolated bacterial species and
construct the phylogenetic trees. Total nine bacteria were isolated, out of which three (IUBP2, IUBP3, IUBP5) were identified as Breviba
cillus formosus, one (IUBP1) was found similar to Brevibacillus agri, four (IUBP7, IUBP8, IUBP13, and IUBP14) shared homology with
Burkholderia lata, and one (IUBP15) with Burkholderia pyrrocinia. All the isolates were fast growing and exhibited considerable petrol
degradation potential. The highest petrol removal efficiency (69.5% ± 13.44/6 days) was recorded for the strain IUBP15 at a petrol concentration of 0.1% (v/v). All bacteria studied (100%) were positive for esculinase and phosphatase. Many strains exhibited positive responses
for arginine dehydrolase (22%), β-naphthylamidase (11%), β-D-glucosaminide (33%), mannitol (55%), sorbitol (66%) and inulin (88%)
fermentation test. While all were sensitive to the antibiotics, some of them were found resistant against chloramphenicol and oxacillin. The
remarkable biochemical characteristics and considerable petrol removal potential (40–70%) highlights utilization of the bacteria isolated
for petrol bioremediation, mineralization of organophosphates, dairy and food industry, and also as biofertilizers and biocontrol agents.
K e y w o r d s: bioremediation, minimal salt media, green technology, gasoline and 16S rRNA profiling

Introduction
Petrol, also known as gasoline, is a mixture of alkanes
(4–8%), alkenes (2–5%), isoalkanes (20–40%), cyclo
alkanes (3–7%), cycloalkenes (1–4%) and aromatics
(20–50%). Aromatics include benzene, toluene, ethyl
benzene, and xylene (BTEX). Some other substances
like oxygen, sulfur, nitrogen, and metals are also present in low concentrations (Silva et al. 2018). Petrol
is obtained during the distillation and refinement of
petroleum. The hydrocarbon constituents of petrol due
to their adverse impact on the environment and human
health have been classified as the priority pollutants
by the Environment Protection Agency (Varjani 2017;
Yuniati 2018).
Petrol contains various volatile compounds like
propane, butane, benzene, toluene, ethylbenzene, and
xylene which are ultimately transferred to the atmos-

phere. The workers of the petroleum industry and petrol pumps are at high risk of exposure to these gasoline
components (Rappaport et al. 1987; Cruz et al. 2017;
Ekpenyong and Asuquo 2017). Petrol may also intrude
indoor spaces from underground storage facilities and
may lead to the explosion and serious health hazards
after inhalation. Through oil spills, petrol enters the
ecosystem and its use as fossil fuel also exerts an adverse
impact on the biosphere. It is burned and oxidized in
engines of motor vehicles to provide energy for transportation. The incomplete oxidation of petrol generates
hydrocarbons which contribute to global warming.
Acute and chronic exposure to petrol hydrocarbons
may occur through ingestion, inhalation as well as dermal route and result in various health hazards. Lightchain volatile compounds: toluene, ethylbenzene, and
xylene, considered ototoxic compounds, are capable
to damage the auditory system. Benzene has no safe
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exposure limit and it is a proved carcinogen (Silva et al.
2018). Gasoline hydrocarbons also affect the respiratory system (Sekkal et al. 2012). Other systemic health
effects include the hematological, immunological,
reproductive, dermatological, central nervous system,
and renal pathologies (Ekpenyong and Asuquo 2017).
The associated environmental hazards include contamination of soil and groundwater resources in addition to
decreased agricultural productivity (Thapa et al. 2012;
Perera 2017).
In order to minimize health-related hazards, the
decontamination of the environmental sources from
petrol hydrocarbons is indispensable. For this purpose,
various physicochemical approaches like thermal desorption, incineration, landfilling, and solvent extraction
have been employed (Jain et al. 2011). These techniques
suffer from certain limitations like high cost, laborintensive, incomplete removal of pollutants, land disturbance, and inherent hazard of aggravating the prevailing situation etc. So, the physicochemical methods
are being replaced by green technologies, which employ
biological means for the purpose of decontamination.
Use of bacteria for the removal of petrol is the most
cost-effective technique providing required efficacy.
The hydrocarbon decomposing bacteria, which are
available commercially in freeze-dried forms, propagate to at least 2 × 108 colony forming unit per milliliter
(CFU/ml) and they are considered suitable for bioremediation (Thapa et al. 2012). Some of these bacteria with
capability of degrading petrol components are: Flavo
bacterium spp., Rhodococcus spp., Serratia spp., Pseu
domonas putida HM346961, Dietzia spp., Alcaligenes
spp., Nocardia spp., Micrococcus spp., Burkholderia spp.,
Pseudomonas aeruginosa, and Bacillus pumilus MVSV3
(Ridgway et al. 1990; Lu et al. 2006a; Avanzi et al. 2015;
Mujahid et al. 2015; Morlett-Chávez et al. 2017; Chen
et al. 2017; Surendra et al. 2017; Satyam et al. 2018).
Although the literature reports isolation and characterization of several bacteria capable of metabolizing
different gasoline constituents, however, the bacteria
reported so far are capable of metabolizing the limited
number of gasoline constituents, which proves them
less efficient for gasoline remediation. These bacteria
metabolize different hydrocarbons of petroleum and
oil but very few efficiently degrade multiple petrol constituents simultaneously. Moreover, the bacteria which
can degrade some aromatic compounds fail to metabolize the aliphatic compounds and vice-versa (Fida et al.
2017; Zhao et al. 2017). A few earlier reported bacterial species capable of degrading multiple hydrocarbons
have been studied only in the presence of a particular
hydrocarbon and not in the petrol saturated environment (Guermouche M’rassi et al. 2015). It limits their
potential of being used as petrol bioremediating agents.
Such bacteria can only be effective in the form of con-
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sortium (Gurav et al. 2017; Sarkar et al. 2017; Bacosa
et al. 2018). In order to achieve optimal degradation,
the use of bacterial consortium consisting of bacteria
capable of metabolizing different fractions/ constituents
of petrol has been recommended (Patowary et al. 2016).
This phenomenon is referred to as co-metabolism and
is highly advantageous for effective degradation of mixtures, like petrol (Battikhi 2014). Bioremediation is not
an omnipotent technology and is affected by several
environmental factors. Moreover, the large-scale application of consortium, containing a wide range of bacterial species, for the purpose of bioremediation may
encounter the problem of providing favorable conditions for optimum growth of diverse bacteria found in
a consortium (Xu et al. 2018). In contrast to this, use
of bacteria having the potential of degrading multiple
constituents of petrol simultaneously in petrol saturated
environment may result in increased bacterial access to
the numerous carbon sources and more efficient bioremediation (Vignesh et al. 2016). The study presented in
this manuscript was initiated to isolate bacteria capable
of surviving in high gasoline environments and efficiently removing gasoline by the simultaneous breakdown of multiple gasoline components.
We tried to explore the highly efficient eco-friendly
(i.e., lacking drug resistance and pathogenicity) petrol
metabolizing bacteria, exhibiting fast growth rate, and
capable of metabolizing multiple constituents of petrol.
Bioremediation is an eco-friendly technology which
requires the selection of environmentally friendly bacteria lacking pathogenicity and drug resistance (Händel
et al. 2013). Up to our knowledge, the literature already
published does not contain any information regarding
virulence status of petrol metabolizing bacteria (Lu
et al. 2006b; Asiedu et al. 2014). During the present
study to justify the future application as a bioremediating agent, we documented the antibiotics resistance
potential of the isolated petrol metabolizing bacteria.
Constant spilling of petrol at the gas stations contaminates the surrounding soil which thus could be the
rich reservoir of the petrol utilizing bacteria. Although
various studies have reported the isolation of petrol
metabolizing bacteria from the petrol-contaminated
soil of petrol pumps, no one has explored our native
sources. Moreover, under different habitats bacteria
may employ unique degradative pathways and enzymes
for remediation (Copley 2009; Bagga et al. 2015; Mujahid et al. 2015; Abou-Shanab et al. 2016). We, therefore,
hypothesized that we might have found some unusual
petrol metabolizing bacteria expressing novel petrol
degradative enzymes and associated metabolic pathways in petrol contaminated soil of indigenous fuel
stations. It was further speculated that the accomplishment of the proposed study may serve as a road map to
revive petrol contaminated environmental resources.
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Experimental
Materials and Methods

Screening of petrol metabolizing bacteria. For initial screening of petrol metabolizing bacteria, minimal
salt media (MSM) was used. This medium contained;
KH2PO4, 1 g; K2HPO4, 1 g; NH4NO3, 1 g; MgSO4, 0.2 g;
CaCl2, 0.02 g; FeCl3 (0.5 M), 2 drops per 1000 ml of
distilled water, and 100 μl petrol in 100 ml of medium
(Ozyurek and Bilkay 2017). Initially, 1 g of soil sample
was added to the medium (50 ml) and incubated for
one week in shaker adjusted at 50°C and at 250 rpm.
After a week, this culture was used as inoculum and
added to a freshly prepared minimal salt medium
supplemented with petrol. The culture was incubated
in incubator shaker under the same conditions. The
enrichment process was repeated for six weeks. After
enrichment, the serial dilutions were prepared and each
dilution (100 μl) was spread on petrol supplemented
MSM agar medium solidified in Petri plates. Followed
by spreading, the Petri plates were incubated at 50°C
and the isolates exhibiting optimum growth were stored
in the form of glycerol stock for future use.
Morphology. The colony morphology on agar
medium and response to Gram staining and colony
forming units (CFUs) of each bacterial isolate were
documented.
Growth characteristics. The growth of bacteria was
monitored turbidometrically (OD600) by measuring
absorbance at regular time intervals using UV-visible
spectrophotometer. To better reflect the growth behavior, optical density was plotted versus time.
Biochemical characterization. The Remel RapID
STR System (Thermo Scientific) was used for bioche
mi
cal characterization of the isolated bacteria.
This system included various qualitative biochemical tests like arginine dehydrolase test, esculinase test,
sorbitol fer
men
tation test, mannitol fermentation
test, inulin fermentation test, raffinose fermentation
test, ρ-nitrophenyl-α,D-galactosidase test, ρ-Nitrophenyl-α,D-glucosidase test, tyrosine β-naphthylamidase
test, ρ-nitrophenyl-n-acetyl-β,D-glucosaminidase test,
pyrrolidonyl peptidase test and lysine β-naphthyla
midase test.
Quantitative study of petrol degradation by isolates. For the assessment of petrol degrading potential of the bacteria isolated, petrol supplemented MSM
(50 ml) was added in 250 ml Erlenmeyer flask containing 1% (v/v) of the aqueous solution of 2, 6-dichlorophenolindophenol (DCPIP), a redox indicator. Overnight grown bacterial cultures (1 ml) were added as
inoculum in the culture flask and incubated at 50°C and
250 rpm for seven days. The culture was collected after
different time intervals and centrifuged (6000 rpm) at
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4°C. The pelleted cells were discarded, and an absorbance of the supernatant was measured at 600 nm to
assess the color change against a blank (Ozyurek and
Bilkay 2017). DCPIP serves as a redox indicator and its
decolorization or color change in petrol supplemented
medium is a measure of petrol metabolizing capability
of bacteria (Marchand et al. 2017).
Antibiotic sensitivity profiling. All isolated bacteria were subjected to disc diffusion antibiotic sensitivity
assay (Bauer et al. 1966). Bacteria were tested against
antibiotics teicoplanin (30 μg/disc), linezolid (10 μg/
disc), linezolid (30 μg/disc), oxacillin (1 μg/disc) and
chloramphenicol (30 μg/disc).
Molecular analysis. For molecular analysis, bacterial genomic DNA was extracted using organic method
(Maniatis et al. 1982). For PCR (Polymerase Chain
Reaction) amplification of 16S rDNA gene, specific
primers F1 and R1 were designed (Table SI). The PCR
(50 μl) reaction mixture contained; 5 μl of 10 × PCR
buffer (Mg2+ free), 5 μl of MgCl2, 1 μl of 10 mM dNTPs,
2 μl of 10 pM forward primer, 2 μl of 10 pM reverse
primer, 0.25 μl of Taq DNA polymerase, 50 ng of template DNA and 29.75 μl of nuclease-free water. The
conditions used for PCR amplification were as follows:
initial denaturation (95°C, 5 min), 38 cycles consisting
of denaturation (94°C, 40 seconds), annealing (58°C,
40 seconds) and extension (72°C, 30 seconds), followed
by a final extension of 10 min at 72°C. Amplification of
target DNA was confirmed by agarose gel electrophoresis and PCR amplicons purified using Monarch DNA
Gel Extraction Kit (Cat# T1020S) were sent to Macrogen, Korea for the DNA sequencing. The obtained
FASTA sequences were subjected to BLASTN analysis
(http://blast.ncbi.nlm.nih.gov/blast/Blast.cgi) which
aligned study sequences with the sequences available
in the non-redundant nucleotide database of NCBI
(National Center for Biotechnology Information).
Once the taxonomic affiliation of bacterial sequences
was revealed, 16S rRNA gene sequences were submitted
to NCBI Genbank database. Accession numbers were
assigned (Table I). Multiple sequence alignments of
16S rRNA gene sequences of isolated bacteria and the
closely related bacterial sequences available in the NCBI
database were carried out using Clustal omega multiple sequence alignment algorithms available at http://
www.clustal.org/mbed.tgz. Results of multiple sequence
alignment analysis were used to construct bootstrapped
maximum composite likelihood neighbor-joining trees
using Mega 7 software.
Sequences of nine isolates have been submitted
to NCBI and accession numbers assigned are: IUBP1
(MH368051), IUBP2 (MH023312), IUBP3 (MH023313),
IUBP5 (MH023314), IUBP7 (MH368052), IUBP8
(MH368053), IUBP13 (MH368054), IUBP14
(MH368055) and IUBP15 (MH368057) (Table I).
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Table I
Phylogenetic analysis of petrol metabolizing bacteria.

Group

Isolate

Accession No.

Closest phylogenetic relative

Similarity

URLs

Group I IUBP2 MH023312
			

Brevibacillus formosus strain
NBRC 15716

100%

https://www.ncbi.nlm.nih.gov/nuccore/MH023312.1

IUBP3 MH023313
			

Brevibacillus formosus strain
NBRC 15716

100%

https://www.ncbi.nlm.nih.gov/nuccore/MH023313.1

IUBP5 MH023314
			

Brevibacillus formosus strain
NBRC 15716

100%

https://www.ncbi.nlm.nih.gov/nuccore/MH023314.1

Group II IUBP1 MH368051
			

Brevibacillus agri strain
NBRC 15538

100%

https://www.ncbi.nlm.nih.gov/nuccore/MH368051

Group III IUBP7

MH368052

Burkholderia lata strain 383	  99%

IUBP8

https://www.ncbi.nlm.nih.gov/nuccore/MH368052.1

MH368053

Burkholderia lata strain 383	  99%

https://www.ncbi.nlm.nih.gov/nuccore/MH368053.1

IUBP13 MH368054

Burkholderia lata strain 383	  99%

https://www.ncbi.nlm.nih.gov/nuccore/MH368054.1

IUBP14 MH368055

Burkholderia lata strain 383	  99%

https://www.ncbi.nlm.nih.gov/nuccore/MH368055.1

Group IV IUBP15 MH368057
			

Burkholderia pyrrocinia strain	 98%
LMG 14191

https://www.ncbi.nlm.nih.gov/nuccore/MH368057

Results
Morphology. Nine petrol metabolizing bacteria
were isolated from the soil sample of a petrol pump
through enrichment culture technique. All isolated
bacteria were found to be Gram-positive bacilli. The
number of the bacteria was enumerated (Table SII).
Molecular analysis. The molecular study used as
the first level of screening classified nine petrol meta
bolizing bacteria into four groups (Fig. 1). Group I
included three isolates IUBP2, IUBP3 and IUBP5
exhibiting similarity to Brevibacillus formosus. Group II
consisted of only one isolate IUBP1 homologous to

Brevibacillus agri. Four isolates sharing homology with
Burkholderia lata were included in Group III. While
Group IV, a group of Burkholderia pyrrocinia comprised
of one isolate IUBP15 (Table I).
Phylogenetic analysis. To trace the phylogenetic
history of the isolated bacteria, the phylogenetic trees
were constructed. The isolates IUBP7, 8, 13, 14 and 5
were assigned to genus Burkholderia. Study of the evolutionary relationship revealed that IUBP15 shared common ancestry with B. pyrrocinia (Accession number
NR 118075.1) and Burkholderia ambifaria (Accession
number NR 118051.1). Moreover, they shared the same
clade with a strong (93) bootstrap value. While IUBP8,

Fig. 1. Characteristics of petrol metabolizing bacteria based upon molecular, biochemical and growth curve analysis.
The ribotyping, biochemical, growth behavior analysis helped to discriminate among the bacteria isolated.
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Fig. 2. A) Phylogenetic tree of petrol metabolizing bacteria exhibiting homology with Burkholderia.
B) Phylogenetic tree of petrol metabolizing bacteria exhibiting homology with Brevibacillus.

13 and 14 were found closely related to each other as
they originated from the same lineage with strong bootstrap value (90). However, IUBP7 distantly related to
the other isolates of genus Burkholderia (Fig. 2A).
Molecular analysis placed isolates IUBP1, 2, 3 and 5
in genus Brevibacillus. As per evolutionary study, IUBP5
shared clade (bootstrap value = 87) with B. formosus
strain NBRC 15716 (Accession number NR 113801.1)
and Brevibacillus laterosporus strain DSM (Accession
number NR 112212.1). While IUBP1, IUBP2, and
IUBP3 shared the same clade with each other and
with B. agri strain NBRC 15538 (Accession number
NR 113767.1) (Fig. 2B).
Biochemical characterization. The isolated bacteria were biochemically characterized through fourteen

tests (Table SIII and Fig. S1) and all were found negative for raffinose fermentation (RAF) test, D-galactoside (GAL) test, tyrosine β-naphthylamide (TYR) test,
D-glucoside (GLU) test, lysine β-naphthylamide (LYS)
test and pyrrolidine β-naphthylamide (PYR) test. All
bacteria were esculinase and phosphatase producers.
While only two (IUBP3 and 14) were arginine dehydrolase producers. Five isolates (IUBP2, 3, 7, 13 and 15)
were capable of fermenting mannitol and six (IUBP2,
3, 5, 7, 13 and 15) were noticed to be sorbitol fermenting and all except IUBP1 were inulin fermenting. Only
one bacterium, IUBP1, was found positive for hydroxyproline β-naphthylamidase and three (IUBP2, 3 and 8)
were examined to be glucosaminidase producers. The
biochemical analysis helped to differentiate between the
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members of the group I and group III. All the members of the group I and two members of the group III
(IUBP8 and 14) were distinctive from each other. However, IUBP7 and IUBP13 were biochemically similar
and thus placed in group G3A.
Growth rate. On the basis of molecular and biochemical characteristics, all isolates except members of
group G3A were found different. So, the growth rate
of the molecularly and biochemically similar members
of group G3A was compared to detect their distinctiveness (Table SIV). Both isolates (IUBP7 and 13) have
different growth rate and, therefore, were considered to
be different bacteria. Growth behavior of petrol degrading bacteria having similar molecular and biochemical
profile was illustrated graphically (Fig. S2).
Petrol removal efficiency. Petrol removal efficiency
for all nine bacteria was measured. Maximum degrada
tion efficiency (69.5% ± 13.44) was observed for IUBP15,
while isolate IUBP1 exhibited minimum petrol removal
efficiency (41% ± 32.6) (Table SV).
Antibiotic resistance profile. All isolates tested were
found sensitive to teicoplanin and linezolid and exhibited resistance to chloramphenicol and oxacillin. Zone
of inhibition was recorded. Maximum zone of inhibition (37.5 mm ± 0.071) was observed for IUBP8 upon
linezolid (30 μg) treatment. For linezolid (10 μg) a maximum zone of inhibition (32.5 mm ± 0.071) was recorded
for IUBP14. In the case of teicoplanin, a maximum zone
of inhibition (22.5 mm ± 0.2121) was shown for IUBP7.
Discussion
Screening for petrol metabolizing bacteria from
contaminated soil of petrol pump resulted in the isolation of nine different bacterial species. All isolates were
capable to grow in MSM and metabolizing petrol as
a sole source of carbon.
Morphology. All these isolates were Gram-positive
bacilli. The reason behind the dominant incidence
of Gram-positive bacteria could be that in Southern
Punjab day time temperatures are usually high and
osmotic pressure may vary periodically over a daily
cycle. A stronger cell envelope of Gram-positive bacteria enables them to proliferate more efficiently
when compared to Gram-negative bacteria (Silhavy
et al. 2010). This is parallel with the earliest studies in
which petroleum hydrocarbons metabolizing bacteria
like Bacillus cereus, Proteus mirabilis, Bacillus subtilis,
Enterococcus faecalis, Streptomyces sp. ERI-CPDA-1,
Bacillus mojavensis ATHE13 and Bacillus licheniformis
ATHE9 have been reported (Balachandran et al. 2012;
Eskandari et al. 2017; Ozyurek and Bilkay 2017).
Molecular characterization. Most of the petrol
metabolizing bacteria (IUBP7, 8, 13, 14 and 15) iso-
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lated during the present study belonged to the genus
Burkholderia. Our results are consistent with the earlier
studies which have reported different species of Burk
holderia capable of degrading variable aliphatic and
aromatic hydrocarbons of petrol (Marin et al. 2001;
Chakraborty et al. 2010; Mujahid et al. 2015). Moreover,
petrol hydrocarbon metabolizing Brevibacilli have also
been reported in the literature (Xue et al. 2006; Mnif
et al. 2011; Zhan et al. 2017).
Biochemical characterization. In order to discriminate among different strains of petrol metabolizing bacteria belonging to the same species, their biochemical
potential was investigated. In literature, biochemical
characterization of different petrol decomposing bacteria has been reported (Lu et al. 2006b). However, this
study is the first to report enzymes like arginine dehydrolase, esculinase, naphthylamidase, glucosaminidase,
phosphatase enzymes and capabilities to ferment sorbitol, mannitol, and inulin.
Arginine dehydrolase (ARG) is the enzyme, which
catalyzes the conversion of arginine to putrescine. ARG
was detected in only two bacteria (IUBP3 and IUBP14).
This enzyme has been identified as a potential anticancer agent for the treatment of hepatocellular melanomas
and carcinomas. Hence, ARG positive bacteria can be
further exploited for therapeutic purposes (Sharma
et al. 2017).
Esculinase (ESC) test confirms the presence of escu
linase, which catalyzes breakdown of esculin into esculetin and dextrose. In the present study, all the bacteria isolated were positive for esculinase and thus hold
potential to be used in food industry, synthesis of o-alkyl
glucoside, cosmetics and pesticides (Rani et al. 2014).
In our study, results of fermentation tests revealed
56% bacteria positive for mannitol, 66% positive for
sorbitol and 88% positive for inulin. However, none of
the bacteria was capable to ferment raffinose. Inulasepositive bacteria can be effectively used for the production of gluconic acid, mannitol, ethanol and fructose
syrup (Singh et al. 2017).
Hydroxyproline β-naphthylamidase expedites catabolism of hydroxyproline β-naphthylamide and β-naph
thylamine. In this study, only 11% of isolated bacteria
were naphthylamidase-positive. The ρ-nitrophenyl-nacetyl-β-D-glucosaminide (NAG) test was carried
out to detect glucosaminidase enzyme, which hydrolyzes p-nitrophenyl substituted glycoside and releases
ρ-nitrophenol. In our study, 33% of the isolates were
found positive for glucosaminidase. Many studies have
reported the use of glucosaminidase as biocontrol
agents and in the production of important biological
compounds (Scigelova and Crout 1999).
The ρ-nitrophenyl phosphate (PO4) test is performed to detect the presence of phosphatase enzyme in
bacteria. The phosphatase enzyme regulates the break-
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down of ρ-nitrophenyl phosphate into ρ-nitrophenol.
All isolated bacteria were positive for the phosphatase
enzyme. Hence, it can be utilized for designing biosensors for environmental monitoring or as an indicator
for sufficient pasteurization of milk, mineralizing organophosphates, assessment of heavy metals precipitation
from effluents and in immunoassays (Nalini et al. 2015).
Growth rate. All the bacterial isolates were fast
growing and exhibited exponential growth until 6 hours
(IUBP14), 24 hours (IUBP5 and 13) and 30 hours
(IUBP1, 2, 3, 7, 8 and 15). In our study, the maximum
OD (0.27) was observed for IUBP3 while minimum
OD (0.1) was observed in case of IUBP5, 7, 13 and 14.
The growth rate of our bacteria is comparable with the
earlier reported bacteria. Many of the isolates showed
optimal growth at six hours (Table SIV). While contrary
to our results, maximum OD (1.4) and minimum OD
was considerably higher (0.2) in the previous reports
(Vignesh et al. 2016).
Petrol degrading efficiency. All the nine bacteria incubated in the presence of petrol (0.1% v/v) for
seven days at 50°C showed different petrol degrading
efficiencies. The highest petrol degradation efficiency
(69.5% ± 13.44 / 6 days) was observed for IUBP15.
While highest petrol removal efficiency reported in
the literature is 30% per seven days for Bacillus teq
uilensis grown in the presence of crude oil (1% v/v)
for seven days at 30°C (Ozyurek and Bilkay 2017). In
the present study, the lowest petrol degradation rate
(41% ± 32.6 / 4 days) was noticed for IUBP1. However,
in the literature the lowest degradation efficiency has
been reported to be 80% for 21 days for HCS2 bacterial strain, incubated in MSM containing 50 mg/l petrol (0.005%) for 30 days at 30°C (Avanzi et al. 2015).
The petrol degrading efficiency of other isolates IUBP2
(62% ± 19.34 / 7 days), IUBP3 (66% ± 9.90 / 6 days) and
IUBP14 (63% ± 1.41 / 5 days) was somehow comparable
to the reported petrol degradation rate (60% / 21 days)
of HCS1 grown in the presence of 50 mg/l petrol
(0.005%) for 30 days at 30°C (Avanzi et al. 2015).
Based on this comparison, in this study the bacterial
strains could be a better choice than many previously
reported bacteria due to considerable efficiency (up to
69.5% petrol removal efficiency achieved in 4–7 days),
the capability to grow in petrol saturated environment
(0.1%), and at a higher temperature (50°C). Most of the
previously isolated bacteria are known to grow at 30°C
in the presence of lower petrol concentration (0.005%)
and exhibit delayed degradation (21 days). Variations
in biodegradation potential reflect the presence of different enzyme systems and metabolic pathways responsible for petrol catabolism.
In order to explore the petrol degradation capabilities and pathways existing in our isolates, we performed
a GC-MS based analysis of bacterial metabolites. Our

results confirmed the metabolism of multiple constituents, like alkanes, cycloalkanes, and aromatics including benzene, toluene, naphthalene, and ethylbenzene of
petrol (data not shown). Hence, the ability to metabolize both, aliphatic and aromatic components of petrol,
makes the isolated bacteria better choice for effective
petrol remediation than earlier known petrol remediating bacteria. Moreover, multi-potential bacteria of the
present study do not highlight the need to exploit the
phenomenon of co-metabolism and application of bacterial consortium.
Antibiotic sensitivity profiling. The application of
bacteria for eco-friendly bioremediation is restricted
by their antibiotics resistance potential. The antibioticresistant bacteria can adversely affect the environment
through their virulence and cannot be used as a whole
cell preparation for effective bioremediation. The petrol metabolizing bacteria decompose petrol due to
the presence of genes encoding petrol metabolizing
enzymes. In order to decide whether to use a whole cell,
an enzyme or a gene for bioremediation the antibiotic
resistance profile of isolated bacteria was investigated.
All isolates were found resistant to teicoplanin and
linezolid. Hence, the whole cell uses of study bacteria
cannot be recommended but their enzymes and genes
can be exploited in multiple ways.
In case the desired enzymes are extracellular then
their supernatant will be used for synthesizing nanoparticles, while in case of intracellular enzymes, their
cell lysate can be used for purification of enzymes and
for synthesizing nanoparticles. The desired genes can
be cloned into any environmentally friendly bacteria
for their expression.
Nanoparticles due to their high surface area to volume ratio are highly reactive and can decontaminate
effluents in lesser time (Guerra et al. 2018). Bacteria due
to their capability to mobilize, immobilize and reduce
the metal ions, can easily precipitate metals at nanoscale
(Iravani 2014). The bacterial exopolysaccharides based
silver nanoparticles have been previously reported as
effective, eco-friendly and cheaper tools for remediation of textile dyes (Saravanan et al. 2017). The enzymes
of present study isolates can be used to synthesize nanoparticles for remediation of the petrol hydrocarbons.
Conclusion
Petrol hydrocarbons-based pollution is a realworld issue (Perera 2017). The bacteria isolated and
characterized during the present study can serve as
the promising tools in future for reclamation of petrol
contaminated environmental resources because of their
fast growth rate in the presence of petrol as an only
carbon source, the capability to remove a wide range of
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constituents of petrol simultaneously and without the
need of growth within a consortium. The ability to produce a variety of enzymes highlights the future industrial significance of study isolates. Due to drug resistance potential a whole cell uses of the bacteria isolated
cannot be recommended. However, the valuable genes
and enzymes can be exploited through alternate ways
like cloning of the genes into a non-virulent expression
system or through the synthesis of the enzymes-based
nanoparticles. Further study of factors influencing the
growth and metabolism, exploitation of enzyme systems, metabolic pathways and associated genes will
help to design the best system for achieving optimum
removal of petrol hydrocarbons.
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Abstract
The composition of vagina lactic acid bacteria (LAB) differs within the different ethnic group. This study is aimed at determining the prevalence of LAB with their antimicrobial properties in Nigerian women’s vagina during different stages of the menstrual cycle. Microorganisms
were isolated from vaginal swabs of ten Nigerian women during different stages of the menstrual cycle and identified by partial sequencing
of the 16S rRNA gene. The antimicrobial properties of the LAB were tested against the multidrug-resistant uropathogens. The prevalence of
LAB was higher during ovulation period while during menstruation period, it declined. Twenty-five LAB isolates were identified as three
species, namely: Lactobacillus plantarum (15), Lactobacillus fermentum (9), Lactobacillus brevis (1) and one acetic acid bacteria – Acetobacter
pasteurianus. The LAB had antimicrobial activities against the three uropathogens with zones of inhibition from 8 to 22 mm. The presence
of LAB inhibits the growth of Staphylococcus sp. GF01 also in the co-culture. High LAB counts were found during ovulation period with
L. plantarum as a dominant species while during menstruation, there was a decrease in the LAB counts. The isolated LAB has antimicrobial
properties against the urogenital pathogens tested thus exhibiting their potential protective role against uropathogens.
K e y w o r d s: menstrual cycle, Nigerian women, lactobacilli, uropathogens

Introduction
A healthy human vagina is primarily colonized by
the genus Lactobacillus (Shiraishi et al. 2011) and it
builds a barrier separating the pathogens from the epithelium, thereby, protecting the vagina. The pH ~ 4.5
also maintains the balance of the vaginal ecosystem as
well as antimicrobial substances e.g. hydrogen peroxide
against pathogens (Ayeni and Adeniyi 2013; Ghartey
2014). Occasional and recurrent vaginal yeast and bacterial imbalances are common among premenopausal
women, which can be due to hormonal changes during
menstrual cycle, antibiotic treatment, pregnancy, sexual
intercourse, excessive intimate hygiene and use of tampons, which may predispose a woman to infections.
The hormonal changes occur during the reproductive stages with the resulting fluctuating levels of
hormones that regulate the menstrual cycle. This is an
important influence on the vaginal microbiota during

human reproductive years (Farage et al. 2010). Women
of different racial groups may exhibit different composition of microbial communities and, correspondingly,
different susceptibility to vaginal infections. Women
are more prone to urinary tract infections (UTI) than
men due to the position of the urethra. The reduction
in protective vaginal flora may increase the risk of these
infections (Gupta et al. 2017).
Lactic acid bacteria (LAB) have been shown to
inhibit the in vitro growth of pathogenic microorganisms, e.g. Klebsiella spp. Neisseria gonorrhoeae, Pseudo
monas aeruginosa, Candida albicans, Staphylococcus
aureus, Escherichia coli, etc. (Ayeni and Adeniyi 2012;
Adeoshun and Ayeni 2016). This can be achieved
mainly through the action of lactic acid (Graver and
Wade 2011). During menstruation, the diminished
population of lactobacilli and the presence of menstrual fluid make the vaginal less acidic, therefore, more
prone to colonization by pathogenic microorganisms.
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Changes between different bacterial species in the
vagina are associated with menses (Gajer et al. 2012).
The antimicrobial activity of the vaginal fluids correlates with an increased lactic acid content, low pH and
competitive exclusion. The increased susceptibility to
disease may be also related to vaginal microbiota fluctuations (Gajer et al. 2012). Ayeni and Adeniyi (2013)
and Agboola et al. (2014) had reported the presence of
organisms in healthy and menstruating women with
their antimicrobial properties in Nigeria. However,
there is no information to establish changes in vaginal
microbiota at different stages of the menstrual cycle and
the antimicrobial effects of the isolated LAB. Therefore,
this study aimed at determining the prevalence of LAB
at different stages of the menstrual cycle in Nigerian
women with their potential antimicrobial properties.
Experimental
Materials and Methods

Pathogens. Ten clinical strains of uropathogens:
Klebsiella spp., Staphylococcus spp. and Pseudomonas
spp. (isolated from urine) were collected from the
culture collection of the Medical Microbiological
Laboratory of the University College of Medicine
(UCH), Ibadan.
Sample collections, isolation, and lactic acid bacteria viability counts. Ethical approval (UI/EC/13/0258)
was obtained from the Institutional Ethical Committee (IEC), Institute for Advanced Medical Research and
Training (IAMRAT), College of Medicine, University
of Ibadan, Ibadan, Nigeria. Ten Nigerian women volunteers aged between 20–40 years were recruited into
this study. They were premenopausal, self-declared
healthy, not on antibiotics or hormonal therapy for at
least four months, not on contraceptives, having regular
menstrual cycle, i.e. a complete menstrual cycle between
25–30 days every month, and exhibiting the three different stages within the cycle. For each volunteer, Day 1
of menstrual flow is noted as day one of the menstrual
cycle. For a five-days flow, samples were taken on day 3
and for a 4-days flow, samples were taken on day 2. Safe
period is between 6th–12th day of the menstrual cycle
while the ovulation period is between 13th–15th day of
the menstrual cycle. The safe period samples were taken
on day 6 after menstrual flow stopped. The ovulation
period samples were obtained midway of the menstrual
cycle. The signed informed consent was obtained from
each volunteer. The samples were collected from the volunteers during different stages of their menstrual cycle
between August and September 2014. The volunteers
used sterile swab sticks to swab the vagina according to
the standard protocols. The samples were collected dur-
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ing the three different stages of the menstrual cycle and
immediately inoculated in 10 ml MRS broth, (Oxoid,
UK) adjusted to pH 5, shaken vigorously for 10 s and
incubated under the microaerophilic condition using
CampyGenTM at 37°C for 24 h. Serial dilutions were
done using sterile normal saline and the suspension of
the suitable dilution factor was plated out on MRS agar
by pour plate method, then incubated under microaerophilic condition at 37°C for 48 h. The initial colony
counts were noted and colonies were picked according
to the differences in their colony morphology on MRS
agar plates and isolated by streaking onto another MRS
agar to obtain a distinct colony. Gram staining and catalase test were carried out and only the colonies that
were Gram-positive and catalase-negative were picked
and stored in MRS broth containing 20% w/v glycerol
at –20°C for further characterization and identification.
Identification of Lactic Acid Bacteria. The DNA of
the LAB isolated were extracted by QuickExtractTM DNA
extraction solution (Epicentre, Wisconsin) according to
the manufacturer’s instructions. The PCR mixture consisted of a total volume of 20 µl (1 µl of DNA extract,
10 pmol of each primer, and 25 µl of 2-fold concentrated RedTaq Ready Mix (SigmaAldrich, Germany)).
The primers used for amplification were (5’-TGTAA
AACGGCCAGTAGAGTTTGATC(AC)TGGCTCAG)
and (5’-CAGGAAACAGCTATGACCG(AT)ATTAC
CGCGGC(GT)GCTG), containing an M13 primer
sequence (Montanaro et al. 2016). PCR conditions
were 95°C for 5 min; 35 cycles each of 95°C for 15 s,
58°C for 30 s, and 72°C for 45 s; and a final step at 72°C
for 10 min. Ten microliters of the amplified products
were analyzed on 1.5% agarose gels and subsequently
sequenced using the BigDye Terminator v3.1 sequencing kit (Applied Biosystems, California). The sequence
was blasted against the NCBI database for species identification. The nucleotide sequences for the 16S rRNA
genes have been deposited in the GenBank database
under accession numbers KX261342 to KX261366.
Antibiotic susceptibility of uropathogens. Ten uropathogenic strains were collected and screened against
seven antibiotics by disk diffusion methods. A bacterial
lawn was accomplished by spreading inoculum from
108 dilution factor of the pathogen culture which is
approximately equivalent to 0.5 McFarland standards
by a sterile swab stick. The antibiotic disks containing
ceftazidime (30 µg), cefotaxime (30 µg), cefuroxime
(30 µg), Augmentin (amoxicillin clavulanate) (10 µg),
ciprofloxacin (30 µg), ofloxacin (30 µg), and gentamycin
(30 µg) were placed on the surface of the solidified agar
with the aid of sterile forceps and incubated aerobically
at 37°C for 24 h. The susceptibility of the test organisms to the antibiotics used was documented by measuring the diameter of the clear zones of inhibition in
millimeter (mm) around the antibiotics disks, and the
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results were interpreted according to the guidelines of
European Committee on Antimicrobial Susceptibility
Testing (2015). The resistant strains were selected for
LAB antimicrobial study.
Determination of LAB antimicrobial activities
against bacterial uropathogens. To study the antimicrobial potential of the LAB against clinical isolates of uropathogens, three different methods were
employed, which are: using the cell free supernatant
via agar well diffusion method, using the viable LAB
cells via agar overlay method, and co-culture of the
LAB and uropathogens.
Determination of the antimicrobial activity of the
cell-free supernatant. The LAB isolates were grown in
MRS broth overnight under the microaerophilic condition at 37°C, centrifuged at 10 000 rpm for 10 min and
the supernatant decanted. The antimicrobial activities
of the cell-free supernatant were determined twice,
i.e. before and after neutralization to pH of 6.5 with
1 M NaOH, using the agar well diffusion assay against
Staphylococcus sp. GF01, Pseudomonas aeruginosa GF01,
and Klebsiella sp. GF01.
Determination of the antimicrobial activity of
viable lactic acid bacterial cells. The modified agar
overlaid method as described by Ayeni et al. (2011) was
used in this study. In summary, the LAB cells in broth
were inoculated in two 2-cm-long lines on an MRS
agar surface and then incubated at 37°C for 24–48 h
in microaerophilic conditions. The plates were overlaid with 0.2 ml of an overnight broth culture of the
test pathogen vehiculated in 10 ml soft nutrient agar
and incubated at 37°C under aerobic condition. The
plates were then examined for a clear zone of inhibition
around the line of the LAB and the clear zones were
measured in millimeters.
Coculture of lactic acid bacteria and uropathogens. The interference of the LAB strains with the
growth of uropathogenic strains was evaluated by
coincubating Staphylococcus sp. GF01 with four representative strains of LAB (Lactobacillus brevis GF021,
obtained from the menstruation period, Lactobacilus
fermentum GF002, Lactobacillus plantarum GF011,
obtained from the safe period and Lactobacillus fer
mentum GF019, obtained from the ovulation period).
This was done in two series of experiments.
In the first experiment, an overnight culture of
Staphylococcus sp. GF01 was inoculated into 5 ml double strength nutrient broth and then added to 5 ml of
overnight culture of the LAB and the mixture was incubated for 24 h. The monoculture of the mixture, the
LAB and Staphylococcus sp. GF01 (control) was evaluated at time zero (t0) and after incubation. For the second experiment, 5 ml of Staphylococcus sp. GF01 was
incubated for 8 h, after which it was centrifuged and the
supernatant discarded, 5 ml of double strength nutri-
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ent broth was added to resuspend the pellets, vortexed
and added to a 5 ml of overnight culture of the LAB.
Staphylococcus sp. GF01 monoculture and the mixture
was plated out at 8 h and 24 h to evaluate the growth
of Staphylococcus sp. GF01.
Results
The three organisms used exhibited high resistance
(i.e. 0 mm zones of inhibition) towards most of the
antibiotics used. The Pseudomonas and Staphylococcus
strains tested were resistant to ceftazidime, cefotaxime,
cefuroxime, Augmentin (amoxicillin clavulanate) but
sensitive to ciprofloxacin, ofloxacin, and gentamycin,
while the Klebsiella sp. GF01 strain was completely
resistant to all the antibiotics.
Ten volunteers were assessed for a level of LAB in
their vagina at different stages of the menstrual cycle.
It was observed that in seven (70%) out of the ten volunteers, there was a significant shift of the LAB level
from low to high (8 × 105 to 7.6 × 109) CFU/ml over
the course of the menstrual cycle. In the remaining
three (30%) volunteers, the presence of LAB was not
observed throughout the menstrual cycle (Table I).
A total of twenty-seven (27) bacterial species were
identified from the three different stages of menstrual
cycle as five species (L. plantarum (15), L. fermen
tum (9), Lactobacillus brevis (1), Bacillus safensis (1)
and Acetobacter pasteurianus (1)) and their percentage occurrence at different stages of the menstrual
cycle was shown in Table I. Twenty-five (25) isolates
(92.59%) belonging to the genus Lactobacillus occurred
in the three stages, while one (1) isolate (3.70%) each
belonged to Bacillus and Acetobacter, both noted during safe (follicular) period, only. The organism with the
highest frequency of occurrence (60%) among the Lac
tobacillus species was L. plantarum and it constituted
55.55% among all the isolates studied, and its highest
occurrence was during the ovulation period. L. brevis
has the lowest frequency of occurrence of 4% among
the Lactobacillus spp. and 3.7% among the total isolates,
and it occurred during the menstruation period.
The cell-free supernatants and viable cells showed
a clear inhibitory antimicrobial activity against Pseu
domonas aeruginosa GF01, Klebsiella sp. GF01 and
Staphylococcus sp. GF01. Out of 27 LAB isolates used
against P. aeruginosa GF01, 20 (74.07%) of the isolates had zones of inhibition ranging from 8 to 22 mm
against Klebsiella sp. GF01, 24 (88.89%) had zones of
inhibition ranging from 10 to 20 mm, while 20 (74.07%)
had inhibition zones ranging from 10 to 20 mm against
Staphylococcus sp. GF01. Staphylococcus sp. GF01 was
the least susceptible to the LAB isolated while Kleb
siella sp. GF01 was the most susceptible (Table II).
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Table I
Evaluation of the LAB counts at different stages of the menstrual cycle.
Week

Menstruation Period

Safe Period

Ovulation Period

Total CFU/ml

LAB CFU/ml

Total CFU/ml

LAB CFU/ml

Total CFU/ml

LAB CFU/ml

1

1.02 × 10

4.2 × 10

1.81 × 10

9.3 × 10

2.22 × 10

1.51 × 1010

2

5.6 × 10

1.0 × 10

1.91 × 10

5.2 × 10

10

1.90 × 10

1.14 × 1010

3

7.8 × 107

1.2 × 106

1.89 × 1010

7.4 × 109

2.53 × 1010

1.51 × 1010

8

7

7

10

6

9

10

10

9

4

7.0 × 10

2.2 × 10

1.87 × 10

1.89 × 10

9.8 × 10

–

5

9.2 × 107

1.4 × 106

1.52 × 1010

4.2 × 109

1.87 × 1010

1.02 × 1010

6

6.1 × 107

8 × 105

8.3 × 109

3.0 × 109

1.12 × 1010

7.6 × 109

7

1.13 × 10

2.5 × 10

2.11 × 10

5.4 × 10

3.26 × 10

1.02 × 1010

8

2.0 × 103

Nil

1.05 × 104

–

1.05 × 104

Nil

9

3.8 × 10

3

Nil

8.5 × 10

–

5.8 × 103

Nil

10

4.2 × 103

Nil

1.12 × 104

–

8.5 × 103

Nil

7

8

6

10

6

10

10

9

9

3

10

Note – Nil means no count of bacteria

Table II
Determination of the antimicrobial activity of the cell-free supernatant and viable cells.
Cell-free supernatant
P. aeruginosa
GF01

Viable Cell*

Klebsiella sp. Staphylococcus sp. P. aeruginosa
GR01
GF01
GF01

Klebsiella sp. Staphylococcus sp.
GR01
GF01

L. fermentum GF002

16

12

20

20

15

20

A. pasteurianus GF004

20

13

0

20

18

12

L. plantarum GF005

15

14

0

18

20

0

L. fermentum GF006

15

14

12

18

20

15

L. plantarum GF007

20

10

15

20

15

18

L. fermentum GF008

15

15

15

20

18

18

L. plantarum GF009

10

12

13

19

20

15

L. plantarum GF010

20

12

10

15

20

20

L. plantarum GF011

22

13

17

20

16

20

L. fermentum GF012

19

14

0

20

20

18

L. fermentum GF013

22

12

0

13

18

20

L. plantarum GF015

18

10

0

20

15

20

L. plantarum GF016

19

12

0

20

20

20

L. fermentum GF018

19

20

20

20

20

15

L. fermentum GF019

18

20

16

20

15

20

L. brevis GF021

19

20

15

20

20

20

L. plantarum GF022

8

10

0

0

20

15

L. plantarum GF023

10

0

0

12

15

0

L. fermentum GF024

14

13

15

12

15

15

L. plantarum GF025

10

15

0

10

18

0

L. fermentum GF026

0

18

0

0

18

0

L. plantarum GF029

0

0

0

0

0

0

L. plantarum GF030

0

0

0

10

0

0

B. safensis GF031

0

13

0

10

15

0

L. plantarum GF032

0

10

0

0

10

0

L. plantarum GF033

0

18

18

10

18

18

L. plantarum GF036

0

10

0

0

12

0

* Antimicrobial activity is expressed as diameters of inhibition zones in mm
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Fig 1. Inhibition of in vitro growth of Staphylococcus sp. GF01 by
L. brevis GF021, L. fermentum GF002, L. plantarum GF011, and
L. fermentum GF019 after 24 h – coincubation.

After the neutralization of the cell-free supernatant,
no obvious antimicrobial activity was observed against
the uropathogens.
The capability of the LAB strains to inhibit the in
vitro growth of Staphylococcus sp. GF01 was evaluated
in coculture experiment which was carried out in two
parts. In the first experiment, L. brevis GF021 was active
against Staphylococcus sp. GF01 with 6 log10 reduction
after 24 h, had and 5 log10 reduction of Staphylococcus
sp. GF01 after incubation with L. fermentum GF002 or
L. plantarum GF011. L. fermentum GF019 had a low
activity against Staphylococcus sp. GF01, which demonstrated only 3 log10 reduction in numbers of CFU.
It was observed that Staphylococcus sp. GF01 did not
have an effect on any of the LAB strains (Fig. 1). In the
second experiment, Lactobacillus brevis GF021 was
active against Staphylococcus sp. GF01 with a 6 log10
reduction. L. fermentum GF002 and L. plantarum
GF011 were not active against Staphylococcus sp. GF01
while L. fermentum GF019 showed a low activity against
Staphylococcus sp. GF01 with just 1 log10 reduction.
L. fermentum GF019 had the least activity and L. brevis
GF021 had the highest activity (6 log10 reduction) on
Staphylococcus sp. GF01 (Fig. 2).
Discussion
The resistance to broad-spectrum antibiotics is
a persistent challenge in the management of infections
(Ayeni et al. 2011). In this study, Klebsiella sp. GF01,
P. aeruginosa GF01 and Staphylococcus sp. GF01 were
isolated from urogenital infections. These uropathogens were found to be multidrug resistant, especially
Klebsiella sp. GF01, which was completely resistant to
all the antibiotics tested in this study. This high phenotypic resistance is making the present antibiotic therapy

Fig 2. Inhibition of in vitro growth of Staphylococcus sp. GF01 by
L. brevis GF021, L. fermentum GF002, L. plantarum GF011, and
L. fermentum GF019 at 8 and 24 h of coincubation.

for bacterial infections ineffective thereby resulting in
more search for naturally occurring remedies, e.g. LAB
(Ayeni et al. 2011).
The species of beneficial bacteria identified from
the vaginal samples in this study were L. fermentum,
L. brevis, L. plantarum, B. safensis, and A. pasteurianus.
Out of 27 isolates, 25 isolates were lactobacilli where
L. plantarum and L. fermentum were the most predominant species, with L. plantarum having the highest
occurrence during the ovulation period. Dareng et al.
(2016) also reported Lactobacillus iners and Lactobacil
lus crispatus in the vagina of Nigerian women, while
a study of vaginal Lactobacillus strain in the pregnant
Korean women reported prevalence of L. crispatus and
L. iners, followed by L. gasseri and L. jensenii (Kim et al.
2017). There are versatility and species diversity in the
prevalent lactobacilli present in the vagina. This can
stem from different lifestyles, geographical and environmental conditions. There is usually a predominance
of Lactobacillus in healthy women, including L. iners and
L. crispatus in women in the reproductive age (Xu et al.
2013; Ghartey et al. 2014). However, there may be also
a complete absence of lactobacilli in the other apparently healthy women. This is in accordance with this
study, in which twenty-seven LAB were isolated from
the vagina of seven healthy Nigerian women out of the
ten volunteers, while no the LAB was detected in three
of the women. This result of the LAB absence in women
could be due to immunosuppression. Other factors
could include infections, stress, nutrition intake, etc.
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Many researchers have reported the prevalence
of different LAB species isolated from the vagina of
women from different geographical area (Gajer et al.
2012; Chaban et al. 2014; Shiraishi et al. 2011), but few
have been able to report the type of LAB present or
absent during the different stages of a woman’s menstrual cycle in different countries and specific ethnic
aspects; this could influence the structure of the microbiota in specific niches. It was observed that during the
menstruating period, the LAB count was low while at
the safe/follicular period, the presence of the LAB was
greater, but a large amount of LAB was found at the
latter part of the cycle. Thereby, there was a significant
shift in the LAB level from low to high over the course
of the menstrual cycle. Menstruation may enhance
a distortion of the bacterial microbiota around the
vulva (Shiraishi et al. 2011) and influence Lactobacillus
spp. which were the dominant organism in most girls
before the onset of menses from the early to middle
stages of puberty (Hickey et al. 2015).
The absence or low the LAB count during menses
may suggest the growth of yeast which can outgrow the
bacteria in immunocompromised patients causing yeast
and other urogenital infections. However, during safe
and ovulation periods when the LAB count is increasing there is a decrease in the yeast count probably due
to the antagonistic effect of these LAB on yeast or the
hormonal changes taking place during these periods
(Relloso et al. 2012). Women may be more susceptible
to urogenital tract infections during the menstruation
period compared to the ovulation period due to the
high prevalence of the LAB during the ovulation period.
The dynamic nature of the vaginal environment leads
to changes in the microbiota of the vagina as a result
of exposure to pathogens and physiologic fluctuations
of the menstrual cycle (Farage et al. 2010). In the course
of this study, L. plantarum dominated during the ovulation period, L. brevis was found during menstruation
and B. safensis during the safe period. The presence of
these organisms at different periods can be attributed
to change in vagina pH, hormonal change and even the
blood flow during menses.
Lactobacilli isolated from the vagina have a prominent role as a prophylactic aimed at improving the
vaginal microbiota defense against bacterial infections. The cell-free supernatant and the viable LAB
cells exhibited capabilities to inhibit the growth of the
uropathogens, albeit to a different extent. The vaginal
strains of L. acidophilus had been reported to inhibit
the growth of Klebsiella sp. and some other uropathogenic strains (Ayeni and Adeniyi 2012; Adeoshun and
Ayeni 2016). Most of the L. plantarum strains showed
the most impressive effect. The antagonistic activity
of L. brevis GF021 was also appreciable. It was suggested that the organic acid produced by these LAB

play a major role in the antagonistic activity because
after neutralization, there was no obvious effect. This
result agrees with Ayeni et al. (2011) who reported that
the antimicrobial properties of LAB are related to their
metabolic products such as organic acids and hydrogen
peroxide. Non-lactic acid bacterial strains i.e. B. safensis
and A. pasteurianus also could inhibit the uropathogens
growth. To the best of our knowledge, this is the first
study that will report the presence of these two species
in the vagina of a woman. B. safensis has biotechnological and industrial potentials (Larboda et al. 2014)
while A. pasteurianus is important in vinegar production (Viana et al. 2017). The mechanism by which this
organism inhibits the three uropathogens used in this
study is probably due to the production of acetic acid.
The resistance of S. aureus strain to the cell-free
supernatant from most of the LAB strains in this study
prompted another mechanism of antagonism through
co-culture experiment. Bamidele et al. (2013) also
reported that methicillin-resistant S. aureus (MRSA)
strains were resistant to the cell-free supernatants of the
LAB but higher activities were shown when the LAB
was in contact with the pathogens. Different LAB strains
have different rates of the killing of Staphylococcus sp.
GF01. In the first experiment, the growth of Staphylo
coccus sp. GF01 was not influenced by the presence of
the lactobacilli while for the second experiment, the 8
h already grown Staphylococcus sp. GF01 overpowered
the LAB activity, except for L. brevis. Very good activity
demonstrated the strain L. brevis GR01. There was an
inhibition (5 log10 reduction) observed only when the
pathogen was freshly introduced but no effect was noted
towards the 8 h already grown pathogen. The study of
Adetoye et al. (2018) reveals a similar process where it
was reported that an effective inhibition was observed
when the LAB was co-cultured with the pathogens. The
presence of the LAB inhibited the growth of Staphylococ
cus sp. GF01 freshly introduced, while for the already
8 h grown Staphylococcus sp. GF01, the effect of LAB
was not obvious, except for L. brevis. It was suggested
that Staphylococcus sp. GF01 was able to overpower or
suppress the activity of the LAB. The decrease in the
number of Staphylococcus sp. GF01 reveals the antimicrobial activity of the LAB cells against Staphylococcus
sp. GF01. These data support the result obtained previously using the cell-free supernatant and the viable LAB
cells confirming the high resistance of Staphylococcus sp.
GF01 to the LAB strains.
Conclusion
The high LAB counts were found during the ovulation period while during menstruation, there was
a decrease in the LAB counts. The highest occurrence
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in the vagina of Nigerian women was shown for L. plan
tarum that mostly was found during the ovulation
period. The LAB isolated has the antimicrobial properties against multidrug-resistant urogenital pathogens
what may be applicable in vivo. The fermented foods
such as Ogi, yogurt, etc. can be consumed during menstruation in order to replenish the beneficial bacteria.
To the best of our knowledge, this is the first study in
Nigeria to report a prevalence of the LAB with their
protective role at different stages of a woman’s menstrual
cycle and also the first study to show the presence of
B. safensis and A. pasteurianus in the vagina of a woman.
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Abstract
Rhizoctonia solani is a soil-borne fungus causing a wide range of plants diseases. Trichoderma gamsii strain T30 has previously been
reported as antagonistic against R. solani. Although there are a few studies about the influence of Trichoderma strains on the R. solani density
in a pathosystem in the presence of plant hosts, this report for the first time comprehensively describes in situ effects of a T. gamsii strain
on the population density of R. solani in the soil microcosmic conditions. The population dynamics of R. solani were followed in the autoclaved and non-autoclaved soils in artificially prepared microcosms up to day 25 after co-inoculation with T. gamsii in the variable ratios
(R1/T1; R1/T0.1; R1/T0.01 of R. solani/T. gamsii). The population density of R. solani was evaluated by qPCR. In the autoclaved soil, target
DNA copies of R. solani increased in the control samples from 1 × 105 to 6.5 × 106. At R1/T0.01, the number of target DNA copies were not
significantly changed until day 11; however, it decreased by around five times at day 25. At R1/T0.1 and R1/T1, the number of DNA copies
was reduced to 2.1 × 106 and 7.6 × 105 at day 11, respectively and the reduction was as much as 17 times at day 25. In the non-autoclaved
soil, the number of the fungal cells decreased at day 25 whether inoculated or not with Trichoderma indicating a general suppression by
the soil microbiome. In brief, T. gamsii significantly inhibited the growth of R. solani in the soil in situ and there was a general suppressive
effect of the natural microbiome.
K e y w o r d s: Rhizoctonia solani, in situ study, population density, antagonism, real-time PCR

Introduction
Rhizoctonia solani is a soil-borne plant pathogenic
cosmopolitan fungus. It is present in a very low density
in soils, but still capable of causing considerable losses
in crops of economic importance (Anees et al. 2010a).
It is a fungus having a broad host spectrum, generally
causing damping off and root rot diseases in a variety of crops. The diseases caused by this fungus commonly occur in patches of various sizes that are spatially
mobile i.e. the patch size and location change from one
season to another (Schneider et al. 1997; Anees et al.
2010a). The increased suppressiveness inside patches
was hypothesized as the probable reason behind the

patch mobility because of the development of the
antagonistic microbiota (Anees et al. 2010b). However,
because of the intrinsic complexity of the soil medium
and the low density of R. solani, the in situ exposure of the pathogen towards the antagonists has not
been studied in natural soils in the absence of the plant
hosts although there are some reports of the in vitro
interaction between Rhizoctonia and Trichoderma
(Zhang et al. 2015).
Trichoderma species are cosmopolitan ascomycetous saprotrophic fungi present in soil and are well
known for their biocontrol potential (Anees et al.
2018). Trichoderma species reportedly use a few different mechanisms to control the plant pathogenic fungi;
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the major mechanisms may include antibiosis, production of lytic enzymes, physical intervention including mycoparasitism and the niche competition (Anees
et al. 2010c). Out of the more than 100 known species
of Trichoderma, a few have been reported as the putative
biocontrol agents. For example, strains of T. virens and
T. harzianum were reported as the antifungals against
Armillaria mellae (Asef et al. 2008). The disease caused
by R. solani was inhibited by different strains of T. gamsii
(Anees et al. 2010c). Different strains of T. asperel
lum, and T. pseudokoningii were effective against foliar
pathogens of agricultural crops (Prabha
ka
ran et al.
2015), like Alternaria solani, Bipolaris oryzae, Pyricu
laria oryzae and Sclerotinia scierotiorum. Trichoderma
longibrachiatum strains were reported as antagonistic against Fusarium oxysporum (Anees et al. 2018).
Kumar et al. (2018) reported T. viride effective against
different fungal pathogens. Here, we have used strain
T30 of T. gamsii that has previously shown antagonistic activity against R. solani AG 2-2 on culture plates
(Anees et al. 2010c).
The present study was designed to evaluate the in
situ impact of the biocontrol strain on the population
density of the plant pathogenic R. solani AG 2-2 strain
G6 in the soil. For this purpose, microcosms containing the autoclaved or non-autoclaved soils were used.
The microcosms were inoculated with both the pathogen (R. solani AG 2-2 strain G6) and the antagonist
(T. gamsii strain T30) in different ratios. The population densities of the pathogenic fungus were followed
up to day 25 using real-time polymerase chain reaction
(qPCR) by the help of specific primers designed for
detection of R. solani AG 2-2 strain G6 based on its ITS
region (Edel-Harmann et al. 2009).
Experimental
Materials and Methods

The fungal inocula. Sand inocula of R. solani AG
2-2 strain G6 and T. gamsii strain T30 were prepared.
Autoclaved sand (700 g; 0.5 to 1.2 mm) was mixed with
a sterile malt broth (230 g/l; 91 ml). The fungi were cultured onto the malt extract agar (MEA) plates for 4 days
and five culture plugs were added to the sand medium
followed by incubation for two weeks at 25°C. The bottles with sand inoculum were shaken daily to break the
pellets. After two weeks, each inoculum was sampled
in triplicates to measure the population density of the
inoculated fungi by qPCR as given below.
Soil microcosms. The soil microcosms were prepared in 100 ml cylindrical sterile aluminum boxes
covered with lids. Each box contained 50 g of soil
sampled from the French National Institute for Agro-
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nomic Research (INRA) experimental unit at Epoisses,
Côte d’Or, from a field of sugar beet that had no recent
Rhizoctonia disease report. The soil was a silty clay containing 6% sand, 58% silt, and 36% clay. The soil was
sieved using a 4 mm sieve and dried in air at 20°C for
4 days. The microcosms were prepared with the autoclaved or non-autoclaved soils. The former was autoclaved at 105°C for 1 h each at three consecutive days.
The moisture in the microcosms was adjusted to 20%
(based on the dry weight) three days before inoculation using sterile water. The inoculation was performed
using different ratios i.e. R1/T1, R1/T0.1, R1/T0.01,
R1/T0 and R0/T0 of R. solani/T. gamsii where ‘1’ denotes
the 105 target DNA copies/g of soil. The ratios were
found using amounts determined by qPCR assays as
explained below (Edel-Harmann et al. 2009; Anees et al.
2010b). The sand inocula were evenly spread over the
soil surface in the microcosms at the given ratios and
incubated at 20°C. The microcosms were sampled at
three different periods i.e. on days 2, 11, and 25 after
inoculation in triplicate. Hence, nine independent
microcosms were prepared for each experimental treatment, i.e. three microcosms per treatment for each sampling date. Both sets of microcosms (autoclaved and
non-autoclaved) were inoculated on the same day.
Preparation of standard curve for the qPCR. To
generate a standard curve, the internal transcribed
spacer (ITS; the target DNA) region of R. solani strain
G6 or T. gamsii strain T30, respectively, were cloned
into the plasmid DNA (Anees et al. 2010b). The plasmid DNA was then diluted making ten-fold dilution
series that contained the cloned ITS regions from
102 to 109 copies of the target DNA for each PCR reaction. The curve hence generated was then used for
quantification of the target DNA in the different DNA
samples (Fig. S1).
Quantification of R. solani by qPCR. Sand samples
of 1 g were used for the extraction of genomic DNA
(Edel-Harmann et al. 2004). The procedure used for the
DNA extraction included chemical as well as physical
processes as previously described (Anees et al. 2010b).
The extracted DNA was purified using the standard
procedures (Anees et al. 2010b). The extraction was
done from each sample in triplicate. The extracted DNA
samples were quantified by a Biophotometer (Eppendorf, Hamburg, Germany) with an optical density
adjusted at 260 nm. The qPCR technique was used for
quantification of R. solani AG 2-2 using primers G6-F2
and G6-R2 that have been specifically designed to target the ITS region rDNA gene of the pathogen (Gardes
et al. 1993). The qPCR assay was performed and analyzed as previously explained (Anees et al. 2010b). The
data were analyzed using analysis of variance (ANOVA)
and Fisher LSD tests (p = 0.05) using XLSTAT – Version
2007.5 (Addinsoft).
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Results
Population density of R. solani strain G6 in the
autoclaved soil. The population density of R. solani
strain G6 in the autoclaved soil inoculated only with
R. solani increased significantly from 1 × 105 to 6.5 × 106
copies/g of soil at day 25 after inoculation (Fig. 1). The
different doses of T. gamsii strain T30 affected the population densities of R. solani as given in Fig. 1.
At a ratio of R1/T0.01 of R. solani G6 and T. gamsii
T30, the number of copies of target DNA increased in
a similar way as in the absence of Trichoderma at day 11
after inoculation; however, the population density
decreased significantly by five times at day 25 as compared to the control (1/0). The higher doses (R1/T0.1
and R1/T1 of R. solani G6/T. gamsii T30), significantly
reduced the number of target DNA copies to 2.1 × 106
and 7.55 × 105/g of soil, respectively at day 11 after inoculation. Whatever the inoculated dose of T. gamsii was
in the microcosm, the target DNA copies of R. solani G6
decreased to similar levels that were significantly lower
than in the absence of T. gamsii. When the two fungi
were introduced in the microcosms at the same dose
(R1/T1), the population density was 17 times lower than
in the control samples, not treated with Trichoderma.
Population density of R. solani strain G6 in the
non-autoclaved soil. The effect of the different ratios
of T30 on the population densities of R. solani G6 in

the non-autoclaved soil is given in Fig. 2. In the control
samples, not treated with Trichoderma, the number of
target DNA copies/g of soil was determined to be equal
to 1.2 × 105 at day 11 after inoculation, which was not
significantly different from the initial density, and then
the density decreased significantly contrary to what was
observed in the autoclaved soil.
On the other hand, for the ratios (R1/T0.1 and R1/
T1), the number of target DNA copies of R. solani was
significantly lower than in the control (R1/T0) at day 2
after inoculation. At the ratios R1/T0.1 and R1/T1, the
number of target DNA copies had increased at day 11
and then decreased significantly at day 25. However,
there was no effect of the ratio R1/T0.01 on the population densities of the pathogen. Overall, the population
densities of R. solani were lower than those observed
in the autoclaved soil.
The DNA copies of R. solani remained undetected
in the non-inoculated (0/0) autoclaved or non-autoclaved soils.
Discussion
The soil is a complex medium, which makes studies
of the fungal growth and interactions between different fungi difficult (Schmidt et al. 2015). This is especially true for fungi that occur in low densities such

Fig. 1. The influence of different doses of T. gamsii T30 on the R. solani G6 growth in the autoclaved soil (R1/T0 represents the R. solani
G6/T. gamsii T30 in the ratios 1/0 and similarly R1/T0.01 = 1/0.01 ratio, R1/T0.1 = 1/0.1 ratio, and R1/T1 = 1/1 ratio; with 1 = 105 copies
of the targeted DNA per g of soil). The significant differences in the number of DNA copies are shown using different letters (p ≤ 0.05).
Different small letters show the significant differences among different treatments for a given sampling time. Different capital letters
indicate significant differences among different sampling times for a given treatment. If the letters happen to be identical at a given data
point (either small or capital), they are written only once for the sake of clarity.
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Fig. 2. The influence of different doses of T. gamsii T30 on the R. solani G6 growth in the non-autoclaved soil (R1/T0 represents R. solani
G6/T. gamsii T30 in the ratio 1/0 and similarly R1/T0.01 = 1/0.01 ratio, R1/T0.1 = 1/0.1 ratio, R1/T1 = 1/1 ratio; with 1 = 105 copies of the
target DNA per g of soil). The significant differences in the number of DNA copies are shown using different letters (p ≤ 0.05). Different small letters show significant differences among different treatments for a given sampling time. Different capital letters indicate the
significant differences among different sampling times for a given treatment. If the letters happen to be identical at a given data point
(either small or capital), they are written only once for the sake of clarity.

as R. solani (Ogoshi et al. 1996). In such cases, qPCR
offers a viable and feasible way to explore and follow the
pathogens and their antagonists quantitatively (EdelHarmann et al. 2004; Gerin et al. 2019). However, most
of the previous reports used either plant tissues or other
derived media for assessment of the fungal interactions.
For instance, the interaction of endophytic fungi and
the pathogen has recently been reported inside plant
tissues using the qPCR technique (Chow et al. 2018).
The interaction of T. gamsii and Fusarium spp. in the
plant-based substrata such as rice kernels and wheat
haulms was studied in the artificial conditions using the
same technique (Matarese et al. 2012). The interaction
of two pathogens, Aphanomyces euteiches and Fusar
ium spp. causing root rot disease in field pea was also
recently investigated in plant tissues using multiplex
qPCR (Willsey et al. 2018). Hypothetically, the antagonistic fungi are supposed to control the pathogenic
fungi in soil, however, the interaction is further complicated by the presence of the general microbiome that
may entail several antagonistic microorganisms (Steinberg et al. 2007). Trichoderma spp. are known for their
antagonistic effects using multiple mechanisms. Here,
we reported the impact of T. gamsii strain T30, a biocontrol strain, on the population density of R. solani
G6 in different ratios in soil under in situ conditions in
the absence of a plant host. The assays were conducted
in the artificially prepared microcosms containing the
autoclaved or non-autoclaved soils, respectively.

The present study demonstrated that T. gamsii T30
inhibited the growth of the pathogenic fungus in the
autoclaved soil in situ. In addition to this, the present
study showed the direct control of the pathogen by
T30 and, moreover, a dose-dependent response was
also observed i.e. with the increase in T30 inoculum,
the inhibition of G6 was also stronger. The inhibition
of R. solani by T30 in the present study may have been
due to the water-soluble metabolites produced by the
antagonist, as reported previously (Anees et al. 2010b).
The same strain inhibited the disease caused by R. solani
in carrots in the bioassays performed in the controlled
climatic chambers, which may further reinforce the
present results (Anees et al. 2010c).
In the autoclaved soil, the population density of
R. solani increased significantly when it was alone
until day 25 with a linear growth showing its saprophytic ability in the absence of competitors. This fact
is consistent with earlier reports of the higher intrinsic
saprophytic ability of the fungus (Ogoshi et al. 1996).
However, the presence of the natural microbiome significantly reduced the growth of fungus in the presence
or absence of T. gamsii T30. The highest number of target DNA copies detected in the non-autoclaved soil was
100 times lower than the highest number in the autoclaved soil at day 25 after inoculation. This shows the
poor competitiveness of R. solani strain G6 as compared
to the general microbiome in the natural soils. That
may be why the naturally occurring soil inoculum of
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R. solani is too small to be detected and often occurs as
sclerotia (1 sclerotium/10 g of soil; Rodríguez-Molina
et al. 2000). The situation varies in case of ascomycetous
pathogens such as F. oxysporum which occurs generally
as 100–1000 propagules/g of soil (Neate and Schneider 1996). With the small density in soil, R. solani faces
a severe competitive pressure of the general microbiome in the soil, as depicted in the present study which
is generally referred to as a general microbial suppression (Weller et al. 2002). The competition for nutrients
or niches can be the reason for the general microbial
suppression because a robust increase in density was
observed upon amendment with the buckwheat meal
(Steinberg et al. 2007). R. solani, therefore, needs a host
plant or a source of nutrients for growth and further
dispersal (Steinberg et al. 2007).
In conclusion, the present study for the first time
gave an insight into the in situ control of R. solani G6
by T. gamsii T30 in the soil in absence of the plant host
in the artificially prepared microcosms. However,
future studies of the interaction of the two fungi in the
presence of host would also be interesting. The present study also explained the poor competitiveness of
R. solani, which may be the reason for the generally low
densities of R. solani in the soil.
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Abstract
Campylobacter fetus is an important venereal pathogen of cattle that causes infertility and abortions. It is transmitted during mating, and
it travels from the vagina to the uterus; therefore, an important cell type that interacts with C. fetus are endometrial epithelial cells. Several
virulence factors have been identified in the genome of C. fetus, such as adhesins, secretion systems, and antiphagocytic layers, but their
expression is unknown. The ability of C. fetus to invade human epithelial cells has been demonstrated, but the ability of this microorganism
to infect bovine endometrial epithelial cells has not been demonstrated. Bovine endometrial epithelial cells were isolated and challenged
with C. fetus. The presence of C. fetus inside the endometrial epithelial cells was confirmed by the confocal immunofluorescence. C. fetus
was not internalized when actin polymerization was disturbed, suggesting cytoskeleton participation in an internalization mechanism. To
evaluate the intracellular survival of C. fetus, a gentamicin protection assay was performed. Although C. fetus was able to invade epithelial
cells, the results showed that it did not have the capacity to survive in the intracellular environment. This study reports for the first time,
the ability of C. fetus to invade bovine endometrial epithelial cells, and actin participation in this phenomenon.
K e y w o r d s: Bacterial infection, pathogenicity, virulence, pathogen-host interaction, infectivity

Introduction
Campylobacter fetus is a microaerophilic, Gramnegative bacterium that causes embryonic mortality,
abnormal estrus cycles, reduced fertility and abortions in 5–10% of cases in cattle and sheep. C. fetus
is divided into three subspecies: C. fetus subsp. fetus,
C. fetus subsp. venerealis, and C. fetus subsp. testudinum.
C. fetus subsp. venerealis is the etiologic agent of bovine
genital campylobacteriosis, which causes infertility,
abortions and embryonic death, and is mainly isolated
from the genital tract (Nachamkin et al. 2008). C. fetus
subsp. venerealis resides in the epithelial crypts of the
prepuce and is transmitted to the cow by copulation or
artificial insemination with the contaminated semen.
On the other hand, C. fetus subsp. fetus is a commensal bacterium of the gastrointestinal tract of cattle and
sheep. It can be associated with an infertility syndrome
in cattle and abortions in sheep (Irons et al. 2004).

Although C. fetus is an animal health problem, little
has been studied regarding its pathogenicity mechanisms. However, considering the pathogenesis of infection by this organism, it must possess characteristics
that allow it to colonize or invade tissues and evade
the immune system response. Several virulence factors, such as adhesins, secretion systems, and antiphagocytic layers, have been identified in the genome
of C. fetus (Kienesberger et al. 2014). Nonetheless, it is
still necessary to investigate C. fetus interactions with
animal hosts.
When C. fetus reaches the genital tract of the cow,
epithelial cells are the first cell type that it interacts with.
These epithelial cells play important roles in innate
immunity, such as acting as physical and immunological barriers, signaling the activation of the immune
system through the production of cytokines and
chemokines and inducing death in the infected cells
(Farage et al. 2011).
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In previous works, it has been shown that C. fetus
is able to adhere to and invade human epithelial cells;
for example, Graham (2002) determined that different
strains of C. fetus subsp. fetus isolated from human,
and the C. fetus ATCC 27374 strain isolated from cattle, adhered to 41.3–87.3% and were internalized within
25.2–34.6% of INT 407 cells. Additionally, Baker and
Graham (2010) demonstrated that C. fetus subsp. fetus
can invade and translocate into Caco-2 cells. Chiapparrone et al. (2014; 2016) demonstrated the adhesion
mediated by flagella to MDBK cells and adhesion to
different parts of the sperm cells in C. fetus subsp. vene
realis. Even though it has been described the ability of
C. fetus to adhere to bovine cells, the ability of invasion
to bovine endometrial epithelial cells of the bovineadapted C. fetus strains has not yet been described. In
this work, the ability of C. fetus to adhere and invade
into bovine endometrial epithelial cells is evaluated.
Experimental
Materials and Methods

Bacterial strains and culture conditions. C. fetus
ATCC 27374 has been described previously (Salama
et al. 1995). C. fetus was grown on the Campylobacter
selective agar supplemented with 5% sheep blood at
37°C for 48 h in an anaerobic chamber under the micro
aerophilic conditions. Salmonella enterica subsp. enterica
serovar Typhimurium ATCC 14028 has been previously
described (Trüper et al. 2005). S. enterica Typhimurium
was grown on the Luria Bertani agar and later inoculated in the hyperosmolar Luria Bertani Broth at 37°C
for 12 h. Escherichia coli EPEC was donated by Dr. Jose
Luis Puente from the Instituto de Biotecnología, Universidad Nacional Autónoma de México.
Primary endometrium epithelial cell cultures.
Epithelial cells from the endometrium were recovered
using the protocol by Skarzynski et al. (2000) with some
modifications. The uterus was removed from five sacrificed cows 15 min after exsanguination. A piece of
the uterus, 5 cm2, was removed and washed three times
in Hank’s solution supplemented with 1.6 mg/ml gentamicin and transported to the laboratory in the same
solution on ice. Serosa was removed from the tissue,
and the rest was cut into small pieces (approximately
3 mm2) and washed 3 times with pH 7.2 phosphate buf
fered saline (PBS) (NaH2PO4 1.9 mM, Na2HPO4 8.1 mM,
NaCl 154 mM). Then, digestion solution (0.5 mg/ml collagenase Type I from Clostridium histolyticum (SigmaAldrich); 0.1 mg/ml DNAse (Thermo Fisher); 100 µg/ml
gentamycin (Sigma Aldrich); in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (DMEM-S) was added and incubated at
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37°C with oscillation for 2 h. The supernatant was recovered and centrifuged at 4000 × g for 10 min. The pellet
was washed three times with DMEM:PBS (1:1). The pellets were resuspended in 5 ml of DMEM-S and filtered
with a 40 µm strainer. The recovered cells were placed
on the cell culture dishes with DMEM-S with 50 mM
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) and an antibiotic/antifungal (penicillin G 10 000 U,
streptomycin 5 000 µg, and amphotericin B 12.5 µg).
For fibroblast depuration, one-minute trypsinisation
was performed every day for three days (Munson et al.
1988). The cell cultures were evaluated by RT-PCR and
immunofluorescence to confirm that they were endometrial epithelial cells. First, the total RNA was extracted
from cells using TRIzol following the manufacturer’s
methodology. Then, cDNA was synthesized using an
AMV First Strand cDNA Synthesis Kit (New England
Biolabs Inc.) following the manufacturer’s instructions.
The primers for Keratin 8 were as follows: forward
5’-CGTGTCAGAAATCTGAGACTGC-3’ and reverse
5’-TGGTGGAGGACTTYAAGACC-3’. The PCR mixture was prepared with primers (40 nM), Master Mix
(Fermentas) and 100 ng cDNA. The PCR conditions
were as follows: pre-heat at 95°C for 5 min; 30 cycles of
denaturalization at 94°C for 30 s, annealing at 60°C for
30 s and extension at 72°C for 20 s. The PCR products
were evaluated by electrophoresis in 2% agarose gels
stained with ethidium bromide. For immunofluorescence, a polyclonal antibody against bovine cytokeratin 18 (Santa Cruz Biotechnology) was used in the cell
cultures fixed in plates.
C. fetus PCR confirmation. Three pairs of primers for the aspA, glnA, gltA and 16sRNA genes were
designed. Before each assay, PCR was performed to
confirm the purity of C. fetus cultures. The primer
sequences and product sizes were as follows: aspA:
F-5’-CCTATGACTTTAGGTCAAGAG-3’, R-5’-TGTAG
CTAGAGTACGGCAAG-3’ (575 bp); gltA: F-5’-CGATATAGCGTGGCTAGCTG-3’, F-5’-AGCGTGAGTAG
ATCCTACG-3’ (520 bp); glnA: F-5’-CTTCCGTTATC
TCCATAAAGC-3’, R-5’-GATGGTAGTTCTATAGA
GGC-3’ (649 bp); 16sRNA: F-5’-GAGATCACCAGGA
ATACCC-3’, R-5’-CACCTGTCTCAACTTTCTAGC-3’
(351 bp). For these primers, the PCR conditions were
a pre-heat of 95°C for 1 min, then 30 cycles denaturation at 94°C for 30 s, annealing at 50°C for 30 s and
extension at 72°C for 30 s.
Cell adhesion assays. The adherence was evaluated
by quantitative and qualitative methods. For quantitative evaluation, three independent adherence assays
with three replicates were performed following the
method described by Bacon et al. (2001). First, C. fetus
was grown on the Campylobacter selective agar supplemented with 5% sheep blood for 48 h and harvested
in PBS. Escherichia coli EPEC was used as an adhesion
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control and was grown in hyperosmolar LB for 12 h.
The bacterial inoculum was determined by spectrophotometry and plating. The multiplicity of infection
(MOI) was 1000:1. The infected cell cultures were centrifuged at 165 × g for 3 min to maximize bacteria-cell
contact and incubated for 1 h at 37°C. The percentage of
adhered bacteria was calculated by the formula [(CFU
intracellular / CFU inoculum) × 100]. For visual interpretation, cells were fixed with methanol and stained
with 100% Giemsa for 40 min.
Intracellular survival assays. Three independent
assays with three replicates per time were performed
as described by Elsinghorst (1994) with some modifications. First, C. fetus was grown on the Campylobacter
selective agar supplemented with 5% sheep blood for
48 h and harvested in PBS. To prepare the inoculum,
bacteria were quantified by spectrophotometry and
diluted in DMEM to an adjusted MOI of 1000:1. Epithelial cells of the endometrium were seeded at 40 000 cells
per well in a 48-well dish. After washing three times
with PBS, the epithelial cells were infected. The plates
were centrifuged at 165 × g for 3 min to maximize
bacterial-cell contact and incubated for 2 h at 37°C.
Following incubation, the monolayers were washed
three times with PBS and incubated with DMEM
supplemented with 10% fetal bovine serum, 50 mM
HEPES and 30 µg/ml gentamicin. The plating of the
samples of the medium confirmed the complete killing
of the extracellular C. fetus. Bacteria were recovered at
0, 2, 4, 10 and 24 h post-infection (p.i.); supernatant
medium was removed, and the intracellular bacteria
were recovered by adding 1 ml of Triton X100 1% for
5 min, and the solution was homogenized and added
to a microcentrifuge tube. Fifty microliters of each
well were plated on the Campylobacter selective agar
supplemented with 5% sheep blood at 37°C for 72 h
in an anaerobic chamber under low oxygen conditions
(Oxoid Campy Gen, catalogue number CN0025A).
S. enterica Typhimurium was used as a positive control of infection because they can invade the bovine
reproductive tract (Hall and Jones 1977).
Cytoskeleton inhibition assays. To establish the possible mechanism involved in C. fetus invasion in these
epithelial cells, cytoskeleton inhibition assays were performed. Cytochalasin D (Sigma-Aldrich) was prepared
as a 1 mM stock in dimethyl sulfoxide, and nocodazole was prepared as a 10 mM stock in dimethyl sulfoxide. Gentamicin protection assays were performed
as described above, with some modifications. Forty
thousand cells per well were plated in a 48-well dish.
After washing three times with PBS, DMEM with cyto
chalasin D (3 mM) or nocodazole (30 mM) was added
to the wells, and the cells were incubated for 30 min
at 37°C. Then, bacteria were added, and the inhibitor
concentration was kept at the half during the infection.

The plates were centrifuged at 165 × g for 3 min to maximize the bacteria-cell contact and incubated at 37°C.
C. fetus infection lasted for 2 h with an MOI of 1000:1
and Salmonella infection for 15 min with an MOI of
50:1. After infection, the inoculum was removed, and
cells were washed three times with PBS and DMEM
supplemented with 10% fetal bovine serum, Hepes
50 mM, and 30 µg/ml gentamicin. Cells were lysed with
50 µl of Triton X100 1% in each well and plated on the
Campylobacter selective agar supplemented with 5%
sheep blood at 37°C for 72 h in an anaerobic chamber
under low oxygen conditions (Oxoid Campy Gen, catalogue number CN0025A).
Immunofluorescence Microscopy. Epithelial cells
from bovine endometrium were infected as described
above. At 0 and 2 h p.i., cells were washed three times
with PBS and fixed with methanol for 4 min at 4°C.
The fixed cells were washed three times with PBS and
permeabilized by incubation in PBS containing 0.1%
saponin for one min. Then, coverslips were incubated
with 50 µg/ml phalloidin-FITC diluted with 1% dimethyl sulfoxide (DMSO) for 1 h at room temperature. The
coverslips were washed three times with saponin 0.05%
and PBS. After that, coverslips were incubated with
primary antibodies (rabbit anti-C. fetus) diluted 1:1000
(saponin 0.05%, 5% horse serum, PBS) for an hour at
37°C. Afterward, the coverslips were washed three times
with saponin 0.05% and incubated with secondary antibodies (goat anti-rabbit (US Biological) and diluted with
Alexa Fluor 594 to 1:1000 for 30 min at room temperature. After three washes with 0.05% saponin, coverslips
were mounted onto glass slides. Images were acquired
with a Zen Zeiss LSM800 fluorescence microscope.
Statistical analysis. Each assay was subjected to
a Shapiro-Wilks test and a Welch’s test. Then, to determine the time at which the intracellular bacterial count
was different in each treatment, Student’s T-test was used.
Results
C. fetus adheres to epithelial cells of bovine endometrium. To confirm that C. fetus could adhere to epithelial cells from the endometrium, an adherence assay
was performed. First, endometrial epithelial cell cultures
were established from cells isolated from uterus tissue
obtained from slaughtered cows. The cells established
a monolayer until the second week of incubation when
these cells presented a polygonal epithelial-like form
(Fig. 1A). These cells were used until the seventh passage
since later splits presented different morphologies and
diminished cell proliferation rates. For cell type confirmation, cytokeratin 18 from epithelial cells was immunostained with Alexa 488 (Fig. 1B), and RT-PCR for
keratin 8 was performed (Fig. 1C). The results obtained
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Fig. 1. Epithelial cells from bovine endometrium maintained in
DMEM supplemented with 10% fetal bovine serum.
A) Normal appearance of the epithelial-like cells (20×). B) Immunofluorescence. Cytokeratin 18 of epithelial cells of bovine endometrium
stained with Alexa 488 (green) (40×). C) The results of RT-PCR for
keratin 8 on 2% agarose gel after staining with ethidium bromide. In left
lane: DNA ladder (Thermo Fisher Scientific); right lane: the amplicon of
keratin 8 (215 pb).

Fig. 2. The adherence assay. Epithelial cells from bovine endometrium were challenged with C. fetus (A) or E. coli (B) for 1 h, fixed
with methanol and stained with Giemsa (100×). The arrows show
the adhered bacteria.

show that cells in culture corresponded to endometrial
epithelial cells. In the adherence assays, the average percentage of epithelial cell-adhered bacteria was 0.13%.
Adhered C. fetus was observed by microscopy (Fig. 2A).
E. coli EPEC showed a typically localized adherence pattern (Fig. 2B). These results confirm that C. fetus can
adhere to endometrial epithelial cells.
C. fetus invades bovine endometrial epithelial
cells. After the adherence capacity of C. fetus was confirmed, a gentamicin protection assay was carried out
to determine the intracellular survival of C. fetus in
epithelial cells from bovine endometrium. The results
obtained with MOI of 1000:1 showed a decrease in the
number of C. fetus viable cells. At 0 h p.i there were an
average (~) of 3795 CFU, at 2 h p.i they decreased to
~ 163 CFU, at 4 h there were ~ 36 CFU and 10 h p.i the
organisms didn’t grow. No viable cells were recovered
at 24 h p.i., suggesting that the bacteria have the capacity to enter the cells, but it might not survive inside
epithelial cells of the endometrium (Fig. 3). Salmonella
invaded the bovine endometrial epithelial cells used in
this study. At 0 h, the bacteria were present inside the
cells ~ 8430 CFU, and at 4 h they started to replicate,
increasing to ~ 14 585 CFU showing normal intracellular infection behavior in bovine epithelial cells (data
not show). The presence of C. fetus inside the cells was
confirmed by confocal microscopy. Before immuno-

Fig. 3. The intracellular survival assay. Epithelial cells of endome
trium of bovine were infected with C. fetus ATCC 27374 (a MOI
of 1000:1). The intracellular bacteria were recovered and plated on
the Campylobacter selective agar supplemented with 5% of blood.
Average log CFU are shown at 0, 2, 4, 10 and 24 h p.i.

fluorescence, rabbit anti-C. fetus serum was adsorbed
to avoid unspecific labeling and tested by Western blotting (Fig. S1, supplemental material). Additionally, the
secondary antibody specificity and anti-rabbit HRP
antibodies were tested by Western blotting. The results
obtained in the Western blots, with a total bacterial
protein extract and total cell protein extract, showed
that adsorbed anti-C. fetus antisera recognized only
antigens in C. fetus and not in epithelial cells, and the
anti-rabbit antibodies did not recognize antigens in
bacteria or epithelial cells (Fig. S1, supplemental material). The confocal fluorescence at 2 h p.i. showed the

Fig. 4. Confocal differential fluorescent staining of internal C. fetus
ATCC 27374 on the infected epithelial cells of bovine endometrium. Epithelial cells were grown on coverslips and infected with
C. fetus ATCC 27374 at a MOI of 1000:1. Cytoskeleton was stained
with phalloidin-FITC (green), and the bacteria with Alexa 594
(red) 2 h p.i. White arrows show intracellular C. fetus (70×).
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Fig. 5. The cytoskeleton inhibition assay. Epithelial cells of endometrium of bovine were treated with cytocalasin D or nocodazole before
and during infection. The cells were infected with C. fetus ATCC 27374 (a MOI of 1000:1). The intracellular bacteria were recovered and
plated on the Campylobacter selective agar supplemented with 5% of blood. Average log CFU are shown at 0 and 2 p.i. T-test was performed. All treatments were compared to the not-treatment control, *(p < 0.001).

intracellular bacteria, demonstrating that C. fetus can
invade epithelial cells from bovine endometrium but is
not able to proliferate inside of them (Fig. 4).
C. fetus uses actin to invade bovine endometrial
epithelial cells. Internalization of C. fetus was modified when the cytoskeleton of the endometrium epithelial cells was altered. Treatment with cytochalasin D
decreased the capability of internalization of C. fetus
(~ 873 CFU). There was no change in C. fetus internalization when using nocodazole (~ 4330 CFU) suggesting
that actin plays an important role in this process (Fig. 5).
Discussion
The invasion of C. fetus in some human cell lines,
such as Hep-2 and Caco-2 has already been described
(Konkel and Joens 1989; Baker and Graham 2010).
Although these results suggest the ability of this microorganism to invade cells, the interaction with endometrial epithelial cells, the first type of cell that interacts
with C. fetus, has not been described. In this work, an
intracellular survival assay including gentamicin protection and immunofluorescence showed that C. fetus
can invade the bovine endometrial epithelial cells, this
result relates with the ones reported in the literature,
which shows that Campylobacter spp. is able to invade
cells (Konkel and Joens 1989; Graham 2002; Baker and
Graham 2010).
The use of primary cultures for the evaluation of virulence of different pathogens has been widely reported.
Most studies investigating the relationship between the
host and bacteria, tend to focus on the cell types that
comprise the biological barriers, signaling events within
the host and the virulence factors of the pathogen,

which are involved in the initial phase of the disease
(Benjamin et al. 2011). In this work, a primary culture
of bovine endometrial epithelial cells was established,
considering that these cells could be the first in contact
with C. fetus. The primary cultures showed a positive
reaction against cytokeratin 18. The expression of this
protein has been described in bovine endometrial epithelial cells (Haeger et al. 2015).
Cell culture models can compartmentalize and
define the broad range of molecular mechanisms that
underlie strategies of microbial virulence such as host
receptor ligand binding and invasion mechanism. These
mechanisms have not been identified in C. fetus; however, in this work, its ability to adhere to bovine cells
was shown. The pathogenicity factors that could mediate
this adhesion could be diverse. McSweegan and Walker
(1986) described the role of lipopolysaccharide as a molecule that allows the adhesion of C. jejuni to INT407
cells. Monteville et al. (2003) identified a C. jejuni cadF
homologous gene in C. fetus, which encodes for an
outer membrane fibronectin binding protein (Accession No. Nz_CP00880). This protein in C. jejuni binds
to fibronectin (Konkel et al. 1997), which is expressed
on the epithelial cells of the endometrium (Mularoni
et al. 1992). In C. fetus Moolhuijzen et al. (2009) have
identified the PEB1 gene, which participates in adhesion in C. jejuni. It has been described that C. fetus has
a protein coat that may interfere in the contact with
other cells (Yang et al. 1992). However, in this study,
C. fetus was able to invade epithelial cells, so it is possible that the protein layer does not interfere, or it may
exist some other mechanism, not yet described, for this
bacterium that allows it to adhere the epithelial cells.
Intact epithelial surfaces are a highly effective barrier to evade invasion by pathogens. A capability to
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disrupt intact epithelial surfaces is an important characteristic for many specialized bacterial pathogens. In
this work C. fetus showed the capability to invade cells;
however, internalization mechanisms have not been
described for these species. C. fetus possesses a type IV
secretion system (Kienesberger et al. 2014), which is
used by many pathogens for substrate translocation, for
example in Bartonella henselae this system translocates
BepC and BepF, the proteins factors that trigger invasome-mediated internalization (Truttmann et al. 2011).
In C. fetus, Ali et al. (2012) identified a CiaB homologous, which in C. jejuni is translocated through flagellum and is required for internalization (Konkel et al.
1999). More research is required in order to identify the
virulence mechanisms that mediate cellular invasion.
The previous reports have demonstrated that
C. jejuni make use of microtubules to invade epithelial
cells (Oelschlaeger et al. 1993; Hu and Kopecko 1999). In
this work, it was observed that when actin polymerization was inhibited, C. fetus could not be internalized in
the same way as the control, suggesting that actin plays
an important role in the internalization mechanism,
too. Moreover, Baker and Graham (2010) showed that
cytochalasin D treatment on Caco-2 epithelial cells was
not able to inhibit C. fetus internalization. Those results
differ from the ones obtained in this work, the treatment with cytochalasin D of our primary culture did not
inhibit totally the invasion of C. fetus, it only reduced it.
This difference could be explained by the treatment conditions with cytochalasin D or by the incubation time of
the bacteria in the cellular infection assays.
Although in this work was shown that C. fetus had
the ability to invade cells, its intracellular survival was
minimal (at 10 hours post infection the number of the
intracellular bacteria had decreased significantly). Treatment of the cells with nocodazole, a drug that inhibits
endosome-lysosome fusion (Funato et al. 1997), did not
help C. fetus to survive inside the cell. This suggests that
their inability to persist within cells could be explained
by metabolic adaptations for the intracellular environment and not necessarily by lysosomal degradation. The
intracellular bacteria require the metabolic adaptations
to remain alive in the harsh intracellular environment.
For example, S. enetrica subsp. Typhimurium shows
upregulation of glycolysis and the Entner-Doudoroff
pathway during the vacuolar stage (Eisenreich et al.
2015). Campylobacter spp. does not ferment carbohydrates because it lacks phosphofructokinase and essential enzymes for the Entner-Doudoroff pathway, and its
principal source of carbon are amino acids (Kelly 2008).
Legionella pneumophila also lacks the glycolysis pathway and uses amino acids as a carbon source, but unlike
Campylobacter, it uses the Entner-Doudoroff pathways
as an important carbon source (Eisenreich et al. 2015).
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Another explanation that could help understanding why in the intracellular survival assay C. fetus was
internalized and eliminated from the cells, is the metabolic reprogramming, which does not allow C. fetus
to grow on agar plates after having gone through the
intracellular stage. In C. jejuni, during its intracellular
stay, the respiration is reprogrammed, favoring the use
of fumarate and reducing the expression of enzymes of
aerobic respiration (Liu et al. 2012). In this way, when
bacteria are recovered in artificial media, their growth
is reduced. This explanation could be the least likely,
however, in the work done by Watson and Galán (2008)
this phenomenon was found.
The invasive nature of C. fetus has been well established in vivo in clinical veterinary situations and in
vitro with human intestinal epithelial cells assays. Baker
and Graham (2010) showed the translocation of C. fetus
through the barriers of intestinal epithelial cells with
the culture of Caco-2 cells. Louwen et al. (2012) also
showed a similar phenomenon with C. jejuni in Caco-2
cells. Therefore, the short permanence of viable C. fetus
in the endometrial culture cells could be interpreted as
normal, considering that the only objective of C. fetus
is to be translocated.
There are many studies on Campylobacter spp.
invasion capability (Mooney et al. 2003; Watson and
Galán 2008), however, this report presents the ability of
C. fetus to invade bovine endometrium epithelial cells.
This could be used in future work as a bovine infection
model and be an important element for understanding
the pathogenicity mechanisms of C. fetus.
C. fetus could have been originated as a pathobiont
in humans and jump to bovine as their host, generating adapted strains. The bovine strains contain in their
genome the unique accessory genes (virulence factors)
not seen in human strains (Iraola et al. 2017). This
would explain why C. fetus can persist in the intestine
of humans (Lastovica and Skirrow 2000) and may be
associated with infertility and sporadic abortions in
cattle and sheep (Irons et al. 2004). The C. fetus strain
used in this work was isolated from a clinical case of
an aborted calve, and it is known to cause abortions
in cattle (Smith and Taylor 1919; Véron and Chatelain
1973). Graham et al. (2002; 2010) used this strain in
some invasion assays using human cell cultures.
In conclusion, this work showed that C. fetus
adheres and invades bovine endometrial epithelial cells.
Gentamicin protection assays and fluorescence microscopy suggest that C. fetus can survive inside cells for
only a few hours (4 h). Additionally, C. fetus is internalized using an actin-dependent mechanism in this
cell type. All knowledge generated in this area will serve
to propose and develop new strategies for the control
of pathogens.
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Abstract
Drug-resistant bacteria has been a threat to public life and property. We described the trends and changes in antibiotic resistance of important pathogens in a general hospital in Zhengzhou, China from 2011 to 2016, to control antimicrobial-resistant bacteria in hospital and
provide support to clinicians and decision-making departments.
Five dominant bacteria were enrolled based on the data from the general hospital during 6 years. The results of antimicrobial
susceptibility testing were interpreted according to Clinical and Laboratory Standards Institute (CLSI). From 2011 to 2016, a total of
19,260 strains of bacteria were isolated, of which Klebsiella pneumoniae, Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa
and Acinetobacter baumannii accounted for 51.98%. The resistance rate of K. pneumoniae and E. coli to carbapenem was less than 15%, but
resistance of K. pneumoniae to carbapenems increased with time and resistance of E. coli to meropenem increased. The rate of extendedspectrum beta-lactamase (ESBL) production among K. pneumoniae and E. coli was decreasing. For most antibiotics, the resistance rate
of ESBL-positive isolates was higher than that of ESBL-negative isolates, excluding carbapenems and cefoxitin. For S. aureus, the rate of
methicillin-resistant S. aureus (MRSA) was stable. Resistance of S. aureus to mostly antibiotics decreased with time. Besides polymyxin B,
P. aeruginosa and A. baumannii showed high resistance to other antibiotics. For A. baumannii, the resistance rate to mostly antibiotics
was increasing. The bacteria showed high levels of resistance and multiple drug resistance. Continuous surveillance and optimizing the
use of antibiotics are essential.
K e y w o r d s: antimicrobial resistance, Gram-negative bacteria, ESBL, MRSA, surveillance

Introduction
The emergence and spread of drug-resistant bacteria
have always been a public concern. With the increase
of resistance to available antimicrobial agents and the
emergence of multi-drug resistant bacteria, antimicro
bial resistance has caused serious threats to public
health in the world (Livermore 2012; Rossolini et al.
2014; Yang et al. 2017). It can cause damage to human
health and, at the same time, it can lead to a situation
where there is no cure. The research reported that
antimicrobial resistance causes about 700 000 deaths
worldwide each year, and if no effective action is taken,
it is expected to cause 10 million deaths a year by 2050
(Hoffman et al. 2015).
Simultaneously, antibiotics that become ineffective against bacteria have been reported (Liu et al.

2016). The bacterial resistance crisis has been greatly
attributed to the overuse and misuse of these antibiotics (Pathak et al. 2013; Michael et al. 2014; Tang et al.
2018). Monitoring of the epidemiology of resistance
provides useful information for prevention and helps
clinicians prescribe the effective antibiotic therapy
(Ventola 2015), as well as optimize the use of antibiotics, which has become one of the most important parts
of drug resistance control (Lafaurie et al. 2012; Wang
et al. 2018). In this study, the significant changes and
trends in antibiotic resistance of clinically important
pathogens isolated from a general hospital in Zhengzhou, Henan Province, China, from 2011 to 2016 were
described to provide a more complete picture of bacterial infections and to help clinicians and decisionmaking departments undertake the proper decisions
for patients and antibiotic use.
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Experimental

During the study period, the detection rate of
K. pneumoniae isolates was stable, meanwhile, the rate
of extended-spectrum beta-lactamase (ESBL)-producing K. pneumoniae (ESBL-K. pneumoniae) showed
a downward trend (χ2 = – 4.6619, p < 0.0001). A significant increase of resistance was observed for cefotaxime, meropenem, and imipenem to K. pneumoniae
and ESBL-K. pneumoniae. But a significant decrease of
resistance was seen for nitrofurantoin. Beyond that, the
resistance rates of ampicillin, levofloxacin, cefepime,
and piperacillin-tazobactam against K. pneumoniae
increased from 97.1% to 100%, from 34.42% to 35.05%,
from 23.91% to 34.91%, and from 21.74% to 30.58%,
respectively. In addition, the rate of trimethoprim-sulfamethoxazole decreased from 71.38% to 55.07%. These
results are shown in Table II and Table S-I. The resistance rates of ESBL-K. pneumoniae isolates to cefuroxime, ceftriaxone, ampicillin-sulbactam, trimethoprimsulfamethoxazole, gentamicin, cefotaxime, cefepime,
nitrofurantoin, levofloxacin were higher than the rates
displayed by ESBL-negative K. pneumoniae isolates
(p < 0.05) (Table S-II).
During the study period, the detection rates of E. coli
and ESBL-producing E. coli (ESBL-E. coli) showed a dec
lining trend (χ2 = – 4.7904, p < 0.0001 and χ2 = – 2.1785,
p = 0.0294, respectively). A significant increase of resistance against E. coli and ESBL-E. coli was observed for
cefotaxime, ceftazidime, and meropenem. But a significant decrease of resistance was seen for trimethoprim-

Materials and Methods

Based on the data from a general hospital in Zhengzhou, Henan province, China from 2011 to 2016, five
dominant bacteria (Klebsiella pneumoniae, Escherichia
coli, Staphylococcus aureus, Pseudomonas aeruginosa,
and Acinetobacter baumannii) were investigated in this
study. The antibiotic susceptibilities of the isolates were
determined using the broth dilution method according
to Clinical and Laboratory Standards Institute (CLSI
2017). In this study, the intermediate was attributed as
the resistant. The differences in proportions were compared using the chi-squared test and the variation tendency was compared using the chi-squared for trend.
Two-sided test with p < 0.05 were taken as statistically
significant, with the use of SAS 9.1.
Results
From 2011 to 2016, a total of 19 260 bacterial isolates were obtained, with five dominant bacteria being
K. pneumoniae (17.71%), E. coli (14.45%), S. aureus
(7.42%), P. aeruginosa (6.64%), and A. baumannii
(5.75%). Overall, these isolates accounted for 51.98% of
all reported isolates. Also, a wavy increase was observed
in the detection rates of these isolates (Table I).

Table I
Distribution of bacterial isolates in relation to years and type of samples.

Category

No.
isolates

Klebsiella
pneumoniae

Escherichia
coli

n

n

%

%

Staphylococcus
aureus
n

Pseudomonas
aeruginosa

%

n

%

Acinetobacter
baumannii
n

%

Total
n

%

Year
2011

1429

276

19.31

213

14.91

96

6.72

108

7.56

68

4.76

761

53.25

2012

3350

524

15.64

531

15.85

248

7.40

236

7.04

114

3.40

1653

49.34

2013

3143

486

15.46

493

15.89

219

6.98

168

5.35

114

3.63

1480

47.09

2014

3073

605

19.69

477

15.52

213

6.93

248

8.07

224

7.29

1767

57.50

2015

3750

781

20.83

522

13.92

254

6.77

259

6.91

292

7.89

2108

56.21

2016

4515

739

16.37

548

12.18

400

8.86

259

5.74

296

6.56

2242

49.66

Total

19260

3411

17.71

2784

14.45

1430

7.42

1278

6.64

1108

5.75

10011

51.98

χ2		
1.5767		–4.7904		2.5513		–1.7311		7.8954		1.9893
p		
0.1149		

< 0.0001		

0.0107		

0.0834		 < 0.0001		

0.0467

80.05

Samples
Sputum		

2741

80.36

493

17.71

82.13

5248

27.25

Urine		

382

11.2

1565

56.21

249

81	  5.66
17.41

110	  8.61

87	  7.85

2393

12.42

Blood		

104	 3.05

265	 9.52

275

19.23

30	 2.35

24	 2.17

698	 3.62

Secretion		

92	 2.7

217	 7.79

620

43.36

65	 5.09

41	 3.70

1035	 5.37

Throat swabs		

27	 0.79

8	 0.29

6	 0.42

3	 0.23

3	 0.27

47	 0.24

Others		

65	 1.91

236	 8.48

47	 3.68

43	 3.88

590	 3.06

199

13.92

1023

910

2
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Table II
The resistance rates of K. pneumoniae to 15 antimicrobial agents in the years 2011 to 2016.
MIC
breakpoints

2011

2012

2013

2014

2015

2016

Total

I (μg/ml)

n = 276

n = 524

n = 486

n = 605

n = 781

n = 739

n = 3411

Ampicillin

16

97.1

99.05

98.97

99.5

100

100

99.38	 
5.2285

< 0.0001

Cefotaxime

2

52.17

54.39

45.27

56.86

100

100

73.67

26.9374

< 0.0001

Nitrofurantoin

Antimicrobial agent

χ2

p

64

76.81

65.84

49.59

56.36	 
54.16	 
58.59

58.49

–4.711

< 0.0001

Trimethoprim-sulfamethoxazole

4/76

71.38

70.61

52.06

35.7	 
37	 
55.07

50.78

–9.1411

< 0.0001

Ampicillin-sulbactam

16/8

52.54

49.81

46.09

40.17	 47.25	 47.9

46.79

–1.1923	 0.2332

Cefuroxime

16

50.72

49.81

43.21

42.64	 47.76	 51.01

47.46	 0.51	 0.6101

Ceftriaxone

2

48.91

53.24

43.21

37.52	 46.09	 48.71

46.06

–0.9744	 0.3299

Gentamicin

8

44.93

43.7

33.74

31.74	 
40.46	 
40.46

38.82

–0.8754

0.3813

Cefoxitin

16

40.58

43.51

34.77

31.9	 
39.44	 
39.51

38.17

–0.6514

0.5148

Levofloxacin

4

34.42

33.21

22.02

26.12	 37.26	 35.05

31.78	 2.3291

0.0199

Cefepime

16

23.91

33.59

22.84

26.28	 35.47	 34.91

30.69	 3.7816

0.0002

32/4–64/4

21.74

24.81

18.93

23.64	 32.01	 30.58

26.41	 4.7683

< 0.0001

Amikacin

32

26.09

26.53

16.05

18.02	 28.55	 23

23.19	 0.376

Meropenem

2	 0	 0	 0	 0.99	 10.12	 11.37	 4.95

12.3843

< 0.0001

Imipenem

2	 0	 0	 0	 1.49	  9.22	  7.98	 4.1

10.4364

< 0.0001

χ2

p

Piperacillin-tazobactam

0.7069

Table III
The resistance rates of E. coli to 16 antimicrobial agents in the years 2011 to 2016.
MIC
breakpoints

2011

2012

2013

2014

2015

2016

Total

I (μg/ml)

n = 213

n = 531

n = 493

n = 477

n = 522

n = 548

n = 2784

Ampicillin

16

92.49

93.03

90.06

86.37	 87.16	 88.87

89.4

–3.0413

0.0024

Cefotaxime

2

69.01

72.88

71.4

73.17

82.79

16.5655

< 0.0001

Trimethoprim-sulfamethoxazole

4/76

93.9

93.03

81.74

77.99	 70.69	 69.16

79.63

–11.9199

< 0.0001

Ampicillin-sulbactam

Antimicrobial agent

100

100

16/8

76.06

73.63

80.53

67.92	 60.15	 62.96

69.43

–6.7117

< 0.0001

Cefuroxime

16

70.42

73.45

71.81

67.51	 60.92	 62.59

67.42

–4.8433

< 0.0001

Levofloxacin

4

73.71

71.56

67.95

65.62	 66.67	 61.13

67.1

–4.0714

< 0.0001

Ceftriaxone

2

69.01

72.5

68.97

64.36	 60.15	 62.23

65.88

–4.3853

< 0.0001

Gentamicin

8

74.18

65.73

60.45

59.75	 51.34	 52.92

59.2

–6.7725

< 0.0001

Cefepime

16

49.77

54.24

46.25

38.36	 30.65	 38.32

42.21

–7.1678

< 0.0001

Ceftazidime

8

17.84	 1.32

48.48

43.61	 34.29	 36.31

31.25

9.9654

< 0.0001

Cefoxitin

16

30.52

29.57

29.41

21.17	 12.07	 10.77

21.19

–10.1704

< 0.0001

Nitrofurantoin

64

28.17

27.31

16.02

14.47	 10.73	 11.13

16.88

–8.6556

< 0.0001

Piperacillin-tazobactam

32/4–64/4

14.55

18.64

13.18

13.63	  6.7	 10.77

12.72

–4.6131

< 0.0001

Amikacin

32

18.31

15.25

10.75	 8.39	  8.24	  8.03

10.78

–5.3067

< 0.0001

Imipenem

2	 0.94	 1.51	 2.43	 1.26	  1.15	  1.64	 1.54

–0.1060

0.9156

Meropenem

2	 0	 0.56	 0.2	 1.05	  0.96	  2.01	 0.9

3.1604

0.0016

sulfamethoxazole, ampicillin-sulbactam, gentamicin,
cefepime, cefoxitin, nitrofurantoin, and amikacin.
A marked decrease of resistance against E. coli was
observed for cefuroxime and ceftriaxone, i.e., from
70.42% to 62.59%, and from 69.01% to 62.23%, respec-

tively. However, the resistance rates of these two antimicrobial agents to ESBL-E. coli showed an increasing
trend (both from 95.6% to 100%). All the ESBL-E. coli
isolates were resistant to ampicillin. These data are
presented in Table III and Table S-III. The resistance
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rates of ESBL-E. coli isolates to ceftriaxone, cefuroxime,
ampicillin-sulbactam, cefepime, ampicillin, cefotaxime,
levofloxacin, ceftazidime, gentamicin, and trimethoprim-sulfamethoxazole were higher than the rates of
the ESBL-negative E. coli isolates (p < 0.05) (Table S-IV).
During the study period, the detection rate of
S. aureus showed an upward trend (χ2 = 2.5513,
p = 0.0107), meanwhile, the rate of methicillin-resistant
S. aureus (MRSA) was stable. A significant decrease of
resistance of isolates of S. aureus (including MRSA) was
observed for erythromycin, azithromycin, clarithromycin, trimethoprim-sulfamethoxazole, clindamycin,
cefoxitin, norfloxacin, moxifloxacin, gentamicin, tetracycline, rifampicin, nitrofurantoin, and teicoplanin. No
S. aureus isolate was found to be resistant to linezolid
and vancomycin. All MRSA isolates were resistant to
oxacillin. These results are depicted in Table IV and
Table S-V. The resistance rates of MRSA to 15 anti
microbial agents were higher than that of methicillinsusceptible S. aureus (MSSA) (p < 0.05) (Table S-VI).
During the study period, the detection rate of P. aeru
ginosa was stable. A significant decrease of resistance
was observed for gentamicin, tobramycin, and polymyxin B from 52.78% to 50.58%, from 53.7% to 44.4%,
and from 20.37% to 6.56%, respectively. In addition,
a marked increase was seen for meropenem from
44.44% in 2011 to 49.81% in 2016 (Table V).

During the study period, the detection rate of A. bau
mannii showed an increasing tendency (χ2 = 7.8954,
p < 0.0001). A significant increase of resistance of the
isolates was observed for ceftriaxone, gentamicin, cipro
floxacin, ceftazidime, trimethoprim-sulfamethoxazole,
cefepime, levofloxacin, piperacillin-tazobactam, and
amikacin (Table VI).
Discussion
This study provided data about detection rates and
resistance patterns of five dominant bacteria isolated
in a general hospital in Zhengzhou, Henan province,
China, between 2011 and 2016. Overall, the detection rates of these bacteria showed a slowly increasing
trend. In addition, Gram-negative bacteria seemed to
be the main cause of infection. The possible explanation of these phenomena could be the overrepresentation of some types of the samples (sputum and urine),
or a double-membrane structure and the occurrence
of efficient efflux pumps in Gram-negative bacteria (Blair et al. 2014). Several studies have reported
similar findings. The data from CHINET surveillance
between 2005 and 2014 showed that the five selected
species, including E. coli, K. pneumoniae, P. aeruginosa,
A. baumannii, and S. aureus accounted for 51.9 to 60.3%

Table IV
The resistance rates of S. aureus to 18 antimicrobial agents in the years 2011 to 2016.
MIC
breakpoints

2011

2012

2013

2014

2015

2016

Total

I (μg/ml)

n = 96

n = 248

n = 219

n = 213

n = 254

n = 400

n = 1430

Penicillin

0.25

92.71

93.55

94.06

95.77

88.19

89.00

Erythromycin

1–4

95.83

87.10

80.82

80.28

82.28

Azithromycin

4

90.63

86.29

80.37

81.22

77.95

Clarithromycin

4

90.63

83.87

79.45

79.81

Trimethoprim-sulfamethoxazole

4/76

85.42

91.13

62.56

Clindamycin

Antimicrobial agent

χ2

p

91.68

–2.759

0.0058

81.00

83.15

–3.0012

0.0027

76.50

80.70

–3.8879

0.0001

70.08

69.00

76.43

–6.0151

< 0.0001

69.95

73.62

51.25

68.95

–9.9209

< 0.0001

1–2

67.71

65.73

59.36

56.34

55.12

58.25

59.51

–2.4495

0.0143

Cefoxitin

8

69.79

72.18

71.23

58.69

44.49

41.50

56.36

–9.6125

< 0.0001

Norfloxacin

8

70.83

64.11

63.01

59.62

52.36

43.75

55.94

–6.6063

< 0.0001

Levofloxacin

2

67.71

61.29

57.99

56.34

48.43

36.25

51.19

–7.6331

< 0.0001

Moxifloxacin

1

63.54

56.45

52.51

53.99

48.03

34.50

48.32

–6.5328

< 0.0001

Gentamicin

8

64.58

64.11

46.12

45.54

35.83

35.00

45.45

–8.242

< 0.0001

Tetracycline

8

58.33

57.26

47.49

47.42

38.98

37.00

45.45

–5.9025

< 0.0001

Oxacillin

4

53.13

42.74

33.79

43.66

45.67

42.25

42.59

–0.6128

0.8283

Rifampicin

2

40.63

30.65

25.57

21.60

17.32

10.00

21.19

–8.1147

< 0.0001

Nitrofurantoin

64

26.04

15.73

16.44 	  9.86 	  5.91 	  8.00

11.75

–5.7483

< 0.0001

Teicoplanin

16

11.46

12.10 	  5.02 	  4.23 	  0.79 	  1.75 	  4.90

–6.6928

< 0.0001

Linezolid
Vancomycin

8	 0 	 0 	 0 	 0 	 0 	 0 	 0
4–8	 0 	 0 	 0 	 0 	 0 	 0 	 0
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Table V
The resistance rates of P. aeruginosa to 13 antimicrobial agents in the years 2011 to 2016.
MIC
breakpoints

2011

2012

2013

2014

2015

2016

Total

I (μg/ml)

n = 108

n = 236

n = 168

n = 248

n = 259

n = 259

n = 1278

Ticarcillin

32–64

70.37

74.58

76.79

76.21

75.29

76.45

Piperacillin

32–64

57.41

63.14

54.76

56.45

61.00

61.39

Imipenem

4

50.00

52.97

60.71

53.63

62.16

Aztreonam

16

50.93

48.31

54.76

50.00

52.90

Gentamicin

8

52.78

61.02

55.36

43.95

Ceftazidime

16

43.52

52.54

54.76

49.19

Tobramycin

8

53.70

58.90

52.38

32/4–64/4

43.52

51.27

8

50.93

54.24

Meropenem

4

44.44

Cefepime

16

42.59

Ciprofloxacin

2

Levofloxacin
Amikacin
Polymyxin B

4

Antimicrobial agent

Piperacillin-tazobactam
Norfloxacin

χ2

p

75.35

0.9182

0.3585

59.47

0.3942

0.6934

57.92

56.73

1.8507

0.0642

54.83

51.96

1.1464

0.2516

49.42

50.58

51.80

–2.2516

0.0243

51.74

53.28

51.41

0.8686

0.3851

39.11

49.81

44.40

48.98

–3.0892

0.0020

42.86

41.94

52.90

53.28

48.44

1.6789

0.0932

47.02

39.92

48.26

48.26

47.81

–1.2309

0.2183

41.95

45.24

45.16

54.44

49.81

47.34

2.4052

0.0162

46.19

50.60

37.90

49.81

51.74

46.71

1.5010

0.1334

48.15

52.97

45.83

41.53

45.56

44.02

46.09

–1.7609

0.0783

4

45.37

47.88

40.48

37.90

45.95

45.95

43.97

–0.0615

0.9510

32

36.11

40.68

37.50

29.03

35.52

36.29

35.68

–0.9114

0.3621

20.37

19.49

14.29 	  9.68

13.51 	  6.56

13.15

–4.5199

< 0.0001

χ2

p

Table VI
The resistance rates of A. baumannii to 13 antimicrobial agents in the years 2011 to 2016.

Antimicrobial agent
Ceftriaxone

MIC
breakpoints

2011

2012

2013

2014

2015

2016

Total

I (μg/ml)

n = 68

n = 114

n = 114

n = 224

n = 292

n = 296

n = 1108

16–32

32.35

64.04

72.81

72.77

79.11

80.74

73.19

7.4412

< 0.0001

16/8

41.18

64.91

81.58

76.79

73.63

64.53

69.77

1.5591

0.1190

Gentamicin

8

44.12

67.54

64.04

74.55

68.15

75.68

69.49

4.0867

< 0.0001

Ciprofloxacin

2

39.71

57.89

64.04

73.66

69.52

75.34

68.32

5.6165

< 0.0001

Ceftazidime

16

39.71

52.63

64.04

66.07

62.67

72.64

63.72

5.0871

< 0.0001

4/76

39.71

63.16

60.53

60.27

66.78

64.86

62.27

3.0414

0.0024

Cefepime

16

35.29

50.00

56.14

62.05

61.99

70.95

60.92

5.8829

< 0.0001

Levofloxacin

4

41.18

53.51

64.04

65.18

59.93

64.53

60.83

2.9341

0.0033

Ampicillin-sulbactam

Trimethoprim-sulfamethoxazole

Piperacillin-tazobactam

32/4–64/4

29.41

50.00

57.02

58.04

64.38

68.24

59.75

6.0938

< 0.0001

Amikacin

32

33.82

60.53

56.14

62.50

57.53

62.84

58.66

2.8410

0.0045

Meropenem

4

19.12

46.49

57.89

54.02

47.95

47.64

48.19

1.9045

0.0568

Imipenem

4

20.59

48.25

61.40

59.38

45.55

37.16

46.48

–1.0354

0.3005

Polymyxin B

4

10.29

21.93

15.79

19.64

13.63

18.24

16.88

0.0504

0.9598

of all isolates (Hu et al. 2016). In a four-year study in
Italy, researchers found that Gram-negative bacteria
appeared to be the major causes of infection (Reale
et al. 2017). Thus, in terms of quantity and proportion,
Gram-negative bacteria have become a major threat in
nosocomial infections.
During the study period, the situation with these
multi-resistant isolates was complicated. For K. pneu
moniae and A. baumannii, the rates of multi-resistant

isolates were increasing. For E. coli, P. aeruginosa, and
S. aureus, the rates were decreasing. From these results,
one can get directions for making recommendations
by some government policies, such as separation the
clinic from the pharmacy, hospital surveillance and
preventive measures. All these recommendations may
have played a role in combating antibiotic resistance.
But more importantly, a problem demanding prompt
solution is how to prevent the spread of multi-drug
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resistant isolates and how to optimize the use of the
existing antibiotics.
Overall, among the Enterobacteriaceae, 14.34% of
K. pneumoniae isolates and 50.18% of E. coli isolates
were ESBL producers. A marked decrease in the detection rates was seen for ESBL-K. pneumoniae and ESBLE. coli. In addition, the resistance rates of ESBL-positive
isolates to multiple antibiotics (mainly cephalosporin
antibiotics) were higher than that of ESBL-negative
isolates. This might be related to the extensive use of
cephalosporin in clinical practice, especially the third
generation cephalosporin (Pathak et al. 2013; Tang et al.
2018). But the resistance rate of ESBL-positive isolates to
cefoxitin was lower than that of ESBL-negative isolates.
Also, the resistance rate of these isolates to cefoxitin was
lower than that to the third generation cephalosporin.
In the absence of details about the resistance genes of
these isolates, we could not infer that this was related
to AmpC. Moreover, the ESBL-positive isolates were
not only resistant to cephalosporin antibiotics, but also
resistant to fluoroquinolones. As observed in this study,
the resistance rate of ESBL-K. pneumoniae and ESBLE. coli to levofloxacin was 37.22% and 79.10%, with
a marked increase, respectively. This has led to growing
utilization of carbapenems. Fortunately, the majority of
K. pneumoniae and E. coli were sensitive to carbapenems
(Hu et al. 2016; Khan et al. 2017; Yang et al. 2017).
Although the resistance rate of S. aureus to most
antibiotics was declining, the resistance rate of the isolates was still above 40%. This indicated the severity
of multidrug resistance in S. aureus. This phenomenon
was more pronounced in MRSA. During the study
period, the detection rate of MRSA was 42.38%. The
data from CHINET surveillance showed a marked
decrease of MRSA from 69% in 2005 to 44.6% in 2014
(Hu et al. 2016). The resistance rate of MRSA to anti
biotics was apparently higher than that of MSSA, except
linezolid and vancomycin. This was associated with
SCCmec elements. The SCCmec element is a mobile
genetic element that carries a variety of antibiotic resistance genes, such as drug-resistance genes against mercury, cadmium, kanamycin, bleomycin, erythromycin,
spectinomycin, and fusidic acid (Ito et al. 2001; Holden
et al. 2004). Currently, vancomycin is still an ideal antibiotic to treat S. aureus-related infections, but vancomycin-resistant S. aureus has been reported (Panesso
et al. 2015; Walters et al. 2015; Olufunmiso et al. 2017).
In this study, besides polymyxin B, P. aeruginosa
showed high resistance to other antibiotics. The emergence of multidrug-resistant P. aeruginosa posed a difficult problem for clinical treatment (Vincent 2003).
Compared with the data from CHINET, the resistance
rate of P. aeruginosa to nine antibiotics (imipenem,
meropenem, gentamicin, ceftazidime, tobramycin,
piperacillin-tazobactam, cefepime, ciprofloxacin, levo-

floxacin, and amikacin) in this study were higher than
in the surveillance data, which might be related to differences among the surveillance area (Hu et al. 2016). Aminoglycosides are recognized for their efficacy against
P. aeruginosa (Holbrook and Garneau-Tsodikova, 2018).
Although the resistance rate of P. aeruginosa to aminoglycoside antibiotics was decreasing, the strains showed
high levels of resistance. For example, the antibiotic with
the lowest resistance rate was amikacin, which resistance
rate was 35.68%. Meanwhile, P. aeruginosa also showed
high resistance to carbapenems, which might be related
to the high use of these antibiotics in clinics.
A similar trend was observed for A. baumannii, and
more seriously, the detection rate of isolates and the
resistance rate of isolates to the majority of antibiotics were increasing. These were consistent with other
studies (Peneş et al. 2017). This was mainly due to the
membrane impermeability of A. baumannii, which
leads to difficulty in traversing the membrane and
reaching their targets by antibiotics (Sugawara and
Nikaido 2012; Zgurskaya et al. 2015). Carbapenem
antibiotics are important for the treatment the A. bau
mannii infection, but reports have shown that the rate
of carbapenems-resistant A. baumannii was increasing
(Agodi et al. 2015; Hu et al. 2016). Research had shown
that the increasing use of carbapenems was associated
with the increasing rate of carbapenem-resistant A. bau
mannii (Tan et al. 2015). This showed the importance
of rational use of antibiotics. Rigatto et al. (2015) had
shown a benefit of combination monotherapy with
polymyxin B for severe extensively drug-resistant
A. baumannii or P. aeruginosa infections. Resistance to
polymyxin B would increase the difficulty of treating
multi-drug resistant A. baumannii and P. aeruginosa.
Chung et al. (2016) have developed a new combination
therapy using minimal concentrations of polymyxin B.
Conclusions
In conclusion, Gram-negative bacteria appeared to
be the main cause of infection in this study. The resistance rates of five species of the bacteria to most antibiotics were decreasing, but the isolates showed high levels
of resistance and multiple-drug resistance, especially
P. aeruginosa and A. baumannii. Methods such as the
combination of antibiotics to optimize the use of antibiotics may help to solve the problem. Simultaneously,
this study showed that some antibiotics continue to be
active against these isolates, such as meropenem and
imipenem for ESBL-K. pneumoniae and ESBL-E. coli,
linezolid and vancomycin for MRSA and polymyxin B
for P. aeruginosa, and A. baumannii. The mobility of
modern society is unprecedented. Geographical boundaries cannot stop the spread of drug-resistant bacteria.
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Abstract
The aim of this study was to identify the potential vaccine antigens in Corynebacterium diphtheriae strains by in silico analysis of the amino
acid variation in the 67–72p surface protein that is involved in the colonization and induction of epithelial cell apoptosis in the early stages
of infection. The analysis of pili structural proteins involved in bacterial adherence to host cells and related to various types of infections
was also performed. A polymerase chain reaction (PCR) was carried out to amplify the genes encoding the 67–72p protein and three pili
structural proteins (SpaC, SpaI, SapD) and the products obtained were sequenced. The nucleotide sequences of the particular genes were
translated into amino acid sequences, which were then matched among all the tested strains using bioinformatics tools. In the last step,
the affinity of the tested proteins to major histocompatibility complex (MHC) classes I and II, and linear B-cell epitopes was analyzed.
The variations in the nucleotide sequence of the 67–72p protein and pili structural proteins among C. diphtheriae strains isolated from
various infections were noted. A transposition of the insertion sequence within the gene encoding the SpaC pili structural proteins was also
detected. In addition, the bioinformatics analyses enabled the identification of epitopes for B-cells and T-cells in the conserved regions of
the proteins, thus, demonstrating that these proteins could be used as antigens in the potential vaccine development. The results identified
the most conserved regions in all tested proteins that are exposed on the surface of C. diphtheriae cells.
K e y w o r d s: Corynebacterium diphtheriae, non-toxigenic, pili, 67–72p protein, vaccine

Introduction
Corynebacterium diphtheriae is the etiological agent
of a serious infectious disease – diphtheria. The diphtheria vaccine is highly effective but is directed only against
the diphtheria toxin. The non-toxigenic C. diphtheriae
strains may cause many severe invasive diseases, e.g.,
endocarditis, septic arthritis, bacteremia, and noninvasive wound infections. The notified increasing number
of non-toxigenic C. diphtheriae infections indicates that
infections are a growing problem in Europe (Belko et al.
2000; Zasada et al. 2010; Zasada 2013; Fricchione et al.
2014; Dangel et al. 2018). It is hypothesized that high
vaccination coverage has resulted in the emergence of

non-toxin-producing (non-toxigenic) C. diphtheriae
strains, which acquired new virulence factors.
The diphtheria toxoid vaccination protects against
the action of the toxin but does not protect against
colonization and invasion by C. diphtheriae. Little is
known about C. diphtheriae virulence factors other
than the diphtheria toxin. The degree of adhesion of
microorganisms to host cells has been shown to be
an important pathogenicity factor for both toxigenic
and non-toxigenic strains (Colombo et al. 2001). The
virulence factors that facilitate bacterial colonization
to specific host tissues and are related to pathogenesis
include pili and fimbriae (Reardon-Robinson and TonThat 2014). These structures are covalently attached to
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the bacterial cell wall and are recognized by the related
host receptors (Sauer et al. 2000; Rogers et al. 2011). The
surface structures are potential candidates for the development of new vaccines and antimicrobial therapies,
due to their significant role in pathogenesis (Maione
et al. 2005; Soriani and Telford 2010). Pili are found in
both Gram-positive and Gram-negative bacteria, albeit
with different folding mechanisms (Thanassi et al. 1998;
Ton-That and Schneewind 2004). The function of pili
is not only the involvement in adhesion, but they also
act as bacteriophage receptors and participate in DNA
transfer, biofilm formation, cell aggregation, host cell
penetration, and motility (Proft and Baker 2009).
There are three types of pili in C. diphtheriae strains
(SpaA, SapD, and SpaH), each containing the LPXTG
motif (Ton-That and Schneewind 2003; Gaspar and
Ton-That 2006; Swierczynski and Ton-That 2006). The
genes involved in the production of pili encode nine pili
proteins, defined in the successive letters from SpaA
to SpaI, and five sortases defined from SrtA to SrtE,
which are organized in three separate clusters. The sixth
sortase SrtF (class-D homolog) is now referred to as
the housekeeping sortase, located in a different region
of the chromosome (Ton-That and Schneewind 2003).
C. diphtheriae, like other Gram-positive bacteria (e.g.
Streptococcus pneumoniae, group A and B streptococci
or Actinomycetes), have the gene encoding cysteine
transpeptidase (sortase) conserved in the genome,
which is necessary for the assembly of pili (Ton-That
and Schneewind 2004; Marraffini et al. 2006).
Pili are composed of three proteins: the main subunit forming the stem of pili, and two smaller subunits
located at the base and at the end of the pili, e.g., SpaAtype pili is structured in such way that the SpaA pili
protein creates a stem, SpaC is located at the end of pili,
while SpaB is located along the stem and at the base
(Ton-That and Schneewind 2003; Mandlik et al. 2008;
Rogers et al. 2011). SpaA is important for the formation of the pile structure (Ton-That and Schneewind
2004). It has been proven that in the absence of SpaA
protein, SpaB and SpaC are anchored in the cell wall as
monomers (Mandlik et al. 2007).
The adhesion process of C. diphtheriae strains to the
surface of human cells is multifactorial. Functions and
mechanisms of action of fimbriae (Mandlik et al. 2007),
non-fimbrial 67–72p adhesin (Colombo et al. 2001),
trans-sialidase (Mattos-Guaraldi et al. 1998), hydrophobins, and sugar residues (Mattos-Guaraldi et al.
1999a; 2000; Moreira et al. 2003) are poorly understood,
especially how they jointly participate in the adherence
to the host cells and in the colonization of these cells
during bacterial infection.
Initially, the 67–72p adhesive protein was described
as a ligand responsible for the adherence of C. diph
theriae to human erythrocytes (Colombo et al. 2001).

Later, the participation of this protein in the adherence
of bacteria to HEp-2 cells was described (Hirata et al.
2004). The presence of the 67–72p protein has been
confirmed in C. diphtheriae strains isolated from various sources, e.g., on the surface of the cells of invasive
HC01 strain isolated from the blood of a patient with
endocarditis (Sabbadini et al. 2012).
C. diphtheriae strains exhibit cell surface hydrophobicity and autoaggregation. Thanks to these features,
microorganisms avoid immune defenses and are able
to survive on the surface of the skin and mucosal membranes (Mattos-Guaraldi et al. 1999b). In addition, it
has been proven that the 67–72p protein has the ability
to induce host cell death, giving a signal for apoptosis in the early stages of infection. The occurrence of
67–72p hemagglutinin is one of the characteristics
of the potentially invasive strains because it can contribute to the cytotoxicity and apoptosis of the infected
cells (Sabbadini et al. 2012).
In our study, we analyzed the nucleotide and amino
acid sequences of the genes encoding pili proteins
which contribute to bacterial adherence to host cells,
and also the gene encoding 67–72p protein involved
in adhesion, colonization, and induction of the cell
apoptosis in the early stage of infection, which should
be used in a preliminary research for the finding of new
vaccine antigens.
Experimental
Materials and Methods

Bacterial strains. In total, 10 C. diphtheriae nontoxigenic isolates were used in this study (Table I).
Strains were isolated in Poland in 2010–2017 from
patients with bacteremia, wound infection, septic arthritis, endocarditis, and serous cyst contents. The strain
NCTC 13129 was used as the control strain.
Table I
C. diphtheriae strains used in this study.
Strain

Biotype

Site of isolation

Year of isolation

27/E

mitis

Serous cyst contents

40/E

gravis

Blood

2014

68/E

gravis

Endocarditis

2015

71/E

gravis

Wound

2015

73/E

gravis

Blood

2016

77/E

gravis

Wound

2016

78/E

gravis

Blood

2016

79/E

gravis

Blood and joint fluid

2016

86/E

gravis

Blood

2017

89/E

gravis

Wound

2017

2010
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DNA isolation. C. diphtheriae strains were grown
on Columbia agar with 5% sheep blood (BioMerieux)
for 24 h at 37°C under aerobic conditions. Genomic
DNA was isolated using a Wizard Genomic DNA Purification Kit (Promega) according to the Gram-positive
bacteria procedure provided by the manufacturer.
Polymerase Chain Reaction (PCR). The oligo
nucleotide primers for amplification of the genes coding 67–72p protein and structural pili proteins (SpaC,
SpaI, SapD) were designed based on the nucleotide
sequence of the C. diphtheriae NCTC 13129 whole
genome, available from GenBank under the number
BX248353 (Table II).

The PCR reaction was conducted in a total volume of
25 μl and the reaction mixture contained 0.5 μl genomic
DNA, 12.5 μl HotStarTaq Master Mix (Qiagen), and 1 μl
of 10 μM solution of each primer (Table II). The cycling conditions were as follows: initial denaturation at
95°C/10 min and 29 cycles of denaturation at 94°C/
1 min, primer annealing at 52°C/45 s, primer extension
at 72°C/1 min and a final elongation at 72°C/10 min.
The PCR products were enzymatically cleaned using
an Exo-BAP Mix kit (EURx), according to the manufacturer’s procedure and then sent for sequencing.
Sequencing of fragment 4 of the gene encoding
SpaC protein in strain 89/E. Based on the result of the

Table II
Primers used in this study.
Gene

Primer

67–72p

6772p1L

TGAAAAATAATTTAAGGAGTTCCAA

6772p1R

CAACCCACCAGTAACAGCAA

6772p2L

CTGTTTTGCTGGTCGTAGCA

6772p2R

ACCTCATCAACCTGGTTTGC

6772p3L

GAATCGTTGCAGCCCAAG

6772p3R

CCTTAAGCACTGGGTCGTTT

6772p4L

CACCGACAACGTTGGTTACA

6772p4R

TTCTGGCTTGTCCCTGTTCT

6772p5L

TCAAGCCGGAGTCCCAGA

6772p5R

TCAGTTGTGTCTGGTGAAAGG

spaI

sapD

spaC

Sequence

SpaI1L

GCGGAATCAACACCAACAC

SpaI1R

AAGCGCTTACGATCCAAGAA

SpaI2L

ACACGGCCTTCCAAACTTC

SpaI2R

TGATATTGAGGCGTCGCTAA

SapD1L

TCGCGAAGGTAAGAAATACTCA

SapD1R

CGTTTGTATCCGAGCCACTT

SapD2L

GTCCAAAACAAGAGCGGAAA

SapD2R

GGTTCAGTGAAAACCCAGTTG

SpaC1L

GCCTACTCTCACTGGCAAGG

SpaC1R

ACATGGCGATCTCCTGAAGT

SpaC2L

TCGTGCAGGACGTACCAATA

SpaC2R

AACTGCACTGTGACCGAAAA

SpaC3L

GGCATCATAAAGTGCAATCG

SpaC3R

TCACGTTGAGTTCTTCGTTCA

SpaC4L

CATTCGTTTTTGTTCCGTGA

SpaC4R

GGTGTAGAAACGCCTCGAAA

SpaC5L

CCAAATTCAACAGTTTGATTATCACT

SpaC5R

TTCCTGTCACTTACACCTGTCG

SpaC6L

CAAAATACGGATTGGTTTCTGG

SpaC6R

AGCTGGCTGGAATTTCGAT

SpaC7L

CAAAGGTGTCTTGGCCATTT

SpaC7R

TCACGCCAGTAAGTCTTGCTAA

SpaC8L

CTGGCATCTGGATGTCATTG

SpaC8R

ACCGAACGTGCCTAGCGTA

Length of the amplified
fragment
695 bp
841 bp
699 bp
844 bp
692 bp
600 bp
482 bp
698 bp
814 bp
824 bp
838 bp
808 bp
850 bp
850 bp
845 bp
687 bp
578 bp
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first round of sequencing, new primers were designed
to completely sequence a fragment of approximately
2000 bp, as follows: SpaC4L 5’‑CATTCGTTTTTGTT
CCGTGA‑3’ and SC1pR 5’‑GAGCTGCTTGAAGTT
GCAGA‑3’ (391 bp), SC2pL 5’‑CCCGAACACGTTTG
GTAAGT‑3’ and SC2pR 5’‑GGGTAGTGGGTCAGGG
TTTT‑3’ (687 bp), SC3pL 5’‑CGCACACAATCAGTGA
CTAAAA‑3’ and SC3pR 5’‑ACAACGTATTCGCAGCA
GTG‑3’ (850 bp), SC4pL 5’‑ATGGTTATCGCCGTATC
TGG‑3’ and SpaC4R 5’‑GGTGTAGAAACGCCTCGA
AA‑3’ (764 bp). The PCR reaction was carried out according to the above conditions, the PCR products were
then enzymatically purified and sent for sequencing.
Comparing the sequenced fragments and the
translated nucleotide sequences for proteins. The
sequences of the particular gene fragments were obtai
ned as fluorograms. The BioEdit program was used for
the gene assembly, alignment of sequences and comparative calculations. The translation of DNA into protein
sequences was performed using the BLASTx program.
Analysis of 67–72p, SpaC, SpaI and SapD protein
affinity to MHC classes I and II and linear epitopes.
Amino acid sequences of C. diphtheriae NCTC 13129
reference strain available from the National Center for
Biotechnology Information (NCBI) were used for analysis. To predict the cellular localization of the proteins,
the software packages CELLO v.2.5 (Yu et al. 2006) and
PSORTb version 3.0.2 (Yu et al. 2010) were used. The
analysis for the transmembrane domains was performed
using TMHMM Server v. 2.0. The MHC classes I and II
binding prediction was performed using the immune
epitope database (IEDB) (Kim et al. 2012) for the recom
mended human leukocyte antigen (HLA) allele set (Bui
et al. 2005; Nielsen et al. 2003). Analysis has also been
carried out using Propred-I (for MHC class I) and Propred (for MHC class II) regarding the number of alleles
for which epitopes were found in the proteins analyzed
(Singh and Raghava 2001; 2003). The prediction of
linear B-cell epitopes has been carried out using the
Bepipred Linear Epitope Prediction 2.0 (Jespersen et al.
2017). VaxiJen 2.0 was used for prediction of the protective antigens. The results page on VaxiJen server creates
lists of the selected target, the protein sequence, its prediction probability, and a statement of protective antigen or non-antigen, according to a predefined cut-off.
Since more of the models had their highest accuracy at
a threshold of 0.5, this threshold value was chosen for all
bacterial models types (Doytchinova and Flower 2007).
Results
The isolates from invasive diseases and wound infections were included in the study because a wound can
be a portal of entry for invasive infections. Moreover,

2

future vaccines against non-toxigenic C. diphtheriae
should protect against all kinds of infections. The
analyses conducted in this study showed the variability of C. diphtheriae strains in terms of the nucleotide
sequence of the genes encoding the 67–72p protein
(99.37–100% average similarity) and structural proteins
of pili SpaC (38.94–99.97% average similarity), SpaI
(81.39–100% average similarity), and SapD (63.78–100%
average similarity). The 27/E strain, the only representative of the mitis biotype, was the most different from the
other strains tested. This strain did not have the gene
coding for the SpaI protein, while the average similarities of the nucleotide sequence of genes encoding the
67–72p, SapD, and SpaC proteins were 99.37%, 98.64%,
and 38.94%, respectively when compared to the reference strain. Despite the significant variation, we managed to locate two fragments of the 67–72p protein
(fragments No. 3 and 5), where the nucleotide sequences
were 100% identical for all C. diphtheriae strains tested
(the most conserved in the genome). In contrast, for
C. diphtheriae biotype gravis we found as many as nine
fragments located in the sequence of the gene encoding
67–72p protein (fragment No. 1, 3, 5) and the genes coding for the pili SapD (fragment No. 1), SpaI (fragment
No. 2), and SpaC (fragment No. 2, 3, 7, 8), which were
100% identical in all nine strains tested (Table III).
The nucleotide sequences of the genes investiga
ted were translated into the amino acid sequences.
We revealed that the identified mutations resulted in
a reading frame shift or were synonymous and nonsynonymous substitutions (Table IV).
In addition, we observed that a fragment of 1380 bp
was inserted in the place of the gene encoding the SpaC
protein in the 89/E strain (Table III). After sequencing the fragment No. 4 of spaC, we obtained the exact
nucleotide sequence, which we compared to the available sequences in the GeneBank using the Nucleotide
Basic Local Alignment Search Tool (BLASTn). In this
way, we proved that the 1380 bp insertion sequence (IS)
was transposed, which interrupted the continuity of the
tested gene between 3072 bp and 3073 bp of the reference sequence of the NCTC 13129 strain. The result
from the BLAST search revealed that the insertion fragment we detected was similar to the sequence of IS3
family transposase also identified in other C. diphthe
riae strains but in different locations.
Analysis of the 67–72p, SpaC, SpaI and SapD protein affinity to MHC classes I and II, and linear B-cell
epitopes in the first stage relied on the determination
of the position of the proteins tested in the cell membrane and confirmation that all selected proteins were
at least partially membranous or extracellular (Table V).
Then, using the IEDB platform, it was observed that
all proteins have high-affinity areas for MHC receptors
of both classes and the fragments, which can be recog-
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Table III
Comparison of the nucleotide sequences of all strains tested against the reference strain, given in percent (%).
The sequences are presented according to the analysed fragments.
Target
protein

Fragment

67–72p

27E

1	 
98.35

SapD

SpaC

68E

71E

73E

77E

78E

79E

86E

100

100

100

100

100

100

2	 
99.5

100

100

100

100

100

100

100

100	 
99.87

3

100

100

100

100

100

100

100

100

4	 99.01

100

100

100

100

100

100

100	 97.90	 97.90

5

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100	 99.86	 99.86

100
100

100

89E

100

1	 
98.91

SpaI

40E

100
100

2	 98.37	 27.52

100

100

100

100

100

1	  
–
100

100

100

100

100

100	 
62.77

100

100

2	  
–
100

100

100

100

100

100

100

100

100

1	 72.78	 99.87	 99.87	 99.87	 99.87	 99.87	 99.87	 99.87	 99.87	 99.87
2	 
97.11

100

100

100

100

100

100

100

100

100

3	  
–
100

100

100

100

100

100

100

100

100

4	  –

100

100

100

100

100

100	 99.75	 IS*

100

100

100

5	 91.47	 99.21

100

100	 99.87

100

100

100

6	  –

100

100

100

100

100	 99.87	 99.87

100

100

7	 
50.16

100

100

100

100

100

100

100

100

100

8	  
–
100

100

100

100

100

100

100

100

100

* – In the fragment 4 of the gene encoding SpaC protein, the insertion sequence has been transposed

Table IV
Comparison of amino acid sequences of all strains tested against the reference strain, given in percent (%).
Target
protein

27E

40E

68E

67–72p

99

100

SapD

97

99

SpaI

–

SpaC

48

71E

73E

77E

100

100

100

100

100

100

100

100

100

100

100

100

100

99

99

99

69

99

nized by antibodies. The output for the prediction of the
high- affinity MHC binding peptides is typically given
either in the units of a predicted affinity (IC50 nanomolar) or as a percentile score reflecting the relative affinity of a selected peptide compared with a universe of
random sequences. According to Paul et al. (2013),
there are four categories of percentile ranks: 1) 0–0.30;
2) 0.30–1.25; 3) 1.25–5.0; and 4) 5.0–15.0. Their study
proved that four pools of predicted peptides derived
from the first two categories (0–0.30; 0.30–1.25) were
Table V
Extracellular regions of individual proteins.
Region*

67–72p

SpaC

SpaI

SapD

Start

44

138

235

310

36

1

1

Stop

57

169

257

987

1845

236

631

*Amino acid positions

78E

79E

86E

89E

100

98

98

100

100

100

99

99

100

84

100

100

69

69

69

51

immunogenic but finally, the transgenic mice in their
study recognized only one peptide pool from the first
category (0–0.30) (Paul et al. 2013). We can say that
the smaller the percentile rank value, the higher the
affinity. As for the IC50 value, according to the IEDB
Solutions Centre guidelines, IC50 < 50 designs very high
affinity, IC50 < 500 – high affinity, and IC50 < 5000 means
low affinity (Fleri 2013). Accepting even the threshold of cutting off the percentile rank below 1 or IC50
below 50, we still could have at least 100 to several hundred regions with high affinity for each of the proteins
(Table VI, Table VII).
Table VIII contains data on the number of alleles for
which epitope that was found in the proteins analyzed.
Overall, 40 HLA alleles of human origin encoded by
HLA-A and HLA-B were selected for ProPred1. The
HLA 7 from mouse s-derived (MHC-Db, MHC-Db
revised, MHC-Dd, MHC-Kb, MHC-Kd, MHC-Kk,
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Table VI
MHC class I epitopes predicted from the target proteins.
MHC I
Target
protein

Alleles

Start

End

Peptide

Percentile
rank

67–72p

HLA-A*02:06

6

14

FTNDRFWSV

0.06

67–72p

HLA-B*44:02

34

42

SENDSSVEY

0.06

67–72p

HLA-A*30:02

68

77

RMASYWLDRY

0.06

67–72p

HLA-B*44:02

9

17

AEALSQVGI

0.07

67–72p

HLA-A*02:06

27

36

MILGALVPTV

0.07

67–72p

HLA-A*68:01

1

9

YAFTLPALR

0.11

67–72p

HLA-A*01:01

43

51

DTDSSTYTY

0.11

67–72p

HLA-A*01:01

48

56

YTTLTSLPY

0.11

67–72p

HLA-B*44:03

34

42

SENDSSVEY

0.11

67–72p

HLA-B*57:01

58

66

SSLAIGNAW

0.12

SapD

HLA-B*44:03

65

74

AEWQELDTWW

0.06

SapD

HLA-B*07:02

4

13

RPIWAGIGAF

0.11

SapD

HLA-B*44:03

28

36

KEGAYGLEY

0.11

SapD

HLA-A*68:01

47

55

NVFFKNNSR

0.12

SapD

HLA-B*40:01

10

18

IEAQISGSL

0.17

SapD

HLA-A*24:02

70

79

VWYAPQNIPF

0.18

SapD

HLA-A*68:01

24

32

DTVGSESAR

0.2

SapD

HLA-B*51:01

50

58

YPLHISYLV

0.2

SapD

HLA-A*68:01

41

50

EPAFGVTIPK

0.22

SapD

HLA-A*68:01

17

26

EAYVKNGAFK

0.26

SpaC

HLA-A*11:01

658

666

STNSVWIPK

0.06

SpaC

HLA-A*01:01

220

229

LSDDKPFDLY

0.07

SpaC

HLA-B*53:01

233

241

LPSEDDYYW

0.1

SpaC

HLA-A*68:02

191

199

EVVELENAV

0.1

SpaC

HLA-A*02:06

1859

1867

LVAAALWLV

0.11

SpaC

HLA-A*23:01

88

96

PYRFGIYTF

0.11

SpaC

HLA-A*68:01

1436

1444

NTTYSITYK

0.11

SpaC

HLA-A*31:01

363

371

RFKNARCQR

0.11

SpaC

HLA-B*44:02

1054

1063

AENTLSADAI

0.11

SpaC

HLA-A*23:01

1578

1587

SYTCTMPHLF

0.12

SpaI

HLA-A*30:01

2

11

KKTHLFRIPA

0.08

SpaI

HLA-B*07:02

9

17

IPAATTAAV

0.1

SpaI

HLA-B*07:02

147

155

RPAEYRRTL

0.1

SpaI

HLA-B*57:01

109

117

RSRLSDEVW

0.12

SpaI

HLA-A*30:02

129

137

VTGLPMGVY

0.18

SpaI

HLA-A*02:01

137

145

YLVSETPPA

0.2

SpaI

HLA-A*02:03

20

29

LLASGPIASA

0.2

SpaI

HLA-A*02:06

153

161

RTLDFLITV

0.21

SpaI

HLA-B*51:01

196

205

FPPVESSVTL

0.24

SpaI

HLA-A*68:01

252

261

LAIAGFLVQR

0.32

and MHC-Ld) was omitted. The Proteasome Filter and
Immunoproteasome filters were included in the analysis and for both, the threshold score of 4% was used. The
ProPred1 cut-off threshold was also set at 4%. At the

ProPred, 51 alleles related to MHC class II were considered. These were HLA-DR alleles. These molecules
were encoded by DRB1 and DRB5 genes containing
HLA DR1 (2 alleles), DR3 (7 alleles), DR4 (9 alleles),
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Table VII
MHC class II epitopes predicted from the target proteins.
MHC II
Target
protein

Alleles

Start

End

Peptide

Percentile
rank

67–72p

HLA-DRB3*01:01

660

674

DGSVDLYEFDENDPV

0.01

67–72p

HLA-DRB3*01:01

713

727

MLARYHVDDARDFFT

0.01

67–72p

HLA-DPA1*03:01/DPB1*04:02

15

29

PQRRLTWLIPLLMIL

0.01

67–72p

HLA-DPA1*03:01/DPB1*04:02

173

187

STFSVLLVVAFLIAL

0.01

67–72p

HLA-DRB1*07:01

49

63

VDFRGVFNKVIATRI

0.01

67–72p

HLA-DPA1*01/DPB1*04:01

165

179

LPALRLVVSTFSVLL

0.01

67–72p

HLA-DPA1*01/DPB1*04:01

267

281

VISAVVAISFFSVIV

0.01

67–72p

HLA-DRB1*09:01

100

114

PVVQYRAAVEKGVHR

0.02

67–72p

HLA-DRB3*01:01

712

726

KMLARYHVDDARDFF

0.02

67–72p

HLA-DPA1*01:03/DPB1*02:01

172

186

VSTFSVLLVVAFLIA

0.02

SapD

HLA-DRB3*01:01

181

195

GKDSIPEHLDKNMYF

0.01

SapD

HLA-DRB1*03:01

531

545

PLHISYLVGDATIAR

0.03

SapD

HLA-DQA1*04:01/DQB1*04:02

535

549

SYLVGDATIARAKEI

0.09

SapD

HLA-DRB1*03:01

444

458

PSDALLPDSKMTVSL

0.12

SapD

HLA-DQA1*03:01/DQB1*03:02

616

630

VQDEAVTTAAEWQEL

0.13

SapD

HLA-DRB1*03:01

442

456

DLPSDALLPDSKMTV

0.13

SapD

HLA-DQA1*03:01/DQB1*03:02

615

629

DVQDEAVTTAAEWQE

0.16

SapD

HLA-DRB5*01:01

640

654

LLGILGIVGAFVLFR

0.24

SapD

HLA-DQA1*04:01/DQB1*04:02

537

551

LVGDATIARAKEILA

0.27

SapD

HLA-DRB1*03:01

346

360

TGTPKTIINDGHMDL

0.29

SpaC

HLA-DRB3*01:01

157

171

NDIDRGIKYDAVYFI

0.01

SpaC

HLA-DRB3*01:01

505

519

DNGTYRFKADTDAFK

0.01

SpaC

HLA-DRB3*01:01

1427

1441

EHSVDPWLLNTTYSI

0.01

SpaC

HLA-DRB3*01:01

1699

1713

VVINNVYTTDAEINI

0.01

SpaC

HLA-DRB3*01:01

1804

1818

EVTLDNYDADSGLIT

0.01

SpaC

HLA-DRB3*01:01

1450

1464

IKDRSYSNDVDIQAD

0.02

SpaC

HLA-DRB1*03:01

769

783

AGDIVKVVVDNTAKR

0.03

SpaC

HLA-DRB1*09:01

1845

1859

NGYLRWLLAGAAGLL

0.04

SpaC

HLA-DPA1*03:01/DPB1*04:02

21

35

LAMVMSIVLVPLIAA

0.05

SpaC

HLA-DRB3*01:01

1432

1446

PWLLNTTYSITYKCD

0.07

SpaI

HLA-DRB3*01:01

147

161

RPAEYRRTLDFLITV

0.07

SpaI

HLA-DRB1*08:02

3

17

KTHLFRIPAATTAAV

0.18

SpaI

HLA-DRB3*01:01

151

165

YRRTLDFLITVPAGM

0.19

SpaI

HLA-DPA1*01/DPB1*04:01

248

262

LGIALAIAGFLVQRR

0.28

SpaI

HLA-DRB3*01:01

43

57

ISDIRCDTGSLTLIK

0.29

SpaI

HLA-DRB5*01:01

155

169

LDFLITVPAGMRTAD

0.42

SpaI

HLA-DRB1*09:01

95

109

AGWDAAKALTIQEAR

0.44

SpaI

HLA-DRB1*11:01

50

64

TGSLTLIKRPPAAFE

0.44

SpaI

HLA-DQA1*01:02/DQB1*06:02

242

256

VLGIAALGIALAIAG

0.48

SpaI

HLA-DPA1*02:01/DPB1*05:01

150

164

EYRRTLDFLITVPAG

0.6

DR7 (2 alleles), DR8 (6 alleles), DR11 (9 alleles), DR13
(11 alleles), DR15 (3 alleles), and DR51 (2 alleles). The
cut-off threshold was set at 3%.
The target protein sequences were scanned for
B-cell epitopes using the Bepipred Linear Epitope Pre-

diction 2.0. The selected B-cell linear epitopes of the
proteins analyzed are shown in Table IX.
The results obtained with the VaxiJen server also
confirmed the possibility of using the proteins as antigens in vaccines (Table X).
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Table VIII
Number of alleles for which epitopes were found in the proteins tested.
Target
protein

Number of MHC alleles
of class I (per 40)

% Bound alleles
MHC class I

Number of MHC
alleles of class II (per 51)

100

% Bound alleles
MHC class II

67–72p

40

51

100

SpaC

37	 92.5

51

100

SpaI

34	 85

50

98

SapD

33	 82.5

51

100

Table IX
B-cell epitopes predicted from the target proteins.
Target
protein

No.

Start

End
20

GFTRPAAAPKRPQRRLT
EVDFRG

Peptide

Length

6772p

1

4

17

6772p

2

48

53

6772p

3

87

111

GRPDELEFFDPDSPVVQYRAAVEKG

25

6772p

4

143

156

NRQDFGVSDQQFGM

14

6772p

5

194

211

GGIRAGNQAAGVKGSITN

18

6772p

6

281

287

VTKDLRI

6772p

7

316

329

SPNRAEKESEYISR

14

6772p

8

337

369

AYGITDDAVTYKDNWGAKGASSEKVASDSATVS

33

6772p

9

381

410

PTFTQQQQLRNFYGFPKSLAMDRYVIDGEL

30

6772p

10

421

434

DPNALKENQRDWIN

14

6772p

11

452

467

QVDEVARDVGSARGGY

16

6772p

12

474

490

DLQTTDKEAQELGIVVK

17

6772p

13

498

507

PVIASATDGA

10

6772p

14

514

541

SENDSSVEYDTDSSTYTYQGKGGVNIGN

28

6772p

15

562

566

RVNGN

5

6772p

16

573

581

RDPRERVHN

9

6772p

17

612

645

TSLPYAERTSLSEATNDTTAQVGNSAQRLVTDNV

34

6772p

18

680

705

GVFPGTVKAKSEISEELMNHLRYPED

26

6772p

19

714

749

LARYHVDDARDFFTNDRFWSVPSDPSATEGQKDVAQ

36

6772p

20

760

763

DTGK

4

6772p

21

773

777

RGLQR

5

6772p

22

803

837

TDTLTQGPKQAQDTMMSSDQIASDRTLWKDTNDLF

6772p

23

861

868

RKNQASAF

6772p

24

896

944

GIDPKEAQDLGEAKGLKPESQNRDKPEDKEGKAPSTPSAPASGSGTTGE

49

6772p

25

956

976

LQSAKNGSNEEYGRALDELDK

21

SpaC

1

38

49

ANAEPLPKKEFE

12

SpaC

2

64

69

SLSASD

SpaC

3

100

113

SPAAGNKNFTPVSL

14

SpaC

4

131

146

MPAIRENKKGSPNGGT

16

SpaC

5

176

184

PTWDNNGRN

9

SpaC

6

225

228

PFDL

4

SpaC

7

231

234

PILP

4

SpaC

8

246

254

WKIDRSLTG

9

SpaC

9

324

332

PSIETDKNG

9

SpaC

10

355

358

TGDQ

SpaC

11

371

387

RYSYGQAPTDIPIKTSD

17

SpaC

12

417

432

KVNVNTPQLLEELNNQ

16

6

7

35
8

6

4
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Table IX. Continued.
Target
protein

No.

Start

End

SpaC

13

455

468

GVHNGESKEIGKVA

14

SpaC

14

478

507

VTPKVDDSRMKLSTTWSSENTTADANQDNG

30

SpaC

15

512

522

KADTDAFKNKK

11

SpaC

16

531

537

NYEAQTA

SpaC

17

545

561

IINRDKIPATKLPEKFP

17

SpaC

18

569

591

VPHPNARPEHGGLPETNPYFVDS

23

SpaC

19

601

610

SIEIGPFPVG

10

SpaC

20

619

659

ARLDPNVQADAKIPGFSLKTEWNSNICFGNTIDNNSQDCST

41

SpaC

21

664

672

IPKPGQYSL

SpaC

22

676

684

NTYTRELAS

SpaC

23

690

702

TVSGDASDLTNSH

13

SpaC

24

712

731

DSGVEVYSQDNIVVKKDGRQ

20

SpaC

25

746

754

EKQPEQKGV

9

SpaC

26

761

769

PFHLRASTA

9

SpaC

27

779

786

NTAKRQVA

SpaC

28

792

812

KKVHKKDTFSPEISASIDALT

21

SpaC

29

819

846

CTVPGVETPRKVLKTVSDNQTVEFGNFP

28

SpaC

30

857

861

TEAPA

5

SpaC

31

881

885

TPINK

5

SpaC

32

891

895

FENAR

SpaC

33

904

948

VLDGDMPQALVDQIPSSFTVNVACSITGNHSITLQKDEQKAVPGV

45

SpaC

34

957

968

SEEVTPITGATH

12

SpaC

35

971

991

HWIKGELLEVADSTDITINPN

21

SpaC

36

1001

1007

HYETDAV

SpaC

37

1012

1037

TKRVRVIDQVGNDVNSELKNAVVRPE

26

SpaC

38

1043

1052

RYRCEINGQV

10

SpaC

39

1059

1073

SADAINTGATKVPRG

15

SpaC

40

1079

1131

EEDSSSVELSNATLSHVEFFVHGTKTNDKASVAINSDHNRLDATNTFTLKTGS

53

SpaC

41

1135

1146

KKKVDGEGVSTI

12

SpaC

42

1157

1164

RCTLGDWK

SpaC

43

1174

1188

FDSAESHSVKDIPVG

15

SpaC

44

1195

1204

EDSEKAQEPN

10

SpaC

45

1210

1240

RWTHTDSTNGWGDTEAACENHAACEVDPKNE

31

SpaC

46

1250

1255

NEKENF

SpaC

47

1276

1288

KVLTNDGPELAGK

13

SpaC

48

1298

1346

TDPRFAGSDLADKHSIPDPTITVALNAKGQSRASYQVADERHDSVEVPV

49

SpaC

49

1357

1360

IALY

SpaC

50

1378

1401

AVQRTSSNSASARFVTEKQENNGT

SpaC

51

1409

1413

DYIRP

SpaC

52

1424

1437

AKPEHSVDPWLLNT

14

SpaC

53

1443

1483

YKCDDPYIKDRSYSNDVDIQADAEKPTPIFADPTAHVKIPA

41

SpaC

54

1492

1498

NTEGHLP

SpaC

55

1506

1555

DETNKVAEFAGEHEKRSYFTPEIKDVVLSESEPTRIEFTNSYVMPQRILS

50

SpaC

56

1560

1569

VEGDPGHAVI

10

SpaC

57

1582

1605

TMPHLFPNQPNPMSQEVGNKVARG

24

SpaC

58

1614

1622

TWRSPEVPI

SpaC

59

1630

1643

EEDDPALRTKLENN

14

SpaC

60

1645

1687

LRMVPTYLFPTERAGAASAPVIPPLTDRPIYNGTEPRLQMPES

43

Peptide

Length

7

9
9

8

5

7

8

6

4
24
5

7

9
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Table IX. Continued.

Target
protein

No.

Start

End

SpaC

61

1718

1723

ADNSPL

SpaC

62

1734

1755

GENGQRKELPEVADAPAKSAKS

22

SpaC

63

1808

1825

DNYDADSGLITVEHPQGK

18

SpaC

64

1837

1842

STLPLT

SapD

1

23

72

PVSASEDAALDATGHKKGEPAFGVTIPKGTTYRDSDGKEVPHPCVDRKIG

50

SapD

2

86

96

YSVKEPATDLP

11

SapD

3

104

113

DGQQVVPQES

10

SapD

4

122

145

AGEDGEELSRIRIPDDEEFSFLGK

24

SapD

5

157

162

IPFANG

SapD

6

174

190

DPHHEPKGKDSIPEHLD

17

SapD

7

224

234

SNDEELKTIEY

11

SapD

8

264

269

AFKVKT

Peptide

Length
6

6

6

6

SapD
9
281
350
DEEVGLPEGTTTNLNKITKPLDKDATNEPPTDPSEKKKPPRPEKGHSETSSPSA
				LDDSIERAWKLTGTPK

70

SapD

10

371

380

TVINREGKKY

10

SapD

11

392

418

SGGDQGGPLVKTDSWKDRIEAQISGSL

27

SapD

12

441

451

EDLPSDALLPD

11

SapD

13

525

529

GKQES

5

SapD
14
542
606
TIARAKEILAGEKLGGSLKKKPQEKETKKPASVQNKSGKHNKDTVGSESARK
				RQQLAATSGSDTN
AAEWQELDT

65

SapD

15

624

632

SpaI

1

22

50

ASGPIASADSRTITGATDGLNISDIRCDT

29

9

SpaI

2

55

75

LIKRPPAAFEGVDKADLPAGT

21

SpaI

3

86

124

IEGIDLTKQAGWDAAKALTIQEARSRLSDEVWKAVSGRD

39

SpaI

4

144

153

PAKRPAEYRR

10

SpaI

5

166

174

RTADGNVAS

9

SpaI
6
186
242
TDDLPPTVPVFPPVESSVTLTPSSPVPGTPKTPGKPDLPEKFRKEVTDRLGNT
				GANV
SpaI

7

263

266

KKNE

Table X
Prediction of the protective antigens from the VaxiJen server.
Protein

Overall Prediction for the Antigen

6772p

0.5123

SpaC

0.6757

SpaI

0.5504

SapD

0.5544

Discussion
The huge success of vaccination against diphtheria
almost enabled the elimination of the disease in Europe
and other developed countries. However, in many countries with high vaccination coverage, i.e. France, Italy,
Switzerland, Germany, and Canada an increase in nontoxigenic C. diphtheriae infections has been observed.
For example, Poland is a country where the last case of

57
4

diphtheria was recorded in the year 2000 and where the
vaccination level of over 95% is achieved (Zasada et al.
2010). The first case of non-toxigenic infection with
C. diphtheriae biotype gravis was recorded in Poland in
2004, where this bacterium induced sepsis and endocarditis in a patient (Zasada et al. 2005) and since then,
practically every year, several cases of invasive C. diph
theriae infections have been diagnosed. In northern
Germany, the number of non-toxigenic C. diphtheriae
infections increased from five in 2013 to 23 in 2016,
and 24 in only the first half of 2017 (Dangel et al. 2018).
In England and Wales, a dramatic increase in infections
was recorded since 1986, peaking at almost 300 cases
in the year 2000 (Edwards et al. 2011). These examples
indicate that the development of a new vaccine against
non-toxigenic C. diphtheriae infection is of very important and necessary demand.
In vaccine development, the potential virulence factors exposed on the surface of a pathogen are considered
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as suitable antigens for an effective acellular vaccine. It
has been shown that pili of Gram-positive bacteria play
a direct role in the pathogenesis. For example, studies
on S. pneumoniae have proved that those strains, which
have a pili island, adhere better to lung epithelial cells
than do the strains that lack this island. In the invasive disease model, the piliated strain is more virulent
and has a competitive advantage over the pili-negative
strain after the mixed intranasal infection. Infection
with the piliated strain induces a stronger inflammatory response and a higher level of the tumor necrosis factor in the bloodstream of mice, which may be
due to the higher adhesion of the piliated bacteria to
the cells involved in the innate immune response and
their detection by host cell pattern-recognition receptors (Barocchi et al. 2006). The pili proteins are used
as antigens in vaccines, for example in some acellular
pertussis vaccines (Mosley et al. 2016).
The adhesion of Corynebacterium to host cells was
observed for the first time for C. renale pili, which
caused agglutination of trypsinized sheep red blood
cells (Honda and Yanagawa 1974). It was not until
more than thirty years later that Mandlik and colleagues identified adhesins, which were involved in adherence to pharyngeal host cells – the minor pilins SpaB
and SpaC of C. diphtheriae (Mandlik et al. 2007). Subsequent studies showed that wild type C. diphtheriae cells
bind to human lung epithelial, laryngeal, and pharyngeal cells, whereas mutants that lacked SrtA (i.e. they
did not polymerize the SpaA-type pili) showed more
than a 90% lower ability to adhere to human pharyngeal
cells. Moreover, mutants that lacked only the major pili
subunit, SpaA, showed a 10% reduction in adherence
to these cells. In contrast, mutants that lacked either
of the minor pilin subunits, SpaB or SpaC, showed
a 70–75% reduction in adhesion. In addition, the latex
beads coated only with SpaB or SpaC were sufficient
to adhere to the host pharyngeal cells, while the SpaAcoated beads did not bind. SpaB and SpaC are anchored
in the cell wall as monomers independent of the pilus
structures. It is likely that the long pili mediate the initial attachment, while the monomeric pilins on the surface of the bacteria participate in the formation of an
adhesion zone allowing the delivery of toxins and other
virulence factors and may even play a significant role
in host cell signaling (Rogers et al. 2011).
In addition to pili, C. diphtheriae produces the
67–72p protein located on its surface, which is involved
in colonization, induction of apoptosis, and epithelial
cell necrosis that were once attributed exclusively to the
action of the diphtheria toxin (Sabbadini et al. 2012).
This finding was also confirmed by Cerdeño-Tárraga
et al. (2003) who sequenced the genome of the British clinical isolate (strain NCTC13129 biotype gravis
– used in our study as the reference strain) and proved
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that the recent acquisition of pathogenicity factors went
beyond the toxin itself and included the fimbrial proteins and adhesins. The 67–72p can act as an invasive
and apoptotic protein for C. diphtheriae strains. The
ability to penetrate, survive and induce apoptosis in epithelial cells may explain the endurance and dissemination of C. diphtheriae (Sabbadini et al. 2012). Proteins,
which act as adhesins were also detected among other
bacteria, e.g., the occurrence of the extracellular Eap
protein was confirmed to be involved in colonization of
eukaryotic cells by S. aureus strains (Haggar et al. 2003).
Our research is based on reverse vaccination. This
method relies on the sequencing of pathogen genomes
and determination in silico the most likely protective
antigens prior to conducting experiments to prove this.
Originally, this method was used to identify antigens
as probable candidate vaccines against serogroup B
meningococci (Christensen et al. 2013). In another
study, Droppa-Almeida et al. (2018) used several
available bioinformatics tools to design the efficient
immunodominant epitopes for the development of
the peptide vaccine against C. pseudotuberculosis for
sheep and goats. Thanks to this research, it was possible to highlight the importance of bioinformatics software in the design of vaccines, especially in the identification of appropriate vaccine candidates, immuneinformatics analysis and design of peptide vaccine from
multi-epitopes (Droppa-Almeida et al. 2018). Bioinformatics tools present a lot of advantages, such as speed
and low cost, so we used them at particular stages of
the research.
First, we selected the gene encoding the 67–72p
protein and the three pili genes spaC, sapD and spaI as
the genes most frequently detected in various C. diph
theriae isolates as it was reported in our previous study
(Zasada et al. 2012). In the present study, we found
two fragments of 594 bp and 215 bp in the nucleotide
sequence of the gene coding for the 67–72p surface
protein, which were identical in all analyzed strains of
C. diphtheriae, and in total, nine identical in C. diph
theriae biotype gravis strains sequences of the genes
encoding 67–72p protein and structural proteins pili
SpaI, SpaC and SapD (Table III). The sequence stability
of these fragments represents a first step toward being
the potential vaccine candidates. The analysis of amino
acid sequences of these fragments confirmed that the
proteins tested are located in the membrane or cell wall
and have a large extracellular part (Table V).
An effective vaccine should induce a protective and
long-lasting immune response. Therefore, we carried
out analyses of the affinity of the tested proteins to MHC
classes I and II and linear B-cell epitopes. MHC class I
presents antigens to CD8+ T-cells and MHC class II
presents antigens to CD4+ T-cells. The antigens, which
are recognized by CD4+ and/or CD8+ T-cell receptors,
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have the potential to stimulate a long-lasting and cytotoxic immune response. B-cell epitopes can induce both
primary and secondary immunity. We showed that, in
each of the proteins, areas with high affinity to MHC
receptors can be distinguished (Table VI, Table VII,
Table VIII) and we localized B-cell epitopes from target
proteins (Table IX). In addition, the VaxiJen server was
used that is a reliable and consistent tool for predicting
protective antigens of bacterial, viral and cancer origin.
The results obtained also confirmed that the proteins
tested by us could be interesting to use as antigens in
vaccines (Table X).
Our studies have shown that in the genome of the
89/E strain, the insertion element of 1380 bp was transposed and attached to fragment 4 of the gene encoding the SpaC pili protein. The process of transposition
of ISs can inactivate genes (Trost et al. 2012). Mandlik et al. (2007) confirmed the reduced C. diphtheriae
adhesive activity as the result of mutations at the base
pili protein SpaB and at the tip pili protein SpaC of the
SpaA-type pili. Premature stop codons in the continuity
of the genes encoding the proteins responsible for the
adhesion of bacteria to host cells inactivate them and
limit the colonization process. We did not investigate
the adhesive activity of the strain 89/E and, therefore,
we can only posit the influence of the insertion on the
adhesive properties of the strain based on the data published by other researchers.
Due to the fact that in many European countries
the number of infections with non-toxigenic C. diph
theriae strains has recently increased, a key aspect of
our research was the understanding of virulence factors other than the diphtheria toxin and identification
of new vaccine targets. An important problem is also
the understanding of the colonization process and in
particular the mechanism of adhesion and structure of
the proteins, which participate in this process. Blocking
the 67–72p surface protein or pili structural proteins
could effectively prevent the adhesion of C. diphtheriae
bacteria to host tissues, colonization, and infection
development. Due to the comparison of the nucleotide sequences of the C. diphtheriae strains identification of the most conserved sequences in the genome
and determination of the variability between strains
was achieved. The conserved sequences identified in
67–72p, SpaC, SapD and SpaI in our study are identical for all C. diphtheriae strains tested and contain
the epitopes for B-cells and T-cells and will be used in
further research on the construction of a new vaccine.
The main limitation of this study is the small number
of isolates investigated. However, the results obtained
here support further studies with a larger number of
isolates from different countries. Moreover, the results
of in silico analysis should be confirmed by in vivo
studies on an animal model. The new vaccine will act

to inactivate the antigens responsible for the host cell
colonization by C. diphtheriae strains and inhibit the
development of infection.
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Abstract
Gastric microbiota provides a biological barrier against the invasion of foreign pathogens from the oral cavity, playing a vital role in maintaining gastrointestinal health. Klebsiella spp. of oral origin causes various infections not only in gastrointestinal tract but also in other
organs, with Klebsiella pneumoniae serotype K1 resulting in a liver abscess (KLA) through oral inoculation in mice. However, the relationship between gastric microbiota and the extra-gastrointestinal KLA infection is not clear. In our study, a 454 pyrosequencing analysis of the
bacterial 16S rRNA gene shows that the composition of gastric mucosal microbiota in mice with or without KLA infection varies greatly
after oral inoculation with K. pneumoniae serotype K1 isolate. Interestingly, only several bacteria taxa show a significant change in gastric
mucosal microbiota of KLA mice, including the decreased abundance of Bacteroides, Alisptipes and increased abundance of Streptococcus.
It is worth noting that the abundance of Klebsiella exhibits an obvious increase in KLA mice, which might be closely related to KLA infection. At the same time, the endogenous antibiotics, defensins, involved in the regulation of the bacterial microbiota also show an increase
in stomach and intestine. All these findings indicate that liver abscess caused by K. pneumoniae oral inoculation has a close relationship
with gastric microbiota, which might provide important information for future clinical treatment.
K e y w o r d s: Klebsiella pneumoniae serotype K1, defensins, gastric mucosal microbiota, High-throughput pyrosequencing, liver abscess

Introduction
Klebsiella pneumoniae as one of the most important
pathogens leads to many infections including nosocomial and community-acquired infections. K1 or K2
serotype K. pneumoniae-caused pyogenic liver abscess
(KLA) is a highly invasive community-acquired infection and often develops serious complications (Siu et al.
2012). Previous studies show that liver abscess infection

can be caused by many pathogens and that K. pneumo
niae causes less than 10% liver infection (Lee et al. 1991;
Zibari et al. 2000). Recently the rate of KLA infection
has increased greatly even up to 70% in some regions
(Kuo et al. 2013). And drug-resistant K. pneumoniae
isolated from KLA infection has been reported to be
increased in Beijing (Li et al. 2014).
It is well known that oral-gastrointestinal tract is one
of the main pathways for the foreign pathogen, which
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causes human infection. Klebsiella spp. of oral origin
causes various diseases not only in the gastrointestinal tract but also in other organs. Atarashi et al. (2017)
hold that oral Klebsiella spp. colonizing the intestines
causes inflammatory bowel disease (IBD). It has also
been identified that oral inoculation of K. pneumoniae
K1 or K2 serotype isolates causes liver abscess infections in mice (Tu et al. 2009; Chen et al. 2014).
Gastric microbiota provides a biological barrier
against the invasion of foreign pathogens entering
the oral pathway, playing a vital role in maintaining
gastrointestinal health. (Bik et al. 2006). For example,
Helicobacter pylori can successfully colonize stomach
tissues via the oral pathway what results in infection.
It has been identified that H. pylori infections can
change the overall composition of stomach microbiota
(Lofgren et al. 2011). Probiotics have been used for
clinical treatment of gastritis caused by H. pylori (Sheu
et al. 2002; Lesbros-Pantoflickova et al. 2007). But the
relationship between the microbiota in gastric mucosal
and extra-gastrointestinal liver abscess infection caused
by K. pneumoniae through the oral pathway is not clear.
Experimental
Materials and Methods

Mouse model of KLA infection. In our previous
study, K. pneumoniae K1 serotype clinical isolate Kp1002
was identified to cause KLA infection in C57BL/6 mice
by oral inoculation (Chen et al. 2014). In the present
study, six-week-old male C57BL/6 mice were orally
inoculated with 106 CFU of Kp1002 using a 21-gauge
feeding needle as previously described, with the phosphate buffered saline (PBS) given to the healthy control.
All the mice were killed 48 h after oral inoculation. The
serum, stomachs and cecum samples were retrieved for
the following analysis. Mice with Kp1002 inoculation
were divided into two groups: mice with KLA infection
(KLA group) and mice without KLA infection (NKLA
group) according to the criterion in our previous study
(Chen et al. 2014). Five mice were randomly selected
from each group and their samples were prepared for
the following analysis. Mice in this study were raised
in the Specific Pathogen Free (SPF) animal house. All
the animal experiments in this study were conducted in
accordance with the National Research Council Guide
for Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use
Committee of the First Affiliated Hospital of Zhejiang
Medical University (2013–012) and the Animal Welfare
and Ethical Committee of Hebei University (2018026).
DNA extraction and high-throughput sequencing analysis. After mice sacrificed, the stomachs of

the mice were isolated, with the corpus tissues divided
and used in DNA extraction. DNA was extracted from
25 mg corpus tissue using a PureLinkTM Genomic DNA
Mini Kit (Invitrogen, USA) according to the manufacturer’s instructions, with addition of lysozyme at the
concentration of 20 mg/ml (Sigma-Aldrich, USA) at the
beginning of cell lysis. DNA concentrations were tested
by NanoDrop ND-1000 spectrophotometer (Thermo
Electron Corporation). DNA integrity and size were
checked by agarose gel electrophoresis. The DNA was
stored at –80°C for the 16S rRNA gene sequencing ana
lysis. 16S rRNA gene was amplified by PCR with primers 27F (5’-AGAGTTTGATCCTGGCTCAG-3’) and
533R (5’-TTACCGCGGCTGCTGGCAC-3’) (Ling et al.
2015, Chen et al. 2018). The 16S rRNA gene amplification products were sequenced by the 454 Life Sciences
genome sequencer FLX system (Roche, Switzerland).
The metagenomic sequence data were deposited in the
NCBI Sequence Read Archive under Accession number
SRP111617. The sequencing data processing methods
were described in our previous study (Ling et al. 2015,
Chen et al. 2018).
Biosample collection and analysis of defensins
and cytokines. After mice sacrificed, the stomachs
and cecum of the mice were isolated. The contents of
the stomachs or cecum were collected as previously
described (Li et al. 2015). The contents were removed
and washed off with an isopycnic 0.09% NaCl solution.
The washout material was centrifuged at 10 000 rpm for
20 min at 4°C. Then, the supernatant was harvested for
the defensins analysis using an ELISA test kit (Mlbio,
Shanghai, China). Serum samples were separated and
stored at –80°C for the analysis of the cytokines using
an ELISA test kit (Mlbio, Shanghai, China).
Data processing and statistical analysis. Mothur
(http://www.mothur.org) was used for diversity and
taxonomy-based analyses at a 97% similarity level as
previously described (Ling et al. 2015, Chen et al. 2018).
The Mann-Whitney U test was performed with the
SPSS 16.0 software, and the ELISA analysis data statistical analyses were performed using One-way ANOVA
analysis as implemented in the SPSS 16.0 software.
Results
The overall structure of the gastric mucosal
micro
biota alteration after oral inoculation with
K. pneumoniae K1 serotype isolate. Gastric mucus
samples were obtained from KLA, NKLA, and Kp1002untreated healthy control groups and the 16S rRNA
gene was sequenced. Totally 153 397 high-quality reads
were obtained after sequencing analysis, including
46 329 sequences from a healthy group, 53 863 sequences
from NKLA group and 53 205 sequences from KLA
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group. These sequences had an average length of 477 bp
(range from 400 bp to 521 bp). Operational taxonomic
unit (OTU) was identified at the 97% similarity level.
The coverage percentage was calculated by Good’s
method (Ling et al. 2015, Chen et al. 2018) and the
coverage percentage values of healthy, NKLA and KLA
groups were 98.27%, 98.54%, and 98.40%, respectively.
These values showed sufficient sequencing depth in this
study. The richness estimators (ACE and Chao1 value)
and diversity indices (Shannon and Simpson indices)
displayed no obvious difference between healthy and
Kp1002-treated groups (p > 0.05) (Fig. S1). Rarefaction analysis estimates showed that species richness
differed between the healthy and Kp1002-treated
groups (Fig. 1A). The rank-abundance curves generated
from OTU analysis also revealed differences between
the healthy and Kp1002-treated groups (Fig. 1B).
Beta-diversity indices analysis was performed by the
unweighted UniFrac method and principal coordinate
analysis (PCoA). Unweighted PCoA revealed obvious
differences among the three groups, indicating variations in microbial communities (Fig. 1C). At the same
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time, PCoA of weighted UniFrac analysis also showed
the different trends among the three groups (Fig. S2).
A Venn diagram showed different OTU data in three
groups and that the overlapping OTU data. Totally
3890 OTUs were obtained from three groups. In addition, 624 common OTUs were shared by the KLA and
NKLA groups, which was higher than that shared by
the healthy group and any of the other groups (Fig. 1D).
These results suggested that the overall structure of
gastric mucosal microbiota was obviously altered
in Kp1002-treated mice in comparison with that in
healthy mice, whereas it did not show a great difference between KLA group and NKLA group.
Major alterations in the composition of gastric
mucosal microbiota in KLA mice. The sequences
obtained in this study belonged to twelve bacterial
phyla, with eleven of them found in healthy mice,
including the most abundant phyla Bacteroidetes and
Firmicutes. At the genus level, 93 genera were obtained.
The healthy group consists of 46 genera with four abundant genera (> 1% of the total DNA sequences), including Lactobacillus, Bacteroides, Alistipes, and Clostridium

Fig. 1. Overall structure alteration in gastric microbiota.
The species richness (A) and Rank abundance curve (B) were based on OTUs analysis of the three groups. (C) PCoA of weighted
UniFrac analysis plot of gastric microbiota of three groups. (D) Venn diagram showed the OTUs overlaps among the three groups.
(R, healthy group; S, NKLA group; T, KLA group).

Chen N. et al.
Taxonomic cladogram (A)
and Linear discriminative
analysis (LDA) scores (B)
exhibited the different
enriched bacteria taxa
between healthy group
(Red) and KLA group
(Green). All of the taxa
showed in the figure with
LDA threshold value > 2.

Fig. 2. The differences
in gastric microbiota
composition between
healthy and KLA groups
by LEfSe analysis.
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sensu stricto. There were 47 genera in the NKLA group
with six abundant genera, and 59 genera in the KLA
group with six abundant genera.
The linear discriminant analysis effect size (LEfSe)
method was employed in this study to assess alterations in the composition of gastric mucosal microbiota in KLA mice. The gastric mucosal microbiota
composition was significantly altered in KLA-infected
mice when compared to that in healthy mice (Fig. 2).
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At the same time since the overall structure of gastric
mucous microbiota showed differences between healthy
mice and Kp1002-treated mice in Fig. 1, and for better
understanding of the special changes in gastric microbiota from KLA infection mice, the significant differences in microbiota composition between NKLA and
KLA mice were also explored. The specific changes of
gastric mucosal microbiota in KLA mice were summarized in Fig. 3.

Fig. 3. Comparing the differences at the relative abundance of bacterial sequences at the different levels including phylum, order, family
and genus level among three groups. (Mann-Whitney U test, *: p < 0.05).
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The KLA and healthy mice showed significant differences in the abundance of phylum Bacteroidetes,
a marked decrease in the KLA group compared with
that in the healthy group (p < 0.05). In addition, the
abundance of the non-predominant phylum Proteobacteria in the KLA group significantly increased (p < 0.05)
(Fig. 3A). At the order level analyses, the great changes

2

were observed in KLA infection mice. Compared with
the healthy mice, the KLA infection mice showed an
obvious decrease in the abundance of Bacteroidales
and a significant increase in Enterobacteriales (p < 0.05)
(Fig. 3B). At the family level, the data showed that the
KLA infection mice exhibited a great decrease in the
abundance of Rikenellaceae and a marked increase in the

Fig. 4. Kp1002 oral inoculation changes gastric and intestinal
defensins and serum inflammatory cytokines.
Both β-defensin 1 concentration in the intestine (A) and stomach
(E) showed a great increase. The concentration of β-defensin 2 (B),
α-defensin 5 (C) and α-defensin 6 (D) in intestine showed a significant
increase. The levels of serum cytokines IL-1β (F) and TNF-α (G) also
increased. (One-way ANOVA analysis, *: p < 0.05).
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abundance of Enterobacteriaceae, Pasteurellaceae, and
Streptococcaceae compared to the healthy mice (p < 0.05)
(Fig. 3C). Further detailed analyses at the genus level
showed that a great decrease in the abundance of Bac
teroides and Alistipes and an obvious increase in Kleb
siella and Streptococcus in the KLA group compared to
the healthy group (p < 0.05) (Fig. 3D). The differences
between the KLA and NKLA groups displayed trends in
gastric mucosal microbiota composition at the phylum,
order, family and genus level similar to that between the
healthy and KLA groups (Fig. 3).
K. pneumoniae oral inoculation changes immune
barrier. In our previous study, we found that cecal contents microbiota significant changes in KLA mice (Chen
et al. 2018). Herein, we examined the immune barrier
in the stomach and intestine. Fig. 4 shows alterations in
defensins and cytokines in KLA mice. Compared with
healthy mice, KLA infection mice showed significant
increases in β-defensin 1, β-defensin 2, α-defensin 5,
α-defensin 6 in the cecum, and β-defensin 1 in the stomach (p < 0.05). The levels of serum cytokines interleukin
1 beta (IL-1β) and tumor necrosis factor alpha (TNF-α)
also significantly increased in the KLA mice compared
to that of healthy mice (p < 0.05). On the other hand,
compared with healthy mice, NKLA mice also showed
a great increase in β-defensin 1 and α-defensin 6 in the
cecum, and β-defensin 1 in the stomach when compared to that of healthy mice (p < 0.05).
Discussion
Our previous study indicates that KLA infections
are accompanied by changes in intestinal microbiota
composition (Chen et al. 2018). The intestinal microbiota has been widely accepted to be an important biological barrier against foreign pathogens. The stomach
has long been considered to be sterile due to the low
pH of the gastric acid secreted by goblet cells. However,
stomach actually consists of a microbial community,
which provides a biological barrier against the invasion of foreign pathogens, especially pathogens of oral
origin such as H. pylori, and maintains the gastrointestinal health (Bik et al. 2006; Andersson et al. 2008;
Lofgren et al. 2011). To better understand the relationship between gastric microbiota and extra-gastrointestinal KLA infections, this study analyzes changes in
gastric microbiota composition in KLA mice.
The present study observes great alterations in gastric mucosal microbiota composition in KLA mice.
KLA mice show a significant reduction in Bacteroidetes
in the gastric microbiota, with a great reduction in the
abundance of Bacteroidetes in the gastric microbiota of
H. pylori-infected mice (Lofgren et al. 2011). In human,
positive H. pylori status is also associated with decreased
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abundance of Bacteroidetes (Maldonado-Contreras
et al. 2011). Gastritis in male mice is accompanied by
decreased Bacteroides species ASF519 colonization,
indicating that inflammation-driven atrophy alters the
gastric niche for the gastrointestinal commensal bacteria colonization (Lertpiriyapong et al. 2014). It seems
that the decrease in the abundance of phylum Bacteroidetes or genus Bacteroides might be closely related to
the gastrointestinal and extra-gastrointestinal infections
caused by foreign pathogen through an oral pathway.
At the same time, the abundance of Klebsiella significantly increased in gastric mucosa of KLA infection
mice. Sung et al. (2016) used 454-pyrosequencing to
compare the microbiota composition between gastric
fluid and gastric mucosa samples and found that using
gastric mucosa samples was more effective in detecting
meaningful bacteria, such as H. pylori, nitrosating or
nitrate-reducing bacteria. In our study, the increase
in the abundance of Klebsiella in gastric mucosa might be
an effective bioindicator for KLA infection.
On the other hand, in the gastrointestinal tract, the
constitutive expression of defensins imparts the regulation of the bacterial microbiota and immunomodulatory activity and is involved in the pathogenesis of
various intestinal infection diseases (Wehkamp et al.
2005). α-defensin 5 has been reported to have microbicidal activity against various bacteria, including
Escherichia coli and Staphylococcus aureus (Ouellette
et al. 1994). The production of β-defensins 2, 3, and 4 is
significantly higher in ulcerative colitis (Rahman et al.
2011). The present study also finds out that the defensin
expression levels in the stomach or cecum are higher
in KLA mice. Simultaneously, the elevated proinflammatory cytokines IL-1β and TNF-α could be induced
by β-defensins (Ghosh et al. 2011). These findings
show the changes in the gastrointestinal microbiota in
response to K. pneumoniae, as well as an increase of the
expression of defensins and cytokines.
It should not be ignored that Kp1002-treated mice
without KLA infection also exhibited changes in the
gastrointestinal microbiota and increased expression
levels of defensins relative to that in healthy mice. We
also find that after oral inoculation with the K. pneu
moniae isolate, mouse infection rates continuously
increase after 48 h (data not shown). These changes in
gastrointestinal microbiota and defensins expression
levels may be related to the infection process, thereby
providing new insight into KLA treatment.
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Abstract

The proteomes of outer membrane vesicles (OMVs) secreted by C. jejuni 81–176 strain, which was exposed to oxygen or antibiotic stress
(polymyxin B), were characterized. We also assessed the OMVs production and their content in two mutated strains – ∆dsbI and ∆htrA.
OMVs production was significantly increased under the polymyxin B stress and remained unaltered in all other variants. Interestingly, the
qualitative load of OMVs was constant regardless of the stress conditions or genetic background. However, certain proteins exhibited notable
quantitative changes, ranging from 4-fold decrease to 10-fold increase. Up- or downregulated proteins (e.g. major outer membrane protein
porA, iron ABC transporter, serine protease- htrA, 60 kDa chaperonin-groL, enolase) represented various cell compartments (cytoplasm,
periplasm, and membrane) and exhibited various functions; nevertheless, one common group was noted that consisted of components of
flagellar apparatus, i.e., FlaA/B, FlgC/E, which were mostly upregulated. Some of these proteins are the putative substrates of DsbI protein.
Further investigation of the regulation of C. jejuni OMVs composition and their role in virulence will allow a better understanding of the
infectious process of C. jejuni.
K e y w o r d s: Campylobacter jejuni, outer membrane vesicles (OMVs), proteomics

Introduction
The outer membrane (OM) of Gram-negative bac
teria can naturally bulge out, entraps periplasmic content and pinches off to form spheres of 50–250 nm in
diameter called outer membrane vesicles (OMVs).
OMVs contain mostly outer membrane-associated
and periplasmic proteins, but also cytoplasm-located
molecules, quorum-signaling molecules, DNA and
RNA and, thus, provide bacteria with means to interact adaptively with their environment, host and other
microorganisms (Schwechheimer and Kuehn 2015).
Alterations in size, number, and content of OMVs are
frequently regarded as bacterial responses to changes
in the environment (such as pH, temperature, ionic
strength, and antibiotic pressure), including endogenous stress (Mcbroom et al. 2007, Schwechheimer and
Kuehn 2015). This notion is supported by a number of

observations. A treatment with polymyxin B (a cyclic
cationic antimicrobial peptide that alters the membrane
permeability) or with ciprofloxacin (an antibiotic that
damages DNA and activates the SOS system) increased
OMVs formation by Pseudomonas aeruginosa PA14
strain (MacDonald and Kuehn 2013). The hyper-vesiculating yieM mutant (ΔyieM) of Escherichia coli grew
faster in the presence of polymyxin B than the nonmutated strain (Manning and Kuehn 2013). P. aeruginosa
cells could respond with increased OMVs production to hydrogen peroxide treatment and temperature
change (MacDonald and Kuehn 2013). Overexpression
of a periplasmic fusion protein to imitate misfolded OM
protein in E. coli resulted in hypervesiculation and tenfold increase of its concentration in OMVs; moreover,
increased OMV production accompanied mutations in
the σE heat shock response in E. coli (Mcbroom et al.
2007). Furthermore, the genes participating in cellular
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stress response (degS, depP, rseA) are engaged in the
vesicle formation (Mcbroom et al. 2006). Mutations of
degP, encoding periplasmic serine protease-chaperone
responsible for the degradation of misfolded proteins
in E. coli, as well as mutations of mucD, its homolog in
P. aeruginosa, increase OMVs production (MacDonald
and Kuehn 2013). Thus, bacteria may use OMVs to
selectively dispose of misfolded proteins, particularly
large aggregates, which are resistant to proteolytic
cleavage and are too big to be discarded through OM
pores (Mcbroom et al. 2007). OMVs may, therefore,
help bacteria to survive under harsh conditions and
establish a lasting resistance.
In this study, we investigated whether the production of C. jejuni OMVs and their protein composition correlates to environmental stress conditions. We
also examined the influence of mutations in the htrA
and dsbI genes on the level of OMVs production. The
C. jejuni htrA gene is the E. coli degP gene homolog,
while the dsbI gene is a disulfide oxidoreductase
– a component of the Dsb system in C. jejuni, involved
in the introduction of disulfide bonds into periplasmic
proteins for securing their proper fold and function.
Experimental
Materials and Methods

Bacterial strains, media, and culture conditions.
Bacterial strains and plasmids used are listed in Table I.
C. jejuni strains were grown on Blood Agar No. 2 (BA,
Oxoid) plates supplemented with 5% horse blood,
Campylobacter Selective Supplement (Blaser-Wang)
(Oxoid), and tetracycline (10 μg/ml) at 37°C or 42°C
for 16–24 h under microaerobic conditions in a Mart
anaerobic jar (flushed with 6% O2, 10% CO2, 85% N2
gas mixture using an Anoxomat Mart II system).
If necessary, plates were also supplemented with chloramphenicol (20 μg/ml) and/or kanamycin (25 μg/ml).
Campylobacter strains used for isolation of OMVs were
grown in Mueller-Hinton broth for ~16 hours with
shaking under microaerobic conditions at 37°C.
Stress was induced by either addition of polymyxin
B to a final concentration of 5.5 µg/ml (~15 × higher
than in Campylobacter Selective Supplement, mind-

ing an intrinsic resistance of C. jejuni to this compound
(Iovine 2013)) or by incubation in the atmosphere of
15% O2 and 6% CO2. Higher oxygen atmosphere was
generated by CO2 Gen sachets (Thermo Scientific Oxoid
Microbiology Products) in the 2.5-litre gas jar. Cultures
in optimal and stress conditions were conducted parallel. Overnight culture of C. jejuni was diluted 1:100. The
same number of bacterial cells was used as inoculum
for fresh media and grown in optimal and stress conditions in 37°C with shaking. After ~16 h optical density
of each culture was measured, and bacteria were plated
on BA medium to assess the number of bacteria cells
(CFU/ml). The bacterial concentration ranged between
8 × 106 – 1 × 107 CFU/ml in the presence of polymyxin
B while in 15% O2 atmosphere was between 1.5 × 107 –
5.5 × 107 CFU/ml. In optimal growth conditions, the
concentration of bacteria was in the range from 1 × 108
to 5 × 108 CFU/ml.
Construction of C. jejuni mutants. The C. jejuni
htrA mutant was obtained following the approach
of Brøndsted et al. (2005). Mutagenesis was performed with a gene replacement method. A suicide
mutagenesis plasmid was constructed in 2-step PCR.
First, the upstream and downstream fragments of 5’
and 3’ end of the htrA gene were amplified with use
of C. jejuni 81–176 chromosomal DNA as a template.
For the fragment containing 3’ end of the htrA gene
(421 bp), primers UW564 (5’-CGAGCTCAAATGCAGTGCTTTCTTATC-3’) and UW565 (5’-CTCGAGCTGCAGTCTAGACAACATCTC CT TCCATTAAATC-3’) were used, while primers UW566
(5’-CCGGTACCCAAATCGCTTTGTACGCCTTTAG-3’) and UW567 5’-TCTAGACTGCAGCTCGAGTTTCTCGTGGTGGTGGAAATAAC-3’) were used for
amplification of the fragment containing 5’ end of the
gene (428 bp). In the sequences of the primers above,
the restriction enzyme sites are underlined, and bases
complementary to the htrA gene are indicated in bold.
In the second round of PCR, the amplified htrA
fragments were joined, creating PCR fragments containing a deletion of 186 bp in htrA and introducing
a XhoI-PstI-XbaI restriction sites instead. The final
PCR product was cloned into the C. jejuni nonreplicable pBluescript II SK cloning vector with the use of
SacI-KpnI enzymes, resulting in plasmid pUWM1321.
Finally, the cat gene encoding for chloramphenicol

Table I
Strains used in this study.
Strain or plasmid

Genotype / resistance / description

Reference

Campylobacter jejuni
81–176 (ATCC BAA-, 2151)

pVir, TcR (Wild type, human isolate)

81–176 htrA–

pVir, htrA::aphA3, TcR, KmR

This study

81–176 dsbI

pVir, dsbI::cat Tc , Cm

(Raczko et al. 2005)

–

R

R
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resistance in C. jejuni cells (obtained from pRY109)
was cloned into the PstI site of pUWM1321, resulting
in the final mutagenesis plasmid denoted pUWM1329.
The cat gene in this construct is transcribed in the same
direction as the htrA gene.
C. jejuni 81–176 was electroporated with
pUWM1329, and several chloramphenicol-resistant
colonies were isolated. The disruption of the htrA gene
as a result of double cross-over recombination and lack
of wild-type htrA allele in the genome of the strain
obtained was verified by PCR.
C. jejuni dsbI mutant was obtained in our lab and
described earlier (Raczko et al. 2005).
OMV purification and quantification. OMVs were
isolated from C. jejuni strain 81–176 by the method we
used before (Godlewska et al. 2016) and described by
Elmi et al. (2012) and Chutkan et al. (2013). Briefly,
C. jejuni 81–176 strain was grown in the MuellerHinton broth under microaerobic conditions at 37°C.
An overnight culture was diluted 1:100 into 330 ml of
fresh growth media and grown 16–18 h to a mid-log
phase. The cells were pelleted twice using centrifugation at 6000 × g for 2 × 20 min at 4°C. Supernatants were
filtered through a 0.22 µm filter device to remove the
remaining cells. The filtrate was ultracentrifuged in
a Beckman L7-55 Ultracentrifuge at 150 000 × g for 3 h
at 4°C using a 50.2 Ti rotor. OMVs preparations were
plated on BA plates and incubated under microaerobic
conditions to confirm the absence of viable bacteria.
OMVs production was quantified by determining
protein concentration (BCA assay) and normalized to
CFU at the time of harvest. This method allows indirect
estimate the concentration of OMV based on total protein content but does not provide additional information about the size or quantity of OMV. Relative OMVs
production levels were determined by comparison to
the wild-type cell results in the control samples. Means
of three independent experiments with standard deviations (error bars) were calculated.
Sample preparation for MS analysis. Membrane
proteins were extracted by suspending OMVs in 1.5%
sodium deoxycholate and 0.1% SDS in 25 mM ammonium bicarbonate, followed by sonication for 10 minutes (50% cycle). Protein concentration was estimated
with Direct Detect (Milipore) and equalized to 40 µg
per sample. Proteins were subsequently reduced with
tris(2-carboxyethyl)phosphine for 30 min at 60°C,
alkylated with methyl methanethiosulfonate and
digested with 0.5 µg of trypsin at 37°C overnight. The
reaction was quenched with trifluoroacetic acid (TFA).
LC-MS-MS/MS analysis. The resulting peptide mixtures were analyzed by LC-MS-MS/MS (liquid chromatography coupled to tandem mass spectrometry) using
a Nano-Acquity (Waters) LC system and an Orbitrap
Velos mass spectrometer (Thermo Electron Corp). Pep-
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tides were applied to RP-18 precolumn (nanoACQUITY
Symmetry® C18) using water containing 0.1% TFA as
a mobile phase and then transferred to nano-HPLC RP-18
column (nanoACQUITY BEH C18) using an acetonitrile gradient 5–35% in 180 minutes in the presence of
0.05% formic acid with the flow rate of 250 ml/min. Column outlet was directly coupled to the ion source of the
spectrometer working in the regime of data dependent
MS to MS/MS switch. To ensure reproducibility, sample
preparations and MS analysis were repeated four times.
Database searching. The data acquired were processed by a Mascot Distiller followed by Mascot Search
(Matrix Science, on-site license) against the UniProt
database restricted to Campylobacter jejuni 81–176 and
NCTC11168 sequences. The search parameters for precursor and product ions mass tolerance were 20 ppm
and 0.1 Da, respectively, enzyme specificity: trypsin,
missed cleavage sites allowed: 1, fixed modification
of cysteine methylation and variable modification of
methionine oxidation. To estimate the false-positive
discovery rate (FDR), the decoy search option was
enabled. The label-free quantitation was performed as
described previously (Bakun et al. 2009) using in-house
MScan software to select the proteins with an FDR < 1%
and identified by at least two peptides.
LC-MS data were converted by an in-house MsConvert tool into 2D heat maps recognized by MSparky
– an in-house modification of the Sparky NMR (http://
www.cgl.ucsf.edu/home/ sparky) – and the qualitative
information from MScan was correlated with quantitative data from MSparky on the basis of m/z, retention
time and isotopic profile fitting, generating a list of
identified peptides with signal intensity values, subsequently subjected to statistical analysis using in-house
Diffprot software (Malinowska et al. 2012). All software
used is accessible at http://proteom.ibb.waw.pl.
Results and Discussion
Alterations in OMVs production. In our experiments, the presence of polymyxin B significantly
increased OMVs production by C. jejuni 81–176 strain,
based on total OMVs’ protein content corrected for
CFU measurement (Fig. 1). We did not assess the size
and shape of OMVs. Polymyxin B is a cyclic cationic
antimicrobial peptide (AMPs), which penetrates into
the bacterial cell, integrates into the outer leaflet of the
outer membrane and impairs the structure of OM forming pores, altering the membrane permeability. Our
results are consistent with the previous observations.
Many studies have revealed that the levels of OMVs
production depend largely on the growth conditions of
bacteria (oxygen stress, antibiotic pressure, and envelope stress) (Mcbroom et al. 2007; Kulp et al. 2015).
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Fig. 1. Comparison of the OMVs production.
The concentration of OMVs, isolated from C. jejuni 81–176 grown under
optimal and stress conditions (15% O2 and polymyxin B) and from
C. jejuni 81–176 dsbI and htrA mutants, was measured by BCA assay.
The concentration of OMVs produced by the strain grown under optimal conditions was marked as 1. A statistical analysis was performed
using GraphPad Prism 6 (GraphPad Software). Statistical analysis was
carried out using multifactorial (one-way) ANOVA followed by Tukey’s
multiple comparisons test. An asterisk indicates significant differences
(p < 0.05) between analyzed groups and the control group.

It was observed that stress (physical and chemical)
increases the number of secreted OMVs. The E. coli
hyper-vesiculating yieM mutant (ΔyieM) grown on
the medium containing polymyxin B exhibited survival rate higher than the wild type strain, (Manning
and Kuehn 2011, Manning and Kuehn 2013). MacDonald and Kuehn also concluded that polymyxin B
treatments increased OMVs formation by P. aeruginosa
PA14 strain (MacDonald and Kuehn 2013).
OMVs release was also increased under oxygen
stress (15% O2 instead of a physiological level of 6%
O2), albeit nonsignificantly. Our results are consistent with the data obtained for other bacterial species.
P. aeruginosa cells, treated with ciprofloxacin (an antibiotic that leads to DNA damage and, as a consequence,
to activation of the of SOS system), responded with
increased production of OMVs. Moreover, MacDonald
and Kuehn (2013) found that OMVs production significantly increased after hydrogen peroxide treatment.
Also, physiological stress increased OMVs production.
The same authors have also shown that temperature
change and oxidative stress-stimulated OMVs production by P. aeruginosa (MacDonald and Kuehn 2013).
We further explored the relationship between
OMVs production level and mutations in the htrA and
dsbI genes of C. jejuni. Surprisingly, we haven’t noticed
any significant changes (Fig. 1).
Qualitative content of OMV proteome. We have
made the identification and quantitative analysis of
the protein contents of C. jejuni OMVs using the LCMS-MS/MS analysis. OMVs were isolated from the
wild-type strain 81–176 grown in optimal and under
the stress conditions (increased oxygen content, pres-
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ence of polymyxin B). We also analyzed the OMVs
from C. jejuni strains with mutations in the htrA and
dsbI genes. To ensure reproducibility, each analysis was
repeated four times.
Irrespectively of the factors used (polymyxin B, oxygen content, ΔhtrA and ΔdsbI mutations), the qualitative
protein composition of the OMVs in our study matched
the previously presented for the unstressed wt strain
(Elmi et al. 2012). However, we discovered numerous
quantitative differences described and discussed below.
Polymyxin B influence on the quantitative composition of OMVs. C. jejuni exhibits intrinsic resistance
to polymyxin B, presumably due to the absence of the
appropriate targets and/or low-affinity binding to targets
(Iovine 2013). We used a relatively high concentration of
antibiotic to induce the stress (~15 times higher concentration than in Campylobacter Selective Supplement).
We noticed that four proteins exhibited increased level
within OMVs and one showed a decrease (Table II).
The highest, nine-fold increase was noted for the major
outer membrane protein (MOMP) encoded by the porA
gene. Overexpression of MOMP alters membrane permeability and plays a role in Campylobacter resistance
against antibiotics, probably also against polymyxin B.
MOMP elevation in OMVs was observed also under
aerobic stress, consistent with the study demonstrating upregulation of MOMP expression in Campylobac
ter subjected to low and high oxygen level (1.88% and
> 15%, respectively) (Guccione et al. 2017).
Another highly upregulated protein (over 6-fold)
was a putative pyridoxamine 5’-phosphate oxidase
(Cj1613c), predicted to catalyze the terminal step in de
novo vitamin B6 synthesis: oxidation of pyridoxamine5-P (PMP) and pyridoxine-5-P (PNP) to pyridoxal5-P (https://www.ebi.ac.uk/interpro/entry/IPR024029,
InterPro, Protein sequence analysis & classification).
PMP is a coenzyme required for the biosynthesis of
deoxysugars, which attach to lipopolysaccharides (LPS),
the major integral components of the outer membrane
of Gram-negative bacteria (Romo and Liu 2011). Thus,
the overexpression of Cj1613c may be linked to the
destabilization of the bacterial envelope. Also, vitamin
B6 itself was implicated in oxidative stress responses
(Bilski et al. 2000).
Additionally, two flagellar proteins (FlaB and FlgE)
were overrepresented. The destabilization of bacterial
envelope may affect the integrity of flagella and result
in an elevation of flagellar proteins in OMV. Of note,
synthesis of flagella proteins and the ability to form flagella affects the production of OMVs by E. coli W3110
(Manabe et al. 2013).
The underrepresented protein was identified as HtrA,
which is surprising and resonates with the observed lack
of effect of htrA mutation on the OMVs production and
composition (see ‘Genetic factors...’ for a joint discussion).
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Table II
Up- and downregulated proteins under the polymyxin B and oxidative stress
and in the ΔdsbI mutant background (the protein numeration of C. jejuni NCTC11168 strain).
Number
of peptides

Protein / Gene

q-value

Fold*

Strain 81–176 wt vs. strain 81–176 grown under oxidative stress conditions
Major outer membrane protein (porA, Cj1259)

56

0.00038	  +1.96

Flagellin A (flaA, Cj1339c)

25

0.00494	  +2.18

Iron ABC transporter, periplasmic iron-binding protein (Cj0175c)

29

0.00507	  +1.83

7

0.00627	  –4.07

Putative lipoprotein (Cj1090c)

Strain 81–176 wt vs. strain 81–176 grown under the polymyxin B stress
Flagellin B (flaB, Cj1338c)

83

0.00021	  +4.57

Major outer membrane protein (porA, Cj1259)

60

0.00021	  +9.09

Serine protease, protease DO (htrA, Cj1228c)

55

0.01684	  –3.14

Flagellar hook protein (flgE, Cj1729c)

34

0.019	  +4.67

7

0.08	  +6.16

Putative pyridoxamine 5-phosphate oxidase (Cj1613c)

Strain 81–176 wt vs. strain 81–176 dsbI–
60 kDa chaperonin (groL, Cj1221)

95

0.00040	  –4.45

Fagellar hook-associated protein (flgL, Cj0887c)

20

0.003	  +8.81

Enolase (Cj1672c)

27

0.02	  –2.16

Coproporphyrinogen-III oxidase (hemN, Cj0992c)

10

0.038

Flagellar basal body rod protein (flgC, Cj0527c)

18

0.042	  –2,49

+10.68

Flagellar hook protein (flgE, Cj1729c)

33

0.059	  +2.7

Anthranilate synthase subunit I (trpE, Cj0345)

18

0.06	  –2.7

Fumarate hydratase class II (fumC, Cj1364c)

34

0.09	  –2.3

Strain 81–176 wt vs. strain 81–176 htrA

–

No significant changes noted
* Positive values correspond to the fold of higher abundance in the stress conditions and negative values correspond
to the fold of lower abundance in the stress conditions for each spot.

Oxygen influence on the quantitative composition
of OMVs. Oxidative stress resulted in an elevation of
the level of three proteins and a decrease of the level of
one within Campylobacter OMVs (Table II). MOMP
and flagellar proteins were again among overrepresented, perhaps embodying a general response to the
environmental stress. The third upregulated protein was
the periplasmic iron-binding protein (Cjj81176_0211).
While the iron uptake should be tightly controlled to
avoid the iron-associated oxidative-stress-mediated
damage to the cell, the changes in the Cjj81176_0211
expression were subtle and more studies are needed to
unequivocally claim their impact (Holmes et al. 2005).
Genetic factors and the quantitative composition
of OMVs. The mechanism of OMVs biogenesis remains
unclear, but many studies suggest that the vesiculation
has a genetic basis. Recently nearly 150 genes were
implicated in the E. coli OMVs production, leading to
the conclusion that the surface-exposed oligosaccharides negatively affect the vesiculation and an intact
oxidative stress response is required for the wild type
vesiculation (Kulp et al. 2015). Roier et al. (2016) have
recently shown the role of the vacJ/yrb genes in the

OMVs biogenesis. They found that mutations within
these genes that make up ABC (ATP-binding cassette)
transport system increase the OMVs production in
Haemophilus influenzae and Vibrio cholerae. The disruption of both or one of these genes entails phospholipid accumulation in the outer leaflet of OM which
initiates an outward bulging of OM. Further accumulation supports the budding of the OM, which leads to
the formation and release of OMVs (Roier et al. 2016).
One of the first identified over-vesiculating mutants
was the E. coli degP mutant. The degP homolog of
C. jejuni, htrA, is vital for heat tolerance, bacterial
invasion, and transmigration (Backert et al. 2018). It
encodes a protein with proteolytic and chaperone activity, known to participate in periplasmic protein quality control in stress response (Boehm et al. 2018) (see
also ‘Introduction’). Unexpectedly, HtrA was underrepresented in OMVs from Campylobacter upon the
polymyxin B stress (Table II). It thus seems that HtrA
is not involved in the envelope stress response, warranting further investigations. Moreover, the htrA mutation
neither significantly increased the OMVs production
(Fig. 1) nor altered the OMV composition (Table II). In
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contrast, DegP in Vibrio cholerae was shown to affect
the level of nine proteins in OMVs (Altindis et al. 2014).
However, most of these proteins were involved in biofilm formation, a phenomenon not observed in the
present study due to the culture conditions.
Interestingly, C. jejuni and Helicobacter pylori have
recently been shown to actively secrete HtrA to cleave
host cell junctional proteins such as E-cadherin (Hoy
et al. 2010; Boehm et al. 2018). Others and we (Elmi
et al. 2012) identified HtrA protein inside OMVs and
the 11168H htrA mutant exhibited reduced proteolytic
activity of OMVs (Elmi et al. 2018). In light of the current study, the latter may be largely due to the lack of
HtrA protein itself.
The second gene we analyzed was dsbI, a rare variant
of the DsbB paralog identified by our group (Raczko
et al. 2005) and absent in E. coli. It belongs to C. jejuni
Dsb (disulfide bond) system, which catalyzes the formation of disulfide bridges in extracytoplasmic proteins, stabilizing their tertiary and quaternary structures. Disturbances of Dsb cause protein misfolding
and formation of insoluble aggregates accumulating
in the periplasm. Under such circumstances, cells
may increase the formation of vesicles as a protective
mechanism. We observed that DsbI activity in C. jejuni
manifests only if DsbB is inactivated, but still none of
the DsbI substrates or redox partners are known. We
hypothesized that DsbI is more specific than DsbB and
acts only on a subset of DsbB substrates (Raczko et al.
2005). So, we were looking for substrates, which are
affected by DsbI itself. We showed that mutation of dsbI
(as well as htrA) of C. jejuni does not alter the amount
of OMVs produced (Fig. 1), but our study revealed
eight proteins, whose content in OMVs is significantly
altered by dsbI mutation (Table II). Most of them possess one or more cysteine residues and may be able
to form intra- or intermolecular bridges. Particularly
noteworthy is the increase in the level of flagellar proteins (FlgC, FlgE and FlgL), observed also in response
to the environmental stress. Our previous data revealed
that double ΔdsbIΔdsbB mutant was completely nonmotile, whereas motility of a ΔdsbI mutant was comparable to the wild strain (Raczko et al. 2005).
Further two alterations comprised decreased content of 60 kDa GroL chaperonin and enolase, two of
12 most immunoreactive proteins possibly involved in
the development of Guillain-Barré syndrome (GBS)
(Loshaj-Shala et al. 2018). GroL and enolase reside
in the cytoplasm, therefore OMVs may provide for
their export. Further, we saw an overrepresentation of
coproporphyrinogen-III oxidase, which catalyzes the
conversion of coproporphyrinogen-III to protoporphyrinogen-IX during the heme biosynthesis. These three
changes remain completely unclear.
Further studies are required to fully explain the
production and function of OMVs and to provide
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us with new methods to control bacterial growth and
host invasion.
Summarizing, we characterized how the proteome
of secreted OMVs changed when the C. jejuni 81–176
strain was exposed to stress induced by the antibiotic
polymyxin B or by increased oxygen levels. Our study
is one of the few presenting such a comprehensive
approach to the problem. Other studies in this field
focused on particular genes and proteins, showing the
interdependence of their levels, the total OMVs production and stress conditions. Thanks to our complete
methodology, we identified all proteins, whose level in
OMVs is altered by the conditions applied.
Several of the proteins identified, mostly upregulated ones, were components of the flagella apparatus.
Presence of flagella protein in OMVs is not extraordinary. Manabe et al. (2013) reported that both the synthesis of flagella proteins and the ability to form flagella
affects the production of OMVs by E. coli W3110.
In the study similar and somewhat complementary
to ours, Chan et al. analyzed the OMV proteome of two
clinical extraintestinal pathogenic E. coli (ExPEC) isolates under the stress conditions of the limited iron availability and the presence of the antibiotic gentamicin.
Low iron environment resulted in major changes in the
OMV proteome, including the upregulation of several
stress response proteins (Hsp100/Clp proteins, ClpX
and ClpA, the AAA+ protease, ClpP, which they interact
with, and also ClpB) (Chan et al. 2017).
At present, we can propose neither causes nor consequences of up- or downregulation of certain proteins
(coproporphyrinogen-III oxidase (hemN Cj0992c) or
unknown putative lipoprotein), indicating that further
research in this field is needed.
Further investigation of the regulation of C. jejuni
OMVs’ composition combined with their role in virulence will allow us to better understand the pathomechanisms of the infection.
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Abstract

Polyphosphate (polyP) is a food additive with antimicrobial activity. Here we evaluated the effects of sodium tripolyphosphate (polyP3,
Na5P3O10) on four major oral bacterial species, in both single- and mixed-culture. PolyP3 inhibited three opportunistic pathogenic species:
Fusobacterium nucleatum, Prevotella intermedia, and Porphyromonas gingivalis. On the contrary, a commensal bacterium Streptococcus
gordonii was relatively less susceptible to polyP3 than the pathogens. When all bacterial species were co-cultured, polyP3 (≥ 0.09%) significantly reduced their total growth and biofilm formation, among which the three pathogenic bacteria were selectively inhibited. Collectively,
polyP3 may be an alternative antibacterial agent to control oral pathogenic bacteria.
K e y w o r d s: polyphosphate, antibacterial, oral bacteria, commensal, pathogenic

Introduction
Periodontitis is a polymicrobial biofilm-mediated
disease of the oral cavity and is a chronic inflammatory
condition of the periodontium, leading to the damage of
structural tooth support, resorption of bone, and eventually tooth loss (Schaudinn et al. 2009). The microbial
etiology of periodontitis is defined by oral biofilm, also
called dental plaque, in which resides an interdependent microbial community containing numerous bacterial species (Sundus et al. 2016). A typical dental biofilm
begins with the formation of the salivary acquired pellicle, which is a result of the selective adsorption of salivary components, such as statherin, histatin, acidic proline-rich proteins, albumin, mucins, and α-amylase onto
the tooth surface (Kreth et al. 2009; Willems et al. 2016).
Early colonizers then directly attach to various molecules
of the acquired pellicle via the selective adhesin-receptor

binding and form an initial dental plaque (Kreth et al.
2009). Representative bacteria that constitute the initial
biofilm are streptococci, which are mostly commensal/
non-periodontopathogenic bacteria and makeup over
80% of the early biofilm inhabitants (Kreth et al. 2009),
quickly followed by Actinomyces, Gemella, Neisseria,
and Veillonella. As plaque matures, the composition
of the biofilm changes. With the introduction and an
increasing number of anaerobic bacteria such as Por
phyromonas, Fusobacterium, Prevotella, Veillonella, and
Capnocytophaga, the diversity of the species constituting
the plaque increases (Willems et al. 2016). Several experimental studies suggested that periodontal diseases are
generally associated with Gram-negative anaerobic bacteria, such as Aggregatibacter actinomycetemcomitans,
Tannerella forsythia, Prevotella spp., Fusobacterium spp.
and Porphyromonas gingivalis (Torkko and Asikainen
1993; Tanner and Izard 2006; Han 2015; How et al. 2016;

* Corresponding authors: J.-Y. Lee, Department of Maxillofacial Biomedical Engineering, School of Dentistry, Kyung Hee University,
Seoul, Republic of Korea; e-mail: ljinyong@khu.ac.kr
J.-H. Moon, Department of Maxillofacial Biomedical Engineering, School of Dentistry, Kyung Hee University, Seoul, Republic of Korea;
e-mail: prudence75@khu.ac.kr
© 2019 Ji-Hoi Moon et al.
This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License (https://creativecommons.
org/licenses/by-nc-nd/4.0/)

264

Moon J.-H. et al.

Suprith et al. 2018). However, it is now widely accepted
that not any one of these bacterial species alone, but
a concerted interaction of these members can cause the
destructive events involved in the periodontal disease
progression (Liu et al. 2012; Hajishengallis 2015; Khan
et al. 2015; Patini et al. 2018).
Polyphosphate (polyP) is an inorganic polymer
composed of three to several hundred orthophosphate
residues linked by phosphoanhydride bonds (Kornberg et al. 1999). The type of polyP varies depending
on the length of the phosphate chain constituting it,
for example, polyP3, polyP5, polyP15, polyP45, and
so on, even up to polyP chains of many hundreds of
phosphate residues. The Food and Drug Administration (FDA) has listed sodium pyro-, tri-, and hexametaphosphates as the Generally Recognized as Safe (GRAS)
food additives. PolyP is often added to dairy and meat
products for water binding, ion exchange, emulsification, and antioxidation (Ellinger 1972). In addition,
due to the antimicrobial effects against various Grampositive bacteria and fungi (Knabel et al. 1991), thereby
suppressing food spoilage, polyP has drawn the attention of food industry.
Recently, it was reported that some Gram-negative
anaerobic periodontal pathogens were highly sensitive to polyP. The minimum inhibitory concentrations
(MICs) of polyP against P. gingivalis W83 and P. inter
media ATCC 49046 ranged from 0.06 to 0.075%, which
were much lower than those previously reported for
Gram-positive bacteria (Moon et al. 2011; Jang et al.
2016). Bacterial species rarely inhabit infection sites
alone instead reside in diverse, multispecies communities (Stacy et al. 2016). Hence, to adequately assess
the potential of polyP as a controlling agent against
oral pathogenic bacteria, it is necessary to ascertain
the effect of polyP not only on an individual microbial
species but also on the consortium of mixed-species. In
the present study, we investigated the effects of sodium
tripolyphosphate (polyP3, Na5P3O10), listed as a GRAS,
on four major oral bacterial species, including commensal and pathogenic bacteria. We also evaluated the
antimicrobial effect of polyP3 against the mixed-species
consortium consisting of the four bacterial species.
Experimental
Materials and Methods

Bacterial strains and culture condition. We used
S. gordonii G9B, F. nucleatum ATCC 23726, P. gingi
valis ATCC 53977 (previously designated A7A1-28),
and P. intermedia ATCC 49046. Each bacterial strain
was grown either in Brucella agar (Becton, Dickinson
and Company, Sparks, MD, USA) supplemented with
5% sheep blood, 5 µg/ml hemin (Sigma Chemical Co.,
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St. Louis, MO, USA) and 1 μg/ml vitamin K1 (Sigma),
or in Brucella broth (Becton, Dickinson and Company) supplemented with 5 µg/ml hemin and 1 μg/ml
vitamin K1 (B-HK). The bacterial culture was incubated
at 37°C under anaerobic conditions (85% N2, 10% H2
and 5% CO2).
MIC determination and individual bacterial
growth. PolyP with chain length 3 (polyP3, Na5P3O10,
Sigma) was dissolved in distilled water to 10% (wt/vol)
and sterilized using a 0.22-µm filter. The MIC of polyP3
against the individual bacterial species was determined
by agar dilution method according to CLSI guidelines
(CLSI 2007). Briefly, optical density at 600 nm (OD600)
of each bacterial suspension was adjusted, then the
suspension was inoculated at a cell density of approximately 105 to 106 cells/spot on Brucella blood agar plates
containing polyP3 (final concentrations of 0.015–0.2%).
The number of the inoculated bacterial cells was confirmed by serial dilution and colony forming unit
(CFU) count. All inoculated plates were incubated
at 37°C for 72 h. The MIC was defined as the lowest
concentration that inhibited the bacterial growth on
the plate. To evaluate the effect of polyP3 on the growth
of the bacteria at a high inoculum density, each bacterial strain cultured to exponential phase was adjusted
to approximately 108 cells/ml in B-HK, then exposed to
polyP3 at various concentrations. The bacterial growth
was measured by reading OD600 after 24 hours.
Total growth and biofilm formation of mixed bacterial culture. We also investigated the effect of polyP3
on the total growth and biofilm formation of the four
bacterial species in a mixed culture. In preliminary
studies, we observed that a mixed-species biofilm with
relatively uniform distribution of four strains can be
developed by inoculating S. gordonii, F. nucleatum, P. gin
givalis and P. intermedia cells at a ratio of 1 : 1 : 100 : 100.
We estimated the number of individual bacterial cells
by measuring and adjusting of OD600 of each culture,
then mixed so that the cell number ratio was as above.
The mixed bacterial suspension was dispensed in
triplicate into wells (500 μl/well) of a 24-well plate
containing B-HK (500 μl) supplemented with polyP3
at various concentrations. The final bacterial suspension was approximately 108 to 109 cells/ml. Two identical
24-well plates were prepared for each of three independent experiments and cultured for 72 h under the same
environment as the culture condition for single bacterial species, without agitation and media replenishment.
To assess the total growth (planktonic and biofilm bac
terial growth), the biofilm bacterial cells were dispersed
and mixed thoroughly with planktonic bacterial cells,
and OD600 of the suspension was measured (Moon et al.
2013, 2015). The suspension was diluted 2 to 10 times,
and OD600 of the diluted suspension was also measured.
The amount of biofilm formed by the mixed bacterial
species was measured using the other plate. The plank-
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ethanol was added to release the crystal violet from the
biofilm, and the OD600 was recorded.
Scanning electron microscopy (SEM). Mixed
species biofilms were developed as described above,
then washed, dried, fixed in ethanol and dried again,
as described previously (Jang et al. 2016). The biofilm
samples were coated with gold using a sputter-coater
(IB-3, Eiko, Tokyo, Japan) and then observed at 10 kV
under a scanning electron microscope (Model S-4700;
Hitachi High Technologies America. Inc., Pleasanton,
CA, USA).
Results and Discussion

Fig. 1. MIC determination of polyP3 by the agar dilution method.
The bacterial cells were spot-inoculated (approximately 105 to
106 cells/spot) onto Brucella blood agar plates containing polyP3
at various concentrations and incubated at 37°C for 3 days anaerobically. The MIC was defined as the lowest concentration that
inhibited the bacterial growth on the plate. The results for P. inter
media ATCC 49046 are the same as those reported in our previous
study (Jang et al. 2016).

tonic bacterial cells and the spent media were removed,
and the biofilm formed in the wells was washed twice
with physiological saline, then stained with 0.1% crystal
violet for 10 min. The plate was washed three times with
physiological saline and air dried. Then, 500 µl of 95%

PolyP3 effectively inhibits the major oral pathogenic bacteria. It has been reported that polyP has antibacterial activity against various Gram-positive bacteria
(such as Staphylococcus aureus, Bacillus cereus, Listeria
monocytogenes, and mutans streptococci) at the concentrations between 0.1 and 0.5%, although it varies
depending on the bacterial strain, inoculum density and
culture medium (Post et al. 1963; Shibata and Morioka
1982; Zaika and Kim 1993; Lee et�����������������������
 ����������������������
al. 1994). In the present study, the growth of a Gram-positive bacterium
S. gordonii was not inhibited by polyP3 (up to 0.2%) on
an agar plate (Fig. 1). Meanwhile, in liquid medium, the
bacterial growth was slightly but significantly reduced by
polyP3 in the range of 0.01–0.1%, and almost completely
inhibited at concentrations ≥ 0.2% (Fig. 2). Compared to

Fig. 2. Effect of polyP3 on the growth of the bacteria at a high inoculum density. Each bacterial strain cultured to exponential phase was
adjusted to approximately 108 cells/ml in B-HK, then exposed to polyP3 at various concentrations. The bacterial growth was measured
by reading optical density at 600 nm (OD600) after the 24-hour incubation. Data are means ± SDs from two independent experiments
performed in triplicate. One-way ANOVA with Tukey’s post-hoc tests p < 0.001, versus control (0% polyP3).
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Fig. 3. Effect of polyP3 on the growth and biofilm formation of the four bacterial species in a mixed culture.
(A) To assess the total growth (planktonic and biofilm bacterial growth), the biofilm bacterial cells were dispersed, mixed thoroughly with planktonic
bacterial cells, and OD600 of the suspension was measured. The suspension was diluted 2 to 10 times, and OD600 of the diluted suspension was also
measured. The amount of biofilm formed by the mixed bacterial species was quantitated by crystal violet staining. Readings were expressed as mean
%OD600 (%OD600 = OD600 ∕ mean OD600 of control × 100). One-way ANOVA with Tukey’s post-hoc tests p < 0.001, versus control (0% polyP3). (B) SEM
images of the biofilms at a magnification of 20 000 × (left) and 100 000 × (right).
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S. gordonii, the three pathogenic bacteria: F. nucleatum
ATCC 23726, P. gingivalis ATCC 53977, and P. interme
dia ATCC49046 were more susceptible to polyP3. As
shown in Fig. 1, the MICs of polyP3 against the bacteria
were 0.1, 0.075 and 0.075 %, respectively, as determined
by the agar dilution method. Notably, despite the bac
terial inoculum concentration approximately 1000-fold
higher than that used for the MIC determination,
polyP3 still exerted a strong antibacterial activity in
liquid medium (BH-K) (Fig. 2). The difference between
the antibacterial effects of polyP3 observed in the agar
and broth dilution methods is likely due to the fact that
the MIC determined by the agar dilution method was
the concentration at which the bacterial growth was
completely inhibited bacteriostatically and/or bactericidally. MIC determined by agar dilution method is not
affected by whether an antibacterial agent is bactericidal
or bacteriostatic. In contrast, if the bacterial cells were
killed by polyP3 in the liquid medium, they may have
been lysed, lowering the OD600 values. It is also possible
that the liquid medium enhanced the contact of polyP3
with individual bacterial cells, resulting in an excellent
antimicrobial effect of polyP3 in the liquid medium.
PolyP3 selectively inhibits the major oral pathogenic bacteria in the mixed-culture. When the four
bacterial species were co-cultured, the total growth,
as well as the biofilm formation, was enhanced, probably due to their symbiotic relationship. As shown in
Fig. 3A, the total growth and biofilm formation of the
mixed species were significantly inhibited by polyP3
(≥ 0.05%). In the morphological analysis by SEM
(Fig. 3B), the control biofilm (not exposed to polyP3)
showed a multilayered structure consisting of spherical-shaped S. gordonii, spindle-shaped F. nucleatum,
along with rod-shaped bacterial cells presumed to
be P. gingivalis and P. intermedia. On the other hand,
in the biofilms exposed to polyP3 (≥ 0.05%), spindleand rod-shaped cells decreased. The biofilm exposed
to 0.1% polyP3 was a simple structure composed of
only streptococci, indicating that polyP3 still exerts
stronger antimicrobial effects against the three Gramnegative pathogenic bacteria than S. gordonii in the
mixed culture.
There are a vast number of U.S. patents for the use
of polyP3 in oral care preparations. Although STPP has
been included in oral care products for stain removal
and brightening of the enamel, antibacterial effect of
polyP3 apparently has not drawn the attention of the
dentistry academy and the oral health industry. Here,
we are inclined to emphasize the powerful potential of
polyP3 with antibacterial activity, which is required for
an ideal oral hygiene product. PolyP3 can be an effective
antibacterial agent to control the major oral pathogenic
bacteria P. intermedia, P. gingivalis, and F. nucleatum.
The ability of polyP3 to selectively inhibit pathogens

and maintain the proportion of commensal bacteria
may be effective in preventing oral diseases caused by
these pathogenic bacteria.
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Abstract

Two glucose-limited realkalized fed-batch cultures of Lactococcus lactis CECT 539 were carried out in a diluted whey medium (DW) using
two different feeding media. The cultures were fed a mixture of a 400 g/l concentrated lactose and a concentrated mussel processing waste
(CMPW, 101.72 g glucose/l) medium (fermentation I) or a CMPW medium supplemented with glucose and KH2PO4 up to concentrations
of 400 g glucose/l and 3.21 g total phosphorus/l, respectively (fermentation II). For an accurate description and a better understanding of
the kinetics of both cultures, the growth and product formation by L. lactis CECT 539 were both modelled, for the first time, as a function
of the amounts of glucose (G) added and the pH gradient (VpH) generated in every realkalization and feeding cycle, by using an empirical
polynomial model. With this modeling procedure, the kinetics of biomass, viable cell counts, nisin, lactic acid, acetic acid and butane2,3-diol production in both cultures were successfully described (R2 values > 0.970) and interpreted for the first time. In addition, the
optimum VpH and G values for each product were accurately calculated in the two realkalized fed-batch cultures. This approach appears
to be useful for designing feeding strategies to enhance the productions of biomass, bacteriocin, and metabolites by the nisin-producing
strain in wastes from the food industry.
K e y w o r d s: fed-batch fermentation, empirical modeling, probiotic biomass, nisin, glucose-limited cultures

Introduction
In recent years, there has been an increasing interest in using probiotic cultures from lactic acid bacteria
(LAB) as additives in animal feed to prevent or treat
diseases (Alvarez-Olmos and Oberhelman 2001) and
enhance the production results, e.g. weight gain and
feed conversion efficiency (Guerra et al. 2007a).
For a successful application in animal feed, the probiotic cultures should contain a high concentration of
viable cells, bacteriocins and fermentation metabolites
to control the growth of pathogenic bacteria in both
the animal feed and gut of the animals (Guerra et al.
2007a; Costas et al. 2018). Three alternatives for this
purpose are: i) the use of cheaper fermentation and
feeding media (like wastes from the food industry),

ii) the selection of an appropriate strain, and iii) the
design of an adequate fermentation procedure.
Whey (a waste from the cheese-making process)
and mussel processing wastes (MPW) contain lactose
in the relatively high concentration (~ 50 g/l in case of
whey), glycogen (~ 10 g/l in case of MPW), proteins
(~ 5.0 g/l in case of whey and 3.5 g/l in case of MPW), as
well as micronutrients, including amino acids, vitamins
and minerals (Murado et al. 1994; Costas et al. 2018).
For these reasons, both substrates have been used for
productions of probiotic biomass (Costas et al. 2018)
and bacteriocins (Garsa et al. 2014; Costas et al. 2018)
by different LAB.
The comparison of the antibacterial activity of
38 bacteriocin-producing LAB (including Lactococ
cus, Pediococcus, Lactobacillus, and Leuconostoc strains)
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against a set of 19 indicator bacteria (including Listeria,
Enterococcus, Carnobacterium, Lactococcus, Lactoba
cillus, and Leuconostoc strains) showed that the nisin
produced by L. lactis CECT 539 was the most potent
bacteriocin with the broadest antibacterial spectrum
(Guerra and Pastrana 2002). In addition, previous studies showed that the strain CECT 539 has potential as
a probiotic additive for animal feed (Guerra et al.
2007a), or as a food products’ preservative to extend
their shelf life (Guerra et al. 2005).
Considering that fed-batch fermentation allows
obtaining cultures with a high concentration of viable
cells (Cho et al. 2010; Costas et al. 2018), the use of this
fermentation technique for production of highly concentrated probiotic cultures on whey and MPW could
be very advantageous. With this approach, the high
mean chemical oxygen demand of these wastes, about
70 g/l in case of whey (Slavov 2017) and 25 g/l in case
of MPW (Murado et al. 1994), and consequently their
contamination effects could be considerably reduced.
Previous studies showed that the growth and nisin
synthesis by LAB in realkalized fed-batch cultures
depend on the stepwise pH profiles generated in the
cultures, due to i) the effect of pH on nutrient uptake,
ii) the inhibitory effect of low pH values on biomass
and product formation, and iii) the specific effect of
pH on bacteriocin synthesis (Cabo et al. 2001; Costas
et al. 2018). Then, the use of an adequate mathematical
model describing the joint effect of the culture pH and
nutrient (glucose) addition on the productions of biomass, nisin and fermentation products could provide
a better understanding for controlling and optimizing
the fermentation process.
However, to our knowledge, no information is available on the quantification of the joint effect of glucose
addition with the feeding media and the pH gradients
(VpH) generated in the cultures on the synthesis of biomass, nisin, lactic acid, acetic acid and butane-2,3-diol
by L. lactis strains.
For these reasons, in the present study, a first glucoselimited realkalized fed-batch culture in DW medium
was designed by using a medium prepared with mussel
processing wastes (CMPW) and a 400 g/l concentrated
lactose (CL) as feeding media. From the results obtained
in this culture, the effects of glucose addition and VpH

on biomass and product synthesis by L. lactis CECT 539
were quantified, for the first time, by using empirical
modeling. To validate the effectiveness of this modeling procedure, a second glucose-limited realkalized
fed-batch culture in DW medium was carried out by
using the CMPW medium supplemented with glucose
and KH2PO4 up to concentrations of 400 g glucose/l and
3.21 g total phosphorus/l as feeding medium.
Experimental
Materials and Methods

Bacterial strains and culture media. The LAB stra
ins used in this study were selected as the best nisin producer (Lactococcus lactis CECT 539) and the most nisinsensitive bacterium (Carnobacterium piscicola CECT
4020) in a previous study (Guerra and Pastrana 2002).
Both strains were obtained from the Spanish Type Culture Collection (CECT, Valencia, Spain). Working cultures of both strains were grown on MRS as agar slants.
The culture media used in this study (Table I) were
prepared with diluted whey (DW) and a concentrated
mussel processing waste (CMPW) obtained from
local dairy and mussel processing plants, respectively.
The pretreatment of both substrates was described by
Costas et al. (2018).
Inoculum preparation and fermentation conditions. A loop of cells of L. lactis CECT 539 from
a 1-day old MRS slant was used to inoculate 10 ml of
MRS broth, which was incubated at 30°C and 200 rpm
for 12 h. Subsequently, 1 ml of this pre-inoculum was
transferred aseptically to a 250 ml Erlenmeyer flask
containing 50 ml of DW medium and incubated at
30°C/12 h (200 rpm). An aliquot of this culture (containing 7.4 × 109 CFU/ml) was used as the inoculum
for the realkalized fed-batch fermentations to obtain
an initial viable cell count of 1.5 × 109 CFU/ml (0.03 g
of cell dry weight/ml) in the fermentation medium
(Costas et al. 2018).
The two fixed-volume realkalized fed-batch fermentations (cultures I and II) were carried out in duplicate
in a 6-l bench-top fermenter (New Brunswick Scientific, Edison, NJ, USA) containing 4 l of sterilized DW
medium (pH 7.0), at 30°C, 200 rpm and with an aera-

Table I
Mean composition (g/l) of the substrates used as culture media.
Nutrient
Lactose

DW medium

CMPW medium

CMPWGP medium

22.62 ± 0.05

–

–

–

101.72 ± 0.17

400.00 ± 0.01

Total nitrogen

0.433 ± 0.02

0.540 ± 0.01

0.431 ± 0.02

Total phosphorus

0.227 ± 0.02

0.060 ± 0.00

3.210 ± 0.06

Proteins

2.07 ± 0.01

3.47 ± 0.03

2.75 ± 0.02

Glucose
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tion level of 0.5 l/h. The first culture was fed a mixture
of CMPW medium and 400 g/l concentrated lactose
(CL), and the second fermentation was fed a CMPW
medium supplemented with glucose and KH2PO4 up
to concentrations of 400 g glucose/l and 3.21 g total
phosphorus/l (CMPWGP medium) and sterile distilled water (if needed). In the two realkalized fed-batch
cultures the feeding media were used to bring the cultures up to the initial total sugars (TS) concentration
(22.62 g/l) in the fermentation medium in every realkalization and feeding cycle.
However, the CMPW medium has a mean total
sugars concentration (101.72 g/l) considerably lower
than that (400 g/l) of the CL substrate and a total phosphorus (TP) concentration (0.060 g/l) lower than that
(0.227 g/l) of the fermentation medium (Table I). Therefore, the use of the unsupplemented CMPW medium
as the unique substrate to feed the growing culture
has two drawbacks. First, high volumes of the feeding
substrate could be necessary to replenish the initial
TS levels in the culture medium in every realkalization
and feeding cycle, increasing considerably the volume
of fermentation medium and provoking the dilution of
the culture. Second, the use of CMPW medium jointly
with the sample extraction every 12 h, could lead to the
exhaustion of the phosphorus source in the fermentation medium, thus limiting the growth of L. lactis
CECT 539 (Costas et al. 2018).
For these reasons, the CMPW medium was firstly
supplemented with KH2PO4 up to 3.21 g TP/l to obtain
the same C/TP relationship (31.7) as in the MRS
medium, because this salt was found to be the best TP
source for nisin synthesis (De Vuyst and Vandamme
1993). Then, the medium was supplemented with glucose up to a concentration of 400 g/l.
Samples were taken from the culture medium in the
corresponding fermenter every 12 h and divided into
three aliquots to measure the viable cell counts (first
aliquot), the culture pH and concentrations of biomass,
nutrients and fermentation products (second aliquot),
and also the nisin activity (third aliquot).
Realkalization and feeding procedure. After deter
mining the TS concentration in the samples withdrawn at every sampling time (12 h), the fermentation
medium was realkalized up to the initial pH of 7.0 with
a volume of 5 N NaOH (VNaOH) to generate different
pH gradients. Then, the volumes of feeding substrates
(VFS) needed to bring the culture up to the initial TS
concentration (22.62 g/l) in each culture were calculated by developing the corresponding mass balance
equations, as indicated below.
The volume of fermentation medium (VFM) in the
two fed-batch fermentations was kept constant ((dVFM/
dt) = 0) by matching the volumes added to the fermenter
(VFStn + VNaOHtn) with the sampling volume (VStn):
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VStn = VFStn + VNaOHtn = (VCMPWtn + VCLtn) +
+ VNaOHtn (for fermentation I)
[1.1]
VStn = VFStn + VNaOHtn = (VCMPWGPtn + VdWtn) +
    + VNaOHtn (for fermentation II)
[1.2]
Where VNaOHtn, VCMPWtn, VCLtn, VCMPWGPtn
and VdWtn are respectively, the volumes (in l) of 5 N
NaOH, CMPW medium, concentrated lactose (CL),
CMPWGP medium and distilled water added to the
fermenter at the beginning of every realkalization and
feeding cycle.
From equations [1.1] and [1.2] it follows that:
VCMPWtn = VStn – VNaOHtn – VCLtn
   (for fermentation I)

[2.1]

VCMPWGPtn = VStn – VNaOHtn – VdWtn
   for fermentation II)

[2.2]

The reduction in the mass (in grams) of TS in the
medium due to the joint effect of the extraction of samples and TS consumption by the growing strain (TSE+C)
was calculated by applying a mass balance equation for
the total sugars in the fermenter:
TSE+C = V . [TS]tn – (V – VStn) . [TS]tn+1

[3]

Where [TS]tn and [TS]tn+1 are the total sugars concentration (in g/l) at the beginning and at the end of
every feeding cycle. The difference (V–VStn) represents
the remaining volume (l) in the fermenter after the
extraction of samples.
Therefore, the mass of TS (in grams) that must be
added to the fermenter to restore the initial TS concentration in the DW medium was calculated by the
following expressions:
VCMPW . [TSCMPW] + VCL . [TSCL] = TSE+C
   (for fermentation I)

[4.1]

VCMPWGP . [TSCMPWGP] = TSE+C
   (for fermentation II)

[4.2]

Where [TSCMPW], [TSCL] and [TSCMPWGP] are the total
sugars concentration in the CMPW, CL and CMPWGP
media, respectively.
Substituting Eq. [2.1] into Eq. [4.1] gives:
(VStn + VNaOHtn – VCLtn) . [TSCMPW] +
+ VCLtn . [TSCL] = TSE+C
   (for fermentation I)

[5.1]

Thus, the VCL was calculated as:
VCLtn =

(TSE+C – VStn . [TSCMPW] + VNaOHtn . [TSCMPW])
([TSCL] – [TSCMPW])
[6.1]

The VCMPW was obtained by introducing the values of VCL and VNaOH into Eq. [2.1].
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The VCMPWGPtn in fermentation II was obtained
by rearranging Eq. [4.2]:
TSE+C
VCMPWGPtn =
[6.2]
[TSCMPWGP]
The VdW was obtained by introducing the values of
VCMPWGP and VNaOH into Eq. [2.2].
These sampling, feeding, and realkalization procedures were repeated every 12 h in all the cultures.
Viable cell counts. The first aliquot of culture
medium was used to count the total viable cells [VCC,
as colony forming units (CFU)/ml] by plating serial
dilutions of this aliquot (in triplicate) onto MRS agar
and incubation at 30°C for 48 h (Costas et al. 2018).
Biomass, nutrients and fermentation products.
Triplicate equivolume subaliquots from the second aliquot of the culture medium were centrifuged
(12 000 × g for 15 min at 4°C) and after separation of the
supernatants, the sedimented cells were washed with
saline (0.8% (w/v) NaCl) and centrifuged (12 000 × g for
15 min at 4°C) two times. The rinsed cells were again
resuspended in saline to measure the optical density
at 700 nm of the three subaliquots using the sterile
saline as a blank. Then, the biomass concentration (X,
as g dry cell weight/l) was determined from a standard
curve (Costas et al. 2018). The supernatants were used
to measure the culture pH and the concentrations of
nutrients (total sugars, nitrogen, phosphorus, protein,
glucose and lactose) and fermentation products (lactic
acid, acetic acid and butane-2,3-diol).
The concentration of total sugars was measured
using the phenol/sulfuric acid method (Dubois et al.
1956) according to Strickland and Parsons (1968a), with
glucose (at concentrations between 12.5–125.0 µg/ml)
as standard. Total nitrogen was quantified by the
micro-Kjeldahl method, replacing distillation by the
spectrophotometric method of Havilah et al. (1977),
with ammonium sulfate (at concentrations between
12.5–500.0 mg/l) as standard. Total phosphorus was
determined by the molybdate reaction (Murphy and
Riley 1962) according to Strickland and Parsons (1968b),
with KH2PO4 (at concentrations between 0.2–2.0 mg/l)
as standard. Protein was measured by the method of
Lowry et al. (1951), with bovine serum albumin (at concentrations between 0.05–0.50 g/l) as standard.
Concentrations of glucose (G), lactose (L), lactic
acid (LA), acetic acid (AA) and butane-2,3-diol (B)
were quantified by a high-performance liquid chromatography (HPLC) system equipped with an ION-300
Organic Acids column (length 300 mm, internal diameter 7.8 mm) with a precolumn IONGUARD™ (polymeric guard column), both obtained from Tecknokroma S. Coop. C. Ltda, Barcelona, Spain. Sugars and
fermentation products were separated at 60–65°C using
a 0.012 N sulfuric acid aqueous mobile phase flowing
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at 0.4 ml/min and detected using a refractometer with
a refractive index detector. Solutions of glucose, lactose,
lactic acid, acetic acid and butane-2,3-diol at a concentration between 0.5 and 10.0 g/l were used as standards.
Prior to HPLC analysis, all samples and standards were
filtered using syringe filters (0.22-μm pore size, 25-mm
diameter disk filters, Membrane Solutions, Dallas, TX,
USA) (Costas et al. 2018). All the analytical determinations were performed in triplicate.
Nisin. Triplicate samples of the third aliquot of the
culture samples were adjusted to pH 3.5 with 5 N HCl
to prevent the adsorption of molecules of bacteriocin
onto the producer cell surfaces, heat-treated in a boiler
water bath for 3 min to kill the cells and centrifuged
(27 200 × g for 15 min at 4°C). The antibacterial activity of the cell-free supernatants (CFS) adjusted at pH
6.0 was determined by a photometric bioassay method
(Cabo et al. 2001) using C. piscicola CECT 4020 as indicator strain (Costas et al. 2018). Nisin activity (Nis) was
expressed as bacteriocin units (BU) per ml CFS, being
one BU/ml defined as the inverse of the dilution of CFS
causing 50% growth inhibition of the target strain compared with control tubes (Murado et al. 2002).
Statistical analyses. The effects of the pH gradients
(VpH) generated in the culture and the addition of glucose (G) with the feeding with CMPW or CMPWGP
media on the synthesis of biomass, viable cells and
products (Nis, LA, AA and B) in every realkalization
and feeding cycle in the two realkalized fed-batch cultures were described with a second-order polynomial
model [7]:
Ps = A1 + A2 . VpH + A3 . VpH2 + A4 . G + A5 . G2 +
  + A6 . VpH . G

[7]

Where Ps represents the levels of X, VCC, Nis, LA,
AA or B synthesized in every realkalization and feeding
cycle. A1, A2, A3, A4, A5, and A6 are constants.
The corresponding values for the constants and their
standard errors were obtained by using the nonlinear
curve-fitting software of the SigmaPlot program, version 12.0 (Systat Software Inc., 2012). The coefficients
of the models were considered statistically significant
if their p values were lower than 0.05.
The goodness-of-fit of model [7] for each product
was evaluated by analyzing the determination coefficient (R2) and the mean relative percentage deviation
modulus (RPDM) (Guerra et al. 2007b):
[8]
Where Pt and cPt are respectively, the experimental
and calculated X, VCC, Nis, LA, AA or B concentrations (with model [7]) and n is the number of experimental data points. RPDM values < 10% and R2 values
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> 0.95 indicate a good fit for practical purposes (Guerra
et al. 2007b).
The experimental concentrations of X, VCC, Nis,
LA, AA or B synthesized (Pst) in every realkalization
and feeding cycle were calculated as follows:
[9]
Where Pt-12h and Pt are the experimental concentrations of biomass or products at the beginning and
at the end of every realkalization and feeding cycle,
respectively.
Subsequently, the calculated X, VCC, Nis, LA, AA
or B concentrations at the end of every realkalization
and feeding cycle (cPt) were obtained as:
[10]
Where cPst-12h and cPst are respectively, the X, VCC,
Nis, LA, AA or B concentrations at the beginning and
at the end of every realkalization and feeding cycle calculated with model [7].
The differences between the predictions of model
[7] and experimental data were minimized according
to the sum of squares of errors (SSE) of the model fit:
[11]
Where m represents the number of variables. Other
terms are as previously described.
Results and Discussion
Growth kinetics of L. lactis CECT 539 in the realkalized fed-batch cultures. The evolution of the culture variables (pH and concentrations of nutrients: glucose, lactose, proteins, total nitrogen, and phosphorus)
in the cultures I and II are shown in Figures 1 and 2,
respectively. Although the pH gradients decreased progressively in both cultures, L. lactis CECT 539 did not
lose completely its capacity to recover the acidic pH at
the end of fermentation. In both cultures, glucose was
completely consumed in every realkalization and feeding cycle, but relatively high concentrations of lactose
remained in the media (Figs. 1 and 2). The proteins and
total nitrogen and phosphorus were consumed in parallel with the production of biomass, but the complete
exhaustion of these nutrients was not observed in the
cultures (Figs. 1, 2 and 3).
The nisin-producing strain was grown in two
growth cycles (Fig. 3) composed of two exponential
growth phases, separated by an intermediate lag phase,
as observed before in previously realkalized fed-batch
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cultures in DW medium (Guerra et al. 2007b; Costas
et al. 2016, 2018).
Since L. lactis CECT 539 exhibited a diauxic growth
in a batch culture in DW medium supplemented with
glucose (Costas et al. 2016), it could be logical to suppose that the nisin-producing strain presented two
growth phases within every realkalization and feeding cycle of 12 h in the realkalized fed-batch cultures I
and II. However, the diauxic growth pattern observed
in both cultures would not be related with the use of
glucose- and lactose-containing substrates (culture I) or
with a glucose-containing substrate (culture II), as feeding media. This is mainly because the feeding media
were added at the beginning of every realkalization and
feeding cycle to bring the culture up to the initial total
sugars concentration (22.62 g/l) of the fermentation
(DW) medium (Guerra et al. 2007b; Costas et al. 2016,
2018), and the experimental X concentrations were
obtained at the end of every cycle (Figs. 1, 2 and 3).
The TN and TP concentrations decreased progressively in the first culture as a consequence of their
consumption by the nisin-producing strain and the
sample collection every 12 h. However, in the second fermentation, the growth slowed down at 144 h
of incubation, even though the culture was fed with
a substrate (CMPWGP) containing a relatively high TP
concentration (3.21 g/l) that produced an increase in
the concentration of this nutrient in the fermentation
medium (Fig. 2).
Thus, culture II was stopped at 168 h because the cells
entered in the second stationary phase of growth after
144 h of incubation and, taking into account the profiles
described by the variables X and Nis in fermentation I
(left side of Fig. 3), it is logical to consider that the extension of the fermentation would not produce significant
increases in the concentration of both variables.
In addition, the TN source could be considered as
a limiting substrate for the growth of L. lactis CECT
539 in fermentations I and II, rather than the two carbon (glucose and lactose) or TP sources. Thus, the
nisin-producing strain probably grown first consuming the free amino acids and utilizable oligopeptides
(Letort et al. 2002) present in the DW medium and/
or the inorganic nitrogen (Guerra et al. 2007b) added
with the feeding media (CMPW or CMPWGP). In the
second exponential growth phase, the strain CECT 539
probably utilized the less preferred nitrogen sources,
for example, the proteins present in both the DW and
CMPW media (Murado et al. 1994; Letort et al. 2002).
Nisin production paralleled both the biomass production and pH gradients generated in the two cultures
(Figs. 1, 2 and 3), because this metabolite was produced
as a pH-dependent primary product in this kind of
realkalized fed-batch fermentations (Cabo et al. 2001;
Guerra et al. 2007b; Costas et al. 2016; 2018). Lactic acid
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Fig. 1. Time course of the culture pH (◊), pH gradient (VpH, ●), and remaining (○), consumed (£), added (∆) and extracted (▲) concentrations of glucose (G), lactose (L), proteins (Pr), total nitrogen (TN), and phosphorus (TP) in the realkalized fed-batch culture I. The
data reported are means ± standard deviations of two repeated experiments and three replicate measurements.

was also synthesized in parallel with biomass synthesis
in both cultures, but the productions of acetic acid and
butane-2,3-diol triggered after 84 h of fermentation (left
and right sides of Fig. 3).
Although the incubation times in fermentation I
(264 h) and fermentation II (168 h) were different, the
final levels of X, VCC, Nis and AA synthesized in the
first culture (3.07 g/l, 1.75 × 1010 CFU/ml, 105.61 BU/ml,
and 1.78 g/l, respectively) were almost similar (p > 0.05)
to those (3.08 g/l, 1.75 × 1010 CFU/ml, 103.68 BU/ml,
and 1.66 g/l, respectively) obtained in fermentation II.
Only the LA and B concentrations in the first culture
(16.98 and 4.96 g/l) were higher (p < 0.05) than those
(13.62 and 2.24 g/l) obtained in fermentation II (Fig. 3).

This observation indicates that the CMPWGP medium can be used as an appropriate feeding substrate
for the production of probiotic biomass and nisin.
However, further studies based on optimizing its TP
concentration are required to avoid the accumulation
of this nutrient in the fermentation medium.
Empirical models obtained for biomass and product synthesis in the first fed-batch culture. Table II
shows the statistically significant values obtained for the
constants of model [7] for the dependent variables (X,
VCC, Nis, LA, AA and B) in fermentation I. In all cases,
RPDM values < 6 % and R2 values > 0.994 were obtained,
indicating that the fitted models described appropriately
the trend observed for all the dependent variables in
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Fig. 2. Time course of the culture pH (◊), pH gradient (VpH, ●), and remaining (○), consumed (£), added (∆) and extracted (▲) concentrations of glucose (G), lactose (L), proteins (Pr), total nitrogen (TN), and phosphorus (TP) in the realkalized fed-batch culture II.
The data reported are means ± standard deviations of two repeated experiments and three replicate measurements.

response to the addition of glucose and the pH gradients
generated in the culture. The fitted models obtained for
each dependent variable are discussed below:
Biomass and viable cell counts. For both dependent variables (X and VCC), the values of the coefficients
for the lineal (VpH and G) and quadratic (VpH2 and
G2) terms had a negative and positive sign, respectively
(Table II). However, while the coefficient of the binary
interaction between VpH and G had a positive sign for
X, it was not statistically significant for VCC.
From a mathematical point of view, these results
indicate that X and VCC increased for VpH and G values lower and higher than the corresponding optimum

values (VpHopt and Gopt) for both independent variables. However, from the results obtained in previous
works (Cabo et al. 2001; Guerra et al. 2007b), it could
be reasonable to consider the obtained optimum VpH
values (1.81 for X and 1.92 for VCC) as the minimum
pH gradient that allows the growth of L. lactis CECT
539 in the first culture. In fact, the corresponding maximum final pH values, 5.19 for X and 5.08 for VCC
(pHopt = 7.0 – VpHopt), were slightly higher than that
(pH = 4.86) observed in the previous batch cultures of
the nisin-producing strain in DW medium (Guerra
et al. 2007b). These maximum final pH values for the
growth of L. lactis CECT 539 are lower than that (5.50)
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Fig. 3. Time course of the biomass (X),
viable cell counts (VCC), nisin (Nis),
lactic acid (LA), acetic acid (AA), and
butane-2,3-diol (B) in the realkalized
fed-batch cultures I (left side), and II
(right side). The data reported are means
± standard deviations of two repeated
experiments and three replicate measurements. The solid lines drawn through
the experimental data for each variable
were obtained according to the empirical
model [7].

2

277

Glucose level and pH effects on Lactococcus lactis growth
Table II
Significant values (p < 0.05) for the constants in model [7] for the different dependent variables in the first fed-batch culture.
Parameter

Biomass

Viable cell counts

Nisin

Lactic acid

Acetic acid

Butane-2,3-diol

A1

4.12 ± 0.631

1.86 ± 0.084

1.13 ± 0.113

5.71 ± 0.235

1.16 ± 0.003

2.75 ± 0.277

A2

–3.60 ± 0.545

–1.56 ± 0.072

8.67 ± 0.4244

–4.04 ± 0.225

–0.70 ± 0.012

–2.00 ± 0.265

A3

0.83 ± 0.116

0.41 ± 0.015

–2.07 ± 0.206

0.88 ± 0.054

0.12 ± 0.005

0.37 ± 0.064

A4

–1.09 ± 0.383

–0.15 ± 0.051

–9.25 ± 1.547

–0.92 ± 0.040

–0.46 ± 0.021

–0.19 ± 0.021

A5

0.14 ± 0.062

0.03 ± 0.008

2.93 ± 0.314

0.26 ± 0.019

0.15 ± 0.011

0.03 ± 0.003

A6

0.35 ± 0.168

NS

0.74 ± 0.203

NS

NS

NS

R2

0.9950

0.9948

0.9993

0.9986

0.9949

0.9954

RPDM (%)

3.335

0.228

1.121

3.760

1.701

5.809

VpHopt

1.81

1.92

2.32

2.30

2.83

2.40

pHopt = 7.0 – VpHopt

5.19

5.08

4.68

4.70

4.17

4.60

Gopt (g/l)

1.64

2.72

1.29

1.76

1.41

2.80

observed for L. lactis ATCC 11454 in MRS broth (Penna
and Moraes 2002).
The decrease in the bacterial growth at pH values
lower than 5.19 or 5.08 could be related to a reduction
in the metabolic activity of L. lactis CECT 539 probably
caused by a limitation in micronutrients or nutrient
transport (Poolman and Konings 1988).
Using the same argument as that used for the
VpHopt, it can be also reasonable to consider the values of Gopt (1.59 g/l for X and 1.63 g/l for VCC) as the
minimum concentrations of glucose that should be in
the culture medium to stimulate the growth of L. lactis
CECT 539.
Nisin. The statistically significant coefficient for the
quadratic term VpH2 with a negative sign indicates that
the optimum VpH value (2.32) for maximum nisin production (Table II) is within the pH gradient range (from
2.80 to 1.33) generated in the first culture (Fig. 1). Thus,
the calculated minimum final pH value (4.68) is in perfect agreement with the optimum final pH values (4.90
and 4.27) obtained for nisin synthesis in DW medium
in batch and realkalized fed-batch cultures, respectively
(Guerra et al. 2007b).
With regard to the addition of glucose, it can be
noted that the Gopt value obtained (1.29 g/l) is the
minimum value that favored bacteriocin production
(Table II). Then, more addition of glucose in every realkalization and feeding cycle is needed to enhance nisin
synthesis in fermentation I.
Lactic acid, acetic acid, and butane-2,3-diol. The
signs of the lineal and quadratic terms in the empirical models obtained for these three metabolites were
similar to those obtained for the dependent variables X
and VCC. Thus, according to the predictions of model
[7], the maximum final pH values for LA, AA and B
productions were 4.70, 4.17 and 4.60, respectively.
Lactic acid production in the realkalized fed-batch
culture I was minimal at final pH values between 4.62

and 4.83 (Fig. 2), which includes the maximum pH value
(4.70) calculated from model [7]. Similarly, when the
culture reached final pH values between 4.22 and 4.97
(12–84 h of incubation), the lowest AA and B productions were obtained, because, at these incubation times,
the two fermentation metabolites had not been detected
in the culture medium (Fig. 2). In fact, AA and B productions started when the culture reached a final pH
value of 4.99 after 84 h of incubation (left side of Fig. 3).
In the same way, the minimum concentrations of
glucose in the processes for high LA, AA and B production were 1.76, 1.41 and 2.80 g/l, respectively (Table II).
Validation of model [7]. The effectiveness of model
[7] to describe the productions of biomass, bacteriocin
and fermentation metabolites by L. lactis CECT 539 was
validated by using the experimental data obtained from
the second fed-batch culture. As can be observed, the
empirical model [7] satisfactorily described the evolution of the dependent variables X, VCC, Nis, LA, AA and
B (right side of Fig. 3), providing RPDM values < 4% and
R2 values > 0.979 (Table III). In addition, the maximum
final pH values were similar (for X, VCC, LA and B) or
almost similar (for AA) to the corresponding calculated
values in the fed-batch culture I (see Tables I and II).
However, in the case of nisin synthesis, the optimum
pH value calculated (4.88) could be considered as the
maximum final pH value for high bacteriocin production in every realkalization and feeding cycle, since the
value of the coefficient for VpH2 had a positive sign.
This indicates that nisin synthesis is favored in this type
of fed-batch cultures in the pH range of 4.68 and 4.88,
which is within the optimum pH range observed in previous studies for nisin production by L. lactis CECT 539
(Guerra et al. 2007b; Costas et al. 2016, 2018).
As shown in Table IV, the optimum final pH values for nisin production by other Lactococcus strains
(e.g. L. lactis ATCC 11454 and ATCC 7962) were not
always within the optimum final pH range calculated
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Table III
Significant values (p < 0.05) for the constants in model [7] for the different dependent variables in the second fed-batch culture.
Parameter

Biomass

Viable cell counts

Nisin

Lactic acid

Acetic acid

Butane-2,3-diol

A1

0.46 ± 0.043

0.58 ± 0.053

0.42 ± 0.040

10.19 ± 0.405

0.41 ± 0.032

0.23 ± 0.062

A2

–3.32 ± 0.351

–1.75 ± 0.062

–27.69 ± 1.011

–8.10 ± 0.621

–2.19 ± 0.027

–3.15 ± 0.333

A3

0.58 ± 0.059

0.45 ± 0.011

6.53 ± 0.462

1.79 ± 0.109

0.44 ± 0.024

0.63 ± 0.097

A4

0.53 ± 0.038

0.26 ± 0.065

4.73 ± 0.516

–0.35 ± 0.017

0.42 ± 0.023

0.72 ± 0.065

A5

–0.04 ± 0.005

–0.01 ± 0.003

–0.10 ± 0.013

0.03 ± 0.006

–0.02 ± 0.001

–0.04 ± 0.004

A6

0.11 ± 0.006

NS

NS

NS

NS

NS

R2

0.9973

0.9906

0.9950

0.9959

0.9794

0.9856

RPDM (%)

0.987

0.326

3.775

2.609

3.988

3.602

VpHopt

1.82

1.96

2.12

2.26

2.47

2.49

pHopt = 7.0 – VpHopt

5.18

5.04

4.88

4.74

4.53

4.51

Gopt (g/l)

10.55

11.10

22.83

5.30

11.17

10.27

Table IV
The optimal final culture pH values for different bacteriocins produced by lactic acid bacteria.
Bacteriocin

Producing strain

Optimum final pH

Culture medium

Reference

Mesenterocin 5

Leuconostoc mesenteroides UL5

Pediocin AcH

Pediococcus acidilactici LB42-923

3.70

TGE broth

Yang and Ray 1994

Nisin

Lactococcus lactis ATCC 11454

5.80

TGE broth

Yang and Ray 1994
Yang and Ray 1994

Leuconocin Lcm1 Leuconostoc carnosum Lm1

4.24 to 4.34

Whey

Daba et al. 1993

5.00

TGE broth

Sakacin A

Lactobacillus sake LB 706

4.50

TGE broth

Yang and Ray 1994

Nisin

Lactococcus lactis ATCC 7962

4.90

Whey permeate

Flôres and Alegre 2001

Carnocin KZ213

Carnobacterium piscicola 213

4.80 to 5.08

MRS broth

Khouiti and Simon 2004

4.60

MRS + milk

4.80

M17 + milk

Nisin
Lactococcus lactis ATCC 11454
		
Nisin

Lactococcus lactis ATCC 11454

4.65 to 4.96

Whey + YE (5 g/l)

Penna et al. 2005
Jozala et al. 2011

YE: yeast extract

for L. lactis CECT 539. In addition, other lactic acid
bacteria, including the genera Leuconostoc, Pediococ
cus, Lactobacillus, and Carnobacterium produced the
highest bacteriocin concentrations at final pH levels
different to those observed for L. lactis strains. These
results indicate that the effect of the final pH on the
bacteriocin production depended on both the strain
and culture medium used.
This different effect of the final pH values on the
bacteriocin synthesis has been related with the need of
an appropriate final pH range for the post-translational
conversion of prebacteriocin to active bacteriocin (Yang
and Ray 1994).
With regard to the glucose addition, it could be
noted that with the exception of LA, the signs for the
coefficients of G and G2 terms in the models for the
other dependent variables, had a positive and negative
sign, respectively (Table III). Therefore, the calculated
Gopt values are the maximum added glucose levels
to obtain the maximum concentrations of X, VCC,
Nis, AA and B. Therefore, with the use of a feeding

medium (CMPWGP) with a concentration of glucose
(400 g/l) higher than the CMPW medium (101.72 g/l),
the amounts of glucose added to the growing culture
in fermentation II were considerably higher than those
added in fermentation I (Figs. 1 and 2). Thus, glucose
levels higher than the calculated Gopt value in the
second culture could produce substrate inhibition on
the growth and product (Nis, AA and B) formation
(Pongtharangkul and Demirci 2006; Costas et al. 2016,
2018) by L. lactis CECT 539. In addition, the inhibitory
effect produced by higher levels of glucose on nisin production could be also related with the regulation that
the carbon source produced on the synthesis or activity
of prenisin-modifying enzymes (De Vuyst 1995).
These observations are consistent with the results
obtained for the fed-batch production of nisin by L. lac
tis ATCC 11454 in a complex medium, with sucrose
feeding at rates of 6, 7, 8, and 10 g/l/h (Lv et al. 2005).
In this study, the growth was slightly affected by the
different feeding rates, but the bacteriocin synthesis
was different in the four cultures. Thus, the optimal
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feeding rate for nisin production was 7 g/l/h, but the
addition of sucrose at feeding rates of 8 and 10 g/l/h led
to the accumulation of the carbon source in the culture
medium during feeding that inhibited the bacteriocin
synthesis. For a feeding rate of 6 g/l/h, the sucrose was
almost completely consumed by the nisin-producing
strain and its remaining level in the culture medium
was close to zero in the period of feeding. This low
sucrose availability limited the growth and bacteriocin
production (Lv et al. 2005).
The results obtained with the use of model [7] are
in perfect agreement with the affirmation that nisin is
produced as a pH-dependent primary metabolite since
its production depends on both the biomass synthesis
and the final culture pH in the medium (Yang and Ray
1994; Guerra et al. 2007b). Thus, biomass production
by L. lactis CECT 539 was favored at culture pH values
above 5.0, but a final pH range of 4.68–4.88 was needed
for high nisin synthesis.
Conclusions
From a practical point of view, the modeling procedure used in this work could allow: i) determining the
optimum pH and glucose ranges to obtain high levels of biomass, nisin and fermentation metabolites in
realkalized fed-batch cultures, ii) providing an accurate
interpretation of the fermentation kinetics taking into
account the effects of the amount of glucose added and
the pH gradient generated in every realkalization and
feeding cycle on the growth and product synthesis by
L. lactis CECT 539 and, iii) design feeding strategies to
produce highly concentrated probiotic products with
high concentrations of viable cells and nisin.
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Abstract
Changes in the structural diversity of bacterial communities in soybean rhizospheres play important roles in plant growth and crop productivity. However, there are only a few studies on different soybean growth stages. Here, we investigated the changes in the bacterial community of soybean rhizosphere soil at two stages using Illumina high-throughput sequencing. The results showed that the bacterial abundance
and diversity in the seeding stage were higher than those in the mature stage and that the diversity changed significantly. Actinobacteria,
Acidobacteria, and Proteobacteria were the dominant bacteria in the soybean rhizosphere soil. Additionally, changes in Actinobacteria and
Proteobacteria abundances showed opposite trends.
K e y w o r d s: soybean, growth stages, rhizosphere soil, bacterial community, Illumina high-throughput sequencing

Rhizosphere microbes are important components
of soil ecosystems. These organisms are closely related
to soil fertility and are essential indicators for evaluating soil health. Soil microbial community and diversity
can reflect changes in the soil environmental quality
and reveal differences in microbial ecological functions, which are critical for maintaining soil quality
and ecosystem stability (Gertini 2005). Rhizosphere
microorganisms can absorb the hydrogen released by
nitrogen-fixing nodules of leguminous plants lacking
hydrogenase. Experiments have shown that bacteria
remove hydrogen (Mclearn and Dong 2002), and these
bacteria were beneficial to the growth of plants (Dong
et al. 2003; Abdellatif et al 2017). Therefore, studying
the rhizosphere microbial diversity of legumes will
improve our understanding of microbes that promote
the growth of legumes.
Accordingly, in this study, Illumina high-throughput sequencing was used to investigate the microbial
communities of rhizosphere soil samples. The soybean
field was located in Xianyang, Shaanxi, NW China
(107°38’–109°10’ E, 34°11’–35°32’ N), which is a typical
warm temperate continental monsoon climate. The soil

is dominated by ash-calcium soil. The soybean rhizosphere soil samples, numbered as S, were collected on
June 24, 2016, when after more than half of the cotyledons were breaking out, and also the soil samples, numbered as M, were collected on September 30, 2016. At
this time, the leaves and beans were dehydrated, demonstrating the inherent traits of the varieties.
The five-point sampling method was used to collect
the rhizosphere soil samples according to the shakeoff method of Riley et al. (1969). The soil sample was
divided into two portions after filtering through a 2-mm
sieve. One portion was stored in an –80°C refrigerator
for soil microbial diversity analysis and was sequenced
using an Illumina HiSeq 2500 at Biomarker Technolo
gies (Beijing, China). The primers used for sequencing
were 338F (5’-ACTCCTACGGGAGGCAGCA-3’) and
806R (5’-GGACTACHVGGGTWTCTAAT-3’) (Zhang
et al. 2015); the other was naturally air-dried and sieved
for soil physical and chemical properties analysis in
a reference to Soil Agrochemical Analysis (Bao 2000).
Some physical and chemical properties of soil in
different time are shown in Table I. There were significant differences in pH, available potassium, and soil
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Table I
Changes in basic physical and chemical properties of soils
at different sampling times.
S

M

Organic matter (g/kg)

1.40 ± 0.05a

1.51 ± 0.02a

Total nitrogen (g/kg)

2.05 ± 0.02a

2.13 ± 0.07a

pH

7.30 ± 0.04a

7.55 ± 0.03b

Available phosphorus (mg/kg)

7.54 ± 0.04a

7.59 ± 0.09a

Available potassium (mg/kg)

86.09 ± 0.93a

88.18 ± 0.40b

Soil temperature (°C)

18.48 ± 0.13a

23.65 ± 0.09 b

Moisture content (%)

30.58 ± 0.91a

31.27 ± 0.83a

temperature, whereas other indicators did not differ at
the two sampling times. The contents of organic matter,
total nitrogen, available phosphorus, and potassium, as
well as the moisture in M soil samples were higher than
those in S soil samples, and the pH and temperature
increased in the M phase.
The coverage of each sample was greater than 99%,
demonstrating that the sequencing results could reflect
the real situation of the sample. The ACE (P = 0.453)
index and the Chao1 (P = 0.909) index were higher
at the S stage than at the M stage, indicating that the
S stage soil samples were rich in microorganisms; however, the difference was not significant. The Shannon
index of the S stage was larger than that of the M stage,
and the P values between the S and M stages were
the Shannon index (P = 0.00074) and Simpson index
(P = 0.0037), respectively, indicating that the diversity
of the bacteria were higher in the S stage.
As shown in Fig. 1, ten phyla including Actinobacte
ria, Acidobacteria, Proteobacteria, Gemmatimonadetes,
Bacteroidetes, Chloroflexi, Verrucomicrobia, Nitrospirae,
Planctomycetes, and Armatimonadetes were obtained
from the six soil samples.
The dominant phyla at the S and M stages were Act
inobacteria, Acidobacteria, and Proteobacteria. At the
S stage, Proteobacteria, Acidobacteria, and Actinobac
teria accounted for 27.7%, 27.2%, and 14.3%, respectively; at the M stage, Proteobacteria, Actinobacteria, and
Acidobacteria accounted for 17.0%, 38.1%, and 21.8%,
respectively. Compared with the soil samples collected
at the S stage, the number of Actinobacteria increased
by 165.6%, and the numbers of Acidobacteria and Pro
teobacteria decreased by 20.1% and 38.6%, respectively.
Bacteria are important soil microbes, and their types
and quantities have direct effects on soil biochemical properties and soil nutrients. The Illumina highthroughput sequencing is widely used in the study of
soil microbial diversity owing to its rapid, convenient,
and highly accurate results. In this study, we analyzed
the community and diversity of bacteria in rhizosphere
soil from two different growth stages. We found that

Table II
Alpha diversity of samples.
S

M

ACE

1,590.75 ± 6.14a

1582.79 ± 12.11a

Chao1

1594.44 ± 5.52a

1593.50 ± 9.42a

Shannon

6.31 ± 0.0100a

5.70 ± 0.0919b

Simpson

0.0047 ± 0.00a

0.0152 ± 0.0024b

Coverage

0.9993

0.9983

microbial abundance and diversity at the S stage were
higher than those at the M stage. Many factors influence microbial diversity (Lupwayi et al. 2001; Schutter and Dick 2002; Lipson 2007; Peralta et al. 2013).
Rasche et al. (2011) suggested that humidity and temperature are the main environmental factors affecting
soil microbes in temperate forests, similar to the results
of the present study. The appropriate soil temperature
affects the availability of nutrients in the soil and the
growth environment of microorganisms, further stim-

Fig. 1. Microbial communities at the phylum level.
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ulating the activity of soil microbes and function of
soil microbial communities (Luo et al. 2001; Melillo
et al. 2002). Suitable water can significantly change the
microbial community and activity. A certain degree of
humidity in the soil plays an important role in cultivating strong seedlings and improving the ability to resist
drought in the later period. In June, the temperature
and rainfall in Xianyang were appropriate, which led
to increases in the number of nodules, the emission of
hydrogen gas during nitrogen fixation, and enhancement of the number of hydrogen-oxidizing bacteria
(Dong and Layzell 2001; Dong et al. 2003). This caused
soil microbial diversity and abundance to be high in
June. In September, the soil temperature rose significantly to 23°C, which was beneficial for microorganism
growth; however, the diversity was lower in the M stage
than in the S stage. The reason for this result may be
that the appropriate temperature enhanced microbial
metabolism, changing some specific flora into the
main flora. These dominant bacteria had a competitive advantage over other microbiota, resulting in the
proliferation of a few dominant phyla, whereas others
were inhibited or eliminated during competition. At the
same time, there was heavy rain in Xianyang in September 2016. Unger et al. (2009) also found that continuous
flooding conditions reduced soil microbial biomass and
affected the soil microbial community, causing microbial diversity and abundance to decrease.
In this study, we found that compared with the
S stage, the number of Actinobacteria increased, and
both Proteobacteria and Acidobacteria decreased in the
M stage. At the M stage, the nitrogen fixation capacity of soybean nodules is weakened, and the hydrogen concentration is lowered. Studies have shown that
certain microorganisms in Actinobacteria (Constant
et al. 2008; Constant et al. 2010) consume atmospheric
tropospheric trace hydrogen at 0.553 ppmv. This may
increase the number of Pseudonocardia and Nocardio
ides. Whether these two genera can absorb atmospheric
trace hydrogen is worthy of further study. Li et al. (2018)
found that in the original rhizosphere soil samples of
Medicago sativa and the hydrogen-treated soil samples,
changes in the abundances of Actinobacteria and Proteo
bacteria showed opposite trends. In this study, we found
that soil samples from the rhizospheres of soybeans also
showed similar trends. Further studies are needed to
determine whether this trend exists in other legumes or
other crops. Many studies have shown that the microbial
community is related to the growth stage. For example,
Duineveld et al. (2001) found that the microbial community structures of rhizosphere soils of young plants
and mature plants differed. Additionally, Farina et al.
(2012) found that the microbial community structure
of canola differed accordingly to growth stage, with the
greatest abundance during the rosette period. Xu et al.

(2009) also found that the bacterial diversity in soybean
rhizosphere increased primarily and then decreased; the
increase was observed beginning from the flowering
period, reached a maximum during the drum period,
and was lowest during the maturity period.
In summary, the soybean growth period was found
to have an important influence on the bacterial community in rhizosphere soil, and bacterial diversity
was mainly affected by soil temperature and humidity. Changes in the abundances of Acidobacteria and
Proteobacteria showed opposite trends. Our findings
provided a theoretical basis for understanding the
diversity and changes in the bacterial community in
soybean rhizosphere soil.
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KONFERENCJA POD PATRONATEM PTM
Konferencja międzynarodowa:
8 Międzynarodowa Konferencja Weiglowska
Łódź, 26–28.06.2019

Konferencja organizowana jest przez Instytut Biologii Medycznej PAN,
Uniwersytet Łódzki oraz Uniwersytet Medyczny w Łodzi
The planned Conference is the eighth conference to commemorate the outstanding Polish microbiologist Prof. Rudolf
Weigl, the creator of the first effective vaccine against typhus. The conference is devoted to selected medical, microbiological
and biotechnology issues. As part of the conference, thematic sessions will be devoted to (i) Reinvention of bacteriophage
therapy. Bacteriophages in control of infectious diseases (ii) From single cell to microbial communities studies, molecular
basis of virulence in the complexity of microbiome, (iii) Medical and industrial biotechnology – research and development. Novel therapeutic strategies and practical applications. The conference will be a unique platform for meetings and
discussions for researchers dealing with the molecular basis of selected diseases, for microbiologists investigating these
processes at the level of virulence factor, but also for clinicians involved in everyday diagnostics and treatment of diseases.
The conference will also create a unique opportunity to familiarize participants of the session, including students and
doctoral students, with different perspectives of research on the same processes, from the human body to pathogenic or
saprophytic microorganisms and their mutual interactions.
http://grupamedica.pl/8th-international-weigl-conference-26-28-06-2019/
www.twitter/grupamedica ; https://web.facebook.com/8thweiglconferene/

W dniu 25.03.2019 r. odbyło się trzecie zebranie
Zarządu Głównego Polskiego Towarzystwa Mikrobiologów kadencji 2016–2020.
Poniżej w punktach, w formie skrótowej przedstawiono omawiane sprawy.
1. Prezes PTM – prof. Stefan Tyski powitał zebranych – przybyli wszyscy członkowie ZG PTM (z wyjątkiem przed
stawiciela Oddziału Puławy), a także 9 zaproszonych gości (dr Kamila Korzekwa, wiceprzewodnicząca Oddziału Wrocław,
dr Elżbieta Stefaniuk – przewodnicząca Głównej Komisji Rewizyjnej, prof. dr hab. Jacek Bielecki – redaktor naczelny
Postępów Mikrobiologii, dr Radosław Stachowiak – z-ca redaktora naczelnego PM, Pani Mariola Machowska-Kacprzak – księgowa PTM, dr Tomasz Zaręba, przewodniczący Sekcji Mikrobiologia Farmaceutyczna, dr Szymon
Walter de Welthoffen, diagnosta laboratoryjny, Pan Zbigniew Kowal, Prezes firmy Global Congress oraz Panie Barbara
Tutak i Joanna Stasiszyn również z firmy Global Congress. Firma ta będzie pomagać w organizacji XXIX Zjazdu PTM
w 2020 r. w Warszawie.
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Po przyjęciu programu zebrania nastąpiła prezentacja wszystkich uczestników spotkania.
2. Wybrano 2 osobową Komisję Skrutacyjną.
3. Minutą ciszy uczczono zmarłych zasłużonych członków PTM: prof. Marię Kozioł-Montewkę, prof. Józefa F. Kubicę,
dr Wandę Michalską i dr Andrzeja Kasprowicza.
4. Prezes PTM przedstawił informację o działalności Prezydium PTM od poprzedniego zebrania ZG PTM
w dniu 19.03.2018 r.:
– omówiono Uchwały nr 26–45 z 2018 r., które poddano głosowaniu droga elektroniczną na kilku wirtualnych zebraniach Prezydium ZG PTM w 2018 r. i Uchwałą nr 1-2019 zaakceptowano działalność Prezydium ZG PTM w okresie
19.03.2018 r. – 25.03.2019 r.
– przypomniano, że informacje o bieżącej działalności PTM zamieszczano we wszystkich kolejnych numerach czasopism Postępy Mikrobiologii (PM) i Polish Journal of Microbiology (PJM), a także na facebooku PTM,
– podano informację o złożeniu wniosku do MNiSW na działalność upowszechniającą naukę (DUN), dotyczącym
organizacji konferencji 70 lat Oddziału PTM w Warszawie, jednakże wniosek ten nie uzyskał finansowania,
– przedstawiono informację o dofinansowaniu z DUN czasopism PM i PJM w latach 2018–2019. Redakcje obu czasopism dokładają starań, aby podnieść ich poziom. Maszynopisy prac przesyłane do PM są tłumaczone za język
angielski z dofinansowania MNiSW w 2019 r. Od przyszłego roku autorzy będą zobowiązani do przesyłania wersji
angielskojęzycznych manuskryptów, ponieważ takie będą zamieszczane on-line na stronie wydawnictwa Exeley Inc.
5. Omówiono sprawę powołanych sekcji PTM, które w zasadzie nie działają. Pan dr Tomasz Zaręba przedstawił
Sekcję Mikrobiologii Farmaceutycznej i konferencję, która miała się odbyć w maju, natomiast Pan dr Szymon Walter
de Walthoffen przedstawił swoja wizję działalności Sekcji Diagnostów Laboratoryjnych.
6. Księgowa PTM Pani Mariola Machowska-Kasprzak przedstawiła informację o stanie finansowym PTM oraz bilans
finansowy PTM za 2018 r.
7. Pani dr Elżbieta Stefaniuk Przewodnicząca Głównej Komisji Rewizyjnej PTM przedstawiła pozytywna opinię Komisji
Rewizyjnej na temat bilansu finansowego PTM za 2018 r.
8. Omawiano sprawę możliwości przekazania pewnych środków finansowych do wydatkowania przez Oddziały PTM.
– Prezes PTM poddał pod głosowanie Uchwałę nr 2-2019 zmieniająca Uchwałę nr 33-2017 z dnia 30.08.2017 r. ZG
PTM w sprawie udostępnienia Oddziałom Terenowym PTM od stycznia 2019 r., 50% kwoty uzyskanej z tytułu pozyskania sponsora, Członka Wspierającego PTM, darowizny, lub innej dodatkowej kwoty, na rzecz PTM, przez dany
Oddział, na pokrycie kosztów prowadzenia działalności statutowej przez ten Oddział. Obecnie przyjęto Uchwałę
2-2019 w brzmieniu: „Kwota środków przekazana na konto PTM z tytułu sponsorowania konkretnego wydarzenia
w całości jest do dyspozycji Oddziału, który pozyskał takiego sponsora. W pozostałych przypadkach 50% kwoty
uzyskanej z tytułu pozyskania; sponsora przekazującego środki na ogólne cele statutowe Towarzystwa, Członka
Wspierającego PTM, darowizny na ogólne cele statutowe Towarzystwa, innej dodatkowej kwoty, pozyskanej na
rzecz Towarzystwa, przez dany Oddział, udostępniane jest temu Oddziałowi. Zasady wydatkowania i rozliczania
wszystkich pozyskanych funduszy przez Oddział Terenowy PTM muszą być zgodne z Regulaminem wydatkowania
i rozliczania środków pieniężnych przez Oddziały PTM”.
– Sekretarz ZG PTM mówiła opracowany „Regulamin wydatkowania i rozliczania środków pieniężnych przez Oddziały
Terenowe Polskiego Towarzystwa Mikrobiologów”.
– Uchwałą nr 3-2019 zatwierdzono w/w Regulamin do stosowania począwszy od początku 2019 r. Tym samym
Oddziały uzyskają możliwość wydatkowania środków finansowych, których wysokość uzależniona jest od liczby
członków w Oddziale, na prowadzona przez siebie działalność statutową.
9. Przyjęto Uchwałę nr 4-2019 w sprawie przyjęcia 35 nowych członków zwyczajnych.
10. Przyjęto Uchwałę nr 5-2019 w sprawie usunięcia z grona członków PTM 78 osób oraz firmę Aesculap Chifa Sp. z o.o.
– członka grupy B. Brown, z powodu nieopłacenia składki członkowskiej za 2018 r.
Podsumowując, składkę członkowską w PTM w 2018 r. opłaciło 856 osób, a przynależność do PTM w oddziałach kształtowała się następująco:
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Liczba
Oddział Terenowy
PTM

Członek
Zwyczajny

Członek Zwyczajny,
emeryt

Członek
Honorowy

SUMA

Białystok
Bydgoszcz
Gdańska
Katowice
Kielce
Kraków
Lublin
Łódź
Olsztyn
Poznań
Puławy
Szczecin
Warszawa
Wrocław

33
70
47
89
23
117
55
40
28
64
15
56
157
31

0
1
2
3
0
7
0
1
2
4
1
1
8
1

1
0
2
0
0
0
1
0
1
0
2
2
7
1

34
71
51
92
23
124
56
41
31
68
18
59
172
33

Ogółem

825

31

17

873

11. Przewodniczący Zarządów Oddziałów Terenowych PTM przedstawili informacje z działalności swoich Oddziałów
w okresie od 19.03.2018 r. do 25.03.2019 r. w tym o odbytych konferencjach pod patronatem PTM. Przedstawili również
plany działalności Oddziałów w najbliższych latach.
12. Prezes PTM poinformował o planowanych konferencjach pod patronatem PTM:
– VII Konferencji Naukowo-Szkoleniowej „Mikrobiologia Farmaceutyczna 2019”, Gdańsk, 22–24 maj 2019 r.,
– VIII Międzynarodowej Konferencji Weiglowskiej, Łódź, 26–28 czerwiec 2019 r.,
– Uchwałą nr 6-2019 udzielono poparcia IV Ogólnopolskiemu Sympozjum Mikrobiologicznemu „Metagenomy Różnych Środowisk”, Lublin, 27–28 czerwiec 2019 r.
13. Przedstawiono wstępne informacje o XXIX Zjeździe PTM, planowanym na wrzesień 2020 r. w Warszawie. Uchwałą
nr 7-2019 na przewodniczącego Komitetu Organizacyjnego Zjazdu powołano Prezesa PTM – prof. S. Tyskiego, a na
zastępcę Wiceprezes PTM – prof. E. Augustynowicz-Kopeć. Na przewodniczącą Komitetu Naukowego Zjazdu powołano
prof. E. Augustynowicz-Kopeć, a na wiceprzewodniczącego – prof. S. Tyskiego. W skład Komitetu Naukowego Zjazdu
wchodzą wszyscy członkowie ZG PTM. Logistycznie zjazd będzie wspierać firma Global Congress.
14. Prezes PTM, a jednocześnie delegat PTM do FEMS oraz IUMS – prof. S. Tyski podsumował 45 spotkanie „FEMS
Council” organizowane po raz pierwszy w naszym kraju przez PTM, w dniach 7–8 września 2018 r. w Warszawie. Na
nasze zaproszenie przyjechali przedstawiciele 35 europejskich towarzystw mikrobiologicznych przyjechał również cały
zarząd FEMS – Prezydent FEMS prof. Bauke Oudega z Holandii oraz 7 dyrektorów FEMS wraz z 12 pracownikami
FEMS. Wysokość składek do FEMS – 1,4 Euro i IUMS – 1,4 USD od członka PTM nie ulegają zmianie. Dużą stratą
jest brak zgłoszeń osób na FEMS Research Grant na wyjazdy do naukowych ośrodków zagranicznych. Poinformowano
o kongresie „8th Congress of European Microbiologists – FEMS2019”, który odbędzie się w Glasgow, Szkocja 7–11 lipca
2019 r. Międzynarodowa konferencja „4th Congress of Baltic Microbiologists”, organizowana 10–12.09.2018 r. w Gdańsku otrzymała dofinansowanie FEMS w wysokości 7.000 Euro. W Uchwale nr 8-2019 wyrażono zgodę na pokrycie
kosztów uczestnictwa prof. S. Tyskiego w FEMS Council 2019 w Mediolanie.
15. W tym roku kończy się kadencja Sekretarza Generalnego FEMS, jest to jedno z głównych stanowisk w Zarządzie
Głównym FEMS. Pan prof. dr hab. Grzegorz Węgrzyn z Uniwersytetu Gdańskiego wyraził zgodę na kandydowanie na
stanowisko Sekretarza Generalnego FEMS. W głosowaniu tajnym przyjęto Uchwałę nr 9-2019 popierającą kandydaturę
Pana profesora na stanowisko Sekretarza Generalnego FEMS.
16. W związku z rozmaitym podejściem stosowanym w Oddziałach do przyznawania punktów edukacyjnych, powołano
Komisję w składzie prof. dr hab. Ewa Augustynowicz-Kopeć, dr hab. Edyta Podsiadły i dr Elżbieta Stefaniuk, do określa
nia zasad przyznawania punktów edukacyjnych za uczestnictwo w zebraniach i seminariach organizowanych przez
Oddziały PTM – Uchwała nr 10-2019.
17. Prezes PTM przedstawił informację o Konferencji Prezesów Towarzystw Lekarskich (nie należy mylić z Federacją Polskich Towarzystw Medycznych). Podjęto Uchwałę nr 11-2019 o podpisaniu deklaracji o przystąpieniu PTM do KPTL.
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18. W związku z pojawieniem się zachowań „nielicujących z dobrym imieniem członka PTM”, przy braku statutowej komisji
dyscyplinarnej, postanowiono powołać „Komisję do spraw etyki członków PTM” o składzie osobowym podobnym do
Komisji konkursowej oceniającej materiały do nagrody naukowej PTM im. prof. Edmunda Mikulaszka, pod przewodnictwem Pani prof. dr hab. Stefanii Giedrys-Kalemby – Uchwała nr 12-2019.
19. W Uchwale nr 13-2019 podjęto decyzje w sprawie przedłużenia zatrudnienia Pana mgr Adama Guśpiela jako Sekretarza Redakcji PJM do 30.09.2020 r.
20. Informacje o wydawanych czasopismach PTM i sytuacji w redakcjach przedstawili redaktorzy naczelni: PJM – Pani
prof. dr hab. Elżbieta Anna Trafny i PM – Pan prof. dr hab. Jacek Bielecki. Omawiano problemy i plany związane
z wydawaniem czasopism przez wydawnictwo amerykańskie Exeley Inc.
21. W związku z dużymi kosztami wydawania czasopism, podjęto Uchwałę nr 14-2019 w sprawie zwiększenia opłat redakcyjnych za publikacje w PJM z 250 USD do 350 USD dla autorów korespondencyjnych – członków PTM i z 500 USD
do 700 USD dla autorów korespondencyjnych nie będących członkami PTM. Zwiększona opłata dotyczyć będzie
manuskryptów przysłanych do Redakcji PJM po 30.06.2019 r.
22. Dyskutowano nad informacją o stanowisku Konsultanta Krajowego w dziedzinie Diagnostyki Laboratoryjnej Pana
prof. dr hab. Macieja Szmitkowskiego w sprawie absolwentów studiów na kierunku mikrobiologia. Stanowisko to jest
sprzeczne ze stanowiskiem PTM opracowanym w ubiegłym roku i zamieszczonym na stronie PTM. Pani dr hab. Beata
Anna Sadowska zobowiązała się do przygotowania odpowiedzi dla Pana prof. dr hab. M. Szmitkowskiego.
Po zebraniu Zarządu Głównego Polskiego Towarzystwa Mikrobiologów, w kolejnych miesiącach Prezydium ZG PTM
zajmowało się następującymi sprawami:
1. Podjęto Uchwalę nr 15-2019 w sprawie objęcia honorowym patronatem seminarium naukowego pt. „III Sesja Młodych
Mikrobiologów Środowiska Łódzkiego”, które odbędzie się w dniu 7 czerwca 2019 r. na Wydziale Farmaceutycznym
Uniwersytetu Medycznego w Łodzi.
2. Podjęło Uchwałę nr 16-2019 w sprawie przyjęcia firmy BART Sp. z o.o. Sp. K. do grona członków wspierających PTM,
jako Członka Zwyczajnego.
3. Podjęło Uchwalę nr 17-2019 w sprawie przyjęcia 6 nowych członków zwyczajnych PTM.
4. Informujemy, że PTM podpisało umowę z firmą EBSCO Publishing Inc. ze Stanów Zjednoczonych dotyczącą współpracy i umieszczenia czasopisma Polish Journal of Microbiology w międzynarodowych bazach naukowych EBSCO.
Współpraca z firmą EBSCO powinna zapewnić wzrost popularności czasopisma (IF, punktacja) i jego umiędzynarodowienia, a także rozpoznawalności PJM i PTM. Bazy EBSCO są używane przez ponad 130 000 bibliotek akademickich,
instytutów i szpitali na całym świecie (w tym Harvard Medical College, UCLA itp.).
5. Informujemy również, że Minister Nauki i Szkolnictwa Wyższego Pan dr Jarosław Gowin powołał Pana prof.
dr hab. Grzegorza Węgrzyna z Uniwersytetu Gdańskiego, członka PTM na stanowisko Przewodniczącego Rady Doskonałości Naukowej (RDN) w kadencji 2019–2023. RDN zastępuje dotychczasową Centralną Komisję do spraw Stopni
i Tytułów.
Pan prof. Grzegorz Węgrzyn do RDN został wybrany w dziedzinie nauk ścisłych i przyrodniczych w dyscyplinie nauk
biologicznych. Zainteresowania badawcze Pana profesora to mechanizmy replikacji DNA plazmidów i bakteriofagów,
regulacja ekspresji genów w komórkach bakteryjnych oraz zastosowanie elektrycznych bio-chipów.
6. Ustalono, że XXIX Zjazd PTM odbędzie się w dniach 15–18 września 2020 r., w Warszawie w Centrum Konferencyjno-Szkoleniowym przy ul. Bobrowieckiej 9. Prosimy o zarezerwowanie tego terminu i przygotowanie ciekawych
oraz wartościowych prac.
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CZŁONKOWIE WSPIERAJĄCY PTM

Członek Wspierający PTM – Złoty
od 27.03.2017 r.

HCS Europe – Hygiene & Cleaning Solutions
ul. Warszawska 9a, 32-086 Węgrzce k. Krakowa
tel. (12) 414 00 60, 506 184 673, fax (12) 414 00 66
www.hcseurope.pl
Firma projektuje profesjonalne systemy utrzymania czystości i higieny dla klientów o szczególnych
wymaganiach higienicznych, m.in. kompleksowe systemy mycia, dezynfekcji, osuszania rąk dla pracowników
służby zdrowia, preparaty do dezynfekcji powierzchni dla służby zdrowia, systemy sterylizacji narzędzi.

Członek Wspierający PTM – Srebrny
od 12.09.2017 r.

Firma Ecolab Sp. z o.o. zapewnia: najlepszą ochronę środowiska pracy przed patogenami powodującymi
zakażenia podczas leczenia pacjentów, bezpieczeństwo i wygodę personelu, funkcjonalność posiadanego sprzętu
i urządzeń. Firma jest partnerem dla przemysłów farmaceutycznego, biotechnologicznego i kosmetycznego.

Członek Wspierający PTM – Srebrny
od 12.12.2017 r.

Od ponad 100 lat siedziba Wodociągów Krakowskich mieści się przy ul. Senatorskiej. Budowę obiektu ukończono
w 1913 roku. W 2016 r. do sieci wodociągowej wtłoczono ponad 56 mln m3 wody. Szacuje się, że ponad 99,5%
mieszkańców Gminy Miejskiej Kraków posiada możliwość korzystania z istniejącej sieci wodociągowej.

Członek Wspierający PTM – Zwyczajny
od 12.09.2017 r.

Merck Sp. z o.o. jest częścią międzynarodowej grupy Merck KGaA z siedzibą w Darmstadt, Niemcy i dostarcza
na rynek polski od roku 1992 wysokiej jakości produkty farmaceutyczne i chemiczne,
w tym podłoża mikrobiologiczne
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Członek Wspierający PTM – Zwyczajny
od 06.06.2019 r.

BART Spółka z o.o. Sp. K
ul. Norwida 4, 05-250 Słupno
NIP: 1180741884, KRS: 0000573068
https://bart.pl/, email: info@bart.pl
Firma BART jest producentem i dystrybutorem surowców oraz dodatków
dla przemysłu spożywczego i farmaceutycznego. Specjalizujemy się w probiotykach
oraz surowcach uzyskiwanych metodami biotechnologicznymi.
Współpracujemy z renomowanymi producentami: Probiotical, Gnosis, Lesaffre

