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Abstract

Aspergillus fumigatus is one of the ubiquitous fungi with airborne conidia, which accounts for most aspergillosis cases. In immunocompetent
hosts, the inhaled conidia are rapidly eliminated. However, immunocompromised or immunodeficient hosts are particularly vulnerable
to most Aspergillus infections and invasive aspergillosis (IA), with mortality from 50% to 95%. Despite the improvement of antifungal
drugs over the last few decades, the therapeutic effect for IA patients is still limited and does not provide significant survival benefits. The
drawbacks of antifungal drugs such as side effects, antifungal drug resistance, and the high cost of antifungal drugs highlight the impor-
tance of finding novel therapeutic and preventive approaches to fight against IA. In this article, we systemically addressed the pathogenic
mechanisms, defense mechanisms against A. fumigatus, the immune response, molecular aspects of host evasion, and vaccines” current
development against aspergillosis, particularly those based on AFMP4 protein, which might be a promising antigen for the development

of anti-A. fumigatus vaccines.
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Introduction

Aspergillus spp. is a genus of saprophytic fungi,
which is widely distributed in nature. This genus plays
an important role in environmental nitrogen and car-
bon recycling and relies on conidia to spread in the air
(Kriiger etal. 2015; Latgé and Chamilos 2019). Among
the approximately 200 Aspergillus species, less than
20 are pathogenic for humans (Paulussen etal. 2017;
Mead etal. 2019). Aspergillus fumigatus exerts a major
influence on the number of pathogenic Aspergillus
strains. Statistical data revealed that among multitudi-
nous Aspergillus spp. isolates, A. fumigatus accounted
for 50-60%, A.flavus, A.terreus, and A. niger each
made up 10-15% of the isolates, and other uncommon
Aspergillus spp. were less than 2% (Paulussen et al. 2017;
Hoenigl et al. 2018).

Of all pathogenic Aspergillus spp., A. fumigatus with
airborne conidia is a prevailing agent for human infec-
tions. The small sizes of conidia allow them to reach

the lung alveoli from the natural environment effort-
lessly. It is estimated that humans may inhale as many
as hundreds of A. fumigatus conidia every day (Alanio
etal. 2017; Takazono and Izumikawa 2018). In healthy
hosts, the inhaled conidia are rapidly eliminated by
a competent immune system composed of innate and
adaptive immunity. The innate immunity plays pivotal
role in destroying most of the inhaled conidia in the
respiratory tract by respiratory ciliary movement and
proteins on the surface of epithelial cells, and in recog-
nizing and engulfing the remaining conidia by alveolar
phagocytes through surface pattern recognition recep-
tors. Simultaneously, phagocytes also induce inflam-
matory chemokines and cytokines and recruit other
immune cells to destroy surviving A. fumigatus spores
and hyphae. Among them, neutrophils can prevent the
formation of hyphae and kill it; monocytes can phagocy-
tose spores to prevent fungal outbreaks. When dendritic
cells phagocytose A. fumigatus, antigenic components
are presented on the cell membrane surface to activate T
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cells and B cells, initiating adaptive immunity of the
body. Whereas, if the immune responses are excessively
intensive, some immunological diseases such as allergic
bronchopulmonary aspergillosis will occur. In immu-
nocompromised or immunodeficient hosts, such as the
patients with immunosuppressive treatment for autoim-
mune disease, HIV suffers, and transplantation recipi-
ents, the growth of spores and hyphae of A. fumigatus
cannot be prevented due to the decrease of neutrophils
and phagocytes. Eventually, the hyphae of A. fumigatus
will invade human blood vessels and spread from blood
to the whole body, causing multi-system infection (Filler
and Sheppard 2006). A. fumigatus is the most lethal
invasive pathogenic fungus, with the mortality from
invasive aspergillosis (IA) above 50%, even up to 95%
(Dos Santos et al. 2020), especially for the patients with
acute leukemia and hematopoietic stem cell transplanta-
tion (HSCT) (van de Peppel et al. 2018).

Despite the wide applications of antifungal drugs,
they failed to provide satistying treatment for invasive
aspergillosis patients. Notably, the clear side effects of
antifungal drugs such as amphotericin B’s kidney toxi-
city and the potential hepatotoxicity of itraconazole
discouraged their clinical use. Although voriconazole
had better penetration than amphotericin B and itra-
conazole, it might cause temporary hepatotoxicity. In
addition to the side effects of antifungal drugs, drug
resistance and high cost also greatly hindered the use
of antifungal drugs. In response to the quest for more
efficacious and safer therapeutic options, various new
therapeutic drugs and new dosage forms of various
therapeutic drugs are also in progress. The latest drugs,
such as rifconazole and abaconazole, are being tested
in various in vitro and in vivo trials (Jovi¢ etal. 2019).
However, more studies still need to provide useful data
on the efficacy and safety of new antifungal drugs. In
consequence, the development of antifungal vaccines
is highly proposed. Recently, A. fumigatus mannopro-
tein 4 (AFMP4) has been recognized as a virulence
factor of A. fumigatus and expected to serve as an anti-
gen for the development of anti-A. fumigatus vaccines.
In this article, we systemically review the biological
characters of Aspergillus spp. and the pathogenic and
defense mechanisms of A. fumigatus to provide new
strategies for the treatment of A. fumigatus.

Pathogenicity
Disease caused by A. fumigatus
A. fumigatus can cause a broad spectrum of aspergil-
losis ranging from mild to severe symptoms for immu-

nodeficient or immunosuppressed patients, including
allergic syndromes, noninvasive infections, and IA

(Bonnet etal. 2017; Pagano etal. 2017; Gamaletsou et al.
2018; Xiao etal. 2020). The common diseases caused
by A. fumigatus infection are as follows: (1) allergic
bronchopulmonary aspergillosis (ABPA), (2) allergic
sinusitis, (3) aspergilloma, (4) necrotizing pulmonary
aspergillus (CNPA), (5) cutaneous aspergillosis, and
(6) IA. In ABPA, the inflammation due to Aspergil-
lus infection of the lungs primarily affects the patients
with asthma, cystic fibrosis, and bronchiectasis, which
cause allergy symptoms such as fever, cough, wheeze,
and generalized malaise. Allergic sinusitis is a nonin-
vasive and recurrent inflammatory sinusitis with the
hypertrophic sinus and nasal polyps as the manifested
symptoms in patients. Aspergilloma predominantly
exhibits mycelial balls in the damaged lung bronchia,
pulmonary cyst, or lung cavities, which causes a typi-
cal hemoptysis symptom in severe patients, and even
threatens lives. CNPA usually occurs in patients with
mild-to-moderate immunosuppression, accompanied
with chronic symptoms like fever, cough, sputum, ano-
rexia, and weight loss with a duration of 1-6 months
(Barac etal. 2017). Cutaneous aspergillosis is a cuta-
neous manifestation of disseminated Aspergillus infec-
tion, including erythematous-to-violaceous plaques or
papules, commonly characterized by an ulcer or eschar
(Sato and Tamai 2019). IA is a severe infection that
significantly affects immunocompromised patients,
such as those who have had an organ transplant or
a stem cell transplant operation. IA can affect each
organ, but sinopulmonary diseases are the most com-
mon JA symptoms, including nasal congestion and
pain, fever, pleuritic chest pain, and hemoptysis.

Molecular basis of A. fumigatus virulence

A. fumigatus is an opportunistic pathogen that causes
~90% of IA with very high mortality (Darling and
Milder 2018). Why A. fumigatus dominates the human
pathogenicity is confusing to clinical medical work-
ers, which motivating scientists to explore its patho-
genic mechanisms. The pathogenicity of A. fumigatus
to the host was mainly manifested by a direct attack
with the pathogen’s virulent factors, the hypersensi-
tivity response of patients, or the innate and adaptive
immunity of host evoked by virulent factors during
the process of germinating in the host. In recent dec-
ades, especially after A. fumigatus AF293 strain genome
sequencing in 2005, the virulence of A. fumigatus was
shown to be multifactorial and was related to ther-
motolerance, cell wall composition and maintenance,
resistance to immune response, toxins, nutrient uptake
during invasive growth, signaling regulation, and aller-
gens (Darling and Milder 2018; Latgé and Chamilos
2019). Besides, many molecules or genes related to
the pathogenicity of A. fumigatus have been found,
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including galactomannan glycoprotein encoded by
afmp1, hydrophobic protein Rod A, fumagillin, glio-
toxin, helvolic acid, fumigaclavin C, asp-hemolysin,
and so on. The genes and molecules associated with
A. fumigatus virulence either were helpful for the sur-
vival of pathogens in the host, or contributed to the
process of evading the immune system, such as masking
the important PAMPs, inhibition of phagosome-lyso-
some fusion, production of antioxidants like catalase,
SOD, and mannitol, or exerted multiple immunosup-
pressive actions on the host immunity by producing
specific secondary metabolites such as gliotoxin (GT),
fumagillin, actibind, and cytochalasin E.

The genes related to thermotolerance

As a thermophilic fungus, A. fumigatus can grow
at 55°C and survive at temperatures above 75°C. This
ability facilitates to thrive in dead or decayed organic
matters and to infect mammalian host cells. Thus, the
genes related to thermotolerance contribute to the viru-
lence of A. fumigatus. Five genes have been proved to
be associated with the thermotolerance of A. fumigatus
(thtA, cgrA, afpmtl, kre2/afmntl, and hspl/asp f 12).
The thtA gene is necessary for the growth of A. fumiga-
tus at 48°C, but it is not involved in the pathogenicity
of A. fumigatus. The afpmt1 gene encodes for one man-
nosyl transferase, which is essential for the growth of
A. fumigatus over 37°C. It was found that the AafmntI
mutant was attenuated in a mouse infection model and
more sensitive to azoles (Wagener et al. 2008).

Toxins

A. fumigatus produce toxins for protection against
predators and competitors, and they can directly attack
the host and contribute to the pathogenesis of the fun-
gus. Many toxins are secondary metabolites of fungi.
They can affect the synthesis of DNA, RNA, and pro-
teins, or alter cell membrane and impair cellular func-
tions. Many toxins and relevant genes of A. fumigatus
have been studied, such as diffusible toxic substances
from conidia, gliotoxin (gliP and gliZ), mitogillin (res/
mitF/aspf1), hemolysin (aspHS), verruculogen, fuma-
gillin, and the transcription factor laeA. Gliotoxin is
the most potent toxin produced by A. fumigatus (Zhang
etal. 2019), which can suppress macrophage phagocy-
tosis, T cell proliferation, cytotoxic T cell response, and
monocyte apoptosis (Schlam et al. 2016; Schmidt et al.
2017; Fraga-Silva etal. 2019). Gliotoxin can also inhibit
the NADPH of neutrophils (Tsunawaki etal. 2004),
suppress ROS production, and impair the neutrophil’s
phagocytic capacity (Orciuolo et al. 2007). In addition,
it should be noted that the transcription factor laeA
is a crucial regulator for secondary metabolite biosyn-
thesis (Pfannenstiel etal. 2017), and it has been proved
that laeA deletion in A. fumigatus inhibited the pro-

duction of almost all secondary metabolites containing
gliotoxin (Arias etal. 2018).

Allergens

Moreover, A. fumigatus can produce a large number
of allergens; among them 23 have their official names
ranging from Asp fl to Asp f34 (available at: http://
www.allergen.org/, updated on July 11, 2019). Some
allergens show toxic or enzymatic activities, which are
related to the virulence. Other allergenic molecules
have no virulence functions. All Aspergillus allergens
are likely to trigger a Type I hypersensitivity response in
patients and induce a high-affinity IgE antibody produc-
tion. Aspergillus allergens can cause hypersensitivities
in immunocompetent patients, such as ABPA, allergic
rhinosinusitis, asthma, and aspergilloma. In immuno-
compromised patients, these allergenic molecules can
significantly increase the risk of aspergillosis. Many
Aspergillus allergens have been explored and developed
for diagnostic purposes (Masaki et al. 2017).

Other pathogenic factors

So far, none of the pathogenic factors is unique to
A. fumigatus, and it is necessary to further investigate
why A. fumigatus is more pathogenic than other com-
mon conditional pathogens. Some scholars believed
that, unlike other human pathogenic bacteria such
as Candida and Cryptococcus, the pathogenicity of
A. fumigatus is not caused by one or several pathogenic
factors but caused by the result of its unique biological
characteristics such as growth and metabolism and the
joint action of multiple pathogenic factors.

Recently, based on the homology between fungal
endoether glucokinase and AnmK kinase of bacte-
rial cell wall circulatory metabolism, we proposed the
hypothesis that fungal cell wall has a mechanism simi-
lar to that of bacterial cell wall circulatory metabolism,
which plays a role in the growth and reproduction of
fungi. Whether this hypothesis is correct and related
to the pathogenicity of A. fumigatus needs to be further
confirmed by research.

Defense mechanism against A. Fumigatus
Host immunity to A. fumigatus

Innate defense immunity

Anatomical barriers. At the entry point of airborne
conidia, the upper respiratory tract’s airway epithelium
is the first defensive line of innate host immunity against
A. fumigatus. As an airway epithelium cell, the mucous
secreting cell can secrete mucus to trap inhaled conidia.
Another airway epithelium cell, a ciliated cell, can
drive the trapped conidia to the oropharyngeal junction
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(van de Veerdonk etal. 2017). In this way, a significant
number of A. fumigatus are expulsed from the lung. The
respiratory epithelium can also secrete some peptides
or enzymes to combat A. fumigatus, indicating that chi-
tinase produced by epithelium can damage chitin on the
cell wall of A. fumigatus (Garth etal. 2018).

Professional phagocytes and classical signaling path-
ways. The dominant role of phagocytes defense against
A. fumigatus in vivo and in vitro has been reported (Liu
etal. 2017; Almeida et al. 2019; Mackel and Steele 2019).
The primary phagocytes responsible for the phagocy-
tosis of A. fumigatus are alveolar macrophages (AM)
and neutrophils.

In the lung of the immunocompetent host, certain
soluble recognition receptors produced by alveolar
macrophages such as Pentraxin 3 (PTX3) and surface
protein-D (SP-D) can immediately bind to the inhaled
conidia of A. fumigatus, and enhance the phagocytosis
of alveolar macrophages (Smole etal. 2020). Alveolar
macrophages then recognize and swallow the conidia
through the TLR2/4 and Dectin-1. Toll-like receptors
(TLRs) are type I membrane receptors that function in
recognition of PAMPs and an intracellular TLR domain
required for downstream signaling. TLRs can recog-
nize pathogens and activate transcription factors such
as NF-xB, which mediate the expression of inflamma-
tory cytokines and chemokines (Anthoney et al. 2018).
Some studies implicated the membrane receptors TLR2
and TLR4 were the crucial recognition components for
host defense against A. fumigatus (Dai etal. 2019). An
essential role for TLR2 and TLR4 in cytokine produc-
tion against A. fumigatus has been established in many
in vitro studies (Briard etal. 2019; Gupta etal. 2019).
Dectin-1 is a type II transmembrane protein, which
is highly expressed in macrophages, neutrophils, and
DCs. Dectin-1 can recognize B-glucan on germinating
conidian but cannot identify the resting conidia, allow-
ing macrophages to differentiate the various forms of
A. fumigatus (Li etal. 2019; Dutta et al. 2020). Alveolar
macrophages capture conidia leading to a proinflam-
matory response accompanied by the secretion of
many cytokines and chemokines, including TNF-a and
CXCL2 (Chemokine (C-X-C motif) ligand 2), which
are essential activators for neutrophil recruitment (Guo
etal. 2020). The conidia escaped from the phagocyto-
sis by alveolar macrophages continue to germinate and
spread. Proinflammatory factors derived by alveolar
macrophages and epithelial cells recruit neutrophils
to the infection site. Neutrophils perform an effective
elimination of the germinating conidia and hyphae.

In the immunocompetent lung, conidia are imme-
diately trapped by the soluble recognition receptors
(PTX3, SP-D), promoting conidial phagocytosis by
alveolar macrophage (AM). AM also captures conidia
through TLRs and Dectin-1, leading to a proinflam-

matory response. The escaped conidia continue to
germinate and penetrate through the alveolar epithe-
lial cells. Neutrophils employ the processes of NET for-
mation, degranulation, and lactoferrin production to
inactivate germinating conidia and hyphae. Dendritic
cells phagocytose, and process germinated conidia
for antigens presentation to T cells, and finally activate
an adaptive immune response to A. fumigatus (Garth
and Steele 2017).

Mechanism of innate immune cells removing A. fumi-
gatus. The mechanism includes phagocytosis, reactive
oxygen species (ROS) generations mediated by nico-
tinamide adenine dinucleotide phosphate-oxidase
(NADPH), lactoferrin production, and neutrophil
extracellular traps (NETs) formation (Schoen etal.
2019; Souza etal. 2019; Shopova et al. 2020). ROS pro-
duction responds to swollen conidia, but not resting
conidia, through NADPH oxidase activation (Ferling
etal. 2020; Khani et al. 2020). It has been demonstrated
that the ROS-producing complex plays a crucial fun-
gicidal role during A. fumigatus infection (Shen etal.
2016). NETs are networks of extracellular fibers, mainly
composed of DNA from neutrophils. The NET forma-
tion is induced by a variety of proinflammatory media-
tors such as IL-8. It is significant for defense against
large pathogens, such as hyphae of A. fumigatus (Li et al.
2020). It has been demonstrated both in vitro and in
vivo, NET formation is dependent on NADPH oxidase
and ROS generation (Khan etal. 2019; Ravindran et al.
2019). In addition, dendritic cells (DCs) play a well-
established role in the host defense against A. fumigatus.
Immature DCs can phagocytose conidia and hyphae
through PRRs and present the processed antigens of
A. fumigatus to host T cells, leading to the activation
of adaptive immune responses (Wang et al. 2017).

Adaptive immunity mechanism

The elimination of the daily-inhaled conidia mainly
depends on the innate immune response, but the treat-
ment for serious Aspergillus infections relies on the
cooperation of the adaptive immune system, which
responds to the signaling generated by innate immu-
nity. Lymphocytes T and B represent the two main parts
of the adaptive defensive system.

Role of T cells in adaptive immunity. The T cell immu-
nity system interacts with the innate immune response
in many ways. For instance, DCs recruit at the infec-
tion sites can load and migrate the A. fumigatus antigen
to lymph nodes, leading to T lymphocytes’ activation
(Wang etal. 2017). CD4+ T cells are the dominating
organizer, which play a major role in antifungal immu-
nity. These activated T cells are able to invoke phago-
cytes or restrict the immune response. The initiating
of CD4+ T cell immunity occurred between TCR and
its cognate antigens on the DC cells. The excessive
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inflammatory response secreted by the activated T
cells can induce the naive T cells to differentiate into
CD4 T help (Th) subsets while damaging the incident
tissues and contributing to the invasive infections of
A. fumigatus. Th1 response was the predominant cell
type that involved the protective immune response to
the host through the production of pro-inflammatory
cytokines such as IFN-y, IL-2, IL-12, and TNF-a.
In contrast, Th2 immune response was associated with
the germination of fungal and exacerbation of disease
as well as induced the alternatively activated macro-
phages in the defense against A. fumigatus. The balance
between Th1 and Th2 subset determined the quality and
outcome of host immune responses. It was also found
that Th17 played multiple roles in clearing infections
by participating in the production of proinflammatory
genes and antimicrobial peptides, recruitment, and acti-
vation of neutrophils (Pathakumari et al. 2020). T cell
immunity against fungal infections primes Thl type
response (Shenoy etal. 2017). However, in patients with
aspergillosis, the predominance of Th2 T cells’ immune
response was conducted to exacerbate disease (Dewi
etal. 2017). Besides, DCs contribute to a damaging
inflammatory response by stimulating the Th17 cells
and producing IL-23 (Movahed et al. 2018).

Humoral immunity to A. fumigatus. The function
of Aspergillus-specific antibodies in immunocompro-
mised patients with IA has been investigated (Boniche
etal. 2020). Early researches indicated that the anti-
body responses failed to provide effective protection
against IA or played only a minor role in fighting asper-
gillosis (Cutler etal. 2007). However, recent research
reported that B-1,3-glucan specific antibodies could
not only inhibit Aspergillus hyphae but also protect
CD2F1 mice against Aspergillus challenge (Matveev
etal. 2019). Although it is generally acknowledged that
T cells immunity plays a vital role in combating fungal
aspergillosis (Diaz-Arevalo and Kalkum 2017), there
are a variety of ways, such as opsonization, comple-
ment activation, and virulence factors neutralization,
in which antibodies affect T cells response and sup-
press the growth, adherence, and germination of fungi
(Liedke et al. 2017; Ulrich and Ebel 2020).

Progress of anti-A. fumigatus vaccines development

Despite the wide applications of antifungal drugs,
they failed to provide satisfying treatment for IA
patients. The therapy with antifungal drugs is often
associated with side effects, drug-resistance, and high
costs. To overcome these disadvantages, the develop-
ment of alternative methods, including antifungal vac-
cines, is highly desirable. Antifungal vaccine studies’
primary tool is the employment of fungal particulate
forms, homogenates, or recombinant proteins. Some

studies revealed that the immunization with conidia,
mycelia extracts, or fungal culture filtrates induced
effective protection against Aspergillus infections
(Muthu et al. 2018; Pérez-Cantero et al. 2019). The heat-
killed mutant strain was also reported to be a broad-
spectrum fungal vaccine that induced host protection
against common invasive fungal infections in both
immunocompetent and immunocompromised hosts
(Wang etal. 2019). However, the crude extracts com-
monly consist of abundant fungal components as vari-
ous carbohydrates, nucleic acids, or even some toxins
(Shishodia et al. 2019). Thus, vaccination using purified
recombinant antigenic protein or peptide-based vac-
cine (Da Silva etal. 2020) is a more popular method
in antifungal vaccine studies, whereas the possibility
of potential severe anaphylaxis remains.

Obstacles in vaccine development

Although recently there is some progress published
on the study of vaccines against A. fumigatus (Chau-
vin etal. 2019; Khani etal. 2020), several significant
obstacles remain to be overcome for producing effec-
tive vaccine (Levitz 2017). First of all, since A. fumigatus
is an opportunistic pathogen and most invasive infec-
tions appear in the immunocompromised population,
the induction of an effective adaptive immunity in
such individuals is a real challenge. One of the feasible
measures is the prophylactic vaccination, especially in
target population, such as the patients waiting for bone
marrow transplant and the patients before the treat-
ment with immunosuppressive agents. Another major
problem in developing a vaccine against A. fumigatus is
related to the fungus’ molecular complexity. The extract
of A. fumigatus is a mixture containing up to 200 dif-
ferent proteins, glycoproteins, and compounds of low
molecular weights. In addition, safety issues should also
be well addressed because a wide range of allergic dis-
eases correlates with Aspergillus allergens. The poten-
tial of activating an adverse immunoreaction is also an
intractable problem (Dewi etal. 2017).

Adaptive immunity induced
by anti-A. fumigatus vaccines

Currently, some A. fumigatus allergens were identi-
fied based on their reactivity to patients’ antibodies.
Some of these allergens are not effective antigens for
vaccine development because they primarily induce Th2
cell response but cannot provide adequate protection
against Aspergillus infection. Nevertheless, a recombi-
nant allergen of A. fumigatus — Aspf3 was confirmed to
induce protective response when presented mixed with
TM adjuvant in a murine inhalation model (Namvar
etal. 2015). It was also reported that various yeast gen-
era could activate innate CD8+ T lymphocyte response
and generate broad antifungal protection (Bazan etal.
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2018). It suggested yeasts as a potential antifungal vac-
cine candidate to activate antigen-specific CD8+ T cell
responses effectively.

For a long time, most antifungal vaccine research
intended to activate memory T lymphocytes and raise
a Th1 type immune response that would produce some
favorable cytokines to enhance phagocytosis or T cell
killing (Upadhya etal. 2016). Most studies suggested
that the protective antifungal reactions induced by vac-
cines are cell-mediated immune responses. However,
some recent investigations focused on protective anti-
bodies. One B-glucan conjugate vaccine was shown to
provide good protection against Candida albicans and
A. fumigatus (Catellani et al. 2020). The serum of vac-
cinated mice significantly inhibited the growth of fun-
gus hyphae. The mechanism of the B-glucan conjugate
vaccine might involve specific anti-p-glucan antibody
(Matveev etal. 2019).

Optimizing vaccination schedules
with A. fumigatus mannoprotein (AFMP)

The cell wall of fungi is primarily defensive to a hos-
tile environment (Ruiz-Herrera and Ortiz-Castellanos
2019). Except for physical protection, one central role
of the fungus cell wall is the interaction with the hosts.
Therefore, the cell wall components are usually the tar-
gets to be attacked by the immune cells in hosts. The
cell wall of A. fumigatus is mainly composed of poly-
saccharides and proteins. The polysaccharides con-
sist of glucan, mannose, and chitin, which constitute
a three-dimensional network. -(1,3)-glucan branched
with B-(1,6)-glucan forms the wall’s skeleton. Chitin,
a polymer of N-acetylglucosamine is covalently linked
to B-glucan. Several proteins of the cell wall are man-
nosylated. The role of some mannoprotein has been
investigated and suggested as antigenic determinants
for serodiagnosis.

Mannoproteins (MPs) are natural glycoconjugates
expressed mainly on the fungal surface and released
into the culture medium during fungal growth. MPs
have been implicated as important antigens involved
in the induction of T cell-mediated immunity (Schiilke
2018; Paulovicova etal. 2019). Therefore, MP may have
potential use as an immunomodulator in patients at
high risk of TA.

The afmp genes were reported to encode some cell
wall MPs of A. fumigatus. Among them, afmp1 encodes
a protein-AFMP1 with 284 amino acids, which con-
tains some similar sequences present in MP of Peni-
cillium marneffei (Muszewska etal. 2017). AFMP2
also includes a few domains of MP1 (Woo etal. 2018).
Remarkably, specific AFMP1 and AFMP2 antibodies
were found in the aspergillosis or aspergilloma patients
during A. fumigatus infections (Woo et al. 2018). More-

over, recombinant AFMP1 protein was also applied in
the ELISA assay to detect specific AFMP1 antibodies in
hosts, which greatly contributes to the rapid diagnosis
of A. fumigatus-related aspergillosis (Woo etal. 2018).
Based on this research, another two A. fumigatus MPs,
AFMP3, and AFMP4 proteins were discovered during
BLASTP searching conserved sequence domains of
AFMP2 (Woo etal. 2018). Furthermore, it was dem-
onstrated that AFMP1 and AFMP4 monoclonal anti-
bodies had been generated and used to develop two
ELISA methods to detect AFMP1 and AFMP4. These
antigen-capture ELISA methods can rapidly and spe-
cifically detect AFMP1 or AFMP4 in the cultures of
A. fumigatus without the cross-reactivity with other
pathogenic Aspergillus species (Woo etal. 2018).

In MP1 and AFMP1~AFMP4 proteins, there is
a putative signal peptide at the N-terminal site, which
instructs secretory proteins to the endoplasmic reticu-
lum route (Woo etal. 2018), as well as several homolo-
gous conserved domains detected through phyloge-
netic analysis. Considering that the virulence role of
Penicillium marneffei mannoprotein 1 (MP1) has been
confirmed (Woo etal. 2018), AFMPs may contribute
to the virulence of A. fumigatus likewise. Our collabo-
rators compared the difference in virulence between
wild A. fumigatus and various afmp mutants (Woo
etal. 2018). The results showed that among the four
afmp1-afmp4 single knockdown mutants, the virulence
of A. fumigatus distinctly decreased only in the afmp4
mutant. The mice infected by the conidia of afmpl-
afmp3 single knockdown strains did not distinguish the
survival rates in the mice challenged with conidia of
wild type A. fumigatus. It implied that afmpl, afmp2,
afmp3 might not be the crucial toxic factors, whereas
afmp4 is very likely to be a decisive virulence factor for
A. fumigatus and may be used as a promising antigen
for the development of vaccines against A. fumigatus.

Conclusions

The multifactorial virulence factors and complex
pathogenic mechanism of A. fumigatus put forward
higher requirements for the prevention and control of
fungal. Advances in the understanding of pathogenicity
and host immune response to A. fumigatus would be
conductive to propose new strategies for antifungal vac-
cines. The AFMP4 protein of A. fumigatus, which has
been identified at the molecular levels, might serve as
a promising candidate antigen for developing vaccines
against invasive aspergillosis. Alternatively, a pan-fun-
gal vaccine with a broader antifungal spectrum derived
from the conserved fungal cell surface epitopes might
be the most promising antifungal vaccine in the future.
Also, several studies of animal models, adjuvants, and
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immunomodulators would provide novel strategies for
the design of antifungal vaccines. Nevertheless, with
antifungal vaccines’ progress, these vaccines’ efficacy
and efficiency need to be improved.
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Abstract

Staphylococci are among the most frequent human microbiota components associated with the high level of bloodstream infection (BSI)
episodes. In predisposed patients, there is a high risk of transformation of BSI episodes to sepsis. Both bacterial and host factors are crucial
for the outcomes of BSI and sepsis. The highest rates of BSI episodes were reported in Africa, where these infections were up to twice as high
as the European rates. However, there remains a great need to analyze African data for comprehensive quantification of staphylococcal BSI
prevalence. The lowest rates of BSI exist in Australia. Asian, European, and North American data showed similar frequency values. World-
wide analysis indicated that both Staphylococcus aureus and coagulase-negative staphylococci (CoNS) are the most frequent BSI agents.
In the second group, the most prevalent species was Staphylococcus epidermidis, although CoNS were not identified at the species level in
many studies. The lack of a significant worldwide decrease in BSI episodes indicates a great need to implement standardized diagnostic
methods and research etiological factors using advanced genetic methods.

Keywords: bacteremia, carriage, infection, sepsis, Staphylococcus

Introduction

Staphylococcus aureus is one of the most frequently
isolated pathogens from the hospital or community-
acquired infections. Staphylococci are a large group of
bacteria in every environment; however, these bacte-
ria can proliferate only in humans or animals. Many
staphylococcal species colonize the skin and mucosal
membranes, especially the perineum and pharynx. The
other sites that harbor these bacteria are the gastrointes-
tinal tract, vagina, and axilla, but carriage in those areas
is less frequent (Kosecka-Strojek et al. 2018). Tradition-
ally, staphylococci have been divided into two groups
based on the production of extracellular enzyme coagu-
lase: coagulase-positive staphylococci (CoPS) and coag-
ulase-negative staphylococci (CoNS). The first group
is represented by well-known opportunistic pathogens
such as Staphylococcus aureus, Staphylococcus schleiferi,
Staphylococcus intermedius, and Staphylococcus pseud-
intermedius, and the second group traditionally includes

nonpathogenic or opportunistic pathogens; however,
recently, several clinical reports have presented CoNS
as dangerous pathogens, particularly for newborns or
immunocompromised patients (Heilmann etal. 2019).
A few species, namely Staphylococcus hyicus, Staphylo-
coccus agnetis, and Staphylococcus felis, belong to the
third group - coagulase-variable staphylococci. These
species are usually grouped with CoPS but cannot
produce clumping factors, and coagulase production
tests give variable results (Becker etal. 2014). As oppor-
tunistic pathogens, staphylococci exhibit saprophytic
characteristics under physiological conditions, but the
bacteria become severe pathogens under additional
infection-facilitating conditions.

Staphylococci are etiological agents of diseases
with various localizations, manifestations and/or
courses of infection. The most frequent infections are
local infections, and the bacteria can cause lesions in
various anatomical tissues. Overall, the infections are
grouped into skin and soft tissue infections (SSTIs) with
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manifestations such as dermatitis, abscesses, furuncu-
losis, boils, folliculitis, impetigo, or mastitis, and also
includes other severe diseases such as staphylococcal
foodborne disease, toxic shock syndrome, and staphy-
lococcal scalded skin syndrome (SSSS) (Foster 2012;
Tong etal. 2015). Staphylococci are also common path-
ogens of deep tissue infections, including foreign bodies
infection. Most studies focused on S. aureus infections,
but there is strong evidence of the CoNS involvement in
severe diseases. Osteomyelitis, otitis, wound infection,
endophthalmitis, urinary tract infection, meningitis,
or even pneumonia may be caused by S. epidermidis,
Staphylococcus saprophyticus, Staphylococcus lugdun-
ensis, and S. schleiferi (von Eiff et al. 2002; Becker etal.
2014; Argemi etal. 2019). When staphylococci gain
entry into the bloodstream, colonization becomes sys-
temic as bacteremia and then advances to infection.

The literature was screened based on a PubMed
search using the terms ,staphylococci’, ,,Staphylococ-
cus” and ,,bloodstream infections” and/or ,,sepsis”. The
publications were then evaluated based on a citation
index. Specific criteria were used to describe the world-
wide occurrence of S. aureus, and CoNS bloodstream
infections and/or sepsis, such as: only original articles
were included; the data from different geographical
regions/countries were analyzed; the articles with the
highest number of participants and bacterial strains iso-
lated, and those containing long-term studies or the
recent data, were selected to the analysis.

Bacteremia, bloodstream infection, and sepsis

Bacteremia. Bacteremia is characterized by the
presence of pathogens in the blood (Pai etal. 2015).
Transient bacteremia is limited to one or two days,
without any manifestations, and may be caused by some
staphylococcal species. Furthermore, the phenomenon
does not indicate any further manifestation in healthy
hosts (Samet et al. 2006). The presence of bacteria in the
blood is eliminated by immunological defense systems
and is known in the literature as ,,natural bacteremia”
or ,physiological bacteremia”.

Bloodstream infection. However, in predisposed
hosts, bacteremia advances to bloodstream infection
(BSI), manifesting as an inflammatory response against
microorganisms or/and against their metabolites pre-
sent in the body (Dayan etal. 2016). The BSI can be
successfully treated or advances to sepsis (Thomer et al.
2016; Michalik et al. 2020). Sepsis is related to organ dys-
function, perfusion disturbances, or hypotension with
accompanying lacticaemia, oliguria, and/or psycholo-
gical disorders (Samet et al. 2006; Hotchkiss et al. 2016).

Therefore, some S. aureus bacteremia complications,
such as endocarditis, attributable mortality, embolic

stroke, or recurrent infection during the 12-week fol-
low-up period, are circumstances associated with the
increased sepsis frequency from 11% to 43%. When
the inflammatory response is triggered by the mas-
sive release of pro-inflammatory Thl cytokines, such
as TNF-a, IL-1p, IL-6, and IFN-vy, a septic shock may
occur (Dayan etal. 2016).

Sepsis. Sepsis is the incorrect, inflammatory res-
ponse of the host organism to infection, and often, it is
a result of systemic bloodstream infections. Recently,
sepsis is defined as life-threatening organ dysfunc-
tion caused by a dysregulated host response to infec-
tion (Singer etal. 2016). Untreated sepsis can lead to
severe sepsis or septic shock and, consequently, mul-
tiple organ failure (Sequential Organ Failure Assess-
ment, SOFA) and death (Stevenson et al. 2016). Sepsis
is a critical clinical stage of general toxemia and organ
dysfunction, and a patient’s inflammatory response
interferes with the functioning of vital organs, such
as the heart, kidneys, lungs, or liver. Sepsis-3 recom-
mends a new sepsis scoring system, rapid sequential
assessment of organ failure (qSOFA), consisting of
3 elements: an altered mental state, respiratory rate,
and systolic blood pressure (Minejima etal. 2019).
Patients with suspected infection expected to have
a prolonged ICU stay can be identified at the bedside
with quick SOFA, i.e., alteration in mental status, sys-
tolic blood pressure <100 mmHg, or respiratory rate
>22/min. Moreover, patients with septic shock can be
identified with a clinical construct of sepsis with per-
sisting hypotension requiring vasopressors to main-
tain MAP >65 mmHg and having a serum lactate level
>2 mmol/l (18 mg/dl) despite adequate volume resus-
citation (Singer etal. 2016).

Pathogenicity
of staphylococcal bloodstream infections

Antibiotic resistance. Staphylococci exhibit a wide
resistance to antibiotics. One of the most dangerous fea-
tures of staphylococci is their multi-resistance. Research
indicates that both the CoPS and CoNS species have
staphylococcal chromosome cassettes mec (SCCmec)
that determine resistance to methicillin in both groups.
Furthermore, the SCCmec elements of CoNS pre-
sent extreme diversity, which causes many diagnostic
problems (Hosseinkhani etal. 2018). The increase of
methicillin-resistant S. aureus (MRSA) isolates in hos-
pital and the community due to horizontal gene transfer
across bacterial species occurred. The environmental
and animal-associated CoNS may be underestimated
factor for the spread of the resistance genes into more
pathogenic species like S. aureus (Kosecka-Strojek et al.
2016; Lisowska-Lysiak etal. 2019). Methicillin and
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vancomycin resistance remain the major antimicrobial
resistance phenotype of concern. Although still rela-
tively infrequent, multi-resistant CoNS with reduced
susceptibility to glycopeptides are emerging patho-
gens of clinical concern and should be kept in mind
in empirical and rational therapy of BSI (Veach etal.
1990; Natoli etal. 2009). In recent years an emerging
spread of linezolid-resistant Staphylococcus capitis and
S. epidermidis strains in Europe was shown (Tevell et al.
2017; Kosecka-Strojek et al. 2020). An increased resist-
ance is the result of antibiotic pressure, which could
select resistant clones among staphylococci.

Virulence determinants and other invasion/eva-
sion determinants. Staphylococci exhibit a strong
capacity to infect human hosts by using specific strate-
gies to enable the adherence, invasion, persistence, and
evasion of the host’s immunity mechanisms. However,
the infection ability is not similar for all species within
the Staphylococcus genus. In general, CoNS isolates
present lower levels of virulence determinants than
CoPS, but the factors involved in colonization support
invasion in the host (Becker etal. 2014). It is espe-
cially true in extremely immature infants, in whom
more than 80% of late-onset sepsis (diagnosed after
72 hours of life) is caused by CoNS (Lauterbach etal.
2016; Wojkowska-Mach etal. 2019). However, despite
the relatively low level of virulence, immature infants
with sepsis caused by these pathogens present a wide
range of clinical symptoms (Lauterbach etal. 2016).
It was shown that S. lugdunensis was responsible for
sepsis and endocarditis on the 1st day of life in a term
newborn, which underwent lotus birth (Ittleman and
Szabo 2018). In contrast, S. aureus strains often exhibit
a vast arsenal of toxins and enzymes involved in staph-
ylococcal pathogenesis. Toxins can lead to a weak
response of the human organism because they can
degrade certain host cells, manipulate the innate and
adaptive immune response, and degrade intercellular
junctions, contributing to the S.aureus proliferation
(Oliveira et al. 2018).

Toxins. One of S. aureus toxicity mechanisms is
damage to host cell membranes caused by hemolysins,
bicomponent leukocidins, or phenol-soluble modu-
lins (Herrera etal. 2016). However, it has been proven
that CoNS also secrete toxins and enzymes. Based on
CoNS strains whole-genome sequencing (WGS) per-
formed by Argemi etal. (2019), the presence of pro-
teases, lipases, and hemolysins genes in S. epidermidis,
S. capitis, and Staphylococcus caprae was shown. Moreo-
ver, enterotoxin genes in S. epidermidis and Staphylococ-
cus haemolyticus genomes were shown (Nanoukon et al.
2018; Argemi etal. 2019). Other toxins produced by
S. aureus are usually infection-specific, such as entero-
toxins or toxic shock syndrome toxin. Furthermore,
bacteria-host interactions depend on extracellular

enzymes, and the largest group of enzymes includes
proteases. This category consists of serine proteases, the
metalloprotease aureolysin, and staphopains that are
engaged in the evasion of complement-mediated kill-
ing, host tissue destruction, immunoglobulin degrada-
tion, and deregulation of fibrinolysis (Miedzobrodzki
et al. 2002; Sabat et al. 2008; Kalinska et al. 2012;
Martinez-Garcia et al. 2018).

Biofilm formation. Biofilm formation is an addi-
tional factor associated with CoPS and CoNS infections
(Grzebyk etal. 2013; Argemi etal. 2019). Biofilm for-
mation is one of the staphylococcal survival strategies
within host organisms. The presence of staphylococcal
biofilms is a key factor involved in bacterial resistance
to various groups of antibiotics. Bacterial biofilms are
defined as communities of bacterial colonies attached
to the host surface and surrounded by exopolymeric
matrix substances strictly regulated by numerous pro-
teins engaged in the biofilm life cycle. It was shown that
biofilms could evade the host immune response, which
leads to the persistence of staphylococci. Bhattacharya
etal. (2018) proved that S. aureus biofilms could release
leukocidins, which affect extracellular trap formation
and allow evasion of neutrophil-mediated killing. Bio-
film production has also been proven for CoNS spe-
cies, including S. lugdunensis that produces adhesins
and other biofilm promoters (Argemi etal. 2017).
Staphylococcal pathogenesis is a process that involves
an array of extracellular proteins, biofilm, and cell wall
components that are coordinately expressed in different
phases of infection. The expression or suppression of
two divergent loci, accessory gene regulator (agr) and
staphylococcal accessory regulator (sar) are recogni-
zed as critical regulators of virulence in staphylococci
(Arya and Princy 2013).

Risk factors present in humans: predisposed
patients. Several studies have shown that host risk
factors may significantly enhance the effects of BSIs,
including mortality. The high-risk group of staphylo-
coccal infections contains mostly patients with indwell-
ing medical devices. The highly predisposed groups
also contain premature newborns or elderly patients
or multimorbid, chronically ill, or immunosuppressed
patients. A large group of the patients infected is also
those with inserted foreign plastic bodies, such as
implants and venflons.

The essential patients’ factors that determine blood-
stream infections and complications are age, presence
of comorbidities, and appropriate initial antibiotic
treatment (Ayau etal. 2017). Bloodstream infections
occur in elderly patients over 75 years old, resulting in
increased mortality (Gasch etal. 2013). A 9-year study
performed by Ayau etal. (2017) underlined risk fac-
tors that increased the probability of mortality, such as
age, cancer, heart disease, neurological disease, nursing
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home residence, and Charlson score greater than 3. In
fact, cancer itself increases the 30-day mortality, but
Bello-Chavolla etal. (2018) reported additional risk
factors, including hematologic malignancy, hypergly-
cemia, abdominal source of infection, and endocarditis,
based on studies conducted on patients with cancer.
Malignancy was also confirmed to be a key factor asso-
ciated with poor outcomes of infection in other studies
(Papadimitriou-Olivgeris et al. 2019).

Epidemiology: Worldwide distribution
of staphylococcal bloodstream infections

Staphylococcal bloodstream infections are cur-
rently a challenging issue for clinicians, diagnosticians,
and microbiologists, primarily due to their high fre-
quency worldwide. Studies on bloodstream infection
episodes differ slightly from each other because of the
high number of patients and the number of institu-
tions involved in providing the data. Interestingly, all
of these studies confirmed a high number of staphylo-
cocci isolated from blood samples, ranging from 23.9 to
79.2% (TableI). In many cases, S. aureus, usually MRSA
isolates, and CoNS were the predominant species
involved in BSI episodes. However, most importantly,
staphylococcal bloodstream infections affect the whole
world, not only developing countries. It is imperative
to analyze the data to implement standard diagnostic
methods, to compare the results among various coun-
tries, to evaluate existing preventive measures, and to
plan effective infection prevention and control pro-
grams or establish new programs, including the use of
advanced genetic methods (Dik et al. 2016; Sabat et al.
2017; Kosecka-Strojek et al. 2019). This study compares
staphylococcal bloodstream infections in the world. The
evaluation of S. aureus and CoNS as etiological agents
of BSI of the cited publications was made under the
following criteria: the studies included patients with
symptoms of BSI/sepsis; pathogens grew on at least one
percutaneous blood culture and a culture of the catheter
tip; bacteria have been identified as S. aureus or CoNS
species using commercial/automated identification
tests; susceptibility testing was performed, and CoNS
species from positive blood samples were included in
comprehensive data for analysis except where specified
in the laboratory records as contaminants.

Europe. The epidemiology of BSI episodes in Europe
was analyzed in detail. The European Centre for Disease
Prevention and Control (ECDC 2008; 2018) presented
that CoNS were the most numerous bloodstream infec-
tions pathogens isolated in Europe. Moreover, the big-
gest groups of infected patients consisted of neonates
and children, and the probability of serious complica-
tions such as long-term adverse neurological outcomes

or mortality remained high for these infections (Zingg
etal. 2017). Deptutla etal. (2018) reported that catheter-
related BSI episodes in Poland occurred in 48.9% of
the patients analyzed, and the predominant pathogens
were CoNS. These results suggest a strong need for the
construction of functional incidence-based surveillance
programs in Poland to reduce BSI episodes. The Neona-
tology Surveillance Network (PNSN) prepared one of
these programs and focused on late-onset BSI (LO-BSI)
in very-low-birth-weight infants. The study showed
that CoNS were the most common cause of LO-BSI
(Wojkowska-Mach etal. 2014). Both studies confirmed
that it is necessary to implement a national program for
infectious disease monitoring and prevention.

Another study in Germany focused on pediatric BSI
was based on 20 years of sample collection at a tertiary
care hospital. This study conducted a complex observa-
tion of a large group of BSI episodes. The results showed
an increasing number of CoNS to be responsible for
these infections (Hufnagel etal. 2008). Similar results
were published by Buetti etal. (2017), which were
based on a 7-year surveillance study in Switzerland,
although the major pathogen isolated was Escherichia
coli. These findings were confirmed by other studies
performed in Switzerland when staphylococci caused
a big group of BSI episodes, but the major isolated
pathogens were Gram-negative rods (Papadimitriou-
Olivgeris etal. 2019).

On the other hand, an increase in the presence of
CoNS was observed, but a minority of studies identi-
fied bacteria to the species level. One of these studies
was performed in Sweden and showed the CoNS were
related to newborns’ sepsis from 1987 to 2014. The
authors presented that S. epidermidis (67.4%) was the
most frequent pathogen, followed by S. haemolyticus
(10.5%), and S. capitis (9.6%) (Ehlersson etal. 2017).
The epidemiological study in France was partially
consistent with previously mentioned research and
showed that E. coli was the primary pathogen in 36%
of BSI episodes, followed by S. aureus (16%), and CoNS
(8%). The other investigation from France showed the
median rate of CoNS in sepsis (12.2%), and all of these
strains belonged to S. capitis species (Butin etal. 2017).
However, studies in the United Kingdom, Greece,
Netherlands, and Romania confirmed that CoNS were
predominant pathogens in BSI episodes and sepsis
(Cailes etal. 2018; Zlatian et al. 2018; Gkentzi etal. 2019;
Zonnenberg etal. 2019).

Asia. A study designed in Japan by Takeshita et al.
(2017) showed that the major pathogens isolated from
BSIs were CoNS (736 cases, 23%), but S. aureus isolates
were also among the most commonly isolated strains.
These results were comparable to those observed in
Europe (Takeshita etal. 2017). The authors also focused
on 30-day mortality associated with the species and the
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group of pathogens. They concluded that the highest
mortality rates were exhibited by hospital-acquired BSI
(HA-BSI) pathogens, followed by community-onset
healthcare-associated BSI (CHA-BSI), and the most
dangerous species were CoNS and Klebsiella pneumo-
niae. The study from South Korea showed that CoNS
were the most frequent pathogens engaged in neonatal
sepsis (Lee etal. 2015). Studies in India proved a high
staphylococci frequency in BSI episodes, however,
gram-negative rods were mostly isolated in major-
ity from blood samples (Bandyopadhyay etal. 2018).
On the other hand, CoNS became the major isolated
pathogen in neonatal sepsis in China, Nepal, Taiwan,
Turkey and the Arab States, which proves widespread
staphylococcal-caused sepsis in Asia (Jiang etal.
2016; Chen etal. 2017; Hammoud etal. 2017; Thapa
and Sapkota 2019; Mutlu etal. 2020). These findings
strongly correlate with European data.

North America and South America. In the USA
research performed by Larru etal. (2016) presented
similar results as European or Asian studies. The most
commonly isolated pathogens were CoNS and S. aureus,
and these pathogens were associated with healthcare-
acquired BSI. Moreover, the authors confirmed that all
the CoNS were evidenced as pathogens and not as con-
taminants. Another study from the USA showed a sig-
nificant majority of S. aureus strains involved in neo-
nate sepsis (Khare et al. 2020). The predisposed patients’
characteristics were also comparable to those observed
in Europe. These studies showed that the most endan-
gered group consists of children and infants, especially
with prolonged hospitalization.

Interestingly, children hospitalized since birth
exhibited a significantly low prevalence of hospital-
onset S.aureus bacteremia (Burke etal. 2009). For
comparison with the USA, Latin American countries
were also analyzed for staphylococcal bloodstream
infections. Arias etal. (2017) presented a paper sum-
marizing the results for nine South American countries,
from Mexico to Argentina. This study did not evalu-
ate the number of coagulase-negative staphylococci
but showed many MRSA strains found in BSI samples
from these countries. Notably, the highest number of
participants with MRSA-associated BSI was reported
in Brazil. Other studies confirmed that the preva-
lence of intensive-care unit-acquired infections was
higher in Brazilian hospitals than in European coun-
tries and in the USA (Braga etal. 2018). On the other
hand, the highest rates of CoNS (44.3%) were present
in NEOCOSUR studies on five Latin American coun-
tries: Argentina, Chile, Paraguay, Peru and Uruguay
(Escalante etal. 2018).

Africa. The World Health Organization (WHO)
reported that, to date, information regarding blood-
stream infections in Africa is scarce due to the lack of

research (Bagheri Nejad etal. 2011). However, it was
estimated that the incidence of bloodstream infections
(up to 14.8%) in developing countries in Africa was up
to twice as high as the average European prevalence
(7.1%) (ECDC 2008). The studies cited were not corre-
lated with each other with respect to the microbiologi-
cal data; the major BSI-associated pathogens presented,
such as Pseudomonas aeruginosa, E. coli, K. pneumo-
niae, Enterobacter spp., and S. aureus, varied among
papers (Bagheri Nejad etal. 2011). Besides, the most
recent investigations showed a significant increase in
CoNS prevalence in BSI episodes in Africa. Labi et al.
(2016) showed a high number of positive blood culture
samples (21.9%) among neonates, and the significant
pathogens were CoNS. Nanoukon et al. (2017) obtained
similar results in Benin, where S. haemolyticus and
S. epidermidis were identified as the most frequently
isolated pathogens. Similar results were also obtained
in Egypt and Malawi (Mashaly and El-Mahdy 2017;
Musicha et al. 2017). CoNS were confirmed as a major
pathogen isolated in further investigations on smaller
groups of patients, mostly neonates in Egypt and
Ethiopia (Seliem and Sultan 2018; Sorsa et al. 2019). In
contrast, a study from Zambia reports that the most
frequent pathogen isolated from neonates with sepsis
was Klebsiella sp. (Kabwe etal. 2016).

Australia. The rate of healthcare-associated BSIs
in Australia is lower than reported elsewhere in the
world, which was confirmed by a study in Queensland
on 23 public hospitals and by research conducted by the
Victorian Healthcare Associated Infection Surveillance
System (VICNISS) Coordinating Centre in Victoria
(Si etal. 2016; Gowda etal. 2017; Worth etal. 2018).
Papers showed that the most frequently reported patho-
gens responsible for BSI episodes were CoNS, from 18.4
to 24.2%, and S. aureus, from 15.2 to 16.1%.

The distribution of all of the aforementioned staphy-
lococcal bloodstream infections is presented in Table I.

S. aureus is one of the most frequent
bloodstream infection agents

According to the ECDC report, S.aureus is one
of the major agents causing bloodstream infections in
Europe. Based on the studies conducted in 25 European
countries, the ECDC estimated the dynamic changes
in S. aureus clones associated with BSI episodes. The
report states that the S. aureus BSI infection mortality
rate was 19.4% of the episodes’ total number. Moreover,
as expected, the MRSA all-cause mortality (24.4%) was
higher than that of MSSA infections (17.1%).

Spa types related to S. aureus from BSI in Europe.
ECDC also estimated 20 of the most frequent MRSA
and MSSA spa types. The first group included the
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5 most frequent spa types, namely, t032 (ST22, 17.9%),
t003 (ST225, 8.8%), t008 (ST8, 8.4%), t002 (ST5, 7.7%),
and t067 (ST125, 4.4%). Interestingly, the significant
increase in incidence was related to the multilocus vari-
able number of tandem repeats analysis type (MLVA
type) ST22, and this lineage constituted 36% of the
top-ranking isolates in 2011. This MRSA clone was
tirst identified in England and was further detected in
Ireland, Germany, Hungary, Portugal, and Northern
Italy. The fifth most abundant spa type t067 was firstly
described in Spain (Grundmann etal. 2014). In com-
parison, the rates of MSSA spa-type frequency were
lower than those of MRSA isolates, and the 7 most
popular types were t091 (ST7, 5.3%), t084 (ST15, 4.7%),
£002 (ST5, 4.6%), t015 (ST45, 3.7%), t008 (STS, 3.7%),
t012 (ST30, 3.4%), and t0127 (ST1, 3.2%) (Grundmann
etal. 2014). Two spa types (t008 and t002) were pre-
sent in both MRSA and MSSA infections, which was
probably a result of the high overall global frequency
of these types, according to Ridom SpaServer (www.
spaserver.ridom.de).

Spa types related to S. aureus from BSI in Poland.
S. aureus, a key pathogen in BSI episodes, was also iden-
tified in a study conducted by our group (Ilczyszyn etal.
2016). This study, performed on neonates and children
in Poland, showed the most frequent MRSA geno-
type to be spa type t003-CC5, which is consistent with
the data presented by ECDC. Among MSSA strains,
the most frequent genotypes belonged to the follow-
ing spa types: t091-CC7, t037-CC30, t008-CC8, and
t240-CC10. Additionally, some of the observed geno-
types exhibited age-related patterns, and the spa type
t003, spa-CC 002, and CC5 were strongly associated
with invasive infections in infants and young children
(Ilczyszyn etal. 2016).

Spa types related to S. aureus from BSI outside
Europe. A study in China, performed for five years,
examined S. aureus BSI samples and identified the
most frequent S. aureus spa types and virulence fac-
tors. According to these data, the most frequent MRSA
spa type in China was t030/t037, belonging to MLVA
type ST239. These isolates also harbored SCCmec III
cassette, which represents the hospital-acquired strains,
and an agr system I. In comparison, the most frequent
Chinese MSSA isolates presented the t318 type ST188
and also harbored agr I (Liu etal. 2018).

Latin American research divided the most numer-
ous MRSA strains into three clades (A, B, and C) based
on phylogenetic reconstruction. Strains in clade A
belonged to ST5, ST105, and ST1011, and a majority of
these strains harbored the gene cassette SCCmec I or II
(HA-MRSA). Clade B consisted of the MLS types
ST8, ST88, ST97, and ST72, accompanied by SCCmec
IV variants. The last clade included Argentinian strains
belonging to ST30 (Arias etal. 2017).

Non-S. aureus staphylococci as bloodstream
infection agents

Human skin is colonized by various staphylococcal
species, although the most invasive is S. aureus, followed
by Staphylococcus auricularis, S. capitis, S. epidermidis,
S. haemolyticus, Staphylococcus hominis, S. saprophyti-
cus, Staphylococcus simulans and Staphylococcus warneri
(Yu etal. 2017). The CoNS are among the most com-
monly isolated microorganisms from blood samples.
Compared to S. aureus strains, which are classified as
invasive pathogens, the clinical significance of CoNS
needs to be proven. It is essential to estimate whether
the presence of CoNS represents true bacteremia or
sample contamination. Many of the studies conducted
have not estimated the real impact of CoNS associated
with blood infections, mainly because these species are
less frequent overall; have not identified these bacteria
at the species level; or have not distinguished the spe-
cies’ differences. However, several studies have shown
that CoNS can cause serious bloodstream infections
(Grzebyk etal. 2013; Li et al. 2016; Szczuka et al. 2016).
Therefore, host-specific capabilities and strain-spe-
cific features need to be reconsidered for an improved
understanding of the course of every particular infec-
tion, as under favorable conditions, CoNS species may
become highly pathogenic (Becker etal. 2014).

CoNS as BSI agents in Europe. A study performed
in Belgium showed that most isolated bloodstream
infection-associated CoNS strains belonged to S. epi-
dermidis, and 77% of these strains were identified as
methicillin-resistant S. epidermidis (MRSE). All of these
strains presented resistance to a wide range of antibiot-
ics, especially erythromycin (ermA, ermC, and msrA),
aminoglycosides (aacA-aphD and aadC), tetracycline
(tetK), and mupirocin (mupA). Molecular typing of
these strains assigned 85% of the MRSE strains to clonal
complex (CC) 2, consisting of the ST2, ST5, ST59,
and ST88 MLVA types (Deplano etal. 2016). Another
study on S. warneri strains from Poland showed their
wide range of pathogenicity factors. These strains were
able to adhere to host cells, produce biofilms, invade
and destroy epithelial cells, which strongly facilitated
bacterial persistence (Szczuka etal. 2016). This find-
ing warrants reconsideration of the role of CoNS in
bloodstream infections.

CoNS as BSI agents in the USA. In studies con-
ducted in the USA, many CoNS isolates (n=602) were
found in blood samples from years 2013-2014. The most
frequently isolated strains belonged to S. epidermidis,
S. lugdunensis, S. hominis, and S. capitis (Sader etal.
2016). A high number of blood samples was also ana-
lyzed in Japan by Yamada etal. (2017), and 314 methi-
cillin-resistant CoNS (MRCoNS) strains were found.
Among the Japanese strains, the predominant strains
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belonged to S.epidermidis (78.6%), S.haemolyticus
(14.3%), and S. capitis subsp. ureolyticus. A high num-
ber of CoNS-associated BSI episodes and increasing
resistance rate should also be confirmation of the dan-
ger based on the presence and spread of these bacteria.

Conclusions

Staphylococci are among the most frequent path-
ogens causing bloodstream infections, which can
advance to sepsis and are often observed in patients
with indwelling medical devices or neonates. A high
number of S. aureus and CoNS-related BSI episodes in
high-risk patients had evidenced a significant challenge
for clinicians. Many institutions widely document BSI
episodes, and there has not been a worldwide decrease
in these episodes. It is vital to improve existing pre-
vention and control programs based on analysis of the
data to implement standard diagnostic methods and
conduct research on etiological factors, including via
the usage of advanced genetic methods.
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Abstract

Chronic respiratory diseases account for high morbidity and mortality, with asthma, chronic obstructive pulmonary disease (COPD), and
cystic fibrosis (CF) being the most prevalent globally. Even though the diseases increase in prevalence, the exact underlying mechanisms
have still not been fully understood. Despite their differences in nature, pathophysiologies, and clinical phenotypes, a growing body of
evidence indicates that the presence of lung microbiota can shape the pathogenic processes underlying chronic inflammation, typically
observed in the course of the diseases. Therefore, the characterization of the lung microbiota may shed new light on the pathogenesis of
these diseases. Specifically, in chronic respiratory tract diseases, the human microbiota may contribute to the disease’s development and
severity. The present review explores the role of the microbiota in the area of chronic pulmonary diseases, especially COPD, asthma, and CF.

Keywords: microbiota, asthma, COPD, cystic fibrosis, lungs

Introduction

The Human Microbiome Project launched in 2007
approximated the human microbiome’s complex-
ity and led to significant growth in understanding its
role in health and disease (Moffatt and Cookson 2017).
In 2020, an international panel of experts proposed
an updated definition of the microbiota, describing it as
the assemblage of living microorganisms belonging to
different kingdoms (Prokaryotes [Bacteria, or Archea],
Eucaryotes [e.g., Protozoa, Fungi, and Algae]) (Berg
etal. 2020). The human microbiome represents not
only the entire community of commensal, symbiotic,
and pathogenic microorganisms but also their “theatre
of activity”, involving the whole spectrum of molecules
produced by the microorganisms (their structural ele-
ments and metabolites), and molecules produced by
coexisting hosts embedded in the environmental habitat
(Berg etal. 2020). This complex ecosystem plays a fun-
damental role in controlling most aspects of physiology.
Inhabiting various anatomical body sites, such as skin,
mucosa, the gastrointestinal tract, and the respiratory
tract, the microbiota is crucial in regulating the home-
ostasis and metabolism of hematopoiesis, inflamma-

tion, and immunity of its host (Moffatt and Cookson
2017). The microbiome’s size and composition evolve in
response to environmental and host factors, and in any
imbalance, a negative impact can be seen upon human
health (Ogunrinola et al. 2020). Shifts in the microbiota
composition may lead to dysbiosis by decreasing the
number of symbionts and increasing potential danger-
ous pathogens. Microbial dysbiosis has been found to be
involved in a growing list of human diseases, including
chronic respiratory diseases (Paudel et al. 2020).
Chronic respiratory diseases account for high mor-
bidity and mortality, with asthma, chronic obstructive
pulmonary disease (COPD), and cystic fibrosis (CF)
being the most prevalent globally (Paudel et al. 2020).
Even though the diseases increase in prevalence, the
exact underlying mechanisms have still not been fully
understood. Despite their differences in nature, patho-
physiologies, and clinical phenotypes, a growing body
of evidence indicate that the presence of lung micro-
biota has the potential to shape the pathogenic processes
underlying chronic inflammation typically observed in
the course of the diseases (Dima etal. 2019; Loverdos
etal. 2019). The characterization of the lung micro-
biota may therefore shed new light on the pathogenesis
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of these diseases. Specifically, in chronic respiratory
tract diseases, the human microbiota may contribute
to the disease’s development and severity. The present
review aims at exploring the role of the microbiota in
chronic pulmonary diseases, especially COPD, asthma,
and CF, and, in particular, the possible mechanisms of
airway microbiome contributing to the pathogenesis
of these diseases. The main hypothesis is that inter-
actions between the bacterial microbiome and host
inflammation are related to chronic lung diseases and
their exacerbations. For this purpose, a comprehensive
literature search was conducted using PubMed to col-
lect current studies concerning lung microbiome in
COPD, asthma, and CE. The following keywords were
used 1. microbiome and chronic pulmonary disease;
2. asthma; 3. COPD; 4. CF; 5. microbiota and immu-
nity; 6. airway microbiome; 7. airway microbiota and
combinations thereof.

Healthy lung microbiota

A microbiome analysis based on 16S rRNA sequenc-
ing has identified unique microbiota in organs previ-
ously considered sterile, such as the lower respiratory
tract. Currently, there is no doubt that the mucous
membrane of the lungs has its own resident microbi-
ome (Huffnagle etal. 2017). Moreover, increasing evi-
dence indicates that pulmonary microbiota, acting on
resident immune cells, plays a key role in maintaining
homeostasis in the organs (Dickson etal. 2013).

Lungs, being constantly in contact with environ-
mental air, full of microorganisms and inhaled particles,
are at the frontline of immunity (Wang etal. 2017;
Sommariva etal. 2020). The lower respiratory tract is
a rather hostile environment for microbes. Ciliary epi-
thelium and numerous mucin-releasing secretory cells
of bacteriostatic properties mainly line it, creating an
immune barrier. Moreover, the immunity of healthy
lungs is conditioned by the presence of lung-resident
lymphocytes and alveolar macrophages, which addition-
ally protects them against external threats (Malinowska
etal. 2017; Wang etal. 2017). In addition to its essen-
tial role in immunity against pathogens, perhaps the
pulmonary immune system’s most important func-
tion is to maintain a state of immunotolerance to non-
dangerous environmental particles and self-antigens
(Ramirez-Labrada etal. 2020; Sommariva etal. 2020).
Cross-talk between alveolar macrophages, dendritic
cells, and regulatory T cells (Treg) is the most critical
to maintaining an immunological tone of the airways
(Lloyd and Marsland 2017; Ramirez-Labrada et al. 2020;
Sommariva etal. 2020). Of note, depletion of naturally
occurring regulatory cells is characteristic of many
chronic inflammatory diseases, including allergies, CF,

and COPD, and their downregulation are strongly con-
nected with disease progression (Ramirez-Labrada etal.
2020; Sommariva etal. 2020). Accumulating evidence
shows that resident pulmonary Treg cells’ functional-
ity can be significantly shaped by local lung microbiota
(Ramirez-Labrada et al. 2020; Sommariva et al. 2020).

Lung microbiota is a relatively small bacterial com-
munity containing 10°~10° cells/g of bronchial tissue.
Comparatively, colon microbiota, which represents the
most abundant ecosystem, comprises 10''-10"2 cells/g
of luminal content (Loverdos etal. 2019). Similar to
other body sites, lungs present a complex bacterial
community (Sommariva etal. 2020). According to
numerous studies, the most common bacterial phyla
that constitute the lung microbial ecosystem belong to
Bacteroides and Firmicutes genera. It was also found
that oral commensals, such as Prevotella, Veilonella,
and Streptococcus, are the most prominent in healthy
individuals’ lungs (Ramirez-Labrada etal. 2020; Som-
mariva etal. 2020; Xu etal. 2020). This neutral com-
munity is acquired mostly during microaspiration of
pharyngeal particles or direct migration along airway
mucosa, and all their members equally participate in
creating the regional growth conditions, i.e., the lung
microenvironment (Ramirez-Labrada et al. 2020). Thus,
it appears that the microbes’ composition in the lungs
is dynamic, mainly determined by the balance between
microbial migration from the upper respiratory tract
during microaspiration, elimination by coughing,
mucociliary clearance, and immune system activity
(Ramirez-Labrada etal. 2020; Sommariva etal. 2020;
Xu etal. 2020). Different external and internal factors
can influence the composition of the lung microbiome.
Age, nutrition, lifestyle, pollution or tobacco smoke,
inherited genes, and underlying diseases all can shape
the type and number of lung microbiota, eventually
leading to dysbiosis (Ogunrinola etal. 2019).

The respiratory microbiota both impacts and is
impacted by immunity and disease. To avoid chronic
inflammation under healthy condition, the lung micro-
biota has a fundamental role in shaping pulmonary
immune tolerance. Microbes boost and calibrate innate
and adaptive immunity, contribute to metabolic activi-
ties, and provide resistance to invasion by respiratory
pathogens. Commensals can promote the establish-
ment of a hostile environment and protect its host
from pathogenic colonization (Ramirez-Labrada etal.
2020). This growth restriction may be caused by several
mechanisms, such as altering of nutrient availability
and production of antimicrobial metabolites (Ramirez-
Labrada etal. 2020). Aside from the fact that microbiota
can act on invasive microbes preventing their growth
and spread, it plays a pivotal role in regulating immune
tolerance in the lung environment. For homeostasis to
be effectively managed, a balance must be maintained
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between several factors, including Th cell activation
and suppression by regulatory Treg cells (Belkaid and
Hand 2014; Belkaid and Harrison 2017). As mentioned
before, a local lung commensal can significantly modu-
late the activity of resident pulmonary immune cells.
Indeed, microbiota participates in shaping an immune
tolerant environment influencing the recruitment and
activation of Treg cells as well as macrophages and
tolerogenic dendritic cells (Ramirez-Labrada etal. 2020;
Sommariva et al. 2020).

An optimal microbiota-host interaction impacts the
formation of a symbiotic relationship between com-
mensal bacteria and their host. Beneficial as microbiota
may be in maintaining health, its perturbation disrupts
homeostatic processes promoting dysfunction and dis-
ease (Sommariva et al. 2020).

Lung microbiota in chronic pulmonary diseases

Inflammation represents a host response to many
harmful stimuli, including pro-inflammatory mediators,
environmental toxins, and chronic infection (Huffnagle
etal. 2017). In contrast to acute inflammatory response,
chronic inflammation represents a long-term reaction,
characteristic of predominant recruitment of mononu-
clear leucocytes. A growing body of evidence suggests
that the dysregulation of the human lung microbiota is
involved in shaping the pathogenetic processes underly-
ing nearly all kinds of chronic inflammatory respiratory
diseases (Wang et al. 2017; Loverdos etal. 2019). This
has been achieved by culture-independent sequencing
techniques that in patients with chronic pulmonary dis-
eases microbiota can be found that profoundly differs
from that of healthy lungs, which indeed, determines
a chronic inflammatory status. The reason for the prob-
lem - inflammation - suggests that microbiota can
modulate the environment, in which it lives. Admittedly,
disturbances in the microbial community can drasti-
cally change the local growth conditions by changing the
resident immune cells’ activation state. During chronic
inflammation, the lung habitat becomes unstable, and its
species composition changes from “healthy” to a “patho-
genic” state (Kovaleva etal. 2019).

Although the role of specific bacteria in the devel-
opment of specific lung pathologies is still being estab-
lished, a shift often occurs towards Proteobacteria the
bacterial class of common lung-associated Gram-
negative pathogens (mostly Neisseria, Moraxella, and
Haemophilus) (Huffnagle etal. 2017; Sommariva et al.
2020). Particular metabolites and toxins with immuno-
regulatory properties are released, and other permis-
sive niches for other species to reside there are created
(O'Dwyer et al. 2016; Toraldo end Conte 2019). There is
growing evidence that their metabolites, toxins, and cell

lysis products by enriching the local microenvironment
activate the host’s inflammatory cells and, therefore,
contribute to lung diseases’ pathogenesis (Huffnagle
etal. 2017; Sommariva et al. 2020).

Key environmental factors that influence commen-
sal bacteria growth and survival, such as temperature,
pH, oxygen tension, and host immune cells, change
dramatically. Nutrients, limited during the steady-state,
are made available in abundance with the introduc-
tion of mucus and vascular permeability (Huang et al.
2017; Sommariva et al. 2020). These profound changes
in the community composition of the respiratory
microbiota, directly influencing the immune system
regulation, are now believed to be involved in a rapid
increase of chronic inflammatory diseases (Belkaid
and Hand 2014; O'Dwyer etal. 2016). It must also be
considered that numerous byproducts of inflammation:
catecholamines, and inflammatory cytokines, positively
influence the growth and survival of some potentially
pathogenic groups of bacteria, especially members of
Proteobacteria. During chronic inflammation, bacteria
that can benefit from inflammation outcompete bacte-
ria that cannot thrive in such an unfavorable environ-
ment, resulting in a reduction in microbiome diversity
(Huffnagle et al. 2017; Loverdos et al. 2019).

The basis of chronic lung diseases is a variety of bio-
logical and genetic mechanisms and dysbiosis, which
significantly contributes to injury to the host. The
microbiota’s metabolites and toxins are responsible for
the changes in maintaining the steady-state of the lung
microenvironment. However, it is not a single species
or bacterial product responsible for this imbalance, but
the entire cascade of events is an underlying cause of
lung diseases. Thus, pathological changes in the com-
position and abundance of the lung microbiota might
contribute to and result from chronic inflammation
(Huang etal. 2017; Huffnagle etal. 2017; Sommariva
etal. 2020) (Fig. 1).
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Fig. 1. A circle of dysbiosis and inflammation
in chronic pulmonary diseases.
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Airway microbiome in asthma

Asthma is a complex disease of the respiratory
airways characteristic of chronic inflammation in the
lungs, reversible airflow obstruction, mucus over-
production, and tissue neutrophilia or eosinophilia
(Paudel etal. 2020). There is not a single cause of asthma
(Kozik and Huang 2019). Existing data point to genetic
and exogenous risks, including cigarette smoke, viral
and bacterial infections, and obesity, associated with
severe asthma and exacerbations of the disease (Kozik
and Huang 2019; Paudel et al. 2020).

The role of the lung microbiome in the pathogenesis
of asthma has not yet been fully elucidated. However,
the most constant finding among lung microbiome
studies is an observed increase in bacterial load and
dominance of Proteobacteria, particularly Haemophi-
lus spp. and Moraxella catarrhalis (Castro-Nallar et al.
2015; Noval Rivas etal. 2016; Loverdos etal. 2019).
Dysbiotic communities may substantially contribute
to the course or severity of the disease. On the other
hand, a reduction in bacterial diversity could influ-
ence the inflammatory asthma phenotypes (Chung
2017; Sverrild et al. 2017). Different studies have shown
that in patients with neutrophilic asthma, the micro-
biota composition is altered, and organisms, such as
M. catarrhalis, Haemophilus spp. and Streptococcus spp.
predominate. Their presence is associated with severe
airflow obstruction, longer asthma duration, and neu-
trophilic infiltration, possibly via Th-17 — driven mech-
anism (Chung etal. 2017; Sverrild etal. 2017; Kozik
and Huang 2019; Goto 2020; Paudel etal. 2020). In
patients with worse asthma symptoms, airway enrich-
ment with potentially pathogenic Proteobacteria mem-
bers correlates with the level of IL-8, the neutrophilic
pro-inflammatory marker. Interestingly, neutrophilic
asthma is also associated with inadequate response to
the first-line corticosteroid treatment. In corticoster-
oid-resistant patients, an overgrowth of Haemophilus
parainfluenzae has been noted. Moreover, Haemophilus
influenzae and Tropheryma have been reported in spu-
tum samples of patients with poorly controlled severe
cases (Simpson etal. 2016; Chung 2017). As inhaled
steroids are a mainstay of the therapy, the involvement
of particular bacterial genera in resistance mechanisms
may explain the cause of steroidunresponsive asthma.

Eosinophilic asthma results from the activation of
Th2 response that leads to airway infiltration by eosino-
phils. Here, in contrast to neutrophilic phenotype,
microbiota’s role is less clear and more heterogeneous
(Taylor etal. 2018; Barcik etal. 2020). As observed,
eosinophil infiltration of bronchial tissue is associated
with low bacterial burden and diversity (Denner etal.
2016; Cait et al. 2018). The same studies found a nega-

tive correlation between Proteobacteria and Firmicutes
and lung eosinophilia (Huang et al. 2015; Denner et al.
2016; Cait etal. 2018). It is now suggested that fungi,
such as Aspergillus spp. rather than bacteria play a more
significant role in eosinophilic asthma. This finding
is supported by the fact that fungi, being significant
allergens, can induce a strong eosinophilic allergic
reaction in asthmatic patients. Nevertheless, the role
of fungal microbiota in asthma remains poorly under-
stood (Durack etal. 2017; Kozik and Huang 2019;
Loverdos etal. 2019).

Respiratory viruses, mainly rhinoviruses, are detec-
ted in more than 75% of patients with acute exacerba-
tion of asthma. For a long time, the bacterial role in
asthma exacerbations has not been considered, since
traditionally, no microbes were grown from patients’
clinical specimens. Also, no clinical benefits of early
antibiotic therapy were noticed in patients with acute
exacerbation of the disease. However, culture-inde-
pendent approaches, surprisingly, demonstrated the
presence of atypical bacteria, such as Mycoplasma
pneumoniae and Chlamydia pneumoniae (Dickson et al.
2014). However, their role in exacerbations of asthma is
less clear than that of viral infections. It is believed that
these bacterial pathogens may be somewhat involved in
asthma persistence than exacerbations (Papadopoulos
etal. 2011).

Airway microbiome in cystic fibrosis

Although cystic fibrosis (CF) is a multisystem dis-
ease, the disease’s most tremendous burden falls upon
the respiratory tract, characteristic of chronic airway
infection and inflammation (Cribbs and Beck 2016).
Recent studies have demonstrated that the lung micro-
biome is associated with the pathogenesis of this disease.

Cystic fibrosis arises from mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR)
gene that is required for the homeostatic control of
chloride ions in the lung. The CFTR gene’s role is cru-
cial, and its mutations lead to mucin overproduction
along airways and disruption of the regular mucociliary
activity and transport (Cribbs and Beck 2016; Frangoise
and Héry-Arnaud 2020). This defect also promotes
polymicrobial proliferation and microbial imbalance
along the respiratory tract, as mucin is a rich nutri-
tional resource, which can support bacterial growth
(Frangoise and Héry-Arnaud 2020). In CEF, the subse-
quent activation of neutrophilic inflammatory response
leads to uncontrolled inflammation and progressive
lung disease that severely limits pulmonary function
(LiPuma 2010; Belkaid and Hand 2014). Polymicrobial
chronic airway infections, which are characteristic of
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CE lead to persistent inflammation and periodic epi-
sodes of acute pulmonary exacerbation.

Traditionally, only a few bacteria have been associ-
ated with CF. Pseudomonas aeruginosa, Staphylococcus
aureus, H. influenzae, and Burkholderia cepacia are the
most often CF airway constituents (Belkaid and Hand
2014; Surette 2014; Cuthbertson et al. 2020). However,
next-generation sequencing significantly advanced our
knowledge about bacterial communities within a CF
lung. Lines of evidence now show that CF lung micro-
biome is more complex, polymicrobial, highly diverse
with overexpression of Actinobacteria and Proteobacte-
ria, and potentially pathogenic anaerobes (Gillanders
etal. 2011; Cuthbertson et al. 2020; Frangoise and Héry-
Arnaud 2020). The changes in the bacterial community
might play an essential role in CF airway microenviron-
ment condition. Bacteria within the CF lung contribute
to horizontal gene transfer, especially in the presence
of biofilm. They may affect the host by shedding differ-
ent bioactive molecules that interact with host cells in
shaping immune response and triggering inflammatory
cytokines and growth factors (Cribbs and Beck 2017).

Microbial diversity is a marker of lung function
(Frangoise and Héry-Arnaud 2020). In CFE bacterial
diversity correlates with the patient’s age, the disease
stage, and recurrent antibiotic therapies. A frequent
broad-spectrum antibiotic therapy to treat pulmonary
infections together with airway inflammation appears
to be a significant driver of a fall in bacterial diversity
that increases with age. This reduction is additionally
associated with the establishment of species that are
regarded as pathogens, usually, H. influenzae, S. aureus,
and P, aeruginosa (Cox etal. 2010; Rogers etal. 2017;
Frangoise and Héry-Arnaud 2020). Consequently,
the collapse in community diversity is associated with
reduced lung function and disease progression (Cox
etal. 2010). Data on strain changes in patients with
pulmonary exacerbations remain unclear and contra-
dictory (Carmody et al. 2013; Surette et al. 2014; Acosta
etal. 2017). Many authors indicate that a total load of
bacteria does not generally change at exacerbation
onset. They also noticed that exacerbations are not
related to significant in microbial diversity changes,
but the microbiota composition that was more diverse
at baseline tended to change over time (Hoffman and
Surette 2013). Some studies report that P. aeruginosa
and anaerobes are the critical components of pulmo-
nary exacerbations. According to the observations of
Carmody etal. (2013) facultatively anaerobic bacteria
of the genus Gemella increased by 83% during exacer-
bation. Although the pathogenic potential of Gemella
is not known, its abundance in patients during exacer-
bation makes it a potential biomarker candidate of the
acute stage of the disease (Hoffman and Surette 2013).

Airway microbiome in chronic
obstructive pulmonary disease (COPD)

Chronic obstructive pulmonary disease (COPD),
one of the most prevalent respiratory diseases, is char-
acteristic of persistent symptoms and airway obstruc-
tion due to inflammation. Traditionally, culture-based
methods of analysis of COPD samples frequently
revealed H.influenzae, S.pneumoniae, M. catarrhalis
and P, aeruginosa as the most prominent pathogenic
bacteria involved in the pathogenesis of the disease.
Recent use of high throughput 16S rRNA gene-based
sequencing has provided additional evidence of the
presence of dysbiosis in COPD. Culture-independ-
ent methods confirmed that in COPD, aerobic and
anaerobic bacteria colonize the airways, with Pro-
teobacteria (Haemophilus spp.) being more common
than Bacteroides (Prevotella spp.) being significantly
reduced (Einarsson etal. 2016; Haldar etal. 2020).
In addition, in stable COPD, a higher level of colo-
nization with potentially pathogenic bacteria, such
as H.influenzae, S.pneumonia, and M. catarrhalis is
associated with a greater chance of exacerbation and
a more severe airflow obstruction (Martinez etal.
2013; Ditz etal. 2020). These bacteria are found in
more than 75% of cases and are regarded as a “core”
pulmonary microbiome in COPD (Martinez etal. 2013;
Einarsson etal. 2016).

The disease is characteristic of a chronic inflam-
matory state, and bacteria colonizing COPD patients’
airways are believed to participate in this dysregula-
tion and provoke the host inflammatory response
(Dima 2019; Haldar etal. 2020). Even at the state of
bacterial colonization in stable COPD, many authors
have reported excessive inflammation. In patients with
COPD, persistent neutrophilic inflammation likely rep-
resents a local host immune response to chronic micro-
bial colonization (Burgel et al. 2017). In addition, it has
been confirmed that the profile of colonization-induced
inflammation is similar to that observed during exac-
erbation. Therefore, it is likely that chronic microbial
infection with potential bacterial pathogens serves as an
activator of an immune response (Martinez et al. 2013;
Wang et al. 2016; Burgel etal. 2017).

In patients with acute exacerbation, augmenting
neutrophilic or eosinophilic inflammation is typically
observed. As expected, bacteria-associated COPD
exacerbations are associated with airway neutrophilia,
accompanied by elevated levels of the primary media-
tors of inflammation, including IL-1p, IL-8, and TNE.
Subsequently, an increased number of neutrophils and
inflammatory markers in the airways can cause signifi-
cant damage to the respiratory tissue (Burgel et al. 2017;
Ditz etal. 2020).
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Conclusions and perspectives

While the study of the exact influence of the micro-
biome on lung health is still a relatively new field, it is
clear that respiratory microbiome changes accompany
chronic lung diseases of a non-infectious etiology, as
previously believed. The composition of the lung micro-
biome is increasingly well characterized, and a specific
spectrum of pathogenic microorganisms observed in
association with several chronic respiratory diseases
such as asthma, cystic fibrosis, and chronic obstruc-
tive pulmonary disease is already described. Indeed,
the lung microbiome in chronic pulmonary diseases
has a dynamic nature and is influenced by many factors,
such as age, environmental exposure, treatment, etc.

It is also now becoming clear that chronic respira-
tory diseases’ pathogenesis is a cascade of events in
a self-amplifying cycle of altered microbial growth
conditions, respiratory dysbiosis, and airway inflam-
mation. In this cycle of events, changes in lung micro-
bial community composition and abundance provoke
airway inflammation, injuring the delicate lung tissue.
And then, inflammation of the airways alters microbial
environmental growth conditions promoting dysbiosis.

Lung microbiota does not seem to be the only micro-
bial factor contributing to chronic pulmonary diseases.
The gut microbiota’s influence on lung immunity has
been well documented and linked to disease develop-
ment in the lungs with immune response changes when
the gut microbiota community is altered (Pulvirenti
etal. 2019). Mounting evidence indicates that the
immune cells and cytokines induced by the gut micro-
biota components or metabolites, especially short-chain
fatty acids (SCFAs), can modulate lung immunity and
inflammatory responses, with specific taxa able to influ-
ence the pathogenesis of chronic pulmonary diseases
(Samuelson etal. 2015; Cait et al. 2018). Although there
is a growing body of evidence for the role of the gut/
lung axis in lung diseases, several unanswered questions
still exist for its clinical relevance.

Environmental factors such as pollution, cigarette
smoke, antibiotics, and diet can also modulate microbiota
composition and affect disease susceptibility. Indeed, it
is broadly accepted that cigarette smoking and air pol-
lution are the most substantial risk factors for devel-
oping COPD (Allais etal. 2016). At the same time, an
increased risk of asthma has been associated with micro-
bial dysbiosis in the gut in early life. Simultaneously,
the use of antibiotics in children has also been impli-
cated in the development of asthma (Yang etal. 2019).

Although many of the underlying mechanisms are
likely disease-specific, the microbiome’s exploration is
promising and provides a solid background for devel-
oping innovative strategies for diagnostic, preventative,
and therapeutic approaches.
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Abstract

Short-term or acute temperature stress affect the immune responses and alters the gut microbiota of broilers, but the influences of long-
term temperature stress on stress biomarkers and the intestinal microbiota remains largely unknown. Therefore, we examined the effect of
three long-term ambient temperatures (high (HC), medium (MC), and low (LC) temperature groups) on the gene expression of broilers’
heat shock proteins (Hsps) and inflammation - related genes, as well as the caecal microbial composition. The results revealed that Hsp70
and Hsp90 levels in HC group significantly increased, and levels of Hsp70, Hsp90, IL-6, TNF-a, and NFKBI in LC group were significantly
higher than in MC group (p <0.05). In comparison with the MC group, the proportion of Firmicutes increased in HC and LC groups,
while that of Bacteroidetes decreased in LC group at phylum level (p <0.05). At genus level, the proportion of Escherichia/Shigella, Phas-
colarctobacterium, Parabacteroides, and Enterococcus increased in HC group; the fraction of Faecalibacterium was higher in LC group; and
the percentage of Barnesiella and Alistipes decreased in both HC and LC groups (p <0.05). Functional analysis based on communities’
phylogenetic investigation revealed that the pathways involved in environmental information processing and metabolism were enriched
in the HC group. Those involved in cellular processes and signaling, metabolism, and gene regulation were enriched in LC group. Hence,
we conclude that the long-term temperature stress can greatly alter the intestinal microbial communities in broilers and may further affect
the host’s immunity and health.

Keywords: broiler, temperature, 16S rRNA sequencing, caecal microbial composition, KEGG pathway

Introduction

Poultry provides an crucial protein source in the
human diet and thus has enormous economic value.
The broiler breeds were produced by selecting a high
growth rate and feed conversion in intensive poultry
farming, but they display a low tolerance to ambient
temperature change (Lara and Rostagno 2013). Tem-
perature stress may adversely affect poultry immunity,
growth performance, physiology, and intestinal mor-
phology and may further cause several health problems
such as immunosuppression, microbial infection, and

other diseases (Song et al. 2018; Rioja-Lang et al. 2019).
Heat shock proteins (Hsps) and inflammatory proteins
(such as NF-«kB and TNF-a) were reported to be asso-
ciated with the function of immune systems (Tsan and
Gao 2009). Hsps have been identified as important
modulators of adaptive immunity and can be induced
during multiple types of cellular stresses (Santoro 2000).
Besides, extracellular Hsps can interact with dendritic
cells (DCs) and macrophages, subsequently activating
NF-«B signaling pathway and enhancing the expression
of the inflammatory cytokines IL-1, IL-6, and TNF-a
(Appenheimer and Evans 2018).
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The gastrointestinal compartments of chickens are
densely populated with diverse and complex microbial
communities, with the most densely populated micro-
biota found in the caecum (Mohd Shaufi etal. 2015;
Shang et al. 2018). The close symbiosis between the host
and its intestinal microbes is critical for maintaining
the host’s health (Chow etal. 2010). Gut microbes pro-
duce various essential metabolites that play vital roles in
nutrient digestion, metabolism, and immunity modula-
tion (Hou et al. 2016). Furthermore, caecal microbiota
and its modulation are closely associated with poultry
health, productivity, and disease control (Montoro-Dasi
etal. 2020). The environmental temperature could affect
the composition of intestinal microbiota (Wang etal.
2018). For example, the composition of broilers’ gut
microbiome varies seasonally (Oakley etal. 2018). The
microbial community structure in the ileum and cae-
cum altered with short-term heat stress (Burkholder
etal. 2008), and exposure to low temperature led to
remarkable changes in the gut microbiota composition
(Chevalier etal. 2015).

Although much is known about the effect of acute or
continuous heat and cold stresses on the host immune
responses and gut microbiota of broilers, little evidence
is available regarding how temperature stress that span
the entire cycle of broilers (e.g. lasting over 40 days)
impact the Hsps, the expression of inflammatory genes
and caecal microbiota. Therefore, in this study, we inves-
tigated the effects of 42-day temperature stress on the
expression of heat shock proteins and inflammation-
related genes in the liver, and the composition and func-
tion of caecal microbiota in broilers. Our results may
provide experimental evidence for designing optimal
breeding temperature and developing useful probiotics.

Experimental
Materials and Methods

Ethics statement. All experiments performed in
this study were approved by the International Animal
Care and Use Committee of the Yunnan Agricultural
University (permission code: YNAU20160016). The
study complied with the guidelines of the Institutional
Administrative Committee and Ethics Committee of
Laboratory Animals.

Animal and management. A total of 36 one-day-
old Avian chickens (Hunan Shuncheng Industrial Co.
Ltd., Hunan, China) were randomly split into three
open-circuit calorimetry chambers (Sun etal. 2017)
in a commercial chicken farm. One chamber was for
the high-temperature treatment (HC), the second one
for the medium temperature treatment (MC), and
the third one for the low temperature treatment (LC).
The temperature of the MC group originated from the

Avian 500 broiler feeding standard of Beijing Poultry
Breeding Co., Ltd., while the temperatures for HC and
LC groups were increased or decreased by 3°C, respec-
tively. The temperature schedule was started at 36.5°C
(HC), 33.5°C (MC), and 30.5°C (LC), and respectively
reduced to 22°C, 19°C, and 16°C on day 42 as shown in
Table SI. Chickens in each chamber were further subdi-
vided into three replicates (four chickens for each) and
provided with a bedding of rice husks, feed, and water
ad libitum. Aside from the different temperatures, the
chickens in all three groups received the same treat-
ments, including the National Research Council (NRC)
diet and environment (Table SII).

Samples collection. On day 42, four chickens
from each replicate were euthanized by cervical dislo-
cation. The caecal contents and liver samples from all
36 broilers were obtained and immediately stored in lig-
uid nitrogen for further 16S rRNA amplicon sequenc-
ing and quantitative real-time polymerase chain reac-
tion (qPCR).

Quantitative real-time PCR. qPCR analysis was
performed to compare the relative expression level of
Hsp70, Hsp90, tumor necrosis factor alpha (TNF-a),
and NF-kB signaling pathway-related genes (NFKBI,
NFKB2) in the three temperature groups. Total RNA
from the 36 liver samples was extracted using RNA
simple total RNA kit (Tiangen Co. Ltd., Cat. #DP419)
according to the manufacturer’s recommendations.
Primers were designed with Primer Premier 5.0 and
shown in Table I. The cDNA was synthesized using
FastKing RT kit with gDNAase (Tiangen Co. Ltd., Cat.
#KR116). The SYBR Green SuperReal PreMix Plus kit
(Tiangen Co. Ltd., Cat. #FP205) was used in the gPCR
analysis (CFX96 Real-time system, Bio-Rad) to assess
the mRNA expression levels. The data were analyzed
by the 2724t method with normalization by the Ct of
the housekeeping gene ACTB (B-Actin) (Livak and
Schmittgen 2001).

Microbial DNA extraction and 16S rRNA
sequencing. Genomic DNA of caecal contents samples
was extracted with QIAamp® Fast DNA Stool Mini Kit
(Qiagen, Cat N0.19593, Dusseldorf, Germany) follow-
ing the manufacturer’s recommendations. The ampli-
fication of the hypervariable V3-V4 region of the 16S
rRNA gene was performed following the recommenda-
tions of the 16S Metagenomic Sequencing Library Pre-
paration guide (Illumina, San Diego, CA, USA) using
the primer pair 341 F 5-CCTACGGGRSGCAGCAG-3’
and 806 R 5-GGACTACVVGGGTATCTAATC-3.
Amplicons were electrophoresed in 2% agarose gels
before they were extracted from the gel and purified
using the AxyPrep DNA Gel Extraction Kit (Axy-
gen Biosciences, Union City, CA, U.S.) according to
the manufacturer’s instructions and quantified using
Qubit*2.0 (Invitrogen, CA, U.S.). The prepared library
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Table I
List of primer sequences for qPCR.

Gene Forward primer (5>3’) Reverse primer (5>3’) Gene accession number
ACTB | CTCGGCTGTGGTGGTGAA CCATCTATGAAGGCTACGC AB495648
Hsp70 | TGGTGGGAATGGTGGTGTTAC ATCTGCTCCTGTTGGATGTCA MH422508.1
Hsp90 | CAGCAGCAGTATCATCTTCATC CCTGTCCTCTGGCTTTAGTTT NM001109785.1
NF-kB1 | AGTTCAGGATGCACCAAGAGT AGTCAACGCAGGACCTAAAGA GGAF000241
NF-kB2 | TGACGGTGGGATAGGTCTTGT CTGCCTGGATGGGATTGACTA U00111
IL-6 CCTAGAAGGAAATGAGAATGCCTAT | CGTTTATGGAGAAGACCGTGAG | AJ309540
TNF-a | GCTTACTTCCCTTCTTCTCC TCTACATCTGACCCATCCC XMO015284187

Table II
Library diversity of the 16S rRNA genes from the chicken cecum’.
Group ID HC MC LC
OTUs 292+22.70 297 +42.57 271+52.59
Chaol 334.06 £22.72% 351.67£44.98° 316.75+45.95°
Observed species|  289.16+22.77 294.25+42.11 267.66+53.71
Shannon 4.93+0.43 4.62+0.64 4.83+1.01
Simpson 0.91+0.03 0.86+0.05 0.89+0.11
PD whole tree 17.32+1.18 17.83+£2.11 16.64+£2.88
Good’s Coverage | 0.9983+0.0001 0.9981+0.0002 0.9983+0.0002

~b _ Different superscripts in the same row indicate significant difference (p <0.05)

1

- n=12 per treatment group (Mean +SD)

was sequenced in the HiSeq 2500 platform (Illumina,
San Diego, CA, USA) for paired-end reads of 250 bp.
The reads were deposited in the NCBI sequence archive
(SRA) under accession no. PRINA573420.
Bioinformatics analyses. Bioinformatics analyses
were performed as previously described (Li etal. 2019).
In brief, paired-end reads in the fastaq files were assem-
bled through PANDAseq software (https://github.com/
neufeld/pandaseq/releases/tag/v2.8.1). The quality con-
trol and the filtering process were made pursuant as
suggested (Caporaso etal., 2010). The clean reads were
clustered and classified into the same operational tax-
onomic units (OTUs) with a similarity of 97% using
UPARSE (http://drive5.com/uparse/), while the chi-
meric sequences were identified and removed using
Userach (version 7.0). Each representative read was
assigned to a taxon by RDP Classifier against the Ribo-
somal Database Project (RDP) database (http://rdp.
cme.msu.edu/) with a threshold value of 0.8-1. Accord-
ing to the bacterial annotation, taxonomic information,
and each sample’s community composition at various
classification levels (Kingdom, Phylum, Class, Order,
Family, Genus) were assessed. Alpha diversity of Chaol
values, Good’s Coverage values, Shannon indices,
observed species indices, PD whole tree indices, Simp-
son indices, and beta diversity of principal component
analysis (PCA) were calculated using QIIME (version
1.9.1) (Caporaso etal. 2010). The linear discriminant
analysis (LDA) effect size (LEfSe) method was used

to identify the different taxa between the three groups
(Segata etal. 2011). Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States
(PICRUSt) based on closed-reference OTUs was used
to predict the abundance of functional categories in the
Kyoto Encyclopedia of Genes and Genomes (KEGG)
ortholog (KO) (Langille etal. 2013).

Statistical analysis. The SPSS 22.0 software (IBM
SPSS Statistics for Windows, NY) was used to analyze
the experimental data. The general linear model ana-
lysis with Duncan’s multiple comparison test was used
to analyze the gene expression data. Microbial data
were analyzed using the Kruskal-Wallis rank test by
the SPSS software.

Results

Expression of the genes encoding for heat shock
proteins and inflammation-related genes in the liver.
Compared to the MC group, the Hsp70 and Hsp90
mRNA expression increased in HC and LC groups
(p<0.05). The NF-kB1 mRNA expression in LC group
was upregulated when compared to MC and HC groups
(p<0.05), while higher mRNA expression of IL-6
and TNF-a was observed in the LC group than in the
MC group (Fig. 1).

High-throughput 16S rDNA sequencing. HiSeq
sequencing of the 16S rRNA gene amplicons generated
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Fig. 1. The relative mRNA expression level of heat shock proteins

and inflammation-related genes in the liver of chickens. Different

uppercase and lowercase letters indicate the significance of dif-

ference at p<0.01 and p <0.05, respectively. The same letters indi-
cate no significant difference.

2,100,180 clean reads (mean length of 414 bp), yielding
an average of 58,338 clean reads (52,667-64,809) per
sample. Then we rarefied the library size to 32,296 tags
per sample using the rarefy function to minimize the
impact of the sequencing depth on microbial compo-
sition (Table SIII). With a 97% sequence similarity as
a cutoff, we obtained 460, 537, and 547 OTUs from the
HC, MC, and LC groups, in which the proportion of the
core microbiome was 79%, 68%, and 67%, respectively
(Fig. S1). Alpha diversity demonstrated different tem-
perature treatments changes in terms of richness and
evenness, as summarized in Table II. The Chaol index
in the MC group was significantly higher than that in
the LC group (p<0.05).

Effects of temperature stress on taxonomic com-
position. Out of the classifiable sequences, 10 phyla

were identified (Fig.S2). Out of the classifiable
sequences, ten phyla were identified (Fig. S2). The sig-
nificant changes of dominant microbiota at the phy-
lum level were determined between the HC, MC, and
LC groups (Fig.2). In the MC group, Bacteroidetes
(60.70%) and Firmicutes (36.22%) were the dominant
phyla, followed by Actinobacteria (1.00%), Proteobac-
teria (0.93%), and Tenericutes (0.23%). In compari-
son, the HC group displayed a 9.02% decrease in the
relative abundance of Bacteroidetes (p >0.05), an 8.67%
increase of Firmicutes (p<0.05). The LC group also
exhibited considerable phylum-level changes: 17.43%
reduction in the relative abundance of Bacteroidetes
(p<0.01), 14.56% increase of Firmicutes (p<0.01),
and 1.65% increase of Proteobacteria (p >0.05). Mean-
while, the ratio of Firmicutes/Bacteroidetes in LC group
increased by 23.31% and 43.98% compared to the HC
and MC (p <0.05) groups, respectively.

At the genus level, the most abundant phylotypes
were Barnesiella, Bacteroides, Alistipes, Faecalibac-
terium, and Clostridium X1Va, which accounted for
29.48%, 24.19%, 4.59%, 2.33%, and 1.92% of the cecal
microbiota of the MC group, respectively (Fig.S3).
The remarkable alteration of dominant microbiota
at the genus level was noticed between the the HC,
MC, and LC groups (Fig.3). In comparison to MC
group, HC group manifested the decrease of 11.12%
in the relative abundance of Barnesiella (p <0.01), and
Alistipes (1.34%, p < 0.01), as well as increase of Escheri-
chia/Shigella by 1.28% (p < 0.05), Phascolarctobacterium
(1.21%, p<0.05), Parabacteroides (1.58%, p<0.001),
and Enterococcus (0.67%, p <0.01). The LC group also
exhibited considerable changes, including a 15.11%
decrease in the relative abundance of Barnesiella
(p<0.001), a 2.38% increase in that of Faecalibacte-
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Fig. 2. Composition of the dominant microbiome at the phylum level. Different uppercase and lowercase letters indicate
significant differences at p<0.01 and p <0.05, respectively. The same letters indicate no significant difference.
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Fig. 3. Composition of the dominant microbiome at the genus level. Different uppercase and lowercase letters indicate
significant differences at p<0.01 and p <0.05, respectively. The same letters indicate no significant difference.

rium (p<0.01), and a 1.39% decrease in that of Alistipes
(p<0.01), respectively.

The effects of temperature stress on the cae-
cal microbial communities. PCA analysis revealed
a clear separation of the community structure of caecal
microbiota in the three groups (Fig. 4), indicating that
the high- and low-temperature treatments principally
affected the microbial composition.

LefSe revealed that the thee phyla (Bacteroidetes,
Actinobacteria, and Proteobacteria) enriched in the
MC group included three classes (Bacteroidia, Actino-
bacteria, and Deltaproteobacteria), four orders (Bac-
teroidales, Coriobacteriales, Bifidobacteriales, and
Actinomycetales), five families (Porphyromonadaceae,
Rikenellaceae, Coriobacteriaceae, Bifidobacteriaceae,
and Oxalobacteraceae) and three genera (Barnesiella,
Alistipes, and Bifidobacterium). Then, three major phyla
(Bacteroidetes, Firmicutes, and Proteobacteria) from
the LC group consisted of two classes (Clostridia and
Betaproteobacteria), two orders (Clostridiales and
Burkholderiales), three families (Burkholderiaceae,
Brucellaceae, and Prevotellaceae), nine genera (Faec-
alibacterium, Veillonella, Pandoraea, Lactococcus, Pseu-
dochrobactrum, Oscillibacter, Prevotella, Anaerostipes,
and Subdoligranulum). Lastly, two dominant phyla
(Bacteroidetes and Firmicutes) were found in the HC
group, which were comprised of two classes (Bacilli
and Erysipelotrichia), two orders (Lactobacillales and
Erysipelotrichales), two families (Enterococcaceae
and Erysipelotrichaceae), and five genera (Parabacte-
roides, Enterococcus, Erysipelotrichaceae incertae sedis,
Butyricicoccus, and Turicibacter) (Fig. 5). We suggested
that the temperature stress greatly influences the com-
position of the broilers’ caecal microbiota.

The effects of temperature stress on the microbial
functions of caecal microbiota. We observed a strik-
ing difference in the KEGG Orthologs (KO) composi-
tion of the caecal microbiota. There were 328 differ-
entially enriched KEGG pathways at the L3 hierarchy
between the three groups, among which 41 pathways
had LDA >2 (Fig. 6). The pathways enriched in the LC
group were related to cellular processes and signaling
(e.g. sporulation, signal transduction mechanisms),
metabolism (e.g., porphyrin and chlorophyll metabo-
lism, propanoate metabolism, valine, leucine, and iso-
leucine biosynthesis, fatty acid biosynthesis, and lipid
biosynthesis), and gene regulation (e.g., sulfur relay
system, transcription factors). The pathways enriched
in the HC group were related to environmental infor-
mation processing (e.g., ABC transporters, G protein-
coupled receptors, phosphotransferase system, and
transporters) and metabolism (e.g. methane metabo-
lism, and pyruvate metabolism). The pathways enriched
in the MC group were related to metabolism (e.g. other
glycan degradation, alanine, aspartate, and glutamate
metabolism, purine metabolism, sphingolipid meta-
bolism, lipopolysaccharide biosynthesis, ubiquinone
and other terpenoid-quinone biosynthesis, pyrimidine
metabolism, streptomycin biosynthesis, citrate acid
cycle, cyanoamino acid metabolism, carbon fixation
in photosynthetic organisms, phenylpropanoid bio-
synthesis, polyketide sugar unit biosynthesis, carbon
fixation pathways in prokaryotes, prenyltransferases,
one carbon pool by folate, and amino acid related
enzymes), cellular processes (e.g. lysosome, peroxi-
some), and gene regulation (e.g. chaperones and folding
catalysts, RNA degradation, and protein processing in
the endoplasmic reticulum).
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Fig. 4. The effects of ambient temperatures on the caecal microbial communities. Principal component analysis (PCA)
of the abundance profiling of microbes based on OTUs.

Discussion

Temperature stress causes huge losses to poultry
producers (Attia etal. 2011), as stresses from low or
high temperatures exerted wide-ranging effects on host
physiochemical and immune responses (Thaxton 1978).
On the one hand, long-term exposure of poultry to high
and low environmental temperatures had markedly
increased feed consumption and the ratio of feed gain,
while low temperature decreased chickens’ final body
weight (Yang etal. 2020). On the other hand, both heat
and cold stresses could influence the immune responses,
such as depression of immune and endocrine functions,
elevated expression of heat shock proteins (Hsps), and
upregulation of inflammatory genes (such as NF-«B
and TNF-a) (Hangalapura et al. 2004; Zhao et al. 2014).
Also, increased gene expression of Hsps and NF-«kB was

reported to be associated with inflammation activation
(Vidal Martins etal. 2016; Chebotareva etal. 2020). It
was previously reported that cold stress could enhance
the cytokine expression levels of IL-6 and TNF-a in
humans (Rhind etal. 2001). The Hsp70 mRNA level
in the pigs’ muscle increased after exposure to con-
tinuous high environmental temperature (35°C+1°C)
(Abdelnour etal. 2019). In the present study, the Hsp70
and Hsp90 mRNA expression increased in HC and LC
groups, while higher NF«B 1, IL-6, and TNF-a mRNA
expression in the LC group was observed in the MC
group. Consequently, our results were consistent with
previous findings that both long-term heat and cold
stress increased liver inflammation of broilers.
Firmicutes, Bacteroidetes, and Proteobacteria are
the most dominant phyla in chickens’ caecal micro-
biota (Luo etal. 2013; Oakley etal. 2018), which was



'sdnoid ) pue
‘O “DH U23M}3q ©J0IqOIdTUT JuepuNqe
A[enU2Iah1p 1S0W 3T PALIIUAPIAGAT S ‘S

(o1 Bo)) 3300S Va1

)
~
-
o

Sk ]

OW m
OH m
(O I |

sae)aafwoundy— o
9B30B19)0BJOIEXD }
eusgjoeqoajoide)ag o
aesoeuajoeqopYIg S
so|euspeqopyIg 0
wnuajoeqopyig” b
s9|euspeqolLe) 0
9B30B1B)OEqOLED T}
eusjoeqounoyd
BLSJ0BqOUNOY O
sadysiy B
aesoe||audNIY )
sajaplossyoeg d
s9jeplosayoeg 0
eipiojspeg o
oeeoepeuocwoliydiod
eljaisaueg b6
J8y0eqiouny 6
sajeyoujojedisfig o
elyajopdisiig o
aesoeyoujoadisfug ™)
s|pas~aepuaoul”aeaoseyouoladisfi3™h
snoooopuAINg ™6
$NY002018U3 " 6
9B30822020J9)u3 "}
S9|e||10eqoje] o
110eg ™o
saplossjoeqeled b
aesoeldsouyoe
wnjnueibiopans™6
sadisoleeuy b
oeeoe||9jorRid
e||alonsid b
18)0eqII0sQ” B
wnJjoeqoiyoopnasyd™ b
aeaoe|Pong
snoooo0joeT B
eaelopued b
aesoeuaployINg
CETE N
sajeuapjoyyng o
eusjoeqoajoidelag o
wnuajoeqiesaey” b
S3JBIPLISO|) ™ O
eIpSO[) 0
sanolwi4~d



S'e

Ayoresary €73y 0 (01 60) 34005 Va7
sdnoid O pue ‘DN OH 2y} WOJJ exe) [RIqOIOTWI
[e29ed 3y} Jo sasA[eue yuauPLIUS HOTY ‘9 817

o
o
0
7
Q
-
1)
o
o
o

ON Il
OH Il
o) i

wnndRas dwseidopud ul buissad0id U0l
saWAzuad pajejas pIoe oUWy

8)e|0) Aq |0od uoqgedr esup
soselajsuenjiuay

2WOSIXOIY

buissadoid paie1iosse” pue” Buip|o) U0
sajokiexoidul sAemyied uonexy uoqie)
s1S3YuAsolq Jlun"Jebns apnayAlod
sisayjuAsolq prouedoidjAuayg

swsiuebi0 dnayuAsojoydui uonexy uoqie)
uonepesbap ¥NY
wsijoge3aw pide oulweouek)

S19Y10

TPMTYIL 3PpAy @1enn

sisayuAsoiq uAwoydans

wisijogeaw aulpiwiifg

sisayjuksolq auouinb piouadia) Jay3o pue auouinbign
wsjoqeaw A61au3
s15A1e3ed BUIp|o) pue” sauosadeyd
s|auueYd UoI Sa10d

AWo0s0sA)

s1SayjuAsolq apueydeskjododn
wstjogeydw”pidijobuiyds

wstjogeawauLng

wsijogejdw ajewein|b pue ajeuedse auluen
uonepelbap uedAID 13Yl0

wsijogejaw” a3ennid

s103d@das pajdnod ujord 9

wsijoqeyaw aueLapy

“sl1d  waysAs asesajsuenoydsoyy
si1auo0dsuen Hay

siauodsuesy
SISAYIUASOIQ BUIdNI|0SI pUR 3UIdNI|~ BUIjRA
suta)oid sisayyuAsolq pidn

wajsAs Aeja1Inyng

sisayjuhsolq p1oe Ayey
swisiueyddw”uopnpsues) jeubis
wsijogeawajeouedosy

wsijoqejaw [Aydosoly> pue uuhydiod

51032 uondudsues|

uonejniods



1 Temperatures affect caecal microbial composition 41

corroborated by our data from the MC group. Firmi-
cutes is one of the most abundant phyla of the broil-
ers’ gut microbiome (Corrigan etal. 2011; Hume etal.
2011). Many Firmicutes species are involved in nutri-
ent absorption (Komaroft 2017), and some microbes
can survive under extreme conditions (Filippidou
etal. 2016). A mouse study revealed that fecal microbial
composition changed when the animals were exposed
to a cold environment (6°C), during which the relative
abundance of Firmicutes increased from 19% to 61%,
whereas that of Bacteroidetes decreased from 73% to
35% (Chevalier etal. 2015). In this study, Firmicutes
was significantly increased by 9% and 15% in the HC
and LC groups, respectively, in comparison with the
MC group. These findings suggest that the increase
in the proportion of Firmicutes is probably a conse-
quence of the chickens’ physiological adaptations to the
temperature stress.

Bacteroides, which belong to Bacteroidetes are
generally associated with the degradation of polysac-
charides, especially starch and glucans, and the pro-
duction of short-chain fatty acids (Beckmann etal.
2006). It has been shown that Bacteroides was the most
abundant genus in the caecum (Saxena etal. 2016),
in line with the findings from our present study. Faec-
alibacterium prausnitzii in the genus Faecalibacterium
is one of the most abundant and important symbiotic
bacteria of the human intestinal microflora produc-
ing butyrate and other short-chain fatty acids through
the fermentation of dietary fiber, and thus improve
the intestinal tract immune function (Ferreira-Halder
etal. 2017). The abundances of Faecalibacterium in the
LC group increased compared with that in the MC
group. Therefore, changes in the relative abundances
Faecalibacterium may help utilize intestinal nutrients,
maintain immune function, and further alleviate the
adverse effects of long-term low environmental tem-
perature on broilers.

Barnesiella is a genus in the family of Porphyro-
monadaceae, and is associated with hyperglycemia,
insulin resistance, hepatic steatosis, and inflammation
in rodents (Le Roy etal. 2013). Barnesiella is also one
of the most abundant genera in human feces and can
be used to treat vancomycin-resistant Streptococcus
faecalis colonization (Wylie etal. 2012). In addition,
it has been reported that Barnesiella intestinihomi-
nis from Barnesiella is an intestinal symbiotic bacte-
ria, which can change the tumor microenvironment,
reduce regulatory T cells, stimulate the anti-cancer
immunomodulator cyclophosphamide (CTL) reac-
tion, and further promote the antitumor efficacy of
cyclophosphamide (CTX) (Daillére etal. 2016). In
the present study, the relative abundances of Barnesiella
in HC and LC groups were significantly lower than
in the MC group, indicating Barnesiella as one of the

most abundant genera in broilers, with its abundance
influenced by both heat and cold stresses.

In the present study, the proportion of Escherichia/
Shigella and Enterococcus increased in HC group com-
pared to that in the MC group. Both Enterococcus and
Escherichia/Shigella are potentially harmful bacteria
from Enterobacteriaceae family (Kong etal. 2019). Ente-
rococcus faecalis is a common commensal organism in
humans’ intestines, which can damage eukaryotic cel-
lular DNA in colonic epithelial cells by producing extra-
cellular superoxides and hydroperoxides (Jones etal.
2008). Also, the percentage of Salmonella in Entero-
bacteriaceae was reported higher in heat-stressed birds
than that in the control group (Alhenaky etal. 2017),
and the increases of Enterobacteriaceae may be related
to mice diarrhea (Yuan etal. 2018). Therefore, Escheri-
chia/Shigella and Enterococcus may trigger inflamma-
tion through elevated Hsps and inflammatory genes.

PICRUSt analysis revealed that 41 pathways were dif-
ferentially enriched between the three groups. Many of
the enriched pathways in the HC group were potentially
related to environmental information processing and
metabolism, such as ABC transporters (LDA =3.26),
G protein-coupled receptors (GPCRs, LDA =2.32), the
phosphotransferase system (PTS, LDA =2.64) and trans-
porters (LDA =3.42). ABC transporters were involved
in transfering a variety of substrates, including sug-
ars, amino acids, glycans, cholesterol, phospholipids,
peptides, proteins, toxins, antibiotics, and xenobiotics
(Gottesman and Ambudkar 2001). GPCRs were the
receptors for hormones, neurotransmitters, ions, pho-
tons, and other stimuli, comprising the essential compo-
nents of communications between the intracellular and
extracellular environments (Rosenbaum et al. 2009). The
phosphotransferase system (PTS) catalyzed the uptake
of carbohydrates and subsequent their conversion into
phosphodiester (Deutscher etal. 2006). Therefore, the
enhancement of environmental information processing
related signal pathways in the HC group may help regu-
late the intestinal mucosal function and further meet
broilers’ metabolic needs.

Many KEGG pathways enriched in the LC group
were potentially related to cellular processes and sign-
aling, metabolism, and gene regulation. The enriched
metabolism pathways in the LC group included fatty
acid biosynthesis (LDA=2.21), lipid biosynthesis
proteins (LDA=2.07), porphyrin and chlorophyll
metabolism (LDA=2.78), propanoate metabolism
(LDA =2.41), and valine, leucine, and isoleucine bio-
synthesis (LDA =2.04). Previous studies suggested
that cells prefer glycolysis as a rapid compensatory
mechanism to meet energy requirements for adap-
tive thermogenic responses under cold stress (Sajjanar
etal. 2019), and that maintenance of body tempera-
ture in cold-exposed animals require increased energy
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intake and expenditure (Iossa etal. 2001). Our previous
study demonstrated that long-term low temperature
increased feed consumption but reduced body weight
gain (Yang etal. 2020). Altogether, these results indi-
cated that the microbiota in long-term cold stress might
maintain the normal body temperature by elevating
broilers’ energy and lipid metabolism with a tradeoff
of decreased growth performance.

In conclusion, our data revealed that long-term high
and low temperatures elevated immune-inflammatory
responses in the liver. Stresses from high temperature
led to increased potentially harmful bacteria propor-
tion (such as Escherichia/Shigella and Enterococcus) in
the caecum. Also, long-term cold stress may upregulate
energy and lipid metabolism to maintain broilers’ nor-
mal body temperature. Therefore, avoiding unfavorable
temperature is a critical factor in the maintainance of
broiler birds’ production, welfare, and immune status.
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Abstract

Several studies have shown that an increased risk of metabolic and immune disorders associated with cesarean section mode of delivery
may exist. However, such studies have not been conducted in the Chinese population. Stool sample sequencing of the gene encoding the
16S rRNA of 82 prospectively enrolled 3- and 30-42-day-old vaginal and cesarean section delivered newborns was performed to study
the composition and predicted function of the intestinal microbiota. In the samples from the 3-day-old neonates, the levels of Escherichia-
Shigella in the two groups were similar. The genera Bifidobacterium, Lactobacillus, and Bacteroides were more prominent in the vaginal
delivery than in the cesarean section group, which showed a predominance of Staphylococcus, Streptococcus, and Corynebacterium. The
differences between the two groups were statistically significant (p <0.05). In the samples from 30- to 42-day-old infants, Bifidobacterium,
Lactobacillus, Escherichia-Shigella, and Bacteroides were the main genera present in the vaginal delivery group, while in the cesarean section
delivery group; the predominant genera were Escherichia-Shigella, Bifidobacterium, Bacteroides, and Staphylococcus. Predicted functions of
the vaginal delivery group revealed higher metabolic and biodegradation rates of carbohydrates, vitamins, and xenobiotics than those in
the cesarean section group, which contributed to the stability of the microbiota in the former. The abundance of probiotic bacteria such as
Bifidobacterium and Lactobacillus, and the negative correlation between obesity and Bacteroides presence were higher in vaginally delivered
infants than in cesarean-delivered infants at both studied time points.

Keywords: vaginal delivery, cesarean section delivery, early infants, intestinal microbiota, predicted function

Introduction In recent years, owing to an increase in cesarean
deliveries worldwide, several studies on the effects of
delivery modes on the structure and predicted function

of the intestinal microbiota in infants had been con-

Previous studies have found that the intestinal
microbiota composed of colonizing bacteria plays an

important regulatory role in human metabolism, cell
differentiation, and immune function (Blaser and
Falkow 2009). The interaction between the intestinal
microbiota and their host is mechanistically involved
in health and disease pathogenesis (Hegazy et al. 2017;
Smith and Ravel 2017; Meisel et al. 2018). The colo-
nization and maturity of the intestinal microbiota are
affected by various factors, such as the modes of deliv-
ery, gestational age, feeding methods, and the use of
antibiotics, especially in infants and young children
(Madan et al. 2016; Chu et al. 2017; Uberos 2020).

ducted. These studies have shown that an increased risk
of metabolic disorders, such as respiratory illness, and
immune disorders, such as allergies and autoimmune
diseases, may be associated with the cesarean section
mode of delivery (Baumfeld et al. 2018; Reyman et al.
2019). However, to the best of our knowledge, such stud-
ies have not been conducted in the Chinese population.

We sought to determine the effects of the delivery
modes and their potential confounders or modifiers
on the structure and predicted function of intestinal
microbiota in early infants in China.
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Experimental
Materials and Methods

Volunteers and samples. We enrolled 82 healthy new-
borns (39 boys and 43 girls), of which 51 were delivered
vaginally and 31 by cesarean section. The 82 recruited
infants were born between the 15" of January and the
30" of November of 2019. All infants belonged to the
Han Chinese ethnicity, were born between the gesta-
tional ages of 37 and 42 weeks, presented a weight at
birth of 2.5-4 kg, and did not receive perinatal antibiot-
ics. In all cases, the time between premature rupture of
membranes and delivery was less than 18 hours. There
were no significant differences between the two groups
in gender, gestational age, birth weight, time of prema-
ture rupture of membranes, and Hb. Cesarean section
was indicated according to the expert consensus on the
procedure by the National Health Commission. The
detailed information is presented in Table I.

Sequencing analysis of the gene encoding the 16S
rRNA was performed in stool samples on days 3 and
30-42 after delivery. The structure and predicted func-
tions of the stool microbiota were analyzed. The rate of
cesarean delivery was similar to the Chinese incidence
(38.1% versus 36.7%, respectively). The Ethics Board of
The First People’s Hospital of Xiaoshan (2019-XS-04)
approved this project, and written informed consents
were obtained from all participants.

Sequencing experiment flow. Herein, 200 mg of
fresh fecal samples collected by the parents were trans-

ferred to 2 ml centrifuge tubes. Next, 1 ml RNA was
added to each centrifuge tube, and the samples were
mixed thoroughly and incubated at 4°C for 8-12 hours
before freezing at —80°C. The samples were then
transported over dry ice to Bio-science (Hangzhou,
Zhejiang) for 16S rRNA sequencing. The DNA extrac-
ted from the stool samples was pooled and sequenced
using 1% agarose gel electrophoresis, PCR amplifi-
cation, fluorescence quantification, construction, and
MiSeq library sequencing.

Biological information analysis process. We
sequenced the hypervariable regions of the 16S ribo-
somal gene from the extracted DNA. Then, an inter-
active cloud analysis of the diversity in the microbial
community was conducted. The diversity within sam-
ples (a-diversity) and between samples (p-diversity)
was evaluated using the operational taxonomic unit
(OTU) table. For a-diversity measurements, the indi-
ces were calculated using the sobs index, and the sig-
nificance was determined using Student’s ¢-test. Phylo-
)genetic (UniFrac) distance matrices were determined
for B-diversity measurements. Community heatmaps
were generated using the R package vegan. Cumula-
tive distribution plots of B-diversity distances were
generated using Qiime 1.9.1. Heatmap-based KEGG
pathways were generated using PICRUSt 1.0.0 for the
predicted function.

Statistical analysis. SPSS 22.0 software was used
for statistical analysis. The Student’s ¢-test was used for
normal distribution data, and the Wilcoxon signed-
rank test was used for non-normal distribution data

Table I

Description of 82 participants of this study.

Group Vagl?;iiil;very Cesar(;ail 3dle)hvery p-value
Sex (%) 0.907
Boys 24 (47.1%) 15 (48.4%)
Girls 27 (52.9%) 16 (51.6%)
Gestational age (w) 39.0+£0.9 39.2+1.0 0.532
Birth weight (g) 3,091.0£299.7 3,117.4+260.4 0.685
Hb (g/1) 163.9+12.0 161.2+10.2 0.296
Premature rupture of membranes (h) 32+2.1 3.3+£25 0.836
Feeding (%) 3-day-old 0.687
Breast-fed 24 (47.1%) 12 (38.7%)
Mixed-fed 16 (31.4%) 10 (32.3%)
Fomula-fed 11 (21.6%) 9 (29.0%)
Feeding (%) 30-42-day-old 0.853
Breast-fed 21 (41.2%) 11 (35.5%)
Mixed-fed 16 (31.3%) 10 (32.3%)
Fomula-fed 14 (27.5%) 10 (32.3%)

% for categorical variables:

Mean + SD for continuous variables: p-value was calculated by linear regression model.
p-value was calculated by chi-square test.
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to compare the two groups. P-values <0.05 were con-
sidered statistically significant.

Results
Effects of the delivery mode on the structure of

intestinal microbiota. The intestinal microbiota struc-
ture of the two groups (vaginal delivery and cesarean

section) in 3-day-old neonates and 30-42-day-old
infants is shown in Fig. 1 and 2, respectively. As shown
in Fig. 1, in the 3-day-old neonates, there were no sig-
nificant differences in the levels of Escherichia-Shigella
in the two groups (p>0.05). The genera Bifidobacte-
rium, Lactobacillus, and Bacteroides were more promi-
nent in the vaginal delivery group than the cesarean
section group, which had higher levels of Staphylococ-
cus, Streptococcus, and Corynebacterium. The difference
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Fig. 1. Intestinal microbiota community structure of 2 groups (vaginal delivery and cesarean section) in 3 days neonates.

(A) Intestinal microbiota community heatmap analysis on the genus level of the two groups.
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(b) Wilcoxon rank-sum test bar plot on Genus level
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Fig. 1. Intestinal microbiota community structure of 2 groups (vaginal delivery and cesarean section) in 3 days neonates.

(B) Wilcoxon rank-sum test bar plot on the genus level between the two groups.

(C) Principal coordinate analysis (PCoA) on unweighted UniFrac distances between the neonatal microbiota is shown along the first
two principal coordinates (PC) axes. Each point represents a single sample and is colored by a delivery mode: vaginal delivery, blue;
cesarean section, red. The closer the two sample points are, the more similar the species composition is.

(D) PCoA box diagram. Represents the discrete distribution of different groups of samples on the PC1 axis: vaginal delivery, blue;
cesarean section, red.
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Fig. 2. Intestinal microbiota community structures of two groups (vaginal delivery and cesarean section) in 30-42 days infants.
(A) Intestinal microbiota community heatmap analysis on the genus level of the two groups.

between the two groups was statistically significant cesarean section group. The difference between the two
(p<0.05). Furthermore, as shown in Fig.2, in the groups was statistically significant (p <0.05).

30-42-day-old early infants, Bifidobacterium, Lacto- Sobs index analysis for a-diversity measurement.
bacillus, Escherichia-Shigella, and Bacteroides were the  The Student’s t-test was used to calculate the signifi-
prominent genera in the vaginal delivery group, whereas  cance of the intestinal microbiotas sobs index in the
Escherichia-Shigella, Bifidobacterium, Bacteroides, and  vaginal delivery and cesarean section groups in 3- and
Staphylococcus were the main observed genera in the  30-42-day-old infants shown in Fig. 3. The microbiota
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(b) Wilcoxon rank-sum test bar plot on Genus level
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Fig. 2. Intestinal microbiota community structures of two groups (vaginal delivery and cesarean section) in 30-42 days infants.

(B) Wilcoxon rank-sum test bar plot on the genus level between the two groups.

(C) Principal coordinate analysis (PCoA) on unweighted UniFrac distances between the infants” intestinal microbiota is shown along the
first two principal coordinates (PC) axes. Each point represents a single sample and is colored by delivery mode: vaginal delivery, blue;
cesarean section, red. The closer the two sample points are, the more similar the species composition is.

(D) PCoA box diagram. Represents the discrete distribution of different groups of samples on the PC1 axis: vaginal delivery, red;
cesarean section, blue.
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Fig. 3. Student’s t-test for sobs index of vaginal delivery and cesarean section groups’ intestinal microbiota at two points
(in 3 days and 30-42 days old).
(A) Sobs index at the two points of vaginal delivery infants. (B) Sobs index at the two points of cesarean section infants.

was detected in all the stool samples from the 3-day-
old neonates, but their sobs index (a-diversity) was at
significantly lower levels than that of the 30-42-day-old
group, irrespective of vaginal or cesarean section modes
of delivery (p<0.001).

Predicted function of the intestinal microbiota.
The predicted function of the intestinal microbiota of
the vaginal delivery and cesarean section groups of both
3- and 30-42-day-old infants is shown in Fig. 4. Heat-
map of the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway level 2 at the two points belonged to
the categories that showed statistical differences between
vaginal delivery and cesarean section groups. Compared
to the cesarean delivery group, the vaginal delivery
group presented a higher carbohydrate and vitamin
metabolism level. A higher rate of biodegradation and
metabolism of xenobiotics in both neonates and infants
favors their microbiota community’s stability.

Discussion

In this study, we found that Escherichia-Shigella lev-
els were significantly high in all stool samples of the
3-day-old infants. These data confirmed previous obser-
vations on the typical microbial constituents of early
infant stools at this age (Backhed etal. 2015; Nagpal
etal. 2017). Previously reported OTUs were consid-
ered to be derived from the maternal stool (Chu etal.
2017). Additionally, the levels of Escherichia-Shigella
did not vary significantly between the modes of deliv-
ery. Furthermore, we found that the delivery mode has
a much more significant influence on the presence and
abundance of several other notable taxa in early infants’
intestinal microbiota. Accordingly, the vaginally deliv-
ered infants’ intestinal microbiota has high levels of
Bifidobacterium, Lactobacillus, and Bacteroides, whereas
the cesarean section-delivered infants harbor Staphylo-
coccus, Streptococcus, and Corynebacterium. In infants
delivered by cesarean section, the amniotic membrane

does not rupture at birth; this prevents the mother’s
birth-tract flora from entering the baby. Thus, vaginally
delivered infants are enriched in bacterial communi-
ties resembling those found in the maternal vagina,
whereas the cesarean-section delivered infants harbor
skin microbiota. In the stool samples of the vaginally
delivered 30-42-day-old early infants, Bifidobacterium,
Lactobacillus, Escherichia-Shigella, and Bacteroides were
the prominent genera, whereas those in the cesarean
section group showed a predominance of Escherichia-
Shigella, Bifidobacterium, Bacteroides, and Staphylo-
coccus. The differences in each genus’s levels between
the two groups were statistically significant (p <0.05).
Although microbiota was detected in all the first-pass
stool samples, their a-diversity was relatively lower in
the 3-day-old neonates than in the 30-42-day-old early
infants, irrespective of the mode of delivery (p <0.001).
It has been previously shown that the abundance and
growth of the intestinal microbiota progress with
age (Chu etal. 2017). An endpoint of approximately
30-42 days postpartum was chosen because the infants
at this age have limited person-to-person contact and
are not yet exposed to the wide variety of environmental
microbes. At 30-42 days of age, significant levels of Bifi-
dobacterium and Lactobacillus continued to be present
in the vaginally delivered infants. However, the infants
delivered by cesarean section showed delayed coloniza-
tion of bifidobacteria and a gradual rise in lactobacilli
levels compared to those delivered vaginally (Wampach
etal. 2017; Reyman etal. 2019). Bifidobacterium is
a probiotic bacterium that promotes gut health and
provides defense against pathogens (Tamburini etal.
2016). Acetate and lactate are the primary end products
of bifidobacterial fermentation and important energy
sources for colonocytes (Fukuda etal. 2011). Moreo-
ver, intestinal bifidobacteria produce essential nutri-
ents, including riboflavin and folate (Sugahara etal.
2015). Lactobacillus is also a probiotic bacterium that
regulates the gastrointestinal tract’s normal microbiota
and maintains the micro-ecological balance to reduce
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(A) Heatmap showing distinct microbial gene (KEGG pathway level 2) profiles of the two groups’ stool in 3 days after delivery:

vaginal delivery, r)ed; cesarean section, green.
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serum cholesterol, improve gastrointestinal function, ously (Yang etal. 2019). Furthermore, there is evidence
inhibit the growth of intestinal putrefactive bacteria, that Bifidobacterium and Lactobacillus supplementation
and increase immune functions. The abundance of lac-  has positive effects in protecting the human gut from
tobacilli was lower than that of bifidobacteria in the gut  different intestinal infections (Tamburini etal. 2016)
of infants delivered vaginally at both time points stud-  and has also been associated with the production of
ied; our findings are similar to those reported previ- beneficial metabolites (Arboleya etal. 2015).
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(B) Heatmap showing distinct microbial gene (KEGG pathway level 2) profiles of 2 groups in 30-42 days old:
vaginal delivery, green; cesarean section, red.

Bacteroides counts were low in both groups of 3-day-  the stool samples of 30- to 42-day-old early infants
old neonates. This early reduction in diversity could be ~ showed significantly greater clustering of Bacteroides
due to a decrease in the Bacteroides genus’s diversity  in the vaginally delivered infants than in the cesarean-
within the Bacteroidetes phylum (Fallani etal. 2010). As  delivered infants, irrespective of their ethnic factors.
opposed to a previous study by Wopereis etal. (2014),  Bacteroides are efficient fermenters of human milk
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oligosaccharides, which may have been underestimated
in early life due to a molecular bias. Furthermore, they
may protect against the development of milk allergy
(Hoyles and McCartney 2009). Previous studies have
also shown that Bacteroides in the gut are negatively
correlated to obesity. Here, we showed that the Bacte-
roides levels were significantly higher in the vaginally-
delivered group than in the cesarean-delivered group
in the 30-42-day-old infants. These data are consistent
with previous findings on the correlation with obesity
(Mueller etal. 2019). The abundances of Staphylococ-
cus, Streptococcus, and Corynebacterium were higher in
cesarean section delivered infants than in those deliv-
ered the vaginally, and these differences between the
two groups are consistent with the data on human skin
microbiota (Akagawa etal. 2019). Furthermore, these
genera are neutral in the intestines of infants in their
early life as human symbiotic bacteria or conditional
pathogens. Thus, they were not analyzed in this study.

Predicted function revealed that the vaginal deliv-
ery group presented higher levels of carbohydrate and
vitamin metabolism, biodegradation and metabolism of
xenobiotics, and a more stable microbiota when com-
pared to the cesarean delivery group.

In this study, we explored the effects of different
delivery modes on the structure and predicted function
of intestinal microbiota in neonates and early infants in
the Chinese population. Furthermore, we provided sci-
entific data for the construction of an early infant intes-
tinal microbiota bank in China. However, there are cer-
tainly worth noting limitations. First, the feeding habits
of the infants were variable at the end of the study. The
potential impact of feeding habits cannot be overruled
as a factor explaining the differences observed between
vaginal delivery and cesarean section groups. Second,
a study by Savage etal. (2018) reported that maternal
diets with a high intake of vegetables and a low intake
of processed meats and deep-fried foods present a posi-
tive correlation with the Lactobacillus abundance in the
intestinal microbiota of infants. Thus, the lack of a food
frequency questionnaire about maternal diet constitutes
a limitation of our study.

16S rRNA sequencing technology was chosen to
study the stool samples. 16S rRNA gene is located on
the small subunit of prokaryotic ribosomes, including
nine hypervariable regions and ten conserved regions.
The conserved regions have few differences among
bacteria, and the hypervariable regions have a speci-
ficity that varies with the kinship of genus or species.
Therefore, 16S rRNA can be used as a characteristic
nucleic acid sequence suggesting biological species
and is considered to be the most suitable indicator
for bacterial phylogeny and taxonomic identification
(Caporaso etal. 2011). 16S rRNA amplicon sequencing
usually selects one or several mutated regions and uni-

versal primers for amplification to obtain PCR prod-
ucts and then performs sequencing, analysis, and strain
identification. It is an important means for studying
environmental samples for microbial composition and
structure (Youssef etal. 2009). At present, 16S rRNA
sequencing technology is widely used worldwide and
is also being gradually developed in China.

Overall, we have found that the abundance of probi-
otic bacteria, such as Bifidobacterium and Lactobacillus
in vaginally delivered infants was higher than in the
infants delivered by cesarean section at both studied
time points. The level of Bacteroides in the cesarean
section group was lower than that in the vaginal deliv-
ery group; hence, the former is associated with the risk
of obesity. Further follow-up is needed to monitor the
growth of Bacteroides with age dynamically. Screening
of infants, especially those delivered by cesarean sec-
tion, for excess weight gain, may help guide the pri-
mordial prevention of obesity. It is suggested that long-
term follow-up of growth and development should be
undertaken for children delivered by cesarean section
to protect against the risk of obesity. Furthermore, this
study also concludes that 16S rRNA sequencing tech-
nology is effective and reliable in detecting intestinal
microbiota in early infants.
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Abstract

Although antibiotic-resistant bacteria (ARB) have been isolated from tap water worldwide, the knowledge of their resistance patterns is
still scarce. Both horizontal and vertical gene transfer has been suggested to contribute to the resistance spread among tap water bacteria.
In this study, ARB were isolated from finished water collected at two independent water treatment plants (WTPs) and tap water collected
at several point-of-use taps during summer and winter sampling campaigns. A total of 24 strains were identified to genus or species level
and subjected to antibiotic and disinfectant susceptibility testing. The investigated tap water ARB belonged to phyla Proteobacteria, Bac-
teroidetes, Actinobacteria, and Firmicutes. The majority of the isolates proved multidrug resistant and resistant to chemical disinfectant.
Neither seasonal nor WTP-dependent variabilities in antibiotic or disinfectant resistance were found. Antibiotics most effective against
the investigated isolates included imipenem, tetracyclines, erythromycin, and least effective — aztreonam, cefotaxime, amoxicillin, and
ceftazidime. The most resistant strains originate from Afipia sp. and Methylobacterium sp. Comparing resistance patterns of isolated tap
water ARB with literature reports concerning the same genera or species confirms intra-genus or even intra-specific variabilities of envi-

ronmental bacteria. Neither species-specific nor acquired resistance can be excluded.

Keywords: susceptibility testing, antibiograms, MIC testing, drinking water bacteria, environmental strains

Introduction

Antibiotic resistance of environmental bacteria,
including bacteria dwelling in aquatic ecosystems, is
a thoroughly investigated phenomenon (Baquero et al.
2008; Martinez 2009). Due to increased antibiotic con-
sumption (ESAC-Net 2020; Roberts and Zembower
2020), antibiotic resistance is considered emerging
environmental contamination (Pruden etal. 2006).
Natural waters can be reservoirs of autochthonous
antibiotic-resistant bacteria (ARB) and could be addi-
tionally contaminated by antibiotics, ARB and anti-
biotic resistance genes (ARGs) due to human activities
such as wastewater effluents discharge, aquaculture,
or agriculture (Berglund 2015). Antibiotic resistance
determinants may not be removed entirely in water
treatment plants (WTPs) and can enter distribution
systems. Although tap water is commonly considered
drinking water in many countries, knowledge regarding

ARB biodiversity in drinking water distribution sys-
tems (DWDSs) is still scarce.

Bai etal. (2015) found antibiotic-resistant Bacillus
sp., Sinorhizobium sp., Bradyrhizobiaceae sp., Coma-
monadaceae sp., Enterobacter hormaechei, Sphingo-
monas sp., Enterobacter sp., and Ensifer sp. in finished
water at WTP in Shanghai, China. Antibiotic-resistant
Proteobacteria were frequently isolated from tap water
in Porto, Portugal (Vaz-Moreira etal. 2011; 2012; 2017;
Figueira etal. 2012; Narciso-da-Rocha etal. 2013;
2014). Furthermore, antibiotic-resistant Pseudomonas
spp. were found in tap water produced from a karstic
springs system during turbid events in Le Havre, France
(Flores-Ribeiro etal. 2014). Khan et al. (2016a; 2016b)
isolated antibiotic and disinfectant resistant Paeniba-
cillus, Burkholderia, Escherichia, Sphingomonas, and
Dermacoccus representatives and other bacteria pos-
sessing ARGs from tap water in Glasgow, Scotland.
Antibiotic-resistant Methylobacterium spp. were found
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in a nation-wide study of hospital tap water in Japan
(Furuhata etal. 2006). Various ARB were identified in
tap water in Wroctaw, Poland, in the previous study
(Leginowicz etal. 2018). Moreover, Shi etal. (2013)
found intestinal ARB in finished water and tap water
in Nanjing, China. According to these reports, tap
water bacteria’s antibiotic resistance can be regarded
as a global problem that requires further research. Even
if most tap water bacteria remain unculturable, culture-
dependent methods should not be neglected because
they could broaden the current state of knowledge
regarding environmental ARB.

Resistance dissemination could be facilitated by
horizontal gene transfer (HGT) within water supply
networks (Shi etal. 2013; Ma etal. 2017). Moreover,
subinhibitory concentrations of disinfectants were
revealed to enhance the intra-genus conjugation trans-
fer of genes (Zhang etal. 2017), suggesting the poten-
tial spread of antibiotic resistance in suboptimally
chlorinated drinking water. Other findings indicated
the critical role of vertical gene transfer (VGT) in this
phenomenon because some ARB’s resistance patterns
were revealed to be species-specific (Vaz-Moreira et al.
2011; 2012; Narciso-da-Rocha et al. 2013;2014).

The influence of ARB from drinking water on
consumer health is still unclear and requires further
investigation (Vaz-Moreira etal. 2014; Sanganyado
and Gwenzi 2019). Swallowed bacteria have been
determined to exchange genes with human intestinal
microflora (Salyers etal. 2004). Moreover, Khan etal.
(2020) have recently confirmed the possibility of dis-
seminating the mcr-1 gene, known as the last resort
ARGs, from drinking water to the healthy mouse gut.

Next to being resistant to antibiotics, bacteria dwell-
ing in drinking water have been reported to be chlorine
or monochloramine tolerant (Shrivastava etal. 2004;
Furuhata etal. 2007; Chiao etal. 2014; Khan etal.
2016a). Like antibiotic resistance, resistance to disin-
fectants could be facilitated by HGT (Stokes and Gill-
ings 2011). A risk of co-selection of ARB associated
with drinking water chlorination has been suggested
(Shi etal. 2013; Pruden 2014; Proctor and Hammes
2015), although this hypothesis requires verification
(Lin etal. 2016). Antibiotic and disinfectant suscepti-
bility testing of tap water bacteria could contribute to
elucidating this issue.

This study’s objective was to investigate ARB dwell-
ing in bulk tap water supplied by two independent
WTPs within one DWDS during the summer and
winter seasons. Next to antibiotic resistance, the resist-
ance to disinfectants was tested. The resistance patterns
of isolated strains were also compared with literature
reports to gain a preliminary insight into resistance
prevalence in tap water bacteria and expand knowl-
edge in this issue.

Experimental
Materials and Methods

DWDS, sample collection, and ARB cultivation.
The DWDS in Wroctaw, Poland, is primarily supplied
by two independent WTPs: Na Grobli (NG) and Mokry
Dwor (MD). Both WTPs (NG and MD) draw source
water from the Ofawa and Nysa Klodzka Rivers. In
WTP NG, however, groundwater recharge is imple-
mented as the first step of treatment, resulting in water
adopting groundwater properties. WTP NG consists
of the following treatment processes: groundwater
recharge, aeration, filtration, ozonation, adsorption
on activated carbon, pH correction, and disinfection.
WTP MD consists of the following treatment processes:
coagulation, filtration, ozonation, adsorption on acti-
vated carbon, pH correction, and disinfection. In both
WTPs, chlorine and chlorine dioxide are used for dis-
infection purposes; residual chlorine is also provided in
the distribution system (Siedlecka et al. 2020b).

Finished water samples from both WTPs (NGl
and MD1) and tap water samples from point-of-use
taps, three in each WTP supply area (NG2, NG3, NG4
and MD2, MD3, MD4), were collected twice a season
(in July and August 2018 for summer and in January
and February 2019 for winter), as described previously
(Siedlecka et al. 2020b). The Municipal Water and Sew-
erage Company kindly provided free and total residual
chlorine concentrations of each water sample.

Before sample collection, each tap was disinfected
and flushed until the water temperature stabilized
to avoid plumbing influence. Samples were collected
in sterile, plastic containers, supplemented with 0.1 g/1
sodium thiosulfate (Chempur) to neutralize the dis-
infectants (Vaz-Moreira etal. 2017), and immediately
transported to the laboratory. Then, 11 of each sample
was divided into four, and each of 250 ml aliquots was
concentrated by filtration through a mixed cellulose
membrane of 0.2 um pore diameter (Whatman) with
the application of a sterile filtration set (Nalgene). Next,
each membrane was placed on a plate of R2A (BTL)
supplemented with an antibiotic (Sigma-Aldrich),
prepared following guidelines (EUCAST 2020) as pre-
sented in Table I.

These antibiotics represent the groups of high con-
sumption rates in Poland (ESAC-Net 2020). Plates with
membranes were incubated at 22°C for seven days.
For quality control, Escherichia coli ATCC 25922 and
Pseudomonas aeruginosa ATCC 27853 (BioMaxima)
were inoculated on each prepared batch plates. Next,
ARB representatives of different colony morphology
(size, shape, color, opacity, surface, and texture) from
various antibiotic supplemented plates, both WTPs and
each sampling campaign, were selected.
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Table I
R2A media supplementation for the cultivation of antibiotic-resistant
bacteria (ARB) (Siedlecka et al. 2020a; 2020b).

Antibiotic (abbreviation,
final concentration)

ARB

Amoxicillin (AML, 8 mg/1)

Bacteria resistant to p-lactams

Ciprofloxacin (CIP, 2 mg/l)

Bacteria resistant to fluoroquinolones

Ceftazidime (CAZ, 8 mg/)

Bacteria resistant to 3™ generation cephalosporins

Tetracycline (TE, 16 mg/1)

Bacteria resistant to tetracyclines

Molecular identification of strains. Each selected
colony of ARB was subject to the streak-plate inocu-
lation technique to isolate the pure strain. The bacte-
ria were streaked on an R2A medium supplemented
with the same antibiotic as previously incubated. The
strains were Gram stained and observed under an opti-
cal microscope to confirm their purity, and apply the
appropriate DNA extraction procedure. Next, genomic
DNA was extracted with a Genomic Mini kit (A&A
Biotechnology) under the manufacturer’s instruc-
tions, depending on Gram-staining results. DNA con-
centration and purity were measured on NanoPhoto-
meter N60 (Implen).

Nearly full 16S rRNA gene was amplified with
a primer set 27F (AGAGTTTGATCMTGGCTCAG)
and 1492R (TACGGYTACCTTGTTACGACTT)
(Siedlecka et al. 2020b). The PCR mixture consisted of:
4 ul of 5 x Silver Hot Start PCR Mix (Synegn), 0.4 ul of
each 10 uM primer, 2 pl of DNA, and 13.2 pl of water
(A&A Biotechnology). Touchdown PCR protocol was
as follows: initial denaturation at 95°C for 15 min, fol-
lowed by 25 cycles of denaturation at 95°C for 155,
annealing at 55-50°C for 30s, elongation at 72°C for
605, and final elongation at 72°C for 7 min. Negative
control was applied to confirm the lack of contamina-
tion in the reaction. After PCR amplification, 5 pl of
each sample was mixed with 1 ul of 6x loading buffer
(A&A Biotechnology) and separated by electrophoresis
in 1% agarose gel (Sigma-Aldrich) stained with Green
DNA Gel Stain (Syngen). The products were electro-
phoresed at 120 V for 15 min, and at 80 V for 60 min
in 1xTBE buffer and visualized by UV (UVITEC).
The amplicon size was compared with DNA Marker 3
(A&A Biotechnology). The remaining products were
purified with Clean-up Concentrator (A&A Biotech-
nology) following the manufacturer’s instructions. The
DNA concentration of the purified PCR products was
determined using NanoPhotometer N60 (Implen) and
subjected to Sanger sequencing (Genomed).

Sequences 27F and 1492R were subject to quality
control and aligned with MEGA-X. The consensus of
each aligned pair of strands was created with BioEdit.
The obtained consensus sequences were identified with
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Antibiotic and disinfectant susceptibility testing.
Before susceptibility testing, each strain was transfer-
red to Mueller-Hinton (BioMaxima) agar plate to
ensure adaptation to the richer medium. Eighteen
antibiotics and two disinfectants were tested through
the Kirby-Bauer disk diffusion method (antibiogram).
The antibiograms were prepared in accordance with
guidelines (EUCAST 2020). Briefly, fresh bacterial
culture was suspended in sterile saline (0.89% NacCl,
Chempur) to achieve turbidity of 0.5 McFarland stand-
ard (BioMerieux). Then, the suspension was inoculated
on Mueller-Hinton by swabbing three times, every
time turning the plate by 60 degrees. Next, the disks
containing the antibiotics (BioMaxima) were placed
on plates with inoculated bacteria utilizing a dispenser
(BioMaxima). The antibiotics selected for testing
included (abbreviation, disk content in pg): ampicillin
(AM, 10), aztreonam (ATM, 30), ertapenem (ETP, 10),
imipenem (IMP, 10) meropenem (MEM, 10), ofloxa-
cin (OFX, 5), cefotaxime (CTX, 5), cefepime (FEP, 30),
doxycycline (DO, 30), oxytetracycline (T, 30), vanco-
mycin (VA, 30), gentamycin (CN, 30), streptomy-
cin (S, 300), sulphamethoxazole/trimethoprim (SXT,
23.75/1.25), erythromycin (E, 15), rifampicin (RA, 5),
chloramphenicol (C, 30), and polymyxin B (PB, 300).
Sterile disks were simultaneously soaked in 14.5%
sodium hypochlorite (Chempur), commercial disin-
fectant Melsept (Braun) at the working solution, and
sterile water as a control and placed on plates with
inoculated bacteria. All disks were placed within 15 min
after inoculation of the strains on the plates. The plates
were incubated at 22°C for 7 d due to the psychrophilic
properties and prolonged growth of environmental
bacteria. For quality control, E. coli ATCC 25922 and
P aeruginosa ATCC 27853 (BioMaxima) were subject
to antibiotic susceptibility testing in the same man-
ner. Then, the diameter of the zone of inhibition was
measured for each disk. Because the guidelines for
inhibition zone data interpretation are provided only
for clinically relevant species, the epidemiological cut-
off values (ECOFFs) taken from the EUCAST database
(https://mic.eucast.org/Eucast2/SearchController/)
were adopted for the purpose of differentiation on sus-
ceptible (criteria as for wild type) and resistant (criteria
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as for non-wild type) phenotypes. EUCAST provides
different ECOFFs for various species. In this study, the
lowest ECOFF among those proposed by EUCAST
was adopted for each antibiotic to avoid resistant phe-
notypes’ overestimation. If no ECOFFs was provided
in the EUCAST database, bacteria presenting inhibi-
tion zone diameter > 10 mm were considered suscep-
tible. In the case of disinfectant susceptibility test-
ing, the inhibition zone diameter <20 mm was adopted
to consider bacteria to be resistant, as proposed by
Khan etal. (2016a).

Minimal inhibitory concentration (MIC) testing.
MIC testing was performed for four antibiotics repre-
sentative of the most commonly consumed groups of
antibiotics in Poland (ESAC-Net 2020), namely AML,
CIP, CAZ, and TE, and two of such antibiotics with
additives, i.e., AML with clavulanic acid and CAZ with
avibactam. For antibiotic resistance screening, each
strain was inoculated on four R2A plates supplemented
with antibiotics: AML, CIP, CAZ, and TE, as described
in section 2.1. Only strains able to grow on R2A in the
presence of a given antibiotic were subject to further
MIC testing. The strains that did not grow on R2A
plates supplemented with a given antibiotic (prepared
as presented in Table I) were considered sensitive, and
they were not subject to MIC testing.

Each antibiotic-resistant strain was inoculated on
a Mueller-Hinton plate, as described in section 2.3.
Within 15 min, MIC strips (BioMaxima) were placed
on the plates. The MIC strips included (abbreviation,
concentration range in pg/ml): amoxicillin (AML,
0.016-256), amoxicillin with clavulanic acid (AMC,
0.016-256), ciprofloxacin (CIP, 0.002-32), ceftazi-
dime (CAZ, 0.016-256), ceftazidime with avibactam
(CZA, 0.016-256), and tetracycline (TE, 0.016-256).
The plates were incubated at 22°C for 7d due to the
psychrophilic properties and prolonged growth of envi-
ronmental bacteria. For quality control, E. coli ATCC
25922 and P aeruginosa ATCC 27853 (BioMaxima)
were subject to MIC testing in the same manner.

Statistical analysis. The normality of data was
verified using a Shapiro-Wilk test. A Mann-Whitney
U-test was conducted to evaluate the effect of the season
(summer and winter) or WTP (NG and MD) on the
total number of antibiotics to which each strain was
resistant, as well as on inhibition zones of chlorine and
commercial disinfectant disk diffusion testing.

Correlations between the total number of antibiotics
to which each strain was resistant, and MICs results,
as well as inhibition zones of chlorine and commer-
cial disinfectant disk diffusion testing, were assessed
using Spearman analysis. The significance level was set
at p<0.05 throughout the study. All statistical analy-
ses were done in Microsoft Excel software (Microsoft
Office 365 ProPlus).

Results and Discussion

Antibiotic and disinfectant susceptibility test-
ing. As a result, 24 strains were isolated. The molecular
identification of the strains, antibiotic and disinfectant
susceptibility testing, and MIC testing are presented in
Tables II, IIT, and IV, respectively. Free and total residual
chlorine concentrations in collected tap water were in
a range of 0.00 to 0.31 and 0.10 to 0.49 mg/l across the
study, respectively. The data on the percentage of ARB in
total bacteria, and other microbiological and physical-
chemical analyses of the collected tap water samples,
have been previously published (Siedlecka et al. 2020b).

The majority of bacteria belonged to the phylum
Proteobacteria (15/24), including classes Alphaproteo-
bacteria (13/24) and Betaproteobacteria (2/24). Repre-
sentatives of Bacteroidetes (4/24), Actinobacteria (4/24),
and Firmicutes (1/24) were also found. Unfortunately,
Caulobacter sp. was excluded from further analyses
because the strain did not grow evenly on Mueller-
Hinton medium. A similar problem with tap water bac-
teria cultivation was reported by Khan etal. (2016a).

Some strains were identified to the same genera
or species. These isolates generally presented similar
resistance patterns despite their origin from differ-
ent sampling points (Achromobacter sp., Mycobacte-
rium frederiksbergense) or sampling campaigns (Bosea
massiliensis). However, both Sphinogomonas sp. isolates
were obtained from the same sample, suggesting their
affinity (the strains were primarily isolated on R2A
medium supplemented with AML and CIP, respec-
tively). Interestingly, all Brevundimonas isolates were
isolated from WTP NG finished water. Two of them,
identified as Brevundimonas mediterranea, from the
same sample, also suggested their affinity (the strains
were primarily isolated on R2A medium supplemented
with AML and CAZ antibiotics, respectively).

The results of statistical analyses revealed that nei-
ther seasonal nor WTP dependent variabilities were
found in the total number of antibiotics to which each
strain was resistant, and inhibition zones of chlorine
and commercial disinfectant disk diffusion testing.
Weak but statistically significant correlations were found
between the total number of ineffective drugs and
AML (rho=0.45) and AMC (rho=0.50) MIC results
for strains subject to MIC testing.

Among the antibiotics tested by the disk diffusion
method, ATM and CTX, belonging to monobactams
and 3™ generation cephalosporins groups, respectively
(WHO ATC Index (https://www.whocc.no/atc_ddd_
index/)), proved the least effective against the investi-
gated bacteria, whereas all strains were susceptible to
IMP. Apart from IMP, other carbapenems were not as
effective against investigated strains. Tetracyclines and
E also proved to be highly effective against tap water
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ngi.n Origin* Identification I de(;/;)tity Accession
1 | MD4VII(AML) | Chryseobacterium sp. 91.28% MKO095762.1
2 | MD4VII(CIP) Bosea massiliensis 100.00% KM114964.1
3 | NG1VIII(CAZ) | Mycobacterium frederiksbergense 99.55% LN613126.1
4 | NG1VIII(AML) | Brevundimonas mediterranea 99.84% CP048751.1
5 | NG2VIII(CIP) | Sphingomonas sanxanigenens 99.23% KY078833.1
6 | NG4VIII(CIP) | Sphingomonas sp. 99.69% HM191725.1
7 | NG4VIII(AML) | Sphingomonas sp. 99.77% HM191725.1
8 | MD2VIII(CIP) | Dyadobacter sp. 98.78% MK271730.1
9 | MD4VIII(CIP) | Microbacterium sp. 99.70% MT542332.1
10 | MD4VII(TE) | Afipia sp. 99.54% MK402948.2
11 | MD4VIII(CIP) | Bosea massiliensis 99.69% MF101018.1
12 | NGI1I(AML) Brevundimonas mediterranea 99.69% CP048751.1
13 | NGI1I(CAZ) Brevundimonas mediterranea 99.84% CP048751.1
14 | NG2I(CAZ) Nocardia asteroides 99.85% MT355847.1
15 | NG2I(CAZ) Sphingobium abikonense 98.92% MK696981.3
16 | NG3I(AML) Achromobacter sp. 99.39% KT826375.1
17 | NG4I(AML) Pedobacter sp. 100% EF660750.1
18 | NG4I(CAZ) Flavobacterium sp. 99.32% JQ977667.1
19 | MD1I(CAZ) Bacillus zhangzhouensis 95.24% MG651160.1
20 | MD3I(AML) Achromobacter sp. 94.86% KT826375.1
21 | MD4I(CIP) Caulobacter sp. 97.92% KM252977.1
22 | NGIII(CIP) Brevundimonas sp. 99.92% CP045456.1
23 | NG3II(CAZ) Mycobacterium frederiksbergense 100% LN613126.1
24 | MD3II(CAZ) Methylobacterium sp. 91.84% HM327817.1

* — sample collection site and month, where: NG refers to WTP Na Grobli, MD refers to WTP Mokry Dwor,
Arabic numerals refer to consecutive sampling points (1 - finished water at each WTP, 2, 3, 4 - consecutive
sampling points in the distribution system within each WTP supply area), Roman numerals refer to the month
of sample collection, abbreviations in brackets refer to R2A media supplementation - the plate from which
the strain was initially isolated. Strains are ordered by the month of collection.

bacteria in this study. Among the antibiotics tested by
means of MIC, the least effective was CAZ, followed by
AML, both belonging to p-lactam antibiotics (WHO
ATC Index (https://www.whocc.no/atc_ddd_index/)).
Interestingly, AML and CAZ MICs exceeded 256 mg/1
for 7 and 15 strains, respectively, suggesting strong
resistance of tap water bacteria to these antibiotics.
Moreover, the results of MIC testing suggest that all
but one (strain No. 14) strains tested for AML exhibit
B-lactamase activity. The addition of clavulanic acid,
known as a competitive inhibitor of 3-lactamases (Kim
etal. 2009), decreased effective drug concentration.
Among strains tested for CAZ, 8 (i.e., strains No. 1,
5, 6, 11, 12, 15, 16, and 20) proved to be sensitive to
the avibactam additive, also suggesting -lactamase
activity (Wang et al. 2016). Nevertheless, the presence
and activity of B-lactamases in the strains need to be
confirmed by further studies. The majority of strains

subject to AML or CAZ MIC testing (except for strains
No. 15, 18, and 23) were resistant to at least one other
antibiotic belonging to the P-lactam antibiotic class.
All strains subject to CIP MIC testing were resistant to
OFX, another representative of fluoroquinolones. Two
strains resistant to TE (9 and 10) were also resistant
to T and both tetracyclines used in the disk diffu-
sion method, respectively. Contrary to the presented
results, aminopenicillins and aminoglycoside resistance
were reported to be common in tap water bacteria in
Porto, Portugal (Vaz-Moreira etal. 2011; 2012; 2017;
Narciso-da-Rocha et al. 2013). The differences in resist-
ance of tap water bacteria in Wroctaw and Porto could
be region-dependent or taxon-dependent, because the
other genera were investigated in these two DWDSs.
The majority of strains were resistant to 14.5%
standard sodium hypochlorite, suggesting strong dis-
infectant resistance of tap water bacteria. However, no
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Table III
Results of antibiotic and disinfectant susceptibility testing.

R < = g g
Strain £ | 8 Carbapenems g Cephglo— Tet.ra— % Amerogly— '_ié 8 Others Disinfec-
No. § %v g sporins | cyclines ? cosides § .TE Total|  tants
ERIR: g £ £ 18
<| = = S 3| =
AM |ATM | ETP |IMP [ MEM|OFX|CTX|FEP | DO| T | VA|CN| S |SXT| E |RA| C | PB C, | D
1 . . . . . 5 . .
2 . . 2 . .
3 . 1 . .
4 . . . . . . . 7 . .
5 . . . . . . . . 8 . .
6 . . . . . . . . . 9 . .
7 . . . . . . . . 8 . .
8 . . . . . . 6 . D
9 . . . . . . . . . 9 . D
10 . . . . . . . . . . . . 12 . .
11 . 1 .
12 | . . . . . 5 | e .
13 . . . . . . 6 . .
14 . . . . 4 . .
15 . . 2
16 . . . . 4 . .
17 . . . . o | . 7 | e .
18 0
19 . 1 .
20 . . . . 4 . .
21 - - - | - - - - - - - - - - - - - - - - - -
22 . . . . 4 . .
23 .
24 . . . . . . . . . . D o 12 .
Total | 11 | 16 6 0 3 11 16 7 1 2 5 7 3 8 1 9 5 6

e —resistant; - - not included in the testing
Cl, - 14.5% sodium hypochlorite; D - commercial disinfectant

The abbreviations of antibiotics are explained in the Materials and Methods section.
Antibiotic groups are in accordance with ATC Classification System (WHO ATC Index).

correlations were found between inhibition zones
against each disinfectant and the total number of inef-
fective antibiotics, nor antibiotic MICs, contrary to the
results of Khan etal. (2016a), who found weak (but
significant) correlations between chlorine-tolerance
and MIC against TE, sulphamethoxazole, and AML.
Four strains (11, 19, 23, 24) resistant to 14.5% standard
sodium hypochlorite were revealed to be susceptible to
working solution of Melspet, suggesting that other anti-
microbial agents present in commercial composition
disinfectant were more effective against tap water bac-
teria than chlorine. The disinfectant susceptibility test-
ing of the investigated strains suggests that resistance
to strong chemical disinfectants is frequent among tap

water ARB. An approach alternative to tap water chlo-
rination should be considered in the future. For exam-
ple, in some European WTPs, treatment is based on
biofiltration without final disinfection or residual dis-
infectant use (Proctor and Hammes 2015). It remains
unknown, however, whether this approach is successful
in limiting ARB prevalence in tap water.
Methylobacterium sp. and Afipia sp. proved resistant
to the highest total number of antibiotics tested in this
study using the disk diffusion method. The MIC test-
ing results confirm the strong resistance of these two
strains. On the other hand, M. frederiksbergense (strain
No.23) and Flavobacterium sp. were susceptible to
all antibiotics tested with the disk diffusion method
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Table IV
Results of MIC testing (ug/ml).

Strain No. AML AMC CIP CAZ CZA TE
1 >256 0.75 - 32 0.75 -
2 10 <0.016 - 32 32 -
3 10 0.25 - >256 >256 -
4 >256 2 4 >256 >256 -
5 16 0.5 >32 >256 <0.016 -
6 96 1.5 12 10 <0.016 -
7 24 8 4 - - -
8 10 0.047 >32 >256 >256 -
9 - - 6 >256 >256 24
10 64 4 - >256 >256 >256
11 - - - 10 0.38 -
12 >256 2 - 96 64 -
13 >256 1.5 - >256 >256 -
14 10 24 - >256 >256 -
15 10 0.5 - >256 64 -
16 >256 1.5 - 10 4 -
17 32 24 >32 >256 >256 -
18 10 0.5 - >256 >256 -
19 - - - >256 >256 -
20 >256 0.5 - 10 1 -
21 - - - - - -
22 10 0.125 4 >256 >256 -
23 12 1 - >256 >256 -
24 >256 24 >32 >256 >256 -

- - not included in the testing (strain susceptible to the antibiotic)
The abbreviations of antibiotics are explained in the Materials and Methods section.

and resistant only to AML and CAZ. The majority of
strains proved multi-drug resistant (MDR), i.e., they
were resistant to three or more antibiotic groups (Fala-
gas and Karageorgopoulos 2008). The present study’s
results seem to confirm MDR among bacteria dwell-
ing in tap water, reported previously (Vaz-Moreira etal.
2011; 2012; Narciso-da-Rocha etal. 2014; Leginowicz
etal. 2018). Among genera identified in this study,
MDR isolates of Brevundimonas, Microbacterium,
Pedobacter, Bosea, and Afipia were also found in bottled
mineral water (Falcone-Dias et al. 2012). Interestingly,
the resistance of bacteria belonging to these genera
might have been acquired because taxonomically
related strains isolated from various mineral water
brands presented different resistance profiles (Falcone-
Dias etal. 2012).

Intra-genus and intra-specific variability in anti-
biotic resistance of environmental bacteria - compar-
ison of the obtained results with literature reports.
Lack of guidelines for antibiotic susceptibility testing
for environmental species makes the comparison of
scientific reports complicated (Leginowicz et al. 2018).

Nevertheless, the comparison of data presented in this
paper with resistance patterns of bacteria belonging to
the same genera or species reported previously in litera-
ture could shed new light on antibiotic resistance spread
in environmental bacteria. Unless stated otherwise, this
review concerns only drugs tested in this study.

Some data regarding the antibiotic resistance of
representatives of genera Achromobacter, Chryseobacte-
rium, Pedobacter, and Microbacterium are available. Car-
bapenems and SXT have been claimed to be the most
effective antibiotics against Achromobacter spp., oppor-
tunistic human pathogens (Almuzara etal. 2010). It is
in accordance with the results presented in this paper.
On the other hand, a literature review concerning gen-
era Chryseobacterium, Pedobacter, and Microbacterium
reveals some discrepancies. Chryseobacterium spp. were
reported to be inherently resistant to E, C, linezolid,
polymyxins, aminoglycosides, tetracyclines, and many
B-lactams, and intermediately sensitive to VA and
clindamycin (Kirby et al. 2004; Loch and Faisal 2015),
but susceptible to RA, CIP and SXT (Kirby et al. 2004;
Chen etal. 2013b). Another study revealed that out of
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Chryseobacterium spp. isolates obtained from aquatic
habitats, 97% were resistant to AM, 89% to PB, 62% to
E, 54% to T, 21.5% to florfenicol, and 69% were sensi-
tive to SXT (Michel et al. 2005; Loch and Faisal 2015).
Pedobacter spp. were considered environmental super-
bugs, probably intrinsically resistant to many antibiot-
ics and having B-lactamases. They have been reported
to be resistant to AMC, AM, ATM, FEP, CAZ, C, CIP,
CN, S, TE, and VA, but susceptible to IMP and SXT
(Viana etal. 2018). Microbacterium spp. isolates have
been reported to be resistant to CTX, CIP, DO, E, CN,
RA, and VA (Gneiding et al. 2008). Findings regarding
Chryseobacterium sp., Pedobacter sp., and Microbacte-
rium sp. presented in this study are, therefore, partially
in contradiction with literature reports.

Some discrepancies are also found in resistance pat-
terns of representatives of genera Dyadobacter and Flavo-
bacterium. For example, Dyadobacter alkalitolerans first
isolated from desert sand in China was susceptible to
TE and RA, but resistant to AM, E, VA, and AML (Tang
etal. 2009), and Dyadobacter arcticus first isolated from
Arctic soil in Svalbard was susceptible to PB, TE, VA,
CIP, OFX, S, and SXT, but resistant to AM, CN, and
CAZ (Chen etal. 2013a). Flavobacterium psychrophilum
isolates obtained from trout in Turkey demonstrated
reduced susceptibility to T, but susceptibility to AML
(Saticioglu etal. 2019). In contrast, Flavobacterium
columnare isolates obtained from pound cultures in
Nigeria proved resistant to S, T, C, OFX, CN, and AML,
but susceptible to CIP and SXT (Ogbonne etal. 2019).
Moreover, clinical isolates of Flavobacterium spp. were
resistant to E (Aber etal. 1978). The resistance patterns
of Dyadobacter sp. and Flavobacterium sp. isolates inves-
tigated in this study differ from those mentioned above.

Afipia sp. and Methylobacterium sp. were resistant
to most of the antibiotics tested 0 in this study. Afipia
spp. has been formerly isolated from tap water sam-
ples (Zhang et al. 2009). Within this genus, Afipia felis,
a putative cat-scratch disease agent, has been suggested
to be resistant to most antibiotics, remaining susceptible
to aminoglycosides, IMP, RA, amikacin, and tobramycin
(Maurin etal. 1993). Methylobacterium spp. isolates for-
merly proved resistant to AML, E, and C, but the major-
ity of them were susceptible to TE and CN (Hiraishi
etal. 1995). On the other hand, Methylobacterium spp.
isolates obtained from hospital tap water in Japan were
resistant to AM, CN, E, VA, C, and OFX but susceptible
to IMP and TE (Furuhata et al. 2006). Therefore, resist-
ance patterns of Afipia sp. and Methylobacterium sp.
investigated in this study, and those reported previously
in the literature show certain differences.

Sphingomonadaceae are common inhabitants of tap
water. This family has been suggested to be intrinsically
resistant to colistin. Resistance to fluoroquinolones,
cephalosporins, and sulphonamides is possibly acquired

in these bacteria (Vaz-Moreira et al. 2011; Narciso-da-
Rocha etal. 2014). The most antibiotic-resistant genera
of the family Sphingomonadaceae proved to be Sphin-
gomonas and Sphingobium (Vaz-Moreira etal. 2011),
both investigated in the present paper. Sphingomonas
representatives have been reported to be resistant to
IMP, MEM, FEP, CAZ, CIP, CN, and SXT, and Sphingo-
bium representatives to MEM, FEP, CAZ, CIP, CN, and
SXT, respectively (moreover, resistance to 3-lactams has
been suggested to be intrinsic in genus Sphingobium)
(Vaz-Moreira et al. 2011; Narciso-da-Rocha etal. 2014).
The comparison of these resistance patterns with results
presented in this paper, therefore, reveals some intra-
genus differences.

Some intra-specific variability in antibiotic resist-
ance was also observed based on the examples of the
Sphingobium abikonense, Nocardia asteroides, and
B. massiliensis. S. abikonense was first isolated in India.
Its resistance pattern differed from the results presented
in this study in terms of AM, RA, and PB (Kumari et al.
2009). The antibiotic resistance of Nocardia spp. has
been suggested to be species-specific. Nevertheless, lin-
ezolid and SXT appear to be effective against this genus,
although emerging resistance to SXT has also been
reported (Schlaberg et al. 2014; Hashemi-Shahraki et al.
2015; McTaggart etal. 2015; Zhao etal. 2017). N. aster-
oides isolates have formerly proved susceptible to SXT,
MEM, CTX, and CN, but resistant or moderate-resistant
to AMC, CIP, FEP, AM, VA, and RA; whereas resistance
to IMP differed among the studies (Schlaberg et al. 2014;
Hashemi-Shahraki et al. 2015; Zhao etal. 2017). In the
present study, the resistance pattern of N. asteroides dif-
fered in terms of AM, CTX, VA, and CIP, suggesting
intra-specific diversity of antibiotic resistance. Moreo-
ver, B. massiliensis first isolated from hospital tap water
in France has been reported to be susceptible only to
DO (La Scola etal. 2003) in contrary to results pre-
sented in this paper. Both B. massiliensis isolates inves-
tigated in this study were susceptible to most drugs
(including DO), also suggesting intra-specific diversity.

Finally, some data regarding M. frederiksbergense,
Brevundimonas, and Bacillus zhangzhouensis are also
available. M. frederiksbergense was first isolated from soil
in Denmark (Willumsen etal. 2001). This species has
been confirmed to potentially lead to infection while
being sensitive to drugs commonly used to treat
non-tuberculous mycobacteria (Senozan etal. 2015).
Brevundimonas spp. isolates were most frequently resis-
tant to AM, ATM, FEP, AMC, CIP, and CAZ, although
other resistance patterns were also reported (Ryan and
Pembroke 2018). Results presented in this paper gener-
ally appear to be in line with these reports. B. zhangzho-
uensis was first isolated from a shrimp farm in China.
Unfortunately, no resistance pattern was described for
this strain (Liu etal. 2016). The isolate investigated in
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this study was only resistant to CTX and CAZ, both
belonging to the 3 generation cephalosporins group.
To sum up, the comparison of results presented in
this paper with previous literature reports points to intra-
genus differences in resistance patterns of tap water
strains identified to the genus level in this study (Chry-
seobacterium sp., Pedobacter sp., Microbacterium sp.,
Dyadobacter sp., Flavobacterium sp., Afipia sp., Methylo-
bacterium sp., and Sphingomonas sp.). This observation,
however, does not exclude species-specific resistance.
Nevertheless, some strains identified to the species level
in this study (S. abikonense, N. asteroides, and B. massil-
iensis) also presented resistance patterns different from
those reported in the literature, suggesting intra-specific
diversity and acquired resistance. Similarly, according to
Narciso-da-Rocha etal. (2013), Acinetobacter spp. iso-
lates (obtained from WTP and tap water) of the same
sequence types presented wild type or non-wild type
against some antibiotics. On the other hand, some strains
identified in this study as belonging to the same genus
or species presented very similar (M. frederiksbergense,
B. massiliensis, B. mediterranea) or identical (Achro-
mobacter sp.) resistance patterns among each other,
despite being isolated from different sampling points
or campaigns, which reduces the likelihood of their
affinity. Therefore, both HGT and VGT appear to play
arole in the resistance spread among tap water ARB.

Conclusions

Tap water bacteria could be MDR and disinfectant-
resistant. Neither seasonal nor WTP-dependent vari-
abilities were found in terms of bacterial resistance to
antibiotics and disinfectants. IMP proved the most
effective, and CAZ the least effective drug against tap
water isolates. The comparison of resistance patterns
of the strains investigated in this study with previous
literature reports indicated the existence of intra-genus
and intra-specific variabilities, suggesting acquired
resistance of tap water bacteria. Nevertheless, some iso-
lates” species-specific resistance could not be excluded
because most strains were only identified to the genus
level. Moreover, some strains identified in this study as
belonging to the same genus or species presented very
similar (M. frederiksbergense, B. massiliensis, B. medi-
terranea) or identical (Achromobacter sp.) resistance
patterns among each other. It appears that both hori-
zontal and vertical gene transfer could shape resistance
phenotypes of tap water bacteria.
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Abstract

The chemotactic properties of an oil-degrading Pseudomonas aeruginosa strain 6-1B, isolated from Dagqing Oilfield, China, have been
investigated. The strain 6-1B could grow well in crude oil with a specific rhamnolipid biosurfactant production. Furthermore, it exhibits
chemotaxis toward various substrates, including glycine, glycerol, glucose, and sucrose. Compared with another oil-degrading strain,
T7-2, the strain 6-1B presented a better chemotactic response towards crude oil and its vital component, n-alkenes. Based on the observed
distribution of the strain 6-1B cells around the oil droplet in the chemotactic assays, the potential chemotaxis process of bacteria toward

crude oil could be summarized in the following steps: searching, moving and consuming.

Keywords: chemotaxis, crude oil, Pseudomonas aeruginosa 6-1B, swarm plate assay, modified agarose plug assay

Introduction

Microbial enhanced oil recovery (MEOR) is an envi-
ronment-friendly process that may be useful to petro-
leum recovery. MEOR may be an efficient and inexpen-
sive alternative method to enhance the physicochemical
recovery of oil (EOR) (Kryachko 2018). Microorganisms
can be used to reduce the paraffin build-up in producing
wells, produce solvents or polymers above ground, and
for pumping into the oil-bearing formation, as in EOR
(Brown 2010). It is widely accepted that microorgan-
isms can enhance oil recovery by their ability to pro-
duce some metabolic products, including biosurfactants.
Biosurfactants are one of the most important microbial
metabolic products that can reduce surface tension in oil
and facilitate the emulsification of oil in with water. The
latter increases the bioavailability of the residual crude
oil and enhances its biodegradability (Batista et al. 2006).
Furthermore, the properties of the microbes themselves,
such as high cell surface hydrophobicity and motility,
help them to attach to the interface and the surface of oil
droplets in sandstones and carbonate strata (Rocha et al.
2020). The degradation of crude oil generally occurs at

oil-water points of contact. The oil-water contact pro-
vides conditions that are the most conducive to micro-
bial activity. The transport of hydrocarbons from the
oil droplets will provide a plentiful supply of electron
donors needed for metabolism, whereas inorganic nutri-
ents required for microbial growth can be transported
by water flow or diffusion to the biosphere on the oil-
water contact (Head etal. 2003).

Flagellum-dependent chemotaxis is an important
advantage of motile bacteria. These bacteria move
through a fluid medium by rotating one or more flagella
(Nakamura and Minamino 2019). Both metabolism-
dependent and independent chemotaxis of Pseudomo-
nas sp. toward aromatic compounds had been studied
(Sampedro etal. 2015). Chemotactic bacteria, such
as Escherichia coli, Pseudomonas putida, Pseudomonas
aeruginosa, Rhodococcus erythropolis, and others can
adapt to the chemical environment by detecting chan-
ges in concentrations of certain chemicals and by
changing their movement patterns essentially based on
the chemical gradient present (Waite etal. 2018). The
bacterial chemotaxis ability provides more opportuni-
ties for bacterial cells to move into an area with high
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concentrations of the necessary chemical attractants
(Ni etal. 2020; Yang et al. 2020). Some microorganisms
have evolved to use chemotaxis to resist degradation
and survive conditions that lead them to utilize poison-
ous carbon sources, such as non-aqueous phase liquids
(NAPLs), especially when there are no usable growth
substrates available (Parales and Harwood 2002).
Bacterial chemotaxis here is an important prelude to
metabolism, as it can increase the degradation rate
of NAPL-associated hydrophobic compounds (Law and
Aitken 2003). Marx and Aitken (2000) have reported
that chemotaxis to naphthalene by Pseudomonas putida
G7 increased the rate of naphthalene degradation in an
aqueous system in which a concentration gradient of
naphthalene was imposed.

Crude oil contains NAPL-associated compounds,
which are mainly composed of hydrocarbons, and aro-
matic compounds. It has been reported that hydrocar-
bon-degrading microbes migrate toward pure alkanes
by chemotaxis, which may enhance the alkanes’ biodeg-
radation rate by facilitating microbial contact with the
substrate (Lanfranconi et al. 2003). Favorable chemotac-
tic properties may allow oil-degrading bacteria to effi-
ciently detect and migrate towards oil droplets, which
could be utilized as a carbon source (Meng et al. 2019).
However, experimental demonstrations on chemotaxis
of oil-degrading microbes towards crude oil are still lim-
ited. The potential role of chemotaxis of oil-degrading
microbes in EOR has not yet received much attention.
Therefore, this study investigated the chemotactic char-
acteristics of a Pseudomonas aeruginosa oil-degrading
strain, 6-1B, elicited by various substrates, and the chem-
otactic response towards crude oil via the swarm plate
assay and the modified agarose plug assay. A potential
chemotaxis mechanism of the 6-1B strain toward crude
oil has been proposed based on the experimental results.

Experimental
Materials and Methods

Materials and media. The crude oil used in this
study was light oil obtained from the Daqing Oilfield
(China). It has been sterilized using high-pressure steam
before use (Table S1). Tridecane and liquid paraftin were
obtained from Sinopharm Chemical Reagent Co., Ltd.

Rhodococcus erythropolis T7-2 strain was culti-
vated in the lab (Huang et al. 2007). The bacteria were
incubated in two different kinds of mineral salt media,
namely medium M1 (in g/I: KH,PO, 0.2, Na,HPO, 0.6,
NaNO, 2.0, CaCl, 0.01, FeSO, 0.01, MgSO,-7H,0 0.615,
and yeast extract 0.5), and medium M2 (in g/I: Na, HPO,
1.5,KH,PO, 3.48, (NH,),SO, 4.0, MgSO, 0.7, and yeast
extract 0.01), respectively. The pH values of both media

were adjusted to 7.2. The media were then autoclaved
at 121°C for 30 min.

Screening of oil-degrading bacterial strains. The
strain 6-1B, used in this study, was isolated from the
oil-water of Daqing Oilfield. The strain can degrade
crude oil efficiently with the production of biosur-
factants. The isolation method was as follows: 10% of
oil-water (w/v) was added into the mineral medium M1
supplemented with 0.2% sucrose (w/v) and 2.0% liquid
paraffin (w/v) as the carbon sources and was shaken
with 150 rpm at 42°C for seven days. After subcultur-
ing twice in this medium, 5% seed culture (v/v) was
transferred into medium M2 supplemented with 2%
liquid paraffin (w/v) as the sole carbon source. The
bacteria were incubated for five days at 42°C and were
subcultured for more than five times to ensure the
selected strains’ activity. After enriching the bacteria
in the M2 medium, aliquots were diluted and smeared
on Luria-Bertani (LB) agar plates to screen for single
colonies. The selected colonies on the LB plate were
then respectively cultured in the M2 medium at 42°C,
supplemented with 2% crude oil (w/v) as the sole car-
bon source, and these enriched cultures were collected
for subsequent testing. The degradation rate of crude
oil was analyzed by a standard test method for oil and
grease and petroleum hydrocarbons in water (ASTM
D3921-85.1990), commonly known as the IR method.
Absorbance readings were then taken by following the
manufacturer’s instructions, using a fixed wavelength
model DM600 IR analyzer (AilunGroup, CHN). The
measurement range of the IR is 0.1-10,000 ppm.

Bacterial characteristics. The biosurfactant formed
by the strain 6-1B from liquid paraffin, which was the
sole carbon source needed for production, was ana-
lyzed as previously reported (Patowary etal. 2017).
The fermentation products of strains 6-1B and T7-2,
which could emulsify diesel oil with an Emulsification
Index (EI24) value of 100%, were also characterized
according to respective methods well-described pre-
viously (Gandhimathi etal. 2009). In order to assess
cell surface hydrophobicity (CSH), the bacterial adher-
ence to hydrocarbon (BATH) assay was performed as
described previously (Gomes et al. 2013). The taxonomy
of the isolated strain 6-1B was identified according to
the BLAST result of the 16S rDNA sequence with the
GenBank database. The 16s rDNA was extracted from
isolated colonies of the strain 6-1B and amplified using
universal primers 27F (5-AGAGTTTGATCCTG-
GCTCAG-3’) and 1492R (5-GGTTACCTTGTTAC-
GACTT-3’). The 16S rDNA sequence was then depos-
ited in NCBI with an accession number of JQ012217.

Chemotaxis assays. Swarm plate assay. To char-
acterize the chemotactic behavior of the strain 6-1B
toward crude oil, the swarm plate assay was per-
formed as previously described (Ha etal. 2014). Briefly,
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cells grown on oil were collected by centrifugation at
8,000 x g for 5min and washed twice with a chemot-
axis buffer, which contained 25 mM Na,HPO,, 25 mM
KH,PO,, and 0.01% yeast extract. Cells were then resus-
pended in the chemotaxis buffer at a final concentration
of 1x10° CFU/ml. 0.01 ml of suspension of the strain
6-1B in the chemotaxis buffer was gently poured on
the centre of the swarm medium agar plate, which con-
tained (g/): Na,HPO, 1.5, KH,PO, 3.48, (NH,) ,SO, 4.0,
MgSO4 0.7, 0.01% of Triton X-100, 0.01% yeast extract
(v/v), and 0.01% of attractants (crude oil, liquid paraf-
fin, and tridecane, v/v). The 0.01% of Triton X-100 (v/v)
and the yeast extract were added to the swarm agar
plate to improve the oil solubility and keep the mobility
of cells, respectively. Overnight cultures of P. aeruginosa
PAO-1 and R. erythropolis T7-2 in LB broth were used as
controls. The plates were incubated at 42°C, 30°C, and
37°C, respectively, and were observed every six hours.
Modified agarose plug assay. The agarose plug assay
was performed as described previously (Roggo etal.
2018), with a slight modification, by adding a cover-
slip on top of a concave slide to form a chamber. The
cells used in these assays were harvested in the mid-
logarithmic phase, washed, and resuspended with the
chemotaxis buffer (with a density of about 1 x 10" CFU/
ml). Plugs with crude oil sample, or melted agarose in
the chemotaxis buffer (negative control), were dropped
in the chamber’s center. Then, 50 pl of the freshly har-
vested bacterial culture was then infused around the
crude oil droplets. A glass coverslip was placed on top
of the chamber, which was then sealed with petro-
leum jelly (Vaseline) to ensure that there were no air
bubbles in the chamber. The movement of cells of
the strain 6-1B towards the oil droplets was analyzed
under the phase-contrast microscope (Olympus BH2
microscope, Japan) using the Scion Image 3b Soft-
ware (Scion, Frederick, MD). The chemotaxis of the
strain 6-1B was determined based on a relative velocity.
A chosen 50 um x 50 pm area was magnified 500 times
to determine the relative velocity of the strain 6-1B.

The chemotaxis videos were divided into frames, and
an average relative velocity (derived from the average of
n =5 independent experiments) was determined from
observed cell movements that had relatively straight
trajectories. The area magnified and visualized was the
interface between the oil and water; the number of cells
in the field of view was counted. The changes in the
pixel intensity (ranging from 0-255 PPI) reflected the
bacterial density in the oil droplet’s vicinity.

Morphology and image analysis. The morpho-
logy of the bacteria used in this study was observed
through transmission electron microscopy (TEM,
Philips EM400-ST, Japan). Chemotactic responses
were observed at respective magnifications of 100x,
125x%, 400x%, and 500x%, using a phase-contrast micro-
scope (Olympus BH2 microscope, Japan) equipped with
a CCD camera (Hitachi KP-D50 Colour Digital, Tokyo,
Japan), and Axio-Vision software. The sizes of the chem-
otactic rings were determined using Axio-Vision soft-
ware. Videos were analyzed by the method previously
described (Boudko et al. 2003). The Scion Image 3b soft-
ware was used to make line scan image plots.

Results and Discussion

The isolation of the strain chemotactic towards
crude oil. The strain 6-1B was isolated from an oil/
water sample collected in the Daqging Oilfield and
can degrade crude oil upon producing a rhamnolipid
biosurfactant. A 16S rRNA sequence-based phyloge-
netic analysis revealed that the stain 6-1B represented
Pseudomonas aeruginosa species and was named
P, aeruginosa 6-1B. The biosurfactant produced by the
strain 6-1B was detected in the mineral salts medium
M1 culture, which was supplemented with 2.0% (w/v)
liquid paraffin as a carbon source. Strain 6-1B can also
grow with n-alkanes (C, to C, ) as its sole carbon and
energy source. The oil degradation rate of strain 6-1B
was up to 60% (Table I).

Table I
The characteristics of the strains used in this study.
. - Pseudomonas Rhodococcus erythropolis Pseudomonas
Strain characteristics . .
aeruginosa 6-1B T7-2 aeruginosa PAO1
Optimum temperature (°C) 42 30 37
Fermentation product? Rhamnolipid Saccharides, protein, lipid ND
Emulsification index (EL,) 100% 100% ND
Cell surface hydrophobicity (CSH%)" 38% 85% 16%
Degradation range of n-alkenes C,-C, C,-C, ND
Degradation rate of crude oil® 60.09% 75.43% ND

1
2

3

ND - not detected

- bacteria were cultivated until the exponential period in LB broth
- mineral salt medium M1 with 2.0% (w/v) liquid paraffin as the carbon source was used for biosurfactant fermentation
- crude oil was obtained from the Daqing Oilfield, China
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Fig. 1. Growth and degradation of crude oil by P. aeruginosa 6-1B and R. erythropolis T7-2 strains.

R. erythropolis T7-2, a non-motile strain isolated
from the Daqing Oilfield, did not exhibit chemotaxis
towards crude oil (Dan 2008). However, the strains
T7-2 can also grow with both pure hydrocarbons as its
sole carbon source (Table I). Both strains 6-1B and T7-2
were oil-degrading strains; they exhibited insignificant
differences in their cell surface structures according to
the results of TEM (Fig.S1), and in the cell surface
hydrophobicity values (CSH%) (Table I). The TEM
image showed that the strain 6-1B has a polar flagel-
lum, while T7-2 does not. The CSH value of the strain
T7-2 was 85%, which was much higher than that of the
strain 6-1B (38%). Furthermore, when cultured with
crude oil, the strain 6-1B showed a maximum growth at
day fifth. It exhibited approximately a 15% decrease in
the specific growth rate, as compared with strain T7-2.

Chemotaxis of P. aeruginosa 6-1B to crude oil in
both the swarm plate and the modified agarose plug
assays. To investigate the chemotaxis of the isolated
strain towards crude oil and its components, both the
swarm plate assay and modified agarose plug assay
have been carried out. The results have provided sev-
eral interesting insights on the chemotaxis of this oil-
degrading strain towards crude oil.

First, the strain 6-1B showed chemotaxis to crude
oil and its partial components, including n-alkanes.
In the swarm plate assay, the enriched culture of the
strain 6-1B was gently poured on the centre of swarm
plates containing attractants, which were also the car-
bon source. In these plates, actively metabolizing the
strain 6-1B generated a gradient of the carbon sources
present. Chemotactic bacteria and their growth cor-
respondingly following such a gradient resulted in the
so-called swarm rings’ formation. Therefore, the swarm
rings’ presence indicated the strain 6-1B’s chemotac-
tic behavior towards all the three attractants, includ-

ing crude oil, liquid paraffin, and tridecane (Fig.2).
Bacterial growth, typical of a chemotactic response to
a self-generated gradient, was observed in tridecane-

Fig. 2. Chemotaxis of the strain 6-1B towards tridecane, liquid
paraffin, and crude oil in the swarm plate assay.

The chemotaxis of the strain 6-1B towards 0.01% of tridecane (A) and
(D), liquid paraffin (B) and (E), crude oil (C) and (F), and the chemotaxis
buffer without attractant (G) were determined, respectively. The chemo-
tactic responses of the control strain R. erythropolis T7-2, and P. aerugi-
nosa PAO-1 to crude oil are shown in (H) and (I). Among them, Fig. 2A,
2B, and 2C were photographed after 24 hours of cultivation; Fig. 2D, 2E,
2F 2G, 2H, and 2I were taken after 48 hours of incubation. The chemo-
tactic responses of the strain 6-1B towards sucrose, glycine, glycerol after
24 hours of cultivation are also shown in Fig. 2], 2K, and 2L separately.
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Fig. 3. The chemotactic responses of the strain 6-1B (A), T7-2 (C), and PAOI (D) towards crude oil via modified agarose plug assay. The
chemotaxis of the strain 6-1B towards the chemotaxis buffer served as the negative control (B).

(Fig. 2A and 2D), liquid paraffin- (Fig. 2B and 2E), and
crude oil- (Fig. 2C and 2F) containing plates after 24 or
48 hours of incubation.

Similarly, the results of the modified agarose plug
assay demonstrated that the strain 6-1B, which was in
the exponential phase of growth, retained a strong abil-
ity to move and adapt its chemotactic ability towards
crude oil, as shown by the chemotactic ring formed
around the oil attractant (Fig. 3A). Several studies have
examined the chemotactic responses of bacteria toward
their carbon source and demonstrated that chemotaxis
enables bacteria to position themselves in environ-
ments favorable for survival (Pandey and Jain 2002;
Pedit et al. 2002; Zheng et al. 2020). Zheng et al. (2020)
determined that chemotactic motility plays a crucial
role in microbial oil degradation. Microbes’ chemot-
actic motility could cause a continuous bump onto the
oil drop, resulting in mechanical disruption of the oil-

water interface and dispersion of the oil components
into the surrounding motility buffer. This phenomenon
likely created a concentration gradient, which chem-
oattracted more bacteria toward their carbon source.
Furthermore, chemotactic responses to the Daqing
Crude oil components indicated that the strain 6-1B is
chemotactic to n-alkenes, such as dodecane, tridecane,
tetradecane, pentadecane, hexadecane. Simultaneously,
no chemotactic response towards aromatic hydrocar-
bons naphthalene, diphenyl, and sulfur was observed
(Table IT). However, the chemotaxis ring formed around
some n-alkanes, such as tridecane, was not as appar-
ent as those formed around the liquid paraffin and
crude oil (Fig. 2). This difference may be due to many
hydrocarbons in the liquid paraffin and crude oil plates.
Another potential explanation could be related to
the relatively low extent of tridecane’s degradability
(56%). The chemotaxis ring observed around the liquid

Table II
Chemotaxis responses of the different strains to various components of the Daqing crude oil and their respective relative

degradation rates.

Pseudomonas aeruginosa 6-1B Rhodococcus erythropolis T7-2 | Pseudomonas aeruginosa PAO-1
Attractants' Chemotaxis Oil degrading Chemotaxis Oil degrading Chemotaxis Oil degrading
response’ rate (%)> response’ rate (%)* response’ rate (%)?

Dodecane + 63.22 - 78.17 - ND
Tridecane + 56.18 - 75.62 - ND
Tetradecane + 54.28 - 67.57 - ND
Pentadecane + 57.97 - 62.84 - ND
Hexadecane + 55.54 - 59.73 - ND
Liquid paraffin + 58.13 - 65.11 - ND
Crude oil + 60.09 - 75.43 - ND
Naphthalene - ND - ND - ND
Diphenyl - ND - ND - ND
Sulfur - ND - ND - ND

! —all the attractants was tested at a concentration of 0.01% (w/v)

2

- chemotactic response was tested by the swarm plate assay

* - the degradation rate of crude oil was tested by an IR analyzer
+ - cells are chemotactic towards the substance

- - there is no chemotactic response
ND - not detected
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Fig. 4. The visualization of chemotaxis rings in the swarm plate using microscopy.

The chemotaxis of the strain 6-1B toward crude oil (0.1%) visualized using a phase-contrast microscope (Olympus BH2 microscope, Japan)
with magnifications of 0x (A), 125x (B) and 500x (C), respectively; the control swarm plate which contained the same composition except
for crude oil, visualized at a magnification of 0x (D).

paraffin was evident and similar to that of the crude oil,
probably because liquid paraffin is mainly composed
of linear n-alkanes ranging from C , to C .. The strain
6-1B did not migrate toward other Daqing Crude
oil compositions, such as aromatic hydrocarbons,
naphthalene, diphenyl, and sulfur within the same
timeframe. We proposed that this oil-degrading strain
showed chemotaxis to crude oil mainly because it has
chemotactic responses to linear hydrocarbons, which
bacteria can use as growth substrates. We, therefore,
hypothesize that oil-degrading strains show chemotaxis
towards n-alkanes, which is a component of the crude
oil, and that the phenomenon of chemotaxis towards
crude oil is, in fact, the chemotactic response towards
the hydrocarbons present in the crude oil.

Another notable insight into the degrading strain’s
displayed chemotaxis is that not all oil-degrading
strains exhibit the chemotactic response towards crude
oil. Our study also evaluated the chemotactic process
of another oil-degrading strain R. erythropolis T7-2 and
found that T7-2 showed chemotaxis towards crude oil
is neither the swarm plate assay (Fig. 2H) nor the modi-
tied agarose plug assay (Fig.3C). A standard labora-
tory strain P, aeruginosa PAO-1, which could neither
degrade nor chemotaxis toward crude oil, was used as
a control (Fig.2I and 3D). These results suggest that
not all oil-degrading bacterial strains are chemotac-
tic towards the crude oil. Some strains were not even
mobile and failed to form chemotactic rings, although
they could efficiently degrade crude oil. These micro-
organisms usually have unique properties, such as
a high cell surface hydrophobicity observed for Gram-
positive bacteria and unique cell surface structures in
other bacteria (Zita and Hermansson 1997; Liu etal.
2004). As previously reported, bacterial adhesion is
also a strategy for oil-degrading bacteria to attach to
the surface of crude oil, which mainly depends on the
bacterial hydrophobic property (Bruinsma et al. 2001).
The R. erythropolis T7-2 strain, for example, known for

its high cell surface hydrophobicity, displays mycolic
acids with carbon chain lengths ranging from 27 to 54
on its cell surface. These observations provide a foun-
dation for biological applications in demulsifying
crude oil emulsions in water obtained from oil fields.
The T7-2 strain cells’ surface is strongly hydrophobic
(Table I), which allowed this strain to come into con-
tact with organic compounds, such as crude oil, more
efficiently. The T7-2 strain was shown to be able to use
n-alkanes from C12 to C36, with about a 60% extent of
hexadecane degradation (Huang etal. 2007). Shaking
facilitated fermentation of the oil degradation medium
of T7-2 improved the adherence of bacterial cells to the
crude oil, as well as the rate of degradation. This type of
microorganism, which is used in EOR might depend
mainly on their biosurfactant productivity and hydro-
phobic properties in situ.

Furthermore, our results support the existence of
chemotactic migration of the strain 6-1B towards crude
oil. To analyze the chemotactic process of P. aeruginosa
6-1B further, we modified the swarm plate to an oil plate
by maintaining the same composition while increas-
ing the concentration of crude oil to 0.1% (Fig. 4). The
higher crude oil concentration caused many small oil
droplets on the swarm plate. A faint ring was formed
on the oil plate (Fig. 4A). The ring’s edge was excised
and observed under the microscope, which revealed
that many bacterial cells surrounded the oil droplet
(Fig. 4B and 4C). Based on the 16S rRNA sequencing
analysis, cells surrounding the oil droplet were P. aeru-
ginosa 6-1B (100% identity), which demonstrated the
existence of chemotactic migration by the 6-1B strain
towards crude oil. Similar results have been obtained
in the modified agarose plug assay (Fig.3A and 5A).
The maximum cell density was found at the water and
oil interface (Fig. 5C); there was a rising trend in cell
density as we observed nearer to the interface, which
we attributed mainly to a large number of highly motile
strain 6-1B that accumulated in the interface around
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Fig. 5. P aeruginosa 6-1B cells’ distribution around the crude oil droplet.

The strain 6-1B movement towards the oil droplets was analyzed under the phase-contrast microscope (Olympus BH2 microscope, Japan) using the
Scion Image 3b Software (Scion, Frederick, MD). A) The chemotactic trend of the strain 6-1B toward crude oil (125x magnification); B) the chemotac-
tic trend of the dashed area; C) the chemotactic trend of the strain 6-1B toward crude oil of the area of the white line in Fig. 5B (400x magnification).

the oil droplet when they were observed using negative ~ degrading PAO1 cells also moved randomly, showing
phase-contrast microscopy. no directionality in their movements (Fig. 5C). Based

In contrast, cells of the strain T7-2 were uniformly  on the evidence listed above, we can conclude that
distributed around the oil droplet and tumbled in  the 6-1B strains present chemotactic migration towards
situ, with no cells moving forward (Fig. 3C). The non-  the crude oil.
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Fig. 6. The number of chemotactic cells (left y-axis) and chemotactic velocity curves (right y-axis)
of P. aeruginosa 6-1B toward the crude oil.

The control chamber was treated without crude oil, which served as the chemoattractant in the other setups. A chosen 50 pm x 50 um area
was magnified 500 times for the determination of cell velocity. The chemotaxis videos were divided into images, and an average velocity
was determined from observed cell movements that had relatively straight trajectories. Data represent the averages and the standard deviations
of five independent experiments.

Potential chemotactic process of P.aeruginosa
6-1B toward the crude oil. Although chemotaxis rings
around NAPL-related compounds observed by micro-
scopy had been reported (Vardar etal. 2005), the
detailed description of that process was still limited.
Here, we characterized the chemotaxis process of the
strain 6-1B toward the crude oil (Fig. 6). In the first
5 minutes, most of the cells tumbled in situ and did not
move at all, while only a few cells moved towards the oil
droplet at a low velocity (about 3-5 um/s). During the
following 10 minutes, the cells rapidly swarm toward
the crude oil droplet interface, with a velocity reaching
up to 35 pm/s. The speed changed as time passed, as the
number of cells around the oil and near the interface
increased. The velocity of the cells declined quickly after
30 minutes. The cells then stopped swimming toward
the oil chemoattractant and tumbled in situ for sev-
eral days. According to the above results, the potential
chemotaxis process of the strain 6-1B toward crude oil
could be summarized in the following steps: searching
for the attractant crude oil, moving toward the attract-
ant crude oil, and consuming (degrading) the crude oil.
In general, the strain 6-1B can successfully reach the
oil-water interface and degrade them by achieving these
steps. This chemotactic mechanism may provide the
strain 6-1B a greater chance of contacting and utilizing
the crude oil as a carbon and energy source.

The chemotactic response to some attractant chemi-
cals is of great advantage for bacterial survival. Bacterial
chemotaxis can usually form a dense distribution of
cells around the oil quickly, and it is an effective way

to maintain hydrocarbon bioavailability (Pandey and
Jain 2002). Chemotaxis provides a more active process
to gain proximity to a liquid hydrocarbon source to
enhance cell growth and increase the apparent dissolu-
tion rate of the hydrocarbon. Contact between a bac-
terial cell and a target hydrocarbon can significantly
increase hydrocarbon diffusion rate into the cell (Meng
etal. 2019). To efficiently metabolize the crude oil as
a carbon source, the strain 6-1B should migrate closer
to the oil and water interface via chemotaxis towards
the increased concentrations of crude oil compounds
dissolved in the aqueous phase. In this manner, the
strain 6-1B can efficiently utilize the hydrocarbons
at the oil-water interface, improving their growth.
Their ability to produce the rhamnolipid biosurfactant
will also increase, improving the crude oil’s solubil-
ity, decreasing the surface tension and the interfacial
tension between oil and water. The biosurfactant was
shown to play an essential role in microbial degradation
of the crude oil by facilitating the utilization of crude
oil dissolved in an aqueous phase (Lee etal. 2018). The
rhamnolipids improve the miscibility of hydrocarbons
and crude oil in water, contributing to the degradation
of crude oil significantly.

Conclusion
Although chemotaxis towards pure hydrocarbons

has been demonstrated, the research on bacterial chem-
otaxis towards crude oil is still limited. In this study,
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an oil-degrading strain of P. aeruginosa, named 6-1B,
has been found to have chemotactic activity towards
crude oil and its gradient n-alkenes such as dodecane,
tridecane, tetradecane, pentadecane, and hexadecane,
as demonstrated by the use of two different chemot-
actic assays. Moreover, according to the different dis-
tributions of cells around the crude oil, the potential
chemotaxis process of the strain 6-1B toward crude
oil is proposed as the following steps: searching, mov-
ing and consuming. Thus, it may be assumed that the
chemotaxis-dependent movement of the strain 6-1B
enhances the chance of bacteria to reach contact with
the crude oil, resulting in the improvement of the
degradation of crude oil. Subsequently, the produced
biosurfactant during degradation could then be used
to enhance oil recovery when this process is applied in
underground oil wells.
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Abstract

Methicillin-resistant Staphylococcus aureus (MRSA) is notorious as a hospital superbug and a problematic pathogen among communities.
The incidence of MRSA has substantially increased over time in Iraq. The aim of this study was to determine the prevalence and spa types of
MRSA isolates from outpatients or patients upon admission into hospitals. Various biochemical tests identified S. aureus isolates, and then
this identification was confirmed by PCR using species-specific 16S rRNA primer pairs. Antibiotic susceptibility was determined against
methicillin, oxacillin, and vancomycin using the disk diffusion method. Vancomycin MIC was detected by VITEK 2 compact system. All
the identified isolates were screened for the presence of mecA and lukS-PV-lukF-PV genes; 36 of them were subjected to spa typing-based
PCR. Out of 290 clinical samples, 65 (22.4%) were S. aureus, of which 62 (95.4%) strains were resistant to oxacillin and methicillin. Except
for two isolates, all MRSA isolates were mecA positive. One of the three MSSA isolates was mecA positive. Five strains were resistant to
vancomycin. Fourteen (21.5%) isolates were positive for the presence of lukS-PV-lukF-PV genes. Spa typing of 36 S. aureus isolates revealed
eleven different spa types, t304 (30.3%), t307 (19.4%), t346 (8.3%), t044 (8.3%), t15595 (8.3%), t386 (5.5%), t5475 (5.5%), t17928 (2.8%),
114870 (2.8%), t021 (2.8%), and t024 (2.8%). These findings could be useful for assessing the genetic relatedness of strains in the region for

epidemiological and monitoring purposes, which would be essential to limiting the spread of MRSA.

Keywords: Staphylococcus aureus, methicillin resistance, spa typing, PCR

Introduction

Staphylococcus aureus is the most common cause of
nosocomial and community-acquired infections world-
wide (Lakhundi and Zhang 2018; Kourtis etal. 2019).
Since the late 1970s, the importance of S.aureus
increased due to the emergence and spread of their resist-
ance to methicillin and vancomycin (Parker and Hewitt
1970; Bendary etal. 2016; Abd El-Aziz etal. 2018).

Recent studies have shown marked dissemination
of methicillin-resistant S. aureus in Iraq (Kareem etal.
2015; Kareem etal. 2020). Hence, epidemiological
studies of these bacteria are significantly important to
determine their source and to control their spread in
the community and hospital settings. Different methods
such as bacteriophage typing, antibiotyping, genotyp-
ing, spa typing-based PCR, and DNA sequencing have
been used to investigate the hospital and community-

onset S.aureus infections (Locatcher-Khorazo and
Gutierrez 1960; Frénay etal. 1996; van Leeuwen etal.
1999; Yadav et al. 2018). Spa typing is based on the
polymorphism of the gene encoding protein A (spa).
Protein A is an essential virulence factor of S. aureus
consisting of five IgG binding sites (A, B, C, D, E) and
C-terminal cell wall attachment portion. The gene
encoding this protein (spa) consists of two regions, one
encodes the Fc-binding domain, and the other encodes
X region (Harmsen etal. 2003). The X region includes
the Xr region and the Xc region, which encodes the cell
wall attachment sequence. The Xr region consists of
avariable number of 24 bp repeats and is located imme-
diately upstream of the region encoding the C-terminal
cell wall attachment sequence (Guss etal 1984; Uhlén
etal. 1984; Schneewind etal. 1992). The Xr region’s
diversity may arise from deletion, duplication of the
repetitive units, or point mutation (Brigido etal. 1991).
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Therefore, the spa gene is variable in length in various
strains of this species because of its X region diversity.
Spa typing method is based on the number of tandem
repeats and the sequence variation in region X of the
protein A gene. Numerous studies demonstrated dif-
ferent spa gene patterns among MRSA strains isolated
from patients in different geographic locations in the
world (Furuya etal. 2010). The main advantages of spa
typing-based PCR and DNA sequencing is the speed,
the simplicity of large database establishment and the
ease of use as well as the clarity of data. Furthermore,
DNA sequencing has demonstrated outstanding type
ability and reproducibility for studying the origin and
evolution of S. aureus strains (Stefani et al. 2012).

In the light of the above, typing of methicillin-
resistant S. aureus isolates is a useful tool for studying
the genetic diversity of the pathogens, clonal related-
ness and tracking the spread of MRSA infections. Cur-
rently, there is not adequate information about typing
of community-associated methicillin-resistant S. aureus
in Iraq. This study aimed to determine the spa types
among clinical isolates of S. aureus obtained from out-
patients in the South of Iraq.

Experimental
Materials and Methods

Bacterial strains and susceptibility test. A total of
65 8. aureus strains isolated from 290 clinical specimens
were obtained from outpatients or patients upon admis-
sion into hospitals in Basrah and Thi-Qar city, South of
Iraq. The following patients were excluded: recent admis-
sion to hospitals, patients on hemodialysis, recent surgi-
cal operation, or an intravenous cannula at the time of
swab taking. S. aureus isolates were collected from urine
samples, tonsil swabs, nasal swabs, wound swabs, burn
swabs, blood samples, and sputum (Table I). All strains

were identified as S.aureus according to the stand-
ard microbiological techniques (Merlino etal. 2000).

Antibiotic susceptibility testing to methicillin
(10 pg), oxacillin (1 ug), and vancomycin (30 ug) were
carried out on Mueller-Hinton agar (Oxoid Limited,
Hampshire, England) using the Kirby-Bauer disk diffu-
sion method, according to the recommendations by the
Clinical and Laboratory Standard Institute (CLSI 2019).
Vancomycin MIC was detected by VITEK 2 compact
system (bioMérieux, Inc., Durham, NC, software ver-
sion 8.01 and AST-GP580).

DNA isolation and PCR conditions. DNA extrac-
tion was carried out with a mercantile DNA isolation
kit (Promega, USA) according to the manufacturer’s
instructions.

Molecular identification of S.aureus. PCR was
used to amplify 228 bp region of 16S rRNA gene frag-
ment of S. aureus, which is highly conserved at a spe-
cies level, using specific primers F 5-GTAGGTGG-
CAAGCGTTATCC-3 and R 5’-CGCACATCAGCGT-
CAG-3’ (Monday and Bohach 1999).

Detection of mecA gene. All identified S. aureus
isolates were tested for the presence of the 310 base
pair bp PCR product of the mecA gene using the fol-
lowing primers: F 5’-GTAGAAATGACTGAACGTC-
CGATAA-3 and (R5-CCAATTCCACATTGTTTCG-
GTCTAA-3’ (Geha etal. 1994).

Detection of lukS-PV-lukF-PV. All isolates were
tested for the presence of the [ukS-PV-IukF-PV genes,
which encode for Panton-Valentine leucocidin (PVL);
in PCR assays using previously described primers and
protocols (Lina etal. 1999).

Spa typing. Primers spal (F 5-ATCTGGTG-
GCGTAACACCTG-3’) and spa 2 (R 5-CGCTGCAC-
CTAACGCTAATG-3’) were used to amplify a portion
of the spa gene (products Variable: 1,150-1,500 bp) of
the 65 isolates (Wichelhaus etal. 2001).

PCR mix reaction. The PCR reaction mix had
a final volume of 25 pl consisting of 2 pl (50-100 ng)

Table I
Prevalence and characterization of S. aureus isolates in different clinical samples.
Sample Strain Vancomycin test anévf)ite}llclicllllilrllntest The mecA gene The spa gene The pvl
No gene
VSSA VRSA MRSA MSSA mecA+ mecA- spa+ spa—

1 | Urine 34 32 2 32 2 31 3 23 11 5
2 | Nasal swab 7 4 3 7 0 7 0 7 0 2
3 | Wound 9 9 0 9 0 9 0 9 0 3
4 | Burn 5 5 0 5 0 5 0 5 0 2
5 | Tonsil 6 6 0 6 0 5 1 6 0 2
6 | Blood 2 2 0 1 1 2 0 2 0
7 | Sputum/pleural 2 2 0 2 0 2 0 2 0

Total 65 60 5 62 3 61 4 54 11 14
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DNA, 1l (20 pmol) of each primer, 12.5 ul of master
mix (Taqg DNA polymerase, dNTPs, MgCl, and reac-
tion buffers; Promega) and 8.5 ul of nuclease-free water,
under the following conditions: initial denaturation at
94°C for 4 min; followed by 35 cycles of denaturation at
95°C for 305, annealing at 56°C for 30 s, and extension
at 72°C for 90s, followed by a final extension at 72°C
for 5min. The mecA and 16S rRNA genes were ampli-
fied under similar conditions except that the extension
was 1 min. PCR amplification products were separated
on 1-2% agarose gels and visualized by staining with
ethidium bromide using a UV light transilluminator.

DNA sequencing. According to the Macrogen
Company requirement (Seoul, South Korea), 20 pl of spa
gene PCR products of selected 36 S. aureus isolates were
sent for DNA sequencing for both strands. The primers
used for DNA sequencing of the X region of the spa
gene were as follows: spa-1113f (5-TAAAGACGATC-
CTTCGGTGAGC-3’) and spa-1514r (5-CAGCAG-
TAGTGCCGTTTGCTT-3’) (Kahl etal. 2005).

DNA sequence analysis. The sequences obtained
were analyzed and aligned using the Bio Edit program
(Hall 1999). The spa typing and evaluation of spa types
of S. aureus strains were performed using the spa data-
base http://spatyper.fortinbras.us/) and (http://www.
ridom.de/spaserver). The spa types’ phylogenetic tree
was drawn using the Molecular Evolutionary Genetics
Analysis (MEGA 7.0) (Kumar et al. 2016).

GenBank accession numbers. The DNA sequences
of the partial spa gene from the representative iso-
lates have been deposited in the GenBank database
under accession numbers LC577038-LC577073 for iso-
lates KAZ1-KAZ37, respectively, and LC586070.1 for
KAZ7.1 isolate.

Results

A total of 65 (22.4%) S. aureus strains were isolated
from 290 clinical specimens. S.aureus isolates were
identified according to the standard microbiological
techniques. All 65 S. aureus (100%) samples exhibited
positive results for the 16S rRNA gene.

Differentiation was based on sensitivity testing using
oxacillin, methicillin, and vancomycin discs, confirmed
by detecting the amplified 310 bp mecA gene using PCR
in MRSA strains.

Among the 65 S. aureus isolates, the highest number
of isolates were from urine samples (n= 34, 52.3%) fol-
lowed by wound swabs (n=9, 13.8%) nasal swabs (n=7,
10.8%), tonsils (n=6, 9.2%), burns (n=5, 7.7%), blood
(n=2, 3.1%) and sputum and tracheal aspirates 2 (3.1%)
as shown in Table L.

Antimicrobial susceptibility testing of MRSA
isolates. Out of 65 isolates, 62 (95.4%) strains were

resistant to oxacillin and methicillin. The mecA gene
was detected in 60 (96.8%) MRSA strains, whereas
2 (3.2%) MRSA strains lacked the mecA gene (Table I).
Out of the four mecA-negative S. aureus, two strains
were resistant to oxacillin and methicillin. On the other
hand, a single strain was mecA-positive but sensitive
to oxacillin and methicillin. Five (7.7%) strains were
resistant to vancomycin in addition to resistance to oxa-
cillin and methicillin, as shown in Table I.

The IukS-PV-lukF-PV genes detection. All 65
S. aureus isolates were screened for the presence of
the lukS-PV-lukF-PV genes, which encode for Panton-
Valentine leucocidin (PVL). Fourteen (21.5%) isolates
were positive for the presence of the lukS-PV-lukF-PV
genes, these isolates were isolated from burns, tonsil
swabs, and urine samples (Table I).

Spa typing. Out of 65 strains, 54 (83.1%) showed the
spa gene PCR products with different sizes, reflecting
the number of 24 bp repeat units within the spa gene
(Fig. 1, Table I). These PCR products generated two dif-
ferent spa types, 52 strains (96.3%) showed a single PCR
band, and only two strains (3.7%) showed two PCR
bands. The spa gene PCR products were not detected
in eleven strains, which were all isolated from urine
samples (Table I). The absence of the spa gene could be
due to mutations in the primer-binding region or true
deficiency of the spa gene in these isolates; however,
this finding needs further study to be confirmed. PCR
products of the spa gene of representative 36 isolates
were sequenced and typed.

Spa typing of 36 S. aureus isolates revealed eleven
different spa types, t304 (12 isolates, 30.3%), t307 (7 iso-
lates, 19.4%), t346 (3 isolates, 8.3%), t044 (3 isolates,
8.3%), t15595 (3 isolates, 8.3%), t386 (2 isolates, 5.5%),
t5475 (2 isolates, 5.5%), t17928 (1 isolate, 2.8%), t14870
(1 isolate, 2.8%), t021 (1 isolate, 2.8%), and t024 (1 iso-
late, 2.8%).

Based on phylogenetic relationships, S. aureus strains
were classified into two main clades (Fig. 2). Except for
t14870 and t386, all other spa types were included in

Fig. 1. The variable PCR product of the spa gene; lanes 2-8.
Lanes 1 and 9, 100-bp DNA ladder.
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Fig. 2. Phylogenetic tree based on specimens, strain types, spa types, vancomycin and methicillin resistance, the mecA gene,
geographical location, and spa repeats.

clade A. Thirty-three (91.7%) isolates were included in
clade A, whereas only 3 (8.3%) isolates were included
in clade B. Within clade A, the isolates were further
clustered into four different groups and three single
types based on the variation in tandem repeats of the
spa gene, methicillin resistance, specimen source, and
geographical location (Fig. 2). Cluster 1 consists of 13
out of 36 (36.1%) isolates, including spa type 304, t024,
and t11595. Cluster 2 consists of nine out of 36 (25%)
isolates, including type t044 and t037. Cluster 3 consists
of three out of 36 (8.3%) isolates, including t5475 and
t044. Cluster 4 consists of two out of 36 (5.5%) isolates,
including t17928 and t021. The spa types t346, t14870,
and t386 showed a single type.

Discussion

The high prevalence of MRSA is becoming a great
public health concern. The resistance of S. aureus to
multiple drugs restricts therapeutic options and causes
severe morbidity and mortality in hospitalized patients
and among communities (Gajdacs 2019). The rate of
methicillin resistance in our study was 95.4%, which is
comparable with the findings of previous local studies
(Al-kadmy 2013; Ibed and Hamim 2014; Kareem et al.

2015; Kareem et al. 2020) and higher than other studies
in different geographic regions of the world (Wang et al.
2012; Cirkovic etal. 2015; Akanbi et al. 2017; Gitau etal.
2018). Many factors could contribute to the variation
in the rate of resistance, such as the population studied,
type of isolates, and prescription of certain antibiotics
in different geographic areas. Two MRSA isolates were
negative for the mecA gene; this could indicate that these
MRSA isolates have a different mechanism for methi-
cillin resistance than through the mecA gene (Ba etal.
2014). On the other hand, a single MSSA isolate was
mecA-positive. It could be due to an effective mutation
leading to an inactivate mecA gene (Kuwahara-Arai etal.
1996). Our findings show that the presence or absence of
the mecA gene may not be sufficient for the confirmed
characterization of MRSA and MSSA isolates. However,
further study is needed to understand the mechanism
behind such a phenomenon of these isolates (MRSA
mecA-negative and MSSA mecA-positive).

In Iraq, as indicated in this study and other recent
studies (Kareem etal. 2015; Kareem etal. 2020), the
prevalence of MRSA has significantly increased. There-
fore, rapid and efficient typing of MRSA isolates is essen-
tial for epidemiological survey and infection control.

In the present study, spa typing based PCR and
DNA sequencing were used to determine MRSA types
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isolated from clinical samples. A selected number of
clinical isolates (33 MRSA and three MSSA) as rep-
resentative isolates collected from two regions in the
south of Iraq were subjected to spa typing. Since it has
several advantages such as simplicity, high discrimina-
tory power, ease of interpretation, and reproducibility.

Our results revealed 11 different spa types, which
were clustered into different groups (Fig. 2). This high-
lights the relationship between spa types and the poten-
tial application of spa typing in assessing phylogenetic
and clonal relationships among clinical isolates. For epi-
demiological purposes, the clinical isolates were classi-
fied into two clades (Fig. 2). Out of 36 isolate, 33 strains
belonged to t304, t037, t024, t044, t346, t021, t15595,
and t5475, t17928 were clustered in clade A, indicating
that 91.7% of the tested isolates were clonally related in
the south of Iraq. Only three out of 36 strains (8.3%)
belonging to two spa types (t386, t14700) were included
in clade B, which could be explained by patient mobility
from a different region in Iraq.

The spa types obtained in the present study varied
in length between 10 (t346, t15595) and three (t386)
repeats. The majority of the tested isolates belonged to
t304 (30.3%) followed by t037 (19.4%). To our knowl-
edge, this is the first time that these spa types have been
found in Iraq. The phylogenetic tree (Fig.2) showed
that t037 is the predominant spa type in Basrah prov-
ince, and all isolates included in this type are methi-
cillin resistance. Spa type t037 was widely reported as
the second common spa type in many Asian countries
(Korea, Taiwan, Malaysia, Iran) and African countries
(Kim etal. 2011; Asadollahi etal. 2018; Zarizal etal.
2018; Lee etal. 2019). The situation was quite different
in Turkey (Giiven Gokmen et al. 2018), where t030 was
the predominant type, and t037 was detected as a low
percentage (8%). Shakeri and Ghaemi (2014) found that
the spa type t037 was the most predominant and the
most common type among MRSA isolates in Iran. The
regional clusters of spa type t037 found in both coun-
tries (Iran and Iraq) could be explained by cross-border
patient mobility between Iraq and Iran. Accordingly,
the cross-border transfer of patients may have a vital
influence on the spreading and prevalence of MRSA in
a certain clone (t037).

The present study showed that spa type t304 was
the predominant type in the Thi-Qar province, and
most of the strains of this type were methicillin-
resistant. Few strains of this type were isolated from
patients in Basrah province. Spa type t304 has been
reported previously in Oman as the predominant type
(Udo etal. 2014) but were not detected in Saudi Arabia
(Monecke etal. 2012), Qatar (El-Mahdy etal. 2014), and
Kuwait (Udo and Al-Sweih 2013). Generally, spa type
t304 is rare globally and found only in five countries
with a small number (Asadollahi et al. 2018). However,

our results showed a high frequency of t304 (30.6%) as
the dominant type.

Other spa types identified with lower frequency in
this study corresponded to t346, t044, t15595, t386,
t5475, 117928, 114870, t021, and t024. All these spa
types have been recorded for the first time in Iraq.
Two strains belonged to t5475, and were isolated from
patients in Basra. Both of them are methicillin-sensi-
tive. This type (t5475) is very rare in the world; there
are only six isolates with records of spa type t5475 in
the Ridom SpaServer database (http://www3.ridom.
de/spa-server/). The first MSSA isolates with spa type
t5475 was reported from Denmark, but MRSA isola-
tes with the same spa type have been reported from
Sweden (http://www3.ridom.de/spa-server/).

Additionally, the present study showed that only
one MRSA strain belonged to spa type t17928; notice-
ably, there is only one MSSA strain with records of
this spa type that was reported from Sweden (http://
www3.ridom.de/spa-server/). Furthermore, our results
showed three MRSA strains belonged to t044, and one
MRSA strain belonged to each of t021 and t024. All
of these spa types are frequently reported in Europe
(Asadollahi et al. 2018).

The present study explored distinct spa types
recorded for the first time in Iraq and many of these spa
types were not reported in the local region or neighbor-
ing countries. This could be explained by cross-border
patient mobility or migrations from or to Iraq during
and after the 2003 Iraq invasion. Although these find-
ings provide vital information on the types of MRSA in
Iraq, there were some limitations. The sources and the
number of clinical samples were not enough to general-
ize the entire country’s conclusions. Further studies are
required to investigate more clinical samples, determine
the spa types of the MRSA isolates, and trace the origin
of these isolates.

This study also, revealed that 21.5% of isolates car-
ried genes code for PVL. It was lower than the 44.3%
and 54.2% [ukS-PV-lukF-PV-positive isolates reported
in Oman (Udo etal. 2014) and Saudi Arabia (Monecke
etal. 2012), respectively but higher than the 14.6% posi-
tive rate obtained in Kuwait (AlFouzan et al. 2013) and
the 12.7% positive rate obtained in Turkey (Akoglu
etal. 2010). Our results also showed a lower rate of
the [ukS-PV-lukF-PV-positivity than that obtained in
Egypt (Abd El-Hamid etal. 2019). On the other hand,
the present results are comparable with positive rates
obtained in Iran (Fard-Mousavi et al. 2015), indicating
the MRSA diversity harbored [ukS-PV-lukF-PV genes
in the region.

The rate of the prevalence of the lukS-PV-lukF-PV
genes in MRSA isolated from burn specimens and
other sites, in this study, suggests that PVL protein is
an effective virulence factor of MRSA infections in our
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community. Furthermore, no significant association
was observed between lukS-PV-lukF-PV-positivity and
a particular spa type, as the presence of the lukS-IukF-
PV genes were observed among diverse spa-types.

In conclusion, our study reported a significant
increase in the prevalence of CA-MRSA in Iraq. Based
on spa typing, eleven different MRSA spa types were
identified, with spa t037 and t304 being the predomi-
nant types. The CA-MRSA data could be useful in char-
acterizing MRSA in Iraq and establishing a proper pre-
ventive and curative program. Therefore, further studies
should focus on identifying MRSA and the incidence of
different S. aureus spa types.
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Abstract

The soil bacterial communities have been widely investigated. However, there has been little study of the bacteria in Qinghai-Tibet Plateau,
especially about the culturable bacteria in highland barley cultivation soil. Here, a total of 830 individual strains were obtained at 4°C and
25°C from a highland barley cultivation soil in Qamdo, Tibet Autonomous Region, using fifteen kinds of media. Seventy-seven species were
obtained, which belonged to 42 genera and four phyla; the predominant phylum was Actinobacteria (68.82%), followed by Proteobacteria
(15.59%), Firmicutes (14.29%), and Bacteroidetes (1.30%). The predominant genus was Streptomyces (22.08%, 17 species), followed by
Bacillus (6.49%, five species), Micromonospora (5.19%, four species), Microbacterium (5.19%, four species), and Kribbella (3.90%, three
species). The most diverse isolates belonged to a high G+C Gram-positive group; in particular, the Streptomyces genus is a dominant genus
in the high G+C Gram-positive group. There were 62 species and 33 genera bacteria isolated at 25°C (80.52%), 23 species, and 18 genera
bacteria isolated at 4°C (29.87%). Meanwhile, only eight species and six genera bacteria could be isolated at 25°C and 4°C. Of the 77 spe-
cies, six isolates related to six genera might be novel taxa. The results showed abundant bacterial species diversity in the soil sample from

the Qamdo, Tibet Autonomous Region.

Keywords: Qinghai-Tibet Plateau, Streptomyces, 16S rRNA, novel taxa, high-altitude area

Introduction

Bacteria constitute a major proportion of biodiver-
sity in soil ecosystems; they are the main driving force
for the conversion and circulation of carbon, nitrogen,
and phosphorus, and also the prominent participants
in biochemical processes of soil organic matter decom-
position and humus formation (Fulthorpe etal. 2008;
Rehakova etal. 2015; Malard etal. 2019). Bacterial
assemblages are essential components of soils in arid
ecosystems, especially in remote high-elevation moun-
tains (Margesin etal. 2009; Yuan etal. 2014). While
global surveys of microbial diversity and functional
activity have already been conducted (Bodelier 2011;
Delgado-Baquerizo etal. 2018), the number of Qinghai-
Tibet Plateau samples is restricted, and, therefore bac-
terial data is still lacking in this area, especially in the
most high-altitude area (Zhang etal. 2016).

Highland barley (Hordeum vulgare L.) is the fourth
most consumed grain worldwide, only ranked after rice,
wheat, and maize (Shen etal. 2016; Deng etal. 2020).
Highland barley is a hulless barley cultivar and used
as the main staple food for the Tibetan people widely
grown in Qinghai-Tibet Plateau in China (He etal.
2019; Zhang etal. 2019). Extreme environments such
as cold and hypoxia in Tibet have promoted the unique
ecological environment and soil bacterial composition
(Zhang et al. 2007; 2010a). However, the extreme envi-
ronments also have led to the decline of soil bacterial
activity and the impoverishment of soil for growing
highland barley (Yu etal. 2009; Zhao etal. 2014). The
research of soil bacteria in the highland barley plant-
ing field has important significance for highland barley
yield increase, pest control, and soil quality improve-
ment (Bailly and Weisskopf 2012). At present, there
were few studies on bacteria in the soil of the highland
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barley-planting field (Liu etal. 2019). Significantly, the
culturable bacteria isolated from highland barley culti-
vation soil have not been reported systematically.

The Qamdo regions temperature is between 20°C
and 28°C from June to September, a significant growth
period for highland barley. While the temperature is
below 10°C from November to March, no crops were
planted on the land during this period. So the culturable
bacteria were isolated from a high-altitude highland bar-
ley cultivation soil collected in Qamdo using 15 media
at 4°C and 25°C to simulate the temperature conditions
over these two periods in this study. The composition
of bacterial communities was characterized based on
the 16S rRNA gene (Furlong etal. 2002; Li etal. 2019).
Our aims were: (1) to reveal the diversity of culturable
bacteria isolated from highland barley cultivation soil in
the high-altitude area; and (2) to study the effect of dif-
ferent culture temperatures on the species of culturable
bacteria in highland barley cultivation soil.

Experimental
Materials and Methods

Study site and samples collection. The sampling
site was located in the Zhu Village, Banbar County,
Qamdo, Tibet Autonomous Region (30°55'48.9'N,
94°58'13.4’E, Altitude: 4,011 m); the sampling site is
the typical high-altitude patches farmland in Qamdo,
which is about one-third of Qamdo’s farmland. The
sample site belongs to the plateau temperate subhumid
climate type, the air temperature range is ~40-29°C, the
annual average air temperature is —1°C, and the yearly
frozen period is from September to April. The soil type
was sandy loam, and the pH value is 7.6. The previous
crop was highland barley, and the yield is about 1,000—
1,800 kg/hm? in this area. A highland barley cultiva-
tion soil sample was collected from a depth of 5-15cm
using the five-point method and kept in sterilized paper
bags in April 2018. Once retrieved, the soil sample was
immediately stored at 4°C, and bacteria were isolated in
the laboratory in Lhasa in May and June 2018.

Isolation and maintenance of bacteria. The bac-
teria in highland barley cultivation soil sample were
isolated using X1, R, L1, ISP2, GW1, DSM372, F1, F2,
M1, M5, M6, M7, M8, HV, and GS media, as shown
in Table I. Gram-negative bacteria and Actinobacteria
were isolated by using the dilution plating technique
as described by Kuklinsky-Sobral etal. (2004) and
Zhang etal. (2016), respectively, with some modifica-
tions. 0.2 ml of 1072, 10, and 10~ soil suspensions were
spread onto F1, F2, M1, M5, M6, M7, M8, HV, and GS
media to isolate Actinobacteria. While, 0.2 ml of 10,
107%, and 107 soil suspension was spread onto XI, R,

L1, ISP2, GW1, and DSM372 media to isolate Gram-
negative bacteria. Two sets of plates were incubated at
4°C and 25°C, respectively; the bacterial strains were
obtained across 3-60 days. The pure culture isolates
were preserved in glycerol suspensions (20%, v/v) at
-80°C for further research.

PCR amplification and sequencing of the 16S
rRNA gene. According to the manufacturer’s protocol,
the genomic DNA of bacteria was extracted using a bac-
terial genomic DNA FastPrep Extraction Kit (TIAN-
GEN DP302). Polymerase chain reaction (PCR) ampli-
fication of the partial 16S rRNA gene was performed
using the universal primers 27F (5-AGAGTTTGATC-
CTGGCTCAG-3’) and 1492R (5-GGTTACCTT-
GTTACGAC TT-3’), PCR was performed using the
extracted highly purified genomic DNA as a template
under the following conditions: 95°C for 10 min, fol-
lowed by 94°C for 45 s, 55°C for 455, and 72°C for 90
for 30 cycles with a final 10 min extension at 72°C. The
PCR products were detected by agarose gel electro-
phoresis and then sent to GENEWIZ.Inc for the 16S
rRNA gene sequencing. The phylogenetic status of the
species was determined by a reaction of 700-750 bp
(V1-V4) using the universal primers 27F, if the simi-
larity was less than 98.65% (Kim et al. 2014), then the
phylogenetic status of the species was further analyzed
by nearly full-length 16S rRNA gene (1,300-1,400 bp).

Phylogenetic analysis. Similarity searches of the
16STRNA gene sequences were performed in the
NCBI and EzBiocloud database for BLAST, then the
16S rRNA gene sequences with the highest homology
were obtained for phylogenetic analysis. The sequence
alignments were performed using Clustal X, the phy-
logenetic trees were constructed from evolutionary
distances using the neighbor-joining method with
a bootstrap of 1,000 repetitions, and the phylogenetic
analysis was conducted using the MEGA 7 software
(Kumar et al. 2016b).

Nucleotide sequence accession numbers. The full
and partial 16S rRNA gene sequences of the strains
were submitted to the NCBI GenBank database under
the accession numbers (MT611248 -MT611324).

Results

The isolated strains. Bacterial populations were
successfully isolated from the highland barley cultiva-
tion soil sample using fifteen kinds of media, a total of
830 individual strains were obtained at different culture
temperatures (4°C and 25°C) (Fig. 1A). Eighty-three
and 747 strains of bacteria were isolated from these
media at 4°C and 25°C, respectively. The results showed
that X1, R, F1, M1, M5, M8, and GS culture media had
a better effect on isolating bacteria at 25°C; however,



1 Culturable bacteria diversity in highland cultivation soil 89

Table I
Isolation media.

Media Composition

X1 peptone 2.0 g, yeast extract 0.5 g, FePO,-4H,0 0.1 g, MgSO,-7H,0 0.5g, CaCO, 0.2 g, NaCl 0.5 g, agar 18.0 g,
ddwater 1,000 ml, pH 7.0

R peptone 10.0 g, yeast extract 5.0 g, maltose extract 5.0 g, casein amino acid 5.0 g, beef extract 2.0 g, glycerol 2.0 g,
Tween-80 50.0 mg, MgSO, - 7H,0 1.0 g, agar 18.0 g, ddwater 1,000 ml, pH 7.2-7.6

L1 NaCl 100.0 g, K,HPO, 5.0 g, MgSO,-7H,0 7.5 g, hydrolyzed casein 1.0 g, yeast extract 5.0 g, Na,C H,O,-2H,03.0 g,
FeSO,-7H,00.1g, MnClZ-4HZO 0.1g, ZnSO,-7H,0 0.1g, agar 18.0 g, ddwater 1,000 ml, pH 7.0-8.0

ISP2 NaCl 100.0 g, dextrose 4.0 g, yeast extract 4.0 g, maltose extract 10.0 g, MgSO,-7H,0 0.5 g, CaCO, 2.0 g, FeSO, 10 mg,
agar 18.0 g, ddwater 1,000 ml, pH 7.0-8.0

GW1 NaCl 100.0 g, casein 0.3 g, mannitol 1.0 g, NaHCO, 2.0 g, CaCO, 0.2 g, (NH,),SO, 2.0 g, KNO, 2.0 g, K,HPO, 1.0 g,
MgSO,-7H,0 2.0 g, FeSO, 10.0 mg, Trace-salt 10.0 mg/l, Agar 18.0 g, ddwater 1,000 ml, pH natural

DSM372 | NaCl 100.0 g, hydrolyzed casein 5.0 g, yeast extract 5.0 g, Na,C H,O,-2H,0 3.0 g, Na,CO,-10H,0 8.0 g, NaC_ HNO, 1.0 g,

KCI 2.0 g, MgSO,-7H,0 2.0 g, agar 18.0 g, ddwater 1,000 ml, pH natural

F1 glycerol 5.0 g, alanine 3.0 g, arginine 1.0 g, (NH,),SO, 2.64 g, KH,PO, 2.38 g, K, HPO, 5.65g, MgSO,-7H,0 1.0 g,
CuSO,-5H,0 0.0064 g, FeSO,-7H,0 0.0011 g, MnClz-4HZO 0.0079 g, ZnSO,-7H,0 0.0015 g, agar 18.0 g, ddwater 1,000 ml,
pH 7.2-7.4 (add 25 pg/ml nalidixic acid and 100 pg/ml nystatin)

F2 MgSO,-7H,0 0.5g, CaCO, 0.2 g, FeSO, 10.0 mg, NaCl 0.5 g, MnCl,-4H,0 1.4 g, Na MoO,-2H,0 0.39 g,
Co(NO3)2 -6H,0 0.025 g, ZnSO,-7H,0 0.222 g, NaHCO, 2.0 g, NaH,PO,-2H,0 0.05 g, agar 18.0 g, ddwater 1,000 ml,
pH natural (add 25 ug/ml nalidixic acid and 100 pg/ml nystatin)

Ml soluble starch 10.0 g, casein 0.3 g, KNO, 2.0 g, K;HPO, 2.0 g, MgSO, - 7H,0 0.05 g, FeSO,-7H,0 0.01 g, agar 18.0 g,
ddwater 1,000 ml, pH 7.2-7.4 (add 25 pug/ml nalidixic acid and 100 pug/ml nystatin)

M5 yeast extract 4.0 g, soluble starch 15.0 g, K. HPO, 1.0g, FeSO,-7H,0 0.01 g, agar 18.0 g, ddwater 1,000 ml,
pH 7.2-7.6 (add 25 pg/ml nalidixic acid and 100 pg/ml nystatin)

M6 raffinose 10.0 g, L-histidine 1.0 g, MgSO,-7H,0 0.5 g, FeSO,-7H,0 0.01 g, agar 18.0 g, ddwater 1,000 ml,
pH 7.2-7.4 (add 25 pg/ml nalidixic acid and 100 pg/ml nystatin)

M7 L-aspartic acid 0.1 g, peptone 2.0 g, sodium propionate 4.0 g, FeSO, - 7H,0 0.01 g, agar 18.0 g, ddwater 1,000 ml,
pH 7.2-7.4 (add 25 pg/ml nalidixic acid and 100 pg/ml nystatin)

M8 glycerine 6.0 ml, arginine 1.0 g, MgSO, - 7H,0 0.5 g, agar 18.0 g, ddwater 1,000 ml, pH 7.2-7.4 (add 25 pg/ml nalidixic acid
and 100 pg/ml nystatin)

HV humic acid 1.0g, Na,HPO, 0.5 g, KCI 1.7 g, MgSO, 0.5 g, FeSO,0.01 g, CaCO, 0.02 g, agar 18.0 g, ddwater 1,000 ml,
pH 7.2-7.4 (add 25 pg/ml nalidixic acid and 100 pg/ml nystatin)

GS soluble starch 20.0 g, NaCl 0.5 g, KNO, 1.0 g, K, HPO,-3H,0 0.5 g, MgSO,-7H,0 0.5 g, FeSO,-7H,0 0.01 g, agar 18.0 g,

ddwater 1,000 ml, pH 7.4-7.6 (add 25 pug/ml nalidixic acid and 100 pug/ml nystatin)

X1, R, and M5 culture media had a better effect on iso-
lating bacteria at 4°C, none of the bacteria was isolated
from the F2, M7, HV, and GS media at 4°C.

Phylogenetic analysis of culturable strains by
the 16S rRNA gene sequence. According to the mor-
phological characteristics of bacteria, 330 strains were
screened for the 16S rRNA gene sequence analysis
using the universal primers 27F/1492R, and 98.65% of
the 16S rRNA gene sequences were used as the spe-
cies boundary of prokaryotes. After combining more
than 98.65% of the 16S rRNA gene sequences with the
same species, the sequences of 77 species were obtained,
which belonged to 42 genera and four phyla (Actino-
bacteria, Proteobacteria, Firmicutes, and Bacteroi-
detes), as shown in Table II. Phylogenetic tree based on
the 16S rRNA gene sequences of representative bacteria
strains were shown (Fig. 2).

There were 53 species and 25 genera in Actinobac-
teria, accounting for 68.82% of the species’ total num-

ber. The predominant genus was Streptomyces (22.08%,
17 species), followed by Micromonospora (5.19%, four
species), Microbacterium (5.19%, four species), and
Kribbella (3.90%, three species). Some rare Actinobac-
teria were also isolated, for example, Leifsonia, Longis-
pora, Nocardia, Nocardioides, Terrabacter, Umezawaea,
and Kribbella. There were 12 species and ten genera
in Proteobacteria, accounting for 15.59% of the total
number of species, but no dominant genus was found
in Proteobacteria. There were 11 species and six gen-
era in Firmicutes, accounting for 14.29% of the total
number of species; the predominant genus was Bacillus
(6.49%, five species). Only one species was found in
Bacteroidetes, classified as Hymenobacter (1.30%, one
species) (Table III).

Diversity of culturable strains recovered from dif-
ferent culture media. Among the 330 identified bac-
teria strains, the number of bacterial isolates recovered
from M1 was the largest (21.82%, 72 strains), followed
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Fig. 1. The number and diversity of bacteria.

A) The numbers of bacteria isolated from different media at 4° and 25°. B) Diversity of bacteria isolated from different culture media.
C) Diversity of bacteria isolated from different temperature. D) The numbers of dominant species isolated from 4° and 25°.

by R (14.55%, 48 strains), M8 (13.64%, 45 strains),
X1 (12.73%, 42 strains), M5 (12.73%, 42 strains), GS
(10.00%, 33 strains), F1 (4.55%, 15 strains), L1 (1.52%,
five strains), F2 (1.52%, five strains), HV (1.52%, five
strains), ISPT2 (1.21%, four strains), M6 (1.21%, four
strains), M7 (1.21%, four strains), GW1 (1.21%, four
strains), and DSM372 (0.61%, two strains). The number
of bacteria isolated from M1, M8, and GS was larger,
while the main genus was only Streptomyces. The R,
X1, and M5 yielded higher genera diversity (21 gen-
era, 20 genera, and 17 genera, respectively). Meanwhile,
media R, X1, and M5 were more useful than other
media for isolation of rare genera of bacteria, such as
Nocardioides, Leifsonia, Terrabacte, Umezawaea, Vario-
vorax, Neorhizobium, and Pararhizobium (Fig. 1B).
Here, we presumed that single-nutrition was the main
reason, especially when non-monosaccharide was used
as the carbon source (Zhang etal. 2010b; Kurm et al.

2019). This study demonstrated that it is necessary
to use various isolation media types to increase the
number and diversity of bacteria from highland barley
cultivation soil samples.

Diversity of culturable strains at different tem-
perature. There were 62 species and 33 genera bacteria
isolated at 25°C, accounting for 80.52% of the species’
total number. The predominant genus was Strepto-
myces (22.08%, 17 species), followed by Bacillus (6.49%,
five species), Micromonospora (5.19%, four species),
Kribbella (3.90%, three species), and Paenarthrobac-
ter (3.90%, three species). There were 23 species and
18 genera bacteria isolated at 4°C, accounting for
29.87% of the total species, but no dominant genus was
found. Meanwhile, only eight species and six genera of
bacteria could be isolated at 25°C and 4°C (Fig. 1C).
Most common bacteria could be isolated at 25°C, but
some rare bacteria could be isolated at 4°C without

Table IT

Genera distributed in each of the four phyla.

Actinobacteria Proteobacteria Firmicutes Bacteroidetes
Actinoplanes Micrococcus Kaistia Bacillus Hymenobacter
Aeromicrobium | Micromonospora Luteimonas Exiguobacterium
Agromyces Nocardia Neorhizobium Macrococcus
Arthrobacter Nocardioides Pararhizobium Paenibacillus
Dietzia Paenarthrobacter | Phyllobacterium Peribacillus
Glycomyces Promicromonospora | Pseudomonas Staphylococcus
Gordonia Pseudarthrobacter | Pseudoxanthomonas
Kocuria Rhodococcus Skermanella
Kribbella Streptomyces Sphingopyxis
Kytococcus Terrabacter Variovorax
Leifsonia Umezawaea
Longispora Yinghuangia
Microbacterium
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Table III
BLAST results based on 16S rRNA gene sequences of 77 bacterial species.

Strain Name of strain having the highest T}.le l.ng}.lest Strain Name of strain having the highest Tbe blgl.leSt
fum 16S rRNA gene similarit similarity | num- 16S rRNA gene similarit similarity

ber & ¥ (%) ber 8 ¥ (%)
T74* | Actinoplanes digitatis IFO 12512 98.82 | T608 | Paenarthrobacter aurescens NBRC 12136 99.07
T203 | Aeromicrobium ginsengisoli Gsoil 098 99.82 | T236 | Paenarthrobacter nitroguajacolicus G2-1 100
T96* | Agromyces binzhouensis OAct353 98.62 | T808* | Pararhizobium herbae CCBAU 83011 98.79
T229*% | Agromyces humatus CD5 98.74 | T209 | Peribacillus simplex NBRC 15720 100
T805 | Arthrobacter crystallopoietes DSM 20117 99.85 | T811 | Phyllobacterium ifrigiyense STM 370 100
T763 | Arthrobacter humicola KV-653 100 T274* | Phyllobacterium zundukense Tri-48 98.57
T65 | Bacillus siamensis KCTC 13613 100 T63 Promicromonospora alba 1C-HV12 100
T94 Bacillus cereus ATCC 14579 100 T193* | Pseudarthrobacter siccitolerans 4J27 99.34
T228* | Bacillus drentensis LMG 21831 99.34 | T755 | Pseudomonas laurylsulfativorans AP3_22 99.73
T59 | Bacillus pumilus ATCC 7061 100 T776 | Pseudomonas lini CFBP 5737 100
T115 |Bacillus selenatarsenatis SF-1 99.6 T174* | Pseudoxanthomonas sacheonensis BD-c54 99.34
T822 | Dietzia kunjamensis subsp DSM 44907 99.86 | T127* | Rhodococcus jostii DSM 44719 99.32
T230 | Exiguobacterium mexicanum 8N'T 100 T788 | Rhodococcus gingshengii JCM 15477 100
T183* | Glycomyces algeriensis NRRL B-16327 98.9 T185* | Skermanella aerolata 5416T-32 98.86
T64 | Gordonia otitidis NBRC 100426 100 T93 Sphingopyxis fribergensis Kp5.2 99.87
T830* | Hymenobacter humi DG31A 98.60 | T45 Staphylococcus caprae ATCC 35538 100
T769* | Kaistia defluvii B6-12 99.72 | T6l Staphylococcus cohnii subsp ATCC 49330 100
T144 | Kocuria sediminis FCS-11 99.43 | T666 | Streptomyces albogriseolus NRRL B-1305 100
T145 | Kribbella albertanoniae BC640 100 T313 | Streptomyces atroolivaceus NRRL ISP-5137 100
T214* | Kribbella catacumbae DSM 19601 99.6 T234 | Streptomyces bottropensis ATCC 25435 99.87
T422 | Kribbella karoonensis Q41 99.87 | T130 | Streptomyces caniferus NBRC 15389 99.87
T823 | Kytococcus schroeteri DSM 13884 99.73 | T235 | Streptomyces canus DSM 40017 99.73
T781 | Leifsonia flava SYP-B2174 99.73 | T690 | Streptomyces dioscori A217 99.47
T146 | Longispora urticae NEAU-PCY-3 99.88 T532 | Streptomyces flavovirens NBRC 3716 99.85
T181* | Luteimonas composti CC-YY255 98.9 T674* | Streptomyces humidus NBRC 12877 98.8
T156 | Macrococcus canis KM 45013 99.86 | T296 | Streptomyces hydrogenans NBRC 13475 99.46
T489 | Microbacterium maritypicum DSM 12512 99.55 | T219 | Streptomyces hypolithicus HSM10 99.46
T773 | Microbacterium natoriense TNJL143-2 99.87 | T426 | Streptomyces kurssanovii NBRC 13192 99.6
T804 | Microbacterium phyllosphaerae DSM 13468 99.73 | T569 | Streptomyces lunaelactis MM109 99.2
T133 | Microbacterium thalassium IFO 16060 98.93 | T348 | Streptomyces niveus NRRL 2466 99.46
T226 | Micrococcus luteus NCTC 2665 99.63 | T84 Streptomyces phaeoluteigriseus DSM 41896 99.6
T47 | Micromonospora cremea DSM 45599 99.87 | T581 | Streptomyces turgidiscabies ATCC 700248 100
T206 | Micromonospora luteifusca GUI2 99.87 T110* | Streptomyces xanthochromogenes NRRL

B-5410 98.97

T197*% | Micromonospora palomenae NEAU-CX1 98.74 | T100 | Streptomyces xanthophaeus NRRL B-5414 99.71
T92 | Micromonospora saelicesensis Lupac 09 100 T111* | Terrabacter ginsengisoli Gsoil 653 99.19
T786* | Neorhizobium vignae CCBAU 05176 98.70 | T160 | Umezawaea tangerina NRRL B-24463 99.18
T62 | Nocardia salmonicida subsp R89 99.47 | T812 | Variovorax boronicumulans BAM-48 99.47
T105* | Nocardioides caeni MN8 98.01 | T134* | Yinghuangia seranimata YIM 45720 98.73
T218 | Paenibacillus odorifer DSM 15391 99.63

* — shown that the full length 16S rRNA gene of this bacterium was sequenced

the inhibitory effect of dominant species, promoting
the diversity of bacteria (Margesin 2012; Collins and
Margesin 2019). The numbers of dominant species
mainly isolated at 4°C were Arthrobacter humicola
(7.25%, 24 strains), while the numbers of dominant

species mainly isolated at 25°C were Streptomyces fla-
vovirens (8.19%, 27 strains), Streptomyces xanthophaeus
(7.58%, 25 strains), Streptomyces canus (6.36%,
21 strains), and Bacillus siamensis (4.24%, 14 strains)
(Fig. 1D). The species of culturable bacteria and the



Fig. 2. Phylogenetic tree based on 16S
rRNA gene sequences of soil isolates
and related species.
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Table IV
The sequence analyses based on almost full-length of the 16S rRNA gene of six potential new species.

Strain Name of strain having the highest Separation The highest Separation
number 16S rRNA gene similarity medium similarity (%) | temperature (°C)
T96 Agromyces binzhouensis OAct353" 98.62 M5 25
T105 Nocardioides caeni MN8" 98.01 M5 25
T274 Phyllobacterium zundukense Tri-48" 98.57 M8 25
T786 Neorhizobium vignae CCBAU 05176" 98.70 R
T808 Pararhizobium herbae CCBAU 830117 98.79 M5
T830 Hymenobacter humi DG31A” 98.60 F1

numbers of dominant species were significantly differ-
ent at 4°C and 25°C in this study.

Potential new species information. Among the
77 species, four bacterial strains exhibited low 16S rRNA
gene sequence similarities (<98.65 %) with validly
described species based on the results of the BLAST
search in EzBiocloud (Table IV), which indicated that
these isolates could represent novel taxa. Neorhizobium
gen. nov. was a new genus of rhizobia established by
Mousavi et al. (2014); so far, only five species had been
published. The T786 strain had 98.70%, 98.47%, 98.24%,
98.16%, 97.79%, and 96.55% sequence similarity with
Neorhizobium vignae CCBAU 05176" (GU128881),
Neorhizobium alkalisoli CCBAU01393" (EU074168),
Neorhizobium tomejilense T17_20" (PVBG01000052),
Neorhizobium huautlense S02™ (AF025852), Neorhizo-
bium galegae ATCC43677T(D11343), and Neorhizo-
bium lilium 24NR" (MK386721), respectively (Fig. 3).
Further data analysis suggested that the dDDH and
ANT values between strain T786 and N. vignae CCBAU
05176", N.alkalisoli CCBAU 01393, N. tomejilense
T17_20", N. huautlense S02', and N. galegae ATCC
43677 were 20.20-20.50% and 76.64-80.01%, respec-
tively, which were lower than the threshold values of
70% and 95-96% for species discrimination (unpub-
lished). Pararhizobium gen. nov. was a new genus of
rhizobia also established by Mousavi etal. (2015); so
far, only seven species had been published. The T808
strain had high similarity with Pararhizobium herbae
CCBAUS83011" (GU565534) (98.79%), Pararhizo-
bium polonicum F5.1"7 (LGLV01000030) (98.65%),
and Pararhizobium giardinii H152" (ARBG01000149)
(98.50%). The 16S rRNA sequence of strain T808 had
about 40 more bases in the V1-V2 region than the seven
validly published species of Pararhizobium, while the
NCBI database showed that T808 had 98.54-99.15%
similarity with Uncultured bacterium clone barrow_
FF_26 (JX668750.1), Rhizobium sp.Ja8 (KF444807),
and Rhizobiaceae bacterium strain FW305-C-
27(MNO067584), all of which were uncultured bacteria
without lacking the 40 bases in V1-V2 region (Fig. 4).
Based on the above analysis, T808 might be a poten-

tially new species of Pararhizobium. Neorhizobium and
Pararhizobium were important non-symbiotic species
of rhizobia with poor nodulation or nitrogen fixation
genes, which have the important microbial niche value
(Shen etal. 2018; Soenens etal. 2019).

Three potential new species were isolated from
media M5, and one species was isolated from media
M8, R, and F1, respectively. Half of six potential new
species were cultured at 4°C, while others were cultured
at 25°C. The culture medium and temperature have
a significant influence on the separation of new species.
All six potential new species will be further identified
with a polyphasic approach (including chemotaxo-
nomic properties, DNA-DNA hybridization analysis)
to determine their taxonomic positions.

Discussion

Together with the incubation of the highland barley
cultivation soil sample using fifteen kinds of media at
25°C and 4°C, a total of 830 individual strains were
purified. The 16S rRNA gene sequence analysis results
are consistent with a previous report, in which Act-
inobacteria, Proteobacteria, Firmicutes were found to
be dominant phyla in the arctic-alpine area, especially
in the Qinghai-Tibet plateau (Jiang et al. 2006; Kumar
etal. 2016a; Tang etal. 2016). The predominant genus
was Streptomyces, followed by Bacillus, Micromonos-
pora, and Microbacterium. The most diverse isolates
belonged to high the G+C Gram-positive group; in
particular, the Streptomyces genus is a dominant genus
in the high G+C Gram-positive group. The bacteria
in arctic-alpine areas are mainly the spore producing,
stress-resistant, and thick cell walls microorganisms
(Zhang et al. 2010b; Rao etal. 2016).

The Actinobacteria are widely dispersed throughout
the highland barley cultivation soil, while few studies
are on it. The bacteria in highland barley cultivation
soil in Lhasa analyzed by high-throughput sequenc-
ing technology showed that the main actinomycetes
were Gaiiella, Arthrobacter, and Nocardioides (Liu et al.
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Fig. 3. Phylogenetic tree based on thel6S rRNA gene sequences of new candidates and related species.
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2020), which was quite different from our study using
the culturable technique. In other previous reports,
the main genus in the highland barley cultivation soil
was Streptomyces, Arthrobacter, and Nocardioides. Most
Actinomycetes had a wide spectrum of inhibitory
activity against pathogenic bacteria, highly IAA pro-
duction, and phosphate solubilization, which were in
similarity with our study (Qi etal. 2017; Yin etal. 2017;
Gao etal. 2019). As the most well-known genus in Act-
inobacteria, Streptomyces contains 960 species (http://
www.bacterio.net/streptomyces) and 4227 genome
assemblies available (https://www.ncbi.nlm.nih.gov/
genome/streptomyces) at the time of writing. Mem-
bers of the genus Streptomyces are well known as the
primary sources of antibiotics with diverse biological
activities and chemical structures (Jones and Elliot
2017; Li etal. 2018). In this study, 17 species of Strep-
tomyces were found in the highland barley cultivation
soil, the larger numbers of dominant species of Strep-
tomyces were Streptomyces flavovirens, Streptomyces
xanthophaeus and Streptomyces canus, which were
mainly isolated at 25°C. The Qamdo region’s tempera-
ture is between 20°C and 28°C from June to Septem-
ber, which is also a critical growth period for highland
barley. We believe that these Streptomyces that can pro-
duce many biological activities have an essential role
in the growth of highland barley in this period. The
other dominant isolates in highland barley cultivation
soil were Arthrobacter humicola and Bacillus siamensis,

which are important plant growth-promoting rhizobac-
teria (PGPR) (Bai etal. 2015).

Meanwhile, Arthrobacter humicola was mainly iso-
lated at 4°C, producing cold lipase and biopolymeric
flocculant (Agunbiade etal. 2017). The low-tempera-
ture adaptation and ecological function of A. humicola
in highland barley cultivation soil need to be studied
in-depth. Some rare Actinobacteria were also isolated
from the soil sample, for example, Leifsonia, Longis-
pora, Nocardia, Nocardioides, Terrabacter, Umezawaea,
and Kribbella. Rare Actinobacteria are also important
sources in discovering novel antibiotics and have been
seldom studied (Cai et al. 2018; Bundale et al. 2019).

In summary, this study has demonstrated a rich
diversity of bacteria (especially Actinobacteria) and
some undiscovered bacteria species in the highland
barley cultivation soil of Qinghai-Tibet plateau it
suggests that these strains might represent a valuable
source of new taxa for further microbial development
and utilization. Additionally, this study indicates that
cultivating Actinobacteria in highland barley cultiva-
tion soil of Qinghai-Tibet plateau could be interesting
for further study.
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Abstract

Campylobacter fetus subsp. fetus is the causal agent of sporadic abortion in bovines and infertility that produces economic losses in livestock.
In many infectious diseases, the immune response has an important role in limiting the invasion and proliferation of bacterial patho-
gens. Innate immune sensing of microorganisms is mediated by pattern-recognition receptors (PRRs) that identify pathogen-associated
molecular patterns (PAMPs) and induces the secretion of several proinflammatory cytokines, like IL-1p, TNF-a, and IL-8. In this study,
the expression of IL-1pB, TNF-q, IL-8, and IFN-y in bovine endometrial epithelial cells infected with C. fetus and Salmonella Typhimurium
(a bacterial invasion control) was analyzed. The results showed that expression levels of IL-1 and IL-8 were high at the beginning of the
infection and decreased throughout the intracellular period. Unlike in this same assay, the expression levels of IFN-y increased through
time and reached the highest peak at 4 hours post infection. In cells infected with S. Typhimurium, the results showed that IL8 expression
levels were highly induced by infection but not IFN-y. In cells infected with S. Typhimurium or C. fetus subsp. fetus, the results showed
that TNF-a expression did not show any change during infection. A cytoskeleton inhibition assay was performed to determine if cytokine
expression was modified by C. fetus subsp. fetus intracellular invasion. IL-1 and IL-8 expression were downregulated when an intracellular
invasion was avoided. The results obtained in this study suggest that bovine endometrial epithelial cells could recognize C. fetus subsp. fetus
resulting in early proinflammatory response.

Keywords: bacterial infection, pathogenicity, virulence, pathogen-host interaction (MesH)

Introduction cytokines secretion, which recruits and activates phago-
cytic cells to eliminate the pathogenic microorganisms

The innate immune system senses microbial infec-  (Iwasaki and Medzhitov 2015).

tions and triggers an immediate response to control
pathogens’ invasion. Microbial sensing is mediated by
pattern-recognition receptors (PRRs), which include
Toll-like receptors (TLR), Nucleotide-binding Oligo-
merization Domain (NOD), Leucine-rich repeat-con-
taining receptors (NLRs), C-Type Lectin-Like Recep-
tors, and Cytoplasmic Nucleic Acid Sensors. These
receptors are important in innate and adaptative
immune response because they identify Pathogen Asso-
ciated Molecular Patterns (PAMPs) and determine the
type of immune response required (Bryant et al. 2015).
The innate immune response includes proinflammatory

The female reproductive tract's mucosal surface
forms a physical and immunological barrier that can
interact with sexually transmitted pathogens and sper-
matozoa. Therefore, innate immune mechanisms have
an important role in maintaining its integrity (Amjadi
etal. 2014). The cells in mucosal epithelia recognize
pathogens and stimulate the underlying immune cells
like macrophages, inducing an inflammatory reac-
tion via cytokines’ production, resulting in adaptive
immunity activation. They also produce antimicrobial
peptides that eliminate several bacterial and viral agents
(Turner etal. 2014).
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Campylobacter fetus subsp. fetus is frequently iso-
lated from the intestinal tract of asymptomatic cat-
tle, goats, and sheep. In animals, C. fetus subsp. fetus
exhibits a tropism for placental and reproductive tract
tissues and is one of the major causes of sporadic and
epidemic septic abortions (Viejo et al. 2001; Iraola et al.
2012). C. fetus subsp. fetus can attach in an irrevers-
ible way to bull spermatozoa and affect sperm quality
(Cagnoli etal. 2020). The diseases produced by C. fetus
subsp. fetus generate considerable economic losses,
representing a significant problem in animal produc-
tion (Mshelia etal. 2010). Heifers infected with C. fetus
showed a light inflammatory reaction with few mono-
nuclear and polymorphonuclear cells distributed dif-
fusely beneath the epithelia of vagina and cervix, and
moderate endometritis and salpingitis (Cipolla etal.
1994). Such light inflammation reaction can be due to
the composition of the external membrane of microor-
ganisms. C. fetus possesses lipooligosaccharides (LOS)
instead of lipopolysaccharide (LPS) (Preston and Penner
1987; Moran etal. 2002). Also, it has a protein surface
layer known as S-layer, which protects C. fetus against
complement and opsonization-phagocytosis response; it
also prevents recognition by host innate immune system
(Blaser etal. 1987; Fogg etal. 1990; Blaser etal. 1993).

We have previously demonstrated the ability of
C. fetus subsp. fetus to invade bovine endometrial cells
(Campos-Muzquiz etal. 2019). This phenomenon
was dependent on the viability of C. fetus, since dead
bacteria could not invade this type of cells (in press).
The ability of C. fetus subsp. fetus to invade endome-
trial cells raises new questions about the pathogen’s
mechanisms to infect these surfaces and induce repro-
ductive diseases. The inflammatory response induced
by C. fetus in bovine endometrium has not yet been
entirely described; meanwhile, for other Campylobacter
species, the induction of proinflammatory cytokines in
epithelial cells has been described along with the ben-
efits that this represents for tissue invasion (Al-Salloom
etal. 2003; Zheng et al. 2008; Eucker et al. 2014). Hence
in this study, the cytokine expression patterns induced
in bovine endometrial epithelial cells by infection with
C. fetus subsp. fetus were evaluated, to establish the role
of inflammation in diseases produced by this species in
the bovine reproductive tract.

Experimental
Materials and Methods
Bacterial strains and growth conditions. C. fetus
subsp. fetus ATCC27374 (Salama etal. 1995) was

grown at 37°C for 48 h under microaerophilic atmos-
phere (85% N, 10% CO, and 5% O,) on Campylobacter
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selective agar supplemented with 5% sheep blood. Sal-
monella enterica subsp. enterica serovar Typhimurium
ATCC 14028 was also grown on hyperosmolar Luria
Bertani broth at 37°C for 12 h.

Endometrial epithelial cell culture. Epithelial cells
from the endometrium were recovered using Skarzyn-
ski protocol (Skarzynski et al. 2015) with some modifi-
cations. The uterus was removed from three sacrificed
cows 15 min after exsanguination at a slaughterhouse.
Tissue was washed with Hank’s solution supple-
mented with 1.6 mg/ml of gentamicin and transported
to the laboratory in the same buffer solution on ice.
The endometrium was cut and washed three times
with phosphate-buffered saline solution pH 7.2 (PBS,
NaH, PO, 1.9 mM, Na HPO, 8.1 mM, NaCl 154 mM).
Tissue pieces were treated with digestion solution
(0.5 mg/ml collagenase type I from Clostridium his-
tolyticum, 0.1 mg/ml DNAse, 100 pg/ml gentamicin,
Dulbeccos Modified Eagle Medium supplemented
with 10% fetal bovine serum) at 37°C for 2 h. A tissue
debris-free supernatant was recovered and centrifuged
at 4,000x g for 10 min. The pellet was suspended in
5ml of DMEM supplemented with 10% fetal bovine
serum and filtered with a 40-pm strainer. Cells were
placed on cell culture flasks with HEPES (25 mM) and
antibiotic/antifungal solutions (penicillin G 10,000 U,
streptomycin 5,000 pg, amphotericin B 12.5 pg). For
fibroblast depuration, one-minute of trypsinization was
performed daily for three consecutive days. Cell type
was confirmed by immunofluorescence and RT-PCR
(Campos-Muzquiz et al. 2019).

Invasion assays. Gentamicin protection assays were
performed with C. fetus (multiplicity of infection - MOI
-100:1) and S. Typhimurium (MOI 50:1). An amount
0f 200,000 endometrial epithelial cells were cultured in
a 25 cm’ culture flask. Bacteria inoculum was diluted
in DMEM, added to cultures, and incubated 2 hrs at
37°C. Following the incubation, the cell monolayers
were washed three times with PBS and incubated with
DMEM/gentamicin (10% fetal bovine serum, 25 mM
HEPES, 30 pg/ml gentamicin) at 37°C. Cell lysates
were recovered at 0, 2, and 4 h post-infection by add-
ing 500 ul of Triton X100 (1%). Cell lysates (50 pl) of
each infection hour was placed on Campylobacter selec-
tive agar supplemented with 5% sheep blood at 37°C
for 72h in an anaerobic chamber under low oxygen
conditions (Oxoid Campy Gen, England). Cell lysates
were treated with TRIzol (Invitrogen, USA) following
the manufacturer’s indication to recover cell and bac-
teria RNA. Three independent assays with three repli-
cations of each time were performed. For cytoskeleton
inhibition, before the invasion assays, cell cultures were
treated with cytochalasin D (3 mM) (Sigma-Aldrich,
USA) for 30 min at 37°C. Then the invasion assays were
made as described previously.
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Intracellular survival evaluation by reverse tran-
scription qPCR. Quantitative reverse transcription
PCR using random primers and a commercial kit to
synthesize complementary DNA (ProtoScript® First
Strand ¢cDNA Synthesis Kit, New England Biolabs)
were used to evaluate the intracellular survival abil-
ity of C. fetus subsp. fetus. The cDNA was employed
to quantify mRNA copies (RC) of C. fetus subsp. fetus
and Salmonella Typhimurium (Power SYBR green, Fer-
mentas). The primer sequences used in these assays for
C. fetus subsp. fetus were: 5-GGCAATATCATAGAA-
AATCCGTTATC-3’ and 5-TCCTGCTCTTTCATTT-
GCTT-3" these primers amplified a 161 bp fragment
from fumarate reductase gene (frdA). The primers used
for S. Typhimurium amplified a 110 bp segment of the
rpoD gene (Botteldoorn etal. 2006). A standard curve
was built with 1 ng, 100 pg, 10 pg, 1 pg and 100 fg RNA
of C. fetus subsp. fetus ATCC 27374 or Salmonella Typhi-
murium ATCC 14028. The specificity of the PCR prod-
uct was confirmed by high resolution melting curve.

Gene expression analysis of proinflammatory
cytokines. RNA recuperated from invasion assays was
used to synthesize cDNA using commercial kit and
Oligo dT primers (ProtoScript® First Strand cDNA
Synthesis Kit, New England Biolabs). A quantitative
PCR (Maxima SYBR green, Thermo Fisher) was perfor-
med using the primers: TAF2 (5-CATCTCCTGGAAC-
CCAGAAA-3;, 5’-GGCTGTTCTCCTCAATCTGC-3,
98 bp), B-actin (5-AAATCGTGCGTGACATTAAG-3,
5-GAGTACTTGCGCTCAGGAG-3; 341 bp) and GPDH
(5-GCCATCACCATCTTCCAGG-3; 5-GGTAGTG-
GAGACCCCAGTGG-3] 115bp), as reference genes;
and IL-1B (5-GAAAGAGACAACAAGATTC-
CTGTGG-3, 5°-GGTCTACTTCCTCCAGCTGCA-3,
108 bp), TNF-a (5-CATCTACTCRCAGGTCCTC-
TT-3’, 5-GCAATGCGGCTGATGGT-3’, 82 bp),
IL-8 (5-AGTACAGAACTTCGATGCCAATG-3,
5-GTAAGCTTAACAATTTCTGAATTTTC-3,
127bp), IFN-y (5-GGGTTTTTCTGGTTCTTATG -
GC-3, 5-GTCACTTTCATCTTTCCAATTCTT-3),
144 bp) as inflammatory genes. The specificity of the
PCR product was confirmed by high resolution melting
curve. The amplification efficiency (E) of each gene was
calculated from the standard curves using the equation
E=(-1+10"¢)x 100 (Livak and Schmittgen 2001).
For gene normalization, we obtained a geometric aver-
age of the three reference genes (Vandesompele etal.
2002). The cytokine expression analysis was realized
with treated cells with cytochalasin D to determine if
the inhibitors could induce cytokine expression.

Statistical analysis. To analyze differences between
gene expression and intracellular microorganisms, an
F test was performed to establish the equality of variance
of the data. A comparative CT method (274 ) was used
to calculate from each gene using the geometric average
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of the reference genes (Schmittgen and Livak 2008), and
a Student’s t-test was used to determine the difference
between CT of treatment versus CT of control.

Results

Endometrial epithelial cell culture. The results
obtained in primary cell cultures showed that the
endometrial epithelial cells presented an epithelial-like
appearance in the second week of incubation. In pri-
mary cell culture, the expression of Keratin 8 was con-
firmed by RT-PCR and immunofluorescence. A PCR
product of 215 pb corresponding to a segment of the
gene encoding for keratin 8 was obtained from RNA
recuperated from cell cultures, and more than 90%
of cells in the monolayer showed positive results to
cytokeratin 18 (data not shown).

Invasion assays. In the intracellular survival assays,
the results showed that viable C.fetus subsp. fetus
decreased in number over time. At 0 h post-infection
(p.i.) the average (~) colony-forming unit (CFU) were
22,408 CFU. At a second time (2 h p.i.), it decreased to
~1,316 CFU and 4 h p.i. there were ~ 233 CFU (Fig. 1);
these results confirm that there was an intracellular bac-
terial cells reduction through the time (p=2.2¢7*¢). In
cells infected with Salmonella Typhimurium, the CFU
increased at the end of the assay, indicating intracellular
replication of bacteria (p =1.49¢7'). At 0 h p.i., the aver-
age number of intracellular bacteria was ~ 42,150 CFU,
2hpi., CFU decreased to ~37,125 CFU, and 4 hp.i.
bacteria proliferated, and their number increased to
72,925 CFU (Fig. 1).

To confirm C. fetus subsp. fetus intracellular sur-
vival ability, a bacterial mRNA quantification assay was

Intracellular bacteria
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Fig. 1. Salmonella Typhimurium and Campylobacter fetus subsp.

fetus invasion assays in endometrial cells. A gentamicin protec-

tion assay was performed to demonstrate that C. fetus subsp. fetus
invades bovine endometrial epithelial cells but does not survive.
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Fig. 2. Intracellular survival expression analysis of Campylobacter
fetus subsp. fetus and Salmonella Typhimurium in bovine endo-
metrial epithelial cells. An invasion assay was performed, and
RNA was extracted from cells. The cDNA was synthesized using
random primers, and a quantitative PCR was performed.

performed. For C. fetus subsp. fetus, frdA analysis (the
constitutive gene) showed that the number of mRNA
copies (genomic copies, GC) decreased significantly
during invasion assays (p =0.002). At 0 h p.i., the num-
ber of GC were ~5.3767 log, 2 h p.i., this value decreased
to ~4.8724 log, and 4 h p.i., the value was ~4.4922log
(Fig.2). The rpoD analysis in cells infected with
S. Typhimurium showed that the number of GC of this

Campos-Muzquiz L.G. etal. 1

constitutive gene increased through time (p =1.586e%).
At 0hp.i., the number of GC was ~5.0526 log, 2h p.i.,
it increased to ~5.7581 log, and 4 h p.i,, it increased to
6.9379 log (Fig. 2).

Cytokine expression analysis. A gene expression
assay was carried out to evaluate the expression of proin-
flammatory cytokines in endometrial cells infected with
C. fetus subsp. fetus. Cells invaded by C. fetus subsp. fetus
showed an early IL-1p high expression level (4.65-fold
change at 0 h p.i.). Unlike cells invaded by S. Typhimu-
rium, the IL-1pB highest expression level was reached
at 4hp.i. (3.56-fold change). The cells infected with
C. fetus subsp. fetus had the highest level of IL-1f (1.09
fold change, p=6.645e""). The expression level of IL-1f3
decreased over time (p=7.492e ) in cells infected with
C. fetus subsp. fetus. At 0 h p.i., the fold change was 4.65,
and it decreased to 3.78 2h p.i., and this tendency was
continued until 4 h p.i., where the fold change in expres-
sion was 1.09-fold. In cells infected with S. Typhimu-
rium, the IL-1p expression levels showed an increment
in time (p=0.0007), at 0 h p.i, there was a 4-fold change
value and increased to 3.56 at 4 h p.i. (Fig. 3).

The expression levels of IL-8 showed the same
pattern in cells infected with C. fetus subsp. fetus and
S. Typhimurium throughout the time. In both cases, IL-8
expression levels were high at the beginning of the infec-
tion and decreased through time (p=0.031, p=5.127¢"
%, respectively). At 0 h p.i., the expression level of IL-8
in cells infected with C. fetus subsp. fetus there was
a 3.41-fold change and 6.14-fold for cells infected with
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Fig. 3. Interleukin expression in bovine endometrial epithelial cells challenged with Campylobacter fetus subsp. fetus or Salmonella
Typhimurium. Expression was analyzed with a 2-*4“" and compared to control cells (no infected). A student ¢-test was performed
to ACT (CT gene of interest — geometric media CT housekeeping genes) compared against non-treated cells; *p < 0.05.
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Fig. 4. Interleukin expression in bovine endometrial epithelial
cells treated with cytochalasin D and challenged with Campylo-
bacter fetus subsp. fetus. Expression was analyzed with a 2-44¢T
and compared to control cells (non-cytochalasin D-treated cells).
A student t-test was performed to the ACT (CT gene of interest
- geometric media CT housekeeping genes) comparing against
non-cytochalasin D-treated cells; *p < 0.05.

S. Typhimurium. Simultaneously, the expression levels
of IL-8 were highest in cells infected with S. Typhimu-
rium compared to cells infected with C. fetus subsp. fetus
(p=0.015). At4hp.i, for the expression level of IL-8 in
cells infected with C. fetus subsp. fetus, there was a 2.28-
fold change. For cells infected with S. Typhimurium,
there was a 2.68-fold change (Fig.3), so there was no
difference in the expression levels between both treat-
ments at this time (p-value =0.4401) (Fig. 3).

The expression levels of IFN-y in cells infected with
C. fetus subsp. fetus showed a different pattern in com-
parison with IL-13 and IL-8. In this case, the expres-
sion level of IFN-y increased through time (p=0.002).
At 0 h p.i., the expression level increased 0.89-folds, at
2hp., it increased 2.77-fold, and at 4 h p.i., it reached
a 3.62-fold increase (Fig.3). In cells infected with
S. Typhimurium, the expression levels of IFN-y did not
change throughout the time (p=0.367). At 0h p.i,, the
expression level was two times lower, 2 h p.i. it changed
by 0.74, and 0.85 4 h p.i. Finally, the expression levels
of TNF-a did not change either in cells infected with
C. fetus subsp. fetus or S. Typhimurium, and there were
no differences when compared to the control (unin-
fected cells) at any time during the assay.

To determine if C. fetus subsp. fetus intracellular inva-
sion was necessary for the induction of IL-1f3, IL-8, and
IFN-y, a cytoskeleton inhibition assay was performed,
and cytokines expression was evaluated. In cells treated
and infected with C. fetus subsp. fetus, the expression
level of IL-1P was reduced by 0.34 compared with non-
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treated cells (p=0.005). A similar result was observed,
with IL-8 expression (0.53-fold change). Nonetheless,
the difference was non-significant (p=0.105). Finally,
the expression levels of IFN-y in cells treated with
cytochalasin D and infected with C. fetus subsp. fetus
showed an increment (1.90-fold change) in comparison
with non-treated cells (p=0.021) (Fig. 4).

Discussion

Pathogen-associated molecular patterns by PRRs
upregulate the transcription of proinflammatory
cytokines like IL-1p, TNF-a, and IL8 (Takeuchi and
Akira 2010). In this study, endometrial epithelial cells
showed a high expression of IL-1f and IL8 due to the
infection with C. fetus subsp. fetus, suggesting that these
cells could recognize some molecular patterns in this
pathogen through their PRRs. These results agree with
other studies that show the induction of proinflamma-
tory cytokines by Campylobacter spp. infection (Wang
etal. 2000; Arce etal. 2010b; Man etal. 2010; Yu etal.
2016). In the abovementioned studies, the authors used
other types of cells as Caco-2, HEp-2, and HT-29 in
their experiments. In this study, primary cell culture
of endometrial cells was used, and the same phenom-
enon was observed during the infection. The early high
IL-1P expression in cells infected with C. fetus subsp.
fetus (4.65-fold change at Ohp.i.) suggests an imme-
diate immune recognition that might induce an acute
inflammatory response. It could be used by C. fetus
subsp. fetus to invade tissues. An invasion study in
human trophoblast cells showed that in C. rectus there
was a correlation between invasion and cytokine pro-
duction (Man etal. 2010).

The IL-1P up-expression in bovine endometrial epi-
thelial cells infected with C. fetus subsp. fetus was earlier
than in S. Typhimurium (0h p.i vs 4 h p.i respectively),
and it decreased through time. Previously, a similar phe-
nomenon was observed in a 4-week old chicken chal-
lenged with S. Typhimurium and Campylobacter jejuni.
The peak of IL-1B expression in C. jejuni-infected chicks
was at 20 hp.i,, and in the Salmonella-infected chicks,
it was at 48 h p.i. (Shaughnessy etal. 2009). A possible
explanation for this could be that in the C. fetus genome,
there are not virulence factors associated with immune
suppression as in S. Typhimurium. Therefore, the induc-
tion of cytokines could be faster in C. fetus subsp. fetus
in comparison with S. Typhimurium, which can modify
the immune response (Kienesberger etal. 2014; Hu et al.
2017). Analysis of the present results also showed that
the expression of pro-inflammatory cytokines in endo-
metrial cells infected with S. Typhimurium took longer
to reach the higher peak of expression, in comparison
with cells infected with C. fetus subsp. fetus. Rolhion
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etal. (2016) shown that Salmonella Typhi uses SpvD,
an effector protein secreted through the type III secre-
tion system, to avoid nuclear translocation of NF-kB
transcriptional factor. Therefore, infected cells reduce
proinflammatory cytokines secretion.

C. fetus subsp. fetus did not survive in endometrial
cells in comparison with S. Typhimurium. In intracel-
lular survival assays, the number of intracellular C. fetus
subsp. fetus showed a reduction over time. This result
was confirmed by two different methods, quantifica-
tion of the number of transcripts (mRNA copies of
constitutive genes) and CFUs. Considering that each
method has different criteria to establish the number
of viable microorganisms (gene expression and growth
in specific media), we could say that reduction in the
CFU number of C. fetus subsp. fetus was not due to the
formation of viable non-culturable microorganisms
but to the elimination of the pathogen. In the case of
S. Typhimurium, the results showed a different pattern,
indicating that the bacterium could survive and repli-
cate inside the cells. This phenomenon has been pre-
viously reported (Campos-Muzquiz et al. 2019). These
could be explained by Salmonella capability adapta-
tion to intracellular niche (Larock etal. 2015) or by an
immune stimulation that results in bacteria elimina-
tion. Furthermore, when C. fetus subsp. fetus internali-
zation was inhibited, the IL-1P expression was halved.
These results showed that C. fetus has been recognized
intracellularly and that this recognition was required to
induce higher inflammation and cellular mechanisms
to eliminate the intracellular bacteria.

The results obtained in this study show a decrease in
IL-1p expression through time. Stephenson et al. (2014)
showed that C. jejuni flagellum binds to Siglec-10 of
dendritic cells and increases IL-10 expression. This
molecule has been described in human uterine cells
(Sammar etal. 2016) but not in bovine endometrial
cells. More studies are necessary to evaluate if the
reduction of IL-1p was mediated by this molecule or
only by infection control in the endometrial cells.

The pattern expression of IL-8 was like that of IL-1f,
suggesting that C. fetus subsp. fetus infection promotes
early neutrophil recruitment (Foley et al. 2012). In epi-
thelial cell lines IPEC-]2 and IPI-2I, a high IL-8 expres-
sion was shown in response to S. Typhimurium LPS
(Arce etal. 2010a), suggesting a prompt recognition
by cells. The decrease of IL-8 also is due to an IL-10
increase described for IL-1B (Méndez-Samperio etal.
2002) or IFN-y upregulation since it represses genes
involved in leukocyte recruitment (Hoeksema etal.
2015). Moreover, when C. fetus subsp. fetus internali-
zation was inhibited, the expression of IL-8 was not
altered, indicating that the external sensing and not the
bacteria’s internalization induce polymorphonuclear
recruitment (Takeuchi and Akira 2010).
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Unlike our observation on IL-1p and IL-8 expres-
sion, IFN-y showed an inverse pattern that increased
over time in C. fetus subsp. fetus infected cells These
results are related to the studies observed in INT-407
cells infected with C. jejuni in which IFN-y peak was
recorded at 12 hours post stimulation (Al-Amri etal.
2008). IFN-y alters epithelial barrier function during
inflammation by disrupting tight cell junctions and
increasing permeability in polarized epithelial cells,
which leads to cytosolic translocation of occludins
and claudins (Bruewer etal. 2005). The increment of
IFN-y expression could be used by C. fetus subsp. fetus
to invade submucosae.

In the presence of IFN-y, C. jejuni was able to trans-
locate across the monolayer more efficiently than in
the absence of IFN-y. This IFN-y expression suggests
also that epithelial cells from the endometrium might
be associated with macrophage and adaptive immunity
activation in campylobacteriosis (Hoeksema et al. 2015).

On the other hand, IFN-y expression showed
a slight increase when cells were treated with cytocha-
lasin D. This could be due to a synergistic effect of
C. fetus subsp. fetus sensing and Campylobacter toxins,
for example, cytolethal distending toxin, which alters
DNA (Rees etal. 2008). It has been reported before
that cytochalasin D activates the p53 transcriptional
factor, which controls DNA damage stress signaling
(Rubtsova et al. 1998); however, more research is nec-
essary to describe this phenomenon. The expression
of IFN-y in the cells infected with S. enterica subsp.
enterica serovar Pullorum was non-significant. These
results are not surprising since Salmonella possesses
an immune response modulator IpaJ that decreases
IFN-y expression in macrophage cell line HD11 (Yin
etal. 2018). Also, the principal sources of IFN-y during
Salmonella spp. infection are the neutrophils and NK
cells (Pham and McSorley 2015).

In the cells infected with S. Typhimurium or C. fetus
subsp. fetus, TNF-a expression did not change. A simi-
lar phenomenon was reported by Cronin etal. (2012)
in bovine endometrial epithelial cells challenged with
lipopolysaccharide. The same result was observed in
bovine endometrial epithelial cells challenged with the
danger-associated molecular patterns (DAMPs) (Healy
etal. 2014). The TNF-a expression in these cells was
possibly due to different conditions since the endo-
metrium’s primary function is blastocyst implantation
(Kaneko etal. 2013).

In conclusion, the present study examined the pro-
inflammatory response to C. fetus subsp. fetus in bovine
endometrial epithelial cells. These bovine endometrial
epithelial cells were able to recognize C. fetus subsp. fetus
resulting in early proinflammatory response. Addition-
ally, the internalization of the bacteria was necessary
to induce IL-1p expression but not IL-8, suggesting the
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importance of intracellular C. fetus subsp. fetus recogni-
tion. Their inability to survive inside of epithelial cells,
the early induction of cytokines, and the upregulation
of IFN-y imply that the principal pathogenesis mecha-
nism of C. fetus subsp. fetus in the uterine cavity is only
to pass through the epithelium. This movement induces
an inflammatory response that alters the tight junctions,
as demonstrated in human HT-29/B6 and Caco-2 cells
(Baker etal. 2010, Biicker et al. 2017).
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Abstract

Carbapenem-resistant Klebsiella pneumoniae (CRKP) is an important bacterium of nosocomial infections. In this study, CRKP strains,
which were mainly isolated from fecal samples of 14 patients in three wards of the hospital in the Silesia Voivodship, rapidly increased from
February to August 2018. Therefore, we conducted microbiological and molecular studies of the CRKP isolates analyzed. Colonized patients
had critical underlying diseases and comorbidities; one developed bloodstream infection, and five died (33.3%). Antibiotic susceptibilities
were determined by the E-test method. A disc synergy test confirmed carbapenemase production. CTX-Mplex PCR evaluated the presence
of resistance genes blaCTerrlype, bla ., ., bla.. ., and the genes bla . bla . .bla .., bla . bla, . .bla, ,andbla,  wasdetected
with the PCR method. Clonality was evaluated by Multi Locus Sequence Typing (MLST) and Pulsed Field Gel Electrophoresis (PFGE). Six
(40%) strains were of XDR (Extensively Drug-Resistant) phenotype, and nine (60%) of the isolates exhibited MDR (Multidrug-Resistant)
phenotype. The range of carbapenem minimal inhibitory concentrations (MICs, pug/mL) was as follows doripenem (16 to >32), ertapenem
(>32), imipenem (4 to >32), and meropenem (>32). PCR and sequencing confirmed the bla_ ., . ... bla ., bla,,, ,.and bla | genesin

all strains. The isolates formed one large PFGE cluster (clone A). MLST assigned them to the emerging high-risk clone of ST147 (CC147)

pandemic lineage harboring the bla, ,.

gene. This study showed that the K. pneumoniae isolates detected in the multi-profile medical

centre in Katowice represented a single strain of the microorganism spreading in the hospital environment.

Keywords: clonal dissemination, carbapenem-resistant Klebsiella pneumoniae, hospital, PEGE, MLST

Introduction

Klebsiella pneumoniae is a critical multidrug-resis-
tant (MDR) bacterium in humans responsible for
numerous hospital infections linked to high morbid-
ity and mortality since treatment options are limited
(Navon-Venezia etal. 2017). K. pneumoniae from the
family Enterobacteriaceae, occurs in the human and
animal gastrointestinal tract microbiome. It is a com-
monly found opportunistic pathogen associated with
the hospital environment and, overall, accountable for
approximately a third of all Gram-negative infections.
It has a role in extraintestinal infections, such as urinary
tract infections, pneumonia, surgical site infections, cys-
titis, and life-threatening infections, including endo-

carditis and septicemia. It is also a significant cause of
severe community-onset infections, such as necrotizing
pneumonia, endogenous endophthalmitis, and pyogenic
liver abscesses (Podschun and Ullmann 1998).

With the ever-growing antibiotic resistance, K. pneu-
moniae is a pathogen recognized for its antibiotic resist-
ance; hence, it is categorized as an ESKAPE organism,
besides other essential MDR pathogens (Boucher et al.
2009). The accumulation of ARGs by K. pneumoniae,
by de novo mutations, is continuous under antibiotic
selective pressure, and through the acquisition of plas-
mids and transferable genetic elements, it stimulates
extensively drug-resistant (XDR) strains harboring
a ‘super resistome. In the past twenty years, many high-
risk (HiR) MDR and XDR K. pneumoniae sequence
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types have appeared that exhibit great capacity of caus-
ing multicontinental outbreaks and continued global
dissemination (Navon-Venezia etal. 2017).

Currently, the spread of carbapenem-resistant
K. pneumoniae (CRKP) has become a severe problem
in the molecular epidemiology of hospital infections.

Frequently, carbapenems serve as the last resort in
the effective treatment of serious infections caused by
multidrug-resistant bacteria. Enzymes that hydrolyze
carbapenems, called carbapenemases, are the major
cause of carbapenem resistance (Matsumura etal.
2017). The molecular classes A, B, and D carbapene-
mases are rapidly disseminated worldwide, challenging
the treatment of Gram-negative infections (Nordmann
and Poirel 2014). Recent reports have demonstrated
that various carbapenem-hydrolyzing enzymes are
disseminated worldwide in CRKP isolates. The fast
evolution of carbapenem resistance quickly evolved
in Enterobacteriaceae in the past decade and became
a developing global threat. The majority of studies on
antibiotic-resistant K. pneumoniae focus on character-
izing carbapenemase producers (KPC, NDM, VIM,
and OXA-48), various clonal groups or complexes
(e.g., CG15, CG17, CG258, or CC147), and epidemic
plasmids (IncA/C, IncFIL, IncL/M, and IncN) that have
been suggested to participate in their global expansion
(Nordmann and Poirel 2014). Carbapenemase co-pro-
ducers have been reported in distinct geographic loca-
tions: European countries (France, Germany, Greece,
Italy, and Poland), Israel, the United States, China, and
West Asia (Turkey) (Baraniak etal. 2011; Nordmann
and Poirel 2014; Baraniak etal. 2015; Guo etal. 2016;
Lee etal. 2016; Zautner et al. 2017; Bukavaz et al. 2018).

The majority of KPC-producing microorganisms
also express f-lactamases and possess genes conferring
resistance to other antimicrobials, i.e. aminoglycosides,
fluoroquinolones, or co-trimoxazole (Nordmann and
Poirel 2014). The resistance rates vary significantly
across countries; MDR K. pneumoniae is endemic in
Mediterranean countries, and Fastern and South-
Western Europe. It stems from ESPL production in
more than 50-60% strains, and non-susceptibility to
third-generation cephalosporins, fluoroquinolones, and
aminoglycosides (Navon-Venezia et al. 2017).

In 2011, the National Reference Center for Sus-
ceptibility Testing (NRCTS) and the KPC-PL Study
Group published the first report from Poland that
presented the molecular characteristics of K. pneumo-
niae producing KPC carbapenemases (Baraniak etal.
2011). Between 2011 and 2015, the bacteria caused
1,067 infection outbreaks; among them, 123 were
caused by K. pneumoniae, and a higher number of
outbreaks were reported from Masovian and Silesian
voivodships (Baraniak etal. 2011). Poland belongs
to the countries of the highest rate of K. pneumoniae
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isolates’ resistance to all groups of drugs subjected to
monitoring, and these rates are twice as high as else-
where in the European Union (EU)/European Eco-
nomic Area (EEA). In these countries, resistant
K. pneumoniae isolates consist on average 20.5% of all
MDR multidrug-resistant strains (Bukavaz et al. 2018).

Given the abovementioned data and the increased
frequency of isolation of CRKP strains from the hospi-
tal environment, we conducted a microbiological and
molecular characterization of carbapenem-resistant
K. pneumoniae isolates with emphasis on the antibiotic
resistance profile, identification of ESPL genes, detec-
tion of carbapenemase genes, and the isolates’ genetic
relationship.

Experimental
Materials and Methods

Hospital settings and sample collection. The study
was performed in the Upper-Silesian Medical Centre
of the Silesian Medical University in Katowice (GCM),
one of the largest multi-profile medical centres, and
one of the largest hospitals in Poland. The hospital
consists of 24 departments and treats over 160 thou-
sand patients per year. Between February and August
2018, 15 non-duplicate CPKP isolates were collected
from fecal samples of 14 patients admitted to three
hospital wards characterized below. The Department
of Neurology with the Stroke Sub-department (NR)
receives 1,750 admissions per year and has 14 rooms
with 44 beds; the Department of Internal Medicine
and Rheumatology (REU) receives 1,935 admissions
per year and has 12 rooms with 37 beds, and the
Department of Anaesthesia and Intensive Care (OAIT)
receives 1,750 admissions per year and has five rooms
with ten beds (Table I). A total of 505 Enterobacteriaceae
isolates were obtained from the patients in these wards
over one-year.

Bacterial identification, antimicrobial suscep-
tibility testing and phenotypic screening. Bacterial
identification and preliminary susceptibility testing
were performed using the automated VITEK® 2 Com-
pact System (bioMérieux, France). The MICs of the
23 antimicrobial agents were evaluated with E-test
strips (AB BIODISK, bioMérieux, France). MIC value
results were interpreted according to the EUCAST
breakpoints (EUCAST 2019). All isolates were screened
phenotypically for the presence of KPC-, OXA-48-, and
metallo-p-lactamases (MBL). Double-disc synergy tests
(DDST) were carried out to confirm ESPL production
(CLSI 2018) and to detect MBL production, as pub-
lished previously (Matsumura et al. 2017). The pheno-
typic detection of KPC-producing isolates was assessed
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by an available protocol (Doi etal. 2008). According
to the protocol, the boronic acid combined-disk tests
using meropenem (10 pg) as the antibiotic substrate
and 3-aminophenylboronic acid (3-APBA) (300g,
Sigma-Aldrich) as the inhibitor of KPC production
was used. The detection of OXA-48 was performed in
line with the EUCAST guidelines (Shaker etal. 2018).
MDR and XDR were defined according to a standard-
ized international document (Magiorakos et al. 2012).

Extended-spectrum P-lactamase genes (ESPLs)
identification. Polymerase chain reaction (PCR),
as described by Caltagirone etal. (2017) was used
to determine bla g, and bla . CTX-Mplex PCR
was used to detect blaCTX_M_ty_pe, bla.. .>andbla_. .

(Xu etal. 2005).

Carbapenemase genes detection. The existence
of carbapenemase encoding genes (bla,,.., bla,,
bla,,, . bla,,and bla, ) was confirmed using the

PCR method (Bukavaz etal. 2018).

PFGE. The genetic relatedness of isolates was investi-
gated using the Pulsed Field Gel Electrophoresis (PFGE)
method, following genomic DNA extraction and diges-
tion with Xbal endonuclease (Fermentas, Lithuania), as
described previously (Han etal. 2013). Salmonella ente-
rica subsp. enterica serovar Braenderup strain H9812
(ATCC® BAA664™) and K. pneumoniae ATCC® BAA-
1705™ were used as reference markers. PFGE band-
ing patterns were compared using BioNumerics v.6.5
(Applied Maths, Belgium) software. The relatedness was
determined by the unweighted pair group method using
the average linkages (UPGMA), and the similarity of
bands was calculated using the Dice coefficient.

MLST. Multilocus Sequence Typing (MLST) was con-
ducted with the use of seven conserved housekeeping
genes (gapA, infB, mdh, pgi, phoE, rpoB, and tonB) (Guo

.
6965 |
6976/1,2
.
6968 |
2
.
154/25428 |
7125804 |
11/25808
13/25810 |
o]
4
.

Patient ID

xR
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etal. 2016). A complete protocol of the MLST proce-
dure, including the allelic profile and sequence type (ST)
assignment techniques, is available in MLST databases.

Results

Patients’ characteristics. Patients’ characteristics
is presented in Table I. During seven months, the
15 K. pneumoniae isolates were collected from fourteen
patients aged 65.5 years on average. The average dura-
tion of hospitalization was 37 days. All patients were
found to be colonized by similar CRKP isolates. One
patient developed a bloodstream infection (only blood
isolate available) and was successfully treated with
linezolid and colistin. Two of the improved patients
were treated with carbapenem. Five patients died; their
deaths were not associated with any particular etiology,
though. CRKP strains were isolated at various stages
of patients’ hospital stay. An average time from patient
admission to the microorganism isolation was 16 days;
in patient no. 3 the corresponding period was 64 days,
while in patients nos. 1 and 5 - the period was only five
days. None of the patients had traveled abroad shortly
before their hospital admissions, so any travel experi-
ence could explain the colonization.

Epidemiologic investigation. The studied K. pneu-
moniae isolates’ epidemic curve exhibited a bimodal dis-
tribution of cases with two peaks separated by 148 days
(Fig. 1). It could indicate double discrete periods (Febru-
ary-March 2018 and July- August 2018) with unobserved
cases in January, April, May, and June. The NR ward was
involved in these distinct periods. Following the index
case, four new cases were registered in the OAIT, six
cases in the NR, and three in the REU (Table I).

52\7 Date of isolation of CRKP

April May
Year 2018

January 'February' March

June July  August

Fig. 1. Gantt diagram depicting a timeline of patients’ admissions in relationship with the three wards and the length
of stay in each ward. Epidemic curve based on the number of K. pneumoniae isolated in the time frame of the study.
Abbreviations: OAIT-Department of Anaesthesia and Intensive Care, NR-Department of Neurology
with the Stroke Subdepartment, REU-Department of Internal Medicine and Rheumatology.



1 Clonal dissemination of Klebsiella pneumoniae ST147 in Poland 111

Antimicrobial resistance. The antimicrobial resist-
ance profiles for the isolates are listed in Table II. We
have classified nine (60%) strains as MDR and six (40%)
as XDR. All isolates showed resistance to penicillins,
cefalosporins, carbapenems (doripenem, ertapenem,
meropenem), quinolone (ciprofloxacin), aminoglyco-
sides (amikacin, gentamycin, netilmycin, tobramycin),
and other antibiotics (aztreonam, trimethoprim/sul-
famethoxazole, fosfomycin). Eleven isolates (73.3%)
were sensitive to amikacin, two isolates (13.3%) were
in the intermediate range with the MIC values equal
to 12 pg/ml, and two isolates (13.3%) were resistant.
Moreover, seven strains (42.8%) were resistant to tige-
cycline, five (35.7%) were in the intermediate range
with the MIC values above 2 pg/ml. Interestingly, two
isolates (13.3%) showed susceptibility to imipenem,
and the resistance of one isolate (6.7%) to imipenem
was within the intermediate range.

Phenotypic screening of carbapenemases and
associated pB-lactamases. In all K. pneumoniae isolates
(n=15,100%), the ESBL mechanism was not found in
phenotypic tests. Also, MBL production was not pheno-
typically detected in these isolates. However, all strains
were positive for K. pneumoniae carbapenemase (KPC)
production by the modified Hodge test (n=15, 100%).
In addition, phenotyping detection of carbapenem-
resistant class D using the carbapenemase detection set
with temocillin disc (30 pg) revealed that all isolates
were positive for OXA-48 (n=15, 100%).

B-lactamase genes detection. PCR amplification
and sequencing analysis confirmed the presence of

PFGE-Xbal

80
100

Isolate no.

E

bla,.,.bla,, . bla,, inall 15 of the K. pneumoniae
isolates. In addition, the only identified bla ., ,, variant
in all 15 strains was bla .., ... The results are presented
in Fig. 2. No isolate was found to be positive for bla
bla . bla . ,andbla, .

Molecular epidemiology. Out of fifteen isolates
concerned, all belonged to a single PFGE cluster
(clone A) (Fig. 2).

Moreover, an MLST analysis allowed us to classify
all isolates as the sequence type ST147 (allelic profile:
3-4-6-1-7-4-38) belonging to the CC147 clonal complex.
It confirmed clonal relationships between the isolates.

SHV?

Discussion

The presented work stems from the problem of
clonal dissemination of KPC-2, VIM-1, and OXA-
48-producing K. pneumoniae ST147 noticed in one
hospital in Katowice, the Silesian Voivodeship, Poland.

K. pneumoniae belongs to Gram-negative bacteria
of the family Enterobacteriaceae. The pathogens can
easily cause hazardous epidemic outbreaks and spread
globally in the form of clones with increased virulence
and epidemicity. These features are associated with the
widespread presence of Enterobacteriaceae in humans
(gastrointestinal carriage) and their great importance
as frequent infection etiologic agent in facilities that
carry out inpatient and outpatient treatment (Navon-
Venezia etal. 2017). Studies that focus on K. pneumoniae
are therefore desired, as they provide vital scientific

Carbapenemases resistance genes ESBL gene PFGE cluster ST

1
~ 11/25808
13/25810

- 154/25428

@ o B oW N

6965
6968
6976/1

{ 7
7125804
6976/2

blakrc-2, blaoxa-as, blavim- blactx-m-15 A 147
blaxpc-2, blaoxa-as, blaviv- blacTx-ms A 147
blaxec-z, blaoxa-as, blavim-1 blactxm-1s A 147
blakec-2, blaoxa-as, blaviv-1 blactx-m-15 A 147
blaxrc-2, blacxa-as, blavim- blactx-m-15 A 147
blaxpc-2, blacxa-as, blavin blactx-m-15 A 147
blakec-z, blaoxa-s, blavim-1 blactxm-15 A 147
blaxpc.2, blaoxa-ag, blavim-1 blacTxm-15 A 147
blaxpc-z, blaoxa-g, blavi-1 blactxm-15 A 147
blakec-z, blaoxa-as, blavim-1 blactx-m-15 A 147
blakec-2, blaoxa.as, blaviv- blactxm-1s A 147
blakec-2, blaoxa-s, blavi-1 blactm-1s A 147
blakpc-2, blaoxa-as, blaviv-1 blacix-m-1s A 147
blakec-z, blaoxa-as, blaviv-1 blacTx-m-15 A 147
blaxec-z, blaoxa-s, blavin-1 blacTxm-1s A 147

Klebsiella pneumoniae ATCC® BAA-1705™
Salmonella enterica serovar Braenderup (H9812) ATCCi BAA-664™

}REFERENCE STRAINS

Fig. 2. Dendrogram of Xbal-digested genomic DNA from carbapenemase-co-producing K. pneumoniae isolates, additionally presenting
the results of PCRs for genes encoding carbapenemases and other p-lactamase. PFGE settings: similarity coefficient, Dice;
optimization, 1%; tolerance, 1%; clustering method, UPGMA.
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grounds for the relevant action to be taken in the field
of public health in respect of molecular epidemiology.

This study’s subject was a particular group of micro-
organisms classified as bacterial alarm agents (BCA) of
particular virulence or resistance, i.e., carbapenemase-
producing K. pneumoniae strains belonging to the
order Enterobacterales. All K. pneumoniae isolates were
derived from intestinal colonization cases in the patients
studied. This work elaborated epidemiological opinions
on the BCA epidemic threat occurrence in the multi-
profile medical center in Katowice. It was also based
on suspicion of an epidemic outbreak since we noticed
clonal dissemination of several CRKP isolates and one
case of symptomatic hospital infection with a blood
CRKP strain. This strain was isolated in a given depart-
ment 48 hours after the patient’s admission. The coloni-
zation of fourteen consecutive hospitalized patients with
the same strain of the CRKP was also reported. CRKP
isolates had unique properties such as the accumulation
of numerous antibiotic resistance mechanisms and the
capability to persist in a hospital environment. It resulted
in special attention being paid to CRKP strains” health
care risk (Navon-Venezia etal. 2017). The genes encod-
ing KPC, MBL, and OXA-48 are located on the so-called
mobile genetic elements (plasmids, transposons) that
allow effective spreading within bacterial populations.
The genes encoding KPC carbapenemases (bla,, ) are
located on the Tn4401 transposon located on plasmids
with different types of replicons (IncF, IncL/M, ColEl,
IncR, and IncX3). These plasmids show the ability to
conjugate and propagate the bla_, . genes to new bacte-
rial populations (Baraniak et al. 2011).

On the other hand, the most important families of
the MBL acquired are the enzymes IMP and VIM occur-
ring both in non-fermenting and intestinal bacilli. The
bla,,,and bla, genes always exist as cassettes inserted
into integrons. In turn, integrons can be located on
transposons and move with them between DNA mole-
cules (Izdebski et al. 2018b). ESBL enzymes exist mainly
as acquired, plasmid-encoded B-lactamases. ESPL-enco-
ding genes are often located on conjugation plasmids
(IncFII, Incl), including those with a broad host range
(IncA/C, IncL/M). It allows them to spread rapidly, also
between strains belonging to different species. Frequ-
ently noted are encoded by bla,_.,, ,, genes ESBL enzymes,
active against cefotaxime CTX-M and localized on plas-
mids in Enterobacterales (1zdebski et al. 2018a; 2018b).

The isolates’ antibiotic susceptibility testing con-
firmed the P-lactamase antibiotics resistance profile
typical for carbapenemase producers, as presented else-
where (Zacharczuk etal. 2011; Guo etal. 2016; Izdeb-
ski etal. 2018a). All strains expressed high-level resist-
ance to doripenem, ertapenem, meropenem, although
they showed varying levels of resistance to imipenem.
Ertapenem is the carbapenem that has been suggested as
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most suitable for detecting the presence of bla, , ., which
was confirmed by high MIC values for ertapenem
(>32 pug/ml) in the present study. The presence of KPC
does not always result in expression of in vitro resistance
to imipenem or meropenem, as this carbapenemase
shows limited efficiency of p-lactam ring hydrolysis
in carbapenem particles. In this study, E-test showed
resistance to ertapenem of 7/25804, 11/25808, 13/25810
strains, and susceptibility or medium susceptibility to
imipenem (MICs 4-8 pg/ml), while PCR confirmed
the presence of the bla, ., gene in all three isolates.
Imipenem and meropenem resistance of other strains
might have resulted from decreased outer membrane
permeability or other B-lactamases providing a syner-
gistic effect with KPC (Protonotariou etal. 2018). The
strains’ resistance to third-generation cephalospor-
ins confirmed this hypothesis similarly to the vari-
ous P-lactamases production by K. pneumoniae. The
variability in CRKP strains’ carbapenem susceptibility
illustrates the difficulties encountered while trying to
identify strains producing carbapenemases only with the
E-testing of resistance profiles. To reliably identify such
strains, additional and more specific techniques should
be applied (Xu etal. 2005; Magiorakos etal. 2012; Han
etal. 2013; Caltagirone et al. 2017; Bukavaz et al. 2018).

The bla,.,, bla_, ., and bla  carbapenemase
encoding genes and an additional bla_,, , . cefotaxi-
mase encoding genes have been found to coexist in
all the strains concerned. Lee etal. (2016) found that
K. pneumoniae can carry multiple -lactamase genes
in the same strain, which could be partly responsible
for the pathogen’s selective success. All types of the bla
genes were reported in combinations for this species
(Lee etal. 2016). So far, K. pneumoniae that produce
KPC-2 and KPC-3 carbapenemases have been fre-
quently found in Europe, including Poland (Baraniak
etal. 2011; Zacharczuk et al. 2011; Baraniak et al. 2015;
Grundmann etal. 2017). On the other hand, Mat-
sumura etal. (2017) presented the global dissemination
of Enterobacteriaceae strains carrying the bla, genes.
The VIM-producing Enterobacteriaceae are generally
present in Europe, particularly in Greece, Spain, Hun-
gary, and Italy (Matsumura etal. 2017). Significantly,
an increasing problem with VIM-producing K. pneu-
moniae has been recorded in Greece, where the strains
have accounted for the deaths of 48% of patients over
the last two years (Protonotariou et al. 2018). In Poland,
Izdebski et al. (2018b), collected one hundred and nine-
teen cases of VIM/IMP-positive Enterobacteriaceae in
the period from 2006 to 2012, and showed many spe-
cific or entirely new features of these microorganisms,
undoubtedly related to the properties of pathogens iso-
lated in the abovementioned central-southern countries
Europe, including several likely imported from abroad
(e.g., from Greece) (Izdebski et al. 2018b).
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The strains containing OXA-48 B-lactamases pro-
vide another example of rapid immigration of harmful
microorganisms to Europe from their endemic regions,
mostly eastern and southern Mediterranean countries
(Egypt, Morocco, and Turkey). OXA-48-like-positive
strains cause hospital outbreaks of epidemics in Bel-
gium, France, Netherlands, Germany, Spain, and other
countries (Nordmann and Poirel 2014; Grundmann
etal. 2017). In the most recent report developed by
OXA-48-PL Study Group monitoring the Enterobac-
teriaceae OX A-48-positive strains’ spread, the authors
demonstrate that these strains have been isolated rela-
tively rarely in Poland (Izdebski et al. 2018a). It was con-
firmed by other European and international research
teams (Nordmann and Poirel 2014; Grundmann et al.
2017). Conjugative transfer of a specific plasmid group
is regarded to be the central mechanism in the spread
of OXA-48 among the Enterobacteriaceae populations
(Nordmann and Poirel 2014).

The high MIC values (>256 pg/ml) for cefotax-
ime may suggest that the strains produced CTX-M
B-lactamases. Multiplex PCR and sequencing have
confirmed bla_ ., - presence in all isolates. The pres-
ence of various CTX-M B-lactamases in K. pneumoniae
in Poland has been confirmed by other research teams
(Baraniak etal. 2011; Izdebski et al. 2018a; 2018b). No
blag,, or bla., have been identified among the isolates.
These results are in line with the persisting trend of
diminished prevalence of hospital-associated K. pneu-
moniae strains producing SHV or TEM [-lactamases,
which has also been noted by other scientists (Rodri-
gues etal. 2014). The type of ESBLs present in K. pneu-
moniae shifted in the 2000s, which caused outbreaks
in hospitals due to the acquisition of plasmids and
transposons encoding bla .., ,, . ESPLs, consequently
resulting in the predominance of CTX-M-producing
strains (Calbo and Garau 2015).

Among non-B-lactam antibiotics, colistin has shown
the highest activity towards the strains concerned.
Similar results have been published by other authors
(Zacharczuk etal. 2011). Among aminoglycosides,
amikacin showed the highest activity. The vast major-
ity of strains (92.8%) were susceptible to amikacin,
unlike in China, where total K. pneumoniae resistance
to amikacin was demonstrated (Guo etal. 2016). The
other aminoglycosides (gentamicin, netilmicin, and
tobramycin) were nonreactive to the CRKP isolates
concerned, in line with data reported by other authors
(Zacharczuk etal. 2011; Guo etal. 2016). On the other
hand, Bukavaz et al. (2018) presented other aminogly-
coside susceptibility profiles in CRKP strains. These
discrepancies are most likely due to different quanti-
ties or origins of the strains concerned, though they
might as well be related to particular hospitals’ or ward’s
antibiotic policies.
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The present analysis has shown a relatively high
percentage of isolates resistant to tigecycline (42.8%),
a synthetic minocycline analogue with a broad spec-
trum of activity. The antibiotic is successfully applied
to treat infections caused by multi-resistant bacterial
strains, including K. pneumoniae. During tigecycline
treatment, Enterobacteriaceae representatives, includ-
ing CRKP strains, may become resistant to the anti-
biotic, as evidenced by Pfarrell et al. (2018). They dem-
onstrated cross-resistance between tigecycline and
minocycline in resistant Enterobacteriaceae strains due
to the MDR pumps, which remove drugs from cells.
The distribution of acquired tigecycline resistance can
vary depending on the geographic location or time;
therefore, it is recommended to concern data on local
resistance, particularly while treating severe infections
(Pfarrell et al. 2018).

Genetic similarity of CRKP isolates was deter-
mined by comparing PFGE profiles (Han etal. 2013).
This method has been widely used by European and
non-European research teams that study epidemic out-
breaks of K. pneumoniae and evidence global spread of
this species’ epidemic clones (Guo et al. 2016; Bukavaz
etal. 2018; Protonotariou etal. 2018). All K. pneu-
moniae strains analyzed in this study belonged to
ST147 (CC147). Navon-Venezia etal. (2017) reported
that ST147 K. pneumoniae clone spread globally. The
involvement of this pandemic clone in the spread of
CTX-M-15 and other carbapenemases in European,
Asian, and Middle East countries was confirmed by
others (Rodrigues et al. 2014; Guo et al. 2016; Zautner
etal. 2017). The data found in the literature on K. pneu-
moniae clonal organization has been confirmed by
research focused on the molecular epidemiology of
infections due to antibiotic-resistant Enterobacteriaceae
(Guo etal. 2016; Protonotariou et al. 2018).

Because of the clonal nature of the isolates studied,
the clinical data about their origin was reviewed to
examine whether the same clonal type was circulating
in the three various hospital wards. The study focused
mainly on stroke patients or patients suffering from
cardiovascular complications who were transferred to
multiple-bed hospital rooms in Stroke Recovery Units,
which were the only places where they were in touch.
Moreover, it is plausible that the neurology ward played
a major role in disseminating the bacteria throughout
the hospital. The spread of the pathogen isolates across
three different hospital wards could imply that the per-
sonnel who can access all hospital wards freely, unlike
the patients and their relatives, might have transmitted
the infections. Scientific literature emphasizes the role
of hospitalization (and its duration) in the process of
bacterial colonization. The frequency of gastrointesti-
nal colonization with K. pneumoniae strains in hospi-
talized patients was high in our study. Gastrointestinal
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colonization with CRKP is an important risk factor
for infections with strains of the same phenotype due
to the easy transfer of the genes and strains’ persistence
in hospital environments, which hinders their eradica-
tion. This research evidences K. pneumoniae adaptation
typical of endemic hospital strains, which are corrobo-
rated by the accumulation of locally spreading resist-
ance mechanisms to the antibiotics most commonly
used for therapeutic purposes.
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Abstract

Staphylococcus aureus is currently a significant multidrug-resistant bacterium, causing severe healthcare-associated and community-
acquired infections worldwide. The current antibiotic regimen against this pathogen is becoming ineffective due to resistance, in addition,
they disrupt the normal microbiota. It highlights the urgent need for a pathogen-specific drug with high antibacterial efficacy against
S. aureus. a-Viniferin, a bioactive phytochemical compound, has been reported to have excellent anti-Staphylococcus efficacy as a topical
agent. However, so far, there were no clinical trials that have been conducted to elucidate its efficacy. The present study aimed to investigate
the antibacterial efficacy of a-viniferin against S. aureus in a ten-day clinical trial. Based on the results, a-viniferin showed 50% minimum
inhibitory concentrations (MIC,  values) of 7.8 ug/ml in culture broth medium. a-Viniferin was administered in the nares three times a day
for ten days using a sterile cotton swab stick. Nasal swab specimens were collected before (0 days) and after finishing the trial (10" day),
and then analyzed. In the culture and RT-PCR-based analysis, S. ureus was reduced significantly: 0.01. In addition, 16S ribosomal RNA-
based amplicon sequencing analysis showed that S. aureus reduced from 51.03% to 23.99% at the genus level. RNA-seq analysis was also
done to gain insights into molecular mechanisms of a-viniferin against S. aureus, which revealed that some gene groups were reduced in
5-fold FC cutoff at two times MIC conditions. The study results demonstrate a-viniferin as a potential S. aureus-specific drug candidate.

Keywords: a-viniferin, clinical trial, MRSA, PCR, 16S rRNA amplicon sequencing analysis

Introduction

Staphylococcus aureus is one of the most common
opportunistic pathogens carried by approximately
30-50% of humans and continues to be a leading
cause of infection-related deaths, ranging from 6-40%
around the globe (Frank etal. 2010; Islam et al. 2020).
Although the axilla, throat, and perineum are essen-
tial reservoirs, the anterior nares are the primary niche
for S. aureus and serve as a reservoir for the pathogen’s
spread (Lowy 1998). S. aureus nasal colonization causes
arange of mild infections to life-threatening conditions,
including fatal endocarditis, pneumonia, bacteremia, or
chronic osteomyelitis. Additionally, it is a risk factor for
life-threatening surgical site infections and infections in

dialysis (Mitchell and Howden 2005). So far, antibiotic
therapy has been the best option for treating S. aureus.
However, S. aureus infections have become a serious
global challenge because of resistance to a wide range
of clinically significant antibiotics and a limited num-
ber of new antibiotics. Previous studies showed that
the rate of discovery of new antibiotics is slowing,
while the occurrence of antibiotic-resistant infections
is increasing sharply, therefore, the rate of antibiotic
withdrawal from the healthcare system is higher than
that of approvals (Kinch etal. 2014). In addition, the
current antibiotic regimen reduces and changes the
skin’s microbial composition and supports pathogen
overgrowth (Chambers and Deleo 2009; Song etal.
2018), highlighting the need to develop new drugs that
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not only serve as effective alternatives to the current
drug regimen but also preserve skin microbiota.

Natural products and secondary metabolites pro-
duced by living systems, mostly plants, have a wide
range of pharmacological properties, including antimi-
crobial and anti-inflammatory ones, and a high potential
for treating human diseases, such as coronary heart dis-
eases, cancer, diabetes, and infectious diseases (Chaban
etal. 2019). According to the World Health Organiza-
tion, 65-80% of the world’s population depends on
traditional medicine to treat many diseases (Chew
etal. 2011). a-Viniferin is a phytochemical compound
extracted from Carex humilis, a medicinal plant that
grows in eastern Asian countries, such as Japan, China,
and Korea (Seo etal. 2017). It was also identified from
Iris clarkei, Caragana Sinica, and Caragana chamlagu
(Chung etal. 2003). a-Viniferin isolated and identified
as a stilbene oligomer has various biological activities,
including antioxidant, anti-tumor, anti-cancer, and anti-
arthritis. It has also been reported to inhibit cyclooxy-
genase, acetylcholinesterase, and prostaglandin H-2
synthase (Sim etal. 2014; Seo etal. 2017). Additionally,
a-viniferin shows antibacterial activity against drug-
susceptible and drug-resistant strains of Mycobacterium
tuberculosis and excellent anti-Staphylococcus activity
against three Staphylococcus species, including methi-
cillin-susceptible S. aureus (MSSA), methicillin-resistant
S. aureus (MRSA), and methicillin-resistant Staphylo-
coccus epidermidis (MRSE) (Seo etal. 2017). Previous
studies using animal models have demonstrated that
a-viniferin improves general health in mammals and is
rapidly absorbed in the blood stream (Baur et al. 2006;
Fan etal. 2020). Although a-viniferin is assumed to be
a potential S. aureus-specific drug, there were no clini-
cal studies on its effects on S. aureus to the best of our
knowledge. In this study, we investigated a-viniferin
clinical efficacy in eradicating S. aureus from the nasal
carriage. Additionally, we looked over the effectiveness
of a-viniferin against nasal MRSA.

Experimental
Materials and Methods

a-Viniferin and its antimicrobial inhibition. We
purchased the a-viniferin, pale brown powder (Cat No.:
CFN97068) from Chem Faces (Wuhan, Hubei, China)
and confirmed its specific toxicity against 20 bacterial
strains obtained from the National Culture Collec-
tion for Pathogens (NCCP) (Chungbuk, Korea). The
minimal inhibitory concentration (MIC) of a-viniferin
against each bacterial strain was determined using
cation-adjusted Mueller-Hinton broth according to the
Clinical and Laboratory Standards Institute (CLSI).
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Each well of a 96-well plate was inoculated with 200 ul
of the inoculum suspension (1 x10° to 1 x 10° CFU/ml)
and the plates were incubated for 24 h. The MIC val-
ues were determined as the lowest drug concentrations
that showed complete inhibition of visible growth.
The bacterial strains were as follows: Escherichia coli
NCCP 14762, Proteus vulgaris NCCP 14765, Shigella
boydii NCCP 14745, Shigella flexneri NCCP 14744,
Shigella dysenteriae NCCP 14746, Staphylococcus aureus
NCCP 14780, Staphylococcus epidermidis NCCP 14768,
Staphylococcus aureus MRSA NCCP 14769, Coryne-
bacterium diphtheriae NCCP 10353, Salmonella ente-
ritidis NCCP 14771, Acinetobacter baumannii NCCP
14782, Streptococcus sangunis NCCP 14775, Streptococ-
cus pyogenes NCCP 14783, Streptococcus pneumoniae
NCCP 14774, Serratia marcescens NCCP 14770, Citro-
bacter freundii NCCP 14766, Enterobacter aerogenes
NCCP 14761, Proteus mirabilis NCCP 14763, Kleb-
siella pneumoniae NCCP 14764, and Escherichia coli
0157 NCCP 14541.

Study design and subjects. Our study enrolled
20 Korean adult females aged between 20 and 60 years
following inclusion and exclusion criteria. The inclu-
sion criteria comprised health and physical fitness, age
>18 years, and the willingness to avoid topical agent
applied to the nares during the entire trial. The char-
acteristics of the subjects are shown in Table SI. The
Institutional Review Board approved this study of the
Korea Dermatology Research Institute (IRB Number:
KDRI-IRB-20231, Study Code: KDRI-2020-231). We
obtained written informed consent from all participants
before conducting the study. The study was carried out
according to the 1964 declaration of Helsinki.

Clinical experiment. Following the randomiza-
tion sequence, we sequentially numbered containers
with the study drug, a-viniferin, and provided it to the
numerical order participants. Nare’s specimens were
collected on day 0 and at day ten by a professional. Dur-
ing the trial, each participant’s skin moisture content
was measured on days 0, 4, and 8 using a corneometer
CM 825 (Courage and Khazaka, Germany). Each time,
the corneometer measurement was done five times at
constant temperature and humidity (20-24°C, 40-60%
RH), at the same site, in the same way, and the aver-
age value was recorded as an immediate value. The
recorded value was then analyzed to observe our study
drug’s moisturizing power because moisture content
plays a key role in maintaining an intact skin barrier
(Mojumdar etal. 2017). During and immediately after
the test, a dermatologist examined the skin for irritation
or allergic symptoms.

Skin irritation test. Before the clinical trials,
a skin irritation test for three concentrations of a-vini-
ferin (10 pg/ml, 100 pg/ml, 1,000 ug/ml) was done on
32 Korean adult females in a different place to rule
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out the possibility of skin irritation of the test drug.
The characteristics of the participants are shown in
Table SII. The drug solution was loaded into a clear
patch chamber, and then the patches were applied onto
the participants’ backs. All participants were advised
to avoid water, heavy exercise, and scratching. The
patch chambers were removed after 48 hours. After
thirty minutes of patch removal (total 48 hours test),
the reaction site was observed and observed again
after 24 hours (total 72 hours of the test). The reac-
tions were graded according to the recommendation
of the International Contact Dermatitis Research
Group (ICDRG), and Frosch and Kligman (Frosch and
Kligman 1979; Lachapelle and Maibach 2020). This
study was approved by the Institutional Review Board of
the COREDERM Skin Research Center (IRB Number:
CDIRB-QR-20-025, Study Code: CDS-2000-005-14).
We obtained written informed consent from all partici-
pants before conducting this study.

Preparation and application of a-viniferin. We
prepared a-viniferin suspension by mixing the powder
with sterile distilled water at 100 mg/l. A sterile cot-
ton swab (BD Difco, USA) was used to treat the nares;
the swab was moistened with the drug suspension and
then gently rubbed the anterior nares while rotating it
for 15 seconds. The drug was applied three times daily
for ten days in right and left nares. The participants
themselves made the application of the drug solution.

Sample collection. An expert did the collection of
nasal specimens at day zero (0) and the end of the trial
(at day 10), by swabbing the anterior nares with sterile
foam-tipped swabs moistened with a mixed solution
of 0.15M NaCl and 0.1% Tween 20 solution (Sigma-
Aldrich, France) (You etal. 2019). Each region was
swabbed for 15 seconds while rotating the swab and
exerting gentle pressure. Each swab was then placed
into the swab container without touching any objects
and transported to the laboratory in a dry-ice bag con-
tainer within two hours of collection.

Culture of microorganisms. Upon receiving the lab
samples, we added 2 ml 0.15 M NaCl solution into the
swab container, vortexed it enough, and transferred it
into a fresh microcentrifuge tube. After doing a 10-fold
serial dilution four times (107! to 107*) in 0.15 M NaCl
solution, we placed a 10-pl sample from each of the dilu-
tion-tube in duplicate onto the nutrient agar, a staphy-
lococcus agar medium (BD Difco, USA), and a second
staphylococcus agar medium containing methicillin
antibiotic (50 pg/ml) for the culture-based quantifica-
tion of nasal microbiota, S. aureus, and MRSA, respec-
tively, using a spread plate method. After 48 hours of
incubation at 37°C, plates were inspected for the growth
of colonies with morphology characteristic of S. aureus.
We distinguished S. aureus from other Staphylococcus
species by its round and golden-yellow colonies. For
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each dilution, the average of the two duplicate plates
was calculated. When two successive dilutions yielded
30 to 300 colonies, the average count of both dilutions
was calculated. We stored the rest of the samples at
-80°C for further molecular analysis.

DNA extraction. We extracted DNA for real-time
quantitative PCR (qRT-PCR) and next-generation
sequencing (NGS)-based 16S rRNA profiling by thaw-
ing samples and transferring them to Lysing Matrix B
tubes aseptically (MP, Biomedicals, USA), followed
by mechanical lysis through bead beading. After cen-
trifuging enough, we collected supernatant without
any visible particles. Next, we checked the quality of
extracted DNA by agarose gel electrophoresis and visu-
alized it using ethidium bromide (Bio-Rad, ChemiDoc,
USA). We also quantified the isolated DNA by a Qubit
Fluorometer using a dsDNA HS Assay kit (Invitrogen,
USA). We used a 0.15M NaCl solution as a negative
control to ensure no DNA contamination occurred dur-
ing the whole process (Rainer et al. 2020).

qRT-PCR. We did gRT-PCR (C1000 Thermal Cycler)
to test for the presence and quantification of S. aureus
and MRSA in the nasal swab samples separately, target-
ing organism-specific genes is a significant correlation
between PCR cycle threshold (Ct) value and bacterial
load (Dionne etal. 2013; Davies etal. 2018). We used
the following primers in this study: SA1 (5-AATCT-
TTGTCGGTACACGATATTCTTCACG-3’) and SA2
(5>-CGTAATGAGATTTCAGTAGATAATACA
ACA-3) specific for S. aureus (Pereira et al. 2010); and
MRS1 (5-TAGAAATGACTGAAC GTCCG-3’) and
MRS2 (5-TTGCGATCAATGTTACC GTAG-3’)
specific for MRSA (Del Vecchio et al. 1995). We also
used 16S rRNA universal primers to quantify resident
nasal microbiota. We did the assay in a final volume
of 20 pl consisting of a 5-pl extracted template DNA
and 15 pl reaction mixtures: 4 ul nuclease-free water,
10 pliQ SYBR Green Supermix (Bio-Rad Laboratories,
USA), and 0.5 ul each of the forward and reverse primer
(10 pmol/ul). We did amplification as follows: an ini-
tial DNA denaturation and enzyme activation at 95°C
for 3 min, followed by 49 cycles of a 10-s denaturation
step at 95°C, a 10-s annealing step at 55°C, and a 30-s
extension step at 72°C.

Absolute quantification. To make a qRT-PCR
standard curve (threshold cycle versus the number of
CFU/ml curve), we cultivated an S. aureus stock culture
(0.1% inoculation) in Mueller-Hinton broth (BD Difco,
USA) for 6-8 hours at 37°C using a shaker incubator
(BioFree, Korea). We then checked the optical density
(OD at 600 nm) using a spectrophotometer (DR 1900,
Hach, USA); it was 0.8 to 1.0. Next, we centrifuged the
broth culture to get the bacterial pellet at 1,811.16 x g for
10 mins employing a Hanil combi R515 (Hanil Scientific
Inc., Korea) serially diluted the pellet 10-fold eight times
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using sterile distilled water. After that, we extracted
DNA through mechanical lysis as described in the DNA
Extraction section, amplified it by qRT-PCR, and used
the data to create the standard curve in which each tar-
get CFU is plotted against the resulting C value.

16S rRNA-based amplicon sequencing. Following
the DNA extraction, we amplified the V4 hyper-variable
region of the 16S ribosomal RNA gene. We used the V4
region-specific primers with a locus-specific overhang
sequence: 515F-5 - TCGTCGGCAGCGTCAGATGT-
GTATAAGAGACAG- GTGCCAGCMGCCGCGGTAA
and 806R - 5-GTCTCGTGGGCTCGGAGATGTG-
TATAAGAGACAG-GGACTACHVGGGTWTCTAAT
(overhang sequence-locus specific-sequence). We atta-
ched indexes and Illumina sequencing adapters through
index PCR using a Nextera XT Index kit v2 (Illumina,
USA). We used Agencourt AMPure XP (Beckman
Coulter, USA) beads after every PCR step to purify the
PCR products and quantified them using the Qubit
dsDNA HS Assay kit (Invitrogen, USA). We then nor-
malized the samples, pooled, mixed them with PhiX
Control v3 (Illumina), and sequenced them using Illu-
mina iSeq 100 platform (Illumina). Finally, we analyzed
the sequence data using Ezcloud software that exhibits
the entire microbial profile within the sample tested.

Gene expression profiling. Drug treatment, RNA
extraction, and analysis. To understand how a-viniferin
downregulate S.aureus gene expression, we treated
an S. aureus broth culture with a-viniferin, extracted
RNA, and sent it for the RNA sequencing. We culti-
vated S. aureus culture and measured optical density as
described in the absolute quantification section. Then,
we distributed the broth culture into three tubes; each
tube contained 30 ml of broth. Afterward, we added
a specific volume of a-viniferin stock solution to the
tubes separately to make the drug concentration 1 x
the MIC value (10 ug/ml) and 2 x the MIC value (20 pg/
ml). We also used drug-free 0.15M NaCl solution in
one of the tubes as a negative control. We then incu-
bated the drug-treated and drug-free culture at 37°C
for 6-8 hours on a shaker incubator. After the incuba-
tion, we extracted total RNA from the broth cultures of
S. aureus using the RNA Protect Bacterial Reagent and
RNeasy Mini kit (QIAGEN, Germany), according to the
manufacturer’s instructions (RNeasy Mini Handbook).
We also used an RNase-free DNase set (QIAGEN) for
the degradation of the existing DNA. We assessed the
quality of the isolated total RNA through 2% agarose
gel electrophoresis since high-quality RNA is a prereq-
uisite for ensuring all expressed genes’ representation.
We sent RNA samples for RNA sequencing, which has
become a standard tool for analyzing gene expression in
bacterial infections (Saliba et al. 2017). We did an RNA
sequencing assay using a commercial RNA sequencing
service (Ebiogen, Seoul, Korea).
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Library preparation, sequencing, and data anal-
ysis. We used a QuantSeq 3’ mRNA-Seq Library Prep
Kit (Lexogen, Inc., Austria) to construct an RNA
library following the manufacturer’s instructions. In
brief, we hybridized 500 ng of the total RNA with an
oligo-dT primer containing an Illumina-compatible
sequence at the 5 end, followed by reverse transcrip-
tion. We initiated the second-strand synthesis using
a random primer containing an Illumina-compatible
linker sequence at its 5 end after the degradation of
the RNA template. We used magnetic beads to remove
all the reaction components and purify the double-
stranded library. We then amplified the library to add
the entire adapter sequences essential for cluster gen-
eration. Finally, we purified the complete library from
PCR components, did a high throughput sequencing
as single-end 75 sequencing using NextSeq 500 (Illu-
mina). After the sequencing, we used Bowtie2 to align
the QuantSeq 3'mRNA-Seq reads. We created Bowtie2
indices from either a representative transcript sequence
or a genome assembly sequence for aligning with
genome and transcriptome. We used alignment files
for assembling transcripts, estimating their abundances,
and detecting different expressions of genes. We used
Bedtool coverage to find the differentially expressed
genes based on counts from unique and multiple align-
ments. We processed the RT (Read Count) data based
on Quantile normalization using EdgeR within R using
Bioconductor. We based gene classification on searches
done in the DAVID (http://david.abcc.ncifcrf.gov/) and
Medline databases (http://www.ncbi.nlm.nih.gov/).

Statistical analysis. We analyzed the corneometer
value, CFU, and qRT-PCR data using Prism 7.0 (Graph-
Pad Software, Inc., La Jolla, USA). We used a two-tailed
Student’s t-test to evaluate the statistical significance of
the results of three independent experiments done in
triplicate. In the graph, data are represented as mean
+ standard deviation (SD). Means were considered to be
significant at p<0.05 (*p < 0.05, *p < 0.01, **p < 0.001,
ot <0.0001). We analyzed NGS-based 16S rRNA
sequencing data using Ezcloud software. We also used
the hypergeometric distribution to analyze the RNA
sequencing data.

Results

Antimicrobial inhibition. Antibacterial inhibition
of a-viniferin was tested against 20 bacterial isolates.
The antibacterial activities of a-viniferin and two ref-
erences antibiotics VAN and MET, expressed as MICs,
are shown in Fig. 1, where MICs values were expressed
up to 100 ug/ml. However, in this study, a-viniferin
showed excellent anti-staphylococcus efficacy with the
MIC value of 7.8 ug/ml against three Staphylococcus
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Fig. 1. Antimicrobial inhibition. Antibacterial activities, expressed

as MIC,, of a-viniferin (A), Vancomycin (B) and Methicillin (C)

against 20 bacterial isolates. Bacterial suspensions (1 x 10° to 1x 10° CFU/ml) were incubated with varying concentrations of a-viniferin,
Vancomycin, Methicillin in Mueller Hinton Broth in a 96 well plate for 24 h at 37°C. In vitro MICs were determined by the broth dilu-
tion procedures described by the Clinical and Laboratory Standards Institute (CLSI).

species including methicillin-susceptible S. aureus
(MSSA), methicillin-resistant S. aureus (MRSA), and
methicillin-resistant S. epidermidis (MRSE) with no
toxicity to other bacterial strains (Fig. 1A). The refer-
ence drug VAN was also active against three Staphylo-
coccus species, but it also showed toxicity against other
bacterial strains (Fig. 1B), and MET was also tested as
a second reference drug (Fig. 1C). These results indicate

a-viniferin as a potential antibacterial agent with spe-
cific toxicity against Staphylococcus group.

Clinical experiment. We performed a 10-day clini-
cal trial to investigate the antimicrobial efficiency of
a-viniferin, in which 20 healthy Korean adult females
participated. The drug was applied in the right and
left anterior nares three times daily. We collected the
nasal swab samples before (day 0) and after conducting
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the clinical trial (day 10), and we analyzed them
through culture-based and molecular-based tech-
niques (Fig. 2A). We also measured each participant’s
skin surface’s hydration level using a corneometer at
day 0, fourth, and eighth, respectively, and then the
corneometer value, A.U, was analyzed. We observed
that skin moisture content increased to a statistically
significant level (p<0.001) at day 4 (21.11%) and at
day 8 (41.10%), compared to day 0, demonstrating the
moisturizing power of a-viniferin (Fig. 2B).

Skin irritation test. A skin irritation test of a-vini-
ferin was done in 32 healthy females in different loca-
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Fig. 2. Clinical experiment of a-viniferin. General overview of
clinical experiment. o-Viniferin was treated three times daily
both in the left and right nares using a sterile cotton swab stick
for 10 days. Nasal specimens were collected at 0" day (drug-free)
and 10™ day (a-viniferin treated) and analyzed (A). Skin Mois-
ture Content Measurement. Skin moisture content was also mea-
sured during the a-viniferin treatment at day 0, 4, and 8 respec-
tively, using coreometer. After a 4-day and 8-day treatment, the
skin moisture content of the area was increased dramatically
(p<0.001) to 21.11% and 41.10% respectively, compared to at
day 0 (B). The experiments were performed in triplicate, and the
data are represented as mean values and standard deviations. *Sta-
tistical significance vs. drug-free control using one-way ANOVA
(*p<0.05, *p<0.01, **p<0.001).

tions before performing the clinical trial; with all par-
ticipants, after the patch was attached for 48 hours,
a-viniferin did not show skin irritation or allergic reac-
tions at 30 mins and 24 hours after patch removal. The
mean values with three different a-viniferin concentra-
tions in both cases were 0.00 and were classified as hav-
ing a low range (0.00-0.87) irritation potential accord-
ing to the classification criteria (Table I). These results
ensure the safety profile of a-viniferin as a topical agent.

Culture-based quantification. To enumerate the
culturable bacteria, S. aureus, and MRSA in the drug-
free and a-viniferin-treated samples, we collected nasal

Table I
Skin irritation test result.
Material’s No. res- 30 min. after patch removal (48 hrs.) 24 hrs. after patch removal (72 hrs.) Mean:
name ponder | 0.5+ | 1+ 2+ 3+ 4+ | mean | 0.5+ | I+ 2+ 3+ 4+ | mean
1. a-viniferin 10 0 -b - - - - 0.00 - - - - - 0.00 0.00
2. a-viniferin 100 0 - - - - - 0.00 - - - - - 0.00 0.00
3. a-viniferin 1,000 0 - - - - - 0.00 - - - - - 0.00 0.00
4. Negative control | 0 - - - - - 0.00 - - - - - 0.00 0.00

2.43 ~3.44, moderate; 3.45 <, severe)

b « «

— Mean: (mean value of skin reaction at 48 hrs. + mean value of skin reaction at 72 hrs.)/2. (Mean score: 0.00~0.87, low; 0.88 ~2.42, mild;

: No reaction. (Reaction score: 0, —, no reaction; 0.5, +, Barely perceptible erythema, Doubtful or questionable reaction; 1, +, Slight erythema,

either spotty or diffuse; 2, ++, Moderate uniform erythema; 3, +++, Intense redness with edema; 4, ++++, Intense redness with edema and

vesicles).
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Fig. 3. Culture-based quantification. Nasal swab samples of 0 and 10" days were collected and incubated in nutrient agar, staphylococcus
agar media 110, and staphylococcus agar media 110 containing methicillin antibiotic for 48 hours at 37°C by using spread plate technique.
After this period, antimicrobial activity was determined by the colony forming unit (CFU) method against normal flora (A), S. aureus
(B), and MRSA (C), respectively. The experiments were performed in triplicate, and the data are represented as mean values and standard
deviations. *Statistical significance vs. drug-free control using unpaired two-tailed Students’s ¢-test (*p <0.05, **p <0.01, ***p <0.001).

specimens on day 0 and tenth. We assayed them on
the nutrient agar, staphylococcus agar medium, and
a staphylococcus agar medium containing methicil-
lin (50 ug/ml) through spread-plate techniques. After
incubation, we analyzed the resulting CFU data, which
revealed that the samples’ bacterial content remained
almost constant throughout the clinical trial period. The
average number of commensal bacteria before and after
the treatment was 1.7 x 10’ CFU/ml and 1.2 x 10" CFU/
ml, respectively, and the p was 0.616 (p>0.05) (Fig. 3A),
indicating lack of significant change in bacterial con-
tent after a-viniferin treatment. On the other hand,
the average number of S. aureus before and after the
treatment was 3.8 x 10° CFU/ml and 8.3 x 10 CFU/ml,
respectively, and the p was 0.002 (p <0.01) (Fig. 3B). The
MRSA number was 7.8 x 10* CFU/ml and 2.9 x 10° CFU/
ml, respectively, and the p was 0.008 (Fig. 3C), indicat-
ing a significant reduction in the number of S. aureus
and MRSA during the clinical trial. Overall, the culture-
based quantification results demonstrate a-viniferin as
an antibacterial agent with specific activity against the
staphylococcus group, including MRSA without affect-
ing the nares’ resident normal microbiota.
qRT-PCR-based quantification. We did qRT-PCR
using S. aureus- and MRSA-specific primers to evalu-
ate and quantify these organisms in the nares samples.
We then analyzed the resulting C value and found that
the C values for S. aureus and MRSA increased, which
indicated the reduction of the organism populations. It
is also noteworthy that there was no noticeable change
in the C value of normal microbiota (p >0.05) (Fig. 40).

In Fig. 4B, the difference of the C value between the
columns is four, which indicates that the S.aureus
number was reduced 16-fold while the MRSA number
decreased 32-fold (Fig. 4C). Since we know that in each
amplification cycle, the target doubles exponentially,
and the C, value is inversely related to the content of
starting material. To calculate the reduction of bacte-
rial numbers in the samples, we generated a qRT-PCR
standard curve (Fig. 4D). Comparing the analyzed data
with this curve, the initial and final average C value of
S. aureus was 31 and 35 (p <0.01), which corresponded
to 1.6 x10* CFU/ml and 1 x 10> CFU/ml, respectively.
Furthermore, MRSASs initial and final average C
value was 32 and 37 (p<0.001), which corresponded
to 1x10* CFU/ml and 3.2 x 10> CFU/ml, respectively.
Based on the Ct values in this study, we can conclude
that a-viniferin treatment did not significantly change
the microbiota, but the prevalence of S. aureus, includ-
ing MRSA, changed significantly. These findings dem-
onstrated the specific antimicrobial effectiveness of
a-viniferin against S. aureus and MRSA.

NGS-based 16s rRNA profiling. To determine
the whole bacterial composition throughout the
a-viniferin-treatment period, we did 16S rRNA ampli-
con sequencing. Based on the results, the Staphylococ-
caceae family and Staphylococcus genus were the most
abundant in the nares, covering 51.04% and 51.03%
of the whole microbial community. After a-viniferin
treatment, we observed that the organisms decreased
from 51.04% to 23.99% at the family level and 51.03%
t0 23.99% at the genus level (Fig. 5).
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Fig. 5. NGS-based 16S rRNA profiling. To know the whole bacterial composition throughout the a-viniferin treatment, we conducted 16S

rRNA amplicon sequencing with 0" (a-viniferin-free) and 10" days (a-viniferin treated) nasal swab samples, and the resulting data was

analyzed by Ezcloud software. Staphylococcaceae is the most dominant family, which decreased from 51.04% to 23.99% (A), and Staphylo-
coccus is the most abundant among the genus level group that reduced from 51.03% to 23.99% (B) after the a-viniferin treatment.
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Table II
Number of genes (FC cutoft >2 and 5) regulated in S. aureus by 1x and 2x MIC a-viniferin treatment for 8 hours at 37°C,
according to functional class.
Total 2-fold 5-fold
Functional classification nu1(1)1fb “r 1 x MIC 2 x MIC 1 x MIC 2 x MIC
genes up |[down| up |[down| up |down| up |down
1 DNA metabolism 92 9 2 20 11 2 0 2 0
2 Energy metabolism 126 10 17 22 31 1 5 5 11
3 Protein synthesis 85 5 4 12 15 0 0 1 1
4 Transport and binding proteins 195 290 | 32° 420 | 48° 4 4 16° 19
5 Protein fate 77 5 4 13 10 2 1 6 1
6 Amino acid biosynthesis 62 13° 5 25 5? 3 2 11 2
7 Signal transduction 13 0 3 0 0 0 2
8 Purines, pyrimidines, nucleosides, and nucleotides 37 1 5 1 0 1 2
9 Regulatory functions; Signal transduction 9 0 2 1 0 1 0 1
10 Cellular processes 90 9 11 15 21 0 5 5 8
11 Biosynthesis of cofactors, prosthetic groups,
and carriers; Transport and binding proteins 3 0 2 0 2 0 ! 0 !
12 Central intermediary metabolism 21 1 4 7 0 2 1
13 Regulatory functions 55 3 11 1 1 1 3
14 DNA metabolism; Regulatory functions;
Cellular processes ! 0 0 0 0 0 0 0 0
15 Cell envelope 50 4 4 11 0 1 1
16 Cellular processes; Transport and binding proteins 13 50 1 20 3° 0
17 Energy metabolism; Purines, pyrimidines, nucleosides,
and nucleotides 2 0 0 0 ! 0 0 0 0
18 Transcription 22 1 2 3 3 0 0 0 1
19 Biosynthesis of cofactors, prosthetic groups, and carriers 99 8 7 25° 13 1 3 6 2
20 Protein fate; Energy metabolism 4 0 1 1 1 0 0 0 1
21 Fatty acid and phospholipid metabolism 24 0 2 3 3 0 0 0 0
22 Transport and binding proteins; Signal transduction 10 0 2 2 3 0 0 0 1
23 Hypothetical proteins 26 3 3 5 4 1 1 3 3
24 Cell envelope; Central intermediary metabolism 1 0 0 0 0 0 0 0 0
25 DNA m lism; Mobile and extrachromosomal
i elfmentefi?rl?:ti(s)ns ebleandextrachromosoma 3 ! 0 ! 0 0 0 ! 0
26 Cellular processes; DNA metabolism 8 1 4
27 Protein fate; Transport and binding proteins 1 0 0
b Tt T s IR REERRDE
29 Protein fate; Cellular processes 6 1 1] 1 0 0 0 0 0
30 Energy metabolism; Central intermediary metabolism 1 0 0 0 0 0 0 0 0
31 Regulatory functions; Cellular processes 2 0 1 0 1 0 0 0 0
32 Signal transduction; Regulatory functions 1 0 0 0 0 0 0 0 0
33 DNA metabolism; Cellular processes 3 0 1 1 1 0 0 0 0
34 Biosynthesis of cofactors, prosthetic groups,
and carriers; Central intermediary metabolism 1 0 0 1 0 0 0 0 0
35 Mobile and extrachromosomal element functions 32 1 1 5 1 0 0 0 0
36 Protein synthesis; Cellular processes;
Regulatory functions ! 0 0 0 0 0 0 0 0
37 Cellular processes; Cell envelope 2
38 Transport and binding proteins; Cellular processes
39 Protein fate; Cell envelope 3 0 1 1 0 0 0 0
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Table II, Continued

Total 2-fold 5-fold
number
Functional classification of 1 x MIC 2 x MIC 1 x MIC 2 x MIC
genes up [down| up |[down| up |down| up |down
40 Cell envelope; Cellular processes 4 0 0 1 1 0 0 0 0
41 Cell envelope; Transport and binding proteins 4 1 0 1 0 0 0 0 0
42 Regulatory functions; Transport and binding proteins 2 0 0 0 1 0 0 0 0
43 DNA metabolism; Regulatory functions 3 0 0 0 0 0 0 0 0
44 Cellular processes; Protein fate 4 0 0 0 1 0 0 0 0
45 Mobile and extrachromosomal element functions;
. 0 1 0 1 0 0 0 1
Regulatory functions
46 Mobile an.d extrachromosomal element functions; 0 0 0 0 0 0 0 0
Hypothetical proteins
47 Protein fate; Signal transduction 1 1 1
48 Regulatory functions; Amino acid biosynthesis 1 0 0
49 Purines, pyrimidines, nucleosides, and nucleotides;
. . . 0 0 0 0 0 0 0 0
Central intermediary metabolism
50 Protein synthesis; Biosynthesis of cofactors,
. . 0 0 0 0 0 0 0 0
prosthetic groups, and carriers
51 Regulatory functions; Central intermediary metabolism 1 1
52 Protein fate; Regulatory functions 0
53 Regulatory functions; Energy metabolism 1 0
4 Mobil h lel functions;
5 oblhe and extrachromosomal element functions 0 0 1 0 0 0 0 0
Protein fate
55 Regulatory functions; Central intermediary
. . . 0 1 0 1 0 1 0 1
metabolism; Signal transduction
56 Central intermediary metabolism; Cell envelope 0 0 0 0 0 0 0 0
57 Cellular processes; Mobile and extrachromosomal
element functions 0 0 0 0 0 0 0 0
Protein fate; Purines, pyrimidines, nucleosides,
58 Protein ate' urines, pyrimidines, nucleosides 0 I 0 1 0 0 0 !
and nucleotides

21— p<0.05;° - p<0.01; < - p<0.001

Exploring a-viniferin-induced gene expression in
S. aureus. We verified the integrity of extracted total
RNA by the sharpness of the ribosomal RNA bands
visualized on the 2% agarose gel using ethidium bro-
mide. We observed distinct 23S and 16S rRNA bands
without degradation in all samples tested (Fig.SI).
Then, we did transcriptional profiling of S. aureus using
2,842 whole-genome RNA sequencing to measure the
effects of a-viniferin relative to a sample of logarithmi-
cally growing S. aureus. Compared with the drug-free
control group, 583 (1 xMIC, 8h) and 1,057 (2xMIC,
8h) genes had expression levels altered 2-fold. When
the FC cutoff was raised to 5-fold, we found that 94
(1xMIC, 8 h) and 256 (2 x MIC, 8 h) genes had altered
expression levels in the a-viniferin-treated group
(TableII). To better understand the transcriptional
response of S. aureus to a-viniferin, we adopted more
specific functional classifications. We used a hypergeo-
metric distribution to determine whether the enrich-
ment of genes within a particular functional category in

response to a-viniferin-treatment was significant. We
observed that protein synthesis, transport, and binding
proteins, protein fate, amino acid biosynthesis, cellular
processes; transport and binding proteins, biosynthesis
of cofactors, prosthetic group, and carriers, cellular pro-
cesses, and DNA metabolism functional groups were
significantly reduced five-fold when the bacteria were
treated with a drug at a concentration equal to 2 x MIC
(Table III). These results demonstrated how a-viniferin
inhibited the growth of the Staphylococcus group.

Discussion

In a 10-day clinical trial, we investigated the decolo-
nization efficiency of a-viniferin as an S. aureus-specific
drug candidate. Before the clinical trial, we checked
the specific toxicity of a-viniferin and two other ref-
erence drugs against 20 bacterial isolates. a-Viniferin
showed excellent antibacterial effectiveness against the
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Number of (FC cutoff >2 and 5) specific regulated gene groups in S. aureus by 1 x and 2 x MIC a-viniferin treatment for 8 hours at 37°C,

according to functional classification.

Total 2-fold 5-fold
Functional classification nur(r)lfb °r 1 x MIC 2 x MIC 1 x MIC 2x MIC
genes up |down | up |down| up |down | up |down
3 Protein synthesis
a tRNA aminoacylation 12 1 1 1 0 0 1 1
b Ribosomal proteins: synthesis and modification 25 2 3 0 0 0 0
¢ tRNA and rRNA base modification 37 2 0 0 0 0 0
d Other 85 9 8 16 18 2 0 6 2
e Translation factors 7 0 0 0 2 0 0 0 0
4 Transport and binding proteins
a Amino acids, peptides and, amines 32 5 2 7 4 0 1 4a 1
b Cations and iron carrying compounds 72 8 9 12 10 1 0 2 3
¢ Carbohydrates, organic alcohols, and acids 27 4 6 7 8 1 1 5b
d Anions 18 4 2 10 0 1 2
e Anions; Other 1 1 0 1 0 0 0 la
f Other 85 9 8 16 18 2 0 6
¢ Nucleosides, purines and, pyrimidines 6 0 3 5b 0 1 0 3b
h Unknown substrate 20 3 6 0 0 1 2
i Cations and iron carrying compounds; Anions 3 0 1 0 2 0 0 0 0
5 Protein fate
a Protein and peptide secretion and trafficking 27 2 2 3 5 0 0 2 0
b Degradation of proteins, peptides, and glycopeptides 18 1 0 5 0 0 0
¢ Protein modification and repair 20 0 0 0 3 0 0
d Protein folding and stabilization 4 2a 1 2 1 2b 1 2a 1
Degradation of proteins, peptides, and gl eptides;
: Prog;ei: fo?dir(l)g En(zl estabiﬁzaptions s gyeopepid 6 0 0 3 0 0 0 0 0
f Degradation of proteins, peptides, and glycopeptides;
Progtein modificztion andp reppair SR ! 0 0 0 0 0 0 0 0
" pretein modiationand repat oo tfojojolo
6 Amino acid biosynthesis
a Aspartate family 15 3 1 8b 0 1 0 3a 0
b Serine family 11 0 4 2 0 0 1 0
¢ Glutamate family 7 0 3a 0 2 0 1 0 1
d Pyruvate family 12 5b 1 8 1 0 1 5 1
e Histidine family 2 0 0 0 0 0
f Aromatic amino acid family 3 0 2b 0 2 0
16 Cellular processes; Transport and binding proteins
a Toxin production and resistance; Other 13 3 1 4 1 2a 0 3a 0
b Toxin production and resistance; Unknown substrate 3 2a 1
¢ Detoxification; Other 1 0 0 0 0 0 0 0
19 Biosynthesis of cofactors, prosthetic groups, and carriers
a Glutathione and analogs 4 0 0 1 1 0 0 0 0
b Menaquinone and ubiquinone 17 0 0 3 1 0 0 0 0
¢ Other 85 9 8 16 18 2 0 6 2
d Heme, porphyrin, and cobalamin 19 3 2 7a 0 1 2 1
e Folic acid 0 0 0 0 0 0
f Pyridoxine 0 28 20 0 2 0 0
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Total 2-fold 5-fold
Functional classification nurélfb °r 1 x MIC 2 x MIC 1 x MIC 2 x MIC

genes up |down | up |down| up |down | up |down
g Riboflavin, FMN, and FAD 6 0 0 2 0 0 0 0 0
h Thiamine 7 0 0 0 2 0 0 0 0
i Lipoate 1 0 0 0 0 0 0 0 0
j Other; Thiamine; Pyridoxine 2 0 0 0 0 0 0 0 0
k Pantothenate and coenzyme A 6 0 1 1 1 0 0 0 0
1 Biotin 6 2 0 4 0 1 0 28 0
m Pyridine nucleotides 2 0 0 0 0 0 0 0 0
n Molybdopterin 4 1 0 0 0 0 0 0

26 Cellular processes; DNA metabolism

a Cell division; Chromosome-associated proteins | 8 | 0 | 2 | 1 | 4 | 0 | 0 | 0 | 0

¢ - p<0.05;° - p<0.01; ° - p<0.001

Staphylococcus group. On the other hand, several
reports showed VAN resulted in rapid depletion of
intestinal microflora and significantly promoted the
growth of vancomycin-resistant bacteria (Edlund et al.
1997; Isaac etal. 2016) highlighting the drawbacks of
VAN even though it was the most effective anti-Sta-
phylococcus reference drug in the present MIC study.
We have also tested MET as another reference drug.

In this study, we analyzed the nasal swab sam-
ples through culture-based techniques to investigate
the antimicrobial effectiveness of a-viniferin against
the nares normal microflora, S.aureus, and MRSA.
a-Viniferin was active against S. aureus and MRSA but
showed no activity against nasal microflora. To further
confirm this, we did qRT-PCR using S. aureus- and
MRSA-specific primers since precise detection and
quantification are achievable by using this technique.
Expectedly, a-viniferin was active against S. aureus and
MRSA while preserving the resident nasal microflora.
Moreover, a-viniferin improved the skin moisture con-
tent, which is essential in maintaining skin plasticity
and barrier integrity without toxicity.

In addition, we used NGS-based 16S rRNA pro-
filing to investigate further the clinical efficiency of
a-viniferin against the Staphylococcus group. We also
evaluated the effect of a-viniferin against normal nasal
microflora using NGS, where NGS upgrades DNA
sequencing methodology to the next level through
parallel sequencing processes that enable the simulta-
neous sequencing of different DNA fragments while
providing precise identification results (Abayasekara
etal. 2017). The NGS results demonstrated Staphylococ-
cus as the most dominant group in the anterior nares,
supporting similar published findings (Hogan etal.
2016; Warnke etal. 2016; Lu etal. 2018). a-Viniferin
drastically reduced the number of Staphylococcus in

the anterior nares, while the decrease in the number
of other bacteria groups was statistically insignificant.
The important thing is that a-viniferin significantly
decreased the Staphylococcus group. This molecular
approach provides evidence of the antimicrobial spec-
ificity of a-viniferin as a pathogen-specific potential
drug, and the results were consistent with the culture
and qRT-PCR-based findings. The results were also in
agreement with a previous study finding that demon-
strated the in vitro activity of a-viniferin against MRSA
(Seo etal. 2017).

RNA sequencing technology is a powerful tool
for studying the molecular basis of genetic interac-
tions; it makes it possible to examine the relatively
unbiased measurements of expression levels across
the entire length of a transcript using high-through-
put sequencing platforms (Pickrell etal. 2010). In the
present study we did RNA sequencing to understand
a-viniferin-induced gene expression in S. aureus. Our
results showed that a-viniferin inhibits the growth
of S. aureus, which may be attributed to its effects on
some of the gene groups mentioned. Further research
is required to elucidate this finding. In conclusion, we
demonstrated the clinical efficiency of a-viniferin as
a potential S. aureus-specific drug candidate for the first
time through a clinical trial.
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Abstract

In dual culture confrontation assays, basidiomycete Irpex lacteus efficiently antagonized Fusarium spp., Colletotrichum spp., and Phyto-
phthora spp. phytopathogenic strains, with growth inhibition percentages between 16.7-46.3%. Antibiosis assays evaluating the inhibitory
effect of soluble extracellular metabolites indicated I lacteus strain inhibited phytopathogens growth between 32.0-86.7%. Metabolites in
the extracellular broth filtrate, identified by UPLC-QTOF mass spectrometer, included nine terpenes, two aldehydes, and derivatives of
a polyketide, a quinazoline, and a xanthone, several of which had antifungal activity. I. lacteus strain and its extracellular metabolites might

be valuable tools for phytopathogenic fungi and oomycete biocontrol of agricultural relevance.

Keywords: antagonism, antifungal, extracellular metabolites, mycelium, terpenes

Phytopathogenic fungi and oomycetes have caused
significant losses in several crop production around the
world (Dean etal. 2012; Kamoun etal. 2015). Disease
control caused by these pathogens depends to a large
extent on agrochemicals, which use has increased
worldwide (Carvalho 2017); however, they have accu-
mulated in the trophic chains, affecting wildlife and
livestock and causing public health problems (Bourguet
and Guillemaud 2016). On the other hand, phytopatho-
genic microorganisms have increased their resistance
to several agrochemicals used to fight them (Sparks
and Lorsbach 2017), so they have become less effec-
tive. Therefore, the use of alternative plant protection
biocontrol methods has been intensively explored dur-
ing the last decades. Biocontrol methods include both
preparations containing living microorganisms and
bioactive metabolites obtained from organic or aque-
ous extracts of different taxa, which may be specific to
those that need to be controlled and have low toxicity
to wild and human life (Loiseleur 2017).

Previous studies have documented efficient in vitro
antagonism of basidiomycete species against phytopatho-
genic microorganisms, through the use of more than
one mechanism (White and Traquair 2006; Gholami
etal. 2019). A wide variety of extracts and metabolites
obtained from basidiomycete fungi have shown anti-
microbial activity, sufficient for growth inhibition of
pathogenic microorganisms of medical and agricultural
relevance (Shen etal. 2017). Due to the intrinsic ecophys-
iological role, metabolite production with antimicrobial
activity by vegetative mycelium is relevant for species
competition; hence, not only antimicrobial activity of
biomass extracts but also extracellular filtrates obtained
from liquid cultures of vegetative mycelium has been
evaluated (Shen etal. 2017). Here we analyzed a wild
I lacteus strain antagonist activity against worldwide rel-
evant phytopathogenic fungi and oomycete species. We
also conducted a chemical characterization of extracel-
lular filtrates of such strain aiming to identify putative
metabolites with antifungal/antimicrobial activity. The
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I lacteus strain CMU-8413 was isolated from basidio-
carps collected in September 2013 from the community
of Atécuaro, Michoacan, Mexico. Both data on collection
and phylogenetic identification of the strain have been
previously reported (Damian-Robles etal. 2017). The
strain has been deposited in the Laboratorio de Con-
servacion Microbiana y Biotecnologia del Centro Multi-
disciplinario de Estudios en Biotecnologia de la Facul-
tad de Medicina Veterinaria y Zootecnia, de la Univer-
sidad Michoacana de San Nicolas de Hidalgo, and it
may be available for research purposes upon request.
The phytopathogenic strains tested correspond to fungi
Fusarium pseudocircinatum, Fusarium mexicanum,
Colletotrichum coccodes, Colletotrichum gloeosporioides,
and oomycetes Phytophthora capsici and Phytophthora
cinnamomi. All these phytopathogens have been iso-
lated from crop fields in Michoacan, and they have been
properly identified and kindly provided by Dr. Sylvia
P. Ferndndez-Pavia, of the Universidad Michoacana.

Antagonism in dual culture and antibiosis assays
were studied according to Steyaert etal. (2016) in
three independent replicas for each phytopathogen.
The incubation time was adjusted as described below,
and incubation temperature to 28°C. The inoculum
of I lacteus and phytopathogens for these assays con-
sisted of a 6 mm plug obtained from the edge of an
actively growing colony in PDA at 28°C. For antago-
nism assays, phytopathogens were inoculated at one
extreme of a 90 mm Petri plate containing potato
dextrose agar (PDA) medium, and they were incubated
until the colony reached a 2 cm radius. At this stage, the
PDA Petri plate opposite extreme was inoculated in the
same way with the I. lacteus strain, and then incubation
was resumed. The fungi colony diameter was measured
every 24 h. A respective control of axenic cultures for
each phytopathogenic strain was incubated in the same
condition. For antibiosis assays, Petri plates containing
PDA were covered with sterilized cellophane sheets, and
they were inoculated with I. lacteus strain in the center.
After a 4-day incubation, the cellophane sheets with the
mycelium were aseptically removed. This same PDA
plate, on which the L lacteus strain previously grew, was
used for phytopathogens inoculation and incubation in
independent assays, and colony diameter was measured
every 24 h. Each phytopathogenic strain was inoculated
in a fresh PDA medium and was incubated under the
same conditions as a control.

For antagonism and antibiosis, assays were finished
when the mycelium of each phytopathogen in the con-
trol plate had covered 2/3 of the surface area; then, the
colony diameter was measured expressing the growth
inhibition percentage according to the formula:

% inhibition = [(D1 - D2)/D1 x 100]
where D1 = the phytopathogen colony diameter grow-
ing in PDA (fresh/axenic), and D2 = the phytopatho-
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gen colony diameter growing in dual culture or in the
medium that contained I. lacteus which had been previ-
ously incubated.

In antagonism in dual culture assays, I lacteus
showed significant growth inhibition against F. pseudo-
circinatum (46.3%), F. mexicanum (16.7%), C. coccodes
(22.8%), P.cinnamomi (35.0%) and P, capsici (22.9%)
(Fig. 1), and it was not able to antagonize C. gloeospo-
rioides. Using the same test, White and Traquair
(2006) found that I lacteus showed efficient growth
inhibition of Botrytis cinerea, and this previous work
is the only antagonism study between I lacteus and
phytopathogenic fungi, in addition to results reported
here. Antibiosis assays showed even better I lacteus
growth inhibitory activity against the six phytopatho-
genic strains tested, with growth inhibition percent-
ages fluctuating between 32.0 and 86.7%. C. coccodes
was the most susceptible species (Fig. 1). The antibiosis
assay is used to determine if a fungal strain produces
non-volatile metabolites that diffuse into the medium
and affect phytopathogenic fungi growth (Steyaert etal.
2016). As far as we could document, there has been
no previously published work on antibiosis assays that
used basidiomycetes to test their in vitro activity against
phytopathogenic fungi/oomycetes.

Antifungal activity of aqueous and organic extracts
from basidiocarp and vegetative mycelium of 1. lacteus
(Shen etal. 2017) had been documented. However,
reports evaluating the antifungal activity of extracellular
broth filtrates from I. lacteus are scarce; consequently,
in this work, it was of particular interest to assess such
effect and identifying metabolites secreted by studied
strain. The studied strain growth kinetic was conducted
in 250 ml Erlenmeyer flasks with 50 ml of potato dex-
trose broth (PDB) medium, inoculated with six inocula
obtained as previously described. The inoculated flasks
were incubated at 125 rpm of orbital shaking and 28°C
for 14 days. The mycelium dry weight was determined
every 24 hours, and the CMU-8413 strain reached the
stationary phase after a seven-day incubation (data not
shown). Extracellular filtrates were recovered three days
after the studied strain reached the stationary phase at
the end of 10 days of incubation. Broth culture at the
stationary phase was filtered through Whatman No. 1
paper. The filtrate broth was recovered and concen-
trated by evaporation to dryness in a rotary evapora-
tor at 70°C, without adding any solvent. Concentrates
obtained were stored for no more than one week in
1 ml vials at —4°C until biological assays were carried
out. Compounds identification in culture filtrate of
independent samples for each assay was performed
by UPLC (Acquity™ Class I, Waters Corporation)
coupled to an orthogonal QTOF mass spectrometer
(Synapt™ G1, Waters Corporation), as described else-
where (Varela-Rodriguez etal. 2019). MS data were
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C. gloeosporioides P. cinnamomi P. capsici

Fig 1. Phytopathogens growth inhibition in dual culture antagonism and antibiosis assays by I. lacteus (CMU-8413). In dual culture

antagonism assays, L. lacteus was inoculated at the left. Tested phytopathogens were Fusarium pseudocircinatum, Fusarium mexicanum,

Colletotrichum coccodes, Colletotrichum gloeosporioides, Phytophthora capsici, and Phytophthora cinnamomi. Assays were conducted in

potato dextrose agar (PDA) medium at 28°C. Growth inhibition percentages are the mean of three independent assays and standard

deviation (S.D.) is shown in parenthesis. Statistically significant (p <0.01) growth inhibition values when compared with their respective

control are indicated with an asterisk. Significance was determined by Student’s ¢-tests, independent by groups, and they were carried
out using STATISTICA data analysis software system (StatSoft, Inc. 2007, version 7. http://www.statsoft.com).

continuously acquired and processed with MassLynx®
(version 4.1, Waters Corporation), and metabolites
were putatively identified with Progenesis® QI for
small molecules (Nonlinear Dynamics version 2.3,
Waters Corporation) using Chemspider and Progenesis
MetaScope as identification methods. The Progenesis
QI software for small molecules considers precursor
mass accuracy < than 5 ppm, fragmentation pattern,
and isotopic similarities, each accounting for 20%. The
maximum score is 60% (20+20+20), pre-identified
metabolites have at least 50% of the total score.

A total of 14 extracellular metabolites (Table I)
belonging to five chemical groups were found in the
I lacteus broth filtrate. The largest chemical group found
was terpenes with nine metabolites, followed by alde-
hydes with two metabolites. The remaining metabolites
found belong to polyketides, quinazolines, and xanthone
derivatives, with one metabolite each. All metabolites
found in I lacteus extracellular broths were previously
described in other basidiomycete or ascomycete spe-
cies (Table II). Eight have been described as extracel-
lular in broth media, like here. Terpenes produced by

I lacteus showed antifungal activity against Nigrospora
oryzae, C.gloeosporioides, and Didymella glomerata
(Wu etal. 2019). It has been previously documented
among aldehydes that I. lacteus produces 5-pentenyl-
2-furaldehyde, a potent antifungal volatile compound
tested against the phytopathogens Fusarium oxysporum
f. sp. lycopersici, Colletotrichum fragariae, and B. cinerea
(Koitabashi etal. 2004). Also, a frequentin identified
here in the I. lacteus broth is an aldehyde derivative that
has been previously described as antifungal efficiently
inhibiting spore germination in Botrytis allii, Penicil-
lium gladioli, Stachybotrys atra, and Mucor mucedo
(Curtis etal. 1951). Finally, microdiplodiasol is a xan-
thone derivative inhibiting the growth of fungal species
Microbotryum violaceum (Siddiqui etal. 2011). Both,
previous studies and extracellular metabolites secreted
to the broth by the CMU-8413 L. lacteus strain allowed
us to anticipate its efficient antagonism and growth
inhibition of phytopathogenic fungi and oomycetes.
Phytopathogens growth inhibition assays con-
ducted in solid PDA medium were used as indicative
of extracellular inhibitory metabolites by CMU-8413
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Table I
Extracellular metabolites produced by Irpex lacteus (strain CMU-8413) at stationary phase.
Compound Molecular | Observed Adduct Main fragment ions m/z Compound class
name formula m/z

Apotrichodiol C,H,,0, 251.1652 | M-H 233.1547 Sesquiterpene

Apotrichothecene C,H,0, 201.1637 | M+H-2H,0 | 157.1481, 186.1403, 173.1348, 159.1185, | Sesquiterpenoid epoxide
145.1029, 128.0639, 115.0558, 105.0711

Blennin D C,H,,0, 265.1436 | M-H 237.1386,221.1418, 205.1473, 191.1441, | Sesquiterpene
187.1406, 175.1412

Collybial C.H,0, 215.1424 | M+H-H,0/ | 187.1512, 173.1325, 159.0804, 157.1008, | Sesquiterpene

M+H 142.0792, 128.0869, 115.0534

Cyclocalopin A CISHZOO6 295.1168 | M-H 251.1160, 233.1149, 221.1123, 215.0924, | Sesquiterpene
203.1027, 189.1142, 173.0818, 167.0634,
157.0526

Dehydrooreadone C,H,0, 279.1218 | M+FA-H 261.0987,233.1046, 219.0902, 201.0804, | Sesquiterpene
189.1178, 185.0502, 183.0663, 173.0874

Dictyoquinazol A C,HN,O, | 311.1090 | M-H 267.1079, 237.0366, 205.1134, 193.1114, | Quinazoline
187.1005, 175.1036, 159.0740, 151.0638,
149.0482

Dihydromarasmone ClsHmO5 279.1216 | M-H 235.0976, 219.1390, 217.1131, 207.1277, | Sesquiterpene
191.1342, 173.1250, 163.0871

Frequentin C H,0, 233.1181 | M-H,0-H 205.1234, 196.8934, 189.1195, 173.0864 Cyclohexanecarbaldehyde

Ganodermic acid Jb C,H,0, 453.3436 | M+H-H,0 322.2571,208.3768, 119.0945 Triterpene

Geosmin C,H,,0 203.1431 | M+Na-2H 201.1177, 188.1100, 187.1010, 175.1426, | Sesquiterpene
147.0792

Microdiplodiasol C,H,0, 309.0948 | M-H 265.0858, 203.0963, 193.1139, 187.0612, | Xanthone derivative
175.1035

Pandangolide 1 C,H, 0, 243.1242 | M-H 203.6930, 181.1234 Polyketide

Piperdial C,H,0, 251.1617 | M+H 233.1537,215.1455, 205.1587, 191.1067, | Unsaturated dialdehyde
187.1503, 177.0810, 159.1189, 145.1029

Table I
The previous reports on extracellular metabolites produced by Irpex lacteus (strain CMU-8413) at stationary phase.

Metabolite Fungal species Source? Bioactivity/Comment® Reference
Apotrichodiol Fusarium spp. EM mycotoxin (Lebrun etal. 2015)
Apotrichothecene Fusarium spp. EM mycotoxin (Lebrun etal. 2015)
Blennin D Lentinellus cochleatus BE inhibitor of leukotriene

biosynthesis (Wunder et al. 1996)
Collybial Collybia confluens EM antibacterial, antiviral (Simon etal. 1995)
Cyclocalopin A Caloboletus radicans BE antioxidant, antibacterial (Tareq etal. 2018)
Dehydrooreadone Marasmius oreades EM NT (Ayer and Craw 1989)
Dictyoquinazol A Dictyophora indusiata/other basidiomycetes BE neuroprotective (Lee etal. 2002)
Dihydromarasmone | Marasmius oreades EM antimicrobial (Ayer and Craw 1989)
Frequentin Penicillium frequentans/Penicillium spp. EM antifungal, antibacterial (Curtis etal. 1951)
Ganodermic acid Jb | Ganoderma lucidum ME NT (Shiao etal. 1988)
Geosmin Cortinarius herculeus/ Cystoderma spp. BE musty-earthy odor (Breheret et al. 1999)
Microdiplodiasol Microdiplodia sp. EM antifungal antibacterial (Siddiqui etal. 2011)
Pandangolide 1 Cladosporium marine EM NA (Gesner etal. 2005)
Piperdial Lactarius spp./Russula queletii BE produced by damage (Sterner etal. 1985)

BE - basidiocarp extract;

EM -
ME
NA -

extracellular metabolite produced by mycelium growing in broth;
mycelium extract; NT - not tested as far as we know;
not biological activity detected in conducted assays
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I lacteus strain. Based on such results, the identifica-
tion of the extracellular metabolites was conducted
in broth culture to ensure metabolites production in
sufficient quantity to be identified by MS. However,
it should be noted that the antagonistic and antibiosis
assays performed in a solid medium might induce spe-
cific metabolite production, which was not produced in
broth. In this regard, it has been previously documented
that I. lacteus produces the antifungal terpenes conoce-
nol B, 5-demethyl conocenol C, irpenigirin B, as well
as 4-(4-dihydroxymethylphenoxy)benzaldehyde only
by fermentation in the solid substrate but not in broth
culture (Wu etal. 2019). Furthermore, while I. lacteus
only produced the first compound in co-culture with
the phytopathogen N.oryzae, the remaining three
metabolites were produced both in axenic culture and
in co-culture. Therefore, extracellular metabolites iden-
tified here were not necessarily the same as induced
by antagonism in dual culture and antibiosis assays.
Co-culture induction of specific metabolites may
explain high percentages of fungal/oomycete growth
inhibition found here in antagonism/antibiosis assays;
however, these findings require further study. Hence,
extracellular metabolites produced by the CMU-8413
strain described in this investigation may be considered
basal, given that no induction conditions to increase its
secretion were evaluated. Based on culture conditions
described here, it may be suggested that gene clusters
responsible for the synthesis of the identified extracel-
lular metabolites were constitutively expressed or they
were not subject to carbon catabolite repression (CCR).
CCR and transcription factors associated with second-
ary metabolism were molecular and metabolic issues
scarcely studied in basidiomycetes (Adnan etal. 2018;
Garcia-Estrada et al. 2018). Necessary physiological and
metabolic studies, like those conducted here, could help
to know what kind of metabolites may not be subject to
this metabolic control.

It should be noted that extracellular metabolites
produced by the CMU-8413 strain have a wide variety
of pharmacological activities, besides antimicrobials
previously described (Table II). For instance, apotri-
chodiol and apotrichothecene are neurotoxic myco-
toxins (Lebrun etal. 2015), whereas dictyoquinazol A
has been described as neuroprotective (Lee et al. 2002)
and blennins are inhibitors of leukotriene biosynthesis
(Wunder etal. 1996). So, it will be necessary to select
favorable culture conditions to develop an enrichment
protocol or use heterologous expression systems (Qiao
etal. 2019) to obtain the desirable metabolites and avoid
toxic molecules’ synthesis. Further studies incubating
the CMU-8413 strain in different induction conditions
could show its potential to secrete a chemical diversity
of metabolites useful for agriculture or other biotech-
nological applications.
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INFORMACIJE Z POLSKIEGO TOWARZYSTWA MIKROBIOLOGOW

Od ostatniej informacji o dziatalno$ci Zarzadu Gléwnego Polskiego Towarzystwa Mikrobiologdw, zamieszczonej w zeszy-
tach nr 4 z 2020 r. kwartalnikéw Advancements of Microbiology — Postepy Mikrobiologii i Polish Journal of Microbiology,
ZG PTM zajmowal si¢ nastepujacymi sprawami:

1. Na dzien 01.01 2021 r. okoto 1/3 cztonkéw PTM nie oplacito sktadki cztonkowskiej za 2020 r. Oddzialy Terenowe PTM
przypominaly poszczeg6lnym osobom o tym obowigzku. Na poczatku marca 2021 r. sekretariat ZG PTM wystal ponad
150 e-maili i 40 listéw (brak adreséw e-mailowych) do 0sob, ktére nadal nie uregulowaly sktadek za 2020 r. W przypadku
ich nieuregulowania do 15.03.2021 r. ZG PTM podejmie uchwale o usunigciu z listy PTM cztonkdéw z nieoptacong sktadka
roczng za 2020 .

2. Na jesieni 2020 1. zwrdcono si¢ do PTM z prosba o oplacenie skladki dotyczacej przynaleznosci Polski do European
Union of Medical Specialists, Section of Medical Microbiology (https://uems-smm.eu/uems-smm/). Prezydium ZG PTM
stoi na stanowisku, ze PTM mogloby zaplaci¢ czgs¢, ale nie calos¢ sktadki do UEMS. Inicjatywa udziatu Polski w UEMS
wyszta od Naczelnej Izby Lekarskiej i uwazamy, ze ona powinna placi¢ czes$¢ skladki. Przez 12 lat kontakt z UEMS
miato Towarzystwo Mikrobiologii Klinicznej i uwazamy, ze ono réwniez powinno placi¢ czes$¢ sktadki. PTM zrzeszajace
mikrobiologéw pracujacych w réznych obszarach mikrobiologii, o sprawie UEMS dowiedzialo si¢ dopiero w 2020 r., gdy
pojawita sie kwestia optacania skladki.. Nie mamy wiedzy, aby wczesniej NIL czy TMK sygnalizowaly PTM powyzsza
sprawe. Nie proponowano wyboru przedstawiciela PTM do UEMS. Jednakze ze wzgledu na fakt, ze cze$¢ zrzeszonych
0s6b to lekarze zajmujacy sie mikrobiologia kliniczng deklarujemy gotowos$¢ wniesienia 1/3 optaty. Uwazamy, ze Pani
Prof. dr hab. Katarzyna Dzierzanowska-Fangrat jest delegatem PTM do UEMS.

3. Podpisaliémy umowe z Panem Dawidem Ceculg dyrektorem firmy Exeley Co, wydajacym czasopisma PTM on-line
dotyczaca przedtuzenia umowy wydawniczej obejmujacej Polish Journal of Microbiology, na lata 2021 i 2022.

4. Bardzo dobrze rozwija si¢ nasze czasopismo Polish Journal of Microbiology. Okazalo sie, jednak ze do codziennej
pracy redaktorskiej nad zeszytami Polish Journal of Microbiology nie wystarcza darmowy Dropbox (pojemnos¢ 2 Gb),
W Dropbox przechowywane sg wszystkie wersje manuskryptu, formalne dokumenty, odpowiedzi dla recenzentow, itp.
Takie s3 wymogi miedzynarodowe dla czasopism w PubMed. W zwiazku z tym zakupiono platny Dropbox (5 Tb),

5. Po raz pierwszy w historii PTM, w 2020 1. przychody Polish Journal of Microbiology byly wyzsze od poniesionych
kosztow. Zysk ten byt na tyle wysoki, ze pokryt straty wydawnicze czasopisma Postepy Mikrobiologii - Advancements
of Microbiology w 2020 r. Tym samym realizuje si¢ dlugofalowa polityka wladz PTM, aby czasopisma PTM przynosily
zysk Towarzystwu, a nie straty.

6. Wladze Warszawskiego Uniwersytetu Medycznego wyrazily zgode na przedluzenie do 31.12.2021 r. umowy WUM-PTM
dotyczacej uzyczenia pokoju dla potrzeb ZG PTM na dotychczasowych warunkach finansowych.

7. PTM objeto patronatem konferencje on-line ,,IIT Ogdlnopolskie Spotkanie Mikrobiologéw i Epidemiologéw” organizo-
wang w dniu 01.03.2021 r. przez Konsultanta Wojewddzkiego w dziedzinie Mikrobiologia Lekarska Panig prof. dr hab. Ewe
Augustynowicz-Kope¢. https://www.webinar-med.pl/osme/.

8. W biezacym roku podjeto Uchwale 1-2021 o honorariach dla cztonkéw redakeji Polish Journal of Microbiology w 2021 r.,
Uchwale 2-2021 o honorariach dla czlonkéw redakcji Advancements of Microbiology w 2021 r. oraz Uchwale 3-2021
o kontynuacji wspolpracy z Zakladem Wydawniczym Letter Quality reprezentowanym przez Panig Rom¢ Walendzewicz,
dotyczacej sporzadzania skladu i druku cyfrowego oraz dystrybucji papierowych zeszytéw czasopism PJM i PM.

9. Na biezaco uaktualniamy stroneg internetowa PTM, zamieszczajgc na niej informacje m.in. o stypendiach i spotkaniach
on-line.

10. Zostaly zaptacone sktadki czlonkostwa PTM w FEMS i IUMS za 2021 r.

11. Sprawozdanie finansowe PTM za rok 2020 przygotowane przez nasza Panig ksiegowg wykazalo, ze Towarzystwo osiagneto
niewielki zysk finansowy w ocenianym okresie, niewatpliwie dzigki przychodom z wydawania PJM.

12. Przygotowujemy doroczne zebranie Zarzadu Gléwnego PTM, ktére odbedzie sie on-line w dniu 22.03.2021 r. Zostang
podjete ustalenia dotyczace organizacji Ogolnopolskiego XXIX Zjazdu PTM oraz Walnego Zjazdu Delegatéw PTM w 2021 r.

Warszawa, 10.03.2021 r.

SEKRETARZ -
Polski? Towarzystwa Mikrobiologéw Polskieg

/[ ra .{/r:-/(

dr hab. n. farm. Agm'%‘ru E. Laudy p
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WARSZAW)

-
XXIX OGOLNOPOLSKI ZJAZD
POLSKIEGO TOWARZYSTWA
MIKROBIOLOGOW
14-17 WRZESNIA 2021, —
A POLSKIE TOWARZYSTWO MIKROBIOLOGOW

XXIX OGOLNOPOLSKI ZJAZD
POLSKIEGO TOWARZYSTWA
MIKROBIOLOGOW

14-17 WRZESNIA 2021,
WARSZAWA

Miejsce Zjazdu:

Sangate Hotel Airport s
Warszawa, ul. Komitetu Obrony Robotnikéw 32
: (dawniej 17 Stycznia, rég ul. Zwirki i Wigury) |

:;; : .' = Gtéwny Organizator Zjazdu:

B Polskie Towarzystwo Mikrobiologéw

ul. Stefana Banacha 1b, 02-097 Warszawa 3 e
ptm.zmf@wum.edu.pl, www.microbiology.pl ; g vad




INFORMACJE Z POLSKIEGO TOWARZYSTWA MIKROBIOLOGOW 139

CZLONKOWIE WSPIERAJACY PTM

Czlonek Wspierajacy PTM - Zioty
od 27.03.2017r.

HCS Europe — Hygiene & Cleaning Solutions
ul. Warszawska 9a, 32-086 Wegrzce k. Krakowa
tel. (12) 414 00 60, 506 184 673, fax (12) 414 00 66
www.hcseurope.pl

Firma projektuje profesjonalne systemy utrzymania czysto$ci i higieny dla klientéw o szczegdlnych
wymaganiach higienicznych, m.in. kompleksowe systemy mycia, dezynfekcji, osuszania rak dla pracownikéw
stuzby zdrowia, preparaty do dezynfekeji powierzchni dla stuzby zdrowia, systemy sterylizacji narzedzi.

Cztonek Wspierajacy PTM - Srebrny
od 12.09.2017r.

ECOLAB

Firma Ecolab Sp. z 0.0. zapewnia: najlepsza ochrone srodowiska pracy przed patogenami powodujacymi
zakazenia podczas leczenia pacjentéw, bezpieczenstwo i wygode personelu, funkcjonalno$¢ posiadanego sprzetu
i urzadzen. Firma jest partnerem dla przemystéw farmaceutycznego, biotechnologicznego i kosmetycznego.

Cztonek Wspierajacy PTM - Zwyczajny
od 12.09.2017r.

MRRCK

Merck Sp. z 0.0. jest czg$cig miedzynarodowej grupy Merck KGaA z siedzibg w Darmstadt, Niemcy i dostarcza
na rynek polski od roku 1992 wysokiej jakosci produkty farmaceutyczne i chemiczne,
w tym podtoza mikrobiologiczne

Czlonek Wspierajacy PTM - Zwyczajny
od 06.06.2019.

~bart

BART Spoéika z o.0. Sp. K
ul. Norwida 4, 05-250 Stupno
NIP: 1180741884, KRS: 0000573068
https://bart.pl/, email: info@bart.pl

Firma BART jest producentem i dystrybutorem surowcéw oraz dodatkéow
dla przemystu spozywczego i farmaceutycznego. Specjalizujemy si¢ w probiotykach
oraz surowcach uzyskiwanych metodami biotechnologicznymi.
Wspolpracujemy z renomowanymi producentami: Probiotical, Gnosis, Lesaffre





