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Introduction

Staphylococcus aureus (SA) is a leading cause of bac-
teremia. High mortality rates from 20% to 50%, frequent 
recurrences from 5% to 10%, and lasting impairment 
in more than one-third of the survivors characterize 
S. aureus bloodstream infections (BSI) (Asgeirsson et al. 
2018; Kern and Rieg 2020). S. aureus infections are 
particularly problematic due to the frequent antibiotic 
resistance, among which methicillin resistance is the 
most clinically relevant (Turner et al. 2019). Patients 
with methicillin-resistant S. aureus (MRSA) bacteremia 
stay longer in hospitals and generate higher costs than 
those with bacteremia caused by methicillin-susceptible 
S. aureus (MSSA) (Tsuzuki et al. 2021).

MRSA often requires vancomycin therapy. Vanco-
mycin use is associated with increased antimicrobial 
and monitoring costs and may bring about drug-
induced acute kidney injury in up to 15% of patients 
(Pritchard et al. 2010). Furthermore, empirical anti-
MRSA treatment for MSSA bacteremia can lead to 
poor outcomes compared with standard therapy (Jones 
et al. 2020). Therefore, rapid and accurate discrimi-
nation of MRSA from MSSA is essential for clinical 
diagnosis to facilitate a specific antimicrobial therapy 
(Srisrattakarn et al. 2022).

When the positive blood culture starts, conventional 
S. aureus identification takes about 48 to 72 h to com-
plete. Recent advances in molecular and nonmolecular 
testing methods significantly reduced the turnaround 
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Staphylococcus aureus is an important causative pathogen of blood-
stream infections. An amplification assay such as real-time PCR 
is a  sensitive, specific technique to detect S. aureus. However, it 
needs well-trained personnel, and costs are high. A literature review 
focusing on rapid and simple methods for diagnosing S. aureus was 
performed. The following methods were included: (a) Hybrisep in 
situ hybridization test, (b) T2Dx system, (c) BinaxNow Staphy lo
coccus aureus and PBP2a, (d) Gram staining, (e) PNA FISH and 
QuickFISH, (f) Accelerate PhenoTM system, (g) MALDI-TOF MS, 
(h) BioFire FilmArray, (i) Xpert MRSA/SA. These rapid and simple 
methods can rapidly identify S. aureus in positive blood cultures 
or direct blood samples. Furthermore, BioFire FilmArray and Xpert 
MRSA/SA identify methicillin-resistant S. aureus (MRSA), and 
the Accelerate PhenoTM system can also provide antimicrobial 
susceptibility testing (AST) results. The rapidity and simplicity of 

results generated by these methods have the potential to improve 
patient outcomes and aid in the prevention of the emergence and 
transmission of MRSA.
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time for MRSA reporting (Gonzalez et al. 2020; Sze 
et al. 2021; Parkes-Smith et al. 2022).

Rapid and simple techniques are required to address 
the challenges raised by S. aureus BSI, employing rapid 
pathogen identification and susceptibility testing to 
enable specific targeted antibiotic therapy on time.

This review updates recent advances in rapid and 
simple assays to identify S. aureus in bloodstream infec-
tions and discusses the advantages and limitations of 
these methods.

Methods

The authors searched PubMed and Google Scholar 
with the following terms: bloodstream infections, 
S. aureus, rapid diagnostics, bacteremia, and blood cul-
tures. English and Japanese literature for randomized 
clinical trials (RCTs), meta-analyses, systematic reviews, 
and observational studies were evaluated (1999–2022). 
The author agreed with the quality of included studies.

Direct detection of S. aureus
from blood samples

Hybrisep – an in situ hybridization method. 
Hybrisep is an in situ hybridization-based assay which 
detects specific bacterial DNA in smears enriched in 
polymorphonuclear neutrophils (PMN) from the blood 
of suspected BSI individuals. At an early stage of sepsis, 
neutrophils ingest bacteria, and bacterial DNA can be 
detected in the blood smears by an in situ hybridization 
(ISH) method. In 1999, an ISH assay targeted phago-
cyted bacteria from blood was developed by collecting 
the blood and preparing neutrophil-enriched smears. 
The neutrophils were then permeabilized and incubated 
with specific probes (Shimada et al. 1999). Digoxy-
genin-labelled probes and anti-digoxygenin-alkaline 
phosphatase conjugates were utilized. BCIP (5-bromo- 
4-chloro-3-indolyl-phosphate) with NBT (nitro blue 
tetrazolium) was used as a substrate for ALP and allo-
wed the signal visualization. These signals were obser- 
ved in the cell cytoplasm under a microscope. Blue-
colored dots represented the phagocytized bacteria 
in neutrophils, and it was assumed a positive result. 
The first available kit Hybrisep (Fuso Pharmaceuticals, 
Japan), provided five probes, including those specific 
to S. aureus. In 2014, Enomoto et al. (2014) introduced 
a new ISH assay that contained a universal probe tar-
geting 59 species of 35 genera. The hybridization and 
washing procedures were performed automatically by 
Hybristat. The whole process takes about eight hours.

The ISH assay was used to investigate blood smears 
from 60  patients with suspected sepsis (Kudo et al. 
2009). Nine S. aureus strains were detected with ISH 
assay, while only one blood was found to be positive 

for S. aureus by conventional culture. Discrepancies 
were found to be due to the effect of antibiotic treat-
ment. Three of the nine patients with positive S. aureus 
blood cultures underwent antibiotic therapy before 
blood sampling. Therefore, the ISH method appeared 
less affected by antibiotic treatment than blood culture.

Over 40% of patients can take antibiotics before 
blood collection (Roh et al. 2012). Although new blood 
culture bottles contain neutralization of antimicrobial 
substances, the elimination effect for antibiotics is lim-
ited by the concentration of antibiotics in the blood 
(Mitteregger et al. 2013). ISH depends on the hybridi-
zation performed in neutrophils; thus, a reduced num-
ber of neutrophils resulting from immunosuppressive 
therapy may decrease the sensitivity of the ISH assay. 
As an independent-culture method, ISH is beneficial 
for managing patients with BSI, despite the absence 
of S. aureus in blood culture. So far, the Hybrisep kit 
and Hybristat are available only in Japan. Only limited 
studies on ISH for S. aureus detection in blood have 
been reported (Kudo et al. 2009). Further studies of ISH 
for S. aureus detection in blood should be conducted 
through multicenter cooperation.

T2Dx magnetic resonance assay. The T2Dx sys-
tem (T2 Biosystems, USA), an automated instru-
ment, uses a method based on magnetic resonance 
changes in the water proton T2 relaxation signal in 
the presence of a magnetic field (Neely et al. 2013). The 
protocol includes a pathogen-specific amplification 
step, and the amplicons are hybridized into specific 
probe-enriched nanoparticles (Paolucci et al. 2010). 
The T2Bacteria Panel enables multiplex detection of 
the ESKAPE pathogens (Enterococcus faecium, Staphy
lococcus aureus, Klebsiella pneumoniae, Acinetobacter 
baumannii, Pseudomonas aeruginosa, and Enterobac
ter species). De Angelis et al. (2018), upon evaluation 
of 140  suspected BSI samples, detected two of two 
S. aureus strains with the T2Bacteria Panel and con-
firmed this finding by blood culture. The remaining 
138 samples were negative when using the T2Bacte-
ria Panel and a  paired blood culture. The sensitivity 
and specificity of T2Dx for S. aureus identification was 
100% compared to the blood culture. Another study 
by Drevinek et al. (2021) found a good sensitivity of 
the T2Dx system. In 55 samples, two of two S. aureus 
strains were detected by the T2Bacteria Panel, but the 
corresponding blood culture detected only one strain. 
Nguyen et al. (2019) conducted a prospective multi-
center study involving 1,427 samples. The T2Dx system 
and blood culture identified 41 and 16 S. aureus strains, 
respectively. The turnaround time of the T2Dx system 
was shorter than that of the blood culture (3.6–7.7 h 
vs. 38.5–71.7 h, respectively). It demonstrates that the 
T2Dx system has value over blood culture in patients 
receiving antimicrobial therapy.
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Rapid detection
of S. aureus  from positive blood cultures

BinaxNOW Staphylococcus aureus test with Binax-
Now PBP2a assay. The principle of BinaxNow Staphylo
coccus aureus (Alere, USA) and BinaxNowPBP2a (Alere 
SAS, France) assays is an immunochromatographic test 
for the identification of S. aureus and the determina-
tion of methicillin resistance, respectively. BinaxNow 
Staphylococcus aureus test was FDA approved for direct 
identification of S. aureus. It uses polyclonal antibodies 
to qualitatively detect an S. aureus-specific protein in 
a positive blood culture (Dhiman et al. 2013). Qian et al. 
(2014) collected 104 blood cultures from 2012 to 2013 
that were tested with this method. The blood cultures 
included 41 S. aureus (14 MRSA, 27 MSSA), 60 CoNS 
(coagulase-negative Staphylococci), three other Gram-
positive cocci in pairs and clusters (one of Micrococ
cus species, one anerobic Gram-positive coccus, and 
one of Gemella species). The BinaxNow Staphylococcus 
aureus test showed 97.6% sensitivity, 100% specificity, 
and positive and negative predictive values of 100% 
and 98.4%, respectively, upon S. aureus identification 
in positive blood culture. The performance was equally 
efficient in both aerobic and anaerobic bottles. Only one 
false-negative result was found due to antibiotic treat-
ment of the patient and the resulting reduction in the 
antigen’s level. Dhiman et al. (2013) evaluated 319 posi-
tive blood cultures containing clusters of Gram-positive 
cocci using the BinaxNow Staphylococcus aureus test. 
The study achieved 95.8% of sensitivity and 99.6% of 
specificity. One false-positive result occurred in the 
blood culture containing a presumptive Staphylococcus 
lugdunensis isolate not later confirmed. One false-neg-
ative result was confirmed by repeated testing. It might 
have resulted from a decrease in the bacterial concen-
tration below the detection limit (5.42 × 108 cells/ml). 
One study combined BinaxNow Staphylococcus aureus 
for species identification and BinaxNow PBP2a assay 
to detect methicillin resistance (Heraud et al. 2015). 
Seventy-nine positive blood cultures with Gram-pos-
itive cocci in clusters were tested. A sensitivity of 94% 
and specificity of 98% in identifying S. aureus and 
100% sensitivity and specificity of methicillin resist-
ance detection were reported. These tests are valuable 
alternatives for the diagnosis of MRSA bacteremia.

Gram staining. Gram staining is an essential tech-
nique in microbiology. It was invented by Danish bac-
teriologist Hans Christian Gram in 1882 (Wu and Yang 
2020). Gram staining distinguishes Gram-positive from 
Gram-negative organisms based on differences in their 
cell walls. The thick cell walls of Gram-positive bacte-
ria retain the purple crystal violet-iodine complex after 
treatment with ethanol (O’Toole 2016). Once a blood 
culture is detected as positive by an automated, con-

tinuously monitoring blood culture system, a smear is 
Gram stained, providing a quick presumptive identifi-
cation of pathogens. It might be helpful in directing the 
bread antibiotic therapy (Boyanova 2018). Gram stain-
ing is a crucial but easy, rapid, and inexpensive method 
for pathogen detection in a positive blood culture. 
A series of evaluating criteria were developed based on 
the type of blood culture bottle, bacterial species, and 
cluster characteristics (Murdoch and Greenlees 2004). 
These criteria may help an experienced microbiological 
technician to distinguish S. aureus from CoNS in posi-
tive blood cultures. It allowed for achieving the overall 
sensitivity and specificity of 89% and 98%, respectively. 
A prospective observational study with 118 blood sam-
ples showed that a pink-colored “oozing sign” could also 
be used to distinguish S. aureus from CoNS (Hadano 
et al. 2018). The study demonstrated a sensitivity and 
specificity of 78.7% and 95.0%, respectively. Compared 
to the previous study by Murdoch and Greenlees (2004), 
this method focused on the “oozing sign” regardless of 
blood culture bottle type, organism species, and cluster 
characteristics. Therefore, it is simpler and more suit-
able than the previous method for application in routine 
work. A  significant advantage of Gram staining is to 
be a good alternative for a community hospital without 
a diagnostic microbiology laboratory. The quality of 
Gram staining depends on the skills and can vary over 
time and between technicians. With the development 
of automated Gram staining systems, the comparability 
and consistency of results can be improved in laborato-
ries (Baron et al. 2010). It also holds for new automated 
image acquisition systems as a  convolutional neural 
network-based classification of Gram staining results 
(Smith et al. 2018). Integrating these techniques with 
previous evaluation criteria in S. aureus identification 
may make the Gram staining method more uncom-
plicated and accurate. Early identification of S. aureus 
in blood cultures is vital because the clinical signs of 
S. aureus bacteremia may be unspecific and therefore, 
the patients may be no symptomatic early in the course 
of the infection (Mitchell and Howden 2005).

PNA FISH and QuickFISH assays. Fluorescent 
in situ hybridization (FISH) is a diagnostic technique 
using a probe (e.g., peptide nucleic (PNA) probe) to 
target the 16S rRNA gene of S. aureus directly in the 
blood culture smears. Fluorescence in situ hybridiza-
tion using the PNA probes is a useful diagnostic tool 
for pathogen-directed therapy (Weaver et al. 2019). 
PNA probes have unique performance characteristics 
that render PNA FISH to be applied widely to posi-
tive blood cultures. The first commercially available kit 
was PNA FISH (OpGen®, USA, previously AdvanDx). 
González et al. (2004) evaluated 285 blood cultures con-
taining Gram-positive cocci similar to staphylococci 
using PNA FISH. The results showed 100% sensitivity, 
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and 99.4% specificity, and their positive and negative 
predictive values were 99.2% and 100%, respectively. 
The PNA probe recognizes both MRSA and MSSA. In 
ten positive blood cultures mixed with other bacteria, 
S. aureus was correctly identified. Only one weak posi-
tive hybridization was obtained with a positive blood 
culture of Staphylococcus schleiferi. Oliveira et al. (2003) 
performed a blinded comparison of S. aureus PNA FISH 
in eight centres with three types of blood culture bottles 
produced by different manufacturers (ESP, BACTEC, 
and BacT/Alert). The sensitivity ranged from 98.5% to 
100%, the specificity was between 98.5% and 99.1%.

Even a potentially interfering substance as charcoal 
did not affect the performance of S. aureus PNA FISH. 
The total analysis time is up to 2.5 h, and hands-on 
time is below 30 min. QuickFISH was launched in 2013 
(Carretto et al. 2013), a modified PNA FISH version 
with several timesaving innovations. It takes less than 
30 min. because procedure does not include washing 
or mounting of slides, and the hands-on time is about 
5 min. Deck et al. (2012) tested 722 positive blood cul-
tures containing Gram-positive cocci in cluster using 
the Staphylococcus QuickFISH method. The sensitivity 
was 99.5%, and the combined specificity was 89.5%. 
Two false positive and seven false negative results 
were found. The discrepancies between the Staphylo
coccus QuickFISH method and the standard method 
were due to human errors or to the limited sequence 
alignment of the probes designed. The Staphylococcus 
QuickFISH method can speed up the S. aureus identi-
fication in blood cultures. It would help in the patient’s 
management when catheter-related BSI is suspected. 
Early catheter removal is recommended when S. aureus 
is detected to decrease the risks of persistent bacteremia 
and hematogenous complications.

Accelerate PhenoTM system. The fully automated 
Accelerate PhenoTM system provides rapid identifica-
tion and susceptibility of microorganisms in positive 
blood samples (Cenci et al. 2020). The system com-
bines FISH for bacterial identification and an auto-
mated microscope for assessing bacterial growth rates 
and calculating the MIC value (Marschal et al. 2017). 
Molecular methods and MALDI-TOF MS can also 
identify microorganisms in positive blood cultures and 
their susceptibility phenotype in a few hours. However, 
these methods must provide the susceptibility pheno-
type that clinicians request to make a therapeutic deci-
sion. This need drove Accelerate DiagnosticTM (USA) 
to develop an Accelerate PhenoTM system (APS). The 
multiplex fluorescence in situ hybridization using tar-
get-specific probes is a diagnostic strategy APS uses to 
identify on-panel microbes. The minimum inhibitory 
concentration (MIC) is evaluated after analyzing the 
bacterial morphokinetic growth pattern in the presence 
of a given antimicrobial agent (Marschal et al. 2017). 

Charnot-Katsikas et al. (2017) investigated 232 blood 
cultures using APS and compared the results with the 
standard method. After considering the discrepant 
results, the sensitivity and specificity for S. aureus were 
94.7% and 99.0%, respectively.

The categorical agreement between APS and stand-
ard antimicrobial susceptibility tests (AST) was 98.5%. 
Only two minor errors were found upon conventional 
testing of 68 S. aureus strains. When using APS for 
blood culture, the turnaround time was shortened to 
about 23.47 h, 41.86 h, and 25.5 min. for identifica-
tion, susceptibility, and hands-on time, respectively. 
Lutgring et al. (2018) demonstrated that the sensitivity 
and specificity of S. aureus detection using APS in posi-
tive blood cultures were 96.9%, and 95.2%, respectively. 
The categorical agreement between APS and culture-
based AST was 100% upon S. aureus testing. Since the 
identification and AST were performed in 1.5 h and 7 h, 
respectively, as opposed to a few days with conventional 
testing, it would decrease morbidity and mortality of 
patients with BSI. It is due to the switch from broad-
spectrum empiric therapy to targeted specific antibio-
tic therapy since it decreases adverse effects and the 
emergence of multi-drug resistance organisms. How-
ever, APS has low performance for correct identifica-
tion, and AST results in polymicrobial blood cultures. 
It is also of a high cost compared to standard methods. 
All these APS characteristics should be considered for 
a diagnostic and treatment decision.

MALDI-TOF MS. One of the soft ionization tech-
niques, a matrix-assisted laser desorption ionization-
time of flight mass spectrometry (MALDI-TOF MS), 
generates a protein-based spectral profile or “finger-
print” unique to a given species of pathogen. The micro-
organism identification relies on the characteristic spec-
trum of each species.

MALDI-TOF MS has revolutionized microorgan-
ism identification and is now widely used in routine 
laboratory testing. Two main commercial systems are 
used worldwide, the Vitek MS (bioMerieux, France) 
and Microflex LT Biotyper (Bruker Daltonics, USA). 
The detection limit is 108 CFU/ml of positive blood cul-
ture broth (Christner et al. 2010).

S. aureus identification from positive blood culture 
with MALDI-TOF MS can be conducted according 
to two protocols: (a) after short-term incubation on 
a solid medium or (b) directly from the positive blood 
culture pellet. Curtoni et al. (2017) reported reliable spe-
cies identification in less than 5 h. The identification of 
S. aureus was successful at 85.7% and 100% after 3 h and 
5 h of incubation, respectively. It means that MALDI-
TOF MS can be a reliable, easy, and rapid method for 
the S. aureus identification from positive blood culture 
when performed after a short-term culture of bacteria 
on a solid medium. Direct identification from blood 
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culture involves the protein extraction after bacterial lysis 
and filtration (Foster 2013; Lin et al. 2018), use of a Sep-
sityper® kit (Bruker) or serum separator tube (Zengin 
and Bayraktar 2021), and in-house saponin-based bac-
terial extraction (Hu et al. 2020; Ponderand et al. 2020). 
Tsuchida et al. (2018) compared an in-house lysis filtra-
tion protocol with a Sepsityper® kit for S. aureus iden-
tification. Out of a total of 19 S. aureus strains, 17 were 
identified to species level by a lysis filtration protocol, 
two to genus level, whereas 11 of these strains were iden-
tified to species level and four to genus level. Four strains 
could not be identified by the Sepsityper® kit. The results 
showed that Sepsityper® kit failed to identify completely 
Gram-positive cocci in positive blood cultures.

Another study employed a serum separator tube fol-
lowed by MALDI-TOF MS for S. aureus identification 
(Zengin and Bayraktar 2021). A total of 36 S. aureus 
strains were confirmed by a short-term incubation 
routine identification (SIRID) method and 32 strains 
from 36 monomicrobial cultures were correctly identi-
fied by direct rapid identification (RID) method using 
a serum separator tube followed by MALDI-TOF MS. 
The mean turnaround time of RID method was sig-
nificantly lower compared to SIRID method (2.86 h vs. 
19.49 h, p < 0.001). This study indicated that the serum 
separator tube method was suitable for the rapid iden-
tification of S. aureus in a blood culture.

MALDI-TOF MS has been proposed to detect strains 
susceptible or resistant to several antibiotics. Some 
studies reported accurate discrimination of S. aureus 
isolates susceptible to vancomycin (Mather et al. 2016). 
Recently, Liu et al. (2021) presented the machine learn-
ing algorithms for rapid MALDI-TOF MS-based MRSA 
screening. By selecting 38 m/z features for the classify-
ing model and coupling it with machine-learning algo-
rithms, a rapid and simple method to distinguish MRSA 
from MSSA was established. This method makes resist-
ance detection more convenient and effective in routine 
microbiology laboratories.

FilmArray system. The FilmArray is a multiplex-
PCR-based system that combines samples the prepara-
tion, PCR amplification, detection, and analysis (Peker 
et al. 2018). The BioFire FilmArray BCID2 panel can 
simultaneously identify 43 pathogens and ten antimi-
crobial resistance genes (Cortazzo et al. 2021). It takes 
about 2 min. of hands-on time and 1 h turnaround 
time. Sze et al. (2021) compared BioFire FilmArray 
BCID2 with MALDI-TOF MS for the S. aureus identi-
fication in blood cultures and reported both sensitivity 
and specificity of 100%. Furthermore, two out of two 
MRSA were detected by the BCID2 panel. Holma et al. 
(2022) presented similar results. These findings showed 
that the BioFire FilmArray BCID2 proves to be a good 
tool for the early detection of MRSA and the adminis-
tration of effective antimicrobial therapy.

Xpert MRSA/SA BC assay. The Xpert MRSA/SA BC 
assay is based on a multiplex PCR. It targets the junction 
between S. aureus conserved open reading frame (orfx) 
and the SCC containing the mecA gene (SCC mecA). 
It enables Xpert MRSA/SA BC to detect and identify 
MRSA and MSSA in 1 h (Belmekki et al. 2013). A pro-
spective study at two clinical centers investigated the 
impact of rapid detection of S. aureus in positive blood 
cultures on patient management (McHugh et al. 2020). 
In 264 blood cultures, 39 were positive for S. aureus, and 
one strain was identified as MRSA. Compared with the 
culture method, Xpert MRSA/SA BC has 100% sensi-
tivity and 100% specificity for identifying S. aureus and 
100% specificity for MRSA detection. For the Xpert 
MRSA/SA BC assay, the median turnaround time from 
blood culture processing to the final result was 1.7 h, 
compared to the 25.7 h turnaround time of the culture 
method. Xpert MRSA/SA BC results allowed early spe-
cific therapy for S. aureus and de-escalation of antimi-
crobial therapy for MSSA. Reddy and Whitelaw (2021) 
explored whether Xpert MRSA/SA BC assay can be uti-
lized as an antimicrobial stewardship tool. Of 231 sam-
ples tested, concordance was 100% between the Xpert 
MRSA/SA BC assay and culture method. It can dis-
criminate MRSA from MSSA and significantly reduce 
the laboratory turnaround time. This study showed the 
potential benefit of time reduction for the appropriate 
therapy introduction in most patients with S. aureus BSI.

Conclusions

Timely and targeted specific antibiotic therapy 
of S. aureus BSI improves survival and decreases the 
length of hospital stay and adverse effects of antibiot-
ics. Although new approaches are utilized for rapid 
identification and AST, conventional methods are still 
indispensable.

Several rapid and simple methods, such as PNA 
FISH, MALDI-TOF MS, and the Accelerate PhenoTM 

system, are being used to diagnose positive blood cul-
tures. PNA FISH and QuickFISH are well-validated 
methods. Utilization of MALDI-TOF MS directly from 
blood culture pellets is still in progress. The pre-treat-
ment of the sample is being recognized as a standard 
approach. The Accelerate PhenoTM system provides not 
only rapid identification but also susceptibility reports 
(as the MIC values), while the low throughput of one 
sample per machine hinder this method from wide 
utilization. Gram staining integrated with machine-
learning-based image analysis may lead to the rapid 
identification of S. aureus from blood culture. The 
BinaxNow Staphylococcus aureus and BinaxNow PBP2a 
appear to be a golden pair for the rapid identification 
and determination of methicillin resistance of S. aureus. 
The Hybrisep in situ hybridization and T2Dx assays 
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have a high detection positive rate compared to blood 
cultures. Limited studies have been here reported and 
validated. Further validation and studies should be per-
formed to determine its performance for the rapid iden-
tification of S. aureus from blood cultures. FilmArray 

BCID2 and Xpert MRSA/SA BC are very useful tools in 
routine microbiology laboratories for rapid discrimina-
tion of MRSA from MSSA.

Every approach has its characteristics (summa-
rized in Table I and II). Each laboratory should con-

Hybrisep none NA NA 8 Shimada et al. 1999
T2Dx none 100% 100% 3–5 De Angelis et al. 2018
BinaX Now S.aureus none 97.6% 100% 0.5 Qian et al. 2014
BinaX Now PBP2a yes 100% 100% 0.5 Heraud et al. 2015
Gram staining none 78.7% 95% 0.5 Hadano et al. 2018
PNA FISH none 100% 99.4% 1.5–3 González et al. 2004
QuickFISH none 99.5% 89.5% 0.5 Deck et al. 2012
Accelerate PhenoTM system susceptibility 94.7% 99% ID1/AST 7 Charnot-Katsikas et al. 2017
MALDI-TOF MS in development 85.7–100% NA 0.5–1 (pellet)/3–5 Foster 2013; Curtoni et al. 2017
    (short incubation)
FilmArray BCID2 yes 100% 100% 1 Holma et al. 2022
Xpert MRSA/SA BC yes 100% 100% 1 McHugh et al. 2020

Table I
Characteristics and performance of different methods for the identification of S. aureus in the blood or blood cultures.

FISH – fluorescent in situ hybridization, PNA – peptide nucleic acid, MALDI-TOF MS – matrix-assisted laser desorption/ionisation-time
of flight mass spectrometry, NA – not available

Assays Resistance 
markers Sensitivity SpecificityTurnaround

time (h) References

Hybrisep yes yes proprietary low moderate +: rapid, sensitive and specific
   equipment   –: limited number of publications
T2Dx yes no proprietary low high +: rapid, sensitive, and specific
   equipment   –: no resistance markers
BinaX Now S. aureus no no no low low +: rapid, sensitive and specific
      –: cross-reaction with S. lugdunensis
BinaX Now PBP2a no no no low low +: rapid, sensitive, and specific
      –: no identification
Gram staining yes yes generic low low +: rapid, simple
   equipment   –: variable sensitivity and specificity
PNA FISH no yes generic low high +: rapid, sensitive, and specific
   equipment   –: no resistance markers
QuickFISH no yes generic low high +: rapid, sensitive, and specific
   equipment   –: no resistance markers
Accelerate yes no proprietary low high +: rapid, sensitive, and specific, with AST results
PhenoTM system   equipment   –: low throughout
MALDI-TOF MS no yes proprietary high low +: rapid, sensitive, and specific, cost-effective
   equipment   –: enrichment, not standardization
FilmArray BCID2 yes no proprietary low high +: rapid, sensitive, and specific, with resistance results
   equipment   –: low throughout
Xpert MRSA/SA BC yes no proprietary low high +: rapid, sensitive, and specific, with resistance results
   equipment   –: expensive

Table II
Comments on rapid and simple methods for the identification of S. aureus from the blood or blood cultures.

FISH – fluorescent in situ hybridization, PNA – peptide nucleic acid, MALDI-TOF MS – matrix-assisted laser desorption/ionisation-time
of flight mass spectrometry

Assays Auto-
mated

Personnel
experience

Equipment
requirement

Through-
put Cost Comments
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sider some important factors such as turnaround time, 
panels of antibiotics offered, and hands-on time when 
searching for an appropriate method (Sze et al. 2021). 
Polymicrobial infections in BSI are not infrequent. It is 
essential to select an accurate method for such samples 
(Abat et al. 2015). Direct identification of S. aureus from 
blood rather than blood culture should be a direction of 
future development to maximize the benefits of rapid 
identification of S. aureus from blood cultures. Rapid 
identification methods combined with rapid AST deter-
mination are also necessary (Pliakos et al. 2018). Simple 
and rapid identification of S. aureus from blood culture 
plus phenotype AST will significantly impact the opti-
mizing BSI management.
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Introduction

Methicillin-resistant Staphylococcus aureus (MRSA) 
represents one of the most concerning pathogens 
worldwide, responsible for community-acquired and 
hospital-acquired infections (Kourtis et al. 2019; Turner 
et al. 2019). According to the Centers for Disease 
Prevention and Control (CDC), antibiotic-resistant 
S. aureus causes over 2 million cases of disease and 
23,000 deaths each year in the United States alone 
(Okwu et al. 2019). In addition to their intrinsic resist-
ance to β-lactam antibiotics, hospital-associated MRSA 
strains often exhibit a variable yet alarming level of 

multi-drug resistance which narrows treatment alter-
natives to the limited remaining efficient drugs (Bispo 
et al. 2020; Jernigan et al. 2020).

The molecular characteristics of S. aureus can change 
over time, and the population structure varies region-
ally, according to epidemiological studies of S. aureus 
(Barcudi et al. 2020; Junnila et al. 2020; Lu et al. 2021). 
Over 94% of S. aureus strains are reported to be resistant 
to penicillin and its derivatives due to the release 
of the penicillinase enzyme, beta-lactamase, which 
inhibits penicillin by hydrolyzing the beta-lactam ring 
(Algammal et al. 2020). MRSA is characterized pre-
dominantly by the presence of either the mecA gene or 
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Methicillin-resistant Staphylococcus aureus (MRSA) is a significant 
opportunistic pathogen with a wide repertoire of virulence charac-
teristics. Data regarding the molecular profile of MRSA in Northern 
Cyprus is limited. The current study aimed to examine the virulence 
profiles of MRSA with a focus on toxin-associated factors. Ninety-
one S. aureus isolates collected at a university hospital were included 
in the study. Identification and antibiotic susceptibility testing were 
performed with BD Phoenix™ automated system. Methicillin resist-
ance was evaluated by the disc diffusion assay and mecA detection. 
The presence of nuc was confirmed by conventional PCR. Con-
firmed MRSA isolates were assessed for the presence of virulence 
genes hla, eta, etb, etd and tst using molecular methods. Among 91 
S. aureus isolates identified as MRSA using the BD Phoenix™ plat-
form, 80.85% (n = 76/91) were confirmed as MRSA using phenotypic 
and genotypic methods. All confirmed MRSA isolates (n = 76, 100%) 
were positive for the nuc. MRSA rates were statistically higher in 
elderly inpatients. The prevalence of toxin-encoding genes was 97.3% 
(n = 74/76) for hla, 2.63% (n = 2/76) for eta, 1.3% (n = 1/76) for etb, 

and 2.63% (n = 2/76) for tst. None of the screened isolates harbored 
the etd gene. These results represent the first report to investigate 
multiple virulence factors in MRSA isolates in Northern Cyprus.
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its homologs mecB, mecC and mecD, that are located on 
the staphylococcal chromosomal cassette mec (SCCmec 
type I–XIV) and code for the penicillin-binding pro-
tein 2a (PBP2-a) that has a reduced affinity for beta-lac-
tam antibiotics (Urushibara et al. 2020; Uehara 2022).

From a clinical perspective, the increasing use of 
molecular and other bioinformatics tools has facilitated 
the mapping of the S. aureus virulome and clarified its 
epidemiological and clinical significance. S. aureus gen-
erates an array of virulence factors that allow the bac-
teria to survive extreme conditions within the human 
host and damages biological membranes, resulting in 
cell death (Shettigar and Murali 2020; Nisar et al. 2021). 
S. aureus maintains fine control of the expression of vir-
ulence factors which include hemolysins, leukocidins, 
proteases, exfoliative toxins, enterotoxins, and immune-
modulatory factors.

The development of clinical management and infec-
tion control policies presents a significant challenge as 
there is still insufficient data on the infection trans-
mission rate and clone characteristics. It is, therefore, 
of paramount importance to investigate the epidemio-
logy and the molecular profile of S. aureus. The current 
study aims to characterize toxin-associated virulence 
determinants in a wide range of clinical isolates in 
a previously understudied region of Northern Cyprus.

Experimental

Materials and Methods

Clinical isolates. In total, 91 clinical non-repetitive 
S. aureus strains isolated between January 2012 and 
November 2020, identified initially to be MRSA by BD 
Phoenix™ 100 automated identification and antibiotic 
susceptibility system, were collected and investigated in 
this study. Isolates were cultured from wound/abscess, 
blood, bronchoalveolar lavage, nasal swab, tracheal aspi- 
ration, and sputum samples from different departments 
at the Near East University Hospital in Northern Cyprus.

Identification and phenotypic detection of methi-
cillin resistance. All isolates were cultured on sheep 
blood agar. Agar plates were incubated at 35°C for 
24–48 h in 5% CO2. The isolates were subsequently 
confirmed as S. aureus based on colony morphology 
and ability to coagulate human plasma. Methicillin 
resis tance was assessed using the disc diffusion method 
with cefoxitin (30 µg) (Bioanalyse, Turkey) on Mueller- 
Hinton agar (Difco, Becton Dickinson, USA) plates. 
Antibiotic susceptibility was assessed with the Euro-
pean Committee on Antimicrobial Susceptibility Test-
ing guidelines (EUCAST 2020).

DNA extraction. Rapid extraction of genomic DNA 
was performed with the boiling method described by 

Barbosa et al. (2016). Briefly, a few colonies cultured 
on blood agar were suspended in nuclease-free water 
in a  microcentrifuge tube. The cell suspension was 
then incubated at 100°C for 15 min and centrifuged 
at 13,000 rpm for 5 min to sediment the debris. After 
centrifugation, the supernatant was collected and uti-
lized as a DNA template in polymerase chain reaction 
(PCR) reactions.

Molecular identification of the isolates. The pre-
liminary identification procedures were followed by the 
PCR analysis using S. aureus species-specific thermo-
nuclease (nuc) primers, as previously shown (Amin et al. 
2020). The nuc gene was amplified in a 25-μl reaction 
which contained: PCR Master Mix 2× (Thermo Fisher 
Scientific, USA), Taq DNA polymerase (0.05 U/µl), 
0.4 mM of each dNTP, 4 mM MgCl2, 4 µl of template 
DNA, and 10 pmol of forward and reverse primer 
nuc-F 5’-GCGATTGATGGTGATACGGTT-3’, nuc-R 
5’-AGCCAAGCCTTGACGAACTAAAGC-3’. DNA 
amplification was performed involving denaturation 
at 94°C for 10 min, 30  cycles at 94°C for 30 s, 55°C 
for 30 s, and 72°C for 1 min, and a final elongation step 
at 72°C for 5 min. The PCR detection of mecA con-
firmed the methicillin resistance. Amplification was 
achieved as described before (Rahman et al. 2018) 
except for a  denaturation step at 94°C for 10 min. 
The strain of S. aureus SCCmec type IV (mecA+, pvl–, 
nuc+) was used as a positive control. Distilled water was 
used as a negative control. Verification of PCR prod-
ucts was obtained using 1.5% agarose gel. Ethidium 
bromide was used for staining the gels, and amplicons 
were observed with MiniBIS Pro Gel Documentation 
Platform (DNR, Israel).

Screening for virulence genes in MRSA. The occur-
rence of virulence-associated genes was investigated by 
PCR detection of hla, eta, etb, etd and tst in all con-
firmed MRSA isolates. Single PCR reactions were per-
formed as described above. PCR amplification for each 
primer set was performed using Bio-Rad MyCycler™ 
Thermal Cycler (Bio-Rad Laboratories, Israel) according 
to the cycling parameters summarized in Table I. PCR 
products were analyzed with gel electrophoresis through 
2% agarose gel and visualized using a transilluminator. 
The positive controls included the genomic DNA from 
isolates in which the presence of the genes mentioned 
above was formerly found in the genome.

Statistical analysis. Statistical data analysis was 
performed using SPSS Version 25.0 (SPSS, Inc., USA). 
Comparison of variables was achieved using independ-
ent t-tests and Chi-square test of association. A p-Value 
of ≤ 0.05 was considered statistically significant.

Ethics approval. The Institutional Review Board 
approved this study at Near East University with 
a waiver of patient consent (YDU/2020/80-1115, YDU/ 
2021/90-1331).
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Results

Patients features. A total of 91 non-duplicate sam-
ples were initially screened. Of these, 80.85% (76/91) 
strains were identified as MRSA using phenotypic and 
genotypic methods, among which 57.9% (44/76) were 
recovered from male patients. The distribution of iso-
lates according to patient admission status indicated 
that 75% (57/76) of the isolates were obtained from 
inpatients. Despite the predominance of the male gen-

der, no statistically significant difference was observed 
in gender distribution across inpatient and outpatient 
groups (p = 0.107) (Table II). Patient age at admission 
ranged from 1 to 99 years (mean: 60.16, median: 63.00, 
standard deviation: 22.21), and the majority of patients 
with MRSA infection were over the age of 45 (p < 0.005) 
(Table  II) with the inpatients group being signifi-
cantly older (p < 0.001). No significant association was 
observed between patient age and gender (p = 0.901).

Majority of the isolates obtained in this study origi-
nated from patients admitted to cardiology (n = 14; 
18.4%), pulmonary infections (n = 10; 13.2%), infec-
tious diseases (n = 10; 13.2%), anesthesiology (n = 7; 
9.2%), orthopedics and traumatology (n = 6; 7.9%), 
cardiovascular surgery (n = 5; 6.6%), general surgery 
(n = 5; 6.6%), neurosurgery (n = 4; 5.3%), dermatology 
(n = 4; 5.3%), brain surgery (n = 2; 2.6%), gastroentero-
logy (n = 2; 2.6%), intensive care unit (n = 2; 2.6%), and 
the remaining departments; dialysis, neurology, plas-
tic surgery, urology, and pediatrics (n = 5; 6.6%). The 
distribution of isolates by the hospital department is 
shown in Table III.

Majority of the samples from which MRSA were cul-
tured were isolated from abscess-wound (n = 19; 25.0%), 
blood (n = 17; 22.4%), nasal swabs (n = 13; 17.1%), and 
tracheal aspirates (n = 13; 17.1%). The distribution of the 
isolates according to the sample type is given in Table IV.

Age groups
Under 15  2 (2.6)
15–44 16 (21.1) 

< 0.005
45–64 22 (28.9)
65 and above 36 (47.4)

Gender
Male 44 (57.9)

 0.107
Female 32 (42.1)

Admissions
Inpatients 57 (75) 

< 0.001
Outpatients 19 (25)

Table II
Distribution of MRSA isolates according to age, gender,

and admission status.

Demographic data n (%) p-value

mecA
Forward AAAATCGATGGTAAAGGTTGGC 

533 55 Kot et al. 2020
Reverse AGTTCTGCAGTACCGGATTTGC

nuc
Forward GCGATTGATGGTGATACGGTT 

279 55 Amin et al. 2020
Reverse AGCCAAGCCTTGACGAACTAAAGC

hla
Forward CTGATTACTATCCAAGAAATTCGATTG 

209 57 Rasheed and Hussein 2020
Reverse CTTTCCAGCCTACTTTTTTATCAGT

eta
Forward GCAGGTGTTGATTTAGCATT 

93 58 Rasheed and Hussein 2020
Reverse AGATGTCCCTATTTTTGCTG

etb
Forward ACAAGCAAAAGAATACAGCG 

226 50 Rasheed and Hussein 2020
Reverse GTTTTTGGCTGCTTCTCTTG

etd
Forward AACTATCATGTATCAAGG 

376 47 Liu et al. 2018
Reverse CAGAATTTCCCGACTCAG

tst
Forward ACCCCTGTTCCCTTATCATC 

326 57 Rasheed and Hussein 2020
Reverse TTTTCAGTATTTGTAACGCC

Table I
Oligonucleotides used in this study.

Target Sequence (from 5’ to 3’) Product size
(bp)

Annealing
temp. (°C) Reference
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Confirmation of MRSA isolates. Seventy-six iso-
lates that were found to be non-susceptible to cefoxitin 
in the disc diffusion assay were verified to be MRSA 
with the amplification of the mecA gene via single-
target PCR. The presence of the mecA gene is demon-
strated in Fig. 1.

Detection of virulence determinants. Among the 
investigated virulence genes, the α-toxin encoding gene 

(hla) was found in 97.3% (n = 74/76) of the isolates and 
it was the most frequently virulence gene detected. 
Among the MRSA isolates, the frequencies of exfolia-
tive toxin A, B, D and TSST-1 encoding genes (eta, etb, 
etd, tst) were 2.63% (n = 2/76), 1.3%, (n = 1/76), 0%, and 
2.63% (n = 2/76), respectively.

Discussion

MRSA represents a significant public health threat, 
particularly in developing countries owing to its abil-
ity to lead to life-threatening infections (Li et al. 2021; 
Pannewick et al. 2021). Regarding MRSA-induced infec-
tions and their burden in healthcare, studies focusing 
on regional epidemiology have demonstrated significant 
differences among regions (Gagliotti et al. 2021; Tsuzuki 
et al. 2021). For the first time, our present study pro-

Table IV
Distribution of MRSA isolates according to the sample source.

Abscess-wound 19 (25.0)
Blood 17 (22.4)
Nasal swab 13 (17.1)
Tracheal aspirate 13 (17.1)
Sputum  5 (6.6)
Urine  4 (5.3)
Catheter tip  3 (3.9)
Bronchioalveolar lavage  1 (1.3)
Urethral swab  1 (1.3)
Total 76 (100)

Sample source n (%)

Table III
Distribution of MRSA isolates according to the hospital

department.

Cardiology 14 (18.4)
Pulmonary infections 10 (13.2)
Infectious diseases 10 (13.2)
Anesthesiology  7 (9.2)
Orthopedics and traumatology  6 (7.9)
Cardiovascular surgery  5 (6.6)
General surgery  5 (6.6)
Dermatology  4 (5.3)
Neurosurgery  4 (5.3)
Brain surgery  2 (2.6)
Gastroenterology  2 (2.6)
Intensive care unit  2 (2.6)
Dialysis  1 (1.3)
Neurology  1 (1.3)
Pediatrics  1 (1.3)
Plastic surgery  1 (1.3)
Urology  1 (1.3)
Total 76 (100)

Department n (%)

Fig. 1. Molecular detection of the nuc, mecA, exfA, exfB, tst and hla genes by single target PCR.
PC – positive control, NC – negative control, M – 100 bp DNA ladder (Hibrigen) for mecA (533 bp) and tst (326 bp), 50 bp DNA ladder (Hibrigen) 

for nuc (270 bp), exfA (93 bp), exfB 226 bp) and hla (209 bp), bp – base pairs
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vides insights into multiple virulence characteristics of 
S. aureus from clinical specimens in Northern Cyprus.

In the current study, at a trend analysis level, 
although the gender of the patients had no statistical 
association with the detection of MRSA, the isolation 
rate was markedly higher in males. MRSA infections 
occur less frequently in patients below 45 years of age. 
Both age and gender-related trends observed in this 
study were similar to those previously investigated by 
others (Pomorska-Wesołowska et al. 2017; Thorlacius-
Ussing et al. 2019). The isolation frequency of MRSA 
was highest in wounds and abscesses (25%; n = 19/76) 
and blood samples (22%; n = 17/76). These findings 
reinforce the association of skin and soft tissue infec-
tions (SSTIs) as a predisposing factor to S. aureus bac-
teremia (Jorgensen et al. 2019; Horino and Hori 2020).

The effects of S. aureus virulome on the progression 
of infections have been broadly investigated (Lebughe 
et al. 2017; Park et al. 2019). While virulence genes can 
play an important role in the pathogenicity of S. aureus, 
the circulation of these genes may vary among strains. 
Therefore, defining the distribution of virulence-asso-
ciated genes is invaluable for the epidemiological con-
trol of S. aureus. The hla gene was detected in 97% of 
MRSA strains and had the highest frequency of all genes 
among the virulence factors investigated. This finding is 
comparable to another study in China in which authors 
reported that 98.7% (n = 224/227) of the S. aureus iso-
lates were hla-positive (Li et al. 2019). In a  separate 
investigation conducted in Iraq in 2020, S. aureus strains 
isolated from Syrian and Iraqi refugees were screened, 
and the hla gene was found in 93.4% (n = 117/125) of 
the Iraqi community. In contrast, the frequency of hla 
positivity was 71.4% (n = 89/125) in the Syrian refugee 
group (Rasheed and Hussein 2020). Alpha-hemolysin is 
by far the most well studied among the S. aureus cyto-
toxins, as it is produced by many strains and is toxic to 
a broad spectrum of mammalian cells. 

Exfoliative toxins secreted by S. aureus are essential 
virulence factors of the bacterium. In our study eta was 
detected in 3% (n = 2) and etb in 1.5% (n = 1) of the iso-
lates, whereas etd was not detected among the isolates 
tested. Our study results differed from those obtained 
by Mohseni et al. in 2018, in which a high frequency of 
eta (76.7%), etb (16.7%), and etd (54%) in S. aureus clini-
cal isolates was observed. These findings contrast with 
a previous study in Korea on staphylococcal scalded 
skin syndrome patient-derived strains, which reported 
53.8% of MRSA isolates to be etb-positive (Choi et al. 
2021). According to the literature, eta is more common 
in Europe, Africa, and North America, contributing to 
over 80% of exfoliative toxin-producing strains, whereas 
etb is more common in Japan (Mariutti et al. 2017).

Toxic shock syndrome (TSS) manifests as either non- 
menstrual or menstrual-associated infection. How ever, 

cases of menstrual TSS are rarely seen (0.03–0.5/ 100.000), 
although the strains producing the toxin are often 
reported (Tong et al. 2015; Berger et al. 2019). It is sug-
gests that the production of the toxin is under tight 
control (Tuffs et al. 2019). Only 3% (n = 2) of the isolates 
investigated in this study harbored the tst gene. In other 
studies, the prevalence of the toxin among the strains was 
found to be between 14% and 36.8% (Papadimitriou- 
Olivgeris et al. 2017; Shahini Shams-Abadi et al. 2018; 
Zhao et al. 2019; Abbasi Montazeri et al. 2021).

In this study, we gained insights into the prevalence 
of toxin genes among S. aureus clinical isolates. We also 
identified that the elderly and inpatient population were 
at high risk of developing an MRSA infection. These 
findings are invaluable for the genetic characterization 
of bacterial isolates circulating in Northern Cyprus and 
call our attention to the need for regular surveillance 
of MRSA epidemiology. In-depth studies covering the 
clonal diversity of MRSA strains and the correlation of 
antimicrobial resistance and toxin gene profiles with 
specific clones have highlighted these features as vari-
ables driving the complex epidemiology of this patho-
gen (Peterson et al. 2019; Maalej et al. 2019). The recent 
development of rapid diagnostic technologies contrib-
utes to the fast and reliable identification of infectious 
pathogens. For example, integrated sensing platforms 
using microfluidics technology and mass spectrometry 
techniques such as MALDI-TOF have significantly 
increased the rate of detection of MRSA in clinical sam-
ples (Schulz et al. 2020; Zhou et al. 2021). Concurrently, 
novel therapeutic approaches such as antivirulence 
drugs and phage therapy are being developed and hold 
promise for tackling antimicrobial resistance (He et al. 
2021; Chang et al. 2022; Naorem et al. 2022).

Conclusion

The data presented indicate that while most strains 
carry the alpha-toxin gene, the frequency of tst, eta, etb, 
and etd genes were considerably low in the strains cir-
culating at the main hospital in this region. Our results 
provide new epidemiological data of S. aureus strains 
in this region.

Limitations

This work represents a preliminary study with a lim-
ited sample size from a single center; therefore the data 
is not representative of isolates in all hospitals across 
Cyprus. Additional analyses with a higher number of 
isolates are required to identify the overall frequency 
of virulence determinants. Another limitation of the 
study was the absence of measurements of expression 
levels of the virulence factors at gene and protein levels.
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Introduction

Bacteremia can result in many serious diseases, such 
as sepsis, septic shock, and multi-organ failure (Laupland 
et al. 2004). Rapid detection of causative pathogens will 
be clinically helpful in optimizing accurate antimicro-
bial therapy in patients with suspected bacteremia. 
Con ven tional culture-based diagnostic procedures (e.g., 
blood cultures) currently remain the most reliable and 
clinically commonly used method for pathogens detec-
tion in patients with suspected bacteremia. However, 
the limitations of the conventional culture-based strat-

egies for microbial tests in clinical practice have been 
widely discussed (e.g., it takes over 24 h to get results). 
Thus, several culture-independent molecular diagnostic 
procedures (such as polymerase chain reaction (PCR)-
based techniques) have been introduced in clinics to 
identify the causative pathogens in patients with infec-
tious diseases (Rutanga and Nyirahabimana 2016). 
Mounting evidence has demonstrated the diagnostic 
values of PCR-based techniques as additional tools to 
the conventional culture-based methods for identifying 
some known pathogens of patients with bacteremia and 
other infectious diseases (Blauwkamp et al. 2019).
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Rapid detection of bloodstream pathogens would greatly facilitate 
clinicians to make precise antimicrobial treatment in patients with 
bacteremia. In this study, 114 plasma samples were collected from 
patients with identified or suspected bacteremia, and pathogens 
were detected by the conventional blood culture (BC) and cell-free 
DNA metagenomics next-generation sequencing (cfDNA mNGS). 
The present study indicated that 76% (38/50) of positive conven-
tional blood culture (BC+ group) patients were positively detected 
by cfDNA mNGS, and only 4% were mismatched between cfDNA 
mNGS and conventional bacteria culture. Pathogens in 32.8% of 
suspected bacteremia patients with negative conventional blood 
culture (BC– group) were determined accurately by cfDNA mNGS 

combined with analyzing the patients’ clinical manifestations. 
Esche richia coli and Klebsiella pneumoniae were the most detected 
pathogens in identified bacteremia patients by cfDNA mNGS. 
76.2% (16/21) of E. coli and 92.3% (12/13) of K. pneumoniae in 
bacteremia patients were identified by conventional blood cultures 
that were also detected by cfDNA mNGS. This study demonstrated 
that genomic coverage of E. coli and K. pneumoniae were more often 
detected in BC+ group patients and genomic coverage of Acineto
bacter johnsonii and Paucibacter sp. KCTC 42545 was more often 
detected in BC– group patients. In conclusion, cfDNA mNGS could 
rapidly and precisely provide an alternative detection method for 
the diagnosis of bacteremia.
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Several recent studies have demonstrated the diag-
nostic values of cell-free DNA metagenomics next-
generation sequencing (cfDNA mNGS) as a rapid and 
accurate method for identifying pathogens in patients 
with infectious diseases (Simner et al. 2018; Chiu and 
Miller 2019). The performance of the cfDNA mNGS for 
the identifying infectious microorganisms is based on 
the unbiased sequence analyses of the microbiome from 
the patient’s plasma (human DNA is removed) (Grumaz 
et al. 2016; Long et al. 2016). The conventional bacterial 
culture methods are commonly used as a gold standard 
for identifying bloodstream pathogens in patients with 
suspected bacteremia. Comparing diagnostic values 
of cfDNA mNGS and the conventional culture-based 
methods is seldomly reported in suspected bacteremia 
patients. In this study, the clinical values of the cfDNA 
mNGS were compared with the conventional culture-
based methods. Moreover, the utility of cfDNA mNGS 
in suspected bacteremia patients was further evaluated 
as an alternative detection method.

Experimental

Materials and Methods

Patients and diagnostic standards. One hundred 
fourteen patients hospitalized at the Huazhong Univer-
sity of Science and Technology Union Shenzhen Hos-
pital (Shenzhen, China) between August 2017 and May 
2020 were enrolled in this study. The pathogen detec-
tion was performed synchronically in the sera of all 
114 patients by both the conventional blood culture and 
cfDNA mNGS. The clinical diagnosis of these patients 
was shown in Table SI, and they were divided into two 
groups with identified or suspected bacteremia. Identi-
fied bacteremia patients were defined as those with the 
clinical symptoms of bloodstream infection and posi-
tive conventional bacteria culture from the blood sam-
ples (BC+ group). Suspected bacteremia patients were 
defined as those with the clinical symptoms of blood-
stream infection and negative microbial detection in the 
conventional bacteria culture from the blood samples 
and other clinical specimens. The clinical symptoms of 
bloodstream infection mainly included as the following: 
1) fevers with body temperatures > 38.0°C and recurrent 
chills; 2) clinical evidence of bacterial infection in some 
organs or systems; 3) no evidences of fever caused by 
non-infectious diseases. Suspected bacteremia patients 
were described as the BC– group in this study.

The conventional blood culture method. The con-
ventional blood culture method was performed accord-
ing to standard operations and incubated in the BD 
Bactec™ FX400 system (Becton Dickinson, USA). The 
bacterial species and antimicrobial susceptibility of 

blood culture positive samples were identified by the 
BD Phoenix™ M50 automated microbiology system 
(Becton Dickinson, USA).

Plasma preparation and cfDNA mNGS perfor-
mance. Plasma samples were separated from the whole 
blood samples (before antibiotics were used) in EDTA 
anticoagulation blood collection tubes. The serum sam-
ples were collected from the whole blood samples in the 
tube without an anticoagulant. Plasma samples from 
five healthy volunteers were used as negative controls 
to calibrate and set detection thresholds. The cfDNA 
was extracted from 300 µl of plasma or serum using 
the TIANamp Micro DNA Kit (DP316, TIANGEN 
Biotech(Beijing)Co.,Ltd., China) according to the man-
ufacturer’s protocol. The nucleic acid concentration was 
measured using the Qubit dsDNA HS Assay Kit (Life 
Technologies, Invitrogen, China). Library construction 
and mNGS were performed according to the sequenc-
ing protocol (BGI, China). DNA library quality was 
assessed using an Agilent 2100 Bioanalyzer (Agilent 
Technologies, USA) combined with quantitative PCR 
to measure the adapters before sequencing. Qualified 
DNA libraries were prepared in a OneTouch system by 
emulsion PCR and then sequenced on the BGISEQ-100 
or BGISEQ-50 sequencing platform (BGI, China).

NGS data processing. Raw data were preproc-
essed by removing short reads, low-quality reads, and 
sequencing adapters to generate clean reads. Raw data 
generated from the BGISEQ-50 sequencing platform 
were filtered using SOAPnuke software (version:1.5.6, 
BGI, China, https://github.com/BGI-flexlab/SOAP-
nuke), which included removing reads in which at least 
30% of the total reads had quality scores < 20, a propor-
tion of unknown nucleotides > 2%, and less than 50 bp, 
and trimming adapters sequences. For raw data gener-
ated from the BGISEQ-100 sequencing platform, reads 
with less than 50 bp were discarded, and those with 
average quality scores of < 10 per 15 window lengths 
and sequencing adapters were trimmed. The align-
ment and analysis of the cfDNA reads by mNGS were 
performed according to the previous reports (Altschul 
et al. 1990; Wood and Salzberg 2014). Reads were nor-
malized per 20 million mapped reads according to the 
clean reads as the relative abundance. Species with 
detection rates > 0.8 and sample standard deviations 
> 0.6 were retained. The ratio of the relative bacterial 
abundance in each sample was calculated and placed 
in descending order. Criteria for a positive cfDNA 
mNGS result were as per Miao and coworkers (Miao 
et al. 2018). Consistency between the microbial species 
identified by cfDNA mNGS and the BC results com-
bined with clinical manifestations was evaluated. For 
mNGS+/BC– samples, whether the pathogen results 
were reliable after the combined analysis with clinical 
symptoms was assessed by three clinicians.
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Statistical analysis. Data were analyzed using R soft-
ware, version 3.5.0. A chi-square test was used to com-
pare the prevalence of each species and their resistance 
and virulence genes between positive and negative BC 
samples. p < 0.05 was considered statistically significant. 
The Wilcoxon rank-sum test was used to calculate dif-
ferences in the relative abundances of the resistance 
and virulence genes between positive and negative BC 
samples, with p < 0.05.

Results

Clinical information and cfDNA quantification 
from bacteremia patients’ plasma or serum sam-
ples. The microbes-derivative read numbers of the 
cfDNA extracted from bacteremia patients’ plasma and 
serum samples were compared. It suggested that more 
microbes-derivative read numbers could be detected 
in plasma compared to serum ones. It demonstrated 
that the plasma was more suitable for detecting cfDNA 
mNGS (Fig. 1a). Subsequently, 114 patients were 
divided into two groups according to the blood culture 
results and the criteria described above. Fifty patients 
were diagnosed with bacteremia (BC+ group) and 64 
with suspected bacteremia (BC– group), and the diag-
nostic value of cfDNA mNGS in these groups was eval-
uated. The total cfDNA read numbers/concentrations 
(copies/ml) by cfDNA mNGS were significantly higher 
in the plasma samples of the BC+ group compared 

with the BC– group (Fig. 1b). The microbes-derivative 
cfDNA reads/total cfDNA reads showed no significant 
differences between these two groups (Fig. 1c).

Comparison of the diagnostic value between the 
conventional blood culture and cfDNA mNGS. The 
diagnostic values of pathogen detection by cfDNA 
mNGS and conventional blood culture were com-
pared and are presented in Table I. In this study, 76% 
of the BC+ group (38/50) were positively recognized by 
cfDNA mNGS, indicating that 72% (36/50) were con-
sistent with the BC results, and only two cases were 
mismatched between these two methods. Moreover, 
among the 64 cfDNA mNGS+ samples, 26 were BC–, 
and 80.7% (21/26) of cfDNA mNGS+/BC– samples were 
consistent with the clinical manifestation. This observa-
tion indicated that the pathogens in BC– samples were 
reliable determined by cfDNA mNGS. Thus, to promise 

Fig. 1. a) Comparison of cfDNA reads number/concentrations (copies/ml) of pathogens by cfDNA mNGS between plasma and serum; 
b) comparison of cfDNA read numbers/concentrations (copies/ml) between BC+ and BC–; c) comparison of the microbes-derivative 

cfDNA reads/total cfDNA reads between BC+ and BC– patients.
*** – p < 0.001, NS – not significant, BC – blood culture, cfDNA mNGS – cell-free DNA metagenomics next-generation sequencing,

+ – positive, – – negative

BC+ 38 12 36a

BC– 26 38 21b

Total 64 50

Table I
Comparison of the consistency of the pathogen identification 

between cfDNA mNGS and BC.

BC – blood culture, cfDNA mNGS – cell-free DNA metagenomics 
next-generation sequencing, a – consistency between the microbial spe-
cies identified by cfDNA mNGS and the BC results, b – for NGS+/BC– 
samples, whether the pathogen results were reliable after the combined 
analysis with clinical symptoms were assessed by three clinicians

cfDNA mNGS+ cfDNA mNGS– Consistency
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the accuracy of cfDNA mNGS results in BC– groups, 
performing analysis combined with the clinical mani-
festation is necessary.

In this study, Escherichia coli and Klebsiella pneu
moniae were the most detected pathogens in identified 
bacteremia patients by cfDNA mNGS (Fig. 2). cfDNA 
mNGS detected 76.2% (16/21) of E. coli and 92.3% 
(12/13) of K. pneumoniae in the patients in whom the 
bacteriemia was detected by conventional blood culture 
(Table SII). 

In addition to bacterial pathogens, cfDNA mNGS 
indicated that 54.39% of the blood samples (62/114) 
came from patients with coexisting viral infections 
(Table SIII). The Torque Teno virus (TTV) and human 
herpesvirus 4 (EBV) were the top two species detected 
in this study. EBV had a significantly higher detec- 
tion rate in the BC+ samples than in the BC– group. 
Notably, most viral read numbers were < 20, and the 
relative abundance of the hepatitis B virus (HBV) in 
the BC– group was over 1,000, which nearly equaled 
the viral copy number determined by quantitative fluo-
rescent PCR (Fig. 2).

The genomic mapping of the microbes detected by 
cfDNA mNGS in BC+ and BC– groups. Furthermore, 

the whole genome of individual microbial species, 
such as E. coli and K. pneumoniae were mapped from 
the cfDNA reads detected by mNGS, and compared 
between the BC+ and BC– groups. This study demon-
strated that genomic coverage of E. coli and K. pneu
moniae was most often detected in BC+ group patients, 
and genomic coverage of Acinetobacter johnsonii and 
Paucibacter sp. KCTC 42545 was more often detected 
in BC– patients (Fig. 3).

Proteobacteria was the most common phylum in both 
BC+ and BC– patients (Fig. 4a). Gammaproteobacteria 
had the highest relative abundance ratio at the class level, 
and was more abundant in the BC+ patients (p = 0.03), 
whereas Alphaproteobacteria (p < 0.001) and Beta-
pro teobacteria (p < 0.001) were more abundant in the 
BC– samples (Fig. 4b). At the order level, Enterobacte-
rales (p < 0.001) was significantly abundant in the BC+ 
samples, whereas Rhizobiales (p = 0.001) and Pseudomo-
nadales (p = 0.01) were more abundant in the BC– sam-
ples. At the family level, Enterobacteriaceae (p < 0.001) 
was significantly abundant in the BC+ samples, 
whereas Moraxellaceae (p = 0.01) and Caulobacteraceae 
(p < 0.001) were more abundant in the BC– group. At the 
genus level, Escherichia (p < 0.001) was relatively higher 

Fig. 2. The relative abundance of cfDNA mNGS-detected bacteria and viruses in the 114 samples were shown by Heatmap.
The relative abundance data used in the heatmap were log2-transformed to compare among species. Staphylococcus epidermidis

and Pro pio  ni bacterium acnes were discarded as contaminants in the downstream analysis.

Fig. 3. Relative abundances of read numbers of microbial species between the BC+ and BC– samples. Confidence intervals
and p-values are indicated for each species, and the differences in proportions were calculated as the mean proportion

of BC– minus BC+ samples with 95% confidence intervals.
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in the BC+ samples, whereas Acinetobacter (p = 0.01) was 
relatively higher in the BC– samples (Fig. 5).

Dynamics of microbial derivative cfDNA read 
numbers determined by mNGS during antibiotic 
treatment. The read numbers of cfDNA from the 
plasma samples collected from three patients at dif-

ferent time points were analyzed to investigate the 
dynamic changes of the microbial derivative cfDNA 
read numbers during antimicrobial treatment (Fig. 6). 
In patients of A47 and A45, the cfDNA read numbers of 
K. pneumoniae and E. coli significantly decreased after 
of the effective antimicrobial treatment. It showed that 

Fig. 5. Comparison of community compositions at the order, family and genus levels. Confidence intervals and p-values are indicated
in each case, and the difference in proportions was calculated by the mean proportion of BC– minus BC+ samples

with 95% confidence intervals.
BC – blood culture, + – positive, – – negative

Fig. 4. Microbial compositions of the BC+ and BC– samples.
a) At phylum level; b) at class level.
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the dynamics of the bacterial read numbers in these two 
cases reflected the efficacy of the antibiotic treatment. 
However, the cfDNA read numbers of Staphylococcus 
aureus in patient A48 remained positive with a transient 
increase of cfDNA read number after eight days of anti-
biotic treatment with remission of clinical symptoms. 

Subsequently, with persistent antibiotic treatment, the 
S. aureus cfDNA read numbers decreased and became 
negative (Fig. 6). With the decrease of cfDNA read 
numbers, the fever symptoms gradually improved, and 
while blood cells, C-reactive protein, and procalcitonin 
were gradually reduced (Fig. 7).

Fig. 6. Antibiotic treatments and relative pathogen abundances at different times after disease onset.
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Discussion

An ideal diagnostic test would enable the simultane-
ous detection and identification of pathogens from var-
ious clinical specimens, including rare or unculturable 

ones. cfDNA-based mNGS has been widely reported as 
a promising diagnostic tool for detecting microorgan-
ism from various clinical samples, such as bronchoal-
veolar lavage fluid and cerebrospinal fluid (Horiba et al. 
2018; Miao et al. 2018; Miller et al. 2019). However, the 

Fig. 7. Patient symptoms with antibiotic treatment.
WBC – white blood cells, CRP – C-reactive protein, PCT – procalcitonin, MRSA – methicillin-resistant S. aureus,

NGS – cell-free DNA metagenomics next-generation sequencing
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evaluation of the diagnostic values of cfDNA mNGS for 
microbial testing of bacteremia patients’ blood samples 
has rarely been reported. Here, our data showed that 
cfDNA mNGS could detect pathogens in plasma sam-
ples independently of BC tests, demonstrating that 72% 
of the mNGS-positive samples were consistent with the 
gold standard approach of BC.

One of the most urgent needs in clinics is to evalu-
ate the clinical significance of cfDNA mNGS for deter-
mining microbial species in the BC– group. i.e., patients 
with suspected bacteremia (Horiba et al. 2018). Our 
data indicated that cfDNA mNGS yielded accurate 
microbial results in 32.8% of the BC– group of patients 
with suspected bacteremia, supporting the future appli-
cation of this approach in clinics. Although the cost of 
cfDNA NGS is five to six times that of conventional 
blood culture method, it takes only 24 hours from 
blood sample collection to NGS detection, bioinfor-
matics analysis, and final results. Especially for those 
patients with severe bloodstream infections, it might 
be helpful to obtain a clinical prognosis in the shortest 
time and start timely anti-infection treatment.

Previous studies have indicated that herpes viruses 
(cytomegalovirus, Epstein-Barr virus, herpes simplex 
virus types 1, and human herpesviruse types 6), poly-
omaviruses (JC and BK), and an anellovirus (Torque 
Teno virus) are significant and commonly found in 
plasma samples of septic patients (Béland et al. 2014; 
Walton et al. 2014). Whether the increased pro-
pensity for infections with relatively weakly patho-
genic organisms results from viral-mediated effects 
to impair immunity and whether viral reactivation 
occurs more readily in more profoundly immunosup-
pressed septic patients remains unknown. Applying 
cfDNA-based NGS may facilitate monitoring serum 
viral titers and identifying viral reactivation or flare 
in serum samples of patients with identified or sus-
pected bacteremia. Therefore, discovering occult DNA 
viruses in host plasma samples may be an advantage 
in the future.

The antimicrobial susceptibility of traditional 
micro bial culture depends on the microbial isolation 
and identification. Some molecular diagnostic meth-
ods, such as PCR, can both analyze the microbial spe-
cies and determine the antimicrobial-resistance genes 
to provide the additional guidance for the antibiotic 
treatments (Gu et al. 2019). Previous researches have 
indicated that mNGS detection of clinical samples can 
reveal information about both the microbial species 
and the antimicrobial gene distribution, which can 
facilitate undertaking treatment choices for bactere-
mia patients (Grumaz et al. 2016; Horiba et al. 2018; 
Charalampous et al. 2019). In this study, blood culture 
results showed that these bacteria were not resistant 
to commonly used antibiotics, so we did not conduct 

in-depth analysis of resistance genes in cfDNA mNGS 
sequencing results. This study was probably limited by 
its single-center nature, and small number of patients. 
Thus, to some extent, it may affect the accuracy and 
reliability of the results. 

Conclusion

In conclusion, cfDNA mNGS may be an alterna-
tive detection method for pathogen identification in 
the patients with bacteremia. Applying cfDNA mNGS, 
especially combined with BC and clinical manifestation, 
can significantly enhance the detection rate and accu-
racy of cfDNA microbial detection in patients with bac-
teremia. High read numbers of microbial cfDNA will 
facilitate using cfDNA mNGS to determine the antimi-
crobial susceptibility and dynamical detection of the 
cfDNA-derivative microbial read numbers. The achieve 
the accurate diagnosis by cfDNA mNGS one should 
avoid the operational contamination and exclude the 
interference from the extra or occult microbial species. 
Additional clinical trials are needed to determine the 
sensitivity and specificity of this NGS method.
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Introduction

The vaginal microbiota demonstrates its important 
role in the reproductive age women’s health or disease. 
Many studies show that Lactobacillus spp. dominates 
the vaginal microbiota of healthy women (Ravel et al. 
2011; Gajer et al. 2012; Kiecka et al. 2021). Due to Lacto
bacillus spp. colonization, a pH value up to 4 is mainta-
ined, and the binding of pathogenic microorganisms to 
vaginal epithelial cells is blocked. Bacteriocins, H2O2, 
and lactic acid produced by lactobacilli can inhibit the 
growth of different microorganisms (Aroutcheva et al. 
2001; Vallor et al. 2001; Karaoğlu et al. 2003; Amabebe 
and Anumba 2018).

Ureaplasma spp. are frequently isolated from the 
genital tract of women at childbearing age (Leli et al. 
2018). Based on nucleic acid amplification techniques 
(NAAT) Ureaplasma urealyticum species was split into 
Ureaplasma parvum and U. urealyticum. Despite the 
many studies conducted, it has not been resolved whe-

ther Ureaplasma spp. are pathogenic or commensal. 
Some authors describe Ureaplasma spp. as pathogenic 
in nongonococcal urethritis in men (NGU), pyelo-
nephritis, endometritis (Kundsin et al. 1996; Dewan 
et al. 1997), and pregnancy complications (Horowitz 
et al. 1995; Abele-Horn et al. 1997; Harada et al. 2008) 
while others consider them commensal (Donders et al. 
2017). These problems in determining their impact on 
women’s health may be related to the design of a study 
and the diagnostic technique used: culture, serology, or 
polymerase chain reaction (PCR), among others.

The aim of this study was to assess the prevalence 
of Ureaplasma spp. colonization in a large group of 
women of childbearing age reporting to a microbio-
logy laboratory for follow-up examinations or by pre-
senting symptoms (itching, burning, discharge, pain, or 
discomfort). In addition, the objective was to determine 
the prevalence and co-occurrence of other microorga-
nisms, both common components of the genital tract 
microbiota and pathogens.
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A b s t r a c t
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Ureaplasma spp. are frequently isolated from the genital tract of 
women of reproductive age. To date, it remains unclear whether 
they are commensal or pathogenic. In our study, we assessed the 
prevalence of Ureaplasma spp. in a group of 1,155 women of child-
bearing age. In addition, we assessed how often women with posi-
tive Ureaplasma spp. develop genital tract co-infections and how 
the vaginal pH changes. This study showed a relationship between 
colonization by Ureaplasma spp. and presenting symptoms. In fact, 
we showed that colonization of the genital tract by Ureaplasma spp. 

can affect the occurrence of co-infections such as Gardnerella vagi
nalis. We also observed a relationship between increased pH values 
and the presence of Ureaplasma spp.
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Experimental

Materials and Methods

Study population. This study was a retrospective 
analysis of the populations of women aged 18 to 49 
who had microbiological tests of the genital tract in 
the Microbiology and Autovaccine Research Center in 
Cracow, Poland, from April to August 2019, as recom-
mended by a gynecologist. All included patients had 
to undergo a set of tests such as pH determination, 
microscopic examination of vaginal smear, microbial 
culture, and molecular testing for Chlamydia tracho
matis, Mycoplasma hominis, U. urealyticum, U. parvum, 
Myco plasma genitalium. Moreover, a thorough history 
of reported symptoms and previous antibiotic treat-
ment were recorded. Women with a history of antibiotic 
treatment within the past two months were excluded 
from the study. Information on antibiotic treatment 
was obtained from the worksheets and referrals for 
examinations from attending physicians. The following 
patient data were used for analysis: age, symptoms-
-reported complaints, pH of vaginal contents, Lacto
bacillus presence or absence, presence of other bacteria, 
yeast-like fungi, and Trichomonas vaginalis.

The clinical signs divide the patients into sympto-
matic and asymptomatic groups. The group of symp-
tomatic women included those who reported at least 
one symptom in the genital tract: itching, burning, 
discharge, pain, or discomfort. The asymptomatic 
group reported no such complaints.

Microbiological methods. The material for micro-
biological examination consisted of two vaginal swabs 
(one for Gram-staining microscopy and one for culture) 
and one cervical swab for molecular testing (NAAT). 
The vaginal fluid pH was measurand during sample col-
lecting. All tests were performed at the Microbiology and 
Autovaccination Research Center in Cracow, Poland.

Swabs were taken from the posterior vaginal vault 
and endocervical canal using a sterile speculum. The 
vaginal content remaining on the speculum was used 
to measure the pH value using pH indicator strips with 
a pH range of 2.0–9.0 (MERCK, Germany). One vaginal 
swab was used for Gram staining with PREVI® Color 
Gram stainer (bioMerieux, France). The vaginal Gram 
stain smears were assessed using the scale according to 
Kuczyńska modified by Kasprowicz (Kasprowicz and 
Białecka 2012). The presence of leukocytes, lactobacilli, 
other bacteria, fungi, and clue cells was assessed based 
on an abundance scale ranging from 0 to 3 in oil-immer-
sion microscope fields (× 1000). The degrees III, III/IV,  
and IV with clue cells detected indicated BV, which is 
comparable to a score from 7 to 10 according to Nugent 
criteria (Nugent et al. 1991; Kuczyńska 2003; Kaspro-
wicz and Białecka, 2008). The specimen from the first 
vaginal swab was also inoculated in Trichomedium 

(GRASO, Poland). After 48 hours of culture, a direct 
preparation was made and viewed under a microscope 
(200 × magnification) to identify T. vaginalis.

The second vaginal swab was used to perform cultu-
res on TSA with 5% sheep blood (GRASO, Poland) for 
the detection of aerobic bacteria, Gardnerella Agar (bio-
Merieux, France) for anaerobic bacteria, CANDIselect 
(BioRad, USA) for yeasts, and Chocolate Agar + P.V.S. 
+ VCAT (BioRad, USA) for Neisseria gonorrhoeae. The 
media were incubated for 24 h or 48 h at 35°C under 
appropriate conditions. The cultured microorganisms 
were isolated and identified using VITEK2 (bioMerieux, 
France) or MALDI-TOF MS (Brucker, USA). 

Material collected from the cervical swabs was 
preserved on UTM medium (Copan Italia, Italy) and 
tested for C. trachomatis, M. hominis, U. urealyticum, 
U. parvum, and M. genitalium. The DNA was isolated 
with croBEE 201A Nucleic Acid Extraction Kit (Gene-
Proof, Czech Republic) with croBEE NA16 Nucleic 
Acid Extraction System (GeneProof, Czech Republic) 
according to the manufacturer’s instructions. The 
NAAT was performed with a commercially available 
PCR – AmpliSens test, according to the manufacturer’s 
instructions in a Cobas Z480 real-time thermocycler 
(ROCHE, Switzerland).

Statistical analysis. A language and environment for 
statistical computing R were used for statistical analysis 
(R Core Team 2022). The significance level was assumed 
at p = 0.05. The Chi-square test of independence, Fisher 
exact test (for qualitative features) and Mann-Whitney 
U test (for quantitative features) were used to com-
pare distributions of variables across two independent 
groups. The odds ratios [ORs] with 95% confidence 
intervals [CIs] were calculated with Firth’s bias reduc-
tion method of logistic regression with the Wald test 
(Wang 2014, Heinze et al. 2022). The multivariable logi-
stic regression model was built and evaluated to asso-
ciate various independent factors, such as the presence 
of different microorganisms or the age of women, with 
clinical symptoms or elevated pH. The Akaike informa-
tion criterion was extracted and based on this statistic 
best-suited (with minimal AIC), the most parsimonious 
models were selected from a collection of fitted models. 
Bearing in mind the possible coexistence of some micro-
organisms, we tested second-order interactions between 
them. Due to non-significant results, none of the inte-
raction terms was incorporated into the final model.

Results

Study patients’ population. A total of 1,155 women 
aged from 18 to 49 years were included in the study. 
Seven hundred fifty-six women in the study group 
did not report symptoms, while 399 women presented 
symptoms.
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Among 1,155 women, Lactobacillus spp. was found 
in vaginal swabs of 1,107 (95.8%) (single/few/nume-
rous lactobacilli). The differences in the abundance of 
Lactobacillus spp. in the patients’ group (n = 1,107) were 
analyzed; 964 women presented the vaginal smear with 
few or numerous lactobacilli, and 143 presented only 
single lactobacilli. 

Ureaplasma spp. was detected in 274 women 
(23.7%). Aerobic bacteria were identified in 153 vagi-
nal swabs (13.2%), and yeast-like fungi in 192 (16.6%). 
Gardnerella vaginalis was found in 56 specimens (4.8%) 
from patients with vaginosis. M. hominis (1.8%) and 
sexually transmitted pathogens C. trachomatis (0.7%) 
and M. genitalium (0.2%) were found rarely in the study 
group. T. vaginalis and N. gonorrhoeae, two other etiolo-
gical agents of STI, were not identified in any specimen 
in this study. Complete data on genital tract microorga-
nisms’ prevalence are summarized in Table I.

The occurrence of urogenital mycoplasmas (U. par
vum, U. urealyticum, and M. hominis) was analyzed 
regarding multiple colonization with these species and 

co-infection with C. trachomatis and M. genitalium. The 
overall incidence of urogenital mycoplasmas in this 
study group was 24.22%. Most patients (23.02%) pre-
sented single mycoplasma species in the genital tract. 
Both double (1.03%) and triple mycoplasma coloni-
zation (0.17%) and co-infections of urogenital myco-
plasmas with C. trachomatis and M. genitalium (0.35%) 
were very rarely observed (Fig. 1).

Urogenital microorganisms and symptoms. Our 
data show that the presence of different microorganisms 
in the genital tract is associated with symptoms including 
itching, burning, discharge, pain, and discomfort. The 
results of univariable and multivariable logistic regres-
sion models are depicted in Table I and II, respectively.

Univariable analysis showed that women in whom 
G. vaginalis was isolated were more likely to report 
symptoms (OR = 8.32, 95% CI: 4.30–16.08). Women 
with identified Ureaplasma spp. were about four 
times more likely to be symptomatic (OR = 4.26, 95% 
CI: 3.21–5.66), and a similar trend was found for 
C. trachomatis, but the group of C. trachomatis positives 

Lactobacillus spp.  microscopic  1,107 (95.8) 737 (97.5) 370 (92.7) < 0.001 0.33 < 0.001
      (0.18–0.60)

Gardnerella vaginalis microscopic, culture  56 (4.8) 11 (1.5) 45 (11.3) < 0.001 8.32 < 0.001
      (4.30–16.08)

Ureaplasma spp. PCR 276 (23.9) 108 (14.3) 166 (41.6) < 0.001 4.26 < 0.001
      (3.21–5.66)

Ureaplasma parvum PCR 187 (16.2) 81 (10.7) 106 (26.6) < 0.001 3.01 < 0.001
      (2.19–4.14)

Ureaplasma urealyticum PCR 89 (7.7) 27 (3.6) 62 (15.5) < 0.001 4.91 < 0.001
      (3.08–7.83)

Mycoplasma hominis PCR 21 (1.8) 0 (0.0) 21 (5.3) < 0.001# 85.94 0.002
      (5.19–1,422.62)

Mycoplasma genitalium PCR 2 (0.2) 0 (0.0) 2 (0.5) 0.119# 9.52 0.146
      (0.46–198.69)

Chlamydia trachomatis PCR 8 (0.7) 1 (0.1) 7 (1.8) 0.003# 9.62 0.012
      (1.66–55.79)

Aerobic bacteria (with GBS) culture  153 (13.2) 95 (12.6) 58 (14.5) 0.396 1.19 0.339
      (0.84–1.68)

Streptococcus group B (GBS) culture  88 (7.6) 57 (7.5) 31 (7.8) 0.981 1.04 0.865
      (0.66–1.63)

Yeast microscopic, culture  192 (16.6) 100 (13.2) 92 (23.1) < 0.001 1.97 < 0.001
      (1.44–2.69)
Neisseria gonorrhoeae culture  – – – – –
Trichomonas vaginalis culture  – – – – –

Table I
The prevalence of specific microorganisms across groups of women manifesting or not clinical symptoms.

    * – all p-values denoted by # are from Fisher’s exact test; the remaining comparisons are made with the chi-square test of independence
  ** – p-values calculated by Wald method using Firth’s logistic regression
*** – OR of prevalence symptoms in women with specific microorganisms detected when compared with those without symptoms

Microorganisms Microbiological
method

Without
symptoms
(n = 756)

With
symptoms
(n = 399) p*

OR***
(95% CI) p**

n (%) n (%) n (%)

Total
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was small, so estimates were imprecise (OR = 9.62, 95% 
CI: 1.66–55.79). All 21 women diagnosed with M. homi
nis were symptomatic in the study group. The data on 
the diagnosis of M. genitalium was not significant, as 
it was identified in only two patients. The results also 
showed a positive correlation between candidiasis and 
symptoms in the analyzed group of women. In the pre-
sent study, neither the prevalence of aerobic bacteria, 
nor Gram-negative and Gram-positive, like Escherichia 
coli, Klebsiella pneumoniae, Streptococcus spp., Staphy
lococcus spp., Enterococcus spp., nor the prevalence of 
GBS was statistically different in women manifesting 
symptoms compared to the non-symptomatic women. 
Complete data on the presence of specific microor-
ganisms in the genital tract and their relationship to 
symptoms are presented in Table I.

Multivariable analysis found the vaginal coloniza-
tion by G. vaginalis, urogenital Mycoplasma spp., Chla
mydia, and yeast-like fungi as independent predictors 
of vaginitis symptoms, while Lactobacillus spp. was 
shown as protective against it (Table II).

Ureaplasma parvum and co-infections. Among 
1,155 examined women, 274 women had a  positive 
PCR result for Ureaplasma spp., 187 for U. parvum 
(68%), and 89 cases for U. urealyticum (32%). Both 
U. urealyticum and U. parvum were diagnosed in two 

women. Genital tract colonization by U. parvum more 
than for times increased the chance of bacterial vagi-
nosis with G. vaginalis (OR = 4.30, 95% CI: 2.44–7.49), 
almost tripled the prevalence of M. hominis infection 
(1.4% vs. 3.7%), and contributed to the more frequently 
recorded infection by yeast-like fungi (OR = 1.58, 95% 
CI: 1.07–2.32). However, it also significantly reduced 
the chance of U. urealyticum detection (OR = 0.11, 95% 
CI: 0.03–0.45) (Table III).

Among the 187 women with positive U. parvum, 
81 showed no symptoms, and 106 reported symptoms. 
The presence of Lactobacillus spp. was analyzed in 
both groups and was at a similar level (Table I). The 
prevalence of U. parvum increased the chance of cli-
nical symptoms about three times (OR = 3.07, 95% CI: 
2.18–4.31) (Table II).

Ureaplasma urealyticum and co-infections. The 
colonization of the genital tract by U. urealyticum 
increased four times the chance of bacterial vagino-
sis (OR = 4.07, 95% CI: 2.10–7.89). The possibility of 
M. hominis detection was also significantly increased 
(OR = 8.00, 95% CI: 3.22–19.86) (Table IV).

Among 89 women with positive U. urealyticum, 
27 were asymptomatic, while 62 women were sympto-
matic. In all asymptomatic women with U. urealyticum, 
the presence of Lactobacillus spp. in the vagina was 

Ureaplasma parvum 3.06 < 0.001 3.07 < 0.001
 (2.17–4.31)  (2.18–4.31)

Ureaplasma urealyticum 5.25 < 0.001 5.20 < 0.001
 (3.20–8.62)  (3.17–8.51)

Mycoplasma hominis 49.30 0.006 48.97 0.007
 (3.09–787.71)  (2.94–815.88)

Chlamydia trachomatis 10.03 0.012 10.04 0.012
 (1.66–60.42)  (1.66–60.66)

Lactobacillus spp. 0.47 0.045 0.48 0.033
 (0.23–0.98)  (0.24–0.94)

Gardnerella vaginalis 3.92 < 0.001 3.87 < 0.001
 (1.89–8.14)  (1.90–7.91)

Yeast 1.73 0.002 1.73 0.002
 (1.23–2.43)  (1.23–2.43)
DF  12   7
AICc 207.5 197.8
ΔAICc    9.7 0.0

Table II
Association between the prevalence of microorganisms and clinical symptoms

– multivariable analyses. The fully adjusted model and the most parsimonious model.

  *  – Model 1 – a fully adjusted model to variables presented in Table II and additionally to Myco
plasma genitalium, Streptococcus group B, aerobic bacteria (with GBS), age, pH > 4.5

  ** – Model 1 – the most parsimonious model adjusted to variables presented in Table II
*** – OR of prevalence symptoms in women with detected specific microorganisms compared with 

those without symptoms

Microorganisms
Model 1* Model 2**

OR***
(95% CI) p** OR***

(95% CI) p**
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Lactobacillus spp.  930 (96.1) 177 (94.7) 0.489 0.72 0.372
    (0.35–1.48)

Garderella vaginalis 32 (3.3) 24 (12.8) < 0.001 4.30 < 0.001
    (2.44–7.49)

Chlamydia trachomatis 5 (0.5) 3 (1.6) 0.125#
 2.60 0.101

    (0.86–12.81)

Mycoplasma hominis 14 (1.4) 7 (3.7) 0.064#
 2.65 0.0313

    (1.05–6.66)

Mycoplasma genitalium 2 (0.2) 0 (0.0) 1.000#
 0.00 0.534

    (0.05–21.56)

Ureaplasma urealyticum 87 (9.0) 2 (1.1) < 0.001 0.11 < 0.001
    (0.03–0.45)

Aerobic bacteria 134 (13.8) 19 (10.2) 0.214 0.70 0.174
    (0.42–1.17)

Yeast 150 (15.5) 42 (22.5) 0.025 1.58 0.019
    (1.07–2.32)

Streptococcus group B 82 (8.5) 6 (3.2) 0.020 0.36 0.017
    (0.14–0.77)

Table III
Relationship between the presence of U. parvum and other microorganisms.

  *  – all p-values denoted by # are from Fisher’s exact test; the remaining comparisons are made with the chi-square test of independence
  ** – p-values calculated by Wald method using Firth’s logistic regression
*** – OR of prevalence of specific microorganisms in women with Ureaplasma parvum compared with those without Ureaplasma 

parvum

Microorganisms

Without
Ureaplasma parvum

(n = 968)

With
Ureaplasma parvum

(n = 187) p* OR***
(95% CI)

p**

n (%) n (%)

Lactobacillus spp.  1,024 (96.1) 83 (93.3) 0.319 0.57 0.203
    (0.23–1.37)

Garderella vaginalis 43 (4.0) 13 (14.6) < 0.001 4.07 < 0.001
    (2.10–7.89)

Chlamydia trachomatis 8 (0.8) 0 (0.0) 1.000#
 0.00 0.412

    (0.04–12.15)

Mycoplasma hominis 13 (1.2) 8 (9.0) < 0.001#
 8 < 0.001

    (3.22–19.86)

Mycoplasma genitalium 1 (0.1) 1 (1.1) 0.148#
 5.98 0.025

    (1.24–116.95)

Ureaplasma parvum 185 (17.4) 2 (2.2) < 0.001 0.11 < 0.001
    (0.03–0.45)

Aerobic bacteria 137 (12.9) 16 (18.0) 0.227 1.48 0.171
    (0.84–2.63)

Yeast 173 (16.2) 19 (21.3) 0.272 1.40 0.213
    (0.82–2.39)

Streptococcus group B 77 (7.2) 11 (12.4) 0.122 1.81 0.083
    (0.88–3.42)

Table IV
Relationship between the presence of U. urealyticum and other microorganisms.

  *  – all p-values denoted by # are from Fisher’s exact test; the remaining comparisons are made with the chi-square test of independence
 ** – p-values calculated by Wald method using Firth’s logistic regression
*** – OR of prevalence specific microorganisms in women with Ureaplasma urealyticum compared with those without Ureaplasma urealyticum

Microorganisms

Without
Ureaplasma urealyticum

(n = 1,066)

With
Ureaplasma urealyticum

(n = 89) p* OR***
(95% CI)

p**

n (%) n (%)
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demonstrated (Table I). The prevalence of U. urealyti
cum increased about five times the chance of clinical 
symptoms (OR = 5.20, 95% CI: 3.17–8.51) (Table II).

Ureaplasma spp.  180 (15.6%) 94 (8.1%) 2.1 < 0.005
   (1.56–2.84)
Ureaplasma spp. without 173 (15.7%) 65 (5.9%) 1.60 0.004
Garnerella vaginalis coinfection    (1.15–2.24)

Table V
Relationship between the detection of Ureaplasma spp. and pH > 4.5 regarding

Gardnerella vaginalis coinfections.

 ** – p-values calculated by Wald method using Firth’s logistic regression
*** – OR of prevalence pH > 4.5 in women with Ureaplasma spp. (without Garderella vaginalis coinfection) 

compared with those without Ureaplasma spp. infection

pH ≤ 4.5
n (%)

pH > 4.5
n (%)

OR***
(95% CI) p**

Lactobacillus spp.  48 5.5 (5.0–5.5) 1,107 4.5 (4.0–4.5) < 0.001  0.01 (0.00–0.05) < 0.001
Gardnerella vaginalis  1,099 4.5 (4.0–4.5) 56 5.0 (4.9–5.5) < 0.001 11.18 (6.05–20.65) < 0.001
Ureaplasma spp.  881 4.5 (4.0–4.5) 274 4.5 (4.5–5.0) < 0.001  2.09 (1.55–2.82) < 0.001
Ureaplasma parvum  968 4.5 (4.0–4.5) 187 4.5 (4.5–5.0) 0.001  1.71 (1.21–2.41) 0.002
Ureaplasma urealyticum  1,066 4.5 (4.0–4.5) 89 4.5 (4.5–5.0) 0.004  2.42 (1.55–3.78) < 0.001
Mycoplasma hominis  1,134 4.5 (4.0–4.5) 21 4.5 (4.5–5.0) 0.008  3.07 (1.31–7.16) 0.010
Aerobic bacteria (with GBS) 1,002 4.5 (4.0–4.5) 153 5.0 (4.5–5.0) < 0.001  7.44 (5.17–10.69) < 0.001
Streptococcus group B 1,067 4.5 (4.0–4.5) 88 5.0 (4.5–5.1) < 0.001  5.89 (3.76–9.24) < 0.001
Yeast  963 4.5 (4.0–4.5) 192 4.5 (4.5–5.0) 0.003  1.49 (1.06–2.10) 0.023

Table VI
Distribution of vaginal pH values in women with and without the presence of specific microorganisms.

 * – based on Mann-Whitney U test
** – based on logistic regression, crude models, Firth method, OR of prevalence pH > 4.5 in women with specific microorganisms compared
 with those without their presence Q2 (Q1-Q3) – median (interquartile range)

Microorganisms
Not prevalent Prevalent

p*
n Q2 (Q1-Q3)Q2 (Q1-Q3) n

pH > 4.5

OR (95% CI)**
p**

Ureaplasma parvum 1.81 (1.21–2.73) 0.004 1.86 (1.24–2.79) 0.003
Ureaplasma urealyticum 2.23 (1.31–3.78) 0.003 2.32 (1.37–3.92) 0.002
Lactobacillus spp. 0.03 (0.01–0.11) < 0.001 0.03 (0.01–0.11) < 0.001
Gardnerella vaginalis 5.91 (2.91–12.00) < 0.001 6.54 (3.25–13.18) < 0.001
Aerobic bacteria (with GBS) 7.31 (4.14–12.91) < 0.001 6.85 (4.61–10.18) < 0.001
DF  11  5
AICc 287.7 275.0
ΔAICc   12.7  0.0

Table VII
Association between the prevalence of microorganisms and pH > 4.5 – multivariable analyses.

The fully adjusted model and the most parsimonious model.

  *  – Model 1 – fully adjusted model variables presented in the Table and additionally to yeast,
 Streptococcus group B, Mycoplasma hominis, Mycoplasma genitalium, Chlamydia trachomatis, and age
 ** – Model 2 – the most parsimonious model, adjusted to variables presented in the Table;
 OR of prevalence pH > 4.5
*** – p-values calculated by the Wald method using Firth’s logistic regression

Microorganisms
Model 1* Model 2**

OR (95% CI) p*** OR (95% CI) p***

Ureaplasma spp. and the pH value. Among 1,155 
vaginal smears, 76.6% of samples showed the correct 
vaginal pH range from 3.5 to 4.5. In 23.3% of samples, 
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pH was increased > 4.5. The statistical analysis indicated 
a strong association between Ureaplasma spp. presence 
in the genital tract with higher pH (Fig. 2, Table VI). 

According to our data, a higher pH value (pH > 4.5) 
increases the chance of Ureaplasma spp. detection 
regardless G. vaginalis infection (Table V).

Fig. 1. The prevalence of mycoplasmas and C. trachomatis according to the multiplicity of colonization in the population studied
(n = 1,155).

U. parvum

U. urealyticum

M. hominis

M. genitalium

C. tra
chomatis

U. parvum + M. hominis

U. urealyticum + M. hominis

U. parvum + C. tra
chomatis

U. parvum + U. urealyticum

U. urealyticum + U. parvum + M. hominis

U. urealyticum + M. hominis + M. genitalim

Fig. 2. Distribution of vaginal pH values in women with and without the presence of specific microorganisms. Dots denote extreme
values; vertical segments are placed at median values, and boxes are located at quartile values. All differences in pH levels

between groups were statistically significant.
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Discussion

This presented retrospective study showed a set of 
results from women in reproductive age diagnosed 
at the Microbiology and Autovaccine Research Center 
in Cracow, Poland. Gynecologists referred patients par-
ticipating in the study to the laboratory for preventive 
or diagnostic examinations in case of suspected infec-
tion in the genital tract. The relationship between the 
presence of specific microorganisms and the manifesta-
tion of various symptoms was investigated. The signi-
ficant positive associations between vaginal infection 
of G. vaginalis or Candida spp. with symptoms such as 
itching, burning, discomfort, discharge, and pain were 
detected. The results connecting BV or candidiasis with 
typical vaginitis or cervicitis symptoms have also been 
described by Leli et al. (2018). This study also found 
that in women with symptoms, C. trachomatis geni-
tal tract infections were over nine times more often 
identified than in the group without symptoms. It may 
be related to the previously studied occurrence of the 
pelvic inflammatory disease reported after C. tracho
matis infection (O’Connell and Ferone 2016). Statisti-
cally significant differences in our study were observed 
in colonization by U. urealyticum of symptomatic or 
asymptomatic women as others reported (Hunjak et al. 
2014; Marovt et al. 2015). Similarly, our results confor-
med the observations by De Francesco et al. (2013) on 
a  relationship between symptom onset and infection 
by Ureaplasma spp. 

Among 1,155 women in our study, 24,2% were 
colonized by single or multiple species of genital 
mycoplasmas. Most patients (23.02%) presented sin-
gle mycoplasma species versus infrequent double and 
triple colonization, which was detected only in 1.2% of 
women. The other observational study conducted on 
a group of 1,761 women showed a much higher gene-
ral prevalence of mycoplasmas (56.4%). In 39.4% of 
patients, single species colonization was detected (Leli 
el al. 2018). Contrary to our results, no association 
between Ureaplasma spp. and symptoms of vaginitis or 
cervicitis was reported in the study mentioned above. 

The study shows that women with Lactobacillus spp. 
in the vagina reported symptoms less frequently, con-
firming the long-known protective role of Lactobacillus 
spp. (Boskey et al. 2001; Ravel et al. 2011; Witkin and 
Linhares 2017). No relationship was shown between 
Lactobacillus spp. and infection by Ureaplasma spp. 
Lactobacillus spp. was presented in women without 
Ureaplasma spp. and in women with Ureaplasma spp. 
symptomatic and asymptomatic. There was also no rela-
tionship between Ureaplasma spp. and C. trachomatis 
infection, as identified by Yamazaki et al. (2012) with 
only a statistically insignificant trend. A similar trend 
was shown by Leli et al. (2013). Moreover, U. urealyti

cum colonization in symptomatic women increases the 
prevalence of M. hominis (Leli et al. 2013).

Several observational studies have shown that BV 
and undetectable vaginal lactobacilli are important risk 
factors for STIs, such as HIV (Martin et al. 1999) and 
HPV infections (Watts et al. 2005; Biernat-Sudolska 
et al. 2011). BV microbiota assessed by Gram staining 
is associated with a significantly increased risk for acqu-
isition of T. vaginalis, N. gonorrhoeae, and C. trachoma
tis infection (Schwebke and Desmond 2007; Brotman 
et al. 2010). Our results show that the colonization of 
the genital tract with U. urealyticum and U. parvum 
increased four times the chance of bacterial vaginosis. 
These results are consistent with reports on the epide-
miology of U. urealyticum and M. hominis infections 
associated with the presence of BV and BV markers in 
pregnant women (Donders et al. 2017).

Excessive growth of G. vaginalis with a reduced 
number of Lactobacillus spp. leads to an increase of 
vaginal pH (Mączyńska 2008; Kasprowicz and Bia-
łecka 2012). The correlation between increased vagi-
nal pH and BV is well established, making pH testing 
one of the predictors of BV according to Amsel’s cri-
teria (Amsel et al. 1983). In our study, the interesting 
association between colonization by Ureaplasma spp. 
and higher pH was detected regardless of co-infection 
with G. vaginalis indicating bacterial vaginosis. During 
Ureaplasma spp. colonization, the increase of vaginal 
pH may be partially mediated by urea hydrolysis into 
ammonia. Also, M. hominis produces ammonia from 
arginine, thus alkalizing the environment. Alkalization 
of the vaginal environment by mycoplasmas is opposite 
to the acidifying effect of Lactobacillus. Since our retro-
spective study lacks data on urogenital mycoplasmas 
and Lactobacillus load, quantitatively comparing their 
presence with a pH value is impossible. In addition to 
the microbiota, the vaginal pH can also be affected by 
hormonal status, sexual, and hygiene behavior. Our 
results show an interesting relationship between geni-
tal mycoplasmas, bacterial vaginosis, and symptoms of 
genital tract infections that needs further confirmation. 

Our many years of experience in microbial dia-
gnostics were starting points for retrospective analysis 
of microorganisms’ prevalence, including urogeni-
tal mycoplasmas, in the south Poland population of 
women. The paper is retrospective, based on patients’ 
charts who underwent routine microbiological diagno-
sis of the genital tract and answered questions regar-
ding symptoms and antibiotic treatment and medical 
referrals. The paper attempts to use a large pool of data 
on the microbiota of the genital tract in a population 
of women in the south of Poland. Information on the 
prevalence of specific etiological factors of reproductive 
tract infections could be valuable for clinics. As a part of 
routine work, our diagnostic laboratory of the CBMiA 
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carries out diagnostics of the reproductive tract, inclu-
ding microscopic technique, microbial culture techni-
que, and molecular methods (NAAT). 

Infections of C. trachomatis, N. gonorrhoeae, and 
M. genitalium developing in the cervix cause many 
complications. Colonization of lower genital tract with 
mycoplasmas can lead to asymptomatic infections of 
the woman’s upper reproductive system (Kasprzykow-
ska et al. 2014). Often asymptomatic or sparsely symp-
tomatic cervical infections cause complications such 
as pelvic inflammatory disease (PID), fallopian tube 
inflammation, fallopian tube obstruction, and ectopic 
pregnancies. Also, the incidences of sexually transmit-
ted diseases differ regionally; therefore, the knowledge 
of the occurrence of STI pathogens is valuable. In 
Poland, women of childbearing age who are sexually 
active are often referred by gynecologists for prophy-
lactic testing to diagnose infections with C. trachomatis, 
N. gonorrhoeae, T. vaginalis, but also Ureaplasma spp., 
and Mycoplasma spp. However, women reporting com-
plaints in the genitourinary tract such as increased vagi-
nal discharge, soreness on urination, soreness during 
intercourse, and lower abdominal pain are often treated 
empirically based on the reported symptoms.

The strength of our study is the numerous patient 
group and the broad picture of microorganisms that 
have been investigated. On the other hand, the impact 
of microbiota on women’s health and often co-infec-
tions certainly cannot be solved by methods used in 
routine microbiological diagnostics. The diversity of the 
vaginal microbiota requires further studies with high-
-throughput sequencing. However, classic diagnostic 
microbiology can still broaden the knowledge of the 
microorganism prevalence in the genital tract and sup-
port women’s reproductive health. 

In addition, the group of women with symptoms 
was smaller than the asymptomatic group. It is mainly 
because of the retrospective character of the analysis 
and the chosen exclusions parameters. Some women 
who reported symptoms were not tested with all three 
microbiological methods; microscopy, culture, and 
NAAT, and, therefore, were excluded from the analy-
sis. In some cases of STI risk, only NAAT was proceed 
according to the physician’s prescription. Also, when 
candidiasis or BV were suspected, only microscopic 
evaluation of vaginal smear and culture were conducted 
along with the gynecologist’s recommendation. In our 
opinion, the picture of coinfections needs more atten-
tion from physicians, diagnosticians, and scientists. 
Future studies should include more numerous groups 
of women with particular attention to symptoms. The 
symptoms assessment is an important factor in the ana-
lysis. It may result in bias since not every woman expe-
riences the symptoms to the same degree, and many 
factors can influence this assessment.

In conclusion, a relationship between colonization 
of the female genital tract by Ureaplasma spp. and 
coinfection by G. vaginalis were observed in our study 
group. It was shown that the presence of Lactobacil
lus spp. significantly reduces the risk of symptoms in 
women. It was also assessed that BV with G. vagina
lis isolation was more often detected in the group of 
symptomatic women. However, with a view to studies 
from other groups, further analyses of coinfections 
and potential associations with symptoms occurring 
in genital tract infections are needed.
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Introduction

Foodborne pathogens from animal sources account 
for most of the foodborne illnesses each year. Poor 
hygienic practices are a major contributing factor in 
most developing countries of Africa, with contaminated 
raw meat as a leading source of foodborne illness. Raw 
meats are available in the open air, retail shops, and 
abattoirs. Microbial contamination of food can there-
fore transpire at numerous phases across the food 
chain, which includes production, slaughtering, distri-
bution, and retail marketing (Elhadi 2014). Foodborne 
diseases are burdensome and represent a significant 
world health problem. Globally, the microbiological 
safety of food is a growing public health challenge. By 
estimate, every year, 600 million, or nearly 1 in 10 peo-
ple globally, become ill through the consumption of 

contaminated food. A total of 420,000 individuals out 
of this figure die, including 12,000 children who fall 
under 5 as reported by the World Health Organization’s 
estimates on the global burden of foodborne diseases 
(WHO 2015). Escherichia coli, a member of intestinal 
micro biota, is potentially pathogenic organism for 
humans and animals (Bumunang et al. 2019). The pres-
ence of E. coli in meat indicates poor hygienic practices 
in abattoirs or retail outlets. Contaminated, uncooked 
or undercooked red meats are particularly important 
in transmitting these foodborne pathogens (Wang et al. 
2012). Foods of animal origin have been implicated 
as a leading vehicle involved in foodborne diseases 
(Baek et al. 2009). Pork is a highly consumed red meat 
in the world (Joy et al. 2014; Grobbelaar et al. 2021), 
and Statista GmbH has projected that the global con-
sumption will amount to around 127.2  million metric 

The Emergence of Colistin- and Imipenem-Associated Multidrug Resistance
in Escherichia coli Isolates from Retail Meat

BENSON CHUKS IWERIEBOR1*  , OLIVIA SOCHI EGBULE2 and LARRY C. OBI1

1School of Science and Technology, Sefako Makgatho Health Sciences University, Ga-Rankuwa, South Africa
2Department of Microbiology, Delta State University, Abraka, Nigeria

Submitted 15 July 2022, accepted 19 September 2022, published online 28 November 2022

A b s t r a c t

To determine the prevalence of Escherichia coli and their drug resistance profiles in fresh pork sold at two retail outlets (open-air market 
and closed retail stores) in Alice, South Africa. Retail meat samples (n = 176) collected from four shops (two from open-air markets and 
two from closed stores) were analyzed by conventional biochemical and PCR-based molecular confirmatory tests. The confirmed isolates 
were profiled for antimicrobial susceptibility to a panel of 12 commercial antibiotics: tetracycline, ampicillin, sulphamethoxazole trimetho-
prim, erythromycin, gentamycin, colistin sulphate, cefotaxime, chloramphenicol, norfloxacin, ciprofloxacin, cefuroxime, and imipenem. 
Colistin, ampicillin, and erythromycin resistance genes were profiled with the gene-specific primers. Multidrug resistance (MDR) and 
the association of imipenem and colistin in the MDR profile were determined. A total of 68 (39.08%) E. coli isolates were confirmed by 
PCR analysis. Resistance was most common to erythromycin (100%), followed by cefotaxime (95.58%), ampicillin (88.23%), cefuroxime 
(88.23%), trimethoprim-sulphamethoxazole (88.23%), and tetracycline (60.29%). Overall, 27/68 (39.70%) were MDR (≥ 3antibiotics classes). 
MDR E. coli isolates associated with imipenem resistance (50.00%) and colistin resistance (33.82%) were detected. The resistance genes 
were detected among the isolates though not in all the phenotypically resistant isolates. The detection of colistin resistance among MDR 
E. coli isolates from retail meat is troubling as the drug is a last resort antibiotic. Overall, the epidemiological implications of the findings 
are of public health importance.
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tons by 2029 (Grobbelaar et al. 2021). The pork con-
sumption in South Africa was reported to increase from 
3.5 kg (2000) to over 4.2 kg (Streicher 2012).

In South Africa, pork is partly responsible for 
around 16.3% of the gross value of agricultural pro- 
duction (Mohlatlole et al. 2013). To meet production 
goals, antimicrobial agents are vital for the prophylaxis 
and treatment of many diseases in pork production 
(Ström et al. 2018). The most frequently administered 
antimicrobial agents in pork production include colis-
tin, third and fourth-generation cephalosporins, and 
carbapenems. Colistin, a member of the antimicro-
bial agents, referred to as polymyxins, is a mixture of 
polymyxin E1 and E2 that are pentacationic lipopep-
tides and are bactericidal in action. Colistin is active 
against a  wide range of Gram-negative bacteria and 
has no activity against Gram-positive bacteria due to 
the absence of an outer membrane. It is used in both 
human and veterinary medicine. However, it is only 
an empiric drug in treating infections with multidrug-
resistant, extensively drug-resistant, and pan drug-
resistant bacteria in humans (Magiorakos et al. 2012). 
In veterinary medicine, it is commonly used to treat 
food-producing animals from chicken to pigs, claves, 
cattle, cows, meat, and milk-producing sheep, goats, 
and rabbits. It is also used in aquaculture for the pre-
vention and treatment of infections attributed to mem-
bers of Enterobacteriaceae and other Gram-negative 
bacteria and used for growth promotion.

Imipenem is a beta-lactam antibiotic of the carba-
penems class with a broad spectrum of activity. The 
mechanism of action involves the inactivation of 
the penicillin-binding proteins (PBP), thereby resulting 
in cell wall lysis or inhibition of its formation. They bind 
to a specific PBP (PBP-1) that results in more rapid 
lysis compared to other beta-lactams, thus resulting in 
higher bactericidal activity and a more prolonged post-
antibiotic effect. Carbapenems have a broad spectrum 
of activity and are among the most active of all anti-
biotics. Their spectrum includes Gram-negative bacilli, 
including Enterobacteriaceae and Pseudomonas aerugi-
nosa. Antibiotic resistance is one of the biggest threats 
to global health, food security, and development today 
(WHO 2020). Antibiotic resistance may develop natu-
rally, but antibiotic misuse by humans and animal hus-
bandry is accelerating the process. Currently, a grow-
ing number of infections are becoming harder to treat 
as the antibiotics used to treat them have become less 
effective. The consequences of antibiotic resistance lead 
to more extended hospital stays, higher medical costs, 
and increased mortality. There are four fundamental 
mechanisms of antimicrobial resistance: (i) enzymatic 
degradation of antibacterial drugs, (ii)  alteration in 
the bacterial proteins that are antimicrobial targets, 
(iii) changes in membrane permeability to antibiotics, 

and (iv)  intrinsic resistance caused by an absence of 
drug’s target in the organism. Antibiotic resistance can 
be either plasmid-mediated or maintained on the bacte-
rial chromosome.

Generally, resistance to colistin could be due to 
acquired resistance in which a once naturally suscepti-
ble organism modifies its cell surface, such as altering its 
lipopolysaccharide structure. Other known resistance 
mechanisms include capsular polysaccharide shedding, 
thus resulting in the trapping or binding of polymyxin 
or colistin, as in Klebsiella pneumoniae. In organisms 
such as Acinetobacter baumannii, there are two known 
mechanisms of resistance to colistin, which include 
loss of lipopolysaccharide production and the modi-
fication of the system that allows bacteria to respond 
to environmental conditions, which ultimately results 
in lipid modification and membrane permeability. The 
second most adopted mechanism is transferable colistin 
resistance mediated by a plasmid-coded gene, mcr. Cur-
rently, there are many variants of the gene since the first 
identification of the mcr1 gene in E. coli isolates from 
food animals and their meat in China between 2011 
and 2014 and in E. coli and K. pneumoniae isolates col-
lected in 2014 from humans in China (Liu et al. 2016; 
Skov and Monnet 2016).

The location of colistin resistance genes on transfer-
able plasmids has resulted in the widespread dissemina-
tion of colistin resistance in various strains recovered 
from different sources (Aminov 2011; Popowska 2012). 
It leads to the development of multiple co-resistance 
or cross-resistance in bacteria (Gwida and El-Gohary 
2015; Hoelzer et al. 2017). It affects both pathogenic 
bacteria and healthy microbiota, with the latter serving 
as a potential reservoir of resistance genes for patho-
gens. Multidrug-resistant pathogens can be transferred 
through the food chain weakening the potency of anti-
microbials administered during infections (Brunelle 
et al. 2013). Thus, the widespread antibiotic resistance 
among foodborne pathogens undermines the successful 
treatment of infectious diseases (Yao et al. 2016) as anti-
biotics are rendered ineffective due to resistance leading 
to frequent treatment failures (Poirel et al. 2016). Most 
colistin-resistant positive isolates carry different resist-
ance genes, including carbapenemase (Yao et al. 2016; 
Poirel et al. 2016) and other resistance genes (Turlej-
Rogacka et al. 2018).

The evolution of carbapenem resistance has become 
rampant in Gram-negative bacteria, especially in 
intensive care units (ICUs), where the selective pres-
sure exerted by antibiotics on bacterial populations is 
strong. This development is mediated by mutations 
or insertion sequences (ISs) that inactivate the gene 
coding for porin OprD, the specific portal of entry for 
carbapenems into these organisms. The reduced outer 
membrane permeability that results from OprD loss 
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usually causes an increase in the MICs of all the car-
bapenem molecules, including imipenem, meropenem, 
and doripenem (Fournier et al. 2013). In addition to 
this very prevalent mechanism, carbapenem-resistant 
bacteria may acquire numerous foreign genes encod-
ing different classes of β-lactamases that are capable of 
hydrolyzing carbapenems to varying degrees. Similarly, 
there is an ever-growing number of bacterial isolates 
producing metallo-β-lactamase (MBL) (class B) that 
have been reported from many countries in recent 
years, indicating that these enzymes could become the 
predominant cause of carbapenem resistance in no dis-
tant future (Fournier et al. 2013).

Although colistin-resistant isolates are emerging and 
have been found in Africa, data on multidrug-resistant 
isolates exhibiting carbapenem and colistin resistance is 
scarce. Additionally, there is a dearth of data as regards 
the prevalence of multiple resistant E. coli contaminat-
ing pork in Eastern Cape, South Africa. Here we pre-
sent data on multidrug-resistant E. coli isolates.

Experimental

Materials and Methods

Sample collection. The study was conducted in 
Alice. Alice is situated in the Eastern Cape, the “live-
stock” province of South Africa, which has about 46% 
goats, 28% sheep, 20% pigs, and 21% cattle (Caine et al. 
2014). Alice was selected based on the meat consump-
tion rate by this area’s inhabitants. One hundred eighty 
raw pork samples were randomly purchased from open-
air markets (Shops A and B) and closed retail stores 
(Shops C and D) located in Alice. The samples were 
individually packed in sterile plastic bags, marked, and 
then transported in cooler boxes with ice parks (4°C) 
to the University of Fort Hare Microbiology Laboratory 
for immediate processing. The study was carried out 
between May 2018 and October 2018.

Isolation of presumptive organisms. The modi-
fied method described by Bersisa et al. (2019) was 
adopted to isolate bacteria. Briefly, the raw meat sam-
ples were swabbed with a sterile cotton swab, and 
each swab sample was used to inoculate chromogenic 
agar plate (Merck, South Africa), and then the plates 
were incubated at 37°C for 48 h. About two to three 
separate distinct colonies were picked and were selec-
tively plated onto chromocult tryptone bile X-glucuro-
nide agar (TBX agar; Merck, South Africa), incubated 
aerobically at 37°C for 24 h. Each deep blue colony 
was selectively picked as presumptive E. coli isolate into 
LB broth and incubated for 24 h at 37°C. These pre-
sumptive isolates were stored at –80°C in 25% glycerol 
until further analyses.

DNA extraction. Genomic DNA of the presump-
tive E. coli isolates was prepared by the method earlier 
reported by Iweriebor et al. (2015). Briefly, the pre-
sumptive isolates in glycerol stock were resuscitated 
overnight in LB broth, from which 2 ml was centrifuged 
at 10,000 rpm. The supernatant was discarded, the pellet 
resuspended in nuclease free water, boiled at 100°C, and 
the resultant supernatant was used as DNA template in 
all the PCR assays.

Molecular identification of presumptive E. coli by 
PCR. Isolates considered as presumptive E. coli were 
confirmed by PCR using the uidA oligonucleotide 
primer (Inqaba Biotech, South Africa) and the details 
of the sequences are as follows: F: 5’-AAAACGGCAA-
GAAAAAGCAG-3’ and R:  5’-ACGGTGGTTAA-
CAGTCTTGCG-3’ (Tsai et al. 1993). Each PCR was 
performed as previously described by Iweriebor et al. 
(2015), followed by gel electrophoresis on 1.5% aga-
rose and documented in a gel documentation system. 
E. coli ATCC® 25922™ reference strain served as a posi-
tive control in this study.

Determination of antimicrobial susceptibility of 
the isolates. Antimicrobial susceptibility patterns of the 
confirmed E. coli isolates were performed on Mueller-
Hinton agar (MHA) plates (Oxoid CM337), as previ-
ously reported by Bauer et al. (1966). About four to five 
E. coli colonies of an 18-hour-old culture were selected 
with a sterile wire loop and after that inoculated into 
0.8% NaCl suspension in a micro-centrifuge tube, gen-
tly vortexed, and adjusted to a turbidity equivalent to 
0.5 McFarland standard (Amri and Juma 2016). One 
hundred microliters of the standardized bacterial cul-
ture was then evenly spread on the entire surface of the 
MHA plates using a sterile cotton swab and allowed to 
dry for 10 min before placing the antibiotic discs. The 
plates were incubated at 37°C for 24 h and after that 
read according to CLSI guidelines (CLSI 2016). The list 
of antibiotics tested includes the following: tetracycline 
(30 µg), ampicillin (10 µg), sulphamethoxazole-trimeth-
oprim (25 µg), erythromycin (15 μg), chloramphenicol 
(10 μg), cefuroxime (30 μg), gentamycin (10 μg), nor-
floxacin (10 μg), ciprofloxacin (5 μg), colistin sulphate 
(10 μg), cefotaxime (30 μg), and imipenem (10 μg). Iso-
lates that were resistant to colistin by the disc diffusion 
method were then tested by the broth dilution method 
as recommended by the CLSI (2016). CLSI guidelines 
(CLSI  2016) recommended clinical resistance break-
point for colistin as greater than or equal to ≥ 2 µg/ml. 
The isolates were then screened for mcr1, blaTEM, 
and ermB by PCR, as previously described by Liu et al. 
(2016) and Iweriebor et al. (2015) while the other resist-
ance determinants were not profiled.

Multidrug resistance phenotype and multiple 
antibiotic resistance index. The isolate which showed 
resistance to three or more classes of the antibiotics 
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tested was considered to be a multidrug-resistant. The 
MDR patterns of the isolates were recorded according 
to the protocol earlier described by Ateba et al. (2008). 
The Multiple Antibiotic Resistance Index (MARI) 
was calculated using the mathematical expression: 
MARI = x/y, where ‘x’ stands for the total number of 
antibiotics to which resistance was observed in an indi-
vidual isolate and ‘y’ stands for the total number of anti-
biotics against which an individual isolate was tested.

Results

Prevalence of E. coli. From the 180 pork samples 
randomly collected from open-air markets and closed 
retail stores (Shop A to D) located in Alice, South 
Africa, 174 presumptive isolates were obtained through 
preliminary screening with the selective culture medium. 
Among the samples collected, shop A samples had the 
highest number of E. coli isolates, followed by shop B. 
These shops were located in open-air market. The 
per centage prevalence of E. coli isolates from shops C 
and D were lower (Table I).

Molecular identification of presumptive E. coli 
isolates. A total of 68 (39.08%) of the 174 presump-
tive isolates were confirmed as E. coli (Table I). Fig. 1 
below shows the gel image representation of some of 
the confirmed isolates.

Susceptibility patterns of E. coli isolates. E. coli 
isolates from retail pork displayed resistance most fre-

quently to erythromycin (100%; 68/68), cefotaxime 
(95.58% 65/68), ampicillin (88.23%; 60/68), cefuro-
xime (88.23%; 60/68), trimethoprim-sulphamethoxa-
zole (88.23%; 60/68), and tetracycline (60.29%; 41/68). 
Lower resistance was observed against imipenem 
(50.00%; 34/68) and colistin (33.82%; 23/68). Notably, 
the resistance of E. coli isolates to ciprofloxacin (2.94%; 
2/68) and norfloxacin (1.47%; 1/68) was lower than 5%. 
The susceptibility patterns of the isolates obtained in 
this study are shown in Fig. 2. Isolates showing resist-
ance to at least three antibiotics of different classes were 
classified as multidrug-resistant. All isolates showing 
intermediate resistance were regarded as resistant. 
Genetic profiling for the mrc-1, blaTEM, and ermB 
resistance genes showed positive results as some of 
the phenotypic resistant isolates were positive for the 
genes profiled, as shown in Fig. 3–5. The frequencies of 
the profiled resistance genes among the isolates were 
as follow; mrc-1 11/23 (47%), blaTEM 13/34 (38%), and 
ermB 15/68 (22%).

Multiple antibiotic resistance phenotypes and 
index. This study characterized the antimicrobial 
resistance phenotype in E. coli isolates from retail stores 
and open-air markets. It was observed that 39.70% 
(27/68) of the study isolates were MDR, and 92.59% 
(25/27) of E. coli MDR isolates were resistant to 
cefotaxime – a third-generation cephalosporin. E. coli 
MDR isolates resistance to imipenem, a carbapenem 
used in this study and colistin was observed. The 
MDR pattern (Table II) indicated that the majority of 

Fig. 1. Agarose gel electrophoresis for Escherichia coli identification.
Line M – 100 bp ladder, Line 1 – negative control, Line 2 – E. coli ATCC® 25922™ as a positive control,

Lines 3–12 – the 147 bp PCR amplification product for E. coli isolates.

A Open-air market 58 58 28 48.28
B Open-air market 33 31 18 58.06
C Closed store 43 43 8 18.60
D Closed store 42 42 14 33.33
Total  176 174 68 39.08

Table I
Isolation and identification of Escherichia coli.

Shop Location of shop Samples
collected

Presumptive
isolates

Positive
isolates %
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Fig. 3. Electrophoresis of mrc1 gene amplification among Esche richia coli isolates.
Line 1 – 100 bp ladder, Line 2 – negative control, Line 3–13 – positive isolates

the tested E. coli isolates demonstrated multiple anti- 
biotic resistance against three to nine antibiotics. The 
lowest MDR rate was exhibited by 14.81% (4/27) of 

the isolates against three antibiotics, while 7.41% 
(2/27) exhibited the highest MDR rates against nine 
antibiotics. About 33.33% (9/27) of MDR E. coli 

Fig. 4. Electrophoresis of the ermB gene amplification product (350 bp) in Escherichia coli isolates.
Line 1 – 100 bp DNA ladder, Line 2 – negative control, Lines 3–12 – the ermB-resistant E. coli isolates

Fig. 2. The sensitivity pattern of Escherichia coli isolates against antibiotics.
AMP – ampicillin, CO10 – colistin sulphate, TS – trimethoprim-sulphamethoxazole, CXM – cefuroxime, E – erythromycin,

C30 – chloramphenicol, IMI – imipenem, GM – gentamycin, T – tetracycline, NOR – norfloxacin, CTX – cefotaxime,
CIP – ciprofloxacin, S – susceptible, R – resistant, I – intermediate
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isolates were resistant to imipenem, while 29.62% (8/27) 
were resistant to colistin. Both imipenem resistant 
MDR and non-imipenem resistant MDR E. coli iso - 

lates were colistin-resistant (Table  II and III). The 
MARI ranged between 0.25 and 0.75, with the aver- 
age being 0.48.

CTX-T-E 3 0.25
CTX-E-C30 3 0.25
CTX-AMP-E 3 0.25
CTX-CXM-E 3 0.25
TS-GM-E-CO10 4 0.33
CTX-CXM-AMP-E 4 0.33
AMP-T-TS-C30-E 5 0.42
CTX-CXM-T-TS-E 5 0.42
CTX-CXM-AMP-TS-E 5 0.42
CTX-CXM-AMP-T-E 5 0.42
CTX-CXM-TS-CO10-E 5 0.42
CTX-TS-E-IMI-CIP 5 0.42
CTX-CXM-AMP-T-E-C30 6 0.50
CTX-CXM-AMP-TS-CO10-E 6 0.50
CTX-CXM-AMP-T-TS-E 6 0.50
CTX-CXM-AMP-TS-IMI-E 6 0.50
CTX-CXM-AMP-IMI-CO10-E 6 0.50
CTX-CXM-AMP-TS-IMI-E 6 0.50
CTX-CXM-AMP-TS-C30-GM 6 0.50
CTX-CXM-AMP-T-TS-C30-E 7 0.58
CTX-CXM-AMP-TS-IMI-E 6 0.50
CTX-CXM-AMP-T-TS-C30-IMI-E 8 0.66
CTX-CXM-AMP-T-TS-C30-CO10-E 8 0.66
CTX-CXM-AMP-T-TS-C30-GM-CO10 8 0.66
CTX-AMP-T-TS-E-C30-IMI-NOR 8 0.66
CTX-CXM-AMP-T-TS-C30-IMI-CO10-E 9 0.75
CTX-CXM-AMP-TS-C30-IMI-GM-CO10-E 9 0.75

Table II
Antibiotic resistance patterns and the Multiple Antibiotic Resistance Index (MARI)

of the confirmed E. coli isolates.

MDR – indicates resistance to three or more classes of antibiotics, AMP – ampicillin, 
C30 – chloramphenicol, CIP – ciprofloxacin, CO10 – colistin sulphate, CTX – cefotaxime, 
CXM – cefuroxime, E – erythromycin, GM – gentamycin, IMI – imipenem, NOR – nor-
floxacin, T – tetracycline, TS – trimethoprim-sulphamethoxazole

MDR phenotype Number
of antimicrobials MARI

Fig. 5. Gel electrophoresis of the PCR product (690 bp) amplified with blaTEM primers
for the detection of β-lactam-resistant Esche richia coli isolates.

Line 1 – DNA ladder, Line 2 – negative control, Lines 3–9 – β-lactam-resistant E. coli isolates
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Discussion

The overall aim of the study was to determine MDR 
in E. coli isolated from pork sold in some retail outlets 
in Alice, South Africa, and depict the association of 
colistin and imipenem in the MDR profile. Further-
more, we determined the antimicrobial susceptibil-
ity of the isolates to other antimicrobial agents. The 
39.1% prevalence of E. coli reported in this study is 
lower than in some previous studies in South Africa 
(Tanih et al. 2015; Jaja et al. 2020) and other countries 
(Xia 2010; Reddy 2017). However, a similar prevalence 
figure as obtained in this study was observed by Pires 
et al. (2020). The variation in the prevalence of E. coli 
is partly related to the method of isolation and identi-
fication. Whereas some studies identified E. coli with 
conventional bacteriological and biochemical tests, 
others included PCR-based molecular confirmatory 
tests. The presence of this bacteria in pork indicates 
a possible breakdown of hygiene at the different stages 
of the food processing and distribution chain or a lack 
of proper storage of the meat, as microbial contami-
nation of food has been reported at numerous stages 
along the food chain distribution (Elhadi 2014). E. coli 
is a member of the microbiota of the gastrointestinal 
tract and can cross-contaminate meat when the con-
tent of the gastrointestinal tract bursts during slaughter. 
Various poor handling and unhygienic practices were 
observed, especially amongst retailers in the open-air 
market, accounting for a higher prevalence of E. coli. 
Knives for cutting meat were not washed intermit-
tently; meats were displayed on the improperly cleaned 
table and were exposed to houseflies. Adzitey (2016) 
observed similar unhygienic practices in handling meat 
in Ghana and Fukuda et al. (2019) observed a relatively 
high proportion of flies harboring antibiotic-resistant 
E. coli and transferring resistance genes in Thailand. All 
these are potential sources of cross-contamination and 
routes of spread of infections with food-borne patho-
gens to humans; it also raises food safety concerns for 
humans, who are the ultimate consumers. Increased 

emergence of E. coli isolates with varying MDR pheno-
types is a growing problem in South Africa and other 
developing countries. About 39% of E. coli isolates in 
this study were MDR. The MDR E. coli isolates show-
ing resistance to imipenem and colistin were 33% and 
29%, respectively. This implies a movement toward 
a pan drug resistance because colistin is the last resort 
antibiotic for treating infections caused by carbapenem-
resistant Enterobacteriaceae (Liu et al. 2016). Some 
reports have shown colistin and carbapenem resist-
ance genes to be located on transferable plasmids and 
transferred via conjugation (Fukuda et al. 2019). The 
emergence of resistance to antimicrobial agents such 
as colistin is a troubling development and public health 
threat, primarily as colistin is known to have a wide 
range of activities against the majority of the Enterobac
teriaceae family (Liu et al. 2016; Dandachi et al. 2018). 
More so, besides colistin, there are few or no alternative 
antimicrobial agents for treating bacterial infections. 
Therefore, there is a need to monitor the use of colistin 
in the human health sector and animal husbandry (Hao 
et al. 2014). Currently, colistin has displaced amino- 
 glycosides (WHO 2012; Bialvaei and Samadi Kafil 
2015), and it is now considered a critically important 
antibiotic for human medicine despite its known high 
toxicity (Huang et al. 2010). 

Reports have documented the occasional human 
use of colistin in China due to its efficacy in treating 
carbapenemase-producing Enterobacteriaceae infec-
tions (Hu et al. 2012; Zhang et al. 2015). However, 
in this study, the mcr1 resistance gene was detected in 
some but not all isolates with phenotypic resistance 
to colistin. The most probable reason for this could be 
that other variants of the mcr gene were responsible 
for the observed resistance or that other acquired 
resistance mechanisms other than the transferable 
mcr are attributable. In addition to the MDR pheno-
types exhibiting co-resistance to a  carbapenem and 
colistin, multiple resistances to other antibiotics classes 
were observed. Two other resistance determinants 
were present in the isolates phenotypically resistant to 

CTX-CXM-AMP-TS-C30-IMI-GM-CO10-E CTX-CXM-AMP-T-TS-C30-GM-CO10 CTX-AMP-T-TS-E-C30-IMI-NOR
CTX-CXM-AMP-T-TS-C30-IMI-CO10-E CTX-CXM-AMP-T-TS-C30-CO10-E CTX-CXM-AMP-T-TS-E-C30-IMI-E
CTX-CXM-AMP-IMI-CO10-E TS-GM-E-CO10 CTX-CXM-AMP-TS-IMI-E
 CTX-CXM-TS-CO10-E CTX-CXM-AMP-TS-E
 CTX-CXM-AMP-TS-CO10-E CTX-TS-E-IMI-CIP

Table III
Colistin and imipenem resistance patterns among the isolates.

AMP – ampicillin, C30 – chloramphenicol, CIP – ciprofloxacin, CO10 – colistin sulphate, CTX – cefotaxime, CXM – cefuroxime, E – erythromycin, 
GM – gentamycin, IMI – imipenem, NOR – norfloxacin, T – tetracycline, TS – trimethoprim-sulphamethoxazole

Colistin- and imipenem-resistant isolates
(CO10+/IMP+)

Colistin-resistant and imipenem-sensitive
isolates (CO10+/IMP–)

Colistin-sensitive and imipenem-resistant
isolates (CO10–/IMP+)
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ampicillin and erythromycin. High resistance rates 
among the isolates were observed against ampicil-
lin, erythromycin, tetracycline, and trimethoprim- 
sulphamethoxazole. It may have resulted from their 
frequent use in animal husbandry, especially on the 
farms where the animals were raised. Sobhy et al. 
(2020) and Henton et al. (2011) have reported that 
farmers commonly use tetracycline and ampicillin as 
growth promoters or to prevent animal diseases. Iwu 
et al. (2016), in a study, carried out within the same 
locality where the pork was sold also reported a high 
level of resistance to tetracycline by E. coli isolated from 
swine. Their result was linked with farmers’ reliance 
on tetracycline due to its availability, cost-effectiveness, 
and broad-spectrum activity. The habitual use of tri-
methoprim-sulphamethoxazole for treating infections 
such as respiratory infections in farm animals has 
been reported (Reuben and Owuna 2013) and could 
be linked to high resistance. 

E. coli isolates exhibited the MARI of 0.25–0.75 
in this study. It is also comparable with the MARI of 
0.2–0.7 reported by Iwu et al. (2016) and 0.2–0.75 repor-
ted by Matyar (2012). Studies carried out by Adzitey 
et al. (2020) revealed a lower MARI of 0.13–0.1 in E. coli. 
The MARI observed in this study suggests the broad 
use of antibiotics in the swine herds from which the 
pork was derived, thus indicating that pork could 
serve as a high-risk source of multidrug-resistant 
organisms to humans in the study area. The occurrence 
of this MDR phenotype in E. coli is of pressing con-
temporary concern (Harris et al. 2015), and therefore, 
stresses the importance of reducing the prevalence of 
E. coli and associated resistant genes in animal hus-
bandry through stringent regulation of antimicrobial 
usage in veterinary medicine.

Conclusions

In summary, the prevalence of E. coli isolates from 
retailed pork indicates fecal contamination at slaughter 
and processing. It calls for better hygiene practices at 
all stages of pork processing and highlights the impor-
tance of consumer awareness of safe pork handling and 
cooking. Furthermore, the association of imipenem and 
colistin resistance in the MDR profile is disturbing. 
Therefore, all unauthorized use of antibiotics, especially 
last resort antibiotics, should be discouraged where 
MDR has evolved. Therefore, the public should be edu-
cated on the perils of indiscriminate use of antimicro-
bial drugs. All unauthorized use of antibiotics should 
be discouraged. In contrast, prudent usage of antibiotics 
approved for veterinary use should be adopted to stem 
the rising trend of drug resistance among pathogenic 
bacteria of animal origin.
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Introduction

Malassezia species, members of the human healthy 
skin microbiota, may cause a wide range of cutane-
ous and systemic diseases in predisposed individuals. 
Thus, they exist at the interface between commen-
sal and pathogen. Their interaction with the human 
immune system is of great interest, despite being mem-
bers of the indigenous cutaneous microbial population 
(Pedrosa et al. 2014).

When the skin’s physical, chemical, or immunologi-
cal mechanisms are altered, these yeasts can become 

pathogenic (Nardoni et al. 2005; Ashbee 2007; Bond 
2010; Shokri et al. 2010; Gaitanis et al. 2012). Classic 
skin diseases caused by Malassezia yeasts include 
pityriasis versicolor (PV), seborrheic dermatitis, and 
Malassezia folliculitis.

Particular features of Malassezia organisms, such as 
its non-autoaggregation behavior and a very high lipo-
lytic enzyme activity, may play an important role in the 
pathogenicity of parenteral lipid emulsion Malassezia 
related species (Kaneko et al. 2012).

Recently, the role of Malassezia lipases and phos-
pholipases as pathogenicity mechanisms in seborrheic 
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A b s t r a c t

K e y w o r d s: Malassezia, Real-Time qRT-PCR, virulence factors, extracellular hydrolases, biofilm

Seventy-seven strains of Malassezia were included in this study. 
Biofilm and hydrolytic enzyme production were studied by 
using specific solid media. The Real-Time reverse transcriptase 
qPCR method was applied to determine the overexpression of 
genes encoding the extracellular enzymes. All included Malasse
zia species produced biofilms. No statistically significant differ-
ence was observed between Malassezia species in biofilm for-
mation (p = 0.567). All Malassezia species produced lipase, and 
95% of Malassezia globosa showed a strong enzymatic activity 
(Pz = 0.55 ± 0.02). A statistically significant difference was observed 
between the mean keratinase indices of Malassezia slooffiae and the 
other Malassezia species (p = 0.005). The overexpression of one or 
more genes was observed in 100% of strains isolated from patients 
with folliculitis, 87.5% – with pityriasis versicolor, and 57.14% of 
the control group isolates. A statistically significant difference in 
the lipase gene expression (p = 0.042) was between the strains from 
patients with folliculitis and the control group. This investigation 
provides more information about the frequency of the production 

of the major enzymes considered virulence factors of Malassezia 
species. Interestingly, the overexpression of one or more genes was 
observed in strains isolated from patients with Malassezia disorders.
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dermatitis was enhanced by demonstrating significantly 
increased lipase gene expression (Patiño-Uzcátegui 
et al. 2011). This finding was also supported by the in 
vitro induction of phospholipase activity of Malassezia 
seborrheic dermatitis isolates by β-endorphin, another 
putative virulence factor increased in inflammatory 
skin conditions (Vlachos et al. 2013).

Among keratinophilic microorganisms, Malassezia 
species can digest keratin, and it plays an important role 
in their growth and development.

A further health threat these pathogens impose is 
their propensity to develop biofilm on the skin and 
at the surface of indwelling medical devices. Biofilm 
represents a serious medical problem because it pro-
motes resistance to antifungal drugs and acts as a res-
ervoir for seeding infectious organisms at distant places 
(Cannizzo et al. 2007).

The present study aimed to quantify biofilm pro-
duction and investigate the extracellular secretion of 
lipase, phospholipase, and keratinase for six Malassezia 
species by using microbiological and Real-Time reverse 
transcriptase qPCR methods. In addition, we examined 
whether virulence factors inherent in the organisms 
themselves might have clinical significance.

Experimental

Materials and Methods

Isolates. Seventy-seven strains of Malassezia were 
included in the study: 20 Malassezia globosa, 10 Malas
sezia restricta, 14 Malassezia furfur, 7 Malassezia sym
podialis, 5  Malassezia slooffiae, and 21  Malassezia 
pachy dermatis. They were collected from patients with 
Malassezia folliculitis (12), from babies in a neonatal 
intensive care unit (20), pityriasis versicolor (10). As 
a comparison, a group of healthy subjects, 35 healthy 
individuals with no skin diseases and without any 
known underlying disease, were also included in this 
study. Samples were collected from healthy subjects’ 
backs, faces, and napes. These strains were identified 
by Real-Time qPCR using a specific hydrolysis probe 
as previously described (Ilahi et al. 2017).

Evaluation of biofilm formation by crystal violet 
staining (CVS). Biofilm formation by Malassezia spe-
cies was assessed using crystal violet staining (CVS), 
as reported previously, with some modifications (Jin 
et al. 2003). The strains were cultured on Dixon agar at 
32°C for three days. Thus, the culture was suspended 
in Dixon Liquid. The suspension (150 µl) was adjusted 
to match turbidity comparable to that of the 0.5 McFar-
land standard (106 CFU/ml), and 200 µl of Dixon Liquid 
were placed into selected wells of 96-well polystyrene 
microtiter plates (Kartell S.p.A., Italy). The plate was 

then incubated at 32°C on a shaker at 120 rpm. At 24 h, 
200 µl of sterile Dixon Liquid was added and incubated 
for 48 h under the same conditions. Subsequently, the 
medium was removed, and each well was washed with 
sterile ultra-pure water.

For fixation of the biofilm, 200 µl of absolute metha-
nol (15 min) were added and removed. The polysty-
rene microtiter plates were kept at room temperature 
for drying, and 200 µl of crystal violet (CV) (1% v/v) 
was added to each well and incubated for 5 min. Then, 
multiple washing with ultra-pure water was done until 
complete elimination of CV and finally, 200 µl of acetic 
acid was added.

A microtiter plate reader (Bio-Tek Synergy HT, Por-
tugal) at 620 nm was used to read each well’s absorb-
ance. The control absorbance values (containing no 
cells) were subtracted from the values for the test wells 
to eliminate spurious results due to background inter-
ference. Data were recorded as arithmetic means of 
absorbance values. Experiments were repeated as part 
of three independent assays, and we calculated the 
means of three repeats (Abs mean).

Evaluation of phospholipase production. The pro-
duction of phospholipase was assessed using the egg-
yolk plate method. Briefly, the isolates were incubated in 
Dixon agar. Thus, the culture was suspended in Dixon 
Liquid. Ten microliters of yeast suspension prepared 
from a fresh culture (106 cells/ml determined through 
densitometry) were spot inoculated in triplicate onto 
the medium and incubated at 32°C for 10 days. The for-
mation of precipitation zones surrounding the colonies 
was considered an indication of enzyme production. 
The diameter of the colony (a) and the diameter of 
the precipitation zone plus the diameter of the colony 
(b) were measured. The phospholipase index was 
designated as Pz = a/b, as described by Coutinho and 
Paula (Coutinho and Paula 2000; Machado et al. 2010). 
According to this definition, low Pz values mean high 
enzymatic production; inversely, high Pz values indicate 
low enzymatic production. The enzymatic activity was 
scored into four categories: Pz of 1.0 indicated no enzy-
matic activity (null); Pz between 0.99 and 0.90  indi-
cated weak enzymatic activity; Pz between 0.89 and 
0.70 corresponded to high activity, and low Pz values 
≤ 0.69 mean very high enzymatic activities. 

Evaluation of lipase production. The strains were 
inoculated in triplicate on agar plates containing 
Tween® 80 as substrate (Bacto™ Peptone 10 g; sodium 
chloride 5 g; calcium chloride 0.1 g; agar 20 g; Tween® 80 
20% 50 ml; water 950 ml) and incubated for seven 
days at 32°C. Precipitation halo and colony size were 
measured. 

Degradation intensity was gauged by the ratio 
between colony diameter and precipitation halo (Pz). 
Pz coefficients were grouped into five classes: deficient 
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group: Pz between 0.9 and 1, low group: Pz between 
0.89–0.8, high group: Pz between 0.79–0.70; and very 
high group: Pz less than 0.69 or null (Pz = 1).

Evaluation of keratinase production. Keratin sub-
strate (KS) was extracted from white chicken feathers. 
Ten grams of feathers were heated in 200 ml of DMSO 
(dimethylsulfoxide) for 2 hours at 100°C. The solu-
tion was precipitated for soluble keratin by using two 
volumes of cold acetone for one volume of the pro-
tein. Then, the caseous precipitate of keratin was sus-
pended in 0.1 M of phosphate buffer. Afterward, soluble 
keratin was added to the solid medium at a concen-
tration of 0.06%. The solid medium was inoculated 
with a  micropipette by injecting 10 µl of standard 
suspension into the center of the Petri plate, and then 
incubated at 32°C. Control plates contained medium 
without keratin. The formation of precipitate zones 
around the colonies indicated keratinase production, 
and the zone was examined and measured. Pz coeffi-
cients were grouped into five classes as it was described 
for lipase activity.

Virulence gene expression. An RT-qPCR assay was 
newly developed to explore the virulence gene expres-
sion of 20 M. globosa isolates. The levels of mRNA and 
DNA copies keratinase (MGL_2332), lipase (LIP1 
(MGL_0797)), phospholipase (MGL_3326), and the 
actin reference gene (ACT1) were measured.

The primers and probes were designed using Pri-
mer3 software (http://bioinfo.ut.ee/primer3-0.4.0), 
verified by using sequence manipulation suite software 
(http://bioinformatics.org/sms2) and were summarized 
in Table I.

Cellular lysates were prepared from cells grown in 
culture in Dixon medium (reference) and lipase, kerati-
nase, and phospholipase medium to mid-log phase 
using proteinase K (Qiagen®, Germany).

 KerF 5’-ACGTCATGCTCAGATTGCAG-3’
Keratinase KerR 5’-GACTTCCGCGAAGAACAAAG-3’
 KerP 5’-FAM-CACAATTGCTCCCGATACCT-MGB
 LipF 5’-ACCCAACATTTGCTTCGTTC-3’
Lipase LipR 5’-TCAATTATCAATGGTCGCGA-3’
 LipP 5’-FAM-CCTTGGTGGTCGTCAAAGTT-MGB
 PhosF 5’-AACTGGTGGATTTGCTGACC-3’
Phospholipase PhosR 5’-CTTTACGGGTCCAAGGTGAA-3’
 PhosP 5’-FAM-CCGTGTGCCATTCTACATTG-MGB
 ActF 5’-CTCTCCTTGTACGCCTCTGG-3’
Actin ActR 5’-TTGACAAGATGCTCCGTCAG-3’
 ActP 5’-TET-GTATTGTGCTGGACTCGGGT-MGB

Table I
The sequences of primers and probes used in RT-qPCR for gene expression

studies in 20 Malassezia globosa isolates.

Enzymes Names Sequences

RNA was extracted from cellular lysates using the 
RNeasy Mini Kit (Qiagen®, Germany) according to 
the manufacturers’ instruction, and treated with DNase 
(Promega, USA).

For cDNA synthesis, 2.5 µl of total RNA was used 
as a template, and subsequent reverse transcription was 
performed using the PrimeScript RT Reagent Kit (Per-
fect Real Time) from TaKaRa (Shiga, Japan), following 
the manufacturer’s instructions.

The reaction mixture (20 µl) for the TaqMan assay 
contained 10 µl TaqMan Universal PCR Master Mix 
(Applied Biosystems, UK), 20 pmol of forward and 
reverse primers, 7 pmol of hydrolysis probe, and 1 µl of 
the template (extracted DNA or cDNA). The thermal 
conditions were as follows: initial holding stage at 50°C 
for 2 min and 95°C for 10 min, followed by 50 cycles 
at 95°C for 15 s and a final step at 54°C for 1 min. All 
reactions were performed in triplicate in 48-well reac-
tion plates using a CFX 96 Real-Time System (Bio-Rad, 
USA) according to the MIQE guideline (available at: 
http://clinchem.aaccjnls.org/content/55/4/611).

Fold changes in the target gene expression were 
then normalized to the reference gene via the published 
comparative 2-ΔΔCq method according to the formula: 
RQ = 2 – (Cq target – Cq reference) tested – (Cq tar-
get – Cq reference) control (VanGuilder et al. 2008). 
Reference control was the isolate (TN371, KU597270) 
cultured in Dixon medium (keratinase (null), lipase 
(low), and phospholipase (low)). An expression change 
of 2.5 times or an increase in gene copy number was 
considered as a gene overexpression.

Statistical analysis. Statistical analyses were per-
formed using IBM SPSS software (version 20.0; IBM 
SPSS Inc., USA). Categorical variables were compared 
using the χ2 or Fisher’s exact test and continuous 
variables by the ANOVA test. A p-value of 0.05 was 
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considered significant. Pearson’s correlation coefficient 
(r) was calculated to measure the correlation between 
different virulence factors. Where the value was equal 
to 1, it meant a perfect positive correlation, the value 
r = 0 meant no correlation, and the value of –1 meant 
a perfect negative correlation.

Results

Biofilm formation. All Malassezia species formed 
biofilm (Fig. 1). The biofilm formation was estimated 
in triplicate, and an average was calculated for each 
isolate (Fig. 1). The absorbance for crystal violet after 
biofilm staining was as follows: 0.322 ± 0.01 for M. glo
bosa, 0.336 ± 0.01 for M. furfur, 0.336 ± 0.02 for M. res 
tricta, 0.349 ± 0.02 for M. pachydermatis, 0.256 ± 0.02 
for M. sloof fiae, and 0.235 ± 0.02 for M. sympodialis 
(Table II).

No statistically significant difference was observed 
between Malassezia species in biofilm formation 
(p = 0.567). Strains collected from neonates had the 
highest biofilm production (Abs mean = 0.396 ± 0.02), 
followed by strains from folliculitis (Abs mean = 0.342 ± 
± 0.01), and pityriasis versicolor (Abs mean = 0.313 ± 0.02). 
However, there was no statistically significant associa-
tion between the biofilm-forming ability and the clini-
cal origin of the isolates (p = 0.570). Strains isolated 
from the control group formed biofilms to a  lesser 
degree (Abs mean = 0.291 ± 0.02) (Table  II). Further-
more, we noted that the total biofilm biomass for- 
med in vitro by Malassezia isolates from patients was 
higher than those formed by Malassezia healthy skin 
isolates (p = 0.02).

Lipase activity. All Malassezia species displayed 
lipase activity (Fig. 2). Nineteen isolates of M. globosa 
(95%) (Pz = 0.55 ± 0.02) and five isolates of M. sympo
dialis (71.43%) (Pz = 0.54 ± 0.02) showed a very high 
enzymatic activity (Table III).

Strains isolated from pityriasis versicolor showed 
very high activity with Pz values between 0,28 and 0.36 

(Table IV). Nevertheless, no statistically significant dif-
ference was observed between the mean lipase indi-
ces for different Malassezia species inducing different 
pathologies (p = 0.356).

However, a statistically significant difference was 
noted in lipase activity between M. globosa isolates from 
pityriasis versicolor and healthy skin (p = 0.001).

Phospholipase activity. All isolates of M. furfur, 
M. globosa, M. sympodialis, M. slooffiae and M. pachy
dermatis included in this study demonstrated a high 

Fig. 1. Different Malassezia species biofilm quantification after crystal violet staining (Abs CV).
Error bars represent a standard deviation.

Fig. 2. Malassezia species colonies of A) high lipase activity,
B) very high lipase activity, C) high phospholipase activity,

D) very high phospholipase activity, E) keratinase activity null,
F) very high keratinase activity.
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or very high phospholipase activity (Fig. 2). However, 
only 70% of the M. restricta isolates showed high acti-
vity (Table  III). A high activity level with Pz values 
(0.66 ± 0.02) was found in 95% of isolates from neo-
nates (Table IV). 

No statistically significant difference was observed 
between the mean phospholipase production of Malasse
zia species inducing different pathologies (p = 0.65). 
However, a statistically significant difference between 
pityriasis versicolor isolates and healthy skin isolates was 
noted for M. globosa phospholipase activity (p = 0.001). 

Keratinase activity. The Pz values for the kerati-
nase activity of Malassezia isolates ranged from 0.33 to 
0.91. All M. slooffiae strains showed positive keratinase 
activity (Fig. 2), and 40% were shown to be very high 
producers (Table III).

Sixteen isolates of M. globosa (80%) (Pz = 0.65 ± 0.02), 
four isolates of M. sympodialis (57.15%) (Pz = 0.62 ± 0.03), 
seven isolates of M. furfur (50%) (Pz = 0.67 ± 0.02), two 
isolates of M. restricta (20%) (Pz = 0.69 ± 0.02), and 
11 isolates M. pachydermatis (52.29%) (Pz = 0.68 ± 0.02) 
showed keratinase activity (Table III).

A statistically significant difference was observed 
between the mean keratinase indices of M. slooffiae and 
the other Malassezia species (p = 0.005). In addition, 

a statistically significant difference between M. globosa 
isolates from pityriasis versicolor and healthy skin was 
noted for keratinase activity (p = 0.001).

A positive correlation between secretion of kera-
tinase and phospholipase (r = 0.31, p < 0.001) was also 
observed.

Expression of keratinase, lipases, and phospholi-
pases of M. globosa. RT-qPCR was used for the quanti-
tative study on the expression and copy number of three 
genes (encoding keratinase, lipase, and phospholipase) 
responsible for the virulence of 20 M. globosa strains 
collected from patients with folliculitis (5), pityriasis 
versicolor (8), and a control group (7). Their expres-
sion was compared to the ACT1 gene and the isolates 
(TN371, KU597270) cultured in the Dixon medium. 
The overexpression of one or more genes was observed 
in 5/5 (100%) of strains isolated from patients with folli-
culitis, in 7/8 (87.5%) from pityriasis versicolor isolates, 
and in 3/7 (42.85%) control group isolates (Table V). 
The increase in expression of keratinase varied from 
0.81 to 3.52 folds and the increase of lipase varied from 
1.84 to 12.99 folds in folliculitis strains. The phospho-
lipase’s highest expression level was 12.4 folds in the 
S3 isolate collected from folliculitis (Table V). Upregu-
lation of the enzyme expression was noted in strains 

Malassezia globosa (N = 20) 0.69 ± 0.01 (5/12) – (0/20) 0.74 ± 0.02 (8/10) 0.73 ± 0.02 (7/35)
Malassezia restrict (N = 10) 0.67 ± 0.01 (1/12) – (0/20) 0.8 ± 0.02 (1/10) 0.83 ± 0.02 (8/35)
Malassezia furfur (N = 14) 0.74 ± 0.01 (6/12) 0.70 ± 0.02 (1/20) 0.69 ± 0.02 (1/10) 0.71 ± 0.01 (6/35)
Malassezia sympodialis (N = 7) – (0/12) – (0/20) – (0/10) 0.78 ± 0.02 (7/35)
Malassezia slooffiae (N = 5) 0 (0/12) – (0/20) – (0/10) 0.77 ± 0.02 (5/35)
Malassezia pachydermatis(N = 21) 0 (0/12) 0.66 ± 0.02 (19/20) – (0/10) 0.79 ± 0.01 (2/35)
Total 0.70 ± 0.01 0.68 ± 0.02 0.74 ± 0.02 0.77 ± 0.02
Malassezia globosa (N = 20) 0.36 ± 0.01 (5/12) – (0/20) 0.36 ± 0.02 (8/10) 0.38 ± 0.02 (7/35)
Malassezia restricta (N = 10) 0.37 ± 0.01 (1/12) – (0/20) 0.32 ± 0.02 (1/10) 0.36 ± 0.02 (8/35)
Malassezia furfur (N = 14) 0.32 ± 0.02 (6/12) 0.39 ± 0.02 (1/20) 0.28 ± 0.01 (1/10) 0.36 ± 0.02 (6/35)
Malassezia sympodialis (N = 7) – (0/12) – (0/20) – (0/10) 0.48 ± 0.02 (7/35)
Malassezia slooffiae (N = 5) – (0/12) – (0/20) – (0/10) 0.4 ± 0.01 (5/35)
Malassezia pachydermatis (N = 21) – (0/12) 0.31 ± 0.01 (19/20) – (0/10) 0.38 ± 0.02 (2/35)
Total 0.35 ± 0.02 0.35 ± 0.02 0.32 ± 0.02 0.39 ± 0.02
Malassezia globosa (N = 20) 0.75 ± 0.02 (5/12) – (0/20) 0.62 ± 0.02 (8/10) 0.85 ± 0.02 (7/35)
Malassezia restricta (N = 10) 1 (1/12) – (0/20) 0.65 ± 0.02 (1/10) 1 (8/35)
Malassezia furfur (N = 14) 0.82 ± 0.02 (6/12) 0.53 ± 0.02 (1/20) 0.65 ± 0.02 (1/10) 0.96 ± 0.02 (6/35)
Malassezia sympodialis (N = 7) – (0/12) – (0/20) – (0/10) 0.84 ± 0.02 (7/35)
Malassezia slooffiae (N = 5) – (0/12) – (0/20) – (0/10) 0.8 ± 0.02 (5/35)
Malassezia pachydermatis (N = 21) – (0/12) 0.85 ± 0.02 (19/20) – (0/10) 0.79 ± 0.02 (2/35)
Total 0.86 ± 0.02 0.69 ± 0.02 0.64 ± 0.02 0.873 ± 0.02

Table IV
Enzymatic activities of Malassezia species isolated from different clinical sites.

N – number of tested isolates; SD – standard deviation

Folliculitis
(N = 12)

Neonates group
(N = 20)

Pityriasis versicolor
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collected from the control group as follows: lipase in 
only one isolate; and keratinase and phospholipase 
in two isolates. A statistically significant difference in 
the lipase gene expression (p = 0.042) was observed 
in the strains collected from patients with folliculitis 
compared to the group control. The overproduction 
of three genes was observed in five strains (S2, S3, S7, 
S10, and S13). The overexpression of the keratinase, 
lipase, and phospholipase genes was associated with 
an increased copy number of the corresponding genes 
in eight strains of M. globosa (Table V).

In addition, correlation analysis with Pearson’s 
coefficient revealed a statistically significant positive 
association between the production of the enzymes 
and the expression of their genes: keratinase (r = 0.881, 
p < 0.0001), lipase (r = 0.530, p = 0.016), and phospholi-
pase (r = 0.754, p = 0.0001).

Discussion

In the present study, we examined multiple viru-
lence factors, such as extracellular secreted hydrolytic 
enzymes and biofilm development which contribute to 
the ability of Malassezia species to colonize host tissues 
and cause disease. However, only a few studies focused 

on virulence factors’ expression and pathogenesis of the 
Malassezia species. Our results demonstrated that all 
Malassezia species included in our study, like many 
other fungal and bacterial species, produced biofilms 
(Davey and O’Toole 2000).

A better knowledge of the mechanisms of antifungal 
drug resistance may lead to developing novel therapies 
for biofilm-based diseases. Multiple mechanisms have 
been proposed for the biofilm resistance (Mukherjee 
and Chandra 2004). Metabolic quiescence has been 
proposed as a mechanism of antimicrobial resistance 
in biofilm bacteria (Mah and O’Toole 2001) and fungi 
(Mukherjee and Chandra 2004). However, our data 
revealed that CVS staining showed biofilm cells to be 
active in our Malassezia species, in line with previous 
data for Candida albicans  and  Candida parapsilosis 
(Kuhn et al. 2002). Therefore, biofilm production is 
unlikely to significantly promote the antifungal resist-
ance of Malassezia species (Mukherjee and Chandra 
2004). Biofilm production has been studied only for 
M. furfur (Simonetti et al. 2016; Angiolella et al. 2018) 
and M. pachydermatis (Figueredo et al. 2012). Angio-
lella et al. (2018) demonstrated that biofilm adherence 
and hydrophobicity are virulence factors in M. fur
fur. Also, these studies showed that M. pachydermatis 
strains from dogs with or without skin lesions can form 

S1 Folliculitis  2.11 1.84 2.59 4.43 7.22 3.06
S2 Folliculitis  2.52 7.51 7.57 1.36 2.04 1.08
S3 Folliculitis  3.52 12.99 12.40 1.50 2.12 3.36
S4 Folliculitis  0.81 3.20 3.91 0.32 12.98 0.69
S5 Folliculitis  3.40 5.55 1.48 6.58 9.57 6.36
S6 Pityriasis versicolor 0.49 0.31 0.78 0.29 0.21 0.02
S7 Pityriasis versicolor 2.65 3.52 3.17 1.35 1.46 1.10
S8 Pityriasis versicolor 2.82 2.35 2.54 2.79 7.43 1.34
S9 Pityriasis versicolor 1.25 3.10 2.53 0.77 1.60 0.24
S10 Pityriasis versicolor 2.57 2.55 2.52 1.96 1.56 3.33
S11 Pityriasis versicolor 2.84 2.75 1.32 0.97 1.74 1.03
S12 Pityriasis versicolor 0.96 2.86 3.37 0.46 0.86 2.56
S13 Pityriasis versicolor 2.55 2.86 3.38 1.50 2.58 1.88
S14 Control group  1.53 0.53 0.56 1.42 0.82 0.75
S15 Control group  1.04 1.19 2.55 0.92 1.05 0.86
S16 Control group  0.67 1.36 0.48 0.50 0.61 0.32
S17 Control group  0.94 2.37 2.43 0.50 1.06 2.33
S18 Control group  2.36 0.07 0.48 1.87 0.26 0.49
S19 Control group  0.24 2.52 2.80 0.56 1.31 1.39
S20 Control group  2.51 3.30 1.50 1.31 1.18 0.27

Table V
Relative quantification of gene expression and keratinase, lipase, and phospholipase genes copy number

in 20 Malassezia globosa strains.

ID Clinical sites
RNA relative quantification DNA relative quantification

Keratinase Lipase Phospholipase Keratinase Lipase Phospholipase
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a biofilm with variable quantity and structures, which 
are likely to be strain-dependent (Figueredo et al. 2012).

In our study, we showed that all Malassezia species 
produced lipase, and 95% of M. globosa showed a very 
high enzymatic activity. Lipases catalyze the hydroly-
sis of ester bonds of triacylglycerols, resulting in the 
release of fatty acids. In almost all organisms, lipases 
play essential roles in lipid metabolism, including diges-
tion, transport, and processing of dietary lipids. Lipases 
also play essential roles in the virulence of skin-asso-
ciated lipophilic fungal pathogens such as Malassezia 
spp. The gene that encodes lipase in M. furfur, M. pachy
der matis, and M. globosa has been identified, and the 
recent genome sequencing efforts have revealed at least 
14 lipase-encoding genes in M. globosa (Figueredo et al. 
2012). Juntachai et al. (2009) suggested that lipase may 
be a pathogenic factor in Malassezia skin disease and 
explained why M. globosa is an important pathogenic 
species in several human skin diseases despite its slow 
rate of growth (Jin et al. 2003). We showed a high lipase 
activity from M. globosa strains isolated from pityria-
sis versicolor. In the previous studies, M. globosa, one 
of the most frequently isolated Malassezia spp. from 
patients with dandruff and seborrheic dermatitis, dis-
played extracellular lipase activity (Plotkin et al. 1996; 
DeAngelis et al. 2007; Vlachos et al. 2013).

Phospholipase activity exhibited by pathogenic 
microorganisms is another virulence factor that per-
mits hydrolyzing one or more ester linkages in glyc-
erophospholipids, releasing free fatty acids. In this 
study, all strains could express phospholipase except 
for M. restricta. Only 70% of isolates of this species 
were phospholipase producers. Additionally, we noted 
a  high phospholipase activity for Malassezia isolates 
recovered from neonates. This virulence factor intrin-
sic to Malassezia yeasts has been discussed in associa-
tion with the pathogenesis of seborrheic dermatitis. The 
increased level of production of phospholipase has been 
shown only for pathogenic M. pachydermatis strains 
(Cannizzo et al. 2007).

Current information on phospholipases in Malasse
zia spp. is limited. Juntachai et al. (2009) detected extra-
cellular phospholipase activities in M. furfur, M. pach
ydermatis, M. slooffiae, M. sympodialis, M. globosa, 
M. restricta, and M. obtusa. However, enzyme activity 
was higher only in M. pachydermatis (Juntachai et al. 
2009). The ability to express enzymes not only varied 
among different species of Malassezia but also differed 
among the strains of the same species isolated from 
different clinical manifestations. We showed a statis-
tically significant difference in M. globosa phospholi-
pase activity between pityriasis versicolor isolates and 
healthy skin isolates. The production of Malassezia 
phospholipases on the skin could result in the removal 
of epidermal lipids, disruption of the epidermal barrier 

function, and the development of seborrheic dermatitis 
when sebum production is constitutionally decreased 
(Cannizzo et al. 2007).

Keratinases are proteolytic enzymes in nature. They 
mainly attack the disulfide bond of the keratin sub-
strate (Böckle et al. 1995; Gupta and Ramnani 2006). 
As previously reported, the dermatophytes and non-
dermatophytes species were both keratinase produc-
ers capable of damaging the keratinized structure of 
the skin (Yu et al. 1971; Takiuchi et al. 1984; Gupta 
and Ramnani 2006). In our study, all M. slooffiae iso-
lates were keratinase producers. However, only half of 
M. furfur had positive enzymatic activity. Peyton et al. 
found that M. furfur can degrade keratin (Gupta and 
Ramnani 2006; Peyton et al. 2012). However, Gupta 
and Ramnani (2006) reported a lack of keratinase activ-
ity of M. furfur.

Our study found a positive correlation between the 
secretion of keratinase and phospholipase. These viru-
lence factors appear to act synergistically to contribute 
to the virulence of Malassezia strains. The high enzy-
matic activity shown in our Malassezia isolates could be 
responsible for this yeast changing from a commensal 
to a pathogenic status.

Malassezia isolates from patients with different 
patho logies had an enzymatic activity (p = 0.001) and 
biofilm biomass (p = 0.02) significantly higher than those 
isolated from healthy individuals. This observation sug-
gests that the enzymatic activity of Malassezia may play 
a role in the onset of skin lesions. Others confirm these 
results (Pini and Faggi 2011; Angiolella et al. 2018).

The genome sequencing data revealed that M. glo
bosa possesses the genes encoding for 14  lipases 
and nine phospholipases. Among them, four lipases 
(MGL_3878, MGL_3507 MGL_0799, and MGL_0798) 
and two phospholipases (MGL_4252 and MGL_3326) 
were expressed on human scalps (Xu et al. 2007). 
Based on the activity and expression levels of MgLip2 
in M. globosa, the Lip lipase family appears to have 
the highest impact on the pathogenicity of M. globosa 
(Sommer et al. 2016; Lan et al. 2017). Few studies were 
carried out to analyze the expression of lipases and 
phospholipases of the fungus (Brunke and Hube 2006). 
However, to our knowledge, no information is currently 
available for the expression of keratinase. In our study, 
the RT-qPCR analysis of the expression and copy num-
ber of these genes in 20 M. globosa isolates showed the 
overexpression of one or more genes in 5/5 isolates 
from folliculitis and 7/8 from pityriasis versicolor. The 
phospholipase’s highest expression level was 12.4 folds 
by the isolates collected from folliculitis.

Moreover, we noted a statistically significant dif-
ference in the lipase gene expression (p = 0.042) that 
was higher in the strains collected from patients with 
folliculitis compared to the control group. These data 
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imply a possible role of lipase in the host environment 
to produce free fatty acids for the fungus. The concur-
rent overproduction of three genes was observed in five 
strains isolated from patients with folliculitis and pity-
riasis versicolor. However, overexpression was noted 
in only two control group cases, suggesting that these 
enzymes play an important role in the pathogenic-
ity of Malassezia disorder inducing a transition from 
colonization to infection. Interestingly, further studies 
evaluated the expression of lipases and phospholipases 
of M. restricta in patients with seborrheic dermatitis 
and suggested that the most of the patients’ isolates 
expressed these enzymes (Lee et al. 2013).

Moreover, Patiño-Uzcátegui et al. (2011) found 
a sig nificantly higher expression of Mgl0797, Mgl0798, 
and Mflip1 virulence genes in seborrheic dermati-
tis HIV patients. They concluded that lipases may be 
related to developing seborrheic dermatitis and could 
be considered virulence factors.

In the study of Aghaei Gharehbolagh et al. (2018), 
RT-PCR was used to investigate the contribution of the 
MGL_3741 gene to the pathogenicity of M. globosa in 
pityriasis versicolor. These authors revealed that this 
gene can be related to the yeast’s pathogenicity and is 
a candidate for the new antifungal search for a better 
treatment of pityriasis versicolor (Aghaei Gharehbolagh 
et al. 2018). However, further studies are still needed to 
determine its role.

This investigation provides more information about 
the production frequency of the significant enzymes 
considered virulence factors of Malassezia species. 
Interestingly, the overexpression of one or more genes 
was observed in strains isolated from patients with the 
Malassezia disorder. These data emphasize the role of 
lipase and phospholipase in the pathogenicity of this 
fungus and suggest that these enzymes can act syner-
gistically in Malassezia-induced pathologies.
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Introduction

The biological systems of wastewater treatment 
involve microorganisms that include mainly bacteria, 
protozoa, rotifers, and in some cases, fungi. Bacteria 
play a fundamental role in the degradation of organic 
matter, while protozoa perform the function of puri-
fying effluents by consuming particulate (suspended) 
material that remains after bacterial degradation. That 
is, protozoa are efficient in purifying of wastewater 
due to their ability to act as predators that feed on dis-
persed bacteria (Rakshit et al. 2014). Also, it has been 
demonstrated that protozoa indirectly influence the 
clarification of effluents by forming flocs, increasing 
bacterial activity, contributing directly to the secre-

tion of exopolymer substances, and participating in 
the development of the structure and biological activ-
ity of the flocs (Papadimitriou et al. 2010). It has also 
been documented that the appearance, abundance, 
and diversity of protozoa are related to the chemical 
conditions of the systems, like the presence of toxic 
substances, oxygen load, etc. Physical conditions also 
influence the characteristics of the protozoan commu-
nity, such as the type of packaging (if used) for support 
purposes. Support materials may be synthetic or natural 
(Yáñez-Ocampo et al. 2011; Dzionek et al. 2016) and 
may serve as elements for the retention of suspended 
particles (mechanic effect) and to underpin microbial 
activity (biochemical and microbiological effects) (Liu 
et al. 2015). Some authors have stated that, in contrast 
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The presence of colonial and solitary ciliated peritrichous protozoa 
was determined in a Sequencing Batch Reactor system filled with 
tezontle, a volcanic rock, economic, and abundant material that can 
be found in some parts of the world, like Mexico. The presence of 
these protozoa was related to the removal efficiencies of organic 
matter. Also, two novel staining techniques are proposed for stain-
ing both colonial and solitary peritrichous protozoa. The results 
show that tezontle promotes the growth of solitary and colonial 
ciliated peritrichous protozoa, which, once identified, could be used 
as indicators of the efficiency of the wastewater treatment process. 
Additionally, the staining techniques established in the current 
study allowed the precise observation of protozoan nuclei. They 
can represent a useful complementary methodology for identify-
ing protozoan species present in water treatment processes, along 

with the already existing identification techniques. The number and 
variety of protozoa found in the system may be considered potential 
bioindicators of water quality during biological treatments.
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to synthetic materials like plastics, ceramic, and diato-
maceous earth, the tezontle is a low-cost material that 
may be less costly and easier to manipulate than the 
former ones (Yáñez-Ocampo et al. 2011). Tezontle is 
a natural, economic, and abundant (in some parts of the 
world) volcanic rock commonly used in Mexico as 
a construction material, which presents a characteristic 
reddish color due to the presence of Fe ions (Dzionek 
et al. 2017). Specifically in Mexico, this rock is abun-
dantly produced in the proximities of the volcanic belt 
of Central Mexico, composed of SiO2 (60%), Al2O3 
(12%), MgO (8%), Fe2O3 (5%), CaO (4%), Na2O (3%), 
and other oxides at low concentrations (Acevedo-
Davila et al. 2007). Protozoa are related to the efficien-
cies of wastewater treatment facilities. For example, the 
presence of the protozoan Euglena spp. in treatment 
systems is related to Cr6+ (20 µg/ml) and Pb2+ (30 µg/ml) 
tolerance (Rehnam 2011). Peritrichous protozoa like 
Vorticella spp., Epistylis spp., and Opercularia spp. show 
resistance to hydrocarbons present in residual waters 
(Kachieng’a and Momba 2018). Protozoan number and 
diversity differ between continuous and Sequencing 
Batch Reactors (SBR), or between aerobic and anaero-
bic conditions (Ogleni et al. 2010; Papadimitriou et al. 
2010; Pérez-Uz et al. 2010). An SBR is a system of acti-
vated sludge for wastewater treatment, and it has been 
successfully used to treat both municipal and indus- 
trial wastewater. In this system, the wastewater is used 
to fill a single batch reactor, and the water is treated to 
remove the non-desirable components, and both are 
finally discharged. The homogenization, aeration, and 
clarification can be achieved using a single batch reac-
tor. Two or more discontinuous reactors in a specific 
operational order can be used to optimize the system’s 
yield (EPA 1999). The efficiency of the SBR is evalu-
ated with determinations such as organic material, total 
solids, suspended solids, and the presence of pathogens 
and parasites, among others.

The most representative protozoa in SBR are Arcella 
spp. and Difflugia spp. from the amoeba group, Didi
nium spp. (ciliated free-living protozoa), Aspidisca spp. 
(walking ciliate), Peranema spp. (flagellate species), and 
sessile ciliates, such as Carchesium spp., Epistylis spp., 
and Vorticella spp., are considered indicators of the 
excellent quality of activated sludges (Ogleni et al. 2010). 
Sessile protozoa are those adhered or attached by 
a peduncle, stalk, or lorica to sediment, other organisms, 
or even the interior of a lorica. Mucus secretion plays an 
important role in adhesion capability (Arndt et al. 2003). 
For protozoan identification, it is important to evaluate 
their size, the shapes of the zoids and nucleus, and their 
movements, among other characteristics.

Due to the importance of protozoa for wastewater 
treatment systems, many studies have focused on their 
identification to a species level. Different staining meth-

ods are used to fulfill this task, such as the pyridinated 
silver carbonate or protargol methods or even molec-
ular techniques, which can be more time-consuming 
and expensive. Nevertheless, sometimes protozoa can be 
only identified at a genus level with these staining meth-
ologies (Azovsky and Mazei 2018) due mainly to the 
low nuclei definition achieved, causing easy confusion 
among species (Robertson et al. 2019). Besides, some 
protozoan species can resist the stains used in conven-
tional techniques. These facts indicate that establishing 
novel, quick, and accurate techniques may be helpful. 
The present study assessed the relationship between the 
density and diversity of peritrichous protozoa with water 
quality in the SBR with tezontle as a packaging material. 

Additionally, two new and effective nuclei staining 
techniques for identifying solitary and peritrichous pro-
tozoa were proposed. The first used Morrison’s fixative, 
Freitas mordant, and Delafield’s hematoxylin (MFD), 
and the second one employed only Freitas mordant and 
Delafield’s hematoxylin (FD). It could complement the 
traditional techniques used for this purpose. A molecu-
lar approach for protozoan identification was also per-
formed to validate the staining techniques established.

Experimental

Materials and Methods

Sequencing Batch Reactor. Tezontle stones with 
a mean particle size of 2–2.5 cm were used as fillers in 
an automatic SBR. The inoculum (bacteria and proto-
zoa) and the wastewater used to feed the reactor were 
obtained from the municipal activated sludge treatment 
plant (Tecamac, State of Mexico). Protozoan samples, 
once taken, were preserved under aerated conditions 
with over 2 mg/l of oxygen, and oxygen concentration 
was kept higher than 2.3 mg/l during experimenta-
tion. The environmental temperature oscillated from 
22–26°C, and the pH of the residual water was adjusted 
to 7.6 with 0.1N HCl solution. The system functioned 
with typical cycles: feeding, aeration-reaction, sedi-
mentation, and discharge, with corresponding times of 
1 min, 23 h, 20 min, and 1 min. The hydraulic reten-
tion time was 23 h, and the volumes of wastewater and 
tezontle were 1.8 and 2 l, respectively.

Physicochemical analyses. Chemical oxygen 
demand (COD) and total solids (TS) were determined 
following the standard methods of water analyses 
(Baird et al. 2017). These two parameters were assessed 
to determine the efficiency of the reactor and their rela-
tionship with the density and diversity of pro tozoa. 
pH and temperature were determined in situ; pH was 
measured using a potentiometer (HANNA Instru-
ments, model pH 211; USA), while the temperature was 
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measured with a Branan mercury thermometer. These 
parameters were determined in both the influent and 
the effluent during the 60 days.

Analysis of the packaging material (Tezontle). The 
density of tezontle was calculated by Archimedes’ prin-
ciple. First, dried tezontle stones were weighed, then 
again weighed when submerged in distilled water at 
22°C. Tezontle density was calculated using the follow-
ing equation:

(1)

where: ρtez is the tezontle density, Md is the mass of the 
dried tezontle, Mw is the mass of the tezontle submerged 
in water, and ρwz is the density of distilled water at 22°C.

The scanning electron microscopy (SEM) images of 
tezontle stones were recorded using a JCM-6000 Plus 
NeoScope operating under a low accelerating voltage 
(5 kV). The dried tezontle, without further preparation, 
was placed on the sample holder of the microscope.

Staining techniques. Two novel staining techniques 
were developed to observe peritrichous protozoan 
nuclei, both colonial and solitary, and complement 
the traditional techniques of protozoan identification. 
The first used Morrison’s fixative, Freitas mordant, and 
Delafield’s hematoxylin (MFD), and the second one 
em ployed only Freitas mordant and Delafield’s hema-
toxylin (FD). This latter dye was prepared as indicated 
by Beltran et al. (2014) with a modification: the addition 
of 80 ml of methyl alcohol and 80 ml of glycerol. Meta-
zoans’ identification was achieved with the help of Baird 
et al. (2017) based on morphological observations.

For MFD, Morrison’s Fixative was added to a 25-µl 
sample (previously dried for 2 hours) and let stand 
for 6 min. After this time, the sample was rinsed with 
a moderate water flow, and it was drained and entirely 
dried by slightly pressing the sample with absorbent 
paper. Once totally dried, the sample was covered with 
Freitas’ Mordant and let stand for 5 min. Afterward, 
the sample was rinsed and dried in the same way. The 
sample was then covered with Delafield’s hematoxylin 
for 5 min and subsequently rinsed. A drop of water was 
added and spread over the sample to prevent the zoids 
from becoming dehydrated. After staining, the sample 
was observed under the optic microscope at 20 × or 
40 ×, as specified for each case.

In the FD technique, 0.5% hydrochloric acid was 
added to the sample (pre-dried for 2 hours), covering 
it for 6 min. After this time, it was rinsed with mod-
erate water flow. Afterward, the sample was drained 
and dried entirely by slightly pressing the sample with 
absorbent paper. Once completely dried, the sample 
was covered with Freitas’ Mordant and let stand for 
5 min, subsequently rinsed and dried in the same way. 
The sample was covered with Delafield’s hematoxylin 

for 6 min; then, it was rinsed, drained, and a drop of 
water was added and spread over the sample to prevent 
it from drying. Then, protozoa were observed through 
the microscope under the same conditions described 
above. Both FMD and FD staining techniques were 
repeated at least six times for each specimen to ensure 
reproducibility.

Assessment of protozoan density. To determine the 
density and diversity of protozoa in the SBR, tezontle 
samples were taken at the beginning and the end of 
the experimentation period (after 60 days); the assess-
ment was independently performed twice, taking two 
replicates in each repetition.

Each sample consisted of the biomass scrapped from 
two tezontle stones using for this purpose a sterilized 
brush. Samples were homogenized, adding 50 ml of 
wastewater and shaking them for 2 min. 25-µl samples 
were taken with an automatic micropipette (Socorex, 
Switzerland) to quantify the density of both protozoa 
and metazoans. Afterward, the samples were observed 
in-fresh for cell counting using a Neubauer chamber (in 
triplicate) and observed for a period no longer than 3 h 
(Dubber and Gray 2009), using a clear-field microscope 
Ni-U NIKON® (USA) with 40× and 100× objectives.

Samples were observed in vivo using MFD and FD 
techniques (permanent preparations) to determine pro-
tozoan diversity in the SBR. To this end, the different 
organelles and structures (cilia, flagella, zoids, peduncles, 
and nuclei) were highlighted by right-field microscopy 
and Nomarski (DIC, Differential Interference Contrast) 
techniques using a Ni-U NIKON® (USA) microscope. 
Species were identified according to Isac et al. (2008), 
Lynn (2010), and Küppers et al. (2020). As for rotifers, 
genera were identified according to their movement and 
morphology, following Baird et al. (2017).

Molecular approach for protozoan identification. 
The Vorticella campanula’s identity was confirmed by 
using a conserved region of the ITS 18S rRNA, for which 
total RNA was extracted by the TRIZOL reagent tech-
nique (Sigma Aldrich). The RNA obtained was recon-
stituted with RNAase-free water, aliquoted in Eppen-
dorf tubes at a concentration of 50 µg/µl, and stored at 
–70°C. For amplification, an RT-PCR was developed 
using a Sensicript™ Reverse Transcription Kit (QIAGEN) 
and a Taq PCR Core Kit (QIAGEN), using the set of 
primers designed to identify the conserved region within 
the ITS 18S of the microorganism, which is VCS302 
3’-ACGGCTACCACATCTACGG-5’ and the VCA103 
5’-GTGCAAAACCGTCAATTCCT-3’. Amplification 
was effected using the following protocol: reverse tran-
scription at 37°C for 60 min; PCR at 94°C for 4 min, fol-
lowed by 30 cycles of 60 s at 94°C, 30 s at 55°C and 60 s 
at 74°C, and a final extension at 74°C for 10 min. The 
RT-PCR product was visualized by electrophoresis on 
a 1.2% agarose gel and quantified by spectrophotometry. 

ρtez = 
Md

Md – Mw
ρpwz
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The amplicons were extracted from the agarose gel, 
purified directly using a QIAquick Gel Extraction Kit 
(QIAGEN, Germany), and sequenced automatically 
using the dideoxynucleotide chain-termination method.

The phylogenetic analysis was performed using data 
from the entire ITS 18S regions obtained from Gen-
Bank. Sequences were aligned using CLUSTALX and 
adjusted with the BIOEDIT v.7.0.9 (Sun et al. 2013). 
The aligned matrix was analyzed by using three meth-
ods: maximum likelihood (ML), neighbor-joining (NJ), 
and maximum parsimony (MP). The analysis was per-
formed with MEGA X (Kumar et al. 2016) and Model-
test 3.7 (Posada and Crandall 1998), using the GTR + I 
and GTR + G model, and Kimura of 2-parameters with 
a 1,000 bootstrap (Liao et al. 2018).

Statistical analysis. Each experiment was repli-
cated to obtain protozoan density, and the results were 
analyzed using R software. To determine the differ-
ence between the total densities of the sessile ciliated 
protozoan species present in the different replicates, 
a Student’s t-test was performed (p = 0.01). An ANOVA 
was performed to evaluate the difference between the 
densities of each species (p = 0.01). To corroborate these 
significant differences between the densities, data was 
analyzed by a Tukey test (p = 0.01). Also, a multivariate 
analysis was conducted (Principal Components Analy-
sis, PCA) to statistically analyze the results, using the 
Statgraphic Plus v.5.1 software (Statgraphics Technolo-
gies Inc., USA); this analysis allowed the detection of 
the relationship between the density of each protozoan 
species with the operating time of the reactor.

Results

Establishment of protozoan staining techniques. 
Two different protocols were assessed to establish novel, 
quick, and accurate techniques that may be useful for 
identifying solitary and colonial peritrichous proto-
zoa. To this end, protozoan samples were taken from 
the facilities of a municipal activated sludge treatment 
plant in Tecamac, State of Mexico. First, Fig. 1 shows a 
colony of peritrichous protozoa in fresh (Fig. 1a) and 
stained with the Harris Hematoxylin traditional tech-
nique (Fig. 1b). It was observed that nuclei could not 
be distinguished, and only dark spots could be seen. 
Therefore, it was corroborated that using conventional 
staining protocols, it is difficult to determine protozoan 
species. In contrast, there are examples of protozoan 
samples in fresh (Fig. 1c and 1e) and stained with MFD 
(Fig. 1f and 1h) and FD (Fig. 1d and 1g) protocols. In 
the first technique, MFD, the cell body was stained 
intensively. In contrast, while the nucleus was stained 
in lighter shades than the rest of the zoid, so the size, 
shape, and position of the macronucleus can be distin-

guished (Fig. 1f and 1), which allowed the identification 
of the species Epistylis plicatilis. On the other hand, the 
FD technique (Fig. 1d) allowed the dyed of the macro-
nucleus in a stronger color. At the same time, the rest 
of the zoid was dyed in lighter shades, also allowing the 
identification of E. plicatilis.

Identification of protozoan species in the SBR. 
Identifying colonial peritrichous protozoa is not easy, 
as training is necessary regarding microscopical and 
specific staining techniques; furthermore, long-lasting 
fixing and preserving methods for free-living proto-
zoa are still required, as was indicated by Küppers et al. 
(2020). Using the MFD and FD protocols described 
above, the colonial and solitary peritrichous proto-
zoan species present in the SBR were detected: Zootha
mnium paraentzii, E. plicatilis, V. campanula, Epistylis 

Fig. 1. Micrographs of colonial peritrichous protozoa.
a) Fresh sample and b) stained with Harris hematoxylin technique at 40x; 
c) 4-zoid fresh colony using Nomarski technique and d) FD staining at 
40x; e) 8-zoid fresh colony using Nomarski technique and f)  the MFD 
staining at 40x; and g) fresh samples of Vorticella campanula and h) stai-
ned  with the MFD technique (“J” shaped nucleus) at 20x magnification.
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rotans, Carchesium polypinum, Vorticella convallaria, 
and Vorticella aquadulcis. Other genera of protozoa, 
different from ciliated peritrichous, were identified 
by their morphology and movement as Cyclidium sp., 
Colpidium  sp., Litonotus sp., Paramecium sp., Chilo
donela  sp., Aspidisca  sp., Euplotes  sp., Euglypha  sp., 
and Centropyxis  sp. Metazoans such as Philodina  sp., 
Rotaria rotatoria, and Chaetonotus sp. were identified 
based on their morphology.

Micrographs included as supplementary material 
(Fig. S1–S6) present some protozoan species identified 
in the SBR by MFD and FD techniques. In V. campan
ula, stained using the MFD technique (Fig. 1g and 1 h), 
it presents very wide inverted bell-shaped zoids, with 
measures of 50–157 µm for the zoid, 35–100 µm for the 
peristomal width and peduncles of 250–350 µm long.

V. campanula is abundant in the SBR system and 
tolerant to some heavy metals. Therefore, this species is 
essential for degrading some toxic compounds (Vilas-
Boas et al. 2020). It is also subsequently used to comple-
ment, by a molecular approach, the precision of stain-
ing techniques for identifying the protozoan species. To 
this end, the ITS 18S region of this protozoan sample 
was amplified and aligned (Table SI). A phylogenetic 
analysis was performed (Fig. 2) using the procedures 
described in Materials and Methods. The identity per-
centage of the aligned region (98.5%), and the phyloge-
netic analysis indicated on V. campanula, and the strain 
was codified as V. campanula 01mex. Since protozoa 
are commonly found in consortia, it is important to 
mention that it may be challenging to isolate strains and 
subsequently perform molecular biology techniques for 
their identification. Even though, the identification 
of the V. campanula 01mex specimen by a molecular 
approach was successfully achieved in the current study 
as a complement to the staining methods proposed.

Protozoan density and SBR efficiency. Table  I 
shows the density and diversity of protozoa found dur-
ing the 60 days of SBR functioning. The highest densities 
of sessile ciliates were found for the species Z. paraentzii, 
E. plicatilis, V. campanula, E. rotans, and Carchesium 
polypinum with maximum values of 244 × 103 protozoa/

ml, 92 × 103/ml, 96 × 103/ml, 76 × 103/ml, and 33 × 103/ml 
respectively. V. convallaria and Vorticella aquadulcis were 
detected at low density: 5 × 103 and 2 × 103 protozoa/ml, 
respectively. The densities of other relevant microorgan-
isms related to water quality were also assessed and are 
as follows: Euglypha sp. and Centropyxis sp. from the 
amoebae group were present at the constant density 
(a maximum of 4.5 × 104 amoebae/ml). The behavior of 
the free-swimming ciliated protozoa, like Cyclidium sp., 
Colpidium sp., Litonotus sp., Paramecium sp., and Chilo
donella sp. was different, as their density remained of 
up to 4.1 × 104 of free-swimming ciliates/ml. Metazo-
ans, considered good indicators of treatment quality in 
activated sludge systems, were also identified and it was 
Philodina sp., R. rotatoria, and Chaetonotus sp. Regard-
ing the density of total protozoa (ciliated sessile, free-
swimming, and amoebae), two consecutive stages were 
observed; an adaptation stage followed by a stabilization 
one (Fig. 3), as the total density of the sessile protozoa 
increased steadily from day 1 to day 20. After day 20 
and up to day 60, the protozoan density remained con-
stant. The t-test analysis showed no significant differ-
ences when comparing the total densities of peritrichous 
protozoa between the two independent experiments. 
Additionally, ANOVA and Tukey analyses demon-
strated the significant differences between the densities 
of the diverse protozoan species (Table II). The density 

 1 11 8 10 7 33 1.5 1 72
10 142 34 57 47 17 2 2 299
20 267 34 57 47 17 2 2 425
30 220 92 96 76 11 5 2 500
40 244 63 76 61 14 3 2 462

60 232 77 86 68 12 4 2 481

Table I
The density of peritrichous protozoa (peritrichous protozoa × 103/ml).

Time
(days)

Zoothamnium
paraentzii

Epistylis
plicatilis

Vorticella
campanula

Epistylis
rotans

Charchesium
polypinum

Vorticella
convallaria

Vorticella
aquadulcis

Total density
(× 103 protozoa/ml)

Zoothamnium paraentzii 185.79a

Epistylis plicatilis  51.18b

Vorticella campanula  63.56b

Epistylis rotans  50.79b

Charchesium polypinun  17.31c

Vorticella convallaria   2.85d

Vorticella acuadulcis   1.64d

Table II
The mean abundance of peritrichous protozoan species.

a–d – lower-case letters represent groups of data that were significantly 
 different by the Tukey’s test (α = 0.01)

Species Average density
(protozoa × 103/ml)
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of Z. paraentzii was the highest, while the densities of 
E. plicatilis, V. campanula, V. convallaria, and Vorticella 
aquadulcis were similar. Since the COD is indicative of 
the effluent quality and the efficiency of the removal of 
organic matter, the COD concentrations were measured 
in the influent and effluent (Fig. 3). They were in the 
ranges of 377–480 mg/l, and 38–122 mg/l, for days 10 
to 60, respectively. During the first stage (days 1–20), 
protozoa/ml densities of 7.2 × 103 to 4.25 × 105 were 
obtained, with COD average removal efficiencies of 

83.5%. In the second stage (days 21–60), the maximum 
density obtained was 5,0 × 105 protozoa/ml, with a mean 
removal efficiency of 88.7%. In the stabilization stage, 
efficiency percentages increased from 84.27 to 91.93%, 
while the protozoan density remained nearly constant 
(4.63–5.0 × 103/ml).

The density of the sessile ciliates and total sus-
pended solids (TSS) in the effluent were determined 
(Fig. 4), since suspended solids indirectly quantify the 
organic matter and the number of microorganisms 

Fig. 4. Behavior of sessile ciliates with respect to the concentration of total solids.

Fig. 3. Relationship between protozoan density and COD in the SBR.
  Protozoa density;    Influent COD;    Effluent COD;    Removal efficiency (%).
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(bacteria, protozoa, rotifers, and algae in some cases) 
in the effluent. A decrease in the TSS concentration 
suggests a decrease in the number of microorganisms 
and enhances water quality by diminishing the floating 
solids. At the beginning of the process (day 1), the TSS 
concentration in the effluent was higher than 700 mg/l. 
On the other hand, concentrations decreased to the 
range of 46–96 mg/l during the stabilization stage.

Principal Component Analysis (PCA). A  PCA 
analysis was performed to determine the relationship 
between the functioning time of the reactor and the 
densities of diverse species of colonial and solitary 
peritrichous protozoa (Fig. 5). The first component 
of the PCA explains 80% of the data obtained, while 
the second one explains the 17%; thus, 97% of all the 
data obtained could be explained with these first two 
components. The analysis showed that Z. paraentzii 
had a strong correlation with the functioning time of 
the reactor. At the same time, species of colonial peri-
trichous protozoa like V. campanula, E. plicatilis, and 
E. rotans presented a moderate correlation with the 
functioning time of the reactor.

Tezontle in the SBR. The weight and porosity of 
tezontle were determined to assess the potential use 
of tezontle as supporting material (as a filler) in the SBR. 

The tezontle weight was calculated using Archimedes’ 
principle, which provided a value of 2.537 ± 0.060 g/ml, 
with a porosity of 43.605 ± 2.046. Afterward, an SEM 
analysis of the tezontle was performed to observe its 
internal structure (Fig. 6). Tezontle showed a  broad, 
porous diameter distribution (from tens to hundreds 
of micrometers) in the tezontle stone. Besides their size, 
the porous varied in shape and profundity among them.

Discussion

Both staining techniques proposed in the present 
study seemed economical, efficient, and quick options 
for staining protozoan nuclei of biological wastewater 
treatment systems, which could represent a relevant 
tool for identifying these microorganisms. Besides, all 
the microorganisms found in the SBR system using 
these novel staining methods have been earlier found 
in the systems of good removal efficiencies (> 90%), as 
full-scale operations activated sludge treatment plants, 
rotating biological contactors, and wetlands (Ginoris 
et al. 2007; Papadimitriou et al. 2010). Meta zoans 
are highly sensitive to physical, chemical, and opera-
tional conditions (Ginoris et al. 2007); the metazoan 

Fig. 5. Principal Component Analysis (PCA): relationship between the abundance of protozoa and other microorganisms,
time, and removal percentage. Axes 1 and 2 account for 54.9% and 22.1% of the total variation presented, respectively.
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identified R. rotatoria has been previously found in wet-
lands (Priya et al. 2007) and activated sludge systems 
(Ginoris et al. 2007).

As can be observed, Z. paraentzii (MFD technique) 
(Fig. S1) developed colonies with various zoids; in some 
cases, small colonies were shown, while other sam-
ples presented huge colonies with hundreds of zoids. 
A common dichotomous stalk connected the colonies, 
and the contractile spasmonema run uninterrupted 
throughout the colony, allowing contraction as a single 
unit. The body was highly variable in shape but usu-
ally elongated, measuring about 50–80 × 25–45 µm. The 
peristomial lip was single-layered, contractile vacuole 
apically located, and macronucleus generally C-shaped 
and horizontally oriented (Sun et al. 2005). It is impor-
tant to note that the MFD staining technique proposed 
within this study is economical, quick, and allows the 
correct observation of the nucleus of Z. paraentzii for 
its identification. It represents a significant contribu-
tion, as in previous studies, only macronuclei drawings 
could be observed; other staining methods do not allow 
clear nuclei observations, so the identification of this 
microorganism could only be made at the genus level 
(Isac et al. 2008; Lynn 2010). This staining technique 
allows for obtaining permanent samples. 

The MFD technique also allowed identifying E. pli
catilis (Fig. 1d and Fig. S2); colonial ciliated protozoa 
with branching peduncles and without contractile capa-
bility (without myonema), whose zooids had a peristo-
mial lip. They had dichotomous ramification colonies of 
up to 2–3 mm, with malleus-shaped zoids ranging from 
70–90 mm, with non hollow peduncle and horseshoe-
shaped transversal macronucleus. It has been reported 
that the ciliated Epistylis spp. was related to the stabili-
zation of activated sludge systems that work well with 
optimal loading (Isac et al. 2008).

On the other hand, the FD staining technique 
allowed Carchesium polypinum staining (Fig. S3) and, in 
agreement to Isac et al. (2008), its colony presented bell-
shaped zoids, with independent and spiral contraction, 
peduncle without septa and with visible discontinuous 
spasmonema, dichotomous branches, and marked peri-

stomal lip. The zoids’ width was 46 µm, with a length of 
72 µm. The colony showed a horseshoe-shaped macro-
nucleus located at the top of the zoid. This kind of pro-
tozoa indicates that the sludge system of the plant is in 
optimal aeration conditions and has a high biological 
quality (Isac et al. 2008). Besides, nuclei of telotroch 
larvae were also efficiently stained with the proposed 
techniques: MFD and FD (Fig. S4). It is known that 
a telotroch is a mobile form that disperses when peri-
trichous protozoa divide. After the telotroch chooses 
a site, it begins to secrete a stalk from the scapula at the 
aboral pole of the body (Bradbury 1994).

The FD technique allowed the nuclei staining of 
V. aquadulcis (Fig. S5), which had an inverted cup-
shaped zoid; this was a sessile organism with a con-
tractile vacuole located in the upper part of the body, 
and its very elongated macronucleus was “C” shaped. 
This organism measured 55 µm long and 35 µm wide, 
and the diameter of the peristomatic lip was 30 µm 
(Isac et al. 2008; Lynn 2010). The FD staining tech-
nique also allowed the identification of V. convallaria 
(Fig. S6), which had a flared shape and a peristomial lip, 
with a width equal to or greater than that of the zoid, 
a fine and elongated peduncle (100–500 µm), a macro-
nucleus in the form of “J”, and a  contractile vacuole 
in the anterior third of the cell (Isac et al. 2008). This 
microorganism is also related to transitory conditions 
(unstable or colonization), indicating nitrification 
absence in biological reactors (Martín-Cereceda et al. 
2001). V. campanula is commonly associated with low 
organic loads (Isac et al. 2008, Küppers et al. 2020). It 
has been reported that the genus Vorticella has substan-
tial environmental importance, like in the degradation 
of petroleum hydrocarbons in wastewater (Kachieng’a 
and Momba 2018), and the tolerance to heavy metals 
(Vilas-Boas et al. 2020).

The genus Z. paraentzii was also found to be one 
of the most abundant species in some phases of the 
process. Similar results were found in rotating biologi-
cal contactors and activated sludge systems (Martín-
Cereceda et al. 2002). This behavior is very interest-
ing because tezontle conditions may have allowed the 

Fig. 6. Properties of tezontle as supporting material of the SBR. a) A piece of tezontle containing
adhered peritrichous colonies; b) Scanning Electron Microscopy (SEM) of tezontle stones; c) close up of tezontle pores.
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growth of protozoa that are difficult to grow in the 
laboratory or have relevant biotechnological potential. 
Thus, this system could serve to grow colonial and soli-
tary peritrichous ciliated protozoa, such as Vorticella sp. 
and Epistylis sp. that currently degrade hydrocarbons 
(Kachieng’a and Momba 2018), or some ciliated proto-
zoa that may be used for the bioremediation of waters 
contaminated with heavy metals (Kumar et al. 2017; 
Vilas-Boas et al. 2020). Madoni (2010) mentioned that 
in a plant of activated sludge with an appropriate opera-
tion, the protozoan community is dominated by peri-
trichous specimens (Vorticella spp., Carchesium spp., 
Zoothamnium spp., Epistylis spp.) and hypotricks (Aspi
disca spp., Euplotes spp.). In the case of amoeba, the 
genus Euglypha sp. was the most abundant, being these 
amoebae associated with good effluent quality (Ginoris 
et al. 2007). Additionally, the presence of the metazoan 
Philodina sp. is interesting because it has been reported 
that it is a rotifer that secretes polymeric extracellular 
substances that act as promoters of bacterial growth 
(Kachieng’a and Momba 2018).

The results regarding protozoan densities indicate 
an adaptation stage of the sessile protozoa. They could 
reflect one of the relevant advantages that tezontle may 
have: its porous structure, which seemed to allow the 
establishment of a microbial consortium. These results 
agree with those obtained from real-scale systems, such 
as wetlands, SBR, and activated sludge processes with 
advanced nitrogen-reducing systems (Papadimitriou 
et al. 2010). Besides, it has been reported that some 
protozoa are present in wastewater treatment systems, 
especially in activated sludge operations, rotating bio-
logical contactors, percolating filters, wetlands, and 
coastal areas (Ogleni et al. 2010; Papadimitriou et al. 
2010; Charpentier 2014).

Overall, the results observed in the SBR system sup-
port previous reports that the most common protozoa in 
wastewater treatment systems are flagellates, free- swim-
ming ciliates, crawling and sessiles, including the genera 
Paramecium sp., Colpidium sp., Peranema sp., Tetrahy
mena sp., Euplotes sp., Aspidisca  sp., Trachelophyllum 
sp., Vorticella sp., Epistylis sp., Difflugia sp., Arcella sp., 
Zoothamnium  sp., and Carchesium  sp., among others 
(Ginoris et al. 2007; Canals et al. 2017). The observations 
also suggest a relationship between protozoan density 
and COD removal efficiencies in the SBR. During the 
growth stage, the removal efficiencies increased progres-
sively from 71.02% to 89.08%, and the protozoan density 
increased from 7.2 × 104 protozoa/ml to 4.81 × 105 proto-
zoa/ml. These results agree with those obtained by Priya 
et al. (2007) in continuously stirred anaerobic reactors 
that the density of ciliated protozoa was strongly related 
to the COD removal. The pH of the influent remained 
constant at 7.5 (data not shown), which is the same value 
reported by other researchers, such as Martín-Cereceda 

et al. (2001), who worked with a system of rotating bio-
logical contactors. They found species like Zootham
nium sp., Vorticella sp., Epistylis sp., Euplotes sp., and 
Opercularia sp. In the present study, the SBR worked 
in a range of 22–26°C throughout the experimentation, 
allowing bacteria and protozoa to grow. 

Notably, the pH values and temperature were ade-
quate with the metabolism of protozoa, thus promoting 
the correct functioning of the reactor. This observed 
behavior is logical since the sessile ciliated protozoa 
are bacterial and organic matter predators, so it can be 
inferred that when protozoan density increases, they 
feed on bacteria, and therefore TSS will diminish. This 
behavior is consistent with the fact that most protozoa 
were sessile attached to the support material (tezon-
tle). Li et al. (2013) mentioned that Vorticella spp. and 
some rotifers are linked to the ingestion of fine parti-
cles, which positively affects the reduction of suspended 
solids. Also, the observed correlation in the PCA could 
be related to sessile protozoan stalks, which may have 
led to a better adhesion to the tezontle; these microor-
ganisms may have had better adaptation opportunities 
and hence, presented an increase in their abundance. 
Besides, the PCA confirmed that free-living protozoa, 
amoebas, and metazoans (rotifers) always occurred 
in low abundance, indicating that they had no chance 
of survival compared to sessile protozoa (with stalk). 
Papadimitriou et al. (2010) stated that protozoan abun-
dance could be used as a bioindicator of the treatment 
efficiency in constructed wetlands. In this regard, the 
present study elucidated a similar conclusion. 

In addition, it is suggested that a greater abundance 
and diversity of protozoa may correlate with the efflu-
ent’s good quality. It has also been mentioned that 
a correlation between the phosphorus and the rates of 
removal of total coliforms was observed in the presence 
of increased protozoan taxa, while the removal of the 
organic load and the inorganic nitrogen increased in 
the case of high protozoan diversity in the soil/water 
interface. Some authors have pointed out that each 
group of protozoa is associated with different factors 
influencing the process. For example, the ciliate group 
is related to good organic matter removal, while the 
flagellates are closely related to nitrogen elimination 
(Papadimitriou et al. 2010). The present study consid-
ers the high densities of the sessile protozoa (E. rotans,  
E. plicatilis, Z. paraentzii, C. polypinum, and  O. coarc
tata) as high-quality effluent indicators (Li et al. 2017). 

Additionally, the quick identification of the spe-
cies present in the system (the proposed MFD and FD 
staining techniques) led determining the relationship 
between the presence of specific protozoan species and 
some system conditions, such as the quality of the efflu-
ent, removal efficiencies, and amount of organic mat-
ter. Previously, Li et al. (2017) also obtained a moderate 
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correlation between all protozoan communities and 
environmental parameters, such as the concentrations 
of ammonia nitrogen (NH4+-N), total nitrogen (TN), 
total phosphorus (TP), and COD. Additionally, Xu 
et al. (2014) mentioned that the biofilms formed by 
the spatial patterns of the ciliated communities were 
significantly correlated with environmental variables, 
especially COD and nutrients, in coastal waters.

Concerning the support material used in this study, 
the “tezontle” word is derived from the Nahuatl “tez-
tzontli”, where “tezt” means stone and “zontli” means 
hair. Tezontle is a volcanic stone native to the State of 
Morelos, Mexico, which has a water retention capacity 
of 12.91–43.3%. In addition, its high porosity provides 
a large contact surface area, so it can be used as a sub-
strate for many applications; the viability for the estab-
lishment of micro-bacterial colonies in tezontle stone 
due to its micropores has been previously reported (Liu 
et al. 2015). Besides, tezontle has good absorption prop-
erties and high mechanical resistance (Yáñez-Ocampo 
et al. 2011), which may be relevant for the region in 
which the study took place because Mexico has large 
tezontle deposits. The material could be used as a natu-
ral, environmental-friendly, and economic support for 
different wastewater treatment systems. Based on its 
characteristics, it may allow the adherence of protozoa, 
which may serve as indicators of different conditions 
in water treatment systems, besides promoting good 
removal efficiencies of organic and particulate matter 
(bacteria). The results obtained about the density and 
porosity of tezontle match very well with the density 
and porosity ranges reported before for this material 
(2.93 g/ml) (Li et al. 2017) and 55.5% (Rodríguez-Díaz 
et al. 2013), respectively. These characteristics are very 
important in absorption applications, as they represent 
the surface area and confirm that the tezontle’s poros-
ity might have been strongly related to the adhesion 
of the peritrichous ciliated protozoa. Also, it has been 
previously reported that tezontle mainly comprises of 
iron, aluminum, and silicon oxides, representing more 
than 70 wt % of its composition. It also contains mag-
nesium, calcium, and sodium oxides (around 30 wt %). 
Kachieng’a and Momba (2018) obtained more than 90% 
of COD removal after 20 days, This percentage was 
obtained due to their sessile and free nature and the 
interaction among the protozoan isolates (consortium). 

On the other hand, Nacheva et al. (2008) observed 
more than 95% biodegradation (COD removal) when 
activated carbon and tezontle were used as biofilm sup-
ports in anaerobic biofilters. Specifically, more than 
95% biodegradation was obtained with both support 
materials at organic loads lower than 1.7 kg/m3 × d in 
tezontle, and with loads of up to 13.3 kg/m3 × d in gran-
ulated activated carbon. In the present research, the 
density of the colonial and solitary peritrichous ciliates 

was much higher than that of free-living ciliates dur-
ing the process. It suggests that the silicon oxide con-
tained in the tezontle promotes good conditions for the 
growth of sessile ciliates. Some organisms, from pro-
tists to sponges, employ silicon sources to build internal 
or external skeletons and/or scale structures (Perry 
et al. 2003; Foissner et al. 2009). Moreover, according 
to Foissner et al. (2009), silicon granulates regulate light 
perception and are a protective mechanism against 
mechanical stress and protozoan predation.

Some studies show the suitability of using packag-
ing materials (known as carriers) to immobilize micro- 
organisms to obtain high removal efficiencies of water 
contaminants; such materials include tezontle, bagasse, 
sawdust, coconut fiber, and cotton fiber, among oth-
ers. However, these packaging materials have been 
mainly used with bacteria, algae, and fungi but not with 
protozoa (Dzionek et al. 2016). In contrast to publi-
cations on the association of bacteria and algae with 
substrates, knowledge about the behavior of protozoa 
associated with substrates is scarce, although proto-
zoa occur in high numbers in biofilms (Arndt et al. 
2003). It has been mentioned that packaging materi-
als for wastewater treatment purposes should possess 
specific characteristics present in tezontle, like being 
insoluble, non-toxic (for the system and the environ-
ment), accessible, economical, stable, and appropriate 
for regeneration. The matrices used for adsorption or 
attachment should be of high porosity to ensure the 
high contact area, as has been determined for tezontle. 
Besides, for wastewater treatment processes, packaging 
materials must have high mechanical resistance, as they 
can be exposed to diverse types of physical stress factors 
(Dzionek et al. 2016).

Thus, the activity of protozoa in the present study 
seems to be influenced by the presence of the tezontle. 
On one side, this substrate has the appropriate char-
acteristics (theoretically and experimentally estab-
lished) to be used as a suitable packaging material. On 
the other side, protozoa, as the sessile pedunculated 
ones, survive on various substrates like solid-air (soil 
grains, rocks), water-air, or solid-water (stones, macro-
phytes, animals, leaf litter, etc.) (Arndt et al. 2003). The 
protozoa’s capability to adhere, colonize substrates, or 
temporally separate from biofilms provides them with 
clear advantages because food concentration (bacteria, 
algae, and other protists) may be significantly higher 
than in the surrounding water, and biofilms can serve 
as a refuge against predation (Arndt et al. 2003). 

The proposed nuclei staining techniques for colonial 
and solitary peritrichous ciliated protozoa were simple, 
fast, and economical. Both techniques seem reproduc-
ible and reliable, allowing the observation of well-
defined nuclei in all the cases evaluated and identifying 
the most abundant species that colonized tezontle in 
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the system. On the other hand, tezontle is an economi-
cal, natural, and abundant material in Mexico; it has 
a large number of pores and, therefore, a large surface 
area that allowed good adhesion of bacteria and peritri-
chous protozoa, consequently obtaining good removal 
efficiencies of organic matter (91.93%). Therefore, the 
present work confirmed that tezontle is an economi-
cal material with favorable composition and porosity 
for the abundant growth of solitary and colonial peri-
trichous ciliated protozoa, indicators of the excellent 
quality of treated wastewater.

The protozoan species that grew in the system could 
later be used to degrade toxic compounds, such as 
hydrocarbons or metals. Ciliated protozoa with pedun-
cles, like Z. paraentzii, E. plicatilis, V. campanula, and 
E. rotans, showed a moderate to strong relationship with 
the functioning time of the reactor, which allowed the 
obtention of high removal efficiencies of both organic 
matter and suspended bacteria. The novel FMD and FD 
staining techniques highlighted the nuclei in all solitary 
and colonial peritrichous protozoa. It helped to iden-
tify them at the species level; therefore, they could be 
used for protozoan identification or as complementary 
techniques to those already existing for staining nuclei 
of species resistant to other dyes.
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Introduction

Antimicrobial resistance has been considered one 
of the biggest threats to human health globally (Sulis 
et al. 2022). According to a recent report published in 
2022, 4.95 million deaths were associated with anti-
microbial resistance in 2019, including 1.27 million 
deaths directly attributable to antimicrobial resistance 
(Murray et al. 2022). To make matters worse, resist-
ance to carbapenem, the preferred last resort drug for 
treating multidrug-resistant bacterial infections was 

first reported in Enterobacteriaceae strains in the early 
1990s. These carbapenemase-producing isolates have 
spread worldwide, causing a global health crisis (Potter 
et al. 2016; Lutgring 2019). According to the Center for 
Disease Control and Prevention (CDC) report, in 2017, 
13,100 carbapenem-resistant Enterobacteriaceae (CRE) 
infections were estimated among hospitalized patients, 
which resulted in 1,100 deaths in the USA (CDC 2019).

Meanwhile, Klebsiella pneumoniae is the species that 
causes the most cases of CRE infections (Logan and 
Weinstein 2017). It caused more than 55,700 deaths 
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A b s t r a c t

Outbreaks of carbapenem-resistant Enterobacteriaceae (CRE), especially Klebsiella pneumoniae (CRKP), are commonly reported as severe 
infections in hospitals and long-term care settings, and their occurrence is increasing globally. Conventional antibiotics used for treating 
CRE have become ineffective due to resistance development. Furthermore, their safety issues restrict their availability and use for CRE 
treatment. Therefore, developing new drugs different from existing drugs to combat this deadly menace is urgently needed. Probiotics can 
be a potential option in this context, as probiotics’ efficacy against a variety of infectious illnesses has already been well established. Here, 
we report the effect of the Bacillus velezensis strain isolated from Gochang Bokbunja vinegar in Korea on CRE infection using two mouse 
models. Data showed that pretreatment with B. velezensis significantly reduced body weight loss and mortality of CRKP-infected mice 
in the preventive model. The oral administration of B. velezensis in a therapeutic model also decreased the mortality and illness severity in 
CRKP-infected mice. Moreover, a two-week oral acute toxicity assay in guinea pigs did not reveal any aberrant clinical signs. Our findings 
demonstrate the potential effectiveness of our candidate probiotic strain, B. velezensis, against CRKP, suggesting that it could be used as an 
antimicrobial agent for treating CRKP-related infections. 

K e y w o r d s: Bacillus velezensis, Klebsiella pneumoniae, carbapenem-resistant Enterobacteriaceae (CRE), 
 Gochang Bokbunja vinegar, probiotics
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worldwide in 2019 (Murray et al. 2022). As such, with 
the significant increase in the use of carbapenems in 
clinical practice today, the evolution of carbapenem-
resistant bacteria has become a significant concern 
(Sheu et al. 2019). Although standards for treating 
CRE infections are being developed in response to this 
human threat, problems due to resistance, treatment 
failure, and toxicity still exist (Tilahun et al. 2021). 
Therefore, new and effective anti-CRE medicines are 
desperately needed.

According to the Food and Agriculture Organiza-
tion (FAO)/ World Health Organization (WHO), pro-
biotics are ‘live microorganisms which, when admin-
istered in adequate amounts, confer a health benefit 
on the host’ (FAO/WHO 2001). As reported by many 
studies, probiotics have many functions, including pro-
viding nutrients, modifying biological activities, pre-
venting pathogenic microorganisms, boosting immune 
responses, and enhancing growth (Oelschlaeger 2010). 
Some reports have shown the effects of probiotics 
against different diseases, such as necrotizing enterocol-
itis (Patel and Underwood 2018), acute infectious diar-
rhea (Allen et al. 2010), antibiotic-associated diarrhea 
(Kopacz and Phadtare 2022), metabolic disorders (Li 
et al. 2021a), and autoimmune diseases (De Luca and 
Shoenfeld 2019). Furthermore, probiotics could play 
an essential role in acute infectious diseases, namely: 
tuberculosis (Rahim et al. 2022), acquired immuno-
deficiency syndrome (AIDS) (Ceccarelli et al. 2019), 
Pseudomonas aeruginosa infection (Huang et al. 2020), 
and COVID-19 (coronavirus disease 2019) (Anwar et al. 
2021). Probiotics have been extensively studied to 
treat various diseases, including infectious ones. Thus, 
the application of probiotics is considered valuable for 
treating CRE infections. This study aimed to determine 
the impact of a Bacillus velezensis strain isolated from 
Gochang Bokbunja vinegar in Korea on carbapenem-
resistant Klebsiella pneumoniae (CRKP) infection.

Experimental

Materials and Methods

CRKP. CRKP was collected from the Pathogenic 
Resource Bank at Soonchunghyng University Hospital 
(Tajdozian et al. 2021). It was cultured in MacConkey 
broth (BD Difco, USA) and incubated at 37C for 18 h. 
Next, bacterial growth was determined using a spec-
trophotometer (DR 1900, HACH, USA), and opti-
cal density at 600 nm (OD600 nm) was adjusted to 1.0. 
After that, the bacterial number was enumerated 
through a colony-forming unit (CFU) assay. For fur-
ther uses, stock culture in 60% glycerol was prepared 
and kept at –80°C.

Isolation and identification of a probiotic strain 
from naturally fermented vinegar. The candidate pro-
biotic was obtained from naturally 14-days-fermented 
Gochang Bokbunja vinegar from Gochang County, 
North Jeolla Province, South Korea. Upon receiving 
the samples, they were streaked onto an MRS agar 
(BD Difco, USA) plate and incubated at 37°C for 24 h. 
After that, single colonies were picked and subcultured 
in MRS broth (BD Difco, USA). After incubating in 
a shaking incubator overnight at 37°C under aerobic 
conditions, bacterial growth was determined using the 
spectrophotometer. Stock in 60% glycerol was prepared 
and stored at –80°C for further use. This probiotic 
strain was sent to a company (Biofact Co, Korea) for 
16S rRNA sequencing and species identification. 

Biochemical tests. A biochemical test was con-
ducted using an API 50CH kit (bioMerieux, France) to 
observe the carbohydrate fermentation pattern of the 
probiotic strain compared to other reference strains. 
The candidate probiotic strain was cultured on an MRS 
agar plate. A single colony was then picked and mixed 
with 1 ml suspension medium. After that, the suspen-
sion turbidity was determined using 2 McFarland, 
and 0.1 ml of this suspension was diluted in 10 ml of 
CHB medium (bioMerieux, France). Next, the strip 
was removed from the API kit and placed in a tray. The 
final prepared bacterial suspension was transferred into 
the strip’s wells and incubated at 37°C for 48 h. Subse-
quently, color change in each well was observed, and an 
identification table was prepared as (+/–).

Quantitative RT-PCR assay. qRT-PCR is a  well-
established and robust approach for detecting and 
quantifying microorganisms (Kralik and Ricchi 2017). 
Thus, qRT-PCR was performed to identify the isolated 
strain. Genomic DNA was extracted from the isolated 
candidate probiotic strain using the QIAamp DNA 
Mini Kit (QIAGEN, Germany). Genomic DNAs were 
also extracted from B. velezensis KCTC 13417, Bacillus 
amyloliquefaciens KCTC 3002, Bacillus subtilis KCTC 
3135, and Bacillus lichenoformis KCTC 1659. They were 
obtained from the Korean Collection for Type Cultures 
(KCTC) as reference organisms to help us to distinguish 
closely related species in the Bacillus genus. Extracted 
DNA was then diluted to run qRT-PCR using species-
specific primers (Kwon et al. 2009; Huang et al. 2017a; 
Dunlap 2019; Bahuguna et al. 2020). A primer for the 
macrolactin gene was used to distinguish between 
B. velezensis and B. amyloliquefaciens (Fan et al. 2018; 
Li et al. 2021b). The used primers are listed in Table SI. 
We performed qRT-PCR in a final volume of 20 µl con-
sisting of 10 µl of SYBER Green Supermix (BIO-RAD, 
USA), 4 µl nuclease-free water, 5 µl of genomic DNA, 
and 0.5 µl each of forward and reverse primers. Ampli-
fication used the following thermal cycling steps: an ini-
tial DNA denaturation step at 95°C for 3 min, followed 
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by 39  cycles of 10 s at 95°C for denaturation, 10 s at 
55°C for annealing, and 30 s at 72°C for extension.

Cultivation of B. velezensis using a lab-scale fer-
menter based on food-grade media. We used food-
grade medium (FGM) to cultivate our strain as an anti-
CRE therapeutic agent that could be developed in the 
future. FGM was used for cultivation because this strain 
could grow well in this medium. In addition, FGM is 
safe for human consumption, and it is composed of 
glucose, yeast peptone, Tween 80, and magnesium sul-
fate based on an MRS medium (Table SII). The pH of 
the optimized FGM was 7.5. We adjusted its pH to 6.3 
using 6 N HCl. Before growing in a fermenter system, 
the strain was cultivated in 30 ml FGM. After incuba-
tion at 37°C for 18 h, the OD and pH of the culture 
broth were checked with a spectrophotometer and a pH 
meter (Mettler-Toledo, Switzerland), respectively, every 
2 h during the incubation period. After confirming 
the bacterial growth and the pH, the probiotic strain 
was grown in a lab-scale fermenter system (FMT-ST-
S07, Fermentec, South Korea). The fermenter was first 
filled up with 2 l of FGM. The FGM-filled fermenter 
was then autoclaved at 121°C for 15 minutes. After that, 
when the medium reached the optimal temperature, 
1.0% of probiotic culture was aseptically added into 
the fermenter system and fermented at 37°C for 10 h 
using a fermenter impeller. After incubation, the cul-
ture was recovered in a sterile container, centrifuged, 
washed, and resuspended with the culture supernatant 
at 1.5 × 109 CFU/200 µl for each mouse of the therapeu-
tic model. FGM-cultured probiotics were used in the 
treatment model, but MRS-cultured probiotics were 
used in the prevention model and toxicity tests.

Investigation of the effect of B. velezensis in a CRKP- 
infected mouse model. In this study, preventive and 
therapeutic models were applied to evaluate the effec-
tiveness of probiotics in a CRKP-infected mouse model, 
and 9-week-old female BALB/c mice (Dooyeol Biotech, 
Korea) were used. The prevention model was used to 
see preventive effects by administering probiotics before 
infection. In the treatment model, probiotics were 
administered the day after inducing infection to see the 
therapeutic effect. At the time of treatment with pro-
biotics in both models, the probiotic-treatment group 
received B. velezensis. However, the infection and con-
trol groups received distilled water through oral gavage 
for making the same treatment condition. In both mod-
els, gastric neutralization was induced by oral admin-
istration of sodium bicarbonate (NaHCO3) to increase 
animal severity through the increased intestinal reach 
of live pathogens (Czuprynski and Faith 2002). In addi-
tion, cyclophosphamide was intraperitoneally injected 
3  days before infection to induce neutropenia (Pan 
et al. 2015). 5-Fluorouracil (5-FU) was also administered 
intraperitoneally to induce additional immunosuppres-

sion (VanderVeen et al. 2020). Disease severity score, 
body weight, and survival of mice were checked in both 
models during the experimental period.

We examined the preventive effect of our candi-
date probiotic strain, B. velezensis, in CRKP-infected 
BALB/c mice. The probiotic strain was administered at 
1.5 × 109 CFU/mouse in 200 µl daily as a single dose by 
oral gavage for three days before infection. Cyclophos-
phamide (Sigma Aldrich, USA) at 450 mg/kg (200 µl) 
was also injected intraperitoneally three days before 
infection. Three days after neutropenia, infection was 
induced twice per week through oral administration 
at a dose level of 6.7 × 109 CFU/200 µl/mouse on day 
0 and 9 × 109 CFU/200 µl/mouse on days 2, 10, and 12. 
NaHCO3 (0.2 M, 200 µl) (Sigma Aldrich, USA) was 
administered along with the infection. 5-FU (50 mg/kg, 
200 µl) (Sigma Aldrich, USA) was administered intra-
peritoneally on days 13 and 15 after inducing infection.

We investigated the therapeutic potential of our can-
didate probiotic strain, B. velezensis, in CRKP-infected 
BALB/c mice. In the therapeutic mouse model, 200 µl 
of cyclophosphamide (450 mg/kg) was injected intra-
peritoneally three days before infection. Infection was 
then induced by oral administration of 200 µl CRKP at 
9 × 109 CFU/mouse on days 0, 2, and 6 with pretreat-
ment of NaHCO3 (0.2 M, 200 µl). Mice were treated 
with B. velezensis at 1.5 × 109 CFU/200 µl/mouse twice 
the next day after the infection treatment. They were 
intraperitoneally injected on days 10 and 14 with one 
dose of 5-FU (50 mg/kg, 200 µl).

Evaluation of repeated oral acute toxicity of pro-
biotics in guinea pigs. A 2-week repeated oral acute 
toxicity evaluation of probiotics in guinea pigs was per-
formed according to a previous report (Lee et al. 2021). 
Adult male guinea pigs (weight range 1,000 to 1,280 g) 
were used and administered orally, and sterile water was 
used as the vehicle. In the case of the treatment group, 
probiotics (2 × 108 CFU/ml/200 µl) were administered 
once a day, and clinical symptoms, mortality, and weight 
changes were observed over the entire period.

Review of animal experiment ethics. All animal 
experiments were conducted in a biosafety level 2 facility 
(LML 20–591) of Soonchunhyang University, according 
to the Ministry of Food and Drug Safety (Registration, 
MFDS, No. 657). This study’s animal experiments proto-
col was approved by the Institutional Animal Care and 
Use Committee (IACUC) of Soonchunhyang University.

Results

Identification based on 16S rRNA gene sequenc-
ing. The 16S rRNA gene sequencing analysis was done 
for the isolated strain (Table  I). The result was com-
pared to sequences stored in the National Center for 
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Biotechnology Information (NCBI) databases. The 
16S rRNA gene sequencing of the probiotic strain shared 
99% sequence identities with 16S rRNA gene sequences of 
B. velezensis strain FZB42, B. velezensis strain CBMB205, 
B. amyloliquefaciens strain NBRC 15535, and B. subtilis 
subsp. subtilis strain 168. It also shared 98% sequence 
iden tities with B. licheniformis strain DSM 13 and 
B. liche niformis strain BCRC 11702. These findings sug-
gest that the isolated strain belongs to the Bacillus genus.

Carbon utilization assay of the isolated probiotic 
strain by API kit. To identify and characterize pheno-
types of the probiotic strain, biochemical characteriza-
tion was performed using an API 50CH Biochemical 
Kit. Utilization patterns of carbon sources of the iso-
lated probiotic strain were compared with B. velezen 
sis KCTC 13417, B. amyloliquefaciens KCTC 3002, and 
B. lichenoformis KCTC 1659, obtained from KCTC. 
Results are shown in Table  II. The candidate strain 
showed carbon source utilization patterns more similar 
to B. velezensis than to B. licheniformis and B. amylo
liquefaciens but showed some differences with the 
KCTC B. velezensis.

Identification of isolated probiotic strain by 
qRT-PCR assay. The qRT-PCR assay was conducted 
to identify the candidate probiotic strain using spe-
cies-specific primer sets (Table III). We analyzed the 
resulting threshold cycle (Ct value). We found that the 
B. velezenesisspecific primer was specific for both  

NR_075005.2 Bacillus velezensis strain FZB42 1,550 2,728 bits (1,477) 1,492/1,499 (99%) 2/1,499 (0%)
NR_116240.1 Bacillus velezensis strain CBMB205 1,445 2,615 bits (1,416) 1,427/1,432 (99%) 2/1,432 (0%)
NR_112685.1 Bacillus amyloliquefaciens strain NBRC 15535 1,475 2,699 bits (1,461) 1,470/1,475 (99%) 0/1,475 (0%)
NR_041455.1 Bacillus amyloliquefaciens strain NBRC 15535 1,472 2,697 bits (1,460) 1,468/1,472 (99%) 0/1,472 (0%)
NR_102783.2 Bacillus subtilis subsp. subtilis strain 168 1,550 2712 bits (1,468) 1,489/1,499 (99%) 2/1,499 (0%)
NR_118996.1 Bacillus licheniformis strain DSM 13 1,545 2,579 bits (1,396) 1,466/1,500 (98%) 4/1,500 (0%)
NR_116023.1 Bacillus licheniformis strain BCRC 11702 1,468 2,545 bits (1,378) 1,439/1,469 (98%) 2/1,469 (0%)

Table I
Identification of isolated bacterial strain based on 16S rRNA gene sequence analysis.

NCBI
references Organisms Length Score Identities Gaps

B. velezensis KCTC 13417 and our candidate probiotic 
strain, but it could not detect other closely related spe-
cies. We used a B. amyloliquefaciensspecific primer 
and observed amplification result for B. amyloliquefa
ciens KCTC 3002, B. velezensis KCTC 13417, and the 
candidate probiotic strain. We found that this primer 
could not work specifically. Therefore, to distinguish 
between B. amyloliquefaciens and B. velezensis, we ran 
the PCR using a macrolactin-specific primer. Macro-
lactin is a gene cluster detected only in B. velezensis (Fan 
et al. 2017). After running the PCR using a macrolac-
tin-specific primer, we noticed the amplification cycle 
of B. velezensis KCTC 13417 and our candidate pro-
biotic strain but not B. amyloliquefaciens KCTC 3002. 
This result strongly proves that our candidate probi-
otic strain is B. velezensis. Species-specific primers for 
B. lichenoformis and B. subtilis showed the amplifica-
tion for B. lichenoformis KCTC 1659 and B. subtilis 
KCTC 3135, respectively, while they did not show the 
amplification for other strains. These results confirm 
that our isolated probiotic strain is B. velezensis.

Cultivation using lab-scale fermenter and FGM. 
The probiotic strain was cultivated in FGM. Bacterial 
growth and pH were checked every 2 h (Fig. 1). Fig. 1a 
shows the growth curve of our candidate probiotic 
strain. Its OD reached 0.8 after 10 h of incubation. The 
pH of the broth culture was also checked. We noticed 
a reduction of pH after 2 h of incubation. It continued to 

Fig. 1. Bacterial growth and pH measurement in food grade medium with time. The probiotic strain was inoculated and cultivated.
Its A) growth and B) pH were checked every 2 h.
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 0 Control – – – – – – – –
 1 Glycerol + + + + + – + +
 2 Erythritol – – – – – – – –
 3 D-arabinose – – – – – – – –
 4 L-arabinose – + + + + + – +
 5 D-ribose + + + + + + + +
 6 D-xylose – + + + + + – –
 7 L-xylose – – – – – – – –
 8 D-adonite – – – – – – – –
 9 Methyl-βD-xylopyranoside – – – – – – – –
10 D-galactose + + + + – – – –
11 D-glucose + + + + + – + –
12 D-fructose + + + + + – + –
13 D-mannose + + + + + – + –
14 L-sorbose – – – + – – – –
15 L-rhamnose + + + + – – – –
16 Dulcitol – – – – – – – –
17 Inocitol + + + + + + – –
18 D-mannitol + + + + + – + –
19 D-sorbito + + + + + – + +
20 Methyl-αD-mannopyranoside – – – – – – – –
21 Methyl-αD-glucopyranoside – + + + + + + +
22 N-acetylglucosamine + + – – + – + –
23 Amygdaline + + + + – + + –
24 Arbutine + + + + + – + –
25 Esculine + + + + + + + +
26 Salicin + + + – + + + –
27 D-Cellibiose + + + + + + + +
28 D-Maltose + + + + + + + +
29 D-Lactose + + – – + + + +
30 D-Melibiose – + – + + + – +
31 D-Sacharose + + + – + + + –
32 D-Trehalose + + + + + + – –
33 Inulin – – – + – – – –
34 D-Melezitose + – – – – – – –
35 D-Raffinose + + + + + + + +
36 Amidon + + + – + – + –
37 Glycogen – + + – + – + –
38 Xylitol – – – – – – – –
39 Gentibiose + – – – – – + –
40 D-Turanose – – + + – – + +
41 D-Lyxose – – – – – – – –
42 D-Tagatose + + + – – – – –
42 D-Fucose – – – – – – – –
44 L-Fucose – – – – – – – –
45 D-arabitol – – – – – – – –
46 L-arabitol – – – – – – – –
47 Potassium gluconate + – – – – – – –
48 Potassium 2 ketogluconate – – – – – – – –
49 Potassium 5 ketogluconate – – – – – – – –

Table II
The ability of the candidate probiotic strain to dehydrate carbon sources.

(+) – positive reaction (yellow) (No. 25: black);   (–) – negative reaction (red)

Type of testNo.
Bacillus velezensis

KCTC 13417
Bacillus amyloliquefaciens

KCTC 3002
Bacillus licheniformis

KCTC 1659Candidate strain

24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h
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Anabrees 2014). Besides, probiotics can help maintain 
intestinal barrier integrity (Hemert et al. 2013). Moreo-
ver, probiotic administration can protect and enhance 
the gut microbiota of mice by improving the number 
of beneficial bacteria while decreasing the number of 
pathogenic bacteria (Li et al. 2019). With this back-
ground, our research team is interested in using pro-
biotics to counter the threat to human health caused 
by CRE infections.

Our research team isolated various probiotic strains, 
such as Bacillus, during a vinegar microbiome study, 
and the Bacillus genus was applied to the CRE infec-
tion treatment study. Vinegar has long been considered 
fermented food for its many health benefits, includ-
ing its antioxidant activity, ability to improve hyper-
cholesterolemia, prevent metabolic syndromes, and 
regulate the gut immune system (Urtasun et al. 2020; 
Sui et al. 2021;). However, in vivo effects of probiotics 
isolated from vinegar on CRKP infection have not been 
reported yet. Here we report the efficacy of a probiotic 
strain isolated from Gochang Bokbunja vinegar against 
CRKP infections.

The strain discovered in the vinegar was confirmed 
as B. velezensis through 16S rRNA gene sequencing anal-
ysis and additional species-specific PCR. It was judged 
to be a new strain as it showed a different carbon use 
pattern from the existing standard B. velezensis strain. 
As a result of additional efficacy evaluation in vivo, this 
candidate probiotic strain’s prophylactic and therapeu-
tic efficacies were confirmed, similar to a recent study 
(Tajdozian et al. 2021) showing the infection prevention 
and therapeutic effect of probiotics in  a mouse model. 
Such effects are believed to be related to their diverse 
ability to adhere to epithelial surfaces and induce immu-
nological responses (Wagner et al. 1997). Moreover, it 
has recently been reported that Bacillus treatment might 
have a solid immunostimulatory effect on the host to 
defend against infections (Plaza-Diaz et al. 2014; Mazaya 
et al. 2015; Suva et al. 2016). According to the results of 
related studies on B. velezensis as a candidate strain in 
this study, B. velezensis naturally produces various anti-
biotic compounds such as bacteriocins, short-chain fatty 
acids, and organic acids that can protect the gastroin-
testinal tract from diseases (Lee et al. 2019). There have 
also been claims that the administration of B. velezen
sis in animals can increase intestinal Lactobacillus and 
Ruminococcus and decrease Acinetobacter and that the 
effectiveness of B. velezensis on CRE might be related to 
this phenomenon (Li et al. 2019).

Probiotics are classified as Generally Regarded as Safe 
(GRAS) by the United States Food and Drug Adminis-
tration (FDA) (Martín and Langella 2019). Probiotics 
have been used for a long time, and their safety has been 
established. These findings allow their usage as food 
or supplements from a scientific perspective (Martín 

and Langella 2019). Although probiotics are commonly 
considered safe (Williams 2010), some strains can cause 
bacteremia and septicemia (Kulkarni 2019). In consid-
eration of these safety issues, a repeated two-week oral 
acute toxicity test was performed using guinea pigs. No 
abnormal clinical symptoms, weight loss, or animal 
death were observed during the experiment period.

Concerning safety, this study used probiotic strains 
cultured in FGM. FGM is one medium allowed to come 
into direct contact with foods, and it does not cause 
any hazards or change the taste and flavor, making it 
suitable for human consumption (Sawatari et al. 2006). 
Besides, FGM is less expensive and easier for bulk pro-
duction; therefore, many in vivo studies rely on FGM 
(Huang et al. 2016; 2017b).

Many studies have found that the gastrointesti-
nal tract’s stability and beneficial bacterial population 
enhance the host’s immune system and antioxidant 
capacity and prevent the spread of pathogenic bacteria 
in the gut (Khalid et al. 2021; Li et al. 2019). Moreover, 
according to a report, the probiotic strain B. velezensis 
can also generate secondary metabolites such as poly-
ketides, lipopeptides, and peptides that have antibacte-
rial properties (Ye et al. 2018). However, here, the in-
depth mechanism of action based on the metabolite 
mentioned above and pathology studies to support the 
effectiveness of this probiotic strain remains a limitation.

Conclusions

In summary, in this study, a new probiotic strain, the 
B. velezensis strain, was isolated from Korean Gochang 
Bokbunja fermented vinegar. Its efficacy against CRKP 
infections was confirmed in vivo. Results of this study 
suggest the potential for developing B. velezensis as 
a live biotherapeutic agent for CRKP-associated infec-
tions. To develop CRKP therapeutics, extensive and in-
depth research is required, including extensive animal 
efficacy investigations, GLP toxicity studies, clinical 
trials, and research regarding synergistic effects with 
existing drugs.
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Introduction

Strong flavor baijiu (SFB), a traditional Chinese dis-
tilled liquor, contains more than 1,300 different flavor 
compounds (Ji et al. 2017; Zou et al. 2018). Among these 
compounds, ethyl hexanoate is the primary flavoring 
substance of SFB, and its content can directly affect the 
quality of SFB (Hong et al. 2020). Caproic acid, also 
known as hexanoic acid, is a common carboxylic acid 
that can be used as a precursor for producing liquid 
fuels and synthetic chemicals such as food and animal 

feed additives (Van Immerseel et al. 2004; Nabi et al. 
2006; Serhan et al. 2016). Caproic acid-producing bac-
teria (CPB) are generally considered the most critical 
functional microorganisms in an SFB ecosystem (Liu 
and Sun 2018). The isolation, screening, identification, 
and culture of CPB are important to improve the quan-
tity and quality of CPB in pit mud (Wang et al. 2019; 
Zhao et al. 2019; Tian et al. 2020). In addition to the SFB 
ecosystem, CPB have been isolated from different eco-
logical niches such as anaerobic digestion sludge (Kim 
et al. 2015), the rumen of cattle and sheep (Weimer 
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Caproic acid is the precursor material of ethyl hexanoate, a repre-
sentative flavor substance in strong flavor baijiu (SFB). Increasing 
the content of caproic acid in SFB helps to improve its quality. In the 
present study, caproic acid-producing bacteria from the pit mud of 
an SFB ecosystem were isolated, purified, and characterized. Strain 
BF-1 with the highest caproic acid yield (0.88 g/l) was selected. The 
morphological and molecular identification analysis showed that 
strain BF-1 was Enterococcus casseliflavus. The genome of E. cas
seliflavus BF-1 was sequenced and was found to be 2,968,377 bp in 
length with 3,270 open reading frames (ORFs). The caproic acid 
biosynthesis pathway in E. casseliflavus BF-1 was predicted based 
on the KAAS annotation. The virulence factors in the genome of 
strain BF-1 were annotated, which showed that E. casseliflavus BF-1 
is safe at the genetic level. After adding essential nutrients based on 
the KAAS annotation, the optimum medium conditions for acid 
production by strain BF-1 were obtained by performing orthogonal 
experiments. The caproic acid yield of strain BF-1 reached 3.03 g/l, 
which was 3.44-fold higher than the initial yield. The optimized fer-

mentation of caproic acid production by BF-1 was reported for the 
first time. The strain could be further used to regulate the ecosystem 
in baijiu production to improve its quality.



Luo H. et al. 4564

and Stevenson 2012), and silt (Gildemyn et al. 2017). 
The oxygen demands of different strains of CPB during 
the production of caproic acid are not consistent. Most 
of the reported CPBs are anaerobic species, including 
members of Clostridium (Weimer and Stevenson 2012), 
Bacillus (Zhao et al. 2012), Ruminococcaceae (Zhu et al. 
2015), and Megasphaera (Kim et al. 2018). They can 
accumulate caproic acid by using ethanol, lactic acid, 
glucose, and D-galactitol as the main carbon source 
(Wang et al. 2020).

In the present study, a new strain of Enterococcus 
casseliflavus (strain BF-1) with high caproic acid yield 
was isolated from the pit mud of an SFB ecosystem. 
E. casseliflavus has potential probiotic effects on growth 
performance, immunity, and disease resistance (Akbari 
et al. 2021). In this study, the whole genome of E. cas
seliflavus BF-1 was sequenced and annotated. The safety 
of the strain at the genetic level and the caproic acid 
biosynthesis pathway were analyzed. We verified the 
essential nutrients of E. casseliflavus BF-1 synthesis 
defect through single-omission growth experiments 
and added essential nutrients to the fermentation 
medium to improve the yield of caproic acid. The 
results showed that this strain could be further used as 
a reinforced inoculum in the SFB production process.

Experimental

Materials and Methods

Isolation and screening of caproic acid-producing 
bacteria. A five-point sampling method was used to 
collect pit mud samples from an SFB factory in Anhui, 
China. Next, 5 g of pit mud was put into a 150 ml tri-
angular flask containing 45 ml of sterile water. After 
adequate mud dispersion, the pit mud extract was 
shaken well, and 10% of the extract was inoculated 
into an enrichment medium (EM). The composition 
of the EM was as follows (per 1,000 ml): sodium acetate 
15 g, yeast extract 10 g, MgSO4 · 7H2O 0.2 g, KH2PO4 7 g, 
K2HPO4 7 g, (NH4)2SO4 0.5 g, L-cysteine 0.5 g, ethanol 
20 ml, pH 7.0. The extract was cultured at 35°C for four 
days. Then, 200 µl of the pit mud culture solution was 
pipetted and spread on a solid agar plate. The plates 
were incubated under anaerobic conditions at 35°C 
until the colonies grew. A single colony on the agar 
plate was selected and subcultured three times on the 
solid medium.

The single colony was inoculated into 100 ml EM, 
incubated anaerobically at 35°C for 12 h, and cultured 
for two generations to obtain a seed liquid. The seed 
liquid was inoculated into the fermentation medium 
with 5% inoculation volume, and the fermentation 
was performed under an anaerobic static culture con-

dition at 35°C for 10 days. The caproic acid yield of 
each experimental batch was estimated by the CuSO4 
staining method. The yield was higher when the color 
was darker (Zhong and Xie 2004). The strain with the 
highest caproic acid yield was used for further analysis.

Morphological identification and 16S rDNA 
sequence analysis. The isolated strains with the high-
est caproic acid yield were selected. The physiological 
and biochemical characteristics of the selected repre-
sentative strains were studied using Bergey’s Manual of 
Determinative Bacteriology (Ceddia et al. 1980). First, 
the bacterial morphological shape and staining pattern 
was observed under a microscope (Motic MLC-150, 
Motic China Group Co., Ltd., China). The genomic 
DNA was extracted from the CPB strains using the bac-
terial genomic DNA rapid extraction kit (Tiangen Bio-
chemical Technology (Beijing) Co., Ltd., China). The 
extracted DNA was used as a template for PCR ampli-
fication with universal primers 27F (5’-AGAGTTT-
GATCCTGGCTCAG-3’) and 1492R (5’-CTACGGC-
TACCTTGTTACGA-3’). The amplified products were 
sent to Nanjing Parsono Biology Company (China) for 
sequencing. The sequences were spliced by the basic 
local alignment search tool (BLAST) program avail-
able at the National Centre for Biotechnology Infor-
mation (NCBI) database and compared with the data 
available in the NCBI 16S rDNA database to obtain the 
homologous sequence showing the most remarkable 
similarity with the sequence of the species to be tested. 
The phylogenetic tree was constructed by MEGA 5.0 
software by using the neighbor-joining (NJ) method 
(Kumar et al. 2016).

Whole genome sequencing and annotation. The 
genome of strain BF-1 was sequenced by Shanghai 
Personal Biotechnology Co., Ltd. (China). A  400-bp 
insert library was prepared using the TruSeqTM DNA 
Sample Prep Kit (Illumina Inc., USA). Sequencing was 
performed on the HiSeqTM 2000 sequencing system 
(Illumina Inc., USA) with a 200-cycle paired-end con-
figuration at the National Laboratory of Genomics for 
Biodiversity (LANGEBIO), Irapuato, Guanajuato, Mex-
ico. A5-miseq (Coil et al. 2014) and SPAdes (Bankevich 
et al. 2012) were used to assemble the sequencing data 
of the removed joint sequence from scratch to construct 
the contig and scaffold. The assembly results were eval-
uated and compared, the SPAdes results were finally 
selected, and Pilon software was used for base correc-
tion (Walker et al. 2014). Libraries with different indices 
were multiplexed and loaded using an Illumina HiSeq 
instrument according to the manufacturer’s instruc-
tions. GeneMarkS was used to predict the protein-
coding genes of the bacterial genome (Blake and Cohen 
2001). tRNAscan-SE was used to predict tRNA genes in 
the whole genome (Lowe and Eddy 1997), and Barrnap 
was used to predict rRNA genes. The other noncoding 
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RNAs were mainly predicted by comparing them with 
the rfam database (Kalvari et al. 2018). Genes were 
annotated by the NCBI Prokaryotic Genome Annota-
tion Pipeline (Tatusova et al. 2016). Metabolic pathways 
were annotated using the KAAS (Moriya et al. 2007). 
Clusters of Orthologous Groups of proteins (COG) 
annotation was performed using eggNOG-mapper for 
assigning the COG category to the genes (Szklarczyk 
et al. 2019). Virulence factor prediction was performed 
using VFanalyzer available in the virulence factor data-
base (VFDB) (Qin et al. 2012).

Culture medium optimization. Selection of car-
bon source. Sodium acetate, glucose, lactose, galactose, 
fructose, mannose, and soluble starch were selected as 
carbon sources, and 2% of each carbon source was 
added to the fermentation medium. The yield of cap-
roic acid was detected after anaerobic culture at 35°C 
for 10 days. Based on caproic acid yield, the best carbon 
source was selected, and it was added at the concentra-
tion of 1.0%, 2.0%, 3.0%, 4.0%, and 5.0% to the fer-
mentation medium. The yield of caproic acid was then 
determined after 10 days of anaerobic culture.

Screening for nitrogen source. Ammonium chloride, 
sodium nitrate, urea, peptone, beef extract, and yeast 
extract were selected as nitrogen sources in the fermen-
tation medium. The yield of caproic acid was analyzed 
after the addition of each nitrogen source under anaero-
bic culture at 35°C for 10 days. The best nitrogen source 
was determined and added to the fermentation medium 
at the concentration of 0.5%, 1.0%, 1.5%, 2.0%, 3.0%, 
and 4.0%. The yield of caproic acid was estimated after 
anaerobic culture for 10 days.

Screening for inorganic salts and growth factors. In 
single-omission experiments, the cell growth was moni-
tored when each vitamin or amino acid was separately 
left out of the medium. The selected optimal carbon 
source and nitrogen source were used in the culture 
medium, and inorganic salts (MgSO4 · 7H2O, KH2PO4, 
K2HPO4, and (NH4)2SO4) and nutrients (L-cysteine, bio-
tin, and ethanol) were added separately to the medium. 
The yield of caproic acid was estimated after anaerobic 
culture for 10 days, and the correlation between various 
inorganic salts and growth factors for the acid produc-
tion of E. casseliflavus BF-1 was obtained. Their final 
concentration was optimized based on the effect of vari-
ous inorganic salts and growth factors on the caproic 
acid production of E. casseliflavus BF-1.

Orthogonal experiment. Four-level orthogonal 
experiments (Table I) were conducted on four factors 
(glucose, yeast extract, sodium acetate, and alcohol) 
with a strong influence on caproic acid production by 
single-factor optimization fermentation. The results of 
some single-factor optimization trials showed little dif-
ference in the yield of caproic acid between the four lev-
els; hence, a 4-factor 4-level orthogonal experiment was 

considered to estimate the optimal fermentation condi-
tions of the strain more efficiently. Under the optimum 
conditions obtained from the single factor optimization 
results, the strain was fermented and cultured, and the 
optimal acid production conditions of the strain were 
determined based on the yield of caproic acid as the 
investigation index.

Qualitative and quantitative analysis of caproic 
acid. The caproic acid content in the fermentation broth 
was determined by gas chromatography-mass spec-
trometry (GC-MS). The fermented broth was centri-
fuged at 10,000 × g for 20 min, and the supernatant was 
passed through a 0.22-μm organic phase filter mem-
brane and collected in an electropolished (EP) pipe. 
One milliliter of the filtered supernatant was injected 
into the bottle for testing. In online detection, the sam-
ple was first separated in G.C. The separated metabo-
lites were ionized into ion fragments of different sizes 
through the ion source and then further separated by 
MS. Finally, the separated ions reached the detector and 
hit the surface of the detector. Different metabolites 
formed electrical signals of different intensities. The GC 
conditions were as follows: column, db-wax UI column 
(30 m) × 0.25 mm, 0.25 µm; temperature, programmed 
at 40°C with a holding time for 1 min and increased 
to 150°C at 20°C/min and then increased to 250°C at 
10°C for 2 min; split ratio, 30 : 1; carrier gas, helium; 
flow rate, 1 ml/min; flow rate for H2, 40 ml/min; flow 
rate for O2, 300 ml/min; and detector, flame ionization 
detector (FID). The MS conditions were as follows: 
electron ionization (EI) source, transmission line tem-
perature 250°C, electron energy 70 EV, photomultiplier 
tube voltage 350 V, mass scanning range 30–350 amu. 
For qualitative and quantitative analyses, the MS data 
obtained by the GC-MS analysis were searched in the 
17 standard libraries of the National Institute of Stand-
ards and Technology (NIST), and the content of caproic 
acid in the fermentation broth was determined using 
the standard external method. The standard external 
method is a quantitative method that uses the pure 
components to be measured as the reference mate-
rial. It compares the response signal of the reference 
material to the response signal of the components to be 
measured in the sample. The method is simple and does 

1 10 10 2 1
2 20 20 4 2
3 30 30 6 3
4 40 40 8 4

Table I
Orthogonal experiment of four factors and four levels.

Level Factor A
(glucose g/l)

Factor B
(yeast

extract g/l)

Factor C
(sodium

acetate g/l)

Factor D
(ethanol %)
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not require a correction factor. The components can be 
quantified regardless of whether other components in 
the sample are peaked or not.

Data processing. Origin was used to process the 
experimental data and draw graphs. IBM SPSS Statis-
tics (version R24.0.0.0) was used to conduct variance 
analysis between the experimental groups. A p-value 
of < 0.05 was considered to be statistically significant.

Results and Discussion

Screening of caproic acid-producing strains. 
A total of 41 strains were screened from pit mud, and 
among these strains, 19 strains showed the ability to 
produce caproic acid (Fig. 1). Strain BF-1 showed the 
highest yield of caproic acid (0.88 g/l). Therefore, strain 
BF-1 was selected for further studies.

and similarity is 100 %. Therefore, strain BF-1 was des-
ignated as E. casseliflavus BF-1. It is the first study to 
report that E. casseliflavus is a caproic acid producer 
(Yuan et al. 2022). 

Genome properties of E. casseliflavus BF-1. 
Genome assembly and annotation of E. casseliflavus 
BF-1. To understand the physiological and metabolic 
characteristics of E. casseliflavus BF-1, we sequenced 
and annotated its genome (Table III). The contig total 
sequence length was 3,383,020 bp, and the contig N50 
was 372,495 bp. The scaffold N50 was 570,209 bp. The 
E. casseliflavus genome is 2,968,377 bp in length, has 
a  GC content of 43.52%, and contains 3,270 coding 
sequences, three rRNA genes, and 53 tRNA genes. The 
nucleotide sequence of E. casseliflavus BF-1 is depos-
ited in the NCBI database under the accession number 
PRJNA759370.

Voges-Proskauer test – Mannitol +
MRtest + Fructose +
Gelatin hydrolysis – Stachyose +
Starch hydrolysis + Cellobiose +
Nitrate reduction – Xylose +
Lactose + Galactose +
Sucrose + Glycerin –
Raffinose + Mannose +

Table II
Results of physiological and biochemical experiments.

BF-1strain

Fig. 1. The yield of caproic acid of different isolated strains.

Physiological characteristics and phylogenetic 
classification of strain BF-1. Strain BF-1 grew well on 
sodium acetate solid medium, with large, smooth, milky 
white, protuberant, and round colonies; the cells were 
non-spore-forming Gram-positive cocci (Fig. 2a and 
2b). The results for VP test, gelatin hydrolysis, glycerol 
test, and nitrate reduction test were negative, while those 
for MR test; starch hydrolysis; and tests of growth using 
lactose, sucrose, raffinose, mannitol, fructose, stachyose, 
cellobiose, xylose, galactose, glycerol, and mannose as 
the sole carbon source were positive (Table II).

Based on the physiological, biochemical, and 16S 
rDNA sequence analyses (Fig. 2c), strain BF-1 was clas-
sified as E. casseliflavus. A physiological tree was then 
constructed based on the alignment of the 16S rDNA 
of strain BF-1 with other 16S rDNA sequences in the 
GenBank database. The results revealed that strain 
BF-1 was closest to E. casseliflavus FDAARGOS 1120 

Read-Num 8,697,842 bp
HQ reads 8,663,546 bp
Genome size 2,968,377 bp
G + C content 43.52%
ORF number 3270
ORF density 0.967 genes per kb
ORF average length 907,76 bp
Intergenetic region length 414,643 bp
Coding percentage 87.74%
rRNA 3
tRNA 53
ncRNA 113
Q value 40
Q20-rate 98.84
Q30-rate 95.83
Contig N50 372,495 bp
Scaffold N50 570,209 bp
Contig total sequence length 3,383,020 bp
Scaffold total sequence length 3,383,020 bp

Table III
Basic characteristics of the genome of strain BF-1.

Features BF-1
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For the COG annotation (Fig. 3a), a total of 2,819 
genes were assigned with COG terms, which account for 
85.8% of the total genes in E. casseliflavus BF-1. Function 
unknown (S) was the largest category (24.76%). Apart 
from S, carbohydrate transport and metabolism (G) 
and transcription (K) were the most prominent groups, 
accounting for 13.4% and 9.5%, respectively. Accord-
ing to the KAAS annotation, a total of 3,155 genes were 
assigned with KO terms. The largest three metabolic 

pathway categories in the genome of strain BF-1 were 
carbohydrate metabolism (428), amino acid metabolism 
(187), and energy metabolism (124) (Fig. 3b).

Caproic acid biosynthesis pathway analysis. Accor-
ding to the KAAS annotation, we constructed the metab- 
olic pathway of caproic acid in E. casseliflavus BF-1 accor-
ding to the KAAS annotation. The process of syn the - 
sizing caproic acid from glucose by E. casseliflavus BF-1 
is divided into three steps (Fig. 4): (1) E. casseliflavus 

Fig. 2. Morphological and phylogenetic characteristics of the F6 strain.
a) Colony morphology of strain BF-1, b) Gram staining and SEM image showing the coccoid shape of the BF-1 strain,

c) phylogenetic analysis of strain BF-1 based on BLAST results.
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BF-1 produces acetyl CoA through pyruvic acid by 
pyruvate ferredoxin oxidoreductase (porA); (2) Acetyl 
CoA is converted to butyl CoA under the action of 

NADH, FADH2, and CoA, and butyl CoA was con-
verted to butyric acid and acetyl CoA under the action 
of acetic acid and CoA transferase; and (3) Hexanoyl 

Fig. 3. Genome annotation of strain BF-1.
A) COG functional gene classification, B) KEGG functional gene classification.
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CoA and butyric acid are converted into caproic acid 
and butyryl CoA through CoA transferase. Because 
acyl CoA transferase has a wide range of catalytic 
activities, it has been speculated that hexanoyl CoA 
may also directly react with acetic acid to synthesize 
caproic acid. The main enzymes involved in (1) and 
(3)  are completely annotated. In contrast enoyl-CoA 
hydratase (paaF) and crotonyl-CoA(ccrA) reductase 
involved in (2) are not annotated, which indicates the 
inability of this strain to synthesize crotonyl-CoA and 
butanoyl-CoA. It contradicts the experimental result 
that caproic acid was produced by strain BF-1. There 
are two explanations for this contradiction: (i) the exist-
ence of other non-annotated functional enzymes and 
(ii) the substitution of other spectral enzymes. It is also 
possible that 3-hydroxybutyryl-CoA dehydrogenase 

may replace enoyl-CoA hydratase and glutaconyl-CoA 
decarboxylase subunit alpha may replace crotonyl-CoA 
due to their wide use of substrates.

Biosynthesis and transport of amino acids and vita-
mins. According to the KAAS annotation, E. casselifla
vus BF-1 cannot synthesize four amino acids (cysteine, 
methionine, tyrosine, and phenylalanine) and four 
vitamins (niacin, pantothenate, biotin and folic acid) 
(Supplementary materials). However, E. casseliflavus 
BF-1 cells can transport these amino acids and vitamins 
into their cell membrane through ATP-binding cassette 
(ABC) transporters (Supplementary materials). 

Prediction of virulence factors. The virulence factors 
in the genome of strain BF-1 were annotated by VFana-
lyzer in VFDB (Table IV). Among all the potential viru-
lence factors of Enterococcus, experimental results have 

Fig. 4. Caproic acid production pathway of strain BF-1. Substrates are shown in purple, products are shown in red,
annotated genes are shown in green, and non-annotated genes are shown in blue.



Luo H. et al. 4570

shown that toxins, exoenzymes, and antiphagocytosis 
proteins are pathogenic factors (Zischka et al. 2012). 
The genome of strain BF-1 does not contain the genes 
virulent toxins and exoenzymes, although it contains the 
genes (cpsA, cpsB, and cpsJ) antiphagocytic proteins. The 
latter operon, however, needs a complete gene cluster 
(cpsA, cpsB, cpsC, cpsD, cpsE, cpsF, cpsG, cpsH, cpsI, cpsJ, 
and cpsK), or else it cannot form a capsule (Thurlow et 
al. 2009). Therefore, E. casseliflavus BF-1 is safe at the 
genetic level and could be further used in regulating 
baijiu microbial ecosystem.

Verification of E. casseliflavus BF-1 defection. 
In order to verify the results of KAAS annotation, we 
carried out the single-omission growth experiments 
experiment of E. casseliflavus. The results are shown in 
Fig. 5. L-cysteine, L-methionine, L-tyrosine, L-phenyla-
lanine, niacin, pantothenate, biotin, and folic acid were 
subtracted from the CDM. The OD600nm of E. casselifla
vus BF-1 decreased to 24%, 18%, 30%, 21%, 20%, 88%, 
24%, and 42%, respectively. It is confirmed that E. cas
seliflavus BF-1 has defects in synthesizing the above 

eight nutrients. In this case, the synthesis of biofilm, 
nucleic acid, and protein of BF-1 would be affected, 
which could further influence the energy metabolism, 
oxygen stress resistance, and the growth of bacteria. 
However, E. casseliflavus BF-1 cells can transport these 
nutrients into the cell through ATP-binding cassette 
(ABC) transporters (Additional File 1). BF-1 can assim-
ilate these nutrients for growth by adding the missing 
nutrients to the medium. 

Optimization of medium for caproic acid produc-
tion based on KAAS annotation. In different carbon 
sources conditions, the best carbon source for caproic 
acid production in strain BF-1 was glucose, followed 
by sodium acetate and mannose (Fig. 6a). Strain BF-1 
did not use starch to produce caproic acid. As shown 
in Fig. 6c, the optimum concentration of glucose added 
was 2%. Yeast extract as a nitrogen source was found to 
significantly promote the production of caproic acid by 
E. casseliflavus BF-1. Yeast extract was therefore selected 
as a nitrogen source for the growth of E. casseliflavus 
BF-1 (Christ and Blank 2019). As shown in Fig. 6d, the 
optimal concentration of yeast extract added was 2.0%. 
E. casseliflavus BF-1 showed weak caproic acid produc-
tion when using an inorganic nitrogen source (Fig. 6b).

Based on a single-omission growth experiment, 
we confirmed that E. casseliflavus BF-1 has defects in 
synthesizing eight nutrients. Because organic nitrogen 
source contains many complex nutritional components 
and rich bioactive substances, we added essential nutri-
ents to the fermentation medium to explore its effects on 
the growth and acid production of E. casseliflavus BF-1.

We added L-cysteine, L-methionine, L-tyrosine, 
L-phe nylalanine, niacin, pantothenate, biotin, and folic 
acid to the fermentation medium (L-cysteine was 
removed from the control). In the medium supple-
men ted with L-cysteine and biotin, the OD600nm and 
yield of caproic acid of E. casseliflavus BF-1 increased 
significantly compared with the control. The OD600nm 
of E. casseliflavus BF-1 increased by 10.1% and 10.5%, 
respectively, after 10  days of fermentation (Fig. 7a). 
The yield of caproic acid increased by 6.1% and 13.1%, 
respectively (Fig. 7b). The nutrients in yeast extract 
were complex. For the sake of cost, only L-cysteine and 
biotin were added in the subsequent optimization exper-
iment. Based on Fig. 8a–8h, we determined the value 
of each factor when the yield of caproic acid reached 
the maximum: sodium acetate 6 g/l, MgSO4 · 7H2O 
0.25 g/l, KH2PO4 6 g/l, K2HPO4 8 g/l, (NH4)2SO4 1 g/l, 
L-cysteine 0.6 g/l, biotin 0.002 g/l, and ethanol at a con-
centration of 2%.

Orthogonal experiment. Based on the results 
of single factor optimization experiment, an L16 (44) 
orthogonal experiment was designed to study further 
the interaction between four factors, namely A: glucose 
addition, B: yeast extract addition, C: sodium acetate 

ebpA, ebpC, srtC, efaA, slrA Adherence
cpsA, cpsB, cpsJ Antiphagocytosis
bopD Biofilm formation
– Toxin
– Exoenzyme
ctpV Copper up take
capD, cps4I, cpsY Immune evasion
htrA/degP Protease
cheY Regulation

Table IV
The occurrence of virulence factor encoding genes in the strain

BF-1 genome.

Related genes VFclass

Fig. 5. Single-omission growth experiments based on CDM.
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Fig. 7. Effect of supplying essential nutrients to the fermentation medium on the cell growth and caproic acid production
by E. casseliflavus BF-1 strain.

addition, and D: ethanol addition, and four factors and 
four levels. The results of the orthogonal experiment 
are shown in Table III. According to the experimental 

results (Table V), the Kn value and R-value were cal-
culated. The best fermentation scheme was as follows: 
A2B2C4D1, i.e., glucose 20 g/l, yeast extract 20 g/l, sodium 

Fig. 6. Effects of adding carbon and nitrogen compounds on caproic acid yield of strain BF-1.
a) Effects of different carbon sources, b) effects of different nitrogen sources, c) effect of glucose addition, d) effect of yeast extract addition.
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Fig. 8. Effect of adding of inorganic salts and growth factors on caproic acid production by strain BF-1.
a) Sodium acetate, b) MgSO4 · 7H2O, c) KH2PO4, d) K2HPO4, e) (NH4)2SO4, f) L-cysteine, g) biotin, h) ethanol.
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acetate 8 g/l, and ethanol added at a concentration of 
1%; A was found to be the most significant factor. The 
results of the variance analysis of the ortho gonal experi-
ment are shown in Table VI. From these results, it can 
be concluded that glucose, yeast extract, and sodium 
acetate significantly impacted on the test results, and 
glucose had the most significant impact on caproic acid 
production of E. casseliflavus BF-1 strain (p = 0.013).

The following optimum medium conditions for 
acid production by strain BF-1 were obtained by the 

 1 1 1 1 1.76
 1 2 2 2 1.99
 1 3 3 3 1.81
 1 4 4 4 1.63
 2 1 2 3 2.33
 2 2 1 4 2.22
 2 3 4 1 2.79
 2 4 3 2 1.96
 3 1 3 4 1.87
 3 2 4 3 2.43
 3 3 1 2 2.12
 3 4 2 1 1.96
 4 1 4 2 2.44
 4 2 3 1 2.56
 4 3 2 4 2.08
 4 4 1 3 1.56
K1 1.798 2.1   1.915 2.268
K2 2.325 2.3   2.09  2.127
K3 2.095 2.22  2.05  2.033
K4 2.16  1.777 2.322 1.95  
R 0.527 0.523 0.407 0.318

Table V
Results of L16 (44) orthogonal experiment.

Glucose Yeast
extract

Sodium
acetate Ethanol Caproic acid

production (g/l)

a – R square = 0.983 (adjusted R square = 0.915)
* – significance

Correction model  1.766a 12 0.147 14.537 0.025 
Intercept 70.183 1 70.183 6,933.032 0.000 
Factor A  0.583 3 0.194 19.182 0.018 *
Factor B  0.616 3 0.205 20.268 0.017 *
Factor C  0.345 3 0.115 11.354 0.038 *
Factor D  0.223 3 0.074 7.342 0.068 –
Error  0.030 3 0.010
Total 71.979 16
Corrected total  1.796 15

Table VI
Variance analysis of the strain BF-1 orthogonal experiment.

Variance source Sum of squares Freedom Mean square F-value p-value Significance

orthogonal experiment: glucose 20 g/l, yeast extract 
20 g/l, sodium acetate 8 g/l, ethanol 1%, MgSO4 · 7H2O 
0.25 g/l, KH2PO4 6 g/l, K2HPO4 8 g/l, (NH4)2SO4 1 g/l, 
L-cysteine 0.6 g/l, and biotin 0.002 g/l. The yield of 
caproic acid was 3.03 g/l after fermentation for 10 days 
at initial pH 7 and 35°C, which was 3.44-fold of that 
before optimization. The caproic acid yield of BF-1 was 
higher than those of most caproic acid bacteria (Zhao 
et al. 2012; Hu et al. 2015; Dobritsa et al. 2017; Gou 
et al. 2020). E. casseliflavus BF-1 could be further used 
as an enhanced inoculum during the SFB production 
to increase the yield of ethyl hexanoate. In addition, 
E. casseliflavus BF-1 could be applied in pit mud main-
tenance, artificial pit mud preparation, and esterifica-
tion liquid production.

Conclusion

CPB is a crucial functional group in an SFB ecosys-
tem, as they affect the content of caproic acid and ethyl 
hexanoate in SFB. The present study is the first to report 
caproic acid production of E. casseliflavus BF-1. The 
genomic analysis confirmed that this strain is not path-
ogenic. After adding the predicted essential nutrients 
based on the KAAS annotation, the optimum medium 
conditions for the acid production of strain BF-1 were 
glucose 20 g/l, yeast extract 20 g/l, sodium acetate 
8 g/l, ethanol 1%, MgSO4 · 7H2O 0.25 g/l, KH2PO4 6 g/l, 
K2HPO4 8 g/l, (NH4)2SO4 1 g/l, L-cysteine 0.6 g/l, and 
biotin 0.002 g/l by orthogonal experiment, and the yield 
of caproic acid reached 3.03 g/l. Strain BF-1 screened in 
this study can be used for the daily maintenance of pit 
mud and the rapid culture of artificial pit mud, which 
can improve the maintenance effect of pit mud, shorten 
the aging cycle of artificial pit mud, and reduce produc-
tion cost. This strain can also be used in future animal 
feed and other fields.
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Introduction

The COVID-19 pandemic, which started at the end 
of 2019, continues at the dawn of 2022, with an unprec-
edented vigor against humanity that was unheard of in 
recent times (Sofi et al. 2020). The global crisis demon-

strated the loss of millions of human lives, and billions 
underwent a dreadful experience of economic, social, 
and psychological distress (Rudrapal et al. 2020). The 
healthcare systems across the world are exhausted and 
racing against time to save millions of SARS-CoV-2 
-infected people. During this long pandemic, different 
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A b s t r a c t
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This study aimed to determine the genetic alterations in the Omi-
cron variants compared to other variants of concern (VOCs) to 
trace the evolutionary genetics of the SARS-CoV-2 variants respon-
sible for the multiple COVID-19 waves globally. The present study is 
an in silico analysis determining the evolution of selected 11 VOCs 
compared to the original Wuhan strain. The variants included six 
Omicrons and one variant of Alpha, Beta, Delta, Gamma, and 
Mu. The pairwise alignment with the local alignment search tool of  
NCBI Nucleotide-BLAST and NCBI Protein-BLAST were used 
to determine the nucleotide base changes and corresponding amino 
acid changes in proteins, respectively. The genomic analysis revealed 
210 nucleotide changes; most of these changes (127/210, 60.5%) 
were non-synonymous mutations that occurred mainly in the 
S gene (52/127, 40.1%). The remaining 10.5% (22/210) and 1.9% 
(4/210) of the mutations were frameshift deletions and frameshift 
insertions, respectively. The frameshift insertion (Ins22194T 
T22195G) led to frameshift deletion (∆211N). Only four muta-
tions (C241T, C3037T, C14408T, and A23403G) were shared among 
all the VOCs. The nucleotide changes among Omicron variants 
resulted in 61 amino acid changes, while the nucleotide changes 
in other VOCs showed 11 amino acid changes. The present study 

showed that most mutations (38/61, 62.3%) among Omicron vari-
ants occurred in the S gene; and 34.2% of them (13/38) occurred 
in the receptor-binding domain. The present study confirmed that 
most of mutations developed by Omicron variants occurred in the 
vaccine target gene (S gene).
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parts of the world saw multiple waves of the disease that 
were driven by dominant variants originating through 
mutations in the original SARS-CoV-2 viral genome. 
Consequently, Alpha, Beta, Gamma, Kappa, Delta, 
Mu, IHU, and Omicron have originated as novel vari-
ants with the varying potential of virulence, transmis-
sibility, and disease severity (Choi and Smith 2021; 
Karim and Karim 2021). The SARS-CoV-2, like other 
coronaviruses, possesses an enveloped genome of pos-
itive-sense single-stranded ~ 30 kb RNA with six open 
reading frames (Cao et al. 2021). The genome’s two- 
thirds of length comprises 265  nucleotides 5’UTR, 
followed by 21,290  nucleotides long ORF1ab that 
encode poly-protein for 16 non-structural proteins. 
The other one-third at the 3’ end has 229 nucleotide 
3’UTR and several genes that encode surface, envelope, 
membrane, and nucleocapsid structural proteins such 
as 3,822  nucleotide-S, 228  nucleotide-E, 669  nucle- 

otide-M, and 908 nucleotide-N, respectively. Six acces-
sory proteins are encoded by 828 nucleotide ORF3a, 
186 nucle otide ORF6, 366 nucleotide ORF7a, 132 nucle-
otide ORF7b, 193 nucleotide ORF8, and 117 nucleotide 
ORF10 genes. It is known that the viral genome is a hot-
spot of mutations with one of the highest mutation rates 
among all organisms.

Moreover, compared to DNA viruses, RNA viruses 
are more prone to mutations due to the low fidelity of 
RNA polymerase, resulting in higher rates of errone-
ous miss-incorporation of bases during replication. 
Some of these mutations might provide the endurance 
to the replicating virus that grants higher potential of 
transmission and pathogenicity, causing the emergence 
of a dominant variant associated with higher rates of 
infection, mortality, and evasiveness to the existing nat-
ural or vaccines elicited immunity. The Delta variant of 
SARS-CoV-2 (B.1.617.2) which was detected in India, 
exhibited characteristics that outweighed the previously 
existing Alpha and Kappa lineages, making it a domi-
nant variant that was responsible for the calamitous sec-
ond wave in India with devastating human sufferings 
and loss of lives (Adiga and Nayak 2021). Experimental 
evidence suggests that the Delta variant as compared 
to wild-type Wuhan-1, was less sensitive to neutral-
izing antibodies from the serum of recovered indi-
viduals (six-fold loss of efficacy), and vaccine-induced 
antibodies (eight-fold loss of efficacy), demonstrating 
a  potential risk of infection due to a compromised 
vaccine efficacy even in the vaccinated population 
(Mlcochova et al. 2021).

Consequently, the Delta variant was observed to 
be associated with a longer period of infections, higher 
viral load, and higher rates of re-infections, emerging 
as a  globally dominant variant driving 2nd, 3rd, and 
4th waves of COVID-19 infections in many countries 
worldwide. Recently on November 25, 2021, another 

variant of concern named Omicron (B.1.1.529) was 
reported in South Africa, leaving the world apprehen-
sive about the next course of COVID-19 disease and 
the efficacy of vaccines (Callaway 2021). Since then, 
the Omicron infection has been reported in fully vac-
cinated individuals, and the probability of higher trans-
mission rates has also been suggested (Gu et al. 2021). 
The emergence of new variants with higher virulence 
downplays the containment strategies and increases the 
risk of greater harm to human lives. Studies character-
izing the genetic diversity of such variants are therefore 
considered significant to tracing the course of the pan-
demic. In this study, we have characterized the genetic 
alterations in the variants of concern (VOC) including 
the Omicron variant which exhibits a continuous evolu-
tion of the heterogeneity in the viral genome (structural 
and non-structural genes) in comparison to the original 
Wuhan SARS-CoV-2 genome and other VOCs such as 
Alpha, Beta, Delta, Gamma, and Mu.

The novelty of our work can be assessed from the 
results wherein we have described the genetic variations 
in the whole genome of the Omicron SARS-CoV-2 
variants as compared to other studies which focused 
only on the spike protein of the virus. It is also the first 
study wherein inter-variant genomic variations have 
been compared, tracing the genetic variations from the 
original Wuhan strain to variants of concern that emer-
ged during different waves of COVID-19 globally.

Experimental

Materials and Methods

Our laboratory has been engaged in studies related to 
the genetic variations in SARS-CoV-2 over the last two 
years. This study is an in silico analysis of the evolution-
ary heterogeneity of selected variants of concern com-
pared to the original Wuhan reference. The present study 
included six Omicron variants retrieved from GISAID 
database that were Omicron (EPI_ISL_6640916) from 
Botswana, Omicron (EPI_ISL_6647956) from South 
Africa, Omicron (EPI_ISL_6647957) from South Africa, 
Omicron (EPI_ISL_6647961) from South Africa, Omi-
cron (EPI_ISL_7740798) from South Africa and Omi-
cron (EPI_ISL_8182845) from South Africa plus five 
VOCs isolated from Japan and retrieved from GISAID 
database that were Alpha (EPI_ISL_6756515), Beta 
(EPI_ISL_5416540), Gamma (EPI_ISL_6228367), Delta 
(EPI_ISL_6832166) and Mu (EPI_ISL_4470504).

The sequences of SARS-CoV-2 of the original 
Wuhan variant were retrieved from NCBI COVID-19 
Resource Repository (https://www.ncbi.nlm.nih.gov/ 
genbank/sars-cov-2-seqs). The selected variants inclu-
ded complete genomic sequences aligned with the first 
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characterized isolate, the Wuhan strain from China 
(NC_045512.2) (Lu et al. 2020). The pairwise align-
ment with the local alignment search tool Nucleo tide-
BLAST (NCBI) was used to determine the nucleotide 
base changes and gene variation against Wuhan stand-
ard reference. Moreover, the NCBI Protein-BLAST was 
used to report the corresponding amino acid changes 
in the protein.

 Evolutionary relationships: The Neighbor-Joining 
method was used to build a phylogenetic tree for under-
standing the evolutionary relationship of the evolving 
variants of SARS-CoV-2 using Molecular Evolutionary 
Genetics Analysis Software (MEGA 4), Philadelphia, 
USA (Saitou and Nei 1987). As reported in the results, 
the clustered taxa clad in the bootstrap test included 
500 replicates, which are represented as a percentage of 
replicate trees shown close to the branches (Felsenstein 
1985). The evolutionary distances were determined by 
the Maximum Composite Likelihood method (Tamura 
et al. 2004) showing the number of base substitutions/
site units. This analysis involved a set of SARS-CoV-2 
variants of concerns, including Beta, Gamma, Delta, 
Mu, and Omicron, along with the original Wuhan 
sequence. The FASTA sequence for each of the speci-
men variants retrieved from the database were selec- 
ted, aligned, and phylogenetic association was obtained 
using the tools incorporated within the software. 
The analysis disregarded all the enigmatic positions 
with a pairwise deletion option for each sequence pair. 
A  total of 29,903 positions representing the approxi-
mate length of the whole viral genome were present 
in the final dataset.

Results

The multi-alignment analysis showed that Omi-
cron variants have the lowest homology compared to 
the original strain; they exhibited homology ranging 

between 99.74 to 99.3% except for Omicron (EPI_
ISL_8182845), which showed 99.84%, while the other 
VOCs showed homology ranging between 99.82 to 
99.85%. The genomic analysis of the VOCs of SARS-
CoV-2 (Alpha, Beta, Delta, Gamma, Mu, and Omicron 
variants) revealed 210 nucleotide changes. Most of 
these changes (127/210, 60.5%) were non-synonymous 
mutations that occurred mainly in the S gene (52/127, 
40.1%) followed by ORF1a/b (43/127, 33.9%) and the 
N gene (11/127, 8.9%). The remaining 10.5% (22/210) 
and 1.9% (4/210) of the mutations were frameshift dele-
tions and frameshift insertions, respectively (Table I).

The comparative analysis showed that only four 
mutations were common among all the VOCs; one silent 
mutation (C241T) on the 5’UTR region, one synony-
mous mutation in ORF1a/b (C3037T), one non-synony-
mous mutation in ORF1a/b (C14408T), which changed 
the amino acid (P4715L), and one non-synonymous 
mutation in the S  gene (A23403G), which changed 
the amino acid (D614G).

The nucleotide changes among Omicron variants 
resulted in 61 amino acid changes, while the nucleotide 
changes in other VOCs of SARS-CoV-2 (Alpha, Beta, 
Delta, Gamma, and Mu) showed 11 amino acid changes 
(Table  II, III, and IV). The present study exhibited 
that the majority of mutations (38/61, 62.3%) among 
Omicron variants occurred in the S gene, 34.2% (13/38) 
out of that occurred in the receptor-binding domain 
RBD (the RBD has involved 541–319 residues of the 
S1 subunit), as follows: G339D, S371L, S373P, N440K, 
G446S, K417N, S477N, T478K, E484A, Q493R, 
G496S, Q498R, N501Y. The mutations indicated with 
the bold font representing 69.2% (9/13) of the muta-
tions in BDR were located in the receptor-binding motif 
(508aa–438aa).

The mutations among Omicron variants were cat-
egorized into three groups; the unique common muta-
tions group which involved 50.8% (31/61) of the muta-
tions (Table  II); the unique non-common mutations 

Non-coding 2 – – – – – – – – – – – 3 5
Non-
synonymous 

– – 11 6 1 3 – 4 2 5 52 43 – 127

Synonymous – –  5 1 1 – 1 – 1 2  4 36 – 51
Frame
shift/insertion 

– –  1 – – – – – – –  3 – – 4

Frame
shift/deletion 

– –  4 – – – – – – – 15 3 – 22

Nonsense  – – – 1 – – – – – – – – – 1
 2  21 8 2 3 1 4 3 7 74 82 3 210

Table I
Distribution and type of mutations among variants of concern of SARS-CoV-2.

Type
of mutation 3’UTR Total5’UTRORF1

a/bORF3 S geneE geneM geneORF6ORF7aORF7bORF8N geneORF10
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group, which involved 31.1% (19/61) of the mutations 
(Table  III), and the shared mutations group which 
involved 18.0% (11/61) of the mutations (Table IV). The 
unique common mutations characterized and differen-
tiated Omicron variants from the other VOCs. These 
mutations were present only in Omicron variants, 
unique non-common mutations were also associated 
with Omicron variants but were absent in all variants, 
while the shared mutations existed in Omicron as well 
the other VOCs. Most of the unique common muta-
tions 54.8% (17/31) were non-synonymous mutations, 
followed by 29% (9/31) frameshift deletions, which 
were observed in the S gene 55.6% (5/9) and in the 
N gene 44.4% (4/9) (Table II and Fig. 1).

Similarly, many unique non-common mutations 
(12/19, 63.2%) were non-synonymous. Some of them 
(3/19, 15.8%) were frameshift deletions and (1/19, 5.3%) 
frameshift insertions (Table III and Fig. 1). Interestingly 
the frameshift insertion (Ins22194, T22195G) led to 
frameshift deletion (∆211N) (Table III and Fig. 1).

All Omicron variants showed frameshift deletions 
in the S and N genes and ORF1a/b except (EPI_ISL_ 
6647956) variant, which did not show deletion in the 
ORF1a/b. All Omicron variants showed frameshift 
insertion in the S gene except (EPI_ISL_8182845) 
variant. The Alpha, Beta, and Gamma variants showed 
frameshift deletions in ORF1a/b, while the Mu variant 
showed frameshift insertion in the S gene.

A2832G K856R Nonsynonymous ORF1a/b
3T5386G – Synonymous ORF1a/b
G8393A A2710T Nonsynonymous ORF1a/b
C10449A – Synonymous ORF1a/b
A11537G I3758V Nonsynonymous ORF1a/b
C15240T – Synonymous ORF1a/b
A18163G I5968V Nonsynonymous ORF1a/b
∆21762 ∆C
∆21764 ∆A A67V Frameshift (deletion) S gene

∆21767–21769 ∆CAT ∆69H Frameshift (deletion) S gene
∆21770 ∆G ∆70V Frameshift (deletion) S gene
∆21987–21988 ∆GT G142D Frameshift (deletion) S gene
∆21989–21991 ∆GTT ∆143V Frameshift (deletion) S gene
∆21992–21994 ∆TAT ∆144Y Frameshift (deletion) S gene
∆21995 ∆G ∆145Y Frameshift (deletion) S gene
G22578A G339D Nonsynonymous S gene
C23202A T547K Nonsynonymous S gene
C23525T H655Y Nonsynonymous S gene
T23599G N679K Nonsynonymous S gene
C23854A N764K Nonsynonymous S gene
G23948T D796Y Nonsynonymous S gene
C24130A N856K Nonsynonymous S gene
A24424T Q954H Nonsynonymous S gene
T24469A N969K Nonsynonymous S gene
C25000T – Synonymous S gene
C25584T – Synonymous ORF3a
C26270T T9I Nonsynonymous E gene
A26530G D3G Nonsynonymous M gene
G26709A A63T Nonsynonymous M gene
C28311T P13L Nonsynonymous N gene
∆28363–28364 ∆GA – Frameshift (deletion) N gene
∆28365–28367 ∆GAA ∆31E Frameshift (deletion) N gene
∆28368–28370 ∆CGC ∆32R Frameshift (deletion) N gene
∆28371 ∆A ∆33S Frameshift (deletion) N gene

Table II
The unique common mutations among Omicron variants.

Nucleotide Mutation Protein mutation Type of mutation Gene
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Furthermore, 11 mutations were shared between 
Omicron variants and other VOCs (Alpha, Beta, Delta, 
Gamma, and Mu); 63.6% (7/11) of these mutations 
occurred on the S gene, 18.2% (2/11) were frameshift 
deletion (∆21767-21769 ∆CAT (∆69H) and ∆21770 

∆G (∆70V)) that were shared with Alpha variant and 
three mutations in the N gene; G28881T (R203K), 
G28882A, G28883C (G204R) shared with Alpha 
(EPI_ISL_6756515) and Gamma (EPI_ISL_6228367) 
variants, one mutation occurred in ORF1a/b C10029T 

C24503T L981F Nonsynonymous S gene Not detected in (EPI-ISL-6640916) variant
∆11283–1129 ∆3674–3676 ∆LSG Frameshift (deletion) ORF1a/b Not detected in variant (EPI_ISL_6647956)
∆GTTTGTCTG
C27807T  Synonymous ORF7b Not detected in (EPI_ISL_8182845) variant
T13195C  synonymous ORF1a/b
Ins22194T  T22195G ∆211N Frameshift (deletion) S gene
T22197G A22198C L212I Nonsynonymous S gene
INS22202–22203 AG
INS22203–22204 CA INS214–216 EPE Frameshift (insertion) S gene Not detected in one (EPI_ISL_8182845) variant
T22204A INS22205 A
T22673C C22674T S371L Nonsynonymous S gene
T22882G N440K Nonsynonymous S gene
G22898A G446S Nonsynonymous S gene
T22679C S373P Nonsynonymous S gene
G22813T K417N Nonsynonymous S gene Not detected in one (EPI_ISL_8182845) variant

∆6513–6515 ∆GTT ∆2083 S L2084I Frameshift (deletion) ORF1a/b Not detected in two variants (EPI-ISL-6640916
    and EPI_ISL_6647956)

A27259C  Synonymous M gen Not detected in two variants (EPI_ISL_6647956
    and (EPI_ISL_8182845)
G22992A S477N Nonsynonymous S gene
A23013C E484A Nonsynonymous S gene Not detected in three variants
A23040G Q493R Nonsynonymous S gene (EPI_ISL_6647956, EPI_ISL_6647957
G23048A G496S Nonsynonymous S gene and EPI_ISL_8182845)

A23055G Q498R Nonsynonymous S gene

Table III
The unique non-common mutations among Omicron variants.

Nucleotide mutation Protein mutation Type of mutation Gene Comment

∆21767-21769 ∆CAT ∆69H Frameshift (deletion) S gene 
Shared with Alpha variant (EPI_ISL_6756515)

∆21770 ∆G ∆70V Frameshift (deletion) S gene 
C23525T H655Y Nonsynonymous S gene Shared with Gamma variant (EPI_ISL_6228367)
C10029T  T3255I Nonsynonymous ORF1a/b Shared with Delta (EPI_ISL_6832166) 
C21846T T95I Nonsynonymous S gene and Mu (EPI_ISL_4470504) variants

C23604A  P681H Nonsynonymous S gene
 Shared with Alpha (EPI_ISL_6756515)

     and Mu (EPI_ISL_4470504) variants
G28881T R203K Nonsynonymous N gene 

Shared with Alpha (EPI_ISL_6756515)
 

G28882A  Synonymous N gene 
and Gamma (EPI_ISL_6228367) variants

G28883C G204R Nonsynonymous N gene 
C22995A T478K Nonsynonymous S gene Shared with Delta (EPI_ISL_6832166) variant

A23063T N501Y Nonsynonymous S gene
 Shared with Alpha (EPI_ISL_6756515), Beta (EPI_ISL_5416540),

    Gamma (EPI_ISL_6228367), Mu (EPI_ISL_4470504), variants

Table IV
Mutations shared between Omicron and other VOCs.

Nucleotide
mutation

Protein
mutation Type of mutation Gene Comment
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(T3255I) shared with Delta (EPI_ISL_6832166) and Mu 
(EPI_ISL_4470504) variants. The mutation A23063T 
(N501Y) in the S gene was shared with Alpha (EPI_
ISL_6756515), Beta (EPI_ISL_5416540), Gamma (EPI_
ISL_6228367), Mu (EPI_ISL_4470504), and Omicron 
variants (EPI_ISL_8182845, EPI_ISL_6647961, EPI_
ISL_7740798, EPI-ISL-6640916) (Table IV and Fig. 1).

A phylogenetic relationship between Omicron vari-
ants, Wuhan reference, and certain variants of concerns 
revealed two distinct clads of Omicron: one at the top 
and one at the bottom of the evolutionary tree (Fig. 2).

Discussion

Omicron variants showed too many mutations 
compared to the previously evolved variants of con-
cern (Kannan et al. 2021), which is why it has been 
described as a “worrying type”. These mutations may 
alter the virus’s conformation and affect the capacity for 
immune evasion, disease severity, and transmissibility 
(Zhang et al. 2021). However, the information about 
the Omicron variants is limited (Kannan et al. 2022).

The present study displayed that most of the muta-
tions (60.5%) among the VOCs were non-synonymous 
mutations that occurred mainly in the S gene. This 
finding was contradictory to our earlier reports at the 
beginning of this pandemic, in which we found that 
most mutations occurred in ORF1a/b (Ahmed-Abakur 
and Alnour 2020). Several other authors stated that 
ORF1a/b was occupied with more than 60% of muta-

tions (Khailany et al. 2020; Shishir et al. 2021). The 
recent reports approved that the principal mechanism 
of SARS-CoV-2 evolution is natural selection, so the 
heavy mutations in the S gene could be attributed to the 
breakthrough of the SARS-CoV-2 vaccine. Wang et al. 
2021 proposed that vaccine breakthroughs will become 
a major mechanism of SARS-CoV-2 evolution as most 
of the population is either infected or vaccinated.

Our study showed 61 amino acid mutations among 
Omicron variants; 31 of 61 (50.8%) were unique com-
mon mutations, 19 of 61 (31.1%) were unique non-
common mutations, and 11 of 61 (18%) were shared 
mutations. These results reflected a high occurrence of 
mutations among the Omicron variants under the study 
compared to the most published reports that indicated 
47 to 58 mutations in Omicron variants (Jia et al. 2022; 
Poudel et al. 2022; Tan et al. 2022; Thakur and Ratho 
2022). Kannan et al. (2022) studied the unique features 
of the Omicron variant and reported 46 mutations, 
23 of which were unique to the Omicron variant. Jia 
et al. (2022) and Kannan et al. (2022) mentioned that 
some Omicron signature mutations might not be pre-
sent in some variants, similar to our finding concerning 
the unique non-common mutations.

The present study showed that only four common 
mutations were present in all the VOCs; one silent muta-
tion (C241T) in the 5’UTR region, one synonymous 
mutation (C3037T) in ORF1, one non-synonymous 
mutation in ORF1a/b (C14408T) which changed the 
amino acid (P4715L), and one non-synonymous muta-
tion in the S gene (A23403G) changing the amino acid 

Fig. 2. Phylogenetic affiliation for variants of concerns of SARS-CoV-2.
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(D614G). These findings showed the importance and 
role of these four mutations. We propose that they have 
become part of each circulating variant of SARS-CoV-2. 
Although the mutations (C241T) and (C3037T) do not 
affect protein structure or function, they may support 
the virus to cloak itself within the host or affect trans-
mission. The (C14408T) might influence the replication 
rate; it altered the amino acid in RNA-dependent RNA 
polymerase (Ahmed-Abakur et al. 2022). The (D614G) 
mutation occurred in the S2 domain, which is impor-
tant for the fusion of the spike protein with the host 
cell membrane, thus may increase the infectivity and 
spread of the virus (Callaway 2021; Quarleri et al. 2022). 
Corresponding to this finding, Korber et al. (2020) 
reported that SARS-CoV-2 carrying the mutation 
D614G has become the dominant form. However, many 
reports showed the co-existence of C241T, C3037T, 
C14408T, and A23403G (Ahmed-Abakur et al. 2022; 
Kandeel et al. 2022; Kumar et al. 2022).

Our study showed 14 frameshift deletions (nine 
in the unique common mutations group, three in the 
unique non-common mutations group, and two in 
the shared mutations group) and two frameshift 
insertions. A higher number of deletions and insertions 
were reported by Tan et al. (2022), who characterized 
the first two cases of the Omicron variant in China. 
They showed 39 deletions and nine insertions. The 
CDC (2021) stated that the Omicron variant (B.1.1.529) 
has one tiny insertion and three small deletions in 
the spike glycoprotein Δ69‐70 Δ143‐145, Δ211 (28). 
The previously mentioned frameshift affected five 
amino acids that were ∆69H, ∆70V, ∆143V, ∆144Y, 
and ∆145Y. In addition to these deletions, our study 
pointed out nine frameshift deletions more: three in 
the S gene (A67V, G142D, and ∆211N), four in the 
N  gene (∆31E, ∆32R, ∆33S, and one synonymous), 
and two in ORF1a/b (∆3674-3676 ∆LSG and ∆2083S 
L2084I). Thakur and Ratho (2022) reported that the 
deletions at positions H69‐ and V70‐ result in failure 
of the S‐gene target. Recently, some studies proposed 
that the SARS-CoV-2 spike protein insertion sequences 
may be derived from either host or other coronaviruses. 
These findings might have subsequently affected the 
viral entry and failure of antibodies to deactivate this 
variant (Kannan et al. 2022).

The present study exhibited heavy mutations in 
the S gene compared to the previous studies; several 
authors figured out 30–32 mutations in the S gene of 
Omicron variants, one minor insertion, and three dele-
tions (Karim and Karim 2021; Zhang et al. 2021; Gao 
et al. 2022; Gowrisankar et al. 2022; Kumar et al 2022;). 
However, our study showed that 34.2% (13/38) of the 
mutations in the S gene occurred in the receptor-bind-
ing domain (RBD). This site (RBD) is important for the 
entry of SARS-CoV-2, represents the binding site to 

the host receptor (ACE2), and is the main target of anti-
bodies and therapeutics agents (Hu et al. 2022). There-
fore, mutations at this site mainly affected the transmis-
sion, efficiency of the available vaccine, and treatment. 
In alignment with our findings, Zhang et al. (2021) 
mentioned that Q498R, Q493K, G496S, S477N, G446S, 
N440K, S375F, S373P, S371, and G339D were the new 
mutations in the RBD of Omicron variants. They con-
cluded that the mutation on the receptor-binding motif 
leads to conformational changes that may potentiate 
the ability of immune evasion. Also, Lupala et al. 2022 
found that most of the mutations on RBD were located 
at the RBD-ACE2 interface. Subsequently, these muta-
tions alter the electrostatic charges at the interface 
which affects the binding of neutralizing antibodies and 
medications targeting the interface (Zhang et al. 2021; 
Mohapatra et al. 2022; Saxena et al. 2022). The modifi-
cation at the RBD-ACE2 interface increases the bind-
ing through increasing buried solvent accessible surface 
area and enhancing the hydrogen bonding interaction 
(Lupala et al. 2022). Similarly, Andreata-Santos et al. 
(2022) stated that the mutations G142D and P681H 
corresponded to vital regions targeted by neutralizing 
antibodies. Kannan et al. (2021) reported that N501Y, 
Q493R, E484A, and T478K were the vital mutations 
in the RBM. The mutation T478K was also found in 
Delta variants, and it was linked to infections of vac-
cinated people (Zhang et al. 2021). Likewise, the muta-
tion in 484 was observed in Gamma and Beta variants 
and associated with the reinfection with the Gamma 
variant (Kannan et al. 2021), where the glutamic acid 
is replaced by lysine (E484K). Interestingly, in the 
Omicron variant, it is replaced by alanine (E484A). The 
mutation E484A might modify the interaction between 
human angiotensin-converting hACE2 and RBD. The 
mutation N501Y was detected earlier in the Gamma, 
Beta, and Alpha variants and was recognized as having 
a strong affinity to hACE2 (CDC 2021).

However, Karim and Karim (2021) reported that 
most Omicron mutations’ effects are unknown, lead-
ing to uncertainty about how these mutation combina-
tions could affect the response to natural and acquired 
immunity. Poudel et al. (2022) mentioned that only 
twelve mutations were studied in the past, and it is 
early to realize the new mutations and how they affect 
the virus behavior.

The mutations in the ORF1a/b gene in the present 
study were almost matched with the results by Thakur 
and Ratho (2022), who reported that the mutations in 
ORF1a/b compromise the cell’s capability to destroy 
viral components and therefore assist in the evasion of 
innate immunity. The mutations in the E gene in our 
study were in alignment with Saxena et al. (2022) and 
Kannan et al. (2021). Opposite to our results for the 
M gene, numerous reports showed two non-synony-
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mous mutations (D3G and Q19E) and one synonymous 
mutation (A63T) (Kannan et al. 2021; Saxena et al. 
2022; Thakur and Ratho 2022). The changings in the 
N gene in our study matched with Kannan et al. (2021), 
Saxena et al. (2022), and Thakur and Ratho (2022), 
concerning the non-synonymous mutations (P13L, N: 
R203K, and N: G204R). Moreover, Saxena et al. (2022) 
showed one deletion (Δ31‐33). In addition to the 
previous mutations, we pointed out four frameshift 
deletions (∆28363-28364 ∆GA, ∆31E, ∆32R, ∆33S), 
and one synonymous G28882A.

Our study showed that 11 mutations were shared 
between Omicron and other VOCs; N501Y was the most 
common mutation; it appeared in Omicron, Alpha, Beta, 
Gamma, and Mu. T3255I and T95I were shared with 
Delta, Mu, and Omicron. The deletions ∆69H and ∆70V 
were observed in Alpha and Omicron variants. T478K 
appeared in Omicron and Delta. R203K, G204R, and the 
synonymous mutation G28882A were found in Alpha, 
Gamma, and Omicron variants. However, numerous 
other mutations have been reported by other authors, 
such as Lys38Arg, SΔ1265, Leu1266Ile, Ala1892Thr, 
Thr492Ile, Phe132His, Δ105‐107, Ile189Val, Pro323Leu 
NSP14‐Ile42Val (Saxena et al. 2022). P3395H, S3675‐, 
G3676- (Thakur and Ratho 2022). T492I, P314L, P323L 
(Kannan et al. 2021). L141F, R346K, V367F 5 L455, 
P499, A475 and F486 (Yi et al.2020).

The phylogenetic tree in our study showed two dis-
tinct clads of Omicron; one at the top and one at the 
bottom. Such a pattern is as arduous to explain as the 
Omicron origin and its higher number of mutations 
within a limited time frame compared to the original 
SARS-CoV-2 and its other variants. Nonetheless, the 
three sub-lineages of Omicron have been reported 
to be sufficiently distinct (Mahase 2022). It might 
be presumed that the Omicron has originated from 
an early lineage of wild-type SARS-CoV-2 and subse-
quently, its sub-lineages evolved independently in an 
unmonitored environment which was not traced in the 
reservoir population somewhere in the world until it 
became dominant with the steady weakening of other 
VOCs due to herd, vaccine-induced or hybrid immunity 
(Mallapaty 2022). Moreover, a study by Wang and 
Cheng (2022) analyzed the sequence of Omicron vari-
ants in South Africa and reported two subclades based 
on the sequence of spike genes.

Indeed, the impact of this variant had been reported 
to be high as incidence of Omicron infections increased 
exponentially in various affected regions such as South 
Africa, United Kingdom, and USA, which in a short-
span overtook the delta variant, thus implying that the 
variant was highly transmissible (Sharma et al. 2022). 
Interestingly, the variant emerged when the vaccine 
breakthrough was already achieved (Rauf et al. 2022). 
As mentioned, spike proteins which are the target of 

vaccine immunity were found to be heavily mutated in 
the variant. Various comparative studies emerged sug-
gesting new approaches to target viral-host molecular 
interactions and evolve preventive strategies (Isidoro 
et al 2022; Vardhan and Sahoo 2022a; 2022b).

Conclusions

The present study confirmed that the majority of 
mutations developed by Omicron variants occurred in 
the vaccine target gene (S gene) and most of the muta-
tions in the receptor-binding domain occurred in the 
receptor-binding motif. Thus, we propose that the vac-
cine breakthrough has the potential to affect the genetic 
evolution of SARS-CoV-2.

Future perspectives

The inevitable stress caused by the COVID-19 
disease globally, with the loss of human lives, post-
COVID-19 mental and physical health issues, and dis-
turbing social cohesion and economic failure has been 
an unprecedented incidence in recent times. Henceforth 
in a short time, enormous experimental research and 
meta-analyses have brought forward  a bulk of studies 
that facilitated the determination of viral genomic land-
scape, sources and mode of viral transmission, patho-
genesis, preventive strategies, and acquired immunity 
through vaccines. Our study is a  significant piece of 
work that has the potential to be used as a reference in 
the future for the evolutionary genetics of SARS-CoV-2 
and relate to any further risk of emerging variants and 
abeyant COVID-19 waves. 
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Introduction

Aspergillus producing AF from contaminated ani-
mal feed, a secondary metabolite, is a global problem 
with high economic impacts on animal and human 
health. Contaminations occur before harvest, and 
during the storage and distribution of seeds. In sub-
Saharan Africa, the global agricultural loss associated 
with AF contamination was estimated at 40% of the 
global production, corresponding to $450 million 
(Gbashi et al. 2018). Aflatoxins refer to a family of over 
18 related compounds, principally B1, B2, G1, and 
G2 (Ibrahim 2019), produced primarily by the closely 
related fungi, Aspergillus flavus and Aspergillus parasiti
cus (Rao et al. 2020). Aflatoxins are polyketide-derived 
secondary metabolites. AflR encodes a protein contain-
ing a  zinc-finger binding domain that interacts with 
target sequence DNA (Lee et al. 2006). AflS encodes 

a costimulatory regulatory protein that enhances the 
transcription activity (Liao et al. 2020). 

A. flavus and A. parasiticus are dominant species 
found in crops (Kim et al. 2017) that share morphologi-
cal similarities and closely cluster in phylogeny (Godet 
and Munaut 2010). Thus, the distinction between these 
species is difficult because microscopic identifica-
tion requires experts in filamentous fungi taxonomy 
(El Khoury et al. 2011). In addition, the morphologi-
cal methods of identification are inaccurate because of 
close inter-species similarities. In contrast, molecular 
techniques save labor time and their sensitivity and 
specificity, provide distinct species closeness and dis-
tance estimations without sophisticated culture and 
further confirmation steps (Ahmad et al. 2010).

Recently, several molecular approaches have been 
used to differentiate among many Aspergillus species, 
including random amplified polymorphic DNA (RAPD) 
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A b s t r a c t

Aflatoxin (AF)-producing fungi such as Aspergillus flavus commonly contaminate animal feeds, causing high economic losses. A. flavus is 
the most prevalent and produces AFB1, a potent mutagen, and carcinogen threatening human and animal health. Aspergillaceae is a large 
group of closely related fungi sharing number of morphological and genetic similarities that complicate the diagnosis of highly pathogenic 
strains. We used here morphological and molecular assays to characterize fungal isolates from animal feeds in Southwestern Algeria. These 
tools helped to identify 20 out of 30 Aspergillus strains, and 15 of them belonged to the Aspergillus section Flavi. Further analyses detected 
four out of 15 as belonging to Aspergillus flavusparasiticus group. PCR targeting the AF genes’ aflRaflS(J) intergenic region amplified 
a single 674 bp amplicon in all four isolates. The amplicons were digested with a BglII endonuclease, and three specific fragments were 
observed for A. flavus but A. parasitucus lacked two typical fragments. Sequencing data of four amplicons confirmed the presence of the 
two BglII restriction sites yielding the three fragments, confirming that all four strains were A. flavus. In addition, this analysis illustrated 
the genetic variability within the A. flavus strains. 

K e y w o r d s: Aspergillus flavus, aflRaflS(J), IGS, PCR-RFLP, diagnosis tools
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(Yin et al. 2009; Daghriri et al. 2018), amplified fragment 
length polymorphism (AFLP), with specific diagnostic 
PCR primers, polymorphic microsatellite marker anal-
ysis, microsatellite length polymorphism (Healy et al. 
2004), and DNA sequencing (Nicholson et al. 1998).

The commonly used molecular approaches often tar-
get the analysis of the coding sequences for rRNA that 
contain both conserved and variable regions (Paterson 
2006). Fungal rDNA operons have been shown to con-
tain variability regions within gen era (Levy et al. 2001). 
However, PCR-RFLP has been used to identify varia-
tions in DNA sequences, and it was shown to recognize 
closely related organisms using inter-phylogenetic rela-
tions (Zarrin and Erfaninejad 2016). This technique has 
been proven to be fast, sensitive, and reliable in deter-
mining the genetic variability among A. section Flavi 
species (Bagyalakshmi et al. 2007; Mohankumar et al. 
2010; Lavkor 2020). Currently, there is a limited under-
standing of molecular variability among populations of 
A. flavus isolated from feed sources. Characterization 
of A. flavus requires an expert polyphasic approach to 
fully confirm its taxonomic status and develop an effec-
tive control strategy (Singh et al. 2018; Frisvad et al. 
2019; Martinez-Miranda et al. 2019). Using molecu-
lar biology methods combined with morphology has 
revealed the diversity and genetic variability within the 
A. flavus species (Okoth et al. 2018).

In the present study, we used the PCR-RFLP target-
ing the aflRaflS(J) intergenic spacer (IGS) of the AF 
biosynthesis cluster to complement the findings of the 
morphological characterization. The main objectives 
were to establish and assess the genetic relationships 
and variability patterns of A. flavus strains isolated from 
feeds in the southwestern Saharan region of Algeria 
using PCR and sequence analysis of the IGS region, 
followed by phylogenetic analysis.

Experimental

Materials and Methods

Fungal isolates and morphological identifica-
tion. Thirty fungal isolates were obtained from various 
animal feeds. Out of these, twenty were identified as 
Aspergillus, and 15 out of 20 were identified as A. sec-
tion Flavi. Samples were collected in the livestock feed 
manufacturing unit’s storage facilities in Southwestern 
Algeria. As described earlier, the strains were isolated 
using Potato Dextrose Agar (PDA) (Pitt and Hocking 
2009). Strains identification included macroscopic 
(colony color and morphology) and microscopic (head 
seriation, conidia morphology, and size) characteristics. 
The identification was performed according to the cri-
teria defined for the taxonomic keys and guidelines for 

the Aspergillus genus (Pitt and Hocking 2009). All iso-
lates were cultured on Aspergillus flavus/parasiticus agar 
(AFPA) (bacteriological peptone 10 g; yeast extract 20 g; 
ferric ammonium citrate 0.5 g; bacteriological agar 
15 g; dichloran 2 mg (0.2% in ethanol, 1.0 ml); distilled 
water 1 l). One hundred microliters of spore suspension 
were inoculated in the center of 60 mm petri dishes and 
then incubated at 25°C for 48 h in the absence of light 
(Abriba et al. 2013; Hossain et al. 2018) as a particular 
growth condition for rapid identification of Aspergillus 
belonging to A. section Flavi (Pitt et al. 1983). At 48 h of 
culture on AFPA, the colonies of A. flavus and A. para
siticus strains appear with an orange color in the bottom 
of the culture, whereas the other species of Aspergillus 
section Flavi do not (Bothast and Fennell 1974; Hamsa 
and Ayres 1977; Pitt et al. 1983).

Molecular identification of fungal strains. Since 
the isolation and characterization by culture fail to dif-
ferentiate between A. parasiticus and A. flavus, we used 
the molecular tools to perform this analysis.

Culture preparation. Fungal mycelia were produced 
by inoculating the fungal conidia with a glass Pasteur 
pipette in 250 ml Erlenmeyer flasks containing 150 ml 
Potato Dextrose Broth (PDB) and incubated for 48 hours 
at 25°C under orbital agitation at 150 rpm. Mycelia were 
harvested following filtration on 0.45 µm pore size filters 
and then snapped frozen into liquid nitrogen. Frozen 
mycelia were grounded into a fine powder using a mor-
tar and pestle and then stored at –80°C until use.

DNA extraction. One hundred mg of powdered, 
frozen mycelia were transferred into a 1.5 ml micro-
centrifuge tube, thawed, and resuspended into 800 µl of 
DNA extraction buffer (100 mM TRIS-HCl (pH 7.4), 
20 mM EDTA (pH  8.0), 1.4 mM NaCl, 2% sodium 
dodecyl sulfate) as described by (Lee et al. 2006). Sub-
sequently, 10 µl of Proteinase K (20 mg/ml) was added, 
and the solution was incubated for 20 min at 60°C. The 
cell lysate was supplemented with 800 µl of phenol-
chloroform-isoamyl alcohol (25/24/1, v/v/v) and then 
mixed by inversion until an emulsion was obtained. Fol-
lowing centrifugation for 5 min at 13,000 rpm at 20°C, 
the upper (aqueous) phase was transferred into a new 
microfuge tube. Four hundred microliters of chloro-
form/isoamyl alcohol (24:1) were added and mixed by 
inversion, and then the mixture was centrifuged for 
10 min at 13,000 rpm at 4°C. The upper aqueous phase 
was transferred into a new microfuge tube and sup-
plemented with 0.7 ml of cold 2-propanol for instant 
DNA precipitation. The precipitate was centrifuged 
for 10 min at 4°C, 13,000 rpm, and then the superna-
tant was discarded. The pellet was rinsed with 500 µl 
of 70% ethanol to remove residual salts. Following the 
last centrifugation at 13,000 rpm for 5 min at 4°C, 
ethanol was discarded, and the DNA pellet air dried. 
DNA pellet was then resuspended into 50 µl of sterile 
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ultrapure water. To remove the contaminant RNA, 5 µl 
of RNase (20 mg/ml) was added, incubated for 15 min 
at 37°C, and then heat-inactivated for 20 min at 70°C. 
The quality of DNA was checked following DNA sepa-
ration by electrophoresis in a 0.8% agarose gel in TAE 
(40 mM Tris, 20 mM sodium acetate, and 1 mM EDTA, 
pH = 8.6) buffer and a high molecular weight marker. 
DNA concentration was measured at the optical den-
sity (OD) of 260 nm and the purity at 240 and 280 nm 
wavelengths using a UV spectrophotometer.

Primers. The non-coding intergenic sequences 
(IGS) that separate the aflR and aflS(J) genes of fun-
gal ribosomal DNA operon were used as a target for 
PCR amplification to detect A. flavus and A. parasiti
cus. Sequences of the primers used were as follows: 
IGS-F, 5’-AAGGAATTCAGGAATTCTCAATTG-3’ and 
IGS-R, 5’-GTCCACCGGCAAATCGCCG-TGCG-3’ 
(Ehrlich et al. 2003; 2007; El Khoury et al. 2011).

PCR amplification. PCR was performed using 
200 ng of a fungal DNA template (5 µl), 1 µl of each of the 
IGS-R and IGS-F (20 pM) primers (Eurofins Genom-
ics, France), 25 µl of Econo Taq Plus Green 2 × Master 
Mix (Euromedex, France), and 18 µl of sterile H2O. The 
Master Mix contained: 0.1 U/µl of Econo Taq DNA pol-
ymerase – reaction buffer (pH 9.0), 400 µM each (dATP, 
dGTP, dCTP, and dTTP); 3 mM MgCl2 and blue and 
yellow tracking dyes. Microtubes containing the PCR 
mix were transferred into a thermocycler and submitted 
to 34 cycles of amplification following an initial dena-
turation of DNA at 94°C for 5 min. Each cycle consisted 
of a denaturation step at 95°C for 1 min, an annealing 
step at 46°C for 1 min, and an extension step at 56°C 
for 1.5 min, with a final extension at 60°C for 10 min 
added to the last cycle. After amplification, the PCR 
products were stored at 4°C until used. PCR products 
were analyzed by electrophoresis separation on a 1.5 % 
agarose gel, and PCR-specific bands visualized by UV 
trans-illumination. The size of the amplicons was esti-
mated using a 1 kb DNA ladder. The PCR products were 
purified using the clean-up Nucleospin kit (Machery 
Nagel, France), using the manufacturer’s instructions. 

Restriction enzyme digestion of PCR-IGS ampli-
cons: PCR-IGS-RFLP. PCR-RFLP using Bgl II restric-
tion endonuclease to digest the IGS product was shown 
to distinguish between A. parasiticus and A. flavus 
(El Khoury et al. 2011). Here we used this technique 
to examine whether the strains identified as A. section 
Flavi could be identified as A. parasiticus and/or A. fla
vus. The PCR-IGS amplicons were digested with the 
restriction endonuclease BglII (Promega, France). The 
reactions were performed using a total of 0.5 µg of puri-
fied PCR product in 10 µl, 2 μl of 10 × Bgl II incubation 
buffer, 1 µl of Bgl II (10 U/µl), and 7 µl ultrapure H2O 
in a total volume of 20 µl. The mixture was incubated 
at 37°C for 2 h, and then separated by electrophoresis 

FZM1 Aspergillus flavus strain A9 chromosome 3 (97.48%)
FAK45 Aspergillus flavus strain A9 chromosome 3 (98.12%)
FSZ47 Aspergillus flavus strain SU-16 chromosome 3 (99.37%)
FDY50 Aspergillus flavus strain SU-16 chromosome 3 (99.67%)

Table I
Aspergillus flavus isolates identity based on the BLAST NCBI data.

Strain Identity (%)

in a 2% agarose gel. Restriction bands were revealed 
using a  UV trans-illumination and a Gel-doc Image 
Lab system (Bio-Rad, France).

Sequencing, sequence alignment, and phyloge-
netic analysis. A total of 1 µg of purified PCR product 
of each amplicon was shipped to Eurofins Genom-
ics (Germany) for sequencing using IGSF primer. 
Sequence data were sent as electronic files to the lab 
for examination and use for bioinformatic analyses.

DNA BLAST analysis of obtained sequences was 
done online using the NCBI/NIH website to identify 
the closest sequences that match our new sequences. 
Multiple sequence alignment was performed using 
Clustal Omega software (The EMBL-EBI search and 
sequence analysis tools APIs in 2019). Sequences were 
submitted to GenBank on the NCBI website (http://
www.ncbi.nlm.nih.gov) under the reported accession 
numbers (Table I). Available sequences of aflRaflS(J) 

intergenic region of reference strains were obtained 
from the GenBank database. The phylogenetic trees of 
isolates and their close relatives based on aflRaflS(J) 
intergenic region were derived from sequence align-
ment using Clustal Omega.

Results and Discussion

The flavus group of Aspergillus was reported to be 
a significant cause of yearly economic losses reaching over 
25% (Klingelhöfer et al. 2018), because of contamination 
of agriculture and feed components. This type of afla-
toxin-producing fungi are opportunistic pathogens that 
contaminate corn, wheat, peanuts, and other food crops 
in many places of the world and causes severe diseases 
when ingested. Out of 30 fungal isolates, 20 were identi-
fied as Aspergillus, and 15 out of the 20 were character-
ized as A. section Flavi. Macroscopic and microscopic 
examinations of these 15 strains showed yellow-green 
colonies after growth on PDA, with spherical and rough 
spores/smooth to finely rough and globose conidia.

AFPA was used to identify both A. parasiticus and 
A. flavus (Hossain et al. 2018). Four colonies with yel-
low to green color with a white border surrounding 
the yellow to the greenish surface and an intense yel-
low-orange reverse color were selected as A. flavus and 
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A. parasiticus (Fig. 1). This orange color is due to the 
reaction of ferric citrate with aspergillic acid, forming 
a colored complex. The eleven remaining colonies pro-
duced creamy reverse color on AFPA, characteristic of 
Aspergillus oryzae species (Pitt et al. 1983; Rodrigues 
et al. 2009; Frisvad et al. 2019).

 In previous studies, AFPA alone was used to iden-
tify A. flavus and A. parasiticus (Abriba et al. 2013; 
Fakruddin et al. 2015; Hossain et al. 2018; Krulj et al. 
2020). However, based only on the phenotypic charac-
teristics, it was impossible to distinguish between the 
two closely related species A. flavus and A. parasiti 
cus because of overlapping morphological features 
(Rodrigues et al. 2009). Thus, molecular tools are nec-
essary to differentiate these two species further. In the 
present study, we performed a molecular genetic char-
acterization of the isolates selected to examine whether 
the four isolates could be A. parasiticus or A. flavus.

DNA samples from the four isolates were used as 
templates for PCR amplification using IGS-specific 
primers. These primers were highly specific for aflR
aflS(J) IGS fragments. DNA samples from all four fun-
gal strains produced the expected 674 bp IGS amplicon 
with no additional or non-specific bands (Fig. 2). How-
ever, this 674 bp product was identical for both A. flavus 
and A. parasiticus. Therefore, we needed to examine the 
PCR product by RFLP further.

Previous studies indicated that PCR-IGS-RFLP 
using restriction enzymes that cleave the PCR prod-
ucts into sub-fragments are valuable tools for detect-
ing and differentiating between A. flavus and A. para
siticus (El Khoury et al. 2011; Nikolic et al. 2018; Lavkor 
2020). Therefore, we used the restriction endonuclease 
BglII to digest the four PCR products. Results shown in 

Fig. 3 clearly show that digestion of all the PCR products 
with BglII resulted in an identical profile yielding three 
fragments of 362, 210, and 102 bp. This typical profile 
demonstrated that all species were A. flavus. In contrast, 
BglII digestion should produce a profile with only two 
fragments of 311 bp and 362 bp with an IGS amplicon 
of A. parasiticus (El Khoury et al. 2011). Our analysis 
failed to detect this last profile among the four analyzed.

Fig. 1. Phenotypic characterization of A. flavus isolates grown on A. flavus/parasiticus agar (AFPA) medium.
Colony color: white-green colony diameter 18 mm, colony reverse color: yellowish orange after seven days of incubation at 25°C.

Fig. 2. PCR amplification of intergenic sequences of the four iso-
lates. IGS-F and IGS-R primers were used for PCR amplification 
of the intergenic sequences in total DNA isolated from the four 
fungal isolates as described in Material and Methods. A  total of 
5 µl of each PCR product was separated in a 1.5% agarose gel by 
electrophoresis. Lane 1 kb ladder (L) DNA marker, Aspergillus 
flavus isolates are indicated on the top of each lane. The sizes of 
selected DNA fragments are indicated on the sides of the panels.
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Our findings were similar to those reported by 
(Kana et al. 2013), which indicate that all A. flavi iso-
lates recovered from all the commodities (feedstuffs and 
animal feed) were A. flavus. In contrast, other studies 
(Stanković et al. 2015; Nikolic et al. 2018) found the 
presence of A. parasiticus on wheat kernels and corn. 
This difference may result from the geographic isola-
tion and the local atmosphere conditions (temperature, 
humidity), which might cause shifts in mycobiota dis-
tribution and composition of cereals observed among 
different regions.

Accurate identification and differentiation between 
this aflatoxigenic species are of great importance in 
determining toxicological risks due to the difference 
in the toxic profile of each species in the section Flavi. 
(Martínez-Culebras and Ramón 2007). It is well known 
that A. parasiticus produces only “B” and “G” type tox-
ins, whereas A. flavus produces “B” type toxins but also 
cyclopiazonic acid, versicolorin, and sterigmatocystin 
(Wilson et al. 2002; Bailly et al. 2018). Metabolite analy-
sis is a multistep process that requires long term culture 
and mycotoxin production (14 d) followed by extrac-
tion and purification for chromatographical analysis. In 
addition, this method requires multiple and expensive 
instruments to perform all these processes. In contrast, 
PCR-RFLP is a rapid and sensitive method requiring 
minimal investment and was shown to be a reliable 
method for taxonomic studies of Aspergillus species 
(Martínez-Culebras and Ramón 2007).

The Aspergillus genome is organized into eight 
chro mosomes where the genes encoding aflatoxins are 
located in the 54th cluster, 80 kb from the telomere 
of chromosome 3 (Georgianna and Payne 2009). They 

include regulatory genes aflR, aflS(J), and several struc- 
tural genes (Yu et al. 2004; Paterson 2006; Price et al. 
2006). The aflR and aflS(J) genes are separated by 
a 737-bp intergenic region (Yu 2012). Sequence vari-
ability within this intergenic fragment has been used 
to establish the phylogenetic organization of A. flavus 
genotypes (Al-Wadai et al. 2013).

To confirm the PCR-RFLP data, suggesting that all 
our four isolates were A. flavus, we sequenced their 
amplicons using the IGS-F primer. The sequences 
were deposited in NCBI/Genbank under the following 
accession numbers (Table I). Sequence data were used 
for blast analysis against the Genbank DNA sequence 
database and to produce multiple sequence alignments 
(Fig. 4). The highest homology of the sequences of the 
isolates with those of sequences of the GenBank refer-
ence strains was used to define the isolates. All four 
isolates were identified as A. flavus with a similarity 
percentage ranging from 97.48% to 99.67% to A. fla
vus RefSeq from NCBI (Table II and III). In addition, 
sequence analysis confirmed the presence of the two 
restriction sites for BglII in the amplicon that yielded 
the three fragments (362, 210, and 102 bp). Thus, the 
aflRaflS(J) IGS-RFLP assay with BglII is sufficient to 
detect A. flavus without sequencing. Therefore, this 
assay can be used for epidemiological studies to detect 
the prevalence of A. flavus.

Furthermore, this sequence analysis showed varia-
tion among the A. flavus isolates. This variation included 
single and multiple substitutions, insertions, inver-
sions, and deletions. Sequence comparison of FSZ47 
and FDY50 isolates with that of the reference strain 
SU 16 showed the highest sequence similarity (99,37%, 

Fig. 3. PCR and RFLP analyses of fungal amplicons. A total of 5 µl of PCR products of each of the isolates (FZM1, FAK45, FSZ47 and 
FDY50) was digested with Bgl II restriction endonuclease as described in Materials and Methods. Nondigested (ND) and digested (D) 
products were loaded and separated by electrophoresis in a 2% agarose gel. A 100 bp DNA ladder (L) was used as molecular weight 
marker, the positions of 100, 500 and 1,000 bp fragments are indicated. Positions of the 362, 210 and 102 bp fragments generated by BglII 

digestion are indicated.
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Fig. 4. Nucleotide sequence alignment of the four isolates with four reference strains. The names of the four isolates are in green.
Nucleotide sequence alignment was performed using Clustal software (–) represent similarity, (.) represent deletion.

Nucleotide changes are shown in bold font.
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and 99.67%, respectively). Since the reference strains 
A9, K54A, and Tox4 are 100% similar in the studied 
segment, their similarity with FZM1 and FAK45 iso-
lates was found to be 97.48% and 98.12% respectively. 
Therefore, the highest divergence compared to the 
existing reference strains was seen for the sequences of 
the FZM1 isolate. A total of 13 positions of divergence 
involving single nucleotide polymorphisms (SNPs) as 
well as double and multiple nucleotide polymorphisms 
(MNPs) were observed (Fig. 4). In contrast, only minor 
variations were seen in FDY50 isolate corresponding to 
SNPs at the positions 3, 5 and 28 of the sequence. On 
the opposite side, the isolate FAK45 showed the high-
est genetic similarity with A. flavus reference strains 
A9, K54A, and Tox4 with only minor variations at the 

positions 50 and 103. Most of the observed polymor-
phisms were nucleotide substitutions, with only 10% 
being insertions and inversions, as shown in Table IV. 
Nucleotide deletions and SNPs in AF coding genes are 
often associated with the inability of A. flavus to produce 
aflatoxins. Deletion strains of A. flavus were reported 
in many studies (Chang et al. 2005; Donner et al. 2010; 
Adhikari et al. 2016; Hua et al. 2018).

However, not all AF non-producing strains have 
deletions in the AF biosynthesis gene cluster. The strain 
NRRL 30797 known as a biocontrol agent has a few 
substitutions in the aflatoxin biosynthesis gene cluster 
(Chang et al. 2012). This genetic variability may compli-
cate the diagnosis and, therefore, the control of A. flavus 
infection and aflatoxin contamination of food and feed. 
Detecting particular strains of A. flavus, such as NRRL 
30797, requires sequencing or a special PCR-RFLP 
capable of detecting the single substitutions. In the 
present study, the IGS region has been used as a target 
for PCR and sequencing for phylogenetic analysis. The 
selection of this region was motivated by the sequence 
variability between different species but only minor 
variations within isolates of the same species. The phy-
logenetic tree of isolates and their close relatives based 
on the aflRaflS(J) intergenic region was constructed 
using Clustal Omega (Okoth et al. 2018) to illustrate 

103, 385, 478 C with T (substitution)
161 Insertion of G
380, 477, 508 T with C (substitution)
475 C with G (inversion) FZM1: Aspergillus flavus strain FZM1 aflRaflS(J) 
479–481 Insertion of ACA intergenic region, partial sequence

482 A with G (substitution)
483 G with T (substitution)
544 A with T (inversion) 
50 T with C (substitution) FAK45: Aspergillus flavus strain FAK45 aflRaflS(J)
103 C with T (substitution) intergenic region, partial sequence

3 C with T (substitution) FDY50: Aspergillus flavus strain aflRaflS(J)
5, 28 G with A (substitution) intergenic region, partial sequence

Table IV
Nucleotide variations in aflRaflS(J) intergenic region sequences of Aspergillus flavus isolates.

Nucleotide
position Nucleotide variation Isolate

CP051037.1 A. flavus strain A9 chromosome 3
CP051085.1 A. flavus strain K54A chromosome 3
CP051045.1 A. flavus strain Tox4 chromosome 3
CP047251.1 A. flavus strain SU-16 chromosome 3

Table III
Genbank accession numbers

of the Aspergillus flavus reference strains.

Accession
number Strain

FZM1 OL944584.1 A. flavus strain FZM1 aflR-aflJ intergenic region, partial sequence
FAK45 OL944586.1 A. flavus strain FAK45 aflR-aflJ intergenic region, partial sequence
FSZ47 OL944587.1 A. flavus strain FSZ47 aflR-aflJ intergenic region, partial sequence
FDY50 OL944588.1 A. flavus strain FDY50 aflR-aflJ intergenic region, partial sequence

Table II
Genbank accession numbers of the Aspergillus flavus isolates.

Isolate Accession
number Strain
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the relationships of isolates among A. flavus species. 
The phylogenetic tree obtained clearly shows that the 
A. flavus strains clustered into three major clades. In 
addition, several sub-clades indicate a wide variation 
among A. flavus species (Fig. 5). FSZ47 and FDY50 
isolates were clustered in one clade and were found 
to be closely related to A. flavus strain SU 16 forming 
a mixed cluster. In contrast, FAK45 and FZM1 isolates 
were found to form distinct sub-clades. Variations exist 
among A. flavus isolates; those with SNPs share a closer 
relationship clustered with A. flavus strain SU16; while 
the isolate FAK45 clustered with a distinct sub-clade. 
These data agree with the previous finding reported 
by different groups (Krimitzas et al. 2013; Chiba et al. 
2014). Recently, new direct detection methods of A. fla
vus through AF-B1 and Zearalenone by Raman spec-
trometry (Yang et al. 2021) or AF-B1 alone using a ort-
able Raman spectrometer combined with colloidal Au 
nanoparticles (Wang et al. 2022) were reported. This 
latter rapid technique provides quantitative measure-
ment of AF-B1 in grain crops.

Conclusions

The four diagnosis methods (phenotyping, PCR, 
PCR-RFLP, and amplicon sequencing) have shown 
different sensitivity levels of fungal characterization. 
Phenotypic tools were limited to A. section Flavi iden-
tification; PCR alone failed to distinguish A. parasiti
cus from A. flavus; PCR-RFLP in this study was able to 
detect A. flavus only. However, it failed to distinguish 
between different strains of A. flavus. Sequencing and 
sequence analysis was able to distinguish between the 
A. flavus strains. These data established the selection 
criteria of the methods to use depending on the seg-
regation level of fungal strains. New methods based 
on Raman spectrometry to measure AF-B1 alone or in 
combination with other fungal components might pro-
vide additional help for the detection of the pathogenic 
A. flavus in grain crops. 
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Introduction

Osteoporosis (OP), the most common bone-rela-
ted disease, is characterized by a loss of bone mass, 
increased bone fragility, damage to bone tissue micro-
structure, and increased fracture risk. It affects men and 
women (1–8% and 9–38%, respectively) (Wade et al. 
2014; Cannarella et al. 2019). Throughout life, human 
bone continues the remodeling process. One remod-
eling cycle consists of four stages (initiation, resorption, 
reversal, and formation) (Ding et al. 2020). When bone 
resorption outpaces bone formation, bone integrity is 
compromised, leading to OP (Tang 2020). The patho-
physiology of OP is linked to heredity, hormonal lev-

els, diet, lifestyle, and inflammatory factors (Peng et al. 
2018; Zheng et al. 2019; Li et al. 2020; Tang 2020). OP 
is more common in women than in men. The primary 
cause of OP has been linked to estrogen deprivation 
after menopause (Manolagas 2010). The secondary 
cause of OP includes smoking, type 1 diabetes (T1D), 
parathyroid disorder, inflammatory bowel disease 
(IBD), arthritis, and glucocorticoid medication (Zaheer 
and LeBoff 2000). Many pharmacological, hormonal, 
antibody and inhibitor-based therapies are currently 
being practiced to cure OP. However, all available treat-
ments are associated with severe side effects like gastro-
intestinal diseases, rhinitis, dermatological reac tions, 
musculoskeletal pain, dizziness, nausea, headache, 
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A b s t r a c t

An imbalanced gut microbiome has been linked to a higher risk of many bone-related diseases. The objective of this study was to discover 
biomarkers of osteoporosis (OP). So, we collected 76 stool samples (60 human controls and 16 OP patients), extracted DNA, and performed 
16S ribosomal ribonucleic acid (rRNA) gene-based amplicon sequencing. Among the taxa with an average taxonomic composition greater 
than 1%, only the Lachnospira genus showed a significant difference between the two groups. The Linear Discriminant Effect Size analysis 
and qPCR experiments indicated the Lachnospira genus as a potential biomarker of OP. Moreover, a total of 11 metabolic pathways varied 
between the two groups. Our study concludes that the genus Lachnospira is potentially crucial for diagnosing and treating osteoporosis. 
The findings of this study might help researchers better understand OP from a microbiome perspective. This research might develop more 
effective diagnostic and treatment methods for OP in the future.
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stroke, and hypercholesterolemia (Camacho et al. 2016; 
Tu et al. 2018). Thus, a new OP therapy with minimum 
or no adverse effects is urgently needed.

It has been estimated that there are 10 trillion bac-
teria in the human intestinal microbiota (Yan et al. 
2016). Based on their involvement in human health, 
intestinal microorganisms are classified as beneficial, 
opportunistic, and commensal microbes. The benefi-
cial bacteria (probiotics) confer health benefits to hosts 
(Guarner and Schaafsma 1998). Some commonly used 
probiotics are Bifidobacteria, Lactobacillus reuter, Lac
tobacillus rhamnosus, Lactobacillus acidophilus-group, 
Bacillus coagulans, Escherichia coli strain Nissle 1917, 
Enterococcus faecium, and certain enterococci (Pan-
dey et al. 2015). The opportunistic microbes utilize 
the opportunity of weakened defense mechanisms of 
the host to inflict damage. Some opportunistic bacte-
ria are Corynebacterium equi, Staphylococcus aureus, 
Mycoplasma pneumoniae, and Salmonella spp. The 
commensal bacteria defend against foreign pathogens 
directly by competing for living space or nutrients by 
toxins (bacteriocins, acids, and phenols) (Guarner and 
Malagelada 2003; Wang et al. 2018). Moreover, some 
commensal bacteria act on the host immune system 
(Stecher and Hardt 2008), and several commensal bac-
teria reside inside the human gut, like Bacteroides fra
gilis, Bacteroides uniformis, and Clostridium ramosum.

Previously, multiple studies have demonstrated the 
link between gut microbiome compositions and bone 
metabolism. Also, bone-related mineral absorption is 
involved in OP under different physiological conditions 
(Scholz-Ahrens et al. 2007; Sjögren et al. 2012; Charles 
et al. 2015; Li et al. 2016; D’Amelio and Sassi 2018; 
Uchida et al. 2018; Tavakoli and Xiao 2019; Cheng et al. 
2020). Xu et al. (2017) showed that intestinal micro-
biota composition and structure could be influenced by 
both host (genetic background and gender) and envi-
ronmental factors (diet, lifestyle, hygiene, antibiotics, 
and probiotics). A new genome-wide associated study 
found that the order Clostridiales and family Lachno
spiraceae are positively related to bone mass variation, 
implying a linkage between microbiota and bone for-
mation (Ni et al. 2021).

Several recent studies have investigated the effects 
of microbiomes on primary or secondary OP between 
OP patients and healthy controls (HCs) (Wang et al. 
2017; Das et al. 2019; Li et al. 2019; Wei et al. 2021b). 
However, these previous studies were limited to Chi-
nese, Latin American, and European populations. Thus, 
this study aimed to investigate the bacterial community 
structure and diversity alterations of gut microbiota in 
OP patients among Korean people. Variations in the 
gut microbial composition of OP patients compared 
to HCs were obtained based on in-depth research of 
microbial components connected to OP. These findings 

were correlated with clinical parameters. We expect that 
our study could serve as a platform for future research 
into new microbe biomarkers and processes behind the 
impact of gut microbiota on OP.

Experiment

Materials and Methods

Sample collection, DNA extraction, amplification, 
and sequencing. The present study was performed 
from May 2020 to November 2021 in the Healthcare 
Center affiliated with the Probiotics Microbiome Con-
vergence Center at Soonchunyyang University, Asan, 
South Korea. It was approved by the Institutional 
Review Board (IRB) (IRB No. 2019-10-017-005). 
Seventy-six (33–82 years) adults were enrolled in this 
study, including 60 human controls (HC) and 16 OP 
patients (Table SI). OP was diagnosed by bone density 
test using dual-energy X-ray absorptiometry (DEXA) 
based on the World Health Organization (WHO) rec-
ommendations (Kanis 2008). Participants of this study 
were informed about the sampling method and risks 
involved. All of them agreed to laboratory tests and 
gave written consent. The first fecal samples before 
breakfast (5–10 g) were collected by each participant 
individually at the recruitment site at RT and placed at 
–80°C immediately. Then, samples were transported to 
the laboratory with dry ice (temperature ~ –78°C) and 
kept at –80°C until further processing. All 76 samples 
were used for the 16S rRNA gene V4 region sequencing.

DNA extraction. Using the QIAamp DNA fast 
Stool Mini Kit (Qiagen, Germany), microbial DNA was 
extracted from 180–220 mg fecal samples following the 
manufacturer’s protocol. The DNA concentration was 
measured with a Qubit-4 fluorometer (Thermo Fisher 
Scientific, UK). The quality of DNA was checked by 
0.8% agarose gel electrophoresis. All DNA samples were 
stored at –20°C until further use.

PCR amplification of the 16S rRNA gene. The 16S 
bacterial rRNA (V4 hypervariable region) was amplified 
using Illumina 16S amplicon primer set (5 µM each) 
(Forward primer: 5’-TCGTCGGCAGCGTCAGATGT-
GTATAAGAGACAG-CCTACGGGNGGCWGCAG-3’, 
Reverse primer: 5’-GTCTCGTGGGCTCGGAGATGT-
GTATAAGAGACAGGACTACHVGG-GTATCTAAT- 
CC-3’) with 10 ng of template DNA and KAPA HiFi 
HotStart ReadyMix (Kapa Biosystems, USA) following 
the previously described protocol by our team (Kim 
et al. 2021). Briefly, the PCR was performed on a Veriti 
96-well Thermal cycler (Applied Biosystems, Thermo 
Fisher, USA) with all 76  samples, including negative 
control (no template DNA) and positive control (5 ng 
of mouse stool DNA). Amplification conditions for all 
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samples were: initial denaturation at 95°C for 3 min, 
followed by 25 cycles of denaturation at 95°C for 30 s, 
annealing at 55°C for 30 s, and extension at 72°C for 
30 s, with a final extension step at 72°C for 5 min. PCR 
products were purified using AMPure beads (Beckman 
Coulter, UK) following the manufacturer’s protocol. 
Indexed PCR was performed using Nextera XT DNA 
Library Prep Kit (Illumina, USA) according to the rec-
ommended protocol, followed by PCR clean-up using 
AMPure beads. Each sample was diluted to 1 nM final 
concentration, and samples were pooled together.

The 16S rRNA gene-based sequencing and data 
analysis. Pooled library (50 pMol) was used for sequenc-
ing with 30% PhiX spiking on an iSeqTM100 platform 
(Illumina, USA). Data were analyzed following the pro-
cedures described previously by our team (Kim et al. 
2021; ul-Haq et al. 2022). Briefly, we analyzed data using 
the EzBioCloud server (http://www.ezbiocloud.net). 
Trimmomatic (version. 0.32) was used for quality 
checking and filtering of low-quality reads (< Q25). 
Primer trimming was done with Myers and Miller’s 
alignment algorithm (Myers and Miller 1988). Sam-
ples without 16S rRNA encoding were identified using 
HMMER software and nhmmer (package ver. 3.2.1) 
(Wheeler and Eddy 2013). The unique reads and 
redundant reads were clustered using the derep_full 
length command in VSEARCH (Rognes et al. 2016). 
We employed EzBioCloud’s 16S rRNA database (Yoon 
et al. 2017) for taxonomic assignment with VSEARCH 
(Myers and Miller 1988; Rognes et al. 2016). Chimeric 
reads were filtered using UCHIME (Edgar et al. 2011). 
To identify sequences at the low taxonomic level, the 
cluster_fast command (Rognes et al. 2016) was used to 
create operational taxonomic units (OTUs). Single-read 
OTUs were removed from further analysis. Sequences 
were deposited in Sequence Read Archive (SRA) (Bio-
Project ID: PRJNA795857, accessible at https://www.
ncbi.nlm.nih.gov/bioproject/795857).

Quantitative PCR. qPCR was used for compara-
tive quantification of Lachnospira using BioRad CFX 
Connect Real-Time-System thermocycler equipment 
(BioRad, USA) and iQ SYBR® Green Supermix (Bio-
Rad, USA) with Lachnospira-specific primers (Forward 
primer 5’-CCTGACTAAGAAGCTCCGGC-3’; Reverse 
primer: 5’-CAAAAGCAGTTCCGGGGTTG-3’) accor-
ding to Liu et al. (2022). A total of 32 samples (16 OP 
patients and 16 HCs) with positive control (mouse stool 
DNA) and negative control (no template DNA) were 
used for this experiment. Triplicate qPCR was per-
formed using 10 ng of genomic DNA from each sample, 
10 µl of SYBR Mixture, 1 µl forward primer (1 µM), and 
1 µl reverse primer (1 µM) for each PCR reaction. PCR 
conditions were as follows: pre-denaturation at 95°C 
for 5 minutes, followed by 40 cycles of denaturation at 
95°C for 10 seconds, and annealing/extension at 56°C 

for 30 seconds. Quantitation cycle (Cq) values from HC 
and OP patient groups were compared using GraphPad 
Prism software (ver. 8.0.1, USA).

Statistical analysis. Alpha diversities of the sam-
ples were calculated for samples based on Chao1 
(Chao 1987), ACE (Chao and Lee 1992), Shannon/
Simpson (Magurran 2013), Jackknife (Burnham and 
Overton 1979), NPShannon (Chao and Shen 2003), 
and Phylogenetic diversity (Faith 1992). On the other 
hand, beta diversity distances were analyzed based on 
Generalized UniFrac (Chen et al. 2012), Fast UniFrac 
(Hamady et al. 2010), Jenson-Shannon (Lin 1991), and 
Bray-Curtis (Beals 1984). Permutational multi variate 
analysis of variance (PERMANOVA) was used to deter-
mine the beta set significance between OP and HC. 
The taxonomic biomarkers were found using statistical 
comparison algorithms of LEfSe (Linear discriminant 
analysis Effect Size) (Segata et al. 2011) and Kruskal-
Wallis H tests (Kruskal and Wallis 1952). The Student’s 
t-test was performed to evaluate the statistical signi-
ficance of comparing Cq (quantification cycle) values 
of OP patients and HCs. Functional profiles were pre-
dicted based on the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) (Ye and Doak 2009) using Phyloge-
netic Investigation of Communities by Reconstruction 
of Unobserved States (PICRUSt2) (Douglas et al. 2020). 
The differences between the groups were assessed using 
STAMP (statistical analysis of taxonomic and func-
tional profiles) software and Welch’s t-test. The p < 0.05 
was taken as statistically significant for all the analyses. 

Results

Characteristics of the study population. Table SI 
shows a demographic data comparison between the two 
groups. The number of participants was 60 in the HC 
group and 16 in the OP group. The mean ages of the HC 
and OP groups were 59.1 ± 9.8 years and 66.3 ± 8.9 years, 
respectively. Baseline characteristics, such as age, gen-
der, and body mass index (BMI), showed no statistically 
significant differences between the two groups. Mean 
T-scores of HCs and OP patients were – 0.75 ± 1.1 and 
– 2.85 ± 0.3, respectively. Lifestyle factors such as smok-
ing and drinking did not significantly differ between 
OP and HC groups. Hypertension, diabetes mellitus, 
and blood chemistry measurements (glucose, triglycer-
ide, protein, albumin, and blood urea nitrogen (BUN)) 
were not significantly different between the two groups, 
suggesting that these parameters did not seem to have 
a significant relationship with OP.

Microbiota characteristics. A total of 1,419,302 
high-quality reads were generated among the 76 fecal 
samples, with 4,279 median values per sample. Com-
pared to the HC group, OP patients had no difference 
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in species richness and diversity, as shown in Faith 
phylogenetic diversity (Faith_pd) rarefraction curve 
(Fig. 1). Along with that, average taxonomic compo-
sitions in feces of osteoporotic patients and HCs are 
presented in Table SII and Fig. 2. Our data showed 
that average taxonomic compositions of OP patients 
and HC group were not significantly different at the 
phylum or class level. However, at the phylum level, 
Firmicutes showed the highest average percentage in 
both OP patients and HCs (HC = 50%, OP = 47%), 
followed by Bacteroidetes (HC = 35, OP = 39%), Pro-
teobacteria (HC = 7.7%, OP = 8.4%), and Actinobac-
teria (HC = 6.2%, OP = 5.5%). Similarly, at the class 
level, Clostridia had the highest percentage in both 
OP patients and HCs (HC = 45%, OP = 44%), fol-
lowed by Bacteroidia (HC = 35.6%, OP = 39%), Gam-

Fig. 1. Rarefaction curve for sequence depth. The Faith phyloge-
netic diversity (Faith_pd) rarefaction curve shows that there is no 
difference in species abundance and diversity between the healthy 

control (HC) group and the osteoporotic (OP) patient group.

Fig. 2. Average taxonomic compositions of healthy controls (normal) and osteoporosis patient groups. The normal group and osteo-
porosis (OP) patients were further classified at the phylum, class, order, family, and genus levels. Those with relative abundances less than 

1% were expressed as ETC. Only the Lachnospira genus showed a significant difference between the two groups among taxa of all ranks.
Statistical significance between groups was analyzed using the Wilcoxon rank-sum test. *p < 0.05.
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maproteobacteria (HC = 6.6%, OP = 6.3%), Actino-
bacteria (Class) (HC = 4.5%, OP = 4.3%), and Bacilli 
(HC = 3.4%, OP = 2%). At the order level, Clostridiales 
(HC = 45%, OP = 43.8%), Bacteroidales (HC = 35.6%, 
OP = 39%), Enterobacterales (HC = 6.3%, OP = 5.8%), 
and Bifidobacterailes (HC = 4.4%, OP = 4.1%) were 
abundant in HC and OP groups. Furthermore, at the 
family level, Ruminococcaceae (HC = 23.3%, OP = 24%) 
had the highest percentage in abundance, followed 
by Lachnospiraceae (HC = 19.6%, OP = 17.9%), Bac
teroidaceae (HC = 17.1%, OP = 17.2%), and Prevotel
laceae (HC = 11.4%, OP = 14.2%). Different genera 
also showed varied abundance in the two groups of 
subjects. The five most popular genera in both study 
groups were Bacteroides (HC = 17.05%, OP = 17.7%), 
Prevotella (HC = 9.91%, OP = 13.07%), Faecalibacterium 
(HC = 9.09%, OP = 9.72%), Escherichia (HC = 4.75%, 
OP = 4.41%), and Bifidobacterium (HC = 4.38%, 
OP = 4.12%). The rest of the genera were in lower 
abundance (Table SI). Our data showed that the genus 
Lachnosipra had a significantly higher abundance in 
OP patients than in HCs according to ranks of all taxa. 

Alpha diversity analysis. To determine the alpha 
diversity index for HC and OP patients’ stool samples, 
we performed multiple statistical analyses (Fig. 3). 
The species richness was analyzed with Ace, Chao1, 
Jackknife, and OTUs (Fig. 3A). The species diversity 
was analyzed with NPShannon, Shannon, Simpson, 
and Phylogenetic diversity (Fig. 3B). We found that 
differences between the HC and OP groups were not 
statistically significant in any analysis. Hence, our data 
indicated that both groups do not differ in species load.

Variations of microbiota in OP Patients and HCs. 
Our beta set-significance analysis by Jensen-Shan-
non, Bray-Curtis, Generalized UniFrac, and UniFrac 
revealed no differences between OP patients and HC 
at the genera level (Table  I). Changes in microbiota 
between HC and OP patients were also investigated 
using principal coordinate analysis (PCoA) (Fig. 4). 
PCoA plots were based on Jensen-Shannon divergence 
(Fig. 4A), Bray-Curtis (Fig. 4B), generalized UniFrac 
(Fig. 4C), and uniFrac (Fig. 4D) in two dimensions. 
Furthermore, OP patients and HCs were categorized 
individually according to cluster analysis based on the 
unweighted pair group method with arithmetic means 
(UPGMA) hierarchical clustering analysis (Fig. 5), 
including analysis by Jensen-Shannon (Fig. 5A), Bray 
-Curtis (Fig. 5B), generalized UniFrac (Fig. 5C), and 
UniFrac (Fig. 5D). UPGMA analysis resulted in no 
characteristic distinction between OP patients and HCs. 

Taxonomic biomarker discovery. The results of 
Kruskal-Wallis H tests and LEfSe analysis showed that 

Jensen-Shannon N.S. (p = 0.725) N.S. (p = 0.796)
Bray-Curtis N.S. (p = 0.463) N.S. (p = 0.173)
Generalized UniFrac N.S. (p = 0.616) N.S. (p = 0.631)
UniFrac N.S. (p = 0.757) N.S. (p = 0.732)

Table I
Results of beta set-significance analysis.

Permutational multivariate analysis of variance (PERMANOVA) was 
used to determine the beta set significance between osteoporosis (OP) 
and the normal group (HC).

Pair-wise Species Genus

Fig. 3. Alpha diversity indices for stool samples of healthy controls (normal) and osteoporosis (OP) patients. A) Species richness was 
analyzed with Ace, Chao1, Jackknife, OTUs, and B) Species diversity was analyzed with NPShannon, Shannon, Simpson, and Phyloge-
netic diversity. The horizontal thick black band represents the median value, and boxplot margins indicate the first and third quartiles. 

There was no significant difference between the two groups in any analysis results.
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one order, two families, and six genera were significantly 
different between the two groups (Fig. 6). The taxo-
nomic groups with p < 0.05 and linear discriminant anal-
ysis (LDA) effect size > 2 are presented here. Distribu-
tions of order Micrococcales (HC = 0.02%, OP = 0.1%), 
family Micrococcaceae (HC = 0.02%, OP = 0.07%), 
family Bacillaceae (HC = 0.02%, OP = 0.06%), genus 
Lachno spira (HC = 0.74%, OP = 1.13%), genus Soliba
cillus (HC = 0.00%, OP = 0.20%), genus PAC000195_g 
(HC = 0.19%, OP = 0.30%), genus PAC000741_g 
(HC = 0.01%, OP = 0.06%), genus PAC001435_g 
(HC = 0.01%, OP = 0.04%), and genus PAC001231_g 
(HC = 0.02%, OP = 0.02%) were increased in OP 
patients compared to HCs. Our data showed that the 
Lachnospira and Solibacillus genera had LDA effect 
sizes exceeding three (3.26565 and 3.037, respectively). 
Among them, the Lachnospira genus had the highest 
LDA effect size. It was the only one that showed a sig-
nificant change among taxa of all ranks.

To find out the relative abundance of Lachnospira 
in OP patients and HCs, we performed a percent-
age taxonomical abundance test and real-time PCR 
analysis (Fig. 7). After analyzing the relative taxonomic 

Fig. 6. Distinct taxa identified in healthy controls (normal) and 
osteoporosis (OP) patients using LEfSe (Linear discriminant anal-
ysis Effect Size) analysis. Taxonomic variations with linear dis-
criminant analysis (LDA) scores greater than 2 and significance 
at α < 0.05 as determined by the Kruskal-Wallis test are presented 
here. The raw data of the above analysis results are presented in 

Table SIII.

Fig. 5. Clustering using the Unweighted Pair Group Method with Arithmetic mean (UPGMA). Healthy controls (normal)
and osteoporosis (OP) patients were analyzed by A) Jensen-Shannon, B) Bray-Curtis, C) Generalized UniFrac, and D) UniFrac.
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abundance of the Lachnospira genus based on 16S 
rRNA amplicon sequencing results, it was found that 
OP patients were significantly rich in Lachnospira 
(p = 0.034) (Fig. 7A). Furthermore, qPCR results con-
firmed the higher abundance of the genus Lachnospira 
in OP patients than in HCs (Fig. 7B). So, these data 
indicate that the genus Lachnospira can be a candidate 
for taxonomic biomarker discovery of OP.

Functional pathway prediction. To investigate 
the possible functions of gut microbiota found in this 

investigation, PICRUST was used to identify KEGG 
functional pathways. Eleven KEGG pathways were pro-
jected to change between the osteoporosis and control 
groups, as illustrated in Fig. 8. HC had functionally ten 
improved pathways related to peptidoglycan matura-
tion, purine metabolism, geranyl diphosphate biosyn-
thesis, mevalonate pathway, PCO (photorespiratory 
carbon oxidation) cycle, glycerol degradation pathway, 
nicotinate pathway, L-valine degradation, creatinine 
degradation, and biphenyl degradation when compared 
OP. In contrast, the OP group had elevated pyrimidine 
biosynthesis than HCs (p < 0.05).

Discussion

The gut microbiota has been identified as a criti-
cal factor in several bone-related diseases like gout 
(Guo et al. 2016; Chu et al. 2021; Lin et al. 2021) and 
osteoporosis (Wang et al. 2017; Xu et al. 2017; Palacios-
González et al. 2020; Rettedal et al. 2021; Wei et al. 
2021a). Changes in gut microbiota have been linked 
to bone homeostasis and bone tissue quality (Sjögren 
et al. 2012; D’Amelio and Sassi 2018; Cheng et al. 2020; 
Ni et al. 2021). However, the precise link between gut 
microbiome composition and osteoporosis is unknown. 
In this work, the 16S rRNA gene sequencing method 
was employed to characterize gut microbiota composi-
tions of OP and HC in the Korean population. 

Representative indices for microbial richness were 
studied to explore the relationships between microbial 
compositions and OP risk in South Korean people. Our 

Fig. 8. Functional differences between OP and HC groups. A total of 11 metabolic pathways varied between the two groups. Tests were 
conducted at Kyoto Encyclopedia of Genes and Genomes (KEGG) using Phylogenetic Investigation of Communities by Reconstruction 

of Unobserved States (PICRUST) and MetaCyc webserver. PCO, photorespiratory carbon oxidation.

Fig. 7. The taxonomic abundance of the Lachnospira genus. 
Among taxa of all ranks, only the Lachnospira genus showed a sig-

nificant difference in abundance between the two groups.
A) Among 16S gene-based metagenomics analysis results, the relative 
taxonomic abundance of the Lachnospira genus was analyzed, and the 
Wilcoxon rank-sum test was used for statistical significance, B) this result 
was verified by real-time PCR. Unpaired Student’s t-test was applied for 
statistical significance. The quantification cycle (Cq) value of the osteo-
porosis (OP) group was lower than that of the normal (HC) group, con-
firming that the osteoporosis (OP) group contained more Lachnospira 

than the normal group (HC). * p < 0.05; ** p < 0.01

Normal

Osteoporosis
Normal

Osteoporosis
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data showed no differences in the average taxonomic 
composition of OP and HC groups at higher taxa (phy-
lum, class, order, and family) levels. However, only the 
Lachnospira genus was significantly higher among taxa 
of all ranks in the OP group. Several studies have investi-
gated the relationship between gut microbiota based on 
taxa and OP proportionate abundances, yielding incon-
clusive results. Previous studies (Xu et al. 2020; Wei et al. 
2021b) have reported increased phylum Bacteroidetes 
and genera Bacteroides in OP patients, while others 
(Wang et al. 2017) have shown a reduced population of 
phylum Bacteroidetes in OP patients. However, our data 
showed a slightly increased population of phylum Bac-
teroidetes in OP patients, although the increase was not 
statistically significant (HC = 35.63% vs. OP = 39.04%). 
Many Gram-negative bacteria of phylum Bacteroidetes 
have lipopolysaccharide (LPS) in their outer membrane 
(Eckburg et al. 2005). LPS-induced inflammation is 
reported to promote osteoclast and bone destruction 
(Abu-Amer et al. 1997; Zou and Bar-Shavit 2002). One 
cohort research has found that the relative abundance 
of the Lachnospira genus is increased in those with low 
bone marrow density (low-BMD) (Palacios-González 
et al. 2020), consistent with our findings. 

Our data showed no significant differences in spe-
cies richness or diversity between OP and HC groups. 
This data is consistent with earlier research showing no 
change in Simpson or Shannon diversity based on the 
same 16S rRNA sequencing to identify community vari-
ations between OP patients and HCs (Das et al. 2019; Xu 
et al. 2020). One research has found variations in alpha 
diversity between HCs and OP patients (Wang et al. 
2017). However, they studied only six subjects in each 
group. Thus, their conclusions should be cautiously con-
sidered (Wang et al. 2017). So, HC and OP groups can 
probably not be differentiated based on alpha and beta 
diversity analysis. Using the LEfse analysis, we identified 
some taxonomic differences between OP patients and 
HCs at order, family, and genus levels. After removing 
possible confounders, our data showed increased abun-
dances for order Micrococcales, families Micrococcaceae 
and Bacillaceae, and genera Lachnospira, Solibacillus, 
PAC000195_g, PAC000741_g, and PAC001435_g might 
be linked to an increased risk of OP.

The Lachnospira genus is a prominent member of the 
Lachnospiraceae family. Lachnospira bacteria are anaero-
bic, fermentative, and chemoorganotrophic like other 
family members. Some species of Lachnospira have sig-
nificant hydrolyzing enzymatic activities (Vacca et al. 
2020). Furthermore, based on diet intake data and gas-
trointestinal OTUs, Lachnospira was favorably linked to 
vegetables, fiber consumption, and potassium intake. 
In contrast, it showed a negative relationship between an 
omnivorous diet and cholesterol (Di Iorio et al. 2019; 
De Angelis et al. 2020; Vacca et al. 2020). Naderpoor 

et al. (2019), in their clinical trials studies, have shown 
that the vitamin D dose group has a higher population 
of Lachnospira than the control groups. Whisner et al. 
(2018) have found that the Lachnospiraceae family and 
Lachnospira genus are important taxa in college stu-
dents reporting moderate-to-vigorous physical activity. 
On the contrary, Lachnospira spp. is significantly more 
abundant in female subjects with obesity and obesity 
plus metabolic syndrome than in male subjects (Chávez-
Carbajal et al. 2019). Based on previous studies, the exact 
role of the Lachnospira genus in different study groups 
remains unclear. However, our findings revealed that the 
population of genus Lachnospira increased significantly 
in OP patients. The role of other distinctively prevalent 
taxa (order Micro coccales, families Micrococcaceae 
and Bacillaceae, and genera Solibacillus, PAC000195_g, 
PAC000741_g, and PAC001435_g) in LEfse analysis were 
not linked to osteoporosis before. 

The functional prediction data indicated that sev-
eral KEGG pathways might play a role in osteoporosis 
pathogenesis. In our data, the peptidoglycan matura-
tion showed the highest effect size of the other path-
ways. Many studies have established that peptidoglycan 
enhances osteoclastogenesis and bone resorption and 
synergizes osteoclast differentiation with LPS (Kishimoto 
et al. 2012; Kwon et al. 2021; Ozaki et al. 2021). Some 
studies indicate that peptidoglycan helps in the upregu-
lation of bone density, facilitating osteoblast differen-
tiation, and diminishing osteoclastogenesis by reducing 
the RANKL (receptor activator of NF-kB ligand)/OPG 
(osteoprotegerin) ratio (Sato et al. 2012; Ishida et al. 
2015; Chaves de Souza et al. 2016). Our data shows the 
increased purine degradation pathway in the HC group, 
but purine metabolism is usually coupled with gout dis-
ease. However, some studies indicate that purines (ATP) 
regulate bone and cartilage metabolism as ATP increases 
intracellular Ca2+ (Yu and Ferrier 1993; 1994; Hoebertz 
et al. 2003) to facilitate the formation of osteoclast. Gera-
nyl diphosphate and farnesyl pyro phosphate are neces-
sary for protein prenylation and are produced by the 
mevalonate system. The increased protein prenylation 
promotes bone resorption rather than creation (Choi 
et al. 2010; Agabiti et al. 2017; Hasan et al. 2018). Our 
prediction showed the increased geranyl diphosphate 
and mevalonate system in HC, which contradicts pre-
vious studies for unknown reasons. Valine is a critical 
metabolic regulator of hematopoietic stem cell (HSCs) 
or bone marrow cell maintenance (Wilkinson et al. 
2018), and Nakauchi (2017) demonstrated that dietary 
valine restriction emptied the mouse bone marrow 
niche within two weeks. A study by Huh et al. (2015) 
showed that creatinine is independently associated 
with low bone mineral density, affirming our predic-
tion. We could not find the reasons for the elevation of 
other metabolisms (pyrimidine biosynthesis, PCO cycle, 
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glycerol degradation pathway, nicotine degradation, and 
biphenyl degradation) and their role in bone health.

We attempted to develop a flawless study. However, 
some limitations remained. Firstly, the sample size of 
OP patients was not large enough. Specially, we obtained 
only 16 OP patients and 60 HCs. Secondly, OP is more 
common in postmenopausal females than in males. It 
is the primary cause of OP (Manolagas 2010). However, 
we did not analyze the differences between OP males 
and OP females separately in the present study due to 
fewer OP patient samples. Furthermore, all participants 
were from Bucheon city and nearby areas. Because these 
patients came from a confined area, geographical and 
climatic parameter variations were minimal. Thus, our 
findings require confirmations from other locations. 
Moreover, this study did not perform metabolomics 
assays to determine the organic compounds involved 
in the metabolism. Finally, the 16S rRNA sequencing 
study showed insufficient depth for species identifica-
tion. The weaknesses above must be addressed further 
by a future whole-genome sequencing (WGS) study. In 
addition, some studies indicate the relation between the 
oral microbiome and osteoporosis (Contaldo et al. 2020; 
2021). So, a future study may correlate oral dysbiosis, 
gut dysbiosis, and osteoporosis. Despite these limita-
tions, our findings provide essential information for 
the gut microbiota of Korean OP patients. They will 
have clinical significance for clinicians. However, these 
findings can be coupled with more precise and accurate 
techniques like whole genome sequencing and animal 
model studies.

Conclusions

Our data shows that a 16S rRNA amplicon sequenc-
ing study based on stool samples of OP patients can be 
used as a new diagnostic parameter for OP. Further-
more, OP patients and HC groups showed differences 
at the genera level, with OP patients showing a higher 
population of Lachnospira. Thus, Lachnospira might 
play an essential role in OP. 
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INFORMACJE Z POLSKIEGO TOWARZYSTWA MIKROBIOLOGÓW

Od ostatniej informacji o działalności Zarządu Głównego Polskiego Towarzystwa Mikrobiologów, zamieszczonej 
w zeszytach nr 3 z 2022 r. kwartalników Advancements of Mikrobiologia – Postępy Mikrobiologii i Polish Journal 
of Microbiology, ZG PTM zajmował się następującymi sprawami:

1. Z głębokim żalem zawiadamiamy, że w dniu 27 września 2022 r. zmarł Pan dr n. farm. Bohdan Jerzy Starościak 
specjalista w dziedzinie mikrobiologii farmaceutycznej. Pan Doktor całe życie zawodowe związany był z Zakładem 
Mikrobiologii Farmaceutycznej Akademii Medycznej w Warszawie – Warszawskiego Uniwersytetu Medycznego, 
prowadząc zajęcia dydaktyczne i badania naukowe oraz przez wiele lat kierując Zakładem. Przez pół wieku należał 
do Polskiego Towarzystwa Mikrobiologów, pełniąc szereg funkcji w Oddziale Terenowym PTM w Warszawie. 
Przez 30 lat był sekretarzem redakcji kwartalnika PTM – Postępy Mikrobiologii. Jako sekretarz bardzo rzetelnie 
recenzował i wykonywał korekty nadsyłanych manuskryptów, korzystając z ogromnej wiedzy mikrobiologicznej 
jaką posiadał.

2. Na stronie PTM utworzono zakładkę FEMS, do której są zamieszczane informacje otrzymywane z FEMS, powinno 
to zachęcić do szerszego korzystania z możliwości – korzyści jakie daje przynależność PTM do FEMS.

3. Wice-Prezes FEMS Pani prof. dr hab. Elżbieta A. Trafny i Pani Sekretarz dr. hab. Agnieszka Laudy wręczyły jubi-
leuszowy dyplom PTM Pani Profesor dr hab. Zofii Zwolskiej, Członkowi Honorowemu PTM, na Konferencji 
„Światowy Dzień Gruźlicy 2022” z uroczystą sesją naukową z okazji Jubileuszu Pani Profesor, w dniu 14 paź-
dziernika 2022 r., w Pałacu Staszica w Warszawie.

4. Z powodu rosnącej inflacji tj. wzrostu kosztów cen papieru, energii, opłat pocztowych, itp. podniesiono o 10% 
koszty prenumeraty papierowych zeszytów czasopism PTM nabywanych przez osoby prywatne. Obecnie będą 
one wynosiły – koszt 1 zeszytu AMPM i PJM 40 zł + 4 zł (10%) = 44 zł × 4 zeszyty = 176 zł + VAT 8% = 190,08 zł 

 Natomiast koszt prenumeraty roczników dla firm i bibliotek, zostanie zwiększony o 20% i wyniesie:
 koszt 1 zeszytu 40 zł + 8 zł (20%) = 48,– zł × 4 zeszyty = 192,– zł + 15,36 (VAT 8%) = 207,36 zł
 Dla prenumeratorów zagranicznych – ARS POLONA
 PJM – 500 zł + 100 zł (20%) = 600 zł + VAT 8% = 648 zł
 AMPM – 266 zł + 53,20 (20%) = 319,20 zł + VAT 8% = 344,74 zł

5. Podjęto Uchwałę Nr 29-2022 w sprawie zatrudnienia Pani Moniki Kucharskiej na stanowisku sekretarki w biurze 
ZG PTM od 01.11.2022 r. do 31.12.2023 r. 

6. Podjęto Uchwałę Nr 30-2022 w sprawie przyjęcia 12 nowych Członków Zwyczajnych PTM.

7. Podjęto Uchwałę Nr 31-2022 w sprawie objęcia patronatem honorowym wydarzenia
 „Antybiotykoterapia pod Lupą Farmaceuty” które odbywa się cyklicznie, w tym roku w dniach 14–18.11.2022. 

Organizatorem wydarzenia jest Polskie Towarzystwo Studentów Farmacji. Celem wydarzenia jest edukacja mło-
dego pokolenia, szczególnie młodzieży w wieku szkolnym, w zakresie antybiotyków i roli farmaceuty w przebiegu 
prawidłowej antybiotykoterapii.

8. Podjęto Uchwałę Nr 32-2022 w sprawie współorganizowania konferencji on-line
 „VIII Ogólnopolskie Spotkanie Mikrobiologów i Epidemiologów”, która odbyła się on-line w dniu 14 listopada 

2022 roku. Kierownikiem Naukowym Konferencji była Pani prof. dr hab. Ewa Augustynowicz-Kopeć, Konsul-
tant Wojewódzki w dziedzinie mikrobiologii lekarskiej. Współorganizatorem wydarzenia jest również Instytut 
Gruźlicy i Chorób Płuc oraz firma Medicare S.C.

9. Podjęto Uchwałę Nr 33-2022 w sprawie przyjęcia 3 nowych Członków Zwyczajnych PTM.
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10. W dniu 03.11.2022 r. odbyło się spotkanie redakcji czasopism PJM, AMPM oraz kierownictwa PTM z przed-
stawicielami firmy Sciendo na temat współpracy wydawniczej czasopism PTM. Zgłoszono szereg uwag do 
dotychczasowej współpracy oraz rozpoczęto rozmowy na temat nowych umów wydawniczych na okres 4-letni. 
Firma Sciendo odniosła się do zgłaszanych zastrzeżeń. Obiecano wyjaśnić szereg z nich a także przygotować 
projekty umów dotyczących wydawania on-line kwartalników PJM i AMPM. Trwają negocjacje w sprawie 
nowych umów wydawniczych.

11. Po raz pierwszy opłacono nowo wprowadzoną roczną składkę członkowską PTM w ESCMID – 250 Euro.

12. W dniu 22.11.2022 r. w ramach spotkania naukowego Sekcji Mikrobiologii Środowiskowej PTM został wygło-
szony wykład pt. „Nowe rozwiązania bio(techno)logiczne dla rozwoju zrównoważonych strategii uprawy 
roślin, z uwzględnieniem diagnostyki, zwalczania i monitoringu kluczowych fitopatogenów” przez Panią  
prof. dr hab. Magdalenę Frąc z Instytutu Agrofizyki im. Bohdana Dobrzańskiego Polskiej Akademii Nauk. 

13. W dniu 16.11.2022 r. odbyły się w Krakowie Warsztaty z okazji Europejskiego Dnia Wiedzy o Antybiotykach 
i Światowego Tygodnia Wiedzy o Antybiotykach organizowane we współpracy z Krakowskim Oddziałem PTM. 
W ramach Warsztatów, wykłady wygłosili: prof. dr hab. Waleria Hryniewicz, prof. dr hab. Marek Gniadkowski, 
dr hab. Anna Czajka prof. UR, dr Anna Bialecka i dr Alicja Kuch.

14. W dniach 29–30.11.2022 r., z okazji 200 rocznicy urodzin Ludwika Pasteura, odbyła się międzynarodowa konfe-
rencja, współorganizowana przez Warszawski Oddział PTM “The last word belongs to microbes, celebrating the 
200th anniversary of birth of Louis Pasteur”. Na konferencję przyjechało grono naukowców z Instytutu Pasteura 
w Paryżu oraz innych instytutów zagranicznych, którzy oprócz badaczy polskich wygłosili szereg wykładów. 
Zorganizowano również sesje plakatów i e-plakatów. Na konferencji obecna była m.in. Pani Prezydent FEMS, 
prof. Hilary Lappin-Scott. Materiały konferencyjne zawarto w opracowanej książce konferencyjnej.

15. Zakończono proces retrakcji 5 artykułów – plagiatów z zeszytów AMPM, co jest już widoczne na stronach 
internetowych, m.in. kwartalnika AMPM i WoS.

16. Oddział Terenowy PTM we Wrocławiu wraz z Katedrą Mikrobiologii i Biologii Molekularnej WLNZ UZ, Zakła-
dem Mikrobiologii WNB UWr oraz Zakładem Fizykochemii Drobnoustrojów WNB UWr zorganizował w Zie-
lonej Górze w dniu 09.12.2022 r. Sympozjum „Dolnośląsko-Lubuskie spotkania z mikrobiologią”. Omówiono 
zagadnienia poświęcone drobnoustrojom tworzącym biofilm i sposobom zwalczania biofilmu.

17. Sekcja Mikrobiologii Środowiskowej PTM w dniu 14.12.2022 r. zorganizowała seminarium on-line z wykła- 
dem „Ameby skorupkowe w badaniach torfowisk: paleoekologia, monitoring, eksperyment”, który wygłosił 
Pan prof. dr hab. Mariusz Lamentowicz z Pracowni Ekologii Zmian Klimatu Wydziału Nauk Geograficznych 
i Geologicznych Uniwersytetu im. Adama Mickiewicza w Poznaniu.

18. Do dnia 12.12.2022 r. przeprowadzono wybory nowych władz Oddziałów Terenowych i ich komisji rewizyjnych 
w większości oddziałów PTM. Mamy nadzieję, że do końca roku pozostałe OT PTM przeprowadzą wybory 
wśród swoich członków. Nowo wybranym władzom Oddziałów Terenowych PTM życzymy dużo sił, pomysłów 
i zaangażowania, aby nasze Towarzystwo rozwijało się dynamicznie.

19. Prezydium PTM postanowiło, z końcem 2022 r. zrezygnować z umieszczania informacji o działalności Zarządu 
Głównego Polskiego Towarzystwa Mikrobiologów w zeszytach kwartalników Advancements of Microbiologia 
– Postępy Mikrobiologii i Polish Journal of Microbiology. Dotychczasowe i nowe informacje o PTM zamieszczane 
będą co kwartał w utworzonej zakładce „Bieżące informacje z ZG PTM” na głównej stronie internetowej PTM.

20. Pan prof. dr hab. Jacek Bielecki zrezygnował z funkcji Redaktora Naczelnego kwartalnika Postępy Mikrobiologii 
– Advancements of Microbiology z końcem roku. Polskie Towarzystwo Mikrobiologów wyraża swoje wielkie 
uznanie dla 25. letniej oddanej pracy Pana Profesora w Redakcji Postępów Mikrobiologii i dziękuje za poświęcenie 
sprawom czasopisma. Pan Profesor zapisał się na trwałe w historii działalności i rozwoju czasopisma.

21. W związku z rezygnacją Pana prof. dr hab. Jacka Bieleckiego z funkcji Redaktora Naczelnego czasopisma 
Postępy Mikrobiologii – Advancements of Microbiology Prezydium ZG PTM Uchwałą Nr 34-2022 postanowiło 
z dniem 01.01.2023 r. powierzyć funkcję Redaktora Naczelnego Advancements of Microbiology (nowa nazwa) 
Panu prof. dr hab. n. med. Tomaszowi Gosiewskiemu, specjaliście mikrobiologii z Katedry Mikrobiologii 
Zakładu Molekularnej Mikrobiologii Medycznej Wydziału Lekarskiego Uniwersytetu Jagiellońskiego Collegium 
Medicum w Krakowie.
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22. Sprawy czasopism PTM
 PTM od 2023 roku będzie wydawało on-line kwartalnik Postępy Mikrobiologii – Advancements of Microbiology 

pod nazwą Advancements of Microbiology. Ponadto PTM negocjuje umowę czteroletnią na wydawanie on-line 
czasopism Advancements of Microbiology (dawniej Postępy Mikrobiologii) oraz Polish Journal of Microbiology 
przez firmę Sciendo, polską filię firmy De Gruyer. Opłaty wydawnicze będą wyższe niż w poprzednich latach, 
co zmusza PTM do podniesienia opłat redakcyjnych.
a) Ponadto wzrosła ranga czasopisma Polish Journal of Microbiology – nastąpił wzrost wskaźników oceny (m.in. 

do IF2021 = 2,019, 5-letni IF = 1,806, CiteScore = 2,7). 
 W związku z powyższym podjęto Uchwałę Nr 35-2022 w sprawie zwiększenia opłat redakcyjnych PJM:
 * dla autora korespondencyjnego – członka PTM (z opłaconą składką na rok bieżący), z 500 USD do 800 USD 

  + VAT 23%
 * dla autorów korespondencyjnych nie będących członkami PTM z 800 USD do 1000 USD + VAT 23% 

  (jeżeli się stosuje).
 Zwiększona opłata dotyczyć będzie manuskryptów przysłanych do Redakcji PJM od 01.03.2023 r.
b) W przypadku Advancements of Microbiology zrezygnowano z funkcjonującej przez 4 lata nazwy Postępy 

Mikrobiologii – Advancements of Microbiology, co ma ułatwić dostęp autorów zagranicznych do czasopisma 
i ponownej oceny kondycji czasopisma przez firmę Scopus. Ponadto w związku z podniesieniem rangi cza-
sopisma i wzrostu wskaźników oceny (m.in. IF2020 z 0,947 do IF2021 = 1,106), podjęto Uchwałę Nr 36-2022 
w sprawie zwiększenia opłat redakcyjnych:

 * dla autora korespondencyjnego – członka PTM (z opłaconą składką na rok bieżący), gdy manuskrypt jest 
  w wersji anglojęzycznej lub przysyłane są obie wersje językowe (angielska i polska) opłata wzrasta z 200 zł  
  + VAT 23% (tj. 246 zł brutto) do 400 zł + VAT 23% (tj. 492 zł brutto), gdy manuskrypt jest przysłany tylko 
  w języku polskim – opłata wzrasta z 400 zł + VAT 23% (tj. 492 zł brutto) do 800 zł + VAT 23% (tj. 984 zł  brutto);

 * dla pozostałych autorów korespondencyjnych, którzy nie są aktywnymi członkami PTM (nie mają opła- 
  conych składek w roku bieżącym), gdy manuskrypt jest w wersji anglojęzycznej lub przysyłane są obie 
  wersje językowe (angielska i polska) opłata wzrasta z 300 zł + VAT 23 % (tj. 369 zł brutto), do 1000 zł 
  + VAT 23% (tj. 1230 zł brutto), gdy manuskrypt jest przysłany tylko w języku polskim – opłata wzrasta 
  z 600 zł + VAT 23% (tj. 738 zł brutto) do 1400 zł + VAT 23% (tj. 1722 zł brutto).

 Zwiększona opłata dotyczyć będzie manuskryptów przysłanych do Redakcji AM od 01.03.2023 r.

23. W związku z podjęciem się obowiązku uzupełniania na bieżąco informacji na stronie PTM, podjęto Uchwalę 
Nr 37-2022 o zwiększeniu uposażenia miesięcznego sekretarki ZG PTM o 200 zł.

24. Podjęto Uchwałę Nr 38-2022 w sprawie przyjęcia nowych Członków Zwyczajnych PTM.

25. Z okazji nadchodzących Świąt Bożego Narodzenia i Nowego Roku 2023 dziękujemy wszystkim członkom PTM 
za współpracę w minionym okresie oraz życzymy dużo zdrowia, pomyślności oraz sukcesów na polu zawodo-
wym, rodzinnym, a także społecznym. 

Warszawa, 09.12.2022 r.
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CZŁONKOWIE WSPIERAJĄCY PTM

Członek Wspierający PTM – Srebrny
od 12.09.2017 r.

Firma Ecolab Sp. z o.o. zapewnia: najlepszą ochronę środowiska pracy przed patogenami powodującymi
zakażenia podczas leczenia pacjentów, bezpieczeństwo i wygodę personelu, funkcjonalność posiadanego sprzętu

i urządzeń. Firma jest partnerem dla przemysłów farmaceutycznego, biotechnologicznego i kosmetycznego. 

Członek Wspierający PTM – Zwyczajny
od 12.09.2017 r.

Merck Sp. z o.o. jest częścią międzynarodowej grupy Merck KGaA z siedzibą w Darmstadt, Niemcy i dostarcza
na rynek polski od roku 1992 wysokiej jakości produkty farmaceutyczne i chemiczne,

w tym podłoża mikrobiologiczne


