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Review

A Review on the Role of RT-PCR in Covid-19 Pandemic
Jayanthi Krishnaraj, Elaya Perumal Ulagalantha Perumal*, Vinaya Sugumar
Annakkili Amma Research Institute, Medavakkam, Chennai – 600100, Tamil Nadu, India
Abstract

Covid-19 became one of the most severe pandemics in the twenty-first century, inflicting massive 
human mortality. This most destructive disease spread by viral transmission from animal to human and then 
went on to spread from human to human. The Covid-19 virus disease was discovered through a series of 
symptoms. Since these symptoms are prevalent in most respiratory tract disorders, the Covid-19 condition 
is confirmed with a molecular study. RT-PCR is widely utilized for this purpose all over the world. Given 
the importance of RT-PCR in the pandemic, this review paper examines the major approaches utilized in 
RT-PCR techniques.
Keywords: Coronavirus, Covid-19, RT-PCR, Vaccine discovery
Резюме

Covid-19 се превърна в една от най-тежките пандемии през двадесет и първи век, причинявайки 
огромна човешка смъртност. Тази най-разрушителна болест се разпространява чрез предаване на ви-
рус от животно на човек, след което се разпространява от човек на човек. Вирусната болест Covid-19 
е открита чрез поредица от симптоми. Тъй като тези симптоми преобладават при повечето заболя-
вания на дихателните пътища, състоянието на Covid-19 се потвърждава с молекулярно изследване. 
RT-PCR се използва широко за тази цел в целия свят. Като се има предвид значението на RT-PCR в 
пандемията, този обзорен документ разглежда основните подходи, използвани в техниките RT-PCR.
Introduction

Reverse transcription-polymerase chain reac-
tion (RT-PCR) is a laboratory technique that com-
bines reverse transcription of RNA into DNA (also 
known as complementary DNA or cDNA) with 
polymerase chain reaction (PCR) amplification of 
particular DNA targets (Freeman et al., 1999). For 
identifying, tracking, and investigating the Cov-
id-19 virus, RT-PCR is one of the fastest and most 
accurate laboratory procedures. When an infected 
person comes into close contact with another per-
son, the virus spreads widely. When an infected in-
dividual breathes, coughs, or even speaks, the virus 
enters the mouth, nose, or eyes of another person. 
However, this may also be possible when small 
droplets linger in the air for minutes to hours within 
enclosed spaces that have inadequate ventilation.

When the Covid-19 pandemic began, RT-
PCR tests were the first to be developed and widely 
utilized and have remained the first tool for diagno-
sis (Corman et al., 2020). SARS-CoV-2, RT-PCR 
identifies viral RNA; a positive result is extremely

specific for the presence of the virus, and this is ac-
countable for Covid-19, a novel beta coronavirus, 
which was identified as SARS-CoV-2 and which 
causes not only severe but also asymptomatic in-
fections in some individuals.

The purpose of this study was to go over the 
key approaches, processes, and reasons for using 
RT-PCR to detect the novel coronavirus Covid-19.
Reverse Transcription-Polymerase Chain 
Reaction (RT-PCR)

RT-PCR is the gold standard for identifying 
the SARS-CoV-2 virus because of its capacity to 
amplify a small quantity of viral genetic material 
in a sample. The present SARS-CoV-2 RT-PCR 
techniques are only intended for the qualitative 
detection of virus-specific gene targets and not for 
quantitative measurement. RT-PCR tests for COV-
ID-19 typically use swabs to obtain samples from 
the upper respiratory system. A few investigations 
have also been conducted utilizing serum, feces, or 
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ocular secretions (Xia et al., 2020; American Col-
lege of Physicians, 2020; Kujawski et al., 2020). 
Rutgers Clinical Genomics Laboratory created an 
RT-PCR assay (TaqPath Covid-19 Combo kit) that 
employs self-collected saliva samples, which is 
faster and less unpleasant than existing sample col-
lection methods, lowers healthcare provider haz-
ards, and may allow for higher-volume testing (US 
FDA, 2020; Rutgers University, 2020).
One-step and two-step assay in quantitative 
qRT-PCR

When the starting material is RNA, quanti-
tative reverse transcription PCR (qRT-PCR) is uti-
lized. RNA is reverse-transcribed into complemen-
tary DNA (cDNA) from total RNA or messenger 
RNA (mRNA) in this approach, and the cDNA is 
then utilized as the template for the qPCR reaction. 
It can be discovered and detected? using two meth-
ods: RT-PCR and one-step assays, which combine 
reverse transcription and PCR amplification in a 
single tube, making it quicker and repeatable. The 
reactions are carried out sequentially in two sepa-
rate tubes in a two-step assay, which is time-con-
suming yet sensitive as compared to the one-step 
assay format shown in Fig. 1 below.
One-Step Rt-PCR method

•	 Simple and fast analysis
•	 Errors and contamination steps reduced by 

less pipetting
•	 Improved data reproducibility
•	 For high-throughput application

Two-Step Rt-PCR method
•	 The RNA sample due to separate reactions 

from multiple targeting from the same RNA 
sample due to separate reactions

•	 The RT enzymes and DNA polymerases for 
PCR were selected with greater flexibility. 

•	 Store cDNA for later use
•	 Limited amount of starting material (i.e. sin-

gle-cell analysis) (Thermo Fischer Scientific 
weblink).

Fig. 1. One-step and two-step RT-qPCR

RT PCR works with Covid-19 sample
Sample collection

A collar point swab is used to obtain speci-
mens from both nostrils of the asymptomatic pa-
tient. Insert the swab into one nostril until the swab 
collar contacts the surface of the nose with the pa-
tient’s head inclined. Once the swab is in place, ro-
tate it two times in a circular motion and keep it 
there for 15 seconds. Using the same swab, repeat 
the procedure for the second nostril, and then re-
move the swab and place it in an appropriate viral 
transport medium.
Coronavirus RNA extraction
Viral RNA extraction

SARS-CoV-2 is an RNA virus with only one 
strand. For accuracy and sensitivity, viral RNA 
must be extracted from the collected sample. Both 
manual and automatic extraction options are avail-
able in the Westburg Application.
Manual Virus RNA extraction

The innuPREP Virus TS RNA Kit takes 
around 25 minutes to manually isolate viral RNA 
from tracheal swabs such as nasopharyngeal and 
oropharyngeal samples. The substance begins to 
lyse and binds to the RNA surface of a spin filter 
membrane. The viral RNA is eluted from the mem-
brane in a tiny volume of RNase-free water follow-
ing washing. Table 1 shows the extraction process 
and chemicals that were optimized for maximum 
yields.
Automated viral RNA extraction

The innuPure C16 kit extracts viral RNA 
from swabs and cell-free bodily fluids (e.g. serum, 
plasma, liquor) with medium throughput, while 
other kits such as the CyBio Felix liquid handling 
robot, the KingFisherTM Flex Purification System, 
and the Thermo Scientific are also available. The 
AniPath product line from Innu PREP enables the 
simultaneous extraction of viral and bacterial nu-
cleic acids from a variety of sample sources.
RT-PCR conventional metods

The polymerase chain reaction is a conven-
tional method used for DNA replication and thus 
enables the “target” DNA sequence to be selective-
ly amplified several million-fold in only a couple of 
hours. The amplification of PCR is predetermined 
during the fragment of DNA. The PCR requires 
various components and reagents, including a DNA 
template, which accommodates the DNA region 
(target) to be amplified by Taq polymerase, a DNA 
polymerase, which is heat resistant and remains in-
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tact during the DNA denaturation process. These 
two primers are complementary to the 3’ ends of 
every function and anti-sense strand of the DNA tar-
get (DNA polymerase, which binds and elongates 
from a double-stranded region of DNA, and with-
out primers there is no double-stranded initiation 
site for the polymerase to bind). Deoxynucleoside 
triphosphates (dNTPs, sometimes called “deoxy-
nucleotide triphosphates”; nucleotides containing 
triphosphate groups), are the building blocks from 
which the DNA polymerase synthesizes a replace-
ment DNA strand. The DNA polymerase activity 
and stability are optimized by the buffer solution. 
Bivalent cations, magnesium or manganese ions; 
generally, Mg2+ is used, but Mn2+ can be used for 
PCR-mediated DNA mutagenesis, high Mn2+ con-
centration may increase the inaccuracy rate during 
DNA synthesis.

PCR runs as many as 25-45 repeated tem-
perature changes known as cycles, and each cycle 
consists of 3-4 discrete temperature steps which are 
operated at high temperature (>90°C) and followed 
by one hold at the end and extension of the final 
product. The temperatures used and therefore the 
length of time depends on various parameters: the 
enzymes used for DNA synthesis, the divalent ion 
concentration, dNTPs within the reaction, and the 
melting temperature (Tm) of the primers.

Initialization step (Only required for DNA 
polymerases that need heat activation by hot-start 
PCR): this step consists of heating the reaction to 
a temperature of 94–96°C or 98°C in an extreme-
ly thermostable polymerase used and done in 1-9 
minutes.

Denaturation step: This step includes heating 
the reaction to 94–98°C for 20–30 seconds, which 
causes the melting of DNA and DNA template 
by disrupting the hydrogen bonds between com-
plementary bases, and thus yields single-stranded 
DNA molecules.

Annealing step: this temperature is lowered 
to 50–65°C for 20 - 40 seconds allowing the prim-

ers to anneal the single-stranded DNA template.
Extension/elongation step: the DNA pol-

ymerase used depends on temperature, and Taq 
polymerase has its optimum activity temperature 
at 75–80°C, and usually a temperature of 72°C 
is applied with this enzyme. During this step, the 
DNA polymerase synthesizes a replacement DNA 
strand complementary to the DNA template strand 
by adding dNTPs that are complementary to the 
template in the 5’ to 3’ direction, condensing the 
5’-phosphate group of the dNTPs with the 3’-hy-
droxyl group at the tip of (extending) DNA strand 
and it depends both on the DNA polymerase and 
the length of the DNA fragment to amplify.
Rt PCR Mixed Kit

Premix Ex Taq master mix is used for the 
probe-based real-time PCR or 5’ nuclease assays. 
This 2X master mix includes Takara Ex Taq HS 
- a sweltering PCR enzyme together with an an-
ti-Taq antibody - in a qPCR-optimized buffer. This 
suppresses nonspecific amplification and permits 
high-efficiency detection and sensitivity during re-
al-time PCR analyses. Additionally, Ti RNase H, a 
heat-resistant RNase enzyme, is within the real-time 
PCR premix to attenuate PCR inhibition thanks to 
the presence of residual mRNA in the input cDNA. 
This master mix is perfect for high-speed PCR, 
for target quantification and detection over a wide 
range, and has reproducible and reliable real-time 
PCR analyses.
Real-Time PCR equipment

The instrumentation of real-time PCR re-
quires a thermal cycler, a computer, optics for flu-
orescence, excitation, emission, collection, data 
acquisition, and analysis software. These machines 
have several manufacturers, which differ in sam-
ple capacity (96-well standard format, other a 
little sample and require specialized glass capil-
lary tubes), method of excitation (lasers, others 
broad-spectrum light sources with tunable filters), 
and complete sensitivity. 

Table 1. Manual extraction methods
Sample 

throughput Extraction platform RNA Extraction kit

Medium, 
Automated

InnuPure C16 
touch Up to 15 samples / 30 - 84 min innuPREP AniPath DNA/RNA Kit - IPC16

innuPREP Virus DNA/RNA Kit - IPC16
High, 
Automated

KingFisher™ Flex
(Thermo Scientific) Up to 95 samples / 60 min innuPREP AniPath DNA/RNA Kit - KFFLX

innuPREP RNA Virus PLUS Kit – KFFLX
High, 
Automated CyBio FeliX Up to 95 samples / 62 - 72 min

Extraction + (q)PCR setup innuPREP Virus TS RNA Kit 2.0 - FX
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Primer and probes
SARS-CoV polymerase 1b and nucleocapsid 

gene sequences have various primers and probes 
are designed from the Urbani strain, by using spe-
cific software during a default setting, and the prim-
er melting temperature (TM) set at 60°C; probe TM 
set at 10°C greater than the primers at approximate-
ly 70°C; and no guanidine residues permitted at the 
5′ probe termini. The primers and probes are con-
solidated by standard phosphoramidite chemistry 
techniques. TaqMan probes were labeled at the 5′-
end of the reporter molecule 6-carboxy-fluorescein 
and 3′-end with the quencher Blackhole Quencher 
1. SARS-CoV RNA was purified by twofold dilu-
tions of each primer against cross titration which 
the optimal primer and probes are determined 
(Shannon and Emery, 2004). 
Real-Time PCR sensitivity and reproducibility

The copy detection limits and dynamic range 
of improved real-time RT-PCR assays were eval-
uated using serial dilutions of the polymerase and 
nucleocapsid RNA transcripts that were examined 
tenfold. For SARS2 and SARS3, which have two 
transcript copies per reaction, and SARS1, which 
has 7.5 copies per reaction, it almost reaches the 
lower limit of feasible detection. Typically, three 
confirmatory tests using various primer and probe 
sets (N3, 3′NTR, and M) were used. These assays 
had potential detection limits that were comparable 
to those of the SARS2 and SARS3 assays. For the 
three primer/probe sets, CT values and transcript 
quantities showed strong linear correlations (r2 
0.99) spanning at least a 6-log range, from roughly 
102 to 107 copies per reaction.
Vaccine discovery and steps involved in vaccine 
development

Vaccine development is moving at unprece-
dented speed, with more than 200 candidates, and 
manufacturing often proceeding before even know-
ing whether a given vaccine candidate will succeed 
(Park et al., 2020). Here are some actions and steps 
involved to ensure a new vaccine development is 
safe and works well, and this is shown in Fig. 2. 
Now for SARS-CoV-2 we are still learning, we are 
still observing, and our knowledge is evolving. 

Some vaccines are currently in development 
and other vaccines could protect against the var-
iants, and these vaccines elicit a fairly broad im-
mune response, a host of antibodies, and cell-medi-
ated immune responses (John et al., 2020).

Certain studies have provided evidence that 
individuals exposed to the virus can acquire immu-

nity even without manifesting clinical symptoms, 
others have reported the absence of acquired im-
munity even after post-infection recovery (Iyer et 
al., 2020; Isho et al., 2020; Gao et al., 2021; WHO, 
2021; Giorgia, 2020). 

Fig. 2. Steps involved in vaccine development

Discussion
During this SARS outbreak, real-time RT-

PCR assay is based on multiple primers and probes 
on different genomic targets to ease the sensitivi-
ty and specific detection of SARS-CoV in clinical 
specimens. The increased sensitivity of the real-time 
RT-PCR assay compared to conventional RT-PCR 
and the mixed kit method aid the detection of the 
virus at earlier stages of infection when the virus is 
present at a low titer in respiratory secretions (Liu 
et al., 2020). The amplification plot was derived 
from the above serial 10-fold dilutions of severe 
acute respiratory syndrome-associated coronavirus 
RNA transcripts, using TaqMan reverse transcrip-
tion-polymerase chain reaction primer/probe sets 
SARS1, SARS2, and SARS3. A PCR Base Line 
Subtractive Curve Fit of the data was plotted against 
the cycle number. This standard deviation of fluo-
rescence in every well over the baseline cycles was 
used to calculate the threshold cycle, or CT value, 
for a positive reaction (horizontal line). This study 
shows standard curve analysis of the RNA amplifi-
cation plots with CT values plotted against starting 
copy number, plots derived from dilutions contain-
ing 2 x 106 to 20 transcript copies for SARS2 and 
SARS3, and 7.5 x 106 to 75 copies for SARS1. The 
real-time amplification curve was studied by using 
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positive and negative plots and these assays includ-
ed an indeterminate zone, the Ct range of which 
falls in between the cut-offs for detected obscure 
results (e.g. Ct 38.1 to 39.9 for the PHO LDT). 
Indeterminate results are those Ct values that fall 
between the cut-offs for detected and not detected 
in the amplification process. Therefore, eliminating 
the need for post-amplification product processing, 
the real-time RT-PCR format permitted shortened 
turnaround time for reporting results, which proved 
critical during the SARS outbreak.
Conclusion

In conclusion, real-time RT-PCR makes it 
easier to detect disorders based on genetic mate-
rial. The approach of the real-time RT-PCR kit is 
improved by the sample techniques and high-qual-
ity extraction. During the most recent Covid-19 
outbreak, the real-time RT-PCR assay has proved 
its ability to quickly, sensitively, and specifically 
detect SARS-CoV in clinical measurements. The 
most sophisticated and accurate way to identify 
and confirm viral-based disorders like Covid-19 
is the RT-PCR assay. As a result of the widespread 
usage of RT-PCR to identify COVID-19, it is now 
possible to use this technology globally to identify 
any upcoming viral infections and protect people’s 
lives.
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Abstract

Plant extracts, especially essential oils, are known to have antimicrobial properties. When microbes 
are subjected to essential oils, a broad spectrum of changes pertaining to their cellular components and 
metabolic processes is seen. This review talks about the various factors influencing the activity of essential 
oils, including growth and harvesting conditions, extraction conditions, and experimental variables. It also 
speculates the mechanisms of action employed by the major constituents of essential oils, based on their 
structures, as well as their observed effects on bacteria. These include cell membrane disruption, leakage 
of cell components, inhibition of motility, the release of reactive oxygen species, and altered protein ex-
pression, amongst others. Examples of some plant sources have also been taken to solidify our analysis of 
these topics. Finally, the synergy shown by essential oils with other essential oils and antibiotics has been 
briefly discussed, highlighting their ability to inhibit the growth of both antibiotic-resistant and susceptible 
organisms.
Keywords: antimicrobial activity, bacteria, essential oils, mechanism, resistance, synergy
Резюме

Известно е, че растителните екстракти, особено етеричните масла, имат антимикробни свойства. 
Когато микробите са подложени на действието на етерични масла, се наблюдава широк спектър от 
промени, отнасящи се до техните клетъчни компоненти и метаболитни процеси. Настоящият обзор 
разглежда различните фактори, влияещи върху активността на етеричните масла, включително 
условията на растеж и прибиране на реколтата, условията на екстракция и експерименталните про-
менливи величини. Обсъждат се механизмите на действие на основните съставки на етеричните 
масла, въз основа на техните структури, както и на наблюдаваните ефекти върху бактериите. Те 
включват разрушаване на клетъчната мембрана, изтичане на клетъчните компоненти, инхибиране на 
подвижността, генериране на реактивни кислородни видове, променени в експресията на протеините 
и други. За да потвърждение на представените анализи са използвани примери и от някои други 
растителни източници. В заключение, синергията, показана от етеричните масла с други етерични 
масла и антибиотици е обсъдена накратко, подчертавайки способността им да инхибират растежа 
както на резистентни, така и на чувствителни към антибиотици организми.

Introduction
The discovery of antibiotics is a milestone in 

the history of medicine, having been our ultimate 
weapon against bacterial and fungal infections. 
However, bacteria evolve rapidly, which means 
that several strains have already developed mod-
ifications to resist antibiotic mechanisms. At this 
rate, classical antibiotics will cease to work. Hence, 
there is a lookout for alternative antimicrobial 

agents, such as bacteriophages, antimicrobial pep-
tides, bacteriocins, and nanomaterials, amongst 
others. Another plausible solution is the use of plant 
essential oils (Joerger, 2003; Hemeg, 2017).

Plants contain a variety of phytochemicals. 
Out of these, secondary metabolites like terpenes, 
phenolics, alkaloids, and glycosides possess medic-
inal properties. Phenolics and terpenes, along with 
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their derivatives, can be extracted in the form of 
plant essential oils (EOs). EOs are volatile, aro-
matic, colourless, lipophilic, low-density sub-
stances, which can have a number of components 
with 2 or 3 being present in maximum concentra-
tions (20-70%) and others in smaller quantities. 
They can be acquired from every part of a plant 
– flowers, bark, stems, leaves, buds, seeds, fruits, 
and roots, via steam or hydro-distillation, CO2 
Extraction, Maceration, Solvent Extraction, Cold 
Press Extraction, or Enfleurage.

Generally known for their antioxidant, an-
tiseptic and anticancer properties, EOs exhibit 
inhibitory behaviour against bacteria, fungi, and 
viruses, amongst others (Swamy et al., 2016). 
The oils of thyme, clove, basil, eucalyptus, orega-
no, and peppermint are some common examples. 
Many EOs can also work on bacteria that are re-
sistant to other antibiotics. It has been observed 
that EOs can work synergistically with antibiotics 
to inactivate bacterial mechanisms of resistance 
and increase susceptibility (Si et al., 2008).  With 
the help of these, it might be possible to reverse 
antibiotic resistance and reuse discarded antibiot-
ics. As a result, EOs are said to have the charac-
teristics of effective resistance modifying agents. 

Apart from this, they display synergistic an-
tibacterial activity with nanoparticles, probiotics, 
and even other EOs. Compared to most antibiot-
ics, EOs are naturally present, easy to obtain and 
impart fewer side effects. It has been observed 
that the components of EOs target various parts of 
the cells, and affect the cell morphology, energy 
and enzyme production, gene expression, repro-
duction, motility, and biofilm formation, causing 
a chain of events leading to the destruction of the 
cell. On this basis, feasible mechanisms of ac-
tion have been proposed but a lack of precision 
in experimental results leaves us unable to make 
clinical use of EOs right away. Thus, a more de-
tailed study of the chemical behaviour and mutual 
relationship of EO constituents is required. This 
must be done while considering the influence of 
variables like the source, extraction, and dose of 
EO taken, a solvent used, concentration of each 
constituent, temperature, time of exposure, and 
evolutionary history of the microbial strain. This 
review aims to discuss the influence of all these 
aspects on the antibacterial mechanisms of EOs, 
to get more clarity on the big picture of EO-bac-
terial interactions. This will pave the way for the 
development of EOs into efficient antibacterial 
agents.

Conditions influencing antimicrobial activity 
of essential oils
Growth and harvesting conditions 

Glandular trichomes play a significant role 
in secondary metabolite secretion (Muravnik and 
Shavarda, 2012). Variation in gene regulation due 
to factors like the age of leaves or trichomes can in-
fluence the type of EO produced (Deschamps and 
Simon, 2010). The density of these structures on a 
particular plant sample can also be vital in deter-
mining the quantity and quality of EO obtained. Jia 
et al. (2013) explained that the maximum yield of 
Thymus quinquecostatus EO is obtained when the 
plant is in its vegetative growth period, as opposed 
to the flowering and withering period, probably 
due to the presence of more glandular trichomes. 
Sellami et al. (2009) demonstrated similar results 
for Origanum majorana, however, Bendiabdellah 
et al. (2013) obtained a maximum yield of Daucus 
crinitus oil at the full flowering stage. The compo-
sition of EOs also varies during different growth 
stages, as shown by Bendiabdellah et al. (2013).  
Additionally, the soil type, fertilizer application, 
and interactions between minerals can affect the 
synthesis pathways of EO components (El-Alam 
et al., 2019; Walia and Kumar, 2021; Burneo et 
al., 2021). For instance, high rates of foliar nitro-
gen application can increase volatile oil content 
in sweet basil (Nurzyńska-Wierdak, 2013). All of 
these aspects make it difficult to draw definitive 
conclusions about the relationship between the de-
velopmental stages of plants and the correspond-
ing EO quality. 

EOs of the same species derived from differ-
ent regions can have different compositions (Joshi, 
2014).  Due to variations in temperature, light and 
wind intensity, ozone, and other gaseous levels, 
altitude can exert an influence on EO content and 
composition. In many cases, the total EO yield 
was found to be boosted by greater altitudes. This 
may be associated with the fact that higher eleva-
tions and decreasing annual temperature cause an 
increase in glandular trichome density (Wu et al., 
2021). It was seen that there was a rise in the quan-
tity of some EO components while others were re-
duced or unaffected. For instance, EO derived from 
fresh fruits of Kundmannia anatolica grown at low 
altitude was dominated by monoterpenoids, while 
the high-altitude sample contained more sesquiter-
penes, a few of which were absent in the former 
extract (Şanli and Karadoğan, 2016). Since each 
component plays its role in the antimicrobial activ-
ity, it is inconclusive whether greater altitudes are 
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beneficial or not, in this context. 
It has been seen that higher humidity and an-

nual rainfall increase the total EO content, maybe 
due to an increase in the number or storage capaci-
ty of glandular trichomes (Martínez-Natarén et al., 
2011; Fernández-Sestelo and Carrillo, 2020). In a 
three-year study on Lavandula latifolia samples ob-
tained from 34 Spanish regions, the highest yield 
and best quality were obtained during the year with 
the highest rainfall, with good levels of its most ef-
fective component linalool. However, this sample 
belonged to the region with the least rainfall. This 
discrepancy leads us to believe that there are oth-
er factors at play (Fernández-Sestelo and Carrillo, 
2020).

Dehsheikh et al. (2019) showed that Arabian 
lilac gave high oil content in spring and autumn, 
with maximum amounts of β-caryophyllene and 
sabinene. This is probably due to stress caused by 
sudden weather changes at the onset of these sea-
sons. On the other hand, the other seasons showed 
increased production of antioxidant phenolics such 
as flavonoids in summer and anthocyanins in win-
ter. Similarly, Lebanese Origanum ehrenbergii har-
vested from March to October (spring to autumn) 
contained high levels of carvacrol with good an-
timicrobial activity (Zgheib et al., 2019). Hence, 
growth location and conditions, as well as harvest-
ing time and methods must be selected to accom-
modate the maximum quantity of the desired com-
ponents and to improve the quality and yield of the 
oil.
Extraction conditions 

Benbelaid et al. (2013) stated that the EO 
yield as well as the antimicrobial activity decreased 
on drying. However, Haloui et al. (2015) reported 
a slight increase after drying for the first 7 days, 
subsequently followed by a decrease in the yield. 
The different drying temperatures and methods 
may increase or decrease the levels of existing EO 
constituents, or even lead to the formation of new 
compounds (Pirbalouti et al., 2017; Tewari et al., 
2019). The nature and size of the plant particles, 
the volume ratio of sample to solvent, degree of 
polymerization, and biochemical interactions affect 
the solvent extraction process (Trujillo-Echeverria 
et al., 2020). Small particle size can enhance sol-
vent penetration and increase solute diffusion but 
creating extremely fine particles will cause exces-
sive absorption and make filtration difficult (Zhang 
et al., 2018). Higher solvent-solid ratios increase 
extraction yield, but very high ratios may result in 
the creation of dilute extracts (Zhang et al., 2018).

The process of extraction can largely affect 
the yield, composition, properties, and hence the 
effectivity of EOs (Boutebouhart et al., 2019). In 
some cases, there may be a difference in the num-
ber of components extracted by different methods. 
For instance, in a study conducted by Yamini et al. 
(2008), the extraction of Salvia mirzayanii EO by 
hydro-distillation (HD) gave 2.2% (w/w) EO, but 
supercritical fluid extraction (SFE) gave up to 9.7 
% yield. However, the total number of components 
extracted by HD was 34 while SFE gave only around 
20, with 3 components taking up 63% of the oil. In 
another case, the major components of Origanum 
glandulosum EO were the same when extracted by 
HD, solvent-free microwave extraction (SFME), 
and microwave-assisted extraction (MAE), with 
only a difference in their contents (Bendahou et 
al., 2008). Okoh et al. (2010) have shown that Ros-
marinus officinalis EO obtained by SFME shows 
greater antimicrobial property than HD extracted 
EO, owing to the higher quantity of oxygenated 
monoterpenes (SFME (28.6 %) > HD (26.9 %)), 
such as verbenone and camphor. This is probably 
because SFME uses less water, time, and energy 
than HD, thus reducing the thermal and hydrolytic 
side effects on EOs (Kusuma et al., 2016). Thus, 
different extraction methods can be chosen based 
on the requirements of specific EO compounds, or 
the nature of the plant material. For instance, cold 
pressing (CP) can be used on tough substances like 
citrus peel, where the oil glands must be ruptured 
using pressure to access the trapped oil (Reyes-Ju-
rado et al., 2015). Recently, it has been found that 
cellulase pre-treatment on orange and grapefruit 
peels can increase the CP yield by 2-6-fold, and 
ultrasound-assisted extraction (UAE) can help rup-
ture Japanese Citrus peels to give 44% more oil 
(Mahato et al., 2019).

During the process of extraction, the proper-
ties of the used solvent exert a huge influence on 
the composition and yield of essential oils (Eljazi et 
al., 2018). Different plants may show a preference 
for different solvents even while using the same 
extraction technique. Tsegaye-Fekadu et al. (2019) 
showed that the usage of n-hexane during Soxhlet 
extraction can yield more EO from orange peels 
when compared to methanol and petroleum ether. 
As opposed to these observations, Hassim et al. 
(2015) obtained a greater yield extract of Polygo-
num minus EO with methanol than with both water 
and n-hexane during Soxhlet extraction. However, 
they also stated that water can yield more P. minus 
EO than methanol during maceration. This implies 
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that the method of extraction plays a role in deter-
mining which solvent is most suitable, due to factors 
like temperature differences intrinsic to the proce-
dure. Several studies (Hassim et al., 2015; Chutr-
tong and Kularbphettong, 2019; Onyebuchi and 
Kavaz, 2020) infer that methanol is a potent solvent 
for EO extraction, probably because its small mo-
lecular size and high polarity help it infiltrate plant 
tissues easily and dissolve the required compounds 
within. The methanolic extracts of Ecballium elate-
rium EO were seen to have higher phenolic content 
than acetone and diethyl ether extracts (Dielectric 
constants are 32.7 > 20.7 > 4.3, respectively) (Felhi 
et al., 2017). This is explained by the reasoning that 
polar organic solvents mixed with water can dis-
solve high amounts of compounds soluble in both 
aqueous and organic phases (Do et al., 2014). Has-
sim et al. (2014) obtained more EO content and an-
tibacterial activity while using 70% methanol as the 
extraction solvent, than 50% and 100% methanol. 
This indicates that the magnitude of solvent – water 
dilution also has some significance in this context.

Changes in temperature and pressure can fa-
vour the rupture of plant cell walls and also interfere 
with solubility and solute volatility. During SFE, a 
moderate rise in pressure increases solvent densi-
ty and higher temperatures increase solute vapour 
pressure. Either of these can enhance plant compo-
nent solubility in less time. But a drastic increase in 
pressure decreases solvent diffusivity, hence low-
ering extract yield (Khaw et al., 2017). While us-
ing highly efficient methods like SFE, adding small 
amounts of polar cosolvents to non-polar solvents 
like CO2 can help improve the yield even further 
(Capuzzo et al., 2013).
Experimental variables

The behaviour of essential oils is owed to the 
components present in them. If solvents are used, it 
is necessary to choose those which facilitate the ac-
tivity of EO components (Pandey et al., 2011). The 
structure of the components and presence of func-
tional groups are directly responsible for the mech-
anism of action. For instance, terpenoids cause 
changes in membrane potential and permeability, 
which is stimulated by their hydroxyl groups and 
delocalized electrons. The presence of EOs can also 
enhance the working of other EOs (García-Díez et 
al., 2017).  When EO components are used in their 
pure forms, a combination of two or more of these 
has been seen to be synergistic in many cases (Pei 
et al., 2009). This implies that inter-compound re-
lationships can have an impact on EO effectivity. 
However, the consolidation of EO constituents may 

not always function better than the individual com-
pounds and can even be a hindrance. In fact, Cox et 
al. (2001a) observed pure terpinen-4-ol to be more 
effective than tea tree (Melaleuca alternifolia) EO, 
of which it was the principal component. This may 
be due to the lowering of water solubility of terpin-
en-4-ol by non-oxygenated terpenes.

The behaviour of EOs varies across different 
micro-organisms. Many of them show lesser inhi-
bition towards the growth of gram-negative bacte-
ria than towards gram-positive ones. It is also to 
be noted that the response of bacteria towards EOs 
is not consistent across each experiment. For ex-
ample, in one study, when eugenol was tested on 
Pseudomonas aeruginosa, Staphylococcus aureus, 
and Escherichia coli, S. aureus was reported to be 
the least sensitive (Nuñez and D’Aquino, 2012). 
However, it showed maximum sensitivity in anoth-
er experiment (Mahmoud et al., 2016). An EO can 
also behave differently toward two strains of the 
same bacterial species (Vasconcelos et al., 2017). 
These variations may be attributed to the features 
acquired during the evolution of bacteria. The inac-
tivation kinetics of EOs are temperature-dependent 
(Nuñez and D’Aquino, 2012). Conditions like con-
centration of EO used and time of exposure largely 
affect its activity. Inouye et al. (2001) have stated 
that the subjection of bacteria to high vapour con-
centrations of EOs for a short duration is the most 
effective. The various cellular metabolites have dif-
ferent responses to increasing EO concentrations 
(Nazzaro et al., 2013).
Effects of EOs observed on microbes

As explained earlier, there are too many fac-
tors that come into play when we try to understand 
how EOs work. A slight change in even one of these 
variables can affect the behaviour of EOs drasti-
cally and give rise to a different outcome. This is 
why we see many irregularities when we compare 
the inferences of different experiments, leaving us 
unable to generalize the exact chemical activity of 
EOs. However, observing the changes induced in 
various microbes may help us speculate the mecha-
nism behind the working of EO components.

EOs have a number of targets within a bacte-
rial cell. They cause changes in the cell morphology 
of bacteria, especially the cytoplasmic membrane. 
This implies that EOs have a hand in the rearrange-
ment or modification of the lipid constitution (Gui-
marães et al., 2019). Treatment with EOs also caus-
es cells to shrivel up, due to leakage of contents 
like proteins, sugars, nucleic acids, ATP, and ions, 
which may be achieved by altering the membrane 
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permeability (Zhang et al., 2017). Trombetta et al. 
(2005) have observed gram-negative bacteria to be 
more resistant to EOs than gram-positive bacteria. 
This might be due to their structural differences. 
Gram-positive bacteria have a uniform but thick 
layer of peptidoglycan in their cell wall, whereas 
gram-negative bacteria have a more complex cell 
wall with an outer membrane of phospholipids 
linked to the inner membrane by tightly packed li-
popolysaccharides (LPS). These hydrophilic com-
ponents may restrict the interactions of lipophilic 
EOs with the cell membrane. Although these bacte-
ria have surface proteins like porin channels, drugs 
with heavy and lipophilic components have diffi-
culty crossing them. However, Khan et al. (2017) 
showed that small and light EO constituents like 
carvacrol can kill Gram-negative bacteria such as 
E. coli, or even stimulate them to produce reactive 
oxygen species (ROS). EOs can inhibit biofilm 
synthesis in both gram-negative and gram-posi-
tive bacteria (Hu et al., 2018). Certain EO-bacteria 
combinations also displayed changes in intracel-
lular ATP pool and pH homeostasis (Ultee et al., 
2002). Inside the cell, EOs can directly affect the 
synthesis and expression of essential biomolecules 
like DNA and protein, which has an impact on met-
abolic processes (Xu et al., 2016). In some bacteria, 
the formation of flagella is also affected (Burt et 
al., 2007). Some EOs stimulate bacteria to release 
their membrane proteins (Leja et al., 2019). When 
these ion/protein channels fail to function effec-
tively, transportation of substances is hindered, and 
cell-environment communication is blocked.

Despite the existence of physiological differ-
ences, the effects of EOs on fungi appear similar 
to those seen in bacteria. Chen et al. (2018) stated 
that EOs can disrupt cell membrane integrity. This 
may be explained by the fact that the synthesis of 
ergosterol (the cholesterol equivalent in fungal cell 
membranes) is visibly inhibited. It is also observed 
that EOs can cause mitochondrial hyperpolariza-
tion and inhibition of enzymes like mitochondrial 
dehydrogenases. These occurrences directly hinder 
cellular respiration. Mitochondrial dysfunctions 
also trigger the intracellular release of ROS, which 
may lead to apoptosis. Apart from this, EOs hinder 
mycelium growth, as well as spore formation and 
germination (Sharma and Tripathi, 2008).  They 
can inhibit biofilm synthesis and destroy existing 
biofilms (Kumari et al., 2017).

Comparatively less information is known re-
garding the effects of EOs on viruses. When viruses 
are tested with most EOs, disruption or destruction 

of the viral envelope occurs (Astani et al., 2011). 
However, Pourghanbari et al. (2016) observed that 
subjecting the avian influenza virus (H9N2) to lem-
on balm EO caused interference with its surface 
proteins, which are responsible for binding to host 
cell receptors. Additionally, inhibition of protein 
biosynthesis was seen in the same study. Non-en-
veloped viruses lack a lipid membrane on their 
capsids. EOs can modify or destroy viral capsids, 
and it is often seen that the genetic material present 
inside becomes inactive. However, it is not clearly 
understood whether the virus has been destroyed or 
is only in a temporary state of inactivity (Gilling et 
al., 2014).
Components of EOs and their proposed action 
mechanisms

Essential oils are essentially composed of 
several aromatic and aliphatic components with 
low molecular weight (Swamy et al., 2016). These 
generally belong to the families of terpenes, terpe-
noids, and phenylpropenes. Since EOs are mixtures 
containing constituents with comparable physical 
properties, the presence of hydrocarbon chains, or 
compounds with sulfur and nitrogen is not uncom-
mon. These various constituents contribute in their 
ways to form the overall antimicrobial activity of 
the EO. 

The structures of some compounds common-
ly present in EOs have been depicted in Table 1, in 
order to get a better idea about their implications 
on the unique antibacterial mechanisms of different 
constituents.
Terpenes

Terpenes are composed of much isoprene 
(C5H8) units combined, which may be acyclic or ar-
ranged into cyclic rings (Swamy et al., 2016). EOs 
generally contain higher proportions of monoterpe-
nes and sesquiterpenes, as well as their respective 
terpenoids, than diterpenes and triterpenes (Hyld-
gaard et al., 2012). Monoterpenes (C10H16) such as 
p-cymene have been observed to show involvement 
in various antibacterial activities (Marchese et al., 
2017). Limonene, γ-terpinene, sabinene, and pinene 
are other monoterpenes commonly present in EOs, 
while examples of sesquiterpenes include β-cary-
ophyllene, germacrene and elemene (Lenardão et 
al., 2016) The structures of some common terpenes 
are given in Table 1. 

Being pure hydrocarbon rings, terpenes are 
strongly lipophilic and have a high membrane par-
tition coefficient. This allows small and lightweight 
terpenes like p-cymene to quickly accumulate with-
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Table 1. Structures of a few compounds commonly present in essential oils



169

in cell membranes in large quantities, thereby caus-
ing membrane expansion and leakage of ions out 
of the cell, which leads to a reduction in membrane 
potential (Ultee et al., 2002). This is also support-
ed by the fact that p-cymene decreases the melting 
temperature and enthalpy changes of the membrane 
by behaving like a substitutional impurity (Cris-
tani et al., 2007). Highly lipophilic terpenes such 
as limonene, myrcene, sabinene, and elemene can 
inhibit the mechanisms of mycobacterial resistance 
and increase the activity of antibiotics (Sieniawska 
et al., 2017). In a study conducted by Choi (2006), 
limonene showed lipolytic behaviour, especially in 
the presence of γ-terpinene and p-cymene. It was 
also observed that monoterpenes with one or two 
double bonds show greater lipolytic activity than 
those with three double bonds. Thus, the magnitude 
of the antibacterial activity of these compounds 
may depend on the number and positioning of dou-
ble bonds, as well as the presence of other terpenes. 

Monoterpenes like α-pinene, myrcene, and 
limonene can destabilize the complex cell wall of 
Mycobacterium, causing these cells to elongate 
into thin filaments as a means of dealing with stress 
(Sieniawska et al., 2015) Furthermore, it has been 
seen that limonene can hinder ATP production by 
inhibiting functions of the respiratory chain pro-
teins, including ATPase (Han et al., 2019). Both 
p-cymene and limonene can stimulate bacteria to 
release ROS when used alone, or while being pres-
ent in the EO of Monarda punctata (Li et al., 2014). 
Although p-cymene has not been observed to have 
any effect on flagellin synthesis or HSP 60 produc-
tion, it could still decrease the motility of bacteria. 
(Burt et al., 2007).

Despite all this, terpenes are believed to be 
relatively less antibacterial than other EO constit-
uents, especially terpenoids. Ultee et al. (2002) 
showed that when compared to carvacrol, a high-
er concentration of p-cymene was required to re-
duce the membrane potential by the same extent. 
However, terpenes have the ability to enhance the 
efficacy of other EO components, especially their 
respective terpenoids (Ultee et al., 2000). 
Terpenoids

Terpenes with substituted oxygen atoms and 
displaced or removed methyl groups give terpe-
noids (Nazzaro et al., 2013). These are also un-
saturated and cyclic in structure and make up most 
of the antibacterial activity of EOs. Carvacrol and 
thymol (isomeric derivatives of p-cymene), linal-
ool, geraniol, menthol, 1,8-cineole (eucalyptol), 
carvone, linalyl acetate, terpinene-4-ol, camphor, 

and citral are a few examples of terpenoids (Table 
1). Like terpenes, terpenoids also interfere with 
bacterial cell membranes. Carvacrol takes up too 
much space within the cell membrane and direct-
ly impacts the Van der Waals forces between the 
phospholipid chains, thereby increasing the fluid-
ity of the membrane (Ling, 2004). It has been ob-
served that terpenoids consisting of chains with 
10-12 carbon atoms inflict the best damage to the 
cell membrane (Togashi et al., 2010). However, the 
presence of hydroxyl groups can make terpenoids 
less lipophilic than terpenes. For instance, carvac-
rol causes lesser expansion of cell membrane than 
p-cymene, due to a lower membrane partition co-
efficient owed to its hydroxyl group and system of 
delocalized electrons (Ultee et al., 2002). However, 
these structural differences (Table 1) can actually 
give terpenoids an edge over terpenes. The -OH 
groups of thymol allow it to interact with polar 
heads present in the lipid bilayer and modify the 
length and saturation of fatty acids present in the 
cytoplasmic membrane (Nazzaro et al., 2013).  Un-
like terpenes, many terpenoids like do not reduce 
membrane potential solely by leakage of cell con-
tents. In molecules like those of thymol and carvac-
rol, the presence of delocalized electrons stimulates 
the -OH groups to release H+ into the cell and bring 
K+ out in exchange, causing more drastic reduc-
tions in membrane potential than terpenes (Ultee et 
al., 2002). This activity is independent of the posi-
tion of the -OH group within the molecule making 
thymol and carvacrol equally effective agents (Xu 
et al., 2008). Menthol is less effective in this con-
text because it does not have a delocalized electron 
system (Ultee et al., 2002).

Interference with the H+ content of the cell 
decreases the pH gradient across the cell mem-
brane and in turn, the proton motive force, which 
depletes intracellular ATP. Apart from hampering 
metabolic processes, this lack of cellular energy 
causes decreased activity of flagella, which in turn 
affects the mobility of cells (Manson et al., 1977). 
Terpenoids can interfere with gene expression, as 
well as protein folding and activity, by inducing the 
production of molecular chaperones like HSP60 
(Burt et al., 2007). They can inactivate active sites 
of target enzymes by forming hydrogen bonds with 
them (Guimarães et al., 2019). Carvacrol also de-
creases the expression of flagellar genes in E. coli. 
This causes inhibition of flagellin synthesis, result-
ing in absence of flagella (Burt et al., 2007). Such 
compounds are known to interfere with the quorum 
signaling network of the cell, thereby inhibiting the 
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production of the virulence factors responsible for 
the formation of biofilm (Burt et al., 2014). The 
presence of delocalized electrons also allows terpe-
noids like carvacrol to trigger cells to release ROS, 
which damages the cell greatly (Khan et al., 2017).

One common mechanism of antibiotic resist-
ance shown by bacteria is the use of efflux pumps 
to block or flush out antibiotic components from the 
cell. These pumps generally rely on cellular energy 
for their functioning (Webber and Piddock, 2003). 
Geraniol has been observed to behave as an efflux 
pump inhibitor (EPI) against gram-negative mul-
ti-drug resistant (MDR) bacteria like Enterobacter 
aerogenes (Lorenzi et al., 2009). At present, there 
is a lack of data on this to arrive at a clear con-
clusion regarding the mechanism. It is possible that 
geraniol reduces the proton motive force within the 
cell, resulting in the restriction of tripartite efflux 
pumps like AcrAB-TolC which rely on cellular en-
ergy for their action.
Phenylpropenes

Phenylpropenes have a phenol ring with a 
propene tail, along with other functional groups 
(Hyldgaard et al., 2012). Some examples are euge-
nol, isoeugenol, vanillin, cinnamaldehyde, and 
chavicol (Table 1). The free hydroxyl groups, dou-
ble bonds inside the chain, relative positioning of 
alkyl groups, and presence of functional groups are 
responsible for the antibiotic properties of phenyl-
propenes (Nazzaro et al., 2013). Unlike in terpe-
noids, isomerism in phenylpropene influences the 
degree of effectivity. Isoeugenol is more antibacte-
rial than eugenol (Zhang et al., 2017), probably be-
cause all its double bonds are conjugated, enabling 
better delocalization of electrons. 

In most cases, phenylpropenes work similar-
ly to terpenoids. They alter the membrane structure 
and increase its permeability, obstruct transporta-
tion of substances and disrupt cellular metabolic 
processes (Thoroski et al., 1989; Lyu et al., 2017; 
Hu et al., 2018). They also stimulate the release of 
ROS (Das et al., 2016). Phenylpropenes like euge-
nol show inhibition of quorum sensing (Zhou et al., 
2013). They reduce the expression of the genes re-
sponsible for motility and biofilm formation, and 
can also destroy existing biofilms (Hu et al., 2018). 
This behaviour is enhanced when phenylpropenes 
are combined with terpenoids (Yadav et al., 2015). 
For instance, the EO of Cinnamomum tamala con-
tains cinnamaldehyde and linalool in large amounts. 
These inhibit the synthesis of these exopolysaccha-
rides like alginate (Banu et al., 2017), which are es-
sential for the stability of biofilms of Pseudomonas 

(Periasamy et al., 2015). 
It is well known that the mode of action fol-

lowed by EO components largely depends on the 
dosage, and cinnamaldehyde is a good example. 
Hyldgaard et al. (2012) have stated that at low con-
centrations, cinnamaldehyde does not affect ATP 
or the membrane but inhibits enzymes required for 
cytokine reactions. At sub-lethal concentrations, it 
inhibits the activity of ATPase and at lethal con-
centrations, it disrupts the membrane completely. 
When used against Salmonella typhimurium and E. 
coli, it behaves in a manner similar to that of thy-
mol and carvacrol and penetrates the outer mem-
brane of gram-negative bacteria via porin channels 
(Yossa et al., 2012). It can also prevent cells from 
undergoing cytokinesis during division by hinder-
ing the activity of FtsZ, the prokaryotic analogue 
of tubulin protein (Domadia et al., 2007). Vanillin 
interferes with the levels of H+ and K+ in the cell 
and reduces cellular ATP production in pathogens 
(Fitzgerald et al., 2004). This leads to insufficient 
production of energy for cellular processes, which 
leads to death of the organism.
Commonly used essential oils

A wide range of plants contain EOs in their 
extracts and show antimicrobial properties. Many 
of these are used in our everyday lives. Although 
the composition and activity of the EO of a plant 
vary greatly from sample to sample, the most com-
monly observed aspects of a few EOs have been 
given briefly in Table 2. Comparing the activity of 
different EOs can help us identify behavioural pat-
terns that may not be noticed otherwise. 

It is evident that extracts of all types of plant 
parts, such as the aerial structures of basil, the bark 
of cinnamon, and flowers of lavender show anti-
bacterial activity. Most of these have been found to 
contain terpenoids, terpenes, and phenylpropenes, 
like terpinene, pinene, thymol, cineole, and eugen-
ol, to name a few. Disruption of the cellular mem-
brane and leakage of cell components, as well as 
inhibition of biofilms, appears to be the most com-
mon mechanisms of action in the given set of plant 
EOs. 
EOs as resistance modifying agents

Plant extracts have been used as local reme-
dies against microbial infections and diseases since 
historic times (Harrison et al., 2015). The fact that 
they are effective to this date suggests that they can 
emerge as resistance-modifying agents, possibly 
due to the synergy of their constituents. It is to be 
noted that, due to the failure of first-line antibiotics, 
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Table 2. Composition and activity of some commonly used essential oils

Name Source 
of EO Major components of EO Main mechanisms

Basil
Ocimum basilicum
(Joshi, 2014) 

leaf, 
stem, 
flower

linalool, methyl chavicol, 
citral 1,8-cineole, camphor, 
thymol, methyl cinnamate, 
eugenol, methyl eugenol, 
methyl isoeugenol, and ele-
micine

Shows different mechanisms based on the 
composition, including degradation of the cell 
wall and cytoplasmic membrane, leakage of 
ATP, K+ and other cell contents, cytoplasmic 
coagulation, and depletion of proton motive 
force

Black pepper
Piper nigrum
(Zhang et al., 2017)

seeds sabinene, α-pinene, β-pinene, 
limonene, β-caryophyllene

Partitioning of lipids in mitochondria and the 
cell membrane, altering their structures and 
functions, cell component leakage, disruption 
of synthesis of macromolecules, like protein, 
DNA, RNA, or polysaccharides

Cardamom 
Elettaria 
cardomomum 
(Mutlu-Ingok and 
Karbancioglu-Guler, 
2017)

seeds α-terpinyl acetate, 1,8-cineole Increase in membrane permeability and leak-
age of cell contents

Cinnamon
Cinnamomum 
zeylanicum (Nabavi 
et al., 2015; Alizadeh 
Behbahani et al., 
2020)

leaf, 
bark

t-cinnamaldehyde (bark), 
eugenol, and cinnamaldehyde 
(leaf)

Inhibition of ion efflux pump action of 
gram-negative bacteria, alteration of the 
structure of cell membrane by increasing the 
surface area and changing the lipid profile

Clove 
Syzygium 
aromaticum
(Nuñez and D’Aqui-
no, 2012). 

leaf, 
stem 
and 
flower 
buds

eugenol, β-caryophyllene Perturbation of the cell membrane causes an 
increase in non-specific permeability

Coriander
Coriandrum sativum
(Silva et al., 2011).

seeds linalool Disruption of membrane function and po-
tential, inhibition of respiratory activity, and 
efflux pump activity

Cumin
Cuminum cyminum
(Mutlu-Ingok and 
Karbancioglu-Guler, 
2017)

seeds γ-terpinene, β-pinene, ρ-cy-
mene, p-mentha-1,3-dien-7-
al, cumin aldehyde

Increase in permeability of membrane and 
leakage of cell contents

Eucalyptus genus 
(Aldoghaim et al., 
2018).

leaf 1,8-cineole, p-cymene, 
α-pinene, limonene, linalool, 
β- pinene, γ-terpinene

Discharge of liposaccharides from the outer 
membrane of Gram-negative bacteria and 
increase in the membrane permeability

Garlic 
Allium sativum 
(Leontiev et al., 2018)

bulbs allicin and other sulfur-con-
taining compounds

Creation of pores in the cell membrane, in-
activation of thiol-based enzymes by oxidation
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Ginger
Zingiber officinale
(Mostafa, 2018) 

rhizome, 
leaf

methyl cinnamate and mono-
terpenes (leaf), sesquiterpenes 
like zingiberene and farnesene 
(rhizome)

Destruction of biofilm integrity in bacteria.
Inhibition of ergosterol synthesis and toxin 
production in fungi, decrease in cytoplasmic 
content, and disruption of membrane integrity

Lavender
Lavandula 
angustifolia
(Kwiatkowski et al., 
2020)

flower linalool, linalyl acetate, la-
vandulyl acetate, β-ocimene, 
β-caryophyllene, 1,8-cineole, 
terpinene-4-ol, myrcene

Damage to the lipids of the cell membrane 
causing cell component leakage

Lemon grass
Cymbopogon citratus
(De Silva et al., 2017)

leaf 
and 
stem

citral, geraniol Changes in pH, intracellular ATP levels, mem-
brane integrity, and potential

Licorice
Glycyrrhiza glabra 
(Wang et al., 2015)

root triterpenoid saponins like 
glycyrrhizin

Decrease in expression of virulent genes, toxin 
production, and biofilm formation of bacteria. 
Inhibition of gene expression and replication 
and reducing adhesion in viruses.
Also has antifungal properties

Marigold
Calendula officinalis 
(Chaleshtori and 
Kachoie, 2016; Jafari 
and Ahmadizadeh 
2017) 

flower, 
leaf

1,8-cineole, γ−terpenene, 
α-thujene, δ- cadinene, 
α-cadinol, α-muurolol; 
(Varies from sample to sam-
ple)

Inactivation of enzymes, such as DNA gyrase, 
inhibition of cytoplasmic membrane function 
resulting in rupture and cytoplasmic granula-
tion

Neem
Azadirachta indica
(Punitha et al., 2014)

seeds, 
leaf

γ-elemene, germacrene B Inhibition of biofilm formation

Oregano
Origanum vulgare 
(Lu et al., 2018)

leaf carvacrol, γ-terpinene, 
α-pinene, thymol, p-cymene, 

Alteration of biofilm morphology, destruction 
of biofilms

Parsley
Petroselium crispum
(Valdivieso-Ugarte et 
al., 2019)

leaf γ-terpinene, β-phellandrene, 
α-pinene, β-myrcene, 

Inhibition of biofilm formation and eradica-
tion of mature biofilms

Peppermint
Mentha×piperita 
(Kovács et al., 2019) 

leaf menthol, menthone, limo-
nene, pulegone, eucalyptol, 
carvone

Inhibition of biofilm formation and motility, 
downregulation of virulent genes, elongated 
cell morphology

Rosemary 
R. officinalis
(Issabeagloo et al., 
2012; Nieto et al., 
2018)

leaf, 
twigs

carnosol, camphor, camphene, 
1,8-cineole, β-caryophyllene, 
β-pinene, α-pinene, 

Loss of cell membrane structure and function 
due to interaction with membrane proteins, 
changes in genetic material, leakage of cellular 
components, and changes in electron trans-
port and fatty acid production 
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it has become necessary to depend on second- and 
third-line drugs (Prestinaci et al., 2015). These are 
expensive and may also become ineffective even-
tually. On the other hand, secondary plant metabo-
lites such as essential oils are relatively cheaper and 
easier to obtain, although modification may be re-
quired before usage. Also, their effectivity against 
bacteria is comparable to that of classical antibiot-
ics (Silva Leandro et al., 2020). In fact, Artemisia 
kermanensis, Zataria multiflora Boiss, and Lavan-
dula officinalis EOs can show greater inhibition of 
pathogenic bacteria than tetracycline, penicillin, 
and ampicillin (Gavanji et al., 2014). 

Combinations of certain EOs (García-Díez 
et al., 2017) or EO components (Pei et al., 2009) 
have been observed to work well together as effec-
tive antibacterial mixtures. Certain essential oils 
and their mixtures have also shown inhibition of 
antibiotic-resistant bacterial strains. For instance, 
Voravuthikunchai and Mitchell (2008) reported 
Punica granatum and Quercus infectoria extracts 
to have inhibited the growth of 20 strains of mul-
ti-drug resistant Helicobacter pylori by interfering 
with the cell surface hydrophobicity. In a study by 
Gadisa et al. (2019), Lepharis cuspidata, Boswel-

lia ogadensis, and Thymus schimper EOs showed 
significant antibacterial activity against multidrug 
resistant E. coli, Klebsiella pneumoniae, and Me-
thicillin resistant S. aureus (MRSA). Combinations 
of these EOs taken two at a time performed even 
better due to synergy, and these results surpassed 
that of modern antibiotics.

EOs can also show synergy with other anti-
bacterial agents. In fact, Hashem et al. (2019) re-
ported that EOs like those of bitter almond, pep-
permint, clove, thyme, and eucalyptus, can have 
a synergistic effect along with probiotics such as 
Lactobacillus plantarum, L. acidophilus, and L. 
casei while working against intestinal pathogens. 
In another study, the combined usage of trans-cin-
namaldehyde and bacteriophage cocktail BEC8 
could efficiently inhibit the growth of E. coli better 
than the individual agents (Viazis et al., 2011). 

Encapsulation of EOs using suitable carriers, 
like nanogels, nano-emulsions and nanoparticles 
can help in safe administration and storage (Chou-
han et al., 2017). EOs can show synergy with these 
substances as well. Scandorieiro et al. (2016) ob-
served that oregano EO in combination with silver 
nanoparticles caused cell morphology changes like 

Sage
Salvia sclarea
(Cui et al., 2015)

leaf linalyl acetate, linalool, ger-
macrene D 

Damage to the cell membrane, change in 
permeability, leakage of macromolecules like 
ATP and DNA

Tea tree
M. alternifolia
(Cox et al., 2001b)

leaf terpinen-4-ol, α-terpino-
lene, γ-terpinene, α-pinene, 
1,8-cineole, p-cymene and 
limonene 

Reduction in cell viability, leakage of contents, 
inhibition of respiration

Thyme 
T. vulgaris
(Sienkiewicz et al., 
2012)

leaf thymol, p-cymene, γ-ter-
pinene, carvacrol, and linalool 

Degradation of the cell wall and cell mem-
brane, alteration of permeability, cytoplasm 
coagulation 

Turmeric
Curcuma longa
(Chen et al., 2018)

leaf, 
rhizome

curdione, germacrone isocur-
cumenol, curzerene, β-el-
emene, curcumenol, curcum-
in, curcumol 

Inhibition of ergosterol and ATP synthesis, 
respiration

Vanilla 
Vanilla planifolia
(Fitzgerald et al., 
2004)

seeds vanillin Inhibition of respiration and decrease in K+ 
concentration and pH

Yarrow
Achillea millefolium 
(El-Kalamouni et al., 
2017)

aerial 
parts 
of plant

camphor, sabinene, 1,8-cin-
eole, terpinen-4-ol, germac-
rene D, thujone 
(Composition varies with geo-
graphical location)

Damage to the cell membrane
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surface blebbing, decrease in cell density as well 
as the death of multidrug-resistant bacteria after 6 
hours of treatment. Similarly, water-soluble chi-
tosan nanoparticles of thymol were seen to have 
greater antibacterial efficacy than regular thymol 
(Hu et al., 2009).

The combined use of EOs or their constitu-
ents with synthetic antibiotics shows great prom-
ise for antibiotic resistance modification. Ilić et al. 
(2014) reported that Thymus glabrescens oil and 
its main constituents, geraniol and thymol showed 
good antibacterial activity individually, and could 
also lower the minimum inhibitory concentration 
(MIC) of chloramphenicol. One significant obser-
vation by Magi et al. (2015) is that the synergistic 
mixtures of EOs and antibiotics can inactivate the 
resistance mechanisms of bacteria and make them 
re-susceptible to antibiotics. In their study, several 
combinations of carvacrol and erythromycin could 
inhibit erythromycin-resistant group A Streptococ-
ci. Likewise, the constituents of Rosemary EO can 
increase the susceptibility of S. aureus strains to-
ward erythromycin by inhibiting the bacterial efflux 
mechanisms (Oluwatuyi et al., 2004). Many resist-
ant gram-negative bacteria have a wide range of 
enzymes called extended-spectrum beta-lactamases 
(ESBL) which deactivate penicillin-type antibiotics 
by hydrolyzation. However, Si et al. (2008) have 
shown that the additive combination of oregano EO 
with amoxicillin (a penicillin-type antibiotic) can 
inhibit the growth of ESBL-producing E. coli. In 
another case, lemon grass EO was seen to elevate 
the susceptibility of MRSA to amoxicillin, and the 
combination of the two antibacterial agents result-
ed in membrane damage and leakage of cell com-
ponents (Abd El-Kalek and Mohamed, 2012). A 
similar study showed that Salvia officinalis EO and 
oxacillin can disrupt the cytoplasmic membrane of 
methicillin-resistant S. epidermidis and cause leak-
age of 260 nm absorbing material (Chovanová et 
al., 2013). 

Bacteria resist antibiotics by modifying their 
target of the action, using efflux pumps to drive 
them away, or by releasing enzymes to destroy 
them (Soares et al., 2012). As explained earlier, 
EOs can display mechanisms to counter each of 
these. In addition, they inhibit quorum sensing and 
synthesis of biofilms, which are tactics used by bac-
teria to resist antibiotics (Zhao et al., 2020). This is 
because these mechanisms protect cells from vari-
ous stresses and also allow cells to share resistant 
genes among themselves (Zhao et al., 2020). It is 
possible that synergy at the inter-component, EO-

EO, and EO-antibiotic levels all make use of a wide 
range of cell targets, which broadens the overall 
activity of antimicrobials. This makes it harder for 
microbes to acquire further resistance to the antimi-
crobial agent. The indifference, addition, synergy, 
or antagonism EOs show with other substances, in-
cluding classical antibiotics, depends on their con-
centrations and molecular interactions (Van Vuuren 
et al., 2009). However, the relationships of EOs and 
their constituents with other substances is yet to be 
understood properly, because even the minor com-
ponents play a huge role in determining the overall 
mechanism and it is well known that the compo-
sition and behaviour of an EO are not consistent 
across each sample. Perhaps, this unpredictability 
can be used to our advantage, to make it harder for 
bacteria to develop resistance toward EOs. In this 
way, the additive and synergistic effects between 
EOs and other antimicrobials can be used to devel-
op new methods of tackling antibiotic resistance.
Conclusions

A critical examination of the existing studies 
on EOs has led us to draw several important con-
clusions. Firstly, the source of the oil plays a major 
role in determining its activity. The geographical 
location, climate, and season, as well as the growth 
phase of the plant, will influence the biosynthesis of 
its secondary metabolites. Additionally, the extrac-
tion method, solvent, and other experimental varia-
bles can affect the yield and composition of the EO. 
EOs can have different effects on different bacterial 
species or even strains. They can inhibit both anti-
biotic-susceptible and resistant strains of micro-or-
ganisms, by various mechanisms related to the 
cytoplasmic membrane and cellular components. 
Each EO constituent influences the overall activity 
and can show additive and synergistic effects with 
other compounds. The big picture that arises out of 
these observations is that EOs have tremendous po-
tential as resistance modifying agents, and they can 
be combined with other agents to obtain enhanced 
antibiotic mixtures. 

For clinical use of EOs to become possible, 
further in-vitro and in-vivo experimentation is re-
quired to get a precise understanding of the chemi-
cal interactions of the individual components. A de-
tailed recording of the relationships between these 
compounds in various pathogenic and non-patho-
genic bacterial environments is essential while ex-
perimenting with all the factors that influence their 
activity. It is known that EOs tend to be toxic when 
used in large doses (Nath et al., 2012), but there 
is insufficient information on their specific side ef-
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fects on the human microbiome. For instance, L. 
plantarum displayed increased ATP synthesis when 
subjected to vanillin, but also a loss in pH homeo-
stasis (Fitzgerald et al., 2004). 

It must be noted that EOs are being used 
for various purposes in our everyday life and this 
over-exposure may cause microbes to develop re-
sistance. While the reversal of antibiotic resistance 
is necessary, preventing the emergence of resistant 
organisms to newly created antimicrobials is equal-
ly crucial.
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Abstract

A set of designed experiments for evaluation of the combination effects between the alkylphospho-
choline erufosine (ERF) and micellar curcumin with prolonged release (MCRM) combined in non-con-
stant ratio were performed on the cutaneous T-cell lymphoma cell line HuT-78. Each non-constant ratio 
between ERF and MCRM doses consisted of five different concentrations of ERF (2, 4, 8, 16 and 32 µM) 
combined with one of three rationally chosen concentrations of MCRM (3.75, 7.5 or 15 µM). For the first 
time, a program with non-linear medium effect-dose model was coded in the MAPLE® software and used 
in all calculations. As a final calculation of the step by step methodology, the combination index (CI) was 
obtained to quantitatively determine the synergistic or additive effects of the designed combinations. The 
best synergism was achieved when using the lowest concentration of MCRM – 3.75 µM.
Keywords: modeling, non-constant ratio, combination index, erufosine, micellar curcumin, HuT-78 cells
Резюме

Върху клетъчната линия HuT-78 с произход от кожен Т-клетъчен лимфом бе проведен  набор от 
планирани експерименти за оценка на комбинираните ефекти между алкилфосфохолина еруфозин 
(ERF) и мицелен куркумин с удължено освобождаване (MCRM), приложени в неконстантно 
съотношение. Всяко неконстантно съотношение между дозите на ERF и MCRM включваше 
комбинация на пет различни концентрации ERF (2, 4, 8, 16 и 32 µM) с една от три рационално 
избрани концентрации MCRM (3,75, 7,5 или 15 µM). За всички изчисления бе използвана за първи 
път програма с нелинеен модел за изчисление на корелацията доза-ефект, кодирана в софтуера 
MAPLE®. Като финален етап на алгоритъма за изчисление, бе получен комбинационния индекс 
(CI) за количествена оценка на синергичните или адитивните ефекти на планираните комбинации. 
Най-силен синергизъм бе постигнат след прилагане на най-ниската концентрация MCRM – 3,75 µM.

Introduction
The non-constant ratio for a combination 

of two or more drugs is a very popular method of 
studying their pharmacological potential for syner-
gistic or additive effects. One of the most popular 
approaches for the calculation of drug combination 
effects in a non-constant ratio is based on the the-
ory of Chou and Talalay (Chou and Talalay, 1984) 
which resulted in the CompoSyn Inc. software. 

The latter is very widely used to calculate any pos-
sible drug-drug interactions. The basis of this soft-
ware is a model of the medium effect of a single 
drug where IC50 is determined by the following 
equation:

D = Dm[Fa/(l - Fa)]
1/m  ,                              (1)

where D – stands for the dose; Fa and Fu are the 
fractions of the system – affected and unaffected by 
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the dose D, respectively; Dm – represents the dose 
required to produce the median effect (in our case 
the IC50 value); “m” – is a Hill-type coefficient sig-
nifying the sigmoidicity of the dose-effect curve.

Since by definition, Fa + Fu = 1, this useful 
form of equation (1) is applied to describe many 
biological processes and proved its robustness be-
cause it is simple and does not require knowledge 
about the mechanism of inhibition. In the Com-
poSyn software, this non-linear equation is trans-
formed into a linear form by representing it in a 
logarithmic form (Chou, 2006). Further, it is used 
in all calculations. In order to avoid all disadvan-
tages of such an approach (linearization), we cre-
ated a program in the MAPLE® software based on 
the non-linear identification procedure of model 
parameters and proved to be much better in many 
experiments with cell lines. Deep analysis and de-
tails can be found in our paper published elsewhere 
(Zaharieva et al., 2018).

It must be noted that the algorithm for calcu-
lation of multiple drug effects (synergism, additive 
effect, and antagonism) requires the following steps 
to be made:

1. Dose-effect relationships for drug 1 (D1), 
drug 2 (D2), and their mixture D1,2 (at a known ratio 
of drug 1 to drug 2) are required.

a. Measurements made with single dos-
es of drug 1, drug 2, and their mixture can never 
alone determine synergism since the sigmoidicity 
of dose-effect curves and the exclusivity of drug 
effects cannot be determined from such measure-
ments.

b. The dose-effect relationships should follow 
the basic mass-action principle relatively well (e.g. 
median-effect plots with correlation coefficients for 
the regression lines greater than 0.9).

c. Accurate determination of the model pa-
rameters “IC50” and “m” sigmoidicity of dose-ef-
fect curves and the exclusivity of effects of mul-
tiple drugs are necessary. The slope of the median 
effect plot “m” gives a quantitative estimation of 
sigmoidicity.

Details about the quantification of these pa-
rameters with the different linear and non-linear 
procedures can be found in many works.

Attempts to interpret the effect of multiple 
drugs have a long history (Berenbaum, 1977). The 
pioneering work of Loewe about isobolograms 
(Loewe, 1928; 1953) and the fractional product 
concept of Webb in 1963 (Webb, 1963) opened new 
directions in the theoretical and practical aspects 
of the problem by studying the links between the 

mechanisms of synergism and the methods of data 
analysis. In many works of Chou and co-workers 
(Chou and Talalay, 1983; Chou and Talalay, 1984; 
1987; Chou and Martin, 2005) examples of applied 
formulas for evaluation of drug effects under the 
values of the CI index are presented. Quantitative 
evaluation of synergism, additive effect, and antag-
onism can be done on the base of a mathematical 
form of CI value. We will present the mathematical 
approach for calculating the combinational indices 
(CI) below. In the CompuSyn and MAPLE® pro-
grams, the CI values were determined on the basis 
of the already calculated IC50 of the single com-
pounds D1 and D2 including their combination D1,2 
according to (Chou and Talalay, 1984) as follows:

1) For mutually exclusive drugs
CI(alpha = 0) = D1/Dx1+D2/Dx2           (2)

2) For non-mutually exclusive drugs
CI(alpha = 1)= D1/Dx1 + D2/Dx2 + alpha.((D1/Dx1).(D2/Dx2)  (3)

where (Dx)1 = dose of a single drug 1 only 
to obtain 50% cell inhibition effect; (D)1 = dose of 
drug 1 to obtain 50% cell inhibition effect in combi-
nation with (D)2; (Dx)2 = dose of single drug 2 only 
to obtain 50% cell inhibition effect; (D)2 = dose of 
drug 2 to obtain 50% cell inhibition effect in com-
bination with (D)1; and the values of alpha = 0 for 
mutually exclusive or alpha = 1 for non-mutually 
exclusive actions of drugs. It should be noted that 
in equations (2) and (3) the values of Dx for single 
drugs are determined from equation (1).

According to the theory included in the soft-
ware manuals, the CI values can be classified in 
details as follows: CI > 1.3 shows antagonism; CI 
= 1.1 to 1.3 moderate antagonism; CI = 0.9 to 1.1 
additive effect; CI = 0.8 to 0.9 slight synergism; CI 
= 0.6 to 0.8 moderate synergism; CI = 0.4 to 0.6 
synergism; and CI = 0.2 to 0.4 strong synergism.

In this paper, we are going to present ex-
perimental data and mathematical analysis of the 
non-constant combinations approach. For this 
aim, we investigated the combined effects of the 
alkylphosphocholine erufosine (ERF) (Zaharieva 
et al., 2007; Zaharieva et al., 2014) and micellar 
curcumin (MCRM) combined in a non-constant 
ratio experimental design. The evaluation was per-
formed based on the theory of Chou and Talalay 
(Chou and Talalay, 1983) whereby we applied for 
the first time a non-linear model identification pro-
cedure coded in the MAPLE® software. ERF is a 
third-generation alkylphosphocholine with a prom-
ising antineoplastic activity on leukemia and lym-
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phoma cell lines and antibacterial activity against 
the pathogenic bacteria Staphylococcus aureus in 
clinically relevant concentrations (Kaleagasioglu 
et al., 2019; Zaharieva et al., 2019). ERF has suc-
cessfully passed the first phase of clinical trials in 
patients with chronic lymphocytic leukemia (Fiegl 
et al., 2008). The preliminary results show that the 
plasma concentrations of 60 µM are well tolerated 
and can be achieved in humans without significant 
toxicity. Our previous publications revealed the 
potential of ERF for the treatment of CTCL (Yo-
sifov et al., 2014; Trochopoulos et al., 2020) and 
therefore we chose for this study a cell line derived 
from a patient with Sézary syndrome, one of the 
most important subtypes of CTCL (Duvic, 2015). 
Curcumin (CRM) which is isolated from the plant 
Curcuma long (Zingiberaceae) is well known for its 
anti-inflammatory, antineoplastic and antibacterial 
effects (Aggarwal and Sung, 2009). CRM has also 
a gut activity against CTCL cell lines and because 
of its low toxicity is a suitable candidate for drug 
combinations (Trochopoulos et al., 2020). As far as 
it is characterized by low solubility in water and fast 
metabolism, including it in micelles will increase 
its bioavailability and will provide opportunities for 
a water-soluble formulation. Our hypothesis for the 
synergistic potential of this combination is based 
on 1) the published knowledge about the antineo-
plastic mechanisms of action of both compounds 
on CTCL cells (Yosifov et al., 2014; Trochopoulos 
et al., 2020); 2) their antibacterial activity against 
Gram-positive bacterial pathogens as a single ap-
plication and in combination (Zaharieva et al., 
2019) and 3) the fact that bacterial toxins, and espe-
cially the staphylococcal toxin can fuel the progres-
sion of CTCL. Considering the published data, we 
presumed that the combination between ERF and 
CRM will increase their antineoplastic effect. An 
additional benefit of this combination will be the 
antibacterial activity demonstrated in (Zaharieva et 
al., 2019).
Materials and Methods
Mathematical models

The mathematical models used in this study 
are given in equations (1), (2), and (3). The dose 
of D1 was kept constant while varying the D2 dos-
es. The CI values were calculated based on the of 
“m” and “Dm” values for every single drug and the 
combinations.
Drugs and chemicals

CRM was purchased from Sigma® Life Sci-
ence (#C1386). ERF which was synthesized by 

Prof. Eibl, MPI-Goettingen, Germany (Eibl et al., 
1992), was applied in all experiments after dilu-
tion of a stock solution (20 mM) prepared in 0.9% 
NaCl. The co-polymer methoxy poly(ethylene 
glycol)-block-poly(ε-caprolactone) (mPEG-PCL) 
purchased from Sigma® Life Science, Germany 
(#900649, mPEG-PCL) was used for the prepara-
tion of MCRM.
Curcumin loaded nano-delivery system

MCRM was prepared by dissolving mPEG-
PCL and curcumin in dioxane at a ratio of 10:1 (wt/
wt), gentle stirring (700 rpm, 30 min), and subse-
quent addition of purified water drop by drop. The 
physicochemical characteristics of the micelles 
(size, zeta-potential, and encapsulation efficiency 
were determined in another study (data not shown) 
by photon correlation spectroscopy, electrophoret-
ic laser doppler velocimetry (Zetamaster analyzer, 
Malvern Instruments, UK) and UV-spectrophotom-
etry, respectively. The micelles were characterized 
by approx. 125 nm mean diameter, negative (-27 
mV) zeta-potential, and approx. 80% encapsulation 
efficiency.
Cell lines and culture conditions

The T-cell lymphoma cell line HuT-78 
(ATCC® TIB-161™) was selected as a cell model 
for evaluation of combination effects between ERF 
and MCRM applied in a non-constant ratio. The 
cell line originates from the American Type Culture 
Collection (ATCC). It was grown according to the 
recommendations of ATCC in a culture medium, 
supplemented with 4 mM L-Glutamine (#G7513, 
Sigma® Life Science, Germany), 20% fetal bovine 
serum (#FBS-HI-12A, Capricorn®, Germany), 25 
mM HEPES buffer solution (#HEP-B, Capricorn®, 
Germany) and 4.5 g/l D-(+)-glucose (#G8769, Sig-
ma® Life Science, Germany). The culture medium 
used for our experiments was RPMI-1640 without 
Phenol Red (#RPMI-XRXA, Capricorn®, Germa-
ny) because our previous investigations showed 
that the presence of the dye Phenol Red interferes 
with the absorbance of curcumin and the MTT dye 
thus leading to false results (Trochopoulos et al., 
2020). Cells were maintained in concentrations 
between 5×104 and 8×105 viable cells/ml in a hu-
midified atmosphere at 37°C and supply of 5% 
CO2 (Panasonic CO2 incubator, #MCO-18AC-PE, 
Japan).
Cell viability test

The combination effects between ERF and 
MCRM were measured using the MTT dye reduc-
tion assay (Mosmann, 1983) described in Annex C 
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of ISO 10993-5-2009 (ISO 10993-5:2009, 2017). 
Cells were seeded for the experiment in 96-well 
plates (3x105 cells/ml, 100 µL/well) under sterile 
conditions (Laminar Air Flow Telstar Bio II Ad-
vance, Spain). The plates were incubated for 24 
hours to allow the cells to enter the log phase of 
their growth. On the 24th hour, MCRM (D1 in doses 
3.75, 7.5, 15, 30, and 60 µM) and ERF (D2 in doses 
2, 4, 8, 16, and 32 µM) were applied as a single 
or combined treatment for an incubation period of 
72 h. Every concentration was repeated fourfold. 
Three independent experiments were performed. 
Untreated cells served as a negative control. Cell 
viability was determined at the 72nd hour, Briefly, 
10 µL of [3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide] (#M5655-1G, Sigma® Life 
Science, Germany) dissolved in Phosphate Buffered 
Saline, pH 7.4 (#TS1101, HiMedia, India) to a con-
centration of 5 mg/ml and sterilized through filtra-
tion (0.22 µm PES membrane filter) were added to 
each sample and the blanks. The blank samples con-
tained only the culture medium and the compound 
or combination used for treatment. The plates were 
incubated for 3.5 h at 37°C. The formazan crystals 
formed by the dehydrogenases of the viable cells 
were dissolved with an appropriate organic solvent 
containing 5% HCOOH (Chimspektar OOD, Bul-
garia) in isopropyl alcohol (#W292907-1KG-K, 
Sigma® Life Science, Germany). The absorption 
of the viable cells was measured on an Absorbance 
Microplate Reader EL-800 (Bio-Tek Instruments 
Inc., USA) at λ=550 nm against the blanks.
Statistics

GraphPad Prism software was used to calcu-
late the mean absorbance (Am) and the effect (Fa) 
of each drug concentration, the untreated control, 
and the blank solution, as well as the standard de-
viations (SD). A Student t-test of the data was per-
formed, as well whereby data were considered for 
statistically significant by p ≤ 0.05. The Am values 
were presented as fractions from the untreated con-
trol (Amf) and the Fa values were calculated accord-
ing to the following equation: Fa = 1 - Amf

Results and Discussion
In practice, the non-constant combinations 

approach has a meaning when the researcher needs 
to find out the range of changes of compounds D1 
and D2 in order to maximize their combined effect 
of synergism in a simple way such as keeping D1 
constant while varying the D2 doses. Therefore, ob-
taining the “m” and “Dm” values for every single 
drug is a base to calculate the CI value for each 

combination data point under a non-constant ratio 
design. Additionally, the CI values for each data 
point on the Fa-CI graph will be available. In this 
section, we are going to show the results from the 
application of an algorithm based on the present-
ed models which were described in section “Intro-
duction”. Detailed analyses of synergism effects of 
applied by us experimental design of non-constant 
ratio of drugs doses will be demonstrated. 

All experiments were performed with MCRM 
on HuT-78 cells for a 72 h incubation period (Table 
1). The effects of erufosine as well as the combined 
effects of MCRM and ERF were studied for equal 
times of treatment (Table 2). MCRM in a single ap-
plication diminished the cell viability by only 28% 
after treatment with the highest chosen dose 60 µM.

Table 1. Fa of MCRM on HuT-78 cell line after  
72 h of treatment

MCRM [μM] Fa* SD**
0.00 0.000 0.006
3.75 0.068 0.011
7.5 0.051 0.016

15.00 0.095 0.006
30.00 0.108 0.007
60.00 0.283 0.006

* Fa stands for effect; 
**SD stands for standard deviation.

All the data presented in Tables 1 and 2 were 
used to follow the strategy described in section “In-
troduction” to quantitatively evaluate the multiple 
drug effects – synergism, additive effect, and antag-
onism of the investigated combinations.

Equation 1 represents the simplest possible 
form of dose-effect relationship and it was used to fit 
the experimental data of D1 and D2 presented in Fig 
1A, and B. Model parameters „m“ and „Dm=IC50“ 
were determined on the base of experimental data 
by using non-linear identification procedure coded 
in MAPLE software (Zaharieva et al., 2018) unlike 
CompuSyn software that linearizes the model of 
equation (1) (Chou and Martin, 2005). Therefore, 
the dose and the effect are interchangeable since the 
dose (D) for any given degree of effect (Fa) in eq. 1 
can be determined if the values for „IC50“ and „m” 
are known. The IC50 = 18.85 μМ value for erufos-
ine (Fig.1A) is 10 times lower than that for MCRM 
(IC50 = 191.55 μМ). The correlation coefficients 
R1=0.988 and R2=0.975 for two drugs are much bet-
ter than those determined by CompoSyn software. 
This is due to the advantages of using a non-linear 
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identification procedure for the estimation of model 
coefficients. Further, experiments were performed 
with a combination of two drugs – ERF and 3.75 μМ 
MCRM – under non-constant ratios between doses. 
Results are shown in Fig. 2A. It is visible that the 
dose of D1,2 significantly inhibited the cell line HuT-
78 cells for 72 h. In Fig 2B the calculated CI values 
for each point are presented and all 5 points showed 
CI<1 for any given Fa which is indicative of a syner-
gistic effect.

According to the theory, in the combination 
[ERF + 3.75 MCRM] we definitely succeeded to 
achieve a synergism (CI = 0.4 to 0.6 synergism) 
whereby the median inhibitory effect of erufosine 
in the combination (IC50/D1,2 = 13.67 μМ) was lower 
than that of a single 

When the combination [ERF + 7.5 MCRM] 
was applied a moderate synergism was obtained 
(CI = 0.6 to 0.8 moderate synergism, Fig 3B). The 
value of the median inhibitory effect of erufosine in 
the combination (IC50, D1,2 = 18.85 μМ) was equal to 
that of erufosine as a single compound. Figure 3A 
demonstrates this relationship and the inhibition ef-
fect on the HuT-78 cell line after 72 h exposure to the 
combination.

In the case of the last combination [ERF + 15 
MCRM], the increase of the MCRM concentration up 
to 15 µM MCRM was not in favor of a strong syner-
gistic effect. In Fig. 4A we observed that the dose AB 
profile passed under the single drug 1 (ERF) profile. 
The median inhibitory effect of erufosine in the com-
bination (IC50, D1,2=26.1 μМ) was higher than that of 

Table 2. Fa of erufosine and combinations between ERF and MCRM on HuT-78 cell line after 72 h of 
treatment

Concentration of 
ERF [μM]

ERF ERF + 3.75 µM 
MCRM

ERF + 7.5 µM 
MCRM

ERF + 15 µM 
MCRM

Fa* SD** Fa* SD** Fa* SD** Fa* SD**

0,00 0.000 0.006 - - - - - -
2 0.096 0.016 0.072 0.013 0.051 0.016 0.105 0.019
4 0.192 0.009 0.227 0.005 0.274 0.018 0.292 0.037
8 0.292 0.024 0.541 0.033 0.537 0.007 0.487 0.012
16 0.525 0.013 0.670 0.023 0.594 0.003 0.594 0.003
32 0.701 0.020 0.804 0.021 0.705 0.022 0.705 0.022

*Fa stands for effect; **SD stands for standard deviation.

A                                                                    B

Fig. 1. Effects of ERF and MCRM as a single application on HuT-78 cells for 72 h.

Model parameters:
m2 = 0.915

IC50/D1 = 191.55 μМ
R2 = 0.975

Model parameters:
m1 = 1.777

IC50/D2 = 18.85 μМ
R1 = 0.988
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A                                                                    B

Fig. 2. Graphical comparison between the effects of ERF as a single application and the combination 
between ERF and 3.75 µM MCRM in the non-constant ratio on HuT-78 cells for 72 h

A                                                                    B

Fig. 3. Graphical comparison between the effects of ERF as a single application and the combination 
between ERF and 7.5 µM MCRM in the non-constant ratio on HuT-78 cell line for 72 h

Model parameters of the combination  
(red line, solid box):

m D1,2 = 1.96
IC50/D1,2 = 13.67 μМ

R D1,2 = 0.984

CI values:
CI50alfa0[1] = 0.467
CI50alfa0[2] = 0.512
CI50alfa0[3] = 0.567
CI50alfa0[4] = 0.621
CI50alfa0[5] = 0.663

Model parameters of the combination  
(red line, solid box):
mD1,2 = 1.96
IC50/D1,2 = 18.85
RD1,2 = 0.953

CI values:
CI50alfa0[1] = 0.602
CI50alfa0[2] = 0.644
CI50alfa0[3] = 0.706
CI50alfa0[4] = 0.782
CI50alfa0[5] = 0.856
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erufosine as a single drug ERF (IC50,D2 = 18.85 μМ) 
and this demonstrated a decrease of inhibition effect 
on HuT-78 cell line for 72 h (Fig. 4A). The value of 
the correlation coefficient R D1,2 = 0.967 (Figure 4A) 
is good enough and the analysis of the data cannot 
be misinterpreted. Figure 4B presents CI vs Fa where 
CI values were the highest from all designed exper-
iments. The combination [ERF+ 15 MCRM] result-
ed in CI = 0.8 to 0.9 slight synergism and CI = 0.9 
to 1.1 additive effect. It can be supposed that if the 
concentration of MCRM is increased above 15 μМ, 
most likely the combination of ERF and MCRM will 
represent antagonism. The third combination proved 
that increasing the concentration of MCRM was not 
in favor of the synergism between both compounds. 
Therefore, the concentration range of compounds 1 
and 2 and their combinations must be carefully cho-
sen in order to achieve the desired positive effect of 
synergism and additive effect without increasing the 
concentrations of the compounds above their medi-
an inhibitory concentration after a single applica-
tion. Non-constant ratio in experimental design is a 
necessary step to localize the optimal range of drug 
concentrations. Further, having the knowledge data-
base from a non-constant ratio, experiments with a 
constant ratio can be designed to search for the best 
effect of drug combinations.

Conclusion
Recently, a non-linear identification proce-

dure was implemented in the MAPLE® software 
(Zaharieva et al., 2018) in order to robustly eval-
uate the median dose-effect model (Chou and Ta-
lalay, 1984) widely used in medicine and pharma-
cy to calculate “IC50” and “m” model parameters 
values of single drugs. The MAPLE® program was 
superior to the program used in CompuSyn soft-
ware. Further, the combinations between drug dos-
es for non-constant ratios were studied by applying 
CI as a criterion of synergism, additive effect, and 
antagonism. A set of designed experiments for the 
treatment of cancer cell line HuT-78 by erufosine 
and MCRM were performed. Three non-constant 
ratios between both compounds [ERF + 3.75 µM 
MCRM], [ERF + 7.5 µM MCRM], and [ERF + 15 
µM MCRM] were applied and shown in Figures 1-4. 
In a step-by-step algorithm “IC50” and “m” for sin-
gle drugs and their combinations were determined. 
Nonlinear medium effect-dose model was used in 
all calculations. Combination index (CI) was calcu-
lated to qualitatively determine the synergistic and 
additive effects of the designed combinations. The 
best synergistic effect was achieved under the dose 
combination of [ERF + 3.75 MCRM] (Fig. 2 B). 
The lowest synergistic effect was observed when 

A                                                                    B

Fig. 4. Graphical comparison between the effects of ERF as a single application and the combination 
between ERF and 15 µM MCRM in the non-constant ratio on HuT-78 cells for 72 h

Model parameters of the combination 
(red line, solid box):
m D1,2 = 2.37
IC50/D1,2 = 26.1 μМ
R D1,2 = 0.967

CI values:
CI50alfa0[1] = 0.799
CI50alfa0[2] = 0.834
CI50alfa0[3] = 0892
CI50alfa0[4] = 0.977
CI50alfa0[5]= 1.083
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the concentration of MCRM increased up to 15 µM 
(Fig. 4 B). Hence, increasing the concentration of 
MCRM in this modality of non-constant dose ra-
tio is not recommended because this diminishes the 
synergistic effect. From this study, the authors once 
again inspected the implemented software program 
in MAPLE® for modeling dose-effect experiments 
in cancer cell lines. The program robustly per-
formed for different sets of experiments as well as 
when they were designed under the non-constant 
ratio of two chosen drugs. The described synergis-
tic combination [ERF + 3.75 MCRM] is a perspec-
tive for further investigation of antineoplastic and 
antibacterial mechanisms of action.
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Abstract

The aim of this study was to compare the performances of four colistin susceptibility testing methods 
against 200 multidrug-resistant Gram-negative bacteria.  The study was conducted against clinical isolates 
of Klebsiella pneumoniae (97 isolates), Escherichia coli (41), Enterobacter cloacae complex (13), Pseu-
domonas aeruginosa (21), and Acinetobacter baumannii complex (28). Results, obtained from the broth 
microdilution method (BMD), performed according to ISO standard 20776-1, the commercially available 
broth microdilution kit - MIKROLATEST MIC Colistin (MLTCol, ErbaLachema), colistin pre-diffusion 
method kit (PDCol, ROSCO Diagnostica A/S), the rapid Polymixin NP test (RPNP) and the Superpolymyx-
in medium (SPM) were compared to BMD as a referent method. According to the BMD method, 16.5% of 
tested isolates were colistin-resistant. The essential agreement (EA) between MLTCol and the BMD was 
90.5% (134/148), categorical agreement (CA) was 98.5% (197/200), major discrepancies (MD) were 3 
(1.8%), and there were no very major discrepancies (VMD). The CA between RPNP and BMD was 98.7% 
(149/151), with no MD and VMD at 6.7%. Compared with the BMD, the specificity, and sensitivity of 
RPNP were 100% and 93.3%, respectively. The PDCol had CA of 95.5 % (191/200) with the BMD, with 
VMD at 3.0%, and MD at 4.8%. CA between the SPM and BMD was observed in 94% (188/200), and there 
were no VMD and MD in 7.2%, nonetheless, the SPM detected 12 heteroresistant isolates of K. pneumoni-
ae, categorized as susceptible by the referent BMD. In conclusion, the agar-based methods better detected 
some heteroresistant isolates and could be used in addition to BMD to improve their recognition. 
Keywords: colistin, broth microdilution, superpolymyxin medium, rapid polymyxin NP test, pre-diffusion
Резюме

Цел на това проучване e да се сравни ефективността на четири метода за определяне на чувст-
вителността към колистин чрез изследване на 200 мултирезистентни Грам-отрицателни бактерии. За 
реализиране на изследванията са използвани клинични изолати - Klebsiella pneumoniae (97 изолата), 
Escherichia coli (41), Enterobacter cloacae complex (13), Pseudomonas aeruginosa (21) and Acinetobacter 
baumannii complex (28). Резултатите, получени чрез метода на микроразреждане в бульон (BMD), 
изпълнен съгласно ISO 20776-1, търговски кит за микроразреждане в бульон - MIKROLATEST MIC 
Colistin (ErbaLachema) (MLTCol), кит за определяне на чувствителността към colistin чрез метода на 
предифузия (ROSCO Diagnostica A/S) (PDCol), бързия Polymixin NP test (RPNP) и чрез суперполи-
миксиновата среда (SPM) са сравнени с BMD референтен метод. Според BMD, 16.5% от изследвани-
те изолати са колистин резистентни. Резултатите показват 90.5% (134/148) съществено съответствие 
(СС) между MLTCol и BMD. Съответствието по категория (СК) е 98.5% (197/200). Едновременно с 
това се отчитат 3 съществени несъответствия (СНС) (1.8%), но няма много големи несъответствия 
(МГНС). Съответствието по категория между RPNP и BMD е 98.7% (149/151), няма СНС, а МГНС 
са 6.7%. В сравнение с BMD, специфичността и чувствителността на RPNP са съответно 100% и 
93.3%. PDCol имаше СК с BMD 95.5 % (191/200), МГНС (3.0%) и СНС 4.8%. СК между SPM и BMD 
е 94% (188/200), не са установени МГНС, СНС са 7.2%, но чрез SPM открихме 12 хетерорезистентни 
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Introduction
Еmergence and rapid spread of multidrug-re-

sistant/extremely drug-resistant (MDR/XDR) 
Gram-negative bacteria, resistant to almost all an-
tibiotics available have led to the renewal of colis-
tin use in human medicine, and WHO has included 
this antibiotic in its list of critically important anti-
biotics (Schwarz and Johnson, 2016). The accurate 
determination of colistin susceptibility is of high 
importance since infections with colistin-resistant 
Gram-negative bacteria have been associated with 
high mortality (Capone et al., 2013). However, 
although polymyxins were discovered more than 
60 years ago, the optimal method for susceptibil-
ity testing for these agents still remains undefined 
(Poirel et al., 2017). The use of traditional suscepti-
bility testing methods can show technical challeng-
es (Humphries, 2015). The widely used automated 
systems Vitek-2 and Phoenix can give unreliable 
results with a high number of errors in colistin sus-
ceptibility testing (Chew et al., 2017; Poirel et al., 
2017; Jayol et al., 2018b; Girardello et al., 2018). 
According to the current joint CLSI-EUCAST 
working group recommendations, the reference 
method for polymyxins testing is the ISO-20776-1 
standard broth microdilution (BMD) (www.eucast.
org). However, the standard BMD method is dif-
ficult to perform in routine diagnostic laboratories 
(Poirel et al., 2017; Chew et al., 2017; Jayol et al., 
2018a).  The method requires manual preparation 
of antibiotic solutions, which may lead to signifi-
cant errors (Poirel et al., 2017). There are a num-
ber of commercial products for colistin BMD, and 
some of them evaluated in several studies (Rich-
ter et al., 2017; Chew et al., 2017; Matuschek et 
al., 2018; Jayol et al., 2018b). Disk diffusion, agar 
diffusion, and gradient diffusion are not currently 
recommended (Poirel et al., 2017). A pre-diffusion 
technique was developed by Danish microbiolo-
gist Frølund-Thomsen several decades ago (Insert 
for Kit for detection of colistin resistance, ROSCO 
Diagnostica A/S). The method was used by Rosco 
diagnostic A/S, Denmark, for creating kits for sus-
ceptibility testing of high-molecular-weight drugs 
such as vancomycin, teicoplanin, daptomycin, 
and colistin. Lately, new methods for detection of 
polymyxin resistance have been developed such as 
the Rapid Polymyxin NP (RPNP) test that allows 
detection of resistant isolates within 2 to 4 hours 
(Nordmann et al., 2016b), SuperPolymyxin medi-

um is a screening medium to detect any polymyxin 
resistant bacteria regardless of the type and the level 
of expression of the resistance mechanism (Nord-
mann et al., 2016a). In 2020, the colistin broth disk 
elution method (CBDE) and the colistin agar test 
(CAT), were approved by CLSI as acceptable meth-
ods for colistin susceptibility testing of Enterobac-
terales and P. aeruginosa, in addition to the BMD 
method (CLSI, 2020).

The aim of this study was to compare the 
performances of four colistin susceptibility testing 
methods with the reference BMD, using a collec-
tion of 200 clinical isolates. The susceptibility of 
these isolates to colistin and other antibiotics was 
assessed in our previous studies (Marteva-Proevs-
ka, 2018; Marteva-Proevska et al., 2021).
Materials and Methods
Bacterial isolates

A total of 200 non-repetitive, clinically im-
portant Gram-negative bacteria, isolated from pa-
tients of Alexandrovska University Hospital in So-
fia, Bulgaria in the period 01/2017 - 05/2018 were 
investigated. The collection included Klebsiella 
pneumoniae (97 isolates), Escherichia coli (41), 
Enterobacter cloacae complex (13), Pseudomonas 
aeruginosa (21), and Acinetobacter baumannii 
complex (28). They were highly resistant to most 
antibiotics tested, including carbapenems. Carbap-
enem non-susceptibility was found in 76 Entero-
bacterales isolates, including 69 K. pneumoniae, 
six E. coli, and one E. cloacae complex isolates, 
and in all P. aeruginosa and A. baumannii complex 
isolates tested (Marteva-Proevska, 2018 (PhD The-
sis), Marteva-Proevska et al., 2021). Colistin resist-
ance was detected in 33 isolates (16.5%, 33/200), 
including K. pneumoniae (29 isolates), P. aerugi-
nosa (3), and E. coli (1), (Marteva-Proevska, 2018; 
Marteva-Proevska et al., 2021).
Colistin susceptibility testing
Reference BMD method

Reference colistin MICs were determined in 
accordance with EUCAST/CLSI recommendations 
(CLSI-EUCAST Polymyxin Breakpoints Work-
ing Group, 2016) and ISO standard 20776-1 (ISO 
20776-1) on frozen, in-house prepared BMD pan-
els. Briefly, BMD panels were prepared in sterile 
96-wells of round bottom polystyrene microtiter 
plates (Dinatech S.A.) with two-fold dilutions of 
colistin sulfate (Sigma-Aldrich, USA) in CA-MHB 

щама K. pneumoniae, категоризирани като чувствителни от рефрентния BMD. В заключение, агар-
базираните методи по-добре откриха някои хетерорезистентни на колистин изолати и могат да се 
използват в допълнение към BMD, за да се подобри откриването на тези щамове.



190

(Biolab Zrt., Hungary), ranging from 0.125 to 128 
µg/mL. For each isolate tested, a growth control was 
included in the first well of the plate row. On each 
plate, colistin-susceptible (E. coli ATCC 25922) 
and colistin-resistant (E. coli NCTC 13846) iso-
lates were included as quality controls. The results 
were considered reliable if there was acceptable 
growth in the growth-control wells and the MICs 
of the control isolates were in the acceptable range. 

MIKROLATEST MIC Colistin (Erba 
Group-ErbaLachema, Czech Republic) (MLTCol) 
is a BMD product with freeze-dried antibiotics, con-
sisting of a plastic device with 8 flat-bottom wells 
allowing single-isolate testing with two-fold dilu-
tions from 0.25 to 16 µg/mL (with a growth-control 
well included). All tests were performed according 
to the manufacturer’s instructions (Instruction man-
ual for cat. №: MLT00057). As for the reference 
BMD, colistin susceptible (E. coli ATCC 25922) 
and colistin-resistant (E. coli NCTC 13846) iso-
lates were used as quality controls.

The results, obtained from the reference 
BMD and the commercial kit were interpreted ac-
cording to EUCAST breakpoints for susceptibility 
(MIC ≤ 2 µg/mL) and resistance (MIC> 2 µg/mL), 
(www.eucast.org).

Detection of colistin resistance in Enterobac-
terales, P. aeruginosa, and A.baumannii complex 
isolates with the Pre-diffusion method (ROSCO 
Diagnostica A/S, Denmark) (PDCol). All isolates 
were tested according to the manufacturer’s instruc-
tions. Briefly, Colistin Pre-diffusion Neo-Sensitabs 
were placed on in-house prepared cation-adjusted 
Mueller-Hinton agar plates (CA-MHA, (HiMedia 
Laboratories, India). After two-hour incubation at 
35±1°C, the tablets were removed and the plates 
were incubated at room temperature for 18 - 22 
hours. The next day, the plates were inoculated for 
the disk diffusion method using suspensions of the 
isolates adjusted to 0.5 McFarland turbidity stand-
ard. The plates were incubated overnight at 35±1°C 
in ambient air. Inhibitory zone diameters were 
measured and interpreted according to the manu-
facturer’s instructions (Insert for Kit for detection 
of colistin resistance, ROSCO Diagnostica A/S). E. 
coli ATCC 25922, P. aeruginosa ATCC 27853, and 
E. coli NCTC 13846 were used as quality control 
isolates.

Rapid Polymyxin NP test (RPNP) - the test 
was performed as described by Nordmann et al. 
(2016b). Briefly, the rapid polymyxin NP solution 
was prepared according to the original test proto-
col and stored at -20°C (Nordmann et al., 2016b). 

The solution was pre-warmed at 37°C before use. 
A stock solution of colistin sulfate (Sigma-Aldrich, 
USA) was diluted in CA-MHB (Biolab Zrt, Hunga-
ry) to obtain a 0.2 mg/mL concentration and stored 
in a glass vial at -20°C. Before testing each batch 
of isolates, the stock solution of colistin sulfate was 
added to a portion of RPNP to obtain final concen-
trations of 3.75 µg/mL colistin sulfate per well. The 
preparation of bacterial suspensions and the inoc-
ulation of the trays were done according to RPNP 
test protocol (Nordmann et al., 2016b). E. coli 
ATCC 25922 and E.coli NCTC 13846 were used as 
quality control isolates. The inoculated trays were 
incubated uncovered in ambient air at 35±1°C. The 
results were read after 1, 2, 3, and 4-hour incuba-
tion and interpreted according to the original proto-
col (Nordmann et al., 2016b).

SuperPolymyxin Medium (SPM). We used 
the Superpolymyxin Medium, developed by Nord-
mann et al. (2016a) with small modifications as a 
screening agar for colistin resistance (SA Col). The 
medium was prepared according to the methodolo-
gy, described by Nordmann et al. (2016a) but with-
out adding daptomycin and amphotericin B. The 
screen agar plates were inoculated with bacterial 
inocula, and adjusted to 0.5 McFarland standard.  
After removing the excess liquid from the swab, as 
for the disk diffusion test, an area of about 15 (20) 
mm/15 (20) mm was inoculated. On each plate, E. 
coli ATCC 25922 (colistin susceptible) and E. coli 
NCTC 13846 (colistin-resistant) were used as qual-
ity control. The plates were incubated overnight at 
35±1°C in ambient air. The result was considered 
valid if the quality control isolates demonstrat-
ed the expected lack of growth for E. coli ATCC 
25922 and the presence of confluent growth for E. 
coli NCTC 13846. The presence of growth (either 
confluent or as isolated colonies) in the inoculated 
area was considered a positive result. 
Analysis of data

Essential agreement (EA) was calculated as 
the percentage of isolates that had MIC values with-
in ± 1 twofold dilution of the reference BMD, con-
sidering all isolates tested as the denominator (ISO 
20776-2). The number of tests used to calculate the 
EA for the commercial BMD product was lower 
than the total number of isolates tested because of 
the differences in the MIC’s panel ranges. 

Categorical agreement (CA) was calculated as 
the percentage of isolates with results in the same 
category (susceptible S, intermediate I, or resistant 
R) according to the reference method, considering 
all isolates tested as the denominator (ISO 20776-2). 
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A very major discrepancy (VMD) was de-
fined when isolates were categorized as susceptible 
by the method evaluated, but resistant by the refer-
ence BMD, while a major discrepancy (MD) was 
defined when isolates were found resistant by the 
evaluated method but were susceptible by the ref-
erence BMD. The numbers of resistant and suscep-
tible isolates were used as denominators for VMD 
and MD calculations, respectively (ISO 20776-2). 
Results 
Reference BMD method

MIC distribution of colistin to all 200 tested 
isolates, obtained by the reference BMD is present-

ed in Тable 1. Based on the referent BMD method 
16.5% of the tested isolates were colistin-resistant. 
The highest rates of resistance were observed in K. 
pneumoniae (29.9%), followed by P. aeruginosa 
(14.3%) and E. coli (2.4%) (Table 1). 
MIKROLATEST MIC Colistin (ErbaLachema) 
(MLTCol) 

A total of 200 isolates were tested. The essen-
tial agreement (EA) between the reference BMD 
and MLTCol was calculated upon 148 test results 
using colistin MICs between 0.25 - 16 µg/mL (52 
were excluded because of the differences in the 
panel ranges of the two tests). EA was observed 

Table 1. Colistin MIC’s distribution to 200 isolates of Gram-negative bacteria, determined by the reference 
BMD

Colistin  
MIC‘s

(µg/mL)

Organism
Total

(n=200)K. pneumoniae
(n=97)

E. coli
(n=41)

E. cloacae 
complex
(n=13)

A. baumanii 
complex
(n=28)

P. aeruginosa
(n=21)

≤0.125 3 24 2 2 - 31
0.25 14 6 6 4 - 30
0.5 31 4 2 14 8 59
1 16 6 2 8 5 37
2 4 - 1 - 5 10
4 1 - - - - 1
8 3 - - - 1 4

16 6 1 - - - 7
32 6 - - - 1 7
64 9 - - - - 9

128 2 - - - - 2
> 128 2 - - - 1 3

Fig. 1. Correlation between colistin MICs, determined with MLTCol and the Reference BMD
The number of MICs with exact EA is highlighted in dark gray, and the number of MICs with EA of ± 1 dilution is highlighted 
in light gray. The MDs are marked with a circle. The lines represent the EUCAST breakpoints (susceptible ≤ 2 µg/mL and  
resistant >2 µg/mL)
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in 90.5% (134/148) (Fig. 1). CA was observed in 
98.5% (197/200), MD - 3 (1.8%), VMD - 0. 

The number of MICs with exact EA is high-
lighted in dark gray, and the number of MICs with 
EA of ± 1 dilution is highlighted in light gray. The 
MDs are marked with a circle. The lines represent 
the EUCAST breakpoints (susceptible ≤ 2 µg/mL 
and resistant >2 µg/mL)
Colistin pre-diffusion test Rosco Diagnostica A/S 
(PDCol)

A total of 200 isolates were tested. Three 
types of results were observed - no zone of inhibi-
tion (A), a large, well-defined inhibition zone (B), 
and a large zone of inhibition with a different num-
ber of colonies inside (C) (Fig. 2). The manufactur-
er does not exactly state how a type C result should 
be interpreted. Colonies inside the inhibitory zones 
were sub-cultured and MICs of the subpopulations 
were determined with BMD - in all cases, they were 
from 8 to 128 µg/mL. For better differentiation, the 
isolates, for which was observed a type C result, 
may be designated in the analysis/discussion as 
heteroresistant. CA was observed in 95.5% of the 
tested isolates (191/200). The heteroresistant (type 
C) was observed for 18 isolates of K. pneumoniae 
in our study and 55.6 % of them (10/18) were clas-
sified as resistant by the reference BMD, while the 
other eight isolates were categorized as susceptible 
(MD, 4.8%). One P. aeruginosa isolates with MIC 
8 µg/mL was identified by the pre-diffusion test as 
susceptible and was categorized as VMD - 3.0% 
(Table 2).
Rapid polymyxin NP test (RPNP)

Total, 151 isolates of K. pneumoniae (97 iso-
lates), E. coli (41), and E. cloacae complex (13) 

were tested, and 30 of them were colistin-resistant 
by the referent BMD. CA was observed in 98.7% 
of the isolates tested (149/151). A positive result 
was observed for 28 (27 K. pneumoniae and one E. 
coli) of these isolates. Two of the colistin-resistant 
(by the referent BMD) K. pneumoniae isolates gave 
false-negative results with the RPNP test (VMD, 
6.7%). In most cases (85.7%, 24/28) the test was 
positive after two hours of incubation. For four 
K. pneumoniae isolates, a positive result was ob-
served after four hours of incubation. Two of these 
isolates had MICs of 8 µg/mL, MICs of the other 
two isolates were 16 µg/mL and all of them were 

Table 2. Comparison of the results obtained from the reference BMD and the pre-diffusion test of Rosco-di-
agnostica A/S for 200 isolates of Gram-negative bacteria

Organism Number of 
isolates tested

Referent BMD Pre-diffusion test Rosco Diagnostica
Category S hR* R

K. pneumoniae 97
S (n=68) 60 8 (MD) -
R (n=29) - 10 19

E. coli 41
S (n=40) 40 - -
R (n=1) - - 1

E. cloacae complex 13
S (n=13) 13 - -
R (n=0) - - -

A. baumannii complex 28
S (n=28) 28 - -
R (n=0) - - -

P. aeruginosa 21
S (n=18) 18 - -
R (n=3) 1 (VMD) - 2

* hR= heteroresistant = Isolates for which was observed a large zone of inhibition with a different number of colonies in it.MD = 
major discrepancy, VMD = very major discrepancy; the MD and VMD are highlighted in gray

Fig. 2. Colistin pre-diffusion test of Rosco Diag-
nostica A/S. 
The figure demonstrates different types of results observed 
with the PDCol: A - no zone of inhibition in case of colis-
tin-resistant strains with high levels of resistance; B - large 
well-defined zone of inhibition (most often between 25 - 32 
mm) for colistin-susceptible strains; C - large zone of inhibi-
tion with a different number of colonies inside. Such strains 
were considered as heteroresistant (hR)
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heteroresistant by the PDCol. In the present study, 
we didn’t observe false-positive results (no MD). 
When compared with the reference BMD, the spec-
ificity and the sensitivity of RPNP were 100% and 
93.3%, respectively.
Superpolymyxin medium (SPM), used as screen 
agar colistin (SA Col) 

A total of 200 (167 colistin susceptible and 
33 colistin-resistant) isolates were tested. A cate-
gorical agreement was observed in 94% (188/200). 
The test was positive in all cases of colistin-resist-
ant isolates (either as confluent growth or as iso-
lated colonies) (no VMD). Twelve of the colistin 
susceptible (by the referent BMD) K. pneumoniae 
isolates provided positive results with the growth of 
isolated colonies on the SA Col (MD, 7.2%). These 
colonies were sub-cultured on MacConkey agar. 
The colistin MICs to these subpopulations ranged 
from 4 to 128 µg/mL (determined with the referent 
BMD) (Table 3).
Discussion

The constantly growing antibiotic resistance 
among clinically important Gram-negative bacteria 
led to the revival of the clinical use of polymyx-
ins (Falagas et al., 2005). According to the current 
joint CLSI-EUCAST working group recommenda-

tions, the reference method for polymyxins testing 
is the ISO-20776-1 standard broth microdilution 
(BMD) (www.eucast.org). However, the reference 
BMD method is very labor-intensive and difficult 
to perform in routine diagnostic laboratories (Poirel 
et al., 2017; Chew et al., 2017; Jayol et al., 2018a). 
In this study, we compared the performances of four 
colistin susceptibility methods against 200 multid-
rug-resistant, clinically important Gram-negative 
bacteria isolated from patients in our hospital.

The results, obtained from the MIKROLAT-
EST MIC Colistin (Erba Group - ErbaLachema, 
Czech Republic) in our study (EA 90.5%, CA 98.5%, 
MD - 3 (1.8%), VMD - 0), showed a good correla-
tion with the reference BMD and met the criteria 
of ISO 20776-2 for accuracy of the AST devices 
(EA and CA ≥ 90% and MD and VMD ≤ 3%) (ISO 
20776-2). These results are comparable to those ob-
tained with other commercial kits for colistin BMD 
in several studies (Matuschek et al., 2017; Chew et 
al., 2017; Richter et al., 2018; Jayol et al., 2018b; 
Caretto et al., 2018). Recently, another commer-
cial BMD product of Erba group was evaluated in 
a study upon 294 isolates (195 K. pneumoniae, 67 
E. coli, 23 Enterobacter, and 9 Citrobacter isolates) 
(Sarumathi et al., 2020). Categorical agreement of 
the MIKROLATEST MIC Erba Manheim kit with 

Table 3. Isolates with discrepant results obtained by different methods for detection of colistin resistance

Isolate 
ID

Ref 
MIC

µg/mL

MIC MLTCol
µg/mL

Result 
from the 
PD Col

MICs of 
subpopulations, 

from the inh. 
zones, µg/mL

RPNP SA Col
Observed 
growth

MICs of 
subpopulations 
from SA Col,

µg/mL
12K 1 1 hR 32 N P (13 CFU) 32
15K 0.5 0.5 S NA N P (15 CFU) 32
19K 1 2 hR 128 N P (1 CFU) 128
20K 0.5 1 hR 8 N P (3 CFU) 8
25K 0.5 1 hR 128 N P (30 CFU) 128
30K 0.5 1 S NA N P (3 CFU) 32
53K 1 0.5 S NA N P (3 CFU) 16
74K 0.5 1 hR 32 N P (1 CFU) 64
86K 0.25 0.5 hR 8 N P (5 CFU) 4
97K 0.25 1 S NA N P (1 CFU) 128
101K 0.25 2 hR 64 N P (20 CFU) 64
110K 1 4 hR 8 N P (3 CFU) msw

MIC - minimum inhibitory concentration; Ref MIC - MIC, obtained from the referent BMD; MLTCol - MIKROLATEST MIC 
Colistin (ErbaLachema); PDCol - colistin pre-diffusion method kit (ROSCO Diagnostica A/S); RPNP - Rapid Polymyxin NP 
test; SPM  - the Superpolymyxin medium, used as screen agar, hR - heteroresistant type of result =big zone of inhibition with 
different number of colonies in it; N - negative; P - positive; CFU - colony-forming units; MSW - multiple skip well; NA=not 
applicable
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the reference BMD was found in 91.1%, very major 
errors (VME) in 2.7%, but the EA was 83.3% and 
the major errors (ME) were 6.1% (Sarumathi et al., 
2020).

The RPNP is a rapid test for the detection of 
resistance to colistin/polymyxin B among Entero-
bacterales isolates and can be performed directly 
with blood cultures (Jayol et al., 2016). This is very 
important for routine diagnostic work since the lab-
oratories are expected to give quick and reliable 
results. In our study, we didn’t observe false-posi-
tive results (100% specificity) and the isolates with 
high colistin MICs exhibited positive results within 
two hours. High specificity was found also in other 
studies (Simar et al., 2017; Poirel et al., 2018). The 
percentage of sensitivity varied among the studies 
- from 99.3% to 100% (Nordmann et al., 2016b; 
Poirel et al., 2018) to 25% (Simar et al., 2017). 
These differences may be due to the different num-
ber of heteroresistant isolates tested in these stud-
ies. The detection of heteroresistance is problemat-
ic and as pointed out by Nordmann et al. (2016b) 
one of the limitations of their study is that they did 
not assess the ability of RPNP test to detect heter-
oresistant isolates with low MICs for polymyxins 
(Nordmann et al., 2016b). Interestingly, four iso-
lates in our study became positive after 4 hours of 
incubation. It is worth to further investigating the 
extension of incubation in order to increase the de-
tection of colistin-resistant/heteroresistant isolates.

The kit for detection of colistin resistance in 
Enterobacterales, P. aeruginosa, and Acinetobac-
ter spp. with the pre-diffusion method (ROSCO 
Diagnostica A/S, Denmark), has been evaluated 
only in a few studies apart from those of the man-
ufacturer. The initial pre-diffusion allows a homo-
geneous diffusion of the high-molecular antibiotics 
in the culture medium, making it possible to dis-
criminate isolates with reduced susceptibility to the 
agents (Silveira et al., 2014). Boyen et al. (2010), 
testing 157 isolates of E. coli, isolated from pigs, 
found a good (96.8%) correlation with CA between 
agar dilution and the pre-diffusion method. Howev-
er, another study didn’t find a correlation between 
the pre-diffusion test and the MICs, determined by 
BMD among 75 isolates of A. baumannii (Herrera 
et al., 2011). In our study, the pre-diffusion meth-
od showed CA of 95.5% with the reference BMD. 
Discrepancies were observed in one isolate of P. 
aeruginosa with 8 µg/mL MIC, which was falsely 
identified as susceptible, and in eight of the heter-
oresistant K. pneumoniae isolates. The higher MICs 
to the isolates, isolated from the zones of inhibition 

confirmed the heteroresistance. Our results showed 
that the PDCol may better detect some of the het-
eroresistant isolates. These isolates were identified 
as susceptible by both the BMD method and RPNP. 
А disadvantage in the test protocol is the need for 
a long pre-diffusion (about 20h), which delays the 
obtaining of the final results (Boyen et al., 2010).

The Superpolymyxin medium was devel-
oped for screening polymixin-resistant Gram-neg-
ative bacteria in stool samples (Nordmann et al., 
2016a). Its sensitivity and specificity were 100% 
(Nordmann et al., 2016a). Recently, Pasteran et al. 
(2020) validated the Colistin agar spot (Col-AS) 
test of 3 μg/mL colistin (final concentration), add-
ed to a Mueller-Hinton agar plate and subsequently 
swabbed with 0.5 McFarland standard suspension 
of the tested isolate within 1 cm2 spot. Compared 
to BMD, COL-AS yielded a CA of 95.5%, with no 
very major errors and major errors of 3.8% (Pas-
teran et al., 2021). They were mainly due to E. coli 
mcr-1 producers and Acinetobacter spp. (Pasteran 
et al., 2021). In our study, when the Superpoly-
myxin medium was used as a screening agar, we 
detected 12 heteroresistant K. pneumoniae isolates 
identified as susceptible by both the BMD method 
and RPNP. Four of these isolates were not detected 
by the PDCol. To the best of our knowledge, this is 
the first report for colistin heteroresistant isolates in 
Bulgaria. Although heteroresistance to polymyxins 
has been also reported in A. baumannii (Li et al., 
2006; Moffat et al., 2010; Barin et al., 2013) and 
Enterobacter spp. (Landman et al., 2013), we did 
not detect heteroresistant subpopulations among 
the isolates of these species, probably due to the 
small number of isolates tested.

Similar to our study, colistin heteroresistance 
may not be detected in some cases, when using 
only the recommended BMD (Meletis et al., 2011; 
Landman et al., 2013; Jayol et al., 2015; Band et 
al., 2018; Elias et al., 2021). In the present study, 
RPNP was also negative for some of the heterore-
sistant isolates, mostly for those with low colis-
tin MICs. Other authors also stressed the possible 
problems in the detection of similar isolates with 
the RPNP (Nordamann et al., 2016b; Jayol et al., 
2016). In order to improve the detection of colistin 
heteroresistant isolates in routine diagnostic work, 
it may be useful to use a combination of methods 
such as Suprepolymyxin medium as an addition to 
the BMD.

The clinical significance of heteroresistance 
is still unclear but it might play a role in the devel-
opment of resistance (Meletis et al., 2011; El-Hal-
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fawy and Valvano, 2015). When undetected, it 
may lead to treatment failure as demonstrated in 
a murine model of infection (Band et al., 2018). 
Unfortunately, there are no harmonized worldwide 
recommendations for heteroresistance detection 
(El-Halfawy and Valvano, 2015). The current and 
most widely used method, the population analysis 
profile, is time- and labor-consuming and is difficult 
to be implemented in diagnostic laboratories (Band 
et al., 2018). Our observations emphasize the ur-
gent need for a precise, reliable, and user-friendly 
method (or combination of methods) for detection 
not only of colistin resistance but also of heterore-
sistance in routine diagnostic work.
Conclusion

The determination of susceptibility to colistin 
is problematic and the recommended BMD meth-
od may miss some colistin heteroresistant isolates. 
According to the results of the present study, agar-
based methods such as the Surerpolymyxin medi-
um and pre-diffusion test can increase the detection 
of heteroresistant isolates when they are used in 
conjunction with the BMD method. Further stud-
ies are needed to evaluate the additional methods, 
which can be used in combination with the BMD 
to improve the detection of colistin heteroresistant 
isolates.
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Abstract

Functional cure for Hepatitis B virus (HBV) by inhibiting HBV surface antigen (HBsAg) is crucial. 
Therefore, it was aimed to develop a predictive quantitative structure-activity relationship (QSAR) model 
on a ligand-based pharmacophore (LBP). LigandScout v3.12 was used for LBP modeling. The best model 
with the highest score was used for high throughput screening (HTS). A QSAR model was developed by 
a stepwise multiple linear regression (MLR) with a confidence interval (CI) of 95%. The goodness-of-fit 
statistics evaluated the fitness of the model. A comparable R2 and adjusted R2 were considered as lack of 
overfitting. Further RMSE and Q2 statistics were measured for testing the model on the validation set. Thir-
ty-four active anti-HBsAg compounds were used to develop an LBP model. Nine of 34 compounds with 
higher clustering pharmacophore-fit scores were tagged as the training set, and the rest of the inhibitors 
were used as the test set. The best model had a 0.8832 fit score. HTS resulted in 10 potential hit compounds 
with a fit score of 101.44±0.65. A QSAR model was developed with two response variables, including Yin-
dex and GATS8m, with substantial variance information (p < 0.05). The model was well fitted (R2 = 0.9563, 
MSE = 0.0023). A reliable well-fitted predictive QSAR model was developed. The model can be applied to 
the chemical libraries fitted to the LBP model, and the QSAR equation would estimate the biological activ-
ities of the hit compounds with 95.63% accuracy with only two Yindex and GATS8m descriptors.
Keywords: Ligand-based pharmacophore modeling; Hepatitis B virus; Quantitative structure-activity rela-
tionship; Hepatitis B virus surface antigen; HBsAg secretion inhibitor 
Резюме

Функционалното лечение на вируса на хепатит B (HBV) чрез инхибиране на HBV 
повърхностния антиген (HBsAg) е от решаващо значение. Целта на настоящото изследване е да се 
разработи предсказуем модел на количествена връзка структура-активност (QSAR) върху базиран на 
лиганд фармакофор (LBP). За LBP моделиране е използван LigandScout v3.12. Най-добрият модел с 
най-висок резултат е използван за високоефективен скрининг (HTS). QSAR модел е разработен чрез 
поетапна множествена линейна регресия (MLR) с доверителен интервал (CI) от 95%. Статистиката 
за добро съответствие оценява пригодността на модела. Сравним R2 и коригиран R2 показват липса 
на надстройка. Измерени са допълнителни RMSE и Q2 статистики за тестване на модела върху 
комплекта за валидиране. Тридесет и четири активни анти-HBsAg съединения са използвани за 
разработване на LBP модел. Девет от 34 съединения с по-високи клъстерни фармакофорни резултати 
са маркирани като набор за обучение, а останалите инхибитори са използвани като тестов набор. 
Най-добрият модел показва резултат от 0.8832. HTS доведе до 10 потенциални успешни съединения 
с подходящ резултат от 101.44±0.65. Разработен е QSAR модел с две променливи на отговор, включи-
телно Yindex и GATS8m, със значителна информация за вариация (p <0.05). Това е надежден, добре 



198

Introduction
One of the most treatment-challenging viral 

diseases is caused by hepatitis B virus (HBV) infec-
tion. Chronic HBV (CHB) has influenced millions 
of people worldwide. HBV remains among the top 
10 viral-caused human deaths, despite the availa-
bility of preventive vaccines and some treatment 
regimens. It is also associated with various clinical 
liver diseases, including cirrhosis, liver failure, and 
hepatocellular carcinoma (HCC). Endemic areas 
suffer from higher rates of liver diseases associated 
with HBV (Rybicka and Bielawski, 2020). More-
over, co-infection of HBV with other infectious 
agents such as Hepatitis Delta virus (HDV) also 
increases the mortality rates of infected patients 
(Miao et al., 2020). The key to potential treatment 
is to uncover the life cycle of HBV. 

Seven proteins are encoded by the ~3.2 kbp 
genome of HBV, of which surface antigen (HBsAg) 
has specific determinative roles, including an indi-
cation of HBV seroepidemiology, viral attachment/
penetration, viral envelopment (Ueda et al., 1991), 
trans-activator (Hildt et al., 1996), virus-host re-
sponse/responsiveness, and an indicator of viral 
replication status. It is also understood that sus-
tained clearance of HBsAg from chronically infect-
ed patients indicates a functional cure (Mohebbi 
et al., 2018). There are three types of HBsAg, in-
cluding L (large), M (middle), and S (small). Large 
HBsAg is responsible for attachment to the human 
sodium taurocholate co-transporting polypeptide 
receptor (hNTCP) on the hepatocytes (Lempp et 
al., 2017; Eller et al., 2018). HBsAg transcribes 
from residual cccDNA and is an integrated form 
of the HBV genome (Tu et al., 2017; 2020). This 
makes it challenging to achieve sustained HBsAg 
clearance.

In CHB patients, HBsAg-based recombinant 
vaccine does not induce well-tolerated immunity 
due to some reasons like what has been observed 
in those with escape mutant quasi-species, carriers 
of occult infection untreated CHB patients. How-
ever, FDA-approved nucleos(t)ide analogs (NAs) 
are frequently used for these patients (Rezanezhadi 
et al., 2019). In this regard, a systematic analysis 
of 36 randomized controlled trials has shown that 
NAs are safe to use and successful in HBeAg se-
roconversion, HBeAg loss, and the achievement of 
undetectable HBV DNA (Geng et al., 2020). 

However, in CHB patients undergoing long-term 
therapy with NAs, HBsAg seroclearance is rare 
(Wong et al., 2020). A functional cure can therefore 
not be obtained alone by using current NA therapy. 
In addition, in patients under NA medication, cccD-
NA in residual HBV-infected hepatocytes will re-
main unaffected (Martinez et al., 2020). This is due 
to the evolutionary process of cccDNA formation 
via the repair mechanism of host DNA damage, and 
NAs only target viral polymerase. Therefore, the 
use of combination therapy of novel HBsAg sup-
pressors and the elimination of cccDNA would lead 
to an HBV cure.

Hundreds of studies have been performed 
identifying the anti-HBsAg activities of novel natu-
ral products (Khani et al., 2019; Hu et al., 2020; Mo-
hebbi et al., 2021b), synthetic compounds (Vaillant, 
2016; Roehl et al., 2017; Quinet et al., 2018), and 
other macromolecules (Qian et al., 2019). Mean-
while, no well-established model defines the role of 
physicochemical descriptors of compounds in their 
anti-HBsAg activities. In this respect, Quantitative 
Structure-Property Relationship (QSAR) modeling 
is a powerful analytical tool for developing a ro-
bust linear equation model between the biological 
activities of chemical compounds and their phys-
icochemical properties (Muhammad et al., 2018). 
Soni et al. (2017) used this model and showed that 
the electron-withdrawing group's aromatic ring and 
polarizability parameters are correlated with the 
anti-HBV activity of 4-Aryl-6-Chloro-Quinolin-
2-Ones and 5-Aryl-7-Chloro-1,4-benzodiazepine 
compounds. QSAR is a routine analysis along with 
ligand-based drug discovery (LBDD) approaches. 
Since there is no crystallographic data on HBsAg, 
there might be a bias toward the discovery of lig-
ands with similar physico-chemical properties.

Therefore, we used clustering and validation 
of a pharmacophore model by already known com-
pounds with anti-HBsAg activities. The pharma-
cophore was used for HTS of an extensive virtual 
library of chemical compounds. A highly accurate 
QSAR model was established based on the validat-
ed pharmacophore model. The model was evaluat-
ed to explain the relation of the descriptors of com-
pounds with their activities. Our findings showed an 
applicable linear model that could be used for drug 
discovery of potential anti-HBsAg compounds.

съответстващ прогнозен QSAR модел, който може да се приложи към химическите библиотеки, 
съответстващи на модела LBP. Уравнението QSAR може да оцени биологичните активности на 
успешните съединения с 95.63% точност само с два дескриптора Yindex и GATS8m.
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Materials and Methods

Data sets and clustering
Thirty-four active inhibitors of HBsAg secre-

tion were derived from the literature (Fig. 1). 
ACD/ChemSketch (Advanced Chemistry De-

velopment, Inc.) was used to draw 3D schemes of 
these compounds and check for the best tautomeric 
shape. After drawing, compounds were maintained 
in the format of mol files. The mol files were con-
verted to the structure data file (SDF) using Open 
Babel software (O’Boyle et al., 2011). The com-
pounds were structurally clustered using the fast 
clustering algorithm of LigandScout 3.12 (Wolber 
and Langer, 2005). For clustering, the measure 

of similarity was retained as its norm, Max. num. 
Conformance was updated to 7, and the calculation 
method of clustering distance was set to maximum. 
3D pharmacophore modeling

Ligand-based modeling of pharmacophores 
was carried out with the software LigandScout 
3.12. As described above, the compounds with 
close structural conformations in the same cluster 
were flagged as training sets, and other structurally 
distant related compounds were flagged as the test 
set for pharmacophore model(s) validation. Settings 
were retained by default for modeling, but the num-
ber of omitted pharmacophore features decreased 
to zero. This decreased the number of hits that did 

Fig. 1. Schematic illustration of 34 active anti-HBsAg secretion small molecules. Compound 37 was not 
active and tagged as inactive in pharmacophore modeling
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not have adequate feature patterns that match the 
models, leading to an increased pharmacophore-fit 
score.
Virtual screening

A virtual library containing more than 720,000 
compounds was obtained from LifeChemicals, 
ASINEX®, and Drug Bank databases. The library 
was developed from these compounds with the Li-
gandScout’s Omega Best performance to keep the 
compounds in their best conformational states. Vir-
tual screening was performed by using the library, 
as mentioned earlier, with default software settings. 
Hits with the highest pharmacophore fitting score, 
which were structurally related to the model, were 
used for further analysis.
Descriptor prediction and quantitative structure-
property relationship

Version 5.5 of the Dragon software was used 
to classify compounds' descriptors. These data 
were selected as independent (X) variables. A fur-
ther dependent (Y) variable of compound biologi-
cal activity was obtained from the literature (Liu et 
al., 2015; Mohebbi et al., 2016). Descriptors were 
checked for non-zero variance, and those with zero 
values were removed. Multiple linear regression 
(MLR) was used to generate a QSAR model with 
MS-Excel v2019 and XLSTAT V2020. The mod-
el was established with a fixed zero intercept and 
selected with a stepwise process of variable entry 
with a threshold probability of 0.05 (95% CI). The 
model was validated by the test set of compounds 
used for pharmacophore modeling. The model with 
good fitness was applied to the hit compounds re-
sulting in the HTS. The goodness-of-fitness statis-
tics were reported for the evaluation of the model 
predictivity. Close values of R2 and adjusted R² as 
well as the threshold of the variables were consid-
ered to lack of overfitted model
Model validation and PCA

The QSAR model was validated by its accu-
racy in the estimation of the activity of training-set 
ligands. Scatter plots for the biological and pre-
dicted activities of ligands were plotted to elicit a 
significant linear correlation. The efficacy of the 
model was also examined with external validation. 
The test used in the modeling of the pharmacoph-
ore was used for the external test set. This external 
validation was done to check the further reliability 
of the model. Principal Component Analysis (PCA) 
was also performed to investigate further the role of 
descriptors in the biological activities of anti-HBV 
compounds. Data was autoscaled when the proper 

variance of descriptors was less than 1e-24. Two 
PCs were highlighted to investigate scores and 
loadings for the independent descriptor variables. 
The PC data were graphed by MS-Excel v2019.
Applicability domain (AD)

In order to apply the QSAR model for new 
compounds, the validated model was used to pre-
dict the activity of the screened hit compounds. 
The compounds were chosen based on their phar-
macophore-fit scores in the screened virtual library. 
We assumed the model would work fine since the 
hit compounds were obtained by screening through 
the pharmacophore model. However, the Tanimoto 
similarity was calculated on binary linear finger-
prints of the training set on which the MLR model 
was established. 

    cTanimoto coefficient = ____________
          (a+b-c)
The variable c is the number of features (or 

on-bits in the binary fingerprint) common in train-
ing-set compounds, while a and b are the number 
of unique features in one or the other compounds, 
respectively. The Tanimoto ranges from 0 to 1, and 
higher values indicate a more remarkable similarity 
between compound and good AD.
Results
Pharmacophore modeling

As shown in Fig. 1, Compound 37 was re-
ported to be inactive and it was flagged as inactive 
during modeling. Therefore, thirty-four chemi-
cal compounds with known anti-HBsAg secretion 
activities were used for clustering. Based on the 
conformational structures of the compounds, one 
model with the highest pharmacophore-fit score 
(90.99±8.49) was selected for virtual screening. 
The model resulted in a structural relationship of 
nine compounds, which was validated by the re-
maining non-clustered compounds as the test set 
(n = 25). The compounds included Osthol (score 
= 72.69), Compound 39 (score = 85.76), Com-
pound 40 (score = 93.81), Compound 41 (score = 
97.93), Compound 42 (score = 96.63), Compound 
43 (score = 84.38), Compound 47 (score = 88.54), 
Compound 48 (score = 99.67), and Compound 49 
(score = 99.59). The pharmacophore model (Fig. 
2) consisted of nine features: four hydrophobic re-
gions, three aromatic rings, one hydrogen bond ac-
ceptor, and one hydrogen bond donor site.
Virtual screening of chemical compounds

HTS was performed with the validated phar-
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macophore model on a virtual library consisting of 
chemicals of three LifeChemicals, ASINEX®, and 
DrugBank databases. The HTS results showed ten 
compounds with the best matching features with 
the highest pharmacophore-fit score. The hit com-
pounds were aligned with the pharmacophore mod-

el (Fig. 3). The average pharmacophore-fit score 
of the hits was 101.44±0.65. Hit number 1, with a 
score of 102.934, had the highest fitness within the 
pharmacophore. 
Establishment of QSAR model based on validated 
pharmacophore 

A QSAR model was generated with 2489 
descriptors, including constitutional descriptors (n 
= 48), topological descriptors (n = 119), walk and 
path counts (n = 47), information indices (n=47), 
2D autocorrelations (n = 96), connectivity indices 
(n = 33), edge adjacency indices (n = 107), bur-
den eigenvalues (n = 64), topological charge in-
dices (n = 21), eigenvalue-based indices (n = 44), 
functional group counts (n = 154), atom-centered 
fragments (n = 120), molecular properties (n = 29), 
2D binary fingerprints (n = 780), and 2D frequency 
fingerprints (n = 780). The model was established 
on two predictors, including GATS8m and Y index, 
and further validated by the test set. 95.63% of the 
biological activity of the compounds as explained 
by the model (R2 = 0.9563, MSE = 0.0023, PRESS 
= 0.0371, Q2 = 0.8978). The RMSE of the test set 
was 0.8153 (Q2 = 0.0), indicating no predictivity of 
the model for the test set. No overfitting was ob-
served, as the predictor variables had significant in-
formation in the model (p-value < 0.05), and the R2 

Fig. 2. Schematic representation of the Pharma-
cophore model. As it is shown, Compound 40 is well fitted 
in the pharmacophore model. Of 10 predicted models, this 
model with a score of 0.8832 was selected for virtual LBDD. 
H: Hydrophobic region; AR: Aromatic ring; HBA: Hydrogen 
bond acceptor; HBD: Hydrogen bond donor.

Fig. 3. Schematic representation of top-10 hits with the highest pharmacophore-fit score. All hits had 
matched features with the pharmacophore. The pharmacophore-hit score of hit no. Three was the highest.
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(0.9563) was very close to the adjusted R2 (0.8893). 
The analysis of variance was investigated to eval-
uate the effect of each predictor of the presented 
model. As a result, both variables had a significant 
amount of variance in the model. The linear equa-
tion is shown below: 
Activity (mM)= -0.2032×Yindex+0.1386×GATS8m

The result of model parameters showed a 
substantial role of each predictor on the biological 
activity of the compounds (Table 1). 
The residuals showed normal distribution (Shap-
iro-Wilk W = 0.9394, p-value = 0.574) of the linear 
model (Fig. 4A). Standardized residuals were also 
plotted against the test set values (Fig. 4B and 4C). 
No specific trends were observed, suggesting the 
model was correct. 

The model’s applicability domain was 
checked by the Tanimoto similarity matrix of linear 
fingerprints of training-set compounds. The results 
(Table 2) showed a relationship between most of the 
compounds. However, Osthol, with a 0.072±0.010 

score, had the lowest relationship with other com-
pounds. This might be because of the small size of 
Osthol lacking some other topological fingerprints 
identical to other compounds. However, as the Ost-
hol had an acceptable pharmacophore-fit score, it 
was used for QSAR modeling. The model was ap-
plied to the hit compounds to predict their biologi-
cal activity (Figure 5). 

Hit-1 with the predicted activity of 
0.0009±0.016 mM showed the lowest biologi-
cal activity. The predicted biological activity of 
hits number 2 and 9 was -0.007±0.016 mM and 
-0.022±0.017 mM, indicating a range of positive to 
negative activity values. This could result from a 
minor standard error of the model and the values 
can still be acceptable.
Principal component analysis of the predictors

PCA was used to reduce the dimension of var-
iance of the two predictors into principal factors (F) 
or eigenvectors. As shown in the Scree plot (Fig. 
6A), 100% of the variance of data is allocated into 

Table 1. The parameters of the QSAR model 
Source Value Standard error t Pr > |t| Lower bound (95%) Upper bound (95%)
Intercept 0.0000
Yindex -0.2032 0.0483 -4.2065 0.0040 -0.3174 -0.0890
GATS8m 0.1386 0.0166 8.3580 <0.0001 0.0994 0.1778

Fig. 4. Series of plots generated to identify the predictive power of the QSAR model. A) shows the resid-
uals of the training-set activity versus the predicted ones. The values reside within 95% CI. B) and C) are 
standardized residual plots for training- and test sets. Both plots represent the excellent quality of the model 
with no significant trends. D) and E) histograms illustrate the standardized residuals of training- and test 
sets. The standardized residuals of the training set are very narrow related to that in the test set.
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F1 (73.04%) and F2 (26.96%). As the model was 
established and fitted on two variables, it was ra-
tional that all variance was divided into Yindex and 
GATS8m. The monoplot (Fig. 6B) of the two fac-
tors illustrates the relationship between variables. 
The exact size of the predictors indicates the equal 
role of each variable in the F1. The angle between 
Yindex and GATS8m demonstrated the almost in-
dependent role of each descriptor in the linearity of 
the model.
Discussion

The unavailability of a functional cure for 
CHB has led to WHO’s an implementation of the 
first global strategy to eliminate HBV infection 
as a public health threat by 2030 (Catton et al., 
2018). The viral surface antigen determines both 
functional and complete cure by its secretion lev-
els in the serum. It also determines the host anti-

viral response, and its level in blood is positively 
correlated with intrahepatic HBV replication (Ren 
et al., 2019). The sustained suppression of HBsAg 
secretion as a functional cure can be pursued or 
combined with conventional anti-HBV medicines 
or novel inhibitors of cccDNA formation to com-
plete the treatment. In this study, we developed and 
validated a pharmacophore and QSAR model to 
discover potent compounds with anti-HBsAg activ-
ities. The model can be applied to compounds that 
are screened through the pharmacophore model.

In the present study, a pharmacophore mod-
el was developed and validated by 34 active in-
hibitors of HBsAg secretion. The complete in-
formation about the inhibitors is reviewed by Liu 
et al. (Liu et al., 2015). Nine compounds having 
6-chloro-4-(2-chlorophenyl) quinolone residues 
were clustered into the training set based on their 
structural relationship and validated by the rest of 
the compounds as the test set. Screening results 
have also shown the fitted hits to have the same 
matching pharmacological features as observed in 
the training set compounds. In this regard, chlo-
rophenyl and quinolone groups provided a hydro-
phobic axis. In addition, the quinolone group also 
provides amide residue as an HBD. This implicates 
similar prerequisite features used in LBP modeling 
of anti-HBsAg compounds. 

Furthermore, a predictive QSAR model was 
developed by a stepwise MLR and internally vali-
dated by the test set.  Two independent predictors, 
including Yindex and GATS8m, were identified as 
good predictors of the response variable. The cor-
relation matrix and PCA factors showed no signif-
icant associations between Yindex and GATS8m. 
This implies a substantial impact of each variable 
separately on the predictivity of the QSAR model. 

Table 2. Tanimoto results of similarity between linear fingerprints of the training-set
Compound

Osthol 39 40 41 42 43 47 48 49
Osthol 1.000 0.081 0.067 0.073 0.064 0.095 0.056 0.073 0.071
39 0.081 1.000 0.756 0.366 0.355 0.478 0.189 0.353 0.339
40 0.067 0.756 1.000 0.515 0.501 0.360 0.303 0.499 0.463
41 0.073 0.366 0.515 1.000 0.780 0.589 0.466 0.920 0.859
42 0.064 0.355 0.501 0.780 1.000 0.581 0.354 0.757 0.710
43 0.095 0.478 0.360 0.589 0.581 1.000 0.240 0.570 0.549
47 0.056 0.189 0.303 0.466 0.354 0.240 1.000 0.426 0.403
48 0.073 0.353 0.499 0.920 0.757 0.570 0.426 1.000 0.836
49 0.071 0.339 0.463 0.859 0.710 0.549 0.403 0.836 1.000
Mean± 
Std. dev

0.072±
0.010

0.480±
0.235

0.550±
0.199

0.687±
0.206

0.630±
0.198

0.546±
0.195

0.422±
0.222

0.670±
0.212

0.645±
0.213

Fig. 5. The predicted biological activities of the 
hit compounds. Hits number 1, 2, and nine had the 
lowest predicted anti-HBsAg activities. All the hit 
compounds’ predicted activities were comparable 
and lower than that observed in the training set 
(0.141±0.143 mM)
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The AD of the screened compounds with the 
pharmacophore model was also accompanied by a 
Tanimoto similarity search (Table 2). We observed 
less similarity between Osthol and other com-
pounds of the training set. This was partly due to 
the lack of some chemical residues in the Osthol. 
However, due to the high pharmacophore-fit score 
and matching pharmacophore features of Osthol to 
the model, we assumed that its removal from the 
model would not change the outcome of the QSAR 
model. A linear regression model was used to pre-
dict the biological activities of the identified hits. 
The results showed a range from 0.0009 mM to 
0.1 mM anti-HBsAg activity of the compounds. 
The activity values of the LBP-derived compounds 
were comparable to the training set (0.141±0.143 
mM), suggesting the chance of discovery of even 
more potential anti-HBsAg inhibitors. The coeffi-
cient and the PCA factors suggested a direct asso-
ciation of biological activity with GATS8m and an 

indirect relationship with Yindex values. 
Yindex (Balaban Y index) is a topological in-

dex (Balaban, 1982) and had a significant associa-
tion with the biological activities of the compounds, 
as shown by PCA. GATS8m (Geary autocorrelation 
of lag 8 weighted by mass) is a 2D autocorrelation 
descriptor defined by the Geary coefficient (Geary, 
1954). Eigenvalues and score analysis showed a di-
rect association between the descriptors with factor 
1, suggesting both predictors contained an identical 
variance for the QSAR model. In addition, there 
was no association between Yindex and GATS8m 
due to a ~90° angle between the two descriptors.

The study was designed to build a li-
gand-based pharmacophore modeling model and 
HTS of possible anti-HBsAg small molecules and 
to establish a well-fitted predictive QSAR equation 
based on the LBP model. The QSAR model was es-
tablished hardly by using different sets of descrip-
tors (data are not shown here), and we also suffered 

Fig. 6. The PCA results of the predictors of the MLR model. A) Scree plot of two predictors that are reduced 
into two factors. Moreover, B) illustrates PCs of loading values. Values in bold correspond for each variable 
to the factor for which the squared cosine is the largest
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from model overfitting due to higher numbers of 
predictors, whose existence in the model was not 
significantly necessary. After several attempts, we 
achieved a well-fitted model using two independent 
descriptors with significant information in the mod-
el. The pharmacophore model can be used for fu-
ture discovery in the setting of different servers (as 
we have previously shown (Mohebbi et al., 2021a) 
of large virtual libraries of compounds with predict-
able anti-HBsAg activity (with a range of nM to 
mM) by implementing the presented QSAR model. 
Because of the lack of enough resources, we were 
not able to estimate the inhibition potential of the 
presented hits against HBsAg secretion.
Conclusion

The present study demonstrated a reliable 
QSAR equation based on a ligand-based pharma-
cophore modeling procedure to discover potent 
active HBsAg inhibitors. The highlighted hits with 
predicted anti-HBsAg activities could be used for 
future in vitro or in vivo studies.  
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Abstract

In the article, we give a brief presentation of our new method based on a unified fram Lodderomyces 
and Kazachstania clades. Furthermore, a new approach has been applied to discriminate yeast species and 
genera in the Starmerella clade. An indication of this is numerous literature data showing low statistical 
support for basal branches of a phylogenetic tree of the Starmerella clade. Phylogenetic analysis shows that 
a tree of the Stramerella clade falls into 7 clusters with high statistical support of basal branches. Among 
these clusters, cluster 5 represents a new genus. At the border of cluster 5 and its neighbor cluster 4, the fol-
lowing characteristics change with a jump: nucleotide sequence identity (SI), evolutionary distance (ED), 
and physiological profiles (PP) between species belonging to clusters 4 and 5.
Keywords: molecular evolution, phylogenetics, physiologic profiles, yeast species and genera boundaries.
Резюме 

В настоящата статия представяме кратка презентация на нашият нов метод, базиращ се на eдинен 
подход за дискриминация на видове и родове в дрождевите кладове Lodderomyces и Кazachstania. Ос-
вен това, новият подход е приложен за дискриминация на видове и родове в дрождевия клад Starmerel-
la. Индикация за това са многобройни литературни данни, показващи ниска статистическа подкрепа 
на базалните разклонения на филогенетичното дърво на клада Starmerella. Анализът показва, че 
филогенетично дърво на клад Stramerella се разпада на 7 клъстера с висока статистическа подкрепа 
на базалните разклонения. Между тези кълъстери, клъстер 5 представлява нов род. На границата 
на клъстер 5 и негови съсед клъстер 4 със скок се променят следните характеристики: идентичност 
на нуклеотидните последователности (ИНП) еволюционото разстояние (EР) и физиологичните 
профили (ФП) между видове, принадлежащи към клъстири 4 и 5.

Introduction 
Problem formulation 

Current research on the taxonomic hierarchy 
is based on phylogenetic reconstruction. Phyloge-
netic trees are mainly inferred using DNA sequenc-
es, multiple sequence alignments, and ancestry 
DNA sequence reconstruction of nested monophy-
letic clades. Monophyletic clades are represent-
ed as groups of species that share common recent 
ancestors, and common phenotypic characteris-
tics and follow predictive evolutionary processes 
(Lachance, 2018). Because in taxonomic hierarchy 
only species unit has direct biological meaning one 
of the major open questions is how to determine the 
boundary between higher than species phylogenet-
ic units in the taxonomic hierarchy based on unified 
criteria. In the present article, we focus on unified 
criteria for the determination of boundaries

 
between species and genera (Fig. 1).

In the current classification of yeasts, three 
main problems remain unresolved (Fig. 2).

 First, is the absence of universally applicable 
criteria for taxonomic discrimination of higher-lev-
el phylogenetic units. Second, higher-level phy-
logenetic units have poorly supported branching 
orders. Third, a phylogenetic tree based on single or 
multiple gene markers does not provide a complete 
picture of evolution such as - gene transfer, duplica-
tion, deletion, and functional innovation. The first 
problem can be resolved based on the observation 
of the existence of discontinuities in fundamental 
characteristics such as genomic sequence identity 
(SI), evolutionary distance (ED), and phenotypic 
clusters of physiological profiles (PP) (Gouliamo-
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va et al., 2016; Dimitrov and Gouliamova, 2019). 
The second problem can be resolved using a com-
bined sequence analysis of ITS1+2 and LSU nrD-
NA markers for phylogenetic reconstruction (Fig. 
3). We choose these markers because LSU nrDNA 
has the highest discriminatory power at the level of 
kingdom, phylum and it decreases towards a spe-
cies and genus. ITS1+2 marker has the highest dis-
criminatory power at the level of species, genus and 
it decreases above the genus (Dimitrov and Goulia-
mova, 2014). Thus, LSU nrDNA and ITS1+2 mark-
ers cover all spectra of phylogenetic units.

The third problem can be resolved based 
on a comparative analysis of yeast physiological 
profiles. They are unique in their ability to reflect 
functional innovation and evolutionary adaptation 
of species to new niches and food sources. When 
physiological profiles are mapped on the phyloge-

netic tree, it is possible to translate yeast diversity 
into discrete phenotypic clusters which preserve the 
topology and cluster separation of the phylogenet-
ic tree (Fig. 4) (Dimitrov and Gouliamova, 2019). 
This approach clearly shows the presence of gaps in 
SI, ED, and PP on the boundaries between species 
and genera.

Distribution of morphological and/or physi-
ological profiles on phylogenetic tree reveals nov-
elty that distinguishes the new genus from ITS1+2 
nearest neighboring clusters. There is a minimum 
evolutionary distance in terms of differences in 
markers sequence identities or between physiolog-
ical profiles between two species that belong to the 
same or different clusters like clades or genera as 
well as discontinuities of these characteristics on 
the boundaries between genera on the phylogenetic 
tree.

Fig. 1. Currently, taxonomic ranks are determined by phylogenetic trees that are derived primarily using 
DNA sequences of one or more markers i.e. barcodes. A monophyletic taxon includes a common ancestor 
of all species in the taxon and all species derived from it. Taxonomic hierarchy is represented as nested 
levels of taxonomic categories.

Fig. 2. Critical gaps remain in the current classification of yeasts: use of phenotypic characteristics with 
low resolution and absence of universally applicable criteria for taxonomic discrimination of higher-level 
phylogenetic units (A); phylogenetic trees with poorly supported branching order (B); single or multiple 
gene markers that do not provide a complete picture of evolution (C).
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Local cut-off analysis for genera discrimination 
We first applied our approach for the deter-

mination of boundaries of a new genus Nemato-
dospora in the Lodderomyces clade. The analysis 
is based on the following considerations. First, in-
dividual species belonging to the same genus ac-
cumulate differences in some characteristics over 
time, while others will remain similar. It is sup-
posed that species within a genus share more com-
mon characteristics with each other compared with 
species belonging to other genera. However, due 
to the uncertainty of evolutionary processes, it is 
impossible to predict which characteristics can be 
used to define the genus boundary. Moreover, it is 
even more difficult to define the boundary of a new 
genus when only one species is available. In this 
case, the only way to approximate the boundary of 

a new genus is to compare locally genetic, pheno-
typic, and biogeographic data of the single species 
with its nearest neighbors on the phylogenetic tree 
(Fig. 5).

Second, the analysis of the biogeographic dis-
tributions of species showed that the biogeographic 
distribution of species within the nearest neighbor-
ing clusters and the new genus on the phylogenetic 
tree is different. Based on the phylogenetic, pheno-
typic (morphology of the ascospores), physiologi-
cal profiling and biogeographic analysis of species 
distribution a new genus Nematodospora valgi gen. 
nov., sp. nov. was proposed in the Lodderomyces 
clade (Gouliamova et al., 2016).  
Global cut-off analysis for genera discrimination 

Next, we applied our approach for the deter-
mination of boundaries of genera within the Ka-
zachstania clade. Kazachstania clade has a long 
history of unsuccessful attempts to reconstruct a 
phylogenetic tree with stable topology. As a result, 
the Kazachstania clade has low statistical support 
for branching order and variable distribution of 
species and clades on the tree. This is mainly due 
to the high conservatism of LSU nrDNA sequenc-
es and uncertainty in the results obtained based on 
multigene analysis (Dimitrov and Gouliamova, 
2019). Phylogenetic analysis of the alignment of 
combined ITS1+2 and LSU sequences was applied 
to resolve the problems of the Kazachstania clade. 
The analysis showed that the clade is unstable and 
is split into 5 Clusters (Fig. 6) that represent at least 
two distinct genera, the first genus comprises the 

Fig. 3. Barcode marker selection. Genotype-phenotype mapping and fitness landscape of species evolution. 
Phylogenetic reconstructions should rely on neutral markers, which are not under selection, or at the very 
least not strong or directional selection.

Fig. 4. Mapping of physiological profiles on phy-
logenetic trees preserves the topology and clusters 
of both trees. The mean distance between the new 
genus and nearest clusters will be bigger than the 
variability within each of them, thus confirming 
that they are well separated. 
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species of Clusters 1, 2, and 3 and the second genus 
includes the species of Cluster 4. Clusters 1 and 2 
(83% bootstrap support) include thirty yeast spe-
cies. Cluster 3 (100% bootstrap support) is com-
prised of twelve species. Cluster 4 (100% bootstrap 
support) includes four yeast species. Cluster 5 is 
comprised of an outgroup yeast species Kluyvero-
myces marxianus. 

Mapping physiological profiles on a phyloge-
netic tree allow for analyzing the way SI and PP val-
ues of the markers are distributed between species 
and higher order phylogenetic clusters. We found 
out that there is a minimum of ED in terms of dif-
ferences in marker nucleotide SI and between phe-
notypic profiles between two species that belong to 
the same or different clusters like clades or genera 
as well as discontinuities of these characteristics on 
the boundaries between genera on the phylogenetic 
tree. Indeed, a newly defined higher-level phyloge-

netic unit has unique combinations of phenotypic 
characteristics distinguishing it from those of other 
related phylogenetic units. Data from Dimitrov and 
Gouliamova (2019) in Fig. 7 show that there is a 
strong correlation between yeast molecular evolu-
tionary distances and combined ITS1+2 and LSU 
rDNA SIV (coefficient of determination – 0.84). 

There is a correlation between combined 
ITS1+2 and LSU rDNA SIV and differences be-
tween their PP (coefficient of determination – 0.5). 
There is a strong correlation between the average 
profile distances and the average SI between the 
clusters and there is also a correlation between the 
phylogenetic and physiological trees. Also, there is 
a discontinuity in PP and SI at the boundary between 
Cluster 4 and Cluster 3. This indicated that cluster 4 
represents a new genus. Obtained cut-off values for 
the new genus Grigorovia are shown in Fig. 7.

Fig. 5. Comparative analyses of DNA barcoding markers, the morphology of ascospores, physiological 
properties (in red), and biogeographic distribution (in blue) of yeast species of the Lodderomyces clade. 
Phylogenetic analysis using combined sequences of the ITS region and LSU nrDNA placed the novel spe-
cies on a separate branch near the basal part of the Lodderomyces clade1,2. The novel species has unique 
ascospore morphology distinct from the only ascosporulating species Lodderomyces elongisporus and bio-
geographically well separated.
1Fig. 5 is reproduced from Fungal Biolgy, v. 120, D. E. Gouliamova, R. A. Dimitrov, M. Th. Smith, M. Groenewald, M.M. 
Stoilova-Disheva, B.V. Georgiev, T. Boekhout. DNA barcoding revealed Nematodospora valgi gen. nov., sp. nova in the Lod-
deromyces clade, pages 179-190, Copyright Elsevier. 2Picture of Lodderomyces elongisporus ascospore is reproduced from 
(Kurtzman, 2011).
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Application of the global cut-off analysis for 
discrimination of the new genus in the Starmerella 
clade 

In the present article, we applied our approach 
to the analysis of possible genera in the Starmerella 
clade because previously obtained data show low 
statistical support for basal branches of Stramerel-
la clade (Dimitrov and Gouliamova, 2021). Our 
present article aims to reveal how SI and ED be-
tween genomic sequences (combined ITS1+2 and 
LSU nrDNA), as well as phenotypic clusters (PP) 
correspond to gaps at the boundaries between yeast 
species on the phylogenetic tree of the Starmerella 
clade.

Materials and Methods
Phylogenetic analysis

We follow the methods applied in our pre-
vious articles (Gouliamova et al., 2016; Dimitrov 
and Gouliamova, 2019). To avoid large gaps in the 
alignment the 3′-overhangs of the ITS1+2 and 5 ′ 
-overhangs of the LSU nrDNA sequences were re-
moved so that all sequences ended and started at the 
same position. Sequences of the ITS1+2 and LSU 
nrDNA markers were concatenated and realigned. 
Phylogenetic relationships of yeasts were deter-
mined using the neighbor-joining method (Saitou 
and Nei, 1987) with Kimura 2 parameter model 
(Kimura, 1980) with a gamma distribution of rates 

Fig. 6. Phylogenetic relationships of members of the Kazachstania clade inferred using neighbor-joining 
analysis (Kimura 2 parameter model) of combined sequences of the LSU rDNA and ITS1+2 markers. 
Kluyveromyces marxianus represents the outgroup. The scale represents 0,02 nucleotide substitutions per 
site (Dimitrov and Gouliamova, 2019; Gouliamova and Dimitrov, 2020).
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among sites with parameter 5, substitutions include 
transitions+transversions and pairwise deletion of 
gaps.

Maximum parsimony analysis was done with 
random addition of 10 initial trees, MP search meth-
od subtree-running-regrafting (SPR), MP search 
level 1, and max number of the tree to retain 100. 
All analyses were done using MEGA 7 software 
(Tamura et al., 2021). Confidence in the branching 
order of phylogenetic trees was assessed by boot-
strap analysis (1000 replicates) (Felsenstein, 1985).
Distance-based analysis of physiological profiles 

All physiological characteristics are treated 
independently and each species profile is represent-
ed as a string of 1s, 0s, or ns. Thus, if a given species 
has a physiological characteristic there is 1 into the 
corresponding cross of species profile column i and 
physiological characteristic row k, otherwise there 
is 0 or n. Physiological characteristics were treated 
as follows: positive – 1 (+, (–/+), w, s, v, d); neg-
ative – 0 (–). When two profiles are compared – 1 
((1,0), (0,1)); – 0((1,1), (0,0)); – no data ((1, n), (n, 
1), (0, n), (n, 0), (n, n)). Total differences between 
two physiological profiles d ij were considered as a 
sum of compared positions.
Unweighted pair group method

SI distances d ij are used to construct rooted 
identity trees (dendrograms) that reflect the struc-
ture of relationships present between species and 
preserve the topology of the phylogenetic tree. This 

structure is revealed using hierarchical clustering 
based on the neighbor-joining method. This is a 
bottom-up (agglomerative) clustering method for 
the creation of phylogenetic trees (Tamura et al., 
2011).
Results and Discussion
Cut-off values of combined ITS1+2 and LSU 
nrDNA sequences for yeast species and genera 
discrimination of the Starmerella clade

Phylogenetic analysis of the alignment of 
combined ITS1+2 and LSU nrDNA sequences of 
yeast species of the Starmerella clade and two new 
Bulgarian yeast species, 42 (0) and 91WR, placed 
all species in 7 clusters with more than 90% boot-
strap support of the major tree branches (Fig. 8). 

Cluster 1 (60% bootstrap support) – 9 yeast 
species, cluster 2 (86% bootstrap support) – 8 yeast 
species, cluster 3 (83% bootstrap support) – 9 
yeast species, cluster 4 (99% bootstrap support) - 4 
yeast species, cluster 5 (99% bootstrap support) – 
3 yeast species, cluster 6 (88% bootstrap support) 
– 15 yeast species and outgroup cluster 7 (100% 
bootstrap support) – 3 yeast species. Maximum 
likelihood and parsimony analyses reproduced the 
results of the neighbor-joining analysis with slight-
ly lower statistical support for the major branches 
(data are not presented). All near-optimal trees ob-
tained have the same tree topology (Fig. 9).

Following our previous article (Dimitrov and 
Gouliamova, 2019) we used combined ITS1+2 and 
LSU nrDNA sequence identity (SI) to determine 
those neighbors on the tree that under all possible 
rotations around nodes of the tree will have max-
imum SI. Identity values between all pairs of se-
quences in multiple alignments were determined 
based on the exact number of matched nucleotides 
relative to a shorter sequence. Secondly, we chose a 
few species from the boundaries of each clade, and 
for all possible pair boundaries belonging to differ-
ent clades, we determined their average SI. Thus, 
all sequences that represent the nearest neighbors 
on the tree were determined (Fig. 10).

Determination of the species neighbors on 
the phylogenetic tree which under all possible rota-
tions around nodes on the tree will have maximum 
sequence identity values SI of their markers. Map-
ping of physiological profiles on the phylogenetic 
tree at the global maximum on the bootstrap fitness 
landscape, preserves the topology and clusters of 
both phylogenetic and physiological trees Fig. 4 
and Fig. 9.

The correlation between ED and PP of nearest 

Fig. 7. Cut-off values for the new genus Grigoro-
via (Dimitrov and Gouliamova, 2019). Correlation 
between evolutionary (A) and physiological (B) profile dis-
tances of type strains of species of the Kazachstania clade 
relative to sequence identity values. Comparative analysis of 
the phylogenetic and physiological dendrograms. There is a 
discontinuity in PP and SI at the boundary between Cluster 4 
and cluster 3.
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Fig. 8. Phylogenetic tree of yeast species belonging to the Starmerela clade, new Bulgarian yeast strains, 
42 (0) and 91WR, reconstructed using combined sequences of ITS1+2 and LSU nrDNA markers. Scale 
nucleotide substitution per site.

Fig. 9. In search of the global maximum for the phy-
logenetic tree on the bootstrap fitness landscape. 
Changing the parameters of the multiple alignments leads to 
the movement of the phylogenetic tree on the surface of the 
bootstrap fitness landscape. This movement leads to large 
or small changes in the topology of the phylogenetic tree 
as well as the length and bootstrap support for its branches.

Fig. 10. A) Physiological profiles to phylogenetic 
tree mapping and the node pathways (marked with 
red) of the neutral model of marker molecular evo-
lution from the common ancestor to two descend-
ant species 3 and 4 are shown. B) The probabilities 
of evolutionary pathways are independent, which 
allows for rotations around phylogenetic nodes. 
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neighbor species of the Starmerela clade relative to 
SI as well as a comparative analysis of discontinu-
ity of SI and PP on evolutionary dendrogram are 
presented in Fig. 11 (A, B).

The correlation between ED and SI is strong 
with the coefficient of determination R2 = 0.81. 
In agreement with our previous results (Dimitrov 
and Gouliamova, 2019) when SI tends to 100% ED 
tends to 0 (Fig. 11A). As previously, we can approx-
imate cut-off values using the scatter point which 
has the lowest ED and maximum SI. Cut-off val-
ues for discrimination of species of the Starmerella 
clade are as follows: a) SI of combined ITS1+2 and 
LSU nrDNA the Cut-off value is 99.27% and the 
cut-off value for the ED between them is 0.005. In 
Fig. 11A the scatter point of distances belonging to 
the boundary sequences of Clusters 5, 6, and 7 are 
well separated and located at the very beginning of 
the regression line with minimum SI and maximum 
evolutionary distance. Clusters 6 and 7 form sep-
arate outgroup clades and there is a discontinuity 
jump in sequences identity at the boundary between 
Cluster 6 and Cluster 5 (Fig. 11C). Cluster 7 is rep-
resented by Saccharomyces cerevisiae, Magnusi-
omyces magnus, and Wickerhamiella domerqiae 
representing the outgroup for all Starmerella spe-
cies. The boundary values of Cluster 6 relative to 
Cluster 5 could be considered as the cut-off value 
for discrimination of separate yeast genera. There-
fore, based on the average pair-boundary SI and ED 
we propose 72.91% as the cut-off value for SI and 

0.271 as the cut-off value for ED for discrimination 
of genera of the Starmerela clade.
Cut-off values of physiological profiles for species 
and genera discrimination of the Starmerella clade 

Following our previous article (Dimitrov and 
Gouliamova, 2019) the above procedure for deter-
mination of cut-off value for SI was also applied to 
obtain cut-off values for discrimination of species 
of the Starmerella clade using distances between 
their PP (Fig. 11B). In agreement with our previous 
results (Dimitrov and Gouliamova, 2019) the cor-
relation between distances of PP and SI is valid for 
sequences with identities of more than 90% with a 
coefficient of determination of their linear correla-
tion curve R2 = 0.3. When SI is below 90% corre-
lation is observed only between close neighbors on 
the tree. In terms of distances between PP and the 
observation that when SI tends to 100% the distanc-
es between PP tend to 7, the cut-off value for dis-
crimination of two closely related species is deter-
mined to be 7. As mentioned in our previous article 
(Dimitrov and Gouliamova, 2019), values below 7 
correspond to intraspecies variabilities. In Fig. 11B 
the scatter point of PP belonging to the boundary 
species of Clusters 5, 6, and 7 are well separated 
and located at the very beginning of the regression 
line with minimum SI and maximum PP. There is 
a gap in PP at the boundary between Cluster 5 and 
Cluster 6 (Fig. 11C). Based on average PP values 
between pair-boundary species we propose 17.5 as 
the cut-off value for PP for discrimination of sepa-

Fig. 11. Correlation between evolutionary (A) and physiological (B) profile distances of species of the 
Starmerella clade relative to SI. Comparative analysis of the average SI and physiological characteristics 
with a major contribution to PP (C).
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rate genera in the Starmerela clade. As in our pre-
vious article (Dimitrov and Gouliamova, 2019), the 
correlation between PP and SI is not as strong. This 
is due to the low number of available physiological 
data. For the Starmerella clade, the missing physio-
logical characteristics are comparable with those in 
the Kazachstania clade. For example, in the Starm-
erela clade, the minimum and maximum missing 
physiological characteristics for species were 1 (C. 
floricola) and 45 (S. opuntiae). While in the Ka-
zachstania clade they were 12 (C. pseudohumilis) 
and 40 (K. yasuniensis) (Westerdijk Fungal Biodi-
versity Institute database –http://wi.knaw.nl).

Based on gene markers, the evolutionary 
model of marker sequence mutation, and out-
groups, yeasts species cluster in nested monophyl-
etic groups on phylogenetic trees based on the iden-
tity of shared sequences between them and between 
higher-order phylogenetic clusters. Following our 
previous approaches, after mapping physiological 
profiles on the phylogenetic tree we analyzed the 
distribution of marker SI and PP between species 
and higher order phylogenetic clusters. We expect-
ed that there should be a minimum of ED in terms 
of differences in marker nucleotide SI or phenotyp-
ic profiles between two species that belong to the 
same or different clusters like clades or genera as 
well as gaps in these characteristics on the bounda-
ries between genera on the phylogenetic tree.

In search for such combinations of phenotyp-
ic characteristics that exhibit gaps at the boundaries 
of monophyletic genera we previously proposed a 
complex approach based on the comparative analy-
ses of genetic, phenotypic, and biogeographic data 
(Gouliamova et al., 2016). In agreement with our 
previous observation, the results in this article show 
that there is a strong correlation between yeast mo-
lecular ED and combined ITS1+2 and LSU nrDNA 
SIV (coefficient of determination – 0.84). There is 
a lower correlation between combined ITS1+2 and 
LSU nrDNA SI and differences between their PP 
(coefficient of determination – 0.3). There is a strong 
correlation between the average profile distances 
and the average SI between the clusters. Finally, 
mapping of physiological profiles on the phyloge-
netic tree at the global maximum on the bootstrap 
fitness landscape preserves the topology and clus-
ters of both phylogenetic and physiological trees. A 
formal description of the new genus and new Bul-
garian species will be presented in our next article.

Conclusions and Future Perspectives
The results presented above confirm further 

that the approach proposed in our previous articles 
and reviewed in the introduction of the present ar-
ticle represents a reliable method for defining the 
boundaries between different species and genera on 
a phylogenetic tree based on unified criteria. The 
next step is based on whole genome sequencing and 
RNA-seq analysis of coding and non-coding gene 
expression to analyze differences in morphological 
and physiological properties and how they change 
at the boundaries between yeast species and genera.
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Abstract

Halophytes play an essential role in ecosystems, forming plant mass and seed material in salinization 
and water scarcity conditions, and have unique mechanisms that allow them to survive in regions where 
other crops cannot exist. This ability of halophyte plants is due, among other things, to endophytic micro-
organisms inhabiting various organs and tissues of these plants and adapting halophytes to stressful living 
conditions. The article presents data on the diversity, salt-resistance, and some characteristics of endophytic 
fungi isolated from 4 halophytes growing in the desert region of Bukhara, Uzbekistan. Thirty-five endo-
phytes from 44 obtained isolates exposed to stable growth for several generations. All cultures were tolerant 
to 5-10% NaCl in the medium; 13 isolates showed stable growth at 20% salt. The most significant number 
of endophytic fungi was isolated from the hyperhalophyte Climacoptera crassa.
Keywords: halophytes, endophytic fungi, halotolerance, morphological characters.
Резюме

Халофитите играят съществена роля в екосистемите, образувайки растителна маса и семенен 
материал при условия на засоляване и недостиг на вода и притежават уникални механизми, 
позволяващи им да оцелеят в региони, където други култури не могат да съществуват. Тази 
способност на халофитните растения се дължи, наред с други неща, на ендофитни микроорганизми, 
обитаващи техни различни органи и тъкани, адаптиращи халофитите към стресови условия на живот. 
В статията са представени данни за разнообразието, резистентност към високи концентрации на 
сол, както и някои характеристики на ендофитни гъби, изолирани от 4 халофитни растения, растящи 
в пустинния район на Бухара, Узбекистан. Получени са 44 изолата, 35 от които са култивирани 
като чисти култури със стабилен растеж в продължение на няколко поколения. Всички култури са 
толерантни към 5-10% NaCl в средата, а 13 изолата показват стабилен растеж при 20% NaCl. Най-
значителен брой ендофитни гъби са изолирани от хиперхалофита Climacoptera crassa.
Introduction 

Saline soils occupy about 25% of the land 
surface, and their territory is constantly increasing. 
The problem of salinization of lands, primarily ir-
rigated, has been acute in Uzbekistan since the sec-
ond half of the last century, associated with a large-
scale reclamation program from 1950-1980 and the 
environmental crisis of the Aral Sea. According to 
published data, the area of saline soils in Uzbeki-
stan, including slightly saline ones, at the beginning 
of the XXI century was 63% (Pankova, 2016). In 
this regard, one of the most important fundamental

and applied tasks is to find ways to reclaim soils 
and preserve biological diversity in arid areas.

Halophytic plants have evolved to tolerate 
high salinity levels and live on soils with a high 
concentration of salts (Gao et al., 2021). From the 
physiological and genetic points of view, the resist-
ance of these plants to salinization is a very com-
plex process. The effect of resistance genes is to 
limit the rate of salt absorption from the soil and 
salt transport through the plant, regulating the ionic 
and osmotic balance of cells in roots and shoots, 
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leaf development, and the onset of aging (Munns 
et al., 2005).

The exceptional majority of studies of halo-
phytes have focused on the physiological and ge-
netic regulation of resistance to salinity (Xu et al., 
2016). However, complex ecological processes in 
their rhizosphere and microsphere also play an es-
sential role in forming plant tolerance (Ruppel et al., 
2013), particularly in connection with the adaptive 
and protective functions of microbial communities 
living in plants (Harrison and Griffin, 2020; Jalili 
et al., 2020; Li et al., 2020). Thus, microorganisms 
inhabiting the roots and leaves of halophytes can 
significantly contribute to their well-being and re-
sistance to salinity.

Most salt-resistant plants growing in Uzbek-
istan, including in the Bukhara region, are well 
studied and characterized by adaptation to stressful 
conditions and their potential as sources of animal 
feed, oil, and medicinal substances (Shamsutdinov, 
2002; Ortiqova, 2019). However, to understand the 
mechanisms of plant adaptation to extreme condi-
tions, it is necessary to study their microbiome, in 
particular, to assess the contribution of endophytic 
microorganisms to adaptation to stressful environ-
mental conditions.

In recent years, some studies have been con-
ducted in Uzbekistan on the diversity and proper-
ties of endophytic fungi in medicinal plants. Their 
biologically active properties, including antimicro-
bial, cytostatic, inhibitory, and others, have been 
identified and studied, which allows them to be 
considered a good resource of pharmaceutically 
valuable medicines (Abdulmyanova et al., 2018; 
Ruzieva et al., 2020; Shurigin et al., 2020). Along 
with this, the diversity and properties of endophyt-
ic bacterial communities of local halophytes are 
successfully studied (Gao et al., 2021), and some 
works are devoted to studying the potential of hal-
ophilic bacteria isolated from a salt marsh or the 
rhizosphere of salt-tolerant plants (Lobanova et al., 
2011). However, the endophytic mycobiota of local 
halophyte plants and their salt tolerance have not 
been studied. Therefore, halotolerant endophytic 
fungi of halophytes are of great interest as possible 
factors of the adaptation of host plants to salt stress. 
In addition, the identification of halotolerant endo-
phytic fungi of halophytes can open up new pros-
pects for the production of microbial preparations 
for agriculture on saline soils.

The article presents data on the isolation and 
diversity of halotolerant endophytic fungi from 
salt-resistant plants Aeluropus littoralis, Climacop-

tera crassa, Halocnemum strobilaceum, Suaeda 
heterophylla growing in saline soils of the Bukhara 
region of Uzbekistan.
Materials and Methods
Collection, description, and identification of 
samples from salt-resistant plants

Samples of salt-resistant plants were select-
ed during September 2020 from two different sites 
of Bukhara region salt marshes: site 1 (eco-center 
“Jeyran” N 40.057599 E 64.140266), site 2 (Khoja-Zafa-
ron village, N 39.582435 E 64.708678). The selected plants 
were identified as Aeluropus litoralis, Climacop-
tera crassa, Halocnemum strobilaceum, Suaeda 
heterophylla according to the Plant Determinant of 
Central Asia (Bondarenko and Nabiev, 1972).
Isolation of halotolerant endophytic fungi

Surface sterilization of halophytes and isola-
tion of endophytic fungi was carried out according 
to Hazalin et al. (2009) with modifications. First, 
the plants were repeatedly washed under running 
water to remove soil and dust particles. Next, abo-
veground and root materials from each plant spe-
cies were cut and processed individually. For sur-
face sterilization, plant roots, stems, and leaves 
were placed into sterile Erlenmeyer flasks con-
taining ethanol 70% v/v for 60 s with shaking and 
then in sterile Erlenmeyer flasks containing 1.2%  
NaClO for 1 min. Then, plant materials were rinsed 
in sterile distilled water. After that, leaves, stems, 
and roots were slashed into small parts using a 
sterile scalpel, and the segments were evenly dis-
tributed in Petri dishes with agarized Chapek-Dox 
medium (Thom and Raper, 1945) with the addition 
of 200 mcg/ml of ceftriaxone (to suppress bacterial 
microflora) and 5% and 10% NaCl. Chapek-Dox 
medium with an antibiotic containing no NaCl was 
used as a control. Cultivation was carried out at 
28°C±2°C for 3-10 days.

The depletion stroke method on a Chapek-Dox 
agar containing 5% and 10% NaCl was used to 
obtain pure cultures. For the selection of steadily 
growing endophytes, at least 5-8 transplants were 
carried out on the appropriate nutrient media.
Determination of halotolerance and 
thermotolerance of endophytic fungi

Determination of the degree of halotolerance 
and thermotolerance of isolates was carried out 
on agarized Chapek-Dox medium containing 5%, 
10%, 15%, 17%, 20% of NaCl, and 15, 25, 35, and 
45°C. In both experiments, cultivation was carried 
out for up to 10 days. 
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Аll experiments were carried out three times.
Identification of endophytic fungi

Isolates were identified by micro- and macro-
morphological characteristics of seven-day-old cul-
tures grown on Czapek-Dox medium without salt 
(Litvinov, 1967). Genera affiliation was determined 
by the shape of the colony, growth on a nutrient 
medium, the shape of conidia and spores, and colo-
ny pigmentation. The cell preparation was obtained 
using acetic acid. The cell structure was studied on 
NLCD-307B binocular microscope (China) at a 
magnification of 10 x 40.

The cultures were stored on sloped Cha-
pek-Dox agar with 5% NaCl at 4-5°C±2°C for 3 
months, followed by subculture on a fresh nutrient 
medium.
Results

As mentioned above, for the study of halotol-
erant endophytes, we selected domestic halophytes 
A. littoralis, C. crassa, H. strobilaceum, S. heter-
ophylla. It should be noted that these plants were 
studied in terms of their biology, phylogeny, phe-
nology, distribution, and beneficial properties (Ko-
rovin, 1953; Bondarenko and Nabiev, 1972).
As can be seen from the data presented in Fig. 1, 
the most significant number of endophytic fungi 
(18 isolates) C. crassa was isolated from the 
aboveground part of the plant, 13 isolates were 
obtained from stems and leaves, one isolate from 
the root on a medium containing 5%NaCl, four 
isolates were isolated on a medium with 10% salt. 

Thirteen isolates from the aerial part of the 
plant were isolated from H. strobilaceum, 9 of them 
were resistant to 5%, and four were resistant to 10% 
NaCl.

Such a relatively high number of isolated 
halotolerant endophytes of fungi seems to be ex-

pected since both of these plants accumulate salts 
in tissues and cells, and thus the internal plant envi-
ronment assumes the tolerance of microorganisms 
living there. From the aboveground part of S. het-
erophylla, three isolates were isolated on a medium 
with 5% salt, and only one isolate was tolerant to 
10% salt. At 5% salt, four endophytes from the root 
and two isolates from the aboveground part of A. 
littoralis, three isolates from the aboveground part 
of the plant were isolated in a medium with 10% 
salt.

In general, 44 strains of halotolerant en-
dophytic fungi were isolated from the roots and 
aboveground in two media with different salt con-
centrations. Thus, 32 pure endophyte cultures were 
isolated from samples of 4 halophytes on media 
containing 5% salt, 5 of them from the roots, and 
27 from the aerial part of plants. On media with 
10% salt, 12 isolates were isolated from the aerial 
part, while it was not possible to isolate endophytes 
from plant roots. However, it was further found that 
after repeated replanting (more than eight passages) 
of the 44 initially isolated isolates, 35 cultures have 
been preserved: 14 and 12 isolates from C. crassa 
and H. strobilaceum plants have been preserved, 
and only 6 and 3 endophytes from A. litoralis and 
S. heterophylla, respectively.

The study of the resistance of isolated cul-
tures to salt stress in the range from 5 to 20 % NaCl 
showed that most cultures withstand 5% and 10% 
salt in the medium with virtually no change in the 
growth pattern, while higher concentrations inhibit 
the development of endophytes to varying degrees. 
This is accompanied by an increase in the cultiva-
tion time, a decrease in biomass accumulation, and 
pigmentation (Fig. 2A, B).

As shown in Fig. 2, the isolated endophytes 
behave differently at different salt concentrations. 

Fig. 1. The number of halotolerant endophytes isolated from halophytes at 5 и 10% NaCl



219

Isolate А10 (Aspergillus sp.) from C. сrassa 
produced a brown pigment within 3-4 days of grow-
ing without salt, while salt production and diffusion 
of the pigment occurs later. 10-15% NaCl changed 
the density, color, and growth rate of the fungus 
(Fig. 2A). Another endophyte, A01 (Cladosporium 
sp.), isolated from H. strobilaceum, exposed more 
tolerance to salt (Fig. 2B). The pigmentation and 
character of the mycelium did not change suffi-
ciently; there was a growth slowdown at 15-20% 
salt. The study of the salt resistance of endophytes 
showed that all 35 obtained isolates could grow at 
concentrations of 5 and 10% salt, 33 isolates – at 
15%. However, at 20% NaCl, 25 isolates showed 
weak signs of growth, while 13 cultures showed 
stable development (Fig. 3).

It should be noted that no endophyte from A. 
litoralis and S. heterophylla showed stable growth 
at 20% salt, while four cultures from C. crassa and 
nine from H. strobilaceum were able to grow at a 
high concentration of NaCl in the medium.

The study of the influence of temperature 
on the development of halotolerant endophytes 
in the range of 15-45°C showed that the optimal 
temperature for all isolates is 25°C, at 15°C and 
35°C the growth of cultures slowed down slightly, 
which was manifested in the later development of 
Mycelium in cultural broth. At 45°C, the growth of 
33 fungi was absent. Weak signs of growth at this 
temperature were found only by two isolates A04 
and A10, assigned to the genus Aspergillus. 

Determination of the morphological and cul-
tural properties of 35 isolates on a basal medium 
without salt showed that five genera represent en-
dophytic halotolerant fungal communities of stud-
ied halophytes: Alternaria (13), Cladosporium 
(12), Penicillium (5), Aspergillus (4), Fusarium (1) 
(Fig. 4). Representatives of these genera are known 
widespread in salt-tolerant plants (Blagoveshchen-
skaya, 2015; Jalili et al., 2020; Li et al., 2020).

The growth of isolates on a primary medi-
um and media with 5 and 10% NaCl did not differ 

Fig. 2. The growth of isolates at different salt concentrations. A. A 10 – Aspergillus sp., B. A01 – 
Cladosporium sp.

Fig. 3. Comparative characteristics of halotolerancy of endophytic fungi isolated from halophytes
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morphologically. Endophytes from all five genera 
were present in C. сrassa. Most of the isolates be-
longing to the genus Cladosporium have been iso-
lated from H. strobilaceum. Only two genera of 
fungi were found in A. littoralis and S. heterophylla 
plants - Cladosporium/Alternaria and Aspergillus/
Alternaria, respectively. Representatives of the ge-
nus Penicillium are found in the tissues of the aerial 
parts of C. crassa, and H. strobilaceum. Penicilli-
um, Cladosporium, and Alternaria have been iden-
tified in the roots of halophytes.

It should be noted that almost all of the iso-
lated halotolerant endophytes are characterized 
by mycelium pigmentation. By color, they can be 
divided into several groups: dark-colored, yellow 
and yellow-green, blue, and pink. Most of the iso-
lates had dark-colored mycelium (brown-green to 
black), suggesting the melanin nature of the pig-
ment produced. Only one isolate A10, obtained 
from C. crassa, produced a brown pigment in the 
medium. The intensity of staining increased after 
seven days of growth. The mycelium of the fungus 
was yellow-colored.
Discussion

Halophytes have a high species diversity and 
play an essential role in ecosystems. Currently, 
halophytes are well studied as an energy-saturated 
feed resource and are used in programs to restore 
degraded lands as desalinating agents (Vasilyeva, 
2019). In addition, there are many reports on the 
role of bacterial endophytic communities in the vi-
tal activity of salt resistance of various halophytes 

growing in many extreme ecosystems (Yuan et al., 
2016). However, halotolerant endophytes of halo-
phytes are studied to a lesser extent than mesophilic 
endophytic fungi or bacteria.

According to the classification proposed by 
Akzhigitova (1982), halophytes differ in the degree 
of salt resistance into four main groups: hypergal-
ophytes (plants of excessively saline soils), euhal-
ophytes (able to grow in a wide range of salt con-
centrations but develop better on less saline soils), 
hemihalophytes (plants of moderately saline soils), 
haloglycophytes (characterized by low salt resist-
ance). From this point of view, C. crassa and H. 
strobilaceum belong to hyperhalophytes since they 
grow on highly saline soils. Both plants can salt ac-
cumulation, which implies an increased intra- and 
intercellular concentration of ions. A. littoralis is 
characterized by another type of adaptation to salt 
stress: the plant removes salts to the surface of the 
leaves through specialized glands (Taysumov et al., 
2015).

Sun et al. (2011) studied the endophytic fungi 
of the leaves and stems of two Suaeda species dur-
ing the growing season between June and October. 
There were 104 isolates assigned to 25 fungal spe-
cies from S. microphylla, and 130 isolates assigned 
to 21 species from S. sorniculata were isolated. 
However, the halotolerance of the isolated endo-
phytes has not been studied.

Khalmuratova et al. (2015) studied the diver-
sity and growth-stimulating properties of endophyt-
ic fungi of five halophytes, including two species 

Fig. 4. Diversity of halotolerant endophytic isolates from halophytes (A) and individual representatives (B).
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of Suaeda. As a result, a total of 160 mesophilic 
isolates were isolated from the roots of five plants.

From the stems and roots of ten halophytic 
plant species, including Suaeda acuminata, grow-
ing in the desert region of China, 1046 strains of 36 
taxa of endophytic fungi were obtained (Li et al., 
2020). The data showed that the colonization and 
species richness of endophytic fungi varied and had 
higher indicators in the roots than in the stems.

The presented reports indicate that halophytic 
plants have a sufficiently high number and diversity 
of endophytic fungi. However, information on the 
halotolerance of endophytes of halophytic plants is 
presented rather sparsely. The association of halo-
tolerant endophytic microorganisms with halophyt-
ic plants can increase the salt resistance of plants, 
and their bioactive properties in the fight against sa-
linity and aridity would be valuable for agricultural 
technologies in extreme climatic conditions. 

Jalili et al. (2020) studied salt-resistant fungi 
from local halophytic plants. Forty fungi were iso-
lated from three families of halophytic plants grow-
ing in desert areas in Iran, and the most tolerant 
isolates were selected at concentrations of 1, 2, 3, 
3.5, and 4 M NaCl. Of the total number of isolated 
isolates, half were tolerant at 2 M NaCl and about 
12% of them at 3.5 M NaCl and one isolate was 
able to grow at 4 M NaCl. Two halotolerant species, 
A. terreus, and A. sclerotigenum, had strong enzy-
matic and antibacterial activity.

Pigmented endophytes have been observed in 
many halophytes (Ruppel, 2013; Blagoveshchen-
skaya, 2015); it is believed that they play an impor-
tant ecological role in the resistance to stress (Lili-
ya et al., 2020). Thus, Sun et al. (2011) also noted 
that S. microphylla and S. coriculata are colonized 
by pigmented endophytes belonging to Alternaria, 
Cladosporium, Fusarium, and Phoma. A. alterna-
ta and P. chrysanthemicola, dominating both halo-
phyte species. 
Conclusion

The presented data firstly demonstrate that 
halophytes Aeluropus littoralis, Climacoptera cras-
sa, Halocnemum strobilaceum, Suaeda heterophyl-
la growing on saline soils of Bukhara, Uzbekistan, 
inhabited by halotolerant endophytic fungi related 
to Alternaria, Cladosporium, Penicillium, Asper-
gillus, Fusarium, showing stable growth at 5% 
- 10% NaCl and a temperature of 25-30°C. Most 
of the halotolerant fungi inhabit the aerial parts of 
plants, with dark-colored mycelium species pre-
dominating.

The data allow to suggest an important role 

of endophytes for halophyte plants, and this work is 
the first stage in the study of their potential.
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Abstract

The growth potential of Salmonella serovar Typhi was investigated in four popular Nigeria’s cassava 
(Manihot esculenta)- and yam (Dioscorea rotundata)-based solid foods (amala, akpu/fufu, eba, and pound-
ed yam) commonly referred to as “swallow”. Growth curves in the sterilized four “swallows” obtained 
from eateries tended to be identical while the growth rates marginally varied (0.25-0.37 log cfu/g/h), but 
were lower than in chicken meat (0.40 log cfu/g/h) used for comparison. Coliforms and Salmonella were 
isolated from contact surfaces of swallow food processing materials (mortars, pestles wooden spoon, elec-
tric pounder, and nylon wrappers) using McConkey and Brilliant Green media with median counts lower 
in normal than makeshift eateries (coliform, 0.00-0.84 vs 1.50-1.70 log cfu/cm2; Salmonella, 0.00-0.30 vs 
0.30-0.60 log cfu/cm2). Prevalence of eateries with coliform- and Salmonella-contaminated ready-to-eat 
swallow foods was 8.7-30.4% in normal eateries and 23.2-46.4% in makeshift eateries. Hygienic practices 
were generally low (<50% of maximum points) although the normal eateries were associated with good 
hygienic practice (OR, 1.64; 95% CL, 0.75-3.20; P<0.05). It can be concluded that S. Typhi can grow in 
swallow foods, and that contact surfaces of processing materials are potential sources of bacterial contam-
inants during the preparation of swallow foods, especially in the commonly patronized makeshift eateries.
Keywords: Salmonella serovar Typhi; coliforms; growth rate; “swallow” food; eateries; hygienic practice.
Резюме

Потенциалът за растеж на Salmonella serovar Typhi е изследван в четири популярни в Нигерия 
твърди храни, произведени на базата на маниока (Manihot esculenta) и ямс (Dioscorea rotundata) 
(amala, akpu/fufu, eba и начукан ямс) и наричани „лястовица“. Кривите на растеж на бактериите в 
стерилизираните четири проби, получени от заведения за хранене, са идентични, докато скоростите 
на растеж варират незначително (0.25-0.37 log cfu/g/h), и в същото време са по-ниски от тези при 
пилешкото месо (0.40 log cfu/g/h) използвани за сравнение от контактните повърхности на уредите 
за преработка на храниата за бърза употреба (хаванчета, пестици, дървена лъжица, електрическа 
бъркалка и найлонови опаковки) бяха изолирани колиформи и салмонела върху среда McConkey 
и Brilliant Green. Полученият среден брой е по-нисък в нормалните, отколкото в импровизирани-
те заведения за хранене (колиформи – 0.00-0.84 срещу 1.50 - 1.70 log cfu/cm2; Salmonella – 0.00-
0.30 срещу 0.30-0.60 log cfu/cm2). Разпространението на заведенията за хранене със замърсени с 
колиформи и Salmonella готови за консумация храни за бърза употреба е 8.7-30.4% в нормалните 
заведения за хранене и 23.2-46.4% в импровизираните заведения. Хигиенните практики като цяло 
са ниски (<50% от максималните точки), въпреки че нормалните заведения за хранене са свързани 
с добра хигиенна практика (OR 1.64; 95% CL, 0.75-3.20; P<0.05). Може да се заключи, че S. Typhi 
може да расте в изследваните храни и че контактните повърхности на материалите за обработка са 
потенциални източници на бактериални замърсители по време на приготвянето й, особено в често 
покровителстваните импровизирани заведения за хранене.

Introduction
Salmonellosis is a major food-borne disease 

associated with morbidity and mortality worldwide 

(Crump et al., 2004; CSFPH, 2013; WHO, 2015; 
Ehuwa et al., 2021) and it is widespread in sub-Sa-
hara Africa (Clemens, 2009; Uche et al., 2017). 
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It arises from the consumption of food and water 
containing Salmonella cells. It is known that 2500 
serotypes exist in the genus Salmonella out of which 
1600 belong to Salmonella enterica hence it ac-
counts for most of the infections in men (Giaccone 
et al., 2012; Eng et al., 2015).  Although Salmonella 
food-borne disease has been largely associated with 
meat, poultry, dairy products, drinking water, vege-
tables, and fruits (Gómez-Aldapa et al., 2011), the 
organism can reach other types of food especially 
by cross-contamination and from the environment 
(Harris et al., 2003; Giaccone et al., 2012). Inves-
tigation of the growth kinetics of Salmonella has 
therefore been mainly in poultry products, beef, 
pork, fish, seafood, fruits and vegetables, and dairy 
products (Gómez-Aldapa et al., 2011; Carrasco et 
al., 2012; Smadi et al., 2012; McAuley et al., 2015; 
Sabike et al., 2015; Fagbamila et al., 2017) with lit-
tle or no information on the growth in some African 
traditional foods.

The occurrence and growth of Salmonella 
have been investigated in Nigeria and sub-Saharan 
Africa (SSA) in street foods (Muleta et al., 2001; 
Salamandane et al., 2021), food animals, and meat 
(Ebenso et al., 2012; Tafida et al., 2013; Thomas 
et al., 2020; Bawa et al., 2020), cereal-based food 
(Okoronkwo et al., 2016), fermented cereal bev-
erage (Oduori et al., 2021), poultry products (Fag-
bamila et al., 2017; Agbaje et al., 2021) and fish 
(Raudu et al., 2014). However, there is a paucity 
of information on the growth and survival of Sal-
monella in popular Nigerian traditional solid foods 
commonly referred to as “swallow” because it does 
not involve biting or chewing before swallowing. 
“Swallows” are mainly carbohydrate foods with 
a high concentration of starch and are made from 
cassava (Manihot esculenta) and African yam (Di-
oscorea rotundata). The swallow foods are usually 
dense, elastic, dough-like, and often molded into a 
ball-like shape after preparation. They are usually 
eaten with soup and they include “eba”, “amala”, 
“akpu/fufu” and “pounded yam”. Amala is prepared 
from yam or cassava flour or a combination of both. 
Sliced peeled tubers are grated and dried before 
grinding to fine powder-like flour. Thereafter they 
are mixed with boiling water and manually swirled 
or turned into a thick paste with wooden spoons be-
fore molding into a ball and wrapped with transpar-
ent nylon if not served immediately. Pounded yam 
is made from peeled and boiled softened yam that is 
pounded to a thick paste in a mortar and molded to 
a ball-like shape before wrapping like amala. Eba is 
prepared from garri which is a fried granular flour 

produced from fermented cassava tuber (Halake and 
Chinthapall, 2020). The procedure for making the 
eba with garri is similar to that of amala. The fer-
mented white paste from cassava is used to prepare 
akpu/fufu (Owolarafe et al., 2018) by mixing with 
water and continue stirring in a pot under heat till 
the desired smooth solid akpu structure is attained. 
Thereafter it is molded and wrapped like that “swal-
lows”. These “swallow” foods are commonly served 
in normal and makeshift eateries in Nigeria and 
some other SSA countries. 

Available reports related to swallowing foods 
in Nigeria tend to focus on the presence of microor-
ganisms and the safety of flours used for the prepa-
ration of swallow foods and not the prepared “swal-
low” food ready for consumption (Somorin et al., 
2011; Ossai, 2012; Adebayo-Oyetoro et al., 2013; 
Elenwon et al., 2019). The ready-to-eat “swallows” 
are prepared under varying hygienic conditions 
which, depending on the eatery, may expose them to 
microbial contamination. Thus given the popularity 
of swallow foods in Nigeria and indeed SSA, and 
the endemic nature of Salmonella infections in Ni-
geria (Akinyemi et al., 2018), it is desirable to deter-
mine: 1) the extent to which Salmonella Typhi can 
grow in four Nigerian “swallow” foods; 2) the prev-
alence of eateries with Salmonella sp. and coliform 
bacteria in ready-to-eat “swallow” foods; and 3, the 
potential sources of coliform and Salmonella con-
tamination of the swallow foods in the eateries. The 
study outcome may provide useful information for 
public health authorities for the control of Salmo-
nella infections in Nigeria and other SSA countries.
Materials and Methods
Source of Salmonella serovar Typhi

Salmonella serovar Typhi was obtained from 
the stock culture in the Microbiology laboratory of 
Delta State University, Abraka Nigeria. The iden-
tity was re-confirmed by biochemical profile tests 
using the “Abbreviated Panel of Tests” of Mikoleit 
(2014) which involves triple sugar iron agar (TSI), 
lysine iron agar (LIA), motility-indol-ornithine agar 
(MIO), Simmons citrate agar, and urea agar. These 
tests can differentiate S. Typhi and Paratyphi from 
other Salmonella serovars while production of H2S 
(indicated by blackening of TSI) and absence of gas 
differentiates S. Typhi from S. Paratyphi (Mikoleit 
(2014). 
Determination of growth of S. Typhi in the swallow 
foods

The isolate was first pre-enriched in buffered 
peptone water (Oxoid) and incubated at 37oC for 24 
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were aseptically opened, and 10 ml of sterile nor-
mal saline was poured in before shaking manual-
ly for 3 minutes in order to dislodge any bacteria 
from the internal surface. Thereafter, the saline was 
poured into sterile tubes and serially diluted before 
inoculation, incubation, and enumeration of colo-
nies as before.  
Hygienic handling in the eateries

A three-section structured questionnaire was 
used to obtain information from eatery operators 
on the handling practices in the preparation of the 
swallowed foods. The first section focused on ques-
tions related to the materials used in the swallow 
food preparation process with response options as 
“Yes” or “No”. The second and third sections were 
on cleaning/disinfection and storage conditions of 
wrapping materials, respectively. A 4-point Lik-
ert-like scale was the measure used for both sec-
tions. The details of the measures are in Appendix 
A. On this occasion it was less tasking to obtain 
the informed consent of eatery operators hence the 
eatery operators/respondents that accepted to be in-
terviewed were 100 (makeshift eateries, 54; normal 
eateries, 46). The interview was conducted face-to-
face with the respondents by research assistants.
Detection of Salmonella and coliform bacteria in 
ready-to-eat swallow food

Ready-to-eat swallow foods (amala, eba, 
akpu/fufu, pounded yam) were purchased from the 
100 eateries and assessed for hygienic handling, 
and tested for the presence of Salmonella and col-
iform bacteria using BGA and MA plates, respec-
tively as before. Coliform presence was investigat-
ed for indication of the sanitary and hygienic sta-
tus of the eatery environment. Macerated swallow 
foods weighing 1 g each were introduced into tubes 
containing 9 ml of sterile normal saline and thor-
oughly manually shaken before 1 ml was taken out 
and used to inoculate MA and BGA plates. After 
incubation for 24-48 h, the plates were visually ex-
amined for the presence of coliforms and Salmonel-
la as before.
Data analysis

The growth curves of S. Typhi in the four 
swallow foods and chicken meat were plotted (log 
cfu/g versus time) and the growth rate correspond-
ing to the slope at the exponential phase was deter-
mined. The lag phase duration and the time of max-
imum growth were obtained from the curve. The 
maximum available points for a hygienic practice 
involving cleaning/washing of the mortars, pestles, 
electric pounders, and nylon stood at 20 while it 

hours. Thereafter it was serially diluted with nor-
mal saline to obtain an inoculum size of 103 cells 
per 0.1 ml as determined by plate count on Nutrient 
agar. The four freshly prepared foods (eba, amala, 
pounded yam, and akpu/fufu) were obtained from a 
restaurant and used for the growth study after steri-
lization by autoclave at 121°C for 15 minutes. They 
were manually macerated with a sterile scalpel 
and 1g each was aseptically placed in 25 ml ster-
ile flasks and inoculated with 0.1 ml normal saline 
suspension of 103 S. Typhi cells and plugged with 
cotton wool. A total of 27 flasks were prepared for 
each swallow of food and incubated at room tem-
perature (30±2oC) from 2 to 18h. Triplicate flasks 
were retrieved at intervals of 2h for determination 
of bacterial population by plate counts on Nutrient 
agar. This was carried out by introducing 9 ml of 
sterile normal saline into each flask and thorough-
ly shaking for 3 minutes before serial dilution and 
subsequent inoculation of Nutrient agar plates with 
1 ml of the diluents. The above procedure was re-
peated with macerated boiled chicken meat in place 
of swallow food for the purpose of comparison. 
The average of the triplicate counts was calculated 
and recorded.
Microbial assessment of mortars, pestles, wooden 
spoons, and nylon materials

Access to mortars, pestles, and electric yam 
pounders used for the preparation of akpu/fufu and 
pounded yam and the wooden spoons used for turn-
ing/swirling amala and eba was granted by only 22 
eateries after agreeing on the confidentiality of the 
information which will not be linked to the eateries. 
They include 12 normal eateries and 10 makeshift 
eateries that use mortars and pestles; all the eateries 
used wooden spoons for preparing eba and amala. 
The surfaces of the pestles and wooden spoons as 
well as the internal surfaces of the mortars and yam 
pounders were swabbed with sterile cotton wool 
moistened with 1 ml normal saline. The areas de-
lineated for swabbing were 10 x 10 cm dimensions. 
The cotton swabs were subsequently transferred 
to tubes containing 9 ml saline and serially dilut-
ed before 1 ml was used to inoculate McConkey 
Agar (MA) and Brilliant Green Agar (BGA) plates. 
The plates were incubated at 37oC for 24-48 h and 
emerging pink-red colonies on MA (coliforms) and 
colonies surrounded by red halo on BGA (Salmo-
nella spp.) were counted. 

The nylon material (20 x 20 cm) used for 
wrapping the foods were obtained from eateries 
and shops and examined for coliform and Salmo-
nella presence using MA and BGA. The nylon bags 
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highest in pounded yam while it was comparatively 
higher in chicken than in all swallow foods (Fig. 2). 

The lag phases of S. Typhi in the swallow 
foods were similar except in pounded yam which 

was 8 for the storage conditions of the nylon wrap-
ping material (Table 1). High scores indicated good 
hygienic handling. Logistic regression was used to 
determine the association between types of eater-
ies (independent variables) and hygienic practice 
using a dichotomy of poor/good hygienic practice 
as dependent variables. Scores of ≤50% and >50% 
of the maximum available points were adopted as 
poor and good, respectively.
Results
Growth of S. ser. Typhi in swallow foods

The growth curves of S. Typhi in chicken 
meat and swallow foods are presented in Fig. 1. 

Although with marginal variations, the sig-
moid growth curves tended to be identical in all 
the swallow foods except in chicken which differed 
markedly. Similarly, growth rates varied in the 
swallow foods with the lowest in akpu/fufu and the 

Table 1. Measures of hygienic practice associated with the preparation of swallow food
Questions Scale
Section A (preparation process)
Do you:
 1. Use mortar and pestle for preparing akpu/fufu 
and pounded yam?

Yes No NA NA
“ “ “ “

2. Use an electric yam pounder for pounding yam? “ “ “ “
3. Use wooden spoon-like material to turn eba and 
amala into the desired paste?

“ “ “ “

4. Use wooden metallic spoon-like material to turn 
eba and amala into the desired paste?

“ “ “

5. Wrap the swallowed foods with nylon before 
serving customers? 

“ “ “ “

6. Mould the swallow foods before serving? “ “ ‘ “
Section B (Cleaning and washing)
How often:
1. Do you wash the nylon before use?

1 2 3 4
Not at all Sometimes Most of the time I always do

2. Do you wear hand gloves while molding and 
wrapping the swallow foods?

“ “ “ “

3. Do you wash the mortar, pestle or pounder after 
each round of pounding? 

“ “ “ “

4. Do you wash the pots and the spoon/spoon-like 
material after each round of preparing amala or 
akpu/fufu

“ “ “ “

5. Do you use soap/detergent for the washings? “ “ “ “

Section C (Storage of wrapping material)
How long do the packs of nylon you usually pur-
chase stay in your eatery before another purchase?

2-3 weeks 1 week 3-4 days 1-2 days

Will storage condition likely expose the nylon 
packs to the contamination?

Most likely Likely Sometimes 
likely

Not likely

NA, Not applicable

Fig. 1. Growth curve of Salmonella ser. Typhi in 
Nigeria’s traditional “swallow foods” and chicken 
meat
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was attained in the swallow foods marginally var-
ied with the lowest in pounded yam. Compared to 
swallow foods, maximum growth time was mark-
edly greater in chicken meat.
Materials for preparation/processing of swallow 
food and the hygienic practice

All the makeshift eateries investigated used 
only mortar/pestle for pounding whereas the normal 
eateries use both mortar/pestle and electric pound-
ers (Table 2). However, the prevalence of the use 
of electric pounders in normal eateries was mark-
edly greater than the use of mortar/pestles. The use 
of wooden spoons was markedly more prevalent 
in makeshift eateries. All the eateries molded the 
swallow foods into balls and wrapped them with 
nylon before serving customers except for some 
makeshift eateries (<30%) that did not undertake 
to wrap. 

The practice of cleaning and washing the 
swallow food preparation materials, as well as the 
hygienic storage of the nylon wrapping material, 
were above average (score >50%) in normal eat-
eries, but below average (score<50%) in makeshift 
eateries (Table 3). 

However, by overall assessment, as shown 
in Table 3, cleaning/washing and nylon storage 
conditions were generally poor (score<50%). 
Logistic regression analysis showed that good 
hygienic practices were significantly more likely to 
be associated with normal eateries than makeshift 

was markedly shorter and similar to the lag phase in 
chicken meat. The time at which maximum growth 

Table 2. Prevalence of the use of swallow food preparation materials
Variables Eatery operators/respondents 

Normal eatery (N=46) Makeshift eatery (N=54)
n % n %

Use of mortar/pestle
Use of electric pounder
Use of wooden spoon turner
Moulding swallow food before sale/service
Wrapping with nylon

21
39
03
46
46

45.6
84.8

6.5
100.0
100.0

54
0

44
54
38

100.0
0.0

81.5
100.0

70.4

Table 3. Hygienic practice associated with swallow food preparation materials
Eatery Hygienic practice Hygienic practice score

     Median                 Min                      Max
Score % of Max pts

Normal aCleaning/washing
bStorage of nylon

12.5
4.5

62.5
56.3

10
3

15
8

Makeshift

All eateries

aCleaning/washing
bStorage of nylon
aCleaning/washing
bStorage of nylon

8.5
2.5
9.5
3.5

42.5
31.3
47.5
43.8

6
2
6
2

12
4

15
8

Maximum available points: a, 20; b, 8

Fig. 2. Growth parameters of Salmonella ser. Typhi 
in Nigeria’s traditional “swallow foods” and chick-
en meat (A, time maximum growth was attained; B, 
duration of lag phase; C, the growth rate).
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markedly higher in makeshift eateries when com-
pared to normal eateries.
Discussion

The results of the study showed that Salmo-
nella ser. Typhi can grow in the traditional Nigeri-
an different forms of cassava- and yam-based solid 
foods popularly referred to as “swallow”. Although 
the moisture contents of these swallow foods are 
low, Salmonella can survive in low moisture foods 
for long periods (Finn et al., 2013). Cassava and 
yam are high-energy food sources because of the 
high starch content which could reach 80% of the 
dry weight in yam (Obidiegwu et al., 2020) and 
80-90% in cassava (Bayata, 2019). Thus, there is 
an abundant source of energy for microbial growth 
which can only be limited by a deficiency of pro-
tein, minerals, and vitamins. Cassava has low pro-
tein content, and the substantial level of minerals 
and vitamins is usually reduced by various process-
ing methods (Bayata, 2019). The nutritional profile 
of cassava does not markedly differ from that of 
yam. These identical nutritional profiles can ex-
plain the similarity of the growth patterns in all the 
swallowed foods.

eateries (Table 4), but none of the two types of 
eateries was associated with good hygienic nylon 
wrapping material storage practice. 
Salmonella and coliforms on processing materials’ 
contact surfaces and ready-to-eat swallow foods

Coliform bacteria were found on the surfac-
es of materials used for the preparation/processing 
of the swallow foods in both normal and makeshift 
eateries with median counts that did not exceed 
1.70 log10 cfu/cm2

 (Table 5).
 The median counts showed that more col-

iform bacteria were isolated from the nylon food 
wrapping materials when compared to the other 
preparation materials. Table 5 further showed that 
the coliform counts were higher in makeshift eater-
ies. Also based on median counts, Salmonella was 
not detected on the contact surfaces of the swal-
low food preparation materials in normal eateries 
except on the nylon wrapping materials whereas it 
was detected in all makeshift eateries. The preva-
lence of eateries with Salmonella and coliform bac-
terial presence in ready-to-eat swallow foods was 
generally lower than 45% for coliform and 20% for 
Salmonella (Table 6). However, the prevalence was 

Table 5. Microbial contamination of contact surfaces of swallow food processing materials

Bacteria Eatery Statistics
Bacteria (log cfu/cm2) on contact surface of:

Mortar   Pestle  Electric pounder        Nylon wrap    
Coliform 

Salmonella spp.

Normal (n=12)

Makeshift (n=10)

Normal (n=12)

Makeshift (n=10)

Median
Min
Max
Median
Min
Max
Median
Min
Max
Median
Min
Max

0.54
0.00
1.23
1.50
0.00
2.06
0.00
0.00
0.30
0.60
0.00
0.90

0.60
0.00
2.20
1.50
0.52
2.04
0.00
0.00
0.30
0.30
0.00
0.90

0.00
0.00
0.30
NA
NA
NA

0.00
0.00
0.00
NA
NA
NA

0.84
0.69
1.17
1.70
1.00
1.87
0.30
0.00
0.48
0.30
0.00
0.60

NA, not available (yam pounder)

Table 4. Logistic regression analysis of the relationship between type of eatery and hygienic practice
Type of eatery Hygienic practice Odds Ratio 95% CL

Normal eatery Cleaning/washing Poor
Good

1
1.64* 0.75-3.20

Makeshift eatery

Nylon wrap storage

Cleaning/washing

Nylon wrap storage

Poor
Good
Poor
Good
Poor
Good

1
1.15

1
0.54*

1
0.87

0.62-2.80

0.22-1.58

0.44-2.66
*P<0.05
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door and outdoor environment which have been as-
sociated with cross-contamination (Carrasco et al., 
2012; Ejechi and Ochei, 2017). 

The sanitation and location of eateries could 
make a difference in the microbial contamination of 
food. Makeshift eateries are temporary poorly con-
structed structures commonly found in nooks and 
corners of urban areas in Nigeria. Their locations 
are often characterized by poor sanitary conditions 
which include indiscriminate dumping of wastes 
which is characteristic of urban areas in SSA (Boa-
di et al., 2005). On the other hand, normal eater-
ies are generally located in good buildings and in 
a sanitary environment with minimal use of wood-
en materials (mortar, pestle, and turning spoons) 
that are more susceptible to bacterial colonization. 
Thus, the greater prevalence of makeshift eateries 
with the presence of Salmonella and coliform bac-
teria in the swallowed foods was not unexpected. 

The major objective of the study was to 
demonstrate the potential of Salmonella to grow in 
traditional solid foods which hitherto have not been 
given attention as potential sources of salmonello-
sis despite its popularity. The popularity of swallow 
foods especially in makeshift eateries makes the 
growth of Salmonella a safety concern, especially in 
a country where Salmonella infections are endemic 
(Akinyemi et al., 2018); and several reports have 
shown that food in restaurants and streets in SSA 
get contaminated from the kitchen in- and out-door 
environment (e.g. Baluka et al., 2015; Fowoyo and 
Baba-Ali, 2015; Yeleliere et al., 2017; Mohammed 
et al., 2018). Besides, Salmonella has been reported 
to survive for a considerable length of time in low- 
and intermediate-moisture food like swallow foods 
(Finn et al., 2013). 
Conclusion

The study has demonstrated the potential of 
S. Typhi to grow in Nigeria’s traditional cassava- 
and yam-based swallow foods a low concentration 
of protein, minerals, and vitamins notwithstand-
ing. The swallow foods are vulnerable to bacterial 

Compared to chicken meat, the growth of S. 
Typhi in the swallowed foods was slower and this is 
attributable to the better nutritional status of chick-
en meat (Marangoni et al., 2015). The influence 
of nutritional status on the growth of Salmonella 
sp. can also be seen in the report of McAuley et 
al. (2015) where the growth rate of Salmonella ser 
Typhimurium declined from 0.865 in egg yolk to 
0.614 in whole egg and 0.076 log10 cfu/ml/h in egg 
white at 37oC. The markedly higher concentrations 
of lipids, minerals, and vitamins in egg yolk (Re-
hault-Godbert et al., 2019) may have accounted for 
the differential growth rate. Low growth rate not-
withstanding, the fact that Salmonella Typhi can 
remain active in swallowed foods for up to 10-12 h 
should be a cause for concern because the food can 
be consumed within this period. Thus, the poten-
tial sources of bacterial contamination of swallow 
foods must be known. 

The presence of Salmonella on surfaces 
of mortars, pestles, electric pounders, and nylon 
wrappers is generally unacceptable, the low num-
bers notwithstanding. Contact surfaces are associ-
ated with the transmission of pathogenic bacteria 
to food and only stringent washing and cleaning 
with antimicrobial agents like detergents can dis-
lodge them (Sharma et al., 2022). Unlike metallic 
surfaces, wooden mortars and pestles have crevices 
that bacteria can “hide” and develop biofilms which 
often contain pathogenic microorganisms, and bi-
ofilms are known to be resistant to antimicrobial 
agents (Galie et al., 2018).  Electric pounder surfac-
es are mostly metallic hence the marginal presence 
of coliform bacteria and the absence of Salmonella 
on their contact surfaces.  However, the presence 
of Salmonella and coliforms reflected insufficient 
or lack of stringent washing and cleaning, and poor 
storage conditions which, was corroborated by 
the coliform and Salmonella contamination of the 
ready-to-eat swallow foods and the low hygienic 
practice scores of the eatery operators. The bacte-
rial contaminants could come from the kitchen in-

Table 6. Prevalence of eateries with the presence of coliform bacteria and Salmonella in ready-to-eat swal-
low foods
Eatery type Bacteria No of eateries %

Normal eatery (N=46) Coliform
Salmonella

14
04

30.4
  8.7

Makeshift eatery (N=56)

All eateries (N=100)

Coliform
Salmonella
Coliforms
Salmonella

26
13
40
17

46.4
23.2
40.0
17.0
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safety and food handling practices. Foods 10: 907. 
Ejechi, B. O., O. P. Ochei (2017). Bacteriological safety as-

sessment, hygienic habits and cross-contamination risks 
in a Nigerian urban sample of household kitchen environ-
ment. Environ. Monit. Assess. 189: 298-312. 

Elenwo, M., N. Maduka, N. N. Odu (2019). Antibiogram test-
ing of bacterial isolates from cassava, yam and plantain 
flours and shelf-life studies of the products sold in some 
markets in Port Harcourt, Nigeria. Int. J. Pathogen Res. 
2: 1-11.

Eng, S. K., P. Pusparajah, N. S. Ab Mutalib, H. L. Ser, K. G. 
Chan, L. H. Lee (2015). Salmonella: A review on patho-
genesis, epidemiology and antibiotic resistance. Front. 
Life Sci. 8: 284–293.
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P. A. Abdu, L. Kabir, J. A. Umoh, M. Ricci, Muhammad 
(2017). Salmonella serovars and their distribution in Ni-
gerian commercial chicken layer farms. PLoS One 12: 
e0173097. 
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ment of fast foods sold in Lokoja Metropolis, Nigeria. 
Open Acc. Lib. J. 2: e1541. 
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(2013). Mechanisms of survival, responses, and sources of 
Salmonella in low-moisture environments. Front. Micro-
biol. 4: Article 331.

Galie, S., C. García-Gutierrez, E. M. Miguelez, C. J. Villar, 
F. Lombo (2018). Biofilms in the Food industry: Health 
aspects and control methods. Front. Microbiol. 9: Article 
898.

Giaccone, V., P. Catellani, L. Alberghini (2011). Food as cause 
of human salmonellosis. In: Mahmood B. S. M. (Ed.), Sal-
monella –a dangerous foodborne pathogen. Intech Open, 
Croatia, pp. 47-72.

Gómez-Aldapa, C. A., M. R. Torres-Vitela, A. Villarru-
el-López, L. Castro-Rosas (2011). The role of foods in 
Salmonella infections. In: Mahmood B. S. M. (Ed.), Sal-
monella – a dangerous foodborne pathogen. Intech Open, 
Croatia, pp. 21-46.

Halake, V. N. H., B. Chinthapalli (2020). Fermentation of tra-
ditional African cassava based foods: microorganisms role 
in nutrition and safety. J. Exp. Agric. Int. 42: 56-65.  

Harris, L. J., J. N. Farber, L. R. Beuchat, M. E. Parish, T. V. 
Suslow, E. H. Garrett, F. F. Busta, (2003). Outbreaks asso-
ciated with fresh produce: Incidence, growth, and survival 
of pathogens in fresh and fresh cut produce. Comp. Rev. 
Food Sci. Food Saf. 2: 78-141.

Marangoni, F., G. Corsello, C. Cricelli, N. Ferrara, A. Ghis-
elli, L. Lucchin, A. Poli (2015). Role of poultry meat in a 
balanced diet aimed at maintaining health and wellbeing: 
an Italian consensus document. Food Nutr. Res. 59: 27606. 

McAuley, C. M., L. L. Duffy, M. Subasinghe, G. Hogg, J. 
Coventry, N. Fegan (2015). Salmonella typhimurium and 
Salmonella Sofia: Growth in and persistence on eggs un-
der production and retail conditions. BioMed Res. Int. 8: 
1-8.  

Mikoleit, M. L. (2014). Laboratory protocol: Biochemical 
identification of Salmonella and Shigella using an Ab-
breviated Panel of Tests. WHO Global Foodborne Infec-
tions Network, Technical Report. https://antimicrobialre-
sistance.dk>...pdf (accessed 15 November 2022).

contamination in eateries because Salmonella and 
coliforms were detected on the contact surfaces of 
the processing materials and ready-to-eat swallow 
foods in the investigated eateries. Inadequate or 
improper cleaning and washing of the processing 
materials was therefore indicated. This was cor-
roborated by the generally low hygienic practice 
score, especially in makeshift eateries where the 
prevalence of Salmonella and coliform presence in 
ready-to-eat swallows was greater. Consumption 
of swallow foods in eateries and particularly in the 
commonly patronized makeshift type is popular 
hence the presence of Salmonella in the swallow 
foods and the processing materials should be of 
safety concern.
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Abstract

Lactic acid bacteria (LAB) vary in their capacity to produce exopolysaccharides, which are of tech-
nological importance for their rheological and stabilization properties in milk and of health benefit as an-
tioxidants. The objectives of this study were to isolate and identify lactic acid bacteria from nono, screen 
the isolates for exopolysaccharide (EPS) production, test in vitro the antioxidant properties of EPS, and 
determine their structural components. Serially diluted nono samples were plated on de Man Rogosa Shar-
pe agar (Oxoid Ltd. Hampshire, UK) using the spread plate method, and incubated at 37ºC for 24-48 h. 
Isolates were purified and screened in vitro for EPS production. Five LAB species selected based on capsule 
production were identified by colonial morphology and biochemical characteristics as Lactococcus, Lacto-
bacillus, Leuconostoc, and Pediococcus. The antioxidant activity of EPS was determined by its capability 
to reduce ferric (III) to ferrous (II) in a redox-linked colorimetric reaction.  Two isolates that produced EPS 
with the most potent antioxidant were further identified by 16S rRNA gene sequencing as Leuconostoc 
citreum strain Sourdough-N12 and Lactobacillus brevis strain gp105. The antioxidant capacity of EPS was 
higher in L. citreum with an absorbance value of 1.16 than L. brevis at 0.60 with varying concentrations 
from 100 µg/ml to 500 µg/ml. The gas chromatography-mass spectrometry analysis showed the active EPS 
compound produced by L. citreum to be ‘9(11)-Dehydroergosteryl benzoate’ with a peak area of 8.22 %, 
indicating strong antioxidant potential. L. citreum EPS, therefore, had the best antioxidant capacity with 
prospects for food and health applications.
Keywords: Lactic acid bacteria, exopolysaccharides, antioxidant, nono, Leuconostoc citreum, Lactobacil-
lus brevis 
Резюме

Млечнокиселите бактерии (LAB) варират по отношение способността си да произвеждат 
екзополизахариди, които са от технологично значение за техните реологични и стабилизиращи 
свойства в млякото и са полезни за здравето като антиоксиданти. Целта на това проучване е да 
се изолират и идентифицират млечнокисели бактерии от nono, да се изследват изолатите за про-
изводство на екзополизахаридr (EPS), да се тестват in vitro антиоксидантните свойства на EPS 
и да се определят техните структурни компоненти. Серийно разредени nono проби се посяват 
върху Man Rogosa Sharpe агар (Oxoid Ltd. Hampshire, UK) по метода на разпръскване в агар върху 
петриеви блюда, които се инкубират при 37ºC за 24-48 часа. Изолатите се пречистват и скринират 
in vitro за синтеза на EPS. Пет вида LAB, избрани въз основа на производството на капсули, са 
идентифицирани като Lactococcus, Lactobacillus, Leuconostoc и Pediococcus чрез морфология на 
колониите и биохимичните им характеристики. Антиоксидантната активност на EPS се определя 
от способността му да редуцира фери (III) до феро (II) в редокс-зависима колориметрична реакция. 
Два изолата, които синтезират EPS с най-мощна антиоксидантна активност са допълнително 
идентифицирани като Leuconostoc citreum щам Sourdough-N12 и Lactobacillus brevis щам gp105 чрез 
16S rRNA генно секвениране. Антиоксидантният капацитет на EPS е по-висок при L. citreum със 
стойност на абсорбция 1.16, отколкото при L. brevis съответно 0.60 с вариращи концентрации от 100 
µg/ml до 500 µg/ml. Чрез комбиниране на газова хроматография и масспектрометрия се доказа, че 
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generative disorders (Dilna et al., 2015; Saadat et 
al., 2019; Sharma et al., 2021). Antioxidants play 
an important role in protecting humans against ox-
idative damage associated with the excessive pro-
duction of ROS (Shebis et al., 2013). They may be 
synthetic, such as butylated hydroxyanisole (BHT) 
and butylated hydroxytoluene (BHA), which are 
not usually recommended for application in food 
because of their toxicity (Wang et al., 2017), or 
natural from plants or microorganisms, e.g., carot-
enoids and ascorbic acid, which are nontoxic and 
therefore preferred to synthetic antioxidants. There 
are reports from previous authors on the production 
and functions of EPS produced by LAB isolated 
from different sources (Saadat et al., 2019; Riaz 
Rajoka et al., 2020).

 This study was however aimed at character-
izing the exopolysaccharides produced by LAB iso-
lated from nono, traditional fermented milk widely 
consumed in Africa. 
Materials and Methods
Collection of samples

Thirty samples of nono were collected in ster-
ile plastic bottles from different retailers in Agege, 
Bariga, Iyana Ipaja, Mushin, Oshodi, and Yaba, all 
in Lagos, Nigeria. The samples were transported 
without delay in ice packs to the Microbiology lab-
oratory at the University of Lagos for analysis.
Isolation of lactic acid bacteria

Each nono sample was serially diluted five-
fold in phosphate-buffered saline, pH 7.2, and an al-
iquot of 0.1 ml of the appropriate dilution was plat-
ed in triplicate on de Man Rogosa Sharpe (MRS) 
agar (Oxoid Ltd. Hampshire, UK) using the spread 
plate method. Viable organisms were enumerated 
after incubation at 35ºC for 24-48 h. Individual 
colonies were further purified by sub-culturing on 
MRS agar to obtain pure cultures. 
Screening of lactic acid bacterial isolates for 
exopolysaccharide production

Visual and ropy polysaccharide screening: 
A preliminary method used to evaluate the ability 
of the isolates to produce EPS was by observing if 
they were mucoid/ropy on MRS agar plates. 

Capsule formation: This was evaluated by the 
capsule staining method according to the method 
of Anthony (1931). Isolates were cultured on skim 
milk agar. A thin smear of the colony was made on 

Introduction
Milk is produced in large quantities in Afri-

ca due to the abundant rearing of cows. There are, 
however, no adequate facilities for raw milk preser-
vation. The locals who produce milk in their farms, 
therefore, have embraced fermentation. Jaiswal et 
al. (2014) stated that milk fermentation in Africa 
started in the historical days of the Pharaoh. Milk 
fermentation is spontaneous. Lactic acid bacteria 
(LAB) from the environment and processing equip-
ment find their way into the exposed milk, which 
they ferment with the help of their enzymes. Some 
LAB strains are known to produce EPS, which 
possesses water-binding properties, viscosity-mod-
ulating properties, and resistance to technological 
stress (Stack et al., 2010; Ryan et al., 2014).

Microbial EPS are known for their potential 
as natural stabilizers in fermented milk and also 
confer rheological properties on milk and other fer-
mented foods (Chun-lei et al., 2014; Jurášková et 
al., 2022). Exopolysaccharide (EPS) production is 
therefore very important in the production of fer-
mented dairy products. In addition to their many 
technological applications, exopolysaccharides 
also have diverse health benefits, such as antioxi-
dant, cholesterol-lowering, antidiabetic, anticancer, 
antimicrobial, anti-biofilm, immunomodulatory 
effects, and the ability to modulate gut microbiota 
(Nampoothiri et al., 2017; Singh and Saini, 2017; 
Abid et al., 2018; Korcz et al., 2018; Saadat et al., 
2019; Riaz Rajoka et al., 2020). Lactic acid bacte-
ria and some other organisms have been reported to 
have the ability to synthesize exopolysaccharides 
during growth. These EPS can be produced either 
intracellularly with the mucus layer released into 
the medium surrounding the cell, or extracellularly 
by enzymes from the cells, and exist as a cohesive 
capsule that adheres to the cell (Lynch et al., 2018; 
Daba et al., 2021). 

The very large number of different mono-
mers, stable chemical nature, and high hydropho-
bicity make EPS of great economic value (Hussein 
et al., 2015). Reactive oxygen species (ROS) are 
produced during cellular metabolism, and this can 
protect the immune system, apoptosis, expression 
of genes, signaling of cells, and ion transportation 
(Hussein et al., 2015). However, the occurrence of 
reactive oxygen species (ROS) in excess can cause 
oxidative stress which may lead to diseases such as 
cancer, obesity, cardiac, respiratory, and neurode-

активното EPS съединение, синтезирано от L. citreum, е 9(11)-дехидроергостерил бензоат с площ 
на пика от 8.22%, което показва силен антиоксидантен потенциал. Следователно, L. citreum EPS е с 
най-добрия антиоксидантен капацитет с перспективи за приложение в здравословни храни.
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ml/min flow rate. From the sample, 1 μl in dichloro-
methane was injected through a glass-lined splitter, 
set at a 1/90 ratio. The absorption was read between 
40 m/z and 800 m/z (Mahendran et al., 2013).
Identification of lactic acid bacteria

Phenotypic and biochemical characterization 
of isolates; Observation of colonial characteristics, 
Gram staining, and test for catalase, oxidase, and 
gas production from glucose were performed for 
each isolate (Chun-lei et al., 2014). Further identi-
fication was done by molecular techniques. 
Extraction of bacterial DNA

The total bacterial DNA was extracted with 
Jena Bioscience bacterial DNA preparatory kits. 
This was done by using 500 μl of harvested culture. 
Cells were obtained by centrifugation at 10,000 g for 
1 min. The pellet was suspended in 300 μl buffer, 2 
μl of lysis buffer was added and the suspension was 
incubated for 1 h at 37°C, after which it was centri-
fuged at 10,000 g for 1 min. This was followed by 
the addition of 300 μl lysis buffer to the pellet and 
vortexed for 60 seconds. Proteinase K (8 μl) was 
mixed with it, and incubation was at 60°C for 10 
min. It was allowed to cool for 5 min, after which 
300 μl of binding buffer was added and vortexed. 
Cooling was done on ice for 5 min followed by cen-
trifugation at 10,000 g for 5 min. Activation buffer 
(300 μl) was added and centrifuged at 10,000 g for 1 
min. Washing buffer (500 μl) was added and centri-
fuged at 10,000 g for 2 min, the 2 ml wash tube was 
discarded and the column was placed in the elution 
tube. The elution buffer (50 μl) was placed in the 
centre of the column and incubated at room tem-
perature for 1 min and again centrifuged at 10,000 g 
for 2 min and the DNA was stored at -80oC.
Sequencing

16S rRNA gene sequencing of the isolated 
lactic acid bacteria that produced the most potent 
antioxidant was carried out. The DNA of the organ-
ism was sent to Epoch Life Science (USA) for am-
plification and Sanger sequencing. The sequences 
of our isolates were identified by alignment with 
corresponding sequences in the GenBank using the 
Basic Local Alignment Search Tool (BLAST) at 
http://blast.ncbi.nlm.nih.gov/Blast.cgi. The level of 
similarity was thus established.
Results and Discussion
Isolation and screening of lactic acid bacteria for 
exopolysaccharide production

A total of 18 lactic acid bacteria were isolated 
from nono and when screened for EPS production, 

a clean slide, air-dried and a few drops of 1% crys-
tal violet were added and left for 2 min, after which 
it was rinsed with 20% (w/v) copper sulfate solu-
tion. The slides were air-dried and examined under 
an oil immersion lens. 
Isolation of exopolysaccharides 

Isolation of EPS was carried out in 48 h MRS 
broth cultures. Selected isolates were grown in MRS 
broth containing 20 g/l glucose. After cultivation, 
trichloroacetic acid (TCA) solution was added to 
broth cultures at a final concentration of 4% (w/v), 
shaken and the reaction was allowed to proceed for 
30 min, after which precipitate of protein and bac-
terial cells were formed and removed by centrifu-
gation at 8000 rpm for 20 min. The supernatant was 
mixed with 50 ml of cold 95% ethanol and kept at 
4°C overnight. The EPS was recovered by centrif-
ugation at 8000 rpm for 20 min; the resulting pellet 
was dissolved in distilled water to collect the crude 
EPS. The EPS was always kept at 4°C before anal-
ysis and quantification (Grosu-Tudor and Zamfir, 
2014; Li et al., 2015).  
Characterization of exopolysaccharides

Measurement of total sugar content: The es-
timation of the total sugar present in the EPS frac-
tions was done by using phenol–sulphuric acid ac-
cording to the method of Dubois et al. (1956). The 
standard used was D-glucose. This experiment was 
carried out in triplicate.

Measurement of reducing power: This was 
done in triplicate. The method described by Liang et 
al. (2016) was followed. The diluted EPS solution 
(0.5 ml) was mixed with 0.5 ml of sodium phosphate 
buffer (0.2 M, pH 7.2) and 0.5 ml of 1% potassium 
ferric cyanide. This was incubated in a water bath 
for 20 min at 50oC. The solution was allowed to 
cool rapidly, and 0.5 ml of 10% trichloroacetic acid 
was added and mixed. It was centrifuged for 1 min 
at 13000 rpm, and 1.5 ml of the supernatant was 
transferred to 0.2 ml of 0.1% ferric chloride, mixed, 
and allowed to stand for 10 min, after which the ab-
sorbance was measured at 700 nm.

Gas Chromatography-Mass Spectrometry 
(GC-MS) analysis: EPS hydrolysis and composi-
tion were analyzed by GC-MS. Separation of alditol 
acetates was carried out on a 30 m x 0.25 mm ID x 
0.25 μm film thickness column DB 5 MS (Agilent), 
which was attached to the GC (GCMS-QP 2010 
SHIMADZU) equipment with a flame ionization 
detector and a split injector, the temperature of the 
column was maintained at 200oC and 240oC, respec-
tively. Hydrogen served as the carrier gas at a 1.40 
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were further identified by a molecular method using 
16S rRNA gene sequencing. The alignment of com-
plementary sequences was done using the BLAST 
search and isolates 14 and 10 were identified as L. 
citreum strain Sourdough- N12 (with 99% similar-
ity) and L. brevis strain gp105 (with 94% similari-
ty), respectively. 
Table 1. Screening of lactic acid bacteria for exo-
polysaccharide production

Isolates Visual 
appearance 
(mucoid) 

Ropy 
polysaccharide 
production

Capsule 
formation

1 ND + ND
2 + + ND
3 ND + ND
4 ND + ND
5 + + ND
6 ND + ND
7 ND + ND
8 ND + ND
9 ND ++ +

10 + ++ +
11 ND + ND
12 ND ++ +
13 ND + +
14 + + +
15 ND + ND
16 ND ++ ND
17 ND + ND
18 + + ND

ND: Not detected, +: low ropy polysaccharide, ++: me-
dium ropy polysaccharide

Characterization of exopolysaccharides
Total Sugar Content (TSC): The amount of 

sugar in the EPS fractions is shown in Fig. 1. EPS 
from L. brevis and L. citreum had relatively higher 
values of TSC compared to other isolates. 

The glucose content in the polysaccharide 
also accounts for differential structural composition 
and glycoside bonding. The standard (D-glucose) 
showed a higher level of TSC than the EPS, which 
may be due to lower levels of monosaccharides in 
EPS, which are not only made of sugar molecules 
but a complex structure that involves other com-
pounds like fatty acids. 

Reducing power assays: The antioxidant ac-
tivity of EPS was assessed based on their capability 
to reduce ferric (III) to ferrous (II) in a redox-linked 
colorimetric reaction. The reducing potential of 

provided a different level of mucoid appearance 
and ropy polysaccharide production as shown in 
Table 1. In the visual screening, 5 out of the 18 iso-
lates showed a glistening and slimy appearance. All 
18 isolates produced ropy polysaccharides but not 
all produced capsules. The rate of ropy polysaccha-
ride production by the isolates varied and did not 
correlate with colonies being mucoid. In compari-
son, Lactococcus spp. (isolate 9) was non-mucoid 
but produced ropy strands at a medium level (++). 
Meanwhile, L. brevis (isolate 10), a mucoid isolate, 
also produced ropy strands at a medium level (++), 
and L. citreum (isolate 14), a mucoid isolate, pro-
duced ropy strands at a low level (+).  However, 
as discussed by Chun-lei et al. (2014), not all mu-
coid colonies showing glistening and slimy appear-
ance can produce EPS. In the past, it was known 
that only mucoid strains produced EPS. It has been 
proved over the years that non-mucoid strains also 
produce EPS and this was our observation in this 
study. Cerantola et al. (2000) reported that mucoid 
and non-mucoid strains of Burkholderia cepacia 
produced EPS exhibiting the same structural fea-
tures. Among the 18 isolates, 5 tested positive for 
capsule formation (Table 1). 

They did not necessarily correlate with the 5 
mucoid isolates in all cases. The capsules appeared 
as layers around the cell surface. Lactococcus sp., 
L. brevis, Pediococcus sp., Lactobacillus sp., and 
L. citreum produced capsules which indicated the 
production of EPS in these organisms while oth-
er isolates tested negative. This means that not 
all LAB in the fermented milk can produce EPS, 
hence the need to screen for EPS-producing strains 
which will be useful for subsequent food applica-
tions. Prasad et al. (2015) in a similar study isolated 
EPS-producing LAB from raw milk and milk prod-
ucts while Ali et al. (2019) obtained EPS-produc-
ing Lactobacillus delbrueckii sub sp. bulgaricus 
from curd.
Identification of lactic acid bacteria

The five selected LAB isolates from nono 
that produced a capsule were characterized based 
on their morphology and biochemical characteris-
tics, they were gram-positive rods and cocci, cat-
alase and oxidase negative, and coupled with the 
result of the sugar fermentation they were identified 
as Lactococcus, Lactobacillus, Pediococcus, and 
Leuconostoc. Some of these LAB were also detect-
ed by previous workers in African traditional fer-
mented milk (Akanbada et al., 2014; Makut et al., 
2021). Lactic acid bacteria that produced the most 
potent antioxidants (isolates 14 and 10) in our study 
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cal scavenging method. Similarly, Yong-Ha et al. 
(2015) also observed the reductive activities of EPS 
extracted from LAB strains. Besides, the research 
conducted by Liang et al. (2016) indicated that the 
consistencies in the value of the standard are cor-
rect. Fessard et al. (2016) also reported that EPS 
extracted from Leuconostoc isolated from fruits 
demonstrated antioxidant-reducing capabilities.

Gas chromatography-mass spectrometry 
(GC-MS) analysis of exopolysaccharides: Results 
of the GC-MS analysis provided the characteriza-
tion of EPS produced by L. brevis and L. citreum. 
The difference in their chemical structure, com-
ponents, and constitution resulted in behavioural 
differences. The mass spectrometry fragmentation 
patterns generated by each peak were analyzed, 
the fragmentation pattern for peaks 5, 6 and 7 of 
L. brevis EPS, were 2.28% ‘2,5-Diiodo-9-oxabi-
cyclo[4.2.1]nonane’, 1.06% ‘9,12,15-Octadeca-
trienoic acid, 2-[(trimethyl’, and 1.34% ‘Ergos-
ta-9(11),20(22)-diene-3,6-diol (Fig. 3a). 

While L. citreum EPS with peaks 4, 5, 6, and 
7, were 2.16% ‘docosanoic acid ethyl ester’, 1.62% 
‘Ethyl 14-methyl-hexadecanoate’, 5.08% ‘6,7-Di-
bromo-Z-11-tetradecene-1-ol acetate’, and 8.22% 
‘9(11)-Dehydroergosteryl benzoate (Fig. 3b). 

Suzuki et al. (2014) described the presence of 
fatty acids; 9,12,15-Octadecatrienoic acid, 2-[(tri-
methyl, docosanoic acid ethyl ester, Ethyl 14-me-
thyl-hexadecanoate, 4-decenoic acid ethyl ester in 
exopolysaccharides, which contributes to the bile 
tolerance of the lactic acid bacteria in the gut. The 
high values of 9(11)-Dehydroergosteryl benzoate 
(8.22%) in L. citreum EPS gave it a more antioxi-
dative capability compared to its structural isomer 
‘Ergosta-9(11),20(22)-diene-3,6-diol’ (1.34%) in L. 
brevis EPS. This result is in contrast to the lower 
values obtained by Bhupathi and Subbiah (2017) in 
their study, where they demonstrated the presence 
of 1.33% 9(11)-Dehydroergosteryl benzoate and 
0.71% Ergosta-9(11),20(22)-diene-3,6-diol as anti-
oxidants, which also possess anticancer, hypogly-
cemic, hypocholesterolemia and thyroid inhibiting 
properties.
Conclusion

Exopolysaccharide-producing lactic acid 
bacteria were isolated from our traditional and 
spontaneously fermented milk, nono. EPS has a po-
tential wider application in the food industry and 
for human health. The findings of our study will be 
useful towards the development of a starter culture 
or co-culture to improve the nono diet on the Afri-
can continent.

EPS produced by L. citreum was high (Fig. 2), 
which means that the bacterium has a high capacity 
to serve as an antioxidant when supplemented in 
diets. L. brevis was the next to L. citreum in terms 
of its antioxidant capacity, which makes it the sec-
ond-best among the isolates.

Higher absorbance values indicate greater 
reducing power. The standard (ascorbic acid) had 
absorbance values constant at 0.58 with varying 
concentrations from 100 µg/ml to 500 µg/ml, while 
the L. citreum EPS had absorbance values rela-
tively constant at 1.16 with varying concentrations 
from 100 µg/ml to 500 µg/ml. The reducing poten-
tial of L. citreum EPS was found to be much high-
er than that of the standard (ascorbic acid), which 
means the organism has a high capacity to prevent 
or remove oxidative damage to a target molecule. 
Compounds with such potential can serve as good 
antioxidants that can be used in food and health 
applications due to their GRAS origin. Thus, fur-
ther analysis should be made to determine the free 
radical scavenging ability of L. citreum EPS using 
the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radi-

Fig. 1. Total sugar content present in the EPS frac-
tions of lactic acid bacteria isolated from traditional 
fermented milk (Data are mean values of 3 different 
experiments)

Fig. 2. Reducing power potential of EPS from lac-
tic acid bacteria isolated from traditional fermented 
milk



237

73: 319-320.
Bhupathi, P., K. A. Subbiah (2017). Volatilomes of milky 

mushroom (Calocybe indica) estimated through GC/MS, 
Int. J. Chem. Stud. 5: 387-381. 

Cerantola, S., J. D. Bounery, C. Segonds, N. Marty, H. Mon-
trozier (2000). Exopolysaccharide production by mucoid 
and non-mucoid strains of Burkholderia cepacian. FEMS 
Microbiol. Lett. 185: 243–246. 

Chun-lei, Z., L. Jia-qi, G. Hai-tao, W. Jie, X. Ri-hua (2014). 
Selection of exopolysaccharide producing lactic acid bac-
terial isolate from inner Mongolian traditional yoghurt. 
Mljekarstvo 64: 254-260.

Daba, G. M., M. O. Elnahas, W. A. Elkhateeb (2021). Contri-
butions of exopolysaccharides from lactic acid bacteria as 
biotechnological tools in food, pharmaceutical, and medi-
cal applications. Int. J. Biol. Macromol. 173: 79–89.

Dilna, S. V., H. Surya, R. G. Aswathy, K. K. Varsha, D. N. 
Sakthikumar, A. Pandey, K. M. Nampoothiri (2015). 

References
Abid, Y., A. Casillo, H. Gharsallah, I. Joulak, R. Lanzetta, M. 

M. Corsaro, H. Attia, S. Azabou (2018). Production and 
structural characterization of exopolysaccharides from 
newly isolated probiotic lactic acid bacteria. Int. J. Biol. 
Macromol. 108: 719–728.

Akabanda, F., J. Owusu-Kwarteng, K. Tano-Debrah, C. Park-
ouda, L. Jespersen (2014). The use of lactic acid bacteria 
starter culture in the production of nunu, a spontaneous-
ly fermented milk product in Ghana. Int. J. Food Sci. 14: 
1-11. 

Ali, K., M. H. Mehmood, M. A. Iqbal, T. Masud, M. Qazal-
bash, S. Saleem, S. Ahmed, M. Tariq, W. Safdar, M. A. 
Nasir, M. T. Saeed, A. Muhammad, M. N. Sheas (2019). 
Isolation and characterization of exopolysaccharide-pro-
ducing strains of Lactobacillus bulgaricus from curd. 
Food Sci. Nutr. 7: 1207–1213. 

Anthony, E. E. (1931). A note on capsule staining. Science 

Fig. 3a. Gas chromatography-mass spectrometry analysis of Lactobacillus brevis EPS.

Fig. 3b. Gas chromatography-mass spectrometry analysis of Leuconostoc citreum EPS



238

Ismaili (2016). Health benefits of exopolysaccharides in 
fermented foods. In: Frias, J., C. Martinez-Villaluenga, E. 
Penas (Eds.), Fermented Foods in Health and Disease Pre-
vention, Academic Press, pp. 49-62.

Prasad, P., W. Akanksha, M. Kanchan, B. Pradip (2015). Iso-
lation of exopolysaccharides producing lactic acid bac-
teria from dairy products. Asian J. Dairy Food Res. 34: 
280-284. 

Riaz Rajoka, M. S., Y. Wu, H. M. Mehwish, M. Bansal, L. 
Zhao (2020). Lactobacillus exopolysaccharides: new 
perspectives on engineering strategies, physiochemical 
functions, and immunomodulatory effects on host health. 
Trends Food Sci. Technol. 103: 36–48. 

Ryan, P. M., R. P. Ross, G. Fitzgerald, N. Caplice, C. Stanton 
(2014). Sugar-coated: exopolysaccharide producing lac-
tic acid bacteria for food and human health applications. 
Food Funct. 10: 1039-1056.

Saadat, Y. R., A. Y. Khosroushahi, B. P. A. Gargari (2019). 
Comprehensive review of anticancer, immunomodulatory, 
and health beneficial effects of the lactic acid bacteria exo-
polysaccharides. Carbohydr. Polym. 217: 79–89.

Sharma, S., S. Padhi, M. Kumari, A. K. Rai, D. Sahoo (2021). 
Bioactive Compounds in Fermented Foods. Health As-
pects; CRC Press: Boca Raton, FL, USA, pp. 48.

Shebis, Y., D. Iluz, Y. Kinel-Tahan, Z. Dubinsky, Y. Yehoshua 
(2013). Natural antioxidants: Function and sources. Food 
Nutri. Sci. 4: 643-649. 

Singh, P., P. Saini (2017). Food and health potentials of exo-
polysaccharides derived from lactobacilli. Microbiol. Res. 
J. Int. 22: 1–14.

Stack, H. M., N. Kearney, C. Stanton, G. F. Fitzgerald, R. P. 
Ross (2010). Association of beta glucan endogenous pro-
duction with increased tolerance of intestinal lactobacilli, 
Appl. Environ. Microbiol. 76: 500–507. 

Suzuki, S., H. Kimoto-Nira, H. Suganuma, C. Suzuki, T. 
Saito, N. Yajima (2014). Cellular fatty acid composition 
and exopolysaccharide contribute to bile tolerance in Lac-
tobacillus brevis strains isolated from fermented Japanese 
pickles. J. Microbiol. 60: 183-191.

Wang, X., C. Shao, L. Liu, X. Guo, Y. Xu, X. Lü (2017). Opti-
mization, partial characterization, and antioxidant activity 
of an exopolysaccharide from Lactobacillus plantarum 
KX041. Int. J. Biol. Macromol. 103: 1173-1184.

Yong-Ha, P., S. Byoung-Joo, K. B. Vivek, A. R. Irfan (2015). 
Partially purified exopolysaccharide from Lactobacil-
lus plantarum YML009 with total phenolic content, an-
tioxidant, and free radical scavenging efficacy. Indian J. 
Pharm. Edu. Res. 49: 282-293. 

Characterization of an exopolysaccharide with potential 
health-benefit properties from a probiotic Lactobacillus 
plantarum RJF4. LWT Food Sci. Technol. 64: 1179–1186.

Dubois, M., K. A. Gilles, J. K. Hamilton, P. A. Rebers, F. 
Smith (1956). Colourimetric method for determination of 
sugars and related substances. Anal. Chem. 28: 350-356. 

Fessard, A., E. Bourdon, B. Payet, F. Remize (2016). Identi-
fication, stress tolerance, and antioxidant activity of lac-
tic acid bacteria isolated from tropically grown fruits and 
leaves. Can. J. Microbiol. 62: 550-561. 

Grosu-Tudor, S., M. Zamfir (2014). Exopolysaccharide pro-
duction by selected lactic acid bacteria isolated from fer-
mented vegetables. Ser. Biotechnol. 18: 107-114. 

Hussein, M. H., S. Ghada, S. A. Abou-ElWafa, D. Shaaban, I. 
H. Nagwa (2015). Characterization and antioxidant activ-
ity of exopolysaccharide secreted by Nostoc carneum. Int. 
J. Pharmacol. 11: 432-439. 

Jaiswal, P., R. Sharma, B. S. Sanodiya, P. S. Bisen (2014). Mi-
crobial exopolysaccharides: Natural modulators of dairy 
products. J. Appl. Pharm. Sci. 4: 105-109. 

Jurášková, D., S. C. Ribeiro, C. C. G. Silva (2022). Exopoly-
saccharides produced by lactic acid bacteria: From bio-
synthesis to health-promoting properties. Foods 11: 156. 

Korcz, E., Z. Kerényi, L. Varga (2018). Dietary fibers, pre-
biotics, and exopolysaccharides produced by lactic acid 
bacteria: Potential health benefits with special regard to 
cholesterol-lowering effects. Food Funct. 9: 3057–3068.

Li, N., Y. Wang, P. Zhu, Z. Liu, B. Guo, J. Ren (2015). Im-
provement of exopolysaccharide production in Lactoba-
cillus casei LC2W by overexpression of NADH oxidase 
gene. Microbiol. Res. 171: 73–77. 

Liang, T. W., S. C. Tseng, S. L. Wang (2016). Production and 
characterization of antioxidant properties of exopolysac-
charides from Paenibacillus mucilaginosus TKU032. 
Mar. Drugs 14: 40. 

Lynch, K.M., A. Coffey, E. K. Arendt (2018). Exopolysac-
charide producing lactic acid bacteria: Their techno-func-
tional role and potential application in gluten-free bread 
products. Food Res. Int. 110: 52–61.

Mahendran, S., P. Vijayabaskar, S. Saravanan, K. Anandapan-
dian, T. Shankar (2013). Structural characterization and 
biological activity of exopolysaccharides from Lysiniba-
cillus fusiformis, Afri. J. Microbiol. Res. 7: 4666-4676. 

Makut, M., N. Emelogu, I. Ekeleme, J. Owuna, F. Alfa (2021). 
Antimicrobial activity of lactic acid bacteria isolated from 
locally fermented cow milk products sold in Keffi, Nigeria 
on clinical bacteria. GSC Adv. Res. Rev. 8: 078–084. 

Nampoothiri, K. M., D. J. Beena, D. S. Vasanthakumari, B. 



ACTA MICROBIOLOGICA BULGARICA Volume 38 / 3 (2022)

239

Volume 37 / 1 (2021)

* Corresponding author: halsalamany@uoanbar.edu.iq

Inhibition Effect of Rosmarinus officinalis L. Essential Oil on 
Environmental Sulfate-Reducing Bacteria induced Corrosion
Haidar Kadum Yakob1*, Sufyan Mohammed Shartooh2, Mohammed Fadhil Abood1

1Department of Biology, College of Education for Pure Sciences, University Of Anbar, Ramadi, Iraq
2Department of Biology, College of Science, University of Anbar, Ramadi, Iraq
Abstract

Sulfate-reducing bacteria (SRB)-induced corrosion plays an important role in environmental and 
technological fields, causing huge economic and ecological damage. This study was carried out to deter-
mine the efficacy of Rosmarinus officinalis oil in controlling metal corrosion. Sludge samples were col-
lected from the sulfurous springs in Heet, Anbar governorate, Iraq, to isolate sulfate-reducing bacteria. The 
samples were enriched using BmA medium under anaerobic conditions. The isolated SRB strain was sub-
jected to biochemical tests and 16S rRNA gene sequencing and identified as Desulfovibrio desulfuricans. 
One set of the microcosm was sampled every week and the effects of D. desulfuricans on the metal surface 
were evaluated, in the presence and absence of the essential oil, by using scanning electron microscope. 
Minimum Inhibitory Concentration and Minimum Bactericidal Concentration of R. officinalis oil against 
D. desulfuricans were determined at 20 mg/ml, which was sufficient to kill the bacteria in the enrichment 
medium. The weight loss of the nails which were incubated in the sediment containing D. desulfuricans 
and R. officinalis oil was significantly lower than those incubated in the presence of D. desulfuricans alone. 
Scanning electronic microscopic analysis showed that the oil at 20 mg/ml inhibited the formation of bio-
film on the nail’s surface. Heavy metal corrosion, cracking and a thick layer of biofilm was observed on the 
surface of the nail incubated in the sediment without oil treatment. In contrast, addition of R. officinalis oil 
to the sediment with D. desulfuricans resulted in a lower rate of corrosion and biofilm layers were thinner.
Keywords: Metal corrosion, SRB, Rosemary oil, Light and scanning electron microscopy.
Резюме

Корозията, предизвикана от сулфат-редуциращи бактерии (SRB), играе важна роля в областта 
на околната среда и технологиите, причинявайки огромни икономически и екологични щети. 
Настоящото проучване е проведено, за да се определи ефикасността на масло от Rosmarinus officinalis 
при контролиране на корозията на металите. Събрани са проби от утайки от серните извори в Хит, 
провинция Анбар, Ирак, с цел изолиране на сулфат-редуциращи бактерии. Пробите са обогатени 
с помощта на BmA среда при анаеробни условия. Изолираният SRB щам е идентифициран като 
Desulfovibrio desulfuricans чрез биохимични тестове и 16S rRNA генно секвениране. Всяка седмица 
се взема проба от един комплект от микрокосмоса и се оценяват ефектите на D. desulfuricans върху 
металната повърхност в присъствието и отсъствието на етерично масло, с помощта на сканиращ 
електронен микроскоп. Минималната инхибираща концентрация и минималната бактерицидна 
концентрация на маслото от R. officinalis срещу D. desulfuricans е 20 mg/ml, която е достатъчна 
за унищожаване на бактериите в обогатяващата среда. Загубата на тегло на пироните, които са 
инкубирани в утайката, съдържаща D. desulfuricans и масло от R. officinalis е значително по-ниска 
от загубата на тегло на пироните, инкубирани в присъствието само на D. desulfuricans. Анализът с 
помощта на сканиращ електронен микроскоп показа, че маслото при концентрация 20 mg/ml инхи-
бира образуването на биофилм върху повърхността на пироните. Наблюдава се корозия на тежките 
метали, напукване и дебел слой биофилм върху повърхността на пироните, инкубирани в утайката 
без обработка с масло. Обратно, добавянето на масло от R. officinalis към утайката с D. desulfuricans 
води до по-ниска степен на корозия и слоевете на биофилма са по-тънки.
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tivity of rosemary oil against SRB-induced corro-
sion which may help in preventing corrosion.
Materials and Methods
Sample collection

Sediment samples were collected from the 
sulfurous springs in Heet, Anbar governorate, Iraq. 
All samples were transferred quickly into a sterile 
and airtight universal bottle. The bottles must be 
completely filled with samples in order to create an 
anaerobic environment. This process should do as 
fast as possible to ensure less exposure to air. This 
is because long-term exposure to air will inhibit or 
kill the SRB. Finally, the samples were brought to 
the laboratory for the enrichment of SRB as soon as 
possible, preferably within 24 hours.
Enrichment and isolation of SRB

Postgate B medium (BmA medium) was 
prepared to enumerate SRB at 30°C for 7 days, in 
anaerobic conditions (Postgate 1984; Sheng et al., 
2007). The medium consisted of [g/L]: K2HPO4 0.5, 
NH4Cl 1.0, CaSO4.2H2O 1.0, MgSO4.7H2O 2.0, So-
dium acetate 3.5, Yeast extracts 1.0, Ascorbic acid 
0.1, Thioglycolic acid 0.1, FeSO4.7H2O 0.5. Five 
ml of sediment suspension was inoculated into the 
McCartney bottles that contained BmA medium in 
triplicates. The bottles were filled with BmA me-
dium until full before capped. At the same time, a 
control bottle was prepared by filling up the McCa-
rtney bottle with BmA medium without inoculation 
of suspension. All these bottles were incubated at 
30oC for 7 days. Growth of SRB was indicated by 
the blackening of the medium.
Identification of SRB

Biochemical tests were done to identify iso-
lated SRB according to Postgate and Campbell 
(1966). Isolation and purification of genomic DNA 
were carried out using Geneaid kit (Korea) depend-
ing on the manufacturer’s instruction, followed by 
amplification of the 16srRNA gene using a univer-
sal primer (F5-AGA GTT TGA TCC TGG CTC 
AG-3) and (R5- AAG GAG GTG ATC CAG CC-3) 
(Weisburg et al., 1991). The amplified product was 
sequenced in Macrogen company and analyzed us-
ing NCBI blast (nlm.nih.gov/Blast.cgi ).
Plant sample collection and extraction 

Leaves of rosemary (Rosmarinus officinalis 
L.) were collected from the Biology department 
garden of the College of Science, Baghdad Univer-
sity, Iraq. The plant samples were identified by Prof. 
Dr. Ali Fadam Al-Mohammadi from the Center of 
Desert Studies, University of Anbar. Plant samples 

Introduction 
Microbiologically induced corrosion is de-

fined as the deterioration of metals either directly 
or indirectly by the activity of microorganisms. Mi-
crobiologically induced corrosion plays an impor-
tant role in the natural environmental, economic, 
and technological fields. More than 75% of corro-
sion in oil wells and 50% of the corrosion in the 
wastewater pipeline was due to the sulfate reduc-
tive activity of SRB (Martins et al., 2009; Tian et 
al., 2017; Lavanya, 2021; Voskuhl et al., 2022).

Sulfate-reducing bacteria (SRB) are able to 
grow in a wide variety of environments such as 
soils, marine sediments, and mining water content. 
SRB are unique when compared to other living mi-
croorganisms. This is because they utilize sulfate 
as a terminal electron acceptor, instead of oxygen, 
and acquire the organic substances to synthesize the 
carbon source and electron donor. The activities of 
SRB have led to the reduction of sulfate ion (SO4

2-

) to sulfide ion (S2-) and are accompanied by the 
production of H2S (Barton, 1995; Groudeva et al., 
2001; Sheng et al., 2007). The generation of H2S 
gives rise to a serious odor problem as different 
sulfide species such as H2S, HS- and S2- might co-
exist in equilibrium in many aquatic systems.  In 
the presence of iron, black ferrous sulfide will form, 
and undesirable rotten egg smells will be released 
(Rabus et al., 2006).

Within the oil well, SRB is associated with 
the release of H2S, which lead to the souring of gas 
and oil reservoirs (Voskuhl et al., 2022). By the 
way, SRB is associated with the corrosion and sour-
ing of the oil downstream piping and carrying line 
(Lavanya, 2021). The activity of SRB will cause 
surface modifications, creating a local anoxic con-
dition that lacks oxygen. The presence of SRB will 
decrease the efficiency of secondary oil recovery. 
Thus, SRB activity reduces the commercial value 
of crude oil (Tian et al., 2017; Deng et al., 2018). 

Rosmarinus officinalis (Lamiaceae, Rose-
mary) is a widely cultivated aromatic plant. The 
essential oil of the plant contains a large number of 
powerful phytochemicals such as α-pinene, cineol, 
camphor, limonene, linalool, and camphene. Over 
the years, rosemary oil has become well known for 
its antioxidative, antitumoral, and antimicrobial 
values (Hussain et al., 2010; Hudaib et al., 2015; 
Atala and Aldabagh, 2017; de Macedo et al., 2020).

To our knowledge, no studies on the effect of 
Rosmarinus officinalis against SRB causing metal 
corrosion to have been previously published. This 
prompted us to further investigate the inhibition ac-
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Preparation of laboratory microcosm
To study the effect of R. officinalis oil in con-

trolling SRB-induced metal corrosion, a laborato-
ry-scale microcosm method was used. Based on the 
MBC determination, the MBC value of R. officina-
lis oil (20mg/ml) was used. Nails that were dirt free 
were used in this test. The initial and final mass of 
nails was measured to determine any weight loss.

The sediment sample used in this experiment 
was collected from the same sulfurous springs. 
Meanwhile, six liters of soil samples were used in 
this experiment. Sodium acetate and sodium sul-
fates such as Na2SO4 and MgSO4.7H2O were added 
to the soil. Twenty-one g of sodium acetate, 6 g of 
Na2SO4, and 12 g of MgSO4.7H2O were measured. 
Once these chemical compounds were prepared, 
they were mixed with the sediment in a big bowl. 
Each microcosm was a plastic cup and was initially 
half-filled with gently packed sediment. For each 
microcosm, three pieces of nails were inserted into 
the sediment. Once this was done, sediment was 
then added to occupy ¾ of the volume of the cup. 
Finally, the cup was topped up with soil and the top 
of the cup of each microcosm was sealed with cel-
lophane tape to create an anaerobic environment. 
There were 6 sets of microcosms, i.e., Set A with 
sediment, SRB, rosemary oil, nails, and soil topping, 
and another set (Set B) without rosemary oil. All 
the microcosms were then incubated at 30oC in the 
dark for 6 weeks. Every week, one microcosm from 
Set A and another from Set B were sacrificed for the 
determination of the weight of the nails and SRB 
determination while after 4 and 6 weeks, Scanning 
Electron Microscopic (SEM) analysis was also per-
formed. The nails were washed with distilled water 
and then dried in the oven at 55oC for 24 hours. Af-
ter 24 hours, the nails were observed under a scan-
ning electron microscope (SEM). At the same time, 
a small quantity of the sediment (15 g) from the 
area where the nails were embedded was enriched 
in BmA medium for the presence of SRB. Blacken-
ing of the medium indicated that SRB was present 
in those areas. Finally, the mass of the nails was 
determined using an electronic weighing machine 
and the results were recorded. Each experiment was 
done in triplicates.
Observation of the biofilm under a light 
microscope and by scanning electron microscope

A nail from Set A (microcosm containing 
rosemary oil) and Set B (microcosm without rose-
mary oil) was removed from the microcosm and 
placed in a petri dish. The nails were rinsed with 
distilled water with much care without destroying 

were washed with distilled water and left to air-dry.
Rosemary essential oil was extracted by hy-

drodistillation using a Clevenger apparatus contin-
uously for 4 h, and the extracted oil was kept at 
4°C before the test (Fadil et al., 2015; Hudaib et 
al., 2015).
Determination of Minimum Inhibitory 
Concentration (MIC) and Minimum Bactericidal 
Concentration (MBC) of R. officinalis essential oil 
against SRB

The minimum inhibitory concentration (MIC) 
was determined using the broth tube dilution meth-
od. Serial dilution of the rosemary oil was prepared 
in a liquid medium which was then inoculated with 
a standardized volume of SRB and incubated for 
a given period. The final concentrations of the oil 
used in this study were 2.5, 5, 10, 20, 40, and 80 mg/
ml. Different concentrations of the oil were added 
to the bottles before SRB was added. Then, a con-
stant 5 ml of SRB was inoculated into the bottles. 
Each bottle was assayed in triplicates. All the bot-
tles were closed tightly and incubated at 30oC for 7 
days. The growth was assessed after the incubation 
period and the MIC value was read. Blackening of 
the medium indicated growth of SRB whereas no 
blackening of the medium showed the activity of 
SRB was inhibited. Therefore, the lowest concen-
tration of the oil that prevented the blackening of 
the medium was taken as the MIC value. 

MBC was conducted immediately after the 
results of MIC were recorded. Based on the MIC 
test result, it was not known whether SRB was 
inhibited or killed. Therefore, MBC test was per-
formed to determine the lowest concentration of R. 
officinalis oil capable of killing SRB. 

SRB from the MIC test was used for the MBC 
test. Five ml of SRB from each bottle of the MIC 
test with and without any visible SRB growth was 
transferred into a new set of McCartney bottles. 
These bottles were filled with fresh BmA medium. 
Then, all the bottles were closed tightly and sealed 
with parafilm. 

Apart from that, one bottle filled with BmA 
medium and SRB was used as a positive control 
bottle whereas another bottle containing chloram-
phenicol and SRB acted as a negative control. The 
bottles were incubated at 30oC for 7 days. SRB 
grew in fresh BmA medium if only they were in-
hibited but not killed. MBC endpoint was identified 
as the minimum concentration of R. officinalis es-
sential oil capable of killing SRB inoculated into 
the medium.
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by Tukey’s honestly significant difference (HSD) 
test. A p-value of less than 0.05 was considered to 
be a significant difference in all statistical analyses.
Results 
Enrichment, isolation, and identification of SRB

The enrichment cultures of SRB by using 
BmA medium under anaerobic conditions showed 
that the bacteria were presented in the collected 
samples. Growth of SRB was indicated by blacken-
ing of the BmA medium, which contained iron, and 
turbidity of the BmA medium without iron.

The BmA medium with iron turned black af-
ter 1 to 2 days while the BmA medium without iron 
turned turbid after 3 to 5 days. The BmA medium 
in the presence of iron which was originally light 
yellow turned black and wall growth could be ob-
served around the wall of the bottles. This black-
ening of the medium was due to the formation of 
ferrous sulphide, formed from the reaction between 
sulfide and iron. Sulfide was formed from the dis-
similatory reduction of sulfate by SRB under anaer-
obic conditions. However, the BmA medium with-
out iron turned turbid as there was no formation of 
ferrous sulfide. Figure 1A shows the blackening of 
SRB in the BmA medium with iron.

The isolated SRB were subjected to biochem-
ical tests and 16S rRNA gene sequencing and iden-
tified as D. desulfuricans (Table 1). 

Table 1. Biochemical test results of D. desulfuri-
cans isolated from sediment samples

Test Result
Motility +
Catalase -
Urea +
Indol +
Nitrate +
Sulfur, Indole, Motility (SIM) test  +

Comparative sequence analysis showed the 
identity of the DNA sequences which encode for 
the 16S rRNA gene of the studied sulfate-reducing 
bacteria strain with similar sequences as those from 
the GenBank database. The nucleotide sequence of 
the isolated SRB had 99% homology with sequenc-
es D. desulfuricans strain Essex 6 (Accession num-
ber 104990) deposited in the GenBank.
Effects of R. officinalis essential oil on the growth 
of D. desulfuricans

The final concentrations of the oil used in this 
study were 2.5, 5, 10, 20, 40, and 80 mg/ml. Once 
these concentrations of the oil were inoculated into 

the surface of the nail, dried in the air, and observed 
under the light microscope. 

Another nail from each set of microcosms 
was also removed at the end of the incubation pe-
riod. The biofilm that formed on the surface of the 
nail was observed under SEM after being prepared 
using the standard procedure. A scanning electron 
microscope (TESCAN VEGA 3, USA) was used to 
observe and study the morphology of the SRB and 
biofilm. 
Statistical analysis  

Statistical analysis was performed using the 
Statistical Package for Social Sciences (SPSS for 
Windows, version 26, SPSS Inc., Chicago, IL). 
Data summary was done with descriptive statis-
tics such as the mean and standard deviation of the 
mean. Statistical significance was determined by 
One-Way Analysis of Variance (ANOVA) followed 

Fig. 1. (1) Growth of SRB in BmA medium con-
taining iron. (2) Determination of MIC value of 
R. officinalis oil on D. desulfuricans. A: Medium 
control, B: Inoculum control, C: Chloramphenicol 
control, D: 2.5 mg/ml, 5 mg/ml, F10 mg/ml, G: 20 
mg/ml (MIC), H: 40 mg/ml, I80 mg/ml. (3) De-
termination of MBC value of R. officinalis oil on 
D. desulfuricans. A Medium control, B: Inoculum 
control, C: Chloramphenicol control (with SRB in-
oculums), D: 2.5 mg/ml, E: 5 mg/ml, F:10 mg/ml, 
G: 20 mg/ml (MBC), H: 40 mg/ml, I 80 mg/ml.
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Based on growth in BmA medium, SRB was pres-
ent in the area where the nails were embedded. 
However, the growth of SRB in the area without 
the addition of oil was much stronger as compared 
to that in the presence of oil (Fig. 2), suggesting 
that D. desulfuricans was inhibited by R. officinalis 
oil. In some cases, wall growth could be observed 
in the bottles without oil treatment, but it was ab-
sent in the bottles inoculated with sediment and oil. 
Therefore, it can be concluded that R. officinalis oil 
can reduce the metal corrosion induced by D. des-
ulfuricans.

Observation of nail surface and formation of 
biofilm on the surface of the nail under light 
microscope

The surface of the nails and the formation 
of biofilm were also observed under the light mi-
croscope. Before incubation, the nail’s surface was 
smooth with no corrosion or biofilm formation (Fig. 
3A). The nails that were incubated in the sediment 
with D. desulfuricans but without R. officinalis oil 

the bottles, D. desulfuricans was added and fol-
lowed by incubation at 30oC for 7 days. The growth 
of D. desulfuricans was detected by the blacken-
ing of the BmA medium. The lowest concentration 
that did not cause blackening of the medium was 
considered as the MIC value. In this study, it was 
observed that the MIC value for R. officinalis oil 
against D. desulfuricans was 20 mg/ml (Fig. 1B).

Based on the results, the bottles containing oil 
concentrations of 2.5 mg/ml, 5 mg/ml and 10 mg/
ml showed blackening of the medium. Therefore, 
D. desulfuricans was not killed at these concentra-
tions. However, when the MIC culture containing 
20 mg/ml of oil concentration was subcultured into 
the new medium, no blackening of the medium 
could be observed, suggesting the MIC value at 20 
mg/ml was effective in killing D. desulfuricans. 
Therefore, the MIC and MBC value for R. officina-
lis oil was the same at 20 mg/ml. Figure 1C shows 
the MBC value of R. officinalis oil.
Effects of R. officinalis essential oil in controlling 
metal corrosion caused by D. desulfuricans

Reduction in the mass of nails buried in the 
sediment without R. officinalis oil was significantly 
higher than the loss of mass of nails buried in the 
sediment with oil (Table 2). A thick black layer was 
formed on the surface of the nails buried in sedi-
ment without oil, but such layer was not present on 
nails buried in sediment with R. officinalis oil. 

Based on the results, the reduction in the 
mass of the nails increased with the incubation pe-
riod. The highest mass loss was observed in week 6 
while the least mass loss of the nails was observed 
after just 1 week of incubation. On the other hand, a 
small quantity of the sediment (15 g) from the area 
where the nails were embedded was subcultured in 
fresh BmA medium. This step was to ensure that 
SRB was active and present in areas near the nail. 

Table 2. The average loss of mass of nails (g) embedded in the sediment containing D. desulfuricans with 
oil and without oil over 6 weeks incubation

Week Average loss of mass of nails (g) embedded in sediment
+ D. desulfuricans + nails

Set A (with R. officinalis oil) Set B (without R. officinalis oil)
1 a0.0002 ± 0.00005 a0.0004 ± 0.0002
2 a0.0006 ± 0.0001 b0.0019 ± 0.0004
3 a,b0.0011 ± 0.0003 e0.0115 ± 0.0003
4 b0.0018 ± 0.0001 f0.0311 ± 0.0002
5 c0.0032 ± 0.0003 g0.0607 ± 0.0007
6 d0.0044 ± 0.0003 h0.0812 ± 0.0006

Values are mean ± standard deviation of three replicates. Values with different superscript letters are significantly different  
(p < 0.05) based on one-way ANOVA and Tukey HSD test

Fig. 2. The growth of D. desulfuricans around the 
nail after 6 weeks incubation; A, B and C: Growth 
of D. desulfuricans in sediment around the nail in 
Set A microcosm with oil. D, E and F: Growth of 
D. desulfuricans in sediment around the nail in Set 
B microcosm without oil. 
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new population of bacteria formed on the surface 
of the nail incubated in the sediment with D. desul-
furicans without oil (Fig. 4-5). On the other hand, 
the surface of the nail incubated in the sediment 
with D. desulfuricans and R. officinalis oil showed 
limited biofilm formation (Fig. 4-2 and Fig. 4-4). A 
compact structure could be observed on the surface 
of the nail incubated in the sediment containing D. 
desulfuricans alone when compared to the nail in-
cubated in sediment with D. desulfuricans and R. 
officinalis oil. Differences in the condition of the 
surfaces of those nails indicated that R. officinalis 
oil exhibited anti-SRB activity in the laboratory mi-
crocosm.
Discussion

Basically, SRB are often involved in micro-
bial corrosion, especially when they are in close 
contact with metal surfaces and lead to the forma-
tion of biofilm. A thick and slimy biofilm is usually 

formed on the surface of corroded metals (Sheng 
et al., 2007). Therefore, the protection of structures 
against corrosion has become a critical step at this 
moment.

Although there have been many reports on 
the antimicrobial, antioxidant, and antitumoral 
activities of R. officinalis essential oil (Hussain et 
al., 2010; Hudaib et al., 2015; Atala and Aldabagh, 
2017; de Macedo et al., 2020), our study is of con-
siderable significance as SRB-induced corrosion 

for 4 and 6 weeks showed the formation of a sticky 
and rough layer on the surface (Fig. 3A1 and 2). 
Such layers known as biofilm are formed when in-
hibitory substances such as R. officinalis oil are not 
present to inhibit D. desulfuricans. The biofilm for-
mation in week 6 was much higher than the biofilm, 
which was formed in week 4 because D. desulfuri-
cans grew and increased in members with time to 
cause a higher corrosion rate. The nails which were 
incubated in sediment with D. desulfuricans plus R. 
officinalis oil after 4 and 6 weeks showed biofilm 
formation but it was only a fine layer compared to 
the nails which were incubated in the absence of R. 
officinalis oil (Fig. B1 and 2). The biofilm did not 
colonize the whole surface of the nail. This obser-
vation proved that the nails coated with R. offici-
nalis were prevented from SRB-induced corrosion, 
suggesting that R. officinalis was inhibitory towards 
D. desulfuricans.

Observation on the biofilm via scanning electron 
microscope 

The surface of the nail which contained D. 
desulfuricans biofilm was also observed under a 
scanning electron microscope. Before incubation, 
the surface of the nail was clear with no biofilm for-
mation (Fig. 4-1). However, the surface of the nail 
which was incubated in the sediment with D. desul-
furicans for 4 weeks showed the formation of thick 
biofilm (Fig. 4-3). After 6 weeks of incubation, the 

Fig. 3. Observation on nail surface under light microscope (Magnification:40X); (1) before incubation in 
sediment containing D. desulfuricans, (2) after 4 weeks incubation in sediment containing D. desulfuricans 
in the presence of R. officinalis oil (Set A), (3) after 4 weeks incubation in sediment containing D. desul-
furicans in the absence of R. officinalis oil (Set B), (4) after 6 weeks incubation in sediment containing 
D. desulfuricans in the presence of R. officinalis oil (Set A), and (5) after 6 weeks incubation in sediment 
containing D. desulfuricans in the absence of R. officinalis oil (Set B). 
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MIC is defined as the lowest possible concen-
tration of an antimicrobial agent required to inhibit 
the visible growth of microorganisms. MBC on the 
other hand is the lowest concentration of an antimi-
crobial that can completely kill or lyse the microor-
ganisms (Madigan et al., 2009). 

In this study, the MIC and MBC values of 
rosemary oil against SRB were 20 mg/ml. There-
fore, MIC and MBC were equal also against SRB. 
However, the bottles with oil concentrations of 2.5, 
5, and 10 mg/ml showed blackening of the medium. 
Therefore, it revealed that SRB was not killed at 
these concentrations. 

Based on the MBC determination, the MBC 
value of rosemary oil was 20 mg/ml. This concen-
tration of oil was used to study the effects of rose-
mary oil on SRB-induced metal corrosion. It was 
not known whether this concentration of oil was 
sufficient to control the corrosion of nails or a high-
er concentration of oil functions. Laboratory-scale 
microcosm was conducted using sediment with the 
bacteria plus 20 mg/ml of rosemary oil. 

The results indicated that the reduction in the 
mass of the nails buried in the sediment with D. des-
ulfuricans but without R. officinalis oil was signif-
icantly higher than the loss of mass of nails buried 
in the sediment with the bacteria and rosemary oil. 

plays an important role in environmental and tech-
nological fields, causing huge economic and eco-
logical damage worldwide. This fact necessitated a 
search for more potent, low-cost, and environmen-
tally friendly agents from natural resources includ-
ing plants.

SRB was successfully isolated from the sul-
furous springs in Heet, Anbar governorate, Iraq. 
In particular, Postgate Medium B was used to en-
rich SRB. This medium is known as enrichment 
medium. where extra nutritional supplements are 
added. The growth of SRB could be observed af-
ter 1- and 2-day incubation. The blackening of the 
BmA medium was due to the dissimilatory reduc-
tion of sulfate by SRB under anaerobic conditions. 
Sulfide will react with iron to produce ferrous sul-
fide. However, the light-yellow color of the medi-
um changed to turbid but not black when SRB was 
re-inoculated in BmA medium without iron. This 
condition occurred because no iron was provided 
to react with the sulfide produced. Therefore, it can 
be concluded that there was no formation of ferrous 
sulfite. Overall, this observation confirmed that the 
blackening of the medium was due to SRB. The 
isolated SRB strain was subjected to biochemical 
tests and 16S rRNA gene sequencing and identified 
as D. desulfuricans.

Fig. 4. Scanning electron microscopy micrograph of the nail surface (1) before incubating in the sediment, 
(2) incubated in the sediment containing D. desulfuricans and R. officinalis oil in week 4 (Set A), (3) incu-
bated in the sediment containing D. desulfuricans without R. officinalis oil in week 4 (Set B), (4) incubated 
in the sediment containing D. desulfuricans and R. officinalis oil in week 6 (Set A), and (5) incubated in  the 
sediment with D. desulfuricans without R. officinalis oil in week 6 (Set B).
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ity for the use of this oil as a source of corrosion 
protective agent.
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Abstract

Despite the benefits of chemical pesticides in killing pests, they are dangerous to organisms and the 
environment. Hence, natural and biological agents have been used to control pests for nearly two decades. 
According to studies on the mechanism of scorpion peptides, it is a factor in controlling pests. However, 
some experimental results show that the insect immune system responds to pathogens that enter the body 
and inhibit the microbial effect of external factors. Today, nanotechnology is found in a wide range of ap-
plications in the pharmaceutical, and agricultural industries. Therefore, in this study, we tried to evaluate the 
effect of nanoparticles based on polyethyleneimine (PEI) containing Mesobuthus eupeus scorpion venom 
on the Sf9 cell line. For this purpose, Sf9 cells were placed in a 96-well plate. Then concentrations of 10, 
25, and 35 μg/ml scorpion venom and PEI-based nanoparticles were added to the Sf9 cells. The cells were 
exposed to toxins for 24 hours. Then results were determined using the cell cytotoxicity test (MTT assay). 
This study showed that with increasing the concentration of PEI derivatives, toxicity in the Sf9 cell line 
decreased. Also, considering the effect of PEI hydrophobicity modification on increasing PEI transfection 
efficiency, the ability to transfer M. eupeus scorpion venom to the Sf9 cell line with minimal toxicity in-
creases. All PEI derivatives were able to effectively deliver the M. eupeus venom. In this study, PEI poly-
plexes and M. eupeus scorpion venom did not differ significantly on Sf9 cell line toxicity. 
Keywords: Mesobuthus eupeus, scorpion venom, polyethyleneimine, nanoparticles, Sf9 cell line
Резюме

Въпреки ползите от химическите пестициди при унищожаването на вредители, те са опасни 
за организмите и околната среда. Eстествени и биологични агенти се използват за контрол на 
вредители в продължение на почти две десетилетия. Според проучвания върху механизма на 
пептиди, изолирани от скорпион, това е фактор за контрол на вредителите. Въпреки това, някои 
експериментални резултати показват, че имунната система на насекомите реагира на патогени, 
които навлизат в тялото и инхибират микробния ефект на външни фактори. Днес нанотехнологиите 
намират широк спектър от приложения във фармацевтичната и селскостопанската промишленост. 
Ето защо, в това проучване се опитахме да определим ефекта на наночастиците, сформирани на 
базата на полиетиленимин (PEI), съдържащи отрова от скорпион (Mesobuthus eupeus) върху клетъч-
ната линия Sf9. За тази цел, Sf9 клетките се поставят в 96-ямкова плака. След това, към Sf9 клетките 
се добававя отрова от скорпион и PEI-базирани наночастици в концентрации 10, 25 и 35 μg/ml. Клет-
ките са изложени на токсина в продължение на 24 часа. Резултатите се определят с помощта на тест 
за клетъчна цитотоксичност (MTT анализ). Това проучване показа, че с увеличаване на концентра-
цията на производни на PEI, токсичността в клетъчната линия Sf9 намалява. Също така, като се има 
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om from scorpions contains a variety of biological 
components that can harm both vertebrates and in-
vertebrates (Khoobdel et al., 2013). 

Delivery of M. eupeus scorpion venom in the 
absence of a carrier is a simple procedure.  How-
ever, most research is being done on measuring 
the effects of scorpion venom or other biologi-
cal agents on cell types. Although the peptides in 
scorpion venom are highly resistant to proteases 
(Schwartz et al., 2012; Windley et al., 2012), they 
may be very sensitive to the antimicrobial peptides 
in insect hemolymph, which are secreted from cells 
or tissues associated with innate immunity, such as 
blood cells or fat bodies. Unfortunately, the effects 
of M. eupeus scorpion venom on the cell also suf-
fer from lower transmission efficiencies and require 
more effort to optimize them. In the last few years, 
the tools and techniques that facilitate nanoscale 
studies have received widespread attention (Srini-
vas et al., 2010). Efforts to use nanotechnology in 
agriculture began with the growing understanding 
that traditional farming methods not only failed to 
increase productivity but also resulted in damaged 
ecosystems that endanger human life and the planet 
(Mukhopadhyay, 2014).

The properties of polyethyleneimine (PEI)  
are closely linked to its high amine content, which 
results in a substantial positive charge density on 
the polymer’s surface (Merdan et al., 2002; De-
hshahri et al., 2009). Because of the ability of PEI 
nanoparticles and their derivatives to interact with 
the negatively charged M. eupeus scorpion venom, 
it is reasonable to consider it as a carrier. However, 
a major disadvantage of PEI-based nanoparticles is 
their toxicity, which in turn raises concerns about 
their application (Zintchenko et al., 2008). Hence, 
several chemical modifications were examined in 
order to decrease the toxic effects of PEI (Forrest 
et al., 2004; Oskouei et al., 2008; Zintchenko et al., 
2008; Dehshahri et al., 2012).

The Sf9 cell line appears to show antimicro-
bial defense against scorpion venom and PEI de-
rivatives, and naturally, the immune response of 
cells will be different at different concentrations. 
Pathogens enter the insect’s body naturally, but the 
insect’s immune response rapidly suppresses them. 
The safety response sends signal messages to the 

Introduction
Nowadays, a lot of people are frequently 

exposed to many pests and diseases, especially in 
developing and third-world countries. Unfortunate-
ly, multiple experiments have proven the presence 
of large levels of pesticide metabolites in human 
blood and urine (Pingali et al., 1994). More study is 
being done on using environmentally-friendly and 
sustainable pesticides for pest management due to 
worries about the risks of applying synthetic pesti-
cides frequently and insect resistance to them (Henn 
and Weinzierl, 1989). The term “biological control” 
or “biological inhibition” is used to describe this 
situation. So far, biological control experts have 
defined it as the utilization of helpful living agents 
to combat destructive species (pests). Biological 
control is a crucial component of pest management 
(Liang et al., 2012). 

Some of the key peptides in spiders are par-
ticularly toxic to insects and most of these peptides 
have a unique pair of disulfide bonds that provide 
strong resistance to proteases (Schwartz et al., 
2012; Windley et al., 2012). Some peptides are an-
timicrobial peptides that are naturally present in all 
organisms and play a vital role in their innate im-
mune system (Thomas et al., 2010). Most of the 
known antimicrobial peptides belong to different 
species of insects. In insects, antimicrobial peptides 
are produced by innate immune cells and tissues, 
such as blood cells and fat bodies. When germs in-
vade the bodies of invertebrates, including insects, 
they meet a variety of defenses, including the man-
ufacture and induction of antimicrobial peptides, 
resulting in a series of markers that can detect the 
pathogen when it enters the larvae of insects. One 
of the first and most important orders of insects for 
which antimicrobial peptides have been studied is 
the order Lepidoptera (Bulet et al., 2004). 

The Spodoptera frugiperda (Sf9) is a species 
in the order Lepidoptera whose cell line is derived 
from the ovarian tissue of the “armyworm” pu-
pae; the Sf9 cell line is used for protein expression 
and also for the production of biocidal products 
(Üstün-Aytekin et al., 2014). The most common 
scorpion species in the Middle East is Mesobuthus 
eupeus, which belongs to the Buthidae family. Its 
venom is utilized in pharmacy and treatment and 
contains numerous poisonous components. Ven-

предвид ефектът от модификацията на хидрофобността на PEI върху повишаване на ефективността 
на трансфекция на PEI, способността за прехвърляне на отровата на M. eupeus към клетъчната линия 
Sf9 с минимална токсичност се увеличава. Всички производни на PEI успявят ефективно да доставят 
отровата на M. eupeus. В това проучване PEI полиплексите и отровата на скорпион M. eupeus не се 
различават значително по отношение на токсичността на клетъчната линия Sf9.
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eupeus scorpion venom with the same concentra-
tion (40µg/mL) in HBG buffer (20 mM HEPES 
buffered Glucose pH 7.2) and after proper pipetting 
were incubated at room temperature for 20-30 min-
utes to form stable complexes.

Cytotoxicity of the Sf9 cell line and polyplex-
es used in the transfusion test was performed using 
MTT assay. The cells were incubated at a cell den-
sity of 1×104 and in the presence of 10% FBS for 
24 hours in a 96-well plate, then 10 μl of polyplexes 
were added and incubated for 24 hours. After this 
period, 10 μl of MTT solution with a concentration 
of 0.5 mg/ml was added to each well and incubat-
ed for 3 hours. After 3 hours of incubation of the 
cells at 37°C in the incubator, 100 μL solution of 
DMSO (dimethyl sulfoxide) was added to the wells 
and the absorption of blue formazan dye was read 
using an ELISA reader with a wavelength of 630 
nm. All other concentrations utilized in this study 
were experimental.
Results

The cytotoxicity of PEI polyplexes and M. 
eupeus scorpion venom at concentrations of 10, 25, 
and 35 μg/ml on Sf9 cell line and 96-well plates 
was evaluated using the MTT colourimetric meth-
od. The cytotoxicity of different PEI compounds at 
different concentrations was compared with M. eu-
peus scorpion venom and HBG buffer. According 
to Fig. 1, PEI at concentrations of 10 and 35 μg/ml 
cell survival was slightly reduced after 24 hours, 
and at 25 μg/ml, M. eupeus scorpion venom further 
reduced Sf9 cell survival. The data show that HBG 
buffer has a mild cytotoxic effect on Sf9 cells.

According to Fig. 2, PEI-SUC at a concentra-
tion of 35 μg/ml increased the survival of Sf9 cells 
somewhat compared to concentrations of 10 and 
25 μg/ml. These results indicate that cytotoxicity 
decreases with increasing PEI-SUC concentration. 
However, M. eupeus scorpion venom at a concen-
tration of 25 μg/ml caused a slight increase in Sf9 
cell growth.

According to Fig. 3, the PEI-SUC-PEI poly-
plexes at concentrations of 10, 25, and 35 μg/ml 
cell survival increased with increasing the concen-
tration to some extent. In general, the results of this 
study show that PEI derivatives at different concen-
trations exert a slight cytotoxic effect on the Sf9 
cell line. However, M. eupeus scorpion venom at a 
concentration of 25 μg/ml caused a slight increase 
in Sf9 cell growth.
Discussion  

The effects of excessive chemical toxicity on 
human health and living beings are no longer a se-

relevant location. These signals may induce apop-
tosis in damaged cells and the removal of abnormal 
tissue by immune cells. This means that the immune 
system eliminates aberrant cells, which is followed 
by a rapid proliferation of healthy cells to replace 
the tissue that has been lost. Several of these signal-
ling pathways may accelerate cell growth (Krautz 
et al., 2014). In this study, we hypothesized that the 
binding of PEI nanoparticles to scorpion venom 
peptides while maintaining the effects of low cyto-
toxicity increases the weak efficiency of the scorpi-
on venom effect on the cells. 
Materials and Methods

M. eupeus scorpion lyophilized venom was 
purchased from the Vaccine and Serum Research 
Institute, Department of Toxic Animals, Iran. The 
lyophilized venom of M. eupeus scorpion was 
stored at -20°C. To prepare the stock solution, 1 mg 
of the venom was removed from the microtube con-
taining the lyophilized venom with a spatula and 
gently transferred to a 1.5 ml microtube. Then 1ml 
of sterile distilled water was poured as a solvent 
into a 1.5 ml microtube and mixed well. It was then 
centrifuged at 1500 rpm for 10 min at 25°C. The 
soluble venom was transported quickly to -20°C 
and after 3-4 hours transported to -80°C.

The Sf9 cell line was purchased from the 
Pasteur Institute of Iran Cell Bank Division. This 
cell line was stored in 25cm3 unfiltered flasks and 
Grace’s insect culture medium enriched with serum 
FBS 10% and cultured at 27°C incubators without 
CO2. The cell division time was estimated to be 18-
24 hrs., and the cells were passed once every two 
days (Mosmann 1983).

The PEI derivatives including PEI conjugated 
with succinic anhydride (PEI-SUC) and PEI-SUC-
PEI carriers were prepared step-by-step according 
to a previous study (Nouri et al., 2017). At first, 500 
mg of low molecular weight PEI was dissolved in 
8 ml of distilled water and 2 ml of NaCl solution 
(3M), and the pH of the solution was raised from 
1 M to 5 M by adding hydrochloric acid. To pre-
pare the mixtures, 2 mg of SUC was added drop-
wise to the PEI solution to dissolve in DMSO and 
placed under sterile conditions at room temperature 
for three hours. Dialysis was performed and the re-
sulting solutions were lyophilized. The mentioned 
steps were performed on the PEI-SUC lyophilized 
product and PEI-SUC-PEI was obtained (Nouri et 
al., 2017).   

PEI-SUC polyplexes were prepared by add-
ing 50 μl of a solution containing PEI-SUC con-
jugates in different concentrations to 50 μl of M. 
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Fig. 1. Comparison of different concentrations of LMW PEI with HBG buffer at 25 μg/ml in 24 hours of 
Sf9 cell treatment. Survival and transmission ability of M. eupeus scorpion venom were determined by PEI 
modified at ratios of 10, 25, and 35 and compared with HBG buffer in Sf9 cell cultures at 96 well plates in 
three replications. Cell survival was measured by MTT assay and expressed as cell viability. (n = 3; error 
bars indicate mean standard deviation) (P> 0.05).

Fig. 2. Comparison of different concentrations of PEI-SUC with M. eupeus scorpion venom at a concentra-
tion of 25 μg/ml in 24 hours of Sf9 cell treatment Survival and transmission ability of M. eupeus scorpion 
venom were determined by PEI-SUC modified at ratios of 10, 25 and 35 and compared with M. eupeus 
scorpion venom at a concentration of 25 μg/ml in Sf9 cell cultures at 96 well plates in three replications. 
Cell survival was measured by MTT assay and expressed as cell viability. (n = 3; error bars indicate mean 
standard deviation) (P> 0.05).

Fig. 3. Comparison of different concentrations of PEI-SUC-PEI with HBG buffer at a concentration of 25 
μg/ml in 24 hours of Sf9 cell treatment Survival and transmission ability of M. eupeus scorpion venom was 
determined by PEI-SUC-PEI modified at ratios of 10, 25 and 35 and compared with HBG buffer in Sf9 cell 
cultures at 96 well plates in three replications. Cell survival was measured by MTT assay and expressed as 
cell viability. (n = 3; error bars indicate mean standard deviation) (P> 0.05).
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of these signalling pathways may accelerate cell 
growth (Krautz et al., 2014). It seems that in this 
study the initial decrease in cell survival at 25 μg/
ml at PEI and then its increase at 35 μg/ml was due 
to the immune response of the Sf9 cells. However, 
it should be noted that no significant reduction in 
Sf9 cell survival was observed with PEI treatment 
(P> 0.05). This study also showed that with increas-
ing the concentration of PEI derivatives, toxicity in 
the Sf9 cell line decreases. “Skip well” is a phe-
nomenon detected in Escherichia coli (Bliss et al., 
1949). This phenomenon may provide an opportu-
nity for resistance to emerge (Purba Gupta October 
2011). The increase in the concentration of PEI as 
well as the slight increase in cell growth at 25 μg/ml 
scorpion venom followed by the decrease in toxic-
ity in the Sf9 cell line could be due to the skip well 
phenomenon because growth occurred at higher 
concentrations.
Conclusion

Farmers and vector control professionals have 
to deal with toxic chemicals in various forms, so 
their level of knowledge can have positive or neg-
ative effects on public health and the environment. 
Their awareness of the consequences of pesticide 
use will provide an effective basis for promoting 
environmentally-friendly practices and maintain-
ing food security. The use of biocides is also rec-
ommended to reduce resistance to synthetic toxins 
and damage to living and non-living environments. 
According to the results of this study, all PEI deriv-
atives were able to effectively bind with the M. eu-
peus scorpion venom peptide. We hope to do more 
research in the future on polymeric nanoparticles as 
potential candidates for pest control.
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Abstract

Most congenital cytomegalovirus infections are asymptomatic at birth and therefore not diagnosed. 
Approximately 15% of these infants develop late-onset hearing loss and other developmental disorders. 
Implementation of a universal screening approach at birth may allow a closer follow-up of infants at risk 
and offers the opportunity to consider treatment. The objective of the current work was to perform, to our 
knowledge, for the first time, neonatal screening using saliva for CMV-DNA detection in RT-PCR in ran-
domly selected clinically healthy newborns in Varna, Bulgaria. From August 2017 to April 2018, saliva 
samples were collected from 63 healthy infants. DNA was extracted by RNA/DNA purification kit and was 
tested for CMV-DNA in RT-PCR. One saliva sample of the 63 tested (1.58%) showed detectable viral load. 
Saliva RT-PCR assay could be a feasible and effective technique for noninvasive neonatal CMV screening 
to detect affected infants who might benefit from follow-up or specific treatment.
Keywords: congenital CMV, RT-PCR, saliva, screening, Bulgaria
Резюме

Повечето вродени цитомегаловирусни инфекции са асимптоматични при раждането и 
следователно не се диагностицират. Приблизително 15% от тези бебета развиват късна загуба на 
слуха или имат други нарушения в развитието. Прилагането на универсален подход за скрининг 
при раждането може да позволи внимателно проследяване на бебета в риск и предлага възможност 
за лечение. Целта на настоящата работа е да се извърши, доколкото ни е известно за първи път, 
неонатален скрининг с използване на клиничен материал слюнка за откриване на CMV-ДНК в 
RT-PCR при произволно избрани клинично здрави новородени във Варна, България . От август 
2017 до април 2018 са събрани проби слюнка от 63 клинично здрави бебета. ДНК се екстрахира 
чрез комплект за пречистване на НК и се тества за CMV-ДНК в RT-PCR. Една проба слюнка от 63 
изследвани (1.58%) показа откриваем вирусен товар. RT-PCR анализът на слюнката може да бъде 
лесно осъществима и ефективна техника за неинвазивен неонатален CMV скрининг за откриване на 
засегнатите бебета, които могат да се възползват от проследяване или специфично лечение.

et al., 2013). The real burden of cCMV is due to 
undiagnosed asymptomatic infants born to mothers 
who were immune and not aware of the possibility 
of transmitting CMV to the fetus during pregnancy. 
Dollard et al. (2007) summarized data from 15 
projects of neonatal cCMV screening on a large 
scale (a total of 120 000 infants) and estimated that 

Introduction
Congenital cytomegalovirus (cCMV) infection 

is the most common intrauterine infection world-
wide with major neurodevelopmental implications 
(Demmler-Harrison, 2009). Global rates at birth are 
estimated at 0.64% but vary significantly across the 
various populations from 0.3% to 2.3% of all live 
births (Demmler-Harrison, 1991; Boppana 
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Varna: SBAGAL “Prof. Dr. Dimitar Stamatov”, 
MBAL “Maichin Dom” and MBAL “St. Anna”. A 
mandatory condition for inclusion in the study was 
for the children to be at the age that demonstrates 
congenital infection (up to 21 days). All mothers 
received clear explanations of the study’s purpose 
and completed informed consent.

The samples were collected before breast-
feeding the child to exclude interference with 
breast milk. The swab was gently placed on the 
inner surface of the infant’s cheek and left there 
for approximately 30 sec until the applicator was 
soaked with saliva and then transferred to a sterile 
tube containing 300 µl of sterile water. The swab 
stick was rotated inside the tube for 1 min and 
then the fluid was expressed from the applicator. 
Samples were immediately transported to the 
laboratory and frozen at -20°C until the day of 
analysis. The extraction was performed according 
to the protocol of manufacturer DNA-Sorb-A, 
Sacace, Biotechnologies, Italy.

PCR was performed using a commercial kit 
based on the Taq-man principle: Real-time Quan-
titative PCR for CMV-DNA detection (Sacace, Bi-
otechnologies, Italy). All reactions were performed 
in the presence of Internal Control (IC) to identify 
possible inhibition of the reaction and the endoge-
nous IC glob (b-globin gene) to assess the adequa-
cy of the material and its storage, according to the 
manufacturer‘s protocol.
Results 

The demographic characteristics of the en-
rolled participants are summarized in Table 1.

We found a low positive CMV-DNA load of 
74 IU/ml (lg 1.87) in a saliva sample from one child 
of the 63 asymptomatic newborns tested (1.58%, 
95% Wilson CI: 0.28 to 8.46). The child was three 
days old, born at 37 g. w., female, weighing 2650 
grams from a 20 year old mother, first pregnancy 
and first birth.

To evaluate the adequacy of the collected sam-
ples and the efficacy of the applied method, we also 
tested saliva and plasma samples from a 52-days old 

about 13.5% of the asymptomatic and about 50% of 
the symptomatic infants will suffer from sequelae 
later in life. Townsend et al. (2013) reported their 
experience with 176 infants with congenital CMV 
infection among 50 000 infants screened (0.35%) 
and found sequelae in 14% of the asymptomatic 
infants. Though universal newborn hearing screening 
currently successfully detects infants with congenital 
hearing impairment, many children with congenital 
asymptomatic CMV who could develop late-onset 
hearing loss are likely to be missed. Fowler et al. 
(1999) monitored 388 infected newborns diagnosed 
with CMV at birth for six years. While 5.2% were 
detected with sensory-neural hearing loss (SNHL) at 
birth, 15.4% of the children by the age of 72 months 
were found to have SNHL (thresholds >20 dB). The 
ability to offer antiviral treatment to infected infants 
and the opportunity to identify hearing-impaired 
infants as early as possible (Viccaro et al., 2012) 
make CMV screening reasonable. 

Both saliva and urine can be used for neonatal 
CMV screening via viral culture or PCR-based as-
says. Since urine collection is technically difficult 
in infants and saliva samples are as useful as urine 
for identification of CMV-DNA (Yamamoto et 
al., 2006), the most practical approach to CMV 
newborn screening is to use saliva in real-time 
polymerase chain reaction RT-PCR (Boppana et al., 
2011; Yamamoto et al., 2011). The positive infants 
could be then closely monitored and evaluated for 
developmental disorders and hearing status at birth 
and later. 

This study aimed to estimate the cCMV inci-
dence in randomly selected clinically healthy new-
borns in Varna, Bulgaria, by implementing a simple, 
reproducible, and accessible method for screening 
from non-invasive clinical material such as saliva.
Case Presentation
Materials and Methods

From August 2017 to April 2018, we exam-
ined 63 clinically healthy infants in a single sali-
va sample. Infants were born at three hospitals in 

Table 1. Characteristics of the tested infants, n=63
Median Range

Age
Born at gestation week
Birth weight

2.6 days (SD ± 2.83)
38.4 g.w. (SD ± 2.55)
3041 g (SD ± 714)

1-16 days
28-40 g.w.
1100-4100 g

n %

Gender (Male/Female)
Born from a single/twin pregnancy

35/28
57/6

55.6/44.4%
90.5%/9.5%
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infants found a similar percentage – 1.11% (1+/90) 
of anti-CMV IgM positivity – a child who subse-
quently developed protracted jaundice for 2 months 
after birth (Ivanova et al., 1996).

Regarding the question of the most appropri-
ate clinical screening material, saliva is considered 
even more indicative of quantitative detection of 
CMV and gives a much higher viral load than that 
found in plasma. This was demonstrated by the re-
sults of twice tested from us as a positive control in-
fant with cCMV symptomatic infection. In a large-
scale study, both saliva and urine samples were 
obtained from 1923 infants. Of these, 28 (1.45%) 
were CMV-infected. There was 99.7% agreement 
between the results in both samples (Yamamoto et 
al., 2006).

The issue of the most appropriate method for 
proving cCMV infection is quite controversial. Vi-
ral culture from urine or saliva is considered a gold 
standard. A multicenter study reported that the pro-
portion of congenitally infected newborns found in 
RT-PCR was 8.2% (28+/340) and by viral isolation 
was 7.4% (25+/340). The authors seek an explana-
tion for those data that are contradictory to the main 
belief, in the longer time for transportation for part 
of the samples. Taking the culture study as a starting 
point, RT-PCR has a sensitivity of 100%, whereas 
the culture sensitivity is estimated at 89.3% (De 
Vries et al., 2012). The authors consider this to be 
sufficient justification to prefer RT-PCR as a meth-
od of choice in that specific search.

In another study, the results of rapid culture 
and PCR analysis of urine and saliva specimens 
from 80 children were compared to determine the 
clinical utility of the RT-PCR assay for the diagno-
sis of cCMV infection. Results of urine PCR were 
positive in 98.8% of specimens. Three PCR-posi-
tive urine samples were culture-negative. Results 
of saliva PCR and culture were concordant in 78 
specimens (97.5%). Two PCR-positive saliva sam-
ples were culture-negative. Due to these findings, 
the authors conclude that PCR performs as well as 
the rapid culture of urine or saliva specimens for di-
agnosing cCMV infection. In addition, saliva speci-
mens are easier to collect. Because PCR also offers 
a more rapid turnaround, is unlikely to be affected 
by storage and transport conditions, has lower cost, 
and may be adapted to high-throughput situations, 
it is well suited for targeted testing and large-scale 
screening for CMV (Ross et al., 2014). 

We have implemented a simple, reproduci-
ble, and accessible method for screening congenital 
CMV infection from non-invasive clinical materi-

child with clinically manifested cCMV infection, as 
a positive control. Its viral load in saliva was 3 725 
965 IU/ml (lg 6.57). For comparison, the viral load 
of the same child in plasma was nearly 82 times low-
er (45 722 IU/ml, lg 4.66). At a later stage, when 
the child was five months old, we were able to in-
vestigate him again. The model for higher viral load 
in saliva compared to plasma was repeated. At five 
months of age, the viral load in saliva was 201 518 
IU/ml (lg 5.3), and the plasma viral load was many 
times lower (197 IU/ml, lg 2.2).
Discussion

CMV infection is a huge health problem 
worldwide because it is the most common congen-
ital infection and nonhereditary cause of deafness 
and neurodevelopmental delay in newborn children 
(Demmler-Harrison, 2009). Currently, there is no 
compulsory prenatal screening of pregnant women 
in any country in Europe, as well as postnatal CMV 
screening of all children born. Congenital cytomeg-
alovirus infection is more common than several 
other diseases included in the compulsory screen-
ing of infants in many European Union countries 
(De Vries et al., 2011). In the USA, CMV screening 
is bound by the National Hearing Screening Pro-
gram, which is a good option and could be applied 
in other countries (Korver et al., 2010). 

In our study, we found one positive child of 63 
asymptomatic children tested (1.58%, 95% Wilson 
CI: 0.28 to 8.46). In a long-term (1977-1985) study 
in Sweden, the percentage of asymptomatic infected 
children with viral isolation from urine was found 
0.5%, in a study of 16 474 newborns (76+/16 474) 
(Ahlfors et al., 1999). The same incidence of 0.5% 
was also found in the testing of 34 989 newborns in 
the UK (177+/34 989), in liquid or dried saliva mate-
rial, using PCR (Boppana et al., 2011). The authors 
conclude that RT-PCR applied in liquid or dried 
saliva material (taken with a sterile cotton swab and 
subsequently dissolved in 300 μl PCR-grade water) 
shows high sensitivity and specificity for detecting 
CMV and can be considered as a potential screening 
method for CMV infection in newborns. Another 
study, conducted with viral culture from urine, of 
newborn children up to 14 days of age, compared 
the incidence of congenital CMV infection in Cairo 
and London. The study found two children with 
a positive outcome of 178 tested in the Egyptian 
population (1.28%) against no positive child of 176 
tested in the English population (0%) (Abdel Hamid 
et al., 2011).

A previous serological study in Bulgaria from 
umbilical cord blood samples of 90 asymptomatic 
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al. The small sample size and the short timeframe 
of our study are significant limitations and proba-
bly did not allow us to find the actual incidence of 
asymptomatic CMV-infected children. To establish 
statistical reliability in the results of such screening, 
it is necessary to test a large number of samples, 
which depends on much more funds.
Conclusions

As far as we know we applied for the very 
first time in Bulgaria, PCR for CMV detection 
from saliva to investigate cCMV infection in 63 
asymptomatic newborns and we have found its deal 
as 1.58%. We demonstrated the reliability of this 
method and in this type of sample by applying it 
to a symptomatic congenitally infected child twice. 
We found a pattern of significantly higher viral load 
in saliva compared with plasma.
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In memoriam

Varban Savov

On July 24, 2022, the distinguished Bulgari-
an biophysicist Varban Savov died at the age of  79. 
Having a background of physics education, Prof. Sa-
vov specialized at Lomonosov Moscow State Uni-
versity, where he completed doctoral PhD and DSc 
dissertations and was awarded senior research fel-

lowship. He successfully defended his DSc disserta-
tion at the Specialized scientific council of biochem-
istry, biophysics and molecular biology at the Higher 
Attestation Commission in Sofia, his work being es-
pecially highly praised in Academician Asen Hadji-
olov’s review. After joining the Faculty of Physics of 
Sofia University St. Kliment Ohridski, Varban Savov 
founded and developed the school of biomedicine 
both as a lecturer and researcher. His investigations, 
both independent and in collaboration, elevated him 
to prominence as one of the leading Bulgarian bio-
physicists, as evidenced by a large number of inter-
national publications. Varban Savov’s studies in the 
field of biological response modifiers jointly with 
virologists from the Institute of Microbiology and 
scholars from the Institute of Neurobiology at the 
Bulgarian Academy of Sciences were noteworthy. 
The number of his students, undergraduate and doc-
toral, from the Faculty of Physics of Sofia University 
is enormous. His spirit will always be remembered. 
Varban Savov, eminent scholar and colleague, will 
remain in our hearts. May his memory live forever.

Prof. Angel S. Galabov



259259

Acta Microbiologica Bulgarica
GUIDE FOR AUTHORS

Types of articles
The journal publishes reviews, original research works, short communications, and letters to the editor 

from all areas of microbiology. The manuscripts should not represent research results which the authors 
have already published or submitted to other journals or books. The papers submitted for publication in 
Acta Microbiologica Bulgarica are peer-reviewed by two experts from the respective scientific field who 
remain anonymous to the authors.
Article structure

All papers are published in English, accompanied by a bilingual summary (English and Bulgarian). 
Manuscripts should be submitted in Times New Roman, size 12, with double-spacing, on a white paper in 
A4 format, with margins of 3 cm. The length of short communications should not exceed 1800 words. The 
manuscripts should be submitted in doc or docx format.

1. Title. The title of the manuscript should be as short and accurate as possible.
2. Authors' information. The submitted manuscript should contain the names and surnames of the 

authors. Please ensure to include the full names of the authors’ affiliations, each on a separate line. The 
corresponding author should be marked by an asterix (*) and the e-mail address of this author should be 
included on a separate line.

3. Abstract and keywords. The abstract should not exceed 250 words in English and should represent 
briefly the goals, methods, main results and basic conclusions of the research. Starting from volume 35, the 
abstract of short communications should be no more than 100 words. Up to six most essential keywords 
must be added after the abstract. An abstract in Bulgarian should also be provided by the Bulgarian authors.

4. Main text. The research manuscript contains the following sections: introduction, materials and 
methods, results and discussion, and conclusion. The introduction must be concise with a clearly defined goal 
and with previous knowledge of the problem. The materials and methods ought to contain sufficient data to 
enable the reader to repeat the investigation without seeking additional information. The results should be 
presented briefly and clearly, followed by a relevant discussion. Conclusions should briefly summarize the 
achievements and any important consequences. Typical short communications published in AMB follow 
the same structure with an impact on methods and results; discussion should be kept short and can even be 
omitted. Case reports include an introduction, a case presentation and a discussion. The review manuscript 
is structured according to the authors' preferences, however, separate introduction and conclusion sections 
are highly preferred. Measuring units and other technical data should be given according to the SI-system. 
For citing authors in the main text, refer to section Reference style below. Plagiarism is not acceptable, 
please, refer to Journal policies for details.

5. Acknowledgements. This part is published in case the authors provide information about funding 
or other acknowledgements. 

6. References. For details and examples on reference styles, please, refer to section Reference style 
below.

7. Tables and figures. Tables and figures should be submitted at the end of the manuscript and their 
places in the text should be clearly indicated. Tables should be presented in a separate sheet, numbered and 
above-entitled. The figures must be accompanied by legends in a separate sheet. Figures should be of a 
good print quality. Color images are not charged for online publication, however, they are a subject to a fee 
for paper publication (calculated individually). Color online publication and grayscale paper publication 
for the figures is possible.

Additional guidelines. Letters to the editor are very short unstructured reports, without abstracts and 
preferably without any figures or tables. 

Use of a third-party material. If the authors want to use a third-party material in their manuscript 
(like figures or tables), a written permission (signed and scanned) from the copyright owner is needed to 
be obtained prior to submission. Lack of permission for third-party material use is considered a plagiarism. 
Any conflict of interest should be stated prior to submission.



260

Reference style
The references used are cited in the main text as follows:
 • In the case of single author - (Petrov, 2012);
 • In the case of two authors - (Petrov and Vassileva, 2013);
 • In the case of more than two authors - (Christova et al., 2014).
The references included in the section References of the manuscript should be arranged first 
alphabetically and then further sorted chronologically, if necessary. More than one reference from the 
same author(s) in the same year must be identified by the letters “a”, “b”, “c”, etc. placed after the year of 
publication. Note the language of the non-English sources at the end of the reference in brackets. 
Follow the reference styles in the examples below:
 • Reference to a journal publication*:
Georgiev, P., V. Simeonov, T. Ivanov (2010). Production of thermostable enzymes. Biotechnol.  
Biotec. Eq. 27: 231-238.
*Note: Journal names should be abbreviated according to the List of Title World Abbreviations:
http://www.issn.org/services/online-services/access-to-the-ltwa/
https://library.caltech.edu/reference/abbreviations/
 • Reference to a book:
John, R., W. Villiam, G. Wilmington (2011). New approach for purification of enteroviral proteins. In: 
Peterson, K., A. Smith (Eds.), Methods in Proteinology. Elsevier, London, pp. 281-304.
Weinedborner M. (2001) Encyclopedia of Food Mycotoxins. Springer Verlag, pp. 294.
Matthews, K., K. Kniel, Montville, T. (2017). Food microbi¬ology: An introduction. 4th Edition,  
ASM Press. 
 • Reference to a conference paper:
Dikova, B., A. Djourmanski, H. Lambev (2013). Establishment of economically important viruses 
Echinacea purpurea and their influence on the yield. In: Proceedings of the Internaional Conference 
‘Innovative approaches to the study of Echinacea’, Poltava, Ukraine, 25-25 June, pp. 36-45.
 • Reference to a dissertation:
Barišić, Z. (2011). Uropatogena Escherichia coli: povezanost otpornosti na kinolone s prisutnošću 
činitelja virulencije [dissertation]. Zagreb: Medicinski Fakultet Sveučilišta u Zagrebu.
 • For citing patents, reports, fact sheets, regulations or other official documents, please provide all 
available information like document official abbreviation or number, year, title, link (if available), etc. A 
possible example is:
CR 517 (2011). Commission Regulation (EU) No 517/2011 of 25 May 2011 on the reduction of the 
prevalence of certain salmonella serotypes in laying hens.
Article submission
Manuscripts should be submitted to the Editorial Board of the journal Acta Microbiologica Bulgarica in 
electronic version of the paper to the following address: a-m-b@mail.bg.
The publications in Acta Microbiologica Bulgarica are free of charge. The authors of the manuscripts 
need to cover the costs of printing color images.

The edition of Acta Microbiologica Bulgarica 
volume 38 issue 3 is financially supported 

by 
The National Science Fund of Bulgaria

(grant KP-06-NP3/15/2021)


