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Abstract

In a relatively short period of time new coronavirus disease (COVID-19) has become a
global threat, both to human health and to the functioning of human society in general.
This pandemic is certainly neither the first nor is it likely to be the last disease episode in
human history. At the moment, it is still too early to make a reliable assessment of its
total effect on human civilization, but it can already be stated that this disease, and its
causative agent SARS-CoV-2 virus, have caused a strong scientific response all around
the World. For the first time in this magnitude, it has united the resources of large
scientific institutions and companies with the aim of finding solutions for fast and
accurate virus detection procedures, effective and safe vaccine, reliable medical
treatments, etc. It is astonishing that only a month has passed from the first officially
detected case to the complete sequencing of the SARS-CoV-2 virus genome and the
creation of the first detection systems based on RT-PCR method. After that, numerous
scientific teams and companies worked together, or independently, to improve the
detection methods. Their work included further optimization of PCR and other genetic
approaches, as well as the development of detection methods based on the analysis of
specific antibodies and viral antigens. The aim of this paper is to review the results that
were achieved in this area so far, analyze the strategies currently used in the world and
the region, and to predict future steps in the process of optimizing and improving
methods for SARS CoV-2 detection in individual patients and the global human
population.
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Introduction

The COVID-19 pandemic caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
has shocked the whole World with 49.106.931 total
cases and 1.239.157 deaths globally as of 08
November 2020 (WHO 2020f). On 31 December
2019, several cases of pneumonia of unknown
etiology were officially detected in Wuhan City,
Hubei Province of China (WHO 2020d). However, it
was reported later that the very first patient with
COVID-19 symptoms was hospitalized as early as
12 December 2019 (Wu et al. 2020). A Group of
Chinese scientists released the first “Wuhan virus”
singe genome sequence and deposited it in GenBank
on 11 January 2020 (Wu et al. 2020). In only one
month, several thousand cases of this new infection
were confirmed and they were primarily associated
with this region. At the same time, the human-to-
human transmission was officially verified as well.
Less than one month after the formal report of the
first cases, ten genome sequences of 2019-nCoV
(later named SARS-CoV-2) were published (Lu et
al. 2020). A significant similarity between
sequenced genomes was observed (98-99%). The
new virus was found to be closely related (88%
similarity) to two bat coronaviruses (bat-SL-
CoVZC45 and bat-SL-CoVZXC21) as well as to
SARS-CoV (79% similarity) and MERS-CoV (50%
similarity) (Lu et al. 2020). COVID-19 infection was
declared a public health emergency of international
concern on 30 January 2020 and a pandemic on 12
March 2020 by the World Health Organization
(Zainol Rashid et al. 2020).

Immediately after the Wuhan outbreak, the virus
responsible for COVID 19 was described as the
“New Corona Virus” within public and scientific
communications. It is defined as the new member of
the Coronaviridae family, which are single-stranded
RNA viruses. The size of their genome varies
between 25 and 32 kb. Virions are spherical and are
identifiable by the large spike (S) glycoprotein. The
family contains two subfamilies: Orthocoronavirinae
and Letovirinae. Members of this family are
widespread among mammals. Most CoVs were
considered only minor pathogens of humans mostly
causing minor respiratory infection, up until the
emergence of SARS-CoV and later MERS-CoV

which changed that perspective (Payne 2017).
SARS-CoV-2 has pushed this even further,
promoting coronaviruses as the most influential
human disease agent in the 21* century, and perhaps
even in the last 100 years.

SARS-CoV-2 isa positive-sense single-stranded
RNA virus (Astuti and Ysrafil 2020). It is extremely
contagious in humans and it is recognized as the
inheritor to SARS-CoV-1 (van Doremalen et al.
2020). The genome size of the SARS-CoV-2 varies
from 29.8 kb to 29.9kb and it was reported to
possess 14 open reading frames (ORFs) encoding 27
proteins (Wu A, 2020). Four structural proteins
include surface (S), envelope (E), membrane (M),
and nucleocapsid (N) proteins. Also, there are 16
non-structural proteins (NSP1-NSP16) that encode
components required for virus replication (da Silva
et al. 2020). Finally, there are 7 additional proteins
(ORF3a-ORF8) whose functions are still mostly
undetermined (Chen and Zhong 2020; Finkel et al.
2020; Khailany et al. 2020).

Metagenomic sequencing recognized previously
described bat-coronaviruses as close SARS-CoV-2
relatives. Further studies proved significant genetic
similarity (85.5-92.4%) between SARS-CoV-2 and
coronaviruses in Malayan pangolins. This study
suggests that pangolins should be considered as
possible hosts in the emergence of new
coronaviruses (Lam et al. 2020). However, the latest
studies have shown that several animals that have
been in contact with infected humans, such as
minks, dogs, domestic cats, lions and tigers, have
tested positive for SARS-CoV-2 (WHO 2020e).
Therefore, this interspecies transfer and genetic
similarity between SARS-CoV-2 and animal
coronaviruses is something that should be
considered in the future in order to prevent the
emergence of new human pathogens.

SARS-CoV-2 binds to its target cells through human
angiotensin-converting enzyme 2 (hACE?2)
(Andersen et al. 2020). The access of the SARS-
CoV-2 virus into the cell is enabled by the viral
spike (S) glycoprotein receptor-binding domain
(RBD) that recognizes and binds to a host cell
hACE2 receptor. Previously obtained studies have
shown that susceptibility to SARS-CoV-2 infection
is primarily determined by the affinity between viral
RBD and host hACE2 receptors in the initial viral
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attachment step (Shang et al. 2020). The latest
studies focusing on the molecular basis of SARS-
CoV-2 pathogenesis suggested a “multifunctional
strategy” applied by SARS-CoV-2 to suppress host
immunity. SARS-CoV-2 inhibits host mMRNA
splicing, protein translation, and membrane protein
trafficking, all of which disrupt essential cell
processes (Banerjee et al. 2020). Remarkably, all
viral proteins involved in these activities are
produced prior to the generation of double-stranded
RNA (dsRNA) products during virus genome
replication. dsRNA is the initiator of the host
immune sensors for interferon type | response. That
is how SARS-CoV-2 minimizes and delays innate
immune response (Banerjee et al. 2020).

A substantial amount of important data about this
virus was rapidly generated, especially those
regarding its genetic characterization and genetic
diversity, thus promoting SARS-CoV-2 and
COVD19 into the most investigated scientific topic
in 2020. All of this information was crucial for the
design of suitable, safe and reliable methods for the
detection of viral genetic material, protein sequences
as well as the host antibody response.

PCR as the Genetic Model of SARS-CoV-2
Detection

The polymerase chain reaction is an enzymatic
process by which a particular segment of nucleic
acid (DNA/RNA) is amplified. Real-time PCR is the
technique of collecting data throughout the PCR
process as it occurs, thus combining amplification
and detection into a single step (Wong and Medrano
2005). Reverse transcription polymerase
chain reaction (RT-PCR) is joining reverse
transcription of RNA into cDNA and  amplification
of specific DNA targets using PCR model (Wong
and Medrano 2005). Joint RT-PCR and real-time
PCR methods are routinely used for the detection of
viral RNA in research and clinical studies. In one-
step RT-PCR, reverse transcription and PCR take
place sequentially in a single tube under conditions
optimized for both RT and PCR (Santos et al. 2004).
This method is very simple, sensitive, and relatively
fast. The availability of complete SARS-CoV-2
genome enabled the successful development of
specific primers for RT-PCR detection of viruses

from clinical specimens (Chan et al. 2020).
Therefore, this method was a rational choice for the
detection of the SARS-CoV-2 presence within
samples collected from potentially infected
individuals.

Many years of experience in creating new PCR
assays have trained scientists to pay special attention
on two basic principles: specificity and sensitivity. A
high degree of specificity implies that the PCR
reaction avoids the multiplication of genetic material
derived from another related species of a living
organism or virus strain, more precisely it avoids
false-positive PCR results caused by cross-reactivity.
The basic prerequisite for obtaining good results is a
firm knowledge of the genomic sequence of the
tested virus and its relatives. Therefore, extremely
rapid detection and sequencing of the RNA genome
of the SARS-CoV-2 virus was crucial in the prompt
creation of highly specific RT-PCR assays to detect
the presence of genetic material of this virus in the
examined clinical samples. On the other hand,
sensitivity implies the possibility of detecting
extremely small amounts of genetic material present,
thus reducing the possibility of obtaining false-
negative PCR results. PCR itself is designed to
detect extremely small amounts of genetic material,
so this molecular-biological technique is indeed a
good choice for achieving a high degree of
sensitivity. Due to this fact, there was a need for
caution in the process of selecting the number of
PCR cycles as well as announcing the results of PCR
analyzes to the public, and the need to clarify that
every person with the presence of viral genetic
material does not have to be contagious to others or
sick, but more about this topic will be elaborated
later.

Huge experience, well-known procedures and
published SARS-Cov-2 sequence led to the design
of the first official RT-PCR Kit just 6 days after the
announcement of the whole genome sequence,
published on 23 January 2020 (Corman et al. 2020).
It was interesting that Corman and his colleagues
preliminarily used known SARS- and SARS-related
coronaviruses genomes to design candidate
diagnostic RT-PCR assays. After releasing the first
sequence of 2019-nCoV, the assays were selected
based on their ability to match it (Corman et al.
2020). They have designated the bi-loci approach
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and selected two amplification targets: RNA-
dependent RNA polymerase (RdRp) gene and E
(envelope) structural gene. E gene was used as the
screening assay and RdRp (located in ORFlab
region) was used as a confirmatory assay. At the
same time, different amplicon targets were detected
and analyzed by other groups: CDC China
recommended ORF1ab and N, French group selected
two targets within RdRP, US CDC focused on three
targets in N gene, National Institute of Infectious
Disease, Japan chose multiple targets with S gene,
etc (Lai et al. 2020). Most of the commercial RT-
PCR SARS-CoV-2 kits, currently available on the
worldwide and regional market, are based on the
detection of those amplification targets (The Global
Fund 2020). The fully automated detection system,
including sample preparation (nucleic acid extraction
and purification) followed by selective amplification
of targets (unique to SARS-CoV-2 ORF1 a/b non-
structural region and conserved region in the
structural protein envelope E-gene) is also available
(Roche, 2020). Additionally, initiated by the
coincidence of the flu season with the pandemic and
the need for the prompt distinction of these two
illnesses with similar symptoms, new multiplex RT-
PCR assays for SARS-CoV-2 and flu virus were
designed (CDC 2020a). Finally, considering the
need for the development of reliable and cheap
diagnostic tools, various techniques (CRISPR,
microarray, etc.) were taken into consideration as
tools for the detection and investigation of SARS-
CoV-2 (Jalandra et al. 2020). For viral detection as
well as genotyping, a universal microarray system is
already developed (Thermo Fisher Scientific 2020).

The fascinating and extremely fast development of
numerous SARS-CoV-2 PCR assays requires
additional optimization of all significant parameters
for its routine application. The number of cycles and
cycle threshold (Ct) are some of those parameters
that are extremely important for the correct
evaluation and presentation of obtained results. A
cycle threshold value was considered as the valuable
parameter in the interpretation of SARS-CoV-2
detection results within some of the latest studies
(Tom and Mina 2020). They argued that prolonged
RT-gPCR raises questions concerning the obtained
and presented results without information about Ct
values, which could possibly help to refine clinical

decision making. Some authors also suggest that
tests with high thresholds (above 33-34) using
certain RT-PCR system are not contagious (Scola et
al. 2020). Similar observation initiated some authors
to suggest that the Ct value from positive test results,
when interpreted in context, can help to refine
clinical decision-making (Tom and Mina 2020)
Similar results were obtained by Jefferson and
colleagues in their review of several different studies
regarding the detection of SARS-CoV-2 from the
different tissues (Jefferson et al. 2020). They
emphasized that several studies reported that cut-off
RT-PCR Ct > 30 was associated with non-infectious
samples.

Our experience obtained in several thousand forensic
genetics DNA analysis, regarding the increase of the
PCR cycle number, is comparable. For example,
extended protocols (increased number of cycles) are
used in the analysis of low-copy-number samples,
i.e., samples containing very low amounts of DNA
(Marjanovic et al. 2018). However, increasing the
number of cycles could also increase the possibility
of detecting artificial peaks, which could cause
interpretation  problems and even incorrect
interpretation of the results. The application of the
extended protocol requires additional optimization
and prudence Even our intention is not to compare
RT-PCR for SARS-CoV-2 detection with forensic
end point PCR protocols our experience suggest that
determination of the optimal cycle number is
extremely important for the final interpretation of the
results, no matter which type and purpose of PCR
detection method is applied.

Recently, Juliet Morrison, a virologist at University
of California suggested that any test with a cycle
threshold above 35 is too sensitive while Michael
Mina from Harvard University suggests that the cut-
of should be set the fire at 30 or less (Mina et al
2020).

If the proposal of the above-mentioned scientists to
reduce the number of Ct to 30-35 for the detection of
SARS-CoV-2 were accepted, the number of people
tested positive for SARS-CoV-2 would rapidly
decrease and in that case, the sample would have to
contain 100-1000 times more viral material than it is
the case today for a person to be declared positive.
Before conducting additional studies and making a
final decision about the number of cycles in the
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SARS-CoV-2 detection protocols, it is imperative to
make a distinction between “only PCR positive” and
“truly SARS-CoV-2 positive” in the context of their
ability to be involved in the future viral
dissemination.

Antigen SARS-CoV-2 testing -
promising future

potentially

Due to the increasing number of people who tested
positive for SARS-CoV-2 worldwide, it became
necessary to develop easier, cheaper, and more
available types of tests. The antigen test is based on
the direct detection of SARS-CoV-2 viral proteins
using lateral flow immunoassay (WHO 2020a). The
test is performed by taking nasopharyngeal or nasal
swab specimens which are then placed into the
assay’s extraction buffer. According to studies
conducted so far, sensitivity rates of the antigen tests
greatly vary (Porte et al. 2020; Scohy et al. 2020).
Scohy et al. 2020 reported an overall sensitivity of
30.2%, whereas Porte et al. 2020 reported a
sensitivity of 93.9%. According to the CDC, the
sensitivity of the antigen test varies from 84.0%-
97.6% compared to RT-PCR (CDC 2020b). Hirotsu
et al. 2020 compared the sensitivity and specificity
of the antigen test with the RT-PCR test depending
on the number of virus copies present in the infected.
Their results showed 85% to 100% concordance of
antigen test with RT-PCR test in infected people
whose swab specimen contained 10-100 and over
100 viral copies (Hirotsu et al. 2020). The specificity
of the antigen test is similar to the specificity of RT-
PCR and ranges from 93.9% to 100% (CDC 2020b;
Porte et al. 2020). Better results in terms of
sensitivity and concordance with RT-PCR are seen
in patients with severe symptoms, most often in the
first week of SARS-CoV-2 infection, and decline
over time as the number of virus copies decreases
(Hirotsu et al. 2020; Porte et al. 2020).

As recommended by CDC, negative antigen test
results should be confirmed with an RT-PCR test
when the patient is symptomatic or has a known
exposure to a person confirmed to have COVID-19
(CDC 2020b). Ideally, confirmatory RT-PCR testing
should take place within two days of the initial
antigen testing (CDC 2020b). Even though RDTs
(Rapid diagnostic tests) are less sensitive than

nucleic acid amplification tests (NAAT) used in
PCR tests, they provide results in approximately 15
minutes and present an excellent alternative and
addition to PCR testing (Mak et al. 2020).

Serological SARS-CoV-2 testing - a possible
predictive tool

Serological testing for anti-SARS-CoV-2 antibodies
is another important diagnostic approach that can
identify both symptomatic and asymptomatic
infections. The median time to onset of symptoms
for persons infected with SARS-CoV-2 is 5-6 days
(Lauer et al. 2020). The first study on a single
patient in Australia showed progressive increases in
plasma SARS-CoV-2-binding IgM and IgG
antibodies from day 7 until day 20 (Thevarajan et al.
2020). Subsequent studies determined that serum
antibodies begin to rise a week after SARS-CoV-2
infection with IgA and IgM peaking in the first 5-7
and declining after 28 days. IgG antibodies can first
be detected 7-10 days after infection, reaching their
peak 7 weeks later (Stephens and McElrath 2020).
Various commercial assays utilizing different
techniques that measure the binding of IgG, IgM,
and/or IgA antibodies have been developed. The
performance of the serologic assays varies in
different testing cohorts (Lisboa Bastos et al. 2020).
Presumptions that long-term memory plasma cells
persist for a long time and protect individuals against
reinfection are still a matter of discussion, as the
serum persistence of detectable antibodies and their
neutralizing capacity are still being studied, with
reports of a rapid decline of neutralizing antibody
levels in a 3-month period (lbarrondo et al. 2020;
lyer et al. 2020). Recent results from an
asymptomatic cohort of Croatian football players
have indicated the same conclusions regarding 1gG
persistence (Primorac et al. 2020; Vince et al. 2020).
It is important to notice that seroconversion is faster
and more robust in patients with severe disease
(WHO 2020c). Since antibodies develop in later
stages of the disease, detecting antibodies against
SARS-CoV-2 must not be used for the initial
identification of infectious disease carriers. The
WHO recommends the use of serologic testing when
a patient is highly suspicious of being infected with
SARS-CoV-2 but is negative on consecutive RT-
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PCR tests. In those cases, a paired serum sample
analysis is the method of choice to confirm prior
infection by changes in the antibody titer with a
period of 2-4 weeks in between the two samplings
(WHO 2020c). Using these diagnostic tools, it is
possible to determine population-wide
seroprevalence in cohorts that are representative of
the studied population (Snoeck et al. 2020;
Stringhini et al. 2020). Such efforts are useful to
estimate infection rates and to monitor the
progression of the epidemic.

Clinical assessment of the need for testing
for SARS-CoV-2

There is no doubt: the diagnosis of Covid-19
requires the integration of all methods mentioned
above. According to recently published data, clinical
sensitivity of PCR decreased with days post
symptom onset with >90% clinical sensitivity during
the first five days after symptom onset, 70%- 71%
from days 9 to 11, and 30% at day 21, while
serological sensitivity increased with days post
symptom onset with >50% of patients seropositive
by at least one antibody isotype after day 7, >80%
after day 12, and 100% by day 21(Miler et al 2020).
On the other hand, the clinical impact of the rapid
antigen testing largely depends on the circumstances
in which they are used. The best result is obtained
when the person is tested in the early stages of the
SARS-CoV-2 infection when the viral load is
generally the highest. The antigen test we are
routinely using, according to the manufacturers are
having specificity (99.68%) and sensitivity of
(96.52%) compared to molecular testing.

Center for Disease Control suggests that people who
have symptoms of COVID-19, people who have had
close contact (within 6 feet of an infected person for
a total of 15 minutes or more) with someone with
confirmed COVID-19 and people who have been
asked or referred to get testing by their healthcare
provider, local or state health department, should get
tested for current SARS-CoV-2 infection (CDC
2020c). The most common symptoms of COVID-19
infection according to the WHO are: fever, dry
cough and exhaustion. Less common symptoms
include aches and pains, sore throat, diarrhea,
conjunctivitis, headache, loss of taste or smell, a rash

on skin or discoloration of fingers or toes. More
serious symptoms that often require hospital
treatment include difficulty breathing or shortness of
breath, chest pain or pressure, loss of speech or
movement (WHO 2020b).

For individuals with one or more of these symptoms,
the need for testing for the presence of SARS-CoV-2
is clinically assessed. Apart from symptomatic cases
of COVID-19, in 17.9% to 78% of cases, the virus
carrier remain asymptomatic (Day 2020; Mizumoto
et al. 2020; Nishiura et al. 2020). There is much
evidence that asymptomatic or minimally
symptomatic individuals can spread the virus,
especially during the late incubation period (Rothe et
al. 2020; Ye et al. 2020). Therefore, it is of utmost
importance to detect asymptomatic virus carriers in a
timely manner by testing as much of the population
as possible to prevent rapid disease transmission and
achieve the best possible disease control.

In the absence of time, resources and staff, rapid
antigen tests could be used for testing a larger
number of persons with symptoms, their contacts, as
well as persons in self-isolation, in order to reduce
virus transmission rates.
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