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ABSTRACT 

 

 
Background and Objectives: SARS-CoV-2 variants of concern (VOC) and interest (VOI) pose a significant threat to pub- 

lic health because the rapid change in the SARS-CoV-2 genome can alter viral phenotypes such as virulence, transmissi- 

bility and the ability to evade the host response. Hence, SARS-CoV-2 quantification techniques are essential for timely 

diagnosis and follow-up. Besides, they are vital to understanding viral pathogenesis, antiviral evaluation, and vaccine de- 

velopment. 

Materials and Methods: Five isolates of SARS-CoV-2: D614G strain (B.1), three VOC (Alpha, Gamma and Delta), and 

one VOI (Mu) were used to compare three techniques for viral quantification, plaque assay, median tissue culture infectious 

dose (TCID ) and real-time RT-PCR. 

Results: Plaque assay showed viral titers between 0.15 ± 0.01×107 and 1.95 ± 0.09×107 PFU/mL while viral titer by TCID 

assay was between 0.71 ± 0.01×106  to 4.94 ± 0.80×106  TCID /mL for the five SARS-CoV-2 isolates. The PFU/mL titer 

obtained by plaque and the calculated from TCID assays differed by 0.61 log10, 0.59 log10, 0.59 log10 and 0.96 log10 

for Alfa, Gamma, Delta, and Mu variants (p≤0.0007), respectively. No differences were observed for the D614G strain. 

Real-time PCR assay exhibited titers ranging from 0.39 ± 0.001×108  to 3.38 ± 0.04×108  RNA copies/µL for all variants. 

The relation between PFU/mL and RNA copies/mL was 1:29800 for D614G strain, 1:11700 for Alpha, 1:8930 for Gamma, 

1:12500 for Delta, and 1:2950 for Mu. 

Conclusion: TCID assay was comparable to plaque assay for D614G but not for others SARS-CoV-2 variants. Our data 

demonstrated a correlation among PFU/mL and E gene RNA copies/µL, units of measure commonly used to quantify the 

viral load in diagnostic and research fields. The results suggest that the proportion of infectious virions in vitro changes de- 

pending on the SARS-CoV-2 variant, being Mu, the variant reaching a higher viral titer with fewer viral copies. 
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INTRODUCTION 

 
Since it was defined as a pandemic, COVID-19 

has become a global threat to public health, caus- 

ing enormous physical, psychosocial and economic 

consequences (1). This disease is caused by SARS- 

CoV-2, an enveloped virus with an ssRNA (+) ge- 

nome of approximately 30 kb (2, 3). Multiple variants 

of SARS-CoV-2 have been documented around the 

world. In September 2020, variants of interest (VOIs) 

and variants of concern (VOCs) began to be reported, 

with more distinctive substitutions than expected for 

this virus (2). VOIs are variants with genetic chang- 

es that have established, or suspected implications in 

epidemiology, antigenicity or virulence. In contrast, 

VOCs are variants with a demonstrated association 

with higher transmissibility, virulence, and lower di- 

agnostic, vaccine or therapeutic efficacy (2, 3). 

The World Health Organization (WHO) has iden- 

tified five VOCs (Alpha, Beta, Gamma, Delta and 

Omicron) and two VOIs (Lambda and Mu) (3). Al- 

pha (B.1.1.7), the first VOC reported, contains sev- 

enteen co-occurring non-synonymous mutations or 

deletions, including N501Y, 69-70del, Y144del and 

P681H, which are associated with increased viral 

transmission and immune evasion (4). Beta (B.1.351) 

has eight non-synonymous mutations in Spike pro- 

tein (S) (such as K417N, E484K and N501Y) associ- 

ated with increased binding to the human ACE2 (an- 

giotensin-converting enzyme 2) receptor and three 

mutations in the N-terminal domain that may con- 

tribute to increased transmissibility (4). The Gamma 

(P.1) variant bears seventeen mutations (including 

K417T, E484K, and N501Y in S protein), account- 

ing for greater transmissibility (between 1.7 and 2.4 

most recent VOC, the omicron variant (B.1.1.529), 

includes 26-32 mutations in S, some of which may be 

associated with immune escape potential and higher 

transmissibility (8). 

Concerning the VOIs, Mu (B.1.621) contains the 

insertion 146 N and several amino acid substitutions 

in the Spike protein (Y144T, Y145S, R346K, E484K, 

N501Y and P681H), and it has been associated with 

resistance to humoral response induced by natural 

infection and vaccination (2, 9). Due to the decline 

in the effectiveness of antibodies against these vari- 

ants and the lack of vaccination coverage world- 

wide, SARS-CoV-2 continues to evolve and spread 

throughout the world (7, 9, 10). 

Considering this background, a reliable, early, and 

accurate diagnosis is required to bring efficient med- 

ical support and control the spread of SARS-CoV-2 

variants (11, 12). Detection of viral RNA by real-time 

RT-PCR (real-time reverse transcription-polymerase 

chain reaction) was the initial technique of choice for 

the COVID-19 diagnosis (13-14). Quantification of 

viral load in infected individuals has also been use- 

ful to assess disease progression and to monitor the 

efficacy of the therapy (13). Further, this technique 

allows detecting variants of concern and interest (14). 

However, despite its high sensitivity and specificity, 

this technique does not allow the quantification of 

infectious viruses, which is necessary for virologi- 

cal studies, particularly in experimental procedures 

such as the structural analysis of the viral particle, 

the understanding of viral pathogenesis, evaluation 

of antiviral agents and vaccine development or for 

improving the ability to determine and interpret in- 

fectious viral loads for current and future variants 

(12, 15-17). In this context, the plaque assay and the 

times more transmissible than local non-P1 lineag- TCID assay (median tissue culture infectious dose) 

es) and a reduction from 21% to 46% in protective 

immunity caused by previous non-P1 lineages infec- 

tions (5). 

The   SARS-CoV-2   Delta   variant   (B.1.617.2), 

has become one of the most problematic variants 

during the pandemic and is rapidly spreading world- 

wide (6). This variant contains mutations within S 

(L452R,  T478K,  P681R,  and  D614G)  associated 

with increased binding affinity with cell receptor, 

viral infectivity, and virus replication, reduced an- 

tibody-mediated neutralization and cellular immune 

recognition, increased cell-to-cell fusion in the re- 

spiratory tract, potentially increasing transmissibil- 

ity and pathogenicity in infected individuals (7). The 

are cell-based techniques to determine the amount 

of infectious virus within a sample. Specifically, the 

plaque assay is the gold standard for quantifying rep- 

lication-capable lytic virions (18, 19). Plaque assay 

consists of serial dilutions of the virus on adherent 

and susceptible cells. After the viral infection time, 

the liquid medium is replaced by a solid or semi-solid 

medium that restricts the virus spread to neighboring 

cells, forming a visible hole or "plaque" into the cell 

monolayer. Later, the cell monolayer can be stained 

with a dye and plaques are counted to achieve the 

titer; assuming that a single infectious virus particle 

causes each plaque is caused by a single infectious 

virus particle, the titer is reported as plaque-forming 

http://ijm.tums.ac.ir/
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units (PFU) (18, 19). 

On the other hand, the TCID 

 
assay determines 

TACCACAAAAACAACAAAAG-3’,     S.22083-Rv 

5’-GGCTGAGAGACATATTCAAAAGTG-3’,     and 

the point at which 50% of cells in culture are infected 

and brings an approximate viral titer (18, 20). In con- 

trast to plaque assay, the viral inoculum is replaced 

by a liquid medium after infection, and then the wells 

are observed and scored for the presence or absence 

of CPE (cytopathic effect) (20). The virus dilution at 

which 50% of the wells are infected is determined. 

probe S.DEL157-P 5’-FAM-TGGATGGAAAGTG- 

GAGTTTATTCTAGT-MGB-3’, previously reported 

(14). First, retrotranscribing the RNA at 55°C for 10 

minutes followed by 40 cycles of 94°C 10 seconds and 

alignment/extension step of 60°C for 30 seconds. 

Later,  SARS-CoV-2  strains  were  confirmed  by 

next-generation  sequencing  using  Nanopore  tech- 

The TCID titer is calculated based on Reed-Muench nologies or Illumina MySeq platform following the 

or Spearman-Kärber methods (17). 

It has been reported that VOCs exhibit differenc- 

es in plaque size, thermal stability, and infectivity in 

various cell lines (21-23). We set out to quantify the 

ancestral D614G strain (B.1) (24, 25), three VOCs 

(Alpha, Gamma and Delta) and one VOI (Mu) of 

SARS-CoV-2 using three techniques: Plaque assay, 

ARTIC 12 protocol (https://www.protocols.io/view/ncov-

2019-sequencing-protocol-v3-locost-bh42j8ye) at 

Corpogen Laboratory, Bogotá, Colombia. Gaps in 

Spike were filled out by Sanger sequencing using 3500 

Series Genetic Analyzer (Thermo Fisher Scientific, 

Vilnius, Lithuania), and BigDye Terminator v3.1 Cy- 

cle Sequencing Kit (Thermo Fisher Scientific) in Labo- 

TCID assay, and real-time RT-PCR, to compare the ratorio Integrado de Medicina Especializada (LIME), 

results and describe the differences and similarities. 
 

 
 

MATERIALS AND METHODS 

 
Cells. Vero E6 cells were donated by Instituto Na- 

cional de Salud (Bogotá, Colombia). The cultures 

Universidad de Antioquia, Medellin, Colombia. 

Variant sequences were deposited in GISAID data 

base: B.1/D614G (EPI_ISL_536399), Alpha (EPI_ 

ISL_4549188), Gamma (EPI_ISL_4926393), Delta 

(EPI_ISL_5103929) and Mu (EPI_ISL_4005445). 

 
Virus isolation and propagation. A fraction of 

were incubated at 37°C, 5% CO atmosphere and a nasopharyngeal   samples   carrying   SARS-CoV-2 

relative humidity. Vero E6 were propagated in Dul- 

becco's Modified Eagle Medium (DMEM, Sigma-Al- 

drich) supplemented with 2% heat-inactivated FBS, 

2 mM L-glutamine (Gibco), 1.0% Penicillin-Strepto- 

mycin (Gibco) and 3.7 g/L sodium bicarbonate (Sig- 

ma-Aldrich). 

 
Specimen collection and SARS-CoV-2 strain 

genotyping. Nasopharyngeal swabs from Colombi- 

an patients were tested for SARS-CoV-2 by RT-PCR 

Berlin protocol at Grupo Inmunovirología, Universi- 

dad de Antioquia (Medellín, Colombia); then, positive 

samples were subjected to SARS-CoV-2 strain-specif- 

ic mutations screening by using SARS-CoV-2 Vari- 

ants RT-PCR kit (Vitro S.A): ORF1ab SGF3675-3677 

deletion (ref sequence position: 11288-11296) was ob- 

served in Alpha and Gamma but not in D614G, Delta 

or Mu variants. Spike HV 69-70 deletion (ref sequence 

position: 21765-21770) was found in Alpha but not in 

D614G, Gamma, Delta nor Mu variants. Likewise, the 

Spike 157-158 deletion only observed so far in Delta 

variant was identified by using the Luna® Universal 

Probe One-Step RT-qPCR Kit (New England Biolabs, 

MA, USA) and the oligos S.21989-Fw 5’-GTTTAT- 

D614G strain and Alpha, Gamma, Delta and Mu vari- 

ants (100 µL diluted in 250 µL DMEM medium) were 

inoculated into a 75% confluent monolayer of Vero 

E6 cells. The cultures were daily monitored under the 

microscope to visualize cytopathic effect (CPE) ap- 

pearance as previously described (26). 

Later, the isolated viruses were propagated in Vero 

E6 cells. Briefly, 2.0×106 cells were seeded in T-75 cell 

culture flasks in DMEM supplemented with 2% FBS 

(Fetal bovine serum) for 24 h at 37°C, with 5% CO . 

Then, cells were infected for 1 h with each sample in 

2 mL of DMEM with 2% FBS. After incubation, the 

inoculum was removed, and 15 mL of fresh medium 

were added. Cells were incubated at 37°C, with 5% 

CO , with daily observation until CPE appearance. 

CPE was observed 60 hours post-infection (h.p.i) as 

rounding and detachment. The supernatants were 

harvested, centrifuged at 2800 × g, 4°C, for 10 min- 

utes, aliquoted, and stored at -80°C. The specificity 

of the variants was confirmed by real-time RT-PCR, 

using the oligo and probes described in item Speci- 

men collection and SARS-CoV-2 strain genotyping. 

All experiments involving infectious SARS-CoV-2 

were conducted within a biosafety level 3 laboratory, 

http://ijm.tums.ac.ir/
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according to the conditions set out in Biosafety in Mi- 

crobiological and Biomedical Laboratories (27). 

 
Plaque assay. SARS-CoV-2 was quantified by 

plaque assay on Vero E6 monolayers. Briefly, Vero E6 

cells were seeded at a cell density of 1.0 × 105  cells/ 

well in 24-well plates for 24 h, at 37°C, with 5% CO . 

Tenfold serial dilutions of the viral stock were added 

to each well in duplicate (200 µL/well). Cells were in- 

cubated at 37°C, with 5% CO for 1 h. Viral inoculum 

was removed and 1 mL of semi-solid medium (1.5% 

carboxymethyl-cellulose) (Sigma-Aldrich, St. Louis, 

MO, USA), DMEM 1× with 2% FBS and 1% Peni- 

cillin-Streptomycin) was added to each well. Plates 

were incubated for 5 days at 37°C, with 5% CO . Af- 

ter incubation, cells were washed twice with Phos- 

phate Buffered Saline (PBS) (Lonza, Rockland, ME, 

USA). Then, cells were fixed/stained with 500 µL of 

4% formaldehyde / 1% crystal violet solution for 30 

min and washed twice with PBS. Plaques were count- 

ed, and the average number of plaques was multiplied 

by the reciprocal of the dilution and the inoculum 

volume. The result was expressed as Plaque Forming 

Units (PFU) per mL (PFU/mL) (15). For plaque assay 

quantification, five independent experiments were 

performed. 

experiments were performed. 

 
Real-time RT-PCR. Viral RNA extraction was 

carried out from 100 µL of viral stock using the 

KingFisher™ Flex Purification System and the Mag- 

MAXTM Viral/Pathogen II (MVP II) Nucleic Acid 

Isolation Kit (Thermo Fisher Scientific, Vilnius, Lith- 

uania), following the manufacturer instructions, with 

an elution volume of 50 µL. SARS-CoV-2 viral RNA 

was  quantified using  the  Luna®  Universal  Probe 

One-Step RT-qPCR Kit (New England Biolabs, MA, 

USA). The reaction included 7 µL of viral RNA; the 

oligos and probe for the E gene and the conditions 

reported in the Berlin real-time RT-PCR protocol (28) 

with a modification, according to One-Step RT-qP- 

CR Kit manufacturer's recommendations in a reverse 

transcription (55°C for 10 minutes) and in alignment/ 

extension step (60°C for 30 seconds). The RT-PCR re- 

actions were carried out in a CFX-96 Biorad thermal 

cycler (Biorad, CA, USA). 

The linearity, repeatability, and PCR efficiency of 

this methodology were evaluated by extracting RNA 

and quantifying serial dilutions of the viral stocks. 

Two independent experiments in duplicate were per- 

formed for each strategy. 

The number of viral RNA copies was calculated 

by extrapolating the cycle at which viral stock or its 

TCID 

a TCID 
assay.  SARS-CoV-2  was  quantified  by 

assay. This assay was performed on Vero 
dilutions cross the fluorescence threshold (Ct) in a 

standard curve previously constructed with a serially 
50 

E6 monolayers and revealed by crystal violet stain- 

ing. Briefly, Vero E6 were seeded at a cell density of 

1.2×104  cells/well in 96-well plates for 24 h, at 37°C 

with 5% CO . Tenfold serial dilutions of the viral 

stock were added to each well in quadruplicate (50 

µL/well). After 1 h of incubation, the inoculum was 

removed, and 150 µL of DMEM with 2% FBS were 

added to each well; cells were incubated for 5 days 

at 37°C, with 5% CO . A control with non-infected 

diluted 3180 bp plasmid containing the E gene in a 

concentration of 2×109 copies/µL. The standard curve 

yield a coefficient of determination (r2) of 0.998. 

 
Statistical analysis. All data were reported as the 

media ± Standard Error (SE). The statistical tests 

were performed using GraphPad Prism Software ver- 

sion 7.02. Mann–Whitney U or Student t- test were 

performed to compare the viral titers obtained by 

cells was included in each plate. Later, cells were plaque assay and predicted PFU/mL by TCID as- 

washed twice with PBS and fixed/stained with 200 

µL of formaldehyde/crystal violet solution for 30 min. 

Then, cells were washed twice with PBS and allowed 

to air dry. After, the number of wells with CPE for 

each viral stock dilution was determined (CPE was 

considered positive when more than 30% of the cell 

say in each variant. The viral RNA copies of each 

viral  stock  were  calculated  by  interpolating  from 

the standard curve in a linear regression analysis. 

The correlation of the plaque assay and real-time 

RT-PCR   was   assessed   using   Pearson's   correla- 

tion.  A  p-value  ≤0.05  was  considered  statistically 

monolayer was compromised) (18). TCID /mL and significant. 

the predicted value of PFU/mL (conversion factor 

0.56  (17)  were  calculated  with  TCID calculator Ethics approval and consent to participate. This 

(Marco Binder, University of Heidelberg) based on 

Spearman - Kärber method (17). Five independent 

study was carried out by keeping good records, prac- 

ticing good data collection and management, trans- 

http://ijm.tums.ac.ir/
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parency of data-sharing and realistic representation 

of study results. 
 

 
 

RESULTS 

 
The mean values and standard error of PFU/mL ti- 

ters obtained by plaque assay for five SARS-CoV-2 

isolates were summarized in Table 1. The viral titers 

of the five SARS-CoV-2 isolates range from 0.15 ± 

0.01×107  and 1.95 ± 0.09×107  PFU/mL (Fig. 1A-B). 

PFU/mL and RNA copies/µL was found for D614G 

strain (correlation coefficient, r = 0.999, p < 0.0001), 

Alpha (r = 0.999, p < 0.0001), Gamma (r = 0.999, p 

< 0.0001), Delta (r = 0.999, p < 0.0001) and Mu (r = 

0.999, p < 0.0001) variants. 

Finally, the infectivity of each variant was mea- 

sured by the number of infectious viruses (PFU/mL) 

per quantity of viral RNA (RNA copies/mL) (23, 30, 

31). We found that the relation between PFU and viral 

RNA copies was 1:29800, 1:11700, 1:8930, 1:12500 

and 1:2950 for D614G, Alpha, Gamma, Delta and 

Concerning the TCID assay, used for quantifying the Mu, respectively. 

burden of viral infectious particles capable of produc- 

ing a cytopathic effect in half of the infected cell cul- 

tures (29), the viral titers of the five isolates evaluated 

range between 0.71 ± 0.01×106  to 4.94 ± 0.80×106
 

 

 
 
DISCUSSION 

TCID /mL (Table 1 and Figs. 1C-D). SARS-CoV-2 VOCs and VOIs have been associated 

Based on TCID results, the predicted PFU/mL with increased transmissibility, virulence, and eva- 

was calculated for each variant (Table 1). Statistical- 

ly significant differences between the PFU/mL ob- 

tained by plaque assay and PFU/mL calculated from 

sion of natural and vaccine-induced immunity, result- 

ing in a significant challenge for COVID-19 pandem- 

ic control (24, 32). Previously, it has been reported 

TCID were observed for Alpha (p=0.0007), Gamma that naturally occurring mutations in SARS-CoV-2 

(p<0.0001), Delta (p<0.0001), and Mu (p<0.0001) but 

no D614G (Fig. 2). Differences among the two quan- 

tification techniques were 0.61 log10, 0.59 log10, 0.59 

log10, and 0.96 log10 for Alfa, Gamma, Delta, and 

Mu variants, respectively. 

On the other hand, quantification of the gene E 

of  each  SARS-CoV-2  isolated  was  performed  by 

real-time  RT-PCR,  obtaining  titers  from  0.39  ± 

can substantially change its replication dynamics and 

infectivity in various cell lines (21). According to the 

above, we compared three different quantification 

techniques of SARS-CoV-2: plaque assay, TCID50 

assay and real-time RT-PCR using five SARS-CoV-2 

isolates: Alpha, Gamma, Delta and Mu variants and 

the ancestral D614G strain (B.1 lineage) to describe 

differences and similarities among them. 

0.001×108  to 3.38 ± 0.04×108  E gene RNA/µL (Ta- Plaque assay and TCID are cell culture-based 

ble 1). Further, these values were compared with the 

PFU/mL titers obtained by plaque assay. As shown 

in the Fig. 3, significant positive correlation between 

methods used to estimate the titers for viruses causing 

cytopathogenic damage to infected cell cultures (33). 

Concerning SARS-CoV-2, our results showed differ- 

 
Table 1. Viral titer of five SARS-CoV-2 isolates obtained by TCID , plaque assay and real- time RT-PCR 

50 

 

 
Virus 

 
PFU/mL 

 
TCID 

 
/mL 

Viral titers  
PFU/mL 

 
E gene 

 

 (Plaque assay) (predicted by TCID   assay)          RNAcopies/µL 
50 

D614G 0.34 ± 0.02×107 4.94 ± 0.80×106 2.77 ± 0.45×106 3.38 ± 0.04×108 
Alpha 0.58 ± 0.07×107 2.52 ± 0.28×106 1.40 ± 0.16×106 1.34 ± 0.03×108 
Gamma 0.48 ± 0.05×107 2.21 ± 0.25×106 1.23 ± 0.14×106 0.85 ± 0.01×108 
Delta 0.15 ± 0.01×107 0.71 ± 0.01×106 0.40 ± 0.05×106 0.39 ± 0.001×108 
Mu 1.95 ± 0.09×107 3.87 ± 0.70×106 2.16 ± 0.39×106 1.15 ± 0.01×108 

The Table summarizes the viral titer of D614G strain and four SARS-CoV-2 variants (Alpha, Gamma, Delta and Mu) obtained 

by plaque assay (PFU/mL), TCID50 assay (TCID50/mL) and real- time RT-PCR (E gene RNA copies/µL). Further, the PFU/ 

mL predicted were calculated from the TCID /mL, according to the Reed and Muench method. The values are expressed as 
50 

mean ± SE (n=4-5). 
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Fig. 1. Titration of five SARS-CoV-2 isolates by Plaque and TCID assays experiments. Monolayers were infected with ten- 

fold serial dilutions of D614G strain and the SARS-CoV-2 variants (Alpha, Gamma, Delta and Mu). Plaque and TCID assays 

were revealed by crystal violet staining at 5 d.p.i. A control without infection (control cells) was included. A. Representative 

image of a plaque assay for D614G strain and Alpha, Gamma, Delta and Mu variants. B. The graph shows the viral titer (PFU/ 

mL) of each isolated SARS-CoV-2 variant. C. Representative image of the TCID assay for five SARS-CoV-2 isolates. D. 

The viral titer (TCID /mL) of each SARS-CoV-2 isolated were calculated. Bars with error bars represent the mean ± Standard 

Error (SE) of five independent experiments. 

 
ences among both quantification techniques between 

0.59 log10 and 0.96 log10 for Alpha, Gamma, Delta 

and Mu variants. This result agrees with previous 

studies with three major Filovirus species in which 

determining concentrations of infectious lytic viri- 

ons (35), this technique can be affected by several 

factors, including the choice of host cells, dilution 

ranges, amount of the semi-solid medium used for 

lower titers by TCID assay than plaque assay in Vero overlays, and the manual plaque counting (11, 15, 

E6 cells were obtained (18). The difference observed 29). Similar to plaque assay, TCID assay can also 

between the variants could be due to the amount of 

infectious virus present in the original sample from 

which the isolation was done or amino acid substi- 

tutions that impact in vitro measures of virulence, 

such as plaque size, cytopathic effect, and replica- 

tion kinetics, as reported in other viral models (34). 

Although plaque assay is the gold standard for 

be affected by several factors, including the number 

of cells, viral dilution, and the subjective visualiza- 

tion of the CPE (20, 36). The visualization of CPE is 

particularly sensitive in staining revealed techniques 

(20, 36). Further, both techniques are time-consum- 

ing and required to perform in a BSL-3 laboratory, 

limiting their use (37). 

http://ijm.tums.ac.ir/
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Fig. 2. Comparison between SARS-CoV-2 titer (PFU/mL) 

This demonstrates the general applicability of using 

real-time RT-PCR to measure the concentration of 

viruses with higher sensitivity, speed and less sub- 

jectivity compared to the traditional culture-based 

methods for detecting viruses in clinical specimens 

(33, 38). Real-time PCR-based methods also show a 

reduced risk of amplicon carry-over contamination 

(33, 38). 

Further, the results from our study showed that 

the relation between PFU and viral RNA could vary 

among viral strains or variants (relations between 

1:2950 and 1:29800), which is consistent with previ- 

ous reports (31, 39). Likewise, previous studies have 

by TCID and plaque assay. The viral titer (PFU/mL) pre- reported that the PFU to genome ratio for SARS- 

dicted by TCID and obtained by plaque assay for D614G CoV-2 was in the range 1:103-106 (30, 31). These find- 

strain and the Alpha, Gamma, Delta and Mu variants. Bars 

with error bars represent the mean ± Standard Error (SE) of 

five independent experiments. t Student or Mann-Whitney 

U test were performed to compare the viral titers obtained 

ings reflect the complex and dynamic relationship 

between a replicating virus and the target cells. The 

difference among titer of the variants may result from 

producing defective, immature, or inactivated virus 

by plaque assay and predicted PFU/mL by TCID 

each variant. ***p ≤ 0.001, ****p ≤ 0.0001. 

assay in particles or free viral RNA within cells harboring an 

infection or by other factors such as fluctuating pH 

among original samples (38, 40). 

Titration by plaque assay differs from molecular 

analysis for distinguishing infectious viral particles 

from non-infectious RNA, virtually present in ev- 

ery supernatant (29). According to the above, the re- 

al-time PCR assay is a useful addition to diagnostic 

procedures and monitoring of antiviral treatment; 

but can not replace the plaque assay for identifying 

infectious virus particles, when this quantification is 

required (33). 

Our result showed that Mu had higher infectivity 

than the other variants evaluated, which could be re- 

lated to its higher prevalence in Colombia, despite 

Fig. 3. Correlation between RNA copies/µL and PFU/mL of 

five SARS-CoV-2 isolates. Serially diluted viral RNA ex- 

tractions of five SARS-CoV-2 isolates (D614G strain and 

Alpha, Gamma, Delta and Mu variants) were quantified by 

real-time RT-PCR (n=4). The Ct values were extrapolated in 

the standard curve (r2=0.998) for calculating the E gene RNA 

copies/µL. Later, PFU/mL results from plaque assay and 

RNA copies of the E gene/µL were correlated. 

 
On the other hand, real-time RT-PCR is a reliable, 

rapid and robust method to estimate viral titers 

equivalents expressed as recorded Ct values (33). The 

results presented in this study showed a significant 

positive correlation between PFU/mL and RNA cop- 

ies of the E gene/µL (correlation coefficient, r = 0.999, 

p < 0.0001) using different SARS-CoV-2 variants. 

the circulation of other variants such as Alpha, Gam- 

ma, Delta and Lambda (41). This difference in the 

infectivity could be also correlated with a distinctive 

profile of  synonymous  and  non-synonymous  sub- 

stitutions found in the Spike protein of this variant, 

including substitutions such as T95I, Y144T, Y145S 

in the N-terminal domain, and the insertion 146N in 

the N-terminal domain for which the implications in 

terms of infection, transmission and pathogenesis are 

still unknown (2). 

It is important to mention that we use the first pas- 

sage of each isolation to determine the behavior of 

each variant without generating changes associat- 

ed with the adaptation of the virus in cell culture, 

considering that through passages, virus isolates ac- 

quire amino acid substitutions or deletions mainly in 
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Spike, Envelope or non-structural proteins and, the 

relationship between viral genomic RNA and infec- 

tious viruses can also be altered (33, 42, 43). 
 

 
 

CONCLUSION 

do DDS, Mishra S, et al. Genomics and epidemiolo- 

gy of the P.1 SARS-CoV-2 lineage in Manaus, Brazil. 

Science 2021;372:815-821. 

6.   Baral P, Bhattarai N, Hossen ML, Stebliankin V, Gerst- 

man BS, Narasimhan G, et al. Mutation-induced chang- 

es in the receptor-binding interface of the SARS-CoV-2 

Delta variant B.1.617.2 and implications for immune 

evasion. Biochem Biophys Res Commun 2021;574:14- 

TCID assay was comparable to plaque assay in 19. 

D614G strain, while TCID for the Alpha, Gamma, 7.   Planas D, Veyer D, Baidaliuk A, Staropoli I, Guiv- 

Delta and Mu variants of SARS-CoV-2 showed sig- 

nificant differences between the two methods. Our 

data demonstrated a correlation among PFU/mL and 

E gene RNA/µL, units of measure commonly used 

to quantify the viral load in diagnostic and research 

fields. The results suggested that the proportion of 

infectious virions changes depending on the SARS- 

CoV-2 variant, with Mu reaching a higher viral titer 

with fewer viral copies. The infectivity should be in- 

vestigated for future SARS-CoV-2 variants. 
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