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BACKGROUND The coronaviruses (CoVs) called the attention of the world for causing outbreaks of severe acute respiratory 
syndrome (SARS-CoV), in Asia in 2002-03, and respiratory disease in the Middle East (MERS-CoV), in 2012. In December 2019, 
yet again a new coronavirus (SARS-CoV-2) first identified in Wuhan, China, was associated with a severe respiratory infection, 
known today as COVID-19. This new virus quickly spread throughout China and 30 additional countries. As result, the World 
Health Organization (WHO) elevated the status of the COVID-19 outbreak from emergency of international concern to pandemic 
on March 11, 2020. The impact of COVID-19 on public health and economy fueled a worldwide race to approve therapeutic and 
prophylactic agents, but so far, there are no specific antiviral drugs or vaccines available. In current scenario, the development of 
in vitro systems for viral mass production and for testing antiviral and vaccine candidates proves to be an urgent matter.

OBJECTIVE The objective of this paper is study the biology of SARS-CoV-2 in Vero-E6 cells at the ultrastructural level.

METHODS In this study, we documented, by transmission electron microscopy and real-time reverse transcription polymerase 
chain reaction (RT-PCR), the infection of Vero-E6 cells with SARS-CoV-2 samples isolated from Brazilian patients.

FINDINGS The infected cells presented cytopathic effects and SARS-CoV-2 particles were observed attached to the cell surface 
and inside cytoplasmic vesicles. The entry of the virus into cells occurred through the endocytic pathway or by fusion of the viral 
envelope with the cell membrane. Assembled nucleocapsids were verified inside rough endoplasmic reticulum cisterns (RER). 
Viral maturation seemed to occur by budding of viral particles from the RER into smooth membrane vesicles.

MAIN CONCLUSIONS Therefore, the susceptibility of Vero-E6 cells to SARS-CoV-2 infection and the viral pathway inside the 
cells were demonstrated by ultrastructural analysis.
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Coronavirus disease 2019 (COVID-19) presents a 
clinical spectrum ranging from asymptomatic individu-
als to more complex conditions such as severe acute re-
spiratory syndrome. Although most patients have mild 
symptoms and good prognosis, an estimate 10-20% of 
individuals developed the severe forms of illness, and 
2-5% may die due complications in multiple organs. The 
pathogenesis of the disease related to the severe acute 
respiratory syndrome of coronavirus 2 (SARS-CoV-2) 
in humans is still unclear.(1) Among patients with pneu-
monia, fever was the most common symptom, followed 
by cough.(2) Bilateral pulmonary involvement was the 
most common finding from chest computed tomogra-
phy.(3) Dissemination of SARS-CoV-2 occurs mainly by 
person-to-person transmission, through contact with re-
spiratory fluids. It is estimated that the infection has an 
average incubation period of six days.
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COVID-19 was first identified in Wuhan, Hubei 
Province, Republic of China, on December 1st, 2019, but 
the initial reports only came out on December 31st of the 
same year. Since the early stages of the epidemics, sev-
eral evidences have pointed to a probable zoonotic origin 
for SARS-CoV-2, in particular, the initial observation 
that first cluster of infections was linked to a seafood 
and live animal wholesale market. Since its isolation 
from Wuhan samples in January 2020,(4) SARV-CoV-2 
has quickly spread in China and many other countries.
(5,6,7,8,9,10) On January 30th 2020, the World Health Or-
ganization (WHO) declared COVID-19 as the sixth 
public health emergency of international concern and, 
on March 11th 2020, raised the classification of SARS-
CoV-2 outbreak to pandemic. By the time of the WHO 
announcement, more than 118,000 people had already 
been infected in 114 countries.(11)

SARS-CoV-2 is an enveloped, positive-sense RNA 
virus belonging to genus Betacoronavirus.(4,12,13) Phylo-
genetic analysis revealed that SARS-CoV-2 is closely 
related (88-89% similarity) to SARS-like coronavirus-
es from bats, such as bat-SL-CoVZC45 (GenBank no. 
MG772933.1) and bat-SL-CoVZXC21 (GenBank no. 
MG772934.1), and shares lower similarity to SARS-CoV 
(~79% similarity) and MERS-CoV (~50% similarity).
(4,14,15) SARS-CoV-2 virions (infectious particles) have a 
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diameter of approximately 50 to 200 nm. Like in other 
coronaviruses, the SARS-CoV-2 lipid envelope contains 
a spike protein (S), a membrane protein (M) and an en-
velope protein (E). The S protein mediates viral binding 
to the host cell membrane through interaction with the 
angiotensin conversion enzyme (ACE2) receptor.(16) The 
nucleocapsid protein (N) forms the virion core, which 
encases the viral RNA genome.(7,17) Currently there are 
no specific antiviral drugs or vaccines for treating and 
preventing COVID-19. There are, though, several candi-
dates in different stages of development, with few recent-
ly reaching the phases of clinical testing. Standardised 
in vitro systems for viral mass production and infection 
modeling are essential tools to accelerate the initial steps 
of drug development, screening and pre-clinical testing. 
In this sense, several research groups have demonstrated 
the susceptibility of different cell lines to SARS-CoV-2 
through molecular techniques.(18,19,20) However, studies 
regarding the morphogenesis of SARS-CoV-2 in cell lin-
eages are scarce in the literature so far. Here, we used a 
lineage of African green monkey kidney cells (Vero-E6) 
to isolate SARS-CoV-2 viruses from samples of naso-
pharyngeal swabs of patients positive for COVID-19. 
Using transmission electron microscopy, we were able 
to document the morphology and replication cycle of 
SARV-CoV-2, and the consequent ultrastructural altera-
tions induced in the host cells.

MATERIALS AND METHODS

Clinical samples - Nasopharyngeal swabs were col-
lected from patients admitted to the sentinel health units 
of the national surveillance network for respiratory of 
the Brazilian Ministry of Health (MoH). Samples were 
obtained in different regions of the country and referred 
to the National Influenza Centre (NIC) at Fiocruz, Rio 
de Janeiro, for SARS-CoV-2 detection, as part of the CO-
VID-19 surveillance program. Total RNA was extracted 
from clinical samples using the QIAmp Viral RNA mini 
kit (Qiagen). Viral detection was done by real time re-
verse transcription polymerase chain reaction (RT-PCR) 
with TaqMan primers and probes (IDT) specific for the 
genes encoding the Envelope protein (E) and the viral 
RNA-dependent RNA Polymerase (RdRp), as described 
previously.(21) Reactions were performed with the Qiagen 
One Step RT-PCR kit (Qiagen, USA). Synthetic RNA se-
quences corresponding to E and RdRP targets(21) were 
used as positive controls. Positive samples were then 
used for SARS-CoV-2 isolation in Vero-E6 cells. This 
research is approved by the Ethics Committee of Insti-
tuto Oswaldo Cruz (protocol number 2453470).

Cells and viral isolation - All cell culture reagents 
were acquired from Gibco. Prior to infection, Vero-E6 
(African green monkey kidney) cultures were main-
tained in DMEM supplemented with 10% foetal bovine 
serum (FBS) and 100U/mL of penicillin-streptomycin 
(1x Pen-Strep) and cultured at 37ºC and 5% CO2 (Sz-
retter et al.(22)). For infection, monolayers were washed 
twice with phosphate buffered saline (PBS) and inocu-
lated with a clinical sample diluted in non-supplement-
ed DMEM. Non-infected control cultures (mock) were 
prepared using pure non-supplemented DMEM as in-

oculum. After incubation for 1 h at 37ºC, the viral (and 
mock) inoculum was removed and cells were cultivated 
at 37ºC in DMEM supplemented with 2% FBS and 1x 
Pen-Strep. Monolayers were inspected daily under light 
microscope for development of cytopathic effect (CPE), 
until 72 h post infection (hpi). All procedures were per-
formed in a biosafety level 3 laboratory, according to 
WHO guidelines. Whole-genome sequences of isolates 
evaluated in this study are available in the Global initia-
tive on sharing all influenza data (GISAID) under the 
accession numbers EPI_ISL_415105, EPI_ISL_414045 e 
EPI_ISL_427294 (https://www.gisaid.org/).

Viral quantification in cell cultures supernatants - 
Viral quantities in cultures were estimated by determi-
nation of the number of copies of the viral gene E per 
volume (µL) of supernatant. Total RNA was extracted 
from culture supernatants using the QIAmp Viral RNA 
mini kit (Qiagen). Quantification of E gene copies was 
performed by real time RT-PCR using specific TaqMan 
primers and probes(21) and the Qiagen one step RT-PCR 
kit (Qiagen, USA). A standard curve was set using a syn-
thetic RNA control containing the sequence of E gene. 
The control, with initial concentration from 108 copies/
µL, was serially diluted (with factor 10) to obtain a series 
of 107 copies/µL to 10 copies/µL.

Transmission and high resolution scanning electron 
microscopies - For analyses in electron transmission mi-
croscopy the infected and non-infected control (mock) 
monolayers were trypsinised at 24, 48 and 72 hpi. Cell 
suspensions were fixed in 2.5% glutaraldehyde in so-
dium cacodilate buffer (0.2 M, pH 7.2), post-fixed in 
1% buffered osmium tetroxide, dehydrated in acetone, 
embedded in epoxy resin and polymerised at 60ºC over 
the course of three days.(23,24) Ultrathin sections (50-70 
nm) were obtained from the resin blocks. The sections 
were picked up using copper grids, stained with ura-
nyl acetate and lead citrate,(25) and observed using Jeol 
JEM 1011, FEI Titan, FEI Tecnai Spirit, Hitachi HT 
7800 transmission electron microscopes. For analyses 
in high resolution scanning microscopy, infected and 
non-infected control (mock) monolayers were grown on 
sterile glass coverslips and fixed at 24, 48 and 72 hpi, in 
2.5% glutaraldehyde in sodium cacodilate buffer (0.2 M, 
pH 7.2), dehydrated in ethanol and submitted to critical-
point-dried. The cells were analysed in Orion NanoFab 
Helium Ion Microscope.

RESULTS

SARS-CoV-2 quantification from Vero-E6 cell cul-
ture supernatants - To evaluate the ability of Vero-E6 
cells to produce SARS-CoV-2 progeny, we quantified 
the number of copies of virus RNA in cell culture su-
pernatants collected one and 72 hpi. The quantitative 
real time RT-PCR assay demonstrated an increase in the 
amount of SARS-CoV-2 RNA copies in the supernatant 
at least two log10 steps within 72 hpi (Table), suggesting 
production of viral progeny.

Morphological analysis of Vero-E6 cell cultures in-
fected with SARS-CoV-2 - Analysis of cultures under in-
verted light microscopy demonstrated CPE in infected 
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Vero-E6, which was mostly evident from 48 hpi. The 
CPE appeared as rounding and detaching of cells and 
formation of syncytia (data not shown).

Ultrastructural analyses of Vero-E6 cells at 72 hpi 
by transmission electron microscopy showed that the 
predominant changes associated to SARS-CoV-2 infec-
tion were, as follows: cell activation evidencing strong 
filopodia presence (Fig. 1B-H), alteration and degenera-

Fig. 1: ultrastructural analyses of Vero-E6 cells by electron microsco-
py. (A) Uninfected cell presenting no morphological alterations. (B-
H) Vero-E6 cell, 72 h post infection (hpi) with severe acute respira-
tory syndrome (SARS-CoV-2), presenting numerous filopodia (head 
arrow) and vesicles (V). SARS-CoV-2 particles (arrow), nucleus (N), 
cell cytoplasm (CC).

Fig. 2: ultrastructural alterations in Vero-E6 72 h post infection (hpi) 
with severe acute respiratory syndrome (SARS-CoV-2). (A) Uninfect-
ed cell presenting no morphological alterations in mitochondria and 
in rough endoplasmic reticulum cistern (RER). (B-E) Alterations and 
degeneration of mitochondria (*). (F) Rough endoplasmic reticulum 
cistern with more electron-dense ribosomes. (B, G) Thickening of the 
rough endoplasmic reticulum cistern (star). (G) Presence of clathrin-
coated vesicles (arrow heads, inset). Nucleus (N), cell cytoplasm (CC).

TABLE
Virus RNA quantification (copies/mL)

Virus isolate 1 hpi (inoculum) 72 hpi (virus growth)

EPI_ISL_415105 1,2 x 104 1,3 x 107

EPI_ISL_414045 1,3 x 105 1,4 x 107

EPI_ISL_427294 4,7 x 103 1,6 x 107

hpi: hours post infection.
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tion of mitochondria (Fig. 2B-E), an increased number 
of more electron-dense ribosomes (Fig. 2F), thickening 
of the nuclear membrane (data not shown) and RER 
(Fig. 2B, G), presence of clathrin-coated vesicles (Fig. 
2G), smooth vesicle proliferation resulting in a severe 
vacuolisation of the cells (Fig. 3A-D), numerous myelin 
figures (Fig. 3E), and chromatin profile change in the 
nucleus (Fig. 4A-C). As compared with the infected 
cells, no ultrastructural changes were observed in the 
uninfected Vero cells (Fig. 1A).

Virus particles attached to the cell surface (Fig. 5A-
B, E) and envelopes fusing with the cell membrane (Fig. 
5B) could be observed. Entry of the SARS-CoV-2 virus 
particles into the cells was observed through fusion of 
the virus envelope with the cell membrane (Fig. 5B) or 
by endocytosis (Fig. 5A, C, D). Nucleocapsids were ob-
served inside in the swollen RER (Fig. 5E). The thick-
ened ribosomes attached to the RER membrane were 
present at few numbers or disappeared completely (Fig. 
5E). Nucleocapsids were rarely observed associated 
with the nucleus membrane (Fig. 4D). Several virions at-
tached to cell filopodia (Fig. 6A-B) and inside smooth 
vesicles at the periphery of the cell were observed (Fig. 
6C). Smooth vesicles with virions inside with membrane 
fused with membrane cell were observed, too (Fig. 6D). 

Virus particles presented spherical morphology display-
ing spikes on its surface (Fig. 6E-F), characteristic of 
viruses belonging to the Coronaviridae family and have 
a diameter between 80 and 100 nm.

DISCUSSION

In the present study, using different parameters, we 
were able to show that Vero-E6 cells are highly permis-
sive to SARS-CoV-2 replication. We observed a loga-
rithmic increase in the number of viral RNA copies in 
cell culture supernatants, the display of a characteris-
tic cytopathic effect in cell monolayers, and profound 
alterations in cell ultrastructure, as well as accumula-
tion of viral components and viral particles in differ-
ent cell compartments and times after infection. These 
data corroborate those of Park et al.(18) and Harcourt et 
al.(19) that described the susceptibility of this cell lineage 
for SARS-CoV-2 infection. These authors suggest that 
Vero-E6 cells might be the best choice for amplification 
and quantification of the virus. Transmission electron 
microscopy showed that the predominant changes as-
sociated to SARS-CoV-2 infection were cell activation, 
alteration of mitochondria, thickening of the RER and 
smooth vesicle proliferation, resulting in a severe vacu-
olisation of the cells. Our findings are corroborated by 
the studies carried out by Qinfen et al.(26) with SARS-
CoV, which also observed that, as the infection progress-
es, the smooth vesicles increased both in number and 
size. However, while these authors concluded that the 
smooth vesicles were derived from the Golgi apparatus, 
our results suggest that they may be related to the RER.

To our knowledge, this is the first ultrastructural 
characterisation of the morphogenesis of SARS-CoV-2 
during viral replication in a cellular model. Our analysis 

Fig. 3: intense smooth vesicle proliferation (V) in Vero-E6 72 h 
post infection (hpi) with severe acute respiratory syndrome (SARS-
CoV-2). (A-D) Vesicle (V) proliferation. Virus particle (B, arrow), 
nucleus (N). (E) Cell cytoplasm presenting numerous myelin figures 
(concentric membrane arrays) (*).

Fig. 4: (A-C) alterations of the nucleus (N) chromatin profile in Vero-
E6 72 h post infection (hpi) with severe acute respiratory syndrome 
(SARS-CoV-2). (D) Viral nucleocapsid associated with the nucleus 
membrane (arrow). Cell cytoplasm (CC).
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suggests that viral entry into the host cell could occur 
either by endocytosis or by fusion of the viral envelope 
with the cell membrane. This is consistent with infor-
mation from literature, in which we could find studies 
supporting both mechanisms.(26,27,28) Nucleocapsids were 
observed inside RER cisterns, which presented thick-
ening with a dense electron matrix and gradual loss of 
ribosomes; more electron-dense ribosomes were also 
observed. This indicates that part of the SARS-CoV-2 
protein synthesis and assembly may occur in the RER. 
Studies conducted by Zhang et al.(29) and Qinfen et 
al.(26) pointed that the core of SARS-CoV is initially as-
sembled in the RER, where the N protein binds to the 
genomic RNA and forms the nucleocapsid. The RER 
gradually loses the ribosomes and swells to become the 
matrix vesicles that contain the viruses. Qinfen et al.(26) 
observed SARS-CoV-like particles in the nucleus of Ve-
ro-E6 cells at 48 hpi. Moreover, the nucleic membrane, 
being in connection with the RER, swelled to form blebs 
that contained nucleocapsids. These blebs were seen to 

Fig. 5: attachment and entry of severe acute respiratory syndrome 
(SARS-CoV-2) in Vero-E6 cells 72 h post infection (hpi). (A, B, E) Sev-
eral virus particles (arrows) attached to cell membranes were observed. 
(C, D) Entry of virus particles into cells by the endocytic pathway and 
by fusion of virus envelopes with cell membranes (head arrows) (B). 
(E) Nucleocapsids inside swollen rough endoplasmic reticulum cistern 
(circles). Cell cytoplasm (CC), endocytic vesicles (EV), nucleus (N).

Fig. 6: release of severe acute respiratory syndrome (SARS-CoV-2) in 
Vero-E6 cells 72 h post infection (hpi). (A-E) Virions (arrow) attached 
to cell filopodia (arrow) and inside smooth vesicles (asterisk) at the 
periphery of the cell and with your membrane fused with membrane 
cell were observed. (E-F) Virus particles presenting spherical mor-
phology, displaying spikes, and a diameter between 80 and 100 nm. 
Cell cytoplasm (CC), nucleus (N).

detach from the nucleic membrane and turn into the vi-
rus morphogenesis matrix vesicles.

The presence of virions exclusively inside cytoplas-
mic smooth vesicles indicates that the particles acquire 
their envelopes are delivered by budding from the RER 
directly into smooth vesicles. This process is consistent 
with those observed with other coronaviruses. Qinfen 
et al.(26) demonstrated that the SARS-CoV viral nucleo-
capsids sprout during morphogenesis from matrix vesi-
cles into these smooth vesicles. In the last step of viral 
morphogenesis, we observed the virion filled smooth 
vesicles accumulating in the periphery of the cyto-
plasm, close to the cell membrane. Subsequent release 
of viral progeny occurred through the fusion of smooth 
vesicles with the cell membrane. Similar release mecha-
nisms were described for SARS-CoV, which was also 
shown to accumulate inside smooth vesicles that move 
to the cell periphery and eventually fuse with the cell 
membrane.(26) The mature SARS-CoV-2 virions had a 
spherical morphology, a diameter between 80 and 100 
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nm, and presented the characteristic spikes on the en-
velopes, which is the signature morphological feature 
of the coronaviruses. Again, our findings are very con-
sistent with previous in vitro studies with SARS-CoV(26) 
and SARS-CoV-2, although the last one was reported to 
present some pleomorphism, and a wider range of virion 
diameter that varied from 50 to 200 nm.(7,13,17,18)

Further immunomicroscopy and tomography studies 
are needed to get a better design of the SARS-CoV-2 rep-
lication cycle, to better understand the role of the core of 
SARS-CoV-2 synthesis. The data presented in the pres-
ent study are important for use in the development of 
model systems to evaluate therapeutic approaches.
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