
1Scientific RepoRtS |         (2020) 10:8370  | https://doi.org/10.1038/s41598-020-65409-y

www.nature.com/scientificreports

Microscopy analysis of Zika virus 
morphogenesis in mammalian cells
Lucio Ayres caldas1,2 ✉, Renata Campos Azevedo3, Jerson Lima da Silva4 &  
Wanderley de Souza1,2

Zika virus (ZIKV) is an arbovirus that recently emerged in the Americas as an important pathogen 
mainly because of its expanded pathogenesis, and elevated tropism for neuronal cells, transposition 
across the placental barrier, and replication in reproductive tract cells. Thus, transmission modes 
are eventually independent of an invertebrate vector, which is an atypical behavior for the flavivirus 
genus and indicates the need to study the replication of this virus in different cell types. Although ZIKV 
became a target for public health programs, the interaction of this flavivirus with the infected cell is still 
poorly understood. Herein, we analyzed the main stages of virus morphogenesis in mammalian cells, 
from establishment of the viroplasm-like zone to viral release from infected cells, using super-resolution 
fluorescence microscopy and electron microscopy. In addition, we compared this with other host cell 
types and other members of the Flaviviridae family that present a similar dynamic.

Discovered in a sentinel Rhesus monkey of the Zika forest in Uganda in 1947, Zika virus (ZIKV) was isolated for 
the first time from mosquitoes 1 year later1. This previously underestimated arbovirus recently reached the front 
pages of the main newspapers throughout the world as an international public health emergency. The reason was 
because of the dramatic increase in outbreaks in the Americas and because of the neurological complications 
resulting from an infection with ZIKV. The risk of non-vector-mediated transmission, e.g. vertical transmission in 
humans2, blood transfusion3, and sexual transmission4,5 even from vasectomized men6, were highlighted. ZIKV 
infection during pregnancy was especially discussed because it resulted in morbidity for the fetus. The increase 
in notifiable cases of microcephaly7,8 and Guillain–Barré syndrome9 were both shown to be associated to ZIKV 
infection. Additionally, Joguet et al.5 recently isolated infectious virus from spermatozoa and showed that ZIKV 
infection can cause alterations in semen characteristics.

Before the marked decrease in ZIKV infection in the year of 2017 (probably because of herd immunity), the 
peak periods in the Americas in 2016 resulted in a seroprevalence of 63% in the inhabitants of Salvador, Brazil10.

As a member of the Flaviviridae family and the Flavivirus genus, which also includes the arboviruses dengue 
(DENV) and yellow fever (YFV), ZIKV harbors seven non-structural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and 
NS5) and three structural (capsid, membrane [M], and envelope [E]) proteins11.

Internalization is typically mediated by clathrin assistance followed by viral exposure to an acidic environ-
ment within the endosomal compartment, which triggers the envelope glycoprotein conformational changes 
that lead to membrane fusion between the virus and the endosome. The viral (+)RNA is immediately recognized 
and processed by ribosomes at the endoplasmic reticulum (ER), which originates a precursor polyprotein that is 
subsequently cleaved by cellular and viral proteases12.

Flaviviridae members’ replication is cytosolic and it typically causes a rearrangement in the ER in the host, 
allowing the formation of a viroplasm-like structure, or the viral replication organelle (VRO)13. Also called “min-
inuclei” or “nuclear-like organelles”, the VRO dimensions and characteristics led evolutionists to considerate their 
role in eukaryotic nucleogenesis14. Viral non-structural proteins are involved in ER membrane invaginations, 

1Laboratório de Ultraestrutura Celular Hertha Meyer, Instituto de Biofísica Carlos Chagas Filho, Universidade Federal 
do Rio de Janeiro. Av. Carlos Chagas Filho 373, Prédio CCS, Bloco C, subsolo, CEP:21941902, Cidade Universitária, Rio 
de Janeiro, RJ, Brazil. 2Instituto Nacional de Ciência e Tecnologia de Biologia Estrutural e Bioimagem. Avenida Carlos 
Chagas Filho 373. Centro de Ciências da Saúde (CCS), Bloco M, Unidade 3, Cidade Universitária, CEP:21941902, Rio 
de Janeiro, RJ, Brazil. 3Laboratório de Interação Vírus-Célula, Instituto de Microbiologia Professor Paulo de Góes, 
Universidade Federal do Rio de Janeiro. Av. Carlos Chagas Filho 373, Prédio CCS, Bloco I, subsolo, CEP:21941902, 
Cidade Universitária, Rio de Janeiro, RJ, Brazil. 4Instituto de Bioquímica Médica Leopoldo de Meis, Laboratório de 
Termodinâmica de Proteínas e Estruturas Virais Gregório Weber, Universidade Federal do Rio de Janeiro. Av. Carlos 
Chagas Filho 373, Prédio CCS, Bloco E, sala 10, Cidade Universitária, CEP:21941902, Rio de Janeiro, RJ, Brazil. 
✉e-mail: lucio@biof.ufrj.br

open

https://doi.org/10.1038/s41598-020-65409-y
mailto:lucio@biof.ufrj.br
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-65409-y&domain=pdf


2Scientific RepoRtS |         (2020) 10:8370  | https://doi.org/10.1038/s41598-020-65409-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

where the viral (−)RNA intermediate synthesis is supposed to occur. Then encapsidation of (+)RNA molecules 
generated by the viral enzymes bud into the ER lumen. Convoluted membranes (CM) and vesicle pockets (VP) 
are involved in most Flaviviridae biogenesis. The first is probably associated with polyprotein maturation, while 
the latter seems to be a locus of viral genome amplification, harboring dsRNA and viral proteins13,15,16. Finally, 
cisternae containing viral particles are transported towards the plasma membrane limits, while furin enzymes 
cleave the M glycoprotein, complementing the virion’s maturation17 before egress.

However, ZIKV morphogenesis remains controversial. Although it was previously shown to share similarities 
with the DENV cellular cycle18, ZIKV morphogenesis revealed differences from other members of its family. 
Additionally, the infection presents distinct dynamics in vertebrate and invertebrate cells, e.g., the presence of 
syncytia, which occurs only in C6/36-infected cells19.

In the present research, we used high resolution imaging techniques including fluorescence and electron 
microscopy (high resolution scanning electron microscopy (SEM) and electron microscopy tomography) to 
study the ZIKV VRO of the African (prototype MR766) strain, which was recently demonstrated to be the most 
pathogenic in vivo and in vitro (reviewed by20), in mammalian epithelial cells (Vero and LLCMK2) and in mouse 
peritoneal macrophages.

Methods
Cells and virus. The mammalian cells LLCMK2 (Rhesus monkey kidney), Vero (African green monkey kid-
ney), and peritoneal-derived macrophages were used in our research. Monkeys have been previously used in 
studies on ZIKV pathogenesis in non-human primates21. Because Aedes aegypti and Aedes albopictus mosquitoes 
are implicated in ZIKV transmission, we also used the C636 cells that originated from Aedes albopictus and that 
had also been used as an important model for ZIKV morphogenesis studies19,22. Mammalian cells were main-
tained in RPMI or DMEM (at 37 °C), and mosquito cells were maintained at 28 °C in Leibovitz L-15 medium 
(Gibco, Life Technologies) that was supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich), 100 U/mL 
penicillin, and 100 mg/mL streptomycin. ZIKV African strain MR766, which differs in about 10% at the nucleo-
tide levels compared to the Asian lineage23, was used in this study. Recent research on Asian and African strains of 
ZIKV showed no significant differences in virus replication and susceptibility in human dendritic cells24.

Infection assays. Semi-confluent (80%) cells were infected with 0.5 MOI (multiplicity of infection) of ZIKV 
in free-serum medium. After an absorption period of 1.5 h at 37 °C and 5% CO2, fresh medium containing 2% 
FBS was added. At specific hours post-infection (hpi), when the cytopathic effect (CPE) was detected using light 
microscopy, cells were processed for fluorescence or electron microscopy.

Chemicals. ZIKV labelling was performed by serum from an infected patient at a 1:100 dilution, followed 
by a secondary (anti-human) antibody at a 1:400 dilution conjugated to AlexaFluor 488 or 546. For endoplasmic 
reticulum labelling, goat anti-PDIA2 antibody was purchased from Sigma-Aldrich Co. For dynamin labelling, 
primary anti-dynamin antibody (Invitrogen, Carlsbad, CA, USA) was used at a 1:100 dilution and incubated with 
a 1:400 dilution of the secondary goat anti-mouse IgG (H + L) antibody that was conjugated to AlexaFluor 488 
(Invitrogen). Actin filaments were stained with phalloidin red (Sigma-Aldrich) diluted 1:40 in PBS, for 20 min 
in the dark.

Super-resolution microscopy. Mammalian or mosquito cells were grown on glass coverslips and fixed in 
4% formaldehyde in phosphate buffered saline (PBS), pH 7.2, for 2 h. Next, samples were washed three times with 
PBS at room temperature, and permeabilized with 0.1% Triton X-100 in PBS for 10 min. During pre-incubation, 
samples were treated with 50 mM ammonium chloride and 3% BSA in PBS, pH 8.0, for 45 min. The samples were 
then incubated with primary antibodies for 1 h, rinsed and then incubated with secondary antibodies for 1 h. 
Finally, samples were incubated with 10 μg/mL 4,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) to allow 
cell nucleus visualization and the coverslips were mounted in 2.5% 1,4-diazabicyclo (2,2,2)-octane (DABCO) 
(Sigma-Aldrich) to prevent loss of fluorescence. Images were recorded in a Zeiss Elyra PS.1, using Super 
Resolution Structured Illumination Microscopy (SR-SIM) mode, using five phases and five rotations that gen-
erated an image’s algorithms, which were subsequently solved using ZEISS software ZEN 2012 (version 9.1.1.5).

En bloc processing for transmission electron microscopy. For transmission electron microscopy 
(TEM) analysis, mock and infected monolayers in 25 cm2 plastic culture flasks were fixed in 2.5% glutaraldehyde 
in 0.1 M cacodylate buffer (pH 7.2), and post-fixed for 1 h in 1% OsO4/0.8% potassium ferrocyanide in the same 
buffer. Samples were then incubated with 2.5% uranyl acetate in water for 2 h, washed three times in 0.1 M caco-
dylate buffer (pH 7.2), dehydrated in ethanol and embedded in Polybed resin (Polysciences). Ultrathin sections 
were stained with 5% uranyl acetate (40 min) and 4% lead citrate (5 min) before observation using a FEI Tecnai 
T20, a FEI Tecnai G20 or a FEI Tecnai Spirit transmission electron microscope. These microscopes were respec-
tively equipped with the following cameras: Megaview 1 K, Eagle 4 K and a Veleta 2 K. Images ranged in magnifi-
cation from 20000-200000 times, and pixels varied from 2-10 nm.

Scanning electron microscopy. For SEM, the infected and mock cells grown over round covers-
lips in 24-well plates were fixed, post-fixed, and dehydrated as described above. Then, the coverslips were 
critical-point-dried in CO2 in a Balzers CPD apparatus before monolayer scraping with Scotch tape™ and sput-
tering with a 4-nm thick carbon coat in a Balzers apparatus. Samples were observed using an Auriga ZEISS 
microscope. Backscattering electrons were also used to optimize the contrast of some features of the infected cells.

Electron microscopy tomography. Semi-thin sections (200–250 nm) of polybed-embedded samples were 
collected on 100-mesh copper grids. After staining with uranyl acetate and lead citrate, the grids were incubated 
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with 10 nm colloidal gold for 10 min, allowing the alignment (fiducial markers) of the tomographic series. The 
tomographic series was acquired as described by Paredes-Santos et al.25, and tomograms were computed for each 
tilt axis. Tomogram analysis and modelling were performed in the IMOD software package26. Structures of inter-
est were contoured manually in serial slices that were extracted from the tomogram and three-dimensional (3D) 
models were rendered to investigate the 3D geometry of the selected structures.

Results
To compare the subcellular reorganization resulting from ZIKV infection in different cells, we infected mon-
key cells (LLCMK2, Vero) and mouse peritoneal macrophages, as well as mosquito C636 cells with 0.5 MOI of 
the virus. Previous studies showed that when 15 nonhuman cell lines were screened, LLCMK2 and Vero cells 
displayed the highest ZIKV viral loads27. After the establishment of CPE, where rounding and detached cells 
were observed, the cells were fixed and processed for microscopic analysis. Our light microscopy analysis of 
ZIKV-induced CPE is in close agreement with the data from Barreto-Vieira et al.19, in which Vero cells exhibited 
a more pronounced detachment than C636 cells (data not shown) because the latter is more adapted; this is also 
in agreement with A. albopictus non-fatal infection rates28.

Indirect immunofluorescence microscopy observed by super-resolution microscopy (Fig. 1) labelled ZIKV 
predominantly in the perinuclear region of Vero (Fig. 1B), and more spread by the cytoplasm of C636 cells 
(Fig. 1D) at 96 hpi. This approach also revealed the presence of the virus in dividing mammalian cells 1 week after 
infection (Supplemental Material 1).

The data obtained by fluorescence microscopy supported a more precise investigation that was conducted by 
TEM analysis of ZIKV morphogenesis in LLCMK2 cells, showing ER expansion and reconfiguration (Fig. 2A). 
Despite the fact that the same MOI was used for LLCMK2 and mouse peritoneal macrophages infections, the 
latter exhibited less pronounced alterations in the cytoplasm, and they were shown to originate from the outer 
nuclear envelope (Fig. 2B). In this Figure, the proximity of two ER sheets housing VP or spherules, and immature 
virus particles, respectively, suggests budding of the latter to sub-compartments containing the VPs.

Although the nuclei of infected cells examined did not contain ZIKV particles, these were eventually observed 
to be near the outer nuclear envelope (Fig. 2C). Tubular regions of the altered ER were found to contain immature 
viral particles (Fig. 2D), and these structures were in close proximity to the VPs. Membrane openings, which 
suggest a gateway to the nascent viral genome, were observed at the ER derived tubular structures (Fig. 2D). 

Figure 1. SIM mode of super-resolution microscopy of mammalian and insect cells infected with ZIKV 
and labelled for indirect immunofluorescence. (A) Mock-infected Vero cells; (B) ZIKV was detected in the 
perinuclear region of the cell; (C) Mock-infected C636 cells; (D) 3D image of C636 cells infected with ZIKV 
showed labelling for viral proteins and virions that were widely distributed throughout the cytoplasm, and 
not densely confined around the nucleus. ZIKV is labelled in green, actin is labelled in red, and the nucleus is 
labelled in DAPI. The samples were fixed at 7 days post-infection (dpi). Bars, (B,C) 5 µm.
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Figure 2. Electron microscopy of the ZIKV replication factory in mammalian cells. TEM analysis of (A) 
ER expansion and modification induced by ZIKV infection in LLCMK2 cells at 7 dpi. The asterisk marks 
the perinuclear site at which evident ER alterations were clearly observed. The arrows point to the VRO. 
(B) Involvement of the mouse macrophage outer nuclear envelope (black arrow) and vesicle packets (black 
arrowhead) opposing ER sheets containing the virus (red arrowhead). (C) ZIKV particle (arrowhead) near 
the LLCMK2 outer nuclear envelope (arrow). (D) Tubular altered ER in LLCMK2 cells containing immature 
viral particles were observed in close proximity to the VPs. A presumed step of ZIKV (red arrowheads) 
morphogenesis occurs by the association of VPs (black arrowhead) and ER sheets that were derived from 
tubular structures (red arrows). Connections (black arrow) between some of these tubules containing ZIKV 
were noticed in infected macrophages at 4 dpi (E), while other tubules were apparently closed. Opened 
(arrowhead) and closed (arrow) forms of this structure could be observed in infected LLCMK2 cells (F). (G) 
Membrane scraping of infected LLCMK2 cells allowed SEM analysis of the cell nucleus (n), cytoplasm (c), and 
ER reorganization (vf) revealing the closed shape of some tubular ER profiles (white arrow), which probably 
contain VPs (red arrowheads) and free spheroids (red arrows) (H). Bars, (A) 1 µm; (B,C,F) 100 nm; (D,E,H) 
200 nm; (G) 2 µm.
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Some of these tubules were shown to be inter-connected (Fig. 2E), while others were apparently closed (Fig. 2F). 
Rearrangement of the ER in infected cells was also seen using SEM, confirming the closed shape of some tubular 
ER profiles (Fig. 2G–H).

SEM also allowed visualization of the VRO’s details (Fig. 3A). The backscattering electron mode revealed that 
particles with a diameter ranging from 50 to 60 nm adhered to the surface of the tubular region in the modified 
ER (Fig. 3B), suggesting the occurrence of a viral assembly locus before internalization and luminal routing. 
The ER was labelled for SR-SIM fluorescence microscopy, revealing a pattern in which the viral proteins always 
seemed to be associated with it, eventually displaying a parallel orientation to this organelle (Fig. 3C).

Moreover, this is consistent with TEM observations of the VRO (Fig. 3D). In this Figure, many spheroids 
resulting from ER membrane invagination showed an average diameter of 80–100 nm and were most observed 
in different compartments compared to the immature virus particles. However, in some images, these compart-
ments were shown to interconnect themselves and pores connecting spherical vesicles to the cytosol were also 
observed, allowing viral RNA transit. Immature viral particles were also found within the same tubular structure, 
but they were in a row opposite of the VPs. Some viral particles were found inside the VPs, suggesting an inter-
mediate and unprecedented form.

The same arrangement was observed near the mitochondria, where VPs and immature virus appeared on 
opposite poles (Fig. 4A). In this Figure, spherule-containing ER profiles were seen bordering the ER membrane 
leaflets. An apparent association between mitochondria and the ER compartments was also observed. The viral 
particles were shown to accumulate in cisternae and vacuoles (Fig. 4B) before translocation to the host cell 
plasma membrane. Some large vesicles contained empty small vesicles, while others also contained virus parti-
cles. However, vacuoles containing both were also observed (Fig. 4C). These small vesicles resulted from the large 
vesicle’s invagination, and viral particles are probably internalized after membrane fusion of virus-containing 
CM with these large vesicles (Fig. 4D). In this step, ZIKV appears to acquire its envelope from these membranes.

Figure 3. Microscopic analysis of the viral factory details in LLCMK2 cells. (A) SEM imaging of the ZIKV VRO 
tubular compartments revealed spheroid structures on their surface (arrows). One of the connections between 
these compartments is indicated by the red circle. (B) Image of the same region, acquired by backscattering 
electrons, revealed the diameter (50–60 nm) of the round particles that adhered to the modified ER surface. 
(C) SIM-SR fluorescent labelling for endoplasmic reticulum (red) and ZIKV proteins (green) showed the close 
association between them and a parallel disposition (arrow). (D) Spheroids from different sizes (black arrows, 
“s”) were observed to be separated from the immature virus particles (red arrows) in distinct compartments. 
However, connections between both compartments were also seen (yellow arrows). A pore was also observed 
in some spheroids (blue arrow), and viral particles were found to share the same compartment as the spheroids 
(red asterisk). The compartments containing spheroids and viral particles eventually displayed viral particles 
inside the spheroids (green arrows). The red circle highlights the presumed interaction between an immature 
virus and a membrane that seems to wrap around it. n, nucleus; Bars, (A,B,D) 200 nm.
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Figure 4. Electron microscopy of ZIKV intracellular trafficking. (A) In LLCMK2 cells, ER sheets containing 
virus (red arrows) and CMs (black arrow) converged into a zone where mitochondria (m) is abundant. The 
black arrowhead shows the apparent association between the ER sheets and mitochondria. (B) In the same 
cell type, vacuoles (arrows) and cisternae (arrowheads) containing virus are shown by STEM (use red and 
green glasses). Loci of ER sheets containing virus and compartments containing spheroids were also detected 
(circle). (C) Virions (Vi) and spherical membranes (EM) were shown to interact inside the vacuoles. Membrane 
invagination observed in mouse macrophages (D) results in the internalization of empty spheroidal membranes 
(arrowheads), and, at a lower rate, virions (arrow), which acquire the viral envelope. (E) The previous virus 
maturation step was detected in the Golgi apparatus (Go). The arrow indicates the transit of one viral particle, 
while other virus particles (Vi) were found near the organelle. (F) The transit of virions towards the LLCMK2 
cell plasma membrane was shown to also occur within tight cisternae (arrow). (G,H) The fusion of cisternae or 
virus-containing vacuoles with the cell plasma membrane results in the release of groups of virus by exocytosis, 
which is suggested to occur (arrows), in mouse macrophages at 4 and 5 dpi respectively. Bars: (A,B,G) 500 nm; 
(C,D) 100 nm; (E,F,H) 200 nm.
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Viral processing of immature virions involves conformational changes caused by acidic environments across 
the Golgi, where a host furin-like protease cleaves the viral prM (17). The number of viral particles in transit 
across the Golgi or around this organelle was lower when compared to the rest of the cytoplasm region. Electron 
microscopy of this step revealed opposing CMs and virus-containing cisterns (Fig. 4E), and the latter carried 
the virions towards the host cell plasma membrane (Fig. 4F), culminating in their content release into the extra-
cellular medium (Fig. 4G–H). Clusters of elongated mitochondria were observed in the perinuclear sites of 
ZIKV-infected cells (Fig. 5A).

Annulated lamellae (AL) were present in several infected macrophages (Fig. 5B–D), in the perinuclear region 
(Fig. 5B) and near the cell periphery (data not shown). The association of ER with this structure is suggested in 
Fig. 5C. Elongated mitochondria were also observed at these sites (data not shown). In Supplemental Material 2, 
tomography of the AL revealed ZIKV particles wrapped in membranes that are shared with this organelle 
(Fig. 5D).

Discussion
ZIKV morphogenesis. Infections of different cell models with distinct ZIKV strains were recently studied 
in detail29,30. This work aims to provide more cellular biology details of the interaction between ZIKV MR766 and 
three types of mammalian cells.

Generally, modification of the eukaryotic endomembrane system caused by some flavivirus infections results 
in viral replication that is confined to a locus, which concentrates cellular and viral factors that are crucial for 
virus replication. This compartmentalization also leads to task segmentation within this replication process, 
avoiding contact of innate immune sensors with the genomic RNA12.

The ER displays a network of membranous sheet-like reservoirs and tubes31 that spread from the cell nucleus. 
The close association of ZIKV morphogenesis with these endoplasmic reticulum-derived membranes sug-
gests that transport of the nascent virions occurs through the secretory pathway towards the host cell plasma 
membrane, from which they acquire their cell-derived lipid bilayer that encapsulates the C-protein32. Recent 
data from Offerdahl et al.29 showed that ZIKV E glycoprotein and dsRNA (indicating viral replication) over-
lapped with the PDI staining in neuroblastoma cells. Our protein disulfide isomerase (PDI) labelling of the ER 
showed co-localization with ZIKV, and the pattern of this labelling is consistent with our TEM observations 

Figure 5. Electron microscopy of mitochondria and annulated lamellae during ZIKV infection in mouse 
macrophages. (A) Clusters of elongated mitochondria (m) around the viral replication organelle (vf) in mouse 
macrophages (n, nucleus). (B) Actin-like filaments (c) were detected near perinuclear (n, nucleus) annulated 
lamellae (AL). The selected area is shown in (C), where AL seem to display a continuity with the RER. (D) 
Tomogram of perinuclear annulated lamellae with ZIKV particles depicted in red. (m) mitochondria; (n) 
nucleus; Bars: (A–C) 500 nm; (D) 100 nm.
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(Fig. 3C,D). This was significantly different from the PDI distribution compared to double-stranded RNA in 
ZIKV MR766-infected Huh7 cells30.

Our findings of multiple spherules or virus-induced vesicles within the tubular sites of the modified ER as 
well as accumulation of CM around this cellular organelle are consistent with previous studies on ZIKV Puerto 
Rico strain PRVABC59 interactions with Vero E6 cells33 and ZIKV MR766-infected Huh7 cells30. Moreover, the 
electron-dense content that supplies the VP shown by our in bloc sample processing, supports the hypothesis of 
viral genome accumulation in these structures. Replication of DENV is also presumed to occur at these sites, 
as shown by the presence of double-stranded RNA13. Unlike West Nile virus34, there were no interconnections 
between spherules within the modified ER.

Because virion budding within ER cisternae occurs in DENV-infected cells, which is the opposite of invag-
inated vesicle pores, the same results were expected for ZIKV-infected cells, as suggested in Figs. 2B,D and 4A. 
However, our data show that VP and the encapsidated viral particles dominantly shared the same ER tubular 
structure (Fig. 3D). The double-membrane vesicles (spherules), which are commonly observed in other replicat-
ing flaviviruses35, appear to share the same sub-compartment for ZIKV. This is consistent with the recent findings 
for the Puerto Rico strain, which suggest that the invagination of immature viral particles into the ER membranes 
occurs before packaging within containing spherules, leading to an assembly process that culminates in discard-
ing the spherule membrane. According to this model, empty spherules correspond to inactive viral transcription 
sites33. Once processed within these spherules, the assembled but immature viral particle would eliminate these 
membranes, appearing free in the ER lumen when observed by electron microscopy.

The sites of the modified ER through which the viral transcription intermediates and the immature virus may 
transit was, for the first time, documented by SEM, and backscattering electrons contributed to measuring the 
virus-like structures on the ER surface (Fig. 3A,B). The assessed dimensions are consistent with the assembling 
virions and they are also incompatible with the ribosome size. Recently, Arakawa & Morita36 hypothesized similar 
structures which are supposed to contribute to the virus assembly when reaching the lumen of the spherules, pos-
sibly corresponding to the newly synthesized RNA-containing capsid, about to sprout into the ER or coat protein 
complexes harboring progeny virus particles in their route to a secretion pathway.

Since we observed the modified ER using transmission and scanning electron microscopy, these approaches 
could reveal two distinct shapes for this organelle. The structures reported in Fig. 3A,B were not found in Fig. 3D 
(TEM) and 2H (SEM). Intriguingly, this could point to the need for further investigation regarding different spe-
cialized loci of modified ER during virus processing.

The cisternae-like compartment, which results from a dilated ER site and seems to harbor these particles in 
their vicinity (Fig. 4B), is thought to meet the Golgi apparatus, leading to the maturation stage. Consistent with 
data from the ZIKV Puerto Rico strain33, the ZIKV African strain MR766 was also observed in individual transit 
through the Golgi (Fig. 4E). In this step, host cell furin cleaves the precursor prM protein, resulting in the small M 
protein and the pr fragment. The latter leaves the viral particle during the virus exit. We observed similar cisternae 
nearby the cell plasma membrane (Fig. 4F).

Although studies have shown the occurrence of paracrystalline array of ZIKV nucleocapsids within the ER 
cisterns of Vero cells19, this was not observed in any of our models (considering the type of cells and virus strain 
used). Besides that, we also did not observe other viroplasm-like structure different from that established in the 
ER region.

The Zippered rough ER was previously defined as tightly juxtaposed and collapsed ER cisternae30, and it was 
supposed to represent a transition between sub-compartments that restrict the viral particle transit. However, this 
was not observed in the processed samples from our cell-virus models.

Virus-induced vacuolization. Generally, infections with viruses from the Flaviviridae family (e.g. DENV) 
can cause significant reorganization of the host cell secretory pathway. Recent studies using Hela cells and pri-
mary human astrocytes infected with ZIKV strains HD78788, PF13, and NC14 showed the induction of vacuoles 
that originated from ER membranes37. These studies also suggested that the borders of these vacuoles could serve 
as an intermediate locus for viral replication because of the viral RNA and E protein concentrations. However, the 
antigenic-related virus BVDV (Flaviviridae family, Pestivirus genus) also induces vacuoles, although this seems 
not to be crucial for its replication38. This phenomenon of vacuolization, however, was not detected in our cell 
models, where virus-containing cisternae were present. While vacuole formation and cell death were previously 
indicated as promoters of ZIKV release and spread37, it seems plausible that, in our model, the virus-containing 
cisternae could perform virion exocytosis.

Although myelin figures were abundant in Vero cells infected with ZIKV18, these structures were not numer-
ous during our observations in ZIKV-infected LLCMK2 and macrophages (Fig. 4B). However, multivesicular 
bodies and multilamellar myelin-like structures may not be specific to ZIKV infection33.

CMs and mitochondria alterations. The absence of CMs was previously reported in DENV-infected mos-
quito cells39. Although the role of CM remains unclear, studies on Kunjin virus morphogenesis suggest that these 
structures are highly dynamic sites of polyprotein maturation, and they were subjected to merging and parting 
in recent studies on DENV infection15,40. Moreover, CM structures could interfere with mitochondrial antiviral 
(MAV) platforms by avoiding DRP1 translocation and mitochondrion fission40.

Viral synthesis within the viroplasm-like structure requires a large amount of energy, and it is conceivable that 
mitochondria may be present on their periphery. Cortese et al.30 showed peripheral localization of mitochondrion 
in ZIKV-infected human neural progenitor cells (hNPC). However, in LLCMK2, for example, the cell organelles 
were concentrated at the perinuclear sites as well as among the interface between CMs and the tubular viroplasm 
structures in the infected cells. Kim et al.41 observed the same pattern with hepatitis C virus (HCV) infection 
and in mitophagosomes. Our data could help their hypothesis that this phenomenon is associated with ATP 
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pools at viral replication sites. However, the elongated shape of the mitochondria in macrophages infected with 
ZIKV is in agreement with the morphology observed in Huh7 cells that are infected with DENV40. In that case, 
mitochondrial elongation results from inactivation of the fission factor dynamin-related protein 1 (DRP1) by the 
viral protein NS4B. Our data showed that mitochondrial elongation was also noticed at regions where the CMs 
converged with the tubular ER that contained the virus (Fig. 4A).

The replication of other (+)RNA viruses, such as the Flock House virus, is closely associated with the mito-
chondria. The RNA replication of this nodavirus occurs within spherules that invaginate from the outer mito-
chondrial membrane42,43. We could not detect a similar pattern in any of the cell lines that we used in our work. 
However, in Fig. 2A, the presence of mitochondria is notable in the area of the altered ER. This proximity is 
reinforced in Figs. 4A and 5A, where the mitochondria and ER seem to be associated.

Nucleus. Following previous research44 that showed the participation of the cell nucleus in the flavivirus mor-
phogenesis, Buckley and Gould45 reported the observation of a ZIKV envelope protein within VERO cell nuclei 
using indirect immunofluorescence. This could reflect an early step in the ZIKV infectious cycle. In our study, 
however, we could not detect ZIKV proteins at this site using fluorescence or electron microscopy. However, 
neither Buckley and Gould45 nor our group could detect these presumed nuclear viral particles using electron 
microscopy.

In contrast to the kidney-shaped form assumed by ZIKV MR766-infected Huh7 cells30, no alterations in the 
nuclear morphology of Vero, LLCMK2, or macrophage infected cells were seen using fluorescence microscopy, 
or using TEM or SEM (Figs. 1B and 2A,G).

Annulate lamellae. Annulate lamellae (AL) can occur in almost all types of cell, and they are described as 
cytoplasmic organelles that contain pore complexes, which are organized in a symmetrical form and are presum-
ably involved in nuclear transport. This organelle could act as a locus for import complex assembly and export 
complex disassembly. Besides high cell proliferation conditions, cell-cycle arrest is also related to the abundance 
of AL. Independently, viral infections or chemical treatments can increase or induce its formation46.

Although the AL depicted in Fig. 5B–D were similar to the CMs that were crossed by microtubules that are 
observed in ZIKV MR766-infected Huh7 cells30, previous studies have shown the occurrence of this organelle in 
HSB-2 cells infected with human herpesvirus type 6, where the organelle formation coincided with the expression 
of the viral glycoprotein gp11647. In that study, the AL pore complexes appeared to be in continuity with rough 
endoplasmic reticulum membranes, and we also noticed this in ZIKV-infected macrophages (Fig. 5C). The occa-
sional appearance of this organelle in fetal Rhesus kidney cells infected with the hepatitis A virus also suggested 
a role in virus morphogenesis48. Taking into account that the viral infection can alter host cell protein synthesis, 
establish new priorities, and eventually lead to its arrest, it is reasonable that AL is introduced. However, because 
we did not notice viral particles within the AL in our virus–cell system, the hypothesis of immature ZIKV storage 
was not supported.

In conclusion, the present data contribute to the resolution of the intricate puzzle characterized by the ZIKV 
morphogenesis. Among the main points of this work we would like to highlight (1) the infection of dividing 
mammalian cells; (2) the confirmation of closed profiles of tubular compartments that harbor viral particles by 
SEM imaging; (3) the panoramic structure of the VRO imaged by SEM; (4) the details of the locus of viral pro-
cessing in the modified ER by the using of BSE; (5) the presence of VP and encapsidated viral particles within the 
same ER tubular structure, and; (6) the presence of AL in infected macrophages.

Flaviviruses are presumed to display a conserved morphogenesis mechanism. However, ZIKV is the first 
flavivirus that is involved in sexual transmission in humans, and vertical transmission leads to congenital 
abnormalities. Moreover, the existence of these different routes of infection presupposes a distinct kind of viral 
morphogenesis, or a myriad of cells harboring ZIKV. Because of the existing gap in understanding ZIKV patho-
genesis, investigating its interaction with the host cell at the cell biology level is crucial for designing new lines of 
disease containment. Herein, we approached the main changes that occur in ZIKV-infected mammalian cells to 
contribute to a better understanding this morphogenesis. However, efficient infection in cells of other mamma-
lian and avian species need further investigation because of their potential role in ZIKV epidemiology.

Data availability
The data that support the findings of this study are available from the corresponding author on reasonable request.

Received: 14 December 2019; Accepted: 4 May 2020;
Published: xx xx xxxx

References
 1. Dick, G. W., Kitchen, S. F. & Haddow, A. J. Zika virus. I. Isolations and serological specificity. Trans. R. Soc. Trop. Med. Hyg. 46, 

509–520 (1952).
 2. Besnard, M., Lastere, S., Teissier, A., Cao-Lormeau, V. & Musso, D. Evidence of perinatal transmission of Zika virus, French 

Polynesia, December 2013 and February 2014. Euro Surveill. 19, 20751 (2014).
 3. Musso, D. et al. Potential for Zika virus transmission through blood transfusion demonstrated during an outbreak in French 

Polynesia, November 2013 to February 2014. Euro Surveill. 19, 20761 (2014).
 4. Foy, B. D. et al. Probable non-vector-borne transmission of Zika virus, Colorado, USA. Emerg. Infect. Dis. 17, 880–882 (2011).
 5. Joguet, G. et al. Effect of acute Zika virus infection on sperm and virus clearance in body fluids: a prospective observational study. 

Lancet Infect. Dis. 17, 1200–1208 (2017).
 6. Arsuaga, M., Bujalance, S. G., Díaz-Menéndez, M., Vázquez, A. & Arribas, J. R. Probable sexual transmission of Zika virus from a 

vasectomised man. Lancet Infect. Dis. 16, 1107 (2016).
 7. Rubin, E. J., Greene, M. F. & Baden, L. R. Zika virus and microcephaly. N. Engl. J. Med. 374, 984–985 (2016).
 8. Yuan, L. et al. A single mutation in the prM protein of Zika virus contributes to fetal microcephaly. Science. 17, 933–936 (2017).
 9. Ioos, S. et al. Current Zika virus epidemiology and recent epidemics. Med. Mal. Infect. 44, 302–307 (2014).

https://doi.org/10.1038/s41598-020-65409-y


1 0Scientific RepoRtS |         (2020) 10:8370  | https://doi.org/10.1038/s41598-020-65409-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

 10. Netto, E. M. et al. High Zika virus seroprevalence in Salvador, northeastern Brazil limits the potential for further outbreaks. MBio 8, 
e01390–17 (2017).

 11. Bartenschlager, R. & Miller, S. Molecular aspects of Dengue virus replication. Future Med. 3, 155–165 (2008).
 12. Neufeldt, C. J., Cortese, M., Acosta, E. G. & Bartenschlager, R. Rewiring cellular networks by members of the Flaviviridae family. 

Nat. Rev. Microbiol. 16, 125–142 (2018).
 13. Welsch, S. et al. Composition and three-dimensional architecture of the dengue virus replication and assembly sites. Cell Host 

Microbe 5, 365–375 (2009).
 14. Forterre, P. & Gaïa, M. Giant viruses and the origin of modern eukaryotes. Curr. Opin. Microbiol. 31, 44–49 (2016).
 15. Westaway, E. G., Mackenzie, J. M., Kenney, M. T., Jones, M. K. & Khromykh, A. A. Ultrastructure of Kunjin virus-infected cells: 

colocalization of NS1 and NS3 with doublestranded RNA, and of NS2B with NS3, in virus-induced membrane structures. J. Virol. 
71, 6650–6661 (1997).

 16. Aktepe, T. E. & Mackenzie, J. M. Shaping the flavivirus replication complex: It is curvaceous! Cell Microbiol. 8, e12884 (2018).
 17. Acosta, E. G., Kumar, A. & Bartenschlager, R. Revisiting dengue virus-host cell interaction: new insights into molecular and cellular 

virology. Adv. Virus Res. 88, 1–109 (2014).
 18. Barreto-Vieira, D. F. et al. Ultrastructure of Zika virus particles in cell cultures. Mem. Inst. Oswaldo Cruz 111, 532–534 (2016).
 19. Barreto-Vieira, D. F. et al. Structural investigation of C6/36 and Vero cell cultures infected with a Brazilian Zika virus. PLoS One. 12, 

e0184397 (2017).
 20. Liu, Z. Y., Shi, W. F. & Qin, C. F. The evolution of Zika virus from Asia to the Americas. Nat. Rev. Microbiol. 17, 131–139 (2019).
 21. McCracken, M. K. et al. Impact of prior flavivirus immunity on Zika virus infection in rhesus macaques. PLoS Pathog. 13, e1006487 

(2017).
 22. Schultz, M. J., Frydman, H. M. & Connor, J. H. Dual Insect specific virus infection limits Arbovirus replication in Aedes mosquito 

cells. Virology. 518, 406–413 (2018).
 23. Faria, N. R. et al. Zika virus in the Americas: early epidemiological and genetic findings. Science 352, 345–349 (2016).
 24. Vielle, N. J. et al. Silent infection of human dendritic cells by African and Asian strains of Zika virus. Sci. Rep. 8, 5440 (2018).
 25. Paredes‐ Santos, T. C., de Souza, W. & Attias, M. Dynamics and 3D organization of secretory organelles of Toxoplasma gondii. J. 

Struct. Biol. 177, 420–430 (2012).
 26. Kremer, J. R., Mastronarde, D. N. & McIntosh, J. R. Computer visualization of threedimensional image data using IMOD. J. Struct. 

Biol. 116, 71–76 (1996).
 27. Chan, J. F. et al. Differential cell line susceptibility to the emerging Zika virus: implications for disease pathogenesis, non-vector-

borne human transmission and animal reservoirs. Emerg. Microbes Infect. 5, e93 (2016).
 28. Wong, P. S., Li, M. Z., Chong, C. S., Ng, L. C. & Tan, C. H. Aedes (Stegomyia) albopictus (Skuse): a potential vector of Zika virus in 

Singapore. PLoS Negl. Trop. Dis. 7, e2348 (2013).
 29. Offerdahl, D. K., Dorward, D. W., Hansen, B. T. & Bloom, M. E. Cytoarchitecture of Zika virus infection in human neuroblastoma 

and Aedes albopictus cell lines. Virology. 501, 54–62 (2017).
 30. Cortese, M. et al. Ultrastructural Characterization of Zika Virus Replication Factories. Cell Rep. 18, 2113–2123 (2017).
 31. Holcman, D. et al. Single particle trajectories reveal active endoplasmic reticulum luminal flow. Nat. Cell Biol. 20, 1118–1125 (2018).
 32. Crill, W. D. & Chang, G. J. Localization and characterization of flavivirus envelope glycoprotein cross-reactive epitopes. J. Virol. 78, 

13975–13986 (2004).
 33. Rossignol, E. D., Peters, K. N., Connor, J. H. & Bullitt, E. Zika virus induced cellular remodelling. Cell Microbiol. 19(8) (2017).
 34. Gillespie, L. K., Hoenen, A., Morgan, G. & Mackenzie, J. M. The endoplasmic reticulum provides the membrane platform for 

biogenesis of the flavivirus replication complex. J. Virol. 84, 10438–10447 (2010).
 35. Netherton, C. L. & Wileman, T. Virus factories, double membrane vesicles and viroplasm generated in animal cells. Curr. Opin. 

Virol. 1, 381–387 (2011).
 36. Arakawa, M. & Morita, E. Flavivirus Replication Organelle Biogenesis in the Endoplasmic Reticulum: Comparison with Other 

Single-Stranded Positive-Sense RNA Viruses. Int. J. Mol. Sci. 20(9), E2336 (2019).
 37. Monel, B. et al. Zika virus induces massive cytoplasmic vacuolization and paraptosislike death in infected cells. EMBO J. 36, 

1653–1668 (2017).
 38. Caldas, L. A., Freitas, T. R. P., Azevedo, R. C. & de Souza, W. Prostaglandin A1 inhibits the replication of bovine viral diarrhea virus. 

Braz. J. Microbiol. 49, 785–789 (2018).
 39. Junjhon, J. et al. Ultrastructural characterization and three-dimensional architecture of replication sites in dengue virus-infected 

mosquito cells. J. Virol. 88, 4687–4697 (2014).
 40. Chatel-Chaix, L. et al. Dengue virus perturbs mitochondrial morphodynamics to dampen innate immune responses. Cell Host 

Microbe 20, 342–356 (2016).
 41. Kim, S., Syed, G. H. & Siddiqui, A. Hepatitis C virus induces the mitochondrial translocation of Parkin and subsequent mitophagy. 

PLoS Pathog. 9, e1003285 (2013).
 42. Short, J. R. et al. Role of mitochondrial membrane spherules in Flock House virus replication. J. Virol. 90, 3676–3683 (2016).
 43. Ertel, K. J. et al. Cryo-electron tomography reveals novel features of a viral RNA replication compartment. Elife. 6, e25940 (2017).
 44. Brinton, M. A. Replication of flaviviruses. In: Togaviridae and Flaviviridae (Schlesinger, S. & Schlesinger, M. J., Eds.) 327–374 

(Plenum Press, New York & London, 1986).
 45. Buckley, A. & Gould, E. A. Detection of virus-specific antigen in the nuclei or nucleoli of cells infected with Zika or Langat virus. J. 

Gen. Virol. 69, 1913–1920 (1988).
 46. Raghunayakula, S., Subramonian, D., Dasso, M., Kumar, R. & Zhang, X. D. Molecular characterization and functional analysis of 

annulate lamellae pore complexes in nuclear transport in mammalian cells. PLoS One. 10, e0144508 (2015).
 47. Cardinali, G. et al. Viral glycoproteins accumulate in newly formed annulate lamellae following infection of lymphoid cells by 

human herpesvirus 6. J. Virol. 72, 9738–9746 (1998).
 48. Klinger, M. H., Kämmerer, R., Hornei, B. & Gauss-Müller, V. Perinuclear accumulation of hepatitis A virus proteins, RNA, and 

particles and ultrastructural alterations in infected cells. Arch. Virol. 146, 2291–2307 (2001).

Acknowledgements
We thank Davis Fernandes Ferreira for generously providing the virus and some of the reagents that were 
used to detect ZIKV in fluorescence microscopy. This work was supported by grants from Coordenação de 
Aperfeiçoamento de Pessoal de Nível Superior (CAPES) and Financiadora de Estudos e Projetos (FINEP) - to 
the authors.

Author contributions
Infections, sample preparations and microscopy analysis were performed by Lucio Ayres Caldas; analysis of the 
results was performed by Lúcio Ayres Caldas, Renata Campos Azevedo, Jerson Lima da Silva and Wanderley de 
Souza. Wanderley de Souza and Jerson Lima da Silva contributed to the initial conception and design of this work. 
The first draft of the manuscript was written by Lucio Ayres Caldas. Renata Campos Azevedo, Jerson Lima da 

https://doi.org/10.1038/s41598-020-65409-y


1 1Scientific RepoRtS |         (2020) 10:8370  | https://doi.org/10.1038/s41598-020-65409-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

Silva and Wanderley de Souza commented on previous versions of the manuscript. All the authors were involved 
in reviewing and editing the manuscript. All authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-65409-y.
Correspondence and requests for materials should be addressed to L.A.C.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-65409-y
https://doi.org/10.1038/s41598-020-65409-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Microscopy analysis of Zika virus morphogenesis in mammalian cells
	Methods
	Cells and virus. 
	Infection assays. 
	Chemicals. 
	Super-resolution microscopy. 
	En bloc processing for transmission electron microscopy. 
	Scanning electron microscopy. 
	Electron microscopy tomography. 

	Results
	Discussion
	ZIKV morphogenesis. 
	Virus-induced vacuolization. 
	CMs and mitochondria alterations. 
	Nucleus. 
	Annulate lamellae. 

	Acknowledgements
	Figure 1 SIM mode of super-resolution microscopy of mammalian and insect cells infected with ZIKV and labelled for indirect immunofluorescence.
	Figure 2 Electron microscopy of the ZIKV replication factory in mammalian cells.
	Figure 3 Microscopic analysis of the viral factory details in LLCMK2 cells.
	Figure 4 Electron microscopy of ZIKV intracellular trafficking.
	Figure 5 Electron microscopy of mitochondria and annulated lamellae during ZIKV infection in mouse macrophages.




