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A B S T R A C T

Human astroviruses (HAstVs) are a frequent cause of gastroenteritis in young children and immunocompromised
patients. The current report describes a new approach to recover genetically defined HAstVs through the use of a
reverse genetics system based on a single DNA plasmid. This plasmid, carrying the full-length virus genome
under a T7 promoter, is directly transfected into cells expressing T7 RNA polymerase, resulting in the rapid and
robust recovery of infectious HAstV. The efficiency of the system was tested with the generation of a chimeric
astrovirus having the HAstV serotype 1 replication machinery and the capsid derived from a HAstV serotype 8
virus. This new system provides an efficient and reproducible method to deepen our knowledge of astrovirus
biology.

1. Introduction

Diarrheal diseases are one of the leading causes of morbidity and
mortality in young children, with human astrovirus (HAstV) being an
important etiological agent (Jeong et al., 2012; Mitchell et al., 1999).

Astrovirus infections have also been reported in the elderly and in
immunocompromised patients, and recently, novel HAstVs have been
associated with neurological disorders such as encephalitis and me-
ningitis (Cordey et al., 2016; Lum et al., 2016; Quan et al., 2010; Vu
et al., 2017). To date, no antiviral drugs or vaccines are available for
these viruses (Cordey et al., 2016; Lum et al., 2016; Quan et al., 2010;
Vu et al., 2017). To increase our knowledge about the biology and
pathogenesis of HAstVs, an accessible and efficient reverse genetics
system is fundamental.

The HAstV genome is a 6.8–7.0 kb positive-sense single-stranded
RNA (ssRNA). The 5′-terminus of the genomic RNA is linked to a VPg
protein and the 3′-terminus is polyadenylated (Guo et al., 2010;
Mendez-Toss et al., 2000). The genome is organized in 3 open reading
frames named ORF1a, ORF1b, and ORF2. ORF1a and ORF1b are
translated from the genomic RNA as two large polyproteins. ORF1a
encodes the nonstructural proteins, including the viral protease and
VPg (Speroni et al., 2009), while ORF1b encodes the RNA dependent-
RNA polymerase. The VPg protein has an important role in the HAstV
replication cycle, since treatment of the viral genome with proteases
abolishes infectivity (Fuentes et al., 2012). This suggests that VPg is
important for the early steps of infection such as translation, possibly by

recruiting translation factors. The RNA replication process of HAstV has
not been fully described but it is assumed to be similar to other positive-
sense ssRNA viruses. Thus, a negative-sense full-length copy of the
genome is transcribed and used as a template for subsequent genomic
and subgenomic RNA synthesis. The subgenomic RNA comprises ORF2
that codes for the structural precursor polyprotein of about 780 amino
acid residues (Bass and Qiu, 2000).

Reverse genetics systems allow the manipulation of the genome
offering a crucial tool for the study of mechanisms of viral replication
and infection, the structure and function of genes, and the recovery of
viral strains extinct for years. Similarly, they open the way for new
therapies, expression vectors, vaccine development, and gene therapy,
creating a wide range of possibilities for basic science and future and
immediate applications (Kobayashi et al., 2007; Pekosz et al., 1999;
Stobart and Moore, 2014).

The first reverse genetics system reported for astrovirus consisted of
a full-length cDNA clone of a HAstV serotype 1 genome, which was
transcribed in vitro with a cap structure added at the 5′-end instead of
the native VPg (Geigenmuller et al., 1997). This system generates an
RNA that can be transfected into permissive cells to allow the recovery
of recombinant infectious virus (Geigenmuller et al., 1997). This ap-
proach, although it has been proved to be useful for the study of as-
trovirus biology, requires the addition of a capping analog during the in
vitro transcription reaction as a critical modification for the efficient
translation of the synthesized RNA when transfected into cells, how-
ever, in general the efficiency of the in vitro capping reaction is low
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(Fuchs et al., 2016). The efficiency of the system was improved with the
utilization of electroporation to introduce the viral capped RNA. This
approach allowed identifying cell lines with different efficiencies for
infectious particle recovery. Velázquez-Moctezuma et al. reports the
successful recovery of infectious particles from Huh7.5.1. cells
(Velazquez-Moctezuma et al., 2012).

Here, we report the development of a reliable reverse genetics
system for HAstV that generates infectious virus based on two key
features (Jeong et al., 2012): a plasmid containing a full-lenght cDNA
copy of the HAstV genome under a T7 promoter, that is transfected into
cells stably expressing the T7 polymerase, and (Mitchell et al., 1999) an
encephalomyocarditis virus (EMCV) internal ribosome entry site (IRES)
to drive the translation of the T7 polymerase-transcribed viral RNA.
Here we demonstrate the efficiency and versatility of this genetic re-
verse system by generating a recombinant chimeric virus carrying the
HAstV serotype 1 ORF1a and ORF1b genome regions and the HAstV
serotype 8 ORF 2.

2. Results

2.1. Design of a plasmid expressing a chimeric HAstV genome

In this work, we generated a recombinant chimeric virus carrying
the HAstV serotype 1 ORF1a and ORF1b genome regions and the HAstV
serotype 8 ORF 2 (Fig. 1). For this, a full-length cDNA clone was as-
sembled via the subcloning strategy described in the Material and
Methods section. Briefly, to construct the chimeric HAstV serotype 1/8
infectious clone, ORF1a and ORF1b from HAstV-1 and ORF2 from
HAstV-8 strain Yuc-8 were cloned in the vector pT7CFE1-CHis. The
final plasmid contains the following elements, considering as nucleotide
(nt) 1 the first nt of the first T7 promoter of the construct (Fig. 1C).
Position 1–18, sequence for the first T7 promoter that drive RNA
transcription starting at nt 19. Next, there is an IRES element from

EMCV present at nt positions 70 to 539, and downstream the IRES a
second T7 promoter was engineered at positions 545 to 562. The chi-
meric HAstV 1/8 genome was cloned at nt 563 to 7323. The chimera
contains the 5′-non-translated region (NTR) of HAstV-8 at nt 563 to 647
and the HAstV-8 3′-NTR at nt positions 7239 to 7323. The 3′-NTR re-
gion of the chimeric RNA also includes an engineered 30 nt-long polyA
tail at nt positions 7324–7353. To stop the RNA transcription of the two
RNA species transcribed from the two different T7 promoters, the
construction also contains a T7 terminator sequence at nt positions
7373 to 7420.

Each of the two T7 transcription promoters would produce a dif-
ferent RNA species; the first, containing the HAstV recombinant
genome preceded by the IRES sequence to drive the synthesis of the
viral proteins. The second RNA species was designed to work as a
template for replication of the viral genomic RNA. The 5′ and 3′ NTRs,
corresponding to the HAstV-8, were engineered to ensure the correct
potential interaction that may occur between the 5′- and 3′- terminal
ends of the genome, since these interactions have been found to be
critical for the replication of several RNA viruses (Alvarez et al., 2005;
Sandoval-Jaime and Gutierrez-Escolano, 2009). The incorporation of a
T7 terminator sequence to end transcription improves the system, since
it avoids a restriction step to linearize the plasmid that could interfere
with the transfection efficiency (Fig. 1C). The final construction was
completely sequenced and ten nucleotide changes were identified as
compared to the reported sequences for HAstV serotype 1 strain Oxford
(accession number L23513.1) and HAstV serotype 8 (accession number
AF260508.1). Four of the mutations changed the amino acid; the nature
and position of the changes are compiled in Table 2.

2.2. Antigenic and sequence characterization of infectious virus particles
generated by cell transfection of pT7HAstV 1/8

To produce infectious recombinant viruses, plasmid pT7HAstV 1/8

Fig. 1. Construction of the HAstV pT7HAstV 1/
8. (A) Representation of the organization of the
HAstV genome indicating the open reading
frames. (B) PCR fragments used for the con-
struction of the chimeric plasmid indicating the
NcoI site present in ORF1b in both strains. (C)
Representation of the complete chimeric HAstV
1/8 genome assembled in pT7CFE1-CHis. (D)
Features of the plasmid constructed. The nu-
cleotide positions are based on the first nucleo-
tide of the first T7 promoter in the pT7HAstV 1/
8 clone.
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was transfected into HEK293T-T7 cells. At 48 hpt the total cell lysate
was collected and the infectious virus particles produced were quanti-
tated by infecting Caco-2 cell monolayers. Infectious foci were easily
detected, rendering a titer of 3×102 ffu/ml. Upon a first passage of
these viruses the titer raised to 7×105 ffu/ml.

To antigenically characterize the identity of the HAstV-1/8 chimeric
virus, Caco-2 cell monolayers were infected with either the recovered
virus from transfected cells, or with the wild-type HAstV-1 and HAstV-8
strains. At 16 hpi the cells were fixed and stained with antibodies that
specifically recognize the spike domain of either serotype 1 or serotype
8 viruses. The pattern of intracellular distribution of the capsid proteins
for parental and chimeric viruses was similar, but the recombinant
HAstV-1/8 was only recognized by the HAstV spike8 antibody, con-
firming that the recombinant virus contained the HAstV-8 capsid pro-
tein (Fig. 2). To determine the chimeric identity of the recovered virus
and to discard the possibility of a possible contamination with parental
HAstV-8, viral RNA from the recovered virus was extracted from in-
fected cells after two passages, and its nucleotide sequence was de-
termined.

A fragment of 1538 nt was amplified from the extracted viral RNA
by RT-PCR using the HAstV-1 specific oligo Forward 5′-AAACTACAA
AGGGCCCCAGAAGACC-3′ and the HAstV-8 specific oligo Reverse
5′-CTAGCCATCACACTTCTTTGGTCC-3′. The product was sequenced
and aligned to the reported parental sequences. The presence of the
HAstV-1/8 switch-point in the recombinant viral genome, at nt position
4131, was verified (Fig. 3), confirming the isolation and passage of the
recombinant 1/8 virus.

2.3. Analysis of virus yield per cell

We next compared the yield of infectious chimeric and wild-type
viruses produced per infected cell. For this, Caco-2 cells were infected at
different multiplicities of infection and the titer of the virus produced
was determined at 16 hpi. The number of progeny virus per infected
cell was not significantly different for the different virus strains: 158
ffu/cell ± 86 for HAstV-1, 418 ffu/cell± 144 for HAstV-8 and 319 ffu/
cell± 42 for HAstV-1/8. This finding suggests that the chimeric virus
replicates with efficiency similar to that of both parental wild-type
viruses (Fig. 4).

3. Discussion

Reverse genetic systems are a powerful tool to study the replication
cycle of viruses. Since the first demonstration that genomic RNA from
positive-sense RNA viruses was able to generate viral progeny upon
transfection into permissive cells. (Racaniello and Baltimore, 1981).

The first reverse genetics systems reported for astrovirus are based
on in vitro transcription of a full-length cDNA copy of the virus genome,
and incorporation during transcription of a cap structure at the 5′end of
the RNA to promote protein translation. The presence of a 5′-cap
structure has been shown to efficiently substitute for the viral VPg in
reverse genetics systems for both astrovirus (Geigenmuller et al., 1997)
and calicivirus (Sosnovtsev and Green, 1995). The first attempt to de-
velop a DNA-based reverse genetics system for astrovirus used an RNA
pol II-dependent plasmid that was transcribed in the nucleus of trans-
fected cells. Transfection of 293T cells with DNA plasmids under the
CAG (hybrid promoter resulting from the human cytomegalovirus and
chicken β-actin) and hGAPDH (human glyceraldehyde 3-phosphate
dehydrogenase) promoters. This system allowed for a low level re-
plication and translation of the viral genome, and an inefficient pro-
duction of recombinant viral particles (8 ± 0 and 3 ± 2.83 infectious
units per ml) (Chapellier et al., 2015). The better efficiency of the
system described in this work as compared to the previously reported
DNA-based reverse genetics system is most probably due to the fact that
in our system the viral RNA is synthesized in the cytoplasm from a T7
promoter, mimicking the environment where a natural infection occurs,
and also from the fact that translation of the RNA is driven from an
IRES, ensuring the efficient synthesis of proteins (Sandoval-Jaime et al.,
2015). On the other hand, the efficiency of the in vitro transcription
RNA system reported by Geigenmuller et al. (1997) is higher than our
DNA-based system, determined after one round of virus amplification,
since the yield of infectious virus in their system was 7.5.1× 108 per ml
(Geigenmuller et al., 1997), as compared to ours of 7×105 ffu/ml.

It is important for virus recovery that the transcribed RNA has an
authentic viral genome 5′-end. For this reason, and since we introduced
an IRES sequence to initiate translation, we engineered a second T7
promoter between the IRES and the first nucleotide of the HAstV
genome to avoid the presence of the IRES sequence in our viral tem-
plates and avoid 5′-terminal variations that may prevent encapsidation
of the genomic RNA. Every RNA transcript from the second T7 pro-
moter results in a G residue as a first nucleotide in the RNA genomic
template, suggesting that the virus replication machinery might be able
to remove the presence of that extra base, in the primary transcript.
This is consistent with previous observations in norovirus, where the
virus replication signals are able to edit a fragment of 500 nucleotides
fused to the 5′-end of the transcript to render the correct 5′-end of the
genomic RNA (Sandoval-Jaime et al., 2015). The characterization of 5′-
end of the primary transcription product of plasmid pT7HAstV 1/8, and
the search for a possible editing system that might fix the 5′-end in the
astrovirus genome is a future goal of this work that should allow us to
better understand the details of the reverse genetics system described.

Our system is dependent on the presence of the T7 RNA polymerase
in the transfected cells, and uses the HEK293T-T7 cell that stably pro-
duces the T7 polymerase to recover the virus; although BHK cells
modified to stably express the T7 polymerase have been also reported

Table 1
Sequence of primers used for construction of chimeric pT7HAstV 1/8.

Primer name Primer Sequence 5′-3′

1 T7 Asv sense TAATACGACTCACTATAGCCAAAAGGGGGGTGGTGATTGG
2 Asv1-8 4333 CTAGCCATCACACTTCTTTGGTCC
3 Asv8 sen NcoI ATCACTCCATGGGAAGCTCCTATGC
4 Asv8 rev SpeI TGCTCAGCGGACTAGT(T30)GCATCTGATTAAATCAATTTTAAATGG

Nucleotide sequences of the oligonucleotides used in this work. Restriction sites and T7 promoter se-
quences are underlined and indicated in bold, respectively.

Table 2
Sequence analysis of nucleotide differences between the infectious cDNA clone
pT7HAstV 1/8 and both parental serotype 1 and 8 viruses.

Nucleotide position Parental virus
codon

Chimeric virus
codon

Amino acid
change

5 G A NTR
2191 gaT gaC Silent D
2335 gtA gtG Silent V
2716 gtA gtT Silent V
2719 ttT ttC Silent F
2936 aGa aAa R/K
3213 acA acG Silent T
5412 aCt aAt T/D
5439 cTT cCT L/P
6663 gAc gGc D/G
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(Buchholz et al., 1999), these cells have been shown to be non-optimal
for HAstV replication (Brinker et al., 2000). Previous reports suggest
that the recovery in HEK293 cells was low compared with Caco-2 and
Huh7.5.1 (Velazquez-Moctezuma et al., 2012), however, this cell line
has been widely used for their excellent transfection efficiency and
reliable growth in culture; of interest, these cells have been reported to
be susceptible to astrovirus infection, although the progeny virus does
not exit the cell (Mendez et al., 2004), although the viruses can be
released by disrupting the cell by freeze and thaw cycles, and further
amplified in Caco-2 cells after treatment with trypsin.

Many animal species, including humans, have been identified as
hosts for astroviruses (AstVs) (Chu et al., 2010; Rivera et al., 2010;
Shimizu et al., 1990; Woode et al., 1985). Currently, there are four
species in the Mammastrovirus genus that are recognized to infect hu-
mans: Mammastrovirus species 1 that includes classic serotype 1 to 8
HAstVs; species 6, with Melbourne AstV (MLB) as the reference strain;
and VA astroviruses divided in Mammastrovirus species 8 (VA2 and
VA4) and 9 (VA1 and VA3), with Virgina AstV (VA1) as the reference
strain (Vu et al., 2017; Bosch SG et al., 2011). The high diversity of host
species that can be infected by astroviruses provides the opportunity for
recombination events to occur. Natural recombination events have been
reported between HAstV serotypes 3 and 5 identified in two different
samples from Houston and Mexico City (Walter et al., 2001). Re-
combinant strains between HAstV-2 and HAstV-3 were reported in
Kenya from children with gastroenteritis (Wolfaardt et al., 2011).

Fig. 2. Immunofluorescence detection of the
capsid spike domain of parental and chimeric
viruses. Caco-2 cells were infected with the ser-
otype 1 or 8 viruses, or with the chimeric re-
covered virus and subjected to immuno-
fluorescence staining with anti-spike8 and anti-
spike1 polyclonal rabbit antibodies. The HAstV-
infected cells are stained in red (Alexa Fluor
488) and the cell nuclei are stained in blue
(DAPI).

Fig. 3. Comparison of the nucleotide sequence of parental serotypes 1 and 8 virus strains and that of the chimeric HAstV-1/8 strain. The nucleotide coincidences
between the sequence of the 1/8 and the parental viruses are highlighted in green for HAstV-1 and in orange for HAstV-8. The change in color indicates the designed
recombination site. Alignment performed with MEGA7 (Kumar et al., 2016).

Fig. 4. Comparison of number of infectious virus particles produced by in-
dividual cells infected with either the parental serotype 1 and 8 virus or with
the recovered chimeric virus. The number of infectious viral particles produced
per cell was determined as indicated under Material and Methods. Statistical
analysis of the virus obtained was performed by Wilcox matched-pairs signed
rank test. Differences between groups were considered to be significant at a P
value of< 0.05. Bars represent the standard error mean of two experimental
replicas carried out in duplicate. No statistically significant differences was
found for the different viruses.
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Recombination events have also been reported between astroviruses
isolated from different animal species; Hata et al. provided evidence of
recombination between human and cat AstV strains, present in en-
vironmental waters (Hata et al., 2018). Different reports have described
that a common recombination site for astroviruses corresponds to a
highly conserved junction region between ORF1b and ORF2 (Wolfaardt
et al., 2011; Finkbeiner et al., 2008). In the present work, we report the
first artificially recombinant HAstV produced. Our findings prompt
future search for recombination events that might occur between a
broad range of AstVs.

The full nucleotide sequence of our construction showed changes as
compared to the pAVIC clone originally reported (Geigenmuller et al.,
1997) at nt positions 2191, 2335, 2716, 2719, 2936, and 3213. Three of
these differences, at nt positions 5412, 5439, and 6663, were non-
synonymous, introducing an amino acid change; these amino acid
changes in the capsid viral precursor do not seem to affect virus re-
plication.

In summary, in this work we developed a robust reverse genetics
system for HAstV that consists in transfection of a single DNA plasmid
carrying a full-length cDNA copy of the viral genome. This system
eliminates the need for in vitro transcription and inefficient cap in-
corporation steps, and should facilitate the advancement of our
knowledge about astrovirus genome replication and biology.

4. Materials and methods

4.1. Viruses and cells

The colon adenocarcinoma Caco-2 cell line was obtained from the
American Type Culture Collection; the cells were grown in Advanced D-
MEM (Adv-DMEM [Dulbecco's modified Eagle's medium]) (Invitrogen,
Carlsbad, CA) supplemented with 2mM glutamine and 5% fetal bovine
serum (FBS) in a 10% CO2 atmosphere. HEK293T cells stably expressing
T7 polymerase (HEK293T-T7), were kindly provided by Stanislav
Sosnovtsev and Kim Green from the National Institutes of Health in
Bethesda, MD (Sandoval-Jaime et al., 2015). HEK293T-T7 cells were
cultured in Adv-DMEM supplemented with 2mM glutamine, 5% FBS,
and puromycin (4 μg/ml) in a 5% CO2 atmosphere. The HAstV serotype
8 (strain Yuc-8) was previously described (Mendez-Toss et al., 2000).

4.2. Construction of the chimeric HAstV-1/8 clone

For the construction of the chimeric HAstV-1/8, the genome of a
previously characterized HAstV-8 (Mendez-Toss et al., 2000) was used.
The HAstV-8 strain was passaged once in Caco-2 cells. The viral RNA
genome was isolated from infected cell lysates using the PureLink RNA
Mini Kit (Ambion, Carlsbad, CA USA) and reverse transcribed using M-
MuLV reverse transcriptase (New England Biolabs Ipswich, MA USA).
The cDNA corresponding to ORF 2 was amplified by PCR using
PfuUltraII Hotstart (Agilent Technologies Santa Clara, CA USA). The
HAstV-8 fragment containing the ORF2 of HAstV-8 was digested with
NcoI and SpeI (Fig. 1B). The vector pT7CFE1-CHis (Thermo Fisher,
Pierce), also digested with NcoI and SpeI, was ligated with the HAstV-8
ORF2 DNA amplicon, generating the plasmid pT7CFE-HAstV-8 ORF2.
To obtain the ORF1a and ORF1b of serotype 1, a full genome-length
cDNA clone of the reference strain HAstV-1 (pAVIC) (Geigenmuller
et al., 1997) was used as a template using the oligos listed in Table 1.
The resulting PCR product containing HAstV-1 ORF1a and ORF1b was
digested with NcoI and ligated into the pT7CFE-HAstV-8 ORF2. The
backbone clone was digested with MscI and NcoI enzymes and the
fragment HAstV-1 containing ORF1a and ORF1b was digested with
NcoI. Vector and insert were ligated to generate the pT7CFE-HAstV
chimeric 1/8 plasmid (pT7HAstV 1/8) (Fig. 1C). The final plasmid was
subjected to nucleotide sequencing to verify the construction, as de-
tailed in (Fig. 1D).

4.3. RNA extraction and sequencing

Viral RNA was extracted from the clarified cell extracts, after
freezing and thawing he cells three times, using the PureLink RNA Mini
Kit (Ambion). Reverse transcription coupled to PCR (RT-PCR) was
performed using the M-MuLV reverse transcriptase. cDNA corre-
sponding to the full-length genome of the HAstV chimera 1/8 was
amplified by PCR using PfuUltraII Hotstart and the primers listed in
Table 1.

4.4. Recovery of the recombinant HAstV 1/8 virus

HEK293T-T7 cells (2× 105 cells/well) were plated in 12-well plates
in Adv-DMEM supplemented with 2mM glutamine, 10% FBS, and in-
cubated for 24 h at 370C. Cells at 80% of confluence were transfected
with the pT7HAstV 1/8 using Lipofectamine 3000 reagent (Life
Technologies, Carlsbad, CA, USA) following the manufacturer's in-
structions. After transfection, the cells were incubated for 48 h at 37°C,
and then lysed by three freeze and thaw cycles. The lysates were clar-
ified, and the virus present in the clarified lysates was activated with
200 μg/ml of trypsin for 1 h at 37 °C. For amplification of the HAstV
chimeric 1/8 genome, 500 μl of the clarified transfection supernatant
was used to infect a 100 cm2 cell culture dish seeded with 7× 106

CaCo-2 cells in FBS-free MEM. After 1 h of adsorption, the monolayer
was washed and FBS-free MEM supplemented with 0.5 μg/ml of trypsin
was added and incubated for 48 h at 37 °C.

4.5. Analysis of virus yields per infected cell

To compare the yield of recovered chimeric virus with wild-type
HAstV-1 and HAstV-8, Caco-2 cells were infected with increasing mul-
tiplicities of infection (MOI) and incubated for 16 h at 37 °C. After this
time the cells were harvested and lysed by three freeze-thaw cycles, and
the titer of the virus produced was determined by an im-
munoperoxidase assay (Mendez et al., 2004). To determine the number
of viral particles produced per cell, an infection was performed in
parallel using the same MOIs and in this case the infection was allowed
to proceed for 16h, time at which the cells were fixed and im-
munostained to determine the number of infected cells. To calculate the
virus yield per cell, the viral titers obtained were divided by the number
of infected cells observed at each corresponding MOI. We compared the
resulting number of viruses produced per cell by the different viruses
using the Wilcox matched-pairs signed rank test. Differences between
groups were considered to be significant at a P value of< 0.05. Sta-
tistical analyses were performed with GraphPad Prism 6.0 (GraphPad
Software, Inc., San Diego, CA).

4.6. Virus infectivity assay

Viral titers were determined by an immunoperoxidase assay, as
described previously (Mendez et al., 2004). Briefly, monolayers of
virus-infected Caco-2 cells were fixed with ice-cold 100% methanol for
15min at room temperature. The cells were permeabilized by in-
cubating with PBS containing 0.5% Triton-X, and the infected cells were
detected using a rabbit hyperimmune serum directed to the capsid
protein (Mendez et al., 2004), followed by incubation with a secondary
goat anti-rabbit polyclonal antibody conjugated with peroxidase. The
secondary antibody was detected using 3-amino-9-ethyl-carbazole
(Sigma Chemical Co., St. Louis, MO) as a substrate.

4.7. Indirect immunofluorescence assay (IFA)

Caco-2 cells seeded on glass coverslips in 48-well plates
(1.35×105 cells/coverslip), were infected with either the chimeric
virus or the wild-type serotype 1 or 8 viruses at an MOI of 0.5, and
incubated for 16 h at 37 °C. The cells were then fixed with 2%
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paraformaldehyde (Sigma) in PBS for 20min at room temperature, and
permeabilized with 0.5% Triton X-100 (Sigma) in blocking solution (1%
BSA/PBS, 50mM NH4Cl) for 15min. Fixed and permeabilized mono-
layers were incubated overnight with either anti-spike1 or anti-spike8
polyclonal rabbit antibodies diluted 1:1000 in blocking solution
(Espinosa et al., 2019). The cells were washed thoroughly with 50mM
NH4Cl NH4Cl in PBS, and then incubated with Alexa Fluor 488-con-
jugated goat anti-rabbit IgG (Invitrogen) at a dilution of 1:1000 for
1 h at room temperature. The nuclei were stained with 30 nM DAPI
(4′,6-diamidino-2-fenilindol, Invitrogen TM, USA). The coverslips were
mounted with Citifluor AF1 (Electron Microscopy Sciences, Hatfield,
USA), and the images were obtained using an epifluorescence micro-
scope (Zeiss, Axioskop 2, Alemania) coupled to a digital camera (Pho-
tometrics Cool Snap HQ).

Conflicts of interest

The authors declare that there are no conflicts of interest.

Funding information

This work was partially supported by grants from DGAPA, UNAM
(IG200317 and IN208317) and the National Council for Science and
Technology-Mexico (CONACYT) (A1-S-9477), and by grant
1R01AI144090-01, subaward A19-0466-S001-P0704071 (to C.F.A.),
from the National Institutes of Health, U.S.A.

Acknowledgements

We are grateful to Dr. Michelle Arnold for critically reading of the
manuscript, and to Montserrat Elemi García Hernández for help with
Fig. 3.

We thank P. Gaytán Colín, E. López-Bustos, and S. Becerra Ramírez
from the Unidad de Síntesis y Secuenciación de DNA, Instituto de
Biotecnología, UNAM, for synthesis of the oligonucleotides used in this
work.

References

Alvarez, D.E., Lodeiro, M.F., Luduena, S.J., Pietrasanta, L.I., Gamarnik, A.V., 2005 Jun.
Long-range RNA-RNA interactions circularize the dengue virus genome. J. Virol. 79
(11), 6631–6643 PubMed PMID: 15890901. Pubmed Central PMCID: 1112138.

Bass, D.M., Qiu, S., 2000 Feb. Proteolytic processing of the astrovirus capsid. J. Virol. 74
(4), 1810–1814 PubMed PMID: 10644354. Pubmed Central PMCID: 111659.

Bosch SG, A., Krishna, N.K., Méndez, E., Monroe, S.S., Pantin-Jackwood, M., Schultz-
Cherry, S., 2011. Family astroviridae. In: King, A.M.Q.A.M., Carstens, E.B., Lefkowitz,
E.J. (Eds.), Virus Taxonomy: Classification and Nomenclature of Viruses (Ninth
Report of the International Committee on the Taxonomy of Viruses). Elsevier, San
Diego, pp. 953–959.

Brinker, J.P., Blacklow, N.R., Herrmann, J.E., 2000. Human astrovirus isolation and
propagation in multiple cell lines. Arch. Virol. 145 (9), 1847–1856 PubMed PMID:
11043945.

Buchholz, U.J., Finke, S., Conzelmann, K.K., 1999 Jan. Generation of bovine respiratory
syncytial virus (BRSV) from cDNA: BRSV NS2 is not essential for virus replication in
tissue culture, and the human RSV leader region acts as a functional BRSV genome
promoter. J. Virol. 73 (1), 251–259 PubMed PMID: 9847328. Pubmed Central
PMCID: 103829.

Chapellier, B., Tange, S., Tasaki, H., Yoshida, K., Zhou, Y., Sakon, N., et al., 2015 Oct.
Examination of a plasmid-based reverse genetics system for human astrovirus.
Microbiol. Immunol. 59 (10), 586–596 PubMed PMID: 26272702.

Chu, D.K., Chin, A.W., Smith, G.J., Chan, K.H., Guan, Y., Peiris, J.S., et al., 2010 Oct.
Detection of novel astroviruses in urban brown rats and previously known astro-
viruses in humans. J. Gen. Virol. 91 (Pt 10), 2457–2462 PubMed PMID: 20554799.
Pubmed Central PMCID: 3052596.

Cordey, S., Vu, D.L., Schibler, M., L'Huillier, A.G., Brito, F., Docquier, M., et al., 2016
May. Astrovirus MLB2, a new gastroenteric virus associated with meningitis and
disseminated infection. Emerg. Infect. Dis. 22 (5), 846–853 PubMed PMID:
27088842. Pubmed Central PMCID: 4861523.

Espinosa, R., Lopez, T., Bogdanoff, W.A., Espinoza, M.A., Lopez, S., DuBois, R.M., et al.,
2019 Jan 15. Isolation of neutralizing monoclonal antibodies to human astrovirus
and characterization of virus variants that escape neutralization. J. Virol. 93 (2)
PubMed PMID: 30355681. Pubmed Central PMCID: 6321937.

Finkbeiner, S.R., Kirkwood, C.D., Wang, D., 2008 Oct 14. Complete genome sequence of a
highly divergent astrovirus isolated from a child with acute diarrhea. Virol. J. 5, 117
PubMed PMID: 18854035. Pubmed Central PMCID: 2576171.

Fuchs, A.L., Neu, A., Sprangers, R., 2016 Sep. A general method for rapid and cost-effi-
cient large-scale production of 5' capped RNA. RNA 22 (9), 1454–1466 PubMed
PMID: 27368341. Pubmed Central PMCID: 4986899.

Fuentes, C., Bosch, A., Pinto, R.M., Guix, S., 2012 Sep. Identification of human astrovirus
genome-linked protein (VPg) essential for virus infectivity. J. Virol. 86 (18),
10070–10078 PubMed PMID: 22787221. Pubmed Central PMCID: 3446559.

Geigenmuller, U., Ginzton, N.H., Matsui, S.M., 1997 Feb. Construction of a genome-
length cDNA clone for human astrovirus serotype 1 and synthesis of infectious RNA
transcripts. J. Virol. 71 (2), 1713–1717 PubMed PMID: 8995706. Pubmed Central
PMCID: 191237.

Guo, L., Gonzalez, R., Wang, W., Li, Y., Paranhos-Baccala, G., Vernet, G., et al., 2010 Feb
8. Complete genome sequence of human astrovirus genotype 6. Virol. J. 7, 29
PubMed PMID: 20137100. Pubmed Central PMCID: 2829535.

Hata, A., Kitajima, M., Haramoto, E., Lee, S., Ihara, M., Gerba, C.P., et al., 2018 Aug 7.
Next-generation amplicon sequencing identifies genetically diverse human astro-
viruses, including recombinant strains, in environmental waters. Sci. Rep. 8 (1),
11837 PubMed PMID: 30087387. Pubmed Central PMCID: 6081416.

Jeong, H.S., Jeong, A., Cheon, D.S., 2012 Mar. Epidemiology of astrovirus infection in
children. Korean journal of pediatrics 55 (3), 77–82 PubMed PMID: 22474461.
Pubmed Central PMCID: 3315622.

Kobayashi, T., Antar, A.A., Boehme, K.W., Danthi, P., Eby, E.A., Guglielmi, K.M., et al.,
2007 Apr 19. A plasmid-based reverse genetics system for animal double-stranded
RNA viruses. Cell Host Microbe 1 (2), 147–157 PubMed PMID: 18005692. Pubmed
Central PMCID: 2034303.

Kumar, S., Stecher, G., Tamura, K., 2016 Jul. MEGA7: molecular evolutionary genetics
analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33 (7), 1870–1874 PubMed
PMID: 27004904.

Lum, S.H., Turner, A., Guiver, M., Bonney, D., Martland, T., Davies, E., et al., 2016 Dec.
An emerging opportunistic infection: fatal astrovirus (VA1/HMO-C) encephalitis in a
pediatric stem cell transplant recipient. Transpl. Infect. Dis. : an official journal of the
Transplantation Society 18 (6), 960–964 PubMed PMID: 27632248.

Mendez, E., Salas-Ocampo, E., Arias, C.F., 2004 Aug. Caspases mediate processing of the
capsid precursor and cell release of human astroviruses. J. Virol. 78 (16), 8601–8608
PubMed PMID: 15280469. Pubmed Central PMCID: 479052.

Mendez-Toss, M., Romero-Guido, P., Munguia, M.E., Mendez, E., Arias, C.F., 2000 Dec.
Molecular analysis of a serotype 8 human astrovirus genome. J. Gen. Virol. 81,
2891–2897 PubMed PMID: WOS:000165764800009. English.

Mitchell, D.K., Matson, D.O., Jiang, X., Berke, T., Monroe, S.S., Carter, M.J., et al., 1999
Aug. Molecular epidemiology of childhood astrovirus infection in child care centers.
J. Infect. Dis. 180 (2), 514–517 PubMed PMID: 10395872.

Pekosz, A., He, B., Lamb, R.A., 1999 Aug 3. Reverse genetics of negative-strand RNA
viruses: closing the circle. Proc. Natl. Acad. Sci. U.S.A. 96 (16), 8804–8806 PubMed
PMID: 10430844. Pubmed Central PMCID: 33685.

Quan, P.L., Wagner, T.A., Briese, T., Torgerson, T.R., Hornig, M., Tashmukhamedova, A.,
et al., 2010 Jun. Astrovirus encephalitis in boy with X-linked agammaglobulinemia.
Emerg. Infect. Dis. 16 (6), 918–925 PubMed PMID: 20507741. Pubmed Central
PMCID: 4102142.

Racaniello, V., Baltimore, D., 1981. Cloned poliovirus complementary DNA is infectious
in mammalian cells. Science 214 (4523), 916–919.

Rivera, R., Nollens, H.H., Venn-Watson, S., Gulland, F.M., Wellehan Jr., J.F., 2010 Jan.
Characterization of phylogenetically diverse astroviruses of marine mammals. J. Gen.
Virol. 91 (Pt 1), 166–173 PubMed PMID: 19759240.

Sandoval-Jaime, C., Gutierrez-Escolano, A.L., 2009 May 10. Cellular proteins mediate 5'-
3' end contacts of Norwalk virus genomic RNA. Virology 387 (2), 322–330 PubMed
PMID: 19324388.

Sandoval-Jaime, C., Green, K.Y., Sosnovtsev, S.V., 2015 Jun 1. Recovery of murine nor-
ovirus and feline calicivirus from plasmids encoding EMCV IRES in stable cell lines
expressing T7 polymerase. J. Virol Methods 217, 1–7 PubMed PMID: 25698463.
Pubmed Central PMCID: 4380611.

Shimizu, M., Shirai, J., Narita, M., Yamane, T., 1990 Feb. Cytopathic astrovirus isolated
from porcine acute gastroenteritis in an established cell line derived from porcine
embryonic kidney. J. Clin. Microbiol. 28 (2), 201–206 PubMed PMID: 2107200.
Pubmed Central PMCID: 269575.

Sosnovtsev, S., Green, K.Y., 1995 Jul 10. RNA transcripts derived from a cloned full-
length copy of the feline calicivirus genome do not require VpG for infectivity.
Virology 210 (2), 383–390 PubMed PMID: 7618275.

Speroni, S., Rohayem, J., Nenci, S., Bonivento, D., Robel, I., Barthel, J., et al., 2009 Apr
17. Structural and biochemical analysis of human pathogenic astrovirus serine pro-
tease at 2.0 A resolution. J. Mol. Biol. 387 (5), 1137–1152 PubMed PMID: 19249313.

Stobart, C.C., Moore, M.L., 2014 Jun 25. RNA virus reverse genetics and vaccine design.
Viruses 6 (7), 2531–2550 PubMed PMID: 24967693. Pubmed Central PMCID:
4113782.

Velazquez-Moctezuma, R., Banos-Lara Mdel, R., Acevedo, Y., Mendez, E., 2012 Feb.
Alternative cell lines to improve the rescue of infectious human astrovirus from a
cDNA clone. J. Virol Methods 179 (2), 295–302 PubMed PMID: 22115787.

Vu, D.L., Bosch, A., Pinto, R.M., Guix, S., 2017 Feb 18. Epidemiology of classic and novel
human astrovirus: gastroenteritis and beyond. Viruses 9 (2) PubMed PMID:
28218712. Pubmed Central PMCID: 5332952.

Walter, J.E., Briggs, J., Guerrero, M.L., Matson, D.O., Pickering, L.K., Ruiz-Palacios, G.,
et al., 2001 Dec. Molecular characterization of a novel recombinant strain of human
astrovirus associated with gastroenteritis in children. Arch. Virol. 146 (12),
2357–2367 PubMed PMID: 11811685.

Wolfaardt, M., Kiulia, N.M., Mwenda, J.M., Taylor, M.B., 2011 Feb. Evidence of a re-
combinant wild-type human astrovirus strain from a Kenyan child with gastro-
enteritis. J. Clin. Microbiol. 49 (2), 728–731 PubMed PMID: 21106800. Pubmed
Central PMCID: 3043485.

Woode, G.N., Gourley, N.E., Pohlenz, J.F., Liebler, E.M., Mathews, S.L., Hutchinson, M.P.,
1985 Oct. Serotypes of bovine astrovirus. J. Clin. Microbiol. 22 (4), 668–670 PubMed
PMID: 3935665. Pubmed Central PMCID: 268492.

C. Sandoval-Jaime, et al. Virology 535 (2019) 130–135

135

http://refhub.elsevier.com/S0042-6822(19)30180-1/sref1
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref1
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref1
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref2
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref2
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref3
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref3
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref3
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref3
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref3
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref4
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref4
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref4
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref5
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref5
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref5
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref5
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref5
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref6
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref6
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref6
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref7
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref7
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref7
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref7
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref8
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref8
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref8
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref8
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref9
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref9
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref9
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref9
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref10
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref10
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref10
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref11
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref11
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref11
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref12
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref12
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref12
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref13
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref13
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref13
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref13
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref14
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref14
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref14
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref15
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref15
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref15
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref15
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref16
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref16
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref16
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref17
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref17
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref17
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref17
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref18
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref18
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref18
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref19
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref19
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref19
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref19
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref20
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref20
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref20
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref21
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref21
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref21
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref22
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref22
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref22
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref23
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref23
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref23
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref26
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref26
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref26
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref26
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref27
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref27
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref28
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref28
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref28
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref29
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref29
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref29
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref30
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref30
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref30
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref30
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref31
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref31
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref31
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref31
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref32
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref32
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref32
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref33
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref33
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref33
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref34
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref34
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref34
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref35
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref35
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref35
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref36
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref36
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref36
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref37
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref37
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref37
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref37
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref38
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref38
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref38
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref38
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref39
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref39
http://refhub.elsevier.com/S0042-6822(19)30180-1/sref39

	Development of a novel DNA based reverse genetics system for classic human astroviruses
	Introduction
	Results
	Design of a plasmid expressing a chimeric HAstV genome
	Antigenic and sequence characterization of infectious virus particles generated by cell transfection of pT7HAstV 1/8
	Analysis of virus yield per cell

	Discussion
	Materials and methods
	Viruses and cells
	Construction of the chimeric HAstV-1/8 clone
	RNA extraction and sequencing
	Recovery of the recombinant HAstV 1/8 virus
	Analysis of virus yields per infected cell
	Virus infectivity assay
	Indirect immunofluorescence assay (IFA)

	Conflicts of interest
	Funding information
	Acknowledgements
	References




