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In Brief

Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has caused
a devastating global pandemic. Xie et al.
generated an infectious cDNA clone of
SARS-CoV-2 and a mNeonGreen reporter
virus. Recombinant SARS-CoV-2 and
reporter virus replicate as efficiently as
the original clinical isolate.
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SUMMARY

The ongoing pandemic of COVID-19, caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), underscores the urgency to develop experimental systems for studying this virus and identifying
countermeasures. We report a reverse genetic system for SARS-CoV-2. Seven complimentary DNA
(cDNA) fragments spanning the SARS-CoV-2 genome were assembled into a full-genome cDNA. RNA tran-
scribed from the full-genome cDNA was highly infectious after electroporation into cells, producing 2.9 x 10°
plague-forming unit (PFU)/mL of virus. Compared with a clinical isolate, the infectious-clone-derived SARS-
CoV-2 (icSARS-CoV-2) exhibited similar plaque morphology, viral RNA profile, and replication kinetics. Addi-
tionally, icSARS-CoV-2 retained engineered molecular markers and did not acquire other mutations. We
generated a stable mNeonGreen SARS-CoV-2 (icSARS-CoV-2-mNG) by introducing this reporter gene into
ORF?7 of the viral genome. icSARS-CoV-2-mNG was successfully used to evaluate the antiviral activities of
interferon (IFN). Collectively, the reverse genetic system and reporter virus provide key reagents to study

SARS-CoV-2 and develop countermeasures.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
emerged in early 2020 with human cases in Wuhan, China (Zhou
etal., 2020; Zhu et al., 2020). It has rapidly rampaged worldwide,
causing a pandemic of coronavirus disease (COVID-19) that
ranges from fever and breathing difficulty to acute respiratory
distress and death (Huang et al., 2020; Zhu et al., 2020). With
over 300,000 people infected in less than 3 months, SARS-
CoV-2 causes the most severe disease in older patients and
people with co-morbidities, including heart disease, diabetes,
and other health conditions (Wu and McGoogan, 2020). Before
2019, six a- and B-coronaviruses were known to cause respira-
tory diseases of different severity, including four common cold
coronaviruses (229E, NL63, OC43, and HKU1) and two highly
pathogenic coronaviruses (severe acute respiratory syndrome
[SARS-CoV] and Middle East respiratory syndrome [MERS-
CoV], which emerged in 2003 and since 2012, respectively) (As-
siri et al., 2013; Huang et al., 2020). Importantly, with massive
hospitalization rates and high mortality, SARS-CoV-2 remains

L)

a major threat to humankind and intervention strategies are be-
ing rapidly pursued.

A key tool in responding to emergent viruses is the generation
of reverse genetic systems to explore and characterize new
pathogens. Classically, reverse genetic systems for coronavi-
ruses have been complicated by their large genome size
(~30,000 nucleotides) and the existence of bacteriotoxic ele-
ments in their genome that make them difficult to propagate (Al-
mazan et al., 2014). Several approaches have been devised to
overcome this barrier, such as multiple plasmid systems to
disrupt toxic elements and to reduce deletions and mutations
(Yount et al., 2002). Using this approach, researchers have
developed infectious clones for several coronaviruses, including
SARS-CoV, MERS-CoV, and others (Menachery et al., 2015;
Menachery et al., 2016; Scobey et al., 2013; Yount et al.,
2003). Thao et al., (2020) recently reported a yeast-based syn-
thetic genomics platform for rapid construction of infectious
clones for murine hepatitis coronavirus (MHV-CoV), MERS-
CoV, and SARS-CoV-2. However, the yeast-platform-produced
SARS-CoV-2 has not been fully characterized for its biological
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properties (e.g., replication kinetics) in comparison with its orig-
inal clinical isolate. Such characterization is essential for
ensuring the quality of the genetic system to rescue recombinant
viruses that recapitulate the biological features of their corre-
sponding clinical isolates. Once validated, the reverse genetic
systems allow rapid characterization of novel viruses, develop-
ment of reporter viruses, and generation of live-attenuated vac-
cine candidates to respond to emerging infections. Together
with animal pathogenesis models, reverse genetic systems offer
powerful tools needed to characterize, understand, and respond
to emerging virus outbreaks.

In response to the ongoing pandemic of SARS-CoV-2, we
have developed a robust reverse genetic system for SARS-
CoV-2 and a mNeonGreen reporter virus. Recombinant virus
derived from the system recapitulates the replication kinetics
of the original clinical isolates. In addition, the mNeonGreen re-
porter remains stable for at least five passages, allowing its
use in long-term studies. Using type | interferon (IFN), we demon-
strated that the mNeonGreen virus could be reliably used to
study viral replication and pathogenesis as well as to develop
vaccines and antiviral drugs.

RESULTS

Design of a SARS-CoV-2 Full-Length cDNA

We designed an in vitro ligation approach, similar to that used for
constructing the infectious clones of SARS-CoV and MERS-CoV
(Scobey et al., 2013; Yount et al., 2003), to directionally assemble
the full-length complimentary DNA (cDNA) of the SARS-CoV-2
genome (Figure 1A). Our reverse genetic system was based on
the virus strain (2019-nCoV/USA_WA1/2020) isolated from the
first reported SARS-CoV-2 case in the US (Harcourt et al., 2020;
Holshue et al., 2020). Viral RNA, extracted from the passage 4 vi-
rus from Vero E6 cells, was used as a template for RT-PCR to pro-
duce cDNA fragments. Seven contiguous cDNA fragments were
constructed to cover the entire viral genome (Figure 1B). Some
of the seven cDNA fragments were prepared through RT-PCR,
whereas others were generated by chemical synthesis (see
Method Details). All cDNA fragments were individually cloned
into plasmid vectors. For facilitating directional assembly of
genome-length cDNA, each cDNA fragment was flanked by a
class IS restriction endonuclease site (Bsal or Esp3I). The class
IIS endonucleases recognize asymmetric DNA sequences,
cleave outside their recognition sequences, and generate unique
cohesive overhangs (Figure 1C). After digestion with Bsal or
Esp3l, the seven fragments were directionally ligated to assemble
the genome-length cDNA. The unique cohesive ends of each
fragment ensured one directional, seamless assembly of the
seven fragments with the concomitant loss of the restriction
enzyme sites. Figure 1C depicts the details of the seven frag-
ments: F1 (T7 promoter sequence plus nucleotides 1-3,618), F2
(nucleotides 3,619-7,504), F3 (nucleotides 7,505-11,984), F4 (nu-
cleotides 11,985-17,591), F5 (nucleotides 17,592-22,048), F6
(nucleotides 22,049-26,332), and F7 (nucleotides 26,333-
29,870 plus a poly(A)»g sequence). We engineered a T7 promoter
and a poly(A).g tail at the upstream end of F1 and the downstream
end of F7, respectively. In vitro transcription of the ligated F1-F7
DNA was expected to produce a 5' capped (because cap analog
was included in the in vitro transcription reaction) and 3’ polyade-
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nylated genome-length RNA. To differentiate the infectious clone-
derived virus from the parental clinical isolate, we engineered
three synonymous nucleotide mutations as markers.

Assembly of a SARS-CoV-2 Full-Length cDNA

We cloned each of the seven cDNA fragments into a plasmid and
sequenced them to ensure no undesired mutations. For assembly
of full-length cDNA, the seven cDNA plasmids were digested with
Bsal or Esp3l. The resulting cDNA fragments were gel-purified
(Figure 1D) then in vitro ligated to assemble the genome-length
cDNA in three steps: (1) ligation of F1, F2, F3, and F4 to produce
F1-4 cDNA,; (2) ligation of F5, F6, and F7 to produce F5-7 cDNA;
and (3) ligation of F1-4 and F5-7 to produce the full-length F1-7
cDNA. Agarose gel analysis of the ligation (3) reaction showed a
major DNA product representing the size of genome-length
cDNA (~29.87 kb, indicated by an arrow in Figure 1E) in addition
to several smaller intermediate cDNA products (indicated by cir-
cles). In vitro transcription using the cDNA template (directly from
ligation (3) without gel purification) generated multiple RNA bands,
among which a faint high molecular band might represent the
genome-length RNA (indicated by an arrow in Figure 1F) together
with several smaller RNA transcripts (indicated by circles).

Recovery of Recombinant SARS-CoV-2

To recover recombinant SARS-CoV-2 from the infectious cDNA
clone (icSARS-CoV-2), we electroporated in-vitro-transcribed
genome-length RNA into Vero E6 cells. We directly electropo-
rated the RNA transcription mixture from Figure 1F into cells
without purification. Given that N protein was reported to
enhance the infectivity of coronavirus RNA transcripts (Curtis
etal., 2002; Yount et al., 20083; Yount et al., 2002), we co-electro-
porated an mRNA encoding the SARS-CoV-2 N protein with the
full-length RNA. The transfected cells developed cytopathic ef-
fects (CPEs) on day 4 after transfection and produced infectious
virus (denoted as passage 0 (PO) virus) with a titer of 2.9 x 10°
plague-forming units (PFU)/mL (Figure 2A). It is worth empha-
sizing that such a high titer of recombinant virus was produced
directly from the electroporated cells without additional rounds
of cell culture passaging, indicating the robustness of the system
and also suggesting a lack of any errors. Next, we compared the
replication properties between the recombinant virus and the
original clinical isolate. The wild-type icSARS-CoV-2 (icSARS-
CoV-2-WT) developed plaques similar to the original clinical
isolate (Figure 2B) and exhibited equivalent replication kinetics
on Vero E6 cells (Figure 2C). We did not extend the time points
of replication beyond 48 h because CPEs were observed at
40-48 h after infection. Northern blot analysis showed that viral
messenger RNA (mRNA) species from the clinical-isolate-in-
fected cells and the icSARS-CoV-2-infected cells were identical
to the predicted set of genome-length RNA and eight subge-
nomic RNAs (Figure 2D). Full-genome sequencing showed that
the recombinant virus retained the three engineered synony-
mous mutations with no other sequence changes, demon-
strating the rescued virus did not result from contamination by
the parental virus isolate (Figure 2E). Furthermore, the DNA
sequencing chromatogram did not show any partial reversion
of the three engineered molecular markers (Figure 2F). Collec-
tively, the results demonstrate that (1) the in-vitro-transcribed
full-length RNA is highly infectious upon electroporation into
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Figure 1. Assembly of a Full-Length SARS-CoV-2 Infection cDNA Clone

(A) Genome structure SARS-CoV-2. The open reading frames (ORFs) from the full genome are indicated.

(B) Strategy for in vitro assembly of an infectious cDNA clone of SARS-CoV-2. The nucleotide sequences and genome locations of the cohesive overhangs are
indicated. The WT full-length (FL) cDNA of SARS-CoV-2 (IC WT) was directionally assembled using in vitro ligation.

(C) Diagram of the terminal sequences of each cDNA fragment recognized by Bsal and Esp3I.

(D) Gel analysis of the seven purified cDNA fragments. Individual fragments (F1-F7) were digested from corresponding plasmid clones and gel purified. Seven
purified cDNA fragments (50-100 ng) were analyzed on a 0.6% native agarose gel. The 1-kb DNA ladders are indicated.

(E) Gel analysis of cDNA ligation products. About 400 ng of purified ligation product was analyzed on a 0.6% native agarose gel. Triangle indicates the FL cDNA
product. Circles indicate the intermediate cDNA products.

(F) Gel analysis of RNA transcripts. About 1 ug of in-vitro-transcribed (IVT) RNAs were analyzed on a 0.6% native agarose gel. DNA ladders are indicated. Because
this is a native agarose gel, the DNA size is not directly corelated to the RNA size. Triangle indicates the genome-length RNA transcript. Circles show the shorter
RNA transcripts.

cells, and (2) the recombinant virus recapitulates the replication
properties of the original clinical isolate on Vero E6 cells.

(mNG) gene into the ORF7 of viral genome (Figure 3A), similar to
the SARS-CoV reporter (Sims et al., 2005). The samein vitro ligation
and transcription protocols (described above) were used to pre-
pare the mNG full-length RNA. After electroporation, we recovered
icSARS-CoV-2-mNG (6.9 x 10° PFU/mL). To examine whether the
reporter gene attenuates viral replication, we compared the repli-
cation properties between the WT and reporter viruses on Vero
E6 cells. The icSARS-CoV-2-mNG produced plaques similar to

Development and Characterization of mNeonGreen
SARS-CoV-2

Reporter viruses are useful tools to study viral replication and path-
ogenesis and to develop countermeasures. To establish a reporter
SARS-CoV-2 infectious clone, we engineered an mNeonGreen

Cell Host & Microbe 27, 841-848, May 13, 2020 843
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Figure 2. Characterization of the IC WT

(A) Bright-field images of the Vero E6 cells electroporated with RNA transcripts. CPEs appeared in the IC-WT-RNA-transfected cells on day 4 after transfection.
The titer of the PO virus (directly from the transfected cells) is shown in PFUs per ml.
(B) Plague morphology of the original clinical isolate (WA1 = 2019-nCoV/USA_WA1/2020) and the recombinant P1 IC WT virus. Plaques were developed in Vero

E6 cells on day 2 after infection.

(C) Replication kinetics. Vero E6 cells were infected with the clinical isolate or recombinant P1 1C WT virus at MOI 0.01. Viruses in culture fluids were quantified by
plaque assay. Results from triplicate experiments were presented with error bars indicating standard deviations.

(D) Northern blot analysis of FL and subgenomic RNAs. Numbers indicated the FL (band 1) and eight subgenomic RNAs (bands 2-9).

(E) Sequence differences between the original clinical isolate WA1 and the recombinant P1 IC WT. The three silent nucleotide changes were engineered as

molecular markers.

(F) Chromatograms of Sanger sequencing results. The engineered molecular maker mutations are indicated.

those of the icSARS-CoV-WT (compare Figure 3B with 2B). Indis-
tinguishable replication kinetics were observed for the icSARS-
CoV-2-mNG and icSARS-CoV-WT (Figure 3C). Infection with
icSARS-CoV-2-mNG developed increasing numbers of mNG-
positive cells over time (Figure 3D). Concurrently, the fluorescent
signals increased from 12 to 48 h after infection (Figure 3E). At
12-36 h after infection, the level of fluorescent signal correlated
with the initial multiplicities of infection (MOIs), whereas a reverse
trend was observed at 48 h after infection, most likely due to earlier
CPEs caused by the higher MOI. Full-genome sequencing showed
that icSARS-CoV-2-mNG retained the three engineered markers
with no additional mutations (Figure 3F). These results indicate
that icSARS-CoV-2-mNG is initially stable, maintains the WT repli-
cation, and expresses robust mNG in Vero E6 cells.

Stability of icSARS-CoV-2-mNG

To examine the longer-term stability of icSARS-CoV-2-mNG, we
serially passaged the reporter virus on Vero cells for 5 rounds
(1-2 days per round). Cells infected with equal PFU of passage
1 (P1) or passage 5 (P5) viruses produced comparable numbers
of mMNG-positive cells (Figure 4A). Next, RT-PCR was performed
to verify the retention of mNG in the P1 and P5 viral genomes by
using two primers targeting the insertion junctions (corresponding
to nucleotides 25,068-28,099 of the viral genome). As expected,
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the RT-PCR products derived from both P1 and P5 mNG viruses
were larger than those from the WT icSARS-CoV-2 (Figure 4B,
lanes 1-3). Digestion of the RT-PCR products with BsrGil (located
upstream of the mNG insertion site) and Stul (in the mNG gene)
developed distinct cleavage patterns between the reporter and
WT viruses, whereas P1 and P5 viruses produced an identical
digestion pattern (Figure 4B, lanes 4-6). Finally, sequencing the
P1 and P5 RT-PCR products confirmed the retention of the
mNG gene (data not shown). Altogether, the results demonstrate
the stability oficSARS-CoV-2-mNG after five rounds of passaging
on Vero E6 cells. Given that Vero E6 cells are defective in type 1
IFN production, it remains to be tested whether the reporter virus
is stable when passaged on interferon-competent cell lines.

Application of icSARS-CoV-2-mNG

To explore the utility of icSARS-CoV-2-mNG, we used the
reporter virus to rapidly screen the antiviral activity of a known in-
hibitor of coronaviruses. We previously showed that pre-treat-
ment of Vero cells with type 1 IFN inhibits SARS-CoV-2 replica-
tion (Lokugamage et al., 2020). Here, we explored the dose-
responsive effect of IFN-o pre-treatment on icSARS-CoV-mNG
replication (Figure 4C). No mNG expression was visually
observed when the infected cells were pre-treated with the high-
est dose of IFN-o (1,000 u/mL), whereas a dose-dependent
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Figure 3. Generation of a mNeonGreen SARS-CoV-2

(A) Assembly of the FL mNG SARS-CoV-2 cDNA. The mNG gene was placed downstream of the regulatory sequence of ORF7 to replace the ORF7 sequence

(Sims et al., 2005) in the subclone F7.

(B) Plague morphology of the P1 IC mNG virus. Plaques were developed in Vero E6 cells on day 2 after infection.
(C) Replication kinetics. Vero E6 cells were infected with the IC WT or reporter icSARS-CoV-2-mNG (IC mNG) at MOI of 0.01. Viruses in culture medium were

quantified by plaque assay.

(D) Fluorescence microscopy analysis of P1-mNG-virus-infected cells. Vero E6 cells were infected with P1 mNG viruses at MOI of 0.3. Representative mNG-

positive (green) images are shown.

(E) Kinetics of fluorescence intensity. Vero E6 cells were infected with MOls of 1.0, 0.3, or 0.1. After background signal subtraction, the fluorescence intensities
from 12 to 48 h after infection are shown. Results from triplicate experiments were presented with bars representing standard deviations.
(F) Summary of full-genome sequence of mNG virus (P1 IC mNG). Nucleotides different from the original clinical isolate (WA1) are indicated.

reduction of mNG signal was detected at an intermediate dose
(111 u/mL) (Figure 4D). Quantification of the fluorescent readouts
estimated a concentration inhibiting 50% of viral replication
(ECsp) of 101 u/mL, confirming the inhibition of SARS-CoV-2 by
IFN-o (Figure 4E). This result is consistent with previous findings
that SARS-CoV-2 is sensitive to type 1 IFN inhibition. The reporter
virus assay required fewer days and less labor than with the con-
ventional plague-reduction assay. Collectively, the results indi-
cate that icSARS-CoV-2-mNG could be reliably used to study
SARS-CoV-2 replication and to screen antiviral inhibitors.

DISCUSSION

We report the development of a full-length infectious clone and a
reporter virus for SARS-CoV-2. One of the key ultilities for the

reverse genetic system is to facilitate antiviral testing and thera-
peutic development. The icSARS-CoV-2-mNG reporter virus al-
lows the use of fluorescence as a surrogate readout for viral
replication. Compared with a standard plaque assay or median
tissue culture infectious dose (TCID5p) quantification, the fluores-
cent readout shortens the assay turnaround time by several
days. In addition, the fluorescent readout offers a quantitative
measure that is less labor-intensive than the traditional means
of viral titer reduction. Furthermore, the mNG-virus-based assay
could be automated in a high-throughput format to screen com-
pounds against viral replication. As a proof-of-concept, we
demonstrated that, after treatments with type 1 IFN, the reporter
virus reliably revealed efficacy in a rapid and efficient manner. In
addition, the stability of the mNG reporter virus allows it to be
used for longer-term studies and in vivo without fear of losing

Cell Host & Microbe 27, 841-848, May 13, 2020 845
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Figure 4. Stability and Application of mNeonGreen Virus

The stability of mNG virus was analyzed by comparing the fluorescent signals between the cells infected with P1 and P5 reporter viruses. The presence of MNG
gene in the P1 and P5 reporter viruses was also verified using RT-PCR. The application of mNG virus was examined by testing the antiviral activity of IFN-o
treatment.

(A) Fluorescence microscopy analysis of the P1- and P5-mNG-virus-infected cells. Vero E6 cells were infected with P1 or P5 virus at an MOI of 0.3. The cells were
monitored for mNG-positive signals at 24 h after infection. Color representations are as follows: green, mNG; blue, nucleus.

(B) Gel analysis of mNG virus stability. The top graphic depicts the theoretical results of RT-PCR followed by restriction enzyme digestion. The bottom graphic
shows the gel analysis of the RT-PCR products before (lanes 1-3) and after BsrGl/Stul digestion (lanes 4-6). About 100 ng DNA samples were analyzed on a 0.6%
agarose gel. The DNA sizes are indicated.

(C) Schematic diagram of IFN-o treatment.

(D) Representative fluorescence images of reporter-virus-infected cells after IFN-o treatment. The doses of IFN-a treatment are indicated.

(E) Dose response curve of mNG signal inhibited by IFN-a. The Hillslope and ECs5q values are indicated. Results from triplicate experiments were presented with
bars representing standard deviations.

its fluorescent marker. Thus, this reporter virus offers a huge Our reverse genetic system also allows exploration of
advantage for the research community and pharmaceutical research questions fundamental to understanding the SARS-
companies to develop therapeutics for COVID-19. CoV-2 pandemic. As additional genomic sequences become

Our reverse genetic system represents a major reagent in  available, evolutionary mutations can be interrogated for their ef-
the pursuit of understanding SARS-CoV-2 and COVID-19. fect on viral transmission and disease outcome. For example, a
Compared with the clinical isolate, the recombinant WT SARS-  382-nucleotide deletion covering almost the entire ORF8 of
CoV-2 has no deficit in terms of viral RNA species produced, pla- SARS-CoV-2 was observed in eight hospitalized patients in
que morphology, or replication kinetics. Therefore, it might be  Singapore; virus isolation of the deletion strains has not been re-
used as an equivalent to the clinical strain, and mutant viruses  ported in the study (Su et al., 2020). A four-amino-acid insertion
can be generated to characterize mutational effect on viral infec-  (conferring a possible furin cleavage site) was reported in the
tion. This approach has allowed researchers to identify key viral  spike (S) protein of SARS-CoV-2 but is absent in the S protein
antagonists of innate immunity for SARS-CoV and MERS-CoV  of SARS-CoV and other group-2B CoVs (Coutard et al., 2020).
(Menachery et al., 2015; Totura and Baric, 2012). Several of Using the infectious clone, we can now evaluate the effect of
these mutant viruses have subsequently been employed as these genetic changes by removing the reported sequences
live-attenuated vaccine candidates for SARS-CoV and MERS-  from SARS-CoV-2 and examining their effect on virus replication
CoV (de Wit et al., 2016; Schindewolf and Menachery, 2019).  and S protein processing. In addition, mouse models for SARS-
Using our system, this knowledge might now be applied to the = CoV-2 have been limited by the absence of viruses capable of
current SARS-CoV-2. Characterizing these mutations might pro-  binding to mouse angiotensin-converting enzyme 2 (ACE2)
vide insight into SARS-CoV-2 pathogenesis. (Zhu et al., 2020). Point mutations in the receptor binding domain
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of the SARS-CoV-2 S protein might facilitate mouse adaptation
and development of a model that recapitulates human diseases
in a standard mouse strain. Altogether, the above questions are a
few examples of how our infectious clone can be used to
advance SARS-CoV-2 research.

In summary, we have developed a robust reverse genetic
system for SARS-CoV-2 that can be used to study viral replica-
tion and pathogenesis. We have also established an mNG
reporter SARS-CoV-2 that is a reliable surrogate for high-
throughput drug discovery. The reverse genetic system repre-
sents a major tool for the research community and significantly
advances opportunities for countermeasure development for
COVID-19.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and Virus Strains
E. coli strain Top10 ThermoFisher Scientific Cat#C404006
TransforMax™ EPI300™ Chemically Competent E. coli Lucigen Corporation, Middleton, WI 53562 Cat#C300C105
SARS-CoV strain 2019-nCoV/USA_WA1/2020 (WA1) World Reference Center of Emerging N/A

Viruses and Arboviruses (WRCEVA) at the

University of Texas Medical Branch
Chemicals, Peptides, and Recombinant Proteins
IFN-a A Protein, Recombinant human Millipore Sigma Cat#IF007
Critical Commercial Assays
T7 mMessage mMachine kit Thermo Fisher Scientific Cat#AM1344
Ingenio® Electroporation solution Mirus Bio LLC Cat#MIR 50117
SuperScript™ IV First-Strand Synthesis System Thermo Fisher Scientific Cat#18091300
Platinum™ SuperFi Il DNA Polymerase Thermo Fisher Scientific Cat#12361010

Experimental Models: Cell Lines

Vero E6 cells

ATCC

Cat# CRL-1586; RRID: CVCL_0574

Oligonucleotides

primer Cov-T7-N-F (TACTGTAATACGA CTCAC Integrated DNA Technologies N/A
TATAGGATGTCTGATAATGGACCCCAAAATC) (Skokie, lllinois)

primer polyT-N-R (TTTTTTTTTTTTTITT TTT TTTT Integrated DNA Technologies N/A
TITTTTITTTTTITTITAGGCCT GAGTTGAGTCAGCAC) (Skokie, lllinois)

Recombinant DNA

pUC57-CoV2-F1 This paper N/A
pCC1-CoV2-F2 This paper N/A
pCC1-CoV2-F3 This paper N/A
pUC57-CoV2-F4 This paper N/A
pUC57-CoV2-F5 This paper N/A
pUC57-CoV2-F6 This paper N/A
pCC1-CoV2-F7 This paper N/A
pCC1-CoV2-F7-mNG This paper N/A
Synthesized mNeonGreen gene (sequence-optimized) This paper and Shaner et al., 2013 N/A
Software and Algorithms

ImageJ NIH N/A
Prism 8.0 software GraphPad N/A
lllustrator CC Adobe N/A

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Pei-Yong
Shi (peshi@utmb.edu). Plasmids and virus generated in this study will be made available on request, but we might require a payment
and/or a completed Materials Transfer Agreement if there is potential for commercial application.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Virus and Cell Lines

The stock of SARS-CoV-2 strain 2019-nCoV/USA_WA1/2020 was derived from the first patient diagnosed in the US. The virus isolate
was originally provided by Dr. Natalie Thornburg from the Centers for Disease Control and Prevention in Atlanta, GA as described
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previously (Holshue et al., 2020), and amplified on Vero E6 cells at the World Reference Center for Emerging Viruses and Arboviruses
(WRCEVA) at the University of Texas Medical Branch at Galveston (UTMB). The P5 passage was used in this study.

African green monkey kidney epithelial cells (Vero E6; CRL-1586) were purchased from the American Type Culture Collection
(ATCC, Bethesda, MD) and maintained in a high-glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS; HyClone Laboratories, South Logan, UT) and 1% penicillin/streptomycin (P/S). Cells were grown at 37°C with 5%
CO:.. All culture media and antibiotics were purchased from ThermoFisher Scientific (Waltham, MA). All cell lines were tested negative
for mycoplasma.

METHOD DETAILS

Cloning the SARS-CoV-2 cDNAs

Two approaches were taken to rapidly obtain stable cDNAs of SARS-CoV-2. First, the cDNAs of fragments F1, F4, F5, and F6 were
successfully synthesized from the GenScript company (Piscataway, NJ) and cloned into a high-copy plasmid pUC57. The F1 con-
tains a T7 promoter sequence at the upstream of the 5’ end of the SARS-CoV-2 sequence. Other cDNA fragments were also syn-
thesized but found unstable after cloning into plasmid pUC57. For overcoming this hurdle, the cDNAs of fragments F2, F3, and
F7 were obtained by reverse transcription and PCR (RT-PCR). RT was performed by using the SuperScript IV First-Strand Synthesis
System (ThermoFisher Scientific) with random hexamer primers and extracellular viral RNA (extracted from the supernatants of
SARS-CoV-2-infected Vero E6 cells). The cDNA was used as a template to amplify the fragments F2, F3, and F7 by high fidelity
PCR with the Platinum SuperFi Il DNA Polymerase (ThermoFisher Scientific) according to the manufacturer’s instructions. A poly(T)2g
sequence was introduced by PCR to the 3’ end of the untranslated region of viral genome. The amplicons were cloned into a single-
copy vector pPCC1BAC (Epicenter) to increase the stability of the cDNA plasmids when propagated in E. coli. To ensure a seamless
assembly of the full-length cDNA, we introduced two cleavage sites of class IIS restriction enzymes (Bsal and Esp3l) at both ends of
each sibling cDNA during PCR or gene synthesis. To differentiate the infectious clone-derived virus from the parental clinical isolate
2019-nCoV/USA_WA1/2020, we engineered three silent mutations at nucleotide positions 7,486 (A-to-T change), 7,489 (T-to-A
change), and 18,058 (T-to-C change). For constructing the pCC1-F7-mNG, the gene of mNeonGreen (sequence-optimized) was syn-
thesized and inserted at the downstream of the regulatory sequence of ORF7a to replace the entire ORF7a, according to the study as
described previously (Sims et al., 2005). All subclones were finally validated by Sanger sequencing.

Assembly of a Full-Length SARS-CoV-2 cDNA

To assemble the full-length cDNA, we digested individual cDNA plasmids and purified each cDNA fragment. Specifically, F1, F2, F3
and F4 cDNA fragments were obtained by digesting the corresponding plasmids with enzyme Bsal. F5 and F6 fragments were ob-
tained by digesting the plasmids with enzymes Esp3l and Pvul. F7 and F7-mNG cDNA fragments were obtained by digesting the
corresponding plasmids by Esp3l and SnaBlI. Pvul and SnaBl were included in the digestion to eliminate undesired DNA bands
that co-migrated with the targeted fragments on agarose gels. All fragments after restriction enzyme digestion were separated on
0.6% agarose gels, visualized under a darkreader lightbox (Clare Chemical Research, Dolores, CO), excised, and purified using
the QlAquick Gel Extraction Kit (QIAGEN, Germantown, MD). To assemble the full-length cDNA, we ligated the seven cDNA frag-
ments in a three-step manner. First, equimolar amounts of F1 (0.61 pg), F2 (0.65 ng), F3 (0.75 ng), and F4 (0.94 ug) were ligated in
a PCR tube using T4 DNA ligase in a 40 pl-reaction at 4°C for 18 h, resulting in F1-4 DNA. Second, equimolar amounts of fragments
F5 (0.75 ng), F6 (0.72 ng), and F7 (0.60 pg) were ligated in a separate PCR tube to produce F5-7 DNA using the same ligation con-
ditions. Third, without any DNA purification, the two reactions (containing F1-4 and F5-7) were combined (total 80 pl) and topped with
additional T4 ligase (2 pl), buffer (2 ul) and nuclease-free water (16 pl) to a 100 plL reaction. The final reaction was incubated at 4°C for
18 h to produce the full-length F1-7 DNA. Afterward, the full-length cDNA was phenol/chloroform extracted, isopropanol precipi-
tated, and resuspended in 10 pL nuclease-free water.

RNA Transcription, Electroporation, Virus Production and Quantification

RNA transcript was in vitro synthesized by the mMMESSAGE mMACHINE T7 Transcription Kit (ThermoFisher Scientific) according to
the manufacturer’s instruction with some modifications. A 50 uL reaction was set up by adding 1 ung DNA template and 7.5 uL GTP
(cap analog-to-GTP ratio of 1:1). The reaction was incubated at 32°C for 5 h. After removing the template DNA by nuclease per man-
ufacturer’s protocol, the RNA was phenol/chloroform extracted and isopropanol precipitated. A SARS-CoV-2 N gene transcript was
in vitro transcribed from a DNA template using the mMMESSAGE mMACHINE T7 Transcription Kit with a 2:1 ratio of cap analog to GTP.
The N gene DNA template was prepared by PCR using primer Cov-T7-N-F (tactgTAATACGACTCACTATAGGatgtctgataatggaccc-
caaaatc; the uppercase sequence represents T7 promoter; the underlined sequence represents the 5’ end of N gene) and primer
polyT-N-R [(t)s7aggcctgagttgagtcagcac].

RNA transcripts were electroporated into Vero E6 cells using a protocol as previously described (Shan et al., 2016) with some mod-
ifications. Twenty micrograms of total RNA transcripts (containing both full-length RNA and short RNAs) and 20 ug N gene transcript
were mixed and added to a 4-mm cuvette containing 0.8 mL of Vero E6 cells (8 x 10°) in Ingenio® Electroporation Solution (Mirus).
Single electrical pulse was given with a GenePulser apparatus (Bio-Rad) with setting of 270V at 950 pF. After 5 min recovery at room
temperature, the electroporated cells were seeded into a T-75 flask and incubated at 37°C with 5% CO,. On the next day, the culture
fluid was replaced with 2% FBS DMEM medium. The cells were monitored daily for virus-mediated cytopathic effect (CPE). One
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milliliter of the PO virus was inoculated to a T-175 flask containing 80% confluence Vero E6 cells. The infected cells were incubated at
37°C with 5% CO, for 2-3 days. Culture supernatants (P1) were harvested when CPE occurred. The amount of infectious virus was
determined by a standard plaque assay on Vero E6 cells. All virus cultures were performed in a biosafety level 3 (BSL-3) laboratory
with redundant fans in the biosafety cabinets. All personnel wore powered air purifying respirators (Breathe Easy, 3M) with Tyvek
suits, aprons, booties, and double gloves.

Interferon Treatment

Vero E6 cells were plated as 1.5 x 10 cells/well in a black 96-well plate (Greiner). For interferon treatment, at 6 h post-seeding, cells
were treated with various doses of IFN-a (Millipore Sigma). After 14 h of treatment, the culture fluids were replaced with 2% FBS me-
dium, and P1 I1C mNG viruses were added to the cells at MOI 0.3 with additional IFN-« at corresponding concentrations. At 24 h post-
infection, Hoechst 33342 (ThermoFisher Scientific) was added to a final concentration of 0.1% to counterstain the nucleus. The green
fluorescence signals were detected by Cytation 5 (BioTek) and the infection rate was calculated according to the manufacturer’s
instructions.

RNA Extraction, RT-PCR and Sanger Sequencing

250 plL of culture fluids were mixed with three volumes of TRIzol LS Reagent (Thermo Fisher Scientific). Viral RNAs were extracted per
manufacturer’s instructions. The final RNAs were dissolved in 30 pL nuclease-free water. 11 uL of RNA sample was used for reverse
transcription by using the SuperScript IV First-Strand Synthesis System (ThermoFisher Scientific) with random hexamer primers.
Nine DNA fragments covering the entire viral genome were amplified by PCR with specific primers. The resulting DNAs were cleaned
up by the QIAquick PCR Purification Kit and Sanger sequencing was performed by GENEWIZ (South Plainfield, NJ).

Northern Blot

Vero EG6 cells were infected with clinical isolate WA1 or the infectious clone-derived SARS-CoV-2 (IC WT) at MOI 0.01. At 48 h post-
infection, total intracellular RNAs were isolated using TRIzol reagent (Invitrogen). Northern blot analysis was performed using total
intracellular RNAs as described previously (Narayanan et al., 2008). A digoxigenin (DIG)-labeled random-primed probe, correspond-
ing to nucleotides 28,999 to 29,573 of the SARS-CoV-2 genome, was used to detect SARS-CoV-2 mRNAs and visualized by DIG
luminescent detection kit (Roche, Indianapolis, IN) according to the manufacturer’s protocol.

QUANTIFICATION AND STATISTICAL ANALYSIS

All numerical data are presented as the mean + SD (standard deviations). Group comparisons of viral growth kinetics in Figures 2 and
3 were performed using multiple t test with Bonferroni-Dunn correction in software Prism 8.0 (GraphPad). *p < 0.05, significant;
**p < 0.01, significant; p > 0.05, ns (not significant). The 50% effective concentration (ECs) in Figure 4 was estimated by using a
four-parameter logistic regression model from the GraphPad Prism 8 software (GraphPad Software Inc., San Diego CA). Minimal
adjustment was made in the software Imaged to enhance the contrast for bright-field images in Figures 1, 2, and 3. Blue- and
green-fluorescence images were merged in Imaged. Figures were finally assembled using the software Adobe illustrator CC.

DATA AND CODE AVAILABILITY

All data are present in this study.
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