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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 cDNA fragments spanning the SARS-CoV-2 genome were assembled into a full-genome
cDNA. RNA transcribed from the full-genome cDNA was highly infectious after electroporation
into cells, producing 2.9×106 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. Additionally, icSARS-CoV-2 retained engineered molecular
markers and did not acquire other mutations. A stable mNeonGreen SARS-CoV-2 (icSARS-CoV2-mNG) was generated by introducing this reporter gene into OFR7 of the viral genome. icSARSCoV-2-mNG was successfully used to evaluate the antiviral activities of interferon. Collectively,
the reverse genetic system and reporter virus provide key reagents to study SARS-CoV-2 and
develop countermeasures.

2

1

INTRODUCTION

2

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in early 2020 with

3

human cases in Wuhan, China (Zhou et al., 2020; Zhu et al., 2020). It has rapidly rampaged

4

worldwide, causing a pandemic of coronavirus disease (COVID-19) that ranges from fever and

5

breathing difficulty to acute respiratory distress and death (Huang et al., 2020; Zhu et al., 2020).

6

With over 300,000 people infected in less than 3 months, SARS-CoV-2 causes the most severe

7

disease in older patients and people with comorbidities, including heart disease, diabetes, and

8

other health conditions (Wu and McGoogan, 2020). Before 2019, six α- and β-coronaviruses were

9

known to cause respiratory diseases of different severity, including four common cold

10

coronaviruses (229E, NL63, OC43, and HKU1) and two highly pathogenic coronaviruses [severe

11

acute respiratory syndrome (SARS-CoV) and Middle East respiratory syndrome (MERS-CoV),

12

which emerged in 2003 and since 2012, respectively] (Assiri et al., 2013; Huang et al., 2020).

13

Importantly, with massive hospitalization rates and high mortality, SARS-CoV-2 remains a major

14

threat to humankind and intervention strategies are being rapidly pursued.

15

A key tool in responding to emergent viruses is the generation of reverse genetic systems to

16

explore and characterize new pathogens. Classically, reverse genetic systems for coronaviruses

17

have been complicated by their large genome size (~30,000 nucleotides) and the existence of

18

bacteriotoxic elements in their genome that make them difficult to propagate (Almazan et al.,

19

2014). Several approaches have been devised to overcome this barrier, such as multiple plasmid

20

systems to disrupt toxic elements and to reduce deletions/truncations (Yount et al., 2002). Using

21

this approach, researchers have developed infectious clones for several coronaviruses, including

22

SARS-CoV, MERS-CoV, and others (Menachery et al., 2015; Menachery et al., 2016; Scobey et

23

al., 2013a; Yount et al., 2003). Thao et al. recently reported a yeast-based synthetic genomics

24

platform for rapid construction of infectious clones for murine hepatitis coronavirus (MHV-CoV),

25

MERS-CoV, and SARS-CoV-2 (Thao et al., 2020). However, the yeast platform-produced SARS-

26

CoV-2 has not been fully characterized for its biological properties (e.g., replication kinetics) in

3

27

comparison with its original clinical isolate. Such characterization is essential for ensuring the

28

quality of the genetic system to rescue recombinant viruses that recapitulate the biological

29

features of their corresponding clinical isolates. Once validated, the reverse genetic systems allow

30

rapid characterization of novel viruses, development of reporter viruses, and generation of live-

31

attenuated vaccine candidates to respond to emerging infections. Together with animal

32

pathogenesis models, reverse genetic systems offer powerful tools needed to characterize,

33

understand, and respond to emerging virus outbreaks.

34

In response to the ongoing pandemic of SARS-CoV-2, we have developed a robust reverse

35

genetic system for SARS-CoV-2 and a mNeonGreen reporter virus. Recombinant virus derived

36

from the system recapitulates the replication kinetics of the original clinical isolates. In addition,

37

the mNeonGreen reporter remains stable for at least five passages, allowing its use in long-term

38

studies. Using type-I interferon, we demonstrated that the mNeonGreen virus could be reliably

39

used to study viral replication and pathogenesis as well as to develop vaccine and antiviral drugs.

40
41

RESULTS

42

Design of a SARS-CoV-2 full-length cDNA. An in vitro ligation approach, similar to that for

43

constructing the infectious clones of SARS-CoV and MERS (Scobey et al., 2013b; Yount et al.,

44

2003), was designed to directionally assemble the full-length cDNA of the SARS-CoV-2 genome

45

(Figure 1A). Our reverse genetic system was based on the virus strain (2019-

46

nCoV/USA_WA1/2020) isolated from the first reported SARS-CoV-2 case in the US (Harcourt et

47

al., 2020; Holshue et al., 2020). Viral RNA, extracted from the passage 4 virus from Vero E6 cells,

48

was used as a template for RT-PCR to produce cDNA fragments. Seven contiguous cDNA

49

fragments were constructed to cover the entire viral genome (Figure 1B). Some of the seven

50

cDNA fragments were prepared through RT-PCR, whereas others were generated by chemical

51

synthesis (see Materials and Methods for details). All cDNA fragments were individually cloned
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52

into plasmid vectors. For facilitating directional assembly of genome-length cDNA, each cDNA

53

fragment was flanked by a class IIS restriction endonuclease site (BsaI or Esp3I). The class IIS

54

endonucleases recognize asymmetric DNA sequences, cleave outside their recognition

55

sequences, and generate unique cohesive overhangs (Figure 1C). After digestion with BsaI or

56

Esp3I, the seven fragments were directionally ligated to assemble the genome-length cDNA. The

57

unique cohesive ends of each fragment ensured one directional, seamless assembly of the seven

58

fragments with the concomitant loss of the restriction enzyme sites. Figure 1C depicts the details

59

of the seven fragments: F1 (T7 promoter sequence plus nucleotides 1-3,618), F2 (3,619-7,504),

60

F3 (7,505-11,984), F4 (11,985-17,591), F5 (17,592-22,048), F6 (22,049-26,332), and F7 (26,333-

61

29,870 plus a poly(A)29 sequence). A T7 promoter and a poly(A)29 tail were engineered at the

62

upstream of F1 and the downstream of F7, respectively. In vitro transcription of the ligated F1-7

63

DNA was expected to produce a 5’ capped (as cap analog was included in the in vitro transcription

64

reaction) and 3’ polyadenylated genome-length RNA. To differentiate the infectious clone-derived

65

virus from the parental clinical isolate, we engineered three synonymous nucleotide mutations as

66

markers.

67

Assembly of a SARS-CoV-2 full-length cDNA. Each of the seven cDNA fragments was cloned

68

into a plasmid and sequenced to ensure no undesired mutations. For assembly of full-length

69

cDNA, the seven cDNA plasmids were digested with BsaI or Esp3I. The resulting cDNA fragments

70

were gel-purified (Fig. 1D), then in vitro ligated to assemble the genome-length cDNA in three

71

steps: (i) ligation of F1, F2, F3, and F4 to produce F1-4 cDNA; (ii) ligation of F5, F6, and F7 to

72

produce F5-7 cDNA; and (iii) ligation of F1-4 and F5-7 to produce the full-length F1-7 cDNA.

73

Agarose gel analysis of the ligation (iii) reaction showed a major DNA product representing the

74

size of genome-length cDNA (~29.87 kb, indicated by an arrow in Figure 1E) in addition to several

75

smaller intermediate cDNA products (indicated by circles). In vitro transcription using the cDNA

76

template [directly from ligation (iii) without gel purification] generated multiple RNA bands, among
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77

which a faint high molecular band may represent the genome-length RNA (indicated by an arrow

78

in Figure 1F) together with several smaller RNA transcripts (indicated by circles).

79

Recovery of recombinant SARS-CoV-2. To recover recombinant SARS-CoV-2 from the

80

infectious cDNA clone (icSARS-CoV-2), we electroporated in vitro transcribed genome-length

81

RNA into Vero E6 cells. The RNA transcription mixture from Figure 1F was directly electroporated

82

into cells without purification. Since N protein was reported to enhance the infectivity of

83

coronavirus RNA transcripts (Curtis et al., 2002; Yount et al., 2003; Yount et al., 2002), we co-

84

electroporated an mRNA encoding the SARS-CoV-2 N protein with the full-length RNA. The

85

transfected cells developed cytopathic effects (CPE) on day 4 post-transfection and produced

86

infectious virus [denoted as passage 0 (P0) virus] with a titer of 2.9×106 PFU/ml (Figure 2A). It is

87

worth emphasizing that such a high titer of recombinant virus was produced directly from the

88

electroporated cells without additional rounds of cell culture passaging, indicating the robustness

89

of the system and also suggesting a lack of any errors. Next, we compared the replication

90

properties between the recombinant virus and the original clinical isolate. The wild-type icSARS-

91

CoV-2 (icSARS-CoV-2-WT) developed plaques similar to the original clinical isolate (Figure 2B)

92

and exhibited equivalent replication kinetics on Vero E6 cells (Figure 2C). We did not extend the

93

time points of replication beyond 48 h because CPE was observed at 40-48 h post-infection (p.i.).

94

Northern blot analysis showed that viral mRNA species from the clinical isolate-infected cells and

95

the icSARS-CoV-2-infected cells were identical to the predicted set of genome-length RNA and

96

eight subgenomic RNAs (Figure 2D). Full-genome sequencing showed that the recombinant virus

97

retained the three engineered synonymous mutations with no other sequence changes,

98

demonstrating the rescued virus did not result from contamination by the parental virus isolate

99

(Figure 2E). Furthermore, DNA sequencing chromatogram did not show any partial reversion of

100

the three engineered molecular markers (Figure 2F). Collectively, the results demonstrate that (i)

101

the in vitro transcribed full-length RNA is highly infectious upon electroporation into cells and (ii)

6

102

the recombinant virus recapitulates the replication properties of the original clinical isolate on Vero

103

E6 cells.

104

Development and characterization of mNeonGreen SARS-CoV-2. Reporter viruses are useful

105

tools to study viral replication and pathogenesis and to develop countermeasure. To establish a

106

reporter SARS-CoV-2 infectious clone, we engineered an mNeonGreen (mNG) gene into the

107

ORF7 of viral genome (Figure 3A), similar to the SARS-CoV reporter (Sims et al., 2005). The

108

same in vitro ligation and transcription protocols (described above) were used to prepare the mNG

109

full-length RNA. After electroporation, we recovered icSARS-CoV-2-mNG (6.9×106 PFU/ml). To

110

examine if the reporter gene attenuates viral replication, we compared the replication properties

111

between the wild-type and reporter viruses on Vero E6 cells. The icSARS-CoV-2-mNG produced

112

plaques similar to those of the icSARS-CoV-WT (compare Figures 3B with 2B). Indistinguishable

113

replication kinetics were observed for the icSARS-CoV-2-mNG and icSARS-CoV-WT (Figure 3C).

114

Infection with icSARS-CoV-2-mNG developed increasing numbers of mNG-positive cells over

115

time (Figure 3D). Concurrently, the fluorescent signals increased from 12 to 48 h p.i. (Figure 3E).

116

At 12-36 h p.i., the level of fluorescent signal correlated with the initial MOIs, whereas a reverse

117

trend was observed at 48 h p.i., most likely due to earlier CPE caused by the higher MOI. Full-

118

genome sequencing showed that icSARS-CoV-2-mNG retained the three engineered markers

119

with no additional mutations (Figure 3F). These results indicate that icSARS-CoV-2-mNG is

120

initially stable, maintains the wild-type replication, and expresses robust mNG in Vero E6 cells.

121

Stability of icSARS-CoV-2-mNG. To examine the longer-term stability of icSARS-CoV-2-mNG,

122

we serially passaged the reporter virus on Vero cells for 5 rounds (1 to 2 days per round). Cells

123

infected with equal PFU of passage 1 (P1) or passage 5 (P5) viruses produced comparable

124

numbers of mNG-positive cells (Figure 4A). Next, RT-PCR was performed to verify the retention

125

of mNG in the P1 and P5 viral genomes using two primers targeting the insertion junctions

126

(corresponding to nucleotides 25,068-28,099 of the viral genome). As expected, the RT-PCR

127

products derived from both P1 and P5 mNG viruses were larger than those from the wild-type
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128

icSARS-CoV-2 (Figure 4B, lanes 1-3). Digestion of the RT-PCR products with BsrGI (located

129

upstream of the mNG insertion site) and StuI (in the mNG gene) developed distinct cleavage

130

patterns between the reporter and wild-type viruses, whereas P1 and P5 viruses produced an

131

identical digestion pattern (Figure 4B, lanes 4-6). Finally, sequencing the P1 and P5 RT-PCR

132

products confirmed the retention of the mNG gene (data not shown). Altogether, the results

133

demonstrate the stability of icSARS-CoV-2-mNG after five rounds of passaging on Vero E6 cells.

134

Since Vero E6 cells are defective in type-1 interferon production, it remains to be tested if the

135

reporter virus is stable when passaged on interferon-competent cell lines.

136

Application of icSARS-CoV-2-mNG. To explore the utility of icSARS-CoV-2-mNG, we used the

137

reporter virus to rapidly screen the antiviral activity of a known inhibitor of coronaviruses. We

138

previously showed that pre-treatment of Vero cells with type-I interferon (IFN) inhibits SARS-CoV-

139

2 replication (Lokugamage et al., 2020). Here we explored the dose responsive effect of IFN-a

140

pre-treatment on icSARS-CoV-mNG replication (Figure 4C). No mNG expression was visually

141

observed when the infected cells were pre-treated with the highest dose of IFN-α (1,000 u/ml),

142

whereas a dose-dependent reduction of mNG signal was detected at an intermediate dose (111

143

u/ml) (Figure 4D). Quantification of the fluorescent readouts estimated an EC50 (concentration

144

inhibiting 50% of viral replication) of 101 u/ml, confirming the inhibition of SARS-CoV-2 by IFN-α

145

(Figure 4E). This result is consistent with previous findings that SARS-CoV-2 is sensitive to type-

146

I IFN inhibition. The reporter virus assay required fewer days and less labor when compared with

147

the conventional plaque reduction assay. Collectively, the results indicate that icSARS-CoV-2-

148

mNG could be reliably used to study SARS-CoV-2 replication and to screen antiviral inhibitors.

149
150

DISCUSSION

151

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

152

One of the key utilities for the reverse genetic system is to facilitate antiviral testing and

153

therapeutic development. The icSARS-CoV-2 mNG reporter virus allows the use of fluorescence
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154

as a surrogate readout for viral replication. Compared with a standard plaque assay or TCID50

155

quantification, the fluorescent readout shortens the assay turnaround time by several days. In

156

addition, the fluorescent readout offers a quantitative measure that is less labor-intensive than

157

the traditional means of viral titer reduction. Furthermore, the mNG virus-based assay could be

158

automated in a high-throughput format to screen compounds against viral replication. As a proof-

159

of-concept, we demonstrated that, after treatments with type-I IFN, the reporter virus reliably

160

revealed efficacy in a rapid and efficient manner. In addition, the stability of the mNG reporter

161

virus allows it to be used for longer-term studies and in vivo without fear of losing its fluorescent

162

marker. Thus, this reporter virus offers a huge advantage for research community and

163

pharmaceutical companies to develop therapeutics for COVID-19.

164

Our reverse genetic system represents a major reagent in the pursuit of understanding SARS-

165

CoV-2 and COVID-19 disease. Compared with the clinical isolate, the recombinant wild-type

166

SARS-CoV-2 has no deficit in terms of viral RNA species produced, plaque morphology, or

167

replication kinetics. Therefore, it may be used as an equivalent to the clinical strain, and mutant

168

viruses can be generated to characterize mutational effect on viral infection. This approach has

169

allowed researchers to identify key viral antagonists of innate immunity for SARS-CoV and MERS-

170

CoV (Menachery et al., 2015; Totura and Baric, 2012). Several of these mutant viruses have

171

subsequently been employed as live-attenuated vaccine candidates for SARS-CoV and MERS-

172

CoV (de Wit et al., 2016; Schindewolf and Menachery, 2019). Using our system, this knowledge

173

may now be applied to the current SARS-CoV-2. Characterizing these mutations may provide

174

insight into SARS-CoV-2 pathogenesis.

175

Our reverse genetic system also allows exploration of research questions fundamental to

176

understanding the SARS-CoV-2 pandemic. As additional genomic sequences become available,

177

evolutionary mutations can be interrogated for their effect on viral transmission and disease

178

outcome. For example, a 382-nucleotide deletion covering almost the entire ORF8 of SARS-CoV-

179

2 was observed in eight hospitalized patients in Singapore; virus isolation of the deletion strains
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180

has not been reported in the study (Su et al., 2020). A four-amino acid insertion (conferring a

181

possible furin cleavage site) was reported in the spike (S) protein of SARS-CoV-2, but is absent

182

in the S protein of SARS-CoV and other group 2B CoVs (Coutard et al., 2020). Using the infectious

183

clone, we can now evaluate the impact of these genetic changes by removing the reported

184

sequences from SARS-CoV-2 and examine their effect on virus replication and S protein

185

processing. In addition, mouse models for SARS-CoV-2 have been limited by the absence of virus

186

capable of binding to mouse ACE2 (Zhu et al., 2020). Point mutations in the receptor binding

187

domain of SARS-CoV-2 S protein may facilitate mouse adaptation and development of a model

188

that recapitulates human diseases in a standard mouse strain. Altogether, the above questions

189

are a few examples of how our infectious clone can be used to advance SARS-CoV-2 research.

190

In summary, we have developed a robust reverse genetic system for SARS-CoV-2 that can be

191

used to study viral replication and pathogenesis. We have also established an mNG reporter

192

SARS-CoV-2 that is a reliable surrogate for high-throughput drug discovery. The reverse genetic

193

system represents a major tool for the research community and significantly advances

194

opportunities for countermeasure development for COVID-19.

195
196
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221

MAIN FIGURE TITLES AND LEGENDS

222

Figure 1 Assembly of a full-length SARS-CoV-2 infection cDNA clone. (A) Genome structure

223

SARS-CoV-2. The open reading frames (ORFs) from the full genome are indicated. (B) Strategy

224

for in vitro assembly of an infectious cDNA clone of SARS-CoV-2. The nucleotide sequences and

225

genome locations of the cohesive overhangs are indicated. The wild-type full-length cDNA of

226

SARS-CoV-2 (IC WT) was directionally assembled using in vitro ligation. (C) Diagram of the

227

terminal sequences of each cDNA fragment recognized by BsaI and Esp3I. (D) Gel analysis of

228

the seven purified cDNA fragments. Individual fragments (F1 to F7) were digested from

229

corresponding plasmid clones and gel-purified. Seven purified cDNA fragments (50-100 ng) were

230

analyzed on a 0.6% native agarose gel. The 1-kilobase (kb) DNA ladders are indicated. (E) Gel

231

analysis of cDNA ligation products. About 400 ng of purified ligation product was analyzed on a

232

0.6% native agarose gel. Triangle indicates the full-length (FL) cDNA product. Circles indicate the

233

intermediate cDNA products. (F) Gel analysis of RNA transcripts. About 1 μg of in vitro transcribed

234

(IVT) RNAs were analyzed on a 0.6% native agarose gel. DNA ladders are indicated. Since this

235

is a native agarose gel, the DNA size is not directly corelated to the RNA size. Triangle

236

indicates the genome-length RNA transcript. Circles show the shorter RNA transcripts.

237

Figure 2 Characterization of the wild-type icSARV-CoV-2 (IC WT). (A) Bright-field images of

238

the Vero E6 cells electroporated with RNA transcripts. Cytopathic effects (CPE) appeared in the

239

IC WT RNA-transfected cells on day 4 post-transfection. The titer of the P0 virus (directly from

240

the transfected cells) is shown in plaque-forming units (PFU) per ml. (B) Plaque morphology of

241

the original clinical isolate (WA1=2019-nCoV/USA_WA1/2020) and the recombinant P1 IC WT

242

virus. Plaques were developed in Vero E6 cells on day 2 post-infection. (C) Replication kinetics.

243

Vero E6 cells were infected with the clinical isolate or recombinant P1 IC WT virus at MOI 0.01.

244

Viruses in culture fluids were quantified by plaque assay. Results from triplicate experiments were

245

presented with error bars indicating standard deviations. (D) Northern blot analysis of full-length

12

246

and subgenomic RNAs. Numbers indicated the FL (band 1) and eight subgenomic RNAs (bands

247

2-9). (E) Sequence differences between the original clinical isolate WA1 and the recombinant P1

248

IC WT. The three silent nucleotide changes were engineered as molecular markers. (F)

249

Chromatograms of Sanger sequencing results. The engineered molecular maker mutations are

250

indicated.

251

Figure 3 Generation of a mNeonGreen SARS-CoV-2. (A) Assembly of the full-length

252

mNeonGreen (mNG) SARS-CoV-2 cDNA. The mNG gene was placed downstream of the

253

regulatory sequence of ORF7 to replace the ORF7 sequence (Sims et al., 2005) in the subclone

254

F7. (B) Plaque morphology of the P1 IC mNG virus. Plaques were developed in Vero E6 cells on

255

day 2 post-infection. (C) Replication kinetics. Vero E6 cells were infected with the wild-type

256

icSARS-CoV-2 (IC WT) or reporter icSARS-CoV-2-mNG (IC mNG) at MOI of 0.01. Viruses in

257

culture medium were quantified by plaque assay. (D) Fluorescence microscopy analysis of P1

258

mNG virus-infected cells. Vero E6 cells were infected with P1 mNG viruses at MOI of 0.3.

259

Representative mNeonGreen-positive (green) images are shown. (E) Kinetics of fluorescence

260

intensity. Vero E6 cells were infected with MOI of 1.0, 0.3 or 0.1. After background signal

261

subtraction, the fluorescence intensities from 12 to 48 h post-infection are shown. Results from

262

triplicate experiments were presented with bars representing standard deviations. (F) Summary

263

of full-genome sequence of mNG virus (P1 IC mNG). Nucleotides different from the original clinical

264

isolate (WA1) are indicated.

265

Figure 4 Stability and application of mNeonGreen virus. The stability of mNG virus was

266

analyzed by comparing the fluorescent signals between the cells infected with P1 and P5 reporter

267

viruses. The presence of mNG gene in the P1 and P5 reporter viruses was also verified using

268

RT-PCR. The application of mNG virus was examined by testing the antiviral activity of IFN-α

269

treatment. (A) Fluorescence microscopy analysis of the P1 and P5 mNG virus-infected cells. Vero

270

E6 cells were infected with P1 or P5 virus at an MOI of 0.3. The cells were monitored for mNG-

271

positive signals at 24 h post-infection. Green, mNG; blue, nucleus. (B) Gel analysis of mNG virus
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272

stability. Top panel depicts the theoretical results of RT-PCR followed by restriction enzyme

273

digestion. Bottom panel shows the gel analysis of the RT-PCR products before (lanes 1-3) and

274

after BsrGI/StuI digestion (lanes 4-6). About 100 ng DNA samples were analyzed on a 0.6%

275

agarose gel. The DNA sizes are indicated. (C) Schematic diagram of IFN-α treatment. (D)

276

Representative fluorescence images of reporter virus-infected cells after IFN-α treatment. The

277

doses of IFN-α treatment are indicated. (E) Dose response curve of mNG signal inhibited by IFN-

278

α. The Hillslope and EC50 values are indicated. Results from triplicate experiments were

279

presented with bars representing standard deviations.

280
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STAR METHODS

282

Lead Contact

283

Further information and requests for resources and reagents should be directed to and will be

284

fulfilled by the Lead Contact, Pei-Yong Shi (peshi@utmb.edu).

285

Materials Availability

286

Plasmids and virus generated in this study will be made available on request, but we may require

287

a payment and/or a completed Materials Transfer Agreement if there is potential for commercial

288

application.

289

Data and Code Availability

290

This study did not generate any unique datasets or code.
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KEY RESOURCES TABLE
REAGENT or RESOURCE
Antibodies
N/A
Bacterial and Virus Strains
E. coli strain Top10

SOURCE

IDENTIFIER

ThermoFisher Scientific

Cat# C404006

TransforMax™ EPI300™ Chemically
Competent E. coli
SARS-CoV strain 2019nCoV/USA_WA1/2020 (WA1)

Lucigen Corporation,
Middleton, WI 53562
World Reference Center of
Emerging Viruses and
Arboviruses [WRCEVA] at
the University of Texas
Medical Branch

Cat# C300C105

Biological Samples
None
Chemicals, Peptides, and Recombinant Proteins
IFN-α A Protein, Recombinant human
Millipore Sigma
Critical Commercial Assays
T7 mMessage mMachine kit
Thermo Fisher Scientific
Ingenio® Electroporation solution
Mirus Bio LLC
SuperScript™ IV First-Strand Synthesis
Thermo Fisher Scientific
System
Platinum™ SuperFi II DNA Polymerase
Thermo Fisher Scientific
Deposited Data
N/A
Experimental Models: Cell Lines
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N/A

Cat# IF007
Cat# AM1344
Cat# MIR 50117
Cat# 18091300
Cat# 12361010

Vero E6 cells
Experimental Models: Organisms/Strains
N/A
Oligonucleotides
primer Cov-T7-N-F (TACTGTAATACGA
CTCACTATAGGATGTCTGATAATGGA
CCCCAAAATC)
primer polyT-N-R (TTTTTTTTTTTTTTTT
TTT TTTTTTTTTTTTTTTTTTTAGGCCT
GAGTTGAGTCAGCAC)
Recombinant DNA
pUC57-CoV2-F1
pCC1-CoV2-F2
pCC1-CoV2-F3
pUC57-CoV2-F4
pUC57-CoV2-F5
pUC57-CoV2-F6
pCC1-CoV2-F7
pCC1-CoV2-F7-mNG
Synthesized mNeonGreen gene
(sequence-optimized)
Software and Algorithms
ImageJ
Prism 8.0 software
Illustrator CC

ATCC

Cat# CRL-1586,
RRID:CVCL_0574

Integrated DNA
Technologies (Skokie,
Illinois)
Integrated DNA
Technologies (Skokie,
Illinois)

N/A

This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper and (Shaner et
al., 2013)

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

NIH
GraphPad
Adobe

N/A
N/A
N/A

N/A
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

293

Virus and Cell Lines

294

The stock of SARS-CoV-2 strain 2019-nCoV/USA_WA1/2020 was derived from the first patient

295

diagnosed in the US. The virus isolate was originally provided by Dr. Natalie Thornburg from the

296

Centers for Disease Control and Prevention in Atlanta, GA as described previosuly (Holshue et

297

al., 2020), and amplified on Vero E6 cells at the World Reference Center for Emerging Viruses

298

and Arboviruses (WRCEVA) at the University of Texas Medical Branch at Galveston (UTMB). The

299

P5 passage was used in this study.

300

African green monkey kidney epithelial cells (Vero E6; CRL-1586) were purchased from the

301

American Type Culture Collection (ATCC, Bethesda, MD) and maintained in a high-glucose

302

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS;

16

303

HyClone Laboratories, South Logan, UT) and 1% penicillin/streptomycin (P/S). Cells were grown

304

at 37°C with 5% CO2. All culture medium and antibiotics were purchased from ThermoFisher

305

Scientific (Waltham, MA). All cell lines were tested negative for mycoplasma.

306

METHOD DETAILS

307

Cloning the SARS-CoV-2 cDNAs

308

Two approaches were taken to rapidly obtain stable cDNAs of SARS-CoV-2. Firstly, the cDNAs

309

of fragments F1, F4, F5, and F6 were successfully synthesized from the GenScript company

310

(Piscataway, NJ) and cloned into a high-copy plasmid pUC57. The F1 contains a T7 promoter

311

sequence at the upstream of the 5′ end of the SARS-CoV-2 sequence. Other cDNA fragments

312

were also synthesized but found unstable after cloning into plasmid pUC57. For overcoming this

313

hurdle, the cDNAs of fragments F2, F3, and F7 were obtained by reverse transcription and PCR

314

(RT-PCR). RT was performed by using the SuperScript™ IV First-Strand Synthesis System

315

(ThermoFisher Scientific) with random hexamer primers and extracellular viral RNA (extracted

316

from the supernatants of SARS-CoV-2-infected Vero E6 cells). The cDNA was used as a template

317

to amplify the fragments F2, F3, and F7 by high fidelity PCR with the Platinum™ SuperFi II DNA

318

Polymerase (ThermoFisher Scientific) according to the manufacturer’s instructions. A poly(T)29

319

sequence was introduced by PCR to the 3′ end of the untranslated region of viral genome. The

320

amplicons were cloned into a single-copy vector pCC1BAC (Epicentre) to increase the stability of

321

the cDNA plasmids when propagated in E. coli. To ensure a seamless assembly of the full-length

322

cDNA, we introduced two cleavage sites of class IIS restriction enzymes (BsaI and Esp3I) at both

323

ends of each sibling cDNAs during PCR or gene synthesis. To differentiate the infectious clone-

324

derived virus from the parental clinical isolate 2019-nCoV/USA_WA1/2020, we engineered three

325

silent mutations at nucleotide positions 7,486 (A-to-T change), 7,489 (T-to-A change), and 18,058

326

(T-to-C change). For construct the pCC1-F7-mNG, the gene of mNeonGreen (sequence-

327

optimized) was synthesized and inserted at the downstream of the regulatory sequence of ORF7a

17

328

to replace the entire ORF7a, according to the study as described previously(Sims et al., 2005).

329

All subclones were finally validated by Sanger sequencing.

330

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

331

To assemble the full-length cDNA, we digested individual cDNA plasmids and purified each cDNA

332

fragments. Specifically, F1, F2, F3 and F4 cDNA fragments were obtained by digesting the

333

corresponding plasmids with enzyme BsaI. F5 and F6 fragments were obtained by digesting the

334

plasmids with enzymes Esp3I and PvuI. F7 and F7-mNG cDNA fragments were obtained by

335

digesting the corresponding plasmids by Esp3I and SnaBI. PvuI and SnaBI was included in the

336

digestion to eliminate undesired DNA bands that co-migrated with the targeting fragments on

337

agarose gels. All fragments after restriction enzyme digestion were separated on 0.6% agarose

338

gels, visualized under a darkreader lightbox (Clare Chemical Research, Dolores, CO), excised,

339

and purified using the QIAquick Gel Extraction Kit (Qiagen, Germantown, MD). To assemble the

340

full-length cDNA, we ligated the seven cDNA fragments in a three-step manner. Firstly, equal

341

molar ratio of F1 (0.61 μg), F2 (0.65 μg), F3 (0.75 μg), and F4 (0.94 μg) were ligated in a PCR

342

tube using T4 DNA ligase in a 40 μl-reaction at 4°C for 18 h, resulting in F1-4 DNA. Secondly,

343

equal molar ratio of fragments F5 (0.75 μg), F6 (0.72 μg), and F7 (0.60 μg) were ligated in a

344

separate PCR tube to produce F5-7 DNA using the same ligation condition. Thirdly, without any

345

DNA purification, the two reactions (containing F1-4 and F5-7) were combined (total 80 μl) and

346

topped with additional T4 ligase (2 μl), buffer (2 μl) and nuclease-free water (16 μl) to a 100-μl

347

reaction. The final reaction was incubated at 4°C for 18 h to produce the full-length F1-7 DNA.

348

Afterwards, the full-length cDNA was phenol/chloroform extracted, isopropanol precipitated, and

349

resuspended in 10 μl nuclease-free water.

350

RNA transcription, Electroporation, Virus production and Quantification

351

RNA transcript was in vitro synthesized by the mMESSAGE mMACHINE™ T7 Transcription Kit

352

(ThermoFisher Scientific) according to the manufacturer’s instruction with some modifications. A

18

353

50-μl reaction was set up by adding 1 μg DNA template and 7.5 μl GTP (cap analog-to-GTP ratio

354

of 1:1). The reaction was incubated at 32°C for 5 h. After removing the template DNA by nuclease

355

per manufacturer’s protocol, the RNA was phenol/chloroform extracted and isopropanol

356

precipitated. A SARS-CoV-2 N gene transcript was in vitro transcribed from a DNA template using

357

the mMESSAGE mMACHINE™ T7 Transcription Kit with a 2:1 ratio of cap analog to GTP. The

358

N

359

(tactgTAATACGACTCACTATAGGatgtctgataatggaccccaaaatc;

360

represents T7 promoter; the underlined sequence represents the 5’ end of N gene) and primer

361

polyT-N-R [(t)37aggcctgagttgagtcagcac].

362

RNA transcripts were electroporated into Vero E6 cells using a protocol as previously described

363

(Shan et al., 2016) with some modifications. Twenty micrograms of total RNA transcripts

364

(containing both full-length RNA and short RNAs) and 20 μg N gene transcript were mixed and

365

added to a 4-mm cuvette containing 0.8 ml of Vero E6 cells (8×106) in Ingenio® Electroporation

366

Solution (Mirus). Single electrical pulse was given with a GenePulser apparatus (Bio-Rad) with

367

setting of 270V at 950 μF. After 5 min recovery at room temperature, the electroporated cells were

368

seeded into a T-75 flask and incubated at 37°C with 5% CO2. On the next day, the culture fluid

369

was replaced with 2% FBS DMEM medium. The cells were monitored daily for virus-mediated

370

cytopathic effect (CPE). One milliliter of the P0 virus was inoculated to a T-175 flask containing

371

80% confluence Vero E6 cells. The infected cells were incubated at 37°C with 5% CO2 for 2-3

372

days. Culture supernatants (P1) were harvested when CPE occurred. The amount of infectious

373

virus was determined by a standard plaque assay on Vero E6 cells. All virus cultures were

374

performed in a biosafety level 3 (BSL-3) laboratory with redundant fans in the biosafety cabinets.

375

All personnel wore powered air purifying respirators (Breathe Easy, 3M) with Tyvek suits, aprons,

376

booties and double gloves.

377

Interferon Treatment

gene

DNA

template

was

prepared
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by

PCR

using
the

primer
uppercase

Cov-T7-N-F
sequence

378

Vero E6 cells were plated as 1.5×104 cells/well in a black 96-well plate (Greiner). For interferon

379

treatment, at 6 h post-seeding, cells were treated with various doses of IFN-α (Millipore Sigma).

380

After 14 h of treatment, the culture fluids were replaced with 2% FBS medium, and P1 IC mNG

381

viruses were added to the cells at MOI 0.3 with additional corresponding concentration of IFN-α.

382

At 24 h post-infection, Hoechst 33342 (ThermoFisher Scientific) was added to a final

383

concentration of 0.1% to counterstain the nucleus. The green fluorescence signals were detected

384

by Cytation 5 (BioTek) and the infection rate was calculated according to the manufacturer’s

385

instructions.

386

RNA Extraction, RT-PCR and Sanger Sequencing

387

250 μl of culture fluids were mixed with three volume of TRIzol™ LS Reagent (Thermo Fisher

388

Scientific). Viral RNAs were extracted per manufacturer’s instructions. The final RNAs were

389

dissolved in 30 μl nuclease-free water. 11 μl RNA samples were used for reverse transcription by

390

using the SuperScript™ IV First-Strand Synthesis System (ThermoFisher Scientific) with random

391

hexamer primers. Nine DNA fragments covering the entire viral genome were amplified by PCR

392

with specific primers. The resulting DNAs were cleaned up by the QIAquick PCR Purification Kit

393

and Sanger sequencing was performed at the GENEWIZ facilities (South Plainfield, NJ).

394

Northern Blot

395

Vero E6 cells were infected with clinical isolate WA1 or the infectious clone-derived SARS-CoV-

396

2 (IC WT) at MOI 0.01. At 48 h post-infection, total intracellular RNAs were isolated using TRIzol

397

reagent (Invitrogen). Northern blot analysis was performed using total intracellular RNAs as

398

described previously (Narayanan et al., 2008). A digoxigenin (DIG)-labeled random-primed probe,

399

corresponding to nucleotides 28,999 to 29,573 of the SARS-CoV-2 genome, was used to detect

400

SARS-CoV-2 mRNAs and visualized by DIG luminescent detection kit (Roche, Indianapolis, IN)

401

according to the manufacturer's protocol.
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402

QUANTIFICATION AND STATISTICAL ANALYSIS

403

All numerical data are presented as the mean±SD (standard deviations). Group comparisons of

404

viral growth kinetics in Figures 2 and 3 were performed using multiple t-test with Bonferroni-Dunn

405

correction in software Prism 8.0 (GraphPad). *p<0.05, significant; **p<0.01, significant; p>0.05,

406

ns (not significant). The 50% effective concentration (EC50) in Figure 4 were estimated by using

407

a four-parameter logistic regression model from the GraphPad Prism 8 software (GraphPad

408

Software Inc., San Diego CA).Minimal adjustment was made in the software ImageJ to enhance

409

the contrast for bright-field images in Figures 1-3. Blue- and green-fluorescence images were

410

merged in ImageJ. Figures were finally assembled using the software Adobe illustrator CC.

411

DATA AND SOFTWARE AVAILABILITY

412

All data are present in this study.
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