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ABSTRACT 24 
Although the SARS-CoV-2 Omicron variant (BA.1) spread rapidly across the world and effectively 25 
evaded immune responses, its viral fitness in cell and animal models was reduced. The precise 26 
nature of this attenuation remains unknown as generating replication-competent viral genomes is 27 
challenging because of the length of the viral genome (30kb). Here, we designed a plasmid-based 28 
viral genome assembly and rescue strategy (pGLUE) that constructs complete infectious viruses 29 
or noninfectious subgenomic replicons in a single ligation reaction with >80% efficiency. Fully 30 
sequenced replicons and infectious viral stocks can be generated in 1 and 3 weeks, respectively. 31 
By testing a series of naturally occurring viruses as well as Delta-Omicron chimeric replicons, we 32 
show that Omicron nonstructural protein 6 harbors critical attenuating mutations, which dampen 33 
viral RNA replication and reduce lipid droplet consumption. Thus, pGLUE overcomes remaining 34 
barriers to broadly study SARS-CoV-2 replication and reveals deficits in nonstructural protein 35 
function underlying Omicron attenuation.  36 

37 
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MAIN 38 
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent 39 

of the coronavirus disease 2019 (COVID-19) pandemic. The pandemic continues as a major 40 
public health issue worldwide. As of October 2022, more than 600 million people have been 41 
infected with it and more than 6.5 million have died1. The continuous emergence of viral variants 42 
represents a major threat to our pandemic countermeasures due to enhanced transmission2-4 and 43 
antibody neutralization escape5.  44 

The emergence of the Omicron variant (BA.1) in November 2021 was especially 45 
concerning due to the large number of mutations throughout the genome (53 nonsynonymous 46 
mutations) and 34 mutations in the Spike protein alone. While Omicron infections spread 47 
significantly more rapidly than previous variants, they are associated with fewer symptoms and 48 
lower hospitalization rates6-8. Accordingly, the Omicron variant is attenuated in cell culture9-12 and 49 
animal models of infection13-15. An evolutionary tradeoff appears to exist between increased viral 50 
spread and diminished infection severity in the context of an increasingly immunized human 51 
population. This tradeoff may have arisen only recently as adaptive evolution of SARS-CoV-2 52 
prior to the emergence of Omicron was mainly characterized by purifying selection16.  53 

SARS-CoV-2 is an enveloped positive-strand RNA virus in the family Coronaviridae in the 54 
order Nidovirales17. Its 30kb genome contains at least 14 known open reading frames (Fig. 1A). 55 
The 5’ two-thirds of the genome encompass ORF1a and ORF1ab that code for polyprotein 1a 56 
and 1ab, respectively, which are subsequently proteolytically processed to 16 non-structural 57 
proteins (NSP) by the two virally encoded proteases (NSP3 and NSP5) and execute replication 58 
and transcription of the viral genome (reviewed in 18). The 3’ one-third of the genome include the 59 
viral structural and accessory proteins. SARS-CoV-2 particles are composed of four structural 60 
proteins including Spike (S), Envelope (E), Membrane (M), and Nucleocapsid (N)19-21. The S 61 
protein mediates viral entry and fusion by binding the ACE2 receptor on cells and is the subject 62 
of evolutionary selection to evade neutralization by vaccine- and infection-elicited antibodies5. The 63 
viral accessory proteins (ORF3a, 3b, 6, 7a, 7b, 8, 9b, 9c, and 10) have diverse functions 64 
contributing to infectivity, replication, and pathogenesis and other unknown functions (reviewed 65 
in 22).  66 

To study SARS-CoV-2 attenuation and the full range of mutations along the Omicron 67 
genome, it is necessary to construct full-length recombinant viruses or near full-length replicons. 68 
Replicons lack critical structural proteins such as Spike and cannot spread in cultures due to 69 
missing infectious particle production.23, 24 They can, however, autonomously replicate viral RNA, 70 
either after straight-forward transfection of the replicon genomes or after single round infections 71 
with viral particles generated with transiently provided structural proteins.23   72 

Constructing SARS-CoV-2 recombinant viruses or replicons in a timely manner is 73 
challenging due to the length of the viral genome (30 kb) and the presence of several toxic viral 74 
sequences25 that limit standard molecular cloning strategies. The key hurdle is the faithful and 75 
timely assembly of the complete viral genome from multiple subgenomic fragments. Several 76 
approaches have been reported to assemble SARS-CoV-2 infectious clones, each having 77 
contributed important insight into the biology of SARS-CoV-2 (reviewed in 26). These involve either 78 
ligation- or PCR-based approaches and include the synthetic circular polymerase extension 79 
reaction (CPER) approach27, 28, the ligation of synthetic fragments using unique restriction 80 
enzymes in the SARS-CoV-2 genome23, 29, 30, and ligation of synthetic or cloned fragments using 81 
type IIs restriction enzymes25, 31, 32.  82 

The CPER approach, adapted from tickborne encephalitis virus research33 and widely 83 
used in viral reverse genetics, is fast when a suitable template for amplification is available but 84 
has limited capacity to introduce new mutations as each mutation involves a separately amplified 85 
fragment. Utilization of restriction sites for in vitro ligation of subgenomic fragments into a linear 86 
cDNA or plasmid was first described for brome mosaic virus34 and has been widely used to 87 
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generate full-length coronaviral genomes such as mouse hepatitis virus.35 It is a straight-forward 88 
molecular cloning technique but involves step-wise incubation and purification steps and often 89 
results in low yields of the full-length ligated genome. This method also precludes rational 90 
fragment design as the location of the restriction sites dictates the fragment borders. There 91 
remains a need for a rapid, reliable and rationally designed cloning strategy to make SARS-CoV-92 
2 reverse genetic applications widely available and enable timely characterization of emerging 93 
SARS-CoV-2 variants.  94 

To overcome these limitations, we developed plasmid-based viral genome assembly and 95 
rescue (pGLUE), a novel method that takes advantage of the Golden Gate Assembly method to 96 
seamlessly digest and ligate viral sequences in a single-pot reaction. Golden Gate uses type IIs 97 
restriction enzymes that cleave outside their recognition sequences and combines ligation and 98 
digestion with temperature cycling to carry out reliable and rapid assembly of multiple fragments 99 
in a few hours.36, 37  100 

Using pGLUE and an optimized virus rescue protocol, we de novo constructed several 101 
naturally occurring Delta-Omicron chimeric infectious clones and found that both, mutations in 102 
ORF1ab and Spike, contribute to Omicron attenuation. To precisely map which mutations 103 
attenuate RNA replication, a large series of chimeric replicons were generated that lacked Spike. 104 
These revealed that attenuated RNA replication in Omicron mapped to mutations in NSP6, which 105 
caused diminished lipid droplet consumption otherwise fueling viral RNA replication. Thus, access 106 
to rapidly generated replicating SARS-CoV-2 genomes provided important new insight into SARS-107 
CoV-2 biology.   108 
 109 
RESULTS 110 
Golden Gate assembly enables rapid cloning of SARS-CoV-2 variants 111 

To determine which parts of the Omicron genome contribute to the attenuated phenotype, 112 
we designed and developed pGLUE (plasmid-based viral genome assembly and rescue): a rapid 113 
method to generate SARS-CoV-2 molecular clones with Golden Gate assembly (Fig. 1A). The 114 
SARS-CoV-2 genome was newly divided into 10 fragments to enable quick and reliable cloning 115 
of mutations. The fragments were rationally designed to each encompass distinct SARS-CoV-2 116 
proteins and ORFs, which facilitates the interrogation of mutations in individual viral proteins and 117 
the construction of chimeric viruses and replicons (Suppl Fig. 1). All fragments were stable in 118 
bacteria, grew to high copy numbers, and were amenable to standard molecular cloning 119 
approaches. Typically, mutagenesis of these fragments took no longer than 4 days on average 120 
(including primer synthesis, PCR, assembly, transformation, plasmid prep, and sequencing) by 121 
utilizing an optimized Gibson assembly mutagenesis method38. In addition, to ensure lack of 122 
undesirable mutations, all plasmids were nanopore sequenced within ~20 hours with at least 123 
>x250 coverage (Suppl. Fig. 2a). The fragments were assembled along with a bacterial artificial 124 
chromosome (BAC) vector to enable growth of toxic sequences within the SARS-CoV-2 genome 125 
in bacteria, such as those found in the second, third, and seventh fragment of a previously 126 
reported reverse genetics system25, 31, 32. At the 5’ end, the vector carries T7 and CMV promoters 127 
with the T7 promoter nested in between the TATA box sequence of the CMV promoter and the 128 
SARS-CoV-2 RNA transcription start site, which is located at position +27 downstream of the 129 
TATA box. This enables DNA- or RNA-based launches of viral production. The 3′ end of the vector 130 
contains a hepatitis delta virus ribozyme (HDVrz) and SV40 polyA sequences for efficient 3’ RNA 131 
processing.  132 

The Golden Gate assembly reaction was highly efficient in generating the assembled 133 
genome and within 30 cycles (~5-6 hours) shifted almost the entire DNA content into the slower 134 
migrating assembly product (Fig. 1B). Sequencing of the assembled products across different 135 
variants showed over 80% of the colonies were correctly assembled and free of any mutations 136 
(Fig. 1C). Nanopore sequencing of the entire BAC construct was achieved in ~20 hours with 137 
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>250x coverage (Suppl. Fig. 2b). No mutations were present in any plasmids used in this study; 138 
this is consistent with the reported stability and reliability of BAC vectors29. Of note, the assembled 139 
plasmid can be induced to high copy number replication (>1 mg/L of bacterial culture) by addition 140 
of arabinose and in a confirmatory digest showed all expected digestion products (Fig. 1D). We 141 
confirmed that the assembled plasmid serves as template for in vitro transcription of full-length 142 
viral RNA, seen by co-migration of the RNA band with the template DNA (Fig. 1E). Of note, the 143 
HiScribe kit was faster in producing the full-length RNA than the mMessage mMachine kit (2 hours 144 
vs overnight reaction, respectively), but yielded less total RNA (10 µg/reaction vs >100 145 
µg/reaction, respectively). 146 

Cloning of a full-length variant from sequence to sequenced plasmid using pGLUE can be 147 
achieved on average in 1 week (Fig. 1A for average timeline). The assembled DNA construct can 148 
then be transfected directly into appropriate target cells for recovery of infectious virus or can be 149 
first transcribed into RNA with T7 polymerase followed by electroporation into cells and virus 150 
rescue (Fig. 2A). We did not observe any consistent differences in viruses launched from DNA or 151 
RNA and usually transfect the plasmid DNA directly (Fig 2B – 2D). We further compared a cloned 152 
Delta variant, either RNA- or DNA launched, with a Delta patient in cell culture and animal models 153 
of infection. The patient-derived and de novo constructed recombinant viruses had the same 154 
plaque morphology (Fig. 2B), similar replication kinetics in Vero-TMPRSS2 and Calu3 cells (Fig. 155 
2C), and produced similar viral loads in K18-hACE2 mice after nasal inoculation (Fig. 2D). Thus, 156 
the pGLUE method is robust and produces viruses that are comparable to patient-derived viruses.  157 
 158 
Omicron mutations in Spike and ORF1ab reduce viral particle production and intracellular 159 
RNA levels  160 

Using pGLUE, two recombinant clones of the Delta and Omicron variants were 161 
constructed (Fig. 3A). For the Delta and Omicron variants, the mutations selected were 162 
representative of >90% of all Delta and Omicron sequences on the GISAID database as of 163 
January 2022. In addition, we focused on two naturally occurring viruses: 1) “Deltacron” which 164 
harbors the Omicron Spike ORF within the Delta variant39-41 and 2) a virus harboring the Omicron 165 
ORF1ab within the Delta variant also found in the GISAID database (Suppl Fig. 4). Full-length 166 
genomes were constructed using pGLUE and labeled Delta-OmicronS and Omicron-Delta, 167 
respectively (Fig. 3A). The resulting viruses were propagated in Vero ACE2 TMPRSS2 cells, and 168 
infectious particle production was measured in plaque assays (Fig. 3B).  169 

Significant differences in plaque morphology were observed (Fig. 3B). The Delta variant 170 
produced the largest plaque sizes of the tested viruses while plaques produced by Omicron were 171 
the smallest. Similar data were recently reported for Delta and Omicron Spike and point to the 172 
Omicron RBD as the mediator of the smaller plaque size42. Delta-OmicronS produced small 173 
plaques, which were slightly larger than that of the Omicron variant. This indicates that receptor 174 
binding and fusion capabilities are largely endowed by the Spike protein and that the Omicron 175 
Spike protein has reduced fusogenic properties compared to Delta’s. Interestingly, Omicron-Delta 176 
produced smaller plaques than the Delta variant pointing to negative contributions of the Omicron 177 
ORF1ab to this phenotype.  178 

Next, the growth kinetics of the different viruses were determined at 24, 48 and 72 hours 179 
in Calu3 cells infected at a multiplicity of infection (m.o.i.) of 0.1 (Fig. 3C and 3D). Of note, the 180 
presence of the Omicron Spike ORF in the Delta variant attenuated particle production 181 
significantly. This confirms that Spike mutations play a significant role in tuning Omicron’s 182 
replicative fitness42-44. However, the presence of Omicron ORF1ab in Delta also significantly 183 
reduced infectious particle production, indicating that mutations in ORF1ab contribute to Omicron 184 
attenuation. The same was observed when intracellular RNA levels were determined by reverse 185 
transcription and quantitative PCR (Fig. 3D). Collectively, these data indicate that mutations in 186 
Spike and ORF1ab contribute to reduced viral fitness of the Omicron variant in cell culture. 187 
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 188 
Spike-independent attenuation of Omicron  189 

To define further Spike-independent differences between Omicron and Delta, a replicon 190 
system lacking the Spike protein was constructed (Fig. 4A and 4B). This system does not produce 191 
viral particles unless Spike is provided in trans, allowing only a single round of infection. Briefly, 192 
the entire Spike coding sequence was replaced with the one for secreted nanoluciferase (nLuc) 193 
and enhanced green fluorescent protein (EGFP). Of note, we used only the luciferase readout in 194 
this study because of its sensitivity and dynamic range. Transfection of the replicon construct 195 
successfully launches viral genome replication in transfected cells as indicated by detectable 196 
luciferase activity in the cell supernatant (Fig. 4C). Interestingly, the Delta replicon produced 197 
fivefold higher luciferase signal than the Omicron replicon (Fig. 4C), underscoring that non-Spike 198 
mutations are contributing to Omicron attenuation. No significant luciferase activity was observed 199 
when the supernatant from these cultures was transferred to permissive cells (Fig. 4D), confirming 200 
the absence of infectious particle production from the transfected replicon construct. When the 201 
appropriate Spike vector was cotransfected with the replicon construct production of infectious 202 
particles occurred as indicated by luciferase activity in both transfected and infected cells (Fig. 4C 203 
and 4D). We used a Spike vector with naturally occurring Delta mutations (Fig. 3A) to enhance 204 
single round infection efficiencies9. 205 

Surprisingly, transfection of increasing amounts of the Spike expression construct while 206 
maintaining a constant amount of the replicon construct led to increasing luciferase activity in both 207 
transfected and infected cells (Fig. 4C and 4D). Previous reports on particle assembly using only 208 
viral structural proteins suggested that only trace amounts of Spike are necessary for particle 209 
assembly and that higher amounts led to lower particle assembly45, 46. This indicates that other 210 
viral proteins, which were not present in these previous experiments, are important in Spike 211 
processing or mediate critical steps in the assembly process. Regardless of the Spike amount 212 
transfected, the Omicron variant consistently performed worse, as shown by reduced luciferase 213 
signal, compared with the Delta variant, in both transfected and infected cells (Fig. 4C and 4D). 214 
This demonstrates attenuation of the Omicron variant is at the RNA replication step.  215 

We performed several confirmatory experiments to validate the luciferase readout of the 216 
replicon system: i) we infected Calu3 cells with serial dilutions of replicon-generated viral particles 217 
and measured luciferase activity at 72 hours after infection in the supernatant as well as N gene 218 
copies in infected cells by quantitative RT-PCR. Luciferase activity correlated highly with N gene 219 
copies, underscoring the validity of the reporter assay (Fig. 4E, Pearson’s R2=0.89, p=0.0014). ii) 220 
To ascertain that viral particles were produced by transfected cells and caused luciferase 221 
production after infection, we pelleted particles from supernatant of transfected cells by 222 
ultracentrifugation over a sucrose cushion (Suppl. Fig. 5A). Subsequent infection of Vero ACE2 223 
TMPRSS2 cells demonstrated that the infectious agents were in the pellet, and not the 224 
supernatant, of the ultracentrifuged material (Suppl. Fig. 5B). iii) We doubled the amount of 225 
Omicron replicon plasmid to obtain equal luciferase values in transfected cells. In addition, we 226 
varied the type of envelope that was cotransfected with the replicon plasmid and included Delta 227 
Spike, Omicron Spike, or the universal vesicular-stomatitis virus (VSV) glycoprotein to assess 228 
their impact on replicon infectivity and RNA replication (Fig. 4F and 4G). After infection, the 229 
Omicron replicon consistently produced low luciferase signal across all viral envelopes despite 230 
adjusted RNA levels (Fig. 4G). These results confirm that viral RNA replication is attenuated in 231 
the Omicron variant independently from Spike.  232 
 233 
Omicron NSP6 slows viral RNA replication 234 

To map the contribution of non-Spike Omicron mutations on viral RNA replication within 235 
the Omicron genome, we constructed a series of Omicron replicons, in which viral proteins –236 
individually or combined – were substituted with the corresponding proteins from Delta (Omicron-237 
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Delta). We only focused on proteins that contained mutations distinguishing Omicron from Delta. 238 
These replicon constructs were transfected along with Delta Spike and Nucleocapsid expression 239 
vectors to harvest virions for subsequent single-round infection experiments. Delta and Omicron 240 
replicons without substitutions were used as controls, and luciferase values in both transfected 241 
and infected cells were measured (Fig. 5A and 5B). Replacement of Omicron NSP6 with Delta’s 242 
restored the luciferase signal in transfected BHK21 cells and infected Vero ACE2 TMPRSS2 and 243 
Calu3 cells (Fig. 5A and 5B), indicating that NSP6 mutations contribute to Spike-independent 244 
attenuation of Omicron. Interestingly, replacement of NSP5 with that of Delta markedly reduced 245 
luciferase signal in all conditions (Fig. 5B) suggesting that the Omicron NSP5 has evolved 246 
improved polyprotein processing activity compared to Delta. However, in vitro analysis of protease 247 
activity of Omicron’s NSP5 has previously shown similar activity to that of Delta but reduced 248 
thermal stability47. Delta NSP13 slightly reduced luciferase activity while NSP14 enhanced activity 249 
in Vero ACE2 TMPRSS2 cells, but this effect was not observed in Calu3 cells (Fig. 5B). Similarly, 250 
substitution of structural E and M proteins increased luciferase in Calu3, but not Vero ACE2 251 
TMPRSS2, cells while Delta ORF8 and N substitution decreased it only in infected Calu3 cells. 252 
Conducting the experiment with Omicron, instead of Delta, Spike and Nucleocapsid expression 253 
constructs led to similar results (Suppl Fig. 6A). These results point to multiple, possibly epistatic, 254 
interactions between nonstructural proteins causing Omicron attenuation, with the most 255 
consistent effect observed across all cell types mapping to NSP6 and double-membrane vesicle 256 
(DMV) formation, while the NSP5 protease evolved optimized activity in the context of the 257 
Omicron variant. 258 

To independently validate the opposing trajectories of Omicron mutations in NSP5 and 6 259 
on viral RNA replication, we performed the complimentary experiments by substituting Omicron 260 
NSP5 and 6 proteins, either individually or combined, in Delta replicons, including NSP4 as a 261 
control (Delta-Omicron). Omicron NSP6 within a Delta replicon consistently decreased RNA 262 
luciferase levels in transfected and infected cells, confirming that NSP6 of Omicron contributes to 263 
attenuation (Figure 5C–D). Substituting Delta NSP5 with the one from Omicron increased 264 
luciferase levels in transfected, but not infected cells. Interestingly, combined insertion of Omicron 265 
NSP5 and 6 proteins into a Delta replicon, decreased luciferase levels, although slightly less than 266 
NSP6 alone, indicating that NSP6 function in Omicron dominantly contributes to attenuation 267 
(Figure 5C–D). The same was observed when Delta NSP5 and 6 proteins combined were inserted 268 
into the Omicron replicon; the combined substitution increased RNA replication to similar levels 269 
as the NSP6 substitution alone, underscoring the dominant effect of NSP6 over NSP5 (Figure 270 
5C–D). The NSP4 recombinants did not show any difference compared with parental replicons 271 
as expected. Similar results were observed regardless if replicons were cotransfected with Delta 272 
(Fig. 5D) or Omicron (Suppl. Fig. 6B) Spike and Nucleocapsid expression vectors. These results 273 
demonstrate that Omicron mutations in NSP6 play a dominant role in attenuating viral RNA 274 
replication.  275 

NSP6 connects DMVs to the ER through “zippered” ER connectors and decreases lipid 276 
droplet (LD) content in infected cells by allowing flow of lipids from the ER to DMVs48. To compare 277 
NSP6 function between Omicron and Delta, we transiently expressed each NSP6 protein as a 278 
FLAG-tagged version in HEK293T cells and stained cells using FLAG antibodies and LipidTox 279 
Deep Red for LDs. Delta NSP6-expressing cells showed significantly decreased intensity of LD 280 
staining compared to those transfected with Omicron NSP6, which were similar to cells 281 
transfected with the empty vector (Fig. 5E and 5F). This indicates that Delta, but not Omicron, 282 
NSP6 increases LD consumption, consistent with the decrease in LD staining intensity recently 283 
reported48. The same experiments were performed in cells infected with the chimeric replicons 284 
and stained for LDs and RNA replication using antibodies against double-stranded RNA48. In 285 
infected cells expressing the Delta NSP6 protein, the intensity of LD staining was consistently 286 
lower than in cells expressing Omicron NSP6, regardless of the variant genetic background, 287 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 9, 2023. ; https://doi.org/10.1101/2023.01.31.525914doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.31.525914


8 
 

confirming that NSP6 function in Omicron is diminished (Fig. 5G and 5H). Collectively, these data 288 
support the model that Omicron mutations in NSP6 impair lipid flow to replication organelles and 289 
consequently reduce viral RNA replication. 290 
 291 
DISCUSSION 292 

Collectively, use of pGLUE and the ability to rapidly generate replicating viral genomes 293 
revealed that Omicron attenuation, in addition to Spike adaptation, is driven by decreases in RNA 294 
replication with lipid-regulatory functions of NSP6 playing a central role in the attenuation process. 295 
Our data provide both technical and biological advances. Technically, pGLUE is an optimized 296 
cloning system with rational fragment design containing distinct viral ORFs and single-pot ligation 297 
that allows molecular interrogation of entire SARS-CoV-2 genomes within weeks. Biologically, we 298 
dissected the contribution of each Omicron mutation across ORF1ab and found that previously 299 
unappreciated Omicron mutations in NSP6 lower viral fitness with a specific effect on LD 300 
consumption.  301 

Generating molecular viral clones is important, given the delay with obtaining regionally 302 
occurring patient isolates, the risk of undesired mutations during prolonged viral propagation, and 303 
the existence of toxic sequences that limit standard molecular cloning strategies. Using pGLUE, 304 
we routinely design and produce the pBAC plasmid containing individual viral variant genomes 305 
within a week. This efficiency enables us to address real-world changes in viral evolution with 306 
respect to all lifecycle steps. pGLUE is different from previous methods23, 25, 27-32 in that: i) it 307 
employs rational fragment design where each fragment contains distinct ORFs for rapid 308 
generation of recombinant chimeric viruses and replicons; ii) it overcomes issues with toxic 309 
sequences in bacteria; iii) the ligated fragments are cloned into a plasmid with high stability and 310 
reliability; and iv) it takes full advantage of Golden Gate assembly to perform rapid single-pot 311 
ligation of the entire genome in less than six hours. We show here that the developed method is 312 
robust and can provide valuable insight into the molecular mechanisms of the SARS-CoV-2 313 
lifecycle.  314 

A large body of evidence has characterized the Omicron Spike protein and showed that it 315 
favors TMPRSS2-independent endosomal entry9, 49, 50, has poor fusogenicity50, and escapes 316 
neutralization by many antibodies50-53. Furthermore, studies using chimeric viruses bearing 317 
different Spike proteins showed that Spike is a major determinant of the Omicron attenuated 318 
replicative phenotype42-44. Our results with full-length molecular clones confirm these findings and 319 
underscore the critical role that the Spike protein plays in determining viral fitness and skewing 320 
viral adaptation towards immune escape.  321 

Less work has been done so far to investigate the impact of the Omicron mutations outside 322 
of the Spike protein. Previously, a Spike-independent attenuation of the Omicron variant in 323 
animals has been reported54, 55. Our data define a new role of ORF1ab Omicron mutations, 324 
implicating reduced RNA replication and LD consumption with a potentially enhanced polyprotein 325 
processing capacity in the adaptation process. While our manuscript was under review, a study 326 
comparing ancestral (WA1) and Omicron chimeric molecular clones independently found an 327 
attenuating effect of Omicron NSP656. NSP6 plays a critical role in mediating contact between 328 
DMVs and the ER membrane as well as channeling of lipids to viral replication organelles. Our 329 
data suggest that the Omicron mutations in NSP6 impair the LD channeling function of the protein. 330 
Further studies are needed to define the precise molecular consequences of these mutations, but 331 
it has recently been speculated that the Omicron mutation (LSG105-107del) lies within the largest 332 
ER luminal loop of the protein and a conserved O-glycosylation motif that can act as a spacer and 333 
may affect ER zippering activity48.  334 

NSP5 is a cysteine protease responsible for processing the viral polyprotein at sites 335 
between NSP4–16. There is one mutation in Omicron NSP5 (P132H), and our data indicate that 336 
it enhances viral RNA replication, but cannot compensate for decreased NSP6 function. The 337 
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mutation lies between the catalytic domain and the dimerization domain of NSP5 and was shown 338 
to preserve protease activity or susceptibility to nirmatrelvir in vitro47. However, the mutation 339 
lowers the thermal stability of NSP5 in vitro. A possible explanation of our data is that the mutation 340 
affects the dimerization or the protease activity in the context of the polyprotein. Indeed, we 341 
observe an epistatic interaction between NSP5 and 6 where Delta NSP5 supports high levels of 342 
RNA replication in the presence of Delta NSP6 only, but not with Omicron NSP6.  343 

Several studies have suggested that Omicron could have emerged due to epistatic 344 
interactions that may allow for the emergence of mutations not seen in other variants or that are 345 
very rare57-59. The low intra-host evolution for SARS-CoV-2 and relatively limited transmission 346 
bottleneck60, 61 suggest that Omicron may have evolved in chronically infected patients where the 347 
virus can cross through fitness valleys that may not be possible in an acute infection57. 348 
Interestingly, Omicron mutations in Spike (K417N and L981F) occur within conserved MHC-I-349 
restricted CD8+ T-cell epitopes that may destabilize MHC-I complexes62, indicating that T-cell 350 
immunity is an additional driver of SARS-CoV-2 evolution as in other viruses63-65.  351 

A potential advantage of our findings is that they may help generate candidates for live 352 
attenuated SARS-CoV-2 vaccines in the future66. A potential caveat is the introduction of antivirals 353 
such as nirmatrelvir, which targets specifically NSP5 and may drive development of selective 354 
resistance mutations67-69. SARS-CoV-2 continues to evolve, which carries the risk of reversion of 355 
the attenuating mutations in Omicron. This is supported by recent reports on the enhanced 356 
infectivity and neutralization escape of Omicron-evolved subvariants70-74. Indeed, some 357 
recombinant viruses such as the BA.1 and BA.2 recombinant XE have a recombination point 358 
around the NSP5-6 junction disconnecting the two proteins and suggesting NSP6 as a potential 359 
evolutionary driver75. The ability to rapidly characterize full-length viral sequences will be 360 
increasingly valuable and will bring insight into the evolutionary path, viral fitness, expected 361 
pathogenicity as well as vaccine and antiviral medication responsiveness of emerging 362 
subvariants.  363 
 364 
METHODS 365 
Cells 366 

BHK21 and HEK293T cells were obtained from ATCC and cultured in DMEM (Corning) 367 
supplemented with 10% fetal bovine serum (FBS) (GeminiBio), 1x glutamine (Corning), and 1x 368 
penicillin-streptomycin (Corning) at 37°C, 5% CO2. Calu3 cells were obtained from ATCC and 369 
cultured in AdvancedMEM (Gibco) supplemented with 2.5% FBS, 1x GlutaMax, and 1x penicillin-370 
streptomycin at 37°C and 5% CO2. Vero cells stably overexpressing human TMPRSS2 (Vero-371 
TMPRSS2) (gifted from the Whelan lab76), were grown in DMEM with 10% FBS, 1x glutamine,1x 372 
penicillin-streptomycin at 37°C and 5% CO2. Vero cells stably co-expressing human ACE2 and 373 
TMPRSS2 (Vero-ACE2/TMPRSS2) (gifted from A. Creanga and B. Graham at NIH) were 374 
maintained in Dulbecco’s Modified Eagle medium (DMEM; Gibco) supplemented with 10% FBS, 375 
100 µg/mL penicillin and streptomycin, and 10 μg/mL of puromycin at 37°C and 5% CO2. 376 
 377 
Infectious clone preparation 378 
To enable this rapid cloning strategy, the SARS-CoV-2 genome was divided into 10 fragments 379 
that correspond to different coding regions of the genome (Suppl Fig. 2). The fragments were 380 
cloned into a pUC19-based vector with the bidirectional tonB terminator upstream and the T7Te 381 
and rrnB T1 terminators downstream of the SARS-CoV-2 sequence. All plasmids were sequenced 382 
using the Primordium Labs whole plasmid sequencing service. Prior to assembly, the fragments 383 
were PCR amplified and cleaned. To enable assembly of the full-length SARS-CoV-2 genome 384 
using BsaI-mediated Golden Gate assembly, the two BsaI sites in the genome (WA1 nt 17966 385 
and nt 24096) were eliminated by introducing the following synonymous mutations (WA1 nt 386 
C17976T and nt C24106T) in fragments F6 and F8, respectively. The pBAC vector that can 387 
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handle the full-length genome was purchased from Lucigen (cat # 42032-1). This vector was 388 
modified to include a CMV promoter, T7 promoter, BsaI sites, an HDVrz and SV40 polyA. The 389 
BsaI site at nt 2302 was mutated (C2307T) to allow use in the BsaI-mediated Golden Gate 390 
assembly. For the Golden Gate assembly, the 10 fragments and the pBAC vector were mixed in 391 
stoichiometric ratios in 1x T4 DNA ligase buffer (25 μL reaction volume). To the mixture was 392 
added BsaI HF v2 (1.5 μL) and Hi-T4 DNA ligase (2.5 μL). The assembly was performed as 393 
follows in a thermal cycler: 30 cycles of 37°C for 5 min, followed by 16°C for 5 min. Then the 394 
reaction was incubated at 37°C for 5 min and 60°C for 5 min. 1 μL of the reaction was 395 
electroporated into EPI300 cells and plated onto LB+chloramphenicol plates and grown at 37°C 396 
for 24 hours. Colonies were picked and cultured in LB30 medium + 12.5 μg/mL of chloramphenicol 397 
for 12 hours at 37°C. 1 mL of the culture was diluted to 100 mL of LB30 medium + 12.5 μg/mL of 398 
chloramphenicol for 3–4 hours. The culture was diluted again to 400 mL of LB30 medium + 12.5 399 
μg/mL of chloramphenicol + 1x Arabinose induction solution (Lucigen) for overnight. The pBAC 400 
infectious clone plasmid was extracted and purified using NucleoBond Xtra Maxi prep kit 401 
(Macherey-Nagel). The plasmid was then sequenced using Primordium Labs “Large” whole 402 
plasmid sequencing service. All plasmids constructed in the study will be available via Addgene. 403 
 404 
In vitro transcribed RNA preparation 405 
20 μg of the pBAC infectious clone plasmid was digested with SalI and SbfI for at least 3 hours 406 
at 37°C in a 50-μL reaction. The digest was diluted to 500 μL with DNA lysis buffer (0.5% SDS, 407 
10 mM Tris, pH 8, 10 mM EDTA, and 10 mM NaCl) and 5 μL of proteinase K was added. The 408 
mixture was incubated at 50°C for 1 hour. The DNA was extracted with phenol and precipitated 409 
with ethanol. 2 μg of digested DNA was used to set up the IVT reactions according to the 410 
manufacturer’s instructions for both the HiScribe and the mMessage mMachine kits except for the 411 
incubation times as indicated (Fig. 1E). The mMessage mMachine Kit was used to generate the 412 
RNA for all infectious clone experiments. After the IVT reaction, the RNA was extracted with 413 
RNAstat60 and precipitated with isopropanol, according to the manufacturer's instructions. To 414 
generate N IVT RNA, the exact procedure above was followed, except that the plasmid was 415 
digested with SalI only and the IVT reaction was run for 2 hours at 37°C. 416 
 417 
Infectious clone virus rescue 418 
To generate the RNA-launched SARS-CoV-2, the purified infectious clone RNA (10 μg) was 419 
mixed with N RNA (5 μg) and electroporated into 5x106 BHK21 cells. The cells were then layered 420 
on top of Vero-ACE2/TMPRSS2 cells in a T75 flask (Fig. 2A). After development of cytopathic 421 
effect, the virus was propagated onto Vero-ACE2/TMPRSS2 to achieve high titer. To generate 422 
the DNA-launched SARS-CoV-2, the pBAC SARS-CoV-2 construct was directly cotransfected 423 
with N expression construct into BHK21 cells in six-well plate (Fig. 2A). After 3 days post-424 
transfection, the supernatant was collected and used to infect Vero-ACE2/TMPRSS2 cells and 425 
passaged further to achieve high titer. All viruses generated and/or utilized in this study were NGS 426 
verified using the ARTIC Network’s protocol77. 427 
 428 
SARS-CoV-2 replicon assay 429 
Plasmids harboring the full SARS-CoV-2 sequence except for Spike (1 µg) were transfected into 430 
BHK21 cells along with Nucleocapsid and Spike expression vectors (0.5 µg each) in 24-well plate 431 
using X-tremeGENE 9 DNA transfection reagent (Sigma Aldrich) according to manufacturer’s 432 
protocol. The supernatant was replaced with fresh growth medium 12-16 hours post transfection. 433 
The supernatant containing single-round infectious particles was collected and 0.45 µm-filtered 434 
72 hours post transfection. The supernatant was subsequently used to infect Vero-435 
ACE2/TMPRSS2 cells (in 96-well plate) or Calu3 cells (in 24-well plate). The medium was 436 
refreshed 12-24 hours post infection. To measure luciferase activity, an equal volume of 437 
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supernatant from transfected cells or infected cells was mixed with Nano-Glo luciferase assay 438 
buffer and substrate and analyzed on an Infinite M Plex plate reader (Tecan). 439 
 440 
SARS-CoV-2 virus culture and plaque assay 441 
SARS-CoV-2 variants B.1.617.2 (BEI NR-55611) were propagated on Vero-ACE2/TMPRSS2 442 
cells, sequence verified, and were stored at -80°C until use. The virus infection experiments were 443 
performed in a Biosafety Level 3 laboratory. For plaque assays, tissue homogenates and cell 444 
supernatants were analyzed for viral particle formation for in vivo and in vitro experiments, 445 
respectively. Briefly, Vero-ACE2/TMPRSS2 cells were plated and rested for at least 24 hours. 446 
Serial dilutions of inoculate of homogenate or supernatant were added on to the cells. After the 447 
1-hour absorption period, 2.5% Avicel (Dupont, RC-591) was overlaid. After 72 hours, the overlay 448 
was removed, the cells were fixed in 10% formalin for one hour, and stained with crystal violet for 449 
visualization of plaque formation. 450 
 451 
Analysis of viral sequences 452 
Viral sequences were downloaded from the GISAID database and analyzed for mutations utilizing 453 
the Geneious Prime software version 2022.2.1. The GISAID mutation analysis tool was utilized 454 
to quickly filter for recombinants containing specific mutations prior to download.  455 
 456 
Real-time quantitative polymerase chain reaction (RT-qPCR) 457 
RNA was extracted from cells, supernatants, or tissue homogenates using RNA-STAT-60 458 
(AMSBIO, CS-110) and the Direct-Zol RNA Miniprep Kit (Zymo Research, R2052). RNA was then 459 
reverse-transcribed to cDNA with iScript cDNA Synthesis Kit (Bio-Rad, 1708890). qPCR reaction 460 
was performed with cDNA and SYBR Green Master Mix (Thermo Fisher Scientific) using the 461 
CFX384 Touch Real-Time PCR Detection System (Bio-Rad). N gene primer sequences are: 462 
Forward 5′ AAATTTTGGGGACCAGGAAC 3′; Reverse 5′ TGGCACCTGTGTAGGTCAAC 3′. The 463 
tenth fragment of the infectious clone plasmid was used as a standard for N gene quantification 464 
by RT-qPCR. 465 
 466 
K18-hACE2 mouse infection model 467 
All protocols concerning animal use were approved (AN169239-01C) by the Institutional Animal 468 
Care and Use committees at the University of California, San Francisco and Gladstone Institutes 469 
and conducted in strict accordance with the National Institutes of Health Guide for the Care and 470 
Use of Laboratory Animal. Mice were housed in a temperature- and humidity-controlled pathogen-471 
free facility with 12-hour light/dark cycle and ad libitum access to water and standard laboratory 472 
rodent chow. Briefly, the study involved intranasal infection (1X104 PFU) of 6–8-week-old K18-473 
hACE2 mice with Delta (DNA, RNA, and patient isolate). A total of 5 animals were infected for 474 
each variant and euthanized at 2 days post-infection. The lungs were processed for further 475 
analysis of virus replication. 476 
 477 
Cellular infection studies 478 
Calu3 cells were seeded into 12-well plates. Cells were rested for at least 24 hours prior to 479 
infection. At the time of infection, medium containing viral inoculum was added on the cells. One 480 
hour after addition of inoculum, the medium was replaced with fresh medium. The supernatant 481 
was harvested at 24, 48, and 72 hours post-infection for downstream analysis. 482 
 483 
Staining for LDs in transfected and infected cells 484 

HEK293T cells were transfected with NSP6 expression vector gifted from the Krogan lab78, 485 
and modified with mTagBFP2 in 6-well plates. 48 hr after transfection, cells were washed with 486 
PBS, lifted with trypsin, and plated onto poly-L-lysine treated 24 well glass-bottom plates 487 
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(Corning). The cells were incubated overnight, the culture medium was removed, cells were fixed 488 
with 4% paraformaldehyde, permeabilized with 0.1% TritonX-100 in PBS, and probed for Mouse-489 
anti-FLAG M2 (1:200) and Donkey-anti-Mouse-AlexaFluor 488. Cells were stained with LipidTox 490 
Deep Red (1:500) and Hoechst (1:500) in Hank’s Balanced Salt Solution (HBSS), washed with 491 
HBSS, and resuspended in HBSS for imaging. Transfected cells were imaged on an Olympus 492 
FV3000RS confocal microscope with a 40X objective, and LD fluorescence quantified using 493 
Imaris 9.9.1 software. 494 
Vero ACE2 TMPRSS2 cells (3x104) were infected with replicons in 96-well optical plastic and 495 
incubated overnight. The culture medium was removed and replaced with LipidTox Deep Red 496 
(1:500) and Hoechst (1:500) in Hank’s Balanced Salt Solution (HBSS), washed with HBSS, and 497 
imaged in Live Cell Imaging Buffer (Invitrogen). For quantification, cells were imaged and 498 
analyzed on a ImageXpress Micro confocal microscope (Molecular Devices) with a 10X objective 499 
and a custom analysis program for GPF and LD intensity. 2x105 Vero ACE2 TMPRSS2 cells were 500 
infected with replicons in 24-well glass-bottom plates and incubated overnight. The culture 501 
medium was removed, cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% 502 
TritonX-100 in PBS, and probed for Mouse-anti-dsRNA J2 (1:200) and Donkey-anti-Mouse-503 
AlexaFluor 488. Cells were stained with LipidTox Deep Red (1:500) and Hoechst (1:500) in Hank’s 504 
Balanced Salt Solution (HBSS), washed with HBSS, and resuspended in HBSS for imaging. For 505 
higher resolution images, the 24 well plate was imaged on an Olympus FV3000RS confocal 506 
microscope with a 40X objective. 507 
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Figure Legends 699 
 700 
Figure 1. Golden Gate assembly enables rapid cloning of SARS-CoV-2 variants 701 
(A) Schematic of cloning methodology and generation of infectious clones. The viral genome 702 
was rationally divided into 10 fragments and assembled into a BAC vector containing T7 and CMV 703 
promoters, HDVrz, and SV40 polyA sequence. The assembled vector was then directly 704 
transfected into cells or first in vitro transcribed into RNA, followed by electroporation into cells to 705 
generate SARS-CoV-2 variants. The estimated time required for each step is indicated in 706 
parentheses. 707 
(B) Agarose gel electrophoresis of Golden Gate (GG) assembly of the 10 fragments. 708 
(C) Cloning efficiency of SARS-CoV-2 variant infectious clones. Correct colonies are defined 709 
as those with perfectly correct sequence across the entire genome. 20–40 colonies were analyzed 710 
for each variant. 711 
(D) Agarose gel electrophoresis of PstI digest of 0.5 µg of SARS-CoV-2 variant infectious 712 
clone plasmids, demonstrating high quantity and quality of plasmid preps. 713 
(E) In vitro transcription of assembled plasmid to generate full-length RNA under different 714 
conditions with two different commercial kits. 715 
 716 
Figure 2. DNA- and RNA-launched viruses replicate similarly to virus derived from patient 717 
isolates. 718 
(A) Schematic of virus rescue from RNA or DNA. For RNA-launched virus rescue, in vitro 719 
transcribed RNA from viral construct and N expression construct is electroporated into BHK-21 720 
cells followed by co-culture with Vero ACE2 TMPRSS2 cells to yield p0 viral stock and propagated 721 
in the same cells onward. For DNA-launched virus rescue, viral construct and N expression 722 
construct are directly transfected into BHK-21 cells to yield p0 viral stock, which is then 723 
propagated in Vero ACE2 TMPRSS2 cells. 724 
(B) Plaque morphology of DNA- and RNA-launched and patient-derived Delta variant viruses. 725 
Images were pseudocolored to black and white for optimal visualization. The images represent at 726 
least three independent replicates.  727 
(C) Growth kinetics of the viruses in B in Vero TMPRSS2 and Calu3 cells over 72 hours as 728 
measured by infectious particle release by plaque assay. Average of three independent 729 
experiments analyzed in duplicate ± SD are shown.  730 
(D) Replication of the viruses in B was assessed in K18-hACE2 mice lungs at 48 hours post-731 
infection by infectious particle release by plaque assay and viral RNA by RT-qPCR. Average of 732 
three independent experiments analyzed in duplicate ± SD are shown. 733 
 734 
Figure 3. Omicron mutations in Spike and ORF1ab reduce viral particle production and 735 
intracellular RNA levels. 736 
(A) Schematic of recombinant infectious clones of Delta (green) and Omicron (orange) 737 
variants with indicated mutations. Mutations represent >90% of GISAID sequences of each 738 
variant as of January 2022. 739 
(B) Representative images of plaques from indicated recombinant infectious clones. Images 740 
were pseudocolored to black and white for optimal visualization. 741 
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(C) Extracellular infectious particles from infected Calu3 cells (m.o.i. 0.1). Average of three 742 
independent experiments analyzed in duplicate ± SD are shown and compared to Delta by two-743 
sided Student’s T-test at each timepoint. 744 
(D) Intracellular RNA was quantified from infected Calu3 cells (m.o.i. of 0.1). Data are 745 
expressed in absolute copies/µg based on a standard curve of N gene with known copy number. 746 
Average of three independent experiments analyzed in duplicate ± SD are shown and compared 747 
to Delta by two-sided Student’s T-test at each timepoint. 748 
*, p<0.01. 749 
 750 
Figure 4. Omicron mutations attenuate viral replication independent of Spike 751 
(A) Schematic of the replicon system in which the Spike gene was replaced with secreted 752 
Nanoluciferase (Sec nLuc) and enhanced green fluorescent protein (eGFP) separated by a self-753 
cleaving P2A peptide. 754 
(B) Experimental workflow of the SARS-CoV-2 replicon assay. VAT, Vero cells stably 755 
overexpressing ACE2 and TMPRSS2. 756 
(C) Luciferase readout from cells transfected with increasing amounts of Spike expression 757 
construct paired with either the Delta or Omicron replicon plasmids. Average of two independent 758 
experiments analyzed in duplicate ± SD and pairwise comparisons between the Delta and 759 
Omicron variants by two-sided Student’s T-test are shown.  760 
(D) Luciferase readout from Calu3 or Vero-ACE2/TMPRSS2 cells infected with supernatant 761 
from BHK21 cells transfected with Delta or Omicron replicons in B. Shown are the average of two 762 
independent experiments analyzed in duplicate ± SD and pairwise comparisons between the 763 
Delta and Omicron variants by two-sided Student’s T-test.  764 
(E) Pearson correlation analysis of replicon-generated RLU signal in the supernatant of 765 
infected Calu3 cells with abundance of viral N gene RNA in the same well as measured by RT-766 
qPCR.  767 
(F) Luciferase readout from transfected BHK21 with Delta and Omicron replicons and a Delta 768 
Spike, Omicron Spike, or VSV-G expression vectors. The Omicron replicon plasmid was 769 
transfected at twice the amount of the Delta replicon. Average of two independent experiments 770 
analyzed in triplicate ± SD are shown. 771 
(G) Luciferase readout from infected Vero ACE2 TMPRSS2 cells with supernatant from F. 772 
Average of two independent experiments analyzed in triplicate ± SD are shown, and pairwise 773 
comparisons were made relative to the Omicron variant by two-sided Student’s T-test. 774 
 775 
Figure 5. Omicron NSP6 slows viral RNA replication. 776 
(A) Luciferase readout from transfected BHK21 with Delta, Omicron, and Omicron-Delta 777 
recombinants replicons as indicated and a Delta Spike and Nucleocapsid expression vectors. 778 
Average of two independent experiments analyzed in triplicate ± SD are shown. 779 
(B) Luciferase readout from infected Vero ACE2 TMPRSS2 and Calu3 cells with supernatant 780 
from A. Average of two independent experiments analyzed in triplicate ± SD are shown, and 781 
pairwise comparisons were made relative to the Omicron variant by two-sided Student’s T-test. 782 
(C) Luciferase readout from transfected BHK21 with Delta, Delta-Omicron recombinants, 783 
Omicron, and Omicron-Delta recombinants replicons as indicated and a Delta Spike and 784 
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Nucleocapsid expression vectors. Average of two independent experiments analyzed in triplicate 785 
± SD are shown. 786 
(D) Luciferase readout from infected Vero ACE2 TMPRSS2 and Calu3 cells with supernatant 787 
from C. Average of two independent experiments analyzed in triplicate ± SD are shown, and 788 
pairwise comparisons were made relative to the Omicron variant by two-sided Student’s T-test. 789 
(E) Representative images of transfected HEK293T cells with indicated FLAG-NSP6 790 
expression vectors or transfected control and stained for LD and FLAG.  791 
(F) Quantification of the relative LD mean fluorescent intensity (MFI) per transfected (BFP-792 
positive) cells in images shown in G. Average of three technical replicates ± SD are shown, and 793 
pairwise comparisons were made as indicated by two-sided Student’s T-test. 794 
(G) Representative images of infected Vero ACE2 TMPRSS2 cells with indicated replicons 795 
and stained for LD and dsRNA.  796 
(H) Quantification of the relative LD mean fluorescent intensity (MFI) per dsRNA positive cells 797 
in images shown in E. Average of three technical replicates ± SD are shown, and pairwise 798 
comparisons were made as indicated by two-sided Student’s T-test. 799 
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Figure 3 809 
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Figure 4 814 
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