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19
20

ABSTRACT
Transmission of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),

21

has resulted in millions of deaths and declining economies around the world. K18-hACE2 mice

22

develop disease resembling severe SARS-CoV-2 infection in a virus dose-dependent manner.

23

The relationship between SARS-CoV-2 and the intestinal or respiratory microbiome is not fully

24

understood. In this context, we characterized the cecal and lung microbiome of SARS-CoV-2

25

challenged K18-hACE2 transgenic mice in the presence or absence of treatment with the Mpro

26

inhibitor GC376. Cecum microbiome showed decreased Shannon and Inv Simpson diversity

27

index correlating with SARS-CoV-2 infection dosage and a difference of Bray-Curtis dissimilarity

28

distances among control and infected mice. Bacterial phyla such as Firmicutes, particularly

29

Lachnospiraceae and Oscillospiraceae, were significantly less abundant while

30

Verrucomicrobiota, particularly the family Akkermansiaceae, were increasingly more prevalent

31

during peak infection in mice challenged with a high virus dose. In contrast to the cecal

32

microbiome, the lung microbiome showed similar microbial diversity among the control, low and

33

high challenge virus groups, independent of antiviral treatment. Bacterial phyla in the lungs such

34

as Bacteroidota decreased while Firmicutes and Proteobacteria were significantly enriched in

35

mice challenged with a high dose of SARS-CoV-2. In summary, we identified changes in the

36

cecal and lung microbiome of K18-hACE2 mice with severe clinical signs of SARS-CoV-2

37

infection.

38
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41

IMPORTANCE

42

The COVID-19 pandemic has resulted in millions of deaths. The host’s respiratory and intestinal

43

microbiome can affect directly or indirectly the immune system during viral infections. We

44

characterized the cecal and lung microbiome in a relevant mouse model challenged with a low

45

and high dose of SARS-CoV-2 in the presence or absence of an antiviral Mpro inhibitor, GC376.

46

Decreased microbial diversity and taxonomic abundances of the phyla Firmicutes, particularly

47

Lachnospiraceae, correlating with infection dosage was observed in the cecum. In addition,

48

microbes within the family Akkermansiaceae were increasingly more prevalent during peak

49

infection, which is observed in other viral infections. The lung microbiome showed similar

50

microbial diversity to the control, independent of antiviral treatment. Decreased Bacteroidota

51

and increased Firmicutes and Proteobacteria were observed in the lungs in a virus dose-

52

dependent manner. These studies add to a better understanding of the complexities associated

53

with the intestinal microbiome during respiratory infections.
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54

INTRODUCTION

55

Throughout 2020, the World Health Organization reported ~8 million confirmed COVID-

56

19 cases and ~1.8 million confirmed deaths leading to a continuous increase of cases during

57

the early months of 2021 (1). The SARS-CoV-2 virus replicates and migrates to multiple tissues

58

including the airways and alveolar epithelial cells in the lungs, triggering a strong immune

59

response that may lead to exacerbation of inflammatory responses, a major complication in

60

SARS-CoV-2 patients (2-9). While many infected patients can present as asymptomatic, others

61

show clinical manifestations such as fever, shortness of breath, cough, headache, and

62

occasional gastrointestinal symptoms (10-12); however, there are still several aspects of the

63

host immune response that need to be elucidated.

64

The respiratory and intestinal microbiome can have direct impacts on host cells or an

65

indirect impact on the immune system during viral infections (13, 14). Our knowledge of the

66

microbiota’s role in essential physiological processes and disease progression has expanded

67

greatly due to advanced sequencing technology (15), but remains poorly parameterized for

68

many diseases. Previous studies have shown that the residential bacterial communities that

69

reside in the respiratory tract can affect and/or be affected by respiratory viral infections, such

70

as playing a role in the enhancement of influenza virus transmission by promoting

71

environmental stability and infectivity (16, 17). Changes in the respiratory microbiome during

72

influenza infection in mice showed decreased of Alphaproteobacteria and increased of

73

Gammaproteobacteria, Actinobacteria, and facultative anaerobes like Streptococcus and

74

Staphylococcus (16). While the potential for respiratory diseases to impact the residential

75

microbiome is clear, many studies have also observed impacts on the intestinal microbiome

76

during respiratory infections (18-21). Reported changes in the intestinal microbiome include

77

enrichment of Bacteroides and Proteobacteria along with a decrease in Firmicutes during

78

respiratory viral infections such as influenza and respiratory syncytial virus (18-21). Not only are

79

changes observed in the intestinal bacterial communities, but it was demonstrated that TLR5

80

sensing of flagellated microbes in the intestine increased antibody responses post influenza

81

vaccination and the oral administration of gut microbe Akkermansia muciniphila reduces weight

82

loss and mortality during highly pathogenic influenza infection (22, 23). It has also been

83

suggested that microbiome changes or ‘gut dysbiosis’ can lead to gut permeability resulting in

84

secondary infections such as pneumococcal disease (20, 21). Therefore, we were interested in

85

exploring the impacts of SARS-CoV-2 infection on the microbiome through the use of a mouse

86

model.
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87

The relationship between SARS-CoV-2 and the intestinal or respiratory environment is

88

not fully understood, particularly its impact on the microbiome. Previous studies have looked at

89

SARS-CoV-2-induced changes in the nasopharynx and fecal microbiome of humans with

90

conflicting results (5, 24-28). Microbiome diversity and composition differences were not

91

observed in the nasopharynx of negative and positive PCR patients in one study (28). However,

92

another study found a decrease in the nasopharyngeal microbial diversity and differences were

93

linked to disease severity (27). Impacts on the fecal microbiome are also expected, as

94

numerous studies have observed viral RNA in the feces of infected individuals (9, 29), and

95

gastrointestinal upset reported occasionally during COVID-19 infection (29). Overall, fecal

96

microbiome studies have found a decrease in the gut microbiota diversity and abundance in

97

SARS-CoV-2 patients compared to negative patients (5, 24, 26). Multiple bacterial genera that

98

are associated with opportunistic pathogens such as Streptococcocus, Rothia, Veillonella,

99

Erysipelatoclostridium, Actinomyces, Collinsella and Morganella, had increased relative

100

abundance in fecal samples collected from SARS-CoV-2 patients compared to the controls (5,

101

24). Further, a recent study showed that the addition of oral bacteriotherapy treatment in

102

human patients with SARS-CoV-2 displayed decreased mortality and reduced ICU

103

hospitalizations (30). This suggests that understanding the host microbial changes during

104

SARS-CoV-2 infection could help provide future treatment methods to overcome severe

105

infections.

106

While nasopharynx and fecal samples can be informative, several studies in human and

107

animal models suggest that the intestinal lumen and mucosa may be colonized by microbial

108

communities that are different from rectal swabs or feces (31-33). However, deep respiratory

109

and intestinal samples are more difficult to collect among human patients. Further, the human

110

microbiome is highly variable and impacted by diverse environmental conditions (34-37), which

111

complicates analysis of human population studies. Therefore, analyzing the respiratory and

112

intestinal microbiome of an animal model susceptible to SARS-CoV-2 in a controlled

113

environment that mirrors mild or severe SARS-CoV-2 infection in humans would be beneficial in

114

understanding the relationship between SARS-CoV-2 infection and the host microbiome.

115

Recent reports showed that K18-hACE2 mice develop disease resembling severe

116

SARS-CoV-2 infection in a virus dose-dependent manner, mirroring partially what is observed in

117

humans (38-46). We aimed to use this model to understand microbiome responses to SARS-

118

CoV-2, particularly infection or antiviral induced changes in the intestinal and lung microbiome.

119

The studies were performed in the context of mice challenged with two different doses of the
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120

SARS-CoV-2 virus and either receiving antiviral therapy with the Mpro inhibitor GC-376 or vehicle

121

for 7 days post virus challenge. We performed 16S sequencing at 2-, 5-, and 14-days post

122

challenge (dpc) with a prototypic SARS-CoV-2 strain. The results of the intestinal microbiome

123

show microbial differences in alpha and beta diversity measures that are SARS-CoV-2 virus

124

dose-dependent and with little effect of GC-376 treatment on lung bacterial communities.

125

RESULTS

126

Clinical outcomes of K18 hACE2 transgenic mice challenged with two different doses of

127

SARS-CoV-2 virus and samples for microbiome analyses.

128

Taking advantage of a study evaluating antiviral activity of GC-376 against SARS-CoV-2

129

virus in the K18-hACE2 mouse model, we evaluated the microbiome composition at different

130

times after SARS-CoV-2 challenge. We and others have shown that mice challenged with 10^3

131

TCID50/mouse of the SARS-CoV-2 virus (Low/Vehicle) presented with brief reduced activity

132

and clinical signs leading to ~60% survival (43). In contrast, mice challenged with 10^5

133

TCID50/mouse of SARS-CoV-2 (High/Vehicle) presented initially with relatively normal activity

134

followed by rapid weight loss and substantial deterioration of clinical outcomes (43). By 6 dpc,

135

mice in the high virus dose group showed ~20% weight loss and all mice died or had to be

136

euthanized by 8 dpc (43). Peak virus titers for the low and high dose groups were observed at 2

137

and then 5 dpc in the nasal turbinate’s and lungs (43). Antiviral GC-376 treatment resulted in

138

milder inflammation and reduced lesions and viral loads compared to the vehicle group,

139

although it did not improve clinical outcomes (43). We analyzed the changes in the intestinal

140

and respiratory microbiome by collecting cecum and lungs from mice of the following groups:

141

PBS/Vehicle, Low/Vehicle, and High/Vehicle (Fig. 1A). Because the respiratory tract is the

142

primary site of replication for SARS-CoV-2, we also collected lung samples from the antiviral

143

GC-376 treated group (Mock/GC-376, Low/GC-376, High/GC-376) to evaluate whether antiviral

144

intervention would affect the residential respiratory microbiome (Fig. 1A).

145

We performed 16S sequencing at 2-, 5-, and 14-dpc except for lung samples in the

146

PBS/Vehicle group due to limited DNA concentrations. Of the total ceca and lung combined

147

5,098,781 raw reads obtained, while 3,103,597 reads remained after dada2 trimming, filtering,

148

merging, and chimera removal. Two lung samples, one from the Low/Vehicle at 2 dpc and one

149

from the High/Vehicle at 5 dpc were removed from the analysis because of low coverage

150

(<10,000 reads). One lung sample from the Mock/GC-376 at 14 dpc, considered an outlier

151

according to Grubbs test on taxonomic abundance (p = 6.022e-07), was also removed from the

152

analysis. Because the microbiome of the lungs can be easily contaminated, we compared the
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153

sequencing coverage of the blank extractions and negative PCR controls to samples from the

154

lung and ceca (Fig. 1B). Blank extraction samples had an average of 5,824 reads/sample and

155

the negative PCR controls had an average of 199 reads/sample. Meanwhile, cecum samples

156

had an average of 46,827 with a minimum of 12,892 reads/sample and the lung samples had an

157

average of 42,217 with a minimum of 14,808 reads/sample (Fig. 1B). Since the number of reads

158

for the ceca and lung are notably greater than the blanks, the difference in coverage suggests

159

that the majority of the reads in the samples are not from cross-contamination.

160

Microbial diversity in the cecum of SARS-CoV-2 challenge K18 hACE2 mice.

161

To evaluate spatial differences in microbial diversity and community structure in the

162

cecum, we evaluated alpha diversity using count data from rarified ASVs to calculate the

163

number of observed variants, and the Shannon and Inv Simpson indexes. There were no

164

significant differences in ASV richness among PBS/Vehicle, Low/Vehicle and High/Vehicle

165

when samples from each dpc were combined (Fig. 2A). Analyses of each group at each time

166

point showed a trend towards increased number of ASVs as dpc increased; however, statistical

167

testing was not performed because of limited sample size per time point (n= 2 or 3) (Fig. 1SA).

168

Shannon and Inv Simpson indexes varied significantly between groups (Krustal-Wallis; p=0.015;

169

p=0.012 respectively, Fig. 2B and 2C). The PBS/Vehicle group had the highest Shannon and

170

Inv Simpson index, followed by Low/Vehicle, and then High/Vehicle (Fig. 2B and 2C). Pair-wise

171

comparisons showed that PBS/Vehicle and Low/Vehicle had significantly higher Shannon and

172

Inv Simpson diversity indexes compared to High/Vehicle (Wilcox-rank test; p = 0.015 and

173

p=0.012; p=0.0087 and p=0.02 respectively, Fig. 2B and 2C). Shannon diversity and Inv

174

Simpson of each group at each time point showed a similar trend among days after challenge

175

(Fig. 1SB and 1SC). Moreover, there was no statistical difference among 2-, 5-, and 14- dpc

176

when analyzing the virus-challenge groups (Low/Vehicle and High/Vehicle, Fig. 2S). Taken

177

together, the alpha diversity indexes showed that the microbial diversity in the cecum of K18-

178

hACE2 mice correlates inversely with SARS-CoV-2 virus challenge dose.

179

In order to assess the relationship between microbial community structure and SARS-

180

CoV-2 challenge during the course of infection, we analyzed the number of shared ASVs. The

181

three groups shared 76 ASVs after the count data was rarified with a detection limit of 0.001 in

182

at least 90% of the samples (Fig 2D). Using the same criteria, PBS/Vehicle had 31 unique ASVs

183

while Low/Vehicle and High/Vehicle had 6 and 12 unique ASVs, respectively (Fig 2D). The

184

Low/Vehicle group shared 21 ASVs with PBS/Vehicle and 11 ASVs with High/Vehicle,

185

suggesting a more similar microbial composition between Low/Vehicle and PBS/Vehicle (Fig.
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186

2D). Next, we quantified changes of the cecum microbiome composition among different SARS-

187

CoV-2 infected groups by comparing weighted dissimilarity distances (Bray-Curtis) within and

188

across groups (Fig. 2E). Overall, High/Vehicle showed greater dissimilarity to PBS/Vehicle than

189

Low/Vehicle in all group comparisons (Fig. 2E). A non-metric Multi-dimensional Scaling

190

(NMDS) plot of the Bray-Curtis dissimilarity distance was used to assess the relationship

191

between microbial community structure and SARS-CoV-2 challenge during the course of

192

infection. The NMDS showed a spread of samples; however, the PBS/Vehicle showed more

193

overlap with the Low/Vehicle compared to the High/Vehicle, which was further supported by a

194

PERMANOVA analysis analyzing difference of groups (p=0.001) (Fig. 2F). We further

195

investigated the relationship of the three groups across dpc by producing a hierarchical cluster

196

analysis using the Bray-Curtis dissimilarity distances (Fig. 2G). While the samples did not

197

cluster exclusively by treatment, in all cases the High/Vehicle clustered with samples within their

198

group or with Low/Vehicle treatment samples to the exclusion of PBS/Vehicle, and similarly

199

PBS/Vehicle clustered with their own group or Low/Vehicle to the exclusion of High/Vehicle (Fig.

200

2G). Collectively, the beta diversity metrics suggest that a higher dosage of SARS-CoV-2 virus

201

infection has a larger effect on microbial diversity and community structure compared to a low

202

virus dose infection.

203

Since the diversity metrics suggested a difference among the low and high virus dose

204

infected mice, we investigated those differences further by analyzing the relative abundance of

205

the microbial communities at the phylum and family levels. The most abundant phyla were

206

Bacteroidota, Firmicutes, Proteobacteria, and Verrumicrobiota. The PBS/Vehicle group had

207

significantly greater relative abundance of Firmicutes compared to Low/Vehicle and

208

High/Vehicle (Wilcox-rank test; p=0.025; p=0.0087 respectively) (Fig. 3A). The Low/Vehicle

209

group had significantly more abundant Proteobacteria compared to High/Vehicle (Wilcox-rank

210

test; p=0.0008) (Fig. 3A). While not statistically significant, High/Vehicle had notably higher

211

abundance of Verrucomicrobiota compared to the other two groups. Next, we looked at the

212

relationship between the two predominant phyla to calculate the Firmicutes/Bacteroidota (F/B)

213

ratio. The PBS/Vehicle group had the highest F/B ratio, followed by Low/Vehicle, and then

214

High/Vehicle (Fig. 3B). Pair-wise comparisons showed that PBS/Vehicle had significantly higher

215

F/B ratio compared to High/Vehicle (Wilcox-rank test; p = 0.02, Fig. 3B). When analyzing

216

taxonomic diversity at the family level, the most abundant families were Muribaculaceae,

217

Lachnospiraceae, and Akkermansiaceae (Fig. 3B left). Muribaculaceae was similar among

218

groups when all sample time points were combined, consistent with its parent phyla,

219

Bacteroidota (Fig. 3A). The PBS/Vehicle and Low/Vehicle had significantly higher abundances
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220

of Lachnospiraceae compared to the High/Vehicle (Wilcox-rank test; p=0.05, p=0.041

221

respectively, Fig. 3B left). Another family in the phyla Firmicutes, Oscillospiraceae, had

222

significantly increased abundance in the PBS/Vehicle group compared to the High/Vehicle

223

(Wilcox-rank test; p=0.0087, Fig. 3B right). While not significant, the family driving the increase

224

shift of Verrumicrobiota in the High/Vehicle was Akkermansiaceae (Fig. 3B left). This family was

225

notably enriched at 5 dpc in 2 out of 3 samples of the High/Vehicle (Fig. 3D). Taken together,

226

the taxonomic relative abundances displayed distinct changes at the phylum and family level for

227

the high dose infected group while the control and low dose groups were more similar,

228

particularly in families within the phylas’ Bacteroidota, Firmicutes, Proteobacteria, and

229

Verrumicrobiota.

230

Microbial diversity in the lungs of SARS-CoV-2 challenge K18 hACE2 mice.

231

Since we observed intestinal dysbiosis in SARS-CoV-2 infected mice, we subsequently

232

analyzed the changes of the antiviral Mpro inhibitor GC-376 and infection in the lung microbiome.

233

The effect of GC-376 was analyzed from homogenized lung tissue samples and we specifically

234

investigated how antiviral treatment may have affected microbiome changes in the lung during

235

SARS-CoV-2 infection. Due to low DNA concentrations and <10,000 reads/sample, we did not

236

include the six lung samples from the PBS/Vehicle group in our analyses. Therefore, analysis of

237

the microbiome was only assessed in lung samples from Low/Vehicle, High/Vehicle, Low/GC-

238

376, and High/GC-376. The low virus challenge dose groups showed no significant differences

239

among number of observed ASVs, Shannon or Inv Simpson diversity indexes between GC-376-

240

treated and untreated mice when samples from all time points were taken into account (Fig. 4A,

241

B, and C). Bray-Curtis dissimilarity distances similarly did not show treatment-specific

242

differences (Fig. 4D; PERMANOVA p=0.88). Results from the two high virus challenge dose

243

groups showed that High/Vehicle had significantly higher combined number of ASVs compared

244

to High/GC-376 (Fig. 4E). However, the Shannon and Inv Simpson diversity indexes were

245

similar (Fig. 4F and G), and the Bray-Curtis dissimilarity did not cluster by treatment group or

246

show treatment-specific differences (Fig. 4H; PERMANOVA p=0.72). Collectively, the results

247

showed that the lung microbial communities during infection with SARS-CoV-2 were unaffected

248

by the antiviral treatment at low or high virus challenge doses.

249

Because the PBS/Vehicle treatment did not yield high-quality data and similar lung

250

microbial communities were observed regardless of whether antiviral treatment took place,

251

alpha and beta diversity metrics for the lung microbiome were compared for the GC-376 treated

252

groups (Mock/GC-376, Low/GC-376 and High/GC-376) to examine the impact of infection on
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253

the lung microbiome. The number of observed ASVs (Krustal-Wallis; p=0.041; Fig. 5A) varied

254

significantly among groups. The Mock/GC-376 group had the highest number of ASVs, followed

255

by Low/GC-376 and then High/GC-376; the Mock/GC-376 group had significantly greater

256

number of ASVs compared to High/GC-376 including all time points (Wilcox-rank test; p=0.021)

257

(Fig. 5A). Analyses at different dpc revealed similar number of ASVs regardless of time point for

258

the Mock/GC-376, whereas virus challenge groups had decreased number of ASVs as the

259

infection progressed (Fig. 3S). In contrast to the ceca, Shannon and Inv Simpson indexes for

260

the lung microbiome of the GC-376-treated groups were not significantly different when

261

comparing across viral doses or over the course of infection (Fig. 5B and 5C; Fig. 3S and 4S).

262

Since the alpha diversity analysis suggest limited to no differences among SARS-CoV-2

263

infected mice, we next analyzed the number of shared ASVs among the different groups (Fig.

264

5D). The three GC-376-treated groups shared 14 ASVs (rarified count data, detection limit of

265

0.001 in at least 90% of the samples, Fig. 5D). Following the same criteria, the Mock/GC-376

266

group had 40 unique ASVs while the Low/GC-376 and the High/GC-376 had 6 and 4 unique

267

ASVs, respectively (Fig. 5D). The Low/GC-376 shared 25 ASVs with the Mock/GC-376 and 6

268

ASVs with the High/GC3-76 (Fig. 5D). In order to further understand the differences among

269

groups, we quantified the change of the lung microbiome composition among different groups

270

by comparing Bray-Curtis distances within and across groups (Fig. 5E). The results suggest that

271

the High/GC-376 were most dissimilar to the others, while the Low/GC-376 group and the

272

PBS/GC-376 group were more similar (Fig. 5E). In addition, the High/GC-376 showed greater

273

within-group variation than Low/GC-376 and Mock/GC-376 (Fig. 5E). Next, a NMDS plot of the

274

Bray-Curtis dissimilarity distance was used to assess the relationship among the lung microbial

275

community and SARS-CoV-2 challenge during the course of infection (Fig. 5F). Bray-Curtis

276

dissimilarity NMDS showed tight grouping of samples with outliers that belonged to the

277

High/GC-376 group at 5 dpc, which was supported by a PERMANOVA analysis analyzing

278

difference of groups (p=0.01) (Fig. 5F). Further, we investigated the relationship of the three

279

groups across dpc by producing a hierarchical cluster analysis using the Bray-Curtis

280

dissimilarity distances (Fig. 5G). The lung microbiota showed less clustering by treatment than

281

the ceca (Fig. 5G). Altogether, the results suggest that there are dose-dependent changes in

282

microbial community composition following SARS-CoV-2 infection, although the results are less

283

clear-cut than observed in the cecal microbiome.

284
285

Considering the diversity metrics suggested a limited difference in infected and control
mice, we further analyzed the relative abundance of the microbial communities at the phylum
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and family levels. The most abundant phyla within the lungs were Bacteroidota, Firmicutes,

287

Proteobacteria, Actinobacteriota and Verrumicrobiota. In contrast to the ceca, Bacteroidota were

288

suppressed in GC-376-treated mice exposed to low and high dose virus, with the Mock/GC-376

289

exhibiting significantly higher abundance of Bacteroidota compared to High/GC-376 (p=0.017)

290

(Fig 6A). The High/GC-376 group had significantly higher abundance of Firmicutes than

291

Mock/GC-376 (Wilcox-rank test; p=0.038) (Fig. 6A). The Low/GC-376 and High/GC-376 had

292

significantly more abundant Proteobacteria compared to Mock/GC-376 (Wilcox-rank test;

293

p=0.025; p=0.0087 respectively, Fig. 6A). Similar abundances were observed for

294

Actinobacteriota and Verrucomicrobiota across all groups (Fig. 6A). Despite having similar if not

295

lower ASV-level diversity, lung samples showed higher family-level diversity than the cecum.

296

Following, we looked at the relationship among Firmicutes and Bacteroidota by analyzing the

297

F/B ratio. Contrary to the ceca, the Mock/GC-376 group had the lowest F/B ratio, followed by

298

Low/GC-376, and then High/GC-376 (Fig. 6B). Pair-wise comparisons showed that Mock/GC-

299

376 had significantly lower F/B ratio compared to the High/Vehicle (Wilcox-rank test; p = 0.02,

300

Fig. 6B). When analyzing taxonomy at the family level, the most abundant families in the lungs

301

were Muribaculaceae, Lachnospiraceae, and Staphylococcaceae (Fig. 6B left and 6C). Across

302

all dpc, Mock/GC-376 had significantly higher abundance of Muribaculaceae compared to

303

High/GC-376, like its parent phyla, Bacteroidota (Wilcox-rank test; p=0.03, Fig. 6B and 6C left).

304

All groups in the lungs had similar abundances of Lachnospiraceae and Staphylococcaceae

305

(Fig. 6C left and 6D). Collectively, the taxonomic relative abundances displayed distinct

306

changes at the phylum and family level in mice challenged with low and high challenge doses of

307

the SARS-CoV-2 virus and treated with GC-376, particularly in families within the phylas’

308

Bacteroidota, Firmicutes, and Proteobacteria.

309

DISCUSSION

310

We analyzed the cecum and lung microbiome changes that occur in K18-hACE2 mice

311

upon challenge with two different doses of a prototypical SARS-CoV-2 virus. Some limitations of

312

this study must be noted. While the environment was stable and controlled, the sample size for

313

each group at each time point was small and the potential contribution of cage effect on the

314

microbiome was not analyzed. The high mortality observed in the high virus dose groups only

315

allowed for collection of two time points (2 and 5 dpc, only one sample was collected at 14 dpc

316

from the only survivor in the High/GC-376 group). As indicated above, ceca samples were only

317

collected for mice not treated with GC-376. In contrast, lung samples from mock

318

inoculation/vehicle treated control mice did not yield sufficient amplifiable microbial DNA for
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319

sequencing, so the comparison focused on SARS-CoV-2 dose-dependent responses in GC-376

320

treated mice.

321

The microbiome of the cecum showed significant decreases in Shannon and Inv

322

Simpson index comparing the control to the low-dose and high-dose infected groups (Fig. 2B

323

and 2C). The low virus dose group shared a higher number of ASVs with the control group

324

compared to the high virus dose group (Fig. 2D). These observations suggest a virus dose-

325

dependent effect of the ceca microbial diversity in mice infected with SARS-CoV-2. While

326

preparing the manuscript, a report was published that analyzed the small intestine microbiome

327

of hACE2 mice among unvaccinated and vaccinated mice challenged with a high dose of

328

SARS-CoV-2 (47). While we compare control mice to low and high doses of non-vaccinated

329

mice challenged with SARS-CoV-2 in this study, findings were similar since a decrease in alpha

330

diversity in the unvaccinated mice was reported, which was consistent to results obtained from

331

human fecal samples (5, 47). From the beta diversity analysis, the weighted Bray-Curtis NMDS

332

showed that samples from the high virus dose group were outliers compared to the rest of the

333

samples, consistent with exacerbation of clinical signs and following peak virus replication in this

334

group (40, 43, 44, 48). Further analysis of the Bray-Curtis distances of cecal samples showed

335

that the low dose group was more similar to the control group compared to the high dose group

336

(Fig. 2F and G) suggesting that microbial change is virus dose-dependent. A similar relationship

337

was previously observed among unvaccinated and vaccinated SARS-CoV-2 infected mice with

338

a high dose (47). Analyzing the commensal microbiome in other diseases have shown that the

339

microbiota can both regulate and be regulated by viral pathogens and facilitate stimulatory or

340

suppressive effects on the host immune response (49). It is possible that the distinct clustering

341

and change observed at 5 dpc in the cecal microbiome of mice infected with a high virus dose

342

could be caused by a hyperactive host innate immune response and/or SARS-CoV-2 virus

343

replication. It is also possible that cecal microbiome changes could also contribute to the rapid

344

increase of disease severity. Viral pathogens that infect or replicate in mucosal tissues most

345

likely encounter commensal microbiota inhabiting the mucosal surfaces (50). Therefore, the

346

intestinal microbiota can either promote viral infections such as poliovirus, reovirus and certain

347

retroviruses, or it can have a protective role such as influenza and rotavirus (51-54).

348

The most distinct differences in taxonomic relative abundance within the ceca of infected

349

mice is the overall lower abundance of Firmicutes, particularly the families Lachnospiraceae and

350

Oscillospiraceae, increased abundance of Proteobacteria in the low virus dose group, and the

351

increase of Verrucomicrobiota, particularly the family Akkermansiaceae, in the high virus dose
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352

group at 5 dpc (Fig. 3). In addition, a significant difference among the F/B ratio was observed

353

among the control and high dose group (Fig 3B). Previously, F/B ratio has been associated with

354

maintaining homeostasis and changes could be indicative of dysbiosis (55). The results in this

355

report showed a decrease in the F/B ratio within the ceca, which was also observed in patients

356

with inflammatory bowel disease and in mice infected with RSV (20, 55). Multiple studies have

357

reported a decrease in Firmicutes during respiratory viral infections in the intestinal microbiome,

358

particularly in influenza infection (5, 18, 20). Interestingly, Firmicutes, particularly

359

Lachnospiraceae, was not significantly decreased in SARS-CoV-2 stool samples compared to

360

the controls in humans (5). Members of the Lachnospiraceae family are anaerobic, fermentative

361

bacteria that hydrolyze starches, sugars and other short chain fatty acids (SCFAs) (56).

362

Previous reports have shown that SCFAs are important for the maintenance of colonic epithelial

363

cells, directly interacts with the host immune response and promote bactericidal activity of

364

alveolar macrophages during influenza infection (21, 56). As observed in this study, the

365

decrease in Firmicutes, particularly Lachnospiraceae, correlates with virus challenge dose (Fig.

366

3). Therefore, variations in analyses of human samples could be dependent on sample type and

367

viral load during infection as shown within this study. In addition, previous studies have shown

368

increased Proteobacteria during influenza infection in mice, similar to the results in this study

369

(19, 57). The increase in Proteobacteria has been hypothesized to be mediated by type 1

370

interferons, which has been shown to be impaired in severe SARS-CoV-2 cases but not in

371

patients with mild-moderate outcomes (58, 59). The decrease of type 1 interferon in severe

372

patients could potentially correlate with the significant increase of Proteobacteria in the low virus

373

dose compared to the high virus dose found within this study; however, further research is

374

needed to investigate this relationship. Finally, increases in abundance of the family

375

Akkermansiaceae is of particular interest. The family Akkermansiacea was classified further into

376

one genus Akkermansia (60). A previous report showed that hACE2 mice that were not

377

vaccinated and challenged with SARS-CoV-2 had significantly increased Akkermansia

378

compared to vaccinated challenged mice, similar to what is observed in this study among

379

controls and the high challenge dose group (47). One of the primary Akkermansia species in the

380

cecum of mice, Akkermansia muciniphila, a gram-negative, obligate anaerobe, has been shown

381

to alter mucosal gene expression towards increased expression of genes involved in the

382

immune response, particularly genes involved in antigen presentation of leukocytes (61). As

383

expected, mice from the high virus dose group had increased staining of CD3+ and Iba-1+ cells,

384

markers for cellular infiltration, and more pronounced neutrophilic inflammation compared to the

385

low virus dose and control (43). While 2 of the 3 high virus dose mice at 5 dpc were outliers
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386

compared to the other samples, one mouse was closer in proximity to the low virus dose and

387

control group in the Bray-Curtis NMDs and had a more similar taxonomic composition to these

388

groups (Fig. 2F and G and Fig. 3C). Looking closer at the taxonomic differences, the sample

389

from this mouse also had lower relative abundance of Akkermansia compared to the other two

390

mice at 5 dpc (Fig. 3C). While challenged with the same dose, this mouse showed less clinical

391

signs throughout infection, thus, suggesting that the decreased abundance of Akkermansia in

392

this mouse could be correlative to disease severity. A recent report showed that while the

393

abundance of Akkermansia positively correlated with influenza H7N9 infection in mice; however,

394

oral administration of A. muciniphila significantly reduced weight loss, mortality, and viral titers

395

(22). Therefore, further research is needed to better understand the role of Akkermansia in

396

severe SARS-CoV-2 infection. In conclusion, the cecal data suggests that the distinct changes

397

of the ceca microbiome could be virus dose-dependent, and specific taxa could play a role in

398

the modulation of the immune response potentially leading to multisystemic inflammatory

399

syndrome, a major complication of SARS-CoV-2 infection (2-9).

400

While the intestinal microbiome has been the center for previous microbiome research;

401

recently, multiple groups have analyzed the microbiome composition of the upper and lower

402

respiratory tract (16, 18, 62, 63). In particular, the lung microbiota is understood to provide

403

resistance to the colonization of respiratory pathogens and immune tolerance (63). To our

404

knowledge, no studies have analyzed the effects of an antiviral on the lung microbiome. We

405

found no significant differences among groups of mice challenged with SARS-CoV-2 that were

406

either treated or not treated with the Mpro inhibitor GC-376 (Fig. 4). Since GC-376 had limited

407

effect on the clinical outcome of SARS-CoV-2 in mice, the limited differences in the microbial

408

composition in the lungs between treated and non-treated mice is not entirely surprising. Among

409

the samples obtained from GC-376-treated mice and in contrast to samples from ceca,

410

differences in alpha diversity indexes between control, low-dose, and high-dose infected mice

411

were not observed besides decreased number of ASVs within the lungs (Fig. 5A). Similar to

412

results within this study, a previous report also showed no significant differences in Shannon

413

diversity within the lung microbiome of mice infected with influenza and the nasopharynx of

414

negative and positive SARS-CoV-2 PCR patients (18, 28). Regarding beta diversity analysis,

415

the weighted Bray-Curtis NMDS did not show separation of clusters by treatment, but rather a

416

single overlapping cluster with outliers that primarily belong to the high virus group (Fig. 5F). In

417

contrast, a similar analysis using influenza detected no significant changes in beta diversity of

418

the lower respiratory tract throughout infection (18). Analysis of Bray-Curtis dissimilarity

419

indicated that the low-dose infected mice were more similar to the control group compared to
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420

the high-dose infected mice (Fig. 6F and G), and that within-group variance increased in an

421

infectious-dose dependent manner, consistent with the Anna-Karenina model of disease-

422

induced dysbiosis (64, 65). Comprehensively, the beta diversity analysis suggests that there

423

are limited lung microbial composition changes, dissimilar to the ceca.

424

The most distinct differences in taxonomic relative abundance within the lung of infected

425

mice is the overall lower abundance of Bacteroidota, higher abundance of Firmicutes, and

426

higher abundance of Proteobacteria in the low and high virus dose groups compared to the

427

mock control (Fig 6), which is consistent with previous reports (66, 67). Firmicutes and

428

Proteobacteria were enriched in the high and low virus dose compared to the mock control,

429

consistent with previous reports of patients infected with influenza (68). A significant difference

430

among the F/B ratio was observed among the control and high dose group suggesting dysbiosis

431

in the lung microbiome post SARS-CoV-2 infection with a high dose. Similar results were

432

observed in patients that underwent lung transplants but to our knowledge, this has not been

433

thoroughly examined in respiratory viral infections (69).

434

Future studies are needed with larger group sizes, cage effect compensation and

435

analysis of different sections of the intestinal tract (duodenum, jejunum, and ileum) and

436

respiratory tract (lower and upper sections) to better understand the role of microbiome changes

437

during SARS-CoV-2 infection. However, the proof-of-principle approach of this report identified

438

significant changes in the cecal and lung microbiome of K18-hACE2 mice, particularly those

439

challenged with a high dose of the SARS-CoV-2 virus that warrants for more in-depth studies.

440

MATERIALS AND METHODS

441

Ethics statement: Animal studies were approved by the Institutional Animal Care and Use

442

Committee (IACUC) of the University of Georgia (Protocol A2019-03-032-Y1-A3) and performed

443

following the IACUC Guidebook of the Office of Laboratory Animal Welfare and PHS policy on

444

Humane Care and of Use of Laboratory Animals. Animals were humanely euthanized following

445

guidelines by the American Veterinary Medical Association (AVMA). Studies were performed in

446

an animal Biosafety level 3 containment facility at the Animal Health Research Center (AHRC)

447

at the University of Georgia.

448

Cells and Virus: The SARS-CoV-2 (Isolate USA-WA1/2020) isolate, kindly provided by Dr. S.

449

Mark Tompkins, Department of Infectious Diseases, University of Georgia, was used for virus

450

challenge in the animal studies. Virus propagation and titration is explained in detail in Caceres

451

et al. 2021 (43). Briefly, the virus was grown in Vero E6 Pasteur cells provided by Maria Pinto
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452

(Center for Virus research, University of Glasgow, Scotland, UK), and maintained in Dulbecco’s

453

Modified Eagles Medium (DMEM, Sigma-Aldrich, St Louis, MO) containing 10% fetal bovine

454

serum (FBS, Sigma-Aldrich, St Louis, MO), 1% antibiotic/antimycotic (AB, Sigma-Aldrich, St

455

Louis, MO) and 1% L-Glutamine (Sigma-Aldrich, St Louis, MO). Cells were cultured at 37ºC

456

under 5% CO2 for 96 h. Virus stocks were titrated by tissue culture infectious dose 50 (TCID50)

457

and virus titers were established by the Reed and Muench method (70).

458

Mouse experiments: Female K18-hACE2 mice (6 weeks old) were randomly distributed into six

459

groups (n=6/group for controls and n=9/group for challenged), anesthetized and challenged

460

intranasally with 50 µL of phosphate buffer saline (PBS), 1x103 TCID50/mouse (Low virus dose)

461

or 1x105 TCID50/mouse (High virus dose). At 3 h post-challenge, GC-376 (20mg/kg/dose, 40

462

mg/kg daily), kindly provided by Dr. Jun Wang, (Department of Pharmacology and Toxicology,

463

University of Arizona), or vehicle (H2O) was administered to each mouse through intraperitoneal

464

injection (i.p.) twice per day and continued for 7 days (Fig. 1A). Mice were monitored twice a

465

day for clinical signs of disease post challenge. Mice were humanely euthanized if they lost

466

≥25% of their initial body weight (a score of 3 on a 3-point scale of disease severity). At 2- and

467

5-dpc, a subset of mice was humanely euthanized, n=2/time point from PBS/Vehicle and

468

Mock/GC-376 and n=3/time point from low (Low/Vehicle and Low/GC-376) and high

469

(High/Vehicle and High/GC-376) dose. Ceca and lungs from each mouse were collected and

470

stored at -80ºC until further analysis. At 14 dpc, the same procedure was performed with all of

471

the remaining animals (PBS/Vehicle, Mock/GC-376, Low/Vehicle, Low/GC-376, and High/GC-

472

376) (Fig. 1A).

473

Tissue Sample Preparation: Tissue homogenates were generated using the Tissue Lyzer II

474

(Qiagen, Gaithersburg, MD). In summary, 500 µL of PBS-AB was added to each sample (Lungs

475

= 0.01 – 0.04g; Cecum = 0.3 -0.5g) along with Tungsten carbide 3mm beads (Qiagen,

476

Gaithersburg, MD). Samples were homogenized at a speed of 10 Hz for 10 min. Homogenized

477

tissue was stored at -80 until further analysis.

478

DNA extraction, amplicon library preparation and sequencing: DNA was extracted from the

479

tissue homogenates using MoBio Power Soil Kit (Qiagen, Gaithersburg, MD) with minor

480

changes following the Earth Microbiome Protocol as follows: additional incubation at 65°C for 10

481

min after the addition of solution C1, beads were shaken at 20 Hz for 20 min instead of 10 min,

482

and samples were incubated at 4°C for 10 min instead of 5 min and then stored at -80°C until

483

use. Following extraction, the microbial 16S rRNA gene was amplified using Phusion Hot Start 2

484

DNA polymerase (Thermo Fisher, Waltham, MA) and V4 hypervariable region of the 16S rRNA
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485

gene primers 515F (5’-GT GCCAGCMGCCGCGGTAA -3’) and 806R (5’-

486

GGACTACHVGGGTWTCTAAT -3’) in 20 µL PCR reactions (8.9 µL of Molecular-grade water, 4

487

µL of 5X HF Buffer, 0.4 µL of 10mM dNTPs, 1.25 µL of 10uM 515-F, 1.25 µL of 10uM 806R, 4

488

µL of DNA, 0.2 µL of polymerase) under the following conditions: 98°C (30 s), followed by 25

489

cycles of 98°C (10 s), 52°C (30 s), 72°C (30 s), a final elongation step at 72°C (5 min), and held

490

at 4°C. The PCR reactions were performed in duplicate and products were visualized on a 1%

491

agarose gel. Duplicate PCR products of the same sample were pooled in equal volumes and

492

cleaned by 0.45x of Agencourt AMPure XP Magnetic Beads (Beckman Coulter, Pasadena, CA)

493

according to manufacturer’s protocol, and eluted in molecular biology grade water (Genesee

494

Scientific, San Diego, CA). Amplicon concentration was measured using the Qubit dsDNA HS

495

Assay kit (ThermoFisher, Waltham, MA) on the Qubit 3.0 fluorometer (ThermoFisher, Waltham,

496

MA). DNA concentrations were normalized to 1.0 ng/µL. Subsequently, amplified DNA was used

497

in a secondary amplification/dual barcode annealing reaction. Forward and reverse dual

498

barcode primers (primers and barcodes with different reference indices) were designed based

499

upon primers generated by Caporaso et al. (71). Secondary amplification reactions were

500

performed using NEBNext High-Fidelity 2X PCR Master Mix (NEB) in 50 µL reaction (26 µL of

501

2X Mix, 20.5 µL of water, 1uL of barcoded forward and reverse primers (10uM), 1 µL of DNA)

502

under the following conditions: 98 °C (30 s), followed by four cycles of 98 °C (10 s), 52 °C (10

503

s), 72 °C (10 s), followed by six cycles of 98 °C (10 s), 72 °C (1 min), followed by a final

504

extension of 72°C (2 min) and then held at 4°C. Samples were subsequently cleaned by 0.45x

505

of Agencourt AMPure XP Magnetic Beads according to manufacturer’s protocol and eluted in

506

molecular biology grade water. Fragment size distribution was analyzed on a subset of samples

507

using the Agilent Bioanalyzer 2100 DNA-HS assay (Agilent, Santa Clara, CA, USA). Sample

508

libraries were then normalized and pooled to a concentration of 2 or 0.5 nM based on a

509

predicted total product size of ~ 420 bp using the Qubit dsDNA HS Assay kit on the Qubit 3.0

510

fluorometer. The loading concentration of the pooled libraries was 10 pM. Libraries were

511

sequenced using Illumina MiSeq V2 chemistry 2x250 (Illumina, San Diego, CA) paired end.

512

Negative controls including an extraction blank and a PCR blank were included in each

513

sequencing run (2 runs total). Due to limited DNA concentrations, we were unable to sequence

514

5 of the 6 PBS/Vehicle lung samples.

515

Sequence processing and analysis: Primer removal and de-multiplexing was performed using

516

Illumina Basespace using default settings. Sequence analysis was performed in R (72) with

517

open-source software package ‘dada2’ (Version 1.16.0) (73). Each sequencing batch was
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518

processed separately until chimera removal. For each batch, the quality of the raw pair-end

519

reads was visualized and used to determine appropriate truncation of read 1 (R1) by 10 bp and

520

read 2 (R2) by 50 bp. After truncation, reads were discarded if they contained more than 2

521

maxEE “expected errors” or a quality score of less than or equal to 2. Following, each quality-

522

filtered and trimmed read was processed independently by applying the trained dada2

523

algorithm. The reads were then merged with a minimum overlap of 20 bp. After merging, both

524

sequencing batches that were previously processed separately were combined, and chimeras

525

were removed using the consensus method with default settings. Taxonomy was assigned in

526

‘dada2’ using the native implementation of the naïve Bayesian classifier using Silva v.38

527

database. A count table and taxonomy file were created and used for downstream analysis.

528

Prior to diversity analysis, potential sequence contaminants were identified using

529

package ‘decontam’ (Version 1.8.0) (74) in RStudio (Version 1.2.5042) (75). Briefly, potential

530

contaminants were identified by using the prevalence-based contaminant identification, which

531

relies on the principle that sequences from contaminating taxa have a higher prevalence in

532

negative control samples (extraction and PCR blanks) than true samples (74). A threshold of 0.1

533

was used to identify contaminants. In total, 14 potential contaminants were identified by

534

package ‘decontam’ (Table S1); however, all contaminants had biological relevance to the

535

sample types collected except for one, Gemmobacter, which was removed from the data set.

536

Following, reads that did not identify as Bacteria, contained uncharacterized Phylum, identified

537

as chloroplast and/or mitochondria were removed using the ‘phyloseq’ package (Version 1.32)

538

(76). Subsequently, two samples with less than 10,000 reads/sample were removed (Lungs:

539

Low/Vehicle at 2 dpc and High/Vehicle at 5 dpc) and one sample (Lungs: Mock/GC-376 at 14

540

dpc), considered an outlier according to Grubbs test on taxonomic abundance using the ‘outlier’

541

package (p = 6.022e-07) (77), was removed.

542

Alpha diversity metrics including observed number of amplicon sequence variants

543

(ASVs), Shannon diversity and inverse Simpson (Inv Simpson) indexes were calculated using

544

‘phyloseq’. Briefly, samples were rarified to 12,000 using command rrarefy using the ‘vegan’

545

package (Version 2.57) (78). Following, the rarified counts were imported into ‘phyloseq’ and

546

diversity indexes were calculated using command estimaterichness. Results were graphed

547

using ‘ggplot2’ (Version 3.3.2) (79) and ‘ggpubr’ package (Version 0.4) (80). Statistical pair-wise

548

comparison employing the Wilcox rank test was performed across groups and dpc. A Venn

549

diagram of unique and shared ASVs was created using the package ‘microbiome’ (Version

550

1.10) (81). Rarified count data was converted to relative abundances, and then ASVs that were
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551

common among groups were combined. ASVs with a limited detection of 0.001 in at least 90%

552

of the samples were included. The Venn diagram was graphed using package ‘eulerr’ (Version

553

6.1.0) (82). Regarding beta diversity, weighted Bray-Curtis dissimilarity matrix was calculated

554

with a minimum of 20 and maximum of 100 random starts using the rarified count data in

555

‘vegan’. A Non-metric Multi-dimensional Scaling (NMDS) plot was used to graph the dissimilarity

556

matrix using ‘ggplot2’. Ellipses were constructed using command stat_ellipse in ‘ggplot2’ with a

557

multivariate t-distribution. All distances displayed in boxplots for comparison of within and

558

across group Bray-Curtis dissimilarities were extracted from the same distance matrix as the

559

one used for the NMDS and graphed using ‘ggplot2’. Hierarchal cluster analysis of the Bray-

560

Curtis distances was created using command hclust with agglomeration method “average”

561

(UPGMA) producing a cophenetic correlation coefficient of 0.79. The dendrogram was created

562

using the function plot and shading/group colors were added using Adobe Illustrator (Version

563

25.0.1). Multivariate statistics was performed using permutational multivariate analysis of

564

variance (PERMANOVA) tests using Bray-Curtis dissimilarity distances with 1000 permutations

565

was generated using ‘vegan’ command adonis2. A p-value below 0.05 was considered

566

significant. All other statistical tests were performed using Kruskal-Wallis or Wilcoxon signed-

567

rank test using package ‘ggpubr’.

568

Relative abundances at the phylum and family level were generated using ‘phyloseq’.

569

First, taxa were agglomerated at the phylum or family level and then transformed into relative

570

abundance. Taxa that had less than 1% (ceca) or 2% (lung) abundance across all samples

571

(separated by ceca and lungs) were grouped together. The box plots and bar plots of the

572

relative abundances were generated using ‘ggplot2’. The three samples that were previously

573

removed were not included in the analysis. Statistical pair-wise comparison among groups was

574

performed using Wilcoxon signed-rank test. A p-value below 0.05 was considered significant. A

575

rough estimation of Firmicutes/Bacteroidota ratio was calculated by dividing the relative

576

abundance of the reads assigned to Firmicutes by the relative abundance of the reads assigned

577

to Bacteroidota. Scripts used for analysis can be found on githubt at:

578

https://github.com/brittanyaseibert/Seibertetal_SARS_K18hACE2Mice.

579

Data Availability:

580

The 16S sequencing dataset was deposited under BioProject PRJNA722991.
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846

FIGURE LEGENDS

847

Figure 1. Study design and sample coverage across ceca and lung samples. (A) Study

848

timeline for the mouse study. Six-week-old female mice were inoculated with PBS, low or high titers

849

of SARS-CoV-2 virus. Three groups of mice were administered antiviral GC-376 twice per day

850

starting 3 h after inoculation until 7 dpc (indicated by top arrows). Lung and ceca samples were

851

collected at 2, 5, and 14 dpc (indicated by the stars). Lung samples were collected in vehicle and

852

GC-376 groups while ceca samples were collected from the vehicle group. (B) Sequencing

853

coverage of the extraction blank, PCR blank, and samples (cecum = yellow, lung = red). Coverage

854

mean is indicated above the boxplot. Outliers are indicated by points outside of the plot. Three

855

outliers for the ceca (above 80,000) are not shown.

856

Figure 2. Alpha and beta diversity metrics of ceca samples. Comparison of (A) Observed ASVs,

857

(B) Shannon diversity index and (C) Inv Simpson of different groups (PBS/Vehicle: Black,

858

Low/Vehicle: Orange, High/Vehicle: Blue) containing all dpc from rarified ASV count table. (D) Venn

859

diagram of rarified ASV counts comparing the three different groups. (E) Comparison of weighted

860

Bray-Curtis dissimilarity distances within each group and across different groups. Gold boxes

861

represent within-group variation while black boxes represent the between-group variation. (F)

862

NMDS plot of weighted Bray-Curtis dissimilarity distance. Days post challenge are indicated by the

863

shape and groups are indicated by color. Ellipses were constructed using a multivariate t-

864

distribution. (G) Dendrogram showing the relationship of different groups and dpc using Bray-Curtis

865

dissimilarity distance. Hierarchical cluster analysis was performed using hclust with agglomeration

866

method average. Shaded colors and circles correspond to the different groups as described

867

previously. Colored bars below the circles represent the different dpc (pink= 2 dpc, light blue = 5

868

dpc, green = 14 dpc). All statistical tests were performed using Kruskal-Wallis or Wilcox-rank test for

869

pair-wise comparisons using * = p<0.05 ; ** = p<0.005; *** = p<0.0005; **** = p<0.00005.

870

Figure 3. Relative abundance (%) of microbial communities in the ceca at the phylum and

871

family level. (A) Relative abundances (%) of the most abundant phyla were compared via box

872

plots. Each box represents the interquartile range (first and third quartiles) of taxa abundance, and

873

the line corresponds to the median abundance. Vertical lines represent variation in abundance and

874

the circles represent outliers. Corresponding phyla are noted by the colored bar to the left of the

875

graphs (purple = Bacteroidota, blue = Firmicutes, green = Proteobacteria, yellow = Verrumicrobiota).

876

(B) Firmicutes/Bacteroidota ratio was calculated and graphed to analyze differences among different

877

groups. (C) Relative abundances (%) of the most abundant families were compared via box plots.

878

Corresponding phyla are noted by the colored bar to the left of the graphs following legend in A. (D)
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879

Relative abundances (%) of individuals were calculated by agglomerating at the family level and

880

then transformed into relative abundances. Taxa that had less than 1% abundance was grouped

881

together. Groups are indicated by the bars at the bottom of the graph and dpc at the top of the

882

graph. All statistical tests were performed using Wilcox-rank test using * = p<0.05 ; ** = p<0.005; ***

883

= p<0.0005; **** = p<0.00005.

884

Figure 4. Alpha and Beta Diversity metrics of lung samples without / with antiviral GC-376.

885

Comparison of (A) Observed ASVs, (B) Shannon diversity index and (C) Inv Simpson of the low

886

dose groups without (Low/Vehicle: Orange) and with antiviral (Low/GC-376: Green) containing all

887

dpc from rarified ASV count table. (D) NMDS plot of weighted Bray-Curtis dissimilarity distance of

888

the rarified ASV count table of the low dose groups. Days post challenge are indicated by the shape

889

and groups by color. Ellipses were constructed using a multivariate t-distribution. Comparison of (E)

890

Observed ASVs, (F) Shannon diversity index and (G) Inv Simpson of the high dose groups without

891

(High/Vehicle: Blue) and with antiviral (High/GC-376: Pink). (H) NMDS plot of weighted Bray-Curtis

892

dissimilarity distance of the rarified ASV count table of the high dose groups. Days post challenge

893

are indicated by the shape and groups by color. Ellipses were constructed using a multivariate t-

894

distribution. All statistical tests were performed using Kruskal-Wallis or Wilcox-rank test for pair-wise

895

comparisons using * = p<0.05 ; ** = p<0.005; *** = p<0.0005; **** = p<0.00005.

896

Figure 5. Alpha and beta diversity metrics of lung samples. Comparison of (A) Observed ASVs,

897

(B) Shannon diversity index and (C) Inverse Simpson of different groups (Mock/GC-376: Brown,

898

Low/GC-376: Green, High/GC-376: Pink) containing all dpc from rarified ASV count table. (D) Venn

899

diagram of rarified counts comparing the three different groups. (E) Comparison of Bray-Curtis

900

dissimilarity distances within each group and across different groups. Gold boxes represent within

901

variation while black boxes represent other groups. (F) NMDS plot of weighted Bray-Curtis

902

dissimilarity distance of the rarified ASV count table. Days post challenge are indicated by the shape

903

and group by color. Ellipses were constructed using a multivariate t-distribution. (G) Dendrogram

904

showing the relationship of different groups and dpc using Bray-Curtis dissimilarity distance.

905

Hierarchical cluster analysis was performed using hclust with agglomeration method average.

906

Shaded colors and circles correspond to the different groups described previously. Colored bars

907

below the circles represent the different dpc (pink= 2 dpc, light blue = 5 dpc, green = 14 dpc). All

908

statistical tests were performed using Kruskal-Wallis or Wilcox-rank test for pair-wise comparisons

909

using * = p<0.05 ; ** = p<0.005; *** = p<0.0005; **** = p<0.00005.

910

Figure 6. Relative abundance (%) of microbial communities in the lung at the phylum and

911

family level. (A) Relative abundances (%) of the most abundant phyla were compared via box
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912

plots. Each box represents the interquartile range (first and third quartiles) of taxa abundance, and

913

the line corresponds to the median abundance. Vertical lines represent variation in abundance and

914

the circles represent outliers. Corresponding phyla are noted by the colored bar to the left of the

915

graphs (purple = Bacteroidota, blue = Firmicutes, green = Proteobacteria, yellow = Verrumicrobiota).

916

(B) Firmicutes/Bacteroidota ratio was calculated and graphed to analyze differences among groups.

917

(C) Relative abundances (%) of the most abundant families were compared via box plots.

918

Corresponding phyla are noted by the colored bar to the left of the graphs following legend in A. (D)

919

Relative abundances (%) of individuals were calculated by agglomerating at the family level and

920

then transformed into relative abundances. Taxa that had less than 2% abundance was grouped

921

together. Groups are indicated by the bars at the bottom of the graph and dpc at the top of the

922

graph. All statistical tests were performed using Wilcox-rank test for pair-wise comparisons using * =

923

p<0.05 ; ** = p<0.005; *** = p<0.0005; **** = p<0.00005.

924

SUPPLEMENTAL FIGURES

925

Figure 1S. Alpha diversity metrics of ceca across time. (A) Comparison of Observed ASVs, (B)

926

Shannon diversity index and (C) Inverse Simpson of different groups (PBS/Vehicle Black,

927

Low/Vehicle: Orange, High/Vehicle: Blue) separated by dpc from rarified ASV count table. Since the

928

sample size was limited (n=2 or 3), pair-wise comparisons were not performed.

929

Figure 2S. Alpha diversity metrics of cecum samples across time. (A) Comparison of

930

Observed ASVs, (B) Shannon diversity index and (C) Inverse Simpson of infected groups

931

(Low/Vehicle and High/Vehicle) separated by dpc from rarified ASV count table. All statistical tests

932

were performed using Kruskal-Wallis or Wilcox-rank test for pair-wise comparisons using * = p<0.05

933

; ** = p<0.005; *** = p<0.0005; **** = p<0.00005.

934

Figure 3S. Alpha diversity metrics of lung samples across time. (A) Comparison of Observed

935

ASVs, (B) Shannon diversity index and (C) Inverse Simpson of different groups (Mock/GC-376:

936

Brown, Low/GC-376: Green, High/GC-376: Pink) separated by dpc from rarified ASV count table.

937

Since the sample size was limited (n=2 or 3) pair-wise comparisons were not performed.

938

Figure 4S. Alpha diversity metrics of lung samples across time. (A) Comparison of Observed

939

ASVs, (B) Shannon diversity index and (C) Inverse Simpson of infected groups (Low/GC-376 and

940

High/GC-376) separated by dpc from rarified ASV count table. All statistical tests were performed

941

using Kruskal-Wallis or Wilcox-rank test for pair-wise comparisons using * = p<0.05 ; ** = p<0.005;

942

*** = p<0.0005; **** = p<0.00005.
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943

Figure 5S. Bray-Curtis Dissimilarity distances of lung samples without / with antiviral GC-

944

376. Comparison of Bray-Curtis dissimilarity distances of mice infected with a A) low dose or (B)

945

high dose of SARS-CoV-2 with or without GC-376. Gold boxes represent within-group variation

946

while black boxes represent the between-group variation.

947
TABLE S1
Identification of Potential Contaminants by Decontam

ASV ID

Kingdom

Phylum

Class

Order

Family

Genus

ASV_249

Bacteria

Firmicutes

Clostridia

Oscillospirales

Oscillospiraceae

Colidextribacter

ASV_314

Bacteria

Bacteroidota

Bacteroidia

Flavobacteriales

Weeksellaceae

Empedobacter

ASV_355

Bacteria

Firmicutes

Bacilli

Lactobacillales

Vagococcaceae

Vagococcus

ASV_395

Bacteria

Proteobacteria

Gammaproteobacteria Pseudomonadales

Moraxellaceae

Acinetobacter

ASV_398

Bacteria

Proteobacteria

Gammaproteobacteria Pseudomonadales

Moraxellaceae

Acinetobacter

ASV_470

Bacteria

Proteobacteria

Alphaproteobacteria

Rhodobacterales

Rhodobacteraceae

Gemmobacter

ASV_522

Bacteria

Firmicutes

Clostridia

Oscillospirales

Oscillospiraceae

NA

ASV_635

Bacteria

Proteobacteria

Gammaproteobacteria Pseudomonadales

Moraxellaceae

Acinetobacter

ASV_680

Bacteria

Proteobacteria

Alphaproteobacteria

Sphingomonadales

Sphingomonadaceae

Sphingomonas

ASV_714

Bacteria

Firmicutes

Bacilli

Lactobacillales

Streptococcaceae

Lactococcus

948

ASV_725

Bacteria

Proteobacteria

Gammaproteobacteria Pseudomonadales

Pseudomonadaceae

Pseudomonas

ASV_739

Bacteria

Proteobacteria

Gammaproteobacteria Burkholderiales

Comamonadaceae

NA

ASV_761

Bacteria

Firmicutes

Clostridia

Oscillospirales

Oscillospiraceae

Flavonifractor

ASV_865

Bacteria

Firmicutes

Clostridia

Lachnospirales

Lachnospiraceae

NA
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