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ABSTRACT

The transmission bottleneck, defined as the number of viruses that transmit from one host
to infect another, is an important determinant of the rate of virus evolution and the level of
immunity required to protect against virus transmission. Despite its importance, SARS-CoV-2’s
transmission bottleneck remains poorly characterized, in part due to a lack of quantitative
measurement tools. To address this, we adapted a SARS-CoV-2 reverse genetics system to
generate a pool of >200 isogenic SARS-CoV-2 viruses harboring specific 6-nucleotide barcodes
inserted in ORF10, a non-translated ORF. We directly inoculated donor Syrian hamsters
intranasally with this barcoded virus pool and exposed a paired naive contact hamster to each
donor. Following exposure, the nasal turbinates, trachea, and lungs were collected, viral titers
were measured, and the number of barcodes in each tissue were enumerated to quantify the
transmission bottleneck. The duration and route (airborne, direct contact, and fomite) of exposure
were varied to assess their impact on the transmission bottleneck. In airborne-exposed hamsters,
the transmission bottleneck increased with longer exposure durations. We found that direct
contact exposure produced the largest transmission bottleneck (average 27 BCs), followed by
airborne exposure (average 16 BCs) then fomite exposure (average 8 BCs). Interestingly, we
detected unique BCs in both the upper and lower respiratory tract of contact animals from all
routes of exposure, suggesting that SARS-CoV-2 can directly infect hamster lungs. Altogether,
these findings highlight the utility of barcoded viruses as tools to rigorously study virus
transmission. In the future, barcoded SARS-CoV-2 will strengthen studies of immune factors that

influence virus transmission.
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INTRODUCTION

A defining feature of the SARS-CoV-2 pandemic has been the continual emergence of
variants despite the low mutation rate of SARS-CoV-2 compared to other ssRNA viruses (1.3
x 10 mutations per nucleotide per replication cycle'?, less than 10% the mutation rate of
influenza A, HCV, or HIV3). One underexplored factor that may partially explain this seeming
contradiction is the transmission bottleneck, defined as the number of viruses that spread from
one host to infect another. The transmission bottleneck can impact the rate of viral evolution via
several mechanisms. First, wider transmission bottlenecks may help a virus overcome pre-
existing immunity as the host will have to neutralize more viruses to prevent infection*. Second,
wider transmission bottlenecks increase the prevalence of mixed-strain infections and probability
of recombination across strains®®. Third, wider transmission bottlenecks increase the efficiency
of variant selection by increasing the amount of viral diversity transferred between hosts®’.
Conversely, narrow transmission bottlenecks only transfer a small amount of genetic diversity
between hosts, increasing the likelihood that fit variants fail to transmit due to purely stochastic
factors. Narrow bottlenecks can also fix deleterious mutations through a process known as
Muller’s ratchet, though in viral infections this is likely to only impact isolated transmission chains
rather than global viral evolution’®. Supplementing these theoretical arguments that wider
bottlenecks aid viral evolution, empirical evidence has shown that wider transmission bottlenecks
helped preserve antiviral-resistant influenza strains in a ferret transmission model™. Altogether,
these arguments highlight that better understanding the transmission bottleneck has important
implications for SARS-CoV-2 evolution.

Several studies have measured the transmission bottleneck of SARS-CoV-2 in humans by
tracking shared genetic variants between known transmission pairs. Similar experimental
strategies has been previously deployed with success for mutation-prone viruses such as
influenza that produce many intrahost genetic variants, suggesting a narrow average bottleneck

(1-5 virions)"-"3. However, estimated bottlenecks for individual transmission pairs can be
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extremely variable; McCrone et al'" estimated that 95% of transmission bottlenecks are <3 virions,
but identified one pair with an estimated bottleneck >200 virions. When applied to SARS-CoV-2,
iISNV studies also consistently measure a narrow transmission bottleneck (1-5 virions) between
people'"7. However, the low frequency of SARS-CoV-2 intra host variants makes these studies
very sensitive to the parameters used in iSNV calling™, and prevents the identification of
transmission pairs based solely on sequence identity'®'®. Further, these studies rest on several
assumptions that are often untested, such as that detected iSNVs do not impact viral fithess and
that there are no lower respiratory tract-specific iSNVs, as this site is often not sampled in humans.
Additionally, these studies have insufficient power and precision to measure how variables like
duration of exposure and host immune status impact the SARS-CoV-2 transmission bottleneck.
These shortcomings necessitate the development of animal models where the transmission
bottleneck can be studied quantitatively.

Barcoded (BC) viruses containing a fitness-neutral genetic barcode have been effectively
used to study virus transmission for an array of respiratory and non-respiratory viruses'®, including
influenza?®>2°, HIV and SIV#*-32, Zika virus®*-%¢, West Nile Virus®’, and Coxsackie virus®. BC
viruses overcome many of the shortcomings of measuring transmission by using iSNVs. Genetic
diversity increases the power of both BC virus pools and iSNVs to detect transmission events,
but while iISNV diversity is limited by intrinsic viral properties, BC virus pools can be made
arbitrarily genetically diverse, enabling much more precise measurement of the transmission
bottleneck. Additionally, the fitness-neutrality of the BC design can be validated. Finally, the use
of a predefined pool of BCs can greatly increase the sensitivity and specificity of detecting BCs
and thus transmission events.

Given the need to better understand SARS-CoV-2 transmission and the utility of BC viruses,
we designed, generated, and validated a pool of >200 BC SARS-CoV-2 viruses. To study SARS-
CoV-2 transmission, donor hamsters were inoculated with the pool of BC SARS-CoV-2, contact

hamsters were exposed to the donors, and the number of BCs transmitted was quantified. We
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90 then evaluated the impact of duration and route of exposure, demonstrating that longer exposure
91 times and more direct routes of exposure widen the SARS-CoV-2 transmission bottleneck.
92 Interestingly, we also identified tissue-specific BCs in the nasal turbinate, trachea, and lungs,
93  suggesting that transmitted SARS-CoV-2 can directly seed each tissue. Altogether, these studies
94  generated a pool of BC SARS-CoV-2, a novel and powerful tool for the study of SARS-CoV-2
95 transmission and leveraged this tool to study SARS-CoV-2 spread within and between hosts in
96  unprecedented detail.

97

98 RESULTS

99  Generation and Validation of Genetically Barcoded SARS-CoV-2 Viruses

100 The SARS-CoV-2 transmission bottleneck in humans and animal models remains
101 incompletely characterized. To define the transmission bottleneck, we generated genetically
102  barcoded SARS-CoV-2 viruses, allowing us to quantify the number of unique infection events in
103  the recipient host. Using an established SARS-CoV-2 reverse genetics system3, we inserted a 9
104  nucleotide sequence harboring a 6 nucleotide barcode (BC) (GNNGNNGNN) in ORF10, a non-
105 translated ORF near the 3’ UTR in the prototypic SARS-CoV-2 virus. We also introduced a D614G
106  mutation in the Spike gene of SARS-CoV-2. This mutation has been associated with enhanced
107  transmission in humans and various animal models*. Individual BC viruses were isolated,
108 expanded, and titered (see Methods for details) (Fig. 1A). To verify the fithess-neutrality of our
109 BC insert in vitro, we compared the growth kinetics of a representative panel of 11 individual BC
110  viruses to a sequence-confirmed WT-D614G stock. All tested BC viruses had similar growth
111 kinetics to the stock (Fig. 1B), indicating that the BC insert does not attenuate the virus in vitro.
112 Based on these results, we pooled >200 BC viruses and WT-D614G based on equal infectious
113  viral titers (hereafter referred to as the “BC Pool”).

114 To measure the BC distribution in the BC pool, viral RNA was extracted, and the BC region

115 was amplified by a cycle-limited RT-PCR. The resulting amplicons were sequenced by next-
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116  generation sequencing, and the barcode sequences present and their associated frequency was
117  determined (see Methods for details). This entire pipeline was independently repeated 4 times,
118  vyielding distributions of 217-224 unique barcodes above a cutoff threshold (0.05%) (Fig. 1C and
119  S1A), the vast majority of which (>94% of all barcodes) were detected in all runs (Fig. S1B). Note
120 that, across all figures showing BC distributions in this paper, the same color represents the same
121 BC, and all BCs are shown in the same left-to-right order. Further, BCs were detected at highly
122  reproducible frequencies, as shown by the strong correlation in BC frequency across sequencing
123  runs (Fig. S1C). Additionally, a similarity index*'~** that accounts for both the presence and
124  relative frequency of BCs showed a very high degree of similarity between all sequencing runs
125 (Fig. S1D). Based on these results, we defined a final list of BCs in our pool consisting of all BCs
126  present in a majority of sequencing runs. Greater than 99% of barcode pairs were separated by
127  a Hamming Distance >1 (Fig. S1E), minimizing the risk that sequencing errors could lead to false
128  positive BC detections. Additionally, several measures of BC distribution quality were computed.
129  Average richness (the number of BCs detected in a sample)?' was 218.5 (Fig. S2A); average
130  evenness (a measure of BC distribution uniformity, range 0-1)** was 0.96 (Fig. S2B); and average
131 Shannon diversity (a metric that accounts for the number and uniformity of BCs)*® was 5.19 (Fig.
132  S2C).

133 To assess BC virus fitness in vivo, we intranasally (IN) inoculated male hamsters with 10°
134  PFU of the BC pool of BC and collected nasal turbinates, trachea, and lung, 32 and 72 hrs post
135 inoculation (hpi). RNA was extracted and virus titers were measured by RT-qPCR* (Fig. 1D).
136  The geometric mean viral RNA levels in the nasal turbinate, trachea, and lungs at 32 hpi were
137  6.6*10° 1.4*108%, and 1.2*10" N-gene copies/mL, respectively. At 72 hpi, nasal turbinate and
138 trachea viral titers remained similar while lung titers dropped to 2.5*10'° N-gene copies/mL. All
139 these titers are in line with previously reported hamster infections*®4’. Next, BC distributions in
140 each tissue were measured by NGS as described above and examined. Qualitatively, BC

141  distributions in all donor tissues are qualitatively similar to the BC Pool (Fig. 1C). Quantitatively,
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142  infected hamsters harbored 201-215 unique BCs in at least one respiratory tissue (Fig. 1E). All
143  individual respiratory tissues also had rich, even, and diverse BC distributions (Fig. S2A-C).
144  Additionally, all tissues had a high degree of similarity to the BC pool at 32 hpi (~0.7,
145  approximately as similar as two tissues from different donors) (Fig. 1F). Nasal turbinate and
146  trachea similarity indices remained consistent to 72hpi, while in lungs the similarity indices
147  dropped slightly (to 0.62, P <0.01) (Fig. 1F). We also calculated the geometric mean fold change
148  in frequency for each barcode between the BC pool and each tissue at 32 and 72 hpi (Fig. S2D).
149  Only 2 BCs expanded by >3-fold at both 32 and 72 hpi compared to the inoculum, and both only
150 did so in a single tissue, suggesting that no BC virus has a meaningful competitive fitness
151 advantage over the other viruses in the pool. This is further supported by comparing the fold
152  change in BC frequency in hamsters between 32 and 72 hpi. Only 3 BCs expanded >3-fold in
153  vivo, each did so in only a single tissue, and BC fold-change was not correlated across tissues
154  (Fig. S2E).

155 To precisely measure the transmission bottleneck, BC virus pools should be sufficiently
156  diverse so that the likelihood a given BC is transmitted more than once is low. To directly estimate
157  the impact of barcode collisions on our transmission event detection power, we calculated the
158  average number of unique BCs that would be transmitted for a given number of virus transmission
159  events for our BC pool and for all inoculated hamster nasal turbinates (Fig. 1G). In the BC pool
160 and hamster nasal turbinates, BC counts accurately measure transmission events when <30
161 viruses are transmitted and underestimate the transmission bottleneck by 5 or more when =30
162  viruses are transmitted. Collectively, these results demonstrate that our BC pool is sufficiently rich
163  and diverse to measure a wide transmission bottleneck and that it retains its richness and diversity
164  invivo.

165
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166  Defining the Transmission Bottleneck in Airborne-Exposed Hamsters.

167 Having functionally validated the pool of BC SARS-CoV-2 viruses in direct hamster infection,
168 we proceeded to use it to quantitatively study SARS-CoV-2 transmission in an established
169  airborne exposure model*®. Briefly, male donor hamsters were inoculated IN with 10° PFU of the
170  BC pool. Twenty-four hours later, a naive male contact hamster was exposed to the infected
171  donor hamster for 8 hrs in a fresh cage. The donor and contact hamsters were physically
172  separated by at least 2 cm by porous stainless steel, allowing air to flow from the infected donor
173  tothe contact hamster. Nasal turbinates, trachea, and lungs were collected from contact hamsters
174 72 hours post exposure (hpe) (Fig. 2A). RNA was extracted from each tissue and used to
175  measure virus titers by RT-qPCR and BC distributions by NGS. Viral titers were consistently high
176  across all collected contact tissues (Fig. 2B), demonstrating that the BC viruses can transmit via
177  the airborne route in hamsters. Analysis of the BC sequence distributions revealed that in the five
178  airborne-exposed contact hamsters, we detected an average of 23 unique BC per animal (range
179  13-42) (Fig. 2C). An average of 16 BCs were found in the lung (range 12-28), 14 in the trachea
180 (range 5-28), and 12 in the nasal turbinates (range 4-20). While most BCs were shared between
181 multiple respiratory tissues, tissue-specific BCs were identified in all respiratory tissues of most
182  animals, suggesting unique infection events in both upper and lower airways of airborne-exposed
183  hamsters (Fig. 2C-D).

184 Virus transmission can be conceptualized as a series of bottlenecks, including but not limited
185  to transfer to a new host and expansion within that host. A recent study by Holmes et al? using
186  BC influenza reported much higher BC counts in contact animals 1-2 days post-exposure than at
187 later timepoints, demonstrating that expansion is a major bottleneck in influenza transmission. To
188  assess whether expansion also imposes a bottleneck on SARS-CoV-2 transmission, we collected
189  the respiratory tissues from airborne-exposed contact hamsters 24 and 48hpe (Fig. S3A). Shorter
190 incubation periods in the contact hamsters resulted in more variable viral titers, though peak titers

191 in each organ were generally similar (Fig. S3B-C). Importantly, unlike influenza, we did not
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192  observe higher BC counts at earlier timepoints (Fig. S3D-E). In fact, there was a trend towards
193 lower BC counts at earlier timepoints. This strongly suggests that expansion is not a meaningful
194  bottleneck in SARS-CoV-2 transmission. Interestingly, tissue-specific BCs were more prevalent
195 at 24hpe compared to tissues collected 48 or 72hpe (Fig. S3G), and the BC distributions in
196  contact nasal turbinates and lungs became more similar over time (Fig. S3H). This provides
197  additional evidence that SARS-CoV-2 can directly seed both the upper and lower airways in
198  airborne-exposed hamsters and suggests that SARS-CoV-2 can readily disseminate throughout
199  the respiratory tract.

200

201  Hamster Sex does not Affect the Transmission Bottleneck.

202 In the experiments described so far, all donor and contact hamsters were male. Male hamsters
203 experience more weight loss and exacerbated lung injury compared to female hamsters after
204  SARS-CoV-2 infection, though viral titers are similar between the sexes*°. Similarly, male humans
205 generally have greater disease severity than females®. To assess whether hamster sex affects
206 the SARS-CoV-2 transmission bottleneck, we inoculated male and female donor hamsters with
207  10° PFU of the BC pool and exposed sex-matched contact hamsters 24 hrs later in our airborne
208 transmission model (Fig. S4A). Nasal turbinates, trachea, and lungs were collected from donor
209 hamsters immediately after exposure and from contact hamsters 72 hpe, virus titers were
210  measured by RT-qPCR, and BC distributions were measured by NGS. All tissues in all male and
211 female contacts were positive for viral RNA by RT-gPCR, and hamster sex did not affect viral
212  titers in donors (Fig. $S4B) or contacts (Fig. S4C). Further, hamster sex did not affect the number
213  of unique BCs transmitted to contacts, whether looking at whole hamsters or individual respiratory
214  tissues (Fig. S4D). Additionally, the similarity between the nasal turbinates and lungs of individual
215  hamsters was indistinguishable between males and females (Fig. S4E), and both sexes have

216  BCs shared across all respiratory tissues and tissue-specific BCs (Fig. S4F-G). These results
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217  suggest that hamster sex has minimal impact on SARS-CoV-2 transmission. As such, male
218 hamsters were used as donors and contacts in all subsequent experiments.

219

220  Prolonged Exposure to Infected Donors Increases the Transmission Bottleneck.

221 Duration of exposure to a SARS-CoV-2 infected individual has been associated with higher
222  infection rates in both humans®' and animal models®. To measure how time of exposure impacts
223  the transmission bottleneck in an airborne exposure setting, we inoculated donor hamsters with
224 10° PFU of the BC pool and exposed contact hamsters 24 hrs later for 1, 4, or 8 hrs in our airborne
225 transmission model (Fig. 3A). Nasal turbinates, trachea, and lungs were collected from contact
226  hamsters 72 hpe, virus titer was measured by RT-gPCR, and BC were detected by NGS.
227  Following a 1 hr exposure to SARS-CoV-2 infected donor hamsters, 50% (4/8) of the airborne-
228  exposed contact hamsters were positive for SARS-CoV-2, while 100% of the hamsters exposed
229  for 4 or 8 hrs were infected (Fig. 3B). Peak viral titers were generally similar across all groups
230 (Fig. 3C). The average number of unique BC detected were 1, 7, and 15 following 1, 4 and 8 hour
231 exposures, respectively, and all increases in exposure duration were associated with a statistically
232  significant increase in BC counts (Fig. 3D). These results suggest that longer exposures not only
233 increase the probability of infection, but also the number of viruses transmitted to the contact
234  individual.

235

236  Route of Exposure Defines the Transmission Bottleneck.

237 The impact of route on the transmission bottleneck is not well defined for many respiratory
238 viruses including SARS-CoV-2. Here, we assessed the impact of route of exposure on the
239 transmission bottleneck using the BC pool. Donor hamsters were inoculated IN with 10° PFU of
240 the BC pool. Twenty-four hours later, naive contact hamsters were exposed to donor hamsters
241 for 8hrs using the airborne or direct contact route. To model direct-contact transmission, donor

242  and contact hamsters were placed in a clean cage without the 2cm barrier used for airborne-
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243  exposures. To model fomite transmission, naive contact hamsters were placed in the dirty cage
244  and bedding that had housed a previously infected donor animal for 8hrs before returning the
245  contact to its original cage. Nasal turbinates, trachea, and lung were collected from contact
246  hamsters 72 hpe (Fig. 4A), viral titers were measured by RT-qgPCR, and the BC distribution in
247  each tissue was measured by NGS. All contact animals, regardless of the route of exposure, were
248  positive for SARS-CoV-2 (Fig. 4B) and viral titers within each tissue tested were similar between
249  all three routes of exposure (Fig. 4C). However, there were substantial differences in the number
250 of BCs detected across different routes of exposure. Fomite-exposed animals were infected with
251  an average of 8 unique BCs. This number increased significantly (P < 0.05) to 16 unique BCs in
252  airborne-exposed animals. Direct contact-exposed hamsters had the highest number of unique
253 BCs detected (average 27). This frequency was significantly higher compared to fomite and
254  airborne-exposed hamsters (Fig. 4D). Of note, tissue-specific BCs were identified in the upper
255 and lower respiratory tract of animals from all routes of exposure (Fig. 4E-F). Collectively, these
256 data suggest that more direct routes of exposure increase the SARS-CoV-2 transmission

257 bottleneck.


https://doi.org/10.1101/2024.06.08.597602
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.08.597602; this version posted June 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

258 DISCUSSION

259 The SARS-CoV-2 transmission bottleneck is important to understand given its impact on
260 SARS-CoV-2 evolution. In this study, we used a reverse genetics system to generate a pool of
261 >200 BC SARS-CoV-2 viruses. Following in-depth characterization and validation of our BC
262 SARS-CoV-2 pool, we used this pool to study SARS-CoV-2 transmission in hamsters, an
263 important preclinical animal model. To this end, we infected donor hamsters with the entire pool
264  and exposed contacts, varying the route and duration of exposure and measuring the impact on
265 the number of BCs transmitted. Longer exposures in our airborne model widened the transmission
266  bottleneck. We also defined the transmission bottleneck in other exposure models, with direct
267  contact exposure having the widest bottleneck (average 27 BCs), followed by airborne exposure
268 (average 16 BCs), followed by fomite exposure (average 8 BCs). Unique infection events were
269 detected in the upper and lower airways of exposed hamsters, independent of time and route of
270 exposure. Overall, these data demonstrate the power of BC viruses for understanding
271  transmission and transmission bottlenecks of SARS-CoV-2.

272 A major technical advance of this work is the generation of a BC SARS-CoV-2 pool. Despite
273  the impact of viruses in the family Coronaviridae on human and animal health, this is the first
274  report to our knowledge of a recombinant barcoded coronavirus. Further, we demonstrated the
275 quality our BC virus pool to a novel level of quantitative rigor, establishing a pipeline that future
276  studies using BC viruses can follow.

277 While prior studies in hamsters have shown that fomite transmission is less efficient than
278  airborne or direct contact®®, potentially driven by the short half-life of SARS-CoV-2 on many
279  materials®, this is the first study to our knowledge to quantitatively assess the transmission
280  Dbottleneck in fomite, airborne, and direct contact settings, and to measure the impact of time of
281 exposure on the transmission bottleneck. These results bolster public health guidance given
282  throughout the pandemic, suggesting that not only do shorter and less direct exposures decrease

283 the probability of infection, but also that they decrease the transmission bottleneck and thereby
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284  potentially the rate of SARS-CoV-2 evolution. Additionally, the finding that longer exposure times
285 increases SARS-CoV-2’s transmission bottleneck suggests that SARS-CoV-2 can readily
286  superinfect. Superinfections with different strains could enable recombination events, and several
287 lines of evidence suggest that SARS-CoV-2 could leverage recombination to expedite its
288  evolution. Many recombinant coronaviruses have been detected in nature®, mixed-strain SARS-
289 CoV-2 infections have been observed in humans®57, and recombinant strains of SARS-CoV-2
290 have been reported in humans (e.g. Deltacron®®, a recombinant between the Delta (B.1.617) and
291  Omicron (BA.1) variants of SARS-CoV-2. Altogether, these reports highlight that SARS-CoV-2
292  may be capable of facile superinfection in humans, and that such superinfections could generate
293 fit recombinant strains of SARS-CoV-2.

294 Following a 1 hr airborne exposure half of the contact animals became positive for SARS-
295 CoV-2 by RT-gPCR (Fig. 3B). Interestingly, two of these animals were infected with a single BC
296 that had disseminated across multiple respiratory tissues. This suggests that a single virion is
297  sufficient to establish a productive infection in hamsters, a finding that is also supported in recent
298  work using the Alpha and Delta variants®®. Additionally, we saw no difference in titers across
299  different routes of exposure, despite an almost 4-fold change in the transmission bottleneck. This
300 implies that inoculating dose may have little impact on peak viral titers and potentially disease
301 severity, a finding also supported in humans®.

302 Another advantage of BC viruses is the capacity to detect unique transmission events to
303 different parts of the respiratory tract and follow subsequent dissemination. We detected unique
304 BCsin the upper and lower airways of contacts 24, 48, and 72 hpe, with more tissue-specific BCs
305 at earlier timepoints (Fig S3G-H). This strongly suggests that transmitted SARS-CoV-2 can not
306 only seed the upper airways, but also bypass to directly seed the lungs, potentially transported
307 by smaller respiratory particles. Further, the increase in shared BCs over time suggests efficient

308 dissemination of SARS-CoV-2 throughout the respiratory tract. Future studies should investigate
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309 whether and how direct seeding of the lungs and efficient dissemination throughout the respiratory
310  tract occur in humans, as these could have important implications for virus evolution.

311 These findings also highlight differences between SARS-CoV-2 and other respiratory viruses.
312  As mentioned above, in influenza transmission, expansion in contacts is a stringent bottleneck??.
313  We detected no evidence of a bottleneck during expansion in SARS-CoV-2 (Fig S3). Additionally,
314  data using BC influenza suggests that influenza does not readily disseminate between the upper
315 and lower respiratory tract??3. In contrast, as mentioned above, SARS-CoV-2 can readily
316  disseminate between the upper and lower respiratory tract of hamsters. These results suggest
317  that any intra-host SARS-CoV-2 variant may have a much greater capacity to disseminate from
318 its site of infection to a site from which it could be transmitted, increasing the likelihood that it
319  spreads to a new host.

320 Finally, these results have important implications for how to most accurately model human-to-
321 human transmission using hamsters. As mentioned above, the transmission bottleneck in people
322 has been estimated to be 1-5 viruses. The results shown here suggest some ways in which
323  tracking intrahost variants may underestimate the transmission bottleneck. First, if SARS-CoV-2
324  can directly seed the lung in humans, there may be lung-specific variants that would be
325 undetectable in nasal swabs. Second, intrahost variants must be present above a frequency cutoff
326  (typically 1-3%) to be detectable, and we regularly detected BCs below this cutoff, suggesting that
327 rare variants may be missed. However, we do not think these parameters will significantly impact
328 estimations of the SARS-CoV-2 transmission bottleneck in people. For example, Bendall et al'’
329 identify 64 transmission pairs, and only 6 transmission pairs (all from the same household) were
330 shared multiple variants between the index case and contacts. As such, even if a majority of
331 intrahost variants are undetected due to being present at a low frequency or lung-specific, the
332  estimated transmission bottleneck for SARS-CoV-2 would remain narrow. Given the wide
333 transmission bottlenecks measured here following 8 hr exposures, we would argue that either

334  short (1-2 hour) airborne exposures or exposure models with greater physical distance separating
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335 hamsters (as in Port et al®®) are likely more accurate models of human-to-human transmission
336  than prolonged, direct exposure models.

337 The use of BC SARS-CoV-2 does come with several caveats. First, no BC viruses were
338 whole-genome sequenced, so some BCs may harbor mutations elsewhere in the genome.
339  However, we were unable to detect any fitness-enhancing mutations in vitro or in vivo and believe
340 that rare fitness-detracting mutations in some BCs would not meaningfully impact the main
341 conclusions of this paper. Second, the BC count can accurately reflect transmission bottleneck if
342  all transmission events are independent; however, if SARS-CoV-2 is transmitted in particles
343  containing multiple functional virions, as has been shown for rotavirus and norovirus®’, the BC
344  strategy will underestimate the transmission bottleneck, as it cannot distinguish between the
345  transmission of a single BC virus and a multiple virions all harboring the same BC. The detection
346  of single BCs in 50% of the 1 hr airborne-exposed contact hamsters, suggests that this is not the
347 case in this model. Further, a recent modeling study®® suggests that it is unlikely that multiple
348  respiratory viruses are transmitted in the same particle, but the question is not fully settled. Finally,
349 the diversity of this BC pool is such that we can only detect 20-30 transmission events before
350 there is an appreciable likelihood that multiple BCs are transmitted in duplicate. As such, the
351 number of BCs detected in our 8hr airborne-exposed and direct contact-exposed hamsters
352 represent lower limits of the true transmission bottleneck. Even with these caveats in view, BC-
353 SARS-CoV-2 represents a significant technical advance which we have leveraged to study
354  hamster-to-hamster SARS-CoV-2 transmission with unprecedented quantitative depth. BC-
355 SARS-CoV-2 enabled experiments that defined of the transmission bottleneck under a range of
356 routes and durations of exposure, identified direct infection events to the lung, which has
357 implications for human transmission and disease, found evidence of facile superinfection, and
358 elucidated important differences in virus transmission between SARS-CoV-2 and other
359 respiratory viruses. This approach will add a novel and important dimension to future studies

360  about how immunity impacts virus transmission.


https://doi.org/10.1101/2024.06.08.597602
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.08.597602; this version posted June 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

361 AUTHOR CONTRIBUTIONS

362 R.T. and T.L.D. performed all the in vitro and in vivo experiments. R.T. performed all the next-
363 generation sequencing and barcode analysis. T.G. and D.W. designed the barcoded virus system.
364 T.G., andT.L.D.,and R.T. generated and expanded recombinant SARS-CoV-2 viruses containing
365  unique genetic barcodes. A.C.M.B. had unrestricted access to all the data, analyzed the data, and
366 performed the statistical analysis. D.W. and A.C.M.B. supervised experiments and acquired
367 funding. R.T., T.L.D., and A.C.M.B. wrote the first draft of the manuscript and all authors reviewed
368 and edited the final version. All authors agreed to submit the manuscript, read, and approved the

369 final draft, and take full responsibility for its content.

370

371 ACKNOWLEDGEMENTS

372 This study was supported by the NIH (NIAID Center of Excellence for Influenza Research and
373 Response (CEIRR)) contract 75N93021C00016 (A.C.M.B.), R01AI169022 (A.C.M.B.) and
374 UO1AI151810 (A.C.M.B and D.W.).

375

376 COMPETING INTERESTS

377 The Boon laboratory has received unrelated funding support in sponsored research
378 agreements from Al Therapeutics, GreenLight Biosciences Inc., and Nano targeting & Therapy
379 Biopharma Inc. The Boon laboratory has received funding support from AbbVie Inc., for the

380 commercial development of SARS-CoV-2 mAb.


https://doi.org/10.1101/2024.06.08.597602
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.08.597602; this version posted June 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

381 FIGURE LEGENDS

A SARS-CoV-2 genome position (x1000 nt)
22 23 24 25 26 27 28 29

1 1 L i L L L 1

l S [ sa JE] ™ Je[7a] [&] N ][0l
I
D614G (aa) GNNGNNGNN (nt)

Plasmid fragments

BC-D614G RNA BHK-21 =
é 7 - Diute _ Mix with R \
@ " J Vero-hACE2-hTMPRSS2 =
l Next-generation
Expand positive cells Sanger sequencing Infectious virus titer Pool sequencing

1 2 3
— OO0 —

890

B C
1
BC Pool
- |
E
73
£ E N
: g~ T I N R s
@ ) : = s c
? cREE N LI ]
% i ‘ et < 5
S £ ‘ 3
S E Lungs ‘ Q
24 T T T T T 1 oo N
0 12 24 36 48 60 72 8 NT =
Hours Post Infection E c
® WT-D614G -+ BC3 - BC7 5| Trachea =
2
= BCO - BC4 ¥ BC8 2 -
4 BC1 e BCS + BCO 5§ Lungs &
¥ BC2 = BCS » BC10 ) . _ , . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Barcode Proportions
D Viral Titers E Sample Barcode Counts F Similarity to BC Pool G Transmission Event Detection Power
12 1S ns *k 250 i _ 3 === Line of Identity
P 'Y o 0y m s we * " = BCPool
° 0
E10- ‘Q % 200 P & 0.8 a4 g 40 A — NT 32hpi
o9 - A 2 5 '§ l [] £ . .
& 2 8 g a £ - — NT, 72hpi
Seq ® '% $§ 150~ E 0.6+ & £ 30 P
e ] 8 2 s 4
S 6 g & 100 S 0.4 t 4 = 20 /
2 @ E o]
2 #* 2] m
2 4+ 50 0.2+ #* 10
I e e
2_ﬁ_|_7_& [ e m— — 0.0 +—F——TF—7— 0 T T T T 1
& EIY & & & & & & 0 10 20 30 40 50
&@‘? (o C,Q WAV «@é‘ \9‘\ # Viruses Transmitted

< —
3 82 Whole Hamsters


https://doi.org/10.1101/2024.06.08.597602
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.08.597602; this version posted June 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

383  Figure 1: Generation and validation of genetically barcoded SARS-CoV-2 viruses.

384  (A) Schematic of barcoded SARS-CoV-2 virus generation. We utilized an established reverse-
385  genetics system comprised of seven DNA segments spanning the prototypic SARS-CoV-2
386 genome with the spike D614G mutation (segment F) and a 9nt insert containing a 6nt BC within
387 ORF10 (segment G). The in vitro-transcribed barcoded viral genomes were electroporated into
388 BHK-21 cells, mixed 1:1 with Vero-hACE2-hTMPRSS2 cells, and plated into multiple 24-well
389 plates. Virus-positive wells were individually expanded on Vero-hTMPRSS2 cells, Sanger
390 sequenced, titered by plaque assay, and pooled and the resulting distribution was analyzed by
391 next-generation sequencing (NGS). (B) In vitro growth characteristics of barcoded viruses. Vero-
392 hACE2-hTMPRSS2 cells were inoculated with an MOI of 0.01 and supernatant was collected 12,
393 24, 48 and 72 hours later and used to quantify virus titer by RT-qPCR. Each color represents a
394  unique BC virus. (C-H) Naive male hamsters were inoculated with 10° PFU of the BC virus pool
395 and nasal turbinate, trachea, and lung tissues were collected 32 or 72 h later (n=10 per group).
396 The barcode sequence and frequency was determined by NGS. (C) A representative image
397  depicting the frequency and number of BC detected in the BC SARS-CoV-2 pool and in each
398 tissue of inoculated hamsters collected at 32 or 72 hpi. Each color represents a unique BC and
399  bar width is proportional to the BC’s relative frequency. The total number of unique BCs detected
400 in each tissue and in the entire animal is shown on the right side of the graph. (D) Virus titers in
401  the nasal turbinate, trachea and lungs of BC SARS-CoV-2 inoculated hamsters 32 (dark blue)
402 and 72 hpi (light blue), measured by RT-gPCR. (E) Number of unique BCs detected in at least
403 one tissue of each infected hamster. (F) Similarity index between the BC pool and different
404  respiratory tissues of the inoculated hamsters 32 and 72 hours post inoculation. (G) Average
405 number of unique BCs transmitted for a given number of virus transmission events. Results are
406 the average following 10,000 transmission events for each number of viruses. NT = nasal
407  turbinate. Dotted lines indicated limit of detection. The line is the geometric mean (D) or average

408 (E-F) of the data. Data was log-transformed where necessary and analyzed by an unpaired t-test
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409 followed by a Holm-Sidak test (**** P < 0.0001, *** P<0.001, *™ P<0.01, * P<0.05, ns = not

410  significant). The results are from 2 independently repeated experiments with five hamsters each.
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Figure 2: Defining the SARS-CoV-2 airborne transmission bottleneck.

(A) Schematic of experimental design. Contact hamsters (n=5) were exposed for 8 hours to donor
hamsters 24hrs after inoculation of 10° PFU of the BC virus pool in our airborne exposure setup.
Seventy-two hours later, nasal turbinate, trachea, and lung tissues were collected, and RNA
extracted. (B) Virus titers, measured by RT-gPCR, in the nasal turbinate (circles), trachea
(squares), and lung (triangles) of airborne exposed contact hamsters. (C) Barcode distributions
in each tissue of all five contact hamsters. Each color represents a unique BC and bar width is
proportional to the BC’s relative frequency. The total number of unique BCs detected in each
tissue and in the entire animal is shown on the right side of the graph. (D) Proportional Venn
diagram showing barcodes unique to and shared between the three respiratory tissues in each
animal. Dotted lines indicated limit of detection. Bars indicate geometric mean. The results are

from a single experiment with five donor and contact hamsters.
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425  Figure 3: Prolonged exposure to SARS-CoV-2 increases transmission bottleneck
426  in airborne-exposed hamsters.

427  (A) Schematic of experimental design. Contact hamsters (n=8 per group) were airborne exposed
428  for 1 (left, dark red), 4 (middle, red) or 8 (right, pink) hours to donor hamsters that were inoculated
429  with 10° PFU of the BC virus pool. Seventy-two hours later, nasal turbinate, trachea, and lung
430 tissues were collected, and RNA extracted. (B) Fraction of airborne-exposed contact hamsters
431 that were positive (RNA above the limit of detection) for SARS-CoV-2 by RT-qPCR in one or more
432  tissues. (C) Virus titers, measured by RT-gPCR, in the nasal turbinate (circles), trachea (squares),
433  and lung (triangles) of airborne exposed contact hamsters. Each symbol is an individual animal,
434  and the line is the geometric mean of the data. Log-transformed data was analyzed by a Kruskal-
435  Wallis test and a Dunn’s multiple comparison’s test. (D) The number of unique barcodes detected
436 in contact hamsters (one-way ANOVA with multiple comparisons correction). Dotted lines
437 indicated limit of detection. The results are from two independently repeated experiments with

438  four donor and contact animals each. (*** P < 0.001, ** P < 0.01, * P < 0.05, ns = not significant).
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440 Figure 4: Route of exposure affects transmission bottleneck of SARS-CoV-2 in
441  Syrian hamsters.

442  (A) Schematic of experimental design. Contact hamsters (n=8-10 per group) were exposed to
443 donor hamsters 24hrs after inoculation with 10° PFU of the BC virus pool via fomite, airborne, or
444 direct-contact route. Seventy-two hours later, nasal turbinate, trachea, and lung tissues were
445  collected, and RNA extracted. (B) Fraction of SARS-CoV-2-positive contact hamsters.
446  Transmission was defined as one or more tissues with viral RNA levels above the limit of
447  detection. (C) Viral titers were measured by RT-gPCR in RNA extracted from nasal turbinate
448  (circles), trachea (squares), and lung (triangles) of exposed contact hamsters. Dotted lines
449 indicated limit of detection. Each symbol is an individual animal, and the line represents the
450 geometric mean of the data. Data was analyzed by one-way ANOVA with multiple comparisons
451  correction on log-transformed data. (D) The total number of unique barcodes detected across all
452  three respiratory tissues in the fomite, airborne and direct-contact exposed hamsters. Each
453 symbol is one animal and the bar represent the average transmission bottleneck (one-way
454  ANOVA with multiple comparisons correction). (E) Representative barcode distributions for each
455  route of exposure. Each color represents a unique BC and bar width is proportional to the BC’s
456 relative frequency. The total number of unique BCs detected in each tissue and in the entire
457  animal is shown on the right side of the graph. (F) Proportional Venn diagram showing barcodes
458 unique to and shared between tissues in each animal. The results are from two independently

459  repeated experiments. (**** P < 0.0001, *** P < 0.001, ** P<0.01, * P < 0.05, ns = not significant).
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463  Figure S1: Pipeline for measuring distribution of BC pool yields highly reproducible

464  results

465 (A) RNA was extracted from 4 separate aliquots of the BC virus pool, and BC sequence and
466 frequency was determined by NGS. Each color represents a unique BC and bar width is
467  proportional to the BC'’s relative frequency. The total number of unique BCs detected in each
468 sample is shown on the right side of the graph. (B) Heatmap of similarity indices between each
469 sequencing run. (C) Venn diagram showing overlap between the BCs detected in different
470 sequencing runs of the BC pool. (D) Correlation of BC frequencies between two representative
471  BC sequencing runs. (E) Distribution of Hamming Distances, i.e. the number of nucleotide

472  difference, separating all BC pairs in the BC virus pool.
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473

474  Figure S2: BC Pool Diversity is retained in vivo.

475  (A) Richness, (B) evenness, and (C) Shannon diversity of BC distributions in inoculum and each
476  hamster tissue collected 32 or 72 hours after intranasal inoculation with 10° PFU of the BC virus
477  pool. Each symbol is an individual hamster. The line represents the average of the data. (D) The
478  geometric mean fold change in the relative BC frequency between the inoculum and the 32 or
479  72hpe timepoint, or between 32 and 72hpe time-point, in the nasal turbinate, trachea and lungs
480 of inoculated hamsters. (E) Correlation matrix showing the Pearson correlation coefficient
481 between geometric mean BC fold changes from 32hpi to 72hpi in the indicated tissues. Strong
482  correlation indicates true differences in viral fitness, while weak correlation suggests that most
483 changes in BC frequency are due to noise rather than fitness differentials. The results are from 2

484  independently repeated experiments with five hamsters each.


https://doi.org/10.1101/2024.06.08.597602
http://creativecommons.org/licenses/by-nc-nd/4.0/

485

available under aCC-BY-NC-ND 4.0 International license.

A Incubation
. 72h ,
» I 1
f 48 h !
D” A '
10° PFU , ; i
BC-D614G IN 5, — ' :
. 1
8h : '
b+l ) '
[} 1 1

[Collect D]

[ Collect C |

Inoculate
Expose

Collect Tissues
D = Donor

C = Contact

B C

Viral Titers at 1 dpe
12+

mL
i
o

1

lesl

@
L
(]

Logy N-gene copl
T

'S
1
{ |
=

J'

m

€
sog enbiun g1

ns

50 ns ns

40 +*
=l
8
£ 30+
8 » X
& 20+ ¢ o
o g
® ®y 00

0] oo

@
©

o—
2
.,.bqa .bbdb ,th

H NT and Lung Similarity
post-exposure

*k

1.0 ok ns

e
»
1

L4

Y

|
00+00

Similarity between
NT and Lungs

*
L ond
*
*

S0
0.0 —4p——— 71—
&

Sl

L

Representative Contact Barcode Distributions, 24hpe
T T T T
s I
E Trachea
£ |
O  Lungs lzﬁ
s |
L | 1 1 L 1 1 1 J
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Representative Contact Barcode Distributions, 48hpe
o NT k
% s
&
T @
8 Lungs 5
0 0.1 0.2 03 0.4 05 06 07 0.8 0.9 1
Effect of Incubation Time G
F on Detectible Barcodes

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.08.597602; this version posted June 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

Viral Titers at 2 dpe

® ® ©° N
L 1 L ]
(2

»
1

Logq N-gene copies/mL

T T
&

O Nasal Turbinate
O Trachea
© Lungs



https://doi.org/10.1101/2024.06.08.597602
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.08.597602; this version posted June 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

486  Figure S3: Defining the SARS-CoV-2 airborne transmission bottleneck 24-72 hours
487  post exposure.

488 (A) Schematic of experimental design. Contact hamsters (n=5) were airborne exposed to donor
489  hamsters 24 h after inoculation with 10° PFU of pooled barcoded SARS-CoV-2. Twenty-four, or
490 forty-eight hours later, nasal turbinate, trachea, and lung tissues were collected, and RNA
491  extracted. (B and C) Virus titers were measured by RT-qPCR, in nasal turbinate (circles), trachea
492  (squares), and lungs (triangles) of airborne-exposed hamsters. Dotted lines indicated limit of
493  detection. Each symbol is an individual animal and line indicates geometric mean. (D)
494  Representative images BC distributions in contact hamsters collected 24 or 48hpe. Each color
495 represents a unique BC and bar width is proportional to the BC'’s relative frequency. The total
496 number of unique BCs detected in each tissue and in the entire hamster is shown on the right
497  side of the graph. (E) Proportional Venn diagram showing the number of unique barcodes in each
498 tissue and shared between the tissues of representative hamsters 24 or 48hpe. (F) Total number
499  of unique BC detected per hamster 24, 48, or 72hpe (see also Figure 2). (G) Proportional Venn
500 diagram showing the number of unique and shared BCs in each tissue. Data shown is pooled
501  from all hamsters at each timepoint. (H) Similarity indices between the nasal turbinates and lungs
502  of contact hamsters collected at different timepoints. Each symbol is an individual hamster, and
503 the line represents the average number of BC detected. Data are analyzed by Brown-Forsythe
504 and Welch ANOVA followed by Dunnett’s T3 multiple comparisons test. The results are from a

505 single experiment. (**** P < 0.0001, *** P < 0.001, ** P < 0.01, * P < 0.05, ns = not significant).
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507 Figure S4: Hamster sex does not impact the SARS-CoV-2 transmission bottleneck.
508 (A) Schematic of experimental design. Male and female donor hamsters (n=5 per group) were
509 inoculated with 10° PFU of the BC virus pool. Twenty-four hours after inoculation, sex-matched
510 contact hamsters were airborne exposed for 8 hrs. Donor nasal turbinate, trachea, and lungs were
511  collected immediately after exposure, while contact tissues were collected 3dpe. (B) Viral titers
512  were measured by RT-gPCR in RNA extracted from the lungs of donor and contact hamsters.
513 Dotted line indicates limit of detection. Each symbol is an individual animal, and the line represents
514  the geometric mean. (C) The total number of unique BCs detected in individual tissues and in the
515 entire animal from contact hamsters. Each symbol is one animal, and the bar represents the
516 mean. Data was analyzed by unpaired t-tests. (D) Similarity index between the BC distributions
517  in the nasal turbinate and the lungs of contact male and female hamsters. Symbols represent
518 individual hamsters, lines represent mean. (E) Representative barcode distributions for each route
519  of exposure. Each color represents a unique BC and bar width is proportional to the BC’s relative
520 frequency. The total number of unique BCs detected in each tissue and in the entire animal is
521  shown on the right side of the graph. (F) Proportional Venn diagram showing barcodes unique to
522  and shared between tissues in each animal. Data was log-transformed when necessary and
523  analyzed by unpaired t-tests followed by a Holm-Sidak test. (**** P < 0.0001, *** P < 0.001, ** P

524 < 0.01, ns = not significant).
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525 METHODS

526 Cells. Vero cells expressing human angiotensin converting enzyme 2 (ACE2) and
527  transmembrane serine protease 2 (TMPRSS2) (Vero-hACE2-hTMPRSS?2, gift of Adrian Creanga
528 and Barney Graham, NIH) were cultured at 37°C in Dulbecco’s Modified Eagle medium (DMEM)
529  supplemented with 10% fetal bovine serum (FBS), 10 mM HEPES (pH 7.3), 2 mM L-glutamine,
530 100U/mL Penicillin, 100 pg/mL Streptomycin, and 10 pg/mL of puromycin. Vero E6 cells
531  expressing human TMPRSS2 (Vero-hTRMPSS2) were cultured at 37°C in DMEM supplemented
532  with 10% FBS, 10 mM HEPES (pH 7.3), 2 mM L-glutamine, 100 U/mL Penicillin, 100 pg/mL
533  Streptomycin, and 5 pg/mL of blasticidin. BHK-21 cells were cultured at 37°C in DMEM
534  supplemented with L-glutamine, 10% FBS, 100 U/mL Penicillin, and 100 pg/mL Streptomycin.
535  Vero-hACE2-hTRMPSS2 are used to titrate stocks and tissues, Vero-hnTRMPSS2 cells are used
536  to generate virus stocks and BHK-21 cells were used to generate barcoded virus.

537 Recombinant barcoded SARS-CoV-2. We used our SARS-CoV-2 reverse genetics system,
538  described previously', to generate barcoded SARS-CoV-2 viruses containing the spike D614G
539 mutation (Fig. 1A). Briefly, the SARS-CoV-2 genome (GenBank accession no. NC_045512) was
540  split into 7 fragments (A-G), commercially synthesized as DNA (GenScript), and cloned into
541 plasmids. A T7 promoter was added to the 5' end of the viral fragment in plasmid A. We introduced
542  the D614G mutation in the S gene in fragment F using the primers listed in Table 1. We inserted
543 a 9nt barcode sequence of GNNGNNGNN through a degenerate primer (Table 1) into ORF10
544  cassette (after 21 nucleotide) in fragment G. Transformed competent cells were spread on LB
545  plates and colonies scraped and pooled for propagation and plasmid extraction. The 7 plasmids,
546  corresponding to fragments A-G, were digested with type Il restriction enzymes (NEB), and the
547  viral genome fragments were ligated with T4 ligase (NEB). The purified ligation product was used
548 as the template for in vitro transcription to produce full-length viral genome using mMMESSAGE

549  mMACHINE T7 Ultra Kit (Invitrogen).
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550 The in vitro-transcribed barcoded viral genomes were electroporated into BHK-21 cells
551 together with N gene mRNA following an established protocol®®. Electroporated BHK-21 cells
552  were diluted and mixed 1:1 with Vero-hACE2-hTMPRSS2 and distributed over several 24-well
553 plates to 103# cells per well. Cells were monitored daily for cytopathic effects (CPE) and
554  supernatant was harvested from positive CPE wells 5 days post electroporation. Positive wells
555  were expanded on Vero-hTMPRSS2 cells for 24hrs, aliquoted, and stored at -80°C. The infectious
556 titers were measured by plaque assay on Vero-hACE2-hTMPRSS2 cells. To identify the barcode
557 (BC) sequence, viral RNA was extracted from supernatant using an E.Z.N.A. Total RNA Kit
558 (Omega), and used to amplify a 204bp amplicon in a one-step RT-PCR reaction (SuperScript IV
559  One-Step, Thermo Fisher) using custom primers (Table 1). This amplicon was then Sanger
560 sequenced using the reverse primer. All expanded samples that contained unique BC sequences
561  were pooled based on the amount of infectious virus, aliquoted, and stored at -80°C for the studies
562 in this manuscript. The relative frequency of each BC in pool was determined by next-generation
563  sequencing and analysis as described below.

564 All work with infectious SARS-CoV-2 was performed in Institutional Biosafety Committee
565 approved BSL-3 and ABSL3 facilities at Washington University School of Medicine using

566  appropriate positive pressure air respirators and protective equipment.

Table 1. Primer sets for addition of S D614G and barcodes

Set | Addition of S D614G

1 5'-atcaaggcgagttacatgatcc-3' 5'-gcagttaacaccctgataaagaacagcaacctgg-3'

2 5'-tttatcagggtgttaactgcacagaagtccctgt-3' 5'-atcatgtaactcgccttgatcgttg-3'

Addition of barcodes

1 5'-tgggctatataaacgttttcGNNGNNGNNgcttttccgtttacgatatatagtctactct-3' | 5'-tgggtctcgcggtatcattgca-3'

2 5'-caatgataccgcgagacccacg-3' 5'-gaaaacgtttatatagcccatctgecttgt-3'

Sanger sequencing of individual barcodes

1 5'-caggcctaaactcatgcagaccaca-3' 5'-ggctctttcaagtcctccctaatgt-3'

The barcode sequenced is capitalized in barcode primer set 2.

567
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568 Hamster experiments. Animal studies were carried out in accordance with the
569 recommendations in the Guide for the Care and Use of Laboratory Animals of the National
570 Institutes of Health. The protocols were approved by the Institutional Animal Care and Use
571  Committee at the Washington University School of Medicine (assurance number A3381-01).
572  Five-six week old male hamsters were obtained from Charles River Laboratories and housed at
573  Washington University.

574 Direct challenge. Five-to-six week old male or female donor hamsters were inoculated with
575  10° PFU of the BC virus pool. Thirty-two or seventy-two hrs later, hamsters were euthanized, and
576  respiratory tissues were collected for virological and BC frequency analysis.

577 Primary transmission. Five-to-six week old male donor hamsters were inoculated with 10°
578  PFU of the BC virus pool and, 24hrs later, contact hamsters were exposed to donor hamsters for
579 1, 4 or 8hrs. For direct contact exposure, both donor and contact hamsters were directly placed
580 in a clean biocontainment unit (BCU) cage with fresh bedding. For airborne exposure, donor and
581 contact hamsters were placed in separate porous stainless steel (isolator) cages which were then
582  placed in a single clean BCU cage with directional airflow from the donor to the contact hamster.
583  For fomite exposure, contact hamsters were placed in the contaminated BCU cage from donor
584  hamsters. After the exposure the donor and contact hamster were placed back into their original
585 cage. Contact hamsters were euthanized, and tissues collected 24, 48, or 72hrs after exposure.
586  Exposure and tissue collection times are indicated in the results section for each experiment.
587 At time of tissue collection, nasal turbinate, trachea, whole lung, or individual lung lobes were
588  homogenized in 1.0 mL of DMEM and clarified by centrifugation at 1,000 x g for five minutes. To
589 collect nasal turbinate, the skin along the nose and cheeks and the lower jaw were removed to
590 expose the upper palate. A sagittal incision through the palate exposed the nasal turbinates,
591  which were removed using blunt forceps. RNA was extracted and viral titer was determined by

592  quantitative RT-gPCR and RNA sequenced in the barcode region to detect unique barcodes.
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593 Virus titration assays. Plaque assays were performed on Vero-hACE2-hTRMPSS2 cells in
594  24-well plates. Samples were serially diluted in cell infection medium (DMEM supplemented with
595 2% FBS, 10 mM HEPES (pH 7.3) and 2 mM L-glutamine). Two hundred microliters of the diluted
596  virus were added to a single well per dilution per sample. After one hour at 37°C, the inoculum
597  was aspirated, the cells were washed with PBS, and a 1% methylcellulose overlay in MEM
598  supplemented with 2% FBS was added. Seventy-two hours after virus inoculation, the cells were
599 fixed with 10% formalin, and the monolayer was stained with crystal violet (0.5% w/v in 25%
600 methanol in water) for one hour at 20°C. The number of plaques were counted and used to
601  calculate the plaque forming units/mL (PFU/mL). Infectious virus titer detected in any of the
602  contact hamster organs was considered a positive transmission event.

603 To quantify viral RNA load in respiratory organ tissue homogenates, RNA was extracted using
604 a modified protocol for the MagMax Viral Pathogen Kit on the KingFisher Flex (Thermo Fisher).
605  Briefly, 100 pL clarified homogenate sample was lysed in 300 pL TRK lysis buffer (Omega) plus
606 2% BME. Samples were Proteinase K treated and then total nucleic acid magnetic beads were
607 added in binding solution. The magnetic beads were then washed in wash buffer provided by the
608 kit and twice in 80% Ethanol. Finally, RNA was eluted with 50 pL of water. Four microliters RNA
609 was used for real-time RT-gPCR to detect and quantify genomic RNA of SARS-CoV-2 N gene
610 using TagMan™ RNA-to-CT 1-Step Kit (Thermo Fisher Scientific) as described? using the
611  following primers and probes: Forward: GACCCCAAAATCAGCGAAAT; Reverse:
612 TCTGGTTACTGCCAGTTGAATCTG; Probe: ACCCCGCATTACGTTTGGTGGACC;
613  5'Dye/3'Quencher: 6-FAM/ZEN/IBFQ. Units are described in genome equivalent copy numbers
614  per pL of RNA based on a standard included in the assay, which was created via in vitro
615 transcription of a synthetic DNA molecule containing the target region of the N gene.

616 Barcode analysis

617 Sequencing. To sequence the barcode distribution in samples with detectable SARS-CoV-2

618 genomic RNA by RT-gPCR, extracted RNA was used as a template in a cycle-limited one-step
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619 RT-PCR reaction (SuperScript IV One-Step, Thermo Fisher) using custom primers (Table 2, Set
620  1). The resulting amplicon was then used as a template in a PCR reaction (Q5, NEB) to add ends
621  compatible with sequencing using custom primers (Table 2, Set 2). Libraries from different
622 samples were pooled, purified using a QlIAquick PCR purification kit (Qiagen), and sequenced

623 (2x150 bp) on a Miniseq system (lllumina).

Table 2. Primer sets for next-generation sequencing of barcode distributions

Set | Preparation of RNA for next-generation sequencing

1 5'-gtgactggagttcagacgtgtgctcttccgatctcaggcctaaactcatgcagaccacac-3' 5'-acactctttccctacacgacgctcttccgatctggctctttcaagtcctcectaatgtta-3'

2 5'-caagcagaagacggcatacgagatNNNNNNNNNgtgactggagttcagacgtgtgctc-3' 5'-aatgatacggcgaccaccgagatctacacNNNNNNNNNacactctttccctacacgac-3'

Set 2 contained indices to enable sample multiplexing, denoted by NNNNNNNNN

624

625 Sequencing data was demultiplexed and trimmed of adapter and index sequences. The
626  barcode distributions in each sample were enumerated using custom code adapted from Weger-
627  Lucarelli et al**. Briefly, paired-end reads were merged using BBMerge, aligned to the SARS-
628 CoV-2 genome using BBMap, trimmed to the barcode region using Reformat.sh, and barcodes
629  were counted using kmercountexact.sh. All of these programs are part of the BBTools suite®.
630 Analysis of barcode distributions. All analyses of barcode distribution data were performed

631 using custom Matlab scripts, made publicly available at https://github.com/rtrende/BC_SARS-

632 CoV-2 Analysis. Briefly, the barcode matrix was trimmed to just contain barcodes present in the

633  inoculum. A barcode was deemed present in a sample if >0.056% (~1/1800"™) of the reads in that
634 sample mapped to the barcode. This cutoff was set based on the frequency of mutants in known
635 barcode pools (data not shown). Richness was calculated as the number of barcodes present
636  above this threshold. Diversity (H') was calculated using Equation 1, where n is the total number

637 of BCs and x; is the relative frequency of the i-th BC:

n

638 H = — Z x; In x; )

i-1

639 Evenness was calculated using Equation 2:
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HI
640 e
evenness In(richness) )
641 The similarity index (equivalent to “genetic relatedness” in #'-*3; based on Cavalli-Sforza chord

642  distance®) was calculated using Equation 3, where x; and y; represent the relative frequency of

643  the i-th BC in the two samples between which similarity is calculated:

n
2
644 . iy . — _ = _Z .
Similiarity = 1 - 2(1 '1,/xlyl> 3)
i=

645 Analysis of infectious BC virus pool from tissue homogenates. Approximately 10° PFU the BC
646  virus pool was amplified from nasal turbinate homogenate on Vero-TMPRSS2 cells at an MOI =
647  0.01. After 2 h, inoculum was aspirated and cells washed three times with PBS. Three mL infection
648 medium was added per well. Supernatant was collected at 24 and 48 hpi. RNA was extracted and
649 the barcode region was sequenced.

650 Quantification and statistical analysis. Statistical significance was assigned when P values
651 were < 0.05 using GraphPad Prism version 10.1. Tests, number of animals, and statistical
652 comparison groups are indicated in the Figure legends. When two groups were compared, data
653  were analyzed using unpaired t-tests followed by a Holm-Sidak test; when more than two groups
654  were compared, data were analyzed using a Brown-Forsythe and Welch ANOVA followed by
655  Dunnett's T3 multiple comparisons test. Viral titers were log-transformed prior to analysis.

656


https://doi.org/10.1101/2024.06.08.597602
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.08.597602; this version posted June 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

657 REFERENCES

658 1. Amicone, M. et al. Mutation rate of SARS-CoV-2 and emergence of mutators during
659 experimental evolution. Evolution, Medicine, and Public Health 10, 142—-155 (2022).

660 2. Markov, P. V. et al. The evolution of SARS-CoV-2. Nat Rev Microbiol 21, 361-379 (2023).
661 3. Sanjuan, R., Nebot, M. R., Chirico, N., Mansky, L. M. & Belshaw, R. Viral Mutation Rates.
662 Journal of Virology 84, 9733-9748 (2010).

663 4. Hu, M. et al. Hemagglutinin destabilization in H3N2 vaccine reference viruses skews
664 antigenicity and prevents airborne transmission in ferrets. Science Advances 9, eadf5182
665 (2023).

666 5. Hughes, J. et al. Transmission of Equine Influenza Virus during an Outbreak Is Characterized
667 by Frequent Mixed Infections and Loose Transmission Bottlenecks. PLoS Pathog 8,
668 1003081 (2012).

669 6. Zwart, M. P. & Elena, S. F. Matters of Size: Genetic Bottlenecks in Virus Infection and Their
670 Potential Impact on Evolution. Annual Review of Virology 2, 161-179 (2015).

671 7. McCrone, J. T. & Lauring, A. S. Genetic bottlenecks in intraspecies virus transmission.
672 Current Opinion in Virology 28, 20—-25 (2018).

673 8. Koelle, K. & Rasmussen, D. A. The effects of a deleterious mutation load on patterns of
674 influenza A/H3N2’s antigenic evolution in humans. eLife 4, e07361 (2015).

675 9. Pybus, O. G. et al. Phylogenetic Evidence for Deleterious Mutation Load in RNA Viruses and
676 Its Contribution to Viral Evolution. Molecular Biology and Evolution 24, 845-852 (2007).

677 10. Frise, R. et al. Contact transmission of influenza virus between ferrets imposes a looser
678 bottleneck than respiratory droplet transmission allowing propagation of antiviral resistance.
679 Sci Rep 6, 29793 (2016).

680 11. McCrone, J. T. et al. Stochastic processes constrain the within and between host evolution of

681 influenza virus. eLife 7, €35962 (2018).


https://doi.org/10.1101/2024.06.08.597602
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.08.597602; this version posted June 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

682 12. Ghafari, M., Lumby, C. K., Weissman, D. B. & lllingworth, C. J. R. Inferring Transmission
683 Bottleneck Size from Viral Sequence Data Using a Novel Haplotype Reconstruction Method.
684 Journal of Virology 94, e00014-20 (2020).

685 13. Shi, Y. T., Harris, J. D., Martin, M. A. & Koelle, K. Transmission Bottleneck Size Estimation
686 from De Novo Viral Genetic Variation. Molecular Biology and Evolution 41, msad286 (2024).
687 14. Lythgoe, K. A. et al. SARS-CoV-2 within-host diversity and transmission. Science 372,
688 eabg0821 (2021).

689  15. Martin, M. A. & Koelle, K. Comment on “Genomic epidemiology of superspreading events in
690 Austria reveals mutational dynamics and transmission properties of SARS-CoV-2". Science
691 Translational Medicine 13, eabh1803 (2021).

692 16. Bendall, E. E. et al. SARS-CoV-2 Genomic Diversity in Households Highlights the Challenges
693 of Sequence-Based Transmission Inference. mSphere 7, e00400-22 (2022).

694 17. Bendall, E. E. et al. Rapid transmission and tight bottlenecks constrain the evolution of highly
695 transmissible SARS-CoV-2 variants. Nat Commun 14, 272 (2023).

696 18. Farjo, M. & Brooke, C. B. Low Viral Diversity Limits the Effectiveness of Sequence-Based
697 Transmission Inference for SARS-CoV-2. mSphere 8, e00544-22 (2023).

698 19. Fitzmeyer, E. A., Gallichotte, E. N. & Ebel, G. D. Scanning barcodes: A way to explore viral
699 populations. PLOS Pathogens 19, e1011291 (2023).

700  20. Varble, A. et al. Influenza A Virus Transmission Bottlenecks Are Defined by Infection Route
701 and Recipient Host. Cell Host & Microbe 16, 691-700 (2014).

702  21. Amato, K. A. et al. Influenza A virus undergoes compartmentalized replication in vivo
703 dominated by stochastic bottlenecks. Nat Commun 13, 3416 (2022).

704  22. Holmes, K. E. et al. Viral expansion after transfer is a primary driver of influenza A virus
705 transmission bottlenecks. bioRxiv 2023.11.19.567585 (2023)

706 doi:10.1101/2023.11.19.567585.


https://doi.org/10.1101/2024.06.08.597602
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.08.597602; this version posted June 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

707  23. Xie, C. et al. A(HIN1)pdmQ9 Influenza Viruses Replicating in Ferret Upper or Lower
708 Respiratory Tract Differed in Onward Transmission Potential by Air. The Journal of Infectious
709 Diseases 225, 65-74 (2022).

710  24. Phipps, K. L. et al. Collective interactions augment influenza A virus replication in a host-
711 dependent manner. Nat Microbiol 5, 1158-1169 (2020).

712  25. Mufoz-Moreno, R. et al. Viral Fitness Landscapes in Diverse Host Species Reveal Multiple
713 Evolutionary Lines for the NS1 Gene of Influenza A Viruses. Cell Reports 29, 3997-4009.e5
714 (2019).

715  26. Khanal, S. et al. In Vivo Validation of the Viral Barcoding of Simian Immunodeficiency Virus
716 SIVmac239 and the Development of New Barcoded SIV and Subtype B and C Simian-Human
717 Immunodeficiency Viruses. Journal of Virology 94, 10.1128/jvi.01420-19 (2019).

718  27. Fennessey, C. M. et al. Genetically-barcoded S|V facilitates enumeration of rebound variants
719 and estimation of reactivation rates in nonhuman primates following interruption of
720 suppressive antiretroviral therapy. PLOS Pathogens 13, e1006359 (2017).

721 28. Marsden, M. D. et al. Tracking HIV Rebound following Latency Reversal Using Barcoded HIV.
722 CR Med 1, (2020).

723  29. Immonen, T. T. et al. Transient viral replication during analytical treatment interruptions in SIV
724 infected macaques can alter the rebound-competent viral reservoir. PLOS Pathogens 17,
725 e1009686 (2021).

726  30. Pinkevych, M. et al. Estimating Initial Viral Levels during Simian Immunodeficiency
727 Virus/Human Immunodeficiency Virus Reactivation from Latency. Journal of Virology 92,
728 10.1128/jvi.01667-17 (2018).

729  31. Chen, H.-C., Zorita, E. & Filion, G. J. Using Barcoded HIV Ensembles (B-HIVE) for Single

730 Provirus Transcriptomics. Current Protocols in Molecular Biology 122, 56 (2018).


https://doi.org/10.1101/2024.06.08.597602
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.08.597602; this version posted June 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

731 32. Moriarty, R. V. et al. The mucosal barrier and anti-viral immune responses can eliminate
732 portions of the viral population during transmission and early viral growth. PLOS ONE 16,
733 0260010 (2021).

734  33. Aliota, M. T. et al. Molecularly barcoded Zika virus libraries to probe in vivo evolutionary
735 dynamics. PLOS Pathogens 14, e1006964 (2018).

736  34. Weger-Lucarelli, J. et al. Using barcoded Zika virus to assess virus population structure in
737 vitro and in Aedes aegypti mosquitoes. Virology 521, 138-148 (2018).

738 35. Riemersma, K. K. et al. Rapid Evolution of Enhanced Zika Virus Virulence during Direct
739 Vertebrate Transmission Chains. Journal of Virology 95, 10.1128/jvi.02218-20 (2021).

740  36. Sexton, N. R. et al. Genome Number and Size Polymorphism in Zika Virus Infectious Units.
741 Journal of Virology 95, 10.1128/jvi.00787-20 (2021).

742 37. Talmi-Frank, D. et al. Intracellular Diversity of WNV within Circulating Avian Peripheral Blood
743 Mononuclear Cells Reveals Host-Dependent Patterns of Polyinfection. Pathogens 12, 767
744 (2023).

745  38. McCune, B. T., Lanahan, M. R., tenOever, B. R. & Pfeiffer, J. K. Rapid Dissemination and
746 Monopolization of Viral Populations in Mice Revealed Using a Panel of Barcoded Viruses.
747 Journal of Virology 94, e01590-19 (2020).

748  39. Jiang, H. et al. The Highly Conserved Stem-Loop Il Motif Is Dispensable for SARS-CoV-2.
749 Journal of Virology 0, e00635-23 (2023).

750 40. Plante, J. A. et al. Spike mutation D614G alters SARS-CoV-2 fithess. Nature 592, 116-121
751 (2021).

752  41. Zhang, T. et al. Deciphering the landscape of host barriers to Listeria monocytogenes
753 infection. Proceedings of the National Academy of Sciences 114, 6334—6339 (2017).

754 42, Louie, A., Zhang, T., Becattini, S., Waldor, M. K. & Portnoy, D. A. A Multiorgan Trafficking
755 Circuit Provides Purifying Selection of Listeria monocytogenes Virulence Genes. mBio 10,

756 €02948-19 (2019).


https://doi.org/10.1101/2024.06.08.597602
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.08.597602; this version posted June 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

757  43. Zhang, T., Sasabe, J., Hullahalli, K., Sit, B. & Waldor, M. K. Increased Listeria monocytogenes
758 Dissemination and Altered Population Dynamics in Muc2-Deficient Mice. Infection and
759 Immunity 89, 10.1128/iai.00667-20 (2021).

760  44. Pielou, E. C. The measurement of diversity in different types of biological collections. Journal
761 of Theoretical Biology 13, 131-144 (1966).

762  45. Shannon, C. E. A Mathematical Theory of Communication.

763  46. Chu, D. K. W. et al. Molecular Diagnosis of a Novel Coronavirus (2019-nCoV) Causing an
764 Outbreak of Pneumonia. Clinical Chemistry 66, 549-555 (2020).

765  47. Boon, A. et al. Intranasal vaccination of Syrian Hamsters with ChAd-SARS-CoV-2-S disrupts
766 airborne transmission cycles of SARS-CoV-2. Preprint at https://doi.org/10.21203/rs.3.rs-
767 3185983/v1 (2023).

768  48. Darling, T. L. et al. mMRNA-1273 and Ad26.COV2.S vaccines protect against the B.1.621
769 variant of SARS-CoV-2. Med 3, 309-324.e6 (2022).

770  49. Dhakal, S. et al. Sex Differences in Lung Imaging and SARS-CoV-2 Antibody Responses in
771 a COVID-19 Golden Syrian Hamster Model. mBio 12, 10.1128/mbio.00974-21 (2021).

772  50. Vahidy, F. S. et al. Sex differences in susceptibility, severity, and outcomes of coronavirus
773 disease 2019: Cross-sectional analysis from a diverse US metropolitan area. PLOS ONE 16,
774 €0245556 (2021).

775  51. Buonanno, G., Morawska, L. & Stabile, L. Quantitative assessment of the risk of airborne
776 transmission of SARS-CoV-2 infection: Prospective and retrospective applications.
777 Environment International 145, 106112 (2020).

778  52. Ganti, K. et al. Timing of exposure is critical in a highly sensitive model of SARS-CoV-2
779 transmission. PLOS Pathogens 18, €1010181 (2022).

780  53. Hoagland, D. A. et al. Leveraging the antiviral type | interferon system as a first line of defense

781 against SARS-CoV-2 pathogenicity. Immunity 54, 557-570.e5 (2021).


https://doi.org/10.1101/2024.06.08.597602
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.08.597602; this version posted June 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

782  54. Chin, A. W. H. et al. Stability of SARS-CoV-2 in different environmental conditions. The Lancet
783 Microbe 1, €10 (2020).

784 55, Su, S. et al. Epidemiology, Genetic Recombination, and Pathogenesis of Coronaviruses.
785 Trends Microbiol 24, 490-502 (2016).

786  56. Pérez-Lago, L. et al. SARS-CoV-2 superinfection and reinfection with three different strains.
787 Transbound Emerg Dis 10.1111/tbed.14352 (2021) doi:10.1111/tbed.14352.

788  57. Rockett, R. J. et al. Co-infection with SARS-CoV-2 Omicron and Delta variants revealed by
789 genomic surveillance. Nat Commun 13, 2745 (2022).

790  58. Karbalaei, M. & Keikha, M. Deltacron is a recombinant variant of SARS-CoV-2 but not a
791 laboratory mistake. Ann Med Surg (Lond) 79, 104032 (2022).

792  59. Port, J. R. et al. Host and viral determinants of airborne transmission of SARS-CoV-2 in the
793 Syrian hamster. 2022.08.15.504010 Preprint at https://doi.org/10.1101/2022.08.15.504010
794 (2022).

795  60. Koelle, K. et al. Masks Do No More Than Prevent Transmission: Theory and Data Undermine
796 the Variolation Hypothesis. 2022.06.28.22277028 Preprint at
797 https://doi.org/10.1101/2022.06.28.22277028 (2022).

798  61. Santiana, M. et al. Vesicle-Cloaked Virus Clusters Are Optimal Units for Inter-organismal Viral
799 Transmission. Cell Host Microbe 24, 208-220.e8 (2018).

800 62. Sinclair, P., Zhao, L., Beggs, C. B. & lllingworth, C. J. R. The airborne transmission of viruses
801 causes tight transmission bottlenecks. Nat Commun 15, 3540 (2024).

802 63. BBMap. SourceForge https://sourceforge.net/projects/bbmap/ (2023).

803 64. Cavalli-Sforza, L. L. & Edwards, A. W. F. Phylogenetic analysis. Models and estimation
804 procedures. Am J Hum Genet 19, 233-257 (1967).

805


https://doi.org/10.1101/2024.06.08.597602
http://creativecommons.org/licenses/by-nc-nd/4.0/

