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ABSTRACT 38 

Although viral protein expression and progeny virus production were independently 39 

shown to be highly heterogenous in individual cells, their direct relationship, analyzed by 40 

considering their heterogeneities, has not been investigated to date. This study established 41 

a system to fractionate cells infected with a herpesvirus based on the levels of the global 42 

expression of viral late proteins, which are largely virion structural proteins, and to titrate 43 

virus yields in these fractions. This system demonstrated a direct relationship and 44 

indicated there was a threshold for the levels of viral late protein expression for progeny 45 

virus production and suggested that viral DNA cleavage/packaging was a rate-limiting 46 

step for progeny virus production. These findings, which were masked in previous studies 47 

performed at the entire population level, have uncovered a sophisticated viral strategy for 48 

efficient progeny virus production and shed new light on an effective target for the 49 

development of anti-viral drugs.   50 
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INTRODUCTION 51 

The state of viral gene expression has long been thought to be one of the critical 52 

determinants for virus progeny production 1. Viral infection is usually studied at the entire 53 

population level by averaging the outcomes of infection from each of large numbers of 54 

individual cells. In these previous studies, a relationship between viral gene expression 55 

and virus progeny production has necessarily been investigated based on classical time 56 

course experiments in which levels of viral gene expression and progeny virus titers were 57 

compared at various times after infection. Such studies demonstrated that the levels of 58 

viral gene expression, including the expressions of viral mRNA and protein, correlated 59 

well with progeny virus yields 2-6. However, accumulating evidence has indicated that 60 

viral infection at the single-cell or subpopulation level is highly heterogeneous, which has 61 

been masked in studies performed at the entire population level. Thus, it was reported that 62 

the progeny virus yield from individual cells spanned several orders of magnitude 7-14. 63 

Classical fluorescence microscopy and recent advances in single-cell RNA-sequencing 64 

have enabled the investigation of the state of viral gene expression at the single-cell level, 65 

revealing high heterogeneity in individual cells and identifying new subpopulations of 66 

infected cells with similar viral gene expression profiles 15-17. However, there is a lack of 67 

information on viral protein expression and virus progeny production in the same 68 
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individual cell or subpopulation. Therefore, the direct relationship between viral protein 69 

expression and progeny virus production, analyzed by considering their heterogeneities 70 

at single cell or subpopulation levels, remains to be elucidated. These observations raised 71 

a fundamental question as to whether the well-established correlation between viral 72 

protein expression and progeny virus production detected at the entire population level 73 

by classical time-course experiments 4,6 does reflect a direct relationship between them. 74 

Herpes simplex virus 1 (HSV-1), an extensively studied DNA virus, is a 75 

ubiquitous human pathogen, causing a variety of diseases including encephalitis, keratitis, 76 

and mucocutaneous and skin diseases including herpes labialis, genital herpes and 77 

herpetic whitlow 18. HSV-1 encodes more than 100 different proteins 19-21 and HSV-1 78 

genes fall into three major classes: immediate-early (IE), early (E) and late (L), whose 79 

expressions are coordinately regulated and sequentially ordered in a cascade during lytic 80 

infection 19. Although there are some exceptions, virion structural proteins are largely 81 

encoded by L genes 19. Replication of the HSV-1 genome and packaging of the replicated 82 

viral genomes into nascent capsids occurs in the nucleus 19. Nascent nucleocapsids are 83 

exported to the cytoplasm through the perinuclear space between the inner nuclear 84 

membrane and outer nuclear membrane by a nuclear pore-independent and sequential 85 
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envelopment/de-envelopment process 19. In the cytoplasm, capsids acquire a final 86 

envelope by budding into cytoplasmic vesicles and become infectious 19. 87 

In this study, we constructed a reporter HSV-1 to monitor the global expression 88 

of viral L proteins by analyzing direct and quantitative relationship between L protein 89 

expression levels and virus progeny yields by sorting infected cells into subpopulations 90 

based on reporter gene expression levels and by determining virus titers in the 91 

subpopulations. The clarified relationship indicated a threshold in the levels of HSV-1 L 92 

protein expression for progeny virus production, suggesting viral DNA 93 

cleavage/packaging is a rate-limiting step for progeny virus production. 94 

  95 
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RESULTS 96 

Construction and characterization of a reporter HSV-1 to analyze viral L protein 97 

expression and virus progeny yields at the subpopulation level. We constructed a 98 

recombinant virus rICP47/vUs11 expressing IE protein ICP47 and L protein Us11 fused 99 

to monomeric fluorescent proteins, TagRFP and VenusA206K (TagRFP-ICP47 and 100 

Venus-Us11), respectively (Fig. 1A and B). The growth of rICP47/vUs11 was similar to 101 

wild-type HSV-1(F) in HeLa cells at a multiplicity of infection (MOI) of 5 and reached a 102 

plateau 24 h after infection (Fig. 1C). Flow cytometric analyses showed 92% of HeLa 103 

cells inoculated with rICP47/vUs11 at an MOI of 5 were TagRFP positive 24 h after 104 

inoculation, indicating that in these experimental settings, most HeLa cells were infected 105 

with rICP47/vUs11 and HSV-1 gene expression was initiated in these infected cells (Fig. 106 

1D and E). Frequencies of cells positive for Venus and TagRFP, or those positive for 107 

TagRFP and negative for Venus, were 67% and 25%, respectively (Fig. 1E). Cells 108 

positive for Venus and negative for TagRFP were barely detectable (Fig. 1D and E). 109 

Notably, the coefficient of variation (CV) for Venus-Us11 fluorescence intensities in each 110 

infected cell was significantly higher than for TagRFP-ICP47 fluorescence (Fig. 1F). 111 

 To examine whether levels of Venus-Us11 fluorescence in rICP47/vUs11-112 

infected cells were related to those of the global expression of HSV-1 L proteins, HeLa 113 
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cells infected with rICP47/vUs11 at an MOI of 5 for 24 h were analyzed by flow 114 

cytometry and sorted into six subpopulations (f1 to f6) based on the levels of Venus-Us11 115 

fluorescence intensities—Venus-Us11 fluorescence intensities increased in 116 

subpopulations from f1–f6 (S-Fig. 1A). The subpopulations were then subjected to LC-117 

MS/MS to quantitate peptides of global HSV-1 L proteins (Fig. 2A and S-Fig. 1B). 118 

Among the HSV-1 L proteins detected (48 L proteins), there was a strong correlation 119 

between the levels of Venus-Us11 fluorescence intensity and the relative abundance of 120 

most HSV-1 L proteins including Venus-Us11 (33 L proteins, r>0.90, P<0.001; 10 L 121 

proteins, r>0.70, P<0.01; 4 L proteins, r>0.58, P<0.05) but not Us8.5 (r=0.54, P=0.07). 122 

These results suggested that Venus-Us11 fluorescence intensities reflected expression 123 

levels of global HSV-1 L proteins in rICP47/vUs11-infected cells. 124 

Specific Venus-Us11 protein expression levels are linked to progeny virus 125 

production. To analyze a relationship between expression levels of HSV-1 L proteins 126 

and progeny virus yields directly and quantitatively, HeLa cells were infected with 127 

rICP47/vUs11 at an MOI of 5, harvested at 4, 6, 8, 10, 12, and 24 h after infection, 128 

analyzed by flow cytometry and sorted into entire population (FSC singlet) or six 129 

subpopulations (f1 to f6) according to the levels of Venus-Us11 fluorescence intensity 130 
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(S-Fig. 2). Virus titers in the entire population and each of the subpopulations were 131 

determined and virus titers per 104 cells were estimated.  132 

In agreement with previous reports 4,6, the kinetics of Venus-Us11 fluorescence 133 

intensity were similar to those of progeny virus titers (Fig. 3A) and Venus-Us11 134 

fluorescence intensities had a high correlation with progeny virus titers at the entire 135 

population level (r=0.95) (Fig. 3B). We also calculated virtual titers per 104 cells at each 136 

timepoint by summating virus titers in subpopulations, obtained by multiplying the 137 

estimated virus titer of each subpopulation of 104 cells by the ratio of number of cells in 138 

the subpopulation to that in the entire population. A viral growth curve based on the 139 

virtual titers was almost identical to that based on actual titers in the entire population 140 

(Fig. 3C). 141 

At the entire population level, virus titers were decreased 6 h after infection due 142 

to an eclipse phase of infection and viral replication entered the productive phase between 143 

6 and 8 h post-infection (Fig. 3A and C). These results indicated that infectious progeny 144 

virus production was detectable 8 h after infection in these experiments. The f4 145 

subpopulation emerged at this timepoint (Fig. 3D, F and G, and S-Table 2). Although 146 

4.1% of total cells were in the f4 subpopulation 8 h after infection (Fig. 3D, and S-Table 147 

2), 55% of progeny infectious virus yields were produced by this subpopulation (Fig. 3E, 148 
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and S-Table 2). The f5 and f6 subpopulations emerged 10 and 12 h after infection, 149 

respectively, when the growth rate had slowed (Fig. 3D, F and G, and S-Table 2). At 10 150 

h after infection, 18% of total cells were in the f4 and f5 subpopulations (Fig. 3D, and S-151 

Table 2) and these subpopulations produced 87% of progeny infectious virus yields (Fig. 152 

3E, and S-Table 2). At 12 and 24 h post-infection, 33% and 53% of total cells were in the 153 

f4 to f6 subpopulations, respectively (Fig. 3D, and S-Table 2), and these subpopulations 154 

produced 95% of progeny infectious virus yields (Fig. 3E, and S-Table 2). Similarly, most 155 

progeny infectious virus yields were produced by the f4 to f6 subpopulations in HeLa 156 

cells using MOIs of 1 and 2.5 at 24 h post-infection and in other cells (Vero, U2Os and 157 

HaCaT cells, and human fetal foreskin fibroblasts (HFFF-2)) at MOIs 1 or 2.5 at 12 h 158 

post-infection, although the proportion of each subpopulation varied by different MOI 159 

and cell type (S-Figs. 3A to D and 4A to D, F to I, K to N and P to S). Notably, the viral 160 

growth curve from 8 h post-infection based on the virtual titers using only the data of the 161 

f4 to f6 subpopulations was almost identical to that based on the virtual titers using the 162 

data of the f1 to f6 populations or actual titers of the entire population (Fig. 4A and B). 163 

Similarly, virtual titers using only the data of the f4 to f6 subpopulations in HeLa cells at 164 

MOIs of 1 and 2.5 and in Vero, U2OS, and HaCaT cells, and HFFF-2 were also similar 165 

to virtual titers using the data of f1 to f6 populations or actual titers in the entire population 166 
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(S-Figs. 3E to G, 4E, 4J, 4O, and 4T). These results indicated that subpopulations f4 to 167 

f6 have a predominant role in yielding progeny infectious viruses, whereas 168 

subpopulations f1 to f3 barely produced infectious virions. To obtain evidence to further 169 

support this conclusion, we analyzed virion morphogenesis by quantitating the number 170 

of virus particles at different morphogenetic stages in HSV-1-infected HeLa cells at an 171 

MOI of 5 for 8 (S-Fig. 5) or 24 h (Fig. 5) in each subpopulation f2 to f4 or f5, respectively, 172 

by electron microscopy. All virion types were barely detectable in infected cells from 173 

subpopulation f2 (Fig. 5 and S-Fig. 5). In subpopulation f3, although nuclear virions were 174 

obvious, cytoplasmic virions, and especially enveloped virions in the cytoplasm that were 175 

considered infectious, were barely detectable (Fig. 5 and S-Fig. 5). In contrast, enveloped 176 

virions were detected in the cytoplasm of 100% of infected cells in the f4 subpopulation 177 

at 8 h post-infection (S-Fig. 5) and these virions were detected in the cytoplasm of 70% 178 

and 100% of infected cells in the f4 and f5 subpopulations, respectively, at 24 h post-179 

infection (Fig. 5). The proliferative profiles of enveloped virions in the cytoplasm (Fig. 5 180 

and S-Fig. 5) were similar to those of infectious virus titers (S-Fig. 6A). 181 

We noted that, even at 4 and 6 h post-infection, the virus titers in f1 to f3 182 

subpopulations were detectable at a maximum of 2.8 × 102 PFU/104 cells (Fig. 3G and S-183 

Table 2). Taken together with the series of observations above (Figs. 3D and E, 4A and 184 
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B, and 5, and S-Figs. 3, 4, 5, and 6A) indicating that infected cells in subpopulations f1 185 

to f3 barely produced infectious virions, it was not likely that infectious virus titers in 186 

subpopulations f1 to f3 detected ranging from 2.6 × 101 to 9.3 × 102 PFU/104 cells (Fig. 187 

3G and S-Table 2) represented progeny virus yields of infected cells in f1 to f3 188 

subpopulations. Cells in the f1 to f3 subpopulations were likely to be aborted infected 189 

cells and their frequencies 24 h after infection were similar to those reported previously 190 

in HeLa cells 13,22. 191 

Collectively, these results together with the observation that Venus-Us11 192 

fluorescence intensities reflected the expression levels of global HSV-1 L proteins 193 

indicated that certain levels of L protein expression were required for progeny virus 194 

production and a threshold of progeny virus production existed between Venus-Us11 195 

protein expression levels in subpopulations f3 and f4. Notably, Venus-Us11 fluorescence 196 

intensities in subpopulations above the threshold (f4 to f6) correlated highly with progeny 197 

virus titers (r=0.87) (Fig. 4C). In contrast, a much lower correlation of coefficient (r=0.46) 198 

was observed in subpopulations below the threshold (Fig. 4C). Furthermore, virus titers 199 

in subpopulations f4 to f6 remained unchanged during HSV-1 infection (Fig. 4D and S-200 

Fig. 6B) indicating L protein expression levels in subpopulations above the threshold 201 

were tightly correlated with virus titers independent of the timepoint after infection. Thus, 202 
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infectious progeny virus production in the entire population over time depended on the 203 

proportion of these subpopulations in the entire population. 204 

Virion morphogenesis with a defect in the cleavage/packaging of HSV-1 205 

DNA genome occurs in the subpopulation below the threshold for progeny virus 206 

production. The threshold for progeny virus production detected between Venus-Us11 207 

protein expression levels in subpopulations f3 and f4 suggested a rate-limiting viral step 208 

for progeny virus production. Conceivably, this defect(s) might be observed in 209 

subpopulations below the threshold (f1 to f3) but not in subpopulations above the 210 

threshold (f4 to f6). To clarify this rate-limiting viral step, we compared levels of HSV-1 211 

DNA genome replication and global viral mRNA expression in subpopulations f1 to f6 212 

by quantitative PCR and RNA sequencing, respectively. Amounts of HSV-1 genome 213 

DNA increased in the f1 subpopulation and almost reached a plateau between 214 

subpopulations f2 and f3 (S-Fig. 7A). Similar proliferative profiles were observed for 215 

expressions of each of the 73 HSV-1 mRNAs tested (S-Fig. 7B). Thus, we did not detect 216 

any rate-limiting effects of HSV-1 genome replication or viral mRNA expression 217 

associated with the threshold for progeny virus production. 218 

Next, we visualized virion morphogenesis by electron microscopy focusing on 219 

the A, B and C capsids in the nucleus (Fig. 6 and S-Fig. 8). The A and B capsids are 220 
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incomplete structures resulting from problems in viral DNA genome retention in the 221 

capsids and packaging into the capsids, respectively 23-25. C capsids are mature capsids 222 

(nucleocapsids) containing viral DNA genomes reported to be selectively exported to the 223 

cytoplasm 26-29. B capsids accumulated aberrantly in subpopulation f3 and most (90.1%) 224 

nuclear capsids in this subpopulation were B capsids (Fig. 6 and S-Fig. 8). The frequency 225 

of B capsids in subpopulation f3 was significantly higher than in subpopulations f4 and 226 

f5 (Fig. 6B). In contrast, the frequency of C capsids in subpopulation f3 was significantly 227 

lower than in subpopulations f4 and f5 (Fig. 6B). In agreement with this and previous 228 

reports that C capsids are selectively exported to the cytoplasm 26-29, the frequency of 229 

virions in the perinuclear space and cytoplasm in subpopulation f3 was significantly lower 230 

than in subpopulations f4 and f5 (Fig. 6C). The frequency of A capsids in subpopulation 231 

f3 was comparable to those in subpopulations f4 and f5 (Fig. 6B). The frequencies of each 232 

type of nuclear capsid in subpopulations f4 and f5 were similar to those reported 233 

previously in wild-type HSV-1-infected HeLa cells 30. Furthermore, the aberrant 234 

accumulation of B capsids and lack of nuclear C capsids and virions in the perinuclear 235 

space and cytoplasm in subpopulation f3 were also observed at 8h post-infection (S-Figs. 236 

5 and 9). These features of subpopulation f3 were similar to the phenotypes of HSV-237 

mutants with defective viral DNA genome cleavage/packaging including those lacking 238 
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the portal protein UL6, a terminase subunit (UL15, UL33 or UL28) or a minor capsid 239 

protein (UL17 or UL32) 31-37.  240 

Collectively, these results suggested that the cleavage/packaging of HSV-1 DNA 241 

genome was specifically down-regulated in subpopulations below the threshold and that 242 

this viral step was a rate-limiting step for progeny virus production. 243 

A subset of HSV-1 L proteins including components of viral terminase have 244 

unique protein expression profiles. We compared global HSV-1 L protein abundance 245 

in each subpopulation by LC-MS/MS, and there was a strong correlation between the 246 

Venus-Us11 fluorescence intensities and relative abundance of most HSV-1 L proteins 247 

detected (Fig. 2B). Therefore, we focused on the abundance profiles of the bottom 10 248 

HSV-1 L proteins with a relatively low correlation (Fig. 7A). The abundance profiles of 249 

several of these HSV-1 L proteins including UL25, UL3, UL4, UL33, Us10, and UL15 250 

(Fig. 7A) differed from those of other HSV-1 L proteins whose abundance continuously 251 

increased in subpopulations f1 to f6 (S-Fig. 1B). The abundance of these L proteins in 252 

subpopulations f1 to f3 were very low and remained relatively constant, but were 253 

increased in subpopulations f4 to f6.  254 

Next, to quantitatively evaluate the delayed increase in the abundance of L 255 

protein in the subpopulations, a four-parameter logistic regression was used for curve 256 
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fitting of these profiles 24 h after infection (S-Fig. 10). The x-axis value at which the y-257 

axis value increased by log102 (2-fold increase in linear scale) from the starting point 258 

(x=0) for each curve was defined as the threshold value (TV) (S-Fig. 10 and Fig. 7B). Fig. 259 

7C shows the top 10 proteins with the highest TV identified in this analysis. Of particular 260 

interest, these included all the subunits of HSV-1 terminase including UL15, UL33, UL28 261 

and the HSV-1 portal protein UL6, all of which were reported to be required for viral 262 

DNA genome cleavage/packaging31-34,36. These results indicated that the expressions of 263 

a fraction of L proteins including all the subunits of HSV-1 terminase and the viral portal 264 

protein lacked in subpopulations f1 to f3, unlike that of other L proteins, suggesting the 265 

expressions of the L proteins are somehow downregulated in subpopulations below the 266 

threshold. 267 

  268 
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DISCUSSION 269 

Single-cell analyses have identified new subpopulations of virus-infected cells with 270 

similar viral gene expression profiles 15-17. However, the use of single-cell analyses to 271 

investigate both viral gene expression and progeny virus production is limited. Thus, 272 

single-cell analyses for both viral RNA synthesis and progeny virus production have been 273 

reported for some RNA viruses 10,12,14; a recent study reported that influenza virus 274 

transcription and progeny virus production were poorly correlated at the single cell level 275 

14, and other studies did not focus on the relationship between viral transcription and virus 276 

progeny production at the single cell level 10,12. Furthermore, protein expression and virus 277 

progeny production at the single-cell or subpopulation level have not been investigated 278 

to date. This study established a system to fractionate HSV-1-infected cells based on 279 

global HSV-1 L protein expression levels and to titrate progeny virus yields in these 280 

fractions. This established system enabled us to clarify, for the first time, the direct and 281 

quantitative relationship between viral protein expression and progeny virus yields, and 282 

the clarified relationship indicated a threshold for HSV-1 L protein expression levels for 283 

progeny virus production. Such a threshold has not been reported by classical time course 284 

studies of most viruses at the entire population level by analyzing the relationship between 285 

viral gene expression and progeny virus yield. In contrast, once the levels of HSV-1 L 286 
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protein expression exceeded the threshold, they were highly correlated with infectious 287 

progeny virus yields as reported by our (Fig. 3B) and other previous studies at the entire 288 

population level 4,6. 289 

The threshold clarified in this study led us to identify the HSV-1 genome DNA 290 

cleavage/packaging step was a rate-limiting step for progeny virus production. 291 

Supporting this, MS analysis of the global expression of HSV-1 L proteins at the 292 

subpopulation level showed the expression of a subset of HSV-1 L proteins including all 293 

components of viral terminase and portal protein lacked in subpopulations below the 294 

threshold. Conceivably, an anti-viral strategy targeting this bottleneck step for HSV-1 295 

production might block progeny virus production effectively. HSV-1 genome DNA 296 

cleavage/packaging, which is largely mediated by a specific viral enzyme HSV-1 297 

terminase, is essential for viral replication 31,33,34,36, and most targets of antiviral drugs 298 

successfully developed to date are viral specific enzymes 38. Our study at the 299 

subpopulation level using this newly established system revealed an ideal target for the 300 

development of anti-viral drugs. Notably, the newly established system is simple and 301 

widely applicable for studies of the direct relationship between viral gene expression and 302 

progeny virus yield of many other DNA and RNA viruses, which might provide specific 303 

and conserved insights into mechanisms of progeny virus production in these viruses. It 304 
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will be particularly interesting to determine whether the rate-limiting step identified in 305 

the progeny virus production of HSV-1 is conserved in adenoviruses, which seem to 306 

utilize similar DNA genome packaging systems 39. 307 

It has long been recognized that much fewer virions are present in the cytoplasm 308 

of HSV-1-infected cells compared with the nucleus 40-42. Our conclusion that the HSV-1 309 

genome DNA cleavage/packaging step is a rate-limiting step for progeny virus production 310 

is in agreement with these observations as well as earlier reports demonstrating C capsids 311 

are selectively exported to the cytoplasm 26-29. The ate-limiting step identified in this study 312 

also suggests a sophisticated strategy of efficient progeny virus production by HSV-1 313 

without accumulating progeny nucleocapsids in the cytoplasm, which enables evasion 314 

from cytosolic sensors related to innate immune responses. In the cytoplasm, HSV-1 315 

nucleocapsids are degraded by proteasomes 43, and viral DNAs are likely to be sensed by 316 

cytosolic sensors including cGAS, AIM2, DAI, and RNA polymerase III, which promote 317 

innate immune responses 44-49. Here we showed that, in subpopulation f3, which was 318 

likely slightly below the threshold, HSV-1 genome DNA replication had already reached 319 

a plateau and B capsid formation was easily observed although C capsid formation was 320 

barely detectable. In contrast, in subpopulation f4, which was likely slightly over the 321 

threshold, C capsids and all types of virions in the perinuclear space and the cytoplasm 322 
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were evident. These observations suggested that downregulating the HSV-1 DNA 323 

cleavage/packaging might promote the accumulation of nucleocapsid components 324 

including capsids and viral genome DNAs in the nucleus as well as other viral proteins 325 

required for virion maturation at the NMs and in the cytoplasm at a level sufficient for 326 

efficient progeny virus production. Once the viral genome is packaged into a capsid, the 327 

following steps for virion maturation might immediately proceed without accumulating 328 

any excess nucleocapsids in the cytoplasm, decreasing the chance for HSV-1 to be sensed 329 

by innate immune responses in the cytoplasm. IFI16 and hnRNPA2B1 sense HSV-1 330 

genome DNA and promote innate immune responses in the nucleus 50-52. However, 331 

replicated HSV-1 genome DNAs and nucleocapsids appear to accumulate in the nucleus 332 

of HSV-1-infected cells 19,53,54, suggesting this virus has evolved more effective evasion 333 

mechanisms against innate immune responses in the nucleus such that ICP0 counteracts 334 

IFI16 50 and probably, against capsid degradation than those in the cytoplasm. 335 

We noted that overall viral mRNA levels increased from the f1 subpopulation 336 

and almost reached a plateau between subpopulations f2 and f3 (S-Fig. 4B). In contrast, 337 

viral L protein levels continued to increase from the f1 to f6 subpopulations (S-Fig. 1B). 338 

Thus, there was a lack of correlation between viral L mRNA levels and viral L protein 339 

levels especially in fractions f4 to f6. In agreement with these observations, previous 340 
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systematic studies quantifying mRNA and protein levels at the genomic scale reported 341 

the importance of multiple processes beyond the mRNA concentration that contributed to 342 

establishing the level of a protein 55. These processes include translation rates, translation 343 

rate modulation, modulation of a protein’s stability, protein synthesis delay, and protein 344 

transport 55. Interestingly, it was reported that HSV-1 VP22 promoted global viral protein 345 

expression 56,57, potentially by reducing the dependence of protein synthesis upon cellular 346 

ribosomal proteins to support translation during infection 58, and by promoting the 347 

translocation of viral L mRNAs to the cytoplasm 59. HSV-1 might evolve VP22 to 348 

promote global viral translation efficiency in specific circumstances such as in 349 

subfractions f4 to f6, in which amounts of viral mRNAs are saturated. 350 

  351 
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MATERIALS AND METHODS 352 

Cells and Viruses. HeLa, U2OS, HFFF-2, HaCaT, and Vero cells were described 353 

previously 20,60. Wild-type HSV-1(F) was described previously 61. 354 

Generation of a recombinant virus. Recombinant virus YK410 355 

(rICP47/vUs11) in which ICP47 and Us11 were tagged with TagRFP 62 and VenusA206K 356 

63, respectively, were generated by two rounds of two-step Red-mediated mutagenesis 357 

using Escherichia coli GS1783 containing pYEbac102Cre 61,64, a full-length infectious 358 

HSV-1(F) clone, pBS-Venus-KanS 20, pFlag-TagRFP-KanS, and the primers listed in S-359 

Table 1. The viruses used in this study were propagated and titrated in Vero cells.  360 

Plasmids. pFlag-TagRFP was constructed by amplifying the TagRFP open 361 

reading frame (ORF) to introduce a KpnI site without changing the amino acid sequence 362 

by PCR from pTagRFP-N1 65 and cloning it into pFlag-CMV2 (Sigma). pFlag-TagRFP-363 

KanS, used in the two-step Red-mediated mutagenesis procedure, was constructed by 364 

amplifying the domain of pEP-KanS 66 carrying the I-SceI site and the kanamycin 365 

resistance gene by PCR from pEP-KanS using the primers 5’-366 

GCGGTACCGTGAACAACCACCACTTCAAAGGATGACGACGATAAGTAGGG-367 

3’ and 5’-368 

GCGGTACCCTCCATGTACAGCTTCATGTCAACCAATTAACCAATTCTGATTA369 
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G-3’ and cloning it into the KpnI site of pFlag-TagRFP. pGEX-ICP47 was constructed 370 

by amplifying the ICP47 ORF by PCR from the HSV-1(F) genome and cloning it into 371 

pGEX-4T-1. 372 

Antibodies. Commercial antibodies used in this study included mouse 373 

monoclonal antibody to α-tubulin (DM1A; Sigma), and rabbit monoclonal antibodies to 374 

GFP (598; MBL) and TagRFP (AB233; Evrogen). Rabbit polyclonal antibodies to US11 375 

were described previously 41. To generate a rabbit polyclonal antibody to ICP47, a rabbit 376 

was immunized, according to the standard protocol at MBL, with GST-ICP47 expressed 377 

in E. coli and purified as described previously 20. Serum from the immunized rabbit was 378 

used as the anti-ICP47 polyclonal antibody.  379 

Immunoblotting. Immunoblotting was performed as described previously 67.  380 

Flow cytometry. HeLa cells infected with HSV-1(F) or YK410 (rICP47/vUs11) 381 

were washed with phosphate buffered saline (PBS) and detached with 0.25% 382 

trypsin/EDTA solution (Wako). Then, the cells were suspended in PBS containing 2% 383 

FCS, filtered through a 35-µm pore-cell strainer (#352235, Corning) and subjected to 384 

FACS analysis with BD FACS Melody (Becton Dickinson). The data were analyzed with 385 

BD FACSChorus (Becton Dickinson) software or FlowJo 10.8.1 software (Becton 386 

Dickinson). 387 
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Determination of viral titer in cells fractionated by cell sorting. HeLa cells 388 

were infected with YK410 (rICP47/vUs11) at an MOI of 5. At the indicated times after 389 

infection, cells were detached and suspended as described above. Then, 1.5 × 104 to 3 × 390 

104 cells in the f1 to f6 subpopulations, and the entire cell population (FSC-singlet), were 391 

sorted into medium 199 containing 1% FCS by FACS Melody (Becton Dickinson). The 392 

sorted cells were freeze-thawed once, sonicated, and virus titers were determined by 393 

plaque assay using Vero cells. The average virus titer per single cell was obtained by 394 

dividing the obtained virus titer by the number of sorted cells. Data are presented as the 395 

PFU per 104 cells.  396 

Calculation of the proportion of virus titers in each subpopulation and the 397 

virtual titer. PFUfi, which represents the viral titer of each subpopulation fi (i = 1 to 6), 398 

was obtained using the following equation: 399 

PFUfi = PFUfi/cell × 104 × PRFi / 100  400 

where PFUfi/cell is the average viral titer per single cell belonging to the fi subpopulation 401 

(from Fig. 3F and G) and PRfi is the proportion (%) of cells in the fi fraction in the entire 402 

population (from Fig. 3D). The virtual titer (VT), which represents the sum of PFUfi was 403 

obtained as follows: 404 

VT = PFUf1 + PFUf2 + PFUf3 + PFUf4 + PFUf5 + PFUf6 405 
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% of PFUPi, which represents the proportion of viral titers in the fi subpopulation 406 

accounted for in the entire population (Fig. 3E) was obtained using the following 407 

equation:  408 

% of PFUfi = PFUfi / VT × 100 409 

LC-MS/MS analysis of cells fractionated by cell sorting. HeLa cells were 410 

infected with rICP47/vUs11 at an MOI of 5 for 24 h. Then, cells were detached and 411 

suspended as described above. Next, 105 cells in the f1 to f6 subpopulation were sorted 412 

into PBS by BD FACS Melody (Becton Dickinson), pelleted by centrifugation, and lysed 413 

with lysis buffer (0.1 M of Tris-HCl (pH 8.0), 1% SDS). To remove SDS from samples, 414 

we used the methanol-chloroform protein precipitation method. Briefly, we added 4 415 

volumes of methanol, 1 volume of chloroform, and 3 volumes of water to the eluted 416 

sample and mixed thoroughly. The samples were centrifuged at 15,000 rpm for 10 min, 417 

the water phase was carefully removed, and then 4 volumes of methanol were added to 418 

the samples. The samples were centrifuged at 15,000 rpm for 10 min, and the supernatant 419 

was removed. The pellet was washed once with 100% ice-cold acetone. The precipitated 420 

protein was re-dissolved in guanidine hydrochloride, reduced with TCEP, alkylated with 421 

iodoacetamide, and digested with lysyl endopeptidase and trypsin. The resulting digested 422 

peptides were analyzed using an Evosep One LC system (EVOSEP) connected to a Q-423 
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Exactive HF-X mass spectrometer (Thermo) with a Dream spray tip (AMR) and a 15 cm 424 

× 150 μm column packed with 1.9-μm C18-beads (Evosep). The mobile phases were 425 

comprised of 0.1% FA as solution A and 0.1% FA/99.9% ACN as solution B. The 426 

analysis was performed in the data-dependent acquisition mode, where the top 25 427 

recorded mass spectrometry spectra between 380 and 1500 m/z were selected. Survey 428 

scans were acquired at a resolution of 60,000 at m/z 200, and the tandem mass 429 

spectrometry (MS/MS) resolution was set to 15,000 at m/z 200. All MS/MS spectra were 430 

searched against the protein sequences of the HSV protein database and human Swiss-431 

Prot database using Proteome Discoverer 2.2 (Thermo) with the SEQUEST search engine, 432 

and the result of HSV proteins was extracted. The false discovery rate (FDR) was set to 433 

1% on peptide spectrum match (PSM). 434 

Data processing of LC-MS/MS data. Normalization was performed on 435 

quantitative values using the method built into the Discoverer 2.2 software. Briefly, the 436 

Total Peptide Amount mode was used to normalize between samples, and the On All 437 

Average mode was used to normalize between identified proteins. The subsequent 438 

analysis was performed using only the extracted data for HSV proteins. The 439 

normalization method in each mode was as follows. The Total Peptide Amount mode 440 

sums the peptide group abundances for each sample and determines the maximum sum 441 
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for all files. The normalization factor is the factor of the sum of the samples and the 442 

maximum sum in all files. The On All Average mode aggregates all the abundance or 443 

normalized abundance values per sample and scales the abundance values of each sample 444 

so that the average of all samples is 100. When a peptide was not detected in four technical 445 

replicates from one sample of each subpopulation, the protein was considered 446 

undetectable in that subpopulation. When a peptide was not detected in a replicate of each 447 

subpopulation, the missing value was complemented with the mean value of abundances 448 

in technical replicates where the peptide was detected. The mean value of abundances 449 

from four technical replicates were used as the value of a single experiment. The relative 450 

abundance of each HSV-1 L protein was calculated relative to the subpopulation with the 451 

lowest mean abundance for two biologically independent experiments as 1. 452 

RNA-sequencing in cells fractionated by cell sorting. HeLa cells were 453 

infected with YK410 (rICP47/vUs11) at an MOI of 5 for 24 h. Then, cells were detached 454 

and suspended as described above. Next, 5 × 105 cells in the f1 to f6 subpopulations were 455 

sorted into PBS by BD FACS Melody (Becton Dickinson). After centrifugation, total 456 

RNA from fractionated cells was isolated with a High Pure RNA Isolation kit (Roche). 457 

(i) Each cDNA was generated using a Clontech SMART-Seq HT Kit (Takara Clontech, 458 

Mountain View, CA, USA), and each library was prepared using a Nextera XT DNA 459 
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Library Prep Kit (Illumina, San Diego, USA). Sequencing was performed on the 460 

DNBSEQ-G400 platform in the 100+100-base paired-end mode. (ii) Generated reads 461 

were a mixture of human reads and HSV-1 reads. For human data, generated reads were 462 

mapped to the human (hg19) reference genome using TopHat v2.1.1 combined with 463 

Bowtie2 ver. 2.2.8 and SAMtools ver. 0.1.18. For HSV-1, generated reads were mapped 464 

to the HSV-1 (GenBank: GU734771.1) reference genome using HISAT2 v2.1.0. (iii) The 465 

quantification to obtain the read counts of each gene from HSV-1 was performed using 466 

featureCounts of subread-2.0.0 with option -M --fraction. With the length data of each 467 

gene (another output of the featureCounts), fragments per kilobase of exon per million 468 

mapped fragments (FPKMs) were calculated according to the definition. The FPKM of 469 

HSV-1 genes was multiplied by (total number of mapped reads of the HSV-1 470 

genome)/{(total number of mapped reads of the human genome) + (total number of 471 

mapped reads of the HSV-1 genome)}, normalized by the amount relative to the value of 472 

the f1 fraction. 473 

Quantification of HSV-1 DNA in cells fractionated by cell sorting. HeLa cells 474 

were infected with YK410 (rICP47/vUs11) at an MOI of 5 for 24 h. Then, cells were 475 

detached and suspended as described above. Next, 5 × 104 cells in the f1 to f6 476 

subpopulations were sorted into PBS by BD FACS Melody (Becton Dickinson). After 477 
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centrifugation, total DNA from fractionated cells was isolated with NucleoSpin Tissue 478 

XS (TAKARA) according to the manufacturer’s instructions. The amount of HSV-1 479 

DNA was quantified using the Universal Probe Library (Roche) with TaqMan Master 480 

(Roche) and the LightCycler 96 System (Roche) according to the manufacturer’s 481 

instructions. Primers and probes were designed using probe finder software within the 482 

region encoding ICP27 in the HSV-1 genome, and within the region encoding 18S rRNA 483 

in the human genome. The primer and probe sequences for ICP27 (for HSV-1 DNA) were 484 

5′-TCCGACAGCGATCTGGAC-3′, 5′-TCCGACGAGGAACACTCC-3′, and Universal 485 

ProbeLibrary probe 56, and for 18S rRNA (for human DNA) the sequences were 5′-486 

GCAATTATTCCCCATGAACG-3′, 5′-GGGACTTAATCAACGCAAGC-3′, and 487 

Universal ProbeLibrary probe 48. The ∆Ct was calculated by subtracting the Ct value of 488 

HSV-1 DNA by the Ct value of human DNA. The relative amount of HSV-1 DNA to 489 

human DNA (2-∆Ct) was normalized relative to the value of the f1 subpopulation. 490 

Electron microscopic analysis of cells fractionated by cell sorting. HeLa cells 491 

were infected with YK410 (rICP47/vUs11) at an MOI of 5 for 8 h or 24 h. Then, cells 492 

were detached and suspended as described above. Next, 5 × 105 to 1 × 106 cells in the f2 493 

to f4 (8 h) or f2 to f5 (24 h) subpopulations were sorted by BD FACS Melody (Becton 494 

Dickinson). After centrifugation, the pelleted cells were examined by ultrathin-section 495 
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electron microscopy as described previously 68 except using JEM-1400 Flash microscope 496 

(JEOL). 497 

Statistical analysis. The unpaired Student’s t-test was used to compare two 498 

groups. One-way ANOVA followed by the Tukey multiple comparisons test, or Mann-499 

Whitney U-test followed by Bonferroni correction were used for multiple comparisons. 500 

A P-value < 0.05 was considered statistically significant. For the statistical comparison 501 

of viral titers, data were converted to common logarithms (log10). Pearson correlation 502 

coefficients (r) and p-values were calculated on log10 transformed data. GraphPad Prism 503 

10 (GraphPad Software) was used to perform statistical analyses. 504 

Classification of HSV-1 genes. HSV-1 genes were classified into IE, E, and L 505 

genes as described previously 19. 506 

Curve fitting. To describe the abundance profiles of HSV-1 L proteins, we 507 

mainly used the following mathematical model developed by dose response modeling 69. 508 

𝑓𝑓(𝑥𝑥) = 𝑐𝑐 +
𝑑𝑑 − 𝑐𝑐

1 + exp�𝑏𝑏(𝑥𝑥 − 𝑎𝑎)�
                          (1) 509 

The variable 𝑓𝑓(𝑥𝑥) is the abundance profiles of HSV-1 L proteins. The parameter 𝑎𝑎 is 510 

the inflection point of the curve for this model, that is, the point where a change in 511 

acceleration in the curve occurs. The parameter 𝑏𝑏  is a slope parameter and the 512 
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parameters 𝑐𝑐  and 𝑑𝑑  are the lower and upper horizontal asymptotes or limits, 513 

respectively. 514 

Fitting was performed by drc package in R, which estimates the parameters with 515 

nonlinear least squares under the assumption of normally distributed response values 70. 516 

  517 
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FIGURE LEGENDS 779 

Fig. 1. Characterization of the reporter HSV-1 rICP47/vUs11 generated in this study. 780 

(A) Schematic diagram of the genome structure of wild-type HSV-1(F) and 781 

rICP47/vUs11. Line 1, wild-type HSV-1(F) genome; line 2, domains of the Us11 and 782 

ICP47 coding regions. The positions of insertion of TagRFP and Venus are indicated. (B) 783 

HeLa cells mock-infected or infected for 24 h with wild-type HSV-1(F) or rICP47/vUs11 784 

at an MOI of 5 were lysed and analyzed by immunoblotting with the indicated antibodies. 785 

(C) HeLa cells were infected at an MOI of 5 with wild-type HSV-1(F) or rICP47/vUs11. 786 

Each cell culture supernatant plus the infected cells were harvested at the indicated times 787 

post infection, and progeny viruses were assayed on Vero cells. (D) HeLa cells infected 788 

for 24 h with wild-type HSV-1(F) or rICP47/vUs11 at an MOI of 5 were analyzed by 789 

flow cytometry. (E) Quantitative bar graph of the proportion of cells in the 790 

TagRFP/Venus (+/+), TagRFP/Venus (+/-), TagRFP/Venus (-/+), and TagRFP/Venus (-791 

/-) subpopulations shown in (D). (F) CV values for TagRFP-ICP47 and Venus-Us11 792 

shown in (D). The data are representative of three independent experiments (B and D). 793 

Each value is the mean ± standard error of the results of four (C) or three (E and F) 794 

independent experiments. Statistical analysis was performed by unpaired Student’s t-test. 795 

ns, not significant (C and F). 796 

 797 

Fig. 2. Abundance of HSV-1 L proteins in each subpopulation of rICP47/vUs11-798 

infected cells. (A) HeLa cells were infected for 24 h with rICP47/vUs11 at an MOI of 5 799 

and sorted into six subpopulations (f1 to f6) by cell sorting as shown in S-Fig. 1A and 800 
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each subpopulation was analyzed by LC-MS/MS. The heatmap of log10 (relative 801 

abundance) of 48 HSV-1 L proteins in each subpopulation is shown. Data are the mean 802 

values from two biologically independent experiments. (B) Heatmap of the Pearson 803 

correlation coefficient between log10 (MFI of Venus) of each subpopulation and log10 804 

(relative abundance) of each HSV-1 L protein. P-values for the correlation coefficient of 805 

all HSV-1 L proteins except Us8.5 shown in (B) were < 0.05.  806 

 807 

Fig. 3. Quantitative analysis of a relationship between the expression levels of HSV-808 

1 L proteins and progeny virus yields. (A to G) HeLa cells were infected with 809 

rICP47/vUs11 at an MOI of 5 and sorted as shown in S-Fig. 2. Sorted cells were sonicated 810 

and virus titers were determined by plaque assay using Vero cells. (A) Kinetics of mean 811 

fluorescent intensity (MFI) of Venus and progeny virus titers of the entire population. (B) 812 

Scatter plot of log10(relative MFI of Venus) vs log10(PFU/104 cells) from panel A. (C) 813 

Kinetics of progeny virus titers of the entire population from panel A (actual) and sum of 814 

the virus titers produced by f1 to f6 subpopulation (virtual_f1-f6). The calculation method 815 

for virtual titers is described in the Materials and methods. (D) Proportion of cells in the 816 

indicated subpopulation account for the entire cell population at the indicated times after 817 

infection. (E) Proportion of virus titers produced by the f1 to f6 subpopulations account 818 

for virus titers produced by the entire population at the indicated times after infection. (F) 819 

Scatter plots of log10(relative MFI of Venus) vs log10(PFU/104 cells). (G) Scatter plots of 820 

log10(relative MFI of Venus) vs log10(PFU/104 cells) of the indicated subpopulations 821 

separated by time after infection from panel F. Each value is the mean ± standard error 822 
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(A, C, D, E, F, and G) or individual value (B) of the results of three independent 823 

experiments. Statistical analysis was performed by unpaired Student’s t-test. ns, not 824 

significant (C). Solid and dashed lines indicate 1 PFU/cell and 0.1 PFU/cell, respectively 825 

(F and G).    826 

 827 

Fig. 4. Cells expressing higher than specific levels of HSV-1 L proteins have a 828 

predominant role in yielding progeny infectious viruses. (A) Kinetics of the sum of 829 

the virus titers produced by f1 to f6 (virtual_f1-f6) or f4 to f6 (virtual_f4-f6) 830 

subpopulations. (B) Kinetics of progeny virus titers of the entire population (actual) and 831 

sum of the virus titers produced by f4 to f6 subpopulations (virtual_f4-f6). (C) Scatter 832 

plot of log10(relative MFI of Venus) vs log10(PFU/104 cells) of subpopulations. (D) 833 

Progeny virus titers of the f4 to f6 subpopulations at the indicated times after infection. 834 

Each value is the mean ± standard error (A, B and D) or individual value (C) of the results 835 

of three independent experiments. Statistical analysis was performed by unpaired 836 

Student’s t-test. ns, not significant. All data are obtained from the experiment shown in 837 

Fig. 3.  838 

 839 

Fig. 5. Electron microscopic analysis of cells in the f2 to f5 subpopulations. (A and 840 

B) HeLa cells were infected with rICP47/vUs11 at an MOI of 5 and sorted into four 841 

subpopulations (f2 to f5) by cell sorting 24 h after infection. Sorted cells were fixed, 842 

embedded, sectioned, stained, and examined by electron microscopy. (A) A transmission 843 

electron microscopy image of cells in the f2 to f5 subpopulations. n, nucleus; c, cytoplasm. 844 
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Scale bars = 500 nm. (B) The numbers of nuclear virions, enveloped virions in the 845 

perinuclear space, naked capsids in the cytoplasm, and enveloped virions in the cytoplasm 846 

of 11 cells in the f2 to f5 subpopulations were quantitated. The horizontal bars indicate 847 

the means. Virions are marked in yellow. 848 

 849 

Fig. 6. Frequencies of A, B, and C capsids in the nucleus of cells in the f2 to f5 850 

subpopulations. (A) The numbers of A, B, and C capsids in the nucleus of 11 cells 851 

analyzed in Fig. 4 in the f2 to f5 subpopulations were quantitated. The horizontal bars 852 

indicate the means. Proportions of A, B, and C capsids to nuclear capsids (B), or virions 853 

in the perinuclear space and cytoplasm (C) of cells with more than two nuclear capsids 854 

(f3, n = 9; f4, n = 11; f5, n = 11). Data are presented as the median ± interquartile range 855 

(IQR). Statistical analysis was performed by the Mann-Whitney U-test, and P-values 856 

were adjusted by Bonferroni correction. ns, not significant.  857 

 858 

Fig. 7. Unique protein expression profiles of a subset of HSV-1 L proteins. (A) Scatter 859 

plots of log10(relative MFI of Venus) vs log10(relative abundance) of L proteins (from S-860 

Fig. 1B) of the bottom 10 HSV-1 L proteins with relatively low correlation coefficients 861 

between fluorescence intensity of Venus and their abundance (from Fig. 2B). Plots of 862 

terminase subunits are marked with magenta squares. (B) Threshold value (TV) of 48 L 863 

proteins (from S-Fig. 10). (C) Scatter plots of log10(relative MFI of Venus) vs 864 

log10(relative abundance) (from S-Fig. 1B) of the top 10 HSV-1 L proteins with highest 865 

TV (from S-Fig. 10). Data of terminase subunits are shown in magenta.  866 
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 867 

Supplementary Fig. 1. Abundance of HSV-1 L proteins in each subpopulation of 868 

rICP47/vUs11 infected cells. (A) Gating strategy for the LC-MS/MS analysis of HeLa 869 

cells infected with rICP47/vUs11 at an MOI of 5 for 24 h. (B) Scatter plots of 870 

log10(relative MFI of Venus) vs log10(relative abundances) of the 5 indicated HSV-1 IE 871 

proteins, 13 indicated E proteins, and 48 indicated L proteins. Each value is the mean of 872 

two biologically independent experiments. Individual value from two independent 873 

experiments is plotted as a gray circle. 874 

 875 

Supplementary Fig. 2. Gating strategy for the experiments shown in Fig. 3. HeLa 876 

cells were infected with rICP47/vUs11 at an MOI of 5, analyzed by flow cytometry, and 877 

sorted into an entire cell population (FSC singlet) or f1 to f6 subpopulations by cell sorting 878 

at the indicated times after infection. Sorted cells were analyzed as shown in Fig 3.  879 

 880 

Supplementary Fig. 3. Quantitative analysis of the relationship between the 881 

expression levels of HSV-1 L proteins and progeny virus yields at different MOIs. 882 

(A to G) HeLa cells infected with rICP47/vUs11 at the indicated MOI for 24 h, were 883 

sorted into f1 to f6 subpopulations (A), sonicated and virus titers were determined by 884 

plaque assay using Vero cells. (B) Scatter plot of log10(relative MFI of Venus) vs 885 

log10(PFU/104 cells). (C) Proportion of cells in the indicated subpopulations account for 886 

the entire cell population at the indicated MOIs. (D) Proportion of virus titers produced 887 

by the f1 to f6 subpopulations account for virus titers produced by the entire population 888 
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at the indicated times after infection. (E to G) Progeny virus titers of the entire population 889 

(actual) and sum of the virus titers produced by f1 to f6 (virtual_f1-f6) or f4 to f6 890 

(virtual_f4-f6) subpopulations at the indicated MOIs. The data are representative of five 891 

independent experiments (A). Each value is the mean ± standard error of the results of 892 

five independent experiments (B to G). Statistical analysis was performed by one-way 893 

ANOVA followed by the Tukey test (E to G). n.s., not significant 894 

 895 

Supplementary Fig. 4. Quantitative analysis of the relationship between the 896 

expression levels of HSV-1 L proteins and progeny virus yields using different cell 897 

lines. Vero (A to E), U2OS (F to J), HaCaT (K to O), or HFFF-2 (P to T) cells infected 898 

with rICP47/vUs11 at an MOI of 1 (A to E, and K to T) or 2.5 (F to J) for 12 h, were 899 

sorted into f1 to f6 subpopulations (A, F, K, and P), sonicated, and virus titers were 900 

determined by plaque assay using Vero cells. (B, G, L, and Q) Scatter plots of 901 

log10(relative MFI of Venus) vs log10(PFU/104 cells) of each subpopulation. (C, H, M, 902 

and R) Proportion of cells in the f1 to f6 subpopulations account for the entire cell 903 

population. (D, I, N, and S) Proportion of virus titers produced by each subpopulation 904 

account for the virus titers produced by the entire cell population. (E, J, O, and T) Progeny 905 

virus titers of the entire population (actual) and sum of the virus titers produced by f1 to 906 

f6 or f4 to f6 subpopulations. The data are representative of three (F) or four (A, K, and 907 

P) independent experiments. Each value is the mean ± standard error of the results of 908 

three (G to J) or four (B to E, L to O, and Q to T) independent experiments. Solid and 909 

dashed lines indicate 1 PFU/cell and 0.1 PFU/cell, respectively (B, G, L and Q). Statistical 910 
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analysis was performed by one-way ANOVA followed by the Tukey test. n.s., not 911 

significant (E, J, O, and T). 912 

 913 

Supplementary Fig. 5. Electron microscopic analysis of cells in the f2 to f4 914 

subpopulations at 8 h after infection. (A and B) HeLa cells were infected with 915 

rICP47/vUs11 at an MOI of 5 and sorted into three subpopulations (f2 to f4) by cell 916 

sorting 8 h after infection. Sorted cells were fixed, embedded, sectioned, stained, and 917 

examined by electron microscopy. (A) A transmission electron microscopy image of cells 918 

in the f2 to f4 subpopulations. n, nucleus; c, cytoplasm. Scale bar = 500 nm. (B) The 919 

numbers of nuclear virions, enveloped virions in the perinuclear space, naked capsids in 920 

the cytoplasm, and enveloped virions in the cytoplasm of 11 cells in the f2 to f4 921 

subpopulations were quantitated. The horizontal bars indicate the means. Enveloped 922 

virions and naked capsids are marked in yellow. 923 

 924 

Supplementary Fig. 6. f4 to f6 subpopulations have a predominant role in yielding 925 

progeny infectious viruses. (A) Scatter plots of log10(relative MFI of Venus) vs PFU/104 926 

cells of the indicated subpopulation separated by time after infection from Fig. 3 panel G. 927 

Scatter plots under the same conditions of electron microscopic analysis performed in Fig. 928 

5 and S-Fig. 5 are shown in magenta. (B) Progeny virus titers of the f4 to f6 929 

subpopulations at the indicated times after infection from Fig. 4 panel B. Statistical 930 

analysis was performed by one-way ANOVA followed by the Tukey test. n.s., not 931 

significant.  932 
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 933 

Supplementary Fig. 7. Amount of HSV-1 DNA and mRNA in the f1 to f6 934 

subpopulations. (A and B) HeLa cells were infected for 24 h with rICP47/vUs11 at an 935 

MOI of 5 and sorted into six subpopulations (f1 to f6) by cell sorting. Relative amounts 936 

of HSV-1 DNA (A) and mRNA (B) of selected genes in each subpopulation were 937 

analyzed by quantitative PCR or RNA-seq, respectively. Scatter plot of log10(relative MFI 938 

of Venus) vs log10(relative amount of HSV-1 DNA) (A), or scatter plots of log10(relative 939 

MFI of Venus) vs log10(relative FPKM) of the indicated HSV-1 genes (B) are shown. 940 

Each value is the mean ± standard error of the results of three biologically independent 941 

samples. 942 

 943 

Supplementary Fig. 8. Frequency of A, B, and C capsids in the nucleus of cells in f2 944 

to f5 subpopulations. A transmission electron microscopy image of cells in the f2 to f5 945 

subpopulations. n, nucleus; c, cytoplasm from the experiment in Fig. 6. Type A capsids 946 

are marked in green, B capsids in blue, and C capsids in red. Scale bars = 500 nm. 947 

 948 

Supplementary Fig. 9. Frequencies of B and C capsids in the nucleus of cells in the 949 

f2 to f4 subpopulations at 8 h after infection. (A) A transmission electron microscopy 950 

image of cells in the f2 to f4 subpopulations. n, nucleus; c, cytoplasm from the experiment 951 

in S-Fig. 6. Type A capsids are marked in green, B capsids in blue, and C capsids in red. 952 

Scale bar = 500 nm. (B) The numbers of A, B, and C capsids in the nucleus of 11 cells 953 

analyzed in S-Fig. 6 in the f2 to f4 subpopulations were quantitated. The horizontal bars 954 

.CC-BY-NC-ND 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted March 12, 2024. ; https://doi.org/10.1101/2023.06.07.544155doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.07.544155
http://creativecommons.org/licenses/by-nc-nd/4.0/


 53 

indicate the means. Proportions of B and C capsids to nuclear capsids (C), or virions in 955 

the perinuclear space and cytoplasm (D) of cells with more than two nuclear capsids (f3, 956 

n = 11; f4, n = 11). Data are presented as the median ± interquartile range (IQR). 957 

Statistical analysis was performed by the Mann-Whitney U-test.  958 

 959 

Supplementary Fig. 10. Curve fitting to abundance profiles of HSV-1 L proteins. 960 

Scatter plots of log10(relative MFI of Venus) vs log10(relative abundances) of the 48 961 

indicated HSV-1 L proteins (from S-Fig. 1B) were fitted to a four-parameter logistic 962 

regression curve. TVs are the x-axis value at which the y-axis value increases by log102 963 

(2-fold increase in linear scale) from the starting point (x = 0) for each curve. The grey 964 

regions correspond to 95% confidence intervals. The average value of two biologically 965 

independent experiments was used for curve fitting. 966 
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Fig. 1. Characterization of the reporter HSV-1 rICP47/vUs11 generated in this study. (A) Schematic 
diagram of the genome structure of wild-type HSV-1(F) and rICP47/vUs11. Line 1, wild-type HSV-1(F) 
genome; line 2, domains of the Us11 and ICP47 coding regions. The positions of insertion of TagRFP 
and Venus are indicated. (B) HeLa cells mock-infected or infected for 24 h with wild-type HSV-1(F) or 
rICP47/vUs11 at an MOI of 5 were lysed and analyzed by immunoblotting with the indicated antibodies. 
(C) HeLa cells were infected at an MOI of 5 with wild-type HSV-1(F) or rICP47/vUs11. Each cell culture 
supernatant plus the infected cells were harvested at the indicated times post infection, and progeny 
viruses were assayed on Vero cells. (D) HeLa cells infected for 24 h with wild-type HSV-1(F) or 
rICP47/vUs11 at an MOI of 5 were analyzed by flow cytometry. (E) Quantitative bar graph of the 
proportion of cells in the TagRFP/Venus (+/+), TagRFP/Venus (+/-), TagRFP/Venus (-/+), and 
TagRFP/Venus (-/-) subpopulations shown in (D). (F) CV values for TagRFP-ICP47 and Venus-Us11 
shown in (D). The data are representative of three independent experiments (B and D). Each value is the 
mean ± standard error of the results of four (C) or three (E and F) independent experiments. Statistical 
analysis was performed by unpaired Student’s t-test. ns, not significant (C and F).
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Fig. 2. Abundance of HSV-1 L proteins in each subpopulation of rICP47/vUs11-infected cells. (A) 
HeLa cells were infected for 24 h with rICP47/vUs11 at an MOI of 5 and sorted into six subpopulations (f1 
to f6) by cell sorting as shown in S-Fig. 1A and each subpopulation was analyzed by LC-MS/MS. The 
heatmap of log10 (relative abundance) of 48 HSV-1 L proteins in each subpopulation is shown. Data are 
the mean values from two biologically independent experiments. (B) Heatmap of the Pearson correlation 
coefficient between log10 (MFI of Venus) of each subpopulation and log10 (relative abundance) of each 
HSV-1 L protein. P-values for the correlation coefficient of all HSV-1 L proteins except Us8.5 shown in 
(B) were < 0.05. 
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Fig. 3. Quantitative analysis of a relationship between the expression levels of HSV-1 L proteins 
and progeny virus yields. (A to G) HeLa cells were infected with rICP47/vUs11 at an MOI of 5 and 
sorted as shown in S-Fig. 2. Sorted cells were sonicated and virus titers were determined by plaque 
assay using Vero cells. (A) Kinetics of mean fluorescent intensity (MFI) of Venus and progeny virus titers 
of the entire population. (B) Scatter plot of log10(relative MFI of Venus) vs log10(PFU/104 cells) from panel 
A. (C) Kinetics of progeny virus titers of the entire population from panel A (actual) and sum of the virus 
titers produced by f1 to f6 subpopulation (virtual_f1-f6). The calculation method for virtual titers is 
described in the Materials and methods. (D) Proportion of cells in the indicated subpopulation account for 
the entire cell population at the indicated times after infection. (E) Proportion of virus titers produced by 
the f1 to f6 subpopulations account for virus titers produced by the entire population at the indicated 
times after infection. (F) Scatter plots of log10(relative MFI of Venus) vs log10(PFU/104 cells). (G) Scatter 
plots of log10(relative MFI of Venus) vs log10(PFU/104 cells) of the indicated subpopulations separated by 
time after infection from panel F. Each value is the mean ± standard error (A, C, D, E, F, and G) or 
individual value (B) of the results of three independent experiments. Statistical analysis was performed 
by unpaired Student’s t-test. ns, not significant (C). Solid and dashed lines indicate 1 PFU/cell and 0.1 
PFU/cell, respectively (F and G). 
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Fig. 4. Cells expressing higher than specific levels of HSV-1 L proteins have a predominant role in 
yielding progeny infectious viruses. (A) Kinetics of the sum of the virus titers produced by f1 to f6 
(virtual_f1-f6) or f4 to f6 (virtual_f4-f6) subpopulations. (B) Kinetics of progeny virus titers of the entire 
population (actual) and sum of the virus titers produced by f4 to f6 subpopulations (virtual_f4-f6). (C) 
Scatter plot of log10(relative MFI of Venus) vs log10(PFU/104 cells) of subpopulations. (D) Progeny virus 
titers of the f4 to f6 subpopulations at the indicated times after infection. Each value is the mean ± 
standard error (A, B and D) or individual value (C) of the results of three independent experiments. 
Statistical analysis was performed by unpaired Student’s t-test. ns, not significant. All data are obtained 
from the experiment shown in Fig. 3. 
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Fig. 5 M. Nobe and Y. Maruzuru et al.  

Fig. 5. Electron microscopic analysis of cells in the f2 to f5 subpopulations. (A and B) HeLa cells 
were infected with rICP47/vUs11 at an MOI of 5 and sorted into four subpopulations (f2 to f5) by cell 
sorting 24 h after infection. Sorted cells were fixed, embedded, sectioned, stained, and examined by 
electron microscopy. (A) A transmission electron microscopy image of cells in the f2 to f5 subpopulations. 
n, nucleus; c, cytoplasm. Scale bars = 500 nm. (B) The numbers of nuclear virions, enveloped virions in 
the perinuclear space, naked capsids in the cytoplasm, and enveloped virions in the cytoplasm of 11 
cells in the f2 to f5 subpopulations were quantitated. The horizontal bars indicate the means. Virions are 
marked in yellow.
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Fig. 6. Frequencies of A, B, and C capsids in the nucleus of cells in the f2 to f5 subpopulations. (A) 
The numbers of A, B, and C capsids in the nucleus of 11 cells analyzed in Fig. 4 in the f2 to f5 
subpopulations were quantitated. The horizontal bars indicate the means. Proportions of A, B, and C 
capsids to nuclear capsids (B), or virions in the perinuclear space and cytoplasm (C) of cells with more 
than two nuclear capsids (f3, n = 9; f4, n = 11; f5, n = 11). Data are presented as the median ± 
interquartile range (IQR). Statistical analysis was performed by the Mann-Whitney U-test, and P-values 
were adjusted by Bonferroni correction. ns, not significant. 
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Fig. 7. Unique protein expression profiles of a subset of HSV-1 L proteins. (A) Scatter plots of 
log10(relative MFI of Venus) vs log10(relative abundance) of L proteins (from S-Fig. 1B) of the bottom 10 
HSV-1 L proteins with relatively low correlation coefficients between fluorescence intensity of Venus and 
their abundance (from Fig. 2B). Plots of terminase subunits are marked with magenta squares. (B) 
Threshold value (TV) of 48 L proteins (from S-Fig. 10). (C) Scatter plots of log10(relative MFI of Venus) vs 
log10(relative abundance) (from S-Fig. 1B) of the top 10 HSV-1 L proteins with highest TV (from S-Fig. 
10). Data of terminase subunits are shown in magenta. 
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