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sequencing of this genomic region in all stool samples to confirm that this mutation, which

results in a phenylalanine to isoleucine change at amino acid 514 (F514I), was exclusively pres-

ent in stool samples from Stat1-/- mice inoculated IC (Figs 2B and S3B). Further, it was almost

exclusively found in tissue samples from this same group (Figs 2C and S3C).

Analysis of the amino acid sequences of VP1 from published MNoV genomes revealed that

there was substantial conservation of this protein between persistent and acute MNoV strains,

with 88.5% amino acid identity shared between eleven characterized isolates. From these

sequences, we additionally observed that there were only ten unique amino acid variants in

acute, virulent strain MNV-1 and its infectious clone CW3 that were not observed in any of

these nonlethal, persistent strains, including the F514I mutation (Figs 2D and S3D). Indeed,

among 86 protein sequences for VP1 from original MNoV isolates deposited in the NCBI Pro-

tein database, the only published MNoV strains that do not have a phenylalanine at position

514 were MNV-1 and the poorly-characterized strain WU23. Interestingly, a leucine was pres-

ent at this position in WU23, which, similar to MNV-1, was originally isolated from immuno-

compromised mice [28] (Fig 2D). Strains SDHD-46 and MNVSH1603, which bear an

isoleucine and leucine at position 514, respectively, have not been published aside from

Fig 2. Amino acid change F514I is observed in Stat1-/- IC samples and in virulent MNoV strains. (A) Alignment of “Set 1, Round 2” stool Illumina sequencing reads

to the CR6 genome was performed and visualized using an in-house pipeline, with the position 6595 mutation from the reference designated by a red line. Nucleotide

(nt) positions along the MNoV genome are depicted along the open reading frames encoding viral proteins. Amino acid (aa) positions for the VP1 protein are depicted

below the genome, including N-terminal arm (N) and hinge (H) regions in addition to the shell, P1, and P2 domains. Sanger sequencing-based confirmation of T6595A,

encoding F514I, was also performed and is shown in the inset box, with the codon for this amino acid outlined. (B,C) Heatmap of Sanger sequencing-based analysis of

position 6595 of indicated stools (B) and tissues (C) at time of death as depicted in Fig 1B, with resulting encoded amino acid depicted by color; “not detected” indicates

that sequencing was insufficient across this position to call the base. (D) Alignment of a subset of VP1 amino acids (positions 500–523) for persistent and acute murine

norovirus strains, with position 514 highlighted.

https://doi.org/10.1371/journal.ppat.1009402.g002
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sequence deposition to NCBI, so their in vivo phenotypes are unclear. Thus, a single amino

acid change in VP1 consistently correlated with the inability to persist in WT mice along with

emergent lethality or virulence phenotypes in immunocompromised animals.

VP1 F514I in CR6 is sufficient to confer lethality to Stat1-/- mice after oral

inoculation

Using a reverse genetics system for MNoV [29], we introduced a single point mutation (T to

A) at viral nucleotide 6595 of the CR6 infectious molecular clone, thereby generating the

VP1-F514I mutation in the background of an otherwise unmodified CR6 genome, designated

CR6F514I. We found that CR6F514I replicated similarly to CR6 in vitro (Figs 3A and S4A).

When administered to Stat1-/- mice PO, CR6F514I induced significant weight loss, as well as

increased splenomegaly and lethality as compared to CR6 (Fig 3B, 3C and 3D). CR6F514I had

no effect on morbidity or mortality of WT mice. Intestinal infection of Stat1-/- mice was simi-

lar between CR6 and CR6F514I, with increased levels of viral shedding in the stool and

enhanced viral levels in ileum and colon compared to WT animals at 5 dpi, with no observable

differences associated with F514I (Fig 3E and 3F). In contrast, while Stat1 deficiency permits

enhanced systemic viral replication of CR6 [32,33] (Fig 3F), CR6F514I genome copies were ~10

to 10,000-fold higher than CR6 genomes in Stat1-/- MLN, spleen, and liver (Fig 3F). Impor-

tantly, only CR6F514I infection of Stat1-/- mice was detectable in the brain at 5 dpi (Fig 3F).

While CR6F514I exhibits enhanced viral spread and lethality in Stat1-/- mice, of interest this

virus replicated less effectively in the intestines of WT mice compared to CR6, with lower levels

shed in the stool (Fig 3E and 3F). Thus, early in infection, F514I attenuates viral replication in

the WT gut, but enhances systemic replication and lethality in mice with impaired IFN

signaling.

F514I does not prevent persistence of CR6

In order to determine whether F514I-mediated attenuation in the WT intestine was associated

with a failure to persist, we analyzed CR6 and CR6F514I infection in WT and Stat1-/- mice to 21

dpi. Few Stat1-/- mice infected with CR6F514I survived past 7 dpi, permitting analysis of only a

limited cohort; those that survived regained some weight, but remained underweight com-

pared to other cohorts (Fig 4A). In WT mice at this persistent timepoint, intestinal viral

genome levels were similar between CR6 and CR6F514I challenged mice (Fig 4B). We analyzed

whether CR6F514I had reverted to the parental CR6 sequence via Sanger sequencing and found

that I514 was maintained at 21 dpi (S4B Fig). While at early stages of infection, F514I results

in reduced viral levels in intestinal tissues, at later stages, there appeared to be minimal impact

of this mutation on viral loads. This observation is consistent with previous studies identifying

a critical role for MNoV protein NS1, rather than VP1, in determining viral persistence in

immunocompetent mice [27,37,49]. We also tested the effects of L514 on persistence by infect-

ing WT mice with MNoV WU23. We found that this virus exhibited extraintestinal spread at

acute timepoints similar to CW3, but was cleared from the spleen by 14 dpi, while it remained

variably detectable at intestinal sites at persistent timepoints (S5 Fig). Together, these results

indicate that I/L514 do not prevent persistence of MNoV.

F514I spontaneously emerges in Stat1-/- mice after oral inoculation

Examination of CR6-infected Stat1-/- mice at 21 dpi revealed convergence of tissue viral levels

to those found in the rare mice surviving CR6F514I infection. Additionally, virus was detected

in CR6-infected animals in the brain despite the lack of morbidity or mortality in this group

(Fig 4B). We analyzed tissue samples from CR6-infected Stat1-/- mice for emergence of the
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F514I amino acid change, and found that in one of three mice analyzed, the T6595A mutation

(amino acid change F514I) was present in 21 dpi colon and liver tissues (Fig 4C). In light of

this observation, we speculated that a single CR6-infected Stat1-/- mouse sacrificed at day 5

Fig 3. VP1 F514I is sufficient to confer lethality to Stat1-/- mice. (A) Growth curves of CR6 and CR6F514I in BV2

cells over 72 hpi, inoculated at an MOI of 0.05. Results combined from two independent experiments, analyzed by

repeated-measures two-way ANOVA. (B-F) WT or Stat1-/- mice were orally inoculated with 106 PFU of CR6 or

CR6F514I, and analyzed for weight loss to 5 dpi (B), spleen weights at 5 dpi (C), survival to 21 dpi (D), stool viral levels

to 5 dpi (E), and tissue viral levels at 5 dpi (F). N = 8–13 mice per group combined from at least two independent

experiments. Weight loss (B) was analyzed by repeated-measures two-way ANOVA followed by Tukey’s multiple-

comparison test. Survival (D) was analyzed by log-rank (Mantel-Cox) test. Stool virus levels (E) were analyzed by

mixed-effects analysis followed by Tukey’s multiple-comparison test. Spleen weights (C) and tissue viral levels (F) were

analyzed by ordinary two-way ANOVA followed by Tukey’s multiple comparisons test. Dashed lines indicate limit of

detection for assays. For panels (B) and (E), letters indicate that the data point which they are next to have a statistically

significant difference of P< 0.05 in comparison to: a) WT + CR6F514I; b) Stat1-/- + CR6; c) WT + CR6. Data shown as

mean +/- SEM. ���, P< 0.001; ��, P< 0.01; �, P< 0.05; ns, not significant.

https://doi.org/10.1371/journal.ppat.1009402.g003
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