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Abstract

Distinct cytomegaloviruses (CMVs) are widely distributed across their mammalian hosts in a highly host species-restricted 
pattern. To date, evidence demonstrating this has been limited largely to PCR-based approaches targeting small, conserved 
genomic regions, and only a few complete genomes of isolated viruses representing distinct CMV species have been sequenced. 
We have now combined direct isolation of infectious viruses from tissues with complete genome sequencing to provide a view 
of CMV diversity in a wild animal population. We targeted Natal multimammate mice (Mastomys natalensis), which are common 
in sub-Saharan Africa, are known to carry a variety of zoonotic pathogens, and are regarded as the primary source of Lassa 
virus (LASV) spillover into humans. Using transformed epithelial cells prepared from M. natalensis kidneys, we isolated CMVs 
from the salivary gland tissue of 14 of 37 (36 %) animals from a field study site in Mali. Genome sequencing showed that these 
primary isolates represent three different M. natalensis CMVs (MnatCMVs: MnatCMV1, MnatCMV2 and MnatCMV3), with some 
animals carrying multiple MnatCMVs or multiple strains of a single MnatCMV presumably as a result of coinfection or superin-
fection. Including primary isolates and plaque-purified isolates, we sequenced and annotated the genomes of two MnatCMV1 
strains (derived from sequencing 14 viruses), six MnatCMV2 strains (25 viruses) and ten MnatCMV3 strains (21 viruses), total-
ling 18 MnatCMV strains isolated as 60 infectious viruses. Phylogenetic analysis showed that these MnatCMVs group with other 
murid viruses in the genus Muromegalovirus (subfamily Betaherpesvirinae, family Orthoherpesviridae), and that MnatCMV1 and 
MnatCMV2 are more closely related to each other than to MnatCMV3. The availability of MnatCMV isolates and the characteriza-
tion of their genomes will serve as the prelude to the generation of a MnatCMV-based vaccine to target LASV in the M. natalensis 
reservoir.
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DATA SUMMARY
The authors confirm that all supporting data, code and protocols have been provided within the article or through supplementary 
data files.

INTRODUCTION
Members of the family Orthoherpesviridae have large double-stranded genomes (124–236 kb) and are divided into the subfamilies 
Alphaherpesvirinae, Betaherpesvirinae and Gammaherpesvirinae [1]. The subfamily Betaherpesvirinae is divided further into five 
genera (Cytomegalovirus, Muromegalovirus, Proboscivirus, Quwivirus and Roselovirus). Members of the genus Muromegalovirus 
infect murids (mice, including rats) and, along with related viruses that have not yet been classified, are known as muromega-
loviruses. However, for historical reasons, individual muromegaloviruses bear the name cytomegalovirus (CMV) along with 
members of the sister genus Cytomegalovirus, which infect primates. The currently classified muromegaloviruses are murine 
CMV (MCMV; species Muromegalovirus muridbeta1), rat CMV England (RCMV-E; species Muromegalovirus muridbeta 8) and 
rat CMV Maastricht (RCMV-M; species Muromegalovirus muridbeta 2). The muromegaloviruses for which complete genome 
sequences are available belong only to these species. Murids also host members of the subfamily Gammaherpesvirinae in the 
genus Rhadinovirus, but are not known to host members of the subfamily Alphaherpesvirinae.

In a study of lung and spleen tissues from M. natalensis animals from field study sites in Côte d'Ivoire and Mali [2], four different 
CMVs (MnatCMV1, MnatCMV2, MnatCMV3 and MnatCMV4) were detected by sequencing PCR products generated from 
short (<300 bp) regions of the virus DNA polymerase and glycoprotein B genes by using nested, degenerate primers [3]. The 
MnatCMV3 sequences from two animals were extended further by PCR into larger sequences (approximately 3.4 kb) containing 
substantial parts of these neighbouring genes. Phylogenetic analyses using these subgenomic sequences showed that MnatCMV3, 
and probably the other MnatCMVs, are muromegaloviruses, with MnatCMV1 and MnatCMV2 being the most closely related 
of the four.

Our research has three sequential aims: first, to isolate infectious MnatCMVs from the tissues of M. natalensis animals from 
one of the field study sites in Mali; second, to determine the genome sequences of these viruses in order to provide a detailed 
picture of the MnatCMV landscape in this wild rodent population; and third, to construct fully characterized infectious wild-type 
MnatCMV clones as the prelude to the generation of a MnatCMV-based vaccine to target Lassa virus (LASV) in the M. natalensis 
reservoir. The current report focuses on the first two aims.

METHODS
Sequence data
Short (178 bp) MnatCMV DNA polymerase gene sequences derived from M. natalensis animals captured in Mali [2] provided 
the means for identifying the MnatCMVs that were isolated and sequenced in our study. With the exception of the extended 
MnatCMV3 sequences, these sequences were too short for deposition in GenBank. In addition, the genome sequences of four 
other muromegaloviruses were used for identification purposes. These viruses were MCMV strain Smith (MCMV Smith), MCMV 
strain s09_sk3086 (MCMV s09), RCMV-E and RCMV-M (Table 1; references are included). The sequence of MCMV s09 was 
used as published, but the other three sequences were determined afresh using DNA prepared within our study.

Generation of cell lines for isolating MnatCMVs
M. natalensis animals from a maintained colony were anaesthetized with isoflurane and killed by cervical dislocation (see 
Ethical and Biosafety Statement). The kidneys were collected and decapsulated, and the medulla was removed from each. 
The cortical tissue was minced, transferred into 10 ml of Dulbecco’s modified Eagle’s medium/nutrient mixture F-12 Ham  

Table 1. Muromegalovirus genome sequences

Virus Host animal Host species Reference* GenBank accession† Reference† GenBank accession‡

MCMV Smith House mouse Mus musculus [49] U68299.1 [34] OP429142.1

MCMV s09 Steppe mouse Mus spicilegus [41] MH118555.1 [41] None

RCMV-E Brown rat Rattus norvegicus [50] JX867617.2 [51] OP429143.1

RCMV-M Brown rat Rattus norvegicus [52] AF232689.2 [53] OP429144.1

*First description of virus.
†First description of genome sequence.
‡Newly determined genome sequence.
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(DMEM-F12; Merck) containing 1 mg ml−1 collagenase II (Merck), and incubated at 37 °C for 20 min with vigorous 
vortexing every 10 min. The cell suspension was washed with Hanks’ balanced salt solution (Merck) containing 0.2 µM 
4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid, 0.45 µg ml−1 NaHCO₃, 80 ng ml−1 NaOH, 50 µg ml−1 gentamycin and 2 % (v/v) 
FCS. The cells were dissociated by passing the suspension through a coarse metal sieve, then through a 70 µm cell sieve, and finally 
twice through a 40 µm cell sieve. The dissociated cell suspension was collected and centrifuged at 150 g for 10 min. The cell pellet 
was resuspended in DMEM/F-12 containing 1× insulin-transferrin-selenium-ethanolamine (Thermo Fisher Scientific), 2 % (v/v) 
FCS, 100 U ml−1 penicillin, 100 µg ml−1 streptomycin, 40 ng ml−1 hydrocortisone (Merck) and 0.25 nM 3,3′,5-triiodo-l-thyronine 
(Merck), seeded on 1 % (w/v) gelatin-coated plates, and incubated at 37 °C in an atmosphere of 5 % (v/v) CO2. The medium was 
replaced 24 h later and subsequently every 48–72 h. When confluent, the cells were immortalized by retrovirus transduction as 
described previously [4], and cultured in DMEM containing 10 % (v/v) FCS, 100 U ml−1 penicillin and 100 µg ml−1 streptomycin. 
To eliminate fibroblasts, the cells were cultured for >5 passages in MEM Eagle d-valine modification w/l-glutamine, d-valine 
(Biomol) containing 3.7 mg ml−1 NaHCO3, 1 % (w/v) non-essential amino acids, 10 % (v/v) dialysed FCS, 100 U ml−1 penicillin 
and 100 µg ml−1 streptomycin. The resulting cells were referred to as Mastomys kidney epithelial cells (MasKECs) [5] and used 
for MnatCMV isolation.

MnatCMV isolation
Our study used salivary gland tissue samples collected from a cohort of 37 LASV-negative M. natalensis animals that were captured 
in southern Mali (in the village of Donéguébougou); these were the same animals from which initial MnatCMV sequence data 
were obtained previously [2]. The tissues were confirmed as LASV-negative using a PCR assay, and stored at −80 °C (see Ethical 
and Biosafety Statement).

The tissues were thawed and homogenized by bead beating, and a 1 : 500 (v/v) dilution of each homogenate was made using DMEM 
containing 2 % (v/v) FCS supplemented with 1 mM l-glutamine, 50 U ml−1 penicillin and 50 µg ml−1 streptomycin (DMEM-2). 
The medium from MasKECs at 70–80% confluency on a six-well plate was replaced with 500 µl of the diluted homogenate. After 
rocking the plates gently for 1 h at 37 °C in an atmosphere of 5 % (v/v) CO2, the inoculum was replaced with 2 ml of DMEM-2. The 
cultures were fed at 1 day post-infection and every other day thereafter by replacing 1 ml of medium with 1 ml of fresh DMEM-2. 
The monolayers were monitored daily and harvested when approximately 80 % of cells showed cytopathic effect (CPE), usually 
at 11–40 days post-infection. Cells were harvested using a cell scraper, and 1 ml aliquots of suspended cells were transferred to 
two 2 ml screw-top tubes. The tubes were centrifuged at 750 g for 5 min, and the supernatant was transferred to fresh tubes. The 
remaining cell pellets were resuspended by vortexing, freeze-thawed three times, added to the tubes containing supernatant, 
aliquoted and stored at −80 °C. These stocks were termed primary isolates.

The primary isolates were then plaque-purified. When primary isolates were made on multiple occasions from the same animal, 
the first isolate was used for plaque purification. The medium from MasKECs at 70–80% confluency on six-well plates was 
replaced with 500 µl of primary isolate diluted in DMEM-2 (1 : 10, 1 : 100 and 1 : 1000, v/v). After rocking the plate gently for 1 h, the 
inoculum was replaced with 2 ml of 0.6 % (w/v) agarose in DMEM-2 at 37 °C, which was allowed to solidify at room temperature 
for 20 min. The cultures were incubated at 37 °C in an atmosphere of 5 % (v/v) CO2 and fed every 4 days by adding 1 ml of 0.6 % 
(w/v) agarose in DMEM-2 until distinct plaques were observed. Plaques were picked using 1 ml pipette tips, added to 600 µl of 
2 % (v/v) DMEM-2 and vortexed vigorously. A dilution (1 : 10, v/v) was then used to infect cells and repeat plaque purification 
twice more. Aliquots of 500 µl of suspended plaques that had been purified once or three times were used to infect 25 cm2 flasks 
of MasKECs at 70–80% confluency in 4 ml of DMEM-2. The cells were fed every 2 days by replacing 2 ml of medium with fresh 
DMEM-2 until they exhibited approximately 80 % CPE. The infected cells were then harvested and processed into virus stocks 
as described above, omitting the freeze-thaw steps. These stocks were termed primary plaque isolates (plaque-purified once) and 
tertiary plaque isolates (plaque-purified three times). DNA and RNA were extracted from aliquots of the primary isolates and 
plaque isolates using an AllPrep DNA/RNA mini kit (QIAGEN).

DNA sequencing
DNA sequence data were generated and analysed. For short-read sequencing of DNA from cells infected with MnatCMVs or 
other muromegaloviruses (MCMV Smith, RCMV-E and RCMV-M), approximately 100 ng of DNA was sheared in an S220 
focused-ultrasonicator (Covaris) to fragments of approximately 450 bp. Sequencing libraries were produced by conducting seven 
PCR cycles using a KAPA LTP library preparation kit (Roche Sequencing and Life Science) with NEBNext multiplex oligos for 
Illumina (New England Biolabs). The libraries were analysed on NextSeq and MiSeq instruments (Illumina) to generate datasets 
that, for the MnatCMV isolates, consisted of 4 951 808–45 770 652 paired-end reads of 150 or 300 nt.

For short-read sequencing of RNA from cells infected with MnatCMVs, sequencing libraries were produced from 500 ng of 
RNA using a TruSeq stranded mRNA library prep kit (Illumina) with TruSeq RNA CD indexes (Illumina). The TruSeq stranded 
mRNA protocol was followed, with the exception that 12 cycles of PCR were performed. The sequencing libraries were pooled and 
sequenced on a NextSeq instrument (Illumina) to generate datasets consisting of 29 937 270–31 404 526 paired-end reads of 150 nt.
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For long-read sequencing of DNA from cells infected with MnatCMVs, sequencing libraries were produced using a ligation 
sequencing kit [Oxford Nanopore Technologies (ONT)] and a native barcoding kit (ONT) to permit multiplexing. The libraries 
were pooled and sequenced for 48 h on a MinION (R9.4.1) flow cell (ONT) operated on a GridION Mk1 (ONT). The majority 
of MnatCMV reads were approximately 5000 nt, and the maximum was 48000 nt.

Determination of MnatCMV genome sequences
Programs were used with default parameters unless stated otherwise. De novo assembly of short-read datasets generated from 
DNA from primary isolates was initiated by trimming and quality-filtering the datasets using Trim Galore v.0.4.0 (https://www.​
bioinformatics.babraham.ac.uk/projects/trim_galore/) with parameters --quality 25 --length 50 --paired. The trimmed datasets 
were deduplicated using FastUniq v1.1 [6], and the deduplicated reads were assembled using SPAdes v3.14.1 [7] with parameters 
--careful --cov-cutoff auto --k 33,77,127. The assembled contigs were aligned to the NCBI RefSeq protein database (https://www.​
ncbi.nlm.nih.gov/refseq/) using DIAMOND blastx [8] with parameters -b 12 -c 1 --top 1. A custom Python script (https://​
github.com/mvvucak/LASV_Sample_Classification) was used with minor adaptations to extract all contigs with at least one 
hit to members of the family Orthoherpesviridae. These contigs were joined by iterative mapping of reads to the contig ends 
or, where the contig ends mapped to lengthy reiterated regions and could not be joined in this way, by scaffolding the contigs 
against muromegalovirus genome sequences and representing gaps by stretches of 100 unspecified nucleotides. Alignment of 
short-read datasets to the scaffolded contigs was then initiated by trimming and quality-filtering the datasets using Trim Galore 
with parameters --illumina --paired. The trimmed datasets were aligned using Bowtie 2 v2.3.1 [9], with stringent parameters 
(--score-min L,-0.1,–0.1) for one dataset containing both MnatCMV1 and MnatCMV2 reads in order to aid differentiation of the 
individual sequences. The alignments were processed using Samtools v1.3 [10] and examined visually using Tablet v1.21.02.08 
[11]. This approach was carried out to check and correct the contig sequences, locate the genome termini by identifying sets of 
reads sharing the same end, and thereby produce correctly configured genome sequences. These sequences were designated as 
partial because of stretches of unspecified nucleotides in some reiterated regions.

Long-read datasets generated from DNA from tertiary plaque isolates were processed by using Porechop v0.2.4 [12] to demultiplex 
the reads and remove adapters, dividing the reads when adapter sequences were located internally. The trimmed reads were 
mapped to the relevant partial genome sequence using Minimap2 v2.10 [13], extracted from the alignment using Samtools v1.12 
[10] and subjected to de novo assembly using Canu v2.2 [14]. The trimmed reads were mapped to the resulting sequence using 
Minimap2, and the quality of the consensus sequence was improved using Nanopolish v0.13.3 [15]. The long-read data provided 
full genome coverage, but were used principally to resolve the unsolved reiterated sequences in the partial genome sequences 
generated from short-read datasets, thereby providing complete genome sequences.

Additional sequence analyses
Alignment of short-read datasets to published muromegalovirus sequences was conducted as described above to determine the 
MCMV Smith, RCMV-E and RCMV-M genome sequences. Also, alignment of short-read datasets generated from DNA from 
primary isolates to the short (178 bp) reference sequences from the DNA polymerase gene of the four MnatCMVs [2], each 
flanked by tracts of 20 unspecified nucleotides to aid alignment near the ends, was done as described above to screen for the 
representation of MnatCMVs.

Metagenomic investigation of short-read datasets generated from both DNA and RNA from primary isolates was used to 
assess the representation of zoonotic pathogens. The datasets were aligned to the reference sequences of 25 viruses (including 
LASV), 14 bacteria and two eukaryotes in this category using Bowtie 2, removing rRNA data using riboPicker v0.4.3 [16] 
with the silva rRNA database v138 (https://www.arb-silva.de/), removing low-complexity data using PRINSEQ v0.20.4 [17], 
and determining the taxonomic classification of the remaining reads using DIAMOND blastx and blastx and blastn 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) [18].

Mapping of RNA processing sites on MnatCMV genome sequences
Two paired-end short read datasets were produced from each polyadenylated RNA sample prepared from cells infected with 
MnatCMV1, MnatCMV2 or MnatCMV3. One dataset contained sense reads in relation to the parental transcripts and the 
other contained antisense reads. The two datasets were trimmed and quality-filtered using Trim Galore with parameters 
--quality 25 --length 50 --paired, and aligned to the relevant complete MnatCMV genome sequence. Two datasets were then 
extracted from each alignment (https://github.com/mvvucak/MasCMV_Transcriptomics), one containing reads oriented 
left to right in the genome and the other containing reads oriented right to left, and the pairs of datasets containing reads in 
the same orientation were combined. Splice sites were identified in the resulting two datasets using STAR v2.5.1b [19] and 
validated using a kmer-based custom Python script (https://github.com/mvvucak/MasCMV_Transcriptomics) that excluded 
potential artefacts and counted the number of reads representing each splice site. Polyadenylation sites were identified by 
mapping trimmed reads onto the genome sequence using ContextMap v2.7.9 [20].

https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.ncbi.nlm.nih.gov/refseq/
https://www.ncbi.nlm.nih.gov/refseq/
https://github.com/mvvucak/LASV_Sample_Classification
https://github.com/mvvucak/LASV_Sample_Classification
https://www.arb-silva.de/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://github.com/mvvucak/MasCMV_Transcriptomics
https://github.com/mvvucak/MasCMV_Transcriptomics
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Annotation of MnatCMV and other muromegalovirus genome sequences
Putative protein-coding regions were identified in the genome sequences as described previously [21], incorporating information 
on splicing. A range of tools was used to deduce protein features or functions, including blastx, SignalP 5.0 [22], TMHMM 2.0 
[23], Philius [24], SUPERFAMILY 2 [25] and CDD [26].

Phylogenetic analysis of MnatCMV and other herpesvirus genome sequences
The phylogenetic relationships among MnatCMVs, other muromegaloviruses and representative viruses in other genera in 
the subfamily Betaherpesvirinae were analysed using the amino acid sequences specified by six conserved genes employed 
previously for taxonomic purposes (Table S1, available in the online version of this article) [1]. The viruses in other genera 
were human cytomegalovirus (HCMV; genus Cytomegalovirus) [27], guinea pig cytomegalovirus (GPCMV; genus Quwivirus) 
[28], human herpesvirus 6A (HHV6A; genus Roseolovirus) [29] and elephant endotheliotropic herpesvirus 1 (EEHV1; genus 
Proboscivirus) [21].

The amino acid sequences for each virus were concatenated and analysed using mega x v10.2.6 [30, 31]. The sequences were 
aligned using Muscle within mega x, and the initial tree search was generated automatically by applying the neighbour-
joining and BioNJ algorithms to a matrix of pairwise distances estimated using the Jones–Taylor–Thornton model. The 
topology with the highest log likelihood value was then subjected to maximum-likelihood heuristic analysis with nearest-
neighbour-interchange using the Le and Gascuel model [32] and a discrete gamma (G) distribution in five categories with 
invariant sites (I). Gaps in the alignment were treated by partial deletion (site coverage cutoff value=90 %) with no branch 
swap filter and with 100 bootstrap replications. The phylogenetic tree with the highest log likelihood value was visualized 
and midpoint-rooted using FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/). The computational statistics were as 
follows: log likelihood value=−67663.27; G=0.8751; I=0.0467; and sites analysed=4929.

RESULTS
Isolation and sequencing of MnatCMVs
MnatCMVs were isolated from salivary gland extracts initially as primary isolates and then as primary plaque isolates 
(plaque-purified once) or tertiary plaque isolates (plaque-purified three times). Primary isolates were obtained from 14 of the 
37 animals tested (animals 1, 2, 8, 9, 13, 15, 18, 19, 28, 29, 33, 35, 36 and 38). Multiple primary isolates were made from the 
same extract on different occasions from four of these animals (two from animal 1, three from animal 2, four from animal 35 
and two from animal 36), and were invariably successful as confirmed by sequencing of the primary isolates. The number of 
primary isolates, and therefore the number of datasets generated from them, was 21. Metagenomic investigation of short-read 
datasets generated from both DNA and RNA from the first isolation from animals 1, 2, 35 and 36 yielded no evidence for 
the representation of any zoonotic pathogen. Primary and tertiary plaque isolates were made from the primary isolates from 
three animals (animals 36, 25 and 35) representing MnatCMV1, MnatCMV2 and MnatCMV3, respectively. The number of 
datasets generated from primary and tertiary plaque isolates was 11 and 25, respectively, bringing the number of datasets 
generated from all isolates to 57. Data on the MnatCMV isolates, datasets and genome sequences are shown in Table 2.

Representation of MnatCMVs in primary isolate datasets
The nomenclature of primary isolate datasets consists of an abbreviation of the animal species name followed by the number of 
the animal and a letter designating the isolation experiment (e.g. Mnat19A represents the dataset from the single MnatCMV2 
primary isolate from animal 19, and Mnat2C represents the dataset from the third MnatCMV2 primary isolate from animal 2).

Prior to determining genome sequences from the datasets, MnatCMVs represented in the primary isolate datasets were 
identified by aligning the reads to the available short (178 nt) sequences from the DNA polymerase genes of MnatCMV1, 
MnatCMV2, MnatCMV3 and MnatCMV4 (Fig. 1). The results showed that 12 of the 14 animals from which primary isolates 
had been made were represented in the datasets by a single MnatCMV, in that all MnatCMV reads in these datasets aligned 
with only one of the DNA polymerase gene sequences. One of these animals (animal 2) contained two versions of the 
MnatCMV2 sequence differing by a single nucleotide substitution; the strains that these sequences represented were termed 
MnatCMV2A and MnatCMV2B. Enumeration of reads containing signature motifs (typically 20–25 nt) specific to each strain 
showed that MnatCMV2A comprised approximately 85, 95 and 100 % of the virus population represented in the datasets 
from the first (Mnat2A), second (Mnat2B) and third (Mnat2C) primary isolates from animal 2, respectively. Enumeration of 
reads in the datasets from the remaining two animals that contained multiple MnatCMVs showed that the dataset from the 
primary isolate from animal 29 (Mnat29A) represented MnatCMV1 (45 %), MnatCMV2 (45 %) and MnatCMV3 (10 %); and 
that the dataset (Mnat36A) from the first primary isolate from animal 36 represented MnatCMV1 (75 %) and MnatCMV3 
(25 %). In contrast, the dataset (Mnat36B) from the second primary isolate from animal 36 contained only MnatCMV3. 
These results indicated that 12 animals were infected with a single MnatCMV, and that three animals were coinfected with 
multiple MnatCMVs or MnatCMV strains. No dataset represented MnatCMV4.

http://tree.bio.ed.ac.uk/software/figtree/
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Table 2. MnatCMV isolates and genome sequences

Genome Animal Dataset Contigs
(no.)

GenBank 
accession

Differences from reference sequence*

Primary isolates

MnatCMV1 29 Mnat29A 3 OP429121.1 na

MnatCMV1 36 Mnat36A 2 OP429122.1 na

MnatCMV2A 2 Mnat2A 2 OP429126.1 na

MnatCMV2A 2 Mnat2B 2 na None

MnatCMV2A 2 Mnat2C 3 na None

MnatCMV2 18 Mnat18A 2 OP429123.1 na

MnatCMV2 19 Mnat19A 2 OP429124.1 na

MnatCMV2 29 Mnat29A 3 OP429125.1 na

MnatCMV2 33 Mnat33A 3 OP429127.1 na

MnatCMV3 1 Mnat1A 2 OP429130.1 na

MnatCMV3 1 Mnat1B 2 na None

MnatCMV3 8 Mnat8A 1 OP429136.1 na

MnatCMV3 9 Mnat9A 2 OP429137.1 na

MnatCMV3 13 Mnat13A 2 OP429128.1 na

MnatCMV3 15 Mnat15A 2 OP429129.1 na

MnatCMV3 28 Mnat28A 2 OP429131.1 na

MnatCMV3 29 Mnat29A 3 OP429132.1 na

MnatCMV3 35 Mnat35A 2 OP429133.1 na

MnatCMV3 35 Mnat35B 2 na None

MnatCMV3 35 Mnat35C 2 na None

MnatCMV3 35 Mnat35D 2 na None

MnatCMV3 36 Mnat36A 2 OP429134.1 na

MnatCMV3 36 Mnat36B 2 na None

MnatCMV3 38 Mnat38A 1 OP429135.1 na

Primary plaque isolates

MnatCMV2B 2 Mnat2A 2–4 na OP429141.1 87 substitutions and two indels

MnatCMV2B 2 Mnat2A 2–5 na na 87 substitutions and two indels

MnatCMV2A 2 Mnat2A 2–6 na na Non-coding substitutions at 443 (T to C), 736 (T to C) and 149 510 (T to C)

MnatCMV2A 2 Mnat2A 2–7 na na None

MnatCMV2A 2 Mnat2A 2–8 na na None

MnatCMV2A 2 Mnat2A 2–9 na na None

MnatCMV3 35 Mnat35A 35–5 na na Variant at 196 255 (A to G in gene b165; C to R)

MnatCMV3 35 Mnat35A 35–6 na na None

MnatCMV3 35 Mnat35A 35–7 na na None

MnatCMV3 35 Mnat35A 35–8 na na None

MnatCMV3 35 Mnat35A 35–9 na na None

Tertiary plaque isolates

MnatCMV1 36 Mnat36A B1-2 na na None

Continued
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Genome sequences of MnatCMV primary isolates
Although 21 primary isolate datasets were generated, 24 MnatCMV genome sequences were determined because, as described 
above, multiple MnatCMVs were isolated from two animals. De novo assembly generated a small number (one to three) of 
MnatCMV contigs from each dataset (Table 2) that represented most of the genome. These were then joined and processed into 
genome sequences. The finding that MnatCMVs in primary isolates obtained on multiple occasions from the same animal had 
an identical sequence indicated that any mutants that may have arisen during the isolation procedure had not become dominant.

Genome sequences of MnatCMV plaque isolates
Plaque isolates representing MnatCMV1, MnatCMV2 and MnatCMV3 were made from animals 36, 2 and 35, respectively 
(Table 2). Several plaques were picked from each of the first primary isolates of MnatCMV2 and MnatCMV3 (corresponding to 
datasets Mnat2A and Mnat35A, respectively), yielding primary plaque isolates. Datasets were obtained for some of these isolates 
(Mnat2A 2-4 to 2-9 and Mnat35A 35-5 to 35-9). Separately, several plaques were picked from each of the first primary isolates of 

Genome Animal Dataset Contigs
(no.)

GenBank 
accession

Differences from reference sequence*

MnatCMV1 36 Mnat36A B1-3 na na None

MnatCMV1 36 Mnat36A C2-2 na na None

MnatCMV1 36 Mnat36A C2-3 na na None

MnatCMV1 36 Mnat36A C3-1 na na None

MnatCMV1 36 Mnat36A C3-2 na na None

MnatCMV1 36 Mnat36A D3-2 na na Variant at 156 426 (indel; non-coding G-tract)

MnatCMV1 36 Mnat36A-D3-3 na na Variant at 131 688 (C to A; non-coding)

MnatCMV1 36 Mnat36A E2-2 na na Variant at 36 609 (C to A; stop codon in gene M38)

MnatCMV1 36 Mnat36A E2-3 na OP429138.1† None

MnatCMV1 36 Mnat36A F3-2 na na None

MnatCMV1 36 Mnat36A F3-3 na na None

MnatCMV2A 2 Mnat2A A1-1 na na Substitutions at 149 510 (T to C; non-coding) and 171 871 (C to T; V to I in gene m142)

MnatCMV2A 2 Mnat2A A1-2 na na Substitutions at 149 510 (T to C; non-coding) and 171 871 (C to T; V to I in gene m142)

MnatCMV2A 2 Mnat2A A1-3 na na Substitutions at 149 510 (T to C; non-coding) and 171 871 (C to T; V to I in gene m142)

MnatCMV2B 2 Mnat2A B1-1 na na 83 substitutions and two indels

MnatCMV2B 2 Mnat2A B1-2 na na 83 substitutions and two indels

MnatCMV2B 2 Mnat2A B1-3 na na 83 substitutions and two indels

MnatCMV2A 2 Mnat2A C2-1 na na Variant at 140 139 (C to T in gene M116; A to T); substitutions at 149 510 (T to C; non-
coding) and 171 871 (C to T; V to I in gene m142)

MnatCMV2A 2 Mnat2A C2-2 na na Variant at 140 139 (C to T in gene M116; A to T); substitutions at 149 510 (T to C; non-
coding) and 171 871 (C to T; V to I in gene m142)

MnatCMV2A 2 Mnat2A C2-3 na na Variant at 140 139 (C to T in gene M116; A to T); substitutions at 149 510 (T to C; non-
coding) and 171 871 (C to T; V to I in gene m142)

MnatCMV2A 2 Mnat2A C3-1 na na Substitutions at 149 510 (T to C; non-coding) and 171 871 (C to T; V to I in gene m142)

MnatCMV2A 2 Mnat2A C3-2 na na Substitutions at 149 510 (T to C; non-coding) and 171 871 (C to T; V to I in gene m142)

MnatCMV2A 2 Mnat2A C3-3 na OP429139.1† Substitutions at 149 510 (T to C; non-coding) and 171 871 (C to T; V to I in gene m142)

MnatCMV3 35 Mnat35A A3-2 na OP429140.1† None

*The reference sequence used for each comparison was that of the first primary isolate obtained from that animal. Primary isolates obtained on multiple occasions from the same 
animal (animals 1, 2, 35 and 36) had identical sequences, except for heterogeneities in a few polynucleotide tracts in MnatCMV2 isolated from animal 2 that are not listed. Similarly, length 
differences or heterogeneities in polynucleotide tracts were more common in plaque isolates from animal 2 than in plaque isolates from other animals and are not listed. Complete nucleotide 
replacements are described as substitutions, partial nucleotide replacements are described as variants, and the effects of non-synonymous substitutions are described in one-letter amino 
acid code. na, not applicable; indel, insertion or deletion.
†Complete genome sequences incorporating long-read sequence data.

Table 2.  Continued
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Fig. 1. Sequence alignment of a 178 bp region of the DNA polymerase gene in MnatCMV primary isolates. The alignment is presented in three contiguous 
sections separated by grey horizontal lines. The sequences are grouped with the MnatCMV references (names in bold font), and differences are also 
highlighted in bold font. Dataset Mnat36 represented MnatCMV1 and MnatCMV3, dataset Mnat29 represented MnatCMV1, MnatCMV2 and MnatCMV3, 
and dataset Mnat2 represented two MnatCMV2 strains (MnatCMV2A and MnatCMV2B). No isolate represented MnatCMV4.
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MnatCMV1, MnatCMV2 and MnatCMV3 (corresponding to datasets Mnat36A, Mnat2A and Mnat35A). Three plaques were then 
picked from each of these at the second round of plaque purification. Finally, one plaque was picked from each of these plaques 
at the third round of plaque purification. As a consequence, the tertiary plaque isolates were termed in threes (e.g. Mnat2A A1-1 
to A1-3), each plaque in a trio having been derived from the same primary plaque isolate. Datasets were then obtained for some 
of these isolates (Table 2).

Nine of the MnatCMV1 tertiary plaque isolates were identical in sequence to the parental primary isolate, with each of three 
others containing variant subpopulations that differed in a single nucleotide. The MnatCMV3 genomes sequenced from the 
primary and tertiary plaque isolates were identical to that of the genome sequenced from the parental primary plaque isolate. 
The situation with the MnatCMV2 plaque isolates was complicated by the presence of two MnatCMV2 strains (MnatCMV2A 
and MnatCMV2B) in the primary isolate. Alignment of dataset Mnat2A to the genome consensus sequence determined from this 
dataset revealed 89 variant nucleotides (i.e. nucleotides present in minor proportions that differed from the consensus at these 
positions; Table 3). These non-consensus variant nucleotides were supplemented by length differences in several polynucleotide 
tracts, which may be inherently heterogeneous in the genome and are also subject to artefactual heterogeneity generated during 
library preparation and sequencing; these differences are not included in Table 3. The proportion of each variant nucleotide 
determined by enumerating reads containing signature motifs showed that, but for two exceptions at positions 149 510 and 171 871, 
all variants were uniformly represented in datasets Mnat2A, Mnat2B and Mnat2C at average levels of 14.87±2.17, 4.57±0.86 or 
0.05±0.13 %; taking into account the probable presence of a low level of variant reads due to sequencing error, the value for 
Mnat2C was essentially zero. In contrast, the variants at positions 149 510 and 171 871 were represented at significant levels (7.80 
and 6.77 %, respectively) in Mnat2C, and in Mnat2A and Mnat2B at 50.00 and 36.82, and 5.60 and 5.30 %, respectively. These 
findings implied that all but two of the variants were present in a subpopulation of the MnatCMV2B genome and that the two 
exceptional variants were present in a subpopulation of the MnatCMV2A genome.

As the subpopulations in the primary isolates were represented at minor (or zero) levels in datasets Mnat2A, Mnat2B and Mnat2C, 
the consensus sequence in each case was for MnatCMV2A rather than for MnatCMV2B. In contrast, each plaque isolate dataset 
represented a set of nucleotides at the variant positions that were diagnostic of either MnatCMV2A or MnatCMV2B. Two primary 
plaque isolate datasets (Mnat2A 2-4 and 2-5) represented MnatCMV2B, whereas the other four primary plaque isolate datasets 
(Mnat2A 2-6 to 2-9) represented MnatCMV2A, although one (Mnat2A 2-6) had three additional non-coding substitutions that 
were not among the variant positions in the primary datasets. Similarly, the sequences of three tertiary plaque isolate datasets 
(Mnat2A B1-1 to B1-3) represented MnatCMV2B, whereas the other eight tertiary plaque isolate datasets (Mnat2A A1-1 to A1-3, 
C2-1 to C2-3 and C3-1 to C3-3) represented MnatCMV2A. However, the former group lacked four substitutions (at positions 
10 284, 11 349, 12 327 and 12 352) characteristic of MnatCMV2B, and the latter group had the two MnatCMV2A substitutions 
at positions 149 510 and 171 871. Various other sporadic differences from the parental strain were also detected in some plaque 
isolate datasets.

The observations made above evidently arose from the presence of two MnatCMV2 strains (MnatCMV2A and MnatCMV2B) 
in animal 2, and imply that recombination between them had occurred during, and even possibly before, primary isolation. 
Indeed, all 89 substitutions were represented in the primary plaque isolates representing MnatCMV2B (Mnat2A 2-4 and 
2-5), suggesting that the two exceptional variants were common to both MnatCMV2A and MnatCMV2B, presumably as a 
result of recombination. Moreover, the observation that the 87 MnatCMV2B-specific variants in the primary isolates from 
animal 2 were localized to approximately the first one-third of the MnatCMV2B genome indicated that this strain may 
itself have been an earlier product of a recombination event that had occurred prior to primary isolation and probably in a 
host prior to animal 2. These findings highlight the potential for the occurrence of recombination events between multiple 
MnatCMV strains during isolation and very probably during growth in animals, such events giving rise to unavoidably 
complex outcomes.

Overall, as shown in Table 2, these experiments resulted in the examination of the genome sequences from primary or plaque 
isolates of two MnatCMV1 strains (derived from the sequencing of 14 viruses), six MnatCMV2 strains (25 viruses) and ten 
MnatCMV3 strains (21 viruses), totalling 18 MnatCMV strains (60 viruses).

Completion of MnatCMV genome sequences
The genome sequences determined above were designated as partial because they contained a few reiterated regions, the lengths 
of which could not be resolved using Illumina-based short-read datasets. The genome sequences of one representative each 
of MnatCMV1, MnatCMV2 (an MnatCMV2A strain) and MnatCMV3 were completed in these regions by using ONT-based 
long-read datasets generated from tertiary plaque isolates (Table 4), and consisted of 205 097, 207 012 and 211 478 bp, respectively. 
These sequences represent the partial genome sequences determined from short-read datasets with the gaps filled by long-read 
data. The sequences assembled from the long-read datasets alone exhibited differences from these sequences at 88–169 locations, 
almost all of which were due to differences in the lengths of polynucleotide tracts, for which long-read data are less reliable than 
short-read data.
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Table 3. Variant nucleotides in primary isolate datasets from animal 2

Location* Type† Minor variant in dataset (%) Location* Type† Minor variant in dataset (%)

Mnat2A Mnat2B Mnat2C Mnat2A Mnat2B Mnat2C

10 284 S 15.13 5.12 0.00 66 477 S 14.40 4.28 0.00

11 349 S 14.30 4.81 0.00 68 899 S 16.29 4.15 0.00

12 327 S 14.52 3.71 0.00 69 880 S 14.25 3.96 0.00

12 352 S 14.77 4.44 0.00 69 893 S 15.37 4.10 0.07

20 430 S 12.37 3.94 0.07 69 983 S 18.26 4.13 0.00

22 656 S 17.26 5.07 0.00 69 993 S 17.56 4.46 0.00

27 047 S 13.32 4.76 0.08 72 506 S 13.84 4.12 0.00

31 652 S 14.67 5.07 0.00 73 806 S 13.25 4.13 0.00

31 700 S 15.82 4.43 0.00 73 888 S 14.71 4.32 0.06

35 171 S 13.03 3.94 0.07 73 978 S 12.12 4.88 0.13

38 081 S 16.70 4.35 0.47 73 984 S 11.99 4.94 0.07

39 231 S 14.00 4.47 0.08 73 986 S 11.90 4.86 0.07

39 803 S 17.97 3.93 0.00 74 100 S 15.04 4.31 0.00

39 917 S 15.93 4.04 0.00 74 123 S 15.52 4.13 0.00

40 882 S 14.02 4.56 0.00 74 132 S 14.95 4.24 0.00

41 215 S 13.67 4.63 0.00 74 133 S 15.08 4.22 0.07

41 392 S 14.87 5.13 0.44 74 134 S 15.23 4.24 0.00

41 666 S 15.07 4.32 0.00 74 165 S 14.23 4.37 0.00

42 644 S 16.22 3.86 0.07 74 265 S 12.93 4.64 0.07

43 770 S 14.20 4.86 0.07 74 418 S 13.78 4.09 0.09

43 875 S 14.71 4.54 0.00 74 548 S 13.83 5.02 0.85

47 819 S 13.27 5.06 0.00 74 699 S 16.25 4.71 0.00

48 050 S 16.27 5.43 0.00 74 741 S 15.99 4.50 0.00

48 680 S 14.00 4.38 0.00 74 748 S 15.92 4.35 0.00

49 466 S 15.73 4.30 0.12 74 819 S 17.27 4.17 0.10

50 455 S 15.19 4.56 0.07 74 911 S 14.84 4.86 0.00

50 503 S 14.79 4.63 0.00 75 198 S 15.56 4.08 0.00

52 515 S 13.55 4.79 0.07 75 339 S 8.70 3.40 0.00

53 114 S 16.39 4.06 0.07 75 420 S 24.27 9.53 0.00

53 233 S 13.56 4.35 0.00 75 424 D 24.39 9.31 0.00

53 569 S 13.40 4.71 0.00 75 532 I 17.53 4.91 0.00

54 412 S 11.62 3.92 0.00 75 701 S 14.15 5.56 0.00

54 481 S 12.94 4.05 0.00 75 719 S 13.28 5.48 0.00

55 612 S 12.48 4.32 0.07 76 680 S 14.76 3.92 0.23

55 726 S 14.34 4.99 0.00 76 775 S 16.03 4.49 0.55

55 891 S 14.40 4.71 0.07 76 804 S 12.71 3.62 0.00

56 296 S 14.87 4.46 0.00 76 958 S 12.45 4.73 0.00

57 581 S 17.41 4.32 0.00 77 751 S 17.01 4.85 0.07

Continued
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Each MnatCMV genome has a 30 bp direct repeat at its termini. The corresponding repeat in the MCMV Smith, MCMV s09 
and RCMV-E genomes is also this size, but that in the RCMV-M genome is larger (504 bp). The sequences of reads originating 
from MnatCMV DNA molecules (presumably circular or concatemeric) in which the termini are joined indicated the presence 
of a single unpaired nucleotide at the 3′-end of each genome strand for each virus. There was also evidence in the datasets for an 
alternative right terminus in approximately 50 % of MnatCMV1 and MnatCMV2 genomes. This terminus is located at position 
3471 and 4421 (this being equivalent to the unpaired nucleotide at the 3′-end of the rightward genome strand) in the complete 
MnatCMV1 and MnatCMV2 genomes, respectively, and presumably originated from genomes that are approximately 2 % longer. 
The presence of both genome forms in all MnatCMV1 and MnatCMV2 isolates, including those that had been plaque-purified, 
implies that each was able to give rise to both during virus DNA replication and maturation. An alternative right genome end 
was not detected for MnatCMV3.

Annotation of the MnatCMV and other muromegalovirus genome sequences
The maps in Figs 2–4 show the locations of predicted functional protein-coding regions in the complete MnatCMV genomes. 
These maps differentiate among core genes that are conserved in the family Orthoherpesviridae (subfamilies Alphaherpesvirinae, 
Betaherpesvirinae and Gammaherpesvirinae; core genes), genes that are conserved only in the subfamilies Betaherpesvirinae and 
Gammaherpesvirinae (betagamma genes), and genes that are conserved only in some members of the subfamily Betaherpesvirinae 
or are unique to a particular virus in this subfamily (non-core genes). The non-core genes include five families of related and mostly 
paralogous genes [the lectin, US22, UL25, G protein-coupled receptor (GPCR) and m145 families], and the betagamma genes 
(with one core gene member, M72) include an additional family [the deoxyuridine triphosphatase-related protein (DURP) family]. 
Table S2 provides a tabulated version of the maps extended to include equivalent information for the RCMV-E, MCMV Smith, 
MCMV s09 and RCMV-M genomes (each newly analysed and reannotated), with added detail on protein names, characteristics 
and functions. The annotation process depended on multiple bioinformatic analyses and also took into account information 
on splicing in the MnatCMVs (Table S3). Many splice sites were not accommodated in the maps because they were located in 
non-coding 5′-leader regions of coding transcripts, resulted in alternative splicing of coding regions or were located in antisense 
transcripts. Numerous spliced antisense transcripts have been reported previously for HCMV [33], but few have been shown to 
encode functional proteins.

Location* Type† Minor variant in dataset (%) Location* Type† Minor variant in dataset (%)

Mnat2A Mnat2B Mnat2C Mnat2A Mnat2B Mnat2C

59 252 S 15.89 4.61 0.00 77 967 S 13.71 4.13 0.00

60 518 S 14.52 4.68 0.00 78 076 S 15.46 4.18 0.15

61 368 S 15.81 4.92 0.00 78 658 S 12.77 4.43 0.07

62 754 S 14.02 4.54 0.07 78 772 S 14.12 3.94 0.00

64 491 S 13.11 4.43 0.07 149 510 S 50.00 5.60 7.80

65 742 S 16.19 4.44 0.00 171 871 S 36.82 5.30 6.77

66 006 S 15.83 4.33 0.12

*Nucleotide position in the consensus genome from dataset Mnat2A (GenBank accession OP429126.1).
†Type of variant: S, substitution; I, insertion; and D, deletion.

Table 3.  Continued

Table 4. Features of long-read sequence datasets for completing MnatCMV genome sequences

Virus Corresponding SR dataset* Reads (no.) Reads mapping to (no.) Differences‡ (no.)

Original Trimmed SR genome LR† genome

MnatCMV1 Mnat36A E2-3 307 535 307 049 38 326 38 302 152

MnatCMV2 Mnat2A C3-3 252 363 251 971 26 728 25 483 169

MnatCMV3 Mnat35A A3-2 703 074 701 775 102 749 97 912 88

*See Table 2. SR, short-read.
†LR, long-read.
‡Between the genome sequences determined from SR data with reiterated regions derived from LR data (GenBank accessions OP429138.1, OP429139.1 and OP429140.1) and the genome 
sequences assembled from LR data alone.
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Fig. 2. Map of the MnatCMV1 genome (GenBank accession OP429138.1). The terminal direct repeats are shown in a thicker format. The ORFs 
comprising protein-coding regions are indicated by coloured arrows grouped according to the key, with corresponding gene names below. Introns 
connecting protein-coding regions are shown as narrow white bars. The colours of protein-coding regions indicate genes that are conserved in the 
family Orthoherpesviridae (core genes) or only in the subfamilies Betaherpesvirinae and Gammaherpesvirinae (betagamma genes). The remaining 
coding regions (non-core genes) include six families of related genes (the lectin, US22, UL25, DURP, GPCR and m145 families). M72 is shown as a 
member of the DURP family and is also a core gene. The alternative right genome end that would extend the standard genome by about 2 % is indicated 
by the vertical black bar between genes a3 and a4.
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Fig. 3. Map of the MnatCMV2 genome (GenBank accession OP429139.1). See the Fig. 2 legend for details.
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Fig. 4. Map of the MnatCMV3 genome (GenBank accession OP429140.1). See the Fig. 2 legend for details. The genome lacks an alternative right end.
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The RNA samples that were sequenced for the splicing analysis were harvested from asynchronously infected cells and therefore 
contained transcripts produced at all stages of infection. This made the data largely unsuitable for analyses of transcript abundance, 
but provided useful information not only on splicing but also on the location of polyadenylation sites at the 3′-end of transcripts, 
most of which mapped close downstream from an annotated protein-coding region (Table S4). Nonetheless, detection of splice 
sites and polyadenylation sites would have been biased and therefore incomplete, being more likely for the more abundant RNAs 
and for the datasets containing a greater proportion of MnatCMV reads. The numbers of reads in the trimmed datasets that 
mapped to the MnatCMV1, MnatCMV2 and MnatCMV3 genome sequences were 10 481 592 (33 % of the total), 8 294 413 (26 %) 
and 5 432 483 (18 %), respectively.

Assigning nomenclature to MnatCMV genes was not straightforward because the annotation of muromegalovirus genomes 
has evolved as more genomic and functional information has become available. As a result, gene nomenclature has become 
increasingly diverse and, in some respects, inconsistent. In order to avoid adding further unnecessary complexity, we started 
with the convention established for MCMV Smith [34], in which genes with orthologues in HCMV adopted the numeral 
assigned to the HCMV gene prefixed by M (e.g. the orthologue of HCMV gene UL54, which encodes DNA polymerase, was 
named M54) and other genes lacking orthologues in HCMV were prefixed by m and numbered sequentially or in relation to 
flanking genes (e.g. m90 is located between M89 and M91). We applied this scheme to annotating the MnatCMV genomes 
and reannotating the RCMV-E, MCMV Smith, MCMV s09 and RCMV-M genomes, with the aim of denoting orthologous 
genes in different viruses by the same name (Table S2). For example, M54 and m90 were used for the relevant orthologue in 
each of the muromegalovirus genomes. The m prefix was then applied to all other genes lacking orthologues in HCMV, with 
the exception of those in the three highly divergent regions described below. Based on this nomenclature, genes with the M 
prefix are conserved in all genomes, whereas genes with the m prefix are not necessarily conserved. This approach differed 
from the earlier convention of using a different prefix for each virus (i.e. M54 and m90 in MCMV, E54 and e90 in RCMV-E, 
and R54 and r90 in RCMV-M) and, for some genes, avoided further nomenclatural embellishments. For the majority of genes, 
this resulted in simplification of the prefix part of the gene name and retention of the numeral part as originally assigned, 
although some adjustments were necessary to resolve inconsistencies and accommodate previously unrecognized genes.

Most predicted genes are demonstrably conserved among muromegaloviruses. However, there are three highly divergent 
regions in which orthologous relationships could not be assigned generally and in which paralogous relationships are 
evident. These are the left terminal region (genes to the left of m18), the right terminal region (genes to the right of 
m169; or m170 in MCMV), and the m145 region (genes between m144 and m160), which contains most members of 
the m145 gene family (Table S2). Prefixes other than M or m were assigned to the nomenclature for these regions. In the 
left terminal region, MnatCMV3 and RCMV-M lack genes, whereas MnatCMV1 and MnatCMV2 have three and four 
spliced genes (named orthologously a1 to a4), respectively, in the lectin family. In the corresponding region, RCMV-E has 
a spliced gene (e1.5) in the lectin family and one other gene (e2), and MCMV Smith and MCMV s09 have 16 genes (m02 
to m17), most of which belong to a gene family that is present only in MCMV. In the right terminal region, MnatCMV1, 
MnatCMV2, MCMV Smith and MCMV s09 lack genes, whereas MnatCMV3 has a spliced gene (b169) in the lec family that 
unusually commences with an exon in the left terminal region and is presumably expressed from circular or concatemeric 
genomes. In the corresponding region, RCMV-E has a spliced gene (e168) in the lec family and five genes (e169 to e173) 
in another gene family that is unique to this virus, and RCMV-M has two genes (r169 and r170) in a gene family that is 
unique to this virus and one other gene (r168). In the m145 region, each virus has an impressive array of genes in the 
m145 family, which encodes paralogous proteins (Fig. S1) having some similarities to major histocompatibility complex 
class I molecules [35], plus a few other genes. In this region, it was possible to determine orthology for, and hence assign 
a common nomenclature to, only the most closely related viruses (MnatCMV1 and MnatCMV2, and MCMV Smith and 
MCMV s09).

Finally, a few genes in various genomes were identified as being disrupted by frameshifts. These included the lec family genes 
a2 and a3 in MnatCMV1 and a2 in MnatCMV2, the disruption in each case being due to the length of a polynucleotide 
tract (a G:C-tract). Bearing in mind that the genomes that were annotated were sequenced from tertiary plaque isolates, 
it is notable that the disruptions in MnatCMV1 were also present in the corresponding primary isolate. It is also notable 
that the disruption in MnatCMV2 was present in each of three corresponding independent primary isolates (although the 
length of the C-tract was different, with ten C residues in the primary isolates and 12 C residues in the tertiary isolate). 
This finding indicates that a2 was already disrupted in animal 2 before virus isolation. In other strains of these viruses, a2 
was disrupted in MnatCMV1 from the primary isolate from animal 29 and in MnatCMV2 from the primary isolates from 
animals 19 and 33, but not in the primary isolates from animals 18 or 29 or a primary plaque isolate (of MnatCMV2B) from 
animal 2. Genes disrupted by differences in the lengths of polynucleotide tracts have been described previously in various 
CMVs, leading to the hypothesis that expression of these genes might be turned on or off in specific circumstances by the 
selection of tract length variants [36]. In contrast to MnatCMV1 and MnatCMV2, no genes were disrupted in MnatCMV3. 
Two disrupted genes (m14 and M38) were identified in MCMV s09, but it is not known whether these were due to genuine 
mutations or sequencing errors.
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Phylogeny of MnatCMV primary isolates
The relationships between MnatCMV strains were determined from pairwise alignments of the genome sequences of primary 
isolates, with the addition of one genome sequence of a primary plaque isolate (from animal 2 in dataset Mnat2A 2-4) to represent 
MnatCMV2B. The numbers of substitutions were recorded (Tables 5 and 6; indels are not included).

The MnatCMV1 sequences derived from two datasets (Mnat29 and Mnat36A) differed by 209 substitutions distributed 
throughout the genomes. The MnatCMV3 sequences derived from ten datasets similarly fell into two groups, with those 
from Mnat1, Mnat13, Mnat28 and Mnat38 differing by 1–3 substitutions and those from Mnat8, Mnat9, Mnat15, Mnat29, 
Mnat35A and Mnat36A differing by 0–34 substitutions, and those in different groups differing by 307–315 substitu-
tions distributed throughout the genomes (Table 5). The MnatCMV2 sequences derived from six datasets fell into three 
groups, with those from Mnat2A (representing MnatCMV2A), Mnat19, Mnat29 and Mnat33 differing by 3–12 substitutions 
(Table 6), the MnatCMV2B sequence from Mnat2A 2-4 differing from these by 85–93 substitutions located in the first 
one-third of the genomes, and the sequence from Mnat18 differing from those in the MnatCMV2A and MnatCMV2B 
groups by 122–127 and 206 substitutions, respectively, located predominantly in the terminal regions together comprising 
one-eighth of the genome. These findings indicate the existence of two lineages each for MnatCMV1 and MnatCMV3, 
and three lineages for MnatCMV2, with evidence for the involvement of recombination in the evolution of MnatCMV2 
strains, as described above.

The phylogeny of the MnatCMVs was also analysed in the context of the available sequences for muromegaloviruses and repre-
sentative members of other genera in the subfamily Betaherpesvirinae. The analysis was conducted in the context of the amino 
acid sequences specified by six core genes that are used for taxonomic purposes [1] (Fig. 5) and confirmed that the MnatCMVs 
cluster with other muromegaloviruses and that MnatCMV1 and MnatCMV2 are more closely related to each other than they 
are to MnatCMV3.

Table 5. Nucleotide substitutions (no.) in pairwise comparisons of MnatCMV2 primary isolate genome sequences*

Mnat2A 2-4 Mnat18A Mnat19A Mnat29A Mnat33A

Mnat2A 87 127 2 12 11

Mnat2A 2-4 206 85 93 92

Mnat18A 125 123 122

Mnat19A 10 9

Mnat29A 3

Mnat33A

*Rows and columns refer to datasets (see Table 2). Includes one MnatCMV2 primary plaque isolate genome sequence (Mnat2A 2-4). Duplicate results and the results of comparisons of 
sequences with themselves (0 substitutions) are omitted.

Table 6. Nucleotide substitutions (no.) in pairwise comparisons of MnatCMV3 primary isolate genome sequences*

Mnat8A Mnat9A Mnat13A Mnat15A Mnat28A Mnat29A Mnat35A Mnat36A Mnat38A

Mnat1A 314 307 1 309 2 309 308 312 2

Mnat8A 34 315 12 315 13 12 2 315

Mnat9A 308 26 307 27 26 32 307

Mnat13A 310 3 310 309 313 3

Mnat15A 311 5 0 10 311

Mnat28A 310 310 313 0

Mnat29A 5 11 310

Mnat35A 10 310

Mnat36A 313

*Rows and columns refer to datasets (see Table 2). Duplicate results and the results of comparisons of sequences with themselves (0 substitutions) are omitted.
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DISCUSSION
This study is preceded by an earlier published analysis of M. natalensis animals from Côte d'Ivoire and Mali [2], in which 
four MnatCMVs (MnatCMV1, MnatCMV2, MnatCMV3 and MnatCMV4) were identified in tissue samples by sequencing 
short PCR products. We have extended these findings significantly by isolating infectious MnatCMV1, MnatCMV2 and 
MnatCMV3 from salivary gland tissue from a cohort of these animals from Mali and determining their genome sequences. 
The proportion of animals positive for MnatCMVs by virus isolation was 36%, which was higher than the 10 % detected by 
PCR of spleen tissue from this cohort, and the 22 % detected by PCR of spleen or lung tissue from all 175 animals tested 
from both countries in the earlier work [2]. This high proportion of isolation probably underrepresents the proportion of 
animals infected by MnatCMVs, as it is dependent on the presence in the samples of actively replicating virus rather than 
latent virus. Indeed, it is probable that MnatCMVs, like other more extensively studied CMVs in their respective mammalian 
hosts [37, 38], are present at near ubiquitous levels in M. natalensis.

Alignment of the datasets from the primary isolates to the sequences of the short PCR products showed that most MnatCMV-
positive animals contained a single MnatCMV (MnatCMV1, MnatCMV2 or MnatCMV3, but not MnatCMV4). However, 
one animal contained two strains of a single MnatCMV (MnatCMV2), and two animals contained multiple MnatCMVs 
(MnatCMV1 and MnatCMV3 in one, and MnatCMV1, MnatCMV2 and MnatCMV3 in the other). These findings were 

Fig. 5. Maximum-likelihood phylogenetic tree showing relationships among MnatCMVs and related viruses in the subfamily Betaherpesvirinae. The 
names of the genera in which the viruses group are shown on the right. Fractional bootstrap values are shown at the nodes. Bar, 0.1 amino acid 
substitutions per site.
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confirmed by determining the genome sequences of the isolates, which indicated that each MnatCMV was present as a single 
strain, with the exception of the two MnatCMV2 strains in one animal. These results, which mirror experience with CMVs 
in other hosts [37, 39–41], showed that some animals had acquired multiple MnatCMVs or MnatCMV strains, presumably 
by coinfection or superinfection, and are consistent with the established ability of CMVs to reinfect their host regardless of 
prior CMV infection status and CMV-directed immunity [40, 42].

Datasets were then produced from primary and tertiary plaque isolates from three animals representing MnatCMV1, 
MnatCMV2 (from the animal having two strains) and MnatCMV3. The MnatCMV1 and MnatCMV3 plaque isolates were 
identical or almost identical in sequence to the primary isolates. However, the more complex situation with the MnatCMV2 
plaque isolates indicated the occurrence of recombination between the two strains before or during isolation, and also the 
prior generation of one of these strains by recombination in vivo. The genome sequence of one tertiary plaque isolate for 
each of the three MnatCMVs was completed by incorporating long-read data to resolve reiterated regions.

A phylogenetic tree based on six core genes showed that the three MnatCMVs grouped with other muromegaloviruses 
and therefore merit classification in the genus Muromegalovirus. A maximum level of nucleotide sequence identity for this 
core gene set for separating viruses into two species has not been defined for the family Orthoherpesviridae, but can be as 
high as 97 % for viruses that have already been classified into separate species. MnatCMV3 is therefore clearly sufficiently 
different from other muromegaloviruses to be classified as a new species. There is also a strong case to be made for classifying 
MnatCMV1 and MnatCMV2 as separate new species despite their relatively close relationship to each other, as the core gene 
set exhibits only 87 % identity. Pairwise alignments of the genome sequences of primary isolates demonstrated the existence of 
two or three lineages for each MnatCMV, alongside additional evidence for the involvement of recombination in the evolution 
of MnatCMV2 strains. Different strains of each MnatCMV differed by approximately 10−3 substitutions/nt, which, in the 
context of the estimated divergence rates of approximately 3×10−8 substitutions/nt/year for herpesviruses [43–45], implies 
that they diverged many thousands of years ago. Beyond MnatCMVs, a case can also be made for classifying MCMV s09 
as a new species rather than within the established species Muromegalovirus muridbeta 1 alongside MCMV Smith, as these 
viruses have different hosts and the core gene set exhibits only 93 % identity. However, this latter assignment may require 
additional sequence information, as the data from which the MCMV s09 genome sequence was derived reportedly exhibited 
heterogeneity due to the presence of multiple strains of the virus in the animal tested [41].

Our study has provided a unique picture of the muromegaloviruses present within wild M. natalensis rodents, which are of 
particular interest because they are known to be the major source of zoonotic transmission of LASV into human populations 
in West Africa. This picture has proven to be richly diverse even among a relatively small number of animals captured in a 
single village in southern Mali, and is likely to be enhanced substantially by extending the work to include populations of M. 
natalensis across a wider area. The restriction of individual CMVs to particular mammalian host species, combined with high 
immunogenicity and lack of associated pathology, has prompted the development of CMVs as recombinant, species-specific 
vaccine vectors against multiple infectious diseases [46–48]. Our study has taken us to the point of being able to construct 
fully characterized infectious wild-type MnatCMV clones for development as a vaccine platform for controlling LASV in 
the M. natalensis reservoir rodent species [39]. Moreover, our observation that multiple replicating MnatCMVs may reside 
within single animals parallels experience with other CMVs, and suggests that prior immunity does not present a hurdle 
even in a target host population in which CMVs are highly prevalent.
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