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Abstract 
Lymphocytic choriomeningitis virus (LCMV) is a neglected zoonotic arenavirus primarily transmitted by house mice (Mus musculus). In 
humans, LCMV infection can cause encephalitis, meningitis, or severe birth defects. In New World (NW) primates, LCMV causes acute 
and fatal callitrichid hepatitis (CH). We detected a continuous occurrence of LCMV lineages I and II in the house mouse population of 
a zoo, with the first occurrence of lineage II in 2014 and lineage I in 2021. Although the total LCMV RNA prevalence tended to increase 
between 2021 and 2023, this was primarily associated with lineage I, while the occurrence of lineage II tended to decrease. Despite both 
lineages I and II being present in house mice in the same building where NW primates are housed, only lineage II was detected in NW 
primates with CH, and a wild wood mouse (Apodemus sylvaticus). Genomic assignment detected exclusively M.m. domesticus ancestry in 
the house mouse population of the zoo, in keeping with a natural origin of house mice from the study region. Therefore, the origin of 
lineage I is most likely explained by the occurrence of this house mouse subspecies. The origin and incursion mode of lineage II still 
remain elusive. The detection of three or four LCMV genome segments in several house mice was interpreted as LCMV co-infections, 
and the emergence of a reassortant virus containing an S-segment of lineage II and a n L-segment of lineage I. Full genome sequences 
showed limited diversity of the 2014 LCMV sequences from NW primates, consistent with a recent introduction of lineage II. LCMV 
sequences from 2021 to 2023 diverged, not only from those from 2014 but also from each other, which suggests long-term evolution in 
a large host population and/or potential repeated introductions of LCMV lineage II. In conclusion, the presence of two LCMV lineages 
within the house mouse population of the zoological garden not only poses a potential health threat for employees and visitors of
the zoological garden, and potentially other zoo animals, but also provides a unique opportunity to advance our understanding of
arenavirus evolution.

Keywords: LCMV; evolution; house mouse; primates; reassortment; co-infection; callitric hid hepatitis; pre valence

Introduction 
Lymphocytic choriomeningitis virus (LCMV, species Mammare-
navirus choriomeningitidis) is the only globally distributed mam-
malian arenavirus due to the ubiquitous distribution of its pri-
mary r eservoir host, the house mouse (Mus musculus). Outbr eaks
of LCMV in Germany (Ackermann et al. 1972; Ackermann et al. 
1974; Ackermann et al. 1975)  and  the  USA  (Gregg 1975; Biggar 

et al. 1975) have also been linked to pet Syrian golden hamsters 
(Mesocricetus auratus). Human LCMV infection may present 
with a range of symptoms in imm unocompetent individuals, 
including nonspecific self-limiting flu-like illness, ence phalitis,
and meningitis (Ackermann et al. 1972). However, it may be 
particularly severe in immunocompromised individuals, such as 
solid organ transplant recipients (MacNeil et al. 2012; Palacios
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et al. 2008). Vertical transmission has been demonstrated to 
have significant teratogenic effects (Barton et al. 1995), including 
hydrocephaly, microcephaly, epilepsy, hearing impairment, and 
blindness in humans (Ackermann et al. 1974; Goldwater 2021; 
Bonthius et al. 2007; Bonthius 2024). 

In addition, LCMV was recognized as the etiological agent 
responsible for callitrichid hepatitis (CH) (Montali et al. 1989), a 
lethal infection presenting with lesions in the liver, brain, and 
lymphoid tissue in New World (NW) primates (Asper et al. 2001). 
Transmission to NW primates typically occurs via the oral and 
intragastric route (Rai et al. 1997) when consuming infected wild 
or feeder mice (Leong et al. 2004). Since LCMV-reactive antibodies 
have not been detected in wild NW primates, CH is considered a 
continued threat primarily to captive individuals in zoological gar-
dens and parks (Scanga et al. 1993). Outbreaks of CH in zoological 
gardens may also be associated with infection in animal keepers 
who are often in close contact with these captive animals and 
their (potentially) contaminated enclosures (Montali et al. 1993; 
Scanga et al. 1993). 

In pregnant house mice infected with LCMV, the virus is passed 
to the embryo, resulting in either the death and resorption of 
the embryo or the surviv al of an immune-tolerant animal that 
is persistently and asymptomatically infected, and sheds the
virus throughout its life (Traub 1960; Bonthius and Perlman 2007). 
Horizontal post-natal transmission of LCMV in house mice may 
result in either death of the host or viral clearance and subse-
quent immunity (Delves 1998). Between house mice, the virus 
is readily transmitted through contact with the secretions or 
excreta of infected individuals (Skinner and Knight 1973). The 
risk of transmission within house mouse populations is signifi-
cantly increased during close-contact behaviour such as coitus 
and fighting (Skinner and Knight 1973). 

LCMV has a bisegmented single-stranded RNA genome with 
an ambisense coding strategy (Meyer et al. 2002). The small (S-) 
segment of ∼3400 nucleotides (nt) encodes the nucleoprotein (NP) 
and the glycoprotein precursor (GPC), and the large (L-) segment 
of ∼7200 nt encodes the Z protein (ZP) and the L protein (LP, 
RNA-directed RNA polymerase) (Albariño et al. 2010; Emonet 
et al. 2006). Five phylogenetic lineages of LCMV, numbered I–V, 
have been described. Lineages I and II are the most commonly 
detected worldwide (Albariño et al. 2010; Fornůsková et al. 2021). 
Lineage III comprises a single sequence from a human patient 
in the USA (Bullock and Meier 1984). Lineages IV and V have 
thus far only been found in wood mice (Apodemus sylvaticus)  fr  om
Spain (Ledesma et al. 2009)  and  Germany  (Mehl et al. 2024a), 
respectively . 

Recently, the occurrences of LCMV lineages I and II were pro-
posed to be explained by host phylogeogr aphy and/or host speci-
ficity with subspecies of house mice (Bellocq et al. 2023; Mehl 
et al. 2024b; Fornůsková et al. 2021). This would suggest that 
LCMV lineage I occurs in regions where M.m. domesticus (Mmd) 
is present, while lineage II occurs in regions inhabited by M.m. 
musculus (Mmm). However, both LCMV lineages were recentl y 
detected in Mmd from a zoological garden in western Germany, 
which questions the hypothesis of specificity with host subspecies
(Mehl et al. 2023). 

LCMV has been detected in wild house mice (Ackermann et al. 
1964) and pet hamsters (Ackermann 1977; Ackermann et al. 1972) 
from North Rhine-Westphalia, Hesse, and other parts of western 
Germany going back to the 1960s. This is also the region in which 
CH was first reported in the zoological garden Dortmund, North
Rhine-Westphalia, in 2001 (Asper et al. 2001), and where the re-
emergence in 2021 was observed in Frankfurt/Main, Hesse (Mehl 

et al. 2023), with wild house mice implicated as the reservoir 
species in both studies. While only LCMV lineage I wa s detected in 
the initial CH outbreak in the zoological garden Dortmund (Asper 
et al. 2001), lineages I and II were found in house mice during 
the 2021/2022 re-emergence and lineage II in the deceased NW 
primate in the zoological garden Frankfurt/Main (Mehl et al. 2023). 

We investigated here the persistence, spillover, and evolution 
of the LCMV lineages in the zoological garden Frankfurt/Main. 
Therefore, we aimed (i) to determine the origin of CH disease 
clusters in the zoological garden, (ii) to evaluate the origins and 
time point(s) of the emergence of LCMV lineages I and II in the 
study population, and (iii) to follow the occurrence and molecular
evolution of each lineage.

Methods 
Identification of CH cases and collection of wild 
house mice
As indicated in Fig. 1, we screened and typed LCMV RN A in 2009 
(house mice, Mehl et al. 2023), 2014 (house mice and 9 deceased 
NW primates), 2021 (house mice and a deceased NW primate;
Mehl et al. 2023), 2022 (house mice and w ood mice; part in
Mehl et al. 2023), and 2023 (house mice , Fig. 1A, a deceased NW 
primate, Fig. 1B, and wood mice , Fig. 1C). Additionally, other wild 
and captive small mammal species from 2014 and 2021–2023 were 
tested for LCMV RN A (Table 1). Finally, house mice collected in 
2009, 2014, 2021–2023 were screened for LCMV-reactiv e antibodies 
(see Supplement for details). Table S1 provides all metadata and 
results of all investigations on the individual level for house mice, 
NW primates, and other wild and capti ve small mammals.

Collection of wild rodents during routine pest rodent manage-
ment at the zoological garden was continued in 2022/2023. Non-
target small-mammal species, as bycatch, were also investigated. 
The small mammals were dissected under biosafety level (BSL) 3 
conditions, and the heart, lung, liver, spleen, kidneys, and brain 
were taken. Chest cavities were washed with 1 mL phosphate-
buffere d saline (PBS) for serological investigations. Wild small 
mammals from the zoological garden were identified morpholog-
ically or through molecular identif ication by sequencing a part of
the mitochondrial cytochrome-b gene (Schlegel et al. 2012). 

In 2014, nine Emperor tamarins (Saguinus imperator)  from  the  
zoological garden succumbed to illness. Pathology revealed acute 
interstitial pneumonia, acute diffuse hepatocellular degeneration 
of the liver, localized haemorrhages in the brain grey matter, and 
inflammation of the meninges, leading to the diagnoses of CH. 
Various tissue samples of the emperor tamarins w ere investi-
gated by RT-PCR (Table 1). Additionally, for outbreak containment 
purposes, animals that were kept in the same or neighbouring 
enclosures were surveyed for signs of disease , and their LCMV 
infection status was determined b y RT-PCR as well.

In July 2023, an additional CH case was reported in a Goeldi’s 
monkey (Callimico goeldii) from the zoological garden. Based on 
symptoms and pathology results by the Hessian State Labor atory 
(Landeslabor Hessen, Giessen, Germany), selected tissue samples 
were sent to the F riedrich-Loeffler-Institut (FLI) for further inves-
tigation.

The exact capture location of each animal was recorded for 
trappings betw een November 2022 and No vember 2023.

Genomic assignment of wild house mice and a 
feeder house mouse
DNA was extracted from the heart tissue of the house mice 
using the DNeasy Blood & Tissue Kit (Qiagen, Venlo, Netherlands).
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Figure 1. Timeline of LCMV RNA detection in (A) NW primates, (B) house mouse, and (C) wood mouse populations. Pictograms indicate the host 
species. Above the timeline, the LCMV RNA positive/total number of animals investigated is shown; below the timeline, LCMV lineage I or linea ge II 
RNA positive/total number of animals investigated is shown; lineage I and II represent linea ges of LCMV based on L-segment sequences . ∗Indicates 
data published in Mehl et al. (2023). †RT-PCR results from 35 samples previously published (Mehl et al. 2023), plus 21 new samples, of which 12 were 
positi ve from this stud y. 

Mouse genotyping was performed using the Giga Mouse Uni-
versal Genotyping Array (GigaMUGA) (Neogen Europe, Ayr, Scot-
land) (Morgan et al. 2015). Genotypes were called using Illumina 
BeadStudio (Illumina Inc, Carlsbad, CA, USA) according to the 
vendor’s usual procedures. A total of 24 samples were analysed: 
11 collected in 2009 (7 male, 4 female) and 13 collected in 2023 
(7 male, 6 female). Only samples with <15% missing calls were 
r etained, resulting in the exclusion of one sample (KS23/066, 
a male collected in 2023). The resulting genotype matrix was 
merged with published genotypes for 807 wild house mice M. mus-
culus and seven wild Algerian mice M. spretus (Morgan et al. 2022). 
After filtering for sites shared between the new and previously 
published datasets and removing sites with ambiguous alleles, a 
total of 57 839 sites (51 601 autosomal, 1708 X-linked, 17 Y-linked, 
13 mitoc hondrial) remained for analysis.

Principal component analysis (PCA) was performed on auto-
somal genotypes with akt pca v.3beb346 (Arthur et al. 2017). 
Principal components (PCs) and single-nucleotide polymorphism 

(SNP) weights were first estimated from 349 putatively unrelated 
reference samples (Morgan et al. 2022), and the newly genotyped 
samples were then projected onto these PCs. Supervised ancestry 
analysis was performed using ADMIXTURE (Alexander et al. 2009), 
using 317 samples with unambiguously pure subspecies-level 
ancestry as reference populations and fixed K = 3 (that is, assum-
ing one ancestry component per subspecies). Estimated ancestry 
proportions for all 23 test samples were reviewed manually.

Phylogenetic trees were inferred for Y-chromosomal and mito-
chondrial DNA as follows. First, a distance matrix was constructed 
using the Manhattan distance between haplotype vectors. Next, 
a tree was inferred using the neighbour-joining algorithm as 
implemented in the R package ape v5.5 (Paradis et al. 2004). Trees 
were rooted using M. spretus as the outgr oup.

DNA extracted from the single feeder house mouse collected 
during 2014 was used to determine the mitoc hondrial d-loop 
sequence, following a previously described protocol (Gabriel et al. 
2024).
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Table 1. Prevalence of LCMV RNA and LCMV-reactive antibodies in wild and captiv e animals from the zoological gar den

Year Common name Species (total number of 
indi viduals)

Tissues Number (%) 
RT-PCR positive 
and 95% CI

Number (%) 
seropositive and 
95% CI 

2014 House mousea Mus musculus (N = 14) Liver, brain, lung, spleen, 
myocardial muscle, kidne y, 
heart f luid

1 (7.1%) 
0.18–33.9 

0 
0–23.2 

Emperor tamarinb Saguinus imperator (N = 9) Brain, liver 9 (100%) n.d. 
Bolivian squirrel monk eyb Saimiri boliviensis boliviensis 

( N = 1)  
Liver, brain, lung, spleen, 
myocardial muscle, kidney, 
intestine, lymph nodes

0 n.d. 

Golden-bellied capuc hinb Sapajus xanthosternos (N = 1) Liver, brain, lung, spleen, 
myocardial muscle, kidney, 
intestine, lymph nodes

0 n.d. 

Shrew Crocidura sp. (N = 1) Liver, brain, lung, spleen, 
myocardial muscle, kidne y, 
heart f luid

0 n.d. 

Gundib Ctenodactylus gundi (N = 1) Brain, organ mixture 0 n.d. 
Green acouchi Myoprocta pratti (N = 2) Blood, urine 0 n.d. 

2021 House mousec Mus musculus (N = 15) Brain, kidney 7 (46.7%) 
21.3–73.4 

1 (6.7%) 
0.17–31.9 

Golden lion tamarinb,c Leontopithecus rosalia (N = 1) Brain, liver 1 n.d. 
2022 Wood mouse Apodemus sylvaticus (N = 8) Brain, kidney 0 n.d. 

Greater white-toothed shrew Crocidura russula (N = 1) Brain, kidney 0 n.d. 
House moused Mus musculus (N = 56) Brain, kidney 34 (60.7%) 

46.8–73.5 
9 (16.1%) 
7.6–28.3 

2023 Wood mouse Apodemus sylvaticus (N = 8) Brain, kidney 1 (12.5%) n.d. 
Barbary striped grass mouseb Lemniscomys barbarus (N = 1) Brain, kidney 0 n.d. 
House mouse Mus musculus (N = 103) Brain, kidney 63 (61.2%) 

51.1–70.6 
23 (22.5%) 
14.9–31.9 

Goeldi’s monke yb Callimico goeldii (N = 1) Brain, liver 1 n.d. 

N, total number of animals in the study; n.d., no data; CI, confidence interval. LCMV-RNA-positive tissues are underlined. aIncludes one LCMV-negative feeder 
mouse. bCaptive animals. cPreviously published (Mehl et al. 2023). dRT-PCR results from 35 samples previously published (Mehl et al. 2023 ), plus 21 new s amples, 
of which 12 were positive fr om this study.

RNA extraction and R T-PCR screening 
At the Bernhard Nocht Institute for Tropical Medicine (BNITM), 
RNA was prepared from tissue specimens (liver, brain, lung, 
spleen, myocardial muscle, kidney, intestine, lymph nodes) as 
well as from full ethylenediaminetetraacetic acid (EDTA) blood, 
urine, and cardiac lavage samples from wild and captive animals 
from the 2014 outbreak. For this, tissue samples (50–300 mg) were 
first homogenized in 1 ml Dulbecco’s Modified Eagle Medium 
(DMEM) containing 10% foetal calf serum and Lysing Matrix D
in a tissue homogenizer (MPbio FastPrep-24™)  followed  by  RNA  
extraction using the RTP Pathogen Kit (Invitek Diagnostics, Berlin, 
Germany) according to the manufacturer’s instructions. RNA 
from heart fluid was extr acted using the QIAamp Viral RNA 
Kit (Qiagen, Hilden, Germany) accor ding to the manufacturer’s
instructions.

At the FLI, kidney or brain tissue from wild rodents and other 
small mammals, captive primates, and other species were homog-
enized, and nucleic acids were extracted using a NucleoMag® 

VET kit (Macherey-Nagel, Düren, Germany) on a KingFisher™ 
Flex Purification System (Thermo Fisher Scientific, Waltham, MA, 
USA). At both the FLI and BNITM, nucleic acids were screened 
for LCMV RNA using a conv entional reverse transcription (RT)-
PCR with arenavirus-specific primers targeting the L-segment
(Vieth et al. 2007). RT-PCR-positive samples were then prepared 
for Sanger sequencing using a BigDye™ Terminator v1.1 Cycle 
Sequencing Kit (Applied Biosystems, Waltham, MA, USA), pr ovid-
ing sequences of ∼340 nt in length.

Lineage-specific RT-qPCRs and molecular 
analysis of LCMV RNA tissue distribution
Based on the high-throughput sequencing (HTS) derived com-
plete sequences of three genome segments obtained for KS23/459 
brain tissue, RT-qPCR assays were developed to identify lineage 
I L-segment, lineage II L-segment, and lineage II S-segment (for
details, see Supplement, Table S2). These three assays were used 
for the screening of all house mouse samples (2009, 2021–2023). 
The establishment of a lineage I S-segment specific RT-qPCR was 
attempted, but failed (see Supplement).

For analysis of the tissue distribution and RNA load deter-
mination, RNA was extracted from equal amounts (0.05 g) of 
brain, heart, lung, liver, spleen, and kidney tissues (see above) 
from 10 house mice (2022–2023) with lineage I and seven house 
mice (2022–2023) with lineage II LCMV RNA. The RT-qPCRs (see 
Supplement) for the lineage I L-segment and lineage II S-segment 
were tested and shown to work for the detection of lineage-
specific LCMV sequences in these 17 house mice. T hese RT-qPCRs 
were  also  shown  to  be  lineage  specific. The  RT-qPCRs  were  done  in  
duplicate and an a verage cycle threshold (Ct) value with standard
deviation was calculated per tissue.

Virus isolation and limiting dilution approach 
To confirm RT-PCR results and prove the presence of infectious 
virus, at BNITM, LCMV isolation was performed from the 
homogenized tissue of the RT-PCR-positive house mouse and 
three emperor tamarins from 2014 in the BSL3 laboratory.
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First, cell debris was pelleted by centrifugation and the cleared 
homogenate was added to Vero E6 cells, subclone FM (V ero FM)
(Pfefferle et al. 2009). The detection of LCMV antigen follows a 
standard immunofluorescence assay (IFA) protocol using an NP-
specific antibody (for details , see Supplement).

Virus isolation, passaging, and limiting dilution approach at 
the FLI followed the workflow shown in Fig. S1. For this purpose, 
Vero76 cells (Collection of Cell Lines in Veterinary Virology— 
Riems, CCLV-RIE 0228, FLI Cell Bank) were used. The LCMV antigen 
detection was also based o n IFA but using another anti-NP anti-
bod y (for details, see Supplement).

High-throughput sequencing 
Based on sequences obtained above, tissue-derived RNA of 12 
house mice, one wood mouse, all 11 NW primates, and six (orig-
inal isolate, plus five isolates from limiting dilution) cell cul-
ture supernatants of inoculated Vero76 cells with LCMV antigen 
detection were selected for HTS. Library preparation and HTS of 
five emperor tamarins and one house mouse from 2014 were
performed as previously published (Eibach et al. 2019; Camprubí– 
Ferre r et al. 2024). For the rest of the samples, RNA was reverse-
transcribed into complementary DNA (cDNA) using SuperScript 
IV First-Strand cDNA Synthesis System (Thermo Fisher) and NEB-
Next Ultra II Non-Directional RNA Second Strand Synthesis Mod-
ule (New England Biolabs, Frankfurt am Main, Germany). The 
sonication-fragmented and purified double-stranded DNA was 
used for library preparation with an NEBNext Fast DNA Library 
Prep Set for Ion Torrent (New England Biolabs). The size-selected, 
purified, and quantified sequencing libraries were pooled and 
sequenced with an Ion Torrent S5 XL on an Ion 530 Chip with an 
Ion 510 & Ion 520 & Ion 530 Kit-Chef (all Thermo Fisher Scientific)
and HTS was performed as previously described (Pfaff et al. 2022; 
Köster et al. 2024). This included four emperor tamarins from 
2014; two house mice and a golden lion tamarin from 2021 (Mehl 
et al. 2023); five house mice, one wood mouse, and a Goeldi’s 
monkey from 2023; and six virus isolates derived from house 
mouse KS23/459 tissue (Tables S3–S5). The initial detection of 
potential pathogen sequences contained in the datasets w as done 
using the RIEMS taxonomic identification tool (Scheuch et al. 
2015). Entire LCMV L- and S-segments were de novo assembled 
using SPAdes (version 3.13.0) (Nurk et al. 2013; Prjibelski et al. 
2020) and analysed with Geneious Prime 2024.0 (https://www. 
geneious.com). Obtained segment sequences were verified with 
mapping analyses using the Genome Sequencer Software Suite 
(v.2.6, Roche), applying an identity thr eshold of 100% and mini-
mum overlap length of reads of 80%.

Bioinformatics sequence anal ysis 
The ClustalW algorithm in BioEdit was used to align sequences 
with previously published sequences (Hall 1999). JModelTest2 
(Guindon and Gascuel 2003; Darriba et al. 2012) was used to deter-
mine the best-fit substitution model. For all three open reading 
frames (ORFs LP, NP, GPC) and partial L protein coding sequences, 
this was the generalized time-reversible model (GTR) with gamma 
distribution and some sites invariable. MrBayes v.3.2.7 (Ronquist 
et al. 2012) was then used to reconstruct phylogenetic trees for 
the complete coding n ucleotide sequences of LP, NP, and GPC. This 
included 20 million iterations sampled every 2000 with the first 
25% discarded as burn-in. P osterior probabilities were expressed
as numbers between 0 and 1.

To determine the time to most recent common ancestor 
(TMRCA) of the LCMV lineage I and II strains from the zoological 
garden, full S- and L-segment sequences were analysed for their 

respecti ve points of divergence. We used TempEst (v1.5.1) to 
determine whether the sequences showed a temporal signal
(Rambaut et al. 2016). Thereafter, analyses were performed 
using the software packages BEAST 2.5, BEA Uti, Tracer 1.7, and 
DensiTree (Bouckaert et al. 2019; Rambaut et al. 2018). The GTR 
substitution model was used with gamma distribution and some 
sites invariable. Markov chain Monte Carlo (MCMC) analysis was 
performed with 100 million iterations per run sampled every 
1000—until convergence was met (500 million iterations in total), 
relaxed log-normal molecular clock, constant population size, and 
the first 25% discarded as burn-in. These settings were pre viously
used in a similar study (Albariño et al. 2010). Alternate molecular 
clock calculations can be seen in Table S6. Convergence was 
determined by an effective sample size (ESS) > 300 and the trace 
graph shape.

Median-joining networks of full S- and L-segment sequences 
were reconstructed to represent inferred mutational relationships 
among LCMV lineage II detections in the zoological garden using 
Popart version 1.7 (Leigh and Bryant 2015) with an epsilon value o f 
zero (Bandelt et al. 1999). Given the uncertainty around very large 
numbers of inferred mutational ste ps among single sequences 
in different clusters (see Results), we computed the average of 
pairwise sequence differences between clusters obtained fr om
Bioedit (Hall 1999). We further computed the average genetic 
distance Dxy betw een sequence clusters with DnaSP6 version
6.12.03 (Rozas et al. 2017). The small number and little temporal 
spread of lineage I sequences prohibited similar a nalyses.

Detection of LCMV-reactiv e antibodies 
Chest cavity transudate samples were taken from house mice in 
2009 and 2021–2023 and were screened for LCMV-reactive anti-
bodies. The assay is based on a glutathione-S-transferase (GST) 
capture imm unosorbent assay in combination with a fluorescent 
bead technology (Luminex Corp ., Austin, TX, USA; for details, see
Supplement).

Statistical anal ysis 
Statistical analysis of tissue distribution and viral RNA load data 
was performed in R software 4.4.2 (R Core Team, 2024). Shapiro– 
Wilk test and Levene’s test were used to determine normality and 
homogeneity of variance. Because data were not normally dis-
tributed, a nonparametric a nalysis of variance (ANOVA) (Kruskal– 
Wallis test) and Dunn’s test were used (Dinno, 2024). P-values < 
.05 were considered significant. Ninety-five percent confidence 
intervals were calculated in R version 4.4.2 (R core team, 2024). 

Results 
Timeline and patterns of LCMV detections in 
house mice, NW primates, and other small
mammals
The chronology of the disease occurrence in NW primates, the 
occurrence of viral lineages in wild house m ice, and spillover 
infections in wood mice are shown in Fig. 1.  LCMV  RNA  was  
detected in NW primates deceased due to CH in 2014, 2021 (Mehl 
et al. 2023), and 2023 (Fig. 1A). The total RNA prevalence in house 
mice increased from 7.1% (CI 0.18–33.9) in 2014, to 46.7% (CI 
21.3–73.4) in 2021 (Mehl et al. 2023), to 60.7% (CI 46.8–73.5) in 
2022 (partially in Mehl et al. 2023) and 61.2% (CI 51.1–70.6) in 
2023 (Fig. 1B; Fig. S2A). In 2022, no spillover infection to wood 
mice was detected, but one of eight wood mice was LCMV RNA 
positive in 2023 (Fig. 1C). LCMV RNA was not detected in any 
of the other captive or wild small mammals (Table 1). We were
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unable to detect LCMV-reactive antibodies in house mice from 
2009 (Table S1) or 2014 but detected LCMV-reactive antibodies in 
6.7% (CI 0.17–31.9), 16.1% (CI 7.6–28.3), and 22.5% (CI 14.9–31.9) of 
house mice collected in 2021, 2022, and 2023, respectively (Table 1, 
Fig. S2B). This tendency of an increased seroprevalence between 
2021 and 2023 was seen in the total prevalence (animals being 
LCMV RNA positive or negative) and in the LCMV RNA-negative
animals (Fig. S2B). 

LCMV typing, based on short L-segment sequences and/or HTS, 
indicated exclusively lineage II in spillo ver-infected and deceased 
NW primates in 2014, 2021 (Mehl et al. 2023), and 2023 and a w ood 
mouse (Fig. 1A and C). In house mice, the LCMV RNA prevalence 
of lineage II showed a tendency to decrease from 2021 (40%; Mehl 
et al. 2023), 2022 (25%; partially in Mehl et al. 2023) to 2023 (18.4%; 
Fig. 1b and Fig. S2A). An increasing tendency was observed for 
LCMV RNA prevalence of linea ge I in house mice with 6.7% in 2021
(Mehl et al. 2023), 32.1% in 2022 (partially in Mehl et al. 2023), to 
37.9% in 2023 (Fig. 1, Fig. S2A). 

Of the samples where the exact capture locations are known, 
the buildings housing the NW primates, nocturnal animals, great 
a pes, and birds accounted for most of the house mice caught
(Fig. S3). LCMV RNA–positive mice (both lineage I and lineage II) 
were captured in three buildings (Fig. S3). 

A comparison of the tissue distribution of LCMV RNA in house 
mice did not show signif icant differences between the lineages I 
and II (Fig. S4). The brain tissue tended to have the highest rela-
tive LCMV RNA load, irrespective of the LCMV lineage detected. 
However, this tendency was more pronounced in house m ice with
lineage I.

LCMV lineage II sequences represent three 
distinct clusters
Haplotype networks were created from the full L- and S-segment 
sequences of lineage II from the zoological garden (Fig. 2). In 
both genome segments, sequences from 2014 formed a tight 
cluster while sequences from 2021 to 2023 formed two distinct 
clusters, each comprising sequences from mice and a monkey. 
Sequence types were only shared by samples from emperor 
tamarins, and other sequences from S. imperator differed by only 
a few substitutions. All these sequences were obtained from 
individuals that were housed together in 2014. The sequence 
from the single LCMV-positive house mouse from that year
showed about twice the number of substitutions (Fig. 2). The 
two clusters with sequences from 2023 differed slightly more 
from each other (genetic distance L-segment: Dxy = 0.032; S-
segment: Dxy = 0.028) than from the cluster of sequences from 
2014 (maximum Dxy = 0.027). Interestingly, the cluster containing 
the sequence fr om the golden lion tamarin and two house mice 
from 2023 showed about twice as man y substitutions between
sequences compared to the two other clusters (Fig. 2). 

TMRCA suggests recent LCMV incursion(s) in the 
zoological garden
LCMV seroprevalence was determined for house mice from 2009, 
considered as a historical baseline to narrow down the time of 
LCMV incursion. All 78 mice were negative for LCMV-reactive 
antibodies. The absence of LCMV-reactive antibodies in the house 
mouse population and LCMV RNA in 2009 and the detection of 
LCMV in 2014 provide a temporal window in which the virus likely 
entered the zoological garden. To further narrow this window, 
we used full L- and S-segment sequences from 14 individuals to 
estimate the time since sequence divergence of lineage II. These
sequences showed sufficient temporal signal for molecular clock

analyses (Fig. S5). For the L- and S-segments, x-intercepts of 2013.1 
and 2012.9 were calculated, respectively (Fig. S5). Additionally, 
convergence (ESS > 300) was obtained for lineage II sequences 
from the zoological garden and the TMRCA was estimated at 
(mean and standard deviation) 10.4 ± 1.3 years and 12 ± 2.2 years 
before 2023 for the L-segment and S-segment, respectively (Fig. S6, 
alternative clock model results are shown in Table S6). Together, 
this suggests that LCMV lineage II entered the zoological garden 
around 2013, shortly before the first CH outbreak. The number 
of full sequences (L-segment N = 8, S-segment N = 4),  and  l  ow  
sequence variability, for lineage I were insufficient to estimate 
when this virus entered the zoological garden.

The house mouse population in the zoological 
garden belongs to the Mmd subspecies
We used genomic and mitochondrial DNA from wild house mice 
sampled in 2009 and 2023 and the feeder mouse from 2014 to 
determine whether differences existed between these mice. This 
would tell us if these mice belonged to the naturally occurring 
subspecies Mmd or if indications exist for the replacement or 
interbreeding with Mmm that might have led to the introduc-
tion of LCMV lineage II. All tested mice had essentially pure 
Mmd ancestry for autosomal, Y-chromosome, and mitochondrial 
DNA SNPs and did not show any evidence that would suggest a 
replacement or h ybridization. In PCA on autosomal genotypes,
all individuals projected in the same cluster as Mmd specimens
(Fig. 3) trapped in southern Belgium and southwestern Germany. 
They also carried Mmd mitochondrial DNA (Fig. S7A)  and,  for  
males, an Mmd Y-chromosome (Fig. S7B). In supervised ADMIX-
TURE (Alexander et al. 2009) analysis using reference populations 
shown in Fig. 3, the proportion of non-domesticus ancestry is sta-
tistically indistinguishable from zero in all individuals tested (not 
shown). Mitochondrial d-loop sequence from the feeder mouse 
(2014) clustered with Mmd, and with the other house mice fr om
the zoological garden (Fig. S8). 

Co-occurrence of lineages I and II in house mice 
resulted in co-infections and emergence of a
reassortant virus
Phylogenetic analysis of partial L-segment sequences confirmed 
the presence of two LCMV linea ges in some house mouse samples 
from 2021 to 2023 (Fig. S9). Following the workflow given in Fig. 4, 
the co-detection of three or four genome segments within the 
same brain sample of house mice emerged in 2022/2023. Seven 
house mice had multiple copies of the L and/or S-segments 
from lineages I and II (Table S 3, Fig. 5). In the brain sample of 
house mouse KS23/445, we detected two S- and two L-segments , 
indicative of a co-infection of both LCMV lineages (Fig. 5, Tables S3 
and S4). Furthermore, in six animals (KS23/448, KS23/449, 
KS23/459, KS23/460, KS23/475, and KS23/482) we detected two 
L-segments (lineage I and II) and o ne S-segment (lineage II)
(Tables S3 and S4, Fig. 5). This suggests the presence of either 
a trisegmented virus or the co-infection of a lineage II virus and 
a reassortant of lineage I L-segment and lineage II S-segment. To 
differentiate between these o ptions, virus isolation combined 
with limiting dilution was performed to separate individual 
viruses o riginating from KS23/459 brain tissue (see Supplement
for details; Figs S1 and S10; Table S5). This resulted in 37 isolates 
containing lineage II L- and S-segments and one that contained 
all three genome segments present in the original tissue sample. 
Three isolates contained only lineage I L-segment and lineage II 
S-segment. Repeating the limiting dilution with the same starting 
material resulted in 1 isolate containing all three segments, three
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Figure 2. Median-joining haplotype networks based on the L- and S-segments of LCMV lineage II from wild house mice and New World primates from 
the zoological garden. Circle sizes are proportional to the number of individuals with the same sequence type. Sample identifiers are as in Fig. 5. 
Inferred sequences are represented with black circles. Substitutions > 5 are represented as numbers in brackets. Solid lines represent the proportional 
substitution distances between sequences. Dashed lines represent the inferred substitution distances between clusters (not drawn to scale). Numbers 
with a tilde represent the mean substitutions between clusters. Dxy represents the average genetic distance between sequence clusters. Samples from 
2014 are shown in blue , samples in red were sampled in 2021–2023. Lros = Leontopithecus rosalia; Simp = Saguinus imperator;  Cgoe = Callimico goeldii; 
Mm = Mus musculus;  Mmd = M. musculus domesticus; DEU = Germany. A and B designate multiple sequences detected in the same sample.
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Figure 3. Ancestry of infected and noninfected wild house mice from the zoological garden determined by principal component analysis (PCA) on 
autosomal genotypes for 23 mice of interest (open points) plus 349 reference individuals (closed points) collected from across the geogr aphic ranges  of  
Mus musculus domesticus, M.m. musculus, M.m. castaneus, and the outgroup species M. spretus. Points are coloured by subspecies of orig in.

containing lineage I L-segment and lineage II S-segment, and 66 
containing lineage II L- and S-segments. A final sequencing of all 
these five KS23/459-derived isolates and its comparison to the 
original tissue resulted in the identification of a few synonymous 
nucleotide exchanges and a single nonsynonymous nucleotide 
exchange (His1641Tyr) in the LP coding region of the reassortant 
isolates (Fig. S11). Interestingly, the majority of synonymous 
exchanges occurred in the three reassortant isolates, i n the
regions coding for the N-termini of LP, NP, and GPC.

Discussion 
Continuing LCMV presence in the house mouse 
popula tion
The investigations suggest a continuous presence of LCMV RNA 
in the wild house mouse population in the zoological garden 
during 2014–2023. Although only lineage II RNA was detected in 
a single pest house mouse in 2014, both lineages I and II were 
detected in 2021–2023. The tendency of an increased LCMV RNA 
prevalence in the house mouse population during 2021–2023 was 
associated with the increasing RNA prevalence of LCMV lineage 
I, while the RNA prevalence for lineage II was decreasing at the 
same time. Lineage I RNA was detected in two of six pregnant 
mice, and at least one lineage I segment was detected in five of six 
lactating females, whereas no LCMV lineage II RNA was detected 
in pregnant animals, and in lactating animals, three of six had at 
least one lineage II segment of LCMV. The LCMV seroprevalence 
increased in the same timeframe; however, the number of house 

mice that were both RNA and antibody positive wa s quite low.
Because chest cavity fluid was used, this further dilutes the whole
blood and may result in an increased chance of false negatives.

The increasing RNA prevalence in the house mouse population 
is likely attributable to the transmission routes of LCMV and 
the subsequent impact of an LCMV infection on population 
immunity, as reflected here in the exclusively or more frequent 
detection of LCMV RNA lineage I in pregnant and lactating 
females. The vertical transmission of LCMV during pregnancy 
results in either the death of the mouse embryo or immune 
tolerance (no immune response) a nd persistent asymptomatic
infection with continued virus shedding throughout the animal’s
life (Traub 1960; Bonthius and Perlman 2007). Therefore, all 
surviving embryos from an infected pregnant mouse will be 
immune tolerant and persistently infected and continuously 
shed the virus (Traub 1960; Bonthius and Perlman 2007). 
However, the observed tendency for seroprevalence to increase 
in RNA-negative house mice suggests an increase in horizontal 
transmission and subsequent seroconversion and immunity. 
On the other hand, the detection of LCMV RNA in lactating 
females indicates a likely vertical transmission and therefore 
may increase the prevalence in the overall population. The 
detection of multiple genome segments in lactating females may 
provide further insight into the passaging and persistence of viral 
reassortants during vertical transmission. It is currently not yet 
known whether a single strain, multiple strains, or reassortants 
are vertically transmitted from a coinfected mother to the
offspring or how this vertical passaging is driven by evolutionary
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Figure 4. Workflow and results for the LCMV RT-PCR screening of house mice from the zoological garden. (1) RNA extracted from all house mouse 
kidney and brain samples was screened by conventional L-segment-specific RT-PCR assays (Vieth et al., 2007). (2) All positive samples were subjected 
to Sanger sequencing. ∗The conventional RT-PCR used degenerate primers. Therefore, each sample was sequenced five times (for details, see 
Supplement). ∗∗Sample screened at BNITM was not subjected to further RT-qPCRs. (3) All L-segment positive samples were subjected to lineage I and II 
L-segment RT-qPCRs (developed here). Differences in total RNA-positive animals, and the combined number of lineage I and lineage II L-segment 
RT-qPCR positives is due to the presence of two L-segments in some samples. (4) To determine whether two S-segments were present in these samples, 
all positive samples were subjected to a lineage II S-segment RT-qPCR (developed here); we failed to establish a lineage I S-segment-specif ic assay (see 
details in Supplement). N = total number of samples; n = number of samples tested positi ve.

constraints and/or bottleneck events. These important scientific 
questions need to be answered by experimental studies using 
lineage I, lineage II, or r eassortant virus isolates.

Spillover infections in NW prima tes and other 
mammals
The detection of LCMV lineage II RNA in nine emperor tamarins 
from 2014 and a Goeldi’s monkey from 2023 was consistent with 
the detection of lineage II in the CH case reported previously (Mehl 
et al. 2023). Despite other mammal species being kept in the same 
building as the NW primates, none of these other species exhib-
ited symptoms of infection. Signs of disease caused by LCMV have 

only been observed in humans, NW primates, rhesus macaques
(Macaca mulatta) (Lukashevich et al. 2003; Lukashevich et al. 2002; 
Zapata et al. 2011), mice, rats, and guinea pigs (Rigby 1976). There-
fore, the absence of disease in these other animal species suggests 
they are either not susceptible to the virus or do not become ill 
after infection. Despite both lineage I and II being detected in 
wild house mice from these buildings, only lineage II was found in 
spillover infections in NW primates and a wood mouse. This may 
suggest a difference in spillover potential between these lineages 
or an increased susceptibility of nonhost species to lineage II, 
but this speculation needs further evidence from continued field
studies in the zoo, accompanied by experimental studies using
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Figure 5. Phylogenetic reconstruction of the (A) L protein, (B) nucleoprotein, and (C) glycoprotein precursor complete coding regions of lymphocytic 
choriomeningitis virus based on nucleotide sequence alignments. Posterior probabilities > 0.6 are shown. Sample names represent: GenBank 
accession number, strain name, host species, country of origin (if known), year, and multiple sequences per sample were designated A and B; 
sequences of the same colour indicate co-detected sequences in a single sample. The lineage I sequences from zoo Dortmund (Asper et al., 2001)  are  
shown in red and bold. Lunk virus was used as an outgroup. Scale bar indicates nucleotide substitutions per site. Squares denote sequences from 
isolates. Pictograms indicate the host. AUT = Austria, AUS = Australia; BGR = Bulgaria; CHN = China; CZE = Czech Republic; DEU = Germany; ESP = Spain; 
FRA = France; GAB = Gabon; GUF = French Guiana; JPN = Japan; SVK = Slovakia; USA = United States of America; YUG = former Yugoslavia; 
Lros = Leontopithecus rosalia; Simp = Saguinus imperator;  Cpyg = Cebuella pygmaea;  Cgoe = Callimico goeldii;  Asyl = Apodemus sylvaticus;  Mm = Mus musculus; 
Mmd = M. musculus domesticus;  Mmm = M. musculus musculus; Mmin = Mus minutoides .

lineage I and II isolates, and wood mouse and primate cell lines. 
This finding is limited to house mice collected during 2023; the 
exact capture location of mice within the zoological garden from 
2009 to 2022 was not recorded at the time. A greater number of 
significant differences were observed in the tissue distribution of 
LCMV RNA observed in house m ice infected with lineage I than 
in house mice infected with lineage II, which might be explained 
by phenotypic differences between these lineages but might also

be caused by differences in the time following infection, and the
route of infection.

Phylogeography versus incursion of LCMV 
The absence of LCMV-reactive antibodies in house mice from 
2009 further supports the previously r eported absence of LCMV 
RNA in these animals (Mehl et al. 2023). The detection of
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Figure 5. Contin ued. 

lineage II LCMV in 2014 defined the window of its incursion to 
2009–2014. Although the phylogenetic trees show that LCMV 
lineage II sequences from 2014 were closest to those from 2021 
to 2023, this is relative to all published genome sequences. When 
examined in isolation in the haplotype networks, the separate 
sequence clusters are clearly evident. Our estimation of the 
TMRCA of the zoological garden lineage II strains was shortly 
before the first CH outbreak in 2014. However, these estimates are 
limited by the number of timepoints available and time intervals 
between detection of LCMV in the zoological garden (2014, 2021, 
2023). This assumes a single origin to these lineage II sequences in 

2014. However, we cannot exclude the additional incursion of two 
or more closely related strains, after 2014. Although the number 
of full sequences and sequence variability for lineage I were 
insufficient to estimate when this virus entered the zoological 
garden, we assume this lineage is endemic to the surrounding
region of the zoological garden. This is based on the previously
proposed host phylogeography (Fornůsková et al. 2021)  and  the  
detection of lineage I in a nearby zoological garden in Dortmund
(Asper et al. 2001,  s  ee  Fig. 5). 

The tendency for RNA prevalence of lineage I to increase, and of 
lineage II RNA prevalence to decrease, may lend further support
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Figure 5. Contin ued. 

for the previously proposed phylogeographical pattern. If lineage 
II was indeed introduced, through human intervention, to the 
zoological garden from an unknown source, this may explain 
these changes in lineage prevalence over time. Of note, the (LCMV-
negative) feeder mouse from 2014 was determined to be Mmd, 
not giving a clue on the origin of LCMV lineage II. In addition, 
the zoological garden screens all incoming primates for LCMV 
and quarantines all incoming animals for 4 weeks, making it 
unlikely for the virus to have entered the zoological garden in 
Frankfurt/Main via such animals. Though Mmd is susceptible to 

both LCMV lineages , lineage I may have a fitness advantage in a
competition situation in these hosts.

Co-occurrence and reassortment of LCMV 
linea ges I and II
Here, we provide the first evidence of wild house mice (7 of 
105) coinfected with two strains of LCMV from different lineages, 
indicated by the detection of three or four genome segments. 
However, due to limitations in creating a lineage I S-segment RT-
qPCR assay, we cannot exclude the co-occurrence of lineage I and
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lineage II S-segments and the presence of reassortants with the 
lineage I S-segment. Although ar enavirus co-infections are known 
from snakes (Hepojoki et al. 2015), with single captive snakes 
being found with up to four arena virus S-segments and eleve n
L-segments (Stenglein et al. 2015), this was only recently shown 
in mammals, with a wild single-striped grass mouse (Lemniscomys 
rosalia) fro m Tanzania found to be coinfected with str ains of
Mafiga virus (Cuypers et al. 2022). 

More importantly, we detected six house mice with three LCMV 
genomic segments (lineage II L and S, lineage I L) and were able 
to show for one of these a co-infection of a lineage II strain and 
a genomic reassortant of lineage I L-segment and linea ge II S-
segment. Genomic reassortants have also been produced in Vero 
cell culture with Lassa virus (LASV) a nd Mopeia virus (MOPV), two
Old World arenaviruses (Lukashevich 1992). A reassortant of LASV 
L-segment and MOPV S-segment showed phenotypic pr operties 
from both viruses (Lukashevich 1992). Similarly, reassortants of 
LCMV laboratory strains from lineage I (WE, Armstrong, and 
Traub) have also exhibited altered functionality compared to 
parental strains (Kirk et al. 1980; Riviere and Oldstone 1986). 

Full genome sequences from the original tissue material were 
compared to those from reassortants isolated by a limiting dilu-
tion approach. Although several synonymous mutations were 
observed in the GPC, NP, and LP coding sequences after passaging, 
only a single nonsynonymous nucleotide exchange was seen in 
the lineage I LP encoding sequence. Whether the resulting amino 
acid exchange confers any phenotypic consequences is not yet 
known. Previous studies have also shown that passaging of LCMV 
ma y result in mutations in the GPC, NP, and LP coding regions
(Grande-Pérez et al. 2002; Ruiz-Jarabo et al. 2003). 

The temporal association of tendencies of increasing RNA 
prevalence of lineage I and decreasing RNA prevalence of lineage 
II, and the emergence of a lineage II S-segment/lineage I L-
segment reassortant virus may suggest phenotypic differences 
between lineage I and lineage II viruses. Given that the L-
segment encodes the viral RNA polymerase, lineage-specific 
molecular differences may critically affect replication efficiency, 
host interaction, and host specificity. In contrast, the S-segment 
is essential for nucleocapsid formation and immune evasion. A 
lineage I L-segment/lineage II S-segment reassortant is therefore 
likely to exhibit an altered replication phenotype. However, 
further data are needed to evaluate whether the epidemiological 
observations r eflect virus intrinsic phenotype differences or are
driven by ecological and host-related factors or both.

Conclusion 
As recently as 2023, human LCMV infections have been reported 
in Hungary (Koroknai et al. 2024), and LCMV-reactive antibodies 
have been detected in human populations around the w orld
(Olivieri et al. 2023), suggesting the virus still poses a threat to 
human health. Understanding the epidemiology and evolution 
of LCMV is essential to predicting potential spillover events to 
other species, including humans. The apparent increase of the 
naturally occurring LCMV lineage I versus the decrease of the 
like ly introduced lineage II over a few years suggests a fitness 
advantage in the specific host and may affect spillover potential
(see, e.g. Saxenhofer et al. 2019, 2022). Moreover, the first detection 
of multiple natural co-infections and occurrence of a reassortant 
lineage I/II virus, and potential phenotypic differences between 
these lineages, suggest a role of these processes in arenavirus evo-
lution and host adaptation in particular. In the futur e, additional 
HTS and virus isolation attempts are necessary to determine the 

existence of other p otential reassortants and their abundance
within the reservoir population.
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