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ABSTRACT
The role of farmed animals in the viral spillover from wild animals to humans is of growing importance. Between July and 
September of 2023 infectious disease outbreaks were reported on six Arctic fox (Vulpes lagopus) farms in Shandong and 
Liaoning provinces, China, which lasted for 2–3 months and resulted in tens to hundreds of fatalities per farm. Severe 
Fever with Thrombocytopenia Syndrome Virus (SFTSV) was identified in tissue/organ and swab samples from all the 
13 foxes collected from these farms. These animals exhibited loss of appetite and weight loss, finally resulting in 
death. In autopsy and histopathology, prominently enlarged spleens and extensive multi-organ hemorrhage were 
observed, respectively, indicating severe systemic effects. Viral loads were detected in various tissues/organs, 
including brains from 9 of the 10 foxes. SFTSV was also detected in serum, anal swabs, as well as in environmental 
samples, including residual food in troughs used by dying foxes in follow-up studies at two farms. The 13 newly 
sequenced SFTSV genomes shared >99.43% nucleotide identity with human strains from China. Phylogenetic 
analyses showed that the 13 sequences belonged to three genotypes, and that two sequences from Liaoning were 
genomic reassortants, indicative of multiple sources and introduction events. This study provides the first evidence of 
SFTSV infection, multi-tissue tropism, and pathogenicity in farmed foxes, representing an expanded virus host range. 
However, the widespread circulation of different genotypes of SFTSV in farmed animals from different provinces and 
the diverse transmission routes, highlight its increasing and noticeable public health risk in China.
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Severe fever with thrombocytopenia syndrome (SFTS) 
is an emerging fatal viral illness that affects both 
people and animals. The clinical signs and symptoms 
of SFTS include fever, respiratory, gastrointestinal, 
hemorrhagic, neurological presentations, and even 
death [1]. Since 2009, sporadic outbreaks of SFTS 
have been reported in China, South Korea, Japan, 
Vietnam, and Thailand [2–6]. The latest data revealed 
that the reported incidence of SFTS in China rose 
during the period 2010 to 2021, resulting in over 
1.87 cases per million in 2021 and with a case fatality 

rate ranging from 5.07% to 6.17% [7]. It has been esti
mated that ∼0.25 billion people reside in high-risk 
areas in China where the model-predicted probability 
of SFTS virus (SFTSV) presence exceeds 50% [8]. 
However, as SFTS is not a notifiable disease in 
China and elsewhere, the real disease burden of 
SFTS remains obscure and has been likely 
underestimated.

The causative agent, SFTSV, belongs to the species 
Bandavirus dabieense (formerly known as Dabie ban
davirus), genus Bandavirus, and family Phenuiviridae 
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[9]. It possesses a segmented genome of three nega
tive-sense, single-stranded RNAs that vary in length 
from 1746 to 6368 nucleotides [10,11]. SFTSV has 
been reported to have an extremely broad host 
range, and has been identified in domestic animals 
and wild animals [12], including bovines, goats, 
dogs, deer, hedgehogs, cats, cheetahs [13], rodents, 
weasels [14], raccoons [15], and mink [16]. SFTSV is 
primarily transmitted to humans and animals through 
tick bites, but can also be spread by contact with con
taminated blood or body fluids [17,18]. Limited 
human-to-human [19], animal-to-human [20,21], 
and animal-to-animal [22] transmissions during 
SFTSV outbreaks have also been reported. The conti
nually expanding host range and diverse transmission 
routes of SFTSV make it a clear threat to public and 
animal health.

Foxes can harbour and spread a number of viral 
pathogens (such as rabies virus, canine distemper 
virus, parvoviruses, adenoviruses, circoviruses, and 
flaviviruses) [23], and also have contact with vector 
species such as mosquitoes and ticks. As the largest pro
ducer of fur-bearing animals worldwide, China 
accounts for more than half of the global production 
of fur. Currently, there are approximately 3.44 million 
farmed foxes in China [24], predominantly kept in 
cage systems and commonly feeding on raw foods 
such as fish meat and poultry by-products. Of note, 
the close contact between farmed foxes and farmers 
could facilitate the viral spillover from foxes to humans.

From 1 July to 30 September 2023, suspected infec
tious disease outbreaks were reported on six Arctic fox 
(Vulpes lagopus) farms in Shandong and Liaoning pro
vinces, China. As of 26 September 2023, the outbreaks 
had resulted in the deaths of tens to hundreds of Arctic 
foxes on each farm. In this study, we describe the 
pathological examination, etiological investigation, 
and phylogenetic characterization of SFTSV sampled 
from 13 dead foxes from these six farms.

Materials and methods

Sample collection

From July 2023, suspected infectious disease outbreaks 
were reported on six Arctic fox farms in Shandong 
province (farms 1 and 3 from Yantai, farms 2 and 5 
from Weihai, and farm 4 from Weifang) and Liaoning 
province (farm 6 from Dalian), China. The diseased 
foxes exhibited symptoms such as decreased appetite, 
green or black feces, lethargy, runny nose, weight loss, 
and death within two to three days after the onset of 
symptoms.

To determine the causative agent, 13 dead foxes 
(denoted SD01–SD11, DL01-DL02) were collected 
from these farms from 26 September to 13 November 
2023. Tissue/organ samples including heart, liver, 

spleen, lungs, trachea, kidneys, brain, turbinates, intes
tines, bladder, and pancreas were collected for patho
logical examination and molecular diagnostics. 
Among these, SD01, SD02, and SD03 from farm 1 
showed symptoms on September 24 and died on Sep
tember 26, while SD04, SD05, and SD06 from farm 2 
showed symptoms on September 25 and died on Sep
tember 26. We then conducted follow-up sampling on 
farms 1 and 2 on October 7 and 8, respectively, with 34 
serum, swab, and fecal samples taken from dying foxes 
on the farms, as well as 16 environmental samples, col
lected for pathogen-targeted diagnosis.

Sample pretreatment and RNA extraction

The tissue/organ, swab, fecal and environmental 
samples collected were pre-treated, including hom
ogenization with grinding beads in sterile PBS (10% 
weight/volume), followed by centrifugation at 2500 
rpm for 10 min at 4°C. Total RNA was extracted 
from the supernatants of tissue/organ, swab, fecal 
and environmental samples, as well as the serum 
samples, using RNAiso Plus reagent (TAKARA Bio
tech Corporation, China) according to the manufac
turer’s instructions.

Metatranscriptomic sequencing and virus 
discovery

RNA samples extracted from the major tissues/organs 
of the 13 dead foxes were merged into 13 libraries, 
each containing heart, liver, spleen, lung, trachea, kid
ney, and brain tissues from one fox. The libraries were 
sequenced using a metatranscriptomic sequencing 
protocol [25]. RNA quality was assessed using the 
RNA 6000 Nano Kit and the Bioanalyzer 2100 system 
(Agilent Technologies, USA). Paired-end (150 bp) 
total RNA sequencing was performed on the Illumina 
NovaSeq 6000 platform (Beijing Novogene Co., Ltd). 
Approximately 10 Gb of raw sequencing data was 
obtained for each library.

Raw sequencing reads from each library were 
adaptor-trimmed and quality-controlled using the 
Fastp program as described previously [26]. The 
remaining reads were subjected to de novo genome 
assembly using the Trinity program [27]. The 
assembled contigs were annotated against the nucleo
tide (nt) database and non-redundant (nr) protein 
databases (downloaded on 2 February 2022) using 
Blastn and Diamond Blastx searches [28], respectively.

As the assembled contigs revealed the presence of 
SFTSV in all the 13 libraries, the reads were mapped 
directly to the SFTSV reference genomes using Bowtie2 
[29], and consensus genomes were obtained using Gen
eious (version 11.1.5) (https://www.geneious.com). The 
coverage and depth of the assembled genomes were cal
culated with SAMtools v1.10 [30] based on the SAM 
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files from Bowtie2. The cytochrome oxidase I (COI) 
gene was assembled from the 13 sequencing libraries 
and used to identify the fox species. To further 
confirm the viral sequences, overlapping primers were 
designed based on the assembled sequences of SFTSV 
and used for Sanger sequencing to amplify viral gen
ome sequences (Supplementary Table 1).

Targeted testing

To determine the viral titre of SFTSV in individual tis
sues/organs pooled into the positive libraries, real- 
time reverse transcription-polymerase chain reaction 
(RT–PCR) was performed using the Taqman One- 
Step RT–PCR Master Mix reagents (ThermoFisher), 
with specific primers (5′-GGGTCCCTGAAG
GAGTTGTAAA-3′ and 5′-TGCCTTCACCAAGAC
TATCAATGT-3′) and probe (5′-FAM- 
TTCTGTCTTGCTGGCTCCGCGC-BHQ3′) [31].

Histopathological observations

Fragments of the virus positive tissues/organs (includ
ing heart, liver, spleen, lungs, trachea, kidneys, and 
brain) of the dead foxes, were fixed in 10% neutral- 
buffered formalin. The fixed samples were embedded 
in paraffin-wax, sectioned at 4μm-thick, and stained 
with hematoxylin and eosin (H&E) to observe macro
scopic lesions.

Phylogenetic analyses

To reveal the evolutionary relationships of the SFTSV 
associated with the fox farm outbreaks to those viruses 
sampled previously, complete consensus sequences 
comprising the viral L, M, and S gene segments were 
subjected to phylogenetic analysis. Reference genomes 
of representative SFTSV strains available from NCBI/ 
GenBank were retrieved using Blastn on 26 April 
2024, and compiled into a data set with the SFTSV 
sequences generated in the present study. Multiple 
sequence alignment was performed using MAFFT 
v7.490. Phylogenetic analysis of the aligned L, M, 
and S data sets was conducted using RaxML v8.1.6 
[32], employing the GTRGAMMA nucleotide substi
tution model with 1000 bootstrap replicates. Phyloge
netic trees were visualized using FigTree v1.4.3. The L, 
M, and S gene segment clades of SFTSV were defined 
in parallel using the two available genotyping systems 
(C1–C6, A–F) designated in a previous study [33–36].

Results

Initial SFTSV outbreak information

Between 1 July 2023 and 30 September 2023, a total of 
six farms (farms 1 to 6) in Yantai, Weihai, and 

Weifang cities in Shandong province, and Dalian 
city in Liaoning province, China, reported suspected 
outbreaks of SFTSV (Table 1). These farms were geo
graphically distant. Arctic foxes (Vulpes lagopus) were 
bred on all the farms, including blue and white Arctic 
foxes based on their fur colour. The size of these farms 
ranged from 700 to 11,000 foxes.

The affected foxes exhibited generic symptoms, 
including decreased appetite, lethargy, weight loss, 
finally leading to death. The outbreaks lasted for 2–3 
months and similar cases continued to occur in 
foxes housed in the same cage and in cages adjacent 
to those hosting symptomatic animals (Table 1). The 
number of sick foxes ranged from 55 to 1000, repre
senting 3.64% to 32.1% of the total fox population 
on the farms.

Identification of SFTSV in dead foxes

In the original case study, a total of 131 tissue/organ 
samples including heart, liver, spleen, lung, trachea, kid
ney, brain, nasal turbinate, intestine, bladder, and pan
creas, were collected from the 13 dead foxes from 
farms 1 to 6 between 26 September and 5 November 
2023 (Supplementary Table 2). We performed metatran
scriptomic sequencing of 87 tissues/organs to identify 
the causative agent. The tissues/organs from a single 
fox were pooled into 13 RNA sequencing libraries. Over
all, total RNA sequencing generated more than 
30,042,032 paired-end reads in each library, which 
were then de novo assembled for virus identification. 
SFTSV was identified in all the 13 pools and the relative 
abundance of SFTSV ranged from 76 to 1,202,010 reads 
(Table 2). No other potential pathogenic genes were 
detected. Thirteen SFTSV genome sequences were suc
cessfully generated and validated by Sanger sequencing 
(Table 2 and Supplementary Table 1). The COI gene 
sequences of the 13 libraries were identical and shared 
the highest nucleotide identity (98.80% to 99.70%) 
with the Arctic fox COI gene (Table 2). The raw sequen
cing data, all viral genomes, and the COI gene sequences 
generated in this study have been deposited into China 
National Microbiology Data Center (NMDC; 
accession No. NMDC40065198 – NMDC40065210, 
NMDCN0005EF1 – NMDCN0005EH9, 
NMDCN0005EFA – NMDCN0005EFV, 
NMDCN0005EHA – NMDCN0005EHB, 
NMDCN0005EG0, NMDCN0005EH0 
NMDCN0005EGA, and NMDCN0005EGV; Sup
plementary Table 3).

The 13 complete SFTSV genomes shared >95.23% 
nucleotide identities in the L, M, and S gene segments 
with each other (Supplementary Table 4). The viral 
sequences from animals sampled on the same farm 
shared >99.84% nucleotide identity. In addition, 
they shared >99.43% nucleotide identities with their 
most closely related SFTSV sequences available in 
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GenBank in all the three gene segments (Supplemen
tary Table 3). A Blastn search revealed that the L gene 
sequences of human sequences AHZ/2011, SD2011- 
040, HB2016-003, and LN2011-xq from China, the 
M gene sequences of AHZ-2019-WXP, JS4/ 
2010, HB2016-003, and LN2013-035, and the S 

gene sequences of Henan-74/2018, SD2011-040, 
SDPLP01/2011, and LN2012-41 available from Gen
Bank, shared the highest nucleotide identities with 
the 13 novel SFTSV strains.

We further investigated the tissue tropism of 
SFTSV in farmed foxes. Real-time RT–PCR testing 

Table 1. Summary of the epidemiological information of each farm in Shandong and Liaoning provinces, China, 2023.

Farm 
ID

Farm information Outbreak information

Location

Species of 
breeding 

foxes

Stages of 
breeding 

foxes

No. 
breeding 

foxes

No. (%) 
symptomatic 

foxes

Outbreak 
duration (No. 

days)

Clinical signs and 
symptoms of the sick 

foxes
Disease 

transmission

Farm 
1

Yantai, 
Shandong 
Province

Blue and 
white Arctic 
foxes

Juveniles ∼3400 ∼900 (26.5) Aug 28a–Nov 
05b (70 
days)

Decreased appetite, 
green poop, death

Yesc

Farm 
2

Weihai, 
Shandong 
Province

Blue and 
white Arctic 
foxes

Juveniles ∼1400 ∼450 (32.1) Sep 01–Oct 15 
(44 days)

Decreased appetite, 
death

Yes

Farm 
3

Yantai, 
Shandong 
Province

White Arctic 
foxes

Juveniles ∼11000 ∼400 (3.64) Sep 15–Nov 
12 (58 days)

Decreased appetite, 
death

Yes

Farm 
4

Weifang, 
Shandong 
Province

Blue Arctic 
foxes

Juveniles ∼700 ∼55 (7.86) Jul 01–Nov 01 
(123 days)

Decreased appetite, 
lethargy, runny nose, 
green poop, death

Yes

Farm 
5

Weihai, 
Shandong 
Province

Blue Arctic 
foxes

Juveniles ∼3400 ∼1000 (29.4) Sep 30–Nov 
10 (41 days)

Decreased appetite, 
death

Yes

Farm 
6

Dalian, 
Liaoning 
Province

Blue Arctic 
foxes

Juveniles ∼1400 ∼200 (14.3) Aug 07–Nov 
15 (69 days)

Decreased appetite, 
black poop, death

Yes

aDate of symptom onset of index case. 
bDate of endpoint; the time when similar symptoms were no longer observed in foxes raised on the farms. 
cTransmission among foxes.

Table 2. Information on the 13 SFTSV-positive samples from the farmed foxes, China.

Sample
Farm 

ID

Case information Contig and sequence information
Species identification using the 

COI gene

Species
Date of 

symptom onset
Date of 
death

Raw reads 
(PE) Mapped readsd Lengthe

Mapped 
readsf Length Identityg

SD01 Farm 1 Blue Arctic 
fox

Sep 24 Sep 26 80,282,118a 265,650/144,048/ 
71,590

6370/3379/ 
1744

53,382 647 99.70%

SD02 Farm 1 Blue Arctic 
fox

Sep 24 Sep 26 86,578,556a 451,334/225,868/ 
131,304

6374/3380/ 
1746

66,978 647 99.70%

SD03 Farm 1 White 
Arctic fox

Sep 24 Sep 26 65,946,936a 1,202,010/ 
434,642/315,478

6368/3383/ 
1744

46,322 647 99.70%

SD04 Farm 2 Blue Arctic 
fox

Sep 25 Sep 26 62,641,462a 96,340/54,750/ 
23,114

6371/3378/ 
1744

35,120 647 99.70%

SD05 Farm 2 White 
Arctic fox

Sep 25 Sep 26 62,285,214a 8704/5800/2234 6368/3378/ 
1744

18,004 647 99.70%

SD06 Farm 2 Blue Arctic 
fox

Sep 25 Sep 26 54,042,830b 212,156/115,886/ 
50,016

6373/3392/ 
1744

51,902 647 99.70%

SD07 Farm 3 White 
Arctic fox

Oct 18 Oct 26 49,166,286a 187,574/124,500/ 
60,478

6354/3357/ 
1730

34,100 647 99.70%

SD08 Farm 3 White 
Arctic fox

Oct 18 Oct 26 55,085,056a 18,810/11,652/ 
5938

6346/3355/ 
1725

39,460 647 99.70%

SD09 Farm 4 Blue Arctic 
fox

Oct 22 Oct 26 30,042,032a 182/128/76 5635/3000/ 
1532

84 645 98.80%

SD10 Farm 5 Blue Arctic 
fox

Oct 24 Oct 26 54,210,892c 694,394/299,232/ 
183,984

6355/3369/ 
1728

43,152 647 99.70%

SD11 Farm 5 Blue Arctic 
fox

Oct 24 Oct 26 69,988,104c 346,322/137,286/ 
102,190

6360/3369/ 
1736

33,184 647 99.70%

DL01 Farm 6 Blue Arctic 
fox

Nov 5 Nov 13 33,441,522a 1644/616/652 6319/3282/ 
1701

100 647 99.70%

DL02 Farm 6 Blue Arctic 
fox

Nov 5 Nov 13 30,613,378a 942/450/398 6308/3305/ 
1700

218 647 99.70%

Note: The RNA libraries used for metatranscriptome sequencing included tissues from one fox. 
aSeven tissues (heart, liver, spleen, lung, trachea, kidney, and brain). 
bFive tissues (heart, liver, spleen, lung, and kidney). 
cSix tissues (heart, liver, spleen, lung, kidney, and brain). 
dNumber of reads mapped to the L segment/M segment/S segment of the SFTSV reference genome sequence from the nr databases. 
eLength of sequences of the L segment/M segment/S segment of the SFTSV genome sequenced in this study. 
fNumber of sequence reads mapped to the COI gene of the Vulpes lagopus voucher ROM 97263 (Accession number: JF443550.1). 
gPairwise sequence identity of the COI gene with those of the Vulpes lagopus voucher ROM 97263 (Accession number: JF443550.1).
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revealed that, among the tissue samples collected in 
the case study, all the 120 tissue/organ samples from 
12 deceased foxes (SD01 to SD08, SD10, SD11, 
DL01, and DL02) tested positive for SFTSV, including 
9 brain samples (Table 3 and Supplementary Table 2). 
In contrast, only 1 of the 11 tissue samples (trachea) 
collected from fox SD09 from farm 4 tested positive 
for SFTSV. All 6 oral swabs and 6 anal swabs collected 
from dead foxes from farms 1 and 2 tested positive for 
SFTSV (Table 3).

Confirmation of SFTSV in follow-up studies

On 7 and 8 October 2023, follow-up sampling was 
conducted on farms 1 and 2. A total of 34 samples 
were collected from dying foxes, including 9 serum 
samples, 10 nasal swab samples, 2 oral swab samples, 
and 13 fecal samples. Real-time RT–PCR testing 
showed that all these samples (100%) tested positive 
for SFTSV (Table 3 and Supplementary Table 5). In 
addition, 16 environmental samples were collected 
from the farms, including 2 sink samples, 8 samples 
from the stored feed in warehouse, one tick, and 5 
samples from the residual feed in troughs used by 
the dying foxes. Only the residual food from troughs 
tested positive for SFTSV, while all other environ
mental samples tested negative for SFTSV, including 
the tick found at farm 1 (Table 3 and Supplementary 
Table 5).

Gross lesions, and histopathological lesions in 
dead foxes

A typical enlarged purple-black spleen was observed in 
all the 13 foxes examined (Figure 1A). However, no 
obvious gross lesions were found in other tissues of 
the SFTSV-infected foxes. Histopathologically, 
hemorrhage was observed in multiple organs. 
Throughout the spleen, there was extensive infiltration 
of red blood cells in the white pulp, with a decreased 
number of lymphocytes (Figure 1B). The remaining 
lymphocytes were surrounded by a large number of 
red blood cells, with hemosiderin deposition. Within 
the heart, the volume of cardiomyocyte nuclei became 
smaller, with narrowed myocardial fibre and wider 
intercellular spaces (Figure 1C). Broken muscle 
fibres and a minimal hemosiderin deposition could 
be found in the heart. The central veins and hepatic 
sinusoids in the liver were dilated and congestive, 
with hemosiderin deposition (Figure 1D). Within 
the trachea mucosa, there was detachment of epithelial 
cells, with congestion of the submucosal capillaries 
(Figure 1E). Within the lung, the alveolar septa 
became wider (Figure 1F). There was congestion of 
small pulmonary veins and capillaries in the alveolar 
walls, filled with red blood cells and hemosiderin 
deposition. Abundant serous fluid was present in the 

alveolar spaces. Within the kidney, glomeruli were 
enlarged (Figure 1G). There was degeneration and 
detachment in the tubular epithelial cells. Tubular 
lumens became narrower, with numerous protein 
casts and hemosiderin deposition. In addition, there 
was severe sloughing of the bladder mucosal epi
thelium (Figure 1H).

Genomic evolution of circulating SFTSV

To better understand SFTSV evolution, we performed 
phylogenetic analyses of 57 representative SFTSV L 
gene segment sequences, 58 M sequences, and 57 S 
sequences, including the 13 SFTSV genome sequences 
described in the current study (Figure 2). According to 
the nomenclature of the two available genotyping sys
tems [33–36], our phylogenetic analyses revealed that 
the Chinese SFTSV strains fell into multiple clades: 
genotypes C1–C6 (equivalent to genotypes A–F in 
the other classification scheme) for the L gene, C1– 
C5 (equivalent to genotypes A, C, D, E, and F) for 
the M gene, and C1–C4 (equivalent to genotypes A, 
D, E, and F) for the S gene (Figure 2).

The 13 sequences identified from the deceased 
foxes in 2023 fell into three clades in the L, M, and S 
gene segment trees: C1, C2, and C3 (equivalent to gen
otypes E, F, and D; Figure 2). Specifically, in all three 
gene segment phylogenies sequences SD04, SD05, 
SD06, SD10, and SD11 from farms 2 and 5 in Weihai 
city, Shandong province belonged to clade C1, 
sequences SD01, SD02, and SD03 from farm 1 in Yan
tai city, Shandong province belonged to clade C2, 
while sequences SD07 and SD08 from farm 3 in Yantai 
city, Shandong province, and SD09 from farm 4 in 
Weifang city, Shandong province belonged to clade 
C3. In contrast, although sequences DL01 and DL02 
from farm 6 in Liaoning province fell within clade 
C3 in the L and S gene trees, their M gene sequences 
belonged to clade C2, therefore indicative of genomic 
reassortment. Of note, the same reassortment event 
was observed in eight human SFTSV sequences 
(LN2011-pc, LN2012-14, LN2012-34, LN2013-035, 
LN2012-41, LN2012-42, LN2012-047, and 
LNDLChina2014-49) sampled from Liaoning pro
vince between 2011 and 2014, and one human strain 
(HBSZ2022-54/Suizhou/2022) sampled from Hubei 
province in 2022.

Discussion

SFTS is a viral disease mainly transmitted by ticks, first 
identified in China in 2009 and subsequently reported 
in several East Asian countries and recently in Viet
nam, and Pakistan [2–6,37]. The causative agent, 
SFTSV, is primarily transmitted by Haemaphysalis 
longicornis ticks [38]. Human infection with SFTSV 
manifests as fever, thrombocytopenia (low platelet 
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Table 3. SFTSV testing by specimen type using real-time RT-PCR in case studies and follow-up studies on six fox farms.

Farm 
ID

Case study Follow-up study

No. of dead foxes 
sampleda

No. of positive / no. of tested samples (%) 
collected from dead foxes

No. positive / no. tested samples (%) 
collected from dying foxes on farmsc

No. positive / no. tested 
environmental samples (%) collected 

from farmsc

Tissuesb
Oral 

swab
Anal 
swab Serum

Nasal 
swab

Anal 
swab Feces Sink Feedd Tick

Residual 
feede

Farm 
1

3/3 (SD01, SD02, 
SD03)

10/10 (100), 11/11 
(100), 11/11 (100)

3/3 
(100)

3/3 
(100)

5/5 
(100)

6/6 
(100)

NA 5/5 
(100)

0/1 
(0)

0/4 
(0)

0/1 
(0)

3/3 (100)

Farm 
2

3/3 (SD04, SD05, 
SD06)

11/11 (100), 11/11 
(100), 9/9 (100)

3/3 
(100)

3/3 
(100)

4/4 
(100)

4/4 
(100)

2/2 
(100)

8/8 
(100)

0/1 
(0)

0/4 
(0)

NA 2/2 (100)

Farm 
3

2/2 (SD07, SD08) 11/11 (100), 11/11 
(100)

NA NA NA NA NA NA NA NA NA NA

Farm 
4

1/1 (SD09) 1/11 (9.01) NA NA NA NA NA NA NA NA NA NA

Farm 
5

2/2 (SD10, SD11) 9/9 (100), 9/9 (100) NA NA NA NA NA NA NA NA NA NA

Farm 
6

2/2 (DL01, DL02) 8/8 (100), 9/9 (100) NA NA NA NA NA NA NA NA NA NA

aThese dead foxes usually exhibited the clinical signs and symptoms listed in Table 1. 
bTissues sampled from the SFTSV infected foxes, including heart, liver, spleen, lung, trachea, kidney, brain, nasal turbinate, intestine, bladder, and pancreas 

as listed in Supplementary Table 2. 
cSerums, swabs, and feces from dying foxes, and environmental specimens in follow-up study from farm 1 were sampled on Oct 7 2023, and those from 

farm 2 on Oct 8 2023. 
dSamples from the stored feed in the warehouse. 
eSamples from the residual feed in troughs used by the dying foxes; “NA,” not applicable.

Figure 1. Gross and hispathological lesions in SFTSV-infected foxes and uninfected control foxes. (A) Compared to control foxes, 
the spleen in SFTSV-infected fox is visibly enlarged. (B–H) Pathological changes in spleen, heart, liver, trachea, lung, kidney, and 
bladder from SFTSV-infected foxes are labelled with arrows: (B) red blood cells infiltrate the white pulp of the spleen, with fewer 
lymphocytes surrounded by hemosiderin deposits; (C) the heart shows reduced cardiomyocyte nuclei size, thinner myocardial 
fibres, and minor fibre breakage; (D) liver central veins are dilated and congested with hemosiderin deposition; (E) the trachea 
exhibits epithelial detachment and submucosal capillary congestion; (F) lungs display widened alveolar septa and fluid-filled 
alveolar spaces; (G) enlarged kidney glomeruli with tubular degeneration; (H) severe sloughing of the bladder mucosal epithelium. 
Panels B–H, original magnification ×40.
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count), and leukopenia (low white blood cell count), 
and may progress to multi-organ failure, particularly 
in elderly patients [39], leading to a high mortality 
rate. The incidence of SFTS in China has been steadily 
rising, with significant regional outbreaks in recent 
years. While the epidemiological characteristics of 
SFTS in humans have been studied, its circulation in 
livestock and wildlife, as well as the potential for sus
tained cross-species transmission to humans, remains 
poorly understood.

We performed an etiological investigation of con
current infectious disease outbreaks on six Arctic fox 
(Vulpes lagopus) farms in Shandong and Liaoning 
provinces, China, from July to September of 2023. 
The outbreaks lasted for 2–3 months, and resulted 
in the death of tens to hundreds of foxes per farm. 
Variation in outbreak spread and severity across 
these six farms may be attributed to several factors, 
including: (1) differing collection dates such that 
the disease process varied among breeding plants; 
(2) farm management practices (e.g. providing 
sufficient shade, maintaining clean feed and water); 
(3) biosecurity protocols (e.g. limiting access for con
taminated vehicles, timely quarantining sick foxes, 
and eliminating carrier foxes) [40,41]; (4) population 
density (e.g. preventing overcrowded conditions of 
foxes) [40,42]; and (5) the effectiveness of health 
monitoring systems at each farm [41]. Continuous 
pathogen monitoring from the beginning of future 
infectious disease outbreaks, combined with rigorous 
multiple regression analysis, would enable more accu
rate assessment of fatality rates, identification of the 
factors responsible for the outbreaks, and the 
measurement of disease severity.

Both metatranscriptomic and molecular detection 
of the tissues sampled from the six farms across Yan
tai, Weihai, and Weifang cities in Shandong province, 
as well as Dalian city in Liaoning province, revealed 
the presence of SFTSV. Similar to the previous 
identification of SFTSV in goats, pigs, rodents, chee
tah, raccoons, and mink [12,13,15], this study broad
ened our understanding of the host range of SFTSV 
and emphasized the potential importance of these ani
mal hosts in the SFTSV ecosystem [43]. Although 
further validation through animal studies are necess
ary to confirm SFTSV as the direct causation of 
these outbreaks, our study highlights the wide preva
lence of SFTSV infection in fox farming industry in 
Shandong and Liaoning, and its potential threat to 
occupational population in these regions and 
elsewhere.

The 13 infected Arctic foxes in this study exhibited 
SFTS-like symptoms, including decreased appetite, 
lethargy, and weight loss, eventually leading to 
death. Similarly, fatal SFTSV-infections have also 
been reported in cats [44], cheetahs [13], and mink 
[45]. However, this severe presentation contrasts 

with the typically mild or subclinical infections 
observed in other hosts, such as goats [46] and rac
coons [15], which generally exhibit limited viremia 
and no obvious clinical signs. Hence, our data suggest 
a higher susceptibility or a more intense immune 
response to SFTSV in foxes. Gross pathological com
parisons with cheetahs [13] and mink [45] revealed 
spleen enlargement in infected foxes, although no gas
trointestinal tract damage was observed. Histopatho
logical results showed extensive hemorrhages and 
substantial iron-hemoglobin deposits in the spleen, 
heart, liver, lungs, and kidneys. The white pulp of 
the spleen exhibited significant red blood cell infiltra
tion and lymphocyte depletion, with degeneration in 
cardiomyocytes, lung tissue, and renal tubules. These 
findings indicate a severe multisystem impact of 
SFTSV infection in foxes. However, lesions observed 
in other hosts, such as necrotic foci in the spleen’s fol
licular zone in infected cats [47] and hepatocellular 
necrosis in mink [45], were absent in foxes. Further 
experimental studies are necessary to explore the 
mechanisms shaping these host-specific variations in 
SFTSV clinical symptoms, autopsy and pathological 
changes, such as host immune responses, or viral 
virulence.

Of note, SFTSV RNA was present in multiple 
organs of the infected foxes, including the heart, 
liver, spleen, lungs, kidneys, brain, and intestine 
[14,48]. In particular, spleen was found to be the 
major target organ, which exhibited especially high 
viral loads. This is consistent with earlier observations 
in animal models (e.g. mice), where high viral loads in 
the spleen were typically associated with severe patho
logical changes [49]. Further, the neurotropism of 
SFTSV was previously reported in an aged ferret 
model [48], and SFTSV RNA was also found in the 
brain in 9 of the 10 dead foxes in this study. However, 
the symptoms of neurotropism of SFTSV in the 
infected foxes remain to be determined. Viral RNA 
was also detected in tissues such as the trachea, nasal 
turbinate, bladder, and pancreas, which have not 
been previously reported. Furthermore, SFTSV 
nucleic acid was positive in oral swabs and serum in 
the case studies and the follow-up studies. These 
results suggest that foxes could be potent hosts for 
SFTSV, which is crucial for assessing the potential of 
the virus to spread among wildlife populations.

Previously, high levels of SFTSV RNA were also 
found in the serum, saliva, rectal swabs, and urine of 
infected cats [20]. During the second round of 
sampling at farms 1 and 2, we collected the food resi
due from the troughs of the dying foxes and the stored 
food in the farm warehouse. Interestingly, food resi
due in the troughs tested positive for SFTSV RNA, 
while the stored food from the warehouse tested nega
tive. Furthermore, we detected the virus in serum, oral 
swabs, anal swabs, nasal swabs, and environmental 

8 J. SUN ET AL.



samples. This suggests that SFTSV might be poten
tially transmitted through the oral route.

The source of the SFTSV infection in the diseased 
foxes is unclear. Given the outdoor farming setting, 
several known wild animal hosts of SFTSV, such as 
ticks [33,50] and rodents [51], could be present in 
fox farms. However, only one tick was found at farm 
1, and no ticks were found in other farms. In the 
future, larger sample sizes from multiple species 
within the same farm should be collected to provide 
a more comprehensive understanding of the SFTSV 
transmission patterns among wild animal populations 
[52]. Additionally, farmed animals such as mink, are 
sometimes raised alongside foxes in the same farms 
[16,45,53]. Notably, on 21 October 2023, two SFTS- 
like patients were identified in a mink farm in Weihai 
city, Shandong province, China [54]. As such, the 
detection of SFTSV in farmed animals has important 
implications for both animal and human health. 
Moreover, the high nucleotide identity (>99.43%) 
between the 13 newly sequenced SFTSV genomes 
from foxes and the human sequences from China 
highlights the potential transmission risk to humans, 
particularly those in close contact with the infected 
foxes such as breeding personnel.

Our phylogenetic analysis revealed that the SFTSV 
sequences in this study primarily clustered within Chi
nese-associated lineages and were genetically distinct 
from those sequences sampled in Japan [55]. This 
indicates that the current SFTSV variants in foxes 
are regionally endemic within China. Of note, the 13 
SFTSV genomes in this study belonged to multiple 
clades (i.e. C1, C2, and C3). Among these sequences, 
SD01, SD02, SD03 from farm 1 in Yantai city, Shan
dong province, and SD07 and SD08 from farm 3 in 
Yantai city, Shandong province, were located into 
two different branches (i.e. genotypes) in the L, M, 
and S gene trees – C2 and C3. Hence, there were mul
tiple introductions of SFTSV into these fox farms 
which might reflect geographical and ecological fac
tors specific to the individual fox farms. In contrast, 
sequences SD04, SD05, and SD06 from farm 2, as 
well as SD10 and SD11 from farm 5 in Weihai city, 
Shandong province, represent the same SFTSV geno
type, with their L, M, and S genes falling within the 
same evolutionary lineage – C1. The identification of 
the same SFTSV genotype across fox farms suggests 
that it is the genotype most commonly found in tick 
populations, although the potential movement of the 
breeding foxes infected with SFTSV and other hosts 
(e.g. cats and dogs) cannot be excluded. In turn, the 
identification of reassortment events involving the M 
gene segments of sequences DL01 and DL02 under
scores the potential for SFTSV to change its genome 
constellation, which could potentially alter viral 
pathogenicity or transmissibility [12,56]. Hence, 
these findings emphasize the importance of the co- 

circulation of multiple SFTSV genotypes such that 
ongoing genomic surveillance is needed to monitor 
the emergence of novel variants that may pose a 
greater risk to public health.

In summary, this study describes concurrent 
SFTSV outbreaks in multiple fox farms in Shandong 
and Liaoning provinces, expanding our understanding 
of viral host range and revealing the complex trans
mission dynamics of SFTSV. SFTSV RNA was 
detected in many different tissues/organs in the 
infected foxes, and our results highlight the potential 
role of wildlife in the spread of emerging infectious 
diseases [57]. Considering the close contact between 
humans and animals in the farms, enhancing surveil
lance and biosecurity measures to mitigate the risk of 
zoonotic diseases in fur-producing industry is of clear 
importance.
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