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Archaeal viruses are one of the most mysterious parts of the virosphere because 
of their diverse morphologies and unique genome contents. The crenarchaeal 
viruses are commonly found in high temperature and acidic hot springs, and the 
number of identified crenarchaeal viruses is being rapidly increased in recent 
two decades. Over fifty viruses infecting the members of the order Sulfolobales 
have been identified, most of which are from hot springs distributed in the 
United States, Russia, Iceland, Japan, and Italy. To further expand the reservoir of 
viruses infecting strains of Sulfolobaceae, we investigated virus diversity through 
cultivation-dependent approaches in hot springs in Tengchong, Yunnan, China. 
Eight different virus-like particles were detected in enrichment cultures, among 
which five new archaeal viruses were isolated and characterized. We  showed 
that these viruses can infect acidophilic hyperthermophiles belonging to three 
different genera of the family Sulfolobaceae, namely, Saccharolobus, Sulfolobus, 
and Metallosphaera. We also compared the lipid compositions of the viral and 
cellular membranes and found that the lipid composition of some viral envelopes 
was very different from that of the host membrane. Collectively, our results 
showed that the Tengchong hot springs harbor highly diverse viruses, providing 
excellent models for archaeal virus-host studies.
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Introduction

Like bacteriophages (bacterial viruses), archaeal viruses are also one of the most 
abundant and diverse biological entities on Earth. Viruses of archaea shared very few features 
with those of bacteria or eukaryotes in that they exhibited exceptionally diverse morphologies, 
remarkably distinct genomic contents, and unique infection mechanisms. For example, the 
Sulfolobus spindle-shaped viruses (SSVs) represent one of the most well-studied virus 
prototypes infecting crenarchaeal hosts and the spindle-shaped viral particle morphology 
has only been observed in Archaea (Fulton et al., 2009). In terms of virion morphology, 
studies on archaeal viruses showed the morphological diversity of hyperthermophilic 
archaeal viruses appears to exceed that of viruses of prokaryotes (Baquero et al., 2020a; Wirth 
et al., 2021). Because the genomes of hyperthermophilic archaeal viruses could have predated 
cellular life according to the analysis results of comparative genomics, they serve as model 
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systems for understanding the evolution of life (Prangishvili and 
Garrett, 2005).

Over one hundred of archaeal viruses have been discovered to 
date and these archaeal viruses are currently classified into 33 
families (Liu et al., 2021). Mainly because of their relative ease of 
culturing and ubiquitous presence in high temperature and acidic 
environments, over 60 viruses from hyperthermophilic archaea of 
the genera Acidianus, Metallosphaera, and Sulfolobus have been 
identified by culture-independent approaches (Baquero et  al., 
2020b; Fackler et al., 2022; Han et al., 2022). To date, the viruses 
of the genus Sulfolobus are the best studied of the archaeal viruses 
and about a dozen of viruses have been identified from this genus 
(Prangishvili, 2003). Most viruses infecting Sulfolobus are found 
to be  enveloped with few exceptions such as the well-studied 
Sulfolobus islandicus rod-shaped viruses (SIRVs) belonging to the 
family Rudiviridae (Lawrence et al., 2009). Like other archaeal 
viruses, the lipids of Sulfolobus viruses are composed of an 
isoprenoid ether lipid rather than the fatty acid ester lipids found 
in bacterial membranes (Sprott et al., 1991; Koga and Morii, 
2007). However, the lipid composition of some Sulfolobus viral 
envelopes has been found to be quantitatively very different from 
that of the host membranes, even if the membrane lipids of all 
archaeal viruses are derived from the host lipid pool. For instance, 
Sulfolobus filamentous virus 1 (SFV1) and Sulfolobus islandicus 
filamentous virus (SIFV) were shown to selectively acquire host 
membrane lipids GDGT-0 (glycerol dibiphytanyl glycerol 
tetraether) or archaeol (Liu et al., 2018; Baquero et al., 2021a), yet 
the archaeol and GDGT-0 account for a small proportion of lipids 
in the host membrane and the dominant lipid species are 
tetraether lipids carrying four cyclopentane rings (GDGT-4). The 
mechanism of membrane lipid selection in viruses, however, has 
yet to be largely explored.

Tengchong hot springs are located on the northeastern edge of 
Tibet-Yunnan geothermal zone, an active geothermal region in 
Yunnan Province, China. These hot springs are known for the hot 
and acidic environmental conditions, and microbial communities 
in these hot springs have been found to be  dominated by 
Euryarchaeota and Crenarchaeota (Pagaling et al., 2012; Jiang et al., 
2016). Compared with the extensive studies of archaeal viruses 
isolated from hot springs in Yellowstone National Park (YNP) of 
United States (Rice et al., 2001), Umi Jigoku of Japan (Liu et al., 
2019), and Campi Flegrei volcano of Italy (Baquero et al., 2020b), 
archaeal viruses from Tengchong hot springs, China, have been 
poorly explored. Particularly, the diversity of viruses infecting 
Sulfolobus has not been systematically investigated though it has 
been reported that the species of the family Sulfolobaceae are one of 
the most abundant archaea in Tengchong hot springs (Pagaling 
et al., 2012). To date, only two single-tailed fusiform viruses STSV1 
and STSV2 from Tengchong hot spring have been isolated (Xiang 
et al., 2005, p. 1; Erdmann et al., 2013, p. 2). STSV1 and STSV2, 
sharing 80% identity at nucleotide sequence level, are double-
stranded DNA viruses and enveloped by a lipid membrane 
structure. In this study, we  aimed to explore virus diversity in 
Tengchong hot springs by using a cultivation-dependent approach. 
We  isolated and characterized general features (such as virion 
morphology, genome contents, etc.) of five new archaeal viruses 
infecting Sulfolobus species, with focusing on the analysis of 
membrane lipid composition of viral envelope.

Materials and methods

Enrichment cultures

Eleven environmental samples were collected from the hot springs 
of Tengchong in Yunnan, China (Supplementary Table S1), and 1 g of 
each sediment sample was inoculated into 100 ml of rich medium 
favoring the growth of Sulfolobus/Saccharolobus/Metallosphaera. The 
rich medium was derived from the Brock medium (Allen, 1959; Brock 
et  al., 2004) with proper modifications. It consisted of basal salt 
solution [1.3 g l−1 (NH4)2SO4, 0.28 g l−1KH2PO4, 0.25 g l−1 MgSO4·7H2O, 
0.07 g l−1 CaCl2·2H2O, 1.8 mg l−1 MnCl2·7H2O, 4.5 mg l−1 
Na2B4O7·107H2O, 0.22 mg l−1 ZnSO4·7H2O, 0.05 mg l−1 CuCl2·2H2O, 
0.0 3 mg l−1 Na2MoO4·2H2O, 0.03 mg l−1 VOSO4·n7H2O, 0.01 mg l−1 
CoSO4·7H2O], 0.2% (wt/vol) sucrose, 0.1% (wt/vol) tryptone, 0.1% 
(wt/vol) yeast extract, and 0.1% (wt/vol) amine. The pH was adjusted 
to 3.0 with 10 N H2SO4. The environmental samples were incubated 
for 10 days at 75°C with 200 rpm shaking.

Virus-like particles concentration

To observe the virus-like particles (VLPs), the enrichment 
cultures were centrifuged at 6, 500 × g for 15 min at 15°C. The 
supernatant was filtered through a 0.22-μm filter (Merck Millipore), 
and the VLPs were precipitated from the supernatant by the addition 
of NaCl to 1 M and PEG 6000 to 10% (wt/vol) and incubated overnight 
at 4°C. The pellet was collected by centrifugation at 12,000 × g for 
30 min at 4°C, and then suspended in 100 μl SM buffer containing: 
0.1 M NaCl, 8 mM MgSO4·7H2O, 50 mM Tris–HCl, 0.005% (wt/vol) 
glycerol, pH 6.0 (Colombet et al., 2008).

Electron microscopy

Negatively stained cells were prepared for transmission electron 
microscopy (TEM) by spotting 10 μl of culture or viral solutions onto 
carbon copper grids (KTKY, 400 mesh) for 2–5 min and air-dried. 
Samples were stained with 2% (wt/vol) uranyl acetate for 30 s, and 
then observed under an electron microscope (Thermo Fisher 
Scientific, Talos 120C) operated at 120 kV.

Isolation and purification of viruses

The hot spring sediments were diluted with liquid Brock medium. 
Serial dilutions were directly spread onto plates’ medium 
supplemented with 1.0% Gelrite (wt/vol) and incubated under aerobic 
conditions for 14 days at 75°C. After incubation, single colonies were 
picked and inoculated onto plates by scribing to obtain purified 
strains. Then the purified strains were incubated and prepared for 
plaque assay. The cell culture was incubated for 1 h at 75°C to allow 
the adsorption of the virus to the host cells. Immediately the 600 μl 
cultures mixed with 4.4 ml modified Brock’s medium and Gelrite with 
final concentration 1.0%, and then poured onto the prepared bottom 
layer with modified Brock’s medium and 1.0% Gelrite. The plates were 
incubated for 3–5 days at 75°C to allow plaques to form. Zones of 
inhibition were cut out from the Gelrite plates and inoculated into 
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exponentially growing cultures of the corresponding isolates. After 
incubation, the culture supernatant was examined by 
TEM. Meanwhile, pure viral strains were obtained by three rounds of 
single-plaque purification.

16S rRNA phylogeny

16S rRNA gene was amplified using archaeal-specific primers 
0023aF (5′-CTCCGGTTGATCCTGCC-3′) and 1406R 
(5’-GACGGGCGGTGTGTGC-3′) (Rice et  al., 2001). Sanger 
sequencing of amplicons with 1,383-bp in length was performed by 
the Tsingke Biotechnology Co., Ltd. (Guangzhou, China). The 16S 
rRNA gene sequence of strains was preliminarily identified by 
searching for matches in the EzBioCloud databases and 
NCBI databases.

Viral DNA extraction, sequencing, and 
genome analysis

Purified viral particles were collected, and viral DNA was 
extracted with the MiniBEST Viral RNA/DNA Extraction Kit 
(TaKaRa, Ver.5.0). Viral DNA was sequenced by using the Illumina 
HiSeq-PE150 system. An Illumina shotgun library using the Illumina 
TruSeq Nano DNA Sample Prep Kit was reconstructed and sequenced 
in paired ends 150 bp × 2 using the Illumina HiSeq platform. Raw 
sequencing data were generated by Illumina base-calling software 
CASAVA v1.8.21 according to its corresponding instructions. The 
sequenced reads were assembled using SPAdes 3.13.0 software 
(Bankevich et al., 2012). The remaining gaps of draft genomes were 
closed by sequencing PCR products.

Open reading frames (ORFs) were predicted on the assembled 
genomes using a combination of Prodigal (Hyatt et  al., 2010), 
Geneious (Cooper et al., 2012), OrfFinder (Sayers et al., 2021) and 
manual curation. Their start positions were determined by selecting 
the largest possible ORFs with one of the three start codons (ATG, 
GTG, and TTG). The genome and translated ORFs were used to 
search the NCBI RefSeq database for similarity using BLASTn, 
BLASTx, and BLASTp. HHpred (Söding et  al., 2005) and Phyre2 
(Kelley et  al., 2015) were also used to search for similarities to 
translated ORFs.

Multilocus sequence analysis was performed for all viral genomes. 
The phylogenetic analysis of viral whole genomic and proteome 
sequences was carried out by the VICTOR online resource, using the 
distance formula D6 (Meier-Kolthoff and Göker, 2017).

Lipid extraction and analyses

For lipid analyses, virions were first precipitated and collected by 
the addition of NaCl to 1 M and PEG 6000 to 10% (wt/vol), and then 
purified by CsCl density gradient (1.3, 1.5 and 1.7 g/cc) 
ultracentrifugation (Beckman MLA-55, 240, 000 × g, 2 h, 15°C). The 

1 http://support.illumina.com/

opalescent virus-containing band was collected, pelleted, and 
resuspended in the SM buffer (Nasukawa et al., 2017). The virus-free 
hosts were obtained by through serial rapid passages and host cells 
were collected by centrifugation at 10,000 × g for 5 min at 4°C. The 
cellular and viral lipids were hydrolyzed with 5 ml hydrochloric acid 
(HCl): methanol (MeOH) =1:9 (vol/vol) in 40 ml capped glass vials at 
70°C for 8 h. After acid hydrolysis, 10 ml of dichloromethane (DCM) 
and 10 ml of Nanopure water were added to the mixture, and lipids 
were fully extracted twice by vortexing with another 5 ml of DCM in 
a 50-mL Teflon tube. After centrifugation for 5 min at 2, 800 × g to 
separate the aqueous and organic phases, the bottom organic phase 
layer was transferred to a new collection glass vial. Total extracts of 
20 ml organic phases were combined and filtered through a 0.45-μm 
PTFE filter and dried by N2 gas flow.

Lipid analysis was performed on an Agilent 1,290 Infinity II high-
performance liquid chromatography (HPLC) system coupled with 
Agilent 6,495 quadrupole mass spectrometer under positive ionization 
mode with an atmospheric pressure chemical ionization (APCI) source. 
Compounds were separated via two BEH HILIC columns (2.1 × 150 mm, 
1.7 μm; Waters) in tandem at 30°C. The flow rate was 0.2 ml/min and the 
total run time was 120 min and 10 μl of each sample was injected. The 
elution gradient was set with solvent A of n-hexane and solvent B of 
n-hexane: iso-propanol = 9:1 (vol: vol). Compounds were eluted with 
18% B in the first 25 min, and then linearly increased to 35% B in the next 
25 min, and subsequently 100% B in another 30 min. Finally, the gradient 
returned to 18% B in 10 min and re-equilibrated for 30 min. APCI 
settings with parameters as shown below: Nebulizer pressure 60 psi, 
vaporizer temperature 400°C, drying gas (nitrogen) flow 6 l/min at 
200°C, capillary voltage 3 kV, and corona 5 μA. Archaeal ether lipids were 
detected using a single ion monitoring (SIM) mode (m/z: 653, 1,304, 
1,302, 1,300, 1,298, 1,296, 1,294, 1,292, 1,290, 1,288, and 1,286).

Results

Diversity of virus-like particles in 
enrichment cultures

Eleven sediment samples were collected from acidic hot springs 
and mud holes in Tengchong, Yunnan, China (Figure  1), with 
temperatures ranging from 56.3 to 92.0°C and pH values between 2.1 
and 3.4 (Supplementary Table S1). The microbial diversity in the 11 
samples was assessed by high-throughput sequencing of the 
PCR-amplified 16S rRNA genes from genomic DNA extracted from 
each sample. The sequencing results showed that the members of 
family Sulfolobaceae were the one of most abundant, within which 
isolates of Sulfolobus, Saccharolobus, and Metallosphaera account for 
about 73.7–94.0% of microbial community (Supplementary Figure S1). 
Archaea, particularly hyperthermophilic crenarchaea, have been 
shown to be the hosts of many viruses with diverse virion shapes and 
distinct genome compositions (Iranzo et al., 2016). These dominated 
organisms thus could be  the major hosts for archaeal viruses in 
Tengchong acidic hot springs. Therefore, the modified Brock’s 
medium favoring the growth of Sulfolobales was used to establish 
enrichment cultures for each sample. After incubation for 10 days at 
75°C, virus-like particles (VLPs) were collected from supernatants 
and analyzed by transmission electron microscopy (TEM). Eight 
different VLPs were detected in the nine enrichment cultures 
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(Figure 2). Based on virion morphologies, the VLPs could be assigned 
to four types: filamentous virions, rod-shaped virions, spherical 
virions, and spindle-shaped virions. Although these nine hot spring 
samples are located close and share many common characteristics, 
we found that the morphologies and number of VLPs observed were 
significantly different even after cultivation with the same growth 
medium and conditions (Supplementary Table S2). Among them, 
three major types of virions, i.e., the filamentous (Figure  2A), 
polyhedral (Figure 2E), and tailed spindle-shaped (Figure 2H) virion 
were observed in the enrichment cultures of three samples Drty3, 
Drty4, and Drty9, which were further used to isolate 
VLP-propagating strains.

Isolation and purification of virus-host 
pairs

To establish the virus-host relationship, strains obtained from the 
three samples Drty3, Drty4 and Drty9 were examined. Finally, 202 
single strain isolates were obtained from the three samples. Five virus-
carrying strains (1201–2, 1,201–4, D4-4, D4-HJ, and 1,201–1) belong 
to family Sulfolobaceae (Table 1), isolated by plating on solid plates, 
were found to carry morphologically different viruses. Comparison of 
their 16S rRNA gene sequences in the GenBank databases2 and 

2 https://www.ncbi.nlm.nih.gov

phylogenetic tree building based on the 16S rRNA gene sequences 
revealed that the virus-carrying strains were phylogenetically close to 
three different genera of the acidophilic hyperthermophiles family 
Sulfolobaceae, namely, Saccharolobus, Sulfolobus, and Metallosphaera 
(Supplementary Figure S2). The 16S rRNA gene sequences of strains 

FIGURE 1

Location of Tengchong (red solid circle) in Yunnan Province, 
southwestern China, and the distribution of hot springs. Scale bar, 
2 m.

A B

C D

E F

G H

FIGURE 2

Transmission electron micrographs of the VLPs observed in 
enrichment cultures. (A) filamentous VLPs (870 ± 10 × 25 ± 2 nm); 
(B) short rod-shaped VLPs (220 ± 10 × 45 ± 5 nm, probably structural 
variants of spindle-shaped viruses); (C) thin rod-shaped VLPs 
(920 ± 20 × 20 ± 5 nm). (D) rod-shaped VLPs (750 ± 50 × 25 ± 2 nm); 
(E) spherical VLPs (50 ± 10 nm); (F) spherical enveloped VLPs 
(100 ± 90 nm, probably membrane vesicles); (G) spindle-shaped VLPs 
(55 ± 10 × 30 ± 12 nm); (H) tailed spindle-shaped VLPs 
(143 ± 20 × 85 ± 10 nm, tail 98 ± 10 nm). Scale bar, 200 nm.

TABLE 1 The virus-host pairs in the study.

Virus Host Morphology Size (nm)

STSV3 Sulfolobus 

sp. 1,201–2

Spindle-shaped with 

a tail

143 ± 20 × 85 ± 10, 

(tail 98 ± 10)

STSV4 Sulfolobus 

sp. 1,201–4

Spindle-shaped with 

two tails

204 ± 20 × 96 ± 5 

(tails,103 ± 50)

MTIV3 Metallosphaera sp. 

D4-4

Spherical 55 ± 5

SIFV3 Saccharolobus 

sp. 1,201–1

Filamentous 927 ± 60 × 25 ± 5

STIV3 Sulfolobus sp. 

D4-HJ

Spherical 70 ± 10
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1,201–2 and 1,201–4 displayed 100% identity for the 
pairwise comparison.

Two spindle-shaped viruses that can infect Sulfolobus sp. 1,201–2 
and Sulfolobus sp. 1,201–4 are found, both of which displayed 99% 
identity to the corresponding 16S rRNA gene sequences of Sulfolobus 
tengchongensis RT8-4. One virus, temporarily named as STSV3 
(Sulfolobus tengchongensis spindle-shaped virus 3), has a spindle-
shaped morphology (143 ± 20 × 85 ± 10 nm) with a tail of variable 
length (98 ± 10 nm) at one end (Figure 3A). Another tailed spindle-
shaped virus, temporarily named as STSV4, has a relatively larger size 
(204 ± 20 × 96 ± 5 nm with 103 ± 50 nm tails) compared to that of 
STSV3. Different from STSV1 and STSV2 which have a single short 
tail positioned at only one of the two similar poles, viral particles of 
STSV4 are morphologically similar to ATV (Acidianus two-tailed 
virus) (Prangishvili et al., 2006) and have tails at each pointed end 
(Figure 3B). The tail fibers of these fusiform viruses are probably 
involved in host recognition (Lawrence et  al., 2009). We  also 
discovered a virus with spherical viral particles, which was temporarily 
named as Metallosphaera turreted icosahedral virus 3 (MTIV3) and 
found to be  able to propagate in Metallosphaera sp. D4-4 which 
displayed 99% identity to the 16S rRNA gene sequence of 
Metallosphaera prunae Ron12/II (Fuchs et  al., 1996; Figure  3C). 
Negatively stained virions of MTIV3 showed they are spherical 
particles of around 50 ± 5 nm of diameter with vertex complexes 
(Figure  3G). The filamentous virion infecting Saccharolobus 
sp.  1,201–1, which displayed 99% identity to the 16S rRNA gene 
sequence of Saccharolobus shibatae B12, was temporarily named as 
Saccharolobus shibatae filamentous virus 3 (SIFV3) (Figure 3D). Like 
other viruses belonging to family Lipothrixviridae, the ~927 nm long 
filamentous virions exhibited claw-like structures at both ends of the 
virions (Figure 3D) that are similar to what has been reported for 
AFV2 (Reuter et  al., 2005). Another virus with spherical-shaped 
virions, temporarily named as Sulfolobus turreted icosahedral virus 3 
(STIV3; Figure 3E), was found to infect Sulfolobus sp. D4-HJ (Table 1). 
Negatively stained virions of STIV3 showed that they are spherical 
particles of around 70 ± 5 nm of diameter (Figure 3E). The five viruses 
varied in morphology and size (Figure 3F).

Analyses of viral genomes

The five viral DNA was extracted and sequenced on the Illumina 
MiSeq platform, with the assembled contigs corresponding to three 
complete virus genomes (SIFV3, MTIV3, and STIV3) and two 
incomplete virus genomes (STSV3 and STSV4). The genomes of new 
filamentous virus (SIFV3) and spherical viruses (MTIV3 and STIV3) 
show low similarity (<1%) on the nucleotide sequence level to the 
sequences in the public databases. The genes of those viruses show 
little similarity to genes of known function. However, analysis of the 
protein sequences encoded in the viral genomes showed that some 
putative proteins were homologous. The genome of SIFV3 is 30,153 bp 
in length and contains 56 ORFs, of which 18 ORFs have homologs in 
rod-shaped or filamentous viruses of the order Sulfolobales including 
three conserved lipothrixviral proteins, two virion structural proteins, 
and a glycosyltransferase (Supplementary Table S3), suggesting that 
SIFV3 is a bona fide member of the family Lipothrixviridae. The 
MTIV3 genome is 12,735 bp in length and encodes 33 putative ORFs. 
Homology searches using the BLASTp program revealed that only 

seven ORFs are significantly similar (E-value cutoff of 1e-03) to 
sequences in the non-redundant protein database and six of these 
ORFs have homologs in MTIVs (Metallosphaera turreted icosahedral 
virus) (Wagner et  al., 2017; Supplementary Table S3). The STIV3 
genome is 18,040 bp in length and encodes 47 putative ORFs, of which 
13 ORFs show significant similarities to sequences in the database. 
Eight of these predicted proteins share homologs exclusively with 
MTIVs and ORF33 is highly similar (61.9% identity at the amino acid 
level) to the structural protein c137 of MTIVs (Supplementary Table S3). 
Although the genomes of both MTIV3 and STIV3 encode homologous 
proteins with MTIVs, the genome sequence of STIV3 and MTIV3 
shows no similarity, and only ORF21 of MTIV3 is similar (48.3% 
identity at the amino acid level) to the ORF33 of STIV3. The 
incomplete STSV3 genome is 77,497 bp in length and contains 90 
predicted ORFs. The incomplete STSV4 genome is 54,683 bp in length 
and contains 66 predicted ORFs (Table 2). The incomplete genome of 
STSV3 showed high similarity on the nucleotide sequence level 
(85 ~ 90.2% identity) with STSV2 (genome size 76,107 bp), and STSV4 
also showed 80 ~ 86% identity on the nucleotide sequence level with 
STSV1 (genome size 75,294 bp).

Phylogenetic tree of archaeal viruses shows the evolutionary 
positions of the newly isolated viruses MTIV3, SIFV3, and STIV3, as 
illustrated in Figure 4. The new filamentous virus SIFV3 is similar at 
the amino acid level to the reported filamentous viruses of Sulfolobus 
and together with the members of the family Lipothrixviridae. MTIV3 
and STIV3 fall into the same clade and related with MTIVs 
(Metallosphaera turreted icosahedral virus) and STIVs (Sulfolobus 
turreted icosahedral virus) which are the known spherical dsDNA 
viruses (Figure 4). Notably, our results unequivocally show that the 
viruses isolated from Tengchong belong to different families.

Archaeal virus membrane lipids

To determine and compare the lipid compositions of the virus 
envelope and host cellular membranes, liquid chromatography-mass 
spectrometry (LC–MS) was used to analyze lipids extracted from 
mature virions and host cells. The lipid composition of the filamentous 
SIFV3 was found to be substantially different from that of the host 
membrane (Figure  5). The Saccharolobus sp.1201–1 membrane is 
mainly composed of GDGTs, and particularly, the GDGTs with four 
cyclopentane rings (GDGT-4) are dominant. By contrast, the envelope 
of SIFV3 is strongly enriched in diether lipid archaeol. The lipid 
archaeol is less than 1% in the host membrane but reaches over 70% of 
lipids in the viral envelope. Thus, like other filamentous viruses AFV1, 
SFV1, and SIFV which selectively acquired archaeol or GDGT-0 from 
the pool of host lipids (Wang et al., 2019; Baquero et al., 2021a; Han 
et al., 2022), the lipids are incorporated into the SIFV3 envelope in a 
highly selective manner. The lipid compositions of the spindle-shaped 
virus STSV3 and STSV4 were slightly different from that of their host 
membrane. Particularly, GDGT-5 was one of the dominant lipids in the 
host membrane (∼20.2% of all ether lipids), but only small amount of 
GDGT-5 was found in STSV3 (∼0.7% of all ether lipids) (Figure 5). 
Recent structural studies suggested that lipids may be present in the 
termini of the spindle-shape virions (Figure 3G; Han et al., 2022; Wang 
et al., 2022). While, the lipid compositions of MTIV3 and STIV3 are 
similar to that of their hosts, suggesting that these viruses do not 
selectively acquire host membrane lipids (Figure 5).
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Discussion

We surveyed the microbial diversity in hot and acidic springs of 
Tengchong by high-throughput sequencing of the PCR-amplified 16S 
rRNA genes and found the members of family Sulfolobaceae were the 
one of most abundant. These dominated organisms thus could be the 
major hosts for the archaeal viruses in Tengchong hot springs. 
We also explored the virus diversity by establishing the enrichment 
culture and isolating crenarchaeal viruses that infect the members 

belonging to the family Sulfolobaceae. Finally, eight different particles 
were found in Sulfolobus enrichment cultures grown at 75°C and pH 
3.0 for 10 days, and five viruses were isolated and identified. Two of 
the viral particle (STSV3 and STSV4) morphologies are similar to 
viruses infecting Sulfolobus species previously. Three viral particles 
(MTIV3, SFV3, and STIV3) morphologies have not been previously 
reported from Tengchong hot springs. The results showed there are 
many crenarchaeal viruses with diverse morphologies in the 
Tengchong hot spring, which probably play key roles to drive 

A

D

G

E
F

B C

FIGURE 3

Transmission electron micrographs of the five isolated viruses in the study. (A,B) STSV3 and STSV4 (tailed spindle-shaped virions); (C) MTIV3 (spherical 
virions); (D) SIFV3 (filamentous virions); (E) STIV3 (spherical enveloped virions); (F) The morphology and size of these viruses. (G) Schematic 
representation of the five viruses with the lipid membrane (Reuter et al., 2005; Wagner et al., 2017; Han et al., 2022; Wang et al., 2022). The inside or 
outside membrane is illustrated as a yellow layer, and the protein capsid is depicted in purple. (A–E) Scale bar, 100 nm. The viral particles are not drawn 
in scale in (G).
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microbial evolution and shape population structure. The five isolated 
viruses further expand the reservoir of already existed crenarchaeal 
viruses and provide new resources to study archaeal virus-host 
interaction and co-evolution.

Despite some of virus-like particles isolated from Tengchong have 
nearly identical morphologies to MTIVs, SBFV3, and SPV1 isolated 
from Yellowstone National Park of United States and Beppu of Japan, 
the analysis of their genome sequences indicates that they are 
genetically distinct. The use of enrichment cultures was proved to 
be an effective way to isolate archaeal viruses in this study; however, 
this cultivation-dependent approach greatly limits the growth of other 

potential viral hosts as the culturing condition were selected in a bias 
way to support Sulfolobus growth. Thus, it is reasonable to assume that 
a large number of potential viral hosts belonging to other families exist 
in Tengchong hot springs. We  envision that viral metagenome 
(virome) analysis will be powerful to explore the viral diversity in 
acidic hot springs of Tengchong; and the analysis of CRISPR 
(Clustered Regularly Interspaced Short Palindromic Repeats) spacer 
match between virus and host will gain some new insights into virus-
host interactions.

Archaeal viruses represent one of the least known territories 
of the viral universe and even less is known about their lipids. 
Archaeal viruses can acquire host membrane lipids as their inner 
membrane or outside envelope. Notably, the virions of MTIV3 
and STIV3 are likely surrounded by the inner lipid membranes 
and further encased by the outer polyhedral capsids (Figure 3G) 
as previously described on the icosahedral archaeal viruses SPV1, 
STIV, and STIV2, and MTIVs (Roine and Bamford, 2012; Wagner 
et al., 2017; Wang et al., 2019). It has been proposed that the viral 
inner lipid membrane lipids are synthesized de novo (Fu et al., 
2010). Different from MTIV3 and STIV3 with inner membrane, 
SIFV3 has the outside envelope like SIFV (Baquero et al., 2021b; 
Figure 3G). STSV3 and STSV4 are tailed spindle-shaped viruses, 
which have been reported to have outside envelope (Owens et al., 
2012), but latest Cryo-EM structure assays showed these viruses 
do not contain outside lipid membrane; instead, lipids are possible 

TABLE 2 Genomic properties of the novel viruses from this study.

Virus Genome 
size (bp)

Contigs GC% ORF Accession 
number

STSV3 72,061 7 35 88 OP999020-

OP999026

STSV4 43,181 11 36.2 66 OP999027-

OP999037

MTIV3 12,735 1 51.1 33 OQ473814

SIFV3 30, 153 1 39.6 56 OQ473815

STIV3 18,040 1 42.4 47 OQ473816

FIGURE 4

Phylogenetic tree of archaeal viruses based on whole genome analysis at the amino acid level using VICTOR (Meier-Kolthoff and Göker, 2017). The tree 
is rooted at mid-point, and the branch length is scaled in terms of the distance formula D6. The branch supporting value >50% is shown. For each 
genome, the virus name and the GenBank accession number are indicated. The newly isolated viruses from this study are marked in bold font.
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located in the termini of virus (Han et al., 2022; Wang et al., 2022; 
Figure 3G). In our study, we found that lipid composition of some 
viral inner membrane or outside envelopes was significantly 
different from that of the host membrane. For instance, the major 
membrane lipid composition of SIFV3 is substantially different 
from that of the host and the dominant lipid species in the viral 
membrane is archaeol. Similarly, the icosahedral virus SPV1 with 
inner membrane, the spindle-shaped viruses SSV1 and Sulfolobus 
monocaudavirus 1 (SMV1) with possible termini lipids, and the 
filamentous viruses (Acidianus filamentous virus 1 [AFV1], SFV1 
and SIFV) with outside envelope could selectively acquire archaeol 
or GDGT-0 from the pool of host lipids (Quemin et al., 2015; 
Kasson et al., 2017; Liu et al., 2018; Wang et al., 2019; Baquero 
et  al., 2021a; Han et  al., 2022). To date, the mechanism of 
membrane lipid selection is still not be  clearly explained. Our 
findings identified more archaeal viruses with different lipid 
profiles from their hosts, and we believed that the mechanistic 
studies of membrane lipid selection will be greatly facilitated in 
the future by establishing elegant genetic systems in archaeal 
viruses and their corresponding hosts.
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