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Glacier-preserved Tibetan Plateau viral 
community probably linked to warm–cold 
climate variations

Zhi-Ping Zhong    1,2,3  , Olivier Zablocki2,3, Yueh-Fen Li2,3, James L. Van Etten    4, 
Ellen Mosley-Thompson    1,5, Virginia I. Rich1,2,3, Lonnie G. Thompson    1,6   & 
Matthew B. Sullivan    1,2,3,7 

Glaciers archive time-structured information on climates and ecosystems, 
including microorganisms. However, the long-term ecogenomic dynamics 
or biogeography of the preserved viruses and their palaeoclimatic 
connections remain uninvestigated. Here we use metagenomes to 
reconstruct viral genomes from nine time horizons, spanning three 
cold-to-warm cycles over the past >41,000 years, preserved in an ice 
core from Guliya Glacier, Tibetan Plateau. We recover genomes of 1,705 
approximately species-level viral operational taxonomic units. Viral 
communities significantly differ during cold and warm climatic conditions, 
with the most distinct community observed ~11,500 years ago during the 
major climate transition from the Last Glacial Stage to the Holocene.  
In silico analyses of virus–host interactions reveal persistently high viral 
pressure on Flavobacterium (a common dominant glacier lineage) and 
historical enrichment in the metabolism of cofactors and vitamins  
that can contribute to host adaptation and virus fitness under extreme 
conditions. Biogeographic analyses show that approximately one-fourth 
of Guliya viral operational taxonomic units overlap with the global dataset, 
primarily with the Tibetan Plateau metagenomes, suggesting regional 
associations of a subset of the Guliya-preserved viruses over time. We posit 
that the cold-to-warm variations in viral communities might be attributed 
to distinct virus sources and/or environmental selections under different 
temperature regimes.

Earth has entered the Anthropocene whereby the human species is 
driving unprecedented climate and ecosystem changes1. Critically, dif-
ferentiating naturally occurring variations from human-caused climate 
change requires long-term records of Earth’s past. Glacier ice consists 
of layers of ancient atmospheric deposits that preserve records of past 
climatic conditions (for example, atmospheric gases, temperature and 
precipitation2–4) as well as cells and DNA that can illuminate ancient 
ecosystems and climates (for example, refs. 5,6).

Among these glacier archives are viruses that potentially played 
key ecological roles in the past before freezing. Viruses impact the 
modern marine planktonic habitats via host cell lysis, gene transfer 
between hosts and host metabolism reprogramming7–9. In cryoconite, 
snow and young ice at the glacier surface, viruses can be abundant 
(for example, 104–105 virus-like particles ml−1 on the Svalbard glacier)  
and diverse (for example, 10,840 approximately species-level viral 
taxonomic units were recently found in supraglacial materials) and 
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Increased recovery of GPAVs
We first sought to expand our previous recovery of 33 GPAV 
vOTUs (obtained from two time intervals representing ~355- and 
~14,400-year-old ice15) by deeper sequencing (~2.5 times the sequencing 
depth per sample) and more time intervals (nine instead of two) to cap-
ture a temporal coverage window ranging from ~160 to >41,000 years 
ago (Fig. 1 and Supplementary Data 1 and 2). Combined with an opti-
mized assembly method for low-biomass glacier metagenomes by 
assessing 18 pipelines (by this study; Supplementary Discussion and 
Extended Data Fig. 1) and new methods for identifying short viral con-
tigs (previously established; Methods), these methodological improve-
ments allowed us to recover 1,949 viral contigs belonging to 1,705 ≥5 kb 
vOTUs (average 26.2 kb; hereafter referred to Guliya vOTUs or Guliya 
viruses), including 567 ‘long’ (≥10 kb) vOTUs. This updated catalogue 
of 1,705 vOTUs represents a >50-fold increase in the number of ≥5 kb 
GPAVs reported15 (Fig. 2a), providing critical resources for making dis-
coveries from the rapidly disappearing glacial records of Earth’s history.

The 567 ‘long’ vOTUs were compared with known culturable  
phage genomes using a gene-sharing network approach that requires 
≥10 kb genomes (Methods). Approximately 97% of Guliya vOTUs could 
not be taxonomically classified into a known viral genus, indicating 
a high degree of novelty among our expanded GPAV catalogue that 
was largely understudied. The ~3% classified viruses were assigned to  
12 viral clusters (VC, approximately genus-level viral taxonomy) belong-
ing to the same class, Caudoviricetes. Of the 12 VCs, 9 were assigned 
to the genera Carjivirus, Nickievirus, Myxoctovirus, Cimpunavirus,  
Phikmvvirus, Rauchvirus, Borockvirus, Samunavirus and Akihdevirus, 

can potentially modulate hosts’ metabolisms and mediate hori-
zontal gene transfers to impact supraglacial ecosystems10–13. How-
ever, the characterization of glacier-preserved ancient viruses 
(GPAVs) has thus far been limited to single gene amplification- or 
microscopy-based documentations5,14, until our recent study of the 
first GPAV genomes (33 approximately species-level viral operational 
taxonomic units (vOTUs)) and communities from two time intervals of 
a ~15,000-year-old ice core15. While this latter, genome-resolved study 
highlighted potential viral impacts on their hosts’ nutrient acquisition 
before freezing, there remain large gaps in our knowledge of GPAVs. 
Specifically, no study has documented how viruses changed across 
cold-to-warm cycles, examined them ecogenomically or biogeographi-
cally, or assessed their relationship with the long-term co-archived 
palaeoclimate conditions.

Here, we applied our previously established low-biomass glacier 
ice DNA extraction and metagenomic methods15 to analyse viruses 
infecting prokaryotes from a ~310-m-long ice core drilled from the 
Tibetan Plateau (TP)’s Guliya Glacier—the highest (~6,700 m above 
sea level, ASL), thickest (~310 m) and second largest (>200 km2) site 
among all non-polar glaciers16. This ice core has constructed palaeo-
climate history covering the entire Holocene and Last Glacial Stage 
(LGS) as well as preceding periods (>115,000 years old; the dating 
of bottom ice is still underway)2,16–18 and recovered a limited number 
of bacterial isolates19. Our current work samples ice from nine time 
intervals representing three cold-to-warm cycles over >41,000 years 
to investigate virus ecogenomic and biogeographic dynamics and their 
palaeoclimatic connections.
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Fig. 1 | Glacier ice sampling. a, Drilling occurred on the plateau of Guliya Glacier 
in western China (inset), at 6,200 m ASL elevation. Drilling on the glacier surface 
(first inset photo) resulted in a 309.7 m core (an ~1 m section of which is shown in 
the second inset photo). For comparison, our previous study of viruses15 derived 
from an ice core drilled on the summit (6,650 m ASL). The inset map was plotted 
by the package rnaturalearth (https://github.com/ropensci/rnaturalearth).  

b, Nine depths were sampled from the ice core, spanning two major climate 
epochs: the Holocene and LGS. The black numbers denote depth in metres  
from the core surface, the magenta text provides the corresponding 
reconstructed age and the blue/red text indicates cold/warm palaeoclimate 
conditions (Methods). See Supplementary Data 1 for detailed sample 
physicochemistry. kyr, thousand years.
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and the remaining three belonged to unclassified genera in Caudoviri-
cetes (Fig. 2b, Supplementary Data 3 and Supplementary Fig. 1).

Communities reflect the co-archived climate 
conditions
Sampling across nine time intervals, encompassing three cold-to-warm 
cycles spanning >41,000 years in the Holocene and LGS (Fig. 1b), ena-
bled us to examine the ‘history’ of viral communities and their rela-
tionship with the co-archived climate conditions. Ordination analysis, 
using Guliya vOTUs’ relative abundances (Supplementary Data 4), 
revealed significantly different communities during cold and warm 
conditions of Earth history (Fig. 2c). These differences are presum-
ably due to unique sources (for example, the released viruses from 
the source environments could be distinct between cold and warm 
conditions, and the stronger winds in cold conditions lead to a larger 
catchment area for glacier depositions20) and/or ecological selection 
(for example, unique selection processes during air transportation 
and on glacier surfaces before freezing) occurring between cold and 
warm conditions. The community of sample A11500 (~11,500 years 
old), collected from the beginning of Holocene, was most distinct from 

communities of other samples (Fig. 2c), which was potentially due to 
the sharp change in the climate transition from the LGS to Holocene 
(~11,700 years ago21).

We then assessed the ecological drivers of virus communities. 
Mg2+ (an important metal ion for maintaining phage structures and 
functions22) and δ18O (a temperature proxy at the time of deposition 
on or near Guliya surface16,23) showed highest impacts (lowest P values) 
among the tested factors (Supplementary Data 5 and Supplementary 
Fig. 2). However, the findings were not statistically significant (P > 0.05), 
indicating that untested factors may have been more important, includ-
ing perhaps biological impacts such as virus–host interactions (docu-
mented below).

We retrieved only one deep core from the plateau of Guliya  
Glacier owing to the challenges of remote and high-altitude field work. 
With limited core materials, only one sample per depth interval was 
available for microbiological and palaeoclimatic research. However, 
our data provide a first window into the historical changes of viral com-
munities over tens of thousands of years and the virus–palaeoclimate 
linkages archived in a glacier, which will undoubtedly benefit from 
analyses using larger datasets in the future.
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Fig. 2 | GPAV number, taxonomy and community clustering. a, This study’s 
GPAVs relative to the sole previous report15. b, Taxonomy of this study’s GPAVs 
≥10 kb (see Supplementary Data 3 and Supplementary Fig. 1 for the full taxonomy 
results and network). The 3% classified (all within class Caudoviricetes) belonged 
to 12 VCs (approximately genus-level taxonomy; numbered by distinct colours) 
as visualized by the adjacent networks with genus names indicated; the triangles 
denote GPAVs, and the circles denote NCBI RefSeq viral genomes.  

c, Similarity among GPAV communities (PCoA, by Euclidean distance from vOTU 
coverages) in this study; sample names are indicated (‘A’ for ‘age’, and number 
for reconstructed ice age) and coloured by temperature condition (blue, cold; 
red, warm); the ellipse denotes a 95% confidence interval for cold samples. 
Permutational multivariate analysis of variance indicated a significant (P = 0.045) 
difference between cold and warm communities.
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Ecological impacts of viruses over time
Our previous study revealed that GPAVs played key ecological roles 
in unique, relatively short-term time intervals15. Thus, we next sought 
to ask how viruses might impact ecosystems over a long-term record 
(>41,000 years). To assess this, we evaluated virus–host linkages associ-
ated with the dominant microbial residents and explored virus-encoded 
auxiliary metabolic genes (AMGs). Analyses of the lineage-specific 
virus–host ratios (VHRs) allow assessment of how infection dynamics 
of a specific lineage varies over time24, whereas AMGs offer a proxy 
indicating which host metabolisms viruses might historically modulate 
to improve host and virus fitness8,25.

Towards the former, we used an integrated approach and TP gla-
cier microbial genomes to establish host predictions (Methods). This 
analysis linked ~67% Guliya vOTUs (1,149 of 1,705) to a host (Supple-
mentary Data 6), which is high but comparable to the host prediction 
rates in other ecosystems (for example, rumen and lake sediments26–28) 
using the same method. Abundant viruses were predicted to histori-
cally infect the three most dominant bacterial genera Flavobacterium, 
Cryobacterium and Polaromonas (Fig. 3a) that are commonly dominant 
in glacier communities with many members having cold-adapted 
genomic features and the potential to impact carbon cycling15,29–33. 
These results suggest that Guliya viruses infecting dominant bacterial 
genera were probably important factors, over a >41,000 year record, in 
shaping the ancient ecosystems preserved. The VHRs varied among the 
genera, with VHRs for Flavobacterium persistently higher than those 
for Cryobacterium and Polaromonas (Fig. 3b), presumably reflecting 
higher viral pressure on Flavobacterium over the entire record (see 
Supplementary Discussion for additional ecological arguments of 
lineage-specific virus–host interactions).

At the phylum level, we found particularly high VHRs for Patesci-
bacteria over time (Supplementary Fig. 4a), consistent with a pre-
vious report of high viral infection of Patescibacteria in Arctic soil 
with subfreezing temperature and low nutrient availability34. We note 
that Patescibacteria’s VHRs could be overestimated due to the primer 
bias-based underestimation of Patescibacteria’s 16S ribosomal RNA 
genes35,36. Alternatively, if the 16S data accurately reflect actual Patesci-
bacteria abundances, we posit that high viral infection could result 
from fewer clustered regularly interspaced short palindromic repeats 
(CRISPRs) and spacers for defending viruses (Supplementary Discus-
sion and Supplementary Fig. 4b–e).

Towards the latter consideration, we annotated viral genes (Sup-
plementary Data 7) and rigorously searched for AMGs (Methods). These 
analyses identified 50 putative AMGs from 82 viral contigs (Supple-
mentary Fig. 5 and Supplementary Data 8), which should be an under-
estimate since short-read assemblies lead to fragmentation of viral 
genomes particularly in AMG-enriched areas. Of the AMGs observed, 
they were enriched in functions of cofactor and vitamin, amino acid 
and carbohydrate metabolism pathways (Fig. 3c and Supplementary 
Data 9). Notably, AMGs of ‘metabolism of cofactors and vitamins’ were 
enriched through all nine times studied (Fig. 3c), probably due to these 
pathways, also found previously as enriched in supraglacial microor-
ganisms, enabling microbial hosts to cope with stressful conditions on 
glacier surfaces33 and thus, in turn, improving virus fitness.

Among these AMGs, we further analysed a cobaltochelatase gene 
(cobT) and a phosphoadenosine phosphosulfate reductase gene (cysH) 
because they are ecologically important (details in Supplementary 
Discussion) but have not been reported in glacier viruses. The cobT 
gene belongs to the historically enriched AMG category ‘metabolism of 
cofactors and vitamins’ and encodes a component of cobaltochelatase 
to catalyse cobalt insertion in the corrin ring during the biosynthesis 
of vitamin B12 (ref. 37). The cysH gene encodes a phosphoadenosine 
phosphosulfate reductase to impact the sulfur cycle via assimila-
tory sulfate reduction. We explored their viral genomic composition 
(Fig. 3d,e), gene phylogeny, conserved motifs and signatures of evolu-
tionary pressure (details in Methods and Supplementary Discussion). 

Briefly, phylogenetic analyses revealed that viral cobT was probably 
transferred from microorganisms of the genus Ralstonia (Supple-
mentary Fig. 6a), some members of which can participate in vitamin 
B12 metabolism38, while viral cysH appeared to have been transferred 
from microorganisms of the genus Janthinobacterium (Supplementary 
Fig. 6b), a very common glacier lineage with cold-adaptive molecular 
capability32,39. Both AMGs were under purification selection (Sup-
plementary Data 10 and 11) and contained the conserved functional 
domains of these enzymes (Supplementary Fig. 7). Taken together, 
these results suggest that both AMGs might functionally impact gla-
cier microorganisms, presumably by impacting stress resistances 
via synthesizing vitamin B12 and the sulfur cycle via reducing sulfate 
(Supplementary Discussion).

Overall, our findings suggest that Guliya ice archives a record of 
ancient virus ecosystems, which can go back >41,000 years. We propose 
that Guliya viruses potentially prey upon dominant microorganisms 
and encode AMGs (including those relevant to stress responses) to 
influence their hosts under the extreme conditions of the ancient 
ecosystems (for example, on glacier surfaces) before freezing. These 
data support our previous findings about viral impacts on hosts15 but 
provide additional insights into the long-term changes of virus–host 
interactions over tens of thousands of years, with particular high-
lights on the persistently high viral pressure on the dominant genus  
Flavobacterium (a common glacier lineage) and the historical enrich-
ment in ‘metabolism of cofactors and vitamins’ that can contribute to 
host adaptation under extreme conditions.

Regional association of some Guliya viruses
One of the key goals in glacier research is to understand glacier’s 
sources, which help link the preserved information to source loca-
tions40. Guliya Glacier is located in Northwestern TP influenced by 
multiple air masses (Southeast and Southwest Asian monsoons, Indian 
monsoon and the continental westerlies), complicating the interpreta-
tion of its sources16,17. Previous analyses show that Guliya experiences a 
broad range of air impacts (spanning Central Asia, Northwestern India, 
the Middle East, Northern Africa, and Eastern and Western Europe; 
mainly impacted by its nearby region)41 and that Guliya’s dust parti-
cles partly originated from the Taklimakan desert42. However, Guli-
ya’s biological source areas, including the main regions, remain to be  
verified16,17. This can be explored now using Guliya virus genomes as 
signatures against global virus biogeography from known sequenc-
ing datasets. To accomplish this, we assessed the distribution of the 
1,705 Guliya vOTUs in 733 selected metagenomes from non-glacier 
environments (for example, air, China soils, deserts and seawater, which 
could contain viruses deposited on glaciers) and in the 187 globally 
available glacier metagenomes (published by July 2022) from Arctic, 
Asia, Europe, North and South America, and Antarctica (Fig. 4a and 
Supplementary Data 12). This assessment found that ~73% (1,242 of 
1,705) vOTUs were unique to Guliya, while ~27% (452 of 1,705) were 
found in ≥1 of the 187 glacier metagenomes and the remaining <1% (11 
of 1,705) were present in non-glacier environments (Fig. 4b). Notably 
all the later 11 vOTUs were from air samples above the Red Sea (Fig. 4a), 
suggesting that Guliya-preserved sources might partly have originated 
from the nearby regions, such as the Middle East and/or North Africa, 
as also indicated by air influences41.

Of the 452 vOTUs found in the 187 globally available glacier 
metagenomes, virtually all (~99%; 447 of 452) were detected from TP 
glaciers (Fig. 4b), although they accounted for <50% (n = 92) of the 
187 glacier metagenomes and ~60% of the total glacier metagenomic 
sequencing (1.7 of 2.8 × 1012 bp). In contrast, only ~12% (54 of 452) vOTUs 
were found in the 83 glaciers outside of Asia (Arctic, Europe, North and 
South America, and Antarctic) and almost all of them (53 of 54) were 
shared with TP glaciers, although these glaciers accounted for a large 
portion (44%; 83 of 187) of the available glacier metagenomes. The 
remaining 12 glacier metagenomes from Asia, but outside of the TP, 
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contained 124 Guliya vOTUs, with 120 of them shared with TP glaciers 
(Fig. 4b). Similarly, assessing the historical change of Guliya virus bio-
geography (that is, analysing the virus distribution for each of the nine 
Guliya samples individually rather than combining viruses of all nine 
samples as documented above) revealed that ~99% of Guliya vOTUs (of 
those presenting in ≥1 of the 187 glacier metagenomes) were detected 
in TP glaciers over the entire record studied (Fig. 4c).

These biogeographic assessments revealed that ~73% of the 
Guliya vOTUs were absent in the global dataset analysed; thus, their 
source information was unknown. The other ~27% were shared with 
the global dataset, primarily with the TP metagenomes, indicating a 
likely regional TP association and, thus, a potential regional origin for 
these Guliya viruses. This result is consistent with a previous finding 
(via back-trajectory frequency analyses) that the primary source of the 
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air arriving over Guliya Glacier is from the nearby region41. We note that 
the low overlap (~27%) of viruses between Guliya and public dataset 
might be attributed to the limited size of the comparator datasets ana-
lysed and that the source information for most Guliya viruses remains 
unknown. To improve our understanding of Guliya’s biological sources, 
future studies will benefit from increasing the viral datasets, as well as 
from including other biological materials (for example, prokaryotes43), 
in the biogeographic investigations.

Finally, we considered whether the ancient microorganisms/
viruses could have in situ activity within the frozen ice. Indeed, there 
are hints of microbial activity in some basal glacier ice, along with the 
detection of excess gases (CO2, CH4 and N2O) at certain depths that 
might have been produced by microorganisms44–46 thought to occur 
either in cold and salty liquids along three-grain boundaries47 or on the 
surface of clay grains48. These putative habitats are thought to occur 
in Antarctic basal ice with extreme conditions including no sunlight, 
no oxygen, high pressure, low temperature, high acidity (pH ~2.5) and 

high salinity47–49, which would select microorganisms that are able to 
live under these conditions. However, they would preclude the enrich-
ment of Flavobacterium, Polaromonas and Cryobacterium, which were 
historically enriched in all the nine of the Guliya ice samples studied 
(Fig. 3a) and are commonly dominant lineages in glacier-preserved 
communities and on the modern glacier surfaces15,29–33. Further, if in situ 
activity does occur in frozen ice, it is thought to probably be at only 
an extremely low level of metabolism to mitigate genetic and cellular 
damage, and microorganisms would be unlikely to proliferate to alter 
the original community and nucleotide compositions50,51. Thus, we 
interpret the viruses archived in Guliya Glacier as probably represent-
ing glacier surface taxa before freezing and faithfully reflecting ancient 
ecosystems and palaeoclimate conditions.

Conclusion
Glaciers archive palaeo-information including climates and micro-
bial ecosystems over millennia and longer. However, GPAVs have been 
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largely ignored due to extensive methodological challenges such that 
no study has investigated the long-term historical dynamics, ecogenom-
ics, biogeography or palaeoclimatic connections. Here, we examined 
the co-archived palaeoclimate and viruses in TP’s Guliya Glacier over 
nine time intervals that spanned >41,000 years in the Holocene and LGS 
and covered three cold-to-warm cycles. This expanded known GPAVs 
>50-fold and provided foundational advances in our understanding 
of ancient virus roles in rapidly disappearing glacial records of Earth’s 
history, including insights into how virus communities change across 
cold-to-warm transitions, as well as long-term changes in virus–host 
interactions and genomic-tracking data to assess the potential source 
materials for Guliya archives.

Future GPAV studies will benefit from diverse advances and tech-
nologies including (1) higher-resolution records to assess finer-scale 
ecological dynamics and connections to palaeoclimates; (2) expand-
ing datasets to include single-strand DNA52 and RNA53 viruses; (3) 
expanding datasets to include higher per-genome coverage to evalu-
ate population genetics and evolutionary hypotheses, (4) low- and 
high-throughput cultivation approaches to allow model system ‘viro-
cell’ experimental testing of genome-derived hypotheses; and (5) 
experimental virus–host linkage measurements to evaluate the in 
silico host predictions25,54. Just as such approaches have transformed 
the study of marine viruses9, similar applications will transform our 
understanding of GPAVs, including eukaryotic viruses, and their roles 
in the story of the Earth system—hopefully before the Anthropocene 
warming compromises all the glacial ice essential to tell such stories.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41561-024-01508-z.
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Methods
Guliya ice core sampling and physicochemical conditions
The ice core (309.7 m deep drilled to the glacier bedrock; location: 
35° 13′ 58.8′ N, 81° 28′ 5.7′ E; 6,200 m ASL) was drilled on the plateau of 
Guliya Glacier (named ‘Guliya Plateau core’, GP core) in 2015 (Fig. 1a). 
The drilling site had an air temperature of −21.2 °C; the ice tempera-
tures were −11.6 °C and −2.1 °C at 10 m and 309.7 m (bedrock) depth, 
respectively16. The core was 10 cm in diameter, which was cut into 
~1 m sections. Core sections were sealed in plastic tubing, placed in 
cardboard tubes covered with aluminium and transferred at −20 °C 
by a freezer truck from the drill site to freezers in Lhasa, by airplane to 
freezers in Beijing, by airplane to Chicago and then by freezer truck to 
the Byrd Polar and Climate Research Center at The Ohio State University 
in Columbus where they have been stored at −34 °C.

Nine samples were collected from the GP core at depths of 30.80–
30.96 (sample name A160, ~160 years old), 109.23–109.42 (A3900, 
~3,900 years old), 125.93–126.89 (A8800, ~8,800 years old), 126.89–
127.75 (A9400, ~9,400 years old), 127.75–128.61 (A9700, ~9,700 years 
old), 128.61–129.38 (A10100, ~10,100 years old), 131.57–131.77 (A11500, 
~11,500 years old), 223.15–223.29 (A41000_a, >41,000 years old) and 
259.95–260.16 (A41000_b, >41,000 years old) metres, respectively 
(Fig. 1b and Supplementary Data 1). The putative ages and physico-
chemical parameters of each sample are summarized in Supplemen-
tary Data 1. Specifically, these samples represented ice that was ~160 
to >41,000 years old2,17,18,42, with seven and two samples from the two 
major climate epochs Holocene and LGS, respectively. In addition to 
the time gradient, these samples were intentionally selected from the 
peak of cold or warm conditions based on GP core’s δ18O curve2,17,18,42, 
which is the temperature proxy at the time of deposition on or near the 
surface of Guliya Glacier23,55, for investigating the potential impacts of 
temperature conditions on communities. This designation generated 
samples covering three cold-to-warm cycles of Earth history (Fig. 1b 
and Supplementary Data 1).

These ice samples were collected according to the clean 
low-biomass procedures we established previously15. Briefly, ice core 
sections were transferred from −34 °C to the sampling temperature of 
−5 °C overnight to reduce the possibility of fracturing during surface 
decontamination procedures, which consisted of three steps to remove 
the ice core’s surface ice and, finally, sample the inner ice for further 
analyses15. The sampling steps were conducted in a cold room labora-
tory (−5 °C), which was exposed to ultraviolet light for more than 12 h 
before ice core processing to kill microorganisms in the air and on the 
surface of the instruments. All the biological work in this study after 
the ice sampling in the cold room laboratory was performed in a hood 
within a small (~2 m2 in area) clean room laboratory that is reserved 
for microbial experiments with low-biomass samples. The hood was 
exposed to ultraviolet light for more than 1 h before experiments.

Concentrations of insoluble dust, major ions and oxygen isotopes 
of glacier ice were analysed via a Coulter Counter (TAII), Thermo 
Scientific Dionex ion chromatograph (ICS-5000) and Picarro cavity 
ring-down spectrometer (L2120-i), respectively, with methodological 
details described in our previous work17. The chronology of the GP 
core, from which the nine ice samples were collected, was established 
by 14C accelerator mass spectrometry dating of englacial plant frag-
ments and 36Cl age, as well as by matching the oxygen isotopic data 
between the GP core and another ice core that was drilled and dated 
in 1992 near the GP core from Guliya Glacier2,17,18,56. Until now, we had 
confident dating for GP core’s ice from the surface to 187.4 m deep, 
which represents materials from the current time (that is, 2015 CE, 
at the time of core drilling) to ~41,000 years ago16,17. Seven of the nine 
samples in the current study were collected above 187.4 m deep of 
the GP core and had robust dating (Fig. 1b and Supplementary Data 
1), while the other two samples were collected from ice deeper than 
187.4 m (that is, 223.15–223.29 and 259.95–260.16 m deep) and were 
only listed as older than 41,000 years.

Background controls
Four controls were used to trace possible sources of background con-
taminations during ice processing as established previously32. First, 
we assessed what microorganisms inhabited the air of the cold and 
clean room laboratories, respectively, in which we sampled the ice and 
conducted the biological work (sample names of these two air controls: 
AirColdRoom and AirCleanRoom, respectively). Microorganisms from 
about 17.3 m3 of air were collected over 4 days of continuous sampling in 
the cold and clean rooms, respectively, with an air sampler (SKC) using 
the established methods32, during which the ice core samples were 
processed at the same time. These two controls provided evaluations 
of the background contamination due to ice exposure to air during the 
processing. Second, a sterile artificial ice core was processed in parallel 
with the authentic ice core samples through the entire analysis (sample 
name: ArtificialIce). This control allowed the evaluation of contamina-
tion from the instruments used to process the ice. Third, a blank control 
was established by filtering and extracting DNA directly from 50 ml of 
sterile water in parallel with the ice samples (sample name: Blank). This 
control allowed the evaluation of contamination downstream of the 
ice processing, including the water filtering and molecular procedures 
(for example, DNA extraction, polymerase chain reaction (PCR), library 
preparation and sequencing).

Genomic DNA isolation
Viruses, together with other biological particles (for example, cells), in 
GP core samples and two liquid controls (that is, ArtificialIce and Blank) 
were concentrated to 0.8 ml using 100 kDa Amicon Ultra Concentrators 
(EMD Millipore) and preserved at 4 °C until DNA extraction (within 2 h). 
The bulk genomic DNA, which theoretically captures both intracellular 
and extracellular viruses, from the above concentrates and the filters of 
two air controls (that is, AirColdRoom and AirCleanRoom) was isolated 
with a DNeasy PowerSoil Kit (cat. no. 12888-100, Qiagen) according to 
the manufacturer’s instructions, with an additional step of bead beat-
ing to disrupt bacterial spores and Gram-positive cells before cell lysis. 
The bead beating was conducted using the MiniBeadBeater-16 (Model 
607, BioSpec Products) by homogenization at 3,400 rpm for 1 min with 
100 mg of autoclaved (121 °C for 30 min) 0.1-mm-diameter glass beads 
(cat. no. 13118-400, Qiagen). The isolated DNA was preserved at −20 °C.

Metagenomic sequencing
After DNA extraction, metagenomic sequencing for all samples was 
performed at the Joint Genome Institute ( JGI), Department of Energy, 
USA. Briefly, the DNA libraries were prepared using the Nextera XT 
Library Prep Kit (cat. no. 15032354, Illumina) with 9–20 cycles of PCR 
amplification to increase template concentrations in each library. All 
libraries were sequenced by Illumina NovaSeq platform (2 × 150 bp).

Metagenomic read processing and viral identification
All metagenomic data analyses were supported by the Ohio Super-
computer Center57, except that the sequencing reads were filtered for 
quality by JGI using the previously established standard pipeline58. 
Briefly, BBDuk (BBMap v38.26 (ref. 59)) was used to remove potential 
contaminants that might be introduced during sampling processing 
and trim reads with adapters or low-quality bases58. The first and last 
ten bases were trimmed off each read. In addition, a read was removed 
if it contained four or more ‘N’ bases, had an average quality score <10 
across the read, or had a minimum length ≤51 bp or 33% of the full read 
length. After quality filtering, the metagenomic sequence data were 
assembled to contigs using an optimized pipeline for assembling 
low-biomass glacier ice metagenomes (see details in ‘Assembly method 
optimization’ section).

The assembled contigs (length ≥5 kb or circular contigs with 
length 1.5–5.0 kb) were then used to identify viral contigs according 
to the previously established methods60. Briefly, this study focused 
on viruses infecting prokaryotes and used three tools VirSorter v1.1.0 
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(ref. 61), DeepVirFinder v1.0 (ref. 62) and MARVEL v0.2 (ref. 63) for 
predicting viruses. Contigs were classified as viruses if they met one 
of the following four criteria: (1) categories 1, 2, 4 or 5 of VirSorter; (2) 
DeepVirFinder score ≥0.9 and P < 0.05; (3) MARVEL probability score 
≥90%; or (4) DeepVirFinder score ≥0.7 and P < 0.05 and MARVEL prob-
ability score ≥70%. Viruses identified by all methods were combined 
and dereplicated for further analyses.

The viral contigs were first checked for contaminants by com-
paring them with viral genomes considered as putative laboratory 
contaminants (phages cultivated in our laboratory: Synechococcus, 
Cellulophaga and Pseudoalteromonas phages) using Blastn v2.10.0+. 
Two Guliya viral contigs (GPAV_392 and GPAV_677) had hits to the  
Cellulophaga phage genomes of lab contaminants (Supplementary 
Data 13). However, the alignment coverages (≤1%) and identities 
(88–91%) were low. Thus, no Guliya viruses were lab contaminants. 
The remaining contigs were clustered into vOTUs if they shared ≥95% 
nucleotide identity across 80% of their lengths64. The longest contig 
within each vOTU was selected as the seed sequence to represent 
that vOTU. A coverage table of each vOTU was generated using iVirus’ 
methods (tools: BowtieBatch v1.0.0 and Read2RefMapper v1.1.0) by 
mapping quality-controlled reads to vOTUs (read identity of ≥95% and 
vOTU coverage of ≥70%), and the resulting coverage depths, which were 
weighted by genome length, were further normalized by library size 
to ‘coverage per gigabase of virome’26,65. Any vOTUs that were identi-
fied from both glacier ice and controls were interpreted as potential 
contaminants and removed in further analyses.

Assembly method optimization
Technical advances have enabled metagenomic sequencing of 
low-biomass communities with nanogram to subnanogram amounts 
of DNA66,67. In addition, we have previously used mock viral communi-
ties to optimize the in silico pipeline for investigating viral communi-
ties, including the assessment of the rate of chimerism in the contigs 
assembled by the assemblers SPAdes and MEGAHIT68. We further used 
169 PCR-amplified metagenomes to specifically optimize the de novo 
assembly pipeline in terms of the size of assembled contigs with length 
≥10 kb and the error rates to propose the best-suited assembly method 
for PCR-amplified low-biomass metagenomes69. Here, we adapted the 
recommended assembly method established previously68,69 but further 
used three of the nine glacier ice metagenomes from this study to opti-
mize the assembly method in terms of the size of shorter assembled 
contigs and viral contigs with length ≥5 kb. We tested a suit of combina-
tions of assembly pipelines (Extended Data Fig. 1): (1) two types of read 
selection (that is, read deduplication by BBMap’s (v38.26) clumpify.sh59 
versus no read deduplication before assembly); (2) two types of read 
correction (that is, read error correction versus no read error correc-
tion with option --only-assembler in SPAdes v3.11.1 assemblies); (3) two 
modes of the SPAdes assembler (that is, metaSPAdes with option -meta 
versus single-cellSPAdes with option -sc); and (4) two sets of k-mers in 
SPAdes assembler (that is, -k 21,33,55 versus -k 21,33,55,77,99,127). These 
combinations generated a total of 16 assembly tests (Extended Data 
Fig. 1), which were then compared with two additional tests with two 
sets of k-mers (that is, -k 21,33,55 versus the default k-mer parameters 
-k 21,29,39,59,79,99,119,141) using the tool MEGAHIT (v1.1.2) that has a 
better computational efficiency than SPAdes70.

Taxonomy and ecology analyses
Because viruses lack any single universally shared gene, we established 
taxonomy using gene-sharing network analysis from viral sequences 
≥10 kb in length using vConTACT2 v2 (ref. 71). Briefly, this analysis com-
pared the vOTUs in this study with viral genomes in the National Center 
for Biotechnology Information (NCBI) RefSeq database (release v201) 
and generated VCs approximately equivalent to known viral genera8,71,72.

Principal coordinate analysis (PCoA) was performed using the 
Euclidean distance matrix based on the coverage of each vOTU. 

Associations between the viral community compositions and envi-
ronmental parameters were evaluated through both distance-based 
redundancy analysis and two-tailed Mantel tests by comparing their 
Euclidean distance matrices. Environmental parameters were com-
piled and tested for normality (one-sample Kolmogorov–Smirnov 
test; P > 0.05) using SPSS (release 18). Parameters found to have a 
non-normal distribution were transformed as close to normality as 
possible. These statistical analyses provide estimates of the independ-
ent contribution from each parameter, and both methods generated 
consistent results that none of the tested parameters had a significant 
impact on the glacier viral communities across the nine samples (Sup-
plementary Data 5), indicating that there are untested variables that are 
important in shaping glacier viral communities, such as the interactions 
between viruses and their hosts.

Viral host prediction
The putative virus–host linkages were predicted in silico using the 
iVirus tool VirMatcher v0.3.3 (ref. 26), which aggregates four different 
methods to provide a statistical confidence score for each host predic-
tion and these methods are based on (1) tRNA match, (2) nucleotide 
sequence composition, (3) nucleotide sequence similarity and (4) 
CRISPR spacer match. Viral host prediction benefits from the data-
base that contains microbial genomes from the same ecosystems 
as viruses24. Therefore, we used the 2,358 microbial MAGs that were 
recovered from TP glaciers33 as the microbial database for linking the 
Guliya viruses to their hosts. A summary of the predictions is available 
in Supplementary Data 6.

Once the viral hosts were predicted, we assessed lineage-specific 
virus/host abundance ratios at both phylum and genus levels accord-
ing to the relative abundances of microbial lineages and their viruses24, 
which were obtained on the basis of the microbial (bacterial/archaeal) 
16S rRNA gene amplicon reads and each vOTU’s coverage, respectively. 
At the phylum level, the virus/host abundance ratio of Patescibacteria 
was significantly (~20 times; P = 0.007) higher than that of all other 
phyla (Supplementary Fig. 4a). Thus, we compared the genomic fea-
tures of the 2,358 TP glacier MAGs belonging to Patescibacteria and 
other phyla. The taxonomy, genome size and GC content were sum-
marized on the basis of the original report of these MAGs33; while we 
extracted the CRISPRs and spacers (≥3 direct repeats) from these MAGs 
using MinCED (v0.4.2; mining CRISPRs in environmental datasets73).

Virus-encoded AMGs
The putative AMGs were identified and evaluated according to our pre-
viously established methods74. Specifically, all vOTUs were processed 
with VIBRANT v1.2.1 (ref. 75) to obtain gene functional annotations 
and identify putative AMGs. To obtain high-quality AMGs and rule out 
false-positive AMGs from microbial contamination, CheckV v1.1.10 
(with default parameters) and manual inspections were then used 
to identify putative cellular genes, assess host–virus boundaries and 
remove the potential host fraction of the viral contigs76. Only AMGs 
that were surrounded by phage genes and did not contain transposon 
regions were included for further analyses. Metabolism categories of 
AMGs were summarized on the basis of Kyoto Encyclopedia of Genes 
and Genomes annotations and the pathway modules77. Visualization 
of the genome maps for viruses containing AMGs was performed using 
Easyfig v2.2.5 (ref. 78). Phage genes and hallmark genes were identified 
by VirSorter61,79. The relative abundances of AMGs were assessed on the 
basis of the coverages of vOTUs containing the AMGs.

Two AMGs of particular interest (that is, the cobT gene involved 
in vitamin B12 synthesis and cysH gene involved in sulfur metabolism) 
were subjected to further analyses to infer their evolutionary histories. 
DIAMOND BLASTP (v2.10.0+)80 was used to query an AMG’s amino acid 
sequence against NCBI RefSeq database (release v214) in a sensitive 
mode with default settings, to obtain the top 40 hits as the reference 
sequences. In addition, microorganism-encoded cobT and cysH genes 
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were extracted from the nine glacier metagenomes to investigate 
possible gene transfers between viruses and their microbial hosts. 
Multiple sequence alignment was performed using MAFFT (v.7.017)81 
with the E-INS-I strategy for 1,000 iterations. The aligned sequences 
were then trimmed using TrimAl v1.2 (ref. 82) with the flag gappyout. 
The substitution model was selected by ModelFinder83 for accurate 
phylogenetic analysis. Phylogenies were generated using IQ-TREE 
v1.6.11 (ref. 84) with 1,000 bootstrap replicates and then visualized 
in iTOL v5 (ref. 85). Potential recombination among genes was evalu-
ated using nine programs: RDP86, GENECONV87, BootScan88, MaxChi89,  
Chimaera90, SiScan91, LARD92, Phylpro93 and 3Seq94 within RDP5 (ref. 95). 
A Bonferroni correction with a P value cut-off of 0.05 was applied in each 
of the tests. A sequence was considered as a true recombinant if sup-
ported by at least four of the nine programs. Branch and site selection 
pressure (dN/dS) analysis across lineages was carried out using codon 
models with maximum likelihood estimated with the CODEML package 
in PAML v4.9 (ref. 96) (see details in Supplementary Data 10 and 11).

Biogeographic assessment
Considering the low temperatures of Guliya (described above), the 
preserved viruses should reflect the species signal from the deposition 
sources50,51. To explore the biogeography of glacier viruses identified, 
the genome fragments of 1,705 Guliya vOTUs were used as baits to 
recruit reads (≥95% identity) from 733 non-glacier metagenomes and 
187 globally available glacier metagenomes (published by July 2022), 
based on the methods described above using iVirus’ BowtieBatch and 
Read2RefMapper tools26,65. A Guliya vOTU was considered to be present 
in a metagenome if ≥70% of its genomic content was covered by the 
recruited reads. The details, including environments, locations and 
citations of the above metagenomes, are summarized in Supplemen-
tary Data 12. The global map was plotted by the packages tidyverse97 
and ggplot2 (ref. 98) in R v3.6.1.

Data availability
Metagenomic data of Guliya samples are available to the public via both 
the Integrated Microbial Genomes (IMG) system (https://genome.jgi.
doe.gov/portal/) and NCBI Sequence Read Archive (SRA) database, with 
an individual accession number for each sample summarized in Sup-
plementary Data 2. The Guliya virus contigs are available via figshare at 
https://doi.org/10.6084/m9.figshare.24523849 (ref. 99). The accession 
information of 920 published metagenomes, including the 187 globally 
available glacier metagenomes, is provided in Supplementary Data 12. 
Source data are provided with this paper.

Code availability
The custom scripts used for analysing data are available via GitHub at 
https://github.com/zhiping393/GPAV.
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Extended Data Fig. 1 | Optimization of assembly pipelines. The number 
of assembled contigs (a) and viral contigs (b) ≥5 kb was compared across 18 
assembly pipelines using metagenomes of three glacier-ice samples: A160, 
A3900, and A11500. Parameters of each pipeline are summarized in legends. 
These pipelines comprised three groups of comparisons: (i) SPAdes A (in 
magenta), this group used ‘single-cellSPAdes + six different kmer frequencies’ 
for assemblies and generated best assemblies; (ii) SPAdes Others (in light blue), 

this group used metaSPAdes or ‘single-cellSPAdes + three or six different kmer 
frequencies’ for assemblies and generated significantly fewer contigs than the 
group SPAdes A; and (iii) MEGAHIT (in green), this group used the tool MEGAHIT 
for assembly and generated substantially fewer contigs than the group SPAdes 
A. The two-sided p values are provided for comparisons between groups, with 
significant difference indicated in red.
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