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Lake salinization on the Qinghai-Tibetan
Plateau alters viral community
composition and lifestyles
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Global warming has accelerated lake salinization, driving changes in microbial community structure
and function. However, the dynamics of viral communities in response to salinity remain unclear. Here,
we apply metagenomic sequencing to a lake on the Qinghai-Tibet Plateau, spanning a broad salinity
gradient, to investigate viral community dynamics. Our findings reveal that salinity strongly influences
viral composition and modulates viral lifestyles. Temperate viruses increase in relative abundance
along the salinity gradient, whereas virulent viruses show a corresponding decline. These shifts are
mirrored in the prokaryotic communities, with Alphaproteobacteria and their infecting temperate
viruses, notably Casadabanvirus, becoming more prevalent in higher salinity zones. Viral genomes
encode genes associated with osmotic stress adaptation, DNA recombination, and nutrient transport,
which may facilitate host adaptation to saline stress. This study provides valuable insights into the
interplay between viral and prokaryotic communities in response to lake salinization.

Lake salinization caused by anthropogenic activities and climate change has
become a worsening global problem and has accelerated over the past
decades'”. This trend has led to notable losses of zooplankton, phyto-
plankton, and planktonic microorganisms, posing a severe threat to bio-
diversity in aquatic ecosystems’. As a fundamental environmental
parameter, salinity profoundly affects aquatic biodiversity and drives
microbial adaptation, speciation, and community assembly™. The
Qinghai-Tibetan Plateau, home to diverse lakes with a wide range of sali-
nities, provides an exceptional opportunity to investigate microbial diversity
and adaptability to environmental fluctuations™. By applying high-
throughput sequencing approaches, previous research has improved our
understanding of the community structure, metabolic activities, and evo-
lutionary processes of prokaryotes in the lakes of the Qinghai-Tibetan
Plateau”"". However, a knowledge gap remains regarding how viruses adapt
to lake salinization, presenting an intriguing mystery in this ecosystem.
Viruses, considered a critical component of microbial communities in
diverse habitats worldwide, are indispensable to most ecosystems due to
their exceptional diversity and abundance'’. More importantly, viruses can

control host abundance through density-dependent lytic processes or
modulate host physiology and metabolism via lysogeny'*", thereby mark-
edly contributing to the biogeochemical cycling of various elements and
ecological processes. Viruses are reported to release approximately 300
million tons of carbon annually by lysing microbial cells in the ocean'>'".
Furthermore, viral populations are believed to constitute a substantial
proportion (>5%) of the total dissolved organophosphorus in marine sur-
face waters”. Current studies of viral diversity, community dynamics and
distribution patterns predominantly center on marine and certain extreme
habitats'®". In the context of salinization induced by global climate change,
studies have employed estuarine ecosystems to examine the complex
impacts on viral communities™>”’. However, the salinity range of most
estuarine samples is limited to 0-3.5 g/L, which lacks representativeness due
to the narrow range and low concentration. Consequently, how viruses
adapt to salinity shifts across a broader spectrum remains largely
unexplored.

Here, we collected 31 sediment samples spanning a wide range of
salinity gradients in Xiaochaidan Lake and its inflowing Tataleng River
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Fig. 1 | Environmental and microbial changes in salinizing aquatic ecosystems.
a Geolocations of 31 sediment samples collected in Xiaochaidan Lake and its
inflowing Tataleng River. b Variations in salinity and TOC in sediments from
Tataleng River and Xiaochaidan Lake. The red stars represent estuarine samples.
Principal coordinate analysis (PCoA) of community composition of viruses c), viral
protein clustered d), prokaryotes e), prokaryotic KO clustered f). The significance of
variance between these group differences was assessed using the Permutational
Multivariate Analysis of Variance test (ADONIS2) encoded in the vegan R library.
g Correlation of biotic and abiotic parameters. The color gradient in the heat map

shows the Pearson correlation coefficient. The asterisk indicates the Pearson two-
sided test for statistical significance using the Benjamini and Hochberg adjustment.
False discovery rate control procedure. *P < 0.05, **P < 0.01 and ***P < 0.001. The
width of the line corresponds to the Mantel R statistic for the corresponding distance
correlations, and the line color represents statistical significance. OTUs the richness
of prokaryotes, vOTUs the richness of viruses, vPCs the richness of viral protein
clusters, TOC total organic carbon, KO the richness of KEGG Ortholog genes of
prokaryotes.

on the Qinghai-Tibetan Plateau (Fig. la). Our goal was to mimic the
salinized aquatic ecosystem and further delve into the adaptive capa-
city and ecological responses of viruses and microorganisms to sali-
nization caused by global warming. Using metagenomics, we
systematically investigated viral diversity, lifestyles, host interactions,

and ecological determinants that shape their responses and potential
adaptation to lake salinization. Our study sheds light on the dynamics
of viral communities and their interactions with hosts, highlighting
their adaptive strategies in response to changing salinization
conditions.
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Results

Spatial variations in physicochemical characteristics of
Xiaochaidan Lake

A total of 31 sediment samples were collected from Xiaochaidan Lake and its
inflowing Tataleng River on the Qinghai-Tibetan Plateau (Fig. 1a). From
the Tataleng River to the eastern shore of Xiaochaidan Lake, a discernible
salinity gradient was observed, escalating gradually from 0.96 to 95.11 g/L
(Fig. 1b). Samples from the Tataleng River had the lowest salinity
(0.96-1.14 g/L), while samples from the eastern shore had the highest
(70.97-95.11 g/L) and the primary contributors to salinity were sodium and
chloride jons. In contrast, the trajectory of total organic carbon (TOC)
concentration exhibits a diametrically opposite pattern, with deviations
observed in four samples from the estuary zone (ranging from 0.02 to 5.53 g/
L). The pH values of all samples were neutral to slightly alkaline, with the
lake (average 8.14) showing a slightly elevated pH compared to its river
counterparts (average 7.65, Supplementary Data 1). In this lacustrine milieu,
salinity and TOC fluctuations provide a unique opportunity to investigate
dynamic changes in microbial and viral communities during lake salini-
zation induced by global warming.

Environmental factors shaping the taxonomic and functional
structures of prokaryotes and viruses

A total of 1817 viral contigs were identified with high confidence
(length 210 Kbp) from 31 metagenomic datasets. A subsequent cluster
analysis based on an average nucleotide identity of 95% yielded 1324 viral
operational taxonomic units (vOTUs). These vOTUs serve as representa-
tives of the species richness within viral communities across all 31 samples
(Fig. S1). Notably, all viral genomes were devoid of contamination. Of these,
50 and 103 vOTUs were classified as high and medium quality with com-
pleteness 290% and >50%, respectively (Supplementary Data 2). Remark-
ably, 13 of these vOTUs were identified as complete viral genomes. By
applying the advanced approach, only 534 vOTUs, representing 40.33% of
the total, could be assigned taxonomically at the family level (Supplementary
Data 3), highlighting the substantial presence of unclassified viruses in
Xijaochaidan Lake. A diverse set of 79 viral families were identified, with
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distinct viral lineages enriched across different samples. Notably, Casada-
banvirus and Kyanoviridae dominate all communities, accounting for an
average relative abundance of 6.12% and 2.78%, respectively (Fig. 2a). The
ribosomal protein S3 encoded by rpS3 has been employed as a biomarker for
comprehensive research on microbial communities™. This yielded 5691
high-quality rpS3 gene sequences (=300 bp in length), clustering into 4381
OTUs based on 99% amino acid identity across all samples. Contrastingly,
the prokaryotic community in Xiaochaidan Lake exhibited considerable
diversity, encompassing 55 bacterial phyla and 6 archaeal phyla (Supple-
mentary Data 4). Bacteroidota, Gammaproteobacteria, and Alphaproteo-
bacteria predominated in all samples (Fig. 2c). Intriguingly, the samples in
the lake are also numerically dominated by Patescibacteria, a candidate
phyla radiation (CPR) lineage known for its small cell sizes and symbiotic
lifestyle, with a relative abundance reaching to 9.89%.

To examine the effect of lake salinization on microbes and viruses, we
employed principal coordinate analysis to evaluate clustering patterns based
on the taxonomic and functional structures of prokaryotes and viruses.
Results showed that the composition and function of both viral and
microbial communities could be well clustered into three groups based on
their locations (Fig. 1c—f and Fig. S2a-d). Further investigation identified
salinity, TOC, and pH are the predominant abiotic factors significantly
influencing both viral and microbial communities (Fig. S3a-d). Salinity
emerged as the most important determinant of the taxonomic and func-
tional structure of viral communities (Mantel’s r=0.45 and 0.44, respec-
tively, P < 0.001; Fig. 1g), while pH influences microbial communities to a
greater extent (Mantel's r = 0.50 and 0.49, respectively, P < 0.001). It is worth
noting that although salinity profoundly affects the viral community
structure, it has no discernible impact on viral biodiversity. In contrast, pH
appears to exert a more pronounced influence on viral biodiversity, con-
tradicting previous studies””’. Furthermore, we unexpectedly observed
strikingly higher viral richness in the lake than in the river (Fig. S4a),
while the disparities in microbial richness were less pronounced
(Fig. S4b). Particularly, the estuarine samples exhibit the highest viral
diversity. Despite the higher salinity of the lake samples, an increase in
lake salinity correlates with a reduction in viral species diversity (Fig. 3f).
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Taxonomic information
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Fig. 2 | Dynamics and drivers of viral and prokaryotic communities. a Shifts in the
relative abundance of viruses at the family level. b The ternary relationship of viral
lineages with salinity, TOC, and pH illustrated. ¢ Changes in the relative abundance
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of prokaryotes at the phylum level. d The ternary relationship of prokaryotic lineages
with salinity, TOC, and pH illustrated. The circle size represents the average relative
abundance of all samples.
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Fig. 3 | Dynamics of viral lifestyle in lake salinization. a The percentage of different
lifestyle viruses. b Shifts in the relative abundance of different lifestyle viruses.
c—e Correlation of the relative abundance of different lifestyle viruses and salinity,

TOC and pH. f Shifts in the richness of different lifestyle viruses. g—i Correlation of
the richness of different lifestyle viruses and salinity, TOC, and pH excluding river
samples. The statistical test used was two-tailed.

We conjecture that the lower diversity in the river masks the effects of
salinity and TOC on viral diversity. It is noticeable that when river
samples are excluded from the analysis, salinity reverts to be the primary
factor affecting viral diversity (Fig. S4c), suggesting the high sensitivity of

the virus to changes in salinity. Concerning microbial diversity, the
significant negative correlation with salinity remained even when river
samples were excluded. Altogether, salinity and TOC tend to be the
pivotal determinants shaping the taxonomic and functional community
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tailed. Black dots represent non-significant correlations. The statistical test used was
two-tailed. ¢ The relationship between viruses, their hosts, and their respective
lifestyles in the Sankey plot.

dynamics of viruses. However, the prokaryotic communities were
markedly influenced exclusively by salinity.

By looking into each taxon, different viral families appear to be influ-
enced by distinct abiotic parameters (Fig. 2b). Specifically, salinity exerted a
positive influence on the abundance of several viral lineages, including
Casadabanvirus, Ceeclamvirinae, Adenoviridae, and others. Conversely, pH
was positively correlated with the abundance of Deejayvirinae, Smacovir-
idae, Mesyanzhinovviridae, and several other families (Fig. S5a). Notably,
TOC demonstrated a significant negative correlation with the majority of
viral lineages, except for Eucampyvirinae and Queuovirinae, which exhib-
ited a positive correlation. Environmental factors also shaped the microbial
community structure (Fig. 2d and Fig. S5b). As one of the most abundant
lineages, Alphaproteobacteria showed a significant positive correlation with
salinity (R =0.70; P=0.00014). In contrast, the other two dominant linea-
ges, including Bacteroidetes and Gammaproteobacteria, demonstrate a
remarkable correlation with pH. These findings highlight the substantial
impact of diverse environmental factors on the abundance of specific viral
and prokaryotic lineages.

Lake salinization modulates the dynamic changes in viral
lifestyles

To understand the viral ecology during lake salinization, a comprehensive
investigation of viral lifestyles was conducted. The results showed that 218
(16.47%) were identified as temperate viruses, while 356 (26.88%) were
characterized as virulent viruses (Fig. 3a; Supplementary Data 5). Along
with changes in salinity, the distribution of viruses varied with different
lifestyles. This demonstrates that lake salinization may induce the dynamic
changing of virus populations, further affecting the microbial community
structure (Fig. 3b). In particular, the relative abundance of temperate viruses

demonstrated a significant positive correlation with salinity and a negative
correlation with TOC, while virulent viruses exhibited the exact opposite
trend, correlating positively with TOC and negatively with salinity
(Fig. 3¢, d). No discernible relationship between pH and viral abundance
was observed for either lifestyle. When examining the viral richness, the
pattern was altered. Unlike the importance of salinity and TOC on the
relative abundance of virulent and temperate viruses, we found that only
virulent viruses had a significant positive correlation with TOC (Fig. S6a, b).
This might be due to the exceptionally lower diversity of viruses in the river
than in the lake (Fig. 3f). When samples from the river were excluded, we
found a gradual decline in virus richness with increasing salinity. Both
salinity and TOC exerted pronounced but opposite effects on the richness of
virulent and temperature viruses: salinity reduced their diversity, while TOC
enhanced it (Fig. 3g, h). Collectively, lake salinization generally diminishes
viral diversity but fosters the spread of temperate viruses, while elevated
TOC levels enhance the diversity of both lifestyle viruses and the abundance
of virulent viruses.

Virus-host linkages and abundance patterns

Using multiple host prediction approaches (see Methods for details),
we identified 74 (5.59%) vOTUs associated with 87 prokaryotic
genomes across nine distinct phyla (Supplementary Data 6). A sig-
nificant positive correlation between viral and host abundance con-
firmed the precision of these associations (R=0.57, P=0.00059;
Fig. 4a). Further insights into variations in virus-host dynamics were
gained by examining Virus-Host Ratios (VHRs). The VHRs ranged
from 141 to 269 with an average value of 211, peaking in the phylum
Krumholzibacteriota (Fig. 4b). This suggests a remarkably low virus
proportion in Xiaochaidan Lake compared to other ecosystems’"*"**.
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Fig. 5 | Dynamic interactions between alphaproteobacterial viruses and hosts.
a, b Correlation of the relative abundance of Alphaproteobacterial viruses and
Alphaproteobacteria and salinity. ¢ Correlation of the relative abundance of
Alphaproteobacterial viruses and Alphaproteobacteria. The statistical test used was
two-tailed. d Shifts in the relative abundance of viruses infecting Roseovarius and
Roseovarius in the communities. The yellow bars represent the relative abundance of
Roseovarius within the Alphaproteobacteria. The yellow lines represent changes in
the relative abundance of Roseovarius in the prokaryotic community. The blue lines
represent changes in the relative abundance of viruses infecting Roseovarius in the
prokaryotic community. e Genome maps of the identified viruses of Roseovarius.

TOP6A, Type 2 DNA topoisomerase 6 subunit A; repA, RecA-family ATPase; czcD,
Cadmium, cobalt, and zinc/H™-K" antiporter; grpE, Molecular chaperone GrpE;
ImbU, LmbU family transcriptional regulator; mcrA, 5-methylcytosine-specific
restriction enzyme A; vapE, Virulence-associated protein E; xylG, ATP-binding
protein of the p-xylose transport system; HTC, head-tail connector protein; HTA,
head-tail adaptor protein; MT, major tail protein, mT, minor tail protein; TSC, tail
assembly chaperone protein; TTMP, tail tape measure protein; PP, prohead pro-
tease, PPP, phage portal protein; Gifsy-1, Gifsy-1prophage protein; GH, glycoside
hydrolase TIM-barrel-like domain-containing protein; C40, C40 family peptidase.

Particularly, the relative abundance of many abundant microbes,
such as Alphaproteobacteria, Gammaproteobacteria, Bacteroidota
Verrucomicrobiota and Cyanobacteria, demonstrated clear positive
correlations with viruses (Fig. 4b). Nevertheless, no discernible cor-
relation was found between viruses and the ultrasmall microbes with
tiny genome size and symbiotic lifestyle (e.g., Patescibacteria within
the CPR bacteria and Woesearchaeales within the DPANN archaea),
despite high VHRs in these groups.

By linking viruses to their corresponding hosts, we found that the
major viral lineages, including Deejayvirinae, Peduoviridae, and Casada-
banvirus, exhibited diverse host distributions across various phyla (Fig. 4c).
In contrast, the less commonly detected viral families-Ackermannviridae,
Adenoviridae, Mesyanzhinovviridae, and Dolichocephalovirinae-manifested
a narrow host range, confined to a single phylum. Interestingly, we
observed one-to-one, one-to-many, and many-to-one relationships
between viruses and hosts during salinization (Supplementary Data 6). For
instance, a prevalent temperate virus can infect the two genera (Rosei-
cyclus and Roseovarius) within the Alphaproteobacteria. Among all
dominant microbes, Alphaproteobacteria, Patescibacteria, and Bacter-
oidota could be infected by multiple viruses, while some viruses are
highly specific to Desulfobacterota and Gammaproteobacteria. Although
fewer temperate viruses were identified, a larger proportion of them
could be linked to known hosts (Fig. 4b). Many of these temperate
viruses, mainly from the family Casadabanvirus, were associated with
Alphaproteobacteria. When salinity was evaluated, the relative abun-
dance of both Alphaproteobacteria and temperate viruses infecting
Alphaproteobacteria increased Fig. S7a, b). Studies have illuminated the
role of temperate viruses in expanding the ecological niches of their hosts
and bolstering their adaptability to environmental changes™’. This

could explain the observed increase in Alphaproteobacteria abundance
that accompanies increasing salinity.

Temperate viruses facilitate host potential adaptation to elevated
salinity

As salinity increased, Alphaproteobacteria and temperate viruses infecting
them increased in relative abundance, demonstrating their adaptive evo-
lution during lake salinization. By applying machine learning approaches,
we attempted to establish the virus-host relationship at a finer resolution.
Results showed that most of the Alphaproteobacteria-associated viruses with
predictable lifestyles were identified as temperate viruses (Supplementary
Data 7). Both Alphaproteobacteria and their associated viruses showed
strong positive correlations with salinity, and they also demonstrated robust
positive correlations with each other (Fig. 5a—c). This concordance pattern
supports the “piggyback the winner” model, where temperate viruses pre-
dominate with high microbial abundance and growth rates”. With a better
resolution, we found that Roseovarius was the most abundant genus within
the Alphaproteobacteria (0%-16.62%; Fig. 5d). This genus tends to be pri-
marily responsive to changes in salinity, with the average relative abundance
shifting from 0% to 2.20% from lower to higher salinity. The infecting
viruses also show a similar trend of change, accounting for up to 22.01% of
the viral community at higher salinity. Therefore, we chose them as an
exemplary model to unravel the virus-host interaction during lake
salinization.

To this end, we examined the auxiliary metabolic genes (AMGs) of
infecting viruses and the metabolic features of their hosts. Members of the
predominant genus Roseovarius possess diverse metabolic capacities,
including polysaccharide degradation, sulfate reduction, sulfur oxidation,
and denitrification (Fig. S8a, b), which may exert a prominent impact on
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biogeochemical cycles in lake ecosystems. Genes encoded by infecting
viruses primarily function in viral structural and assembly proteins and are
rarely identified as AMGs (Fig. 5e and Fig. S9). Specifically, the RecA-family
ATPase (repA) was identified in the viral genome, with studies suggesting its
crucial role in facilitating homologous recombination and DNA repair™.
This function may assist hosts in repairing DNA damage induced by
environmental stress. The presence of cadmium, cobalt, and zinc/H-K'
antiporter (czcD) in the viral genome implies the virus’s involvement in
metal ion transport, thereby contributing to the maintenance of intracellular
ion balance and homeostasis. We hypothesize that these genes might be
instrumental in the regulation of osmotic pressure in the host cell, thereby
enhancing the host’s adaptation to the saline environment. Furthermore,
the identification of the ATP-binding protein (xyIG) of p-xylose transport
system in another viral genome suggests that this virus may aid the host in
nutrient uptake. However, most viral genomes lack detectable AMGs, and
the complexity of their interactions with the host remains enigmatic when
analyzed solely on functional genes. Experimental validation is needed to
understand the interactions between them.

Discussion
Similar to the Arctic regions, the Qinghai-Tibetan Plateau has experienced a
warming rate two to three times higher than the global average over the
recent decades, accelerating the evaporation rate and exacerbating the sal-
inization of lakes™. These changes further alter the community structure of
both prokaryotes and viruses, requiring microbes inhabiting salinized lakes
to evolve a greater tolerance to salt stress. By selecting a representative
sampling site in an area with a well-defined salinity gradient within a single
lake, our study reveals a considerable number of previously undocumented
viruses in Xiaochaidan Lake, profoundly shaped by environmental condi-
tions such as salinity and TOC. The viral community exhibited a gradual
shift in lifestyle, with an increase in the relative abundance of temperate
viruses along the salinity gradient, although the richness of both virulent and
temperate viruses declined. The intricate interplay between virus and host
lineages, together with the AMGs encoded by lysogenic viruses, underscores
the crucial role of viruses in facilitating host adaptation to lake salinization.
By examining the interplay between the viruses and their hosts, we
observed one-to-one, one-to-many, and many-to-one virus-host relation-
ships at the species level. This phenomenon is commonly observed in
previous studies, where many bacteriophages prefer a narrow range of
bacterial hosts, while a few exhibit a broader host range®. The host range of
viruses highly depends on the cell density, diversity, and quality of the
hosts™. Studies have shown that VHRs in saline water are significantly lower
than those in freshwater”. In extreme environments marked by low host
biomass, certain phages broaden their host range as a survival strategy”’.
This is supported by research indicating that many putative lysogenic
phages with a wide host range have been found in dry soils*. On the basis of
this, we conjecture that certain viruses may enhance their survival by
expanding their host range during lake salinization, leading to a tight con-
nection between hosts and infecting viruses. Unlike most microbes, the
ultrasmall microbes (Patescibacteria and Woesearchaeales) showed no
significant correlation in abundance with their associated viruses (Fig. 4b),
although some of them are abundant in the community (Fig. 2b). These
microbes are characterized by their ultrasmall cell size and limited biosyn-
thetic capacities”, resulting in a symbiotic lifestyle and obtaining necessary
nutrients from their co-growing partners. In return, they can provide pro-
tection to the host from invading viruses since most of these tiny microbes
harbor a larger-than-expected set of restriction systems for nonspecific
defense*. This nonspecific defense may complicate the elucidation of
host-virus interactions™*' and partly explain why neither CPR nor DPANN
has a significant relationship with infected viruses. Given the high abun-
dance of Patescibacteria in the sample with high salinity (e.g., X01; Fig. S7),
we further infer that this metabolically deficient lineage may rely on recy-
cling amino acids and nucleotides released from virus-infected cells to
support their growth.

In marine ecosystems, viruses employ both temperate and virulent
viruses to exert differential impacts on their hosts, thereby shaping the
dynamics of microbial communities and having further cascading effects on
biogeochemical cycles, food webs, and the metabolic balance of the ocean®.
Temperate viruses are widely recognized as more prevalent and impactful in
extreme environments, implying the notion that a lysogenic lifestyle may be
a more effective survival strategy under such challenging conditions®.
Nevertheless, considerable controversy remains regarding viruses in saline
lake habitats. Some studies indicate that salinity shifts the viral lifestyle from
temperate to virulent*, while others show the exact opposite transition*>*.
When salinity increased, our findings indicate that the viral richness in both
lifestyles decreased (Fig. 3g and Fig. S6a). While no clear pattern of lifestyle
switching was observed for individual viruses, we did note lifestyle shifts
within viral communities, with an increase in relative abundances of tem-
perate viruses at elevated salinity levels. This phenomenon is supported by a
cultured phage-host system, where the increased salinity enhances the
stability of the prophage”. Apart from the prominent influence of salinity,
TOC also plays a determinant role in the relative abundance of both virus
types, reinforcing the notion that increased nutrients cause stimulation of
lytic phage production®. In nutrient-limited environments, particularly
under harsh conditions characterized by high salinity, we observe a rise in
the abundance of both hosts (Alphaproteobacteria) and infected viruses
(Fig. 5a, b), aligning with the piggyback-the-winner model. We propose that
viruses employ a cull-the-winner model to maintain the stability of
microbial communities under favorable conditions and a piggyback-the-
winner model to adapt to habitats subject to escalating extremes.

As the most pronounced discriminating factor, varying salt con-
centrations led to the proliferation of certain viral and prokaryotic lineages,
which aligns with previous studies***. This is particularly evident under
high salt conditions (22-37% in salinity), where viruses detected from dif-
ferent hypersaline ponds on distinct continents demonstrate consistent
genetic composition and harbor genes to assist their adaptation to high
salinity”’. We consistently observed a notable increase in Roseovarius.
Further investigation of the functional interactions suggested that their
better adaptation was aided by temperate viruses infecting Roseovarius.
The possession of AMGs in viral genomes of Roseovarius, albeit limited,
indicates their participation in osmotic pressure regulation, DNA
recombination and repair, and nutrient transport (Fig. 5e). Most of these
AMGs were associated with habitat adaptation rather than involvement
in biogeochemical cycles, suggesting that the evolution of these temperate
viruses may have been driven by lake salinization to improve their
resilience. Concordantly, numerous studies have also revealed that many
AMGs enable temperate viruses to withstand changing environmental
conditions. For example, lysogenic phages encoding arsenic resistance
genes have been observed in arsenic-enriched soils, facilitating the
adaptation of bacterial communities to arsenic toxicity’'. Additionally,
the genome of Shewanella oneidensis harbors prophages capable of
regulating bacterial genes through phage DNA excision during cold
adaptation™. Recent studies have elucidated that the Gifsy-1 prophage
terminase, traditionally recognized for DNA processing, demonstrates
unforeseen tRNase activity under oxidative stress conditions, thereby
preserving genome integrity and ensuring host survival”. Although we
conjecture that temperate viruses devoid of AMGs may engage in
complex interactions with their hosts during lake salinization, experi-
mental validation is required for accurate elucidation.

With the focus on Xiaochaidan Lake, a natural ecosystem with a sali-
nity gradient possibly induced by global warming, we systematically
investigated the profound effects of lake salinization on viral diversity,
lifestyle, and host-virus interactions. Our study provides valuable insights
into the ecological role of viruses in shaping microbial community dynamics
in salinizing lake ecosystems. These findings enhance our understanding of
viral contribution to ecosystem resilience in the context of climate change,
offering valuable perspectives for predicting the ecological impacts of global
environmental shifts.
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Materials and methods

Sampling, physicochemical analyses, DNA extraction, and
metagenomic sequencing

Xiaochaidan Lake, located in the Qinghai-Tibetan Plateau (95.259-95.
359°E, 37.279-37.319°N), is a brackish lake with a natural salinity gradient,
nourished by the freshwater flow of the northwestern Tataleng River. A total
of 31 sediment samples were collected from the surface (0-5cm) in
November 2016. Out of these, 24 samples were obtained along the coast
while the remaining seven samples were collected from the Tataleng River.
All samples were carefully placed in sterile 50 mL tubes and stored in dry ice
during transportation to the laboratory. Prior to DNA extraction for
metagenomic sequencing, samples were pretreated to enhance DNA yield,
fragment length, and overall quality. Specifically, sediment samples were
pretreated with 0.1 molL ™" ethylenediaminetetraacetic acid (EDTA),
0.1 mol L™! Tris (pH 8.0), 1.5mol L' NaCl, and 0.1 mol L™" NaH,PO,/
Na,HPO, solutions. Samples were oscillated at 180 rpm at 65 °C for 15 min
and washed three times to remove humic substances and heavy metals,
followed by the standard DNA extraction procedure. The measurement of
physicochemical parameters and metagenomic sequencing were consistent
with those described in the previous study’* and summarized in Supple-
mentary Data 1.

Metagenomic assembly and genome binning

For all raw metagenomic reads, we applied filtration using fastp (v0.23.2)*
to remove sequence adapter and low-quality sequences with the parameters
“-q 20 -u20”. Clean reads were assembled using SPAdes (v3.15.2)* with the
parameters “-k 21, 33, 55, 77, 99,127 -meta”. Genome binning was per-
formed on assembled scaffolds (>2500 bp) using MetaBAT2 (v2.12.1)7,
MaxBin2 (v2.2.7)**,and CONCOCT (v1.1.0)*’ with default parameters, and
the best bin was selected using DasTool (v1.1.3)*. The completeness and
contamination of genome bins were assessed using CheckM (v1.1.3)"', and
genome bins with low quality (completeness <50% or contamination >10%)
were eliminated. The representative bins were selected using dRep (v3.2.2)”
with a threshold of 95% of the average nucleotide identity to form secondary
clusters. We used the GTDB-Tk taxonomic classification tool (v2.1.1) to
assign each genome bin to a GTDB-defined species (release 207)"*.

Identification of marker genes of prokaryotes

Putative genes for assembled scaffolds were predicted using Prodigal
(v2.6.3)” with the parameter “-p meta”. The potential rpS3 gene was
identified using AMPHORA2, discarding sequences shorter than 300 bp
or sequences that were unable to produce the best hit in the NCBI-nr
database. Protein sequences of the rpS3 gene were extracted and clustered
using CD-HIT (v4.8.1)* with the parameters “-c 0.99 -n 10 -G 0 -aS0.9 -g 1
-d0”. To assign taxonomy for identified rpS3 genes, we created a homemade
database of rpS3 gene sequences from GTDB®. Specifically, only rpS3 gene
sequences with length >300 bp were retained and clustered by CD-HIT
(v4.8.1) with 100% identity to eliminate duplicate sequences. The taxonomy
of these rpS3 genes was confirmed by conducting a search against them-
selves using the “assign_taxonomy.py” script in QIIME (v.1.9.1)%,
employing the RDP Classifier (https://github.com/rdpstaff/classifier) and
applying a minimum confidence of 0.6. Items were discarded if the tax-
onomy assigned at the species level did not match the taxonomy retrieved
from GTDB, which arose from metagenomes due to the misassembled rpS3-
containing scaffolds. All remaining nucleotide sequences were clustered
using USEARCH (v.11.0.667)” at an identity threshold of 99% to create a
species-level database of rpS3 genes. After curation, the taxonomy of the
rpS3 sequences identified from metagenomes in the present study was
determined by searching the curated database using the “assign_-
taxonomy.py” script in QIIME with the same parameters mentioned above.
Gene sequences that cannot be assigned at the phylum level were subjected
to a BLASTx search (v2.12.0) against the protein sequences of the home-
made database: “-evalue le-5 -num_descriptions 5 -num_alignments 5”.
The lowest concordance level of the top five hits was used to assign a
taxonomy to the corresponding rpS3 sequences.

Identification of viral genomes

Viral genomes were detected using VIBRANT (v1.2.1)” and Virsorter2
(v2.2.3)" with default parameters. To obtain the high-confidence viral genomes,
all viral genome fragments identified by Virsorter2 with a “max_score <0.90”
were filtered. According to the minimum information standards for unculti-
vated viruses, viral genomes shorter than 10 Kbp were discarded”. The com-
pleteness and contamination of viral genomes were assessed using CheckV
(v0.8.1)". Only candidates with the identification of at least one virus gene by
CheckV were retained. The vOTUs were clustered using the scripts “anicalc.py”
and “aniclustpy” in CheckV with the parameters “ANI <95% and alignment
fraction of the smallest contigs <85%”. The lifestyle of the virus was predicted
using DeePhage (v1.0)”. The taxonomy of viral genomes was assigned by
PhaGCN2.0”. The hosts of the viruses were predicted using VirMatcher
(https:/bitbucket.org/MAVERICLab/virmatcher/src/master), which utilized
host CRISPR-spacers, integrated prophages, host tRNA genes, and k-mer sig-
natures calculated by WIsH (v1.1)™ to establish connections between hosts
and viruses. In this tool, a threshold of 3.0 was applied to ensure the accuracy of
the prediction. To cover a broader spectrum of alphaproteobacterial viruses, we
employed iPHoP (v1.3.2) to optimize host prediction®’. Putative protein-coding
sequences were predicted using Prodigal v2.6.3 with the “-p meta” parameter.
The predicted genes were then annotated using DIAMOND (E-values < 1le—5)
against KEGG, NCBI-nr, and eggNOG databases”. For unknown functional
genes, we predicted protein structures using AlphaFold3” and conducted
functional comparisons in the Foldseek Search Server™.

Abundance profiles

The relative abundances of vOTUs, rpS3 genes, and microbial genomes were
assessed by calculating the values of Reads Per Kilobase per Million mapped
reads (RPKM). Briefly, clean reads were mapped to each dataset using the
“make” command in CoverM (v0.6.1; https://github.com/wwood/CoverM).
The poorly aligned reads were eliminated using the “filter” command with
the parameters “~min-read-percent-identity 95 -min-read-aligned-percent
75”. The RPKM values for vOTUs and rpS3 genes were obtained using the
“contig” command with the parameters “-~trim-min 0.10 —trim-max 0.90
-min-read-percent-identity 0.95 —min-read-aligned-percent 0.75”, while
the “genome” command in CoverM with default parameters was used to
determine the RPKM values of prokaryotic genomes.

Statistical analysis

All statistical analyses were conducted using R (v4.1.3). PCoA was per-
formed to group all samples based on Bray—Curtis dissimilarities of viral and
prokaryotic community composition, as well as functional profiles. Statis-
tical significance was assessed among the clusters generated from PCoA
using adonis2®. Pairwise Pearson’s correlations (https://github.com/
mj163163/ggcor-1) were used to examine the relationships between pro-
karyotic and viral communities and other biotic and abiotic factors. The
Mantel test (999 permutations) was employed to calculate the pairwise
correlations between the Bray—Curtis dissimilarities of viral and prokaryotic
communities, and the Euclidean distance of environmental variables.

Data availability

The raw reads of metagenomic sequencing are available in GenBank under
BioProject PRJNA1131488: BioSample ID SAMN42272296 to
SAMN42272326. The raw data for viral and prokaryotic richness, taxo-
nomic and functional composition, genomic features, protein clusters, and
source data used to generate figures for this study are available from https://
doi.org/10.6084/m9 figshare.26318227.
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