
npj | biofilms and microbiomes Article
Published in partnership with Nanyang Technological University

https://doi.org/10.1038/s41522-025-00771-1

Temporal dynamics, microdiversity, and
ecological functions of viral communities
during cyanobacterial blooms in
Lake Taihu
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Harmful cyanobacterial blooms pose severe threats to aquatic ecosystems. Bloom-forming
cyanobacteria form cyanobacterial aggregates (CAs) that create a phycosphere supporting diverse
microbial interactions. Here, longitudinal metagenomics and metatranscriptomics were employed to
explore the temporal variation of CA-attached viral communities throughout cyanobacterial blooms in
Lake Taihu. Viral communities, represented by 5613 viral operational taxonomic units, showed
increased relative abundance (RPKM) with the expansion of bloom areas. Among 1791 virus‒host
linkages, host shifts followed the succession of two dominant cyanobacterial genera,Microcystis and
Dolichospermum. Viruses demonstrated high virus‒host abundance ratios within all host genera and
showed elevated transcriptional activities infecting Dolichospermum during the late bloom stage.
Viruses featured highmicrodiversity and positively selected replication-associated genes in response
to abundant host genera and variable trophic status. This study uncovered diverse active viral auxiliary
metabolism associated with photosynthesis, biochemical cycling, and DNA biosynthesis, and
highlighted the significant role of phycosphere-associated viruses during cyanobacterial blooms.

The widespread occurrence of cyanobacterial blooms has led to a vicious
cycle of water-quality deterioration in natural aquatic ecosystems1. The
uncontrolled proliferation of cyanobacterial biomass accelerates oxygen
depletion, leading to hypoxic conditions that are unfavorable for the growth
of submerged aquatic organisms2. Harmful blooming cyanobacteria also
produce diverse toxic metabolites such as microcystins3. These toxins can
cause severe digestive, neurological, and chronic kidney diseases in humans
through contaminated drinking water or the food chain4.

Blooming cyanobacteria typically exist in the form of cyanobacterial
aggregates (CAs), where diverse microbes are crowded in cyanobacteria-
produced extracellular polysaccharides. This environment, known as the
phycosphere, facilitates frequent and active biotic interactions during the
whole cycle of cyanobacterial blooms5. CA-attached bacterial communities
show the potential in catalyzing the turnover of complex organic matter
during cyanobacterial blooms. A previous multi-omics study has also
explored the taxonomic diversity and functional responses of bacterial
communities in CAs to different stages of cyanobacterial blooms in Lake

Taihu6. Functional linkages between cyanobacteria and CA-attached het-
erotrophic bacteria offered valuable insights into the ecological control and
management of eutrophication. In addition to bacterial communities, CAs
may harbor ubiquitous and diverse viral communities that potentially play
pivotal roles in influencing microbial loop and regulating ecosystem-scale
biochemical cycles. However, previous studies mainly focused on the
dynamics of free-living viruses during algae blooms at the inter-population
level. For example, Peng et al.7 suggested that increased viral lysis in
eukaryotic populations and lysogeny in cyanobacteria playedcrucial roles in
driving phytoplankton succession and Microcystis bloom formation in a
large reservoir. Yuan et al.8 demonstrated that free-living viruses in a
eutrophic lake encoded AMGs involved in central carbon, nitrogen, and
phosphate metabolism that influenced nutrient cycling through host
infection. Morimoto et al.9 revealed the suppression effect of antiviral gene
expression on viral proliferation by exploring the infection dynamics of
Microcystis-interacting viruses. As the primary structural units in eutrophic
lakes, CAs created a unique habitat characterized by the enrichment of
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cyanobacteria and their viral counterparts, different from the spatially dis-
persed and taxonomically differentiated free-living biomass. However,
limited information was available associated with the diversity and ecolo-
gical roles of ubiquitous phycosphere-associated viral communities, creat-
ing a critical knowledge gap in understanding the mechanisms driving
bloom formation and persistence.

Viruses are the most abundant biological entities in aquatic
ecosystems10. As natural predators of cellular microorganisms, such
as cyanobacteria, viruses can exert top-down control on host
dynamics through lytic infections to cause cell death, or integrate
their genomes into host chromosomes to replicate alongside host
DNA during lysogenic infections11,12. Variations in aquatic nutrient
concentrations may alter the “bloom-and-burst” cycles of microbes,
subsequently affecting the inter-population diversity of viral com-
munities through influencing host availability13. Different trophic
status may also induce viruses to engage in diversified competitive
and cooperative relationships with their microbial hosts14,15. For
instance, the “kill the winner” theory suggests that increased host
productivity favors the enhanced viral infections, which suppress the
dominance of the hosts among microbial communities16. The “Red
Queen” theory indicates that viruses and their hosts undergo long-
term evolutionary arm races through bacterial resistance to viruses
and viral counter-defense against their hosts17. Hence, viral predation
might serve as a persistent bio-prevention strategy to eliminate highly
abundant cyanobacterial genera, such as Microcystis and Dolichos-
permum, in bloom-forming CAs18. During the infection phase,
viruses encode a large repertoire of auxiliary metabolic genes (AMGs)
to reprogram the metabolic state of host cells for self-adaptation19.
Previous studies have revealed that viruses infecting cyanobacteria
could augment photosynthesis by expressing core photosystem II
proteins psbA and psbD20, driving the photosynthetic carbon cycle in
aquatic ecosystems. Due to the high turnover rates and evolutionary
potentials21, viruses could drive intra-population genetic variations
(known as microdiversity) to adapt to host dynamics and maintain
stability under variable environmental conditions. Recent investi-
gations have revealed distinct microdiversity patterns and evolu-
tionary trajectories among viruses residing in habitat-specific
environments, such as polar glaciers, the Mediterranean, and cold
springs22–24. The integrated exploration of viral diversity and virus‒
host interactions in CAs will deepen our understanding of the algae
bloom-forming biosphere and its environmental implications.

As an important water supply source in the Yangtze River Delta
and one of the five largest freshwater lakes in China, Lake Taihu has
been suffering from extensive cyanobacterial blooms accompanied by
the increasing occurrence of toxic cyanotoxins due to the massive
discharge of industrial or agricultural wastewater25,26. Unlike other
eutrophic lakes, the broad and shallow basin in Lake Taihu, coupled
with favorable meteorological conditions, contribute to recurrent
algal proliferation events that span several months and affect exten-
sive surface areas of the lake27,28. The complex interplay of nutrient
pollution and distinct hydrological environment makes Lake Taihu a
typical and ideal case study for exploring viral dynamics throughout
long-term cyanobacterial blooms29. Based on the paired time-series
metagenomes andmeta-transcriptomes, we conducted a longitudinal
investigation on CA-attached viral communities during the whole
cycle of cyanobacterial blooms in Lake Taihu, with the aim of
addressing: (1) temporal variation of viral communities and its eco-
logical drivers at different cyanobacterial blooming stages; (2) taxo-
nomic variation of viruses and their hosts as well as the infection
dynamics of virus‒host linkages; (3) genome-wide microdiversity
patterns of viral populations during the whole cycle of cyanobacterial
blooms; (4) functional potentials of viral communities in hosts and
ecosystems. This study showed an integrated profile of temporal
dynamics, microdiversity, and ecological functions of CA-attached
viruses throughout the cyanobacterial blooms, offering valuable

perspectives for eutrophication progression and national water
quality management.

Results
Temporal variationof viral communitiesand its ecologicaldrivers
A large-scale virus identification analysis of 16 shotgun metagenomes gave
rise to 5613 nonredundant vOTUs with an average length of 7.2 kb. Viral
genomes were assigned to four quality levels, including complete (1.5% of
the vOTUs), high-quality (2.2%), medium-quality (4.5%), and low-quality
(91.8%) (SupplementaryTable 1).Viral communities showed a significantly
higher Shannon index at the middle stage than at the late stage of cyano-
bacterial blooms, whereas no distinct differences in viral α-diversity were
detected between the early and the other two stages (Supplementary Fig. 1).
Linear regression analysis demonstrated a significantly positive correlation
between viral and bacterial α-diversity (Supplementary Fig. 2, r = 0.78,
p < 0.001). Principal co-ordinates analysis (PCoA) demonstrated clear
variations of viral β-diversity corresponding to early and late stages
(p < 0.001), and viral communities sampled at close periods were prone to
cluster together (Fig. 1a). Linear regression analysis indicated a potential
association between viral abundance and cyanobacterial bloom areas
(Fig. 1b, r = 0.47, p < 0.05). Host-associated viral abundance peaked in
sample M8, coinciding with the maximum extent of cyanobacterial bloom
areas at 481.1 km2 (Supplementary Table 2).

The β-diversity of viral communities was influenced by multiple
environmental factors, such as water temperature (WT), nutrient con-
centrations, and β-diversity of bacterial communities. Canonical corre-
spondence analysis (CCA) revealed significant effects of WT, dissolved
oxygen (DO), chemical oxygen demand (COD), biological oxygen demand
(BOD), total nitrogen (TN), total phosphorus (TP), and ammonium
nitrogen (NH4

+-N) on viral communities (Supplementary Table 3,
p < 0.05). Within the co-occurrence network between environmental fac-
tors and viral communities, WT showed the most correlation linkages to
viruses and was clustered with 23.6% of the vOTUs into a single network
module, followed by TN (19.8%), COD (15.7%), and NH4

+-N (14.9%)
(Fig. 1c). Procrustes analysis (Fig. 1d, M2 = 0.13, p < 0.001) and mantel test
(Supplementary Fig. 3, p < 0.001) further demonstrated a significant cor-
relation between viral and bacterial communities.

Temporal variation of virus‒host taxonomy and infection
dynamics
Over 20% of the 5613 vOTUs were assigned to 15 phyla, 18 classes, and 67
families (Supplementary Table 4). During the whole cycle of cyanobacterial
blooms, tailed double-stranded DNA phages belonging to the Caudovir-
icetes class, Uroviricota phylum, showed the highest relative abundances
among taxonomically classified viruses (51.1–92.1%) (Supplementary Fig.
4). Inoviridae were also ubiquitously detected in CAs, with their relative
abundance ranging from 3.1% to 20.9%. In silico approaches predicted
1,084 vOTUs linked to putative bacterial hosts (Supplementary Table 5 and
Fig. 2a), including 12.9% vOTUs with known taxonomy. Given that viral
replication is highly dependent on host availability, viral abundances
showed significantlypositive correlationswithpredictedhost abundances in
each sample (Supplementary Fig. 5, p < 0.001). Variance partitioning ana-
lysis demonstrated over 50% variance contribution of viral communities to
their hosts, suggesting the significant influence of viruses on the host
community structure in the phycosphere (Supplementary Fig. 6). At the
family level, the Peduoviridae_like phage prevailed at the early and middle
stage of cyanobacterial blooms, reaching a maximum relative abundance of
64.2% in the sample M3 (Fig. 2b). Two other families belonging to the
Uroviricota phylum, Autographiviridae and Mesyanzhinovviridae, pri-
marily dominated at the late period of the middle stage. The presence of
other viral populations, such as Lipothrixviridae and Cressdnaviricota, may
reflect their potential interactions with archaea, eukaryotic phytoplankton,
or protists that coexistedwith cyanobacteria, though their ecological roles in
CAs remained speculative and warranted further validation. Among the
predicted 1791 virus‒host pairs, bacterial hosts spanned 14 phyla, 20 classes,
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55 families, and 68 genera (Supplementary Table 5). Notably, two Cyano-
bacteriota genera, Microcystis (190) and Pseudnanabaena (47), and one
Pseudomonadota genus, Rubrivivax (75), ranked as the top three host
genera with the most linkages to viruses (Fig. 2a). Cyanobacteriota and
Pseudomonadota occupied an average relative abundance of 52.3% and
34.5% among all host phyla, respectively (Fig. 2c). At the early stage of
cyanobacterial blooms, viruses were linked to highly abundant species
affiliatedwithPseudomonadotaandBacteroidota, which accounted for two-
thirds of relative abundance among viral hosts. Microcystis was the most
dominant host genus with an extremely high average relative abundance of
44.4% at themiddle stage, which served as amajor attack target for themost

highly expressed viruses (105.9 TPM) (Fig. 3a). At the late stage of cyano-
bacterial blooms,Dolichospermum appeared as a new dominant host genus
with an average relative abundance up to 52.9% (Fig. 2c), while the average
relative abundance of viral hosts within non-cyanobacterial phyla dropped
to 13.2%. The virus‒host abundance ratio (VHR) served as an estimate of
viral replication strength30. Lineage-specific VHR for each genus was higher
than one, suggesting the active host infection and viral proliferation in CAs
(Supplementary Table 6). The high VHRs during the whole cycle of cya-
nobacterial blooms (Fig. 3b) indicated the top-down control of viral pre-
dations onmicrobial communities in the phycosphere.VHRsdemonstrated
a significantly negative correlation with host abundance for the majority of

Fig. 1 | Temporal variation of viral communities and their ecological drivers.
a Principal co-ordinates analysis (PCoA) of viral β-diversity based on Bray-Curtis
dissimilarity of viral communities. b Variation in average abundance (RPKM) of
viral communities with sampling time. The fitted line is visualized using the locally
estimated scatterplot smoothing (LOESS) nonparametric regression model. The
subplot shows the correlation between viral abundance and cyanobacterial bloom

areas (km2, log2). c Co-occurrence network of environmental factors and vOTUs.
The size of each dot which represents environmental factor is proportional to the
network degree. Pie charts demonstrate the proportion of the connected vOTUs in a
single networkmodule for each environmental factor. dProcrustes analysis based on
Bray-Curtis distances of viral and bacterial communities.
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the top 20 genera with the highest abundance, as opposed to Dolichos-
permum (Supplementary Fig. 7).

Microdiversity pattern of viral populations
By tracking viral nucleotide diversity, single nucleotide variant
(SNV), and ratio of non-synonymous to synonymous mutations (pN/

pS), we uncovered the microdiversity pattern of viral communities
during the whole cyanobacterial bloom cycle. Viruses showed rela-
tively higher nucleotide diversity and SNV frequencies at the middle
stage than at the early or late stages (Fig. 4a). Nucleotide diversity and
SNV frequencies displayed positive Spearman’s correlations withWT
and pH and negative correlations with TN and COD (Fig. 4b). Host

Fig. 3 | Abundance and expression dynamics of virus‒host relationships.
a Transcriptomic expression of viruses infecting different host genera. Boxplots
show the expression level of viruses linked to three representative Cyanobacteriota

genera at early, middle, and late stages of cyanobacterial blooms. b Changes in
virus–host abundance ratios (VHRs) for different genera across 16 samples. The
significance of p value is marked by asterisks (***p < 0.001; **p < 0.01; ns: p > 0.05).

Fig. 2 | Taxonomy composition of virus and their hosts. a Virus‒host association
network based on in silico host prediction. The bottom-right inset indicates the
number of vOTUs linked to the specific bacterial genus in the network. Two
representative network modules are highlighted by circles. b Relative abundance of

viral families with host assignment at different samples. Viral families with relative
abundance < 1% are assigned to a separate group. c Relative abundance of host
genera at different samples. Host genera with relative abundance < 1% are assigned
to a separate group.
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proliferation may serve as a driving force for genome-wide evolu-
tionary dynamics of viruses, as evidenced by the increased trend of
viral nucleotide diversity with the host abundance (Fig. 4c). For
example, viruses infecting Microcystis, Pseudanabaena, Rubrivivax,
and Roseomonas_B, which showed high abundance among host
communities, exhibited high-level nucleotide diversity over the 95%
quantile threshold. At the gene level, the majority of the viral genes
were subject to purifying selection, while ~3.0% of the genes with pN/
pS > 1 underwent positive selection (Fig. 4d) and exhibited sig-
nificantly higher expression levels at the middle stage than at the late-
stage (Supplementary Fig. 8, p < 0.05). The highest proportion of
positively selected genes were involved in DNA replication, recom-
bination, and repair (Fig. 4d). In addition, a large number of viral
genes with pN/pS > 1 engaged in carbohydrate transport and meta-
bolism, transcription, cell wall/membrane/envelope biogenesis, and
posttranslational modification, protein turnover, chaperones at the
middle stage (Supplementary Fig. 9).Microcystis genus was linked to
viruses carrying the most genes under positive selection, followed by
Rubrivivax and Pseudanabaena (Fig. 4e).

Transcriptomic expression of virus-encoded AMGs
Transcriptomic analyses provided gene expression profiles of viruses
during the whole cycle of cyanobacterial blooms. The number of the
up-regulated viral genes was approximately 1 ~ 3-fold higher than
that of the down-regulated genes in comparison groups between
middle stage and early or late stages (Supplementary Fig. 10),

suggesting enhanced activities of viral functional genes during the
large-scale cyanobacterial blooming period. Specifically, viruses
possess the capacity to alter the metabolic state of their hosts through
the function of AMGs31. Using DRAM-v, we identified 292 AMG
proteins assigned to 78 gene ontologies, primarily involved in carbon
metabolism, photosynthesis, genome replication, amino acid meta-
bolism, and modification/regulation (Supplementary Table 7).
AMGs associated with photosynthetic reaction center protein
(PF00124/K02703, psbA) demonstrated the highest average expres-
sion level of 104.8 TPM (Fig. 5a), almost 15-fold of the total expression
of other AMGs. These photosynthesis-related AMGs showed an up-
regulation pattern at the late stage of cyanobacterial blooms (Sup-
plementary Fig. 11), significantly affecting the energetic efficiency of
the photosynthetic carbon cycle in CAs. Virus-encoded phosphate
starvation-inducible AMGs (phoH) exhibited higher expression
levels than other nutrient metabolic AMGs and showed active up-
regulation in an earlier period of cyanobacterial blooms under a
relatively low phosphorus supply.Mannosyl-glycoprotein endo-β-N-
acetylglucosaminidase (PF01832) ranked as the third most tran-
scriptionally expressed AMG and displayed higher expression at the
middle stage (Fig. 5a). In the early-to-middle period of cyanobacterial
blooms, we discovered highly expressed and up-regulated AMGs
associated with key nucleotide metabolism pathways, including
ribonucleotide reductase (PF02867/PF00317) ribonucleoside-
diphosphate reductase (K00525/K00526), and dUTP pyropho-
sphatase (K01520) (Fig. 5a and Supplementary Fig. 11). These AMGs

Fig. 4 | Microdiversity of viral communities. a Nucleotide diversity and average
SNV frequencies (per 1000 base pairs) of viruses at different cyanobacterial
blooming stages. b Spearman correlation between viral nucleotide diversity or SNV
and environmental factors. Asterisks indicate statistically significant differences
between sampling stages (*p < 0.05; **p < 0.01; ***p < 0.001; ns: p > 0.05). c Linear

regression between viral nucleotide diversity and host abundance. Host genera
infected by viruses with nucleotide diversity above the 95% quantile threshold are
specifically labeled. d Proportion of viral genes under positive selection (pN/pS > 1)
or under purifying selection (pN/pS < 1). e Number of positively selected genes
encoded by viruses that infect specific bacterial genera.
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were predominantly encoded by lytic viruses (Supplementary Table
7). Lysogenic viruses possessed AMGs linked to central carbon
metabolism, specifically aconitate hydratase and isocitrate dehy-
drogenase, which functioned as key enzymes in the tricarboxylic acid
(TCA) cycle. Some other differentially expressed AMGs in the middle
stage participated in carbohydrate metabolism, such as concanavalin
A-like lectin (PF13385), UDP-glucose/GDP-mannose dehy-
drogenase family (PF00984/PF03721), and UDPglucose
6-dehydrogenase (K00012). These representative differentially
expressed AMGs were positioned within internal regions of viral
contigs and were located adjacent to viral-like genes based on geno-
mic context visualization (Supplementary Fig. 12). Their functions
were further validated through tertiary protein structure analysis.
The number of actively expressed AMGs showed a significantly
positive correlation with WT and negative correlations with COD,
TN, and NH4

+-N, while the total expression levels of AMGs exhibited
positive correlations with NH4

+-N, TN, COD, and TP (Fig. 5b).

Discussion
Viruses are ubiquitously distributed across aquatic ecosystems and serve as
important bioindicators of water quality, yet limited studies have unveiled
the diversity and distribution pattern of viral communities within the
phycosphere during cyanobacterial blooms. According to a long-span
estimation on the relationship between nutrients and chlorophyll a32, high-
level nutrient concentrations contributed to the extensive outbreak of cya-
nobacteria in Lake Taihu, which served as a representative case for studying
viral dynamics during cyanobacterial blooms6. In the present study, viral
communities represented by the identified 5613 vOTUs showed sensitive
responses to bacterial communities, nutrient concentrations, and water
temperature (Fig. 1). Since viral replication highly depends on bacterial
hosts33, viral and bacterial diversity inclined to convergent dynamics and

environment-driven changes in bacterial distribution simultaneously affect
viral communities. For example, nitrogen and phosphorus are key growth-
limiting nutrients for autotrophic cyanobacteria, and regulate heterotrophic
bacteria and viral populations through the microbial loop34 within the
phycosphere. The increased COD supply provides CA-attached hetero-
trophic microbes with the necessary carbon and energy, fostering the
growth and proliferation of viral communities. From the early to middle
stages of cyanobacterial blooms, increased nutrient influx created a favor-
able condition for the rapid growth of cyanobacteria in Lake Taihu6, thereby
supporting viral proliferation reflected by the observed increases in viral α-
diversity and abundance. Water temperature as a thermodynamic limiting
factor has been demonstrated to show a strong correlation with viral
communities inmarine environments21,35. At the late stage of cyanobacterial
blooms, low temperature may influence enzymatic activities, kinetics, and
DNA replication performance of viral communities36 which led to their
lower viral diversity.

The Uroviricota phylum showed the highest abundance and the most
connections to bacterial hosts among the CA-attached viral communities
(Fig. 2b and Supplementary Table 5). Multiple studies have observed large
members of cyanophages in Uroviricota and highlighted their great ecolo-
gical contributions to marine cyanobacteria37,38. A recent study suggested
that free-living viruses in Lake Taihu were primarily linked to Proteo-
bacteria, Actinobacteriota, Bacteroidota, and Planctomycetota8, while CA-
attached viruses showed infection preferences toward two dominant cya-
nobacterial genera, Microcystis and Dolichospermum, with no detectable
associations with Actinobacteriota. Parveen et al.39 indicated that the phy-
cosphere was characterized by the notable absence ofActinobacteria, which
prevailed in the free-living communities in a French eutrophic lake. Viral
host taxonomy displayed distinct temporal succession patterns across dif-
ferent bloom stages. At the early stage of cyanobacterial blooms, frequent
material exchange and intercellular signal transduction facilitated the

Fig. 5 | Transcriptomic expression of AMGs and their influencing factors.
a Expression distribution of AMGs at different samples. The expression level is
Z-score normalized by samples. Differentially expressed AMGs are indicated by
asterisks. A bar plot demonstrates the average expression level of AMGs.

b Correlation between environmental factors and the number of actively expressed
AMGs, as well as the total expression level of AMGs. The significant differences of
spearman’s correlation are denoted by asterisks (***p < 0.001; **p < 0.01; *p < 0.05;
ns: p > 0.05).
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proliferation of cyanobacteria-interacting microbial consortia6, comprising
diverse species affiliated with Pseudomonadota, Bacteroidota, and other
phyla, such as JALHMQ01, ELB16-189, andRubrivivax (Fig. 2c). Especially,
highly expressed viruses were predicted to infectRubrivivax (Fig. 3a), which
acts as an intimate partner of CA-attachedmicrobes by supplying necessary
carotenoids and metabolite products for the turnover of heterotrophic
bacteria40. Following the progression of cyanobacterial blooms,Microcystis
occupied the dominant niche, accompanied by a decline in the relative
abundance of other attached bacteria within non-cyanobacterial phyla.
Previous studies have demonstrated that Microcystis occurred as the pre-
dominant cyanobacterial genus within the phycosphere at the middle
stage of cyanobacterial blooms18. Bloom-forming Microcystis can produce
hazardous microcystins that affect aquatic organisms and cause severe
humandiseases through the food chain41,42.HighMicrocystisbiomass served
as a major host source for the most abundant and transcriptionally active
viruses (Fig. 3a).At the late bloomstage, variations inwater temperature and
nitrogen concentration drove an alternate succession ofDolichospermum as
the predominant viral host genus, accompaniedby a significant reduction in
the relative abundance of other associatedmicrobial hosts. According to the
significant positive correlation between VHR and Dolichospermum abun-
dance (Supplementary Fig. 7), viruses likely followed the “kill the winner”
dynamics16,43 that underwent lytic infection cycles and rapid proliferation
during periods of high host productivity. However, the occurrence of viral
replication during bloom development indicated that virus–host dynamics
in bloom formation may involve more complex mechanisms than simple
density-dependent relationships. A study on Emiliania huxleyi suggested
that viruses maintained prolonged lysogenic states in healthy host cells but
rapidly transitioned to lytic infection as host cells faced physiological
pressure44, which may help explain why viruses persisted with their hosts
during long-term cyanobacterial blooms and showed high-level lysis cycles
at the late bloom stage when CAs began to break down. Our findings
suggested that the active CA-attached viruses potentially functioned as
natural bio-antimicrobial agents of the dominant culprit of cyanobacterial
blooms from the perspective of virus–host interactions. Comparatively,
free-living viruses may divert their infection pressure toward dominant
non-cyanobacterial taxa, thereby indirectly conferring a competitive
advantage to cyanobacteria and contributing to bloom succession7.
Recently, the application prospects of viruses in managing harmful algal
blooms have received increasing attention45. Future investigations can focus
on developing bacteriophage therapies by isolating specific viruses capable
of attacking bloom-forming cyanobacterial species, which may offer a
promising approach to mitigating the detrimental effects of cyanobacterial
blooms on aquatic ecosystems.

CA-attached viruses drove active microdiversity for persistent
adaptation in response to host dynamics and trophic status. The
average nucleotide diversity of viral populations reached 8.4 × 10−3,
significantly surpassing that of viruses found in global oceans
(GOV2), cold seep sediments, and soil environments22, indicating the
high-level intra-population genetic variation of viruses in CAs. Viral
nucleotide diversity and SNV frequencies were positively affected by
water temperature (Fig. 4b), which has been shown as a significant
factor influencing genetic selection and enzyme kinetics of cold-
stressed viruses36. Comparatively, TN and COD showed a negative
correlation with viral nucleotide diversity and SNV frequencies, since
lower nutrient supply may exert evolutionary pressures on viral
communities. Host-associated viruses with higher nucleotide diver-
sity are inclined to infect host genera with high abundance, such as
Microcystis, Pseudanabaena, and Rubrivivax (Fig. 4c). Such viral
microdiversity patterns might be associated with the “Red Queen”
dynamics as the increased host abundance induced intensified fre-
quency of virus‒host interactions, necessitating that viruses should
drive inter-population genetic variation to maintain constant co-
existence with host communities17,46. Viruses carried highly expressed
and positively selected viral genes linked to DNA replication, repair,
and recombination at the middle stage (Fig. 4d and Supplementary

Fig. 9), facilitating rapid genomic adaptation to variable host
dynamics and environmental stimuli. Our findings provided novel
insights into viral adaptive strategy during cyanobacterial blooms
from the perspective of intra-population genetic variation beyond the
inter-population level.

CA-attached viruses carried transcriptionally expressed AMGs
involved in diverse functions, actively participating in biochemical
processes during the whole cycle of cyanobacterial blooms. The most
highly expressed AMGs (psbA) engaged in the primary photo-
chemistry of photosynthetic reaction centers (PSII) (Fig. 5a). Pre-
vious studies have revealed that marine cyanophages can improve the
photosynthetic productivity of host cells through horizontal gene
transfer of psbA, accelerating the sequestration of dissolved organic
matter pool in the ocean47. The expression of viral psbA may also
confer photoprotection by mitigating light stress-induced reactive
oxygen species in infected hosts48. The phosphate starvation-
inducible phoH gene helped to transfer free phosphate to ATP syn-
thase for energy production, suggesting the enhanced environmental
adaptation of viruses for phosphorus acquisition49. The high
expression of mannosyl-glycoprotein endo-β-N-acet-
ylglucosaminidase (PF01832) at the middle stage (Fig. 5a) facilitated
bacterial flagellar synthesis for improved host mobility and more
frequent community interactions. The actively expressed AMGs
linked to DNA biosynthesis and replication showed the capability of
viruses to shift host metabolism towards nucleotide metabolism for
increased host availability and viral self-production50. Viruses
adopting different lifestyles showed different functional roles in
regulating microbial metabolic activities and biochemical cycles
throughout the cyanobacterial blooms. Lytic viruses tended to encode
more AMGs involved in nucleotide metabolism, such as ribonu-
cleotide reductase, dCTP deaminase, and dUTP pyrophosphatase,
which can hijack cellular genome resources for the rapid production
of next-generation virions (Supplementary Table 7). Lysogenic
viruses harbor AMGs associated with central metabolic processes like
the TCA cycle, which were absent in lytic viruses. These AMGs
supported fundamental biochemical pathways that promoted both
host fitness and viral persistence. Carbon and nitrogen levels showed
negative correlations with the number of expressed AMGs and
positive correlations with the total expression levels of AMGs
(Fig. 5b). In environments with relatively lower nutrient availability,
viruses may carry a larger number of AMGs associated with diverse
functions such as nutrient acquisition, carbohydrate metabolism, and
DNA replication, to confer fitness advantages for host survivability
and self-production, while in the late period of cyanobacterial blooms
characterized by a nutrient-rich condition, viruses tended to increase
AMG expression to enhance specialized functional potential of hosts
in nutrient utilization (e.g., photosynthesis) for co-prosperity of
viruses and hosts. In all, CA-attached viruses showed nutrient-driven
and viral lifestyle-dependent functional potentials, which sig-
nificantly affected microbial metabolism and biochemical cycles
during cyanobacterial blooms.

Harmful cyanobacterial blooms are a significant worldwide
environmental issue that necessitates urgent attention. Taking Lake
Taihu as a typical and pivotal case, we employed multi-omics
approaches to unveil the distribution pattern of viral communities in
the cyanobacterial phycosphere and their ecological role in regulating
microbial dynamics throughout the annual cycle of cyanobacterial
blooms. However, the limited number of samples and lack of
laboratory validation may represent some limitations that should be
acknowledged. Firstly, the present study was based on 16 CA samples
due to climate impacts and gaps in monitoring data, which may not
well represent the whole cycle of cyanobacterial blooms in Lake
Taihu. In addition, a small sample size may not accurately char-
acterize the variation trends in microbial dynamics. A well-designed
sampling campaign with consistent sampling frequencies would help
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better elucidate the microbial dynamics during cyanobacterial
blooms. Secondly, our findings were mainly based on macro-omics
analyses.More studies should integratemulti-omics technologies and
experimental validation methods to decipher the virus‒host inter-
actions and their potential applications in managing cyanobacterial
blooms. In particular, enormous efforts have been made to mitigate
ecological risks posed by harmful cyanobacterial blooms and the
production of toxic cyanotoxins through various treatment tech-
nologies and management strategies51. A key challenge is to explore
alternative and cost-effective strategies by using biological forces to
address the problem. Since viral predations exert top-down control
on bacterial hosts, multiple studies have tried to use viruses as anti-
bacterial agents to treat pathogenic infections in humans52. Analogies
to targeted phage therapy in the medical field53, developing strategies
for applying active cyanophagesmay help alleviate the environmental
risks posed by harmful cyanobacterial blooms. Based on longitudinal
monitoring of a representative natural phycosphere, our study pre-
sented valuable insights into viral dynamics and virus‒host interac-
tions during cyanobacterial blooms, providing guidance for
managing eutrophication with a designed viral therapy strategy.

Methods
Data collection and reading processing
The sixteen paired metagenomic and metatranscriptomic datasets were
acquired and sequencedaspreviously reported6,whichweredeposited at the
NCBI BioProject database under accession numbers PRJNA664299 and
PRJNA664620, respectively. Briefly, a sampling campaign was conducted
weekly or monthly from 2nd April 2015 to 27th January 2016 in the
northern bays of Lake Taihu where large-size CAs (>50 μm) have been
observed based on previous monitoring54. The cyanobacterial bloom areas
(covering areas of cyanobacteria in the lake) weremonitored using a remote
sensing technology and analyzed usingEnvironment forVisualizing Images
v4.255. Since real-time remote sensing data was missing for several samples
due to cloudy days, the unavailable data was replaced with the data of the
closest date from the sampling time. The remote sensing analysis revealed a
significant expansion of the blooming areas from April/May (~4.5 km2) to
June (~129.1 km2), which remained relatively stable until January before
declining (~1.70 km2). Based on the observation of variation trend in cya-
nobacterial bloom areas, the sampling time was divided into three stages
(Early: E1~E3;Mid:M1~M10; Late: L1~L3), whichwas consistentwithZhu
et al.’s6 definition of time intervals during the annual cycle of cyanobacterial
blooms. The sample details are listed in Supplementary Table 2. Water
sample of 5 L each was collected at 0.5 m depth on each sampling date and
then filtered through 40 μmCell Strainers (BD Falcon) to obtain CAs. CAs
thatfloated to the surfacewere collectedbymicro-pipetting into tubes. Free-
living bacteria were removed using a vortex and washing method56. During
the sampling process, eight representative environmental factors were
measured, including pH, water temperature (WT), dissolved oxygen (DO),
chemical oxygen demand (COD), biological oxygen demand (BOD),
ammonium nitrogen (NH4

+-N), total nitrogen (TN), and total phosphorus
(TP). Following DNA and mRNA extraction, metagenome and metatran-
scriptome libraries were constructed and sequenced on an Illumina
HiSeq2500 platform.

The paired-end metagenomic reads were quality-controlled using
TrimGalore v0.6.4 within metaWRAP v1.2.2 (https://github.com/bxlab/
metaWRAP). De novo assembly was performed by metaSPAdes v3.13.057

with aminimumcontig size of 1000 bp. Rawmetatranscriptomic readswere
also quality-checked using TrimGalore and then searched against the
SILVA database to exclude rRNA sequences from bacterial, archaeal, and
eukaryotic taxa58.

Binning, taxonomy, and abundance calculation of bacterial
genomes
Contigs of each assembly were binned (binning module: --metabat2
--maxbin2 --run-checkm) and merged into metagenome-assembled

genomes (MAGs) using metaWRAP v1.2.2. Genomes with >50% com-
pleteness and <10% contamination were selected to meet the standard
threshold of medium-to-high quality genomes according to the Minimum
Information about a Metagenome-Assembled Genome (MIMAG)
criteria59. These filtered MAGs were dereplicated using dRep v3.4.260.
Taxonomic classification was performed using GTDB-Tk based on the
GenomeTaxonomyDatabase (GTDB, http://gtdb.ecogenomic.org) Release
202. Readmapping was conducted using Bowtie2 v2.3.5 (http://bowtie-bio.
sourceforge.net/bowtie2) against a pre-indexed database of MAGs by a
bowtie2-buildmodule. The bamfiles created byBowtie2 and SAMtools v1.9
(http://samtools.sourceforge.net) were used as input for CoverM (https://
github.com/wwood/CoverM) to calculate the abundance of MAGs (gen-
ome mode; -m rpkm; --min-read-percent-identity 95; --min-read-aligned-
percent 90). The abundance value was measured in the form of reads per
kilobase per million mapped reads (RPKM) values, calculated by the
number of readsmapped to the targeted contig (×109) divided by the contig
length and the total number of mapped reads.

Virus identification and taxonomic annotation
Viral contigs in each metagenomic assembly were recovered using vir-
alVerify v1.161, VIBRANT v1.2.162, VirSorter2 v2.2.463, DeepVirFinder
v1.064, PPR-Meta v1.165, geNomad v1.5.166, and Earth Virome Pipeline67.
The completeness of the putative viral contigs was estimated using CheckV
v1.0.168 with the minimum threshold of 1,500 bp for viruses with medium-
to high-quality genomes or complete genomes and 3000 bp for viruses with
low-quality genomes69. Lysogeny was determined using geNomad and
CheckV. Identified viral contigs were de-replicated at 95% average
nucleotide identity (ANI) and 85% alignment coverage using CD-HIT v4.7
(https://github.com/weizhongli/cd-hit), generating non-redundant viral
operational taxonomic units (vOTUs). PhaGCN2 v2.170 used a deep
learning classifier to taxonomically annotate vOTUs with genome length <
10 kbp based on the latest ICTV viral classification. vConTACT2 v0.9.1571

constructed a gene-sharing networkwith theMarkovCluster Algorithm for
the taxonomic classification of vOTUs with over 10 kbp genome size. The
abundance of vOTUs was calculated via the same pipeline of genome
abundance estimation, except for utilizing the “contig”mode in CoverM.

Viral host prediction
Considering the challenge in exploring virus‒host relationships within the
vast reservoir of newly discovered uncultured viral and bacterial genomes,
we conducted viral host prediction through in silico metagenome-based
approaches, including CRISPR (clustered regularly interspaced short
palindromic repeat) spacer match, sequence similarity, and transfer RNA
(tRNA) match. These methods have been widely applied in unveiling a
diverse broad-spectrum of virus‒host linkages in marine, river, ground-
water, and soil ecosystems72–75. CRISPR represents an acquired prokaryotic
immune mechanism to recognize and memorize short segments from the
genome of the viral invader76. If a virus matches the spacers from the
CRISPR array, it can build a specific and reliable virus‒host linkage. The
CRISPRs in MAGs were identified using MinCED77 and subsequently
aligned against viral contigs using BLASTn with ≤1 mismatch and 100%
coverage.As someviruses showadjustmentof codonusageprofiles tomatch
tRNA genes to that of hosts under evolutionary stress, the tRNA match
methodcould alsobeused topredict virus‒host linkages by searching shared
tRNAgenes between viruses and their hosts67. The tRNAgenes fromMAGs
and vOTUswere identified usingARAGORN78 (‘-t’option), followed by the
subsequent alignment of tRNAs usingBLASTnwith stringent cut-off values
of 100% sequence identity and 100% coverage. These two methods were
implemented based on the “Earth Virome” pipeline by the Joint Genome
Institute, which showed high taxonomic accuracy with 98.5% of spacer
matches and 92.5% of tRNA matches against viral genomes agreeing with
their knownhost taxonomy at the genus level67. Given that CRISPR systems
occur in only 40~70% of prokaryotes and viral tRNA genes are not ubi-
quitous, we employed sequence similarity method by comparing the
nucleotide homology between viral and bacterial genomes79 for supplement
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of diverse virus-host linkages. Specifically, the sequence alignment between
vOTUs andMAGswas conducted by BLASTn based on the strict threshold
of≥90%minimumnucleotide identity and≤0.001 e-value80. Edwards et al.81

evaluated the accuracy of sequence homology approaches based on a
benchmarking dataset of virus host relationships. BLASTn-based sequence
similarity method produced the highest host prediction accuracy at the
genus level (62.32%). The results from the three methods were united to
represent 1922 virus‒host linkages. To minimize potential false-positive
errors during in silico predictions, we validated the predicted virus‒host
linkages by comparing them with the Virus‒Host Database (https://www.
genome.jp/virushostdb) to exclude 131 taxonomically unmatched virus‒
host linkages. Viruses belonging to Lipothrixviridae, Cressdnaviricota,
Kitrinoviricota, Taleaviricota, and Lenarviricota were removed from host
prediction results, as these taxa were known to infect archaea or eukaryotes.
The virus‒host association network was visualized in Gephi (https://gephi.
org/) based on validated host prediction results (Supplementary Table 5).

Viral genes and AMGs annotation
Viral proteins predicted by Prodigal v2.6.382 were queried against the egg-
NOG database (http://eggnog6.embl.de/) using emapper.py v1.0.3. Prior to
AMG screening, we used CheckV68 to identify prophage boundaries and
remove host contamination.VirSorter2 v2.2.4 (--prep-for-dramv) provided
the annotation files of virus-associated and viral hallmark genes for sub-
sequent AMG identification using DRAM-v v1.4.683. The genes with aux-
iliary scores of 1 ~ 3 andM/FAMG flagswere annotated as putative AMGs.
Thenwe checked the genomic context of the AMG-containing viral contigs
to remove theAMGswith no neighboring virus-like or viral hallmark genes
and those located at the contig’s edge69. PROSITE84 helped the automated
annotation of conserved domains and active sites in AMGs. Given that
tertiary protein structures aremore conserved than their protein sequences,
Phyre285 was employed to predict AMG protein structures with confidence
> 90% and coverage > 70%, thereby providing structural validation for the
predicted biological functions of AMGs.

Nucleotide diversity, SNV calling, and pN/pS calculation
InStrain v1.7.586 used the BAM files generated by Bowtie2 to profile
viral microdiversity. Viral populations with > 5x average read depth
coverage were retained for downstream analysis. Nucleotide diversity
(π) was used as a measurement of genetic diversity within viral
populations and was calculated as the frequency of variations
between two sequencing reads at a specific position, following the
formula: 1 − ((frequency of A)2 + (frequency of C)2 + (frequency of
G)2 + (frequency of T)2). A single nucleotide variant (SNV) was
determined if a minimum frequency exceeded 0.05 and a false dis-
covery rate met the threshold of 1e-06. These SNVs were then cate-
gorized as synonymous or nonsynonymous, depending on their
alignment with gene annotations. The ratio of non-synonymous to
synonymous mutations (pN/pS) implied whether genes were biased
towards purifying selection to prevent mutation (<1) or positive
selection to mutate actively (>1).

Transcriptomic analysis
Viral contigs and genes identified frommetagenomic datasets were used as
transcript references and were built into Bowtie2 indices. The non-rRNA
readswere thenmapped to the constructed indices using the rsem-calculate-
expression module within RSEM v1.3.387. The expression levels of viral
contigs and genes were represented by transcripts permillion (TPM) values
and Z-score normalized along the sample axis. The differentially expressed
genes (DEGs) were identified byDEseq2with |log2 (fold change)| ≥ 1 and p
value < 0.05 between different cyanobacterial blooming stages88.

Statistical analyses
Statistical analyses were conducted in R 4.1.1. vOTU counts in respective
samples were rarefied to the identical level using the “phyloseq” R package.
The estimateR and diversity functions in the “vegan” R package were applied

to calculate the Shannon-Wiener α-diversity index. Principal co-ordinates
analysis (PCoA)showed thedistributionofviralβ-diversityusingBray-Curtis
distances of viral communities. Permutational multivariate analysis of var-
iance (PERMANOVA) was employed to estimate the significance of differ-
ences. Canonical correspondence analysis (CCA) and mantel test were
conducted to reveal the relationship between viral communities and envir-
onmental factors/bacterial communities. The significance testwas performed
by the ANOVA function based on 999 permutations. The co-occurrence
network was constructed according to Spearman’s correlation between
vOTUs and environmental gradients. Benjamini-Hochberg Correction was
applied to adjust p-values based on their ranks and the total number of
comparisons. The associations with a correlation coefficient ≥ 0.7 and
adjusted p value < 0.05 were retained after multiple comparison correction.
Procrustes analysis was applied to investigate the relationship between bac-
terial and viral communities. Variance partitioning analysis (VPA) estimated
the relative contribution of viral communities and environmental factors to
the variance in host community structure.

Data availability
The used metagenome and meta-transcriptome datasets are acquired from
theNCBI Sequence ReadArchive under accession numbers SRR12678595-
SRR12678610 and SRR12686983-SRR12686998, respectively. The authors
declare that all other data supporting the findings of this study are available
from the corresponding author on request.
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