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Abstract 

Background  The rumen harbors a diverse virome that interacts with other microorganisms, playing pivotal roles 
in modulating metabolic processes within the rumen environment. However, the characterization of rumen viruses 
remains incomplete, and their association with production traits, such as feed efficiency (FE), has not been docu-
mented. In this study, rumen fluid from 30 Chinese Holstein dairy cows was analyzed using next-generation sequenc-
ing (NGS) and High-Fidelity (HiFi) sequencing to elucidate the rumen DNA virome profile and uncover potential viral 
mechanisms influencing FE.

Results  Integrated NGS and HiFi sequencing enhanced the length, completeness, and resolution of viral operational 
taxonomic units (vOTUs) compared to NGS. A total of 6,922 vOTUs were identified, including 4,716 lytic and 1,961 
temperate vOTUs. At the family level, lytic viruses were predominantly from Siphoviridae (30.35%) and Schitoviridae 
(23.93%), while temperate viruses were primarily Siphoviridae (67.21%). The study annotated 2,382 auxiliary meta-
bolic genes (AMGs), comprising 1,752 lytic virus-associated AMGs across 51 functional categories and 589 temperate 
virus-associated AMGs across 29 categories. Additionally, 2,232 vOTU-host metagenome-assembled genome (hMAG) 
linkages were predicted, with Firmicutes_A (33.60%) and Bacteroidota (33.24%) being the most prevalent host phyla. 
Significant differences in viral populations were observed between high and low FE groups across multiple taxonomic 
levels (P < 0.05). Two pathways were proposed to explain how rumen viruses might modulate FE: (1) Lytic viruses 
could lyse beneficial host bacteria linked to favorable cattle phenotypes, such as vOTU1836 targeting Ruminococ-
caceae, resulting in diminished organic acid production and consequently lower FE; (2) AMG-mediated host metabo-
lism modulation, exemplified by GT2 carried by vOTU0897, which may enhance Lachnospiraceae fermentation capac-
ity, increasing organic acid production and thereby improving FE.

Conclusions  This study constructed a comprehensive rumen DNA virome profile for Holstein dairy cows, elucidating 
the structural and functional complexity of rumen viruses, the roles of AMGs, and vOTU-hMAG linkages. The integra-
tion of these data offers novel insights into the mechanisms by which rumen viruses may regulate nutrient utilization, 
potentially influencing FE in dairy cows.
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Introduction
Enhancing feed efficiency (FE) in dairy cows is a critical 
objective to promote the sustainable development of the 
dairy industry [1]. The rumen hosts a vast and diverse 
microbial ecosystem encompassing multiple kingdoms, 
which play a pivotal role in the degradation of plant bio-
mass, thereby supplying a substantial portion of nutri-
ent precursors essential for dairy cow productivity and, 
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consequently, influencing FE. The majority of exist-
ing research has concentrated on ruminal bacteria and 
archaea [2–5]. For instance, positive synergies between 
Selenomonas species and members of the Succinivibrion-
aceae family have been correlated with higher FE in dairy 
cows [2]. Additionally, some investigations have explored 
the roles of ruminal fungi and protozoa [6, 7]. However, 
despite the critical contribution of ruminal microorgan-
isms to dairy cow phenotypic traits, the study of rumen 
viruses remains relatively underexplored. Viruses are the 
most abundant acellular entities globally [8], with the 
density of free viral particles in the rumen ranging from 
10^7 to 10^10 particles per milliliter [9–12], highlight-
ing a substantial yet inadequately studied population 
in the rumen. Additionally, viruses parasitize all other 
microbial kingdoms, modulating the rumen microbi-
ome and thereby impacting animal productivity [13, 14], 
which indicates that viruses play a vital role in the rumen 
ecosystem.

Viruses in the rumen can be broadly categorized based 
on their life cycle into two main types: lytic and temper-
ate. Lytic viruses infect host cells, rapidly replicate, and 
induce cell lysis, leading to the release of progeny virions 
that can infect additional hosts [15]. In contrast, temper-
ate viruses integrate their genetic material into the host 
genome, establishing the provirus stage, which enables 
a prolonged symbiotic relationship with the host [16]. 
Later, the prophage can be induced into the lytic cycle 
either spontaneously or by physical or chemical fac-
tors [17]. These distinct viral infection strategies impart 
unique functional roles within the host cells. Viruses can 
modulate host metabolism through various mechanisms, 
mainly including the lysis of host cells [18], and the pres-
ence of auxiliary metabolic genes (AMGs) that can selec-
tively influence host metabolic processes [19, 20]. The 
lysis induced by viruses not only leads to the immediate 
demise of the infected cells but also causes a reduction in 
the host community numbers over a certain period [21]. 
AMGs encompass a broad spectrum of genes that regu-
late critical host metabolic and homeostatic functions 
[22], participating in numerous metabolic pathways, such 
as photosynthesis, phosphate metabolism, central carbon 
metabolism, nutrient cycling, and nucleotide biosyn-
thesis [19, 23, 24]. This combination of lytic effects and 
metabolic manipulation allows viruses to play a signifi-
cant role in shaping the dynamics and functionality of the 
rumen microbiome.

Research on rumen viruses in ruminants has evolved 
through three key phases: morphological examina-
tion, molecular biology investigation, and contemporary 
omics-based studies. As early as the 1860s, the pres-
ence of viruses in the rumen was documented [25, 26]. 

Morphological studies elucidated the structures of sev-
eral viral families, including Siphoviridae, Podoviridae, 
Myoviridae, and various non-tailed phages [27]. Subse-
quent molecular biology research primarily focused on 
the genomic characterization of bacteriophages, includ-
ing genome length analysis and restriction endonuclease 
patterns. Specific bacteriophages targeting rumen-spe-
cific bacterial species, such as Streptococcus bovis and 
Selenomonas ruminantium, were identified and isolated 
[28, 29]. The advent of omics-based research has facili-
tated a more comprehensive identification and functional 
characterization of these viruses [12, 30–33]. For exam-
ple, metagenomic sequencing enabled the identification 
of 14 core rumen viral groups and revealed that AMGs 
participate in diverse metabolic pathways [31]. Integra-
tive viromics and proteomics approaches have allowed 
the assembly of extensive viral contigs, providing insights 
into the interactions between rumen viruses and domi-
nant carbohydrate-degrading microorganisms, with 
implications for gastrointestinal carbon cycling [32]. 
Notably, the creation of the Global Rumen Virome Data-
base (RVD) [33] and the Unified Ruminant Phage Cata-
logue (URPC) [34] have offered significant insights into 
viral diversity, host interactions, and potential modula-
tion of rumen functions. However, these studies often 
rely on next-generation sequencing (NGS) technologies, 
which, despite their utility, yield short read lengths that 
require assembly and are susceptible to errors, particu-
larly in regions with high sequence repetition or struc-
tural variations [35].

The emergence of third-generation sequencing tech-
nologies, such as nanopore sequencing from Oxford 
Nanopore Technologies and Single Molecule Real Time 
(SMRT) sequencing from Pacific Biosciences (PacBio), 
has overcome many of the limitations associated with 
NGS by enabling the generation of extended read lengths 
[36, 37]. Initially, these technologies produced long 
reads with lower accuracy, necessitating error correc-
tion using high-precision Illumina short reads [38, 39]. 
However, advances such as PacBio’s HiFi sequencing now 
allow for the production of highly accurate long reads, 
with substantial implications for genome assembly and 
metagenomic studies [40]. Although HiFi sequencing has 
significantly advanced the quality of human genome and 
gut microbial metagenome assembled genomes (MAGs) 
[40, 41], its application to the study of bovine rumen 
viruses remains largely unexplored.

Given this context, we hypothesize that viruses 
affect the FE of dairy cows by influencing the structure 
and functional composition of their hosts, achieved 
through two pathways: 1) The direct lysis of host cells 
associated with production traits, thereby reducing 
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the abundance of these hosts and impacting FE; and 2) 
The modulation of host metabolism by AMGs, which 
may enhance or diminish the production of metabo-
lites linked to FE, affecting it accordingly. To test this 
hypothesis, we assessed FE in 53 mid-lactation Hol-
stein dairy cows and selected 15 high-efficiency (HE) 
and 15 low-efficiency (LE) cows. We then performed 
NGS (n = 30) and HiFi (n = 1) sequencing to construct 
a comprehensive rumen DNA virome profile, including 
viral taxonomy, composition, diversity, virus-host link-
ages, and information on AMGs carried by the viruses. 
By integrating these data and identifying differential 
viruses between the HE and LE groups as "biomarkers," 
we aim to preliminarily explore the potential roles of 
these viruses in modulating FE.

Results
Animal phenotypes and metagenomic data
Energy-corrected milk (ECM, P = 0.0003), milk yield 
(P = 0.0002), and ECM/DMI (dry matter intake, 
1.593 ± 0.017 vs. 1.374 ± 0.019, P < 0.0001) were sig-
nificantly elevated in the HE group (Table  1; additional 
details in Table S1). Conversely, there were no statistically 
significant differences in DMI (P = 0.5216), milk protein 
content (P = 0.1280), and milk fat content (P = 0.9918) 
between the HE and LE groups (Table 1; further details 
in Table S1).

NGS generated an average of 40.51 ± 2.04 Gb (mean ± SEM) 
of data per sample. A total of 8,102,834,056 raw reads were 
produced from the NGS analysis of 30 rumen fluid samples, 
with an average of 270,094,468 ± 13,573,491 reads per sample 
(Table S2). After implementing quality control measures and 
removing host gene sequences, 7,974,091,852 clean reads 
were retained, averaging 265,803,062 ± 13,460,468 reads 
per sample (Table S3). The HiFi sequencing for one rumen 

fluid sample produced 15.60 Gb of data with an average read 
length of 6.03 Kb (more details in Table S4).

Overview of rumen DNA virome
To evaluate the advantages of the integration of NGS and 
HiFi sequencing (NGS + HiFi) over NGS in rumen virome 
analysis, we examined two primary aspects: the number of 
viral operational taxonomic units (vOTUs) and their aver-
age length. As the contig length threshold for filtration 
increased (2k, 5k, 8k, 10k, and15 k), a reduction in vOTU 
count was observed across both NGS and NGS + HiFi 
samples (Fig. 1a; Table S5). Notably, the average length of 
vOTUs derived from NGS + HiFi was significantly longer 
than those obtained solely from NGS (P < 0.0001, Fig. 1a; 
Table  S5). To avoid the potential exclusion of significant 
data due to overly restrictive length thresholds, we opted 
for a minimum contig length of 10  k as the benchmark 
for our analysis. Under this filtering condition, the qual-
ity of vOTUs derived from NGS + HiFi was superior to 
that obtained from NGS alone. Specifically, the number 
of complete vOTUs increased by 91.6%, rising from 132 to 
253 (Fig. 1b; Table S5). Additionally, the overall proportion 
of complete, high-quality, and medium-quality vOTUs 
(completeness ≥ 50) improved from 7.8% to 20.0% with 
NGS + HiFi compared to NGS alone (Fig. 1b; Table S5).

Following length and completeness filtration, we 
assembled a total of 6,922 vOTUs from the combined 
NGS and HiFi sequencing data. Comparative analy-
sis revealed that 2,352 vOTUs (33.98%) are present 
in the RVD database, 2,149 vOTUs (31.05%) in the 
URPC database, and 608 vOTUs (8.78%) are found in 
both (Fig. S1). Consequently, a substantial propor-
tion—3,893 vOTUs (56.24%)—identified in this study 
represent novel entities not catalogued in either of the 
established databases.

Based on the life cycle annotation, the 6,922 vOTUs 
comprised 4,716 lytic, 1,961 temperate, and 245 
unknown vOTUs (Fig. 1c; Table S6). At the family level, 
the majority of vOTUs (57.87%) remained unannotated. 
The family Siphoviridae was the most dominant, con-
stituting 23.68% of the total relative abundance, fol-
lowed by Myoviridae, which accounted for 7.96% of 
the total abundance (Fig.  1c; Tables S6 and S7). The 
vOTUs spanned from the longest at 318,474  bp to 
the shortest at 10,031  bp, with an average length of 
4,421.4 ± 343.3  bp per sample (Fig.  1c; Table  S6). In 
total, 5,665 vOTUs were detected or optimized by the 
HiFi sequencing platform, while 1,257 vOTUs were 
obtained from the NGS platform (Fig.  1c; Table  S6). 
Host annotations were available for 1,963 vOTUs, with 
the most prevalent hosts identified as Firmicutes_A 
(33.60%) and Bacteroidota (33.24%) at the phylum level 
(Fig. 1c; Tables S8 and S9).

Table 1  Milk production and feed efficiency in cows selected for 
HE and LE

LE Low feed efficiency, HE High feed efficiency, DMI Dry matter intake, 
ECM Energy corrected milk. ECM = (0.3246 × kg of milk) + (13.86 × kg of milk 
fat) + (7.04 × kg of milk protein)

Items Groups SEM P-value

LE HE

DMI (kg/d) 25.030 26.701 0.951 0.5216

Milk Yield (kg) 30.560 36.416 1.393 0.0002

Milk fat content (%) 4.143 4.145 0.193 0.9918

Milk protein content (%) 3.377 3.279 0.062 0.1280

ECM 33.348 39.600 1.534 0.0003

ECM/DMI 1.374 1.593 0.025  < 0.0001
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Structural composition of life cycle‑dependent viruses 
in the rumen
Given the distinct life cycles of lytic and temperate 
viruses, the mechanisms by which these viral types exert 

their influence differ. Therefore, we analyzed these two 
categories separately in subsequent studies. Across all 
30 samples, the counts (P < 0.0001), relative abundance 
(P < 0.0001), and Shannon index (P = 0.0277) of lytic 

Fig. 1  Comparison of NGS and HiFi sequencing technologies and overview of DNA virome. a The number and average length of vOTUs 
under the threshold of contigs greater than 2 k, 5 k, 8 k, 10 k or 15 k, respectively. b The quality of vOTUs obtained by NGS and NGS + HiFi 
when the length of contigs greater than 10 k. c Overview of DNA virome in dairy cows including family taxonomy of vOTUs, life-cycle types 
of vOTUs, sequencing platforms, phylum taxonomy of vOTUs’ host, relative abundance of vOTUs, and length of vOTUs
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vOTUs were significantly higher than those of temper-
ate vOTUs (Fig.  2a). At the family, genus, and species 
taxonomic levels, both the quantity and diversity of lytic 
viruses surpassed those of temperate viruses (Fig.  2b). 
However, there was overlap between lytic and temper-
ate viruses at these taxonomic levels (Fig. 2b). The total 
abundance of lytic vOTUs constituted 82.49 ± 1.06% of 
the overall combined vOTU abundance, whereas temper-
ate vOTUs made up 17.60 ± 1.06% (Tables S6 and S7). At 
the family level, the majority of vOTUs remained unan-
notated, representing 40.78% and 47.59% of the relative 
abundance in lytic and temperate viruses, respectively 
(Fig. 2c). In a comparative analysis of the 10 most abun-
dant viral families between lytic and temperate viruses, 
shared families included Siphoviridae, Myoviridae, 
Podoviridae, Phycodnaviridae, and Salasmaviridae. Fam-
ilies unique to lytic viruses were Schitoviridae, Demerec-
viridae, Straboviridae, Casjensviridae, and Herelleviridae, 
while temperate virus-specific families included Dunev-
iridae, Autographiviridae, Winoviridae, Steigviridae, and 
Iridoviridae (Fig. 2c). Except for Phycodnaviridae, which 
are eukaryotic viruses that infect large algae, the remain-
ing viruses are bacteriophages, predominantly classified 

within the order Caudovirales, with a minority belonging 
to the order Microviridae. In the lytic viruses, the fami-
lies Siphoviridae and Schitoviridae were the most preva-
lent, accounting for 30.35% and 23.93% of the annotated 
vOTUs, respectively. For temperate viruses, the Siphovir-
idae family was the most dominant, representing 67.21% 
of the total annotated vOTUs (Fig. 2c; Tables S6 and S7).

AMGs of life cycle‑dependent viruses in the rumen
To eliminate the influence of host genomic sequences on 
the functional composition of the virome, we annotated 
AMGs on residual viral sequences after excluding provi-
rus sequences. A total of 6,868 non-provirus vOTUs were 
selected for AMG prediction, and ultimately, 2,382 vOTU 
sequences were predicted across 56 AMG categories. 
Among these, 1,752 (51 categories) AMGs were associ-
ated with lytic viruses, and 589 (29 categories) AMGs 
with temperate viruses (Figs. S2a and 2b). The majority 
(79.5%) of detected vOTUs carried only one AMG, while 
the remaining vOTUs harbored two or more AMGs (Fig. 
S2e; Table S10). Specifically, two lytic vOTUs, vOTU3931 
and vOTU3877, carried six AMGs (Fig. S2e; Table S10). 
AMGs related to carbon metabolism were the most 

Fig. 2  Structural composition of lytic and temperate viruses in all samples. a The number of vOTU (left) and the α diversity of vOTU between lytic 
and temperate viruses (middle: richness indexes, right: shannon indexes). The significance of the differences was determined by Mann–Whitney U 
test. b The number of vOTUs and viruses at family, genus, and species levels. The bar chart represents the number of vOTUs. The red color in the pie 
chart represents lytic viruses, and the blue color represents temperate viruses. c Community compositions (family level) of lytic and temperate 
viruses, only shows the most 10 abundant viruses of the two types of viruses
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numerous, comprising 29 categories and representing 
the largest group. The miscellaneous (MISC) metabo-
lism category was the second largest, encompassing 14 
AMG categories (Fig.  3a and S2d; Table  S10). However, 
the count of AMGs involved in MISC metabolism was 
the highest (Table S10). The most prevalent AMG in both 
lytic and temperate viruses was dut, involved in nucleo-
tide metabolism, encoding dUTP pyrophosphatase, 
which hydrolyzes dUTP to dUMP and pyrophosphate 
(Figs. S2c and 2d; Table  S10). Additionally, other genes 
such as nrdD, metK, and DNMT1 were abundant in both 
lytic and temperate viruses. Notably, a lytic virus-spe-
cific AMG, cysH, was also highly abundant, encoding an 
adenosine phosphate sulfate reductase protein involved 
in the synthesis of sulfite from sulfate. Among the top 
10 most abundant AMGs for both lytic and temperate 
viruses, dut, nrdD, metK, DNMT1, GT2, GT8, and GT32 
were present, with dut being the most numerous in both 
categories (Fig. S2d). It was also observed that carbohy-
drate-active enzymes (CAZymes) predominated among 
the top 10 AMGs in temperate viruses, whereas lytic 
virus AMGs were more evenly distributed across MISC, 
organic nitrogen, and carbon utilization categories (Fig. 
S2d). To clearly illustrate the metabolic pathways of the 
host affected by AMGs, we divided the pathways into 
nine sub-categories (Fig. 3b; Table S10). Exclusive to lytic 
viruses were 25 AMG categories, while three categories 
were unique to temperate viruses (Figs. 3b and S2a). For 
instance, lytic-specific fliC and fliD are involved in fla-
gellar structure metabolism, whereas temperate-specific 
GH28 and GT25 belong to CAZymes (Fig. 3b; Table S10). 
Additionally, 26 AMG categories were shared between 
the two viral types (Figs. 3b and S2a; Table S10).

Host prediction and correlation of life cycle‑dependent 
viruses
A total of 2,232 virus-host linkages were annotated, com-
prising 1,377 lytic vOTU-hMAG (host metagenome-
assembled genome) and 780 temperate vOTU-hMAG 
linkages (Table S8). Among these, 2,067 linkages involved 
bacterial MAGs, and 165 involved archaeal MAGs. The 
hosts of lytic vOTUs were categorized into 458 MAGs, 
whereas those of temperate vOTUs were associated with 
366 MAGs (Table  S8). The majority of vOTUs (88.95%) 
were linked to a single host, with co-hosted vOTUs typi-
cally originating from the same family (Fig. S3, Table S8). 
Notably, vOTU4641, vOTU6113, and vOTU6884 
exhibited the highest host diversity, each associated 
with five distinct hosts (Table  S8). Furthermore, 32 
vOTUs were identified with multiple hosts at the fam-
ily level; for instance, vOTU6884 was linked to five hosts 
spanning three different families: UBA66, Bacteroi-
daceae, and Paludibacteraceae (Table  S8). Intriguingly, 

CowSGB-5648, an archaeal MAG affiliated with Metha-
nobrevibacter, the predominant genus of methanogens, 
was predicted to host 140 vOTUs, of which 122 (87.14%) 
were lytic vOTUs and 17 (12.14%) were temperate 
vOTUs (Table S8).

Correlation analysis revealed 4 negatively correlated 
pairs and 578 positively correlated pairs between lytic 
vOTUs and their hosts at the MAG level (Spearman, 
P < 0.05, |r|≥ 0.5) (Table  S11). Additionally, 294 pairs 
demonstrated positive correlations between temper-
ate vOTUs and their hosts (Spearman, P < 0.05, |r|≥ 0.5) 
(Table  S11). The hosts of lytic viruses were distrib-
uted across 15 different phyla, while those of temperate 
viruses were associated with 11 different phyla. Predomi-
nantly, the hosts for both viral types were affiliated with 
Firmicutes_A (comprising 32.2% of lytic and 38.9% tem-
perate viral hosts) and Bacteroidota (comprising 24.4% of 
lytic and 45.0% temperate viral hosts) (Fig. 4). This distri-
bution is consistent with the two bacterial phyla exhibit-
ing the highest relative abundance (Figs. S4, Table S9).

Differences in rumen viruses between HE and LE groups
The structural composition of the rumen viral com-
munity was meticulously examined to identify any vari-
ations between the HE and LE groups. No significant 
differences were observed in the Richness (P = 0.2854), 
Shannon (P = 0.9349), and Simpson (P = 0.6827) indices 
of total vOTUs between the HE and LE groups (Fig. 5a). 
This pattern held true for both lytic (Fig. S5a) and tem-
perate vOTUs (Fig. S5c). Principal coordinates analysis 
further revealed no disparities in vOTU counts and the 
distribution of vOTU relative abundance between the 
two groups (Fig. 5b, Figs. S5b and 5d). Moreover, the total 
relative abundance of lytic and temperate viruses did not 
differ significantly between the two groups (Fig.  5c). In 
the correlation analysis between vOTU relative abun-
dance and FE-related phenotypes (DMI, milk yield, milk 
protein content, and milk fat content), 23 lytic (19 posi-
tive, 4 negative) and 11 temperate (10 positive, 1 nega-
tive) viruses exhibited significant correlations with ECM/
DMI (Spearman, P < 0.05, |r|≥ 0.5) (Fig. 5d).

Using STAMP software for comparative analysis, sig-
nificant differences in viral abundance were observed 
between the HE and LE groups. At the family level, 
Drexlerviridae (P = 0.0255) exhibited significantly 
lower abundance in the HE group among lytic viruses 
(Fig.  5e). Conversely, Leisingerviridae (P = 0.0396) 
exhibited higher abundance in the HE group among 
temperate viruses (Fig.  5e). At the genus level, two 
lytic viral genera were more abundant in the HE group, 
whereas five were more abundant in the LE group; for 
temperate viral genera, four exhibited higher abun-
dance in the HE group (Fig.  5e). At the species level, 
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Fig. 3  Functional composition of rumen viruses and AMGs involved in virus-host interactions. a The relative abundance of AMGs in lytic 
and temperate viruses. b AMGs involved in virus-host interactions of 9 metabolism pathways. Red markers: AMGs specific to lytic viruses; Blue 
markers: AMGs specific to temperate viruses; Grey markers: AMGs both in lytic and temperate viruses. AMG: Auxiliary Metabolic Gene



Page 8 of 16Liu et al. Microbiome           (2025) 13:14 

six lytic viral species were more abundant in the HE 
group, while eight were more abundant in the LE 
group; for temperate viruses, seven species were more 
abundant in the HE group, and one in the LE group 
(Fig. 5e). At the vOTU level, 66 lytic vOTUs exhibited 
higher abundance in the HE group compared to 29 in 
the LE group. For temperate vOTUs, 36 were more 
abundant in the HE group, and 11 in the LE group 
(Table S12).

We subsequently conducted a differential analysis 
of AMGs within the HE and LE groups. The findings 
revealed no significant differences between the two 
groups, regardless of whether the analysis pertained 
to total AMGs or to specific subtypes, such as lytic 
AMG and temperate AMG (Tables S13-S15). Pathway 
enrichment analysis of AMGs similarly identified no 
statistically significant discrepancies (Fig. S6, Tables 
S16-S18).

Among the 142 vOTUs exhibiting differential abun-
dance between the HE and LE groups, a subset of 
29 (16 lytic and 12 temperate) vOTUs were linked 
to 28 hMAGs, forming 38 vOTU-hMAG linkages 
(Table  S19). Specifically, CowSGB-12222, classified 
within the Bacteroidaceae family, showed a higher 
abundance in the LE group (P = 0.034), while the 
remaining hMAGs did not display significant differ-
ences between the two groups (P > 0.05) (Table S19).

Mechanism by which rumen viruses are linked to feed 
efficiency
By integrating the viral life cycle, vOTU-hMAG linkages, 
AMGs carried by the viruses, and the impact of the host 
on FE-associated phenotypes (Table  S20), we propose 
two primary mechanisms by which viruses may influence 
the FE of dairy cows by affecting their hosts: (1) Lytic 
viruses can directly lyse hosts associated with FE-related 
phenotypes, altering the structural and functional com-
position of the host microbiome in the rumen, which in 
turn impacts FE (Tables S8 and S20). For instance, we 
found that vOTU1836 and vOTU5102 can lyse Cow-
SGB-8648, a member of the Ruminococcaceae family, 
which produces acetic acid, crucial for milk fat synthe-
sis and FE (Tables S8 and S20). Additionally, 137 lytic 
vOTUs were found to lyse seven archaeal MAGs, poten-
tially aiding in the regulation of methane emissions and 
energy loss, thereby improving FE. (2) Virally encoded 
AMGs can modulate specific metabolic pathways within 
the host, leading to alterations in the ruminal metabolic 
profile, which subsequently affects FE (Tables S11 and 
S20). For example, our findings indicated that temper-
ate vOTU0897, which encodes the GT2 glycoside hydro-
lase, plays a pivotal role in carbohydrate degradation 
and utilization. Its host, CowSGB-4586, belonging to the 
Lachnospiraceae family, significantly contributes to the 
production of short-chain fatty acids, thereby influencing 

Fig. 4  Correspondences of viruses and their host. A chord diagram linking viruses to their hosts, with viruses as the starting point and hosts 
as the endpoints. The upper half of the figure displays hosts at the phylum level, while the lower half shows viruses at the family level. In either outer 
ring of the two parts, each color represents a virus/host, and the segment proportion represents the percentage of quantity within that half. The 
color of inner ring in the virus part represents the composition of their hosts
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the FE of dairy cows. To further elucidate the mecha-
nisms discussed in this paper, we have used the 29 differ-
entially abundant vOTUs between the HE and LE groups 

as a starting point and combined this information to con-
struct Fig. 6, with the hope of providing valuable insights 
for future research (Fig. 6).

Fig. 5  Compositional differences of the rumen viruses between the HE and LE groups. a The α diversity of vOTUs between the HE and LE groups. 
The significance of the differences was determined by Mann–Whitney U test. b The β diversity of vOTUs between the HE and LE groups based 
on Bray–Curtis dissimilarity. c The relative abundance of lytic and temperate vOTUs between the HE and LE groups. d The Spearman’s correlations 
between the relative abundance of lytic/temperate vOTUs and the phenotypes of dairy cows. e Significantly different vOTUs at family, genus, 
and species level between the HE and LE groups based on STAMP analysis (wilcox.test, 95% confidence intervals). HE: high feed efficiency; LE: low 
feed efficiency; STMAP: Spatial Transcriptomics Analysis Pipeline
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Discussion
As the “dark matter” of the gut microbiome, the virome 
and its associated roles have attracted increasing atten-
tion. However, limitations in sequencing depth and com-
putational tools have hindered the elucidation of gut 
viruses’ linkages to human and animal phenotypes. In 
this study, we integrated deep NGS (5 times the conven-
tional sequencing depth) with HiFi-based third-gener-
ation long-read sequencing to achieve a comprehensive 
understanding of the structural and functional composi-
tion of the rumen virome in dairy cows. By conducting 
differential and correlation analyses, we identified rumen 
viruses associated with FE. Additionally, based on pre-
dicted hosts and annotated AMGs of targeted viruses, 
this study offered novel insights into the potential mech-
anisms by which different types of viruses may influence 
FE in dairy cows.

To date, a limited number of studies have explored 
the rumen virome/phageome, typically with an average 

sequencing depth per sample not exceeding 10 Gb [30–
34, 42, 43]. However, our research, with an average depth 
exceeding 30  Gb per sample, attempted to mitigate the 
constraints of previous studies. This increased depth may 
provide a more refined perspective on the viral popula-
tions within the rumen, considering the small genome 
size, high diversity, and low abundance of these viruses 
[13]. Employing a hybrid assembly strategy, we integrated 
NGS and HiFi reads to leverage the collective advan-
tages of these sequencing methodologies. Although HiFi 
sequencing was conducted on only one sample (two 
cells), our results suggest that the advantages observed 
in the long reads from this single sample can be extrapo-
lated to 30 samples. Studies comparing hybrid assembly 
with short-read sequencing and long-read sequencing 
have revealed that an integrated approach using both 
short and long reads holds the potential to produce high-
quality assemblies while reducing costs [44, 45]. Consist-
ent with our findings, Eisenhofer et  al. [46] integrated 

Fig. 6  Mechanism of which rumen viruses impact feed efficiency through affecting their host. The figure shows the differential vOTU 
between the HE and LE groups, viral type, host, FE-related traits of host, and AMGs carried by the vOTU (red star). The lytic viruses can lyse their host 
directly, and viruses carrying AMGs can alter the metabolism of their host, and the structural and functional composition of the rumen microbiome 
may be changed, thus influencing the productive traits of dairy cows. HE: high Feed efficiency; LE: low feed efficiency
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NGS (n = 22) and HiFi (n = 2) sequencing and found that, 
while the hybrid assembly method was not flawless, it 
could achieve the highest assembly coverage rate. Addi-
tionally, it performed relatively well in terms of assembly 
contiguity and length, as well as the number, contigu-
ity, and completeness of MAGs. Therefore, this hybrid 
assembly that yields high-quality data has provided assis-
tance in saving time and cost.

The establishment of the RVD [33] and URPC [34] has 
enabled extensive analysis of the diversity, virus-host 
linkages, and potential roles of the rumen virome within 
the ecosystem. However, upon comparison, the vOTUs 
obtained in our study exhibited over half (56.24%) nov-
elty relative to these databases, which not only implied 
the high diversity of viruses in the rumen but also high-
lighted the quality enhancement of vOTUs achieved 
through our high sequencing depth and the NGS + HiFi 
assembly approach. Similar to other studies, a significant 
portion of the viruses in our research remains unanno-
tated, indicating that many “unresolved mysteries” still 
surround rumen viruses. Interestingly, at the family level, 
Siphoviridae consistently emerged as the most prevalent, 
yet the secondary and tertiary rankings differed among 
the three studies. In our study, the ranking was Sipho-
viridae (34.9% of known viruses), Schitoviridae (19.0%), 
and Myoviridae (14.5%); in the RVD, it was Siphoviridae 
(79.6%), Myoviridae (14.3%), and Podoviridae (4.5%); and 
in the URPC, it was Siphoviridae (34.0%), Podoviridae 
(13.0%), and Mimiviridae (11.2%). Although this discrep-
ancy is partly attributable to the methods of selecting 
representative viruses and the tools used for annotation, 
it also reflects the specificity of each study, suggesting 
that rumen viral databases still require substantial data 
to refine their comprehensiveness. Moreover, since RVD 
and URPC encompass a variety of ruminant species, 
including Holstein cows and 12 other species, these vari-
ations may reflect specific viral populations or ecological 
niches within the rumen. Therefore, our data contribute 
to a more accurate description of the composition of 
DNA viruses in the rumen of Holstein cows. Given the 
different life cycles of lytic and temperate viruses and 
their respective functions [15], the structural and func-
tional composition of lytic and temperate viruses should 
be investigated separately, which has been largely ignored 
in other studies. The presence of unique viral families, 
exemplified by the lytic-specific Salasmaviridae and the 
temperate-specific Iridoviridae, underscores the neces-
sity for distinct investigations into lytic and temperate 
viruses, potentially offering a more nuanced understand-
ing of their ecological roles.

Viruses establish connections with animal phenotypes 
through initial and direct interactions with their hosts, 
with AMGs serving as a significant conduit [30, 44]. Our 

results revealed a total of 54 types of annotated AMGs, 
with 28 types being CAZyme genes. A previous study 
reported an abundance of CAZyme modules within 186 
rumen bacterial genomes [47], suggesting a long-term 
co-evolutionary process wherein rumen viruses have 
assimilated essential genes from their microbial hosts, 
thereby assuming supportive roles in fibrolytic pathways. 
The most abundant AMG identified in our study was dut, 
which encodes dUTP pyrophosphatase and can cata-
lyze the hydrolysis of dUTP into dUMP and PPi, playing 
a crucial role in preventing erroneous insertions during 
DNA synthesis and maintaining nucleotide balance [48]. 
Additional highly abundant AMGs, such as DNMT1, 
metK, and nrdD, also contributes to DNA synthesis and 
repair [49–51], reflecting the importance of nucleic acid 
metabolism-related genes in rumen viruses in dairy 
cows. However, a significant discrepancy existed in the 
abundance and diversity of annotated AMGs between 
the RVD and our study, which may be attributed to the 
stringent criteria RVD employed for AMG screening 
[33]. A disparity was observed in the specificity of AMGs 
between lytic (25 categories) and temperate (3 categories) 
viruses, indicating a higher diversity and involvement in 
metabolic pathways for the lytic viruses, aligning with 
findings from previous environmental microbiome stud-
ies [52]. Lytic viruses necessitate specific AMGs to hijack 
the host’s metabolic machinery for their replication, a 
strategy not employed by temperate viruses [52, 53]. Our 
findings indicated that lytic viruses possess three distinct 
categories of AMGs in the “information system,” with 
roles in processes such as DNA synthesis, modification, 
and glycosylation. For example, tmk generates dUDP and 
dTDP, potentially involved in DNA synthesis and nucleic 
acid modification [54]. For temperate viruses, the AMGs 
implicated in carbon metabolism also exhibited elevated 
abundance and frequency. Given the requisite integration 
of temperate viruses into the host genome, it was posited 
that temperate viruses harboring such AMGs may aug-
ment the host’s fermentative capacity, thereby conferring 
communal benefits and, in turn, reciprocal advantages to 
the viruses themselves [55].

There were no significant differences in α and β diver-
sity of vOTUs, as well as AMGs, indicating that healthy 
cows within the same dairy farm may share a common 
viral source and exhibit a relatively stable composition 
of rumen viruses. However, the differentially abundant 
viruses, serving as pivotal “biomarkers”, offered an avenue 
for investigating the correlation between rumen viruses 
and FE in dairy cows. Interestingly, at the genus and spe-
cies level, most differential lytic viruses showed lower 
relative abundance in HE groups, whereas differential 
temperate viruses were more numerous in HE animals. 
To explain this phenomenon, we speculated that lytic 



Page 12 of 16Liu et al. Microbiome           (2025) 13:14 

viruses may replicate within and lyse bacteria/archaea 
positively associated with production traits, leading to 
an increase in their own abundance and a decrease in FE 
[56]. On the other hand, temperate viruses may play ben-
eficial roles, such as carrying AMGs that enhance host 
competitiveness, thereby increasing in abundance with 
the host. However, these hypotheses still require detailed 
analysis of virus-host relationships and dynamic experi-
mental validation [57].

To elucidate the mechanisms by which viruses affect 
FE, we proposed two general pathways: (1) Lytic viruses 
directly lyse FE-associated hosts, modifying rumen 
composition and function, thereby impacting FE; (2) 
Virus-encoded AMGs alter host metabolism, affecting 
the ruminal metabolic profile and thus FE. Most phe-
notypic expressions are related to metabolism and can 
exert direct or indirect effects on FE. Several studies have 
verified correlations between ruminal metabolites (e.g., 
VFAs) and FE in cattle [58–60]. We established associa-
tions between viruses (and AMGs), hosts, and pheno-
types of dairy cows. For example, as an important source 
of energy for cows [61], the concentration of acetate is 
higher in the rumen of high-FE cows [59], and Lachno-
spiraceae and Ruminococcaceae are two acetate produc-
ers. On the one hand, as a temperate virus, vOTU0897 
carrying GT2 may enhance the function of acetate pro-
duction in Lachnospiraceae, thereby improving FE. On 
the other hand, lytic viruses such as vOTU1836 and 
vOTU5102 may decrease acetate production by lysing 
Ruminococcaceae, consequently reducing FE. Therefore, 
it is plausible to explain how viruses impact their hosts by 
establishing a “virus-host-FE” pathway, which can further 
elucidate how viruses affect FE. Additionally, targeting 
methanogens, we identified 142 lytic vOTU-hMAG link-
ages, all of which have the potential to reduce methane 
production. A total of 224 AMGs are carried by viruses 
infecting methanogens, with 189 belonging to "informa-
tion systems." Further investigation is needed to explore 
interactions between viruses carrying such AMGs, which 
are more conducive to viral replication and methano-
genic archaea.

Although our study combined high-depth NGS and 
HiFi sequencing to gain a more detailed and accurate 
understanding of the structural and functional composi-
tion of the rumen virome in dairy cows, we did not inves-
tigate RNA viruses, which may have important functions 
[62]. Future research should address this gap to broaden 
our functional insights into ruminal viruses. Currently, 
many published virome studies have conducted virus fil-
tration and enrichment [30, 52, 63, 64]. However, we did 
not perform the aforementioned procedures and pro-
ceeded directly to metagenomic sequencing of the rumen 
fluid samples. Additionally, to minimize bias caused by 

a low proportion of viral reads in whole DNA sequenc-
ing, we selected a deep sequencing depth. Since neither 
of these methods seems to avoid omitting information 
from temperate viruses, future research should explore 
the differences and specificities of these two methods. 
In this study, we selected the differential viruses between 
the HE and LE groups as “biomarkers” and then linked 
them with their hosts and FE of dairy cows. Taking a dif-
ferent perspective, the hosts can also serve as “biomark-
ers.” Many differential bacteria/archaea between the HE 
and LE groups have already been reported [2, 5, 65]; for 
example, Selenomonas, which is positively related to FE, 
has seven vOTUs in our results. By integrating the virus-
host linkages, AMGs, and host-trait relationships, both 
types of “biomarkers” can provide insights for elucidating 
the mechanism of “virus-host-FE” in our study. Moreo-
ver, explicit experimental validation is required to con-
firm the proposed mechanisms.

Conclusion
Research on the viruses of the bovine rumen remains 
limited. By integrating NGS and HiFi sequencing tech-
nologies, we conducted an in-depth analysis of viral 
communities in 30 rumen fluid samples. Our study pre-
liminarily established a comprehensive rumen DNA 
virome profile for dairy cows, encompassing viral 
structural and functional compositions, virus-host 
interactions, and AMGs, thereby contributing to the 
enhancement of the rumen virome database. We also 
proposed mechanistic pathways through which viruses 
may influence feed efficiency, either by lysing host cells 
or by inducing metabolic alterations in the host. Specific 
explanations were provided based on differential viral 
populations identified between HE and LE groups. This 
virus-centric approach offers novel insights into the regu-
latory mechanisms that link viral activity to microbial 
dynamics and ultimately to animal phenotypes.

Method
Animals and samples
All procedures involving animals were approved by the 
Animal Use and Health Committee of Zhejiang Univer-
sity (Hangzhou, China, No. 12410). A total of 53 multipa-
rous mid-lactating Holstein cows, with an average body 
weight of 634 ± 85  kg and 153 ± 20  days in milk, were 
selected for a 57-day study (including a 7-day adapta-
tion period). During this time, the cows were housed in 
a free-stall barn with access to a total mixed ration and 
were fed three times daily (06:30, 14:30, and 21:30) with 
a corn-based high-grain diet (Table  S21). Body weights 
were recorded immediately after the morning milk-
ing every week, and daily dry matter intake (DMI) was 
measured using an automatic feed system (Zhenghong 
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Co., Shanghai, China). Milk yield was recorded at three 
milking times (06:00, 14:00, and 21:00), with subsamples 
stored at 4  °C and analyzed for milk composition using 
infrared spectroscopy. Rumen fluid samples were col-
lected via an oral stomach tube before morning feeding 
on day 50 and stored at −80  °C until analysis. From the 
days 8 to 56, compute daily ECM values and derive the 
mean; the formula for ECM is ECM = (0.3246 × kg of 
milk) + (13.86 × kg of milk fat) + (7.04 × kg of milk pro-
tein). Concurrently, calculate the mean DMI over the 
same period. FE was calculated as ECM/DMI, and 15 
high-efficiency (HE, ECM/DMI = 1.593 ± 0.063) and 15 
low-efficiency (LE, ECM/DMI = 1.374 ± 0.071) cows were 
selected for further analysis.

DNA extraction, library preparation, and next‑generation 
sequencing
Rumen fluid samples were not filtered before DNA 
extraction to retain all free viruses and prophages. 
DNA was extracted from 1.5  g of rumen fluid using 
the E.Z.N.A.® Stool DNA Kit (Omega Bio-tek, Nor-
cross, GA, USA) following the manufacturer’s proto-
cols. DNA purity and concentration were confirmed 
using NanoDrop ONE and Qubit 4.0, respectively, and 
all samples met the required standards for further anal-
ysis (Table  S22). NGS libraries were prepared using the 
TruSeq™ Nano DNA Sample Preparation Kit (Illumina, 
San Diego, CA) with 1 µg of total DNA. DNA end repair, 
A-base addition, and Illumina-indexed adaptor ligation 
were performed according to the manufacturer’s pro-
tocol. Libraries were size-selected for DNA fragments 
of ~ 400 bp using 2% Low Range Ultra Agarose, followed 
by PCR amplification with Phusion DNA polymerase 
(New England Biolabs, USA) for 15 cycles. Sequencing 
was performed on the Illumina NovaSeq 6000 platform 
(150  bp × 2, Shanghai Biozeron Biotechnology Co., Ltd, 
Shanghai, China).

HiFi sequencing
A total of 5 µg of DNA from the HE_6 sample was used 
to prepare a SMRTbell library using the PacBio SMRT-
bell Prep Kit 3.0 (Pacific Biosciences, CA, USA, Part 
Number: 102–182–700) according to the manufacturer’s 
recommendations. Damaged double-stranded DNA was 
repaired using the New England BioLabs PreCR® Repair 
Mix Kit before library preparation. Repaired DNA was 
size-selected using the BluePippin system (Sage Science, 
MA, USA) to obtain molecules larger than 3  kb. The 
SMRTbell library was sequenced with v3 chemistry on 
a PacBio Sequel IIe instrument (Pacific Biosciences, CA, 
USA) using SMRT 8  M cells (Part Number: 101–389-
001). HiFi reads were generated using the ‘ccs’ module 
(parameters: –min-length 500 –min-passes 3 –min-rq 

0.99) within the SMRT Link v10.0 package (Pacific Bio-
sciences, CA, USA).

NGS and NGS + HiFi assembly processes
For NGS, raw sequence reads were quality trimmed using 
Trimmomatic (v0.36) [66] to remove adaptor contami-
nants and low-quality reads. Reads that passed quality 
control were mapped against the bovine genome using 
the BWA mem algorithm [67], with parameters “-M 
-k 32 -t 16”. Residual high-quality reads, devoid of host 
genomic contamination, were designated as clean reads 
for downstream analysis. Clean reads were assembled 
into contigs for each sample using MegaHit [68] (v1.1.1–
2-g02102e1) with “–min-contig-len 500” parameters.

For NGS + HiFi, HiFi long reads were initially corrected 
using MaSuRCA (v4.0.3) [69], followed by assembly of 
the NGS short reads and HiFi long reads using a hybrid 
approach with metaSPAdes (v3.15.3) [70] and Operons 
(v2.11-r797) [71].

vOTU identification and taxonomic classification
For enhanced accuracy, viral contigs from metagenomic 
assemblies were identified using VirSorter2 (v2.2.3, max_
score ≥ 0.7) [72] and DeepVirFinder (v1.0, Score ≥ 0.7, 
p-value ≤ 0.05) [73]. Viral contigs longer than 10  k were 
manually screened for subsequent analysis. CheckV 
v0.7.0 [74] was employed to remove non-viral sequences 
during VirSorter2 analysis. All potential viral contigs 
were further validated using VIBRANT v1.2.1 [75]. Iden-
tified viral contigs were clustered using MUMmer soft-
ware [76] (95% ANI, ≥ 85% coverage), and the longest 
representative contig within each cluster was designated 
as a vOTU. To prevent information loss from overly large 
filter lengths, 10k was chosen as the filter parameter, 
resulting in 6,922 vOTUs for further analysis. Virus lysis 
was detected by VIBRANT (v1.2.1) and proviruses were 
detected by CheckV (v0.7.0). Viral taxonomic annotation 
was performed using tBLASTX [77] based on the NCBI 
virus classification list (e-value ≤ 1e-5, as of November 
2022). Given the significant genomic differences between 
vOTUs, a similarity matrix at the protein level was gener-
ated by ViPTree (v1.1.2) [78], leading to the construction 
of a phylogenetic tree.

Comparisons of the viral genome in this article 
with the RVD and URPC databases
For the assessment of vOTU novelty, a compari-
son was conducted against 397,180 RVD and 64,922 
URPC viral genomes utilizing BLASTn with param-
eters -max_target_seqs 5 -evalue 1e-5 -outfmt 6. Viral 
genomes with ≥ 90% identity and ≥ 75% coverage were 
considered to be the same, with the remaining vOTUs 
considered novel.
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Calculation of vOTU and MAG relative abundance
The relative abundances of vOTUs or MAGs in each 
sample were calculated as TPM (transcripts per kilobase 
of exon model per million mapped reads) by normaliz-
ing the read counts of each vOTU or MAG to the relative 
quantity in a million sequences, using in ‘quant_bins.sh’ 
script (parameters: -b bins_directory -o output_directory 
-a assembly_contigs -t 40) within the MetaWRAP pipe-
line (v1.3.2) [79].

Virus‑host linkage prediction
To extend virus-host linkage predictions, we incor-
porated downloaded and reconstructed prokaryotic 
genomes [80] as a reference host database. The 6,922 
vOTUs were putatively linked to 13,572 MAGs (13,412 
bacterial and 160 archaeal genomes) using two in silico 
methods: (1) CRISPR spacers in MAGs were identified by 
CRT, CRISPRFinder, and CRISPRDetect [81–83]. Spacer 
sequences were BLASTN against viral contigs, and 
only matches with ≥ 30  bp alignment length and ≥ 97% 
nucleotide identity were considered positive virus-host 
matches; (2) VirHostMatcher [84] with “distance ≤ 0.2”. 
Hosts predicted by either method were combined into 
the final potential host database. All virus-host linkages 
and the respective methods used are listed in Table S8.

AMG identification, classification, and abundance
To more accurately predict and assign levels of viral car-
bohydrate metabolism substrates and their contribu-
tion to geochemical cycling, DRAM-v (v1.2.0) [85] was 
chosen to annotate AMGs, using “default parameters, 
1 ≤ score ≤ 3, AMG flags of -M and -F”.

Statistical analysis
Data statistics and visualization were performed using 
R (v4.2.1) and GraphPad Prism 8.0. Alpha diversity 
between HE and LE groups was assessed using the 
Mann–Whitney U test. PCoA analysis clustered vOTUs 
from different samples based on Bray–Curtis distances. 
Spearman correlations were calculated to reveal relation-
ships between vOTU relative abundance and production 
traits of dairy cows. Differential viruses between HE and 
LE groups were identified using STAMP analysis (v2.0.0) 
[86]. Spearman correlations were also used to determine 
relationships between the relative abundance of vOTUs 
and their corresponding hosts.
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