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Baijiu fermentation represents a sophisticated microbial-driven biochemical process mediated by complex mi-
crobial consortium. Despite extensive characterization of bacterial and fungal roles in fermentation systems, the
virus remains a critical knowledge gap. In this study,we employed metagenomics to profile the dynamics of viral
community in fermented grains across five stages (day 0, 5, 10, 20 and 30) of a Baijiu fermentation. The met-
agenomics revealed 101 viral families, dominated by Metaviridae, Parvoviridae, Aliceevansviridae, Here-
lleviridae, Geminiviridae, Iridoviridae, and Genomoviridae, and lactic acid bacteria was identified as primary
phage hosts. The results revealed that ssRNA viruses and ssDNA viruses were more abundant during 0-5 days,
dsDNA viruses became dominant during 10-30 days. Multivariate analysis indicated that the viral community
dynamics during the fermentation were primarily governed by microbes in succession, environmental factors
(temperature,pH, moisture and glucose) and metabolites (lactic acid, acetate and ethanol) in the biosystem.
Notably, predicting phages exhibited strong positive correlations with their respective hosts (P < 0.01, r > 0.6).
We have identified viral auxiliary metabolic genes (AMGs) related to amino acid metabolism and vitamin
biosynthesis. At 30 days of fermentation, the number and abundance of AMGs significantly increased. Our
findings provide novel insights into the viral ecology in complex Baijiu fermentation ecosystem, shedding light
on the intricate interactions within fermentation microbial communities.

1. Introduction fermentation, lactic acid bacteria become the dominant group,

continuing to produce lactic acid and flavor compounds (Hu et al.,

Baijiu is produced through a traditional spontaneous fermentation
process that relies on the metabolism and succession of multiple mi-
croorganisms (Huang et al., 2025; Wang et al., 2020). During the
pre-fermentation phase, aerobic microorganisms, such as molds and
Bacillus spp. dominate, producing glucoamylase and proteases that
break down macromolecules in the grain (Wu et al., 2021). This process
converts these macromolecules into carbon and nitrogen sources, which
can be utilized by other microorganisms during subsequent stages of
fermentation (Wei et al., 2023). As the oxygen concentration in the cell
decreases, yeasts begin to dominate, producing ethanol and flavor
compounds (Luo et al., 2023; You et al., 2021). Subsequently, as ethanol
concentration increases, the numbers of various alcohol-intolerant mi-
croorganisms gradually decline (Cai et al., 2022). In the later stages of

* Corresponding author.
** Corresponding author.

E-mail addresses: yuxw@jiangnan.edu.cn (X. Yu), yxu@jiangnan.edu.cn (Y. Xu).

https://doi.org/10.1016/j.crfs.2025.101189

2021). The correct succession of microorganisms and their interactions
are essential to ensure the production of high-quality Baijiu (Tan et al.,
2019). However, in contrast to the well-documented and rich succession
patterns of bacteria and fungi, our understanding of virus within the
Baijiu fermentation process remains limited and largely uncharted.

In past research on fermented food systems, viruses —particularly
bacterial viruses (phages)—have received the most attention in the field
of virology. Phages are directly associated with host physiology and
mortality by virulent and temperate lifestyles, and further influence
microbial community dynamics in fermented food systems (Zhang et al.,
2024). For example, the phage community exhibits a significant nega-
tive correlation with the bacterial community in terms of alpha diversity
during the fermentation of traditional rice vinegars. Additionally,
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phages play a unique role in rice vinegar fermentation by expressing
numerous carbohydrate auxiliary metabolic genes (AMGs) (Ma et al.,
2024). Several viral AMGs associated with acetate synthesis have been
identified in grain vinegar fermentation (Yu et al., 2022). Moreover,
there are significant differences in the viral community in Daqu at
different temperatures, and correlations have been observed between
the viral and bacterial communities (Huang et al., 2025; Kang et al.,
2022). Additionally, during the fermentation of sauce-flavored Baijiu,
phage induction liquids have a significant inhibitory effect on Bacillus
spp. (Du et al.,, 2022). In the fermentation of strong-flavor Baijiu,
Spearman’s rank correlation analysis revealed a negative correlation
between Peduoviridae and Gluconobacter. Genomoviridae also shows
negative correlations with Issatchenkia, Penicillium, and Monascus
(Zhang et al., 2025).

With most recent high-throughput sequencing technology, meta-
genomics and viral metagenomics have become powerful tools for
exploring viral diversity and function (Paez-Espino et al., 2016; Som-
mers et al., 2021), each has its own merits and disadvantages. Meta-
genomics uses unbiased sequencing to simultaneously detect bacterial,
fungal, viral communities and even prophages integrated within bac-
terial genomes in a biosystem (Liu et al., 2022). This method might ask
for higher sequencing depth in observation of virus since it sequences all
microbial cellular DNA in a biosystem and viral sequences typically
constitute a relatively small fraction (Trubl et al., 2020). The viral
metagenomics involves a viral particle enrichment process that specif-
ically targets and sequences viral DNA, significantly increasing the
proportion of viral sequences (Wang et al., 2023). However, this
enrichment process inadvertently leads loss of some viruses and in-
troduces bias in the amplification of certain viral DNA (Callanan et al.,
2021). In a previous study, the metagenomics approach detected a
greater number of viral sequences and AMGs in wastewater, whereas the
viromic approach yielded higher-quality viral sequences and identified
more eukaryotic viruses (Zhang et al., 2024). In soil virus research, re-
searchers have found that compared to metagenomics, the viromic
approach can detect a broader and more comprehensive range of viral
communities, facilitating the discovery of new viruses (Santos-Medellin
et al., 2021). Viromic methods have been primarily used in previous
studies on Baijiu viruses (Du et al., 2022; Huang et al., 2025; Kang et al.,
2022; Zhang et al., 2025). However, the advantages and limitations of
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metagenomics in detecting viruses during Baijiu fermentation remain
unclear.

In this study, we employed metagenomics approaches to characterize
the viral community dynamics in fermented grains during the process of
a strong-flavor Baijiu fermentation. We examined the distribution of
host-associated genes and AMGs among the identified viruses. Our re-
sults showed the succession characteristics of the viral community and
its potential auxiliary metabolic gene function.

2. Materials and methods
2.1. Sample collection

To compare the viral communities in fermented grains at different
fermentation stages, we collected samples in fermented grains on day 0,
5, 10, 20, and 30 from a well-known strong-flavor Baijiu producing
pipeline (Fig. 1A) in Sichuan Province, China, in January 2023, based on
previous research (Du et al., 2022; Yuan et al., 2023). These five time
points correspond to the three stages outlined in the introduction: 0-10
days (pre-fermentation), 10-20 days (mid-fermentation), and 20-30
days (post-fermentation). Fermentation tracking was conducted in three
selected fermentation mud pits under normal fermentation conditions.
Each fermented grain sample was collected from three different depths
(0.5, 1, and 1.5 m) (as shown in Fig. 1B and C). Approximately 100 g of
material was collected per sample, yielding a total of 15 samples. All
samples were rapidly frozen in liquid nitrogen and stored in the labo-
ratory at —80 °C until analysis.

2.2. Total microbial cell acquisition

For the traditional metagenomics sequencing (Song et al., 2019),
approximately 5 g of each sample was added to 30 mL of PBS buffer,
followed by vortexing and shaking for 5 min. Microbial cells were then
collected through gradient centrifugation. Initially, the mixture was
centrifuged at 30xg for 10 min, after which the supernatant was sub-
jected to a second centrifugation at 2000xg for 10 min to isolate the
total microbial cell fraction.
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Fig. 1. Schema of traditional repeated-batch process of strong-flavor Baijiu and sampling details. (A) Strong-flavor Baijiu production process. (B) Actual view of the
sampling plant. (C) Fermentation tracking was conducted in selected fermentation mud pits under normal fermentation conditions. Fermented grain samples were

collected from three different depths (0.5, 1, and 1.5 m).
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2.3. Nucleic acid extraction and sequencing

The total microbial DNA from the sample was extracted using the
FastDNA™ Spin Kit for Soil (MP Biomedicals). Metagenomics
sequencing libraries were constructed using the NEBNext® Ultra™ DNA
Library Prep Kit for [llumina® (New England Biolabs). Bipartite 150 bp
sequencing reads were generated on the Illumina NovaSeq 6000 plat-
form (performed by Megger Biotechnology Ltd.). The total microbial
DNA were sequenced, generating approximately 10 GB of raw data.

The raw data were processed using Trimmomatic (v0.39) with
default parameters to obtain clean data for subsequent analysis (Bolger
etal., 2014). Afterwards, the contigs from the bacterial, fungal, and viral
fractions were assembled separately using Megahit (v1.1.2) with the
following parameters: k-min 35, k-max 95, and k-step 20 for the bac-
terial and fungal fractions, and —presets meta-large, —min-contig-len 300
for the viral fraction (Li et al., 2015).

2.4. Bacterial and fungal taxonomic assignment and functional
annotation

Open reading frames (ORFs) were predicted using Prodigal (V2.6.3)
(Hyatt et al., 2010) with the parameters -f gff, -p meta, and -p 11.
Redundancy was then eliminated using MMseqs2 (Steinegger and
Soding, 2017) based on 95 % sequence similarity and 90 % coverage to
obtain the unigenes catalog. Then, the gene catalogs were mapped to the
clean data using BBMap (v38.90, https://github.com/BiolnfoTools/
BBMap) with default parameters to determine the abundance of genes
in each sample. Bacterial and fungal taxonomy was further annotated
using the lowest common ancestor (LCA) algorithm in MEGAN 5 (Huson
et al., 2011), with the NCBI-NT reference database accessed through
BLASTn. Functional gene annotation was performed by aligning se-
quences to the KEGG and eggNOG (v4.5.1) databases using DIAMOND
(v0.9.32.133) (Buchfink et al., 2015) with an e-value threshold of
<0.001.

2.5. Viral contig identification and quantification

Since viruses lack marker genes like those found in bacteria and
fungi, we used four tools to improve the accuracy of virus recognition
and identify candidate viral contigs: geNomad (v1.8.0) (Camargo et al.,
2023), Virsorter2 (v2.2.4) (Guo et al., 2021), VIBRANT (v1.2.1) (Kieft
et al., 2020), and viralVerify (v1.1) (Antipov et al., 2020). Each tool was
employed with its default settings to screen for viruses. The viruses
identified by these tools were then merged to create a set of
non-redundant, unique candidate viral contigs. This ensemble of
candidate contigs was subsequently analyzed. The quality and
completeness of candidate viral contigs were assessed using CheckV
(v1.0.3) (Nayfach et al., 2020). This tool improves viral sequence
identification accuracy by screening contigs for viral proteins and
retaining only those >2 kb in length that contain at least one viral
protein hit for downstream analysis (Cantuti Gendre et al., 2025; Zhang
et al., 2024). Filtered viral contigs were dereplicated and clustered into
viral operational taxonomic units (vOTUs) using CD-HIT (v4.8.1) with
the parameters: “-c 0.95 -n 5” (Fu et al., 2012). The relative abundance
of vOTUs in each sample was quantified as RPKM values. These values
were calculated using CoverM (v0.6.1) (https://github.com/wwood/Co
verM) with the parameters: “-~contig —min-read-aligned-percent 75
-min-read-percent-identity 95 -min-covered-fraction 75 -con-
tig-end-exclusion O -m rpkm.” The alpha diversity indices of the viral
community were calculated using R (v4.3.0). Non-metric multidimen-
sional scaling analysis (NMDS) based on Bray-Curtis distances was
performed to assess community dissimilarities.
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2.6. Viral contig taxonomic assignment, host analysis and functional
annotation

The taxonomic classification of viral contigs was conducted using
two methods, following the latest classification rules of the International
Committee on Taxonomy of Viruses (ICTV). Firstly, PhaGCN2 (v2.1) was
used to classify the contigs (Jiang et al., 2023), while the unclassified
contigs were annotated using geNomad (v1.8.0) (Camargo et al., 2023).
The lifestyle of each phage was predicted by PhaTYP (v0.3.0) (Shang
et al., 2023). The host of the phage was further predicted using iPHoP
(v1.3.3) (Arumugam et al., 2023), and the candidates with highest-score
were selected as potential hosts. AMGs in viral contigs were analyzed
using VIBRANT (v1.2.1) (Kieft et al., 2020). All the above tools used the
default settings. The flow of viral community analysis in this study was
shown in Fig. S1.

2.7. Statistical analysis and visualization

Statistical analysis and visualization were performed using R
(v4.3.0), Origin 2024, OmicStudio (https://www.omicstudio.cn/tool)
and Chiplot (https://www.chiplot.online/). Significant differences be-
tween groups were assessed using one-way analysis of variance
(ANOVA) followed by t-tests. Post hoc tests were conducted using
Tukey’s multiple comparisons.

3. Results

3.1. Virus identification and diversity analysis of fermented grains at
different fermentation time

Of the 15 samples, 13 had received metagenomic sequencing,
generating approximately 10 GB of raw data per sample. The other two
were not sequenced due to low DNA content. The quality of the meta-
genomic sequencing is presented in Table S1. After quality filtering, the
proportion of clean reads was 52.31 + 12.41 % (Table S1). The average
sequencing depth was approximately 50.9 million paired-end reads per
sample (interquartile range: 44.4-64.4 million) (Table S1). Virus iden-
tification for the metagenome assembly contigs of the 13 samples was
conducted using four tools (Fig. 2A and B). For subsequent analysis, we
selected a combined set of 53,269 viral contigs recognized by all four
tools as the candidate viral contigs. We used CheckV to perform quality
control on the identified viral contigs, removing those with high host
contamination and assessing viral contig integrity and quality. As a
result, 6822 contigs were remained, including 60 high-quality, 249
medium-quality, and 70 complete circular phage contigs (Fig. 2B;
Table S2). Furthermore, all contigs harboring at least one viral gene
were clustered at a 95 % nucleotide identity threshold, yielding a total of
4105 viral operational taxonomic units (vOTUs) from the metagenomic
data.

Diversity analysis of vOTUs obtained using metagenomics
sequencing methods was conducted over time, and the results are pre-
sented in Fig. 2C and D. The Shannon diversity index of viral vOTUs
varied across fermentation time points. A significant decrease was
observed on day 5, followed by a gradual increase. The highest diversity
was recorded on day 20, although no statistically significant differences
were found among days 0, 10, 20, and 30 (P > 0.05). Non-metric
multidimensional scaling (NMDS) analysis based on Bray-Curtis
dissimilarity revealed distinct viral community structures at different
fermentation stages (Stress = 0.0209). ANOSIM results showed signifi-
cant differences among time points (R = 0.645, P = 0.001), indicating a
temporal succession of viral community during fermentation.
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Fig. 2. Virus identification and diversity analysis. (A) Number of viruses identified using different tools. (B) Quantity and quality of viral contigs. (C) vOTU Shannon
index across different fermentation times (mean =+ standard deviation). Identical letters represent no significant differences, while different letters indicate significant

differences (P < 0.05). (D) NMDS analysis of vOTU at different fermentation times.

3.2. The microbial and viral dynamics across five stages of the Baijiu
fermentation

3.2.1. Microbial succession changes in the Baijiu fermentation

We investigated the relative abundances of bacteria, eukaryota,
archaea, and viruses in samples collected at different fermentation time
points (Fig. 3A). Overall, bacteria and eukaryotes exhibited high abun-
dance throughout the fermentation process. Notably, bacteria were
predominant on day 30, accounting for 73.08 + 9.41 %, while eukary-
otes were more abundant during the early fermentation stage (0-5
days), with a relative abundance of 33.34 + 1.16 %. Although viruses
were present at relatively low levels, they were consistently detected
across all stages. Their abundance was higher during the first 20 days
(4.05 + 0.80 %) and dropped to the lowest level by day 30 (1.39 + 0.91
%). Archaea were initially detected in trace amounts during the first 5
days (0.17 + 0.08 %) but showed a marked increase after 10 days,
reaching 1.43 + 0.92 %.

The alpha diversity of microorganisms increased gradually during
the early fermentation stage, indicating a rise in both species richness
and evenness. However, a marked shift in community composition was
observed at day 30 (Fig. S2A). Beta diversity analysis revealed clear
clustering of samples by fermentation time point, with samples from day
30 showing a distinct separation from other time points, suggesting a
substantial change in microbial community structure at this stage
(Fig. S2B). We further examined the relative abundance of major mi-
crobial genera across different fermentation stages, identifying a total of

4352 genera (Table S3). The microbial community exhibited a dynamic
succession pattern throughout the fermentation process. During the
0-10 day period, dominant genera included Aspergillus (10.00 + 1.10
%), Lichtheimia (4.01 £+ 0.96 %), Paecilomyces (3.75 + 0.49 %), and
Weissella (2.99 + 1.46 %). At day 20, notable differences were observed
between the two replicate samples, which may be attributed to varia-
tions in sampling depth. By day 30, Acetilactobacillus had become the
dominant genus, accounting for 45.05 + 25.73 % of the community
(Fig. 3B).

3.2.2. Viral succession changes in the Baijiu fermentation

Furthermore, we analyzed the relative abundance of different virus
types—ssRNA, dsRNA, ssDNA, and dsDNA—in each sample (Fig. 3C).
The results revealed that ssSRNA viruses (44.82 + 6.56 %) and ssDNA
viruses (27.68 + 12.36 %) were more abundant during the early
fermentation stage (0-5 days). In contrast, dsDNA viruses became
dominant during the middle to late stages (10-30 days), with an average
relative abundance of 70.59 + 11.91 %. dsRNA viruses were consis-
tently present at low levels throughout the process, with their highest
abundance observed on day 30 (1.27 + 0.50 %). These findings indicate
that the viral community structure underwent significant shifts over the
course of fermentation.

In the metagenomic data, 1381 of the 4105 vOTUs (33.64 %) were
annotated at the family level, representing a total of 101 viral families
(Fig. 3D; Table S4). We investigated changes of the top 10 dominant
virus families during fermentation. Metaviridae primarily infect
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Fig. 3. Succession of microbial and viral communities during the fermentation of strong-flavor Baijiu. (A) Stacked bar plot showing the relative abundance of
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points, with dot size indicating abundance and color indicating group.

eukaryotes, including fungi, plants, and animals (Koonin et al., 2021).
The abundance of the Metaviridae family gradually decreased during
the fermentation process, from 9.83 + 1.94 % at day 0, reaching its
lowest point (2.89 + 1.16 %) at day 30. The Parvoviridae family com-
prises small, single-stranded DNA viruses that predominantly infect
mammals, birds, and insects (Cotmore et al., 2019). These viruses
maintained stable persistence throughout the fermentation processes
without showing significant variations (2.40 + 1.81 %). Aliceevansvir-
idae (dsDNA phages infecting Gram-negatives) showed no change in the
first 20 fermentation days (1.14 + 0.68 %) but rose substantially (4.27
+ 1.25 %) by day 30 (International Committee on Taxonomy of, 2023).

Herelleviridae is a phage family that infects bacteria, particularly
those associated with environmental bacterial populations, and is clas-
sified under dsDNA virus (Barylski et al., 2020). In this study, the rela-
tive abundance of Herelleviridae did not show significant changes over
the first 20 d (0.79 + 0.28 %). However, at day 30, there was a signif-
icant increase, with a relative abundance of 3.23 £ 0.69 %. This may
have been related to an increase in the host population of Herelleviridae
on day 30.

Geminiviridae is a family of single-stranded circular DNA plant vi-
ruses (Fiallo-Olivé et al., 2021), which did not show significant changes
during the fermentation process (1.30 + 0.63 %). The Iridoviridae is a
viral family that primarily infects invertebrates and is widely distributed

in both aquatic and terrestrial environments. This family includes
various viruses with dsDNA genomes (Khotimchenko & Shchelkanov,
2024). The abundance of Iridoviridae was higher at the beginning of
fermentation (1.49 + 0.06 % on day 0) and gradually decreased over
time. Particularly after day 10 (1.25 + 0.35 %), the abundance dropped
quickly, maintaining low levels on day 30 (0.19 + 0.02 %). This suggests
that the activity of Iridoviridae gradually weakened during the
fermentation process, which may be related to changes in the fermen-
tation environment and microbial community succession.
Genomoviridae is a relatively new viral family comprising ssDNA
viruses. This family typically infects plants, fungi, or bacteria, and is
highly adaptable and capable of surviving in various ecosystems
(Malathi and Renuka Devi, 2019). In the present study, the Genomo-
viridae abundance remained stable over time (0.75 4+ 0.55 %). Nclas-
virinae is a viral subfamily within the class Caudoviricetes, primarily
comprising phages that infect bacteria (Zhu et al., 2022). We observed
that the abundance of this viral subfamily gradually declined during the
fermentation process, decreasing from 1.19 + 0.08 % at the initial stage
to 0.12 + 0.01 % by day 30. Triavirus is a family of dsDNA phages that
primarily infect Gram-positive bacteria, particularly Staphylococcus
aureus (Ene et al., 2021). During the first 20 days of fermentation, no
significant changes in abundance were observed (0.26 + 0.08 %), but a
sharp increase occurred by day 30 (1.86 + 0.35 %), likely associated
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with the rise in host population. Mimiviridae, known as "giant viruses,"
defy conventional viral definitions due to their exceptional particle size
and genomic complexity. They possess linear dsDNA genomes ranging
from approximately 617.4 kb to 1992.0 kb, encoding numerous genes,
and exhibit a broad host range encompassing various eukaryotic or-
ganisms (Claverie and Abergel, 2018). During fermentation, the relative
abundance of this viral family gradually declined, decreasing from an
initial 0.89 4+ 0.01 % to 0.23 + 0.17 % by the end of the process. These
data suggest temporal shifts in viral composition, which could be
indicative of viral succession or varying environmental conditions
influencing viral dynamics. Further investigations are required to un-
derstand the underlying ecological mechanisms driving these changes.

3.3. Changes in physicochemical parameters during Baijiu fermentation

To characterize the fermentation environment, we monitored key
physicochemical indicators, including ethanol, organic acids (acetate
and lactic acid), pH, temperature, glucose, and moisture across five time
points (day 0, 5, 10, 20, and 30) (Fig. S3A-F). Ethanol concentration
(Fig. S3A) rose sharply, especially between day 5 and day 10 (from
11.32 £+ 2.18 to 21.50 + 3.27 g/kg), and reached a maximum of 37.85
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+ 5.44 g/kg by day 30, consistent with active saccharification and
ethanol fermentation. Acetate levels (Fig. S3B) showed a progressive
increase throughout the fermentation, from 1.71 + 0.22 g/kg to day
0-6.53 + 1.10 g/kg at day 30, indicating the accumulation of volatile
acids over time. Lactic acid (Fig. S3C) showed a continuous upward
trend from 24.82 + 1.53 g/kg to 32.74 + 2.67 g/kg over the fermen-
tation period, highlighting the activity of lactic acid bacteria and their
contribution to acidity. The pH (Fig. S3D) remained relatively stable
(~3.55) during the first 20 days, but decreased slightly to 3.46 + 0.12
by day 30, possibly due to organic acid accumulation in the late stage.
Temperature (Fig. S3E) followed a typical fermentation profile,
increasing from ~23.01 °C to a peak of 28.22 + 3.53 °C at day 20, then
declining to 25.15 + 2.75 °C by day 30, likely reflecting microbial
metabolic activity and heat generation. Glucose content (Fig. S3F)
increased rapidly during the initial stages, peaking at day 10 (20.17 +
4.64 g/kg), but subsequently declined to 4.25 + 2.12 g/kg by day 30,
indicating its consumption by fermentative microbes. Moisture content
(Fig. 1G) exhibited a biphasic trend during the 30-day fermentation
process. Initially, the moisture level slightly decreased from 59.02 +
1.52 % at day 0 to a minimum of 57.53 + 0.84 % at day 5, possibly due
to early-stage evaporation or absorption by fermenting substrates. From
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tation ecosystem.
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day 10 onwards, moisture remained relatively stable (~58 %) until day
20, followed by a marked increase to 64.75 £ 5.61 % at day 30. This
late-stage rise may result from the release of water due to microbial
metabolism and substrate degradation. The increasing variability at day
30 also suggests heterogeneous water distribution in the fermented grain
matrix during prolonged fermentation. Overall, these dynamic changes
illustrate a typical fermentation trajectory, with increasing ethanol and
organic acid levels, decreasing glucose availability, and stable-to-
declining pH, all contributing to the shaping of the microbial and viral
community structure.

3.4. The relationships among the detected virus, bacteria, fungi and
environmental factors during the Baijiu fermentation

Redundancy analysis (RDA) with metagenome indicated that RDA1
and RDA2 explained 51.84 % and 17.72 % of the total variation in the
viral community structure, respectively, accounting for nearly 70 % of
the overall variance (Fig. 4A). To represent bacterial and fungal varia-
tion, the first axis (NMDS1) from NMDS based on Bray-Curtis distances
was used as a proxy variable for microbial community composition
(Fig. S2). Among the explanatory variables, Bacterial and fungal
composition (Microbe NMDS1) exhibited a significant contribution in
the RDA, indicating that microbial community succession may serve as a
key driver of viral community dynamics. Notably, Microbe NMDS1
showed a similar ordination direction to ethanol, suggesting that these
variables may jointly influence the co-succession patterns of viral
communities. Variation partitioning analysis (VPA) revealed that the
combined effect of environmental factors, metabolic products, and mi-
crobial community explained 73 % of the total variation in viral com-
munity structure, with the largest shared fraction (37 %) attributed to
the interaction among all three groups (Fig. 4B). Notably, metabolic
products independently contributed 13 % of the variation, indicating
their distinct influence on virus. The remaining 27 % of unexplained
variation (residuals = 0.33) likely reflects the influence of unmeasured
factors and inherent ecological complexity.

Mantel test results indicated that the high-abundance viral family
were significantly correlated with factors such as pH, glucose, and ac-
etate (Fig. 4C), suggesting that viral community structure may be
regulated by these environmental variables. In contrast, high-abundance
microbial genera (bacterial and fungal composition) exhibited signifi-
cant correlations with a broader range of physicochemical parameters,
particularly acetate, moisture, and ethanol, indicating that microbial
communities may play a more complex role in the dynamics of meta-
bolic product transformation.

Results from the co-occurrence network revealed a total of 84 sig-
nificant virus-microbe associations (|r| > 0.03, P < 0.01), comprising
both positive (n = 42) and negative (n = 42) correlations (Fig. 4D).
Among the most notable interactions, Casjensviridae displayed multiple
associations, including a strong positive link with Paclarkvirus (r =
0.1087) and a negative correlation with Pichia (r = —0.0799), suggesting
its potential involvement in virus-virus and virus-fungi interactions.
Agromyces emerged as a microbial hub, showing both positive (e.g., with
Weissella, r = 0.0731) and negative (e.g., with Redondoviridae, r =
—0.0839) connections, indicating its possible dual roles in shaping viral
community dynamics. Notably, Efquatrovirus exhibited a negative as-
sociation with Weissella (r = —0.0984), while Metaviridae was positively
correlated with Talaromyces (r = 0.0672) but negatively associated with
Nairoviridae (r = —0.1056), highlighting complex interactions across
different kingdoms. Several taxa such as Lacticaseibacillus and Tybeck-
virinae were involved in both mutualistic and antagonistic relationships,
reflecting a highly dynamic and modular network structure.

To identify strong associations between viruses and flavor com-
pounds, we performed Spearman correlation analysis (Fig. S4). As
shown in the network, multiple viral taxa—such as Mimiviridae, Fiers-
viridae, and Gclasvirinae—exhibited significant correlations with key
flavor compounds, including ethyl acetate, pentanoic acid ethyl ester,
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butanoic acid ethyl ester, and 1-hexanol. Among these, 81.3 % were
positively correlated and 18.7 % negatively correlated. These findings
suggest that viruses may indirectly influence the production of flavor
compounds by modulating the community structure or metabolic ac-
tivity of their microbial hosts (e.g., aroma-producing yeasts or bacteria).
This analysis provides preliminary evidence for a potential link between
viral dynamics and flavor metabolism, expanding our understanding of
the role of viral ecology in shaping the flavor profile of fermented
systems.

3.5. The life style and host prediction of the detected phages

We investigated the changes in the relative abundance of phage
lifestyles during the fermentation process (Fig. 5A). In the early stage
(0-10 days), virulent phages were predominant, accounting for over 70
% of the total phage population. However, as fermentation pro-
gressed—particularly in samples from days 20 and 30—the proportion
of temperate phages increased markedly, reaching or exceeding 50 % in
some samples on day 30. This trend suggests that increased host stress
and greater environmental stability in the later fermentation stages may
favor the persistence or induction of temperate phages.

In the metagenomic data, most host-associated phages (e.g., those
targeting Limosilactobacillus, Lactobacillus, Weissella, and Staphylococcus)
were predominantly temperate. In contrast, phages associated with a
few hosts such as Pseudomonas, Acinetobacter, and Thermoactinomyces
showed nearly equal or slightly higher numbers of virulent types
(Fig. 5B). These results demonstrated that in the fermentation system,
phages infecting Gram-positive lactic acid bacteria were primarily
temperate, which may contribute to host stability, whereas Gram-
negative bacteria were more susceptible to attacks by lytic phages.

To further investigate the relationship between phages and their
hosts, we calculated the linear correlation coefficients between the
relative abundances of phages and their corresponding hosts during
fermentation (Fig. 5C). Among the twelve phages with the most
frequently identified hosts, all but Lacticaseibacillus phage exhibited a
strong positive linear correlation with their hosts. This suggests a
concomitant relationship between these phages and their hosts during
Baijiu fermentation, indicating that an increase in host abundance is
associated with an increase in phage abundance. This relationship may
be attributed to the fact that most of these phages are temperate,
meaning that they do not lyse their hosts, consistent with the "
piggyback-the-Winner " (PtW) hypothesis observed in ecological studies
(Brown et al., 2022). The "PtW" strategy is a well-recognized concept
wherein temperate phages preferentially infect and propagate within
dominant microbial populations, significantly influencing the succes-
sion of microbial communities (Brown et al., 2022). During Baijiu
fermentation, this mechanism may shape the predominance of specific
microbial strains by enabling the propagation of phages within abun-
dant host populations. By fostering the success of particular strains such
as Weissella, Lactiplantibacillus, Pseudomonas, Limosilactobacillus, and
Staphylococcus, this strategy likely plays a critical role in driving mi-
crobial succession during the fermentation process.

3.6. Functional gene annotation of virus

We annotated the functional genes of viruses and found that a sub-
stantial proportion remained uncharacterized (42.25 %). Among the
annotated genes, those associated with viral infection and replication
processes accounted for 15.23 %. In addition, a considerable number of
genes were related to metabolic functions, including amino acid, car-
bohydrate, coenzyme, and lipid metabolism (Fig. S5). In this study, 162
AMGs were predicted during the fermentation of strong-flavor Baijiu
(Fig. S6A). These AMGs were found to be extensively involved in the
metabolism of carbohydrates, amino acids, cofactors, vitamins, and in
other essential processes. The complete phage sequence (Kyanoviridae,
virulent) was 320 kb in length and encoded 445 ORFs, of which 48 had



H. Zhang et al. Current Research in Food Science 11 (2025) 101189
A oo S Caproicibacterium phage |\
l:] Virulent Pediococcus phage j—‘ Virulent
ruien Acinetobacter phage ’F [ |Temperate
[ |Temperate
80 = Acetobacter phage —:l_—|
< Thermoactinomyces phage f‘:‘;|
3 [ Lactococcus phage —b
S 60
§ L Pseudomonas phage |~
é | Lactobacillus phage JZ‘;|
.u2> 404 || Leuconostoc phage ,EI—‘
% || I L_| Lactif ibacillus phage
4 [ L Staphylococcus phage Jj:|
20 ] Weissella phage !
Lacti ibacillus phage
Limosilactobacillus phage ]
e v e S S S P P T N W S e e T T T T 1
N &) N o N N O N 0 0 10 20 30 40 50
SIS S IS S @6@&@6
vOTU number
C % 0.016 0.07
So0s) p<0.001 . Boota + p=0.062 oos] 0<0.001 . » *9"®1 p<0.001 .
S = = = z 3o %
Qoo T 0.919 = ooz r=0.511 woos] r=0.962 300141 1=0.881 -
R S 0010 = Q0012
0.03 - Q .
o o ES) @ 0.04 8 .
= . D 0.008 17} 0.010
S 17} 9 003 . & .
& 002 g @ 0.006 T - =0.008 .
D g Q - S oo < <
8 oot > 4 S gy . -t S0.006
£ = & 0002 1 oo1{ . %
Soooq * o Fi o000l ¥ 00041 g "
0100/ 0010102 003 005 003 0.00 0.05 0.10 0.15 0.20 0.25 0.30 "0.00 0.02 0,04 0.06 0.08 0.10 0.12 0.14 0002 300 0004 0008 0012 0016
Limosilactobacillus phage Lacticaseibacillus phage Weissella phage Staphylococcus phage
0.009 0.005
=| - = . <0. «
(\g 0.008 f_) 8)607097- p=0.004 “ 000 I:_ % (;301 7 4 - zzz p<0.001 .
= =0. ! ©0004{ p= =0. > @ -
S ooor g FOAE S5 A S | 10942
§ 0.006 Q0% . . §ODOZO 7 g 0.04 . -
B 0.005 i 8 0002 - L0015 i g o .
2 2P = 3 . So.0010 F @ 002
S 0.004 3 R - - 17} 5>
S L 4 0.001 . & Q_ 001
o [ 0.0005 .
~1 0.003 - K 000] =
' 0.000 0.0000-
0000 0004 0008 0012 0016 0.000 0.002 0004 0006 0.008 0.000 0.010 0.020 0.030 0.000 0.002 0.004 0.006 0.008 0.010 0.012
Lactiplantibacillus phage Leuconostoc phage Lactobacillus phage Pseudomonas phage
- 0.025 < -
" 0.0040] p=0.053 . . p<0.001 001 120,001 £ 0i004 . p=0.002
3 000850 =0 547 Loo2{ r=0.936 L » %% 20979 2 r=0.753
Q 0.0030 O S 0012 @ 0.003 .
2 > - oos ] . .
O 0.0025 -8 Q o0.010. %
S oo . 5 oot 8 oo0s Sooz{ =
g ooots > - & y 4 =5 0006 kS) . f .
—1 0.0010 - © 0.005 D 0004 b © 0.001 -
0.0005 :. R St . e oo02] ", ) s . :
0.0000 ’ ¢ 0.000

0.00000.0005 0.00100.0015 0.0020 0.0025
Lactococcus phage

.0.000 0.001 0.002 0.003 0.004 0.005 0.006
Acinetobacter phage

0.000.

700000 0002 01004 0.006 ®
0.000 0.002 0.004 0.006

Pediococcus phage Caproicibacterium phage

Fig. 5. Lifestyle distribution and host correlations of phages during fermentation. (A) Relative abundance of virulent and temperate phages across different
fermentation time. (B) Number of virulent and temperate phage vOTUs associated with different bacterial genera. (C) Changes in relative abundance of phages and
their corresponding hosts in metagenomics data. The "p" represents the significance level of the statistical tests, with P < 0.05 indicating statistically significant

results. The

'r'" value indicates the Pearson correlation coefficient, which quantifies the strength and direction of the linear relationship between the relative

abundances of phages and their corresponding hosts. A higher absolute value of "r" signifies a stronger correlation.

functional annotations, including two viral hallmark genes related to the
major capsid protein Gp23 and HNH endonuclease (Fig. S6B). In addi-
tion, we identified nine AMGs in high-quality vOTU (Fig. S6C). Notably,
we identified an AMG-encoded DNMTI1, a DNA (cytosine-5)-methyl-
transferase that protects viruses from their host antiviral restriction-
modification system (Hampton et al., 2020; Murphy et al., 2013),
which is consistent with the high prevalence of this type of AMG found
in marine and rumen viromes (Heyerhoff et al., 2022; Yan et al., 2023).
Notably, these AMGs were identified with 100 % Phyre2 confidence
scores (Fig. S6D), indicating their potential for expression.

To further investigate these (AMGs), we analyzed their associated
metabolic pathways and predicted host taxa (Fig. 6). A total of 31 key
AMGs were identified, encompassing pathways involved in amino acid
metabolism (e.g., arginine and proline metabolism; cysteine and
methionine metabolism), energy metabolism (e.g., sulfur metabolism;
butyric acid metabolism), nucleotide metabolism (e.g., purine meta-
bolism), and coenzyme metabolism (e.g., nicotinate and nicotinamide

metabolism), among others. Several AMGs (e.g., DNMT1, nadE, pncB,
folA) were predicted to be associated with multiple host genera,
including Lactobacillus, Pediococcus, Pseudomonas, and Thermoactino-
myces, suggesting that viruses may influence host metabolic networks or
enhance host adaptability by encoding functional metabolic genes.
Notably, certain metabolic pathways—such as nicotinate and nicotin-
amide metabolism and polyketide sugar unit biosynthesis—exhibited
extensive connections between multiple AMGs and diverse host genera,
indicating that viruses may participate in multi-directional metabolic
interactions within the microbial ecosystem.

Furthermore, we explored the variation in the abundance of the
detected AMGs across different samples, represented by the abundance
of the contigs containing the genes (Fig. S7; Table 56). We observed
substantial differences in AMG abundance between the early (first 5 d)
and later samples. For instance, AMGs involved in amino acid meta-
bolism, such as aroD (3-dehydroquinate dehydratase), glsA (gluta-
minase), and thrB1 (homoserine kinase), as well as those related to
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xenobiotics biodegradation and metabolism (CYP53A1, benzoate 4-
monooxygenase), purine metabolism (URE, urease), energy meta-
bolism (metF, methylenetetrahydrofolate reductase), and carbohydrate
metabolism (E3.5.1.41, chitin deacetylase) showed higher abundance in
the early samples but significantly decreased after 10 d. In contrast,
AMGs related to carbohydrate metabolism such as neuA (N-acylneur-
aminate cytidylyltransferase), UXS1 (UDP-glucuronate decarboxylase),
K15024 (putative phosphotransacetylase), DLAT (pyruvate dehydroge-
nase E2 component), gpmB (probable phosphoglycerate mutase), and
AMBGs involved in metabolism of cofactors and vitamins such as ubiG (2-
polyprenyl-6-hydroxyphenyl methylase) and pncA (nicotinamidase/
pyrazinamidase) exhibited higher abundance in samples collected after
10 d. In samples collected after 30 d of fermentation, the number and
abundance of AMGs significantly increased compared with those at
other time points. These included genes such as nadD (nicotinate-
nucleotide adenylyltransferase), ubiG (2-polyprenyl-6-hydroxyphenyl
methylase), phoD (alkaline phosphatase D), ACADS (butyryl-CoA de-
hydrogenase), ACSL (long-chain acyl-CoA synthetase), dapB (4-hydroxy-
tetrahydrodipicolinate reductase), fabG (3-oxoacyl-[acyl-carrier pro-
tein] reductase), gdh (glucose dehydrogenase), neuA (N-acylneur-
aminate cytidylyltransferase), and waalL (O-antigen ligase).

By annotating the metabolic pathway of the mec gene, we found that
it encodes a key enzyme involved in the serine-to-cysteine biosynthesis
pathway (Fig. S8A and B). To validate the functional activity of the
identified Mec protein, we conducted heterologous expression and
enzymatic activity assays. The results showed that the protein had a
molecular weight of approximately 30 kDa, consistent with the theo-
retical prediction, and was capable of catalyzing cysteine synthesis at
both pH 4.5 and pH 7.5 (Fig. S8C and D).

4. Discussion

To our knowledge, this study represents the first comprehensive
investigation of viral community involved in the fermentation of strong-
flavor Baijiu using metagenomic analyses. From 13 fermented grain
samples across five stages (days 0, 5, 10, 20, and 30), 101 viral families
were identified, with the community dominated by members of Meta-
viridae, Parvoviridae, Aliceevansviridae, Herelleviridae, Geminiviridae,
Iridoviridae, and Genomoviridae. The temporal dynamics of viral
communities were closely linked to microbial assembly and ethanol

production during fermentation. Additionally, we observed a significant
positive correlation between major phages and their hosts, suggesting
synchronized abundance patterns during fermentation. Moreover, the
viral community harbors a diverse array of AMGs related to amino acid
metabolism and vitamin biosynthesis. These insights establish a foun-
dation for future research on viral communities in the production of
Baijiu and contribute to a deeper understanding of the ecological roles of
viruses in spontaneously fermented foods.

Consistent with findings from pickle and cheese fermentation sys-
tems, most of the identified viral hosts in our study were lactic acid
bacteria (Cantuti Gendre et al., 2025; Paillet et al., 2024). In addition,
we also detected viruses associated with the Staphylococcus genus during
the fermentation process, which may be attributed to the open
fermentation conditions. However, Staphylococcus are not a dominant
functional bacterium in Baijiu fermentation (Wu et al., 2021). While
certain Staphylococcus strains are used as functional bacteria in fer-
mented meat products (R. Organji et al., 2018), their role in Baijiu
fermentation remains limited. Notably, we identified phages infecting
caproic acid—-producing bacteria (Fig. 5B), which sets our system apart
from pickle and cheese fermentations. These bacteria are key anaerobes
responsible for caproic acid production in the cellar mud of strong-flavor
Baijiu, and both their abundance and metabolic activity are closely
linked to the final liquor quality (Gao et al., 2022).

The lysogenic cycle of phages may play a critical role in shaping
microbial communities in spontaneously fermented foods (Zhang et al.,
2024). Our findings suggest that a lysogenic lifestyle is preferentially
adopted by microbes and prophages in fermented grains. During Baijiu
fermentation, microbial communities undergo dynamic changes that
may be influenced by the interactions between temperate phages and
their hosts. These phages can act as selective agents, driving competition
and succession within microbial populations and consequently affecting
the metabolic outcomes of fermentation. The observed positive corre-
lation between phages and their hosts supports the dominance of key
bacteria such as Weissella, Lactiplantibacillus, Pseudomonas, and Limosi-
lactobacillus, which are essential for producing the desired fermentation
metabolites (Hu et al., 2022). Thus exploring this intricate interplay
further might enhance understanding of microbial community succes-
sion in Baijiu production. A limitation of this study is the inability to
obtain species-level host information, which may hinder a comprehen-
sive exploration of the virus’s host spectrum. Future research should
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focus on the isolation and screening of microbial viruses involved in
Baijiu fermentation.

In this study, we observed the significant presence of AMGs related to
amino acid, vitamin, and cofactor metabolism (Fig. S6A), suggesting a
unique contribution of phages to the Baijiu fermentation process. We
identified putative AMGs from metagenomic data and performed gene
cluster analysis as well as protein tertiary structure prediction (Fig. S6C
and D). This study also identified a viral AMG involved in amino acid
metabolism and verified its activity via heterologous expression
(Fig. S8). To strengthen these findings, future work should involve
metatranscriptomics (Zhang et al., 2024) and metabolomics to clarify
the functional roles of viral AMGs. More rigorous validation would
require viral isolation, culture, and infection assays in culturable host
systems to directly assess the auxiliary metabolic roles of viruses.

5. Conclusions

This study employed metagenomics approaches to characterize the
viral community during the fermentation of strong-flavor Baijiu. A total
of 101 viral families were identified, with lactic acid bacteria predicted
as the primary phage hosts. Our findings suggested that the co-
succession of microbial and viral communities was driven by the com-
bined effects of environmental conditions and metabolic activity, with
complex virus-microbe interactions reflecting the ecological intricacy of
fermented systems. Many viral AMGs related to amino acid metabolism
have potential effects on the host. This study provides new insights into
the often-overlooked roles of viruses in Baijiu fermented grains, high-
lighting their importance in fermented grain microbiota.
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